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Abstract 

Single phase, electrically insulating samples of Bi1-xLaxFeO3 solid solutions have been prepared 

by mechanosynthesis over the whole compositional range for the first time. Lanthanum 

substitution influenced the kinetics of the mechanochemical reaction and crystallite size of the 

products. For 0≤x≤0.15, an increase in La content produced a significant decrease in the weight-

normalized cumulative kinetic energy required to obtain the final product and an increase in the 

resulting crystallite size. Larger La contents did not affect either reactivity or crystallite size. 

The effect of x on the structure has been identified. Samples in the ranges x≤0.15 and x≥0.45 

gave single phase solid solutions with R3c and Pnma space groups, respectively, while for the 

intermediate range, the non-centrosymetric Pn21a(00γ)s00 super structure was obtained. For 

0≤x≤0.30, differential scanning calorimetry showed two endothermic effects corresponding to 

the Néel temperature (TN, antiferromagnetic-paramagnetic transition) and the Curie temperature 

(TC, ferroelectric-paraelectric transition), demonstrating their multiferroic character. 

Compositions with larger La content only showed TN. Dilatometric and permittivity 

measurements confirmed the results obtained by DSC for the ferroelectric-paraelectric 

transition. The composition dependence of TN and TC showed that, at low x, TN<TC, but a cross-

over, or isoferroic transition occurred at x ~ 0.28, when TN = TC = 386ºC. Ceramics with 

0≤x≤0.15 were highly insulating at room temperature with resistivity, extrapolated from the 

Arrhenius plots, of ~ 7x1016 – 8x1014 Ωcm and activation energy  ~1.14–1.20 eV. Magnetization 

of the samples improved with La substitution. 
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structure identification. 

 

Introduction  

Single-phase multiferroic materials are those which present at least two of the so-called 

“ferroic” properties: ferroelectricity, ferromagnetism and ferroelasticity.1 Recently, both  

ferrotoroidic and antiferroic orders are also considered as ferroic properties.2 In magnetoelectric 

materials, an electric field induces a magnetization or, alternatively, a magnetic field induces a 

polarization in the material.3 The interest in these materials arises from their potential 

applications in multistate memory devices as FeRAMs and MRAMs for storing binary data, or 

as magnetoelectric sensors. 4  

BiFeO3 is considered the most promising multiferroic for potential applications because it 

presents multiferroic properties at room temperature. It has a rhombohedrally-distorted 

perovskite structure at room temperature with space group R3c, is G-type antiferromagnetic 

until its TN, 360ºC, and ferroelectric up to TC, 830ºC.5-7 The main problem in BiFeO3 preparation 

is the formation of undesired impurity phases, mainly Bi25FeO39 and Bi2Fe4O9, that lead to 

deterioration of the electrical and magnetic properties.8 BiFeO3 presents small spontaneous 

polarization at room temperature due to a high leakage current and dielectric loss which are 

attributed to the synthesis methods used and which complicate the study of electrical properties 

in the low frequency range. The low polarization values are attributed to the presence of 

secondary phases and to the low resistivity of the ceramics, while leakage current is associated 

with the presence of  Fe2+ ions, oxygen vacancies and bismuth evaporation during sintering.9 

The G-type antiferromagnetic ordering in BiFeO3 is superimposed with a space modulated 

spiral structure, which macroscopically cancels the magnetization.10 However, the magnetic 

properties depend greatly on the synthesis procedures and the presence of impurity phases could 

be responsible for the magnetic properties observed at low temperatures.11 

The addition of substituents in BiFeO3, taking the positions of either Bi and Fe, has been widely 

studied and it is possible to find in the literature many papers concerning modifications in 

BiFeO3 stoichiometry.12 Apart from solid solutions, mixtures of BiFeO3 with other compounds 

with perovskite structure have also been considered with the objective of increasing the 

dielectric constant, reducing the leakage current and improving the ferroelectric polarization.  

Rare earth elements, transition metals and alkaline earth metals have all been employed to 

enhance the dielectric and magnetic properties of BiFeO3, breaking the long-range, spin cycloid 

superstructure of the antiferromagnetically ordered sublattice responsible for cancelation of the 
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magnetization in distorted perovskites.13 Special attention has been given to the system Bi(1-

x)RxFeO3, where R is a rare earth element. Partial substitution of Bi3+ ions by lanthanides avoids 

the formation of undesired phases during synthesis and improves the ferroelectric properties and 

magnetization.14-34 The most studied system is Bi(1-x)LaxFeO3, also described as (1-x)BiFeO3-

xLaFeO3. The first studies demonstrated that the long-range, spin cycloid superstructure 

disappears in single crystals with 20% La substitution. In bulk materials, La substitution 

improves the ferromagnetic moment and significantly reduces the leakage current.35 However, 

the number of phase transitions and their nature as a function of La content have not yet been 

clearly determined. Thus, the formation of 3, 5 or even 6 different phases as x increases have 

been reported.12, 13, 36-40 Moreover, there is disagreement over the La content that induces phase 

transitions and the structure that the system adopts once these limits are exceeded. Thus, the 

value of x required for the rhombohedral (R3c) to orthorhombic transition has been reported in 

the range from 0.1 to 0.3.13, 37, 41 It has also been proposed that the R3c and other phases may 

coexist at the composition limits of each phase.42 Other authors relate both the phases produced 

and their stability to Goldschmidt's tolerance factor (t),43 although in the case of La substitution, 

the tolerance factor varies little since the ionic radii of both atoms are very similar if an 

octahedral coordination is assumed (the Bi ionic radius in coordination 12 hasn't been reported), 

i.e. 1.16 Å for La3+ and 1.17 for Bi3+.44 However, the lone pair orbital of Bi3+ (6s2) is 

stereochemically active and responsible for the ferroelectric distortion. Thus, distortions that 

still occur on substitution of Bi3+ with La3+ are more likely to be caused by the diminishing lone-

pair activity of Bi.5 

Electrical properties of lanthanum-substituted BiFeO3 ceramics have been studied mainly at 

fixed frequencies; a broad dispersion in permittivity as a function of temperature is probably 

