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1. Introduction

With the recent advancements in various fields of technol-
ogy, there has been a search for multi-functional nanocompos-
ites made of different phases [1]. Magnetic nanoparticles (MNP)
have been employed in numerous fields ranging from biomedi-
cal applications to environmental studies (catalysis, adsorption,
etc.) and from radio communication to electronics (radar absorb-
ing materials, electrodes for batteries, magnetic recording heads,
etc.) [2-18]. The developments in synthetic chemistry allows us
not only to synthesize MNP but also to engineer them with the
desired properties. Combining materials with different character-
istics to obtain a new functional material (core-shell, bilayer, etc.)
is a key method to achieve this goal. hard hexagonal and soft
spinel ferrites are well reputable during the past years [19-22].
Certainly, these magnets nanocrystalline have established attrac-
tively electromagnetic features that can processed the challenges
of today’s electronic devices [23,24]. Soft/hard ferrite composites
highly appreciate because of their unique magnetization, coerciv-
ity, microwave absorption and electro-magnetic properties [25-
27]. Moreover, they have certain features such as high magnetic
anisotropy (K), high electrical resistivity, low initial susceptibil-
ity in addition to the maximum energy product (BHp.y, is the
energy density that a hard ferrite can store with low magnetic
anisotropy) [28]. So, the magnetic features can be tuned via the
exchange-coupling among soft and hard phases to fabricate the
nanocomposite with the desired properties [29-32]. Recently,
these types of materials have been paid substantial considera-
tion due to its excellent the magnetic properties. It is confirmed
that magnetic interaction, microstructure, composition, and grain
size are highly affected the exchange-coupling of soft and hard
ferrites [33,34]. Many researchers have been published the mag-
netic and structural properties have been improved by suitable
mass ratio, calcination, and exchange-coupling of soft and hard
ferrites [35-38].

Most of the magnetic materials having less valve of saturation
of magnetization (M;) and high coercivity (H.), has become a chal-
lenging task to reach high M; and H, at the same time [39]. How-
ever, spinel soft and hard ferrite composites are favorable for pro-
gressed permanent magnetic materials, owing to their high Curie
temperature, outstanding corrosion resistance and high electrical
resistivity etc. [40]. Soft spinel ferrite having a low anisotropic
also suitable for microwave application [41]. Conversely, hard
hexaferrite such as BaFe;;019 or SrFe;;019 has high ferromag-
netic resonance frequency (35 GHz) and high magneto-crystalline
anisotropy that is suitable up to W- band [42]. Accordingly,
combination low anisotropic soft ferrite and high anisotropic

hard ferrite frequently utilized for different microwave device
applications [43,44]. Radar absorbing materials (RAM) have an
outstanding microwave absorbing material because of its high
range between 8.2-12.4 GHz [45]. Nevertheless, large absorp-
tion peak, wide working frequency range and thin absorption
layer cannot accomplish by using a single material as an ideal
radar absorber [46,47]. Nanocomposites offer to create a consol-
idated system containing between soft and hard ferrite phases,
which characteristics are exclusive and complimentary [48]. The
magneto-dielectric composites have high permeability and high
permittivity nature due to the exchange-coupling. However, some
composites used in scarcely investigation owing to their high
frequencies range between 12-18 GHz [49,50].

In the following paragraphs, we first introduce the structural
features of the constituent ferrites in the bi-component H/S and
S/H nanocomposites followed by the experimental techniques to
produce such systems and their impact on the products including
but not limited to crystallite size, grain shapes and microstruc-
tural challenges presented. Finally, we will discuss about the
changes arising in the magnetic behavior after developing the
nanocomposites of hard and soft ferrites in the subsequent para-
graphs. We will also present a review on the novel dielectric
characteristics of H/S and S/H bi-component nanocomposites and
their exchange coupled effects in addition to the microwave
absorption characteristics.

2. Structural features of ferrites

Ferrites, ferrimagnetic oxides of ferric oxide and metal ox-
ides, are a class of compounds with different subclasses. We can
categorize ferrites based on their magnetic behavior and crystal
structures. These are spinel ferrites (AFe;04, where A is usually
a transition metal such as Fe, Mn, Zn, Co, Co, Ni, etc.), garnet
ferrites (REsFes01,, where RE stands for rare earth cations), hexa-
ferrites or hexagonal ferrites (the most popular type being M-type
with the formula MFe;;049 where M is usually Ba®*™ or Sr*t)
and orthoferrites (MFeO3). In our review, we will focus on the
nanocomposites of spinel ferrites and M-type hexaferrites.

2.1. Spinel ferrites

The formula for spinel crystal structure is AB,O4 (A% and B3+
metal ions). In spinel ferrites, B is replaced with Fe**, thus making
the formula AFe,04. The oxygen ions, with their large size (radius
is ~0.13 nm), are packed tightly resulting in a face-centered cubic
(fcc) rearrangement and the smaller metal atoms are packed in
the remaining spaces between them which are the tetrahedral (A)
(T4) and the octahedral (B) (Oy,) sites [51] (Fig. 1). M** and Fe3*



M.A. Almessiere, Y. Slimani, A.V. Trukhanov et al.

Nano-Structures & Nano-Objects 26 (2021) 100728

Fig. 1. Crystal structures of spinel ferrites (a) normal spinel, (b) inverse spinel and hexaferrite [23].

ions can occupy either A or B interstitial sites in the spinel ferrites
based on their type [52]. Spinel compounds can be classified as
normal, inverse, and mixed based on the distribution of cations
over the crystallographic sites within crystal (Fig. 1).

In a spinel ferrite, there are eight formula units or octants, and
8 x 7 = 56 atoms composed of 32 anions and 24 cations, per
unit cell. Although there are 96 interstices between the anions
in the spinel unit cell, cations reside only in the 24 of these
interstices: 8 reside in the tetrahedral interstices out of 64 Ty
interstices and the 16 cations remaining occupy half of the 32 O,
interstices [53] therefore the actual formula becomes AgB103;.
The lattice parameter ‘a’ is equal to the periodicity related to the
octahedrally coordinated cation sublattices as well as the repeat
unit of the diamond cubic sublattice formed by the tetrahedrally
coordinated cations [53].

In normal spinel, Ar,(B2)o, O4 all the trivalent ions (B3*) exist
in Oy sites whereas the divalent cations (A®t) be located in
T4 sites . ZnFe,04 is a common spinel ferrite. Some oxides of
aluminum and chromium (MAIl;,04 and MCr,04 where M can
be Mg?*, Fe?*, Co®**, and Zn**) also adopt the normal spinel
structure [54].

In inverse spinel ferrites, half of the tetrahedral positions are
filled with the trivalent cations. The rest of the T4 interstices is
composed of the divalent cations and the Oy, sites are filled with
A3*. The site occupancy of the inverse spinel can be shown as
Br,(AB)o,04 which is present in most of the ferrites of the first
transition metal series such as maghemite, magnetite, CoFe;0y,
and CuFe, 0,4 [55].

A spinel ferrite can display ferromagnetic, antiferromagnetic,
spin (cluster) glass, and paramagnetic behavior depending on the
cations on the A and B sites. The distribution of cations between
Oy, and Ty sites determines the strange properties of them. So,
the control of cation distribution provides a means to tailor their
properties [56-58]. That is why various cation types can be intro-
duced in A- and B-sites to develop the magnetic characteristics of
spinel ferrites and hence obtain H/S nanocomposites with novel
compositions and features.

2.2. Hexaferrites
Barium hexaferrite was the first synthetic hexaferrite pro-

duced and strontium hexaferrites were discovered by a team
of scientists lead by Snoek in Philips Laboratories in Eindhoven,

Netherlands in the 1950s. For instance, Wijn and Braun, also in
the Philips team published a report on producing other hexagonal
materials based on the BaM (BaO-Fe,03) such as BaFe 30,7 which
contained both Fe?* and Fe** ions [59-61]. This was followed
by the synthesis of novel related compounds upon heating BaO-
Fe,03-MeO (Me: a small cation with +2 charge) ternary system
between 1200 °C and 1400 °C by the same team. Finally, these
were reported in a book titled “Ferrites” in 1959 by Smit and
Wijn [62]. It was facile to produce the M-type barium hexa-
ferrite which had a high coercivity (160 to 255 kA/m), thus
called magnetically hard also had distinguishable features such as
high electrical resistivity (108 €.cm) and high magnetic uniaxial
anisotropy alongside the c-axis [62]. The BaM has a magnetic
hardness of 5.9 GPa and 6.0 GPa theoretically and practically,
respectively [63-68]; a maximum density of 5.296 g/cm® and a
molar mass (M.M.) of 1112 g/mol. Strontium hexaferrite (SrM)
is also another hexaferrite with a formula of SrFe;;019 and has a
maximum density of 5.101 g/cm? and a M.M. of 1062 g/mol along
with other similar physical features with BaM. In lead hexaferrite
(PbM), the divalent barium is replaced with Pb>* which has a high
molecular mass compared to barium, and thus the M.M. of PbM
is 1181 g/mol while its density is 5.708 g/cm?® [69].

The crystal structure of M-type hexaferrites has stacking se-
quences alternating between R- and S-blocks which lie along the
¢ axis as shown in Fig. 1. The R-block has three layers, and the
S-block has two layers. The S-block is a spinel and hence has the
formula Me,Fe4Og, and when Me is the iron ion it is FegOg. In
the S-block there are six trivalent iron ions with two layers of 4
oxygen atoms and between each layer, there are 3 metal atoms,
making it a 6 total. There are two Ty sites in which the cation is
surrounded by 4 0%~ ions and four Oy, sites in which the cation
is encircled by 6 02~ ions [70-73].

The R-block has hexagonally packed three layers and each
layer consists of 4 oxygen ions. However, in the middle layer of
the oxygen atoms are replaced with Ba?*, which has a similar size
with that of the oxygen and thus the formula becomes BaFegO1;.
This middle layer is equivalent to Ms unit when the bottom and
top layers are eliminated. Ba ions lead to asymmetry in parts of
the structure including cations and hence five Oy, sites are formed
while the large Ba ion pushes the Ty sites to Oy sites. Finally,
there is a trigonal bipyramidal site where 5 02~ ions enclose the
cation [64].
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In a typical M-type hexaferrite unit cell, there are R- and S-
blocks stacked along the hexagonal axis. Their stacking order is
RSR*S* where S and S* have 6 Fe** ions while R and R* blocks
have 6 Fe>* ions, making it 12 Fe** ions. The unit cell of M-type
hexaferrite is P63/mmc which has a total of five crystallographic
sites, namely tetrahedral (4f;), octahedral (12k, 4f>, and 2a), and
hexahedral (trigonal bipyramidal) (2b) sites [74]. The spin of
4f, and 4f, sites which contain Fe3* ions (8 ions/unit cell) is
downwards and the spin of Fe*>* ions (16 ions/unit cell) at the
12k, 2a, and 2b sites is upwards [75]. Every S-block possesses
4 Oy, 2 opposite Tq magnetic moments and there is a total of 2
magnetic moments. The R-block possesses five-coordinate trigo-
nal bipyramidal sites, which are aligned with 3 of 5 Oy, moments
because of the distortion, making the net moment 2. At absolute
zero, there is a magnetic moment of 5 wB in Fe3* ions. Therefore,
there is a total of 8 x 5 = 40 wB magnetic moments in BaM.
The large uniaxial magneto-crystalline anisotropy of BaM can be
tuned by the substitution of especially trivalent iron ions with
different cations.

2.3. Hard/soft nanocomposites

H/S ferrite nanoparticles have similar properties in both core/
shell formation and bilayer formation. The soft phase usually
has a large saturation magnetization (M;) and low anisotropy
constant, resulting in a small coercivity (H.). The hard phase
carries out a mild level M;, large K, and high H.. We can state that
the general trend in their behavior is somewhat between soft and
hard phases. The soft layer dimensions in films and the soft phase
thickness (tsof) in thin films were shown to affect the switching
behavior of magnetization.

