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Abstract

Nanocrystalline X-type hexaferrites having the chemical composition of Sr, ,Ca,Ni, ,Ba Fe 40,4 (x=y=0-0.5) were syn-
thesized via sol-gel auto-combustion route at a sintering temperature of 1250 °C for 5 h. XRD analysis was done to verify
the hexagonal X-type structure. All peaks were indexed according to the standard card of X-type ferrite. The increase in
XRD parameters (a, c¢) and cell volume was observed by increasing the Ca—Ba substitution. Scherrer’s equation unfolded the
crystalline size (22.97-26.61 nm). The inclusion of Ca—Ba significantly altered the porosity and X-ray density of synthesized
materials. Infrared spectra revealed crystal symmetry in agreement with XRD analysis. The Ac conductivity was enhanced
by systematically substituting Ca—Ba from (1.453 x 107> to 7.048 x 107) Qem™!. The complex impedance inspection of
synthesized composition shows the promising part of grain boundaries involvement to the dielectric properties. The dielectric
constant values of all synthesized compositions were greater than Sr,Ni,Fe,30,4, making these materials interesting for use
in many applications requiring a high dielectric constant. Vibrating sample magnetometer analysis (VSM) was utilized to
observe the magnetic characteristics. The magnetic properties were decreased with the inclusion of Ca—Ba cations concen-
tration. The low values of the coercivity of this synthesized X-type hexagonal ferrite suggest using this material for memory
devices, microwave absorption, and magnetic radar-absorbing materials used in high-frequency applications.
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1 Introduction

Nowadays, the synthesis of nanomaterials is of great atten-
tion due to their uniqueness and relatively remarkable prop-
erties. These attractive properties allow these nanomaterials
to be employed in novel applications in science and technol-
ogy. Ferrites are vital materials for technological applica-
tions [1]. Ferrites exist in the different crystalline structures
like spinel, ortho- ferrites, hexagonal, and garnet. Ferrites

4 Syeda Rabia Ejaz
rabia.ejaz @ gscwu.edu.pk

< Muhammad Azhar Khan
azhar.khan @iub.edu.pk

Department of Physics, The Government Sadiq College
Women University Bahawalpur, Bahawalpur 63100, Pakistan

Institute of Physics, The Islamia University of Bahawalpur,
Bahawalpur 63100, Pakistan

3 Department of Physics, G. C. University, Lahore 54000,
Pakistan

are the most significant magnetic materials because of hav-
ing low cost, good chemical stability, and extensive technical
applications in the transformer core, high-quality filters, and
recording media [2]. Out of these, hexagonal ferrites are a
significant class of magnetic material. Hexagonal ferrites
are hard ferrite materials that have been frequently used in
various industrial and technological fields [3]. These materi-
als have the potential for microwave applications due to the
following characteristics: excellent oxidation resistance, the
high value of coercivity, remanence, and magnetic energy
products. These materials are considered valuable to micro-
wave applications [4].

Depending upon their crystal configuration, there are
seven possible hexagonal ferrites differentiated as X, Y,
M, Z, W, U, and R [5]. Among various hexagonal struc-
tures, X-type hexagonal ferrites represented by the formula
“Ba,Me,Fe,30,,” (Me is a divalent ion) were first reported
in 1952. The X-type hexagonal ferrites are regarded as an
attractive material because of their prospective relevance
as the permanent magnets used for microwave devices [6].
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The basic configuration of X-type hexaferrite consists of
S and R blocks along the central axis, having a stacking
representation as RSR*S*S*(* indicates alternation of the
analogous block by 180° about the c-axis) [7]. Three octa-
hedral sites are present at the border between S and R and
S-S blocks. Two tetrahedral and one octahedral site are
in the “S” block. One trigonal bipyramidal and two octa-
hedral sites are located in the R block [8]. X-type ferrites
are ferrimagnetic [9] material formed by the combined
phase of W-type and M-type hexagonal ferrites [10]. Vari-
ous techniques have been used to synthesize the X-type
hexagonal ferrites. Few are the micro-emulsion method,
sol—gel process, and co-precipitation route [11]. Among
these synthesis routes, sol-gel auto-combustion has been
found extremely interesting because it can suitably utilize
heat released from the in-situ reactions of the chemicals,
such as from the chelating agents and the nitrate radicals.
Sol—-gel technique was first employed to synthesize X-type
hexagonal ferrites by Pullar et al. to prepare Co, substi-
tuted X-type hexagonal ferrites [12]. Haijun, Z. et al. dis-
cussed Ba,Zn,Fe,;0,, hexaferrites restraining a thin ferro-
magnetic resonance linewidth and discussed the significant
aspects that influence the properties of metal substituted
hexaferrites are choice of suitable dopants and preparation
routes to perform multiplicity applications [13].

