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Preface 

 The present thesis entitled ‘Study on Structural, Optical and Dielectric Properties 

of few Double (AB′B″O3) and Triple (AB′B″B‴O3) Perovskites’ consists of eight 

chapters.  

 The significance of perovskite materials along with their various technological 

applications have been discussed in Chapter 1. The genesis and definition of the problem 

along with different types of perovskite oxides are discussed here. The methods of analysis of 

different dielectric parameters are included here. Objective and scope of the thesis have been 

discussed here. 

 Chapter 2 consists of different experimental techniques for the synthesis of 

perovskite oxides. Different experimental tools used to characterize the samples like X-ray 

diffractometer, Field emission scanning electron microscope, energy dispersive X-ray 

spectrometer, Fourier transform infrared spectrometer, Raman spectrometer and LCR meter 

along with the underlying theory of these techniques have been discussed.  

 Chapter 3 deals with the synthesis of double perovskite Ba2YbTaO6 and the 

characterization of its physical properties. The results obtained from XRD, FESEM, UV, PL 

and FTIR spectroscopy have been discussed. The dielectric parameters like the complex 

impedance, dielectric permittivity, loss tangent and ac conductivity exhibited by the sample 

have been elaborately discussed for understanding of its dielectric behaviour. The work 

reported in this chapter is based on the paper published in Physica B (Physica B 583 (2020) 

412057).   

Chapter 4 describes the formation of a nanocomposite of Ba2YbSbO6-BaCO3 due to 

the mechanical milling of bulk Ba2YbSbO6 under normal atmospheric conditions. The 

structural, microstructural, Raman and FTIR characteristics of both the bulk and the 



 

nanocomposite samples have been elaborately discussed. The dielectric parameters like the 

complex impedance, dielectric permittivity, loss tangent, ac conductivity and electrical 

modulus exhibited by the samples have been discussed in detail. The anomalous dielectric 

behaviour exhibited by the nanocomposite due to release of surface adsorbed CO2 and H2O 

have also been discussed. The work reported in this chapter is based on the paper published 

in Physica B (Physica B 649 (2023) 414449).   

In Chapter 5 the synthesis of perovskite oxides Sr2YbNbO6 and Sr2YbSbO6 have 

been discussed. Their structural and microstructural characteristics have been reported. The 

results obtained from UV, PL, Raman and FTIR spectroscopy have been discussed. Their 

dielectric properties in the permittivity, loss tangent and ac conductivity formalism have been 

discussed for understanding their dielectric behaviour. A portion of the work reported in this 

chapter is based on the paper published in AIP Conference Proceedings (AIP Conference 

Proceedings 1942 (2018) 110033).    

 Chapter 6 comprises of the synthesis techniques of triple perovskite Ba3NiTaNbO9 

and Ba3NiTaSbO9. Their structural, microstructural, Raman and FTIR characteristics have 

been elaborately discussed. The dielectric parameters like the complex impedance, dielectric 

permittivity, loss tangent and ac conductivity exhibited by the samples have been discussed in 

detail for understanding the changes in their dielectric behaviour due to their B-site doping 

with three different cations. The work reported in this chapter is based on the paper published 

in Journal of alloys and compounds (Journal of Alloys and Compounds 854 (2021) 157217).   

Chapter 7 comprises of the synthesis techniques of perovskite oxide BaCo1/3Nb2/3O3 

and BaCo1/3Sb2/3O3. Their structural, microstructural, Raman and FTIR characteristics have 

been elaborately discussed. The dielectric parameters like the complex impedance, dielectric 

permittivity, loss tangent and ac conductivity exhibited by the samples have been discussed in 
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1.1. Genesis and definition of the problem 

 Perovskite oxides with general formula ABO3 have been widely studied due to their 

widespread applications in chemical and technological industry. In chemical industry they are 

used as sensors and catalysts. Perovskites in the form of resonators capacitors and filters have 

widespread technological application in wireless communication system, global positioning 

systems, cell phones and memory devices [1‒17]. Understanding the relationship between 

their structural and electrical properties is very important for developing new materials 

having high dielectric constant and low dielectric loss. Size dependent dielectric properties 

have also attracted major interest owing to the large demand for device miniaturization. 

Perovskite oxides exhibit different structures having unique magnetic and dielectric 

properties. 

 The unit cell of perovskite oxide having ABO3 structure consists of oxygen atoms 

making a cubic lattice of octahedra where each octahedra consist of B-site cations at the 

centre and are 6-fold coordinated with oxygen atoms. A-site cations form another 

interpenetrating cubic sublattice and are 12-fold coordinated with oxygen atoms. The size of 

A-site cations is comparatively larger than that of B-site cations. Only few perovskite oxides 

have the highly symmetric cubic structure while most of them have lower symmetry like 

tetragonal, orthorhombic, monoclinic and rhombohedral structures. In case of ideal cubic 

structure, the radius of the A, B and O ions; rA, rB and rO, follows the relation: rA+ rO= √2 (rB+ 

rO). The variation from the cubic structure can be determined from the Goldsmith tolerance 

[18] factor t = (rA+ rO) / √2 (rB+ rO). The value of t usually lies between 0.75‒1.10 in case of 

perovskite oxide [19‒21]. For cubic structure t =1 whereas the value of t decreases due to the 

misfit of the ionic radii of the A and B cations. In order to compensate the misfit of the ionic 



 

radii of the constituent atoms, octahedral tilting and rotational distortion occurs making the 

crystal structure triclinic. When t < 0.95 the crystal structure is monoclinic and if 0.95 < t < 1 

the structure is orthorhombic. For t > 1.06 the crystal structure is hexagonal. The crystal 

structure of perovskite oxide is mainly determined by the ionic radii and the nature of its 

constituent A and B cations. The structural distortions like octahedral tilting, rotation and 

elongation of the octahedra highly effects the physical properties of perovskite oxides. More 

than simple perovskite the complex perovskite like A2B'B"O6 and A3B'B"O9 have more 

technological application. 

 If the B-site of a perovskite consists of two different cations they are known as double 

perovskite (DP) oxide. The substitution of B-site is done in such a way that the overall charge 

and the total atoms in ABO3 unit cell remains same. DP oxide has the chemical structure 

A2B'B"O6 where B' and B" cations are arranged alternatively in lattice having rock salt like 

structure. The crystal structure and physical properties of DP oxides can be easily 

manipulated by changing the B-site cations. The B-site cations when replaced by transitional 

metal ions exhibit interesting semiconducting properties. Owing to their diverse physical 

properties DP oxide have various applications in the field of telecommunication, 

microelectronics, superconductors, fuel cells, memory and charge storage devices, spintronics 

and integrated circuits [22‒31]. The tolerance factor in case of DP oxide is given by t = (rA+ 

rO) / √2 (<rB> + rO) where <rB> is the average radius of the constituent B-site cations 

[32‒33]. If the B-site cation has charge difference equal to two or more than their 

arrangement will be either ordered, partially ordered or disordered based on their ionic radii 

[34]. If the ratio (rB' - rB")/rB" ≥ 0.09, where the ionic radii of B' is rB' and B" is rB", then the B-

site atoms follow ordered arrangement [35]. As the heterovalent perovskite AB'xB"1-xO3 



 

possess disordered arrangement of B-site cations, they exhibit variety of crystal structure and 

high dielectric constant [9‒17].  

The triple perovskite with general formula A3B'B"2O9 and A3B'B"B"'O9 possesses 

variety of structure and have many technological applications [36‒43]. Ba based triple 

perovskite exhibit multiferroicity, photocatalytic activity and high dielectric properties 

[44‒47]. They can accommodate cations of different sizes in the A-site and lanthanide and d-

block elements in the B-sites [48‒57]. It has been reported that A3B'B"2O9 (B'= Mg, Ni and 

B"=Nb, Ta) exhibit 2:1 ordering of B-site cations but Pb3MgNb2O9 and Ba3ZnNb2O9 exhibit 

1:1 ordering of B-site cations [36, 58‒59]. Ordering of B-site cations can also be varied by 

changing the concentration of atoms present in the B-site as reported in case of A3Ca1+xNb2-

xO9-δ, A= Ba, Sr [40]. Large amount of work has been carried out on examining the crystal 

structure of Ba based triple perovskite oxide by employing Rietveld refinement [36‒38, 43].  

Perovskites having non cubic structure when heated to a very high temperature 

transforms to cubic structure. This transition occurs through several intermediate distorted 

phases. Perovskite oxides exhibits different types of crystal structure and varied physical 

properties, a detailed study of the structural and dielectric properties of different types of 

perovskite oxides is very important for understanding the relationship between their crystal 

structure and physical properties.  In this background the aim of the present thesis is to study 

the structural, microstructural, optical and dielectric properties of some double (Ba2YbTaO6, 

Sr2YbSbO6, Sr2YbNbO6, Ba2YbSbO6) and triple (Ba3NiTaNbO9, Ba3NiTaSbO9, 

BaCo1/3Nb2/3O3 and BaCo1/3Sb2/3O3) perovskite oxides; and also, a nanocomposite 

(Ba2YbSbO6 – BaCO3) of perovskite oxide with the goal to understand the impacts of 

structural and microstructural properties on their dielectric behaviour.  

 



 

1.2. Theoretical background 

1.2.1. Dielectric material 

 Dielectrics are insulating material having application in filter, capacitor, actuator, 

sensor and memory devices. A materials dielectric property usually describes its electrical 

charge storage, energy transfer and dissipation capabilities. Dielectric polarization gives rise 

to its ability to store electrical charge. During polarization the molecular dipoles are either 

displaced or rearranged with respect to the electric field. Charge dissipation or dielectric loss 

arises from the dielectric relaxation, electrical charge transport or conduction, non-linear 

dielectric effects and resonant transition. The loss of electrical energy is associated with the 

conversion, radiation or scattering of energy in the form of thermal energy. As the 

electromagnetic wave propagates through a dielectric media it transfers energy and its 

propagation velocity is determined by the dielectric permittivity of the medium. Dielectric 

materials have widespread applications from satellite communication to radio transmission. 

The demand for device miniaturization has led to the need of developing new and improved 

dielectric materials.  

1.2.2. Dielectric polarization in dc electric field  

 The dipolar relaxation and the motion of charge carriers inside the material 

determines its dielectric properties. The dielectric constant decreases as the frequency is 

increased and a relaxation peak is observed at a particular frequency. The bound charges 

present in the dielectric material gives rise to electronic, ionic and orientational polarization. 

Electronic polarization occurs due to the displacement of the negative electron cloud with 

respect to its positive atomic core when an electric field is applied. Ionic polarization occurs 

due to the lattice displacement of constituent atoms with respect to each other on application 



 

of electric field. Materials with permanent dipole moment gives rise to orientational 

polarization as the dipoles align themselves in the direction of the applied electric field. The 

mobile and the trapped charges present inside the dielectric material also gives rise to 

hopping and space charge polarization. The motion of localized charges like the electrons and 

holes or ions and vacancies by hopping from one local site to another and getting trapped in 

some localized state gives rise to hopping polarization. This hopping mechanism can be seen 

in ionic crystals and amorphous semiconductors where the motion of charge carriers takes 

place through the hopping process. When the charge carriers get trapped in the bulk grain or 

grain boundary interface, they give rise to space charge polarization. The dielectric constant 

of a material having permanent electric dipole is dependent on its polarizability. Dielectric 

material when placed in between parallel plate capacitor and a static field is applied across it 

than the dipoles align along the field direction.  As the dielectric material gets polarized 

charges are induced in the plates (Fig. 1). 

 

Fig. 1: Charges induced on the plates after the dielectric material gets polarized. 



 

1.2.3. Dielectric polarization in an ac electric field 

 The structural information and the dielectric properties of a material can be better 

analysed by studying its dielectric response in an ac field. The ac response of a dielectric 

material can be either analysed using the time domain approach or frequency domain 

approach. In time domain analysis we study the variation of polarization with respect to time 

when an electric field is applied or the decay of polarization (dielectric relaxation) from a 

constant value when the polarizing field is removed.  In frequency domain analysis we study 

the dielectric constant at different frequencies when an ac field is applied. Both the methods 

give same results. In this thesis we have performed our analysis in the frequency domain 

approach. 

 A parallel plate capacitor having unit area and ‘d’ distance between the plates when 

placed in an ac electric field than the total current is  

Ct = C +  = C +ε0ε*           (1) 

where C denotes conduction current, D is the vector representing electric displacement, ε0 is 

the permittivity of the free space and ε* is the complex dielectric constant. The complex 

dielectric constant ε* = ε′ + i ε″, where ε' denotes the dielectric permittivity and ε'' arises due 

to the dielectric losses. If the applied ac field is E= Em eiωt where ω is the angular frequency 

than the equation 1 can be written as 

Ct = σE + iωε0(ε′ + i ε″) E                                                       (2) 

Ct = σE + ωε0ε″E+ iωε0ε′E                                                      (3) 

where σ denotes the electrical conductivity of the sample. The first term is associated with the 

losses due to the scattering of mobile charge carriers after collision with obstacles during 

their motions. The second term again denotes losses due to the resistance associated with the 



 

orientation and polarization of electric dipoles which increases with the increase in angular 

frequency. The displacement current is denoted by the third term. The value of ε' is obtained 

from the ratio of the capacitance of a parallel plate capacitor with and without the dielectric 

material. When a varying electric field is applied across a dielectric material there exists a lag 

between the change in the electric field and the change in the polarization due to the 

resistance faced by the atoms in the dielectric during their motion. This lag is represented by 

the phase difference Φ or the loss angle δ = 90 – Φ. Sin δ represents the power factor and tan 

δ represents the dissipation factor. The product of the power factor and the dielectric constant 

gives the loss factor. The loss tangent tan δ = (ε' / ε'').  

 Overall polarization of a dielectric material involves electronic, ionic and 

orientational polarization and the time required for each polarization process is different. The 

electronic or ionic polarization and their depolarization occurs in a fraction of seconds. This 

polarization process is known as the resonance process as it involves resonance of vibration 

modes of the system when the natural frequency of the system and the frequency of the 

excitation field becomes equal. The orientational polarization and their depolarization takes 

longer time dependent on the type of the dielectric material. As there is a relaxation time 

involved this process is known as the relaxation process. 

 The polarization of a dielectric material is given by P(t) = P0 e-t/ , where P0 is the 

dipole moment and  is the relaxation time dependent on the type of material. The physical 

properties involving the relaxation time usually follows the Debye model. As per the Debye 

model the frequency dependent complex dielectric constant can be written as  

ε*(ω) = ε + 
( ) 

( )
;  = ε' = ε0 - ε                (4) 



 

The frequency at which the real part of the permittivity decreases by ε', a peak can be 

observed in the ε'' curve indicating dielectric loss (Fig. 2). The peak in the ε'' curve represents 

the dielectric relaxation [60] mechanism present in the sample.  

 

Fig. 2: Frequency dependence of ε' and ε'' along with various polarization processes. 

 

1.2.4. Dielectric relaxation behaviour 

 The dielectric study of the sample provides information about the dipole moments of 

the molecules and correlate the relaxation behaviour with the dynamics of its molecules as 

well as its structure [61,62]. The relaxation behaviour of a material is associated with the 

reorientation of its electric dipoles when placed in an electric field. Dipoles in non-polar 

materials are induced only when an electric field is applied. Due to the presence of permanent 

dipole moments in polar materials they exhibit various relaxation processes. The frequency at 

which the relaxation occurs is known as the characteristic relaxation frequency m and 



 

strength of the relaxation is denoted by ε'. Dielectrics with single relaxation time follows the 

Debye model [60]  

ε*(ω) = ε + 
    

 ; ε'= ε when ω>> ωm        (5) 

The contribution of permanent dipoles to dielectric permittivity is negligible at high 

frequencies. 

 The frequency dependent dielectric behaviour of a sample obtained experimentally 

usually do not follow the exponential behaviour and exhibit more than one relaxation time 

[63‒65]. Such non-Debye type of dielectric behaviour follows either Cole-Cole [66] or 

Davidson-Cole [67, 68] or Havriliak Nigami [69, 70] model. The frequency dependent 

complex dielectric response defined using these models are: 

Cole Cole: ε*(ω) = ε + 
    
( ) 

;          (6) 

Davidson Cole:  ε*(ω) = ε + 
    

( ) 
;         (7) 

Havriliak Nigami:  ε*(ω) = ε + 
    

[ ( ) ]
;         (8) 

1.2.5. Complex plane method of analysis 

 The information about the electrical microstructure of dielectric materials and their 

charge transport mechanism can be obtained using alternating current impedance 

spectroscopy (ACIS) [71]. The relaxation frequency intrinsic for a given dielectric material at 

a particular temperature can be determined using ACIS technique. Dielectric measurements 

over a range of frequencies including the relaxation frequency gives more precise results as 

compared to those measured at discrete frequencies. Any errors arising from the stray 

frequencies can be removed during impedance measurements.  



 

 The complex impedance of a sample consists of real and imaginary part (Z*( ) = Z' – 

i Z'') and are usually depicted in the form of a complex plane plot known as the Nyquist plot. 

The complex impedance in terms of the other complex dielectric parameters: 

*( ) = ' – i '' = ∗  (Complex dielectric permittivity)                 (9) 

Y*( ) = Y' + i Y'' = ∗( )
 (Complex admittance)                (10) 

M*( ) =M' + i M'' = ∗ = ∗

 

where A is the sample pellet’s area, t is the pellet thickness  

' or M' vs log  (dispersion spectra), '' or Z'' or M'' vs log  (loss spectra), Z'' vs Z' 

(complex impedance spectra). The complex impedance in case of polycrystalline materials 

consists of both grain and grain boundary resistances. The bulk grain resistance is very small 

as compared to the grain boundary resistance and in some cases grain boundary resistance 

masks the bulk grain’s contribution in the Nyquist plots. Z* in terms of resistance R and 

capacitance C can be written as: 

Z* = ( + )  = {
( )

−  
( )

};  = RC                (13) 

The above expression can also be written as [72] 

 ( – /2) + ′′ = /4                   (14) 

Equation 14 represents a circle centred at (R/2, 0) and radius R/2. Thus, the complex 

impedance plots of vs Z′′ represents a semicircle. Such plots can also be obtained for ' vs 

'', M' vs M'' and Y' vs Y'' (Fig. 3). The complex plane plots may have more than one semi-



 

circle indicating different relaxation phenomena present in a sample owing to the contribution 

of grain, grain boundary and interfacial polarization.  

 

 

Fig. 3: Complex plane impedance plot with its electrical equivalent circuit and the complex 

plots of other dielectric parameters. 

 

When the dielectric relaxation is ideal Debye type than a semi-circular arc having 

centre in the x axis is observed in the Nyquist plot [60, 73]. In case of non-Debye type of 

relaxation origin of the semi-circular arc lies below the x axis in the Nyquist plot [74]. The 

amount of deformation of the semi-circular arc was first shown by Cole-Cole [66] as d =   

where the depression angle  is the angle between the centre of the semi-circle and its 

intercept with x axis (Fig. 4). Thus, the parameter of depression can be rewritten as d =   . 

The parameter  = 1-d (0   1) in the above equations (6‒8) can be used to signify the 

deviation from Debye type relaxation. In case of ideal Debye relaxation → 0 and →1 and 

for non-Debye behaviour → 90 and →0. It has been observed that some complex plane 



 

plots consist of depressed semi-circle along with semi-circular arc. Some materials are found 

to satisfy the Davidson-Cole equation where  is the depression parameter representing the 

deformed semi-circular arc [67,68]. In this response semi-circular arc does not indicate any 

specific centre so the peak portion of the curve does not signify the time constant  =1. 

 

Fig. 4: The Cole-Cole plot of dielectric permittivity. 

 

 It has been reported by Havriliak et al. that the dielectric dispersion at high 

frequencies is linear and at low frequencies they assume circular shape [69,70]. Using this 

function one can represent both Cole-Cole and Davidson-Cole function by varying the 

depression parameters. The dielectric parameters using this model has identical counterpart as 

in Cole-Cole model. The equation 6, 7 and 8 can also be used for Z* as Z* follows the same 

anti clockwise direction with varying frequency as in *. The real and imaginary part of Z* 

can be written in terms of phase angle (P) and experimentally measured impedance (Z) as: 

 Z'= Z Cos (P) and Z'' =Z Sin (P)                                    (15) 

The resistance (R) and capacitance (C) values of a crystal is obtained by simulating the 

experimental complex impedance plots with a parallel R-C element [75]. For bulk crystals the 



 

presence of interfacial boundary layers gives rise to two semi-circular arcs in the complex 

impedance plots, the experimental curves can therefore be simulated using a series circuit 

consisting of two parallel RC elements. Two arcs in the impedance plots are due to the grain 

and grain boundary’s contribution to the total impedance. The arc associated with the grain 

arises at a greater value of frequency than grain boundary. The relaxation frequency (fr) 

associated with the peak of each semi-circle can be calculated using  

max =1  

max RC = 1 

2 fr RC= 1 

 fr = 
   

 and  =
   

                   (16) 

The impedance data can also be used to calculate other dielectric parameters using the 

relations: 

dielectric permittivity: '
(  )

 

loss tangent: tan  = =                    (18) 

ac conductivity: ac (  )
 

1.2.6. Brief review on the recent works on different types of perovskite 

oxides: 

 In the last few decades, the progress of electronics as well as electrical technology is 

based on the continuous effort to develop smart and eco-friendly materials. Lead being a 

toxic material, other alternatives like lead free dielectric materials are being developed [76–

80]. Perovskite oxides have been widely used in the field of microwave communication 

systems in the form of resonators and filters [81]. They have been widely explored due to 



 

their tuneable physical properties which are dependent on their composition and their crystal 

structure. An extensive survey of the literature on ytterbium based double perovskite oxides 

shows that, the temperature dependent ac electrical properties of very few are reported. The 

structural properties of Ba2LnTaO6 (where Ln is a trivalent lanthanide) in between 82 K and 

723 K temperature have been reported by Hammink et al. [82]. Konopka et al. [83] have 

reported the dielectric permittivity of Ba2YbTaO6 in the microwave frequency range and its 

magnetic susceptibilities and the electron paramagnetic resonance measured between 5 K and 

room temperature have been reported by Taria et al. [84]. Dielectric analysis of 

Ba(Ni1/3Ta2/3)O3 has been reported by Hoque et al. [85]. A series of rare earth-based 

perovskite oxide having catalytic, optical, magnetic and electrical applications have been 

reported by Du et al. [86]. Dielectric properties of Sr-based double perovskite oxides have 

been reported by Sinha et al. [87,88]. 

In recent past a large amount of research have been carried out on triple perovskites 

having general formula A3(B'B"B"')O9 because of their structural diversity and 

technologically important physical properties. Barium based triple perovskites have been 

reported to exhibit multiferroicity, better dielectric properties and photocatalytic properties 

[89‒92]. Triple perovskites usually have hexagonal, orthorhombic, monoclinic and trigonal 

symmetries as they can accommodate varied sized cations in the A-site and any lanthanide or 

any d-block element in the B-sites [93‒102]. This structure can easily accommodate different 

elements, which allows us to substitute different cations in order to obtain the desired 

physical properties. The dielectric permittivity arises due to the combination of electronic and 

ionic polarization [103]. The lattice vibrations affect the ionic polarization but the electronic 

polarization is constant for a specified ion [104, 105]. So, by incorporating different ions in 

the B-site of triple perovskites one can obtain a range of dielectric properties. Mani et. al. 



 

have reported the structural and bonding properties of Ba3MIIMIVWO9 (MII = Ca, Zn; MIV = 

Ti, Zr) Perovskite Oxides [106]. J. B. Philipp et al. have reported the room temperature 

dielectric properties of Ba3MIIITiMVO9 (where, MIII = Ga, Y, Lu; MV = Nb, Ta) and 

Ba3MIIITiSbO9 (where, MIII = Fe, Ga) [107]. The structural and dielectric properties of 

Ba3ZnTa2-xNbxO9 and Ba3MgTa2-xNbxO9 have been reported by Ganguli et al. [108]. Sharma 

et al. have shown the application of triple perovskite oxides as advanced pseudocapacitive 

material [109]. Lee et al. have reported the application of triple perovskites as an 

electrocatalyst for oxygen evolution reaction [110]. 

Nowadays there is a huge demand of nanometric materials having high dielectric 

constant and low dielectric loss for use in high performance miniaturized microwave, radio 

frequency and energy storage devices. They also have applications in the development of 

multi-layer capacitors and dynamic random-access memory in smaller structures [111–113]. 

Research in the area of developing nanometric dielectric materials has been rapidly 

flourishing in the recent years. In past two decades, the nanometric materials having 

applications in microwave electronic circuits, optical storage devices, piezoelectric sensors, 

sonars, transducers and multilayer ceramic capacitors have been developed [111–115]. From 

application point of view, BaTiO3 is an excellent perovskite oxide. The dielectric properties 

of nanosized BaTiO3 synthesized by both chemical and high energy ball milling method have 

been elaborately investigated [111–113,115]. The nanosized perovskites are known to have 

applications in the sensing of NO2 (using LaFeO3), CO (using LaCoO3), alcohols (using 

SrFeO3), hydrocarbons (using LnFeO3), H2O2 and glucose (usingLaNiO3). They are also used 

in dopamine detection (using LaFeO3), solid oxide fuel cells (using NdFeO3) and as catalysts 

(using LaFeO3) for hydrogen evolution and oxygen reduction reactions [116‒124]. In the 

recent past, the size dependent dielectric properties of nanosized BaTiO3 have been 



 

extensively studied due to its high permittivity values and widespread applications in the 

electronic industry [111–115,125–127]. The nanosized BaTiO3 and LaCoO3 (synthesized by 

high energy ball milling method) and nanometric LaFeO3 (prepared by sol-gel method) have 

shown to adsorb gases like CO2, CO, NO2 etc. [116, 117,128,129]. 

1.3. Objective and scope of the thesis: 

The objective and scope of this thesis has been discussed below: 

1. Synthesis of 1:1 ordered double perovskites Sr2YbSbO6, Ba2YbTaO6 and Sr2YbNbO6 

and to investigate their structural, microstructural and optical properties. 

2. Analysis of the dielectric behaviour of the 1:1 ordered double perovskites Sr2YbSbO6, 

Ba2YbTaO6 and Sr2YbNbO6 in dielectric permittivity, dielectric loss, ac conductivity 

and impedance formalism in the framework of the modified Cole-Cole model. 

3. Study of the effects of mechanical milling of Ba2YbSbO6 leading to a nanocomposite 

formation (Ba2YbSbO6-CO3) and investigation of their structural, optical and 

dielectric properties. 

4. Synthesis of triple perovskites Ba3NiTaNbO9 and Ba3NiTaSbO9 and investigation on 

their structural, microstructural and optical properties. 

5. Analysis of the dielectric behaviour of the triple perovskites Ba3NiTaNbO9 and 

Ba3NiTaSbO9 in dielectric permittivity, dielectric loss, ac conductivity and impedance 

formalism in the framework of the modified Cole-Cole model. 

6. Synthesis of 1:2 ordered perovskites BaCo1/3Nb2/3O3 and BaCo1/3Sb2/3O3 for 

investigation of their structural, microstructural and bonding properties. 



 

7. Analysis of 1:2 ordered perovskites BaCo1/3Nb2/3O3 and BaCo1/3Sb2/3O3 in dielectric 

permittivity, dielectric loss, ac conductivity and impedance formalism in the 

framework of the modified Cole-Cole model.  
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2.1. Experimental 

The study of structural, microstructural, optical, thermal and dielectric properties of a 

material are performed in order to understand their physical properties. Various experimental 

techniques have been employed in order to examine their physical properties. In this chapter 

the sample preparation and the experimental techniques employed have been discussed in 

detail.  

2.2. Sample preparation: 

2.2.1. Materials Prepared: 

 We have synthesized the following perovskite oxides: Ba2YbTaO6, Sr2YbSbO6, 

Ba3NiTaNbO9, Ba3NiTaSbO9, Sr2YbNbO6, BaCo1/3Nb2/3O3, BaCo1/3Sb2/3O3 and Ba2YbSbO6 

by solid state ceramic method. The reagent grade powders of the respective oxides and 

carbonates were used for the synthesis. 

2.2.2. Solid state synthesis: 

The Ceramic materials are usually prepared using this method due to their lower 

production cost. In this process the stoichiometric amount of the starting reagents (usually 

oxides or carbonates) is mixed together in presence of acetone using a motor pestle for 10 

hours to form a homogeneous mixture. Then the mixture is sintered at a very high 

temperature around 1200‒1500˚ C with a controlled heating rate for initial phase formation. 

Again, the obtained mixture is annealed at a high temperature about 50˚ C above the sintering 

temperature for 10‒15 hours to obtain the desired compound. This process is based on the 

kinetic and the thermodynamic factor [1]. The thermodynamic factor predicts the possibility 

of the reaction to take place and the rate of the reaction is determined by the kinetic factor 

[2,3]. Thus, for obtaining a required phase using solid state ceramic method, different 



 

parameters like temperature, pressure, atmospheric condition and reaction time must be 

maintained accordingly. The phase formation of the sample is confirmed using X-ray 

diffraction. 

2.2.2.1. Stoichiometric mixing: 

 In order to synthesize perovskite oxide with a desired chemical formula the 

calculation and weighing of the stoichiometric amount of the reagent powders is very 

important. At first the total molecular weight of the desired compound (Mt) is calculated. In 

order to prepare Mn gram of the desired sample, the amount of each element that should be 

present in Mn gram of the sample is calculated using: (mMn)/Mt, where m is the total 

molecular weight of the respective element present in the desired sample. Now as the reagent 

are in the form of oxides, the molecular weight of the corresponding oxides (Mo) is noted. 

The oxides of each sample required for synthesis is calculated using: (mMn Mo)/moMt, where 

mo is amount of each element present in its respective oxides. Obtaining a homogeneous 

mixture is very important as it affects the properties of ceramic materials. For obtaining a 

homogeneous mixture, the oxides are mixed for about 10 hours in presence of acetone. 

2.2.2.2. Calcination and sintering: 

 Calcination is an endothermic reaction in which the decomposition of carbonates and 

nitrates takes place emitting gaseous products and leaving behind the solid product. During 

calcination the particle size, its distribution, surface morphology and defects like porosity are 

created. It is usually performed in order to remove undesired volatile impurities, carbon 

dioxide, nitrogen oxide and water of hydration. During this process the desired sample is 

obtained by the thermo-chemical reaction. By controlling the calcination temperature, the 

particle size can be manipulated. 



 

 The calcined samples are grinded again using motor pestle to obtain a homogeneous 

mixture and to remove the intergranular voids. The sample is than mixed with polyvinyl 

alcohol (5% of the weight of the sample) which acts as a binder to form a compact mass of 

granules. This binder is expelled during the sintering process due to heating. The samples are 

then pelletized into discs using a high pressure of 14 MPa using a hydraulic press. The pellets 

are then fired at a very high temperature but below its melting point. The crystal bonding 

between two adjacent atoms is increased at the contact interface as a result of diffusion of 

constituent atoms at the particle surface due to surface energy. This firing makes the ceramic 

denser and removes porosity and is known as sintering. During sintering the average grain 

sizes of the particle are increased which leads to the decrease in the total surface area. 

Sintering also creates the grain boundaries by eliminating the solid interfaces making the 

sample denser. 

 Initially the contact area between the particle increases by neck growth which 

increases its relative density (Fig. 1). The density further increases by the diffusion of atoms 

and reduction of voids. In the final stage the pores are almost eliminated with the formation 

of well-defined grain boundary. By controlling the sintering temperature, the physical 

properties of the ceramics can be controlled. The fine grain powders have large surface free 

energy which is reduced during sintering with reduction of particle surface. Sintering rate is 

affected by temperature, particle size and distribution, presence of impurities, non-

stoichiometry and the samples atmospheric conditions. The grains, grain boundaries and 

pores present in the sample after sintering greatly affects its physical properties. The grain 

shape and size of a sample are finalized during sintering [4].  

 

 



 

 

 

Fig. 1: Grain and grain boundary formation due to sintering. 

 

2.2.2.3. Electrodes  

 In order to perform the dielectric measurements, the sintered pellets are polished with 

fine emery paper and electrodes are developed on the flat surfaces. Electrodes are usually 

created with conducting materials like silver and gold. The electrode material should be 

chosen in such a way that it adheres to the sample, its contact resistance is zero, forms a thin 

layer over the sample surface and it should be durable. If the electrode material does not stick 

properly to the sample surface the gap acts as a low value of capacitance in series with the 

sample’s capacitance which lowers the effective capacitance of the sample. Voltage drop 

occurs in the gap which affects its operation. 

 



 

2.3. Material Characterization: 

2.3.1. X-ray diffraction (XRD): 

 XRD analysis is a non-destructive method for obtaining the chemical composition and 

the crystallographic structure of a given material. Various crystallographic parameters such as 

crystal structure, crystallite size, micro strain, macro stress and the phases present in a sample 

can be determined using XRD. The incident X-rays on interacting with the electrons of an 

atom gives rise to the diffraction patterns. According to Bragg’s law when the two diffracted 

rays have a path difference which is an integral multiple of wavelength than constructive 

interference between the scattered rays takes place [5,6]. 

nλ = 2d Sin θ                                                              (1) 

where n is an integer, X-ray’s wavelength is λ, d is the inter planer spacing and the diffraction 

angle is denoted by θ. X-ray diffraction occurs when its wavelength is comparable with the 

distances between its scattering centers (Fig. 2).  

 

 

Fig. 2: Bragg’s law of reflection.  

 



 

For the XRD analysis the intensity of the diffracted ray is plotted as a function of 

diffraction angle 2θ. Using Bragg’s law (equation 1) one can determine the interplanar 

spacing d of the crystal. The reflections from the lattice planes helps in determining the 

structure of the sample. Crystals with lower symmetry has larger number of atomic planes as 

compared to high symmetry crystals which have fewer atomic planes. As the wavelength of 

X-ray is of Å order, the inter atomic distance in crystals, so using XRD analysis one can 

determine the atomic arrangement [7‒9]. Crystal structure is usually defined by its unit cell 

which is repeated in all direction forming atomic planes at regular interval. The interplanar 

spacing d is related to its unit cell parameters (Table 1). 

 

Table 1: The relationship between d spacing between adjacent planes and unit cell 

parameters. 

Crystal Structure d-spacing (1/d2) Cell volume 

Monoclinic 

 

1/sin2(β)[(h2/a2)+(sin2(β) 

k2/b2)+(l2/c2)-(2hlcos(β)/ac)] 

abc sin (β) 

Cubic 

 

(h2 + k2 +l2)/ a2 a3 

Tetragonal 

 

(h2 + k2)/ a2+( l2/ c2) a2c 

Orthorhombic 

 

(h2/a2)+( k2/ b2)+( l2/ c2) abc 

Hexagonal 

 

4/3(h2+hk + k2)/ a2+( l2/ c2) (√3a2c)/2 

 



 

The schematic diagram of X-ray diffractometer is depicted in Fig. 3.  X-rays incident 

on the sample gets diffracted and falls on the detector after passing through a filter. The 

sample holder rotates in such a way that the angle between the incident beam and the 

diffracting planes is θ and the detector is kept at equivalent angle 2θ. Thus, the detector 

records the intensity of the diffracted beam as a function of 2θ. Every material has its 

characteristic XRD pattern using which we can recognize them [10]. We can also confirm the 

phase formation of a reported sample by comparing its XRD patterns to the ICDD file. We 

have used Rigaku Miniflex II powder x-ray diffractometer and Bruker D8 advanced 

diffractometer to analyze the samples reported in this thesis. The diffraction peaks of all the 

samples were recorded in between 10˚≤ 2θ ≤ 120˚ using Cu Kα (λ=1.54184 Å) radiation at 

room temperature. The step size was kept at 0.02  ̊and the scan rate was fixed at 2˚ min-1. The 

voltage of the X-ray generator was fixed at 35 kV and the current to 35 mA and their 

structural parameters were determined using two Rietveld based software GSAS with 

EXPGUI interface [11] and FULLPROF program [12] 

 

 

Fig. 3: Schematic diagram of X-ray powder diffractometer. 



 

2.3.2. Rietveld refinement: 

 In 1967 Hugo Rietveld formulated a method for characterizing the crystalline 

materials. The structural and other parameters affecting the diffraction pattern are refined 

using this method. During the refinement a calculated diffraction profile is created by refining 

lattice parameters, peak shape, peak width and preferred orientation. The calculated 

diffraction profile is matched with the experimentally obtained diffraction peaks. The 

calculated pattern is then refined using least square method to match the experimental and 

calculated patterns. The diffraction pattern is plotted as intensity values (Ii) at each of several 

thousand equal steps (i) with scattering angle (2θ). The least square fit of each Ii gives the 

best fit curve. The quantity to be minimized during the least square refinement (Sy) is 

expressed as  

Sy= Ʃ Ri [Ii - Ici]2                                 (2) 

where Ri = 1/Ii, Ii is the experimentally obtained intensity value at the ith step, Ici is the 

theoretically determined intensity value at the i th step and the summation is performed over 

entire data points. During the refinement the refinable parameters are adjusted so that Sy of 

equation 2 becomes minimum for obtaining a best fit between calculated and experimental 

patterns. Refinable parameters are composed of structural and profile parameters. Structural 

parameters include atomic coordinates, site occupancy and temperature factors whereas 

profile parameters include the zero position of the diffractometer and peak shape. 

 Factors determining a successful refinement is based on the minimum values of R 

factors defined as [13]: 

Rp = [
Ʃ |  ( ) ( )|

Ʃ  ( ) ]         (3) 

Rwp = [
Ʃ  (  ( ) ( ))

Ʃ  (  ( ))
]        (4) 



 

Rexp = [ ( )
Ʃ  (  ( ))

]1/2          (5) 

where Rp denotes profile factor, Rwp is the weighted profile factor, Rexp is the expected profile 

factor, c is the number of constraints, p is the number of variables and n is the number of 

observations. For successful refinement 1< Rwp= 2 Rexp. The ratio of Rwp and Rexp is denoted 

by χ (equation 6) and is used as a quality of fit  

χ 2 = (Rwp / Rexp)2            (6) 

The Rietveld refinement in this thesis is using GSAS with EXPGUI interface and 

FULLPROF program. Using this software one can perform the refinement of both X-ray and 

Neutron diffraction data. 

2.3.3. Field emission scanning electron microscopy (FESEM)  

 FESEM is used extensively to study the morphology of the surface of any material. 

The image produced has a three-dimensional appearance. The micrographs obtained are due 

to the atomic number difference and the topological variations present in the sample. Using 

FESEM we can obtain detailed information about the shape and uniformity of its grains, its 

surface topology, particle size and regularity of pattern arrays [14‒16].  

 FESEM consists of electron generated from a field emission source. Using a high 

electrical field gradient electrons are accelerated. Inside a high vacuum tube, a high energy 

focused electron beam is obtained by passing it through a series of magnetic lenses. This 

focused beam strikes the sample and releases secondary electrons. The surface morphology 

of the material is determined by the velocity and the angle with which the secondary 

electrons are emitted. The secondary electrons are received by detector which counts and 

amplifies it to obtain the electronic signal. The electronic signal is amplified and converted 

into a video scan-image visible on a monitor (Fig. 4). The electron beam is moved over the 



 

surface of the specimen using a set of scanning coils in order to acquire the image of the 

surface under investigation. The image can be magnified from 10 to 3000000 times using 

FESEM. The surface morphology of the samples in this research have been analysed using 

FEI INSPECT F50 scanning electron microscope. The average grain size of the samples 

reported in this thesis were calculated by measuring the grains in different regions and taking 

their average.  

 

Fig. 4: Schematic diagram of FESEM.  

 

2.3.4. Energy dispersive spectroscopy (EDAX): 

 In EDAX a low count energy dispersive X-ray spectrum is produced which 

provides the elemental composition of each point of measurement. In EDAX the atoms are 



 

excited by a narrow beam of electron which produce X-rays distinctive of elements present. 

As the atomic structure of every element is unique so the X-rays emitted by each element can 

be distinguished from one another. Electrons occupy discrete energy levels inside an atom. If 

the incident beam has enough energy, it may excite an electron from inner shell which gets 

ejected from the shell leaving behind a hole in its position. Electron from any higher energy 

shell may occupy the hole that was produced releasing the difference in the energy in the 

form of X-rays. The emitted X-rays can be analysed using energy dispersive spectrometer. 

For every element the X-rays are distinct owing to their different atomic structure, so the 

elemental composition of the sample can be studied from the X-rays that are produced. The 

relative concentration of each element present at the point of measurement is calculated from 

the total intensity of obtained X-rays. The EDX measurement of the samples reported in this 

thesis were performed using BRUKER EDS system attached with FEI INSPECT F50 

scanning electron microscope. 

2.3.5. Fourier transform infrared spectroscopy (FTIR): 

 The FTIR spectroscopy is based on the phenomena of vibration of chemical bonds 

present in a sample as a result of the interaction between the sample and electromagnetic 

radiation in the infrared (IR) region. If the IR energy incident on the sample is in resonance 

with the energy of its chemical bonds than the energy couples with that of the sample. The 

variation in the incident beam intensity is recorded before and after its interaction with the 

sample. Either reflection or transmission experiments are used to detect the incident radiation. 

In the IR spectrum the variation of intensity with frequency is recorded. As the infrared 

spectrum is unique for every molecular structure so FTIR can be used to characterize 

materials, study its molecular structure, its molecular surroundings. The transmittance or the 

absorption peaks in the FTIR spectrum is associated with the frequency of vibration of atomic 



 

bonds present in the sample. Presence of different functional groups in the sample can be 

investigated from the peaks obtained in the FTIR spectrum.  

 

Fig. 5: Schematic diagram of FTIR instrument.  

 

The main part of the FTIR instrument is the Michelson type interferometer. IR 

radiations from the source are collimated and made to fall on the beam splitter (Fig. 5). 

Ideally half of the radiation is transmitted by the beam splitter to a moving mirror and it 

refracts the remaining half of the radiation to a stationary mirror. The radiations from both the 

mirror are reflected back to the beam splitter. The beams reflected from the stationary and the 

moving mirror has optical path difference which causes interference on recombining at the 

beam splitter. The optical path difference created by the moving mirror is twice the 



 

displacement of the mirror. The recombined beam then falls on the sample and passes on to 

the detector. An interferogram is obtained by the detector where the interference signal is 

measured as a function of optical path difference. Fourier transform of the interferogram is 

performed by a computer to obtain the spectrum for quantitative analysis. The FTIR 

spectrums of the samples in the present work were recorded in room temperature using KBr 

pellet technique in between wavelengths 450 to 1400 cm-1 with Perkin-Elemer FT-IR 

instrument. 

2.3.6. Raman Spectroscopy: 

 The basic principle of Raman spectroscopy is the inelastic scattering of 

monochromatic light by the sample, resulting in the change in its photon frequency. Laser 

source emits a monochromatic light which falls on the sample. Some of the photons from this 

incident light are absorbed by the sample before being emitted again. The emitted photon 

frequency is either shifted up or down in comparison to the frequency of the incident photons 

and is termed as the Raman effect. This change in the photon frequency is associated with the 

material’s rotational, vibrational and low frequency modes. Raman effect usually occurs in 

the ultraviolet to visible region of the energy spectrum. When a monochromatic beam having 

frequency f0 is incident on the sample, two types of scattering take place which are Raman 

and Rayleigh scattering. Raman scattering is weaker than the incident beam and has 

frequency f0  fm, where fm frequency of vibration of the molecule. Rayleigh scattering being 

elastic has the same frequency as the incident beam. Raman scattering consists of Stokes line 

having frequency f0 - fm and anti-Stokes line having frequency f0 + fm [17]. During Raman 

scattering electrons moves to virtual energy state lying below E1 (excited electronic state). In 

Stokes line the transition of electrons takes place from lower vibrational energy state in 

comparison to anti- Stokes line. As the lower energy level 0 has a greater number of electrons 



 

as compared to energy level 1 so the intensity of Stokes lines is more as compared to anti-

Stokes lines (Fig. 6).  In the Raman Spectra the Stoke lines are usually reported.  

 

Fig. 6: Different types of scattering in Raman spectroscopy.  

 

In a crystal or a molecule, the atomic bonds are not rigid. Change in the susceptibility 

of the medium due to vibrations gives rise to the Raman effect. Vibrations are associated with 

the material and inelastic scattering which involves coupling of incident photons and 

excitation of quasiparticle present in the sample (electronic single particle, magnons and 

phonons). In solids crystals the phonons give rise to the Raman effect. The number of Raman 

modes present depends on the crystal symmetry of the material. Crystal orientation of an 

anisotropic crystal can be determined from the Raman spectroscopy. A unit cell of a crystal 

having n number of atoms contain 3n number of lattice vibrational modes from which 3 

modes are acoustic and 3n–3 modes are optical. The optical modes consist of IR, Raman and 



 

silent modes. Raman spectroscopy is complementary to Infrared spectroscopy as variation in 

the dipole moment of a molecule is associated with IR spectroscopy whereas variation in the 

polarizability of the molecule is associated with Raman spectroscopy. IR spectroscopy is 

associated with the change in the electron’s vibrational state within a given energy state. As 

per the exclusion principle for centrosymmetric structure a given mode cannot be both IR and 

Raman active. The lattice vibration modes present in a sample can be determined from its 

group factor analysis depending on the Wyckoff sites of the atoms present in the sample [18]. 

The Raman spectra of the samples reported here have been recorded using WITEC alpha 300 

R instrument. 

2.3.7. Optical absorption and emission study: 

 The optical properties of the samples have been investigated with the help of UV 

(PerkinElmer UV-vis spectrometer) and Photoluminescence (Shimadzu RF-5301PC) 

spectroscopic analysis.  The experimental band gap of the samples has been calculated with 

the help of its optical absorption spectrum in the UV region. The UV vis spectrum arises 

from the absorption of electromagnetic waves in the visible and ultraviolet region by the 

sample. The PL spectra in perovskites arises due to the electron transition from the valence 

band (composed of the 2p orbitals occupied by the oxides) to the conduction band (containing 

empty d orbitals present in the transition metals) by absorption of photon. The transition from 

the ground to the excites state is non radiative whereas the reverse transition from excited to 

ground state is radiative in nature i.e. luminescence. As the energy is provided by the photons 

it is termed as photoluminescence.  

2.3.8. Alternating Current Impedance Spectroscopy (ACIS): 

 ACIS technique is widely employed for studying the material’s dielectric properties 

[19‒21]. It can be used to investigate the motion of mobile or bound charges in the grain or 



 

grain boundary regions of various solids like semiconductors, ionic solids and dielectrics. The 

basic parameters measured by this technique are capacitance (C), conductance (G), 

impedance (Z) and phase angle () at different frequency range for any given temperature. 

From these measured parameters one can calculate the dielectric functions like dielectric 

permittivity, loss tangent, complex impedance and ac conductivity. For the dielectric 

measurement the samples are pelletized into discs using a high pressure of 140 MPa. The 

discs are then polished and electrodes are developed on the two flat surfaces by applying 

silver paste and drying it. The disc is than placed in the sample holder of the LCR meter 

connected with a temperature controller (Eurotherm 2216 e) to perform the dielectric 

measurement. The ACIS measurements of the samples were performed using Hioki 3532 

LCR meter. The measurements were carried out in the frequency range of 40 Hz to 5 MHz 

and at discrete temperatures between 333 to 573 K.  

 Different types of relaxation process exist in perovskite oxides as a result of different 

energy barriers present in them. These energy barriers exist in the sample due to the 

formation of point defects during the processing of the samples. Thus, the relaxation 

mechanism deviates from the ideal Debye model arising from the dipole-dipole interaction 

[22]. In case of insulators and semiconducting materials the dielectric relaxation mechanism 

consists of conductivity relaxation mechanism and dipolar relaxation mechanism. In case of 

dipolar relaxation arising from the dipole motion, it can be described using either of the 

models: Debye, Cole-Cole, Havriliak-Negami, Davidson-Cole depending on their relaxation 

mechanism [23‒28]. The dielectric data in this work has been analysed using Cole-Cole and 

Havriliak-Negami model in the framework of impedance, dielectric permittivity, electric 

modulus and ac conductivity formalism [24,27,28] as discussed in the previous chapter. The 

conductivity relaxation follows the Jonscher’s Power law [29]: 



 

() = dc [1+ (/h)n]          (7) 

where  is real part of conductivity, dc is dc conductivity,  angular frequency, h hopping 

frequency and n is a constant having values between 0 to 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Flow chart of the methodology scheme adapted. 
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3.1. Introduction: 

 Double perovskite oxides are the most promising functional material in the field of 

electronics as well as electrical technology as they can have different types of chemical 

composition, various crystal structure and their dependent physical properties [1‒3]. 

Amalgamation of different physical properties in a single material is the most exigent task for 

material scientists and perovskite oxides have given this opportunity [4]. However, most 

binary, ternary or quaternary compounds contain lead which is extremely toxic by nature. In 

the last few decades, the progress of electronics as well as electrical technology is based on 

the continuous effort to develop smart and eco-friendly materials. Lead being a toxic 

material, other alternatives like lead free dielectric materials are need to be developed [5‒9]. 

The conventional chemical formula of the double perovskite oxides is A2B'B"O6 [10].  

 An extensive survey of the literature on ytterbium based double perovskite oxides 

shows that, the ac electrical properties of very few are reported. The structural properties of 

Ba2LnTaO6 (where Ln is a trivalent lanthanide) in temperature between 82 K and 723 K have 

been reported by Hammink et al. [11]. Konopka et al. [12] have reported the dielectric 

permittivity of Ba2YbTaO6 in the microwave frequency range and its magnetic 

susceptibilities and the electron paramagnetic resonance measured between 5 K and room 

temperature have been reported by Taria et al. [13]. However, the detailed analysis of the 

variation of the electrical parameters like dielectric permittivity, loss tangent, impedance and 

conductivity with temperature and frequency of ‘Barium Ytterbium Tantalum Oxide’ 

(Ba2YbTaO6, BYT) has not yet been reported in the low frequency region.  

 Here we have used the solid-state reaction route to synthesize the BYT sample. The 

structural, optical, vibrational and electrical properties of BYT have been reported in this 



 

paper. Alternating Current Impedance Spectroscopy (ACIS) technique was utilized for 

measuring the dielectric properties of BYT which was measured using the frequency between 

42 Hertz and 1 Megahertz and temperatures between 303 K and 623 K.  

 

3.2. Experimental: 

 Stoichiometric amount of Barium Carbonate (Ba2CO3, Loba, Extra pure), Ytterbium 

oxide (Yb2O3, Sigma-Aldrich, 99.9%) and Tantalum Pentoxide (Ta2O5, 99.9%) were mixed 

using acetone (Merck) in an agate motor for 12 hours and then placed in a Platinum crucible 

and calcined at 1500o C for about 8 hours. The mixture was then cooled at a rate of 100o C/h 

and brought down to 30o C. The palletization of the powdered mixture was done after mixing 

it with a small amount of polyvinyl alcohol which acts as a binding agent. The sintering of 

the pelletized disc, having 7.46 mm diameter and 1.4 mm thickness, was done at 1550o C for 

12 hours. The sintered sample was then brought down to 30o C by cooling it at a rate of 1o 

C/min.  

The powder x-ray diffraction (PXRD) pattern was obtained by keeping the Bragg’s 

angle between 10o ≤ 2θ ≤ 120o and by using Cu-Kα radiation. The PXRD data was recorded 

at room temperature with step scanning size of 0.02. The surface morphology and 

homogeneity of BYT was studied with a scanning electron microscope (SEM). For the 

dielectric measurement, the disc of the sample was polished and a conductive silver electrode 

on each side of the sample disc were developed and then fired. In order to perform the 

dielectric measurements LCR meter (HIOKI-3532, Japan) was used. 

 

 



 

3.3. Results: 

3.3.1. Structural investigation: 

The tolerance factor t of BYT has been calculated using t = 
√  (  )

,where, rA, rB [=( 

rB′+ rB″ )/2] and r0 are the ionic radii of the constituent A, B and O site ions, respectively [14]. 

The calculation has been made considering the Shannon ionic radii [15]. The tolerance factor 

t for BYT is 0.99. This value of t agrees well with that of the cubic structure which has no 

driving force to deform them to a lower symmetry thus no octahedral tilt is expected in the 

system. The Rietveld refinement of the PXRD pattern of BYT (Fig. 1) was performed using 

the FULLPROF program [16]. The refined PXRD profile has been denoted by the continuous 

line in Fig. 1 whereas the experimental data are represented by the scattered symbols and 

their difference is represented by the blue line at the bottom. The Bragg’s positions are 

depicted within first bracket corresponding to each peak position. The flat nature of the 

difference between the refined PXRD profile and the experimental data suggests the phase 

formation with cubic phase and Fm3   space group. 

Fig. 2 shows the crystal structure of BYT with YbO6 and TaO6 octahedra being 

represented in different colours. The PXRD fitting, structural parameters and Yb–O–Ta bond 

angle is given in Table 1. From Fig. 2 it can be clearly seen that no tilt is present in both the 

YbO6 and TaO6 octahedra.  For BYT the average grain size is 7.609 μm which has been 

determined by the Debye-Scherrer’s equation: Dhkl = Kλ/βcosθ.  The inset of Fig. 1 depicts 

the SEM image of BYT having average grain size of 7.78 μm. It can thus be concluded that 

our calculated result agrees well with the experimental data. The compactness of the grains in 

the SEM image points toward the high density of the prepared sample. The theoretical 

density of the sample is 8.165 g cc−1. The density of BYT pellet measured using the 



 

Archimedes principle is 8.092 g cc−1, indicating negligible amount of porosities present in the 

sample disc. The chemical constituents of BYT have been depicted in the EDAX spectrum 

[the inset of Fig. 3]. 

 

Fig. 1: Rietveld refinement plot of BYT where the experimental points are represented by 

symbols and the line represents the simulated PXRD data. SEM micrograph is in the inset. 

 

Fig. 2: The structure of BYT obtained from the Rietveld refinement. 



 

Table 1. XRD fitting and structural parameters. 

Atom Wyckoff 

position 

x y z B Bond length (Å) BVS 

Ba 8c 0.25 0.25 0.25 0.090 Ba–O(×4)=2.96463(3) 1.912 

Yb 4a 0.0 0.0 0.0 0.074 Ba-O(×8)=2.96(7) 1.912 

Ta 4b 0.5 0.5 0.5 0.774 Yb-O(×4)=2.08789(3) 3.642 

O 24e 0.25(1) 0.0 0.0 1.000 Yb-O(× 2)=2.09(9)  

      Ta-O(× 4)=2.10466  

      Ta-O(×2)=2.10(9)  

Cell  parameters: a = b = c = 8.38510(14) Å; Rwp = 15.2; Rexp = 8.87; Rp = 15.6; χ2 = 2.95, 

(Yb-O-Ta)= 180o (4) 

 

 

Fig. 3:  EDAX spectrum of BYT. 



 

3.3.2. UV-visible Spectroscopic analysis:  

Fig. 4 demonstrates the UV-visible absorption spectrum of BYT from which the 

optical band gap (Eg) of BYT has been determined using the Tauc’s relation [17]             

[F(R) * hυ] = C [hυ - Eg]n                                                   (1) 

where the Kubelka-Munk function is represented by F(R), hυ is the incident photon's energy, 

C is a constant, and n indicates the nature of the sample transition. The optical absorbance of 

a sample can be calculated from its reflectance by using F(R): F(R) = ( ) , where R is the 

reflectance %. At the linear absorption edge a tangent is drawn in the graph and from the 

intersection of the tangent with the abscissa the value of Eg for BYT is calculated to be 3.95 

eV.  

 

Fig. 4: The UV-visible absorption spectrum of BYT. 

3.3.3. Photoluminescence Spectroscopic Study: 

The photoluminescence (PL) emission spectrum was obtained by keeping the 

excitation wavelength fixed at 316 nm and is shown in Fig. 5. From the PL spectra we 



 

observe a strong, intense peak at around 414 nm which arises due to the direct transition of 

electron to conduction band (CB) from the valance band (VB). Another shoulder hump at 

around 438 nm is due to the dangling bonds associated with the BYT microstructure. These 

dangling bonds may increase the surface states within the band gap of the material. The 

electrons originating from the bulk BYT fill up the mid-gap states till the Fermi level. The 

charge accumulation at the surface creates a depletion region resulting in the development of 

an electric field which causes the bending of the edges of valance band and conduction band. 

Trap levels are created by these types of band structures and the electron goes from VB to CB 

via this trap level. The peak at around 438 nm is due to trap related recombination of electron 

that originates from the structural defects. Photoluminescence excitation (PLE) measurement 

has been performed keeping the emission wavelength fixed at 414 nm, which is shown in Fig. 

6. In the PLE spectra it is observed that the exitonic peak is at 316 nm which is very close to 

the excitonic peak of the UV -Vis spectra. 

 

 

Fig. 5: The photoluminescence emission spectra of BYT. 



 

 

Fig. 6: The photoluminescence excitation spectra of BYT. 

3.3.4. FTIR analysis: 

In order to study the chemical bonding present in BYT we have performed the Fourier 

transform infrared (FTIR) spectroscopy (Fig. 7) where three bands are detected at 577 cm-1, 

1440 cm-1 and 1642 cm-1. The results agree well with the predictions of group theory for a 

cubic perovskite structure [18]. The absorption peaks represent the vibrational coupling 

between various coordination polyhedral present in BYT. The asymmetric stretching 

vibration of TaO6 octahedral is indicated by a strong peak at about 577 cm-1 [19]. The FTIR 

bands matches well with that reported for cubic A2B′B″O6 type perovskites [20‒24]. The 

weak band at about 1440 cm-1 is due to the overtones of the fundamental vibrations present 

within BYT and small bands around 1642 cm-1 arises because of the carrier KBr (H2O) n. 



 

 

Fig. 7: FTIR spectrum of BYT. 

3.3.5. Impedance analysis: 

Fig. 8 illustrates the impedance formalism at temperatures 453 K and 483 K which 

has been analysed for understanding the relaxation behaviour of BYT. Two deformed semi-

circular arcs are present in the complex impedance plot for each temperature. The smaller 

semi-circular arc is detected in higher frequency side whereas the larger semi-circular arc is 

detected in lower frequency side which point towards the role of both grain boundary (lower 

frequency side) and grain (higher frequency side) in contributing to the total impedance. The 

depressed or deformed semi-circular arc in the Nyquist plot is due to the non-Debye type 

relaxation mechanism which is attributed to the possibility of polydispersive nature of BYT.  



 

 

Fig. 8: The complex impedance plane plots between Z'' and Z' for BYT. 

The Debye type relaxation has only one relaxation process with definite relaxation 

time whereas non-Debye type relaxation involves multiple relaxation processes having 

different relaxation time, which leads to a distribution in the relaxation times of the dipoles 

present in the sample. This polydispersive nature can be probed from the Nyquist plot of the 

sample. In case of Debye type relaxation, the semi-circular arc’s centre is located in the Z′ 

axis whereas for the relaxation of non-Debye type as in case of our sample the centre lies 

well below the Z′ axis [25]. Thus, the relaxation phenomena that our sample exhibits is 

polydispersive in nature. Here the non-Debye relaxation process arises due to the charge 

carriers that are distributed in-homogeneously around grain-boundaries causing local 

variation of resistances in those regions [26].  

