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ABSTRACT 

  

Mechanochemical synthesis method was utilized to synthesis nanocrystalline lanthanum doped BaTiO3 samples. The average 

crystallite size of the La doped BaTiO3 (LBT) has been found to be 23 nm, 27 nm, and 42 nm for the as-milled, 800 oC calcined, 

and 1000 oC calcined for 2 hours respectively. X-ray analysis confirmed the average crystallite size and phase purity. According 

to the findings, the phase of LBT has been solidified into tetragonal phase. The Williamson-Hall plot was used to calculate the 

stress development owing to lanthanum doping in the nanocrystalline LBT (nLBT) crystal structure and it displays the dominating 

stress in as-milled LBT compared with the other nanocrystalline. By doping La3+ into nanocrystalline BaTiO3 an attempt has been 

made to illustrate a “positive temperature coefficient of resistance (PTCR)” phenomena.  From room temperature to 100 oC, all of 

the samples showed a three-order raise in resistivity (a PTCR characteristic). The 23 nm LBT sample, on the other hand, revealed 

a significant increase in resistivity, which is attributed to an increase in grain boundary induced resistance. The effects of grain 

size on conductivity and dielectric relaxation in nanostructured LBT have been carefully examined in this report, with detailed 

results and discussion.  

 

Keywords: Nanomaterials, mechanochemical synthesis, grain boundary, lattice strain, PTCR, Dielectric relaxation, conductivity, 

impedance spectroscopy 

1. INTRODUCTION 

Research towards materials engineering is enthusiastic, interesting, challenging and the applications are essential to establish 

new electronic gadgets and energy-based devices. Recent efforts are towards the lead-free ABO3 perovskite ceramics based 

structured energy materials, which plays predominant role in eco-friendly applications. Lead-free ceramic perovskite materials are 

highly fascinating as they are free from harmful lead evaporation during sintering and exhibit enhanced electrical properties [1-9]. 

The prominent characteristics of trivalent, rare earth ion (RE3+) doped BaTiO3 (BTO) is semiconductor-like behaviour and finds in 

the fields of electrochemical sensors, actuators and thermistors [10,11]. The dopant concentration influences the structural and 

electrical conduction mechanism in BT and BT-based materials as well [10,12]. The unit cell of BT perovskite has a central 

titanium atom which is displaced due to the application of an external electric field and this displacement is responsible for the 

piezoelectric and electrostrictive behaviour of BTO. The temperature coefficient of resistance can be calculated using the 

expression, 
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where,-the temperature coefficient of resistance, Tp - Poise (Hold or carry in equilibrium) point temperature, Rp - Poise point 

resistance, Tb - Measuring temperature, and Rb - the measured resistance. A sharp increase in the resistivity as a function of 

temperature was well established as PTCR effect (positive temperature coefficient of resistance). Particularly much beneficial 

focuses have been adopted on Heywang-Jonker model for the temperature dependent PTCR materials [13, 14]. The wide range of 

applications for PTC thermistors leads to a variety of requirements on their electrical characteristics, which stimulates extensive 

research into the effect of composition on the properties of PTCR ceramics. Effect of grain size on phase transition in 

nanocrystalline undoped BT, semiconductor and ionic materials have been earlier investigated by our group [15-20]. 

Mechanochemical synthesis is an effective method for the preparation of nanomaterials with various grain sizes. Recently 

nanocrystalline BaTiO3 has been prepared in colloidal form [4, 11] and its properties have been investigated. With this motivation, 

the present work has been organized in synthesizing nLBT with various grain sizes by mechanochemical method, systematic 
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analysis of the structural properties of the nLBT with various grain sizes and the investigation of the grain size dependent electrical 

properties. 

