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Abstract. Perovskite oxides are an important and exciting class of materials owing to the structural diversity with
remarkable magnetic, optical and electronic behaviours. Here, a single-phase multiferroic orthoferrite, Y0.74Bi0.25FeO2.97
(YBFO), has been synthesized by a conventional solid-state method. The crystal structure was refined using the Rietveld
refinement method from powder X-ray diffraction data, and confirms an orthorhombic structure with the Pnma space
group. The Curie-Weiss fitting to the magnetic susceptibility shows that the h-value is –926 K and leff = 5.59 lB,
exhibiting canted antiferromagnetism. Room temperature magnetic and ferroelectric hysteresis loops verify the presence
of magnetic as well as ferroelectric ordering in the material with a remnant polarization (Pr) of 0.27 lC cm–2 and electric
coercivity (Ec) of 15 kV cm–1. Temperature-dependent P–E loops and pyrocurrent response confirm the inherent multiferroic nature of the material. The UV–visible study indicates a semiconductor nature with the bandgap of 1.86 eV.
Density-functional theory calculations support the observed experimental behaviour and it signified the role of Bisubstitution. Even a very less concentration of Bi-doping can form an exciting room temperature multiferroic material.
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Introduction

Multiferroic materials are a special class of compounds in
which at least two different order states such as ferroelectricity and ferromagnetism (FM) coexist in the same phase
within a certain temperature range [1–9]. The single-phase
multiferroic materials are potentially applicable in magnetocapacitance, spintronic devices, sensors, multiple-state
memories and information storage devices [10–13]. The
examples of such materials are very rare due to the conflicting requirements of vacant d-orbital and partially filled
d-orbital in the same compound. The ferroelectricity
requires d0 configuration, and FM or antiferromagnetism
(AFM) requires dn configuration [4,5]. Therefore, continuous efforts have been devoted to search new materials
which could exhibit multiferroic behaviour in attempts to
achieve electronic and magnetic coexisting orderings.
Compared to other inorganic oxides, perovskites (ABO3) are
more studied due to their flexibility for the chemical and

structural manipulation in either A- or B-site. Few wellknown examples of multiferroic perovskite oxides are
BiFeO3, BiMnO3, BiCoO3, YMnO3 and YCrO3 [14–19].
The d0-contribution mainly comes from the A-site with an
active lone pair and the partially filled d-electrons are
contributed from B-sites. BiFeO3 is the most studied
material due to the presence of ferroelectric and magnetic
ordering behaviour at above room temperature [16–19].
BiFeO3 exhibits the non-centrosymmetric distorted rhombohedral structure (space group of R3c), which possesses
high ferroelectric Curie temperature (TC) of 1100 K and an
AFM Neel temperature (TN) of 640 K [20], although the
magnetization is very small [21]. In BiFeO3, the polarization arises due to the Bi3? with 6s2 lone pair electrons, and
magnetization is due to the Fe atom with d-shell (d5)
electrons.
Later on, ferroelectricity has also been found in RFeO3type orthoferrites (R = Y and rare-earth elements) [22].
YFeO3 crystallizes into two polymorphic forms; one is
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centrosymmetric orthorhombic (space group Pbnm/Pnma)
and the other is YAlO3-type hexagonal phase. These polymorphic forms are very sensitive towards the synthetic
condition at ambient pressure [23,24]. As ferroelectricity is
forbidden for the centrosymmetric space group, there are
very few reports on ferroelectricity in orthoferrites. But
recently, SmFeO3 was investigated as room temperature
ferroelectric material [25]. The detail analysis of above
orthorhombic distorted orthoferrites (RFeO3) reveals that
ferroelectricity and its magnetic ordering mainly comes
from three types of interaction: (a) Fe–Fe interactions
causing the magnetic moment; (b) R–R interactions causing
ordering at low temperature and (c) R–Fe interactions
responsible for the spin reorientation. In general, orthoferrites generate ferroelectricity because of noncollinear spin
structure with canted antiferromagnetic order. This type of
magnetic ordering induces a spin current through spin-orbit
coupling driven antisymmetric exchange interaction along
the Fe3?–O2––Fe3? pathway. The spin current (*js) in
such a noncollinear magnetic structure breaks the centrosymmetry of the electronic charge density distribution
and yields a polarization (*P/*js) [25–29].
Although A-site substituted BiFeO3 compounds are well
studied, the systematic investigation of A-site substitution in
YFeO3, which distorts the structure along with the variation
of properties, has not been explored in detail so far. Analysing the effect of A-site substitution on its properties, the
doping element should follow two conditions: same valence
state and similar outer shell electrons, which would not
contribute to overall magnetic response of orthoferrites.
Hence, Bi3? is the best suitable choice for the substitution
of Y3? as it contributes electrical polarization to the
material. Recently, Rosales-González et al [30] reported a
very limited experimental work on variation of multiferroic
properties of YFeO3 by substitution with Bi3? up to 0.5%
and found single-phase material till 0.3% doping under
1500 MPa pressure and could not verify it with theoretical
calculations. In this study, we have synthesized a new
polycrystalline phase, Y0.74Bi0.25FeO2.97 (YBFO) by
adopting a conventional solid-state method. The detail
magnetic, electric and theoretical studies have been performed to analyse the multiferroic nature and structure–
property relationships for the substitution of bismuth at
A-site.

2.

