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Abstract: Magnetic metal oxide nanoparticles play a significant role due to their extensive applications ranging
from fundamental research to industrial use. This work presents magnetic, and dielectric properties of (Co, Zr)
co-doped iron oxide nanoparticles synthesized by hydrothermal method. The synthesis temperature was 150°C,
and time varied as 4, 6, 8, 10, and 12 hours for five samples. Co-doping of cobalt and zirconium significantly
affects the achievement of a particular magnetic phase of iron oxide. The frequency-dependent dielectric and
impedance studies are presented using an impedance analyzer at room temperature in a wide frequency range.
The typical dispersion behavior of characteristic dielectric parameters was investigated using Maxwell-Wagner's
model and Koop's theory. The dielectric constant value is maximum (~58 at log f ~1.5) for the sample synthesized
using the hydrothermal method under 8 hours reaction time. Magnetic properties are examined using a
Vibrating Sample Magnetometer (VSM Lakeshore 7404). Ferromagnetic MH loops were observed with a
maximum value of magnetic saturation (~45emu/g) for the sample synthesized using 8 hours of reaction time.

Keywords: metal oxide nanoparticles; hydrothermal synthesis; dielectric properties; magnetic properties

1. Introduction

These materials possess at least one dimension that lies within the nanometer scale. [1]. New
nanostructured materials have surprising magnetic, optical, electrical, and mechanical properties,
and these nanostructured materials are being utilized in electronics, bioengineering, information
technology, and environmental applications. Nanomaterials are a crucial part of nanoscience and are
vital in nanotechnology. They are essential because of their unique properties on a tiny scale, enabling
new and valuable applications in various scientific areas [2]. Magnetite, identified by the chemical
formula FesOs, is categorized as a type of iron ore and exhibits a rock-like mineral appearance. As an
iron oxide, it demonstrates ferrimagnetic characteristics, capable of acquiring permanent magnetism
in a magnetic field. The magnetized form, recognized as lodestone, possesses a distinctive brownish-
black or black coloration with inherent luster. Its chemical configuration is represented as
Fe>Fex*O4?, and its structural arrangement shows inverse spinel configuration [3]. The application
of magnetism and ferrites is spread across various fields, leading to vast research and discourse
within the scientific community. The revolutionary properties of ferrites have gained significant
attention from researchers and scientists. Many ferrites have been synthesized and analyzed using
different methods, including hydrothermal synthesis, sol-gel techniques, sputtering, spin coating,
and other appropriate approaches for nanoparticle preparation. Researchers have focused on
investigating the magnetic, electrical, and optical properties through various methodological
approaches, contributing to an enhanced property of these materials [4].

The importance of the physical and chemical properties of multi-component inorganic
nanostructured materials has inspired both technological and scientific interest. This interest urges
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the development of various devices, including those with magnetic, electric, catalytic, and spintronic
functionalities [5]. Hydrothermal synthesis is an extensively used method for producing
nanomaterials through solution-based reactions across several temperatures. The process enables
control over material morphology and size by adjusting temperature and pressure conditions
according to vapor pressure. This method offers advantages such as synthesizing unstable
nanomaterials at higher temperatures and minimizing material loss for those with high vapor
pressures.

Furthermore, hydrothermal synthesis allows precise control over nanomaterial structures
through liquid or multiphase chemical reactions. Recent research within this domain involves various
nanomaterials, including nanoparticles, nanorods, nanotubes, hollow nanospheres, and graphene
nanosheets. Novel synthesis techniques like microwave-assisted hydrothermal and template-free
self-assembling catalytic synthesis have also emerged, alongside efforts to optimize synthesis
conditions [6, 7]. Ma et al. synthesized Co-doped ZnixCoxMn:0 nanocrystals that form hollow
nanospheres by hydrothermal methods. Co-doping reduced crystalline size, narrowed the band gap,
and enhanced photocatalytic activity, particularly in methyl orange degradation under visible light,
suggesting potential for pollutant remediation [8]. Monica et al. synthesized Zirconia-doped hematite
nanoparticles, xZrOz-(1-x) a-Fe20s (x=0.1 and 0.5), for gas sensing application [9]. Majid et al.
synthesized Zn-doped nickel ferrites via the hydrothermal method, revealing structural changes with
XRD and FTIR, increased saturation magnetization with higher Zn concentrations via VSM, and
alterations in dielectric properties with impedance analysis, indicating the significant impact of Zn
doping on nickel ferrite's characteristics [10]. Hossain et al. synthesized Co-Zn ferrite via sol-gel,
sintered at 900°C. XRD confirmed single-phase inverse spinel; SEM showed heterogeneous
morphology, and VSM revealed decreasing coercivity (36.080e) with higher Zn content, and
dielectric analysis indicated Maxwell-Wagner polarization at room temperature [11]. Shifa et al.
(2019) investigated Zr substitution effects on Co, Zn spinel properties via co-precipitation. They
synthesized CoosZnosZrxFe2xOs ferrites (x=0.00-1.00), characterized by FTIR, XRD, and SEM. XRD
revealed particle sizes (12nm-48nm), VSM confirmed single-phase spinel ferrites with coercivity
(144.440e) and remanence magnetization (13.72 emu/g) [12].

