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Abstract
In this work, Bi1-xLaxFeO3 [0≤x≤0.08, step 0.02] was successfully prepared by the co-precipitation method. The as-synthesized samples were investigated by using XRD, SEM, FT-IR, and UV-vis spectroscopy. To get a deep insight into its properties, Density Functional Theory (DFT) was also performed. Calculations have been executed using Wien2k code by employing LDA + U. XRD patterns revealed hexagonal perovskite structure with R3c space group having average crystallite size from 19-39 nm. Rietveld refinement was also performed to identify the different phases presented. SEM results showed a spherical-like morphology. UV-vis spectroscopy results showed that the energy band gap decreased by increasing lanthanum substitution. DFT calculations revealed optical absorption onsets of 2 eV, 2.1 eV, 1.98 eV and 1.86 eV for Bi1-xLaxFeO3 samples for pure and substituted bismuth ferrite were in good agreement with experimental results. Because of these qualities, these materials are excellent candidates for various applications including electromagnetic attenuation, switching and microwave devices.
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1. Introduction
Bismuth ferrite (BFO) has recently attracted considerable interest due to its significant applications in data storage, sensors, and spintronics [1]. Due to its structural and optical behaviour, including a narrow energy band gap and high light absorption in the visible light range, it is of interest for applications including photocatalysis and photovoltaics [2-5]. The only well-known multiferroic material is BiFeO3 with a rhombohedral distorted perovskite structure at room temperature (RT) [6]. Many techniques, such as the hydrothermal method, pulsed laser deposition (PLD), auto-combustion technique, chemical solution deposition, precipitation method, sol-gel, and magnetron sputtering have been used for the synthesis of BFO to acquire a maximum value of magnetization and remanent polarization (Pr) [7-10].
However, there are still some issues with its possible use such as inhomogeneous magnetic spin structure, significant dielectric loss, the high value of leakage current, and high coercivity. Substitution with other elements in BFO [11, 12] is a successful approach to resolving these shortcomings. In previous research, it was stated that the substitution of Lanthanum can remove the impurity phase in BiFeO3 and help to improve the issue of leakage current and ferroelectric properties [13]. Lanthanum-substituted bismuth ferrite has attracted interest due to the improvement of optical and structural characteristics of this compound due to the distortion of the lattice. Various methods, including the solid-state method, co-precipitation technique, sol-gel, and hydrothermal methods have been developed over the last decade to synthesize and investigate the physical properties of nano-sized BiFeO3. These research works were mainly focused on improving the multiferroic properties of lanthanum-substituted bismuth ferrites [14].
To enhance the opto-structural properties of BFO, different approaches have been proposed. Among the many dopants, lanthanum (La3+) reduces the existence of oxygen vacancies, which stabilizes the oxygen octahedral and hence improves the optical and structural properties [15-16]. The substitution of lanthanum onto the Bi site leads to a continuous variation in the lattice parameters, possibly producing a corresponding structural transformation to a pseudo-cubic structure or an important structural distortion [17]. The control of the particle size and shape are very significant factors as these affect the properties of the nanoparticles [18]. In the above-mentioned approaches, it is very tough to sustain the homogeneity of the final product and control the particle size and shape simultaneously. However, the co-precipitation approach is found to be a useful technique for homogeneity, shape and size control [19].  
The optical band gap of BFO varies widely subject to the preparation method [20-24]. The indirect band gap fluctuates from ~1.30 eV (thin films deposition on glassy substrates) [21] to 2.22 eV (polycrystal) [22], and the direct band gap changes from 2.4 eV (polycrystal) [3] to ~ 2.8 eV (single crystal) [24] (thin films by adopting wet-chemical technique) [20]. For -BiFeO3, the indirect and direct band gap of 2.24 eV and 2.02 eV respectively are calculated, which is in good agreement with experimental results [25]. 
