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The electrical conductivity of zinc ferrites near stoichiometry and of manganese-zinc ferrites 
has been investigated as a function of temperature under vacuum and in the presence of 
oxygen. Under vacuum, the conductivity of these ferrites with iron excess is explained by the 
hopping mechanism, and with ZnO excess by the development of vacancies in octahedral sites 
of cation-deficient spinel. Activation energies and the transition temperatures are presented. 
During the oxidation in oxygen of Mn-Zn ferrites, the profile of the log ~ = f (T)  curves shows 
that the mechanism of electrical conduction in the temperature range 100 to 350~ can be 
explained in terms of the oxidation of Fe 2+ to Fe 3+ ions at octahedral sites. For the 
temperature range 300 to 450 ~ the conductivity involves the hopping of electrons from 
octahedral sites of Mn 3+ ions to octahedral sites of Mn 4+ ions. Above 550~ the oxidation of 
Mn 2+ ions leads to a marked change in conductivity with the generation of new phases. 

1. Introduct ion  
The conduction of ferrites is usually described as a 
jumping of electrons between the ferrous ions and 
ferric ions on octahedral positions in the spinel lattice 
[1]. If ferrites contain manganese, the conductivity 
may also depend on the concentration, valency and 
distribution between the spinel tetrahedral and octa- 
hedral sublattices of manganese ions [2]. In addition, 
the complex oxido-reduction reactions involved dur- 
ing the rise of temperature prescribed by the sintering 
of Mn-Zn  ferrites used as soft magnetic materials 
strongly determine their mechanical characteristics 
during the binder removal stage at low temperature 
(<  400 ~ as the mechanical strength has been found 
to be correlated with F e  z + ion content and manganese 
oxidation state [3, 4]. 

In a previous paper [5] the oxidation-reduction 
mechanism of these Mn-Zn  ferrites having an excess 
of iron, M n x Z n y F e 2 . o 4 4 0  4 with x + y = 0.956, has 
been investigated by thermogravimetry in order to 
establish a correlation between the thermal behaviour 
in oxygen and the cationic distribution. It has been 
shown that the marked preference of cations for 
certain sites (Fe  z + and Mn 3 + ions for octahedral sites 
a n d  M n  2+ and Zn 2+ ions for tetrahedral sites) 
governs the reactivity, giving rise to distinct oxido- 
reduction phenomena as a function of temperature 
and oxygen partial pressure [6]. On the basis of this 

analysis it was found that below about 500 ~ these 
ferrites are oxidized in cation-deficient spinels but the 
oxidation depends highly on oxygen pressure. With 
increasing temperature, further oxidation of Mn 2+ 
ions results in the appearance of r accom- 
panied by a cation-deficient spinel. 

In the present paper, results are reported on the 
electrical properties of several Mn-Zn  ferrites and an 
attempt has been made to use the electrical conductiv- 
ity to characterize the process of oxidation at temper- 
atures up to 750 ~ and thus to relate the electrical 
behaviour with the oxidation degree of iron and man- 
ganese. Moreover, as the oxygen pressure in the atmo- 
sphere and the firing temperature determine zinc 
losses [7-9] which produce abrupt changes in conduct- 
ivity as the stoichiometry varies from an iron defi- 
ciency to an iron excess, samples of zinc ferrites with a 
graduated zinc content have been investigated. The 
effect of preparation method on the electrical behavi- 
our is also reported. 

2. Samples and experimental 
procedure 

Ferrite samples of composition Mn~ZnyFe2.o440 4 
(x + y = 0.956) with x = 0, 0.25, 0.50, 0.70 and 0.956 
were prepared by a standard ceramic route under air 
at 1200 ~ Details of the preparation were given in an 
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earlier publication [5]. From X-ray diffraction and 
quantitative analysis by thermogravimetry of oxidiz- 
able cations [5], a cationic distribution of the type 

2+ 2+  3+ 3+  2+  1~-- 3 + "~ g-~2-  (Mno.8xZny Fel-o.8x-r)A(Fel+o.6x+yFel-o.8x-r,,ln2x )BtJ4  

can be proposed, where the subscripts A and B repre- 
sent the tetrahedral and octahedral sites, respectively. 
The powders examined by microscopy showed a par- 
ticle size of about 1 gm. 

