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ABSTRACT

Magnetic sensors are crucial components in a broad range of applications, from industrial automation to biomedical
diagnostics. This review paper provides a comprehensive overview of the fundamental principles underlying magnetic
sensing technologies and highlights recent advancements in emerging sensor architectures. The development of novel
materials, nanofabrication techniques, and integration with Al has significantly expanded the functionality and sensitivity
of magnetic sensors. We classify sensor technologies based on operational mechanisms, such as Hall effect,
magnetoresistance, fluxgate, and optically pumped magnetometers, and explore their respective application areas. The
paper concludes with a discussion on challenges and future directions for research and commercial deployment.
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INTRODUCTION

Magnetic sensors are devices that measure the strength or
direction of a magnetic field. Their history is deeply
intertwined with humanity's understanding and utilization
of magnetism, dating back to the earliest compasses used for
navigation [1, 2]. The scientific exploration of magnetism
and its relationship with electricity, pioneered by figures like
@rsted, Ampere, and Faraday, laid the groundwork for
modern magnetic sensing technologies [6, 3, 4]. Maxwell's
synthesis of electromagnetism further solidified this
foundation [5].

Today, magnetic sensors are ubiquitous, finding applications
in diverse fields such as automotive systems, industrial
automation, consumer electronics, healthcare, and security.
The market for magnetic sensors continues to grow, driven
by the demand for more sensitive, smaller, and lower-power
devices [7]. This review provides an overview of the
fundamental principles behind common magnetic sensing
technologies and discusses recent advancements and
emerging applications.

METHODS

This review synthesizes information from various sources,
including historical accounts of magnetism and electricity,
foundational scientific texts, and recent research articles

focusing on different types of magnetic sensors and their
applications. The information is organized according to the
IMRaD format, presenting the historical context and current
landscape (Introduction), detailing the working principles of
key sensor types (Methods), summarizing their
characteristics and performance (Results), and discussing
future trends and applications (Discussion). The cited
references [1-76] form the basis of the information
presented, with specific points attributed to their respective
sources.

RESULTS

Magnetic sensors operate based on various physical
principles, including the Hall effect, magnetoresistance
AMR, Giant
Magnetoresistance - GMR, Tunnel Magnetoresistance -
TMR), and superconducting quantum interference devices
(SQUIDs).

(Anisotropic Magnetoresistance -

Hall Effect Sensors

The Hall effect, discovered by Edwin Hall in 1880, describes
the voltage difference (Hall voltage) generated across a
conductor when an electric current flows through it
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perpendicular to a magnetic field [13]. The magnitude of the
Hall voltage is proportional to the magnetic field strength
and the current. Hall effect sensors are widely used due to
their linearity, robustness, and ability to measure static
magnetic fields [14]. Advances in fabrication technologies,
such as Silicon-on-Insulator (SOI) and the use of III-V
semiconductors like GaAs and InGaAs, have improved the
sensitivity and performance of Hall sensors [15, 16, 17, 18].
More recently, two-dimensional materials like graphene
have shown promise for ultra-sensitive Hall elements [19,
20, 21, 22, 23, 24]. Hall sensors are utilized in biomedical
applications for detecting magnetic nanoparticles [25, 26,
27, 28, 29]. Flexible Hall sensors on polymer substrates are
also being developed for wearable electronics [31, 32, 33, 34,
35].

Magnetoresistive Sensors

Magnetoresistance refers to the property of a material to
change its electrical resistance in the presence of an external

Electrode

Magnetization
direction

Ferromagnetic material

magnetic field. Different types of magnetoresistance offer

varying sensitivities and characteristics [8].

e Anisotropic Magnetoresistance (AMR): Discovered by
William Thomson (Lord Kelvin) in 1857, AMR is
observed in ferromagnetic materials where the
resistance depends on the angle between the direction
of the electric current and the magnetization [36]. AMR
sensors are known for their high sensitivity at low
magnetic fields and are used in applications like
compasses, position sensing, and magnetic field
detection [37, 38, 39]. Planar Hall effect (PHE) sensors,
a variation of AMR, offer high resolution for ultra-low
frequency magnetic fields [40, 41, 42]. AMR sensors
have also been explored for paramagnetic oxygen
sensing, linear position measurements, tactile sensing,
and even remote NMR detection [43, 44, 46, 47, 48, 49,
50]. Flexible AMR sensors are also under development
[51]. Material properties like surface roughness can
significantly impact the performance of AMR sensors
[52, 53]. They are also used in microfluidic applications
for detecting magnetic beads [54, 55, 56].

