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Nonstoichiometric series of Mg0.5−xCuxZn0.5Fe1.9O4−δ where x = 0.0, 0.1, 0.15, 0.2 and 0.25 has been synthesized
by conventional solid state reaction route. The single phase spinel structure of the double sintered ferrites was confirmed by
X-ray diffraction patterns (XRD). The ferrite series was studied in terms of DC electrical conductivity and thermoelectric
power in the temperature ranging from room temperature to 300 °C and 400 °C, respectively. It was observed that DC electrical
conductivity and Seebeck coefficient α decreased with the increase in x. DC electrical conductivity was found to decrease by
about 4 orders. All the compositions showed a negative Seebeck coefficient exhibiting n-type semiconducting nature. From the
above experimental results, activation energy and mobility of all the samples were estimated. Small polaron hopping conduction
mechanism was suggested for the series of ferrites. Owing to their low conductivity the nonstoichiometric MgCuZn ferrites are
the best materials for transformer core and high definition television deflection yokes.

Keywords: ferrites; conduction mechanism; Seebeck coefficient; mobility

© Wroclaw University of Science and Technology.

1. Introduction
Properties of spinels depend on their compo-

sition, method of preparation and sintering tem-
perature [1]. Simplicity of the cubic spinel struc-
ture has attracted many researchers around the
world to explore multi-facet functionality and ap-
plications of ferrites. Ferrites occupy an impor-
tant place in almost every industry branch, from
electronics and communications to medical indus-
try, military to space technology [2]. Their struc-
tural simplicity allows easy tailoring of materials
with desired electrical, thermal, optical and mag-
netic properties. MgCuZn ferrites are known for
their high environmental stability, low magneto-
crystalline anisotropy, low cost and easy han-
dling when compared to their counterpart NiCuZn
ferrites [3–11]. DC electrical resistivity and
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thermoelectric power of ZnMgNd, NiCuMgZn,
NiZnMgCo, MgZn, MgTi and Mg–Fe–O [12–17]
spinel systems have been reported by several re-
searchers. However, similar studies on MgCuZn
ferrite system are not available in literature.
Slight deficiency of iron in the MgCuZn fer-
rites prevents Fe2+ ion formation and thereby de-
creases the conductivity of ferrites. The present
study is aimed at investigating DC electrical re-
sistivity and Seebeck coefficient in a series of
Mg0.5−xCuxZn0.5Fe1.9O4−δ (x = 0, 0.1, 0.15, 0.2
and 0.25) ferrites for probable applications as core
materials of transformer and high definition TV de-
flection yokes.

2. Experimental
Reagent grade MgO, CuO, ZnO and Fe2O3

were taken in stoichiometric proportions and mixed
in an agate mortar for 8 hours. The mixed oxide
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powder was pre-sintered at 800 °C for 4 hours. The
samples were again ground for 10 hours and then
sieved for uniform particle size. So obtained green
powder was pressed into a pellet of 10 mm diam-
eter and 2 mm height with PVA as a binder, us-
ing a uniaxial press. The green pellet was annealed
at 1150 °C for 4 hours in a programmable fur-
nace. The dense ferrites were polished to obtain a
smooth surface and painted on either side with a sil-
ver paste for a good electrical contact. These sam-
ples were used for DC electrical conductivity and
thermoelectric power studies. DC resistivity was
measured by two probe technique using Keithley
electrometer, model 6514, interfaced to a PC and
electrical furnace. Electrical resistance was mea-
sured at 5 °C intervals from room temperature to
300 °C. Resistivity was calculated from the dimen-
sions of the pellet and measured resistance. The
thermo-emf measurement technique was reported
in detail in our earlier publication [18]. The thermo-
emf measurements were recorded from room tem-
perature to 400 °C. Seebeck coefficient α was cal-
culated from the formula:

α =
Vs

T2−T1
(1)

where Vs is the thermo-emf generated and T2 – T1
is the temperature difference at the hot and cold
junctions which was 10 °C in the present case. With
the help of thermoelectric power studies and DC
electrical conductivity measurements one can cal-
culate the mobility of the carriers using the follow-
ing equation in case of low mobility semiconduc-
tors, such as ferrites:

µ =
exp(α/k/e)σ

16e
cm2 ·V−1 · s−1 (2)

where e is the charge of electron and k is the Boltz-
mann constant.

