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Abstract.  In this work effect of high energy milling on the structural and electrical properties of 
Ba(Fe1/2Ta1/2)O3 (BFT) ceramic synthesized using standard solid-state reaction method were 
investigated. X-ray diffraction studies indicated that the unit cell structure for all the samples to be 
hexagonal (space group: P3m1). FTIR spectra also confirmed the formation of BFT without any new 
phase. The milled (10 h) BFT ceramic showed the formation of small grain sizes (<2 μm) which is 
beneficial for dielectric applications in high density integrated devices. Besides, the milled (10 h) BFT 
ceramic sample exhibited superior dielectric properties (enhancement in ε’-value and reduction in tgδ - 
value) compared to un-milled one. Impedance analysis indicated the negative temperature coefficient of 
resistance (NTCR) character. The correlated barrier hopping model (jump relaxation type) is found to 
successfully explain the mechanism of charge transport in present ceramic samples. 
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1. Introduction 
 

Complex perovskites with general formula 31/21/2 )OBBA(   exhibiting very high dielectric 

constant (ε>10
3
) are of technological importance as they find their applications in different 

electronic and/or microelectronic devices especially in capacitors, sensors, actuators, memory 

devices, power transmission, high energy storage, etc. Most of the perovskite type materials, 

showing high dielectric constant, generally contain lead which inevitably causes environmental 

pollution due to the toxicity of lead oxide and are not recyclable. It is, therefore, necessary to 

search alternative lead-free compounds for such applications, which should have either 

comparable or superior dielectric properties. It is observed that complex lead-free perovskite such  
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as Ba(Fe1/2Nb1/2)O3 (Raevski et al. 2003, Chung et al. 2004, Wang et al. 2007a, Intatha et al. 2010, 

Bhagat and Prasad 2010, Ke et al. 2013, Patel et al. 2014, Bhagat et al. 2014, Bochenek et al. 

2015), Ba(Bi1/2Nb1/2)O3 (Prasad et al. 2009, Prasad et al. 2010a), Ba(Al1/2Nb1/2)O3 (Dutta and 

Sinha 2006, Prasad et al. 2010b), Sr(Fe1/2Nb1/2)O3 (Raevski et al. 2003), Ba(Fe1/2Ta1/2)O3 (Jung et 

al. 2002, Li et al. 2004a, Wang et al. 2007b, Phatungthane et al. 2014), Ba(Bi1/2Ta1/2)O3 (Mishra et 

al. 2012), etc. ceramics exhibit giant dielectric constant. Among these, Ba(Fe1/2Ta1/2)O3 

(abbreviated hereafter as BFT) is an 31/21/2 )OBBA(   complex perovskite, where B′ and B″ are 

cations of different valencies at the B-site. Galasso et al. (1959) reported that the crystal structure 

of BFT to be cubic and showed ferroelectric properties even though it has a cubic perovskite 

structure. In another report, Agranovskaya (1960) showed ambiguous dielectric characteristic of 

BFT with a large dielectric loss tangent (>1). Later on, a detailed crystal structure analysis was 

carried out and illustrated that BFT had a cubic symmetry which cannot possess ferroelectric 

properties even though the presence of disordered cations at B-site (Galasso and Darby 1962). 

Besides, Li et al. (2004a) showed the true symmetry of BFT to be trigonal with space group of 

P3m1 on the basis transmission electron microscope micrograph and Mössbauer spectrum studies. 

Further, new lead-free materials with recent technologies leading to higher efficiency and 

miniaturization have opened up scope for the development of highly integrated devices. To this 

end, large grain sizes (>3 m) and high dissipation factor such materials poses difficulty in 

developing a dielectric layer less than 10 m with higher capacitance values. Accordingly, in the 

present work, Ba(Fe1/2Ta1/2)O3 ceramic was prepared be a standard solid state reaction (industrially 

viable method) technique and its fine powder was obtained using high energy ball milling method. 

The BFT ceramic as well as nanoceramic were characterized using structural (X-ray and its 

Rietveld analysis), microstructural, infrared spectroscopy (IR), dielectric, impedance and ac 

conductivity studies. 
 

