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a b s t r a c t

Spectroscopic and magnetic characterization of Ni1−xCoxFe2O4 (0.0 ≤ x ≤ 0.5) nanoparticles is presented.
The infrared spectra are measured in the frequency range 700–350 cm−1. Two prominent bands are
observed, low frequency band at about 400 cm−1 and high frequency band at about 600 cm−1 assigned to
octahedral and tetrahedral sites, respectively. The force constants Ko and Kt corresponding to octahedral
vailable online 23 April 2011
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and tetrahedral sites, respectively are also calculated from FTIR spectra. The effect of co-concentration
on the magnetic properties has been investigated using a vibrating sample magnetometer (VSM). After
appropriate treatments, it is found that both magnetic saturation (Ms) and coercivities (Hc) increase with
co-concentration.

© 2011 Elsevier B.V. All rights reserved.

agnetic measurements

. Introduction

Mixed metallic oxides especially spinels having the general for-
ula AB2O4 are very important materials for their technological

pplications. Spinel type nanoferrites have become more useful
ecause of their chemical properties, optical and dielectric appli-
ation such as in advanced microelectronics and dynamic random
ccess memories (DRAMs) compared with their bulk counterparts
1,2]. NiFe2O4 is one of the most important spinel ferrite. It has
ubic inverse spinel structure showing ferrimagnetism that origi-
ates from magnetic moment of anti-parallel spins between Fe3+

ons at tetrahedral sites and Ni2+ ions at octahedral sites. Many
fforts have been done to increase the basic properties of fer-
ites by adding various ions of different valence states depending
n the applications of interest [1]. The spectroscopic properties
f ferrites are dependent on several factors such as preparation
ethod, sintering process, etc. From application point of view,

errite nanoparticles have unique properties and have promis-
ng technological applications in high-density magnetic recording,
olor imaging, ferrofluids, microwave devices, refrigerators, etc.
anoparticles of spinel ferrites are also widely used as contrast-

ng agents in magnetic resonance imaging (MRI), replacement of

adioactive materials used as tracers and delivery of drugs to spe-
ific areas of the body [2]. Nowadays, the development of nano sized
aterials, in multilayer for spintronics or in aqueous suspensions

∗ Corresponding author. Tel.: +92 51 90855203, fax: +92 51 90855002.
E-mail addresses: tpl.qau@usa.net (A. Maqsood), kishwar.nust@gmail.com
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for imaging or hyperthermia treatment of cancer cells has opened
new fields of applications. This applied field requires great effort in
chemical synthesis to control the composition, the morphology of
nanostructures, and to investigate and develop new materials [3].
Further Ni–Co ferrites show a good magnetostrictive material into
highly resistive Ni ferrite is one of the important phases for study-
ing of this challenging material. Therefore by keeping this idea in
our mind, we decided to study on the spectroscopic and magnetic
analysis of Ni–Co ferrite with the above mentioned composition
prepared by co-precipitation method. Many researchers studied
the spinel ferrites MFe2O4 ferrites (where M is a divalent atom like
Zn, Mg, Mn, Co, Ni, etc.) [4–6]. Cations distribution in spinel fer-
rites depends on many factors, such as ionic radii and electronic
configuration. This distribution affects the microstructure and the
magnetic properties of these ferrites. The effect of the cations dis-
tribution on spinel ferrites is studied widely and their structural
and magnetic properties are also reported [7–9]. In the present
work, we report the effect of Co substitution on the structural and
magnetic properties of nickel spinel ferrite.