Activation energies of the carriers were esti-
mated from the plots of 1000/T versus lnµ accord-
ing to the relation:

µ = µo exp
[
−∆Eµ

kT

]
(3)

3. Results and discussion
Typical X-ray diffraction patterns of the

Mg0.5−xCuxZn0.5Fe1.9O4−δ shown in Fig. 1 con-
firm the single phase spinel structure formation. It
is seen in Fig. 2 that DC electrical conductivity de-
creases with an increase in copper concentration in
the series of the samples. The iron deficient series
of the samples exhibits higher resistivity than their
counterparts with stoichiometric iron content [19].
This suggests that during sintering, formation of
Fe3+ to Fe2+ ions was minimized due to the short-
age of iron. Materials for transformer cores or tele-
vision deflection yokes should have high resistiv-
ity of the order ∼109 Ω·m and more, which has
been attained in the present work. Yue et al. [20]
reported an increase in electrical conductivity with
the addition of copper, which is contrary to the re-
sults obtained in the present work.

Fig. 1. X-ray diffraction patterns of
Mg0.5−xCuxZn0.5Fe1.9O4−δ.

The DC conductivity versus the reciprocal
temperature for the series of the samples in
the temperature range of 30 °C to 300 °C is
shown in Fig. 3. The conductivity varies from
5.56 × 10−9 Ω−1·cm−1 to 2.21 × 10−5 Ω−1·cm−1,
5.90 × 10−10 Ω−1·cm−1 to 2.91 × 10−5 Ω−1·cm−1,
8.86 × 10−9 Ω−1·cm−1 to 1.30 × 10−4 Ω−1·cm−1

and 8.87 × 10−10 Ω−1·cm−1 to
1.52 × 10−4 Ω−1·cm−1 with x = 0.1, 0.15,
0.2 and 0.25, respectively. The plots are linear for
all the samples with a slope change in the range of
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Fig. 2. Variation of DC electrical conductivity
with copper concentration in
Mg0.5−xCuxZn0.5Fe1.9O4−δ.

60 °C to 80 °C, in the vicinity of magnetic Curie
transition temperature (Tc from 70 °C to 100 °C).
The slope change in the graphs indicates that there
are two regions of conductivity viz. low tempera-
ture (ferromagnetic) region I and high temperature
(paramagnetic) region II. Similar slope change near
Curie transition temperature in Arrhenius plots
for DC conductivity was observed by Rezlescu et
al. [9, 21] and it was attributed to the influence of
ferromagnetic ordering on conduction mechanism.
In principle, this is due to destruction of sponta-
neous magnetization and the change in additional
charge carrier concentration in the neighborhood
of Curie transition temperature. In ferrites, being
magnetic semiconductors, conductivity in the low
temperature region I is attributed to impurities
and is extrinsic in nature. At high temperatures,
the conductivity is intrinsic in nature and is due
to electron hopping between Cu2+ ↔ Cu1+ and
Fe3+ ↔ Fe2+ ions. From the mentioned magni-
tudes it is clear that the conductivity has increased
by four orders of magnitude with temperature.
Rezlescu et al. [9] reported an increase of DC
electrical conductivity with temperature by about
three orders of magnitude only in Ta2O5 and PbO
added MgCuZn ferrites. In another work, Rezlescu
et al. [21] reported an increase in DC conductivity
with temperature for MgCuZn ferrites of about
four orders of magnitude. This strong increase
in conductivity with temperature was attributed

mainly to the thermally activated mobility of the
charge carriers, but not to thermally activated
creation of these carriers. The activation energy
of the charge carriers has been estimated from
resistivity versus temperature plots. The results are
tabulated in Table 1. The activation energies of the
samples in intrinsic region are greater than those in
extrinsic region.

Table 1. Activation energies from DC
conductivity studies and mobility of
Mg0.5−xCuxZn0.5Fe1.9O4−δ.

From DC conductivity From mobility
Copper content Region I Region II Region I Region II

x ∆E1 [eV] ∆E2 [eV] ∆E1 [eV] ∆E2 [eV]

0.1 0.45 0.66 0.23 0.61
0.15 0.35 0.87 0.39 0.86
0.2 0.36 0.92 0.29 0.81

0.25 0.73 0.9 0.26 0.84

Fig. 3. Variation of DC electrical conductivity with
temperature in Mg0.5−xCuxZn0.5Fe1.9O4−δ.

