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Abstract 
Bi1−xBaxFeO3 (0 ≤ x ≤ 0.3) nanopowders were synthesized using sol-gel technique. The structural 
and magnetic properties were investigated using X-ray diffraction, SEM and VSM. As Ba2+ doping 
concentration was increased, the structure of the samples changed from rhombohedral to tetra-
gonal or monoclinic. The structural change might be an important factor for achieving the ferroe-
lectric properties in this material. The lattice parameters were observed to increase with increase 
in Ba2+ concentration. All the M-H loops showed the ferromagnetic behavior. Magnetization was 
observed to enhance with increase in Ba concentration. The enhancement in the magnetization 
due to Ba2+ doping may be due to the replacement of Bi3+ ions by Ba2+ which might have resulted in 
the suppression of spiral spin structure. 
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1. Introduction 
BiFeO3 (BFO) multiferroic materials in nano, bulk and in thin film form have been extensively investigated 
since the last decade. These materials were successfully used in many technological applications; therefore still 
lot of research work is going on. BFO is an interesting material due to the co-existence of G-type antiferroic-
magnetic (AFM) structure having Néel temperature around 640 K and ferroelectric polarization with Curie tem-
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perature around 1000 K [1] [2]. BFO is considered to be superior candidate for the next generation devices such 
as spintronics, piezoelectric sensors, optoelectroinic devices, non-volatile memories, high density micro actua-
tors etc. [3] [4]. The spontaneous magnetization in BFO could be induced by changing the Fe-O-Fe bond angle 
or by statistical octahedral distribution of Fe [5] [6]. In BFO, it is believed that, Bi 6s lone pair of electrons is 
responsible for ferroelectricity while, the partially filled Fe d orbitals lead to magnetic ordering. Room tempera-
ture ferromagnetic properties of rare earth, transition metal ions doped BFO materials were observed by several 
researchers. The enhanced magnetization was observed in BFO due to the divalent, trivalent and rare earth ions 
on the Fe-site [7] [8]. BFO has rhombohedrally distorted perovskite structure (ABO3) belonging to R3c space 
group and a complicated spin structure [1]. BFO possess weak ferromagnetic order and ferroelectric polarization. 
Due to high volatile nature of Bi, oxygen vacancies are produced and due to multiple oxidant states of Fe ions, it 
causes a high leakage current which degrades ferroelectric properties [9] [10]. The ferromagnetism in BFO is 
produced due to spin canting which vanishes due to the spiral spin structure of the magnetic domains [9]-[11]. 
Due to these limitations, pure BFO has very few applications. In order to improve the magnetic and electrical 
properties of BFO, elements such as Ba2+, Sr2+, Ca2+, La3+, Gd3+, Ti4+, Mn4+, Nb5+ etc., have been substituted in 
tetrahedral (A) and octahedral (B) sites of pure BFO by which the multiferroic properties were observed to im-
prove. 

Ba2+ doping in A site was observed to improve multiferroic properties of BFO. Substituting Ba2+ in BFO dis-
torts its original structure due to larger ionic radii of Ba and changes its cycloidal spin structure to a canted spin 
structure resulting in the magnetization at room temperature. Also, addition of Ba2+ in BFO is believed to reduce 
the oxygen vacancy related defects significantly which in turn improves the electrical properties [12]. The syn-
thesis of single phase BFO remains to be challenging task. Several researchers have attempted to prepare BFO 
using different synthesis techniques and yet the secondary phases are difficult to avoid, but the defects related to 
the oxygen vacancies have been reduced [13]. In this present work, we intend to investigate and present the re-
sults of the structural and magnetic changes taking place with Ba2+ doping in BFO. 

