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Recently, there has been an enormous increase in research
activity in the field of ferroelectrics and ferromagnetics
especially in multiferroic materials which possess both
ferroelectric and ferromagnetic properties simultaneously.
However, the ferroelectric, ferromagnetic, and multiferroic
properties should be further improved from the utilitarian
and commercial viewpoints.

Nanostructural materials are central to the evolution
of future electronics and information technologies. Ferro-
electrics and ferromagnetics have already been established
as a dominant branch in electronics sector because of their
diverse applications. The ongoing dimensional downscaling
of materials to allow packing of increased numbers of com-
ponents into integrated circuits provides the momentum for
evolution of nanostructural devices. Nanoscaling of the above
materials can result in a modification of their functionality.
Furthermore, nanoscaling can be used to form high density
arrays of nanodomain nanostructures, which is desirable for
miniaturization of devices.

In the paper “Characterization of Multiferroic Domain
Structures in Multiferroic Oxides,” L. Liang et al. have
reviewed the recent progress in the characterizations of
multiferroic domain structures in multiferroic oxides. Due
to the existence of two or three primary ferroic order
parameters simultaneously in the same phase multiferroics
and intricately coupling each other, new amazingmultiferroic
properties and/or phenomena are realized by combina-
tions of distinct nanometer-scale charge-ordered domains,

cloverleaf domain structures, and topological defects such
as multiferroic vortex-antivortex pairs. Recent development
of spherical aberration correction is revolutionizing the
performance of HRTEM/STEM instruments, which allows
one to achieve a spatial resolution better than 0.08 nm and
an energy resolution better than 100MeV. Such breakthrough
would bring us to see and thoroughly explore themultiferroic
domain structures at subangstrom scale.

In the paper “Enhanced Magnetization of Sol-Gel Syn-
thesized Pb-Doped Strontium Hexaferrites Nanocrystallites
at Low Temperature,” S. M. Ramay et al. have shown the
influence of Pb doping on the structural and low temperature
magnetic behavior of SrPbxFe12−xO19. Saturation magnetiza-
tion was found to decrease while coercivity was increased
with the increase of Pb contents in the series at 300K.
When temperature was reduced to 200K, the saturation
magnetization of the relevant samples was increased, credited
to the preferred individual spin alignments at low tempera-
ture. Remanence was also decreased but the corresponding
effect was less prominent as the Mr/Ms and consequently
the energy product were found to increase, corroborating
the use of these ferrite compositions where hard magnetic
characteristics are required.

In the paper “Fabrication, Characterization, Properties,
and Applications of Low-Dimensional BiFeO

3
Nanostruc-

tures,” H. Wu et al. also have reviewed the recent research
progress of low-dimensional BFO nanostructures, including
their fabrication, property, structural characterization, and
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applications. Perovskite-type BFO as one of the few known
single-phase multiferroics possesses ferroelectricity and anti-
ferromagnetism at room temperature. Its low-dimensional
nanostructures are much attractive in the applications of
multistate storage, magnetoelectric sensor, and spintronic
devices.

In the paper “Ferroelectric and Dielectric Properties
of ZnFe

2
O
4
-Pb(ZrTi)O

3
Multiferroic Nanocomposites,” S.

Sen et al. have synthesized ZnFe
2
O
4
-Pb(ZrTi)O

3
by sol-

gel technique and have characterized them by XRD, TEM,
and SEM for structural and microstructural analysis. The
dielectric constant along with the P-E hysteresis loops was
also studied for the mentioned samples.

In the paper “Growth of BiFeO
3
Microcylinders under

a Hydrothermal Condition,” L. J. Di et al. demonstrated the
hydrothermal synthesis of cylinder-like BFOmicrocylinders,
size of which is dependent on hydrothermal reaction time.
Photocatalytical experimental results demonstrate that the
BFO microcylinders exhibit an appreciable photocatalytic
activity toward the degradation of “acid orange 7” under
simulated sunlight irradiation. Magnetic hysteresis loop
measurement reveals an antiferromagnetic behavior in the
BiFeO

3
microcylinders at room temperature.

As the sizes of the microelectronics enter into nanoscale,
there are still some problems that need to be solved in
fabrication, characterization, and application of BiFeO

3
and

other low-dimensional nanostructures. For instance, in BFO
nanostructures there exists quantum size effect (ferroelectric
and magnetoelectric), size effect, and surface/interface effect;
all these effects must be considered together from experi-
mental and theoretical researches, which are the fundamental
to develop the new generation of revolutionary electronic
nanodevices. Although the BFO has good ferroelectricity,
its weak ferromagnetism is highly required to be enhanced,
which could be achieved in low-dimensional nanostructures.
Therefore, deeper understanding of the fundamentals of
the low-dimensional nanostructures with the development
of advanced technology and exploring the coexistence of
ferroelectricity and ferromagnetism with strong coupling
between them will be the future direction of multiferroic
nanomaterials researches.

Another fascinating task is to combine the measure-
ments of multiferroic physical properties (e.g., ferroelectric,
magnetic, and magnetoelectric coupling properties) with
the multiferroic domain analysis as focused on here in this
special issue. This type of simultaneous measurements will
be necessary for further understanding of the ferroelec-
tric, magnetic, and/or magnetoelectric coupling between the
small domains. An exciting new era for multiferroic domain
characterizations in multiferroic oxides is on the horizon.

In summary, as reflected by its content this special issue
provides a broad panorama for research in this specific field
and will benefit the readers, especially those working in this
field.
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Multiferroic oxides have been received much attention due to that these materials exhibit multiple ferroic order parameters (e.g.,
electric polarization in ferroelectrics, magnetization in ferromagnetics, or spontaneous strain in ferroelastics) simultaneously in the
same phase in a certain temperature range, which offer an exciting way of coupling between the ferroic order parameters.Thus, this
provides a possibility for constructing new type of multifunctional devices. The multiferroic domain structures in these materials
are considered to be an important factor to improve the efficiency and performance of future multiferroic devices. Therefore, the
domain structures in multiferroic oxides are widely investigated. Recent developments in domain characterization techniques,
particularly the aberration-corrected transmission electronmicroscopy (TEM), have enabled us to determine the domain structures
at subangstrom scale, and the recent development of in situ TEM techniques allows ones to study the dynamic behaviors of
multiferroic domains under applied fields or stress while the atomic structure is imaged directly. This paper provides a review
of recent advances on the characterization of multiferroic domain structures in multiferroic oxides, which have been achieved by
the notable advancement of aberration-corrected TEM.

1. Introduction

In recent years multiferroic materials have attracted much
interest because they possess more than one type of ferroic
order parameters in the same phase, which brings out
novel physical phenomena and offers the possibilities for
developing new multiferroic devices [1–3]. The defining
characteristic of a ferroic material is ferroic order parameter
(e.g., electric polarization in ferroelectrics, magnetization in
ferromagnets, or spontaneous strain in ferroelastics) that
has different, energetically equivalent orientations; the ori-
entation of which can be selected using an applied field.
For example, in the magnetoelectric multiferroics there
exists a coupling between the electric and magnetic fields,
or named as magnetoelectric effect, which describes the
induction of magnetization (M) by an electric field (E) or
polarization (P) generated by a magnetic field (H). The
multiferroic materials may have domains with differently
oriented regions, separated by domain walls, coexisting in a
sample. In the magnetoelectric multiferroics, both ferroelec-
tric and magnetic domains exist simultaneously. In addition,

“ferroelectric domain switching controlled bymagnetic field”
and “magnetic domain switching controlled by electric field”
are also available, which lead to the possibilities for designing
new multiferroic devices [4]. In the multiferroic oxides, the
possible domain structures are much more complex than
that in either ferroelectric or ferroelastic materials due to
the multiple coupling between the primary ferroic order
parameters. Aizu [5] analyzed the numbers of ferroic domain
states in multiferroics, and found that the possible domain
walls, was given by the ratio of the point group orders
of the high- and low-symmetry phases, although Shuvalov
et al. [6] argued that a higher number of domains (super-
orientational states) could be permissible than given by the
Aizu rule, as indeed observed in ferroelastic YBa

2
Cu
3
O
7-𝛿

[7]. The muliferroic domain structures in these multiferroic
oxides are considered to be important factors to improve
the efficiency and performance of future magnetoelectric
devices. Therefore, multiferroic domain structures in mutlti-
ferroic oxides have been extensively investigated. Meanwhile,
both the techniques and instruments of transmission electron
microscopy (TEM), which is one of the most powerful
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tools of the domain analysis, have been much improved in
the last decade. As advances in aberration-corrected TEM
have enabled ones to determine three-dimensional struc-
tures of materials with subangstrom resolution, the recent
development of in situ TEM techniques also allows ones to
study the dynamic behaviors of multiferroic domains under
applied fields or stress while the atomic structure is directly
imaged simultaneously [8–10].Therefore, the new generation
high-resolution TEM (HRTEM) and scanning transmission
electron microscopy (STEM) facilities equipped with Cs-
corrector will benefit for the characterizations of multiferroic
domain structures in multiferroic oxides. Recently, much
progress in this direction has been achieved by the notable
advancement of aberration-corrected TEM. In this paper,
an overview of the characterizations of multiferroic domain
structures in multiferroic oxides is presented, and the future
challenges of the characterizations on the domain structures
of multiferroic oxides are also discussed.

2. Multiferroic Domain Structures in
Multiferroic Oxides

Multiferroic oxides can be classified four categories based on
their different microscopic nature for multiferroic behaviors
[1]. The first type is lone pair multiferroics (examples such
as BiFeO

3
, BiMnO

3
, and PbVO

3
, in which the A-site cation

(Bi3+, Pb2+) has a stereochemically active 6s2 lone-pair
electrons, distorting the geometry of the BO

3
anion, result-

ing in ferroelectricity); the second one is charge-ordered
multiferroics (certain “noncentrosymmetric” arrangements
of ions induce ferroelectricity in magnetic materials, one
prominent example is LuFe

2
O
4
); the third one is magnetic-

ordered multiferroics (as exemplified in DyMnO
3
, TbMnO

3
,

and TbMn
2
O
4
, ferroelectricity is induced by magnetic long-

range order in which the arrangement of magnetic dipoles
lacks reflection symmetry); and the fourth one is geometrical
frustrationmultiferroics (as exemplified in REMnO

3
(RE =Y,

Dy, Tb, etc.), in which long-range dipole-dipole interactions
and rotations of oxygen atoms generate a stable ferroelectric
state). In multiferroics, the possible domain structures are
much more complex than that in either ferroelectric or
ferroelastic materials due to the multiple coupling between
the primary ferroic order parameters. In this work, we will
focus on the multiferroic domain structures in mutltiferroics
revealed by TEM and aberration-corrected HRTEM/STEM.

2.1. Multiferroic Domain Structures in BiFeO
3
Thin Films.

Perovskite-type BiFeO
3
, as one of the few known single-

phase magnetoelectric multiferroics, exhibits a coexistence
of simultaneous ferroelectric and magnetic order parameters
above room temperature. Thus, it offers exciting potential
for room temperature device integration and has been the
topic of intensive studies as an interestingmodelmultiferroics
[11]. Structurally, BiFeO

3
crystallizes in a rhombohedrally

distorted perovskite structure with R3c space group at room
temperature, of which the lattice constants were determined
as ah = 5.587 Å, ch = 13.867 Å in the hexagonal unit cell
containing six formula or aR = 5.638 Å, 𝛼 = 59.348∘ in

the rhombohedral unit cell containing two formula units [11].
Three main distortions are responsible for the existence of
spontaneous polarization along the [001]hex direction (i.e.,
[111]cub). Therefore, in the BiFeO

3
with a rhombohedral

structure, there exists eight different polar domains, and three
possible types of ferroelectric domain walls, namely as 71∘,
109∘, and 180∘ domain walls. Recently, a new kind of vortex-
like nanodomain arrays (toroidal domain patterns) were
reported in the epitaxial BiFeO

3
thin films grown on TbScO

3

substrates, which were revealed by aberration-corrected
STEM [12]. Figure 1(a) is dark-field TEM image of the vortex
nanodomain arrays formed at the interface between the
BiFeO

3
film and TbScO

3
substrate, and Figure 1(b) is the

plotting of the 𝐷FB vectors (𝐷FB defined as the atomic
displacement in the image plane of the Fe cation from the
center of the unit cell formed by its four Bi neighbors) for a
109∘ domain wall which forms a vortex domain by addition of
a pair of 180∘ triangle domains, where the polarization rotates
about the intersection of two 109∘ and two 180∘ domain
walls to form a vortex domain structure. The formation
of such complex domain structures tends to reduce the
depolarization fields produced at the surface of the TbScO

3

insulator substrates. And along with the interface epitaxy
constraints, a local broadening of thewalls is produced,which
makes the polarization rotation quasicontinuous.

2.2. Multiferroic Domain Structures in Hexagonal YMnO
3

Single Crystals. Hexagonal YMnO
3
is the representative

geometrical frustrated multiferroics, which has received
much attention not only from a fundamental but also a
technological point of view because of its large coupling
between the two (magnetic and electric) ferroic orders. The
magnetic and electric coupling can be utilized for higher
density data storage or highly sensitive sensor devices. The
ferroelectric and magnetic domain structures in this mul-
tiferroic material are considered to be an important factor
for improving the efficiency and performance of future mul-
tiferroic devices. Therefore, multiferroic domain structures
in multiferroic hexagonal YMnO

3
are extremely studied.

