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Abstract
Mixed spinel ferrites are very popular because of their excellent flexible magnetic and electronic properties. This system-
atic review followed the guidelines for repotting physicochemical properties of Co–Zn ferrite. Non-magnetic cations doped 
 (Zn2+) cobalt ferrite to tune the structural and magnetic properties of the mixed spinel ferrite. In this review, paper focuses 
on various synthesis methods, change of pH, change of sintering, change of dopant and change of surfactant summarized 
for real-time applications.
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Introduction

Ferrites are materials of ferromagnetic oxide that have high 
resistivity and permeability. While ferrite magnetization 
is less than half the saturation of ferromagnetic alloys, it 
has advantages such as higher frequency applicability, high 
resistivity, lower price, higher heat and higher resistance 
to corrosion. The spinel ferrites have excellent potential 
applications in many fields, such as anti-cancer drugs, 
active components of ferrofluids, antennae, antenna rods, 
biomedical sensors, biomedicine electronics, catalysis, 
catalytic insulators, coatings, cellular therapy, electronic 
circuits power delivering devices, electromagnetic interfer-
ence suppression, filters circuit, computer, colour imaging, 
cellular phones, drug delivery, digital diaries, disk record-
ing, detoxification of biological fluids, ferrofluids, flexible 
recording media, gas detectors, information and energy 
storage media, instance microwave ovens, magnetic refrig-
eration, magnetic refrigeration, magnetic drug delivery, 

memory storage devices, mechanical hardness, magnetic 
resonance imaging (MRI) contrast enhancement, magnetic 
recording media, medical devices, magnetic sensors, mag-
netic cell separation, magnetic devices, magnetic anisotropy, 
microwave fascinating materials, magnetic soundtrack, 
microwave devices, magneto-optical recording media, 
switching devices, transformer cores, high-frequency sys-
tems, hyperthermia treatment, high-density digital recording 
disc, high-frequency transformers, satellite communication, 
solar energy conversion, sensors, satellite dish rod, magnetic 
fluid, permanent magnets, photo catalysis, hard disc record-
ing media, radar devices, recording tapes, recording heads, 
recorder, read–write heads, high-frequency electric devices, 
video tape, video camera, transformer cores, tissue repair, 
TV, permanent magnets, loading coils, local communica-
tion [1–5]. Magnetism was observed as early as 800 BC in a 
naturally occurring material called load stone  (Fe3O4) which 
was used for navigation purposes. Ferrites are very famous 
magnetic materials. Ferrites are dark grey and black. Fer-
rites are insulator materials possessing both electrical and 
magnetic attributes. Ferrites have less value of dielectric 
loss. Ferrites have a high value of permeability, constant 
magnetization in M–H curve and electrical resistivity [6]. 
In materials such as Fe, Ni, Co and Mn, let us describe the 
roots of magnetism. Let us begin with the simple fact that 
atoms create materials. Each atom contains an electron(s). 
Most people know that they have charging electrons. What 
people have not understood for many years (a century ago) 
is that electrons also have a spin-like property. There might 
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be an up or down spin on an electron. Let me say, to make 
things less confusing, that the electron is a tiny magnet. We 
can picture a spin-up electron with its north pole up as a 
magnet, and the spin-down electron has its south pole up. 
Besides spin, an electron’s orbital motion around the nucleus 
(sort of like the planet moving around the sun) also creates 
a magnetic field, but in most materials it is not important 
and we can disregard it. We now realize, roughly, that every 
electron is a small magnet. The atoms would not behave 
like a magnet if an atom had an equal amount of electrons 
spinning up and down. In certain materials, such as iron, 
nickel, cobalt, and manganese, there is an unequal sum of 
spin-up and spin-down electrons. It is possible to think of 
those atoms as magnets. Please note that out of several ele-
ments that can be thought of as magnets, only a few of the 
elements have atoms. Now, let us move on to a larger view, 
where we bring together some atoms. “If, somehow, all 
atoms may have the same orientation (say, the north poles of 
all the magnets pointing in the same direction), because of” 
exchange interaction, “a finding from quantum mechanics, 
the substance can behave like a magnet. The magnetic prop-
erties of atoms are cancelled without exchange interactions 
and the substance is not magnetic. To sum up, there are only 
a few elements that have an unequal number of electrons 
spin-up and spin-down, which also have an association of 
exchange that holds them in the same direction. Such com-
ponents are magnetic. The aim was to explore variations in 
the structural and magnetic performance of cobalt ferrite 
powders with partial non-magnetic zinc cation substitution.

Primary results

Diamagnetic materials, paramagnetic materials (PM), fer-
romagnetic materials (FM), antiferromagnetic materials 
(AFM), super paramagnetic materials (SPM) and ferrimag-
netic materials (Ferrites) are classified through magnetic 
materials.

Diamagnetic materials

M–H loops of diamagnetic samples as shown in Fig. 1. Dia-
magnetism is a very weak effect and is observed in solids, 
which do not contain any permanent magnetic moments. The 
presence of a tiny non-zero magnetic moment exists. For 
diamagnetic compounds, the magnetic sensitivity is nega-
tive and relative permeability is marginally less than unity.

It is very weak in resistance to solids, so it can only 
be detected when other forms of magnetism are totally 
absent. Diamagnetism will only be detected where all 
forms of magnetism are entirely absent. For ionic and 
covalent crystals, diamagnetism is observed. On the 

principle of electronegativity, the theory of the state of 
oxidation clearly functions. The most electronegative the 
atom has the negative charge, and the less electronega-
tive the atom has the positive charge. Zinc’s most com-
mon oxidation number is +2  (Zn2+). And the oxidation 
level of oxygen is -2  (O2−). In chemicals, there may also 
be an oxidation state, not just elemental oxygen. There is 
zinc oxide known. In the oxidation state formalism, this 
molecule with the structural formula Zn–O–O–Zn has 
oxygen receiving an electron from zinc but losing one to 
Zn. Diamagnetic (non-magnetic) means entirely coupled 
orbital’s, i.e. They have a paired electron and no electron 
that is unpaired. Similarly,  Zn2+ looses two electrons from 
the orbital 4 s, so you can get 3d orbital completely filled 
and no unpaired electrons again. Zn and  Zn2+ are thus, 
diamagnetic [6, 8].

