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It remains a challenge to enhance the multiferroic properties of perovskite materials. Herein, we
demonstrate a facile sol-gel synthesis of BiFeO3 and Bi0.98Ho0.02Fe1-xCrxO3 (x ¼ 0.01, 0.02, 0.03 and 0.04)
nanoparticles with an average size range of 71e35 nm. The crystal phase and structure of as-synthesized
powders are studied using Rietveld reﬁnement, which reveal 100% perovskite phase with rhombohedral
R3c structure. A saturated loop with small remnant magnetization (Mr) reﬂects weak ferromagnetism in
€ ssbauer spectroscopy conﬁrms ferromagnetic naall the samples. The dc magnetization along with Mo
ture of the compounds. Further, it is to be noted that the co-doping enhances the saturation magnetization to almost three times more than that of pure BiFeO3 and related mechanism was studied in details.
Simultaneously, the ferroelectric polarization (Pm) was found to increase from 0.44 mC/cm2 (pure BiFeO3)
to 2.08mC/cm2 (Cr doped Bi0.98Ho0.02FeO3). The co-doped samples show high resistivity which is
conﬁrmed by the decrease of loss tangent (tand) from 3.6 to 0.17 due to the reduction of oxygen vacancies. The band gap of as prepared samples was also found to increase at higher Cr concentration. To
the best of our knowledge, for the ﬁrst time, we have attempted to enhance the multiferroic properties of
BiFeO3 using Cr and Ho as co-dopants.
© 2019 Elsevier B.V. All rights reserved.
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1. Introduction
Intensive research on multiferroics bearing magnetoelectric
property is the most recent and prime focus of material physicists
owing to strongly braided coupling between the magnetization and
electric polarization. Among those, lead-free BiFeO3 (BFO) is one of
the most promising multifunctional materials with riveting multiferroism at ambient temperature besides its high Curie temperel temperature (TN~ 370  C). Such features
ature (TC~ 830  C) and Ne
make BFO an excellent candidate for various electronic applications
including spintronics, data storage and photovoltaic devices [1,2].
Recent progress on photocatalytic activities of BFO further extends
its use in the ﬁeld of environment remediation application [3,4].
However, to realize its technological utility in commercial devices,
some inherent issues i.e. consistent appearance of parasitic phases
due to charge imbalance or volatilization of bismuth oxide, high
leakage current caused by oxygen vacancies, low remnant
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polarization and low magnetization etc. need to be addressed
signiﬁcantly [5,6]. More precisely, the antiferromagnetic nature and
modulated spin spiral structure limits the occurrence of net
magnetization in bulk BFO and restricts its response as a multiferroic. To overcome these hazards, the so called site-engineering
technique with an appropriate doping either at the Bi-Site
(Bi1xAxFeO3, A is mostly alkaline or lanthanide or rare earth)
[7e15] or Fe-site (BiFe1xMxO3, M is 3d transition metal) [16e19];
or co-doping at both Bi/Fe sites [20e42] could effectively enhance
the properties to a great extent. Earlier studies reveal that substitution of magnetically active Ho3þ at the Bi-site [11,43e46] and
Cr3þ at the Fe-site [16,17] of bismuth ferrite separately show a
signiﬁcant improvement in the magnetization behaviour of the
samples. Besides, Ho substitution is likely to suppress the impurity
phases and improve the electrical properties while Cr reduces the
oxygen vacancy formation.
However, to the best of our knowledge, the (Ho, Cr) co-doping
has not been investigated till date. In addition, appearance of
weak ferromagnetism with the development of nanoscale architectures like thin ﬁlms, nanowires and nanoparticles has further
motivated to engineer novel magnetoelectric materials with
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improved properties. Hence, anticipating enhanced multiferroicity,
we intend to synthesize Ho, Cr co-doped BiFeO3 nanoparticles and
study their electrical, magnetic and optical properties.
2. Experimental
Bi0.98Ho0.02Fe1xCrxO3 (BHFCO) with x ¼ 0.01, 0.02, 0.03 and 0.04
nanoparticles were synthesized via a facile sol-gel route with high
purity (AR grade,  99%) Bi(NO3)3$6H2O (Himedia, India), Ho(NO3)3$5H2O (Himedia, India), Fe(NO3)3$9H2O (Himedia, India) and
Cr(NO3)3$9H2O (Himedia, India). The samples are named as BFO,
BHFCO1, BHFCO2, BHFCO3 and BHFCO4. Powders in stoichiometric
ratio were mixed in ethylene glycol with continuous stirring at
80  C for 1 h, dried at 80 BC for 10 h to get gel, then preheated at
400  C and ﬁnally grounded powders were annealed at 550  C for
1 h. The samples were centrifuged and washed several times with
distilled water and propanol. 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-ka
radiation of l ¼ 1.54 Å in the 2q range 20 to 80 . For the detailed
microstructure analysis, transmission electron microscope (TEM)
and high resolution TEM/HRTEM images and selected area electron
diffraction (SAED) patterns were obtained using a FEI Tecnai G2 F20
TEM operated at 200 kV. The magnetic measurement was carried
out on powdered samples using vibrating sample magnetometer
€ssbauer spectra were
(Lake Shore Cryotronics, 7400 Series, USA). Mo
€ssbauer spectroscopy at room temperature operrecorded by Mo
ated in constant acceleration mode in transmission geometry with
a Co57 source in Rh matrix of 25 mCi using a57Fe metal foil. For
electrical measurements, pellets of 10 mm diameter and 2 mm
thickness were prepared using and sintered at 550  C for 1 h. Then,
the sintered pellets were polished and coated with silver paste on
both sides. Dielectric measurement was done by LCR meter (N4L
PSM 1735) and ferroelectric hysteresis loops were recorded using a
ferroelectric loop tracer (Marine India) at room temperature. The
UVeVisible absorption spectra were recorded using a UVeVisible
spectrophotometer (PerkinElmer, Lambda 75).
3. Result and discussion
3.1. XRD analysis
Fig. 1 shows the Rietveld reﬁnement of X-ray diffraction patterns
of Bi0.98Ho0.02Fe1-xCrxO3 (x ¼ 0.01, 0.02, 0.03 and 0.04) nanoparticles, conﬁrm 100% perovskite phase for all the samples with
some minor impurity phases at around 2q ¼ 27, 39 , 44 . Those
secondary phases were identiﬁed as Bi25FeO40/Bi2Fe4O9 [33,46,47]
marked as (*, #) for doped compositions. The patterns are well
indexed with rhombohedrally distorted perovskite structure
(JCPDS data, Card No.71-2494) [2]. A close inspection of the pattern
reveals broadening and shifting (towards higher 2q values) of the
characteristic peaks (104) and (110) with increase in Cr concentration. This can be attributed to the decrease in crystallite size and
lattice distortion or decrease in lattice constants resulting in unit
cell volume contraction due to smaller ionic radii of foreign elements Ho3þ (1.015 Å) and Cr3þ (0.615 Å) as compared to Bi3þ
(1.20 Å) and Fe3þ (0.645 Å) respectively [11,16]. In order to analyze
the X-ray diffraction data further, Rietveld reﬁnement of the patterns was carried out by FULLPROF program with a good agreement
of c2 values for rhombohedral structure. The reﬁned XRD patterns
also conﬁrmed 100% perovskite phase of the compounds. The occupancy of Ho is found to be 0.02 while Cr occupancy is 0.01, 0.02,
0.03 and 0.04 in the expected Fe sites for 1 to 4% Cr doped samples
respectively with respect to the best reﬁnement of the XRD data,

