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1.1 Single-phase Multiferroics

In ferroics, at least two metastable states can be found. These states are related to
the directional arrangement and crystalline limitations of the materials, providing
reversible “stored states” that can be switched by external fields. For example, in
ferromagnets, an external magnetic field can flip the direction of the material mag-
netization to align parallel to the field direction. This phenomenon has found several
applications nowadays, especially in electronics and information storage devices,
both for ferroelectric and ferromagnetic materials [1]. Multiferroics are special class
of materials which possess more than one of the primary ferroic properties in the
same phase. Multiferroic materials are of great interest in the electronics industry
for application as memory storage devices [2, 3], spintronics [4], components [5],
and sensors [6]. The perovskite structure is perhaps the most common crystalline
structure for multiferroic materials studied so far. Its simplicity is due to its rather
straightforward organization and chemical constitution. The general perovskite for-
mula is ABX3, where A and B are cations and X is an anion, typically oxygen, but
also others, like fluorine, are sometimes considered. Materials in which multiple
ferroic ordering take place had been already studied, as early as 1960s. Those early
studies focused on the synthesis of compounds with extremely complex stoichiome-
try, such as (1− x)PbFe0.66W0.33O3 – xPbMg0.5 W0.5O3 [7] and nickel iodine boracite,
(Ni3B2O13I) [8], both of which present too large ionic interactions and crystalline dis-
tortions to be able to determine the true origin of their multiferroic behavior. Never-
theless, the methodology was conceptually simple: it aimed to replace d0B cations, in
ferroelectric perovskite oxides, by magnetic dn cations [9]. To understand magnetic
interactions in perovskites, it is important to discuss the Goodenough–Kanamori
rule. It was first formulated by Goodenough in 1955, and more rigorous mathemat-
ical underpinning was subsequently provided by Kanamori (1959). It is applied to
interatomic spin–spin interactions between two atoms that are mediated by virtual
electron transfers, for example in the Ni2 + –O–Mn4+ chain [10, 11].
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Ferroelectricity and ferromagnetism seemed at the beginning to be mutually
exclusive in most cases; much effort has gone to overcome this problem the search
for single-phase materials, which can allocate two or more ferroic orders, is still
of high scientific interest. One way to achieve this goal is to adopt the so-called
lone pairs of big stereochemical active atoms such as Bi3+ or Pb2+ [12–15]. Mag-
netic and electric ferroic states are mostly independent of each other. Finding a
material in which the electric field can affect not only the polarization but also
the magnetization (E[P,M]) and, in equal manner, a material in which the magnetic
field also affects magnetization and polarization (H[M,P]), are highly desirable
in the industry. Several studies have shown ferroelastic switching in thin films
[16–18] to exhibit the potential applicability of these materials in multifunctional
heterostructures [19, 20] or artificial multiferroic architectures [21]. Moreover, in
materials such as BiFeO3, PbTiO3, and BaTiO3, the ferroelastic domains are known
to play an important role in facilitating the coupling between the polarization and
the magnetization via the ferroelastic switching [22, 23], an aspect that is highly
desirable in nonvolatile memories [24, 25]. Additionally, domain walls have been
shown to have a very strong effect on heat flow and phonon scattering, which can
dramatically affect device performance [26]. The compounds considered above
belong to the class of type I multiferroics, where the charge order and ferroelectricity
is of “electric” origin. e.g. HoMnO3 which has an E-type magnetic order [27, 28].
In type II multiferroics, the magnetism causes the ferroelectric polarization, thus,
implying a strong magnetoelectric coupling.

There are two mechanisms that govern charge order through magnetic order
[29, 30]. The first is the inverse Dzyaloshinskii–Moriya interaction (DMI). This effect
is a relativistic correction (spin–orbit interaction) to the superexchange between
two TM magnetic ions through the oxygen. It has been observed in RMn2O5
compounds, where it induces spiral magnetic order. The second mechanism of
magnetically driven ferroelectricity is the exchange striction.

1.2 Multiferroic Study of Pure BiFeO3 Synthesized Using
Various Complexing Agents by Sol–Gel Method

Due to long-term technological aspirations in this field, a lot of research work has
been reported. The surge of interest in multiferroic materials over the past 15 years
has been driven by their fascinating physical properties and huge potential for
technological applications. So, there has been the search for a particular material to
fulfill the requirement to be a good multiferroic material. Wang et al. [31] worked
to enhance polarization and related properties in hetero-epitaxially constrained
thin films of the multiferroic BiFeO3 (BFO). The film displays a room-temperature
spontaneous polarization (50–60 μC/cm2), almost an order of magnitude higher
than that of the bulk (6.1 μC/cm2). The Curie temperature (Tc) and the Neel
temp (TN ) of BFO are 1103 and 673 K, respectively, due to which it acts as a
good multiferroic material at RT [14]. Subhash Sharma et al. [32] reported the
comparative studies of pure bismuth ferrite prepared by sol–gel method versus
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conventional solid-state reaction method. This group found that sol–gel method is
better compared to solid-state method for preparing pure phase of BFO at low tem-
peratures. The precursors used are Bi(NO3)3⋅5H2O, Fe(NO3)3⋅9H2O, and distilled
water. Different complexing agents like citric acid, oxalic acid, glycine, and malonic
acid in 1 : 1 M ratio of metal ions were added in stoichiometric solution of above
precursors with constant stirring. The grains of BFO samples using different acids
are rectangular and the type of structure is rhombohedral [33]. BFO is reported as
G-type antiferromagnetic due to local spin ordering of Fe3+ at RT. At the same time,
there are several reports that show ferromagnetic-like magnetic hysteresis in pure
bismuth ferrite. Bismuth ferrite, prepared using citric acid, may be a good candidate
for further studies. It can be observed that BFO prepared by sol–gel technique using
citric acid as complexing agent shows good ferroelectric properties as compared
to other methods, and it exhibits a rhombohedral perovskite structure with less
impurity [34].

Dielectric properties of BFO samples, prepared by using various complexing
agents and annealed at 600 ∘C, as a function of frequency have been measured in
the range of frequency 102–106 Hz. It can be observed that the dielectric constant
decreases on increasing frequency and becomes independent at higher frequencies.
The decrement in 𝜀’ is attributed to the dielectric relaxation. The variation of
leakage current for applied electric field of BFO for different acids annealed at
600 ∘C. This gives an idea of leakage current of samples for applied electric field.
The leakage current is in the range of 10−5–10−10 A/cm2 for maximum applied field
4000 V/cm. In BFO, oxygen vacancies can be produced by the vaporization of Bi or
the presence of lower-valence Fe2+ ions, which lead to the formation of a trap level
at 0.6 eV below the bottom edge of the conduction band. X-ray diffraction patterns
and Fourier transform infrared analysis of various samples show the degree of
formation of required phase. Ferroelectric and magnetic study of samples prepared
at 600 ∘C shows their comparative multiferroic properties. Samples show good
magnetic and ferroelectric properties at RT, which are the fundamental requirement
for any multiferroic material.

1.3 Nanostructured Multiferroics

Bismuth ferrite, BFO, as one of the very few single-phase multiferroics with a simul-
taneous coexistence of ferroelectric- and antiferromagnetic-order parameters at RT,
has attracted considerable attention since its discovery in 1960. Much work has
been carried out on the synthesis of pure BFO nanoparticles by numerous methods
(e.g. solid-state reactions [35–37], wet chemical synthesis, including sol–gel method
with the use of polymeric precursors [38–40], solution combustion methods [41, 42],
mechanical activation [43], mechanochemical synthesis [44–46], hydrothermal pro-
cess [47–49]). Park et al. [50] have also reported an increased magnetization value
at the nanoscale, while Mazumder et al. [51] have demonstrated that nanoscale
BFO depicts not only high saturation magnetization but also genuine ferromagnetic
behavior with finite coercivity at RT. Recently, multiferroic BFO nanoparticles and
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La-doped BFO nanoparticles have been synthesized by MSS process in the NaCl
[52, 53], NaCl–KCl [54, 55], NaCl–Na2SO4 [56], or KNO3–NaNO3 [57] molten salt.
Perejon et al. [58] demonstrated that pure BFO nanoparticles were synthesized
via the direct mechanochemical reaction by grinding pure Fe2O3 and Bi2O3 in an
oxygen atmosphere at reaction times even less than 50 minutes. Crystallite size of
the BFO nanoparticles from 13 to 20 nm could be tailored by controlling the milling
conditions, particularly the milling power. Sol–gel process is a popular processing
route for the synthesis of perovskite oxide nanoparticles (e.g. BaTiO3 [59], PbTiO3
[60], BiFeO3 [61, 62]). This process involves the formation of a sol by dissolving
the metal oxides, metal–organic, or metal-inorganic salt precursors in a suitable
solvent, subsequent drying of the gel, followed by calcination and sintering at high
temperature.

