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Abstract: In this study, soft-hard ferrite nanocomposites of the composition (1-X)
Nio.sCuo.2sZn0.2sF€204 (NCZFO) + (x) SrFenY101 (SFYO), with x ranging from 0.0 to 1.0, were
synthesized via the sol-gel auto-combustion method to investigate their structural and dielectric
properties. X-ray diffraction analysis confirmed the presence of distinct spinel and hexagonal phases
without the formation of secondary phases. The crystallite sizes, calculated using the Scherrer equation,
ranged from 24.31 to 19.66 nm for the soft phase and 19.76 to 23.83 nm for the hard phase. Dielectric
measurements conducted in the frequency range of 50 Hz to 5 MHz revealed a typical dielectric
dispersion behavior, with the dielectric constant decreasing as frequency increased. This behavior was
attributed to interfacial polarization, grain boundary effects, and Fe**/Fe*" ion exchange. The results
demonstrate that these composites possess tunable dielectric properties and are promising candidates
for use in high-frequency applications, such as electromagnetic interference (EMI) shielding and
microwave devices.
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1. Introduction

Recent advancements in oxide materials research have gained significant momentum
due to their broad applicability in various technological devices [1-3]. To address the increasing
demand for sustainable functional materials, researchers are increasingly focusing on alloys
and composite systems, as single-phase materials frequently fail to meet the diverse
requirements of modern technologies [4-6]. The combination of soft and hard phases in oxide
materials has attracted significant attention as a promising strategy to enhance performance and
achieve multifunctional properties. Soft-hard composite ferrites, which incorporate both soft
and hard magnetic phases, are an intriguing class of materials with a wide range of applications,
including electromagnetic devices and data storage systems. The exploration of these ferrites
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began in the mid-20™ century when researchers started investigating materials with tailored
properties. During the early 1950s, advances in ceramic technology led to the discovery and
development of soft ferrites, which were valued for their high electrical resistivity and low
coercivity. These properties made them ideal for immediate use in electronics, particularly in
transformer cores and high-frequency devices, due to their low energy-loss characteristics [7-
9].

Beyond their magnetic properties, the dielectric characteristics of soft-hard ferrite
composites are of considerable importance, particularly for applications in microwave
technology, communication systems, and energy storage. Ferrites are known for their high
dielectric constants, low dielectric losses, and excellent insulating properties, making them
ideal for capacitors, microwave components, and magnetic cores. The dielectric constant and
loss in ferrite composites are influenced by several factors, including composition, grain size,
sintering temperature, and operating frequency [10-13]. Additionally, by adjusting the
proportion of soft and hard phases, the dielectric behavior of these materials can be optimized,
enhancing the performance of devices such as antennas, filters, and oscillators [14].

NiCuZn ferrites are highly valued among soft magnetic materials, especially for high-
frequency applications, due to their cost-effectiveness, high resistivity, and low eddy current
losses. These properties have made them a focal point of research, particularly in the
development of multilayer chip inductors. Their use in a wide range of electromagnetic devices
stems from their excellent attributes, such as high resistivity, high permeability, and relatively
low magnetic losses, which have garnered significant interest from the scientific community
[15-18]. Researchers have experimented with various ratios of Ni, Cu, and Zn ions, and it has
been reported that the composition NiosCuo.25Zno.2sFe204 demonstrates superior magnetic and
electrical properties compared to other combinations in NiCuZn ferrites [19-21].

Conversely, SrFe12019 hexaferrite is a widely recognized hard magnetic material.
Hexaferrites with high magnetic anisotropy and low microwave losses play a crucial role in
devices like circulators and isolators, which are vital for effective signal transmission and
reception in communication technologies [22-24]. M-type hexaferrites, such as SrFe12019
(commonly referred to as ceramic magnets), are distinguished by their magneto-plumbite
structure, strong magnetocrystalline anisotropy, high saturation magnetization, and elevated
Curie temperature. Although not as strong as rare earth magnets, strontium hexaferrites (SrM)
exhibit a high Curie temperature of 733 K, exceeding the 583 K of commercial NdFeB magnets
[25]. In addition, SrM magnets offer excellent chemical stability, resistance to external
demagnetizing forces, immunity to humidity-induced corrosion, and are economically
advantageous [26-28].

