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Abstract
In this paper, the synthesis of  BiFe1−xMnxO3 (x = 0.05, 0.10, 015, 0.20) thin films using a sol–gel technique was proposed. 
The structural characteristics of the thin films were investigated by X-ray diffraction (XRD), indicating a structural transition 
from typical rhombohedral-R3c  (BiFeO3) to orthorhombic-Pbmn  (BiFe0.80Mn0.20O3). It was shown that, Mn was success-
fully doped into  BiFeO3 films and the  Fe3+ ions in the films increased after doping by the X-ray photoelectron spectroscopy 
(XPS) analysis. The numerical results in this paper showed that the saturation magnetization of these  BiFeO3 thin films had 
been found to increase on doping with  Mn2+ ions, reaching a maximum value of 83.5 emu/cm3 for the  BiFe0.80Mn0.20O3 thin 
films. The numerical results also revealed that the proposed method in this paper can serve as a useful theoretical tool for 
gaining insight into the correlations of magnetic and structure property for  BiFeO3 thin films.

1 Introduction

Ideally, with the same pressure and temperature conditions, 
multiferroic materials exhibit three coupled ordering param-
eters, that is ferromagnetism, ferroelectricity, or ferroelastic-
ity [1]. Due to its characteristics, it can be widely used in 
storage devices, sensors, and other products, multiferroic 
materials are studied in the recent years [2]. More attentions 
have been paid to the BiFeO, since it is the only one that 
has both magnetism and strongly ferroelectric properties at 
normal atmospheric temperature [3, 4]. The  BiFeO3 has the 
dual characteristics of ferroelectricity and ferromagnetism 
under the action of electric field, so it is a wider application 
prospect [5]. There are two difficulties in the preparation of 
 BiFeO3, one is the existence of oxygen vacancy, the other 
is the charge defect caused by the volatilization of Bi ele-
ment, the charge defect will produce large leakage current 

in the film [6]. Therefore, how to improve the electrical 
properties of the film and reduce the leakage current is the 
key problem to the successful application of  BiFeO3 film. 
 BiFeO3 is a unique perovskite structure. Recently, doping 
technique is very popular. He et al. reported the mechanical 
strength between ZnS glass, and PbO-B2O3-ZnO powder 
can be significantly enhanced by doping the solder/braze 
by  PbTiO3 particles [7]. La, Sm, Nd, and other rare earth 
elements can be used to replace Bi position, to reduce oxy-
gen vacancy, to stabilize oxygen octahedral structure, and 
to improve the structural stability of ferroelectric materi-
als [6, 8, 9]. The transition metal ions such as Cu, Ti, Cr 
can replace the Fe site and further improve the magnetic 
spin structure of  BiFeO3, in order to improve the ferromag-
netic properties of  BiFeO3 materials [10–12]. Sharma et al. 
studied that the  BiFe1−xMxO3 samples (M=Ni) exhibited a 
saturated M–H hysteresis loop (the saturation magnetiza-
tion value Ms ~ 3.2 emu/g), and the improved ferromag-
netic was attributed to the distortion of Fe–O–Ni bond 
angle [13]. According to Dutta et al., it is known that the 
enhanced magnetic properties of  Bi1−xSmxFe1−yZryO3 (x, 
y = 0, 0.02, 0.05) nanorods were derived from the decrease 
of nanoparticle size and the increase of structural distor-
tion caused by the doped ions entering the host lattice [14]. 
And it is noted that, the advantage of Mn-doped  BiFeO3 
lies in that Mn possesses magnetic activity and the multi-
valent states of Mn ions enable the crystal to compensate 
for the charge. There are many reports on the multiferroic 
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properties of Mn-substituted  BiFeO3 ceramics and powders. 
Abushad et al. [15] reported the value of magnetization for 
the pristine sample is found to be 0.14 emu/g and enhances 
for 2% Mn-doped sample (0.16 emu/g). Homchenko et al. 
[16] revealed that containing about 17% of the polar phase 
at room temperature, possesses spontaneous magnetiza-
tion (Ms ≈ 0.225 emu/g) exceeding that observed for the 
purely antipolar sample (Ms ≈ 0.185 emu/g). However, 
magnetic properties of Mn-doped  BiFeO3 thin films are 
rarely reported. Due to which the Mn possess magnetic, the 
replacement of Mn is expected to have a positive impact on 
the future application of specific multifunctional devices. 
Moreover, in the development of semiconductor technology, 
device miniaturization has always been the focus on research 
[17]. Therefore, we also focused on the observation of film 
thickness in our study. Thereafter, the method of substituting 
Mn ions in  BiFeO3 was adopted to prepare suitable materials 
considering from the technical point of view.