A second set of ferrites, with the composition ap- 
proaching the x and y values of the end members, were 
obtained from thermal decomposition of mixed oxal- 
ates of iron and manganese (Fe 1 xMnx)CzO4-2H20 
(x - 1/3) and iron and zinc (Fel_yZny)CzO4.2H20 
(y-~ 1/3) which leads, through adequate thermal 
treatment at low temperature (<  650~ to man- 
ganese and zinc ferrite. The details of the method of 
preparation have been discussed before [10, 11]. 

It should be borne in mind that the label "MFe204" 
usually given to the spinel phase does in no sense 
imply the existence of a stoichiometric ferrite-type 
compound. For manganese ferrite the chemical for- 
mula (Fe2.o~Mnx)O4 with x = 0.96 should be prefer- 
red to "MnFe204",  and for zinc ferrite prepared at 
600 ~ with a Zn content of 2 (27.40 and 26.80 wt % 
Zn) the phase composition varied with the firing 
temperature (Table I) because zinc ferrite shows a 
tendency to loss of zinc oxide in a vacuum [8]. X-ray 
crystallographic analysis shows that the samples 
contain only the spinel phase for y < 1, but a,small 
amount of ZnO is present for y = 1. As a result of 
thermal treatment in a vacuum, the partial reduction 
of the Fe 3 + ions leads to the development of divalent 
iron in the ferrite without rupturing the lattice config- 
uration. For  these samples prepared by coprecip- 
itation of mixed oxalates, the crystallite sizes are about 
50 rim. At this point it is instructive to note that these 
finely divided mixed oxides could also be oxidized to 
metastable defect phases of the same spinel structure 
(below 550 ~ [11]. 

The d.c. conductivity was measured by means of a 
two-probe method on compressed sintered pellets be- 
tween two platinum electrodes as described in a pre- 
vious paper [12] in which the parameters affecting the 
measurements are also discussed. In addition the elec- 
trical conductivity can be explained on the basis of the 
Verwey mechanism [13] involving electron exchange 
between ions of the same element which are present in 
more than one valence state and distributed randomly 
over crystallographically equivalent lattice sites. De- 
pending upon the extent of substitution, a number of 

such ions may be produced during oxidation or at the 
firing temperature of Mn-Zn  ferrites. 

(1) 

3. Results and discussion 
3.1. Electrical conductivity of zinc ferrites 
The effect of losing zinc during the firing in a vacuum 
can be seen in Figs 1 and 2. Fig. 1 shows the log cy 
against l IT plots for various finely divided zinc fer- 
rites near stoichiometry (the spinel is stoichiometric 
for 24.12wt% Zn). It is to be noted that the 
conductivities measured for the samples with excess 
ZnO (curves e and f) were much lower than those 
measured for the samples with a deficiency of ZnO 
(curves a, b, c and d). The values of log c~ at 100 ~ are 
plotted in Fig~ 2 (curve a) as a function of y, The data 
indicate that a small change in y near stoichiometry 
alters the conductivity by several orders of magnitude. 

The activation energy E~ calculated between 100 
and 450~ from log~  =f(1/T) curves versus y is 
reported in Fig. 2 (curve b). Near the composition 
ZnFe20  4, E~ increases in a stepwise fashion. For 
y < 1, the experimental values of E~ increase slowly 
from 0.22 eV (y = 0.963) to 0.27 eV (y = 0.995) and 
for ZnFe20  4 with ZnO excess the values increase 
strongly and are about 0.56 eV. 