In the past years, domain structures in YMnO
3
have been

studied by various methods, such as surface etching [13],
SEM [13], second-harmonic near-field imaging [14], piezo-
response force microscopy [15, 16], and conventional TEM
[17, 18]. In recent years, a characteristic cloverleaf domain
structure and topologically protected multiferroic vortex-
antivortex pairs have been revealed by conventional dark-
field TEM images [19, 20], as shown in Figure 2. Figure 2(a)
shows a combination of dark-field TEM image (bottom grey-
scale layer) and conductive atomic force microscopy (top
colored layer) image of cloverleaf domain pattern, which
shows six crystallographic domains joining at a defect line
with positive and negative polarization (+ and − signs in the
conductive atomic force microscopy image, resp.) alternating
around the defect. The TEM dark-field image was obtained
by using the 1 3 1 diffraction spot (the Miller index is based
on P63cm), in which six antiphase domains (𝛼-𝛽-𝛾-𝛼-𝛽-𝛾)
form 60∘ wedges and merge from one central point. These
six structural domains represent theminima of free energy of
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(a) (b)

Figure 1: (a) Dark-field TEM images of the vortex nanodomain arrays formed at the interface between the BiFeO
3
film and TbScO

3
substrate.

(b) Plotting of the𝐷FB vectors (defined as the atomic displacement in the image plane of the Fe cation from the center of the unit cell formed
by its four Bi neighbors) for a 109∘ domain wall which forms a vortex domain by addition of a pair of 180∘ triangle domains, where the
polarization rotates about the intersection of two 109∘ and two 180∘ domain walls [12].

(a)

𝛼+

𝛼−

𝛾−

𝛾+𝛽+

𝛽−

(b)

𝛼+

𝛼−
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𝛽−

(c)
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𝛼−
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𝛾+ 𝛽+

𝛽−

(d)

Figure 2: (a) Cloverleaf domain patterns in ferroelectric YMnO
3
[19, 20].The combination of TEM (bottom grey-scale layer) and conductive

atomic force microscopy (top colored layer) images shows six crystallographic domains joining at a defect line with positive and negative
polarization (+ and − signs in the conductive atomic force microscopy image, resp.) alternating around the defect.The TEM dark-field image
is obtained by using the 1 3 1 diffraction spot. (b) Contour plot of the free energy of hexagonal YMnO

3
, where the six minima correspond to

six structural domains. The arrows in the direction of the minima (colored blue and red) indicate the direction describing these states. The
red and blue arrows also encode the sign of electric polarization. The dashed arrow connecting two neighboring minima is a lowest-energy
domain wall. (c) and (d) Vortex and antivortex configurations correspond to the cloverleaf defect, respectively. The 𝛼, 𝛽, and 𝛾 antiphase
domains correspond to the three options for the origin of trimerization.

the system, rotated by 60∘ angles, as depicted in Figure 2(b).
The domain walls separating the structural domains are tra-
jectories beginning in one minimum and ending in another.
The lowest-energy domain walls connecting two neighboring
minima are depicted by the dashed line in Figure 2(b). As
is evident from the cloverleaf defects are therefore vortices
where around the defect the phase angle goes successively
through all six phases. This leaves only two possible domain
sequences: 𝛼+, 𝛽−, 𝛾+, 𝛼−, 𝛽+, and 𝛾− (vortex) and 𝛼+,
𝛾−, 𝛽+, 𝛼−, 𝛾+, and 𝛽− (antivortex). Therefore, the electric
alternating sign of polarization of neighboring domains, such
domain walls flip the electric polarization. The polarization
changes sign at each domain wall (Figures 2(c) and 2(d)).

Such vortices are stable topological defects that cannot
be unwound by local lattice distortions. The 60∘ rotation of
spins at domain boundaries implies that the cloverleaf defects
are also magnetic vortices where lattice distortions and spins
rotate together. It would be interesting to find out whether
this amazingly complex interplay between structural, electric
and magnetic properties of defects can lead to newmagneto-
electric phenomena. Similarly, the cloverleaf domain patterns
in YMnO

3
thin films are also reported by Matsumoto et al.

[21], as shown in Figure 3. In a low-magnification dark-field
TEM image (Figure 3(a)), themultiferroic cloverleaf domains
are elongated along the c-axis of the specimen as indicated

with an arrow. Some vortices can be observed in the field-
of-view and an enlargement of a vortex as designated by
a white rectangle is shown in Figure 3(b) (as a false-color
image). After numerous TEM observations, it is found that
vortices with at least two domain boundaries along the c-
axis (transverse domain wall, TDW) are stable during TEM
observations. Alongwith TDW, no charge is exposedwhereas
a small amount of charge is exposed at the longitudinal
domain boundary (LDW) at the core. In contrast, an instable
vortex is shown in the center of Figure 3(c), which appears
as a four-leaves-like vortex. The contrast appeared to be
blurred near the vortex and all of the boundaries were found
to be mostly perpendicular to the c-axis. A fair amount
of charges are exposed along the LDW making such a
vortex structure unstable under the electron irradiation. The
ferroelectric and antiferromagnetic domains have been con-
firmed to be interlocked with each other by a simultaneous
observation by contact AFM and low temperature MFM
[22]. Anisotropic conduction through the domain boundary
was also observed, which could lead to tunable and flexible
design of multiferroic devices [23]. To better understand
the physical and chemical mechanism of multiferroicity in
multiferroic hexagonal YMnO

3
, a visualization technique

based on spherical aberration-corrected STEM with atomic
resolution has been employed to characterize the charge and
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(a) (b) (c)

Figure 3: (a) A conventional dark-field TEM image of the multiferroic cloverleaf domains in the YMnO
3
crystal near the [110] zone axis

[21]. Note that the domains are elongated along the c-axis as indicated with an arrow. (b) An enlargement of the vortex designated by a white
rectangle is shown as a pseudocolor representation. (c) An instable vortex observed in some field of view.

Up
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STEP

LDW

Down

2nm

Figure 4: High-resolution ABF-STEM image of the YMnO
3
single

crystal recorded along the [110] direction, where five different kinds
of domain structures (marked as Up, Down, TDW, LDW, and STEP
in the figure) are observed [21].

uncharged domain walls in multiferroic hexagonal YMnO
3
,

where the annular bright-field (ABF) imaging technique is
also used to reveal the light atomic element of oxygen. To
further reduce the residual and statistical noises in the STEM
images, multivariate statistical analysis (MSA) technique is
also used [24]. Figure 4 demonstrates a high-resolution ABF-
STEM image recorded along the [110] direction from a
part of the field-of-view shown in Figure 3(b), where five
different kinds of domain structures (marked as Up, Down,
TDW, LDW, and STEP in the figure) are observed in the
same field of view in the image [21]. The MSA reconstructed
score images from the LDW region and TDW region with
color obtained from the HAADF (a, c) and ABF (b, d)
images are shown in Figure 5, respectively. It is clear that the
transition between the two opposite polarization is atomically
sharp in both images. The separation was found to be as
good as that for an artificial image group constructed from

upward only and downward only region (Up and Down in
Figure 4).Therefore, with the aid ofMSA technique, unbiased
and quantitative maps of ferroelectric domain structures
with atomic resolution have been obtained. Such a statistical
image analysis of the transition region between opposite
polarizations has confirmed the atomically sharp transitions
of ferroelectric polarization both in antiparallel (uncharged)
and tail-to-tail 180∘ (charged) domain boundaries. Based on
these analyses, a correlated subatomic image shift of theMn–
O layers with that of Y layers, exhibiting a double-arc shape
of reversed curvatures, has been elucidated. The amount of
image shift in Mn−O layers along the c-axis is statistically
significant as small as 0.016 nm, roughly one-third of the
evident image shift of 0.048 nm in Y layers. In addition,
such a subatomic image shift in Mn−O layers vanishes at
the tail-to-tail 180∘ domain boundaries. By using aberration-
corrected high-angle annular-dark-field (HAADF) imaging
technique the domain configurations and atomic structures
of the vortex in multiferroic hexagonal YMnO

3
has been

directly identified along the [100] direction, as shown in
Figure 6 [25]. Due to the Z-contrast characteristics of the
HAADF imaging, the big bright spots correspond to Y atoms
and the small bright spots correspond to Mn atoms. Note
that [100] direction is the most suitable for imaging the DWs
and identifying the location of the vortex core, where the
shift of Y ions can be observed without overlapping. The
different configurations of Yup and Ydown atoms comparing
to the MnO

5
polyhedra, which appears wavy-like, indicate

that YMnO
3
has two opposite polarized states, which are

indicated by the yellow upward and blue downward arrows,
respectively. Since the HAADF contrast is generally less
affected by small variation of specimen thickness, therefore,
mapping the atomic position of heavier ions using HAADF
approach is a reliable method to measure ion displacements
and to further calculate the polarization. Six ferroelectric
domains can be distinguished clearly by the up-down-down
and down-up-up arrangements of Y ions and their polariza-
tions are marked by upward arrows and downward arrows,
respectively, as shown in Figure 6. It is found the six DWs can
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Figure 5: MSA (multivariate statistical analysis) reconstructed score images from the LDW region and TDW region with color obtained by
from (a, c) the HAADF and (b, d) ABF images [21].

be classified into two types by their displacements across the
DWs: type-I 1/6 [210] and type-II 1/3 [210]. Six translation-
ferroelectric domains denoted by 𝛼+, 𝛾−, 𝛽+, 𝛼−, 𝛾+, and 𝛽−,
respectively, were recognized, demonstrating interlocking
nature of the antivortex domain. The core region of nearly
zero polarization was found to be about four unit cells width.
These results demonstrated that the polarization reverse can
be realized efficiently by the adjustments of displacements
of Y ions within several unit cells at both DWs and the
antivortex core, demonstrating the trimerization nature of
improper ferroelectricity of YMnO

3
.These findings provide a

solid evidence for the understanding of topological behaviors
and intriguing physics of the vortex in RMnO

3
and pave the

way for further theoretical calculation.

2.3. Multiferroic Domains in Charge-Ordered LuFe
2
O
4
Mul-

tiferroics. Recently multiferroicity is observed in LuFe
2
O
4
,

which is due to ferroelectricity originating from Fe2+/Fe3+

charge order at the ferromagnetic transition temperature.The
crystal structure of LuFe

2
O
4
consists of the alternate stacking

of triangular lattices of rare-earth elements, iron and oxygen.
An equal amount of Fe2+ and Fe3+ coexists at the same site
in the triangular lattice. Compared with the average iron
valence of Fe2.5+, Fe3+, and Fe2+ are considered as having
an excess and a deficiency of half an electron, respectively.
The Coulombic preference for pairing of “oppositely” signed
charges (Fe2+ and Fe3+) is considered to cause the degeneracy
in the lowest energy for the charge configuration in the
triangular lattice, similarly to the triangular antiferromag-
netic Ising spins. Thus, RFe

2
O
4
is considered to be a charge-

frustrated system of triangular lattices, where ferroelectricity
is originated from the electron distribution. It is expected that
real-space observations of the charge-ordered domains will
provide crucial information for a deeper understanding of the
process of frustrated charge ordering in the triangular lattice.
Since frustrated charge ordering gives rise to only weak
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𝛽𝛼 𝛾

Figure 6: HAADF image of the antivortex domains in multiferroic
YMnO

3
[25]. Yellow and blue rectangles are used to mark the

upward and downward polarized unit cells, respectively. The yellow
upward and blue downward arrows indicate the different direction
of polarization, respectively. Two white horizontal lines are super-
posed on the image to identify the relative translation relationship
among 𝛼, 𝛽, and 𝛾 domains. The DWs are marked by red dotted
lines and the red circle is used to mark the region of the vortex core.
The types of six DWs are also outlined by the white vertical lines,
labeled by type-I and type-II.The schematics of the three translation
domains are presented at the bottom.The broken rectangles are used
to indicate the same polarized unit cells. The black ruler are scaled
by the lattice periodicity projected along the [100] direction. The
positions of the broken rectangles relative to the short vertical lines
in the black ruler reflect their translation relationship.

satellite reflections (i.e., diffuse scattering), so the tech-
nique of energy-filtered TEM is employed to significantly
improve the visibilities of electron diffraction patterns and
the dark-field images obtained using such weak reflections.
Figure 7 shows the morphology of charge-ordered domains
in LuFe

2
O
4
[26]. Figure 7(a) is the selected area electron

diffraction pattern of LuFe
2
O
4
recorded at 299K, which

exhibits a feature of a characteristic diffuse scattering caused
by charge ordering in LuFe

2
O
4
, as marked by the black

arrows in Figure 7(a). The diffuse scattering is accompanied
by streaks in the direction of c∗ axis due to suppression of
interlayer correlation between Fe double layers, which are
separated by Lu–O sheets.The trace of diffuse scattering is not
linear; instead, it has a slightly zigzag shape.This modulation
can be explained by a small peak shift perpendicular to the
c∗ axis whose magnitude depends on the index 𝑙. X-ray
diffraction patterns of the LuFe

2
O
4
single crystals reveal that

the diffuse scattering has intensity maxima at approximately
(h/3, h/3, l + 3/2) in reciprocal space, where ℎ and 𝑙 are
the Miller indices [27, 28]. Based on the full width at
half maximum (FWHM) of the diffuse scattering pattern
measured perpendicular to the c∗ axis at the position of
the intensity maxima, the sizes of charge ordering domains
are estimated to be ∼4.7 nm at 299K. To determine the
charge-ordered domain structure in real space, a dark-
field image (Figure 7(b)) was obtained by using the diffuse
scattering indicated by the circle in the inset. That reveals the

nanometer-scale charge-ordered domains, which exhibit as
the bright dots in Figure 7(b). The size of bright dots seems
smaller than the correlation length (∼4.7 nm) deduced from
the FWHM. It appears likely that the bright dots represent the
portions which show a significant degree of charge ordering,
for example, the inner portions of charge-ordered domains.
In other words, the outskirts regions having a lower degree
of charge ordering than the inner portions do not provide
sufficient brightness in the dark-field image. To determine the
average spacing between the bright dots observed by dark-
field imaging at 299K, the number of nanometer-scale dots
(N), such as those indicated by red points in Figure 7(c)
is calculated. With respect to agglomerations observed in
the dark-field image, it was difficult to determine the true
positions of individual charge-ordered domains. Because of
these uncertainties, the observations of 𝑁 were dispersed
from 132 to 190.