3. Exchange-coupling

The intrinsic microstructural characteristics as well as mag-
netic features determine the magnetic fate of the magnetic ma-
terials. We can add grain boundary, size, and many other char-
acteristics as well [75]. The term exchange coupled composite
leads back to 1990s when they were defined by Kneller and Haw-
ing [76]. This system was composed of two phases, which were
mutually coupled. H/S magnetic oxide-based nano-sized powders
and bilayer thin films were of interest. When the exchange-
coupling is succeeded, coherent spin rotations produce a smooth
demagnetization behavior and hence a smooth hysteresis curve.
In non-coupled systems, however, individual soft and hard spin
switching results in a stepped hysteresis curve. Several factors
are affecting the formation of exchange-coupling. For example, in
films, the magnetization switch is known to depend on the film
thickness in thin films.

The exchange-coupling also be contingent on the exchange
stiffness of the interface and magnetic interaction, grain size,
and the exchange distance correlated with the microstructure ac-
cording to theoretical studies [77]. Therefore, there are some re-
quirements for H/S systems to successfully occur with exchange-
coupling of the soft and hard phases. These are: (1) there must be
an intimate contact between the phases such as bilayer, particle
composites, core-shell, etc. (2) twice the width of the domain
wall of the hard phase (2d8y) should not be exceeded by the soft
phase’s particle size in a composite film [78]. Below this critical
thickness, the soft phase is strictly coupled to the hard phase
and both phases form a rectangular hysteresis curve by reversing
simultaneously at the nucleation field (Hy). Above this thickness,
the soft phase reverses at the nucleation field while the hard
phase does not do so. When the exchange field of the soft phase
is exceeded; just like in a magnetic domain wall, the soft phase’s
spins start a continuous rotation whose angle increases with as
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the distance from the hard phase is increased, causing a twist of
the magnetization in this phase a magnetic reversal [75]. When
the reverse field is detached, the soft phase shows an alignment
with the hard phase, and thus a reversible magnetization curve
is obtained. This process is usually called as the exchange-spring
process. On the other hand, different factors should be considered
while dealing with core-shell H/S nanocomposites. For instance,
some studies have found the nucleation field (Hy) depends on the
shell thickness and such parameters [79]. In addition, the mag-
netic characteristics are affected by the structure of the core/shell
composite, i.e. H/S or S/H. In H/S core/shell composites, as the
amount of soft layer increases, the Hc drops and the Ms in-
creases [80-82]. Oppositely, in S/H core/shell systems, as the hard
layers are grown, H¢ rises and Ms drops [83-85]. In some systems,
on the other hand, HC varies with the volume ratio of H/S if there
is a small difference of Ms between the phases [86-88].

In the literature, we can see that there have been many at-
tempts to produce exchange-coupled nanocomposites. As stated
before, we focus on the H/S or S/H ferrite nanocomposites com-
posed of hexaferrites and cubic spinel ferrites with different
compositions for various purposes. The soft/hard (S/H) ferrite
composites were synthesized by numerous researchers in the
search for the perfect S/H ferrite in exchange-coupling. For ex-
ample, the effect of mass ratio in NigsZngsFe;04/SrFe;019 Was
investigated, and it was found to display great magnetic traits and
good microwave absorption ((Reflection Loss < 10 dB) enhanced
to 6.4 to 9.3 GHz from 2.9 GHz) [77]. Other groups reported
NiFe,;04/BaFe ;019. The H/S ferrite nanocomposites were investi-
gated for distinct characteristics and/or applications. For instance,
some groups evaluated the exchange-coupling of nanocomposites
(NC). However, the complex microstructural behavior of oxide
NC poses a challenge to tune their characteristics. So, there
are more reports on bulk H/S ferrites when compared to their
nano-sized counterparts [19]. Some of these included BaFe; ;019
/Nips5ZngsFe;04 NC with different weight ratios, SrFe;3019/y-
Fe,03 nanocomposites, and SrFe;;019/NiFe,04 [89-91]. On the
other hand, the H/S nanocomposite studies are mostly on M-
type hexaferrites with cubic spinel ferrites including BaFe;019/
NiggZng,Fe;04 [92], BaFe;y019/Y3FesO1y  [93],  SrFe2019/
NiFe204/ZnFe204 [91], STFE10A12019/C00‘3Ni0'2F6204 [94], and
SrFeq;_xVx01g/(NigsMng sFe;04)y [95].

4. Exchange bias

The loop shifts in the field axis part of the magnetic hystere-
sis curve of the exchange-coupled H/S ferrites is known as the
“exchange bias”. The term was initially described by Meiklejohn
and Bean in 1956 [96] and has been a topic of interest since
then. In the exchange-coupled magnetic systems, the core and the
shell or the H/S phases display magnetic characteristics (ferro-
magnetic (FM), antiferromagnetic (AFM) or ferrimagnetic (FiM)).
When an H/S nanocomposite core/shell or bilayer in the form
of a ferromagnetic (FM)-antiferromagnetic (AFM) composition is
cooled down below the Néel temperature, due to the AFM phase,
an asymmetric shift in the field axis occurs which is known as
the exchange bias [97]. There are different influences on the shift
of the loop’s magnitude (Hgg). Some of these are the interfacial
complicated structure of the spins, and any other unbalanced
interface moments, properties of the existing layers such AFM-
FM making up the H/S nanocomposite, interface roughness, etc.
When the hysteresis shift is parallel with the cooling field (Hcg),
it is called as the positive exchange bias (PEB) and when it is on
the reverse side of the Hc, it is called as the negative exchange
bias (NEB) [98]. The exchange-coupling due to the AFM is usually
held responsible for the hardly experienced PEB. The magnitude
of the AFM and its sign also is HCF dependent. Some systems dis-
playing PEB are Nig;Fe1q/Ir,0Mngg bilayers because of the FM/AFM
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interface magnetic disorder due to the magnetic training effect
(TE) and thin films of FeF,/Fe bilayer [98]. On the other hand,
the interface coupling of AFM and FM phases existing together in
Cu;_4xMny/Co at low temperatures resulted in NEB [99]. Rana et al.
prepared a Lag 3Srq ;FeO3/SrRuOs bilayer on a disordered interface
of a mosaic SrTiO3 substrate and observed a PEB at a low cooling
field (about one Tesla) which shifted to NEB at a high cooling field
(7 T) which meant the giant vertical shift and positive exchange
bias in magnetic oxides could be tuned by applying different
factors [97].

5. Purpose of the review

The main goal of this study is to present an overview about
the correlation between microstructure, magnetic, microwave,
dielectric properties, and exchange-coupled effect of Hard/soft
(spinel) ferrites nanocomposites. Based on our information, this is
the first review presented on the status and recent studies about
functional bi-component nanocomposites based on H/S ferrites.
H/S ferrites have an exceptional niche of nanocomposites due to
the huge attention of the scientific community. Accordingly, this
study will introduce the challenges of exchange-coupling behav-
ior due to the sophisticated fabrication methods, microstructural
difficulties, grain shapes and crystallite size that are hard to com-
pute and regulate. The review presents the latest accomplishment
of H/S ferrites nanocomposites in microwave absorption.

6. Synthesis Methods of H/S nanocomposites
6.1. One-pot sol-gel auto-combustion process

One-pot sol-gel auto-combustion process is the combination
of chemical sol-gel and following combustion routes. The desired
metal salts having an aqueous solution, through a sol-gel process
obtain organic fuel forms as a gel. Subsequently, fluffy, yielding,
and voluminous products with large surface area achieved by ig-
nition to combust the gel as seen in Fig. 2. Torkian et al. [94] have
used this method to prepare the SrFe;9Al,019/Cog gNig>Fe;04 H/S
nanocomposite. In a typical procedure, de-ionized water was used
to dissolve stoichiometric amounts of metal nitrates at 60 °C, by
the addition of citric acid. Subsequently, an accomplishment of
the procedure, the solutions were cooled down to room tempera-
ture. It has been noticed that synthesis temperature was reduced,
evaporation was minimized, and high purity of final products
was achieved. This is a very important technique for synthesizing
exchange-coupled magnetic materials.

Numerous researchers have reported on the synthesis of H/S
ferrites NCs Sro_3Bagl4Pb0<3Fe12019/(CuFe204)X []OO], Sl'Tb()Dl
Tmg o1Fe11.95019/CoFe;04 [101], SrFegAl;019/Cog gNig 2
Fe,04 [94], and studied the structural, magnetic and microwave
properties via one-pot sol-gel process. Almessiere et al. [100]
synthesized the H/S Sro'gBao'4Pb0.3Fe1201g/(CUF6204)X NCs by us-
ing one-pot citrate sol-gel route using citric acid and metal
nitrates as precursors. Suitable amounts of metal nitrates and de-
ionized water were stirred on a hotplate at 80 °C until a clear
solution was obtained, during stirring, a citric acid solution was
slowly added into the resulting mixture. Throughout evaporation,
a viscous brown gel was obtained. The desired nanocomposite
powder achieved by preheated to 500 °C for 1 h and then calcined
at 1100 °C for 2 h. Additionally, due to the exchange-coupling
interaction suitable values of squareness ratio, remanent (M;) and
saturation (M;) magnetizations and coercivity (H.) were found
for the Srg3Bag 4Pbg3Fe;;019/CuFe;04 NCs. Algarou et al. [102]
introduced SFCOO_ozzro‘ozFe]1'96019/MF6204 (MZMH, Zn, Co, Ni,
and Cu) H/S NCs via one-pot sol-gel combustion approach. The
solutions mixed with the addition of citric acid by stirring at
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95 °C. To maintain the pH at 7, alkaline solution was added, and
the mixture was heated at 160 °C for 45 min up to 350 °C. A black
powder was obtained, that was calcined at 950 °C for 6 h, finally
resulting in hard and soft ferrites’ structure. Afshar et al. [103]
fabricated the SrFe;;019 and NiggZng4Fe;0, ferrites by single-
pot approach. They studied phase, microstructure, and magnetic
properties as a function of the amount of NiZn ferrite. It has been
observed that spinel NiZn ferrites display a high permeability, low
anisotropy field along with microwave absorption.

6.2. Ball milling

Ball milling (BM) is a mechanical method extensively used to
grind powders into fine particles and blend materials. It is a cost-
effective technique and widely used in industrial applications. BM
has been used according to the application. It usually contains
a hollow cylindrical shell rotating around its axis, this shell is
partially filled with balls having different materials such as ce-
ramic, steel, and stainless steel. It depends on the released energy
from attrition and impact between the balls that accomplish
grinding or milling and the powder as revealed in Fig. 2. The
main advantages of this method consist of ease of operation, cost-
effectiveness and reproducible results. It can control the speed,
and suitable in wet and dry conditions on a wide range of ferrite
materials [104].

Xia et al. [105] used a BM method to prepare soft/hard
xNiFe,0,@(1—x)SrCoq ;Fe11.8019 composite, a mixture of SrCoq,
Fe118019, NiC,04-2H,0, and FeC,04-2H,0 had calcined in air
successively. 5 ml of C;HsOH were put into a ball milling con-
tainer (stainless steel). The container to mass ratio of the sample
was about 1/15. Initially, samples were milled 20 min at RT
(300 circles/min). After all these, samples were dried at 80 °C
for 4 h. Finally, the NiFe,0,@SrCog,Fe ;3019 composite was
calcined at different temperatures for 2 h. These composites have
lower specific saturation magnetization, which is suitable for
memory storage devices. Xia ] et al. [106] has been reported that
the two-step BM process was used to synthesize the soft/hard
Mng sZng 4Fe;0,@Srg gsBag.15Fe12019 composites. Three different
temperatures 700 °C, 800 °C and 900 °C were used for calcining
the samples. Due to the formation of the core-shell structure, a
strong exchange-coupling interaction has been analyzed, which is
suitable for high-density magnetic recording devices. There is an-
other study about two-step BM ceramic process, where soft/hard
xLi0.3C00‘5Zno.2Fe204
@(1—x)SrFe ;019 were prepared at different mass ratios x = 0.1,
0.2, and 0.3 and improve the magnetic properties and enhance of
exchange-coupling interactions due to existence of the core-shell
structure and uniform phase distribution [107].