NiCuZzn ferrite, a soft magnetic material with a spinel structure, is known for its high
resistivity, low eddy current losses, and good thermal stability. These properties make it
suitable for high-frequency applications, especially in miniaturized electronic components such
as multilayer chip inductors. Conversely, SrFei1 Y1019 is an M-type hexaferrite that exhibits
hard magnetic behavior characterized by high coercivity, strong magnetocrystalline anisotropy,
and excellent chemical and thermal stability. The substitution of Y** ions for Fe** enhances its
structural and dielectric characteristics. Combining these soft and hard phases allows for
tailored magnetic and dielectric responses, enabling the development of multifunctional
composites suitable for electromagnetic interference (EMI) shielding, microwave absorbers,
and high-frequency devices.
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Various techniques have been employed to synthesize composites of hard and soft
ferrites. Mehdipour et al. [29] synthesized SrFe12019NiFe2O4 particles using a sodium
hydroxide solution, demonstrating that differences in ferrite types and particle morphology led
to a reduction in saturation magnetization and coercivity. Xu et al [30] utilized a wet chemical
method to produce SrFe12010/Fe—Co particles, providing insights into the formation
mechanisms of core/shell structures. Among these methods, the sol-gel auto-combustion
method was employed to synthesize soft-hard ferrite nanocomposites due to its distinct
advantages over conventional techniques. This method allows precise control over
stoichiometry, homogeneity, and particle size at the nanoscale, which is critical for achieving
uniform distribution of both soft (NCZFO) and hard (SFYQO) phases. The sol-gel process
facilitates the formation of highly reactive precursors, enabling low-temperature synthesis and
minimizing energy consumption. Additionally, the auto-combustion step ensures the formation
of fine-grained, crystalline powders with minimal agglomeration, which is essential for
optimizing dielectric and magnetic properties. The ability to tailor the microstructure and
composition at the molecular level makes this method particularly suited for developing
advanced nanocomposites with enhanced functional properties [31, 32].

The objective of this study is to synthesize soft-hard nanocomposites of (1-x)
Nio5Cuo.25ZNo.25Fe204 (NCZFO) + (X) SrFe11Y1019 (SFYO) using the sol-gel auto-combustion
method. The main focus is to investigate the structural and dielectric properties of these
nanocomposites as their weight ratio is varied.

2. Materials and Methods

2.1. Materials.

High-purity analytical grade (=99.5%) metal nitrates of the required elements were used
as starting materials. For synthesizing the soft ferrite phase (1-x) (NiosCuo.25Zno.25Fe204)
nanoparticles, nickel nitrate (Ni(NO3)2:6H20), copper nitrate (Cu(NO3)2:6H20), zinc nitrate
(Zn(NO3)2-:6H20), and iron nitrate (Fe(NOz)3-9H20) were employed. Similarly, for the hard
ferrite phase (SrFe11Y1019) nanoparticles, strontium nitrate (Sr(NOz3).-6H20), ferric nitrate
(Fe(NO3)3-9H,0), and yttrium nitrate (Y (NO3)3-9H20) were used. Citric acid (CsHgO7) acted
as a chelating agent in both phases, while liquid ammonia was added to adjust the pH of the
solutions.

2.2. Synthesis of the soft phase.

NiosCuo.25Zno.25sFe204 nanoparticles were prepared using the sol-gel auto-combustion
technique. High-purity metal nitrates (99%)—nickel nitrate (Ni(NOz)2:6H20), copper nitrate
(Cu(NO3)2-3H20), zinc nitrate (Zn(NOz)2-6H20), and iron nitrate (Fe(NOz)3-9H.0)—along
with citric acid (CeHsO7) were utilized as raw materials. The nitrates and citric acid were
measured according to stoichiometric ratios, dissolved in distilled water, and mixed in a 1:3
molar ratio. The solution was stirred at 500 rpm while heating, and ammonia was added
gradually to bring the pH to 7. The temperature was kept constant at 90°C. After 3 hours of
stirring, a thick brown gel formed. Once the stirring stopped, the gel ignited on its own,
producing ash after a short period. This ignition process lasted about 3 minutes. The resulting
ash was finely ground and calcined at 800°C for 6 hours in a furnace, after which the powder
was reground and stored for further use.
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2.3. Synthesis of the hard phase.

Yttrium-substituted strontium hexaferrite (SrFe11Y1019) was produced through a sol-
gel auto-combustion method. The starting materials included analytical-grade strontium nitrate
(Sr(NOs3)2), ferric nitrate (Fe(NO3)3-9H20), and yttrium nitrate (Y (NO3)3-9H20), all mixed in
their stoichiometric amounts. These nitrates were dissolved in distilled water to ensure
uniformity, and the mixture was stirred on a magnetic stirrer at 90°C. Citric acid was introduced
ina 1:3 molar ratio relative to the nitrates while the solution was continuously stirred. Ammonia
was carefully added to adjust the pH to around 7. After 2 to 3 hours, a gel began to form.
Combustion occurred when the gel, heated to 150°C, produced a fine powder of yttrium-
substituted strontium hexaferrite. This powder was sintered in a muffle furnace at 900°C for 6
hours, then cooled to room temperature. The sintered material was ground for 30 minutes to
ensure homogeneity.