In this research, we report the complete preparation and characterization of Bi1-xLaxFeO3 [x = 0.0, 0.02, 0.04, 0.06 and 0.08] prepared by the co-precipitation method with controlled particle size, shape and homogeneity. The samples that were obtained were characterized by using XRD, SEM, FT-IR, and UV-vis spectroscopy. There is an abundance of experimental work on La-doped BFO ferrites available as mentioned above but the amount of experimental and theoretical combined work on La-doped BFO ferrites is insufficient and quite small. It is also known that the origin of functional response, mechanism, and phase transformation in Bi1−xLaxFeO3 has not been fully resolved and understood yet. Therefore, in this study along with experimental investigation, the ab-initio DFT calculation based on local density approximation plus Hubbard-like U (LDA+U) method is also used to investigate the structural phase transformation and optical properties of Bi1−xLaxFeO3. In addition to this, DFT has the ability to locate the structure of BFO after doping and quickly identify which atoms have been replaced in the original BFO structure. It is worth noting that the theoretical investigation is equally important as that of experimental work as presented in this manuscript.
2. Experimental work and DFT calculations
2.1 Experimental work
2.1.1 Chemicals
 La (NO3)3.6H2O, Bi (NO3)3.5H2O, Fe (NO3)3.9H2O, NaOH, HNO3, PVP, and distilled water (DI) were used to prepare Bi1-xLaxFeO3. These were of analytical quality and were not purified further.
2.1.2 Synthesis
In this research, Lanthanum substituted BFO (Bi1-xLaxFeO3) nanoparticles with five different substituted ratios [0≤x≤0.08, step 0.02] were synthesized by the co-precipitation method as previously reported elsewhere [26-28]. In brief, Bi(NO3).5H2O and Fe(NO3).9H2O were mixed in distilled water and the solutions were gradually mixed with the measured ratio of lanthanum nitrate while being stirred for 30 minutes. To keep the solution's pH at 12, NaOH was added. Yellow precipitates were obtained. The solution was then mixed for 2 hours. After adding Polyvinylpyrrolidone (PVP), the mixture was consistently stirred for 2 hours. This solution was placed in a water bath at 80 °C for 2 hours for its digestion. After that, the solution was filtered and washed with DI water until the pH reached 7. The solution was dried in an oven at 80 °C overnight and afterward, sintering was done for 2 hours in a furnace at 600 °C. The final sample was attained after grinding in a pestle and mortar. The detail of the synthesis [image: C:\Users\Altaf Hussain\Pictures\BFO Flow charts DFT.png]is shown in Fig.1.
Fig. 1. Preparation of Lanthanum substituted bismuth ferrites
2.1.3 Characterization
The X-ray diffractometer was utilized to record the diffraction patterns using D8 Advance, Bruker diffractometer with Cu-K radiation with λ = 0.154 nm and a 2θ range of 20⁰–80⁰ at 20-40 kV and 20 mA. For surface morphology investigation SEM (JSM5910 JEOL) was used. Calculations of FT-IR in the 400–4000 cm-1 region were performed using a Spectrum 2, Perkin Elmer. The absorbance spectrum of the materials was obtained using the UV-Vis spectrometer PG (Model T-80).
2.2 Calculation Method:
Theoretical calculations were carried out by adopting the full-potential linearized-augmented-plane-wave (FP-LAPW) technique [29] as employed by the WIEN2K code [30]. The exchange-correlation effects are incorporated within the local-density-approximation (LDA) [31]. The LDA + U [32] technique is adopted for strong-correlation systems like f- or d-orbital. We report the results for Ueff  = 4.5 eV. By decreasing RMTKMAX, a small basis set can be achieved. It is also noted that this did not affect the accuracy of the final calculated results. The muffin tin sphere radii (RMT) used for Bi, Fe and O are 2.7, 2.20 and 1.4 a.u., respectively. RMTKMAX value of 5.5 was used for proper convergence.
We first performed optimization of the hexagonal structure of BiFeO3. As the primitive unit cell, 2-formula unit crystal cell was adopted. In keeping with the view of different concentrations of dopant, different supercells were constructed. For a primitive unit cell, one La is replaced by one Bi to give BiLaFeO3 structure.
For 2 × 2 × 2 supercell with 16 formula units of bismuth ferrite (80 atoms), the varying concentration of dopant atoms by 0.04, 0.06, and 0.08 give rise to a good response of the calculations. For these concentrations, three supercells were constructed.
3. Results and Discussion
3.1 XRD analysis
XRD pattern of Bi1-xLaxFeO3 with x = 0.0, 0.04 and 0.08 are presented in Fig. 2. All the diffraction peaks were well investigated, and some low-intensity peaks were also detected. Some secondary phases are also observed as can be seen in Fig. 2. It can be revealed that the structure of Bi1-xLaxFeO3 is a hexagonal perovskite having space group R3c that contributes to maximum diffraction peaks [33].


