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ABSTRACT

Nanocrystalline cobalt zinc ferrites Co1-xZnxFe2O4 (x = 0.0, 0.2, 0.4, 0.5, 0.6, 0.8,

1.0), have been prepared by employing a precursor combustion method via

decomposition of the metal carboxylato hydrazinate precursors. This synthesis

technique yields nanoparticles with particle size between 12 and 15 nm as

determined from transmission electron microscopy (TEM) studies. The nano-

ferrites were then sintered at 1000 �C for 15 h to obtain micrometer size ‘bulk’

ferrites in the range of 0.3–0.8 lm. X-ray diffraction (XRD) and Fourier trans-

form infrared (FTIR) Spectroscopy confirmed the formation of the mixed ferrites

without any impurities. Addition of non-magnetic ion like Zn2? into the crystal

structure of cobalt ferrite leads to a prominent change in the size, structure and

properties. The saturation magnetization values (MS) increases upto x = 0.4 and

then decreases with further increase in Zn concentration. A maximum MS value

of 90.85 emu/g and 79.59 emu/g for x = 0.4 was obtained for the sintered and

nanoferrite sample, respectively. The lower MS and higher coercivity (HC) val-

ues for nanoferrites than the sintered ferrites exhibited a strong dependence on

the particle size due to the cation distribution and surface effects. The Curie

temperature (TC) was found to decrease appreciably with the reduction in

particle size and with increasing concentration of Zn. The room temperature

Mössbauer spectra showed a transition from ferrimagnetic to a paramagnetic

state with increasing zinc concentration along with superparamagnetic features

which was in corroboration with VSM studies.
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1 Introduction

Magnetic materials are indispensable in this age of

technology, for a myriad of applications ranging from

electronics to medicine. Among the various magnetic

materials known today, the magnetic spinel ferrites

have emerged as versatile materials for use in

numerous technological and biological applications,

such as drug delivery, magnetic resonance imaging

(MRI), catalysis, gas sensing. [1–5]. There is a

renewed interest in these oldest materials in the

nanomaterial form due to its unusual magnetic

properties which are not observed in the bulk mate-

rial. As the dimensions are reduced to a nanoscale the

magnetic properties are known to change signifi-

cantly. For example, reduction in saturation mag-

netisation, shift in Curie temperature, single domain

nature, etc. [6–8]. Superparamagnetism, another

unique feature exhibited by the magnetic nanoparti-

cles, coupled with tuneable surface properties, makes

them valuable as contrast agents for MRI [4]. Cobalt

ferrite, a magnetic spinel, has received considerable

attention owing to its useful magnetic properties,

which can be tailored for specific application [9–11].

The magnetic properties of cobalt ferrite (CoFe2O4)

can be suitably controlled by substituting the cation

Co2? with a non-magnetic ion like Zn2? giving rise to

homogenous solid solutions of mixed ferrites

(Co1-xZnxFe2O4) [12–15]. The cobalt ferrite is an

inverse spinel while the zinc ferrite is a normal one.

However, the mixed compositions are either random

or may vary from normal to inverse depending on

the distribution of the cations at the tetrahedral and

octahedral sites. Although the site occupancy can be

determined quite accurately for simple ferrites, the

task is quite challenging for mixed ferrite composi-

tions. The distribution of the metal ions in the two

sites depends on factors such as, the electrostatic

energy due to repulsion and attraction between the

anions and cations, Crystal field stabilization energy

(CFSE), magnetic ordering energy, etc. The site pref-

erence for individual cation is generally expressed in

terms of particular site stabilization energy [16].

Moreover, reducing the size to nano dimensions will

cause spatial confinement and related effects like

large surface to volume ratio, surface anisotropy, and

spin disorder that will determine the overall distri-

bution of cations and the resultant properties [7].

The magnetic properties of ferrite nanoparticles

depend on the size of particles not only directly, but

also indirectly, through the influence of the small size

on the structure of nanoparticles. It is known that the

structure of nanoparticles is more flexible as com-

pared to the ‘bulk’ structure. Usually, it adapts to the

small size and the large surface-to-volume ratio

resulting in distribution of atoms over different lat-

tice sites that is significantly different to that of the

bulk material. The deviations in the nanocrystal

structure from the ideal ‘bulk’ state have been stud-

ied by many researchers [17–19]. The flexibility in the

nanoparticles crystal structure allows for large com-

positional deviations from the bulk stoichiometry

without losing the single-phase structure. Also,

below a critical grain size the domain structure of the

particles changes from multidomain to single domain

behavior resulting in interesting magnetic properties.

Magnetic domains are known to exist in Ferro- or

Ferri-magnetic materials. Essentially, most of the

phenomena associated with magnetic properties such

as coercivity, saturation magnetisation, magnetore-

sistance, Curie temperature, etc. are closely related to

domains [20, 21]. Literature reveals that, the proper-

ties of a material are largely influenced by size and

shape conditions which in turn depend on the

method of synthesis. The effect of size on the prop-

erties is paramount for all application purposes.

Available reports focus mainly on the size-property

relationship of either the bulk or nanosize cobalt zinc

ferrite for a few compositions. A systematic study on

the variation of size and its influence on the resultant

properties were found to be lacking.

In the present work, the primary aim was to

investigate the effect of grain size on the structural

and magnetic properties of cobalt zinc ferrites.