Experimental and theoretical calculation details

Single-phase YBFO was prepared by conventional solidstate method. The starting materials, i.e., Y2O3 (Sigma
Aldrich; purity [99.8%), Bi2O3 (Sigma Aldrich; purity
[99%) and Fe2O3 (Sigma Aldrich; purity[98%) were used
as it is without any further purification. The stoichiometric
mixture containing the molar ratio 3:1:4 for Y2O3, Bi2O3
and Fe2O3 was ground approximately for 2 h. A few drops
of acetone were added in the grinding time to make more
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homogeneity in the powder mixture. The mixed powder was
pressed in small cylindrical pellet with a diameter of
*8 mm and thickness of *0.4 mm under a pressure of 10
bars. Pressed pellet was heated at 1100°C for 96 h in furnace. After the reaction, the pellet was observed to be
melted, which was the reason for lowering the bismuth
concentration in the final product.
Phase purity, crystal structure determination and final
structural refinement were performed from powder X-ray
diffraction (PXRD) data collected on D8-advance
diffractometer (Bruker AXS,) using rotating anode Cu-Ka
radiation. The PXRD patterns were collected from 10 to
90° in steps of 0.02° with a counting time of 8 s per step.
PXRD patterns were analysed employing Rietveld refinement technique with the help of Fullprof package. All the
occupancy parameters were taken as fixed at their corresponding composition during refinement. Other parameters, such as, zero correction, scale factor, half-width
parameters, lattice parameters, atomic fractional position
coordinates and thermal parameters, were varied during
refinement. Background was defined by the sixth-order
polynomial, whereas peak shape was defined by pseudoVoigt function.
The micro-structural properties of the material were
investigated by using field emission scanning electron
microscopy (FE-SEM), Hitachi S-4800, operating at an
accelerating voltage of 10 kV and equipped with energydispersive X-ray spectroscopic (EDAX) system. XPS
spectra were recorded using X-ray photoelectron spectrophotometer (XPS) (PHI 5000 Versa Probe III) with Al
Ka (hm = 1486.6 eV) X-ray radiation. All the binding
energies in the spectrum were referenced with respect to the
C-1s peak at 284.6 eV for peak shift correction. MULTIPAK software was used for de-convolution and spectra
analyses. DC magnetization (M) was measured as a function
of temperature at higher temperature range (300 K B T
B 750 K), below room temperature (2 K B T B 320 K)
and magnetic fields dependent up to ±9 Tesla using physical property measurement system (Quantum Design)-based
vibrating sample magnetometer. The Polarization hysteresis
loop (P–E) and pyrocurrent were measured at room temperature by using ferroelectric loop tracer. The diffuse
reflectance spectra were collected from LAMBDA 35 UV–
visible spectrophotometer in the range from 200 to 800 nm.
The density-functional theory calculations were performed within the plane-wave basis set based on a pseudopotential framework as implemented in the Vienna abinitio simulation package. The generalized gradient
approximation (GGA) exchange-correlation functional was
employed following the Perdew–Burke–Ernzerh of prescription. The missing correlation effect beyond GGA has
been taken into account through the added Hubbard correlation like GGA?U calculations. For the plane-wave basis,
a 600-eV plane-wave cut-off was applied. A k-point mesh
of 8 9 8 9 6 in the Brillouin zone was used for selfconsistent calculations. The effect of spin orbit coupling
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was taken care as a scalar relativistic correction to the
original Hamiltonian.

3.

Results and discussion

3.1

Crystal structure

Crystal structure of YBFO was investigated through room
temperature laboratory PXRD. The synthesized material
was well crystallized as can be seen from sharp diffraction
peaks and strong intensities. The well-known fact about
YFeO3 is that it crystallizes into two phases, i.e., hexagonal
and orthorhombic structure. All the diffraction peaks of
YBFO coincide with the YFeO3 orthorhombic structure
with the space group Pnma (JCPDS No. 86-0171). Minor
impurity phase was detected around 12.5, 17.6 and 32.5°
due to the Bi2O3 phase (with JCPDS no. 50-1088) [30].
Normally d-Bi2O3 is stable in the temperature range
729–825°C, which can transform consecutively to d-Bi2O3
via series of metastable phase b, c on cooling [31,32].
According to Shannon’s effective ionic radii [33], Bi3? and
Y3? with coordination number 8 possess ionic radii of 1.17
and 1.01 Å, whereas Fe3? and Bi3? with coordination
number 6 possess ionic radii of 0.64 and 1.03 Å, respectively. By following the radius matching principle, the
excess Bi3? entered into A-site having a high coordination
number in perovskite structure. The presence of relatively
large size Bi3? enhances the mean radius at A-site, which
leads to an increase in the dimension of unit cell. Hence, the
additional lattice distortion occurred by A-site doping,
which increases the total free energy of perovskite structure
[34,35]. However, the cation deficiencies at A-site provide
thermodynamic stability to the present perovskite structure.
Thus, the present A-site cation-deficient structure is an
example for energy compensation in the isolated
stable structure. Simultaneously, oxygen deficiency is also
found in the present material, which is confirmed by the
XPS measurement (shown later). This type of behaviour is
also previously shown in BiFeO3 thin films reported by
Dedon et al [36]. The cell volume and lattice constant are
given in table 1. An enhancement in the lattice volume
leads the variability of inter-atomic bond distances, bond
angles and octahedral tilts of FeO6 units, which further
affect the ferroelectric properties of YBFO.
Structural stability is quantified by using the Gold Schmidt tolerance s in ABO3.
s¼

½fð1  xÞrY þ xrBi g þ rO 
p
2ðrFe þ rO Þ

ð1Þ

where rY, rBi, rFe, rO is the radius corresponding to Y3?,
Bi3?, Fe3? and O2–, respectively. The compressive strain
affects the Y–O and Fe–O bond length as well as Fe–O–Fe
bond angles if the ‘s’ value is \1. The smaller value of ‘s’
(i.e., 0.773) corresponds to finite lattice distortion, which
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Table 1. Results of the crystal structure refinements of YBFO as
obtained from room temperature PXRD.
Structural parameters

