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Abstract

In the present study, Bi,Fe4Oq polycrystalline powders have been prepared using standard solid-state reaction method. The
function of the processing parameters such as chemical reaction, heating and cooling temperature rate, and sintering time on the
single-phase formation mechanism was investigated. The prepared Bi,Fe,O9 bulk has been sintered on different temperature
from 500 to 800 °C in air to eliminate the organic impurity. The powder X-ray diffraction (PXRD) analysis confirms that
Bi,Fe, O bulk has typical orthorhombic phase with few intermediate impurities Fe,03/Bi,O3. The average crystallite size of
Bi,Fe,Oq polycrystalline materials has been calculated from Scherer formula and found to be in the range of 60—-100 nm. The
atomic force microscopy (AFM) reveals that the spherical particles are closely packed to each other. The particle size increases
with increasing the sintering temperature of Bi,Fe,Og bulk. The M-H measurement shows that Bi,Fe,Oo materials have weak
ferromagnetic behavior at room temperature. The dielectric constant ¢’ increases and the tangent loss decreases with increasing

sintering temperature, which indicates that it improves the ferroelectric properties.
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Introduction

During the last few decades, multiferroic materials have been
attracting considerable attention, due to their coupling ferro-
electric and antiferromagnetic orders in the same phase [1, 2].
Consequently, discovery of the magnetoelectric (ME)
effect has been considered promising for potential applica-
tions towards developing new kinds of functional devices.
There are very few energy-efficient single-phase multiferroic
materials existing at room temperature [3]. The preparation of
single-phase nano-structured powders is essential to enhance
the ferroelectric and magnetic properties. Currently, various
advanced techniques, such as the solid state reaction
method [4, 5], sol-gel method [6, 7], and hydrothermal meth-
od [8, 9] have been reported to prepare multiferroic materials,
which tailored the surface area to volume ratio and improved
the microstructural and magnetic properties. Consequently,
there is a strong interest in exploiting multiferroic materials.
There are various types of multiferroic materials such as
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Bi,M40y (M = AI3*, Ga**, In**, and Fe**) with multi-
structure having attracted significant attention due to its wide
scale of applications in data storage device [10—12]. Most of
the multiferroic materials were observed at very low temper-
ature with good degree of tenability. Among these
multiferroics, dibismuth tetrairon oxide Bi,Fe,Oq have
attracted great interest due to its complex pentagonal symmet-
ric structure and very strong magnetoelectric coupling, realiz-
ing extensive applications in solid-state oxide fuel. In the re-
cent years, Bi,Fe,O9 materials have been widely used for
photocatalyst and their potential utilization of solar energy
[13—15]. The BiyFe,O9 material shows non-collinear magnet-
ic arrangement with respect to magnetic frustration due to
Fe®* pentagonal lattice. The Fe ions in the unit cell of
BiyFe,O9 are evenly distributed between the tetrahedral and
octahedral positions with the Bi ions coordinated by eight
oxygen atoms. Some research group reported that a unit cell
of Bi,Fe,O9 consists of two kinds of Fe atoms (Fel, Fe2) in
which Fel occupies a tetrahedral position enclosed by four
O” ions and Fe2 occupies octahedral position coordinated
by six O” ions [16, 17]. The main difficulty is weak ferro-
magnetism and poor ferroelectric property of well-known
multiferroic material, Bi,Fe4Oy, at room temperature. The par-
tial doping at A-site or B-site or (A/B) both sites in Bi,Fe,Oq
materials has already been intensively studied and this
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substitution shows significant improvement of its multiferroic
properties [18-20]. The Bi,Fe,O9 polycrystalline powders
have been synthesized at lower temperature which increases
the cation distribution enhancing the magnetic and electric
polarizations simultaneously [21, 22]. The structure analysis
shows that the single-phase pure and AI** doped Bi,Fe,Oq
solid solutions possess orthorhombic structure with Pbnm
space group structure [23, 24]. In recent researches, it has been
reported that the Bi,Fe,O9 compounds with a tunable mor-
phology have attracted significant interest due to its wide
range of applications in actuator, solid-state oxide fuel cells,
sensors and photocatalytic oxidation, etc. [11, 15, 25]. In ad-
dition, B-site doping with d-block element improving the
structural, magnetic, and electric properties in multiferroic
has been reported in polycrystalline Bi,Fe,O9 [26-28]. The
nanostructure BiFe O materials synthesized in pure phase
with different morphologies show influence in the photocata-
lytic properties [7, 29-31]. To the best of our knowledge, there
has been no report regarding sintering temperature in order to
address the above mentioned problems. The main aim of the
present work is to investigate the physical properties such as
structural and micro-structural changes due to increase in the
sintering temperature as well as magnetic behavior of poly-
crystalline Bi,Fe,Oq materials at room temperature.