The hydrothermal method, involves heating an aqueous suspension of insoluble
salts in an autoclave at a moderate temperature and pressure where the crystal-
lization of a desired phase takes place. Solvothermal synthesis is also defined as a
hydrothermal reaction that occurs in a nonaqueous solution in the hydrothermal
process of BFO nanoparticles, Bi3+ and Fe3+ ions are first transformed into hydroxide
Fe(OH)3 and Bi(OH)3 in the precursor, and then dissolved in the precursor with the
presence of alkaline mineralizers (e.g. KOH, NaOH, LiOH). When the ionic concen-
tration in the alkaline solution surpasses the saturation point, the BFO phase begins
to nucleate and precipitate from the supersaturated hydrothermal fluid, followed by
crystal growth [63, 64].

The term “microwave-hydrothermal process” was coined by Komarneni et al. [65]
in the early 1990s, and this process has been used for the rapid synthesis of numer-
ous ceramic oxides, hydroxylated phases, porous materials, and hematite powders
[66–68]. It offers many distinct advantages over conventional hydrothermal synthe-
sis, such as cost savings due to rapid kinetics time and energy, rapid internal heat-
ing, and synthesis of new materials. The morphologies of the component phases in
such vertical composite films containing either magnetic or ferroelectric nanopil-
lars varied markedly with the substrate orientation and phase fractions [69] was
inferred from their microscopy observations. Raidongia et al. [70] reported a compre-
hensive study on core–shell (CFO@ BTO) nanoparticles and nanotubes. Core–shell
type nanotubes exhibit a large saturation magnetization and remanent magnetiza-
tion as compared to the nanoparticles, since the nanotube provides a large inter-
facial area between two phases. The NiZnFe2O4@BTO core–shell nanostructures
were also extensively studied by Curecheriu et al. [71] and Testino et al. [72]. In
the past decades, there was widespread scientific interest in multiferroic nanostruc-
tures and thin films, owing to their fascinating multifunctional properties driven
by either interface-induced strain (typically in multiferroic thin films) [73–75] or
by an intrinsic size effect (in nanostructures), which provides the basis for devel-
oping the next-generation electronic devices. The top-down approach involves the
construction of small-sized structures from large ones through etching and removal
of parts [76, 77]. In this method, lithography usually is applied to produce nanos-
tructures with assistance from energy particles such as photons, ions, or electron
beams. Focused ion beam (FIB) milling and electron beam direct writing (EBDW)
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are popular techniques for fabrication of nanostructures with controlled size and
shape.

1.4 Multiferroic Systems of BiFeO3 and BaTiO3
Nanostructures: New Ideas and Insights from Recent
Magnetoelectric Advancements

Since BaTiO3 could exist in four different phases depending on the temperature – the
paraelectric cubic, ferroelectric tetragonal, orthorhombic, and rhombohedral
phases – the resulting displacement gives a polarization of 26 μC/cm2 along the
(0 0 1) direction [78]. The original cubic symmetry is distorted by lengthening of the
c lattice constant (c/a = 1.011) [79]. The perovskite BiFeO3 with high Tc ∼ 1103 K
and TN ∼ 643 K attracts lot of attention because it has simultaneous ferroelectric
and antiferromagnetic ordering even at RT. This is because the ferroelectricity in
BiFeO3 originates from the 6s2 lone pair electrons of Bi3+ ions due to structural
distortion, while the magnetism occurs by Fe–O–Fe superexchange interactions.
As an overview, BiFeO3 has a disappointingly low spontaneous polarization and
saturation magnetization due to the superimposition of a spiral spin structure of
antiferromagnetic order [80]. In this spiral spin structure, the antiferromagnetic
axis rotates through the crystal with an incommensurate long wavelength period
of 62 nm, which cancels the macroscopic magnetization and also inhibits ME cou-
pling. Hence, for novel electronics of BiFeO3, its magnetic and electric properties
must be enhanced. The superexchange between the octahedrally coordinated Fe3+

through the O ligand is responsible for the antiferromagnetism, but BiFeO3 has
been reported to have a weak ferromagnetic component at RT and is thus canted,
with a helical repeat of ∼620 Å [81].

Hund’s rule coupling would lead to spins of the TM 3d shell in parallel orientation
and this mechanism breaks the strong covalent bonds that are necessary for ferro-
electricity [82]. For example, in BiFeO3 and BiMnO3, the ferroelectricity is due to the
lone pairs of nonmagnetic Bi, and in YMnO3, it is due to tilting of almost-rigid MnO5
trigonal bipyramids [83]. The structure of the ferroelectric BiFeO3 phase has been
resolved experimentally using X-ray and neutron diffraction and found to possess a
highly distorted perovskite structure with rhombohedral symmetry and space group
R3c [84]. It creates an effective negative pressure that led to a volume expansion
[85]. The increase in c/a distortion leads to higher deformation of the TiO6 octa-
hedra [86]. The type of nanomaterials is not well defined in the literature, but it
is considered that at least one of its dimensions is below 100 nm [87]. The distri-
bution of nanomaterials is dependent upon its dimensionality; a system having all
three dimensions well below 100 nm (critical length) is considered as quantum dots
one main difference between ferroelectric nanostructures and bulk materials is the
presence of depolarizing field in the former because of the uncompensated charges
at the nanostructural surface [88]. The depolarizing field in nanosystems is able to
quench spontaneous polarization [89]. An external electric fields and short-circuit
boundary conditions are needed to screen the depolarizing field [90, 91]. Modified
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Pechini method was also used to prepare BiFeO3 nanoparticles [92, 93]. The rhom-
bohedral distortion in BiFeO3 from cubic structure is reduced by decreasing particle
size accompanied by decreasing polarization inferred from atomic displacements.
The size-dependent atomic displacement in multiferroic nanostructure reflects the
effect of increasing depolarization field with decreasing crystallite size [94].

In small-sized nanostructures, the surface-to-volume ratio becomes so large that
it increases again with decreasing particle size. Cao et al. [95] reported a Co-doped
BaTiO3 system for which the Co-3d states, ranging from −6 eV to Fermi level, have
a strong hybridization with O-2p states. It involves double-exchange mechanism
of ferromagnetism. The bonding of the charge carriers mediates the exchange
interaction via oxygen vacancy within the local spins to contribute ferromagnetism.
Superimposition of ZFC/FC plots around 300 K and a clear separation between
FC/ZFC at low temperature, without blocking temperature, indicate that the TM
ions in BaTiO3 are not strongly antiferromagnetic [96]. It was predicted that the
hybridization between the TM 3d orbitals and the O2p is the origin of observed
magnetism [97]. These values of polarization are much larger than those observed
in pure BiFeO3 because of the formation of Bi2Fe4O9 phase, which causes lower
electrical resistivity [98, 99]. The doping of BaTiO3 is located at Fe site and acts
as acceptor for improving the electrical properties of BF–BT nanoparticles. For
this, the doped BaTiO3 acts as an acceptor to effectively compensate the charge
carriers to Fe2+ions at the Fe site and induce lower oxygen vacancy. To modify
properties through size quantization such as the suppression of the spin spiral
in BiFeO3 and stabilizing phases that are inaccessible through conventional bulk
techniques, thin-film growth techniques provide the ability to vary the lattice
mismatch between the film and the substrate, so as to introduce epitaxial strain in
the thin-film material.

