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Abstract Co1-xZnxFe2O4 (0 B x C 1) nanopowders were

synthesized using microwave hydrothermal method. The

synthesized powders were characterized by X-ray diffrac-

tion and transmission electron microscope (TEM). The

average particle size was obtained from TEM and it is

found to be 17 nm. Then powders were sintered using

microwave sintering method at 900 �C/15 min. The real

part of permittivity varies as Zn concentration increases

and the resonance frequency was observed at much higher

frequencies ([1 GHz) and there is a significant decrease in

the loss factor. The dielectric parameters were observed to

decrease with the increased Zn contents. The frequency

dependent dielectric properties of all these nanomaterials

have been explained qualitatively in accordance with

Koop’s phenomenological theory. The magnetic perme-

ability spectra exhibit resonance and anti-resonance type

behaviour. Lower reduced remnant magnetization (Mr/Ms)

values (x\ 0.5) suggest that all the samples have uniaxial

anisotropy. The increasing trend of magnetic parameters

(coercivity and retentivity) is consistent with crystallinity.

The moderate magnetization and high coercivity are

enough to attain considerable signal to noise ratio in high

density recording media.

1 Introduction

Since last two decades, the nanomaterials have been

extensively studied worldwide because of their unique

properties that are not exhibited by the corresponding bulk

materials. Among various nanomaterials, the spinel ferrite

(MFe2O4, M = Ni, Co, Mn, Zn, etc.) nanocrystals have

become immensely popular magnetic materials due to

some unique properties exhibited by these materials. These

properties include large magnetocrystalline anisotropy,

high coericivity, mechanical harness and chemical stability

[1–3]. These specific properties make them useful in var-

ious technical applications such as magnetic recording

devices, magnetic storage devices, magnetic resonance

imaging enhancement, catalysis, drug targeting and gas

sensors [4–7]. Furthermore, nanoferrites are gaining sub-

stantial interest among the research community as they

exhibit a relationship between magnetic properties and

their crystal structure. It is reported in literature that small

crystalline size significantly improved the electrical and

magnetic properties of ferrites [8].

Recent studies have shown that reduction in the size of

magnetic materials may lead to novel properties improved

better than to the properties of the bulk materials, due to

small volume (superparamagnetism) [9] or high surface/

volume ratio (spin canting) [10].

The synthesis of nanocrystalline ferrites have been

extensively investigated in recent years because of their

potential applications in high density magnetic recording,

and magnetic fluids [11] etc. Various preparation tech-

niques such as sol–gel [12], micro emulsion method [13],

hydrothermal techniques [14], co-precipitation [2], solution

combustion [15], mechanical alloying [16] and microwave-

hydrothermal method etc., [17] are being used to synthe-

size nanoparticles.
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Although the hydrothermal method is very versatile, one

of the main drawbacks is, the hydrothermal method

requires prolonged reaction time at a low temperature

(below 200 �C) to obtain the ferrite powders. For this

reason, the introduction of microwave heating to the con-

ventional-hydrothermal (C-H) method is advantageous for

the synthesis of various ceramic powders, and this was

named as Microwave-Hydrothermal (M-H) by Komarneni

et al. [17]. The main advantages of this process over con-

ventional-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.

According to recent research on Zn2? substituted

CoFe2O4 nanoferrite (Co1-xZnxFe2O4) exhibited improved

magnetic and electrical properties [18]. Substitution of

Co2? with Zn2? leads to introduction of nonmagnetic Zn2?

ions into A sites, thus increasing saturation magnetization,

Ms leading to an increased magnetization [19]. In this

paper, we have synthesized Co1-xZnxFe2O4 (x = 0, 0.2,

0.4, 0.6, 0.8 and 1) using M-H method. The obtained

nanoparticles have many potential application as a head in

recording media, since these materials fulfil the major

requirements: materials should magnetically soft, high

permeability, low coercivity and high magnetization. The

coercivity of all the substituted samples was found to be a

few hundred oersteds which is one of the necessary con-

ditions for recording media. The effect of zinc on dielectric

and magnetic properties of CoFe2O4 will be discussed in

this paper.

