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Abstract This review focuses on two systems, nanocrystallide substituted CoZnFeO, ( 0 Ox O1) a
Nig 4ZNno .Mng 4F6,0,, were synthesized using microwave hydrothermal and-e@uttbustion method respectively. The synthesized
powders were characterized by-rXy diffraction (XRD), transmission electron microscopeENM), thermogravimetric
differential thermal analysis (TBTA) andFTIR. The average particle size was obtained from TEM and it is found to be 17 nm.
Zero field cooled (ZFC) and Field cooled (FC) measurementsCtasZn,Fe,0, reveal that samples with @ax O 1 hav
superparamagentic behavior at room temperature, which confirms weak interaction between magnetic particles. The block
temperatures obtained form ZFRC curves decreases as Zn concentration increbegger reduced remnant magnetization
(M/My) values (x<0.5) suggest that all the samples have uniaxial anisoffopyiy+Zng .Mng /60, bulk densities of the
samples were increased with an increase of sintering temperature. The grain sizes of all the samples vary in betwe&0 18 nm 1
nm. The lysteresis loops show high saturation magnetization and low coercivity, indicates that it is a soft nidterial.

i ncrement al permeability (permeability with maSprnhedddrrites f i e
hasthe properties and are widely used as electromagnetic wave absorbing materials in the VHF/UHF region and as ra
absorbing materials i@-band frequencies

Index Terms Spinel Ferrites, Magnetic Properties, Saturation Magnetization, Zero FogtinG, Blocking Temperature,
Permeability, &factor, DGbiassuperposition

I.  INTRODUCTION

Ferrites have the general formula,(MfFe)[MdFe 4O, The divalent metal element M (Mg, Zn, Mn, Fe, Co, Ni, or mixture of
them) can occupy either tetrahededdgiht (A) or sixteen octahedral [B] sites of a cubic mineral spinel (M@Alstructure as
depicted by the parentheses or brackets, respectively. For example the structural formeferateGs usually written as (Ge
Je)[Mge Fe $]JO., Wherewrepresents the degree of inversion (defined as the fraction of (A) sites occupied batiems).
Depending on distribution of cations in (A) and [B] sites, ferrites may exist in two extreme states, aorroalnd inversecf=

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

Among these materials, spinel ferrite nanoparticles have special importance. They show various magnetic propertiesotiependin
the composition and cation distribution. Various cations can be placed in A site and B site to tuagnigsiarproperties.
Depending on A site and B site cations, it can exhibit ferrimagnetic, antiferromagnetic, spin (cluster) glass, and paramagne
behaviour.

Nanosizederrites may have extraordinary electric and magnetic properties that are comparatively different from microstructure
materials, tailoring them to modern technologies, as well as providing novel applications such as ferrofluids [2], magnetic d
delively [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 frequenéyrapplicat
generally forfor power transformers, power inductors, microwave devices, read and write heads for high speed digital tape, e
because of their high resistivity, low losses, mechanical hardness, high Curie temperature and chemic§f stapility

CoFe0O, has attracteadonsiderable interest because of its large magnetic-axiltl anisotropy, high saturation magnetization,
high Curie temperature and extraordinary chemical stabilitylB]3CoFeQ, is predominantly an inverse spinel oxide with*Co

ions mainly on B séés and F¥ ions distributed, almost equally, between A and B sites [17]. Cobalt ferrite is ferrimagnetic below
790 K (Ty) which suggests that the magnetic interactions in this ferrite are very strong. WHes @placed by Z# in Co,.
ZnFe0,, zZrtt preferentially occupies the tetrahedral site and the IBas are displaced to the octahedral sites. Thus, with
increasingx, the Fai Oi Fe; interaction becomes weak afy, is expected to decrease. ZpBg is a normal spinel, i.e.,
Znp[Fe]g04 , and it isnot ferrimagnetic, but antiferromagnetic due t@iFes; interactions onlyTy of ZnFeQO, is very small, 9 K

[18]. The absence of magnetic ions on the A site does not permit the antiferromag@iti® iAteraction and hence the magnetic
interaction in thiderrite is only on the octahedral (B) site. Now as the overall interaction in a ferrite is antiferromagnetic, the only
magnetic interaction in Znk@,, i.e., F@i Fes is antiferromagnetic [19].
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Cobalt zinc ferrite is one of the promising soft ferrite useeélectronic 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 golymera
chain reaction ready DNA [20, 21] and especially in hyparttia treatment. Variation in the concentration of the third metal ion
like Zn in Co ferrite can easily alter the distribution of Fien [22]. Zn substituted mixed ferrites (&m) are chosen due to their

high sensitivity of magnetization to temperature for some applications likeawtblled hyperthermia [235].