The experimental curve has been simulated using a comparable circuit consisting of 

two parallel resistor-capacitor (RC) components joined together in series. By definition the 

total impedance consists of real (Z') and imaginary (Z") parts which can be written as [27, 

28]:        

Z′ =     +                                                                                   (2) 



 

Z" =      +                                                   (3) 

Here Rg and Cg denotes the grain’s contribution to the resistance and the capacitance whereas 

Rgb and Cgb denotes the grain-boundary’s contribution to the resistance and the capacitance. 

According to this model the phase angle tan θ = Z''/ Z', is not constant and is frequency 

dependent. In the complex Z-plane plot of our sample, it has been observed that at lower 

frequency side (Fig. 8 (b)) it is almost straight line (independent of frequency) which means 

that the phase is constant. So, there exist a discrepancy between the Cole-Cole model and the 

Nyquist plot of our present sample and some modifications are required in the Cole-Cole 

model. The pure capacitor cannot explain this vagueness thus in the Cole-Cole equation the 

pure capacitor has to be substituted using a constant phase element (CPE). From the theory of 

CPE, the capacitance is written as C=Q1/n R[(1- n)/n], where Q and R are the constant phase 

element and the resistance associated with the grain boundaries (Rgb, Qgb) and the grains (Rg, 

Qg). The deviance from ideal capacitive behaviour is denoted by n. For n = 0 the behaviour is 

purely resistive and for n = 1 the behaviour is purely capacitive in nature. The modified Cole-

Cole equation in terms of CPE is as follows:  

Z′ =    +                                                                      (4) 

Z" =  

⎣
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⎥
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⎢
⎢
⎡

⎦
⎥
⎥
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⎤
                                   (5) 

The experimental data has been fitted using equations (4) & (5) and is denoted by 

solid lines as shown in Fig. 8. In Table 2 the different fitting parameters for 453 K and 483 K 

are tabulated. The Nyquist plots have been fitted considering CPE instead of pure capacitance 

of the electrical circuit. The experimental and the fitted curves agrees well with each other 



 

confirming the non-ideal nature of the capacitance which results from the multiple relaxation 

processes for a given relaxation time [29]. The value of 'n' in the fitted parameters as seen in 

Table 2, indicates the deviation from the ideal Debye process. The RC equivalent circuit for 

the complex impedance has been shown in the inset of Fig. 8 (a). The Nyquist plot of BYT 

confirms the involvement of both grain boundary and grain to the overall impedance, each 

having different values of resistances which gives rise to non - Debye type relaxation process. 

The presence of polycrystalline grains and their grain boundaries are well observed in the 

SEM image of BYT.  

Table 2. The various fitted parameters of the impedance circuit 

Temp.(K) Rg (104 Ω) Qg (10-10 F/Ω) ng Rgb (107 Ω) Qgb (10-10F/Ω) ngb 

453 2.8 29 0.72 5 10 0.64 

483 1.8 68 0.65 3.6 7.86 0.57 

 

3.3.6. Dielectric formalism: 

The Fig. 9 (a) & (b) illustrates the angular frequency (ω) dependent dielectric 

permittivity (ε') and loss tangent (tan δ) curves. The relaxation of ε' is associated with the 

dipole′s oscillation in an ac field which can be examined using Debye theory [30]. From Fig. 

9 (a) it has been observed that for ε', two distinct regions of dispersion are present. The 

interfacial polarization is responsible for dispersion when the frequency is low [31]. 

Dielectric properties are strongly dependent upon the grain size and the interfacial 

polarization. In the low frequency region, the dielectric value is dependent upon the 

conductivity of grain boundaries. If the sizes of the grain boundaries are large, they give rise 

to large dielectric values. The dielectric permittivity value decreases as the frequency 

increases as the charge exchange are unable to follow the applied field. The change in 



 

dielectric permittivity is almost negligible when the frequency is high as the electronic and 

the atomic polarization governing the dielectric permittivity values are independent of the 

variations in temperature and frequency. The dielectric permittivity increases with 

temperature when the frequency is low as the interfacial and dipolar polarization are 

dependent on temperature. Thus, the dielectric dispersion in the sample is due to the existence 

of the grain and grain boundary interface.  

 

Fig.9. (a) Frequency dependence of ε′ (a) and tan δ (b) of BYT at various temperatures, 

where the solid lines are the Cole-Cole fit to the experimental data which are represented by 

symbols. Arrhenius plot of most probable relaxation time is shown in the inset of (b). 

 



 

It can be seen from Fig. 9 (a), that at lower frequencies the dipoles trail the applied 

alternating field and ε′ = εs whereas on increasing the frequency the dipoles start lagging 

behind the field and the ε′ value decreases. The characteristic frequency where ω = (1/τ), the 

ε′ value suddenly decreases signifying a relaxation process. On increasing the frequency to a 

very high value the dipoles cannot trail the field and ε′ attains a constant value ε′ ≈ ε∞. At low 

frequencies the ε′ varies considerably with temperature. In the region of dispersion for ε′ a 

relaxation peak is observed in the loss tangent curve. On increasing the temperature, the peak 

in the loss tangent curve starts shifting towards higher frequency region because more 

polarization occurs at higher temperature and eventually leading to relaxation at higher 

frequency. This shifting of tan δ peak with temperature point towards a temperature 

dependency of the dielectric relaxation of BYT. In our sample the existence of dc 

conductivity (σdc) is indicated by the dramatic change in tan δ at the low frequencies. 

According to ideal Debye relaxation process a kink is expected to appear in tan δ which is 

attributed to the monodispersive relaxation process. But in our present sample the broad 

nature of the loss tangent peaks points towards a polydispersive behaviour of the relaxation 

process.  

In the loss tangent curve, the peak position gives the value of the relaxation time τm (= 

1/ωm). It is observed that ωm satisfies the Arrhenius law, 

  ωm = ω0 exp [- ]                                                                 (6) 

Here Ea represents the activation energy and ω0 is a constant. The inset of Fig. 9 (b) is a plot 

between log ωm and 1000/T, where the experimental data are represented by the symbols and 

the straight line denotes the least squares fit of the experimental data points. The value of Ea 

= 0.51 eV as calculated from the Arrhenius plot suggests that the hopping of p-type polaron is 

responsible for the conduction mechanism of BYT [32‒35]. It can be seen from the Table 2 



 

for the fitted parameters of the impedance spectra that the resistance for the grain boundaries 

is very large in comparison to that of the grains. Thus, the grain boundaries provide a barrier 

to the charge transport acting as a trap for the charge carriers [29]. The oxygen anions 

surrounding the cations can be considered isolated from one another as the overlapping of the 

charged clouds is very small. This localization leads to the formation of polaron. The charge 

transport occurs between the nearest neighbour sites by hopping of charged particles in 

between the localized sites. The occupancy of the trap centres decreases as the frequency 

increases endorsing the hopping of the charge carriers which leads to the increase in the 

conductivity. In our case the behaviour of the grain boundaries as the trap centres leads to the 

conduction process by polaron hopping. The Cole-Cole model has been utilized for 

examining the polydispersive behaviour of the relaxation process of BYT as illustrated in 

Fig.10 [36]  

ε∗ = − "  = ε +  
[ ( )  ]                     (7) 

Here εs denotes the low frequency quasi-static value and ε∞ denotes the high frequency value 

of dielectric permittivity, the difference (εs − ε∞) gives the dielectric relaxation strength, τ 

denotes relaxation time and α gives the variation of relaxation times having values amid 0 

and 1. When α value is 0 it signifies ideal Debye relaxation and when α > 0 it signifies a 

deviation from ideal Debye relaxation having different relaxation times. Equating real and 

imaginary parts of equation (7), [37] 

= +  × 1 − (( ) ( ))
( ( ) ( ) (( ) ))

                                         (8) 

" =   × 1 −  
( (( ) ))

( ( ) ( ) (( ) ))
                                                           (9) 



 

A sharp increase is observed in both ε' and ε'' at low frequencies which arises due to 

contribution of electrical conduction. Thus, a contribution term for the electrical conductivity 

needs to be added to the Cole-Cole equation which becomes 

∗ =  +
( )

−
∗

                                                                                            (10) 

where s represents a constant quantity having values between 0 and 1 and σ* (σ*=σ1+σ2) 

represents the complex electrical conductivity with σ1 as dc conductivity and σ2 as the 

conductivity for the space charges. Dividing equation (10) into real and imaginary parts, 

= +  
( ) [ ( )   ( )]

( )  ( ) ( )
+                                                  (11) 

" = +  
[( ) ( )   ( )]

( )  ( ) ( )
+                                              (12) 

From equation (11) and (12) it is clear that ε' is associated with the space charge conductivity 

(σ2) and ε'' is associated with the dc conductivity (σ1). In Fig. 9 (a) and Fig. 10 solid lines 

represent the fitted curve which has been obtained with the help of equations (11) and (12) 

for temperatures 363 K, 423 K and 483 K. The parameters utilized for fitting are presented in 

Table 3.  

The characteristic relaxation time can be calculated by  = . The variation of 

ωm of ε'' with temperature (inset of Fig.  10) follows the Arrhenius law from which the value 

of Ea is found to be 0.50 eV, which is nearly equal to that calculated from the Arrhenius plot 

for tan δ. In Fig. 11 the scaling behaviour of ε'' is depicted where ε'' is scaled by ε''m and ω by 

ωm. Here ε''m is the peak value of the ε'' versus log ω curve. The coinciding curves indicate 

that same mechanism is followed for relaxation process at different temperatures. In the 

scaled curves the overlapping does not occur at low frequencies because the dipoles can trail 

the field applied at low frequencies. 



 

 

Fig. 10: Frequency dependence of ε" at various temperatures for BYT where the solid lines 

are the Cole-Cole fit to the experimental data which are represented by symbols. Arrhenius 

plot of most probable relaxation time is shown in the inset.  

 

 

Fig. 11: Scaling behaviour of ε" at various temperatures. 

 



 

 

Table 3. The various fitting parameters of modified Cole–Cole equation. 

Temp. (K) εs - εα ωm (KHz) α σ1 (Sm-1) n 

363 251 27.54 0.15 4.3 × 10-8 0.95 

393 185 69.38 0.15 5.6 × 10-7 0.95 

423 225 145.21 0.14 8.7 × 10-7 0.96 

453 290 363.65 0.13 1.06 × 10-6 0.95 

483 300 765.50 0.15 1.31 × 10-6 0.95 

513 303 1591.72 0.15 1.67 × 10-9 0.94 

543 299 3999.86 0.14 1.99 × 10-6 0.95 

573 267 5782.51 0.15 2.36 × 10-6 0.95 

 

Electronic and ionic polarization together plays the key role in determining the 

dielectric property of the material. For a given ion, electronic polarization is constant but the 

ionic polarization depends on the crystal structure as ionic polarization occurs due to the 

lattice vibrations. There exists a correlation between the bond valence sum (BVS) and the 

dielectric property of a cubic perovskite. The correlation of the dielectric property with the 

BVS of the B-site cation has been reported by Lufaso et al. [38]. The ions with smaller BVS 

gives rise to larger ionic polarization as for the ions with longer and weaker bonds 

polarization can be achieved easily. The BVS values of BYT are mentioned in Table 1. It 

may be noted that the BVS values of BYT is comparatively smaller than its Niobium based 

counterpart Ba2YbNbO6 as reported by Maity et al. [35] as the Ta-O bond length is 

comparatively larger than Nb-O bond length. The dielectric permittivity values for BYT are 

significantly large as compared to that reported by Maity et al. as the Ta-O bond length being 



 

weaker; the polarization can be easily achieved. In this way the lattice vibrations associated 

with the crystal structure strongly affect the dielectric permittivity values. 

3.3.7. Conductivity formalism: 

             Fig. 12 depicts the angular frequency variation of ac conductivity of BYT at several 

temperatures and it consists of two plateaus indicative of two processes involved in the bulk 

conduction behaviour. It can be observed in Fig. 12 (a) that as the frequency is decreased the 

conductivity becomes constant at a certain value called the dc conductivity (σdc). At low 

frequency the periodicity of the electric field is very low as a result the accumulation of 

charge carriers takes place which contributes to the dc conductivity (σdc) [39]. The spectra of 

conductivity versus frequency follows Jonscher power law [40] 

σ = 1 +                                   (13) 

here ωH is the frequency of hopping of charge carriers, n is a frequency exponent and σdc is 

the dc conductivity. The changeover from the slow rise of conductivity (σdc) at lower 

frequency region to sudden change in the conductivity at higher frequency region suggests 

the onset of conductivity relaxation process.  

 

Table 4. The various fitting parameters of conductivity spectra. 

Temp. 

(K) 

Low frequency plateau High frequency plateau 

σdc 

(Sm-1) 

ωH  

(rad s-1) 

n σdc 

(Sm-1) 

ωH  

(rad s-1) 

n 

363 2.702 × 10-8 530 1.98 1.21 × 10-4 268600 0.6 

483 10.502 × 10-8 4000 1.98 4.00 × 10-3 2563454 0.67 

 



 

This ac conductivity behaviour of the present sample can be easily analysed using 

jump relaxation model [41]. When ω < ωH the charge carriers travel very slowly throughout 

the crystal lattice so they can hop between one site to another resulting in the dc conductivity 

(σdc). Again, at high frequency (ω > ωH) power law becomes σ(ω) ∝ ωn which causes a sharp 

rise in the conductivity value. Fig. 12 (b) illustrates the fitted conductivity spectra of BYT at 

363 K and 483 K which has been fitted using equation (13). The value of n in the low 

frequency region lies between 1 < n < 2 whereas n lies between 0 < n < 1 in the high 

frequency region as shown in Table 4. 

 

Fig. 12:(a) Frequency dependence of the conductivity (σ) for BYT at various temperature and 

the fittings (b) of power law for the same at 363 K and 483 K has been shown by solid lines. 



 

The frequency variation of conductivity results from the hopping of charged particles 

trough trap sites separated by different potential barriers. The conductivity variation becomes 

independent of frequency when a charge carrier moves along a lattice comprised of similar 

potential well.  The conductivity value increases with frequency and finally saturates at high 

frequency when the charge carrier hops back and forth in a double well having infinite barrier 

on each side. A system consisting of potential well with different barrier height as in case of 

our sample, the conductivity spectra show a step like nature on increasing the temperature. 

The varied potential barrier heights arise due to the existence of both the grain boundary and 

the grain.  

3.4. Conclusions:  

The ceramic method has been employed to synthesize BYT at 1500° C. The analysis 

of the PXRD pattern of BYT suggests the cubic structure with Fm3  space group. The cubic 

phase of BYT is further confirmed by the three bands obtained in the FTIR spectra which is 

associated with the Fm3  space group. The average grain size of BYT obtained from SEM 

is 7.78 μm. EDAX shows the uniformity of the sample. The optical band gap of BYT is 3.95 

eV which was calculated by means of the UV–visible absorption spectrum. A relaxation 

behavior is detected in all the temperature region. The presence of two arcs in the Nyquist 

plot points towards the role of both grain boundary and grain in contributing to the total 

impedance. The broad nature of the loss tangent peaks points towards the polydispersive 

nature of the relaxation process. The activation energy value of 0.5 eV as obtained from the 

Arrhenius plot of the relaxation time indicates that the conductivity and the dielectric 

relaxation at different temperature is due to the p-type polaron hopping. The existence of two 



 

plateaus in the conductivity plot indicates that in the bulk conduction behaviour two 

processes are involved for the contribution of both grain and grain boundary. 
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4.1. Introduction 

Perovskite oxide is one of the fabulous dielectric materials having widespread 

commercial application in microwave oscillator, radio frequency oscillator, resonator, filter 

and communication devices [1–8]. However, nowadays there is a huge demand of nanometric 

materials having high dielectric constant and low dielectric loss for use in high performance 

miniaturized microwave, radio frequency and energy storage devices. They also have 

applications in the development of multi-layer capacitors and dynamic random-access 

memory in smaller structures [9–11]. Research in the area of developing nanometric 

dielectric materials has been rapidly flourishing in the recent years. In past two decades, the 

nanometric materials having applications in microwave electronic circuits, optical storage 

devices, piezoelectric sensors, sonars, transducers and multilayer ceramic capacitors have 

been developed [9–13]. From application point of view, BaTiO3 is an excellent perovskite 

oxide. The dielectric properties of nanosized BaTiO3 synthesized by both chemical and high 

energy ball milling method have been elaborately investigated [9–11, 13]. It may be noted 

that mechanical milling  has been largely employed for the production of nanosized 

counterparts of bulk samples [14–16]. The strain induced by ball milling creates crystalline 

defects and surface disorder in nanometric samples synthesized by high energy mechanical 

milling [17–20]. The dielectric properties of nanosized perovskite oxides prepared by high 

energy ball milling differs from their bulk counterparts [16, 21–24]. Very few works have 

been reported on the dielectric properties of nanocomposites of double perovskite oxides 

synthesized by high energy ball milling method. In this context, we have reported the 

dielectric properties of Ba2YbSbO6 (BYSB) synthesized by solid state ceramic method and a 

nanocomposite of Ba2YbSbO6-BaCO3 (BYSN) synthesized by high energy ball milling of 



 

BYSB. We have shown how the nanocomposite Ba2YbSbO6-BaCO3 is formed when 

Ba2YbSbO6 is mechanically activated by high energy ball milling. Further, the effects of 

crystalline defects, surface disorder and adsorbed CO2 present in BYSN on its physical 

properties have been examined. 

The nanosized perovskites are known to have applications in the sensing of NO2 

(using LaFeO3), CO (using LaCoO3), alcohols (using SrFeO3), hydrocarbons (using LnFeO3), 

H2O2 and glucose (using LaNiO3). They are also used in dopamine detection (using LaFeO3), 

solid oxide fuel cells (using NdFeO3) and as catalysts (using LaFeO3) for hydrogen evolution 

and oxygen reduction reactions [25–33]. In the recent past, the size dependent dielectric 

properties of nanosized BaTiO3 have been extensively studied due to its high permittivity 

values and widespread applications in the electronic industry [9–15, 21–23]. The rare earth 

based double perovskites Ba2RASbO6 (where RA is a rare earth element) exhibit interesting 

dielectric properties [34–37]. The nanosized BaTiO3 and LaCoO3 (synthesized by high 

energy ball milling method) and nanometric LaFeO3 (prepared by sol-gel method) have 

shown to adsorb gases like CO2, CO, NO2 etc. [14, 15, 25, 26]. There are few reports on 

crystal structure and dielectric properties of Ba2YbSbO6 [38–40]. It is may be noted that the 

dielectric property of this sample has been investigated at room temperature only. The bulk 

Ba2YbSbO6 synthesized by solid state ceramic method: (i) crystalizes in R-3 space group 

with lattice parameter a = 5.9104 Å and α = 59.99°, (ii) exhibits semiconducting behaviour 

with optical band gap of 3.62 eV and electrical band gap of 2.3 eV (theoretical) and (iii) its 

room temperature dielectric constant is 14 at 10 KHz [40]. On the other hand, the values of 

room temperature dielectric constant and loss tangent of nanosized Ba2YbSbO6 (of size 20–

50 nm) synthesized by combustion method belongs to Fm3m space group (a = 8.4618 Å) are 

its 11.3 and 1.5 × 10-3, respectively, at 5 MHz [38, 39]. It can be seen from the previous 



 

reports that room temperature dielectric properties of bulk Ba2YbSbO6 and its nanometric 

counterpart differ drastically [38–40].  In this background, we have studied the physical 

properties of BYSB and BYSN in order to identify the changes in their dielectric properties 

arising from mechanically induced crystalline defects and surface disorder. Herein, we have 

reported the (i) crystal structure of BYSB and BYSN, (ii) relaxation mechanism governing 

their dielectric behaviour and (iii) influence of adsorbed atmospheric gases in determining the 

physical character and dielectric property of mechanically activated nanosized Ba2YbSbO6. 

4.2. Experimental 

BYSB has been synthesized by the solid-state ceramic method following the standard 

protocol depicted in literature [41], where the reagent grade (~ 99.9 % pure) powders of 

BaCO3, Yb2O3 and Sb2O5 were used. The calcination temperature was 1798 K and the sample 

was heated for 10 h. The calcined powder was then sintered at 1848 K for 12 h to obtain 

BYSB. The nanosized BYSN sample was prepared at room temperature (300 K) by high 

energy ball milling of BYSB for 15 h with the help of Fritsch Planetary Mono Mill 

(pulverisette 6). Tungsten carbide vials and balls were used where ball to mass ratio was 16:1 

and the rotational speed of the mill was 330 rpm.  

The X-ray diffraction (XRD) patterns of the samples have been recorded by using 

Bruker D8 advanced diffractometer in order to confirm the phase purity and obtain the crystal 

structure of BYSB and BYSN. Both BYSB and BYSN have been thoroughly characterized 

by field emission scanning electron microscopy (FSEM, FEI Inspect 50), energy dispersive x-

ray spectroscopy (EDS), high resolution transmission electron microscopy (TEM, Jeol 2100), 

FTIR (Perkin Elmer), TGA (Mettler Toledo TG-DTA 85) and Raman spectrometry (WITEC 

alpha 300 R Raman spectrometer). To carry out the dielectric measurements the pellets of the 



 

samples were prepared using hydraulic press with 140 MPa pressure. For BYSB thickness 

and diameter of the pellets were 11.92 mm and 1.95 mm, respectively. For BYSN thickness 

and diameter of the pellets were 8.8 mm and 1.50 mm, respectively. Both the pellets were 

polished and coated with silver paint on each side. The pellets were then heated at 523 K in 

order to develop the electrodes for the dielectric measurements. The dielectric measurements 

were performed using LCR meter (Agilent) at discrete temperatures between 303 K to 663 K 

and in the frequency range of 40 Hz to 5 MHz. The amplitude of the oscillating voltage was 

kept at 50 mV during the dielectric measurements.  

 

Fig. 1: Rietveld refinement plots of XRD patterns of (a) BYSB, (b) BYSN and (c) the peak 

broadening and the shift of (220) peak in the BYSN. 

 



 

4.3. Results 

4.3.1. Structural study 

The XRD pattern of BYSB (Fig. 1(a)) agrees well with that reported earlier [39]. In 

the XRD pattern of BYSN (Fig. 1(b)) few extra peaks other than the Ba2YbSbO6 phase have 

been observed. It is noteworthy that some extra XRD peaks other than its perovskite phase 

may appear in Ba containing nanosized perovskite oxides synthesized by high energy ball 

milling technique [14, 15]. This extra phase arises due to the formation of orthorhombic 

BaCO3 phase. The extra peaks observed in the XRD patterns of BYSN (Fig.1(b)) other than 

that of the Ba2YbSbO6 phase matches well with the orthorhombic BaCO3 phase. Thus, the 

XRD pattern of BYSN (Fig.1(b)) indicates the presence of an additional orthorhombic 

BaCO3 phase in it. The Rietveld refinement of the XRD patterns have been performed using 

the GSAS software [42]. The crystal structure of Ba2YbSbO6 [39] has been chosen as model 

structure for BYSB. The XRD pattern of BYSN has been analysed by superposing the XRD 

patterns of Ba2YbSbO6 [39] and BaCO3 [14] phases.  

The refined and the experimental patterns of both BYSB and BYSN are shown in Fig. 

1(a) and Fig. 1(b), respectively. It can be observed from the figures that the experimental 

patterns match well with the calculated ones. The abundance (weight %) of Ba2YbSbO6 

(Phase 1) and BaCO3 (Phase 2) in BYSN sample has been determined with the help X'Pert 

Highscore Plus software using the crystallographic information file generated by the GSAS 

program [43]. The crystal structure refinement parameters of both the samples are presented 

in Table 1. The Wyckoff positions and the atomic coordinates of BYSB and BYSN (both 

Ba2YbSbO6 and BaCO3 phases) are given in Table 2 and Table 3, respectively. 

 



 

Table 1: The Rietveld refinement parameters of BYSB and BYSN. 

Parameters BYSB BYSN 

Phase 1 (Ba2YbSbO6) Phase 2 (BaCO3) 

Crystal system Cubic Cubic Orthorhombic 

Space group Fm3m Fm3m P mcn 

Lattice Parameters 

(Å) 

a = 8.361509(23) a = 8.37809(25) a = 5.3038 (11)  

b = 9.0039 (22)  

c = 6.5136 (13)  

Volume (Å3) 584.593(5) 588.08(5) 311.06 (11) 

α = β = γ(º) 90 90 90 

Rwp 0.0438 0.0397 

Rp 0.0653 0.0555 

GOF(σ) 2.10 1.71 

Microstrain 2.1800462 ×10-5 1.3066313 ×10-4 

Crystallite size (nm) 201.82  19.16  18.73  

 

According to the results of the Rietveld refinement, BYSB is single phase cubic 

perovskite oxide of Fm3m space group with structural formula Ba2YbSbO6. On the other 

hand, BYSN is a nanocomposite composed of two phases: 86.4 % Ba2YbSbO6 belonging to 

Fm3m space group and 13.6 % BaCO3 belonging to Pmcn space group. The unit cell and the 



 

coordination environment of the constituent cations of BYSB sample are pictorially depicted 

in Fig. 2 (a) and Fig. 2 (b). 

Table 2: The Wyckoff positions and atomic coordinates of BYSB. 

Atom  site   x (Å)   y (Å)             z (Å)  B (Å2) 

Ba       8c  0.25           0.25            0.25          0.00687        
Yb       4a  0.0           0.0            0.0           0.01255        
Sb         4b  0.5                  0.5                    0.5                 0.00183        
O        24e  0.2662(11)       0.0                              0.0          0.01631 
 

Table 3: The Wyckoff positions and atomic coordinates of BYSN 

Atom  site   x (Å)   y (Å)             z (Å)  B (Å2) 

Phase 1 

Ba       8c  0.25           0.25            0.25          0.00687 
Yb       4a  0.0           0.0            0.0           0.01255 
Sb          4b  0.5                  0.5                    0.5                 0.00183 
O        24e  0.2542(44)      0.0                               0.0          0.01631 

 
Phase 2 

 
Ba  4c  0.25  0.416   0.756  0.008 
C  4c  0.25  0.745     -0.069   0.031 
O1  4c  0.25  0.90      -0.076  0.031 
O2  8d  0.46610    0.68140  -0.0779  0.031 

 
  

The unit cell of BYSB consists of 8 Ba2+ (at 8c position), 4 Yb3+ (at 2a position), 4 

Sb5+ (at 2b position) and 24 O2- (at 24e position) ions. In the unit cell of BYSB (Fig 2 (a)), A 

sites are occupied by Ba2+ ions and B sites are composed of YbO6 and SbO6 octahedra. From 

Fig. 2 (b) it can be seen that Ba cations are coordinated with 12 oxygen anions and Yb and Sb 

cations are coordinated with 6 oxygen anions, respectively. The unit cell of BYSB is built up 

with two pseudocells. Further, it is evident from Fig. 2(c) that the Yb and Sb ions of the B 



 

site are distributed along the (101) plane with repetitive stacking arrangement of Yb–Sb–Yb–

Sb ions along the crystallographic c-axis. Thus, BYSB is a 1:1 ordered double perovskite. 

 

 

Fig. 2: (a) Unit cell, (b) coordination environments of Ba2+, Yb3+ and Sb5+ of BYSB sample 

and (c) ordering sequences of octahedral B site cations of BYSB along the crystallographic c 

axis. 

The unit cell and the coordination environment of Ba2YbSbO6 phase (Phase 1) of 

BYSN is similar to that of BYSB (Fig. 3). The unit cell and the coordination environment of 

the Ba2+ ion of BaCO3 phase (Phase 2) of BYSN are depicted in Fig. 4. Each Ba cations are 

coordinated with 9 oxygen anions. The unit cell of BaCO3 consists of 4 Ba2+ (at 4c position), 

4 C4+ (at 4c position) and 12 O2- ions (4 at 4c and 8 at 8d position). The Ba–O1, Ba–O2, C–



 

O1 and C–O2 bond lengths for BaCO3 phase of BYSN are 2.726, 2.904, 1.3989 and 1.2812 

Å, respectively. In case of BYSB the Ba–O, Yb–O and Sb–O bond lengths are 2.9593 Å, 

2.226 Å and 1.955 Å, respectively. For the Phase 1 of BYSN the Ba–O, Yb–O and Sb–O 

bond lengths are 2.9623 Å, 2.23 Å and 2.06 Å, respectively (Table 4). It is evident that there 

is a stretching of bond lengths in case of Ba2YbSbO6 phase of BYSN as compared to BYSB 

resulting in the lattice elongation in BYSN as compared to BYSB.  

 

 

Fig. 3:   Unit cell of phase 1 (Ba2YbSbO6) of BYSN. 

 

Fig. 4: (a) Unit cell of Phase 2 (BaCO3) of BYSN, (b) coordination environment of 

constituent ions. 



 

Table 4: Metal oxygen bond length of BYSB and Ba2YbSbO6 phase of BYSN. 

Bond BYSB BYSN 

Length (Å) Length (Å) 

Ba – O 2.9593 (5) 2.9623 (5) 

Yb – O 2.226 (10) 2.13 (4) 

Sb – O 1.955 (10) 2.06 (4) 

 

High energy ball milling reduces particle size significantly, introduces crystalline 

defects and lattice disorder at the grain boundary of the sample. This leads to the increase in 

the internal tensile strain in the sample for the elongation or the contraction of its the crystal 

lattice [44]. As a result of which the XRD peaks of nanometric samples become broadened 

and gets shifted as compared to its bulk counterparts [44]. For example, the 220 peak of 

Ba2YbSbO6 phase (Phase 1) of BYSN has been broadened appreciably and has shifted 

towards lower 2θ angle (from 30.22 to 30.16 º) with respect to BYSB (Fig. 1 (c)). This point 

towards the presence of higher degree of internal tensile strain caused by crystalline defects 

and surface disorder in Phase 1 of BYSN [44, 45]. The peak broadening also indicates that 

the crystallites of Phase 1 of BYSN are smaller than BYSB. Thus, as a whole the 

characteristic peak broadening and reduction in intensity of the XRD peaks of BYSN as 

compared to BYSB can be ascribed to its nanometric size and stress induced enhancement of 

its lattice strain caused by high energy ball milling. It may be noted that some amount of 

energy gets transferred during the milling process from the milling balls to the sample being 

produced. This energy is responsible for the plastic deformation in nanosized samples leading 

to various crystalline defects like vacancies, stacking defects and dislocations [46]. It may 

therefore be inferred that in the present case the crystallite size has been reduced and the 



 

lattice has been substantially elongated in case of Phase 1 of BYSN (Table 1) as a result of 

high energy ball milling. This agrees with the results of earlier reports on similar samples 

[47–49]. Moreover, the higher value of micro strain and elongation of lattice volume for 

Phase 1 of BYSN compared to BYSB (Table 1) confirms that in case of BYSN the lattice has 

been substantially deformed. In Phase 1 of BYSN, atoms in its lattice sites have been 

dislocated and plastic defects have been created at the surface of its constituent particles due 

to high energy ball milling [47, 48]. Similarly, the large broadening and slight shifting of the 

XRD peaks of BaCO3 phase (Phase 2) in BYSN compared to bulk BaCO3 suggest that the 

crystallite size of this phase of BYSN has been reduced and plastic defects has been created 

at its surface. Thus, the crystallites in BYSN are nanometric in size and have crystalline 

defects and plastic deformations at its surface. 

For Ba containing mechanically activated nanosized perovskite oxide, there is a high 

chance of BaCO3 formation owing to the spontaneous chemical reaction between the sample 

and the atmospheric CO2 adsorbed at its surface [14, 15]. In general, the nanometric samples 

exhibits higher reactivity compared to their bulk counterparts due to their higher surface to 

volume ratio. Moreover, mechanically activated nanosized sample produced by high energy 

ball milling tends to exhibit surface phenomena like adsorption of atmospheric gases [15, 16]. 

Formation of high degree of surface defect prone to chemical reaction is the characteristic 

feature of the mechanically activated nanosized sample [50]. These features are not usually 

found in nanometric sample prepared by chemical route. It may therefore be concluded that 

the nanometric Ba2YbSbO6 sample synthesized by ball milling, adsorbs atmospheric CO2. 

Further, this sample has active sites prone to chemical reactions due to which a part of Ba 

present in it reacts with surface adsorbed CO2 and is converted into BaCO3 when kept in 

normal atmospheric condition.  



 

 

Fig. 5: The scanning electron micrograph of (a) BYSB and (b) BYSN. 

4.3.2. Microstructural study 

The FESEM images of BYSB and BYSN are shown in Fig. 5 (a) and Fig. 5 (b), 

respectively. The FESEM image of BYSB (Fig. 5 (a)) indicates that the particles in it are 

nearly hexagonal in shape with well-defined grain and grain boundaries. The particles in 

BYSB are of assorted size with average grain size of 1.92 μm. It can be seen from the 

FESEM image of BYSN (Fig. 5 (b)) that the particles in it are irregular shape and assorted 

size, which are the characteristic features of mechanically milled nanometric samples [50, 

51]. The average grain size of BYSN is ~ 50 nm. It may be noted that we have recorded the 

TEM (Fig. 6) morphograph of a selective single particle of BYSN in order to visualize the 

lattice fringes and the presence of surface defects in it. In the TEM morphograph of BYSN 

the lattice fringes and crystalline defects are clearly visible.  

The EDS spectra showing the constituent elements of BYSB and BYSN is illustrated 

in Fig. 7 (a) and Fig. 7 (b), respectively. The presence of carbon in BYSN is quite evident 

from Fig. 7 (b) whereas no such peak of carbon has been detected in BYSB. The theoretical 

mass % of Ba, Yb and Sb in BYSB has been calculated using Ba2YbSbO6 as its structural 



 

formula (as determined from the results of XRD study) whereas the same for BYSN has been 

determined considering the ratio of its constituent phases (86.4 % Ba2YbSbO6 and 13.6 % 

BaCO3 as determined from the results of XRD study). As the quantity of lighter elements like 

oxygen and carbon in a species cannot be accurately determined by EDS, therefore we have 

compared the theoretical and the experimental mass % of Ba, Yb and Sb only. The 

experimental and the theoretical values of mass % of Ba, Yb and Sb agree well with each 

other (Table 5). 

 

Fig. 6: TEM image of BYSN. 

Table 5. EDX results of BYSB and BYSN. 

Element BYSB 

Theoretical 

mass % 

 

BYSB 

Experimental 

mass % 

BYSN 

Theoretical 

mass % 

 

BYSN 

Experimental 

mass % 

Ba 41.27 42.05 45.13 44.40 

Yb 26 26.15 22.47 23.02 

Sb 18.30 17.50 15.81 16.79 



 

 

 

Fig. 7: EDS spectra of (a) BYSB and (b) BYSN. 

4.3.3. FTIR study 

The FTIR spectra of both BYSB and BYSN are illustrated in Fig. 8 (a) and Fig. 8 (b), 

respectively. The FTIR spectrum of BYSB is in consonance with that of Ba2YbSbO6 as 

reported earlier [38]. In the FTIR spectrum of BYSN some additional peaks for BaCO3 phase 

have been observed along with the peaks for Ba2YbSbO6 phase. For both the samples, the 

bands for the BO6 octahedra have been obtained in between 400–600 cm-1. For both BYSB 

and BYSN the band obtained at around 460 cm-1 is associated with the asymmetric bending 

modes of the Yb–O and Sb–O bonds belonging to SbO6 and YbO6 octahedra, respectively. 

For both the samples the asymmetric stretching modes of the Yb–O bond of YbO6 octahedra 

and Sb–O bond of SbO6 octahedra gives rise to the intense band at around 614 cm-1. The band 

centred around 772 cm-1 in the spectra of both the samples can be ascribed to the symmetric 

stretching mode of the SbO6 octahedra [52]. The six Yb–O bonds of YbO6 octahedra and six 

Sb–O bonds of SbO6 octahedra differ slightly in length due to which the FTIR absorption 

peaks associated with these bonds appear in close proximity. As a result of this the bands due 

to Yb–O and Sb–O bonds are broad in nature.  



 

 

Fig. 8: The FTIR spectrum of (a) BYSB and (b) BYSN. 

  In the FTIR spectrum of BYSN in addition to the bands due to Ba2YbSbO6 phase 

some extra bands have been observed at around 857(s), 1059 (s), 1422 (s) and 3315 (w) cm-1. 

It may be noted that the XRD and EDS studies have revealed that BYSN is a nanocomposite 

of Ba2YbSbO6-BaCO3. In the FTIR spectrum of BYSN the wavelength of the extra peaks 

matches well with those of pure BaCO3 [53]. Further, according to the theoretical calculation 

BaCO3 gives rise to the peaks at ~ 892 and 1010 cm-1 due to vibrational modes [54]. 

Therefore, for BYSN the peaks at about 857 and 1059 cm-1 can be attributed to the presence 

of BaCO3 in it. This further corroborates the results of the XRD and EDS studies. The weak 

and broad band at around 3315 cm-1 arises due to the surface adsorbed CO2 [55]. The band 

observed at ~ 1422 cm-1 in BYSN can be attributed to the bending mode of the surface 

adsorbed H2O and CO2 [54]. These results indicate that the nanometric Ba2YbSbO6 prepared 

by high energy ball milling method adsorbs arial CO2 and H2O [54]. Further, the surface 

adsorbed CO2 reacts with a part of Ba of nanometric Ba2YbSbO6 to form a nanocomposite of 



 

Ba2YbSbO6 and BaCO3. In the milled nanometric sample the existence of large surface area 

and active sites favours the formation of BaCO3 [54]. Thus, the results of the FTIR study 

confirms the formation of a nanocomposite of Ba2YbSbO6-BaCO3 from mechanically 

activated nanosized Ba2YbSbO6, which corroborates the results of the XRD study. 

 

Fig. 9: The Raman spectra of (a) BYSB and (b) BYSN. 

4.3.4. Raman study 

The room temperature Raman spectra of BYSB and BYSN are shown in Fig. 9 (a) 

and Fig. 9 (b), respectively, and their corresponding Lorentzian peak analysis is illustrated in 

Fig. 10 (a) and Fig. 10 (b), respectively. The peak positions and the full width at half maxima 

(FWHM) as obtained from the Lorentzian fitting are presented in Table 6. The spectrum of 

BYSB is dominated by four strong bands centered at 117, 385, 597 and 772 cm-1 along with 

other weaker bands. These four prominent bands of BYSB matches well with those reported 

for analogous cubic perovskite oxides like Ba2YbNbO6, Ba2ErSbO6 and Ba2YbTaO6 [56–58]. 

The Raman modes of BYSB as listed in Table 6 are in consonance with the earlier reports on 

similar systems [56–58]. The lattice vibrational modes of BYSB have been determined with 

the help of the group factor analysis using the Wykoff sites of the atoms obtained from the 



 

XRD study (Table 7). The expected phonon modes for BYSB having Fm3m space group 

(Oh
5) are: Γ= A1g + Eg + F1g + 2F2g + 5F1u + F2u, where the four modes viz., A1g, Eg, 2F2g are 

Raman active, four F1u modes are IR active, F1u is acoustic mode and F1g and F2u are silent 

modes.  

 

Fig. 10: The Lorentzian fitting profiles of Raman spectra of (a) BYSB and (b) BYSN. 

 

The intense peaks at 772 cm-1 and 597 cm-1 appears due to the vibration of O ions 

along the Yb–O–Sb bond axis. The peak at around 772 cm-1 arises due to the symmetric 

stretching vibration of SbO6 octahedra and it corresponds to the A1g mode. The antisymmetric 

stretching vibration of the SbO6 octahedra gives rise to the Eg mode at 597 cm-1. The 

symmetric bending vibration of SbO6 octahedra corresponding to the F2g mode is obtained at 



 

~ 385 cm-1. The peak at around 117 cm-1 corresponds to the F2g mode and arises due to the 

vibrations of the Ba ions. The weaker bands in the Raman spectra of the samples may be 

attributed to the second-ordered features [57].  

Table 6. Experimental Raman active modes. 

Comparing the obtained Raman modes of BYSB with those of Ba2YbNbO6 (BYN) 

and Ba2YbTaO6 (BYT) reported earlier [56, 58], it is found that the low frequency modes 

associated with the vibration of B-site atoms of BYSB are observed at higher wavelength 

than those of BYT but at lower wavelength than those of BYN. It may be noted that all the 

Peak 

No. 

BYSB BYSN 

Frequency 

(cm-1) 

FWHM 

(cm-1) 

Frequency 

(cm-1) 

FWHM 

(cm-1) 

1 117.19936 10.08201 114.0711 29.41374 

2 319.11887 9.98758 148.73972 40.88322 

3 357.85036 24.13656 181.42688 25.3368 

4 385.07184 15.21006 188.6309 18.22145 

5 434.03625 13.78611 386.33556 15.13371 

6 471.76312 17.07898 428.76496 20.33834 

7 597.44298 34.37726 583.41594 73.40917 

8 680.31262 29.60329 630.35296 64.69664 

9 730.92477 73.53594 676.55511 65.17666 

10 772.8061 22.0445 721.80107 57.66746 

11 809.97301 19.43274 761.82933 47.39736 

12   843.86522 17.42211 

13   1065.16 2.66322 



 

B"-site ions of BYSB, BYN and BYT are pentavalent and their ionic mass is in the order Ta 

> Sb > Nb. Thus, the shifting of Raman modes of these three samples can be attributed to the 

difference of ionic mass of their B"-site atoms. The difference in the interatomic forces of 

BYSB, BYN and BYT are also responsible for the difference in the wavelength of the Raman 

modes of these samples having analogous structure. The cubic double perovskite is usually 

characterized by the intense A1g mode whereas the lower symmetry perovskites are usually 

characterized by the splitting of the F2g modes [58]. There is no splitting of the F2g modes of 

BYSB which confirms its cubic structure.  

Table 7. Distribution of modes for cubic BYSB. 

In the Raman spectrum of BYSN all the characteristic Raman modes of BYSB are 

present but their intensity has been significantly reduced due to the lowering of crystallite 

Atom Wyckof

f 

Site 

Symmetry Distribution of modes 

Ba 8c Td F1u + F2g 

Yb 4a Oh F1u 

Sb 4b Oh F1u 

O 24e C4v A1g + F2g + Eg+ 2F1u + F2u+ F1g 

TOTAL A1g + Eg + F1g + 2F2g + 5F1u + F2u 

ACOUSTIC 1F1u 

RAMAN A1g + Eg+ 2F2g 

IR 4F1u 

SILENT F1g + F2u 



 

size. In case of BYSN besides the peak for Ba2YbSbO6 phase, two extra peaks have been 

obtained around 630 cm-1 and 1065 cm-1 due to the presence of BaCO3 in it. The wavelength 

of these peaks agrees well with the Raman spectra of single phase BaCO3 reported in 

literature [53]. Thus, the results of Raman spectroscopic study are in full agreement with the 

findings of XRD, EDS and FTIR studies of BYSB and BYSN. 

4.3.5. Thermogravimetric study 

 The thermogravimetric analysis of BYSB and BYSN samples have been carried out in 

the temperature range of 303–973 K in order to study their thermal stability. The TGA curves 

of BYSB and BYSN are illustrated in Fig. 11 (a) and Fig. 11 (b), respectively. From the TGA 

and its derivative curve of BYSB (Fig. 11 (a)) it is evident that the sample releases adsorbed 

atmospheric moisture at 340 K beyond which no appreciable weight loss has been observed 

up to 973 K (the highest temperature of measurement). This indicates that BYSB remains 

chemically stable up to 973 K.  

 

Fig. 11: The TGA curves of (a) BYSB and (b) BYSN. 

For BYSN the initial weight loss at 331 K can be attributed to the loss of surface 

adsorbed moisture and the weight loss in the temperature range of 370 to 800 K can be 

ascribed to the release of surface adsorbed CO2 (Fig. 11 (b)). It can be seen from the TGA 



 

and its derivative curve of BYSN (Fig. 11 (b)) that a significant weight loss has occurred at 

926 K due to the decomposition of BaCO3 present in it. It may be noted that decomposition 

temperature of pillar like nanosized BaCO3 (having diameter 20–40 nm and length 40–80 

nm) is ~ 1073 K [59]. However, the decomposition temperature of BaCO3 in BYSN having 

50 nm size and irregular shape differs from its pure pillar like counterpart as they are 

morphologically different and in case of BYSN it is present in a nanocomposite form. Thus, 

the results of TGA study commensurate with those of XRD, EDS, FTIR and Raman studies. 

4.3.6. Dielectric study 

The variation of the dielectric constant (ε′) and the loss tangent (tan δ) with 

logarithmic angular frequency (log ω) at different temperatures are plotted in Fig. 12 (a) and 

Fig. 13 (a) for BYSB and BYSN, respectively. In case of BYSB, the value of ε′ increases 

with increase in temperature. The ε′ values for both the samples decreases with increase in 

frequency. The dipoles in the sample direct themselves along the applied field when the 

frequency is low and contributes to the total polarization. This results in the high value of ε′ 

at low frequency. At high frequency the dipoles are unable to align themselves along the 

applied field as the field changes rapidly. Due to this the values of ε′ becomes low and almost 

independent of temperature at high frequencies. Thus, all the ε′ versus log ω curves of BYSB 

merges together at higher frequencies (Fig. 12 (a)). As shown in the Fig. 12 (a) and Fig. 13 

(a), the value of ε′ decreases with the increase in the frequency and in the dispersion region of 

the ε′, a relaxation peak in the tan δ (= ε''/ε') curve can be observed. In BYSB the value of ε′ 

increases with temperature indicating that the rate of polarization is higher at higher 

temperatures (Fig. 12 (b)). Thus, the relaxation peaks shift towards higher frequencies with 

increase in temperature (Fig. 12 (a)). The broad nature of the tan δ curve indicates 

polydispersive nature of the dielectric relaxation in these samples. In the low frequency 



 

region, the tan δ values of BYSB shows a slight increasing trend while for BYSN the tan δ 

values increases sharply. This indicates that dc conductivity influences the dielectric response 

of BYSB (slightly) and BYSN (strongly) [60]. Thus, we have examined the dielectric 

relaxation process occurring in these samples with the help of the modified Cole-Cole model 

taking into account the effect of dc conductivity [61–63]. According to modified Cole-Cole 

model the complex dielectric permittivity ( ∗) is given by: 

  
∗ = ∞ + ∞

( ) − ∗          (1) 

where σ* is the complex conductivity (σ*= (σ1 + iσ2)) with σ1 denoting the dc conductivity 

and σ2 denoting the conductivity for the localized charges. As ∗ = ˈ − ", theabove 

equation (1) can be written in terms of the real and the imaginary part as, 

 ˈ = +
( ) ( )

( ) ( ) ( ) −        (2)
 

" =
( )( )

( ) ( ) ( ) +          (3) 

where εs and ε∞ are the low and the high frequency values of the dielectric permittivity, τ 

represents the relaxation time, the distribution of the relaxation time is represented by the 

parameter α and the term n denotes the frequency exponent. The equation (3) represents 

dielectric loss where the first term arises due to the relaxation of permanent dipoles and the 

second term arises due to the losses associated with the movement of charge carriers The 

equations (2) and (3) have been utilized to fit the experimental ε′ verses log ω and tan δ 

verses log ω curves of both BYSB and BYSN. The fitted curves are shown by black lines in 

Fig. 12 (a) and Fig. 13 (a) and the parameters obtained from fitting are given in Table 8. It 

can be observed from Table 8 that the value of α is non zero indicating a dispersal of the 



 

relaxation time. Thus, the relaxation mechanism of both BYSB and BYSN are polydispersive 

in nature and non-Debye type (α value is zero for Debye type relaxation) [60].  

 

Fig 12: (a) The variation of ε′ and tan δ with log ω and (b) the variation of ε′ with 

temperature for BYSB. 

 

Fig 13: (a) The variation of ε′ and tan δ with log ω and (b) the variation of ε′ with 

temperature for BYSN. 



 

 
Table 8. The Cole-Cole fitting parameters of BYSB and BYSN. 

 
Temperature(K) εs ε∞ ωm (Hz) α n σ1 (Sm-1) σ2 (Sm-1) 

BYSB 

303 350 12 5500 0.46 0.8 0.1 × 10-7 0.3 × 10-7 

393 358 12.5 19500 0.45 0.85 0.2 × 10-7 0.3 × 10-7 

663 366 13 51520 0.44 0.9 0.2 × 10-7 0.4 × 10-7 

BYSN 

303 390 18 16755 0.55 0.94 0.1 × 10-6 5 × 10-8 

393 400 20 41241 0.54 0.95 0.2 × 10-6 8 × 10-8 

663 380 16 5522 0.56 0.92 0.2 × 10-7 4 × 10-8 

 

The ε′ verses log ω curves of BYSN exhibits a strong hump at 393 K and above this 

temperature the values of ε′ values start decreasing as temperature increases (Fig. 13 (a) and 

Fig. 13 (b)). The peak in the tan δ verses log ω curves of BYSN shifts towards higher 

frequency region with increase in temperature till 393 K and above it the peak shifts towards 

lower frequency region with increase in temperature. Thus, BYSN exhibits drastically 

different dielectric response below and above 393 K. This anomalous behavior has not been 

observed for BYSB. It is noteworthy that the results of FTIR study suggests the presence of 

adsorbed CO2 in BYSN. The TGA study suggests that BYSN releases adsorbed CO2 between 

370 K and 800 K. Thus, the anomalous dielectric behavior shown by BYSN above 393 K can 

be attributed to the continuous release of surface adsorbed atmospheric CO2 as temperature 

increases beyond 393 K. This further confirms the presence of CO2 in BYSN below 393 K 

while BYSB does not have any trapped CO2 as has been revealed by their XRD, EDS, FTIR, 



 

Raman and TGA studies. The decrease in the ε′ values after 393 K is indicative of the 

decrease in the amount of the charge carriers in BYSN above this temperature [64]. Thus, it 

can be inferred that CO2 present in BYSN contributes to the charge carrier production and 

with its reduction above 393 K leads to the decrease in ε' with increase in temperature. 

Therefore, BYSN exhibits anomalous dielectric behavior above 393 K as CO2 adsorbed by it 

starts escaping above this temperature.  

The ε′ verses temperature (T) plots of both BYSB and BYSN at some discrete 

frequencies are shown in Fig. 12 (b) and Fig.13 (b), respectively. For BYSB it can be 

observed that as temperature increases ε' increases (Fig. 12 (b)) and the increase is much 

more prominent at lower frequencies (between 292 Hz to 207 KHz). In case of BYSB mainly 

the Maxwell- Wagner polarization around the grain boundaries gives rise to its high value of 

ε' at low frequencies [65]. Further, Schottky barrier layer with high contact capacitance and 

resistance is formed between the sample and electrode where charge accumulation takes 

place, which may also contribute to the high value of ε' at low frequencies [65,66]. The 

capacitance of BYSB becomes almost independent of temperature at higher frequencies and 

the slight increase in ε' with increase of temperature between 1 to 5 MHz results from the ion 

migration [67]. The ε′ verses T curves of BYSN exhibits a peak at 393 K up to 207 KHz 

frequency. At higher frequencies (1 and 5 MHz) the ε′ values of BYSN remains almost 

constant with increase in temperature as observed in case of BYSB. These indicates that 

BYSN exhibits anamolous dielectric response above 393 K as has been noticed in its 

frequency dependent dielectric response at discrete temperatures. 

For BYSB and BYSN the variation of log ωm (the frequency at which the peak in the 

tan δ verses log ω curves have been observed) with the inverse of temperature has been 

depicted in Fig. 14 (a) and Fig. 14 (b), respectively. We have plotted log ωm vs. 1000/T curve 



 

of BYSN in the temperature range of 303 to 393 K as it exhibits anomalous dielectric 

behaviour above this temperature. The log ωm vs. 1000/T plots of both BYSB and BYSN 

follows the Arrhenius equation ωm = ω0 exp [- ]. The value of activation energy EA is 

found to be 0.23 eV for BYSB and 0.21 eV for BYSN. The activation energy values indicates 

that electrical transport mechanism in both the samples is associated with hopping of p-type 

polarons [68, 69]. 

 

Fig 14: Arrhenius plot of the most probable relaxation time ωm for (a) BYSB and (b) BYSN. 

 

4.3.7. Impedance study 

 The complex impedance plane plots of both BYSB and BYSN at room temperature 

have been depicted in Fig. 15 (a) and Fig. 15 (b), respectively. The overall contribution of the 

grain and the grain boundary to the total impedance is evident from the presence of two 

distinct depressed semi-circular arc in the Nyquist plots of both BYSB and BYSN [60]. The 

well-defined grains and the grain boundaries are found in the FESEM images of both BYSB 

and BYSN. In the impedance plots the grain effect is manifested by the high frequency arc 

whereas the grain boundary effect is represented by the low frequency arc. 



 

 

Fig. 15: Complex impedance plane plots of (a) BYSB and (b) BYSN. 

The samples possessing polydispersive type of relaxation exhibit deformed semi-

circular arc having centre below the Z′ axis as seen in our samples [70–74]. In order to 

separate the grain and the grain boundary contributions, the experimental impedance plots 

have been fitted with equivalent electrical circuit comprising of two parallel resistor-capacitor 

elements connected together in series as shown in the inset of Fig. 15 (a) and Fig. 15 (b). To 

account for the polydispersive nature of the relaxation process exhibited by the samples we 

have used a constant phase element (Q) in the model circuit in place of the capacitor element. 

Cp is the capacitance of constant phase element and is given by Cp = Q1/c R(1- c)/c, where the 

constant c accounts for the non-ideal behaviour of the sample. The value of c is 1 for ideal 

capacitance and 0 for ideal resistance. The impedance plots have been fitted using the 

formula: 

Z′ =    +           (4) 

and   Z" =  

⎣
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where R and Q denotes the resistance and the constant phase element with suffix g and gb for 

the grain and the grain boundary contributions, respectively. The results have been 

summarized in Table 9.  

It can be observed from Table 9 that the grain boundaries are comparatively more 

insulating than the grains because of the inhomogeneous distribution of the charge carriers 

around the grain boundaries [75]. The grain boundaries behaving like a trap to the moving 

charge carriers results in its high impedance values [76]. As BYSN has a greater number of 

grain boundaries owing to its nanometric size, it offers more barrier to the charge transport. 

This results in the impedance values of BYSN to be greater than that of BYSB.  

Table 9: The fitted parameters for the impedance plots for BYSB and BYSN at room 
temperature. 

4.3.8. Conductivity study 

 The frequency dependence of the ac conductivity at different temperatures for both 

BYSB and BYSN has been illustrated in Fig. 16 (a) and Fig. 17(a), respectively. Two 

plateaus can be observed in the conductivity plots of both the samples which are 

representative of two processes responsible for the bulk conduction. At low frequency the 

conductivity tends towards a constant value which is termed as the dc conductivity (σdc) [77]. 

At low frequency the periodicity of the field is low, which causes the accumulation of charge 

 Temp. 

(K) 

Rg  

(Ω) 

Qg  

(10-10 F/Ω) 

cg Rgb  

(107 Ω) 

Qgb  

(10-11F/Ω) 

cgb 

BYSB 303 750000 7 0.8 30 9.5 0.85 

BYSN 303 1200000 9 0.82 75 6.8 0.88 



 

carriers giving rise to the dc conductivity [60]. In the higher frequency region, the rapid 

change in the conductivity is due to the commencement of conductivity relaxation process.  

As per the results of the dielectric property study, the p-type polaron hopping caused 

by electric field governs the dielectric behaviour of the samples. Further, the difference in the 

potential energies at grains and grain boundaries creates trap sites, which acts as potential 

barriers towards the charge carriers [60]. Again, the higher value of grain boundary resistance 

as compared to that of its gain (as has been observed in the impendence study) results in 

transport of polaron by hopping from one site to another [60]. Thus, the conductivity of the 

samples increases with increase in frequency. However, in the high frequency region the 

conductivity value becomes constant as the polarons get trapped in sites having infinite 

barrier on each side and they start moving back and forth locally [78]. 

 

Fig. 16: (a) The variation of ac conductivity with log ω and (b) power law fitting of 

conductivity spectra for BYSB. 



 

The variation of the conductivity with frequency can be examined with the help of the 

power law σ (ω) = +   , where the A and n are the constants dependent on 

temperature and frequency [79]. We have fitted the conductivity spectra of both the samples 

recorded at all the temperatures. However, in Fig. 16 (b) and Fig. 17 (b) we have only shown 

two representative fitted curves at two distinct temperatures for each of the samples for the 

sake of clarity. We have provided the fitting parameters for all the temperatures in Table 10. 

The parameter A corresponds to the strength of polarizability of the sample and n is related to 

the degree of interaction between the moving charge carriers and its surrounding lattice [80]. 

The parameters A and n are temperature dependent. The value of n = 0 when the carriers are 

free to move through the sample. In the low frequency region, the values of n of both BYSB 

and BYSN are greater than 1 (Table 10) signifying the charge hopping is localized. On the 

other hand, for both BYSB and BYSN n is less than 1 in high frequency region indicating 

translational motion of charge carriers [81].  

The temperature variation of n1 (the values of n at low frequency region) and n2 (the 

values of n at high frequency region) for both BYSB and BYSN have been shown in Fig. 18 

(a) and Fig. 18 (b), respectively. For BYSB, n1 decreases with temperature which agrees with 

the correlated barrier hopping model (CBH) and n2 increases with temperature which is in 

agreement with the non-overlapping small polaron tunnelling model (NSPT) [64]. According 

to CBH model conduction occurs due to the hopping of charge carriers from one defect site to 

another separated by coulomb barrier [82]. As per NSPT model small polaron formation 

takes place due to the lattice distortions caused by the accumulation of charge carriers at the 

lattice site [82]. In BYSN the values n1 and n2 increase initially till  393 K and then they 

decrease between 393 and 483 K. Such anomalous behaviour of BYSN above 393 K has also 

been observed in its dielectric response and this can be attributed to the continuous release of 



 

CO2 above 393 K. It may be noted that for BYSN the values of n1 and n2 are independent of 

temperature beyond 483 K indicating a decrease in the interaction among the charge carriers. 

This corroborates the finding that amount of charge carrier in BYSN decreases above 393 K 

as seen in the dielectric study.  

 

 

 

Fig. 17: a) The variation of ac conductivity with log ω and (b) power law fitting of 

conductivity spectra for BYSN. 



 

 

Fig. 18: Temperature dependence of n1(low frequency) and n2 (high frequency) for (a) BYSB 

and (b) BYSN. 

Table 10: The parameters obtained from the fitting of the conductivity spectra for BYSB and 
BYSN. 

Sample Temperature 

(K) 

σdc  

(Sm-1) 

A1 (at low 

frequency) 

n1 (at low 

frequency) 

A2 (at high 

frequency) 

n2 (at high 

frequency) 

BYSB 303  2.7 × 10-9 1.7 × 10-13 1.57 3.3 × 10-7 0.39 

 393  4.1 × 10-9 1.8 × 10-13 1.55 3.6 × 10-7 0.40 

 483  5.8 × 10-9 1.9 × 10-13 1.51 3.8 × 10-7 0.41 

 573  6 × 10-9 2 × 10-13 1.49 4 × 10-7 0.42 

 663  6.7 × 10-9 2.1 × 10-13 1.45 4 .05 × 10-7 0.43 

BYSN 303  1.8 × 10-8 0.5 × 10-13 1.67 2.3 × 10-7 0.42 

 393  3.3 × 10-8 0.7 × 10-13 1.7 2.8 × 10-7 0.43 

 483  1 × 10-8 1.9 × 10-13 1.61 2.5 × 10-7 0.41 

 573  0.7 × 10-8 2 × 10-13 1.62 2.4 × 10-7 0.41 

 663  0.5 × 10-8 2.1 × 10-13 1.62 2.4 × 10-7 0.40 

 



 

The temperature variation of A1 (the values of A in low frequency region) and A2 

(the values of A in high frequency region) for BYSB and BYSN have been shown in Fig. 19 

(a) and Fig. 19 (b), respectively. For BYSB the values of A1 and A2 increase with increase in 

temperature indicating an enhancement in its polarizability [83]. For BYSN, A1 increases 

rapidly up to 483 K and above this temperature it increases very slowly. The A2 verses T 

curve of BYSN shows a peak at 393 K indicative of maximum polarizability at this 

temperature. This anomalous behaviour observed for temperature dependence of A1 and A2 

of BYSN also corroborates with the results of its dielectric study.  