2 Experimental

Nanopowders of stoichiometric composition Co1-xZnx
Fe2O4 (0 B x C 1) were prepared using microwave

hydrothermal method. 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

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 micro-

waves and can operate at 0–100 % full power

(1200 ± 50 W). The system is controlled by pressure and

can attain maximum pressure of 200 psi, which is equiv-

alent to 194 �C. In the present investigation all the samples

were synthesized at 140 �C/15 min. 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 expected and the amount that was

actually crystallized. The particle sizes of as-synthesized

powders were estimated by Transmission Electron Micro-

scope (TEM, JEOL). FTIR transmission spectra were

recorded on Bruker Tensor 27 model Infrared Spec-

trophotometer from 4000 to 400 cm-1. The sintered sam-

ples were characterized by Phillips PANalytical X’pert

powder X-ray diffraction (XRD) with Cu-Ka

(k = 1.5406 Å) radiation. The powders were pressed at

2.5 kg/cm2 into pellets by adding 2 wt% of polyvinyl

alcohol (PVA) which acts as a binder (8 mm diameter and

1.5 mm thickness). The green compacts were sintered

using microwave furnace at 900 �C/15 min in air, binder

will burnt out at 300 �C. Sintering is defined as a thermal

treatment for bonding particles into a coherent, predomi-

nantly solid structure via mass transport events on the

atomic scale [20].

The lattice constant (a) for the cubic crystal system was

calculated using the equation a ¼ d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

where (h

k l) are the Miller indices of the diffraction peak and ‘d’ is

the interplanar spacing. The average crystallite size was

calculated from Scherer formula Dm ¼ Kk=b cos h where K

is a constant, k radiation wavelength b is full width half

maxima (FWHM) and h is the diffraction angle. The the-

oretical density (dX-ray) of these ferrites were calculated

from the values of lattice parameters by using the relation

dX�ray ¼ 8M

Na3 g/cm3 where 8 is the number of formula

units in a unit cell, M is the molecular weight and N is the

Avogadro number and ‘a’ is lattice constant. The distance

between magnetic ions, hopping lengths in octahedral sites

and tetrahedral sites is given by the following relation [21]

LA ¼ a
ffiffi

3
p

4
; LB ¼ a

ffiffi

2
p

4
. The morphology of the powders was

studied using field emission scanning electron microscopy

(FE-SEM, ZEISS). The room temperature complex per-

mittivity (e0 and e00) and permeability (l0 and l00) were

measured over a wide frequency range from 1 MHz to

1.8 GHz using Agilent RF impedance analyser 4291B.

Room temperature magnetic measurements were obtained

from a super conducting quantum interference device

(SQUID).

3 Results and discussion

3.1 Structural and morphological studies

Figure 1a shows TEM image of Co0.4Zn0.6Fe2O4, and the

particle size is *17 nm. The ferrites exhibited more or less

spherical morphology with uniform size. All the samples

were synthesized of pH of *13, were obtained with 95 %
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yield. The Selected Area Electron Diffraction (SAED) ring

pattern (Fig. 1b) of the nanoparticles of Co0.4Zn0.6Fe2O4 is

well resolved at (220), (311), (400), (422), (511), (440)

reflections of XRD patterns.