Motivated by the above-mentioned techniques, 
 BiFe1−xMnxO3 (x = 0.05, 0.10, 015, 0.20) thin films were 
prepared by a sol–gel technique in the paper. The magnetic 
properties were investigated at normal atmospheric tempera-
ture and compared with the original  BiFeO3 thin films. By 
doping manganese to control  BiFeO3 magnetic properties, 
the effect of grain refinement, oxygen vacancy concentra-
tion, and ferromagnetic properties on the film were studied 
in this paper.

2  Experimental section

B i Fe O 3,   B i Fe 0 . 9 5M n 0 . 0 5O 3,   B i Fe 0 . 9 0M n 0 . 1 0O 3, 
 BiFe0.85Mn0.15O3, and  BiFe0.80Mn0.20O3 precursor solutions 
were prepared by sol–gel method using Bi(NO3)3·5H2O, 
Fe(NO3)3·9H2O and Mn(NO3)2·4H2O. Firstly, all nitrates 
were dissolved in glycol with a solution concentration of 
0.2 mol/l and stirred at room temperature for 5 h. Secondly, 
the solution was dispersed on quartz and Si (100) substrates 
by spin coating. The film was deposited at 1000 rpm for 3 s 
and 4000 rpm for 30 s. After spin coating, each film was 

calcined at 350 °C for 10 min to decompose the remaining 
organic matter. Rotate the coating and the pyrolysis process 
7 times until the required thickness. Finally, the dried thin 
films were annealed in an ambient atmosphere for 1 h under 
rapid heat treatment at 500 °C.

3  Characterization

The phase composition and structure of the films were char-
acterized by XRD using Rigaku D/MAX 3C X-ray powder 
diffractometer under CuKα1 radiation (λ = 1.5406 Å). The 
X-ray diffraction data were analyzed by JADE 6.5 program, 
and the lattice parameters are obtained. The surface mor-
phology and the interface contact of the films were measured 
to observe a field emission scanning electron microscope 
(FESEM). The microstructure properties were studied by 
transmission electron microscopy (TEM). The oxidation 
states of elements were analyzed by ESCALAB 250XI XPS. 
The magnetic hysteresis (M-H) loops were measured using 
the Lake Shore 7407 vibrating sample magnetometer (VSM) 
at normal atmospheric temperature.

4  Results and discussion

Figure 1a illustrates the XRD patterns of five kinds of 
 BiFeO3-based thin films, measured at normal atmospheric 
temperature. All the components have a rhombic structure 
of the spatial group R3C, and there is no secondary phase. 
Razad et al. reported that a small trace of secondary phases 
Bi25FeO39 and Bi2Fe4O9 observed along with the main 
phase  (BiFeO3) in BiFe0.975Ni0.025O3 sample due to the 
kinetics of formation [4]. The Bragg angle at 2θ of about 
32° indexing to the rhombohedral structure, trend to merge 
and form single diffraction peaks with Mn doping con-
tent increasing. This indicates that the lattice distances of 
these planes decrease gradually due to variation of doping 
concentration and the radii of  Fe3+ and  Mn2+ ions and a 
structural transition of typical rhombohedral-R3c  (BiFeO3) 

Fig. 1  XRD patterns of samples 
and lattice parameters and cell 
volumes. a XRD patterns of 
pure and doped  BiFeO3 thin 
films on Si substrates in the 
range of 2θ from 20° to 65°. b 
Calculated lattice parameters 
(a, c) and cell volumes (V) as a 
function of all samples
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to orthorhombic-Pbmn  (BiFe0.80Mn0.20O3) [16]. The crys-
tal structure details and lattice parameters of all samples 
extracted by Rietveld fine fitting in Fig. 1b. The smaller the 
ion radius and lattice parameter are, the greater the stress 
in the crystal structure is [15]. In addition, the quantitative 
relationship between the structural stability of the synthe-
sized  BiFeO3 and the goldsmith tolerance factor (t) of per-
ovskite is as follows, t = (R

