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Abstract
Multiferroic BiFeO3 and 10% La/Mn-doped BiFeO3 powder samples were synthesized by conventional hydrothermal 
method to study the substitution at different sites driven by structural transformation and magnetic property in BiFeO3. 
Room-temperature X-ray diffraction (XRD) patterns identified the rhombohedral R3c symmetry for all samples and further 
confirmed by the Bi-L3 edge and Fe-K edge X-ray absorption fine structure (XAFS) spectra. However, a nanoscale phase 
transition from R3c structure to orthorhombic symmetry was revealed by the La-L3 edge XAFS. In contrast, the Mn-doped 
BiFeO3 remained R3c crystal structure. Besides, the variation of magnetism due to A-site and B-site substitution in BiFeO3 
was observed in the magnetic hysteresis loops.
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1  Introduction

Multiferroic materials exhibiting coexistence of ferroelectric 
(or antiferroelectric) and ferromagnetic (or antiferromag-
netic) ordering have attracted much attention due to their 
fascinating fundamental physics as well as the potential 
applications in multistate memories, information storage, 
and spintronics devices [1–3]. Among the prototypical mul-
tiferroic oxide with the perovskite structure (ABO3), BiFeO3 
(BFO) has been intensively studied because of its relatively 
high antiferromagnetic Neel temperature (TN ~ 640 K) and 
ferroelectric Curie temperature (TC ~ 1100 K), which make 
it possible for potential applications as optical and magnetic 
materials at room temperature [4–6].

Although BFO presents outstanding advantages, its practi-
cal applications were hampered by several crucial problems, 
such as the low resistivity and large loss factor arising out 
of oxygen non-stoichiometry, the leakage current problems 
because of impurities, and the cancellation of the ion mag-
netic moments in the bulk materials due to the canted G-type 
antiferromagnetic order by its spatial periodic inhomogene-
ous spin structure [7–9]. To overcome these problems, a 
number of considerable efforts have been made. Among the 

various ways, lattice site substitutions in BFO with different 
chemical composition has been confirmed to be an effective 
and economical method to improve the multiferroic proper-
ties of BFO according to lots of researches [3, 5, 6, 10, 11], 
such as A-site substitution with rare earth ions (Gd, Dy, and 
Sm etc.) [12, 13] and B-site substitution with alkaline earth 
ions (Cr, Ca, and Ba etc.) [9, 14, 15] in the perovskite-like 
BiFeO3 (ABO3, A = Bi and B = Fe). Among the various dop-
ing elements, the ionic radius of La3+ is similar to that of 
Bi3+, and the ionic radius of Mn3+ is closer to that of Fe3+; 
therefore, La and Mn ions were usually chosen for doping 
at Bi and Fe site, respectively, and many studies have car-
ried out around these two doping situations. For the obvious 
changes in multiferroic performance in La/Mn-substituted 
BFO samples, the doping-induced phase transitions were 
considered to be the main reason [16–20]. However, more 
studies have found that there are also changes in the physi-
cal properties of doped BFO without phase transition, and 
especially the magnetic behaviors, which are believed to 
originate from partially filled 3d orbital of Fe and inhibited 
by the cycloid spin structure with the periodicity of 62 nm, 
are more vulnerable to the substitution [21]. As a result, 
few conclusions are proposed, such as the undesired sec-
ond phase, the distortion of the local structure, the chang-
ing of the Fe–O–Fe angle, the DM interaction by disturbing 
the Fe–O bond, and the suppressing of the peculiar spiral 
spin structure [22–25], which are widely accepted in La/
Mn-substituted BFO samples [26–28], but apparently the 
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explanations are full of controversy, and the reasons of per-
formance changes have been a long-standing problem to be 
explored. In addition, accurate information about the local 
structure of doped samples is extremely important, especially 
secondary nanosized particles with orthorhombic symmetry 
structure were discovered in Bi0.95La0.05FeO3 [29]; hence, 
the structure-sensitive tools are desperately needed to strictly 
identify the local structure around doped elements and fur-
ther understand the performance change induced by doping 
in BFO. As a powerful technique for local structure determi-
nation of doping sites in substituted samples, X-ray absorp-
tion fine structure (XAFS) spectroscopy has been chosen in 
doped BFO researches due to its element selectivity and sen-
sitivity to local structure around absorber [29–32], but most 
of the approaches only show the XAFS spectra of major ele-
ments Bi and/or Fe, and there is a lack of in-depth analysis on 
the doped ions. Therefore, further investigation on the local 
structure around doped-ion is still lacking, and it is necessary 
to explore the evolution of magnetic property in doped BFO 
especially focusing on the local structure.

