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Abstract The electrical resistivity and thermoelectric

power as a function of temperature and Mn concen-

tration for Ni0.6-t Mnt Zn0.4Fe2O4 (t = 0, 0.1, 0.2, 0.3, 0.4

and 0.5) have been studied. It was observed that

temperature variation of resistivity exhibits two breaks.

Each break is associated with a change in activation

energy. The activation energy in the paramagnetic

region is found to be greater than that in the

ferrimagnetic one. Moreover, it was found that the

resistivity increases with increasing Mn content. The

sign of thermoelectric power measurements revealed

n-type conduction for all investigated samples. The

results are explained according to the spin polaron

model.

Introduction

Amongst all ferrites, Ni–Zn ferrites are the most

versatile because of their technological applications.

These ferrites have high resistivity (i.e. low eddy

current losses), relatively low permeability and low

saturation magnetization. On the other hand, Mn–Zn

ferrites have high initial permeability and low resistiv-

ity (100W cm) [1]. The magnetic applications require in

addition to high resistivity, high permeability as well as

high saturation magnetization. Therefore, many

authors [2–7] studied the combination of these two

ferrites in order to obtain ferrites with favorable

magnetic and electric properties especially at high

frequencies. Amarendra et al. [2, 3] studied the

microstructure, magnetic properties and the dc resis-

tivity of MnxNi0.5-xZn0.5Fe2O4 ferrites prepared by

citrate precursor method. The samples were sintered at

different temperatures in air atmosphere. They found

that, for all sintering temperatures, the saturation

magnetization, firstly, increased and then decreased

continuously with increasing Mn-concentration. How-

ever, the resistivity decreased (about two order of

magnitude) with increasing Mn-content. In our previ-

ous work, the magnetic properties of Mn substituted

Ni–Zn ferrites were improved when the samples were

prepared by standard ceramic technique and were

finally sintered in nitrogen atmosphere [8]. The present

work is devoted to study the electrical resistivity and

thermoelectric power for the same samples of Ni0.6-t

MntZn0.4Fe2O4 ferrites.

Experimental procedure

Ferrite samples with chemical formula Ni0.6-t Mnt

Zn0.4Fe2O4 (t = 0, 0.1, 0.2, 0.3, 0.4, 0.5,) were prepared

by conventional ceramic method. High purity, 99.99%,

of NiO, ZnO, Fe2O3 and MnCO3 were mixed together

according to their molecular weights. The mixture of

each composition was ground to a very fine powder

and presintered at 900�C for 15 h. The presintered

mixture was ground again and pressed under a pressure

of 3.8 · 108 Pa into tablet form. The samples were
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finally sintered at 1300�C for 4 h in two cycles and then

slowly cooled in N2 atmosphere to room temperature.

X-ray diffraction patterns were performed using a

diffractometer (type X‘Pert Graphics & Identify) with

Cu Ka radiation.

The dc resistivity of the samples was measured using

the two-probe method where In–Hg is used as a

contact material. For measuring thermo-e.m.f. the

sample is firmly fixed between two copper electrodes.

An auxiliary heater is fixed to the lower electrode in

order to maintain a temperature gradient of about

12�C/cm for all investigated samples. The sign of

thermo e.m.f was taken as that of the upper electrode.

The temperature was measured using a chromel –

alumel thermocouple. The accuracy in resistivity and

thermoelectric power measurements are 1% and 2%

respectively.

Results and discussion

X-ray measurements

The X-ray diffraction patterns showed that all inves-

tigated samples are formed in cubic single spinel phase.

The interplanar spacing is calculated according to

Bragg’s law and hence the average lattice parameter

(a) is obtained. The theoretical lattice parameter is

calculated using the equation [9]

ath ¼ ð8=3
p

3Þ½ðrA þ ROÞ þ
p

3ðrB þ ROÞ�

where RO is the radius of the oxygen ion (1.32Å), rA

and rB are the ionic radii of tetrahedral and octahedral

sites, respectively. To calculate rA and rB, the following

cation distribution is assumed

ðZn0:4 Mn0:8t Fe0:6�0:8tÞ ½Mn0:2t Ni0:6�tFe1:4þ0:8t� O4

ð1Þ

Such cation distribution is based on the fact that, 80%

of Mn-ions occupy the tetrahedral position (A-site)

and the remaining, 20%; occupy the octahedral

position (B-site) [10]. Moreover, Zn ions prefer to

occupy the tetrahedral sites while Ni ions occupy the

octahedral sites. The ionic radius for each site is

calculated according to the following equations [9]