due to variations in sample preparation method. An increase with temperature of permittivity 

and dielectric loss that is generally observed is related with the antiferromagnetic Néel 

temperature; a decrease in permittivity and loss as frequency increases, is attributed to a 

conventional dielectric relaxation process.9, 45 The permittivity also increases with x, possibly 

caused by the distortions and structural changes.46, 47 Surprisingly, the temperature dependence 

of conductivity is not usually reported in the literature to explain the electrical properties, 

although Pandit et al. have studied the conduction mechanism in samples prepared by 

conventional solid state reaction.48  

Different methods have been proposed for synthesis of the (1-x)BiFeO3-xLaFeO3 system. The 

most common is conventional solid state reaction, applying different thermal treatments to 

stoichiometric amounts of the starting oxides; some authors add a small excess of Bi2O3 to 

compensate possible losses by evaporation during synthesis.9, 13, 37, 42 Other methods include the 
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use of polymeric precursors starting from metal nitrates,12, 39 and hydrothermal synthesis.46, 49 

Although addition of La seems to facilitate synthesis of substituted BiFeO3, the preparation of 

phase-pure samples is still an issue in many reports. 

The use of mechanosynthesis50, 51 for obtaining this kind of material is much less studied; there 

are a few papers, mostly for pure BiFeO3 
52-56 or with certain substituents and in mixtures,57, 58 

but there are no reports of the preparation of La-substituted BiFeO3 by this method. We 

previously reported59, 60 that BiFeO3 prepared by mechanosynthesis is phase-pure, highly 

insulating and not susceptible to reduction, in contrast to other results which report lossy or 

semiconductive BiFeO3. It is therefore of interest to use this methodology to investigate the 

synthesis and properties of substituted BiFeO3 materials. 

The objective of this work is the preparation by mechanosynthesis of Bi1-xLaxFeO3 solid 

solutions covering the whole compositional range 0<x<1. Products are characterized by XRD, 

Raman spectroscopy, SEM, DSC, dilatometry, impedance spectroscopy and magnetic 

susceptibility measurements. 

 

Experimental section 

Sample preparation 

Samples were prepared from commercially available oxides: Bi2O3 (Sigma-Aldrich 223891-

500G, 10 µm, 99.9% purity), Fe2O3 (Sigma-Aldrich 310050-500G, <5 µm, ≥99% purity) and 

La2O3 (Sigma-Aldrich L4000-100G, ≥99% purity). Starting oxides did not require drying, as 

determined by thermogravimetry. Stoichiometric amounts were mechanically ground under 7 

bars of O2 pressure using a planetary mill Pulverisette 7 (Fritsch, Idar-Oberstein, Germany), 

modified by incorporating a rotary valve that allowed connection of the jar (sealed with a Viton 

o-ring and equipped with a male taper straight adaptor) to the gas cylinder during milling. Thus, 

the pressure inside the jar was maintained constant during the entire treatment even if some gas 

was consumed during reaction. The jars were purged several times with oxygen prior to filling 

to the desired pressure, which was maintained during milling. A hardened steel jar (80 cm3 

volume) and balls (9 balls, 15 mm diameter) were used in all experiments. The powder-to-ball 

mass ratio was set at 1:20, requiring the use of approximately 6 g of starting materials. The 

spinning rate of both the supporting disc and the superimposed rotation in the opposite direction 

of the jars was set at 700 rpm. The mechanosynthesis is carried out, nominally at room 

temperature, but inevitably the grinding process leads to an increase in temperature which is 

estimated as typically being in the range 50 to 80ºC. Some authors have proposed kinematic 
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equations that describe the impact energy (ΔE) of the balls in the jar during milling.61-64 This 

energy is transferred to the reactants in every hit and can be calculated from: 

∆ ,                                                               (1) 

where m is the ball mass, Wv the rotational speed of the vial, Wp the rotational speed of the 

supporting disk, Rv the radius of the vial and Rb the radius of the balls. In a real system, the 

hindering effect of the balls decreases the impact energy. The corrected impact energy, ∆E*, 

considering the hindering factor (), is determined from: 62 

	∆ ∗ 	∆            (2) 

The total power transferred to the sample during milling by the collisions is given by: 

∆ ∗	 	            (3) 

where N is the number of balls in the jar and f is the frequency with which balls are launched, 

i.e. f = K(Wp-Wv)/2π, where K is a constant that depends on ball diameter and mill geometry.63 

The weight-normalized cumulative kinetic energy released in the system (Ecum in J/g or Wh/g), 

is related to the corrected ball-impact energy, ∆E*, the ball-impact frequency of the N balls, 

, the milling time, t, and the powder weight, mp, as shown in equation 4:64 

∆ ∗

	                                                             (4) 

Using equations 1-4, for the milling conditions used here, the following values are obtained for 

the corrected impact energy and total power: ∆E* = 82 mJ/hit and P = 25.8 W; Ecum is calculated 

from equation 4 considering the milling time required to obtain a single phase product for each 

composition. 

Characterization 

X-ray diffraction (XRD) patterns were collected with a Panalytical X’Pert Pro diffractometer 

working at 45 kV and 40 mA, using CuKα radiation and equipped with a X’Celerator detector 

and a graphite diffracted beam monochromator. The sizes of coherently diffracting domains and 

strains were calculated by line profile analysis (Panalytical X’Pert Pro software) corrected for 

instrumental peak broadening determined with a silicon standard.  

The FullProf 65, 66 and Jana2006 67 software were used for Rietveld refinement. The background 

was refined using a six-order polynomial function and a pseudo-Voigt with axial divergence 
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asymmetry profile function to refine peak shapes. Peak shapes, lattice parameters, and scale 

were refined simultaneously. Atomic positions and isotropic temperature factors were 

subsequently included in the refinement. 

X-ray Photoelectron Spectroscopy (XPS) was studied with a Vacuum Generator, model Escalab 

210 equipment using Mg Kα radiation calibrated with the C1s signal, with a pass energy 

resolution of 50 eV. The spectra of powder samples were recorded at room temperature under a 

residual pressure < 10-10 mbar. 