In this work, BFO, Bi0.9La0.1FeO3 (BLFO), and 
BiFe0.9Mn0.1O3 (BFMO) powder samples were prepared 
by a gentle hydrothermal process, and the manifestations 
of structure and magnetic property driven by doping ions 
were studied systematically. The purpose is to provide fur-
ther experimental and theoretical evidence to investigate the 
La/Mn doping effect in BFO. Therefore, the structure and 
morphologic and magnetic properties of all the as-prepared 
samples were characterized by X-ray diffraction (XRD), 
scanning electron microscope (SEM), and super-conduct-
ing quantum interference device (SQUID). In addition, the 
local structures around major elements Bi and Fe, as well as 
doping atoms La and Mn, were explored using XAFS spec-
troscopy, combing multiple scattering ab initio calculation.

2 � Experiment

Analytical grade bismuth nitrate pentahydrate 
(Bi(NO3)3·5H2O), iron nitrate nonahydrate (Fe(NO3)3·9H2O), 
lanthanum nitrate hexahydrate (La(NO3)3·6H2O), and 
manganese nitrate hexahydrate (Mn(NO3)3·6H2O) were 
used as starting reagent. BFO, BLFO, and BFMO sam-
ples were prepared by conventional hydrothermal syn-
thesis [29, 33]. Firstly, stoichiometric amounts of 
(Bi(NO3)3·5H2O), (Fe(NO3)3·9H2O), and (La(NO3)3·6H2O) 
or (Mn(NO3)3·6H2O) were respectively dissolved in distilled 
water under continuous stirring. After dissolving completely, 
Bi, Fe, and La or Mn solutions were mixed to form aqueous 
solutions. Then, the 4 M potassium hydroxide (KOH) solu-
tion was slowly added into the above solution under mag-
netic stirring to induce a co-precipitation reaction, obtain-
ing a brown precipitate. Next, the as-prepared suspension 

solution was sealed in a 50-ml Teflon-lined autoclave for the 
hydrothermal reaction, which was heated up to 200 °C for 
4 h. Finally, after cooling to room temperature naturally, the 
products were filtered, washed with distilled water, and dried 
at 60 °C for 2 h in an oven.

The crystalline structures of three resultant powders were 
determined by power XRD with D8 Advance X-ray diffrac-
tometer using Cu-Kα radiation (1.5406 Å). Scans were col-
lected over an angular range of 15º ≤ 2θ ≤ 79º, with a step 
size of 0.02º (2θ). The morphologies of the samples were 
observed by the S-4800 SEM. Inductively coupled plasma 
mass spectrometry (ICP-MS) was used to analyze the true 
content of the doped elements in the samples. The Bi and 
La L3-edge and Fe and Mn K-edge XAFS spectra of the as-
prepared samples were measured at the 1W1B beamline of 
Beijing Synchrotron Radiation Facility (BSRF) in China in 
fluorescence mode using a Si (1 1 1) double-crystal mono-
chromator at ambient condition. In this mode, an ionization 
chamber was used to detect the incident x-ray intensity, and 
the fluorescence intensity was monitored by a Lytle-type 
detector. The acquired XAFS raw data were background-
subtracted, normalized, and Fourier transformed by the 
standard procedures with the IFEFFIT package [34]. The 
magnetic hysteresis loops of samples were measured using 
SQUID at room temperature.

