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1. Introduction

The enhanced interest of the researchers in nanoobjects is due to the discovery of unusual
physical and chemical properties of these objects, which is related to manifestation of so-called
‘quantum size effects’. These arise in the case where the size of the system is commensurable
with the de-Brogli wavelengths of the electrons, phonons or excitons propagating in them.A
key reason for the change in the physical and chemical properties of small particles as their
size decreases is the increased fraction of the surface atoms, which occur under conditions
(coordination number, symmetry of the local environment, etc.) differing from those of the
bulk atoms. From the energy standpoint, a decrease in the particle size results in an increase in
the fraction of the surface energy in its chemical potential [1]. Currently, unique physical
properties of nanoparticles are under intensive research [2]. A special place belongs to the
magnetic properties in which the difference between a massive (bulk) material and a
nanomaterial is especially pronounced.The magnetic properties of nanoparticles are
determined by many factors, the key of these including the chemical composition, the type and
the degree of defectiveness of the crystal lattice, the particle size and shape, the morphology
(for structurally inhomogeneous particles), the interaction of the particle with the surrounding
matrix and the neighbouring particles. By changing the nanoparticle size, shape, composition
and structure, one can control to an extent the magnetic characteristics of the material based on
them. However, these factors cannot always be controlled during the synthesis of
nanoparticles nearly equal in size and chemical composition; therefore, the properties of
nanomaterials of the same type can be markedly different [1].Apart from these factors, the
magnetic properties of particles depend on the external conditions: temperature, pressure and,
in some cases, the local environment, i.e., the medium in which the particle occurs, in
particular, the crystalline or amorphous bulk matrix (for a particle), the local crystal
environment (for a single atom) or the substrate (for a film).

2. Ferrites and their structural symmetries

Among the magnetic materials that have found broad practical application in technology,
ferrites deserve attention. Ferrite nanoparticles are the most explored magnetic
nanoparticles up to date. They are widely used in high-frequency applications, because an
AC field does not induce undesirable eddy currents in an insulating material [3,4].To
increase the recorded information density, it seems reasonable to obtain nanocrystalline
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ferrites and to prepare magnetic carriers based on them. Ferrites have three different
structural symmetries: garnet, hexagonal and cubic which are determined by the size and
charge of the metal ions that balance the charge of the oxygen ions, and their relative
amounts [5]. In this review, the focus will be on spinel ferrites nanocrystals because, they are
regarded as two of the most important inorganic nanomaterials because of their electronic,
optical, electrical, magnetic, and catalytic properties.Moreover, the majority of the important
ferrite are spinel ferrite [6].

2.1 Garnets ferrites

The general formula for garnets is MesFesO12, where Me is one of the rare earth metal ions,
including Y, La and Gd. The cubic unit cell contains 8 formula units or 160 atoms, which can
be described as a spatial arrangement of 96 O with interstitial cations. Yttrium iron garnet
Y3Fe;012 (YIG) is a well-known garnet. The coordination of the cations is considerably more
complex than spinels, with 24 Y3* in dodecahedral sites, 24 Fe3* ions in tetrahedral sites and 16
remaining Fe3* in octahedral sites. Similar to spinels and hexagonal ferrites, a wide range of
transition metal cations can substitute Y3+ or Fe3*; especially rare earth ions may replace the
ions on octahedral and dodecahedral sites. Each type of lattice site will accept other metal ions
at dodecahedral sites, octahedral sites and at tetrahedral sites. Thus pentavalent ions such as
V5+ and As5* can occupy tetrahedral sites, while Ca2+ substitute ions on dodecahedral sites [7].

2.2 Hexagonal ferrites

Hexagonal ferrites are widely used as permanent magnets and are characterized by
possesing a high coercivity [4].Their general formula is MeO 6Fe,O3; where Me can be Ba, Sr,
or Pb. The hexagonal ferrite lattice is similar to the spinel structure, with the oxygen ions
closely packed, but some layers include metal ions, which have practically the same ionic
radii as the oxygen ions. This lattice has three different sites occupied by metals: tetrahedral,
octahedral, and trigonal bi pyramid (surrounded by five oxygen ions).

2.3 Cubic ferrites

Materials which crystallize in the spinel structure, or structures closely related to it, have the
general formula AB>O4 in which A and B display tetrahedral and octahedral cation sites,
respectively, and O indicates the oxygen anion site (Figurel). Spinel ferrites with the general
formula MeO Fe;O3 or MellFe;IO4 where Mell represents a divalent metal cation such as
Mn, Fe, Co, Ni, Cu, Zn, Cd, Mg, or (0.5Li! + 0.5Fell), and Fe!!l is the trivalent iron cation,
have the same crystallographic structure as the mineral spinel (MgAlO4), which was
determined by Bragg [8,9]. The unit cell of spinel ferrite belongs to the cubic structure (space
group Oh7-F3dm) and presents itself the cube formed by 8 MeOFe;O; molecules and
consisting of 32 of O anions. The oxygene anions form the close face-centered cube (FCC)
packing consisting in 64 tetrahedral (A) and 32 octahedral (B) empty spaces partly
populated by Fe3* and Me2* cations [10].

For the interactions the distances Me-O and Me-O-Me play an important role, ten triangular
configurations of Me-O-Me are illustrated in Figure2, where the shortest distance is shown
as p and other distances are given by q, r, s and t; these distances are also given in Tablel, as
a function of the variable 8 = u - 3/8 that & is oxygen parameter [11].
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Fig. 1. Schematic of two subcells of a unit cell of the spinel structure, showing octahedral
and tetrahedral sites.

Fig. 2. Interionic distances in the spinel structure for the different types of lattice site
interactions

According to the distribution of cations, there are normal, mixed and inversed spinels
structures which depended on the fact what kind of ions and in what order A and B take
empty spaces. In this review, we will investigate zinc ferrite (ZnFe,O4), manganese ferrites
(MnFexO4) and nickel ferrite (NiFexOs) from normal, mixed and inverse structures
respectively [12].
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Table 1. Distances in the spinel lattice as a function of 6=u-3/8

2.3.1 Normal spinel ferrites

Normal spinel structure, where all Me2* jons occupy A sites; structural formula of such
ferrites is Me2*[Fe; 3*] O4 2-. This type of distribution takes place in zinc ferrites
Zn?*[Fe2*Fe3*]O4 2. This type spinel ferrite are schematically illustrated in Figure3.