B
+ R

o
)∕
√

2(R
B
+ R

o
) (R stands 

for the ionic radius of the respective element). The value 
of t is 0.8403, 0.8401, 0.8393, 0.8388, 0.8387 for  BiFeO3, 
 BiFe0.95Mn0.05O3,  BiFe0.90Mn0.10O3,  BiFe0.85Mn0.15O3 and 
 BiFe0.80Mn0.20O3 thin film, respectively. In this way, t = 1 
corresponds to the ideal cubic structure, while t < 1 repre-
sents the compressive strain associated to the lattice mis-
match between cations. In the current case, the estimated 
value of the tolerance, and the estimated tolerance factors of 
all samples are less than 0.9, which indicates that there are 
large deviations and distortions in the  BiFeO3 structure [18].

The morphology and homogeneity of the original samples 
are studied by SEM,  BiFe0.95Mn0.05O3,  BiFe0.90Mn0.10O3, 
 BiFe0.85Mn0.15O3, and  BiFe0.80Mn0.20O3 thin film and 

depicted in Fig. 2a–e. The particle size of doped  BiFeO3 
film is smaller than that of un-doped  BiFeO3 film. The 
decrease of average particle size of doped samples may be 
due to the confinement of crystal growth caused by ion sub-
stitution with different radii [15]. The insets in Fig. 2 cor-
respond to cross-sectional images of all films, respectively. 
From the observed image, we can see that the film adheres 
well to the substrate, and no cracks appear between the film 
and the substrate. In addition, the cross-sectional image 
determines the thickness of pristine,  BiFe0.95Mn0.05O3, 
 BiFe0.90Mn0.10O3,  BiFe0.85Mn0.15O3, and  BiFe0.80Mn0.20O3 
thin film, which are estimated to be 428.90 nm, 414.81 nm, 
396.09 nm, 370.31 nm and 220.31 nm, respectively. The 
thickness variation of Mn-doped film can be explained by 
suppressing the oxygen vacancy in the films, which causes 
the oxygen ion movement to slow down and reduce the grain 
growth rate [19]. The elemental mapping images of  BiFeO3 
and  BiFe0.80Mn0.20O3 are recorded to study the distribution 
of elements in the nanostructures (Supplementary Figure. 
S1). These images showed that Bi, Fe, and O are uniformly 
distributed in the  BiFeO3 solution. Mn elemental mapping 

Fig. 2  Surface topographies of 
pure and doped  BiFeO3 thin 
films deposited on Si substrates. 
a Surface topography and 
thickness of  BiFeO3. b Surface 
topography and thickness of 
 BiFe0.95Mn0.05O3. c Surface 
topography and thickness of 
 BiFe0.90Mn0.10O3. d Surface 
topography and thickness of 
 BiFe0.85Mn0.15O3. e Surface 
topography and thickness of 
 BiFe0.90Mn0.10O3
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reveals the uniform distribution of Mn dopant in the  BiFeO3 
host for  BiFe0.80Mn0.20O3 thin film.

In addition, in order to ensure the crystallinity, particle 
size/shape and their distribution in the original and doped 
films, TEM measurements are carried out. The TEM images 
of  BiFeO3 with 10% Mn-doped films are showed in Fig. 3. 
In these images, the results show that the size of Mn-doped 
particles is uniform, the degree of agglomeration is high and 
the size is small, which is the same as SEM analysis results. 
The HRTEM image of the sample is shown in Fig. 3a, b, 
which show the high crystalline phases of the samples with 
plane spacing (d) of 0.402 and 0.396 nm, respectively.