Paramagnetic materials

Figure 2 shows the M–H loops of paramagnetic materi-
als observed using VSM. Paramagnetic material occurs 
because, due to insufficient cancellation of electron spin 
and/or orbital magnetic moments, the compounds keep a 
lasting dipole moment. Without a magnetic field, these 
magnetic dipole moments are guided consistently, bringing 
about no net magnetization.

The paramagnetic is sensitive to the temperature, the 
lower the temperature, the stronger the effect. There is 
more alignment at low temperature when the effect of ther-
mal motion is less. Paramagnetism occurs in atom and 
ions having odd number of electrons since they possess 
angular momentum and, therefore, must be paramagnetic. 
Transition group ions with incomplete 3d, 4d, 5d, 4f or 5f 
shell show paramagnetic. Ions with ionic radii (Table 1) 
are  Fe3+,Fe2+,Co2+,Ni2+,Cu2+,Zn2+ etc. [6, 10].

Fig. 1  M–H loops of diamagnetic samples (reproduced from Ref. [7] 
with permission from Journal of Luminescence)



309International Nano Letters (2021) 11:307–319 

1 3

Ferromagnetic materials

Figure 3 shows the various magnetic materials specified in 
an applied field. Even in the absence of a magnetic field, the 
magnetic material experiences a parallel alignment of the 
torque resulting in a large magnetization. Atomic moments 
in these supplies show very stable interactions with para-
magnetic materials. The parallel or antiparallel coordina-
tion of atomic moments results for interactions involving the 
exchange force of ions. Ferromagnetism is shown by the Fe, 
Ni and Co elements and by many of their alloys. This means 
that it applies to 3d and 4f partly filled shells. Spontaneous 
magnetization and magnetic temperature control known as 
Curie temperature control are two distinct features of fer-
romagnetic materials such as multi-domain properties and 
single-domain properties (Table 2).

The ferromagnetic activity of the material is destroyed 
above the Curie temperature as a randomizing effect, caused 
by thermal energy, is more prominent above that temperature 
than the electronic exchange forces [6].

Antiferromagnetic materials

In antiferromagnetic materials coupling between adjacent 
atoms or ions causes an antiparallel alignment, resulting 
in the vanishing of magnetic moment over a finite volume. 
Case of manganese oxide (MnO) shows antiferromagnetic 
activity (Fig. 3). MnO is an ion complex of both  Mn2+ and 

Fig. 2  M–H loops of paramagnetic particles (reproduced from Ref. 
[9] with permission from IEEE Access)

Table 1  Various ionic radii Cations Ionic radius (Å)

Fe2+ 0.77 [3]
Fe3+ 0.60 [1]
Zn2+ 0.82 [11]
Co2+ 0.75 [12]

Fig. 3  A Various types of magnetic materials (diamagnetic, para-
magnetic, ferromagnetic, antiferromagnetic, and ferrimagnetic), B 
representative hysteresis loops that illustrate the magnetic behavior of 

materials when an external field is applied (reproduced from Ref [13] 
with permission from Smart Nanoparticles for Biomedicine)
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 O2− ions. Since spin and orbital magnetic moments are abso-
lutely cancelled, no net magnetic moment is correlated with 
O2-ions. The  Mn2+ ions, which are primarily due to spinning 
magnetic moments, have a net magnetic moment. The  Mn2+ 
ions coordinate unique moments like those in the crystal 
structure. They are antiparallel to opposite ions and thus 
have no net magnetic moment. Due to the antiferromagnetic 
ordering of  Fe3+ ions in the B-sites,  ZnFe2O4 is a standard 
spinel where A-sites and bulk are dominated by non-mag-
netic Zn ions,  ZnFe2O4 is non-magnetic, nanometer-scale 
inversion rises, and all A-sites and B-sites are occupied by 
non-magnetic Zn ions. This adds to the conventional rule 
that the non-magnetic  ZnFe2O4 is broken down and mag-
netized. Over a critical temperature referred to as the tem-
perature of Neel, the character of antiferromagnetism should 
vanish [6, 15, 22].

Similarly, cobalt ferrite doped with zinc or zinc ferrite 
doped with cobalt doped with zinc in which the antiferro-
magnetic character was sufficiently active and coercivity and 
magnetization in the products decreased. Various kinds of 
ordering of magnetic ions as seen in Fig. 3A. The cations 
need, which can be obstructed by grain growth (ionic radius), 
are not entirely fulfilled for synthesized materials (antifer-
romagnetic).The greater bond energy of  Co2+↔O2−leads to 
a reduction in the particle sizes of the samples as compared 
to  Zn2+↔O2as the zinc content increases with resulting 
decreases in coercivity. However, the average crystalline 
size is continuously influenced by the rise in Zn ions, which 
is related to the pH value. Therefore, it determines the rela-
tionship between the magnetic order and the distribution of 
cations. As the chemical environment differs from that of the 
oxygen-coordinated core atoms, this is further supported by 
its distinct isomer shift [2, 15, 19, 23].

Super paramagnetic material

Variation of magnetic signature due to particle size as shown 
in Fig. 4. Superparamagnetic is a special magnetism behav-
ior that occurs between ferromagnetic properties and fer-
romagnetic properties. Under the control of temperature in 
relatively small nanoparticles, the magnetization will spon-
taneously change direction. A standard time is called the 
Neel relaxation time between two flips.