6.3. H/S nanofibers

The fibers with a diameter in the range of nanometer are called
nanofibers, and they can be produced from different polymers
that have suitable physical properties and potentials applica-
tions. In several studies, ferrite nanofibers have been fabricated
by an electrospinning technique and evaluated controlling the
crystallite size and microstructures. Some polymers have been
used in the precursor solution. Many researchers have developed
nanofibers with a mixed composition of polymer and transition
metal precursor, then calcined oxide nanofibers were studied for
their microstructure and magnetization behavior [108-111].

Song et al. fabricated the SrFe;,019/Nig 5Zng 5sFe;04 nanofiber
ferrite with different mass ratio (1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3,
8:2 and 9:1) electrospinning and calcination process [112]. In this
process, a suitable amount of PVP dissolved in ethanol. Then dif-
ferent mass ratios like Fe(NO3)3-9H,0, Sr(NOs),, C4HgNiO4-4H,0,
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Fig. 2. Synthesis procedure of Hard/soft ferrite Nanocomposites by sol-gel auto-combustion, physical mixing, spark plasma sintering and pulsed-laser deposition

methods.

C4Hg04Zn-2H,0, and distilled water have been added to the
PVP/ethanol solution then stirred for 24 h at RT. A syringe with
stainless-steel needle was used to carry the viscous solution,
this needle worked as a positive electrode with supply a high-
voltage 15 kV, also solution had applied 0.5 mL/h using the
electrospinning process. A small piece of Al foil has been posi-
tioned in front of the needle tip to accumulate the nanofibers
which were then were calcined at different temperatures for
2 h. The grain size, coercivity, and remanence were improved
with an exchange-coupling interaction of the composite ferrite
nanofibers. Xiang et al. [113] prepared different mass ratios
of BaFe{;019/Nig5ZngsFe;0,4 ferrite microfibers by gel precur-
sor transformation technique and gel microfibers which were
initially dried were placed an alumina crucible followed by cal-
cination at 1000 °C for 3 h. Dong et al. [114] synthesized a
core-shell structure of H/S SrFe,019/FeCo nanofibers by reduc-
tion process at 300 °C for 0.5 h in a hydrogen atmosphere.
The composite nanofibers (SrFe;,019/CoFe;04) were calcined at
900 °C for 1 h in the air. SrFe;;019/FeCo composite nanofibers
were obtained through a mild reduction process. Pan et al. [115]
synthesized CoFe,04/SrFe;019 by the electrospinning and cal-
cination process. A unique route was introduced that precursor
sol-gel cobalt powder was utilized as a replacement for the
cobalt salt. As a result, the samples had shown high M; and
coercivity, and very impressive exchange-coupling interaction of
the H/S magnetic nanocomposite was achieved. Xiang et al. [116]
fabricated CoFe,0,4/CoFe; composite nanofibers using the com-
bined technique of electrospinning with the hydrogen-thermal
reduction process. Due to the high mass fraction of CoFe, co-
ercivity decreased, but remanence and saturation magnetization
increased.

6.4. H/S thin films

A layer of material with thickness below 100 nm is classified
as thin film. Ferrite thin films have been grown by different
approaches including molecular beam epitaxy, magnetron sput-
tering, evaporation, electroplating, and pulsed laser deposition
(PLD) as exposed in Fig. 2. Many ferrite thin films have been
investigated as optical, magnetic, and recording media material.

Cobalt and Barium ferrites have been studied due to their out-
standing and promising properties as well as their good corrosion
resistance, better mechanical stability, high coercivity, and low
noise [117-119].

It has been reported that the pulsed laser deposition — PLD
(KrF laser, A = 248 nm) method was used on MgAl,04 (MAO)
spinel substrates (Crys-Tec, aS = 0.8083 nm) were grown by
Fe304/CFO spinel bilayers. The soft Fes0,4 thickness (< 25 nm)
and the thick layer of hard CFO were fixed at 25 nm. A solid-
state reaction has been used to prepare the CoFe,04 target by
sintering Fe and Co powders at 1400 °C. The CFO deposition on
the substrate at 640 °C, deposition rate at 0.7 nm/min, oxygen
pressure 10~ Torr and laser fluence of 1.4 Jjcm?. Therefore,
magnetic soft /hard heterostructures of Fe304/CoFe,04 have been
synthesis by introducing different thicknesses of soft ferrite from
5 to 25 nm [131]. Chai et al. [132] reported on CoFe thin films
with doped NiZn ferrite by using the magnetron sputtering cham-
ber. In the chamber, a three-inch CosgFesq target has been used
along with several Niy5Zng sFe;0,4 ferrite chips on the top of the
target, cooling and specific pressure are important factors for
the substrate. During sputtering, Ar has been used as the inert
environment at a flow rate of 16 SCCM. Cui et al. [133] have used
a high-vacuum-chamber to synthesize thin film using several
sputtering guns, a typical structure of three multilayer films have
been represented this formula Mo (50 nm)/HM (z nm)/NM (x
nm)/HM (z nm)/Mo (50 nm)/NM (x nm)/Fe (y nm)/(NM1/aMo,
Cu or Cr) were deposited onto Si substrate that heated at 923 K.
Therefore, Cr, Mo, and Cu are used as NM spacer layer materials
and the composition of HM layer is denoted by NdigFe;Bq3 (or
PrigFe;1B3). Satalkar et al. [ 134] synthesized ferrites nanocrystals
via sol-gel approach, and S/H thin films were deposit onto the
targets by using pulsed laser deposition (PLD) method. Various
conditions were used to prepare the S/H thin films and deposited
on Si substrate. Firstly, the sol-gel approach was used to prepare
the Mgg 1Nip 3ZnggFe,04 and BaFe;;0q9 ferrite powders. During
the synthesis, citrate-nitrate has been mixed with citric acid as
fuel, and mass ratio had taken as 1:1, de-ionized water used to
dissolve all the precursors, and alkaline solution was combined
to maintain the pH at 7. Finally, dry gel powder gets by heating
the solution in the air at 110 °C for about 1 h. The composite
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Synthesis approach Merits Drawbacks Reference
Single-pot sol-gel e Inexpensive instruments, After sol-gel process, it needs calcination [102]
e Simple in fabrication, [120]
o Cost effective, [94]
e Easy to prepare,
e There are no complex methods involved,
e The yield of the material obtained is high,
e The chemical and physical properties of the
final product can be tuned by changing the
parameters influencing different steps in the
preparation process,
e Producing uniform and fine soft/hard ferrite
powders
Solid state reaction e Good crystallinity, e Requires high temperature to initiate and maintain [91]
e High intensity of XRD peaks the chemical reaction which could possibly result in the
mass diffusion between core and shell, and destroy the
hard and soft phases due to the low thermal stability of
the materials at nano scale, results in powders with
large particle size,
e Limited chemical homogeneity and low sinterability,
e Not economic
Hydrothermal e Good quality seeds of a fair size, e The impossibility of observing the crystal as it grows, [121]
e Low temperature synthesis, e Employs expensive autoclaves, [122]
e Possibility of obtaining low Crystallite size e Complex, [123]
product e Takes long time for self-ignition reaction to occur and [124]
needs cationic surfactants to remove the impurity like
hematite phase («-Fe,03),
e Generates pollution,
e It is only applicable for some of the hard/soft material
Mechanical alloying e Good crystallinity e Impurity and lattice strains [125]
Co-precipitation e Low temperature, e High possibility of impurity, [126]
e Easy application, e Needs annealing,
e Simple and versatile
Modified flux e Economical, e High temperature [91]
e Quite suitable for mass production
Ball milling e Easy operation, e When the size of the soft phase is reduced to the [124]
e Large scale production correct size, the size of the hard phase is usually over
reduced (much less than single domain size), leading to
a low (BH )iax
e It needs expensive instrument
Self-assembly process e Easy to operate and eliminate high temperature e Requires a complicated experimental process. [127]
post reduction to form a soft metal alloy from [128]
their corresponding oxides, which may lead to
the mass diffusion between core and shell and
degrade the exchange coupling. Furthermore, the
shell thickness can be easily controlled in the
selfassembly method.
e Green,
o Effective
Physical mixing e Easy preparation e Time consuming, [92]

e High possibility of impurity
e Homogeneity

in a ratio of 2:1 of hard and soft ferrites was prepared. The
powder composite shaped as a pellet form by pressing 3.6 GPa
and annealed at 800 °C for 1 day. The pellet was used as a target
form and the S/H ferrite thin film was deposited on Si substrate.
The PLD setup KrF excimer laser has been used with a pulse of
248 nm and a pulse duration of 20 ns. The substrate was mounted
on a rotating axel, and the deposition time was 120 min.

6.5. Spark plasma sintering

In the conventional sintering process, ferrites merged to high
density at temperatures not more than 500 °C with 5 min sin-
tering time, whereas grain size remained in the range < 100 nm.
In the spark plasma sintering (SPS) technique, DC current pulses
have been used to generate internal heat via graphite die enclos-
ing the powder compact. It also allows fast heating and cool-
ing rates, achieving high-density samples with controlled grain
growth by consolidating nanopowders [135].

Magnetic hard-soft ferrite-based nanocomposites SrFe;;019_x
CoFe,04 were prepared by SPS, where X = 5, 10, and 15 wt% were
used. In this process particle size has been controlled by the hy-
drothermal method, then powders of (SrFe,019) and (CoFe;0,)
have been consolidated with SPS process. The SPS parameters
were observed such as applied pressure, time, sintering tempera-
ture, and exchange-coupled magnetic phases. In the SPS set-up a
high-strength carbon die used where placed the powder mixture
that is outer diameter is 40 mm and inner diameter 6.3. This
powder mixture pressed between two cylinders and applying a
DC current, as a result, energy product increases between the S/H
magnetic phases. In this process, non-rare-earth-based magnets
have achieved significant property [78].

Yi et al. [136] prepared the composite ceramics of CoFe;0,/
Fe304 with different weight ratios have prepared by SPS method.
The following parameters were used for SPS: sintering tempera-
ture at 500 °C, with 10 MPa for 5 min. It has been observed that
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Fig. 3. XRD powder patterns of (a) SrFe;;019/MCegosFe19504 (M = Cu, Ni, Mn, Co and Zn), (b) StTbgo1Tmgo1Fe11.0s019/(CoFe;04)x (x = 1, 1.5, 2, 2.5 and 3),
(c) SrFe1,019/Mgg 5Cdg 5Dy 03Fe1.9704 nanocomposites, (d) SrFe;,019/Nig5ZngsFe;04 composites [102,101,129,26].

large soft phase content has been achieved and dipolar interac-
tion shows an imperative role throughout the demagnetization
process that decreases H. and M;. Fei et al. [137] synthesis also
CoFe,04/Fe304 nanocomposite by SPS. Initially BM has been used
to mix CoFe,04 and Fe304 powders with alcohol for 24 h. Then
the mixture was sintered at 200, 300, 400, 500, 600, 700, 800,
and 900 °C for 5 min, respectively, under 10 kN pressure using
SPS. It was noticed that exchange-coupling at the thin part when
the temperature was between 200 to 400 °C and formation of
crystalline regions occur when the range was 500 to 700 °C
because of the ion diffusion of CoFe,0,4/Fe30,4 phases.

