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Abstract:

This study presents the synthesis and comprehensive characterization of calcium-based R-type
hexaferrites with nickel (Ni) substitution, represented by the compositional formula
Cal—xNixZn2Fe4011. A systematic experimental approach was employed to incorporate
varying levels of nickel into the hexaferrite lattice, producing a series of materials with controlled
compositions. The synthesis process involved meticulous procedures, ensuring the precise
substitution of nickel ions in the hexaferrite structure. Characterization of the synthesized
materials was carried out using advanced analytical techniques. X-ray diffraction (XRD) analysis
confirmed the hexagonal crystal structure of the materials and provided insights into their
crystallinity. Fourier-transform infrared spectroscopy (FTIR) was employed to elucidate details
about the chemical composition and bonding within the hexaferrite lattice. Scanning electron
microscopy (SEM) imaging allowed for a detailed examination of surface morphology and
particle size distribution, offering valuable information about the microstructure. The results
revealed successful nickel substitution within the hexaferrite lattice, demonstrating the tunability
of the materials' properties. This tunability is essential for tailoring these hexaferrites for specific
applications, especially in the fields of electronics, telecommunications, and magnetic devices.
The findings of this study contribute to the fundamental understanding of hexaferrite materials
and serve as a foundation for further research. Future investigations can explore optimizing
synthesis techniques and delve into studying the electrical and magnetic properties of these
calcium-based nickel-substituted R-type hexaferrites. The insights gained from this research have
promising implications for the development of advanced technologies and functional materials.
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1. Introduction
Hexaferrites, also known as hexagonal ferrites, are a novel type of magnetic material that were

first presented in 1952 by Went and Rathenau, Gorter, and Van Oostershout. Hexaferrite's
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chemical composition is generally given as MFe2019 , where M might be strontium (Sr), barium
(Ba), lead (Pb), or calcium (Ca).Hexaferrites have a large magnetic crystallographic anisotropy
field, which makes using them as permanent magnets particularly advantageous. Since it is
challenging to change the direction of magnetism of hexaferrites from one axis to another, they
are sometimes referred to as magnetic hard ferrites. They are suitable for microwave applications
such as filters, circulators, absorbers, phase shifters, and related devices due to their potential
benefits. Hexaferrites are hexagonal crystals with tightly packed oxygen ion structures. The major
or easy axis (c) of the hexagonal construction has a length that is greater than the minor axis (a),
and vice versa. Hexaferrites with Ba and Sr bases, BaFe12019 and SrFe 2019, respectively, have
recently attracted a lot of attention due to potential uses in microwave devices. Scientists and
engineers are very interested in hexaferrites because of characteristics including strong anisotropy
field, resistivity, and the added benefit of working at high frequency (GHz) ranges, which make
them an alternative to spinel and garnet ferrite. Hexaferrites have expanded in use as magnetic
soft materials in recent years. This is caused by the existence of significant magnetization in the
spinel block and strong anisotropy fields in the R and T blocks. Hexaferrites that are single phase,
very dense, and permeable can be employed as inductors, low signal to noice ratio (SNR) devices,
and high frequency microwave devices [1].

In recent years, hexagonal ferrites have found extensive usage within fields of a “magnetic
materials, nano-electromagnetic devices, and inductors”. These ferrites also offer a broad range
of prospective uses in noise-reduction technology, microwave wave absorbers, and high-
frequency inductors. Due to its usage in “switching, sensing, high frequency applications, and
high frequency dielectric resonators”, the R type hexagonal ferrites have recently become
increasingly popular within the family of hexagonal ferrites. The primary distinction between all
varieties a hexagonal ferrite is the order in which their building blocks (S, R, and T) are stacked
in the crystal lattices. The single basic block "R" is present in the crystal lattice of R type
hexagonal ferrite, and it stacks in a way similar to RR*, whereas R* displays a 180° rotation of
the block with respect to ¢ axis. “The replacement of divalent and trivalent elements on the
interstitial sites of the crystal lattice can change the characteristics of R type hexagonal ferrites.
Additionally, important factors in affecting the structural, electrical, dielectric, and magnetic
characteristics of R type hexagonal ferrites are particle size, crystallinity, composition, and site
occupancy”. Therefore, the synthesis method will also be a vital element in changing the different

characteristics of hexagonal ferrites [2]
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2. Experimental Details

Merzhanov developed the self-propagating synthesis technique, also known as auto combustion
synthesis, for the first time in Russia. He used it to effectively prepare complex oxides, such as
ferrites and high temperature superconductors.