Additionally, we also aimed to study the effect of

magnetic dilution on the resultant properties of the

bulk and nanoferrites by substituting cobalt with a

non-magnetic atom like Zn. Varying concentration of

Zn has been substituted in the cobalt ferrite to

ascertain the controllability of the magnetic proper-

ties of cobalt ferrite. With this objective, the Curie

temperature (TC), domain nature of the samples

along with the superparamagnetic behavior of the

nanoparticles and its size-dependency has been

determined. The studies presented here aid in

understanding the behavior of the nanosized ferrites

in comparison with its submicron size ‘bulk’ coun-

terparts thus illustrating size effects on the measured

properties.
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2 Experimental

2.1 Materials and methods

The method of synthesis governs the size and ulti-

mately the properties of the material which has

almost become a thumb rule for material chemists.

Literature is replete with synthesis techniques for

preparing nanosized ferrites. Synthesis of cobalt zinc

ferrite Co1-xZnxFe2O4 (x = 0.0 to 1.0) nanoparticles

have been carried out by a precursor combustion

technique which has been reported by our group [22].

All the chemicals used were of analytical grade

without further purification. A requisite quantity of

sodium fumarate in aqueous medium was stirred

with hydrazine hydrate N2H4�H2O (99–100%) in the

atmosphere of nitrogen gas as an inert medium for

2 h. To this solution, a stoichiometric amount of

freshly prepared ferrous chloride solution mixed

with cobalt chloride and zinc chloride was added

drop wise with constant stirring in an inert nitrogen

atmosphere. The precursor thus obtained was fil-

tered, washed with ethanol and dried with diethyl

ether. This dried precursor was then auto catalyti-

cally decomposed to yield nanosized ferrite. The

ferrite powder was heated at 400 �C for 2 h to remove

any traces of residual carbon. The samples so

obtained were termed ‘as prepared’ ferrites. This ‘as

prepared’ ferrite powder was pelletized and pre-

sintered at 800 �C for 5 h, the pellets were then cru-

shed and ground using agate mortar and pestle and

again pressed into pellets of 1 cm diameter and

0.2 cm thickness and later subjected to final sintering

at 1000 �C for 15 h to obtain the bulk samples.

2.2 Characterization

The phase purity and the crystal structure for all ‘as

prepared’ and sintered cobalt zinc ferrite samples

were investigated using X-ray diffraction (XRD)

technique on a RIGAKU ULTIMA IV X-ray diffrac-

tometer using Cu-Ka radiations of wavelength 1.5418

Å
´

(filtered through Ni). The Fourier transform-in-

frared (FTIR) spectra of the samples reported here are

recorded on a Shimadzu IR prestige 21 spectrometer

at ambient conditions. The sample powder was

mixed with KBr in the ratio of 1:10 and the scanning

range selected was from 4000 to 300 cm-1. The

spectra were recorded in the diffuse reflectance

mode. The morphology of ‘as prepared’ and sintered

samples was observed by transmission electron

microscopy (TEM) using a JEM 2000 CX electron

microscope and scanning electron microscopy (SEM)

using a JEOL-JSM 6390 LV electron microscope

respectively. The surface area of the ferrite composi-

tions were measured using Brunauer–Emmett–Teller

(BET) surface area analyzer SMART SORB 90/91 at

liquid nitrogen temperature. The domain nature of

the particles and the Curie temperature was deter-

mined using a temperature programmable AC mag-

netic susceptibility system. The magnetic

measurements were carried out on a, Vibrating

Sample Magnetometer (VSM, Quantum Design Ver-

saLab). Mössbauer spectroscopy was employed to

study the cation distribution as well as the magnetic

behavior of the nanosized and bulk ferrites. Möss-

bauer spectra at room temperature were recorded

using a Mössbauer spectrometer, operated in con-

stant acceleration mode (triangular wave) in trans-

mission geometry. The source employed was Co-57

in Rh matrix of strength 50 mCi. The calibration of the

velocity scale was done using an enriched a-57Fe

metal foil using a value of 331 kOe for the effective

nuclear hyperfine field (Heff) at room temperature.

The outer line width of calibration spectra is 0.29

mm/s. The Mössbauer spectra were fitted using

WinNormos fit programme with Lorentzian distri-

bution. The results of isomer shift are relative to a-Fe

metal foil (d = 0.00 mm/s).

3 Results and discussion

3.1 X-ray diffraction (XRD) analysis

The mixed cobalt zinc ferrite, Co1-xZnxFe2O4,

(x = 0.0–1.0) have been investigated by X-ray

diffraction technique between 20� and 80� to check its

phase purity and crystallinity. The XRD patterns of

the ‘as prepared’ and sintered samples are shown in

Fig. 1a and b, respectively. All the compositions of

Co–Zn ferrite samples could be indexed in terms of a

single phase cubic spinel structure using the standard

ICDD card # 01-1121 for CoFe2O4. It can be seen from

Fig. 1a that the ‘as prepared’ samples show peak

broadening indicative of nanosized particles with

large surface/volume ratio whereas sintering brings

about grain growth leading to crystallinity and sharp

peaks in the case of bulk samples in Fig. 1b. A slight

shift in peak positions is also noted with the increase
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Fig. 1 a X-ray diffraction

pattern of ‘as prepared’

Co1-xZnxFe2O4 (x = 0.0–1.0).

