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ABSTRACT
Manganese substituted lithium-ferrite with the general formula Li0.5MnxFe2.5-0.5xO4 (where x = 0.0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0) were synthe0.5x
sized by the standard ceramic technique. The variation of dc and ac conductivities has been reported as a function of temperature from room temperature 293K up to 970K in static air. Ac measurements were carried out over a
wide range of frequencies from 100Hz up to 1MHz. The variation ln ó at room
temperature with composition indicates that the conductivity initially increases up to 0.5 and then decreases with further addition in Mn content.
The activation energy of conduction mechanism decreases from 0.68eV to
0.34eV. The electrical conduction in this ferrite is explained on the basis of
the hopping mechanism. Dielectric properties such as dielectric loss tangent tan ä and dielectric constant å’ have been measured. The dielectric
behaviour is explained by using the mechanism of polarization process,
which is correlated to that of exchange interaction.
 2012 Trade Science Inc. - INDIA

INTRODUCTION
Spinel ferrites are one of the most important classes
of magnetic ceramic materials owing to their interesting
applications. In the spinel structure, the magnetic ions
are distributed among two different sub-lattice sites, tetrahedral (A) and octahedral (B) sites. The physical
properties of ferrites depend on chemical composition,
type and amount of dopant, method of preparation,
magnetic interaction and cation distribution in the two
sub-lattices[1,2].
Lithium ferrite Li0.5Fe2.5O4 is a well known ferrimagnetic composition with an inverse spinel structure in which

Ferrite;
Conductivity;
Dielectric;
Li-Mn ferrite.

the tetrahedral sites (A) are occupied by Fe3+ ions and
the octahedral sites (B) by Li+ and Fe3+ ions[3]. Lithium
ferrite considered as a unique member of the spinel class
of ferrimagnets and is dominating the field of microwave
applications and memory core applications because of
its rectangular and square hystersis loop characteristics,
large value of saturation magnetization, low microwave
dielectrics and low costs[4]. Several studied on Li-ferrite
have been discussed recently by many authors[5-7]
Manganese ferrite MnFe2O4 was originally thought
to be inverse but was later found to be nearly normal,
about 80% manganese ions occupy the tetrahedral (Asites) and 20% occupy the octahedral (B-sites)[8]. Man-
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ganese ferrite is a common ferrite material being widely
used in microwave and magnetic recording applications
due to its high permeability and low eddy current
losses[9]. It has attracted considerable attention due to
its broad applications in several technological fields including electronic devices, ferro-fluids, magnetic drug
delivery, microwave devices and high-density information storage[10,11]. Many studies about structural, electrical and magnetic properties of Mn-ferrite have been
reported[12-14]
Several studies[15-17] have been reported with addition of divalent, trivalent and tetravalent ions in appropriate amount into formula unit Li0.5Fe2.5O4 in order to
optimize the numerous properties of interest like electric and dielectric. However, no reports have been found
in the literature regarding the dielectric properties of
manganese substituted lithium ferrite prepared by conventional double sintering ceramic technique as a function of elevated temperature.
Therefore, in this report we have undertaken a systematic study of the electrical conductivity and dielectric properties of Li-Mn ferrite over a wide range of
temperature and frequency.

shaped form of 13-mm diameter, and 3-5-mm thickness and finally sintered at 1200 oC for 10 hrs. The
samples were polished and coated by silver paste for
the electrical conductivity measurements. Electrical conductivity of the investigated samples was measured in a
wide range of temperature from room temperature
300K up to 950K in static air by the two probes method
using (AC-DC bridge type FLUKA model PM6306).
Digital temperature indicator (model Pro’sKit 03-9303)
with resolution 1K, connected with a standard K-type
thermocouple was used to measure the temperature
from room temperature up to 950K.
RESULTS AND DISCUSSION
Dc and Ac electrical conductivity