1.5 Effective Properties of Multilayered
Nanomultiferroics

The use of multiferroic materials is based on the magnetoelectric (ME) effect. This
effect consists in the appearance of an electric field under the action of an exter-
nal magnetic field and vice versa. In the natural multiferroic Cr2O3, the maximum
ME coefficient is observed at a temperature of 260 K and amounts to 3.7 pS/m [100].
Unfortunately, this value is insufficient for practical commercial applications. ME
coefficients greater by about two orders of magnitude were demonstrated for TbPO4
[101] and HO2BaNiO5 [102]. The matrix homogenization method (MHM) presented
in this unit provides effective parameters of a layered structure without solution
of differential equations in partial derivatives [103–107]. To calculate the parame-
ters, only operations with the matrices entering into the equations are involved. The
method can be easily generalized for boundary conditions different from [110]. The
effective medium would possess the same anisotropy for monoclinic, orthorhom-
bic, tetragonal, and trigonal systems [111]. The effective structure with initial cubic
anisotropy is tetragonal, as a cubic medium is a particular case of the tetragonal one.
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Fiber composites are the most common nanostructures and are in use in a variety
of systems [112]. Typically, they are modeled by a set of cylinders (inclusions),
which are coated with multiple layers of different materials and immersed in a
matrix of another material. The presence of an additional parameter – the curvature
of the cylindrical layer – gives hope to strengthen the interaction between the
electric, magnetic, and elastic fields. That is, by using fiber geometry, one may
be able to design nanocomposite multiferroics with larger ME, piezoelectric,
and/or piezomagnetic coefficients. Core–shell nanocomposites have been an
active research area in the past years because of their promising multifunctional
capabilities. These structures demonstrate novel characteristics that are different
from their single-component counterpart. Some applications can already be found
in bioimaging, cloaking, drug/gene delivery, nanophotonics, optics, and sensors
[113–121]. Multilayer nanoshells, or so-called nanomatryoshkas, are a particular
and very promising case of core–shell nanomaterials. The classical electromagnetic
theory is sufficient to estimate the optical parameters of nanomatryoshkas with
core–shell separations larger than a nanometer. Unfortunately, due to the bypass
of electron transport between the core and shell through the self-assembled mono-
layer [122], classical approach fails for the description of nanomatryoshkas with
subnanometer-sized gaps. Thus, there is need to employ a quantum approach for
the modeling of the small-sized nanomatryoshkas (less than 1 nm). Compared to
earlier published works [123–125], this approach does not require usage of special
functions like, e.g. spherical or Bessel functions.

The computational scheme is much simpler than the previously existing one, even
for the electrostatic problem. It allows finding solutions of more complex problems
accounting for the interaction of the fields of different nature [126]. For the determi-
nation of the material coefficients of this effective medium in the case of small total
thickness, it is recommended to use the MHM, which does not require the solution
of a complex system of magneto-electro-elasticity equations. The desired effective
characteristics are obtained using only operations with matrices characterizing the
properties of single nanolayers. This fact significantly simplifies the calculations and
allows multilayer nanosystems to be accurately and easily described.

1.6 Correlation between Grain Size, Transport, and
Multiferroic Properties of Ba-doped BiFeO3 Nanoparticles

BiFeO3 is one of the single-phase multiferroic materials with a distorted perovskite
structure ABO3 [127], which shows multiferroic behavior at RT having high
ferroelectric Curie temperature (TC ∼ 1100 K) and antiferromagnetic Néel tempera-
ture (TN ∼ 640 K) [128], and it continues to be the only compound with coexistence
of ferroelectricity and antiferromagnetism at RT [129]. The ferroelectricity and
magnetism in BiFeO3 is attributed to the Bi3+ 6s2 lone pair electrons and partially
filled d orbital of Fe3+ ion, respectively [130]; thus, the coupling between the
ferroelectric and magnetic ordering is usually considered to be rather weak [131].
The impurities, large leakage current, and antiferromagnetic nature are big hurdles
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in BiFeO3 applications [132], and it is very difficult to obtain a single-phase BiFeO3
by using solid-state reaction at high sintering temperature [51]. Doping at A-site
affects the centrosymmetry of FeO6 octahedra, creates oxygen vacancies, and leads
to change in multiferroic properties of BiFeO3. Furthermore, the leakage currents
are reduced by Ba2+ ion doping [133, 134]. Leakage current due to oxygen vacancies
or impurities is the major problem in BiFeO3. It has been observed that doping
at A-sites reduces the leakage current in BiFeO3 and enhances the multiferroic
properties [135].

The substitution of Bi3+ by Ba2+ may cause two parallel phenomena with respect
to the concentration of oxygen vacancies: (i) the creation of oxygen vacancies to neu-
tralize the charge produced substituting Bi3+ by Ba2+, (ii) decrease in concentration
of oxygen vacancies by filling the probable vacant volatilized Bi3+ sites [136]. The
spectra of 630 cm−1 are of strong metal oxygen-bending vibration of M–O4 [137, 138];
such band vibration is a possibility in impurity phase, since minor impurity phase
was seen on substitution in XRD. The magnetic properties of BiBaFeO3 multifer-
roic nanoparticles depend on particle size because of long-range spin arrangement.
The reduction in particle size below the periodicity of cycloidal spin structure will
enhance the magnetic properties. However, the weak ferromagnetic founding in
BiBaFeO3 multiferroic nanoparticles originated from canting in the Fe3+ moments
due to tilt of <FeO6> octahedron and the distortion can suppress the spiral spin
structure and increase the weak ferromagnetism. Due to the small particle size,
the electron spins fluctuate; this results in decreasing Néel temperature as the fluc-
tuations create disorder. In addition, the reason may be related to the decrease of
magnetic exchange interactions with reduction in particle size [92].

The substitution of divalent metal ions Ba2+ at trivalent Bi3+ sites requires oxygen
deficiency for compensating charge, and this may destabilize the system [139]. It
is expected to suppress the cycloid spin structure [140]. The small particle sizes
observed in the samples of the order of 30 nm are excellent for efficient ferromag-
netic properties, due to the magnetic cycloid spin structure of 62 nm in this material
[141]. Lattice distortions, oxygen and bismuth vacancies, and defects at the inter-
faces as well as inside grains are the sources of space charges in BiFeO3 [142]. These
space charges are able to follow the applied field at lower frequencies, whereas they
cannot find time to undergo relaxation at high-frequency region [143, 144].

1.7 Specific Heat and Magnetocaloric Properties of
Some Manganite-Based Multiferroics for Cryo Cooling
Applications

Due to the restrictions and disadvantages of the vapor compression technique,
the scientific community is looking at new refrigeration technologies, viz. ther-
moelectric cooling [145], adsorption refrigeration [146], absorption refrigeration
[147], thermoacoustic refrigeration, and solid-state magnetic refrigeration. In
recent times, the large magnetic entropy change found in perovskite manganites
[148] suggests that these materials might be exploited for magnetic refrigeration
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applications. Apart from this, the rare earth manganites exhibiting multiferroic
behavior have attracted attention due to their potential applications in magnetic
refrigeration industry [15, 149]. Although research on colossal magnetoresistance
and multiferroic manganite materials was initiated almost two decades back, this
method was used for the calculation of magnetocaloric effect by using temperature
dependence of specific heat data at different magnetic fields [150, 151]. It has been
reported that the magnetocaloric effect (MCE) determined by this method has the
same accuracy as that from magnetization measurements. Further, the accuracy of
this method is better than that of the direct methods. At the transition temperature,
an anomaly in the dielectric behavior has also been observed, indicating correlation
between these behaviors [152]. Based on the neutron diffraction studies [153], it
was reported that the sinusoidal ordering of Mn3+ moments transforms into an
incommensurate spiral order at this transition, where Mn3+ moments are locked.
The transformation of sinusoidal to spiral magnetic ordering results in breaking
center of symmetry, which, in turn, leads to the polarization in the material. The
transition is also observed in dielectric constant data of the present investigation
[154], which is attributed to the ferroelectricity. Based on the results of neutron
diffraction measurements of TbMnO3 sample, it is reported that the sinusoidal
ordering of Mn3+ moments transforms into an incommensurate spiral order, which
breaks the center of symmetry of the system leading to the spontaneous polariza-
tion. In the specific heat studies of present investigation, yet another transition
observed at 24, 27, and 18 K is influenced by the magnetic field. At this transition
temperature, the commensurate phase becomes low-temperature incommensurate
phase. The signature of this magnetic transition can also be seen in dielectric
constant behavior of the present investigation [155]. Therefore, this is called second
ferroelectric transition (TC2).

