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Abstract: Magnetoresistance (MR) is the variation of a material’s resistivity under the presence of ex-
ternal magnetic fields. Reading heads in hard disk drives (HDDs) are the most common applications
of MR sensors. Since the discovery of giant magnetoresistance (GMR) in the 1980s and the application
of GMR reading heads in the 1990s, the MR sensors lead to the rapid developments of the HDDs’
storage capacity. Nowadays, MR sensors are employed in magnetic storage, position sensing, current
sensing, non-destructive monitoring, and biomedical sensing systems. MR sensors are used to trans-
fer the variation of the target magnetic fields to other signals such as resistance change. This review
illustrates the progress of developing nanoconstructed MR materials/structures. Meanwhile, it offers
an overview of current trends regarding the applications of MR sensors. In addition, the challenges
in designing/developing MR sensors with enhanced performance and cost-efficiency are discussed
in this review.

Keywords: magnetoresistance (MR); graphene; magnetic nanoparticles; magnetic storage; position
sensing; current sensing; non-destructive monitoring; biomedical sensing; magnetoresistance (MR)
sensors; graphene nanocomposites

1. Introduction

Magnetoresistance is the variation of a material’s resistivity under the presence of
external magnetic fields. In 1857, Lord Kelvin (William Thomson) first discovered and
performed the investigation on magnetoresistance (MR) [1]. The observation of MR was
40 years ahead of the experimental discovery of electrons. In the late 1980s, two scientists
discovered that the multilayer system consisting of Fe/Cr thin layers displayed large
resistance changes under low temperature [2]. The MR of this Fe/Cr multilayer system
under low temperature (4.2 K, 2 x 10'~4 x 10! kOe) was later known as the giant magne-
toresistance (GMR) [3]. The discovery of GMR has dramatically boosted the development
of the magnetic recording industry, especially for the advancement of hard disk drive
(HDD), since IBM introduced GMR reading heads to the HDDs [4]. Nowadays, MR sensors
have been broadly applied in various fields including magnetic storage/recording devices,
position sensing, non-destructive monitoring, and MR biosensing platforms [4-7].

In recent years, the demands on highly-sensitive and cost-effective MR sensors raised
due to the growing concerns on further improving the data storage capacity/detection
sensitivity of current MR sensors and cutting down the total cost of fabrication/production,
which leads to the expansion of the application area of MR sensors. Specifically, with emerg-
ing nanotechnology, the aim is to develop a novel nanomaterial that exhibits large resistance
change with minimum requirements on extreme conditions (e.g., low temperatures) and
large magnetic fields (>10 kOe). This work will provide a brief review of the research
background of magnetoresistances (MR) and the applications of MR sensors. Meanwhile,
this paper discussed current challenges in producing ideal MR sensors and the possible
solution to existing difficulties. In addition, this review also explored the applications of
the as-prepared materials in producing multifunctional MR sensors.
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1.1. Magnetoresistance

Since the discovery of MR in 1856 by William Thomson and the observation of GMR
in the 1980s, studies on investigating MR effects and materials/structures with MR are
surged [1,3]. MR is defined as the phenomenon that the resistance of a material tends to
change when the external magnetic fields are applied. Currently, anisotropic magnetoresis-
tance (AMR), giant Magnetoresistance (GMR), and tunneling Magnetoresistance (TMR)
have been applied in commercial applications of MR sensors [8-12].

1.1.1. Anisotropic Magnetoresistance (AMR)

In anisotropic magnetoresistance (AMR), the resistance change (AR) depends on the
angle (0) between the electric current and the magnetization of the metal [13]. The AMR
originates from the effects of magnetization and electron spin-orbit interaction [14]. For pos-
itive AMR, the probability of s-d scattering of electrons is increased when the current di-
rection is parallel to the magnetization direction [15,16]. In ferromagnetic metals (positive
AMR, such as Ni), the maximum resistance appears when the magnetization direction is
parallel to the current direction, and minimum resistance appears when magnetization is
perpendicular to the current direction (Figure 1) [13]. AMR has been widely applied in the
recording industry since the 1970s. The magnitude of AMR of ferromagnetic metals can be
calculated by Equation (1)

_P=PL
pL

where p| is the resistivity when current is parallel to the magnetization, and p the is
resistivity when the current is perpendicular to the magnetization.
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Figure 1. Schematic diagram of anisotropic magnetoresistance (AMR).

1.1.2. Giant Magnetoresistance (GMR)

Giant magnetoresistance (GMR) was discovered in the 1980s. The GMR effect was
discovered in the multilayer system of Fe and Cr. The discovery of GMR initiated countless
experimental or theoretical researches since GMR offers larger resistance change (AR) with
a relatively small magnetic field, although it may require extremely low temperatures [2,3].
As shown in Figure 2, the general configuration of the magnetic multilayer system is
the ferromagnetic layer/non-magnetic (or non-ferromagnetic) layer/ferromagnetic layer.
GMR is related to spin-dependent scattering, which is triggered by spin-polarization of
electrons under the presence of the external magnetic field [4,17,18]. The high resistances
can be observed when the magnetization of two ferromagnetic layers is anti-parallel,
and the low resistance state can be observed when the magnetizations are at a parallel state.
The discovery of GMR has significantly increased the storage capacity of magnetic storage
devices such as HDDs [4].

