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Abstract: In this work, a current and magnetic field sensor is proposed and experimentally demon-
strated utilizing a fiber-optic Mach–Zehnder interferometer (MZI) structure. In our setup, one of the
interferometer arms is coated with magnetic nanoparticles. The MZI comprises a laser source emitting
an optical signal, split by a coupler into two signals propagated by a reference fiber and a sensor fiber.
The sensing fiber is encased in cobalt ferrite (CoFe2O4). Upon exposure to a magnetic field, CoFe2O4

induces vibration in the fiber, modifying the sensor’s transmission and causing an imbalance between
the optical signals of the interferometer arms. This enables us to evaluate the sensor performance
regarding sensitivity, accuracy, and saturation. The nanoparticles were synthesized using the protein
sol–gel method, resulting in an average crystallite size of 8, 27, and 67 nm for 623, 773, and 1073 K,
respectively. Sample characterizations were conducted through X-ray fluorescence, X-ray diffraction,
VSM magnetic measurements, and Mössbauer spectroscopy for further analysis of the performance.
The sensor exhibited a linear response, achieving a maximum regression between 93.0% and 98.6%
across all sample points in the 0 to 150 Oe range, with an output power of approximately 20 dBm,
correlated with the applied magnetic field. Sensitivity was measured at 1.15, 0.93, and 1.41 dB/Oe.
Previous studies have correlated the horizontal width of the hysteresis loop with sensor saturation.
However, by employing a different coating in this work, we complement these findings by demon-
strating that the sensor does not saturate if the maximum applied field is smaller than the hysteresis
loop width.

Keywords: current and magnetic field sensor; Mach–Zehnder interferometer; cobalt ferrite

1. Introduction

The development of new materials in the 21st century is crucial to meet market de-
mands, with a particular emphasis on magnetic materials. Magnetite (Fe3O4) has been
known for its magnetic properties since ancient times [1]. However, a significant break-
through occurred in 1825 with H. Oersted’s discovery of generating magnetic fields by
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electric current. This discovery led to numerous subsequent discoveries, theories, and ap-
plications related to magnetism, thus driving the development of magnetic materials.
Interestingly, most of these materials and their applications are primarily derived from
three elements: iron, cobalt, and nickel. These materials play essential roles in many aspects
of modern life, from navigation to communication and medicine [2].

There has been a significant increase in interest in the use of nanoparticles in the
manufacture of sensors across various industries in recent years, including electronics,
magnetism, biomedical, pharmaceuticals, cosmetics, energy, and catalysis. Areas of in-
dustry benefiting most from nanotechnology include the development of new functional
materials, micro- and nanoscale processing, production of innovative products, and the
creation of nanosensors for security purposes [3]. Nanoparticles have dimensions in the
nanometric order (nm = 10−9 m), but can vary in size up to approximately 100 nm [4]. On
the other hand, optical sensors are becoming increasingly popular for measuring a variety
of physical parameters in diverse applications. This includes measuring temperature,
electric current, and magnetic fields [5,6]. Optical sensors are particularly valuable for
innovation in monitoring systems in various technological areas, and find application in
monitoring the condition of bridges and ships [7] and physicochemical parameters [8],
among other examples [9]. An optical sensor is defined as a device that converts light
signals into electronic signals.

Sensors based on optical fibers, or fiber-optic sensors, are widely used in various
engineering applications, thanks to scientific–technological advances in the 1960s. These
sensors were originally developed to meet the demands of telecommunications, and have
expanded to a variety of uses through different techniques and for different purposes.
Their ability to detect a wide range of physical parameters, such as light intensity, displace-
ment, temperature, pressure, rotation, sound, deformation, magnetic field, radiation, flow,
chemical analysis, vibration, and others, makes them attractive solutions for application in
various devices [10–14].

