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Phase pure BiFeO3 (BFO) and Bi0.98Ba0.02Fe1-xCrxO3 (x = 0.01, 0.02, 0.03, 0.04) nanoparticles were synthesized
by a facile sol-gel route. X-ray diﬀraction data conﬁrms rhombohedral R3c phase of BFO and Ba, Cr co-doped
BFO nanoparticles with a slight distortion at higher dopant concentration. TEM images veriﬁed the higher
crystallinity of the samples with a signiﬁcant reduction in particle size (∼40 nm) with increasing Cr concentration. The band gap of pristine BFO nanoparticles was found to be 1.8 eV which increases remarkably to a
maximum of 2.32 eV for Ba, Cr co-doped BFO nanoparticles. 57Fe Mössbauer spectroscopy conﬁrmed that no
mixed valance state of Fe was present in the Ba, Cr co-doped BFO nanoparticles. Hysteresis loops of all the
samples revealed the weak ferromagnetic nature of the co-doped BFO nanoparticles. It was observed that the
saturation magnetization increased by more than 3 times when Cr content was increased from 1% to 4%.

1. Introduction
Last few decades have seen enormous ﬂurry of interest in the ﬁeld of
multiferroics that show simultaneous ferroelectric, ferromagnetic or
ferroelastic ordering and hence these materials considered to be scientiﬁcally and technologically promising owing to their potential applications in sensors, spintronics, and information storage devices etc
[1]. Among all the materials synthesized till date, BiFeO3 (BFO) is the
most studied multiferroic due to its unique properties along with high
ferroelectric Curie temp (Tc ≈ 1103 K) and antiferromagnetic Neel
temp (TN ≈ 643 K) [2]. Perhaps, BFO is one of the rare system that
shows ferroelectric and (anti) ferromagnetic behavior at room temperature. The ferroelectricity is originated due to the distortion of the
6 s2 lone pair of Bi3+ ion at A-site and magnetic property is associated
to the moment of Fe-site spin structure though the values are weak
because of large cycloidal spin structure of 62 nm. However, the major
problems like persistent appearance of secondary phase and low sinterability during synthesis, high leakage current, low magnetization,
small remanent polarization, high coercive ﬁeld etc. hinder the utilization of BFO ceramics into its practical application. The above issues
were partially addressed by suitable modiﬁcation in the synthesis
technique [3] or by introducing suitable dopants at either A-site [4–11]
or B-site [12–14].

⁎

Generally, it is observed that doping at A-site produces signiﬁcant
eﬀect on lattice structure and an imbalance of Bi-6S2 lone pair electron
resulting improvement of its electrical behavior [15]. On the other
hand, doping at B-site directly aﬀects its magnetic behavior mainly due
to the destruction of spin cycloid or exchange interaction between host
Fe3+ and dopant ions [15]. It has been observed that doping of trivalent
rare earth (i.e. Ho, Dy, Sm, La, Ce, Eu, Gd and Tb etc.) [4–10] or divalent alkali earth ion (i.e. Ba, Ca and Sr) [5,6,11] in Bi-site and transition metal ion (i.e. Mn, Cr, Co, Ti etc.) [12–15] in Fe-site can enhance
the electrical or magnetic properties. Further, co-doping of alkaline
earth metal/rare earths at Bi-site and transition metal at Fe-site has
been proved as a well acceptable and productive tool to tune both the
ferroelectric and magnetic properties [16–19]. Hence, a great deal of
attention has been paid in recent years towards co-doping to reduce
high leakage current with a feasibility of simultaneously tuning of the
magnetic and electric properties. In this context, several combinations
of co-dopants have been investigated by several groups worldwide and
the results are found to be encouraging. Yang et al. studied La–Co cosubstituted BFO which eﬀectively reduced the impurity phase and improved the magnetic property [18]. Eu, Co co-doped BFO investigated
by Chakrabarti et al. exhibits high magnetization and low leakage
current. Verma et al. studied that the doping of Sm and Mn/Co/Cr ion
in A-site and B-site respectively, can improve the structural, dielectric,
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Fig. 1. (a) XRD pattern in the range 10–80° and (b) XRD pattern in the range 30–33°.