In previous study, the deviation between known and oxi-
dimetric measurements results in the fluctuation of valence 
states of Fe ions (+ 3 to + 2 states) in  BiFeO3 [12]. Poor 
ferromagnetic properties of pure  BiFeO3 due to the reduc-
tion of  Fe3+ to oxygen vacancies generated by volatiliza-
tion of  Fe2+ and  Bi3+ [20]. For the sake of identifying the 
origin of the defects of the films, all thin films detailed 
XPS measurements are also carried out. The XPS survey 
spectra of  BiFeO3,  BiFe0.95Mn0.05O3,  BiFe0.90Mn0.10O3, 
 BiFe0.85Mn0.15O3 and  BiFe0.80Mn0.20O3 thin film have been 
recorded from 0 to 900 eV (Fig. 4f). For un-doped  BiFeO3, 
The emission peaks of  Bi4f7/2 and  Bi4f5/2 appear at 158.8 eV 
and 163.5 eV, respectively in Fig. 4f. The existence of this 
double peak indicates that there is no bismuth in the origi-
nal sample, and bismuth ions exist in the trivalent oxida-
tion state [21]. From Fig. 4f, we can see that as the doping 
concentration of Mn increases, the intensity of  Mn2p3/2 and 
 Mn2p1/2 peak gradually increases, indicating that Mn is suc-
cessfully incorporated into  BiFeO3 thin film. Figure 4a–e 
show the XPS spectra fitting analysis of the Fe2p for pure, 
 BiFe0.90Mn0.10O3,  BiFe0.85Mn0.15O3 and  BiFe0.80Mn0.20O3 
thin film, where binding energies were aligned with respect 
to the C1s peak (284.8 eV). The peak value of 710.9 eV is 
 Fe2p3/2 of  Fe3+. The peak value of 724.8 eV is  Fe2p1/2 of 
 Fe3+ [22]. The results show that the  Fe2p3/2 peak of  Fe2+ 

occurs at 709 eV. Although no peak was observed at 709 eV, 
the peak at 710.9 eV indicated that there was a certain 
amount of  Fe2+ in un-doped  BiFeO3 [23]. In addition, the 
satellite peak of  Fe3+ appeared above the main  2P3/2 peak, 
which further confirmed the existence of  Fe3+ in the samples 
[24]. The XPS of the Mn2p peaks is shown in supplementary 
Figure S2. In  BiFe0.80Mn0.20O3 thin film, the binding energy 
of the main peak is 641.8 eV, and a shoulder peak lower than 
this energy can be observed. This peak comes from a small 
amount of  Mn2+ (642.2 eV). It can be observed that the peak 
intensity increases with the increase of Mn doping concen-
tration. In our experiment, since the Mn element is derived 
from Mn(NO3)2, divalent Mn ions will occupy a hole and 
become trivalent Mn ions. The results show that the substitu-
tion of Mn reduces the oxygen-related defects, which is con-
sistent with the results of other Mn-doped  BiFeO3 samples 
[25]. At the same time, XPS results also support the reason 
why the  BiFe0.80Mn0.20O3 thin film in SEM results is denser.

In order to study the magnetic properties of pure, 
 BiFe0.95Mn0.05O3,  BiFe0.90Mn0.10O3,  BiFe0.85Mn0.15O3 and 
 BiFe0.80Mn0.20O3 thin films at normal atmospheric tem-
perature, the VSM is used to measure the magnetization. 
The field-dependent magnetization (M–H) loop at normal 
atmospheric temperature is shown in Fig.  5a–e, which 
clearly indicates the ferromagnetism of the thin films. The 
value of saturation magnetization (MS) is determined by the 
node increment of two straight lines drawn from the high 
and low magnetic field positions of the M-H hysteresis loop. 
The coercive field (Hc) and Ms of all films are calculated 
as shown in Fig. 5f. The magnetization of the thin films 
increases with the Mn content increase at normal atmos-
pheric temperature. Additionally, the Hc and Ms increase 
from Hc = 68 Oe (Oersted) and Ms = 10.2 emu/cm3 for the 
 BiFeO3 thin film to Hc = 162 Oe and Ms = 83.5 emu/cm3 for 
the 20 mol. % Mn–BiFeO3 thin film, respectively, at normal 
atmospheric temperature. Our results can compare with the 
latest research on  BiFeO3 thin film. R.R. Awasthi et al. had 

Fig. 3  TEM images for a pure 
 BiFeO3 and b  BiFe0.90Mn0.10O3 
thin films
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observed the Ms and Mr of Mn-doped  BiFeO3 thin film were 
1.75 emu/cm3 and 0.125 emu/cm3, respectively [26]. Fur-
thermore, Ren et al. reported the Mn and Cu co-substitution 
in  BiFeO3 thin films induced the Ms of 6.2 emu/cm3 by a 
simple chemical solution deposition technique [27].