Table 1: Chemical used in the synthesis of R-type hexaferrites with their chemical formula.

Sr. Name of material Chemical formula
1 Iron (ii1) Nitrate Fe(No3)3 .9H20
2 Zinc Nitrate Zn(No3)2

3 Nickel Nitrate Ni(No3)2

4 Calcium Nitrate Ca(No3)2

5 Citric Acid C6HBO7

6 Ammonia NH3

Preparation of Samples using Sol-Gel auto combustion Technique

Known concentrations of calcium nitrate, iron nitrate, Zinc nitrate, Nickel Nitrate and citric acid,
all of them are 99.9% pure, were used to make R-type hexagonal ferrites. The following chemical
formulas were wused to make R-type hexaferrites using sol-gel auto-combustion:
Cai1-«xNixZnyFes011Where x = 0.00, 0.02, 0.06, 0.1. These metallic nitrates listed above have all
been mixed with filtered water and agitated to produce a homogeneous solution. Citric acid is
used as a chelator. The mixture's neutrality was maintained using ammonia solution. A
homogenous mixture was created at 80 °C. The mixture was continually warmed and mixed until
it became extremely viscous and finally assumed the form of a brownish gel. Such a 2:1 ratio
preserved both metal nitrates and citric acid. The gel starts to fire out about 80 °C with constant
stirring or burning because of the increase in temperature. The frothy powder was then grind using
a mortar and pestle. The finely milled powdered was then annealed at 1200°C for 8 hours in a
rising temperature controlled muffle furnace known as Vulcan (A.550) to generate R-type

hexagonal ferrites [3].
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Figure 1: Flow chart of Sol-Gel Auto Combustion Method
3. Results and Discussions
3.1. Fourier Transform Infrared Spectroscopy (FTIR) Analysis
FT-IR spectroscopy is employed to analyze stretching vibrations and molecular interactions by
varying the wave numbers within the range of 4004000 cm-1.IR spectroscopy is commonly
utilized to investigate various aspects including the formation of hexagonal phases, the adsorption
of water, carbonates, nitrates, and the distribution of cations at both tetrahedral and octahedral
sub-lattices. Figure 2 displays the infrared spectra of both the un-sintered and sintered powder
samples of Cai-xNixZnaFes011.

In Fourier Transform Infrared (FTIR) spectroscopy, specific peaks observed at distinct
wavenumbers correspond to various vibrational modes present in the sample material. In part a
of the graph given above we can observe following information. The peak at 3458 cm-
Icorresponds to the stretching vibration of hydroxyl groups (O-H) present in water or hydroxide

ions, indicating the presence of water molecules or hydroxyl groups in the hexaferrite structure.
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The peak at 2341 cm-1could potentially be associated with carbon dioxide (CO:) absorption.
However, this wavenumber seems unusually high for CO.. It is advisable to double-check the
data or sample conditions to confirm the presence of this peak. The peak at 1640 cm-1is typically
associated with the bending vibration of water (H-O-H) or the C=O stretching vibration,
indicating the presence of water molecules or carbonyl groups in the sample.1463 cm-1: Peaks in
this region are often related to CH: bending vibrations, suggesting the presence of organic
compounds or specific functional groups. The peak at 1100 cm-1is commonly attributed to the
stretching vibration of phosphate groups (PO4*"), suggesting the presence of ferrite-related
phosphate compounds in the sample. The peak at 768 cm-lis indicative of metal-oxygen
vibrations in metal oxides, including ferrites. This suggests the presence of the hexaferrite phase
in the sample. The presence of peaks at 610 cm-1indicates metal-oxygen vibrations, suggesting
the presence of metal oxide compounds in the sample. This observation aligns with the hexaferrite
structure [4].

In the 2nd portion of the given graph following information was observed. The peak at
3421 cm-1lis commonly associated with the stretching vibration of hydroxyl groups (O-H) in
water or hydroxide ions. Its presence suggests the possible existence of water molecules or
hydroxyl groups within the hexaferrite structure. The peak observed at 2348 cm-1is typically
linked to the absorption of carbon dioxide (CO:) gas. It is important to note, however, that this
wavenumber appears unusually high for CO: absorption. It is advisable to review the data and
sample conditions carefully to confirm the presence of this peak. The peak observed at 1631 cm-
lis indicative of the bending vibration of water (H-O-H) or the C=0 stretching vibration. This
suggests the potential presence of water molecules or carbonyl groups within the sample. The
peak at 1466 cm-1likely corresponds to CH2 bending vibrations, indicating the potential presence
of organic compounds or specific functional groups within the sample. The presence of peaks
around 1079 cm-1suggests the stretching vibration of phosphate groups (PO+*"), indicating the
potential existence of ferrite-related phosphate compounds in the sample. The peak at 860 cm-1
is likely associated with metal-oxygen vibrations in metal oxides, including ferrites. This finding
suggests the presence of the hexaferrite phase in the sample.The presence of a peak at 597 cm-1
suggests metal-oxygen vibrations, indicating the presence of metal oxide compounds, which