Based on the above results it can be concluded that dark-
field imaging revealed a spot-like contrast of the charge-
ordered domains. Although electron diffraction patterns
demonstrated the development of charge ordering upon cool-
ing, the observable domain size remained on a nanometer
scale (i.e., smaller than 10 nm) over a wide temperature range
between 𝑇CO (∼310K) and 88K. These findings indicate that
the charge ordering is constrained by the geometric aspects
of the crystal structure, such as the triangular lattice and
the discreteness of the Fe double layers. An average spacing
between neighboring domains (spacing between domain
centers) of was determined to be 5–7 nm at 299K. This value
was comparable with the in-plane (c plane) correlation length
(∼4.7 nm) deduced from the FWHMof the diffuse scattering.
It is conjectured that there are only small charge-disordered
regions separating neighboring charge-ordered regions. Such
small ferroelectric domains are free from the lattice distor-
tion as observed by dark-field TEM, which can assist the
realization of an extremely small ferroelectric element in
high density ferroelectric random access memory. Such a
fascinating potential for electron-ordered ferroelectricity will
be pioneered in future research.

3. Concluding Remarks

In this paper, we have reviewed the recent progress in
the characterizations of multiferroic domain structures in
multiferroic oxides. Due to the existence of two or three
primary ferroic order parameters simultaneously in the
same phase multiferroics and intricately coupling each other,
new amazing multiferroic properties and/or phenomena
are realized by combinations of distinct nanometer-scale
charge-ordered domains, cloverleaf domain structures, and
topological defects such as multiferroic vortex-antivortex
pairs. Therefore, the importance of multiferroic domain
analyses will be enhanced in the future. However, in order to
explore these complex and nano-scaled structures with high
precision, improvements on themicroscopicmethods should
be sustained. Recent development of spherical aberration cor-
rection is revolutionizing the performance ofHRTEM/STEM
instruments, which allows ones to achieve a spatial resolution
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(a) (b) (c)

Figure 7: Morphology of charge-ordered domains in LuFe
2
O
4
[26]. (a) SAED pattern of LuFe

2
O
4
recorded at 299K. (b) Dark-field TEM

image of the charge-ordered domains obtained by using the diffuse scattering indicated by the circle in the inset.The charge-ordered domains
are imaged as bright dots. (c) Nanometer-scale bright dots (indicated in red) representing the charge-ordered domains, which are used to
determine the average spacing between the neighboring charge-ordered domains.

better than 0.08 nm and an energy resolution better than
100meV. Such breakthrough would bring us to see and
thoroughly explore the multiferroic domain structures at
subangstrom scale. Another fascinating task is to combine the
measurements of multiferroic physical properties (e.g., ferro-
electric, magnetic, and magnetoelectric coupling properties)
with the multiferroic domain analysis as performed here.
This type of simultaneousmeasurements will be necessary for
further understanding of the ferroelectric, magnetic and/or
magnetoelectric coupling between the small domains. An
exciting new era for multiferroic domain characterizations in
multiferroic oxides is on the horizon!
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[15] T. Jungk, Á. Hoffmann, M. Fiebig, and E. Soergel, “Electrostatic

topology of ferroelectric domains in YMnO
3
,” Applied Physics

Letters, vol. 97, no. 1, Article ID 012904, 2010.
[16] S. C. Chae, N. Lee, Y. Horibe et al., “Direct observation of

the proliferation of ferroelectric loop domains and vortex-
antivortex pairs,” Physical Review Letters, vol. 108, no. 16, Article
ID 167603, 5 pages, 2012.



8 Journal of Nanomaterials

[17] T. Katsufuji, S. Mori, M. Masaki, Y. Moritomo, N. Yamamoto,
and H. Takagi, “Dielectric and magnetic anomalies and spin
frustration in hexagonal RMnO

3
(R=Y, Yb, and Lu),” Physical

Review B: Condensed Matter and Materials Physics, vol. 64, no.
10, Article ID 104419, 6 pages, 2001.

[18] T.Asaka, K.Nemoto,K.Kimoto, T.Arima, andY.Matsui, “Crys-
tallographic superstructure of Ti-doped hexagonal YMnO3,”
Physical Review B: CondensedMatter andMaterials Physics, vol.
71, no. 1, Article ID 014114, 2005.

[19] T. Choi, Y. Horibe, H. T. Yi, Y. J. Choi,W.Wu, and S.-W. Cheong,
“Insulating interlocked ferroelectric and structural antiphase
domain walls in multiferroic YMnO

3
,” Nature Materials, vol. 9,

no. 3, pp. 253–258, 2010.
[20] S. C. Chae, Y. Horibe, D. Y. Jeong, S. Rodan, N. Lee, and S.-

W. Cheong, “Self-organization, condensation, and annihilation
of topological vortices and antivortices in a multiferroic,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 107, no. 50, pp. 21366–21370, 2010.

[21] T. Matsumoto, R. Ishikawa, T. Tohei et al., “Multivariate statis-
tical characterization of charged and uncharged domain walls
in multiferroic hexagonal YMnO

3
single crystal visualized by a

spherical aberration-corrected STEM,”Nano Letters, vol. 13, no.
10, pp. 4594–4601, 2013.

[22] M. Fiebig, T. Lottermoser, D. Fröhlich, A. V. Goltsev, and
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Magnetoelectric composites of zinc ferrite and soft lead zirconate titanate (PZT) having formula 0.5 ZnFe
2
O
4
-0.5 PZT were

synthesized by sol-gel technique. X-ray diffraction analysis was carried out to confirm the coexistence of individual phase. TEM
micrographs were taken to confirm the formation of nanosized powders and SEMmicrographs were taken to study themorphology
of the sintered pellets. Dielectric and P-E hysteresis loops were recorded, respectively, to confirm the ferroelectric properties of the
composites.

1. Introduction

The multiferroics are functional materials combining sev-
eral ferroic properties in the same material. They usually
exhibit simultaneously magnetic and ferroelectric order and
a coupling between them. In recent years much attention has
been given for the development of magnetoelectric materials
due to their possible applications as sensors, memories,
transducers, and actuators. One of the important classes of
magnetoelectric materials includes ferrite piezoelectric com-
posites. In such materials the magnetoelectric effect is a
product property that depends on the piezoelectric and
piezomagnetic coefficients, volume fraction of composite
components, and magnetic, dielectric properties of com-
posite components. The suitable combination of two phases
such as piezomagnetic or magnetostrictive and piezoelectric
phase can yield a desirable ME property [1–3]. Till date
various ME composites have been prepared consisting of
ferroelectric materials like BaTiO

3
, Pb(Zr)TiO

3
, BaPbTiO

3
,

and so forth and Ni, Co, Mg, Zn ferrites as magnetic phase
[4–6]. The main advantage of synthesizing sintered ME
composites is related to the easy and cheap fabrication and
the possibility to control themolar ratios of phases, grain size,
and densification.

For the present work, nanocomposites of 0.5 ZnFe
2
O
4
-

0.5 soft Pb(ZrTi)O
3
were prepared by the sol-gel method and

the structural, microstructural, and dielectric properties were
studied and compared with the parent compound, that is,
PZT.

2. Experiment

2.1. Material Synthesis. The nanocomposites were prepared
by a two-step technique. In the first step ZnFe

2
O
4
nanopow-

ders were prepared by a sol-gel technique. The precur-
sor materials for ZnFe

2
O
4
were Zn(NO

3
)
2
⋅6H
2
O (Aldrich)

and Fe(NO
3
)
3
⋅9H
2
O (Aldrich). At first, the stoichiometric

amount of Zn(NO
3
)
2
⋅6H
2
O and Fe(NO

3
)
3
⋅9H
2
O was taken

in a beaker, and a complete homogeneous solution was
prepared in 200mL of distilled water. This prepared solution
was then stirred for 1 h. During the stirring, equimolar
amount of citric acid was added to the solution. To that
solution, soft lead zirconate titanate, that is, PZT (Sparkler
ceramics), dissolved in nitric acid was added and the stirring
was continued for more than 4 h, keeping the temperature in
the range of 100 to 110∘C. After that, finally a heavily dense
form of the sol has been obtained. The sol was then put into
the oven at 110∘C and was left for 10 h to form a hard gel. The
precursor powders were calcined for ∼8 h at 500∘C.

The powders were further reground thoroughly, pel-
letized, and sintered at 1250∘C (2 h) in presence of excess
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-PZT nanopowders.

lead oxide to obtain pellets required for characterization of
electrical properties.

2.2. Characterization. Thermal analysis of the dried gel in air
was done using Perkin Elmer Thermal Analyzer from 30∘C
to 1000∘C at the heating rate of 10∘C/min. The powder X-
ray diffraction of synthesized ZnFe

2
O
4
powder was carried

out using Bruker AXS D8 Advance system (𝜆 = 1.5406>,
with a step size of 0.05∘). The morphology of the nanopow-
ders was observed by Transmission Electron Microscope
(Techno G230 STWin) and the pellets were observed on a
Field Emission Scanning Electron Microscope (SUPRA 35
VP) at different magnifications. For electrical measurements
the pellets were polished and electroded with silver paint.
The dielectric properties were measured by a LCR meter
(Hioki 3532) as a function of frequency and temperature
and the ferroelectric properties as a function of voltage were
measured with Aixact Test Bench.

3. Results and Discussion

Figure 1 shows the thermal plot of ZnFe
2
O
4
-PZT gel. Since

commercial PZT powder (Sparkler ceramics) was used
and mixed, the plot is more or less identical to that of
ZnFe
2
O
4
reported [7, 8].The weight loss in the range 200∘C–

250∘C in the TGA curve attributed to the liberation of
surface adsorbed water. The drastic weight loss corresponds
to the conventional oxidative decomposition of citric acid
and nitrates. The redox reaction between citric acid, metal
nitrates, and PZT mixture has completed above 400∘C,
indicating the completion of the decomposition of citric
acid and nitrate salts. No weight loss above 400∘C suggests
the formation of crystalline 0.5 ZnFe

2
O
4
-0.5 PZT as the

decomposition product.
The XRD pattern of ZnFe

2
O
4
-PZT calcined at 500∘C/8 h

is shown in Figure 2.The formation of ZnFe
2
O
4
-PZT powder

was confirmed bymatching the peak positionwith the JCPDS
file ZnFe

2
O
4
(PDF-821042) and soft PZT which is given

in the inset. Hence formation of multiferroic composite
was confirmed from structural characterization. The mean
crystallite size of the powder was calculated using Scherrer
formula and was found to be ∼28 nm.

Figure 3(a) shows the TEMmicrographs of 0.5 ZnFe
2
O
4
-

0.5 PZT nanocomposite. The average particle size estimated
was ∼35 nm. HRTEM micrographs (Figure 3(b)) show the
perfect orientation of the lattice spacing and SAED pattern
(Figure 3(c)) depicts the formation of distinct rings which
confirms the formation of crystalline nature of the sample.
The EDAX micrograph (Figure 3(d)) confirms that both
the ferroelectric compound (PZT) and the ferromagnetic
ZnFe
2
O
4
nanocrystals are present in the composite. Hence

formation of multiferroic composite was confirmed. The
atomic percentages of all the elements are given in Table 1.

FESEM micrographs of 0.5 ZnFe
2
O
4
-0.5 PZT pellet

at different magnifications (5 and 10KX) and at different
selected areas are shown in Figures 4(a) and 4(b). The
homogeneous distribution of the grains of average size of 6–
8 𝜇m with hexagonal shape having distinct grain boundaries
is confirmed from the micrographs. Densely packed grains



Journal of Nanomaterials 3

(a) (b)

(c)

0 10 20

0

1000

2000

3000

Fe

Energy (keV)

c
Fe

Zn

Fe
Fe

Cu
Zn

Zn

C
ou

nt
s

(d)

Figure 3: (a) TEMmicrographs. (b) HRTEMmicrographs. (c) SAED micrographs. (d) EDAX micrographs.

Table 1: Elemental analysis of ZnFe2O4-PZT composite.

Element Weight % Atomic % Uncert. % Correction 𝑘-factor
O(K) 29.40 63.56 0.32 0.49 1.973
Ti(K) 0.09 0.06 0.01 0.98 1.193
Fe(K) 34.13 21.14 0.24 0.99 1.348
Zn(K) 23.75 12.56 0.23 0.99 1.671
Zr(K) 2.60 0.98 0.10 0.99 3.439
Pb(L) 10.00 1.67 0.23 0.75 5.806

with relative high density (>95%) were observed from these
micrographs.