Y0.74Bi0.25FeO2.97

T [K]
Space group
a [Å]
b [Å]
c [Å]
V [Å3]
Rp (%)
Rwp (%)
Rexp (%)
v2
RBragg
RF
x (Bi/Y)
y (Bi/Y)
z (Bi/Y)
Uiso
Occ.
x (O1)
y (O1)
z (O1)
Uiso
Occ.
x (O2)
y (O2)
z (O2)
Uiso
Occ
deq (Fe-O2) [Å]
deq (Fe-O0 2) [Å]
dap (Fe-O1) [Å]

295
Pnma
5.5948(1)
7.6120(3)
5.2920(1)
225.37(1)
2.04
3.57
1.96
3.32
5.4
7.8
0.06363(18)
0.25
–0.0166(4)
0.0619(6)
0.2504(1)/0.740(3)
0.4806(10)
0.25
0.0618(15)
0.019(3)
1.119(8)
–0.3259(10)
–0.0471(10)
0.3237(9)
–0.0038(17)
2.857(2)
2.002(5)
2.079(5)
1.933(1)

results in the evolution of lower symmetric crystallographic
phase from higher symmetric cubic.
For a comprehensive structural assessment, the Rietveld
refinement was performed on PXRD data using Fullprof
software, with the conventional orthorhombic Pnma space
group followed by YFeO3 structure as starting model (figure 1). In orthorhombic structure, the unit cell parameters
(a = 5.5948, b = 7.6120, c = 5.2920 and V = 225.37) are
related to a0 as a & H2a0, b & 2a0, c & H2a0, with
random distribution of Y and Bi at 4c (x, y, ) position, Fe
atom at 4b (0, 0, 1/2), and O1 and O2 at 4c (x, y, ) and 8d
(x, y, z), respectively. Anisotropic thermal parameters were
not refined as it is difficult to obtain from powder data. The
refinement of the positional and isotropic thermal parameters P
resulted in a Presidual RF = 7.8% (defined as
RF = ||Fobs|–|Fcalc||/ |Fobs|). The other refinement
parameters
such
as
Rp = 2.04%,
Rwp = 3.57%,
Rexp = 1.96% and v2 = 3.32 are in good agreement of phase
purity. The Fe–O bond lengths are in the range from
1.933(1) to 2.079(5) Å with an average distance of 2.004 Å.
The Y/Bi–O bond lengths are in the range from 2.369(5) to
2.679(5) Å with an average distance of 2.514 Å (table 2).
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Figure 1. Results of the Rietveld refinements of the laboratory
PXRD data of YBFO collected at room temperature and refined
with orthorhombic space group Pnma. The calculated patterns
(red) are compared with the observed ones (black cross). The
difference patterns (blue) as well as the positions of the Bragg
reflections (light blue bars) are also shown. Inset PXRD plot shows
the tiny impurity of Bi2O3 in the material. Inset picture shows the
crystal structure of the material. Green octahedra are showing
FeO6 units and white sphere with light purple colour for Bi and Y
at A-site.

In the present YBFO, 25% doping of Bi at A-position shows
phase purity because all the refinement parameters, bond
lengths (Fe–O and Bi/Y–O) and bond angles are comparable with earlier reported Y1-xBixFeO3 (till x = 0.3) and
related structures (YFeO3). Interestingly, our refinement
reveals a variation in the Fe–O–Fe bond angles ranging
from 159.47 to 141.19° compared to YFeO3 structure which
confirms that the Bi3? doping can enhance the distortion in
FeO6 octahedra. The single phase with continuous homogeneity can be observed by the FE-SEM study as given in
figure 2. The images display the unequal size distribution of
small agglomerated particles. Chemical composition of
elements and phase purity are also confirmed by energy
dispersive X-ray analysis (EDAX). Yttrium, bismuth and
iron present in the material are approximately same (figure 3), as confirmed by Rietveld refinement. The absence of
any other foreign peaks in the EDAX analysis confirmed the
phase purity.
Table 2.

Some selected bond lengths and bond angles of YBFO.

Bond length
Y/Bi–O1
Y/Bi–O1
Y/Bi–O0 2
Y/Bi–O00 2
Fe–O1
Fe–O2
Fe–O0 2

[Å]

Bond angle

[°]

2.369(5)
2.451(8)
2.679(6)
2.557(7)
1.933(1)
2.002(5)
2.079(5)

Fe–O1–Fe
Fe–O2–Fe
Y/Bi–O1–Fe
Y/Bi–O0 2–Fe
Y/Bi–O2–Fe
O1–Fe–O0 2
O2–Fe–O0 2

159.47(1)
141.19(27)
91.47(1)
81.41(20)
83.12(20)
92.55(20)
90.67(20)

XPS study

The exact oxidation state of transition element (Fe) was
evaluated by XPS measurement. Figure 4a highlights a
survey scan, wherein identifiable elements, such as Y, Fe,
Bi, C and O, are observed. The yttrium 3p spectrum (figure 4b) shows two peak features consistent with the Y 3p1/2
and 3p3/2 spin-orbit coupled doublets located at 311.7 and
299.7 eV, respectively, which are in close agreement with
the previously reported data for Y3? [37]. The transition
metal Fe-2p spectra are also split into two peaks by spinorbit coupling, 2p3/2 and 2p1/2, appearing at the binding
energies of 710.9 and 724.3 eV, respectively, which confirms the presence of Fe in 3? oxidation state [38]. The
absence of a peak with binding energy at around 709 eV
confirms the unavailability of Fe2? state in the present
material. The high-resolution XPS of Bi 4d (figure 5d)
shows two peaks located at 465.3 and 441.5 eV, which are
assigned to Bi-4d3/2 and Bi-4d5/2 of Bi3? [39]. The
O-1s region on deconvolution clearly indicates two peak
features located at the binding energies of 529.5 and 531.2
eV, respectively. While the peak at 529.5 is assigned for the
lattice oxygen atoms and the hump at the higher binding
energy may be due to the presence of oxygen vacancies
[37,40]. Taking into the consideration of YBFO composition, all the metal ions Bi, Fe and Y are present in the 3?
oxidation state exclusively.