 

Fig. 19: Temperature dependence of A1(low frequency) and A2 (high frequency) for (a) 

BYSB and (b) BYSN. 



 

4.3.9. Electrical modulus study 

The linear frequency (f) dependence of M' and M" of BYSB are shown in in Fig. 20 

(a) and Fig. 20 (b), respectively. Fig. 21 (a) and Fig. 21 (b) display the linear frequency 

dependence of M' and M" of BYSN, respectively. The value of M' decreases with decrease in 

frequency and approaches zero at all temperatures indicating that the electrode polarization is 

absent in the samples [84]. The dispersion observed in the M' curves arises due to the 

conductivity relaxation. The presence of short-range charge carriers is evident from the 

sigmoid nature of the M' curves [85]. At high frequencies M' tends to saturate due to the 

absence of any restoring force controlling the movement of charge carriers in the induced 

electric field [86,87]. Under these circumstances, the charge carriers can migrate over long 

distances indicating existence of long-range charge carriers [88]. The saturation of M' curves 

at high frequencies also indicates the discharging of space charge polarization [86]. 

M" verses f plots of both the samples exhibit prominent peaks (Fig. 20 (b) and Fig. 21 

(b)) which are broad and asymmetric in nature pointing towards non-Debye relaxation in the 

samples [87]. This nature of M" spectrum also indicates that charge carriers in the samples 

are transported predominantly by hopping mechanism [88]. This corroborates the results of 

the dielectric study that charge conduction in the samples takes place by hopping of p type 

polaron. Further, with increase in temperature the peak in the M" curves of both the samples 

shifts towards higher frequency indicating the charge carriers are thermally activated and 

their relaxation rate increases with increase in temperature.  

 



 

 

Fig. 20: The variation of (a) M′ and (b) M′′ with frequency at different temperatures for 

BYSB. 

We have tried to fit the electric modulus spectra of BYSB and BYSN using Cole-Cole 

model but that lead to unsatisfactory results. On contrary, the dielectric spectra have been 

successfully analysed by the Cole-Cole model. In this context, it is noteworthy that generally, 

three angular frequency (ω = 2πf) dependent functions viz., complex permittivity: ε*(ω) = ε' 

(ω) – i ε''(ω), complex electric modulus: M*(ω) = M'(ω) + i M''(ω) and complex conductivity: 

σ*(ω) = σ'(ω) + i σ'' (ω) are used to describe and assess the dielectric behaviour of materials 

[89]. They are interrelated to each other according to the equation: M*(ω) = 1/ε*(f ω) = 

iωε0/σ*(ω) but emphasize different aspects of the same process [89]. Physically, M* is 

connected to the electric field (E) relaxation inside the material when the dielectric 

displacement (D) remains constant and it describes the actual relaxation. The ε* is associated 



 

with the relaxation of D when E remains constant and it accounts for the dielectric retardation 

[90, 91]. The details which are not explicitly manifested in one formalism may be noticed in 

the spectra of other two formalisms [91]. 

 

 

Fig. 21: The variation of (a) M′ and (b) M′′ with frequency at different temperatures for 

BYSN. 

The dc conductivity (σdc) significantly influences the dielectric and conductivity 

spectrum but its effect remains masked in the electric modulus spectrum [90, 91]. In the 

dielectric loss spectra, the tan δ tends to increase at low frequency region due the influence of 

σdc (as in the present case), which suppresses the structural relaxation process. In such cases, 

customarily the electric modulus formalism is adopted to examine the dielectric relaxation of 

the sample. The relaxation time determined from electric modulus corresponds to 



 

microscopic relaxation times [89, 92]. For non-Debye type relaxation, the relaxation time 

determined from modulus formalism (τm) is supposed to be more accurate than that 

determined from dielectric permittivity (τε) and τm > τε [91].  

For the present case tan δ increases (slightly for BYSB and sharply for BYSN) in the 

low frequency region (Fig. 12 (a) and Fig.13 (a)) due the influence of σdc whereas in M'' 

spectrum (Fig. 20 (b) and Fig. 21 (b)) only sharp peaks have been observed. Thus, the above 

mentioned discussion has insisted us to fit M'' spectra of BYSB and BYSN using Havriliak-

Negami (HN) function: ∗ =  
[  (  ) ]

, where β and γ are fractional shape parameters 

representing symmetric and asymmetric broadening of the complex dielectric function. τHN is 

the characteristic relaxation time and = βkww is the stretching parameter associated with 

the relaxation peak. The values of  and γ lies in the range of 0 < ≤ 1 and 0 <  < 1. 

At first tan δ verses log ω curves of BYSB and BYSN were fitted using the HN function 

excluding the low frequency region of those curves. It has been found that for tan δ spectra of 

both the samples the values of γ ≈ 1, for which the HN function is equivalent to the Cole-

Cole function. This justifies the proper fitting of tan δ verses log ω curves of the samples by 

Cole-Cole model. The M'' spectra are well fitted by HN function and γ lies between 0.58–

0.95 for BYSB and 0.23–0.39 for BYSN. This reveals that the relaxation peaks of M'' for 

both the samples is asymmetric in nature and the asymmetry in BYSN is more prominent 

than BYSB. The effect of σdc is much more prominent in BYSN than BYSB which can be 

seen from the sharp increase of tan δ values of BYSN as compared to slow increase of tan δ 

in BYSB in the low frequency region (Fig. 12 (a) and Fig.13 (a)).  It can therefore be 

concluded that the asymmetry masked in the relaxation peak of tan δ due to the presence of 

σdc is manifested in the M'' spectra. 



 

The type of relaxation (Debye or non-Debye type) present in the sample can be 

confirmed using the stretched exponent parameter βkww [93]. The value of βkww = 1 where 

there is no interaction among the dipoles and βkww < 1 where there is a significant interaction 

among the dipoles. The values of βkww for BYSB lies between 0.45–0.81and for BYSN it lies 

between 0.26–0.35 indicating that the relaxation in both the sample is non-Debye type. For 

BYSN the value βkww is lowest at 393 K which once again confirms the fact that it exhibits 

anomalous dielectric behaviour above 393 K due to release of surface adsorbed CO2 by it as 

has been observed in its dielectric response in other formalisms. 

4.4. Discussion: 

The reported value of room temperature permittivity of bulk Ba2YbSbO6 (same as our 

BYSB sample) prepared by solid state ceramic method (belonging to R-3 space group with 

lattice parameter a = 5.9104 Å and α = 59.99°) is 14 at 10 KHz [40] and the value of the same 

for BYSB (belonging to Fm3m space group with lattice a = 8.361509 and α = β = γ = 90º) is  

14 at 5 MHz. To the best of our knowledge there is no report on temperature dependent 

dielectric response of Ba2YbSbO6. It may be noted that for Ba2YbNbO6 room temperature 

dielectric permittivity and loss tangent values are ~ 250 and ~ 0.28, respectively at 1.75 KHz 

[56]. The room temperature the values of dielectric permittivity and loss tangent of 

Ba2HoSbO6 are ~ 300 and 0.25, respectively, at 1.75 KHz [94]. At room temperature and 

1.75 KHz the value of dielectric permittivity of BYSB (~168) is found to be less than that of 

its analogous systems like Ba2YbNbO6 and Ba2HoSbO6 but its loss tangent (~0.09) is better 

than those of its analogous systems. The values of room temperature dielectric permittivity 

and loss tangent of BYSB matches well with the reported values of these parameters for bulk 

Ba2YbSbO6 sample. On the other hand, the dielectric behaviour of BYSB and its analogous 



 

system is significantly different. It may be noted that crystal structure has the direct influence 

on microscopic structural relaxation of dielectric materials [91]. Thus, the similarity in 

dielectric behaviour of BYSB with bulk Ba2YbSbO6 prepared by ceramic method can be 

attributed to structural similarity of these two systems. The difference in the microscopic 

structural relaxation between BYSB and its other analogous systems leads to the change in 

their dielectric properties. From the above discussion it can be inferred that the crystal 

structure which determines the microscopic structural relaxation has a key role in determining 

the dielectric property of perovskite oxides.   

The reported values of dielectric constant and loss tangent of nanosized Ba2YbSbO6 

(synthesized by combustion method and having particle size 20–50 nm) are 11.3 and 0.01, 

respectively, at 5 MHz frequency [38, 39]. However, there is no report on dielectric property 

of Ba2YbSbO6-BaCO3 nanocomposite. The values of dielectric constant and loss tangent of 

BYSN is 18 and 0.08, respectively, at 5 MHz. It is noteworthy that both the single phase 

Ba2YbSbO6 sample mentioned above and the present Ba2YbSbO6-BaCO3 nanocomposite are 

nanometric in size. Due to the difference in the microscopic structural relaxation owing to 

difference in the crystal structure of nanometric Ba2YbSbO6 and the nanocomposite BYSN 

their microscopic structural relaxation will be different. Moreover, BYSN has surface 

adsorbed CO2. It can therefore be inferred that the presence of two crystalline phases and 

surface adsorbed CO2 in BYSN is responsible for the difference in the dielectric response of 

BYSN and nanosized Ba2YbSbO6.  

The influence of surface adsorbed CO2 on the dielectric relaxation dynamics and 

conduction mechanism of BYSN has been discussed elaborately in the ‘Results’ section of 

this paper. Apart from this the difference in the crystal structure and microstructure of BYSB 

and BYSN can influence the dielectric relaxation and conduction mechanism of these 



 

samples. At any particular temperature the ε' verses log ω and tan δ verses log ω curves of 

BYSN (Fig. 11 (a)) follows the same trend as seen in BYSB (Fig. 10 (a)). At any given 

temperature and frequency, the value of ε' for BYSN is higher than that of BYSB. The values 

of tan δ  of BYSN are comparatively higher than BYSB at low frequency (up to ~1 KHz) 

owing to the presence of pronounced dc conductivity in it. The values of tan δ of BYSN is 

less than that of BYSB above 1 KHz. It may be noted that BYSB (Ba2YbSbO6) is a single-

phase double perovskite while BYSN is a nanocomposite composed of Ba2YbSbO6 and 

BaCO3 phases along with surface adsorbed CO2. Thus, the difference of microscopic 

structural relaxation of pure Ba2YbSbO6 and Ba2YbSbO6-BaCO3 nanocomposite along with 

the difference of particle size leads to the enhancement of dielectric constant and reduction of 

loss tangent of BYSN compared to that of BYSB. The dielectric behaviour of a palettized 

sample is strongly dependent on the presence of grain and grain boundary interface [60]. Due 

to its nanometric size the number of grains and grain boundary interfaces in the pelletized 

sample of BYSN are higher than BYSB. The grain size and the grain boundary interface have 

also contributed to the enhancement of dielectric permittivity and reduction of loss tangent in 

case of BYSN as compared to BYSB.  

If the power law fitting parameter of the conductivity spectra, n = 0 then the charge 

carriers can move freely through the material. When n ≠ 0, the motion of charge carriers takes 

place due to conduction as well as polarization [83]. This phenomenon is usually observed 

for samples with grain boundary disorder creating localized polarons [83]. The motion of the 

polaron takes place due to induced polarizations [94, 95]. Interaction between the mobile 

charge carriers and the lattice increases as the sample becomes more disordered. If the 

localized charge states are randomly distributed then hopping of charge carriers becomes 

faster. This motion of charge carriers increases conduction as well as polarizations. This 



 

behaviour has been reported for samples having grain boundary disorder and localized 

polarons [96, 97]. It can be seen that the values of dc conductivity of BYSN at same 

frequency and temperature is higher than those of BYSB (Table 10). According to power law 

fitting of conductivity spectra, the values of n1 for BYSB and BYSN lie in the range of 1.45–

1.57 and 1.67–1.7, respectively (Table 10).  The values of n2 for BYSB and BYSN lie in the 

range of 0.30–0.43 and 0.40–0.42, respectively (Table 10). Thus, the nonzero values of n1 

and n2 reveal the presence of grain boundary disorder (which is usual for palletized sample 

and has been observed in the FESEM images Fig. 3(a) and Fig. 3(b)) and localized polarons 

in both BYSB and BYSN. Moreover, the values of n1 for BYSN is greater than those of 

BYSB, which indicates presence more defects in BYSN. It is well known that mechanical 

milling induces crystalline defects and disorder mainly at the surface of the samples [17–20]. 

BYSN has been synthesized by ball milling method and it is nanometric in size while BYSB 

is synthesized by ceramic method and it is a bulk sample with large particle size. Therefore, 

BYSN should have more grain boundary disorder than BYSB. Thus, the microstructural 

(particle size and grain boundary defects) difference between BYSB and BYSN plays a key 

role in determining their conductivity. 

The value of the parameter βkww obtained from analysis of dielectric data in modulus 

formalism is lower for peaks which are broader and more asymmetric in nature and it also 

decreases with decrease in particle size [87, 91]. Thus, the βkww values of BYSN which are 

less than those of BYSB [Table 11] results from the particle size effect. Moreover, in BYSN 

the number of energy barriers arising from the local defects are more owing to its nanometric 

size resulting in broader distribution of its relaxation time as compared to BYSB [87]. This 

phenomenon also contributes to the lowering of βkww values of BYSN as compared to those 

of BYSB. For BYSB βkww value increases with temperature and approaches 1 at higher 



 

temperatures. It can therefore be inferred that the relaxation in BYSB tends towards Debye 

type process at higher temperatures. 

Table 11: The parameters obtained from M" spectra. 

Temperature (K) BYSB BYSN 

 βkww τHN βkww τHN 

303 0.45 4.186 × 10-6 0.29 9.67 × 10-6 

393 0.57 1.319 × 10-6 0.26 6.798 × 10-6 

483 0.64 9.027 × 10-7 0.32 9.758 × 10-6 

573 0.77 8.47 × 10-7 0.32 1.097 × 10-5 

663 0.81 6.78 × 10-7 0.35 1.223 × 10-5 

 

4.5. Conclusion 

Herein, we have reported the structural, microstructural, thermal, optical and 

temperature dependent dielectric properties of BYSB synthesized by solid state ceramic 

method and a nanocomposite BYSN synthesized by high energy ball milling of BYSB. The 

grain size of BYSB is ~ 1.92 μm and the particle size of BYSN is ~ 50 nm. Previously, the 

presence of orthorhombic BaCO3 phase in mechanically activated nanometric BaTiO3 has 

been detected by Rietveld refinement of XRD pattern only without any supportive 

spectroscopic evidence [14, 15]. In this endeavour, for the first time we have shown that the 

nanosized Ba2YbSbO6 prepared by ball milling of BYSB adsorbs atmospheric CO2 leading to 

the formation of BYSN. 

 The samples have been characterized by XRD, FESEM, EDS, FTIR and Raman 

spectroscopy. BYSB possess Fm3m space group whereas BYSN is a nanocomposite 



 

composed of 86.4 % Ba2YbSbO6 and 13.6 % BaCO3 phases with surface adsorbed CO2. The 

samples exhibit non-Debye type relaxation governed by polaron hopping. BYSN exhibits 

better dielectric behaviour than BYSB. Above 393 K BYSN sample exhibits anomalous 

dielectric and electrical properties due to the release of adsorbed CO2. It has been shown that 

crystal structure, grain size, grain boundary contribution and surface adsorbed CO2 strongly 

influence the dielectric relaxation dynamics and conduction mechanism of the samples. 

Moreover, due to their high dielectric constant and low loss tangent at room temperature both 

BYSB and the nanocomposite BYSN may be utilized for fabrication of radio frequency 

oscillator, resonator, filter and communication devices. 
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5.1. Introduction: 

 Research in the field of double perovskite oxide with high dielectric constants have 

grabbed the interest of many researchers because of their diverse physical properties and their 

wide variety of technological applications. They find application in the manufacturing of 

filters, capacitors, resonators and oscillators [1‒6]. There is a demand for the development of 

lead-free perovskite oxides due to the ecological constraint of using toxic lead. The volatile 

nature of lead oxide at high temperatures leads to environmental pollution and creates 

instability in its composition. Further the lead-based devices cannot be recycled. In the recent 

years lead free double perovskite oxides have grabbed the interest of the researchers due to 

their diverse crystal structure and unique dielectric property which are largely affected by 

their constituent cations [7,8]. Double perovskite oxide based on strontium have been 

reported to have applications in the field of telecommunication networks as microwave 

dielectric resonators [9-18]. Also, double perovskites based on niobium have been reported to 

have good mechanical and electrical properties for uses in electronic industries [19-22]. 

 The structural and room temperature permittivity values of Strontium Ytterbium 

Niobium Oxide (Sr2YbNbO6) have been reported in literature [23,24] but the temperature 

dependent dielectric relaxation behaviour of SYN has not yet been reported. The crystal 

structure of Sr2YbSbO6 (SYS) has been thoroughly investigated by using neutron diffraction 

and powder x-ray diffraction techniques [8] but the temperature dependent dielectric 

relaxation behaviour of SYS has not yet been reported As the dielectric properties of 

perovskites are highly dependent on temperature so it is important to investigate the variation 

in its dielectric parameters with change in temperature in order to understand its polarization 

mechanism. The signal carrying capacity and propagation swiftness of a device is dependent 



 

on the dielectric constant and dielectric loss of the material, so understanding the dielectric 

behaviour is important for developing new materials for technological applications. So, in 

this context we have thoroughly investigated the dielectric permittivity, dielectric loss, ac 

conductivity of SYN and SYS and shown how their behaviour changes with temperature. We 

have also reported their crystal structure, surface morphology and optical properties.  

5.2. Experimental: 

The solid-state ceramic processing technique has been employed for the synthesis of 

SYN and SYS polycrystalline sample. The reagent grade powders of respective carbonates 

and oxides were taken in stoichiometric amounts along with acetone and grinded together 

with the help of agate-mortar for 14 h for SYN and 10 h for SYS. The mixed SYN sample 

was than calcined in normal atmospheric condition for 12 h at 1350o C which was then cooled 

at the rate of 100o C/ h till room temperature was reached. SYS sample was calcined in 

normal atmospheric condition for 8 h at 1500o C which was then cooled at the rate of 100o C/ 

h till room temperature was reached. The phase of the sample was obtained by powder X-ray 

diffraction analysis (XRD). The calcined SYN sample were then pelletized into discs 

(thickness = 1.20×10-3 m and diameter = 8×10-3 m) using polyvinyl alcohol as binder and 

applying pressure of 2× 106 N/m2. The calcined SYS sample were then pelletized into discs 

(thickness = 1.90 mm and diameter = 12.92 mm) using polyvinyl alcohol as binder and 

applying pressure of 137 MPa. The prepared SYN disc was sintered for 10 h at 1370o C and 

SYS disc was sintered for 12 h at 1550o C followed by natural cooling. For the electrical 

measurements silver paste was applied on the two flat edges of the discs in order to develop 

the electrodes which were then dried at 200o C for 5 h. 



 

 The XRD patterns were obtained using CuKα radiation by step scanning at 0.02o per 

step and over a range of Bragg’s angle 20o ≤ 2θ ≤ 120o. The microstructural analysis of the 

sample was performed using FEI Quanta 200 scanning electron microscope (SEM). The 

Fourier transform infrared spectra (FTIR) of SYN was recorded from 450 – 1400 cm-1 using 

Perkin-Elemer FT-IR instrument. The Raman measurement of SYN were carried out in 

between 100 – 900 cm-1 using the Raman spectrometer WITEC alpha 300 R. The dielectric 

measurements of SYN were performed by varying the frequency from 50 Hz to 1 MHz at 

discrete temperatures (303 ‒ 513 K) using Hioki 3532 LCR meter whereas for SYS the 

measurements were performed by varying the frequency from 40 Hz to 5 MHz at discrete 

temperatures (303 ‒ 663 K). During the dielectric measurements the temperature of the 

sample was increased at the rate of 0.5o C/min using a temperature-controlled oven. 

5.3. Results and Discussion: 

5.3.1. Structural and microstructural studies:    

 Fig. 1 (a) and (b) shows the XRD patterns of SYN and SYS, respectively at room 

temperature whose Rietveld refinement have been performed using GSAS software. The 

continuous line in Fig. 1 (a) and (b) represents the calculated patterns as obtained from the 

Rietveld refinement. The refinement parameters and Wykoff positions of SYN and SYS are 

listed in Table 1 and 2, respectively. SYN crystallizes in monoclinic P21/n space group as 

suggested by Yang et al. [23]. SYS also crystallizes in monoclinic P21/n space group. The 

schematic diagram of the monoclinic unit cell of SYN and SYS are shown in Fig. 2 and Fig. 

3, respectively. Each B-site atoms Yb3+ and Nb5+ are coordinated with six O2- ions forming 

the YbO6 and NbO6 octahedra which are arranged alternatively in the SYN unit cell. The B-

site atoms Yb3+ and Sb5+ are coordinated with six O2- ions forming the YbO6 and SbO6 



 

octahedra and are arranged alternatively in the SYS unit cell. It can be observed from Table 3 

and Table 4 that the bond lengths of the B-site cations with oxygen are different and there is a 

difference in the volume of the octahedra associated with each B-site cation. This difference 

in the bond lengths and volume arises from the ionic size difference and different valency of 

the constituent B-site cations. The octahedral volume difference associated with each B-site 

cation is responsible for the octahedral distortions in the samples. The presence of octahedral 

tilt can be easily observed in Fig. 4 and Fig. 5 for SYN and SYS, respectively. The anti-phase 

tilting angles of YbO6 and NbO6 of SYN are about 7˚ and 9˚ respectively, while their in-

phase tilting angles are 1˚ greater than their anti-phase values. In SYS the anti-phase tilting 

angles of YbO6 and SbO6 are about 9˚ and 10˚ respectively, while their in-phase tilting angles 

are 1˚ greater than their anti-phase values.  

Table 1: The parameters obtained from the Rietveld structural refinement. 
 

 SYN SYS 
Crystal system monoclinic monoclinic 

Space group P21/n P21/n 

A 5.79644(16) (Å) 5.79 (5) Å 

B 5.76612(6) (Å) 5.79 (12) Å 

C 8.15671(18) (Å) 8.19 (11) Å 

Volume 584.593(5) (Å3) 596.42 (5) (Å3) 

α = γ (º) 90 90 

β (º) 90.5109(28) 90.136° 

Rwp 0.0438 0.079 

Rp 0.0504 0.08 

GOF(σ) 2.90 1.45 



 

 

Fig. 1: The XRD refinement plots of (a) SYN and (b) SYS. 

 

Fig. 2: Unit cell of SYN 



 

 

Fig. 3: Unit cell of SYS 

Table 2: Special Wyckoff sites of the atoms and refined atomic coordinates of SYN and 

SYS.  

   SYN   

Atom Site x (Å) y (Å)        z (Å) B (Å2) 

Sr 4e 0.0050(4)    0.02059(33) 0.25214(19)    0.0208(4)     

Yb 2d 0.5 0.0 0.0 0.0266(5)     

Nb 2c 0.0          0.5                               0.0          0.0269(7)     

O1 4e 0.2346(21)   0.7856(15)   0.0211(15)       0.0010(29)    

O2 4e 0.2450(19)   0.3019(14)   -0.9539(15)      0.0073(35)    

O3 4e 0.4458(12)   0.0034(24)   -0.2644(10) 0.0210(25)    

SYS 

Sr 4e 0.0047 (5) 0.0243 (2) 0.2484 (4) 0.51 (2) 

Yb 2d 0.5 0.0 0.0 0.10 

Sb 2c 0.0          0.5                               0.0          0.10 

O1 4e 0.2988 (4) 0.2831 (5) 0.0375 (4) 0.55 (8) 

O2 4e 0.2771 (5) 0.2832 (5) 0.3646 (4) 0.60 (7) 

O3 4e 0.96310 (4) 0.4565 (4) 0.1360 3() 0.07 (4) 

 

 

 



 

 

 

 

 

Fig. 4: Octahedral tilt in SYN. 

 

 

 

Fig. 5: Octahedral tilt in SYS 

 

 



 

 

 

Table 3. Bond lengths and bond angles of different atoms in YbO6 and NbO6 octahedra of 
SYN. 

NbO6 octahedra  YbO6 octahedra 

Bond lengths (Å) 

Nb-O1i, Nb-O1ii 1.950(9) Yb-O1i, Yb-O1ii 2.177(9)  

Nb-O2iii, Nb-O2iv 2.142(11) Yb-O2 i, Yb-O2ii 1.982(11)  

Nb-O3v, Nb-O3vi 1.858(11) Yb-O3i, Yb-O3ii 2.317(10)  

Bond angles (˚) 

O1i-Nb-O1ii, O2iii-Nb-O2iv, O3v-

Nb-O3vi 

180 O1i-Yb-O1ii, O2 i-Yb-O2ii, 

O3i-Yb-O3ii 

180 

O2 iii-Nb-O1i, O2 iv-Nb-O1 ii 87.9(5) O1 ii -Yb-O3i, O3 ii -Yb-O1i 86.1(5) 

O2iii -Nb-O1 ii, O1i -Nb-O2 iv 92.1(5) O3i -Yb-O1i, O1 ii -Yb-O3 ii 93.9(5) 

O3 iv-Nb-O2 iii, O2 iv -Nb-O3iii 91.6(5) O3i -Yb-O2 ii, O3 ii -Yb-O2i 92.4(4) 

O2iii -Nb-O3 iii, O2 iv -Nb-O3 iv 88.4(5) O3 ii -Yb-O2 ii, O3i -Yb-O2i 87.6(4) 

O1i -Nb-O3 iii, O3-Nb-O1 iv 94.4(5) O1 ii -Yb-O2i, O2 ii -Yb-O1i 90.8(5) 

O1i -Nb-O3 iv, O1 iii -Nb-O3 ii 85.6(5) O2i -Yb-O1i, O1ii -Yb-O2ii 89.2(5) 

Volume of octahedron (Å3) 10.307 Volume of octahedron (Å3) 13.2832 

Quadratic elongation 1.0097 Quadratic elongation 1.0104 

Symmetry codes:  i. (x, y, z), ii. (-x, -y, -z), iii. -x+1/2, y+1/2, -z+1/2), iv. (x+1/2, -y+1/2, 

z+1/2), v. (x+1/2, -y+1/2, z+1/2), vi. (-x+1/2, y+1/2, -z+1/2) 

 

 

 

 



 

 

Table 4. Bond lengths and bond angles of different atoms in YbO6 and SbO6 octahedra of 
SYS. 

SbO6 octahedra  YbO6 octahedra 

Bond lengths (Å) 

Sb-O1i, Sb-O1ii 1.984(0) Yb-O1i, Yb-O1ii 2.208(3)  

Sb-O2iii, Sb-O2iv 1.968(2) Yb-O2 i, Yb-O2ii 2.219(3)  

Sb-O3v, Sb-O3vi 1.993(3) Yb-O3i, Yb-O3ii 2.191(4)  

Bond angles (˚) 

O1i-Sb-O1ii, O2iii-Sb-O2iv, O3v-

Sb-O3vi 

180 O1i-Yb-O1ii, O2 i-Yb-O2ii, 

O3i-Yb-O3ii 

180 

O2 iii-Sb-O1i, O2 iv-Sb-O1 ii 89.27(11) O1 ii -Yb-O3i, O3 ii -Yb-O1i 89.2(11) 

O2iii -Sb-O1 ii, O1i -Sb-O2 iv 90.72(11) O3i -Yb-O1i, O1 ii -Yb-O3 ii 90.7(11) 

O3 iv-Sb-O2 iii, O2 iv -Sb-O3iii 89.27(9) O3i -Yb-O2 ii, O3 ii -Yb-O2i 90.39(9) 

O2iii -Sb-O3 iii, O2 iv -Sb-O3 iv 89.60(9) O3 ii -Yb-O2 ii, O3i -Yb-O2i 89.6(9) 

O1i -Sb-O3 iii, O3-Sb-O1 iv 90.7(7) O1 ii -Yb-O2i, O2 ii -Yb-O1i 90.4(7) 

O1i -Sb-O3 iv, O1 iii -Sb-O3 ii 89.75(7) O2i -Yb-O1i, O1ii -Yb-O2ii 89.5(7) 

Volume of octahedron (Å3) 10.38 Volume of octahedron (Å3) 14.31 

Quadratic elongation 1.0001 Quadratic elongation 1.0003 

 

From the SEM image of SYN and SYS (Fig. 6) it can be observed that the 

polycrystalline grains (size ~ 2.38 μm for SYN and 0.5 to 2.4 µm for SYS) having well 

defined grains and grain boundaries are uniformly distributed throughout the sample.  



 

 

Fig. 6: The SEM image of SYN and SYS. 

 

5.3.2. Raman Analysis: 

The observed Raman spectra of SYN is given in Fig. 7 (a) and the Lorentzian peak 

fitting of the obtained experimental spectra are illustrated in Fig. 7 (b) and 7 (c). The 

Lorentzian peak fitting of the obtained experimental spectra of SYS is illustrated in  Fig. 8. 

The obtained Raman spectra of SYN and SYS agrees well with their analogous systems 



 

having P21/n space group [7,25]. The peak positions and the full width half maxima as 

obtained from fitting are tabulated in Table 5.  

The group theoretical analysis based on the atoms present in the Wykoff position have 

been performed in order to estimate the number of modes present in the Raman spectra 

(Table 6). The splitting of Raman peaks in the lower wavenumber side agrees well with the 

monoclinic structure of the samples as obtained from the XRD analysis. It can be seen that 

for monoclinic crystal with P21/n space group, 24 modes are Raman active, 33 modes are IR 

active and 3 are acoustic modes. The obtained Lorentzian peaks of SYN agrees well with the 

24 Raman active modes as calculated from the group theoretical analysis. In case of SYS 17 

Raman modes are obtained and the lesser number of modes results from the overlapping of 

modes present in close proximity.  

For SYN the peak centred around 818 cm-1 is associated with the NbO6 octahedra due 

to the symmetric stretching vibration of the oxygen atom along the Yb-O-Nb axis [25]. The 

peak centred around 611 and 730 cm-1 arises due to the oxygen present in Yb-O-Nb as a 

result of its asymmetric stretching vibration along the axis. The peak centred around 416 cm-1 

arises as a result of the oxygen bending motion in the octahedra. The translations of Sr cation 

give rise to the modes in the range of 110 - 300 cm-1 [26,27] as seen in case of both SYN and 

SYS. The lattice modes 336 and 362 cm-1 arise due to the rotation of the Sr cation [28]. For 

SYS peak around 422 cm-1 arises as a result of the oxygen bending motion in the octahedra. 

The asymmetric bending mode of SbO6 octahedra is associated with the peak around 410 cm-

1. The peak centred around 800 cm-1 is associated with the symmetric stretching vibration of 

the SbO6 octahedra. The peaks from 637 to 747 cm-1 arises due to the oxygen present in Yb-

O-Sb as a result of its asymmetric stretching vibration along the axis [25]. 

 



 

 

Table 5. The experimentally obtained Raman modes of SYN and SYS. 

Peak 

No. 

SYN SYS 

Frequency (cm-1) FWHM (cm-1) Frequency (cm-1) FWHM (cm-1) 

1 110.2008 7.07386 115.48604 19.27038 

2 128.51294 8.877 135.3251 12.88668 

3 141.39116 12.21815 152.21126 19.93674 

4 165.0593 12.9296 176.87099 22.88806 

5 181.32052 25.32243 217.41972 12.96247 

6 223.8383 29.35113 245.51857 21.30001 

7 244.49817 16.74165 260.52867 16.51851 

8 260.08837 14.68493 347.1244 7.6678 

9 300.88907 30.42473 410.35191 22.02594 

10 336.13334 20.99071 422.35664 11.68328 

11 362.52812 25.30198 449.36573 11.27225 

12 399.51069 18.31047 692.86486 131.47424 

13 416.60965 19.92099 581.01045 21.43655 

14 446.41831 10.30443 637.56166 0.5 

15 532.8278 43.7371 747.58964 42.55122 

16 560.73332 31.94242 765.33438 19.00128 

17 577.83441 22.63165 800.90293 19.86821 

18 596.1208 14.01845   

19 611.19178 18.53529   

20 630.48892 38.6828   

21 730.37607 19.31161   

22 764.67128 23.65405   

23 798.36005 22.11283   

24 818.51463 24.03372   

 

 

 



 

 

Table 6. Distribution of modes for the monoclinic SYN and SYS crystal with P21/n space 
group. 

Atom Site  Distribution of modes 

Sr 4e  3Ag + 3Au + 3Bg + 3Bu 

Yb 2b  3Au + 3Bu 

Nb 2d  3Bu + 3Au 

O1 4e  3Bg + 3Bu + 3Ag + 3Au  

O2 4e  3Bg + 3Bu + 3Ag + 3Au  

O3 4e  3Bg + 3Bu + 3Ag + 3Au  

 

 

Modes for the atoms 

in their Wykoff site:  

ΓTOTAL 12Bg + 18Bu + 12Ag + 18Au  

ΓACOUSTIC Au + 2Bu 

ΓRAMAN 12Ag + 12Bg 

ΓIR 17Au + 16Bu 

 



 

 
Fig. 7: (a) The Raman spectra of SYN, (b) and (c) fitted Lorentzian curve represented by red 

line and experimental data represented by symbols.  



 

 

Fig. 8: The Raman spectra of SYS with fitted Lorentzian curve represented by red line and 

experimental data represented by symbols. 

 

5.3.3. FTIR Analysis: 

 The FTIR spectrum of SYN and SYS are shown in Fig. 8 and 9, respectively. The 

bands below 500 cm-1 arises due to bending mode of the polyhedra associated with the B-site 

atoms [28]. For the NbO6 octahedra its asymmetric bending mode gives rise to the band 

around 470 cm-1 and for SbO6 it is obtained at 459 cm-1. The bands around 548 to 700 cm-1 

arises due to the octahedra associated with the B-site atoms. For the asymmetric stretching 



 

mode of YbO6 the band arises at 548 cm-1 for SYN and 570 cm-1 for SYS. For NbO6 the band 

arises at 634 cm-1 in SYN and for SbO6 the band arises at 688 cm-1. The broad nature of the 

bands is due to the overlapping of the vibrational modes associated with YbO6 and NbO6 in 

SYN whereas the overlapping of the vibrational modes of YbO6 and SbO6 gives rise to the 

broad bands in SYS. The symmetric stretching mode of the NbO6 octahedra in SYN also 

gives rise to the weak band around 861 cm-1 [27]. The symmetric stretching mode of the SbO6 

octahedra in SYS gives rise to the weak band around 855 cm-1. Similar spectral patterns 

having two well defined bands in the range of 450 to 650 cm-1 have been reported for several 

A2B′B″O6 double perovskite oxide [29-34].  

 

 

Fig. 8: The FTIR spectrum of SYN. 



 

 

Fig 9: The FTIR spectrum of SYS. 

5.3.4. Optical absorption and emission study: 

 The presence of crystalline defects and compositional ordering in a sample along with 

its electronic properties strongly effects its optical properties. The optical properties of SYN 

and SYS have been investigated with the help of UV and Photoluminescence spectroscopic 

analysis.  The experimental band gap of SYN and SYS has been calculated with the help of 

the optical absorption spectrum in the UV region and shown in Fig. 10 and 11, respectively. 

The value of Eg has been calculated by extrapolating the linear absorption edge and it is 

found to be 3.08 eV for SYN and 3.65 eV for SYS. Due to this high value of band gap the 

SYN and SYS sample may find applications in high frequency optoelectronic devices as such 

materials works well in the UV spectral region [36,37]. 

 The Photoluminescence (PL) spectra of SYN and SYS are illustrated in Fig. 12 and 

13, respectively. In the B cation octahedra (YbO6, NbO6 and SbO6) the displacement of the 

oxygen ions from their symmetric positions induces PL in SYN and SYS [38]. In the PL 

spectra of SYN an intense peak at about 367 nm can be observed which arises due to the 

electron transition from the valence band (composed of the 2p orbitals occupied by the oxide) 



 

to the conduction band (containing empty d orbitals present in the transition metals) whereas 

for SYS this peak is obtained at 403 nm. The crystalline defects present in the microstructure 

gives rise to a small peak in the PL spectra at about 404 nm for SYN and 466 nm for SYS. 

The broad nature of the PL spectrum is either due to the presence localized states of defects 

and impurities or due to the states resulting from electron phonon coupling like self-trapped 

excitations or polarons [39]. 

 

Fig. 10: The optical absorption spectra of SYN. 

 

Fig. 11: The optical absorption spectra of SYS. 



 

 

Fig. 12: The PL spectra of SYN. 

 

 

Fig. 13: The PL spectra of SYS. 



 

5.3.5. Dielectric analysis: 

The angular frequency (ω) and temperature dependence of ε' and ε" which are the real 

and the imaginary part of the complex dielectric permittivity (ε*) for SYN are shown in Fig. 

14 (a) and (b), respectively. For SYS the angular frequency and temperature dependence of ε' 

and loss tangent (tan δ) are shown in Fig. 15 (a) and (b), respectively. The orientational 

polarization associated with frequency governs the relaxation behaviour of the material. The 

variation of ε' with frequency and the relaxation peak in the frequency dependent ε" or tan δ 

curve points towards Debye type relaxation. The dielectric permittivity arising from the 

oscillations of the free dipoles in presence of the alternating field can be analysed using the 

Debye equation [40].  

At any given temperature if the frequency of the applied alternating field is low the 

dipoles will be fully polarized whereas if a high frequency field is applied it gets reversed 

even before the dipole polarization takes place. Thus, the magnitude of polarization decreases 

beyond a certain frequency resulting in the decrease of its ε' value [Fig. 14]. When the 

temperature is high more polarization of dipoles occurs due to which the relaxation occurs at 

higher value of frequency which can be observed in Fig. 14 and 15. When the low frequency 

field is applied charge migration of the free charge carriers is obstructed by the grain 

boundaries causing them to accumulate near the barrier which results in the localized 

polarization inside the grains [41]. This localized polarization is responsible for the high ε' 

values at low frequencies. At low frequency the ε" value is high due to the presence of dc 

conductivity in SYN which becomes negligible at higher frequencies.  

 



 

 

Fig. 14: The variation of (a) ε′ and (b) ε′′ with frequency at different temperatures for SYN. 

The dielectric permittivity can be analysed with the help of the Cole-Cole relaxation 

equation [42, 43] 

 ∗= ′ − " = + ( )         (1) 

where εs is the constant and ε∞ is the high frequency values of ε*, τ is the average relaxation 

time and α is Cole-Cole parameter (0 ≤ α ≥ 1). In case of ideal Debye type monodispersive 

relaxation α is 0 but α > 0 for non-Debye type polydispersive relaxation. In the Cole-Cole 

equation conductivity term needs to be incorporated as dc conductivity dominates in the low 

frequency region [44,45] 



 

∗= + ( ) − ∗              (2) 

where complex conductivity σ*= (σ1 + i σ2) where σ1 is dc conductivity, σ2 is the conductivity 

associated with the charges that are localized and n is a constant (0 < n < 1). The equation 2 

can be written in terms of its real and imaginary parts   

 ′ = +
( ) ( )   

( )   ( ) ( ) −        (3) 

" =
( )( )   

( )   ( ) ( ) +              (4) 

the dielectric loss can also be written as tan δ = ε''/ε'             (5) 

The curves in Fig. 14 have been fitted using equation 3 and 4 and the fitted parameters have 

been provided in Table 7.  

Since the effect of dc conductivity is not that evident in the loss spectra of SYS, we 

have fitted Fig. 15 neglecting the contribution of dc conductivity while using equations 3, 4 

and 5. The fitting parameters for SYS have been provided in Table 8. The dielectric 

relaxation in SYN and SYS is polydispersive in nature (α > 0 in Table 7 and 8) with 

distribution of relaxation time. Dipolar and conductivity relaxation together contributes to the 

overall dielectric relaxation in SYN whereas for SYS dipolar relaxation dominates the overall 

dielectric relaxation process [46-48]. The relaxation of the permanent dipole orientation is 

linked with the first term in equation 4 whereas the loses arising from the long-range 

movement of the charge carriers is associated with its second term. The accumulation of 

charge carriers in the interfaces and defect sites is linked to σ2 and has a large contribution to 

the ε' values whereas σ1 linked with the movement of the free charge carriers contributes to 

ε". 

 



 

 

Fig. 15: The variation of (a) ε′ and (b) tan δ with frequency at different temperatures for SYS. 

 

Table 7. The Cole-Cole fitting parameters of the dielectric spectra of SYN. 
 

Temperature (K) εs ε∞ ωm (Hz) α n σ1 (Sm-1) σ2 (Sm-1) 

333 200 102 40219 0.15 0.86 0.45 × 10-7 0.2 × 10-7 

363 210 104 190259 0.15 0.88 0.70 × 10-7 0.3 × 10-7 

393 220 106 451668 0.15 0.89 1.8 × 10-7 0.4 × 10-7 

453 260 120 958226 0.14 0.90 3.7 × 10-7 0.45 × 10-7 

513 312 130 3552661 0.13 0.91 9.9 × 10-7 0.48 × 10-7 



 

Table 8. The Cole-Cole fitting parameters of the dielectric spectra of SYS. 

Temperature (K) εs ε∞ ωm (rads-1) α 

303 16.83 11.6 1433 0.02 

483 19.22 12 3703 0.06 

663 25.14 12.4 7525 0.19 

 

5.3.6. Conductivity analysis: 

 The frequency dependent ac conductivity has been studied at different temperatures in 

order to analyse the effect of conductivity on the dielectric properties. Considering the 

dielectric loss at any given temperature is due to the conductivity, then the real part of the 

conductivity (σ) can be expressed as σ = ω εo ε′′ [29]. The plot of log of ac conductivity and 

log of frequency at different temperature is illustrated in Fig. 16 for SYN and Fig. 17 for 

SYS. The plot for SYN consists of two plateaus where the low frequency region is associated 

with the dc conductivity (σdc) arising from the accumulation of charge carriers [49] and the 

high frequency plateau is due to the grain’s contribution to the total conductivity. Thus, two 

process are associated with the bulk conduction behaviour of SYN. In SYS only one plateau 

is evident indicating only the grain’s contribution to the total conductivity. At low frequency 

the conductivity is independent of frequency as the charge carriers diffuse randomly by 

hopping between different localized sites.  

 



 

 

Fig. 16: The temperature dependence of dc conductivity for SYN. 

At high frequencies the conductivity curves exhibit dispersion. The conductivity 

spectra have been fitted using the Jonscher power law [50,51]:  

σ ( ) = σdc [1+  ( ) ]                                     (6) 

where ωH is the hopping frequency of the charge carriers and the constant n has the values 

between 1.5-1.9 (low frequency) and 0.4-0.6 (high frequency). The fitting parameters are 

provided in Table 9 and 10. The overall conductivity spectra of SYN can be subdivided into 

three regions [52]. In region A as the frequency is low the electric field does not have any 

effect on the conduction behaviour of charge particles and the conductivity value is almost 



 

equal to its dc value. In region B when the frequency exceeds a certain critical value the 

conductivity starts increasing because on increasing the frequency the capacitor admittance 

becomes larger than the resistor admittance. In region C the conductivity becomes 

proportional to frequency leading to a constant loss [53]. Region C is absent in the 

conductivity spectra of SYS. 

 

Fig. 17: The temperature dependence of dc conductivity for SYS. 

 

Table 9. The power law fitting parameters of the conductivity spectra of SYN. 

Temperature (K) σdc (Sm-1) ωH n 

423 (at low frequency) 5.01 × 10-7 10281.46 1.56 

423 (at high frequency) 5.01 × 10-7 18.1726 0.6 

483 (at low frequency) 13.01 × 10-7 25881.46 1.6 

483 (at high frequency) 13.01 × 10-7 25.1726 0.6 



 

Table 10. The power law fitting parameters of the conductivity spectra of SYS. 

Temperature (K) σdc (Sm-1) ωH n 

303 1.2548 × 10-9 34355 0.97 

483 4.1031 × 10-9 43960 0.98 

663 8.6032 × 10-9 43960 0.99 

 

It has been illustrated in Fig.18 for SYN and Fig. 19 for SYS that the variation of dc 

conductivity with temperature follows the Arrhenius equation: σdc = σ0 exp [- ], Eσ being 

the activation energy. The value of Eσ has been obtained to be 0.52 eV for SYN and 0.21 for 

SYS by linear fitting of the Arrhenius plot. Thus, the conduction mechanism of SYN and 

SYS is mainly due to the hopping of p type polarons [54,55]. As the presence of grain and 

grain boundary gives rise to different potentials, the hopping of charge carriers in between 

these potentials gives rise to the step like nature of the conductivity spectra as seen in SYN 

[56].  

 

Fig. 18: The Arrhenius plot for SYN 



 

 

Fig. 19:  The Arrhenius plot for SYS 

5.4. Conclusion:  

 The double perovskite oxides SYN and SYS has been synthesized using solid-state 

synthesis technique. Both SYN and SYS possesses monoclinic crystal structure with P21/n 

space group. The samples are polycrystalline in nature with grain size ~ 2.38 μm for SYN 

and 0.5 to 2.4 µm for SYS. The analysis of the Raman spectrum using Lorentzian peak fitting 

reveals 24 Raman active modes in SYN and 17 Raman active modes in SYS. The dielectric 

relaxation in both the samples are polydispersive in nature and has been analysed using the 

Cole-Cole model. The ε' and ε" values of SYN is found to be ~ 175 and 23 at 1 KHz.  The ε' 

and tan δ values of SYS is found to be ~ 120 and 0.15 at 1 KHz.  The activation energy is 

0.52 eV for SYN and 0.21 for SYS as obtained from the Arrhenius plot and the conduction is 

due to the hopping of p-type polaron.  

 Dielectric permittivity arises due to the polarization associated with the ionic 

displacement, electronic displacement and dipole orientation. The permittivity values at any 

constant temperature decreases with the ionic size of the cations as smaller the electron 



 

orbital radius lower is the electronic displacement polarizability. The ionic displacement 

polarization also tends to decrease with the decrease in the radius of the associated positive 

and negative ions [57]. This variation of the permittivity values with the size of the 

constituent ions can be analysed by comparing the dielectric properties of SYN and SYS with 

few of their analogous counterpart. The permittivity value and dielectric loss for SYS at 1 

KHz is lower than SYN due to the smaller ionic size of Sb as compared to Nb and the 

permittivity value of Sr2YbTaO6 at 1 KHz is ~ 187 which is slightly higher than SYN owing 

to the larger ionic radii of Ta as compared to Nb [58,59]. The permittivity value of 

Ba2YbNbO6 (BYN) at 1 KHz is ~ 269 which is much greater than SYN due to the larger 

atomic size of Ba as compared to Sb [60]. The value of ε" for BYN is ~ 80 and for SYN is 23 

at 1 KHz. The lower value of loss in SYN is due to the presence of octahedral tilting in the 

system while no such tilting is observed in case of BYN which possess cubic Fm3m structure. 

The systems having octahedral tilting can absorb thermal energy by reducing the octahedral 

tilting amplitude whereas for no tilt structure thermal energy is largely absorbed by phonons. 

The anharmonicity of the restoring forces is increased due to the absorption of thermal energy 

by phonons. The increase in the anharmonicity of the crystal lattice in no tilt systems is 

reflected by an increase in the dielectric loss [61]. Even though SYN has lower value of 

dielectric permittivity as compared to BYN, it would find application in electronic industries 

where there is requirement of low dielectric loss ceramics. Thus, we can conclude that the 

dielectric properties of a sample are largely controlled by its crystal structure and the ionic 

radii of its constituent atoms. 
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6.1. Introduction 

 Perovskite oxides have been widely used in the field of microwave communication 

systems in the form of resonators and filters [1]. They have been widely explored due to their 

tunable physical properties which are dependent on their composition and their crystal 

structure. In perovskites having ABO3 structure, the dielectric properties can be tuned by 

changing the B-site cation ordering [2]. In recent past a large amount of research have been 

carried out on triple perovskites having general formula A(B′1/3B″2/3)O3 because of their 

structural diversity and technologically important physical properties. Barium based triple 

perovskites have been reported to exhibit multiferroicity [3, 4], better dielectric properties [5] 

and photocatalytic properties [6]. 

 Triple perovskites usually have hexagonal, orthorhombic, monoclinic and trigonal 

symmetries as they can accommodate varied sized cations in the A-site and any lanthanide or 

any d-block element in the B′ and B″ sites [7-16]. This structure can easily accommodate 

different elements, which allows us to substitute different cations in order to obtain the 

desired physical properties. The dielectric permittivity arises due to the combination of 

electronic and ionic polarization [17]. The lattice vibrations affect the ionic polarization but 

the electronic polarization is constant for a specified ion [18, 19]. In our present work we 

have substituted the B-site with three different cations in order to obtain the A3(B′B″B″′)O9 

structure similar to those reported by Mani et al. [20]. We have synthesized two triple 

perovskites Ba3NiTaNbO9 and Ba3NiTaSbO9 having general formula A3(B′B″B″′)O9  and 

examined their structural, optical and dielectric properties. Dielectric analysis of 

Ba(Ni1/3Ta2/3)O3 has been performed by Hoque et al. [21] but on addition of niobium in the 



 

B″′-site as in case of our BNTN sample has led to a considerable increase in its permittivity 

value. 

6.2. Experimental 

 The polycrystalline samples of BNTN and BNTS were synthesized by the ceramic 

method [21]. Reagent grade powders of Ta2O5, BaCO3, NiCO3, Sb2O5 and Nb2O5 were used 

for the synthesis of the respective samples. The stoichiometric amount of the raw materials 

was mixed together for 10 h and then calcined at 1325 ºC for 14 h in presence of air. The 

samples were than brought down to 30º C by cooling at the rate of 2º C/min. The X-ray 

diffraction (XRD) analysis was performed using Bruker D8 diffractometer in order to verify 

the phase formation of the prepared samples. Cu-Kα radiation was used and the range was 

kept in between 10º ≤ 2θ ≤ 120º with scanning step size of 0.02º. The scan rate of the 

diffractometer was set at 2º min-1. The microstructural analysis of the samples was done using 

field emission scanning electron microscope (SEM). The FTIR spectrums of the samples 

were recorded in the room temperature in the transmission mode with wave number between 

350 and 1200 cm-1. The Raman measurements were carried out using WITEC alpha 300 R 

Raman spectrometer. 

 The calcined powders were than palletized into discs by applying 135 MPa pressure 

using a hydraulic press. The discs were than sintered at 1375º C for 10 h and then brought 

down to 30º C by cooling at the rate of 1º C/min. The discs of the samples having thickness 

and diameter of 1.974 mm and 9.896 mm for BNTS and 1.621 mm and 7.784 mm for BNTN 

were prepared which were then polished thoroughly using very fine (so called zero) emery 

paper. The flat surfaces of the discs were coated with fine silver paint and heated at 250º C 

for 3 h in order to make the electrodes for performing the electrical measurements. Hioki 



 

3532 LCR meter was used for the electrical measurements. The dielectric parameters were 

measured keeping the oscillation voltage fixed at 1 V and by varying the frequency between 

10 Hz to 1 MHz. The dielectric parameters were measured at some discrete temperatures in 

between 333-573 K. During the measurement each temperature was kept constant with the 

help of a programmable oven with an accuracy of ±1 K.  The samples were heated at the rate 

of 0.5 K/min in order to study the variations of various dielectric parameters with 

temperature.  

6.3. Results  

6.3.1. Structural characterization: 

It may be noted that BNTN and BNTS are obtained by partially substituting the Ta5+ 

of Ba3NiTa2O9 by Nb5+ and Sb5+, respectively. The radii of Nb5+ (0.64 Å) is equal to that of 

Ta5+ (0.64 Å) while the radii Sb5+ (0.6 Å) is smaller as compared to Ta5+ but closer to that of 

Ir5+ (0.57 Å). Thus, the crystal structure of BNTN is likely to be analogous to Ba3NiTa2O9, 

which crystallizes in P-3m1 space group as reported by Lufaso et al. and Asai et al. [22, 23]. 

On the other hand, the crystal structure of BNTS is expected to be similar to that of 

Ba3NiIr2O9 [16] and Ba3NiSb2O9 [24] where both Ba3NiIr2O9 and Ba3NiSb2O9 possess P 

63/mmc space group of hexagonal symmetry. The XRD patterns of BNTN and BNTS have 

been analysed by the Rietveld refinement method by using the GSAS program having 

EXPGUI user interface [25]. The initial input parameters required for analysing the crystal 

structures of BNTN and BNTS have been obtained from the crystallographic information 

available for Ba3NiTa2O9 and Ba3NiIr2O9/Ba3NiSb2O9, respectively. The experimentally 

recorded XRD patterns of both BNTN and BNTS along with their corresponding simulated 

patterns, obtained after Rietveld refinement, are demonstrated in Fig. 1. The results confirm 



 

that BNTN belongs to trigonal symmetry with P-3m1 space group and is a structural 

analogue of Ba3NiTa2O9 whereas BNTS belongs to hexagonal symmetry with P 63/mmc 

space group and eventually stabilizes adopting the crystal structure of 

Ba3NiIr2O9/Ba3NiSb2O9.  

 

Fig. 1: Rietveld refinement plots of BNTN and BNTS where the symbols represent the 

experimental data and the continuous line represents the simulated XRD pattern. 

 

In order to assess the influence of the ionic radii of A and B-site cations on 

stabilization of the crystal structures adopted by BNTN and BNTS we have calculated the 

Goldschmidt tolerance factor g=(rA+ rO)/ [√2 (rB+rO)] [26] of the samples, considering the 

Shannon’s ionic radii [27] of different elements present in the A, B and O-sites. We obtained 



 

g=1.03 for BNTN and g=1.04 for BNTS. The g value of BNTN is smaller due to the larger 

niobium ion in the B′′′- site leading to 2:1 ordered perovskite structure with P-3m1 space 

group [22]. The substitution of Sb5+ having smaller ionic radii as compared to Nb5+ increases 

the value of g in case of BNTS. Thus, the g value of BNTS being closer to the hexagonal 

structure, it crystallizes in P 63/mmc space group [26,28]. Table 1 illustrates the lattice 

parameters obtained after the refinement. The Wyckoff positions of cations and anions of 

BNTN and BNTS are tabulated in Table 2 and Table 3, respectively. 

 

Table 1. The refinement and the structural parameters of BNTN and BNTS as obtained from 

the Rietveld refinement method of powder X-ray data. 

Parameters   BNTN      BNTS 

Crystal system   Trigonal     Hexagonal 

Space group   P-3m1      P 63/mmc 

a (Å)    5.75509(2)     5.835973(30)

b (Å)    5.75509(2)      5.835973(30) 

c (Å)    7.06650(3)      14.40431(12) 

Volume (Å3)   191.34(1)     424.864(4) 

α=β(º)    90          90 

γ(º)    120                120 

Rwp    0.069842                0.0458 

Rp    0.052798                                                 0.0358 

χ2    1.98                                                             2.4 

 

 



 

 

 Table 2. The Wyckoff positions of atoms and the refined atomic coordinates of BNTN. 

Atom Site X y z Occupancy B (Å2) 

Ba1 1a 0.0 0.0 0.0 1 0.03619 

Ni2 1b 0.0 0.0 0.5 1 0.03139 

Nb3 2d 0.33333 0.66667 0.180924 (13) 0.5 0.03232 

Ta7 2d 0.33333 0.66667 0.180924 (13) 0.5 0.03263 

Ba2 2d 0.33333 0.66667 0.659593(6) 1 0.03820 

O5 3e 0.5 0.0 0.0 1 0.09264 

O6 6i 0.16841(12) 0.30371(14) 0.34922 (6) 1 0.04187 

 

Table 3. The Wyckoff positions of atoms and the refined atomic coordinates of BNTS. 

Atom Site x y z Occupancy B (Å2) 

Ba1 2b 0 0 0.25 1 0.0247(2) 

Ni2 2a 0 0 0 1 0.02143(9) 

Sb3 4f 0.33333 0.66667 0.15876 0.5 0.0125(4) 

Ta7 4f 0.33333 0.66667 0.15876 0.5 0.02649 

Ba2 4f 0.33333 0.66667 0.91349(2) 1 0.0160(2) 

O5 6h 0.59722(3) 1.04013(1) 0.25 1 0.0137(3) 

O6 12k 0.15148(3) 0.30296 0.42077(1) 1 0.01630(2) 

 

Fig. 2 Depicts the asymmetric unit of BNTN where the Ba2+ ions are coordinated with 

12 oxygen ions while Ni2+, Nb5+ and Ta5+ ions are coordinated with 6 oxygen ions. Fig. 3 



 

illustrates the coordination environment of A and B-site atoms Ba, Ni, Ta and Nb. The Ni–O 

bond length is 1.98 Å whereas Nb/Ta–O2 bond length is 2.016 Å and Nb/Ta–O1 bond length 

is 2.102 Å for the BNTN sample. The difference in the bond length of Nb/Ta–O indicates off 

centre distortion of the cation in the octahedra resulting from the second order Jahn-Teller 

distortion for d0 cations like Ti4+, Nb5+, Ta5+, W6+ [22]. The Nb/Ta5+−O−Nb/Ta5+ bond angle 

is 180º. Fig. 4. depicts the asymmetric unit of BNTS where the Ba2+ ions are coordinated with 

12 oxygen ions while Ni2+, Sb5+ and Ta5+ ions are coordinated with 6 oxygen ions and Fig. 5 

illustrates the coordination environment of A and B -site atoms Ba, Ni, Ta and Sb. The Ni–O 

bond length is 1.89 Å whereas Sb/Ta–O2 bond length is 2.183 Å and Sb/Ta–O1 bond length 

is 2.36 Å for the BNTS sample. The difference in the bond length of Sb/Ta–O results from 

the cation-cation repulsion between the face sharing Sb2O9 groups [28]. The 

Sb/Ta5+−O−Sb/Ta5+ bond angle is 68.9º.  

 

 

 

Fig. 2: Asymmetric unit of BNTN. 

 



 

 

 

 

 

Fig. 3: Coordination environments of  (a) Ba2+ (b) Ni2+ and (c) Ta/Nb5+ for BNTN sample. 

 

For BNTN the B-site cations are arranged along the (111) planes of the pseudocells 

with two Nb/Ta layer and one Ni layer as shown in Fig. 6 (a). As both the Ta and Nb ions 

occupy the 2d Wyckoff position they are represented by different colours on the same sphere. 

This arrangement of the B-site atoms is repeated along the crystallographic c axis. On the 

other hand, the B-site cations of BNTS are arranged along the (111) planes of the pseudocells 

with two Sb/Ta layer and one Ni layer as shown in Fig.6 (b). As both the Ta and Sb ions 

occupy the 4f Wyckoff position they are represented by different colours on the same sphere. 

This arrangement of the B-site atoms is  repeated along the crystallographic c axis. 

The difference in the bonding preference of Nb5+ having vacant d orbital and Sb5+ 

having filled d orbital and difference in their ionic radii plays a crucial role for the 

stabilization of BNTN in P-3m1 space group and BNTS in P 63/mmc space group [28‒32]. 