Hence, the magnetic, dielectric, and structural assets of
X-type hexaferrites are dependent on many factors, includ-
ing the chemical composition, synthesis methodology, sin-
tering temperature, and sintering time. In the current work,
the principal purpose of the investigation is to explore the
consequence of Ca**—Ba’* substitution for Sr**-Ni’* in
Sr,Ni,Fe,30,, X-type ferrite prepared via auto-combustion
sol—gel method.

This effort aims to understand the influence of
Ca%*—Ba®* of substitutions on structural, spectral, mag-
netic, and dielectric parameters. Literature evidenced that
phases of the compositions and dielectric parameters may
be altered via control by choosing the substitution of the
various divalent and trivalent cations at the different sites
of the hexagonal lattice. Therefore, tailoring the composi-
tion makes it possible to improve the properties essential
for the particular application.

2 Experimental procedure

2.1 Chemicals

Chemical wused for the fabrication of
Sr, Ca,Ni,  Ba Fey0,46 (x=y=0-0.5) composition were
Sr(NOj3),, Ni(NO;),.H,0, Ca(NO;),, Ba (NO;), and Fe
(NO3);.9H,0.
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2.2 Synthesis methodology

Ca-Ba-substituted X-type hexagonal ferrites with composi-
tion Sr, ,Ca,Ni, ,Ba Fe,30 44 (x=y=0-0.5) was prepared by
sol—gel auto-combustion route. The appropriate amount of
metal nitrates solutions was prepared by dissolving the salts
in the water (deionized). After preparing the homogeneous
solution, mix the appropriate amount of the desired solution
according to the composition. The molar ratio of the metal
nitrate relative to the citric acid was 1:1. The citric acid
solution was added to the metal nitrate solutions with con-
tinuous stirring at 40 “C. C4HgO; serves as a chelating agent
that assists the homogeneous distribution of the metal ions.
Ammonium hydroxide was drop-wise added to the solution
with constant stirring to control pH at 7. After maintaining
pH, the solution was stirred at a steady temperature until
water evaporation occurred, resulting in viscous gel for-
mation. The so attained viscous gel was further heated at
150 °C, leads to the ignition of gel, and the fluffy dry resi-
due was received as shown in Fig. 1. The fluffy powder was
crushed in an agate mortar pestle to get the fine particles and
then sintered at 1250 °C for 5 h in a muffle furnace. After
annealing, the powder was ground to obtain a fine powder.

2.3 Characterization

The un-annealed material was characterized via ther-
mal gravimetric analysis and differential thermal analysis
(Model: Mettler toledo Gc 200) at a temperature of 10 °C /
min from room temperature to 1300 °C. After the heating
treatment, the phase recognition was verified by a Bruker
X-ray diffractometer using a Cu-ka, radiation source. FTIR
spectroscopy was utilized to explore the spectral information
in 400-1000 cm™'. The impedance analyzer and vibrating
sample magnetometer explored dielectric measurements and
magnetic properties.

3 Results and discussion
3.1 Thermal analysis

To explore the structure development process of
Sr, ,Ca,Ni, Ba Fe,30,, composition, TGA, DTGA, and
DSC were used to determine the decomposition procedure
of as-synthesized composition. Figure 2 shows the TGA,
DTGA, and DSC curves in the temperature range of 0 to
1300 °C. The plot of TDA shows five weight loss regions:
At a temperature of 170 °C, the initial weight loss peaks as a
result of the evaporation of water molecules among the voids
of particles. At a temperature of 415 °C, the second peak,



Structural, spectral, dielectric, and magnetic properties of Ca—Ba-substituted...

Page3of 14 181

Fig. 1 The formation stages of
the synthesized composition
using sol—-gel auto-combustion
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Fig.2 TGA, DSC and DTGA plots of Sr,Ni,Fe,;0,4 powder sample

which was caused by the release of trapped water or the
crystallization of water, appears. The other weight loss peak
emerges at 643.480 °C, which might be explained by the
elimination of organic components, breakdown of nitrates,
citric acid, and the configuration of metal oxide. The trans-
formation of hydroxide to oxides is what causes the weight
loss that was noticed at this temperature. The growth of the
hexagonal structure is responsible for the weight loss that
occurred after 1000 °C and the smoothed line that appeared
within regions between 1033 °C and 1124.53 °C.[14, 15].
The temperature greater than 1124.53 °C did not cause any
weight loss [8, 16].