6.6. Merits and drawbacks of hard-soft synthesis approaches

The Merits and drawbacks of hard-soft synthesis approaches
are stated in Table 1 which showed that none of the mentioned
synthesis approach for hard-soft nanocomposite is perfect.
7. Microstructural properties of H/S nanocomposites
7.1. Structural features of H/S ferrite nanocomposites

The H/S magnetic ferrite nanocomposites are materials that

crystallize corresponding to hard(H) hexagonal M-type hexafer-
rite (P63/mmc space group) and soft cubic spinel ferrite (S) (Fd3m

space group), respectively [64,138]. The general chemical formula
of the H/S magnetic ferrite is presented as AB;;019/MB,0,4, (M**
= Ni, Mg, Co, Ca, Zn, and Mn) or a group of these elements
with to 42 charge and B is Fe™ ion, whereas A is Sr or Ba (42)
ions [138]. Both A, M and B site in H/S ferrites can be preferen-
tially occupied by (divalent, tetravalent) transition metal and rare
earth metals [101]. Accordingly, this will affect electric, magnetic,
and microwave properties due to the macrostrain causing the
deformation of the hard and soft ferrite structure. The structure of
H/S ferrite nanocomposites consists of both cubic and hexagonal
phases having the characteristics XRD peaks of M-type hexafer-
rite as follow (006), (110), (008), (107), (114), (200), (108), (203),
(204), (205), (206), (209), (300), (303), (2011), (218), (219), (220),
and (2014), and spinel ferrites (inverse and normal spinel) as
(220), (311), (222), (400), (422), (511) and (440) as seen in Fig. 3
that is a representative example of H/S ferrite nanocomposites
sets [102,120]. However, in most cases, the absence of impurity
phases indicates the efficiency of the preparation method for
homogeneity of the H/S ferrites formation. Occasionally, a second
phase corresponding to a-Fe,03was detected [101].

The XRD pattern showed that the intensity of most intense
peaks of hexaferrite (hard) (114) and (107) are high due to the
presence of larger grains. On the contrary, the intensity of (311)
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Hard/soft ferrite nanocomposites M, (emufg) M, (emu/g) H, (Oe) a=b(A) ¢ (A) Dxgp (nm) Ref.
(Soft (Hard)
(Bag.5Srp.5Fe12019)0.9/(NiFe304)0.1 64 34 4861 5.82 22.79 44 43
(Bag 5Sro.5Fe12019)0.8/(NiFe204 )02 61 33 4184 5.81 22.74 42 41 [45]
(Baglssro,sFeuO]g)0.7/(NiFEZO4)0.3 52 28 2897 5.85 22.97 36 34
(BaU_ssr0>5F812019 )06/(N1Fezo4)04 51 27 3711 5.82 22.74 33 36
S1C00.02Zr0.02Fe11 956019/CoFe; 04 64 33 1384 5.88 23.02 2238 333
SrCO[jvgzZro,ozFE11.96019/NiF€204 61 32 2617 5.88 23.03 18.7 30.6
SrCog.02Zr0.02Fe11.96019/ZnFe; 04 66 38 1623 5.88 23.04 28.4 36.5 [102]
SrC00.02ZT0.02Fe 11.96010/CuFe; 04 58 30 3212 5.89 23.05 13.1 38.2
Sl'CO[).gzzl'o.ozFen.gSo]g/Ml’lFeZOA] 69 40 2225 5.88 23.03 12.3 354
SrFeq12019/(NigsMng sFe;04); 54 26 302 5.87 23.02 14.9 414
SrFe1201/(Nig.sMng.sFe;04); 48 23 252 5.87 23.02 24.1 43.1
SI'FE120]g/(Nio.SMﬂo,5F8204)3 46 22 203 5.87 22.99 29.8 42.3
SrFeq1.98V0.02019/(NigsMng 5Fe;04)4 66 23 255 5.87 23.00 28.9 37.1 [96]
SrFeq1.98V0.02019/(NigsMng sFe;04)2 68 30 261 5.87 22.97 309 393
Sl'FE]138\/0'02019/(NiglsMng‘5F€204)3 69 21 187 5.87 22.99 32.0 40.8
Sl'Fe]1496\/0.04019/(Nig_sMng_5F3204)1 70 24 315 5.87 23.02 15.5 42.0
SrFeq1.96V0.04019/(NigsMng sFe;04)2 69 24 278 5.87 22.97 30.2 40.2
Sl‘FE]1(95\/0‘04019/(Nig‘5Mng‘5FEZO4)3 70 20 209 5.87 23.00 31.7 42.5
Sro.3Bag 4Pbg 3Fe12019/(CuFe;04)4 47 21 1507 5.88 23.13 5.6 42.8
Sro.3Bag 4Pbg 3Fe12019/(CuFe;04)2 43 14 912 5.88 23.12 12.0 322
Sl'0.3B3014Pb0‘3FE]2019/(CUF6204)3 41 12 387 5.87 23.10 31.8 48.6 [100]
Sr0_3Bag_4Pbg_3Fe]zolgl(CUFezo4 )4 36 11 339 5.88 23.10 254 48.3
Sro_gBag_4Pbg_3Fe12019/(CuFe204)5 32 6 183 5.88 23.12 8.04 38.3
(SrFequ)0,3/(an_4C00,2Nig_4Fe204)0,2 84 7.2 50 - - 34 83
(SrFe12019)0.6/(Zn0.4C0g 2Nig.4Fe204)0.4 71 3.7 43 - - 80 78 [123]
(SrFe12019)0.4/(Zno.4C00 2 Nig.4Fe204)o 91 5.5 54 - - 58 53
(S[F612019)0.2/(Zl’lgACOD.zNig‘4F€204)0.3 60 9.6 350 - - 47 64
(BaFe11.7Alp.15Zng.15019)0.3/(Mng sMgo 2 Fe204)0.4 50 6 247 5.88 23.03 - 110.16
(BE{FE]1_7Alo_15ZH0_15019)0_4/(MI10_3Mgg_zFEZO4)0_5 49 9 390 5.88 23.18 - 74.78 [130]
(B3F811,7A10v152n0v15019)0.5/(MﬂglgMgg.zFEZO‘t)ovs 50 12 612 5.88 23.19 - 51.76
SrFe12019(Mgo.5CdosDyoo3Fe1.9704)10 63 28 4738 5.88 23.05 26.1 38.9
SFFE]ZO]g(Mg[mCd0‘5DYU‘03F61.9704)1(5 60 24 4186 5.88 23.06 29.6 38.2
SFFE12019(Mg0.5 Cdgj DyU.Og Fey9704 )240 59 22 3604 5.88 23.06 37.8 46.1 [ 1 29]
SrFe12019(Mgo5Cdo5Dyo.03Fe1.9704)25 54 20 2171 5.88 23.07 38.2 47.8
SrFe13019(Mgo5CdosDyo.03Fe19704)30 52 17 1400 5.88 23.07 30.8 375

peak of spinel ferrite (soft) was varied according to the mecha-
nism that followed for controlling the content and type of the soft
phase [120,130]. The structural parameters have been estimated
for hard M-type hexaferrite and soft spinel ferrite individually.
Average of crystallite size of (H) and (S) phase for some H/S
nanocomposites were listed in Table 2. In some recent reports,
lattice constants exhibited a nonlinear variation with the type and
fraction of the soft phase [101,139,140]. Whereas, the crystallite
sizes of hard phase were almost the twice of the soft phase in
order to maximize exchange-spring coupling behavior through an
effective coupling of interphase between (H) and (S) phase which
stated in several reports such as [(Xx)(BaFei;7Alg 15Zng 15019)/
(1-x)(Mng gMgo 2Fe;04); x < 0.5] [130], (Nig.s5Zno 35Fe204)x/
(BaFe12019)1_x (X = 085—025) []39], (Ba0<5Sr0<5Fe12019)1—X/
(CoFe;04)x (x < 0.3) [140], SrCoq.02Zrg.02Fe11.96019/MFe;04 (M =
Co, Ni, Cu, Mn, and Zn) []02], SrTbO‘O]Tmo_()]Fen.ggolg/(COFeZO;‘)X
(x < 3.0) [101], SrTbg1Tmgo1Fe11.98019/AFe204 (A = Ni, Co,
Cu, Mn and ZH) [141] and Sro,gBa0,4Pb0,3Fe12019/(CuFe204)X with
various contents of soft phase (x < 5) [100]. On the other hand,
some researchers reported that the values of average crystallites
size of soft ferrites are near to the crystal size of hard ferrites,
representing an improvement in the soft phase crystallite size.
The reason for that is the soft ferrite in each composite works to
inhibit the hard ferrite growth [94,102].

7.2. Morphological characteristics of H/S ferrite nanocomposites
The morphological and structural characteristics of H/S fer-

rite nanocomposites were analyzed through Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)

as displayed in Figs. 4-6. The morphology of pure hard phase is
hexagonal platelet like, while the soft presented roughly spherical
shape with sharped edges cubes that cut down from besides and
bases. The typical SEM showed the variation in morphology upon
growing the quantity and type of soft phase [77,102]. The images
presented a clustering of hexagonal platelet particles encapsu-
lated by some small cubic particles, which denotes hexaferrite
and spinel ferrite, respectively [102]. It is clear that there is
variance in the morphology with altering spinel ferrite type in the
degree of conglomerates due to the divergence in spinel behavior
in each composition [101,120]. The propensity to agglomera-
tion is observed in the particles as results of magnetic dipole
interaction among magnetic hard and soft nanoparticles [77].
The magnetic dipoles of H/S particles are parallel to each other;
the mutual attraction between magnetic dipoles results in the
re-agglomeration of particles [77]. In addition to the magnetic
dipole interaction, the aggregation of particles occurs due to the
high magnetic static interaction [77]. Moreover, the particle size
distribution is smaller for low content of the soft phase and this
leads to better exchange-coupling between grains [94].

TEM micrographs of H/S nanocomposites having aggregated
platelet-shaped crystals of different size randomly oriented small
spherical grains are shown in Fig. 7. Furthermore, the HR-TEM
analysis has been implemented for revealing a typical hexagonal
and spinel ferrite symmetry shown by the typical lattice spacing
to prove the formation of both (H) and (S) phases [101,120]. SEM
and TEM evidence of the surface morphologies and phase forma-
tion of SI‘COOAozzrolozFel1A96019/MF6204 (M = Nl, Zn, Mn, Cu, Co,
and Zn) and SrTbg g1 Tmyg g1Fe11.98019/(CoFe;04)x (X < 3) NCs have
been presented by Norah et al. [101,102]. V. Harikrishnan et al.
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Fig. 4. SEM images of SrFe;pAl,019/X(CogsNigFe;04) nanocomposites (x = 10, 30, 50, 70 and 90%) [76].

also analyzed (BagsSrgsFei2019)1_x(CoFe;04)x (X < 0.3) using
SEM and HR-TEM and found the formation of irregular platelets,
revealing the fact that there is the formation of Bag 5SrgsFe12019
with diacritics circular grains of CoFe,04 phase [140]. Likewise,
all Hazra et al. Torkian et al. and Pahwa et al. demonstrated
the same results for (NiggsZng3sFe;04)x/(BaFe12019)1-x [139],
Sl'Fel()AlzO19/C00'8Ni0‘2F6204 [94] and BaFeuO]g/NiFe204 [142]
Pan et al. and Song et al. exhibited the morphology of H/S
nanofibers with different ratios of soft ferrite. They observed
the combination of the morphological characteristics from the
constituent single ferrites as a continuous linear structure with
a uniform diameter. The diameter of these nanofibers was varied
when the H/S ratio changed. For higher ratios of soft ferrites, the
nanofiber surface became smooth. On the contrary, increasing the
hard ferrites ratio, the nanofibers possess a hollow structure with
slightly rough surface and the crystallite of the nanofibers grew
with the increase of hard ferrite content [115,143].

