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ABSTRACT: In this paper, it is planned to synthesize the cobalt doped barium ferrite using co-
precipitation technique at different ratios. This is done in order to avoid the magnetic loss and
increasing the permeability of this material. The different ratio (0-8%) of cobalt doped barium ferrite
samples are exposed to sintering process under the temperature 1200°C for 6 hrs and the X-ray
powder diffraction analysis is carried out. The analysis designates that the measured values agree to
the standard parameters (a=b=5.864 A, and ¢=23.099 A), approving that the samples belong to the
system is hexagonal. By using beam of X-rays, XPS spectrums are obtained, and the binding energy
of the sample is measured. The vibrating sample magnetometer (VSM) measures the magnetic
saturation, magnetic remanance and coercivity of a sample. The magnetic saturation, magnetic

remanence and coercivity values are found and tabulated.
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1. INTRODUCTION

The apprehension Barium ferrite is a
material with strong magnetic properties and a
high packing density. It is commonly used in
magnetic card strips, speakers, and magnetic
tapes due to its magnetic qualities and resistance
to temperature, corrosion, and oxidation. Recent
been directed toward

advancements have

exploring barium ferrite for long-term data
storage solutions [1, 2]. The material has also
proven to be resistant to a number of different
environmental stresses, including humidity and
corrosion. As the ferrites are already oxidized it
cannot be oxidized any further. This is one reason
for ferrites being so resistant to corrosion and
to be resistant to thermal

also proved
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demagnetization. As the high intrinsic coercivity
enhances, making them more resistant to thermal
demagnetization at the temperature of barium
ferrite magnets rises [3, 4]. This characteristic of
barium ferrite makes it as the most opted
material in motor and generator designs and also
in loudspeaker applications.

Ferrite magnets are extremely good
insulators; hence they don't allow any electrical
current to flow through them. They are also
brittle as it is one of the ceramic characteristics.
Ferrite magnets also have good machining
properties, which allow the material to be cut into
many shapes and sizes [5, 6]. Barium ferrites are
stable to

corrosion-resistant and generally
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moisture and these ferrite particles have been
used to store data on tapes and magnetic strips,
but they have reached their limit for high capacity
data

becomes necessary to prevent the oxidation and

storage A thicker passivation coating
degradation of the barium ferrite particles at
reduces in size. Barium ferrite completely out
classes metal particles, mostly because it is
already in its oxidized state and hence its size
cannot be restricted by a protective coating.
Compared to the unorganized rod like metal
particles, it is easy to organize barium ferrite, due
to its hexagonal pattern [7].

The material is seen around the world in
applications such recording items like tapes and
other applications in media devices, permanent
magnets, and magnetic stripe cards (such as
credit cards, hotel keys, and ID cards) [8, 9]. The
material's stability allows for significant size

reduction, leading to a much higher packing

density. Barium ferrite, which has recently
replaced the oxide, achieves much greater
coercivity levels, which render the material

magnetically hard, thus enhancing its suitability
for recording materials. As discussed earlier, the
ID cards and their readers are implanted with a
unique pattern of Barium ferrite. The scanner is
able to identify the card by the small reader that
is implanted with the magnetic barium ferrite
pattern, and this recognizes the pattern that is
also found in the cards’ barcode [10-12]. The
materials can be formed into almost any shape
and size wusing a process called sintering,
whereby powdered barium ferrite is pressed into
a mold, and then heated until it fuses together.
The barium ferrite turns into a solid block without
losing its magnetic properties. The magnets have

an excellent resistance to demagnetization which
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has allowed them to be useful in speaker units

over a long period of time.

