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ABSTRACT: In the present research work, bismuth ferrite mullite
type Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) nanostructures are prepared
by a chemical coprecipitation method and the effect of Zn doping
concentration on the structural, surface topography, and dielectric
properties is reported. The powder X-ray diffraction pattern of the
Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) nanomaterial shows an
orthorhombic crystal structure. Using Scherer’s formula, the
crystallite sizes of the nanomaterial Bi2Fe4−xZnxO9 (0.0 ≤ x ≤
0.05) have been calculated and found to be 23.54 and 45.65 nm,
respectively. The results of the atomic force microscopy (AFM)
investigations show that spherical shape nanoparticles have grown
and are densely packed around each other. AFM/scanning electron
microscopy images, however, also illustrate that spherical nanoparticles transform into nanorod-like nanostructures with an increase
in Zn concentrations. The transmission electron micrography images of Bi2Fe4−xZnxO9 (x = 0.05) showed elongated/spherical shape
grains homogeneously distributed throughout the inside of the surface of the sample. The dielectric constants of Bi2Fe4−xZnxO9 (0.0
≤ x ≤ 0.05) materials have been calculated and found to be 32.95 and 55.32. It is found that the dielectric properties improve with
an increase in the Zn doping concentration, making it a good potential contender for multifunctional modern technological
applications.

1. INTRODUCTION
Over the past few decades, multiferroic materials have been
attracting great attention due to coupling of two or three types
of ferroic orders, i.e., ferroelectric or antiferroelectric, and
ferromagnetic or antiferromagnetic (AF) orders in the same
phase.1−6 Multiferroic materials have tremendous applications
in memory storage device, magnetoresistive devices, actuators,
solid-state oxide fuels, magnetic recording/memory media, gas
sensors, photocatalysts, and their potential utilization of solar
energy.7−15 The current stream of magnetoelectric (ME) effect
exists in novel multiferroic materials and is very important due
to coupling of electric and magnetic parameters.16−20 ME
multiferroic materials are simultaneously ferromagnetic and
ferroelectric, with or without ferroelasticity, having sponta-
neous magnetization, spontaneous polarization and/or sponta-
neous deformation reoriented by an applied magnetic field,
applied electric field, and/or an applied stress, respec-
tively.21−28 The ME effect has been taken into advantageous
consideration for feasible utilizations in developing a novel
category of efficient and operational devices. However, very
limited number of single-phase energy-efficient multiferroic
materials exist at or above room temperature.29−36 Among the

various multiferroic materials, bismuth-based compounds such
as BiFeO3, BiMnO3, and BiCrO3 with a perovskite structure
are promising multiferroic materials that show ferroelectric
ordering above TC = 1123 K and a subsequent AF ordering
below TN = 643 K. Mullite-type bismuth ferrite (Bi2Fe4O9) is
another compound of the bismuth ferrite family (perovskite
BiFeO3, mullite Bi2Fe4O9, and sillenite Bi25FeO40), which
exhibits multiferroic properties near room temperature. Thus,
Bi2Fe4O9 can be regarded as a multiferroic material, which
simultaneously shows ferroelectricity with the Curie temper-
ature around 250 K and antiferromagnetism with the Neel
temperature around 260 K. These materials have high potential
applications in spintronics devices.37−42 For the past few
decades, mullite-type Bi2Fe4O9 has attracted wide spread
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attention due to its fruitful and productive functional
properties such as optical, catalytic, electric, magnetic, and
gas sensing properties.39,42−48 Most of the multiferroic
materials were noticed at a very low temperature with a
significant amount of quality, but dibismuth tetra iron oxide
was observed near room temperature, and due to its complex
pentagonal symmetric structure and very strong ME coupling,
Bi2Fe4O9 has been getting great attention. Over the years,
Bi2Fe4O9 materials with a tunable morphology have been used
in extensive applications. The Bi2Fe4O9 material shows
noncollinear magnetic arrangement with respect to magnetic
frustration due to the Fe3+ pentagonal lattice. A unit cell of
Bi2Fe4O9 contains FeO4 tetrahedra and FeO6 octahedra, and in
the unit cell Fe ions are uniformly distributed with the Bi ions
coordinated by eight oxygen atoms between the tetrahedral
and octahedral positions. The unit cell of Bi2Fe4O9 includes
two sorts of Fe atoms (Fe1 and Fe2), and one of Fe atoms,
Fe1, takes up the tetrahedral position enclosed by four oxygen
ions (O2−) and Fe2 occupies the octahedral position
coordinated by six O2− ions. The main limitation of the
well-known multiferroic material, Bi2Fe4O9, is weak ferromag-
netism and poor ferroelectric property at room temper-
ature.39,44 Most of the studies on Bi2Fe4O9 mainly focus on
enhancing its magnetic as well as ferroelectric properties, since
the material suffers from high current density leakage and high
dielectric loss, and negligible magnetization hinders its
potential device applications,39−48 such as electronic informa-
tion storage, integrated microelectronic memory devices, and
spintronics devices. The main aim of the present work is to
investigate the effect of Zn doping on physical properties such
as dielectric and magnetic properties as well structural/
microstructural changes in polycrystalline Bi2Fe4O9 materials
at room temperature.

