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Abstract Ferrite samples of the general formula
Mg, TiEr,Fe; 5, ,Oy4; 0.1 < x < 0.9, y = 0.025 were
prepared using the standard ceramic method. The final
sintering temperature was 1,200 °C with heating rate
4 °C/min during 100 h. X-ray diffraction analysis was
carried out to assure the formation of the spinel
structure. The effect of Ti*" ion concentration on the
structural and the electrical properties of the investi-
gated samples is studied. It change the iron ion
concentration from 2 to 2-2x thereby decreasing the
number of ferrous ions on octahedral sites, with a
consequent decrease the dielectric constant. The most
important result of yp-irradiation on the electrical
properties is the change of ratio Fe’"/Fe’™ on the
octahedral site leading to increase the conductivity as
well as the dielectric constant. The variation of the
thermoelectric power with a temperature is performed,
the common feature of all compositions is the fluctu-
ation of Seebeck coefficient between positive and
negative over the whole range of temperature. This
indicates that the charge carriers are electrons and
holes, depending on both the temperature range and
the additive in the ferrite samples.

Introduction

It is well known that spinel ferrites play an important
role in the technological applications because of their
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remarkable electrical and magnetic properties partic-
ularly in radio frequency region, physical flexibility,
high electrical resistivity, mechanical hardness and
chemical stability [1].

El Hiti [2] studied the effect of temperature,
frequency and composition on the dielectric behavior
and ac electrical conductivity for a series of Zn-
substituted Ni-Mg ferrite samples. All samples were
prepared using the usual ceramic technique. The
experimental results indicated that, the real dielectric
constant ¢’, dielectric loss tand and real ac electrical
conductivity ¢ increase with increasing temperature.
The activation energy E: for electric conduction in the
ferromagnetic region, €” and tand decrease while the ac
conductivity o,(w) increases as the frequency in-
creases. ¢ has high values and tand shows dielectric
relaxation processes at relatively higher temperatures.
The relaxation frequency fp shifts to higher values as
the temperature increases. o, tand, and ¢ increase
while the Curie temperature 7. and the activation
energy for electric conduction decreases as Zn ion
substitution increases.

Mazen and Mansour [3] studied some physical
properties (such as lattice parameter, density and
porosity) and magnetic properties of the system Mg;_,
Zn,Fe,Oy4; where x = 0, 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6. It
was found that the lattice parameter increases with
increasing the zinc concentration. The composition
dependence of the physical properties is divided into
two regions. The first one is for x < 0.3 and the second
one is for x > 0.3. From the magnetization measure-
ments, the basic composition of (MgFe,0,) shows the
lowest magnetization, while the composition of x = 0.4
shows the highest one. The behavior of magnetization
M versus composition shows also two regions for
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x <> 0.3. The behavior of M versus x was discussed in
the basis of cation distribution. The Curie temperature
Tc was determined from the measurements of the
initial permeability y; versus temperature. It was found
Tc decreases with increasing Zn-content. Also para-
magnetic temperature 7p was determined from the
behavior of Mg versus T. In general it was found 7p >
Tc by about 7-10 K.

Elementary charged particles and electromagnetic
radiation with high energy interact with electronic
shells or the atomic nuclei of substances passing
through them. These interactions result in an elastic
and inelastic scattering of particles attended by the
excitation and ionization of the atoms, as well as the
nuclear reactions and also disturbances in the structure
of the matter, so called radiation damage [4]. In certain
materials a permanent change in electrical properties
could be produced by radiation damage to the crystal.
This change in properties can be measured as a function
of the absorbed dose in the detector, so the system then
becomes an integrating dosimeter. The proposed fusion
reactors designs require structural and electrical mate-
rials that will work satisfactorily after exposure to
energetic ionizing radiation at high temperatures.
Ferrites are being considered to be suitable for these
applications [5]. Mg-Ti rare earth ferrite is one of the
most important spinel ferrites due to its wide range of
applications. From this outstanding point we intended
to study the properties of Mg-Ti ferrite and tried to
improve its electrical properties by varying many
parameters such as ion substitutions, and irradiation
doses to obtain well applicable ferrites.