b X-Ray Diffraction pattern of

‘sintered’ Co1-xZnxFe2O4

(x = 0.0–1.0)
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in Zn content. Using the XRD data, we investigated

the role of the Zn-substitution in modifying the

structural parameters such as the lattice constant (a),

ionic radii (rA and rB), the distance between the

magnetic ions (LA and LB) and bond lengths (A–O

and B–O) of tetrahedral (A) sites and octahedral

(B) sites in cubic spinel structure of the nanosized and

bulk cobalt zinc ferrite. The values of various struc-

tural parameters are given in Table 1. An increase in

the lattice constant a, calculated using d value and

related hkl (311) value, is observed with increase in

Zn concentration almost in a linear manner, thus

obeying Vegard’s law [14, 15] which indicates the

formation of homogenous solutions of cobalt zinc

ferrite. The increase in a is due to the substitution of

smaller ion of Co2? having ionic radii of 0.72Å
´

by

bigger Zn2? with ionic radii of 0.74 Å
´

[14]. Further-

more, the lattice constant of nanoferrites is found to

be slightly less than that of its bulk counterparts. This

decrease cannot be explained on the basis of cation

rearrangement in the spinel lattice only but may also

be due to particle size effect, more specifically, the

effect of surface stress. The surface stress causes small

particles to be in a state of compression where the

internal pressure is inversely proportional to the

radius of the particle [23]. Thus, the surface lattice

contraction is clearly felt for the nanosized ferrites

whereas for the bulk samples, sintering at high tem-

perature leads to greater degree of lattice ordering.

Nanosized cobalt zinc ferrites having lower lattice

constants than the bulk compounds have been

reported by Veverka et al. [24]. The cation distribu-

tion in the case of mixed ferrites is difficult to

estimate accurately. However, an attempt has been

made to calculate theoretically the hopping lengths in

the tetrahedral (LA) and octahedral (LB) site, ionic

radii at tetrahedral (rA) and octahedral (rB) site and

the teterahedral (A–O) and octahedral (B–O) bond

lengths. The calculations were done using equations

reported in literature [14, 15] which are based on the

lattice constant a obtained from the XRD data. The

mean ionic radius of the tetrahedral (A) site ‘‘rA’’ and

octahedral (B) site, ‘‘rB’’ has been calculated using the

following relation;

rA ¼ a
p

3 u� 0:25ð Þ � Ro ð1Þ

rB ¼ a 5=8 � uð Þ � Ro ð2Þ

where ‘a’ is the lattice parameter, u is the oxygen

positional parameter, for ideal spinel ferrite u = 3/8

and the radius of oxygen ion, Ro=1.35 Å
´

. The hopping

lengths in tetrahedral (LA) and octahedral (LB) sites

have been calculated using the relation;

LA ¼ a
p

3=4ð Þ ð3Þ

LB ¼ a
p

2=4ð Þ ð4Þ

The calculated values of the various structural

parameters are given in Table 1. The hopping lengths

in the tetrahedral site (LA) and in octahedral site (LB)

are the distance between the magnetic ions and were

found to increase as the amount of zinc species

increases resulting in magnetic dilution. Cobalt fer-

rite being an inverse spinel, the Fe3? ions occupy both

A and B sites, however, as more and more Zn2? ions

enter the A site, more Fe3? ions occupy B sites which

finally leads to magnetic isolation of the Fe3? ions. It

Table 1 Lattice constant (a), ionic radii at tetrahedral site (rA), ionic
radii at octahedral site (rB), tetrahedral bond length (A–O), octahedral
bond length (B–O), Hopping lengths in tetrahedral (LA) and octahedral

(LB) of ‘as prepared’ and ‘sintered’ ferrite, Co1-xZnxFe2O4

(x = 0.0–1.0)

x ‘As prepared’ ‘Sintered’

a (Å) rA (Å) rB (Å) A–O

(Å)

B–O

(Å)

LA
(Å)

LB
(Å)

a (Å) rA (Å) rB (Å) A–O

(Å)

B–O

(Å)

LA
(Å)

LB (Å)

0.0 8.4867 0.4874 0.7717 1.926 2.072 3.675 3.004 8.4879 0.4877 0.7720 1.926 2.072 3.675 3.005

0.2 8.5129 0.4931 0.7782 1.932 2.078 3.686 3.014 8.5144 0.4934 0.7786 1.932 2.079 3.687 3.014

0.4 8.5272 0.4962 0.7818. 1.935 2.082 3.692 3.019 8.5287 0.4965 0.7822 1.935 2.082 3.693 3.019

0.5 8.5363 0.4982 0.7841 1.937 2.084 3.696 3.022 8.5318 0.4972 0.7829 1.936 2.083 3.694 3.020

0.6 8.5378 0.4985 0.7844 1.938 2.085 3.697 3.023 8.5380 0.4985 0.7845 1.937 2.084 3.696 3.022

0.8 8.5537 0.5019 0.7884 1.941 2.088 3.704 3.028 8.5540 0.5020 0.7885 1.941 2.088 3.704 3.028

1.0 8.5628 0.5050 0.7919 1.945 2.093 3.711 3.033 8.5674 0.5049 0.7919 1.945 2.093 3.709 3.033
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is also observed that the ionic radii (rA, rB) increase

gradually with increase in the zinc content in the

system, which in turn causes an increase in the lattice

constant. The increase in rA is due to the increasing

amount of larger Zn2? ions in the tetrahedral A site

which consequently decreases the amount of Fe3?

ions in the A site. It can be concluded that the tetra-

hedral substitution plays dominant role in influenc-

ing the value of lattice constant. Similar findings on

the nanocrystalline Co–Zn system have been repor-

ted by other investigators [13]. It can be understood

that addition of Zn, i.e. tetrahedral substitution in the

cobalt ferrite, induces structural changes without any

crystal distortions as evident from the XRD powder

patterns.