 

2. EXPERIMENTAL 

2.1 Materials and Methods  

 Nanocrystalline lanthanum (La) doped BT (nLBT) was prepared mechanochemically using Fritch- Pulverisette-5 high 

energy ball milling with zirconia balls. The high purity precursors BaCO3, La2O3 and TiO2 were milled in a toluene medium for 

20 hours at 300 rpm with the ball to powder ratio of 10:1. The milled sample was then characterized by X-ray diffraction (Seifert 

diffractometer with double monochromator) using Cu-K1 radiation. Williamson-Hall plot was used to calculate the strain in the 

crystals. Raman spectroscopic studies were conducted using JASCO Raman spectrometer (NRS1500W) working with a laser 

light of wavelength 532.0 nm with a power of 14.4 mW over a 1.0 m spot size at 100x. The spectral resolution of the 

monochromator is about 1.1 cm-1. The Raman spectra were recorded using a computer controlled automated data collection 

system with a step of 0.5 cm-1 and a collection time of 10 s. High resolution TEM images were recorded using Philips CM20 

transmission electron microscope. Solatron SI 1260 impedance/gain phase analyzer is used in the frequency range from 1 Hz to 

10 MHz to study the electrical conduction, dielectric relaxation and PTCR properties. The high temperature impedance 

measurements were made using an indigenously developed furnace that can go up to 700 oC. The measurement was done from 

room temperature (RT) to 600 oC. The sample was made as a pellet with silver coated on either side of it as electrodes. The 

measuring temperature was controlled by using a Eurotherm PID controller with the accuracy of ±1 °C. 

 

3. RESULTS AND DISCUSSION 

3.1 X-ray diffraction 

X-ray diffraction studies on nLBT samples were used for structural analyses as well as strain calculations, and the 

findings are shown in Figure 1. For the as-milled and heat-treated samples, all of the XRD peaks were indexed and ascribed to the 

tetragonal phase of LBT. The average particle size was calculated using the Scherer formula [21] and was found to be 23 nm, 27 

nm, and 42 nm for the as-milled, 800 °C annealed, and 1000 °C annealed samples, respectively. With La3+ doping, and also with 

respect to grain size, there is little fluctuation in lattice parameter in term of structure characteristics. Table 1 shows the average 

crystallite size and lattice characteristics for the nanocrystalline samples.   

 

 
Figure 1: X-ray diffraction pattern of lanthanum doped BaTiO3 from JCPDS standard (a), 23 nm for as-milled sample (b), 27 nm 

for sample calcined at 800 oC (c) and 42 nm for sample calcined at 1000 oC (d) respectively.  

 

Table 1: Comparison of the size dependent parameters of nanocrystalline LBT 

Sample a (Å) c (Å) Volume 

(Å3) 

Ea 

(eV) 
E 

(eV) 

Strain () min 

(cm) 

max 

(cm) 

max/min 

23 nm 4.0003 3.9992 63.996 1.05 1.04 7.64×10-4 1.55×106 4.87×108 3.14×102 

27 nm 4.0001 3.9960 63.941 0.93 1.01 6.69×10-4 1.21×106 8.89×108 7.34×102 

42 nm 4.0010 3.9975 63.993 0.93 1.18 6.59×10-4 2.06×105 1.31×107 0.64×102 

 

3.1.1 Lattice Strain Calculation 

The strain induced by rare earth element and by non-equilibrium synthesis techniques were estimated using Williamson-

Hall (WH) plot, which is shown in Figure 2. The advantage of the WH plot is the average crystallite size and also the strain 

parameters can be estimate from the broadening of the observed XRD peaks profiles. These broadening are mainly due to the 

lattice deformation within the unit cell by doping of the rare earth element and also due to the non-equilibrium synthesis 
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technique. A more general explanation of changes in FWHM, were been justified in terms of lattice strain and average crystallite 

sizes through the relation, 

cos 4 sinhkl hkl hkl

v

k

D


                                                                            (2) 

where  is the wavelength of of the X-ray, hkl - the Bragg angle, Dv is the average crystallite size measured in a direction 

perpendicular to the surface of the specimen,  is the strain, and k is the shape factor which is 0.9 for small and uniform sized 

crystals. From the plot of integral breadth  as a function of , the crystallite size was calculated from the reciprocal of the 

intercept and strain from the slope of the fit. The estimated crystallite size and the lattice parameters for these nanocrystalline 

samples are presented in Table 1. The strains for the 23 nm, 27 nm and 42 nm nanocrystalline LBT are 7.64×10-4 and 6.69×10-4 

and 6.59×10-6 respectively. Peak broadening of the XRD peak due to strain is taken into consideration [22,23] for the calculation 

of crystallite size. The strain was evaluated assuming the isotropic nature of the crystal by the uniform deformation model (UDM) 

[24]. This implies that the stress lowers with average particle size by 0.001137. Thus, higher strain values resulted in lowering the 

lattice parameter ‘a’. 