The variation of Seebeck coefficient with cop-
per concentration is shown in Fig. 4. All the sam-
ples exhibit a negative Seebeck coefficient indicat-
ing that the majority charge carriers are electrons.
As the copper content increases, the magnitude of
thermoelectric power decreases and reaches satu-
ration at higher content of copper. Fig. 5 shows the
variation of Seebeck coefficient with temperature
for the non-stoichiometric MgCuZn ferrite sam-
ples. An examination of Fig. 5 reveals that there is
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a maximum of Seebeck coefficient for every com-
position at a temperature Ts. The temperature at
which the maximum is obtained in Seebeck coef-
ficient has been designated as Seebeck coefficient
transition temperature Ts by Reddy et al. [22] and
Ravinder [23]. It may be pointed out here that Ts
and Curie transition temperature Tc are different
from each other. The author is of the opinion that
these maxima obtained are due to the charge carrier
redistribution taking place at these temperatures.
Repeated thermoelectric power measurements on
these samples showed that there is some type of
ordering taking place inside these samples.

Fig. 4. Variation of Seebeck coefficient with copper
concentration in iron deficient ferrite series.

Fig. 5. Variation of Seebeck coefficient with tempera-
ture in Mg0.5−xCuxZn0.5Fe1.9O4−δ.

The temperature dependence of charge carriers
mobility for the series of the samples is shown in

Fig. 6. In the investigated temperature range all the
samples exhibit two regions of conductivity. The
activation energies were calculated from the plots
of charge carriers mobility, logµ versus 1/T. The
activation energies of all the samples are tabulated
in Table 1.

Fig. 6. Temperature dependence of mobility µ in
Mg0.5−xCuxZn0.5Fe1.9O4−δ (a) x = 0.1 and (b)
x = 0.15 to 0.25.

The effect of ferromagnetic-paramagnetic tran-
sition could be observed even in mobility plots pro-
portional to DC conduction. The low temperature
region, where an extrinsic conduction is favoured,
is shown as region I in Table 1. In this region, the
conductivity is basically due to the impurities. The
activation energies (∆E2) in the region II (intrin-
sic region) are found to be greater than those of
region I. Further, the activation energies ∆E2, es-
timated from DC conductivity and mobility plots
are in good agreement at high T (temperature) re-
gion. The activation energies (∆E1, ∆E2) are greater
than the ionization energies (Ei = 0.1 eV) of the
donor and acceptor atoms, thus ruling out the band
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theory of conduction. Moreover, these energies are
greater than the Fe3+ ↔ Fe2+ transition energy
(Ee = 0.2 eV) which rules out the possibility of
electron hopping mechanism. The above discus-
sion suggests that the conduction process may be
due to polaron hopping in these mixed MgCuZn
ferrites.

4. Conclusions
Nonstoichiometric Mg0.5−xCuxZn0.5Fe1.9O4−δ

compounds with x varying from 0 to 0.25 have
been synthesized by conventional double sintering
technique. X-ray diffraction patterns confirmed
the single phase spinel structure. DC electrical
conductivity increased with copper concentration
and temperature. Conduction in these compounds
was due to electron transfer between Cu2+↔ Cu1+

and Fe3+↔ Fe2+. The increase in DC electrical
conductivity can be attributed to thermally acti-
vated charge carriers rather than thermally created
carriers. Thermoelectric studies revealed n-type
conduction in the samples within the investi-
gated temperature range. However, the studies of
electrical parameters depending on temperature
exhibited two regions of conduction viz., low
temperature extrinsic and high temperature intrin-
sic regions. Activation energies of carriers in the
intrinsic region are greater than in extrinsic region
evaluated from DC electrical conductivity and
charge carriers mobility. The Seebeck transition
temperature Ts does not match with the Curie
transition temperature and suggests that thermal
generation of electrical potential in the present fer-
rites is independent of magnetic ordering. Polaron
hopping is suggested as the conduction mechanism
for the system of ferrites. Deliberate introduction
of iron deficiency has resulted in the expected
decrease in conductivity. Thus, these materials are
best suited as core materials for transformers and
high definition television deflection yokes.
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