nanoparticles for future perspective. In present work, we have ﬁxed the
Ba concentration to 2 mol% at Bi site and varied Cr concentration from
1 to 4 mol% at Fe site so that net dopant concentration do not exceed
6%. Here, BiFeO3 and Bi0.98Ba0.02Fe1-xCrxO3 nanoparticles with
x = 0.01, 0.02, 0.03 and 0.04 samples were synthesized via a facile solgel route. The eﬀect of chromium concentration on structure, optical
and magnetic properties of BFO was studied through X-ray diﬀraction,
transmission electron microscopy, UV–Vis Spectroscopy and PPMS.
Further analysis of these samples was done by Mössbauer spectroscopy
to know the oxidation state of iron.

Table 1
Microstructural parameters of all the samples (the maximum error in a, c and V
is calculated as ± 0.0005, ± 0.003 and ± 0.05 respectively).
Sample
Name

BFO
BBFCO1
BBFCO2
BBFCO3
BBFCO4

Lattice Parameter
a(Å)

c(Å)

V(Å3)

5.5816
5.5808
5.5803
5.5798
5.5791

13.8798
13.8813
13.8823
13.8829
13.8840

374.488
374.428
375.672
374.661
374.654

Crystallite Size
(nm)

Strain

d-spacing
(nm)

50.625
50.50
43.50
39.47
28.85

0.298
0.299
0.361
0.370
0.551

0.289
0.287
0.291
0.285
0.293

2. Experimental details
electrical polarization and magnetic property of bismuth ferrite
[19,20]. Deng et al. prepared single phase Ba-Mn co-doped BiFeO3
ceramics with reduced leakage current and enhance the magnetic
property [16]. Nb doped Bi1-xBaxFeO3 ceramics also showed some improvement in multiferroic properties [21]. Moreover, the Ce-Cr codoped BFO shows a signiﬁcant enhancement in magnetic and ferroelectric properties with reduced leakage current. Vanga et al. observed
that with increasing Cr concentration, the magnetization value of Nd
doped BFO system increases [22,23]. Although the BFO system shows
enhanced properties while Ba and Cr substituted at A- or B-site separately, the co-doping of Ba and Cr in BFO is rare in the literature Recently, Wei et al. and Li et al. have obtained some interesting results
when they co-doped Ba and Cr at Bi- and Fe-site of BFO respectively
[24,25]. Earlier reported studies point out that the multiferroic properties of these systems seem to be better in form of nanoparticles [15].
Hence, more attention is desired to explore Ba, Cr co-doped BFO

BiFeO3 and Bi0.98Ba0.02Fe1-xCrxO3 (BBFCO) with x = 0.01, 0.02,
0.03, and 0.04 nanoparticles were synthesized by a Sol-gel route and
the compositions were named as BFO, BBFCO1, BBFCO2, BBFCO3 and
BBFCO4. For synthesis of BFO, Bi(NO3)3·6H2O and Fe(NO3)3·9 H2O
with molar ratio 1:1 and for BBFCO, Bi(NO3)3·6H2O, Ba(NO3)3·6H2O, Fe
(NO3)3·9 H2O and Cr(NO3)3·9 H2O with a molar ratio of 0.98:0.02:1-x:x
were added to ethylene glycol. The mixture was continuously stirred at
80 °C for 1 h to get the sol. Then the sol was dried at 80 °C for 10 h to get
the gel. Finally the gel was preheated at 400 °C and annealed at 550 °C
for 1 h. The phase conﬁrmation and crystal structure of all the prepared
samples were determined using a PANalytical high resolution powder
X-ray diﬀraction (PXRD) Spectrometer PW 3040/60 operated at 40 kV
and 30 mA with Cu-kα radiation of λ = 1.54 Å for 2θ range 20–80°. The
Raman spectra were recorded by a Raman Spectrophotometer (Lab
RAM HR.800) at an excitation wavelength of 632 nm at 3 mW. The high
resolution transmission electron microscographs and SAED pattern
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Fig. 2. TEM image of (a) BFO, (b) BBFCO4; HRTEM image of (c) BFO, (d) BBFCO4; SAED pattern of (e) BFO, (f) BBFCO4.

