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 Abstract: We discuss synthesis and various characterizations of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x 

=0,0.05]  ceramics. We synthesized these ceramics by solid state reaction method and the samples 

so synthesized were characterized for structural elucidation exploiting X-ray diffraction technique. 

The XRD data on Rietveld refinement inferred that all the prepared samples have acquired 

monoclinic phase with space group CI. Morphology of the samples revealed highly grown grains 

with moderate grain boundary development carried out exploiting field emission scanning electron 

microscopy (FESEM) technique. The Energy dispersive analysis of X-ray diffraction (EDAX) 

spectra analysis confirmed that composition is retained with absence of any foreign impurity. UV-

Vis spectral studies of these ceramics confirmed that optical bandgap value about 2.2 eV highly 

recommended in photocatalytic and opto-electronic device applications. Room temperature 

dielectric studies revealed that samples are extremely good dielectric materials retained even after 

1MHz applied field. The main feature is the dielectric loss which is negotiable for their capability 

in the modern device applications. Impedance analysis reveals the samples exhibit distributed 

relaxation times and inherit non-Debye behavior revealed from the depressed semicircles whose 

centers does not lie on x-axis. 
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Introduction 

Multiferroic materials are center of interest of materials researchers as they can be modified for 

their magnetic properties using electric field and vice versa. Materials with such properties have 

potential applications in conversion of electromagnetic energy, sensors based on magnetoelectric 

(ME) effect, magnetic memories and much more. However to exploit these materials, we require 

room temperature magneto-electrical coupling, stable structures at micro levels, and recognizable 

magnetic characteristics which include good remnant magnetization, low coercive field or reduced 

dc-leakage currents [1-3].  

Bismuth ferrite (BiFeO3) is considered to be the good multiferroic material however lower 

room temperature magnetic properties limited its applications. There are few hindrances in the 

way of BiFeO3 in the bulk form to suit in device applications such as difficulty to synthesize pure 

BFO due to instability of its perovskite phase  above 948 K [4].  Also there exists high dielectric 

loss and conductivity problems arising from the mixed valence states of Fe ion viz. Fe2+/ Fe3+ and 

vacancies related to oxygen thereby hinders its ferroelectric properties. Additionally, the presence 

of spiral spin modulation, we are refrained to achieve ferromagnetism with definite magnetization 

in BFO system [5]. BFO is a typical ferroelectric material [6] with band gap about 2.2 eV. In 

addition, its nontoxicity, stability, and low cost enhances its potential as photoelectrocatalytic 

water oxidation. It is worth to mention here that optical properties of BFO highly rely on shape 

and size of BFO crystals [7].  

The Curie temperature and Neel temperature of BiFeO3 is TC ~ 1103 K) and TN ~ 643 K 

respectively making it a unique materials [8]. BiFeO3 exhibits low values of polarization and 

magnetization attributed to problems related to leakage current and overlapping between spin 

spiral structure and order of  G-type antiferromagnetic if taken seriously brighten its future in 

device applications [9].  

To improve the properties of BiFeO3, researchers have found that substitution of Bi site or 

Fe site by metal ions is effective way.  Substitution at A-site of BFO [10] leads to the variation of 

lattice structure, spin spiral structure is suppression and stoichiometry is enhanced thereby oxygen 

vacancies are eliminated which leads to the effectiveness of BiFeO3 system [11]. 



Usually Bi-site is substituted by rare earth metals. As these metals exhibit non-filled f-

orbitals, they possess plausible magnetic moment and couple magnetically with Fe3+ ions due to 

active 4f electrons. As a result, their substitution is expected to improve magnetization values [12]. 

In addition, there are reports [13-15] that has attracted the interest. These reports reveal interesting 

results when Bi site in BFO system is substituted by alkaline earth Sr2+ metal ions which is non-

magnetic in nature allowing its substitution due to its nearly equal ionic radius to that of Bi3+ ions. 