In this paper, the structural, magnetic, and dielectric properties of Cobalt (Co) and Zirconium
(Zr) co-doped Iron oxide (Fe20s) nanoparticles, synthesized by hydrothermal method, are illustrated.
The nanoparticles show good ferromagnetic properties, which makes them promising candidates for
magnetic storage devices to increase the memory of devices.

2. Experimental Set-Up/Section
2.1. Materials

Hydrothermal synthesis was used to prepare cobalt-zirconium-iron oxide (CZIO) nanoparticles.
The precursors CoClo.6H20 (Sigma-Aldrich, 99.99 % pure), FeCl2.4H20 (Sigma-Aldrich, 99.99 %
pure), ZrOCl2.8H:O (Sigma-Aldrich, 99.99 % pure), and distilled water were used without any further
purification.

2.2. Preparation of Cobalt Zirconium Iron Oxide (CZIO) Nanoparticles

In the hydrothermal synthesis of co-doped CZIO nanoparticles, a precision balance was used to
quantify different salts accurately. 0.645g of ZrOCl..8H20 (pH 1), 0.2596g of CoCl2.6H:20 (pH 6), and
0.3976g of FeCl2.4H20 (pH 2) salts, along with 20ml of distilled water, were measured and placed in
separate 100ml beakers. The pH values of each solution were individually determined, reflecting the
distinct pH levels associated with the different salts.

The salts were then thoroughly mixed in distilled water through a continuous stirring process
facilitated by the inorganic nature of the salts. Combining the three solutions resulted in a final pH
of 1. The prepared solution was tightly sealed into a Teflon-lined autoclave to generate high pressure
and temperature. The autoclave was placed in a Box furnace at 150°C for varying durations, yielding
five distinct samples with respective furnace times of 4, 6, 8, 10, and 12 hours. Upon completion of
the hydrothermal treatment, each sample was allowed to cool and subsequently placed in centrifuge
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tubes for 2-3 hours. The centrifugation separated the nanoparticles, causing them to settle at the
bottom of the tube. The water was removed post-centrifugation, and the nanoparticle samples were
retrieved using a spatula. The obtained samples were then dried in an oven, resulting in powdered
form nanoparticles.

This powdered form constituted the final sample, from which pellets were made as needed for
further characterization. The detailed procedure ensures accuracy and reproducibility in
synthesizing and characterizing cobalt zirconium co-doped iron oxide nanoparticles. The schematic
process is shown in Figure 1.

Hydrothermal reaction at After cooling, filled
CoCl6H,0 FeCl4H,0 ZrOCL,8H,0 Mixture of all 150°C in Box Furnace obtained solution
(0.2596g)  (0-3976 g)  (0.6456g) solutions - — in centrifuge tubes

Transferred “mixed |
solution in [
Auloclave
" Final
Product
Pellets (Powder)
formauon || I

Figure 1. Schematic diagram for preparation of sample.

Centrifuge
process for 2-3
hours

2.3. Characterization of Prepared Nanoparticles

In this study, Lake Shore Vibrating sample magnetometer (VSM), and Precision impedance
analyzer (Wayne Kerr 6500B series) were employed for the comprehensive characterization of
magnetic, and dielectric properties of the synthesized material. The experimental results spurted
from the analytical tools are discussed in the following paragraphs, contributing to a thorough
understanding of CZIO nanoparticle properties.

3. Results and Discussions
3.1. VSM Analysis

The magnetic properties were evaluated using a Vibrating Sample Magnetometer (VSM), a
technique employed to derive the Magnetization-Hysteresis (M-H) loop, providing a comprehensive
representation of the magnetic characteristics exhibited by the nanoparticles. Ferromagnetic
materials exhibit high magnetic susceptibility when subjected to an external magnetic field due to the
phenomenon of spin orientation induced by quantum mechanical effects and exchange interactions.
Specifically, unpaired electrons from different atoms tend to align within localized regions along the
magnetic field direction. When exposed to a magnetic field, this alignment results in certain materials
attaining permanent magnetization characteristics [13].