Fig. 3. Raman spectra of Bi0.98Ba0.02Fe1-xCrxO3 nanoparticles.
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2θ range of 30°–33°. This twin peak splitting of R3c structure is prominently seen up to BBFCO2 and almost merges into a single peak for
BBFCO3 and BBFCO4. However, deconvolution of the peaks clearly
shows the characteristic twin peak nature of (1 0 4) and (1 0 1) peaks.
The broadening of peaks with increasing dopant concentration can be
attributed to the decrease in particle size and increase in lattice strain
[26]. The lattice parameter, average crystallite size, strain and d-spacing of all the samples were measured by taking two highest intense
peaks (104 and 110) using single line proﬁle analysis (SLPA) and are
provided in Table 1 [27]. A constant decrease of crystallite size and
increase of strain is observed for co-doped BFO samples when concentration of chromium is increased. Again, when the dopant concentration increases the crystal growth of the nanoparticles might be
stopped resulting the formation of smaller particles [26].
3.2. TEM analysis
Fig. 2(a) and (b) shows the TEM images of BFO and BBFCO4 nanoparticles. The size of BFO nanoparticles is observed to be 80–100 nm
range and with 4% Cr doping, the average particle size of nanoparticles
reduced to 40 nm. Reduction in particle size is clearly reﬂected from
XRD data also (Table 1). Similar observations are also reported in Cr
doped BFO-based systems [28]. The corresponding HRTEM images are
shown in Fig. 2(c) and (d). The inter planar spacing corresponding to
(1 1 0) plane was calculated as 0.29 nm and 0.28 nm for BFO and
BBFCO4 respectively suggesting the crystalline nature of the particles
which is well matched with rhombohedral phase of BFO (JCPDS No. 712494) in corroboration with XRD data. The crystalline nature of the
nanoparticles is further evidenced by the distinct ring patterns seen in
the selected area electron diﬀraction pattern (Fig. 2e and f). All the
diﬀracted planes could be well identiﬁed and labeled for rhombohedral
structure of BFO as conﬁrmed by XRD data.

Fig. 4. UV–Visible spectra of Bi0.98Ba0.02Fe1-xCrxO3 nanoparticles.
Table 2
Hyperﬁne parameters i.e. isomer shift (IS), quadrupole splitting (QS), internal
magnetic ﬁeld (Hint) and line width.
Samples

ISa (mm s−1)
( ± 0.01 mm s−1)

QSb (mm s−1)
( ± 0.01 mm s−1)

Hintc (T)
( ± 0.3 T)

Line Width
(mm/s)

BFO
BBFCO1
BBFCO2
BBFCO3
BBFCO4

0.08
0.03
0.04
0.08
0.04

0.10
0.13
0.14
0.10
0.14

47.0
46.9
46.7
47.0
46.3

0.65
0.43
0.49
0.65
0.51

were taken by FEI Techai, G2 30, Hillsboro U.S.A. operated at 200 kV.
Room temperature Mössbauer measurements were done in a standard
PC based set-up consisting of 1024 channel MCD card, working in a
constant acceleration mode. A 10 mCi 57Co in Rh matrix was used as a
source. The system was calibrated with a high purity iron foil of
thickness 12 µm. A least square ﬁtting program LGFIT2 was used to ﬁt
the experimental data. UV–Visible absorption measurements were recorded on a JASCO V-670 spectrophotometer.

