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Abstract- Cobalt-substituted barium monoferrite with the
formula BaCoxFe2-xO4 (x = 0.0 — 0.4, step 0.1) has been prepared
through the sol-gel autocombustion method. Phase purity for
prepared samples sintered at 700 and 1050 C was analyzed by
X-ray diffraction (XRD) patterns that indicated the formation
of the typical orthorhombic phase for the samples. Fourier-
transform infrared (FTIR) spectroscopy was used to investigate
the effect of cobalt doping on the vibrational modes of the
studied samples. Scherrer and Williamson-Hall formulae were
used to define the microstrian and the crystallite size being in
the range of 44.1 to 59.7 nm, which was further confirmed with
transmission electron microscopy (TEM) images. Magnetic
characteristics including magnetic saturation and coercivity
were obtained from hysteresis loops traced using vibrating
sample magnetometry (VSM). Magnetic properties were
correlated with the composition of the prepared samples.
Finally, dielectric measurements were operated to further
confirm the structural and magnetic analysis.

. INTRODUCTION

Along the past few decades, magnetic nanomaterials have
been under intense investigation due to their versatile use in
technological application including drug delivery [1],
magneto-optic media [2], radar absorption [3] and modern
microwave devices [4]. This is attributed to the distinctive
properties exhibited by them such as excellent chemical
stability, good dielectric properties, and the flexibility of
tailoring its magnetic properties [5-7].

Spinel ferrites are assigned by the formula MFe;O., where
M refers to a divalent metal cation (M = Ba, Sr, Ni, Co, etc.).
The structure of these materials depends mainly on the
cation M and/or its substituent. For example CoFe,Os has
cubic structure [8], that of SrFe;O4 is hexagonal [9] and that
of BaFe;0, is orthorhombic [10]. Generally, less symmetric
structures are produced when the difference between the
ionic radius of the cation M and that of Fe3*cation is larger.
For each of these structures M and Fe cations occupy two
characterizing sites, namely octahedral and tetrahedral sites
specified by the lattice made up by oxygen anions. Among
the spinel ferrites, barium monoferrite (to distinguish it from
hexagonal barium ferrite BaFe1,01g) is characterized by the
unigue combination of moderate magnetization and large
coercivity, which permits its use in quite specified
applications, e.g. magnetic storage and permanent magnets
[11]. Moreover, many works have reported its wide use as
photocatalytic [12, 13] and pigments [14].
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The magnetic properties of BaFe;O4, like other spinel
ferrites, could be controlled using the substitution technique
of either Ba®* [9] and/or Fe®* cations. The substitution of
Fe®* could be by either trivalent ions (AI*, Cré*) [15, 16]
and/or divalent ions (Zn%*, Co?*) [17, 18].

Several preparation methods have been reported by
researchers for synthesizing ferrite materials with the desired
composition stoichiometry, structure, and morphology to
achieve the properties compatible with the specified
application. Such methods include solid state or ceramic [19],
co-precipitation [20], hydrothermal [21], and sol-gel
autocombustion [22]. The latter presents some advantages
among which, simple reagents, inexpensive equipment,
doping control, low-temperature  production, good
stoichiometric control, homogenous mixing, and finally, the
short preparation time [23-25].

In the present work, the substitution of Co?* in BaCoxFe;-
xQO4 system has been investigated from the point of view of
its effects on structure, magnetic and dielectric properties.
XRD, TEM, and IR spectroscopy were used to analyze the
structural properties including phase purity, crystallite size,
lattice parameters and strain for prepared samples sintered at
both 700 and 1050°C. VSM was used to obtain saturation
magnetization, coercivity and remanence. The effect of Co?*
doping on the magnetic properties of BaFe;Os has been
investigated and correlated with the structural and electrical
properties.