3.3

DC magnetization

Temperature-dependent magnetization was measured from
300 to 750 K in the applied magnetic field of 0.01 T (figure 5) for finding the ordering temperature of YBFO. The
material shows a magnetic transition from paramagnetic
(PM) to the AFM state at 645 K (TN), which can also be
seen in BiFeO3 compounds. The divergence of ZFC and FC
curves starts just below the Neel temperature (figure 5a).
With lowering the temperature, one can observe an extra
anomaly at 360 K, which can be defined as spin reorientation temperature (Tr) [41–43]. Generally, spin orientation
occurs in orthoferrites with paramagnetic rare-earth ions but
many other metal ions can also show the similar behaviour.
Orthoferrites show second-order spin reorientation due to
Fe3?–O–Fe3? magnetic interactions, in which spin structure
changes from C4(Gz, Fy, Ax) to C2(Cx, Gy, Fz). But in
(1–x)BiFeO3–xPbTiO3, spin reorientation occurs due to the
spin flop in ferromagnetic component of noncollinear
magnetic structure in the absence of any other paramagnetic
ions [44]. One can find a similar hump below 370 K in the
recently reported Y0.7Bi0.3FeO3 phase, which was not discussed in the communicated work [30]. There are some
more examples which show that the spin reorientation can
also induce by element substitution or an external magnetic
field in orthoferrites [45,46]. Magnetic measurements below
room temperature have also been performed to confirm the
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Figure 2. (a) FE–SEM micrograph (5, 2, 1 lm and 500 nm) of YBFO recorded at room temperature. (b) Elemental overlays in the
EDAX image showing the homogeneity in the product phase.

Figure 3.

EDAX spectra with distinct peaks of Y, Bi and Fe. Inset table for chemical composition of Y, Bi and Fe.

196

Page 6 of 14

Bull Mater Sci (2020)43:196

Figure 4. (a) XPS survey spectrum of YBFO. High-resolution deconvoluted XPS spectra for (b) Y-3p, (c) Fe-2p, (d) Bi-4d,
(e) C-1s and (f) O-1s.

absence of any other magnetic transitions in the material.
The higher temperature magnetization shows that the
observed behaviour is almost similar with earlier reported
orthoferrites.
Here, the data above TN can be well fitted with the Curie–
Weiss (CW) law:
vCW ¼ C=ðThÞ;

ð2Þ

where C is the Curie constant, and h the CW temperature. A
typical fitting result of YBFO has been given in the inset of
figure 5a. Based on the obtained Curie constant C, the
effective magnetic moment leff can be calculated by using
formula C = NAl2eff/3k, where NA and k are the Avogadro
number and Boltzmann constant, respectively. The negative
value of h indicates dominant AFM interaction. The
experimental value of the effective magnetic moment per
formula unit is found to be 5.59 lB. The theoretical magnetic moment of YBFO can be calculated by the forqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mula x½leff ðY3þ Þ2 þ½leff ðFe3þ Þ2 , where x, leff(Y3?),
leff(Fe3?) are the Y3? concentration, effective magnetic
moment of Y3?(4d0, leff Y3?, 0) and Fe3? 3d5, leff(Fe3?,
5.92 lB), respectively. The calculated magnetic moment per
formula unit is slightly higher compared to the experimentally measured magnetic moments.
The slight difference observed in experimental and theoretical magnetic moment may be due to magnetic impurity, oxygen vacancies, short-range magnetic correlations or
the FM clusters. From our results, it is confirmed that the

lower value of experimental magnetic moment excludes the
possible influences of magnetic impurities, and XRD
refinement also confirmed the absence of magnetic impurity. So, the possibility of oxygen vacancies, short-range
magnetic exchange coupling (super exchange) and ferromagnetic clusters are into consideration. Secondly, the
short-range magnetic exchange coupling needs to be considered, which has been detected in Pb2MnReO6 [47]. The
predictable short-range spin–spin interactions of Fe3?–Fe3?
above TN may give rise to a net magnetic moment, leading
to the large magnetic moment than the non-interacting
paramagnetic distribution of Fe3? and Y3? [48]. It concludes that the present material shows canted antiferromagnetic nature along with short-range magnetic exchange
coupling interactions between Fe3? ions. Ferromagnetic
clusters are also observed in LaMn1/2Fe1/2O3 and La2/3Ca1/3
MnO3 compounds to exhibit higher magnetic moments
[49,50]. We can exclude the possibility of any ferromagnetic cluster in the present compound, as we have not
observed any exchange anisotropy in the M–H loop (discussed below). In our present compound, the canted AFM
ordering and oxygen vacancies may support for the variation of the magnetic moment.
Isothermal magnetizations M(H) were measured at six
different temperatures (3, 50, 100, 300, 500 and 700 K) as
shown in figure 5b. The hysteresis loops were observed
below the Neel temperature. The shape of magnetic hysteresis loop shows that the total magnetization is composed
of mainly AFM contribution along with the weak FM
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Figure 5. (a) Temperature-dependence magnetization of ZFCFC for YBFO from 300 to 750 K. The divergence in ZFC-FC at
650 K is also shown inside the plot. Inset shows 1/v vs. T linear fit
in the range of 660–750 K. Lower inset 1/v vs. T shows transition
temperature. (b) Isothermal field-dependence magnetization measured at different temperatures for YBFO. Note the hysteresis
observed at 500 K, well above room temperature.