Experimental procedure

The rare earth ferrite samples were prepared by usual
standard ceramic technique [6] using analar grade
oxides (BDH). The pre sintering was done at 900 °C
for 15 h using lenton furnace type UAF 16/5 (Eng-
land). The samples were compressed into pellet form
using hydraulic press with pressure of 5 x 10° N/m?.
The final sintering was carried out at 1,200 °C for 100 h
and then cooled to room temperature with the same
rate of heating (4 °C/min). The pellets were well
polished, and the two surfaces of each pellet were
coated with silver paste and checked for a good
conduction. The real part of the dielectric constant
(¢”) and ac conductivity () were measured using a self-
calibrated Hioki RLC Hi tester type 3530 (Japan) as a
function of temperature from 300 to 750 K at frequen-
cies ranging from 100 kHz to 5 MHz. The bridge
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automatically collects the data using a specially
designed Lab view based software. The data was saved
in text format that can be reported easily with Excel.
The sample was inserted between the two cell elec-
trodes. A non inductive and calibrated furnace was
used for heating the samples with constant rate. The
temperature of the samples was measured using a
K-type thermocouple connected to a Digi-Sense ther-
mometer (USA) with junction in contact with the
sample. The accuracy in measuring temperature was
better than +1 °C.

X-ray diffraction patterns were carried by Diano
X-ray diffractometer with CoK, radiation to ensure the
formation of the sample structures. The samples were
irradiated with y-ray (10, 20,and 30 Mrad). The irradi-
ation was carried out at the National Center of
Radiation Technology, Cairo, Egypt by using a gamma
cell 4000. Irradiation facility (manufactured at Bhabha
Atomic Research Center, India).

Results and discussion

Figure 1 shows the X-ray diffractograms for Mg, ,,Ti,.
Er)Fe; 5,04 x=00, 05, y=00 and x=0.5,
y = 0.025. The diffraction patterns show that the sam-
pleswithx = 0,0.5,and y = 0 posses the spinel structure,
while some extra phases appear for the sample with
x = 0.5, and y = 0.025. This can be attributed to the
large ionic radius of E** ion to occupy the tetrahedral
and octahedral sites [7].

The effect of Ti**ion concentration on the structure
of Mgy, Ti\Er,Fe, 5, ,O4;y = 0.025and 0.3<x<0.91is
shown in Fig. 2. All investigated samples are sintered
at temperature 1,200 °C with a heating rate of 4 °C/
min during 100 h. The diffraction patterns show that all
samples posses the spinel structure with the appear-
ance of small peaks designated as a secondary phases.
The interplaner distance “d” of the corresponding
planes increases evidently at the initial substitution of
Ti from x = 0.3 to 0.9. This is an indication to the
increase of the unit cell dimensions. In other words
when octahedral B site is diluted by Ti according to
the Monte Carlo Simulation of Scholl and Binder [§],
the lattice parameter increases as shown in Fig. 3. The
increase in the lattice parameter is due to the replace-
ment of Fe>*(0.645 A) ions by Ti**(0.605 A) and Mg?*
(0.72 A) ions [9]. The correlation between the ionic
radii and the theoretical lattice constant (ay,) is
calculated [6] using the Eq. 1

o = % [(a + Ro) + V3 (15 + Ro)] 1)
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Fig. 1 X-ray diffractograms
for Mgy, Ti Er,Fe; 5., Oy;
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Fig. 2 X-ray diffractrogram for Mg, Ti,Er,Fe;,,,04 03 <
x<0.9, y = 0.025 sintered at 1,200 °C with heating rate of 4 °C/
min

where R, is the radius of the oxygen ion (0.138 nm)
[10], 74 and rg are the ionic radii of tetrahedral (A) and
octahedral (B) sites, respectively. In order to calculate
ra and rg it is necessary to know the cation distribution
for a given system. In general, Ti*" ions have higher
preference for B-sites while Mg** and Fe®" ions are
distributed between the tetrahedral (A) and octahedral
(B) sites, so the formula of the cation distribution can
be written as

o

70 80

40 2 50 60 90
(Fei” Mgy")[Fei, ,Megi?, (Ti; |0, (1)

where the brackets () and [ ] indicate A and B sites
respectively. The ionic radii of the tetrahedral ro and
octahedral rg against Ti** ion concentration (x) are
reported in Table 1.