1.1.3. Tunneling Magnetoresistance (TMR)

Soon after the discovery of GMR, tunneling magnetoresistance (TMR) comes to the
horizon of the research. TMR uses a similar magnetic multilayer configuration as the
GMR. The basic unit of the TMR multilayer system is the magnetic tunnel junction (MT]),
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which follows the structure of ferromagnetic metal/insulator/ferromagnetic metal. The in-
sulator layer is applied instead of the non-magnetic layer of the GMR multilayer system
(Figure 3) [19]. The electrons can tunnel from one side of the insulator to another side
due to the quantum tunnelling phenomenon [20]. The orientations of the ferromagnetic
layers” magnetizations are important in TMR owing to the spin-dependent tunneling.
In spin-dependent tunneling, the electron can tunnel into the subband with the same spin
direction. The change of magnetizations can exchange the two spin subbands (due to the
spin-polarization), which leads to the change of resistance [20]. TMR achieves relatively
large resistance changes (AR, 30%) even in the early development stages, although extreme
conditions (such as low temperature) are required [19].
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Figure 2. Schematic diagram of giant magnetoresistance (GMR).
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Figure 3. Schematic diagram of tunneling magnetoresistance (TMR).

2. Developing Magnetoresistance Materials/Structures

Since the discovery of MR, various MR materials/structures have been developed to
achieve ideal performance under different conditions. Due to the special anisotropic prop-
erty, AMR materials are applied in designing memory sensors and angle sensors [8,9,21].
However, the MR of AMR materials is relatively low (2.5-5%) [22]. Currently, multilayer
systems with GMR or TMR effects are widely employed in commercial applications [10-12].
In recent years, emerging nanotechnology has offered various options for constructing
ideal MR materials/structures. Instead of the bulk layer, the granular MR system was
developed with pressed small granules of magnetic materials. Granular MR systems are
designed to reduce the complexity and improve the efficiency of the preparation [23-25].

Due to its unique physical/chemical properties, graphene has soon attracted the at-
tention of researchers [26]. Multilayered graphene, graphene foams, and hybrid graphene
nanocomposites have been introduced in the development of MR materials/structures [27-29].
Layered graphene MR systems are constructed by introducing disorders into mono-
layer/multilayer graphene or combining graphene layers in multilayer devices [30-35].
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Graphene foams (GF) are three-dimensional arranged graphene structures with good bio-
compatibility and MR property [36-42]. Hybrid graphene nanocomposites with MR are
constructed with graphene and reduced graphene oxide (rGO) [29,43-50].

2.1. GMR and TMR Multilayer Systems

The multilayer configuration was adopted in the production of MR sensors since
the discovery of giant magnetoresistance (GMR) and tunneling magnetoresistance (TMR).
The GMR effect was observed in the Fe/Cr multilayer system, and the TMR effect was
discovered in Fe/Ge/Co multilayer system under low temperature (4.2 K) [2,3,51]. As men-
tioned previously, these multilayer systems consist of ferromagnetic material layers and
non-magnetic material layers (GMR) or insulator layers (TMR). Two different configura-
tions (Figure 4) were involved in the fabrication of multilayer systems: current in plane
(CIP) and current perpendicular to plane (CPP) [4]. In the CIP configuration, the electrodes
are placed on the side of the multilayer with the current flowing along with the multilayer
system. The current flows perpendicular to the multilayer system in the CPP configuration,
which achieves a higher MR value in contrast with the CIP configuration [52,53]. In multi-
layer systems, the magnitude of the MR is related to various factors such as layer thickness,
number of layer repetitions, layer crystallinity, interface roughness, and band/lattice
matching between layers [54].

Electrodes

K
V.
= 7

Multilayer B
system

Current in plane (CIP) Current perpendicular to
plane (CPP)

Figure 4. Schematic diagram of current in plane (CIP) configuration and current perpendicular to
plane (CPP) configuration.

Accurate control of the layer thickness is crucial for the MR values. Various preparation
processes have been involved in the construction of multilayer systems including electron
beam evaporation, magnetron sputtering, cathodic arc deposition, molecular beam epitaxy
(MBE), pulsed laser deposition (PLD), and chemical vapor deposition (CVD) [55-61].
These techniques provide precise control on the layer thickness and layer repetitions.
However, most of these techniques required prolonged/complicated preparation processes
and specific equipment/instruments, which leads to increasing economic costs and time
costs for production.

Ferromagnetic metals (such as Fe, Co, and Ni) are involved in the fabrication of
the ferromagnetic layer in multilayer systems. Meanwhile, non-magnetic layers (Cu,
Cr, Ag, Au, Ru, etc.) are applied in the construction of multilayer systems [62]. Alloys
such as FeCo and FeNi are adopted in the production of both GMR and TMR multilayer
systems due to their strong spin-dependent scattering properties [63,64]. FeCo possesses
unique properties such as high saturation magnetization, high curie temperature, and good
strength, which are ideal for constructing multilayer systems [65].

The GMR multilayer systems normally consist of ferromagnetic layers with 4~6 nm
thickness and 35 nm non-magnetic conductive spacer layer. The GMR and TMR multi-
layers exhibit good compatibility for integrating with electronic circuits (Figure 5) [66,67].
GMR and some TMR multilayer systems display inadequate MR under the low magnetic
field and room temperature. In addition, their applications are hindered by the limited
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working range (especially for TMR multilayer systems) and complicated fabrication pro-
cesses, which require further investigation to overcome current challenges [67].
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Figure 5. (a,b) Microscopy of TMR multilayer system consists of 500 MTJs. (¢) Schematic diagram of
TMR multilayer system. Adapted from [67]. Figure Copyright © 2018 MDPI Publishing, Open Access.