 

 
Figure 2: Williamson-Hall plots (a) 23 nm as-milled (), (b) 27 nm for sample calcined at 800 oC (), and (c) 42 nm for sample 

calcined at 1000 oC (*) samples. 

 

3.2 Microstructure Analysis 

The electron microcopies, such as SEM and TEM, were employed in order to study the surface morphology and 

microstructure of the nanocrystalline LBT. Figure 3 shows the SEM micrographs of the 23 nm (a) and 27 nm (b) LBT and TEM 

micrograph of as-milled LBT samples (c-d). The as-prepared samples are found to be agglomerated and after heat treatment, grain 

growth is observed. The TEM micrograph clearly shows the agglomeration of the LBT with an average grain size of ~20 nm. 

Each particle is not a single crystalline but with many small crystallites. 

 
Figure 3: SEM micrographs of LBT for the 23 nm (a) and 27 nm (b). TEM micrographs of as-milled LBT (c-d).   

 

3.3 Micro Raman Spectroscopic Studies 

Figure 4 presents the Raman spectra of as-prepared, 800 oC and 1000 oC heat treated LBT. At room temperature, BT has 

a tetragonal space group symmetry P4mm (C1
4v). The observed optical vibrational modes corresponds to the tetragonal phase 

splitting into 3(A1+E) + (B1+E) modes. The existence of long-range electrostatic forces splits the optical vibrational modes in to 

A1 and E modes, further into transverse optical (TO) modes and longitudinal optical (LO) modes. The lattice vibrational modes 

are assigned according to the group theory calculations. The assignment of vibrational modes has been carried out in comparison 

with the earlier Raman results [22,23, 25-27]. The Raman spectra shown in Figure 4 were deconvoluted by peak fitting and the 

individual fitted peaks for all the samples are present in the same Figure 4. Raman peaks are observed at 170, 280, 480 and 750 

cm-1 for the nanocrystalline LBT samples with grain sizes of 23 nm and 27 nm. The 27 nm LBT shows two additional Raman 
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peaks at 580 and 830 cm-1. In the Raman spectrum shown in Figure 4, there is not much variation in the peak position for 23 nm 

and 27 nm. According to Park et al. [24], at room temperature, orthorhombic and tetragonal phase of BT can co-exist for a highly 

stressed fine ceramic and the phase mixture can give a Raman peak at 306 cm-1. The presence of broad peaks at 280 cm-1 and 480 

cm-1 are due to the perovskite nature of the samples. Except the peak at 830 cm-1, the rest of all the peaks exactly match with the 

nanocrystalline sample. The Raman results are consistent with the XRD results for tetragonal LBT. 

 
Figure 4: Raman spectra of nanocrystalline LBT samples (a) de-convoluted peaks (b) 23 nm as-milled, (c) 27 nm for sample 

calcined at 800 oC and (d) 42 nm for sample calcined at 1000 oC samples.   

 

3.4 Electrical Properties  

Investigation of electrical properties of the nanocrystalline LBT is important to understand the microstructural origin of 

the dielectric properties. The PTCR and dielectric properties were studied by impedance analysis. Figure 5 presents a typical 

impedance plot for the LBT with 23 nm grain size measured at 50 °C. The whole set of measurements were made in the 

temperature range of room temperature to 600 °C. Measuring frequency increases from right to left in the major axis. The linear 

rise seen in the low frequency region is due to interfacial polarization in between samples and the electrode. Clear semicircle 

behavior is observed for all the samples with its center lie little below the real axis. When the center of the semicircle lies below 

the real axis then the system behaves like a non-Debye system in which the system can have more than one relaxation time. This 

will be discussed in detail in the later part of this paper. The resistance of LBT at a given temperature was taken from the point of 

intersection of this semicircle at the real axis and the resistivity was determined using the dimensions of the sample pellet.  