The obtained data shows that r, increases and rg
decreases with increasing x, this is because increasing
Ti*" ions, will associated with the replacement of 2x of
Fe** (0.645 A) by x of Mg?* ions and x of Ti** ions
according to the representative formula of this ferrite
while tetrahedral Fe**(0.4900 A) ions are mainly
released by Mg®* ions. This process will be taken into
account that the ratio of Mg®" ions in tetrahedral is
higher than in octahedral site.

The oxygen positional parameter (z) depends on the
chemical composition, preparation conditions and
heating procedure [11], it is given by the following
relation [12, 13]

1 1

u_|:(rA+RO)E+Z (2)

where (a) is the lattice constant. The theoretical and
the experimental values of the lattice parameter and
oxygen positional parameters of the investigated sam-
ples are reported against Ti concentration (x) in
Table 2. The oxygen positional parameter (u) for all
spinel ferrite, has a value near (0.375 A) [14]. For the
investigated samples, («) is of order (0.3820 A), which
indicates the presence of some deviations from the case
of spinel ferrite due to the difference in the preparation
conditions[12]. The difference between acyp and agp,
may be related to the lattice defects for polycrystalline
material and the presence of Fe** ions on A or B sites
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Fig. 3 The variation of the
lattice parameter a (°A) as a
function of Ti concentration
for Mg, Ti Er,Fe; 5,.,0y4; 0<
x 0.9 y = 0.025, sintered at
1,200 °C, reached with a
heating rate of 4 °C/min
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Table 1 Values of r4 and rg as a function of Ti ion concentra-
tion (x)

Sample ra (A) r B(A)
Mg1,3Ti0.3Er0.025Fe1.37504 0.514 0.676
Mg, sTipsErg02sFe0.97504 0.530 0.672
Mg1'7Ti0.7EI‘0.025F80.57504 0.546 0.668
Mg 9TipoErg02s5Fe0.17504 0.562 0.664

Table 2 Values of deyp am. and uUeyp, ugy at y = 0.025 as a
function of Ti content (x)

Ti (x) exp-(A) am.(A) Uexp-(A) um(A)
0.3 8.417 8.396 0.3799 0.3800
0.5 8.432 8.410 0.3800 0.3810
0.7 8.435 8.424 0.3810 0.3820
0.9 8.440 8.438 0.3828 0.3828

which are not taken into account [15]. The observed
linear increase of lattice constant can be attributed to
the difference in ionic radii as mentioned before.

The porosity of the samples is calculated using
the relation P = 1-D/Dy [13]. X-ray density (Dy) is
calculated from the relation [16]

ZM

where Z is the number of molecules per unit cell
(Z =8), M is the molecular weight, N is Avogadro’s
number; and V is the unit cell volume (lattice
parameter). The bulk density (D) is determined by
using Archimedes principal in the toluene according to
the following formula

W
D— 4
W, Pt (4)

where Wy denote the mass of the specimen in air, W, is
the apparent loss in toluene, and p, is the density of
toluene.
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The variation of bulk density (D), X-ray density
(D) and the porosity (P) as a function of Ti concen-
tration (x) are tabulated in Table 3. The data show that
the porosity nearly increases with increasing Ti
content. this can be attributed to Ti** ions with
relatively smaller radius replace the Fe®* ions on
octahedral site, initiate some vacancies with the result
of increasing porosity of the sample[17]. Both D and
Dy decrease with increasing Ti content i.e. the bulk
density nearly reflects the same general behavior of the
X-ray density.