2.2. Granular MR Systems

Various methods have been developed to increase the sensitivity of the conventional
GMR and TMR multilayer systems. One route is to maximize the layer numbers of the mul-
tilayer system. Although it is possible to achieve this architecture via the physical/chemical
deposition processes mentioned previously, this route significantly increases the complex-
ity and decreases the efficiency of the production process. The granular MR systems are
developed to replace the multilayer configuration, which can increase the sensitivity and
reduce the potential economic costs and time costs.

The small grains are pressed together to construct the granular MR system in the first
geometry [25]. Another geometry is constructed by embedding the magnetic particles
in the non-magnetic matrix (conducting or insulating) [23,24]. The hypothesis suggests
that these geometries can improve the magnitude of the MR since every boundary be-
tween the granular particles can become a spin-selecting junction [25]. In contrast with
the conventional multilayer systems, granular MR systems reduce the investment in in-
struments and the complexity of the production process. Granular MR systems suffered
from non-uniform distributions and poor grain boundaries in the early stages. Chemi-
cally/physically prepared nanoparticles have been applied to construct the granular MR
systems since emerging nanotechnology provides uniformly dispersed nanoparticles.

Similar to the multilayer systems, nanoparticles containing Fe and Co are employed
in the granular MR systems. Chemically synthesized Fe;O4 nanoparticles are adopted
in constructing granular MR systems because of their accessibility, stability, and large
magnetization. The Fe30,4 granular MR systems achieved —1.6% and —1.2% of resistance
change at 5 kOe for thin film and pressed powder [68]. Various granular MR systems were
developed based on core-shell structures of Fe304 including Fe;04@S5i0;, Fe;04@ZnS,
Fe304,@ZrO; and MgO@Fe304 [25,69-71]. These granular systems achieved a large linear
working range (~2 T) and relatively large negative MR responses (—4%~—8%). However,
most of them require low temperatures to obtain satisfactory MR values.

In the meantime, Co is widely applied in constructing granular MR systems. The in-
vestigations were performed on Co-Cu, Co-Ag, Co-Ni, and ZnO/ZnO-Co granular MR
systems [72—-74]. It should be noted that electrodeposition is applied in producing Co-based
granular MR systems, which may slightly increase the cost of specific instruments in the
preparation. In addition, the chemically synthesized CoFe,O4 nanoparticles exhibited
a large negative MR (—18%~—19%), which was obtained under a high magnetic field
(70 kOe) [25].

Another geometry of granular MR systems is based on embedding nanoparticles in the
non-magnetic matrix (Figure 6) [75]. Fe nanoparticles were deposited on the 5iO, matrix
with the ion beam, which achieved a positive MR at 40% under a large magnetic field
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(80 kOe) and room temperature [76]. Meanwhile, FeCo exhibits good compatibility with
the granular MR system that consists of magnetic nanoparticles and the non-magnetic ma-
trix. FeCo processes high saturation magnetization and strong spin-dependent scattering
properties, which are favoured in MR materials [77-79].
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Figure 6. (a) Optical micrograph and schematic diagram of granular MR systems based on Fe
nanoparticles in Ge matrix. (b) MR of Fe-Ge at different temperatures. Adapted from [75]. Figure
Copyright © 2020 MDPI Publishing, Open Access.

FeCo granules/ particles have been embedded in Si-N, SiO,, Al,O3, Cu, and carbon
matrix by magnetron sputtering technique [77,80-83]. In these studies, FeCo granular
systems achieved the MR up to 30% at room temperature. However, the high magnetic
field (50 kOe) is the prerequisite for FeCo granular systems to achieve large MR at ambient
temperature. Therefore, although granular MR systems can reduce the cost and complexity
in producing MR sensors with enhanced sensitivity, the granular systems still display
inadequate MR under the low magnetic field (<10 kOe). In some cases, granular MR
systems may require special conditions (i.e., low temperatures, large magnetic fields, etc.)
to achieve proper performances.

2.3. Graphene-Based MR Systems
2.3.1. Layered Graphene MR Systems

The discovery of graphene provided a powerful tool for developing MR materials as
graphene possesses unique physical and chemical properties [84-87]. Large MR has been
observed on MR systems based on monolayer graphene, bilayer graphene, and multilayer
graphene (Figure 7) at room temperature or extremely low temperatures (1.9 K) [85,88-92].
The results indicate the feasibility to design MR sensors with layered graphene systems,
although specific substrates/preparation techniques are required in most circumstances.

Various methods were developed to enhance the MR of layered graphene systems.
Normally, two different routes are applied. The first method relies on introducing disorder
into the graphene layers. This method employs the monolayer or multilayer graphene
produced by mechanical exfoliation or chemical vapor deposition (CVD) [30,31]. The disor-
ders are introduced by Ga* ion irradiation or nitrogen doping [30,31]. The origin of the
MR improvements is attributed to the increasing diffuse scattering at crystallite boundaries
after the increase of disorders [30,31]. Although this process can improve the performance
of layered graphene systems, it requires specific substrate and instrument, which leads to
the increase in complexity and investment of the preparation process.
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Figure 7. (a) Schematic diagram of the fabrication process of multilayer graphene/metal catalyst heterojunction. (b) MR

of the response of multilayer graphene on Cu substrate. Adapted from [88]. Figure Copyright © 2013 MDPI Publishing,

Open Access.

The second method incorporates graphene layers into the multilayer systems. This
method combines graphene layers with the other layered materials including using
graphene as the inset layer for the multilayer systems or combining graphene with other
two-dimensional materials [32-35]. Although some studies achieved significant improve-
ment of MR performance for layered graphene systems, the issues can’t be ignored regard-
ing the requirements on specific instruments for producing mono/multilayer graphene
and other layered materials.