Il. EXPERIMENTAL

A. Preparation of Nanocrystalline BaCoyFe; xOs

Nanocrystalline Co-doped barium monoferrite samples
with the formula BaCoxFe,—xO4 (X = 0.0 — 0.4, step 0.1) were
synthesized using sol-gel autocombustion technique. The
starting materials were analytical grade nitrates of
CO(NOs)z.GHzO, Ba(N03)2, and FE(N03)3.9H20 and
anhydrous citric acid C¢HgOy7. Stoichiometric amounts of the
metal nitrates were dissolved separately in minimum
amounts of distilled water, and then mixed together. Citric
acid solution was then added to the nitrates solution in a
molar ratio of 1:1 (to chelate Ba?*, Co?*, Fe*" ions) and then,
a stirring process was operated for one hour. Meanwhile,
ammonium hydroxide was added drop by drop to adjust the
pH number from ~1 (for the acidic solution) to 7, after which
the stirring process has been allowed to continue for further
an hour. Heating at 100°C was then initiated on the hot plate
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to enforce water evaporation till the formation of a dark
vicious gel was observed. Continuing the heating process
initiated the autocombustion process from the hottest point
of the formed gel, which then propagates up like an erupting
volcano, forming an ash-like powder. The latter was ground
in an agate mortar to obtain a loose powder. For each
composition, the fine powder was divided into two parts for
being sintered in a programmable muffle furnace at 700 and
1050 °C for 2 h, separately, with a heating rate of 5 °C/min.

B. Characterization techniques

XRD diffraction patterns of the sintered samples with
different compositions were recorded using a Philips
diffractometer (X pert MPD) with a goniometer using Cu-K,
radiation (A= 1.54056 A). The diffracted intensities were
collected in the step-scan mode (step size 26 = 0.03° with
step time 1.5 s). The angular range was 15 to 70°. The
recorded patterns were used for performing the structural
analysis for the studied samples, from which information
such as phase structure, lattice parameters, crystallite size,
and unit-cell volume were achieved. Infrared spectroscopy
(FTIR) of the prepared samples was carried out on Bruker
Tensor 27 FTIR Spectrometer in the range of 200 — 900 cm*
to confirm the phase structure of the prepared BaFe,O4
sample and to analyze the changes induced on it upon doping
with Co?*. For this purpose, 0.2 mg of the ferrite was mixed
with 200 mg of KBr and pressed into pellets. The powder
morphology was recorded by TEM images (TEM, JEOL
JEM-100CX with an accelerating voltage extending up to
100 kV) (HR-TEM, Tecnai G20, FEI, Netherland) with an
accelerating voltage of 200 kV.. Magnetic characteristics of
the studied samples, namely saturation magnetization,
remanence, and the coercive field were deduced from M-H
hysteresis loops traced at room temperature, using VSM (Lake

shore-7400) With an applied field extending up to 20KQOg). The

electrical properties including the ac conductivity and the
dielectric constant (with its real, €', and imaginary, &, parts)
were achieved at room temperature using a IN 3536 LCR
Meter in the frequency range of 1 MHz to 8MHz. The ac
conductivity (o,.) was obtained using the relation o, =
2nife,e’ tanS, where f is the frequency (Hz), g, is the
electrical permittivity of free space, £ is the dielectric
constant and tand = ¢'/&"" is dielectric loss factor. The
parameter ¢’ was determined from the formula C d/e, A
where C is the capacitance, d is the pellet thickness and 4 is
its cross-sectional area. The imaginary part of the dielectric
constant is depicted from the formula e = d G/2nf €,A,
where G is the measured conductance (1/R ).

Structural analysis
The XRD patterns for the prepared BaCoxFe,—xO4 (x = 0.0
to 0.4, step 0.1) sintered at 700 °C are shown in Fig. 1(a).
The XRD pattern quite matches that of the orthorhombic
crystal structure of barium monoferrite (identified by JCPDS
card 70-2468). The peak at 20 = 31.09° (indicated with e),
recorded for samples with x > 0.2, corresponds to the
maximume-intensity peak, of the diffraction plane (110), for

RESULTS AND DISCUSSION
A.

the cubic pervoskite phase of BaFeOs (JCPDS card 75-0426).