Sagar et al. [156] calculated ΔSM, ΔTad, and RCP of EuMnO3 at different fields
using a simple theoretical approach [157]. Only temperature-dependent magne-
tization data (M versus T) are needed in this method. It was observed that with
increasing field, MCE parameters increase linearly [157]. Several scientific groups
also worked on MCE of GdMnO3, TbMnO3, and DyMnO3 samples in their single
and polycrystalline forms. Aditya A Wagh et al. [158] investigated MCE properties
of GdMnO3 single crystal. They used magnetic and magnetothermal measurements
along the three crystallographic axes for the investigation of MCE properties.
DyMnO3, which crystallizes in hexagonal form, was also studied by Balli et al.
[159]. And calculated ΔSM along the c-direction and in ab plane at different applied
magnetic field variation. In c-direction, when varying the magnetic field from 0 to
2 T, 0 to 5 T, and 0 to 7 T, the maximum variation of the entropy reaches values of 5,
10, and 13 J/kg-K, respectively. Sattibabu et al. [160] also investigated the influence
of Er doping on magnetocaloric performance of YbMnO3 sample at different
fields. They used two samples with compositional formula Yb0.9Er0.1MnO3 and
Yb0.8Ho0.2MnO3 and calculated using heat-capacity data. MCE parameters of this
system increase with rise in doping concentration and field, and are comparable
with reported values. For the first sample in this series, the ΔSM values are 1.81,
3.27, 5.45, and 7.26 J/Kg-K at 2, 4, 6 and 8-T fields. Multiferroic manganites with
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orthorhombic and hexagonal structure show high magnetic entropy and adiabatic
temperature changes at below 20 K, which is very useful for liquefaction of gases
for cryo cooling applications. The ΔS distribution of the samples is uniform, and it
is desirable for an Ericsson-cycle magnetic refrigerator, which is beneficial for the
household application of active magnetic refrigerant materials.

1.8 Preparations, Characterization, and Applications of
Multiferroic Nanocomposites

Many preparation methods have been adopted in order to produce high-quality
materials exhibiting multiferroic properties at room temperature. Salami et al. [161]
prepared (1− x)Bi2Fe4O9 − xCoFe2O4 (0.0≤ x ≤ 1.0) multiferroic nanocomposites;
these nanocomposites have been prepared by wet chemical procedures combining
reverse chemical coprecipitation and Pechini-type sol–gel techniques followed by
mechanical blending process. The authors have characterized all nanocomposites
with XRD and SAED, and the results show that the diffraction patterns were
perfectly indexed to the constituent phases present in composite samples. Also,
the characteristic peaks in FTIR spectra confirmed formation and purity of all
specimens. Many preparation methods have been adopted to produce artificial
high-quality materials exhibiting multiferroic properties at RT [162–165]. One
interesting approach is to synthesize composite materials with one component
being ferroelectric and the second one being ferromagnetic at RT [166–168].
Mitra et al. [169] have combined phases of GdMnO3 (GMO) and CoFe2O4 (CFO)
in the nanocomposite state and showed some limitations as multiferroics. The
authors have reported high dielectric loss, though magnetic ordering is found
at RT, while the TiO2 matrix hosts the GMO and CFO where the dielectric loss
has been remarkably lowered and the dielectric and ferroelectric ordering (below
∼13 K) of GMO along with the magnetic phase of CFO are utilized to develop the
multiferroic. Mandal et al. [170] investigated ME coupling, dielectric, and electrical
properties of xLa0.7Sr0.3MnO3 (LSMO)− (1− x) Pb(Zr0.58Ti0.42)O3 (x = 0.05 and 0.1)
multiferroic nanocomposites. Duong et al. [171] discussed about the growth of 79%
Bi2Fe4O9–21%Fe3O4 nanocomposite films on LaAlO3 substrates using molecular
beam epitaxy. X-ray diffraction and field emission scanning electron microscopy
confirmed that the nanocomposites consisted of an orthorhombic phase of lamellae
Bi2Fe4O9.

Rajesh Babu and Koduri Ramam, [172] reported synthesis, structural, magnetic,
and dielectric studies of Ruthenium (Ru)-doped BKFO (BiKFe2O5) multiferroic
nanocomposite. Ajith et al. [173] prepared and characterized ME multiferroic
BCZT–CFO nanocomposites that were synthesized via sol–gel route. XRD measure-
ments and TEM measurements were conducted, and they indicate that the majority
of particles formed, have core–shell structure. Tang et al. [174] prepared enhanced
ME response for La0.67Sr0.33MnO3/PbZr0.52Ti0.48O3 multiferroic bilayer thin film
at RT; these nanocomposites have been prepared using pulsed laser deposition
method. Vivek Verma et al. [175] proposed improved magnetic properties of
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Bi0.9Pr0.1FeO3 in their composites of BPFOx NZFO. For the composites sample
BPFO–NZFO 1, the Ms. and Mr. are higher than those measured for the BPFO
and continuously increase with the increasing weight percentage of NZFO in
composites. Mahalakshmi et al. [176] prepared and characterized the multiferroic
composites of CoFe2O4 and BaTiO3. These nanocomposites have been synthe-
sized by coprecipitation method. Hajlaoui et al. [177] prepared and characterized
high-quality Ba2NdFeNb4O15-based multiferroic nanocomposite films that were
grown on Pt/MgO(100) single crystalline substrates. Tuning of ME coupling in
multiferroics is of great fundamental and technological importance due to the
potential applications of ME effect in advanced devices, such as ME read-head
sensors [178, 179], data storages [1, 180, 181], and spintronic devices [12, 107].

Multiferroic nanocomposites can find various applications in magnetic materi-
als covering sensitive H sensors, including biomedical sensing, navigation, magne-
toresistance (MR) applications, and many more complex applications in spintronics
[182].

1.9 Conclusions

Nanostructured Multiferroic materials offer great prospects at many application
levels owing to their unique properties. In this chapter, we have reviewed the
various multiferroic materials and preparation, characterizations, and applications.
We have also reviewed each chapter through a detailed abstract.
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27 Sergienko, I.A., Şen, C., and Dagotto, E. (2006). Ferroelectricity in the magnetic
E-phase of orthorhombic perovskites. Phys. Rev. Lett. 97 (22): 227204.

28 Picozzi, S., Yamauchi, K., Sanyal, B. et al. (2007). Dual nature of improper fer-
roelectricity in a magnetoelectric multiferroic. Phys. Rev. Lett., 99 (22): 227201.

29 Cheong, S.W. and Mostovoy, M. (2007). Multiferroics: a magnetic twist for
ferroelectricity. Nat. Mater. 6 (1): 13–20.

30 Kimura, T. (2006). Origin of multiferroicity: magnetism induces ferroelectricity.
JPSJ News Comment 3: 07.

31 Wang, J.B.N.J., Neaton, J.B., Zheng, H. et al. (2003). Epitaxial BiFeO3 multifer-
roic thin film heterostructures. Science 299 (5613): 1719–1722.

32 Sharma, S., Singh, V., Kotnala, R.K., and Dwivedi, R.K. (2014). Com-
parative studies of pure BiFeO3 prepared by sol–gel versus conventional
solid-state-reaction method. J. Mater. Sci. - Mater. Electron. 25 (4): 1915–1921.

33 Bangruwa, J.S., Vashisth, B.K., Singh, N. et al. (2018). A systematic study of
structural, magnetic and electric properties of perovskite-spinel composites
prepared by sol–gel technique. J. Alloys Compd. 739: 319–326.

34 Bangruwa, J.S., Vashisth, B.K., Beniwal, A., and Verma, V. (2017). Structural,
ferroelectric and magnetic properties of BiFeO3-ZnFe2O4 nano-composites.
Integr. Ferroelectr. 184 (1): 135–142.

35 Caicedo, J.M., Zapata, J.A., Gómez, M.E., and Prieto, P. (2008). Magnetoelectric
coefficient in BiFeO3 compounds. J. Appl. Phys. 103 (7): 07E306.

36 Nalwa, K.S., Garg, A., and Upadhayaya, A. (2008). Solid state synthesis and
characterization of multiferroic BiFeO3 ceramics. Indian J. Eng. Mater. Sci. 15
(2): 91–94.

