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Abstract

A series of Mn,;_,Cu,Fe,04 ferrite samples with 0.2 < x < 0.5 were prepared using the co-precipitation method. X-ray analysis confirmed the
formation of single phase cubic spinel structure for all concentrations. Rietveld refinement revealed that the Mn;_,Cu,Fe,O, with all
concentrations of x belongs to normal spinel structure. The lattice parameters decrease leading to the increase in the X-ray density with
increasing the copper concentration and this may be due to the difference in the ionic radii between Mn>* and Cu®*. The decrease in the crystallite
size with increasing the copper content is attributed to the higher formation temperature. The IR absorption spectra analyses were used for the
detection and confirmation of the chemical bonds in spinel ferrites. The AC electrical conductivity, real part of the dielectric constant and the loss
tangent tan & were studied as a function of the applied frequency and temperature. It was found that the AC electrical conductivity increased with
increasing temperature, this increase may be related to the increase in the drift mobility of the charge carriers, which are localized at ions or vacant
sites. The AC conductivity increases with increasing copper concentration which may be ascribed to the decrease in hopping length. The dielectric
constant ¢ and dielectric loss showed a decrease with increasing frequency and increase with increasing temperature for all compositions. The

dielectric behavior is explained by using the mechanism of polarization process.

© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Among the magnetic materials used in modern electronic
engineering the ferrites with a spinel structure are the most
interesting from the scientific and applied points of view [1].
The functional properties of ferrospinels depend on their
composition, magnetic features and valence state of ions and
also on their distribution in the real structure. In general spinels
are represented by AB,O,, where “A” may be any divalent
cation such as Mn>*, Zn?*, NiZ*, Fe** etc. and “B” denoted
trivalent cation such as Fe3+, Mn3+, etc. Spinels commonly
adopt a cubic symmetry with the Fd3m space group, in which
A>* and B** cations occupy either the octahedral sites or the
tetrahedral sites depending on their affinity for these various
environments. When all the divalent cations are located in the
tetrahedral sites, the spinel network is defined as a normal one
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or a direct one. In some cases, octahedral sites can also be
occupied by a fraction or the totality of divalent cations, forcing
an equivalent amount of trivalent cations to occupy tetrahedral
sites. In such cases, the spinel structure is partially inverted or
fully inverted, respectively [2]. This so-called cation distribu-
tion depends on the chemical composition and the preparation
method.

Manganese ferrites belong to a group of soft ferrite materials
characterized by high magnetic permeability and low losses.
These materials are extensively used in many applications such
as microwave devices, computer memory chips, magnetic
recording media, radio frequency coil fabrication, transformer
cores, rod antennas and many branches of telecommunication
and electronic engineering [3—8]. The structural, electrical and
magnetic properties of spinel ferrites depend upon the method
of preparation, the nature of the dopant and the dopant
concentration.

In the present work, four different compositions of manganese-
copper ferrites have been prepared by the co-precipitation method
with the chemical formula Mn;_,CuFe O, 02 <x<05
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and their electrical properties were studied from room
temperature to 700 K in order to correlate the structural
characteristics based on cation distribution and their electrical
properties.

2. Experimental

The proposed ferrite was prepared by co-precipitation
method using pure materials: copper nitrates, iron nitrates
hexahydrates, and manganese nitrate solution in molar ratios.
These materials were dissolved in distilled water separately
and then added together. After that one mole of NaOH
was dissolved in 1L of distilled water and added to the
dissolved salts slowly with vigorous stirring till all metal
cations precipitated. The precipitate was filtered and washed
with distilled water and allowed to dry in Muffle Furnace
at 80 °C. This method was successfully used to prepare
samples with the chemical formula, Mn;_,Cu,Fe;0,,
0.2 <x<05.

The prepared samples were heated in a furnace at 1250 °C
for 24 h and checked by the X-ray diffraction to insure the
formation of the required chemical formula. It was found that
only two concentrations consist of one phase; x = 0.4 and 0.5.
This indicates that the other concentrations x = 0.2 and x = 0.3
need more heat treatment. The other concentrations were
heated again at different temperatures and checked by X-ray
diffraction; then one phase structure was obtained at 1350 °C
for 12 h for other concentration.