which gives clear indication of the presence of dopants (Ho and Cr
ions) in the host system [16]. The important structural parameters,
such as atomic coordinates and lattice parameters, derived from the
Rietveld analysis, are shown in Table 1.
Furthermore, Fig. 1(g) and (h) show the representative crystal
structure for BFO and BHFCO4 indicating rhombohedral structure.
Similar values of FeeO, BieO bond lengths and Fe/CreOeFe/Cr
bond angle were reported previously for the BFO-based systems
[45]. The bond angles provide a clear hint of departure from ideal
perovskite (180 ) suggesting signiﬁcant lattice distortion in all the
samples. The increase in lattice strain also suggests the increase in
Cr concentration which is also an indication of lattice distortion.
3.2. TEM analysis
Fig. 2(a), (b) and (c) display representative TEM micrographs of
pure BFO, BHFCO2 and BHFCO4 respectively. The particle size distribution for BHFCO2 and BHFCO4 is represented in the inset to
Fig. 2 (b) and (c) respectively. The morphology of the assynthesized nanoparticles changed from almost spherical BFO to
irregular shape for BHFCO2 and BHFCO4 with a decrease in average
particle size from 71 (BFO) to 35 nm (BHFCO4); the results being
congruous with that calculated from XRD. A possible reason may be
the accumulation of Cr3þ ions at the grain boundaries inhibiting the
grain growth of the crystal, thereby reducing the crystallite size
[48]. It may also be marked that the ionic radius of Cr3þ (0.615 Å) is
smaller than of Fe3þ (0.645 Å) ion by 4.6%, which probably affects
the crystallite size [16]. However, some agglomeration is observed
for BHFCO2 and BHFCO4 which may be attributed to the high
surface energy of the downsized particles. Sharp diffraction rings in
the SAED pattern of pure and co-doped BFO shown in Fig. 2(d)e(f)
conﬁrming highly crystalline nature of the nanoparticles [8,49].
Further, the nanoparticles are investigated from the yardstick of
magnetic and electrical properties to establish a correlation between them.
3.3. Magnetic analysis
Fig. 3(a) presents the room temperature magnetic hysteresis (MH) loops of pure and co-doped BFO samples. Saturated loops with
non-zero remnant magnetization (Mr) (inset of Fig. 3(a)) and coercive ﬁeld (Hc) suggest ferromagnetic behaviour for all the
composition. This is further conﬁrmed from the convex nature of
the A-B-K plots as shown the inset to Fig. 3(a). The feeble ferromagnetism springs upon when the particle size is scaled down to
nano-range, although it is an established fact that BFO is a G-type
antiferromagnetic material [30,31].
Reduced particle size leads to local canting of the spins as a
deviation from the perfect anti-parallel directions according to
Dzyaloshinskii-Moriya (DM) interaction superimposed with typical
spiral modulated spin cycloid order of 62 nm [20]. In addition, an
increase in the curvature of the plots as we proceed from pure BFO
to 4% Cr doped BHFO gives an impression of in homogeneity in the
distribution of magnetic ordering [24]. Besides, the Hc value falls
dramatically to almost half i. e from ~120 Oe (BFO) to ~60 Oe
(BHFCO4). This may be attributed to the decrease in magnetocrystalline anisotropy [30,49].
Moreover, Ms increases impressively to almost 3 fold at BHFCO4
as compared to pristine BFO (~0.080 emu/g). Majorly, the role of Cr
in explaining the above ﬁndings may be understood as: (i) occupancy of magnetically active Cr3þ ions at the Fe3þ sites might have
lead to ferromagnetic coupling under 180 super exchange interactions between Cr3þ/Fe3þ along with Fe3þ/Fe3þ interactions
which increase with the increase in dopant percentage [21], (ii)
breakdown of the cycloidal spin structure owing to reduced particle
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Fig. 1. Rietveld reﬁned XRD pattern (a) BFO, (b) BHFCO1, (c) BHFCO2, (d) BHFCO3 (e) BHFCO4 and arrangement of atoms in (f) BFO and (g) BHFCO4 [Yobs: observed data, Ycal:
calculated curve, Yobs -Ycal: difference between observed data and ﬁtted curve].