component. The observation of such a hysteresis is reminiscent of a weak FM or canted-AFM. Interestingly, the value
of magnetization at 3 K is *0.09 lB, which is much smaller
compared to the saturation values expected for the material.
Typically, for a FM, a small external field can polarize all the
spins in the direction of the field, which gives fully polarized
saturation magnetization. Thus, the lack of saturation even at
9 T for the material rules out the possibilities of a FM transition. There is also no shifting in the isothermal loop, which
shows the lack of interface between ferromagnetic and
antiferromagnetic interactions. The Fe–O–Fe super
exchange interaction [49] may play an important role in our
YBFO material. Hence, the total magnetization is mainly due
to the canted AFM ordering with super exchange interactions
among the Fe3? states [51,52].
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Figure 6. (a) Polarization (P) vs. electrical field (E) hysteresis
loop of YBFO at room temperature. (b) Temperature-dependent
P–E loop for YBFO at constant electric field. The P–E loops at
lower and higher temperatures (in inset).

3.4

Electric polarization

Figure 6a reveals the electric polarization vs. electric field
(P–E) loops of YBFO measured at room temperature.
P–E loops show weak ferroelectric characteristic of YBFO
accompanied by small leakage current. The observed
behaviour is quite similar to the loose capacitive nature
related to the presence of space charge defect, i.e., oxygen
vacancies [53,54]. The electric polarization occurs only
when a cation of smaller ionic radii is replaced by larger
ionic radii and produces slight structural distortion affecting
centrosymmetric nature of the structure. In those materials,
there are two well-known reasons for polarization: (1)
structural distortion and (2) spin-induced polarization. As
the PXRD of the present material shows the centrosymmetric space group, which implies that the presence of
atoms is essential on their symmetric positions, the symmetry breaking can be observed in local structure.
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The polarization can also be generated due to the small
electronic rearrangement. Canting of the antiferromagnetically ordered spin in YFeO3 material is observed due to the
Dzyaloshinskii–Moriya interaction, which can cause the
ferroelectricity in other related materials as reported in literature [25–29]. Here, the elliptical-shape loops become
wider as the electric field increase, which implies the proportional enhancement of polarization with applied field.
The loops are not saturated even at higher electric field of
40 kV cm–1. The remnant polarization (Pr) and saturation
polarization are approximately 0.27 and 0.73 lC cm–2,
respectively. The coercive field (Ec) is 15 kV cm–1 under an
applied electric field of 40 kV cm–1, which is greater than
the earlier reported YFeO3 and doped-BiFeO3. The leakage
behaviour of this material is found out, which could be due
to the presence of 2.5% impurity phase of Bi2O3 [35].
Hence, the observed polarization is a combined effect of the
distortion of the local symmetry and random distribution of
Y3? and Bi3? at A-site in YBFO. The off-centre shifting of
Fe atom occurs in YBFO, as similar displacement of Crcentres is observed in ferroelectric YCrO3 [55–57]. We
have performed P–E responses at different temperatures
(40–100°C) by keeping electric filed constant as 20 kV
cm–1 (figure 6b). It can be observed that there is no significant change in the shape of loop; however, the area of
loop becomes smaller as we increase the temperature.
Further, a slight decrease in the value of remanence polarization from 0.0079 to 0.0049 lC cm–2 is observed by
increasing the temperature from 40 to 100°C. This indicates
that there is no phase change in the material up to 100°C
(373 K) and a slight decrease in value of polarization by
increasing the temperature is due to randomization of
dipoles at higher temperature. It is really essential to verify
the origin of polarization in the present material. The
measurement of pyroelectric current with the variation of
temperature may support the inherent polarization of the
material. From figure 7, it is seen that the pyroelectric
current enhances as the temperature increases, which shows
that the electric dipoles are rising with the variation of
temperature. Above 240°C, pyroelectric current increases
rapidly, which shows the polarization is due to the pyroelectric property of the material not only due to space
charges or oxygen vacancies. Such behaviour may confirm
for inherent multiferroic behaviour of the present materials.

3.5

Dielectric properties

The dielectric constant (e) and dielectric loss (D) were also
measured for synthesized YBFO material by varying the
frequency at room temperature, to confirm the inherent
charge separation behaviour (figure 8). The dielectric constant and dielectric loss both decrease as the frequency
increases and reach towards saturation at 1 KHz. The drop
of dielectric constant with frequency is due to decrease of
total polarization arising from dipoles and trapped charge
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Figure 7. Temperature dependence of pyroelectric current in
heating and cooling run.

Figure 8. Frequency dependence dielectric constant (e) and
dielectric loss of YBFO at room temperature.

carriers. The particular trend in the dielectric constant
comes in knowledge because of contribution of Maxwell–
Wagner-type polarization, and the less dielectric relaxation
time is directly related to polarization orientation [58,59].
Space charge polarization originates due to dipole ordering
in the present material. The minor oxygen vacancies or
cation vacancies may induce the dielectric permittivity at
lower frequency, although it is relaxed at higher frequency
[59,60]. According to the Maxwell–Wagner theory, the
dielectric structure carries two types of layer in ferrite
materials [61]. The observation of intrinsic electronic
exchange interactions is considered as responsible factor for
the polarization in type-II multiferroic materials.
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Optical property

