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The paper titled “Influence of magnesium substitution on
thermal and electrical properties of NiCuZn ferrites for
microinductor core applications” [1], published in Physics
Research International, has been retracted as it is found to
contain a substantial amount of material from the paper
“Studies on AC and DC electrical conductivity and thermo-
electric power of NiMgCuZn ferrites” already published in
International Journal of Nanoparticles, vol. 3, no. 4, pp. 349–
366, 2010.
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Two series of NiMgCuZn ferrites, that is, (1) NixMg0.6−xCu0.1Zn0.3Fe2O4 and sample G: Ni0.3Mg0.3−yCu0.1Zn0.5−yFe2O4 with
x = 0.0, 0.1, 0.2, 0.3 and (2) NixMg0.6−xCu0.1Zn0.3Fe2O4 with y = 0.0, 0.1, 0.2 were synthesized and prepared by conventional
ceramic double-sintering process and to use them as core materials for microinductor applications. The formation of single phase
was confirmed by X-ray diffraction. The temperature and compositional variation of DC, AC electrical conductivities (σ) and
thermoelectric power (α) were studied on these two series of polycrystalline ferrospinels. The studies were carried out in wide
range of temperature from 30 to 350◦C. On the basis of thermoelectric study, the ferrites under present work were found to be
shown as n-type and p-type transition. The electrical conduction in these ferrospinels is explained in the light of polaron hopping
mechanism. These ferrite compositions have been developed for their use as core materials for microinductor applications.

1. Introduction

The polycrystalline NiMgCuZn soft ferrites are suitable for
core materials in microinductor applications. In view of
the extensive applications of NiCuZn ferrite [1–4], it is
economical to replace nickel with magnesium and achieve
desirable properties in NiMgCuZn ferrites. MgCuZn ferrite
is a pertinent magnetic material suitable for high-frequency
applications owing to its properties like high resistivity, fairly
high Curie transition temperature, environmental stability,
and low cost [5–8]. In the present investigation two series
of NiMgCuZn ferrospinels were prepared, their temperature
and compositional dependence of electrical properties like
DC, AC electrical conductivities and Seebeck coefficient
were studied, and the results were reported along with the
conduction mechanism.

2. Experimental Procedure

2.1. Materials and Methods. Two series of soft ferrite com-
positions having the chemical formulas: (i) NixMg0.6−x
Cu0.1Zn0.3Fe2O4, where x = 0.0, 0.1, 0.2, 0.3 and (ii)
Ni0.3Mg0.3−yCu0.1Zn0.5−yFe2O4, where y = 0.0, 0.1, 0.2 were
prepared employing analytical grade NiO, MgO, CuO, ZnO,
and Fe2O3. These constituents were ball milled (Retsch PM-
200, Germany) in acetone medium for 10 h and dried in
an oven. These dried powders were calcined in the form
of cakes in closed alumina crucibles at 800◦C for 4 h. After
presintering, these cakes were crushed and ball milled once
again to obtain fine particles, and finally these powders were
sieved to get uniform particle size. The presintered green
powders were mixed with 2% PVA as a binder and were
compacted in the form of pellets of 1.2 cm diameter and
2mm thickness at 150MPa. These compacted bodies were
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finally sintered at 1250◦C for 2 h using a programmable
furnace and were cooled to room temperature at the rate of
80◦C/hr. Sufficient care was taken to avoid zinc loss during
the sintering process. All the samples were structurally
characterized using Philips high-resolution X-ray diffraction
system PM1710 with CuKα radiation.

2.2. Experimental Details. DC electrical conductivity mea-
surements were carried out by a cell having guard ring facility
in addition to the two probes [9]. Silver paste (Du Pont)
was applied to both the surfaces of the pellet to obtain good
ohmic contacts. The measurements of conductivity were
made by applying a constant voltage of 2 V from a regulated
power supply, in the temperature range 30 to 350◦C. The
electrical conductivity (σDC) of NiMgCuZn ferrites under
investigation has been computed using the relation

σ =
(

It

VA

)
, (1)

where I is the current passing through the specimen, V is
the voltage applied to the specimen, t is the thickness of the
sample, andA denotes the area of cross-section of the sample.
The Curie transition temperature Tc of the samples was
determined by magnetic permeability measurements [10].
Thermoelectric power (Seebeck coefficient) measurements
were carried out in the temperature region 30 to 350◦C
by differential method similar to that of Reddy et al. [11]
with a few modifications. A temperature difference of ΔT =
10K was maintained across the sample with the help of a
microfurnace fitted to the sample holder assembly. Temper-
atures of both the surfaces of the pellet were measured with
precalibrated chromel-alumel thermocouples. The Thermo-
electric power “α” was measured from the relation

α = ΔV

ΔT
. (2)

Following convention adopted by Lal et al. [12] the positive
sign indicates negative charge carriers and vice versa.