A [B]
Me**[Fez**] 0,

v to

Fig. 3. Cation distribution in normal spinel ferrites.

2.3.2 Mixed spinel ferrites

Mixed spinel structure, when cations Me2* and Fe3* occupy both A and B-positions;
structural formula of this ferrite is Me;-s 2*Fes 3* [Mes 2*Fex-5 3] O4 27, where § is the degree
of inversion. MnFe;O, represent this type of structure and has an inversion degree of & = 0.2
and its structural formula therefore is Mngg?*Fep23* [Mng22*Fers 3*] Oy 2. [12]. This type
spinel ferrite are schematically illustrated in Figure4.
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Fig. 4. Cation distribution in mixed spinel ferrites.

2.3.3 Inversred spinel ferrites

Inversed spinel structure, where all Me2* are in B-positions and Fe3* ions are equally
distributed betweenAand B-sites: structural formula of these ferrites are Fe3*[Me2*Fe3+] Oy
2-. Magnetite Fe;O,, ferrites NiFe;O4 and CoFe>Oy4 have inversed spinel structure [12].In the
inversed ferrites one half of Fe3* is placed in A-sites and another half in B-sites. Their
magnetic moments are mutually compensated and the resulting moment of the ferrite is due
to the magnetic moments of bivalent cations Me2* in the B-positions. This type spinel ferrite
are schematically illustrated in Figureb5.
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Fig. 5. Cation distribution in inversed spinel ferrites.

2.4 Domains

Domains, which are groups of spins all pointing in the same direction and acting
cooperatively are separated by domain walls, which have a characteristic width and energy
associated with their formation and existence. The motion of domain walls is a primary
means of reversing magnetization. Experimental investigation of the dependence of
coercivity on particle size showed a behavior similar to that schematically illustrated in
Figure 6 [13].

It was found that the coercivity H. increases with decreasing grain size D down to values of
about 40 nm, independent of the kind of material. The increase of H. is proportional to 1/D.
The reason for this is that in small particles the formation of a closed magnetic flux becomes
energetically less favorable so that the magnetic domain size with a uniform magnetization
becomes more and more identical with the grain size. This grain size is defined as the first
critical size (D., which is characteristic of each material) where the multidomain materials
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change to a monodomain material. This leads to a strong increase of the coercivity (or high
remanence) because a change of magnetization in this case cannot happen only by shifting
the domain walls which normally requires only a weak magnetic field. As the size of
magnetic element scales below20 nm, the transformation from ferromagnetic to
superparamagnetic behavior occurs. In the superparamagnetic state of the material, the
room temperature thermal energy overcomes the magnetostatic energy well of the domain
or the particle, resulting in zero hysteresis. In other words, although the particle itself is a
single-domain ferromagnet, the ability of an individual magnetic “dot” to store
magnetization orientation information is lost when its dimension is below a threshold.
Consequently, the magnetic moments within a particle rotate rapidly in unison, exhibiting
the superparamagnetic relation phenomenon.

Single  g— -
daomain
—— Multidomain
HC
)
=] ;
Super-
paramagneatic - F
B 0.

D (i)

Fig. 6. Qualitative illustration of the behavior of the coercivity in ultrafine systems as the
particle size changes, where H is the magnetic field amplitude (Oe) and D is the particle
diameter (nm).

a. Magnetostatic or demagnetization energy: The magnetized material behaves like a magnet,
with a surrounding magnetic field. This field acts to magnetize the material in the
direction opposite from its own magnetization, causing a magnetostatic energy which
depends on the shape of the material. This magnetostatic energy can be reduced by
reducing the net external field through the formation of domains inside the material.

b.  Magnetocrystalline anisotropy energy: In some materials the domain magnetization tends
to align in a particular crystal direction (the so-called easy axis). The material is easiest
to magnetize to saturation or demagnetize from saturation if the field is applied along
an easy axis. The energy difference between aligning the domain in the easy and
another direction (hard direction) is called magnetocrystalline anisotropy energy.
Anisotropy energy is the energy needed to rotate the moment from the easy direction to
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a hard direction. For materials with cubic crystalline structure (such as ferrites), the
energy is expressed in terms of anisotropy constants and the direction to which the
magnetization rotates.

Ex=K1sin20+K>sin%0... (Hexagonal structre)

Ei=K1 (12 a2+ ap? as?+ az? ai?) + Ko (a2 ap? az?+...) (Cubic and Garnet structure) (1)

where K is the anisotropy constant, 0 is the angle between the easy axis and the direction of
magnetization, and a ; are the direction cosines, which are the ratios of the individual
components of the magnetization projected on each axis divided by the magnitude of the
magnetization. A crystal is higher in anisotropy energy when the magnetization points in
the hard direction rather than along the easy direction. The formation of domains permits
the magnetization to point along the easy axis, resulting in a decrease in the net anisotropy
energy.

c.  Magnetostrictive energy: In a magnetic field, the material may change its dimensions on
the order of several parts per million. This change in dimension results in what is called
magnetostrictive energy, which is lowered by a reduction in the size of the domains,
requiring the formation of more domains.

2.5 Magnetization curve and hysteresis loops

The magnetization curve describes the change in magnetization or magnetic flux of the
material with the applied field. When a field is applied to a material with randomly oriented
magnetic moments, it will be progressively magnetized due to movement of domain
boundaries. Initially, when no field is applied, the magnetic dipoles are randomly oriented
in domains, thus the net magnetization is zero. When a field is applied, the domains begin
to rotate, increasing their size in the case of the domains with direction favorable with
respect to the field, and decreasing for the domains with unfavorable direction. As the field
increases, the domains continue to grow until the material becomes a single domain, which
is oriented in the field direction. At this point, the material has reached saturation (Figure?)
[3].As the magnetic field is increased or decreased continuously, the magnetization of the
material increases or decreases but in a discontinuous fashion. This phenomenon is called
the Barkhausen effect and is attributed to discontinuous domain boundary motion and the
discontinuous rotation of the magnetization direction within a domain [14]. The typical
magnetization curve can be divided into three regions:

a. Reversible region: The material can be reversibly magnetized or demagnetized. Charges
in magnetization occur due to rotation of the domains with the field.

b. Irreversible region: Domain wall motion is irreversible and the slope increases greatly.

c.  Saturation region: Irreversible domain rotation. It is characterized by a required large
amount of energy to rotate the domains in the direction of the field [5].