2. EXPERIMENTAL DETAILS
Presently there are several methods, for example, coprecipita-
tion, solid-state reaction, sol−gel, autocombustion, and
hydrothermal methods for the synthesis of bulk polycrystalline
nanostructures. In the present paper, mullite type bismuth
ferrite (Bi2Fe4O9) polycrystalline bulk materials were synthe-
sized by the coprecipitation method. The high-purity chemical
reagents of bismuth nitrate pentahydrate (Bi(NO3)3.5H2O)
and hydrated iron nitrate (Fe(NO3)3.9H2O) procured from
Merck India private limited were used as raw materials. Mullite
type dibismuth tetrairon nonaoxide (Bi2Fe4O9) materials have
been synthesized by the coprecipitation technique. First,
bismuth nitrate and iron nitrate are dissolved in 30 mL of
distilled water in an appropriate 1:2 stoichiometric ratio with a
constant molarity of 1 M. The resultant precursor solution was
continuously stirred for 5 h on a magnetic stirrer until a
homogeneous brownish color solution was obtained. Further,
the appropriate amount of sodium hydroxide (NaOH)
solution was added drop by drop in the precursor solution
to get a brownish colored precipitate, and the resultant
solution was aged at room temperature for 24 h. Afterward, the
suspension solution was filtered and washed several times with
distilled water and dried at 200 °C for 6 h in an oven. The
resultant dried powder was ground with the help of a mortar
and pestle for 8 h to obtain fine particles. In a similar process,
Zn doped Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) nanomaterials were
also synthesized by doping at a stoichiometric ratio. This
prepared powder was calcined from 400 °C for 6 h in order to
remove the organic impurities. The calcined powder of

Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) materials was ground with
the help of a mortar and pestle for 12 h. The above process was
repeated three times for better homogeneity and phase purity
of powder. The chemical reaction of both Bi(NO3)3.5H2O and
Fe(NO3)3.9H2O chemical reagents can be expressed by the
following reaction:

Bi(NO ) . 5H O 2Fe(NO ) . 9H O

Bi Fe O (NO ) (H O)
3 3 2 3 3 2

2 4 9 2 2

+

+ +

Finally, the as-calcined fine powders were converted into the
form of pellets (thickness of ∼1 mm and diameter ∼3 mm)
using a hydraulic press machine at a pressure of 400 kg/cm2,
and then, the pellets were sintered at 600 °C for 12 h.
2.1. Characterization. The gross structure and phase

purity of Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) bulk materials were
characterized by a powder X-ray diffractometer [Rigaku,
Ultima-IV] with monochromatic CuKα radiation (λ =
1.5406 Å). The diffraction data were collected over the
diffraction angle (2θ) in the range of 20°−70° with a scanning
rate of 0.5°/min and a step size of 0.02°. The surface
topography and root mean square (RMS) roughness of pure
and 5 wt % Zn doped Bi2Fe4O9 bulk materials were obtained
by atomic force microscopy (AFM) (Digital Nanomagnetic).
The electrical (dielectric) measurements have been carried out
as a function of frequency ranging from 100 kHz to 1.5 MHz,
using the dielectric set up with a broadband impedance
analyzer and an LCR meter.