2. Experimental 
Ba2+ doped BFO was synthesized using sol-gel method [8] [14] [15]. The A.R Grade citric acid (C6H8O7∙H2O), 
bismuth nitrate (Bi(NO3)3∙5H2O), barium nitrate (Ba(NO3)3∙4H2O), ferric nitrate (Fe(NO3)3∙9H2O) (≥99%) were 
used as starting materials. The entire synthesis process is described elsewhere [8] [14] [15]. The molar ratio of 
metal nitrates to citric acid was taken as 1:3. The metal nitrates were dissolved together in a minimum amount of 
de-ionized water to get a clear solution. An aqueous solution of citric acid was mixed with metal nitrates solu-
tion, then ammonia solution was slowly added to adjust the pH at 7. The mixed solution was moved on to a hot 
plate with continuous stirring at 90˚C. During evaporation, the solution became viscous and finally formed a 
very viscous brown gel. When finally all remaining water was released from the mixture, the sticky mass began 
to bubble. After several minutes, the gel automatically ignited and burnt with glowing flints. The decomposition 
reaction would not stop before the whole citrate complex was consumed. The auto-ignition was completed 
within a minute, yielding the brown-colored ashes termed as a precursor. The as-prepared powders of all the 
samples were heat treated separately at 600˚C for 8 h to get the final product. 

The X-ray diffraction of the ferrite powders was carried out by using a Philips PW 1820 powder diffractome-
ter with CuKα graphite-monochromated radiation, operating at 40 kV and 30 mA, with solar slits and divergent 
and receiving slits of 0.2 mm. The diffracted intensity was registered in the angular range 8˚ ≤ 2θ ≤ 80˚, with a 
step size of 0.02˚ (2θ). The micrographs of all samples were taken on FEI Quanta FEG 200 High Resolution 
Scanning Electron Microscope. Room temperature magnetic properties were investigated using Lakeshore (USA) 
VSM 7410. 

3. Results and Discussions 
Figure 1 shows the X-ray diffraction (XRD) patterns of Bi1−xBaxFeO3 (x = 0.0, 0.1, 0.2, 0.3) measured at room 
temperature. The XRD peaks show the typical rhombohedral type perovskite structure [16]. Apart from the main 
BiFeO3 peaks, few minor peaks belonging to Bi2Fe4O9/Bi24Fe2O39/Bi2O3 are also visible. During the synthesis 
process excess amount of Bi was added in order to avoid non-stoichiometry, therefore the secondary phases 
seems to appear in the prepared samples. Berbenni et al. [17] showed that, if BFO is annealed at temperatures ≥ 
750˚C the secondary phases such as BiO3, Fe2O3, Bi2Fe4O9 will disappears. It seems that higher annealing 
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Figure 1. X-ray diffraction patterns of Bi1−xBaxFeO3 (x = 0.0, 0.1, 0.2, 0.3).                                                 

 
temperatures increase the intensity of characteristic BFO peaks and reduce the intensity of secondary phases but, 
may not be possible to avoid the secondary phases. Because, even though the samples were annealed at 800˚C 
still the traces of the secondary phases are present [17].  

The lattice parameters (a and c) were calculated using the XRD results based on the hexagonal distortion of 
the rhombohedral unit cell using the following relation and are listed in Table 1. 

( )2 2 2

2 2 2

1 4
3

h + k + hk l= +
d a c

 

where d is the inter-planar spacing and (h k l) are the miller indices. 
From the Table 1, it is observed that, the lattice parameters increase slightly with increasing Ba doping con-

centration which is very well in agreement with previously published work on the same materials [18]. With in-
creasing Ba2+ doping content the peak positions shifts slightly towards left indicating the increment in lattice 
parameters. Since the ionic radii of Ba2+ (2.173 Å) is larger than Bi3+ (1.55 Å), Ba2+ substitution leads to in-
crease in the unit cell volume. The separation between (104) and (110) diffraction peaks are reduced with Ba 
substitution which may imply that rhombohedral structure might have distorted to either tetragonal or monoc-
linic structure [19]. These structural changes with Ba2+ doping in BFO might be an important factor considered 
for ferroelectric properties of these materials. 