The observed magnetic behavior in  BiFeO3, 
 BiFe0.95Mn0.05O3,  BiFe0.90Mn0.10O3,  BiFe0.85Mn0.15O3 and 
 BiFe0.80Mn0.20O3 thin films may have some contributions 
[28]. That is as following. (i) As shown in Fig. 6a, b, the 
decrease of particle size (< 62 nm) destroys the spiral spin 
structure partially superimposed on the ordered structure 
of  BiFeO3 antiferromagnetic (AFM). The incomplete spi-
ral structure leads to the non-complementary magnetic spin 
between two adjacent sublattices, which leads to the weak-
ening of local magnetization [13]. Due to the influence of 
the magnetic field, the reorientation of the antiferromag-
netic tilt arrangement spins of iron ions will increase the 

non-compensated spins to produce the total magnetization 
[29]. (ii) The increase of spin angle on the surface of nano-
particles, large surface volume ratio of nanoparticles can 
enhance the magnetization [30]. (iii) The magnetization may 
also enhance with magnetic Mn-substitutions as these sub-
stitutions increases the magnetic super exchange interaction 
among the  Fe3+ cations. There are three main factors affect-
ing the mechanism: the distances of  Fe3+–O2−–Mn2+, the 
number of  Fe3+-Mn2+ magnetic ion pairs and oxygen ions 
as the  Fe3+–O2−–Mn2+ interaction medium [31].

5  Conclusions

In this paper, we have synthesized and extensively char-
acterized the pure,  BiFe0.95Mn0.05O3,  BiFe0.90Mn0.10O3, 
 BiFe0.85Mn0.15O3 and  BiFe0.80Mn0.20O3 thin films via a 

Fig. 4  XPS spectra of 
the as-annealed  BiFeO3, 
 BiFe0.95Mn0.05O3, 
 BiFe0.90Mn0.10O3, 
 BiFe0.85Mn0.15O3 and 
 BiFe0.80Mn0.20O3 thin films. a–e 
XPS spectra of the as-annealed 
 BiFeO3,  BiFe0.95Mn0.05O3, 
 BiFe0.90Mn0.10O3, 
 BiFe0.85Mn0.15O3 and 
 BiFe0.80Mn0.20O3 thin films in 
the binding energy regions of 
Fe2p. f XPS wide range spectra 
of all thin films
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sol–gel process on silicon substrates. We analyzed the pris-
tine and doped  BiFeO3 thin films structures with XRD, with 
further processing. XRD and Rietveld analysis showed that 
the typical rhombohedral-R3c  (BiFeO3) was transformed 
into orthorhombic-Pbmn  (BiFe0.80Mn0.20O3). XPS analy-
sis showed that the content of  Fe3+ in  BiFe1−xMnxO3 thin 
film was increased. It’s worth to point out that the magnetic 

properties are highly influenced by the incorporation of Mn. 
 BiFe0.80Mn0.20O3 thin film has the highest magnetization of 
Ms ~ 83.5 emu/cm3 and Hc ~ 162 Oe, which may be due to 
the new super exchange between  Fe3+–O2−–Mn2+ ions, the 
increase of spin angle on the surface of nanoparticles and 
the change of spatial modulation spin structure caused by the 
structural transformation. We provide a theoretical basis for 

Fig. 5  Magnetic property of  BiFeO3,  BiFe0.95Mn0.05O3, 
 BiFe0.90Mn0.10O3,  BiFe0.85Mn0.15O3 and  BiFe0.80Mn0.20O3 thin films. 
a–e Magnetic field-dependent magnetization at normal atmospheric 

temperature for  BiFe1−xMnxO3 (x = 0, 0.05, 0.10, 015, 0.20) thin 
films. f Saturation magnetization and coercivity of sample depend on 
 Mn2+ ion (x = 0, 0.05, 0.10, 0.15, 0.20)

Fig. 6  a Full spiral spin struc-
ture. b Incomplete spiral spin 
structure. c AFM spin. d Canted 
AFM spin
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the future application of multiferroic materials in memory 
devices, sensors and so on in this paper.
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