X-ray powder diffraction data of Mn;_,Cu,Fe,O,4 solid
solutions were recorded at ambient condition in step scanning
mode using a computer controlled X-ray diffractometer
(formally made by Diano corporation, USA) with Fe-filtered
CoKa (A =1.79026 10%) radiation operated at 10 mA and 45 kV.
The powder diffraction patterns were scanned in the 260 range of
20-100°, with scan step 0.02°, and counting time 5 s/step.
Annealed quartz sample was used as an external standard
material for determining the zero shift and the instrumental
profile under exactly the same conditions of step scanning mode
conducted for the investigated samples.

The infrared patterns were recorded using Infrared
spectrophotometer (Perkin-Elmer 1430) in the range 200-
1000 cm ', The samples were prepared in the form of pellets
in the KBr medium, the ratio of KBr to the specimen was
kept at 1:100.

The real part of the dielectric constant , AC conductivity
(0) and loss tangent angle tan § were recorded at different
temperatures as a function of the applied frequency (100-
4000 kHz) using RLC bridge model HIOKI 3531 (Japan). The
samples were palletized by applying a pressure of
2 tones cm 2. The thickness of the discs was about 1 mm.
Pellets of the samples were then annealed at 900 °C for 2 h and
cooled to room temperature. The two surfaces of each pellet
were polished, coated with silver paste and checked for good
conduction. A K-type thermocouple connected to a digi-sense
thermometer was used to measure the sample temperature with
accuracy better than +1 °C.
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3. Results and discussion
3.1. Structure characterization

The XRD pattern for the system Mn;_,CuFe,O4
(0.2 <x <0.5) is shown in Fig. 1. Analysis of the diffraction
patterns of all the samples confirmed the formation of spinel
cubic structure with no extra peaks corresponding to any other
phase.

Rietveld refinement implemented in FULLPROFF program
[9] was started using the space group Fd3m in which the oxygen
anions occupy position 32e, with coordinates 1/4; 1/4; 1/4,
while the tetrahedral A-site at 8f,with coordinates 1/8; 1/8; 1/8,
and octahedral sites occupy the positions 16c, with coordinates
1/2; 1/2; 1/2. The experimental profile was fitted by modified
THOMPSON Cox-HASTING PESUDO-VOIGT function [10],
the background was modeled with sixth order polynomial and
the preferred orientation was modeled using March’s function
[11,12].

In the first step of the refinement the global parameters
(instrumental profile, profile asymmetry, background, and
specimen displacement) were refined. In the next step, the
structure parameters (atomic coordinates, specimen profile
breadth parameter, lattice parameter, displacement factors,
preferred orientation and site occupancy) were refined in
sequence mode. The site occupancy in the two positions
(octahedral and tetrahedral sites) were constrained in order to
keep the sum of the same cations in the two sites always have its
stoichiometric value.

In the last cycle, when the discrepancy factor R,,, (R-weight
patterns) has reached its global minimum value, all the
parameters (global and structural) were refined simultaneously
giving goodness of fit index are given in Table 1. These values
indicate reliable refined structural parameters. The agreement
between the observed and the calculated diffraction profiles of
the sample with x=0.3 as representative example of the
investigated compounds is shown in Fig. 2.
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Fig. 1. X-ray powder diffraction pattern for the samples Mn;_,Cu,Fe,O,
0.2 <x<0.5).
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Table 1
The discrepancy factors and expected values.
Cu concentration Rp Ryp Rexp Xz
0.2 71.7 24.6 21.1 1.36
0.3 68.2 25.1 20.01 1.57
0.4 523 23.1 17.6 1.723
0.5 47.6 21.4 16.7 1.639
The goodness of fit index = (RW[)/chpected)2~
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Fig. 2. The experimental and calculated X-ray patterns as well as their
difference for the Mn ;Cuq 3Fe;0y4.

The refined values of the lattice parameters tabulated in
Table 2 indicate that the values of the laftice parameters
decrease from 8.452329(4) A to 8.44046(11) A with increasing
the copper concentration and this may be due to the difference
in the ionic radii between Mn>* (0.66 A) and Cu** (0.57 A)
[13]. The reduction in the physical dimension of a crystal lattice
leading to a change in the lattice constants was recognized as
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far back as 1930, when Lennard—Jones made the conjecture that
the unit cell should contract with decreasing size in ionic
systems and expand in covalent ones. The results of the
Rietveld analysis tabulated in Table 3 indicate, that Mn; _,Cu,.
Fe,0, appear to have normal spinel, that is Cu** and Mn**
occupy the tetrahedral sites while the Fe®* occupies the
octahedral sties.