When, without an outside magnetic field, the time used 
to compute the magnetization of nanoparticles is any longer 
than the time of Neel relaxation, their normal magnetiza-
tion esteemed will in general be zero: they are supposed 
to be in a super paramagnetic condition. In this condition, 
like a paramagnet, an outside magnetic field can magnetize 
the nanoparticles. In any case, their magnetic affectability 
is a lot more significant than that of the paramagnets. Any 
ferromagnetic or ferrimagnetic material ordinarily goes 
through progress to a paramagnetic state over its Curie tem-
perature. Since it happens underneath the Curie temperature 
of the material, superparamagnetism is unmistakable from 
this common change. In single-domain nanoparticles, i.e., 
containing a single magnetic domain, superparamagnetic 
occurs. This is conceivable when their measurement is under 
3–50 nm, contingent upon the materials. Here, the magneti-
zation of the nanoparticles, the amount of the multitude of 
individual magnetic moments conveyed by the nanoparti-
cle atoms, is known as a single giant magnetic moment [6, 
25–27].

Ferrimagnetic materials

The neighboring magnetic moments align themselves 
antiparallel to each other in ferrimagnetisms (Fig. 3), but 
their magnitude is not the same, so there is a net magnetic 
moment. Garnets, ferrite, etc. are examples of ferrimag-
netic materials. Ferrimagnetic materials exhibit spontane-
ous magnetization, remanence and other features close to 
ordinary ferromagnetic materials; however, the spontane-
ous moment may not conform to the predicted value of the 
dipoles in complete parallel alignment. Ferrites are known 
to have a collinear ferrimagnetic composition, according to 
Neel’s model, in which the magnetization of the sublattice 
tetrahedral is antiparallel to that of the sublattice octahedral 

Table 2  Materials properties

Property Ferromagnetism Superparamagnetism

Structure Multiple domains[2, 
14]

Single-domain particle
[15–18]

Magnetic memory Yes[2, 14] None
Degree of induced 

magnetization
Very high[2, 14] Moderate[19–21]

Fig. 4  Variation of magnetic signature due to particle size (repro-
duced from Ref. [24] with permission from Handbook of Magnetic 
Materials)
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(B). The A-sublattice/sites and the magnetic moment of the 
B-sublattice/sites balance each other out of this way. Net 
material magnetization is due to B-sublattice/void magneti-
zation, since B-sublattice/void magnetization is greater than 
A-sublattice magnetization. Therefore, the sample offers a 
high saturation induction value Compared to ‘A’–‘A’ interac-
tion, the interaction between magnetic ions of sublattices ‘A’ 
and ‘B’ (A–B interaction) is the strongest, almost ten times 
weaker, followed by the weakest ‘B’–‘B’. The prevailing 
relationship between ‘A’ and ‘B’ leads to full or partial fer-
rimagnetisms (non-compensated) [6, 11, 14, 28].

Soft ferrites

Magnetic moments displayed in Fig. 5 on the hard/soft 
interface of exchange-coupled ions. Soft ferrite is an elec-
tromagnetic ceramic material with very strong and brittle 
properties, dark grey or black. Soft ferrites have little to do 
with their physical properties, but are related to their mag-
netic properties. Soft ferrites have not preserved a significant 
magnetization, although magnetization is known to be per-
manent in hard ferrites. Soft ferrite is the common term for 
the grouping of ceramic and electromagnetic materials. Soft 
ferrites from the crystallographic aspect are inverse spinals 
and belong to the cubic crystal structure. In other words, 
soft ferrites display a homogeneous cubic spinel crystal-
line structure and consist of iron oxide with divalent metal 
oxides. Magnetic domain theory means that these interac-
tions create magnetic domains that are microscopic magnet-
ized areas within the material. Although local domains are 
fully magnetized where there is no magnetizing power, the 
magnetic domains are random and the net flux contribution 
is zero.

When a magnetizing force is present, the magnetic 
domains converge toward of the magnetizing force, result-
ing in a significant net flux contribution. Soft ferrite is also 

a semiconductor in which coercivity, retentivity and low 
loss of hysteresis, it can induce electron flow through the 
material anywhere between conductors and insulators [29]. 
The coercive field (Hc) relies strongly on the magnetic field 
required to pass the magnetic anisotropy barrier, according 
to the theory of Stoner–Wolfforth (S–W). As the productive 
magnetic anisotropy decreases (or increases), the external 
magnetic field required for spin reversal often decreases (or 
increases).This is one of the possible explanations in coer-
cive fields for the variance. The other possible element that 
alters coercivity is magnetization of saturation (Ms). Indeed, 
coercivity is primarily associated with shifts in the mag-
netization values of saturation. Hc increases as the effective 
magnetic anisotropy increases, according to the S–W prin-
ciple. However, if Ms Increases, the value of Hc decreases. 
In the present analysis, the effective magnetic anisotropy 
increases within the ferrite system due to the reduction of 
thermal variations at lower temperatures. This theory also 
tends to distinguish coercivity and saturation magnetization 
as hard and soft ferrite [15, 19, 30].

Hard ferrites

Even after the removal of the applied magnetizing field, 
heavy magnetization persists with hard ferrites, and residual 
magnetization is stable even if certain strength of the demag-
netizing field is applied. Broad classes of ceramic materials 
are formed by these ferrites. Hard ferrites are often very 
hard and brittle and vary in colour from dark grey to black. 
Hard ferrite is weak and naturally occurring magnetite. Hard 
ferrite is an irreversible magnetism properties which is pos-
sessed naturally. Permanent magnetic hard ferrites play a 
dominant position, primarily due to the low price per unit 
of available energy, Strong chemical quality and high raw 
materials availability. It is possible to accept M type ferrites 
as the more common form of hard ferrites. Interstitial posi-
tions are surrounded by a magnetoplumbite structure char-
acterized by a tight packing of Fe atom oxygen and metal 
ions. Alternatively, this crystal structure can be represented 
as cubic blocks with a spinal structure and hexagonal blocks 
containing metal ions [16, 31, 32].