Barium ferrite has been found to be a
unique storage medium for Linear Tape-Open
(LTO) storage and plays an important role in
shaping the future of LTO tapes because of its
high packing density [13-14]. The increase in
packing density leads to a corresponding rise in
the recording area. This stands in stark contrast
to metal particle technology, which has started to
fade away because of problems shrinking the
particles past 100 nm. Barium ferrite can be
reduced to a much smaller size and can be
lot better

packing density and hexagonal structure. The aim

stacked a because of its greater
of introducing divalent cations such as cobalt into
barium ferrite is to increase its coercivity. From
the magnetic the
statement is proved with the help of VSM
characterization [15, 16]. The focal aspire of this
the

on

characterization, above

make grade of
the

properties of barium ferrite produced by co-

work was to some

amalgamation variables magnetic
precipitation technique is used to increase the
storage capacity. The important factor of this
method is fine particles are obtained from this
the

excellent reactivity powder were produced to

homogeneous reaction. From reaction

agree the decrease in sintering temperature.
Compared to other preparation techniques, the
co-precipitation technique produces results that

are very clear, accurate and cost effective.

2. EXPERIMENTAL
2.1 Material preparation

The cobalt doped and undoped barium ferrite

powder materials were prepared by co-

precipitation method. Purified barium nitrate (Ba
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(NO,),), ferric nitrate (Fe (NO,),), cobalt nitrate
(Co (NQ,),), citric acid (C4HgO;) and ammonium
(NH,OH)

material

from
The
stoichiometric amounts of barium nitrate (Ba
(NO,)) ,, ferric nitrate (Fe (NO);) and cobalt
nitrate ((Co (NO;),) were mixed in ammonium
hydroxide (NH,OH) with distilled water and citric
acid (C4Hg0,). citric acid is used to obtain the

clear product. The synthesizing process is totally

hydroxide were purchased

scientific and  technology

controlled by ammonium hydroxide to produce
various doping percentages ofcobalt nitrate by
The

materials were collected by filtration method and

co-precipitation  method. precipitated
wash away 4 times with distilled water. The final
precipitate material is sent to drying process at
80°C for 6 hours. The dried material is ground to
powder and allowed to undergo sintering process
at 1200°C for 6 hrs. Finally, the cobalt doped
barium ferrite composition (BaCo,Fe;, ,0;5) is

obtained by this technique.

2.2 MATERIALS CHARACTERIZATION
The crystal structure of the synthesized

identified by

measurements of Bruker D2 Phaser Powder X-

ferrite  powders s X-ray
ray diffractometry using CuK, radiation (A = 1.541
A) in the range of 10° to 80°. Thermogravimetry /
differential thermal analysis is performed on the
sample materials using a Netzsch STA 409, over
the temperature range of 20-1200°C at a rate of
20°C /min. Formation of pure and doped cobalt
analyzed by FTIR
Spectrophotometer of BRUKER ALPHA using

opus 6.5 (version) software. The oxidation states

ferrite is also

of these samples were obtained from X-Ray
Photoelectron Spectroscopy (XPS) using Kratos

Analytical Axis Ultra DLD with aluminum anode
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as source operating at 160 eV pass energy, the

morphology of the samples are analyzed by
(SEM) VEGA3
TESCAN. The magnetic properties of the samples

scanning electron microscope
characterized by vibrating sample
magnetometer (VSM) Lakeshore (7410) at room
temperature with an applied magnetic field of 20
kOe.

were

3. RESULTS
3.1 THERMAL ANALYSIS

This analysis used to determine the
characteristics of materials that exhibit either

mass loss or gain due to decomposition and

oxidation  process. From  TG/DTA, the
degradation mechanisms, reaction kinetics,
determination of  organic  content and