 

The vacant d orbitals of Nb5+ in BNTN favours the formation of ᴫ bond with the p orbitals of 

oxygen thus resulting in a linear Nb5+−O−Nb5+ bond with bond angle ~ 180º which favours 

the P-3m1 structure with metal oxygen corner sharing octahedra and cubic stacking of BaO3 

layers [Fig. 2]. The filled d orbitals of Sb5+ does not favour the formation of ᴫ bond and 

preferred Sb5+−O−Sb5+ bond angle is < 180º, thus BNTS stabilizes in P 63/mmc structure 

containing mixed cubic and hexagonal stacking of BaO3 layers [Fig. 4] with Ni2+O6 octahedra 

in the vertex and face sharing Sb2O9 groups having Sb5+−O− Sb5+ bond angle ~ 90º resulting 

from σ bonding with p orbitals of two different oxygen.  

 

 

Fig. 4: Asymmetric unit of BNTS. 



 

 

Fig. 5: Coordination environments of (a) Ba2+ (b) Ni2+ and (c) Ta/Sb5+ for BNTS sample. 

 

Fig. 6: Ordering sequences of octahedral B site cations of (a) BNTN and (b) BNTS along the 

crystallographic c axis. 

The XRD analysis can predict the ordered or disordered nature of the sample 

depending on the degree of long-range ordering. A perovskite structure is said to be 

disordered if the B-site cations are randomly distributed along the crystal lattice. Perovskite 

materials can exhibit partially ordered structure due to their occupational disorder owing to 

the exchange of their Wykoff site between the B'-B''-B''' ions [33]. It can be seen from Fig. 6 

that ordered nature is maintained for both BNTN and BNTS sample however the B''-B''' ions 



 

are indistinguishable due to their identical Wykoff sites. Each 2d site of BNTN can either be 

occupied by a Ta5+ or Nb5+ ion and similarly in case of BNTS the probability that each 4f site 

will be filled by a Ta5+ or Sb5+ ion is equal and this leads to occupational disorder in both the 

samples. Thus, both BNTN and BNTS fall in the category of partially ordered perovskite 

having trigonal and hexagonal unit cell respectively.  

 

Fig. 7: The scanning electron micrograph of (a) BNTN and (b) BNTS. 

The theoretical density of BNTN is 8.26 g/cc and for BNTS is 7.53 g/cc. The 

experimental density of the pellets as measured by the Archimedes principle is 8.01 g/cc for 

BNTN and 7.29 g/cc for BNTS which indicates that the presence of porosity is negligible. 

The SEM images of BNTN and BNTS pellets are shown in Fig. 7 from which we can observe 

that both the samples have well defined grains of asymmetrical shapes and sizes. The grain 



 

size of BNTN ranges from 0.52 μm to 1.83 μm and for BNTS it ranges from 0.25 μm to 1.21 

μm.  

6.3.2. Raman and FTIR analysis: 

The Raman spectra of BNTN and BNTS are illustrated in Fig. 8 and 9, respectively. 

The spectra are fitted with Lorentzian profile. The peak position and the full width at half 

maxima of the Raman peaks are provided in Table 4. The group factor analysis can be used to 

determine the lattice vibration modes of perovskites based on the Wyckoff positions occupied 

by the atoms [34]. The expected phonon modes for the partially ordered BNTN sample are 

illustrated in Table 5. Eleven Raman-active modes (Raman = 5 A1g + 6 Eg) are expected in the 

Raman spectra of the ordered sample with P-3m1 space group. An increased number of 

optical active modes can be observed in BNTN for the occupational disorder caused by the 

exchange of Wyckoff sites between B'-B''-B''' ions [35,36]. 

For indexing the BNTN crystal structure we have used the D3d cell, but due to the 

interchange of ions occupying B' and B''/B''' sites additional modes can be observed 

[33,36,37]. These additional modes can again be predicted by the group factor analysis. The 

existence of B' ions in 2d Wyckoff site would give rise to two additional Raman and IR bands 

each (Raman,B'= A1g + Eg, IR,B'= A2u + Eu) and  the presence of B''/B''' ions in 1b Wyckoff site 

would give rise to two additional IR bands (IR,B''/B''' = A2u + Eu). The Lorentzian fitting of the 

BNTN sample indicates the presence of 14 bands. The Raman active bands for the partially 

ordered BNTN sample are shown in Table 4. Two extra Raman bands occur due to the 

presence of Ni ions in the 2d site and an additional Raman band may be attributed to the 

defect activated modes [36] arising due to the local breakdown of rigid symmetry rules owing 

to the presence of crystalline defects created during the crystal growth process. Appearance 

of extra Raman bands due to the presence of such defects in ceramic crystals, developed 



 

during the crystal growth process, are very common [38,39]. Seven prominent bands (1-4, 6, 

7, 13) arises due to the vibrations of Ba and O ions and agrees well with those reported by 

Moreira et al. for sample with P-3m1 space group [36]. The peaks (12-14) arise due to the 

vibration of Nb ions and the peaks (8, 9) arises due to the Ta ions occupying their own 2d 

site. We propose the peaks (10-11) arises due to the vibrations of Ni ions in the 2d site. The 

peak 5 may be attributed to the localized defect activated modes [36].  

 

 

Fig. 8: The Raman spectra of BNTN where the symbols represent the experimental data and 

the red line represents the fitted Lorentzian curve. 

 



 

 

 

Fig. 9: The Raman spectra of BNTS where the symbols represent the experimental data and 

the red line represents the fitted Lorentzian curve 

 



 

Table 4. Observed Raman active phonon modes. 

Peak 
No. 

BNTN BNTS 
Frequency 

(cm-1) 
FWHM 
(cm-1) 

Frequency 
(cm-1) 

FWHM 
(cm-1) 

1 106.86061 6.13422 113.73656 4.13635 

2 109.94055 4.18384 116.65472 5.2179 

3 179.3268 10.63783 139.39437 13.45644 

4 300.33057 17.82231 156.93822 5.34014 

5 326.35023 6.93163 173.26966 27.89207 

6 383.77561 6.09894 206.41028 7.08981 

7 386.93194 5.33803 223.90904 24.97306 

8 435.17503 9.77481 245.20409 8.69937 

9 562.12548 15.33022 256.28441 6.01976 

10 568.39212 138.60571 272.66648 8.12174 

11 671.08173 28.19654 284.47502 9.19352 

12 790.39932 28.85488 316.41858 10.34392 

13 824.41936 52.12184 323.12421 9.26482 

14 897.29771 9.36599 345.80338 20.57622 

15   369.06258 43.86453 

16   391.43135 12.07692 

17   404.17266 49.40364 

18   424.54697 11.75038 

19   442.95049 6.69549 

20   456.91957 87.35553 

21   491.31689 13.0209 

22   517.0972 22.39771 

23   584.04553 31.63836 

24   617.37004 20.5725 

25   642.13645 50.53684 

26   645.81217 11.43132 

27   766.68909 19.4977 

28   772.12739 14.3234 



 

Table 5. Distribution of modes for the partially ordered BNTN sample belonging to the 
trigonal space group P-3m1. 

According to the charge to mass ratio [(qNi / mNi) / (qNb / mNb)]1/2 [36], where q and m 

denotes the charge and mass of the ion, respectively, the Raman modes for Ni ions occupying 

the 2d site would appear at frequency which is 0.796 times of the mode associated with the 

Nb ions. This ratio is satisfied by peak 10 and 12 (0.719) as well as peak 11 and 14 (0.747). 

Since the occupation of Ni ions in 2d site is one of the causes for the partially ordered 

structure of BNTN leading to extra Raman modes, we can estimate the degree of ordering by 

the relation ONi,Nb = [I11,14 /(I11 +I14)] where I11  and I14 are the intensities of peak 11 and 14 

Atom Site Symmetry Distribution of modes 

Ba1 1a -3m A2u + Eu 

Ba2 2d 3m A1g + A2u + Eu + Eg 

Ni2 1b -3m A2u + Eu 

Nb3 2d 3m A1g + A2u + Eu + Eg 

Ta7 2d 3m A1g + A2u + Eu + Eg 

O5 3e 2/m A1u + A2u + Eu 

O6 6i M 2A1g + A1u + A2g + 2A2u + 3 Eu + 3 Eg 

 

 

Modes for the 

atoms in their 

own Wykoff 

site: 

TOTAL 8 A2u + 9 Eu + 5 A1g + 6 Eg +2 A1u + A2g 

ACOUSTIC A2u + Eu 

RAMAN 5 A1g + 6 Eg 

IR 7A2u + 8 Eu 

Extra modes for B'-B''-B''' cation 

disorder: 

Raman, B'= A1g + Eg, IR, B'= A2u + Eu 

IR, B''/ B'''= A2u + Eu 



 

respectively [37]. For ordered structure Ni ions in 2d site would be absent resulting in no 

extra peaks (I11 = 0) and therefore for ordered structure ONi = 0 and ONb = 1. But for our 

partially ordered sample for the presence of Ni ions in the Nb (2d) site, the degree of ordering 

is found to be ONi = 0.517 and ONb = 0.483. Similarly, according to the charge to mass ratio 

the Raman modes for Ni ions occupying the Ta  (2d) site, the peak for Ta would appear at 

frequencies which are 0.89 times of the mode associated with the Ni ions which is satisfied 

by peak 9 and 11 (0.83). The degree of ordering for Ni ion in the Ta (2d) site can be 

calculated considering the peak 11 and 9 which is found to be ONi = 0.221 and OTa = 0.779.  

The phonon modes of the partially ordered BNTS sample are shown in Table 6. 

Twenty-two Raman-active modes (Raman = 6 A1g + 9E2g + 7 E1g) are expected in the ordered 

sample with P 63/mmc space group and can be indexed using the D6h cell. The increased 

number of the optical active modes in BNTS can be attributed to the occupational disorder 

for the exchange of Wyckoff sites between B'-B''-B''' ions. The existence of B' ions in 4f 

Wyckoff site would give rise to three additional Raman and two additional IR bands each 

(Raman,B'= A1g + E2g + E1g, IR,B'= A2u + E1u) and  the presence of B''/B''' ions in 2a Wyckoff 

site would give rise to two additional IR bands (IR, B''/B''' = A2u + E1u). The Lorentzian fitting 

of the BNTS sample indicates the presence of 28 bands. The Raman active bands for the 

partially ordered BNTS sample are illustrated in Table 4. Three extra Raman bands occur due 

to the presence of Ni ions in the 4f site and three additional Raman band may be attributed to 

the defect activated modes [36] which might have evolved due to the local breakdown of 

rigid symmetry rules. The observed Raman modes match well with those reported by Daniel 

et. al. for sample having P 63/mmc space group along with few additional peaks for the 

doping of the B-site cation [40]. The Raman spectra of Barium based hexagonal perovskites 

as reported by J. Chen et al. can be classified into four frequency ranges (below 200 cm-1, 



 

200-400 cm-1, 500-650 cm-1 and above 650 cm-1) [41]. The peaks 1-5 which lies below 200 

cm-1 are associated with the vibration of Ba ions. The peaks lying in the rage of 200-400 cm-1 

arises due to the rotational and vibrational modes of Ni-O, Ta-O and Sb-O bonds. The peaks 

lying within 500-650 cm-1 are due to the bending and symmetry vibration of NiO6, TaO6 and 

SbO6 octahedra. The asymmetric stretching vibration of NiO6, TaO6 and SbO6 octahedra are 

associated with the peaks above 650 cm-1. We propose the peak 26 is for Ta ions, peak 27 is 

for Ni ions and peak 28 is for Sb ions in accordance with the charge to mass ratio as 

described above [36]. Considering the ratio [(qNi / mNi) / (qSb / mSb)]1/2, the Raman modes for 

Ni ions occupying the Sb (4f) site would appear at frequency which is 0.9113 times of the 

mode associated with the Sb ions. This ratio is satisfied by peak 27 and 28 (0.99).  

Since the occupation of Ni ions in the Sb (4f) site is one of the causes for the partially 

ordered structure of BNTS leading to extra Raman modes, we can estimate the degree of 

ordering by the relation ONi,Sb = [I27,28 /(I27 +I28)] where I27  and I28 are the intensities of peak 

27 and 28 respectively. For ordered structure Ni ions in the Sb (4f) site would be absent 

resulting in no extra peaks (I27 = 0) and therefore for ordered structure ONi = 0 and OSb = 1. 

But for our partially ordered sample for the presence of Ni ions in the Sb (4f) site, the degree 

of ordering is found to be ONi = 0.351 and Osb = 0.649. Similarly, according to charge to mass 

ratio the Raman modes for Ni ions occupying the Ta (4f) site, the peak for Ta would appear at 

frequencies which are 0.89 times of the mode associated with the Ni ions which is satisfied 

by peak 26 and 27 (0.842). The degree of ordering for Ni ion in the Ta (4f) site can be 

calculated considering the peak 26 and 27 which is found to be ONi = 0.713 and OTa = 0.2876.  

In summary, the results indicate that both BNTN and BNTS are partially disordered 

perovskite and in their Raman spectra more than expected number of modes than their 

ordered form have been obtained due to their B-site (B'-B''-B''') occupational disorder and 



 

localized crystalline defects. It may be noted that it is very difficult to detect very minute 

amount of occupational disorder and localized defects by powder x-ray diffraction study but 

for partially ordered perovskites slight amount of such occupational disorder/ localized 

defects can be detected by Raman spectroscopic technique due to its excellent resolving 

power [33,35,37].  

Table 6. Distribution of modes for the partially ordered BNTS sample belonging to the 
hexagonal space group P 63/mmc. 

 

The FTIR spectra of BNTN and BNTS are illustrated in Fig. 10. The bending mode of 

the BO6 polyhedra is associated with the energy bands in between 360 and 412 cm-1. The 

Atom Site Symmetry Distribution of modes 

Ba1 2b 6m2 A2u + B1g + E2g + E1u 

Ba2 4f 3m A1g + A2u + B1g   +B2u + E2u + E2g + E1u + E1g 

Ni2 2a 3m A2u +B2u + E2u + E1u 

Sb3 4f 3m A1g + A2u + B1g   +B2u + E2u + E2g + E1u + E1g 

Ta7 4f 3m A1g + A2u + B1g   +B2u + E2u + E2g + E1u + E1g 

O5 6h mm2      A1g + A2g + A2u + B1g   + B1u + B2u + E2u + 2 E2g +2 E1u 

+ E1g 

O6 12k M 2 A1g + A1u + A2g +2 A2u +2 B1g   + B1u + B2g +2 B2u + 3 

E2u + 3 E2g +3 E1u + 3 E1g  

 

 

Modes for the 

atoms in their 

own Wykoff 

site: 

 TOTAL 6 A1g + A1u +2 A2g +8 A2u +7 B1g   + 2 B1u + B2g +7 B2u + 8 

E2u + 9 E2g +10 E1u + 7 E1g 

ACOUSTIC A2u + Eu 

RAMAN 6 A1g + 9 E2g + 7 E1g 

IR 7A2u + 9 E1u 

Extra modes for B'-B''-B''' cation 

disorder:

Raman, B'= A1g + E2g + E1g, IR, B'= A2u + E1u 

IR, B''/ B'''= A2u + E1u 



 

energy bands for Sb and Nb ions appear in the higher energy side compared to that of TaO6 

octahedra as both Sb and Nb ions are lighter than Ta ion. The asymmetric bending mode of 

the NbO6 and SbO6 octahedra is associated with the band at 410 cm-1 for BNTN and 408 cm-1 

for BNTS. The band at 504 cm-1 for BNTN and 494 and 538 cm-1 for BNTS are associated 

with the Ni–O stretching vibrations of the NiO6 octahedra [42,43]. The asymmetric stretching 

vibration of NbO6 and SbO6 octahedra is related to the broad band at around 614 cm-1 for 

BNTN and 682 cm-1 for BNTS, respectively. The asymmetry in the bond lengths of Ni−O, 

Sb−O and Nb−O gives rise to the broad nature of the observed peaks. The absorption peaks 

of Nickel, Antimony and Niobium oxides are at nearly same wave numbers which also 

contributes to the broad nature of the observed peak. The low intensity peak at 692 cm-1 for 

BNTN and 718 and 782 cm-1 for BNTS is because of the symmetric stretching vibration of 

NbO6 and SbO6 octahedra. 

 

 

Fig. 10: The FTIR spectrum of (a) BNTN and (b) BNTS. 



 

6.3.3. Dielectric analysis: 

The dielectric permittivity (ε′) and the loss tangent (tan δ) variations with log of 

angular frequency (log ω) for BNTS and BNTN is presented in Fig. 11 and 12 respectively. 

The variation of ε′ with frequency can be roughly classified into three different regions. In the 

region where the frequency is very low the dipoles start lagging behind the field leading to a 

slow decrease in ε′. At a certain frequency known as the characteristic frequency the ε′ drops 

off suddenly pointing towards a relaxation phenomenon. At higher frequencies the dipoles 

are unable to follow the field resulting in a constant value of ε′. This behaviour of dielectric 

permittivity can be well explained by the Debye theory [44].  

 

Fig. 11: Frequency dependence of (a) ε′ and (b) tan δ of BNTN at different temperatures 

where the Cole-Cole fit of the experimental data are represented by the solid lines. 



 

A relaxation peak can be observed in the tan δ curve which shifts to the higher 

frequency side on increasing the temperature as more polarization occurs at high 

temperatures. The broad nature of the tan δ peaks as observed in Fig. 11 and 12 indicates the 

polydispersive nature of relaxation times which can be analysed with the help of the Cole-

Cole model [45, 46] 

 
∗= ′ − " = ∞ + ∞

( )                (1) 

where εs and ε∞ are low and high frequency values of ε′, τ denotes the mean relaxation time 

and α represents the dispersal of the relaxation time. The value of α is 0 for monodispersive 

relaxation process and for polydispersive relaxation process α > 0.  

 

Fig. 12: Frequency dependence of (a) ε′ and (b) tan δ of BNTS at different temperatures 

where the Cole-Cole fit of the experimental data are represented by the solid lines. 



 

In the lower frequency side, tan δ for both the samples increases with the decrease in 

frequency which may be ascribed due to the effect of dc conductivity. So, a term for the dc 

electrical conduction is added to equation (1) [47, 48]: 

 
∗= ∞ + ∞

( ) − ∗                                (2) 

where the complex conductivity σ*= (σ1 + i σ2) with dc conductivity being denoted by σ1 and 

conductivity due to localized charges being denoted by σ2. In the above equation (2) n is a 

dimensionless frequency exponent which lies between 0 to 1. Equation (2) can be written as  

′ = ∞ +
( ∞) ( )

( ) ( ) ( ) −                (3)
 

" =
( ∞)( )

( ) ( ) ( ) +                 (4) 

and, the dielectric loss can be calculated by: tan δ = ε''/ε'                 (5) 

The experimental data has been fitted with the help of equations (3), (4) and (5) and is 

represented by black lines in Fig. 11 and 12. The different fitting parameters are shown in 

Table 7.  

The main factors associated with the dielectric relaxation are the dipole relaxation and 

the conduction relaxation of the free charge carriers [49]. The value of α which is associated 

with the dipole relaxation decreases with increase in temperature for both BNTN and BNTS 

indicating that the dispersal of relaxation time decreases thus the relaxation behaviour in both 

the samples tends towards monodispersive nature with increase in temperature. The 

relaxation time τ which is inversely proportional to ωm decreases with increase in temperature 

indicating that the rate of polarization and the dipole density increases with temperature. The 

value of n which is associated with the conduction relaxation of the free charge carriers 

increases with temperature for both BNTN and BNTS indicating that at higher temperature 



 

the carrier polarization mechanism is less dispersive owing to some barrier height extracted 

[49,50]. The mobile charge carriers when obstructed by the grain boundaries hinders their 

charge migration giving rise to space charge polarization [51]. The charges accumulate at the 

barrier which causes a localized polarization inside the grains. As the temperature increases 

the density of charges causing the space charge polarization becomes quite large. Thus, with 

increase in temperature relaxation processes get more and more localized which makes the 

relaxation process more Debye type or monodispersive as also indicated by the decrease in 

the α value with increasing temperature.  

Table 7. The values of different parameters obtained by fitting the dielectric spectra of 
BNTN and BNTS by modified Cole-Cole equations. 

 
Temperature(K) εs ε∞ ωm (Hz) α n σ1 (Sm-1) σ2 (Sm-1) 

BNTN 

333 539 319 217532 0.11 0.79 0.1 × 10-7 6.00 × 10-9 

423 549 325 1113691 0.10 0.81 0.2 × 10-7 2.00 × 10-8 

513 560 332 3423916 0.09 0.82 0.3 × 10-7 4.00 × 10-8 

573 580 346 6525959 0.08 0.83 0.4 ×10-7 6.00 × 10-8 

BNTS 

333 300 180 158018 0.11 0.86 0.1 × 10-7 8.00 × 10-9 

423 317 190 453625 0.10 0.88 0.2 × 10-7 2.00 × 10-9 

513 333 200 1375618 0.09 0.9 0.3 × 10-7 5.00 × 10-9 

573 348 210 2546917 0.08 0.91 0.4 × 10-7 9.00 × 10-9 

 

In BNTN and BNTS the existence of long-range migration of free charge carriers (dc 

conductivity) is evident in the low frequency region thus we can conclude that both the 



 

samples possess some amount of electrical semi conductivity [51]. The hybridization between 

the vacant d orbitals of B-site cations and the p orbitals of oxygen significantly affects the 

transport properties of the perovskite oxides [52,53]. The electronegativity of Sb 5+ being 

higher than that of Nb5+ results in less ionic or more covalent Sb-O bond which in-turn 

decreases its macroscopic polarizability [52, 54]. The presence of vacant d orbitals in Nb 

favours higher hybridization with p orbitals of oxygen giving rise to larger polar instabilities 

and higher permittivity values for BNTN. The presence of vacant 4d orbital of Nb in BNTN 

sample gives rise to its high dielectric permittivity values as compared to BNTS for which the 

4d orbitals of Sb are completely filled. As the permittivity value of BNTN is quite high as 

compared to BNTS and have almost same low values of dielectric losses, the BNTN sample 

is more suitable for circuit miniaturization [55]. 

6.3.4. Complex impedance analysis: 

The complex plane impedance plots at temperatures 423 K and 543 K for BNTN and 

BNTS are illustrated in Fig. 13 and 14 respectively. The contribution of both the grain and 

grain boundary to the overall impedance has been confirmed by the presence of two 

deformed circular arcs in both the samples [56]. The centre of the semi-circular arc being 

below the Z′ axis also confirms the relaxation mechanism of the samples being 

polydispersive nature. [56‒62] The semi-circular arc becomes smaller on increasing the 

temperature which points towards the thermally activated conduction mechanism of the 

samples having semiconducting nature. The impedance spectra have been fitted using an 

equivalent circuit model consisting of two parallel combinations of resistance and 

capacitance joined together in series. The capacitance term here is replaced by a constant 

phase element (Q) due to the non-ideal behaviour of the capacitance as a result of more than 

one relaxation process for a given relaxation time. The capacitance for the constant phase 



 

element is given by Cp = Q1/c R(1- c)/c  where c denotes the deviation from the ideal Debye 

nature. The real and the imaginary part of the impedance have been fitted using equations 

Z′ =    +                                                                         (6) 

and   Z" =  

⎣
⎢
⎢
⎡

⎦
⎥
⎥
⎤

  +   

⎣
⎢
⎢
⎢
⎡

⎦
⎥
⎥
⎥
⎤
                                                  (7) 

where Rg and Rgb denotes the resistance and Qg and Qgb denotes the constant phase element 

for the grain and grain boundary respectively. The fitting parameters are given in Table 8. 

The coincidence of the fitted curve and the experimental data points confirms that both the 

grain and grain boundary contribute to the total impedance. The high values of R gb indicates 

that the grain boundaries are more insulating than the grains.  

 

Table 8. The fitted parameters of the impedance circuit for BNTN and BNTS. 

 

 

 

 Temp. 

(K) 

Rg 

( Ω) 

Qg 

(10-8 F/Ω) 

cg Rgb 

(108 Ω) 

Qgb (10-9 

F/Ω) 

cgb 

BNTN 423 650 3 0.81 28 0.17 0.89 

543 185 1 0.92 11 0.27 0.86 

BNTS 423 2800 1.50 0.82 14 0.19 0.86 

543 421 0.98 0.82 5 0.28 0.87 



 

 

 

 

Fig. 13: (a) Complex impedance plane plots of BNTN and (b) the enlarge view of the high 

frequency region. 



 

 

Fig. 14: (a) Complex impedance plane plots of BNTS and (b) the enlarge view of the high 

frequency region. 

6.3.5. Conductivity Analysis: 

 The variation ac conductivity with frequency for BNTN and BNTS at various 

temperatures is depicted in Fig. 15 and 16 respectively. In the conductivity spectrum two 

discrete plateaus can be observed. The plateau at the low frequency is associated with the 

total conductivity whereas the plateau at the higher frequency arises due to the grain’s 

contribution to the total conductivity [63]. Thus, two processes are involved in the bulk 

conduction mechanism of the samples.  



 

 

Fig. 15: (a) Frequency dependence of the ac conductivity of BNTN at different temperatures 

and (b) the power law fitting of the experimental data as shown by solid lines. 

 

The total conductivity as stated by the power law is: 

σ (ω) = σdc+ K ωn                         (8) 

here σdc is the dc conductivity and K is a constant dependent on frequency and temperature. 

In order to fit the conductivity spectra, the basic power law has been used with n values 

between 1.5-1.9 [64] at lower frequency and 0.4-0.6 at higher frequency [65]. The parameters 

used for fitting are represented in Table 9. The above equation can also be written as σ (ω) = 

σdc[1 + (ω/ωH)n ] where the charge carriers’ hopping frequency is denoted by ωH. The value of 



 

ωH for BNTN is 4158.32 and 15666.79 rads-1 at 423 and 573 K respectively and for BNTS the 

value of ωH is 3863.92 and 22623.61 rads-1 at 423 and 573 K respectively.  

 

 

Fig. 16: (a) Frequency dependence of the ac conductivity of BNTS at different temperatures 

and (b) the power law fitting of the experimental data as shown by solid lines. 

 

 The variation of the dc conductivity (σdc) with the inverse of temperature (Fig. 17) is 

found to follow the Arrhenius Law: σdc = σ0 exp [- σ ], where Eσ is the activation energy. 

On increasing the temperature, the dc conductivity value increases. The value of Eσ as 

deduced from the Arrhenius plot is 0.36 eV for BNTN and 0.37 eV for BNTS. The value of 



 

Eσ suggests that for both BNTN and BNTS the conduction mechanism is governed by p-type 

polaron hopping [66, 67]. The step like nature of the conductivity spectra is due to the 

presence of different potentials offered by the grain and grain boundary and the hopping of 

charge carriers through these potential barriers [54]. As seen from the impedance spectra the 

grain boundary being more insulating acts as a trap site for the charge carriers taking part in 

the charge transport.  

 

 

Table 9. Various fitted parameters of the conductivity spectra for BNTN and BNTS. 

Sample Temperature(K) σdc (Sm-1) A n 

BNTN 423 (at low frequency) 1.99 × 10-8 0.14 × 10-13 1.7 

BNTN 423 (at high frequency) 1.99 × 10-8 3.8 × 10-7 0.43 

BNTN 573 (at low frequency) 6.81 × 10-8 0.05 × 10-13 1.7 

BNTN 

BNTS 

BNTS 

BNTS 

BNTS 

573 (at high frequency) 

423 (at low frequency) 

423 (at high frequency) 

573 (at low frequency) 

573 (at high frequency) 

6.81 × 10-8 

2.39 ×10-8 

2.39 × 10-8 

9.38 × 10-8 

9.38 × 10-8 

9.5 × 10-7 

0.19 × 10-13 

2.9 × 10-7 

0.03 × 10-13 

8.9 × 10-7 

0.44 

1.7 

0.42 

1.72 

0.43 



 

 

Fig. 17: Arrhenius plot of dc conductivity for (a) BNTN and (b) BNTS. 

 

6.4. Conclusion: 

 We have synthesized the triple perovskites Ba3NiTaNbO9 (BNTN) and Ba3NiTaSbO9 

(BNTS) by solid state ceramic method and thoroughly investigated their structural, 

microstructural, optical and dielectric properties. The crystal structure, bonding property and 

ordering behaviour of BNTN and BNTS are analysed by Rietveld refinement of XRD data 

and the results are further corroborated by FTIR and Raman studies. It has been shown that 

both BNTN and BNTS are partially ordered triple perovskite having general formula 

A3(B′B″B″′)O9. BNTN and BNTS stabilize in P-3m1 space group of trigonal symmetry and P 



 

63/mmc space group of hexagonal symmetry, respectively. Both the sample possess cationic 

disorder due to the site exchange of cations occupying the B', B'' and B''' sites. This work will 

be of immense help in understanding the nature of ordering and probing the presence of 

occupational disorder evolving due to the exchange of cations between B′, B″, B″′ sites of 

A3(B′B″B″′)O9 type perovskites. The relaxation nature of the samples has been analysed with 

the help of the Cole-Cole model. The non-zero values of α for the Cole-Cole model suggests 

the relaxation phenomena being polydispersive in nature. The activation energy as obtained 

from the conductivity spectra is 0.36 eV for BNTN and 0.37 eV for BNTS which indicates 

that the polaron hopping mechanism is responsible for their electrical and dielectric response. 

 It is noteworthy that at room temperature Ba3MIIITiMVO9 (where, MIII = Ga, Y, Lu; 

MV = Nb, Ta,) and Ba3MIIITiSbO9 (where, MIII =Fe, Ga) exhibit dielectric permittivity (ε′) in 

the range of 20-60 and 20-100, respectively, at frequencies ranging between 1kHz - 1MHz 

[26]. The values of ε′ for Ba3MgTa2-xNbxO9 (where 0 ≤ x ≤1) lies in the range of 15-20 at 500 

KHz and the dielectric loss (tanδ) is ~ 0.15 for this series of compounds [68]. The value of ε′ 

and tanδ for the series of compounds with general formula Ba3ZnTa2-xNbxO9 (0 ≤ x ≤1) at 

500 KHz are ≈ 30 and 0.08, respectively [68]. Further, the dielectric constant and dielectric 

loss at 500 KHz are 324 and 0.05 for BNTN and 182 and 0.04 for BNTS, respectively. It may 

be inferred that the chemical property of B-site cations strongly affect the dielectric 

properties of A3(B′B″B″′)O9 type perovskites and  BNTN and BNTS exhibits improved 

dielectric properties as compared to other triple perovskites of Ba3(B′B″B″′)O9 series. Thus, 

BNTN and BNTS appears to be very suitable for fabrication of radio frequency devices like 

dielectric resonator, oscillator and filters and may also find application in the field of 

electronic device miniaturization.  

 



 

References 

[1] T. A. Vanderah, Science 298 (2002) 1182. 

[2] R.J. Cava, J. Mat. Chem. 11 (2001) 54‒62. 

[3] M. Lee, E. S. Choi, X. Huang, J. Ma, C. R. Dela Cruz, M. Matsuda, W. Tian, Z. L. Dun, 

S. Dong, H. D. Zhou, Phys. Rev. B 90 (2014) 224402.  

[4] J. Hwang, E. S. Choi, F. Ye, C. R. Dela Cruz, Y. Xin, H. D. Zhou, P. Schlottmann, Phys. 

Rev. Lett. 109 (2012) 257205. 

[5] I. Molodetsky, P.K. Davies, J. Euro, Ceram. Soc. 21 (2001) 2587–2591. 

[6] B. Xu, F. Zhang, X.Y. Liu, J.H. Ye, W.H. Zhang, L. Shi, X.G. Wan, J. Yin, Z.G. Liu, 

Phys. Rev. B 76 (2007) 125109. 

[7] Y. Doi, Y.  Hinatsu, J. Mater. Chem. 12 (2002) 1792–1795. 

[8] S. J. Kim, M. D. Smith, J. Darriet, H. C. zur Loye, J. Solid State Chem. 177 (2004) 1493–

1500. 

[9] Y. Doi, Y.  Hinatsu, J. Phys. Condens. Matter 16 (2004) 2849–2860. 

[10] J. G. Zhao, L. X. Yang, Y. Yu, F. Y. Li, R. C. Yu, C. Q. Jin, J. Solid State Chem. 182 

(2009) 327–330. 

[11] V. U. Treiber, S. Kemmler-Sack, A. Ehmann, Z. Anorg. Allg. Chem. 487 (1982) 198. 

[12] P. Lightfoot, P. D. Battle, J. Solid State Chem. 89 (1990) 174 –183. 

[13] J. C. Albornoz, D. A.  Landinez Tellez, J. Roa-Rojas, J. A. Munevar, E. Baggio 

Saitovich, J. Supercond. Novel Magn. 26 (2013) 2313 – 2317. 

[14] P. Beran, S. A. Ivanov, P. Nordblad, S. Middey, A. Nag, D. D. Sarma, S. Ray, R. 

Mathieu Solid State Sci. 50 (2015) 58 – 64. 

[15] F. Casallas, E. Vera, D. Landinez, C. Parra, J. Roa, J. Phys.: Conf. Ser. 687 (2016) 

012047. 



 

[16] T. Ferreira, D. Carone, A. Huon, A. Herklotz, S. A. Stoian, S. M. Heald, G. Morrison, 

M. D. Smith, H. C. zur Loye, Inorg. Chem. 57 (2018) 7362 –7371. 

[17] R. D. Shannon, J. Appl. Phys. 73 (1993) 348. 

[18] H. Tamura, D. A. Sagala, K. Wakino, Jpn. J. Appl. Phys. 25 (1986) 787. 

[19] I. M. Reaney, I. Qazi, W. E. Lee, J. Appl. Phys. 88 (2000) 6708. 

[20] R. Mani, P. Selvamani, J. E. Joy, J. Gopalakrishnan, Inorg. Chem. 46 (2007) 6661–6667. 

[21] M. M. Hoque, A. Dutta, S. Kumar, T.P. Sinha, Physica B 407 (2012) 3740 – 3748. 

[22] M. W. Lufaso, Chem. Mater. 16 (2004) 2148‒2156. 

[23] S. Asai, M. Soda, K. Kasatani, T. Ono, M. Avdeev, T. Masuda, Phys. Rev. B 93 (2016) 

024412.  

[24] A. J. Jacobson, A. J. Calvert, J. inorg, nucl. Chem. 40 (1978) 447‒449. 

[25] Larson AC, Von Dreele RB, General structure analysis system (GSAS). Los Alamos 

National Laboratory, Report LAUR (2000) 86‒784. 

[26] J. B. Philipp, P. Majewski, L. Alff, A. Erb, R. Gross, T. Graf, M. S. Brandt, J. Simon, T. 

Walther, W. Mader, D. Topwal, D. D. Sarma, Phys. Rev. B 68 (2003) 144431. 

[27] R.D. Shannon, Acta Cryst. 32 (1976) 751–767. 

[28] M.W. Lufaso, E. Hopkins, S.M. Bell, A. Llobet, Chem. Mater. 17 (2005) 4250. 

[29] J. E. Joy, E. Atamanik, R. Mani, A. Nag, R.M. Tiwari, V. Thangadurai, J. 

Gopalakrishnan, Solid State Sci. 12 (2010) 1970‒1976. 

[30] G. Blasse, J. Inorg. Nucl. Chem. 27 (1965) 993. 

[31] J. B. Goodenough, J. A. Kafalas, J. Solid State Chem. 6 (1973) 493. 

[32] H. Mizoguchi, P. M. Woodward, S. H. Byeon, J. B. Parise, J. Am. Chem. Soc. 126 

(2004) 3175. 



 

[33] J. E. F. S. Rodrigues, E. Moreira, D. M. Bezerra, A. P. Maciel, C. W. A. Paschoal, 

Mater. Res. Bull. 48 (2013) 3298–3303. 

[34] D. L. Rousseau, R. P. Bauman, S. P. S. Porto, J. Raman Spectrosc. 10 (1981) 253. 

[35] A. Dias, V. Ciminelli, F. M. Matinaga, R. Moreira, J. Eur. Ceram. Soc. 21 (2001) 2739–

2744. 

[36] R.L. Moreira, F.M. Matinaga, A. Dias, Appl. Phys. Lett. 78 (2001) 428. 

[37] J. E. F. S. Rodrigues, D. M. Bezerra, A. P. Maciel, C. W. A. Paschoal, Ceram. Int. 40 

(2014) 5921–5930. 

[38] S. A. Prosandeev, U. Waghmare, I. Levin, J. Maslar, Phys. Rev. B 71 (2005) 214307. 

[39] V.L. Ginzburg, A.P. Levanyuk, A.A. Sobyanin, Phys. Rep.3 (1980) 151–240.  

[40] Ph. Daniel, J. Toulouse, J. Y. Gesland, M. Rousseau, Phys. Rev. B 52 (1995)13. 

[41] J. Chen, Y. Tang, J. Li, H. Xiang, C. Li, X. Xing, L. Fang, J. Alloys Compd. 820 (2020) 

153159. 

[42] A. Dutta, T.P. Sinha, Mater. Res.  Bull. 46 (2011) 518–524. 

[43] G. V. S. Rao, C. N. R. Rao, J. R. Ferraro, Appl. Spectrosc. 24 (1970) 436. 

[44] P. Debye, Polar Molecules, Chemical Catalogue Company, New York, 1929. 

[45] K. S. Cole, R. H. Cole, J. Chem. Phys. 9 (1941) 341–351. 

[46] K.S. Cole, R.H. Cole,J. Chem. Phys. 10 (1942) 98–105. 

[47] R. Coelho, Physics of Dielectrics (New York: Elsevier) 1978. 

[48] S. K. Maity, A. Dutta, S. Kumar, T. P. Sinha, Phys. Scr. 88 (2013) 065702.  

[49] P. Thongbai, S. Tangwancharoen, T. Yamwong, S. Maensiri, J. Phys. Condens. Matter 

20 (2008) 395227. 

[50] S. Halder, A. Dutta, T.P. Sinha, J. Phys. Chem. Solids 102 (2017) 79–89. 

[51] R. Mukherjee, S. Saha, A. Dutta, T. P. Sinha, J. Alloys Compd. 651 (2015) 222–229. 



 

[52] A. Dutta, T. P. Sinha, D. Das, J. Magn. Magn. Mater. 360 (2014) 211–21. 

[53] A.Dutta, T.P. Sinha, Mater. Res. Bull. 46 (2011) 518–524. 

[54] Y. Tsuji, A. Kan, H Ogawa, S. Ishihara, J. Eur. Ceram. Soc. 25 (2005) 2883–2887. 

[55] Wolfram Wersing, Curr. Opin. Solid State Mater. Sci. 1 (1996) 715–731. 

[56] A. Barua, S. Maity, S. Kumar, A. Dutta, T.P. Sinha, Physica B 583 (2020) 412057. 

[57] L. Liu, H. Fan, L. Wang, X. Chen, P. Fang, Philosophical Magazine, 88 (2008) 537–545. 

[58] L. Liu, H. Fan, P. Fang, L. Jin, Solid State Commun. 142 (2007) 573–576. 

[59] L. Liu, H. Fan, P. Fang, X. Chen, Mater. Res. Bull. 43 (2008) 1800–1807. 

[60] R. Gerhardt, J. Phys. Chem. Solids. 55 (1994)1491–1506. 

[61] M. C. H. Mckubre, J. R. Macdonald, Impedance Spectroscopy Emphasizing Solid 

Materials and Systems, ed. J. R. Macdonald, Wiley, New York, (1987)191. 

[62] M. M. Hoque, A. Barua, A. Dutta, S. K. Dey, T. P. Sinha, S. Kumar, Ionics 23 (2017) 

471–483. 

[63] A. Dutta, C. Bharti, T. P. Sinha, Mater. Res. Bull. 43 (2008) 1246–1254. 

[64] S. Nomura, K. Toyama, K. Kaneta, Jpn. J. Appl. Phys. 21 (1982) 624–626. 

[65] C. Bharti, T.P. Sinha, Solid State Sci. 12 (2010) 498–502 

[66] M. Idrees, M. Nadeem, M. M. Hassan, J. Phys. D Appl. Phys. 43 (2010) 155401. 

[67] W. H. Jung, J. Appl. Phys. 90 (2001) 2455. 

 

 

 

 

 



 

 

 



 

7.1. Introduction: 

 Perovskite with general formula A3B'B"2O9 can accommodate variety of B-site 

cations having different valences [1, 2]. The difference in the B-site cations leads to the 

different types of ordering like 1:1 ordering having cubic symmetry or 1:2 ordering having 

trigonal symmetry. Due to their wide range of technological and industrial applications 

perovskite oxides have been widely studied [3, 4]. They also have application as 

photocatalysis, photodetector, photovoltaic cell, microwave devices [5‒10]. Thus, perovskite 

oxides having high efficiency and low cost are of great demand these days.  

 Ba based perovskite oxides have attracted a lot of research interest in the past few 

decades [11‒15]. The structural and electronic band gap of Ba3ZnNb2O9, Ba3SrNb2O9, 

Ba3MgTa2O9, and Ba3SrTa2O9 have been reported by Mani. et. al. [16]. The structural and 

magnetic properties of BaCo1/3Nb2/3O3 have been reported by Payen et. al.  and its room 

temperature dielectric property has been reported by Freer et. al. [17, 18]. Theoretical band 

structure calculation of BaCo1/3Nb2/3O3 has been reported by Berri et. al. [19]. The synthesis 

procedure and structural characterization of BaCo1/3Sb2/3O3 have been reported by Istomin et 

al. [20]. To the best of our knowledge the optical and temperature dependent dielectric 

properties of BaCo1/3Nb2/3O3 and BaCo1/3Sb2/3O3 have not yet been reported. In this context 

we have performed detailed structural, microstructural, optical and temperature dependent 

dielectric properties of BaCo1/3Nb2/3O3 and BaCo1/3Sb2/3O3 for better understanding of their 

structural and electrical properties. 

7.2. Experimental: 

Solid state ceramic method has been employed in order to synthesize the samples. 

Stoichiometric amount of reagent grade powders of BaCO3, CoO, Nb2O5 and Sb2O5 were 



 

mixed together along with acetone with the help of motor pestle for 10 h. Then the samples 

were calcined at 1400° C for 12 h and cooled down to room temperature under controlled 

cooling rate of 2° C / min.  

The phase formation of both the samples were confirmed using Powder X-ray 

diffraction analysis using (Bruker D8 advanced X-ray powder diffractometer, XRD). Cu-Kα 

radiation was used and the scan speed was set at 2º min-1. The range of Bragg angle was 

taken to be 10º ≤ 2θ ≤ 120º where the scanning step size was 0.02º. In the XRD patterns only 

the characteristic diffraction peaks of perovskite structure were obtained which confirmed 

that both BCN and BCS are single phase perovskite oxides. The samples were than pelletized 

into discs along with polyvinyl alcohol as a binding agent. Then the discs were sintered at 

1450º C for 12 h and cooled down to 30º C with a cooling rate of 1º C min-1. The thickness 

and the diameter of the discs were 1.5 mm and 10 mm for BCN and 1.6 mm and 10 mm for 

BCS, respectively. Electrodes were than developed on the flat surfaces of the disc by coating 

them with fine silver paint followed by heating at 200º C for 2 h. 

The microstructural and morphological characterizations of the samples were 

performed using FEI INSPECT F50 field emission scanning electron microscope (FESEM). 

The energy dispersive X-ray spectrometer (EDS) was used to determine the chemical 

constituents of the prepared samples. The Fourier transform infrared (FTIR) spectrum of the 

samples were recorded using Perkin Elmer spectrometer. WITEC alpha, 300R Raman 

spectrometer was used to record the Raman spectrum of both the samples. In order to perform 

the dielectric measurements HIOKI 3532 LCR meter was used in between 110 Hz to 1.1 

MHz frequency. The oscillation voltage was kept at 1 V. The dielectric measurements were 

carried out in the temperature range 333 to 543 K and heating at a rate of 0.5º C min-1 with 

the help of programmable heating-cooling system with an accuracy of 1 K. 



 

7.3. Results 

7.3.1. Structural characterization: 

The XRD patterns of BCN and BCS agrees well with those reported earlier [17, 20]. 

In order to obtain the structural refinement parameters of BCN and BCS, Rietveld refinement 

have been performed using GSAS program [21]. The XRD patterns of both BCN and BCS 

are depicted in Fig. 1. BCN belongs to trigonal symmetry with P-3m1 space group whereas 

BCS belongs to hexagonal symmetry with P 63/mmc space group. The crystal lattice 

parameters and Wyckoff positions of the samples have been tabulated in Table 1 and Table 2, 

respectively.  

Table 1: Structural and refinement parameters of BCN and BCS as obtained from Rietveld 

X-ray powder structure refinement method. 

 BCN BCS 

Crystal system Trigonal Hexagonal 

Space group P-3m1 P 63/mmc 

a (Å) 5.75581(11) 5.83744(16) 

b (Å) 5.75581(11) 5.83744(16) 

c (Å) 7.06833(2) 14.4082(4) 

Volume (Å3) 202.796(10) 425.193(31) 

α=β(º) 90 90 

γ(º) 120 120 

Rwp 0.0250 0.0304 

Rp 0.0385 0.0458 

χ2 2.90 3.54 



 

 

Fig. 1: The XRD images of (a) BCN and (b) BCS. 

 

Table 2. Special Wyckoff positions of the atoms and refined values of atomic coordinates of 

BCN and BCS. 

Atom Site x (Å) y (Å) z (Å) B (Å2) 

BCN 

Ba1 1a 0.0 0.0 0.0 0.03040 

Co1 1b 0.0 0.0 0.5 0.03139 

Nb1 2d 0.33333 0.66667 0.1814(4) 0.00501 

Ba2 2d 0.33333 0.6667 0.65599(28) 0.03820 

O1 3e 0.5 0.0 0.0 0.00864 

O2 6i 0.1813(8) 0.3626(17) 0.3213(19) 0.04272 

BCS 

Ba1 2b 0 0 0.25 0.0011(2) 

Co1 2a 0 0 0 0.0025(9) 

Sb1 4f 0.33 0.66 0.15072(7) 0.0017(4) 

Ba2 4f 0.33 0.66 0.90997(7) 0.0027(2) 

O1 6h 0.4828(8)  0.0344(16) 0.25 0.0046(3) 

O2 12k 0.1703(7) 0.3407(14) 0.4180(4) 0.0058(2) 

 



 

 

Fig. 2: The asymmetric unit of BCN. 

In the asymmetric unit of BCN (Fig. 2) it can be observed that the Ba2+ ions are 

coordinated with 12 oxygen ions while Co2+ and Nb5+ ions are coordinated with 6 oxygen 

ions. It can be observed from Table 3 that Nb–O bond lengths of BCN are not equal which 

indicates that there exists an off centre distortion of the cations in the octahedra resulting 

from the second order Jahn-Teller distortion for d0 cations like Ti4+, Nb5+, Ta5+, W6+ [22].  In 

the asymmetric unit of BCS (Fig. 3) it can be observed that Ba2+ ions are coordinated with 12 

oxygen ions while Co2+and Sb5+ ions are coordinated with 6 oxygen ions. The difference in 

the bond length of Sb–O (Table 3) results from the cation-cation repulsion between the face 

sharing Sb2O9 groups [23].  

The B-site cations of BCN are arranged along the (111) planes of the pseudocells with 

two Nb layer and one Co layer as shown in Fig.4 (a). This arrangement of the B-site atoms is 

repeated along the crystallographic c axis. On the other hand, the B-site cations of BCS are 

arranged along the (111) planes of the pseudocells with two Sb layer and one Co layer as 



 

shown in Fig. 4(b). This arrangement of the B-site atoms is repeated along the 

crystallographic c axis. 

 

 

Fig. 3: The asymmetric unit  of BCS. 

 

Table 3. Cationic bond lengths bond angles of BCN and BCS. 

BCN BCS 

Bonds lengths 

Co–O 2.205 Å Co–O 2.089 Å 

Nb–O1 2.098 Å Sb–O1 1.922 Å 

Nb–O2 1.810 Å Sb–O2 2.081 Å 

Bond angles 

Nb5+−O−Nb5+ 180º. Sb5+−O−Sb5+ 86.9º 



 

 

 

Fig. 4: The ordering sequence of the B-site atoms in BCN and BCS. 

 

The vacant d orbital in Nb5+ and the filled d orbital in Sb5+ effects their bonding 

preference which along with their ionic radii difference determines the P-3m1 space group of 

BCN and P 63/mmc space group of BCS [23‒27]. In BCN the vacant d orbitals of Nb5+ 

favours the formation of ᴫ bond with the p orbitals of oxygen thus resulting in a linear 

Nb5+−O−Nb5+ bond with bond angle ~ 180º. This favours the P-3m1 structure with metal 

oxygen corner sharing octahedra and cubic stacking of BaO3 layers as can be seen in Fig. 2. 

The filled d orbitals of Sb5+ does not favour the formation of ᴫ bond and preferred 

Sb5+−O−Sb5+ bond angle is < 180º resulting from σ bonding with p orbitals of two different 

oxygen. Thus, BCS stabilizes in P 63/mmc structure containing mixed cubic and hexagonal 

stacking of BaO3 layers [Fig. 3] with NiO6 octahedra in the vertex and face sharing Sb2O9 

groups. Perovskite materials exhibit partially ordered structure due to the exchange of their 

Wykoff site between the B'-B'' ions [28]. It can be seen from Fig. 4 that ordered nature is 

maintained for both BCN and BCS sample. Each 2d site of BCN can either be occupied by a 

Co2+ or Nb5+ ion and similarly in case of BCS the probability that each 4f site to be filled by a 

Co2+ or Sb5+ ion is equal and this leads to occupational disorder in both the samples. Thus, 



 

both BCN and BCS fall in the category of partially ordered perovskite . The SEM images of 

BCN and BCS (Fig. 5) reveal that both the samples have well defined grains of asymmetrical 

shapes and sizes having grain size 0.6 μm to 2.2 μm for BCN and 0.5 μm to 4.4 μm for BCS.  

 

Fig. 5 The SEM images of BCN and BCS. 

7.3.2. FTIR study 

 The FTIR spectra of BCN and BCS are shown in Fig. 6 (a) and (b), 

respectively. In both the spectra the characteristic peaks associated with perovskite phase has 

been observed. The IR active vibrational modes due to Co–O stretching present in CoO6 

octahedra is associated with the bands around 490 and 531 cm-1 for BCN and 511 and 545 

cm-1 for BCS [29, 30]. The bending mode of the BO6 polyhedra is associated with the energy 

bands in between 360 and 412 cm-1. The asymmetric bending mode of the NbO6 and SbO6 

octahedra is associated with the band at 364 cm-1 for BCN and 366 cm-1 for BCS. The energy 

band around 623 cm-1 for BCN and 676 cm-1 for BCS is associated with the asymmetric 

stretching vibration of the NbO6 octahedra and SbO6 octahedra of BCN and BCS, 

respectively. The asymmetry in the bond lengths of Co–O, Sb–O and Nb–O bonds and the 

occurrence of absorption peaks of these bonds at nearly same wave numbers gives rise to the 



 

broad vibrational bands. The symmetric stretching vibration of SbO6 and NbO6 octahedra is 

associated with the peaks around 703 and 756 cm-1 for BCN and 780 cm-1 for BCS [31]. 

 

Fig. 6: The FTIR spectra of BCN and BCS. 

7.3.3. Raman Study 

 The Raman spectra of BCN are shown in Fig. 7 (a) and (b) whereas for BCS it has 

been illustrated in Fig. 8 (a), (b) and (c). The Lorentzian peak fitting of the Raman spectra has 

been performed and the peak positions and their full width half maxima has been tabulated in 

Table 4. The expected phonon modes for BCN have been determined using group factor 

analysis and listed in Table 5 [32]. Nine Raman-active modes (Raman = 4 A1g + 5 Eg) are 

expected for ordered sample with P-3m1 space group but an increased number of optical 

active modes arises in BCN due to the occupational disorder caused by the exchange of 

Wyckoff sites between B'-B'' ions [28, 33‒35]. The additional modes due to occupational 

disorder can also be predicted by the group factor analysis (Table 5). The existence of B' ions 

in 2d Wyckoff site would give rise to two additional Raman and IR bands each (Raman,B'= 

A1g + Eg, IR,B'= A2u + Eu) and  the presence of B'' ions in 1b Wyckoff site would give rise to 



 

two additional IR bands (IR,B'' = A2u + Eu). From the Lorentzian fitting of BCN 15 bands are 

observed where two extra Raman bands occur due to the presence of Co ions in the 2d site 

and four additional Raman band may be attributed to the defect activated modes [34]. 

Appearance of extra Raman bands due to the presence of such defects in ceramic crystals, 

developed during the crystal growth process, are very common [36, 37]. The bands 1-5, 8, 9, 

13 arises due to the vibrations of Ba and O ions and agrees well with those reported by 

Moreira et al. [34]. The peaks (11, 12) arise due to the vibration of Nb ions occupying their 

own 2d site and the peaks (14, 15) arises due to the vibrations of Co ions in the 2d site. The 

peak 6, 7 and 10 may be attributed to the localized defect activated modes [34].  

 

Fig. 7: The Lorentzian peak fitting of the Raman spectra of BCN where red line represents 

the fitted curve and the symbols represent the experimental data. 



 

Table 4. Experimentally observed Raman active phonon modes. 

Peak 

No. 

BCN BCS 

Frequency (cm-1) FWHM (cm-1) Frequency (cm-1) FWHM (cm-1) 

1 103.513 4.48856 112.81611 15 

2 108.32009 8.26204 140.91587 13.42941 

3 137.83902 100.0077 152.79434 21.56576 

4 261.68048 42.45575 171.6528 28.22603 

5 292.01993 28.1051 187.19805 16.34698 

6 318.09595 15.3717 204.71501 17.85759 

7 377.98335 12.05426 231.02186 32.67136 

8 224.74665 61.69439 253.41388 32.10114 

9 430.37708 51.2064 132.63304 7.55846 

10 527.07113 70.38416 280.71144 13.05696 

11 578.95123 66.42812 321.33789 15.93556 

12 638.42673 37.33939 391.87923 14.31787 

13 783.0026 44.97352 421.46985 16.93432 

14 812.3778 58.41566 483.32363 20.79974 

15 840.0624 51.2064 528.62853 92.21762 

16   391.87923 100.61716 

17   450.29373 46.89063 

18   610.00632 14.5296 

19   616.5222 31.55602 

20   666.55315 15.59623 

21   699.20408 12.67554 

22   761.46318 24.17309 

23   825.03571 17.76318 

24   880.07334 62.3557 

In accordance with the charge to mass ratio [(qB' / m B') / (q B" / m B")]1/2 [32], where q 

and m denotes the charge and mass of the ion, respectively, the Raman modes arising due to 

the exchange of Wyckoff sites can be determined. For Co ions occupying the 2d site The 



 

Raman modes would appear at frequency which is 0.793 times of the mode associated with 

the Nb ions. The peaks 11 and 14 (0.713) as well as peak 12 and 15 (0.759) satisfies this 

ratio. The degree of ordering of BCN can be estimated by the relation OCo,Nb = [I12,15 /(I12 

+I15)] where I12 and I15 are the intensities of peak 12 and 15 respectively [35]. For ordered 

structure Co ions in 2d site would be absent resulting in no extra peaks (I15 = 0) and therefore 

for ordered structure OCo = 0 and ONb = 1. But for the partially ordered BCN sample the 

presence of Co ions in the Nb (2d) site, the degree of ordering is found to be OCo = 0.67 and 

ONb = 0.32.  

Table 5. Distribution of modes for the partially ordered BCN sample belonging to the 
trigonal space group P-3m1. 

Atom Site Symmetry Distribution of modes 

Ba1 1a -3m A2u + Eu 

Ba2 2d 3m A1g + A2u + Eu + Eg 

Co1 1b -3m A2u + Eu 

Nb1 2d 3m A1g + A2u + Eu + Eg 

O1 3e 2/m A1u + A2u + Eu 

O2 6i M 2A1g + A1u + A2g + 2A2u + 3 Eu + 3 Eg 

 

 

Modes for the 

atoms in their 

own Wykoff 

site: 

TOTAL 7 A2u + 8 Eu + 4 A1g + 5 Eg +2 A1u + A2g 

ACOUSTIC A2u + Eu 

RAMAN 4 A1g + 5 Eg 

IR 6A2u + 7 Eu 

Extra modes for B'-B'' cation 

disorder: 
Raman, B'= A1g + Eg, IR, B'= A2u + Eu 

IR, B'' = A2u + Eu 



 

 

 

Fig. 8: The Lorentzian peak fitting of the Raman spectra of BCS where red line represents 

the fitted curve and the symbols represent the experimental data. 



 

The expected phonon modes for BCN are listed in Table 6. Nineteen Raman-active 

modes (Raman = 5 A1g + 8 E2g + 6 E1g) are expected in the ordered sample with P 63/mmc 

space group but the increased number of the optical active modes (listed in Table 6) in BCS 

arises due to the occupational disorder for the exchange of Wyckoff sites between B'-B'' ions. 

The existence of B' ions in 4f Wyckoff site would give rise to three additional Raman and two 

additional IR bands each (Raman,B'= A1g + E2g + E1g, IR,B'= A2u + E1u) and  the presence of B'' 

ions in 2a Wyckoff site would give rise to two additional IR bands (IR, B''/B''' = A2u + E1u). 

From the Lorentzian fitting of BCS 24 bands are observed where three extra Raman bands 

occur due to the presence of Ni ions in the 4f site and two additional Raman band may be 

attributed to the defect activated modes [34]. The observed Raman modes match well with 

those reported by Daniel et. al. along with few additional peaks for the doping of the B-site 

cation [38].  

The Raman spectra of Barium based hexagonal perovskites is divided into four 

frequency ranges (below 200 cm-1, 200-400 cm-1, 500-650 cm-1 and above 650 cm-1) [39]. 

The peaks below 200 cm-1 (1-6) are associated with the vibration of Ba ions. The peaks for 

the rotational and vibrational modes of Ni-O, Ta-O and Sb-O bonds arises in the rage of 200-

400 cm-1. The peaks lying within 500-650 cm-1 are associated with the bending vibration of 

NiO6, TaO6 and SbO6 octahedra. The asymmetric stretching vibration of NiO6, TaO6 and 

SbO6 octahedra gives rise to the peaks above 650 cm-1. As per the charge to mass ratio the 

peak 24 is for Co ions and peak 23 is for Sb ions [34]. The Raman modes for Co ions 

occupying the Sb (4f) site would appear at frequency which is 0.92 times of the mode 

associated with the Sb ions which is satisfied by peaks 23 and 24 (0.93). The degree of 

ordering of BCS can be estimated by the relation: OCo,Sb = [I23,24 /(I23 +I24)] where I23  and I24 

are the intensities of peak 23 and 24 respectively. For ordered structure Co ions in 4f site 



 

would be absent resulting in no extra peaks (I24 = 0) and therefore for ordered structure ONi = 

0 and OSb = 1. But for the partially ordered BCS sample the presence of Co ions in the Sb (4f) 

site, the degree of ordering is found to be OCo = 0.43 and Osb = 0.56. 

 

Table 6. Distribution of modes for the partially ordered BCS sample belonging to the 
hexagonal space group P 63/mmc. 