3.2 FTIR spectroscopy studies

The FTIR spectra of the ‘as prepared’ nanoferrite and

the sintered ferrites are shown in Fig. 2a and b,

respectively. Two main metal-oxygen bands are

observed for all the studied spinel ferrite samples.

The high frequency band in ferrites at 650 cm-1 (m1) is

assigned to symmetrical vibrations of tetrahedral

groups and the lower frequency band at * 400 cm-1

(m2) is due to the vibrations of the octahedral M–O

groups [25]. The difference in the band positions is

due to the difference in the Fe3?–O distances for

octahedral and tetrahedral complexes. The m1 and m2

stretching vibration for the ‘as prepared’ oxide are

observed between * 599–560 cm-1 and

420–399 cm-1, respectively. Whereas for the sintered

ferrites, the m1 and m2 vibrations are observed between

610–565 cm-1 and 435–410 cm-1, respectively. As

Co2? gets replaced by Zn2?, the m1 shifts to lower

wavenumber as reported in the literature [25]. The

gradual increase in broadening of the octahedral

band for higher zinc concentration (x[ 0.5) is related

to the cation redistribution in the spinel structure. It is

well known that zinc ions prefer to occupy tetrahe-

dral sites, whereas, cobalt ions tend to prefer octa-

hedral sites. The observed shift of the octahedral

band with increasing zinc concentration indicates an

increase in Fe3? ions in the octahedral sites. This

happens when the zinc ions enter tetrahedral A site

and push the A site Fe3? ions into the octahedral B

site thereby replacing the cobalt ions at B sites. This

process involving transfer of Fe3? ions from A site to

B site, decreases the wave number of the tetrahedral

band [26]. Also, it is observed that the nanoferrites

have slightly lower m1 and m2 values which shift to

higher wavenumber upon increase in size. The weak

bands at * 3700 cm-1 and * 1600 cm-1 in the sin-

tered samples are attributed to O-H stretching

vibration due to adsorbed water or moisture.

3.3 Surface area, particle size
and morphology

The morphology and the particle size of the ‘as pre-

pared’ nanoferrites and bulk samples can be deduced

from the TEM and SEM images, respectively. The

TEM images, Fig. 3, of the ‘as prepared’ samples

confirmed that the particles are nanosized in nature.

Table 2 gives the particle size of the nanoferrites and

sintered samples. The particle size for the ‘as pre-

pared’ samples lies within 12–15 nm. It is also evi-

dent from the TEM images that the particles are

agglomerated in appearance. Since the particles are

magnetic in nature, a strong magnetic interaction is

present which causes agglomeration. This was

reflected in the BET surface area (Table 2). Sintering

at 1000 �C leads to coarsening of particles and an

increase in grain size as seen in the SEM images

(Fig. 4). The particle size for the sintered ferrites is in

the range of 0.3–0.8 lm. The specific BET surface area

of the ‘as prepared’ nanoferrites is listed in Table 2

which is lower than expected due to the agglomera-

tion of the particles as evident from the TEM images.

3.4 Magnetic studies

The AC magnetic susceptibility studies reveal the

magnetic behavior of the material, i.e. ferrimagnetic

to paramagnetic transition as well as the single

domain to superparamagnetic transition. The domain

structure and the Curie temperature were obtained

by plotting normalized susceptibility against tem-

perature. Figure 5 shows plots of thermal variation of

normalized (vT/vRT) susceptibility for ‘as prepared’

and sintered samples which illustrate the above

mentioned magnetic transition. The maximum in

magnetization behavior just below the TC in the

presence of a small field is referred to as the Hop-

kinson effect [27–29] and has been observed for

nanocrystalline single domain cobalt ferrite particles

as well as nickel ferrite particles [30, 31]. In the case of

cobalt ferrite and the mixed cobalt-zinc ferrite, there

J Mater Sci: Mater Electron (2022) 33:20144–20161 20149
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is a slow increase in magnetization with temperature

which reaches a maximum at temperature Tmax,

which is just below the Curie temperature. The

maxima in the magnetization values (Hopkinson

peak) and the corresponding temperature (Tmax) are

dependent on the applied field. The Hopkinson effect

is observed in nanocrystalline single domain particles

where the size of the particles is neither very small to

be superparmagnetic nor very large to be multido-

main in nature. The explanation for the Hopkinson

effect in single domain cobalt ferrite nanoparticles is

given by Ghajbhiye et al. [30]. In the present case, the

Hopkinson peak is seen for the sintered samples

where x\ 0.5 and for some ‘as prepared’ samples

indicating single domain nature of the particles. The

susceptibility is inversely proportional to the coercive

force. The existence of a coercive force indicates that

the samples contain clusters of different sizes and

each spin cluster is large when a high blocking tem-

perature (Tmax) is normally observed [32]. In this

case, the Tmax is quite large for samples with x\ 0.5

indicating a higher coercive force. It is evident that as

x increases the peak diminishes since the coercive

force decreases. Addition of Zn into the cobalt ferrite

reduces the coercive force and as a result, peak value

decreases. If the temperature of a single domain

particle is gradually increased at a constant magnetic

field, it may so happen that the thermal energy may

become comparable to the effective magnetic aniso-

tropy when the magnetization direction sponta-

neously fluctuates between the easy axes of the grain.