determination of inorganic (e.g. ash) content in a
sample are analyzed [17, 18]. The Fig. 1 shows
the TG/DTA plots for the compound containing a
mixture of BaCo,;, Fe,0; and doping weight % of
Co (NO,),is 0%, 2%, 4%, 6%, and 8% respectively.
The weight loss is incremental and an overall loss
of about 4% is indicated. There is an exterior of
an endothermic peak in the DTA curve at 848°C.
The peak is attributed to the
decarboxilation of BaCO,, reported to take place
at 1000°C for pure carbonate and around 800°C
for the mixture of carbonate and iron oxide [19,
20]. The completion of the formation of barium
ferrite is indicated at around 1010°C to 1090°C.
The exothermic DTA curve indicates that residual
of Co;0, to Co,05 transformation occurred at the
temperature 580°C.It is to be noted here that the
conversion is very fast and is displayed by the
appearance of a sharp spike coupled with the
(21, 22]. The

exothermic response at the start of the trace may

endothermic reaction rapid

also be due to the elasticity effect.
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Figure 1 DTA/ TGA pattern for pure
barium ferrite

3.2 XRD ANALYSIS

X-ray diffraction The

diffraction patterns for both the pure and cobalt-

pattern X-ray
doped BaFe;,0,4 compounds are illustrated in
Fig. 2. The XRD characteristic peaks confirm that
the crystal structure is hexagonal, in accordance
with JCPDS 78-0133. The strong diffraction
peaks of pure and cobalt doped BaFe;,0
samples exhibit standard peaks at 20 values
corresponding to (110), (107) and (114) planes
respectively [23-25]. The absence of any other
peaks (apart from BaFe;,0,4 peaks) in the XRD
the spotlessness of the

pattern indicates

synthesized samples.

Intensity (a.u.)

20 30 40 50 60 70 80
2Theta (degree)
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Figure 2 XRD pattern of the samples: (a) Pure

nano barium ferrite and (b) Co-2mol %, (c) Co-
4mol %, (d) Co-6mol %, (e) Co-8mol % doped
nano barium ferrite

The broadening of the peaks indicates an
increase from surface to volume ratio and
decrease in the diameter of the particles. From
the [26-28] the

crystallite sizes (t) of the prepared ferrite

Scherrer formula average

samples were determined.

=) ()

Where k denotes the Scherrer constant

(k=0.89), A is the wavelength of X-ray radiation
(A=1.54 A), B is the full width half maximum of
the diffraction peak and 0 is the diffraction angle.
The crystallite size (t) of the samples under
investigation as quit from single-line approach of
the XRD reflections are tabulated in Table 1.
From the table it is found that the crystallite size
of pure barium ferrite is 36.8 nm, while different
ratio of Co?" doping in the barium ferrite, the
it can be

crystallite size is reduced. Thus,

concluded that the crystallite size strongly
depends on Co?* concentration which impede the
grain growth, thereby making the crystallite size.
The crystallite size (t) of the samples under
investigation as quit from single-line approach of
the XRD reflections are tabulated in Table 1.
From the table it is found that the crystallite size
of pure barium ferrite is 36.8 nm, while different
ratio of Co?" doping in the barium ferrite, the
it can be

crystallite size is reduced. Thus,

concluded that the crystallite size strongly
depends on Co?* concentration which impede the
grain growth, thereby making the crystallite size
to decrease with its increasing concentration [29,

30]. Table 1 show that the elastic strain value is
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increased with increasing Co?* concentration. It
reveals that the possible growth of cobalt ferrite
particles with larger defects in this favored
direction; switch over to smaller crystallite size.
The lattice constant (a) is calculated for all the
compositions by using this relation [31],
1 4 [h2+hk+k2] +12

d? 3 a? 2

()

Where d is the value of d-spacing of line in XRD
pattern and (hkl) are the Miller indices. Table 1
lists the calculated values of lattice constant of
all the prepared samples with efficiency of +0.003
A. From the table, it is found that the lattice
constant (a) increased with increase in the Co?"
concentration and also increases the specific
surface area of the particles. The elastic strains
of the samples are also calculated by the given
expression [32],
: (3)

8:
2 cot (0)