Experimental details

The solid-state reaction is a most widely used method for
synthesizing polycrystalline powder. The solid material nec-
essary to heat higher temperature reacts together for the reac-
tions. The factors such as structural properties of reactants,
reactivity condition, particle size of the solids, and their reac-
tivity and thermal free energy change related with the reaction
play major roles in a solid-state reaction method. The solid-
state reaction allows the reactants to chemically react, and
after the reaction, it removes the residual solvent. However,
it is the most convenient method because of its simplicity, low
cost, and easy to add doping materials at room temperature.
The polycrystalline bulk materials of BiyFe4,O9 were prepared
by using high purity oxides Bi,O; and Fe,O3; by standard
solid-state reaction method. Both chemicals were weighted
in proper amount and thoroughly mixed in stoichiometric
1:2 ratio. The Bi,O3 and Fe,O; powders have been mixed in
an agate mortar and pestle by being grounded for 3 h and
calcined at 600 °C for 4 h. The chemical thermal reaction of
both Bi,O3 and Fe,O3 powders can be expressed by the fol-
lowing:

Bi,03 + 2 Fe;O3—BiyFesOg

The above process was repeated 2 times for better ho-
mogeneity and phase purity of powder. Thus, uniform and
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homogeneous powder was converted into form of pellets
using hydraulic press machine. For this, we filled a pow-
der into die and pressed at 300 kg/cm?® into compacted
disc-shaped pellets with thickness of 2 mm and diameter
15 mm. Furthermore, the prepared pellet was put into
alumina crucibles and sintered at different temperatures
of 500, 600, 700, and 800 °C for 10 h respectively. The
structure and phase purity of synthesized materials were
confirmed by powder X-ray diffraction technique (Bruker
D8 Advance) with CuK« radiation, A=1.5408 A. The
diffraction data were collected over the diffraction angle
20 in the range of 20-70° with a scanning rate 1.5°/min.
The surface morphology of as synthesized materials has
been investigated by a scanning electron microscope
(JEOL-JAM). The surface topography and root mean
square (RMS) roughness analysis were examined by using
an atomic force microscope (Digital Instrument
Nanoscope—III a). Magnetic measurement hysteresis loops
(M-H) were carried out using a vibrating-sample magne-
tometer at 300 K.

Results and discussion
X-ray diffraction analysis

Figure 1 shows the XRD patterns of dibismuth tetrairon
nonaoxide Bi,Fe Oy materials synthesized by the solid-
state reaction method. The XRD patterns are perfectly
well matched and all assign diffraction peaks were
indexed with standard JCPDS no. 80-8638. It is well
indexed and all major peaks belong to the orthorhombic
crystal structure with Pbam space group. Thus, X-ray dif-
fraction pattern of dibismuth tetrairon nonaoxide confirms
the existence of orthorhombic phase sintered pellet at tem-
perature 500 °C in air for 10 h. After being sintered at
temperature 600 °C in open air for 10 h, the XRD pattern
shows slightly increase in crystallinity of Bi,Fe Oy mate-
rials. Further increasing the sintering temperature to
700 °C, the doublet peak intensity gradually decreases
and transforms into a single peak, which shows gradual
structural phase transformation. On the other hand, further
increasing the sintering temperature from 700 to 800 °C,
the diffraction peak intensity increase shows that the crys-
tallinity of Bi,Fe4,O9 materials increases. The lattice pa-
rameters of Bi,Fe Oq pellet sintered at 500 °C were cal-
culated and found to be a=7.984 A, b=8.475 A, and c =
5.993 A. With increasing the sintering temperature from
500 to 600 °C, the lattice parameters change to a=
7.987 A, b=8.465 A, and ¢ =5.998 A. Further increasing
the sintering temperature from 600 to 700 °C, the lattice
parameters change to a=7.990 A, b=8.469 A, and c=
6.018 A. Furthermore, increasing the sintering
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Fig. 1 Powder XRD patterns of Bi,Fe O9 polycrystalline materials
sintered at temperatures ranging from 500 °C to 800 °C

temperature from 700 to 800 °C, the lattice parameters
change to a=7.998 A, b=8.465 A, and ¢=6.056 A.
The mean crystallite size D of the sample powder was
deduced from the full width at half maximum using the
Scherer formula.

KA
- [BcosO (1)

where K is constant, and for the spherical shape, its
value is 0.9; A is the wavelength of X-ray; 3 is the full
width at half maxima (FWHM); and 0 is the diffraction
angle. The average crystallite size of Bi,Fe Oy polycrys-
talline material sintered from various temperatures, 500 to
800 °C, was calculated and found to be ~ 60-100 nm. The
crystallite size of Bi,Fe;O9 polycrystalline material in-
creases with increasing sintering temperature.