In the DTGA, an exothermic peak observed at different
temperatures was observed. The exothermic peaks observed
at 414.65 °C, 539.57 °C are the indication of removal of
water molecules and nitrates from the sample, while peaks
at 694.47 °C,1053.56 °C correspond to the burning of the

7

organic components and the development of the hexagonal
phase, respectively [17]. Exothermal and endothermal peaks
were seen in the DTGA curve between 30 and 695 °C, con-
firming the TGA findings. The other endothermal peak was
likewise seen at 1200 °C, demonstrating the phase's develop-
ment. DSC curve gives two endothermic peaks. A wide peak
was found in the DSC curve at 357 °C, confirming the TGA
curve’s indication of the sample's greatest weight loss. This
peak (at~357 °C) is due to the evolution of the gases, and
also ascribed to the removal of absorbed water. The second
peak observed at 1053.56 °C is because of the emergence of
X-type hexagonal phase [18]. Hence, it was established from
all of these investigations that the synthesized materials are
quite stable above 1200 °C. Consequently, the synthesized
material was sintered at 1250 °C to achieve the necessary
phase [19].

3.2 Phase identification

XRD patterns of all prepared X-type hexaferrites compo-
sitions are demonstrated in Fig. 3. The obtained patterns
of Sr, ,Ca,Ni, ;Ba Fe,s0,, X-type hexagonal ferrites are
indexed with the standard pattern (ICDD#01-079-0476).
The intense peaks are well indexed as (110), (0126) (1115),
(205), (2011), (0222), (0228), (2110), (306), (1226), (0315),
(220), (1313) and (1325). The entire synthesized sample
exhibited no extra peak, indicating no impurity phase formed
during sintering which confirmed the single-phase forma-
tion of X-type. It can be seen from the graph that maximum
reflection is at 20 =34.28 and showed good accord with the
earlier data reported in the literature for the X-type [20, 21].

Lattice parameters are found by cell software. Table 1
depicts the values of lattice parameters, X-ray density,
porosity, cell volume, bulk density, and c/a ratio of differ-
ent Ca**-Ba** substitution compositions in Sr,Ni,Fe,0 ¢
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Fig.3 XRD patterns of Sr, ,Ca,Ni, BaFe,s04 (x=y=0, 0.1, 0.2,
0.3, 0.4, 0.5) X-type hexaferrites

X-type ferrite. The increasing trend in the lattice constants
was observed with increasing fractions of cations, i.e.,
Ca-Ba. The discrepancy in lattice parameters might be
accredited to the more enormous ionic radii of Ba®* (1.35 A)
concerning Ni** (0.72 A) ion. The c/a ratio falls in 14.24
ranges in the entire prepared ferrites, indicating that the
material lies in X-type hexagonal ferrites. The unit volume
cell, X-ray density, porosity, and bulk density were obtained
by the relations (1-4) [22].

V = a’csin 120°, (D
_mrn

n = @
M

oy = ——, 3

X AV 3)

P=1-5,0X. 4)

The cell volume increases from 2519.97 to 2531.79 A?
and is justified based on lattice parameters [23]. As the

average ionic radius of Ba®* (1.49 A) and Ca®* (1.06 A)
are greater than Ni’* (0.72A) and Sr** (1.13 A) causes
the enlargement of lattice parameters as well the unit cell
volume enhancement [24, 25]. It is also examined from
Table 1 that the X-rays density and bulk density increase
by the increase in the substitution of Ca>*—Ba**. This
behavior is accredited due to the discrepancy in the molar
masses of the host and the substituted ions. The observed
value of the bulk density is lesser than the X-ray’s density
owing to the existence of inevitable pores formed dur-
ing the annealing [26]. The difference in X-ray density by
varying substitution plays a significant role in deciding
the porosity. It is also reported that porosity is depend-
ent upon many factors such as density, crystalline size,
annealing temperature, and preparation technique. Table 1
illustrates the decrease in the porosity was noticed through
the increase in the Ca?*—Ba*substitution. The crystalline
size was found in the range of 22.97-26.61 nm.

The interchange distance (r), strain (1), distortion
parameter (g), and the dislocation density (§) were deter-
mined. The Wilson evaluated the strain of the nanoparticle
ferrites—stokes formula [27] n = (p/4)tan and the g, d r
[28] were computed by the Eqgs. 5-7.

r = 5A1/8sinb, 3)
1

=75 (6)

g = p/tanb. @)

A decrease in the interchange distance is observed
with an increase in the Ca—Ba concentration. However,
the intensity and crystalline size decrease can explain
the reduction in the interchange length. Deviation of “8”
and g is a consequence of the site vacancies’ existence
in the crystal layers and the re-ordering of atoms in the
lattice. It can be noticed from Table 2 that the crystalline
size increases, whereas the strain and dislocation density
decreases. This parameter variation could affect the re-
crystallization progression in the prepared composition.

