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Bi1-xLaxFeO3 (x= 0.05, 0.1, 0.15, 0.2, and 0.25) nanoparticles were synthesized by sol-gel method, and the effects of La 

content on the structure and magnetic properties were investigated. X-ray diffraction and Raman analysis showed that the 

structure of La-doped BiFeO3 was transformed from a rhombohedral to a orthorhombic with the increase of La content. This 

was also accompanied by an increase in the magnetization up to x=0.20 followed by a reverse trend at higher doping levels. 

The enhanced ferromagnetism might be attributed to the antiferromagnetic core and ferromagnetic surface of the 

nanoparticles, the increasing of canting angle, and the structural distortion. When the dopant concentration up to x=0.25, the 

decreased ferromagnetism might be attributed to the decreased of ferromagnetic component of canted Fe sublattice. 
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1. Introduction 

 

Multiferroic materials, exhibiting simultaneously the 

magnetic and ferroelectric order, have been widely studied 

in recent years, due to their abundant physics and potential 

applications in the sensors, data storage, spin valve devices, 

actuators, ultra-high speed telecommunication devices, and 

spintronics [1-5]. Out of all the multiferroic materials 

studied so far, BiFeO3 is a single phase multiferroic, among 

the few reported so far, and it has great potential for 

practical applications exhibiting ferroelectricity with high 

Curie temperature (TC~1103 K), and antiferromagnetic 

properties below the Neel temperature(TN~643 K) [6-9]. 

Much effort has been paid to improve the magnetization in 

BiFeO3 to get a sizable response to the application of 

magnetic field [10, 11]. 

There are many reports on the enhancement in the 

magnetization of BiFeO3 in the bulk, thin films, and 

nanoparticles, on Bi-site substitution by selected trivalent 

rare-earth (RE) and divalent ions, or on Fe-site substitution 

by transition metal ions. For example, substitution of Bi
3+

 

with rare-earth elements, such as Ho
3+

, Gd
3+

, or Sm
3+

, 

resulted in remarkable improvement of the ferroelectric and 

ferromagnetic of BiFeO3, which could possibly lead to 

enhanced magnetoelectric effect [12-14]. On the other 

hand, Fe, the smaller B-site cation, has been substituted by 

elements such as Co, Ni, or Mn, which resulted in an 

increase in the polarization but also led to a substantial 

increase in the coercive field [15-17]. 

In this paper, we prepared La doped BiFeO3 

nanoparticles by a sol-gel method followed by a rapid 

thermal annealing process. The crystal structures, 

morphologies, and magnetic properties were investigated in 

detail. It is well known that La, belongs to the lanthanides 

and the ionic radius of La
3+

 (1.06 Å) is smaller than that of 

Bi
3+

 (1.20 Å), which can lead to large lattice distortion and 

enhance the magnetic properties. 

 

 

2. Experiments 

 

2.1 Sample preparation 

 

Bi1-xLaxFeO3 (x= 0.05, 0.1, 0.15, 0.2, and 0.25) 

nanoparticles were prepared by sol-gel method with 

Fe(NO3)3•9H2O, La(NO3)3•6H2O, Bi(NO3)3·5H2O, 

2-methoxyethanol, acetic acid, citric acid as the starting 

materials. First Bi(NO3)3•9H2O and La(NO3)3•6H2O were 

dissolved in acetic acid under constant magnetic stirring for 

2 h. Then Fe(NO3)3•9H2O, 2-methoxyethanol and citric 

acid were added to the solution. After continuous stirring 

for 2h, the solution was aged for 1 day, dried at 80 ℃ for 48 h 

and grinded into powders. At last, the powder was sintered 

at 750 ºC for 2h in air, and then subsequently cooled rapidly 

to room temperature. A series of samples of La-doped 

BiFeO3 nanoparticles (Bi1-xLaxFeO3) with x= 0.05, 0.10, 

0.15, 0.20, and 0.25 were prepared by adopting the same 

procedure as mentioned above. 