The more accurate crystallite size and lattice strain of each
thin film were calculated using Williamson-Hall (W-H) plots.
The mathematical relation between the integral full width at
half maxima (f3), lattice microstrain (¢), and crystallite size
(D) is given as follows:

kA
BCosd = D + 4¢eSin6 (2)

The Bragg diffraction peak width is a combination of in-
strumental integral width and the width broadening due to the
materials. Therefore, the correct broadening of the diffraction
peak of BFO thin films is estimated using the relation

ﬁ = [/6 rzneasure_ﬁ iznstrumental] 1/2 (3)

The instrumental integral width (Ginsgumenta) Was deter-
mined from the collected diffraction data of a standard mate-
rial such as silicon. Furthermore, the linear fit to the data of the
graph plotted between 3Cos0 and 4Sin® (known as
Williamson-Hall plots), the inverse of intercept gives the value
of crystallite size (D) and the slope gives the value of the
lattice strain (¢). The values of the lattice strain have been
calculated from the W-H plot and found to be 9.14 x 1073,
3.52x 102, 3.79x 10 >, and 1.86 x 10> of Bi,Fe,O9 mate-
rials sintered from 500 °C, 600 °C, 700 °C, and 800 °C re-
spectively. Therefore, increasing the sintering temperature de-
creases the lattice strain. The crystallite sizes are calculated
from the Scherrer formula and obtained from the W-H plot;
it was found to be close to each other.

Surface morphological analysis

The morphological studies of sintered Bi,Fe,O9 multiferroic
materials have been carried out by a scanning electron micros-
copy (SEM) technique. The SEM micrograph of BiFe Oq
materials sintered from 500 to 800 °C is shown in Fig. 2a—d.
The micrograph revealed that Bi,Fe,O9 materials mostly con-
sist of spherical shape grain and each grain is interconnected
edge by edge. Due to increase in the sintering temperature,
grain size is found to increase from ~ 70 to ~300 nm. With
increasing sintering temperature, grain size increases, which
may be attributed to the oxygen vacancies. This increase of
grain size and crystalline character with increasing sintering
temperature is also evident from XRD studies as well. The
EDAX spectrum also shows that existing Bi, Fe, and O ele-
ments and content increases with increasing the sintering tem-
perature are shown in Fig. 3a and b.

Surface topographic analysis

Atomic force micrographs of Bi,Fe4Oq9 materials are shown in
Fig. 4a—d. These micrographs are showing that particle size
increases with increasing sintering temperature from 500 to
800 °C. The above investigations also revealed that the parti-
cles are closely packed and pores between the particles are
very few. The root mean square (RMS) roughness was calcu-
lated and found to be 13.59, 12.34, 29.88, and 21.68 nm. The
particle size shown by AFM/SEM is higher as compared with
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Fig. 2 FESEM images of
BiyFe Oy polycrystalline
materials sintered at various
temperatures such as (a) 500 °C,
(b) 600 °C, (¢) 700 °C and

(d) 800 °C

Fig. 3 EDAX spectra of

Bi,Fe O materials sintered at
temperature of (a) 500 °C and (b)
800 °C showing the presence of
Bi, Fe, and O elements and their
content increases with increasing
sintering temperature
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Fig. 4 AFM images of Bi,Fe;Oq
polycrystalline materials sintered

at various temperatures such as

(a) 500 °C, (b) 600 °C, (c) 700

°C, and (d) 800 °C ¥

that calculated from the XRD results. This is because of the
fact that the XRD gave the average mean crystallite size while
AFM/SEM showed agglomeration of the crystallites.

Magnetic properties

In Bi,Fe Oy materials, each octahedral Fe, atom is
surrounded by six oxygen atoms (FeOg) and each tetra-
hedral Fe, atom is surrounded by four oxygen atoms
(FeO,4). The spins of tetrahedral (FeO,4) atom are paral-
lel to the octahedral (FeOg) atom but the spins of the
octahedral (FeOg) atoms are parallel to the nearest oc-
tahedral (FeOg) atom (shown in inset Fig. 5), causing
spin frustration in Bi,Fe ;O9 materials. Figure 5 shows
hysteresis loops of magnetization (M) vs. magnetic field
(H) at room temperature of Bi,Fe Oy materials. The M-
H hysteresis loops of BiFe Oy materials show weak
ferromagnetic behavior at room temperature. The ob-
served value of remnant magnetization and coercivity
are found to be ~0.015 emu/g and 67.59 emu/g at room
temperature. The unsaturated M-H loops are the conse-
quence of weak ferromagnetism due to spin frustration.