That pervoskite-phase impurity increases with Co doping as
indicated from the figure. Fig. 1(b) shows the diffraction
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Figure 1. XRD pattern of BaCo,Fe,.«O4 samples sintered at
(a) 700 °C and (b) 1050 °C. e indicates BaFeO3 and *
indicates Ba,FeO,.

patterns of the same samples sintered at 1050 °C. Extra
feeble peak appeared at 20 = 29.2° (indicated with *)
corresponding to the orthorhombic Ba,FeO. oxide, with
maximume-intensity diffraction plan (112) (JCPDS card 23-
1022). Worth to mention is that sintering at 1050 °C
enhanced the sharpness and intensity of the diffraction peaks
for x < 0.2, indicating the enrichment of size and crystallinity.
It is expected that BaFeOs; and Ba,FeO,4 impurities (for x =
0.3 and 0.4 samples) impeded the crystal growth of the
original orthorhombic structure of BaCoxFe;xOa.

The crystallite size was estimated by two well-known
methods. The first used the broadening of the peaks
according to Scherrer’s formula [26], D = KkA/(f cos6),
Where D is the particle size, is X-ray wavelength, k is a
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shape-factor constant taken as 0.94, B is the peak full-width
at half-maximum (FWHM) intensity and 20 is the diffraction
angle. The second method involved the use of Williamson-
Hall strain-size formula [27]:

(dBcosB)? = %dZB cos O + (2)2

Where d is the spacing between diffraction plans
corresponding to (h, k, I) lattice indices and € is the strain.
The the particle size is determined from the slope of the
linearly fitted data of (dBcos®)? on the y axis versus
(d?p cos 8) on the x axis. The root of the y-intercept gives
the strain. An example of the use of both methods is shown
in Fig. 2a, b, for the sample with x = 0.2 sintered at 700°C.
The crystallite size and microstrian for all samples and for
both sintering temperatures are illustrated in Table 1. It is
clear that for sintering temperature of 700 °C, the crystallite
size hardly changed with Co?* doping (40 — 44.2 nm), while
for sintering at 1050 °C, the crystallite size and crystallinity
(see Fig. 1b) decreased with dopant content, being attributed
to phase impurities. This is confirmed when considering the
significant growth of the undoped BaFe,O4 sample (from
40.9 to 57.9 nm) upon increasing the sintering temperature to
1050 °C.

The orthorhombic-phase lattice parameters of the studied
samples (a, b and c¢) were calculated using (suggested) Miller
indices (h, k, and I) corresponding to the XRD reflections
and their d spacing according to lattice geometry equation
[28]:

1 h? k% 2

- pta
Using successive iterations, the deduced lattice parameters
were used to attain theoretical values for the d-spacing of the
diffraction planes. The maximum standard deviation of
experimental and theoretical d-spacing values was less than
0.001. The unit cell volume was calculated using V = abc.
The lattice parameters and unit cell volume for all samples
are listed in Table 2. Variation of the unit cell volume with
Co concentration for both sintering temperatures is
illustrated in Fig.3. There is a slightly decrease in unit cell
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Figure 2. (a) Scherrer plot and (b) W-H strain-size plot of
BaCooFe; 5O, sintered at 700 °C.
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TABLE 1
CRYSTALLITE SIZE (D) AND STRAIN (&) OF BaCoyFe, «O4 SINTERED AT 700 AND
1050 °C
D (nm) £ x1073
X Scherrer W-H 3 3
700°C 1050 °C 700°C  1050°C 700°C  1050°C
0.0 | 40.9 57.9 35.0 57.5 0.974 0.789
0.1 | 40.0 56.6 30.3 42.1 0.798 0.546
0.2 | 423 53.3 39.2 38.3 1.152 0.721
03 | 442 43.7 38.3 455 0.721 1.188
04 | 434 44.1 324 35.8 0.782 0.842
TABLE 2

LATTICE PARAMETERS AND UNIT CELL VOLUME OF BaCoyFe, <O, samples
SINTERED AT 700 AND 1050 °C

Lattice Parameters (A) (L'J&nal)t-cell vol.
. | 700°C 1050 °C 700 °C 3250
a b c a b c V V
00 | 19027 5385 8451 19.05 5382 8.448 | 8659  866.0
0.1 | 19030 5385 8461 19.02 5376 8.452 | 867.1  864.3
0.2 | 19.025 5384 8463 19.03 5381 8.446 | 8670  864.9
0.3 | 19.025 5376 8440 19.02 5379 8.447 | 8632  864.0
0.4 | 19.010 5376 8441 1897 5367 8.455 | 8627  860.6
870
868 - —e— 700°C —a— 1050 °C
) 866 -
= 864
>
862 1
860 1
T T T T T
0.0 0.1 0.2 0.3 0.4