If the field is reduced from saturation, with eventual reversal of field direction, the
magnetization curve does not retrace its original path, resulting in what is called a hysteresis
loop. This effect is due to a decrease of the magnetization at a lower rate. The area inside the
hysteresis loop is indicative of the magnetic energy losses during the magnetization process.
When the field reaches zero, the material may remain magnetized (i.e., some domains are
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oriented in the former direction). This residual magnetization is commonly called
remanence M;. To reduces this remanent magnetization to zero; a field with opposite
direction must be applied. The magnitute of field required to lower the sample
magnetization to zero is called the coercivity H. (Figure 8). A material can present different
hysteresis loops depending on the degree of magnetization. If the maximum magnetization
is less than the saturation magnetization, the loop is called a minor loop [3,4].
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Fig. 7. Magnetization curve with domain configurations at different stages of magnetization.
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Fig. 8. Hysteresis cycle of a multidomain magnetic material, whereHis the magnetic field
amplitude (Oe) and M is the magnetization of the material (emu/g).
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2.6 Magnetic behaviors

Ferrites materials can be classified based on differences between their internal and external
flux and the variation of the magnetization M or magnetic induction B when a magnetic
field is applied (Figure 9) [3,4]. There are two quantities that relate M and B to H: the
susceptibility x and the permeability p .
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Magnetic field, H

Fig. 9. Representation of the behavior of the flux density with respect to the magnetic field
for different classes of magnetic materials.

In SI the permeability p has units of Henry/m. The susceptibility is a measure of the
increase in magnetic moment caused by an applied field, whereas permeability represents
the relative increase in flux caused by the presence of the magnetic material [15].

2.6.1 Diamagnetism

Diamagnetism is an inherent result of the orbital motion of the electrons in a magnetic field.
It is present when the atom has zero net magnetic moment. In this case the orbital motion
generates a field opposite to the applied field (magnetization is directed oppositely to the
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field, as illustrated in Figure 10), described by a negative susceptibility. These materials tend
to move toward regions of weaker field [5, 15].
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Fig. 10. Atomic dipole configuration

=

or a diamagnetic material.

2.6.2 Paramagnetism

Paramagnetic materials possess a permanent dipole moment due to incomplete cancellation of
electron spin and/or orbital magnetic moments. In the absence of an applied magnetic field
the dipole moments are randomly oriented; therefore the material has no net macroscopic
magnetization. When a field is applied these moments tend to align by rotation towards the
direction of the field and the material acquires a net magnetization (Figure 11) [3].
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Fig. 11. Schematic of atomic dipoles for a paramagnetic material.

2.6.3 Ferromagnetism and ferrimagnetism

Ferro and ferri-magnetic materials possess a permanent magnetic moment in the absence of an
external field and a very large permanent magnetization [3]. In ferromagnetic materials, this
permanent magnetic moment is the result of the cooperative interaction of large numbers of
atomic spins in what are called domains, regions where all spins are aligned in the same
direction (see section2.5).In ferrimagnetic materials, on the other hand, incomplete cancellation
of the magnetic dipoles in a domain results in lower permanent magnetization (Figure 12) [5].

The macroscopic magnetization of ferro- and ferri-materials is the sum of the
magnetizations of the domains which make up the sample [3]. Ferrimagnets are ionic solids
meaning that they are electrically insulating, whereas most ferromagnets are metals
(conductors) [4].
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Fig. 12. Ordering of the atomic dipoles in a) ferromagnetic and b) ferrimagnetic material.

2.6.4 Antiferromagnetism

In materials that exhibit antiferromagnetism, the magnetic moments of atoms or molecules,
usually related to the spins of electrons, align in a regular pattern with neighboring spins
(on different sublattices) pointing in opposite directions. This is, like ferromagnetism and
ferrimagnetism, a manifestation of ordered magnetism. Generally, antiferromagnetic order
may exist at sufficiently low temperatures, vanishing at and above a certain temperature,
the Néel temperature (Neel temperature is the temperature at which an antiferromagnetic
material becomes paramagnetic; hence losing its magnetic properties) [16].Above the Néel
temperature, the material is typically paramagnetic. Figurel3 shows ordering of the atomic
dipoles in an antiferromagnetic material

PP

Fig. 13. Ordering of the atomic dipoles in an antiferromagnetic material.

2.6.5 Superparamagnetic

Superparamagnetism is a phenomena by which magnetic materials may exhibit a behavior
similar to paramagnetism at temperatures below the Neel or the Curie temperature (The
Curie temperature is the temperature at which a ferromagnetic or a ferromagnetic material
becomes paramagnetic; hence losing its magnetic properties).Normally, coupling forces in
magnetic materials cause the magnetic moments of neighboring atoms to align, resulting in
very large internal magnetic fields. At temperatures above the Curie temperature (or the
Neel temperature for antiferromagnetic materials), the thermal energy is sufficient to
overcome the coupling forces, causing the atomic magnetic moments to fluctuate randomly.
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Because there is no longer any magnetic order, the internal magnetic field no longer exists
and the material exhibits paramagnetic behavior. Superparamagnetism occurs when the
material is composed of very small crystallites (lower than 100 nm). In this case even though
the temperature is below the Curie or Neel temperature and the thermal energy is not
sufficient to overcome the coupling forces between neighboring atoms, the thermal energy is
sufficient to change the direction of magnetization of the entire crystallite. The resulting
fluctuations in the direction of magnetization cause the magnetic field to average to zero.
The material behaves in a manner similar to paramagnetism, except that instead of each
individual atom being independently influenced by an external magnetic field, the magnetic
moment of the entire crystallite tends to align with the magnetic field. The energy required
to change the direction of magnetization of a crystallite is called the crystalline anisotropy
energy (see section 2.5) and depends both on the material properties and the crystallite size.
As the crystallite size decreases, so does the crystalline anisotropy energy, resulting in a
decrease in the temperature at which the material becomes superparamagnetic [17].
Ordering of the atomic dipoles in a superparamagnetic material is shown in Figure 14.

OO
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CODP
DD

Fig. 14. Ordering of the atomic dipoles in a superparamagnetic material.