3. RESULTS AND DISCUSSION
3.1. X-ray Diffraction Analysis. The representative

powder X-ray diffraction (XRD) patterns of the prepared
pure and 5 wt % Zn doped Bi2Fe4O9 nanomaterials sintered at
a temperature of 600 °C are shown in Figure 1. The XRD
patterns are perfectly well matched with the prominent peaks
in the diffraction pattern, and all assigned diffraction peaks
were indexed to various planes of the single phase Bi2Fe4O9
nanomaterials using the standard JCPDS no. 80-8638. All the
major peaks were well indexed in accordance to the
orthorhombic crystal structure with the Pbam space group.

Figure 1. XRD patterns of the Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05)
sample.
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The XRD patterns confirm the occurrence of the ortho-
rhombic phase of Bi2Fe4O9 nanomaterials with the presence of
few impurity phases. After increasing the 5 wt % doping of Zn
ions, the diffraction peaks gradually shifting toward the higher
angle side may be due to the decrease in the crystallite size of
the sample.
By the theoretical approach of Bragg’s diffraction law, the

diffraction peaks shifting toward the higher angle side decrease
the interplaner spacing (d) and consequently reduce the lattice
parameters (a,b, and c) as a result of which the crystallite size
decreases. On the other hand, with 5 wt % doping of zinc ions,
the width of the diffraction peak slightly increases which shows
that the crystallite size of Bi2Fe4O9 nanomaterials decreases
and the peak of impurity phases is suppressed, which reveals
the progressive pure structural phase conversion. The
interplanar spacing of orthorhombic crystal structures is
calculated from the XRD patterns using the Bragg diffraction
law (2d sinθ = nλ), and, for orthorhombic structures, the
mathematical relation between [h k l] and lattice parameters a,
b, and c is calculated as given by
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Ç
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The lattice parameters of pure and Zn doped Bi2Fe4O9
pellets were calculated and found to be a = 7.984 Å, b = 8.475
Å, and c = 5.993 Å. With increasing the Zn doping
concentrations from 0 to 5 wt %, the lattice parameters
change to a = 7.987 Å, b = 8.497 Å, and c = 5.994 Å. The
average crystallite size D of Bi2Fe4O9 nanomaterials was
calculated by using the Scherrer formula eq 2

D K / cos= (2)

where K is a constant, and for the spherical shape, its value is
0.9, λ is the wavelength of powder X-ray, β is the full width at
half maxima, and θ is the Bragg diffraction angle. The average
crystallite size of pure and 5 wt % Zn doped Bi2Fe4O9
nanomaterials was calculated and found to be ∼23.54 and
∼45.65 nm, respectively. The crystallite size of Bi2Fe4O9
nanomaterials decreases with increasing Zn doping concen-
tration. The more precise crystallite size and lattice strain of
pure and 5 wt % Zn doped in Bi2Fe4O9 nanomaterials have
been calculated using Williamson−Hall (W−H) plots. The
mathematical relation between the integral full width at half
maxima (β), lattice microstrain (ε), and crystallite size (D) is
given as follows:

k DCos / 4 Sin= + (3)

The Bragg diffraction peak width is a combination of the
instrumental 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

2
measure

2
instrumental

1/2= [ ] (4)

