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ARTICLE INFO ABSTRACT

Keywords: Nanoparticles of cobalt ferrite of different particle size were prepared using sol-gel method. Powder X-ray
VSM diffraction (XRD), transmission electron microscopy (TEM), vibrating sample magnetometer (VSM) and
TEM Mossbauer spectroscopy techniques were employed for characterization of nanoparticles for structural and
XRD . magnetic properties. The particle size and saturation magnetization increase with the increase of sintering
Coercivity . N . . .

temperature. The saturation magnetization increases from 53 to 85emu/g as the sintering temperature
Remanence . N . . .. . . .
Hysteresis increases from 300 to 900 °C. The remanence increases while the coercivity decreases slightly with the increase

of sintering temperature. Mossbauer spectra show the ferrimagnetic nature of all the samples and the cation
distribution strictly depends on the sintering temperature. The stoichiometry of the cobalt ferrite formed was
estimated to be (Co®*,Fe3*,)[Co>*1_,Fe>*1,,]04, based on our Méssbauer analysis. The inverse spinel structure
gradually transforms towards the normal spinel structure as the sintering temperature increases.

1. Introduction

Nanomaterials based on ferrites have already a large number of
applications, including photocatalysis, adsorption technologies, gas
sensors, microwave devices and others [1,2]. Nanosized ferrites have
been studied extensively in recent years because of their unusual
properties such as high Curie temperature, large magnetocrystalline
anisotropy, moderate saturation magnetization, excellent chemical
stability and mechanical hardness. The magnetic properties of these
nanoparticles are governed by single domain magnetic structure and
exhibit unique phenomenon such as superparamagnetism and quan-
tum tunneling of magnetization [2]. Ferrimagnetic cubic spinels, with
the combined properties of magnetic materials and insulators are
found to be important in technological applications such as in high
density information storage, ferrofluids technology, magnetocaloric
refrigeration, magnetic resonance imaging (MRI) enhancement, mag-
netically guided drug delivery and many other biomedical applications
etc. [3,4]. The electrical, magnetic and optical properties of these
ferrites depend on the magnetic interactions and cation distribution in
the two sub lattices i.e. tetrahedral (A) and octahedral (B) sites.
Therefore, the control of cationic occupancies at the interstices is very
important in order to regulate the magnetic properties of the nano-
particles [4]. Various preparation techniques, such as sol-gel methods,
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citrate precursor techniques [5], electrochemical synthesis [6], com-
bustion methods [7], solid state reaction [8], and mechanical alloying
[9] are commonly used to prepare ferrite nanoparticles.

Cobalt ferrite is a hard magnetic material that has a high coerciv-
ity(~ kOe), high magnetocrystalline anisotropy and large saturation
magnetization. Recently cobalt ferrite has attracted considerable
attention due to their large magnetostrictive coefficient, chemical
stability and mechanical hardness [10]. In bulk form CoFe,O4 is a
partially inverse spinel structure represented as (Co.Fe;_.)
[Co1_xFe1,x]O4, where x depends on thermal history and preparation
condition [11,12]. Round and square brackets indicate A and B sites
respectively. It is ferrimagnetic in nature at room temperature having
Curie temperature ~520 °C [13]. In the present work the dependency
of cation distribution, between A and B sites, with sintering tempera-
ture were studied and the structural and magnetic properties of the
cobalt ferrite have also been discussed.

2. Experimental

Sol gel technique was used for the preparation of cobalt ferrite
[14,15]. The stoichiometric amounts of Fe(NO3)3-9H,0, Co(NOs),-
6H,0 and Ce(NO3)3-6H,O were dissolved in distilled water. In the
aqueous salt solution, citric acid solution was added with the cations to
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citric acid molar ratio of 1:3. The solution was heated at 80 °C under
constant magnetic stirring until the solution got converted into a
viscous gel, and was allowed to cool at room temperature. The cooled
gel was dried in a furnace at 100 °C for overnight to form the precursor
material. The precursor material was sintered at four different tem-
peratures 300, 500, 700 and 900 °C for 2 h and furnace cooled to room
temperature to get the nanoparticles of cobalt ferrite having different
particle size. X-ray diffraction data were collected by using Bruker D8
ADVANDED X-ray diffractometer having Cu K, radiation
(A=1.54178 A). High-field magnetization measurements at room tem-
perature were carried out with the help of a Quantum Design Vibrating
Sample Magnetometer (VSM, Model 6000 Physical Property
Measurement System). Mdssbauer spectroscopy measurements were
performed using a conventional constant acceleration Mossbauer
spectrometer in transmission geometry. The source was a *’Co source
in Rh matrix with strength 25 mCi. The isomer shift and velocity scale
were calibrated with respect to a a-Fe foil at room temperature.

