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     Abstract- This review focuses on two systems, nanocrystalline Zn substituted Co1-xZnxFe2O4 (0ÒxÓ1) and 

Ni0.4Zn0.2Mn0.4Fe2O4, were synthesized using microwave hydrothermal and auto-combustion method respectively. The synthesized 

powders were characterized by X-ray diffraction (XRD), transmission electron microscope (TEM), thermo-gravimetric-

differential thermal analysis (TG-DTA) and FTIR. The average particle size was obtained from TEM and it is found to be 17 nm. 

Zero field cooled (ZFC) and Field cooled (FC) measurements for Co1-xZnxFe2O4 reveal that samples with 0.6ÒxÓ1 have 

superparamagentic behavior at room temperature, which confirms weak interaction between magnetic particles. The blocking 

temperatures obtained form ZFC-FC curves decreases as Zn concentration increases. Lower reduced remnant magnetization 

(Mr/Ms) values (x<0.5) suggest that all the samples have uniaxial anisotropy. For Ni0.4Zn0.2Mn0.4Fe2O4 bulk densities of the 

samples were increased with an increase of sintering temperature. The grain sizes of all the samples vary in between 18 nm to 30 

nm. The hysteresis loops show high saturation magnetization and low coercivity, indicates that it is a soft material. The 

incremental permeability (permeability with magnetic field superposition) was influenced by both ȹM and Hc.  So these ferrites 

has the properties and are widely used as electromagnetic wave absorbing materials in the VHF/UHF region and as radar 

absorbing materials in C-band frequencies. 

    

     Index Terms- Spinel Ferrites, Magnetic Properties, Saturation Magnetization, Zero Field Cooling, Blocking Temperature, 

Permeability, Q-factor, DC-bias-superposition 

I. INTRODUCTION 

Ferrites have the general formula (M1 ī ὼFeὼ)[MὼFe2 ī ὼ]O4. The divalent metal element M (Mg, Zn, Mn, Fe, Co, Ni, or mixture of 

them) can occupy either tetrahedral eight (A) or sixteen octahedral [B] sites of a cubic mineral spinel (MgAl2O4) structure as 

depicted by the parentheses or brackets, respectively. For example the structural formula of Co-ferrite is usually written as (Co1ī 
ὼFeὼ)[Mgὼ Fe2īὼ]O4, where ὼ represents the degree of inversion (defined as the fraction of (A) sites occupied by Fe

3+
 cations). 

Depending on distribution of cations in (A) and [B] sites, ferrites may exist in two extreme states, normal (ὼ = 0) and inverse (ὼ = 

1) or in an intermediate mixed state [1]. 

 

Among these materials, spinel ferrite nanoparticles have special importance. They show various magnetic properties depending on 

the composition and cation distribution. Various cations can be placed in A site and B site to tune its magnetic properties. 

Depending on A site and B site cations, it can exhibit ferrimagnetic, antiferromagnetic, spin (cluster) glass, and paramagnetic 

behaviour. 

 

Nanosized ferrites may have extraordinary electric and magnetic properties that are comparatively different from microstructured 

materials, tailoring them to modern technologies, as well as providing novel applications such as ferrofluids [2], magnetic drug 

delivery [3], high density information storage [4], photocatalysis [5], gas sensors [6], etc. 

 

Among those spinel ferrites we are interested in Zn substituted mixed ferrites are useful for low and high frequency applications 

generally for for power transformers, power inductors, microwave devices, read and write heads for high speed digital tape, etc. 

because of their high resistivity, low losses, mechanical hardness, high Curie temperature and chemical stability [7-12]. 