Raman spectra were collected with a dispersive Horiva Jobin Yvon LabRam HR800 microscope 

with a 20 mW green laser (532.14 nm) and a 100× objective with a confocal pinhole of 10 μm. 

Microstructure of the powders was studied by scanning electron microscopy (SEM) using a 

Hitachi S-4800 microscope equipped with an energy dispersive X-ray spectrometer (EDAX). 

Differential scanning calorimetry (DSC) curves were recorded in air (100 cm3 min-1) on a 

simultaneous TG/DSC Instrument (Q600 SDT, TA Instruments, Crawley, UK). The 

experiments were performed at a heating/cooling rate of 10 ºC min-1 from 250ºC to 850ºC in 

open alumina pans.  

Dilatometric measurements were recorded on pellets using a Linseis TMA model PT1000 in air 

at 10 ºC min-1 heating rate. The pellets were prepared from as-milled powders, pressed into 

discs, 6 mm in diameter and ~2 mm thick, by uniaxial pressing at 0.93 GPa and annealed at 

850ºC.  

For the electrical property measurements, pellets were prepared using the same procedure as 

that described for the dilatometric measurements. Opposite pellet faces were Au sputter-coated 

using an Emitech K575X Sputter Coater (Kent, UK). Impedance measurements used a HP 

4294A impedance analyser (Wokingham, UK) over the frequency range 5 Hz to 10 MHz, with 

an ac measuring voltage of 0.1 V and over the temperature range ~20 to 400ºC.  Impedance data 

were corrected for overall pellet geometry and for blank capacitance of the conductivity jig.  

Conductivity and permittivity data are reported in units of Scm–1 and Fcm–1, respectively, that 

refer to correction for only the overall sample geometry.  Density of the ceramics was 

determined using the Archimedes’ method, using water as the immersion liquid.  Pellet densities 

were ~ 91 %. Dielectric measurements as a function of temperature were performed using a 

4263B LCR meter.  

Magnetic susceptibility measurements were performed in a SQUID magnetometer (Quantum 

Design, model MPMS-XL) in the temperature range 2-320 K at 50 mT. The magnetic 

susceptibility data were collected after cooling the sample from room temperature to 2 K in a 
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zero field (ZFC) and after cooling in the measuring field (FC). Magnetization was measured at 

different temperatures in magnetic field strengths up to ±5 T. 

 

 

Results and discussion 

Mixed oxides of general formula Bi1-xLaxFeO3 were prepared, over the entire range of 

compositions (0≤x≤1), by direct mechanochemical reaction of stoichiometric amounts of Bi2O3, 

Fe2O3 and La2O3 at room temperature. Fig. 1 shows the XRD patterns at periodic intervals for 

one composition, Bi0.98La0.02FeO3. In the first stages of grinding, the crystallinity of the starting 

single oxides is damaged. After 1 hour, reflections corresponding to a new phase are detected, 

while those of the starting oxides are weakened. After 4 hours, the new phase appears to be 

phase-pure. The time required to produce a phase-pure product decreased with increasing La 

content from ~8 h for x = 0 to ~ 2 h for x ≥ 0.3, Fig. 2.  

 

 

 

 

 

 

 

 

 

 
Fig. 1. Diffraction patterns obtained after milling, for different periods of time in oxygen (7 bar), 
stoichiometric amounts of the starting oxides for composition Bi0.98La0.02FeO3. 
 

The XRD peaks are broad due to the nanometric size of the crystallites obtained after milling. 

Similar behavior was observed for all compositions; XRD patterns at different grinding times 

for several compositions (ranging from x=0.07 to x=1.00) are shown in Figs. S1-S7 in the ESI†. 
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Fig. 2 summarizes the XRD patterns, and milling times, for final reaction products of different 

compositions.  

The average size of the coherently diffracting domains was calculated by line profile analysis 

using the highest intensity single peak for each composition. Thus, for x = 0.02, 0.07 and 0.15, 

the peak at approximately 22.5º was used; for compositions x = 0.45, 0.60, 0.80 and 1.00, the 

weak peak at about 25.3º was used, as the peak at 22.5º consisted of overlapping peaks. For x = 

0.30, it was not possible to calculate the crystallite size because of possible multiple peak 

overlap. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Fig. 2. XRD patterns of powders obtained after milling stoichiometric amounts of the single oxides in 
oxygen (7 bar) for different compositions: (a) BiFeO3,

59 (b) Bi0.98La0.02FeO3, (c) Bi0.93La0.07FeO3, (d) 
Bi0.85La0.15FeO3, (e) Bi0.70La0.30FeO3, (f) Bi0.55La0.45FeO3, (g) Bi0.40La0.60FeO3, (h) Bi0.20La0.80FeO3, (i) 
LaFeO3. The minimum milling time for full reaction of each composition is indicated. 
 

For each composition, crystallite size and weight-normalized cumulative kinetic energy of the 

milling process, i.e. Ecum, as a function of x, are shown in Fig. 3. As milling conditions were 

identical for every composition, the resulting Ecum is directly related to the time required to 

Page 9 of 32 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



9 
 

reach full conversion. Fig. 3a, shows that Ecum decreases with x from 760 kJ g-1, t=8 hours, for x 

= 0, to 191 kJ g-1, t=2 hours, for x = 0.3. This decrease in Ecum could be explained on the basis of  

increased thermodynamic stabilization of the perovskite structure produced by La substitution, 

as suggested by Selbach et al.43  For x ≥ 0.3, Ecum remains constant at 191 kJ g-1. The crystal size 

appears to be a function of the grinding time and, therefore,  Ecum required for the formation of 

the different compositions, Fig. 3b. Larger Ecum required for the formation of low La content 

compounds yield materials with smaller crystallite sizes as they are formed under more severe 

mechanochemical conditions (high mechanical stresses are required for the interdiffusion of 

species and formation of the new phases) than those with high La content that are formed under 

milder conditions. The effect of longer milling times of up to 20 h on single-phase samples was 

studied. No changes were seen, either in the particle size of the product or their XRD patterns. 

There was also no evidence of any decomposition of the phases on prolonged grinding. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. (a) Crystallite size and cumulative milling kinetic energy as a function of composition. b) 
Crystallite size as a function of the minimum grinding time required for full conversion. 