37 Valant, M., Axelsson, A.K., and Alford, N. (2007). Peculiarities of a solid-state
synthesis of multiferroic polycrystalline BiFeO3. Chem. Mater. 19 (22):
5431–5436.

38 Ghosh, S., Dasgupta, S., Sen, A., and Maiti, H.S. (2005). Low-temperature syn-
thesis of nanosized bismuth ferrite by soft chemical route. J. Am. Ceram. Soc.
88 (5): 1349–1352.

39 Hardy, A., Gielis, S., Van den Rul, H. et al. (2009). Effects of precursor chem-
istry and thermal treatment conditions on obtaining phase pure bismuth ferrite
from aqueous gel precursors. J. Eur. Ceram. Soc. 29 (14): 3007–3013.

40 Jiang, Q.H., Nan, C.W., Wang, Y. et al. (2008). Synthesis and properties of mul-
tiferroic BiFeO3 ceramics. J. Electroceram. 21 (1–4): 690–693.

41 Carvalho, T.T. and Tavares, P.B. (2008). Synthesis and thermodynamic stability
of multiferroic BiFeO3. Mater. Lett. 62 (24): 3984–3986.

42 Fruth, V., Mitoseriu, L., Berger, D. et al. (2007). Preparation and characteriza-
tion of BiFeO3 ceramic. Prog. Solid State Chem. 35 (2–4): 193–202.

43 Maurya, D., Thota, H., Nalwa, K.S., and Garg, A. (2009). BiFeO3 ceramics
synthesized by mechanical activation assisted versus conventional
solid-state-reaction process: a comparative study. J. Alloys Compd. 477 (1–2):
780–784.



14 1 Nanostructured Multiferroics: Current Trends and Future Prospects

44 Szafraniak, I., Połomska, M., Hilczer, B. et al. (2007). Characterization of
BiFeO3 nanopowder obtained by mechanochemical synthesis. J. Am. Ceram.
Soc. 27 (13–15): 4399–4402.

45 Correas, C., Hungría, T., and Castro, A. (2011). Mechanosynthesis of the whole
xBiFeO3−(1−x)PbTiO3 multiferroic system: structural characterization and
study of phase transitions. J. Mater. Chem. 21 (9): 3125–3132.

46 Da Silva, K.L., Menzel, D., Feldhoff, A. et al. (2011). Mechanosynthesized
BiFeO3 nanoparticles with highly reactive surface and enhanced magnetization.
J. Phys. Chem. C 115 (15): 7209–7217.

47 Peng, J., Hojamberdiev, M., Cao, B. et al. (2011). Surfactant-free hydrothermal
synthesis of submicron BiFeO3 powders. Appl. Phys. A 103 (2): 511–516.

48 Wang, Y., Xu, G., Ren, Z. et al. (2007). Mineralizer-assisted hydrothermal syn-
thesis and characterization of BiFeO3 nanoparticles. J. Am. Ceram. Soc. 90 (8):
2615–2617.

49 Chaudhuri, A., Mitra, S., Mandal, M., and Mandal, K. (2010). Nanostructured
bismuth ferrites synthesized by solvothermal process. J. Alloys Compd. 491
(1–2): 703–706.

50 Park, T.J., Papaefthymiou, G.C., Viescas, A.J. et al. (2007). Size-dependent mag-
netic properties of single-crystalline multiferroic BiFeO3 nanoparticles. Nano
Lett. 7 (3): 766–772.

51 Mazumder, R., Sujatha Devi, P., Bhattacharya, D. et al. (2007). Ferromagnetism
in nanoscale BiFeO3. Appl. Phys. Lett. 91 (6): 062510.

52 Chen, J., Yu, R., Li, L. et al. (2008). Structure and shape evolution of
Bi1–xLaxFeO3 perovskite microcrystals by molten salt synthesis.

53 Zheng, X.H., Chen, P.J., Ma, N. et al. (2012). Synthesis and dielectric properties
of BiFeO3 derived from molten salt method. J. Mater. Sci. - Mater. Electron. 23
(5): 990–994.

54 Zhu, X., Zhou, J., Jiang, M. et al. (2014). Molten salt synthesis of bismuth fer-
rite nano-and microcrystals and their structural characterization. J. Am. Ceram.
Soc. 97 (7): 2223–2232.

55 Liu, Z., Liang, S., Li, S. et al. (2015). Synthesis, microstructural characteriza-
tion, and dielectric properties of BiFeO3 microcrystals derived from molten salt
method. Ceram. Int. 41: S19–S25.

56 Chen, J., Xing, X., Watson, A. et al. (2007). Rapid synthesis of multi-
ferroic BiFeO3 single-crystalline nanostructures. Chem. Mater. 19 (15):
3598–3600.

57 He, X. and Gao, L. (2009). Synthesis of pure phase BiFeO3 powders in molten
alkali metal nitrates. Ceram. Int. 35 (3): 975–978.

58 Perejón, A., Murafa, N., Sánchez-Jiménez, P.E. et al. (2013). Direct
mechanosynthesis of pure BiFeO3 perovskite nanoparticles: reaction mecha-
nism. J. Mater. Chem. C 1 (22): 3551–3562.

59 Hwang, U.Y., Park, H.S., and Koo, K.K. (2004). Low-temperature synthesis
of fully crystallized spherical BaTiO3 particles by the gel–sol method. J. Am.
Ceram. Soc. 87 (12): 2168–2174.



References 15

60 Zeng, X., Liu, Y., Wang, X. et al. (2003). Preparation of nanocrystalline PbTiO3
by accelerated sol–gel process. Mater. Chem. Phys. 77 (1): 209–214.

61 Wei, J. and Xue, D. (2008). Low-temperature synthesis of BiFeO3 nanoparticles
by ethylenediaminetetraacetic acid complexing sol–gel process. Mater. Res. Bull.
43 (12): 3368–3373.

62 Gao, F., Chen, X.Y., Yin, K.B. et al. (2007). Visible-light photocatalytic proper-
ties of weak magnetic BiFeO3 nanoparticles. Adv. Mater. 19 (19): 2889–2892.

63 Chen, C., Cheng, J., Yu, S. et al. (2006). Hydrothermal synthesis of perovskite
bismuth ferrite crystallites. J. Cryst. Growth 291 (1): 135–139.

64 Han, S.H., Kim, K.S., Kim, H.G. et al. (2010). Synthesis and characterization of
multiferroic BiFeO3 powders fabricated by hydrothermal method. Ceram. Int.
36 (4): 1365–1372.

65 Komarneni, S., Roy, R., and Li, Q.H. (1992). Microwave-hydrothermal synthesis
of ceramic powders. Mater. Res. Bull. 27 (12): 1393–1405.

66 Komarneni, S., Li, Q., Stefansson, K.M., and Roy, R. (1993).
Microwave-hydrothermal processing for synthesis of electroceramic powders. J.
Mater. Res. 8 (12): 3176–3183.

67 Komarneni, S., Li, Q.H., and Roy, R. (1994). Microwave–hydrothermal process-
ing for synthesis of layered and network phosphates. J. Mater. Chem. 4 (12):
1903–1906.

68 Komarneni, S., Li, Q.H., and Roy, R. (1996). Microwave-hydrothermal process-
ing of layered anion exchangers. J. Mater. Res. 11 (8): 1866–1869.

69 Zheng, H., Straub, F., Zhan, Q. et al. (2006). Self-assembled growth of
BiFeO3–CoFe2O4 nanostructures. Adv. Mater. 18 (20): 2747–2752.

70 Raidongia, K., Nag, A., Sundaresan, A., and Rao, C.N.R. (2010). Multiferroic
and magnetoelectric properties of core-shell CoFe2O4BaTiO3 nanocomposites.
Appl. Phys. Lett. 97 (6): 062904.

71 Curecheriu, L.P., Buscaglia, M.T., Buscaglia, V. et al. (2010). Functional prop-
erties of BaTiO3–Ni0.5Zn0.5Fe2O4 magnetoelectric ceramics prepared from
powders with core-shell structure. J. Appl. Phys. 107 (10): 104106.

72 Testino, A., Mitoseriu, L., Buscaglia, V. et al. (2006). Preparation of multiferroic
composites of BaTiO3–Ni0.5Zn0.5Fe2O4 ceramics. J. Am. Ceram. Soc. 26 (14):
3031–3036.