The AC conductivity, σAC of these ferrites were evaluated
from the dielectric measurements (ε′ and loss tangent, tan δ),
carried out at 1 kHz employing a computer-controlled low-
frequency impedance analyzer (Hioki 3532-50 LCRHi Tester,
Japan) using the standard formulae in the temperature range
30 to 350◦C. In order to understand the electrical conduction
mechanism, the dielectric measurements were carried out
in the frequency region 100Hz to 1MHz and σAC that was
evaluated.

3. Results and Discussion

Table 1 gives the details of various oxides present in the
two series of NiMgCuZn ferrites in mole percent. Typical
XRD patterns of one sample each from the two series of
NiMgCuZn ferrites (samples—B and G) are presented in
Figure 1. X-ray analysis of these ferrite samples reveals the
single-phase spinel structure. The lattice parameters of these
ferrites were calculated from d-spacings. The variation of
lattice parameter with the composition in these two series of

Table 1: Composition of various components of NiMgCuZn
ferrites in mole percent.

S. No. Sample NiO MgO CuO ZnO Fe2O3

Series 1

(1) A 0 30 5 15 50

(2) B 5 25 5 15 50

(3) C 10 20 5 15 50

(4) D 15 15 5 15 50

Series 2

(5) E 15 5 5 25 50

(6) F 15 10 5 20 50

(7) G 15 15 5 15 50

Series 1: A: Mg0.6Cu0.1Zn0.3Fe2O4, B: Ni0.1Mg0.5Cu0.1Zn0.3Fe2O4,
C: Ni0.2Mg0.4Cu0.1Zn0.3Fe2O4, D: Ni0.3Mg0.3Cu0.1Zn0.3Fe2O4.
Series 2: E: Ni0.3Mg0.1Cu0.1Zn0.5Fe2O4, F: Ni0.3Mg0.2Cu0.1Zn0.4Fe2O4, and
G: Ni0.3Mg0.3Cu0.1Zn0.3Fe2O4.

samples is given in Table 2. It can be observed from Table 2
that, in a given series, the lattice parameter is found to
increase. The ionic radii of ions are Ni2+ = 0.72 Å, Mg2+ =
0.65 Å, Cu2+ = 0.72 Å, Zn2+= 0.74 Å, and Fe2+ = 0.64 Å,
respectively. The increasing trend of lattice constant in the
two series of ferrites is attributed to the presence of Mg ion
having a low ionic radius. The densities of the samples are
presented in Table 2. In series 1 and 2 it can be noticed that
when the nickel or magnesium concentrations are increased
in the ferrites, the magnitude of density also increases.

The room temperature values of DC, AC conductivities
and Seebeck coefficients for the two series of the ferrospinels
studied in the present work are also presented in Table 2 for
comparison.

The variation of DC conductivity (log σDC) with temper-
ature is shown in Figures 2(a) and 2(b), and the variation
of σDC with composition at room temperature is shown in
Figure 2(c), for the series 1 and 2, respectively. The variation
of DC conductivity with increase of temperature is almost
linear in all the ferrites and shows a change of slope near
100 to 130◦C. However, in all the ferrites studied in the
present work, no slope change is noticed at Curie transition
temperature. The activation energies are calculated from the
following formula:

σ = σ0 exp
(
−EDC

kT

)
, (3)

where EDC is the activation energy, k is the Boltzmann con-
stant, and T is the absolute temperature.

The activation energies in two regions calculated from
the least square analysis of the data are given in Table 3.

An examination of data presented in Table 3 shows that,
in sample A (sample without nickel) of series 1, the magni-
tudes of DC conductivity are high, and activation energy is
found to be low compared to other ferrite samples. How-
ever, the addition of nickel decreases the conductivity and
increases the activation energy in sample B. Further raise in
nickel concentration in series 1 saturated the magnitudes of
conductivity and decreased activation energies. In series 2
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Figure 1: X-ray diffractograms of sample B: NixMg0.6−x Cu0.1Zn0.3Fe2O4 and sample G: Ni0.3Mg0.3−y Cu0.1Zn0.3−y Fe2O4.

Table 2: Values of AC, DC conductivities and Seebeck coefficient at room temperature.