The layered graphene system is one of the promising materials for developing future
MR sensors. However, it is noted that preparing layered graphene systems require specific
substrates/circuits and instruments (for precise control of layer number), which increases
the cost and complexity of production processes. This hinders the further applications
of layered graphene MR systems. Extreme conditions are required to achieve proper MR
performances (such as low temperatures). Although various methods were developed to
improve the performance of layered graphene systems at room temperature, these methods
still rely on specific instruments, which result in prolong processes and low cost-efficiency.
Moreover, some layered graphene systems display relatively small MR at the low magnetic
field (<10 kOe), and higher magnetic fields are required to obtain large MR values in
most circumstances.

2.3.2. Graphene Foam MR Systems

Graphene foam (GF) attracts the interest of researchers as it provides a solution to
transfer two-dimensional material into a three-dimensional architecture. The advantages
of graphene foams include biocompatibility, the combination of intrinsic properties of
graphene, pore size adjustability, three-dimensional morphology, and potential for mass
production [36-39]. Currently, graphene foams have been applied in designing gas sensors,
lithium-ion batteries, and supercapacitors [36,93,94]. In addition, graphene foam can also
be applied in the production of shapable electronic devices, although it suffers from the
problems such as non-flexible structure and unstable mechanical strength.

Recently, researchers discovered interesting magneto-transport properties of graphene
foams since three-dimensional graphene foams exhibit different morphology in contrast
with two-dimensional graphene [42]. The magneto-transport properties are related to the
size of graphene sheets, connections between graphene sheets, the edge boundaries of
graphene sheets, and the layer number of graphene sheets in the graphene foams [95-99].
The trajectories of charge carriers are affected by the morphology of graphene in graphene
foams under the presence of external magnetic fields [42]. Graphene foams produced by
CVD exhibited large MR (80~90%) under the high magnetic field (>50 kOe) and room
temperature [41,42,100].
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The disorder and inhomogeneity are considered as the crucial factors for MR in
graphene foams [100]. Two major routes are applied to further improve the performance
of graphene foam MR systems. The first route is to introduce disorder to graphene foam.
On the other hand, the second route is to incorporate other nanostructures/nanomaterials
with graphene foam. Graphene foams were combined with polydimethylsiloxane (PDMS),
poly(methyl methacrylate) (PMMA), and CupZnSnS, nanocrystals to enhance the MR
performances or achieve tunable MR [40-42]. In another approach, the inductively coupled
plasma system was applied to perform the fluorination of graphene foams for introducing
disorders [101].

Currently, graphene foams have exhibited potentials in developing future MR sensors.
However, graphene foams require complicated preparation processes that rely on specific
equipment for producing graphene foams and introducing disorders. Meanwhile, graphene
foams display inadequate MR under low magnetic fields (<10 kOe), and most of the results
indicate that graphene foams exhibit large MR under the high magnetic field (>50 kOe).
In addition, extreme temperatures (~5 K) are required in some circumstances to obtain
satisfactory MR values for graphene foams. Therefore, further investigations could focus
on enhancing the MR performance and reducing the complexity of production processes.
This would undoubtedly boost the applications of graphene foams for producing future
MR sensors.

2.3.3. Hybrid Graphene Nanocomposites MR Systems

Graphene offers unique features such as high carrier mobility, high thermal conduc-
tivity, and a large surface-to-volume ratio [102]. The large surface area of graphene allows
modifications for different applications (such as polymers, biomolecules, and nanoparti-
cles) [103-105]. The nanoparticles modified graphene has been extensively investigated
for various applications including biological medicine, biosensing, gas sensing, catalysis,
microwave absorption, and energy storage [106-111]. Hybrid graphene nanocomposites
provide outstanding outputs and promising properties in these areas. Therefore, it is
possible to applied heterostructures based on hybrid graphene nanocomposites in the
fabrication of MR sensors.

Two different routes are adopted to achieve large MR values for hybrid graphene
nanocomposites. In the first route, nanoparticles/adatoms clusters are decorated on the
surface of CVD/mechanical exfoliation prepared graphene layers by thermal evaporation
or electron beam deposition [43—47]. Both positive and negative MR were obtained in
this route. Some studies suggested that relatively large MR could be achieved at low
magnetic fields (—9% at ~7 kOe). However, this negative MR was reached at an extremely
low temperature (10 K), and the MR deteriorated significantly to —3% as the temperature
slightly increased to 50 K. Moreover, the physical deposition processes need specific
preparation techniques. Specific substrates are required by CVD/mechanical exfoliation-
produced graphene. These drawbacks increase the time and equipment investments of the
production process, which hinders the possible applications in the future.