3. Result and discussion
3.1. Structural characterization

Fig. 1 shows the XRD patterns of the cobalt ferrite nanoparticles
prepared by sol-gel technique and sintered at different temperatures.
The diffraction peaks are corresponding to the single phase of the
ferrite nanoparticles and having no impurity peaks. The phase analysis
was done with JCPDS (Joint Committee on Powder Diffraction
Standards) card number 03—0864. The crystallite size is determined
by Scherrer formula [16] using the most intense peak (311)

ki
pcosd

where A is the wavelength of X-ray used, 6 is the Bragg's angle, £ is the
full width at half maximum (FWHM) in radian and ‘k' is a constant
approximately equal to 0.9 [14-16]. As the sintering temperature
increases, the XRD peaks become sharper which shows an increase in
the crystallite size of the sample. The crystallite size of the samples
sintered at 300, 500, 700 and 900 °C are 10, 21, 34 and 40 nm
respectively. The crystallite size increases significantly when the
sintering temperature exceeds 500 °C [6]. The lattice parameter was
calculated with the help of the relation:

a = dyg (B + k* + 2)12

where h,k,l are the Miller indices of the planes having interplanar
spacing ‘d'. All the parameters obtained from the XRD patterns are
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Fig. 1. XRD patterns of CoFe,O, sintered at different temperatures.
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Table 1
XRD parameters for synthesized samples.

Sintering temp. (°C) Particle size (+2 nm) Lattice parameter ( +0.002 A)

300 10 8.341
500 21 8.385
700 34 8.382
900 40 8.384

listed in Table 1.

For the direct observation of the particle size the transmission
electron microscopy was used. A typical TEM image is shown in Fig. 2a
for the CoFe»0,4 sample sintered at 500 °C. The selected area diffrac-
tion (SAD) pattern is also shown in the inset of the TEM image and it
indicates the pure spinel phase and crystalline nature of CoFe,O,. The
rings correspond to the reflections from (111), (220), (311) and (400)
planes [4—18]. These planes are the characteristics of spinel phase of
the sample. A histogram of the particle size distribution is shown in
Fig. 2b. The average particle size calculated with Lorentz fitting, is of
the order of 25 nm, which confirms the XRD results. These particles
are smaller than the critical domain size (~40 nm) [20] for cobalt
ferrite. The particles observed in TEM image should be single domain
in size. The distribution seems to be symmetric about 25 nm size. Most
of the particles appear spherical in shape however some elongated
particles are also present as shown in the TEM image. Some agglom-
erated particles as well as separated particles are present in the image.
Ring shape of selected area electron diffraction pattern confirms
formation of CoFe,O,4 nanocrystals.

3.2. VSM study

The hysteresis loops of the CoFe»O, sintered at various tempera-
tures are shown in Fig. 3. No saturation is observed under the
maximum applied field of +3 T. The saturation magnetization was
calculated by fitting the high field magnetization data using the relation
[21,22]

M= M, - alH)

where M is the saturation magnetization, ‘a' is the fitting parameter
and H is applied external magnetic field. Using above relation the
specific magnetization measured at room temperature and at high field
strength varies almost linearly with 1/H. The saturation magnetization
is estimated from the intercept with the magnetization axis as 1/H
approaches to zero [6]. A curve for the variation of saturation
magnetization, remanence and coercivity with particle size is shown
in Fig. 4.

In the ideal situation when the prepared sample grows into pure
inverse spinel crystal structure, with all the Co™ ions located at the
octahedral site, the magnetization per formula unit can be calculated by
the difference between the magnetization of A and B sites, i.e., M=Mp—
M,. The magnetic moment of Fe*® and Co*? cations are 5.0 and 3.8 pg
respectively [23,24], a theoretical magnetic moment of CoFe,O, is
3.0 pp per formula unit(at 0 K). In our study the magnetic moment per
formula unit (f.u.) is varying from 2.21 to 3.57 pg as the sintering
temperature is varying from 300 to 900 °C. The result 3.57 ug/f.u. is
consistent with the theoretical value of 3.60 pg/f.u. calculated by
Slonczewski [25] in which they assumed that the structure of cobalt
is not completely inverse spinel and the degree of the inversion
depends on the heat treatment.

