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Abstract

The necessity for magnetic sensors has evolved rapidly in the recent preceding
decades for diverse applications. Various sorts of sensors can directly detect
physical properties such as temperature, humidity, and pressure and deliver an
output signal associated with the intended parameters. Contrary to these sensors,
magnetic sensors monitor the fluctuations in magnetic fields pursued by surround-
ing objects or events. The magnetic sensors provide data on the direction, rotation,
and electrical current and convert them to the corresponding output voltage. Due to
the feasibility and wireless response, magnetic field sensors are included in robot-
ics, the automobile industry, magnetic recording, target tracking, human body
biomagnetic measurements, and much more. This chapter introduces the back-
ground behind the magnetic sensing process and its basics. Afterward, the desired
materials for the magnetic sensors are surveyed. The coverage of famous magnetic
sensors like the magnetic tunnel junction sensors, giant magnetoresistance sensors,
and planar Hall effect sensors is covered. The key parameters for evaluating the
performance of the sensor such as exchange bias, sensitivity, and detection limit are
highlighted in this chapter. Finally, major industrial and medical applications for
magnetic sensors are implemented. This chapter overviews the concepts of mag-
netic sensors from background to applications and can provide a valuable piece of
work for upcoming nanotechnological applications on a wide spectrum.

Keywords

Magnetic field · Magnetic sensors · Exchange bias · Sensitivity · Detection limit

Abbreviations

Tabs Absolute temperature
AMR Anisotropic magnetoresistance
VAMR Anisotropic magnetoresistance voltage
AFM Antiferromagnetic
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AI Artificial intelligence
BP Barber pole
kB Boltzmann’s constant
q Charge of electron
HK Crystal anisotropy field
i Current
CIP Current in plane
R Electrical resistance
ECG Electrocardiography
Eexchange Exchange anisotropy energy
Hexc Exchange anisotropy field
Hext External magnetic field
FCC Face centered cubic
FM Ferromagnetic
S1/f Flicker noise
GMR Giant magnetoresistance
IC Integrated circuits
SJohnson Johnson noise
l Length
D Magnetic field detectivity
MNPs Magnetic nanoparticles
Fe3O4 Magnetite
M Magnetization
θ Magnetization angle
MCG Magnetocardiography
ECrsytal Magnetocrystalline energy
MR Magnetoresistive
NM Nonmagnetic
Ni80Fe20 Permalloy
PHE Planar Hall effect
VPHE Planar Hall effect voltage
PHR Planar Hall resistance
PET Polyethylene terephthalate
RKKY Ruderman–Kittel–Kasuya–Yosida
S Sensitivity
Eshape Shape anisotropy energy
Hsh Shape anisotropy field
SShot Shot noise
SNR Signal-to-noise ratio
t Thickness
tfm Thickness of ferromagnetic material
TMR Tunneling magnetoresistance
Vbridge Voltage of Wheatstone bridge sensor
w Width
EZeeman Zeeman energy
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Introduction

The necessity for apparatus and devices with the ability to sense the Earth and
surrounding magnetic fields has been progressively spreading in the last few
decades. Various sorts of sensors can provide insights into the medium changes
upon their corresponding changes in physical or chemical properties. Sensors are
basically identified as a device that provides the possibility of transferring physical
phenomena to an electrical response, and thus they might work as a bridge
connecting the physical world and the electronic devices world [1]. In other
words, they are referred to as the basic part of the chain of measurements that
transmits the input parameter to a readable signal convenient for the measurement
[2]. Magnetic sensors have supported mankind in investigating and monitoring
thousands of functions for numerous eras [3]. Supercomputers and ordinary com-
puters possess raised storage capacities via the usage of magnetic sensors in head
drives. Airplanes owe increased safety standards according to contactless magnetic
sensing switching. Moving vehicles and automobiles employ magnetic sensors for
position tracking and more [3]. Sensing weak magnetic fields can be made using
magnetoresistive (MR) sensors microfabricated from single or multilayered mag-
netic thin films. These sensors are categorized into main sorts of magnetic sensors
which are anisotropic magnetoresistance (AMR), tunneling magnetoresistance
(TMR), giant magnetoresistance (GMR), as well as the planar Hall effect
(PHE) ones.