2.7 Classification and applications of ferrites

Ferrites are grouped into two types, soft and hard. This is the classification based on their
ability to be magnetized and demagnetized, not their ability to withstand penetration or
abrasion. Soft materials are easy to magnetize and demagnetize, so are used for
electromagnets, while hard materials are used for permanent magnets. They can also be
classified based on their coercive field strength into soft and hard materials [12]. With soft
magnetic materials the hysteresis loop is small (low coercive field strength, independent of
magnetic field amplitude); with hard magnetic however it is large (high coercive field
strength). Table 2 gives a comparative account of both types.

H: <10 A/Cm: soft magnetic;
H. > 300 A/Cm: hard magnetic (permanent magnets).

Hard ferrite magnets are made in two different magnetic forms: isotropic and oriented.
Isotropic magnets are formed to desired shapes, sintered and then magnetized. These
exhibit a modest magnetic field and find applications in cycle dynamos and ring magnets.
Oriented magnets are formed to shape under a strong magnetic field and then sintered.
These exhibit a very strong magnetic field and find applications in loudspeakers, magnets of
two wheelers like scooters, etc. [14].
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Soft magnetic Hard magnetic

High saturation magnetization (1-2T) High saturation magnetization (0.3-1.6T)
Low coercivity (H) High coercivity

High permeability Not important, but low

Low anisotropy High anisotropy

Low magnetostriction Not important

High Curie temperature (T.) High T

Low losses High-energy product

High electrical resistivity Not important

Table 2. The comparative properties of soft and hard magnetic materials

3. Established methods for synthesis of nanocrystalline ferrites

There are two methods for the preparation of magnetic nanoparticles: physical and
chemical. The methods of generation of magnetic nanoparticles in the gas or solid phase
using high-energy treatment of the material are usually called physical, while the
nanoparticle syntheses, which are often carried out in solutions at moderate temperatures
are chemical methods. Different routes have become an essential focus of the related
research and development activities. Various fabrication methods to prepare spinel ferrites
nanocrystals have been reported, e.g., sol-gel methods [18], the ball-milling technique [19],
co-precipitation [20], polymeric assisted route [21] the hydrothermal method [22], the
reverse micelles process [23], and the micro-emulsion method [24]. Various precipitation
agents have been used to produce specific size and shape spinel ferrites nanocrystals, e.g.,
metal hydroxide in the co-precipitation method, surfactant and ammonia in the reverse
micelles process and various micro-emulsion methods, and organic matrices in the sol-gel
method. Most of these methods have achieved particles of the required sizes and shapes, but
they are difficult to employ on a large scale because of their expensive and complicated
procedures, high reaction temperatures, long reaction times, toxic reagents and by-products,
and their potential harm to the environment.

3.1 Thermal treatment method

In the present study, spinel ferrites nanocrystals with different structures were prepared
from an aqueous solution containing metal nitrates, poly (vinyl pyrrolidon), and deionized
water using a relatively low temperature thermal treatment method, followed by grinding
and calcinations®. No other chemicals were added to the solution. This method is
environmentally friendly in that it neither uses nor produces toxic substances, and it offers
the advantages of simplicity, low cost, and low reaction temperatures. The textural and
morphological characteristics of the spinel ferrites nanocrystals we prepared were studied
with various techniques to determine the influence of calcination temperature on the
crystallization, morphology, and particle size distribution of the nanocrystals and to explore
other parameters of interest.

* This method was invented by Mahmoud Goodarz Naseri in university Putra Malaysia in 2011
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3.1.1 Process of fabrication of metal ferrite nanocrystals

In this study, metal nitrate reagents, poly (vinyl pyrrolidon) (PVP), and deionized water
were used as precursors. In addition, a capping agent to control the agglomeration of the
particles and a solvent were used. Iron nitrate, Fe(NO3)309H,0, zinc nitrate, Zn(NOs3),06H,0,
nickel nitrate, Ni(NO3),06H>O , and manganese nitrate Mn(NO3)06H>O , were purchased
from Acros Organics with a purity exceeding 99%. PVP (MW = 29000) was purchased from
Sigma Aldrich and was used without further purification. An aqueous solution of PVP was
prepared by dissolving polymer in deionized water at 363 K, before mixing 0.2 mmol iron
nitrate and 0.1 mmol metal nitrate (Fe:M = 2:1) into the polymer solution and constantly
stirring for 2 h using a magnetic stirrer until a colorless, transparent solution was obtained.
The mixed solution was poured into a glass Petri dish and heated at 353 K in an oven for 24
h to evaporate the water. The dried, orange, solid zinc ferrite that remained was crushed
and ground in a mortar to form powder. The calcinations of the powders were conducted at
723, 773, 823, and 873 K for 3 h for the decomposition of organic compounds and the
crystallization of the nanocrystals. The processing steps employed separately for the
synthesis of each ferrite nanoparticles.

3.2 Characterization

The textural and morphological characteristics of the spinel ferrite nanocrystals we prepared
were studied with various techniques to determine the influence of calcination temperature on
the crystallization, morphology, and particle size distribution of the nanocrystals and to
explore other parameters of interest. The characterization of the prepared spinel ferrites
nanoparticles were conducted by using various techniques such as to (TGA), X-ray diffraction
(XRD), Fourier transforms infrared spectroscopy (FTIR), transmission electron microscopy
(TEM), and vibrating sample magnetometer (VSM) verify the particle size and distribution and
to explore other parameters of interest.in this section we introduce these techniques.