Figure 2 shows the SEM micrographs for x = 0.0 and 0.2 samples. SEM analysis shows that, the average 
grain size is around 200 nm. There is no significant change in the grain size with the increase in Ba2+ doping 
concentration. 

Figure 3 shows the hysteresis loops of Bi1−xBaxFeO3 (x = 0.0, 0.1, 0.2, 0.3) samples measured at room tem-
perature with a maximum applied field of 15 kOe. All the samples clearly exhibit a nonlinear magnetization de-
pendence on the magnetic field. The derived parameters from the hysteresis loops such as maximum magnetiza-
tion (MMax), remnant magnetization (Mr) and coercive field (Hc) are listed in Table 1. Except for x = 0.0, the 
areas of other loops resembles to square shape rather than the regular S-shape. The loop areas for x = 0.1 and 0.2 
are almost similar. But for, higher Ba2+ doping (x = 0.3), the area of the loop appears to be small. The magneti-
zation was observed to enhance with the increase in Ba2+ concentration up to x = 0.2 and with the further in-
crease in x = 0.3, the magnetization is lowered. In our samples, higher Ba2+ doping has resulted for the reduced 
magnetization. The enhancement of Magnetization with Ba2+ concentration was previously observed [18] [20] 
[21]. It is observed that, impurity phases in the samples such as Bi24Fe2O39 and BaO do not exhibit room tem- 
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(a) 

 
(b) 

Figure 2. SEM micrographs of Bi1−xBaxFeO3 (a) x = 0.0 and (b) x = 0.2.         
 

Table 1. Lattice parameters, maximum magnetization, remnant magnetization and coercive filed of Bi1−xBaxFeO3.             

x a (Å) c (Å) MMax (emu/g) Mr (emu/g) Hc (Oe) 

0.0 5.69 13.55 2.05 0.27 0.12 

0.1 5.71 13.61 3.61 0.94 1.54 

0.2 5.70 13.57 4.89 1.35 1.15 

0.3 5.72 13.61 0.76 0.19 1.34 
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Figure 3. Magnetic hysteresis loops of Bi1−xBaxFeO3 samples meas-
ured at room temperature.                                      

 
perature magnetization, therefore the magnetic contribution from those secondary phases can be ruled out [22] 
[23].  

It is observed that un-doped BFO exhibits ferromagnetic behavior in comparison to the antiferromagnetic na-
ture of the bulk samples [21]. The ferromagnetic behavior of BFO may be due to the modulation of long-range 
spin cycloidal structure and also due to the antiferromagnetic nature of BFO [21]. In the antiferromagnetic na-
ture of BFO the spin sublattice have ferromagnetic interactions within the sublattice and antiferromagnetic inte-
ractions within the sublattice [21]. With the increase of Ba2+ concentration, the grain size did not change signif-
icantly, therefore the effect of grain size in our magnetic analysis is not considered.  

The enhanced magnetization in our case might be due to suppression of spin spiral structure of BFO and due 
to the replacement of Bi3+ ions by Ba2+ ions in the lattice site [24]. In which the system will destabilize by creat-
ing the charge imbalance. In this process, one oxygen vacancy will be created for every two alkaline metals to 
stabilize the system [21] [24]. This suppression of spiral spin structure by the oxygen vacancy enhances the fer-
romagnetism in Ba2+ substituted BFO [24]. 

4. Conclusion 
Ba2+ doped BFO nanopowders were synthesized using sol-gel method. Lattice parameters were observed to in-
crease with increasing Ba2+ doping concentration. The structure of the samples changed from rhombohedral to 
tetragonal or monoclinic with Ba2+ doping. The magnetization was observed to enhance with increasing Ba2+ 
concentration. The enhancement in the magnetization due to the Ba2+ doping may be due to the suppression of 
spiral spin structure because of the replacement of Bi3+ ions by Ba2+.  
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