A detailed X-ray absorption near edge structure 
(XANES) simulation was performed to help resolve the 
local structure around the selected elements (i.e., Bi, Fe, 
La, and Mn) in the samples, and the ab initio code FEFF9 
within the real-space full multiple-scattering formalism [35] 
was performed to simulate the various possible locations 
for the doped La and Mn atoms in BFO. The clusters sur-
rounding in the absorber La and Mn located at the crystal-
lographically distinct sites were constructed in accordance 
with the crystal structure. All XANES spectra were calcu-
lated using the Hedin-Lundqvist self-energy together with 
the final state rule for the core–hole effect and full multiple 
scattering and convergence for self-consistency also have 
been achieved.

3 � Results and Discussions

Powder XRD patterns of BFO, BLFO, and BFMO powders 
at room temperature are shown in Fig. 1. It can be seen that 
all samples are single phase without any impurity peaks. 
Furthermore, all diffraction peaks could be indexed as the 
pure BFO phase in a rhombohedrally distorted perovskite 
structure with a space group of R3c (JCPDS no. 71–2494). 
Besides, the diffraction peaks of BLFO and BFMO both 
have a slight relative shift to small angle compared with 
those of BFO, which may be mainly attributed to the fact 
that both the ionic radii of the doped elements La3+ (1.22 Å) 
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and Mn3+ (0.67 Å) are larger than those of Bi3+ (1.14 Å) 
and Fe3+ (0.64 Å). However, in most previous researches of 
doped BFO synthesized by various methods, such as solid-
state reaction and sol–gel method, the structure transitions 
have already been observed at the same doping proportion 
[36–39], while the rhombohedral structure as pure BFO can 
be always maintained in the substituted samples prepared by 
the hydrothermal process [40–43].

In order to obtain the accurate concentrations of the sub-
stituted elements in two doped samples, the ICP-MS exper-
iment has been done. Based on the results, the actual La 
content is only 0.893%, while the actual Mn content is only 
0.786%, which are much less than the 10% doping content 
in the experiment, indicating that very few La and Mn atoms 
are able to enter BFO lattice during hydrothermal process. 
The low content, below 5% in BFO substitution, has been 
reported unable to induce the structure transition [44, 45]; 

therefore, the two doped samples in our experiment still 
maintain a single R3c symmetry. It can be observed that the 
content of La is higher than Mn, indicating that La atoms 
are easier to enter the BFO lattice. As a result, the larger 
difference in ion radius and the higher doping content make 
a greater lattice change in BLFO, which has been predicted 
by the greater shift of diffraction peak of BLFO in the inset 
of Fig. 1.

Figure 2 presents the morphological feature of all powder 
samples by using SEM technique, and the average parti-
cle sizes have been estimated from the standard log normal 
distribution functions shown in the histogram, respectively. 
As can be seen, though, these microstructures exhibit irreg-
ularly shaped particles, and the effect of doping with La/
Mn in BFO can still be observed from the particle size. In 
Fig. 2a, the grain size of the irregular flakes is obviously 
uneven in BFO, which is about 90 nm. After doping ele-
ments, the average size of flakes changes to 50 nm for BLFO 
(Fig. 2b), while that of Mn-doped BFO turns to about 65 nm 
(Fig. 2c), respectively. Obviously, even in the case of low 
concentration, the particle dimensions can be affected by 
the substitution of La and Mn, and the particle size seems to 
be more sensitive to the larger ionic radius difference [32].

XAFS is a unique method that reflects the local structure 
of absorber by the shape and location of peaks, which are 
attributed to the complex multiple-scattering effect by the 
surrounding atoms. The Bi L3-edge and Fe K-edge XANES 
spectra of BFO, BLFO, and BFMO are shown in Fig. 3. 
It can be observed that the Bi L3-edge XANES spectra of 
doped samples show a similar profile as pure BFO in Fig. 3a, 
indicating that the local structure of Bi atoms is consistent, 
and the rhombohedral R3c phase is the dominator in both 
BLFO and BFMO as pure BFO. The approximately same 
shape and positions, which are close to those of Bi2O3 [46], 
imply the Bi3+ valence state in all samples without charge 
transfer from the Bi cations. Besides, the high intensity of 
two clear post-edge peaks in BLFO in inset Fig. 3a (labeled 