 

2.2 Characterization 

 

Powder X-ray diffraction (XRD) patterns were 

recorded on Bruker D8 ADVANCE with Cu Kα radiation 

(λ=1.54 Å). Raman scattering spectra were recorded on a 
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JY-HR800 Raman spectrometer using an Ar
+
 laser (514.5 

nm) as the excitation line. The transmission electron 

microscopy (TEM) and the corresponding selected area 

electron diffraction (SAED) pattern were collected on 

Tecnai F30 transmission electron microscope. 

Variable-temperature magnetization measurements under a 

magnetic field of 1000 Oe (1 Oe = 79.577 A/m) and under 

both zero-field-cooled (ZFC) and field-cooled (FC) 

conditions were performed on a Quantum Design SQUID 

MPMS XL-7 (SQUID) from 300 K down to 5 K. The dc 

hysteresis loops were collected on the same SQUID in 

magnetic fields from 50000 to -50000 Oe at 5 and 300 K, 

respectively. 

 

 

3. Results and discussion 

 

Fig. 1 (a) shows the XRD patterns of the La-doped 

BiFeO3 nanoparticles. The peaks corresponding to a 

standard JCPDS pattern of BiFeO3 were found in all 

samples. Peak intensity ratios suggest a polycrystalline 

behavior with good crystallinity. With increasing of La 

concentration, two features should be noted in Fig. 1. One is 

that except characteristic peaks of BiFeO3, other peaks 

(indicated by star symbols) appear at Bi1-xLaxFeO3 (x≥0.10) 

samples, which are attributed to the new phase of LaFeO3. 

Another feature is that a closer comparison of XRD patterns 

of the nanoparticles with varying dopant concentrations 

(x=0.05-0.25) revealed shifts in the peak positions and 

gradual reduction in the peak splitting. Fig. 1 (b) and (c) 

shows the profiles of (111) and (110) peaks which clearly 

show merger of split peaks into a single peak at x=0.15. It is 

found that from x=0.15 to x=0.25, only single peak is 

present for each diffracting plane with no apparent splitting. 

At the same time, no systematic peak absences are 

observed. A gradual lattice distortion and finally a 

structural transition from rhombohedral to orthorhombic 

structure are confirmed in these ceramics as the doping 

content x is increasing from 0.05 to 0.25. This classification 

is consistent with the early reports on Gd doped BiFeO3 

ceramics   implying that the structural phase transition 

starts at approximately the composition of x = 0.1 [18]. 

Furthermore, when increasing La concentration to 0.15, the 

contribution of rhombohedral phase decreases, while the 

contribution of orthorhombic phase increases. The phase 

transition from rhombohedral to orthorhombic symmetry is 

attributed to the structural distortion resulting from the 

incorporation of La
3+ 

ions into the lattice of BiFeO3, 

because the ionic radius of La
3+

 is smaller than that of Bi
3+

. 

Although minor impurity of Bi25FeO40 and LaFeO3 marked 

by asterisk and #, respectively, could be detected in Fig. 

1(a), it is not ferromagnetic in nature at room temperature 

and thus has no contribution to the ferromagnetic property 

as observed in the Bi1-xLaxFeO3 samples. 

 

 

Fig. 1. XRD patterns of Bi1-xLaxFeO3 (x=0.05, 0.10, 0.15, 

0.20, 0.25) nanoparticles sintered at 750 ℃ for 2 h. Inset: 

(b) the magnified XRD patterns in the vicinity of 2θ 

around 32 degrees; (c) the magnified XRD patterns in the  

            vicinity of 2θ around 57 degrees. 

 

 