3.3 Mechanism of interaction of PVP and metal ions in synthesize of Zn, Mn and Ni
ferrite nanoparticle by thermal treatment method

Interactions between the PVP capping agent [25] and metal ions are shown schematically in
Figure 15.We have shown the Metal (II) (e.g. Zn, Mn and Ni) and iron (II) ions which are
bound by the strong ionic bonds between the metallic ions and the amide group in a
polymeric chain. PVP acts as a stabilizer for dissolved metallic salts through steric and
electrostatic stabilization of the amide groups of the pyrolidine rings and the methylene
groups. Initially, the PVP stabilizer may decompose to as limited extent, thereby producing
shorter polymer chains that are capped when they are adsorbed onto the surfaces of metallic
ions [26]. The metallic ions, which are well dispersed in the cavities and networks, are
created as a result of the shorter polymer chains. These mechanisms continue until they are
terminated by the drying step. The influence of PVP is not restricted only to the solution and
the drying step; PVP also affects the formation of the nuclei (i.e., nucleation) of the nickel
ferrite nanoparticles in the calcination step. In this step, the small nanoparticles with high
surface energy levels would become larger via the Ostwald ripening process [27] without
the presence of PVP, disrupts steric hindrance, thereby preventing their aggregation. Steric
hindrance is a phenomenon that is attributed to large molecular weight (>10,000) and the
repulsive forces acting among the polyvinyl groups [28, 29]. These interactions are similar to
the stabilization of metallic nanoparticles, i.e., silver and gold [30, 31].
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Fig. 15. The proposed mechanism of interactions between PVP and metal ions in the

formation of the ferrites nanoparticles.
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3.4 Determination of range of calcinations temperature for removing of PVP

Figure 16 shows the simultaneous thermal analyses (TG-DTG) for PVP. It is evident that
this polymer exhibited only one mass loss which started at 678 K and its maximum rate
decomposition temperature was located at 778 K. This confirms that the majority of the mass
loss occurs under 778 K and allows for optimization of the heat treatment program. It is
worth noting that several authors reported the thermal degradation of PVP exhibits only
one mass loss [32-34].
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Fig. 16. Thermogravimetric (TG) and thermogravimetric derivative (DTG) curves for: PVP at
a heating rate of 10 k/min.

3.5 Determine of optimum parameters of nickel ferrite nanocrystal

To investigate the optimum concentration of PVP in the synthesis of nickel ferrite
nanoparticles, we synthesized nickel ferrite nanoparticles with others PVP concentrations of
0, 0.015 and 0.055 gm/ml, and the results are shown in the TEM images in Figure 17 and the
FT-IR spectra in Figure 18. Also, optimum temperature for calcinations of nickel ferrite
nanoparticle was 723 K because, this temperature was minimum temperature that
nanoparticles were pure; furthermore, they have also the lowest particle size with a nearly
uniform distribution in shapes.Figure 17a shows that nickel ferrite nanoparticles were
formed even in the absence of PVP. However, in this case, it was observed that the
nanoparticles did not have a uniform distribution of shapes, and they were aggregated
extensively and, in some areas, completely disproportionately distributed. Thus, without the
use of PVP in the synthesis of nanoparticles, the small nanoparticles aggregate and produce
larger nanoparticles [29] due to high surface energy (as shown earlier in Fig15)

When the concentration of PVP was increased to 0.015 gm/ml, the nickel ferrite
nanoparticles that were formed became more regular in shape than in the case without PVP
(Figure 17b). But, due to the low concentration of PVP, these nanoparticles also aggregated
because there was insufficient PVP to cap them well and prevent their agglomeration.By
increasing the PVP concentration to 0.055 gm/ml, the nickel ferrite nanoparticles did not
agglomerate, and they were nearly uniform in shape, as shown in Figure 17d. However, in
this case, the nickel ferrite nanoparticles ranged in size from 9 to 21 nm, with an estimated
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average particle size of 12 nm. These results were similar to the results achieved when a PVP
concentration of 0.035 gm/ml was used (shown in Figure 17c). But, due to the high
concentration of PVP, traces of organic materials were observed at 1254 cm-!, which was
attributed to the C-H bending vibration of methylene groups, as shown in Figure 18b while
in concentration of 0.035 gm/mlnickel ferrite nanoparticles were pure (Figure 18a).

Fig. 17. TEM images of nickel ferrite nanoparticles with PVP concentrations of (a) 0,
(b) 0.015, (c) 0.035, and (d) 0.055 gm/ml calcined at 723 K.
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Fig. 18. FTIR spectra of nickel ferrite nanoparticles with PVP concentration of (a) 0.035 and
0.055 gm/ml calcined at 723 K.

So, in fact, it is apparent that the nickel ferrite nanoparticles were contaminated with organic
compounds in this case. Therefore, in the thermal treatment method, the optimum
concentration of PVP for the synthesis of nickel ferrite nanoparticles is 0.035 gm/ml. That
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concentration, in combination with the optimum temperature (723 K) provided the
conditions required to fabricate pure nickel ferrite nanoparticles that have the smallest
particle size. So, as discussed earlier in connection with Figure 15 and as demonstrated in
the above discussion of the results obtained, PVP plays three crucial roles in synthesizing
nickel ferrite nanoparticles, i.e., (1) the control of the growth of the nanoparticles; (2) the
prevention of agglomeration of the nanoparticles; and (3) the production of nanoparticles
that have a uniform distribution of shapes [35].
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Fig. 19. XRD patterns of nickel ferrite nanoparticles with heating rate of calcination of 10,
and 20 K/min calcined at 723.

After our examination, for optimum concentration of PVP (0.035 gm/ml) and optimum
temperature for calcinations (723 K) of nickel ferrite nanoparticle, we investigated optimum
the time of calcinations and the heating rate of calcinations of nickel ferrite nanoparticles as
last optimization.In this investigation, the minimum time that allowed the crystallization to
be completed was 3 h as lower than 3 h the crystallization was uncompleted and higher than
3 h particles size increased. The heating rate of calcination was 10 K/min for nickel ferrite
nanoparticles calcined at 723K, which was an optimum heating rate. By increasing the
heating rate of calcination to 20 K/min, the percent of impure phase of a-Fe;O; increased
and the crystallite of nickel ferrite nanoparticles were not as pure as optimum heating rate
as shown in Figure19a and Figure 19b.When the heating rate of calcinations was lower than
10 K/min (5 K/min) we wasted long time for calcinations and several neighboring particles
fuse together to increase particle sizes by melting their surfaces [36].

Note: We have done exactly these experiments on others ferrites ie. zinc ferrite and
manganese ferrite and have obtained for each of them optimum parameters. But to prevent
long or repeated exposures and similar experiments, we reported only the experiments of
nickel ferrite nanoparticles and for others ferrites we sufficed only to report of values (Table3).