3.3. Raman scattering study
Fig. 3(a) shows the room temperature Raman spectra of all the
samples in the wave length range 50–550 cm−1. The grey scattered
points represent the experimental data and solid lines are the ﬁtting
curves. The spectra display three distinct modes in the lower wavelength region whereas the intensity of the modes at higher wavelength
region are very weak to distinguish.
Similar type of spectra were also observed for BFO at room temperature in previous reports although the theoretical calculation predicts BFO with rhombohedral R3c structure should exhibit 13 Raman
active modes that include 4A1 and 9E modes [29]. This may be due to
the overlapping of closely spaced modes due to thermal broadening or
lattice anharmonicity or low polarizability or degeneracy of certain
modes as mentioned in earlier reports. Further, the overall changes in
the lower wavelength modes appear to be minimal which is more or less
expected because the low frequency Raman modes are generally related
to the movement of A-site ions [17] and in the present case the A-site
ions remain unchanged. Nevertheless, Wen et al. observed no signiﬁcant change in the Raman spectra when Ba2+ ion was substituted at
A-site of BFO [16]. Moreover, when the spectra are plotted together
(inset of Fig. 3a), the intensity of the A1 peak around 136 cm−1 observed to be decreased as the concentration of Cr3+ ion increases. It can
be inferred that the contribution of Bi-O vibrational mode is partially
suppressed, which can be attributed to the enhancement in the coupling
of order parameters due to size conﬁnement (Table 1) and accompanying lattice distortion of as synthesized BiFeO3 nanoparticles which
is already conﬁrmed from the XRD result [30]. Again, the peak positions and their corresponding full width at half maxima values after
ﬁtting into Lorentzian peaks are plotted in Fig. 3(b) and (c) respectively. The ﬁgures show minimal changes in peak positions as well as
FWHM curves for all the three modes.
The peaks positions are slightly shifting towards higher wave

3. Results and discussion
3.1. XRD analysis
Fig. 1(a) shows the powder X-ray diﬀraction pattern of BFO and
Bi0.98Ba0.02Fe1-xCrxO3 with x = 0.01–0.04 nanoparticles. The sharp intense Bragg peaks suggests the crystalline nature of all samples and the
pattern was indexed to the rhombohedral structure with R3c space
group (JCPDS No. 00-071-2494) [2]. No additional and/or impurity
phases were detected in all the samples except the composition
BBFCO4. The secondary phase was identiﬁed as Bi24FeO39 phase and
was marked by (*) in the ﬁgure. This suggested that except 4% Cr
doped sample, all the samples are synthesized with 100% perovskite
phase. It is noticed that with increasing Cr concentration, there is a
slight shift of peaks towards lower 2θ suggesting modiﬁcation of lattice
parameters due to the ionic radii mismatch between Fe (0.645 Å) and
Cr (0.615 Å) ions. The shift is found to be substantial for BBFCO3 and
BBFCO4 as compared to other samples, which is an indication of some
type of structural distortion. A similar change was observed in Cr doped
Bi0.8Ba0.2FeO3 ceramic and it was suggested to be structural transformation from rhombohedral to tetragonal by Wei et al. [24]. Liu et al.
also demonstrated a phase transformation from trigonal–R3c to tetragonal–P4 in BFO with Cr doping [25]. Moreover, in our work some
structural distortion was observed at higher dopant concentration.
Fig. 1(b) displays (1 0 4) and (1 1 0) characteristic peaks of BFO in the
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Fig. 5. Room temperature Mössbauer spectra of pristine and doped samples.

Fig. 6. (a) Room temperature M-H curve (inset shows the ABK plot) and (b) Variation of Ms and Coercive ﬁeld with doping concentration.
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spins present at the surface of the antiferromagnetic nanoparticles
which play an important role in exhibiting sizable magnetization [30].
Apart from it, because of Dzyaloshinskii–Moriya (D–M) interaction,
canting of spins takes place in the case of antiferromagnetic materials
from their perfect anti parallel direction that results in weak ferromagnetism at room temperature [21]. BFO has a characteristic cycloidal spin structure of wavelength 62 nm that got ruptured when
particle size is less than 62 nm. In our work, the particle size of pristine
and co-doped BFO nanoparticles are in the range of 28–100 nm as reﬂected by XRD and TEM. Breaking of this spiral spin ordering might be
a cause of enhanced magnetic properties [20,35]. In this work, Ba2+
ions were doped at Bi3+ site. The charge imbalance thus produced
could be adjusted by either conversion of Fe3+ to Fe4+ or creation of
oxygen vacancies. Mössbauer spectra declined the presence of any
mixed oxidation state of Fe. So the oxygen vacancies produced for
compensation of charge imbalance might play a role for the observed
magnetic properties [28]. Doping of Cr ions at Fe-site of BFO give rise to
180° super exchange interaction between the neighboring Fe3+ and
Cr3+ ions that may result in modiﬁcation of magnetic properties [25].
The structural distortion as observed from XRD and Raman spectra may
also play a crucial role in the enhancement of magnetization [21]. The
decrease in coercive ﬁled with increase in Cr concentration may be due
to reduced magnetocrystalline anisotropy [36]. As observed from
Fig. 6a the narrow hysteresis loop having a low magnetic coercive ﬁeld
is an indication of soft magnetic material that may be useful for device
applications [8].