Discussions

Zinc doped with cobalt ferrite  (Co1−xZnxFe2O4) synthesized 
by a low-cost co-precipitation technique [2]. Calcinations 
temperature  (CT) and potential hydrogen (pH) have been set 
at 800 °C and 11, respectively (Table 3). As Zn increases, the 
lattice parameter varies from 8.33–8.35 Å and its crystallite 
size varies from 28 to 31 nm. The magnetization varied from 
0.31 emu/g to 0.75 emu/g. The  Co1-xZnxFe2O4 spinel fer-
rite device was prepared using the sol–gel auto-combustion 

Fig. 5  A Magnetic moments at the hard/soft interfaces of an 
exchange-coupled ion, B The corresponding magnetic hysteresis 
curves (reproduced from Ref. [24] with permission from Handbook 
of Magnetic Materials)
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technique. There is a simple description of the single step, 
cubic spinel structure and space group Fd3m. With addition 
of zinc in cobalt ferrite, the lattice constant rises from 8.383 
to 8.430 Å. As a function of the concentration of zinc, the 
size of the crystallite ranges from 49 to 45 nm. The mag-
netization of saturation (Ms = 65.628–5.316 emu/g) demon-
strates behavior based on scale. At the octahedral site, the 
presence of non-magnetic  (Zn2+) in the cobalt ferrite spinel 
lattice introduces spin canting, which reduces magnetiza-
tion (Ms). Anisotropy continuously decreases with increased 
 Zn2+ content, and the coercive force magnitude decreases. 
With increasing  Zn2+ in cobalt ferrite, the explanation for 
decreasing coercivity (1116.9→ 113.48 Oe) is the decrease 
in magneto-crystalline anisotropy by migrating  Co2+ ions to 
the tetrahedral (A) site and decreasing the concentration of 
 Fe2+ ions at the octahedral sites in the spinel lattice because 
 Fe2+ ions are also the source of magnetic anisotropy in fer-
rites [14].  Co0.50Zn0.50Fe2O4 was synthesized by an adapted 
sol–gel process [33]. Co-doped  ZnFe2O4 exhibits the struc-
ture of the cubic spinel. No further reflections were detected 
due to secondary stages.Co0.50Zn0.50Fe2O4 has an average 
crystallite size of 13 nm. To synthesize mixed ferrites such 
as  Co1-xZnxFe2O4, the starch-assisted sol–gel auto-combus-
tion process was used [23]. The ferrite’s average crystallite 
size is 22 nm. A single-phase cubic spinel structure is avail-
able in the synthesized spinel ferrite nanoparticles. With 
the Zn substitution in the lattice, it is found that the lattice 
constant increases. Thus, the lattice constant also increases 
with the replacement of Zn ions. “Normally, when saturation 
magnetization (Ms) decreases along with crystallite size, 
the decrease in Ms is due to the surface effect, also called 
the dead surface”. The dead surface is related to surface 
spin disorder. As the crystallite size decreases, the number 
of surface spins in sample increases, so it is predicted that 
 MS will decrease. Zinc-substituted nanoparticles of cobalt 
ferrite  Co1-xZnxFe2O4 were incorporated using the sol–gel 
approach [12]. Particle sizes between 11 and 28 nm have 
been obtained for the prepared ferrites. The lattice param-
eter values change with zinc concentration (8.477–8.521 Å); 
this behavior may be due to the replacement of  Co2+cation 
(0.75 Å) with a larger cation  Zn2+ (0.82 Å) (Table 1). The 
coercivity value shows a substantial decrease with a rise in 
zinc substitution from 2000 to 170 Oe. This difference can 
be due to the decrease in domain wall energy caused by 
zinc poor magneto-crystalline anisotropy. The replacement 
of preferential A-site occupancy for non-magnetic cations 
 (Zn2+) results in a decrease in interaction between A- and 
B-sites in the trade. Therefore, by zinc substitution, the mag-
netic parameters of ferrite fine particles may be changed. 
The cobalt-doped zinc ferrite synthesised induced visible-
light and the result supports the mixed spinel ferrimagnet-
isms [11]. Incremental  Co2+ ion incorporation results in a 
detectable decrease in the lattice parameter a from 0.8420 D
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to 0.8341  nm, the disparity in the ionic radii of  Co2+ 
(0.072 nm) and Zn2 + may be due to that (0.074 nm). How-
ever, the  Zn0.6Co0.4Fe2O4 study, presumably due to its higher 
crystallinity, offers a larger domain size of around 27 nm. 
The calculated values of magnetization increased gradually 
from 4 to 6, 8, and 14 emu/g with increasing Co content. As 
for  Zn1−xCoxFe2O4 (x = 0, 0.03, 0.1, 0.2) samples, their mag-
netic activity can be explained under the consideration of 
single-domain nanoparticles because of their small particle 
size. Since their order temperature is lower than room tem-
perature, at room temperature, the super-exchange interac-
tion between A- and B-site does not appear to be favorable, 
so they exhibit paramagnetic activity. The  Zn0.6Co0.4Fe2O4 
study, however, shows room temperature ferrimagnetisms 
(Table 2) with observable coercivity of approximately 32Oe 
and magnetization saturation of ~ 51 emu/g. Preparation of 
 Co1−xZnxFe2O4 samples (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) by co-
precipitation process [34]. With a  Zn2+ doping material, the 
lattice parameter increases slightly. On the basis of the dis-
parity in ionic radii of  Zn2+ and  Co2+, the growth of a with 
x can be clarified. The smaller ionic radius of Co (0.58 Å) 
was replaced by the larger ionic radius of Zn (0.60 Å) due 
to the expansion of the unit cell, thereby increasing the lat-
tice parameter.