Figure 6 presents the change in resistivity with temperature for the LBT with grain sizes 23 nm, 27 nm and 42 nm. The 

first and the last numerical values of each curve are marked in the plot. It is clear the resistivity is highly dependent on 

temperature in all cases. The resistivity in the 42 nm LBT increases right from RT till the end of the temperature range, whereas 

the other two samples show a slight decrease in resistivity from RT to 50 °C and then constantly increases up to the end of 

measuring temperature. All the samples show a similar behavior of increase in resistivity with temperature and this behavior is 

nothing but the PTCR behavior, because the slope in the plot of  vs T is positive. This type of PTCR behavior is generally 

expected due to the presence of doped La3+ at the grain boundary of the BT ceramics. Many different models have been proposed 

to explain the grain boundary barrier related electrical conduction [28]. In semiconducting industry, a conventional donar-doping 

is performed via high temperature solid state reaction. The dopant metal oxide is been introduced by mechanical grinding and 

sintering with parent. Despite being an energy intensive technique, this method offers less control over the size and structure of 

the resulting material because of the abnormal grain growth taking place during the sintering process.  

 

 
 

Figure 5: Nyquist plot (complex impedance spectrum) of 23 nm nanocrystalline LBT. 
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Figure 6: (a) Electrical double layers at the grain boundary as expressed by the double layer model to account for the PTCR 

behavior, (b) size effect on PTCR property of nanocrystalline BaTiO3. 

The reported room temperature resistivity value for the LBT for the composition is about 2.3×102 -cm. The observed 

ratio max/min is 3.14×102, 7.34×102 and 0.64×102 respectively for the 23 nm, 27 nm and 42 nm nanocrystalline LBT. The value 

of the ratio of resistivity for the 27 nm sample is higher compared to the 23 nm sample and the same for the bulk. The increase in 

max/min value for the 27 nm sample may be due to the optimum distribution of grains to show enhanced behaviour in PTCR 

property. Out of many models proposed for the description of the electrical conduction process at the grain boundary, the 

mechanism for a material to have a PTCR property is well explained by the Double layer model. In the Double layer model, a 

potential barrier of height  is formed at the grain boundary, and an electron transfer would take place from one side to the other 

with the assistance of the acceptor levels present in the boundary and not necessarily to overcome the whole potential barrier. The 

same model can be applied to the nanocrystalline BT in the present studies in which the samples have grain boundary distribution. 

 

3.5 Dielectric Relaxation  

A Devonshire model [29] assumes mechanical strains and electrical polarization for ferroelectric materials are correlated 

to free energy density through an expression, 
2 4 6( )o o oG G a T T P bP cP EP                                                           (3) 

where P is the polarization, G is the Gibb’s free energy, T is the temperature and a0, b and c are constants. Here, P orthogonal to E 

are disregarded and the terms P8 and higher orders of P are neglected.  The coefficients in equation 3, are independent of 

temperature, however they were dependent of composition of the materials. This type of materials exhibits paraelectric state at 

above the curie transition temperature Tc, since they forbidden the spontaneous polarization.  Under these circumstances a small 

signal of permittivity can be arrived from equation (3) and which yields,  

𝜀 =
1

𝜀𝑜

𝜕𝑃

𝜕𝐸
=  

(2𝑎𝑜𝜀𝑜)−1

 𝑇−𝑇𝑜
                                                                       (4) 

where ε0 is the permittivity of free space. For those small values of P in the equation (4), the higher order terms of P’s were been 

neglected. The dielectric relaxation studies in time domain have been widely used to explore the dielectric properties of the 

ceramic materials. The electrical conductivity, dielectric relaxation and activation energy have been studied for the 

nanocrystalline LBT with a grain size of 23 nm, 27 nm and 42 nm.  

The relaxation time  was determined from the condition for resonance (RC) = 1 which was obtained by fitting the 

impedance plot as shown in Figure 5. The frequency at which the impedance semicircle shows a maximum gives the time 

constant or relaxation time  expressed as max = -1 = (RC)-1, where max is the angular frequency (and  = 2f, where f is the 

frequency in Hz). 
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Figure 7: Frequency dependent imaginary part of electrical modulus spectra for (a) 23 nm, (b) 27 nm, and (c) 42 nm samples 

fitted with Kohlrausch-Williams-Watts (KWW) function. 