 

CoFe2O4 has attracted considerable interest because of its large magnetic multi-axial anisotropy, high saturation magnetization, 

high Curie temperature and extraordinary chemical stability [13-16]. CoFe2O4 is predominantly an inverse spinel oxide with Co
2+

 

ions mainly on B sites and Fe
3+

 ions distributed, almost equally, between A and B sites [17]. Cobalt ferrite is ferrimagnetic below 

790 K (TN) which suggests that the magnetic interactions in this ferrite are very strong. When Co
2+

 is replaced by Zn
2+

 in Co1-

xZnxFe2O4, Zn
2+

 preferentially occupies the tetrahedral site and the Fe
3+

 ions are displaced to the octahedral sites. Thus, with 

increasing x, the FeAïOïFeB interaction becomes weak and TN is expected to decrease. ZnFe2O4 is a normal spinel, i.e., 

ZnA[Fe2]BO4 , and it is not ferrimagnetic, but antiferromagnetic due to FeBïFeB interactions only. TN of ZnFe2O4 is very small, 9 K 

[18]. The absence of magnetic ions on the A site does not permit the antiferromagnetic AïOïB interaction and hence the magnetic 

interaction in this ferrite is only on the octahedral (B) site. Now as the overall interaction in a ferrite is antiferromagnetic, the only 

magnetic interaction in ZnFe2O4, i.e., FeBïFeB is antiferromagnetic [19]. 
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Cobalt zinc ferrite is one of the promising soft ferrite used in electronic devices such as transformer cores, electric motors and 

generators. Cobalt ferrite nanoparticles are suitable for the isolation and refining of genomic DNA, the parting of polymerase 

chain reaction ready DNA [20, 21] and especially in hyperthermia treatment. Variation in the concentration of the third metal ion 

like Zn in Co ferrite can easily alter the distribution of Fe
3+

 ion [22]. Zn substituted mixed ferrites (Co-Zn) are chosen due to their 

high sensitivity of magnetization to temperature for some applications like self-controlled hyperthermia [23-25]. 

 

Till  now, low-temperature-fired Ni-Cu-Zn ferrites are the most important materials subjected to study the DC-bias-superposition 

characteristics [26-28] due to their relatively low sintering temperature, high resistivity and good magnetic properties in the high 

frequency range [29, 30]. But these investigations were mainly focused how to lower sintering temperature of the NiCuZn ferrites 

by adding various sintering aids or changing the preparation process, improving the electromagnetic properties [31-37] but there 

are no reports present on pure NiCuZn ferrite which was studied for DC bias superposition. And, moreover, they are the most 

important soft ferrites used in multilayer chip inductors (MLCIs) and relevant inductive devices [38-40, 29]. In this work, we 

chose Mn element to replace Cu element in the NiCuZn ferrites, and investigated the effects of óMnô on the magnetic properties, 

especially DC-bias-superposition characteristic. 

 

Studies on spinel ferrites synthesis methods have led to the development of different chemical synthesis techniques, which have a 

common feature that all reagents are mixed in atomic or molecular level. Most popular methods of bottom-up synthesis approach 

mentioned above are co-precipitation [41], solïgel method [42], microemulsion method [43], hydrothermal [44], spray pyrolysis 

[45], reverse micelle [46], precursor method [47], etc. Complex schedules and low production rate are common problems of these 

wet-chemical methods [48].  

 

The main advantages of this process over conventional-hydrothermal process are: (a) the rapid heating to treatment temperature 

saves time and energy, (b) the kinetics of the reaction are enhanced by one to two orders of magnitude, (c) lead to the formation of 

novel phases, and (d) lead to selective crystallization. Praveena et al. [49ï52] have used the microwave hydrothermal (MïH) 

method to prepare nano-sized powders of various ferrites with large surface area. 

 

Solïgel auto-combustion synthesis method (also called low-temperature self-combustion, auto-ignition or self-propagation, as 

well as gel-thermal decomposition), where the chemical solïgel and combustion process are combined, has shown great potential 

in the preparation of spinel type ferrite nanomaterials. Generally, this method can be considered as solution combustion technique 

[53]. 

 
II. EXPERIMENTAL 

Synthesis of Co1-xZnxFe2O4 Ferrites: Nanocrystalline powders with compositions Co1-xZnxFe2O4 (0ÒxÒ1) were prepared using 

microwave hydrothermal route. High purity (sigma, 99.99%) of cobalt nitrate [Co(NO3)2.6H2O], zinc nitrate [Zn(NO3)2.6H2O] and 

iron nitrate [Fe(NO3)2.9H2O] were dissolved in double de-ionized water. An aqueous NaOH was added dropwise to the solution 

until pH (~13) was obtained. The mixture was then transferred into Teflon lined vessel and kept in microwave digestion system 

(Model MDS-2000, CEM Corp., Mathews, NC). This system uses 2.45 GHz microwaves and can operate at 0-100% full power 

(1200±50W). The system is controlled by pressure and can attain maximum pressure of 200 psi, which is equivalent to 194°C. 