2. Experimental methods

The polycrystalline powders of series Ni(1−x)Co(x)Fe2O4 (0.0 ≤ x ≤ 0.5) were pre-
pared by the chemical co-precipitation route and sintered for 8 h at 800 ◦C. The detail
study about synthesis is already published by the same authors [10]. The chemical
structure of the samples was determined from the X-ray diffraction (XRD) tech-
nique. The XRD patterns were recorded using CuK� radiation at room temperature,

the X-ray powder diffraction patterns were taken in the range of 20–70◦ , 0.25/min
in steps of 0.02 shown in Fig. 1. The FTIR spectra were recorded using Perkin Elmer
Spectrum 100 FTIR Spectrometer, UK. The samples were prepared using KBr: ferrites
with 100:1 ratio. The spectra were recorded in the range of 350–700 cm−1 at room
temperature.

dx.doi.org/10.1016/j.jallcom.2011.04.092
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tpl.qau@usa.net
mailto:kishwar.nust@gmail.com
dx.doi.org/10.1016/j.jallcom.2011.04.092
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Fig. 1. X-ray diffraction pattern of Ni(1−x)Co(x)Fe2O4.

We measured the room temperature magnetic hysteresis for Ni–Co ferrite, sim-
lar work has also been reported for different spinel ferrites [11–17]. The hysteresis
oops for the samples (x = 0.1, 0.3, 0.5) are shown in Fig. 3. The maximum applied

agnetic field used in our study was (20 kOe). From the measured loops [18,19] we
btained the magnetic parameters Ms and Hc.

. Results and discussions

.1. X-ray diffractionation

Fig. 1 shows X-ray diffraction patterns for nanoferrites with
i1−xCoxFe2O4 (0.0 ≤ x ≤ 0.5). The observed peaks for the plans
2 0, 3 1 1, 2 2 2, 4 0 0, 4 2 2, 5 1 1 and 4 4 0 confirmed the phase

ormation of NiFe2O4 with cubic spinel structure. The lattice

arameter ‘a’ was calculated using the well known relation
a = d(h2 + k2 + l2)1/2). The results show that the lattice parameters
lightly increase with the co-concentration in the lattice as shown
n Table 1. The increase in ‘a’ with ‘x’ can be explained on the basis
ompounds 509 (2011) 7493–7497

of difference in ionic radii of Ni and Co. The larger ionic radii of Co
(0.72 Å) replaced the smaller ionic radii of Ni (0.69 Å), consequently
the lattice parameter increased due to an expansion in the unit cell.
Since each unit cell of the spinel ferrites contains 8 molecules, the
value of X-ray density was determined according to the relation
(Dx = 8 M/Na3) [10], where N is the Avogadro’s number and M is the
molecular weight of the sample. The mass density (Dm) was deter-
mined from mass and the bulk volume of the sample. The porosity
(P) of the samples was calculated from Dx and Dm values using the
expression (P = (1 − Dm)/Dx). Table 1 shows the values of Dm, Dx and
P as a function of Co ion contents. The increase in both Dm and Dx can
be attributed to the ionic radii mainly, since the atomic weights of
Ni and Co are almost comparable. The porosity decreased with the
Co-concentration. The approximate crystallite size (t) of the parti-
cle was determined from XRD broadening of the (3 1 1) peak using
Scherrer formula (th k l = 0.9�/ˇ cos �) [15], where, th k l is the mean
dimension of the crystal perpendicular to the plane (h k l), ˇ is the
full width at half maximum in radians, � is the Bragg’s angle for
the actual peak. Again the crystallite size obtained from Scherrer
formula is tabulated in Table 1. It is noted that the crystallite size
increased with the Co-concentration in the lattice.

Both NiFe2O4 and CoFe2O4 ferrites are inverse spinel [15], so the
cation distribution in nickel cobalt ferrite can be expressed as:

[Cot
2+(Fe1−t)]A

3+
[(Ni1−x)2+(Cox−t)(Fe1+t)

3+]B (O)2−

{0 ≤ x ≤ 0.5, 0 ≤ t ≤ 0.05} (1)

As Co2+ ions inserted in nickel ferrite, some of Co2+ cations can
be migrated from (octahedral) to A-site (tetrahedral) [15].