The elastic constant values are indexed

in Table 1.The Co?" concentration is found to

beincreasing with an increase in the elastic
constant value of the samples. From the
Williamson and Hall methodthe average
Compo | Crystalline size Avera | a c Volu | Ela
sition / | (hm) ge (A (A) me sti
1200° C cryst AP | c
Scher W-H alline Str
rer metho | size ain
meth d “(n £
od m) X
10
%)
Pure 335 35.9 3470 | 5.86 | 23.0 | 688. | 3.7
9 11 3
2mol% | 33.9 36.1 35.00 | 5.89 | 317 | 875. | 3.6
Co 4 79 9
4mol% | 35.3 36.8 36.05 | 5.89 | 31.8 | 876. | 3.8
Co 4 82 2
6mol% | 36.1 37.9 37.00 | 5.89 | 316 | 869. | 3.8
Co 8 84 8
§oleo | 3690 g 391 38.00 | 5.89 | 317 | 863. | 3.9
Co 6 76 3

Article
crystallite size and strain induced by the doped

Co%* concentration was calculated using below
the expression [33],

KA .
B(thCOSO(th:F-F 4SS|n9<th (4)

Table 1 Summary of Pure and Co- doped nano
barium ferrite Calcined at 1200° C

Where K is a constant (0.89), A is the
wavelength of CuKo (1.5406 A °), D is the
crystallite size in nanometers, B is the full width
half maximum (FWHM) of XRD peak intensity, h
is the peak position (Bragg angle) and ¢ is the
micro strain. The Williamson—Hall plot has been
made between B (,yCos6 and 4sin6 ,, whereas
the slope line corresponds to strain as shown in
Fig. 3.
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Figure 3 Williamson—-Hall plots of
the samples: (a) Pure nano barium ferriteand (b)
Co-2mol %, (c) Co-4mol %, (d) Co-6mol % (e) Co-

8mol % doped nano barium ferrite

FTIR spectrum analysis has been used to find
the information about chemical bonding in a
compound. The absorption peaks purely depend

on the crystal structure, morphology and
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chemical composition of the materials in order to

determine the chemical bonding nature of pure
and cobalt doped barium ferrite compound [34,
35]. The Fig. 4 shows that the FT-IR spectra of
barium ferrite are recorded in the range 400-4000
cm—-1 wave numbers. The intense absorption
band appeared between the frequencies regions
of 400-1000 cm-1, characterizes the deformation
modes of Co-O and Fe-O. the

absorption band below 500 cm—-1 is due to the

In addition,

deformation of Fe—O bonds in the deformation of
Fe—-O-Fe bridges [36, 37].

g
(]
(&)
s
=
(%]
g
=
500 1000 1500 2000 2500 3000 3500
Wave number cm™
Figure 4 FT-IR pattern of the samples: (a)

Pure nano barium ferriteand (b) Co-2mol %, (c)
Co-4mol %, (d) Co-6mol %, (e) Co-8mol % doped

barium nanoferrite.

The strong absorption peak around 805 cm™ is
associated with O-Fe-O vibration mode. Further,
the absorption band in the region of 3200-3500
cm™ corresponds to OH stretching vibration of
water molecules absorbed over the surface of the
samples and the absorption peak is located
about 1571 cm™ corresponding to bending mode
of H-O-H [38, 39]. The conditional absorption of
CO, over the surface of prepared samples from
the atmosphere was identified from the sharp

peak positioned about 2339 cm™. From the
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spectra, the O-C-0 stretching band at 2347 cm™

is identified due to an increase in doped
concentration of cobalt nitrate [40]. Hence, the
observed metal oxide vibrations in the frequency
range of 400-4000 cm™ reveal the material phase
and chemical purity of all the pure and Co?*

doped BaFe;,0,4compounds.