In such a state the particle will exhibit superparam-

agnetism. The temperature at which the single

domain to superparamagnetic transition for a particle

of volume V takes place is known as the blocking

temperature (TB) [32]. Superparamagnetic behavior is

observed for samples with x[ 0.5 whereas the sam-

ples having x\ 0.5 are predominantly single domain

in nature.

The Curie temperature, TC is another vital param-

eter to study the size and interface effect on the fer-

rimagnetic phase transition and the magnetic phase

stability of a material. The TC of the ‘as prepared’

nanoferrite and the sintered ferrite values are listed in

Table 3. The observed decrease in TC with small

additions of zinc is due to the decreasing A–B

superexchange interactions resulting from replace-

ment of Fe3? by Zn2? at A sites [14]. Similar trend in

behavior is reported by Gul et al. for Co–Zn ferrites of

size 12.5–13 nm but the TC values vary for certain

compositions [8]. The reduction in TCwith increase in

Zn content indicates a reduction in ferrimagnetic

behavior. The Curie temperature values of the nano

‘as prepared’ ferrites are found to be lower than the

sintered samples upto x = 0.6. A decrease in Curie

temperature with particle size is reported for some

cobalt zinc ferrite compositions by Veverka et al. [17].

It is incorrect to say that Curie temperature decreases

with reduction in particle size since it may not be the

case always. For single domain nanoparticles, the

net alignment of atomic moments is dependent on

the exchange interaction between the magnetic atoms

of the particles. The strength of this interaction will

determine the transition temperature. A stronger

interaction means that more thermal energy will be

needed to cause the moments to become disordered

and the ferromagnetism to disappear, resulting in

higher Curie temperature in nanoferrites [33].

Enhanced Curie temperature has also been reported

for nanosized manganese ferrites [6]. Moreover, it is

believed that the Curie temperature depends on the

preparation conditions, measurement techniques and

the applied field strength [13].

The effects of grain size reduction on the magnetic

properties of ferrites were also investigated. In this

respect, the measurements of coercive fields were

particularly interesting. The coercivity of fine parti-

cles has a striking dependence on their size. As the

particle size is reduced, it is typically found that the

coercivity increases goes through a maximum and

then tends towards zero. For a multidomain material,

magnetization changes by domain wall motion.

Below a critical diameter the particles become single

domain and in this size range the coercivity reaches a

maximum and changes their magnetization by spin

rotation. As the particle size further decreases, the

coercivity decreases and tends to zero because of

thermal effects which are strong enough to sponta-

neously demagnetize a previously saturated assem-

bly of particles. Such particles are called

superparamagnetic [33]. The saturation magnetiza-

tion (MS), retentivity (MR) and coercivity (HC) values

for ‘as prepared’ and sintered ferrites are listed in

bFig. 2 a FTIR spectra of ‘as prepared’ Co1-xZnxFe2O4

(x = 0.0–1.0). b FTIR spectra of ‘sintered’ Co1-xZnxFe2O4

(x = 0.0–1.0)
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Fig. 3 TEM images of ‘as

prepared’ Co1-xZnxFe2O4

(x = 0.2, 0.4, 0.5, 0.6, 0.8)

with SAED indexed pattern
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Table 3. The ‘as prepared’ ferrites were found to have

higher coercivity values than the sintered ferrites

which reduce drastically with increasing Zn concen-

tration. The coercivity is reported to decrease with

decreasing concentration of cobalt as expected, due to

higher magnetocrystalline anisotropy of Co2? than

Zn2? ions. Considering all evidence, it appears that

the nanoparticles are predominantly single domain in

nature except for the samples with higher Zn con-

centration which show superparamagnetic effects.

The domain nature of the ‘as prepared’ nanoferrites

is confirmed by the temperature dependent magne-

tization studies.

The plots of Zero field-cooled (ZFC) and field-

cooled (FC) magnetization as a function of tempera-

ture are shown in Fig. 6 for the ‘as prepared’ samples.

The results are characteristic of magnetic nanoparti-

cles with blocking temperature above room temper-

ature. In a typical ZFC measurement, the

nanoparticles were cooled from room temperature to

50 K without any external field and the magnetiza-

tion was recorded during heating from 50 to 400 K

under an applied field of 500 Oe. While in the FC

measurement, the nanoparticles were cooled down to

50 K under the applied field of 500 Oe and the

magnetization was recorded during heating till 400 K

under an applied field of 500 Oe. The ZFC magneti-

zation (MZFC) increased as the temperature increased

from 50 K and reached a maximum corresponding to

the blocking temperature (TB) and then decreased,

whereas the FC magnetization (MFC) steadily

decreased as the temperature increased from 50 K.

Above TB, the so called unblocked region, the MZFC

decreased gradually with increasing temperature

wherein the spins become disordered and achieve

superparamagnetism. However, a continuous

decrease in MFC was observed with increasing tem-

perature indicating thermal vibration leading to

randomization of nanoparticles in FC measurement.