Reduced graphene oxide (rGO) was employed by another route to decrease the
equipment/time investments. rGO is facile to produce, and it is favourable for mass
production [112]. Meanwhile, rGO is an appropriate substrate for nanoparticles due to
the large surface area and functional groups on its surface. Therefore, it is possible to
modify nanoparticles on the surface of rGO for developing MR materials. The rGO hybrid
nanocomposites can significantly decrease the requirements on specific instruments in
the preparation process and reduce the complexity of the production process, which is
promising for the mass production of future MR sensors. Relatively large MR can be
achieved by rGO hybrid nanocomposites [29,48-50]. However, few attempts were made to
develop ideal MR sensors based on rGO hybrid nanocomposites. Currently, rGO hybrid
nanocomposites display inadequate MR under the low magnetic field (<10 kOe) and room
temperature, which is not suitable for future applications.
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3. Applications of Magnetoresistance Sensors

The study of William Thomson set the cornerstone for the future developments of MR
sensors [1]. However, few research attempts were put into the investigations of MR due
to the small magnitude of the MR effect (less than 2%) [113]. The situation was changed
when Griinberg and Fert discovered the GMR in 1988. In the meantime, the demands
for magnetic sensors raised due to the surge of magnetic data storage systems since the
early 70s. This led to a significant boost of studies on MR sensors [2,3]. In 1990, the GMR
multilayer system was successfully prepared by IBM Almaden Research Center with high-
vacuum DC magnetron sputtering. This result reveals the possibility to produce sensitive
MR sensors for improving the storage capacity of magnetic storage devices [114]. After IBM
introduced the first GMR reading head in HDD, more and more studies have focused on
developing MR sensors for different applications [115].

MR sensors have been employed in different applications including biophysics and the
automotive industry since the first commercial GMR sensor came to the market in 1994 [12].
Currently, giant magnetoresistance (GMR) and tunneling magnetoresistance (TMR) have
been widely applied in commercial applications [10-12]. Anisotropic magnetoresistance
(AMR) has been applied in position sensing due to its anisotropic nature [8,9]. The ma-
jor applications of MR sensors include magnetic storage (recording), position sensing,
current sensing, non-destructive monitoring, and biomedical sensing systems [116-122].
MR sensors have also been applied in producing antilock brakes, magnetocardiography,
and galvanic isolators [123-129]. The total value of the magnetic sensor market is expected
to exceed 2.0 billion US dollars in 2022 due to the brooming of the modern electronic
industry [130]. As shown in Figure 8, the number of the published papers on MR sensors
has increased since 1995, which indicates the growing scientific interest in this topic.
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Figure 8. The number of publications on MR sensors from 1991 to 2020. The data were obtained from
the Web of Science core collection with the keyword “magnetoresistance sensor”.

3.1. MR Sensors in Magnetic Storage

The anisotropic magnetoresistance (AMR) sensor was utilized as the reading head
in hard disk drives (HDDs) by IBM since the 1990s [22]. Later, the reading heads were
designed on GMR and TMR sensors, which led to the rapid development of the HDDs’
storage capacity. The first HDD, IBM 350, can store 4.4 MB of data with 2 kb/in? areal
density [131]. In contrast with IBM 350, current HDDs can be 2 x 10° higher in data storage
(10 TB) with the areal density reaching 1 Tb/in?>. Meanwhile, the average retail price of
HDDs has decreased dramatically as a result of the huge advance in the areal density
of data [22]. The cost of storing digital data is close to $10° per GB in IBM 350, and it is
$0.01 per GB for modern HDDs.
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The emergence of the MR sensor has introduced the AMR reading head, GMR reading
head, and TMR reading head in 1991, 1997, and 2006, respectively [132-134]. A significant
improvement of CGR (from 25% per year to 60% per year) occurred in 1991 as IBM
introduced the MR reading head in HDDs. The CGR was further improved to 100%
after introducing the GMR reading head. Although the AMR reading head significantly
boosts the development of the HDDs, further applications are hindered by the low MR
performance and difficulties in reducing the size. Therefore, GMR and TMR sensors have
become the mainstream MR reading heads applied in HDDs.

As shown in Figure 9, the read-write head of HDD consists of a traditional coil-
structure writing head and a GMR or TMR reading head. The traditional coil structure
writing head is used to adjust the magnetization of data bits. In the meantime, The MR
reading head is applied to detect the magnetic field of data bits. The variation of magnetic
fields can influence the resistance of the MR reading head. The signals of resistance change
will be collected by electronic devices.

MR Read Head Write Head

Magnetic

Medium Direction Shicla

of Travel

Recording Layer

Figure 9. Schematic diagram of the modern read-write head for HDDs. The data bits are displayed
in the recording layer.

GMR reading heads are considered as the starting point of the era of modern MR
sensors, which increase the MR responses and decrease the device dimensions [4]. The TMR
effect exhibits a large MR within a small range of the magnetic field, which is appropriate
for sensing the data bits since the outputs are “0” and “1”. It is challenging to further
decrease the size of TMR reading heads due to the obstacles for reducing the thickness of
the insulator layer. Studies are performed to seek MR materials that can replace the current
TMR sensors [134].

Another important application is magnetic random-access memory (MRAM). MRAM
requires less static power consumption since the data can be stored by magnetization [135,136].
Random access memory (RAM) is an important component of modern electronic devices.
Nowadays, electronic devices mainly employ dynamic random-access memory (DRAM)
in production, which bases on semiconductor technologies. The key feature of DRAM is
volatile property. DRAM may lose all the data after power-off as it is constructed on the
circuits with capacitors. Currently, the semiconductor-based DRAM:s are facing difficulties
to keep the significant growth rate for the storage capacity due to the increased power
consumption, which is triggered by the charge leakage problem in reducing the dimension
of DRAMSs. Therefore, non-volatile memories attract the interest of researchers due to their
low power consumption.

MRAM is one of the candidates with features including non-volatility, unlimited read
and writes cycles, and high-speed operation [137]. Magnetic tunnel junction (MT]) is the
major component for data storage in MRAMs. As shown in Figure 10, the MTJ displays low
resistance under the parallel magnetization directions of the fixed layer and the free layer.
It exports a high resistance output at the anti-parallel state. The data stability of MRAMs is
not influenced by the measurement and power cut-off in contrast with DRAMs. Although
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MRAMs exhibit better scalability and relatively low writing current compared with other
RAMs, the reliability issues of MRAMSs can’t be ignored, which can be caused by oxide
barrier breakdown and barrier thickness variability [138]. Therefore, further investigations
are required for MRAMs to meet the demands of ideal RAM in the future [139].
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Figure 10. Schematic diagram of (a) MRAM cell and (b) TMR multilayer system at parallel and anti-parallel magnetizations.

