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Structural and electrical properties of chromium substituted
nickel ferrite by conventional ceramic method
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Polycrystalline Cr substituted Ni ferrites [NiCrxFep_xO4 (0.0 < x < 1.0)] were synthesized by conventional ceramic
method and sintered at 1350 °C in air. X-ray diffraction (XRD) patterns showing sharp peaks confirmed the formation of
single phase cubic spinel structure. The lattice parameters of the samples were determined from the XRD data using Nelson-
Riley extrapolation technique. They were found to decrease with increasing Cr concentration obeying Vegard’s law. X-ray
density, bulk density and porosity were also calculated from the XRD data. The variation of DC resistivity with temperature
was measured by two-probe method. The DC resistivity was found to decrease with increasing temperature indicating the
semiconducting nature of the samples. Activation energy was calculated from the Arrhenius plot. AC resistivity, dielectric
constant and loss tangent were measured in the frequency range of 1 kHz to 120 MHz at room temperature.
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1. Introduction

Ferrimagnetic materials are very attractive ow-
ing to their potential applications and interesting
physical properties. Soft ferrimagnetic oxides with
spinel structure find potential applications in elec-
trical components, memory devices, magnetostric-
tive and microwave devices over a wide range of
frequencies because of their high resistivity and
low losses [1]. Due to their high resistivity, ferrites
are materials of great interest for high frequency
inductive components. The applications of ferrites
are remarkable due to their good electrical, mag-
netic and optical properties. AC impedance spec-
troscopy is a powerful technique to measure the
dielectric properties of mixed electronic/ionic con-
ductors. It is an important method to study the elec-
trical properties of ferrites, since the impedance
of grains can be separated from other impedance
sources, such as impedance of electrodes and grain
boundaries. One of the important factors which
influences the impedance properties of ferrites is
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micro-structural effect. Hence, the study of electri-
cal properties is important and useful. The studies
on the effect of composition and frequency on the
transport properties offer valuable information on
the conduction phenomenon as well as the separa-
tion of various sources that contribute to the con-
duction process.

The general chemical formula of spinel ferrite
is MFe>04. The compound composed of 32 oxy-
gen anions, 8 cations occupying tetrahedral sites
and the rest 16 cations occupying octahedral sites
has a close-packed cubic structure with a space
group Fd3m [2]. NiFe,Oy is an inverse spinel fer-
rite (formula (Fe3*)[Ni**Fe?*]0,) in which tetra-
hedral sites are occupied by ferric ions and octahe-
dral sites are occupied by ferric and nickel ions [3].
It is suitable as a soft magnetic material in the high
frequency region because of its high resistivity and
low eddy current loss.

This work is an attempt to prepare and
study the structural and electrical properties of
NiCryFe,_xOy4 ferrites by the gradual replacement
of Fe3* ions by Cr** ions. The results of XRD,
DC and AC resistivity, activation energy, dielectric
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constant and loss tangent measurements have been
described and discussed.

2. Experimental

Polycrystalline ferrites with the chemical com-
position NiCryFe,;_O4 were synthesized by con-
ventional solid-state ceramic method. Analytical
grade Fe; 03 (99.00 %), NiO (97.36 %) and Cr,03
(100 %), Sigma-Aldrich, UK, were used as raw ma-
terials. Required (stoichiometric) amounts of the
chemicals were mixed thoroughly in an agate mor-
tar for 2 h and the mixture was ball-milled for 6 h
with ethyl alcohol producing smaller particle size
in slurry form. The slurry in a form of a mixture
was dried until it turned into powder. After homo-
geneous mixing of the sample in the ball-mill, the
slurry was dried by a magnetic heater until it be-
came a loose powder. The mixture was milled again
for 1 h. The fine dry powder was pre-sintered at
1000 °C for 8 h and then cooled slowly in a fur-
nace. After calcining, the mixture was again milled
for 1 h to obtain a homogeneous material. After
pre-sintering the sample was again ground into fine
powder in the agate mortar. The fine powder was
mixed with a small amount of polyvinyl alcohol as
a binder and the powder was pressed (15 kN/m?)
into compacts of desired shapes.

At last sintering was performed using a pro-
grammable furnace NABER (HTCT 08/16) at
1350 °C for 8 h with the temperature ramp of
5 °C/min for heating and 6 °C/min for cooling.