The variation of dielectric constant (𝜀) and dielectric loss
(tan 𝛿) from 50Hz to 5MHzwith variation fromRT to 300∘C

is shown in Figures 5(a) and 5(b). It has been observed
that, with the increase of frequency, 𝜀 value decreases and
further remains almost constant. At lower frequencies all the
polarization (i.e., electronic, ionic, dipolar, and interfacial)
is present but at higher frequencies only the electronic
polarization contributes to the dielectric constant. The value
of the dielectric constant was less compared to that of the
soft PZT which shows the effect of addition of ZnFe

2
O
4
. The

dielectric loss decreased with the increase in frequency which
is the general characteristics of a ferroelectric material. The
variation of dielectric constant and tangent loss with tem-
perature of the composite is shown in Figures 6(a) and 6(b).
It is observed that the compounds do not exhibit phase
transition up to the possible measurable temperature, that is,
300∘C. There is a linear increase in both values within the
measured temperature range. The dielectric constant value
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Figure 4: (a) FESEMmicrographs at 10KXmagnification of ZnFe
2
O
4
-PZTpellet. (b) FESEMmicrographs at 5 KXmagnification of ZnFe
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O
4
-

PZT pellet.
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Figure 5: (a) Variation of dielectric constant with frequency at different temperatures. (b) Variation of dielectric loss with frequency at
different temperatures.
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Figure 7: P-E loops of ZnFe
2
O
4
-PZT pellet compared with PZT

pellet.

has decreased in comparison to soft PZT (PZT (RT) at
10 kHz = 1800).

Figure 7 shows the P-E hysteresis curve of the compos-
ite at room temperature. The remanent polarization (𝑃

𝑟
)

nanocomposite was 4 𝜇C/cm2 applied voltage of 1 Kv while
that of soft PZT was 25 𝜇C/cm2. The similar loop of PZT
sample is shown in the inset. The high reduction in the
polarization value may be due to the interaction of the
ZnFe
2
O
4
grains which results in the pinning effect of the

ferroelectric domains.

4. Conclusions

ZF-PZT composites were synthesized by sol-gel technique
and were characterized by XRD, TEM, and SEM for struc-
tural and microstructural analysis. The dielectric constant
decreased with respect to PZT. The observation of P-E hys-
teresis loops indicates the presence of ordered ferroelectric
behaviour.
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BiFeO
3
microcylinders were synthesized via a hydrothermal condition. SEM observation reveals that with increasing the

hydrothermal reaction time from 6 to 15 h, the microcylinders grow from ∼0.7 to ∼4.1 𝜇m in height, whereas their diameter
remains to be 3.7-3.8 𝜇mwith a minor change. The microcylinders are mainly made up of sphere-like grains of 100–150 nm in size.
A possible growth mechanism of the BiFeO

3
microcylinders is proposed. The photocatalytic activity of the as-prepared BiFeO

3

samples was evaluated by the degradation of acid orange 7 under simulated sunlight irradiation, revealing that they possess an
appreciable photocatalytic activity. Magnetic hysteresis loop measurement shows that the BiFeO

3
microcylinders exhibit a typical

antiferromagnetic behavior at room temperature.

1. Introduction

Bismuth ferrite (BiFeO
3
) with a rhombohedrally distorted

perovskite structure has been extensively studied as one of
single-phase multiferroic materials in the past few years
[1, 2]. BiFeO

3
exhibits ferroelectricity with a Curie tem-

perature (𝑇C) of ∼830
∘C and antiferromagnetism with a

Néel temperature (𝑇N) of ∼380
∘C, making it a promis-

ing candidate for room-temperature multiferroic applica-
tions [3, 4]. Furthermore, BiFeO

3
is an important semi-

conductor with bandgap energy of about 2.2 eV and has
a pronounced photocatalytic activity for the degradation
of various organic dyes under visible-light irradiation [5–
11]. Generally, the physical and chemical properties of a
functional material depend highly on its morphologies,
dimensions, sizes, defects, and so forth. To tailor or enhance
the properties of the material, it is especially interesting to
create nano/microstructures with various morphologies. Up
to now, a large number of nano/microstructures of BiFeO

3

have been synthesized including microplatelets, microcubes,
nanotubes, nanofibers, microflowers, microspheres, micro-
rods, thick film, microoctahedron, and nanoparticles [5–19].

Various wet chemical methods have been widely used to
achieve those nano/microstructures of BiFeO

3
. Among them,

the hydrothermal route has special advantages in tailoring the
product morphology. The variation of any parameter in the
hydrothermal reaction process, such as reaction temperature
and time, mineralizer type and its concentration, pH value,
metal ion concentration, and organic additive, could result in
morphologically different products. In this work, we report
the synthesis of BiFeO

3
microcylinders under a hydrothermal

route and a possible growthmechanismof themicrocylinders
is proposed. The photocatalytic activity of as-prepared sam-
ples was evaluated by the degradation of acid orange 7 (AO7)
under simulated sunlight irradiation.

2. Experimental

0.005mol of Bi(NO
3
)
3
⋅5H
2
O and 0.005mol of

Fe(NO
3
)
3
⋅9H
2
O were dissolved in 20mL of dilute nitric acid

solution. Then to the mixture solution was added 60mL
KOH solution with a concentration of 9mol⋅L−1 drop by
drop under magnetic stirring, and immediately a dark
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Figure 1: XRD patterns of BiFeO
3
samples prepared at the reaction time of 6, 9, and 15 h (the corresponding samples are termed S-6, S-9, and

S-15, resp.).

brown suspension solution was formed. The suspension was
ultrasonically treated for 8min and subsequently stirred
vigorously with a magnetic stirrer for 30min to create a
highly uniform mixture. The resulted mixture was sealed in
a Teflon-lined stainless steel autoclave of 100mL capacity
and submitted to hydrothermal treatment at 200∘C. After
different reaction time, the autoclave was cooled naturally
to room temperature. The resulting brown precipitate was
collected and washed several times with distilled water and
absolute ethanol and then dried in a thermostat drying oven
at 80∘C for 12 h to obtain final BiFeO

3
product. By varying

the reaction time from 6 to 15 h, several BiFeO
3
samples were

prepared.
The phase purity of the samples was examined by

means of X-ray powder diffraction (XRD) with Cu K𝛼
radiation. The morphology of the samples was observed
by field-emission scanning electron microscope (SEM). The
ultraviolet- (UV-) visible diffuse reflectance spectra were
measured using aUV-visible spectrophotometerwith an inte-
grating sphere attachment. A vibrating samplemagnetometer
(VSM) was used to measure the magnetic hysteresis loops of
the samples at room temperature.

The photocatalytic activity of the products was evaluated
by degrading AO7 in aqueous solution under simulated
sunlight irradiation from a 200W xenon lamp. The initial
AO7 concentration was 5mg⋅L−1 and the BiFeO

3
loading was

0.1 g in 200mL of AO7 solution. Before illumination, the
mixed solution was ultrasonically treated for 15min in the
dark to make BiFeO

3
particles uniformly dispersed. During

the photocatalysis process, the water-jacketed reactor was
cooled with water-cooling system to keep the solution at
room temperature. After irradiation for 8 h, the reaction
solutionwas centrifuged for 10min at 3000 r⋅min−1 to remove
BiFeO

3
particles. The AO7 concentration was determined by

measuring the absorbance of the solution at a fixed wave-
length of 484 nmusing anUV-visible spectrophotometer.The
percentage degradation is defined as (𝐶

0
− 𝐶
𝑡
)/𝐶
0
× 100%,

where 𝐶
0
and 𝐶

𝑡
are the AO7 concentrations before and after

irradiation, respectively.

3. Results and Discussion

Figure 1 shows the XRD patterns of BiFeO
3
samples prepared

at the reaction time of 6, 9, and 15 h (the corresponding
samples are termed S-6, S-9, and S-15, resp.). For these
samples, all the diffraction peaks can be indexed in terms
of the rhombohedral structure of BiFeO

3
with space group

𝑅3𝑚 (PDF card number 74-2016). No traces of other phases
are detected in the XRD patterns, revealing high purity of
the as-prepared products.The widths of the diffraction peaks
undergo no obvious change between the samples, indicating
that they have nearly the same grain or subgrain size.

Figure 2 shows the SEM images of the as-preparedBiFeO
3

samples, revealing the synthesis of cylinder-like micropar-
ticles. When the hydrothermal reaction time is 6 h, the
resulting sample consists of microcylinders with an average
diameter of ∼3.7 𝜇m and height of ∼0.7 𝜇m (Figure 2(a)).
When the reaction time is increased to 9 h, the obtained
microcylinders have a diameter of ∼3.8 𝜇m and height of ∼
1.7 𝜇m (Figure 2(b)). Further prolonging of the reaction time
up to 15 h leads to the formation of microcylinders with
a diameter of ∼3.8 𝜇m and height of ∼4.1 𝜇m (Figure 2(c)).
This implies the continuous growth of BiFeO

3
microcylinders

along the direction of height with increasing the reaction
time, whereas their diameter undergoes minor change.
Figure 2(d) shows an enlarged view of the SEM image of
Figure 2(b), revealing that the microcylinders are mainly
made up of sphere-like grains of 100–150 nm in size.

Figure 3 shows a possible growth mechanism of the
cylinder-like BiFeO

3
particles. Initially, Bi3+ and Fe3+ ions

react with OH− ions to produce amorphous Bi(OH)
3
and

Fe(OH)
3
precipitates, and then the hydroxides undergo an

attack of the mineralizer, KOH, to dissolve and form ion
groups. These species undergo nucleation and growth when
critical supersaturation is reached, leading to the formation
of BiFeO

3
nanocrystals. The nascent nanocrystals come

together or self-assemble to form cylinder-like aggregates.
This self-organization process can be understood according
to the oriented-attachment growth mechanism, where the
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Figure 2: SEM images of BiFeO
3
samples. (a) S-6, (b) S-9, (c) S-15, and (d) enlarged image of sample S-9.

6h 9h 15h

Nucleation

Figure 3: Schematic illustration of the growth mechanism for cylinder-like BiFeO
3
particles.

driving force is the reduction of overall surface energy [20,
21]. At the initial stage of the self-organization, thin or
disk-like microcylinders with a diameter of about 3.7-3.8 𝜇m
are constructed from BiFeO

3
nanocrystals. With increasing

the reaction time, BiFeO
3
nanocrystals are continuously

attracted to attach on the surface of the microcylinders,
leading to their continuous growth along the height direction,
whereas their diameter undergoes minor change.

Figure 4(a) shows the UV-visible diffuse reflectance spec-
tra of BiFeO

3
samples and Figure 4(b) gives the correspond-

ing first derivative of the reflectance (𝑅) with respect to
wavelength 𝜆 (i.e., 𝑑𝑅/𝑑𝜆). It is seen that the samples have
a similar absorption edge at ∼568 nm, which is assigned to
the electron transition from valence band to conduction band
according to the theoretical results [22]. From the absorption
edge, the bandgap energy of the samples is obtained to be
2.18 eV.

Figure 5 shows the photocatalytic degradation of AO7
over BiFeO

3
samples as a function of irradiation time (𝑡),

along with the blank experimental result. AO7 appears to
be stable under simulated sunlight irradiation in the absence
of photocatalyst, and its degradation percentage is less than

7% after 8 h of exposure. When BiFeO
3
samples are used

as the photocatalyst, the degradation of AO7 is obviously
enhanced, indicating an appreciable photocatalytic activity
of the samples. The degradation percentage of AO7 after 8 h
irradiation with samples S-6, S-9, and S-15 is about 56%,
28%, and 19%, respectively. The sample S-6 exhibits the
highest photocatalytic activity, which is mainly ascribed to
its relatively small particle size. Generally small particle size
and large surface area to volume ratio is required to achieve
good photocatalytic activity since the photocatalytic reaction
occurs dominantly on the catalyst surface [23].

Figure 6 shows the magnetic hysteresis loops of BiFeO
3

samples measured at room temperature, revealing a nearly
linear dependence of the magnetization on applied magnetic
field. This indicates that all the samples exhibit an antifer-
romagnetic behavior at room temperature. It is well known
that BiFeO

3
has a helical antiferromagnetic spin structure

with a period of ∼62 nm [24]. This helimagnetic structure
will be destroyed in nanosized BiFeO

3
, making the spin

compensation incomplete. As a result, weak ferromagnetism
is generally observed for nanosized BiFeO

3
and exhibits

an increasing trend with reducing the grain size [10, 25].
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Figure 4: (a) UV-visible diffuse reflectance spectra of BiFeO
3
samples and (b) the corresponding first derivative of the diffuse reflectance
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Figure 5: Photocatalytic degradation of AO7 over BiFeO
3
samples

as a function of irradiation time along with the blank experiment
result.

However, BiFeO
3
samples synthesized in this work crystallize

in relatively large-sized microcrystals, which inhibits the
observation of macroscopic magnetization.

4. Conclusions

Cylinder-like BiFeO
3
particles were successfully prepared

by a hydrothermal method. It is found that the height
of the resulted BiFeO

3
microcylinders has a dependence

on the hydrothermal reaction time. With prolonging the
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Figure 6: Magnetic hysteresis loops of BiFeO
3
samples measured at

room temperature.

reaction time from 6 to 15 h, the height of the microcylinders
increases from ∼0.7 to ∼4.1 𝜇m, whereas their diameter
undergoes a minor change (3.7-3.8 𝜇m). The microcylinders
are constructed from sphere-like BiFeO

3
nanocrystals of 100–

150 nm in size. Photocatalytic experimental results demon-
strate that the BiFeO

3
microcylinders exhibit an apprecia-

ble photocatalytic activity toward the degradation of AO7
under simulated sunlight irradiation. Magnetic hysteresis
loop measurement reveals an antiferromagnetic behavior in
the BiFeO

3
microcylinders at room temperature.
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Low-dimensional BiFeO
3
nanostructures (e.g., nanocrystals, nanowires, nanotubes, and nanoislands) have received considerable

attention due to their novel size-dependent properties and outstanding multiferroic properties at room temperature. In recent
years, much progress has been made both in fabrications and (microstructural, electrical, and magnetic) in characterizations of
BiFeO

3
low-dimensional nanostructures. An overview of the state of art in BiFeO

3
low-dimensional nanostructures is presented.