As can be seen from Fig. 6, only the nanoparticles

with Zn concentration x[ 0.5, exhibits superparam-

agnetism at room temperature. The blocking tem-

perature shifts towards higher temperature for

x B 0.5, where the superparamagnetic behavior is

seen above room temperature. The difference

between MZFC and MFC curves below TB mainly

results from the existence of energy barriers of mag-

netic anisotropy [34, 35]. Although the ‘as prepared’

ferrite have a particle size between 12 and 15 nm and

are predominantly single domain in nature, appar-

ently, it has not lost the magnetic ordering to exhibit

room temperature superparamagnetism, especially

the compositions with x B 0.5.

Figures 7 and 8 show the room temperature hys-

teresis of the ‘as prepared’ and sintered Co1-xZnx-

Fe2O4 (x = 0.0–1.0). The lower values of saturation

magnetization in nanoparticles of the ‘as prepared’

ferrite as compared to the submicron particles of the

sintered samples is attributed to the surface effects

which lead to the noncollinearity of the magnetic

moments on their surface and can be explained in

terms of core shell model of the nanoparticles in

which the core contains ferrimagnetically aligned

spins on the surface or interface with a certain degree

of spin canting [36]. It is seen that the MS values

initially increase upto x = 0.4 and then decrease with

increasing Zn concentration (Table 3). The Co1-x-

ZnxFe2O4 are largely inverse spinel for x = 0 which

can be represented as [Fe3?]tet[Co2? Fe3?]octO4, while

the zinc ferrite (x = 1.0) is a normal spinel at room

temperature, [Zn2?]tet[Fe2
3?]octO4. The spins of the

Fe3? ions on the octahedral sites of ZnFe2O4 are not

aligned but are random. Therefore, ZnFe2O4 is para-

magnetic and shows no saturation magnetization. On

formation of the mixed cobalt zinc ferrite by partial

replacement of Co2? by Zn2?, a gradual change from

inverse to normal behavior is found to occur. Intro-

duction of Zn2? into the tetrahedral sites causes Fe3?

ions to be displaced on the octahedral sites, i.e.

[Fe1-x
3? Znx

2? ]tet[Co1-x
2? Fe1 ? x

3?]octO4. If the

mixed cobalt zinc ferrite retained the antiferromag-

netic character of the Co1-xZnxFe2O4 (x = 0), a linear

increase in MS should occur and attain a maximum

Table 2 Particle size (t) of ‘as prepared’ and ‘sintered’ ferrite,

surface area (SA) of Co1-xZnxFe2O4 (x = 0.0–1.0)

x ‘As prepared’ ‘Sintered’

t

(nm)

SA

(m2 g-1)

t

(lm)

0.0 – 32.7 0.5

0.2 14.7 23.2 0.3

0.4 14.4 23.6 0.4

0.5 12.9 42.4 0.4

0.6 13.3 36.6 0.8

0.8 12.5 32.3 0.2

1.0 – 19.8 0.3
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Fig. 4 SEM images of ‘sintered’ Co1-xZnxFe2O4 (x = 0.0–1.0)
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for x = 1.0. However, long before x = 1.0 is reached,

the antiferromagnetic coupling is destroyed and the

MS values drop [37]. As observed from the magneti-

zation studies, MS increases for small values of x, but

pass through a maximum for x = 0.4 and then

decreases. According to Neel’s collinear two sub lat-

tice model [38], the saturation magnetization moment

of spinel ferrite can be expressed as MS = MB - MA

where MA and MB are net magnetic moment of

tetrahedral (A) and octahedral (B) sublattice, respec-

tively. Zn2? ions with zero magnetic moment replace

ions on the tetrahedral A sites, causing the decrease

of magnetic moment in this sub lattice MA resulting

in the increase of the total magnetic moment, M. Due

to the replacement of Fe3? at the tetrahedral sites and

the prominent inter-sublattice A–B superexchange

interaction, the net magnetic moment per formula

unit is increased, hence MS increases. The Neel’s

collinear two sub lattice model gives an account for

the initial increase but is unable to explain the sub-

sequent decrease. However, the decrease can be

explained in terms of a uniform Yafet–Kittel trian-

gular type magnetic ordering of spins on the B sub

lattice [39]. But for a mixed system like Co–Zn ferrite,

it is quite possible that the canting is not uniform but

instead is locally dependent upon the statistical dis-

tribution of non-magnetic neighboring ions. There-

fore, the decrease in magnetization of these

compositions after x = 0.4 is attributed to the canting

of the magnetic moments. A maximum MS value of

Fig. 5 Effect of Zn substitution on the temperature dependent susceptibility of a ‘as prepared’ and b ‘sintered’ Co1-xZnxFe2O4

(x = 0.0–0.8)

Table 3 Saturation

magnetization, MS (emu/g);

Retentivity, MR (emu/g);

Coercivity, HC (emu/g); Curie

temperature, TC (�K) of ‘as
prepared’ and ‘sintered’ ferrite,

Co1-xZnxFe2O4 (x = 0.0–1.0)

x ‘As prepared’ ‘Sintered’

Ms

(emu/g)

MR

(emu/g)

HC

(emu/g)

TC

(�K)
Ms

(emu/g)

MR

(emu/g)

HC

(emu/g)

TC

(�K)