73 Chen, Z., You, L., Huang, C. et al. (2010). Nanoscale domains in strained
epitaxial BiFeO3 thin films on LaSrAlO4 substrate. App. Phys. Lett. 96 (25):
252903.

74 Zhang, J.X., He, Q., Trassin, M. et al. (2011). Microscopic origin of the giant
ferroelectric polarization in tetragonal-like BiFeO3. Phys. Rev. Lett. 107 (14):
147602.

75 Zeches, R.J., Rossell, M.D., Zhang, J.X. et al. (2009). A strain-driven mor-
photropic phase boundary in BiFeO3. Science 326 (5955): 977–980.

76 Ganpule, C.S., Stanishevsky, A., Su, Q. et al. (1999). Scaling of ferroelectric
properties in thin films. Appl. Phys. Lett. 75 (3): 409–411.

77 Han, H., Kim, Y., Alexe, M. et al. (2011). Nanostructured ferroelectrics: fabrica-
tion and structure–property relations. Adv. Mater. 23 (40): 4599–4613.



16 1 Nanostructured Multiferroics: Current Trends and Future Prospects

78 Lines, M.E. and Glass, A.M. (1977). Principles and Applications of Ferroelectrics
and Related Materials. Oxford: Clarendon Press.

79 Verma, K.C., Tripathi, S.K., and Kotnala, R.K. (2014). Magneto-electric/
dielectric and fluorescence effects in multiferroic xBaTiO3-(1-x)ZnFe2O4 nanos-
tructures. RSC Adv. 4: 60234–60242.

80 Dutta, D.P., Jayakumar, O.D., Tyagi, A.K. et al. (2010). Effect of doping on the
morphology and multiferroic properties of BiFeO3 nanorods. Nanoscale 2: 1149.

81 Kalantari, K., Sterianou, I., Karimi, S. et al. (2011). Ti-doping to reduce con-
ductivity in Bi0.85Nd0.15FeO3 ceramics. Adv. Funct. Mater. 21: 3737.

82 Efremov, D.V., van den Brink, J., and Khomskii, D.I. (2004). Bond-versus
site-centred ordering and possible ferroelectricity in manganites. Nat. Mater. 3:
853–856.

83 van Aken, B.B., Palstra, T.T.M., Filippetti, A., and Spaldin, N.A. (2004). The ori-
gin of ferroelectricity in magnetoelectric YMnO3. Nat. Mater. 3: 164–170.

84 Ravindran, P., Vidya, R., Kjekshus, A. et al. (2006). Theoretical investigation of
magnetoelectric behavior in BiFeO3. Phys. Rev. B 74: 224412.

85 Perebeinos, V., Chan, S.W., and Zhang, F. (2002). Madelung model’ prediction
for dependence of lattice parameter on nanocrystal size. Solid State Commun.
123: 295–297.

86 Sambrano, J.R., Orhan, E., Gurgel, M.F.C. et al. (2005). Theoretical analysis
of the structural deformation in Mn-doped BaTiO3. Chem. Phys. Lett. 402:
491–496.

87 Kumar, A., Katiyar, R.S., Guo, R., and Bhalla, A.S. (2014). Magnetoelectric
characterization of multiferroic nanostructure materials. Ferroelectrics 473:
137–153.

88 Dawber, M., Chandra, P., Littlewood, P.B., and Scott, J.F. (2003). Depolarization
corrections to the coercive field in thin-film ferroelectrics. J. Phys. Condens.
Matter 15: L393–L398.

89 Fu, H. and Bellaiche, L. (2003). Ferroelectricity in barium titanate quantum
dots and wires. Phys. Rev. Lett. 91: 257601–257603.

90 Meyer, B. and Vanderbilt, D. (2001). Ab initio study of BaTiO3 and PbTiO3 sur-
faces in external electric fields. Phys. Rev. B 63: 205426–205411.

91 Junquera, J. and Ph, G. (2003). Critical thickness for ferroelectricity in per-
ovskite ultrathin films. Nature 422: 506–509.

92 Selbach, S.M., Tybell, T., Einarsrud, M.A., and Grande, T. (2007). Size-depen-
dent properties of multiferroic BiFeO3 nanoparticles. Chem. Mater. 19:
6478–6484.

93 Selbach, S.M., Tybell, T., Einarsrud, M.A., and Grande, T. (2007). Decomposi-
tion and crystallization of a sol–gel-derived PbTiO3 precursor. J. Am. Ceram.
Soc. 90: 2649–2652.

94 Megaw, H.D. and Darlington, C.N.W. (1975). Geometrical and structural rela-
tions in the rhombohedral perovskites. Acta Crystallogr., Sect. A: Found. Adv.
31: 161–173.

95 Cao, D., Liu, B., Yu, H. et al. (2015). First-principles study of electronic and
magnetic properties in co doped BaTiO3. Eur. Phys. J. B 88: 75–77.



References 17

96 Verma, K.C. and Kotnala, R.K. (2016). Defects due to lattice distortion and
nano-size intermediate ferromagnetism in La, Gd substituted Zn0.95Co0.05O.
Curr. Appl. Phys. 16: 175–182.

97 Xu, B., Yin, K.B., Lin, J. et al. (2009). Room-temperature ferromagnetism and
ferroelectricity in Fe-doped BaTiO3. Phys. Rev. B 79: 134109–134105.

98 Tyholdt, F., Jorgensen, S., Fjellvag, H., and Gunnaes, A.E. (2005). Synthesis of
oriented BiFeO3 thin films by chemical solution deposition: phase, texture, and
microstructural development. J. Mater. Res. 20: 2127–2139.

99 Wang, Y., Jiang, Q.H., He, H.C., and Nan, C.W. (2006). Multiferroic BiFeO3

thin films prepared via a simple sol-gel method. Appl. Phys. Lett. 88: 142503.
100 Astrov, D. (1960). The magnetoelectric effect in antiferromagnetics. Sov. Phys.

JETP 11 (3): 708–709.
101 Rado, G., Ferrari, J., and Maisch, W. (1984). Magnetoelectric susceptibility and

magnetic symmetry of magnetoelectrically annealed TbPO4. Phys. Rev. B 29 (7):
4041.

102 Nénert, G. and Palstra, T. (2007). Magnetic and magnetoelectric properties of
Ho2BaNiO5. Phys. Rev. B 76 (2): 024415.

103 Starkov, I.A. and Starkov, A.S. (2014). Modeling of efficient solid-state cooler
on layered multiferroics. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 61 (8):
1357–1363.

104 Wang, H., Pan, E., and Chen, W. (2010). Enhancing magnetoelectric effect via
the curvature of composite cylinder. J. Appl. Phys. 107 (9): 093514.

105 Nye, J.F. (1985). Physical Properties of Crystals: Their Representation by Tensors
and Matrices. New York: Oxford University Press.

106 Molotkov, L. (1992). New method for deriving equations of an effective average
model of periodic media. J. Sov. Math. 62 (6): 3103–3117.

107 Ramesh, R. and Spaldin, N.A. (2007). Multiferroics: progress and prospects in
thin films. Nat. Mater. 6 (1): 21–29.

108 Sánchez-Palencia, E. (1980). Non-Homogeneous Media and Vibration Theory,
vol. 127. Berlin, New York: Springer-Verlag.

109 Starkov, I. and Starkov, A. (2014). On the thermodynamic foundations of
solid-state cooler based on multiferroic materials. Int. J. Refrig. 37: 249–256.

110 Starkov, I.A. and Starkov, A.S. (2016). Effective parameters of nanoma-
tryoshkas. J. Nanophoton. 10 (3): 033503.

111 Starkov, A. and Starkov, I. (2014). Multicaloric effect in a solid: new aspects. J.
Exp. Theor. Phys. 119 (2): 258–263.

112 Agarwal, B.D., Broutman, L.J., and Chandrashekhara, K. (2006). Analysis and
Performance of Fiber Composites. Wiley.

113 Dienerowitz, M., Mazilu, M., and Dholakia, K. (2008). Optical manipulation of
nanoparticles: a review. J. Nanophoton. 2 (1): 021875.

114 Lou, X.W.D., Archer, L.A., and Yang, Z. (2008). Hollow micro−/nanostructures:
synthesis and applications. Adv. Mater. 20 (21): 3987–4019.