First, we review the fabrications of high-quality BiFeO
3
low-dimensional nanostructures via a variety of techniques, and then the

structural characterizations and physical properties of the BiFeO
3
low-dimensional nanostructures are summarized.Their potential

applications in the next-generation magnetoelectric random access memories and photovoltaic devices are also discussed. Finally,
we conclude this review by providing our perspectives to the future researches of BiFeO

3
low-dimensional nanostructures and

some key problems are also outlined.

1. Introduction

Multiferroics are formally defined as materials that exhibit
more than one primary ferroic order parameter simultane-
ously [1, 2]. The coupling of different order parameters such
as magnetoelectric coupling reveals the mutual regulation of
magnetic and electric field which has potentially enormous
commercial value in the next generation of information
technology areas (e.g., multistate storage) [3–7]. Among the
single-phase multiferroics, BiFeO

3
(BFO) has high Curie

temperature (𝑇
𝐶
= 850

∘C), high Neel temperature (𝑇
𝑁
=

370
∘C), and large residual polarization intensity (150𝜇C/

cm2) at room temperature, which is widely investigated as
model system of single-phase multiferroics. However, as one
kind of G-type antiferromagnetic material BFO has spiral
spin structure with a periodicity of 62 nm, this weak liner
magnetoelectirc coupling makes it hard to be used in multi-
functional devices [8]. Recently, it is found that the BFO
nanoparticles exhibit relatively strong ferromagnetism as
their sizes are below 62 nm [9]. Therefore, an enhanced mag-
netoelectric coupling can be achieved in the nanosized BFO
materials, which play an important role in microelectronic

devices [10–12]. Recent advances in science and technology of
semiconductor integrated circuit have resulted in the feature
sizes of microelectronic devices downscaling into nanoscale
dimensions. At nanoscale the BFO materials display novel
physical properties that are different from their bulk and
film counterparts. Understanding the size effects of the BFO
materials at nanoscale is of importance for developing the
next generation of revolutionary electronic nanodevices. Due
to the size effects being dependent on the structure and finite
size, considerable efforts have been made in the controllable
synthesis of low-dimensional BFO nanostructures such as
nanowires, nanotubes, and their arrays. Much progress has
also been achieved in the structure and property character-
ization. Furthermore, BFO nanostructures are also received
extensive attention in the study of heterostructures [13] and
domain characterizations [14–16]. This paper provides an
overview of recent advances on the fabrication, structural
characterization, and physical properties of low-dimensional
BFO nanosized materials. Their potential applications are
also discussed and some problems that need to be solved in
future researches are also pointed out.
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2. Fabrication of Low-Dimensional
BFO Nanostructures

Generally, nanostructured materials can be classified into
four classes by their dimensions, which are zero-dimensioned
(0D) structures such as nanoparticles, one-dimensioned
(1D) materials such as nanowires, nanorods, and nanotubes,
two-dimensioned (2D) materials such as thin film and
nanoislands, and three-dimensioned (3D) materials such as
nanowires/tubes arrays, respectively. Up to date, two different
approaches have been developed to fabricate nanostructured
BFO, one is the bottom-up approach which means synthesiz-
ing nanostructures from atoms or molecules by assembling
tiny into large, the other one is top-down approach which
means dividing, etching or carving thin film or bulkmaterials
into nanostructures as cutting big into small. In this section,
we introduce the most used techniques for fabrication of
low-dimensional BFO nanostructures and discuss their dif-
ferences.

2.1. Sol-Gel Process. Sol-gel process is a kind of bottom-up
approach, which generally involves the use of metal alkoxides
and undergoes hydrolysis and condensation polymerization
reactions to produce gels. After annealing the gels transform
the porous gels into a dense target product.Themain process-
ing factors of sol-gel process are the water ratio in solution,
pH value of solution, and its temperature. To synthesize
BFO nanoparticles by sol-gel process, Bi(NO

3
)
3
⋅ 5H
2
O and

Fe(NO
3
)
3
⋅ 9H
2
O are normally used as the raw materials.

For example, Kim et al. [17] synthesized the BFO powders
(average sizes ∼200 nm) by dissolving Bi(NO

3
)
3
⋅ 5H
2
O into

the mixture of 2-methoxyethanol and acetic acid, and as the
solution became transparent they dissolved Fe(NO

3
)
3
⋅ 9H
2
O

in it and kept the mixture at room temperature with stirring.
Then, the precursor solution was dried at 80∘C for about
12 h to obtain the BFO xerogel powder. They grinded the
xerogel powders and annealed them at 600∘C in air or N

2

atmosphere to obtain the BFO nanosized powders. Gao et
al. [18] dissolved the Bi(NO

3
)
3
⋅ 5H
2
O and Fe(NO

3
)
3
⋅ 9H
2
O

with stoichiometric proportions into 2-methoxyethanol and
adjusted the solution pH value to 4-5 by adding nitric
acid subsequently. Then citric acid in 1 : 1 molar ratio with
the metal nitrates and polyethylene glycol as a dispersant
was added into the solution, respectively. After stirring the
solution at 50∘C for 0.5 h, the solution was kept at 80∘C for
4 days to obtain the dried gel. After calcination at 500∘C for
2 h perovskite-type BFO nanoparticles with average diameter
of ∼80–120 nm were obtained. Similarly, Park et al. [9] also
employed the sol-gel process to synthesize single-crystalline
BFO nanoparticles and tuned their sizes from less than 15 nm
to ∼100 nm by changing the annealing temperatures. Obvi-
ously, the sizes of BFO nanoparticle were increased with the
annealing temperature. However, the ideal synthetic pathway
for the BFO nanoparticles is to obtain the appropriate size,
shape, and crystallinity in the absence of the additional
postannealing steps. Therefore, modified sol-gel techniques
are developed to synthesize the BFO nanoparticles. Among
them, hydrothermal method is one of the examples, in which
there is no necessity for high-temperature calcination.

2.2. Hydrothermal Method. Hydrothermal method is also
called the autoclave method, which involves heating an
aqueous suspension of insoluble salts in an autoclave at a
moderate temperature and pressure so that the crystallization
of a desired phase will take place. The hydrothermal method
is very popular method for synthesizing the perovskite
nanoparticles because the synergetic effects from solvent,
temperature, and pressure can offer stable final products and
prevent the formation of impurity phases. The hydrothermal
method is used to synthesize the BFO nanoparticles. For
example, Chen et al. [19] utilized Bi(NO

3
)
3
⋅ 5H
2
O and

Fe(NO
3
)
3
⋅ 9H
2
O as raw materials and adjusted the concen-

tration of KOH at the region 1M to 9M to synthesize BFO
nanoparticles with different morphologies at 200∘C for 6 h.
Han et al. [20] used Bi(NO

3
)
3
⋅ 5H
2
O, Fe(NO

3
)
3
⋅ 9H
2
O and

8M KOH to synthesize pure BFO powders at the temper-
atures of 175–225∘C and the hold time of 6 h, respectively.
Wang et al. [21] used Bi(NO

3
)
3
⋅ 5H
2
O and Fe(NO

3
)
3
⋅ 9H
2
O

as raw materials and synthesized the different morphologies
of BFO nanoparticles by adding KNO

3
mineralizer or not.

All the above results demonstrate that the concentration
of KOH determines the phase structure of the synthesized
products. The pure BFO nanoparticles with diameters of
100–300 nm were synthesized when the concentration of
KOH was 7M and 12M. If the concentration of KOH was
below, the synthesized products were mainly composed of
perovskite-type BFO accompanied with impurity phase of
orthorhombic-type Bi

2
Fe
4
O
9
. In hydrothermal procedure,

the growth rate of BiFeO
3
was decreased by adding the KNO

3

mineralizer, and thin plate-like BiFeO
3
could be obtained as

increasing the reaction time.
In addition, the solvothermal method is also a popular

method to synthesize the BFO nanomaterials, which is sim-
ilar to the hydrothermal method. The only difference is that
the precursor solution for a solvothermal method is usually
an organic medium such as ethanol or acetone, while that
for a hydrothermal method is usually an aqueous medium
such as water. Liu et al. [22] employed solvothermal method
to synthesize single-crystalline BFO nanowires (45–200 nm
in diameter, several nanometers to several micrometers in
length) in acetone solvent. They dissolved Bi(NO

3
)
3
⋅ 5H
2
O

and Fe(NO
3
)
3
⋅9H
2
O in 1 : 1 molar ratio then added deionized

water and stronger ammonia water to adjust pH value of
the solution to 10-11. After washing the sediment by distilled
water until it is neutral, 5M NaOH was added and kept
stirring for 30min. Then they heated the solution at 180∘C
for 72 h hand obtained the single-crystalline BFO nanowires.

Moreover, the morphology of the final products derived
from solvothermal method can be effectively controlled
by selecting the types of organics and their amount. For
example, Zhang et al. [23] synthesized BFO nanoparticles
and nanowires assembled by nanoparticles via changing the
amount of the PVP or PEG (polyethylene glycol) polymer.

2.3. Template Method. Template method is based on chemi-
cal self-organization to synthesize nanostructured materials
by the assistance of template which is porous with nanosized
pores. By electrochemical deposition, sol-gel or chemical
vapor deposition technology, atoms, or ions are deposited on
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Table 1: Summary of various approaches for fabricating the BFO low-dimensional nanostructures.

Approaches Advantages Disadvantages Structures
Bottom-up

Sol-gel Facile regulation Long reaction time Nanoparticle
Low reaction temperature

Template Easy process Limited aspect ratio Nanowire/tube
uniform size and array

Hydrothermal
Easy process

Harsh reaction condition Nanoparticle/wirehigh crystallinity
low reaction temperature

Top-down

FIB High resolution Surface damage Nanoisland/array
uniform size and array low throughput

the tube walls and form the nanostructure. Template method
can be employed to fabricate one-dimensioned materials
which have well dispersion and are easy to adjust aspect
ratio of nanowires, tubes, and rods by changing the structural
parameters of the used templates. Since the nanostruc-
tures fabricated by template method have similar structural
properties (e.g., sizes, shape) to the templates, therefore,
the pore sizes and their aspect ratios of the templates are
crucial parameters for controlling the dimensions of the final
nanostructures. Park et al. [24] first reported on the synthesis
of BFO nanotubes by using porous anodic alumina (AAO)
templates with pore-size of 100 or 200 nm. They dissolved
Bi(NO

3
)
3
⋅ 5H
2
O and Fe(NO

3
)
3
⋅ 9H
2
O with a molar ratio

of 1 : 1 to ethylene glycol and deposited the sol onto the
surface of the AAO template by using a syringe. Finally they
obtained BFO nanotubes with outer diameters in the range
of 240 to 300 nm (for 200 nm pore-sized template) or 140 to
180 nm (for 100 nm pore-sized template) and lengths ranging
from several microns to as much as 50 𝜇m. However, the
synthesized BFOnanotubes are polycrystalline because of the
randomnucleation on thewalls of pores. Zhang et al. [25] also
employed the similar method to synthesize BFO nanowires
array via injecting the sol on the template and annealed it
subsequently. Gao et al. [26] synthesized polycrystalline BFO
nanowires with a diameter of 50 nm and 5 𝜇m in length by
the similar method.

Synthesis of the BFO nanostructures by template method
provides some advantages such as the structure of the nanoar-
ray subject to the structure of the template, the channels of the
template controlling the dimension of the materials, template
pore walls preventing the aggregation of the material, and a
large amount of nanowires or nanotubes mass produced.

2.4. Focus Ion Beam (FIB) Milling Method. The common
top-down approach to fabricate nanostructured materials is
focused ion beam (FIB) milling method. The typical techno-
logy is to utilize focused Ga+ ions to bombard the thin film
or bulk material to obtain the designed nanostructures. The
advantages of FIB milling method are controllable morphol-
ogy of structure or even patterns, facile operation and, and
so forth. However, the disadvantages are high cost and the

resolution of FIB ismicron or submicron scale which is larger
than the nanostructure.

Recently, Morelli et al. [27] fabricated BFO nanoislands
by template-assisted FIBmethod based on epitaxial BFO thin
films grown on SrTiO

3
(100) substrates. Arrays of 45 nm-

thick aluminium dots were first evaporated on BFO thin
films through template with aperture diameter of 400 nm.
A focused ion beam with gallium ions was used to mill
the specimen covered by Al dots. Chemical etching of the
remaining Al was performed in 10% aqueous solution of
potassium hydroxide (KOH) at room temperature for 90 s.
Arrays of epitaxial BFO nanoislands with diameter ∼250 nm
were obtained.The features of top-down approaches are their
precisely positioning and controlling the shapes and sizes
of the designed BFO nanostructures. However, their time-
consuming and low-throughput characters of these processes
are the shortcomings of the top-down approaches.

Table 1 summarizes various approaches for fabricating the
BFO low-dimensional nanostructures.

