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CONDENSED MATTER

AC Dielectric Properties and Positron Annihilation Study
on Co and Ti Substitution Effect on Ca–Sr M-Hexaferrites

K. R. Mahmoud1
& M. R. Eraky1

# Sociedade Brasileira de Física 2016

Abstract The dependence of AC conductivity σAC, dielectric
constant έ, and dielectric loss tangent tan δ on frequency and
composition have been investigated at room temperature for
polycrystalline Ca0.5Sr0.5CoxTixFe12 − 2xO19 (where
0.0≤ x≤0.8) hexaferrites. It was found that the parameters
σAC, ε

′, and tan δ have maximum values at x=0.4 of the Co
and Ti substitution. The behavior of σAC, ε

′, and tan δ with
frequency and composition was explained on the basis of the
hopping conduction mechanism and the Koops model.
Positron annihilation lifetime spectroscopy (PALS) was used
to investigate the defects and changes in electron density for
hexaferrite samples. The PAL parameters (τ1, I1, τ2, I2, and
mean lifetime) show that altering the doping percentage of the
Co and Ti ions affects the size and concentration of defects.
The results reveal that there are some large voids in the studied
samples. The obtained results indicate the high sensitivity of
the PALS technique to the enhanced structure changes with
changing composition of the investigated samples and corre-
late the results with the measured electrical parameters.

Keywords AC conductivity . Dielectric . Polycrystalline .

Hexaferrites . Positron annihilation lifetime spectroscopy

1 Introduction

The hexagonal ferrites (M type) have been attracting consid-
erable attention in technological and scientific research

because of their high electrical resistivity, high Curie temper-
ature, high stability, and easy manufacturing. The M-type
hexaferrites are very good dielectric materials, which can be
used as a basic material for permanent magnets, magnetic
r eco rd ing med ia , mic rowave app l i ca t ions , and
high-frequency devices [1–3]. It was reported that the grains
formed during the sintering process of polycrystalline ferrites
are electrically conductive, while the formed grain boundaries
exhibit a dielectric behavior. At low frequencies, grain bound-
aries were found to be more effective while the ferrite grains
are more effective at higher frequencies [4]. The grain bound-
aries formed during the sintering process may be due to su-
perficial reduction or oxidation of crystallites as a result of
direct contact with the firing atmosphere [4]. Thus, the ferrite
can be considered as highly conductive grains separated by
thin low conductive layers (grain boundaries) and behave
as inhomogeneous dielectric materials. The AC electric field
on the specimen is concentrated in the grain boundary regions.
Therefore, the electric and dielectric properties are affected by
the grain boundary phase and the defect distribution in ferrites.

Positron annihilation lifetime spectroscopy (PALS) is one
of the powerful techniques for measuring the change in prop-
erties of structural defects in a wide variety of solids [5, 6]. In
PALS, the Na-22 source decays by positron emission to a
1.27-MeV excited state of Ne-22. The 1.27-MeV gamma ray
signals the positron birth and is used to start the lifetime clock.
The clock is stopped by detection of the 511-keVannihilation
gamma ray. When a positron emitted from the Na-22 source
injected into solids, it thermalized and diffused to a depth
of a few hundred micrometers. The positron either is directly
annihilated with electrons in the sample, is trapped at certain
sites in the material and lives longer, or may extract an elec-
tron from the surroundingmaterial to form a positronium atom
(Ps). Ps is formed in two states: a singlet state (para-Ps, p-Ps)
and a triplet state (ortho-Ps, o-Ps). In both cases, the positron
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will eventually annihilate with an electron and will have a
corresponding lifetime with a corresponding intensity for each
state at the annihilation site. Each lifetime component has a
corresponding intensity (I1, I2) relating to the number of anni-
hilations occurring at a particular lifetime (τ1, τ2). Therefore,
the detection of annihilation γ-rays due to trapping of posi-
trons in annihilation sites is an indication of the lifetime of the
impeded positrons in the ferrite sample which holds informa-
tion about the electron density, concentration, and size of de-
fects. The PAL technique was therefore employed successful-
ly in studying several types of ferrites [7–11].