Table 1
Lattice Parameter, Crystallite size, strain and d-spacing of all the samples.
Sample

BFO

BHFCO1

BHFCO2

BHFCO3

BHFCO4

a (Å)
c (Å)
V(Å3)
BieO bond length(Å)
FeeO bond length(Å)
FeeOeFe bond angle(o)
Rp(%)
Rwp(%)

5.5793
13.8670
373.8286
2.5793
1.9318
156.1999
5.39
5.96
2.46
52.52
0.271
0.289

5.5768
13.8520
373.0897
2.5471
2.1457
156.1979
4.43
5.96
2.46
46.16
0.281
0.285

5.5767
13.8520
373.0764
2.5186
1.9370
156.1979
4.20
5.57
2.18
43.94
0.301
0.281

5.5767
13.8520
373.0764
2.3107
2.1118
156.1979
4.20
5.35
1.92
41.64
0.310
0.276

5.5752
13.8470
372.7410
2.5719
2.1111
158.4687
4.15
5.46
2.11
38.58
0.317
0.271

c2
Crystallite size (nm)
Lattice strain
d-spacing (nm)
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Fig. 2. TEM image of (a) BFO (b) BHFCO2 (c) BHFCO4 and SAED pattern of (d) BFO (e) BHFCO2 (f) BHFCO4 [the insets to (b) and (c) show the particle size distribution].