Both the ionic radius of A-site (rA) and B-site (rB) can be deter-
mined using the cation distributions formulae.

rA = trCo + (1 − t) rFe (2)

rB = 1
2

[(1 − x)rNi + (x − t)rCo + (1 + t) rFe] (3)

where ‘x’ is the concentration of Co2+ ions in the octahedral site and
‘t’ takes the values from 0 to 0.05 [20].

3.2. FTIR studies

The infrared/IR spectra can provide information about the
absorption bands arising from inter atomic vibrations. From these
data, it is possible in principle to calculate force constants for the
structure of bonds between octahedral or tetrahedral metal ions
and oxide ions [21], the structural changes brought by the metal
ions that are either lighter or heavier than divalent ions in the
ferrites strongly influence the lattice vibration. Also the lattice
vibration depends upon the cations mass, the cation oxygen and
the bonding force. Spectra of Ni1−xCoxFe2O4 (0.0 ≤ x ≤ 0.5) in the
range 350–700 cm−1 at room temperature are shown in Fig. 2. An
inspection of the spectra shows two absorption bands, a common
feature of all the ferrites [22]. The bands arise from lattice vibration
of the oxide ions against the cations. The two main absorption bands
�1and �2 corresponding to the stretching vibration of the tetra-
hedral and octahedral sites [23,24] are around 600 and 400 cm−1,
respectively. The spectra show a shift due to the introduction of
Co2+ ions in place of Ni2+. The tetrahedral site bands are shifted
from lower band value to higher band value i.e., 589–603 cm−1,

that can be attributed to the shifting of Fe3+ ions towards oxy-
gen ion on occupation of tetrahedral site by Co2+ ions with larger
ionic radii, which decrease the Fe3+–O2− distances. The octahedral
site band varies between 387 cm−1 and 409 cm−1. The values of
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Table 1
The crystallite size th k l for (3 1 1) peak, XRD lattice parameters (aexp), lattice volume (V), mass density (Dm), X-ray density (Dx), porosity (P), ionic radii of A (rA) and B (rB)
sites for Ni(1−x)Co(x)Fe2O4 nanoferrites.

Parameters Cobalt concentration (x)

x = 0.0 x = 0.1 x = 0.2 x = 0.3 x = 0.4 x = 0.5

t (3 1 1) (nm) 17 21 15 25 23 33
aexp (Å) 8.335 8.341 8.342 8.344 8.345 8.346
V (Å3) 579 580 580 581 581 581
Dm (g/cm3) 2.79 2.88 2.98 3.2 3.47 3.52
Dx (g/cm3) 5.37 5.36 5.36 5.36 5.36 5.35
P (fraction) 0.48 0.46 0.44 0.4 0.35 0.34
rA (Å) 0.6400 0.6408 0.6416 0.6424 0.6440 0.6432
rB (Å) 0.665 0.6662 0.6672 0.6705 0.6694 0.6683
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Fig. 2. FTIR spect

ond length for each composition are calculated according to the
ollowing relations [24] and are tabulated in Table 2.
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able 2
TIR related data and calculated parameters.

Parameters Cobalt concentration (x)

x = 0.0 x = 0.1 x = 0

�1 (cm−1) 589 592 596
�2 (cm−1) 387 399 399
RA (Å) 1.9591 1.9631 1
RB (Å) 1.9963 1.9977 1
Kt × 105 dynes cm−1 1.93074 2.00508 2
Ko × 105 dynes cm−1 0.897025 0.95558 0
Ni(1−x)Co(x)Fe2O4.

From Table 2, it is evident that bond length of A-site is less than
that of B-site. The force constants Ko and Kt corresponding to octa-
hedral and tetrahedral vibrations, respectively have been obtained
from the IR absorption data using the standard formula [21] as

follows.