 

Fig. 4 includes SEM micrographs showing the morphology of ground samples of 

Bi0.98La0.02FeO3 at different milling times. Initially, the products maintain the plate-like shape of 

Bi2O3 starting material. As milling continues and reaction progresses, the morphology changes 

to highly aggregated powders. Eventually, after four hours of treatment, when conversion was 
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complete, the product consisted of nanometric subunits aggregated into micron-sized particles. 

Identical behavior has been observed for the whole set of samples prepared here (see Figs. S8-

S14 in the ESI†) as well as for the mechanochemical synthesis of pure BiFeO3.
59 The 

morphology of products as aggregates of nanoparticles is very common in materials obtained by 

mechanochemistry, as the mechanical energy applied causes cold welding of the nanometric 

subunits. Thus, the smaller is the crystal size, the higher is the concentration of grain boundaries 

and, therefore, the strain energy stored by the material.68, 69 The EDX spectrum, Fig. 4d, for 

Bi0.98La0.02FeO3 after 4 hours of milling shows only Bi, Fe and La. The lack of chromium 

indicates no relevant contamination from the hardened-steel jar and balls (again, similar results 

were obtained for all other compositions as shown in Figs. S8-S14 in the ESI†). Elemental 

compositions, as determined by EDX analysis, are shown in Table 1; results are coincident with 

the expected compositions, within errors. 

 

 

 

 

 

 

 

 

 
 
 
 
 
Fig. 4. SEM micrographs at different milling times for Bi0.98La0.02FeO3: (a) 0.25 h, (b) 1 h, (c) 4 h; (d) 
EDX spectrum for the product obtained after 4 hours of milling shown in (c). 
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Table 1. Elemental composition of the powders prepared by mechanosynthesis, determined by 
semiquantitative analysis of EDX spectra. 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

Fig. 5 shows the Fe2p, Bi4f and La3d5/2 XPS spectra for Bi0.98La0.02FeO3 and LaFeO3. XPS is 

very sensitive to surface composition, providing information not only on the elements present 

but also on their oxidation state. As observed by EDX analysis, Cr was not detected, indicating 

the absence of contamination from milling media. Moreover, no oxidation states different from 

3+ were detected for Bi, Fe and La. Quantitative analysis of XPS spectra yielded chemical ratios 

coincident with nominal compositions, suggesting that the materials prepared are chemically 

homogeneous. 

 

 

 

Sample 
Experimental atomic composition 

 
Theoretical atomic 

composition Fe/La/Bi (%) 
Fe La Bi 

BiFeO3 
 

50.0/0.0/50.0 50.4 ± 0.6 -- 49.6 ± 0.8 

Bi0.98La0.02FeO3 
 

50.0/1.0/49.0 50.3 ± 0.5 1.3 ± 0.3 48.4 ± 1.1 

Bi0.93La0.07FeO3 
 

50.0/3.5/46.5 51.3 ± 0.9 3.8 ± 0.4 44.9 ± 1.8 

Bi0.85La0.15FeO3 
 

50.0/7.5/42.5 51.5 ± 0.8 8.1 ± 0.4 40.4 ± 2.1 

Bi0.70La0.30FeO3 
 

50.0/15.0/35.0 50.8 ± 0.8 14.8 ± 0.4 34.4 ± 1.7 

Bi0.55La0.45FeO3 
 

50.0/22.5/27.5 50.8 ± 0.6 22.2 ± 0.5 27.1 ± 1.2 

Bi0.40La0.60FeO3 
 

50.0/30.0/20.0 51.0 ± 1.8 29.5 ± 0.5 19.5 ± 1.1 

Bi0.20La0.80FeO3 
 

50.0/40.0/10.0 51.0 ± 0.6 39.4 ± 1.0 9.6 ± 0.6 

LaFeO3 
 

50.0/50.0/0.0 50.9 ± 0.8 49.1 ± 1.2 -- 
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Fig. 5. XPS spectra corresponding to Fe2p, Bi4f, and La3d5/2 for Bi0.98La0.02FeO3 (dotted line) and 
LaFeO3 (solid line). 
 

The Raman spectrum of BiFeO3, Fig. 6a, showed 10 lines; three can be attributed to A1 modes 

(at 170, 225 and 415 cm-1), while the other seven are E modes (at 263, 293, 355, 372, 472, 525 

and 618 cm-1).59 The bands below 200 cm-1 are associated with Bi-O bonds (specifically, the 

relative movement of cations situated in the A position of the ABO3 structure against the BO6 

octahedron). Bands above 200 cm-1 are due to internal vibration of the FeO6 octahedron: the 

band at 618 cm-1 is assigned to symmetric breathing of the oxygen atoms. The BiFeO3 spectrum, 

Fig. 6a, is characteristic of rhombohedral BiFeO3,
70 with very small discrepancies in band 

positions, possibly due to strain in the nanoparticles produced by mechanosynthesis.56, 71-75 

When Bi is progressively substituted by La, the Raman spectra are modified, Fig. 6, in a similar 

way as observed for other substituents.76-78 Compositions x ≤ 0.15, Fig. 6, present Raman 

spectra quite similar to that of pure BiFeO3 (Fig. 6a) except for a small decrease in intensity of 

the A1 modes at low Raman shifts (below 200 cm-1), associated with the decrease in number of 

Bi-O bonds as La content increases and, therefore, as La atoms go into Bi sites in BiFeO3. For x 

≥ 0.30, the intensities of bands at low Raman shift continue to decrease, while new bands at 182 

cm-1 and 627 cm-1 appear, suggesting a structural transformation as observed for other 

substituted BiFeO3.
76, 78, 79 In general, as x increases, the Raman spectra approximate to that of 

pure LaFeO3 (Fig. 6i). 
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Fig. 6. Raman spectra of the powders obtained after milling stoichiometric amounts of the single oxides 
in oxygen (7 bar) for different compositions: (a) BiFeO3, (b) Bi0.98La0.02FeO3, (c) Bi0.93La0.07FeO3, (d) 
Bi0.85La0.15FeO3, (e) Bi0.70La0.30FeO3, (f) Bi0.55La0.45FeO3, (g) Bi0.40La0.60FeO3, (h) Bi0.20La0.80FeO3, (i) 
LaFeO3. 
 