rA ¼ ½0:4rZn2þ þ 0:8trMn2þ þ ð0:6� 0:8tÞrFe3þ�

rB ¼ ½0:2trMn2þ þ ð0:6� tÞrNi2þ þ ð1:4þ 0:8tÞrFe3þ�=2

where rZn
2+ , rMn

2+ , rFe
3+ and rNi

2+ are the ionic radii of zinc,

manganese, iron and nickel respectively. The values of

the ionic radii are taken from ref. [11] where the ionic

radius depends on its coordination number. Figure 1

shows the variation of the experimental and theoretical

lattice parameter with Mn-concentration for all sam-

ples. Firstly, it is clear that the lattice parameter

increases linearly with Mn-concentration. Such a

behavior could be attributed to the replacement of

the Ni2+ ion which has a small radius (0.72Å) by the

Mn2+ ion which has a larger radius (0.8Å). Secondly, it

is also noticed that the experimental values of the

lattice parameter aexp are greater than those of the

theoretical ones ath. This may be attributed to the

formation of Fe2+ ions, during the sintering process,

which have a larger ionic radius than those of Fe3+

ions. It is obvious that the difference between ath. and

aexp decreases with increasing Mn-concentration. This

led us to conclude that the amount of Fe2+ ions

decreases with increasing Mn-concentration. Finally, it

is valuable to note that the lattice parameter of the

unsubstituted sample, t = 0, is (8.373Å) which is in

agreement with those previously reported (8.384Å, and

8.381Å) [12, 13].

Electrical resistivity

The temperature dependence of the electrical resistiv-

ity (represented as log q versus 103/T) for the sample

with t = 0.4 is shown in Fig. 2. Such a curve represents

an example for the other samples. It is clear that the

electrical resistivity has a semiconducting behavior

which could be described as

q ¼ qo exp�ðE=KTÞ
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where E is the activation energy, K is Boltzmann

constant and qo is a temperature independent constant.

The variation of resistivity with temperature, for all

samples, could be divided into three regions. The first

one extends from room temperature up to about 380 K

where a kink is observed. This region is almost

independent of Mn concentration. The conduction

phenomenon in this region is attributed to impurities

[14–16]. Another kink is observed. However, the

temperatures at which the kink occurs depend on Mn

content. By comparing the values of the temperatures

at this kink, (Tc)elect with Curie temperatures, (Tc)mag.

determined from magnetic measurements (Table 1),

one can attribute this kink to the magnetic transition

from ferri- to paramagnetic state.

Table 1 shows also that the activation energies of the

ferrimagnetic (Eferri) and paramagnetic regions (Epara)

increase with increasing Mn-concentration. Such an

increase in activation energy could be attributed to the

increase of lattice parameter with Mn- concentration.

Moreover, the values of activation energies Eferri are

greater than the transition energy between Fe2+ and

Fe3+ (0.2 eV) [13]. It was reported that [15], if Eq is

higher than 0.2 eV then the conduction mechanism is

predominantly due to small polaron than the electron

hopping mechanism. Thus, our results support the

small polaron hopping mechanism.

Figure 3 shows the variation of electrical resistivity

q with Mn-concentration, at room temperature. It is

clear that the electrical resistivity increases with

increasing Mn content. This behavior could be inter-

preted in terms of the content of Fe2+ ions, which

results during the sintering process due to the oxygen

loss and Zn volatilization [3]. The concentration of

Fe2+ ions in each sample is estimated from the

difference between the experimental and theoretical

values of the lattice parameters and is represented also

in Fig. 3. It is clear that the concentration of Fe2+-ions

decreases with increasing Mn content which is in

agreement with the fact that manganese makes a

suppression to the ferrous (Fe2+) ion formation [17].

The decrease of Fe2+ ion concentration leads the

resistivity to increase as the conduction is due to

electron hopping between Fe2+ and Fe3+ ions.

Figure 4 shows the changes of (Eferri) and (Epara)

with Mn concentration. It is obvious that (Epara) is

greater than (Eferri) and the difference between them

increases with Mn concentration. The increase of the

activation energy from order to disorder state was

attributed to the volume expansion at Tc [18]. Such

Table 1 Variation of
activation energies and
Curie temperatures with
Mn-concentration

Mn-conc. (t) Eferri (eV)
second region

Epara (eV)
thrid region

El (eV)
second region

(TC)elect.

(K)
(TC)mag.

(K)

0 0.711 0.737 0.704 649 657
0.1 0.769 0.811 0.767 610 619
0.2 0.777 0.83 0.769 588 579
0.3 0.82 0.881 0.82 540 538
0.4 0.848 0.945 0.845 485 483
0.5 0.871 0.994 0.865 380 378
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expansion is known to be accompanied by an endo-

thermic peak in differential scanning calorimetry

(DSC). However, the DSC of our samples, Fig. 5,

indicated good thermal stability from room tempera-

ture up to temperatures higher than Tc. Therefore, the

explanation of the increase of the activation energy in

terms of the volume expansion is not the suitable one.