X-ray diffraction study was carried out in order
to check the phase purity and to perform structural
analysis using a Philips X’Pert PRO X-ray diffrac-
tometer with CuK« radiation (A = 1.5418 A). The
diffraction data were recorded between 15° to 65°
in steps of 0.02°. The database used for the analysis
of the diffraction data was X’Pert Highscore. DC
resistivity was measured at room temperature by
two probe method using Keithley 6514. AC electri-
cal properties were measured using an impedance
analyzer (Wayne Kerr 6500B) at room temperature
up to 120 MHz.

3. Results and discussion

3.1.

Fig. 1 shows the X-ray diffraction patterns of
NiCryFe, 4O, ferrites sintered at 1350 °C. The
peaks can be indexed to (1 1 1), (220), 31 1),
(222),(400),(422),(511)and (4 40) planes.
The samples can be identified as a single-phase cu-
bic spinel structure with no extra lines correspond-
ing to any other crystallographic phase. The sharp
peaks in the XRD patterns confirmed the formation
of a homogeneous single phase cubic spinel struc-
ture corresponding to the space group Fd3m for all
the samples. The lattice parameters were calculated
from the XRD data.

The lattice constant “a” of each sample was cal-
culated using the relation:

Structural study

a=d(R?+i2+12)1? (1)

where d = interplanar distance and (h k 1) are the
Miller indices.
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Fig. 1. X-ray diffraction pattern for the NiCrxFe;_4O4
system sintered at 1350 °C.

The variation of lattice constant with Cr con-
centration is shown in Fig. 2. It is observed that as
the Cr content increases the lattice parameter de-
creases. This variation of lattice parameter can be
explained by the difference of ionic radii between
Cr3* and Fe?*. The ionic radius of Cr3* (0.64 A)
is relatively smaller than that of Fe3t (0.67 A) [2].
As there occurs a partial replacement of Fe’™ in
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the octahedral sites by Cr’, the shrinkage of lat-
tice parameter happens. It can also be explained by
the migration of cations. The linear variation of lat-
tice parameters with Cr concentration confirms the
applicability of Vegard’s law.

Lattice parameter, a (A)

0.0 0.2 0.4 0.6 0.8 1.0

Concentration, x

Fig. 2. Variation of lattice parameters with the concen-
tration of Cr for the NiCryFe;_O4 system sin-
tered at 1350 °C.

The X-ray density (px = 8 M/Na®, where M is
the molecular weight of the corresponding com-
position and N is Avogadro’s number) and the
bulk density (p, = m/V, where V = a3 is the vol-
ume of the cubic unit cell) were calculated using
the lattice parameter “a” obtained from the XRD
measurements.

Both the bulk density and the X-ray density
decrease with the increase in Cr concentration.
This is due to the smaller molar mass of the Cr
(51.996 g/mol) cation substituted in place of Fe
with larger molar mass (55.845 g/mol) [4]. It is ob-
served that the bulk density is lower than the X-
ray density. This is due to the existence of pores
which arise during the preparation and/or the sin-
tering process of the samples. As porosity is in-
versely related to the density, in general, the val-
ues of porosity increase with the increase in Cr
addition.

The porosity was calculated from the bulk den-
sity and X-ray density using the formula:

P=(1—-pp/px) x 100% 2)

The calculated lattice parameter, bulk density,
X-ray density and porosity are presented in Table 1.

3.2. DC resistivity

Resistivity depends on the microstructure of
ferrite. With increasing porosity, resistivity also in-
creases, since pores do not take part in conduc-
tion [4]. Substitution of Cr** in place of Fe’* in-
creases the DC electrical resistivity as a result of
the formation of stable electric bonds between the
Cr’* and Fe?™, placing Fe?* charge carriers in lo-
calized states. The decrease in Fe** ion content
leads to the decrease of ferrous ions formed. This
leads to the migration of some Fe** ions from B
sites to A sites, and as a result, the number of Fe3*
and Fe?* ions at the B sites decreases. The increase
in Cr>* content leads to replacement of Fe3* ions
at B sites. Consequently, the resistivity increases on
increasing substitution of Cr*>* ions [5].