Table 1 The structural Ca—Ba contents a(A) C(A) c/a V(/&)3 D (nm) 3§, (g/cmS) S, (g/cm3) Porosity

parameters of

Sr, Ca,Ni, Ba Fe,0,6 x=0,y=0 5.890 83.878 14.24 251997 2297  5.123 2739 0.4653
x=0.1y=0.1 5.893 83950 14.25 252498 2523  5.119 2.944 0.4249
x=0.2,y=0.2 5.896 83.941 1423 252666 2598  5.122 3.114 0.3920
x=03,y=03 5.889  83.902 1425 25200 2448  5.142 2.951 0.4261
x=04,y=04 5897 83933 1423 252823 2661  5.132 2.899 0.4350
x=0.5,y=05 5.899 83.994 1423 253179 2473  5.130 3.530 03119
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Table 2 Structurally extracted Ca—Ba contents

Dislocation Density

Interchange Distortion parameter Micro-Strain

garageters of Ba, ,Mg,Co, ,Sr, (lines\m™2) distance (nm)
€28Vs6
x=0,y=0 1.9% 105 3.2658 1.00599 2.392%1072
x=0.1y=0.1 1.57%x 10" 3.2677 9.0356% 107! 2.181x1072
x=02,y=02 1.48x10" 3.2677 8.7564x 107! 2.114%1072
x=0.3,y=0.3 1.67x 10" 3.2639 9.3894x 107! 2.236x 1072
x=04,y=0.4 1.41x10" 3.2696 8.6103x 107! 2.042%1072
x=0.5,y=0.5 1.64x 10" 3.2728 9.6467x 107! 2.283%x 1072
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Fig.4 FTIR spectra of Sr, ,Ca,Ni, Ba Fe,s046 (x=y=0, 0.1, 0.2, 0.3, 0.4, 0.5) X-type hexaferrites

3.3 FTIR analysis

Figure 4 illustrates the FTIR spectra of annealed
Sr, (Ca,Ni, Ba Fe, 30,45 X-type Hexa ferrites in
400-1000 cm~!. The entire composition spectra showed
the absorption bands in 438-540 cm™~!. These characteristic
bands are ascribed to intrinsic vibrations of the octahedral
(v,) and tetrahedral (v,) metal-oxygen bonds, respectively
[29].

In the present work, absorption bands in the range
of 438.76-436.48 cm_l(uz) correspond to the task of
Fe—O stretching through Fe—-Og, while the bands occur in
544.61-539.10 cm™" (v,) due to the Fe—O stretching of Fe-O,
[30]. It can be observed from the spectra that for Sr,Ni,Fe,30,4
composition, octahedral (v,) and tetrahedral (v;) bands are
located at 438.76 cm™! and 544.61 cm™!, respectively. It
reveals the band’s location variation with the enhancement of
substitution. A slight deviation in the location of the bands in

all synthesized material is predicted. This might be due to the
dissimilarity between tetrahedral (A) and octahedral (B) ions.
The variations in v; and v, with Ca—Ba substitution are given
in Table 3. The values of v; and v, are decreasing towards
lower wavenumber with the increase in Ca—Ba substitution.
It can be justified based on the allocation of the cations on
tetrahedral and octahedral sites [31].

The band shifting as a function of Ca—Ba substitution and
force constants of octahedral K, and tetrahedral K, can be
measured using the formulae (8-9). It was observed that K|
and K, showed decreasing behavior with the increasing Ca—Ba
contents. The tetrahedral clusters’ vibrational mode is greater
than that of the octahedral clusters due to the shorter bond
length of the tetrahedral clusters.