The time, pressure and powder were computer controlled. The products obtained were filtered and then washed repeatedly with 

de-ionized water, followed by freeze drying overnight. The prepared powders were weighed and the percentage yields were 

calculated from the actual weight of the salts taken and the amount that was actually crystallized. The particle sizes of as-

synthesized powders were estimated by Transmission Electron Microscope (TEM, JEOL). FTIR spectraôs were taken on Bruker 

Tensor 27 model from 4000 to 400 cm
-1
. The samples were characterized by Phillips PANalytical Xôpert powder X-ray diffraction 

(XRD) with Cu-KŬ (ɚ=1.5406A) radiation. The lattice constant (a) for the cubic crystal system was calculated using the equation 

2 2 2a d h k l= + +  where (h k l) are the Miller indices of the diffraction peak, and ódô is the inter-planar spacing. The average 

crystallite size was calculated from Scherer formula 
cosm

KD l
b q

=  where K is a constant, ɚ radiation wavelength, ɓ is full 

width at half maxima (FWHM) and ɗ is the diffraction angle. The room temperature complex permeability (ɛǋ and ɛǌ) were 

measured over a wide frequency range from 1 MHz - 1.8 GHz using Agilent RF impedance analyser 4291B.  Magnetic 

measurements were obtained from a super conducting quantum interference device (SQUID) at room temperature (400 K). 

 

III. RESULTS AND DISCUSSIONS 

Structural and morphological studies: Fig.1 shows powder X-ray diffraction patterns of as-synthesized nanopowders. It shows 

single-phase cubic spinel structure, without any impurity phases. It is interesting to observe that as Zn concentration is increasing 

the diffraction peaks become broader indicating the nanosize of the crystals with space group symmetry, 3fd m
-

[54]. The 

experimental values of lattice constants are compared with the standard JCPDS-ICDD Cards, for Co ferrite (22-1086 ICDD) and 

for Zn ferrite (89-1009 ICDD).  

 

Using XRD results, the average crystallite size of the samples was calculated as given in Table 1. When the crystallite size drops 

from bulk to nanosize, the cation distributions as well as the magnetic properties of the compounds would be altered drastically. 
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As the Zn
2+

 concentration increases crystallite size decreased from 20 to 15 nm, this result conveys that the introduction of Zn in 

CoFe2O4 obstructs the crystal growth, which is based on the entropy stabilization which forms disorder in the spinel structure 

reported by Sharifi and Shokrollahi [55]. The formation of free energy will be comparable to enthalpy of formation for normal 

spinels and somewhat more negative for spinels with intermediate or inverse cation distributions [56]. As expected the 

introduction of zinc in the system, more heat will be liberated, decreasing the molecular concentration at the crystal surface and 

there by obstructing the crystal growth [57, 41]. It is interesting to note that Zn
2+

 ions in the spinel structure have a very strong 

preference for tetrahedral sites and Co
2+

 ions have a similar strong preference for octahedral sites. Also Fe
3+

 ions have a stronger 

preference for the tetrahedral sites as compared to the octahedral sites. As Zn is introduced in the system, it forces Fe
3+

 to occupy 

octahedral sites and the situation becomes less favourable. The decrease in particle size by increase in Zn content may be 

explained by the electronic configuration of Co
2+

 (3d
7
) and its more tendency to interact with ligands and oxygen anions, as 

compared to Zn
2+

(3d
10
), which has a complete electronic configuration. The lack of ódô electron is important because it is very 

weak in covalent interaction and there is a tendency towards extension between Zn
2+

 and ligand. Furthermore, it is reported by 

some researchers [58] that the smaller particle sizes of the samples doped with Zn ions are due to the lower bond energy of Zn
2+

- 

O
2-
 (159 kJ/mol) as compared with that of Co

2+
- O

2-
 (384kJ/mol).  