The refined values of the crystallite size decrease linearly
with increasing the copper concentration as shown in Fig. 3. It
is well known, that normally the increase in annealing
temperature facilitates the grain growth, and enhances the
coalescence process. This agrees with our findings which
indicate, that the lower copper concentration samples were
prepared at higher temperature than the higher concentration
one. Moreover, the annealing process decreases the defect and
strain results from substitution of Mn?* by Cu?*. This result
agreed with the results obtained by Yan and Johnson [14,15]
who found that the Mn®* may act as slight accerlator of grain
growth. Accordingly, the decrease in the crystallite size with
increasing copper concentration is a normal behavior.

The values of X-ray densities tabulated in Table 2 were
calculated using formula, PrD = 8MIN,a® where M is the
molecular weight and N, is Avogadro’s number
(6.023 x 10% atoms/mole) [16] and a is the lattice constant.
From these values it is clear, that the X-ray density increases
with increasing the Cu concentration because of the decrease in
the molecular weight. The values of X-ray densities for our
samples are comparable to those of similar compounds [17,18].

3.2. IR spectroscopy

IR spectra of the CuMn;_,Fe,04, 0.2 <x < 0.5 in the
range (200-1000 cm™") are shown in Fig. 4. It indicates the
presence of three fundamental absorption bands v, (547-
555 cm™ 1Y), vy (373-380 cm™ ') and v5 (222-223 cm ™) which
are found in the expected range for a spinel type ternary oxide.

Table 2
Values of the lattice parameter, unit cell volume, molecular weight calculated density, and hopping length for the compounds Mn;_,Cu,Fe,04 (0.2 < x <0.5).
Cu content Lattice Unit cell Formula sum Formula Calculated Hopping
parameter a (A) volume (A%) weight (gmol") density (g cm ™) length (A)

0.2 8.45233(4) 603.850(4) Cu;. ¢Mng 4 Fe 603, 1858.81 5.11127(4) 2.98835(4)
0.3 8.45091(3) 603.546(4) Cu,. 4Mns ¢ Feig O3, 1865.70 5.13279(4) 2.98785(3)
0.4 8.44139(5) 601.510(7) Cus ,Mny g Fejg O3o 1872.58 5.16919(7) 2.98448(5)
0.5 8.44046(11) 601.310(14) Cuy Mny Feg O3, 1879.47 5.18991(14) 2.98415(11)
Table 3
Values of atomic coordinates (x, y, z), occupancy (g) for the compounds Mn;_,Cu,Fe,04 (0.2 < x <0.5).
Atom x=02 x=03 x=04 x=0.5

X=y=2z g X=y=2z g X=y=z g X=y=2z g
(6] 0.2589(2) 4.0 0.2575(2) 4.0 0.2587(2) 4.0 0.26200(2) 4.0
Fe 0.5 2.0 0.5 2.0 0.5 2.0 0.5 2.0
Fe 0.125 0.0 0.125 0.0 0.125 0.0 0.125 0.0
Mn 0.125 0.8 0.125 0.7 0.125 0.6 0.125 0.5
Cu 0.125 0.2 0.125 0.3 0.125 0.4 0.125 0.5
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Fig. 3. Variation of the refined crystallite size with copper concentration.
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Fig. 4. IR spectra of the Mn;_,Cu,Fe,0,, 0.2 < x < 0.5 in the range (200—
1000 cm ™).

The band v; and v, should be assigned to be the intrinsic
stretching vibration of the tetrahedral and octahedral complexes
bonds respectively [19,20]. It is known that the frequency is
inversely proportional to reduced mass and bond length. From
Table 4, it is clear, that the two band v; and v, slightly increase
with increasing Cu®* concentrations. The slight increase of v;
with increasing Cu”* may be not only due to the difference in
the ionic radius between Cu®* and Mn** but also due to the
difference of their masses in the A-site. While, the small
variation of v, on these compositions can be connected with the
small variation of oxygen parameter (see Table 3).

Table 4 shows that, v; band is almost constant for all
compositions, this behavior was observed in many studies
[21,22] regardless of the ferrite type. This band is probably the

Table 4

IR bands for the compounds Mn,; _,Cu,Fe,04 (0.2 < x <0.5).