The instrumental integral width (β-instrumental) was
determined from the collected diffraction data of a standard
material such as silicon. Furthermore, the linear fit to the data
of the graph plotted between βCosθ and 4Sinθ (known as W−
H plots), the inverse of intercept gives the value of crystallite
size (D) and the slope gives the value of the lattice strain (ε).
The values of the lattice strain have been calculated from the
W-H plots of pure and 5 wt % Zn doped Bi2Fe4O9 materials

and found to be 2.17 × 10−3 and 2.05 × 10−3, respectively.
Therefore, increasing the doping concentrations decreases 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.
3.2. Atomic Force Micrographs. Figure 2a−d shows the

two-dimensional (2D) AFM, and high-resolution contour plot

images of Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) sample have been
obtained by the chemical coprecipitation method. The AFM
micrographs of pure Bi2Fe4−xZnxO9 (x = 0.0) mullite
nanomaterials show closely packed spherical shape nano-
particles distributed on the surface. The AFM micrograph also
reveals that grains are well linked with each other and
consistently distributed throughout the surface of the sample.
Furthermore, increasing the Zn-doping concentration from 0
to 5 wt % modified the spherical grains and change into
nanorod-like nanostructures shown in Figure 2b. The topo-
graphic modification and construction of nanorods may be
caused by the large decrement in micro strain with increasing
Zn doping concentration. Figure 2c,d shows the contour plots
of Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) sample and it clearly reveals
the asymmetric grain growth with spherical bases of the
nanostructure. However, increasing the Zn doping concen-
tration from 0 to 5 wt % leads to asymmetric grain growth with
cylindrical bases.
The RMS roughness and average roughness (AR) of

Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) materials examined by
WSxM software, were found to be ∼26.84, 17.98, and 14.82,
8.65, respectively. The RMS and AR roughness gradually
decrease with increasing Zn-doping concentrations, which
indicates the modified surface topography of the
Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) materials. The particle sizes
observed from AFM images (∼75 to 90 nm) are larger than
the crystallite size calculated from the PXRD data.
The PXRD gives the standard crystallite size of the sample,

whereas AFM gives the average particle size (as agglomeration
of crystallite/grains). Furthermore the XRD and AFM analysis

Figure 2. (a,b) AFM topographic image of Bi2Fe4−xZnxO9 (0.0 ≤ x ≤
0.05) and (c,d) contour image of the sample.
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confirm that the grain/particle size increases with increasing
Zn-doping concentration. The fractal dimension analysis of the
Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) materials is shown in Figure
3a,b, and the fractal graph, Figure 3c,d, is a manifestation of

morphological surfaces. The fractal dimension of pure and Zn
doped nanomaterial surfaces is estimated from the slope of a
plot of log(P) versus log(S). The fractal dimension of
Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) nanomaterial surfaces is
determined by the power spectrum method and found to be
1.292−1.183. Thus, it is evident that the surface roughness
decreases with the decrease in the fractal dimension and
consequently improves the morphology of the nanomaterial
surface. Furthermore, Figure 4a−d shows the three dimen-
sional (3D) AFM topographic image of Bi2Fe4−xZnxO9 (0.0 ≤
x ≤ 0.05) nanomaterials with the irrespective bearing area plot
of height profiles.
Increasing the Zn-doping concentration from 0 to 5 wt %

modified the granular shape, with a drastic decrement of the Z-
height distribution, as illustrated in the micrograph. The Z-
height distributions of the pure and 5 wt % Zn-doped sample
were observed from their 3D images and were found to be 19.5
and 0.3 nm. The surface modification and decrement of the Z-
height distribution as well as RMS roughness may be caused by
the decrement of the lattice strain. As seen from the
micrographs, the RMS roughness, nanostructure, and Z-height
distribution are significantly affected and modified by
increasing Zn-doping concentrations. The bearing area plot
shown in Figure 4c,d indicates that the pure sample has ∼52%
of surface area within the height range of 19.5 nm. However,
with increasing 5 wt % Zn doping concentrations, ∼58% of
surface area exists within the height range of 0.3 nm which is
larger than the height range of the pure sample, which may
indicate a decrease in RMS roughness.
3.3. Magnetic Force Microscopy Analysis. The

magnetic force microscopy (MFM) is one of the most
promising tools for the analysis of local magnetic domain
and domain wall structure of polycrystalline materials. Figure

5a,b shows the qualitative MFM phase images of the
Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) sample, Figure 5c,d shows
the contour plot of MFM phase image, and bottom of Figure
5e,f shows the cross-sectional line profile of polycrystallineFigure 3. (a−d) Fractal dimension analysis of Bi2Fe4−xZnxO9 (0.0 ≤ x

≤ 0.05) nanomaterial surfaces by the power spectrum method.