Magnetic measurements display a ferromagnetic behav-
ior, while with the concentration of Zn, the hysteresis loop 
appears to decrease. At lower amounts, non-magnetic (Zn) 
ions differentially occupy tetrahedral A-sites, while Zn ions 
tend to migrate at higher amounts (Fe) to octahedral B-sites 
of  CoFe2O4. Ms is found to be sensitive to Zn concentration. 
It is surprisingly interesting that replacing magnetic Co 
(μB = 3) with non-magnetic Zn (μB = 0) results in a magneti-
zation (Ms) increase of 25 percent (Ms).  Co0.6Zn0.4Fe2O4 
nanoparticles were synthesized using a single-step hydro-
thermal process [10]. These particles are ideal for both mag-
netic hyperthermia and MRI applications. With negligible 
coercive energy, the particles demonstrate super paramag-
netic conduct. A 55 emu/g and 35 Oe were the saturation 
magnetization and the coercive power of the coated parti-
cles, respectively. Such values are lower than those of cobalt 
ferrites in bulk. Zinc preference drives iron ions into octa-
hedral positions to occupy tetrahedral lattice positions, 
resulting in an increase in net magnetization. However, the 
A–B super-exchange interaction in ferrite is weakened by 
another rise in zinc ions, leading to spin canting and thus 
reducing saturation magnetization. The coercivity of non-
magnetic such as zinc-doped nanoparticles of cobalt ferrite 
is reduced in comparison with that of nanoparticles of cobalt 
ferrite. The decline in magneto-crystalline anisotropy with 
increasing Zn content could be due to this action. Due to a 
reduction in the number of strongly anisotropic cobalt ions, 
zinc ions with zero angular momentum incorporated into the 
cobalt ferrite decrease coercivity. Zn-substituted cobalt 

ferrite  (ZnxCo1−xFe2O4, x = 0–1) magnetic nanoparticles 
were synthesized in alkaline medium by a hydrothermal co-
precipitation process [8]. The space group Fd3m refines the 
cubic spinel ferrite structures. The deduced average NP size 
decreases marginally with the rise in the volume of zinc. 
Zinc occupies the A-site most preferably, while cobalt has a 
higher preference for the B-site, suggesting that both sam-
ples are mixed spinels. At a tetrahedral (A) site, the diamag-
netic  Zn2+ ions replace  Fe3+ ions and the net magnetic 
moment is increased. The distribution of cations between 
A-sites and B-sites predicts a maximum value for magnetiza-
tion, where the incremental occupation of B-sites begins 
with Zn ions. The decreased remanent magnetization MR/
MS results indicate that there could be a transition from hard 
crystalline to soft tensile stress surface anisotropy in compli-
ance with the coercivity  HC determinations, as zinc ions are 
substituted in the synthesis of the NPs by cobalt ions. The 
auto-combustion method has been used to prepare zinc-
doped cobalt ferrite nanoparticles with the simple composi-
tion of  Co1−xZnxFe2O4 [16]. Co–Zn ferrite crystallizes in the 
cubic system of spinel form belonging to the space group 
 Fd3m. The estimated mean size of the crystallite is in the 
34–45 nm range. The improvement in the zinc-concentration 
lattice values of parameter ‘a’ (8.37–8.44 Å) is attributed to 
the fact that the ionic radii of cobalt ions are lower than 
those of zinc ions. Nanocrystalline  Co1−xZnxFe2O4 (0.0–0.1) 
ferrites were synthesized using a simple, economical and 
environmentally friendly method of auto-combustion of 
sucrose [35]. Inside the octahedral sites,  Co1−xZnxFe2O4 fer-
rites displacing  Co2+ ions occupied and eventually shifting 
the scheme from opposite to regular spinel. A minor altera-
tion in the peak positions in accordance with this approach 
would have been needed due to the variations in the ionic 
radii of the total ions and their favored site occupation. No 
such obvious change in peak position was carried out in the 
present method, which revealed the preferential occupation 
of Zn2 + ions at octahedral sites by replacing  Co2+ ions of 
exactly the same ionic radius. The very slight modification 
in the lattice parameters obtained by gradual Zn-substitution 
is easily explained by this behavior. Enhancements in mag-
netization by the incorporation of zinc should be discussed 
in relation to the influence of cationic stoichiometry and its 
favored occupancy at various sites. The mechanism of super-
exchange interaction between metal ions of the tetrahedral 
(A-sites) and octahedral (B-sites) can generally be due to the 
magnetic order in the ferromagnetic cubic spinel. In litera-
ture, by increasing Zn content, several authors reported a 
decreasing magnetization activity in the  Co1−xZnxFe2O4 fer-
rite system. A relatively high magnetization value 
(67.6 emu/g) was observed compared to other cobalt ferrites 
prepared using other methods. Usually, the  Zn2+ ion replace-
ment (with zero magnetic moment and preferring A-site 
occupancy) results in the super-exchange interaction being 
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decreased and the magnetic properties are thus varied by 
changing their concentration. However, in view of the cati-
ons distribution suggested through structural studies, the 
unexpected changes in the magnetization values by adding 
zinc can be defined in this paper. Microwave gel combustion 
has successfully synthesised zinc-doped  CoFe2O4 nanopar-
ticles of the formulation  CoFe2−xZnxO4 [17]. By adding Zn 
ion to the  (CoFe2O4) CFO matrix, the unmodified spinel 
structure obtained indicates that the Zn dopant should be 
incorporated as a replacement ion into the lattice. Increase 
the CFO lattice parameters from 8.35 to 8.58 nm by increas-
ing the Zn concentration from zero to 15 percent. On the 
basis of Vegard’s law, which can be due to the greater ionic 
radius of  Zn2+ (0.74 Å) (Table 1) compared to  Fe3+ (0.64 Å), 
this increase in the lattice parameter and volume of the unit 
cell can be easily explained. The CFO recorded 12.38 nm 
for pure crystallite, 15 percent for Zn-doped CFO and 
increased to 15.79 nm. The lattice parameter ranges from 
8.351–8.585 Å as Zn increases. The Zn concentration in 
crystalline size, lattice parameter and density are responsible 
for these variations. Ultrafine particles of  Co1-xZnxFe2O4 
with x varying between 0.1 and 0.5 were prepared using the 
co-precipitation method [18]. The material reveals the pres-
ence of the single-phase FCC spinel structure in both inves-
tigations. The particle size is decreased from 12 to 8 nm as 
the partial zinc substitution increases. The order is primarily 
due to the super-exchange process of interaction between the 
metal ions in the A and B sublattices in the ferrimagnetic 
spinel cubic structure. The substitution of non-magnetic ions 
such as Zn, which have a preferential A-site occupancy, 
results in a decrease in the interaction between sites A and 
B. The magnetization of saturation decreased from 54.1 to 
39.6 emu/g, while the zinc concentration increased from 0.1 
to 0.5. Owing to the size effect or to the presence of super 
magnetic particles, the decrease in magnetic properties may 
be due to a partial substitution of non-magnetic zinc. The 
further increase in zinc substitution also leads to a 0.5 emu/g 
and 9.8 Oe reductions in remanence and coercivity for 
 Co0.5Zn0.5Fe2O4, respectively. The saturation magnetization 
of the fluid samples decreases as the partial substitution of 
zinc with cobalt grows. Ferrofluids with  Co0.5Zn0.5Fe2O4fine 
particles (with broad magnetic volume force) can be used 
effectively for energy conversion applications. 
 Co1−xZnxFe2O4 (x = 0.3, 0.5, 0.7) and  ZnFe2O4 were pre-
pared [19] using the sol–gel process. The particle size 
increases from 13 to 19 nm linearly for 400 °C sintered sam-
ples as a function of decreasing zinc concentration. With 
theexception of x = 0.5, the particle size decreases from 78 
to 45 nm for sintered samples of 800 °C, which is due to the 
difference in ionic radii of Cobalt  (Co2+ (0.72)) and zinc 
 (Zn2+ (0.74)). Sintering temperatures for zinc concentrations 
x = 0.7 and 0.5 were found to be an irregular shift in the lat-
tice parameter. This difference is due to nanosized particles 