2.4. Synthesis of soft—hard nanocomposite.

The nanocomposite, consisting of (1-x) NiosCuo.2sZno.2sFe204+ (X) SrFe11Y 1019, Where
x values were set to 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0, was synthesized to achieve both soft and
hard magnetic properties. The process began with the physical mixing of the NCZFO and
SFYO phases, which had been synthesized earlier via the sol-gel auto-combustion method. The
powders of both phases were mixed together and ground manually using an agate mortar and
pestle for 30 minutes. After thorough grinding, the mixtures were calcined at 1000°C to
complete the synthesis. The resulting powders were then prepared for further analysis and
characterization.

2.5. Characterizations.

The phases and crystal structures of the samples were analyzed using an X-ray
diffractometer, specifically the Goniometer Ultima 1V, with Cu-Ka radiation having a
wavelength of 1.5404 A. Scanning was performed over a range from 20° to 80°. The dielectric
properties of the samples were examined by first fabricating silver-coated discs and then
analyzing them using a Hioki HITESTER 3532-50.

3. Results and Discussion

3.1. Structural analysis.

Figure 1 illustrates the X-ray diffraction (XRD) patterns for the materials studied. Plots
A and F show the XRD patterns for pure NiosCuo.2sZno.2sFe204 (NCZFO) and SrFe11Y1019
(SFYO), respectively. The XRD patterns B—E represent the composites of NCZFO and SFYO
at various weight ratios. Plot A displays diffraction peaks corresponding to the cubic spinel
structure of NCZFO, with key peaks indexed to planes (220), (311), (222), (400), (422), (511),
and (440), consistent with the standard database (COD No. 9006895). Plot F shows diffraction
peaks indexed to planes (110), (107), (114), (201), (203), (205), (206), (300), (217), (2011),
and (1015), corresponding to the hexagonal crystal structure of SFYO, as per the standard
database (COD No. 1561394). The patterns B-E reveal that the soft-hard ferrite
nanocomposites retain both the hexaferrite and spinel phases without showing any new phases
or structural changes, indicating that the synthesis method effectively preserves the distinct
structures of both phases.
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Figure 1. X-ray diffraction patterns of pure NigsCuo 25Zno.25F€204 (soft phase), pure SrFe11Y1019 (hard phase),
and (1-x) NCZFO + (x) SFYO composites.

Table 1 presents the structural parameters derived from Powder-X software. For the
NCZFO phase, the lattice parameter ranges from 8.3814 A to 8.3903 A. In the case of the
SFYO phase, the lattice parameters are observed with ‘a' ranging from 5.9067 A to 5.9227 A
and 'c' ranging from 23.0815 A to 23.3395 A. The data indicate that there is no direct correlation
between the lattice constant variations and the weight percentage of the soft-hard ferrite
composites.

Table 1. Lattice parameters (a, ¢) and crystallite size (t) for (1-x) NCZFO + (x) SFYO composites.
Lattice parameter

., NCZFO SFYO
X ¢q° (A) ‘9’ (A) ‘e’ (A)
(+0.002) | (£0.002) | (+0.003)
0.0 8.3903 - -
0.2 8.3884 5.9227 | 23.0815
0.4 8.3859 5.9188 | 23.1319
0.6 8.3835 5.9159 | 23.2051
0.8 8.3814 | 5.9127 | 23.2567
1.0 - 5.9067 | 23.3395

The crystallite sizes in both phases are determined using the relation discussed
elsewhere [33]. The crystallite size for both phases is observed within the nanometer range.
The average crystallite size obtained from the Scherrer relation decreased (from 24.31 to 19.66
nm) for the soft NCZFO phase, whereas it increased (from 19.76 to 23.83 nm) for the hard

SFYO phase. Fig. 2 represents the variation of crystallite size of soft and hard phases.
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Figure 2. Variation of crystallite size of soft and hard phases.
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3.2. Dielectric measurements.