Figure 4. (a,b) AFM 3D topographic image of Bi2Fe4−xZnxO9 (0.0 ≤
x ≤ 0.05) and (c,d) bearing area plot of the surface topographic
image.

Figure 5. (a,b) MFM phase images of Bi2Fe4−xZnxO9 (0.0 ≤ x ≤
0.05), (c,d) contour plots of the sample sintered, and (e,f) cross-
sectional line profile image.
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materials. The MFM phase images clearly reveal the presence
of irregular nanostructures of the magnetic domains. On the
other hand, to determine the orientation of local structure of
magnetic domains, contour plots of the MFM phase image of
the Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) sample clearly reveal that
the asymmetric growth with spherical/elliptical bases of the
nanostructure. The cross-sectional line profile images were also
recorded for the MFM phase image of the Bi2Fe4−xZnxO9 (0.0
≤ x ≤ 0.05) sample. The cross-sectional line profile image of
pure Bi2Fe4−xZnxO9 nanomaterials clearly reveals that the
phase contrast of polycrystalline materials changes from
−0.40° to +0.24° and −0.42° to +0.68°, respectively. The
MFM phase images exhibit bright and dark contrast
corresponding to specific orientations of the grains along the
crystallographic axis corresponding to nucleation of the
domain structure clearly visualized in Figure 5e,f.
Figure 5e shows the irregular distribution of magnetic

domains on the surface and cross-sectional line profile image of
phase contrast change from −0.40° to +0.24° (i.e., total phase
difference 0.16°); the magnetic domains provided the
magnetic properties of polycrystalline nanomaterials and
phase image show the random distribution of magnetic
domains. With increasing Zn-doping concentrations from 0
to 5 wt %, cross-sectional line profile image of Figure 5f shows
phase contrast change from −0.42° to +0.68° (i.e., total phase
difference + 0.26°), and a drastic change in the domain wall
dynamic shows improved magnetic properties of polycrystal-
line materials, which indicates that the there is still tiny phase
contrast change observed in the MFM phase image due to the
random distribution of magnetic domains and magnetic
domains show AF orders. The change of phase contrast
observed in MFM phase images, which indicates a change in
the orientations of magnetic domains, shows the magnetic
properties of the polycrystalline nanomaterials.
3.4. Scanning Electron Microscopy Analysis. Figure

6a,b shows the scanning electron microscopy (SEM) micro-
graphs of pure and Zn doped Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05)
polycrystalline materials.

The surface morphology of Bi2Fe4−xZnxO9 (x = 0.00)
materials has a granular structure with average grain size ∼80
nm. However, increasing the Zn doping concentrations in
Bi2Fe4−xZnxO9 (x = 0.00 to 0.05) materials causes the granular
morphology to change into a nanorod-like topographic
structure. These surface morphological changes induced by
Zn doping might alter the grain growth mechanisms during the
nucleation process of Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05)
polycrystalline materials. It is also observed that the grain

size increases from ∼80 to ∼100 nm with increasing Zn doping
concentrations.
3.5. Transmission Electron Microscopy Analysis. The

transmission electron microscopy (TEM) micrographs of
Bi2Fe4−xZnxO9 (x = 0.05) nanomaterials are shown in Figure
7a. The TEM images of Bi2Fe4−xZnxO9 (x = 0.05) showed
elongated/spherical shape grains homogeneously distributed
throughout inside the surface of the sample.
Figure 7b showing the histogram of the TEM image

demonstrates that the Bi2Fe4−xZnxO9 (x = 0.05) mean grain
size of ∼55 nm is consistently distributed. The observed grain
size of Bi2Fe4−xZnxO9 (x = 0.05) micrographs using Image J
software shows good agreement with the grain size calculated
from XRD analysis.
3.6. Dielectric Analysis. The dielectric properties of

Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) materials have been measured
in the frequency range of 20 Hz to 1 MHz at room
temperature. To examine the dielectric properties of pure
and Zn-doped Bi2Fe4−xZnxO9 polycrystalline materials, com-
plex impedance parameters, capacitance Cp, and conductance
G were calculated as follows

C
A
d0 0=

(5)

C

C
p

0
=

(6)

G
C0

=
(7)

Complex dielectric constant

j*= (8)

Tangent loss

tan =
(9)

where ε0 is the permittivity of free space or vacuum, A is the
area of the sintered pallet, d is the thickness of the pallet, and ω
= 2πf is the angular frequency. The variation of dielectric
constant (ε′) and tangent loss (tan δ) as a function of
frequency is presented in Figures 8 and 9, respectively. It is
observed from Figure 8, the dielectric constant (ε′) decreases
with increasing frequency and is almost horizontal in the high
frequency range due to dielectric relaxations. The values of
dielectric constant (ε′) and tangent loss (tan δ) of
Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) materials have been calculated
at a frequency of 1 MHz and found to be 32.95, 55.32 and
tangent loss 0.39, 0.78.
It is clearly seen from Figure 8 that the dielectric constant

relatively increases from 32.95 to 55.32 with increasing Zn-
doping concentration, which confirms it exhibits space charge
polarization. It is also observed that tangent loss decreases with
increasing Mn-doping concentration can be explained with the
help of the Maxwell−Wagner effect. Generally, dipolar,
electronic, ionic, and interfacial polarization contributes to
the dielectric constant of any material. At low frequencies, the
dipolar and interfacial polarizations are effective compared to
the dielectric constant. However, at higher frequencies, the
electronic polarization is effective and dipolar contribution
becomes insignificant. The decrease in dielectric constant with

Figure 6. (a,b) SEM topographic image of the Bi2Fe4−xZnxO9 (0.0 ≤
x ≤ 0.05) sample.
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increased frequency could be explained on the basis of the
dipole relaxation phenomenon.
It is depicted in Figures 8 and 9, at less frequency, the

dipoles in Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) polycrystalline
materials are able to follow the frequency of the applied field

but at higher frequency there is a weak dependence of
dielectric constant (ε′) on frequency. After this, the ferro-
electric domain contributes to the behavior of the dielectric
constant rather than dipole.

4. CONCLUSIONS
Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) nanomaterials have been
successful fabricated through the co-precipitation technique.
Further, the structural/microstructural, morphological, and
dielectric characterization was carried out using different
techniques. The XRD patterns of pure and Zn-doped
nanomaterials indicate the formation of the orthorhombic
(Pbam) phase. The crystallite size of the Bi2Fe4−xZnxO9 (0.0 ≤
x ≤ 0.05) nanomaterial has been calculated using the Scherrer
formula and found to be ∼23.54 and ∼45.65 nm. The
crystallite sizes, lattice parameters, and strain were calculated
and found to increase with increasing Zn doping concen-
tration. Surface morphological investigation examined with the
help of AFM/SEM micrographs revealed that spherical shape
nanoparticles change into nanorod-like nanostructures with
increasing Zn doping concentration (x = 0.05). The dielectric
properties of Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) materials were
determined, the dielectric constant was found to be 32.95 and
55.32, and tangent loss was 0.39, 0.78 in the frequency range
20 Hz to 1 MHz. It is found that improved dielectric properties
of the Bi2Fe4−xZnxO9 (0.0 ≤ x ≤ 0.05) material make it a
promising potential candidate for modern device applications.
Future research will focus on the investigation of physical
property (ME) and PE measurements of multiferroic proper-
ties.
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