Till now, lowtemperaturdired Ni-Cu-Zn ferrites are the most imgant materials subjected to study the -bBi@ssuperposition
characteristics [2@8] due to their relatively low sintering temperature, high resistivity and good magnetic properties in the high
frequency range [29, 30]. But these investigations were mianlysed how to lower sintering temperature of the NiCuzn ferrites
by adding various sintering aids or changing the preparation process, improving the electromagnetic prop8rijdsif3here

are no reports present on pure NiCuzn ferrite which wasesduidr DC bias superposition. And, moreover, they are the most
important soft ferrites used in multilayer chip inductors (MLCIs) and relevant inductive devicd®,[28]. In this work, we
chose Mn element to replace Cu element in the NiCuZn ferrited, and e st i gat ed the effects of
especially DGbiassuperposition characteristic.

Studies on spinel ferrites synthesis methods have led to the development of different chemical synthesis technique® ahich ha
common featur¢hat all reagents are mixed in atomic or molecular level. Most popular methods of foptsynthesis approach
mentioned above are gecipitation [41], sdlgel method [42], microemulsion method [43], hydrothermal [44], spray pyrolysis
[45], reverse midée [46], precursor method [47], etc. Complex schedules and low production rate are common problems of thes
wet-chemical methods [48].

The main advantages of this process over conventlordrbthermal process are: (a) the rapid heating to treatmepetatare
saves time and energy, (b) the kinetics of the reaction are enhanced by one to two orders of magnitude, (c) lead tmthefforma
novel phases, and (d) lead to selective crystallization. Praveena eti&2]4tve used the microwave hydrothet (Mi H)
method to prepare nargized powders of various ferrites with large surface area.

Soli gel autecombustion synthesis method (also called-temperature selfombustion, autégnition or selfpropagation, as

well as gelthermal decomposition), velne the chemical siojel 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 combugtien tech
[53].

II. EXPERIMENTAL

Synthesis of Cg..Zn,Fe,0, Ferrites: Nanocrystalline powders with compositions,Gon,Fe,0, ( &xOQ1 ) were prepa
microwave hydrothermal route. High purity (sigma, 99.99%) of cobalt nitrate [C)£ME,0], zinc nitrate [Zn(NG),.6H,O] and

iron nitrate [Fe(N@),.9H,0] were dissolved in double denized 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 syste
(Model MDS-2000, CEM Corp., Mathes, NC). This system uses 2.45 GHz microwaves and can operate0@t®full power
(1200+£50W). The system is controlled by pressure and can attain maximum pressure of 200 psi, which is equivalent to 194
The time, pressure and powder were computer clbedtoThe products obtained were filtered and then washed repeatedly with
de-ionized water, followed by freeze drying overnigiite prepared powders were weighed and the percentage yields were
calculated from the actual weight of the salts taken and rimumt that was actually crystallize@he particle sizes of as
synthesized powders were estimated by Transmission Electron Microscope (TEM, BEDL)R spectradés wer e
Tensor 27 model from 4000 to 400 ¢nThe samples were characterizedibi i | | i ps PANal y t-raydifiactioi 6 p e
(XRD) with CuKy( &==1. 5406 A) r adi at ia)donthe clblt erystalasystemn was calcutated usiagrthte equation

a= dx/ F HE B where (h k1) are the Miller indices of thefdf r act i on p e a k-plana spdcing Thé average t h
crystallite size was calculated from Scherer formlig = K%)COS cwh ere K is a constant, & r

width at hal f maxi ma ( FWH&MT heandoamitse mpheer adiufrfeNgaoc dmmiae xa
measured over a wide frequency range from 1 MHE8 GHz using Agilent RF impedance analyser 4291Hagnetic
measurements were obtained from a super conducting quantum interferenc€S@Wt®) at room temperature (400 K).