MR sensors can detect magnetic fields ranging from 10�9 T to 10�1 T with a
linear scale up to ~10�2 T, depending on sensor structure and measurement setup. In
contrast, the silicon-based Hall effect sensors, developed by a prominent technology
and integrated in many applications, are less sensitive, being able to detect magnetic
fields larger than 10�6 T. Using graphene layers can be patterned flexible Hall effect
sensors maintaining a sensitivity of 79 V/(AT) and stable characteristics during
bending cycles. A boost in sensitivity up to 1600 V/(AT) but with lower stability
in time with deviations of up to 9.3% from one day to another was reported for
graphene-based Hall sensors used for magnetic scanning probe microscopy. The MR
sensors are microfabricated from magnetic thin films or multilayers consisting of
magnetic, antiferromagnetic, and nonmagnetic (NM) thin films using well-defined
layers stacking, deposition, and patterning methods. They adhere to the principles of
Si-based integrated circuits (IC) technology and are convenient for special applica-
tions like integration in microfluidic systems [3, 4]. Not at least, because of the
demagnetizing field, most of the MR sensors are sensitive only to in-plane applied
fields, and this can be beneficial for magnetic nanoparticle (MNP) detection com-
pared with Hall effect sensors. Thus, each type of sensor brings advantages and
drawbacks that must be accounted for for specific applications like magnetometer,
rotation sensor, detection of MNPs, etc. Moreover, except for the PHE sensors that
possess a native linear response about zero field and deliver a bipolar output signal,
the response of MR sensors in magnetic field is unipolar, and a biasing field is
required for linearization. However, by using spin valves with crossed anisotropies,
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i.e., mutually perpendicular easy axes of magnetization in two neighboring ferro-
magnetic layers, or by playing with layers dimensions and thicknesses, the output of
GMR and TMR sensors can be linearized around zero field.

Magnetic Sensors

Versatile sorts of sensors are employed in every aspect of daily life activities. This
comprises humidity sensors [4–6], gas sensors [7], electrochemical sensors [8–11],
pressure sensors [12, 13], temperature sensors [14], optical sensors [15–18], and
more. Magnetic sensors are defined as a device that can monitor and detect the
existence of the magnetic fields and translate this field into an electrical voltage
corresponding to the applied magnetic field delivered to the sensing material. Since
the magnetic field can easily spread in the free space, it enables a noncontact sensing
in a variety of applications, which encompasses neural signal detection, magnetocar-
diography, autonomous driving, electrical vehicles sensorization, and even opening
doors to novel quantum metrology systems. There are several methods to sense the
magnetic field mostly relying on the connection between magnetic and electric
phenomena [3]. The principle of working for a magnetic field in general depends
on the magnetic moment change for magnetic materials when involved in a magnetic
field [19]. Numerous physical impacts are demonstrated in the magnetic sensors
[20]. The evolution of significantly sensitive and localized magnetic sensors is a
propagating area because of the development in the nano- and microfabrication
techniques related technologies [21]. However, there is no ideal candidate which
fulfills all the needs and requirements for all application areas. This possibility might
arise from the discrepancy in magnetic sensors’ sensitivity due to the alteration in the
sensing element dimensions or the sophisticated working process. In the following,
various classifications of magnetic sensors are introduced.

Anisotropic Magnetoresistive Sensors (AMR)

From a broader point of view, AMR can be defined as a generic magnetotransport
property that characterizes ferromagnetic metallic substances (as well as their
entailed alloys). The AMR outcome was first introduced to the scientific society in
1856 by Lord Kelvin (Willaim T.). Ferromagnetic materials are composed of Co, Ni,
Fe, and alloys such as CoFe and NiFe. At the atomic scale, the manifestation of the
AMR effect can be clarified as a result of the ferromagnetic metal particular band
structure. Indeed, these types of materials are characterized by the state of occupancy
of the 3d and 4 s orbitals. The 3d orbitals seem to be partially filled, while the 4 s
orbitals seem to be scattered to the 3d suborbitals in the presence of magnetic fields
[22–24]. The electron orbit asymmetry is used mainly to explain the anisotropic
magnetoresistance. Consequently, the scattering cross sections of electrons vary
where the electrons move parallel or perpendicular to the applied magnetic field.