DC electrical resistivity has been measured in
air as a function of temperature between room tem-
perature and 450 °C. Each sample was polished and
silver paste was applied on both sides of the pol-
ished pellet together with two thin copper wires.
Fig. 3 depicts that DC resistivity decrease with in-
creasing temperature which means that the conduc-
tivity increases. The decrease in resistivity is at-
tributable to the increase in the drift mobility of
electric charge carriers due to enhanced oscillation
of crystal lattice. This decrease in resitivity indi-
cates the semiconductor nature of all the samples.
In polycrystalline ferrites, the bulk resistivity is the
combination of crystalline resistivity and the resis-
tivity of the crystalline boundaries. Boundary resis-
tivity is greater than the crystalline resistivity. Con-
sequently, the boundary resistivity has a great influ-
ence on the bulk resistivity [6]. An increasing ten-
dency in DC resistivity is observed with increasing
Cr concentration [7].

3.3. Activation energy

In ferrites, the resistivity (p) at absolute tempe-
rature (T) is represented by the relation:

p = poexp(AE/kT) 3)
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Table 1. Lattice parameter, X-ray density, bulk density, porosity and activation energy for NiCryFe,_,Oy4 sintered

at 1350 °C.

Concentration  Lattice parameter X-ray density ~ Bulk density ~ Porosity  Activation energy [eV]
X a[A] ox [g/cm?] op [g/cm?] P [%] Er E, AE=E,E;
0.0 8.339 5.452 4.515 17.20 0.14 1.74 1.60
0.2 8.332 5.445 4.577 15.94 0.13 2.31 2.18
0.4 8.321 5.445 4.398 19.23 0.10 1.94 1.84
0.6 8.320 5.425 4.272 21.26 0.34 0.96 0.62
0.8 8.317 5.410 4.284 20.81  0.40 1.03 0.63
1.0 8.309 5.404 4.090 2432 0.36 1.19 0.83
| slope in the low temperature region is regarded

——x=0.0 as ferromagnetic and it changes into paramagnetic
80 |- :‘:i:g:i in high temperature region. Activation energy is
—e—x=0.6 attributed to a change in conduction mechanism

x=0.8

60

——x=1.0

Resistivity,p,_ (kQcm)
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Fig. 3. Variation of DC resistivity with temperature for

the NiCrgFe,_xO4 system sintered at 1350 °C.

where k is the Boltzmann constant and AE is the
difference between the activation energies in ferro-
magnetic (Er) and paramagnetic (Ep) regions. The
activation energy is required to release an elec-
tron from Fe?* to the neighboring ion. These ex-
tra electrons can contribute the electrical current
by jumping or hopping process. According to the
Verwey model, the electrical conduction in ferrite
can take place by exchanging electrons among the
octahedral ions (hopping mechanism) [8—12]. The
normal distance between tetrahedral-tetrahedral or
tetrahedral-octahedral is large in comparison to
octahedral-octahedral so that the electronic ex-
change between the cations on these sites is low.

The variation of resistivity against inverse of
temperature of the samples is shown in Fig. 4. The

or phase transition from ferromagnetic to para-
magnetic. The curves show that the slope changes
with temperature which indicates that the activa-
tion energy changes with temperature too. The tem-
perature at which the slope is changed does not
match the Curie temperature of the respective sam-
ple [10]. From the slope (Fig. 4), AE (presented in
Table 1) was calculated using the formula [11]:

AE = slope x 4.606 x 8.62x 10> eV (4)

The activation energy in ferromagnetic region is
smaller than in the paramagnetic region. In the fer-
romagnetic region, the activation energy is caused
by electron hopping through a single-charged oxy-
gen vacancy and it is attributed to the magnetic spin
disordering due to decrease in the concentration of
current carriers [11-14]. In the paramagnetic re-
gion, the activation energy is above 0.5 eV, which is
much larger than the ionization energy for donor or
acceptor or for Fe?*—Fe3* transition energy. There-
fore, the band type conduction is not possible and
conduction is due to hopping of polaron [15]. The
general trend of the value of the activation en-
ergy (AE) is to decrease with the increase of Cr
concentration.