 

The XRD patterns of mechanosynthesized samples, Fig. 2, show significant line broadening 

which made it difficult to obtain detailed crystallographic information. To improve crystallinity, 

samples were heated to 800ºC for 30 minutes, XRD patterns recorded and analyzed using the 

Rietveld method. An expanded section, in the range 20º to 45º 2Ө, is shown in Fig. 7. It is clear 

that there are structural changes for x>0.15. Thus, for x=0.30, a single peak at 22.5º splits into 

two peaks, while the highest intensity pair of peaks at about 32º becomes a single peak. For x > 

0.45, the doublet at 22.5º again becomes a single peak and a new weak reflection at 25.3º is 

detected. 
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Fig. 7. XRD patterns of the powders obtained after heating at 800ºC the mechanosynthesized samples: (a) 
Bi0.98La0.02FeO3, (b) Bi0.85La0.15FeO3, (c) Bi0.70La0.30FeO3, (d) Bi0.55La0.45FeO3, (e) Bi0.40La0.60FeO3, (f) 
LaFeO3. 
 

For compositions x=0.02, 0.07, and 0.15, XRD patterns were similar to that for x=0.00 and 

could be refined well in space group R3c, as shown for x=0.02 in Fig. 8 and Table 2 (see also 

Figs. S15-S16 in the ESI†). These results are in agreement with some of those reported for 

samples prepared by other methods,9, 12, 37, 39 while other authors suggest either a change in the 

structure for x=0.15 or the presence of a mixture of rhombohedral and orthorhombic phases.13, 

38, 42.  

Compositions x = 0.45, 0.60, 0.80 and 1.00 were refined using Pnma space group.42, 80 The 

calculated diffraction patterns clearly fit the experimental data (see Figs. S17-S20 in the ESI†, 

and Table 2). These compositions with x ≥ 0.45 may therefore be regarded as solid solutions of 

LaFeO3 with the same space group. 

The indexing of intermediate composition, x=0.3, was tested in the space groups Imma, Pnma, 

Pn21a and C222. Pnma and C222 space groups were discarded due to the very high reliability 
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factors obtained, but refinements in Imma and Pn21a gave similar Rwp values of 25.6 and 24.4 

respectively. However, the diffraction pattern shows small peaks that could not be indexed with 

these space groups, which causes high reliability factor values. While some authors consider 

that these small peaks correspond to secondary phases,37, 81 Rusakov et al. suggested, for 

composition x=0.25, a superspace group Imma(00γ)s00 with an incommensurate modulation 

vector q=0.4855(4)c*,42 whereas Carvalho et al. proposed, for x=0.30, the superspace group 

Pn21a(00γ)s00 with q=0.465(1)c*.82 It is considered that the modulation is caused by 

displacement of Bi and O(1) atoms along the a axis toward each other and by the O(2) atoms 

within the ac plane. Rietveld refinement of the superstructure in our sample, x=0.30, was 

carried out using Jana2006, starting with the cell parameters obtained by Fullprof software. Rwp 

values obtained in the LeBail mode for the superstructures Imma(00γ)s00 and Pn21a(00γ)s00 

were 9.01 and 7.97, respectively. In particular all the small satellite peaks are fitted only by the 

Pn21a(00γ)s00 superstructure (see Figs. S21-S22 in the ESI†). Considering these results, a full 

Rietveld refinement was performed starting with the values obtained in LeBail mode for 

Pn21a(00γ)s00 superstructure. The calculated diffraction pattern fits the experimental, with q = 

0.471(2)c* (see Fig. S23 in the ESI† and Table 2), in agreement with that obtained by Carvalho 

et al.82  

 

 

 

 

 

 

 

 

 

 
 
Fig. 8. XRD pattern of Bi0.98La0.02FeO3 obtained after four hours milling and subsequent heating to 800ºC 
(dots). The solid lines are the fit from the Rietveld refinement. The inset shows an expanded section in the 
range 20º to 45º 2ϴ.  
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Table 2. Rietveld refinement structural parameters obtained from the XRD patterns of powders of the 
system Bi(1-x)LaxFeO3 prepared by mechanosynthesis and heated to 800ºC for 30 minutes. 
 
 

Sample Bi0.98La0.02FeO3 Bi0.93La0.07FeO3 Bi0.85La0.15FeO3 Bi0.70La0.30FeO3 

Space group R3c R3c R3c Pn21a(00γ)s00 

a (Å) 5.57944(2) 5.57922(4) 5.57867(11) 5.61384(3) 

b (Å) 5.57944(2) 5.57922(4) 5.57867(11) 7.83723(3) 

c (Å) 13.85932(6) 13.82989(12) 13.7768(3) 5.58955(4) 

                                                                                                               Atomic positions 
Bi/La 0.00, 0.00, 0.00 0.00, 0.00, 0.00 0.00, 0.00, 0.00 0.00, 0.2580(2), 0.9875(3) 

Fe 0.00, 0.00, 0.2203(5) 0.00, 0.00, 0.2226(6) 0.00, 0.00, 0.2246(5) 0.00, 0.00, 0.50 
O(1)  0.4397(3), 0.0173(2), 0.9534(5)    0.4409(2), 0.0109(1), 0.9540(4)   0.4438(3), 0.0136(3), 0.9572(7)  0.5908(4), 0.2382(3), 0.0255(3)

O(2) -- -- --  0.2481(5), 0.5365(3), 0.2541(1)

O(3) -- -- --  0.7913(4), 0.5639(4), 0.7697(5)