Pure Optimum Optimum

metal ferrite calcinations concentration of Opt'lmum Op’.ﬂml,lm
. Heating rate Calcinations
nanoparticles temperature PVP (K/min) Time (h)
X) (gm/ml)
ZnFerrite 873 0.030 10 3
MnFerrite 873 0.030 10 3
NiFerrite 723 0.035 10 3

Table 3. Summary of optimum parameters of metal ferrite nanocrystal prepared by thermal
treatment method
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3.6 Phase composition and morphology of metal ferrite nanocrystal

XRD and FT-IR were used to characterize the precursors and ferrite nanoparticles calcined
at 723, 773, 823 and873 K. The XRD diffraction patterns of the precursor and metal ferrite
nanoparticles are shown in Figure20. A broad peak occurred for all samples in the
precursor, which does not have sharp diffraction patterns and is still amorphous. The
calcined patterns show the reflection planes (111), (220), (311), (222), (400), (331), (422), (511),
and (440), which confirm the presence of single-phase in ZnFe;O4 , MnFe;O4 and NiFe;Oy
with a face-centered cubic structure [37-39].Except for the impure phases of a-Fe;Os (for all
the metal ferrite nanoparticles shown in Figure 20a, 20b and 20c) and ZnO (for the zinc
ferrite nanopaticles shown in Figure20a), which occur naturally as hematite and zincite,
respectively [37, 40], the remaining peaks correspond to the standard pattern of ZnFe;O,
(cubic, space group: Fd3m, Z = 8; ICDD PDF: 22-1012), MnFe;O, (cubic, space group: Fd3m,
Z = 8; ICDD PDF: 73-1964) and NiFe>O, (cubic, space group: Fd3m, Z = 8; ICDD PDF: 44-
1485)[37-39].
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Fig. 20. XRD patterns of precursors and metal ferrite nanoparicles of (a) ZnFe;O,,
(b) MnFe;O4 and (c) NiFe2O4 calcined at 723, 773, 823 and 873 K.
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The results obtained from XRD were analyzed using the Chekcell program, which
calculated lattice parameters of the samples calcined at 723, 773, 823, and 873 K (Table 4).
XRD results were analyzed by the Scherer formula:

D=0.91/ (Bcosb), (4)

where D is the crystallite size (nm), P is the full width of the diffraction line at half the
maximum intensity measured in radians, A is X-ray wavelength, and 0 is the Bragg angle
[41]. This formula was used to estimate the average particle sizes, which ranged in Table 4.

Average Average

. Calcination . . Lattice Saturation  Coercivity
Specimens temperature particle  particle Parameter magnetization field
MeFe;O4 (K) size XRD  size TEM (nm) M. (emu/g) H. (Oe)

(nm) (nm) : ‘

ZnFerrite 1 723 21 177 0.8498 4.49 negligible
ZnFerrite 2 773 24 22425 0.8468 2.66 negligible
ZnFerrite 3 823 31 2745 0.8471 1.81 negligible
ZnFerrite 4 873 33 31+11 0.8479 0.74 negligible
MnFerrite 1 723 15 1244 0.8524 3.06 negligible
MnPFerrite 2 773 17 15+2 0.8577 6.31 negligible
MnPFerrite 3 823 20 1745 0.8558 7.96 negligible
MnFerrite 4 873 23 22+4 0.8537 15.78 negligible
NiFerrite 1 723 15 123 0.8368 21.37 150(-148)
NiFerrite 2 773 27 22+12 0.8373 26.67 107(-112)
NiFerrite 3 823 51 47+11 0.8418 29.05 51(-43)

NiFerrite 4 873 69 678 0.8402 34.19 32(-38)

Table 4. Summery of variation of particle sizes, lattice parameters, saturation magnetization
and coercivity field with temperature calcinations for metal ferrite nanoparticles calcined at
723,773,823 and 873 K.

Figure 21 shows the FT-IR spectrum of the precursor and calcined samples in the wave-
number range between 280 and 4000 cm™.The IR spectra of all calcined samples show the
two principle absorption bands in the range of 300-600 cm? .These two vibration bands
Fe—O and MO are corresponded to the intrinsic lattice vibrations of octahedral and
tetrahedral coordination compounds in the spinel structure, respectively [42].The bands
with peaks around 670 and 850 cm?! were assigned to the formation vibration of C-N=0O
bending and the C-C ring. The bands in the range of 1200 to 1250 cm! was associated with
C-N stretching vibration, and the appearance of the bands in the range of 1350 to 1450 cm-!
was attributed to C-H bending vibration from the methylene groups. Finally, there were
bands in the region 1600 to1800 cm and around 3400 to 3500 cm-!, which were associated
with C=0 stretching vibration and N-H or O-H stretching vibration, respectively [43].

The vibrational spectra of the absorption bands of pure ZnFe;O4 and MnFe,O4 nanoparticles
were observed at 388, and 541 cm-, and at 404, 502, and 556 cm-for the samples calcined at
873 K (shown in Figure 2la and 21b). In these two ferrite nanoparticles, at the lower
temperature of 873 K, however, there was still traces of broadband absorption peaks at 1497,

www.intechopen.com



370 Advances in Crystallization Processes

1761 and 3504 cm?! due to traces of adsorbed or atmospheric CO, and O-H stretching
vibration, respectively while in NiFe;O4 nanoparticles (Figure 21c), at the lower temperature
of 723 K, there was still a trace of a broadband absorption peaks due to ester formation as
consequence of the scission of the CO, and O-H stretching vibration(This is not shown in the
Figure21). This suggests that, in thermal treatment method, the calcination temperature of
pure nickel ferrite nanoparticles is lower than pure zinc and manganese ferrite nanoparticles
[35,44,45].This IR analysis was very useful for establishing the calcination temperature
because it removed unwanted ions that may pollute the crystal lattice during preparation.
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Fig. 21. FT-IR spectra of precursors and metal ferrite nanoparicles of (a) ZnFe204,
(b) MnFe;O4 and (c) NiFe2Oy calcined at 723, 773, 823 and 873 K.

The TEM images (Figures 22-24) show the size, shape, and distribution of ZnFe;O, ,
MnFe;O, and NiFe;O4 nanoparticles at different calcination temperatures from 723 to 873 K.
The results indicate that the samples prepared by the thermal treatment method were
uniform in morphology and particle size distribution. The average particle size of the
ZnFe;O4, MnFe;O4 and NiFe;O4 nanoparticles were determined by TEM which increased
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with the calcinations temperature and they had good agreement with XRD results (Table
4).This suggested that several neighboring particles fused together to increase the particle
size by the melting of their surfaces [46]. Particle size enlargement due to grain growth has
been observed previously in zinc.manganese and nickel ferrite systems at higher calcination
temperatures [35,44,45].