Ko(dynes cm−1) = 0.942128(M1�2
2)

M1 + 32
(6)

.2 x = 0.3 x = 0.4 x = 0.5

600 602 603
400 407 409

.9645 1.9650 1.9652 1.9655

.9979 1.9983 1.9784 1.9988

.0223 2.0450 2.0918 2.10966

.95732 0.96403 1.00000 1.01182
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Fig. 3. M–H loops of Ni(1−x)Co(x)Fe2O4.

t(dynes cm−1) = Ko
�1

√
2

�2
(7)

here Ko is the force constant on octahedral site, Kt is the force
onstant on tetrahedral site, M1 is the molecular weight of tetrahe-
ral site, �1 is the corresponding center frequency on tetrahedral
ite, �2 is the corresponding center frequency on octahedral site.
he molecular weight M1 is calculated from the cation distribution.
t is noted that the force constants increased with increase in bond
engths.

.3. Magnetic characterization

The hysteresis loops obtained are shown in Fig. 3. The narrow
oops for Ni1−xCoxFe2O4 (x = 0.1, 0.3, 0.5) samples indicate the soft
ature of the ferrite nano materials. All the curves behave normally,
he magnetization increased with increasing the applied magnetic
eld. Various magnetic properties such as saturation magnetization
Ms) and coercivity (Hc) are obtained from the hysteresis loops. The
aturation magnetization (Ms) for each sample was determined by
he magnetization curve at Hmax. The values of saturation mag-
etization (Ms), magnetic moments (nB) and coercivities (Hc) for
arious Co concentrations of Ni–Co nanoferrites are tabulated in
able 3 which is comparable with [18,19,25]. It is noticed that sat-
ration magnetization (Ms) and coercivities (Hc) increased with
o(x). Similar results are reported by Skomski and Sellmyer [26].
he M–H curves show that magnetization is completely saturated
round 15 kOe, this is due to the small size of the particles. The
verage particle size varies from 16 to 45 nm in our case [27]. There
ill be a size distribution allowing smaller particles to exist even
hen the average size is large. For such particles, the magnetic

oments will fluctuate due to thermal energy reducing the over-

ll magnetization. As the applied field increases, the fluctuations
radually decrease showing slight increase even at high fields. A

able 3
agnetic parameters of Ni(1−x)Co(x)Fe2O4.

Parameters Cobalt concentration (x)

x = 0.1 x = 0.3 x = 0.5

Ms (emu g−1) 40 47 54
Hc (Oe) 596 712 851
nB (�B) 0.907 1.183 1.497
˛Y–K (◦) 27.58 42.58 52.05

[

[
[
[
[

[
[
[
[

[

[
[
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similar observation is reported by Singh et al. [28]. The variation of
saturation magnetization with Co(x) has an increasing trend [25].
From Table 3 it is seen that nB increased with Co concentration in
the lattice. The experimental values of the magnetic moment were
calculated from the relation [15].

nB = Mwt × �S

5585
× Dm (8)

where Mwt the molecular weight of the sample and ‘Dm’ is the
density of the sample, �S was calculated using the formula [29,30].

�S = (1 − P)Ms × Dm (9)

where P is the porosity and Ms is the saturation magnetization in
emu g−1 taken from M–H loops as shown in Fig. 3.

The Yafet–Kittel (Y–K) angles have been calculated using the
formula [30]

nB = (6 + x) cos ˛(Y–K) − 5(1 − x) (10)

where x represents the substituting element. In case of Ni–Co fer-
rites, Y–K angles are due to the canted behavior of ions on the
octahedral lattice site [31]. Again ˛(Y–K) are shown in Table 3.

4. Conclusions

Ni1−xCoxFe2O4 (0 ≤ x ≤ 0.5) nano particles were successfully
synthesized with various crystallite sizes depending on the ther-
mal treatment and composition using the co-precipitation method.
The cation distribution has been estimated by X-ray diffraction. The
process of functional group has been identified by Fourier trans-
form infrared (FTIR) spectra and the force constants are calculated
from these spectra. All the samples in question presented very
narrow (Ms) as a function of (Hc) loops, which is the character-
istic of soft magnetic materials. In addition, increasing the Co(x)
concentration in the system was found to increase the saturation
magnetization and the coercivity.
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