To investigate the possible electronic transitions and the
bandgap, we measured the UV–visible spectra for YBFO.
The measured reflectance spectrum was transformed to the
absorption spectra by using the Kubelka–Munk (K–M)
method, as shown in figure 9. The bandgap of the material
is calculated by the given equations:

n
F ðRÞht ¼ C htEg
ð3Þ
F ðRÞ ¼ Cð1RÞ2 =2R:

ð4Þ

Here R is the reflectance, h the Planck’s constant, t the
frequency and Eg the bandgap. In general, the value of n is 2
for direct bandgap and  implies indirect bandgap. As the
present structure is distorted from ideal cubic perovskite
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structure BiFeO3, point group changes from Oh to C3v. In
BiFO3, six transitions are expected in between 2 and 5 eV,
including two d–d transitions for Fe3? (d5). There are two
charge transfer bands for Bi-O at around 292 and 384 nm.
Two charge transfer bands for Fe-O are observed at 410 and
450 nm. Other two different bands cantered at 651 and
744 nm due to the d–d transitions in Fe3?(d5) are assigned
as 6 A1g ! 4 T1g and 6 A1g ! 4 T2g transitions, respectively.
In our present material, we have also observed similar six
bands although the band positions are shifted from the
BiFeO3. The bandgap is measured from the strong absorption edge in perovskite-type oxides, which is due to electronic transitions from the valence band of O (2p) to the
conduction band Fe (3d) [62]. YFeO3 has strong absorption
in the visible-light range from 400 to 700 nm, with observed
bandgap of 2.00 eV. The doping of Bi-ion in YBFO shifts
the absorption bands in red-region, which centres at 667 nm
(equation (5)). Hence, the observed bandgap of YBFO is
1.86 eV, which indicates that in YBFO the bandgap narrows down as compared to YFeO3.
E ðeVÞ ¼ hc=kmax ¼ 1:86 eV:
3.7

Figure 9. (a) UV–visible spectra in diffuse reflectance as a
function of wavelength. (b) Tauc plot for (Kht)1/2 as a function of
photon energy (ht) for YBFO.

ð5Þ

Electronic structure calculations

The electronic structure investigations were performed for
the parent YFeO3 and the 25% Bi-doped YBFO materials
using first-principles density-function theory-based electronic structure calculations. We did consider only 25% Bi
doping at the Y-site keeping the oxygen stoichiometry same
as the parent one. Although the stoichiometry of the simulated doped material is not exactly same as that of the
experimentally synthesized doped one, however this analysis gives the qualitative understanding about the effect of
the Bi doping. The 25% doped crystal structure of YBFO
was obtained by structural optimization, relaxing both unit
cell parameters as well as the atomic position coordinates
of all the atoms, staring from the parent YFO. Point to
be noted that after doping of larger cation Bi?3 in the place
of Y?3, the cell volume gets increased by 4%, which
agrees qualitatively with the PXRD measurements, as
shown in table 1 (calculated optimized lattice parameters:
a = 5.6396 Å, b = 7.7162 Å, c = 5.3559 Å, V = 233.07
Å3). We have checked the energetically favourable site for
the Bi doping among the different Y sites from the symmetry consideration and we did our rest of the calculation
with this crystal structure.
The calculated GGA ? Ueff (Ueff = 6 eV at the Fe site)
spin-polarized density of states (DOS) for YFO and YBFO
are shown in figure 10. The DOS clearly shows that there
are no such major changes after Bi doping, except the
appearance of some extra states peaks in the YBFO. Even
after Bi doping, the YBFO remains an insulator reflecting
that the doped Bi charge gets renormalized with the Y
states. Keeping in mind that the calculated bandgap depends
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Figure 10. The calculated GGA ? Ueff (Ueff = 6 eV at the Fe
site) spin-polarized density of states (DOS) for YFO and YBFO.

on the choice of U, however our calculated bandgap (*2
eV) matches quite well with what we found in the DRS
measurements (1.86 eV). To understand the effect of Bi
doping in the electronic structure, the orbital-projected DOS
have been plotted in figure 11.
The projected DOS shows that the Fe-d states are not
affected after Bi doping. Fe-d states are completely filled in
the majority spin channel and completely empty in the
minority spin channel, reflecting that Fe is in ?3 with d5
electronic configuration, for both the parent YFO and doped
YBFO. The calculated magnetic moment at the Fe site is 4.45
lB in the both compounds, reflects that the magnetism arising
from Fe-d states does not undergo any noticeable changes due
to Bi doping. However, due to Bi doping an additional peak
appeared from the empty Bi-6p states at around 4 eV above
the Fermi level, which set at zero in the energy scale. To
understand the ground state magnetism of the YBFO, we
performed the total energy calculations for different magnetic
configuration as shown in table 3. The calculations reveal that
the G-type AFM configuration is the most stable configuration compared to the other possible spin configurations.
Next, we calculated the dielectric response and the
electric polarization for the doped system and compared
with the parent BiFeO3 (BFO) and YFO materials. The
calculated macroscopic dielectric tensor including local
field for parent BFO, YFO and doped YBFO are shown in
table 4. The dielectric tensors clearly showed that the
dielectric response increased after Bi doping compared to
the parent YFO, and the response decreased compared to
parent BFO. Most importantly, a substantial off-diagonal
non-symmetric contribution in the dielectric tensor in
YBFO reflected the rising structural asymmetry due to Bi6s2 lone pair (table 4). Moreover, the Bi doping also
affected the ionic polarizability. In case of the parent YFO
and BFO, there are no contribution from the ionic polarizability, whereas in the 25% Bi-doped YBFO there are
substantial amount of ionic polarizability vector [(–14.47,
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Figure 11.

The orbital projected DOS for YFO and YBFO.