that, compared to the bulk material, are associated with a 
strong cohesive energy. The occupation index of sites A and 
B is highly dependent on the conditions of synthesis, such 
as particle size, temperature, and pressure. The transition of 
 Fe2+↔Fe3+ or  Co2+↔Co3+ or  Zn2+↔Zn3+ ions may be 
responsible for ferrite conduction due to the hopping of 
charge carriers between neighbouring octahedral sites (B). 
In comparison, because of the increased sintering tempera-
ture (i.e.) bulk behavior of the samples without any surface 
contribution entirely controlled by cations distribution, 
800 °C sintered samples behave differently. Therefore, as an 
ionic radius of Fe is (0.67), Zn atoms ideally appear to 
occupy B-site rather than A-site. When the particle size is 
very large, the surface contribution reduces and magnetiza-
tion is just the outcome of the inversion of cations. Spin 
canting and non-collinear spin arrangement do not lead to a 
decrease in  Ms (due to an increased particle size of 
78.59 nm) because Ms does not increase with respect to 
particle size. The reduction of saturation magnetization can 
also be explained in terms of its non-collinear spin configu-
ration at or near the atom’s surface. Due to the spin canting 
effect, the decrease in Ms. Zn-doped cobalt ferrite sintered 
at 800 °C exhibits a semiconducting nature, of all things. 
Ceramic nanoparticles of  CoxZn1−xFe2O4were synthesized 
by co-precipitation process [36].The variation (Zn) particle 
sizes and lattice parameters were affected shift of cobalt cati-
ons in ferrite system. Compared to the octahedral sites,  Zn2+ 
and Fe + ions have a very strong preference for tetrahedral 
sites in such a framework (spinel structure).