 

7.3.4. Dielectric analysis: 

The angular frequency (log ω) variation of dielectric permittivity (ε′) and the loss 

tangent (tan δ) of BCN and BCS is presented in Fig.9 and 10, respectively. When the 

frequency is very low the dipoles start lagging behind the field leading to a slow decrease in 

Atom Site Symmetry Distribution of modes 

Ba1 2b 6m2 A2u + B1g + E2g + E1u 

Ba2 4f 3m A1g + A2u + B1g   +B2u + E2u + E2g + E1u + E1g 

Co1 2a 3m A2u +B2u + E2u + E1u 

Sb1 4f 3m A1g + A2u + B1g   +B2u + E2u + E2g + E1u + E1g 

O1 6h mm2      A1g + A2g + A2u + B1g   + B1u + B2u + E2u + 2 E2g +2 E1u 

+ E1g 

O2 12k M 2 A1g + A1u + A2g +2 A2u +2 B1g   + B1u + B2g +2 B2u + 3 

E2u + 3 E2g +3 E1u + 3 E1g  

 

 

Modes for the 

atoms in their 

own Wykoff 

site: 

 TOTAL 5 A1g + A1u +2 A2g +7 A2u +6 B1g   + 2 B1u + B2g +6 B2u + 5 

E2u + 8 E2g +9 E1u + 6 E1g 

ACOUSTIC A2u + Eu 

RAMAN 5 A1g + 8 E2g + 6 E1g 

IR 6 A2u + 8 E1u 

Extra modes for B'-B'' cation 

disorder:
Raman, B'= A1g + E2g + E1g, IR, B'= A2u + E1u 

IR, B'' = A2u + E1u 



 

ε′. As the frequency reaches characteristic frequency the ε′ drops off suddenly pointing 

towards a relaxation phenomenon. At higher frequencies the dipoles are unable to follow the 

field resulting in a constant ε′ value. This nature of ε′ can explained by the Debye theory [40]. 

The relaxation peak in the tan δ curve shifts to higher frequency side on increasing the 

temperature as more polarization occurs at high temperatures. The broad nature of the tan δ 

peaks (Fig. 9 and 10) point to the polydispersive nature of relaxation times which can be 

analysed by the Cole-Cole model [41, 42] 

 
∗= ′ − " = ∞ + ∞

( )                (1) 

where εs and ε∞ are low and high frequency values of ε′, τ denotes the mean relaxation time 

and α represents the dispersal of the relaxation time. The value of α = 0 for monodispersive 

relaxation process and for polydispersive relaxation process α > 0.  

In the lower frequency side, tan δ for both the samples increases with the decrease in 

frequency due to the effect of dc conductivity. So, a term for the dc electrical conduction is 

added to equation (1) [43, 44]: 

 
∗= ∞ + ∞

( ) − ∗                                 (2) 

where the complex conductivity σ*= (σ1 + i σ2) with dc conductivity being denoted by σ1 and 

conductivity due to localized charges being denoted by σ2. In the above equation (2) n is a 

dimensionless frequency exponent which lies between 0 to 1. Equation (2) can be written as, 

′ = ∞ +
( ∞) ( )

( ) ( ) ( ) −         (3) 

 
" =

( ∞)( )

( ) ( ) ( ) +               (4) 

and, the dielectric loss can be calculated by  

tan δ = ε''/ε'                                   (5) 



 

The fitting of the experimental data has been performed using equations (3), (4) and (5) and 

the fitting parameters are given Table 7.  

 

Fig. 9: The angular frequency (log ω) variation of dielectric permittivity (ε′) and the loss 

tangent (tan δ) of BCN. 

The main factors driving the dielectric relaxation are the dipole relaxation and the 

conduction relaxation of the free charge carriers [45]. For both BCN and BCS, α which is 

associated with the dipole relaxation decreases with increase in temperature signifying that 

the dispersal of relaxation time decreases. The relaxation behaviour in both the samples tends 

towards monodispersive nature with increase in temperature. The value of ωm increases with 

increase in temperature indicating that the rate of polarization and the dipole density 

increases with temperature. The value of n increases with temperature for both BCN and BCS 



 

indicating that at higher temperature the carrier polarization mechanism is less dispersive 

owing to some barrier height extracted [45,46]. The mobile charge carriers when obstructed 

by the grain boundaries hampers their charge migration and they accumulate at the barrier 

which causes a localized polarization inside the grains [47]. As the temperature increases the 

density of charges causing the space charge polarization increases and the relaxation 

processes becomes more localized making the relaxation process more Debye type. In BCN 

and BCS the existence dc conductivity is evident in the low frequency region indicating that 

the samples possess some amount of electrical semi conductivity [47].  

 

Table 8. The values of different parameters obtained by fitting the dielectric spectra of BCN 
and BCS by modified Cole-Cole equations. 

 

Temperature 

(K) 
εs ε∞ ωm (Hz) α n σ1 (Sm-1) σ2 (Sm-1) 

BCN 

333 270 140 92222 0.1 0.88 0.2 × 10-7 0.2 × 10-8 

393 278 142 201111 0.1 0.89 0.4 × 10-7 0.5 × 10-8 

453 285 144 700000 0.099 0.895 0.6 × 10-7 0.6 × 10-8 

513 296 146 1255555 0.098 0.9 0.9 × 10-7 0.8 × 10-8 

BCS 

333 190 95 73333 0.3 0.8 0.05 ×10-7 0.1 × 10-8 

393 198 98 205555 0.28 0.8 0.1 × 10-7 0.2 × 10-8 

453 214 102 353235 0.26 0.81 0.2 ×10-7 0.2 × 10-8 

513 226 107 725114 0.24 0.82 0.3 ×10-7 0.4 × 10-8 



 

 

Fig. 10: The angular frequency (log ω) variation of dielectric permittivity (ε′) and the loss 

tangent (tan δ) of BCS. 

 

7.3.5. Complex impedance analysis: 

The complex impedance plots of BCN and BCS at temperatures 363 K and 423 K are 

illustrated in Fig. 11 and 12, respectively. The influence of grain and grain boundary to the 

overall impedance is determined by the presence of two deformed circular arcs which has 

been observed in case of both the samples [48].  



 

 

Fig. 11: The complex impedance plots of BCN.  

 

 

Fig. 12: The complex impedance plots of BCS. 

 

The centre of the semi-circular arc lying below the Z′ axis confirms the relaxation 

mechanism of the samples being polydispersive nature [48-53]. The arcs become smaller 

with increasing temperature due to the thermally activated conduction mechanism of the 

samples. The impedance spectra have been fitted using an equivalent circuit model 

comprising of two parallel combinations of resistance and capacitance joined together in 

series (Fig. 11). The capacitance term here is replaced by a constant phase element (Q) due to 



 

the non-ideal behaviour of the capacitance as a result of more than one relaxation process for 

a given relaxation time. The capacitance for the constant phase element is given by Cp = Q1/c 

R(1- c)/c  where c signifies the deviation from ideal Debye nature. For fitting the real and the 

imaginary part of the impedance the equations used are: 

 Z′ =    +                                                                             (6) 

and   Z" =  

⎣
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⎤
                                                 (7) 

where Rg and Rgb denotes the resistance and Qg and Qgb denotes the constant phase element 

for the grain and grain boundary respectively. The parameters from fitting are given in Table 

9 where the high values of Rgb indicates that the grain boundaries are more insulating than the 

grains.  

Table 9. The fitted parameters of the impedance circuit for BNTN and BNTS. 

 Temp. 

(K) 

Rg 

 (Ω) 

Qg  

(10-8 F/Ω) 

cg Rgb 

 (107 Ω) 

Qgb  

(10-9 F/Ω) 

cgb 

BCN 363 15000 0.35 0.82 85 0.1 0.86 

423 7000 0.09 0.89 65 0.09 0.86 

BCS 363 80000 0.095 0.85 120 0.098 0.86 

423 23000 0.087 0.84 54 0.08 0.85 



 

7.3.6. Conductivity Analysis: 

 The frequency (log ω) variation ac conductivity with frequency for BCN and BCS at 

various temperatures is portrayed in Fig. 13 and 14, respectively where two discrete plateaus 

can be observed. The plateau at the low frequency is associated with total conductivity 

whereas the plateau at the higher frequency is associated with grain’s contribution to the total 

conductivity [54]. Hence, two processes dictate the bulk conduction mechanism of the 

samples. The total conductivity as stated by the power law is: 

σ (ω) = σdc+ K ωn                        (8) 

here σdc is the dc conductivity and K is a constant dependent on frequency and temperature. 

The conductivity spectra have been fitted using equation 8 with n values between 1.55-1.61 

[55] at lower frequency and 0.4-0.45 at higher frequency [56] and the parameters used for  

fitting are represented in Table 10.  

 

Fig. 13: The frequency dependent ac conductivity plots for BCN. 



 

 

Fig. 14: The frequency dependent ac conductivity plots for BCS. 

Table 10: Various fitted parameters of the conductivity spectra for BCN and BCS. 

Sample Temperature(K) σdc (Sm-1) A n 

BCN 363 (at low frequency) 2.7 × 10-8 2.1 × 10-13 1.6 

363 (at high frequency) 2.7 × 10-8 2 × 10-7 0.4 

543 (at low frequency) 11 × 10-8 0.3 × 10-13 1.55 

543 (at high frequency) 11 × 10-8 3.7 × 10-7 0.45 

BCS 363 (at low frequency) 3.9 × 10-8 2.2 × 10-13 1.61 

363 (at high frequency) 3.9 × 10-8 3.8 × 10-7 0.41 

543 (at low frequency) 19 × 10-8 0.5 × 10-13 1.56 

543 (at high frequency) 19 × 10-8 9 × 10-7 0.45 

 



 

 For both BCN and BCS the variation of the dc conductivity (σdc) with the inverse of 

temperature (Fig. 15) is found to follow the Arrhenius Law: σdc = σ0 exp [- σ ], where Eσ is 

the activation energy. As temperature increases the dc conductivity value increases. The 

value of Eσ as deduced from the Arrhenius plot is 0.23 eV and 0.27 eV for BCN and BCS, 

respectively which suggests that for both the samples the conduction mechanism is governed 

by p-type polaron hopping [57,58]. The conductivity spectra have step like nature due to the 

presence of different potentials offered by the grain and grain boundaries and the hopping of 

charge carriers through these potential barriers [59].  

 

Fig. 15: The Arrhenius plots for BCN and BCS. 

7.4. Discussion: 

 It can be observed from Fig 9 and 10 that the room temperature permittivity values of 

BCN and BCS are 266 and 178, respectively at 1 KHz. Their loss tangent values at 1 KHz are 

0.04 for BCN and 0.05 for BCS. The reported permittivity values of analogous 1:2 ordered 

perovskites are; ε' = 31 for Ba3MgNb2O9, ε' = 41 for Ba3ZnNb2O9 and ε' = 43 for 

Ba3CaNb2O9 in GHz range [60‒62]. Taking into account our previous work on 1:2 ordered 



 

perovskites Ca3(MgTa2)O9 (CMT) and Ca3(ZnTa2)O9 (CZT), where permittivity values for 

CMT is ε' ~180 and for CZT ε' ~ 298 at 1 KHz [53]. The tan δ values for CMT and CZT are 

0.05 and 0.06, respectively at 1KHz. The permittivity value of BCN is greater than that of 

CMT and CZT as samples containing Nb5+ exhibit larger ionic polarization as compared to 

Ta5+ based perovskites [22]. The permittivity value of BCS is comparable to CMT. The loss 

tangent value of BCN is lower than that of CMT and CZT.  

The hybridization between the vacant d orbitals of B-site cations and the p orbitals of 

oxygen anion of perovskites effects their transport properties [63,64]. The electronegativity 

of Sb5+ > Nb5+ and results in less ionic or more covalent Sb-O bond which decreases its 

macroscopic polarizability [63, 59]. In BCN the 4d orbital of Nb are vacant whereas in BCS 

the 4d orbitals of Sb are completely filled. The presence of vacant d orbitals in Nb favours 

higher hybridization with p orbitals of oxygen leading to larger polar instabilities and higher 

permittivity values for BCN [65]. Thus, constituent B-site cations in perovskites plays a 

crucial role in determining their polarizability and hence their dielectric properties.  

7.5. Conclusion: 

 The double perovskites BaCo1/3Nb2/3O3 (BCN) and BaCo1/3Sb2/3O3 (BCS) 

have been prepared by the ceramic method. The BCN sample crystallizes in trigonal 

symmetry with P-3m1 space group and the BCS sample crystallizes in hexagonal symmetry 

with P 63/mmc space group and both the samples are possess cationic disorder due to the site 

exchange of cations occupying the B' and B'' sites. The dielectric loss for both the samples is 

similar in nature with a broad peak indicating the polydispersive nature of the relaxation 

phenomena. For both the samples two semi-circular arcs are obtained which indicates that the 

total impedance is due to the contribution of both grain and grain boundaries. The activation 



 

energy as deduced from the Arrhenius plot is 0.23 eV and 0.27 eV for BCN and BCS 

respectively, indicating the conduction phenomena is because of the hopping of the polaron 

of p-type. The dielectric permittivity of BCN is greater than BCS and the dielectric loss for 

BCN is lower than BCS so BCN will be better option for application in circuit 

miniaturization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

References 

[1] P. K. Davies, H. Wu, A. Y. Borisevich, I. E. Molodetsky, L. Farber, Annu. Rev. Mater. 

Res. 38 (2008) 369–401. 

[2] O. V. Ramírez, F. G. García, M. A. C. Lopez, E. R. Trejo, J. Electroceram. 28 (2012) 

226–232. 

[3] W. Wei, M. Li, Y. H. Hu, Ind. Eng. Chem. Res. 58(20) (2019) 8743. 

[4] K. Ke, K. K. Kondamareddy, F. Gao, X. Zhang, X. Yuan, Energy Technol. 7 (2019) 10. 

[5] A. Schneider, S. Alon, L. Etgar, Energy Technol. 7 (2019) 7. 

[6] A. M. Oo, P. Fan, X. Zhang, J. Yu, Energy Technol. 8 (2020) 3. 

[7] S. He, L. Qiu, L. K. Ono, Y. Qi, Mater. Sci. Eng. R Rep. 140 (2020) 100545. 

[8] E. V. Péan, C. S. De Castro, S. Dimitrov, Adv. Funct. Mater. 30 (2020) 12. 

[9] I. M. Reaney, D. Iddles, J. Am. Ceram. Soc. 89 (2006) 2063. 

[10] E. Fabbri, D. Pergolesi, E.  Traversa, Chem. Soc. Rev. 39 (2010) 4355‒4369. 

[11] W. T. Fu, D. J. W. Ijdo, J. Solid State Chem. 178 (2005) 2363. 

[12] W. Kockelmann, D. T. Adroja, A. D. Hillier, M. Wakeshima, Y. Izumiyama, Y. Hinatsu, 

K. S. Knight, D. Visser, B. D. Rainford, Phys. B 378 (2006) 543. 

[13] H. Karunadasa, Q. Huang, B. G. Ueland, P. Schiffer, R. J. Cava, Appl. Phys. Sci. 100 

(2003) 8097. 

[14] S. K. Korchagina, Y. A. Shevchuk, Inorg. Mater. 42 (2006) 64. 

[15] K. Henmi, Y. Hinatsu, J. Solid State Chem. 148 (1999) 353. 

[16] R. Mani, N. S. P. Bhuvanesh, K. V. Ramanujachary, W. Green, S. E. Lofland, J. 

Gopalakrishnan, J. Mater. Chem. 17 (2007) 1589. 

[17] C. Darie, P. Bordet, M. Viaud, C. Guillot-Deudon, P. Deniard, E. Gautron, C. Colin, F. 

Porcher, G. Berlanda, F. Bert, P. Mendels, C. Payen, J. Solid State Chem. 317 (2023) 12370. 



 

[18] F. Azough, C. Leach, R. Freer, J. Eur. Ceram. Soc. 26 (2006) 2877–2884. 

[19] S. Berri, N. Bouarissa, Potential Energy Solutions (IEEES-12) 46 (2022) 9968–9984. 

[20] S. Ya. Istomina, V. A. Koutcenkoa, E.V. Antipova, F. Lindbergb, G. Svensson, Mater. 

Res. Bull. 39 (2004) 1013–1022. 

[21] A. C. Larson, R. B. Von Dreele, General structure analysis system (GSAS). Los Alamos 

National Laboratory, Report LAUR (2000) 86–784. 

[22] M. W. Lufaso, Chem. Mater. 16 (2004) 2148–2156. 

[23] M. W. Lufaso, E. Hopkins, S. M. Bell, A. Llobet, Chem. Mater. 17 (2005) 4250. 

[24] J. E. Joy, E. Atamanik, R. Mani, A. Nag, R.M. Tiwari, V. Thangadurai, J. 

Gopalakrishnan, Solid State Sci. 12 (2010) 1970–1976. 

[25] G. Blasse, J. Inorg. Nucl. Chem. 27 (1965) 993. 

[26] J. B. Goodenough, J. A. Kafalas, J. Solid State Chem. 6 (1973) 493. 

[27] H. Mizoguchi, P. M. Woodward, S. H. Byeon, J. B. Parise, J. Am. Chem. Soc. 126 

(2004) 3175. 

[28] J. E. F. S. Rodrigues, E. Moreira, D. M. Bezerra, A. P. Maciel, C. W. A. Paschoal, 

Mater. Res. Bull. 48 (2013) 3298–3303. 

[29] B. H. Toby, Appl. Cryst. 34 (2001) 210. 

[30] R. Gerhardt, J. Phys. Chem. Solids 55 (1994) 1491. 

[31] A. Barua, S. K. Dey, S. K. Sabyasachi, S. Kumar, J. Alloys Compd. 854 (2021) 157217. 

[32] D. L. Rousseau, R. P. Bauman, S. P. S. Porto, J. Raman Spectrosc. 10 (1981) 253. 

[33] A. Dias, V. Ciminelli, F. M. Matinaga, R. Moreira, J. Eur. Ceram. Soc. 21 (2001) 2739–

2744. 

[34] R. L. Moreira, F. M. Matinaga, A. Dias, Appl. Phys. Lett. 78 (2001) 428. 



 

[35] J. E. F. S. Rodrigues, D. M. Bezerra, A. P. Maciel, C. W. A. Paschoal, Ceram. Int. 40 

(2014) 5921–5930. 

[36] S. A. Prosandeev, U. Waghmare, I. Levin, J. Maslar, Phys. Rev. B 71 (2005) 214307. 

[37] V. L. Ginzburg, A. P. Levanyuk, A. A. Sobyanin, Phys. Rep.3 (1980) 151–240.  

[38] Ph. Daniel, J. Toulouse, J. Y. Gesland, M. Rousseau, Phys. Rev. B 52 (1995)13. 

[39] J. Chen, Y. Tang, J. Li, H. Xiang, C. Li, X. Xing, L. Fang, J. Alloys Compd. 820 (2020) 

153159. 

[40] P. Debye, Polar Molecules, Chemical Catalogue Company, New York, 1929. 

[41] K. S. Cole, R. H. Cole, J. Chem. Phys. 9 (1941) 341–351. 

[42] K. S. Cole, R. H. Cole, J. Chem. Phys. 10 (1942) 98–105. 

[43] R. Coelho, Physics of Dielectrics (New York: Elsevier) 1978. 

[44] S. K. Maity, A. Dutta, S. Kumar, T. P. Sinha, Phys. Scr. 88 (2013) 065702.  

[45] P. Thongbai, S. Tangwancharoen, T. Yamwong, S. Maensiri, J. Phys. Condens. Matter 

20 (2008) 395227. 

[46] S. Halder, A. Dutta, T.P. Sinha, J. Phys. Chem. Solids 102 (2017) 79–89. 

[47] R. Mukherjee, S. Saha, A. Dutta, T. P. Sinha, J. Alloys Compd. 651 (2015) 222–229. 

[48] A. Barua, S. Maity, S. Kumar, A. Dutta, T.P. Sinha, Physica B 583 (2020) 412057. 

[49] L. Liu, H. Fan, P. Fang, L. Jin, Solid State Commun. 142 (2007) 573–576. 

[50] L. Liu, H. Fan, P. Fang, X. Chen, Mater. Res. Bull. 43 (2008) 1800–1807. 

[51] R. Gerhardt, J. Phys. Chem. Solids. 55 (1994)1491–1506. 

[52] M. C. H. Mckubre, J. R. Macdonald, Impedance Spectroscopy Emphasizing Solid 

Materials and Systems, ed. J. R. Macdonald, Wiley, New York, (1987)191. 

[53] M. M. Hoque, A. Barua, A. Dutta, S. K. Dey, T. P. Sinha, S. Kumar, Ionics 23 (2017) 

471–483. 



 

[54] A. Dutta, C. Bharti, T. P. Sinha, Mater. Res. Bull. 43 (2008) 1246–1254. 

[55] S. Nomura, K. Toyama, K. Kaneta, Jpn. J. Appl. Phys. 21 (1982) 624–626. 

[56] C. Bharti, T.P. Sinha, Solid State Sci. 12 (2010) 498–502 

[57] M. Idrees, M. Nadeem, M. M. Hassan, J. Phys. D Appl. Phys. 43 (2010) 155401. 

[58] W. H. Jung, J. Appl. Phys. 90 (2001) 2455.  

[59] Y. Tsuji, A. Kan, H Ogawa, S. Ishihara, J. Eur. Ceram. Soc. 25 (2005) 2883–2887. 

[60] Y. W. Kim, J. H. Park, J. G. Park, J. Eur. Ceram. Soc. 24 (2004) 1775–1779. 

[61] S. Nomura, Ferroelectrics. 49 (1983) 61–70. 

[62] J. E. F. S. Rodrigues, P. J. Castro, P. S. Pizani, W. R. Correr, A. C. Hernandes, Ceram. 

Int. 42 (2016) 18087–18093. 

[63] A. Dutta, T. P. Sinha, D. Das, J. Magn. Magn. Mater. 360 (2014) 211–21. 

[64] A. Dutta, T.P. Sinha, Mater. Res. Bull. 46 (2011) 518–524. 

[65] W.Wersing, Curr. Opin. Solid State Mater. Sci. 1 (1996) 715–731. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 



 

8.1. Conclusions: 

 The main objective of this thesis is to develop lead free perovskite oxides having high 

dielectric constant and low dielectric loss and to study the correlation between their structural 

and dielectric properties. In this context we have investigated the structural, microstructural, 

optical and dielectric properties of double (Ba2YbTaO6, Ba2YbSbO6, Sr2YbNbO6 and 

Sr2YbSbO6), and triple (Ba3NiTaNbO9, Ba3NiTaSbO9, BaCo1/3Nb2/3O3 and BaCo1/3Sb2/3O3) 

perovskite oxides; and also a nanocomposite (Ba2YbSbO6-CO3) of perovskite oxides and 

examined the different types of physical properties exhibited by them. All the samples have 

been synthesized by solid state ceramic method and the samples obtained are polycrystalline 

in nature. The crystal structure of the samples has been analyzed using Rietveld analysis. 

EDS spectroscopy has been used to confirm the sample purity. The optical characteristics of 

the samples have been investigated using Raman and FTIR spectroscopy. The experimental 

band gap of the samples has been investigated using UV visible spectroscopy. The dielectric 

properties of the samples have been investigated at different temperatures to understand their 

temperature dependent dielectric response. The conclusions of the present work are as 

follows: 

 

1.  The first work (Chapter 3) comprises of the synthesis of a double perovskite Ba2YbTaO6 

by solid state ceramic method. The Rietveld refinement of the XRD patterns reveals the cubic 

phase of the sample having Fm3  space group with cell parameters: a = b = c = 8.385 Å. 

The average grain size of the sample is 7.78 μm. The presence of negligible amount of 

porosity in the sample is confirmed from its density ~ 8.092 g cc−1. The experimental band 

gap of the sample is 3.95 eV as obtained from the UV-visible Spectroscopy. The cubic phase 



 

of the sample is further confirmed by the three bands (577 cm-1, 1440 cm-1 and 1642 cm-1) 

obtained in the FTIR spectra which is associated with the Fm3  space group. In the 

impedance spectra two deformed semi-circular arcs are obtained confirming the role of both 

grain boundary and grain in determining the total impedance. The deformed semi-circular arc 

in the Nyquist plot confirms the non-Debye type relaxation present in the sample. In the 

region of dispersion for ε′ a relaxation peak is observed in the loss tangent curve and the 

shifting of its tan δ peak with temperature point towards a temperature dependency of the 

dielectric relaxation of the sample. The existence of dc conductivity (σdc) is indicated by the 

dramatic change in tan δ at low frequencies. The broad nature of its loss tangent peaks 

indicates the polydispersive behaviour of its dielectric relaxation process. The activation 

energy Ea = 0.51 eV as calculated from the Arrhenius plot, suggests that the hopping of p-

type polaron is responsible for its conduction mechanism. The existence of two plateaus in 

the conductivity plot indicates that in the bulk conduction behaviour two processes are 

involved due to the contribution of grain and grain boundary. The dielectric permittivity 

value at 40 Hz and 363 K for Ba2YbTaO6 (ε′ ~ 390) is significantly large as compared to 

Ba2YbNbO6 (ε′ ~ 340) as the Ta-O bond length is weaker than Nb-O bond length and the 

polarization can be easily achieved. In this way the lattice vibrations associated with the 

crystal structure strongly affect its dielectric permittivity values.  

 

2. In the second work (Chapter 4) we have scrutinized how the structural, microstructural and 

surface adsorbed CO2 influences the dielectric and electrical transport properties of 

Ba2YbSbO6 (BYSB) and Ba2YbSbO6-BaCO3 (BYSN). The BYSB sample having grain size ~ 

1.92 μm has been prepared by solid state ceramic method. BYSN having particle size ~ 50 

nm has been synthesized by high energy ball milling of BYSB. The mechanically activated 



 

nanosized double perovskite Ba2YbSbO6 adsorbs atmospheric CO2 and is converted into a 

nanocomposite of Ba2YbSbO6 and BaCO3 as revealed from the Rietveld refinement of the 

XRD pattern of BYSN along with spectroscopic evidences. BYSB is a single-phase cubic 

perovskite oxide with Fm3m space group whereas BYSN is a nanocomposite composed of 

86.4 % Ba2YbSbO6 and 13.6 % BaCO3 phases with surface adsorbed CO2. Due to the lattice 

deformation and surface disorder caused by high energy mechanical milling, the BYSN 

sample adsorbs atmospheric CO2 and H2O. The crystalline defects of BYSN acts as active 

sites prone to chemical reaction and a part of Ba present in BYSN reacts with surface 

adsorbed CO2 to form BaCO3. The permittivity value for BYSN at any given temperature is 

higher than that of BYSB. The loss tangent values of BYSN are comparatively lower than 

that of BYSB at high frequencies. For both the samples the relaxation mechanism governing 

the dielectric behaviour is polydispersive in nature and Cole-Cole type. The values of 

impedance at room temperature for BYSN is higher than that  of BYSB. BYSN exhibits 

anomalous dielectric and electrical properties above 393 K as it releases the surface adsorbed 

CO2 above this temperature. In both BYSB and BYSN p-type polaron hopping dictates their 

electrical transport properties. The formation of secondary BaCO3 phase in case of BYSN 

sample upon CO2 adsorption suggests that nanosized Ba2YbSbO6 can act as an efficient agent 

for removing harmful CO2 from polluted air. The structural and microstructural properties 

along with surface adsorbed CO2 plays a key role in determining the dielectric relaxation and 

electrical transport properties of BYSB and BYSN. 

 

3. In the third work (Chapter 5) we have investigated the structural, microstructural and 

dielectric properties of double perovskite Sr2YbNbO6 (SYN) and Sr2YbSbO6 (SYS) 

synthesized by ceramic method. Both the samples possess monoclinic crystal structure with 



 

P21/n space group. The lattice parameters of SYN are: a = 5.79644 (Å), b = 5.76612 (Å), c = 

8.15671 (Å), α = γ = 90º and β = 90.5109º. The lattice parameters of SYS are: a=5.79 Å, 

b=5.79 Å, c=8.19 Å and β = 90.136°. The average size of its polycrystalline grains is 2.38 μm 

for SYN and 1.45 μm for SYS. The dielectric relaxation of both the sample is polydispersive 

in nature and has been analysed using the Cole-Cole model. The ε' and ε" values of SYN is 

found to be ~ 175 and 23 at 1 KHz. For SYS the values of dielectric permittivity and loss 

tangent at room temperature are 120 and 0.15, respectively at 1 KHz. The activation energy 

obtained from the Arrhenius plot is 0.52 eV for SYN and 0.21 eV for SYS. The conduction 

mechanism of SYN and SYS is mainly due to the hopping of p type polarons. The values of 

ε' at any constant temperature decreases with ionic size of the cations as smaller the electron 

orbital radius, lower is its electronic polarizability. The ionic polarization also tends to 

decrease with the decrease in the radius of the associated ions. The permittivity value of SYS 

is lower than SYN due to the smaller ionic size of Sb as compared to Nb. Thus, the dielectric 

properties of a sample are largely controlled by its crystal structure and the radii of its 

constituent ions. 

 

4. In the fourth work (Chapter 6) we have successfully synthesized two triple perovskites, 

viz., Ba3NiTaNbO9 (BNTN) and Ba3NiTaSbO9 (BNTS) by solid state ceramic method. The 

crystal structure as obtained from the Rietveld refinement of the XRD patterns reveals that 

BNTN crystallizes in trigonal symmetry with P-3m1 space group (a=5.755 Å, b=5.755 Å, c= 

7.066 Å and α=β=90º, γ=120º) and BNTS crystallizes in hexagonal symmetry with P 63/mmc  

space group (a=5.835 Å, b=5.835 Å, c= 14.404 Å and α=β=90º, γ=120º). The experimental 

density of the pellets is 8.01 g/cc for BNTN and 7.29 g/cc for BNTS which indicates that the 

presence of porosity is negligible. The grain size of BNTN ranges from 0.52 μm to 1.83 μm 



 

and for BNTS it ranges from 0.25 μm to 1.21 μm. Both BNTN and BNTS are partially 

disordered perovskite and in their Raman spectra more than expected number of modes than 

their ordered form has been obtained due to their B-site (B'-B''-B''') occupational disorder and 

localized crystalline defects. The dielectric loss for both the samples is similar in nature with 

a broad peak indicating the polydispersive nature of the relaxation phenomena. For both the 

samples two semi-circular arcs are obtained which indicates that the total impedance is due to 

the contribution of both grain and grain boundaries. The activation energy as deduced from 

the Arrhenius plot is 0.36 eV and 0.37 eV for BNTN and BNTS respectively, indicating the 

conduction is due to the hopping of the polaron of p-type. The room temperature dielectric 

constant and dielectric loss at 500 KHz are 324 and 0.05 for BNTN and 182 and 0.04 for 

BNTS, respectively. Both the sample possess cationic disorder due to the site exchange of 

cations occupying the B', B'' and B''' sites. Thus the ordering of A3(B′B″B″′)O9 type 

perovskites is greatly dependent on the site occupancy of B′, B″ and B″′ cations. 

 

 5. In the fifth work (Chapter 7) we have reported the structural properties of 

BaCo1/3Nb2/3O3 and BaCo1/3Sb2/3O3 synthesized by solid state ceramic method. BCN and 

BCS are partially ordered perovskite oxide having general formula A3(B′B″2)O9. BCN 

stabilize in P-3m1 space group (a = 5.75581(Å), b = 5.75581(Å), c = 7.06833 (Å), α = β = 

90º and γ = 120 º) of trigonal symmetry and BCS possess P63/mmc space group (a = 5.83744 

(Å), b = 5.83744 (Å), c = 14.4082 (Å), α = β = 90º and γ = 120 º) of hexagonal symmetry. 

Both the sample possess cationic disorder due to the site exchange of cations occupying the 

B' and B'' sites. The Lorentzian fitting of the BCN sample indicates the presence of 15 bands. 

The Lorentzian fitting of the BCS sample indicates the presence of 24 bands. In BCN and 

BCS more than expected number of modes arises in the Raman spectra due to their B-site 



 

(B'-B'') occupational disorder and crystalline defects. The loss peaks in BCN and BCS are 

broad in nature indicating polydispersive nature of the relaxation phenomena. Total 

impedance in both the samples has the contribution of both grain and grain boundaries. The 

activation energy as calculated from the Arrhenius plot are 0.23 eV and 0.27 eV for BCN and 

BCS respectively. The conduction in both the samples is due to the hopping of the polaron of 

p-type. In BCN the 4d orbital of Nb are vacant whereas in BCS the 4d orbitals of Sb are 

completely filled. The presence of vacant d orbitals in Nb favours higher hybridization with p 

orbitals of oxygen leading to larger polar instabilities and higher permittivity values for BCN. 

Thus, constituent B-site cations in perovskites plays a crucial role in determining their 

polarizability and hence their dielectric properties. 

 

8.2. Future scope of the work: 

1. There is further scope in the synthesis of perovskite oxides having nanometric size in order 

to show applications in sensing, solid oxide fuel cells and as catalysts. It can also be shown 

that synthesis procedure strongly effects the physical properties of nano sized perovskite 

oxides. 

2. More nano composites of perovskite oxides can be developed having application in the 

absorption of toxic atmospheric gases.  

3. A and B-sites of the perovskites can be doped with suitable cations in order to enhance 

their magnetic properties for applications in miniaturized magnetic sensor, magnetic 

refrigeration and bioprocessing. 

4. Dielectric properties of perovskites having more than three B- site cations can be explored. 
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A B S T R A C T   

The double perovskite oxide Ba2YbTaO6 (BYT) comprising of a rare earth material was prepared using solid state 
ceramic route. The structural investigation proposes the cubic phase of BYT with Fm3m space group. The optical 
band gap of BYT is 3.95 eV which was calculated by means of the UV–visible absorption spectrum. The frequency 
dependent dielectric characterization of BYT was done in between temperatures 303 K and 623 K. The relaxation 
behavior of BYT was examined utilizing the Cole–Cole model. The frequency reliant conductivity curves were 
analyzed using the power law. The hopping mechanism responsible for conduction in BYT is due to the p-type 
polaron hopping which is corroborated by the activation energy value of 0.5 eV.   

1. Introduction 

Double perovskite oxides are the most promising functional material 
in the eld of electronics as well as electrical technology as they can 
have different types of chemical composition, various crystal structure 
and their dependent physical properties [1–3]. Amalgamation of 
different physical properties in a single material is the most exigent task 
for material scientists and perovskite oxides have given this opportunity 
[4]. However, most binary, ternary or quaternary compounds contain 
lead which is extremely toxic by nature. In the last few decades the 
progress of electronics as well as electrical technology is based on the 
continuous effort to develop smart and eco-friendly materials. Lead 
being a toxic material, other alternatives like lead free dielectric mate-
rials are need to be developed [5–9]. The conventional chemical formula 
of the double perovskite oxides is A2B0B00O6 [10]. 

An extensive survey of the literature on ytterbium based double 
perovskite oxides shows that, the ac electrical properties of very few are 
reported. The structural properties of Ba2LnTaO6 (where Ln is a trivalent 
lanthanide) in temperature between 82 K and 723 K have been reported 
by Hammink et al. [11]. Konopka et al. [12] have reported the dielectric 
permittivity of Ba2YbTaO6 in the microwave frequency range and its 
magnetic susceptibilities and the electron paramagnetic resonance 
measured between 5 K and room temperature have been reported by 
Taria et al. [13]. However, the detailed analysis of the variation of the 
electrical parameters like dielectric permittivity, loss tangent, imped-
ance and conductivity with temperature and frequency of ‘Barium 

Ytterbium Tantalum Oxide’ (Ba2YbTaO6, BYT) has not yet been reported 
in the low frequency region. Here we have used the solid-state reaction 
route to synthesize the BYT sample. The structural, optical, vibrational 
and electrical properties of BYT have been reported in this paper. 
Alternating Current Impedance Spectroscopy (ACIS) technique was 
utilized for measuring the dielectric properties of BYT which was 
measured using the frequency between 42 Hz and 1 Megahertz and 
temperatures between 303 K and 623 K. 

2. Experimental 

Stoichiometric amount of Barium Carbonate (Ba2CO3, Loba, Extra 
pure), Ytterbium oxide (Yb2O3, Sigma-Aldrich, 99.9%) and Tantalum 
Pentoxide (Ta2O5, 99.9%) were mixed using acetone (Merck) in an agate 
motor for 12 h and then placed in a Platinum crucible and calcined at 
1500 C for about 8 h. The mixture was then cooled at a rate of 100 C/h 
and brought down to 30 C. The palletization of the powdered mixture 
was done after mixing it with a small amount of polyvinyl alcohol which 
acts as a binding agent. The sintering of the pelletized disc, having 7.46 
mm diameter and 1.4 mm thickness, was done at 1550 C for 12 h. The 
sintered sample was then brought down to 30 C by cooling it at a rate of 
1 C/min. 

The powder x-ray diffraction (PXRD) pattern was obtained by 
keeping the Bragg’s angle between 10 2θ 120 and by using Cu-Kα 
radiation. The PXRD data was recorded at room temperature with step 
scanning size of 0.02. The surface morphology and homogeneity of BYT 
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was studied with a scanning electron microscope (SEM). For the 
dielectric measurement, the disc of the sample was polished and a 
conductive silver electrode on each side of the sample disc were devel-
oped and then red. In order to perform the dielectric measurements 
LCR meter (HIOKI-3532, Japan) was used. 

3. Results 

3.1. Structural investigation 

The tolerance factor t of BYT has been calculated using t ¼ rAþr0ffiffi
2
p
ðrBþr0Þ, 

where, rA, ½rB¼ ðrB0 þrB00 Þ =2 and r0 are the ionic radii of the constituent 
A, B and O site ions, respectively [14]. The calculation has been made 
considering the Shannon ionic radii [15]. The tolerance factor t for BYT 
is 0.99. This value of t agrees well with that of the cubic structure which 
has no driving force to deform them to a lower symmetry thus no 
octahedral tilt is expected in the system. The Rietveld re nement of the 
PXRD pattern of BYT (Fig. 1) was performed using the FULLPROF pro-
gram [16]. The re ned PXRD pro le has been denoted by the continuous 
line in Fig. 1 whereas the experimental data are represented by the 
scattered symbols and their difference is represented by the blue line at 
the bottom. The Bragg’s positions are depicted within rst bracket 
corresponding to each peak position. The at nature of the difference 
between the re ned XRD pro le and the experimental data suggests the 
phase formation with cubic phase and Fm3m ðO5

hÞ space group. 
Fig. 2 shows the crystal structure of BYT with YbO6 and TaO6 octa-

hedra being represented in different colors. The XRD tt ing, structural 
parameters and Yb–O–Ta bond angle is given in Table 1. From Fig. 2 it 
can be clearly seen that no tilt is present in both the YbO6 and TaO6 
octahedra. For BYT the average grain size is 7.609 μm which has been 
determined by the Debye-Scherrer’s equation: Dhkl ¼ Kλ/βcosθ. The 
inset of Fig. 1 depicts the SEM image of BYT having average grain size of 
7.78 μm. It can thus be concluded that our calculated result agrees well 
with the experimental data. The compactness of the grains in the SEM 
image points toward the high density of the prepared sample. The 
theoretical density of the sample is 8.165 g cc 1. The density of BYT 
pellet measured using the Archimedes principle is 8.092 g cc 1, indi-
cating negligible amount of porosities present in the sample disc. The 
chemical constituents of BYT have been depicted in the EDAX spectrum 
[the inset of Fig. 3]. 

3.2. UV–visible spectroscopic analysis 

Fig. 4 demonstrates the UV–visible absorption spectrum of BYT from 
which the optical band gap (Eg) of BYT has been determined using the 
Tauc’s relation [17]  

[F(R) * hυ] ¼ C [hυ Eg]n                                                              (1) 

where the Kubelka-Munk function is represented by F(R), hυ is  the 
incident photon’s energy, C is a constant, and n indicates the nature of 
the sample transition. The optical absorbance of a sample can be 
calculated from its re ectance by using F(R): 

FðRÞ ¼ ð1 RÞ2

2R ;

where R is the re ectance (%). At the linear absorption edge a tangent is 
drawn in the graph and from the intersection of the tangent with the 
abscissa the value of Eg for BYT is calculated to be 3.95 eV. 

3.3. Photoluminescence spectroscopic study 

The photoluminescence (PL) emission spectra was obtained by 
keeping the excitation wavelength xed at 316 nm and is shown in 
Fig. 5. From the PL spectra we observe a strong, intense peak at around 
414 nm which arises due to the direct transition of electron to conduc-
tion band (CB) from the valence band (VB). Another shoulder hump at 
around 438 nm is due to the dangling bonds associated with the BYT 
microstructure. These dangling bonds may increase the surface states 
within the band gap of the material. The electrons originating from the 
bulk BYT ll up the mid-gap states till the Fermi level. The charge 
accumulation at the surface creates a depletion region resulting in the 
development of an electric eld which causes the bending of the edges of 
valence band and conduction band. Trap levels are created by these 
types of band structures and the electron goes from VB to CB via this trap 
level. The peak at around 438 nm is due to trap related recombination of 
electron that originates from the structural defects. Photoluminescence 

Fig. 1. Rietveld re nement plot of BYT where the experimental points are 
represented by symbols and the line represents the simulated XRD data. SEM 
micrograph is in the inset. 

Fig. 2. The structure of BYT obtained from the Rietveld re nement.  

Table 1 
XRD tting and structural parameters.  

Atom Wyckoff 
position 

x y z B Bond length 
(Å) 

BVS 

Ba 8c 0.25 0.25 0.25 0.090 Ba–O(x 4) ¼
2.96463(3) 

1.912 

Yb 4a 0.0 0.0 0.0 0.074 Ba–O(x 8) ¼
2.96(7) 

1.912 

Ta 4b 0.5 0.5 0.5 0.774 Yb–O(x 4) ¼
2.08789(3) 

3.642 

O 24e 0.25 
(1) 

0.0 0.0 1.000 Yb–O(x 2) ¼
2.09(9) 
Ta–O(x 4) ¼
2.10466 
Ta–O(x 2) ¼
2.10(9)  

Cell parameters: a ¼ b ¼ c ¼ 8.38510(14) Å; Rwp ¼ 15.2; Rexp ¼ 8.87; Rp ¼
15.6; χ2 ¼ 2.95, (Yb-O-Ta) ¼ 180 (4). 
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excitation (PLE) measurement has been performed keeping the emission 
wavelength xed at 414 nm, which is shown in Fig. 6. In the PLE spectra 
it is observed that the excitonic peak is at 316 nm which is very close to 
the excitonic peak of the UV–Vis spectra. 

3.4. FTIR analysis 

In order to study the chemical bonding present in BYT we have 
performed the Fourier transform infrared (FTIR) spectroscopy (Fig. 7) 
where three bands are detected at 577 cm 1, 1440 cm 1 and 1642 cm 1. 
The results agree well with the predictions of group theory for a cubic 
perovskite structure [18]. The absorption peaks represent the 

vibrational coupling between various coordination polyhedral present 
in BYT. The asymmetric stretching vibration of TaO6 octahedral is 
indicated by a strong peak at about 577 cm 1 [19]. The IR bands 
matches well with that reported for cubic A2B0B00O6 type perovskites 
[20–24]. The weak band at about 1440 cm 1 is due to the overtones of 
the fundamental vibrations present within BYT and small bands around 
1642 cm 1 arises because of the carrier KBr (H2O) n. 

3.5. Impedance analysis 

Fig. 8 illustrates the impedance formalism at temperatures 453 K and 
483 K which has been analyzed for understanding the relaxation 

Fig. 3. EDAX spectrum of BYT.  

Fig. 4. The UV–visible absorption spectrum of BYT.  Fig. 5. The photoluminescence emission spectra of BYT.  
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behavior of BYT. Two deformed semicircular arcs are present in the 
complex impedance plot for each temperature. The smaller semicircular 
arc is detected in higher frequency side whereas the larger semicircular 
arc is detected in lower frequency side which point towards the role of 
both grain boundary (lower frequency side) and grain (higher frequency 
side) in contributing to the total impedance. The depressed or deformed 
semicircular arc in the Nyquist plot is due to the non-Debye type 
relaxation mechanism which is attributed to the possibility of poly-
dispersive nature of BYT. The Debye type relaxation has only one 
relaxation process with de nite relaxation time whereas non-Debye type 
relaxation involves multiple relaxation processes having different 
relaxation time, which leads to a distribution in the relaxation times of 
the dipoles present in the sample. This polydispersive nature can be 
probed from the Nyquist plot of the sample. In case of Debye type 
relaxation, the semi-circular arc’s center is located in the Z0 axis whereas 
for the relaxation of non-Debye type as in case of our sample the center 
lies well below the Z0 axis [25]. Thus, the relaxation phenomena our 
sample exhibit is polydispersive in nature. Here the non-Debye relaxa-
tion process arises due to the charge carriers that are distributed 
in-homogeneously around grain-boundaries causing local variation of 
resistances in those regions [26]. 

The experimental curve has been simulated using a comparable 
circuit consisting of two parallel resistor-capacitor (RC) components 
joined together in series. By de nition the total impedance consists of 
real (Z0) and imaginary (Z00) parts which can be written as [27,28]: 

Z’¼ Rg
1þ ωRgCg 2 þ

Rgb
1þ ωRgbCgb 2 (2)  

Z}¼Rg
ωRgCg

1þ ωRgCg
2 þ Rgb

ωRgbCgb
1þ ωRgbCgb

2 (3) 

Here Rg and Cg denotes the grain’s contribution to the resistance and 
the capacitance whereas Rgb and Cgb denotes the grain-boundary’s 
contribution to the resistance and the capacitance. According to this 
model the phase angle tan θ ¼ Z00/Z0, is not constant and is frequency 
dependent. In the complex Z-plane plot of our sample, it has been 
observed that at lower frequency side (Fig. 8(b)) it is almost straight line 
(independent of frequency) which means that the phase is constant. So, 
there exist a discrepancy between the Cole-Cole model and the Nyquist 
plot of our present sample and some modi cation are required in the 
Cole-Cole model. The pure capacitor cannot explain this vagueness thus 
in the Cole-Cole equation the pure capacitor has to be substituted using a 
constant phase element (CPE). From the theory of CPE, the capacitance 
is written as C ¼ Q1/n R[(1- n)/n], where Q and R are the constant phase 
element and the resistance associated with the grain boundaries (Rgb, 
Qgb) and the grains (Rg, Qg). The deviance from ideal capacitive 
behavior is denoted by n. For n ¼ 0 the behavior is purely resistive and 
for n ¼ 1 the behavior is purely capacitive in nature. The modi ed Cole- 

Fig. 6. The photoluminescence excitation spectra of BYT.  

Fig. 7. FTIR spectrum of BYT.  

Fig. 8. The complex impedance plane plots between Z00 and Z0 for BYT at temperatures 453 K and 483 K.  
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Cole equation in terms of CPE is as follows: 

Z’¼ Rg

1þ

2

64ω RgQg
1
ng

3

75

2 þ
Rgb

1 þ

2

64ω RgbQgb
1
ngb

3

75

2 (4)  

Z}¼Rg

2
66664

ω RgQg
1
ng

1þ

2
64ω RgQg

1
ng

3
75

2

3
77775
þ Rgb

2
66664

ω RgbQgb
1
ngb

1þ

2
64ω RgbQgb

1
ngb

3
75

2

3
77775

(5) 

The experimental data has been tted using equations (4) and (5) 
and is denoted by solid lines as shown in Fig. 8. In Table 2 the different 

tting parameters for 453K and 483K are tabulated. The Nyquist plots 
have been tted considering CPE instead of pure capacitance of the 
electrical circuit. The experimental and the tted curves agrees well 
with each other con rming the non-ideal nature of the capacitance 
which results from the multiple relaxation processes for a given relax-
ation time [29]. The value of ‘n’ in the tted parameters as seen in 
Table 2, indicates the deviation from the ideal Debye process. The RC 
equivalent circuit for the complex impedance has been shown in the 
inset of Fig. 8(a). The Nyquist plot of BYT con rms the involvement of 
both grain boundary and grain to the overall impedance, each having 
different values of resistances which gives rise to non - Debye type 
relaxation process. The presence of polycrystalline grains and their grain 
boundaries are well observed in the SEM image of BYT. 

3.6. Dielectric formalism 

Fig. 9 (a) & (b) illustrates the angular frequency (ω) dependent 
dielectric permittivity (ε0) and loss tangent (tan δ) curves. The relaxation 
of ε0 is associated with the dipole’s oscillation in an ac eld which can be 
examined using Debye theory [30]. From Fig. 9 (a) it has been observed 
that for ε0, two distinct regions of dispersion are present. The interfacial 
polarization is responsible for dispersion when the frequency is low 
[31]. Dielectric properties are strongly dependent upon the grain size 
and the interfacial polarization. In the low frequency region, the 
dielectric value is dependent upon the conductivity of grain boundaries. 
If the sizes of the grain boundaries are large, they give rise to large 
dielectric values. The dielectric permittivity value decreases as the fre-
quency increases as the charge exchange are unable to follow the 
applied eld. The change in dielectric permittivity is almost negligible 
when the frequency is high as the electronic and the atomic polarization 
governing the dielectric permittivity values are independent of the 
variations in temperature and frequency. The dielectric permittivity 
increases with temperature when the frequency is low as the interfacial 
and dipolar polarization are dependent on temperature. Thus, the 
dielectric dispersion in the sample is due to the existence of the grain and 
grain boundary interface. 

It can be seen from Fig. 9 (a), that at lower frequencies the dipoles 
trail the applied alternating eld and ε0 ¼ εs whereas on increasing the 
frequency the dipoles start lagging behind the eld and the ε0 value 
decreases. The characteristic frequency where ω ¼ (1/τ), the ε0 value 
suddenly decreases signifying a relaxation process. On increasing the 
frequency to a very high value the dipoles cannot trail the eld and ε0

attains a constant value ε0 ε∞. At low frequencies the ε0 varies 
considerably with temperature. In the region of dispersion for ε0 a 
relaxation peak is observed in the loss tangent curve. On increasing the 
temperature, the peak in the loss tangent curve starts shifting towards 
higher frequency region because more polarization occurs at higher 
temperature and eventually leading to relaxation at higher frequency. 
This shifting of tan δ peak with temperature point towards a temperature 
dependency of the dielectric relaxation of BYT. In our sample the exis-
tence of dc conductivity (σdc) is indicated by the dramatic change in tan 
δ at the low frequencies. According to ideal Debye relaxation process a 
kink is expected to appear in tan δ which is attributed to the mono-
dispersive relaxation process. But in our present sample the broad nature 
of the loss tangent peaks points towards a polydispersive behavior of the 
relaxation process. 

In the loss tangent curve, the peak position gives the value of the 
relaxation time τm (¼ 1/ωm). It is observed that ωm satis es the Arrhe-
nius law, 

ωm ¼ω0 exp Ea
KBT

(6) 

Here Ea represents the activation energy and ω0 is  a constant. The 
inset of Fig. 9 (b) is a plot between log ωm and 1000/T, where the 
experimental data are represented by the symbols and the straight line 
denotes the least squares t of the experimental data points. The value of 
Ea ¼ 0.51 eV as calculated from the Arrhenius plot suggests that the 
hopping of p-type polaron is responsible for the conduction mechanism 
of BYT [32–35]. It can be seen from Table 2 for the tted parameters of 
the impedance spectra that the resistance for the grain boundaries are 
very large in comparison to that of the grains. Thus, the grain boundaries 
provide a barrier to the charge transport acting as a trap for the charge 
carriers [29]. The oxygen anions surrounding the cations can be 
considered isolated from one another as the overlapping of the charged 
clouds is very small. This localization leads to the formation of polaron. 
The charge transport occurs between the nearest neighbor sites by 
hopping of charged particles in between the localized sites. The occu-
pancy of the trap centers decreases as the frequency increases endorsing 
the hopping of the charge carriers which leads to the increase in the 
conductivity. In our case the behavior of the grain boundaries as the trap 
centers leads to the conduction process by polaron hopping. The 
Cole-Cole model has been utilized for examining the polydispersive 
behavior of the relaxation process of BYT as illustrated in Fig. 10 [36] 

ε ¼ ε’ iε} ¼ ε∞ þ
εs ε∞

1þ ðiωτÞ1 α (7) 

Here εs denotes the low frequency quasi-static value and ε∞ denotes 
the high frequency value of dielectric permittivity, the difference (εs 
ε∞) gives the dielectric relaxation strength, τ denotes relaxation time 
and α gives the variation of relaxation times having values amid 0 and 1. 
When α value is 0 it signi es ideal Debye relaxation and when α > 0 it 
signi es a deviation from ideal Debye relaxation having different 
relaxation times. Equating real and imaginary parts of equation (7), [37] 

ε’¼ ε∞ þ
εs ε∞

2

(
1 sinhðð1 αÞlnðωτÞÞ

coshðð1 αÞlnðωτÞÞ þ cos ð1 αÞ π2

)

(8)  

ε} ¼
εs ε∞

2

(
1

sinh ð1 αÞ π
2

coshðð1 αÞlnðωτÞÞ þ cos ð1 αÞ π2

)
(9) 

A sharp increase is observed in both ε0 and ε00 at low frequencies 
which arises due to contribution of electrical conduction. Thus, a 
contribution term for the electrical conductivity needs to be added to the 
Cole-Cole equation which becomes 

Table 2 
The various tted parameters of the impedance circuit.  

Temp. 
(K) 

Rg (104 

Ω) 
Qg (10 10 

F/Ω) 
ng Rgb (107 

Ω) 
Qgb (10 10 

F/Ω) 
ngb 

453 2.8 29 0.72 5 10 0.64 
483 1.8 68 0.65 3.6 7.86 0.57  
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ε* ¼ ε∞ þ
εs ε∞

1þ ðiωτÞ1 α
j
σ*

ε0ωs
(10)  

where s represents a constant quantity having values between 0 and 1 
and σ* (σ* ¼ σ1þσ2) represents the complex electrical conductivity with 
σ1 as dc conductivity and σ2 as the conductivity for the space charges. 
Dividing equation (10) into real and imaginary parts, 

ε’¼ ε∞ þ
ðεs ε∞Þ

h
1þ ðωτÞ1 α sin α π2

i

1þ 2ðωτÞ1 α sin α π2 þ ðωτÞ
2 2α
þ σ2

ε0ωs
(11)  

ε} ¼ ε∞ þ

h
ðεs ε∞Þ ðωτÞ1 α cos α π2

i

1þ 2ðωτÞ1 α sin α π2 þ ðωτÞ
2 2α
þ σ1

ε0ωs
(12) 

From equations (11) and (12) it is clear that ε0 is associated with the 
space charge conductivity (σ2) and ε00 is associated with the dc con-
ductivity (σ1). In Figs. 9(a) and 10 solid lines represent the tted curve 
which has been obtained with the help of equations (11) and (12) for 
temperatures 363 K, 423 K and 483 K. The parameters utilized for tt ing 
are presented in Table 3. The characteristic relaxation time can be 
calculated by τm ¼ ω 1

m . The variation of ωm of ε00 with temperature 
(inset of Fig. 10) follows the Arrhenius law from which the value of Ea is 
found to be 0.50 eV, which is nearly equal to that calculated from the 
Arrhenius plot for tan δ. In Fig. 11 the scaling behavior of ε00 is depicted 
where ε00 is scaled by ε00m and ω by ωm. Here ε00m is the peak value of the ε00
versus log ω curve. The coinciding curves indicate that same mechanism 

Fig. 9. (a) Frequency dependence of ε0 (a) and tan δ (b) of BYT at various temperatures, where the solid lines are the Cole-Cole t to the experimental data which are 
represented by symbols. Arrhenius plot of most probable relaxation time is shown in the inset of (b). 

Fig. 10. Frequency dependence of ε00 at various temperatures for BYT where 
the solid lines are the Cole-Cole t to the experimental data which are repre-
sented by symbols. Arrhenius plot of most probable relaxation time is shown in 
the inset. 
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is followed for relaxation process at different temperatures. In the scaled 
curves the overlapping does not occur at low frequencies because the 
dipoles can trail the eld applied at low frequencies. 

Electronic and ionic polarization together plays the key role in 
determining the dielectric property of the material. For a given ion, 
electronic polarization is constant but the ionic polarization depends on 
the crystal structure as ionic polarization occurs due to the lattice vi-
brations. There exists a correlation between the bond valence sum (BVS) 
and the dielectric property of a cubic perovskite. The correlation of the 
dielectric property with the BVS of the B-site cation has been reported by 
Lufaso et al. [38]. The ions with smaller BVS gives rise to larger ionic 
polarization as for the ions with longer and weaker bonds polarization 
can be achieved easily. The BVS values of BYT are mentioned in Table 1. 
It  may be noted that the BVS values of BYT is comparatively smaller than 
its Niobium based counterpart Ba2YbNbO6 as reported by Maity et al. 
[35] as the Ta–O bond length is comparatively larger than Nb–O bond 
length. The dielectric permittivity values for BYT are signi cantly large 
as compared to that reported by Maity at al. as the Ta–O bond length 
being weaker; the polarization can be easily achieved. In this way the 
lattice vibrations associated with the crystal structure strongly affect the 
dielectric permittivity values. 

3.7. Conductivity formalism 

Fig. 12 depicts the angular frequency variation of ac conductivity of 
BYT at several temperatures and it consists of two plateaus indicative of 
two processes involved in the bulk conduction behavior. It can be 
observed in Fig. 12 (a) that as the frequency is decreased the conduc-
tivity becomes constant at a certain value called the dc conductivity 
(σdc). At low frequency the periodicity of the electric eld is very low as 

a result the accumulation of charge carriers takes place which contrib-
utes to the dc conductivity (σdc) [39]. The spectra of conductivity versus 
frequency follows Jonscher power law [40] 

σ¼ σdc 1þ ω
ωH

n

(13)  

here ωH is the frequency of hopping of charge carriers, n is a frequency 
exponent and σdc is the dc conductivity. The changeover from the slow 
rise of conductivity (σdc) at lower frequency region to sudden change in 
the conductivity at higher frequency region suggests the onset of con-
ductivity relaxation process. This ac conductivity behavior of the pre-
sent sample can be easily analyzed using jump relaxation model [41]. 
When ω < ωH the charge carriers travel very slowly throughout the 
crystal lattice so they can hop between one site to another resulting in 
the dc conductivity (σdc). Again, at high frequency (ω > ωH) power law 
becomes σ(ω) α ωn which causes a sharp rise in the conductivity value. 
Fig. 12 (b) illustrates the tted conductivity spectra of BYT at 363 K and 
483 K which has been tted using equation (13). The value of n in the 
low frequency region lies between 1 < n < 2 whereas n lies between 0 <
n < 1 in the high frequency region (Table 4). 

The frequency variation of conductivity results from the hopping of 
charged particles trough trap sites separated by different potential bar-
riers. The conductivity variation becomes independent of frequency 
when a charge carrier moves along a lattice comprised of similar 

Table 3 
The various tting parameters of modi ed Cole–Cole equation.  

Temp. (K) εs - εα ωm (KHz) α σ1 (Sm 1) n 

363 251 27.54 0.15 4.3 10 8 0.95 
393 185 69.38 0.15 5.6 10 7 0.95 
423 225 145.21 0.14 8.7 10 7 0.96 
453 290 363.65 0.13 1.06 10 6 0.95 
483 300 765.50 0.15 1.31 10 6 0.95 
513 303 1591.72 0.15 1.67 10 9 0.94 
543 299 3999.86 0.14 1.99 10 6 0.95 
573 267 5782.51 0.15 2.36 10 6 0.95  

Fig. 11. Scaling behavior of ε00 at various temperatures.  