Figure 2a shows the XRD pattern for the sintered sam-

ples at 900 �C/15 min. It is clear that samples possess

single spinel nature. The XRD patterns show (220), (311),

(400), (422), (333) and (440) planes which belong to cubic

spinel structure. The XRD peaks are sharp and intense,

XRD patterns that peak position slightly shifts towards

lower angle, indicating the change in the inter-planar

spacing (d) values. The lattice constant was calculated

using inter-planar spacing (d) values and Miller indices (h

k l) values, with an accuracy of ±0.002 Å. The values of

lattice constant vary from 8.388 to 8.44 Å and are given in

Table 1. It is observed that lattice constant ‘a’ increases

linearly with zinc content (x). The variation of lattice

constant of the present system can be explained on the

basis of difference in ionic radii of the substituted ions. The

ionic radii of Zn2? (0.82 Å) [22] are larger than that of

Co2? (0.78 Å) ions. The increase in lattice constant with

zinc substitution obeys the Vegard’s law [23]. The uniform

increase in lattice constant with zinc substitution indicates

that lattice expands without disturbing the symmetry of

lattice. To calculate the average crystallite size from the

broadening of the XRD peaks of Co0.4Zn0.6Fe2O4, the

Rietveld refinement was applied. The quality of the

refinement is quantified by the corresponding Figure of

merit: profile residual (Rp), weighted profile residual (Rwp)

and goodness of fit (v2) [24]. Figure 2b shows the Rietveld

refinement of microwave sintered Co0.4Zn0.6Fe2O4. Its

lattice constant is 8.4 Å.

The bulk density of the specimens has been determined

by the Archimedes method. The values of the bulk densi-

ties are given in Table 1. The bulk density was found to

increase with Zn content (x). In the present series the

molecular weight of Co–Zn spinel ferrite increases with

zinc substitution and volume of the unit cell also increases,

but the rate of increase of molecular weight is more than

that of volume. Therefore, the bulk density increases with

zinc substitution in the present case. The values of X-ray

density ‘dx’ are given in Table 1. It has been observed that

X-ray density increases with increasing zinc content (x),

which is related to the lattice constant. In the present series

of Co–Zn spinel ferrites, the lattice constant increases with

Zn2? composition (x). Due to increase in lattice constant,

X-ray density should have been decreased, but in the pre-

sent case molecular weight increases which overtake the

increase in volume of the unit cell and hence X-ray density

increases with Zn content (x). The percentage porosity ‘P’

of the sample was calculated using the values of X-ray

density and bulk density. Table 1 gives the values of

porosity. The density of the samples increases with

increase in Zn composition (x). The increase of the density

is correlated with the atomic weight of the Zn2? ions

instead of Co2? ions of lower density. The atomic weight

of Zn and Co ions is 65.39 and 58.933 amu respectively.

This is the evidence of accelerated densification during the

sintering process which led to reduction of porosity [25].

The low values of porosity indicate the highly dense

structure of the prepared samples of Co–Zn spinel ferrite.

The distance between magnetic ions at tetrahedral A

(LA) and octahedral B (LB) sites was calculated using the

relations of ref [26]. The variation of hopping length LA

Fig. 1 a Bright field TEM image of the Co0.4Zn0.6Fe2O4. b SAED pattern of Co0.4Zn0.6Fe2O4
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and LB is also shown in Fig. 2c. Both LA and LB increases

with Zn composition x. This may be attributed to the

increase in lattice constant of the samples. 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. 2d that rA increases and rB decreases

with zinc substitution. The increase in rA is due to the

replacement of Fe3? ions at the tetrahedral A-site by the

larger radius Zn2? ions. The decrease in rB may be due to

the increasingly migration of the larger Co2? ions to the

octahedral B-site instead of Fe3? ions.

Figure 3 shows the scanning electron microscope (SEM)

images for typical samples (x = 0, 0.4, 0.6 and 1.0). The

average crystallite size was determined through SEM and

XRD. Their values are presented in Table 1. It is observed

that the crystallite size obtained from XRD data and SEM

images is in good agreement with each other. The average

particle size of all the samples is in between 30 and 57 nm.

Figure 4a, b show the frequency dependence of real and

imaginary parts of permittivity (e0 and e00). The value of e0

for CoFe2O4 was found to be 35 and almost remained

constant in the frequency 100 kHz–500 MHz. With further

Fig. 2 a XRD pattern of the ferrite system Co1-xZnxFe2O4 sintered

at 900 �C/15 min. b The Rietveld refinement of X-ray powder

diffraction pattern for Co0.4Zn0.6Fe2O4. c Variation of hopping length

(LA and LB) with composition x for the system Co1-xZnxFe2O4.