Fiber-optic sensors, especially those using interferometry, offer significant advantages
over conventional sensors [15]. These sensors are capable of performing highly accurate
measurements on a variety of physical or chemical parameters, making them ideal for
developing promising devices. The advantages of the optical magnetic field sensor include
easy implementation, immunity to electromagnetic interference, suitability for challenging
environments, and configurations tailored to specific applications [5]. The use of nanoparti-
cles in conjunction with optical sensors has aroused great interest in measuring different
parameters. Some studies in the literature on current and magnetic field sensors stand out.
For example, ref. [5] proposed a sensor using a Mach–Zehnder interferometer in optical
fibers, incorporating Nickel Ferrite (NiFe2O4) nanoparticles with an average crystallite size
of 72 nm, calcined at 1000 ◦C. In the same way, [12] developed a magnetic field sensor
using NiFe2O4 nanoparticles in a Mach–Zehnder interferometer in optical fibers. This
study investigated the effect of crystallite size (3.3 nm, 51.9 nm, and 74.3 nm) at different
temperatures (300 ◦C, 600 ◦C, and 800 ◦C).

The characteristics of nanoparticles, especially the crystallite size, play a crucial role
in magnetic field measurements when used in optical-fiber sensors, which motivated the
development of this work. The objective of this study is to verify how a Mach–Zehnder
interferometer in optical fibers coated with nanoparticles of CoFe2O4, synthesized by
the protein sol–gel method [16], at different temperatures (350 ◦C, 500 ◦C, and 800 ◦C),
influences the performance of the magnetic sensor according to the crystallite size.

2. Materials and Methods
2.1. Synthesis of CoFe2O4 Nanoparticles

The synthesis of CoFe2O4 nanoparticle was conducted using the protein sol–gel
method, a variation of the traditional sol–gel method that employs hydrolysate gelatin
as an organic precursor. The reagents used included Fe(NO3)3 · 9H2O (iron III nitrate
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nonahydrate) and Co(NO3)3·6H2O (cobalt II nitrate hexahydrate), along with hydrolyzed
gelatin from the brand SIGMA-ALDRICH.

The nanoparticles were subjected to thermal treatments for 4 h at different temper-
atures: 623 K (T350), 773 K (T500), and 1073 K (T800). Following this process, a portion
of the powder was separated to perform X-ray diffraction (XRD). Subsequently, with the
identification of the CoFe2O4 phase, characterizations were carried out using vibrating
sample magnetometer (VSM), Mössbauer spectroscopy (MS), and X-ray fluorescence (XRF).

X-ray diffraction of the samples was conducted using a conventional X-ray diffractometer
(Rigaku D/MAX-B) with Bragg–Brentano geometry. The device features a 185 mm goniometer
radius and 0.02 degrees step (2θ), and is equipped with a Cu tube and various slits: a 1-degree
scattering slit, two Soller slits, a 1-degree divergence slit, and a 0.3 mm receiving slit. X-ray
photon counting is performed using a scintillation detector (NaI). Operating parameters
include a 40 kV acceleration potential and 25 mA filament current. The X-ray tube emits Kα1

and Kα2 radiation with wavelengths of 1.54050 Åand 1.54443 Å, respectively.
The chemical analysis of the elements present in the samples was performed using

a ZSXMini II-Rigaku X-ray fluorescence spectrometer. The equipment operated at 40 kV
and 1.2 mA, with a Palladium (Pd) tube. The VSM measurements were performed at
room temperature using a vibrating sample magnetometer whose magnetic field ranged
from −12 kOe to +12 kOe. The MS was measured at room temperature using a SEECo
spectrometer, model W302, with a radioactive source diffused in a rhodium matrix. It
was then adjusted with NORMOS software version 1995, employing the hyperfine field
distribution method.

2.2. Description of the MZI Sensor Experimental Setup

The Mach–Zehnder sensor works by splitting a beam of light into two separate op-
tical paths, which are later recombined. The resulting interference, whether constructive
or destructive, depends on the phase differences caused by the physical quantity being
measured. This sensitive technique enables the sensor to detect small changes in these quan-
tities, converting them into visible variations in the light interference pattern [12]. In the
experimental setup presented, a fiber-optic sensor employs a Mach–Zehnder interferometer
to monitor alternating current and magnetic fields, as illustrated in Figure 1.

Figure 1. Mach–Zehnder interferometer-based fiber-optic sensor configuration.