0.0 52.28 23.24 1249.6 730 81.97 23.36 496.98 750

0.2 65.97 17.09 316.6 608 88.73 13.13 255.42 670

0.4 79.59 9.40 133.02 488 90.85 6.36 168.27 538

0.5 59.90 6.33 63.60 420 70.20 3.18 33.74 455

0.6 47.70 2.34 27.00 409 67.72 1.55 25.96 410

0.8 9.80 0.58 10.60 361 5.91 0.11 10.14 323

1.0 3.50 0.27 67.00 – 7.18 1.80 96.45 –
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Fig. 6 Field cooled (FC) and Zero field cooled (ZFC) magnetisations as a function of temperature for Co1-xZnxFe2O4 (x = 0.0–1.0)

nanoparticles under an applied field of 500 Oe

Fig. 7 Magnetic hysteresis of ‘as prepared’ Co1-xZnxFe2O4

(x = 0.0–1.0)

Fig. 8 Magnetic hysteresis of ‘sintered’ Co1-xZnxFe2O4

(x = 0.0–1.0)
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90.85 emu/g and 79.59 emu/g for x = 0.4 was

obtained for the sintered and ‘as prepared’ sample,

respectively.

3.5 Mössbauer spectroscopy

The Mössbauer spectroscopy is a useful technique to

study the magnetic nature of the ferrites and to get a

closer view of the superparamagnetic behavior of the

nanocrystals. It also gives a fair idea about the cation

distribution as well as the oxidation state of the Fe

ion. The experimental observations obtained from the

magnetic measurements of ‘as prepared’ and sintered

Co–Zn ferrite are in agreement with the Mössbauer

data. Figures 9 and 10 compares the room

temperature Mössbauer spectra of the ‘as prepared’

and sintered Co1-xZnxFe2O4 respectively, with

x varying from 0 to 1. The spectral parameters of the

sintered and ‘as prepared’ nanoferrite {isomer shift

(d), quadrupole splitting (D), line width (C), hyperfine

magnetic field (Hhf) and relative area (RA) in per-

centage in tetrahedral and octahedral sites of Fe3?-

ions} are summarized in Table 4. There are

superposition of two sextets and a doublet pattern for

‘as prepared’ (x = 0.6) and sintered ferrite (x = 0.5

and 0.6). Doublet pattern arises from the presence of

superparamagnetic fraction whereas the sextet or

Zeeman splitting pattern is due to the presence of

ferrimagnetic fraction. Outer (higher hyperfine field)

and inner (lower hyperfine field) sextets correspond

Fig. 9 Mössbauer spectra of ‘as prepared’ Co1-xZnxFe2O4

(x = 0.0–1.0)

Fig. 10 Mössbauer spectra of ‘sintered’ Co1-xZnxFe2O4

(x = 0.0–1.0)
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to Fe3? ions in octahedral and tetrahedral sites,

respectively in the Co1-xZnxFe2O4 ferrite [40–42].

With addition of Zn, there is a reduction in Hhf as

compared to CoFe2O4. It is evident that, with the

increasing zinc concentration, there is a transition

from magnetically ordered ferrimagnetic state (char-

acterized by a sextet) to a paramagnetic state (char-

acterized by a doublet). This behavior is expected

when diamagnetic Zn2? ions substitute the magnetic

Co2? ions [43]. The Mössbauer spectra agrees with

the magnetization data, as x increases, coercivity

decreases which is also found to be high for ‘as pre-

pared’ cobalt ferrite as compared to the sintered ones.

The Mössbauer spectra of the nanoferrites (Fig. 9) are

marked by the presence of three magnetically split

sextets for x = 0, 0.2, 0.4, and 0.5. Sextet A (with lower

d value) belongs to tetrahedral site whereas sextet B

(with higher d value) and B1 belong to octahedral site

[44–46]. The relative area of the central paramagnetic

doublet increases whereas the relative area of mag-

netic sextets decreases with increase in the zinc con-

tent. The area of the doublet increases drastically

beyond x[ 0.6. Only a single doublet is present for

composition x = 0.8 and 1.0 for both nanosize and

sintered samples as shown in Figs. 9 and 10. The

Mössbauer spectra of the sintered (Fig. 10) ferrites

exhibit two normal Zeeman-split sextets for

x = 0.0–0.2, one due to Fe3? ions at the tetrahedral

(A) sites and the other due to the Fe3? ions at the

octahedral (B) sites. The spectrum obtained for the

composition with x = 0.4, 0.5 and 0.6 shows broad

sextet features of relaxation effect, and a central

paramagnetic doublet resulting from superparamag-

netic Fe3? species [46–50]. The samples with x C 0.8

exhibit paramagnetic spectra with only a central

doublet. Like in the nanosize samples, the relative

intensity of the central doublet was also found to

increase with the concentration of Zn2? in the sin-

tered samples. The central doublet can be attributed

to the magnetically isolated Fe3? ions which do not

participate in the long-range magnetic ordering due

to a large number of nonmagnetic nearest neighbors.

It can be observed that, for ‘as prepared’ and sintered

ferrites, the magnitude of magnetic hyperfine fields

of A site (HA) and B site (HB) decrease as the Zn

content increases (Fig. 11). Also, the hyperfine field of

A site (HA) decreases more rapidly than that of B site.