K, (dynes cm™) = 0.942128 « Mv} /(M + 32), (8)
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Table 3 Spectral parameters of Ca—Ba contents v, (ecm™ 0, (ecm™)  Molecular K, (dynes K, (dynes Bond length ( A)
Sry.Ca,Ni, ,Ba,Fer0,46 weight (g/ em™2)*10°  ecm~)*10°
mol)
x=0,y=0 544.61 438.76 2592.246 1.792 3.145 21.107
x=0.1y=0.1 543.13 437.11 2595.355 1.778 3.125 21.125
x=0.2,y=0.2 540.01 437.71 2598.464 1.783 3.111 21.123
x=0.3,y=0.3 539.87 437.21 2601.574 1.779 3.107 21.113
x=0.4,y=04 539.56 436.48 2604.683 1.773 3.099 21.121
x=0.5,y=0.5 539.10 437.43 2607.792 1.781 3.104 21.136
K, (dynes cm™2) = 22K v, /v,. ) 6.0
—a— X=Y=0
. . 5.5 —o— X=Y=0.1
The bond length of the hexagonal structure is determined - —A— X=Y=0.2
using the Egs. 10-11 [32]. The XRD analysis revealed that i’r 5.0 DE ij:g:i
the lattice parameters (a and c) increased linearly with the s —<—X=Y=05
et
increase in the Ca—Ba substitution. & 454
8 4.0
2 2 L M
a 1 =
L= —+(——U>C2, 1) &
( 372 10 8]
2
o 3.0~
&
where U = 32 + 0.25. (11) 254

The variation in the bond length for the entire composi-
tion is listed in Table 2 and exhibits the increasing trend with
the substitution. It is well known that fundamental vibra-
tional frequency and force constants (K, and K,) decrease
with the increase in the bond length. So, the observed shift
in the band frequency toward the lower side and reduction
of the force constant K, and k, is due to the increase in the
lattice parameters. Therefore, FTIR results are in agreement
with phase identification analysis.

3.4 Dielectric measurement

Room temperature dielectric measurement was inspected
in the 1-3 GHz frequency range. Dielectric measurement
includes the dielectric constant, dielectric loss, tan loss fac-
tor, and Ac conductivity, suggesting valuable information
regarding the electric charge carriers, which supports the
conduction mechanism. These parameters are investigated
as the function of frequency and the Ca—Ba proportions.

3.4.1 Dielectric constant

The dielectric constant decides the capacity of the mate-
rial to store the charges when utilized in capacitors. Fig-
ure 5 shows the dependence of the dielectric constant on
the frequency and compositional variation of the entire
composition. It can be examined that the dielectric constant

@ Springer
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Fig.5 The variation of dielectric constant versus frequency of
Sr, Ca,Ni, Ba Fe 30,6 (x=y=0, 0.1, 0.2, 0.3, 0.4, 0.5) X-type hex-
aferrites

decreases with an increase in frequency, thus showing the
usual behavior of the ferrites [33]. In the low-frequency
region, the dielectric constant is high and decreases with fur-
ther enhancement in the frequency. In contrast, the dielectric
becomes independent of the frequency in the intermediate
frequency region. A 2.3-2.5 resonance peak appeared at the
frequency range, which is caused by the effect of hopping
frequency matching of Fe’* <> Fe?* ions becoming equal to
the applied frequency [34].

The compositional variation with the substitution on the
dielectric constant is shown in the inset graph in Fig. 5.
It can be noticed from Table 4 that by varying the Ca—Ba
ratio, the dielectric constant increases. At x=y=0.5 highest
dielectric constant value was observed, i.e., 5.115. It had
been reported that Ca—Ba is either distributed on A-B sites
[35]. An increase in the Ca—Ba concentration on the A site
enhances the dielectric constant. The optimization in dielec-
tric parameters is referred to the Iwauchi hypothesis. The
octahedral site contains many Fe?* ions, and an increase in
the electronic transfer among Fe?™ and Fe* results in the
high value of the dielectric constant [36]. Nanomaterials
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Table 4 Dielectric

) Ca-Ba content Dielectric constants  tand G, (Qem)™! M’ M" n
studies results of -
Sr, Ca,Ni, ,Ba Fe,30,6 e e
x=0,y=0 3.376 0.0454 0.0124 1.453x 107 0.3036 0.00355 0.94
x=0.1,y=0.1 4.386 0.0488 0.0096 1.272x 107 0.2295 0.00218 0.54
x=02,y=0.2 4.096 0.1149 0.0235 3.822x 107 0.2470 0.00469 0.36
x=03,y=0.3 4.220 0.0687 0.01528 3.255x 107 0.2425 0.00391 0.56
x=0.4,y=04 4.215 0.0634 0.0166 1.562x 107 0.2659 0.0045 0.64
x=05,y=0.5 5.115 0,2981 0.0447 7.048x 107 0.1841 0.1003 0.56
e o
1 —@— X=Y=0.1 0.1 A x:Y:O.Q
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Fig.6 The variation of dielectric loss versus frequency of Fig.7 The variation of Tan loss versus frequency of

Sr, ,Ca,Ni,  Ba Fe 40,6 (x=y=0, 0.1, 0.2, 0.3, 0.4, 0.5) X-type hex-
aferrites

may miniaturize the microwave devices with a high dielec-
tric constants value.