Co Concentration, x
Fiaure 3.unit cell volume for BaCo.Fe,_O4 sintered at 700 and 1050 °C

volume with increasing the dopant content for x > 0.2. The
monotonic decrease in volume cannot be explained on the
basis of the difference between the ionic radii of Co?* ion
(0.74 A) and Fe** ion (0.64 A). As such difference is
expected to induce lattice expansion as recorded for sample
with x = 0.1 sintered at 700 °C. This behavior might be
interpreted as follow. For sample with x = 0.1 sintered at 700
°C, Co?" cation simply substitutes Fe®* causing both the
creation of electronic charge imbalance and an increase in
the unit cell volume as compared with the undoped BaFe;04
sample (due to the larger ionic radius of Co?*). However,
upon sintering to 1050 °C, enough energy is supplied for the
oxidation of Co®" to Co* (0.545 A) to achieve the charge
balance with a resulting reduction in the unit cell volume.
Magnetic behavior of this sample supports this scenario, as
will be discussed below. For higher concentration of Co?* (x
> 0.2) and for either sintering temperatures, the induced non
stoichiometry is compensated by the occurrence of higher
valence state of Fe®* cations, i.e. Fe** with the smaller ionic
radius (0.585 A) resulting in the reduction of the unit cell
volume. This could be confirmed by the appearance of traces
of BaFeOs; and/or BayFeO, impurities in XRD patterns;
either of those compounds has Fe** cations. The effect of
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(a)
—— 1 —

replacing Fe®* cation by Co?* could be simply clarified by
the following chemical equation 2 Fe3*— Co%"+ Fe**.

To attain a better view of the crystallite size and
morphology HRTEM images of BaFe;O4 and BaCoo.4Fe1604
sintered at 700 °C was shown at Fig (4a and b). The powder
morphology was recorded by TEM images (TEM, JEOL
JEM-100CX with an accelerating voltage extending up to
100 kV). Fig.4c shows the diffraction pattern of BaFe,O4
sintered at 700 °C. The particles have a tendency to
agglomerate probably due to the magnetic interaction
between the particles [29]. The average particle size obtained
from TEM images agrees quite well with that deduced from
the XRD data analysis. The arrows in Fig. 4b clarify the
formation of perfectly-packed orthorhombic crystallites. The
crystallinity of undoped barium ferrite is a bit incomplete as
compared to that of BaCoo4Fe1604; the particles are less
crystallized with distorted shapes and electron diffraction
pattern is relatively dim. Barium monoferrite is reported to

(b)

Figure 4. HRTEM images
of (a) BaFe,O,sintered at
700 °C; (b) BaCog4Fe1604
sintered at 700 °C; (c) the
electron diffraction pattern
for sample of (a).
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Figure 5. FTIR absorption spectra of barium cobalt ferrites with the formula
BaCoxFe, O, with different substitutions sintered at (a) 700 °C and (b)
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fully crystallizes at 900 °C [9], which has been assured from
our XRD data (see Fig. 1a, b).