Fig. 1   XRD patterns of BFO, BLFO, and BFMO powders, inset: 
(104) and (110) peaks. Peaks are indexed according to hexagonal unit 
cell (JCPDS no.71–2494)

Fig. 2   SEM images of the powders of a BFO, b BLFO, c BFMO
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A and B), which are caused by electron transition from Bi 2p 
to 6d state, explores that La doping has a great impact on the 
variations of the electronic structure of Bi3+ than Mn. Simi-
lar results are obtained from the Fe K-edge XANES spectra 
in Fig. 3b. The almost same profile without obvious energy 
shift for the absorption is consistent with that of Fe2O3 [47], 
suggesting that all samples keep the original rhombohedral 
R3c phase, and the oxidation state of Fe is corresponded 
to Fe3+, instead of a transition to Fe2+. While the shoulder 
peak A (inset Fig. 3b) is caused by the partial transfer of 2p 
electrons in oxygen 2p band to the Fe 3d orbital [48], peak 
B (inset Fig. 3b) represents the 1 dipole-allowed transition 
to an unoccupied 4p orbital [49], and the lower intensity of 
peaks A and B in BFMO, related to the charge transfer from 
the O 2p states to Fe 3d states and 3d-4p orbital hybridiza-
tion, illustrates that Mn-doping has a stronger impact on Fe 
than La-doping. Therefore, low-concentration La/Mn sub-
stitution can only slightly affect the electronic structure of 
the main elements at their doping sites without any obvious 
effect on its parent structure.

Although the results of XANES spectra of the major ele-
ments Bi and Fe in pure and doped samples are consist-
ent with the XRD conclusions, of great interest, the XAFS 
spectra of doping elements La and Mn are still measured to 
obtain a more direct insight into the local structural arrange-
ment for the doped samples. The La L3-edge XAFS spec-
trum of BLFO and the Mn K-edge XAFS spectra BFMO 
are shown in Fig. 4, and to gain the accurate information 
about the location of La and Mn atoms in the doped BFO 
lattice, we resort to the XANES simulation, which has 
been successfully applied to identify the phase structure 
for the absorbers [35, 50, 51]. The calculations are based 
on the most plausible structures for doped BFO samples 
that have been reported in the previous literature, and the 
model structures are constructed by the substitution of one 

doped atom at the Bi or Fe site, using the same parameter 
as our published reports [29, 32]. As shown in Fig. 4a, the 
calculated XANES spectra of La-substituted Bi based on 
R3c, Pnma [52], Pbam [53], and Pnam [54] symmetry are 
firstly constructed. Comparing the experimental data, the 
theoretical spectrum of R3c shows large discrepancy in the 
peak intensity ratios for the post-edge features of B, C, and 
D, indicating that the local environment of the doped La in 
BFO lattice has changed. For the Pnam, the experimental 
features A–D can be correctly reproduced, but the energy 
values of those peaks are not ideal. In contrast, it is surpris-
ing that an excellent agreement between the experimental 
and theoretical spectra is obtained for the Pnma, as well as 
the Pbam structural model, implying that the local structure 
around La ions has been induced to orthorhombic symme-
try when La substituted Bi sites in BFO. We then calculate 
the Mn K-edge XANES spectra of the same structures as 
the calculation for BLFO, and the model structures are con-
structed by the substitution of Mn at the Fe site, as shown in 
Fig. 4b. Unlike La doping, the calculated spectrum based on 
the structure with R3c symmetry coincides with the experi-
mental spectrum for BFMO, while the other symmetry struc-
tures are distinctly different, illustrating that Mn doping has 
no effect on its local structure although it is still a substitu-
tion for Fe in BFO lattice.