Electrode

Magnetization
direction

Ferromagnetic material

Magnetic Sensors

e Giant Magnetoresistance (GMR): GMR is a quantum
mechanical effect observed in multilayer structures
composed of alternating ferromagnetic and non-
magnetic layers. It was discovered independently by
Baibich et al. and Binasch et al. in 1988 [57, 58]. GMR
sensors exhibit a significant change in resistance when
exposed to a magnetic field, making them highly
sensitive [59]. Spin valve structures are a common
design for GMR sensors, offering improved performance
[60, 61]. GMR sensors have revolutionized data storage
technology and are increasingly used in biosensing
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applications for detecting magnetic nanoparticle labels
[62,71,72,73, 74,75, 76]. Organic spin-valves are also
being investigated for GMR effects [63]. Hybrid GMR-
MEMS devices are being explored for picoTesla
magnetic field detection [64]. GMR sensors are used in
compass applications, magnetocardiography, and
current sensing [65, 66, 67]. Eddy current techniques
based on GMR magnetometers are used for material
evaluation [68]. Flexible GMR sensors on plastic
substrates are also being developed [69, 70].

e Tunnel Magnetoresistance (TMR): TMR is observed in
magnetic tunnel junctions (MT]Js), which consist of two
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ferromagnetic layers separated by a thin insulating
barrier. Electrons tunnel through the barrier, and the
tunneling probability depends on the relative
of the magnetization of the
ferromagnetic layers. TMR sensors generally offer
higher sensitivity than GMR sensors and are used in
advanced magnetic field sensing applications.

orientation two

SQUID Sensors

Superconducting QUantum Interference Devices (SQUIDs)
are extremely sensitive magnetometers that can measure
incredibly weak magnetic fields. They rely on the principles
of superconductivity and quantum mechanics [9]. SQUIDs
are typically used in highly specialized applications such as
biomagnetism (magnetoencephalography,
magnetocardiography), geophysics, and fundamental
research due to their high cost and the need for cryogenic
cooling [9]. Advances in micro-SQUID design are enabling
the detection and manipulation of single electrons [10].

DISCUSSION

The field of magnetic sensors is continuously evolving,
driven by the demand for improved performance,
miniaturization, and integration with other technologies.
Recent trends include the development of flexible and
wearable magnetic sensors for healthcare monitoring and
human-machine interfaces [12, 32]. The use of novel
materials like graphene and other 2D materials is pushing
the boundaries of sensitivity and flexibility [19, 21].
Integration of magnetic sensors with microfluidics and
CMOS technology is enabling compact and powerful
biosensing platforms [26, 27, 54].

Future directions in magnetic sensor research include the
development of even more sensitive sensors capable of
detecting extremely weak magnetic fields for applications in
physics.
Miniaturization and low-power operation are key focuses for
integration into portable and IoT devices. The development
of multi-axis and vector magnetic sensors with high accuracy
is also an active area of research. As our understanding of
magnetic phenomena at the nanoscale grows, new sensing

medical diagnostics and  fundamental

principles and materials are likely to emerge, leading to a
new generation of magnetic sensors with unprecedented
capabilities. The roadmap for magnetoresistive sensor
development highlights ongoing efforts to improve
performance for non-recording applications [11].

In conclusion, magnetic sensors have come a long way from
the simple compass. Driven by fundamental scientific
discoveries and technological advancements, a diverse range
of magnetic sensing technologies is now available, each with
its unique strengths and applications. Continued research
and development promise even more sensitive, versatile,
and integrated magnetic sensors for the future.

Conclusion

Magnetic sensors have evolved significantly from their
fundamental physical principles to a wide array of advanced
applications across various fields, including biomedical
diagnostics, industrial automation, and smart technologies.
Innovations giant magnetoresistance,
magnetoimpedance, spintronics have enhanced
sensitivity, miniaturization, and functionality, positioning
magnetic sensors as vital components in modern electronic
systems. As research progresses, these sensors are expected
to play an increasingly critical role in emerging technologies,
offering greater precision, efficiency, and integration in
complex environments.
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