This paper presents an investigation of AC electrical con-
ductivity and dielectric properties of CaSrCoTi M hexaferrites
with changing composition and frequency at room tempera-
ture. The PALS technique is used in this work to investigate
the structure of the prepared ferrite samples and correlate the
results with that of the electrical properties.

2 Materials and Method

Co- and Ti-doped Ca–Sr M hexaferrite samples having the
general formula Ca0.5Sr0.5CoxTixFe12 − 2xO19 (where x=0.0,
0.2, 0.4, 0.6, and 0.8) were prepared by a conventional double
sintering ceramic method. Phase identification, crystal struc-
ture, lattice parameters, densities, and porosity of these sam-
ples were checked by X-ray powder diffraction measure-
ments. The details of the method of preparation and X-ray
measurements were reported earlier [12]. Figure 1 shows
X-ray diffraction patterns of Ca–Sr M hexaferrite samples
with Co and Ti contents. In spite of the presence of a weak
peak belonging to the hematite phase for samples with x=0.2–
0.6 (plan 104), these samples still belong to the hexagonal phase
with a percentage of more than 95 %. AC electrical resistivity
and dielectric parameters were determined by the two-probe
method using an LCR bridge (Model HIOKI 3532-50 LCR Hi
tester) from 100 Hz to 5 MHz. The values of loss tangent tan δ
and the capacitance (C) were determined directly by the
bridge. The dielectric constant (ε′) was calculated using the
relation

ε
0 ¼ Cd=ε0 A ð1Þ

d is the thickness of the sample,A is the cross-sectional area
of the sample, and ε0 is the permittivity of free space
(ε0 = 8.854× 10− 12F m− 1). The AC conductivity σACð Þ of
the samples was calculated by the relation

σAC ¼ ωε
0
ε0tanδ ð2Þ

where ω is the angular frequency.
Positron lifetime measurements were carried out using a

γ-ray spectrometer employing a fast-fast coincidence tech-
nique. It consists of two Bicron BC-418 plastic scintillation

detectors and Ortec NIM modules, two 583 constant fraction
differential discriminators (CFDD), DB643 delay ns box,
414A fast coincidence, and 566 time-to-amplitude converter
(TAC) [13]. The data were acquired using an Ortec 919 mul-
tichannel analyzer (MCA). The time resolution of the spec-
trometer, measured with 60Co source at 22Na energy window
setting, was ~350 ps (FWHM). A 15-μCi positron source was
prepared using a droplet of 22NaCl solution dried onto two
identical Kapton foils (7.6 μm thick), which were afterward
glued with epoxy glue. This source was sandwiched between
two identical samples. The lifetime spectra were measured in
air at room temperature. More than one million counts were
accumulated for each spectrum, and each sample was mea-
sured at least three times. Deconvolutions were carried out
through the computer code LT [14], with a suitable correction
for the positrons annihilated in the Kapton. The lifetime spec-
tra of the investigated samples were decomposed into two
components. All these components were determined with
the best-fitting parameter ranged from 1.0 to 1.2. The range
of the experimental errors for the PAL parameters τ1, τ2, I1,
and I2, determined over multiple measurements, was found to
be <1.3 ps, <60 ps, 0.14 %, and 0.2 %, respectively. The mean
lifetime of positrons τm, which reflects the overall perfor-
mance of materials under the positron environment, is calcu-
lated by using the following formula:

τm ¼ τ1I1 þ τ2I2ð Þ= I1 þ I2ð Þ ð3Þ

3 Results and Discussion

3.1 Dielectric Behavior

The dielectric constant characterizes the most important elec-
trical property of the dielectrics. The dielectric constant (or
relative permittivity), ε*, of a dielectric material placed in the
AC electric field is a complex quantity because the orientation
polarization lags behind the polarizing electric field as the
frequency of the applied field is increased. The complex di-
electric constant, ε*, can be expressed as