d Variation of ionic radius of the A-site (rA) and of the B-site (rB) of

Co1-xZnxFe2O4

Table 1 Lattice constant (a),

crystallite size, bulk density

(dbulk), X-ray density (dx-ray),

porosity (P), For

Co1-xZnxFe2O4

Composition ‘x’ 0 0.2 0.4 0.6 0.8 1.0

a (Å) 8.388 8.39 8.41 8.42 8.43 8.44

Grain size (nm)

XRD 54 52 49 46 42 53

SEM 58 49 48 45 40 57

Bulk density (g/cm3) 5.126 5.132 5.142 5.189 5.199 5.212

X-ray density (g/cm3) 5.286 5.289 5.298 5.312 5.319 5.329

Porosity (%) 3 3 3 2 2 2

J Mater Sci: Mater Electron (2016) 27:12680–12690 12683

123



increase of frequency the value of e0 increases and shows a

resonance and anti-resonance type of behavior around

1 GHz, making possible the applicability of these materials

for high frequency domain. A similar behavior has been

observed for all other samples under study. The dielectric

constant of any material, in general, is due to dipolar,

electronic, ionic and interfacial polarizations. At low fre-

quencies dipolar and interfacial polarizations are known to

play the most important role [27]. Variations in dielectric

constant of ferrites have mainly been attributed to the

variations in the concentration of Fe2? ions [28–30]. The

greater the concentration of these ions, the higher the

dielectric constant expected. This is attributable to the

comparatively greater polarizability of the Fe2? ions,

which have a greater number of electrons than the Fe3?

ions. In general, the polarizability of atoms with a larger

number of electrons in their outer shells is more than that of

atoms having relatively fewer electrons [31]. Besides, Fe3?

ions have a stable d-shell configuration with spherical

symmetry of the charge cloud, on account of their 5d

electrons distributed according to Hund’s rule. In case of

Fe2? ions, this symmetry is disturbed on addition of an

extra electron. Thus, ions would lend themselves to

polarization more easily on application of an electric field

than the Fe3? ions where the distortion of the spherical

charge cloud is relatively more difficult. The presence of

Fe2? ions would also result in charge transfer of the type

Fe2? $ Fe3?, causing a local displacement of electrons in

the direction of the electric field leading to polarization.

The decrease of dielectric constant with frequency can

be explained on the basis of electron hopping conduction.

In Co–Zn ferrite, the B sites are occupied by Co and Fe

ions. The multiple valence ions can facilitate electron

hopping on the B sites [32]. In ferrites it is well known that

the samples consist of well-conducting grains separated by

poorly conducting grain boundaries [30]. The electrons

reach the grain boundary through hopping and if the

resistance of the grain boundary is high enough, electrons

pile up at the grain boundaries and produce polarization.

As the field frequency increases, the dipoles will barely

have started to move before the field reverses, and try to

move the other way. At this stage the field is producing

virtually no polarization of the dielectric. This process is

generally called relaxation and the frequency beyond

which the polarization no longer follows the field. Relax-

ation arises from the inertia of the system of charges and a

restoring forces acting on the charges which oppose the

force due to the applied electric field. Thus these systems

combine inertia and restoring force a resonance is possible

rather than relaxation. Resonance causes an increase in the

displacements of the charges so that the alternating polar-

ization, and therefore the permittivity at first rise in value.

As the applied field frequency rises above the resonant

frequency it passes through an antiphase condition, where

Fig. 3 FE-SEM images of

x = 0, 0.4, 0.6 and 1 of

Co1-xZnxFe2O4
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it opposes the vibrations of the charges, and the polariza-

tion falls to a very low value. Finally, as the frequency is

raised still further, complete relaxation occurs and the

polarization resumes a steady value in which the particular

mechanism is no longer operative. This process gives the

characteristic resonance shape to the permittivity curves for

ionic and electronic polarization mechanisms [33]. The

dielectric constant with zinc concentration is decreasing for

1, 100, 500 MHz, but as the frequency increases to

800 MHz it again increased (Fig. 4b) following the reso-

nance behavior of ferrites.