aligns with the hexaferrite structure.
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Figure 2: FT-IR graph of R-type hexaferrites with composition Cal—xNixZn2Fe4011 for
x=0.00, 0.02, 0.06, 0.1.

3.2. X- Ray Diffraction Analysis

X-ray diffraction (XRD) is a highly effective analytical method employed to investigate the
crystal structure of materials. During XRD analysis, crystalline samples are exposed to X-rays.
When these X-rays interact with the crystal lattice, they undergo diffraction at precise angles
owing to the orderly arrangement of atoms in the crystal structure. Figure 3 illustrates the XRD
pattern for the hexaferrite composition Cai-xNixZnFe4011, where x ranges (0.00, 0.02, 0.06, 0.1.
After being annealed at 1200°C for 8 hours, Figure 3 demonstrates the exceptional crystalline
quality of the material, evident from the sharpness and intensity of the peaks. In X-ray diffraction
(XRD) experiments, understanding the correlation between the angle (0) and the intensity of
diffracted X-rays is vital for analyzing the crystallographic structure of a material. The provided
data includes angle values (in degrees) paired with their corresponding intensity values, likely
acquired from an XRD experiment conducted on R-type hexaferrites.

Peak Positions (Angles - 0): The angles at which the intensity peaks emerge indicate distinct
crystallographic planes within the material. Every peak corresponds to a specific set of

crystallographic planes characterized by a particular spacing.
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Intensity Peaks: The intensity values signify the strength of the X-ray diffraction signal at a
specific angle. Peaks with higher intensity values indicate well-defined crystallographic planes
and a high degree of crystallinity in those specific directions.

Identifying Crystallographic Phases: Scientists can determine the crystallographic phase of a
sample by comparing the angle values with known patterns of crystalline materials. In this
scenario, the data likely illustrates the XRD pattern of R-type hexaferrites, characterized by a
specific pattern of peaks corresponding to their unique crystal structure. Peak Width: The width
of the peaks in the XRD pattern offers insights into the crystallite size and the degree of crystalline
perfection in the material. Broad peaks indicate a small crystallite size or structural imperfections,
whereas sharp peaks suggest larger and well-ordered crystallites in the material.

Peak Area: The area beneath the peaks is directly proportional to the phase abundance present
in the sample. By integrating the area under the peaks, scientists can quantitatively determine the
relative quantities of various crystallographic phases present in the material. The figure presents
the X-ray diffraction patterns for all the samples of Cai-xNixZn,FesO11 on R-type hexagonal
ferrites with concentrations ranging from x=0.00, 0.02, 0.06, to 0.1.X-ray diffractometer was
employed to analyze the XRD data at room temperature

Figure 3 depicts the XRD pattern of Ca1-xNixZn2Fes011 R-Type Hexaferrites. In all samples, the
following peaks were observed: (102), (104), (201), (215), and (4 0 1).The card (JCPD card#
771505, 771506) with space group P61/mme accurately corresponds to the XRD pattern of
CaixNixZn2Fes 011 R-type hexagonal ferrites with the single hexagonal phase. The X-ray
diffraction (XRD) pattern of the synthetic crystalline material revealed the following parameters
of the crystal structure:

The X-ray diffraction (XRD) pattern of the synthetic crystalline material provided
information about the dislocation density, bulk density, X-ray density, position of atoms, and unit
cell volume within the unit cell. The XRD pattern revealed that the highest reflection for the
sample with xy=0 was detected at 20-31.23, aligning well with the findings reported in the
existing literature. The lattice constants "a" and "e" were determined through measurements
conducted using Cell software (CELL version 5.0, copyright 1986 by K. Dwight).The measured
ratio of c/a indicates that the material belongs to the hexagonal crystal family. The lattice
constants "a" and "e" exhibit alternating increasing and decreasing trends, indicating variations in
the cell volume as well. The partial replacement of Fe ions by Cd ions resulted in an increased
cell volume due to the larger ionic radius of Cd ions (0.97 A) compared to Fe ions (0.645 A).The

volume of a unit cell can be calculated using the formula:
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Figure 3: displays the XRD pattern of Cai1-xNixZn2Fes011 R-Type Hezaferrites in all samples.
Table 2: presents the values of lattice parameters (a & c), the ratio (c/a), bulk density, X-ray

density, crystallite size, and percentage porosity for the composition of Cai-xNixZn,Fes01:

Hexaferrites
Cd a(A) c(A) c/a V(A3) D Dis- ox éb %
content . .
Nm locatio  (g/em3 (g/cm3  porosit
n ) ) y
density
1015
0.0 5817 13937 2396  408.51 19.269 2.693 5.398 3.290 39.06
7 2
0.15 5910 14.174 2.398 428.77 18947 2.785 5.209 3.5319  32.19
1 0
0.3 5.887 13.844 2352 415,56 18.953 2.783 5442  2.8748 47.17
3 6
0.45 5.877 13.711 2.333 41024 19.214 2.708 5.581 3.814 31.67
9 5
0.6 5910 13.670 2.313 413.61 14.249 4925 5.604 3.610 35.58
9 2 8
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3.3.  Surface Morphology Analysis

All ferrite samples' microstructure and surface morphology have been examined using scanning
electron microscopy, as seen in figure 4. Figure shows that the surface is made up of uniformly
distributed voids and that certain particles with spherical shapes are randomly orientated in the
microstructure. Particle diffusion during the sintering process is what causes the visible necking
between particles. The larger particles are created when small particles disperse. A mixture of
crystalline nanoparticles and grain agglomerates are present in ferrite samples at high copper
concentrations, as can be seen from the SEM observation. The linear fit approach was used to
determine the average grain size, which ranges from 240 to 730 nm. The generated samples’
microstructure, particularly their microwave absorption, has a considerable impact on the R-type
hexagonal ferrites’ intended dielectric and magnetic properties. The hexagonal, platelet-like
structure is visible in the SEM pictures, and it has smooth surfaces and sharp edges. The ferrite

with a hexagonal platelet shape has the potential to be used in microwave absorption applications.

o

N
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XD, BER

Figure 4. SEM Micrographs of Prepared samples
3.4. Dielectric Analysis
3.4.1. Dielectric constant vs Frequency
A material's ability to store electrical energy when subjected to an electric field is quantified by
the dielectric constant, also known as the relative permittivity. It affects a material's capacitance,
which is a crucial factor in the construction of electronic circuits. A high dielectric constant
suggests a robust response to an applied electric field, whereas a low number suggests a lower
response. A robust response to an applied electric field is suggested by a ha small numeric
constant, whereas a lower response is suggested by a low number. At lower frequencies, higher
dielectric constants are observed in materials due to the alignment of dipoles within the material.
An increase in frequency may prevent the dipoles from fully responding, resulting in a decrease
in the dielectric constant.
As the frequency of the applied field increased, it caused the dielectric constant decrease. All

prepared samples exhibited high values of dielectric constants at low frequency and then
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experienced a decrease as the frequency increased. When an AC electric field is applied to ferrites,
Debye type dispersion—named so because it occurs in ferrites—occurs. The effect of causing
dielectric dispersion was had by space charge polarization. Better performance than grains was
exhibited by grain boundaries when the frequency was low. The interfacial polarization was
contributed by the dispersion process at lower frequencies, whereas the remaining polarization

remained unaltered [5].
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Figure 5: Dielectric constant vs frequency graph of R-type hexaferrites with composition
Cai1-xNixZn2Fe4011 for x =0.00, 0.02, 0.06, 0.1.

3.4.2. Relationship of Dielectric loss and Frequency

One of two types of losses is experienced by the majority of dielectric materials. The first type is
conduction loss, which occurred as a result of the flow of real charges, while the second type
occurred as a result of an atom rotating in an AC field. When a material is exposed to an
alternating electric field, dielectric loss develops as a result of internal relaxation processes. It can
be affected by numerous variables, including the type of material used, the temperature, and—
most significantly—the frequency of the applied field. The dimensionless dielectric loss tangent

(tan) is utilized as a popular method for calculating the dielectric loss in materials [6].
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The connection between frequency and permit loss is illustrated by the given information. Lesser
losses in the material are correlated with higher frequencies, as shown by the general drop in
permit loss as frequency increases. Materials tend to have higher dielectric losses due to their
slow reaction to the quickly varying electric field at low frequencies. A general decrease in
dielectric loss as the frequency rises indicates an improvement in energy transmission efficiency
through the material. This characteristic is critically depended upon by high-frequency systems

like satellite communication networks and microwave devices.
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Figure 6: Dielectric loss verses frequency graph of R-type hexaferrites Cai-xNixZn>Fes011 with
composition for x =0.00, 0.02, 0.06, 0.1.