The experiment is organized as follows: a portable laser source (unit 1) emits light
with a wavelength of 1550 nm and an optical power of 398.1 µW. This light is then guided
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through a single-mode fiber. The optical signal within the system is divided by a 3 dB
coupler (unit 2), directing it into two separate optical-fiber arms. The sensor component
(unit 4) is in one of these arms, encased incobalt ferrite (CoFe2O4), with a region surrounded
by nanoparticles. The other arm is composed of a conventional optical fiber. Signals from
both arms are subsequently recombined using a second 3 dB coupler (unit 5). The signal
analysis is performed at the interferometer output for measurement purposes.

The signal captured by the photodiode (unit 6) is processed on the electronic board
(unit 7) through a specific circuit designed to amplify and filter the signal before being
analyzed on the oscilloscope (unit 8). This electronic board is connected to both the
oscilloscope and a multimeter, allowing for precise measurement of electrical voltage
values. The magnetic field is generated by the varying electric current passing through
a coil (unit 9), inducing a signal in the sensor element through this magnetic field. This
field is then measured by a Teslameter (unit 10).

On the other hand, the optical fiber with nanoparticles is tensioned by a support
attached to an optical bench, maintaining a fixed distance of 2 cm between the sensor
element and the coil. A variac (unit 11) is used to power the coil and create a variable
magnetic field to be detected by the sensor, with an alternating current variation injected
into the coil ranging from 1 to 10 A, with a step of 1 A. The intensity of this magnetic field is
controlled by the circulating current in the coil, whose values are monitored by an ammeter
connected to one of the connection wires. This magnetic field is influenced by the frequency
of the electrical grid, and interacts with the magnetic nanoparticles present in the optical
fiber, causing bends in the fiber and resulting in phase differences. The nanoparticles are
encapsulated in the optical fiber using a plastic tube sealed on both sides with a sponge
and fixed to the fiber with glue to ensure the system’s integrity.

It is important to highlight the initial optical phase difference between the two arms
and how it is controlled. Theoretically, there should be no phase difference but, in practical
experiments, small differences are inevitable due to imperfections in the components.
High-quality components, such as precision couplers and optical fibers with rigorously
measured lengths, are used to minimize this difference, making it irrelevant for the analysis
of the results.

No specific polarization control is applied, as the lasers use emitted polarized light,
and the signals from the fibers are compared considering this initial polarization. Due to the
short lengths of the interferometer arms, the effects of polarization variation and arm length
imbalance are minimized, ensuring an accurate evaluation of the interferometric data.

3. Results
3.1. Characterization of Nanoparticles

The results obtained by XRF are presented in Table 1. It is important to highlight that
the nanoparticles were synthesized using the protein sol–gel method, resulting in high-
quality samples initially studied by both XRF and XRD techniques. XRF analysis revealed
an excess of material that did not form the desired phase, as indicated by stoichiometric
calculations. These calculations showed values that did not correspond to the expected
1:2 ratio, as shown in Table 2. This discrepancy in stoichiometry can be attributed to the low
calcination temperature, among other factors involved in the synthesis process. The results
indicated that iron and cobalt are the main elements present in the CoFe2O4 sample at
different calcination temperatures; however, they are in low concentrations and were not
identified in the crystalline phases by the XRD technique.

Figure 2 presents the X-ray diffraction (XRD) refinement patterns for CoFe2O4 samples
synthesized at 673 K (T350), 773 K (T500), and 1073 K (T800), using the Rietveld method [17].
This method is essential for determining unit cell parameters and identifying the crystalline
phases present.
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Table 1. XRF analysis of CoFe2O4 nanoparticles.

T350 T500 T800

Element Mass (%) Mass (%) Mass (%)
Fe 62,681 62,647 59,012
Co 34,696 34,429 32,464

Molar (Co) 1.38 1.42 1.26
Molar (Fe) 2.63 2.63 2.47

Table 2. Refined parameters using the Rietveld method for CoFe2O4 synthesized at T350, T500,
and T800, including lattice parameters; SP secondary phase, crystallite size calculated by the Sherrer
equation (DS).