[ll. RESULTS AND DISCUSSIONS

Structural and morphological studies: Fig.1 shows powder Xay diffraction patterns of asynthesized nanopowders. It shows
singlephase cubic spinel structure, without any impurity phasésinteresting to observe that as Zn concentration is increasing

the diffraction peaks become broadaedicating the nanosize of the crystals with space group symméd?m[54]. The

experimental values of lattice constants are compared with the standard-ICIPD&ards, for Co ferrite (22086 ICDD) and
for Zn ferrite (891009I1CDD).

Using XRD results, the average crystallite size of the samples was calculated as given in Table 1. When the crystediite size
from bulk to nanosizethe cation distributions as well as the magnetic properties of the compounds would bedsédtstiedly.
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As the Zii* concentration increases crystallite size decreased from 20 to 15 nm, this result conveys that the introduction of Zn
CoFe0Q, obstructs the crystal growtlwhich is based on the entropy stabilization which forms disorder in the spinel structure
reported bySharifi and Shokrollahi [55 The formation of free energy will be comparable to enthalpy of formation for normal
spinels and somewhat more negative $minels with intermediate or inversgation distributions [5p As expected the
introduction of zinc in the system, more heat will be liberated, decreasing the molecular concentration at the crystahdurfac
there by obstructing the crystal growtt7[%11]. It is interesting to note that Zhions in the spinel structure have a very strong
preference for tetrahedral sites and”Qons have a similar strong preference for octahedral sites. Afédofie have a stronger
preference for the tetrahedralesitas compared to the octahedral sites. As Zn is introduced in the system, it fotteo&eupy
octahedral sites and the situation becomes less favourable. The decrease in particle size by increase in Zn content ma
explained by the electronic cogfiration of C&" (3d") and its more tendency to interact with ligands and oxygen anions, as
compared to ZA(3d®) , which has a complete electronic configurati
weak in covalent interaction and tkds a tendency towards extension betweefi Znd ligand. Furthermore, it is reported by
someresearchers [&hat the smaller particle sizes of the samples doped with Zn ions are due to the lower bond enéfgy of Zn
O? (159 kJ/mol) as compared withat of C*- O* (384kJ/mol).

The lattice constants of the present samples vary from 8.388 to 8.44 A and are given in Fablebserved that lattice constant

@ I ncreases as zinc cont entexplained onithe dasis afsdéference Thhanis radii afrthea t
substituted ions. The ionic radii of Zn(0.824) [59 is larger than that of ¢6(0.78A) [6Q ions. In the present systemZiions

are substituted in place of Edons and hence lattice constancreases with Zn content (x).

Using the cation distribution data the mean ionic radius of tetrahedral (A)3inf octahedral [B] sitedy was calculated. It is
observed from Fig. 3 thaf increases and; decreases with zinc substitution. Tiherease in4 is due to the replacement of’Fe
ions at the tetrahedral-dite by the larger radius Zhions. The decrease ig may be due to the increased migration of the larger
Co?* ions to the octahedral-Bite instead of F& ions.

Transmission electron microscope (TEM) analysisThe Selected Area Electron Diffraction (SAED) ring pattern (E&. of

the nanopatrticles of GaZny F&0, 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 siZze lattice spacing of 0.24 nm corresponding to the
(311) plane confirms the presence of crystalliog ,Zny ¢F&,0,4 particles (Fig2b). From Fig.2c, TEM images of the particles are

well separated from each other. The patrticle sizes of these samples are compared with those calculated from XRD aimd are listt
Table 1.
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Fig. 1. XRD pattern of the CoZn,Fe0,( 0O x ©O1) nanoparticl esCfaisminhesi zed
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Table 1. Variation of particle size and lattice constaajt¢f Co,,ZnFe0,( 0 O

Composition Particle size Particle size a (A
6x' (nm) (nm)

TEM XRD
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

X

o1)

(&)

Fourier transform infrared spectroscopy (FTIR): FTIR spectra of asynthesized nanopowders are presented inFigwo
main broad metabxygen bands are seen in the FTIR spectra of all spinels, and ferrites in particular. The highgsti®ne,
generally observed in the range 800 cm', and it corresponds to intrinsic stretching vibrations of the metal at tadeadtal
site (Tg), Merz O, Whereas the, lowest band is usually observed in the rangei 886 cm, is assigned to octahedral metal
stretching (@), Moz O [61-63, 4, 1]. We observed the band at 600 ds1assigned ag; (Merz O), near 400 cih g, (430