Fig. 3. (a) Room temperature M-H loop (b) variation of Ms and Hc with Cr concentration (c) room temperature MO€ ssbauer spectra of pure BFO, BHFCO1, BHFCO4 compositions.
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size [20,30] and presence of a weakly ferromagnetic impurity phase
Bi25FeO40 may also partially contribute to magnetization at higher
compositions particularly for BHFCO4. Apart from M-H loop, the
robust improvement in the magnetic properties of the samples
€ ssbauer spectroscopy at
with Cr doping is also investigated by Mo
room temperature operated in constant acceleration mode in
transmission geometry with a Co57 source in Rh matrix of 25 mCi
using a57Fe metal foil shown in Fig. 2(c). The magnetic property of
Ho, Cr co-doped BFO nanoparticles were found to be superior than
the single doping of either Ho to A site or Cr to B-site of BiFeO3 as
reported in literature [17,46]. Each spectrum is resolved in to a
superposition of two magnetic sextets and one quadruple doublet
with chi sq values approaching 1, since the sextet is found to be
asymmetric about the zero velocity position along with a line width
(G) much larger than the natural line width for all the samples. The
observed isomer shift (d) and quadruple splitting (DEQ) for the two
sextets of the samples (Table 2) are characteristic of Fe3þ state
which suggests no sign of multiple valence states of Fe (especially
Fe2þ). In addition, noted asymmetry in the sextet may be ascribed
to the presence of Fe3þ in two inequivalent sites that differ primarily in the magnitude of the electric ﬁeld gradient [47,50].
Further, the observed magnetic hyperﬁne ﬁeld (Hhf) for each
sample is almost 49.5(±0.2) T as reported for BFO sample, which
indicates that incorporation of Cr3þ at Fe site and Ho3þ at Bi site do
not affect the magnetic moment of Fe signiﬁcantly. The strength of
the doublet increases with the rise in Cr concentration. The
appearance of the doublet in each spectrum and the increase in
their relative area (as shown in Table 2) with doing concentration
can be attributed to the increase of superparamagnetic doublet due
to smaller particle size as reﬂected from the TEM data. Similar
observation was reported on size dependent magnetic properties
by Park et al. [51]. It is believed that smaller particles induce more
surface imperfections with surface strain anisotropies resulting in
increased values of DEQ [47,51]. Such observations clearly indicate a
strong coupling between the dielectric and magnetic properties of
the samples. Moreover, in the 4% Cr doped BHFO nanoparticles, traces
of an impurity phase i.e. Bi25FeO40 is detected which is evident from
the well matching of the d and DEQ values for the doublet with the Fe
atom in Bi25FeO40 phase [19,51]. As mentioned earlier, this weakly
ferromagnetic impurity phase along with diminished particle size
is responsible for enhanced magnetic behaviour of BHFCO4 [52].
Further, a careful examination of the spectra also ensures a narrow
distribution of oxygen vacancy defects in the nanoparticles since it
has no signal of the presence of Fe2þ.
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with increase in frequency and can be ascribed to the space charge
relaxation effect. At lower frequencies, the space charges can follow
the frequency of the applied ﬁeld while they fail to cope up with the
pace of higher frequencies. Further at higher frequencies, only
electronic polarization has the major contribution though ε is found
to be dependent on electronic, atomic, interfacial and ionic polarization etc [53]. More importantly, the loss has decreased by one
order from ~3.6 to ~0.16 and simultaneously the dielectric constant
decreases from ~764 to ~373 with Cr doping. A similar trend was
observed earlier in Cr doped Bi0.8Ba0.2FeO3 and BiFeO3ceramics
[21]. This can be explained in connection to the widely acclaimed
fact that existence of charged defects like oxygen vacancies which
promote the probability of hopping conduction, results in high ε
values. So, it may be inferred that Cr3þ as a dopant on the Fe3þ site
reduces the formation of these charged defects (low ε values) by
stabilizing the perovskite structure while maintaining the charge
neutrality [21,52].
Moreover, the volatile nature of Bi3þ gives rise to such oxygen
vacancies during high-temperature sintering, forming of Fe2þ as
per the following equation:

V XO þ 2Fe3þ 4V tO þ 2Fe2þ
where V tO is the oxygen vacancy and V XO is the oxygen position.
Hence, it may be presumed that Fe2þ content can be reduced by
decreasing the Fe3þ content by congruous doping at the Fe site of
BiFeO3 [17]. Suppression of oxygen vacancies with the incorpora€ssbauer spectra.
tion of Cr is also supported by Mo
The P-E loops were measured at room temperature under a
maximum applied an electric ﬁeld of 30 kV/cm and frequency of
50 Hz shown in Fig. 4. The ﬁgure indicates an increase in saturation
polarization while the lossy nature reduces remarkably as a function of Cr doping. This might be due to limited oxygen vacancy
conduction [54]. Also, it may be noted that, the maximum polarization (Pm) increases from 0.44 mC/cm2 (BFO) to 2.08mC/cm2
(BHFCO4). On the other hand, the values of remnant polarization
(Pr) and coercive ﬁeld (Ec) increase from 0.68 mC/cm2 and 9.75 kV/
cm to 1.01 mC/cm2 and 36.39 kV/cm respectively for BHFCO2. An
abrupt increase Pr and Ec in BHFCO2 is probably affected by Ho
doping [44,46] since the Cr content is very low. However, on further
increasing the Cr concentration, Pr and Ec values decrease. The rise
in Pm and fall in Pr and Ec with Cr doping might be ascribed to its
ability of suppressing the defect density (oxygen vacancies) as
explained earlier.
3.5. Optical analysis