3.2. MR Sensors in Position Sensing, Current Sensing, and Non-Destructive Monitoring

Magnetic sensors (including MR sensors) have been widely applied in position sens-
ing, current sensing, and non-destructive monitoring (Figure 11) [140-150]. In these
applications, magnetic sensors are applied to detect the magnetic fields generated by the
targets. The magnetic signals are subsequently transferred to other outputs (such as volt-
age changes, current changes, and resistance changes). Magnetic displacement sensors
have been broadly applied in position sensing. Magnetic sensors are cost-effective, stable,
and contact-free compared with other sensors in this field [151,152]. Magnetic field sensors
are crucial parts of magnetic position sensing systems. In position sensing, two major
categories of magnetic sensors are Hall effect sensors and MR sensors [153-155]. MR sen-
sors are more suitable for position sensing because of the high sensitivity, low power
consumption, and larger detection range in contrast with traditional Hall effect sensors.
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MR Sensor
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Figure 11. Schematic diagram of (a) position sensing and (b) current sensing with MR sensors.

Sensor arrays are designed and constructed with GMR/TMR multilayer system to
achieve two-dimensional and three-dimensional detections [156—158]. The close-packed
MR sensor array was built to dynamically detect magnetic microparticles with high preci-
sion. This sensor array can detect the magnetic field in the range of 500 Oe due to the
limitation on the detection range of TMR. Despite the limited working range, it still set a
good example to detect travelling particles with the MR sensor array. Another route inte-
grates multiple GMR/TMR sensors with specifically designed circuits. The output signals
are analyzed with computer-based driving/detection systems to obtain the magnetic field
components at x-, y-, and z-axis.
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The detection target is the magnetic field generated by the electrical current in (elec-
trical) current sensing and non-destructive monitoring (as called non-destructive testing
(NDT)). GMR/TMR sensors are applied in constructing magnetic electrical current sensing
systems. The MR current sensing system is employed in differentiating currents, switching
regulators, wattmeters, independent voltage/current measurement, and voltage/current
measurement multiplying. Meanwhile, MR sensors are adopted in current sensing devices
for integrated circuits (IC) monitoring (such as miliwattmeters and electrical isolators) [95].
The smart grid is another important field for MR sensors in electrical current sensing. Spe-
cial designed MR sensors are applied since various types of currents need to be measured
in the smart grid [159].

Non-destructive monitoring (or non-destructive testing) is a crucial tool to inspect the
defects in metallic materials. Non-destructive monitoring is a quality control tool that is
applied to inspect the cracks and defects in large structures (such as oil pipes, gas tanks,
and aircraft frames) in the industry (also called non-destructive testing (NDT) or non-
destructive evaluation and monitoring (NDEM)). This method aims to detect the subsurface
mechanical and chemical damages without causing destruction [160,161]. Two different
sensing routes are adopted for non-destructive monitoring with magnetic field sensors:
magnetic flux leakage testing and eddy current testing. The first route utilizes the breaks of
magnetic field lines caused by the surface breaking [162]. Eddy current testing is a more
commonly applied testing route for probes equipped with MR sensors [163]. Eddy current
is introduced by the external magnetic field source. The inspection is performed to detect
both surface and subsurface defects. Compared with the conventional probes, the GMR
and TMR sensors exhibit significant increases in efficiency during the inspection of eddy
currents due to improvements in the sensitivity of the probe. The accuracy can be increased
to 98.2% and 99.4% for reading excitation magnetic fields in the detection of subsurface
defects (DC excitation and AC excitation). Therefore, MR sensors are promising for the
eddy current testing, and they can certainly benefit the future industrial applications of
non-destructive monitoring.

3.3. MR Sensors in Biomedical Sensing Systems

The development of biomedical sensing platforms has been boosted in the past decade
thanks to nanobiotechnology. The MR sensor-based biomedical sensing platforms have
attracted the interest of researchers since they are sensitive, compact, user-friendly, and cost-
effective. MR biosensors experience low background noise in contrast to other biosensors
(optical, plasmonic, and electrochemical) since most of the biological environments are
nonmagnetic. Therefore, the target’s medium triggers limited negative effects, which leads
to the reliable and high-precision detection of magnetic labels [164].

In the typical sensing process, the functionalized magnetic nanoparticles (MNDPs) are
adopted as the magnetic labels. The sensing process is performed by detecting the magnetic
fields of MNPs with MR sensors. Variations of the magnetic field’s intensity are related to
quantity differences of MNPs. Magnetic signals are transferred to other processable signals
such as resistance change or current change [165]. Compared with other nanomaterials,
the advantages of MNPs include high stability, less operating difficulty, and a high signal-
to-noise ratio.

The capture probes are firstly immobilized on the surface of MR sensors [166]. The an-
alytes attached with MNPs can be grubbed by capture probes on the surface of MR sensors
for sequential magnetic field sensing [167]. The MR sensor-based biological sensing plat-
forms have attracted the interest of researchers since the first GMR biosensor array was
developed in 1998 [168]. Currently, MR biosensors are applied in three major categories of
biomedical applications: biomedical diagnosis, food safety, and environmental monitor-
ing [127,169-176].