3.4 XPS ANALYSIS
Chemical states and Surface analysis of

the synthesized sample were investigated by X-
Ray photoelectron spectroscopy (XPS). Fig. 5
shows the XPS wide spectrum of cobalt doped
barium ferrite synthesized by co-precipitated
technique. The photoelectron peaks of Co 2p, Fe
2p and O 1s along with C 1s were observed in
this spectrum [41]. The fig. 6a shows that, the Ba
3d5/2 and Ba 3d3/2 peaks are observed at
780.748 and 784.429eV respectively, which are
used to characterize the sample. The spectrum
indicates a slight shift in the binding energy of

the Ba peak in the ferrite material compared to

that in BaO, primarily due to the varying
environments of the Ba2+ ion within the
compounds.
g; . ﬁ g s 3 ()
g S 8
: V~L¢hﬂ~ﬁ~’~4ﬁl
o 260 460 GC‘)O 860 10‘00 1200
Binding energy(eV)
Figure 5 XPS spectrum: (a) pure nano

barium ferriteand (b) Co-2mol % doped
nano barium ferrite
Fig. 6b exhibitions the XPS bands of the

co-doped ferrite, showing peaks for Co 2p3/2 and
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Co 2pl/2 at binding energy values of 853.05 eV

and 872.732 eV, respectively. These peaks are
conformed the Co?* ion present in the cobalt
ferrite particles [42, 43]. Fig. 6¢ shows the Fe 2p
core shell XPS spectra of cobalt ferrite. This
in close agreement with previous
FeS+

Significantly, the high resolution XPS spectra of

result is

literature for jon in ferrite materials.
Fe 2p is shown in Fig. 6¢c can be fitted into two

distinct peaks located at 723.573 eV and 726.858
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Figure 6  XPS high resolution spectrum: (a)
Ba 3d, (b) Co 2p, (c) Fe 2p and (d) Ols

These peaks correspond to the binding
energies of Fe 2p3/2-Fe?* and Fe 2p3/2-Fe®*
ions. Therefore, the oxidation states of iron (Fe)
in the prepared nanoparticles definitely consists
of both Fe** and Fe?* ions [44-46]. From the XPS
spectra of the O 1s region was found at 531.123
eV, as shown in Fig. 6d. This peak is associated
with corresponding binding energy of 0% metal

group observed from the surface of the sample.

3.5. SCANING ELECTRON MICROSCOPE (SEM)

The SEM image of the pure and Co?" doped
barium ferrite synthesized by a chemical co-
precipitation technique at sintered temperature
1150°C as shown in Fig. 7.
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Figure 7 SEM image of the samples: (a) Pure
nano barium ferriteand (b) Co-2mol % , (c) Co-
4mol % , (d) Co-6mol % , (e) Co-8mol % doped
barium nanoferrite

From the SEM image that the grains are non-
uniform and densely distributed on the surface,
more over the grain size of the ferrite found to be
in the range of 50um -2um [47-49]. The images
show that the grain size of the samples
decreased as well as increased the percentage of

C02+

3.6 VIBRATING SAMPLE MAGNETOMETER
ANALYSIS (VSM)

The vibrating sample magnetometer measures
the magnetic saturation and coercivity value of a
sample of magnetic material is placed in an
external magnetic field by converting the dipole
field of the sample into an ac electrical signal [50,
51]. From the analysis, the pure and Co?* doped

(x=0%, 2%, 4%, 6% and 8%) barium ferrite
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hysteresis loops are shown in Fig. 8. The
magnetic measurements of the data are
summarized in Table 2. After doping, the
observed saturation magnetization (Ms)

t057.968 emu/g with

increase in the cobalt percentage.The saturation

decreasesfrom 58.753

magnetization (Ms) value of pure barium ferrite is
58.753emu/g at 300K. From the hysteresis loop,
the remnant magnetization (Mr) of the pure and
Co?* doped

sesncecees (€)
.::::.:ooo...-- d)
;ﬁﬁttﬁmttm Eb;
al

*aumaamﬁ**:
o..o.o...'.':.
eoosneneee®®

T T T T
-10000 0 10000 20000

H(kOe)