These studies reveal decrease in dielectric constant with the substitution of ion with higher ionic 

radii (Ba, Sr, Ca) BiFeO3 system [14]. Substitution of Bi-site by Sr2+ ions is observed to enhance 

magnetization value BiFeO3 system as it results in the charge disturbance thereby spiral spin 

structure is suppressed [15]. Furthermore, particle size is also expected to affect magnetic, electric 

and ferroelectric nature of substituted BFO system [16, 17]. 

 In the current study, we report Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05]  ceramics synthesized 

by solid state reaction route. We hereby emphasized on the structural, optical and electric nature 

of these perovskite materials. The effect of magnetic rare-earth and non-magnetic alkaline earth 

metal ions at Bi-site of BFO is provided in detail. 

Synthesis 

To prepare Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05]  ceramics materials, we used solid-state reaction 

technique. The starting materials used were Bismuth Oxide (Bi2O3), Strontium carbonate (SrCO3), 

Iron Oxide (Fe2O3), Barium carbonate (BaCO3) and Lanthanum Oxide (La2O3) powders. These 

powers were mixed in stoichiometric ratio through mechanical grinding 4 hours using ethanol for 

proper dispersion of precursors and the mixture was calcined for 5 hours at 650∘C and at 800∘C 

for 5 hours after regrinding it for 3h again. The process used is also called the double calcination 

process [18]. The double calcined mixture is powdered and mixed with PVA (Polyvinlyalcohol) 

as binder. The material is then pressed into pellets with dimensions of diameter 10 mm and 1 mm 

thickness under pressure of 2.5 ton. The pellets so prepared were sintered at 850∘C for 4h finally.  

Characterization 

For the confirmation of structure acquired by the synthesized samples, the XRD spectrum was 

obtained by x-ray diffractometer with Cu-Kα1 radiation of wavelength λ = 1.5406 Å at room 

temperature. For verification of compositional, the EDAX spectra was obtained using the energy-

dispersive spectrometer, model EDS Oxford Instrument INCA, X-sight7557. Field emission 



scanning electron micrograph (FESEM) images were taken to emphasize on morphology, using 

FESEM instrument model JEOLJSM-6500F. The dielectric measurements on the synthesized 

samples was done on the instrument of Model E4980A Precision LCR meter (2 Hz-2 MHz) from 

Keysight Technologies. Perkin Elmer, Lambda 950–USA made UV–Vis spectrometer was used 

for optical band gap determination. 

X-ray Diffraction Analysis 

The effect La3+, Ba2+ and Sr2+ on crystal structure and phase formation of BFO is investigated by 

using X-ray Diffraction technique. The identical XRD pattern of Bi0.9La0.1FeO3 (BLFO), Bi0.9La0.1-

xBa0.05FeO3 [BLBFO] and Bi0.9La0.1-xSr0.05FeO3 [BLSFO] ceramics on investigation infers that all 

samples possess monoclinic structure with C1c1 space group [18.19]. It has been revealed  from 

the analysis of XRD spectra of the as synthesized materials that all samples exhibit single-phase 

characteristics but the peak in BLBFO at 29.55ᵒ shows the formation of minor secondary phases 

due to BaCO3 which is highlighted by star (*) mark in Figure1. The XRD patterns of BLBFO and 

BLSFO display splitting of the diffraction peaks at 32ᵒ, 39.5ᵒ, 57ᵒ which is attributed to the 

temperature effect. 

The identical peaks in the as synthesized ceramic witness the effective replacement of Bi3+ 

site by La3+, Sr2+ and Ba2+ ions possibly due to the nearly equal ionic radii of the A-Site host and 

guest ions. The highly intense and sharp diffraction peaks infer higher crystallinity acquired by the 

ceramics under observation and lower FWHM of the diffraction peaks is indicative of higher 

average crystallite size calculated from the characteristic XRD peaks via Debye Scherrer’s 

Equation, 𝐷 = 𝐾𝜆 𝛽𝑐𝑜𝑠𝜃 ⁄ , where K(a constant) = 0.9, β(in radian) = full width at half maxima 

and 𝜃= Bragg angle of the reflection peaks. The computed average crystallite size of BLFO, 

BLBFO and BLSFO ceramics were found to be 47.39 nm, 34.32 nm and 31.20 nm respectively.  