Sample T350 T500 T800

Rwp (%) 19.45 20.01 21.05
Rexp (%) 14.24 14.31 16.19
χ2 1.060 1.149 1.230
a (Å) 8.359(6) 8.382(4) 8.392(7)
V (Å3) 585.47(1) 588.74(5) 589.59(3)
ρ (g/cm3) 5.324 5.293 5.220
DS (nm) 8 27 67
SP (%) 0 0 0.5
MHmax (emu/g) 23.90 39.59 56.10
Mr (emu/g) 2.3 14.3 11
Hc (Oe) 262.5 955 496

Figure 2. Rietveld refinement for the T350, T500, and T800 samples. XRD patterns of nanoparticles
synthesized using the protein-assisted sol–gel method at various temperatures (black circles). The cal-
culated pattern obtained from the Rietveld refinement is shown as a red line, with the green line
indicating the difference between experimental and calculated intensities.

At all synthesis temperatures, the main diffraction peaks of the samples can be in-
dexed based on a cubic face-centered spinel structure, belonging to the Fd3̄m space group.
This structure is typical of spinel materials, ensuring structural stability and specific mag-
netic properties. The presence of spurious iron oxide (Fe2O3) phases is observed in the
samples synthesized at 1073 K, being attributed to the partial thermal decomposition of
CoFe2O4. Additionally, the main peaks of these samples can be indexed based on the
cubic face-centered spinel structures corresponding to the Fd3̄m and Imma space groups,
indicating a possible structural distortion caused by the high temperature. These results
demonstrate the robustness of the CoFe2O4 spinel structure under different synthesis con-
ditions, while also revealing its sensitivity to high temperatures, resulting in impurities
and structural distortions.

The results of the structural refinement using the Rietveld method are presented in
Table 2. The average crystallite size was calculated using the Scherrer formula DS = Kλ

β cos θ ,
where β represents the full width at half maximum (FWHM) in radians, adjusted for
instrumental line broadening, θ is the Bragg angle, K is a dimensionless shape factor, and λ
represents the radiation wavelength.
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The accuracy of the refinements was assessed using the quality parameters χ2 and the
reliability factors Rexp and Rwp. As indicated in Table 3, the crystallite size calculated using
the Scherrer formula shows an increase in crystallite size with the increase in calcination
temperature. There is a growth in crystallite size from 8 nm at T350 to 27 nm at T500 and
67 nm at T800.

Table 3. The parameter (∆H) is the magnetic field variation, (∆Pout) is the output power variation,
a is the slope of the line and b the intercept, R2 is the correlation coefficient, θ is the inclination angle
of the line, and S is the sensitivity.

Sample T350 T500 T800

∆H (Oe) 251 282 254
∆Pout (dBm) 23.15 21.06 28.47

a 1.28 ± 0.27 0.76 ± 0.26 1.11 ± 0.11
b −4.24 ± 3.18 −3.74 ± 1.66 10.33 ± 2

R2 0.97 ± 0.04 0.97 ± 0.08 0.961 ± 0.014
S (dB/Oe) 1.15 0.93 1.41

3.2. Mössbauer Spectroscopy

The Mössbauer spectroscopy measurements were conducted at room temperature.
The Mössbauer spectra of the CoFe2O4 samples calcined at different temperatures (T350,
T500, and T800) are shown in Figure 3.

Figure 3. Mössbauer spectra of CoFe2O4 nanoparticles synthesized at temperatures of 623 K (T350),
773 K (T500), and 1073 K (T800).

The Mössbauer spectrum of the sample treated at T350 revealed three distinct sub-
spectra, a doublet (Site 1), a broad singlet (Site 2), and a distribution of sextets. These
subspectra indicate a transition from the superparamagnetic regime to the ferrimagnetic
regime of cobalt ferrite, likely due to an increase in the particle size of the material. Based
on the isomer shift (δ) and quadrupole splitting (∆) values observed in the doublet, it can
be inferred that the iron is present as Fe3+ in both octahedral and tetrahedral sites, which
are characteristic of ferrites.