The frequency dependence of e00 for CoFe2O4 is 0.1 and

almost remained constant with increase of frequency from

100 kHz to 1 GHz (Fig. 4c). As the zinc concentration

increases e00 decreased and it is highest at 100 MHz

(Fig. 4d). the A similar behavior has been observed for

other samples. In general, dielectric loss in the case of

polycrystalline ferrites the dielectric loss is due to the lag in

polarization vis-a-vis the alternating electric field. This lag

increases due to the presence of impurities and imperfec-

tions in the ferrite structure, thereby increasing the

dielectric loss. A major contribution to dielectric losses in

ferrites comes from electron hopping between the Fe2? and

Fe3? ions [34]. Dielectric loss for the presently investi-

gated ferrites is found to be low and remained constant in

the wide frequency range of 100 kHz–1 GHz. The lower

values of dielectric loss obtained in the present work can be

attributed to the curtailing of the Fe2? ions on account of

the synthesis process, resulting in better compositional

stoichiometry and crystal structure.

Figure 5a, b shows the variation of magnetic permeability

components with frequency for CoZnFe2O4 series. The real

part of permeability (l0) of ferrite is influenced by wall

displacement of magnetization domains at low frequencies,

Fig. 4 a Frequency variation of real part of permittivity of Co1-x

ZnxFe2O4 (0 B x B 1). b Compositional dependence of the real part

of permittivity at selected frequencies for Co1-xZnxFe2O4

(0 B x B 1). c Frequency variation of imaginary part of permittivity

of Co1-xZnxFe2O4 (0 B x B 1). d Compositional dependence of the

imaginary part of permittivity at selected frequencies for Co1-xZnx
Fe2O4 (0 B x B 1)
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while magnetic spin rotation at high frequencies. The

highest values of real part of permeability l0 at room tem-

perature belong to x = 0.4 and x = 0.6 characterized by

highest values of the average grains size and good densifi-

cation. 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 [35].

From Fig. 5b, it could be observed that the lower values of

l00 all the samples. The conduction mechanism in Co ferrite

was explained through the existence of simultaneous con-

duction of n-type (Fe3?/Fe2?) and p-type (Co2?/Co3?)

which occurs mainly between adjacent B sites, because the

distances between metallic cations are sufficiently reduced

to facilitate electronic transitions [36]. The real part of

permeability spectrum for CoFe2O4 shows that the value of

l0 is about 413 at 1 MHz and remains constant with an

increase of frequency up to 100 MHz. With further increase

of frequency the value of l0 is found to increase and shows a
relaxation peak at around 108 MHz.

As the zinc content increases, it was found that the l0

decreases as the frequency increases. It is exhibiting higher

values than 500–800 MHz shown in Fig. 5b.

The frequency dependence of imaginary part of mag-

netic permeability (l00) shows that the value of l00 for all
the ferrites are gradually increased with frequency and

exhibits a broad maxima around 108 MHz. In contrast

where the real part of permeability rapidly decreases. This

phenomena is well known as natural resonance [37, 38]. As

‘x’ was increased, the natural resonance frequency, where

the imaginary permeability had a maximum value, shifts

towards higher frequency side. Zinc concentration depen-

dent l00 is plotted in Fig. 5d, it is found that at 100 MHz the

l00 is showing high loss than the other frequencies, i.e. after

the resonance frequency (108 MHz).

Fig. 5 a Frequency variation of real part of permeability of

Co1-xZnxFe2O4 (0 B x B 1). b Compositional dependence of the

real part of permeability at selected frequencies for Co1-xZnxFe2O4

(0 B x B 1). c Frequency variation of imaginary part of permeability

of Co1-xZnxFe2O4 (0 B x B 1). d Compositional dependence of the

imaginary part of permeability at selected frequencies for Co1-xZnx
Fe2O4 (0 B x B 1)
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Figure 6 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 Fe3? ions from tetrahedral A sites to

octahedral B sites [39]. This causes the increase in mag-

netization of Co1-xZnxFe2O4. That is, while the magnetic

moment of the A site decreases due to increase of non-

magnetic Zn ions in the A site, the magnetic moment of the

B site increases due to increase of Fe3? ions in B site.