: 0.00 nm o i 3 3 0.00 nm
340 nm
3- H |
2-
1-
0-7 ] 1 ¥
?-’ 0.00 nm um 0 2 3 4 0.00 nm

MFM analysis

The local magnetic domain structure of BFO thin films has
been studied using high-resolution magnetic force microscopy
(MFM). Figure 6a and b show the MFM phase image of
Bi,Fe,O9 materials sintered from 500 to 800 °C. The bright-
dark dipole contrast appearing in the MFM phase image clear-
ly shows the presence of magnetic domains. Also, the bright-
dark dipole contrast into the dark contrast varies due to rota-
tion of magnetization axis. In order to know further about the
uniformity of the magnetic domain distribution, the MFM
phase images and their corresponding cross-sectional analysis
were also recorded. The cross-sectional phase contrast shown
in Fig. 6¢ and d, sintered at 500 °C and 800 °C, changes from
+0.3° to —0.4° and +0.32° to —0.44° respectively.
Interestingly, the increased phase contrast shows improved
magnetoelectric coupling.

Dielectric analysis
The frequency-dependent dielectric properties of Bi,Fe4Oq

bulk materials have been measured in the frequency range of
0.1 kHz to 1 MHz with room temperature. To study the

@ Springer



248 J Aust Ceram Soc (2020) 56:243-250
Fig. 5 M-H polt of Bi;Fe4O9
polycrystalline materials sintered 1.5 - -
at 800 °C.The inset shows the Blee409
spins of tetrahedral (FeO,4) atom T onnd
parallel to the octahedral (FeOg) ~ 1.0- Ts—800 C
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dielectric properties of Bi,Fe,O9 polycrystalline materials Co = Eoé 4)
sintered with various temperatures from 500 to 800 °C, mea- d
sured complex impedance parameters such as capacitance Cp G (5)
€ =—

and conductance G are as follows.

Fig.6 The MFM phase images (a
& b) and their corresponding
cross sectional phase images (¢ &
d) of Bi,Fe4O9 materials sintered
at 500 °C and 800 °C
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Fig. 7 The variation of dielectric
permittivity (¢') and tan loss 140 - —T= 800"C e
(inset) as a function of frequency 0
for Bi,Fe4,O9 materials sintered at A _TS= 700C| 5o &\
(a) 500 °C, (b) 600 °C, (¢) 700 °C 120 o] B
and (d) 800 °C ~ T 6000C o
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e = G (6) decrease in dielectric constant with increased frequency
wCo could be explained on the basis of dipole relaxation phe-
Complex dielectric constant nornenon. Hence, lnc.reasmg the sintering temperatqre,
which decreases the point defects such as oxygen vacancies,
e = — jg” (7) attributed to the decrease of the leakage current density.
Tangent loss
tand = — 8) Conclusion
€

where ¢ is the permittivity of vacuum, A is the area of
sintered pellet, d is the thickness of pellet, and w =27tf is
the angular frequency. The variations of dielectric constant
(¢') as a function of frequency are presented in Fig. 7. It is
observed from Fig. 7 that dielectric constant (¢') decreases
with increasing frequency and almost flattens at high fre-
quency due to dielectric relaxations. The value of dielectric
constant (¢') of Bi;Fe4O9 bulk materials with sintering from
500 to 800 °C has been calculated at frequency of 1 MHz
and found to be 20, 40, 60, and 90. As shown in Fig. 7,
dielectric constant ¢’ relatively increases with increasing
sintering temperature confirming that it exhibits space
charge polarization. It is also observe that tangent loss de-
creases with increasing sintering temperature; it can be ex-
plained with the help of the Maxwell-Wagner effect.
Generally, the dipolar, electronic, ionic, and interfacial po-
larizations contribute to the dielectric constant of any mate-
rial. At low frequencies, the dipolar and interfacial polari-
zations are effective to the dielectric constant. However, at
higher frequencies, the electronic polarization is effective
and the dipolar contribution becomes insignificant. The

The analysis of XRD patterns revealed that Bi,Fe4Oq poly-
crystalline materials crystallize in the orthorhombic phase
with the Pbnm space group. The lattice parameter and crystal-
lite size (60—100 nm) increase with increasing sintering tem-
perature from 500 to 800 °C. Surface morphological investi-
gation examined with the help of SEM/AFM micrograph re-
vealed that the spherical grains are well connected to each
other with clear grain and grain boundary. With increasing
the sintering temperature, grain growth increases and the pores
between the grains decreases. The M-H measurement re-
vealed that Bi,Fe,O9 bulk shows weak ferromagnetic behav-
ior at room temperature. The dielectric constant ¢’ relatively
increases and tangent loss decreases with increasing sintering
temperature which indicates improvement in the ferroelectric
properties of multiferroic materials. Future research will focus
on the investigation of physical property (ME) and (P-E) mea-
surements of multiferroic properties.
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