385 cm') and below 400 cth The absorption bands observed-3450 and~1630 cnt prove the presence of adsorbed water on
the surface of the ferrite nanopowders. The small absorption band at around 1380 and™lif2therasprepared material may
be assigned to the unreacted metallic salts and carbonyl respectively. Consequemtlyatideobserved at 561 €rfor ZnFeO,

can be assigned to tetrahedraf Zstretching and theg, band observed at 425 &minvolves the F¥ vibration at the octadral
site. The broad band (3602500 cn') centered at 3430 c¢hcan be assigned to hydrogeanded @H stretching vibration
arising from surface

lowe r wave numbers wi

hydr oxyl
th increase in
tetrahedral sites due to the transition between the extent of ngrimall and inverse structures [64

(b)
Fig. 2 (a). SAED pattern of CZng ¢Fe,0,. (b) High magnification HRTEM image &0y 4Zng éFe0,
showing the (311) oriented lattice planes.
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Fig.2c. TEM images of Co,ZnFe0,( 0 Ox O1) nanoparticles.
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Fig. 3. FTIR spectra for aprepared Cp,ZnFe0,( 0 0 x O1)

Frequency variation permeability: Fig. 4(a & b) shows the variation of magnetic permeability components with frequency for
CoZnFeO, s er i es. The permeability (e"') of ferrite i s i nfl u
frequenci es, respectively magnetic spin rotation atoomhi gh
temperature belanto x=0.4 and x=0.6 characterized by highest values of the average grains size and good densification. It
known that high zinc content increases the value of magnetic permeability due to the densification of samples andehaf increas
magnetic spin ration contrbution [69. From Fig.4b could be observed that the lowealues ofe " al | the sa
conduction mechanism in Co ferrite was explained through the existence of simultaneous conduetype ¢Fé'/Fe*") and p

type (CG*/Co*) which occurs mainly between adjacent B sites, because the distances between metallic cations are sufficien
reduced to facilate electronic transitions [$6

The real part of permeability spectra for Cgbecould be observed that the value ofisiabout 43 at 1IMHz and
remained constant with an increase of frequency upto 100 MHz. With further increase of frequency the value of u' ds found
increase and shows a relaxation peak at around 108 MHz. From the plots of frequency dependence of imagirfiary part
permeability (e"'") could be observed that the vahowga of
broad maxima around 108 MHz, where the real part of permeability rapidly decreases, this phenomena is well knowh as nat:
resonanceqy’, 68].

From the complex permeability spectra of CozZn ferrites, it was observed that the real part of permeability (1) remaine
almost constant, until the frequency was raised to a certain value and then began to decrease at highgr Tiegumaginary
part of permeability (e'"'") gradually increased witheathe
permeability rapidly decreases. This feature is well knag/matural resonance [69,]7Bor the chemical@mposition variation,
it was found that the p' in the low frequency region below 1 MHz decreases with an increase of xZimk&s0,. As o6x 6
increased, the natural resonance frequency, where the imaginary permeability had a maximum valuewattfshigher
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 pushésnEdrom tetrahedral A sites to
octahedral B sites []1This causes the increase in magnetization of,gFe0,. That is, while the magnetic moment of the A
site decreases due to increase of-n@gnetic Zn
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Fig 4a. Frequency variation of real part of permeability of.Gtn,Fe,0,( 0 Ox O1) .

Fig 4b. Frequency variation @faginarypart of permeability of CoZnFe0,( 0 Ox 01) .

ions in the A site, the magnetic moment of the B site incredisedo increase of Eeions in B site. Therefore, in the present
study, when the Zn concentration increases from 0 to 0.2, total magnetization K\L) of CoZn,Fe0,increases due to the
increase of intesublattice AB superexchange interactiobetween the magnetic ions of the sublattices A and B. This increase in
saturation magnetization with Zn concentrati
model [72]. Further, with increase in the Zn concentatifrom 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 reporf&iidlues [
The coercivity also decreases with Zn concentration whsicttiibuted to the nemagnetic character of Zn ion. Since more Zn
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