3.4.2 Dielectric loss

Figure 6 illustrates the dielectric loss factor as a function of
frequency of the Ca-Ba-substituted Sr;_,Ca,Ni, ,Ba Fe,s0,¢
(x=y=0,0.1, 0.2, 0.3, 0.4, 0.5) at the room temperature.
The reduction in dielectric loss factor is examined by the
increase in frequency owing to the similar fact as enlight-
ened for dielectric constant [37]. From Fig. 6, it can be
observed that at low frequency, the dielectric loss has a high
value due to dislocations and other defects. Resonance peaks
are detected at the high frequency, ascribed to the hopping
mechanism [38]. It can be viewed from the inset graph that
the value of the dielectric loss shows increasing behavior
with the enhancement in the Ca—Ba concentration, which in
turn supports the EMI shielding efficiency. This increase in
the dielectric loss is attributed to the interfacial polarization
and is listed in Table 4.

Sr, «CaNi, Ba Fe 046 (x=y=0, 0.1, 0.2, 0.3, 0.4, 0.5) X-type hex-
aferrites

3.4.3 Tangent loss

Tangent loss is described as the ratio of resistive current
and the charging current as given in the following relation.

Tané = £" /€. (12)

The frequency and compositional dependence of loss
tangent (7an) for Sr, ,Ca,Ni, ,Ba Fe,30,, are illustrated
in Fig. 7. The tangent loss value depends on the different
reasons such as structural homogeneity, sintering condi-
tions, the density of the charge carriers, Fe*? contents,
and the choice of the composition [39]. The graph shows
that tan loss decreases with the increase in frequency, and
resonance peaks are also observed at the higher frequency.
The resonance in the tand spectrum is attributed to the
applied field. It can be noticed from the graph that with
an increase in the substitution of Ca—Ba, the tangent loss
increases. This fact is justified based on the dielectric loss
because €” is directly proportional to tan loss (9).

@ Springer



181 Page8of14

S.R.Ejazetal.

—m— X=Y=0
2 & X=Y=0.1
LU (i
= —¥—X=Y=0.3
£ & X=Y=0.4
Q < X=Y=05
S oo
'; 0.05.
2
7] - =
.g -5.0x107q Eom
c <)
o 2z
(3] 3
© t.0x10"d §
S0
22x10" 24x10" 26x10" 2.8x10"
% Frequency(Hz)
1.5x10" — — —

L) L)
0.0 50x10° 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10°

Frequency(Hz)

Fig.8 The variation of Ac conductivity versus frequency of
St Ca,Ni, Ba Fe,q0,6 (x=y=0, 0.1, 0.2, 0.3, 0.4, 0.5) X-type hex-
aferrites

3.4.4 Ac conductivity

Ac conductivity can be found from the values of dielectric
loss and dielectric permittivity as [40]

_ ’
0, = EpE wtané.

13)

Figure 8 demonstrates the discrepancy in the ac conduc-
tivity with frequency, and the inset graph shows the com-
positional dependence of the synthesized material. The
variation in the ac conductivity can be clarified in terms
of low- and high-frequency regions. In the low-frequency
region, the probability density of charge carriers is less,
while conducting grains are found more active in the high-
frequency regions. This conduction is similar to Koop’s
theory/Maxwell-Wagner [41], i.e., the ferrite material
contains conducting grains separated through highly resis-
tive thin layers, i.e., grain boundaries [42]. According to
this model, at low frequency, the ac conductivity explains
the contribution of the grain boundaries.

In contrast, at high frequency, the dispersion is attrib-
uted to the conductivity of grains. The Ac conductivity
reveals increasing behavior as the Ca—Ba substitution ratio
increases. The increase in the ac conductivity is attributed
to the decrease in the porosity [43].

For the conduction mechanism value of ‘n’ plays
a significant role. In the current work, exponential n is
determined from logo,. versus logw graph as illustrated
in Fig. 9. The values of n are found in the range of 0-1.
In this study, the hopping conduction is confirmed as the
variation of “n” is obtained in 0.94-0.36.
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Fig.9 The variation of Log (Ac conductivity) versus Log (frequency)
of Sr, ,CaNi, BaFe)s045 (x=y=0, 0.1, 0.2, 0.3, 0.4, 0.5) X-type
hexaferrites

3.4.5 Quality factor

The variation in Q value of entire composition versus fre-
quency for Sr, ,Ca,Ni, Ba Fe 3045 (x=y=0-0.5) X-type
hexaferrites is shown in the Fig. 10. In the current study,
un-doped material shows a high resonance peak Q value
at 1.5 GHz. With the increase in the Ca—Ba concentration,
the resonance peak shifted in the direction of the high-fre-
quency range of 1.5-3 GHz. This behavior can be elucidated
in the presence of the pores in the prepared material. It was
observed from the XRD results that by varying the dop-
ing concentration, the porosity decreases, so the Q value
increase, which suggests this synthesized composition to be
utilized for several electronic devices.