 

The lattice constants of the present samples vary from 8.388 to 8.44 Å and are given in Table 1. It is observed that lattice constant 

óaô increases as zinc content (x) increases. This variation can be explained on the basis of difference in ionic radii of the 

substituted ions. The ionic radii of Zn
2+

 (0.82Å) [59] is larger than that of Co
2+ 

(0.78Å) [60] ions. In the present system Zn
2+

 ions 

are substituted in place of Co
2+

 ions and hence lattice constant increases with Zn content (x). 

 

Using the cation distribution data the mean ionic radius of tetrahedral (A) site (rA) and octahedral [B] site (rB) was calculated. It is 

observed from Fig. 3 that rA increases and rB decreases with zinc substitution. The increase in rA is due to the replacement of Fe
3+

 

ions at the tetrahedral A-site by the larger radius Zn
2+

 ions. The decrease in rB may be due to the increased migration of the larger 

Co
2+

 ions to the octahedral B-site instead of Fe
3+

 ions. 

 

Transmission electron microscope (TEM) analysis: The Selected Area Electron Diffraction (SAED) ring pattern (Fig. 2a) of 

the nanoparticles of Co0.4Zn0.6Fe2O4 is well resolved at (220), (311), (400), (422), (511), (440) reflections, as in XRD pattern. The 

samples exhibited more or less spherical morphology with uniform size.  The lattice spacing of 0.24 nm corresponding to the 

(311) plane confirms the presence of crystalline Co0.4Zn0.6Fe2O4 particles (Fig. 2b). From Fig. 2c, TEM images of the particles are 

well separated from each other. The particle sizes of these samples are compared with those calculated from XRD and are listed in 

Table 1. 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig. 1. XRD pattern of the Co1-xZnxFe2O4 (0Ò x Ò1) nanoparticles synthesized at temperature 160°C for 15 min. 
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Table 1. Variation of particle size and lattice constant (a) of Co1-xZnxFe2O4 (0Ò x Ò1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                              (a)                                                                          (b) 

Fig. 2 (a). SAED pattern of Co0.4Zn0.6Fe2O4. (b) High magnification HRTEM image of Co0.4Zn0.6Fe2O4  

showing the (311) oriented lattice planes. 

 

                   
Fourier transform infrared spectroscopy (FTIR): FTIR spectra of as-synthesized nanopowders are presented in Fig. 3. Two 

main broad metal-oxygen bands are seen in the FTIR spectra of all spinels, and ferrites in particular. The highest one, ɡ1, is 

generally observed in the range 600ï500 cm
-1
, and it corresponds to intrinsic stretching vibrations of the metal at the tetrahedral 

site (Td), MtetraźO, whereas the ɡ2 lowest band is usually observed in the range 430ï385 cm
-1
, is assigned to octahedral metal 

stretching (Oh), MoctaźO [61-63, 4, 1]. We observed the band at 600 cm
-1
 is assigned as ɡ1 (M tetraźO), near 400 cm

-1
, ɡ2 (430ï

385 cm
-1
) and below 400 cm

-1
. The absorption bands observed at ~3450 and ~1630 cm

-1
 prove the presence of adsorbed water on 

the surface of the ferrite nanopowders. The small absorption band at around 1380 and 1720 cm
-1
 in the as-prepared material may 

be assigned to the unreacted metallic salts and carbonyl respectively. Consequently, the ɡ1 band observed at 561 cm
-1
 for ZnFe2O4 

can be assigned to tetrahedral Zn
2+

 stretching and the ɡ2 band observed at 425 cm
-1
, involves the Fe

3+
 vibration at the octahedral 

site. The broad band (3600ï2500 cm
-1
) centered at 3430 cm

-1
 can be assigned to hydrogen-bonded OïH stretching vibration 

arising from surface hydroxyl groups on nanoparticles and adsorbed water. It seems that the ɡ1 band shifts slightly toward the 

lower wave numbers with increase in óxô over the composition range and indicating weakening of the metalïoxygen bonds in the 

tetrahedral sites due to the transition between the extent of normal spinel and inverse structures [64]. 