Figure (5a, b) shows FTIR spectra of BaCoxFe,xOs with
different Co?* ion content sintered at 700 and 1050°C. As
just explained by the above discussion, IR spectrum for
undoped BaFe;O4 sintered at 700 °C did not show any
vibrational modes (Fig a). However, spectra for the Co-
doped samples showed well-identified behavior. Vibrational
peaks at 302, 377, 503, 630 and 775 cm™ were recorded for
each sample for both sintering temperatures. All these peaks
are characteristics for the orthorhombic phase of BaFe;O4
[13, 30-33]. With increasing Co content, the peak around
302 c¢cm becomes sharper which might attribute to the
vibrational coupling between Fe (Ba)—O and Co—0O. It
could be inferred that Co?' joined well the internal
orthorhombic phase and the BaCoxFez-xOs was successfully
prepared by autocombustion sol-gel method [34]. Worth to
mention is that a vibrational shoulder was recorded at around
802cm. In La;.«CaxFeOj3 pervoskite investigated by Barbero
et al. [35], new band was observed at around 877 cm™,
whose intensity increased with the increase of divalent Ca
content. They assigned this band to the formation of Fe**.
Moreover, Gholizadeh et al [36] reported that substituting
Co in LaFe.,Co,0s resulted in the oxidation of Co?* and
Fe®* to Co®* and Fe** respectively. Based on the findings in
literature and according to the results of our structural
analysis, substitution trivalent Fe3* cation by divalent Co?*
one may enforce oxidation of Co?" to Co®* and/or Fe®* to
Fe* in order to maintain the electronic charge neutrality.
The probability of this oxidation process increases with
either degree of substitution (x value) or by increasing the
sintering temperature. Accordingly, we can assign the
shoulder at 802 cm™ to the Fe** ions formation.

B.  Magnetic properties

Magnetic hysteresis (M-H) loops for BaCoxFe; xOa
samples (x = 0.0 — 0.4, step 0.1) sintered at 700°C and
1050°C are depicted in Fig. 6(a, b) respectively. The
magnetic characteristics including magnetization at 20 kOe
(Ma), coercivity (Hc), and remnant field (Ms) are listed in
Table 3 and Table 4 for sintering temperature 700 and 1050
°C, respectively. The saturation magnetization (Ms) was
deduced by plotting M versus 1/H and taking the limit as H
approaches oo [37, 38]. For the barium monoferrite sample (x
= 0.0) sintered at 700 °C, a typical M-H loop for barium

M (emu/g)

H (kOe)

H (kOe)
Figure 6. Hysteresis pattern of undoped and cobalt doped barium ferrites
BaCoyFe,«Ossintered at (a) 700 °C and (b) 1050 °C
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monoferrite is exhibited [39]. The necking appearing at
relatively weak applied field could be attributed to the the
incomplete crystallinity that could appear in a nonuniform
particle size distribution (a mixture of small and large
particle) which agrees with TEM images for this sample.
Small particles could exhibit antiferromagnetic behavior
which induces additional character to a well-known
ferromagnetic behavior of BaFe;O.. This possibility is
supported by the TEM image of that sample besides the
absence of a clear IR spectrum for it (see Fig. 5a). In
addition, previous works recorded similar observation, for
SrFe12019 and BaFe;2019, With no explanation [34, 40].

TABLE 3
MAGNETIC PROPERTIES AND PARTICLE SIZE D oF BaCoFe, O,
SAMPLES SINTERED AT 700C

M, M D
X (emu/g) (emlj(;g) M (emu/g) He (nm)
0.0 0.772 2.46 2.87 2880 40.9
0.1 0.147 1.03 1.33 315 40.0
0.2 0.013 0.231 342 42.3
0.3 0.024 0.387 485 44.2
04 0.033 0.532 453 43.4

MAGNETIC PROPERTIES AND PARTICLE SIZE D OF BaCo,Fe; <Oy
SAMPLES SINTERED AT 1050C

X M, Mo M, H D
(emu/g) (emu/g) (emu/g) ¢ (nm)
0.0 1.153 244 2.56 5260 57.9
0.1 0.749 117 1.75 761.4 56.6
0.2 | 0.0247 0.200 436.9 53.3
0.3 | 0.0062 0.153 402.6 47.0
0.4 | 0.0149 0.188 578.5 44.1

Sintering at 1050 °C was sufficient to enhance the
crystallinity and to increase the crystallite size from 40.9 to
57.9 nm, the fact which resulted in almost doubling the
coercivity (2880 to 5260 Oe).