MR sensors-based biomedical sensing platforms are suitable for diagnosis applications.
The precise and robust diagnosis technique is decisive for treating patients and restricting
the spread of the diseases [171]. Various proof-of-concept MR biosensors were designed
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for diagnosis even in the early stages of MR devices’ development [177,178]. GMR and
TMR sensors were applied in the direct detection of proteins and antigens such as endoglin,
pregnancy-associated plasma protein-A (PAPP-A), proprotein convertase subtilisin/kexin
type 9 (PCSK9), and suppression of tumorigenicity 2 (5T2) [179,180]. In these biosensing
platforms, the nano-sized MR sensors were applied for real-time monitoring and quantita-
tive detection of the targets in the human serum, which were used to construct the array of
GMR sensors. The limit of detection (LOD) reached 40 pg/mL in this process.

Other important topics of biosensing include early detection and diagnosis of cancers
and the monitoring of tumors for therapeutic goals. These applications demand enhanced
sensitivity and specificity for cancer diagnosis. The GMR biosensing platforms successfully
detected cancer antigens including interleukin 6 (IL6), human epididymis protein 4 (HE4),
and cancer antigen 125 (CA125 II). GMR biosensors achieved the LODs at the level of
74 pg/mL, 3.7 U/mL, and 7.4 pg/mL in these applications [181]. Meanwhile, the GMR
biosensing platform was combined with microfluidics for simultaneous detection of 12 tu-
mor markers including human chorionic gonadotropin (free 3-hCG) and alpha-fetoprotein
(AFP) [182]. This system achieved multi-analyte detection with the LOD at ng/mL level,
which can significantly reduce the complexity of the conventional test process.

MR biosensing platforms successfully detected influenza viruses including HIN1 and
H3N2v in solution and nasal swab [7,183]. A portable device was developed to meet the
requirements of point-of-care (POC) applications. The LODs for HIN1 and H3N2v are
both 250 TCIDs5p/mL. Meanwhile, the MR immunoassay achieved LODs at the level of
10 ng/mL and 50 ng/mL for detection of human immunoglobulins G and M (IgG and
IgM) [184]. MR biosensors were also applied in detecting hepatitis B virus (HBV), hepatitis
E virus (HEV), and human immunodeficiency virus (HIV) [185-187].

The detection of bacteria is another important topic due to the serious consequences
of bacterial infections. For example, Escherichia coli (E. coli) can trigger diseases such as
urinary tract infection (UTI). In the meantime, food safety is another application that
requires the detection of bacteria. The pathogenic bacteria in food have become one of the
major health and public concerns nowadays. The detection of bacteria with MR biosensors
follows a similar mechanism with the previously discussed MR biosensing platforms.
The TMR sensor array has been applied in the detection of E. coli O157:H7 with a LOD
at 102 CFU/mL [188]. Meanwhile, microfluidics was employed in the GMR biosensing
platform for E.coli detection [189]. Moreover, the GMR biosensing platform accomplished
the detection of the DNA of salmonellae [190].

In the meantime, the detections of mycotoxins and allergens are important for food
safety. The GMR sensor array was applied in the detection of various mycotoxins such as
aflatoxins B1 and zearalenone with a LOD at 50 pg/mL. This array achieved simultaneous
detection for various mycotoxins [191]. MR biosensing platforms are capable of detecting
major peanut allergens ara hl, ara h2, and gliadin, which can trigger a serious response.
The LODs of these allergens can reach 7.0 ng/mL, 0.2 ng/mL, and 1.5 ng/mL [192].
Although MR biosensing platforms exhibit low LODs, the 96 well ELISAs still display a
higher sensitivity in terms of the allergens testing. Further studies are required in this area
to improve the sensitivity [171].

Environmental monitoring is another major application of MR sensor-based biosens-
ing platforms. This application analyzes the hazardous contents and pollutants in the
environment as they can accumulate in the human body through the food chain. The GMR
biosensing platform was modified with thymine-thymine (TT) molecules, which achieved
precise detection of mercury ions (Hg?*) in the natural environment [193]. The LOD is
at the level of 10 nM for buffer and natural water. In another study, the ricin toxins were
detected by the TMR biosensing platform in polluted water. The TMR biosensing platform
completed the quantitative detection of ricin toxins with a LOD at 1 ng/mL [194]. The TMR
biosensing platform experiences minimum interferences from the other contents and envi-
ronmental factors. These results indicate the possibility for the MR biosensing platform to
finish detections of hazard contents in other complex samples such as soil, food, and blood.
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Further improvements are required for MR biosensing platforms to meet the demands
of clinical implements. Meanwhile, MR biosensing platforms display superiorities such
as simultaneous detection, user-friendly procedures, and simple integration with elec-
tronic devices. MR biosensing platform is a promising candidate for the development
of ideal next-generation biosensing systems. Currently, MR biosensing platforms expe-
rience difficulties in the magnitude of MR (especially for low magnetic fields), sensing
range, and investments for commercially accessible MR sensors [171]. Moreover, the per-
formance of multilayer systems is inadequate at room temperature [171]. Although the
TMR multilayer system could display a large MR, the limited working range can’t be
ignored. GMR/TMR multilayer systems could be expensive compared with traditional
testing approaches due to the complicated preparation processes. The price of MR sensors
limits the commercial applications of MR biomedical sensing platforms. Therefore, further
investigations are required on developing cost-effective MR sensors with enhanced MR
response at low magnetic field /room temperature, which can benefit the future commercial
applications of MR biomedical sensing systems.