Cu content vy (em™) v, (cm™") vs (cm™ ) vy (em™")
0.2 547(+4) 373(+4) 223(+4) -

0.3 553(+4) 378(+4) 222(+4) -

0.4 554(+4) 379(+4) 222(+4) -

0.5 555(+4) 380(+4) 223(+4) -

characteristic of the bending vibration involving Fe** and O*~
of octahedral complexes as predicted by Shebanova [23].

3.3. Electrical properties

Fig. 5 is a typical curve correlating AC conductivity In(o)
versus absolute temperature as a function of the applied
frequency for x =0.4. From this figure it is clear, that In(o)
increases with increasing temperature, which is a normal
characteristic of semiconductor ferrites. This result agrees well
with the observation of many authors [24-28]. However, the
increase in conductivity with increasing temperature may be
related to the increase in the drift mobility of the charge
carriers, which are localized at ions or vacant sites, moreover
due to the lattice vibrations, the ions occasionally come close
enough for the transfer of charge carriers and the conduction
induced by the lattice vibrations. Also from this figure it is clear,
that the behavior of In(o) versus 1000/T is divided into two
temperature regions: the first is ferrimagnetic region
(T'<500K) and the second is paramagnetic region
(T > 500 K). The conductivity at higher temperature seems
to be frequency independent and temperature dependent, while
at low temperature region the conductivity is both frequency
and temperature dependent. By increasing frequency, the
conductivity increases as a result of the pumping force caused
by the applied frequency which helps in transferring the charge
carriers between the different conduction states.

Fig. 6 shows the relation between AC conductivity In(o) and
copper content at constant frequency (600 kHz) and different
temperatures (273 K, 573 K and 673 K). From the figure it is
clear, that the conductivity increases as copper content
increases. This may be explained on the basis of the
conductivity in ferrites which occurs as a result of electron
hopping between ions of the same element existing in different
valence states on equivalent lattice sites [29,30]. The
probability of electron hopping between Fe** and Fe’* states
is greater at the B sites due to the smaller distances between the
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Fig. 5. Dependence of the AC conductivity on the reciprocal absolute temper-
ature for Mng ¢Cug 4Fe,O4 as a function of the applied frequency.
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Fig. 6. Relation between AC conductivity and copper concentration at constant
frequency 600 kHz and different temperatures for Cu,Mn;_,Fe;04,0.2 <
x<0.5.

metallic ions at these sites. X-ray confirmed this speculation,
that the system Cu,Mn;_,Fe,O,4, 0.2 <x < 0.5 is a normal
spinel, i.e. the numbers of the electrons which jump from ferric
to ferrous ions is constant for all concentrations of Cu (at the
same frequency and temperature). Hence, the slight increase in
the conductivity may be attributed to the decrease in the lattice
parameter with increasing Cu content and in turn the hopping
length L (B-B distance) will decrease according to the relation:
L= (a(2)0'5/4) [31,32], which may cause the increase in the
conductivity, i.e. as the hopping length decreases, the
conductivity increases.

Fig. 7 reports typical curve correlating the real part of
dielectric constant ““¢’” versus the absolute temperature for the
ferrite (Mng ¢Cug4Fe, 004) at different frequencies ranging
from 100 kHz to 4000 kHz. From this figure it is clear, that the
general trend at all frequencies is the increase in “&’” with
increasing temperature up to about 580 K where a peak
(maximum) for each applied frequency is attained. Obviously,
the values of these peaks are varying depending on the applied
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Fig. 7. Relation between real part of the dielectric constant versus absolute
temperature as a function of the applied frequency for Mng ¢Cug 4Fe,Oy.

frequency. After these maxima, the values of “¢’” decrease

sharply to reach a minimum and then increase again. The
behavior of this sample with temperature can be more clarified,
if the curves are divided into two temperature regions. In the
first temperature region (300-400 K), a slight increase in ““&’”
is observed. This means, that starting with small thermal energy
given to the system can liberate small number of the localized
dipoles, then the operating field accompanied with the applied
frequency helps in aligning the liberated dipoles in its direction,
giving rise to an increase in “‘¢’”’. The second region (400-
600 K), the high thermal energy given to the system is quite
sufficient to liberate most of the frozen dipoles, accordingly a
maximum polarizability as well as maximum dielectric
constant “¢’” can be achieved. After these main peaks,
decreases because the lattice vibration plays a significant role in
disturbing the aligned dipoles, thus decreasing the polarization
and consequently ““¢’”. After the minimum, the dielectric
constant increases again as a result of another type of
polarization after the main polarization vanishes. This
polarization type may be expected to be Maxwell Wagner
polarization, which it usually takes place in the high resistivity
regions separating the conducting grains. It has been reported
by some researchers [33,34], that the size of the conducting
grains increases with temperature, i.e. the intergranular spacing
decreases, accordingly Maxwell Wagner polarization is
efficiently working in this area. From Fig. 7 also one can
observe, that “¢’” decreases with increasing frequency. This
means that at lower frequency the half life time of the oriented
dipoles in different localized states is much greater than that at
higher frequency. In other words, at higher frequency the
dipoles cannot follow up the field variation accompanied with
the applied frequency, resulting in a decrease in the dielectric
constant.