In the experimental context, CZIO, a ferromagnetic material, was the subject of investigation, as
shown in Figure 2. Magnetic fields were systematically applied and studied for five prepared
nanoparticle samples varying in exposure furnace time of 4, 6, 8, 10, and 12 hours. The collective
analysis of these experiments produced a composite graph illustrating the average saturation value,
ranging between -40 and 40 emu/g. This result signifies the material's magnetic saturation response
due to the applied magnetic field, offering insights into its magnetic properties under different
experimental conditions. Cobalt and zirconium doping introduce additional magnetic moments in
the iron oxide lattice, enhancing its magnetization. Cobalt ions (Co?") have unpaired electrons in their
d orbitals, making the lattice inherently magnetic. Zirconium doping affects the magnetic properties
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of iron oxide by altering its lattice structure and electronic configuration by changes in spin ordering,
magnetic moments, and magnetic coupling between atoms in the lattice. The nanoparticle's size and
shape also affect the magnetic behavior. Small-sized nanoparticles tend to exhibit superparamagnetic
behavior. Larger nanoparticles can exhibit ferromagnetic behavior due to the alignment of magnetic
moments within the particles. The interactions between neighboring nanoparticles also contribute to
the observed ferromagnetic behavior. These interactions align the magnetic moments in the same
direction, reinforcing the overall magnetization as reported in [14].
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Figure 2. Different magnetic saturation values concerning the applied magnetic field for cobalt
zirconium co-doped iron oxide nanoparticles at various synthesis hours: (a) 4 hours, (b) 6 hours, (c) 8
hours, (d) 10 hours, (e) 12 hours, and (f) Combined MH curves.

3.2. Dielectric Constant Measurements

Dielectric materials, such as electrical insulators, become energized when exposed to an electric
field. Unlike conductors, they undergo infinitesimal charge displacements, known as dielectric
polarization, rather than allowing the charges to flow through. When the material consists of weakly
bound molecules, these molecules reorient in alignment with the electric field, enhancing
polarization. Dielectrics are essential in applications like capacitor energy storage, photocopier
functionality, and charge storage in laser printers. Their characteristics involve energy dissipation
and storage within the material, impacting fields such as solid-state physics, electronics, optics, and
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biophysics. The versatile contributions of dielectric materials span diverse scientific disciplines and
technological advancements [15]. The dielectric constant, €% is expressed as follows:

er=¢'-je&" (1)

where &', the real part of the dielectric constant, characterizes the stored energy within a material
under the influence of an electric field. Conversely, €", the imaginary part of the dielectric constant,
reflects the dissipated energy within the material. The determination of the real part of the dielectric
constant (¢') is facilitated through a prescribed mathematical formulation.

e=CPt/Acg, ()

where ¢, is the permittivity of free space (equal to 8.85 x 10-12 F/m), t is the thickness of the pellet,
A is the cross-sectional area of the pellet, and CP is the capacitance of the specimen expressed in
Farad. The imaginary part of the dielectric constant (¢”) is calculated as:

e"=¢'tand 3)

where tand is the dielectric loss [16].

Figure 3. shows the observed fluctuations in the dielectric constant with the frequency at room
temperature. The frequency was reported on a logarithmic scale. It was seen that the dielectric
constant decreases with an increase in frequency, which is a usual dielectric behavior [17]. The
different characteristic curves can be explained through Koop's theory based on the Maxwell-Wagner
model [18, 19]. This model provides a comprehensive framework for understanding how interfaces
between different phases or constituents within a material influence its dielectric properties. Initially,
the dielectric constant establishes its highest peak at lower frequencies, such as log1.5 Hz. According
to Koop's theory, this phenomenon arises from the ability of dipoles within the material to readily
align with the applied electric field. The ease of alignment allows for enhanced polarization, resulting
in a higher dielectric constant.

However, as the frequency increases, the mobility of dipoles becomes increasingly restricted due
to the time constraints imposed by the alternating electric field. This limitation stems from the dipoles'
inability to rapidly reverse their polarity in response to the rapidly changing electric field. As a result,
between frequencies of log 2 to log 3 Hz, a significant decrease in the dielectric constant is observed.
Furthermore, imperfections such as impurities and defects within the sample structure increase this
phenomenon, leading to deviations from ideal dielectric behavior. These imperfections hinder the
movement of dipoles, thereby contributing to the observed reduction in the dielectric constant.