It has been reported that good dielectric material is the
one that has a high dielectric constant and high value of the
quality factor (Q x f). So this synthesized material can be
regarded as good dielectric material and good material for
microwave application [44].

3.4.6 Complex modulus

Complex modulus investigation is used to study the electri-
cal transference mechanism, such as conductivity relaxation
of the ceramic materials. Analysis of the dependence of the
electric modulus on frequency is one of the excellent meth-
ods to recognize the relaxation time of the materials. The
real (M) and imaginary (M") parts of the complex modulus
are shown in Fig. 11-12.

Figure 11 represents the variation in M’ versus frequency
for all synthesized material. It can be observed that the value
of M’ is less in the low-frequency region. But further, as
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Fig. 11 The variation in real part of electric modulus (M’) versus fre-
quency of Sr, ,Ca;Ni, Ba Fe,0,4 X-type hexaferrites

the frequency increases, M’ increases and attain its maxi-
mum value and then become constant up to the frequency
of 2.4 GHz. This proposed that the conduction mechanism
reveals short-range mobility of the charge carriers [45].
Figure 12 shows the imaginary part of the electric
modulus with the frequency. This part reveals wider
information relating to the charge transport evolution like

The variation of Q values versus frequency of Sr, ,Ca,Ni, ;Ba Fe,s045 (x=y=0, 0.1, 0.2, 0.3, 0.4, 0.5) X-type hexaferrites
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Fig. 12 The variation in imaginary part of electric modulus (M") ver-
sus frequency of Sr, ,Ca,Ni, Ba Fe,;0,, X-type hexaferrites

conductivity relaxation and electrical transport mechanism
as a function of frequency. It is noticed that by varying
the substitution of dopants, the resonance peaks in the
M" shift toward the lower frequency. This shifting in the
resonance peak is due to the resistance of grain boundaries
[46]. The occurrence of the peak in the modulus spectrum
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is evidence of conductivity relaxation [47]. The maximum
in M” occurs when Eq. 14 is fulfilled [48].

2zf,

hax kT = L.

(14)

3.4.7 Cole-Cole plots

To investigate the contribution of the grain boundaries and
grain Cole—Cole plots are plotted. It provides good informa-
tion about the feasible relationship between the performance
of the grain boundaries and peak happening in a complex
modulus spectrum. The Cole—Cole plot of prepared com-
position is illustrated in Fig. 13 reveals a single semicircle
and confirms deviation in their radius. The discrepancy in
semicircle radius indicates the noticeable consequence of
substitution. Single semicircles were noticed for the entire
composition approves the liability of the grain boundaries
in the conduction mechanism. The low-frequency side such
that the left region of the semicircle is an effect of grain
resistance [49], the intermediate frequency region below the
curve indicates grain boundaries involvement, and the high-
frequency region signifies the effect of both grain and grain
boundaries [50].

3.5 Magnetic properties
The room temperature magnetic behavior of

Sr, Ca,Ni, Ba Fe, 3046 (x=y =0-0.5) X-type hexagonal
ferrites is investigated with the maximum applied field of

30KOe. The resulting M—H loops of all prepared composi-
tions are presented in Fig. 14. The coercivity (H,), satura-
tion magnetization (M), remanence (M,), squareness ratio
(SQR), and magnetic moment (pg) were calculated from
the M—H loops (Table 5).

3.5.1 Saturation magnetization and remanence

Figure 15 (A and B) illustrates the effect of the Ca—Ba
substitution on saturation magnetization (M,) and rema-
nent magnetization (M,). It is apparent from the figure
that the values of both M, and M, decrease with Ca—Ba
contents and is tabulated in Table 5. The distinguished
magnetic parameters can be described according to the
cationic distribution in R and S blocks. The value of the
M, and M is found to be decreased by increasing Ca—Ba
into proportion. These variations may be correlated to
superexchange interaction among tetrahedral (6¢,,) and
octahedral (3a,,) sites of the s-blocks [51]. The replac-
ing of Sr** ions by Ca’* ions and Ni** ions by Ba’* in
Sr, Ca,Ni, \Ba Fe,;0, causes the reduction in the mag-
netic interactions. The decrease in the magnetic interac-
tion is owed to the distinction in the magnetic moment of
host Sr>*(2.7 uB) [52]- Ni**(2 uB) [53] by substitution
Ca®*(1 uB) [54]-Ba’**(2.3 uB) [55] ions. This discrepancy
in magnetic moment signifies the decrement of the A—B
superexchange magnetic interactions; consequently, M
and M, decreased.
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Table 5 Magnetic parameters
of Sr, ,Ca,Ni, ,Ba Fe 0,