 

2. Materials and methods 
 
2.1 Preparation of ceramic and nanoceramic samples 
 

The polycrystalline sample of Ba(Fe1/2Ta1/2)O3 was prepared by the conventional solid-state 

reaction method and its fine powder was obtained using a high energy ball milling technique (Fig. 

1). High purity (>99.5%, Alfa Aesar, USA) carbonates/oxides of BaCO3, Fe2O3 and Ta2O5 were 

mixed in proper stoichiometry. Wet mixing was carried out in an acetone medium for 

homogeneous mixing. Grinding was performed using pestle and mortar for about 2 h. Well-mixed 

powders were then calcined at 1300°C/4 h using an alumina crucible in a high temperature furnace 

(Nabertherm, Germany). The completion of reaction and the formation of desired compound were 

checked by X-ray diffraction technique. The as-calcined powder was subjected to a bench top 

grinding machine (Retsch PM 200, Germany) at room temperature. The milling process was 

performed with tungsten carbide (WC) vial and WC balls of 10 mm diameter at a speed of 300 

rpm with the ball-to-powder weight ratio of 30:1. The milled fine powders were taken out at 

different milling time (2.5 h, 5 h, 7.5 h and 10 h) for their structural and IR analysis. Further, the 

calcined (un-milled) and milled (10 h) powders were compacted into thin (~1.25 mm) circular 

disks with an applied uniaxial pressure of 650 MPa. The pellets were sintered in air atmosphere, 

respectively, at 1325°C/3 h and 1250°C/2 h for un-milled and milled BFT samples. 
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Fig. 1 Schematics for the synthesis of Ba(Fe1/2Ta1/2)O3 ceramic and nanoceramic 

 

 

2.2 Characterizations 
 

The XRD data of un-milled and milled (2.5 h, 5 h, 7.5 h and 10 h) powders were obtained with 

an X-ray diffractometer (XPERT-PRO, Pan Analytical) at room temperature, using CuK radiation 

(=1.5405 Å ) over a wide range of Bragg angles (20°≤2θ≤80°) with a scanning speed of 5.08° 

min
-1

. The dimensions of the unit cell, hkl values and space group of all the specimens were 

obtained using an X’Pert Highscore Plus software. The Fourier transformed infrared (FTIR) 

spectra of all the samples were collected in the transmission mode using an Alpha-T Bruker FTIR 

spectrophotometer in the range of 500-5000 cm
-1

. The scanning electron micrographs (SEM) of 

un-milled and milled (10 h) samples were collected using a using an HR-SEM (FEI Quanta FEG 

200). Dielectric and impedance measurements were carried out as function of frequency (20 Hz - 1 

MHz) at different temperatures (20°C - 400C) using a computer-interfaced Impedance analyzer 

(E4990A-120, Keysight Technologies, USA). AC conductivity data were thus obtained using the 

relation:  tan2 oac f ; where f, , and tan are operating frequency, dielectric constant and 

loss tangent respectively. 

 
 

3. Results and discussion 
 

X-ray diffraction patterns of un-milled and milled (2.5 h, 5 h, 7.5 h and 10 h) ceramic powders 

along with their Rietveld refinement profiles are depicted in Fig. 2. All the compounds show a 

single hexagonal phase formation with space group P3m1. The refined unit cell parameters are 

listed in Table 1. This lattice information obtained in the present work is in consistent with the 

earlier report (Li et al. 2004a). A careful look at the XRD peaks (Fig. 2) suggested that the 

mechanical alloying led to a significant broadening of XRD peaks indicating the reduction in 

particle sizes of BFT. The increase in peak width indicated the formation of fine grain and a high  
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Fig. 2 X-ray diffraction patterns of Ba(Fe1/2Ta1/2)O3 ceramic powders at different milling times 

 
Table 1 The lattice parameters of un-milled and milled Ba(Fe1/2Ta1/2)O3 obtained from X-ray powder 

diffraction data at different milling times 

Parameters 
0 hr 

un-milled 

2.5 hrs 

milled 

5.0 hrs 

milled 

7.5 hrs 

milled 

10.0 hrs 

milled 

Crystal System Hexagonal Hexagonal Hexagonal Hexagonal Hexagonal 

Space group P3m1 P3m1 P3m1 P3m1 P3m1 

a (Å ) 5.740 5.741 5.765 5.764 5.765 

b (Å ) 5.740 5.741 5.765 5.764 5.765 

c (Å ) 14.058 14.063 14.033 14.034 14.027 

 

 

density of defects caused by a large local strain in the powder particles (Giri et al. 2007, 

Sivasankaran et al. 2011, Rebuffi et al. 2016). The XRD patterns also reveals that the peak 

intensities increase with increase of milling time, suggesting the compressive strain in milled 

samples and more change along the c-direction (Giri et al. 2007, Deepika et al. 2014). 