Table 3. The total energy calculations for different magnetic
configuration of YBFO.
Spin configurations
FM
A-AFM
C-AFM
G-AFM

Energy difference/f.u. (meV)
145.9
96.5
42.7
0

–73.30, 15.42) electrons-Å] produced. Not only the ionic
polarizability, but the electronic polarizability also gets
changed considerably after doping in the parent compounds,
as shown in table 5.
The contribution of phonon in the dielectric response can
be determined by the Born effective charge (BEC) tensor

ds;a ,
Z*, through the polarization relationship: pb ¼ Zs;ab
where ds,a is the displacement of an ion s along the direction of a. Physically, the Z*, measures the microscopic
current flowing across the specimen, while the ions are
displaced from their equilibrium position very slowly and
these currents are responsible for the development of the
spontaneous polarization microscopically. Thus, the polarization is the net result of the ion displacement from the
centrosymmetric position to the ferroelectric structure (i.e.,
non-centrosymmetric). In other sense, it is the force (F) that
the ion feels due to electric field in the same direction as

that of electric field, Fs;b ¼ Zs;ab
Ea . Therefore, Z* is a
measure of the strength of electro-structural coupling of an
insulating material. Being related to dynamical changes of
the hybridization between various ions, values of Z* are
often found to be highly nontrivial. While in simple highsymmetry insulators, the Z* matrix is typically isotropic
with only nonzero identical diagonal components. However,
for a general case, Z* can have both diagonal and off-diagonal components, which need not to be even symmetric.
The calculated BEC tensors for the three materials are
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The calculated macroscopic dielectric tensors, including local field for parent BFO, YFO and doped YBFO.
YFeO3

BiFeO3
0

1
6:23 0:00 0:00
@ 0:00 5:91 0:00 A
0:00 0:00 6:04

Dielectric tensor

0

3:99 0:00
@ 0:00 3:84
0:00 0:00

Table 5. Electronic polarizability variations after doping in
parent materials BFO and YFO.
Electronic polarization (electrons Angs.)
BiFeO3
YFeO3
Y0.75Bi0.25FeO3

(0.00002
(0.00003
(-1.45795

-0.00002
0.00006
3.85821

0.07041)
0.03762)
0.29632)

shown in table 6. The computed BEC shows the presence of
large off-diagonal components at the Bi, Y and Fe sites,
which are totally non-symmetric. This non-symmetric nature can be interpreted as the combined effect of lowering
the structural symmetry and change in the hybridization
between Bi/Y-O and Fe-O, due to the Bi doping at the
Y-site. We have observed for the YFO, the BEC charges for
Y and Fe are very similar to the nominal valence change,
which is ?3, however, anomalously large charges can
observe after the Bi doping in the YFO. In the 25% doped
case, YBFO, Bi and Y show ?5 to ?6 BEC, which are
exceptionally larger compared to the nominal valance
charge of ?3. But in case of Fe, BEC is very similar to the
expected nominal static valance charge of ?3. More interestingly, we have found that large off-diagonal components

Table 6.

1
0:00
0:00 A
4:04

0

1
4:55 0:00 0:15
@ 0:00 4:30 0:00 A
0:03 0:00 4:49

The calculated Born effective charge tensor for the three materials BFO, YFO and YBFO.
YFeO3

Y0.75 Bi0.25FeO3

0

1
5:22 0:68 0:00
@ 0:17 5:02 0:00 A
0:00 0:00 4:87

0

0

Z*Y

Z*Fe

Y0.75Bi0.25FeO3

in all BEC are mostly not symmetric. In addition to that, we
have observed from the calculated Born effective charge
tensor and the electronic polarization, that the introduction
of even minor amount of Bi doping in the YFO (i.e., YBFO)
enhances its ferroelectric response, compared to the parent
YFO. Since in the calculations we did not consider the
oxygen vacancies, what really found in the experiments
shows the robustness of the observed ferroelectric responses
coming from the structural distortion coupled with the
electronic degrees of freedom, neither the origin of the
enhancement caused by the oxygen vacancies.
Based on this theoretical analysis, it is possible to
understand the origin of magnetic moment and polarization
existing at room temperature. Even the lower concentration
of Bi can affect the structure–property relationships. The
presence of larger Bi3?-ion in place of smaller Y3?-ion
plays a crucial role for structural distortion, which causes
the weak ferromagnetic interactions with enhanced ferroelectric behaviour. Both parent materials, YFeO3 and
BiFeO3, are canted G-type AFM with the space group
Pnma. Each Fe3? ion is surrounded by six O2– ions arranged in FeO6 octahedra and the O2– is the common apex of
the two adjacent octahedra that can help the superexchange
interactions. By virtue of Dzyaloshinskii–Moriya antisymmetric exchange mechanism and octahedral distortion, each

BiFeO3
Z*Bi
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3:73 0:00
@ 0:00 2:78
1:81 0:00

0

1
3:98 0:18 0:03
@ 0:39 3:93 0:23 A
0:25 0:01
3:88

0

3:88
@0:58
0:26

1
0:23
0:00 A
5:54

1
0:06 0:26
3:57 0:76 A
0:81
3:34

5:39
@ 0:00
1:02
0
5:62
@ 0:00
1:89
0
5:09
@ 0:00
0:59
0
0:26
@ 0:00
1:59
0
3:77
@0:46
0:41

1
0:51
0:00 A
5:05
1
0:00 1:76
3:86 0:00 A
0:00 5:34
1
0:00 0:02
3:87 0:00 A
0:00 4:78
1
0:00 1:01
2:59 0:00 A
0:00 5:19

0:00
4:30
0:00

1
0:81 0:21
3:67 0:37 A
0:09
3:52
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Fe3? spins are arranged not exactly antiparallel to the all six
Fe3? neighbouring ions, rather the spins are normally
canting at a small angle a [42]. The spin canting is generated through the replacement of smaller ion Y3? (1.01 Å)
by the larger ion Bi3? (1.17 Å), which creates the structural
distortion. In the present work, we have emphasized on a
material with centrosymmetric structure, which can exhibit
the multiferroic behaviour at room temperature.