Moreover, beyond log 4 Hz, the dielectric constant exhibits a constant behavior, indicating that
the impact of dipole mobility restrictions becomes less noticeable, and the dielectric response
becomes frequency independent. In short, Koop's theory based on the Maxwell-Wagner model offers
valuable insights into the atomic-scale mechanisms governing the observed fluctuations in the
dielectric behavior of the material. The maximum value of the dielectric constant is approximately 58
at a logarithmic frequency of approximately 1.5 was obtained in the sample synthesized over 8 hours,
emphasizing the influence of synthesis parameters on the dielectric properties of the material.
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Figure 3. Dielectric curves for cobalt-zirconium-iron oxide nanoparticles synthesized at different
furnace times: (a) 4 hours, (b) 6 hours, (c) 8 hours, (d) 10 hours, (e) 12 hours, and (f) Comparative
graph.

3.3. Tangent Loss Measurements

The tangent loss or loss factor, tan O, measures the energy dissipation within the dielectric
system. It describes how much electrical energy is utilized in different processes like electrical
conduction, dielectric resonance, and relaxation of materials. This loss occurs because of a delay
between the electric field and the movement of charged particles. So, the total dielectric loss is the
sum of intrinsic and extrinsic losses. In a perfect crystal, intrinsic losses depend primarily on the
crystal structure and are caused by interactions between phonons and the electric field. Gurevich and
Tagantsev explain this behavior [20]. Extrinsic losses are related to imperfections in the crystal, like
boundaries between grains, small cracks, or other defects. These losses can be reduced with careful
material processing. The amount of loss also depends on temperature and frequency. In a perfect

material, intrinsic losses establish a theoretical limit for potential losses, whereas extrinsic losses are
associated with imperfections or defects in the crystal structure [21].

Figure 4. illustrates distinct tangent loss curves, each describing the frequency-dependent
energy dissipation behavior within the dielectric material. According to Koop's theory, which

reprints202412.0102.v1
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furnishes a comprehensive framework for understanding dielectric phenomena, the tangent loss
dynamics with frequency explain the energy dissipation mechanisms. Notably, the tangent loss
rapidly increases at lower frequencies, revealing the maximum energy dissipation during dipole
vibration and material damping [22]. A visible reduction in tangent loss is noticeable within the
narrow frequency range of log 2 to log 3 Hz, and a constant trend is achieved beyond log 4 Hz, as
expected. Structural defects, complex interfacial interactions, or inherent material flaws may

interrupt the energy dissipation mechanism, leading to an unexpected increase in tangent loss within
the specified frequency range log1.5 Hz.
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Figure 4. Tangent loss curves for cobalt-zirconium-iron oxide at different synthesis hours: (a) 4 hours,
(b) 6 hours, (c) 8 hours, (d) 10 hours, (e) 12 hours, and (f) Comparative graph.

3.4. Comparative Graph of Dielectric Constant and Tangent Loss

Figure 5. (a) indicates the comparative results of dielectric constant graph at a fixed frequency
log 1.5. In the first three samples from 4 to 8 hours there is a maximum increase in dielectric constant

value that suggests that polarization is increased to approximately 58. After that dielectric constant

value is decreased. So, 8 hours sample is our optimal sample. Figure 5. (b) indicates tangent loss graph
at a fixed frequency. At first prepared nanoparticles do not lose much energy but for 10-hours and
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12-hours samples tangent losses are very high due to complex interfacial interactions and structural
defects in the crystals.
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Figure 5. Comparative peaks result of (a) Dielectric constant and (b) tangent loss values at a fixed
frequency log (1.5).

4. Conclusions

The present study investigates the magnetic, and dielectric properties of iron oxide nanoparticles
co-doped with cobalt and zirconium, synthesized via the hydrothermal method at a temperature of
150°C for different synthesis times of 4, 6, 8, 10, and 12 hours was explored. A soft ferromagnetic MH
loop was also observed, with maximum magnetic saturation attained under the 8-hour synthesis
condition. Furthermore, dielectric properties were investigated by using Maxwell-Wagner's model
and Koop's theory. Dielectric and tangent loss analyses, conducted using an impedance analyzer over
a wide frequency range at room temperature, revealed frequency-dependent behaviors. Notably, the
dielectric constant peaked for samples synthesized over 8 hours, indicating optimal synthesis
conditions. These findings suggest that the co-doping of cobalt and zirconium facilitated the
accomplishment of a specific crystal phase of iron oxide and reported soft ferromagnetic
characteristics. Overall, the observed properties position this material as a promising candidate for
magnetic storage device applications to increase device memory.
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