8. Magnetic properties

H/S ferrites nanocomposites are a new generation of magnetic
materials that hold great potential in various applications ow-
ing to their many unique properties [129,144]. The integration
between the hexaferrite (hard) (MFe;019, M = Sr, Ba, and Pb)
and the spinel ferrite (soft) (MFe,04, M = Ni, Co, Zn, or other
elements) tuned the magnetic properties by combining a high
saturation magnetization (M;) property related to the soft part
with a high magnetic coercivity (H;) property related to the
hard part [145,146]. This combination could generate exchange-
coupling behavior. Nevertheless, H/S ferrites nanocomposites in-
clude two main interactions, which are the exchange (i.e. interac-
tions between hard and soft grains) and dipolar (i.e. interactions
between hard and hard and between soft and soft grains) in-
teractions [146]. These two interactions fundamentally play an
important role in deciding the magnetic characteristics in H/S

10

ferrites nanocomposites [89,92]. The magnetization in the re-
manence state has been greatly administered by the exchange
interaction between the adjacent grains of spinel and hexaferrites
and their magneto-crystalline anisotropy when the dipolar inter-
actions are insignificant [92]. Because of low magneto-crystalline
anisotropy of the spinel ferrite phase, the residual magnetization
of hard ferrite will affect on the neighboring grains of the soft
ferrite phase in the composite [89]. Hence, the soft magnetization
will tend easily to exchange-coupling toward the magnetizations
of hard ferrite [89]. In contrast, when the dipole-dipole inter-
actions have a significant impact, the magnetization distribution
will be affected by the competition among the exchange in-
teractions and the dipolar coupling, which drive to reduce the
magnetic properties [92]. Therefore, if the exchange interaction
dominates the dipolar coupling in H/S ferrites nanocomposites,
the magnetic properties in composites may be enhanced. More-
over, the particles shape, the average grain sizes of the individual
phases, and the distribution of hard and soft ferrite phases in
the mixed composition are substantial parameters for emerg-
ing the perfect exchange-coupling effect between the spinel and
hexaferrite phases [147]. Additionally, when the average size
of domain walls in the hard phase is twice or greater than
the dimensions of the soft grains can lead to obtain an ex-
cellent exchange-coupling effect [144]. Therefore, choosing the
appropriate synthesis method has been a critical issue in pro-
ducing homogeneous powder and desired crystallites size for
well-exchange coupled H/S phases [105,144].

To determine the magnetic properties of H/S ferrites nanocom-
posites such as Ms, M, squareness ratio (SQR = M, /Ms), and H,,
VSM is used. A good exchange-coupling between hard and soft
magnetic phases can be said to occur when a smooth single M-
H hysteresis loop is observed [148,149]. This indicates that the
spins of both hard and soft grains at an interfacial layer rotate
together in the presence of a magnetic field [145]. However, the
appearance of a “bee-waist” or some kind of kink in the M-H
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Fig. 5. SEM images of NipsZngsFe;04/SrFe12019 nanocomposites with different mass ratios. (a) 2:1, (b) 1:1, (c) 1:2, (d, f) 1:3, (e) 1:4 [77].

hysteresis loop suggests the imperfect exchange-coupling behav-
ior between hard and soft [77,149]. This implies that the spins
of hard and soft rotate separately when the magnetic field is ap-
plied [149]. To carefully evaluate the exchange-coupling behavior,
more analysis should be conducted by making for example the
derivation of magnetization data concerning the external mag-
netic field (dM/dH) [77]. Hence, if one single peak was obtained
in dM/dH vs. H graph, a strong exchange-coupling effect is said
has been occurred between the hard and soft ferrite phases [ 148].
Whereas, if more peaks were detected, a weak exchange-coupling
effect has been occurred between the two phases and the dipo-
lar interactions become important [149]. Many investigations
have been performed and achieved outstanding results on the
exchange-coupling behavior between hard and soft ferrites such
as BaFeq,019/Nigs5Zng sFe;04 nanocomposites with 70:30 mass
ratio [89,128], NiggZng,Fe,04/BaFe;;019 composites at 1:4 ra-
tio [92], SrFeloA12019/C00.gNio_2F6204 [94], X(SrFe12019)/(1—x)
(NiFe,04) nanocomposites (0.0 < x < 1.0) [109], (BagsSrgs
Fe12019)1—x/(NiFe,04)x [45], and SrFe;,019/CoFe;04 at the ratio
of 1:4 [150].

According to our previous work, the combination of SrCog g,
Zroo2Fe11.06019 as hexaferrite type with diverse spinel ferrite
types like CoFe,04, CuFe,04, NiFe,04, MnFe,;04 and ZnFe,0, at
optimized conditions generated smooth hysteresis loops without
any kinks as showing in Fig. 8 [102]. All samples clearly showed
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one peak in Fig. 9, which refers to the occurrence of a strong
exchange-coupling behavior between the two phases [102]. The
obtained results suggested to use these materials for different ap-
plications such as a microwave field and recording devices [102].
Moreover, H/S ferrite nanocomposites of SrTbgg;Tmgo1Feq1.9s
019/AFe;04 (where A is Ni, Co, Mn, Cu, and Zn) were synthe-
sized by the sol-gel combustion technique [141]. Generally, an
exchange-coupling effect was achieved in these samples and
enhanced magnetic properties were noticed in some compos-
ites [101]. For instance, the sample which contains Co in soft
phase has the highest intensity peak in the graph of dM/dH
against the magnetic field H with the largest values of mag-
netic parameters, whereas the sample containing the manganese
(Mn) in soft part showed the lowest peak in intensity with
the smallest values of M, M,, and H. among all prepared sam-
ples [101]. Thus, the excellent exchange-coupling behavior ap-
peared in the SrTbgg1Tmyg o1Fe11.98019/CoFe;04 sample [101]. As
reported in another study, the duplication of the spinel cobalt
ferrite in H/S SrTbg o1 Tmg o1 Fe11.98019/(CoFe;04)x composites (1.0
< x < 3.0) prepared by the sol-gel method [101]. These pre-
pared nanocomposites exhibit well-exchange coupled behavior.
The prominent exchange-coupling behavior was detected for the
sample that has the highest soft content (i.e. x = 3). Further-
more, the saturation magnetization, remanence, and coercivity
were increased with the soft content duplication. The reason
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Fig. 6. SEM images of SrCog ¢2Zrg o2Fe11.96019/MFe;04 (M= Co, Ni, Cu, Mn and Zn) nanocomposites [102].

for the increase in the values of M; and M, is the magneti-
zation nature of spinel cobalt ferrite that is very high [150].
The reason for the increment in H, value is the dominance
of the exchange-coupling effect on their structure compared
to the dipolar interaction [101]. However, with an excess in-
crease of spinel content, the soft-soft dipolar interactions pro-
gressively influenced on the degree of the exchange-coupling
interaction between the two phases, which lead directly to reduce
the exchange-coupling interaction and thereby diminish the co-
ercivity [101]. In another research, the exchange-coupling effects
in series of SrFe;,019/MCeg g4Fe;0604H/S ferrite composites (M
= Ni, Cu, Co, Mn, and Zn) were evaluated, and the observed
magnetic characteristics were investigated with respect to their
structural and morphological features [120]. Among the different
fabricated nanocomposites, samples that have Co, and Ni in the
soft ferrite phases revealed some shoulders in M-H graphs and
double peaks in dM/dH against H plots, indicating the imperfect
exchange-coupling behavior in these samples. This proves that
the hard/hard and soft/soft interactions (dipolar interactions)
existing in these two samples showed a considerable competition
with the H/S exchange-coupling interaction, and hence had a big
effect in lowering the magnetic properties.

The temperature has a great influence on the values of mag-
netic parameters [ 151-156]. Generally, M; and M, values increase
at lower temperatures in comparison to those at room tempera-
ture due to the reduction of thermal fluctuations on magnetic mo-
ments and subsequently the enhancement of the super-exchange
energy at the diverse sites [155,157]. In contrast, the H. value
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falls with reducing the temperature as a result of an inverse
2Ky where
the terms wo and K are the magnetic permeability of) free space
and the magnetocrystalline anisotropy, respectively [155,158].
Additionally, the decrease in the crystallites size could lead to
an increment in H, value and vice versa [159-161]. Magnetic
parameters at room and low temperatures for different previ-
ously prepared H/S ferrite nanocomposites that display excellent
exchange-coupling behavior are represented in Table 2.

The re-distribution of cations in spinel ferrites and the changes
in their magnetic traits has occurred when the ferrite is going
from the bulk structure form to the nano-sized level [162]. It has
been illustrated in a recent study of SrFe;;019/MnCeq o4Feq.9604
H/S ferrite nanocomposite that it displayed an uncommon behav-
ior [120,162]. In fact, the bulk Mn spinel ferrites are considered
as a normal spinel-type where the divalent cations (Mn?*) and
trivalent cations (Fe>*) occupy both the tetrahedral (A) and octa-
hedral (B) sites, respectively [162-165]. Therefore, the MnFe;04
in the bulk form exhibits only the B-B exchange interaction
and no pertinent effects have occurred from the A-A exchange
interaction and the A-B super-exchange interaction [158,162].
With reducing the particles size to the nanoscale level, the three
A-A, A-B and B-B interactions will be produced as a result of the
structure change from the normal to mixed spinel-type [158,162].
Hence, the inversion of cations will occur in the new structure in
which both of Fe3** and Mn?* ions are transferred to both A and
B sites, simultaneously [158,165]. Moreover, the cations redistri-
bution degree has been enhanced with the continued reduction
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Fig. 7. TEM and HR-TEM of (1) (BagsSrgsFei2019)1_x(CoFe;04)x nanocomposites [140], (2) NigsZngsFe;04/SrFe;2019 nanocomposites [77] and (3)
SrTbg g1 Tmg o1 Fe11.08019/AFe;04 (where A = Co, Ni, Zn, Cu and Mn) nanocomposites [141].

Fig. 8. M-H hysteresis loops for the hard/soft SrCog pZrg.02Fe11.96019/MFe;04 ferrite nanocomposites (where M = Ni, Mn, Cu, Zn, and Co) at (a, ¢) T = 300 K and
(b, d) T =10 K [102].
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Fig. 9. dM/dH vs. H curves for the hard/soft SrCogg,Zrg02Fe11.96019/MFe;04
ferrite nanocomposites (where M = Ni, Mn, Cu, Zn, and Co) at (a) T = 300
K and (b) T = 10 K [102].

in particles size that leads to the increment of the effect of A-B
exchange interaction, which will be involved in the improvement
of magnetic characteristics [142].