115 Bardhan, R., Mukherjee, S., Mirin, N.A. et al. (2009). Nanosphere-in-a-
nanoshell: a simple nanomatryushka. J. Phys. Chem. C 114 (16): 7378–7383.



18 1 Nanostructured Multiferroics: Current Trends and Future Prospects

116 Ghosh Chaudhuri, R. and Paria, S. (2011). Core/shell nanoparticles: classes,
properties, synthesis mechanisms, characterization, and applications. Chem.
Rev. 112 (4): 2373–2433.

117 Mühlig, S., Farhat, M., Rockstuhl, C., and Lederer, F. (2011). Cloaking dielec-
tric spherical objects by a shell of metallic nanoparticles. Phys. Rev. B 83 (19):
195116.

118 Flory, F., Escoubas, L., and Berginc, G. (2011). Optical properties of nanostruc-
tured materials: a review. J. Nanophoton. 5 (1): 052502.

119 Jankiewicz, B., Jamiola, D., Choma, J., and Jaroniec, M. (2012). Silica–metal
core–shell nanostructures. Adv. Colloid Interface. Sci. 170 (1): 28–47.

120 Zhang, T., Lu, G., Li, W. et al. (2012). Optimally designed nanoshell and
matryoshka-nanoshell as a plasmonic-enhanced fluorescence probe. J. Phys.
Chem. C 116 (15): 8804–8812.

121 Chatterjee, K., Sarkar, S., Rao, K.J., and Paria, S. (2014). Core/shell nanoparti-
cles in biomedical applications. Adv. Colloid Interface. Sci. 209: 8–39.

122 Lin, L., Zapata, M., Xiong, M. et al. (2015). Nanooptics of plasmonic nanoma-
tryoshkas: shrinking the size of a core–shell junction to subnanometer. Nano
Lett. 15 (10): 6419–6428.

123 Chung, H., Guo, G., Chiang, H.-P. et al. (2010). Accurate description of the
optical response of a multilayered spherical system in the long wavelength
approximation. Phys. Rev. B 82 (16): 165440.

124 Gu, G., Wei, E.-B., Poon, Y., and Shin, F.G. (2007). Effective properties of
spherically anisotropic piezoelectric composites. Phys. Rev. B 76 (6): 064203.

125 Chettiar, U.K. and Engheta, N. (2012). Internal homogenization: effective
permittivity of a coated sphere. Opt. Express 20 (21): 22976–22986.

126 Starkov, I.A. and Starkov, A.S. (2016). Effective parameters of multilayered
thermo-electro-magneto-elastic solids. Solid State Commun. 226: 5–7.

127 Yang, C., Liu, C.Z., Wang, C.M. et al. (2012). Magnetic and dielectric properties
of alkaline earth Ca2+ and Ba2+ ions co-doped BiFeO3 nanoparticles. J. Magn.
Magn. Mater. 324 (8): 1483–1487.

128 Ahmed, M.A., Dhahri, E., El-Dek, S.I., and Ayoub, M.S. (2013). Size confine-
ment and magnetization improvement by La3+ doping in BiFeO3 quantum
dots. Solid State Sci. 20: 23–28.

129 Kundys, B., Viret, M., Colson, D., and Kundys, D.O. (2010). Light-induced size
changes in BiFeO3 crystals. Nat. Mater. 9 (10): 803–805.

130 Varshney, D., Kumar, A., and Verma, K. (2011). Effect of A site and B site
doping on structural, thermal, and dielectric properties of BiFeO3 ceramics. J.
Alloys Compd. 509 (33): 8421–8426.

131 Khomskii, D. (2009). Trend: classifying multiferroics: mechanisms and effects.
Physics 2: 20.

132 Pradhan, A.K., Zhang, K., Hunter, D. et al. (2005). Magnetic and electrical
properties of single-phase multiferroic BiFeO3. J. Appl. Phys. 97 (9): 093903.

133 Khomchenko, V.A., Kiselev, D.A., Selezneva, E.K. et al. (2008). Weak fer-
romagnetism in diamagnetically-doped Bi1−xAxFeO3 (A=Ca, Sr, Pb, Ba)
multiferroics. Mater. Lett. 62 (12–13): 1927–1929.



References 19

134 Makhdoom, A.R., Akhtar, M.J., Rafiq, M.A., and Hassan, M.M. (2012). Investi-
gation of transport behavior in Ba doped BiFeO3. Ceram. Int. 38 (5): 3829–3834.

135 Das, R. and Mandal, K. (2012). Magnetic, ferroelectric and magnetoelectric
properties of Ba-doped BiFeO3. J. Magn. Magn. Mater. 324 (11): 1913–1918.

136 Xi, X.J., Wang, S.Y., Liu, W.F. et al. (2014). Enhanced magnetic and conductive
properties of Ba and Co co-doped BiFeO3 ceramics. J. Magn. Magn. Mater. 355:
259–264.

137 Voll, D., Beran, A., and Schneider, H. (2006). Variation of infrared absorption
spectra in the system Bi2Al4−xFexO9(x=0–4), structurally related to mullite.
Phys. Chem. Miner. 33 (8): 623–628.

138 Mandal, S., Ghosh, C.K., Sarkar, D. et al. (2010). X-ray photoelectron spectro-
scopic investigation on the elemental chemical shifts in multiferroic BiFeO3

and its valence band structure. Solid State Sci. 12 (10): 1803–1808.
139 Godara, P., Agarwal, A., Ahlawat, N. et al. (2014). Crystal structure transfor-

mation, dielectric and magnetic properties of Ba and Co modified BiFeO3

multiferroic. J. Alloys Compd. 594: 175–181.
140 Hussain, S., Hasanain, S.K., Jaffari, G.H. et al. (2015). Correlation between

structure, oxygen content and the multiferroic properties of Sr doped BiFeO3. J.
Alloys Compd. 622: 8–16.

141 Rojas-George, G., Silva, J., Castañeda, R. et al. (2014). Modifications in the
rhombohedral degree of distortion and magnetic properties of Ba-doped BiFeO3

as a function of synthesis methodology. Mater. Chem. Phys. 146 (1–2): 73–81.
142 Dhir, G., Lotey, G.S., Uniyal, P., and Verma, N.K. (2013). Size-dependent mag-

netic and dielectric properties of Tb-doped BiFeO3 nanoparticles. J. Mater. Sci. -
Mater. Electron. 24 (11): 4386–4392.

143 Chakrabarti, K., Das, K., Sarkar, B. et al. (2012). Enhanced magnetic and
dielectric properties of Eu and Co co-doped BiFeO3 nanoparticles. Appl. Phys.
Lett. 101 (4): 042401.

144 Bhushan, B., Basumallick, A., Bandopadhyay, S.K. et al. (2009). Effect of alka-
line earth metal doping on thermal, optical, magnetic and dielectric properties
of BiFeO3 nanoparticles. J. Phys. D: Appl. Phys. 42 (6): 065004.

145 Xi, H., Luo, L., and Fraisse, G. (2007). Development and applications of
solar-based thermoelectric technologies. Renewable Sustainable Energy Rev.
11 (5): 923–936.

146 Choudhury, B., Chatterjee, P.K., and Sarkar, J.P. (2010). Review paper on
solar-powered air-conditioning through adsorption route. Renewable Sustain-
able Energy Rev. 14 (8): 2189–2195.

147 Zhai, X.Q., Qu, M., Li, Y., and Wang, R.Z. (2011). A review for research and
new design options of solar absorption cooling systems. Renewable Sustainable
Energy Rev. 15 (9): 4416–4423.

148 Tishin, A.M. and Spichkin (2003). The Magnetocaloric Effect and its Applica-
tions. CRC Press: ISBN: 0750309229.

149 Eerenstein, W., Mathur, N.D., and Scott, J.F. (2006). Multiferroic magnetoelec-
tric materials. Nature 442 (7104): 759–765.



20 1 Nanostructured Multiferroics: Current Trends and Future Prospects

150 Giauque, W.F. and MacDougall, D.P. (1933). Attainment of temperatures below
1∘ absolute by demagnetization of Gd2(SO4)3⋅8H2O. Phys. Rev. 43 (9): 768.