ε* ¼ ε
0 þ jε′′ ð4Þ

ε′ is the real dielectric constant which characterizes the
energy stored in the dielectric material, whereas the imaginary
part ε represents the energy loss. The plots of the measured ε′

and tan δ as a function of frequency are shown in Figs. 2 and 3
for the CaSrCoTi M ferrites, respectively. Both ε′ and tan δ (at
room temperature) decrease as frequency increases. It is no-
ticed that there is much decrease in ε′ and tan δ within the
frequency range 0.1–10 kHz (2–4 on x-scale) and they are
nearly unchanged above 100 kHz. This decrease in ε′ and
tan δ with increasing frequency indicates the formation of
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heterogeneous structures with the ferrite under investigation,
and this is a normal dielectric behavior in ferrites [15].
Moreover, from Fig. 3, we notice that tan δ has maxima for
the samples with x=0 and 0.8 at 200 and 190 Hz, respectively,
while it showed maxima at 316, 437, and 240 Hz for samples
with x=0.2, 0.4, and 0.6, respectively. The appearance of
relaxation peaks for tan δ was observed in many substituted
ferrites [16, 17]. The decrease in ε′ and tan δ with increasing
frequency takes place when the hopping frequency of the
charge carrier (electron and hole) cannot follow the alternating
frequency of the applied AC electric field beyond a certain
critical frequency [18]. All samples have high values of log ε′

ranged from 3 to 6.5 at 100 Hz. These high values of ε′ were
observed for SrPb M hexaferrites [19], BaCoZn-W
hexaferrites [20], Mg–Zn [4], Cu–Ge [21], and Li–Ni [22]
ferrites. The high values of ε′ and tan δ at low frequencies
are due to predominance of species like Fe2+ ions, interfacial
dislocation pileup, oxygen vacancies, grain boundary defects,
etc. [23, 24]. The decreasing of both ε′ and tan δ with increas-
ing frequency could be explained on the basis of the
Maxwell–Wagner theory [23, 24] and Koops theory [15].
The dielectric material is assumed to be composed of
well-conducting grains, which are separated by thin layers of
poorly conducting grain boundaries [15]. The grain bound-
aries are found to be more effective at lower frequencies,
while grains are effective at higher frequencies [15, 25]. The
dielectric relaxation is expected as any of the predominant

species contribute to the different mechanisms of polarization
lag behind the applied field, i.e., they cannot follow the chang-
es in the applied field over a certain frequency limit, as the
frequency increases.

Iwauchi reported that there is a strong correlation between
the conduction mechanism and the dielectric behavior of fer-
rites [26]. Hudson has shown that the materials with low re-
sistivity exhibit high dielectric loss and vice versa [27].
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Fig. 1 XRD patterns of
Ca0.5Sr0.5CoxTixFe12 − 2xO19

hexaferrites at different
concentrations of Co–Ti ions
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Fig. 2 Variation of real dielectric constant log ε′ with frequency at room
temperature for Ca0.5Sr0.5CoxTixFe12 − 2xO19 hexaferrites at different
concentrations of Co–Ti ions
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According to Iwauchi [26] and Hudson [27], our results for
ε′ reflect a good correspondence between ε′ and resistivity,
where the highly resistive samples with x=0 and 0.8 [12]
have a low dielectric constant. The loss tangent relaxation
peaks can be observed when the hopping frequency of
charge carriers coincides with the frequency of the external
electric field. However, the samples with x=0.0 and 0.8
showed a maximum peak at low frequencies. For the other
samples with x=0.2 and 0.6, the relaxation loss peaks are
predicted at moderate frequencies. The sample with x=0.4
may have a loss peak at a higher frequency. The relaxation
peak in loss tangent tan δ at room temperature may be re-
lated to the amount of Fe2+/Fe3+ and Co3+/Co2+ ions in
octahedral B-sites. The condition of observing maxima in
the dielectric loss factor tan δ of a dielectric material is given
by the relation ωτ=1, where ω=2πfmax and τ is the relaxa-
tion time. The relaxation time τ is related to the jump prob-
ability per unit time (p) by the relation τ=1/(2p), conse-
quently the loss frequency proportional to the jumping prob-
ability (fmaxαp). Therefore, maxima can be observed when
the jump or hopping frequency of charge carriers between
Fe2+/Fe3+ or Co3+/Co2+ ions becomes approximately equal