The calculation of an effective anisotropy constant (Kes) has
been obtained by the expression below [153,166]:

150\ /2
I{eﬁ' = Ms (T)

Where the term b is previously deduced from the slope in
Eq. (2) [153,166]. The largest value of this constant indicates
the largest M [161]. Xia et al. [167] have shown that the be-
havior and the changes in the values of M and Ky for the S/H
XNig.5Zng sFe;04/(1—x)SrFe,019 nanocomposites with various x
content (0.1 < x < 0.3) are similar in trend. They observed that
the highest values of M; and K, were obtained for the composite
with x = 0.1 ratio, whereas the lowest values of M; and Ky
were estimated for the sample with x = 0.3 [167]. The magne-
tocrystalline anisotropy field (H,), which refers to the degree of
hard-magnetic traits on the diverse H/S ferrite nanocomposites,
is expressed by the following relation [167,168]:

2Ky
=M
The coercive field H. can be written as below [100,160]:

2K,
H, = 0.48 [(eff> - NMS]
Ms

where N is known as the demagnetization factor. As mentioned
in a previous study [100], the soft content has a great influ-
ence on the demagnetization factor. They pointed out that the
Srg.3Bag 4Pbg 3Fe12019/(CuFe;04)y sample that has the largest soft
content ratio x = 5 gained the highest value of N, whereas the

(1)

H, (2)

(3)
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Srg.3Bag 4Pbg 3Fe12019/(CuFe,04) sample that has the smallest
soft content ratio x = 1 recorded the lowest demagnetization
factor [100]. Consequently, the increment of the demagnetization
factor leads to diminish the H. value of samples as a result
of the augmentation of soft-soft and hard-hard dipolar inter-
actions [100]. Furthermore, there is a direct proportionality be-
tween the M, and the magnetic moment (ng) per formula in the
Bohr magneton pp unit for the prepared samples [164-172]. It
can be represented by the following relationship [169-172]:
M, x M;
"8 = 5585 @)
where M,, refers to the molecular weight of nanocomposites
and the constant 5585 was called the magnetic factor [169-
172]. As discussed by Mansour et al. [97], the type of dominating
interaction in the H/S ferrite nanocomposites can be evaluated
by the squareness ratio (SQR = M, /Ms). If the SQR is larger
than 0.5 value, the exchange-coupling is strongly existing be-
tween the (H) and (S) phases. Conversely, if the SQR is smaller
than 0.5, the dipole-dipole exchange interactions have notice-
ably dominated, and the exchange-coupling weakly exists in the
prepared composite. Additionally, if the SQR is equal to 0.5, the
two main interactions do not exist (i.e. the magnetic spins order
in the (H) and (S) phases in the random state). Thus, the H/S
(x)(Ba Feq1.7Alo.15Zn9.15019) + (1 — X)(Mng gMgo.2Fe;04) compos-
ites (x = 0.3 to 0.5) synthesized by citrate combustion technique
showed the values of M,/Ms < 0.5 [172]. This indicates the
absence of exchange-coupling interaction in all prepared samples.
Henkel plot (6m vs H) method is another way that can be used
to detect the degree of dominance of exchange-coupling behavior
between (H) and (S) phases and/or dipolar interactions [149,19].
This plot can be obtained by using the expression below [144,
173]:

dm=my (H) —[1—2m;(H)] (5)

Where, the demagnetization my; (H) and remanence magnetiza-
tion m, (H) are defined by: mgy (H) 1?/1/’;((5@)) and m, (H)
% [45,60]. As reported by Kahnes et al. [174], if the §m is
higher than zero (i.e. positive), the exchange-coupling behavior
exists. In contrast, if the §m is lower than zero (i.e. negative),
the dipolar interaction dominates. The §m vs. H plots for the H/S
SrFe;,019/xCoFe, 04 nanocomposites with various x ratio sintered
at 700 °C and 900 °C are shown in Fig. 10 [173]. From Fig. 10(a),
the positive sm value (exchange-coupling behavior) can be de-
tected only for the nanocomposite with mass ratio (3:1) that
is sintered at 700 °C [161,173]. In contrast, the negative peaks
(dipolar interaction) were found for the other composites with
1:1 and 1:3 ratios [161,173]. Nevertheless, the nanocomposite
with 1:3 ratio still showed the well-exchange-coupling at 900 °C
(Fig. 10(b)) [161,173].

The maximum energy product (BH)qx is an important result
for exchange-coupling H/S ferrite nanocomposites and is consid-
erably used as an indicator for the strength measurement of a
permanent magnet [142,175]. For getting (BH)mq, the magnetic
induction B can be calculated by using the following equation
[176,177]:

B = po(M +H) (6)

Where, 1 is the vacuum permeability. Then, the M-H hysteresis
loop will be converted to a B-H hysteresis loop [175,178,179].
Hence, (BH)mqx Will be obtained from the second quadrant of the
B-H curve, which is the largest rectangle area on it as show-
ing in Fig. 11 [178,179]. As indicated in previous studies, the
highest values of exchange-coupling behavior in H/S ferrites of
SrFeloAlzolg/COO'gNi0'2F6204 [146] and BaFe12019/CaFeZO4/
CoFe;04 [180] nanocomposites with diverse mass ratio have
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Fig. 10. Henkel plots (§m vs H) for the hard/soft SrFe;;09/CoFe,04 nanocom-
posites for diverse mass ratio that were sintered at (a) 700 °C and (b)
900 °C [173].

Fig. 11. A schematic for obtaining the maximum energy product (BH)m. by
converting the M-H hysteresis plot to the B-H hysteresis plot. (BH)nq is the
largest rectangle area in the second quadrant of the B-H curve [178].

produced maximum values of energy product with values of
29.5 kJ/m® for 15 wt% soft content and of 12.1 kJ/m3 for
0.9BaFe;,09/CaFe,0,4/0.1CoFe, 04 nanocomposite.

In order to promote the morphological and magnetic charac-
teristics of H/S ferrite composites related to the desired appli-
cation, many research have been conducted in doping ferrites
by transition metals and/or rare earth elements [181,182]. Af-
shar et al. [103] prepared H/S SrFe ,019_x/Nig.4Zng 4Fe;04 ferrite
composites where x = 0, 10, 20 and 30 wt% via the single-pot
sol-gel method. They observed only remarkable one-phase in the
hysteresis loop and an enhancement in the magnetic saturation
value, which proves the excellent exchange-coupling behavior
between the (H) and (S) phases [103]. In another study, it was
reported that the increase of spinel ferrite content in H/S ferrite
(Bag 5SrgsFe12019)1—_x(CoFe;,04)x composites (where x = 0.1 to
0.3) played a serious part in the degree of the exchange-coupling
effect [99]. It is shown that the coercivity and M; values are high
for x = 0.1 and the amount of magnetic coercivity (H.) is slightly
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minimized with increasing x content due to the growth inhibition
of hard ferrite phase [140]. Song et al. [112] used the electro-
spinning method with calcination reaction in the fabrication of
H/S ferrite nanofibers of SrFe;,019/Nigs5ZngsFe;04. It has been
observed that the values of H, and M, increase with the decrease
in soft content, reaching their maximum values at a certain H/S
ratio level. They found that the composite with the H:S ratio of
8:2 exhibits a well exchange-coupling behavior due to the reach
of an optimal grains size for the hard and soft ferrite (42 nm
and 18 nm for hard and soft phases, respectively), which is well
consistent with the theoretical calculations discussed in above
parts, especially in the Part 3 - “Exchange-coupling”. However,
with the further increase in the hard ferrite content to 9:1 mass
ratio, the H, and M, values start to reduce because of the incre-
ment in hard-hard dipolar interactions that obviously compete
with the exchange-coupling interactions and thereby reduce the
former effect and magnetic properties [112]. In addition, H/S
ferrite nanocomposites of Srg5Cog5Ndg sFejg5019/NiFe,04 at di-
verse mass ratios which are 100:0, 70:30, 50:50, and 30:70 wt.%
were synthesized via the self-combustion technique [176]. The
co-doping of transition metal (Co*? ions) and rare earth ele-
ment (Nd*3 ions) respectively in the Sr and Fe sites have shown
a reduction in the crystallites size of the hard ferrite due to
the dissimilarity in ionic radii of different elements and thereby
an enhancement in the coercive field has been noticed. It also
reported that the achievement of excellent exchange-coupling
behavior and the improvement of absorption characteristics par-
ticularly in the range of operating frequency (8 to 12 GHz) could
be also achieved [176].

9. Microwave and dielectric properties of nanocomposites
based on H/S ferrites and mechanisms of the electromagnetic
absorption in complex iron oxides

Complex iron oxides or ferrites are perspective candidates for
practical applications in high-frequency ranges of electromag-
netic radiation. Due to high electrical resistance, temperature,
and corrosion stability and coexistence of the insulating and
magnetic properties, these materials are widely used as func-
tional media for specific applications. They are used as electro-
magnetic absorbers [91,177,180]; functional materials for special
high-frequency devices such as splitters and circulators [183-
185] and antenna technologies [186-189]. Correlation between
chemical composition (as such as the chemical composition of
the (H) and (S) phases [120,190] and the weight ratio between
(H) and (S) phases [89,148]) and microwave properties of the
composites based on H/S ferrites attract great attention from
fundamental and practical points of view.

9.1. Loss mechanisms in complex iron oxides

Based on Maxwell’s relations, two possible types of electro-

magnetic absorption caused by magnetic and electrical losses can
be distinguished. Electrical losses usually arise from the inter-
action of charges in the material (highly localized and conduc-
tive electrons; ions and dipoles) with electromagnetic radiation.
In turn, the mechanism of magnetic losses can be related to
wave interactions with domain states and spin-orbital magnetic
moments [191].
Electrical losses by their features and physical nature can be
divided into four main types: losses due to structural heterogeneity;
polarization losses; conductive losses; and ionization losses. Con-
sequently, three phenomena of the electric field determine or
contribute to the occurrence of energy losses in the dielectric:
polarization, ionization and electrical conductivity.
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Losses on electrical conductivity (conductive losses) are due to
the flow of loss current in dielectric materials with a noticeable
surface or bulk electrical conductivity. According to the Joule-
Lenz law, the flow of current leads to the release of thermal
energy and heating of the dielectric, i.e. to irreversible loss of en-
ergy of the external field. These losses are negligible in materials
with high resistivity, but in dielectrics with low resistivity or in
polar materials, operated for example in a humid environment,
they should be considered. It is known that the dielectric loss
tangent, even at high frequencies, does not fall below 1074,
and electrical conductivity at alternating current is much higher
than at direct one. This allows us to assume that in dielectrics,
in addition to the conduction mechanism associated with the
presence of free charge carriers, other loss mechanisms appear.
Obviously, they must be associated with polarization processes.
Polarization causes a violation of the thermal motion of particles
in the direction of the electric field and leads to energy dissipation
or heating of the dielectric. Depending on the type of polarization,
relaxation and resonance losses are distinguished.

Relaxation losses are usually associated with the dipole polariza-
tion of the dielectric. Dipole polarization is observed in materials
containing polar molecules, the bonds between which are small.
This is a process associated with the orientation of polar dielectric
molecules having a constant dipole moment in the direction of
an external electric field and at the same time is associated
with the thermal motion of these molecules. This type of loss is
observed in polar dielectrics, for example, polymers and ferro-
electrics. Polarization losses are observed in the high-frequency
region when the hysteresis phenomenon occurs, i.e. the lag of
polarization from the change in the external electric field. At
the same time, dipole molecules do not “have time” to navigate
in a viscous medium of a dielectric following a change in the
polarity (direction) of the electric field. At lower frequencies,
when the relaxation time is t = 1/w (w is the angular frequency
of the external electric field), relaxation losses will be small,
and with increasing frequency, they will also increase. When the
condition T = 1/w is fulfilled, there will be resonance and losses
will increase sharply. With a further increase in the frequency
of the external electric field, when > 1/w, the inertia of the
dipole polarization will affect and the dielectric loss tangent
tan § will decrease. The relaxation time 7 for dipole polariza-
tion is 1071°-107° s, Therefore, relaxation losses are observed
in polar dielectrics in 108-10'° Hz. If the dielectric has notice-
able conductive losses, then, in accordance with the expression
tané = I/RwCs, they decrease with increasing frequency.
Resonant losses in dielectric materials are caused by ion and
electron polarization processes when the frequency of the ex-
ternal electric field coincides with the natural frequency of the
ions or electrons. Ion polarization is observed in dielectrics with
an ionic type of chemical bond and is caused by separation
displacement of oppositely charged ions in an external field. The
ion displacement is especially strong in those cases when the ions
are relatively weakly coupled to each other and have large electric
charges. Thus, the maximum loss in the case of ion polarization
is in the frequency range 10'>-10'3> Hz. Electron polarization
is the most common type of polarization. It is observed in all
dielectrics, regardless of the aggregation state and structure. Elec-
tron polarization is due to the displacement in the external field
of the electron shells of atoms (ions) from nuclei. The electron
polarizability is the higher the larger the size of the atom because
an increase in the number of electron layers leads to enhanced
shielding of the nucleus by internal electron layers and the bond
of the electrons of the outer shell with the nucleus becomes
weaker. The electron polarizability of an ion is the smaller the
greater its charge because with increasing charge, the radius of
the ion decreases and the bond of the electrons with the nucleus
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is strengthened. Thus, the maximum loss in the case of electron
polarization is in the frequency range of 10'#-10'® Hz.
Ionization losses are characteristic of dielectrics in a gaseous
state and also appear in some solid dielectrics containing gas
inclusions, such as porous ceramics. lonization losses are man-
ifested in inhomogeneous electric fields at intensities exceeding
the values corresponding to the beginning of ionization of a given
gas. In this case, the ionization of gas inclusions occurs, leading
to a sharp increase in dielectric loss, heating of the material, and
its gradual destruction.