3.8

General discussion

After a careful literature survey on multiferroic materials,
the idea for the synthesis of YBFO comes with the inspiration to observe any anomalies from four well-known
phases; BiFeO3, YFeO3, Y-doped BiFeO3 (Bi1.04–xYxFeO3)
and
Bi-doped
YFeO3
(Y1–xBixFeO3,
x = 0–0.5)
[21,30,63–73]. The magnetic and electrical properties are
often induced by the dopant ions as well as the concentration of various phases [68–73]. Such modified ferrites and
ceramic materials are useful as piezoelectric energy harvester for spintronic applications. Polycrystalline BiFeO3
exhibits the non-centrosymmetric distorted rhombohedral
structure (space group of R3c), which possesses high ferroelectric Curie temperature (TC) of 1100 K and an AFM
Neel temperature (TN) of 640 K, though the magnetization
is very small along with high polarization value [63].
YFeO3 crystallizes into two polymorphic forms; one is
centrosymmetric orthorhombic (space group Pbnm/Pnma)
and the other is YAlO3-type hexagonal phase, and retains
magnetization of 1.8 emu g–1 with room temperature
polarization of 0.008 lC cm–2 [64]. Y-doped BiFeO3 exists
in rhombohedral symmetry with R3c space group and shows
magnetization of 0.3 emu g–1 with polarization of 25 lC
cm–2 [65]. But Bi-doped YFeO3 exhibited orthorhombic
symmetry with Pnma space group and the detailed structure–property relationships are yet to be investigated in
detail [30]. The higher concentration of Bi-doping can make
the impurity of Y3Fe5O12 and Bi25FeO40 when the material
was synthesized at high pressure. The reported material,
Y0.7Bi0.3FeO3, exhibits very low-specific magnetization of
0.38 emu g–1 with high dielectric permittivity [30]. The
present YBFO phase contains only 2.5% Bi2O3 without any
magnetic phase impurity. The solvent-free synthesis condition has been adopted to minimize the impurity phase.
The present material is interesting due to concomitant
cation as well as anion vacancies and even though it is
achieving a high magnetization 2.3 emu g–1 with inherent
polarization 0.73 lC cm–2. In the present material, the
temperature-dependent magnetic susceptibility shows the
transition at 650 K associated with Neel temperature, and a
transition at 360 K is associated with spin orientation as
observed earlier with a compound (1–x)BiFeO3xPbTiO3.
Temperature-dependent polarization and pyrocurrent measurements also confirm the intrinsic ferroelectric behaviour,
although the anion vacancies may induce. The combined
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effect of dipole ordering and weak exchange interactions
raise the polarization for multiferroic type-II materials.

4.

Conclusions

Y0.74Bi0.25FeO2.97 appears to present a new example for roomtemperature intrinsic multiferroic material. Temperature-dependent magnetization, magnetic hysteresis and total energy
calculations revealed that the material is dominatingly antiferromagnetic due to the canting of spins from purely Fe3?
state. Polarization hysteresis loops measured at room temperature arise from the distortion of the local structure accompanied by spin-induced ferroelectricity in the material. Due to
the Bi doping, there is substantial change in the Born effective
charge tensor, which is mainly asymmetric as well as
appearance of ionic polarizability in addition to the electronic
one, which is absent in the parent BFO or YFO. The remnant
polarization increases three times due to 25% of Bi3? doping
at the A-site in YFeO3. The role of Bi-doping in YFeO3
compound is also well explained by the detail theoretical
analysis. UV–visible study confirms that the material is a
narrow bandgap semiconductor. We have presented strong
evidence for a close relationship between the experimentally
observed multiferroic behaviours and theoretical calculations.
As both the ferroelectric nature and finite magnetic moment
are present at room temperature, the present material is a new
example of A-site Bi-doped multiferroic material, which can
be further studied and applicable in various spintronic devices.
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S and Branković G 2010 J. Eur. Ceram. Soc. 30 277
[20] Murashov V A, Rakov D N, Ionov V M, Dubenko I S, Titov
Y V and Gorelik V S 1994 Ferroelectrics 162 11
[21] Lebeugle D, Colson D, Forget A, Viret M, Bonville P,
Marucco J F et al 2007 Phys. Rev. B 76 024116
[22] Dutta D P, Mandal B P, Naik R, Lawes G and Tyagi A K
2013 J. Phys. Chem. C 117 2382
[23] Yamaguchi O 1991 J. Electrochem. Soc. 138 1492
[24] Wu L, Yu J C, Zhang L, Wang X and Li S 2004 J. Solid State
Chem. 177 3666
[25] Lee J H, Jeong Y K, Park J H, Oak M A, Jang H M, Son J Y
et al 2011 Phys. Rev. Lett. 107 117201
[26] Stroppa A, Marsman M, Kresse G and Picozzi S 2010 New J.
Phys. 12 093026
[27] Sahoo S, Mahapatra P K and Choudhary R N P 2016 J. Phys.
D: Appl. Phys. 49 035302
[28] Zhang C, Shang M, Liu M, Zhang T, Ge L, Yuan H et al
2016 J. Alloys Compd. 665 152
[29] Chowdhury U, Goswami S, Bhattacharya D, Ghosh J, Basu S
and Neogi S 2014 Appl. Phys. Lett. 105 052911
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