                                                                                                                   Bond angle 
Fe-O(1)-Fe 154.2º 155.3º 155.9º 149.7º 

Fe-O(2)-Fe -- -- -- 163.6º 

Fe-O(3)-Fe -- -- -- 148.6º 

                                                                                                             Confidence factors 

2, Rwp 2.53 2.62 2.92 GOF: 2.58 

Rwp 13.6 15.3 16.4 13.4 

Sample Bi0.55La0.45FeO3 Bi0.40La0.60FeO3 Bi0.20La0.80FeO3 LaFeO3 

Space group Pnma Pnma Pnma Pnma 
a (Å) 5.57548(17) 5.57421(9) 5.56966(9) 5.5611(1) 

b (Å) 7.8604(2) 7.86395(14) 7.85845(15) 7.8542(2) 

c (Å) 5.56486(16) 5.55116(9) 5.55039(10) 5.5575(1) 

Atomic positions 
Bi/La 0.0181(3), 0.25, 0.9925(4)   0.0261(2), 0.25, 0.9944(5) 0.0289(3), 0.25, 0.9939(3) 0.0279(1), 0.25, -0.0057(3) 

Fe 0.00, 0.00, 0.50 0.00, 0.00, 0.50 0.00, 0.00, 0.50 0.00, 0.00, 0.50 

O(1) 0.4990(4), 0.25, 0.0684(5) 0.4935(1), 0.25, 0.0752(4) 0.4901(1), 0.25, 0.0761(4) 0.4880(2), 0.25, 0.0857(5) 

O(2)  0.2733(2), 0.0434(3), 0.7192(8)  0.2788(3), 0.0426(2), 0.7206(6) 0.2780(2), 0.0420(2), 0.7242(6)  0.2765(2), 0.0350(2), -0.2788(2)

Bond angle 
Fe-O(1)-Fe 158.1º 155.9º             155.5º         152.5º 

Fe-O(2)-Fe 156.9º 156.7º             157.4º         159.8º 

Confidence factors 

2 3.92 3.28             2.28        1.49 

Rwp 16.7 14.8             13.0        11.6 

 
 
 
 
 
Fig. 9 shows the composition dependence of the normalized unit cell volume (V Z-1) in Bi1-

xLaxFeO3. The values were calculated from the Rietveld refinement results. Although the 

volume decreases as La content increases, the composition dependence is irregular, which 

probably reflects changes in space group as well as volume contraction associated with La 

substitution. 
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Fig. 9. Compositional dependence of the normalized unit cell volume (V Z-1) in Bi1-xLaxFeO3. 

 

DSC measurements illustrate the probable multiferroic character of the samples with low x. Fig. 

10 shows DSC data on samples heated at 800ºC for 30 minutes. Two endotherms are seen for x 

≤ 0.15. By comparison with the reported data, and peak assignments for BiFeO3, the first, weak 

effect corresponds to TN (antiferromagnetic-paramagnetic transition) and the second, more 

intense one, to TC (ferroelectric-paraelectric transition).42, 49, 83, 84 For x=0.3, two endotherms are 

also observed, at 339.5ºC and 387.6ºC, but from the composition dependence of TC and TN, 

summarised in Fig. 11, it appears that, for x=0.30, TC is at a lower temperature than TN, in 

contrast to compositions with smaller x.  Previously, the first peak at 339 ºC has been attributed 

to a phase transition. 42  

Relative permittivity data for x=0.30 and dilatometry data for different compositions, are shown 

in Fig. 12. A maximum in permittivity is seen at ~360ºC (Fig. 12a) which could indicate a 

ferroelectric-paraelectric transition at TC and support the assignment of DSC peak data.  

Moreover, Rietveld refinement results indicate that x=0.30 exhibits the space group 

Pn21a(00γ)s00, which is noncentrosymmetric rather than Imma(00γ)s00, which is 

centrosymmetric, consistent with a ferroelectric-paraelectric transition for this composition.  

The permittivity data, Fig. 12a, show a maximum at 360ºC, that continues the trend in 

composition dependence of TC shown in Fig. 11, although it is noted that permittivity maxima 

can also be associated with antiferroelectric-paraelectric transitions. The permittivity maximum 

seen at 360ºC is superposed on a rapidly increasing rise in permittivity at higher temperatures; 

these high temperature data no longer represent bulk permittivities alone, but are increased due 

to interfacial polarisation effects associated with increasing levels of electronic conductivity. 

Dilatometric curves of dense pellets sintered at 850ºC show no changes at TN, but significant 

volume reduction at TC, especially for low x compositions; for x=0.30, a small inflection at 

~360ºC is seen, Fig. 12b. The more gradual decrease in volume seen at the highest temperatures 

may be associated with sample sintering, perhaps enhanced by compaction of the sample 

Page 18 of 32Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



18 
 

following the phase transition at TC for samples x≤0.15, but in particular, because these 

temperatures are close to the melting temperatures (933ºC for BiFeO3; data for La-doped 

BiFeO3 are not available). 

In the tentative phase diagram for the system Bi(1-x)LaxFeO3 in Fig. 11, the ferroic transition 

sequences may be identified. With increasing temperature, these are: 

(i) x<0.28, antiferromagnetic + ferroelectric  paramagnetic + ferroelectric  

paramagnetic + paraelectric. 

(ii) 0.28 < x < 0.45, antiferromagnetic + ferroelectric or antiferroelectric  

antiferromagnetic + paraelectric  paramagnetic + paraelectric. 

(iii) x ≥ 0.45, antiferromagnetic + paraelectric  paramagnetic + paraelectric. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. DSC diagrams obtained for mechanosynthesized samples after heating at 800ºC: (a) BiFeO3, (b) 
Bi0.98La0.02FeO3, (c) Bi0.93La0.07FeO3, (d) Bi0.85La0.15FeO3, (e) Bi0.70La0.30FeO3, (f) Bi0.55La0.45FeO3, (g) 
Bi0.40La0.60FeO3, (h) Bi0.20La0.80FeO3, (i) LaFeO3. The dotted line linking TN is a guide to the eye. 
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Fig. 11. Phase diagram for the system Bi1-xLaxFeO3. The compositional dependence of the Néel (TN) and 
Curie (TC) temperatures obtained from the DSC traces shown in Fig. 10. 
    