151 Pecharsky, V.K. and Gschneidner, K.A. (1996). Comparison of the mag-
netocaloric effect derived from heat capacity, direct, and magnetization
measurements. In: Advances in Cryogenic Engineering Materials, 423–430.
Boston, MA: Springer.

152 Kumar, N.P., Lalitha, G., and Reddy, P.V. (2011). Specific heat and magnetiza-
tion studies of RMnO3 (R=Sm, Eu, Gd, Tb and Dy) multiferroics. Phys. Scr. 83
(4): 045701.

153 Kimura, T., Goto, T., Shintani, H. et al. (2003). Magnetic control of ferroelectric
polarization. Nature 426 (6962): 55–58.

154 Kumar, N.P. and Reddy, P.V. (2014). Investigation of magnetocaloric effect in
Dy doped TbMnO3. Mater. Lett. 132: 82–85.

155 Kumar, N.P., Bharadwaj, S., and Reddy, P.V. (2014). Thermal, magnetic and
electric properties of RMn2O5 (R=Tb, Dy and Ho) based multiferroics. Multifer-
roic Mater. 1 (1).

156 Sagar, E., Pavan Kumar, N., Esakkimuthuraj, M., and Venugopal Reddy, P.
(2015). Magnetocaloriceffect in multiferroic EuMnO3. Sci. Lett. J. 4: 86–90.

157 Mukovskii, Y.M., Hilscher, G., Michor, H., and Ionov, A.M. (1998). Magnetic
properties, resistivity, and heat capacity of EuMnO3 and Eu0.7A0.3MnO3 (A=Ca,
Sr) compounds. J. Appl. Phys. 83: 7163–7165.

158 Aditya Wagh, A., Suresh, K.G., Anil Kumar, P.S., and Elizabeth, S. (2015).
Low temperature giant magnetocaloric effect in multiferroic GdMnO3 single
crystals. J. Phys. D: Appl. Phys. 48 (6): 135001.

159 Balli, M., Jandl, S., Fournier, P. et al. (2015). On the magnetocaloric effect in
the multiferroic hexagonal DyMnO3 single crystals. J. Magn. Magn. Mater. 374:
252–257.

160 Sattibabu, B., Bhatnagar, A.K., Vinod, K. et al. (2015). Structural, magnetic and
magnetocaloric properties of hexagonal multiferroic Yb1−xScxMnO3 (x= 0.1 and
0.2). RSC Adv. 5 (105): 86697–86704.

161 Salami, M., Mirzaee, O., Honarbakhsh-Raouf, A. et al. (2017). Structural,
morphological and magnetic parameters investigation of multiferroic
(1-x)Bi2Fe4O9− xCoFe2O4 nanocomposite ceramics. Ceram. Int. 43 (17):
14701–14709.

162 Hamasaki, Y., Shimizu, T., Taniguchi, H. et al. (2014). Epitaxial growth of
metastable multiferroic AlFeO3 film on SrTiO3 (111) substrate. Appl. Phys. Lett.
104 (8): 082906.

163 Ramana, E.V., Mahajan, A., Graça, M.P.F. et al. (2014). Ferroelectric and mag-
netic properties of magnetoelectric (Na0.5Bi0.5)TiO3−BiFeO3 synthesized by
acetic acid assisted sol–gel method. J. Am. Ceram. Soc. 34 (16): 4201–4211.

164 Sanchez, D.A., Ortega, N., Kumar, A. et al. (2013). Room-temperature single
phase multiferroic magnetoelectrics: Pb(Fe,M)x(Zr,Ti)(1−x)O3[M=Ta, Nb]. J.
Appl. Phys. 113 (7): 074105.

165 Nan, C.W., Bichurin, M.I., Dong, S. et al. (2008). J. Appl. Phys. 103: 031101.



References 21

166 Chen, W., Pan, E., Wang, H., and Zhang, C. (2010). Theory of indentation on
multiferroic composite materials. J. Mech. Phys. Solids 58 (10): 1524–1551.

167 Gautreau, O., Harnagea, C., Gunawan, L. et al. (2009). Piezoresponse force
microscopy and magnetic force microscopy characterization of γ-Fe2O3-BiFeO3

nanocomposite/Bi3.25La0.75Ti3O12 multiferroic bilayers. J. Magn. Magn. Mater.
321 (11): 1799–1802.

168 Gautreau, O., Harnagea, C., Gunawan, L. et al. (2008). Structural and mul-
tiferroic properties of epitaxial γ-Fe2O3-BiFeO3/Bi3.25La0.75Ti3O12 composite
bi-layers. J. Phys. D: Appl. Phys. 41 (11): 112002.

169 Mitra, A., Mahapatra, A.S., Mallick, A., and Chakrabarti, P.K. (2017). Room
temperature magnetic ordering, enhanced magnetization and exchange bias of
GdMnO3 nanoparticles in (GdMnO3)0.70(CoFe2O4)0.30. J. Magn. Magn. Mater.
424: 388–393.

170 Mandal, S.K., Singh, S., Debnath, R. et al. (2017). Magnetoelectric coupling,
dielectric and electrical properties of xLa0.7Sr0.3MnO3 –(1−x) Pb (Zr0.58Ti0.42)O3

(x = 0.05 and 0.1) multiferroic nanocomposites. J. Alloys Compd. 720: 550–561.
171 Duong, T.A., Cuong, T.V., Shin, Y., and Cho, S. (2013). Transport and magnetic

properties of Bi2Fe4O9–Fe3O4 nanocomposite films grown on LaAlO3 (100) sub-
strates by molecular beam epitaxy. Mater. Lett. 100: 177–179.

172 Babu, R., and Ramam, K. (2020). Influence of ruthenium on flexible polyvinyli-
dene fluoride/BiKFe2O5 multiferroic nanocomposite. Mater. Today: Proc. 27:
1909–1911.

173 Ajith, S., Lekha, C.S.C., Vivek, S. et al. (2016). Multiferroic and magnetoelec-
tric properties of Ba0.85Ca0.15Zr0.1Ti0.9O3–CoFe2O4 core–shell nanocomposite. J.
Magn. Magn. Mater. 418: 294–299.

174 Tang, Z.H., Tang, M.H., Lv, X.S. et al. (2013). Enhanced magnetoelectric effect
in La0.67Sr0.33MnO3/PbZr0.52Ti0.48O3 multiferroic nanocomposite films with a
SrRuO3 buffer layer. J. App. Phys. 113 (16): 164106.

175 Verma, V., Beniwal, A., Ohlan, A., and Tripathi, R. (2015). Structural, magnetic
and ferroelectric properties of doped multiferroics bismuth ferrites. J. Magn.
Magn. Mater. 394: 385–390.

176 Mahalakshmi, S., Jayasri, R., Nithiyanatham, S. et al. (2019). Magnetic
interactions and dielectric behaviour of cobalt ferrite and barium titanate
multiferroics nanocomposites. Appl. Surf. Sci. 494: 51–56S.

177 Hajlaoui, T., Chabanier, C., Harnagea, C., and Pignolet, A. (2017). Epitaxial
Ba2NdFeNb4O15-based multiferroic nanocomposite thin films with tetragonal
tungsten bronze structure. Scr. Mater. 136: 1–5.

178 Ma, J., Hu, J., Li, Z., and Nan, C.-W. (2011). Recent progress in multiferroic
magnetoelectric composites: from bulk to thin films. Adv. Mater. 23: 1062–1087.

179 Zhang, Y., Li, Z., Deng, C. et al. (2008). Demonstration of magnetoelectric read
head of multiferroic hetero structures. Appl. Phys. Lett. 92: 152510.

180 Hu, J.-M., Li, Z., Wang, J. et al. (2010). A simple bilayered magneto electricran-
dom access memory cell based on electric-field controllable domain structure.
J. Appl. Phys. 108: 043909.



22 1 Nanostructured Multiferroics: Current Trends and Future Prospects

181 Wang, Y., Hu, J., Lin, Y., and Nan, C.-W. (2010). Multiferroic magnetoelectric
composite nanostructures. NPG Asia Mater. 2: 61–68.

182 Wang, W., Wang, Y., Tu, L. et al. (2014). Magnetoresistive performance
and comparison of supermagnetic nanoparticles on giant magnetoresistive
sensor-based detection system. Sci. Rep. 4 (1): 1–5.