to the frequency of the applied field [25, 28]. Thus, the
position of the loss peak depends on the number of Fe2+/
Fe3+ and Co3+/Co2+ ions in the octahedral B-site or hop-
ping probability p. It was found that the samples with x=0
and 0.8 showed a higher DC resistivity at room temperature
[12] due to low concentration of Fe2+/Fe3+ and Co3+/Co2+

ions and/or low value of p, consequently low relaxation
frequency fmax (fmax = 200 and 190 Hz, respectively). The
sample wi th x = 0.4 has a high value of fmax

(fmax=437 Hz) because it has a low DC resistivity at room
temperature or sufficient amount of Fe2+/Fe3+ and Co3+/Co2+

on B-sites [12].

3.2 Composition Dependence

The effects of replacing Fe3+ ions with Co2+ and Ti4+ ions on
real AC electrical conductivity σAC, real dielectric constant ε

′,
and dielectric loss factor tan δ are illustrated in Figs. 4, 5, and
6, respectively. σAC(x), ε

′(x), and tan δ(x) were plotted at se-
lected frequencies of 0.1, 1, 10, and 100 kHz and 1MHz. Each
of σAC, ε

′, and tan δ increase with increasing replacement of
Fe3+ ions by Co2+ and Ti4+ ions to become maxima for x=0.4
and started to decrease for x>0.4. It is noticed that for a certain
concentration (x), the conductivity increases with increasing
frequency (Fig. 4) while ε′ and tan δ showed decreasing values
(Figs. 5 and 6). This behavior of σAC, ε

′, and tan δ gives a
qualitative agreement with results obtained by Abo Elata et al.
[29] for substituted Ba hexaferrite particularly for x>0.4. It
was reported that the predominant conduction mechanism in
substituted Ca–Sr M hexaferrite is due to the hopping process
of electrons between Fe2+/Fe3+ and holes between Co3+/Co2+

ions. Fe2+ and Co3+ ionsmay be presented during the sintering
process [12]. The M hexaferrites contain five positions for the
Fe3+ ions, three octahedral B-sites (12k, 2a, and 4f2 sites), one
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tetrahedral A-site (4f1 site), and one named C-site bi-pyramid
(2b site) which is surrounded by five oxygen ions. The charge
carrier hopping between A and B-sites has a very small prob-
ability compared with that for B–B hopping. Hopping be-
tween A–A sites does not occur because any formed ferrous
ion Fe2+ prefers to occupy the B-site only [19]. Thus, as the
replacement of Fe ions by Co and Ti ions increases, the con-
centration of Fe2+ and Co3+ in B-sites increases (to keep elec-
tric neutrality in the site) and the hopping process increases
gradually; therefore, the values of σAC, ε

′, and tan δ increased
up to x=0.4 (Figs. 3, 4, and 5). The decreasing in σAC, ε

′, and
tan δ for samples with x>0.4 may be due to the increasing in
porosity up to x= 0.8 because the porous obstructs the
flow of carriers [30], and/or due to the increasing in hopping
distance. Using X-ray data, the lattice parameters and cell
volume of the samples were calculated. It is shown that
a-parameter increases up to x=0.4 after which it becomes
nearly constant, while c-parameter increases gradually up to
x=0.8 [12]. This means that at x>0.4, the hopping distance
may become large enough to obstruct the electron and hole
hopping and consequently contribute in the decreasing of σAC,
ε′, and tan δ. Also, the average crystallite sizeDwas calculated
using XRD data [12] and the Deby–Sherrer formula [31] for
all the studied samples (Table 1). We notice a decrease in
crystallite size values with increasing Co and Ti contents up
to x=0.4, after which the crystallite size slightly increases.