B
: T £
n___100nm 5

Fig. 23. TEM images of manganese ferrite nanoparticles calcined at (a) 723 (b) 773 (c) 823
(d) 873 K.
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500 nm

Fig. 24. TEM images of nickel ferrite nanoparticles calcined at (a) 723 (b) 773 (c) 823 (d) 873 K.

3.7 Magnetic properties of MFe;04 nanocrystal obtained VSM

The room temperature (300 K) magnetic properties of the prepared precursors and MFe;O,
nanoparticles calcined at different temperatures were investigated by the VSM technique in
the range of approximately -15 to +15 kOe. Except for the precursors which were non-
magnetic material, the calcined samples exhibited different magnetic behaviors. The room
temperature magnetic behaviors of metal ferrite nanoparticles which fabricated by thermal
treatment method, can be explained as the results of the four important factors: cationic
distribution in spinel structure, the heating rate of calcinations, impurity phase of a-Fe;Os,
and the surface spin structure of nanoparticles. Although all of these factors can be effective
in magnetic behaviors but, their effects on the ferrite nanoparticles with different structures
are not similar. We will have a discussion on this matter in next subsections.

3.7.1 Znic ferrite nanoparticles

Figure 25 shows the magnetization curves of precursor and ZnFe;O4 nanoparticles at (a) 723
(b) 773 (c) 823 and (d) 873 K. Their coercivity fields (H¢) are almost negligible, and all of
them exhibit super-paramagnetic behaviours. Table 4 provides the values of saturation
magnetization (M;) of the calcined samples, along with calcinations temperatures and
particle sizes. These data make it clear that different parameters were responsible for the
saturation magnetization decreasing from 4.49 to 0.74 emu/g when the particle size
increased from 17 to 31 nm. Cation inversion is one of the most important parameters that
can be effective in the variation of the magnetic properties of zinc ferrite nanoparticles from
the properties of the bulk form of the same material. In bulk form, zinc ferrite has an normal
spinel structure in which all Zn2* ions are in A sites and Fe3* ions are distributed in B sites
[47]. However, in bulk, zinc ferrite only occurs in intra-sub-lattice (B-B) exchange
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interactions, and it does not have intra-sub-lattice (A-A) exchange interactions or inter-sub-
lattice (A-B) super-exchange interactions [48]. Inter-sub-lattice (A-B) super-exchange
interactions of the cations are much stronger than the (A-A) and (B-B) interactions [18].Due
to the cation inversion, which originates from thermal and mechanical treatment [40], the
structure of ZnFe,Oy transfers from a normal spinel structure to a mixed spinel structure
[48]. This cation inversion causes the zinc ferrite nanoparticles to experience inter-sub-lattice
(A-B) super-exchange interactions and intra-sub-lattice (A-A) exchange interactions in
addition to intra-sub-lattice (B-B) exchange interactions. But, due to the degree of inversion,
which is large for smaller size particles, inter-sub-lattice (A-B) super-exchange interactions
in smaller size particles occur to a greater extent than in larger size particles. Hence,
saturation magnetization increases for smaller size particles [49], using Mossbauer’s
experiment, showed that the degree of inversion is large in the case of smaller size particles.
Also, an impure a-Fe;O; phase was detected by XRD (Figure20a), the heating rate of
calcinations and the surface spin structure can be an influence that increases the saturation
magnetization in smaller size particles [37].
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Fig. 25. Magnetization curves at room temperature for precursor and zinc ferrite
nanoparticles calcined at (a) 723 (b) 773 (c) 823 (d) 873 K.

3.7.2 Manganese ferrite nanoparticles

Figure 26 shows the curves of magnetization of precursor and MnFe;O4 nanoparticles which
exhibited a typical super-paramagnetic behavior. Table 4 depicts the values of saturation
magnetization (M) of different samples. When the calcination temperature increased from 723
K to 873 K, the saturation magnetization increased from 3.06 to 15.78 emu/g. This can be
attributed to spin canting and surface spin disorder that occurred in these nanoparticles
[50].The interactions between the A and B sub-lattices in the spinel lattice system (AB>Os)
consist of inter-sub-lattice (A-B) super-exchange interactions and intra-sub-lattice (A-A) and
(B-B) exchange interactions. Inter-sub-lattice super-exchange interactions of the cations on the
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(A-B) are much stronger than the (A-A) and (B-B) intra-sub-lattice exchange interactions [18,
51].As discussed earlier (Figure20b), by increasing the calcination temperature of the MnFe;O,4
nanoparticles, Fe3* ions transferred from B site to A site, so, consequently, the accumulation of
Fe3* ions increased in A site; however, the Fea3+- Fep3* super-exchange interactions increased
(Fea3*- Fep®* interactions were twice as strong as the Mna2*- Fep3* interactions), and this can
lead to an increase in saturation magnetization in MnFe;O4 nanoparticles [52]. Aslibeiki et al.
[53] showed that saturation magnetization increases with increasing temperature and particle
size in MnFe;O4nanoparticles.It has been reported [54] that the spin disorder may occur on the
surface of the nanoparticles as well as within the cores of the nanoparticles due to vacant sub-
lattice disorder sites (Fea3*) and poor crystal structure. The other point that is understood from
Table 4 is that the values of saturation magnetization are expressively lower than those
reported for the bulk MnFe;O4 (80 emu/g) [55]. The decrease in saturation magnetization of all
the samples compared to that of the bulk is ascribed to the surface effects in these
nanoparticles. The existence of an inactive magnetic layer or a disordered layer on the surfaces
of the nanoparticles and the heating rate of calcinations can be due to the decrease of
saturation magnetization compared to the bulk value [56, 57].
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Fig. 26. Magnetization curves at room temperature for precursor and manganese ferrite
nanoparticles calcined at (a) 723 (b) 773 (c) 823 (d) 873 K.