3.4. Ferroelectric and dielectric analysis
Fig. 4(a) and (b) shows the frequency dependent dielectric
constant, ε and dielectric loss, tan d for pristine and co-doped BFO
samples measured at room temperature. All the samples exhibit a
prominent frequency dispersion where both ε and tan d decrease

Fig. 5 shows UVeVisible absorption spectra of BFO and Ho, Cr
co-doped BFO nanoparticles. All samples show absorbance peaks in
the wavelength range of 400e550 nm, which indicates a band gap
in visible region of the electromagnetic spectrum. As observed from
the spectra, BFO nanoparticles exhibited an absorption peak at

Table-2
€ssbauer spectra of three selected compositions.
The ﬁtting parameters of Mo
Cr content (x)
0.0

0.02

0.04

Fe sites
3þ

Sextet A (Fe )
Sextet B (Fe3þ)
Doublet (Fe3þ)
Sextet A (Fe3þ)
Sextet B (Fe3þ)
Doublet (Fe3þ)
Sextet A (Fe3þ)
Sextet B (Fe3þ)
Doublet (Fe3þ)

d in mm/s (±0.01)

DEQ in mm/s (±0.01)

Hhfin Tesla (±0.06)

Relative Area, RA (%)

G in mm/s (±0.05)

c2

0.334
0.373
0.3
0.379
0.342
0.178
0.340
0.385
0.157

0.251
0.05
0.674
0.226
0.02
0.687
0.341
0.03
0.876

50.4
49.0
e
49.83
48.6
e
49.82
48.99
e

26.6
71.6
1.8
35.5
61.3
3.2
24.8
71.4
3.8

0.357
0.283
0.5
0.380
0.511
0.5
0.268
0.429
0.5

0.9686

0.9918

1.1883
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Fig. 4. (a) Frequency dependence dielectric (a) constant, (b) loss, (c) room temperature P-E loop, and (d) variation of Pm, Pr and Hc with Cr concentration.

The band gap as calculated from the point of inﬂection in the ﬁrst
derivative plot of the UVeVisible spectra [55] of all the nanoparticles were found to be 2.21, 2.22, 2.66, 2,37 and 2.70 eV for pure
BFO and 1%, 2%, 3% and 4% Cr doped BHFO respectively. These
values could be well correlated with previously reported results
[9,18]. An increase in band gap was observed indicating a blue shift
for higher doping concentration of Cr, which may be ascribed to the
signiﬁcant change in the band structure due to the rearrangement
of molecular orbitals by insertion of foreign elements. Other likely
reasons may be increased lattice strain, the smaller crystalline size
and the structural distortion in co-doped BFO nanoparticles as reﬂected by XRD results [9]. The higher band gap of BHFCO4 nanoparticle as compared to BFO indicates resistive properties of the
samples. This was also well correlated with the dielectric (high
dielectric constant and low loss) and ferroelectric (saturated PE
loop with low coercive ﬁeld) result. The band gap of these nanoparticles lies in the visible region which makes them a suitable
candidate for photocatalytic and solar cell applications.
4. Conclusion

Fig. 5. UVevisible absorption spectra of (a) BFO, (b) BHFCO1, (c) BHFCO2, (d) BHFCO3,
(e) BHFCO4 and (f) variation of band gap with doping concentration of Cr.

530 nm which eventually shifted to 520 nm, 458 nm, 475 nm and
457 nm for BHFCO1, BHFCO2, BHFCO3 and BHFCO4 respectively.

Rietveld reﬁnement of XRD patterns of Ho-Cr co-doped nanoparticles synthesized by sol-gel route conﬁrmed rhombohedral R3c
structure. Simultaneous improvement in ferromagnetic and ferroelectric properties with increasing Cr3þ concentration was attributed to the increase in ferromagnetic coupling between Cr3þ/Fe3þ
and Fe3þ/Fe3þ under super-exchange interactions, breaking of spin
cycloid structure due to the nano-sized particle, presence of
ferromagnetic impurity phase (BHFCO4) and suppression of oxygen
vacancies respectively. The band gap measurement further
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conﬁrms the enhanced resistive nature at higher Cr concentrations.
The improved multiferroicity by Ho-Cr co-doping may encourage
further investigation of co-doped BiFeO3 systems and establish
them as potential candidates for future applications.
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