Figure 4 is a set of typical curves indicating the
variation of the real part of the dielectric constant ¢” with
the absolute temperature for Mgy, Ti Er,Fe;5,.,04;
y = 0.025 and 0.1 £ x £ 0.9, at the applied frequencies
(50 kHz-1 MHz) with sintering temperature of
1,200 °C and heating rate of 4 °C/min, respectively.
The figure shows clearly that ¢’ is increased slowly with
temperature up to 7 =~ 500 K followed by a large
increase passing through the transition temperature of
each sample. This may be due to the following: the small
thermal energy given to the system is not sufficient
enough to free the localized dipoles and to orient them
in the field direction. In this region, €& is nearly
temperature independent which means that the elec-
tronic polarization is the most predominant one. In the
second region of temperature € is increased for all
samples but with different rates depending on Ti
concentration. This increase is due to electron hopping

Table 3 Values of D, D, and P as a function of Ti** ion
concentration

Ti (x) Bulk density D X-ray density Dy Porosity
(g/em?) (g/em?) (P)

0.3 3.890 4.252 0.0851

0.5 3.325 4.054 0.1798

0.7 3.235 3.884 0.1671

0.9 2.637 3.696 0.2865
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between the ferrous and ferric ions on the octahedral
sites. This electron hopping causes local displacement in
the external field direction, producing change of polar-
ization as well as of ¢ [18]. The decrease in & with
increasing frequency is due to the fast alternation of the
electric field accompanied with the applied frequency,
where the alternation of the dipoles increases as well as
the friction between them. The quantity of heat dissi-
pated in the entire volume of the sample increases and
the aligned dipoles will be disturbed with the result of
decreasing €’.

The variation of the dielectric constant (¢) with
frequency for the above investigated samples is shown
in Fig. 5. The samples revealed dispersion due to
Maxwell-Wagner interfacial polarization [19, 20],
which is of good agreement with Koops phenomeno-
logical theory [21]. The data shows that the dispersion
of dielectric constant with frequency is maximum for

the sample with x = 0.1. A comparison of the disper-
sion curves for the samples with increasing Ti ion
concentration shows that, the change in the value of
the dielectric constant at lower frequencies is larger
than that at higher frequency of the externally applied
field. In other words the electronic exchange between
ferrous and ferric ions can not follow the alternating
field [22] leading to a decrease in the dielectric
constant (¢”). The observed variation in the dielectric
relaxation intensity can be explained on the basis of
space charge polarization due to the inhomogeneous
dielectric structure of the samples [19]. The effective
number of ferrous ions on octahedral sites available
for electric polarization decreases with increasing Ti
concentration, with the result of decreasing of the
dielectric relaxation intensity.

Figure 6 is a typical curve, correlates the ac
conductivity In (¢) and the reciprocal of absolute

Fig. 5 Dependance of the 200
real part of the dielectric r
constant (¢ *) on the 160 | T=650K
frequency for ’
Mg1+xTixEryF6272x—yO4; , 120 : ‘
y = 0.025 at fixed w : .
temperature 7 = 650 K 80 [ . . %204
40 F . .
§ . - . x=0.3
oL P T S S S T S S S S S S T S
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Frequency (kHz)
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Fig. 6 Dependence of the ac
conductivity In (¢) on the 8
reciprocal of the absolute
temperature (1,000/7)(K-1)
at different frequencies for
Mg, Ti Erg0sFes.2,.,044,

x = 0.1, sintered at 1,200 °C,
with heating rate of 4 °C/min
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temperature at different frequencies for the sample
with x = 0.1, y = 0.025 sintered at 1,200 °C with a
heating rate of 4 °C/min. From the figure it is clearly
that the data obeys the well known Arrhenius relation
[23] 0 = 6,exp(=E/kT), where g, is a constant, k, E and
T are the Boltzmann’s constant, activation energy and
the absolute temperature, respectively. Increasing
temperature leads to an increase in ¢, which is the
normal behavior of semiconducting material. Two
conduction mechanisms are expected here, the first
one below the transition temperature where the
conductivity is frequency and temperature dependent
[24]. While the second mechanism above the transition
temperature which is; temperature dependent and
frequency independent, is related to the drift mobility
of the electric charge carriers. On passing through the
transition temperature, a change in the gradient of the
straight line takes place. The magnitude of this
gradient depends on the exchange interaction between
the outer and inner electrons of the metal ions, which is
changed at the transition temperature due to transfer
of the system from the ferrimagnetic (ordered) to the
paramagnetic (disordered) state. Increasing the tem-
perature of the sample will help the trapped charges to
be liberated and participate in the conduction process,
with the result of increasing the conductivity. This
increase in ¢ could be related to the increase in the
drift mobility of the thermally activated electrons
according to the hopping conduction mechanism and
not to thermally creation of the charge carriers. The
valence exchange Fe?*— Fe®* + ¢ is the main source
of electron hopping in this process. Nearly the same
trend is observed for all Ti** ion concentration.