The spectra analysis of samples treated at different temperatures reveals significant
changes in the magnetic behavior of cobalt ferrite, influenced by the presence of Fe3+ ions.
The spectrum of the sample treated at T500 presented a broad singlet with low intensity
and a distribution of sextets, suggesting that the transition from the superparamagnetic to
the ferrimagnetic regime is still in progress. This behavior can be attributed to the Fe3+ ions,
which play a crucial role in the magnetic structure of cobalt ferrite. According to [18,19],
the Fe3+ ions have uncanceled magnetic moments which strongly interact with the Co3+

ions, influencing the magnetic properties of the materials. In contrast, the spectrum
of the sample treated at T800 showed a well-defined distribution of sextets, indicating
that the transition from the superparamagnetic to the ferrimagnetic regime has already
occurred at this temperature. The literature [20] on magnetic materials suggests that this
transition is related to the increase in particle size during the calcination process. X-ray
diffraction techniques confirm that the growth of particles with increasing temperature
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results in particles large enough that thermal agitation no longer disrupts the alignment of
magnetic dipoles.

3.3. Vibrating Sample Magnetometer

The magnetization measurements as a function of the magnetic field were conducted
at room temperature, as presented in Figure 4.

Figure 4. Magnetic hysteresis loops for the T350, T500, and T800 samples at room temperature.

An interesting fact about this series of samples is that none of them exhibit super-
paramagnetic behavior, as they all have a considerable coercive field. On the other hand,
the literature reports that CoFe2O4 can be superparamagnetic when the particle size is
around 4.6 nm; the thermal energy of the medium is sufficient at this size range to over-
come the magnetocrystalline energy barrier of this material [21]. Table 3 presents the
main parameters obtained from the magnetic measurements of the CoFe2O4 samples. It
is observed that the maximum field magnetizations of the samples increase with rising
temperature, from 23.90 emu/g at T350 to 56.10 emu/g at T800. This increase in maximum
field magnetizations occurs due to the growth in particle size. The coercive field exhibits
a rapid increase with the rise in particle size from T350 to T500, but the coercivity decreases
at T800, a behavior which has already been analyzed in the literature [22]. The same occurs
with the remnant magnetizations, which decrease with increasing temperature from T500
to T800.

3.4. Experimental Result and Discussion

After characterizing the nanoparticles, it can be concluded, through Rietveld refine-
ment, that the lattice parameter increases as the calcination temperature rises, going from
8.359(6) Å at 623 K, to 8.382(4) Å at 773, and 8.392(7) Å at 1073 K (Table 2). A similar trend
was observed in the crystallite size, calculated using the Scherrer equation, ranging from
8 nm to 27 nm and 67 nm, respectively.

The increase in calcination temperature promotes greater atomic diffusion and crys-
talline restructuring, resulting in the crystallite growth. This explains the increase in
crystallite size as the calcination temperature rises. The lattice parameter expansion can be
attributed to the relief of internal stresses and the possible incorporation of atoms into the
crystal lattice, which occur at higher temperatures.

The T350, T500, and T800 nanoparticles were applied to the MZI sensor for microstruc-
tural and magnetic analyses. Signal modulation at the sensor’s output occurs due to the
interference between optical fields traversing the detection and reference arms. The alter-
nating electrical current in the coil generates an alternating magnetic field in the sensor arm,
which contains ferrimagnetic nanoparticles. These nanoparticles respond to the magnetic
field, causing the sensor arm to oscillate in sync with it, thus altering the optical signal path
and resulting in varying path lengths.

Interference between the optical signal in the detection arm (with nanoparticles) and
the reference arm (without nanoparticles) leads to modulation in the amplitude of the
output signal. Physically, the difference in optical path lengths, caused by the sensor arm’s
oscillation, induces a phase variation between the signals in the two arms. This phase
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variation interferes constructively or destructively, modulating the output signal amplitude
of the sensor.

Several tests, as shown in Figure 5, were conducted to evaluate the sensor’s efficacy
and performance under different magnetic field conditions. When a magnetic field is
applied, the CoFe2O4 nanoparticles vibrate and transmit this vibration to the optical fiber,
causing a variation in the optical path length of the light and resulting in phase modulation.
Without the magnetic field, there is no phase difference between the reference and sensor
arms. However, with the magnetic field, the nanoparticles’ vibration alters the optical path,
recorded at the interferometer’s output as an oscillating sinusoidal signal.