3.7.3 Nickel ferrite nanoparticles

Figure 27 (left) exhibits the hysteresis curves of precursor and NiFe;O4 nanoparticles which
exhibited a typical ferromagnetic behavior. It can be seen from this figure that the magnetic
properties of mnanoparticles depended on the calcinations temperature. Saturation
magnetization (Ms) values of 21.37, 26.67, 29.05 and 34.19 emu/ g are observed for the nickel
ferrite nanoparticles calcined at 723, 773, 823, and 873 K, respectively. There is a clear
tendency of M increase with the enhancement of crystallinity of the NiFe,O4 nanoparticles.
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As listed in Table 4, the values of M; for the nickel ferrite nanoparticles were observed to
increase with increasing temperature [58, 59]. The largest saturation magnetization was
34.19 emu/g for the sample calcined at 873 K, which is lower than that reported for the
multi-domain, bulk nickel ferrite (55emu/g) [60].The decrease in saturation magnetization
of these samples, compared to that of bulk material, depends on four factors explained in
section 2.15. It seems that in inversed spinel ferrite nanoparticles such as nickel ferrite or
cobalt ferrite nanoparticles which fabricated by thermal treatment method, the heating rate
of calcination is more important than other parameters that can effectively increase or
decrease the saturation magnetization.[35,61]. In our experiments, the heating rate of
calcination was 10 K/min for nickel, zinc and manganese ferrite nanoparticles calcined at
723,773, 823, and 873 K, which was a medium heating rate (Table 3). Therefore, it is possible
that calcination at a slower heating rate would allow crystallization to be more complete and
the magnetic phase could also increase, resulting in larger saturation magnetization.
Sangmanee et al. [36] showed that saturation magnetization increases from 9.7 to 56.5 emu/ g
with decreasing the heating rate of calcination from 20 K/min to 5 K/min in cobalt ferrite
nanostructures calcined at 773 K and fabricated by electrospinning. In addition, the
appearance of the weakly-magnetic, impure phase of a-Fe;O; (shown in Figure20c) can
reduce the saturation magnetization [37].Variations of saturation magnetization with
particle size for nickel ferrite nanoparticles are listed in Table 4. The saturation
magnetization values of the calcined samples increase with increasing particle size, which
may be attributed to the surface effects in these nanoparticles. The surface of the
nanoparticles seems to be composed of some distorted or slanted spins that repel the core
spins to align the field direction. Consequently, the saturation magnetization decreases for
smaller sizes [62-64]. Furthermore, the surface is likely to behave as an inactive and dead
layer with inconsiderable magnetization [56, 57]. The variation in the value of the saturation
magnetization with particle size also can be resulted from the cation redistribution
(interchanging of Ni and Fe ions of the tetrahedral and octahedral sites). This cation
redistribution, causes that the structure of NiFe;O4 transfers from an inverse spinel structure
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Fig. 27. (left) The magnetization curves of precursor and the nickel ferrite nanoparticles
calcined at (a) 723 (b) 773 (c) 823 and (d) 873 K which measured at room temperature in the
range of approximately —15 to +15 kOe. Figure27. (right) the expanded field region around
the origin for clear visibility of the readers, in the range of approximately —400 to +400 Oe.
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to a mixed spinel structure [65].Figure 27 (right) shows the expanded coercivity field (H) of
region around of origin for clear visibility at room temperature in the range of
approximately -400 to +400 Oe. The coercivity field values are listed in Table 4. These
variations are not similar with saturation magnetization because, when the particle size
increases from 15 to 69 nm, the coercivity field decreases from 150 to 32 Oe at room
temperature. Variations of the coercivity field with particle size of nickel ferrite
nanoparticles can be elucidated on the basis of domain structure, critical size, and the
anisotropy of the crystal [16, 66-67].

Finaly, It is worth noting that the magnetic properties of similar ferrite nanoparticles of the
same particle size differ depending on the preparation method used. Table 5 shows some
literature values of Ms and H. that were measured at similar conditions for some spinel
ferrite nanoparticles. The data show that the pairs of similar spinel ferrite nanoparticles of
the same particle size have different saturation magnetization values and coercivity fields.
The results indicate that, in fact, the magnetic properties of ferrites are related primarily to
the methods used to prepare them.

Specimens Preparation Average Saturation Coercivity ~ References
method particle magnetization field
size (nm)  Ms (emu/g) Hc (Oe)

ZnFerrite Combustion 20 4 Negligible  [68]
ZnFerrite  Modified sol ~20 14 156 [37]
NiFerrite gel ~9 321 59 [69]
NiFerrite Sol gel 9 11.9 Negligible  [70]
CoFerrite  Coprecipitation 30 77 2000-2700 [71]
CoFerrite  Mechanic 30 30 Negligible  [72]

alloying

Hydrothermal

Table 5. Magnetic properties of some spinel ferrite nanoparticles reported in the literatures
which were measured at room temperature in range of approximately —10 to +10 kOe.

4. Conclusion

We have succeeded in fabricating spinel ferrite nanoparticles such as zinc ferrite (ZnFe;Oy),
manganese ferrite (MnFexO;) and nickel ferrite (NiFe;O4) nanocrystals by a thermal
treatment method utilizing only metal nitrates and as precursors, deionized water as a
solvent and PVP as a capping agent.PVP played three crucial roles in synthesizing spinel
ferrite nanoparticles, i.e., (1) the control of the growth of the nanoparticles; (2) the
prevention of agglomeration of the nanoparticles; and (3) the production of nanoparticles
that have a uniform distribution of shapes. The average particle sizes of metal ferrite
nanoparticles were determined by TEM which increased with the calcinations temperature
and they had good agreement with XRD results. FT-IR confirmed the presence of metal
oxide bands at all temperatures and the absence of organic bands at 873 K for zinc and
manganese ferrite nanoparticles and at 723 K for the nickel ferrite nanoparticles. VSM results
demonstrated that zinc and manganese ferrite nanoparticles displayed super paramagnetic
behaviors while nickel ferrite nanoparticles exhibited ferromagnetic behaviors. The present
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study also substantiated that, in ferrites, the values of the quantities that were acquired by
VSM,, such as saturation magnetization and coercivity field, are primarily dependent on the
methods of preparation of the ferrites. This simple method, which is cost-effective and
environmentally friendly, produces no toxic byproducts and can be used to fabricate pure,
crystalline spinel metal ferrite nanocrystals.

Furthermore, this method can be extended to the synthesis of other spinel ferrite
nanoparticles of interest.
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