The rapid decrease of the magnetic hyper-fine field of

Table 4 Isomer shift (IS), quadruple splitting (QS), hyperfine field (Hhf), inner line width (C), relative Area (RA) of ‘as prepared’ and

‘sintered’ ferrite, Co1–xZnxFe2O4

Zn ‘As prepared’ ‘Sintered’

x Fe sites IS(d)
(mm/s)

QS(D)
(mm/s)

Hhf

(KG)

C (mm/s) RA

(%)

IS(d)
(mm/s)

QS(D)
(mm/s)

Hhf

(KG)

C (mm/s) RA

(%)

0.0 Sextet A 0.119 - 0.009 489.8 0.343 51.7 0.13 - 0.011 490.3 0.341 77

Sextet B 0.425 0.190 500.3 0.298 22.1 0.492 0.133 497.4 0.29 23

Sextet B1 0.212 - 0.091 436.4 0.538 26.1 – – – – –

0.2 Sextet A 0.155 - 0.006 473.8 0.279 41.0 0.266 0.018 435.6 0.612 50.7

Sextet B 0.461 - 0.174 480.0 0.263 3.7 0.172 - 0.009 476 0.359 49.3

Sextet B1 0.227 - 0.034 422.8 0.838 55.3 – – – – –

0.4 Sextet A 0.147 - 0.018 464.0 0.828 37.3 0.193 - 0.021 368.8 0.744 76.2

Sextet B 0.485 0.547 459.5 0.453 5.3 0.113 0.07 422.1 0.322 21.2

Sextet B1 0.282 0.084 0.395 0.765 57.4 0.23 0.941 – 0.78 2.6

0.5 Sextet A 0.041 - 0.400 386.1 0.452 29.9 0.202 351.7 0.542 72.8

Sextet B 0.369 0.483 382.4 1.064 19.5 0.171 - 0.002 407.4 0.292 18.6

Sextet B1/Doublet 0.252 0.030 276.9 1.250 50.6 0.258 1.19 – 1.27 8.6

0.6 Sextet A 0.085 - 0.210 205.2 1.592 67.9 0.136 - 0.152 214.9 1.09 81.2

Sextet B 0.516 - 0.600 360.0 1,979 31.3 0.238 - 0.019 318.8 0.521 16.4

Doublet 0.205 0.374 – 0.219 0.8 0.237 0.432 – 0.453 2.4

0.8 Doublet 0.185 0.427 – 0.405 100 0.235 0.421 – 0.371 100

1.0 Doublet 0.189 0.372 – 0.345 100 0.24 0.346 – 0.352 100

Sextet A: Tetrahedral, Sextet B: Octahedral
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A site with increasing Zn content is attributed to the

dilution of the field component from Fe3? ions in the

A site [12]. These experimental observations support

the theoretical calculations carried out to determine

the distance between the magnetic ions (LA and LB)

based on the lattice parameters. Thus, the nanosize

ferrites acquire a doublet character indicative of a

superparamagnetic state in the dominant part of the

particles as compared to the sintered ferrites, wherein

the sextet is retained although the respective hyper-

fine fields are largely reduced and broadly dis-

tributed for the A and B sites [17]. Isomer shift (d)

values for all compositions of x of ‘as prepared’ and

sintered samples (d value between 0.041–0.492 mm/

s) indicate that Fe is in Fe3? ionic state [46, 51–53].

This ranges of d also supports the absence of Fe2? ion

in these samples because the Fe2? ions show much

higher value of d (d C 0.8 mm/s). The change in d
values of nanoferrites relative to the sintered samples

is attributed to the change in the Fe3?–O2- distance at

the A and B sites due to crystal distortion. When the

distance of the ligand oxygen to iron is shorter in the

oxygen polyhedra, greater is the s-electron density at

the Fe-nucleus, which results in lowering of isomer

shift and vice versa [44, 54]. However, the mid-

compositions of nanoferrites particularly x = 0.5 and

x = 0.6 show a slight anomaly, their d values being

higher than the bulk. This anomaly is attributed to

the preparation condition and subsequent heat

treatment. Quadrupole splitting (D) values for all

x values of doublet for ‘as prepared’ and sintered

ferrite with respect to a-Fe suggest that Fe3? ions

show asymmetry of polyhedron. D values for tetra-

hedral and octahedral sites, for the ‘as prepared’ and

sintered samples are nearly 0.00 mm/s suggesting

that Fe3? ions show cubic symmetry of polyhedron.

4 Conclusions

The precursor combustion method offers a conve-

nient route for preparing magnetic nanoparticles of

cobalt zinc ferrite with tuneable properties. We have

demonstrated that the magnetic properties of cobalt

ferrite can be suitably controlled by substituting Co2?

with the non-magnetic Zn2? ion even at the nanos-

cale. The addition of non-magnetic Zn2? ions leads to

magnetic dilution at the lattice sites thus affecting the

magnetic properties considerably. From the study of

‘as prepared’ (nano) and sintered (bulk) ferrites the

behavior of the material with respect to the particle

size is well understood. The particle size invariably

influences the structure, cation distribution, domain

nature and the magnetic ordering present in the fer-

rite samples. Superparamagnetic features were

noticeable only in some of the ‘as prepared’ samples

since the nanoferrites have not yet reached the critical

size to exhibit superparamagnetism. The critical

dimensions required for the nanoparticles to lose the

magnetic ordering and manifest superparamag-

netism needs further investigation.

Fig. 11 Variation in hyperfine magnetic field of a ‘as prepared’ and b ‘sintered’ Co1-xZnxFe2O4 (x = 0.0–1.0) with Zn doping
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