The verification of results of XRD data was carried out Rietveld Refinement of XRD 

spectra using the Fullprof software as Figure 1 reveals. The value of different parameters related 

to crystal structure such as Space group, Volume, Density, etc. obtained from the Rietveld 

Refinement are documented in Table 1. The 3-D crystal structure developed by VESTA software 

for BLFO ceramic is shown as Figure 2. 



In addition, Williamson-Hall (W-H) approach was exploited to get insight of induced strain 

in the structure affected due to higher temperature treatment and varied ionic radii and dopants. 

Furthermore, W-H study helps to calculate particle size more accurately in a new fashion.   Figure 

3 presents W-H plot for all the Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05]  ceramics under observation. 

The particle size obtained are 78.8nm, 61.96nm and 61.6nm whereas induced strain calculated 

from the W-H plot is 1.8*10-3, 2.84*10-3 and 3.18*10-3 for BLFO, BLBFO and BLSFO 

respectively. 

Compositional and Microstructural studies 

The Bi0.9La0.1-x(Ba/Sr)xFeO3 [x = 0,0.05] ceramic materials were investigated for compositional 

studies employing energy dispersive analysis of X-ray (EDAX) technique. From Figure 4 which 

presents EDAX spectra of the as synthesized samples on analysis revealed that the composition is 

retained. The integral elements of the samples are found to be present and there is no foreign 

impurity within the limits of experiment. Further the presence of concentration is well revealed 

from the intenseness of the corresponding elements. It opens the way for emphasizing the impact 

of various substitutions in n the matrix of BFO on its structural, optical and electrical properties.  

Associated to EDAX, the compositional characterization, morphology that highly impacts 

the physical properties of the material is indispensable to be understood. For this, we dis field 

emission scanning electron microscopic characterization (FE-SEM) and images thus obtained are 

displayed as the insets of their respective EDAX spectra in Figure 4.  From close look. The FESEM 

images show highly grown grains due to high temperature firing during sintering process. Despite 

well-developed grains, we witness moderate developed grain boundaries which are sharp in case 

of BLFO and become loose for SR and Ba doped BLFO system. We further observe the empty 

sites in the FESEM images which may affect the dielectric and ferroelectric properties. We 

calculated average grain size exploiting the scale given the images and found it to be 1.2µm, 

0.45µm and 0.97µm for BLFO, BLBFO and BLSFO respectively. 

Optical Bandgap Studies 

For opto-electronic device applications, we subjected Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic 

materials to the UV-Vis radiations and recorded diffuse reflectance spectra in the wavelength range 

of 250nm-860nm. The equation αhv = A (hv – Eg)n [20] is exploited to estimate the bandgap of 

these materials; where α is absorption coefficient, h is Planck constant, ν is light frequency,  A is 



proportionality constant, and Eg  represent band gap respectively. The power n = 2, 0.5 presents 

direct and indirect transition. Literature reveals that BFO is direct band gap material i.e. n = 2 [21]. 

The DRS data was arranged according to Kubelka-Munk function and plotted [F(R)hν]2 as a 

function of E (hν) known as Tauc’s plot displayed as Figure 5. The estimated band gap value 

rounds about 2 eV, obtained from the intersection of extrapolated lines along the sharp edge and 

line through data nearly parallel to the energy axis along the energy independent data which agrees 

with the report [22]. The comparatively lower band gap of the as synthesized BFO based ceramics 

is expected to enhance the absorption of visible light thereby improve photoelectrocatalytic 

activities  

Dielectric studies 

A significant role is played by dipolar and interfacial polarization in the dielectric behavior of 