The variation of dc and ac conductivities with temperature of the above investigated composition of Li0.5MnxFe2.5-0.5xO4 has been studied. The measurements
0.5x
were carried out over a wide range of temperature
from 300 up to 950K; the ac electrical conductivity
was measured in the range of frequencies from 102 to
106 Hz. The logarithm of conductivity (ln ó) as a function of reciprocal temperature (T-1) is shown in Figure
EXPERIMENTAL TECHNIQUE
1. The conductivity of both dc and ac show an increase with increasing temperature. Accordingly, the
The investigated samples of Li-Mn ferrite having Li-Mn ferrite shows a semiconducting trend, which is
the general formula Li0.5Fe2.5-xMnxO4 (where x = 0.0, commonly seen in most ferrites, and can be repre0.1, 0.3, 0.5, 0.7, 0.9 and 1.0) were synthesized by sented by Arrhenious relationship:
the standard ceramic technique from mixing the pure
reagents (Fe2O3, Li2CO3 and MnO). The weighted ma-    o exp  E  
(1)
 KT 
terials were mixed and then grounded to a very fine
powder using ball milling machine (model puluer isette where ó is the specific conductivity, ó0 the tempera6). The mixture of each composition was pre-sintered ture-dependent constant, Eó represents the activation
at 750C for 10 h. The samples were pressed in a disk- energy, K the Boltzman’s constant and T the absolute
TABLE 1 : The activation energy Eó from dc and ac conductivity measurements for Li0.5-0.5xMnxFe2.5-0.5xO4 at different
frequencies.

x
0.0
0.1
0.3
0.5
0.7
0.9
1.0

Dc
Ferri Para
0.67
0.52
0.61
0.44
0.47
0.41
0.54
0.41
0.59
0.40
0.53
0.44
0.56

102 Hz
Ferri Para
0.65
0.51
0.45
0.41
0.53
0.41
0.58
0.39
0.52
0.44
0.56
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103 Hz
Ferri Para
0.63
0.51
0.44
0.40
0.53
0.39
0.58
0.37
0.52
0.43
0.56

104 Hz
Ferri Para
0.62
0.50
0.44
0.37
0.53
0.35
0.58
0.34
0.52
0.39
0.56

105 Hz
Ferri Para
0.56
0.47
0.42
0.34
0.48
0.31
0.56
0.31
0.51
0.33
0.55

5x105 Hz
Ferri Para
0.46
0.44
0.40
0.33
0.30
0.39
0.29
0.41
0.37
0.49

106 Hz
Ferri Para
0.44
0.42
0.38
0.31
0.30
0.32
0.29
0.37
0.42
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temperature. The values of the activation energy are
tabulated in TABLE 1 for two different regions, ferrimagnetic and paramagnetic (i.e. for T < TC and T > TC,
respectively).
According to Figure 1, the behaviour of ln ó versus

T-1 can be divided into three main regions: the first region I for T < TL, which appeared only for x=0.0 and
0.1, the second region II (intermediate-temperature
region which lies between TL and TH) and the third region III for T > TH.

Figure 1 : Temperature dependence of dc and ac conductivities for x = 0.0, 0.1, 0.5 and 1.0.

The conductivity at low temperature T < TL (region
I, for x=0.0 and 0.1), is due to impurity and interstitial
defects and it seems to be independent of temperature.
This suggests that the impurity conduction plays a dominant role in this region (extrinsic region). The energy
below kTL 0.03 eV is not sufficient for conduction
mechanism. So that the conductivity seems to be independent of temperature.
In the second region II (where TL < T < TH), the
conductivity increases with increasing temperature continuously with changing the slope. Just above TL, where
TL  (1/2)èD “Debye temperature” (which was calculated from the IR spectra) the frequency dispersion of

the ac conductivity is more pronounced. In this dispersion range of region II, the activation energy Eó deceases with increasing the frequency as shown in Figure 2 for the samples of x = 0.1, 0.3, 0.5 and 0.9; as an
example. This behaviour can be attributed to the ac
hopping conduction of the localized carriers proposed
by Pike[18]. This model has analyzed the ac conductivity for many oxides and amorphous materials. The
present results are analogous to those observed by many
researchers[19,20]. Also, it can be noticed that the activation energies associated with ac conductivity are bit
lower than that the corresponding energy involved in
the dc conductivity as shown in TABLE 1. For dc con-
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ductivity the charge carriers choose the easiest path
between ions, but these paths will be included some
hops for which R “the distance between ions” is large.
These are not important in ac conductivity. Thus rather
lower activation energies may be involved in the ac conductivity than in the dc conduction.

as a cusp in the conductivity ó at the same temperature.
This behaviour may be due to the effect of eddy current
at high frequency in the metallic behaviour only. The
eddy current increases at high frequency and consequently increases the resistivity. But in the semiconducting region, the ferrite is characterized by low eddy current and it is not effective.

Figure 2 : The variation of the activation energy in region II
with frequency.