The temperature dependence of the dielectric loss angle
tan 6 as a function of the applied frequency is shown in Fig. 8.
From this figure it is clear, that tan § increases on increasing
temperature, because the electrical conductivity for the
semiconductor ferrites increases on increasing temperature,
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Fig. 8. Relation between dielectric loss angle tan § versus absolute temperature
as a function of the applied frequency for Mng ¢Cug 4Fe;Oy4.
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due to the thermal activation of the charge carriers and their
drift mobilities. Since the dielectric polarization in ferrites is
similar to that for the electronic conduction, therefore the
dielectric polarization as well as tan § increases with increasing
temperature. This foundation is consistent with the work of
Ahmed et al. [35] who reported that, the dielectric losses in
ferrite generally reflected in conductivity measurements where
the materials of high conductivity exhibiting high losses and
vice versa. It is also worth to the mention, that the rapid rise in
the tané curve at high temperatures is attributed to the
conduction losses, which increase with temperature due to
increased conduction.

Fig. 9 is a typical curve correlates the relation between

dielectric loss angle tan § and frequency at some selected
temperatures (323, 423 and 523 K) for the sample x = 0.2. The
general trend of this curve is the decrease in the value of the loss
angle tan § with increasing frequency particularly at high
temperature. On other hand, tan § increases with increasing
temperature and seems to be frequency independent after
certain frequency. This decrease takes place when the jumping
of electric charge carriers between the adjacent octahedral sites
cannot follow the alternation of the applied AC field beyond a
certain frequency.

4.

Conclusion

. Four compositions of manganese-copper ferrites have been

prepared by the co-precipitation method with the chemical
formula Mn;_,Cu,Fe,0,4, 0.2 < x <0.5.

. X-ray analysis confirmed the formation of the single phase

for the compositions x = 0.4 and 0.5 for the samples heated at
1250 °C for 24 h while the other concentrations x = 0.2 and
0.3 formed at 1350 °C for 12 h.

. Rietveld refinement reveals that all the compositions belong

to normal spinel structure, i.e. Cu?* and Mn®* occupy
tetrahedral sites and Fe®™ occupies octahedral sites. The
lattice parameters decreases with increasing the copper
concentration and this may be due to the difference in the
ionic radius between Mn** and Cu’*.
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4. The crystallite size decreases and the X-ray density increases
with increasing copper concentration.

5. The IR spectral measurements indicate the presence of three
fundamental absorption bands vy (547-555 cm™ ), vy 373-
380 cm™ ") and v; (222-223 cm™ ') which are found in the
expected range for a spinel type ternary oxide. The slight
increase of v; with increasing Cu?* may be not only due to
the difference in the ionic radius between Cu** and Mn* but
also due to the difference of their masses in the A-site.

6. The AC electrical conductivity increases with increasing
temperature, which is a normal characteristic of semicon-
ductor ferrites. This increase in the conductivity could be
related to the increase in the drift mobility of the charge
carriers, which are localized at ions or vacant sites.

7. The increase in copper content leads to a decrease in hopping
length (L) and hence facilitates the electron hopping between
Fe? and Fe®* states at the B sites, and in turn leads to
increase in the electrical conductivity.

8. The dielectric measurements indicate a general trend at all
frequencies in which an increase in “¢’” with increasing
temperature up to about 580 K where a peak (maximum) for
each applied frequency is attained. The values of these peaks
seem to be frequency dependent.

9. Loss angle tan § decreases with increasing frequency when
the jumping of electric charge carriers between the adjacent
octahedral sites cannot follow the alternation of the applied
AC field beyond a certain frequency.
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