It is clear that the value of saturation magnetization is increased by
increasing the sintering temperature. This result can be attributed to
the nanosized cobalt ferrite particles in which the surface areas are
larger and thus the surface energy is high. Moreover; the variation of
saturation magnetization with heat treatment is possibly due to change
in the degree of inversion in CoFe,O,4 in which the exchange of Fe*3
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Fig. 2. (a) Transmission electron micrograph (inset shows SAD of same sample), (b) histogram of particle size distribution (red line shows Lorentz fit) for the sample sintered at 500 °C.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and Co*? cations from A and B site and vice versa. The saturation
magnetization of the annealed sample at 900 °C is ~85 emu/g. Singhal
et al. [14] found the saturation magnetization value (84.5 emu/g) of
same composition prepared by aerosol route after sintering at 1000 °C.
The magnetic moment per formula unit (magneton number ng) can be
calculated from the hysteresis loops at room temperature from the
following relation [22-25]

molecular weight X saturationmagnetization (emu/g)
= 5585 e

The values of magneton numbers are given in Table 2. The
coercivity for these samples were found to decrease from 1.3 to
0.72 kOe while magnetic moments were found to increase from 52 to
85 emu/g for these samples as the sintering temperature increases
from 300 to 900 °C. It is clear from the Table 2 that the magnetic
parameters are highly dependent on the sintering temperature of the
sample. It should be noted that the single domain size of cobalt ferrite
material is estimated to be ~40 nm. The smaller value of saturation
magnetization for the sample sintered at 300 °C is attributed to the
superparamagnetic nature of the particles [26]. The variation of H, is
different from M and M, which indicates that the particle size of cobalt
Fig. 3. M vs. H curve for cobalt ferrite sintered at four different temperatures. ferrite is not the unique factor for determining H.. It is closely related

to the microstructure, particle size and residual strain etc. The decrease

2 lix & e in H, for the sample sintered at 900 °C may be due to the transition

T & mr from magnetic single domain to the magnetic multi domain within a

® Hc particle and decrease in anisotropy field. In general the coercive field

] L 1.2 H. increases as the particle size increases (within the single domain

60 - region) [26]. However, a decrease in H, is observed with the increase in

1 A [ ] particle size. This kind of behavior was also observed in similar systems

09 44 by previous workers [27]. Therefore a deeper investigation of the
observed behavior of H, is desired.
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4o ¢ e | 0.8 The room temperature Mossbauer spectra of cobalt ferrite samples
sintered at four different temperatures are shown in Fig. 5. It contains
. i . . i . —Loe two sextets which signify the ferrimagnetic nature of the samples. One
10 15 20 25 30 35 40 sextet corresponds to the tetrahedral (A-site) site and another corre-
Particle size (nm) sponds to the octahedral (B-site) site. Outer sextet corresponding to the

Fig. 4. Variation of M;, M,. and H, with particle size.. tetrahedral A-site and inner sextet corresponding to the octahedral B-

site. To extract the hyperfine magnetic field distribution, the standard

least square fitting program (SITE) NORMOS was applied [28]. From

the area ratio r=A,/Ag of the subspectra A and B the parameter, x=(1—

r)/(1+r) can be calculated (assuming that recoil free fraction at room
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Table 2
Magnetic parameters for the cobalt ferrite sample sintered at different temperatures.
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Sintering temp. (°C) Saturation Magnetization (+ 0.05 emu/g)

Remanence (+0.05 emu/g)

Coercivity (+0.02 kOe) Magneton number (pp)

300 52.53 15.39
500 76.23 18.45
700 78.03 30.03
900 84.97 25.86

1.30 221
1.1 3.20
0.93 3.28
0.72 3.57

ng = mangeton number.
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Fig. 5. Mossbauer spectra of CoFe,O, sintered at different temperatures.

temperature f/fa=1) which gives the Co*? occupation at the A site and
hence the deviation from the inverse spinel structure may be deter-
mined [29].

The Mdssbauer parameters for CoFe,O, particles having different
sintering temperatures are given in Table 3. The characteristic range of
isomer shift is often associated with particular oxidation state of
Mossbauer atom. In this work isomer shift values are with respect to
natural iron foil. The values of isomer shift ( < 1 mm/s) indicates that
the iron is in Fe*® state. The sample sintered at 300 °C shows a clear

Table 3
Mossbauer parameters for the synthesized samples.

paramagnetic doublet along with two sextets (Fig. 5). It is suggested
that this doublet may be arised due to superparamagnetic nature of
smaller sized particles present in the sample [30]. The critical size of
superparamagnetism is ~14nm  for  CoFe,O4 [20-31].
Superparamagnetism is a characteristic feature of small crystallites
where the magnetization is not fixed in any of the easy axes, and it is
due to the magnetic spin fluctuation between the easy axes of
magnetization when the external magnetic field is absent. The average
time required for the change of magnetization from one easy axis to
another is called superparamagnetic relaxation time (t) and it depends
on both crystallite size and the temperature. The value of 7=1, exp(KV/
kgT) where K is the anisotropy constant of the crystallite, V crystallite
volume, kg the Boltzmann constant, T is the absolute temperature and
T, is a constant (~1071° s) [18—-31]. The characteristic flipping time of
magnetization in superparamagnetic particles are smaller than the
characteristic time of Mossbauer measurements (~5x107° s) [32].
Therefore the Mossbauer nuclide does not see a net magnetization
and thus there is no Zeeman splitting in smaller sized particles. At
constant temperature, relaxation time depends only on the crystallite
volume. As the sintering temperature increases paramagnetic phase
vanishes because above 500 °C cobalt ferrite shows complete crystal-
lization and particle size grows rapidly.