In region III, a strange behaviour (as a metallic
behaviour) has been seen at high temperature and high
frequency. This metallic behaviour is shown in insets of
Figure 1. According to this behaviour, the Matthiessen’s
rule can be applied for the total resistivity (ñT):
ñT = ño + ñph(T)

(2)

where ño represents the impurity defects and it is predominant in the range of T < TL. While ñph(T) represents the resistivity by phonon scattering, the larger the
amplitude of vibration at high temperature (T > TH), the
greater will be ñph, where ño can be neglected. In general, the conductivity above TH may suffer from the electron-phonon interaction and decreasing in mobility.
In region III (T>TH), it was noticed that the Curie
point transition becomes more clear at high frequency
especially at 500 KHz and 1 MHz. At TC, in the metallic behaviour region ln ó shows a maximum value in the
relation ln ó vs T-1 as shown in Figure 3. This phenomena appeared only for x = 0.5 (in the metallic behaviour
region) and disappeared for x > 0.5, where the metallic
behaviour is not exist. To confirm this phenomenon, the
conductivity (ó) and intial permeability (µi) have been
plotted with temperature as shown in Figure 4. TC was
determined from the maximum peak in µi and appeared
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Figure 3 : The influence of frequency on the transition at
Curie temperature.

Figure 4 : A comparison between the estimated values of Curie temperature from initial permeability and conductivity
measurements.

The conduction mechanism in ferrites is quite different from that in semiconductors. In ferrites the tem-
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perature dependence of mobility affects the conductivity and the carrier concentration is almost unaffected by
temperature variation (where n is of the order 1022 cm3 [21]
) . In ferrites the charge carriers are localized at the
magnetic ions. Conduction is due to exchange of the
3d-electrons (localized at the metal ions) from Fe3+ to
Fe2+[22]. The compositional dependence of the electrical conductivity (ln ó vs. x) at room temperature at different frequencies is shown in Figure 5. It is observed
that ln ó increases up to x=0.5 then deceases with further addition of Mn content. In the present series of
ferrites, the cation distribution could be assumed to be:

tion between Fe2+  Fe3+ increases. Consequently, the
conductivity increases for x=0.5.
Then for x > 0.5, according to the proposed cation
distribution the substitution of Mn2+ in place of Fe3+ on
the B-site reduces the Fe2+ concentration, and may be
explained by the following reaction:
Mn3+ + Fe2+  Fe3+ + Mn2+

localized at B-sites. The formation of Fe2+ ions may be
due to partial evaporation of Li1+ ions during sintering
at high temperature and they preferably occupy the B
sites[24]. Therefore, the increase of the cation parameter x is associated with the increase of Fe3+ content.
As a consequence the probability for hopping conduc-

The electron hopping energy between Mn3+  Mn2+ is
larger than that between Fe3+  Fe2+[25]. By increasing
the replacement of Fe3+ with Mn2+ ions, the numbers of
ferrous and ferric ions at B-sites decrease. As the concentration of Fe2+ ions at B-sites are reduced, thereby
the electron exchange is suppressed in terms of a model
of electron hopping. Therefore, the electrical conductivity decreases for x > 0.5.
Figure 6 represents the variation of the activation
energy in region II (ferrimagnetic region), as a function
of composition x at F=0 Hz, 100 Hz, 1 KHz and 10
KHz for the studied ferrite system. From this figure,
substituting Mn2+ in place of Fe3+ in the lattice leads to
decrease Eó from 0.68 eV at x=0.0 to 0.41 eV at x=0.5,
and after that the activation energy becomes approximately constant. The value of Eó for x=0.0 (0.68 eV) is
due to a formation of small polaron hopping[26]. While
the activation energy of Li-Mn ferrite for x = 0.3 in the
range of 0.40 ± 0.01 eV. This value is due to electron
hopping. The high values of the activation energy (for
x=0.0 and 0.1) are due to the half filled Mn2+ (d-orbitals) which having much lower energy and being more
contracted than the Fe3+ orbitals. The overlapping of

Figure 5 : Dependence of (ln ó) on composition x at 320K at
different frequencies.

Figure 6 : The variation of the activation energy Eó with composition x at different frequencies.

Fe

3
1 x

Mn 2x  Li 0.5  0.5 x Fe 13.5  0.5 x O 42  ; for x = 0.5





(3)

and

Fe

3
1 x  y

Mn 2x  y Li 0.5  0.5 x Mn y Fe 13.5  0.5 x  y O 42  ;





for x > 0.5

(4)
2+

where y is a small fraction of Mn ions not exceed than
20%[23]. According to this distribution, the iron ions Fe3+
and Li1+ are replaced with Mn2+ ions according to:
Fe3+ + Li1+  2Mn2+

Firstly for x = 0.5, hopping of electron can occur between multiple valance iron ions:
Fe2+  Fe3+ + e-
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d-orbitals of Mn2+ and Fe3+ with the 2p of the oxygen
has an indirect effect on the hopping process at Bsites[27]. When the interaction between electrons and
phonons is strong, a small polaron will be formed. Further, in oxides of the iron group metals, especially in
ferrites, the overlap of 3d-wave functions between
neighbouring metal ions is relatively small[21]. As such it
may be assumed that the conduction mechanism for x
= 0.0 and 0.1 may be due to hopping of small polarons. While by substituting Mn2+ in place of Fe3+ (x >
0.1) leads to reducing the formation of small polaron
hopping until the conduction mechanism becomes due
to electron hopping at high concentration of Mn ions.