The interference between the two recombined beams in the interferometer depends
on the phase difference (∆ϕ) between them. The phase difference is a crucial measure
for understanding how the modulation of the magnetic field affects the detected signal.
The formula used to calculate the phase difference is as follows:

∆ϕ = arccos
(

2Pout

Pin
− 1

)
where Pin is the input signal power and Pout is the output signal power. This formula
derives from the principle of interference, where the phase difference between two light
beams results in variations in the intensity observed at the interferometer output. The phase
difference (∆ϕ) is calculated from the measured powers of the input and output signals.
The formula considers the relationship between the measured power and the resulting
interference, allowing the quantification of the phase change induced by the vibration of
the nanoparticles. Phase modulation is a fundamental aspect for analyzing the sensor’s
sensitivity to the magnetic field. The ability to detect and quantify these phase variations
allows for an accurate assessment of the sensor’s performance under different experimental
condition [23].

Figure 5. Optical power variation in the signal as a function of the magnetic field for T350, T500,
and T800.

The analysis of this signal was performed using Fast Fourier Transform (FFT) directly
on the oscilloscope, identifying a peak at 120 Hz, whose intensity allows the quantification
of the phase modulation induced by the magnetic field. It was observed that the maximum
power recorded in each test did not exceed 20 dBm. In some cases, the power remained
nearly constant when the applied magnetic field exceeded 200 Oe. These results indicate
that the sensor maintains its efficacy even under relatively intense magnetic field condi-
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tions, highlighting its potential for applications in environments with significant magnetic
field variations. It is important to note that the power mentioned in the article refers to
the electrical signal power corresponding to the oscillation frequency of 120 Hz, not the
optical power. The FFT, performed with the oscilloscope, converts the signal from the time
domain to the frequency domain, allowing the measurement of signal intensity in terms
of frequency.

A specific analysis of the output power in dBm (decibel milliwatt) for the T350, T500,
and T800 nanoparticles revealed different behaviors. For the T350 sample, the output
power increases with the magnetic field up to 150 Oe, where it then stabilizes. The output
power in the tests with the T500 sample consistently increases with the applied field until it
reaches 280 Oe, after which the power tends to stabilize. In the tests with the T800 sample,
the output power exhibits a linear behavior relative to the applied field, with stabilization
occurring around 264 Oe.

The slope of the lines obtained through the linear regression method in the analysis of
the MZI sensor’s response can be used to evaluate the sensor’s sensitivity, as shown in
Figure 6. The slope reflects the variation in the sensor’s output in response to changes in
the applied magnetic field, providing an accurate measure of sensitivity.

Figure 6. Fit by linear regression method of the T350, T500, and T800 sensor signals.

In the specific case of the MZI sensor we are studying, sensitivity is defined by the
relationship between the variation in the sensor output ∆Y and the variation in the input
parameter ∆X, such as electric current or magnetic field. Technically, the sensitivity of the
sensor is expressed as the slope of the characteristic response curve, ∆Y/∆X. This means
that sensitivity is determined by the variation in output power relative to a specific change
in the physical input parameter.

Sensitivity is a critical parameter in sensor performance, with high sensitivity being
highly desirable in practical applications as it enables more precise detection of small
environmental changes. The sensitivity of the sensor (S) can be calculated by the change
in output power (P) due to the variation in the applied magnetic field (H). The minimum
and maximum output power values, P1 and P2, are considered for two different applied
magnetic fields, H1 and H1, as shown in the expression below.

S =
P2 − P1

H2 − H1
(1)

Table 3 presents the sensor sensitivity in the optical-fiber experiments conducted at
T350, T500, and T800. It is observed that the sensor sensitivity does not exhibit a linear
relationship with crystallite size at T500, being lower compared to T350 and T800. This
phenomenon can be attributed to Mössbauer characterization, which indicates a gradual
transition from the superparamagnetic regime to the ferrimagnetic regime in this sample.
This suggests that the magnetic moments are disordered, making their orientation difficult
in the presence of an external field. Additionally, VSM measurements showed a dispropor-
tionate increase at T500 compared to T350, indicating greater difficulty in orienting these
moments. These results affect the sensor response, which exhibited reduced sensitivity at
T500 compared to temperatures T350 and T800.
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The sensitivity values obtained in this study exceed those reported in the literature.
As demonstrated by Li Zeng et al. [24], who proposed and demonstrated an optical-
fiber magnetic field sensor with an intensity modulation based on the Mach–Zehnder
Interferometer (MZI) and magnetic fluid, achieving a maximum sensitivity to the magnetic
field intensity of 0.563 dB/Oe. Another instance is the vector magnetic field fiber-optic
sensor presented by Zhang et al. [25], which combines Fiber Bragg Gratings (FBGs) with
magnetic fluids (MFs), achieving a sensitivity to the magnetic field intensity of 0.143 dB/Oe
in the linear range of 60 to 110 Oe. Moreover, the sensitivity of sample T500, the minimum
value obtained in this study, surpasses the values mentioned previously in the literature.