Fig. 12. (a) Frequency dependence of the conductivity (σ) for BYT at various 
temperature and the ttings (b) of power law for the same at 363 K and 483 K 
has been shown by solid lines. 
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potential well. The conductivity value increases with frequency and 
nally saturates at high frequency when the charge carrier hops back 

and forth in a double well having in nite barrier on each side. A system 
consisting of potential well with different barrier height as in case of our 
sample, the conductivity spectra shows a step like nature on increasing 
the temperature. The varied potential barrier heights arise due to the 
existence of both the grain boundary and the grain. 

4. Conclusions 

The ceramic method has been employed to synthesize BYT at 1500 
C. The analysis of the PXRD pattern of BYT suggests the cubic structure 

with Fm3m space group. The cubic phase of BYT is further con rmed by 
the three bands obtained in the FTIR spectra which is associated with the 
Fm3m space group. The average grain size of BYT obtained from SEM is 
7.78 μm. EDAX shows the uniformity of the sample. A relaxation 
behavior is detected in all the temperature region. The presence of two 
arcs in the Nyquist plot points towards the role of both grain boundary 
and grain in contributing to the total impedance. The broad nature of the 
loss tangent peaks points towards the polydispersive nature of the 
relaxation process. The activation energy value of 0.5 eV as obtained 
from the Arrhenius plot of the relaxation time indicates that the con-
ductivity and the dielectric relaxation at different temperature is due to 
the p-type polaron hopping. The existence of two plateaus in the con-
ductivity plot indicates that in the bulk conduction behavior two pro-
cesses are involved for the contribution of both grain and grain 
boundary. 
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Table 4 
The various Fitting parameters of conductivity spectra.  

Temp. 
(K) 

Low frequency plateaue High frequency plateaue 

σdc (Sm 1) ωH (rad 
s 1) 

n σdc 

(Sm 1) 
ωH (rad 
s 1) 

n 

363 2.702 
10 8 

530 1.98 1.21 
10 4 

268600 0.6 

483 10.502 
10 8 

4000 1.98 4.00 
10 3 

2563454 0.67  
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A B S T R A C T   

Herein, we have reported the structural, microstructural, thermal, optical and temperature dependent dielectric 
properties (between 40 Hz and 5 MHz) of Ba2YbSbO6 (BYSB) synthesized by solid state ceramic method and a 
nanocomposite of Ba2YbSbO6-BaCO3 (BYSN). The samples are characterized by XRD, FESEM, EDS, FTIR and 
Raman spectroscopy. The nanosized Ba2YbSbO6 prepared by ball milling of BYSB adsorbs atmospheric CO2 
leading to the formation of BYSN. The dielectric behaviours of the samples have been examined in the framework 
of dielectric permittivity, electric modulus and conductivity formalisms. The samples exhibit non-Debye type 
relaxation governed by polaron hopping. BYSN exhibits better dielectric behaviour than BYSB. It has been shown 
that crystal structure, grain size, grain boundary contribution and surface adsorbed CO2 strongly in uence the 
dielectric relaxation dynamics and conduction mechanism of the samples. The dielectric response of these 
samples is comparable to their analogues counterparts used for fabrication of radio frequency devices.   

1. Introduction 

Perovskite oxide is one of the fabulous dielectric materials having 
widespread commercial application in microwave oscillator, radio fre-
quency oscillator, resonator, lter and communication devices [1–8]. 
However, nowadays there is a huge demand of nanometric materials 
having high dielectric constant and low dielectric loss for use in high 
performance miniaturized microwave, radio frequency and energy 
storage devices. They also have applications in the development of 
multi-layer capacitors and dynamic random-access memory in smaller 
structures [9–11]. Research in the area of developing nanometric 
dielectric materials has been rapidly ourishing in the recent years. In 
past two decades, the nanometric materials having applications in mi-
crowave electronic circuits, optical storage devices, piezoelectric sen-
sors, sonars, transducers and multilayer ceramic capacitors have been 
developed [9–13]. From application point of view, BaTiO3 is an excel-
lent perovskite oxide. The dielectric properties of nanosized BaTiO3 
synthesized by both chemical and high energy ball milling method have 
been elaborately investigated [9–11,13]. It may be noted that 

mechanical milling has been largely employed for the production of 
nanosized counterparts of bulk samples [14–16]. The strain induced by 
ball milling creates crystalline defects and surface disorder in nano-
metric samples synthesized by high energy mechanical milling [17–20]. 
The dielectric properties of nanosized perovskite oxides prepared by 
high energy ball milling differs from their bulk counterparts [16,21–24]. 
Very few works have been reported on the dielectric properties of 
nanocomposites of double perovskite oxides synthesized by high energy 
ball milling method. In this context, we have reported the dielectric 
properties of Ba2YbSbO6 (BYSB) synthesized by solid state ceramic 
method and a nanocomposite of Ba2YbSbO6-BaCO3 (BYSN) synthesized 
by high energy ball milling of BYSB. We have shown how the nano-
composite Ba2YbSbO6-BaCO3 is formed when Ba2YbSbO6 is mechani-
cally activated by high energy ball milling. Further, we have examined 
the effects of crystalline defects, surface disorder and adsorbed CO2 
present in BYSN on its physical properties. 

The nanosized perovskites are known to have applications in the 
sensing of NO2 (using LaFeO3), CO (using LaCoO3), alcohols (using 
SrFeO3), hydrocarbons (using LnFeO3), H2O2 and glucose (using 
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LaNiO3). They are also used in dopamine detection (using LaFeO3), solid 
oxide fuel cells (using NdFeO3) and as catalysts (using LaFeO3) for 
hydrogen evolution and oxygen reduction reactions [25–33]. In the 
recent past, the size dependent dielectric properties of nanosized BaTiO3 
have been extensively studied due to its high permittivity values and 
widespread applications in the electronic industry [9–15,21–23]. The 
rare earth based double perovskites Ba2RASbO6 (where RA is a rare 
earth element) exhibit interesting dielectric properties [34–37]. The 
nanosized BaTiO3 and LaCoO3 (synthesized by high energy ball milling 
method) and nanometric LaFeO3 (prepared by sol-gel method) have 
shown to adsorb gases like CO2, CO, NO2 etc. [14,15,25,26]. There are 
few reports on crystal structure and dielectric properties of Ba2YbSbO6 
[38–40]. It is may be noted that the dielectric property of this sample has 
been investigated at room temperature only. The bulk Ba2YbSbO6 syn-
thesized by solid state ceramic method: (i) crystalizes in R-3 space group 
with lattice parameter a = 5.9104 Å and α = 59.99◦, (ii) exhibits sem-
iconducting behaviour with optical band gap of 3.62 eV and electrical 
band gap of 2.3 eV (theoretical) and (iii) its room temperature dielectric 
constant is 14 at 10 KHz [40]. On the other hand the values of room 
temperature dielectric constant and loss tangent of nanosized 
Ba2YbSbO6 (of size 20–50 nm) synthesized by combustion method 
belonging to Fm3m space group (a = 8.4618 Å) are 11.3 and 1.5 × 10−3, 
respectively, at 5 MHz [38,39]. It can be seen from the previous reports 
that room temperature dielectric properties of bulk Ba2YbSbO6 and its 
nanometric counterpart differ drastically [38–40]. In this background, 
we have studied the physical properties of BYSB and BYSN in order to 
identify the changes in their dielectric properties arising from mechan-
ically induced crystalline defects and surface disorder. Herein, we have 
reported the (i) crystal structure of BYSB and BYSN, (ii) relaxation 
mechanism governing their dielectric behaviour and (iii) in uence of 
adsorbed atmospheric gases in determining the physical character and 
dielectric property of mechanically activated nanosized Ba2YbSbO6. 

2. Experimental 

BYSB has been synthesized by the solid-state ceramic method 
following the standard protocol depicted in literature [41], where the 
reagent grade (~99.9% pure) powders of BaCO3, Yb2O3 and Sb2O5 were 
used. The calcination temperature was 1798 K and the sample was 
heated for 10 h. The calcined powder was then sintered at 1848 K for 12 
h to obtain BYSB. The nanosized BYSN sample was prepared at room 
temperature (300 K) by high energy ball milling of BYSB for 15 h with 
the help of Fritsch Planetary Mono Mill (pulverisette 6). Tungsten car-
bide vials and balls were used where ball to mass ratio was 16:1 and the 
rotational speed of the mill was 330 rpm. 

The XRD patterns of the samples have been recorded by using Bruker 
D8 advanced diffractometer in order to con rm the phase purity and 
obtain the crystal structure of BYSB and BYSN. Both BYSB and BYSN 
have been thoroughly characterized by eld emission scanning electron 
microscopy (FSEM, FEI Inspect 50), energy dispersive x-ray spectros-
copy (EDS), high resolution transmission electron microscopy (TEM, 
Jeol 2100), FTIR (PerkinElmer), TGA (Mettler Toledo TG-DTA 85) and 
Raman spectrometry (WITEC alpha 300 R Raman spectrometer). To 
carry out the dielectric measurements the pellets of the samples were 
prepared using hydraulic press with 140 MPa pressure. For BYSB 
thickness and diameter of the pellets were 11.92 mm and 1.95 mm, 
respectively. For BYSN thickness and diameter of the pellets were 8.8 
mm and 1.50 mm, respectively. Both the pellets were polished and 
coated with silver paint on each side. The pellets were then heated at 
523 K in order to develop the electrodes for the dielectric measurements. 
The dielectric measurements were performed using LCR meter (Agilent) 
at discrete temperatures between 303 K and 663 K and in the frequency 
range of 40 Hz to 5 MHz. The amplitude of the oscillating voltage was 
kept at 50 mV during the dielectric measurements. The details of sample 
preparation technique and experimental methodology have been 

provided in supplementary information le (ESI). 

3. Results 

3.1. Structural study 

The XRD pattern of BYSB (Fig. 1(a)) agrees well with that reported 
earlier [39]. In the XRD pattern of BYSN (Fig. 1(b)) few extra peaks other 
than the Ba2YbSbO6 phase have been observed. It is noteworthy that 
some extra XRD peaks other than its perovskite phase may appear in Ba 
containing nanosized perovskite oxides synthesized by high energy ball 
milling technique [14,15]. This extra phase arises due to the formation 
of orthorhombic BaCO3 phase. The extra peaks observed in the XRD 
patterns of BYSN (Fig. 1(b)) other than that of the Ba2YbSbO6 phase 
matches well with the orthorhombic BaCO3 phase. Thus, the XRD 
pattern of BYSN (Fig. 1(b)) indicates the presence of an additional 
orthorhombic BaCO3 phase in it. The Rietveld re nement of the XRD 
patterns have been performed using the GSAS software [42]. The crystal 
structure of Ba2YbSbO6 [39] has been chosen as model structure for 
BYSB. The XRD pattern of BYSN has been analysed by superposing the 
XRD patterns of Ba2YbSbO6 [39] and BaCO3 [14] phases. The re ned 
and the experimental patterns of both BYSB and BYSN are shown in 
Fig. 1(a) and (b), respectively. It can be observed from the gures that 
the experimental patterns match well with the calculated ones. The 
abundance (weight %) of Ba2YbSbO6 (Phase 1) and BaCO3 (Phase 2) in 
BYSN sample has been determined with the help X’Pert Highscore Plus 
software using the crystallographic information le generated by the 
GSAS program [43]. The crystal structure re nement parameters of both 
the samples are presented in Table 1. The Wyckoff positions and the 
atomic coordinates of BYSB and BYSN (both Ba2YbSbO6 and BaCO3 
phases) are given in Table 2 and Table 3, respectively. 

According to the results of the Rietveld re nement, BYSB is single 
phase cubic perovskite oxide of Fm3m space group with structural for-
mula Ba2YbSbO6. On the other hand, BYSN is a nanocomposite 
composed of two phases: 86.4% Ba2YbSbO6 belonging to Fm3m space 
group and 13.6% BaCO3 belonging to Pmcn space group. The unit cell 
and the coordination environment of the constituent cations of BYSB 
sample are pictorially depicted in Fig. 2 (a) and Fig. 2 (b). The unit cell of 
BYSB consists of 8 Ba2+ (at 8c position), 4 Yb3+ (at 2a position), 4 Sb5+

(at 2 b position) and 24 O2− (at 24e position) ions. In the unit cell of 
BYSB (Fig. 2 (a)), A sites are occupied by Ba2+ ions and B sites are 
composed of YbO6 and SbO6 octahedra. From Fig. 2 (b) it can be seen 
that Ba cations are coordinated with 12 oxygen anions and Yb and Sb 
cations are coordinated with 6 oxygen anions, respectively. The unit cell 
of BYSB is built up with two pseudocells. Further, it is evident from Fig. 2 
(c) that the Yb and Sb ions of the B site are distributed along the (101) 
plane with repetitive stacking arrangement of Yb–Sb–Yb–Sb ions along 
the crystallographic c-axis. Thus, BYSB is a 1:1 ordered double perov-
skite. The unit cell and the coordination environment of Ba2YbSbO6 
phase (Phase 1) of BYSN is similar to that of BYSB (Fig. S1 of ESI). The 
unit cell and the coordination environment of the Ba2+ ion of BaCO3 
phase (Phase 2) of BYSN are depicted in Fig. S2 of ESI. Each Ba cations 
are coordinated with 9 oxygen anions. The unit cell of BaCO3 consists of 
4 Ba2+ (at 4c position), 4C4+ (at 4c position) and 12 O2− ions (4 at 4c and 
8 at 8d position). The Ba–O1, Ba–O2, C–O1 and C–O2 bond lengths for 
BaCO3 phase of BYSN are 2.726, 2.904, 1.3989 and 1.2812 Å, respec-
tively. In case of BYSB the Ba–O, Yb–O and Sb–O bond lengths are 
2.9593 Å, 2.226 Å and 1.955 Å, respectively. For the Phase 1 of BYSN the 
Ba–O, Yb–O and Sb–O bond lengths are 2.9623 Å, 2.23 Å and 2.06 Å, 
respectively (Table 4). It is evident that there is a stretching of bond 
lengths in case of Ba2YbSbO6 phase of BYSN as compared to BYSB 
resulting in the lattice elongation in BYSN as compared to BYSB. 

High energy ball milling reduces particle size signi cantly, in-
troduces crystalline defects and lattice disorder at the grain boundary of 
the sample. This leads to the increase in the internal tensile strain in the 
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sample for the elongation or the contraction of its the crystal lattice [44]. 
As a result of which the XRD peaks of nanometric samples become 
broadened and gets shifted as compared to its bulk counterparts [44]. 
For example, the 220 peak of Ba2YbSbO6 phase (Phase 1) of BYSN has 

been broadened appreciably and has shifted towards lower 2θ angle 
(from 30.22 to 30.16◦) with respect to BYSB (Fig. 1 (c)). This point to-
wards the presence of higher degree of internal tensile strain caused by 
crystalline defects and surface disorder in Phase 1 of BYSN [44,45]. The 
peak broadening also indicates that the crystallites of Phase 1 of BYSN 
are smaller than BYSB. Thus, as a whole the characteristic peak broad-
ening and reduction in intensity of the XRD peaks of BYSN as compared 
to BYSB can be ascribed to its nanometric size and stress induced 
enhancement of its lattice strain caused by high energy ball milling. It 
may be noted that some amount of energy gets transferred during the 
milling process from the milling balls to the sample being produced. This 
energy is responsible for the plastic deformation in nanosized samples 
leading to various crystalline defects like vacancies, stacking defects and 
dislocations [46]. It may therefore be inferred that in the present case 
the crystallite size has been reduced and the lattice has been substan-
tially elongated in case of Phase 1 of BYSN (Table 1) as a result of high 
energy ball milling. This agrees with the results of earlier reports on 
similar samples [47–49]. Moreover, the higher value of micro strain and 

Fig. 1. Rietveld re nement plots of XRD patterns of (a) BYSB, (b) BYSN and (c) the peak broadening and the shift of (220) peak in the BYSN.  

Table 1 
The Rietveld re nement parameters of BYSB and BYSN.  

Parameters BYSB BYSN 

Phase 1 
(Ba2YbSbO6) 

Phase 2 
(BaCO3) 

Crystal system Cubic Cubic Orthorhombic 
Space group Fm3m Fm3m P mcn 
Lattice Parameters 

(Å) 
a = 8.361509 
(23) 

a = 8.37809(25) a = 5.3038(11) 
b = 9.0039(22) 
c = 6.5136(13) 

Volume (Å3) 584.593(5) 588.08(5) 311.06(11) 
α = β = γ(◦) 90 90 90 
Rwp 0.0438 0.0397 
Rp 0.0653 0.0555 
GOF(σ) 2.10 1.71 
Microstrain 2.1800462 ×

10−5 
1.3066313 × 10−4 

Crystallite size (nm) 201.82 19.16 18.73  

Table 2 
The Wyckoff positions and atomic coordinates of BYSB.  

Atom site x (Å) y (Å) z (Å) B (Å2) 
Ba 8c 0.25 0.25 0.25 0.00687 
Yb 4a 0.0 0.0 0.0 0.01255 
Sb 4b 0.5 0.5 0.5 0.00183 
O 24e 0.2662(11) 0.0 0.0 0.01631  

Table 3 
The Wyckoff positions and atomic coordinates of BYSN.  

Atom site x (Å) y (Å) z (Å) B (Å2) 
Phase 1 
Ba 8c 0.25 0.25 0.25 0.00687 
Yb 4a 0.0 0.0 0.0 0.01255 
Sb 4-b 0.5 0.5 0.5 0.00183 
O 24e 0.2542(44) 0.0 0.0 0.01631 
Phase 2 
Ba 4c 0.25 0.416 0.756 0.008 
C 4c 0.25 0.745 −0.069 0.031 
O1 4c 0.25 0.90 −0.076 0.031 
O2 8-d 0.46610 0.68140 −0.0779 0.031  
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elongation of lattice volume for Phase 1 of BYSN compared to BYSB 
(Table 1) con rms that in case of BYSN the lattice has been substantially 
deformed. In Phase 1 of BYSN, atoms in its lattice sites have been dis-
located and plastic defects have been created at the surface of its con-
stituent particles due to high energy ball milling [47,48]. Similarly, the 
large broadening and slight shifting of the XRD peaks of BaCO3 phase 
(Phase 2) in BYSN compared to bulk BaCO3 suggest that the crystallite 
size of this phase of BYSN has been reduced and plastic defects has been 
created at its surface. Thus, the crystallites in BYSN are nanometric in 
size and have crystalline defects and plastic deformations at its surface. 

For Ba containing mechanically activated nanosized perovskite 
oxide, there is a high chance of BaCO3 formation owing to the sponta-
neous chemical reaction between the sample and the atmospheric CO2 
adsorbed at its surface [14,15]. In general, the nanometric samples ex-
hibits higher reactivity compared to their bulk counterparts due to their 
higher surface to volume ratio. Moreover, mechanically activated 
nanosized sample produced by high energy ball milling tends to exhibit 
surface phenomena like adsorption of atmospheric gases [15,16]. For-
mation of high degree of surface defect prone to chemical reaction is the 
characteristic feature of the mechanically activated nanosized sample 
[50]. These features are not usually found in nanometric sample 

prepared by chemical route. It may therefore be concluded that the 
nanometric Ba2YbSbO6 sample synthesized by ball milling, adsorbs at-
mospheric CO2. Further, this sample has active sites prone to chemical 
reactions due to which a part of Ba present in it reacts with surface 
adsorbed CO2 and is converted into BaCO3 when kept in normal atmo-
spheric condition. 

3.2. Microstructural study 

The FESEM images of BYSB and BYSN are shown in Fig. 3 (a) and 
Fig. 3 (b), respectively. The FESEM image of BYSB (Fig. 3 (a)) indicates 
that the particles in it are nearly hexagonal in shape with well-de ned 
grain and grain boundaries. The particles in BYSB are of assorted size 
with average grain size of 1.92 μm. It can be seen from the FESEM image 
of BYSN (Fig. 3 (b)) that the particles in it are irregular shape and 
assorted size, which are the characteristic features of mechanically 
milled nanometric samples [50,51]. The average grain size of BYSN is 
~50 nm. It may be noted that we have recorded the TEM (Fig. 4) 
morphograph of a selective single particle of BYSN in order to visualize 
the lattice fringes and the presence of surface defects in it. In the TEM 
morphograph of BYSN the lattice fringes and crystalline defects are 
clearly visible. The EDS spectra showing the constituent elements of 
BYSB and BYSN is illustrated in Fig. 5(a) and Fig. 5(b), respectively. The 
presence of carbon in BYSN is quite evident from Fig. 5 (b) whereas no 
such peak of carbon has been detected in BYSB. The theoretical mass % 
of Ba, Yb and Sb in BYSB has been calculated using Ba2YbSbO6 as its 
structural formula (as determined from the results of XRD study) 
whereas the same for BYSN has been determined considering the ratio of 
its constituent phases (86.4% Ba2YbSbO6 and 13.6% BaCO3 as deter-
mined from the results of XRD study). As the quantity of lighter elements 

Fig. 2. (a) Unit cell, (b) coordination environments of Ba2+, Yb3+ and Sb5+ of BYSB sample and (c) ordering sequences of octahedral B site cations of BYSB along the 
crystallographic c axis. 

Table 4 
Metal oxygen bond length of BYSB and Ba2YbSbO6 phase of BYSN.  

Bond BYSB BYSN 

Length (Å) Length (Å) 

Ba–O 2.9593(5) 2.9623(5) 
Yb–O 2.226(10) 2.13(4) 
Sb–O 1.955(10) 2.06(4)  

Fig. 3. The scanning electron micrograph of (a) BYSB and (b) BYSN.  
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like oxygen and carbon in a species cannot be accurately determined by 
EDS, therefore we have compared the theoretical and the experimental 
mass % of Ba, Yb and Sb only. The experimental and the theoretical 
values of mass % of Ba, Yb and Sb agree well with each other (Table 5). 

3.3. FTIR study 

The FTIR spectra of both BYSB and BYSN are illustrated in Fig. 6 (a) 
and Fig. 6 (b), respectively. The FTIR spectrum of BYSB is in consonance 
with that of Ba2YbSbO6 as reported earlier [38]. In the FTIR spectrum of 
BYSN some additional peaks for BaCO3 phase have been observed along 
with the peaks for Ba2YbSbO6 phase. For both the samples, the bands for 
the BO6 octahedra have been obtained in between 400 and 600 cm−1. 
For both BYSB and BYSN the band obtained at around 460 cm−1 is 
associated with the asymmetric bending modes of the Yb–O and Sb–O 
bonds belonging to SbO6 and YbO6 octahedra, respectively. For both the 
samples the asymmetric stretching modes of the Yb–O bond of YbO6 
octahedra and Sb–O bond of SbO6 octahedra gives rise to the intense 
band at around 614 cm−1. The band centered around 772 cm−1 in the 
spectra of both the samples can be ascribed to the symmetric stretching 
mode of the SbO6 octahedra [52]. The six Yb–O bonds of YbO6 octahedra 
and six Sb–O bonds of SbO6 octahedra differ slightly in length due to 
which the FTIR absorption peaks associated with these bonds appear in 
close proximity. As a result of this the bands due to Yb–O and Sb–O 
bonds are broad in nature. 

In the FTIR spectrum of BYSN in addition to the bands due to 
Ba2YbSbO6 phase some extra bands have been observed at around 857 
(s), 1059 (s), 1422 (s) and 3315 (w) cm−1. It may be noted that the XRD 
and EDS studies have revealed that BYSN is a nanocomposite of 

Ba2YbSbO6-BaCO3. In the FTIR spectrum of BYSN the wavelength of the 
extra peaks matches well with those of pure BaCO3 [53]. Further, ac-
cording to the theoretical calculation BaCO3 gives rise to the peaks at 
~892 and 1010 cm−1 due to vibrational modes [54]. Therefore, for 
BYSN the peaks at about 857 and 1059 cm−1 can be attributed to the 
presence of BaCO3 in it. This further corroborates the results of the XRD 
and EDS studies. The weak and broad band at around 3315 cm−1 arises 
due to the surface adsorbed CO2 [55]. The band observed at ~1422 
cm−1 in BYSN can be attributed to the bending mode of the surface 
adsorbed H2O and CO2 [54]. These results indicate that the nanometric 

Fig. 4. TEM image of BYSN.  

Fig. 5. EDS spectra of (a) BYSB and (b) BYSN.  

Table 5 
EDX results of BYSB and BYSN.  

Element BYSB 
Theoretical 
mass % 

BYSB BYSN 
Theoretical 
mass % 

BYSN 

Experimental 
mass % 

Experimental 
mass % 

Ba 41.27 42.05 45.13 44.40 
Yb 26 26.15 22.47 23.02 
Sb 18.30 17.50 15.81 16.79  

Fig. 6. The FTIR spectrum of (a) BYSB and (b) BYSN.  
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Ba2YbSbO6 prepared by high energy ball milling method adsorbs arial 
CO2 and H2O [54]. Further, the surface adsorbed CO2 reacts with a part 
of Ba of nanometric Ba2YbSbO6 to form a nanocomposite of Ba2YbSbO6 
and BaCO3. In the milled nanometric sample the existence of large 
surface area and active sites favours the formation of BaCO3 [54]. Thus, 
the results of the FTIR study con rms the formation of a nanocomposite 
of Ba2YbSbO6-BaCO3 from mechanically activated nanosized 
Ba2YbSbO6, which corroborates the results of the XRD study. 

3.4. Raman study 

The room temperature Raman spectra of BYSB and BYSN are shown 
in Fig. 7 (a) and Fig. 7 (b), respectively, and their corresponding Lor-
entzian peak analysis is illustrated in Fig. 8 (a) and Fig. 8 (b), respec-
tively. The peak positions and the full width at half maxima (FWHM) as 
obtained from the Lorentzian tting are presented in Table 6. The 
spectrum of BYSB is dominated by four strong bands centered at 117, 
385, 597 and 772 cm−1 along with other weaker bands. These four 
prominent bands of BYSB matches well with those reported for analo-
gous cubic perovskite oxides like Ba2YbNbO6, Ba2ErSbO6 and Ba2Yb-
TaO6 [56–58]. The Raman modes of BYSB as listed in Table 6 are in 
consonance with the earlier reports on similar systems [56–58]. The 
lattice vibrational modes of BYSB have been determined with the help of 
the group factor analysis using the Wykoff sites of the atoms obtained 
from the XRD study (Table 7). The expected phonon modes for BYSB 
having Fm3m space group (Oh

5) are: Γ = A1g+Eg+F1g+2F2g+5F1u+F2u, 
where the four modes viz., A1g, Eg, 2F2g are Raman active, four F1u 
modes are IR active, F1u is acoustic mode and F1g and F2u are silent 
modes. The intense peaks at 772 cm−1 and 597 cm−1 appears due to the 
vibration of O ions along the Yb–O–Sb bond axis. The peak at around 
772 cm−1 arises due to the symmetric stretching vibration of SbO6 
octahedra and it corresponds to the A1g mode. The antisymmetric 
stretching vibration of the SbO6 octahedra gives rise to the Eg mode at 
597 cm−1. The symmetric bending vibration of SbO6 octahedra corre-
sponding to the F2g mode is obtained at ~385 cm−1. The peak at around 
117 cm−1 corresponds to the F2g mode and arises due to the vibrations of 
the Ba ions. The weaker bands in the Raman spectra of the samples may 
be attributed to the second-ordered features [57]. Comparing the ob-
tained Raman modes of BYSB with those of Ba2YbNbO6 (BYN) and 
Ba2YbTaO6 (BYT) reported earlier [56,58], it is found that the low fre-
quency modes associated with the vibration of B-site atoms of BYSB are 
observed at higher wavelength than those of BYT but at lower wave-
length than those of BYN. It may be noted that all the B′′-site ions of 
BYSB, BYN and BYT are pentavalent and their ionic mass is in the order 

Ta > Sb > Nb. Thus, the shifting of Raman modes of these three samples 
can be attributed to the difference of ionic mass of their B′′-site atoms. 
The difference in the interatomic forces of BYSB, BYN and BYT are also 
responsible for the difference in the wavelength of the Raman modes of 
these samples having analogous structure. The cubic double perovskite 
is usually characterized by the intense A1g mode whereas the lower 
symmetry perovskites are usually characterized by the splitting of the 
F2g modes [58]. There is no splitting of the F2g modes of BYSB which 
con rms its cubic structure. 

In the Raman spectrum of BYSN all the characteristic Raman modes 
of BYSB are present but their intensity has been signi cantly reduced 
due to the lowering of crystallite size. In case of BYSN besides the peak 
for Ba2YbSbO6 phase, two extra peaks have been obtained around 630 
cm−1 and 1065 cm−1 due to the presence of BaCO3 in it. The wavelength 
of these peaks agrees well with the Raman spectra of single phase BaCO3 
reported in literature [53]. Thus, the results of Raman spectroscopic 
study are in full agreement with the ndings of XRD, EDS and FTIR 
studies of BYSB and BYSN. 

3.5. Thermogravimetric study 

The thermogravimetric analysis of BYSB and BYSN samples have 
been carried out in the temperature range of 303–973 K in order to study 
their thermal stability. The TGA curves of BYSB and BYSN are illustrated 
in Fig. 9(a) and Fig. 9(b), respectively. From the TGA and its derivative 
curve of BYSB (Fig. 9(a)) it is evident that the sample releases adsorbed 
atmospheric moisture at 340 K beyond which no appreciable weight loss 
has been observed up to 973 K (the highest temperature of measure-
ment). This indicates that BYSB remains chemically stable up to 973 K. 
For BYSN the initial weight loss at 331 K can be attributed to the loss of 
surface adsorbed moisture and the weight loss in the temperature range 
of 370–800 K can be ascribed to the release of surface adsorbed CO2 
(Fig. 9(b)). It can be seen from the TGA and its derivative curve of BYSN 
(Fig. 9(b)) that a signi cant weight loss has occurred at 926 K due to the 
decomposition of BaCO3 present in it. It may be noted that decomposi-
tion temperature of pillar like nanosized BaCO3 (having diameter 20–40 
nm and length 40–80 nm) is ~1073 K [59]. However, the decomposition 
temperature of BaCO3 in BYSN having 50 nm size and irregular shape 
differs from its pure pillar like counterpart as they are morphologically 
different and in case of BYSN it is present in a nanocomposite form. 
Thus, the results of TGA study commensurate with those of XRD, EDS, 
FTIR and Raman studies. 

3.6. Dielectric study 

The variation of the dielectric constant (ε′) and the loss tangent (tan 
δ) with logarithmic angular frequency (log ω) at different temperatures 
are plotted in Fig. 10 (a) and Fig. 11 (a) for BYSB and BYSN, respectively. 
In case of BYSB, the value of ε′ increases with increase in temperature. 
The ε′ values for both the samples decreases with increase in frequency. 
The dipoles in the sample direct themselves along the applied eld when 
the frequency is low and contributes to the total polarization. This re-
sults in the high value of ε′ at low frequency. At high frequency the di-
poles are unable to align themselves along the applied eld as the eld 
changes rapidly. Due to this the values of ε′ becomes low and almost 
independent of temperature at high frequencies. Thus, all the ε′ versus 
log ω curves of BYSB merges together at higher frequencies (Fig. 10(a)). 
As shown in Figs. 10 (a) and Fig. 11(a), the value of ε′ decreases with the 
increase in the frequency and in the dispersion region of the ε′, a 
relaxation peak in the tan δ (= ε’’/ε′) curve can be observed. In BYSB the 
value of ε′ increases with temperature indicating that the rate of po-
larization is higher at higher temperatures (Fig. 10(b)). Thus, the 
relaxation peaks shift towards higher frequencies with increase in 
temperature (Fig. 10(a)). The broad nature of the tan δ curve indicates 
polydispersive nature of the dielectric relaxation in these samples. In the 
low frequency region, the tan δ values of BYSB shows a slight increasing Fig. 7. The Raman spectra of (a) BYSB and (b) BYSN.  
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trend while for BYSN the tan δ values increases sharply. This indicates 
that dc conductivity in uences the dielectric response of BYSB (slightly) 
and BYSN (strongly) [60]. Thus, we have examined the dielectric 
relaxation process occurring in these samples with the help of the 
modi ed Cole-Cole model taking into account the effect of dc conduc-
tivity [61–63]. According to modi ed Cole-Cole model the complex 
dielectric permittivity (ε∗) is given by: 

ε∗ = ε∞ +
εs − ε∞

1+ (iωτ)1−α − i
σ∗

ε0ωn (1)  

where σ* is the complex conductivity (σ*= (σ1 + iσ2)) with σ1 denoting 
the dc conductivity and σ2 denoting the conductivity for the localized 
charges. As ε∗ = ε′ − iε′′, the above equation (1) can be written in terms 
of the real and the imaginary part as, 

ε′ = ε∞+
(εs − ε∞) 1 + (ωτ)1−α sin 1

2 απ
]

1 + 2(ωτ)1−α sin 1
2 απ + (ωτ)2(1−α) −

σ2

ε0ωn (2)  

ε′′ =
(εs − ε∞)(ωτ)1−α cos 1

2 απ
1+ 2(ωτ)1−α sin 1

2 απ + (ωτ)2(1−α) +
σ1

ε0ωn (3)  

where εs and ε∞ are the low and the high frequency values of the 
dielectric permittivity, τ represents the relaxation time, the distribution 
of the relaxation time is represented by the parameter α and the term n 
denotes the frequency exponent. equation (3) represents dielectric loss 
where the rst term arises due to the relaxation of permanent dipoles 
and the second term arises due to the losses associated with the move-
ment of charge carriers. equations (2) and (3) have been utilized to t 
the experimental ε′ verses log ω and tan δ verses log ω curves of both 

Fig. 8. The Lorentzian tting pro les of Raman spectra of (a) BYSB and (b) BYSN.  

Table 6 
Experimental Raman active modes.   

BYSB BYSN  

Frequency (cm−1) FWHM (cm−1) Frequency (cm−1) FWHM (cm−1) 
1 117.19936 10.08201 114.0711 29.41374 
2 319.11887 9.98758 148.73972 40.88322 
3 357.85036 24.13656 181.42688 25.3368 
4 385.07184 15.21006 188.6309 18.22145 
5 434.03625 13.78611 386.33556 15.13371 
6 471.76312 17.07898 428.76496 20.33834 
7 597.44298 34.37726 583.41594 73.40917 
8 680.31262 29.60329 630.35296 64.69664 
9 730.92477 73.53594 676.55511 65.17666 
10 772.8061 22.0445 721.80107 57.66746 
11 809.97301 19.43274 761.82933 47.39736 
12   843.86522 17.42211 
13   1065.16 2.66322  

Table 7 
Distribution of modes for cubic BYSB.  

Atom Wyckoff 
Site 

Symmetry Distribution of modes 

Ba 8c Td F1u + F2g 

Yb 4a Oh F1u 

Sb 4b Oh F1u 

O 24e C4v A1g + F2g + Eg+ 2F1u + F2u + F1g 

ΓTOTAL A1g + Eg + F1g + 2F2g + 5F1u + F2u 

ΓACOUSTIC 1F1u 
ΓRAMAN A1g + Eg+ 2F2g 
ΓIR 4F1u 
ΓSILENT F1g + F2u  
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BYSB and BYSN. The tted curves are shown by black lines in Figs. 10 (a) 
and Fig. 11(a) and the parameters obtained from tting are given in 
Table 8. It can be observed from Table 8 that the value of α is non zero 
indicating a dispersal of the relaxation time. Thus, the relaxation 
mechanism of both BYSB and BYSN are polydispersive in nature and 
non-Debye type (α value is zero for Debye type relaxation) [60]. 

The ε′ verses log ω curves of BYSN exhibits a strong hump at 393 K 
and above this temperature the values of ε′ values start decreasing as 
temperature increases (Fig. 11 (a) and Fig. 11 (b)). The peak in the tan δ 
verses log ω curves of BYSN shifts towards higher frequency region with 
increase in temperature till 393 K and above it the peak shifts towards 
lower frequency region with increase in temperature. Thus, BYSN ex-
hibits drastically different dielectric response below and above 393 K. 
This anomalous behaviour has not been observed for BYSB. It is note-
worthy that the results of FTIR study suggests the presence of adsorbed 
CO2 in BYSN. The TGA study suggests that BYSN releases adsorbed CO2 
between 370 K and 800 K. Thus, the anomalous dielectric behaviour 
shown by BYSN above 393 K can be attributed to the continuous release 
of surface adsorbed atmospheric CO2 as temperature increases beyond 
393 K. This further con rms the presence of CO2 in BYSN below 393 K 
while BYSB does not have any trapped CO2 as has been revealed by their 

XRD, EDS, FTIR, Raman and TGA studies. The decrease in the ε′ values 
after 393 K is indicative of the decrease in the amount of the charge 
carriers in BYSN above this temperature [64]. Thus, it can be inferred 
that CO2 present in BYSN contributes to the charge carrier production 
and with its reduction above 393 K leads to the decrease in ε′ with in-
crease in temperature. Therefore, BYSN exhibits anomalous dielectric 
behaviour above 393 K as CO2 adsorbed by it starts escaping above this 
temperature. 

The ε′ verses temperature (T) plots of both BYSB and BYSN at some 
discrete frequencies are shown in Figs. 10 (b) and Fig.11 (b), respec-
tively. For BYSB it can be observed that as temperature increases ε′ in-
creases (Fig. 10 (b)) and the increase is much more prominent at lower 
frequencies (between 292 Hz and 207 KHz). In case of BYSB mainly the 
Maxwell- Wagner polarization around the grain boundaries gives rise to 
its high value of ε′ at low frequencies [65]. Further, Schottky barrier 
layer with high contact capacitance and resistance is formed between 
the sample and electrode where charge accumulation takes place, which 
may also contribute to the high value of ε′ at low frequencies [65,66]. 
The capacitance of BYSB becomes almost independent of temperature at 
higher frequencies and the slight increase in ε′ with increase of tem-
perature between 1 and 5 MHz results from the ion migration [67]. The 

Fig. 9. The TGA curves of (a) BYSB and (b) BYSN.  

Fig. 10. (a) The variation of ε′ and tan δ with log ω and (b) the variation of ε′ with temperature for BYSB.  
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ε′ verses T curves of BYSN exhibits a peak at 393 K up to 207 KHz fre-
quency. At higher frequencies (1 and 5 MHz) the ε′ values of BYSN re-
mains almost constant with increase in temperature as observed in case 
of BYSB. These indicates that BYSN exhibits anamolous dielectric 
response above 393 K as has been noticed in its frequency dependent 
dielectric response at discrete temperatures. 

For BYSB and BYSN the variation of log ωm (the frequency at which 
the peak in the tan δ verses log ω curves have been observed) with the 
inverse of temperature has been depicted in Fig. 12 (a) and Fig. 12 (b), 
respectively. We have plotted log ωm vs. 1000/T curve of BYSN in the 
temperature range of 303–393 K as it exhibits anomalous dielectric 
behaviour above this temperature. The log ωm vs. 1000/T plots of both 
BYSB and BYSN follows the Arrhenius equation ωm = ω0 exp [- EA

KBT]. The 
value of activation energy EA is found to be 0.23 eV for BYSB and 0.21 eV 
for BYSN. The activation energy values indicates that electrical transport 
mechanism in both the samples is associated with hopping of p-type 
polarons [68,69]. 

Fig. 11. (a) The variation of ε′ and tan δ with log ω and (b) the variation of ε′ with temperature for BYSN.  

Table 8 
The Cole-Cole tting parameters of BYSB and BYSN.  

Temperature 
(K) 

εs ε∞ ωm 

(Hz) 
α n σ1 

(Sm−1) 
σ2 

(Sm−1) 

BYSB 
303 350 12 5500 0.46 0.8 0.1 ×

10−7 
0.3 ×
10−7 

393 358 12.5 19500 0.45 0.85 0.2 ×
10−7 

0.3 ×
10−7 

663 366 13 51520 0.44 0.9 0.2 ×
10−7 

0.4 ×
10−7 

BYSN 
303 390 18 16755 0.55 0.94 0.1 ×

10−6 
5 × 10−8 

393 400 20 41241 0.54 0.95 0.2 ×
10−6 

8 × 10−8 

663 380 16 5522 0.56 0.92 0.2 ×
10−7 

4 × 10−8  

Fig. 12. Arrhenius plot of the most probable relaxation time ωm for (a) BYSB and (b) BYSN.  
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3.7. Impedance study 

The complex impedance plane plots of both BYSB and BYSN at room 
temperature have been depicted in Fig. 13 (a) and Fig. 13 (b), respec-
tively. The overall contribution of the grain and the grain boundary to 
the total impedance is evident from the presence of two distinct 
depressed semi-circular arc in the Nyquist plots of both BYSB and BYSN 
[60]. The well-de ned grains and the grain boundaries are found in the 
FESEM images of both BYSB and BYSN. In the impedance plots the grain 
effect is manifested by the high frequency arc whereas the grain 
boundary effect is represented by the low frequency arc. The samples 
possessing polydispersive type of relaxation exhibit deformed 
semi-circular arc having centre below the Z ′ axis as seen in our samples 
[70–74]. In order to separate the grain and the grain boundary contri-
butions, the experimental impedance plots have been tted with 
equivalent electrical circuit comprising of two parallel resistor-capacitor 
elements connected together in series as shown in the inset of Fig. 13 (a) 
and Fig. 13 (b). To account for the polydispersive nature of the relaxa-
tion process exhibited by the samples we have used a constant phase 
element (Q) in the model circuit in place of the capacitor element. Cp is 
the capacitance of constant phase element and is given by Cp = Q1/c R(1- 

c)/c, where the constant c accounts for the non-ideal behaviour of the 
sample. The value of c is 1 for ideal capacitance and 0 for ideal resis-
tance. The impedance plots have been tted using the formula: 

Z′ = Rg

1+
[
ω
(
RgQg

) 1
cg

2 +
Rgb

1 +
[
ω
(
RgbQgb

) 1
cgb

2 (4) 

and 

Z′′ =Rg

⎡

⎣ ω
(
RgQg

) 1
cg

1+
[
ω
(
RgQg

) 1
cg

2

⎤

⎦+ Rgb

⎡

⎣ ω
(
RgbQgb

) 1
cgb

1+
[
ω
(
RgbQgb

) 1
cgb

2

⎤

⎦ (5)  

where R and Q denotes the resistance and the constant phase element 
with suf x g and gb for the grain and the grain boundary contributions, 
respectively. The results have been summarized in Table 9. It can be 
observed from Table 9 that the grain boundaries are comparatively more 
insulating than the grains because of the inhomogeneous distribution of 
the charge carriers around the grain boundaries [75]. The grain 
boundaries behaving like a trap to the moving charge carriers results in 
its high impedance values [76]. As BYSN has a greater number of grain 
boundaries owing to its nanometric size, it offers more barrier to the 
charge transport. This results in the impedance values of BYSN to be 
greater than that of BYSB. 

Fig. 13. Complex impedance plane plots of (a) BYSB and (b) BYSN.  

Table 9 
The tted parameters for the impedance plots for BYSB and BYSN at room 
temperature.   

Temp. 
(K) 

Rg (Ω) Qg 
(10−10 F/ 
Ω) 

cg Rgb 
(107 

Ω) 

Qgb 
(10−11 F/ 
Ω) 

cgb 

BYSB 303 750000 7 0.8 30 9.5 0.85        

BYSN 303 1200000 9 0.82 75 6.8 0.88         

Fig. 14. (a) The variation of ac conductivity with log ω and (b) power law 
tting of conductivity spectra for BYSB. 
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3.8. Conductivity study 

The frequency dependence of the ac conductivity at different tem-
peratures for both BYSB and BYSN has been illustrated in Fig. 14 (a) and 
Fig. 15(a), respectively. Two plateaus can be observed in the conduc-
tivity plots of both the samples which are representative of two pro-
cesses responsible for the bulk conduction. At low frequency the 
conductivity tends towards a constant value which is termed as the dc 
conductivity (σdc) [77]. At low frequency the periodicity of the eld is 
low, which causes the accumulation of charge carriers giving rise to the 
dc conductivity [60]. In the higher frequency region, the rapid change in 
the conductivity is due to the commencement of conductivity relaxation 
process. As per the results of the dielectric property study, the p-type 
polaron hopping caused by electric eld governs the dielectric behav-
iour of the samples. Further, the difference in the potential energies at 
grains and grain boundaries creates trap sites, which acts as potential 
barriers towards the charge carriers [60]. Again, the higher value of 
grain boundary resistance as compared to that of its gain (as has been 
observed in the impendence study) results in transport of polaron by 
hopping from one site to another [60]. Thus, the conductivity of the 
samples increases with increase in frequency. However, in the high 
frequency region the conductivity value becomes constant as the po-
larons get trapped in sites having in nite barrier on each side and they 
start moving back and forth locally [78]. 

The variation of the conductivity with frequency can be examined 
with the help of the power law σ (ω) = σdc+ A ωn, where the A and n are 
the constants dependent on temperature and frequency [79]. We have 

tted the conductivity spectra of both the samples recorded at all the 
temperatures. However, in Figs. 14 (b) and Fig. 15 (b) we have only 
shown two representative tted curves at two distinct temperatures for 
each of the samples for the sake of clarity. We have provided the tting 
parameters for all the temperatures in Table 10. The parameter A cor-
responds to the strength of polarizability of the sample and n is related to 

the degree of interaction between the moving charge carriers and its 
surrounding lattice [80]. The parameters A and n are temperature 
dependent. The value of n = 0 when the carriers are free to move 
through the sample. In the low frequency region, the values of n of both 
BYSB and BYSN are greater than 1 (Table 10) signifying the charge 
hopping is localized. On the other hand, for both BYSB and BYSN n is less 
than 1 in high frequency region indicating translational motion of 
charge carriers [81]. 

The temperature variation of n1 (the values of n at low frequency 
region) and n2 (the values of n at high frequency region) for both BYSB 
and BYSN have been shown in Fig. 16 (a) and Fig. 16 (b), respectively. 
For BYSB, n1 decreases with temperature which agrees with the corre-
lated barrier hopping model (CBH) and n2 increases with temperature 
which is in agreement with the non-overlapping small polaron tunnel-
ling model (NSPT) [64]. According to CBH model conduction occurs due 
to the hopping of charge carriers from one defect site to another sepa-
rated by coulomb barrier [82]. As per NSPT model small polaron for-
mation takes place due to the lattice distortions caused by the 
accumulation of charge carriers at the lattice site [82]. In BYSN the 
values n1 and n2 increase initially till 393 K and then they decrease 
between 393 and 483 K. Such anomalous behaviour of BYSN above 393 
K has also been observed in its dielectric response and this can be 
attributed to the continuous release of CO2 above 393 K. It may be noted 
that for BYSN the values of n1 and n2 are independent of temperature 
beyond 483 K indicating a decrease in the interaction among the charge 
carriers. This corroborates the nding that amount of charge carrier in 
BYSN decreases above 393 K as seen in the dielectric study. 

The temperature variation of A1 (the values of A in low frequency 
region) and A2 (the values of A in high frequency region) for BYSB and 
BYSN have been shown in Fig. 17 (a) and Fig. 17 (b), respectively. For 
BYSB the values of A1 and A2 increase with increase in temperature 
indicating an enhancement in its polarizability [83]. For BYSN, A1 in-
creases rapidly up to 483 K and above this temperature it increases very 
slowly. The A2 verses T curve of BYSN shows a peak at 393 K indicative 
of maximum polarizability at this temperature. This anomalous behav-
iour observed for temperature dependence of A1 and A2 of BYSN also 
corroborates with the results of its dielectric study. 

3.9. Electrical modulus study 

The linear frequency (f) dependence of M′ and M′′ of BYSB are shown 
in Fig. 18(a) and Fig. 18 (b), respectively. Fig. 19 (a) and Fig. 19 (b) 
display the linear frequency dependence of M′ and M′′ of BYSN, 
respectively. The value of M′ decreases with decrease in frequency and 
approaches zero at all temperatures indicating that the electrode po-
larization is absent in the samples [84]. The dispersion observed in the 
M′ curves arises due to the conductivity relaxation. The presence of 
short-range charge carriers is evident from the sigmoid nature of the M′
curves [85]. At high frequencies M′ tends to saturate due to the absence 
of any restoring force controlling the movement of charge carriers in the 
induced electric eld [86,87]. Under these circumstances, the charge 
carriers can migrate over long distances indicating existence of 
long-range charge carriers [88]. The saturation of M′ curves at high 
frequencies also indicates the discharging of space charge polarization 
[86]. 

M′′ verses f plots of both the samples exhibit prominent peaks 
(Figs. 18 (b) and Fig. 19(b)) which are broad and asymmetric in nature 
pointing towards non-Debye relaxation in the samples [87]. This nature 
of M′′ spectrum also indicates that charge carriers in the samples are 
transported predominantly by hopping mechanism [88]. This corrobo-
rates the results of the dielectric study that charge conduction in the 
samples takes place by hopping of p type polaron. Further, with increase 
in temperature the peak in the M′′ curves of both the samples shifts to-
wards higher frequency indicating the charge carriers are thermally 
activated and their relaxation rate increases with increase in 
temperature. 

Fig. 15. a) The variation of ac conductivity with log ω and (b) power law tting 
of conductivity spectra for BYSN. 
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We have tried to t the electric modulus spectra of BYSB and BYSN 
using Cole-Cole model but that lead to unsatisfactory results. On con-
trary, the dielectric spectra have been successfully analysed by the Cole- 
Cole model. In this context, it is noteworthy that generally, three angular 
frequency (ω = 2πf) dependent functions viz., complex permittivity: ε* 
(ω) = ε’ (ω) – i ε’’(ω), complex electric modulus: M*(ω) = M′(ω) + i 
M’’(ω) and complex conductivity: σ*(ω) = σ′(ω) + i σ’’ (ω) are used to 
describe and assess the dielectric behaviour of materials [89]. They are 
interrelated to each other according to the equation: M*(ω) = 1/ε*(f ω) 
= iωε0/σ*(ω) but emphasize different aspects of the same process [89]. 
Physically, M* is connected to the electric eld (E) relaxation inside the 
material when the dielectric displacement (D) remains constant and it 
describes the actual relaxation. The ε* is associated with the relaxation 
of D when E remains constant and it accounts for the dielectric retar-
dation [90,91]. The details which are not explicitly manifested in one 
formalism may be noticed in the spectra of other two formalisms [91]. 

The dc conductivity (σdc) signi cantly in uences the dielectric and 
conductivity spectrum but its effect remains masked in the electric 
modulus spectrum [90,91]. In the dielectric loss spectra, the tan δ tends 
to increase at low frequency region due the in uence of σdc (as in the 
present case), which suppresses the structural relaxation process. In such 
cases, customarily the electric modulus formalism is adopted to examine 
the dielectric relaxation of the sample. The relaxation time determined 
from electric modulus corresponds to microscopic relaxation times [89, 
92]. For non-Debye type relaxation, the relaxation time determined 
from modulus formalism (τm) is supposed to be more accurate than that 
determined from dielectric permittivity (τε) and τm > τε [91]. 

For the present case tan δ increases (slightly for BYSB and sharply for 
BYSN) in the low frequency region (Figs. 10 (a) and Fig.11(a)) due the 
in uence of σdc whereas in M′′ spectrum (Figs. 18 (b) and Fig. 19 (b)) 
only sharp peaks have been observed. Thus, the above mentioned dis-
cussion has insisted us to t M′′ spectra of BYSB and BYSN using 

Table 10 
The parameters obtained from the tting of the conductivity spectra for BYSB and BYSN.  

Sample Temperature (K) σdc (Sm-1) A1 (at low frequency) n1 (at low frequency) A2 (at high frequency) n2 (at high frequency) 

BYSB 303 2.7 × 10−9 1.7 × 10−13 1.57 3.3 × 10−7 0.39  
393 4.1 × 10−9 1.8 × 10−13 1.55 3.6 × 10−7 0.40  
483 5.8 × 10−9 1.9 × 10−13 1.51 3.8 × 10−7 0.41  
573 6 × 10−9 2 × 10−13 1.49 4 × 10−7 0.42  
663 6.7 × 10−9 2.1 × 10−13 1.45 4 .05 × 10−7 0.43 

BYSN 303 1.8 × 10−8 0.5 × 10−13 1.67 2.3 × 10−7 0.42  
393 3.3 × 10−8 0.7 × 10−13 1.7 2.8 × 10−7 0.43  
483 1 × 10−8 1.9 × 10−13 1.61 2.5 × 10−7 0.41  
573 0.7 × 10−8 2 × 10−13 1.62 2.4 × 10−7 0.41  
663 0.5 × 10−8 2.1 × 10−13 1.62 2.4 × 10−7 0.40  

Fig. 16. Temperature dependence of n1 (low frequency) and n2 (high frequency) for (a) BYSB and (b) BYSN.  

Fig. 17. Temperature dependence of A1 (low frequency) and A2 (high frequency) for (a) BYSB and (b) BYSN.  
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Havriliak-Negami (HN) function: F∗HN = 1
[1+(iωτHN )β ]γ

, where β and γ are 

fractional shape parameters representing symmetric and asymmetric 
broadening of the complex dielectric function. τHN is  the characteristic 
relaxation time and βγ = βkww is the stretching parameter associated 
with the relaxation peak. The values of β and γ lies in the range of 0 <
β ≤ 1 and 0 < βγ < 1. At rst tan δ verses log ω curves of BYSB and 
BYSN were tted using the HN function excluding the low frequency 
region of those curves. It has been found that for tan δ spectra of both the 
samples the values of γ ≈ 1, for which the HN function is equivalent to 
the Cole-Cole function. This justi es the proper tting of tan δ verses log 
ω curves of the samples by Cole-Cole model. The M′′ spectra are well 

tted by HN function and γ lies between 0.58 and 0.95 for BYSB and 
0.23–0.39 for BYSN. This reveals that the relaxation peaks of M′′ for both 
the samples is asymmetric in nature and the asymmetry in BYSN is more 
prominent than BYSB. The effect of σdc is much more prominent in BYSN 
than BYSB which can be seen from the sharp increase of tan δ values of 
BYSN as compared to slow increase of tan δ in BYSB in the low frequency 
region (Figs. 10 (a) and Fig.11(a)). It can therefore be concluded that the 
asymmetry masked in the relaxation peak of tan δ due to the presence of 
σdc is manifested in the M′′ spectra. 

The type of relaxation (Debye or non-Debye type) present in the 
sample can be con rmed using the stretched exponent parameter βkww 
[93]. The value of βkww = 1 where there is no interaction among the 
dipoles and βkww < 1 where there is a signi cant interaction among the 
dipoles. The values of βkww for BYSB lies between 0.45 and 0.81and for 
BYSN it lies between 0.26 and 0.35 indicating that the relaxation in both 
the sample is non-Debye type. For BYSN the value βkww is lowest at 393 
K which once again con rms the fact that it exhibits anomalous 
dielectric behaviour above 393 K due to release of surface adsorbed CO2 
by it as has been observed in its dielectric response in other formalisms. 

4. Discussion 

The reported value of room temperature permittivity of bulk 
Ba2YbSbO6 (same as our BYSB sample) prepared by solid state ceramic 
method (belonging to R-3 space group with lattice parameter a =
5.9104 Å and α = 59.99◦) is 14 at 10 KHz [40] and the value of the same 
for BYSB (belonging to Fm 3m space group with lattice a = 8.361509 and 
α = β = γ = 90◦) is 14 at 5 MHz. To the best of our knowledge there is no 
report on temperature dependent dielectric response of Ba2YbSbO6. It 
may be noted that for Ba2YbNbO6 room temperature dielectric permit-
tivity and loss tangent values are ~250 and ~0.28, respectively at 1.75 
KHz [56]. The room temperature the values of dielectric permittivity 
and loss tangent of Ba2HoSbO6 are ~300 and 0.25, respectively, at 1.75 
KHz [94]. At room temperature and 1.75 KHz the value of dielectric 
permittivity of BYSB (~168) is found to be less than that of its analogous 
systems like Ba2YbNbO6 and Ba2HoSbO6 but its loss tangent (~0.09) is 
better than those of its analogous systems. The values of room temper-
ature dielectric permittivity and loss tangent of BYSB matches well with 
the reported values of these parameters for bulk Ba2YbSbO6 sample. On 
the other hand, the dielectric behaviour of BYSB and its analogous 
system is signi cantly different. It may be noted that crystal structure 
has the direct in uence on microscopic structural relaxation of dielectric 
materials [91]. Thus, the similarity in dielectric behaviour of BYSB with 
bulk Ba2YbSbO6 prepared by ceramic method can be attributed to 
structural similarity of these two systems. The difference in the micro-
scopic structural relaxation between BYSB and its other analogous sys-
tems leads to the change in their dielectric properties. From the above 
discussion it can be inferred that the crystal structure which determines 
the microscopic structural relaxation has a key role in determining the 
dielectric property of perovskite oxides. 

The reported values of dielectric constant and loss tangent of nano-
sized Ba2YbSbO6 (synthesized by combustion method and having 

Fig. 18. The variation of (a) M′ and (b) M′′ with frequency at different tem-
peratures for BYSB. 

Fig. 19. The variation of (a) M′ and (b) M′′ with frequency at different tem-
peratures for BYSN. 
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particle size 20–50 nm) are 11.3 and 0.01, respectively, at 5 MHz fre-
quency [38,39]. However, there is no report on dielectric property of 
Ba2YbSbO6-BaCO3 nanocomposite. The values of dielectric constant and 
loss tangent of BYSN is 18 and 0.08, respectively, at 5 MHz. It is note-
worthy that both the single phase Ba2YbSbO6 sample mentioned above 
and the present Ba2YbSbO6-BaCO3 nanocomposite are nanometric in 
size. Due to the difference in the microscopic structural relaxation owing 
to difference in the crystal structure of nanometric Ba2YbSbO6 and the 
nanocomposite BYSN their microscopic structural relaxation will be 
different. Moreover, BYSN has surface adsorbed CO2. It can therefore be 
inferred that the presence of two crystalline phases and surface adsorbed 
CO2 in BYSN is responsible for the difference in the dielectric response of 
BYSN and nanosized Ba2YbSbO6. 

The in uence of surface adsorbed CO2 on the dielectric relaxation 
dynamics and conduction mechanism of BYSN has been discussed 
elaborately in the ‘Results’ section of this paper. Apart from this the 
difference in the crystal structure and microstructure of BYSB and BYSN 
can in uence the dielectric relaxation and conduction mechanism of 
these samples. At any particular temperature the ε′ verses log ω and tan δ 
verses log ω curves of BYSN (Fig. 11 (a)) follows the same trend as seen 
in BYSB (Fig. 10 (a)). At any given temperature and frequency, the value 
of ε′ for BYSN is higher than that of BYSB. The values of tan δ of BYSN are 
comparatively higher than BYSB at low frequency (up to ~1 KHz) owing 
to the presence of pronounced dc conductivity in it. The values of tan δ 
of BYSN is less than that of BYSB above 1 KHz. It may be noted that BYSB 
(Ba2YbSbO6) is a single-phase double perovskite while BYSN is a 
nanocomposite composed of Ba2YbSbO6 and BaCO3 phases along with 
surface adsorbed CO2. Thus, the difference of microscopic structural 
relaxation of pure Ba2YbSbO6 and Ba2YbSbO6-BaCO3 nanocomposite 
along with the difference of particle size leads to the enhancement of 
dielectric constant and reduction of loss tangent of BYSN compared to 
that of BYSB. The dielectric behaviour of a palettized sample is strongly 
dependent on the presence of grain and grain boundary interface [60]. 
Due to its nanometric size the number of grains and grain boundary 
interfaces in the pelletized sample of BYSN are higher than BYSB. The 
grain size and the grain boundary interface have also contributed to the 
enhancement of dielectric permittivity and reduction of loss tangent in 
case of BYSN as compared to BYSB. 