Fig. 2. XRD patterns of Bi1-xLaxFeO3 (a) x = 0.00, (b) x = 0.04 and (c) x = 0.08
[image: ][image: ]To further examine the crystalline nature, Rietveld refinement was done by using FULLPROOF software [34-35]. Rietveld refinement of observed XRD results was done on all samples, as seen in Fig. 3. The polar rhombohedral R3c shape of La substituted BFO sample (a)
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Fig. 3. Rietveld refined pattern of the Bi1-xLaxFeO3 (a) x = 0.00, (b) x = 0.04 and (c) x = 0.08

is identical to that of pure bismuth ferrite (BFO). As seen in Figures, the XRD patterns of the BLFO samples were indexed in the rhombohedral (R3c) system having varied lattice parameters with the variation of doping. Previously, a dopant influenced structural variation (R3c to C222) for BLFO compound was observed. The fitting parameters (Rwp, Rexp and χ2) are given in table. 2 [36-38].
La substituting very slightly changes the intensity of the majority peaks because bismuth (Bi3+ =1.03 A°) and lanthanum (Li3+ =1.032 A°) have different ionic radii [39]. The Scherer formula was used to find average crystallite size of BFO [40]. The average crystallite size of BFO powder is 19 nm, 32 nm, and 39 nm for x = 0.0, 0.04, 0.08 samples, respectively as shown in Fig. 4(a). It was demonstrated that the a and c decreased by increasing the substituting concentration, thus cell volume also decreased. The value of X-ray density ρx increased and bulk (ρb) density decreased by increasing the concentration of lanthanum as shown in Fig. 4(b). The calculated values of a, c, Vcell, ρx, and ρb are listed in Table.1. The value of porosity increases, and Specific surface area (S), packing factor (p), strain (ε) and dislocation density (δ) decrease by increasing the Lanthanum concentration as shown in table.1 [43]. The La3+ cation in octahedral coordination has an ionic radius of ~1.03 Å. This is smaller than the ionic radius of the Bi3+ cation ~1.17 Å in the same anionic surrounding. This type of substitution causes a significant change in the unit cell. This change in unit cell ultimately affects the corresponding bond lengths and angles and thus different structural parameters.
Table 1. Average crystallite size (Daverage), lattice constant (a, b, c), unit cell volume (Vcell) and X-ray density (ρx) extracted from XRD pattern of Bi1-xLaxFeO3
	X
	0.0
	0.04
	0.08

	D (nm)
	19 ± 2
	32 ± 1
	39 ± 5

	a = b   (Å)
	5.69 ± 0.04
5.581*[44]
5.54577**[45]
	5.56 ± 0.01
	5.50 ± 0.03

	c     (Å)
	13.93 ± 0.02
13.88*[44]
13.70408**[45]
	13.67 ± 0.07
	13.45 ± 0.15

	V (Å)3
	390.57 ± 5.54
374.14*[34]
	365.97 ± 3.16
	352.36 ± 7.96

	ρx (g/cm3)
	7.98 ± 0.12
	8.44 ± 0.07
	8.68 ± 0.18

	ρb (g/cm3)
	4.98 ± 0.03
	4.52 ± 0.10
	4.21 ± 0.12

	Porosity (%)
	37.59 ± 0.88
	46.45 ± 0.46
	51.55 ± 1.10 

	Dislocation density (δ)
	0.00277 ± 0.00048
	0.0009 ± 0.0001
	0.0006 ± 0.0005

	Specific surface area (S)
	39.57 ± 4.43
	22.21 ± 0.49
	17.72 ± 5.88

	Strain (ε)
	14.46 ± 3.25
	13.25 ± 3.07
	12.86 ± 3.02


*Experimental work from literature, ** theoretical work from literature
Table 2. Data collected from Rietveld refinement for La substituted BFO samples
	Concentration
	Rwp
	Rexp
	χ2

	0.00
	15.5
	20.67
	1.19

	0.04
	12.8
	24.61
	0.271

	0.08
	20.5
	27.33
	0.565
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(b)