Therefore, in present study, when the Zn concentration

increases from 0 to 0.2, total magnetization (Moct - Mtet)

increases because of the increase of inter-sublattice A–B

super-exchange interaction between the magnetic ions of

the sublattices A and B. This increase in saturation mag-

netization with Zn concentration from x = 0.0 to x = 0.2

is in good agreement with Neel’s collinear two-sublattice

model [40], further increase in the Zn concentration from

x = 0.2 to x = 1.0, the saturation magnetization gradually

decreases from 79.04 to 26.04 emu/g. The results obtained

are in well accordance with the earlier reported values

[41, 42]. The coercivity also decreases with Zn concen-

tration which is attributed to the non-magnetic character of

Zn ion. Since more Zn ions replace with Co ions by

increasing ‘x’, the saturation magnetization and coercivity

decreases.

According to Neel’s two sublattice model of ferromag-

netism, the magnetic moments of ions on the tetrahedral

(A) and octahedral (B) sites are aligned antiparallel to each

other and spins have collinear structure. Therefore, the

theoretic magnetic moment per formula unit in lB, n
t
B, is

described as

ntB xð Þ ¼ MB xð Þ �MA xð Þ; ð1Þ

where MB xð Þ and MA xð Þ are the B and A sublattice mag-

netic moments in lB, respectively. The cation distribution

of the Co1-xZnxFe2O4 can be written as

ðZn2þx Fe3þð1�xÞÞA½Co
2þ
ð1�xÞFe

3þ
ð1þxÞ�BO

2�
4 ; ð2Þ

As a function of Zn concentration, the theoretic mag-

netic moment values, ntB, of the Co1-xZnxFe2O4 were

calculated using the cation distribution given in Eq. 2. The

ionic magnetic moments of Fe3?, Co2?, and Zn2? as 4.85,

2.78 and 0 lB, respectively. The experimental values of the

magnetic moments neB
� �

, per unit formula in Bohr mag-

netron (lB) were calculated according to the relation [37]

neB ¼ Mw �Ms

5585
; ð3Þ

where Mw is the molecular weight, Ms is the saturation

magnetization and 5585 is the magnetic factor. The vari-

ation of the theoretic magnetic moment and experimental

magnetic moment (ntB and neB respectively) with respect to

Zn composition is represented in Table 2. The theoretic

magnetic moment increases linearly as a function of Zn

concentration, and the experimental magnetic moment,

increases with Zn concentration of up to x = 0.2 and then

gradually decreases with further increase in Zn concen-

tration. This increase in neB with Zn concentration of up to

x = 0.2 can be attributed to the Neel’s collinear two-sub-

lattice model. However, this model is unable to explain the

decrease of neB (and hence Ms) with Zn concentration for

x[ 0.2. The decrease in ntB (and hence Ms) for x[ 0.2,

which results from the existence of noncollinear spin

arrangement in the system, could be explained on the basis

of the three-sublattice model suggested by Yafet and Kittel

[43]. When higher Co2? ions are substituted by Zn2? ions

in the Co1-xZnxFe2O4, the magnetic ions of tetrahedral A

site are so much decreased that the dominant inter-sublat-

tice A–B super-exchange interaction becomes weaker and

hence the intra-sublattice B–B super-exchange interaction

strengthens, which in turn results in occurrence of random

spin canting on the B site with respect to the direction of

spins of the A site. Therefore, it can be reasonably con-

cluded that the canted (non-collinear) spins lead to a

decrease in the values of the experimental magnetic

moment (and thus the magnetization) with Zn concentra-

tion for x[ 0.2.