Table 4 shows the activation energies of low (E)
and high (Ey) temperature regions at different Ti
concentration (x) for the investigated samples. The
obtained data of (Ey) and (Ey) shows that the
activation energy for electric conduction in the para-
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Table 4 The activation energy in eV for the low (E;) and high
(Ey) temperature regions at different Ti concentration

Ti (x) 100 kHz 1,000 kHz

E; (eV) Ey (eV) E; (eV) Ey (eV)
0.1 0.172 0.516 0.086 0.344
0.3 0.501 0.5375 0.3225 0.430
0.5 0.516 0.688 - 0.602
0.7 - - - 0.860

magnetic region (Fy) is higher than that in the
ferrimagnetic region (Ej). This could be related to
the disordered state in the paramagnetic region with
respect to the ordered one in the ferrimagnetic region.
This result is in agreement with the theory developed
by Irkhin and Turov [25]. Ti** ion concentration act as
scattering center for the charge carriers hence the
conductivity decreases and the activation energy
increases [26].

Figure 7 shows the compositional dependence of
(¢/, € “and o) at the selected frequency and temper-
ature for Mgy, Ti,Er,Fe; .04, at the same prepara-
tion conditions. As shown from the figure (¢’) has the
same trend as the conductivity (o) [21] which confirms
the assumption that the mechanisms of the conductiv-
ity and the dielectric constant are of the same origin.
The data of (¢/, ¢ “and o) decrease with increasing Ti*"
ion concentration and become nearly constant at
higher Ti concentration. This result is explained in
view of the hopping conduction mechanism between
Fe’*— Fe’" + ¢, Ti*" ion does not participate in
conduction process but limit the degree of hopping by
blocking up Fe?*« Fe®" + e pattern on the B sites
[27]. Increasing Ti*" ion concentration reduce the net
Fe** jon concentration by 2x. This reduces the ratio
Fe’*/Fe** available for conduction.

Figure 8 shows X-ray diffractograms for
Mg 1Tig 1Ergg25Fe;77504; before and after irradiation
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Fig. 7 (a—c) Dependence of ¢/, ¢ " and ¢ on Ti concentration (x)
at certain absolute temperature 400 K, and different frequencies

with y-rays sintered at 1,200 °C using heating rate of
4 °C/min. From the figure, a noticeable shift for the
peaks occurred.

In other words the observed effects depend on the
mechanism of interaction of irradiating wave with
the ions of the material with context to the structure,
the j-radiation may change the ratio of Fe**/Fe’*
on the octahedral sites as a consequence of 7 + Fe**—
Fe** + ¢, which leads to a change in the crystal size
[S]. Table 5 reports the variation of the interplaner
distance, relative intensity and Miller indices for the
irradiated and unirradiated sample. The observed
interplaner distance (d) of the corresponding planes
decreases with radiation doses. This result agrees well
with our expectation.
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Fig. 8 X-ray diffractogram for Mg, Ti,Er,Fe;5,,04 x = 0.1,
y = 0.025 sintered at 1,200 °C with heating rate 4 °C/min, before
and after 30 Mrad

Table 5 Values of d spacing, relative intensity /[, and Miller
indices (hkl) for irradiated and unirradiated Mg ;Tig1Er o2s.
Feq 77504

Before irradiation After irradiation by 30 Mrad

dA i, hkl  dA 1, hkl
4.880 6.10 111 4.866 8.10 111
2.980 10.30 220 2.950 51.00 220
2.530 100.00 311 2.520 100.00 311
2.067 47.00 400 2.090 25.50 400
1.710 11.29 422 1.700 13.21 422
1.617 29.67 511 1.610 44.10 511
1.480 59.64 440 1.480 65.86 440
System: spinel System: spinel