Araújo et al. [12] conducted a study in which they proposed the hypothesis that an
increase in the magnetization of the samples would result in a greater oscillation of the fiber,
leading to an amplified output power, with saturation occurring when the magnetization
of the samples reached very high levels. However, upon analyzing the responses of the
sensors under the available experimental conditions, it was found that the applied field
reached its maximum value in the range of 200 to 300 Oe for all sensors, with none of them
reaching saturation. Therefore, based on the findings of this experiment, the hypothesis of
Araújo et al. [12] was not confirmed, as saturation did not occur in the tests.

An alternating magnetic field was used in the experiments with the MZI sensor, caus-
ing the fiber oscillation to resemble a hysteresis loop, varying between positive and negative
magnetic field values. Thus, analyzing the magnetic field based on the VSM measurements
of the samples can provide an explanation for the occurrence or non-occurrence of satura-
tion in the sensor’s output power, considering the conditions described in the literature.

Another condition proposed by the same authors, using current and magnetic field
sensors, can be confirmed through testing these sensors. The authors suggest a relationship
between the sensor’s saturation and the magnetic field range of the samples’ hysteresis
cycle, as presented in Figure 7. This relationship establishes that saturation of the output
power occurs when the magnetic field applied to the sensor exceeds the magnetic field range
of the sample’s hysteresis cycle. Conversely, sensor saturation does not occur when the
magnetic field applied to the sensor is below the magnetic field range of the hysteresis cycle.

Figure 7. Magnification of the central part of the hysteresis loops of the T350, T500, and T800 samples.

Figure 7 and Table 3 demonstrate that the magnetic field range of the hysteresis cycle
for each sample is higher than the maximum field applied to the sensor. The magnetic field
range of the hysteresis cycle for the T350 sample was 520 Oe, while the maximum field
applied to the sensor was only 251 Oe. The T500 sample presented a magnetic field range
of 1950 Oe, being six times greater than the maximum field applied to the sensor, which
reached 282 Oe. Finally, the T800 sample showed a decline in the magnetic field range of
the hysteresis cycle, reaching 970 Oe, still higher than the maximum field applied to the
sensor, which was 254 Oe.

Thus, the study is validated, confirming non-saturation of the sensor when using
cobalt ferrite as the sensing element. Cobalt ferrite proved efficient in maintaining mea-
surement integrity even when subjected to magnetic fields higher than those expected to
saturate the sensor. This result highlights the robustness and suitability of cobalt ferrite for
applications requiring high precision in magnetic field detection, ensuring the reliability of
the collected data.
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4. Conclusions

The performance of current and alternating magnetic field sensors was analyzed,
utilizing the Mach–Zehnder interferometer structure with cobalt ferrite nanoparticles as
the sensing element. This study enabled confirming previously reported results in the
literature and also explored new considerations. The sensor demonstrated linear behavior
in all samples within the regions between 0 and 150 Oe, with an output power value of
approximately 20 dBm, subsequently tending towards a constant behavior.

The results corroborate previous studies on the use of nanoparticles in interferometric
sensors, relating the horizontal width of the hysteresis loop to the sensor’s saturation.
By examining the horizontal width and the maximum field applied to the sensor, it was
possible to predict whether the samples would saturate. The sensor showed sensitivity
in the T350 and T800 samples, consistent with the concept that the sensor’s sensitivity
increases with the nanoparticle’s magnetization, as the sample’s magnetization increases
with the crystallite size. However, the results for the T500 sample did not follow this trend.
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