3. Characterization of BFO Nanostructures

Up to date various approaches including X-ray diffrac-
tion (XRD), scanning electron microscopy (SEM), (high-
resolution) scanning transmission electron microscopy (HR)
STEM, as well as X-ray energy dispersive spectrum (EDS),
electron energy loss spectra (EELS), and selected area elec-
tron diffraction (SAED) have been developed to probe both
the macroscopic and the microscopic details of BFO low-
dimensional nanostructures. In this section, we will briefly
summarize the recent the atomic-scale microstructural fea-
tures of BFO low-dimensional nanostructures revealed a
number of techniques.

3.1. BFO Nanoparticles/Nanoislands. Park et al. [9] first
reported the synthesis of pure crystalline BFO nanoparticles
by sol-gel method. Figure 1 shows the structural character-
izations of BFO nanoparticles with the average diameter of
95 nm by techniques of TEM, SAED, EDS, and HRTEM.
Zhu et al. [28] also reported on the microwave-hydrothermal
synthesis of spherical BFO nanoparticles, their TEM and
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Figure 1: (a) TEM image, (b) SAED pattern, (c) EDS, and (d) HRTEM image of an individual BiFeO
3
nanoparticle (with a diameter of 95 nm)

synthesized by sol-gel method.

HRTEM images are shown in Figure 2. The HRTEM pattern
demonstrates the well crystallization of as-prepared BFO
nanocrystals.

Besides the BFO nanoparticles, epitaxial BFO nanois-
lands were also synthesized by chemical self-assembled
method [29], their phase structure and morphology were
characterized by XRD and atomic force microscopy (AFM).
Figure 3 shows the XRD patterns of the BFO nanoislands
annealed at different temperatures; there is almost no other
impurity peaks except the diffraction peaks of single crys-
talline SrTiO

3
substrate and the (100) crystal orientation

of BFO. The AFM images shown in Figure 4 revealed
that with increasing the postannealing temperature from
600∘C to 800∘C, the morphology of BFO nanoislands in
the (100) growth plane evolved from triangled to squared,
and then to plated shapes. Fractal ferroelectric domains
and self-bias polarization were also found in a single BFO

nanoisland, which were revealed by piezoforce microscopy
(PFM) images.

Zhou et al. [30] also fabricated the BFO nanoring struc-
ture by combing sol-gel, AAO template-assisted, and planar
TEM sample preparation methodology. Figure 5(a) shows
the STEM image of the nanorings, where the atoms with
high atomic numbers (such as Bi, Fe) exhibit bright image
contrast; therefore, the BFO nanorings demonstrate high
white bright contrast. Figure 5(b) shows the line scan of the
intensity distribution of the STEM image contrast of the BFO
nanorings, from which the inner diameter of the nanoring
was determined to be about 170 nm and its thickness was
about 20 nm. Therefore, the BFO nanorings were formed in
the walls of the AAO template. The EDS data reveal that the
BFO nanorings are composed of Bi, Fe, and O elements and
that the chemical composition of the nanorings is close to
BiFeO

3
.
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(a) (b)

Figure 2: (a) TEM image of BiFeO
3
nanocrystals and the inset is selected area electron diffraction pattern, (b) HRTEM image of a single

BiFeO
3
nanocrystal with a diameter of ∼12 nm.

3.2. One-Dimensional BFO Nanostructures and Their Arrays.
Zhang et al. [25, 31] fabricated the BFO nanowire and
nanotube arrays by a template synthesis involving the sol-
gel technique. Figure 6 shows the SEM images of the BFO
nanowire and nanotube arrays, respectively. The TEM image
of a single BFO nanotube is shown in Figure 6(c); the
corresponding SAED pattern and the EDX spectrum are
shown as insets.

3.3. Domain Structures of BFO Thin Films. Chu et al. [32]
characterized the ferroelectric polarization direction and
domain structures of BFO films with different thicknesses
(120, 15, and 2 nm) grown on SrTiO

3
(001) (top) and DySrO

3

(110) substrates (bottom) by PFM. Due to the competition
between the normal strain caused by lattice mismatch and
shear strain caused by the rhombohedral symmetry, fer-
roelectric polarization direction and domain structures are
changed with the decrease of the film thickness, as shown
in Figure 7. With decreasing the thickness of BFO films
deposited on SrTiO

3
(001), the domain morphology evolved

from stripe domain structures (Figure 7(a)) to intricate
domain structures with fluctuate mottled contrast (Figures
7(b) and 7(c)). However, the domain size became larger
as decreasing the thickness of BFO films deposited on
DySrO

3
(110) substrates. Such a difference arises from the

normal strain since it cannot be released at such thicknesses;
therefore, BFO films on SrTiO

3
have larger elastic strain

energy, which leads to smaller domain structures.

4. Physical Properties of Low-Dimensional
BFO Nanostructures

4.1. BFO Nanoparticles. Park et al. [9] synthesized the BFO
nanoparticles by sol-gel method and investigated the size-
driven magnetism of the BFO nanoparticles, as shown in

Figure 8. As the sizes of the BFO nanoparticles were reduced,
theirmagnetismwas significantly enhanced. Especially, when
the particle size was 14 nm, the magnetization was about 3
times larger than that of the BFO particle with size of 100 nm.
This is important for enhancing the magnetic properties of
the BFO nanoparticles with antiferromagnetic ground state.

Recently it is reported that low-dimensional nanostruc-
tured BFO such as nanoparticles and nanowires exhibit
good photocatalytic activities in visible-light region. As a
novel visible-light-responsive photocatalysts for degradation
of organic compounds BFO nanostructures have been widely
investigated. For example, Zhu et al. [28] reported the
microwave-hydrothermal synthesis of spherical perovskite-
type BFO nanocrystals with diameters of 10–50 nm and
hexagonal-shaped sillenite-type ones with sizes of 18–33 nm
at low temperatures. They found that the sillenite-type
bismuth ferritic nanocrystals exhibit higher photocatalytic
ability than the perovskite-type ones, which was ascribed to
their small mean particle sizes and the unique hexagonal-
shape morphology, and also the structural characteristics
of sillenite-type compound. Gao et al. [18] also reported
visible-light photocatalytic property of BFO nanocrystals. As
compared with the traditional TiO

2
-based photocatalysts,

which are the only response to UV irradiation due to its large
band gap (3.2 eV), the BFOnanocrystals exhibit their obvious
advantage making use of the visible-light due to their small
band gaps. This is invaluable in increasing the photocatalytic
reaction by using the visible sunlight.

4.2. BFONanoislands. Up to date, much work about the low-
dimensional BFO nanostructures is mainly focused on the
BFO nanoparticles (0D) and nanofilms (2D), and little work
is reported on the BFO nanoislands. Geometrically, BFO
nanoislands are a class of systems that bridge the gap between
the BFO nanoparticles and BFO ultrathin films. Compared



6 Journal of Nanomaterials

In
te

ns
ity

 (a
.u

.)
In

te
ns

ity
 (a

.u
.)

In
te

ns
ity

 (a
.u

.)
In

te
ns

ity
 (a

.u
.)

650∘C

700∘C

750∘C

800∘C

10 20 30 40 50 60 70 80

10 20 30 40 50 60 70 80

10 20 30 40 50 60 70 80

2𝜃 (deg)

2𝜃 (deg)

2𝜃 (deg)

10 20 30 40 50 60 70 80

2𝜃 (deg)

BF
O

 (1
00

)

ST
O

 (1
00

)

BF
O

 (1
11

)

BF
O

 (2
00

)

BF
O

 (3
00

)

ST
O

 (2
00

)

ST
O

 (3
00

)

Figure 3: XRD patterns of the epitaxial BiFeO
3
nanoislands

fabricated on SrTiO
3
(100) single crystal substrates by chemical

assembled method, and postannealed at 650∘C; 700∘C; 750∘C; and
800∘C for 1 hour. The diffraction peaks labeled by  were from the
SrTiO

3
(100) single crystal substrates diffracted by the Cu-K𝛽 line

due to the remaining Cu-K𝛽 radiation.

with BFO thin films, they have free-standing sidewalls that
tend to suppress the formation of a nonuniform in-plane
polarization due to the appearance of depolarizing field,
similar to the ferromagnetic particles. On the other hand,
relative to the (confined in all three dimensions) nanoparti-
cles, the BFO nanoislands have large aspect ratio and likely
to behave similarly to thin films when the polarization is
out of plane. Therefore, it is expected that multiferroic BFO
nanoislands should exhibit some kind of a “particle-to-thin

film” crossover behavior and related novel effects depending
on the aspect ratio and the type of bulk polarization ordering.
Furthermore, due to the geometrical similarity between the
multiferroic BFO nanoislands and microelectronic devices
based on the multiferroic BFO nanomaterials, it is useful
for simulating working conditions of real microelectronic
devices [33, 34].

Recently, Hang et al. [29] reported the epitaxial growth
of multiferroic BFO nanoislands on SrTiO

3
(100) and Nb-

doped SrTiO
3
(100) single crystal substrates by chemical

self-assembled method. By this method, they synthesized
the epitaxial multiferroic BFO nanoislands via postannealing
process in the temperature range of 650–800∘C, and the
lateral sizes of the BFO nanoislands were in the range of 50–
160 nm and height of 6–12 nm. With increasing the postan-
nealing temperature, themorphology of the BFOnanoislands
in the (100) growth plane evolved from triangled to squared,
and then to plated shapes. Ferroelectric characteristics of
a single epitaxial BFO nanoisland (with lateral size of ∼
50 nm and height of 12 nm) grown onNb-doped SrTiO

3
(100)

single crystal substrate was characterized by PFM images.
The results demonstrated that fractal ferroelectric domains
existed in the single BFO nanoisland, and self-biased polar-
izationwas also observedwithin thismultiferroic nanoisland.
This phenomenon can be ascribed to the interfacial stress
caused by the lattice misfit between the BFO nanoisland and
the SrTiO

3
single crystal substrate.

By using the top-down approach such as FIB milling
method, Morelli et al. [27] fabricated the arrays of epitaxial
BFO islands with flat top surfaces and lateral sizes down
to 250 nm by starting from a continuous BFO thin film.
PFM images showed that the as-fabricated BFO nanoislands
preserved ferroelectric properties with switchable polariza-
tion and exhibited retention of polarization state at least for
several days. As compared with the parent thin film, the BFO
nanoislands exhibit a certain degree of imprint behavior, as
shown in Figure 9. That is due to the existence of the defects
at the interface between the BFO film and SrRuO

3
substrate,

and on the sidewalls of the islands.

4.3. BFO Nanowires, Nanotubes, andTheir Arrays. In the last
decade low-dimensional BFO nanostructures have received
much attention because of their superior physical and chem-
ical properties. Among them, BFO nanowires and nanotubes
are especially attractive for nanoscience studies and nan-
otechnology applications, which are ascribed to that the BFO
nanowires and/or nanotubes are not only used as the building
blocks of future nanodevices, but also offer fundamental
scientific opportunities for investigating the intrinsic size
effects of physical properties.

Nowadays BFO nanowires, nanorods, nanotubes, and
their arrays have been fabricated by the template-aided
synthesis. However, all the products prepared by this method
exhibit polycrystalline structures due to the heterogeneous
nucleation on the pore walls; there are very few reports on
the synthesis of single crystalline nanowires through this
method. To better understand the intrinsic size effects of
physical properties, high quality of one-dimensional sin-
gle crystalline BFO nanowires is highly required. Recently,
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Figure 4: AFM images of the epitaxial BiFeO
3
nanoislands postannealed at ((a), (b)) 650∘C, ((c), (d)): 800∘C, ((e), (f)): 900∘C for 1 h. The

left AFM images are two-dimensional ones and the right ones are the corresponding 3-dimensional ones. The insets in (a) and (c) are the
enlarged AFM images of the local surface areas.

Liu et al. [22] reported the synthesis of single-crystalline BFO
nanowires (45–200 nm in diameter) by solvothermal method
and measured their magnetic properties by superconducting
quantum interference device (SQUID) at room temperature
and low temperatures, as shown in Figure 10. Li et al. [35]
also synthesized the BFO nanowires by solvothermal method
(40–200 nm in diameter and several micrometers in length)
and characterized a single BFO nanowire by PFM. The
results shows the 𝑥 and 𝑧-PFM hysteresis loops which clearly
reveals the ferroelectric property of a single BFO nanowire.