numbers at higher compositions displaying hard mode type of behavior
which may be due to the incorporation of Cr3+ ions at Fe site [31]. The
broadening of the E and intense A1 mode may be related to either the
reduction in size of the nanoparticles during synthesis or some kind of
dis-orderness in the samples at higher value of Cr3+ compositions.
3.4. UV–Vis analysis
Fig. 4 shows UV–Visible spectra of BFO and Ba, Cr co-doped BFO
nanoparticles. As observed from the spectra, BFO nanoparticles exhibited an absorption peak at 530 nm which had been shifted to
465 nm, 452 nm, 432 nm and 450 nm for BBFCO1, BBFCO2, BBFCO3
and BBFCO4 respectively. All samples show absorbance peaks in the
wavelength range of 400–550 nm indicating band gaps in visible region. The band gap as calculated from the point of inﬂection in the ﬁrst
derivative plot of the UV– Visible spectra [32] of nanoparticles were
found to be 1.8, 2.26, 2.28, 2.32 and 2.28 eV for BFO and BBFCO1,
BBFCO2, BBFCO3 and BBFCO4 respectively. It can be noted that the
band gap determined here represents the energy separation between
the top of O 2p – Fe 3d mixed valence band and the bottom of the Fe 3d
conduction band. On doping, as the Cr3+ ions substitute at Fe3+ lattice
sites, the nature of valance band edge and the conduction band edge
gets altered which results in the signiﬁcant widening of band gap in codoped samples [6]. Further, the Ba, Cr co-doping causes structural
distortion and increased lattice strain which could also contribute to the
band-gap widening [6,33]. Although there is variation in sizes from
100 nm to 28 nm, the samples do not lie in the quantum conﬁnement
regime (i.e., sizes smaller than or, comparable to the characteristic Bohr
exciton diameter) and hence the eﬀect of size on band gap can be ruled
out.

4. Conclusion
Crystalline Bi0.98Ba0.02Fe1-xCrxO3 (x = 0.0, 0.01, 0.02, 0.03, 0.04)
nanoparticles of particle size 100–28 nm were prepared by a facile solgel method with 100% perovskite phase except the sample with 4% of
Cr concentration. A structural distortion and diagnostic decrease of
crystallite size were ascertained by XRD with increase in Cr concentration. The band gap calculated from UV–Visible spectra increased
from 1.8 to 2.32 eV from pristine to co-doped BFO nanoparticles suggesting tailoring of optical properties with doping. 57Fe ö spectroscopy
conﬁrmed that no mixed valance state of Fe was present in the Ba, Cr
co-doped BFO nanoparticles. All the samples showed weak ferromagnetic behavior within an applied ﬁeld of 10 kOe while the saturation
magnetization increases with up to a maximum value of 1.31 emu/g
within the studied composition range. The slim hysteresis loop having
low coercive ﬁeld was perceived indicating a soft magnetic material.

3.5. Mössbauer analysis
57

Fe Mössbauer Spectroscopy is one of the strongest techniques to
ascertain the oxidation state of iron present in the compound. Doping of
divalent ions at trivalent a site of BFO may give rise to mixed valance
state of iron which may be a probable reason for the enhanced magnetic
properties [7]. Hyperﬁne parameters of all the samples as calculated
from the data by sextet ﬁtting are tabulated in Table 2. The isomer shift
data of all the samples aﬃrmed that iron was present in the Fe3+ state
and there is no indication of Fe4+ or Fe2+. Small values of isomer shift
data indicate towards the fact that local environment of iron did not get
inﬂuenced by Cr doping. Large line width obtained in pristine and Ba,
Cr co-doped BFO nanoparticles might be assigned to the modulation of
hyperﬁne energies as the magnetic moment rotate with respect to c-axis
of the crystal [34]. As observed from the data, there were an indication
of a weak doublet in the pristine and Ba, Cr co-doped BFO nanoparticles. These might be super paramagnetic doublet because of the
presence of smaller particles present in the samples [30] (Fig. 5).
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