S. No. Sample Lattice parameter ´̊A Density kg·m−3 σDC at RT Ω−1 Cm−1 σAC at RT Ω−1 Cm−1 Seebeck coefficient αμV/K

(1) A 8.374 4.267 7.467 × 10−5 1.799 × 10−4 −79.55
(2) B 8.274 4.442 5.676 × 10−7 2.247 × 10−6 2168

(3) C 8.255 4.665 4.425 × 10−6 8.475 × 10−6 1966

(4) D 8.234 5.321 2.755 × 10−6 2.292 × 10−6 1586

(5) E 8.260 4.498 3.790 × 10−6 3.958 × 10−6 4830

(6) F 8.252 4.534 2.729 × 10−6 2.446 × 10−6 1741

(7) G 8.234 5.321 2.755 × 10−6 2.292 × 10−6 1586

Table 3: It shows the activation energies of DC conductivity at
room temperature.

S. No. Sample Tc (◦C)
Activation energies of σDC (ev)

IR ER �E

(1) A 230 0.599 0.141 0.458

(2) B 270 1.025 0.726 0.298

(3) C 290 1.026 0.467 0.559

(4) D 300 1.113 0.386 0.727

(5) E 210 0.855 0.536 0.319

(6) F 280 1.008 0.428 0.580

(7) G 300 1.113 0.386 0.727

IR: Intrinsic region, ER: Extrinsic Region, and Tc: Curie temperature.

with increase of magnesium and decrease of zinc contents,
the activation energies increased in the intrinsic region while
there is a decreasing trend of activation energy in extrinsic
region. In series 1 as the nickel concentration is increased,
the resistivity first increases and there after it decreases. This
may be attributed to the fact that at low concentrations nickel
exists in Ni2+ state, and it prefers A-site occupation. If the
concentration of nickel is increased, Ni2+ converts into Ni3+

and goes to B sites due to their ionic sizes. However, since
the copper concentration is maintained low, its contribution
may be negligible. In series 2 the zinc concentration is more
compared to series 1. Moreover, zinc ion has strong A-site
preference. Due to the preferential occupation of zinc ions
in A site it forces the nickel ions to occupy B sites. In view
of this the conductivity increases in series 2. It can also be
noticed from Table 3 that, in general, the activation energies

of intrinsic region are larger than the activation energies
of the extrinsic region. Generally the electric conductivity
is controlled by the migration of charge species under the
influence of electric field and by the defect ion complexes,
the polarization field, the relaxations, and so forth. At lower
temperatures the defect ion complexes, grain boundaries also
contribute to the conduction mechanism. The activation
energy is less in this region (i.e., extrinsic region). At high-
temperatures the charge species may not be subjected to any
internal field. The defect ion complexes tend to dissociate.
The activation energy in the high-temperature region may
be the migration energy for the charges.

AC conductivity σAC was evaluated from the data of
dielectric constant (ε′) and loss, tan δ using the relation

σAC = ε′εoω tan δ, (4)

where εo is the vacuum permittivity and ω the angular
frequency.

The plots of AC conductivity (log σAC) with reciprocal
temperature are shown in Figures 3(a) and 3(b), and the
variation of σAC with composition at room temperature is
shown in Figure 3(c). It can be noticed from the figures
that there are peak-like regions which indicate the Curie
transition temperatures of the corresponding ferrite samples.
Electrical conductivity studies on transition metal oxides
[13], rare earth oxides [14–16], indicted polaron conduction
mechanism through hopping.

In the first series of ferrites, namely, (samples A, B,
C, and D) the nickel concentration is increased while
the magnesium concentration is decreased keeping copper
and zinc fixed. The variation of AC conductivity (log σAC)
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Figure 2: (a) Variation of log σDC with the T−1 for series 1. (b) Variation of log σDC with the T−1 for series 2. (c) Variation of log σDC with
composition at room temperature.

with inverse temperature in these ferrites at the room
temperature can be noticed from the figures that as the nickel
concentration in the ferrite increases, the conductivity is low
and found to be more with the addition of nickel in sample
B further decreasing with increase of nickel content in series
1. However, the conductivity of series 2 is decreasing when
magnesium and zinc concentration in the ferrite is varied
keeping nickel and copper constant. The activation energy
in the series 1 is found to be increasing in both paramagnetic
and ferromagnetic region. While in series 2 it is decreasing in

both the regions, it may also be noted that activation energies
vary from 0.1 to 1.1, and a high activation energy goes hand
in hand with a low conductivity of the ferrites as shown by
Samokhralov and Rustmov [17].