Dielectric properties
The variation of the loss tangent tan ä and dielectric
constant å’ with temperature at different frequencies in
the range from100 Hz up to 1 MHz are represented in
Figure 7 a-b for the above investigated composition of
Li-Mn ferrite (x=0.0, 0.5 and 1.0 are presented as examples). It is observed that the tan ä curves show an
abnormal dielectric behaviour (i.e. peaks) at elevated
temperature. By increasing temperature, tan ä begins
to increase slowly until it attains a maximum value and
then decrease with increasing the temperature. The temperature corresponding to the peaks (Tm) was found to
be shifted to lower temperature with increasing the

Figure 7 : Temperature dependence of (a) dielectric loss tangent tan (ä) and (b) dielectric constant å’ for x = 0.0, 0.5 and 1.0.
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Figure 8 : The variation of Tm with frequency for the samples
x = 0.0, 0.5 and 1.0.

frequencies as shown Figure 8. From the relationship
of å’ versus temperature, Figure 7b, it can be noticed
that more than one inverse peak is obtained. The inverse peak is corresponding to the maximum in tan ä
where tan ä = å”/å’, where å” is the imaginary part of
the complex dielectric constant, which describes the
dissipation energy, and å’ is the real part, which describes the stored energy. The maximum in tan ä is due
to the rapid decrease in å’ as the frequency increases
through the dispersion. These behaviours of the dielectric properties of the investigated compounds of Li-Mn
ferrite depend on the polarization of the system. Consequently, the electron exchange between Fe2+ and Fe3+
ions, and hole transfer (Mn2+  Mn3+) at octahedral
sites are responsible for the electric conduction in this
ferrite, where the local displacements of localized electric charge carriers include dielectric polarization in
ferrites. On increasing the temperature, the electrical
conductivity increases due to the increase in thermally
activated drift mobility of electric charge carriers according to the hoping conduction mechanism. Therefore, the dielectric polarization increases causing a
marked increase in tan ä as the temperature increase
up to the peak values. At the resonance, where the applied frequency becomes equal to that of the ions, a
relaxation peak appears, varying in position and shape
depending on the Mn2+ concentration for the compositions. After the relaxation peak and by increasing the
temperature, tanä deceases until it reaches a flat region
which observed clearly at high frequency. In the first
region (before the peaks) the low frequency and low
temperature helps in the aligning the dipoles in the field

direction with the result of an increase in polarization as
well as tan ä. Also, as the temperature increases the
thermal energy liberates more localized dipoles and the
field tries to align them in its direction either by rotational or orientational contributing to an increase in tan
ä up to a peak value. In the second region (after the
peaks) the temperature becomes relatively high and the
diploes were distributed with the result of decease in
tan ä[28]. As the temperature increases (in the flat region) the disorder becomes maximum. Moreover, the
mobility of holes is smaller than that of electrons and
the replacement of Fe3+ with Mn2+ in Li-Mn ferrite decreases the number of charge carriers which means the
more contribution of p-carriers to polarization will appear at high concentration of Mn2+ ions and high temperatures. Also the shift of relaxation dielectric peak
towards lower temperature with increasing frequency
for the studied composition may be due to the decease
in the hopping frequency for both types of charge carriers with increasing temperature.
CONCLUSION
1 The conduction mechanism was discussed through
small polaron hopping model for x=0.0 and 0.1 but
for x=0.3, the conduction mechanism is due to the
electron hopping.
2 At high temperature, high frequency in the ac conductivity, an abnormal behavior (as a metallic
behaviour) is appeared. This result may be related
to the effect of eddy current.
3 The dielectric behaviour can be explained in terms
of the electron exchange between Fe2+ and Fe3+, and
the hopping of a hole between Mn2+ and Mn3+ ions
at B sites, suggesting that the polarization in these
compounds is similar to that of the conduction process in ferrites.
4 Abnormal behaviour (peaks) was observed in the
tan ä curves at relatively high temperatures. Such
relaxation peaks occur when the jumping frequency
of localized electrons between Fe2+ and Fe3+ equals
that of the applied AC electric field.
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