a=283842 A a=28350 A

V =589.383 A3 V = 582272 A3

Figure 9 shows the variation of ¢’, with the absolute
temperature as a function of frequency for the inves-
tigated samples, x = 0.1 at different doses of 0.0, 10, 20
and 30 Mrad. The data in the figure gives the same
trend, as described before, with the appearance of small
humps in the irradiated samples. This can be explained
in a view of interaction of y-rays with the matter, which
is summarized in two steps. The first one is the increase
in hopping rate caused from depressing the jump length
with the result of more interaction between Fe’* and
Fe”*. These jumping electrons oriented in the field
direction and consequently giving rise to & where the
production of Fe?" after irradiation was confirmed by
Mousa et al. [28]. The second step is the generation of
some vacancies at different depths which act as trapping
centers. The liberation of charge carriers from these
trapping centers needs different energies. In Fig. 9c,
20 Mrad y-rays is not the sufficient energy to liberate
charge carriers from the trapping centers at deeper
depths, leading to a decrease in ¢’. Figure 9d shows a
drastic increase in ¢ which can be explained in view of
the structural changes due high y-doses. All the above
processes are summarized in Fig. 9e which is taken at a
constant temperature 7 = 500 K, and f = 100 kHz. In
other words the four oxygen anions surrounding the
metal ions in tetrahedral sites are displaced outwards
along the body diagonal of the cube. These four oxygen
anions still occupy the centers of an enlarged tetrahe-
dron and retain the cubic symmetry [29]. Some distor-
tion occurs to the tetrahedral sites due to such
displacement and it will move the anions away from
the nearest tetrahedral cations. The result of this
process is an increase in the polarization as well as the
rate of the electron exchange between ferrous and
ferric ions in the high resistivity region.

Figure 10 correlates the variation of the electrical
conductivity In ¢ with the reciprocal of absolute
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Fig. 10 (a-d) The variation of the ac conductivity (In ¢) with the reciprocal of the absolute temperature (1,000/7)(K-1) for
Mg, Ti,Er,Fe;,, ,Oy4; x = 0.1, y = 0.025 before and after irradiation with different doses of y-rays

temperature as a function of the applied frequency
before and after y-irradiation. From the figure it is
clear that, the conductivity increases as the y-dose
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increases even in the case of 20 Mrad which still has
higher conductivity values than the unirradiated sam-
ples. This increase in ¢ can be attributed to the increase
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in the ratio of Fe?*/Fe®" on the octahedral sites as a
consequence of the hopping reaction [30]. By compar-
ing the transition temperature of the investigated
sample irradiated at (0, 10, 20 and 30 Mrad) one can
find that, the transition temperature increases with
increasing dose as a result of increasing the ordered
region.

In other words, the arrangement of the magnetic
dipoles takes place due to effect of the energy of y-
radiation on the expense of paramagnetic region,
though increasing T [31]. The values of the activation
energy decrease with increasing dose and the data are
reported in Table 6.

Figure 11 illustrates the variation of thermoelectric
power (s) with temperature for the investigated sam-
ples. As shown from the figure the common features of
all composition are the fluctuation of Seebeck coeffi-
cient between positive and negative over the whole
range of temperature indicating that the charge carri-
ers are both electrons and holes. The values of Seebeck
coefficient are positive for lower Ti concentration. This
positivity decreases with increasing Ti concentration
until nearly vanish at x =0.9. The increase in the
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Table 6 The activation energy, for the low (E;) and high (Eyy)
temperature regions at different y-radiation doses

Dose EI EI EII EII

(Mrad) (100 kHz) (1000 kHz) (100 kHz) (1,000 kHz)
(eV) (eV) (eV) (eV)

0 0.286 0.172 0.737 0.344

10 0.172 0.086 0.516 0.258

20 0.114 0.0573 0.344 0.114

30 0.0573 0.043 0.258 0.086

Seebeck coefficient with temperature had been also
observed in other ferrites [32]. This is due to the
increase in the mobility of charge with the increasing
temperature.

Conclusion

1. All samples reveal spinel structure in spite of the
presence of rare earth ions.

2. Both electrical conductivity and dielectric constant
decrease as Ti*" ion substitution increases.
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Fig. 11 (a-e) The variation of thermoelectric power with the absolute temperature for Mg, TiEr,Fe;,,04; 0.1 < x < 0.9, sintered at

1,200 °C with heating rate of 4 °C/min during 100 h
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