The value of magnetic moment per formula unit calculated by
cation distribution (Neel's two sublattice model of ferrimagnetism) is
not matching with the values found with the help of VSM (experimental
values). This discrepancy may be due to the spin canting at B site. Spin
canting is defined as a lack of full alignment of spins. The canting angle
¢ can be calculated using the following assumption

M = Mgcos¢p — My

The calculated value of canting angle comes out to be ~39.81,
32.44, and 33.63 and 33.29° for the samples sintered at 300, 500, 700
and 900 °C respectively. Other workers have also reported the values of
canting angle in the similar range [33]. However, for the direct
verification of this canting, in field Mdssbauer spectroscopy is planned.

The Mossbauer hyperfine parameters are listed in Table 3. Cation
distribution shows that as the sintering temperature increases the
cobalt concentration at the A site also increases. This indicates that the
synthesized sample is trying to have the normal spinel structure at

Sint. temp. (°C) Site IS (mm/s) £ 0.02 QS (mm/s) I' (mm/s) By (T) % Area + 0.05 Cation distribution Mpg—My (up)
300 A 0.25 0 0.54 £ 0.0 50.0+0.16 34.77 (Cog.21Feq.70)
B 0.35 0 0.60 £ 0.0 47.7 £ 0.04 53.61 [Coo.70Fe1.21]104 4.30
Para. 0.15 1.03 £ 0.04 0.60 £ 0.0 0 11.62
500 A 0.39 0 0.58 £ 0.02 51.2+0.06 32.80 (Cog.35Feq.65) 4.64
B 0.43 0 0.61 +0.03 48.3+0.08 67. 20 [Cop.65Fe1.35104
700 A 0.37 0 0.39 £ 0.00 51.69 +0.09 28.15 (Cog.43Feq.57) 4.85
B 0.27 0 0.53 £0.01 48.79 + 0.00 71.85 [Coo.57Fe;.43]104
900 A 0.47 0 0.41 +£0.03 51.7+0.05 27.25 (Coo.55F€p.45) 5.12
B 0.48 0 0.49£0.16 48.4+0.14 72.75 [Coo.45Fe1.55104

Note: IS — isomer shift; QS — quadrupole splitting; I — Line width; By¢ — hyperfine field.
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Fig. 6. Iron concentration at B site as a function of sintering temperature.

higher sintering temperatures. Fig. 6 shows that as the sintering
temperature increases from 300 to 900 °C the iron concentration per
formula unit at B site increases from 1.21 to 1.55. This may be
responsible for the large value of saturation magnetization at higher
sintering temperatures as evidenced by VSM. Some other workers
studied the cation distribution in cobalt ferrite sintered at 1200 °C for
(Cog.40Fe0.60)[Cop s0Fe1.40]104 [34] prepared by aerosol method, which
is similar to the cation distribution sintered at 700 °C in our study. It
indicates that there may be some inversion temperature between 900
and 1200 °C at which the cobalt ferrite again starts to get the inverse
spinel structure and Fe*? start migrating from B site to A site as is the
case of bulk cobalt ferrite [35].

4. Conclusions

In this work we report the effect of sintering temperature on
different properties of cobalt ferrite nanoparticles prepared by sol-gel
method. XRD results show the pure phase of cobalt ferrite. Particle size
and lattice parameter values are in good agreement with the literature.
The XRD patterns show that the crystalline nature is increasing with
increase in sintering temperature. This effect is more dominant above
500 °C. Histogram plotted with the help of TEM image shows the
particle size distribution is symmetric about ~25 nm. The selected area
diffraction pattern shows the polycrystalline nature of the sample and
rings are corresponding to the different planes. The VSM result
indicates that the magnetic ordering in the system increases with the
increase of sintering temperature. The value of saturation magnetiza-
tion is increasing with sintering temperature which confirms that the
magnetic moment of B site is increasing, indicating that there is
migration of Fe™ ions from A site to B site. Mossbauer spectroscopic
analysis confirmed that all the samples are ferrimagnetic in nature. The
spectral area ratio [B]/(A) site is consistently increasing with sintering
temperature. This confirms that Fe*2 ions transfer from A site to B site.
Thus the Mdossbauer study supports the results of VSM. The calculated
structural formula using Mdssbauer technique shows that there is a
direct effect of sintering temperature on cation distribution between A
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and B sites. In view of the large value of saturation magnetization of the
synthesized samples these are suitable for applications such as in high
density information storage and ferrofluids technology.
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