T
-20000

Figure 8 Hysteresis pattern for the samples:
(a) Pure nano barium ferriteand (b) Co-2mol %,
(¢) Co-4mol %, (d) Co-6mol %, (e) Co-8mol %
doped barium nanoferrite

barium ferrite are decreases with increase in
doped percentage of Co?" [52, 53]. The remnant
magnetization (Mr) at 300K for pure and Co?"
doped barium ferrite is 15.234 emu /g and 17.986
emu /g -7.758 emu /g.The squareness (SQR)
value of these samples is calculated by this ratio
(Mr/ Ms). In general, large SQR values are
favored in many magnetic storage applications.
The SQR value decreases with increasing doped
percentage of Co?* [54, 55]. The SOR value of the
pure barium ferrite sample at 300 K is 0.2592 and
doped percentage of Co?" increased thereby

decreasing the SQR value simultaneously.
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Table 2
nanobarium ferrite Calcined at 1200°C

Summary of pure and Co- doped

Composi{ Ms Mr Hc
n / 12| (Saturat | (Remn | (Mr | (Coerci
o ion ant /M | vity)
magnet | magne | s) (Oe)
ization) | tizatio | rati
(emu/g) | n) o
(emu/
g)
Pure 11.7 4.09 0.3 | 851.12
4
2mol% | 24.8 8.87 0.3 | 851.15
Co 5
4mol% | 28.5 11.12 0.3 | 853.16
Co 9
6mol% | 31.2 13.1 0.4 | 854.79
Co 1
8mol% | 34.5 26.2 0.7 | 856.32
Co 5

From the hysteresis loop, the SQR value
of 8% cobalt doping is calculated as 0.1347 at
300 K. However, the SQR values depend on the
doping percentage of Co?".The coercivity value
for pure barium ferrite is 851.128 Oe at 300K. In
addition the cobalt doping percentage (2-8%)
increased with varying the coercivity values
(998.584 Oe -213.564 Qe). After doping, the
observed Msvalue decreasesfrom 58.687emu/g
to 57.968emu/g with increase in the Co?" doped
percentage [56]. From the data, SQR value is
obtained as dependency of the Co?* doped
percentage. SQR and coercivity value is varied

from the prepared sample density.

The various ratio of Co?" doped barium
ferrite with sintering temperature 1200°C which

it’s involved the various characterization have
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been discussed above. TGA/DTA result explains
completion of the formation of barium ferrite at
the temperature around 1010°C to 1100°C. From
the XRD studies, the 0%, 2%, 4%, 6%, and 8%of
Co%* doped barium ferrite confirms the hexagonal
structure. The functional groups exhibited in
barium ferrite structure were investigated by FT-
IR spectroscopy and the resultant spectra are
presented clearly. The surface phenomenon and
oxidation state were characterized by XPS
technique. Detailed surface analysis of core level
spectra of Co 2p, Fe 2p, Ba 3d and O 1s peak
were studied and found to be 2* state for cobalt
and 3" states for iron on the surface of prepared
samples. The SEM images show the size of the
pure and Co? dopedbarium ferrite samples in the
range of micro meter (50 um -2um).

the

saturation magnetization Ms Value is decreased

From the magnetization studies,
by increasing Co?" doped barium ferrite from 0-
8% is 58.753 emu/g t057.968 emu/g and remnant
magnetization Mr
emu/g to7.758 emu/g with 0-8% of Co?" doped
barium ferrite. The coercivity Hc is decreased
from 851.128 Oe to 213.564 Oe for increasing the
Co?* doped percentage from 0 to 8 % respectively
at 300K.
property s
dependency. From the Mr and Msvalue, the SQR

is calculated. SQR (squareness) and coercivity

is decreased from 15.234

It was observed that the magnetic

very close to temperature

also depend on the density of the percentage of
Co?* doping. During the preparation and sintering
process, the magnetic properties of the samples

are affected prominently.
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