If  the power law tting parameter of the conductivity spectra, n =
0 then the charge carriers can move freely through the material. When n 
∕= 0, the motion of charge carriers takes place due to conduction as well 
as polarization [83]. This phenomenon is usually observed for samples 
with grain boundary disorder creating localized polarons [83]. The 
motion of the polaron takes place due to induced polarizations [94,95]. 
Interaction between the mobile charge carriers and the lattice increases 
as the sample becomes more disordered. If the localized charge states are 
randomly distributed then hopping of charge carriers becomes faster. 
This motion of charge carriers increases conduction as well as polari-
zations. This behaviour has been reported for samples having grain 
boundary disorder and localized polarons [96,97]. It can be seen that the 
values of dc conductivity of BYSN at same frequency and temperature is 
higher than those of BYSB (Table 10). According to power law tting of 
conductivity spectra, the values of n1 for BYSB and BYSN lie in the range 
of 1.45–1.57 and 1.67–1.7, respectively (Table 10). The values of n2 for 
BYSB and BYSN lie in the range of 0.30–0.43 and 0.40–0.42, respectively 
(Table 10). Thus, the nonzero values of n1 and n2 reveal the presence of 
grain boundary disorder (which is usual for palletized sample and has 
been observed in the FESEM images Fig. 3(a) and (b)) and localized 
polarons in both BYSB and BYSN. Moreover, the values of n1 for BYSN is 
greater than those of BYSB, which indicates presence more defects in 
BYSN. It is well known that mechanical milling induces crystalline de-
fects and disorder mainly at the surface of the samples [17–20]. BYSN 
has been synthesized by ball milling method and it is nanometric in size 
while BYSB is synthesized by ceramic method and it is a bulk sample 
with large particle size. Therefore, BYSN should have more grain 
boundary disorder than BYSB. Thus, the microstructural (particle size 

and grain boundary defects) difference between BYSB and BYSN plays a 
key role in determining their conductivity. 

The value of the parameter βkww obtained from analysis of dielectric 
data in modulus formalism is lower for peaks which are broader and 
more asymmetric in nature and it also decreases with decrease in par-
ticle size [87,91]. Thus, the βkww values of BYSN which are less than 
those of BYSB [Table 11] results from the particle size effect. Moreover, 
in BYSN the number of energy barriers arising from the local defects are 
more owing to its nanometric size resulting in broader distribution of its 
relaxation time as compared to BYSB [87]. This phenomenon also con-
tributes to the lowering of βkww values of BYSN as compared to those of 
BYSB. For BYSB βkww value increases with temperature and approaches 
1 at higher temperatures. It can therefore be inferred that the relaxation 
in BYSB tends towards Debye type process at higher temperatures. 

5. Conclusion 

In this paper we have scrutinized how the structural, microstructural 
and surface adsorbed CO2 in uences the dielectric and electrical trans-
port properties of BYSB and BYSN. The BYSB sample having grain size 
~1.92 μm has been prepared by solid state ceramic method. BYSN 
having particle size ~50 nm has been synthesized by high energy ball 
milling of BYSB. Previously, the presence of orthorhombic BaCO3 phase 
in mechanically activated nanometric BaTiO3 has been detected by 
Rietveld re nement of XRD pattern only without any supportive spec-
troscopic evidence [14,15]. In this endeavour, for the rst time we have 
unambiguously shown that the mechanically activated nanosized dou-
ble perovskite Ba2YbSbO6 adsorbs atmospheric CO2 and is converted 
into a nanocomposite of Ba2YbSbO6 and BaCO3 through Rietveld 
re nement of XRD pattern of BYSN along with spectroscopic evidences. 

In summary, by performing XRD, FESEM, EDS, FTIR, Raman, TGA 
and impedance spectroscopic studies of BYSB and BYSN we have shown 
that (i) BYSB is a single phase cubic perovskite oxide with Fm3m space 
group whereas BYSN is a nanocomposite composed of 86.4% Ba2YbSbO6 
and 13.6% BaCO3 phases with surface adsorbed CO2, (ii) due to the 
lattice deformation and surface disorder caused by high energy me-
chanical milling, the BYSN sample adsorbs atmospheric CO2 and H2O, 
(iii) the crystalline defects of BYSN acts as active sites prone to chemical 
reaction, (iv) a part of Ba present in BYSN reacts with surface adsorbed 
CO2 to form BaCO3, (v) the permittivity value for BYSN at any given 
temperature is higher than that of BYSB, (vi) the loss tangent values of 
BYSN is comparatively lower than that of BYSB at high frequencies, (vii) 
for both the samples the relaxation mechanism governing the dielectric 
behaviour is polydispersive in nature and Cole-Cole type, (viii) the 
values of impedance at room temperature of BYSN is higher than BYSB, 
(ix) the BYSN sample exhibits anomalous dielectric and electrical 
properties above 393 K as it releases the surface adsorbed CO2 above this 
temperature, (x) in both BYSB and BYSN p-type polaron hopping dic-
tates their electrical transport properties, (xi) the structural, micro-
structural and surface adsorbed CO2 plays the key role in determining 
the dielectric relaxation and electrical transport properties of BYSB and 
BYSN. The formation of secondary BaCO3 phase in case of BYSN sample 
upon CO2 adsorption suggests that nanosized Ba2YbSbO6 can act as an 
ef cient agent for removing harmful CO2 from polluted air. Moreover, 
due to their high dielectric constant and low loss tangent at room 

Table 11 
The parameters obtained from M′′ spectra.  

Temperature (K) BYSB BYSN  

βkww τHN βkww τHN 
303 0.45 4.186 × 10−6 0.29 9.67 × 10−6 

393 0.57 1.319 × 10−6 0.26 6.798 × 10−6 

483 0.64 9.027 × 10−7 0.32 9.758 × 10−6 

573 0.77 8.47 × 10−7 0.32 1.097 × 10−5 

663 0.81 6.78 × 10−7 0.35 1.223 × 10−5  
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temperature both BYSB and the nanocomposite BYSN may be utilized 
for fabrication of radio frequency oscillator, resonator, lter and 
communication devices. 

Credit author statement 

A. Barua: Sample preparation, recording of experimental data, data 
analysis, manuscript preparation, S. K. Dey: XRD data analysis, S. Dey: 
recording and analysis of spectroscopic data, S. Kumar: Overall super-
vision, mentoring, writing and editing manuscript. 

Declaration of competing interest 

The authors declare that they have no known competing nancial 
interests or personal relationships that could have appeared to in uence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgement 

I would also like to thank DST, Gov. of India and UGC, Govt. of India 
for their FIST, PURSE, SAP, UPE program. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.physb.2022.414449. 

References 

[1] M.W. Lufaso, Chem. Mater. 16 (2004) 2148. 
[2] R. Mani, P. Selvamani, J.E. Joy, J. Gopalakrishnan, Inorg. Chem. 46 (2007) 6661. 
[3] I. Levin, J.Y. Chan, R.G. Geyer, J.E. Maslar, T.A. Vanderah, J. Solid State Chem. 

156 (2001) 122. 
[4] M. Bieringer, S.M. Moussa, L.D. Noailles, A. Burrows, C.J. Kiely, M.J. Rosseinsky, 

R.M. Ibberson, Chem. Mater. 15 (2003) 586. 
[5] Y. Du, A.S. Nowick, J. Am. Ceram. Soc. 78 (1995) 3033. 
[6] M. Thirumal, A.K. Ganguli, Bull. Mater. Sci. 25 (2002) 259. 
[7] M. Thirumal, A.K. Ganguli, Prog. Cryst. Growth Char. Mater. 44 (2002) 147. 
[8] H. Vincent, Ch Perrier, Ph I’heritier, M. Labeyrie, Mater. Res. Bull. 28 (1993) 951. 
[9] X. Wang, H. Wen, R. Chen, H. Zhou, L. Li, IEEE Int. Ultrasonics, Ferroelectrics, and 

Frequency Control Joint 50th Anniversary Conf, Canada, Montreal, August 2004. 
[10] T. Hoshina, J. Ceram. Soc. Jpn. 121 (2) (2013) 156. 
[11] Y. Kobayashi, A. Nishikata, T. Tanase, M. Konno, J. Sol. Gel Sci. Technol. 29 (2004) 

49. 
[12] S. Mukherjee, S. Ghosh, C. Ghosh, M.K. Mitra, J. Inst. Eng. India Ser. D 94 (2013) 

57. 
[13] R. Ashiri, RSC Adv. 6 (2016) 1713. 
[14] S. Neogi, U. Chowdhury, A.K. Chakraborty, J. Ghosh, Micro & Nano Lett. 10 (2015) 

109. 
[15] J. Ghosh, S. Bysakh, S. Mazumder, Phil. Trans. 87 (2014) 325. 
[16] V.R. Mudinepalli, L. Feng, W.C. Lin, B.S. Murty, J. Adv. Ceram. 4 (2015) 46. 
[17] S.D. Shenoy, P.A. Joy, M.R. Anantharaman, J. Magn. Magn Mater. 269 (2004) 217. 
[18] A. Verma, K. Biswas, C.S. Tiwary, A.K. Mondal, K. Chattopadhyay, Metall. Mater. 

Trans. 42 (2011) 1127. 
[19] M.M. Vijatovic Petrovic, J.D. Bobic, A.M. Radojkovic, J. Banys, B.D. Stojanovic, 

Ceram. Int. 38 (2012) 5347. 
[20] O.P. Thakur, A. Feteira, B. Kundys, D.C. Sinclair, J. Eur. Ceram. Soc. 27 (2007) 

2577. 
[21] M.H. Frey, Z. Xu, P. Han, D.A. Payne, Ferroelectrircs 206 (1998) 337. 
[22] M. Vigneswari, K. Sakthipandi, S. Sankarrajan, IJERT 3 (2014) 2278. 
[23] V. Buscaglia, C.A. Randall, J. Eur. Ceram. Soc. 40 (2020) 3744. 
[24] A. Prasatkhetragarn, S. Kaowphong, R. Yimnirun, Appl. Phys. A 107 (2012) 117. 
[25] A. Benali, S. Azizi, M. Bejar, E. Dhahri, M.F.P. Graça, Ceram. Int. 40 (9) (2014), 

14367. 
[26] M. Ghasdi, H. Alamdari, Sensor. Actuator. B Chem. 148 (2010) 478. 
[27] Y. Wang, J. Chen, X. Wu, Mater. Lett. 49 (2001) 361. 
[28] H.T. Giang, H.T. Duy, P.Q. Ngan, G.H. Thai, D.T.A. Thu, D.T. Thu, N.N. Toan, 

Sensor. Actuator. B Chem. 158 (2011) 246. 
[29] B. Wang, S. Gu, Y. Ding, Y. Chu, Z. Zhang, X. Ba, Q. Zhang, X. Li, Analyst 138 

(2013) 362. 
[30] G. Wang, J. Sun, W. Zhang, S. Jiao, B. Fang, Microchim. Acta 164 (2009) 357. 

[31] C. Tongyun, S. Liming, L. Feng, Z. Weichang, Z. Qianfeng, C. Xiangfeng, J. Rare 
Earths 30 (2012) 1138. 

[32] A. Galal, N.F. Atta, S.M. Ali, Electrochim. Acta 56 (2011) 5722. 
[33] S.M. Ali, Y.M. Abd Al-Rahman, A. Galal, J. Electrochem. Soc. 159 (2012) 600. 
[34] W.T. Fu, S. Akerboom, D.J.W. Ijdo, J. Alloys Compd. 476 (2009) 11. 
[35] W.T. Fu, D.J.W. Ijdo, J. Solid State Chem. 178 (2005) 2363. 
[36] H. Karunadasa, Q. Huang, B.G. Ueland, P. Schiffer, R.J. Cava, Proc. Natl. Acad. Sci. 

U. S. A 100 (2003) 8097. 
[37] P.J. Saines, B.J. Kennedy, M.M. Elcombe, J. Solid State Chem. 180 (2007) 401. 
[38] P.R.S. Wariar, V.R. Kumar, V.M. Nair, M.M. Yusoff, R. Jose, J. Koshy, Adv. Mater. 

Res. 545 (2012) 27. 
[39] V. Manikantan Nair, L. Jacob, P.R.S. Wariar, R. Jose, IJESIT 3 (2014) 720. 
[40] L.A. Carrero Bermúdez, R. Moreno Mendoza, R. Cardona, D.A. Landínez Téllez, 

J. Roa-Rojas, J. Exp. Theo. Nanotechnology 3 (2017) 161. 
[41] M.M. Hoque, A. Barua, A. Dutta, S.K. Dey, T.P. Sinha, S. Kumar, Ionics 23 (2017) 

471. 
[42] A.C. Larson, R.B. Von Dreele, General structure analysis system (GSAS), Los Alamos 

National Laboratory Report LAUR 86 (2004) 748. 
[43] B. Panalytical, X’Pert HighScore Plus, Lelyweg, Almelo, Netherlands, 2002, p. 2. 
[44] D. Shidqi Khaerudini, Arham, S. Alva, Adv. Nat. Sci. Nanosci. Nanotechnol. 11 

(2020), 015013. 
[45] B. Amitava, R. Gupta, K. Balani, J. Mater. Sci. 50 (2015) 6349. 
[46] A. Banerjee, R. Gupta, K. Balani, J. Mater. Sci. 50 (2015) 6349. 
[47] S. Alleg, F.Z. Bentayeb, R. Bensalem, C. Djebbari, L. Bessais, J.M. Greneche, Phys. 

Status Solidi A 205 (2008) 1641. 
[48] N. Bensebaa, S. Alleg, J.M. Greneche, J. Alloys Compd. 393 (2005) 194. 
[49] A.S. Bolokang, M. Phasha, Mater. Lett. 64 (2010) 1894. 
[50] S. Dey, S.K. Dey, B. Ghosh, V.R. Reddy, S. Kumar, Mater. Chem. Phys. 138 (2013) 

833. 
[51] R. Mondal, S. Dey, S. Majumder, A. Poddar, P. Dasgupta, S. Kumar, J. Magn. Magn 

Mater. 448 (2018) 135. 
[52] A. Barua, S.K. Dey, S.K. Sabyasachi, S. Kumar, J. Alloys Compd. 854 (2021), 

157217. 
[53] P. Pasierb, S. Komorniki, M. Rokita, M. Rekas, J. Mol. Struct. 596 (2001) 151. 
[54] P. Galhotra, J.G. Navea, S.C. Larsena, V.H. Grassian, Energy Environ. Sci. 2 (2009) 

401. 
[55] B. Bonelli, B. Civalleri, B. Fubini, P. Ugliengo, C.O. Arean, E. Garrone, J. Phys. 

Chem. B 104 (2000), 10978. 
[56] S.K. Maity, A. Dutta, S. Kumar, T.P. Sinha, Phys. Scripta 88 (2013), 065702. 
[57] R. Mukherjee, S. Saha, A. Dutta, T.P. Sinha, J. Alloys Compd. 651 (2015) 222. 
[58] D. Rout, G.S. Babu, V. Subramanian, Int. J. Appl. Ceram. Technol. 5 (2008) 522. 
[59] C. Zeng, P. Li, H.B. Xu, Z.F. Xu, H.H. Li, Y. Zhang, Ceram. Int. 37 (2011) 1215. 
[60] A. Barua, S. Maity, S. Kumar, A. Dutta, T.P. Sinha, Physica B 583 (2020), 412057. 
[61] K.S. Cole, R.H. Cole, J. Chem. Phys. 9 (1941) 341. 
[62] K.S. Cole, R.H. Cole, J. Chem. Phys. 10 (1942) 98. 
[63] R. Coelho, Physics of Dielectrics, Elsevier, New York, 1978. 
[64] S. Singha, S.K. Maity, S. Biswas, R. Saha, S. Kumar, Inorg. Chim. Acta. 453 (2016) 

321. 
[65] S.A. Fatima, R. Shaheen, K. Shahzad, Appl. Phys. A 127 (2021) 466. 
[66] I. Ahmad, M.J. Akhtar, M. Younas, J. Solid State Electrochem. 21 (2017) 3093. 
[67] U. Ahmadu, S. Tomas, S.A. Jonah, A.O. Musa, N. Rabiu, Adv. Mater. Lett. 4 (2013) 

185. 
[68] M. Idrees, M. Nadeem, M.M. Hassan, J. Phys. D Appl. Phys. 43 (2010), 155401. 
[69] W.H. Jung, J. Appl. Phys. 90 (2001) 2455. 
[70] L. Liu, H. Fan, L. Wang, X. Chen, P. Fang, Phil. Mag. 88 (2008) 537. 
[71] L. Liu, H. Fan, P. Fang, L. Jin, Solid State Commun. 142 (2007) 573. 
[72] L. Liu, H. Fan, P. Fang, X. Chen, Mater. Res. Bull. 43 (2008) 1800. 
[73] R. Gerhardt, J. Phys. Chem. Solid. 55 (1994) 1491. 
[74] M.C.H. Mckubre, J.R. Macdonald, in: J.R. Macdonald (Ed.), Wiley, New York, 

1987, p. 191. 
[75] R.C. Da, Y.G. Yan, Electron. Elem. Mater. 1 (1982) 25. 
[76] S. Halder, Md Seikh, B. Ghosh, T.P. Sinha, Ceram. Int. 43 (2017), 11097. 
[77] A.S.A. Khiar, R. Puteh, A.K. Arof, Physica B 373 (2006) 23. 
[78] Y. Tsuji, A. Kan, H. Ogawa, S. Ishihara, J. Eur. Ceram. Soc. 25 (2005) 2883. 
[79] A.K. Jonscher, Universal Relaxation Law, Chelsea Dielectrics Press, London, 1996. 
[80] A. Dhahri, E. Dhahri, E.K. Hlil, RSC Adv. 8 (2018) 9103. 
[81] L. Biswal, P.R. Das, B. Behera, J. Adv. Ceram. 3 (2014) 215. 
[82] A. Oueslati, Ionics 23 (2017) 857. 
[83] D.K. Pradhan, S. Kumari, V.S. Puli, P.T. Das, D.K. Pradhan, A. Kumar, J.F. Scott, R. 

S. Katiyar, Phys. Chem. Chem. Phys. 19 (2017) 210. 
[84] R.K. Parida, B.N. Parida, R.K. Bhuyan, S.K. Parida, Ferroelectrics 571 (2021) 162. 
[85] S. Manzoor, S. Husain, A. Somvanshi, M. Fatem, J. Appl. Phys. 128 (2020), 

064101. 
[86] S. Mishra, R.N.P. Choudhary, S.K. Parida, J. Mol. Struct. 1265 (2022), 133353. 
[87] N.H. Vasoya, P.K. Jha, K.G. Saija, S.N. Dolia, K.B. Zankat, K.B. Modi, J. Electron. 

Mater. 45 (2016) 2; 
[a] S.N. Tripathy, Z. Wojnarowska, J. Knapik, H. Shirota, R. Biswas, M. Paluch, 
J. Chem. Phys. 142 (2015), 184504. 

[88] R. Mukherjee, B. Ghosh, S. Saha, C. Bharti, T.P. Sinha, J. Rare Earths 32 (2014) 
334; 
[a] S. Sharma, K. Shamim, A. Ranjan, R. Rai, P. Kumari, S. Sinha, Ceram. Int. 41 
(2015) 7713. 

[89] F. Kremer, A. Schoenhals, Broadband Dielectric Spectroscopy, Springer, Berlin, 
2003. 

[90] S.N. Tripathy, K.K. Satpathy, R. Palai, D.K. Pradhan, Ferroelectrics 589 (2022) 103. 

A. Barua et al.                                                                                                                                                                                                                                   



Physica B: Condensed Matter 649 (2023) 414449

16

[91] Z. Wojnarowska, J. Knapik, M. Díaz, A. Ortiz, I. Ortiz, M. Paluch, Macromolecules 
47 (2014) 4056. 

[92] A. Molak, M. Paluch, S. Pawlus, Phys. Rev. B 78 (2008), 134207. 
[93] M.H. Bhat, M. Ganguli, J. Rao, Bull. Mater. Sci. 26 (2003) 407. 
[94] D.G. Chen, X.G. Tang, J.B. Wu, W. Zhang, Q.X. Liu, Y.P. Jiang, J. Magn. Magn 

Mater. 323 (2011) 1717. 

[95] H. Zheng, W. Weng, G. Han, P. Du, J. Phys. Chem. C 117 (2013), 12966. 
[96] S.R. Elliot, Adv. Phys. 36 (1987) 135. 
[97] N. Ortega, A. Kumar, P. Bhattacharya, S.B. Majumder, R.S. Katiyar, Phys. Rev. B 

Condens. Matter 77 (2008), 014111. 

A. Barua et al.                                                                                                                                                                                                                                   



The impedance spectroscopy analysis of complex perovskite Sr2YbSbO6
A. Barua, S. Maity, R. Mondal, and S. Kumar

Citation: AIP Conference Proceedings 1942, 110033 (2018); doi: 10.1063/1.5029016
View online: https://doi.org/10.1063/1.5029016
View Table of Contents: http://aip.scitation.org/toc/apc/1942/1
Published by the American Institute of Physics



The Impedance Spectroscopy Analysis of Complex 
Perovskite Sr2YbSbO6 

A. Barua1, S. Maity1, R. Mondal1 and S. Kumar1, a) 

1 Department of Physics, Jadavpur University, Kolkata-700032, India 
 

a)Corresponding author: kumars@phys.jdvu.ac.in  
 

Abstract. Herein, we have reported the dielectric properties of single phase monoclinic double perovskite oxide of 
Sr2YbSbO6 having lattice parameter a=5.79 Å, b=5.79 Å, c=8.19 Å and ȕ = 90.136° with grain size ranging between 0.5 
to 2.4 ȝm. The sample has been synthesized by solid state ceramic method. We have performed the impedence 
spectroscopic study of the sample in the frequency range of 40 Hz to 5 MHz at various temperatures. The relaxation in 
the sample is polydispersive in nature and obeys the Cole-Cole model. The values of dielectric permittivity and loss 
tangent at room temperature are 117.94 and 0.18 respectively. The temperature variation of dc conductivity follows the 
Arrhenius Law with activation energy 0.2 eV and the conduction mechanism of the sample is governed by p-type polaron 
hopping. Due to its high dielectric permittivity and low loss tangent the sample can be fruitfully utilized for the 
fabrication of radio frequency devices. 

INTRODUCTION 

In the recent years plethora of work has been carried out on the dielectric, structural and microstructural 
properties of complex perovskite oxides. The development of materials with high dielectric constant and low loss 
tangent is of utmost interest for the miniaturization of microwave and radio frequency electronic devices. The 
dielectric and electrical transport properties of double perovskites with general formula A2BǯBÝO6, can be easily 
modified by properly tuning the electron densities at A, Bǯ and BÝ-cationic sites. Several reports on structural, 
microstructural and dielectric properties of Sr2YbTaO6 [1] and Sr2YbNbO6 [2,3] are available in literature while 
only the crystal structure of Sr2YbSbO6 (SYS) has been thoroughly investigated by using neutron diffraction and 
powder x-ray diffraction (PXRD) techniques [2]. To the best of our knowledge alternating current impedance 
spectroscopic study (ACIS) of SYS is yet to be reported. In this background herein we have reported the crystal 
structure, microstructure and dielectric relaxation property of SYS. We have employed powder x-ray diffractometry, 
field emission scanning electron microscopy (FESEM) and ACIS technique to fulfill the goal.  

EXPERIMENTAL 

The polycrystalline Sr2YbSbO6 has been synthesized by solid state reaction technique. Analytical grade powders 
of SrCO3, Yb2O3 and Sb2O5 were taken as primary raw materials and they were mixed in the presence of acetone for 
10 h. The mixture was calcined in a Pt crucible at 1500 oC in presence of air for 8 h and brought to room 
temperature under controlled cooling. The sample was then palletized into circular disc with polyvinyl alcohol as 
binder and then sintered at 1550 oC for 12 h. The PXRD pattern of SYS was recorded at 300 K by Bruker Advanced 
D8 powder X-ray diffractrometer over a range of Bragg’s angle 10o � 2ș � 120o using Cu KĮ (Ȝ = 1.54184 Å) 
radiation. The field emission scanning electron microscope (FESEM) (FEI, INSPECT F50) was used to study the 
morphological and microstructural characteristics of the sample. For ACIS study a compact finely polished circular 
disc of thickness and diameter 1.90 and 12.92 mm; respectively, was prepared by pelletizing the sample under 
uniaxial pressure of 137 MPa using a hydraulic press followed by annealing. The frequency dependence of the 
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capacitance (C) and conductance (G) were measured using Agilent Impedance Analyzer in the temperature range of 
303 K to 663 K and at the oscillation voltage of 0.5 V. During the data collection the sample was heated at the rate 
of 0.5 o C/min. 

RESULTS AND DISCUSSION 

For perovskite oxides the degree of distortion from cubic lattice can be calculated by using Goldschmidt 
tolerance factor (Tf) given by the formula Tf =( rA + r0)/¥2[(rB)+ r0)], where, rA, rB and r0 are the ionic radii of A site, 
B site and O ions, respectively [4]. For cubic perovskites Tf is close to unity, whereas for monoclinic and 
orthorhombic perovskite Tf is less than 1 [5-7]. The value of Tf for SYS is 0.94 which suggests the structure of SYS 
should be non-cubic. Tf has been calculated using Shannon effective ionic radii [8]. The structural (lattice 
parameters) and microstructural parameters (crystallite size and microstrain) of SYS have been extracted by means 
of PXRD line profile analysis using Rietveld based software package MAUD 2.33.The experimentally obtained and 
theoretically generated PXRD patterns of SYS along with the residual curve have been presented in Fig.1. The 
values of Rwp =0.079, Rexp=0.08 and GOF=1.45 (where Rwp, Rexp and GOF are refinement parameters and 
correspond to the reliability of fitting). The refined values of the lattice parameters are a=5.79 Å, b=5.79 Å, c=8.19 
Å and ȕ = 90.136°, crystalline size is 104.7 nm and r.m.s. strain is 6.48× 10-4. The results clearly indicates that SYS 
is a single phase monoclinic double perovskite oxide of P21/n space group and this corroborates with the earlier 
finding on the same system [2]. The FESEM micrograph (Fig. 2) reveals that the grains are of assorted size with 
average grain size between 0.5 to 2.4 ȝm. 

 

 
(a) (b) 

FIGURE 1. (a) The experimentally observed and theoretically generated PXRD patterns and (b) the FESEM micrograph of SYS. 
 
The logarithmic angular frequency (Ȧ) dependence of the dielectric constant İ' (Ȧ) and the loss tangent tan į for 

SYS at different temperatures is shown in Fig. 2. It is observed that the value of İ' decreases with increasing 
frequency as in the low frequency region (Ȧ<<1/Ĳ, where Ĳ is the relaxation time), the dipole follows the field. At all 
the temperatures with the increase in frequency (Ȧ<1/Ĳ), the dipole starts lagging behind the field and İ0 starts 
decreasing and a relaxation peak (loss peak) is observed in tan į versus log Ȧ curves. As the frequency reaches the 
characteristic frequency (Ȧ=1/Ĳ), the relaxation process starts. At very high frequency (Ȧ>>1/Ĳ), dipoles cannot 
follow the field and the dielectric constant becomes constant (İ�). The large width of the loss peaks indicates that the 
relaxation cannot be due to monodispersive Debye process but points towards the possibility of the distribution of 
relaxation times. The polydispersive nature of the dielectric relaxation can be examined by using the Cole- Cole 
equation which is defined as  
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 (1) 
where, İs and İ� are static and high frequency value of relative permittivity respectively, Ȧ is the angular frequency, 
Ĳ is the mean relaxation time and Į gives the nature of distribution of relaxation time. For a mono-dispersive Debye 
relaxation Į=0 and Į > 0, implies that there is a distribution of relaxation times, leading to a broader peak than the 
Debye peak.  The real and imaginary parts of the equation (1) can be written as  
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Now, the dielectric loss can be accounted by loss tangent  

tan į = İ''/İ'                                                              (4) 
We have fitted our experimental data using equations (2), (3) and (4). The parameters İs, İ�, Ȧm (value of Ȧ 

corresponds to the peak value of tan į) that are obtained from the experimental data for various temperatures is 
given in the Table 1 below which are required for the fitting purpose. The nonzero value of Į discards the 
possibility of the existence of Debye type monodispersive relaxation process in the sample and indicates that the 
relaxation process is polydispersive in nature. 

  
 

(a) (b) 

FIGURE 2. (a) The İƍ versus log Ȧ and (b) tanį versus log Ȧ curves for SYS at various temperatures, where the solid lines are 
the fit of the experimental data (shown by symbols) by modified Cole-Cole equations.  

TABLE 1. The values of different parameters obtained by fitting the dielectric spectra of SYS by modified Cole-Cole equations. 
 

 
 
 
 
 
 
The variation of ac conductivity with frequency for SYS at different temperatures is shown in the Fig. 3. As only 

the loss part of the complex dielectric permittivity contributes towards the real part of the conductivity therefore the 
conductivity can be expressed as ı=Ȧİ0İƎ; here, ı is the real part of conductivity and İƎ is the imaginary part of the 
dielectric constant. The real part of conductivity spectra follows the power law defined as  

 
 ı = ıdc [ 1+ (Ȧ/ȦH)n]                                                                     (5) 

where, ıdc is the dc conductivity, ȦH is the hopping frequency of the charge carriers, and n is the dimension less 
exponent. The experimental conductivity spectra are fitted using equation (5). The values of parameter n (n = 0.97, 
0.98 and 0.99 at temperatures 303, 483 and 663 K respectively) is weakly temperature dependent. The values of ȦH 
are 34355, 43960, 48162 rads-1 at 303, 483 and 663 K respectively. Thus the conduction mechanism of the sample is 
governed by carrier hopping process.  

It is observed that the value of ı decreases with decreasing frequency and it becomes independent of frequency 
after a certain value. Extrapolation of the curve toward the low frequency region gives the value of ıdc, the dc 
conductivity. The values of ıdc at temperatures 303, 393, 483, 573 and 663 K are 1.2548×10-9, 2.4647×10-9, 
4.1031×10-9, 5.70374×10-9, 8.6032×10-9 Sm-1 respectively. It has been found that the temperature variation of ıdc 

Temperature(K) İs İ� Ȧm (rads-1) Į 

303 16.83 11.6 1433 0.02 

483 19.22 12 3703 0.06 

663 25.14 12.4 7525 0.19 
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follows the Arrhenius Law given by ıdc = ı0 exp ( - Eı/KBT)  with activation energy Eı =0.21 eV. The activation 
energy of p-type polaronic conduction is in the range of 0.2-0.9 eV and for n-type polaronic conduction it is less 
than 0.2 eV [9-11]. Thus the value of activation energy for SYS indicates that the conduction mechanism is 
governed by p-type polaron hopping.  

 

 

(a) (b) 

FIGURE 3. (a)Temperature dependence of dc conductivity of SYS. Symbols represent the experimental data and solid lines are 
least-squares straight-line fit  and (b) The Arrhenius plot of the dc conductivity ıdc for SYS as a function of temperature 

CONCLUSION 

In this paper we have reported the structural, microstructural and the frequency dependent dielectric and 
transport properties of SYS synthesized by solid state reaction technique. The analysis of the PXRD pattern of SYS 
by Rietveld refinement method suggests that the sample possess monoclinic crystal structure of P21/n symmetry. A 
broad peak has been observed in the tan į verses log Ȧ curves of the sample and therefore the dielectric relaxation of 
the sample is modelled by Cole-Cole equation. The frequency dependence of the conductivity spectra follows the 
power law. The temperature dependence of the dc conductivity follows the Arrhenius law having the activation 
energy of 0.21 eV which indicates the conduction mechanism is governed by p-type polaron hopping.  
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a b s t r a c t

The perovskites barium nickel tantalum niobium oxide (BNTN) and barium nickel tantalum antimony
oxide (BNTS) consisting of two rare earth elements have been prepared by the ceramic method. The
BNTN sample crystallizes in trigonal symmetry with P-3m1 space group and the BNTS sample crystallizes
in hexagonal symmetry with P 63/mmc space group, which has been obtained from the analysis of the
powder x-ray diffraction pattern (XRD). The results of the structural analysis match well with that of the
Raman and Fourier transform infrared spectroscopic studies. For both the samples the dielectric relax-
ation and ac conductivity were investigated in between temperatures 333Ke573K and in between 10 Hz
and 1MHz frequency. The relaxation nature of the samples has been analyzed with the help of the Cole-
Cole model. The non-zero values of a for the Cole-Cole model suggests the relaxation phenomena being
polydispersive in nature. The activation energy as obtained from the conductivity spectra is 0.36 eV for
BNTN and 0.37 eV for BNTS which indicates that the polaron hopping mechanism is responsible for their
electrical and dielectric response.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Perovskite oxides have been widely used in the field of micro-
wave communication systems in the form of resonators and filters
[1]. They have been widely explored due to their tunable physical
properties which are dependent on their composition and their
crystal structure. In perovskites having ABO3 structure, the dielec-
tric properties can be tuned by changing the B-site cation ordering
[2]. In recent past a large amount of research have been carried out
on triple perovskites having general formula A (B01/3B002/3)O3
because of their structural diversity and technologically important
physical properties. Barium based triple perovskites have been re-
ported to exhibit multiferroicity [3,4], better dielectric properties
[5] and photocatalytic properties [6].
Triple perovskites usually have hexagonal, orthorhombic,

monoclinic and trigonal symmetries as they can accommodate
varied sized cations in the A-site and any lanthanide or any d-block
element in the B0 and B00 sites [7e16]. This structure can easily

accommodate different elements, which allows us to substitute
different cations in order to obtain the desired physical properties.
The dielectric permittivity arises due to the combination of elec-
tronic and ionic polarization [17]. The lattice vibrations affect the
ionic polarization but the electronic polarization is constant for a
specified ion [18,19]. In our present work we have substituted the
B-site with three different cations in order to obtain the A3(B0B00B000)
O9 structure similar to those reported by Mani et al. [20]. We have
synthesized two triple perovskites Ba3NiTaNbO9 and Ba3NiTaSbO9
having general formula A3(B0B00B000)O9 and examined their struc-
tural, optical and dielectric properties. Dielectric analysis of Ba(Ni1/
3Ta2/3)O3 has beenperformed by Hoque et al. [21] but on addition of
niobium in the B000-site as in case of our BNTN sample has led to a
considerable increase in its permittivity value.

2. Experimental

The polycrystalline samples of BNTN and BNTS were synthe-
sized by the ceramic method [21]. Reagent grade powders of Ta2O5,
BaCO3, NiCO3, Sb2O5 and Nb2O5 were used for the synthesis of the
respective samples. Thestoichiometric amount of the raw materials
was mixed together for 10 h and then calcined at 1325 C for 14h in

* Corresponding author.
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presence of air. The samples were than brought down to 30 C by
cooling at the rate of 2 C/min. The XRD analysis was performed
using Bruker D8 diffractometer in order to verify the phase for-
mation of the prepared samples. Cu-K radiationwas used and the
range was kept in between 10 2q 120 with scanning step size
of 0.02 . The scan rate of the diffractometer was set at 2 min 1. The
microstructural analysis of the samples was done using field
emission scanning electron microscope (SEM). The FTIR spectrums
of the samples were recorded in the room temperature in the
transmission mode with wave number between 350 and
1200 cm 1. The Raman measurements were carried out using
WITEC alpha 300R Raman spectrometer.
The calcined powders were than palletized into discs by

applying 135MPa pressure using a hydraulic press. The discs were
than sintered at 1375 C for 10 h and then brought down to 30 C by
cooling at the rate of 1 C/min. The discs of the samples having
thickness and diameter of 1.974mm and 9.896mm for BNTS and
1.621mm and 7.784mm for BNTN were prepared which were then
polished thoroughly using very fine (so called zero) emery paper.
The flat surfaces of the discs were coated with fine silver paint and
heated at 250 C for 3 h in order to make the electrodes for per-
forming the electrical measurements. Hioki 3532 LCR meter was
used for the electrical measurements. The dielectric parameters
were measured keeping the oscillation voltage fixed at 1 V and by
varying the frequency between 10Hz and 1MHz. The dielectric
parameters were measured at some discrete temperatures in be-
tween 333 and 573 K. During the measurement each temperature
was kept constant with the help of a programmable oven with an
accuracy of ±1 K. The samples were heated at the rate of 0.5K/min
in order to study the variations of various dielectric parameters
with temperature.

3. Results

3.1. Structural characterization

It may be noted that BNTN and BNTS are obtained by partially
substituting the Ta5þ of Ba3NiTa2O9 by Nb5þ and Sb5þ, respectively.
The radii of Nb5þ (0.64 Å) is equal to that of Ta5þ (0.64Å) while the
radii Sb5þ (0.6 Å) is smaller as compared toTa5þ but closer to that of
Ir5þ (0.57 Å). Thus, the crystal structure of BNTN is likely to be
analogous to Ba3NiTa2O9, which crystallizes in P-3m1 space group
as reported by Lufaso et al. and Asai et al. [22,23]. On the other
hand, the crystal structure of BNTS is expected to be similar to that
of Ba3NiIr2O9 [16] and Ba3NiSb2O9 [24] where both Ba3NiIr2O9 and
Ba3NiSb2O9 possess P 63/mmc space group of hexagonal symmetry.
The XRD patterns of BNTN and BNTS have been analyzed by the
Rietveld refinement method by using the GSAS program having
EXPGUI user interface [25]. The initial input parameters required
for analysing the crystal structures of BNTN and BNTS have been
obtained from the crystallographic information available for
Ba3NiTa2O9 and Ba3NiIr2O9/Ba3NiSb2O9, respectively. The experi-
mentally recorded XRD patterns of both BNTN andBNTS along with
their corresponding simulated patterns, obtained after Rietveld
refinement, are demonstrated in Fig. 1. The results confirm that
BNTN belongs to trigonal symmetry with P-3m1 space group and is
a structural analog of Ba3NiTa2O9 whereas BNTS belongs to hex-
agonal symmetry with P 63/mmc space group and eventually sta-
bilizes adopting the crystal structure of Ba3NiIr2O9/Ba3NiSb2O9. In
order to assess the influence of the ionic radii of A and B -site
cations on stabilization of the crystal structures adopted by BNTN
and BNTS we have calculated the Goldschmidt tolerance factor
g¼(rA þ rO)/[

ffiffiffi
2
p
(rB þ rO)] [26] of the samples, considering the

Shannon's ionic radii [27] of different elements present in the A, B

and O -sites.We obtained g ¼ 1.03 for BNTN and g¼ 1.04 for BNTS.
The g value of BNTN is smaller due to the larger niobium ion in the
B000- site leading to 2:1 ordered perovskite structure with P-3m1
space group [22]. The substitution of Sb5þ having smaller ionic radii
as compared to Nb5þ increases the value of g in case of BNTS. Thus,
the g value of BNTS being closer to the hexagonal structure, it
crystallizes in P 63/mmc space group [26,28]. Table 1 illustrates the
lattice parameters obtained after the refinement.
TheWyckoff positions of cations and anions of BNTN and BNTS

are tabulated in Table 2 and Table 3, respectively. Fig. 2 Depicts the
asymmetric unit of BNTNwhere the Ba2þ ions are coordinatedwith
12oxygen ions while Ni2þ, Nb5þ and Ta5þ ions are coordinated with
6 oxygen ions. Fig. 3 illustrates the coordination environment of A
and B -site atoms Ba, Ni, Ta and Nb. The NieO bond length is 1.98 Å
whereas Nb/TaeO2 bond length is 2.016 Å and Nb/TaeO1 bond
length is 2.102Å for the BNTN sample. The difference in the bond
lengthofNb/TaeO indicates off center distortion of the cation in the
octahedra resulting from the second order Jahn-Teller distortion for
d0 cations like Ti4þ, Nb5þ, Ta5þ, W6þ [22]. The Nb/Ta5þ OeNb/Ta5þ

bond angle is 180 . Fig. 4 Depicts the asymmetric unit of BNTS

Fig. 1. Rietveld refinement plots of BNTN and BNTS where the symbols represents the
experimental data and the continuous line represents the simulated XRD pattern.

Table 1
The refinement and the structural parameters of BNTN and BNTS as obtained from
the Rietveld refinement method of powder X-ray data.

Parameters BNTN BNTS

Crystal system Trigonal Hexagonal
Space group P-3m1 P 6 /mmc
a (Å) 5.75509 (2) 5.835973 (30)
b (Å) 5.75509 (2) 5.835973 (30)
c (Å) 7.06650 (3) 14.40431 (12)
Volume (Å ) 191.34 (1) 424.864 (4)
a¼ b( ) 90 90
g( ) 120 120
R 0.069842 0.0458
R 0.052798 0.0358
c 1.98 2.42
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where the Ba2þ ions are coordinated with 12 oxygen ions while
Ni2þ, Sb5þ and Ta5þ ions are coordinated with 6 oxygen ions and
Fig. 5 illustrates the coordination environment of A and B -site
atomsBa, Ni, Ta and Sb. The NieO bond length is 1.89 Å whereas Sb/
TaeO2 bond length is 2.183 Å and Sb/TaeO1 bond length is 2.36 Å
for the BNTS sample. The difference in the bond length of Sb/TaeO
results from the cation-cation repulsion between the face sharing
Sb2O9 groups [28]. The Sb/Ta

5þ OeSb/Ta5þ bond angle is 68.9 . For
BNTN the B-site cations are arranged along the (111) planes of the
pseudocells with two Nb/Ta layer and one Ni layer as shown in
Fig. 6 (a). As both the Ta and Nb ions occupy the2dWyckoff position
they are represented by different colors on the same sphere. This
arrangement of the B-site atoms is repeated along the crystallo-
graphic c axis. On the other hand, the B-site cations of BNTS are
arranged along the (111) planes of the pseudocells with two Sb/Ta
layer and one Ni layer as shown in Fig. 6 (b). As both the Ta and Sb
ions occupy the 4f Wyckoff position they are represented by
different colors on the same sphere. This arrangement of the B-site
atoms is repeated along the crystallographic c axis.
The difference in the bonding preference of Nb5þ having vacant

d orbital and Sb5þ having filled d orbital and difference in their
ionic radii plays a crucial role for the stabilization of BNTN in P-3m1
space group and BNTS in P 63/mmc space group [28e32]. The vacant
d orbitals of Nb5þ in BNTN favors the formation of л bond with the p
orbitals of oxygen thus resulting in a linear Nb5þ OeNb5þ bond
with bond angle ~180 which favors the P-3m1 structure with
metal oxygen corner sharing octahedra and cubic stacking of BaO3
layers [Fig. 2]. The filled d orbitals of Sb5þ does not favor the for-
mation of л bond and preferred Sb5þ OeSb5þ bond angle is< 180 ,
thus BNTS stabilizes in P 63/mmc structure containing mixed cubic
and hexagonal stacking of BaO3 layers [Fig. 4] with Ni2þO6 octa-
hedra in the vertex and face sharing Sb2O9 groupshaving Sb5þ Oe
Sb5þ bond angle ~90 resulting from s bonding with p orbitals of
two different oxygen.
The XRD analysis can predict the ordered or disordered nature of

the sample depending on the degree of long-range ordering. A
perovskite structure is said to be disordered if the B-site cations are
randomly distributed along the crystal lattice. Perovskite materials
can exhibit partially ordered structure due to their occupational
disorder owing to the exchange of their Wykoff site between the B0-
B00-B000 ions [33]. It can be seen from Fig. 6 that ordered nature is
maintained for both BNTN and BNTS sample however the B00-B000

ions are indistinguishable due to their identical Wykoff sites. Each
2d site of BNTN can either be occupied by a Ta5þ or Nb5þ ion and
similarly in case of BNTS the probability that each 4f site will be
filled by a Ta5þ or Sb5þ ion is equal and this leads to occupational
disorder in both the samples. Thus, both BNTN and BNTS fall in the
category of partially ordered perovskite having trigonal and hex-
agonal unit cell respectively.
The theoretical density of BNTN is 8.26 g/cc and for BNTS is

7.53 g/cc. The experimental density of the pellets as measured by
the Archimedes principle is 8.01 g/cc for BNTN and 7.29 g/cc for

Table 3
The Wyckoff positions of atoms and the refined atomic coordinates of BNTS.

Atom Site x y z Occupancy B (Å )

Ba1 2 b 0 0 0.25 1 0.0247 (2)
Ni2 2a 0 0 0 1 0.02143 (9)
Sb3 4f 0.33333 0.66667 0.15876 0.5 0.0125 (4)
Ta7 4f 0.33333 0.66667 0.15876 0.5 0.02649
Ba2 4f 0.33333 0.66667 0.91349 (2) 1 0.0160 (2)
O5 6 h 0.59722 (3) 1.04013 (1) 0.25 1 0.0137 (3)
O6 12 k 0.15148 (3) 0.30296 0.42077 (1) 1 0.01630 (2)

Fig. 2. Asymmetric unit of BNTN.

Table 2
The Wyckoff positions of atoms and the refined atomic coordinates of BNTN.

Atom Site x y z Occupancy B (Å )

Ba1 1a 0.0 0.0 0.0 1 0.03619
Ni2 1 b 0.0 0.0 0.5 1 0.03139
Nb3 2 d 0.33333 0.66667 0.180924 (13) 0.5 0.03232
Ta7 2 d 0.33333 0.66667 0.180924 (13) 0.5 0.03263
Ba2 2 d 0.33333 0.66667 0.659593 (6) 1 0.03820
O5 3e 0.5 0.0 0.0 1 0.09264
O6 6i 0.16841 (12) 0.30371 (14) 0.34922 (6) 1 0.04187
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BNTS which indicates that the presence of porosity is negligible.
The SEM images of BNTN and BNTS pellets are shown in Fig. 7 from
which we can observe that both the samples have well defined
grains of asymmetrical shapes and sizes. The grain size of BNTN
ranges from 0.52 mm to 1.83 mm and for BNTS it ranges from
0.25 mm to 1.21mm.

3.2. Raman and FTIR analysis

The Raman spectra of BNTN and BNTS are illustrated in Figs. 8
and 9, respectively. The spectra are fitted with Lorentzian profile.
The peak position and the full width at half maxima of the Raman
peaks are provided in Table 4. The group factor analysis can be used
to determine the lattice vibration modes of perovskites based on
the Wyckoff positions occupied by the atoms [34]. The expected
phonon modes for the partially ordered BNTN sample are illus-
trated in Table 5. Eleven Raman-active modes (GRaman¼ 5 A1g þ 6
Eg) are expected in the Raman spectra of the ordered sample with
P-3m1 space group. An increased number of optical active modes
can be observed in BNTN for the occupational disorder caused by
the exchange of Wyckoff sites between B0-B00-B000 ions [35,36]. For
indexing the BNTN crystal structure we have used the D3d cell, but
due to the interchange of ions occupying B0 and B''/B 000 sites addi-
tional modes can be observed [33,36,37]. These additional modes
can again be predictedby the group factor analysis. The existence of
B0 ions in 2dWyckoff site would give rise to two additional Raman
and IR bands each (GRaman,B'¼ A1g þ Eg, GIR,B'¼ A2u þ Eu) and the
presence of B''/B000 ions in 1b Wyckoff site would give rise to two
additional IR bands (GIR,B''/B000 ¼ A2u þ Eu). The Lorentzian fitting of
the BNTN sample indicates the presence of 14 bands. The Raman

Fig. 3. Coordination environments of (a) Ba2þ (b) Ni2þ and (c) Ta/Nb5þ for BNTN
sample.

Fig. 4. Asymmetric unit of BNTS.
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active bands for the partially ordered BNTN sample are shown in
Table 4. Two extra Raman bands occur due to the presence of Ni
ions in the 2d site and an additional Raman band may be attributed
to the defect activated modes [36] arising due to the local break-
down of rigid symmetry rules owing to the presence of crystalline
defects created during the crystal growth process. Appearance of
extra Raman bands due to the presence of such defects in ceramic
crystals, developed during the crystal growth process, are very
common [38,39]. Seven prominent bands (1e4, 6, 7, 13) arises due
to the vibrations of Ba and O ions and agrees well with those re-
ported by Moreira et al. for sample with P-3m1 space group [36].
The peaks (12e14) arises due to the vibration of Nb ions and the
peaks (8, 9) arises due to the Ta ions occupying their own 2d site.
We propose the peaks (10e11) arises due to the vibrations of Ni
ions in the 2d site. The peak 5 may be attributed to the localized

defect activated modes [36]. According to the charge to mass ratio
[(qNi/mNi)/(qNb/mNb)]1/2 [36], where q and m denotes the charge
and mass of the ion, respectively, the Raman modes for Ni ions
occupying the 2d site would appear at frequency which is 0.796
times of themode associated with the Nb ions. This ratio is satisfied
by peak 10 and 12 (0.719) as well as peak 11 and 14 (0.747). Since
the occupation of Ni ions in 2d site is one of the causes for the
partially ordered structure of BNTN leading to extra Raman modes,
we can estimate the degree of ordering by the relation ONi,Nb ¼
[I11,14/(I11 þI14)] where I11 and I14 are the intensities of peak 11 and
14 respectively [37]. For ordered structure Ni ions in 2d site would
be absent resulting in no extra peaks (I11¼0) and therefore for
ordered structure ONi¼ 0 and ONb¼ 1. But for our partially ordered
sample for the presence of Ni ions in the Nb (2d) site, the degree of
ordering is found to be ONi¼ 0.517 and ONb¼ 0.483. Similarly, ac-
cording to the charge to mass ratio the Raman modes for Ni ions
occupying the Ta (2d) site, the peak for Ta would appear at fre-
quencies which are 0.89 times of the mode associated with the Ni
ions which is satisfied by peak 9 and 11 (0.83). The degree of
ordering for Ni ion in the Ta (2d) site can be calculated considering
the peak 11 and 9 which is found to be ONi¼ 0.221 and OTa¼ 0.779.
The phonon modes of the partially ordered BNTS sample are

shown in Table 6. Twenty-two Raman-active modes (GRaman ¼ 6
A1g þ 9E2g þ 7 E1g) are expected in the ordered sample with P 63/
mmc space group and can be indexed using the D6h cell. The
increased number of the optical active modes in BNTS can be
attributed to the occupational disorder for the exchange ofWyckoff
sites between B0-B00-B000 ions. The existence of B0 ions in 4fWyckoff
site would give rise to three additional Raman and two additional IR
bands each (GRaman,B'¼ A1g þ E2g þ E1g, GIR,B'¼ A2u þ E1u) and the
presence of B''/B000 ions in 2a Wyckoff site would give rise to two
additional IRbands (GIR, B''/B 000 ¼ A2u þ E1u). The Lorentzian fitting of
the BNTS sample indicates the presence of 28 bands. The Raman
activebands for the partially ordered BNTS sample are illustrated in
Table 4. Three extra Raman bands occur due to the presence of Ni
ions in the 4f site and three additional Raman band may be
attributed to the defect activated modes [36] which might have
evolved due to the local breakdown of rigid symmetry rules. The
observed Raman modes match well with those reported by Daniel
et al. for sample having P 63/mmc space group along with few
additional peaks for thedopingof the B-site cation [40]. The Raman
spectra of Barium based hexagonal perovskites as reported by J.
Chen et al. can be classified into four frequency ranges (below
200 cm 1, 200-400 cm 1, 500-650 cm 1 and above 650 cm 1) [41].
The peaks 1e5 which lies below 200 cm 1 are associated with the
vibration of Ba ions. The peaks lying in the rage of 200e400 cm 1

arises due to the rotational and vibrational modes of NieO, TaeO
and SbeO bonds. The peaks lying within 500e650 cm 1 are due

Fig. 5. Coordination environments of (a) Ba2þ (b) Ni2þ and (c) Ta/Sb5þ for BNTS
sample.

Fig. 6. Ordering sequences of octahedral B site cations of (a) BNTN and (b) BNTS along the crystallographic c axis.
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Fig. 7. The scanning electron micrograph of (a) BNTN and (b) BNTS.
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to the bending and symmetry vibration of NiO6, TaO6 and SbO6
octahedra. The asymmetric stretching vibration of NiO6, TaO6 and
SbO6 octahedra are associated with the peaks above 650 cm

1. We
propose the peak 26 is for Ta ions, peak 27 is for Ni ions and peak 28
is for Sb ions in accordance with the charge to mass ratio as
described above [36]. Considering the ratio [(qNi/mNi)/(qSb/mSb)]1/2,
the Raman modes for Ni ions occupying the Sb (4f) site would
appear at frequency which is 0.9113 times of the mode associated
with the Sb ions. This ratio is satisfied by peak 27 and 28 (0.99).
Since the occupation of Ni ions in the Sb (4f) site is one of the causes
for the partially ordered structure of BNTS leading to extra Raman
modes,we can estimate the degree of ordering by the relation ONi,Sb
¼ [I27,28/(I27 þI28)] where I27 and I28 are the intensities of peak 27
and 28 respectively. For ordered structure Ni ions in the Sb (4f) site
would be absent resulting in no extra peaks (I27¼ 0) and therefore
for ordered structure ONi¼ 0 and OSb¼ 1. But for our partially or-
dered sample for the presence of Ni ions in the Sb (4f) site, the
degree of ordering is found to be ONi¼ 0.351 and Osb¼ 0.649.
Similarly, according to charge tomass ratio the Ramanmodes for Ni
ions occupying the Ta (4f) site, the peak for Ta would appear at
frequencies which are 0.89 times of the mode associated with the
Ni ions which is satisfied by peak 26 and 27 (0.842). The degree of
ordering for Ni ion in the Ta (4f) site can be calculated considering
the peak 26 and 27 which is found to be ONi¼ 0.713 and
OTa¼ 0.2876.
In summary, the results indicate that both BNTN and BNTS are

Fig. 8. The Raman spectra of BNTN where the symbols represent the experimental data and the red line represents the fitted Lorentzian curve.

Fig. 9. The Raman spectra of BNTS where the symbols represent the experimental data and the red line represents the fitted Lorentzian curve.

Table 4
Observed Raman active phonon modes.

BNTN BNTS

Frequency (cm ) FWHM(cm ) Frequency (cm ) FWHM(cm )
1 106.86061 6.13422 113.73656 4.13635
2 109.94055 4.18384 116.65472 5.2179
3 179.3268 10.63783 139.39437 13.45644
4 300.33057 17.82231 156.93822 5.34014
5 326.35023 6.93163 173.26966 27.89207
6 383.77561 6.09894 206.41028 7.08981
7 386.93194 5.33803 223.90904 24.97306
8 435.17503 9.77481 245.20409 8.69937
9 562.12548 15.33022 256.28441 6.01976
10 568.39212 138.60571 272.66648 8.12174
11 671.08173 28.19654 284.47502 9.19352
12 790.39932 28.85488 316.41858 10.34392
13 824.41936 52.12184 323.12421 9.26482
14 897.29771 9.36599 345.80338 20.57622
15 369.06258 43.86453
16 391.43135 12.07692
17 404.17266 49.40364
18 424.54697 11.75038
19 442.95049 6.69549
20 456.91957 87.35553
21 491.31689 13.0209
22 517.0972 22.39771
23 584.04553 31.63836
24 617.37004 20.5725
25 642.13645 50.53684
26 645.81217 11.43132
27 766.68909 19.4977
28 772.12739 14.3234
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partially disordered perovskite and in their Raman spectra more
than expected number of modes than their ordered formhave been
obtained due to their B-site (B0-B00-B000) occupational disorder and
localized crystalline defects. It may be noted that it is very difficult
to detect very minute amount of occupational disorder and local-
ized defects by powder x-ray diffraction study but for partially
ordered perovskites slight amount of such occupational disorder/
localized defects can be detected by Raman spectroscopic tech-
nique due to its excellent resolving power [33,35,37].
The FTIR spectra of BNTN and BNTS are illustrated in Fig. 10. The

bending mode of the BO6 polyhedra is associated with the energy
bands in between 360 and 412 cm 1. The energy bands for Sb and
Nb ions appear in the higher energy side compared to that of TaO6
octahedra as both Sb and Nb ions are lighter than Ta ion. The
asymmetric bending mode of the NbO6 and SbO6 octahedra is
associated with the band at 410 cm 1 for BNTN and 408cm 1 for
BNTS. The band at 504 cm 1 for BNTN and 494 and 538 cm 1 for
BNTS are associatedwith the NieO stretching vibrations of the NiO6
octahedra [42,43]. The asymmetric stretching vibration of NbO6
and SbO6 octahedra is related to the broad bandat around 614 cm 1

for BNTN and 682 cm 1 for BNTS, respectively. The asymmetry in
the bond lengths of NieO, SbeO and NbeO gives rise to the broad
nature of the observed peaks. The absorption peaks of Nickel,
Antimony and Niobium oxides are at nearly same wave numbers
which also contributes to the broad nature of the observed peak.
The low intensity peak at 692 cm 1 for BNTN and 718 and 782 cm 1

for BNTS is because of the symmetric stretching vibration of NbO6
and SbO6 octahedra.

3.3. Dielectric analysis

The dielectric permittivity (ε0) and the loss tangent (tan d) var-
iations with log of angular frequency (log u) for BNTS and BNTN is
presented in Figs. 11 and 12 respectively. The variation of ε0 with
frequency can be roughly classified into three different regions. In

Table 5
Distribution of modes for the partially ordered BNTN sample belonging to the trigonal space group P-3m1.

Atom Site Symmetry Distribution of modes

Ba1 1a -3m A þ E
Ba2 2 d 3m A þ A þ E þ E
Ni2 1 b -3m A þ E
Nb3 2d 3m A þ A þ E þ E
Ta7 2 d 3m A þ A þ E þ E
O5 3e 2/m A þ A þ E
O6 6i m 2A þ A þ A þ 2A þ 3 E þ 3 E
Modes for the atoms in
their own Wykoff site:

G 8 A þ 9 E þ 5 A þ 6 E þ2 A þ A
G A þ E
G 5 A þ 6 E
G 7A þ 8 E

Extra modes for B 0-B00-B000 cation disorder: G ¼ A þ E , G ¼ A þ E
G ¼ A þ E

Table 6
Distribution of modes for the partially ordered BNTS sample belonging to the hexagonal space group P 6 /mmc.

Atom Site Symmetry Distribution of modes

Ba1 2 b 6m2 A þ B þ E þ E
Ba2 4f 3m A þ A þ B þ B þ E þ E þ E þ E
Ni2 2a 3m A þ B þ E þ E
Sb3 4f 3m A þ A þ B þ B þ E þ E þ E þ E
Ta7 4f 3m A þ A þ B þ B þ E þ E þ E þ E
O5 6 h mm2 A þ A þ A þ B þ B þ B þ E þ 2 E þ2 E þ E
O6 12 k m 2 A þ A þ A þ2 A þ2 B þ B þ B þ2 B þ 3 E þ 3

E þ3 E þ 3 E
Modes for the atoms in their
own Wykoff site:

G 6 A þ A þ2 A þ8 A þ7 B þ 2 B þ B þ7 B þ 8 E þ 9
E þ10 E þ 7 E

G A þ E
G 6 A þ 9 E þ 7 E
G 7A þ 9 E

Extra modes for B0-B00-B000 cation disorder: G ¼ A þ E þ E , G ¼ A þ E
G ¼ A þ E

Fig. 10. The FTIR spectrum of (a) BNTN and (b) BNTS.
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the region where the frequency is very low the dipoles starts lag-
ging behind the field leading to a slow decrease in ε0. At a certain
frequency known as the characteristic frequency the ε0 drops off
suddenly pointing towards a relaxation phenomenon. At higher
frequencies the dipoles are unable to follow the field resulting in a
constant value of ε0. This behavior of dielectric permittivity can be
well explained by the Debye theory [44]. A relaxation peak can be
observed in the tan d curve which shifts to the higher frequency
side on increasing the temperature as more polarization occurs at
high temperatures. The broad nature of the tan d peaks as observed
in Figs. 11 and 12 indicates the polydispersive nature of relaxation
times which can be analyzed with the help of the Cole-Cole model
[45,46].