    
 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 12. (a) Relative permittivity (εr’) as a function of temperature at different frequencies for 
Bi0.70La0.30FeO3. An anomaly is observed with a maximum at 360ºC. (b) Dilatometric curves of dense 
pellets (>90%) prepared by sintering at 850ºC the samples obtained after milling stoichiometric amounts 
of the single oxides in oxygen (7 bar) for: (a) BiFeO3, (b) Bi0.98La0.02FeO3, (c) Bi0.93La0.07FeO3, (d) 
Bi0.85La0.15FeO3, (e) Bi0.70La0.30FeO3, (f) Bi0.55La0.45FeO3, (g) Bi0.40La0.60FeO3, (h) Bi0.20La0.80FeO3, (i) 
LaFeO3. 
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High temperature powder XRD patterns for Bi0.85La0.15FeO3 are shown in Fig. 13 for three 

temperatures on stepwise heating and subsequently on cooling to room temperature. The 

patterns at room temperature and 400ºC are essentially identical, indicating no noticeable 

change in crystal structure when heated above TN, as expected for an antiferromagnetic-

paramagnetic transition that implies only a change in magnetic order. These results agree with 

the DSC and dilatometric data presented above, showing that the Néel transition is endothermic, 

but does not involve any change in the sample dimensions. The XRD pattern at 650ºC, above 

TC, is different to those at lower temperatures and was indexed in the orthorhombic space group 

Pnma (Fig. 11), but the transition is reversible on cooling, also in agreement with the DSC and 

dilatometric results, showing that the Curie transition is endothermic with a significant change 

in sample dimensions; the reversibility of both transitions was observed by DSC (not shown). 

Similar high temperature XRD results were obtained for x=0.30 (see Fig. S24 in the ESI†), but 

the XRD pattern changed at ~ 350ºC, similar to the TC value obtained by DSC, and was also 

indexed in space group Pnma,  Fig. 11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
Fig. 13. In situ X-ray diffraction patterns of x=0.15 at different temperatures; the heating profile is 
included as an inset, with the recording temperatures marked. The second inset gives the range 29-35º on 
expanded scale  
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Impedance measurements were made, as a function of temperature, for samples in the range 0 ≤ 

x ≤ 0.15. All samples were highly insulating at room temperature with resistivity >> 107 cm 

but showed modest levels of semiconductivity at high temperatures; a typical impedance 

complex plane plot, Fig. 14(a), for x = 0.15, shows a single arc, but somewhat distorted from the 

ideal semicircular shape; the associated Z”/M” spectroscopic plots, Fig. 14(b), show single 

peaks with some broadening and a small difference in peak maxima frequencies. These results 

show that the mechanosynthesised ceramics are, essentially, electrically homogeneous with no 

evidence of more resistive grain boundaries/surface layers, as shown by the absence of any 

additional peaks at lower frequencies in the Z’’ spectrum, Fig. 14(b). 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

Fig. 14. (a) Impedance complex plane and (b) Z”/M” spectroscopic plots for Bi0.85La0.15FeO3. 
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Resistivity values obtained from intercepts on the real, Z’ axis are shown in conventional 

Arrhenius format in Fig. 15. Conductivity data exhibit linear behavior with activation energy 

~1.14–1.20 eV; the bulk resistivity at room temperature, extrapolated from the high temperature 

data, is ~ 7 × 1016 – 8 × 1014 cm.  The conductivity increases with x but the activation energies 

are comparable indicating an increase in number of charge carriers with x, although the 

conductivity values are small, as reported earlier for stoichiometric BiFeO3,
59 and are several 

orders of magnitude less than those reported by other groups on samples prepared by solid state 

reaction. The low conductivity of our samples implies that there are no significant sources of 

conductivity, such as mixed valence of Fe associated with possible oxygen non-stoichiometry. 

This may be a consequence of first, the oxygen pressure, 7 bars, that was maintained during 

mechanosynthesis, and second, the relatively low temperature used in synthesis (nominally 

room temperature, but inevitably some temperature increase associated with the milling 

process). One of the major objectives in the fabrication of BiFeO3-related materials is to reduce 

the conductivity and this has been achieved in our samples prepared by mechanosynthesis. 

 

 

 

 

 

 

 

 

 

 

Fig. 15. Bulk conductivity data for Bi1–xLaxFeO3 ceramics. 

 

The conduction mechanism was shown to be p-type electronic by measurements of the 

impedance in atmospheres of different oxygen partial pressure, as shown for x = 0.15 sintered at 
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850ºC and measured at 400ºC in Fig. 16. This means that samples pick up O2 by the nominal 

mechanism: 

→ 2 	4 •                       (5)                 

The origin of the holes is not known. One possibility could be Fe3+ ions, near the sample 

surface, that ionise to Fe4+: the ionised electrons would be trapped at adsorbed surface oxide 

ions, equation 5, and the holes associated with Fe4+ become the principal charge carriers. 

Nevertheless, Fe4+ was not detected by XPS measurements; another possibility is that 

underbonded surface oxide ions may ionise: 

→ 	                        (6) 

and the resulting O- ions become the source of holes. The possible existence of O- ions is rarely 

considered in electroceramic materials, but several examples of its likely existence, and 

contribution to p-type conduction, have been reported in acceptor-doped BaTiO3, SrTiO3 and 

CaTiO3.
85, 86 The increase in hole concentration, Fig 15, is consistent with a reduction in unit 

cell volume, Fig. 9, and a reduction in size of oxygen anions associated with equation (6), with 

increasing x. 

The results shown in Fig 16 are sufficient to identify holes as the principal charge carrier and to 

permit discussion of the location of the holes, on either Fe or O. Further information on the 

charge compensation mechanism would require many more data points, as a function of pO2, 

than are shown in Fig 16. 

 

 

 

 

 

 

 

Fig. 16. Impedance complex-plane plots at 400ºC in air, oxygen and nitrogen for Bi0.85La0.15FeO3. 
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Electrical polarisation (P) vs electric field (E) hysteresis loops at room temperature for x=0.15 

are shown in Fig 17. There is no evidence of saturation in the P-E loop up to the maximum 

electric fields available in our experimental setup. Undoped BiFeO3 is ferroelectric and shows 

switching behavior in the hysteresis loops provided the applied fields are higher than the 

coercive field. 