Moreover, whatever the composition, where the 
zinc ferrites are oxidized at low temperature (400 ~ 
the conductivity decreases significantly (Fig. 1, dashed 
lines) but the effects are similar and it is observed that 
the conductivities are practically independent of the 
initial composition. The principal conduction mech- 
anism is associated with the presence of vacancies. It 
has been established that the structural formula of 
oxidized zinc spinels can be written as 

2+  3+ 
[ Z n s y / ( 9 - y ) F e s ( 3  - y ) / ( 9  - y )  [ ]  3(1 - y ) / ( 9 - y ) ]  0 2 - -  (2) 

where [] is the vacant lattice site located at the B sites. 
Therefore, if all the Fe 2 § ions initially in the sample 
are converted to Fe 3 § ions, the probability of hopping 
is affected and oxidized samples show less con- 
ductivity. 

The change in conductivity and activation energy 
near the stoichiometry is thus primarily due to the 
conversion of Fe 2+ to Fe 3+ ions. At this stage, it 
should be noted that for zinc ferrites with iron excess, 
our results concerning the activation energy are in 

T A B L E  I Chemica l  analys is  of zinc ferrite near  s to ichiometry ,  ZnyFe3_rO 4 

F i r ing  

t empera tu re  
(of) 

Zn (wt %) y Chemica l  formula  

600 27.40 1 
1000 27.20 1 

1100 27.00 0.995 

600 26.80 0.988 
1000 26.45 0.975 
1100 26.12 0.963 

Z n F e 2 0  4 + Z n O  (0.57 wt  %) 
Z n F e 2 0 4  + Z n O  (0.20 wt  %) 

2+ 3+ 2+ 3+ 2 -  
(Zn 0.995 Feo.05)k(Feo.05 Fe 1.995)BO4 

2+ 3+ 2+ 3+ 2 -  
(Zn 0.988 Feo.o 12)A(Feo.o 12 Fe 1.988)BO4 
Zn2+ Fe3+ , ,~  2+ ~ 3+ , ~ 2 -  0.975 0.025)Atr  e o . 0 2 5 - e  1 .975)Bu  4 

2+ 3+ 2+ 3+ 2 -  
(Zn 0.963 Feo,037)A(Fe 0.037 Fe 1.963)BO 4 
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. Figure 1 Conductivity of finely-divided zinc ferrites near stoichio- 
metry, plotted on a logarithmic scale against reciprocal temperature 
for different Zn contents during the firing in vacuum: (a) y = 0.963, 
(b) y = 0.975, (c) y = 0.988, (d) y = 0.995, (e) ZnFe20 4 + ZnO 
(0.20 wt %), (f) ZnFe20 4 + ZnO (0.57 wt %). The dashed lines 
relate to oxidized spinel: (g) y = 0.963, (h) ZnFe204 +ZnO 
(0.57 wt %). 

where on the B sites Mn 3§ ions occur, which are 
connected by the presence of Fe E + ions on these sites. 

Therefore, the electrical conductivity, which be- 
haves according to the hopping process of electrons 
between Fe ions on the B sites, is given by a diffusion- 
type atomistic equation [16]: 

Constant exp ( E ~  
o - T - ( 3 )  

where EH is the activation energy of the conductivity 
process. 

L o g ( o T )  for the samples of MnxZnrFez.o4404 
under vacuum (Fig. 3) and prepared by a ceramic 
route increases linearly with increase of temperature 
according to Equation 3, but for some samples the 
plot changes slope at the Curie temperature (To) (arro- 
wed in Fig. 3). If  the conductivity is mostly determined 
by the number of hopping processes, assuming the 
role of scattering phenomena and mean free path to be 
minimal, this change in slope indicates a change in the 
activation energy E n. Therefore the process of hop- 
ping, although thermally activated in both regions, 
appears to have a lower EH in the magnetic region 
below To. No Curie points are observed for the sam- 
ples with y = 0.70 and y = 0.956, indicating the nature 
of these samples to be paramagnetic above room 
temperature. In Table II, values of Tc and E n obtained 
from Fig. 3 are given. 
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Figure 2 Compositional dependence of conductivity (curve a) and 
activation energy (curve b) for finely divided zinc ferrites. 
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Figure3 Plots of log(oT) versus 103/T for Mn-Zn ferrites. The 
Curie temperature is denoted by To. 