Co2+ ions, on the other hand, have a powerful preference 
for octahedral sites. The introduction of  Co2+ ions into the 
system, therefore, induces a rise in iron ion concentration at 
tetrahedral sites, which is energetically more favorable for 
 Fe3+ ions. In addition, the rise in the doping crystallite size 
up to x = 0.7 can also be explained by the cobalt’s electronic 
structure  (3d7) and its preference to interact with ligands and 
oxygen anions compared to the ideal electronic structure of 
 Zn2+. The absence of the unpaired electron in  Zn2+, s or d 
orbital contributes to limited covalent interaction and choice 
between  Zn2+and their ligands for extension. Therefore, by 
replacing  Co2+ ions with  Zn2+ions, the strength of the cova-
lent interaction and preference to interact with ligands will 
be enhanced. As a consequence, an increase in saturation 
magnetization is seen by increasing Co. In addition, for all 
the prepared samples at room temperature, superparamag-
netic activity and greater surface area were observed, result-
ing from the state of our powder synthesis. The hydrother-
mal method was used to prepare nanocrystalline cobalt 
ferrites substituted with Zn with the formula  Co1−xZnxFe2O4 
(x = 0.0–1.0). High physical properties such as high chemical 
stability, high corrosion resistance, magneto-crystalline ani-
sotropy, magnetostriction and magneto-optical properties 
have been demonstrated. If the content of the Zn increases, 
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the lattice constant for each composition increases and fol-
lows the law of Vegard. As the ion size of  Co2+ (0.72 Å) is 
smaller than that of  Zn2+ (0.74 Å), this may be due to vari-
ations in the ion sizes of  Zn2+ and  Co2+ cations. Conse-
quently, the lattice constants were found to be inside the 
lattice constant range of  ZnFe2O4 and  CoFe2O4 [37]. In this 
paper, nanoparticles (NPs) of cobalt zinc ferrite 
 (Co0.5Zn0.5Fe2O4) were prepared using the chemical co-
precipitation method [20]. This work deals with the synthe-
sis of  Co0.5Zn0.5Fe2O4 NPs via the process of co-precipita-
tion, their annealing for the study of physical properties at 
different temperatures characterization. Fig. 6 shows the 
Variation of magnetic signature due to calcinations tempera-
ture with the increase in annealing temperature, enhance-
ment in crystallinity and crystallite size is observed. The 
morphology and grain size of prepared NPs have also been 
greatly influenced by annealing. With a raise in the anneal-
ing temperature (Fig. 6), the  Co0.5Zn0.5Fe2O4 NPs demon-
strated a remarkable change in the magnetic moment. As the 
samples’ annealing temperature increases, the crystallite size 
increases. The difference between the atomic masses of 
cobalt and zinc, which influences the NP density due to an 
increase in the amount of samples prepared at the tempera-
ture of the annealing. With the rise in annealing temperature, 
the porosity of ferrite NPs is found to decrease. The anneal-
ing temperature of coercivity  (Hc) greatly affects the Hc of 
prepared nanoferrite. Hc has sinusoidal activity and shows 
large values for synthesized ferrite NPs ranging from 96.88 
to 113.5 Oe. The consequence of crystalline size may be due 
to this variation in Hc values. Due to surface effects, Hc 
increases with the rise in crystallite size. And with the rise 
in crystallite size,  Hc continues to decrease above the critical 
crystallite size. The number of grain boundaries rises by the 
rise in crystallite size, and thus  Hc of NPs decreases. There-
fore, with the increased annealing temperature, the decrease 

in  Hc can be attributed to a decrease in the anisotropy field 
that decreases the domain wall energy in response. Using the 
microwave combustion process,  ZnxCo1−xFe2O4 spinel nano-
particles (NPs) were synthesized [38]. This paper discussed 
that during the microwave combustion process, a well-
defined, pure, single-phase spinel structure was formed with-
out any impurity and other phase formation. The centres of 
the two most extreme peaks (220) and (311) are slightly 
moved to the lower diffracted angles, with the concentration 
of  Zn2+ dopant rising, due to the difference in the ionic radii 
of the ions  Zn2+ (0.82 Å) and  Co2+ (0.72 Å) and the pres-
ence of  Zn2+dopant in the  CoFe2O4 spinel matrix was also 
verified. With an increase in  Zn2+material, the strength of 
diffraction peaks decreased significantly, which suggests that 
the increase in the concentration of  Zn2+doping (x = 0.4) 
retards the size of the crystallite. The value of the undoped 
 CoFe2O4 lattice parameter is a = 8.432 Å and the value 
increases from 8.434 to 8.441 Å with an increase in the  Zn2+ 
content (x = 0.2 to 1.0). The lattice parameter values show 
an almost linear dependency, thus obeying the law of 
Vegard. The magnetic properties of the spinel ferrites typi-
cally depend on the composition and distribution of the cati-
ons between the occupation of the A- and B- sites, and they 
may be ferromagnetic, antiferromagnetic, and paramagnetic 
in nature. Ferromagnetic activity is shown by the undoped 
 CoFe2O4 sample, and magnetization (Ms) increased 
(64.85 emu/g) with the applied field and does not saturate 
even at + 10 kOe. The prepared lower composition (x = 0.0, 
0.2, and 0.4) shows a ferromagnetic behavior and the higher 
compositions (x = 0.6, 0.8 and 1.0) display a super paramag-
netic behavior (with hysteresis, and with rising  Zn2+ mate-
rial, the  Ms Values decreased. Similarly, the lattice defects, 
magnetic super-exchange interaction from the A-sites to 
B-sites, and magnetic super-exchange interaction from A to 
B- sites are due to the observed  Ms values of the samples. 
However, with the increase in  Zn2+ material, which can be 
due to the magnetic character and anisotropic nature of spi-
nel Co–Zn ferrites, It has been found that Hc, Mr and Ms 
values of the spinel  ZnxCo1–xFe2O4 NPs have steadily 
decreased. Nanoparticle  Co1−xZnxFe2O4 samples were pre-
pared using alove vera gel through the route of combustion 
[39]. Nanoparticle  Co1−xZnxFe2O4 samples have been pre-
pared using alove vera gel via the combustion path. It was 
found that  ZnFe2O4 has a regular spinel structure, whereas 
 CoFe2O4 has an inverse spinel structure. However the tetra-
hedral and octahedral positions are often occupied by the 
 Co1−xZnxFe2O4 ferrite nanoparticles with intermediate char-
acter of regular spinel structure and inverse spinel structure 
due to Zn and Co atoms. Zinc-substituted cobalt ferrite, 
 Co1−xZnxFe2O4 Wet chemical co-precipitation accompanied 
by sintering at 1000 °C was synthesized [15]. It was discov-
ered that the individual sample density diminished with an 
expansion in the Zn material. The impact on the lattice 