3.4.3. Relationship Between Tan loss and Frequency

The relationship between frequency and tan loss in materials is a crucial factor in many scientific

and technical disciplines. The data's strong correlation emphasizes the importance of considering

frequency-dependent behavior when designing and choosing materials for specific applications.

Tan loss (tan) for all ferrites compositions at room temperature was shown in Fig. 7.1t has been

shown that tan loss increased as frequency increased, with some resonance peaks occurring.[7]
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Figure 7: Tan loss verses frequency graph of R-type hexaferrites Cai-xNixZn>Fes011 with
composition for x =0.00, 0.02, 0.06, 0.1.

3.44. A.C Conductivity

Fig. 8 shows the frequency dependency on ac conductivity variation for all produced samples.
The two expressions that make up ferrites' conductivity are clarified by the following equation.
ototal =01 (T) + 02 (®,T)

It is indicated by the first term that dc conductivity was frequency independent. The second term
disclosed the frequency-dependent ac conductivity caused by hopping mechanisms on each side.
As the frequency rises, the AC conductivity falls. In the supplied dataset, an inverse relationship
between frequency and AC conductivity is observed, to put it another way. A decrease in AC

conductivity is often observed as frequency rises [7, 8].
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Figure 8: relationship graph of A.C conductivity and frequency of R-type hexaferrites
Cai-xNixZn,Fe4011 with composition x =0.00, 0.02, 0.06, 0.1.

3.4.5. Q-Value and Frequency Relationship

The dimensionless quantity known as the Q-value is used by electrical engineers to express how
effective a resonant circuit is. The Q-value is described as the proportion of energy in the circuit
to energy lost as heat throughout each cycle. A circuit with a higher Q-value will be more effective
and have fewer energy losses. Factors like Q-value (Quality Factor) and frequency, particularly
in the context of electronics and telecommunications, largely determine the performance
characteristics of electrical systems. The bandwidth and energy losses of an oscillator or resonant
circuit are described by the Q-value.In the past, it was commonly believed that systems with
higher frequencies would also have higher Q-values, indicating greater efficiency. The
relationship between frequency and Q-value is shown in the graph. Analyzing this relationship, it
is observed that the Q-value typically declines as the frequency rises. In the presented data,
frequency and Q-value are inversely correlated, to put it another way. Q-value falls with

increasing frequency and rises with decreasing frequency [9-13].
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Figure 9. Variation of Q. Value with frequency
4. Conclusions

This study focused on the synthesis and detailed characterization of calcium-based R-type
hexaferrites with nickel (Ni) substitution, as represented by the compositional
formulaCai—xNixZn2FesO11. The meticulous synthesis process allowed for the controlled
incorporation of nickel ions into the hexaferrite lattice, resulting in a series of materials with
systematically varied compositions. Through rigorous characterization techniques, including X-
ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and scanning electron
microscopy (SEM), a comprehensive analysis of the synthesized hexaferrites was conducted.
XRD patterns confirmed the hexagonal crystal structure of the materials, providing vital
information about their crystalline nature. FTIR spectroscopy revealed insights into the chemical
composition and bonding within the hexaferrite lattice, while SEM imaging offered detailed
observations of surface morphology and particle characteristics. The successful incorporation of
nickel within the hexaferrite structure was evident from the characterization results, highlighting
the tunability of the materials. This tunability is of paramount importance for tailoring the
properties of hexaferrites, making them suitable for specific applications, particularly in the fields
of electronics and magnetic devices. The findings of this study provide valuable insights into the

structural, vibrational, and morphological aspects of calcium-based nickel-substituted R-type
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hexaferrites. These insights not only enhance our fundamental understanding of hexaferrite

materials but also pave the way for further research. Future investigations can focus on optimizing

the synthesis process, exploring additional characterization techniques, and delving into the

electrical and magnetic properties of these calcium-based nickel-substituted hexaferrites. The

knowledge gained from this study holds great potential for the development of advanced

technologies and functional materials, contributing to ongoing advancements in the field.
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