Low substitution of Co cations (x = 0.1) resulted in a clear
reduction of magnetization and a collapse in coercivity,
which could be explained as follows. First, the magnetic
moment of Co?" (3uB) cation is smaller than that of the
substituted Fe®* (5uB) one. Second, the substitution itself
weakens the strength of the magnetic exchange interaction of
Fe3*— O?— Fe* [41]. Finally, the reduction in Ms could be
related to the existence of some oxygen vacancies that
maintain the electron neutrality of the structure when Co?*
replaced Fe® [40]. Those oxygen vacancies, beside the
substantial disruption of the nearest-neighbor magnetic
surrounding of Fe® cations, could explain the steep
reduction of coercivity, as compared to the undoped sample.
On sintering the same sample to 1050 °C, the oxygen
vacancies are compensated by the oxidation of Co*? to Co®*
or Fe® to Fe* with a resulting reduction of the unit-cell
volume, a subsequent enhancement of magnetic exchange
interaction, and thus an increase in Ms. Moreover, the
crystallite size has significantly increased (Table 4)
producing a partial recovery of coercivity (an increase from
315 to 761 Oe).

With higher degrees of Co?* substitution (x > 0.2), the
magnetization was significantly diminished; the magnetic
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behavior of the samples deviated strongly from being
ferromagnetic and also saturation magnetization was absent
for any of them. Samples sintered at 700 °C exhibited small
differences in magnetization, while all showed almost
identical behavior for sintering temperature of 1050 °C.
Worth to mention is that, the crystallite size hardly increased
with increasing sintering temperature for these samples, and
s0, no significant changes in Hc was observed. In addition,
continuing nonstoichiometric substitution of Fe** by Co?*
drastically eliminated the magnetic super interaction between
the magnetic moments of Fe®* cations. In an attempt to
provide electron neutrality, the oxidation of Co?* and/or Fe3*
to nonmagnetic higher valence states is highly probable. This
induced both an increase in the distance between nearest-
neighbor Fe® ions and also a reduction of the unit-cell
volume; both affect the super-exchange interaction
oppositely [41, 42]. With increasing sintering temperature,
the concentration of nonmagnetic (low spin state) Co3* [43]
and Fe* [44] increases and the cell-volume effect is
minimized. Considering both factors, the My value increases
with x (x > 0.2) for samples sintered at 700 °C (Table 3),
when the effect of unit-cell volume dominates. For the same
samples sintered at 1050 °C, the role of high-valence cations
dominates that of the cell volume when My is almost
constant with x (Table 4).

It is indeed beneficial that the controlled Co substitution
enables the tailoring of the magnetic behavior of BaFe,Oy; it
transformed it from hard to soft magnetic material with Co?*
substitution ratio does not exceed 10%. This is a quite
desirable characteristic for recording media with low noise
level at high recording density [45].

C.

Ac conductivity

Fig.6 shows the frequency-dependent ac conductivity plot.
From this figure, the conductivity shows an increase trend
with an increase in frequency for all samples. The
conductivity in ferrites may be explained by Verwey's
hopping mechanism [46]. According to this mechanism, the
electrical conductivity in ferrites is mainly due to hopping of
electrons between ions of the same element present in more
than one oxidation state. The hopping probability depends
upon the separation between ions involved and the potential
barrier that must be overcome, which is known as the
activation energy for hopping [47]. In addition, the ac
conductivity has been related to the hooping of electrons

Electrical properties

[ —o— BaFe,0, 700 °C

- —e— BaFe,0, 1050°C

| —=— BaCo,,Fe, ;0, 700 °C
| —=— BaCo,,Fe, ;0, 1050 °C

G, (S/m)

6.0 6.5 7.0

log (f, Hz)

Figure.6 Variation of ac conductivity for BaFe,0, and BaCog ;Fe; 504 as
a function of log (f)
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between Fe®* and Fe?* and the hopping rate increase with the
increase in applied field [48]. As compared to grains, grain
boundary is dominant at low frequency which resulting in
slow hopping between Fe?* and Fe®* ions. While at high
frequency, grains influence more that encourage the hope
mechanism [49].

An increase in the sintering temperature increases the grain
size [50, 51]. Larger size implies the reduction of the
concentration of less conductance grain bounders as
compared to that of more conductance grains, which enable
easier flow for hopping electrons increased and therefore, a
lower barrier height. Which could interprets the increase in
Ac conductivity with increasing sintering temperature.