ε * ¼ ε0 iε}¼ ε∞ þ
εs ε∞

1þ ðiutÞ1 a
(1)

where εs and ε∞ are low and high frequency values of ε0, t denotes
the mean relaxation time and a represents the dispersal of the
relaxation time. The value of a is 0 for monodispersive relaxation
process and for polydispersive relaxationprocess a> 0. In the lower
frequency side, tan d for both the samples increases with the
decrease in frequency whichmay be ascribed due to theeffect of dc
conductivity. So, a term for the dc electrical conduction is added to
equation (1) [47,48]:

ε * ¼ ε∞þ
εs ε∞

1 þ ðiutÞ1 a
i
s*

ε0un
(2)

where the complex conductivity s*¼ (s1 þ i s2) with dc conduc-
tivity being denoted by s1 and conductivity due to localized
charges being denoted by s2. In the above equation (2) n is a
dimensionless frequency exponent which lies between 0 and 1.
Equation (2) can be written as,

ε0 ¼ ε∞þ
ðεs ε∞Þ 1þ ðutÞ1 a sin 12ap

1 þ 2ðutÞ1 a sin 12 apþ ðutÞ
2ð1 aÞ

s2
ε0un

(3)

ε}¼
ðεs ε∞ÞðutÞ1 a cos12ap

1þ 2ðutÞ1 a sin 12apþ ðutÞ
2ð1 aÞ þ

s1
ε0un

(4)

and, the dielectric loss can be calculated by

tand¼ ε
00
=ε0 (5)

The experimental data has been fitted with the help of
equations (3)e(5) and is represented by black lines in Figs. 11
and 12. The different fitting parameters are shown in Table 7.
The main factors associated with the dielectric relaxation are

Fig. 11. Frequency dependence of (a) ε0 and (b) tan of BNTN at different temperatures
where the Cole-Cole fit of the experimental data are represented by the solid lines.

Fig. 12. Frequency dependence of (a) ε0 and (b) tan of BNTS at different temperatures
where the Cole-Cole fit of the experimental data are represented by the solid lines.

Table 7
The values of different parameters obtained by fitting the dielectric spectra of BNTN
and BNTS by modified Cole-Cole equations.

Temperature(K) ε ε u (Hz) a n s (Sm ) s (Sm )

BNTN
333 539 319 217,532 0.11 0.79 0.1 10 6.00 10
423 549 325 1,113,691 0.10 0.81 0.2 10 2.00 10
513 560 332 3,423,916 0.09 0.82 0.3 10 4.00 10
573 580 346 6,525,959 0.08 0.83 0.4 10 6.00 10
BNTS
333 300 180 158,018 0.11 0.86 0.1 10 8.00 10
423 317 190 453,625 0.10 0.88 0.2 10 2.00 10
513 333 200 1,375,618 0.09 0.9 0.3 10 5.00 10
573 348 210 2,546,917 0.08 0.91 0.4 10 9.00 10
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the dipole relaxation and the conduction relaxation of the free
charge carriers [49]. The value of a which is associated with
the dipole relaxation decreases with increase in temperature
for both BNTN and BNTS indicating that the dispersal of
relaxation time decreases thus the relaxation behavior in both
the samples tends towards monodispersive nature with in-
crease in temperature. The relaxation time t which is inversely
proportional to um decreases with increase in temperature
indicating that the rate of polarization and the dipole density
increases with temperature. The value of n which is associated
with the conduction relaxation of the free charge carriers in-
creases with temperature for both BNTN and BNTS indicating
that at higher temperature the carrier polarization mechanism
is less dispersive owing to some barrier height extracted
[49,50]. The mobile charge carriers when obstructed by the
grain boundaries hinders their charge migration giving rise to
space charge polarization [51]. The charges accumulate at the
barrier which causes a localized polarization inside the grains.
As the temperature increases the density of charges causing the
space charge polarization becomes quite large. Thus, with in-
crease in temperature relaxation processes get more and more
localized which makes the relaxation process more Debye type
or monodispersive as also indicated by the decrease in the a
value with increasing temperature.
In BNTN and BNTS the existence of long-range migration of

free charge carriers (dc conductivity) is evident in the low fre-
quency region thus we can conclude that both the samples
possess some amount of electrical semiconductivity [51]. The
hybridization between the vacant d orbitals of B-site cations and
the p orbitals of oxygen significantly affects the transport prop-
erties of the perovskite oxides [52,53]. The electronegativity of
Sb5þ being higher than that of Nb5þ results in less ionic or more
covalent SbeO bond which in-turn decreases its macroscopic
polarizability [52,54]. The presence of vacant d orbitals in Nb
favors higher hybridization with p orbitals of oxygen giving rise
to larger polar instabilities and higher permittivity values for
BNTN. The presence of vacant 4 d orbital of Nb in BNTN sample
gives rise to its high dielectric permittivity values as compared to
BNTS for which the 4 d orbitals of Sb are completely filled. As the
permittivity value of BNTN is quite high as compared to BNTS and
have almost same low values of dielectric losses, the BNTN
sample is more suitable for circuit miniaturization [55].

3.4. Complex impedance analysis

The complex plane impedance plots at temperatures 423 K
and 543 K for BNTN and BNTS are illustrated in Figs. 13 and 14
respectively. The contribution of both the grain and grain
boundary to the overall impedance has been confirmed by the
presence of two deformed circular arcs in both the samples [56].
The center of the semicircular arc being blow the Z0 axis also
confirms the relaxation mechanism of the samples being poly-
dispersive nature [56e62]. The semicircular arc becomes smaller
on increasing the temperature which points towards the ther-
mally activated conduction mechanism of the samples having
semiconducting nature. The impedance spectra have been fitted
using an equivalent circuit model consisting of two parallel
combination of resistance and capacitance joined together in
series. The capacitance term here is replaced by a constant phase
element (Q) due to the non-ideal behavior of the capacitance as a
result of more than one relaxation process for a given relaxation
time. The capacitance for the constant phase element is given by

Cp¼Q1/c R(1- c)/c where c denotes the deviation from the ideal
Debye nature. The real and the imaginary part of the impedance
have been fitted using equations

Z0 ¼ Rg

1þ
h
u RgQg

1
cg

i2 þ
Rgb

1þ
h
u RgbQgb

1
cgb
i2 (6)

and Z}¼Rg

2
4 u RgQg

1
cg

1þ
h
u RgQg

1
cg

i2

3
5þ Rgb

2
4

u RgbQgb
1
cgb

1þ
h
u RgbQgb

1
cgb
i2

3
5

(7)

whereRg andRgb denotes the resistance and Qg and Qgb denotes the
constant phase element for the grain and grain boundary respec-
tively. The fitting parameters are given in Table 8. The coincidence
of the fitted curve and the experimental data points confirms that
both the grain and grain boundary contribute to the total imped-
ance. The high values of Rgb indicates that the grain boundaries are
more insulating than the grains.

3.5. Conductivity analysis

The variation ac conductivity with frequency forBNTN and BNTS
at various temperatures is depicted in Figs. 15 and 16 respectively.
In the conductivity spectrum two discrete plateaus can be
observed. The plateau at the low frequency is associated with the
total conductivity whereas the plateau at the higher frequency
arises due to the grain's contribution to the total conductivity [63].
Thus, two processes are involved in the bulk conduction mecha-
nism of the samples. The total conductivity as stated by the power
law is:

sðuÞ ¼ sdc þ Kun (8)

here sdc is the dc conductivity and K is a constant dependent on
frequency and temperature. In order to fit the conductivity
spectra, the basic power law has been used with n values be-
tween 1.5 and 1.9 [64] at lower frequency and 0.4e0.6 at higher
frequency [65]. The parameters used for fitting are represented in
Table 9. The above equation can also be written as s (u)¼sdc
[1 þ (u/uH)n ] where the charge carriers' hopping frequency is
denoted by uH. The value of uH for BNTN is 4158.32 and
15666.79 rad 1 at 423 and 573 K respectively and for BNTS the
value of uH is 3863.92 and 22623.61 rad 1 at 423 and 573 K
respectively.
The variation of the dc conductivity (sdc) with the inverse of

temperature (Fig. 17) is found to follow the Arrhenius Law:sdc¼s0
exp [ Es

KBT
], where E is the activation energy. On increasing the

temperature, the dc conductivity value increases. The value of E as
deduced from the Arrhenius plot is 0.36 eV for BNTNand 0.37 eVfor
BNTS. The value of E suggests that for both BNTN and BNTS the
conduction mechanism is governed by p-type polaron hopping
[66,67]. The step like nature of the conductivity spectra is due to the
presence of different potentials offered by the grain and grain
boundary and the hopping of charge carriers through these po-
tential barriers [54]. As seen from the impedance spectra the grain
boundary being more insulating acts as a trap site for the charge
carriers taking part in the charge transport.
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Fig. 13. (a) Complex impedance plane plots of BNTN and (b) the enlarge view of the high frequency region.
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Fig. 14. (a) Complex impedance plane plots of BNTS and (b) the enlarge view of the high frequency region.

A. Barua, S.K. Dey, S.K. Sabyasachi et al. Journal of Alloys and Compounds 854 (2021) 157217

12



4. Conclusion

We have successfully synthesized two triple perovskites, viz.,
Ba3NiTaNbO9 (BNTN) and Ba3NiTaSbO9 (BNTS) by solid state
ceramic method and thoroughly investigated their structural,
microstructural, optical and dielectric properties. The crystal
structure, bonding property and ordering behavior of BNTN and
BNTS are analyzed by Rietveld refinement of XRD data and the
results are further corroborated by FTIR and Raman studies. It has
been shown that both BNTN and BNTS are partially ordered triple
perovskite having general formula A3(B0B00B000)O9. BNTN and BNTS
stabilize in P-3m1 space group of trigonal symmetry and P 63/mmc
space group of hexagonal symmetry, respectively. Both the sample
possess cationic disorder due to the site exchange of cations
occupying the B0, B00 and B000 sites. This work will beof immense help
in understanding the nature of ordering and probing the presence
of occupational disorder evolving due to the exchange of cations
between B0, B00, B000 sites of A3(B0B00B000)O9 type perovskites.
The dielectric loss for both the samples is similar in nature with

a broad peak indicating the polydispersive nature of the relaxation
phenomena. For both the samples two semicircular arcs are

obtained which indicates that the total impedance is due to the
contribution of both grain and grain boundaries. The activation
energy as deduced from the Arrhenius plot is 0.36 eV and 0.37 eV
for BNTN and BNTS respectively, indicating the conduction phe-
nomena is because of the hopping of the polaron of p-type. It is
noteworthy that at room temperature Ba3MIIITiMVO9 (where,
MIII¼Ga, Y, Lu; MV¼Nb, Ta) and Ba3MIIITiSbO9 (where, MIII¼ Fe,
Ga) exhibit dielectric permittivity (ε0) in the range of 20e60 and
20e100, respectively, at frequencies ranging between 1 kHz and

Table 8
The fitted parameters of the impedance circuit for BNTN and BNTS.

Temp.(K) R (U) Q (10 F/U) c R (10 U) Q (10 F/U) c

BNTN 423 650 3 0.81 28 0.17 0.89
543 185 1 0.92 11 0.27 0.86

BNTS 423 2800 1.50 0.82 14 0.19 0.86
543 421 0.98 0.82 5 0.28 0.87

Fig. 15. (a) Frequency dependence of the ac conductivity of BNTN at different tem-
peratures and (b) the power law fitting of the experimental data as shown by solid
lines.

Fig. 16. (a) Frequency dependence of the ac conductivity of BNTS at different tem-
peratures and (b) the power law fitting of the experimental data as shown by solid
lines.

Table 9
Various fitted parameters of the conductivity spectra for BNTN and BNTS.

Sample Temperature(K) s (Sm ) A n

BNTN 423 (at low frequency) 1.99 10 0.14 10 1.7
BNTN 423 (at high frequency) 1.99 10 3.8 10 0.43
BNTN 573 (at low frequency) 6.81 10 0.05 10 1.7
BNTN 573 (at high frequency) 6.81 10 9.5 10 0.44
BNTS 423 (at low frequency) 2.39 10 0.19 10 1.7
BNTS 423 (at high frequency) 2.39 10 2.9 10 0.42
BNTS 573 (at low frequency) 9.38 10 0.03 10 1.72
BNTS 573 (at high frequency) 9.38 10 8.9 10 0.43
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Fig. 17. Arrhenius plot of dc conductivity for (a) BNTN and (b) BNTS.
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1MHz [26]. The values of ε0 for Ba3MgTa2-xNbxO9 (where 0 x 1)
lies in the range of 15e20 at 500 KHz and the dielectric loss (tand) is
~0.15 for this series of compounds [68]. The value of ε0 and tand for
the series of compounds with general formula Ba3ZnTa2-xNbxO9
(0 x 1) at 500 KHz arez 30 and 0.08, respectively [68]. Further,
the dielectric constant and dielectric loss at 500KHz are 324 and
0.05 for BNTN and 182 and 0.04 for BNTS, respectively. It may be
inferred that the chemical property of B-site cations strongly affect
the dielectric properties of A3(B0B00B000)O9 type perovskites and
BNTN and BNTS exhibits improved dielectric properties as
compared to other triple perovskites of Ba3(B0B00B000)O9 series. Thus,
BNTN and BNTS appears to be very suitable for fabrication of radio
frequency devices like dielectric resonator, oscillator and filters and
may also find application in the field of electronic device
miniaturization.
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Abstract Herein, we report the structural, bonding, dielectric,
and electrical transport properties of Ca (MgTa )O (CMT)
and Ca (ZnTa )O (CZT) with the chemical formula
Ca(Mg Ta )O and Ca(Zn Ta )O , respectively, synthe-
sized by the solid-state reaction technique. The Rietveld re-
finement of powder X-ray diffraction (PXRD) patterns has
confirmed that the CMT and CZT are triple perovskites be-
longing to monoclinic P2 /c space group with 1:2 B-site or-
dering. The unit cell contains four formula units of CMTand
CZT. The results of the structural study are corroborated by
Fourier transform infrared (FTIR) and Raman spectroscopic
studies. Comparing the crystal structures of 1:2 ordered pe-
rovskites with the chemical formula Ba(B′ B″ )O and
Ca(B′ B″ )O , we have predicted that for this group of
perovskites, only calcium-based systems exhibit a monoclinic
crystal structure of P2 /c space groupdue to the smaller ionic
radii of Ca compared to those of Ba . The grain size ranges
between 0.38 and 2.66 μm for CMTand 0.11 and 1.60 μm for
CZT, respectively. The analysis of the dielectric permittivity in
the framework of the modified Cole-Cole model has revealed
that the dielectric relaxation in CMT and CZT is strongly
temperature dependent and polydispersive in nature. The ac-
tivation energies associatedwith dielectric and electrical trans-
port properties are ≈0.35 and 0.33 eV for CMT and CZT,
respectively. The polaron hopping governs the electrical and
dielectric response of the samples. It has been found that CMT

and CZT exhibit enhancement in dielectric properties com-
pared to their niobate counterparts and 1:1 ordered tantalum-
based perovskite oxides.

Keywords Dielectricproperties . Rietveld refinement .

Perovskite . Electricalconductivity . Impedance spectroscopy

Introduction

Studies on the dielectric, structural, and microstructural prop-
erties of complex perovskite oxides have attracted paramount
attention in the recent past owing to their widespread techno-
logical applications in memory devices (dynamic RAM),
wireless communication systems, cellular phones, global po-
sitioning systems, etc. in the form of capacitors, fil ters, and
resonators [1–17]. The development of materials with high
dielectric constant and low loss tangent has immense impor-
tance for min iaturization of electronic devices. The
heterovalent perovskites with the general formula A(B′ B″
)O exhibit various types of cation ordering at B site of the
perovskite unit cell [9–17]. Moreover, these materials have
high dielectric constant and they have applications in multi-
layer capacitors and piezoelectric and pyroelectric transducers
[9, 10]. For exploring widespread applications, the proper un-
derstanding of the structural property and ac electrical behav-
ior of these materials is very crucial. In recent years, the alter-
nating current impedance spectroscopy (ACIS), which probes
the electrical phenomena taking place in a system by applying
an ac signal, has emerged as an authoritative tool to study the
electrical properties of complex perovskite oxides [9–17].
This method also enables us to separate out the intrinsic
(bulk) and extrinsic (grain boundary, surface layer, and elec-
trode) contributions of polycrystalline materials.
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In case of A(B′ B″ )O -type perovskite oxides, the di-
electric property significantly depends upon the B-site ion
ordering, atomic radius, and valence of B-site ions as well as
on the presence of defect and oxygen vacancies. A large body
of work has been carried out on the dielectric property and
relaxation mechanism of A(B′ B″ )O perovskite oxides
where A = Pb, Ba, Sr, Ca; B′ = Mg, Zn, Ni, Sr; and B″ =
Nb, Ta [11–18] in the frequency range of 100 Hz to 1 MHz
over a wide range of temperature. It may be noted that the
dielectric property of perovskite oxides can be indirectly
probed by using infrared spectroscopy. The realand imaginary
parts of dielectric permittivity, loss tangent, and quality factor
of these materials can be estimated using phonon parameters
obtained from infrared spectroscopic study. If the experimen-
tal error is low, the values of dielectric parameter so obtained
match well with the experimentally measured values [19–22].
To the best of our knowledge, there is no such report on the
analysis of variation of real and imaginary parts of the dielec-
tric permittivity with frequency of the perovskite systems hav-
ing the chemical composition Ca(B′ Ta″ )O (where B′ =
Mg and Zn). In this background, an analysis of the real and
imaginary parts of the dielectric permittivity spectra of 1:2
ordered Ca (MgTa )O (CMT) andCa (ZnTa )O (CZT)with
the chemical formula Ca(Mg Ta )O and Ca(Zn Ta )O
considering the distribution of relaxation time and effect of dc
conductivity appears to be very interesting. Further, compari-
son of the results with other perovskite oxides of the same
kind may provide fruitful information regarding the dielectric
properties of Ta-based perovskite systems.
The complex perovskite oxides exhibit a wide variety of

crystal structure depending on the difference in the radii and
valence of B-site cations [23–29]. The A(B′ B″ )O -type pe-
rovskite oxides show hexagonal crystal structure of Pm31, P6 /
mmc and monoclinic structure of P2 /c space groups [30–37],
and they exhibit both the 1:1 (e.g., Pb(Mg Nb )O [23, 24]
and 1:2 (e.g., Ba(Mg Ta )O [29, 38]) B-site ordering pat-
terns. The study on the crystal structure, microstructure, and
cation ordering of Sr(Mg Nb )O and Ca(Mg Nb )O
usingX-ray diffractometry, selected area electron diffractometry,
and transmission electron microscopy revealed that both sam-
ples had 1:2 ordered monoclinic unit cell [28, 29]. However,
both Park et al. and Lee et al. did not analyze the powder X-
ray diffraction (PXRD) patterns of the samples by the Rietveld
refinement method [32, 33]. Relying upon the results of these
works, Fu et al. indexed the PXRDpattern of Ca(Mg Ta )O
in monoclinic P2 /c space group and confirmed the validity of
space group assignment by Ramanspectroscopicstudy [34, 35].
Again, Fu et a l. did not analyze the PXRD pattern of
Ca(Mg Ta )O by the Rietveld refinement method, although
they had shown that the PXRD pattern of the sample matched
well with that of Ca[(Mg Ta ) Ti ]O . The monoclinic
P2 /c symmetry of Ca(Mg Ta )O was proven by the
Rietveld refinement of PXRDpattern andRaman spectroscopic

study [34–36]. However, to the best of our knowledge, there is
no report on the crystal structure and bonding property of CMT
and CZT. In this context, the aim of the present work is to
thoroughly investigate the crystal structure, bonding property,
and B-site cation ordering of CMT and CZT along with their
dielectric behavior in the frequency range of 50 Hz to 1 MHz.
In this paper, we have reported the crystal structure, mi-

crostructure, and dielectric relaxation property of CMT and
CZT along with the results of dc conductivity measure-
ments. We have employed powder X-ray diffractometry,
scanning electron microscopy (SEM), Fourier transform in-
frared (FTIR) spectroscopy, Raman spectroscopy, and
ACIS technique to fulfil l the goal. The present study has
revealed that the dielectric relaxations in the samples are
polydispersive in nature and the polaron hopping mecha-
nism controls the electrical response of the samples. Results
also indicate that the dielectric property of perovskite ox-
ides can be tuned by the modification of crystallite size and
judicious choice of B-site metal ions.

Experimental

The polycrystalline CMT was synthesized through conven-
tional ceramic method bymixing powders of CaCO (reagent
grade), Ta O (reagent grade), and MgO (reagent grade) in
stoichiometric ratio, while for CZT, ZnO (reagent grade)
wasused instead ofMgO. The blended powderswere calcined
in a Pt crucible at 1623 K in air for 16 h and thereafter cooled
down to room temperature at the rate of 100K h . The phase
formation was confirmed by recording the powder PXRD
patterns of the calcined samples. Finally, the calcined samples
were pelletized into a disc using polyvinyl alcohol as binder,
and the discs were sintered at 1673 K for 10 h and cooled
down to room temperature at the rate of 1 K/min. The thick-
ness and the diameter of these discs were 1.63 and 9.56 mm,
respectively, for CMT and 2.87 and 9.72 mm, respectively, for
CZT. The structural, morphological, and electrical character-
izations were carried out using these discs. For electrical mea-
surements, both the flat surfaces of these discs were polished
thoroughly and were coated with silver paste and then heated
at 473K for 2h. After electrical measurement, the silver paste
was thoroughly removed by rubbing these discs by fine emery
paper and then cleaned by acetone and distilled water.
Afterward, to check whether the porosity will contribute to
the dielectric property or not, we had measured the density
of the se discs using the Archimedes princip le . The
Archimedes density of CMT is 5.967 g cm and CZT is
6.342 g cm , while the crystalline densities of CMT and
CZT are 5.971 and 6.348 g cm , respectively. This indicates
that the amount of porosities in the sample discs is negligible.
The PXRD patterns of CMT and CZT were recorded at

room temperature by Bruker D8 Advanced Diffractometer
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using Cu Kα (λ = 1.54184 Å) radiation over a range of Bragg
angles 10° ≤ 2θ ≤ 70° with the step size of 0.02°and scan time
of 6 s/step. The generator was set at 40 kV and 40 mA. We
have determined the space group of the samples by using
FINDSPACE of EXPO2009 package [39] through statistical
analysis of the PXRD data. The GSAS program with
EXPGUI interface was used for Rietveld structural refinement
of the PXRD patterns [40]. The backgroundwas described by
the shifted Chebyshev function of first kind with 36 points
regularly distributed over the entire 2θ range. The field emis-
sion scanning electron microscope (FESEM) (FEI, INSPECT
F50) was used for the morphological andmicrostructural char-
acterizations. The chemical compositions of the samples were
determined by the energy dispersive X-ray spectrometer
(EDS, BRUKER) attached with the FESEM equipment.
The FTIR spectra of the samples were recorded in trans-

mission mode within the wavenumber range 400–1300 cm
at room temperature using Perkin Elmer Spectrum Two FTIR
spectrometer. The Raman spectra of CMT and CZT were re-
cordedbyWITEC alpha, 300R Raman spectrometer equipped
with diode laser source ofλ = 532 nm. To have a good profile,
a thin film sample over a glass slide was used instead of a
powder sample. For preparing the films, the powders of the
sample were dispersed in acetone. Then, the films of the sam-
ple were developed on a clean glass slide by the drop cast
technique. Afterward, the solvent was removed by drying
the films in vacuum at room temperature.
The capacitance (C), conductance (G), impedance (Z), and

phase angle (φ) were recorded by an LCR meter (HIOKI
3532) at different temperatures between 393 and 573 K as a
function of frequency (50 Hz to 1 MHz) and at the oscillation
voltage of 1.0 V. During data collection, the sample was heat-
ed at a rate of 0.5 K/min and the measurement temperatures
were kept constant with an accuracy of ±0.5 K using a pro-
grammable vacuum oven. The dc conductivity of the samples
was measured by the four probe method.

Results and discussion

Structural and morphological properties

In case of perovskite oxides, subtle structural variation leads
to drastic changes in their physical properties. Thus, determi-
nation of the crystal structure of perovskite oxides has im-
mense importance. For many ABO -type perovskites, the ox-
ygen octahedra gets tilted due to the misfit of the ionic radii of
the A and B cations in the cubic lattice, and in consequence,
distortions from ideal cubic structure occur in such systems
[41, 42]. The degree of such distortion can be estimated by
calculating the Goldschmidt tolerance factor (T ) using the
formula T f ¼ rAþr0ffiffi

2
p

rBh iþr0ð Þ, where r , r , and r are the ionic

radii of A site, B site, and O ions, respectively [43]. The cubic
structure is obtained if the value of T is close tounity, whereas
for monoclinic and orthorhombic perovskite, T is less than 1
[16–18]. The values of the tolerance factor (T ) for CMT and
CZTare 0.942 and 0.934, respectively. T has been calculated
by using Shannon effective ionic radii [44] and taking the

rB ¼ 2r1þr23 , where r is the radius of Ta ion and r is the
radius ofMg ion for CMTand Zn ion for CZT. According
toReaney et al., perovskiteswith 0.985 < T < 1.06 are expect-
ed to have an untilted structure, while perovskites with
0.964 < T < 0.985 exhibit antiphase tilting and those with T
< 0.964 show both inphase and antiphase ti lting distortions
[45, 46]. Thus, CMT and CZT may possess a monoclinic
structure with both inphase and antiphase tilting.
Here, we have determined the crystal structure of CMTand

CZT through the Rietveld refinement of PXRD data. It is
noteworthy that the PXRD patterns of CMT and CZT
(Fig. 1) match very well with that of Ca(Zn Nb )O [33].
According to the literature, Ca(Zn Nb )O possesses a
monoclinic structure of P2 /c symmetry, which results from
an inphase and antiphase octahedral tilting along the [111]
direction and in the basal plane of perovskite pseudocubic cell
[33]. It may be noted that the ionic radius of Nb (0.641)≈ Ta
(0.640) and that of Zn(0.74)≈Mg(0.72). As the crystal struc-
ture of ABO type of perovskite oxide mainly depends upon
the ionic radii of A andB cations, it may therefore be inferred
that the crystal structure of CMT and CZT may be analogous
to that of Ca(Zn Nb )O . Further, the analysis of PXRD
data by FINDSPACE indicates that both CMT and CZT pos-
sess a monoclinic structure of P2 /c space group. Given this
background, the crystal structures of both CMTandCZT have
been refined by the Rietveld-based method by assigning the
atomic coordinat es using the crystal s tr uctur e of
Ca(Zn Nb )O [37] as the trial structural model.
To determine the lattice parameters, bond lengths, and

bond angles, we have fitted the PXRD patterns of CMT and
CZT by the Rietveld refinement package GSAS [40]. The
refinement was performed by placing the atoms (Ca, Mg,
Zn, Ta, and O) at Wyckoff positions as depicted in Tables 1
and 2. In the refinement process, positions of Mg ions for
CMT and Zn ions for CZT are set fixed and the positions of
all the other atoms have been refined. After a few cycles, the
refinement successfully converges with an excellent agree-
ment between the experimental and calculated patterns
(Fig. 1). No trace of any impurity phase has been detected.
The refined values of atomic coordinate and isotropic thermal
parameter are presented in Tables 1 and 2. The values of
lattice, structural, and refinement parameters are listed in
Table 3. These values are nearly equal to those reported for
Ca(Zn Nb )O . The bond lengths for CMT and CZT are
presented in Tables 4 and 5, respectively. The asymmetric
units of only CMT along with the coordination environment
of different metal ions are shown in Fig. 2 as CMTand CZT
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are isostructural. According to the results of the Rietveld re-
finement, the crystal structure of both samples is monoclinic,
belonging to P2 /c space group with 60 atoms in the unit cell.
The unit cell of CMTand CZT contains four formula units of
Ca (Mg Nb )O and Ca (Zn Nb )O , respectively. In the unit
cell of CMT, there are twoMg ions at 2a site and twoMg ions
at 2d site, while for CZT, there are two Zn ions at 2a site and
twoZn ions at 2d site in addition to 12 Ca, 8 Ta, and 36 O ions
occupying the 4e Wyckoff positions in the unit cell of both
crystal structures.
The A-site Ca ions are coordinated with eight nearest

neighboring oxygen ions. The A-site cations of perovskite
oxides usually exhibit 12 coordination mode, but eight coor-
dination of A cations is unique for perovskites belonging to
monoclinic P2 /c space group and has been observed earlier
for Ca(Zn Nb )O and Ca(Ca Nb )O [37, 47]. In
monoclinic P2 /c structure, the highly distorted/deformed B-
site octahedrons force the A cations at body center position

with respect to the nearest neighbor oxygen ions, and in turn,
eight oxygen ions will be available in the first coordination
sphere of A cations. Thus, for perovskite oxides with mono-
clinicP2 /c structure, eight oxygen ions are closer toA cations
than the next nearest neighbor B cations and therefore the A
cations exhibit eight coordination mode. The average bond
valence sum (BVS) of Ca ion at A site is calculated to be

Table 1 Refined values of the atomic coordinate and the rmal
parameters for CMT

Atom Site x (Å) y (Å) z (Å) U

Ca1 4e 0.24987 (3) 0.46597 (2) 0.05632 (4) 0.004 (15)

Ca2 4e 0.75163 (1) 0.47471 (6) 0.25481 (2) 0.043 (15)

Ca3 4e 0.73970 (7) −0.02065 (3) 0.09025 (3) 0.039 (14)
Mg1 2a 0 0 0 0.032 (23)

Mg2 2d 0.5 0.5 0.5 0.046 (27)

Ta1 4e 0.00397 (4) −0.00812 (5) 0.33561 (1) 0.008 (5)
Ta2 4e 0.49580 (3) 0.00792 (9) 0.16230 (4) 0.005 (6)

O1 4e −0.02348 (2) 0.24214 (5) 0.09425 (6) 0.600 (7)

O2 4e 0.49277 (1) 0.98288 (2) 0.27321 (7) 0.070 (9)

O3 4e 0.06124 (3) 0.81239 (5) 0.25765 (4) 0.120 (5)

O4 4e 0.43494 (9) 0.79102 (2) 0.05723 (1) 0.800 (10)

O5 4e 0.27129 (5) 0.39768 (9) 0.26254 (8) 0.210 (6)

O6 4e 0.76134 (2) 0.61432 (9) 0.07309 (7) 0.130 (4)

O7 4e 0.254329 (6) 0.08543 (4) 0.09654 (3) 0.040 (4)

O8 4e 0.53124 (8) 0.31542 (7) 0.12765 (5) 0.390 (11)

O9 4e 0.06543 (4) 0.70134 (3) 0.09123 (2) 0.010 (5)

U isotropic thermal parameter

Table 2 Refined values of the atomic coordinate and the rmal
parameters for CZT

Atom Site x (Å) y (Å) z (Å) U

Ca1 4e 0.25385 (7) 0.50337 (5) 0.06525 (3) 0.011 (6)

Ca2 4e 0.76700 (5) 0.46600 (4) 0.27400 (8) 0.073 (9)

Ca3 4e 0.75000 (3) 0.00500 (2) 0.09530 (2) 0.058 (8)

Zn1 2a 0 0 0 0.037 (7)

Zn2 2d 0.5 0.5 0.5 0.007 (6)

Ta1 4e 0.00390 (8) −0.00812 (4) 0.33780 (3) 0.034 (18)
Ta2 4e 0.49580 (5) 0.00871 (3) 0.16230 (1) 0.045 (21)

O1 4e −0.03500 (1) 0.22300 (7) 0.09600 (2) 0.032 (15)

O2 4e 0.46841 (3) 0.71047 (9) 0.23435 (9) 0.005 (18)

O3 4e 0.06354 (4) 0.80231 (3) 0.25714 (1) 0.102 (35)

O4 4e 0.44382 (7) 0.78441 (1) 0.05741 (7) 0.115 (34)

O5 4e 0.27812 (8) 0.39882 (6) 0.26523 (5) 0.030 (20)

O6 4e 0.75643 (9) 0.61421 (4) 0.07328 (4) 0.116 (30)

O7 4e 0.25638 (4) 0.08393 (7) 0.09663 (6) 0.028 (12)

O8 4e 0.53524 (2) 0.31123 (9) 0.12091 (3) 0.180 (5)

O9 4e 0.06414 (1) 0.70128 (8) 0.09137 (7) 0.080 (4)

U isotropic thermal parameter

Fig. 1 Rietveld refinement plots of aCMTand bCZT. The experimental
data are represented by green solid circles and the continuous red line
represents the simulated XRD pattern. The difference between the
experimental and simulated PXRD patterns is shown by the continuous
pink line. The magnified view of the highest peaks of CMT and CZT is
shown in the insets of the corresponding figures
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equal to 1.86 for CMT and 1.91 for CZT, both of which are
less than the ideal BVS value for Ca ion. This indicates that
the A-site Ca ions in both CMTand CZT are underbounded
and the stretching of Ca-O bonds has taken place.
Considering the structural similarity of CMT and CZT, the

schematic projections of TaO and ZnO octahedra on ac
plane are il lustrated only for CZT (Fig. 3). The TaO and
ZnO octahedrons exhibit both inphase and antiphase rotation.

Within the crystal structure, six coordinated Ta ions and
Mg ions of CMT/Zn ions of CZT are linked with six
nearest neighboring oxygen ions in octahedral fashion, and
the cavities between the B′O (B′ = Mg for CMT and Zn for
CZT) and TaO octahedrons are occupied by A-site Ca ions
located at 4(e) Wyckoff position. Each TaO octahedron is
surrounded by two nearest neighbor TaO and two B′O oc-
tahedra, while each B′O octahedron is surrounded by four
TaO octahedra. Thus, the octahedra are arranged in sequence
{Ta-Ta-B′} and repeat. This suggests that both CZTand CMT
exhibit 1:2 cation ordering at B site. In both samples, the B-
site metal oxygen bonding network is asymmetric (Tables 4
and 5). Moreover, the BVS calculations suggest that the Ta-O
bonds are compressed, while the Zn-O bonds ofCZTandMg-
O bonds ofCMTare in extension.These indicate that the B′O
and TaO octahedra are distorted in nature.
The FESEM micrographs of CMT and CZT, which are

shown in Fig. 4a, b, respectively, show well-defined parti-
cles with irregular shape and assorted size. The grain size
for CMTand CZT is between the range of 0.38 to 2.66 μm
and 0.11 to 1.60 μm, respectively. Only the characteristic
peaks for constituen t elements are observed in the EDS
spectra (Fig. 5) of the samples. This implies that there is
no impurity in the samples.
It is noteworthy that 1:2 ordered perovskites having the

general chemical formula Ba(B′ B″ )O possess hexagonal

crystal structure of either Pm31 or P6 /mmc space group and

Table 4 Metal oxygen bond
length for CMT Bond Length (Å) Bond Length (Å) Bond Length (Å) Bond Length (Å)

A sites

Ca1-O1 2.7557 (3) Ca2-O1 2.7227 (2) Ca3-O1 2.3297 (6)

Ca1-O2 2.5383 (1) Ca2-O2 2.7335 (8) Ca3-O3 2.9601 (2)

Ca1-O4 2.8793 (4) Ca2-O2 2.9801 (6) Ca3-O3 2.6661 (4)

Ca1-O5 2.7251 (6) Ca2-O3 2.3974 (5) Ca3-O4 2.9116 (1)

Ca1-O5 2.6178 (4) Ca2-O4 2.3481 (3) Ca3-O6 2.8827 (7)

Ca1-O6 2.4298 (2) Ca2-O5 2.7217 (1) Ca3-O6 2.5252 (3)

Ca1-O8 2.3199 (5) Ca2-O7 2.3610 (5) Ca3-O7 2.3873 (9)

Ca1-O9 2.4338 (7) Ca2-O9 2.5931 (2) Ca3-O8 2.1422 (4)

Avg. 2.5875 2.5916 2.6006

BVS 1.89 1.88 1.83

B sites

Mg1-O1 1.8784 (4) Mg2-O4 2.2911 (6) Ta1-O1 2.1039 (7) Ta2-O2 1.9359 (8)

Mg1-O1 1.8784 (4) Mg2-O4 2.2911 (6) Ta1-O3 2.0126 (4) Ta2-O2 2.2603 (6)

Mg1-O5 2.2756 (5) Mg2-O6 1.9832 (3) Ta1-O3 2.0545 (2) Ta2-O4 1.8345 (3)

Mg1-O5 2.2756 (5) Mg2-O6 1.9832 (3) Ta1-O5 1.8259 (9) Ta2-O6 2.0712 (2)

Mg1-O9 1.9726 (2) Mg2-O8 1.8254 (7) Ta1-O7 2.0330 (5) Ta2-O7 2.0499 (4)

Mg1-O9 1.9726 (2) Mg2-O8 1.8254 (7) Ta1-O8 1.9434 (4) Ta2-O9 1.8751 (5)

Avg. 2.0422 2.0332 1.9955 2.0045

BVS 2.33 2.39 4.89 4.77

BVS bond valance sum

Table 3 Structural, microst ructural, and refinement parameters of
CMT and CZT obtained from Rietveld X-ray powder structure
refinement method

Parameters CMT CZT

Crystal system Monoclinic Monoclinic

Space group P2 /c P2 /c

a (Å) 9.6210 (6) 9.6397 (3)

b (Å) 5.4835 (2) 5.4844 (2)

c (Å) 16.8097 (6) 16.8782 (5)

β (°) 125.715 (4) 125.822 (3)

Volume (Å ) 720.04 (7) 723.53 (5)

Crystallite size (μm) 0.85 (7) 0.51 (1)

Microstrain (×10 ) 8.65 (2) 6.7 (4)

R 0.1270 0.1072

R 0.0863 0.0737

χ 2.63 3.42
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the value of the tolerance factor for this type of perovskites is
≈1 [29–31, 38] . On the hand, Ca(Zn Nb )O ,
Ca(Ca Nb )O , Ca[(Mg Ta ) Ti ]O , and the solid
solution of 0.9Ca[(Mg Ta2/3)]O /0.1CaTiO have mono-
clinic crystal structure of P2 /c space symmetry [34–37, 47].
To the best of our knowledge, no more example of calcium-
based 1:2 ordered perovskite is available in the literature. It

may further be noted that the crystal structures of both CMT
and CZT belong to monoclinic P2 /c symmetry. The value of
the tolerance factor of perovskites with the general formula

Table 5 Metal oxygen bond
length for CZT Bond Length (Å) Bond Length (Å) Bond Length (Å) Bond Length (Å)

A sites

Ca1-O1 2.7265 (7) Ca2-O1 2.6926 (4) Ca3-O1 2.9214 (1)

Ca1-O2 2.5084 (4) Ca2-O2 2.5671 (2) Ca3-O3 2.7165 (4)

Ca1-O4 2.5825 (3) Ca2-O2 2.5707 (7) Ca3-O3 2.5741 (7)

Ca1-O5 2.6494 (8) Ca2-O3 2.3863 (1) Ca3-O4 2.5930 (6)

Ca1-O5 2.7709 (5) Ca2-O4 2.4682 (9) Ca3-O6 2.4143 (5)

Ca1-O6 2.6408 (4) Ca2-O5 2.4995 (7) Ca3-O6 2.5857 (9)

Ca1-O8 2.4957 (2) Ca2-O7 2.8832 (5) Ca3-O7 2.4997 (4)

Ca1-O9 2.3635 (6) Ca2-O9 2.5753 (8) Ca3-O8 2.3659 (3)

Avg. 2.5922 2.5804 2.5838

BVS 1.87 1.93 1.92

B sites

Zn1-O1 1.9851 (8) Zn2-O4 2.1247 (7) Ta1-O1 2.0848 (6) Ta2-O2 1.8272 (9)

Zn1-O1 1.9851 (8) Zn2-O4 2.1247 (7) Ta1-O3 2.0759 (5) Ta2-O2 2.1438 (2)

Zn1-O5 2.3219 (5) Zn2-O6 1.9624 (3) Ta1-O3 2.0592 (8) Ta2-O4 2.0375 (4)

Zn1-O5 2.1219 (5) Zn2-O6 1.9624 (3) Ta1-O5 1.9680 (2) Ta2-O6 2.1018 (1)

Zn1-O9 2.1954 (3) Zn2-O8 2.3676 (2) Ta1-O7 1.9981 (1) Ta2-O7 2.0585 (7)

Zn1-O9 2.1954 (3) Zn2-O8 2.3676 (2) Ta1-O8 1.8641 (7) Ta2-O9 1.9119 (2)

Avg. 2.1675 2.1513 2.0138 2.0135

BVS 1.71 1.79 4.65 4.66

BVS bond valance sum

Fig. 3 The schematic projections ofTaO and ZnO octahedra of CZTon
the ac plane

Fig. 2 Unit cell of CMT along with the coordination environment of
Mg and Ta ions
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Ca(B′ B″ )O is <0.965. It is well known that the tolerance
factor (which depends on the radius of A- and B-site metal
cations and oxygen anion) has a strong influence on thecrystal
structure and physical propert ies of perovskite oxides.
According to previous reports, the crystal symmetry of perov-
skite oxide reduces as the tolerance factor decreases [45, 46].
The value of the tolerance factor of themembers of Ca(B′ B″
)O group of perovskites is less than those of perovskites
with the general formula Ba(B′ B″ )O mainly due to the
smaller radius of Ca (1.34 Å) ions compared to that of Ba
(1.61 Å) ions. It may therefore be inferred that 1:2 ordered

Ca(B′ B″ )O systems crystallize in monoclinic P2 /c
space group (lower symmetry), while the crystal structure of
the members of Ba(B′ B″ )O family of perovskites with
1:2 ordering at B site possesses a hexagonal crystal structure

of either Pm31 or P6 /mmc space group (higher symmetry)
due to the difference in ionic radius of A-site cations.

FTIR and Raman spectroscopic investigation

Several reports on the assignment of the IR and the Raman
active modes for 1:2 ordered perovskite oxide with space

group Fm3m (O ), Pm31 (D ), Pm3m (O ), Pbnm (D ),
P21/n (C ), and P2 (C ) are available in the literature
[31, 48–53]. The details of the site symmetry and correspond-
ing modes of vibration for 1:2 ordered perovskites belonging
to P2 (C ) space group were reported by Fu et al. [35].
According to them, perovskites belonging to this category
present 180 normal modes of vibration out of which 3 (A +
2B ) are acoustic, 93 (47 A + 46B ) are IR active, and 84 (42
A + 42B ) are Raman active.
The FTIR spectra of CMT and CZT in the wavenumber

range of 1300 to 400 cm are shown in Fig. 6. Three strong
and broad bands are observed in thespectrum of both samples.
It may be noted that the IR bands due to symmetric stretching
vibration of Mg-O and Zn-O bonds appear at ∼436 and
490 cm , respectively [54, 55]. Further, asymmetric
stretching vibration of Ta-O bonds in 1:2 ordered perovskite
oxides having Ta ions at B site produces a IR band at
∼630 cm [18]. The strong and maximum energy band
around 636cm for CMTand627 cm CZTcan be assigned
to the asymmetric stretching mode of Ta-O bonds of TaO
octahedra due to higher charge of Ta ions [18]. The lowest
energy bands around 472 cm for CMT and 469 cm for
CZTare related to the symmetric stretchingvibrationofMg-O
and Zn-O bonds of the MgO and ZnO octahedra of CMT
and CZT, respectively. The broad nature of the IR bands at
∼636 and 472 cm for CMT and 627 and 469 cm for CZT
can be attributed to the deformity in the Ta-O, Mg-O, and Zn-
O bonding networks due to unequal length of Ta-O, Mg-O,
and Zn-O bonds forming TaO and MgO (for CMT) and
ZnO (for CZT) octahedra, respectively, as revealed by the
structural study (see Tables 4 and 5). The broad medium en-
ergy bands at around 554 cm for CMT and 555 cm for
CZTmay be allocated to the symmetric stretching vibration of
Ta-O and some deformed modes ofMgO octahedra for CMT
and ZnO octahedra for CZT. The broad nature of these peaks
is due to the occurrence of absorption peaks due to symmetric
stretching of Ta-O and deformed modes of MgO (for CMT)
and ZnO (for CZT) oc tahedra at nearly th e same
wavenumbers.
The Ramanspectroscopy is regarded as an authentic tool to

probe the crystal symmetry and B-site cation ordering of

Fig. 4 The FESEM micrographs of a CMT and b CZT

Fig. 5 EDAX spectra of a CMT and b CZT
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perovskite oxides, even when this ordering is confined to the
nanoscale level [35, 47, 56, 57]. The Raman spectra of CMT
andCZTare displayed in Fig. 7. Eleven distinctRaman modes
centered about 143.6, 233.9, 276.3, 318.5, 379.2, 411.2,
480.9, 563.3, 631.3, 725.6, and 832.2 cm for CMT and
148.4, 230.5, 276.3, 323.2, 382.5, 410.6, 471.7, 558.7,
629.9, 716.6, and 827.7 cm for CZT are observed. In addi-
tion, five weak peaks are observed in the Raman spectra of
both CMT and CZT. According to the factor group analysis
for 1:2 orderedA(B′ B″ )O perovskite oxideswith mono-
clinic P2 /c symmetry, 84 (42 A + 42 B ) Raman active
modes are expected out of which only 29 modes are detected
experimentally till date[47]. Mode assignment for perovskite
oxides with monoclinic P2 /c symmetry is very difficult due
to the presence of a large number ofmodes in close proximity
and serious overlapping of the modes, because the Raman
spectrum of such perovskites is analyzed by comparing them
with those of other analogous crystal structures [35]. Usually
nine to ten Raman active modes are observed for 1:2 ordered
perovskite oxides with monoclinic P2 /c symmetry in the
range of 100–1000 cm [35, 47]. It is noteworthy that for
the perovskite oxides having monoclinic P2 /c crystal struc-
ture with 1:2 ordering at B site and Ca ions at A site, a
characteristic Raman mode appears at about 408 cm [35].
Thus, the Raman mode at about 411.2 cm for CMT and
410.6 cm for CZT gives evidence in favor of long range
1:2 ordering at B site of the samples. Moreover, the appear-
ance of a large number of (16) Raman modes indicates that
both CMT and CZT have a monoclinic crystal structure of
P2 /c space group [35, 47]. The Raman shifts of CZT and
CMT match well with that of Ca[(Mg Ta ) Ti ]O ,

which also possesses a monoclinic crystal structure of P2 /c
space group [35]. A Raman mode is observed at about
800 cm for both 1:1 and 1:2 ordered perovskite oxides,
and this nonspecific mode corresponds to short range cation
ordering [35]. The strong peakat about 830cm for CMTand
825 cm for CZTcorresponds to A mode and confirms the
formation of a complex perovskite phase and the existence of
a short range cation ordering in the samples. Thus, the Raman
study has confirmed that both samples have crystallized in
P2 /c space group and exhibit 1:2 ordering.

Investigation on dielectric permittivity

The variation of the real (ε′) and imaginary (ε″) parts of
complex dielectric permittivity (ε*) with the logarithmic
angular frequency ω (=2πυ) for CMT and CZT at different
temperatures is shown in Figs. 8 and 9, respectively. The
peak in the ε″ versus log ω curves shifts toward higher
frequencies on increasing the temperature (Figs. 8b and
9b), i.e., at higher temperatures , relaxation occurs at
higher frequencies. This implies that the relaxation mech-
anism governing the dielectric properties of the samples is
temperature dependent and the rate of polarization formed
increases with the increase of temperature.
A close look at Figs. 8 and 9 reveals the presence of

a strong dielect ric r elaxat ion in CMT and CZT.
According to the literature, in perovskite crystals, vari-
ous relaxation processes with different relaxation times
exist simultaneously due to the presence of various
types of defects arising in the course of the crystal
growth process [18]. The large width of the loss peaks
in Figs. 8b and 9b points toward the possibili ty of par-
ticipation of a large number of relaxation processes with
their own discrete relaxation times. It seems that the
diel ect r ic property of CMT and CZT cannot be
accounted in terms of the Debye-type monodispersive
relaxation process as the dielectric relaxation in the
samples is polydispersive in nature. The polydispersive
character (distribution of relaxation time) o f the dielec-
tric relaxation can be examined by the Cole-Cole model.
According to this model, the complex dielectric cons tant
can be expressed as [58, 59]

ε* ¼ ε0−iε″ ¼ ε∞ þ
εs−ε∞

1þ iωτð Þ1−α
ð1Þ

where ε and ε are low- and high-frequency values of
ε′, respectively, and α (a constant) is a measure of the
distribution of relaxation times. For an ideal Debye-type
(monodispersive) relaxation process, α = 0, while for
polydispersive relaxation, α > 0. It may be noted that although
the polydispersive nature of dielectric relaxation can be

Fig. 6 FTIR spectra of a CMT and b CZT
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successfully accounted by the Cole-Cole model, it cannot fol-
low the low-frequency dielectric behavior of the sample when
ε″ increases very rapidly with the decrease of frequencydue to

the influence of dc conductivity [18]. Under such circum-
stances, a term accounting for the contribution of the dc elec-
trical conductivity is added in the Cole-Cole equation and the

Fig. 7 Raman spectra of a CMT
and b CZT

Fig. 8 The a ε′ versus log ω and b ε″ versus log ω curves for CMT at
various temperatures, where the solid lines are the fit of the experimental
data (shown by symbols) by the modified Cole-Cole equations

Fig. 9 The a ε′ versus log ω and b ε″ versus log ω curves for CZT at
various temperatures, where the solid lines are the fit of the experimental
data (shown by symbols) by the modified Cole-Cole equations
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complex dielectric permittivity is described by the empirical
equation [60, 61]:

ε* ¼ ε∞ þ
εs−ε∞

1þ iωτð Þ1−α
−i
σ*
ε0ωn

ð2Þ

where n lies in the range between 0 and 1 and σ* (σ* = σ +
iσ ) is the complex conductivity. Here, σ is the dc conduc-
tivity and σ is the conductivitydue to localized charges. From
Eq. (2), on equating the real and imaginary parts of ε*, ε′ and
ε″ can be written as

ε
0 ¼ ε∞ þ

εs−ε∞ð Þ 1þ ωτð Þ1−αsin 12 απ
h i

1þ 2 ωτð Þ1−αsin 12 απ þ ωτð Þ2 1−αð Þ −
σ2
ε0ωn

ð3Þ

ε″ ¼
εs−ε∞ð Þ ωτð Þ1−αcos 12 απ

1þ 2 ωτð Þ1−αsin 12 απþ ωτð Þ2 1−αð Þ þ
σ1
ε0ωn

ð4Þ

We have fitted the dielectric spectra (ε′ versus log ω and ε″
versus log ω curves) obtained at 393, 433, 463, and 480 K
using Eqs. (3) and (4). The calculated curves are shown by
solid lines in Figs. 8 and 9. The experimentally obtained and
calculated ε′ versus log ω and ε″ versus log ω curves match
very well with each other (seeFigs. 8 and 9). The values of the
fitting parameters at different temperatures are listed in
Table 6. The nonzero value of α discards the possibility of
the existence of a Debye-type monodispersive relaxation pro-
cess in the samples and indicates that the relaxation process is
polydispersive in nature. As temperature increases, the value
of the Cole-Cole constant α for both CMTandCZT decreases
slightly. Thus, for both CMT and CZT, the width of the
relaxation time distribution profile decreases with the in-
crease of temperature.
It may be noted that the dielectric permittivity of CZT is

higher than that of CMT,whereas the loss component of CMT
is less than that of CZT. The value of dielectric permittivity of
CZT is higher, while CMT is comparable to that of the 1:2
ordered niobium-based perovskites (A(B′ Nb )O , where
A = Ba, Ca, and Sr and B′ = Ni, Mg, Sr, Fe, and Zn) perov-
skites and 1:1 ordered tantalum-based systems reported in the
literature [12–18]. The value of loss tangent of CMT is less
than that obtained for niobium- and tantalum-based perov-
skites. Taking into account our recent works on tantalum-
based A(B′ B″ )O -type perovskite oxides [16, 17], it
may be concluded that for Ca(B′ Ta )O (where B′ = Ni,
Mg, and Zn) series of perovskite oxides, the highest value of
dielectric permittivity is obtained for Ca(Zn Ta )O (CZT),
while CMTexhibits the lowest dielectric loss. It is well known
that the dielectric property of ABO -type perovskite oxides
strongly depends on the radii of A- and B-site metal ions
and the crystal structure. Thus, the lower dielectric permittiv-
ity of CMT compared to CZT can be attributed to the lattice
contribution to permittivity.

Investigation on impedance

Figure 10 depicts the complex plane impedance plots of CMT
and CZT, where the imaginary part (Z″) of complex imped-
ance is plotted against the real part (Z′) of complex impedance
at different temperatures. In the complex plane impedance
plots of the samples, only one semicircular arc has been ob-
served and there is no signature of any low-frequency arc. It
may therefore be inferred that there is no grain boundary (in-
terfacial boundary layer) contribution in the impedance spec-
trum of the samples [62–64]. The high-frequency semicircular
arcs in the complex plane impedance plots are therefore as-
cribed to the bulk effect and can be modeled by parallel com-
binationof bulk resistance (r ) and bulkcapacitance (c ) of the
material as shown in the insets of Fig. 10a, b. The impedance
Z* for the equivalent circuit is

Z* ¼ Z 0−iZ″ ¼ R þ 1
r−1g þ iωcg

ð5Þ

where,

Z
0 ¼ Rþ rg

1þ ωrgcg
2 ð6Þ

and

Z″ ¼ rb
ωrgcg

1þ ωrgcg
2

" #
ð7Þ

We have fitted our experimental data using Eqs. (6) and (7)
and the fitted parameters are given in Table 7. A good agree-
ment between the experimental and fitted curves reveals that
only the bulk effect contributes to the polarization process in
these materials.

Activation energy

In order to estimate the activation energy and to determine the
electrical character of CMT and CZT, we have measured the
dc conductivity (σ ) of the samples at different temperatures
by the four probe method. The reciprocal temperature depen-
dence of σ for CMT and CZT is presented in Fig. 11a. The
σ versus 10 /T plots of CMT and CZT obey the Arrhenius
law, σ = σ exp(−E /k T), where σ is the pre-exponential
factor and E is the activation energy. According to the nu-
merical fitting, E = 0.35 and 0.33 eV for CMT and CZT,
respectively. Moreover, the value of σ for both samples in-
creases with increasing temperature.
The activation energy can also be estimated from the tem-

perature dependence of characteristic relaxation frequency,
ω (the frequency corresponds to loss peak). The logω ver-
sus 10 /T plots of CMT and CZT are presented in Fig. 11b. It
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has been found that log ω of both samples follows the
Arrhenius law: ωm ¼ ω0exp −Eε″=kBTð Þ (where ω is the
pre-exponential factor) with activation energy (Eε″ ) 0.34 eV
for CMT and 0.33 eV for CZT, which are almost equal to the
activation energy obtained from temperature dependence of
σ . For the metallic oxides which are p-type polaronic con-
ductors, the activation energy lies in the range from 0.2 to
0.9 eV [61, 65, 66]. The numerical values of activation energy
of CMTand CZT indicate that the electrical conduction pro-
cess in both samples is governed by the polaron hopping.

Further, it may be noted that the values of dc conductivity
obtained by fitting the dielectric spectra of CZT and CMT at
different temperatures and those obtained experimentally
agree well. Goodmatching of the activation energies obtained
from log ω versus 10 /T plots and temperature dependence
of σ along with good agreement between the values of σ
determined by fitting the dielectric spectra and obtained ex-
perimentally suggests that relaxation and conductivity have
same microscopic origin (hopping) [67].

Conclusion

The structural, morphological, dielectric, and electrical trans-
port properties of CMT and CZT with grain size ranging be-
tween 0.38 and 2.66 μm and between 0.11 and 1.60 μm,
respectively, have been investigated by PXRD, FESEM, and
impedance spectroscopic techniques. The compounds have
crystallized in monoclinic structure of P2 /c symmetry. The
1:2 ordering and formation of monoclinic perovskite oxide
phase with P2 /c symmetry are confirmed by FTIR and
Raman spectroscopic studies. Comparing the crystal struc-
tures of 1:2 ordered Ba(B′ B″ )O - and Ca(B′ B″ )O -
type perovskite systems, we have shown that for these two
classes of perovskites, the calcium-based systems crystallize
in monoclinic P2 /c space group while their barium-based
counterparts possess a hexagonal crystal structure of eitherPm

Table 6 The values of different
parameters obtained by fitting the
dielectric spectra of CMT and
CZT by the modified Cole-Cole
equations

Temperature (K) ε ε ω (KHz) α n σ (Sm ) σ (Sm )

CMT

393 180 096 209,604.21 0.164 0.94 0.53× 10 4.00 × 10

433 186 099 364,250.37 0.158 0.95 1.28× 10 2.00 × 10

463 191 101 761,026.88 0.156 0.96 2.33× 10 0.10 × 10

483 195 104 1,322,513.15 0.154 0.97 3.64× 10 0.08 × 10

CZT

393 298 151 174,341.19 0.190 0.96 0.98× 10 8.20 × 10

433 301 153 364,250.37 0.179 0.95 2.75× 10 7.80 × 10

463 305 155 632,994.59 0.172 0.94 4.53× 10 7.20 × 10

483 307 157 1,100,018.53 0.163 0.93 6.2 × 10 6.50 × 10

Fig. 10 The complex impedance plane plots of a CMT and b CZT. The
solid lines represent the fitted data using the RC equivalent circuit shown
in the inset

Table 7 The fitted parameters of the impedance circuit for CMT and
CZT

Sample Temperature (K) r (Ω) r c (ΩF) c (F)

CMT 453 3.08× 10 1.90 × 10 6.17 × 10

CMT 493 2.10 × 10 1.90 × 10 9.05 × 10

CZT 453 1.63 × 10 1.88 × 10 1.15 × 10

CZT 493 0.91 × 10 1.99 × 10 2.19 × 10

r grain resistance, c grain capacitance
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31 or P6 /mmc due to the smaller ionic radius of Ca com-
pared to that of Ba .
The variation ofε″with frequency at different temperatures

indicates the presence of dielectric relaxation in the samples,
and the characteristic relaxation frequency is strongly temper-
ature dependent. The analysis of the loss component of the
dielectric constant in the framework of the modified Cole-
Cole model points toward the polydispersive character of the
relaxation process. Thedielectric and electrical transport prop-
erties of the samples are governed by the same mechanism
(polaron hopping). It has been shown that the p-type polaron
hopping is responsible for the dielectric behavior and electri-
cal response of the samples. Finally, for their high dielectric
permittivityand low loss component, CMTandCZTappear to
be suitable for various technological applications in capaci-
tors, resonators, filters, and integrated circuits.
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