Fig. 4. (a) Variation of average crystallite size, lattice constants and volume of unit cell (b) with different concentration
3.2 SEM analysis
Fig. 5 shows the SEM micrographs of Bi1-xLaxFeO3 samples. SEM images of Bi1-xLaxFeO3 samples show the Lanthanum substituting ions affected the morphology of the surface. SEM image of pure bismuth ferrite shows the agglomeration and spherical shape of the particles as shown in Fig. 5. The average grain sizes of representative samples were determined by using ImageJ software (Pictograph). The unsubstituted BiFeO3 particles were spherical with an average grain size of 0.16 μm. When the concentration of Lanthanum increased to x = 0.04 and 0.08, particles retained a spherical shape and the surface appeared smooth as compared to the unsubstituted sample. The average particle size increased from 0.18 μm to 0.22 μm as lanthanum concentration increased to x = 0.04 to 0.08.
[image: ][image: Chart, histogram

Description automatically generated][image: ][image: Chart, histogram

Description automatically generated][image: ][image: ](c)
(a)
(b)









Fig. 5. SEM images of Bi1-xLaxFeO3 (a) x=0 (b) x=0.04 and (c) x=0.08 
[bookmark: bookmark=id.1fob9te]3.3 FTIR   analysis
Fig. 6 indicates the FTIR spectra of both pure and substituted BFO analysed in region
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Fig. 6. FTIR spectra of Bi1-xLaxFeO3 [x = 0.00, 0.04 and 0.08]
of 4000-400 cm-1. The M-O bond is associated with a band in the range of 400–600 cm-1, which confirmed the perovskite structure. The bending of the Fe-O bond was ascribed to the peak position at 450 cm-1, whereas the stretching of the O-Fe-O bonds that was presence in octahedral FeO6 group was attributed to the band 550 cm-1.  The Bi-O bond was attributed to the band value of around 1066 cm-1 [46]. The presence of trapped nitrates resulted in a broad band at approximately 1380 cm-1. A broad band of 1380 cm-1 was due to the presence of the trapped nitrates. There is no O-H group observed in the range of 3000- 3600 cm-1 because the prepared samples are purely dried [47].

3.4 UV-Vis analysis
[image: ][image: ][image: ]The absorption spectra of bismuth ferrite nanoparticles prepared by the co-precipitation technique for different lanthanum substitutions are shown in Fig. 7. The absorption spectra (b)
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Fig. 7. UV-vis spectra of Bi1-xLaxFeO3 (a) x=0.0, (b) x = 0.04 and (c) x = 0.08
reveal that BFO can absorb a significant amount of visible light. The maximum absorption peak was observed at 367 nm. According to [40], the optical band gap in ferrites depends on various factors, such as the concentration of dopants used, structural parameters used, the size of the particles used, lattice stresses, and contaminants. The value of the (α) absorption coefficient can be determined by using the Kubelka-Munk function reflectance relation [39]. The optical band gap (Eg) value of prepared samples was calculated by using the Tauc plot [40-42]. The results revealed that the band gap value decreased by increasing the lanthanum substitution.
3.5 DFT investigation
For the calculations, same experimental lattice parameters were used in a unit cell of BFO. Furthermore, in substituted cells, it was noted that the slight changes in atomic sites did not disturb the insulating states obtained after configurations of these structures during structural optimization. Theoretically, it was evident that the R3c (hexagonal) structure was the correct ground state more than the triclinic (P1) and monoclinic (Cc) structures of BiFeO3 [48]. Moreover, a study on comprehensive optical properties of aforementioned space-groups is also studied [49]. Furthermore, to predict the correct band gap, particularly for Fe-d and transition metal oxide systems (TMO), the LDA + U scheme was a better choice than that of a modified Becke-Johnson (mBJ) exchange potential [25].  For all 0.04, 0.06 and 0.08 concentrations, three supercells were built. The separations between the dopant atoms differed for each of them. After different site configurations, optimized supercells for the dopant of said concentrations were chosen as shown in Fig. 8. 
Kramers–Kronig transformation is adopted to calculate the real part of dielectric-function  whereas the iimaginary part of the dielectric function  are calculated by the many-electron wave function [50]. The dielectric function is mainly concerned with the electronic response. The momentum matrix components between the occupied and unoccupied wave functions are used to compute the imaginary portion   of the dielectric-function and the results are as follows:


In contrast, where denotes the incident phonon's energy,  denotes the momentum operator,  denotes the crystal wave function, and  denotes the Fermi function. The Kramer-Kronig transformation is used to assess the real component  of the dielectric- function from its imaginary part  [51]. In the first irreducible Brillion zone, intra-band and inter-band transitions are represented by the imaginary-part of the dielectric function. The optical characteristics for Bi1-xLaxFeO3 samples with x = 0.0, 0.04, 0.06 and 0.08 are also calculated.
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Fig. 8. Optimized structural models of three distinct configurations of Bi1-xLaxFeO3 (a) x=0.00, (b) x = 0.04 (c) x = 0.06 and (d) x = 0.08
The material response to an electric field is related to the dielectric function. The spectrum of wavelengths for the real part  of dielectric function was kept from 200 to 1000 nm. The dielectric-functions of Bi1-xLaxFeO3 are calculated as shown in Figs. 9 and 10 by the employing LDA + U method. In BiFeO3 substituted compound the  leads the broadcasting behaviour of the electromagnetic field. The  showed a negative value. The real part's negative value is the indication of total reflection of the incident electromagnetic wave is totally reflected above 700 nm as depicted in Fig. 9. The maximum peak of absorption was observed in the vicinity from 320 to 450 nm which is in good agreement with our experiment.
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Fig. 9. Real part of dielectric functions  with Lorentz broadening (1.5 eV) (a) x=0, (b) x= 0.04, (c) x= 0.06 and (d) x=0.08
From Fig. 10, in all cases, the on-set absorption starts around 2 eV, which is consistent with our experimental findings of UV-visible spectra for pure and substituted bismuth ferrites. The optical gap for x = 0.02 (not shown), is found to be overestimated     compared to our experimental results. The band structure's energy is connected to the imaginary-part . In electronic structure calculations (not shown), the indirect band gaps around 1.6 eV, 1.8 eV and 1.6 eV were observed for pure, 0.04 and 0.08 substituted structure of Bi1-xLaxFeO3 respectively. Whereas, direct band gaps 2 eV, 2.1 eV, 1.98 eV, and 1.86 eV were computed for Bi1-xLaxFeO3 samples with x = 0.0, 0.04, 0.06 and 0.08, respectively. The same as a direct band gap, an indirect band gap between the topmost of the O-2p valence-band (VB) and the bottommost of the Fe 3d conduction-band (CB) for 0.06 substituted structure of Bi1-xLaxFeO3 was also observed. However, dielectric function of   for pure and Bi1-xLaxFeO3 increases rapidly around 2 eV which corresponds to the direct band gaps. The describes inter-transitions from O-p occupied to unoccupied Fe-d states and also including O-p electron to other p-states of high-energy occupied states. The more pronounced peaks around 4 eV (Fig. 10a, c and d) and 5 eV (Fig. 10b) correspond mainly with the transition from the occupied O-2p to Fe-3d states and from O-2p VB to Fe-3d or Bi-6p or La-5p high energy CB.












Fig. 10. Imaginary part of dielectric functions  with Lorentz broadening (1.5 eV) (a) x=0, (b) x= 0.04, (c) x= 0.06 and (d) x=0.08
4. Conclusion
Lanthanum-substituted bismuth ferrites were successfully prepared by using the co-precipitation rout for different concentrations of lanthanum. The XRD pattern revealed the hexagonal perovskite structure of space group R3c which is also confirmed by Rietveld refinement.  The average crystallite size was estimated to be in the range of 19 to 35 nm. SEM image showed a crystal-like shape of bismuth ferrite nanoparticles. UV-visible spectroscopy disclosed that with increase in lanthanum substitution, band gap decreased. Furthermore, the on-set absorption of the calculated optical and experimental band gaps of pure and substituted bismuth ferrites, Bi1-xLaxFeO3, were 2 eV (2.02 eV), 1.98 eV (1.99 eV) and 1.86 eV (1.85 eV) particularly at x= 0, 0.04 and 0.08, respectively, which were in good agreement experimentally. These results would provide a theoretical reference for fundamental science and technological application of Bi1-xLaxFeO3. The present results may provide new insight into the role of La (III) modified multiferroic BiFeO3 and its potential for applications.
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