Dielectric properties

The variation of dielectric constant (g') with frequency
for pure barium ferrite (BaFe2O.) and cobalt doped barium
ferrite BaCoo2Fe; 04 sintered at 700 °C and 1050 °C has
been depicted in Fig. 7.

In all samples the dielectric constant decreases
continuously with increasing frequency and becomes almost
constant in high frequency region. The decrease in dielectric
constant with increasing frequency of applied field is
observed by other researchers in a number of ferrite [52].
According to Maxwell-Wagner and Koops theory [53, 54],
ferrites consist of highly conducting grains separated by
grain boundaries with poor conductance. For ultrafine
nanoparticles, grain-boundaries-to-grains volume ratio is
quite larger in comparison with their bulk counterparts. The
effect of grain boundaries dominates at low frequencies. This
observation is in agreement with other researchers [55-57].
At low frequency the space charge polarization is supposed
to be responsible for high dielectric constant value.
According to Koops model, the charge carriers cause an
increase in both space charge and rotational polarizations at
the grain boundaries for low-frequency regime. Particles in
nano regime have larger surface grains area, which results in
larger space-charge polarization and a subsequent increase in
¢. Furthermore, loosely bound electrons in oxygen anions
constitute an additional source for polarization in dielectric
materials through aligning themselves along the even small
applied electric field [58]. That dielectric polarization with
weak electric field is the reason for the recorded high ¢ at
low frequency. The dielectric polarization in ferrites matches
with the mechanism of electrical conduction; it is equivalent
to the electronic exchange between ferrous and ferric ions at
the octahedral sites (Fe?* & Fe3* + e~1).The exchange of
electron in ferrite systems has been responsible for dielectric
polarization i.e. the displacement of electrons in the direction
of the applied electric field. The further reduction of ¢ with f
is attributed to the fact that beyond a certain frequency of
external field, the electronic exchange between the ferrous
and ferric ions cannot follow the applied electric field [53,
59]. With increasing the sintering temperature, the dielectric
constant of a specified sample also increases. This could be
attributed to the introduction of sufficient thermal energy for
liberating localized dipoles that are capable of aligning
themselves with the applied field direction [60]. Worth to
noting is that, upon doping Co?* (for BaCoo2Fe1s0s) the
dialectic constant increased which could be attributed to the
increased in hopping sites betweenFe®* and Fe** and/or Co?*
and Co®*'besides the ferrous and ferric hopping.
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function of frequency for pure BaFe;Os and BaCog2Fe1504
sintered at 700 and 1050 °C. At low frequencies, the dipoles
interactions are high and decreases with increasing
frequency; thereby a remarkable reduction in dielectric loss
is observed [61]. Upon introducing Co cations, for
BaCoo.oFe104, both dielectric constant and dielectric loss
increase, which could be attributed to oxygen vacancies,
grain boundary defects, valence variations and possibly
interfacial polarization [62].

CONCLUSION

A series of Co-doped barium monoferrite compounds
BaCoxFe2 xO4 (0.0 < x < 0.4) have been synthesized by sol-
gel auto combustion method with the subsequent heat
treatment at 700 and 1050 °C. XRD confirmed the formation
of pure orthorhombic phase for x = 0.0 — 0.2, while few
traces of BaFe3O4 and BazFeO, appeared with increasing
either x or sintering temperature. The average crystallite size
and unit cell volume were calculated for each sample. The
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unit cell volume are found to decrease with increasing Co
content (x > 0.2) for both sintering temperature owing to the
formation of high valence cations, Fe** and/or Co%. FTIR
data has confirmed the phase structure and the presence of
higher valence state of Fe®*. The TEM images confirmed
XRD calculations. The magnetic behavior of the samples
was thoroughly correlated with their structural and
compositional properties of the samples. A high degree of
flexibility in tailoring Ms and Hc values is suggested in view
of the presented discussion. Moreover, the substitution of
non-stoichiometric Co?* ions in mono-barium ferrite results
in increasing ac conductivity, dielectric constant and
dielectric loss.
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