The charge carrier concentration (n) for CaSrCoTi M
hexaferrites was determined at room temperature from the
relation [32]

n ¼ NADmP Fe=Mw ð5Þ

NA is Avogadro’s number,Dm is the bulk density, PFe is the
numbe r o f i r on ion s i n t h e chemi ca l f o rmu l a

Ca0.5Sr0.5CoxTixFe12 − 2xO19, andMw is the molecular weight.
The calculated values for the charge carrier concentration (n)
are shown in Table 1. From Table 1, we notice a little increase
in the charge carrier concentration with increasing Co and Ti
up to x=0.4, after which it showed a rapid decrease at x>0.4.
The presence of Ti4+ at the octahedral B-site acts as a trap for
electrons by forming electrostatic bonds with Fe2+ ions. At
pure and low substituted samples, the effect of Ti4+ ions is
negligible; therefore, the concentration of the charge carrier
increased for x<0.4. However, at higher substitution, the
amount of Ti4+ became sufficient to reduce the carrier
concentration.

3.3 Positron Annihilation Studies

The two lifetime components τ1 and τ2 with intensities I1 and
I2 were determined from the PAL spectra of the investigated
samples as shown in Figs. 7 and 8. Figure 7 shows the varia-
tion of the lifetime component τ1 and its intensity I1 as a
function of Co and Ti contents x. The results showed that
the measured range of τ1 lifetime component was 194–
210 ps with the relative intensity ranging from 98.7 to
99.1 % for all studied samples. In this case, the shortest life-
time (τ1) represents the weighted average of positron lifetimes
at the grain boundary defects as well as the lifetime corre-
sponding to annihilation with free electrons residing in the
grain boundaries. The relative intensity I1 is the fraction of
positron annihilated at the grain boundary defects. It is clear
from the data in Fig. 7 that there was a rapid increase of the
positron lifetime (τ1) with increasing Co and Ti contents up to
x=0.4. This can be explained if we consider the effect of
change in the calculated values of crystallite size D for the
investigated samples (Table 1), which showed a decrease with
increasing composition parameters up to x=0.4. It is reported
that when the grain size of the sample is decreased, the
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thickness of grain boundaries is increased and the number of
defects due to grain boundaries is increased [33].
Consequently, the electron density inside the grain boundaries
decreased which leads to an increase in the values of τ1 and a
decrease of I1 up to x=0.4 as shown in Fig. 7. An opposite
behavior was shown for I1 in Fig. 7 for x>0.4. The I1 in-
creased due to the increase of crystallite size D which leads
to a decrease in the thickness of the grain boundaries, and
consequently, the electron density increased in these samples.
The values of τ1 must be decreased for the samples with
x>0.4 according to the last interpretation. But the data in
Fig. 7 confirms unlike this which showed a slight increase of
τ1 with x>0.4. This can be attributed to the rapid decrease of
charge carrier concentration (n) (see Table 1) which leads to
reduced electron density in the grain boundary causing a slight
increase of τ1 with x>0.4. It can be concluded that the PAL
technique measures the changes in defects and free volume
which in turn can be one of the reasons for changing electrical
properties of the investigated samples.

Figure 8 shows the variations in the lifetime component
τ2 and its intensity I2 with Co and Ti contents x. The range
of τ2 is 1174–1259.3 ps with relative intensity I2 = 0.89–
1.23 % for the studied samples. τ2 is corresponding to a
small fraction of ortho-positronium (o-Ps) atoms as the lon-
gest lifetime component (>900 ps) is assigned to the pick-off
annihilation of o-Ps atoms formed inside large voids for bulk
[7] and/or arises from the positrons trapped in the nanovoids
available at the intersection of the grain boundaries [34].
Although the contributions of I2 are <1.3 %, their existence
reveals that there are some voids with irregular distribution
in the studied samples. The curves of τ2 and I2 in Fig. 8 tend
to form peak points at x=0.4, decreasing at both sides. The
qualitative behavior of τ2 (Fig. 8) and the calculated values
for cell volume (Table 1) are more consistent. It is reported
that the large particle size reduces the concentration of
nanovoids present at the intersection of grain boundaries
[34]. Accordingly, the increase of I2 up to x=0.4 can be
attributed to the decrease of the crystallite size, which