3.4. AC resistivity

The variation of AC resistivity with frequency
at room temperature is shown in Fig. 5. For all the
samples, it is observed that as frequency increases
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Fig. 4. logp vs. 1/T curve of the NiCryxFe,;_4O4 system

sintered at 1350 °C for measuring the activation
energy.
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Fig. 5. Variation in AC resistivity with frequency for
all the samples of the NiCryFe,_xO4 system sin-
tered at 1350 °C.

the resistivity decreases. The dispersion of AC re-
sistivity in low frequency region is large and above
10 MHz it remains constant up to frequency of
120 MHz. This dispersion of resistivity can be ex-
plained on the basis of Koop’s phenomenological
theory. AC resistivity decreases as the frequency in-
creases since at high frequency polarization of the
dipoles decreases [2].

Above a certain frequency, the electron ex-
change does not follow the applied alternating
field. The increase in frequency enhances the hop-
ping frequency of the charge carriers between Fe>*
and Fe’* ions. These enhanced electrons increase
the conduction and thereby decrease the resistiv-
ity [16]. The AC resistivity is found to increase
with the increase in Cr concentration in the low fre-
quency region.

3.5. Dielectric constant (¢/) and dielectric
loss (tand)

The real part of dielectric constant was calcu-
lated from the formula:

(&)

where C is the capacitance in pF, L is the thick-
ness or height of the pellet, A is the cross-sectional
area of the circular surface of the pellet and
€0 = 8.854 x 107!% F/cm is the free space per-
mittivity. Fig. 6 shows the dependence of & on
frequency. From these curves it is evident that as
the frequency increases, the dielectric constant de-
creases. The dielectric constant is dependent on
frequency in the lower frequency region and inde-
pendent in the higher frequency region. At higher
frequency these values are almost constant. When
the electric field propagates with high frequency,
the ionic and orientation sources of polarization
of the dipoles decrease and beyond a certain fre-
quency electron exchange does not follow the al-
ternating field, which results in a constant value of
dielectric constant. This behavior is attributed to
the Maxwell-Wagner type space charge polariza-
tion which agrees with the Koop’s phenomenolog-
ical theory [17]. The decrease of ¢ with Cr con-
tent resulted in a decrease of dielectric loss [18].
At lower frequency the high value of ¢ is due to
the predominance of the species, such as Fe?" ions,
oxygen vacancies, grain boundary defects, interfa-
cial distribution, etc. During the sintering process,
electron exchange occurs between Fe?t < Fe’t
which leads the displacement of electron in the
direction of applied field that determines the
polarization [19].
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Fig. 6. Variation of dielectric constant with fre-
quency of the NiCryFe,_xO4 system sintered at
1350 °C.

In polycrystalline ferrites, the dielectric loss
tangent is the result of energy dissipation in
a dielectric which is due to the lagging of polar-
ization with respect to the applied alternating field.
Fig. 7 depicts the dielectric loss behavior of the
NiCr¢Fe;_4O4 system which shows asymmetrical
behavior. In this figure, there is a peak in the power
loss owing to the transfer of the maximum elec-
trical energy to the oscillating ions when the fre-
quency of the external AC field is equal to the hop-
ping frequency of the charge carriers [20]. The oc-
currence of the loss peak in the tand versus fre-
quency is associated with the correlation between
the hopping conduction mechanism and dielectric
behavior of spinel ferrites.

4. Conclusions

Polycrystalline NiCryFe; vO4 (0.0 < x < 1.0)
ferrites were prepared by conventional ceramic
technique. The ferrite samples possess a single
phase cubic spinel structure. Both the X-ray and
bulk densities decrease with Cr content, whereas
the porosity increases. The hopping type conduc-
tion mechanism is typical of these materials. The
conduction mechanism has been confirmed by the
values of activation energy. The AC resistivity
decreases with frequency. The higher frequency

——x=0.0
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——x=0.4
—v—x=0.6

x=0.8

——x=1.0

tand

A
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0 1 1 1 1
10° 10' 10° 10° 10*
Frequency, f (kHz)

Fig. 7. Variation of loss tangent with frequency for the
NiCrsFe;_4O4 system sintered at 1350 °C.

enhances the hopping of charge carriers between
the Fe?* and Fe*" ions, and as a result the con-
duction increases and resistivity decreases. The di-
electric constant decreases with frequency up to
10 MHz and then it takes a constant value. The loss
peak is related to the hopping conduction mecha-
nism and dielectric behavior.
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