Fig. 6 The magnetic hysteresis loops of Co1-xZnxFe2O4

(0 B x C 1) at room temperature

Table 2 Data of saturation magnetization (Ms) for RT, magnetic

moment (experimental and theoretical), Y–K angle (aYK) for Co1-x

ZnxFe2O4 system

‘x’ Ms (emu/g) RT aY–K (�) neB (lB) ntB (lB)

0 68.71 3.8 3.12 2.98

0.2 79.04 29.56 3.25 4.2

0.4 57.7 51.63 2.56 5.9

0.6 50.82 63.86 2.12 7.2

0.8 39.12 74.31 0.98 8.8

1 26.04 84.6 0.2 10.05
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The significant difference between the experimental and

theoretic magnetic moment values suggests that the mag-

netic order in the present ferrite system is not governed by

the Neel-type magnetic order, but by the Y–K type mag-

netic order [44, 45]. According to the Y–K model, the B

lattice can be divided into two sublattices B1 and B2, each

having magnetic moments equal in magnitude and each

oppositely canted at the same angle, aYK, relative to the net
magnetization at 0 K. In this way, the two sublattices B1

and B2 have the triangular spin arrangement which

becomes more significant with the changing concentration.

The existence of canted spin and the behaviour of the

magnetic moment with increasing Zn concentration can be

observed by determining the Y–K angle (aYK). The values
of the Yafet and Kittle (Y–K) angle have been calculated

using the formula

neB ¼ MB cos aY�K �MA; ð4Þ

where neB is the experimental magnetic moment expressed

in the units of Bohr magneton and MA and MB are the Bohr

magneton on the A site and B sites, respectively. The

variation of the calculated Y–K angles for different con-

centrations of the system is shown in Fig. 7. The values of

the Y–K angles for each sample are listed in Table 2. The

Y–K angle is zero for x = 0.0, indicating that the mag-

netization can be explained on the basis of the Neel’s two-

sublattice theory for only the sample with x = 0.0 in the

present study. That is, CoFe2O4 show a Neel-type of

magnetic ordering. It is clear from Fig. 7 that the calculated

value of the Y–K angles gradually increases with the

increase of Zn concentration and finally extrapolates 84.37�
for the ZnFe2O4 (x = 1.0).

The non-zero Y–K angles suggest that for all the sam-

ples (for x[ 0) the magnetization behaviour cannot be

explained on the Neel two-sublattice model due to the

presence of non-collinear spin structure on B sites, which

strengthens the B–B interaction and thus decreases the A–

B interaction. The increase in spin canting angles (Y–K

angles) for the samples with x[ 0 with the increase in Zn

content suggests the increased favour for triangular spin

arrangements on B sites resulting in the decrease of A–B

exchange interaction and the existence of canted spin

arrangements in all the samples (for x[ 0.0) under con-

sideration in this study. Therefore, it also leads to a

reduction in saturation magnetization after Zn concentra-

tion with x[ 0.2 and also increase of randomness and

frustration, showing significant departure from the Neel-

type collinear magnetic order [46]. It is concluded from the

evaluation of Y–K angles for Co1-xZnxFe2O4 (0 B x B 1)

that the Co1-xZnxFe2O4 x[ 0.0 have a Y–K-type mag-

netic order, while the CoFe2O4 NPs (x = 0.0) have a Neel-

type magnetic order. In other words, in this study, all the

Zn-doped cobalt ferrite nanoparticles show a Y–K type of

magnetic ordering except the pure CoFe2O4.

The variation of remnant magnetization (Mr) with Zn

concentration at room temperature is depicted in Fig. 8.

The inset in Fig. 8 shows the change in the reduced rem-

nant magnetization (Mr/Ms) with the Zn concentration. As

shown the Mr of this (0.6 B x B 1.0) Mr/Ms is zero, which

proves that these samples are superparamagnetic at room

temperature. As shown in the inset in Fig. 8, the Mr/Ms

gradually decreases with increasing Zn concentration and

all Mr/Ms values are lower than the theoretic value of 0.5.

This can be explained with decreasing magnetic anisotropy

depending on the increasing Zn concentration [47].