The BFO nanowire (with diameter of 20 nm) arrays are
also fabricated by template-assisted sol-gel technique [36].
Their ferroelectric and dielectric properties are demonstrated
in Figure 11. Figure 11(a) shows the polarization of BFO
nanowire arrays as a function of applied electric field about
600 kV/cm with a frequency (]) = 10 kHz at room tempera-
ture.The observed P-E hysteresis loop exhibits well-saturated
rectangular shape due to the presence of less oxygen-related
defects and phase purity of the nanowires. The high value
of saturation polarization was around 54𝜇C/cm2 observed
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Figure 5: (a) STEM image of the BiFeO
3
nanorings, (b) line scan of the intensity distribution of the STEM image contrast of the BiFeO

3

nanorings (the scanned line indicated in (a)).
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Figure 6: (a) SEM image of the BiFeO
3
nanowire array, (b) top-view of the nanochannel porous alumina filled with BiFeO

3
nanotubes, (c)

TEM image of an isolated BiFeO
3
nanotube, the left inset shows the corresponding SAEDpattern and the right inset shows the EDX spectrum.

at 535 kV/cm applied electric field. Figure 11(b) displays the
relative dielectric constant (𝜀) of the BFO nanowire arrays as
a function of frequency. Amonotonous decrease of dielectric
constant and dielectric loss was observed asMaxwell-Wagner
type interfacial polarization, and in increasing the frequency,
which was ascribed to good agreement with Koops phe-
nomenological theory. The dielectric constant was measured
to be as high as 492 at 1 KHz, which was due to space charge
polarization resulting from the inhomogeneous dielectric
structure. Recently, BFO nanotubes are also being prepared
by a template synthesis involving the sol-gel technique
[31]. Their ferroelectric and piezoelectric properties were
characterized by PFMmeasurements. The piezoresponse 𝑑

33

hysteresis loop of an individual BFO nanotube was measured
using the conductive atomic force microscope tip applied
with a 16.5 kHz ac electric field plus a swept dc voltage, and
the result is shown in Figure 12(a). The decrease in 𝑑

33
at

high electric field, as shown in Figure 12(a), is ascribed to
a consequence of the field-induced lattice hardening, which

is typical for perovskite piezoelectrics. The significant piezo-
electric characteristics illustrate the ferroelectric behavior of
the BFO nanotubes. The dielectric constant and dielectric
loss of the BFO nanotube arrays were also measured at room
temperature as a function of the frequency in the range
of 103–106Hz, as shown in Figure 12(b). Both the dielectric
constant and the dielectric loss show a remarkable decrease
of up to 103Hz and remain fairly constant afterward. The
decrease in the dielectric constant with increasing the fre-
quency represents the anomalous dispersion of the dielectric
constant at low and intermediate frequencies, which has been
explained by the phenomenon of dipole relaxation; while
the variation in dielectric loss with frequency represents the
relaxation absorption of the dielectrics.

5. Applications of BFO Nanostructures

BFO is one of several rare single-phase multiferroic materials
that are both ferroelectric and weakly ferromagnetic at
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room temperature. Recent studies demonstrate that the BFO
nanomaterials have spontaneous polarization enhancement,
switchable ferroelectric diode effects, photovoltaic effects,
piezoelectric, and THz radiation properties, which have
potential applications in the fields of next-generation, lead-
free, nondestructive memories, spin valve devices, actuators,
and ultrahigh speed telecommunication devices [37].

BFO nanoparticles also exhibit good photocatalytic activ-
ities in visible-light region, which can be used as novel visible-
light-responsive photocatalysts for degradation of organic
compounds. For example, Zhu et al. [28] synthesized spheri-
cal perovskite-type single-crystalline BFO nanoparticles with
diameters of 10–50 nm by microwave hydrothermal process,

which exhibited efficient photocatalytic activity for the degra-
dation of rhodamineB in aqueous solution under visible-light
irradiation. Gao et al. [18] also synthesized BFO nanoparti-
cles, which promoted the degradation rate of methyl orange
to a high level under visible-light irradiation. In addition,
Yu et al. [38] reported that perovskite-structured BiFeO

3

nanoparticles also exhibited excellent gas-sensing properties,
which were potentially useful for high-quality gas sen-
sors.

Due to the coupling of ferroelectric and antiferromag-
netic vectors, reversing the ferroelectric polarization by
an extern electric field also rotates the antiferromagnetic
spins. Chu et al. [39] presented electric-field control of local
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Figure 11: (a) Polarization versus applied electric field hysteresis loop, (b) relative dielectric constant and dielectric loss versus the frequency
traits of BiFeO

3
nanowires.
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Figure 12: (a) Piezoelectric hysteresis loop of a single BiFeO
3
nanotubemeasured by PFM, (b) dielectric constant and dielectric lossmeasured

at room temperature as a function of the frequency.

ferromagnetism through the coupling between the multifer-
roic BFO and a ferromagnet (CoFe in their work). They grew
heterostructures of Au (2 nm)/CoFe (2.5–20 nm)/BFO (50–
200 nm)/SrRuO

3
(25–50 nm) on SrTiO

3
(001)-oriented sub-

strates. When applied an external in-plain electric field, they
observed that the average magnetization direction in CoFe
the ferromagnet rotates by 90∘. The average magnetization
direction changes back to the original state when applying
the electric field again. If one suggests the original state as the
binary signal “0,” the rotated state of themagnetization direc-
tion is represented the signal “1.”Therefore, the repeated such
heterostructures can be used as essential building blocks to
fabricate magnetoelectric random access memory elements.

Due to worldwide energy crisis, the investigation of
materials for thin film photovoltaic cells is essential to renew-
able energy production. The large saturation polarization

(∼90 𝜇C/cm2) in BFO thin film and the band gap of BFO
(𝐸
𝑔
∼ 2.67 eV) smaller than many other ferroelectric pero-

vskites make BFO the remarkable candidate for the photo-
voltaic cells. Yang et al. [40] reported photovoltaic devices
based on BFO thin films and demonstrated the highest
efficiency for the ferroelectric-based photovoltaic. They grew
epitaxial ferroelectric BFO thin film bymetal-organic chemi-
cal vapor deposition on (001)-oriented SrTiO

3
substrateswith

50 nm epitaxial SrRuO
3
as bottom electrodes. Figure 13(a)

shows a set of polarization-electric field hysteresis loops as
a function of the test frequency which reveals a strong diode-
like behavior, characterized by a large, directional leakage at
negative voltages. Figure 13(b) shows the I-V curves taken
both in dark and under 285mW/cm2 white-light illumination
which reveals diode-like behavior and a photovoltaic effect
of the heterostructure. External quantum efficiency (EQE)
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Figure 13: (a) Polarization-electric field hysteresis loops at various frequencies reveal diode-like behavior in one direction, (b) light (red
and blue) and dark (black curve, running through the origin) I-V measurements completed at 2.85 suns intensity reveal photovoltaic effects
in these device structures. There is no observed change in the light I-V response upon application of an electric field and (c) average EQE
measurements for five different contacts on a single sample reveal efficiencies ∼10% under illumination with band gap light.

measurement is showed in Figure 13(c) which reveals that the
maximum conversion efficiency (∼10%) is observed when the
photon energy is larger than the band gap of BFO and drop-
off at the shortest wavelength (<325 nm).

6. Conclusions

This paper reviews the recent research progress of low-
dimensional BFOnanostructures, including their fabrication,
property, structural characterization, and applications. Pero-
vskite-type BFO as one of the few known single-phase
multiferroics that possesses ferroelectricity and antiferro-
magnetism at room temperature. Its low-dimensional nanos-
tructures are much attractive in the applications of multistate
storage, magnetoelectric sensor, and spintronic devices. As
the feature sizes of the microelectronic enter into nanoscale,
there are still some problems that need to be solved in fab-
rication, characterization, and application of BFO low-
dimensional nanostructures. For instance, in BFOnanostruc-

tures there exist quantum size effect, (ferroelectric and mag-
netoelectric) size effect, and surface/interface effect; all these
effects must be considered together from experimental and
theoretical researches, which are fundamental to develop-
ing the new generation of revolutionary electronic nanode-
vices. Although the BFO has good ferroelectricity, its weak
ferromagnetism is highly required to be enhanced, which
could be achieved in low-dimensional nanostructures.There-
fore, deeper understanding of the fundamentals of the BFO
low-dimensional nanostructures with the development of
advanced technology and exploring the coexistrnce of ferro-
electricity and ferromagnetismwith strong coupling between
them will be the future direction of BFO nanomaterials
researches.
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Effect of Pb doping on the structural and low temperature magnetic properties of SrPb
𝑥
Fe
12−𝑥

O
19

(𝑥 = 0, 0.1, 0.2, 0.3, and 0.4),
synthesized by sol-gel autocombustion technique, has been investigated. The powder samples were sintered at 800∘C for 2 h
in order to develop the stable hexagonal phase, characteristic of the SrFe

12
O
19

structure. The consequences of Pb substitution
(at iron sites) on various structural parameters like lattice constants, unit cell volume, crystallite size, and porosity have been
discussed. Fourier transform infrared frequency bands were utilized to determine the formation of tetrahedral and octahedral
clusters of M-type ferrites. Hexagonal texture of the grains, a characteristic of the hexagonal crystal structure of SrFe

12
O
19
, was

refined by Pb substitution. The magnetic properties, determined using a vibrating sample magnetometer, revealed that saturation
magnetization decreased, while coercivity was increased with the increase of Pb contents. However, the increased squareness
ratio and hence the energy product motivate the utilization of these ferrite compositions where hard magnetic characteristics are
required.The increased values of saturationmagnetization were observed at reduced temperature of 200K, attributable to the better
spin alignments of individual magnetic moments at low temperature.

1. Introduction

M-type hexagonal ferrites belong to immensely valuable class
of magnetic materials, with a host of applications ranging
from simple permanent magnets used in electric motors
to modern day applications, for instance, as radar wave
absorbing materials. Owing to its high values of saturation
magnetization and coercivity [1], strontium hexaferrite, in
particular, is a very important member of this class of
magnetic materials, being widely used in telecommunication
[2], magnetooptic recording media, microwave devices [3],
and electronic industry [4]. Various preparation techniques

like coprecipitation process, molten salt method, solid state
reaction method [5], double sintering ceramic technique
[6], microwave-induced combustion process, sol-gel based
synthesis routes [7], and so forth have been adopted by the
researchers to refine the astonishing structural and magnetic
properties of these ferrites. However, sol-gel based autocom-
bustion route, being easier, energy efficient, and cheaper,
has emerged as a novel technique to prepare single phase
strontium hexaferrites. The crystal structure of SrFe

12
O
19

is
hexagonal which has a great influence on valuable charac-
teristics of these ferrites. One-unit cell of these ferrites is
composed of 64 ions that are distributed in such a way that
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these form two formula units, each having one spinel S-block
and one hexagonal R-block [2].The Fe3+ ions are oriented on
five different crystallographic sites in the unit cell. These ions
are the major cause of magnetism in these ferrites, resulting
in net magnetic moment of 20𝜇B per formula unit [8, 9].

Ferrimagnetic strontium hexaferrites are n-type semi-
conductor with band gap energy of 0.6 eV. Researchers are
attempting to improve the intrinsic properties of these ferrites
for innovations. For this purpose, introduction of some
divalent or trivalent dopant element and optimization of
preparation technique play a vital role. Diamagnetic Pb
ions, substituted at Fe sites with spin up, could enhance
the hard magnetic characteristics of SrFe

12
O
19

when doped
stoichiometrically. Hence, it has been understood as a quite
suitable dopant choice for these ferrites to improve not only
the structural properties but also the magnetic properties
[2, 3, 8]. In the present work, we have successfully employed
sol-gel based autocombustion technique to prepare the ferrite
samples in phase-pure form to investigate the structural and
low temperature magnetic properties of Pb-doped strontium
hexaferrites for use in devices that work efficiently with high
values of coercivity and electrical devices that showminimum
energy losses at higher applied frequencies.

2. Experimental

Single phase polycrystalline samples with compositions
SrPb
𝑥
Fe
12−𝑥

O
19
(𝑥 = 0.0, 0.1, 0.2, 0.3, and 0.4)were prepared

by a novel sol-gel based autocombustion route. A transparent
homogenous solution was obtained by dissolving stoichio-
metric proportions of analytical grade strontium nitrate
(Sigma Aldrich), iron (III) nitrate (Sigma Aldrich), lead (II)
nitrate (Sigma Aldrich), and citric acid (Avonchem, UK) in
50mL of deionized water. The relative molar concentrations
of citric acid, used as a fuel, and metal nitrates were in
the ratio of 2 : 1. The solution was placed over a hot plate,
positioned in a fume hood. The temperature of the hot
plate was gradually increased to 90∘C. The solution was
continuously stirred using a magnetic stirrer at 500 rpm, for
about 1 h, until it converted into a soft gel. At that instance,
the rotator was stopped and the stirrer was removed from
the gel. The temperature of the gel was increased in steps
up to 300∘C. As the gel was heated at this temperature for
about 15min., it burnt suddenly and vigorously and converted
into soft and fluffy powder. The product was grinded to
get homogenously mixed powder samples. All the samples
were synthesized using the same procedure and sintered at
800∘C for 2 h in order to get hexagonal ferrite phases. X-
ray diffraction (XRD) was used to investigate the crystal
structure of the prepared samples. The thermogravimet-
ric/differential (TG/DTA) analysis was performed using EXS-
TAR SII TG/DTA 7300 analyzer in order to investigate any
weight loss of the samples at high temperatures. The powder
samples were then pelletized and surface morphology was
analyzed using a JSM-6610 Oxford (with EDX attachment)
scanning electron microscope (SEM). Energy dispersive X-
ray spectroscopy (EDX) was performed to get quantitative
analysis of the samples. The formation of chemical bonds in

30 35 40 45 50 55 60 65

22
0

30
4

21
7

30
020

620
520

3
20

0
11

4
10

7
00

8

In
te

ns
ity

 (a
.u

.)

11
0

x = 0

x = 0.1

x = 0.2

x = 0.3

x = 0.4

2𝜃 (∘)

Figure 1: X-ray diffraction patterns of SrPb
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O
19
(𝑥 = 0.0, 0.1,
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samples.

the desired crystal phase was confirmed by Fourier transform
infrared spectroscopy (FTIR). Magnetic behavior of the
samples was analyzed using a 14 Tesla Quantumdesign PPMS
(Physical Properties Measurement System).