Fig. 3 shows the FTIR spectra of all un-milled and milled samples in the mid infrared region. 

The formation of a perovskite structure can be confirmed by the presence of multiple metal-

oxygen (M-O) band between 1015 cm
-1

 to 1433 cm
-1

 (Lee et al. 2005, Li et al. 2004b). Strong 

absorptive peak at 587 cm
-1

 may be attributed to the Fe-O stretching and bending vibration which 

is characteristic of octahedral FeO6 groups in the perovskite compounds (Sahoo et al. 2010), which 

get broadened with increasing milling hour, may be due to particle size reduction. All the samples 

contain weak band at 2848 cm
-1

 -2928 cm
-1

 which corresponds to carbonate groups, may be due to 

atmospheric CO2. The bands at 1639 cm
-1

 and 3442 cm
-1

 are assigned to the bending of H-O-H and 

O-H stretching modes of vibration due to physically adsorbed water molecules on the surface of 

the sample during palletization with KBr for all the cases. 
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Fig. 3 FTIR spectra of Ba(Fe1/2Ta1/2)O3 ceramic powders at different milling times 

 

 
Fig. 4 SEM image of un-milled and milled (10 h) Ba(Fe1/2Ta1/2)O3 ceramic 

 

 

Fig. 4 displays the SEM micrographs of fractured surface of sintered BFT un-milled and milled 

(10 h) ceramics. The nature of the micrographs clearly exhibits the polycrystalline texture of the 

materials and grains are distributed throughout the samples and are almost free from any pores or 

voids, suggesting the high density of the materials. The micrographs clearly show a sharp 

reduction in the average grain size from ~4 μm (for un-milled BFT sample) to ~1.5 μm (for 10 h 

milled BFT sample). This may be due to the reduction in particle sizes which might have produced 

some stress during high energy milling (Deepika et al. 2014). This generated stress could prevent 

grain boundary movement during the sintering and thereby resulted in the reduction of grain size.  
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Fig. 5 Frequency dependence of real and imaginary parts of dielectric constant of (a) un-milled 

and (b) 10 h milled Ba(Fe1/2Ta1/2)O3 ceramics at different temperatures. Inset: Capacitor model 

described for frequency of operation 

 

 

Furthermore, as known, sintering is the process of compacting and forming a solid mass of 

material by heat energy or mechanical pressure without melting it to the point of liquefaction. The 

significant difference in sintering temperature of the un-milled and 10 h milled samples can be 

attributed to the fact that during milling, energy is supplied to the powder samples in the form of 

mechanical energy which reduces the melting point of the material with lowering of particle sizes 

and so less heat energy (sintering temperature/duration) is required for sintering of milled samples 

(Kong et al. 2008). 

The frequency response of the real, )( f  and imaginary, )( f  , parts of permittivity data at 

different temperatures, are shown in Fig. 5(a) un-milled and (b) milled (10 h) BFT ceramic 

samples. It is observed that both    and    follows inverse dependence on frequency for both 

the cases which is due to the fact that dipoles can no longer follow the field at high frequencies. 

The major contribution in low frequency region is due to the ionic polarizability, whereas in the 

high frequency region the effect of electronic polarizability becomes dominant (Gergs et al. 2007, 