The change in activation energy may also be accounted

for using the spin polaron model. According to this

model, the total energy of the spin polaron is given by

[19]

ES ¼
5�h2p2

6m

4mJ2

�h2pa3

� �2=5

� J1 ð2Þ

where m is the electron mass, a is the lattice parameter,

J1 is the exchange energy between the spin of the

conduction electron and ion spins and J2 is the

exchange energy between the ion spins. The

condition for spin polaron formation is that J1 > J2

which means that the moments are fully oriented

parallel to that of the conduction electrons. For T < Tc,

the ionic magnetic moments are parallel (i.e. J2 > J1)

and the magnetic spin polaron has a small effect. On

the other hand, for T > Tc, the magnetic ionic

moments are randomly oriented (i.e. J2 < J1), so the

contribution of magnetic spin polaron becomes

effective. Therefore, the effective mass of the

conduction electrons will increase due to the

magnetic polarization of the spin polaron [20, 21].

This means that, the activation energy of spin polaron

(Es) should be added to that in the ferrimagnetic

region i.e.

EðparaÞ ¼ EðFerriÞ þ Es ð3Þ

Thus the activation energy in the paramagnetic region

E(para) must always be greater than that in the

ferrimagnetic one, E(ferri). Furthermore, according to

Methafessel et al. [22], the activation energy Es is

roughly proportional to the paramagnetic susceptibility

(vpara) since it depends on the extent to which the

lattice spins can swing parallel to the spins of the

conduction electrons. Moreover, according to the

assumed cation distribution, the paramagnetic suscep-

tibility (vpara) of the investigated samples is expected to

increase with Mn concentration. Hence Es is expected

to increase with increasing Mn concentration. This

explains the increase of the difference between E(para)

and E(ferri) with increasing Mn-concentration, Fig. 4.

Thermoelectric power

Figure 6 shows the temperature dependence of ther-

moelectric power, represented as (a/198). It is obvious

that the sign of a is negative, for all investigated

samples, which indicates that the dominant charge

carriers are electrons, i. e the samples are n-type

semiconductor. The variation of (a/198) with temper-

ature could also be divided into three distinct regions as

in case of resistivity curves. The transition temperature

of each region is nearly close to that obtained from the

resistivity measurements. This is clarified by plotting

both resistivity and thermoelectric power on the same

graph, Fig. 7, for the sample with t = 0.4 as an example.

The change of a with temperature in the first region

indicates a change in the number of charge carriers

that set up from the impurity levels. Such a result

supports the discussion of the resistivity in the same
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region. The most striking feature is that in the second

region, although the resistivity decreases in this

region, the value of a is almost independent of

temperature which characterizes the hopping mecha-

nism and supports our previous results. The Curie

temperatures are also determined by plotting the

relation between (da/d(1/T)) against (1/T) around Tc,

Fig. 8. The onset of the curve determines TC. It is

obvious that during the magnetic transition there is a

rapid change in (da/d(1/T)) with temperature which

indicates that the thermoelectric power is a sensitive

parameter for the magnetic transition. From the

temperature dependence of a, one can observe also

that the absolute value of thermoelectric power in the

third region (after Curie temperature) is greater than

that in the second one. This could be interpreted in

terms of spin polaron formation, where after TC the

moving electron will tend to polarize the ion spins

near it, in ferromagnetic sense. Hence, if the band is

sufficiently narrow the electron will be trapped in the

ferromagnetic spin cluster [23]. Therefore, the number

of electrons which share in conduction reduces and

hence, according to [24], the absolute value of

thermoelectric power increases.

To get more confirmation about the conduction

mechanism, the charge carrier mobility (l) is calcu-

lated according to the known formula [25]

l ¼ ð1=neqÞ
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where n is the charge carrier concentration and e is the

electronic charge. The value of n is calculated from the

relation

n ¼ No expð�ea=KÞ

where No is the density of states which represents the

Fe3+-ion concentration. Figure 9 shows the tempera-

ture dependence of the mobility in the second region.

It is clear that the mobility increases strongly with

increasing temperature which gives further evidence

for the hopping mechanism. The calculated activation

energy of the mobility El is reported in Table 1. It is

seen that the values of El are very close to those of

Eferri . This means that the energy is consumed mainly

in moving the polaron and not for further generation of

charge carriers.

Conclusions

(1) On Mn ion substitution both the lattice parameter

and the resistivity of Ni–Zn ferrites increase.

(2) The activation energies of conduction in both

order and disorder states increase with increasing

the Mn-concentration

(3) The Curie temperature, TC, shifts to lower values

as the Mn content increases.

(4) The negative sign of the thermoelectric power

indicates that the majority of charge carriers are

electrons.

(5) The results support the polaron hopping conduc-

tion mechanism.
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