Dielectric losses due to the heterogeneity of the structure are ob-
served in layered plastics, in porous ceramics, in mica derivatives-
micanites, mykalex, etc. Due to the diversity of the structure of
inhomogeneous dielectrics and the features of their components,
there is no general formula for calculating the dielectric loss in
this case.

Magnetic losses in ferrites are due to excitation of the magnetic
state by the external electromagnetic radiation. Magnetic mate-
rials, that absorb EMR, convert field energy into heat, also due to
magnetic losses. In the case of an external alternating magnetic
field, it will be possible to observe peaks at certain frequencies
in the dependency graphs of the imaginary part of the magnetic
permeability on frequency. Thus, the mechanisms of resonant
EMR absorption are observed. Among the resonance effects in
complex iron oxides, two main types can be distinguished: nat-
ural ferromagnetic resonance (FMR) [192,193], and resonance of
domain boundaries (RDB) [194].

Ferromagnetic resonance (or FMR) arises due to the coincidence
of the precession frequency of the total magnetic moment of a
ferromagnet particle with the frequency of external microwave
radiation. The possibility of such EMR absorption is caused by
quantum transitions between discrete Zeeman energy levels that
arise due to the presence of a magnetic field. The peculiarity of
the resonance in ferromagnets is that due to the strong exchange-
coupling between the electron spins, they oscillate in phase under
the action of an external alternating field. FMR is interesting be-
cause at its frequency the energy loss in the crystal is maximum,
which ensures selective absorption of high-frequency energy.
The higher the quality of the magnetic crystal, the greater the
absorption of energy and the narrower the magnetic resonance
band. It was observed that for hard ferrites absorption due to
FMR is very sensitive to chemical composition (the level of the
substitution of the Fe ions by the diamagnetic ions). Thus in [193]
was observed that amplitude-frequency characteristics of the
hard ferrites - BaFe;,_xDIxO19 solid solutions (DI = AI** and In3*)
have an opposite behavior. For Al-substituted hard ferrites reso-
nance frequency f.s increases with an increase in the degree of
substitution x: from 51 to 61 GHz in the substitution range from
x = 0.1 to 1.2, respectively. For In-substituted BaFe;;_xDIxO1gfres
decreases with an increase in the degree of substitution x: from
50.5 to 27 GHz in the x range from 0.1 to 1.2, respectively.
Strong correlation between chemical composition and microwave
properties in hard ferrites in the field of NFR is associated with
the value of the magneto-crystalline anisotropy as can be seen in
Fig. 12 [193].

The working frequency band for hard ferrites is caused by
the frequency dispersion range, in which significant changes
in magnetic permeability are observed, i.e near the FMR re-
gion. Frequency-selective control of EMR characteristics can be
achieved using hexagonal ferrites, which are characterized by
strong crystalline and magnetic anisotropy, namely by shifting
the frequency dispersion region.

The frequency of NFMR for pure BaFe;;019 is near 50 GHz
and if we neglect the effects of demagnetization, depends on the
internal uniaxial anisotropy field H,

wr = yHq (7)
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Fig. 12. Frequency dependences of the transmission coefficients in the NFMR area for the BaFe;;_xAlyO19 (a) and BaFej; IniOq9 (b) with 0.1 < x < 1.2 [193].

Where, w, is the NFMR frequency, y is the gyromagnetic ratio.
As a rule, the region of NFMR for polycrystalline ferrites is rather
wide through the w, distribution over crystals (or grains). The
effects of demagnetization cannot be ignored when the value
of the M; is sizable. In this case, the demagnetization factors
are unequal because of the difference in the crystal shape. If
the crystals are magnetized along the hexagonal easy axis by an
external magnetic field Hy, the resonant frequency is described
by the function:

wr =y (Hy + Hg + (N: — Nj) My) (8)

It is assumed that in Eq. (8) the crystallites are in the form of
an ellipsoid of rotation, N; — N, is the difference between the
transverse and longitudinal demagnetizing factors. Hence, we can
vary the NFMR parameters (resonant frequency and line width)
by controlling the internal parameters H, and M; depending on
the degree of substitution. FMR phenomenon is usually observed
in the region of high frequencies (1000 Hz-100 GHz) where the
resonant EMR absorption happens in strong external fields when
a ferromagnetic material acquires a single-domain structure. At
low values of the field, a multi-domain structure corresponds to
lower free energy, thus, it is required to take into consideration
the presence of transition regions between the Bloch walls of
finite thickness in which the direction of the spontaneous mag-
netization vector varies continuously. Thereby, the selective EMR
absorption in the range of lower frequencies (10-100 Hz) is due
to RDB.

Resonance of domain boundaries (RDB). Because any domain
wall (e.g. a string or a rigid membrane) is characterized by its own
oscillation frequency, with increasing frequency, the forcing EMR
approaches the frequency of natural oscillations of a particular
domain wall, resulting in resonant absorption of electromagnetic
energy. Domain wall dimension has a strong correlation with the
average grain size. Moreover, any such domain wall is character-
ized by its own oscillation frequency due to which there are many
peaks of individual walls in the area of the EMR magnetic losses.

Thereby, the higher the degree of dispersion (change in size)
and the quantity of crystallite fractions with various grain sizes,
the wider the region of the material reflection coefficient, which
will be a consequence of the blurring of the RDB peak.

The resonant frequency of the walls is largely determined
by their characteristics (the length of the domain wall and its
elasticity). Generally, the tendency is that with a decrease in
domain size, the length of the domain wall also decreases, while
its elasticity increases. The shorter the domain wall and the more
elastic it is, the higher the frequency range of resonant absorption
of EMR because of the domain wall resonance. Thus, the longer
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the domain wall and the less elastic it is, the lower the frequency
of the resonance of the domain wall. Consequently, a change in
the average size of the domain (change in the parameters of the
domain wall) makes it possible to vary the resonant frequency of
the domain wall. Several factors can affect the size of a domain,
the most common of which are: changes in the intensity of
exchange interactions caused by magnetic structure frustration
(disturbance of the long-range order of exchange interactions), as
well as changes in the average crystallite size. These factors can
be caused by changes in the chemical composition of the material
(substitution of magnetic ions by ions with a larger radius).

9.2. Dielectric and microwave properties of the functional bicompo-
nent nanocomposites based on H/S ferrites

Electrical properties of the complex iron oxides (spinels and
hexaferrites) exhibit a large variety from deep insulators to highly
conductive materials. Hexagonal ferrites are deep insulators (re-
sistivity hundreds M$2*cm) if iron oxidation state is Fe3*. For
spinels, the same situation can be observed. Dielectric properties
are caused by some factors such as high energy of the ionic
chemical bond Fe-0O; the energy of crystal field; configuration of
the Fe>* electronic shells with highly localized d-electrons, etc.
There are some factors that dramatically influence on electrical
properties (resistivity). One of them is grain boundary trans-
port or conduction of the charge carriers by the defects on the
grain surface. In this case the concentration of the defects of
the boundary grains and the specific surface area. As a rule for
nanostructured ferrites, electrical conductivity higher than for
ferrites with the same chemical composition and grains size a
few mkm. Divalent Fe?* ions, bound with Fe3* ions, even in a
meager amount, significantly reduces the resistance, as a result of
which it is extremely easy to observe the exchange (“hopping”)
of electrons, which thereby generates current [195]. For this
reason, magnetite is an excellent electrical conductor for oxide.
Two conduction mechanisms are possible: p-type hole and n-type
electron conduction. P-type conductivity is observed in materials
with high resistance when one cation is substituted by another,
which in turn seeks a lower level of valence, and on the other
hand, n-type conductivity is observed when the cation prefers
a higher valence. In ferrites, a high concentration of iron (or a
lack of oxygen during sintering at high temperatures) causes the
formation of Fe?*, which contributes to the occurrence of n-type
conductivity, while a lack of iron leads to p-type conductivity,
which is negligible in ferrites [ 196]. Thus, excess of iron should be
avoided when the material is to have any electrical applications. It
should be noted that high temperatures, required during sintering
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to form a dense material, also contribute to an increase in the
concentration of Fe?* in the ferrite, however, the addition of
manganese or cobalt in a low concentration about 0.02% reduces
the resistance by several orders of magnitude [197]. In addi-
tion, in polycrystalline ferrites made using the ceramic approach,
grains with low resistance are separated by grain walls with
high resistance, creating an interfacial polarization which can in
turn cause conduction — this will be reduced in larger grained
ferrites. It is reported in ferrites containing cobalt, the tendency
of Fe**-Fe?* interaction will be neutralized by the reaction Fe?*
+ Co*t — Fe* 4 Co?*, and some other stable multivalent ions
such as Mn will have the same effect. The addition of Mn3* is
considered to increase the resistivity more than Co*t because it
forms a localized stable Mn3*-Fe?* pair, preventing the escape
of electrons from Fe?* to other ferric ions [198].

DC-electrical properties strongly correlate with AC-electrical
properties. Dielectric properties, along with magnetic properties,
are extremely important for most of the high-frequency applica-
tions of hexaferrites, especially if they are to become integrated
components of a chip. The most significant properties, which
become fundamental for many applications, are resistivity and
permittivity. As in the case of permeability, a complex dielectric
constant can be determined, consisting of real (¢’) and imaginary
(&¢”) parts, from which dielectric resonance and losses can be cal-
culated. Metal cations and oxygen anions make dipoles, produc-
ing an intrinsic dielectric polarization. The dominant conduction
mechanism in ferrites is the hopping of electrons between ions
Fe* and ions Fe3*.

Pahwa et al. [142] investigated BaFe;;0i9(BaM)/NiFe,04
nanocomposites with different weight ratio, which were prepared
by two different processing methods (SS — single-step method,
when composites were sintered in one step, and PM - (H) and (S)
phases were prepared separately and then physically mixed).

As shown in Fig. 13, with an increase in the content of the
soft phase (NiFe,0,4), microwave absorption properties decreased
at 12-18 GHz in both cases. In addition, it was shown that SS
composites exhibit reflection loss (RL) peaks at higher frequencies
compared to pure BaFe;;019 and PM composites, which means
that the SS method is better suited to produce exchange coupled
systems.

Microwave properties of exchange-coupled BaFe;;019/Nig s
ZngsFe;04 (NZFO) nanocomposites with different weight ratios
were investigated in [57]. RL frequency found to depends on soft
phase content (Fig. 14) and maximum loss (—41 dB) was observed
for the 70/30 wt% ratio at 13.8 GHz frequency. Obtained results
showed that RL values and their frequency strongly depend upon
the exchange-coupling.