Fig. 6  Variation of magnetic signature due to calcinations tempera-
ture (reproduced from Ref. [40] with permission from Chemistry 
Central Journal)
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constant and grain size of the grouping of zinc. The incre-
ment in zinc content was seen at the tetrahedral and octahe-
dral locales in the grid consistent, porosity, ionic radii, dis-
tance between the attractive particles and bond lengths. 
Zincreconciliation is because of the development of iron 
particles from the tetrahedral site to the octahedral site. Zinc 
replacement significantly affects underlying and magnetic 
properties like saturation magnetization, coercivity, tempera-
ture of Curie. It is important to recall that the difference in 
grid constants with Zn content keeps Vegard’s law for all 
examples. There is an improved lattice constant with the 
ascent in zinc content and sintering temperature. This is 
probably due to the difference in the surface to volume ratio 
in the bulk state. The increase of the lattice constant can be 
explained on the basis of the stoichiometry of the cations at 
a particular condition of the  Co1−xZnxFe2O4 ferrite nanofer-
rite system. Based on the cations distribution and super-
exchange mechanism of interaction between iron (A-sites) 
and cobalt ions (B-sites) in cubic ferromagnetic spinels, the 
magnetic order is generally clarified. Non-magnetic ion Zn 
prefers occupation of A-sites, which in turn leads to a 
decrease in the exchange interaction between A- and B-sites, 
resulting in a strengthening of the B–B interaction. Some 
trivalent iron ions move from A-site to B-site with  Zn2+ ion 
substitution according to the site preferences of different 
ions, raising the  Fe2+ ions at B-sites. By leaving A-sites, the 
number of iron ions becomes small with the growth of Zn 
content, which in turn causes a decrease in A–B interaction 
encountered at B-sites by iron ions. As the number of  Fe2+ 
ions increases at B-sites, an increase in B–B interaction is 
induced and spin canting occurs as a result. The decrease in 
coercivity value with increasing  Zn2+ content may be attrib-
uted to the sample’s direct link with the anisotropy constant, 
which arises from crystal imperfection and the high degree 
of aggregation. With the increase in the content of  Zn2+, the 
domain wall energy is also decreased as the known anisot-
ropy effect of Co decreases. On the basis of domain structure 
and the anisotropy of the crystal, the shift in coercivity (HC) 
value can be clarified. This magnetic ferrite material is a 
suitable possible candidate for use for storage devices. In 
this research report, magnetic and microwave absorption loss 
and other reaction characteristics in composite cobalt zinc 
ferrite were studied [28]. This composite is used to absorb 
material from the microwave. The strength of the major 
peaks belonging to cubic spinel ferrite was increased by sin-
tering at 1250 °C, demonstrating the improvement in the 
degree of crystallinity of the prepared samples, as well as 
the strain released during the process of high energy ball 
milling. The displacement of  Co2+ at the  Zn2+ site resulted 
in the transfer of  Fe3+ to the A-site and the approach of  Co2+ 
to fill the B-site vacancy. The magnetic interaction between 
the  Fe3+ on the A-site and the  Co2+ and  Fe3+ on the B-site 
has, therefore, been improved. This study outcome and 

results were an attempt to solve and improvise the conven-
tional spinel ferrite problem that is used as an effective 
microwave absorber.

Figure 7 shows the variation of magnetic signature due 
to pH. Nanopowders with the stoichiometric composition 
 Co1−xZnxFe2O4 were prepared using a hydrothermal micro-
wave process [21]. All the samples were synthesized with 
a pH of ~ 13. The magnetic ions of the tetrahedral A-site 
are so much reduced when higher  Co2+ions are substituted 
by  Zn2+ions in the  Co1−xZnxFe2O4, that the dominant inter-
sublattice A–B super-exchange interaction becomes weaker. 
The intra-sublattice B–B super-exchange interaction thus 
enhances, resulting in the occurrence of spontaneous spin 
canting on the B-site with regard to the direction of the 
A-site’s spins. It can therefore be reasonably inferred that 
canted (non-collinear) spins contribute to a decrease in Zn 
concentration values of the magnetic moment (and magneti-
zation). The concentration of the  Co2+ions at the octahe-
dral (B) sites decreases as the Zn concentration increases 
in cobalt ferrite, leading to a decrease in effective magnetic 
anisotropy. In terms of the cation distribution and grain 
size effect, the magnetic properties are explained. Thus, the 
high permeability, moderate  Ms and  Hc displayed by the 
Zn-doped nanocrystals  CoFe2O4 are favorable for their pos-
sible use as a ferrite head in high-density recording media 
applications.

Conclusion

The structural and magnetic characteristics of ferrites are 
present in this review paper. Co–Zn ferrite integrated and 
its cubic structure phase at 400 °C to 1250 °C. So, tem-
perature is a major role in controlling ferrite crystallinity, 
phase purity, structural and magnetic properties. The average 

Fig. 7  Variation of magnetic signature due to pH (reproduced from 
Ref. [41] with permission from Applied Physics A)
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particle size find from 9 to 90 nm. The lattice constant varied 
from 8.33 to 8.61 Å. The crystallite size and lattice constant 
was influenced as it mixed cobalt ferrite into zinc. Magnetic 
specifications such as magnetization and coercivity changed 
from 0.31 to 79.04 emu/g and 9 Oe to 1265 Oe, respectively, 
when dopant  (Zn2+) increased. These employed mixed ferri-
tes exhibits superparamagnetism signature after calcinations. 
As surfactants (PVP/PVA/Citric acid) are strongly controlled 
nanosized and magnetic properties. The pH value (7–13) 
is most significance for affecting the adsorption behavior; 
modify surface charge and migration cations as well. Co–Zn 
mixed ferrite are used in various industrial and medical field 
such as optical recording media, magnetic sensors, magnetic 
hyperthermia, storage device, microwave absorbing materi-
als, waste water treatment and MRI.
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