 

A slope value of each fit gives the activation energy for dielectric relaxation. The activation energy for relaxation for the 

LBT with grain sizes of 23 nm, 27 nm and 42 nm are 1.05 eV, 0.93 eV and 0.93 eV respectively as these values are marked near 

each curve in Figure 8. The effect of temperature on the mechanism of dielectric relaxation near the transition temperature was 

studied from the relaxation time  obtained by fitting the modulus (proportional to 1/) data vs frequency to the KWW relation 

[30]. All the data in this analysis is represented by modulus data and mostly known as modulus spectroscopy. All the data in this 

analysis is represented by modulus data and mostly known as modulus spectroscopy. The imaginary part of modulus function for 

23 nm, 27 nm and 42 nm samples measured at temperatures 70, 80, 90 and 100 C respectively were fitted to the KWW relation 

by using modulus fit. The fitted curves along with the experimental data are presented in Figure 7 respectively. The fit was made 

by using a computer program developed by our department research group.  

The extracted relaxation time () from the fitting is plotted against inverse temperature as shown in Figure 8. The 

impedance plot presented in Figure 5 shows only one semicircle that is attributed to the behavior usually shown by the grain 

boundary. However, the relaxation times were obtained for a range of temperature for each sample and its variation with inverse 

temperature is plotted in Figure 8 (also called as Arrhenius plot). The slope of the linear fit to these data was used to estimate the 

activation energy corresponding to the dielectric relaxation. Figure 7 indicates shifting peak frequency M″ (which is also 

represents relaxation time), from low to high (or increasing relaxation time), with respect to measuring temperatures, which is due 

to electric dipoles created by thermally activated localized charge carriers. It is observed that the relaxation time decreases with 

temperature, however, for a ferroelectric material, a dipoles relaxation occurs due to the hopping of oxygen ions. A primary 

reason for decreasing the relaxation time with respect to temperature may be at higher temperatures, compared with ambient 

condition, the oxygen ions were thermally activated, which leads to increase in hopping rate of the ions. A collection of data 

corresponding to the relaxation time at different temperature was fitted with the equation as below, 
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 0 exp BE k T 
                                                                                     (5)  

where, E is the activation energy of the relaxation process, kB is the Boltzmann constant and 0 is the maximum relaxation time. 

The activation data were been fitting to linear regression, which indicates the existence of monotonic relaxation processes. The 

activation energy for dielectric relaxation for the LBT with grain sizes 23 nm, 27 nm and 40 nm are 1.04, 1.01 and 1.18 eV 

respectively. The thermal annealing leads to uniform micro structural crystalline nature are the primary reason for the changes 

observed in activation energy from 1.04 eV to 1.01 eV. This increase in activation energy from 1.01 eV to 1.18 eV is due to the 

decrease in the number of grain boundary atoms and hence the decrease in mean free path for the oxygen ions. The comparison of 

activation energies with respect to electrical conduction and dielectric relaxation are summarized in Table 1. 

 
 

Figure 8: Arrhenius plots extracted from (a) DC conductivity and from (b) electrical relaxation times. 

4. CONCLUSIONS 
Ball milling was utilized to prepare nanostructured lanthanum doped BaTiO3 samples with average crystallite sizes of 23 

nm, 27 nm and 42 nm for as-milled, 800 C calcined, 1000 C calcined samples respectively.  The single phase tetragonal 

structured materials were prepared and they were subjected to structural, and electrical studies for three distinct grain sizes, 

according to the structural studies. The TEM micrograph images justifies the grain size obtained from the XRD. The electrical 

double layer model of nanostructure from electrical studies has been utilized to justify a positive temperature coefficient of 

resistance developed in nanomaterials. It is because of the lanthanum doping in BaTiO3 and in particular, the grain size of the 

nanostructure. The decrease in the number of grain boundary atoms owing to the average crystallite grain size, and hence the 

decrease in the mean grain size, was linked to the increase in activation energy for dielectric relaxation with grain size.  
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