Mathews et al. [177] showed the results of microwave absorp-
tion studies of (BaoAssI‘oAsFe120]9)1,x/(NiF6204)x (X = 0.1—0.4). It
was found that minimum RL was higher for sintered composites
than for pure (H) and (S) phases (Fig. 15). The most interest-
ing among the studied samples was the (BapsSrgsFei2019)06/
(NiFe;04)9.4 composition since it has demonstrated the best min-
imum RL values. Han et al. presented studies of the microwave
properties of H/S composites NigsZngsFe;04/SrFe2019 (NZFO/
SFO) in relation to the mass ratio (the ratio between the (H)
and (S) phases) [77]. Microwave characteristics of NZFO/SFO com-
posites in various mass ratios were established in the range of
2-18 GHz (Fig. 16). It was shown that microwave absorption
characteristics are highly dependent on the mass ratio of both
NZFO and SFO phases, along with the thickness of sample. It was
also found that real permittivity increased with an increase in the
proportion of SFO in the compound, which is generally explained
by high uniaxial anisotropy and high coercivity of strontium
hexaferrite. In addition, real permittivity decreases slightly with
increasing frequency from 2 to 18 Hz, which in turn is due to
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Fig. 13. Reflection loss vs frequency plots for (a) BaM, PM 70/30, PM50/50 and
(b) SS 70/30, SS50/50 nanocomposites [142].

Fig. 14. Reflection loss vs frequency plots for BaM, NZFO and BaM/NZFO
nanocomposites for different NZFO content [145].

interface polarization. This means that the mass ratio of soft and
hard phases has little effect on the imaginary part of the dielectric
constant. The visible multi-resonance peaks on the curve of the
imaginary part of the permittivity can be a consequence of spin-
spin interaction or interfacial dipole in NZFO/SFO compound.
There is also a trend of a strong decrease in the imaginary part of
the permeability with increasing frequency. In general, resonance
peaks of the permeability of all materials can be divided into
two types: resonance peaks associated with natural resonance or
caused by the displacement of the domain boundary. The peaks of



M.A. Almessiere, Y. Slimani, A.V. Trukhanov et al.

Fig. 15. The reflection loss (RL) values of the pure BSFO, pure NFO and the
hard/soft ferrite nanocomposites in different compositions (x = 0.1—0.4) in the
X-band region [177].

imaginary permeability in the frequency range of 2-9 GHz can be
explained by the displacement of the domain wall resulting from
the excitation of the spin-wave and the intrinsic damping effect
at the boundary. This can be caused by the formation of excess
SFO phase, which reduces the exchange-coupling effect. The mass
ratio of the H/S phases determined the exchange-coupling effect
and microwave characteristics of the compound. When the mass
ratio is 1:3, the effective exchange-coupling effect between SFO
and NZFO is obtained, which results in improved microwave
absorption characteristics. The RLy;, value was —47.0 dB, the
absorption bandwidth (RL < —10 dB) was 6.4 GHz at 2-18 GHz.
Thus, the exchange-coupled NZFO/SFO compounds have great
prospects as microwave absorbers.

Correlation between the chemical composition of the soft
phase and the microwave properties of the composite was shown
in [120]. The authors investigated a series of nanocomposites
samples, where SrFe;;019 and MCegosFe19604 (M = Cu, Zn,
Mn, Co, and Ni) were the hard and the soft phase, respectively.
Manganese and nickel spinels displayed the most intensive elec-
tromagnetic absorption. The soft phase contains the selected ions
with different ionic radii as well as different electronic shell
configurations which can be the root of this situation. The ionic to
dipole polarization transition in the absorption mechanism was
another outcome.

The permittivity value can be influenced critically by the
composition of the components in a sample (especially the one
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belonging to the soft phase). For example, this behavior was ob-
served in the nanocomposites which were composed of
Sl'M/NiCEo_04F61_9504 and SFM/MDC€0'04FE1.%O4 [120]. The substi-
tution in the A-site in spinel ferrites by the cation M is the main
parameter on the permittivity. As stated above, we can explain
this by the AC-charge transport features among H/S composites
which carry out different microstructural characteristics and/or
by the differences among the ionic radii and the electronic shell
configuration of the cations which reside in the A-site. When
the frequency is below 7 GHz and above 2 GHz, the ionic po-
larization is the dominant force playing in the permittivity. Upon
the presence of an external electric field, the lattice nodes are
displaced with a value smaller than that of the lattice constant
and hence, there is no change in the frequency range of the
dielectric permittivity’s real part. However, there is a decrease in
the imaginary dielectric permittivity part with rising frequency.
We can observe a behavior change from the ionic polarization to
a dipole polarization [120].

When the lower frequency exceeds 12 GHz, the dipole po-
larization dominates the H/S composite STM/MCeg g4Fe1.9604 (M
= Ni, Cu, Co, Zn and Mn). At low frequencies, the presence of
the dipole orientation in the external field is correlated with the
dipole polarization and when this force targets to overcome the
binding forces among the ions, high loss results in the permittiv-
ity are observed. Other materials display similar behavior in the
change in the polarization at higher frequencies.

The frequency dependence of the permeability as well as
permittivity is correlated with the RL (Fig. 17). The frequency
dependence of the RL can be said to display a non-linear trend.
On the other hand, the ionic polarization might result in an
insufficient RL drop between 7 GHz and 9 GHz. Above 9 GHz, the
electromagnetic resonance (EMR) absorption mechanism changes
and there is a rise in the RL due to the dipolar polarization. The
transition between mechanisms can be observed on the RL curves
where the point of inflection appears. In the spinel structure,
the electronic shell configuration of the cation of the soft phase
residing at the A-site is correlated with the chemical composition
which in turn influences the point where the RL inflection occurs.

10. Conclusion and future development trend for the hard/soft
ferrites

Exchange-coupled H/S bi-magnetic materials attracted signifi-
cant attention due to their overall properties that can be tailored
by the additional opportunities and flexibility brought by the
exchange-coupling interaction between soft and hard magnetic
phases [ 144]. The two main applications where exchange-coupled
H/S bi-magnetic materials used are microwave absorbers and

Fig. 16. Reflection loss vs frequency plots for NZFO/SFO composites with different mass ratios [77].
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Fig. 17. Frequency dependencies of the reflection losses (RL) of the
SrFe;,019/MCeg g4Fe1.9604 (M = Cu, Ni, Mn, Co and Zn) hard/soft nanocompos-
ites [120].

permanent magnets [75,199]. It is possible to obtain novel or
improved properties with the exchange coupling among magnet-
ically soft and hard materials for the following applications and
more: data storage, magnetic recording media, energy storage,
and biomedical applications including but not limited to drug de-
livery and diagnostic imaging [200]. The response of the magnetic
moment to the microwave application is strengthened by the
exchange coupling established between soft and hard magnetic
phases, resulting in an enhanced RL above 10 GHz frequency
and magnetic permeability exchange resonances [201]. As stated
above, the exchange coupling that occurs by the fine mixing of
the soft and hard phases also allows us to prepare nanocomposite
materials to be used in permanent magnets [201]. In addition
to the dipolar and exchange interactions, the grain shape, size
and distribution add new and important functionalities in the
magnetic characteristics of exchange coupled H/S bi-magnetic
ferrite nanocomposites. The establishment of high M; and high H,
simultaneously has remained as a major challenge for magnetic
materials. Therefore, after many attempts, building an exchange-
coupled system composed of hard and soft ferrites was found to
overcome this hurdle [94]. The high M; was provided by the soft
magnetic phase while the hard phase acted to improve the coer-
civity. Kneller and Hawig proposed that material with superior
magnetic characteristics stated above can be prepared if there
is sufficient exchange coupling between both phases, combining
the individual high H. of the hard phase high M; of the soft
phase to yield a highly efficient magnetic energy product [76,94].
Ferrites have been used to obtain permanent magnet materials
(PMM) in various applications for decades and there is a constant
need to develop novel PMM due to the new technologies. The
exchange-coupled H/S ferrite composites are promising materi-
als in this field owing to their high electrical resistivity, great
corrosion resistance, enhanced Curie temperature, and economic
synthesis [202].

The size, shape, and distribution of grains, as well as the
exchange and dipolar interactions introduce significant functions
in the magnetic behavior of the two-phase magnetic nanocom-
posites. A major challenge for the magnetic materials is acquiring
high coercivity (Hc) and high saturation of magnetization (Ms)
simultaneously. So, many attempts for this confrontation have
introduced the design of composite materials consisting of hard
and soft magnetic phases [122]. Where the soft magnetic phase
provides the high saturation magnetization and the high coer-
civity is introducing by the hard magnetic phase. Further studies
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belayed that the high grade of homogeneous mixing of hard and
soft ferrite phases was highly important for the fabrication of
exchange spring magnet [203-206]. It should be observed that
it is not easy to predict conditions for the exchange coupling
between hard and soft ferrites since the magnetic properties
of the composite are determined not only by the properties of
constituent phases but also by the grain sizes and their shapes, as
well as by the way in which the hard and soft magnetic phases are
interconnected. A close contact required for interphase exchange
coupling can be expected in the case of M-type hexaferrites as
the hard magnetic phase and the soft magnetic ferrites of spinel
structure, which may fit the S blocks of the hexaferrites [143].
The other most important factor is the contribution of both ex-
change and magnetic anisotropy that determines the remanence
and the coercivity. The exchange length of the crystal which is
oriented favorably in the presence of the external field sometimes
covers some part of the neighboring grains also. The exchange
spring behavior has been extensively explored in metallic sys-
tems. But still the concept of exchange coupling between soft and
hard phases in the field of the oxide nanocomposite permanent
magnet is still not realized [206]. The difficulty in the nanocom-
posite oxide magnet is optimization of magnetic properties due
to microstructural complexities [140].

The observation of single-phase reversal behavior in room
temperature hysteresis loops as well as remanence enhance-
ment coupled with an increase of the energy product are con-
sidered as typical features of exchange-coupled composite sys-
tems. However, for hexagonal ferrite-based nanocomposites few
studies only demonstrate an increase of remanence. Hence, it
is still a matter of controversy, whether or not the magnetic
behavior of the SrM/spinel nanocomposites is due to exchange
coupling [207].

However, realization of the exchange spring principle in the
hard-soft ferrites has encountered difficulties due to the intri-
cate fabrication methods and microstructural complexities [208].
Unfortunately, further complications arise when dealing with
polycrystalline nanocomposites [209]. Parameters such as grain
shapes, grain (crystallite)-size distribution, or relative orienta-
tions of crystallites, which are difficult to quantify and control,
play a decisive role [210]. In particular, the structural require-
ments associated with the effective inter grain coupling, such
as interfacial coherency and size of soft grains of the order of a
few nanometers, are often hard to meet in large scale production
methods as it is difficult to maintain control of the material
structure on a nanometric length scale [122].

It is observed the exchange coupled composite shows bet-
ter magnetic properties as compared to nonexchange coupled
ferrites. However, these magnets usually show two-step hys-
teresis loops indicating that the hard and soft phases have not
undergone sufficient exchange coupling at the interfaces. The
microwave reflection losses at multiple frequencies are observed
in Ku band in exchange coupled composite, while non-exchange
coupled system showed losses at single frequency. Such exchange
coupled ferrites could be potential candidate for microwave ab-
sorber for wide working frequency range [211]. Due to that
further investigation is needed to reach this goal. Ferrites are an
important class of magnetic materials which exhibit microwave
absorption property. Spinel ferrites are used in the megahertz
range because of the Snoek’s limitation rule, whereas hexaferrites
exhibit microwave absorption in the gigahertz range, although
the band width is narrow. However, it is difficult for a single
material to fulfill all the requirements (such as large absorption
peak, wide working frequency range and thin absorption layer) of
an ideal radar absorber. Nanocomposites consisting of hard and
soft ferrite phase can offer unified systems whose properties are
complimentary or even mutually exclusive [212].
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