approximate agreement with those reported by 
Rustamow et  al. [14] (0.18 eV) and Prakash [15] 
(0.17eV), suggesting for the ferrites prepared by 
these authors the presence of Fe 2+ ions on B sites. 
By the extension of curve (b) of Fig. 2 toward lower Eo 
values, we can estimate the Fe z+ content and pro- 
pose for their zinc ferrites a composition close to 

Fe2 .o46Zno .95404  �9 

TABLE II Values of Curie point Tr and activation energies E n 
(for ferri- and paramagnetic regions) for Mn-Zn ferrites as a 
function of composition 

y Tc En(ferri) EH(para) 
(~ (eV) (eV) 

3.2. Electrical conductivity of Mn-Zn ferrites 
As recalled in Section 1, the cation distribution in 
M n - Z n  ferrites can be structurally formulated as 

2+ /+Fe3+ 3+ 2+ 3+ 2- (Mno.sxZn r - 0.8x-y)A(Fe 1 +0.6x+rFe 1- o.8x-r Mno.2x)BO4 

0 400 0.124 0.204 
0.256 230 0.152 0.189 
0.50 125 0.167 0.182 
0.70 0.177 
0.956 0.172 
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It is seen that as the content of Zn increases, Tc 
decreases and En increases in the ferrimagnetic region, 
indicating that Zn 2+ ions increase the resistance to 
hopping. This observation is in agreement with the 
results reported by Rezlescu et al. [17] and Satyanara- 
jana et al. [18] who found that the conductivity of 
Li-Zn and Co-Zn  ferrites decreases with increasing 
zinc content. 

Concerning the Curie temperature for Mn F e2 0  4 
(673 K), intermediate values have been obtained by 
Mazen and Sabrah [19] (625 K) and by Yoo and 
Tuller [20] (700 K). These differences can be satis- 
factorily explained on the basis of a change of the 
(Fe 3+)/(Fe 2+) ratio in B sites during the preparation 
of ferrite samples [19]. 

3.3. B e h a v i o u r  of  M n - Z n  ferr i tes  in air 
Fig. 4 shows the plots of log a when samples of differ- 
ent compositions were heated in air at a constant rate 
of 2.5 ~ min-1 from 100 to 700~ As already re- 
ported for manganese-substituted magnetites, several 
regions can be distinguished. In region I the conduct- 
ivity strongly decreases with increase in temperature 
and as the concentration o fZn  2 + ions is increasing the 
point A is moving toward higher temperatures from 
270 ~ for x = 0.95 to 435 ~ for x = 0. This behavi- 
our can be ascribed to the oxidation of Fe z + ions and 
Mn 3 + ions in B sites (Formula 1) and consequently to 
a decrease of Fe z + Fe 3 + pairs with the formation of 
vacancies which minimize the conductivity.  At this 
stage and whatever the position of point A, X-ray 
analysis should show a single phase of spinel structure 
with only a decrease of lattice parameter [5]. At higher 
temperatures than point A (region II), it is possible 
to see a broad maximum (dark zone) before or after 
the minimum (point M), particularly pronounced for 
manganese ferrite and missing for zinc ferrite. 

The change that occurs in a compared to the zinc 
ferrite can be regarded as being caused by the oxida- 
tion of Mn 2 + ions into Mn 3 + ions in A sites. However, 
as Mn 3 + ions exhibit a strong tendency to octahedral 
coordination, the evolution of conductivity might not 
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Figure 4 Behaviour of electrical conductivity in oxygen of M n - Z n  
ferrites prepared by a ceramic route. The dashed line relates to a 
manganese ferrite prepared from mixed oxalate. 

be associated with the hopping of electrons between 
Mn 2 + and Mn 3 + ions on A sites, but could be correl- 
ated with cation migration between the tetrahedral 
and octahedral sites of the spinel lattice. Thus, the 
conduction is likely to occur via hopping of electrons 
from lower-valent Mn 3+ ions to higher-valent Mn 4+ 
ioEs in B sites. 