At this stage, a significant problem needs to be solved 
urgently concerning the existent form of the orthorhom-
bic symmetry in BLFO: why is there no trace of the mixed 
phases detected in the XRD pattern of BLFO? Actually, all 
features of La L3-edge and Mn K-edge XANES spectra are 
reproduced by using a cluster (radius of not less than 8.0 Å) 
with 185 atoms; as a result, it can be concluded that the 

Fig. 3   a Normalized Bi L3-edge and b Fe K-edge XANES spectra of 
BFO, BLFO, and BFMO

Fig. 4   a The measured La L3-edge XANES spectrum of BLFO com-
pared with the calculated XANES spectra with the substitution of La 
at the Bi site and b the measured Mn K-edge XANES spectrum of 
BFMO compared with the calculated XANES spectra with the substi-
tution of Mn at the Fe site in different possible BFO structures where 
symmetries are R3c, Pnma, Pbam, and Pnam 
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phase transition from R3c symmetry to orthorhombic is a 
nanoscale phase transition, so the size of the mixed phases 
may be too small to be examined by XRD. In addition, the 
small amount of these nanoparticles with orthorhombic sym-
metry due to the low actual doping concentration may be 
the other reason, which makes the mixed phases cannot be 
observed. Moreover, the forms of existence of nanoparticles 
with orthorhombic symmetry induced by La doping are vari-
ous; they may exist alone, or may be embedded in a BFO 
matrix with R3c symmetry, or embedded on the surface of 
BFO particles, or the above situations may occur, making 
the detection of the mixed phases more difficult. Therefore, 
the divergence in the XANES spectra of doped La and Mn 
elements not only confirms that B-site doping seems to have 
a weaker influence on the stability than that of A-site doping, 
but also makes up for the limitations of our XRD result, as 
well as the results revealed by the XANES spectra of main 
elements in doped BFO samples.

The magnetic hysteresis loops of pure and doped BFO 
samples with applied magnetic field of 60 kOe at room 
temperature are depicted in Fig. 5. The magnetic hysteresis 
loop of BFO is nearly a straight line indicating the antifer-
romagnetic nature of pure BFO, and its weak magnetiza-
tion implies the existence of nanoparticles that have been 
observed in SEM pattern; otherwise, magnetism will not 
be observed due to a cancellation of magnetization on mac-
roscopic scale subjected by cycloidal modulation of 62 nm 
[55]. Though the strong magnetic interaction is expected 
between the high-spin state Fe3+ ions [56], stronger magnet-
ism is obtained by doping La at Bi site in BFO because of 
the smaller particle size and higher doping concentration. 
Besides, the magnetic hysteresis loop of BLFO is no longer 
linear in inset Fig. 4, indicating the appearance of ferromag-
netic property, while BFMO is obviously antiferromagnetic. 

The weak ferromagnetism observed in the doped BFO sys-
tem is usually attributed to the canting of antiferromagneti-
cally ordered spins by a distortion of the structure [57, 58]. 
Considering the results of XANES spectra of the doping 
elements La and Mn, we infer that the ferromagnetism of 
BLFO may be caused by the nanoparticles with orthorhom-
bic symmetry, which may have changed the Fe–O–Fe angle 
and subsequently the magnetization [59]. Therefore, our 
results of about 1% of the actual concentration of La/Mn 
substituted at different sites in BFO lattices show that dop-
ing elements are possible to enhance magnetization, and the 
appearance of the nanoscale phase transition has influence 
on the magnetism for BFO system.

4 � Conclusion

In summary, we prepared pure and doped BFO powders 
with 10% La/Mn dopant concentration by the hydrother-
mal method, and ICP-MS results show that only up to 1% 
La/Mn is actually doped into the BFO lattice. All samples 
show irregularly shaped particles, and the size of nanoparti-
cles becomes uniform after doping. XRD results and XAFS 
results of the main elements Bi and Fe confirm that the 
structures are still R3c symmetric in all samples. However, 
our experimental and theoretical investigation on the doped 
La L3-edge reveals the existence of secondary nanoparticles 
with orthorhombic symmetry, which might be responsible 
for its obvious ferromagnetism, while the local structure of 
Mn keeps the R3c symmetry, and BFMO is antiferromag-
netic as the pure BFO, though doping La/Mn does enhance 
the magnetization of BFO. The special insight demonstrates 
that it is particularly important to identify the local structure 
for the phase classification, and it may provide a new per-
spective for exploring the underlying multiferroic mecha-
nism in BFO-based materials.
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