Conduction by polarons is discussed by several workers
[18–20]. Polarons are of two types: large and small polarons.
In the large polaron model, the conductivity is by band
mechanism at all temperatures, and the AC conductivity
decreases with frequency. The small polarons conduct in
band-like manner up to a certain temperature, and the
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Figure 3: (a) Variation of log σ(AC) with T−1 for series 1. (b) Variation of log σ(AC) with T−1 for series 2. (c) Variation of log σ(AC) with
composition at room temperature. (d) Plots of log σ(AC-DC) with log ω2 one sample from each series.

conductivity shows an increase with frequency. At higher
temperatures, the conduction is by thermally activated hop-
ping mechanism. For small polaron model the conduction
increases with the frequency, and follows the relation

σω − σDC = ω2τ2

(1 + ω2τ2)
, (5)

where ω is the angular frequency, and τ is the staying time
(∼10−10) for the frequencies ω2τ2 < 1. log(σω − σDC) versus
log ω2 that should be a straight line. Plot of log(σω − σDC)
as a function of log ω2 at room temperature for three typical

sample is shown in Figure 3(d). It can be seen that in the plot
there are regions of decreasing, increasing of log(σω − σDC)
with increasing frequency. It is not conformation to equation
(5). It can be stated that in the present series of ferrospinel
samples the results tend to indicate that the conduction
mechanism is due to mixed polaron hopping.

The variation of thermoelectric power with the tempera-
ture in the low- and high-temperature regions for two series
of ferrites are shown in Figures 4(a) and 4(b), and variation
at room temperature value can be observed in Figure 4(c).
The thermoelectric voltage ΔV developed across the pellet
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Figure 4: (a) Variation of the Seebeck coefficient with temperature for series 1. (b) Variation of the Seebeck coefficient with temperature for
series 2. (c) Variation of Seebeck coefficient at room temperature for the two series of ferrites.

has a temperature gradient, and ΔT is shown as α = ΔV/ΔT.
The positive sign of α indicates negative charge carriers and
vice versa.

It can be seen from Table 2, at room temperature the
Seebeck coefficient of pure magnesium copper zinc ferrite
(i.e., Sample A) shows negative sign, and with the addition
of nickel the Seebeck coefficient α has increased showing that
positive sign further increase of nickel composition leads to
the reduction of α value. While in the series 2, the sign of
the Seebeck coefficient at room temperature is negative only
for the samples and decreases with increase of magnesium.
However, it can be seen that the copper concentration is kept

in concentration in both series. With the addition of nickel
concentration, the thermoelectric power shows positive sign
showing that from majority carriers n-type semiconductors
it can be observed that as the temperature increases the
Seebeck coefficient sign that shows positive sign, as such it
behaves n-type and p-type semiconductors both the series
1 and 2 the same is observed. The temperature dependence
of Seebeck coefficient (α) for the ferrites is satisfactorily
described by the formula [21]

α = A +
(
B

T

)
, (6)

where A and B are constants, and T is the temperature in K.
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It can be seen from Table 2 that the sign of the Seebeck
coefficient is transition from n-type and p-type semicon-
ductors for all the ferrites on the basis of sign that the
Ni substituted MgCuZn ferrites have been classified as n-
type and p-type semiconductors. Thus, the conduction
mechanism in these ferrites is predominantly due to hopping
of electrons [22] from Fe2+ to Fe3+ ions

Fe3+ + e⇐⇒ Fe2+. (7)

Ravinder [23] carried out the work and reported that the
Seebeck coefficient is decreasing when nickel is increased,
and this in turn leads to decrease in Zinc composition. All
the mixed Ni-Zn ferrites are positive, and it shows that
the majority of the charge carriers are holes. The presence
of nickel on the octahedral sites favours the conduction
mechanism [24]

Ni2+ + Fe3+ ⇐⇒ Ni3+ + Fe2+. (8)

The conduction mechanism in p-type samples is predomi-
nantly due to hole transfer from

Ni2+ to Ni2+ ions : Ni2+ + h⇐⇒ Ni3+. (9)

It can be observed that Seebeck coefficient α is found
to be decreasing in all the ferrites. Except in sample A it is
increasing up to sample B and then starts decreasing due to
the addition of nickel. All our results show good agreement
with data from the literature.

4. Conclusions

The polycrystalline NiMgCuZn ferrite samples were pre-
pared by the conventional method. X-ray diffraction patterns
reveal the single phase spinel structure. The DC, AC and
thermoelectric (Seebeck) coefficient was measured for these
ferrospinels. The temperature variation of DC conductivity
of series 1 indicates that the σDC is high and activation energy
is low. In series 2, the activation energy is decreasing in
extrinsic regions and increasing at the intrinsic region with
increasing and decreasing of magnesium and zinc content
in the present studied ferrites. The AC conductivity of these
ferrites was calculated from the dielectric measurements. It
indicates that the conduction mechanism is due to mixed
polaron hopping. The temperature dependence of Seebeck
coefficient of this ferrites is showing p-type and n-type
semiconductor behavior.
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