Since Raman scattering spectra are sensitive to atomic 

displacements, the evolvement of Raman normal modes 

with increasing x may provide valuable information about 

the lattice properties, structural phase transitions, and 

spin-phonon coupling. Fig. 2 shows the measured Raman 

scattering spectra of Bi1-xLaxFeO3 (x=0.05, 0.10, 0.15, 0.20, 

0.25) samples at room temperature. It has been reported that 

the Raman active modes of the rhombohedral R3c BiFeO3 

can be summarized using the following irreducible 

representation: Γ=4A1+9E [19-21]. For BiFeO3 

nanoparticles with rhombohedral R3c symmetry, there are 

eleven normal modes, including E-1, A1-1, A1-2, and A1-3 

modes with strong scattering intensities at 76, 140, 172, and 

220 cm
−1

, respectively, The subsequent six peaks at 278, 

339, 370, 474, 530, and 610 cm
−1

 can be assigned as E-2, 

E-3, E-4, E-5, E-6, and E-7 modes, respectively. The peak 

at 425 cm
-1

 that can be assigned as A1-4 mode is too weak to 

be detected in our Bi0.95La0.05FeO3 sample and peak at 113 

cm
-1

 that can be assigned as E-1 mode is overlap with 140 

cm
-1

 mode. However, with the increasing of La doping 

concentrations to 0.10, E-1, A1-1, A1-2, and A1-3 modes, 

which are governed by Bi-O convalent bonds is red shift 

indicating that the La is entering into the Bi-site of BiFeO3. 

When the La concentration is increasing to 0.15, the E-1, 

A1-1, and A1-2 modes nearly disappear, indicating the 

phase transition happened at this concentration. Moreover, 

several new peaks is observed, which may result from 

LaFeO3 phase in the compounds. Such peaks have also 

been reported to exist in RFeO3 (R=Gd, Dy et al.). These 

results are agreement with the XRD results. 
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Fig. 2. Raman spectra of Bi1-xLaxFeO3 (x=0.05, 0.10, 

0.20, 0.25) nanoparticles sintered at 750 ℃ for 2 h. 

 

A typical TEM image of the 10 % La-doped BiFeO3 

nanoparticles is shown in Fig. 3 (a). The average crystallite 

size is about 25 nm, close to that estimated from XRD 

patterns with Scherrer equation. Fig. 3 (b) is a 

corresponding high-resolution TEM (HRTEM) image of 10 

% La-doped BiFeO3 nanoparticles. The regular spacings of 

the observed lattice is 0.278 nm, which are consistent with 

the (110) crystal planes of rhombohedral BiFeO3 crystal. 

SAED (selected area electron diffraction) pattern taken for 

the 10 mol% La-doped BiFeO3 NPs [Fig. 3(c)] shows the 

presence of sharp diffraction spots indicating the formation 

of well developed, highly crystalline nanoparticles. 

 

 

Fig. 3. (a) TEM image of the sample with La =10%, (b) its 

magnified image, (c). SAED patterns. 

 

Fig. 4 shows the magnetization hysteresis (M–H) loops 

of Bi1-xLaxFeO3 (x=0.05, 0.10, 0.15, 0.20, 0.25) 

nanoparticles after extraction of the complementar 

antiferromagnetic signal at room temperature. All of them 

present ferromagnetism. An obvious magnetic hysteresis 

loop that can be observed for x = 0.05 indicates the 

incorporation of La
3+

 ions into the BiFeO3 structure 

increases the magnetization. The magnetic moment of the 

samples is greatly improved with increasing La doping 

content in BiFeO3. The saturation magnetization is 

increasing from 0.02 emu/g to 0.17 emu/g with the 

increasing from Bi0.95La0.05 to Bi0.8La0.2FeO3 at room 

temperature. The magnetic moment of Bi0.75La0.25FeO3 

deviates from this trend and decreases to 0.16 emu/g as 

shown the inset (a) of Fig. 4. Similar ferromagnetic moment 

enhancement has been observed previously [22]. 

 

 
Fig. 4.  Room temperature M-H curves for Bi1-xLaxFeO3 

(x=0.05, 0.10, 0.15, 0.20, 0.25) nanoparticles. Inset: (a) 

the magnified view of the central region; (b) The variation 

of remanent magnetization as a  function of La  doping. 

 

Several reasons contribute to the enhancement of 

ferromagnetism when the doped concentration is lower 

than x=0.2. Firstly, compared to bulk samples, the 

enhanced ferromagnetism may be interpreted by the 

uncompensated moment, which arises from the 

antiferromagnetism core and ferromagnetism surface of the 

nanoparticles. Secondly, La doping might have increased 

the canting angle, which in turn has resulted in enhanced 

magnetic properties. Finally, the spiral-modulated spin 

structure of BiFeO3 is suppressed by the substitution of 

smaller La (1.06 Å) ions for Bi (1.20 Å) ions, which leads to 

the structural distortion from rhombohedral to 

orthorhombic, giving rise to an improved magnetization 

[23, 24].  