According to the Stoner–Wohlfarth model [48], Mr/Ms for

an assembly of non-interacting 3D random particles is

given by Mr/Ms = 0.5 for uniaxial anisotropy and Mr/

Ms = 0.832 for cubic anisotropy. These reduced remnant

Fig. 7 The variation of Y–K angle with Zn concentration of

Co1-xZnxFe2O4 (0 B x B 1)

Fig. 8 The remnant magnetization versus Zn concentration taken at

room temperature for the Co1-xZnxFe2O4 (inset presents the change

in reduced remnant magnetization (Mr/Ms) with Zn content
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magnetization values observed in the inset in Fig. 8 are

more in agreement with uniaxial anisotropy rather than the

expected cubic anisotropy according to the Stoner–Wohl-

farth model. Therefore, it can be concluded that all the

samples used in this study have uniaxial anisotropy

because their reduced remnant magnetization values are

lower than 0.5. Cobalt-substituted ferrite nanoparticles

with uniaxial anisotropy have been reported previously

[49, 50]. The uniaxial anisotropy in magnetic nanoparticles

can arise from surface effects [51]. The lower Mr/Ms values

than 0.3 found for the samples with x = 0.2 and 0.4 in this

study suggest that the interactions between the nanoparti-

cles are not negligible [52].

Figure 9 shows the variation of the coercive field (Hc)

and effective magnetic anisotropy constant (Keff) with

respect to Zn concentration at room temperature. It can be

easily seen from Fig. 9 that Hc and Keff decrease with

increasing Zn concentration. According to the Stoner–

Wohlfarth model, Hc for an assembly of non-interacting 3D

random particles is given by Hc = 0.985 Keff/Ms for uni-

axial anisotropy and Hc = 0.64 Keff/Ms for cubic aniso-

tropy. It was found from the Mr/Ms results that all the

samples in this study have uniaxial anisotropy. Therefore,

to calculate the Keff, the relation Hc = 0.64 Keff/Ms was

used. As shown from Figs. 7, 8 and 9, the Hc is almost

negligible at room temperature for 0.6 B x B 1.0, indi-

cating the existence of superparamagnetic behaviour for

only these samples. The coercive field is associated to the

strength of the magnetic field that is required to overcome

the anisotropy barrier. According to the Stoner–Wohlfarth

theory, magnetic anisotropy energy (EA) for non-interact-

ing single-domain particles is given by

EA ¼ KV sin2 h; ð5Þ

where K, V, and h are magnetic anisotropy energy con-

stant, volume of the particles, and the angle between

magnetization direction and the easy axis of a nanoparti-

cles, respectively. With reducing of magnetic anisotropy,

the magnetic anisotropy energy barrier (EA) decreases,

which causes lower external magnetic field for spin

reversal. The strong magnetocrystalline anisotropy of

cobalt ferrite is mainly due to the presence of Co2? ions in

the octahedral (B) sites of the spinel structure [53]. When

the Zn concentration increases in cobalt ferrite, the con-

centration of the Co2? ions in the octahedral (B) sites

decreases, which leads to decreasing the effective magnetic

anisotropy. Therefore, in this study, the effective magnetic

anisotropy, Keff and accordingly Hc of the samples

decrease with increasing Zn concentration. The decreasing

of Keff and Hc with increasing Zn concentration is gener-

ally the expected behavior in the metal-substituted ferrite

particles [54, 55].

4 Conclusions

Co1-xZnxFe2O4 XRD patterns are sharp and intense and

show the reflection which belongs to cubic spinel structure.

The FTIR measurements between 400 and 4000 cm-1

confirmed the intrinsic cation vibrations in the spinel. The

lattice constant increases with zinc substitution. X-ray and

bulk density increases with zinc substitution. Room tem-

perature ferromagnetic ordering is observed in samples.

The dielectric properties were influenced by Zn substitu-

tion and were explained by the electron hopping mecha-

nism between Fe2? and Fe3? ions. The magnetic properties

are explained in terms of cation distribution and grain size

effect. Thus high permeability, moderate Ms and Hc

exhibited by the Zn doped CoFe2O4 nanocrystals are

favorable for their potential use in high density recording

media applications as ferrite head.
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