Dielectric measurements were performed over a frequency range of 50 Hz to 5 MHz
using a Hioki HITESTER 3532-50 impedance analyzer at room temperature. The samples were
formed into circular disc-shaped pellets, with a silver coating applied to the opposite faces to
create a parallel-plate capacitor configuration, in which the ferrite material served as the
dielectric medium. Figs. 3 and 4 illustrate the variation of the dielectric constant and dielectric
loss tangent for all (1-x) NiosCuo.2sZno2sFe204 (NCZFO) + (X) SrFe11Y1019 composites,
including individual ferrite samples. All compositions exhibit dielectric dispersion, in which
the dielectric constant decreases with increasing frequency at low frequencies and becomes
nearly frequency-independent at higher frequencies.

The dielectric response shows strong dependence on microstructural characteristics
arising from the composite nature of the system. The observed composition-dependent trends
in €' can be attributed to three key factors: (1) nanoscale grain dimensions (19-24 nm) that
enhance surface-to-volume ratios and associated polarization effects, (2) varying interface
density between spinel and hexagonal phases that creates additional polarization sites, and (3)
differences in charge carrier mobility between the soft (high conductivity) and hard (low
conductivity) phases. The progressive replacement of conductive NCZFO with insulating
SFYO (increasing x) systematically modifies these factors, leading to the measured dielectric
behavior. This interpretation aligns with Maxwell-Wagner interfacial polarization theory for
heterogeneous systems [34,35].

Dielectric constant (¢")

Log (F)
Figure 3. Variation of dielectric constant with frequency.

In our measurements, the dielectric constant (¢') is large in pure soft ferrite, but
decreases with the addition of hard ferrite. The reduction in dielectric constant with increasing
frequency is a typical behavior in ferromagnetic materials. In ferrites, polarization arises from
electron hopping between Fe** and Fe** ions, leading to a localized shift of electrons along the
direction of the applied electric field, thereby initiating the polarization mechanism. As the
frequency increases, space charge carriers take longer to align with the alternating field, leading
to a decrease in the dielectric constant. At even higher frequencies, space charge polarization
contributes very little, resulting in a minimal effect on the dielectric constant [36]. The high
dielectric constant at lower frequencies is mainly due to factors such as Fe?* ions, oxygen
vacancies, and grain boundary defects. However, as frequency increases, the polarizable
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species begin to lag behind the applied field, naturally leading to a decrease in the dielectric
constant [37].

Tan (3)

Figure 4. Variation of dielectric loss tangent with frequency.

Figure 4 shows the frequency-dependent behavior of the dielectric loss tangent
measured at room temperature. The dielectric loss tangent represents the energy dissipated
from the applied field into the sample, primarily due to domain wall resonance. Therefore, as
the concentration of the hard phase increases, the dielectric loss tangent should also decrease.
This is because there will be less contribution from the conductive pathways and dipolar
relaxation processes prevalent in the soft phase. At higher frequencies, losses are reduced
because domain wall motion is restricted, forcing magnetization to change via rotation. A
strong correlation exists between the conduction process and the dielectric properties of
ferrites. [38].

4. Conclusions

In this study, we successfully synthesized (1-x)Nio.sCuo.25Zno.25Fe204 + (X)SrFe11Y 1019
nanocomposites via the sol-gel auto-combustion method, achieving a homogeneous
distribution of soft (spinel) and hard (hexagonal) phases without secondary phase formation.
XRD analysis revealed that the lattice parameters of both phases varied systematically with
composition, while crystallite sizes for the soft phase decreased (24.31 — 19.66 nm) and
increased for the hard phase (19.76 — 23.83 nm), reflecting phase-specific structural
adjustments.

The dielectric properties of these composites exhibited frequency-dependent
dispersion, with high dielectric constants (g') at low frequencies (50 Hz—1 kHz) attributed to
interfacial polarization, Fe?**/Fe*" hopping, and grain boundary effects. Notably, the €' values
decreased with increasing hard-phase content, suggesting tunability for specific applications.
The low dielectric loss (tan o) at higher frequencies (1-5 MHz) further underscores their
suitability for high-frequency devices, such as antennas, filters, and electromagnetic shielding
materials.

Variations in the dielectric constant and loss tangent with composition indicated that
the ratio of soft to hard ferrites influences the dielectric performance. This variability highlights
the ability to tailor the dielectric properties of these composites by adjusting their compositional
ratio to suit specific applications. These findings set the stage for further exploration of these
materials for electronic and magnetic applications, with potential to optimize performance
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based on desired dielectric and structural characteristics. Future research will aim to employ
additional characterization techniques and assess the practical applications of these ferrite
composites, including their use in high-frequency devices, electromagnetic interference
shielding, and energy storage systems.
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