The inset (a) of Fig. 4 shows a magnified view of the 

central region of the M-H loop obtained for Bi0.95La0.05FeO3 

sample. A shift in hysteresis loops of the sample toward 

negative field axis was observed. This shift is ascribed to 

exchange coupling between the ferromagnetic surface and 

antiferromagnetic core of the BiFeO3 and La-doped BiFeO3 

nanoparticles that also support Neel’s model of 

magnetization for antiferromagnetic nanoparticles [25].  

In contrast to Bi1–xGdxFeO3 samples, where the 

alignment of the large own magnetic momentof Gd
3+

 ions 

(m = 8.0 µB,) gives rise to a colossal enhancement of the 
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magnetization with decreasing temperature or increasing 

external magnetic field, Fig. 5 shows the field-dependent 

magnetization of Bi1-xLaxFeO3 (x=0.05, 0.10, 0.15, 0.20, 

0.25) nanoparticles at 5 K. The non magnetic of the La
3+

 

ions has no significant influence on the low-temperature 

magnetic properties of the substituted compounds. A slight 

decrease in the magnetization taking place in a 

low-temperature range implies that the magnetic moments 

of La
3+

 ions tend to align anti-parallel with respect to a 

weak ferromagnetic component associated with the iron 

sublattice
 
[26]. 

 

 
Fig. 5. M-H curves of Bi1-xLaxFeO3 (x=0.05, 0.10, 0.15, 0.20, 

0.25) nanoparticles at 5K. 

 

Fig. 6 shows the zero field cooled (ZFC) and field 

cooled (FC) curves of the Bi0.9La0.1FeO3. For 

zero-field-cooled (ZFC) magnetization measurements, the 

sample was first cooled from room temperature down to 5 

K in zero field. After applying the magnetic field of 1000 

Oe at 5 K, the magnetization was measured in the warming 

cycle with field on. Whereas for field-cooled (FC) 

magnetization measurements, the sample was cooled in the 

same field (1000 Oe) down to 5 K, and the FC 

magnetization was measured in the warming cycle under 

the same field. We note that the ZFC and FC curves of 

samples start to split below about 270 K and a divergence 

between ZFC and FC magnetization curves increases with 

decrease in the temperature. The presence of a net magnetic 

moment for all the samples and the observation of a 

branching phenomenon between the FC and ZFC at T     0 

K is attributed to the non-compensation of surface spins. 

N el proposed a model for antiferromagnetic nanoparticles 

based on the presence of two sublattices: one with spins up 

and another with spins down at the surface [27]. Any 

imbalance in the number of spins at the surface is the origin 

of a net magnetic moment in "antiferromagnetic" 

nanoparticles below the ordering temperature of spins. 

 

Fig. 6. ZFC/FC curves of Bi0.9La0.1FeO3 nanoparticles 

from 5 K to 300 K. 

 

4. Conclusions 

 

In summary, Bi1-xLaxFeO3 (x=0.05, 0.10, 0.15, 0.20, 

0.25) nanoparticles were prepared by simple sol-gel 

method. The effects of La content on the structure and 

ferromagnetic properties of these nanoparticles were 

investigated. Nanoparticles show gradual structural 

changes from rhombohedral towards a orthorhombic 

structure as the La content increases, also evident from 

disappearance of peak splitting upon increasing the doping 

level. The magnetization field curves showed that the 

magnetization strengthened with the increase of the La 

doped proportion (0 x  0) and weakened with the La 

doped proportion at x=0.25. La substitution at Bi site 

suppresses spiral spin modulation as well as increases the 

canting angle, which is believed to be the main cause to 

exhibit magnetic behavior at room temperature as well as 

low temperature (5 K). These results indicate that 

appropriate substitution of La is effective in enhancing the 

ferromagnetic properties of the BiFeO3 nanoparticles. 
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