BiFeO3 materials at lower frequencies whereas higher frequencies regions are dominated by 

electronic and ionic polarizations [23]. Figure 6 illustrates room temperature dielectric constant as 

a function of log of frequency of BLFO, BLBFO and BLSFO ceramics. The dielectric constant in 

the low-frequency region is comparatively high, which declines slowly with the increase in 

frequency and displays frequency independence in the higher frequency regions. The higher 

dielectric constant in low region of frequency arise from the accumulation of charge at the grain 

boundaries. In the high-frequency region, dipoles disobey the applied electric field thereby 

confirms the polar characteristics for all the samples [24, 25]. Since dielectric medium comprises 

of low conducting grain boundaries and good conducting grains which gives rise to a space charge 

polarization in the low frequency region. It is attributed to the structural heterogeneity of the 

sample resulting in the enhanced dielectric permittivity values.   

The dispersion is witnessed from the decreasing trend in the values of dielectric constant 

with increasing frequency explainable in terms of Maxwell-Wagner model [26, 27], and thereby 

agrees with the Koop’s phenomenological theory.   These space charges are believed to exist due 

to vacancies corresponding to bismuth and oxygen and responds to the applied ac field in the 

region of low frequency and thus contributes to the dielectric constant where Bi (𝑉𝐵𝑖3−) volatility 

leads to oxygen vacancies (𝑉𝑂2+). However they do not respond to the ac field and undergo 

relaxation in the region of higher frequency. Electron hopping at FeO6 octahedra sites between 

Fe2+ and Fe3+ ions leads to the dispersion of dielectric constant. The higher dielectric constant in 



BLBFO may result from the replacement of Bi3+ by Ba2+ by inducing a higher density of vacancies 

thereby enhances conduction by hopping mechanism.  

Figure 7 displays dielectric loss of BLFO, BLBFO and BLSFO ceramics as a function of 

log of frequency. The dielectric loss data follows the same trend as for the dielectric constant for 

BLBFO and BLSFO samples except BLFO. In the low-frequency region, the resistivity increases 

as dielectric loss is greater due to the accumulation of charges. Substitution of Ba2+ and Sr2+ is 

expected to increase the oxygen vacancies which enhance conduction mechanism via hopping 

thereby exhibit higher dielectric loss as compared to BLFO. 

Figure 8 shows the variation of conductivity, σac as a function of logarithm of frequency. 

The low frequency region in the conductivity curves shows dispersion. Initially, conductivity, σac 

is irresponsive to the applied field upto a certain limit and after that limit it becomes sensitive in 

the region of higher frequency. However, cationic disorder among neighboring sites, and the 

presence of space charge results in the increase of σac with rise in frequency.  

Figure 9 depicts Z′′ vs. Z′ plots usually called the Cole-Cole plot. The curves of all the 

samples exhibit semicircular nature. However, a small shift in the center of all the arcs from the 

real axis Z′ is observed attributed to the non-Debye type relaxation. This further infers the 

distribution of relaxation time around the mean relaxation time given by τm = 1/ωm. This 

discrepancy arise from a number of ways where strain, distribution of grain size, stress to grain 

boundary, and volume fraction of the comprising elements play the crucial role. We have tried to 

explain the microstructure of the doped BiFeO3 using the Cole-Cole plots. The appearance of 

single semicircle indicates that electrodes and contacts contribute negligible impedance [28, 29]. 

The impedance data was fitted using Zview software and the circuits that fit the given impedance 

data are displayed as Figure 9(a) and (b). 