Table 1 Values of crystallite size
(D), cell volume (v), porosity (P),
and charge carrier concentration
(n) calculations for the system
SrCa–CoTi M hexaferrites (given
in ref. [12])

Co–Ti content, x

0.0 0.2 0.4 0.6 0.8

Crystallite size, D (nm) 466 347 275 342 385

Cell volume, v (Å)3 684.64 688.21 692.49 690.98 692.35

Porosity, P (%) 13.76 7.13 6.97 9.09 14.96

n× 10+23 cm−3 3.02324 3.13089 3.00934 2.84174 2.55495

I 1
 (

%
)

98.6

98.8

99.0

99.2

x

0.0 0.2 0.4 0.6 0.8

τ 1 (
n
s)

0.185

0.190

0.195

0.200

0.205

0.210

0.215

Fig. 7 The dependence of the
lifetime component τ1 and its
corresponding intensity I1 on Co
and Ti contents, x, for the system
Sr0.5Ca0.5CoxTixFe12 − 2xO19

hexaferrites at room temperature
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increases the concentration of voids present at the intersec-
tion of grain boundaries. An opposite behavior was shown
for I2 at x> 0.4 which decreased as the crystallite size
increased.

The variation of the mean lifetime τm, which reflects the
average changes in the sample structure (electron density, de-
fect size, etc.), as a function of Co and Ti contents is shown in
Fig. 9. For a given type (size) of defect, the higher the defect
density, the larger will be the value of τm [35]. The values of
τm were seen to increase with increasing Co and Ti contents,
and the curve in Fig. 9 shows an inflection wide hump at
x=0.6. Consequently, the increase in τm can be attributed to
the presence of a high density of positron trapping centers.

4 Conclusion

The variation of AC conductivity σAC, dielectric constant ε
′,

and dielectric loss tangent tan δ on frequency and composition
has been investigated at room temperature for polycrystalline
Ca0.5Sr0.5CoxTixFe12 − 2xO19 (where 0.0≤ x≤0.8) hexaferrites.
ε′ has a normal trend with increasing frequency, whereas tan δ
showed relaxation loss peaks at certain frequencies. The be-
havior of σAC, ε

′, and tan δ with frequency and composition
was explained on the basis of the hopping conduction mech-
anism and the Koops model. Positron lifetime results showed
a significant dependence on Co and Ti contents. The PAL
parameters (τ1, I1, τ2, I2, and τm) are reflecting that the electron

 x

0.0 0.2 0.4 0.6 0.8

τ m
 (

n
s)

0.19

0.20

0.21

0.22

0.23Fig. 9 The variation of the mean
lifetime, τm (ns), with Co and Ti
contents (x) for
Sr0.5Ca0.5CoxTixFe12 − 2xO19

hexaferrites at room temperature
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%
)
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x

0.0 0.2 0.4 0.6 0.8

τ 2 (
n
s)

1.05

1.10

1.15

1.20

1.25

1.30

1.35

Fig. 8 The dependence of the
lifetime component τ2 and its
corresponding intensity I2 on Co
and Ti contents, x, for
Sr0.5Ca0.5CoxTixFe12 − 2xO19

hexaferrites at room temperature
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density and the size and concentration of the defects are af-
fected by the replacement of Fe3+ by Co and Ti ions.
Therefore, the PAL results indicated the sensitivity of the pos-
itron lifetime to study the changes in density and size of de-
fects, which in turn can be one of the reasons for changing
electrical properties of substituted M hexaferrites.
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