3. Results and Discussion

Crystal structure of all the prepared samples was determined
by X-ray diffraction, following the complete procedure as
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Figure 3: FTIR spectra of SrPb
𝑥
Fe
12−𝑥

O
19

(𝑥 = 0.0, 0.1, 0.2, 0.3,
and 0.4) samples.

described by Cullity [10]. Data obtained from the diffrac-
tometer was plotted. Positions of the diffracted intensities
were noted and corresponding values of sin2𝜃were evaluated.
These values were multiplied by 1/3, 1/4, and 1/7 in order
to find a repeated number named “𝐴” related to the lattice
parameter “𝑎” and wavelength (𝜆) of the incident radiation
by the relation 𝐴 = 𝜆2/3𝑎2. Using this relation, value
of “𝑎” was evaluated for 200 plane. The relation sin2𝜃 −
𝐴(ℎ
2
+ ℎ𝑘 + 𝑘

2
) = 𝐶𝑙

2 was used to find a parameter,
“𝐶” and hence the lattice constant, “𝑐,” using the expression
𝐶 = 𝜆

2
/4𝑐
2. hkl values corresponding to all the diffracted

intensities were determined and the patterns were indexed
as shown in Figure 1. The indexing of the patterns revealed
that crystal structures of all the samples exhibit characteristic
hexagonal structure. In addition, the indexed peaks were also
matched with the standard data (ICSD-00-033-1340), which
confirmed that samples revealing hexagonal structure con-
sisted of M-type strontium hexaferrites. TGA was performed
up to 800∘C with a heating rate of 20∘C/min. to determine
any carbon related species that may be present in the samples
due to reaction of Sr2+ with CO

2
which may be available

from the atmosphere and/or from the decomposition of
citric acid. Figure 2 shows the %age weight loss for the four
samples from room temperature to 800∘C. The curves reveal
a good stability and do not indicate any significant weight
loss. Hence, it is inferred that no carbon related species are
present in the prepared samples and sintering of samples
at 800∘C is sufficient to hinder the formation of SrCO

3

enabling the Sr2+ available to stimulate the incorporation of
Sr2+ into strontium hexaferrite matrix [11]. Slight increase in
the lattice parameters “𝑎” and “𝑐” was observed that led to
a minute increase in the unit cell volume (𝑉 = 0.866𝑎2𝑐)
as well. The trend might be attributed to the larger ionic

Table 1: Values of lattice constants, their axial ratio, unit cell
volume (𝑉), crystallite size (𝐷), bulk density (𝜌

𝑏
), X-ray density

(𝜌
𝑥
), porosity (𝑃), saturation magnetization (𝑀

𝑠
), remanence (𝑀

𝑟
),

𝑀
𝑟
/𝑀
𝑠
, and coercivity (𝐻

𝑐
) at SrPb

𝑥
Fe
12−𝑥

O
19
(𝑥 = 0.0, 0.1, 0.2, 0.3,

and 0.4).

Parameter 𝑥 = 0.0 𝑥 = 0.1 𝑥 = 0.2 𝑥 = 0.3 𝑥 = 0.4

𝑎 (Å) 5.8808 5.8856 5.8880 5.8889 5.8911
𝑐 (Å) 23.2018 23.2193 23.2297 23.2360 23.2361
𝑐/𝑎 3.9453 3.9451 3.9446 3.9457 3.9443
𝑉 (nm3) 694.8841 696.5439 697.3042 697.8268 698.3515
𝐷 (nm) 27.8971 28.4145 28.8917 29.9115 29.9176
𝜌
𝑏
(g/cm3) 2.9124 2.9965 3.1623 3.2817 3.2862
𝜌
𝑥
(g/cm3) 4.8167 4.8266 4.8615 4.9075 4.9080
𝑃 (%) 39.53 37.92 34.95 33.13 33.04
𝑀
𝑠
(emu/g) at

300K 63.22 57.79 53.16 49.65 41.62

𝑀
𝑠
(emu/g) at

200K 70.77 63.50 60.50 53.93 48.44

𝑀
𝑟
(emu/g) at

300K 33.05 30.62 28.71 25.84 23.66

𝑀
𝑟
(emu/g) at

200K 38.20 34.81 33.65 30.96 28.84

𝑀
𝑟
/𝑀
𝑠
at 300K 0.52 0.53 0.54 0.55 0.57

𝑀
𝑟
/𝑀
𝑠
at 200K 0.54 0.55 0.56 0.58 0.60

𝐻
𝑐
(Oe) at 300K 2360 3249 4360 5837 6015
𝐻
𝑐
(Oe) at 200K 3104 3471 4322 4915 5282

radius of the substituent, Pb2+ (0.98 Å) as compared to the
host, Fe3+ (0.49 Å). The crystallite sizes of all the samples
evaluated using Scherrer’s relation (𝐷 = 𝑘𝜆/𝛽𝑐𝑜𝑠𝜃, 𝑘 is a
constant, 𝛽 is full width at half maximum in radians, and 𝜃 is
diffraction angle in degrees) were increased slightly as the Pb
concentration was increased in the series. The bulk density
(𝜌
𝑏
) was calculated from the weight and dimensions of the

sintered pellets using the relation 𝜌
𝑏
= 𝑚/𝜋𝑟

2
ℎ, where 𝑚 is

the mass, 𝑟 is the radius, and ℎ is the thickness of the samples.
X-ray density (𝜌

𝑥
) of the samples was calculated using the

relation𝜌
𝑥
= 2𝑀/𝑁

𝑎
𝑎
3 [12], where𝑀 is themolecularweight

of the composition, 𝑁
𝑎
is Avogadro’s number, and 𝑎 is the

lattice constant. The bulk and X-ray densities were used to
calculate the porosity (𝑃 = 1 − 𝜌

𝑏
/𝜌
𝑥
). The values of all these

structural parameters have been shown in Table 1.The results
reveal that porosity of the samples was decreased as the Pb
contents were substituted at the Fe sites in the series of the
samples. In other words, the grains became more compact
and densified with the Pb substitution which could play a
significant role in establishing the structural and magnetic
properties.

Figure 3 shows the FTIR spectra of all the prepared
samples. In ferrites, the spectroscopically active region lies
between 400 cm−1 and 800 cm−1 [13]. In our samples, there
were sharp and clear peaks at 600 cm−1, 550 cm−1, and
440 cm−1, corresponding to the characteristics peaks of
chemical bonds in SrFe

12
O
19
structure [14]. The peak inten-

sity remained almost the same as the amount that Pb dopant
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Figure 4: SEM micrographs of SrPb
𝑥
Fe
12−𝑥

O
19
(𝑥 = 0.0, 0.1, 0.3, and 0.4) samples.

was increased by in the series, which indicated that Pb could
be successfully substituted in a dilute amount at the Fe sites,
without disturbing the stoichiometry of the parent hexagonal
SrFe
12
O
19

structure. With the increase in Pb contents, the
chemical polarization of the internal bonds could be shared in
the form of Fe-O-Pb and Sr-O-Pb chemical bonds, resulting
in compact structures as that of SrFe

12
O
19
. The peaks at

3421 cm−1 and 1639 cm−1 exhibit the structure and bending
bonds of the surface hydrogen group (–OH) earned from the
damped environment [15].

Figure 4 shows the microstructural morphology of the
samples obtained using a scanning electron microscope.
Figure 4(a) reveals the micrograph of pure SrFe

12
O
19
sample

indicating that most of the grains are like platelets having
sharp grain boundaries. A close look at this image might
provide hindsight of the hexagonal texture of the grains,
a characteristic of the hexagonal crystal structure of the
SrFe
12
O
19
.With the substitution of Pb contents at Fe sites, the

microstructuralmorphology of the grains was further refined
until at 𝑥 = 0.3Pb contents; well defined hexagonal grains
were witnessed which were varying in size ranging from
0.190 to 0.291 𝜇m.The uniform grain sizes and homogeneous
contrast throughout the focused area confirm that the sample
consists of single phase ferrite composition. The shape and
compatibility of grains play a vital role in determining
the structural and magnetic properties of ferrites [16]. The
platelet-like hexagonal texture of ferrites has been investi-
gated as a potential candidate for use inmicrowave absorbing
coatings [17]. The elemental composition of the constituents
elicited from EDX, shown in the inset of Figures 4(a) and
4(d), confirms the stoichiometric ratio of the elements in the

prepared samples and the incorporation of Pb at Fe sites. The
quantitative data of atomic and percentage composition of
elements was in close agreement with the dissolved reactants.

Figure 5 shows the magnetic-hysteresis (M-H) loops of
the prepared samples obtained at 300K.Magnetic parameters
like saturation magnetization (𝑀

𝑠
), remanence (𝑀

𝑟
), and

coercivity (𝐻
𝑐
) were determined fromM-H loops as listed in

Table 1. The 𝑀
𝑠
and 𝐻

𝑐
values as a function of Pb contents

have been plotted in Figure 6. The plots reveal that the sub-
stitution of Pb contents at A-site of Fe changes the magnetic
properties of the ferrite samples in a remarkable way.The𝑀

𝑠

and 𝑀
𝑟
values of the ferrite samples were decreased from

63.22 to 41.62 emu/g and 33.03 to 23.66 emu/g, respectively,
whereas the 𝐻

𝑐
value was increased from 2360 to 6015 Oe

with the increase in the Pb contents. However, the 𝑀
𝑟
/𝑀
𝑠

ratio was observed to increase from 0.52 to 0.57 in the
series, as the decrease in 𝑀

𝑟
value is less prominent as the

corresponding decrease in the 𝑀
𝑠
value, making the later

samples in the series more effective, as far as energy product
is concerned. The value of𝑀

𝑠
at 𝑥 = 0 is in close agreement

with a recently reported value [18]. The crystal structure
has been understood as a critical factor which decides the
magnetic behavior of the material. The crystal structure
of SrFe

12
O
19

has five nonequivalent sublattices with three
octahedral (2a, 12k, and 4f), one tetrahedral (4f1), and one
trigonal bipyramidal (2b) sites [19]. Among these, three sites
(2a, 12k, and 2b) possess upward spin and two sites (4f1 and
4f2) spin downward. Hence, net magnetic moment results
due to upward spins. When Pb with a diamagnetic nature
is substituted with some of the iron ions, a decrease in the
net saturation magnetization is observed which decreases
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further as the Pb contents are increased up to 𝑥 = 0.4.
This decrease in𝑀

𝑠
value could be attributed to the decrease

of superexchange interactions among FeA
3+-O-FeB

3+, as the
substituted ions prefer to occupy the octahedral 12k sitewhich
has upward spin [20], followed by 2a and 4f2 sites [19]. Each
Fe3+ ion possesses a magnetic moment of 5𝜇B. Therefore, an
M-type molecule of SrFe

12
O
19
possesses a magnetic moment

of 20.6𝜇B.The substitution of a diamagnetic ion at a site with
spin up reduces the total magnetic moment of the specimen
and hence the𝑀

𝑠
values decrease.

The increase in 𝐻
𝑐
with the increase in Pb contents may

be described on the basis of Stoner-Wohlfarth relation, 𝐻
𝑐
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and 0.4) samples at 200K.
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= 2𝐾/𝜇
𝑜
𝑀
𝑠
, where 𝐾 is magnetocrystalline anisotropy and

𝜇
𝑜
is permittivity of free space (= 4𝜋 × 10−7H/m). Hence,

a decrease in 𝑀
𝑠
and an increase in 𝐾 [21] are the possible

factors for an increased value of𝐻
𝑐
.

Figure 7 shows the M-H loops of the samples at 200K.
The 𝑀

𝑠
and 𝑀

𝑟
values of all the samples increased as

compared to their corresponding values at 300K in the series,
with the decrease in temperature, as has been plotted in
Figure 8 and listed in Table 1, but decreased with the increase
of Pb contents in the series. The increase in𝐻

𝑐
as a function

of Pb contents at 200K (Figure 7) could also be explained as
discussed earlier. The increased values of𝑀

𝑠
at 200K might

be described on the basis of Weiss theory of ferromagnetism
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[22]. According to this theory, at low temperatures, the
thermal activation energy of themagnetic ions reduces which
in turn helps the magnetic moments to align more easily in
the applied field direction. Therefore, an overall increase in
the magnetic moment and hence in the𝑀

𝑠
is observed. The

increased squareness ratio (𝑀
𝑟
/𝑀
𝑠
) in this case as well favors

the use of these materials for the applications where high
energy products are desired.

4. Conclusion

In this paper, the influence of Pb doping on the structural and
low temperature magnetic behavior of SrPb

𝑥
Fe
12−𝑥

O
19
(𝑥 =

0, 0.1, 0.2, 0.3, and 0.4) has been investigated systematically.
X-ray diffraction analysis of all the samples revealed the
hexagonal phase characteristics of the SrFe

12
O
19

crystal
structure. A slight increase in the lattice constants (𝑎 and 𝑐)
and the unit cell volumewas attributed to the larger ionic radii
of dopant Pb as compared to the host Fe site. The crystallite
size was also increased in the series as the Pb contents
were increased. The porosity was decreased from 39.53 to
33.04% in the series making the samples more compact to
improve the structural and hence the magnetic properties.
FTIR spectroscopy confirmed the metal-oxygen bonds for-
mation in the hexagonal structure of the samples. Surface
morphology has been described using SEM images and
elemental stoichiometric composition has been found using
EDX spectroscopy. Saturation magnetization was found to
decrease, while coercivity was increased with the increase of
Pb contents in the series at 300K. When temperature was
reduced to 200K, the saturationmagnetization of the relevant
samples was increased, credited to the preferred individual
spin alignments at low temperature. Remanence was also
decreased, but the corresponding effect was less prominent as
the𝑀

𝑟
/𝑀
𝑠
and consequently the energy product was found

to increase, corroborating the use of these ferrite composi-
tions where hard magnetic characteristics are required.
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