To explore electrical properties of a material, study of Complex modulus stands as 

alternative approach and is useful to get insight of any other effects exhibited by the sample. The 

dynamical aspects of phenomena of electrical transport, there determination, analysis and 

interpretation which include parameters viz. rate of carrier/ion hopping, relaxation time, etc. are 

understood using this important and convenient tool. For all doped BiFeO3 ceramics, the complex 

electric modulus spectrum M' versus M'', the Nyquist plot is shown in Figure 10. The presence of 

little asymmetric and depressed semicircular arcs characterize the M' versus M'' patterns. It is 



observed that the centers of these depressed semicircles does not lie on M' axis. The behavior of 

Nyquist plot electric is indicative of hopping type of mechanism responsible for electric 

conduction and non-Debye type dielectric relaxation exhibited by the doped BFO systems under 

observation [30, 31]. 

Polarization Studies 

We investigated Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials for ferroelectric properties. 

Figure 11 represents P–E loop for these ceramic materials plotted as a response of induced 

polarization when electric field is applied. From the plots, it is evident that the samples under 

observation exhibit weak polarization. The large structural inhomogeneities and lattice distortions 

induced by alkaline earth metals has affected the polarization when compared to rare earth La3+ 

doped BFO system. P- E loop displayed by BLFO system though good compared with other 

competents here still display lossy character, absence of sharp saturation and large coercive field. 

The case is enhanced on doping BLFO system by Ba2+ and Sr2+ ions [32, 33]. This is expected to 

arise from the conducting nature of the samples as BFO systems are reported so. As discussed 

above, the doping of alkaline earth metal ions at Bi-site is likely to enhance dielectric nature of the 

samples under study but excessive distortions and inhomogeneties have been disrupted though 

polarization axis show higher values compared to BLFO system. 

Conclusion 

We successfully synthesized Bi0.9La0.1-x(Ba/Sr)xFeO3 [x = 0,0.05] samples by solid state reaction 

route. Rietveld refinement of XRD data revealed that all the synthesized samples have acquired 

monoclinic crystal structure. The well-developed grain boundary has been found to contribute to 

dielectric properties. The lower optical bandgap of these materials suit for photocatalytic activities. 

The higher dielectric constant and lower loss value witness their usefulness in device applications. 

Impedance analysis reveal the samples exhibit non-Debye character and exhibit distributed 

relaxation times. P-E loop study inferred the samples are lossy in and exhibit conducting nature. 
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Figure Captions 

Figure 1: Rietveld Refinement of X-ray diffraction data of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] 

ceramic materials 

Figure 2: 3-D monoclinic crystal structure acquired by Bi0.9La0.1FeO3 sample 

Figure 3: Williamson-Hall plot of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials 

Figure 4: EDAX spectra and FESEM images (inset) of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] 

ceramic materials 

Figure 5: Tuac’s plots for the estimation of optical bandgap of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] 

ceramic materials 

Figure 6; Dielectric constant of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials 

Figure 7: Dielectric loss (tanδ) for Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials 

Figure 8: ac conductivity of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials 

Figure 9: Nyquist plot of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials 

Figure 9 (a) and (b): (a) ciruit for BLFO and (b) Circuit for BLBFO and BLSFO 

Figure 10: Cole-Cole plot for Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials 

Figure 11; Polarization (P-E) loops of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials 

 

 

 

 

 

 

 



Figures

Figure 1

Rietveld Re�nement of X-ray diffraction data of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials



Figure 2

3-D monoclinic crystal structure acquired by Bi0.9La0.1FeO3 sample



Figure 3

Williamson-Hall plot of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials



Figure 4

EDAX spectra and FESEM images (inset) of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials



Figure 5

Tuac’s plots for the estimation of optical bandgap of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic
materials



Figure 6

Dielectric constant of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials



Figure 7

Dielectric loss (tanδ) for Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials



Figure 8

ac conductivity of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials



Figure 9

Nyquist plot of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials (a) and (b): (a) ciruit for BLFO
and (b) Circuit for BLBFO and BLSFO



Figure 10

Cole-Cole plot for Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials



Figure 11

Polarization (P-E) loops of Bi0.9La0.1-x(Ba/Sr)xFeO3 [x =0,0.05] ceramic materials