Tickoo et al. 2003). All samples show dielectric dispersion with frequency in the lower frequency 

region. This can be explained due to Maxwell-Wagner type interfacial polarization in agreement 

with Koop’s phenomenological theory (Tickoo 1951). Besides, it is observed that a peak starts 

appearing in the   -f plots which shifts to higher frequencies when temperature is increased with 

a decrease in its amplitude (Fig. 5). Also,   -f as well as   -f plots find a minimum at 400°C for 
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milled (10 h) sample, which may be due to the resonance effect (Bhagat and Prasad 2010) where 

the real part of the permittivity becomes negative at the resonance frequency. It is known that the 

resonance effect places an upper limit on the frequency at which the capacitor can normally be 

used. Above the self-resonant frequency the capacitor behaves as a DC blocking inductor and the 

permittivity becomes negative since the inductive reactance (L) predominates over the capacitive 

reactance and this is significant for some applications e.g., ceramic multilayer capacitors are 

commonly used to decouple high-speed computer circuits, with a prime function is to eliminate 

noise which has frequency components above the resonance frequency. Therefore the inductive 

reactance should be kept as small as possible. Inset of Fig. 5(b) shows equivalent circuit in such a 

case, where both resistance and impedance of the measuring setup influence detected dielectric 

response. Complex impedance of such equivalent circuit shall be: 
*/ CjLjrZ el   . Here rel 

and L are the resistance and inductance of the leads and electrodes. 

Fig. 6(a) and (b), respectively show the temperature dependence of the    and    at 

different frequencies for un-milled and milled (10 h) BFT ceramic samples. The   -T curves for 

un-milled sample presented a step-like dielectric constant with high values of dielectric constant 

over a wide temperature range (upto ~300C), especially at low frequency thereafter it starts 

increasing. This behavior is similar to those reported in previous works in BFT ceramics (Li et al. 

2004a, Wang et al. 2007b). Similar behaviour with higher values of    is observed in case of 

milled sample except that   -T curves find a peak at 225C which shifts toward higher 
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Fig. 6 Temperature dependence of real and imaginary parts of dielectric constant of (a) un-

milled and (b) 10 h milled Ba(Fe1/2Ta1/2)O3 ceramics at different frequencies 
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temperature side with increasing frequency. The   -T curves show a single peak which shifts 

toward higher temperature side with increasing frequency in both the cases. Furthermore, the 

resonance effect could be seen for milled (10 h) sample in   -T and   -T plots at higher 

temperatures and frequencies 500 kHz (Fig. 6(b)). The values of    and    at 25C are 

respectively found to be 740 and 1782 for un-milled and 44126 and 13147 for milled (10 h) BFT 

ceramic samples at 1 kHz. The reason for the high dielectric constant could be considered due to 

the grain-boundary and/or the grain-size dependent extrinsic factors as well as a significant 

contribution of the intrinsic factors related to chemical substitution induced localized electronic 

structure modifications might plays a crucial role. Hence, 10 h milled BFT ceramic sample 

exhibits drastically superior dielectric properties (enhancement in   -value and reduction in tg 

(=  / =0.30) value) compared to un-milled one. Therefore, milled (10 h) BFT ceramic with 

small grain sizes (<2 m) could be considered as a potential lead-free candidate for dielectric 

applications in high density integrated devices. 

The logarithmic frequency dependence of real ( Z  ) and imaginary ( Z  ) parts of impedance of 

un-milled and 10 h milled BFT samples, at different temperatures are plotted in Figs. 7(a) and (b), 

respectively. It is observed that the values of Z   decreases with increasing frequency as well as 

temperature in both the cases. This indicates the negative temperature coefficient of resistance 

(NTCR) character of BFT ceramics. Further, at lower temperatures, the values of Z   decrease 

monotonically suggesting the absence of any relaxation. This suggests that the relaxation 
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Fig. 7 Frequency dependence of real and imaginary parts of impedance of (a) un-milled and (b) 

10 h milled Ba(Fe1/2Ta1/2)O3 ceramics at different temperatures 
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Fig. 8 Frequency dependence of ac conductivity of (a) un-milled and (b) 10 h milled 

Ba(Fe1/2Ta1/2)O3 ceramics at different temperatures 

 

 

species are immobile defects and the orientation effect might be associated. As the temperature 

increases, the peak in Z  -f plots starts appearing, which shifts towards higher frequency side with 

the increment in temperature showing the resistance of the bulk material is decreasing and 

supports NTCR character of un-milled and milled BFT. Upon further rise in temperature Z  -f 

plots exhibited double peaks (400C in case of un-milled and 150C in case of milled BFT 

samples), which clearly indicated the introduction of grain boundary effect. Besides the magnitude 

of Z   peaks decreases while the width of the peak increases with increasing temperature and the 

peaks are slightly asymmetric in nature for both the samples, which suggests that there is a spread 

of relaxation times i.e. the existence of a temperature dependent electrical relaxation in the 

materials (Prasad et al. 2007a). 