4. Conclusions

Since the first observation of MR, more and more attempts have been put into the
development of ideal MR sensors for various applications. Meanwhile, many studies were
performed to extend the application of MR sensors [116-122]. The major applications of
MR sensors include magnetic storage, position sensing, current sensing, non-destructive
monitoring, and biomedical sensing system. Meanwhile, MR sensors were applied in
antilock brakes, magnetocardiography, and galvanic isolators [123-129]. The expansion
of the electronic industry leads to the significant growth of commercial magnetic sensors.
The total value of the market is expected to surpass 2.0 billion US dollars in 2022 [130].

The sensitivity and efficiency are crucial to commercial MR sensors in terms of improv-
ing the performance of the devices. Ideal MR sensors require enhanced MR at low magnetic
fields and room temperature, reduced time/equipment cost, and enlarged working range,
which can boost the advancement of devices with built-in MR units. In specific, ideal MR
materials contribute to improving the storage capacity and decreasing the production cost
of magnetic storage devices (such as HDDs and MRAMSs). More details can be provided
in position sensing, current sensing, and non-destructive monitoring since the sensitivity
and cost-efficiency are enhanced for MR sensors. The LOD relies on the performance of
MR sensors in magnetic biomedical sensing platforms/systems (especially for ultra-low
detections). The improvements of MR sensors can lower the LOD of MR biomedical
sensing platforms. Meanwhile, the decrease in production costs can help to improve the
accessibility of MR sensor-based point-of-care (POC) testing devices.

Various MR materials have been studied to enhance the performance of MR sensors
as shown in Table 1. GMR and TMR multilayer systems have been widely applied in
commercial MR sensors [10-12]. However, the drawbacks of multilayer systems can’t be
ignored including inadequate MR at room temperature and low magnetic fields, limited
working range, and complicated preparation process. Many attempts have been made to
develop nanoconstructed MR materials such as granular MR materials, layered graphene,
graphene foam, and hybrid graphene nanocomposites [40,48,77,85]. However, current
MR materials experience difficulties in enhancing the MR at low magnetic fields/room
temperature and reducing the complicity of the preparation process. Breakthroughs are
expected to improve the performance and reduce the manufacturing cost of devices with
built-in MR units, which overcome existing challenges and benefit the future application of
MR sensors.
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Table 1. Summary of current magnetoresistance (MR) materials.

Type Advantages Disadvantages Ref
Anisotropic properties of AMR materials
AMR materials have advantages in position sensing and The low magnitude of AMR outputs (AR/Rg < 2.5%) [8,9]

navigation (angular and displacement
sensing)

Difficult to reduce the size and hard for miniaturization

Multilayer systems based on GMR and TMR

GMR/TMR multilayer systems exhibit high
sensitivity for low magnetic fields
GMR/TMR multilayer systems can be
integrated with the electronic circuit easily

Multilayer structures require complicated fabrication processes and specific
equipment due to the strict limitations of layer thickness (increasing cost on
equipment and extending the fabrication process lead to expensive products)
GMR/TMR multilayer systems exhibit limited resistance variation range
(working range, especially for TMR) and relatively low MR at room
temperature (mostly for GMR)

[52-61,65-67]

Granular MR systems

Granular MR systems bring simplified
fabrication procedures and reduced
investments in instruments
Relatively large MR at room temperature
can be achieved by some specifical
designed granular MR systems

Magnetic field > 50 kOe is the prerequisite to achieve large MR at ambient
temperature (relatively small resistance change for low magnetic fields at
room temperature)

Some granular MR systems require extremely low temperatures for large MR
Although granular MR systems can reduce the complexity of the fabrication
process, the dependence on specific fabrication techniques (such as
magnetron sputtering) remains

[23-25,68-74]

Layered graphene MR systems

Layered graphene MR systems exhibit large
MR value and potential to be applied on
fabricating next-generation spintronics
based on layered graphene

Most layered graphene MR systems require extremely low temperatures to
achieve large MR
Special designed substrates/circuits are required
Precise control of layer number and positions is challenging
Special fabrication techniques are required for preparing layered graphene,
which further increases the production costs and the complexity

[30-35,85,89-91]

Graphene foam MR systems

Graphene foam MR systems display
relatively large MR at room temperature
and offer unique 3-D structures for
potential applications

Large magnetic fields (>50 kOe) are required for graphene foams to reach
considerable MR (the magnitude of resistance change shrinks rapidly as the
magnetic field reduce to the level of 10 kOe)

Graphene foams require complicated fabrication processes (such as CVD)
and specific defects-introducing instruments

[41,42,100,101]
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Table 1. Cont.

Type Advantages Disadvantages Ref
Based on Relatively large values were achieved for Special designed substrate/circuits are required for CVD/mechanical
CVD/mechanical both positive and negative MR exfoliation produced graphene leads to complicated fabrication processes [43-47]
exfoliation produced Future applications in fabricating with more investments and time costs
graphene graphene-based circuits Exhibiting small magnitude of MR at room temperature
rGO and rGO hybrid nanocomposites can
Hybrid graphene be both olitaicrlled Vlvith facile Preparation
ites processes leads to lesser requirements on
nanocompost special equipment Current results of rGO hybrid nanocomposites show relatively small MR at
Based on reduced Reduced investments in instruments and the low magnetic field (<10 kOe) and room temperature [29,48-50]

graphene oxide (rGO)

simplified production process
(cost-effective and friendly for mass
production)
Large MR was achieved by the rGO hybrid
nanocomposites

Few investigations have been performed to develop and improve the MR of
rGO hybrid nanocomposites
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