Beyond the dark zone, the l o g a  = f ( T )  curves 
show a non-linear conductivity in which two or three 
breaks (except for zinc ferrite) can be distinguished 
(regions III, IV and V). In the temperature range 
corresponding to region IV, the steep change in a can 
be regarded as due to the oxidation of Mn 2 + ions not 
completely oxidized at lower temperatures (region II) 
with the appearance of o~-Fe20 3 accompanied by a 
cation-deficient spinel due to the presence of zinc, 
as confirmed by X-ray diffraction. However, in 
the case of manganese ferrite the cation-deficient 
spinel is converted into a rhombohedral phase 
o~-(Fe 3 _xMnx)2/303 from 600 ~ Moreover, the mass 
gain observed above 500 ~ in the thermogravimetric 
curves further confirms the oxidation of Mn / + ions 
during the phase change [5]. 

At higher temperatures, in region V, the percentage 
of o~-Fe20 3 decreases whereas the lattice parameter is 
little influenced by the increase of temperature, which 
could be attributed to the beginning of the solubility of 
o~-Fe203 in the spinel phase. Note, however, that for 
manganese ferrite the increase of temperature has an 
additional influence on the phases formed: the solubil- 
ity of Mn203 in o~-Fe203 decreases markedly and 
orthorhombie Mn203 is precipitated. 

4. Conclusions 
Concering the zinc ferrite spinel near stoichiometry, 
the general inferences that can be drawn from the 
above observations are as follows: 

(a) Abrupt changes in conductivity and energy oc- 
cur as the stoichiometry varies from an iron excess 
(y < 1) to a ZnO excess (y = 1). 

(b) In iron-excess zinc ferrites the Fe z + concentra- 
tion in B sites is appreciable and in such cases the 
electrical conduction in this transition-metal oxide is 
believed to take place by electron hopping between 
Fe 2+ and Fe 3+ ions on two adjacent octahedral 
points in the spinel lattice. The high conductivity and 
the low value of the activation energy strongly indic- 
ate the presence of a small amount of Fe z + ions in the 
lattice. 

(c) In zinc ferrite with excess ZnO or in oxidized 
spinels in which the totality of iron cations are in the 
trivalent state, the probability of Fe 2 + in the octa- 
hedral sites being very small or null, the electrical 
conduction is relatively poor. 

For  Mn-Zn  ferrites the results reveal many interesting 
features: 

(a) The introduction of Zn 2 + ions in the lattice of 
MnFe20  4 results in a decrease in the ferrous ion 
content of B sites which is responsible for electrical 
conduction, thereby causing a decrease in the Curie 

481 1 



temperature and in the bulk conduction. However, 
one may further conclude that the high electrical 
conductivities of Mn-Zn ferrites prepared by a 
ceramic route result from excess iron, a requirement 
for optimized magnetic properties. 

(b) In the presence of oxygen, the electrical con- 
ductivity changes are in agreement with the relative 
availability for oxidation of Fe 2 § and Mn 2 § ions and 
with the distribution of cations between octahedral 
and tetrahedral sites. It has been shown that in the 
temperature range 100-600 ~ the oxidation temper- 
ature of each oxidizable cation increase with increase 
of Zn content. In the temperature range 100 to 450 ~ 
the Fe z § ions at octahedral sites are oxidized prefer- 
entially, producing a large conductivity decrease due 
to the introduction of vacancies at B sites. Then, in the 
temperature range 300 to 550~ the Mn 2 § ions at 
tetrahedral sites are partially oxidized, which favours 
electron exchange between manganese ions. Finally, 
at higher temperatures (>  600 ~ oxidation of the 
remaining Mn z§ ions is associated with a phase 
change which depends on the presence of zinc. 
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