Figs. 8(a) and (b), respectively show the log-log plots of ac electrical conductivity versus 

frequency at different temperatures for un-milled and 10 h milled BFT ceramics. Both the samples 

exhibit three different conductivity regions: (i) low frequency plateau, (ii) mid frequency 

dispersion and (iii) high frequency plateau. The low frequency plateau is due to the dc 

conductivity originating from the free charge carriers. Apart from the plateau, low frequency 

dispersion is also observed, indicating an apparent ac conductivity contribution even in low 

frequency region. This may be due to the absence of free charges required for dc conduction in the 

system. The observed strong dispersion at mid frequency and the plateau at the high frequency are 

related to the ac conductivity. In order to understand the mechanism of conduction process, ac 

conductivity data were analysed using the modified power law (Tiwari and Shahi 2007): 
21

21

SSS

oac AAo   . The first term on the right hand side of equation indicates the dc 

conductivity (so=0) as observed in the low frequency region. The second and third terms represent 

the mid frequency strong dispersion (s1) and the high frequency weak dispersion (plateau s2≈0), 

respectively. The values of the s parameter are obtained using the derivative equation: s=d lnσac/d 

lnω. A1 and A2 are the temperature dependent constants. A non-zero value of the index so at low 

frequencies is observed due to the low frequency dispersion which results from the long-range 

translational motion of the conducting charge carriers (i.e., induced electrons). In the mid 

frequency region, value of index increases rapidly and after reaching a peak, it becomes nearly 

linear at higher frequencies. The value of s1 parameter is found to be greater than unity while the 

values of the s2 parameter are close to zero. The observed nature of s in various frequency regions 
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can be successfully explained on the basis of hopping of ions (Funke 1993, Funke 1994). As the 

input ac frequency increases, the rate of successful hopping, indicated by the frequency exponent 

s, increases. The conductivity in this region corresponds to the short-range translational hopping 

related to forward-backward jump. The peak position (mid frequency) represents a condition 

where the number of successful and unsuccessful attempts becomes nearly equal. Beyond this 

region, the number of carriers (dipoles/oxygen vacancies) available for hopping gradually reaches 

saturation. This leads to a reduction of the frequency exponent s. The high frequency plateau, 

indicated as s2, corresponds to a saturation region of charge carriers undergoing relaxational 

hopping. Therefore, Jump Relaxation Model (Tiwari and Shahi 2007) successfully described the 

contribution of the free charges, induced space charges, and the oxygen vacancy induced dipoles in 

the measured frequency range for both the samples. Furthermore, it is observed that the hopping 

conduction mechanism is generally consistent with the existence of a high density of states in the 

materials having band gap like that of semiconductor. Due to localization of charge carriers, 

formation of polarons takes place and the hopping conduction may occur between the nearest 

neighboring sites. The values of Ea (apparent activation energy of conduction) were estimated for 

both un-milled and 10 h milled BFT samples using a linear least square fitting method and the 

Arrhenius relationship: )/exp( TkE Baoac   , respectively, to be 0.018 eV and 0.098 eV at 1 

kHz. The low value of Ea may be due to the carrier transport through hopping between localized 

states in a disordered manner (Prasad et al. 2007b). 

 

 
4. Conclusions 

 

Polycrystalline Ba(Fe1/2Ta1/2)O3 ceramic, prepared by a high temperature solid-state reaction 

route and its high energy milling was carried out with different milling hours. The un-milled as 

well as milled ceramic were found to possess a perovskite type hexagonal structure with the space 

group P3m1. FTIR spectra also confirmed the formation of BFT without any new phase. The 

milled (10 h) BFT ceramic showed the formation of small grain sizes (<2 m) which is beneficial 

for dielectric applications in high density integrated devices. Also, the milled (10 h) BFT ceramic 

sample exhibited superior dielectric properties (enhancement in  -value and reduction in tg - 

value) compared to un-milled one. Impedance analysis indicated the negative temperature 

coefficient of resistance (NTCR) character. The correlated barrier hopping model (jump relaxation 

type) is found to successfully explain the mechanism of charge transport in present ceramic 

system. 
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