Ca—Ba content M; (emu/g)

M, (emw/g)  H (Oe)  M/M ng (pp)  Kerg/em?®)

(x=y=0-0.5) X-type ferrites X=0,Y=0 66.2
X=0.1,Y=0.1 64.9
X=0.2,Y=0.2 64.5
X=03Y=0.3 63.8
X=04,Y=04 63.5

X=0.5,Y=0.5 63

1.728 X 10°
1.814 X 10°
1.675 X 10°
1.534 X 10°
1.285 X 10°
1.206 X 10°

30.726
30.159
30.009
29.718
29.614
29.416

31.4443
31.6082
31.4985
31.39

30.0466
29.1521

2506.01
2683.43
2493.81
2308.43
1943.12
1838.69

0.47499
0.48703
0.48835
0.49201
0.47317
0.46273

3.5.2 Coercivity

Coercivity is the principle parameter used to decide the
materials hard and soft magnetic nature. In the present
work, the coercivity illustrates decreasing behavior with
the addition of Ca—Ba additives for all samples except
forx=y=0.1, i.e., 2683.430e shown in Fig. 15(C). The
detected values H, varied between 2506.01 and 1838.69
Oe. This reduction in H, can be enlightened based on
grain size. It can be seen from the data for larger particles,
there is a decrease in coercivity; H, varies inversely with
grain size, which is consistent in the present work. Due
to smaller coercivity values, these synthesized materials
can be considered best to be utilized in switching devices.
In the existing study H, > M,/2, the synthesized series
is regarded as excellent for their use in high-frequency
operating devices [51]. Variations in the Ms and Mr are
shown in Fig. 15.

3.5.3 Squareness ratio (S=Mr/Ms)

The ratio M,/M, called as squareness ratio, which decides
the hardness of the material and determines the inter-grain
group exchanges that vary from O to 1. The calculated
squareness ratio of the entire composition is listed in Table 5
and is found to be below 0.5, which illustrates the single
domain nature of the synthesized nanoparticles.

3.5.4 Anisotropy constant (K) and magneton number (ng)
The discrepancy in the anisotropy constant and magneton

number for the entire composition were computed using the
relation (Eq. 15-16) [56] and given in Table 5.

K = Ms * Hc /0.96, (15)
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Fig. 15 Variation in magnetic parameters (M, M, and H,) of Sr, ,Ca,Ni,  Ba Fe,30,, X-type hexaferrites

ng = Ms x M/5585. (16)

An increase in the Ca—Ba concentration, anisotropy con-
stant (K), and magneton number (ng) illustrates the analo-
gous behavior similar to that of M. The magnetic charac-
teristics were influenced by Ca—Ba substitution in the SrNi
based X-type hexagonal ferrite structure.

4 Conclusion

Sr, Ca,Ni, |Ba Fe, 30,44 (x=y =0-0.5) X-type hexagonal
ferrites were successfully synthesized via sol-gel auto-
combustion route and examined the influence of Ca—Ba
on the structural, spectral, dielectric parameters and the
magnetic properties. Investigation concludes that with the
increase of the Ca—Ba substitution, the lattice parameters,
X-ray density, bulk density was found to be increased and
were attributed to the higher radii ions replacement. FTIR

@ Springer

spectra revealed the variation in the characteristic’s bands
of Fe—O in tetrahedral/Octa sites towards the lower fre-
quency side. The decrease in the fundamental vibrational
frequency and force constants reveals the increase in the
bond length—the Ac conductivity increases by the increas-
ing ratios of the substituted ions. The higher values of the
dielectric parameters suggest this composition is valuable
for the manufacture of the multilayer chip inductor, secu-
rity, sensing, and a resonant circuit. Significant variations
in the magnetic parameters were observed. The magnetic
investigation revealed the impact of Ca—Ba cations on the
SrNi-X-type hexagonal ferrites. The decrease in M, M,,
and H_ proposed using this material in the high-frequency
application by altering the Ca—Ba ratio. The distinguishing
characteristics of this synthesized composition indicate the
excellent scope in the density recording media, microwave
absorber, and security applications.
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