 

 

 

 

 

 

 

 

Fig. 17. Polarisation (P) vs electric field (E) hysteresis loops at room temperature for x=0.15. 

 

The results shown in Fig. 17 indicate local movements of the domain walls but they are pinned 

too strongly to permit domain switching.87 Further work is required to determine whether the 

coercive field varies with composition as TC decreseases with x; alternatively, quenching 

samples from high temperatures may release the defects that act as domain wall pinning centers, 

as has been reported for samples in the BiFeO3-PbTiO3 system.88  

Magnetization measurements of the mechanosynthesised powders were carried out in the ZFC 

and FC modes from 2 to 230 K with an applied magnetic field of 50 mT.  Results for BiFeO3
60 

and Bi0.98La0.02FeO3 presented in Fig. 18 show hysteresis between ZFC and FC magnetization, 

which is indicative of the presence of a ferromagnetic contribution. Magnetization vs. H plots at 

5 and 300 K (see Fig. 25 in the ESI†), confirm the proposed behavior; the hysteresis loop 

obtained at room temperature shows a very weak hysteresis corresponding to the 

antiferromagnetic behavior with an intrinsic canting of the BiFeO3, while the magnetization vs. 

H plot at 5 K shows a larger hysteresis due to nanoparticles behaving as ferromagnetic ones. 

The diamagnetic A-site substitution in Bi1-xAxFeO3 has been found to be an effective method to 
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suppress the spiral spin structure of BiFeO3. In this sense, Fig. 18b shows the evolution of the 

magnetic susceptibility for Bi0.98La0.02FeO3; the ZFC and FC curves converge around 320 K 

which can be identified as the blocking temperature, TB. This high value of TB agrees with the 

results obtained for BiFeO3 nanoparticles, Fig 18a; simultaneously, an enhancement in magnetic 

susceptibility is observed over the entire range of temperatures, as has been reported by other 

authors.13, 89 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. Temperature dependence of zero-field cooled (ZFC) and field cooled (FC) magnetization 
measured with an applied magnetic field (H) of 50 mT for (a) BiFeO3 and (b) Bi0.98La0.02FeO3. 

 

Table 3 summarizes the results obtained for magnetic hysteresis loops of samples with x≤0.15, 

measured at 300 K (see Fig. 26 in the ESI†). All samples show a nearly linear field-dependent 

magnetization and do not saturate at the maximum field attainable, H = 5T, as has been 

observed by other authors for mechanosynthesized BiFeO3 nanoparticles.55 Magnetization at 5T 

(M5T) is quite similar for samples x = 0 and x = 0.15, but a small decrease in M5T is observed for 

x = 0.02 and x = 0.07. The values of M5T are influenced by two parameters, the particle size and 

lanthanum content. An enhanced magnetization has already been reported as particle size 

decreases in BiFeO3 nanoparticles and is related in small antiferromagnetic particles with 
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uncompensated spins to a small contribution at the surface.90-92 A similar effect has been 

attributed, with increasing lanthanum content, to destruction of the cycloid spin-structure in 

BiFeO3 and distortion of the crystal structure on La substitution.13, 46, 89 Therefore, in our 

samples, the lower value of M5T for x = 0.02 compared with BiFeO3 could be explained by 

considering that the effect of particle size dominates the magnetization. For x = 0.07 and x = 

0.15, the magnetization increases because, despite the increase in particle size, the effect of 

increased La content dominates the magnetization. For low values of x, the La substitution 

suppresses but does not destroy the spin cycloid completely, resulting in a limited increase of 

magnetization.89 Remanent magnetization increases with x, independent of particle size, 

revealing increased suppression of the spin cycloid structure.13, 49, 93 The big increase in coercive 

field of the La-substituted samples implies that the magnetic anisotropy also increases.9, 21, 93 

 

Table 3. Values of the magnetization at 5 T (M5T), remanent magnetization (Mr) and coercive magnetic 
field (Hc) obtained from hysteresis loops measured at 300 K for Bi1-xLaxFeO3: x= 0, 0.02, 0.07 and 0.15. 

 

 

 

 

 

Conclusions 

Mechanosynthesis is a valuable procedure for the preparation of high quality Bi1-xLaxFeO3 solid 

solutions covering the whole compositional range. The materials prepared are chemically 

homogeneous as suggested by bulk (EDX) and surface (XPS) chemical analysis, impedance 

spectroscopy and magnetization measurements. Lanthanum content plays an important role in 

the kinetics of the mechanochemical reaction. Thus, as the amount of lanthanum increases, the 

rate of formation of the final phases also increases up to x=0.3, while for larger lanthanum 

contents, the reaction rate seems to be unaffected. With increasing x, milling time required for 

obtaining final phases is reduced and the crystallite size of the final product increases. This may 

reflect the increased thermodynamic stability of the solid solutions with increasing x. 

Lanthanum content determines the crystallographic structure of the final phases, as assayed by 

Raman spectroscopy and X-ray diffraction analysis, including Rietveld analysis. For x≤0.15, the 

space group is R3c and for x≥0.45 is Pnma; for intermediate composition x=0.3, the non-

Sample M5T (emu/g) Mr (emu/g) Hc (Oe) 

BiFeO3 0.587 3.0610-2  600 

Bi0.98La0.02FeO3 0.504 3.3610-2  2200 

Bi0.93La0.07FeO3 0.541 5.1210-2  3200 

Bi0.85La0.15FeO3 0.585 6.3210-2  2800 
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centrosymetric Pn21a(00γ)s00 super structure is obtained. The multiferroic character of the 

samples with compositions in the range of x ≤ 0.30 is described by the two transitions detected 

at high temperatures, i.e. antiferromagnetic-paramagnetic transition at TN and ferroelectric-

paraelectric transition at TC. The former transition involves a change in magnetic order and does 

not involve any modification in crystal structure, while the latter one involves a change in the 

structure. Impedance spectroscopy measurements show that the samples are electrically 

homogeneous, with low conductivity that increases with x, and a p-type conduction mechanism. 

Magnetic measurements confirm the high quality of the Bi 1-xLaxFeO3 nanoparticles, and reveal 

the combined effect of particle size and La content on the magnetization values. 
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