 

 

 

 

 

 

 

 

 

 

 

 

Composition 

óx' 

Particle size 

(nm) 

TEM 

Particle size 

(nm) 

XRD 

a (Å) 

0 15.2 12 8.388 

0.2 14.5 15 8.39 

0.4 13.8 18 8.41 

0.6 19.4 20 8.42 

0.8   8.43 

1   8.44 
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Fig.2c. TEM images of Co1-xZnxFe2O4 (0ÒxÒ1) nanoparticles. 
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Fig. 3. FTIR spectra for as-prepared Co1-xZnxFe2O4 (0Ò x Ó1). 

Frequency variation permeability: Fig. 4(a & b) shows the variation of magnetic permeability components with frequency for 

CoZnFe2O4 series. The permeability (ɛ') of ferrite is influenced by wall displacement of magnetization domains at low 

frequencies, respectively magnetic spin rotation at high frequencies.  The highest values of real part of permeability ɛ' at room 

temperature belong to x=0.4 and x=0.6 characterized by highest values of the average grains size and good densification. It is 

known that high zinc content increases the value of magnetic permeability due to the densification of samples and the increase of 

magnetic spin rotation contribution [65]. From Fig. 4b could be observed that the lower values of ɛ" all the samples. The 

conduction mechanism in Co ferrite was explained through the existence of simultaneous conduction of n-type (Fe
3+

/Fe
2+

) and p-

type (Co
2+

/Co
3+

) which occurs mainly between adjacent B sites, because the distances between metallic cations are sufficiently 

reduced to facilitate electronic transitions [66].  

 

The real part of permeability spectra for CoFe2O4 could be observed that the value of µ'
 
is about 413 at 1MHz and 

remained constant with an increase of frequency upto 100 MHz. With further increase of frequency the value of µ'   is found to 

increase and shows a relaxation peak at around 108 MHz. From the plots of frequency dependence of imaginary part of 

permeability (ɛ'')  could be observed that the value of ɛ'' for all the ferrites are gradually increased with frequency and shows a 

broad maxima around 108 MHz, where the real part of permeability rapidly decreases, this phenomena is well known as natural 

resonance [67, 68].  

 

 From the complex permeability spectra of CoZn ferrites, it was observed that the real part of permeability (µ') remained 

almost constant, until the frequency was raised to a certain value and then began to decrease at higher frequency. The imaginary 

part of permeability (ɛ'') gradually increased with the frequency and took a broad maxima at a certain frequency, where the real 

permeability rapidly decreases. This feature is well known as natural resonance [69, 70]. For the chemical composition variation, 

it was found that the µ' in the low frequency region below 1 MHz decreases with an increase of x, in Co1-xZnxFe2O4. As óx ówas 

increased, the natural resonance frequency, where the imaginary permeability had a maximum value, shifts towards higher 

frequency side. 

 

Room temperature M-H loops: Fig. 5 shows the variation of magnetization with the applied field. All prepared samples at room 

temperature exhibit ferrimagnetic coupling. As zinc is introduced in the system, it pushes Fe
3+

 ions from tetrahedral A sites to 

octahedral B sites [71]. This causes the increase in magnetization of Co1-xZnxFe2O4. That is, while the magnetic moment of the A 

site decreases due to increase of non-magnetic Zn  
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Fig 4a. Frequency variation of real part of permeability of Co1-xZnxFe2O4 (0ÒxÒ1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4b. Frequency variation of imaginary part of permeability of Co1-xZnxFe2O4 (0ÒxÒ1). 

 

 

 

ions in the A site, the magnetic moment of the B site increases due to increase of Fe
3+

 ions in B site. Therefore, in the present 

study, when the Zn concentration increases from 0 to 0.2, total magnetization (Moct - M tet) of Co1-xZnxFe2O4 increases due to the 

increase of inter-sublattice AïB super-exchange interaction between the magnetic ions of the sublattices A and B. This increase in 

saturation magnetization with Zn concentration from x = 0.0 to x = 0.2 is in good agreement with Neelôs collinear two-sublattice 

model [72]. Further, with increase in the Zn concentration from x = 0.2 to x = 1.0, the saturation magnetization gradually 

decreases from 79.04 emu/g to 26.04 emu/g. The results obtained are in well accordance with the earlier reported values [73, 74]. 

The coercivity also decreases with Zn concentration which is attributed to the non-magnetic character of Zn ion. Since more Zn 

ions replace with Co ions by increasing óxô, the saturation magnetization and coercivity both decrease.  
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