Magnetic Sensors: Principles, Methodologies, and Applications 5



Because of the asymmetry in electron orbits, spin-orbit coupling arises. Additional
significant parameters including longitudinal (ρxx) and transverse (ρxy) resistivity
depend on the magnetization M values and the accompanying current density J. For
polycrystalline conducting magnetic materials (counting ferromagnetic 3d type
alloys), the dependence is expressed by subsequent equations [25]:

ρxx ¼ ρ⊥ þ ρ== � ρ⊥

� �
cos 2θ ð1Þ

ρxy ¼ 1

2
ρ== � ρ⊥

� �
sin 2θ ð2Þ

where ρxx is the parallel magnetoresistance and ρxy is the perpendicular magnetore-
sistance while θ is the contained angle between current density (J ) and magnetiza-
tion (M ) (Fig. 1). The AMR is defined as the disparity of the longitudinal resistivity,
while the transverse resistivity variation is termed as the PHE.

EHP

AMR

J

AMR

PHE

0 45
90

135
180-45

-90-180

(a)

(b)

-135

Fig. 1 The AMR and PHE configurations for in-plane and out of plane relativity of magnetization
and current density. (Adapted with permission from Ref. [22], (Copyright 2021, IOPSciecne))
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Planar Hall Effect Sensors

The signals of the PHE magnetic field sensor depend on the contained angle between
magnetic conductor’s magnetization and the track of the current flowing through
it. The magnetic conductor should be homogeneously magnetized for this applica-
tion, and in the existence of an applied magnetic field, the magnetization direction
should vary predictably, reversibly, and with no-noticeable hysteresis. The magnetic
conductor should be uniformly magnetized for this application, and in the company
of an externally applied magnetic field, the magnetization direction should vary
periodically, reversibly, and with negligible hysteresis.

To achieve this behavior, the layer must be magnetically anisotropic. whenever the
above criteria are encountered, the PHE signal designates the magnetization direction
that determines the value of the applied perpendicular magnetic field [26–28].

When compared to the AMR, the PHE sensors offer multiple inherent advan-
tages. The largest slope of the AMR sensor as per the θ values (the contained angle
among current and magnetization) is achieved at π

4
þ nπ

2
, while for the PHE sensor,

the largest slope is demonstrated at nπ
2
. The PHE offers easy and low-cost fabrication

procedures, where the angle θ is equal to the nπ
2
away from the applied magnetic field.

Moreover, the acquired signal from the AMR sensor is usually weak in the range
of a few percent and is generally measured over a large DC element connected to a
resistance. Hence, temperature variations and aging extremely affect the value of the
DC element that is associated with the AMR sensor.

Also, the AMR signal is usually small, at most of the order of a few percent, and it
is measured on top of a large DC component associated with the average resistance
(see Fig. 1b). Therefore, temperature and aging drifts which affect the DC compo-
nent are extremely detrimental to AMR sensors. AMR sensors are typically utilized
in a Wheatstone bridge configuration of four AMR sensors to generate an output
voltage without the DC component. In PHE sensors, such a design is not required as
the DC component vanishes at zero.

The AMR signal is also typically small, just a few percent at most, and it is
measured on top of a significant DC component related to the average resistance (see
Fig. 1b). Thus, AMR sensors are severely harmed by temperature and aging drifts
that affect the DC component. To generate an output voltage without the DC
component, four AMR sensors are typically used in the Wheatstone bridge config-
uration. Such a design is not necessary in PHE sensors because the DC component
vanishes at zero (see Fig. 1b).

Giant Magnetoresistance Sensors

Magnetoresistance outcome is recognized as an alteration in the electrical resistance
of a specific material upon the application of an externally applied magnetic field.
Because of the strength and orientation of the magnetic field, the variation in the
electrical resistance lies between maximum (Rmax) and minimum (Rmin) resistance

Magnetic Sensors: Principles, Methodologies, and Applications 7



magnitudes. The difference in resistance (ΔR) can be normalized with respect to the
minimum resistance as a reference value, and thus the magnetoresistance effect can
be estimated as follows [22, 29]:

MR ¼ Rmax � Rmin

Rmin
¼ ΔR

Rmin
ð3Þ

The so-called GMR and tunnel magnetoresistance (TMR) influences are the chief
two effects incorporated in low-magnetic field sensing applications. GMR was
discovered in 1988, when two independent research groups unveiled multilayer
structures with tremendous MR values, now known as GMR. These multilayer
structures are composed of a stack structure of ferromagnetic layers detached by a
tiny layer of nonmagnetic metals. The nominal thickness of each individual layer
may reach down to the atomistic scale. One research group headed by Peter
Grünberg participated in the first experiments that led to the discovery of GMR
where they utilized Fe/Cr/Fe trilayer system [30]. The second research group,
directed by Albert Fert, employed a [31], multilayers with the general formula of
(Fe/Cr)n where n might approach 60. For a GMR element, the ferromagnetic layers
equal to or more than two layers are insulated by a very slender non-ferromagnetic
spacer. The RKKY coupling among contiguous ferromagnetic layers is transformed
to antiferromagnetic at specific thicknesses. Consequently, it is preferred for the
magnetizations of contiguous layers to orient in antiparallel directions. The device’s
electrical resistance is often larger in the antiparallel scenario, and the variation
might be greater than 10% at ambient temperature as depicted schematically in
Fig. 2.

The device’s electrical resistance is typically higher with the antiparallel state, and
the difference can approach more than 10% at ambient temperature, as illustrated
schematically in Fig. 2.

Without the incidence of exterior magnetic fields, antiparallel magnetization is
achieved in the ferromagnetic layers. Without the application of the external

Fig. 2 (a, b) The
configuration of GMR
structure, showing the parallel
and antiparallel alignments of
the magnetization. (Adapted
with permission from
Ref. [32], Copyright 2016,
MDPI)
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magnetic field, the ferromagnetic layer magnetizations are aligned antiparallel state.
In the presence of an external magnetic field, the magnetic moments are aligned and
besides the magnetization is saturated; thereby, the resistance of the multilayers
decreases rapidly. The two groups, Grünberg and Fert groups, observed large
resistance changes of 6% and 50%, respectively. The amplitude of GMR effect
was much smaller for the Grünberg group’s system, not because they used a trilayer
but mostly because the experiments were carried out at room temperature, whereas
the experiments conducted by Fert and co-workers were at very low temperature
(4.2 K).

Spin-Valve GMR
This structure consists of two ferromagnetic layers spaced by a small
non-ferromagnetic layer but without RKKY interaction. To do this, there must be a
huge difference in the coercive fields of each layer to be switched independently. The
parallel and antiparallel alignments can be therefore achieved, and the value of
resistance would be higher at the antiparallel state [1–3]. The scheme for the spin-
valve structure is demonstrated in Fig. 3a.

Pseudo-Spin GMR
The similarities between the pseudo-spin-valve devices and the spin-valve configu-
rations are very close. The major difference is represented in the coercive force of the
ferromagnetic layers. The functional magnetic field is varied for the pseudo-spin-
valve structure (Fig. 3b) in the first layer, and a weak magnetic field will be applied,
while for the other layers, an intensive filed will be used. This, in turn, will flip the
magnetization of the first layer before the remaining layers as a result of the applied
magnetic field, hence affording the same antiferromagnetic impact that is needed for
GMR instruments. The working principle of pseudo-spin-valve devices generally

Fig. 3 (a) The schematic representation of spin-valve GMR structure (Adapted with permission
from Ref. [33], 2013, MDPI) and (b) multilayer components of pseudo-spin-valve GMR structure.
(Adapted with permission from Ref. [34], Copyright 2008, AIP)
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depends on the nominal thickness of the nonmagnetic layer; it must deliver enough
thickness to minimize the exchange coupling. The interaction experienced between
the two successive ferromagnetic layers must be prevented to grasp complete control
over the device.

The GMR discovery achieved a revolution in modern technologies focusing on
recent magnetic sensors as well as data storage in hard drives. Currently, the
magnetoelectronic phenomena have attracted the attention of many scientists all
over the world to investigate their possible applications in many related applications.
The discovery of the GMR is a good example for demonstrating the unpredicted
scientific findings that may lead to novel technologies with related commercial
products.

Tunnel Magnetoresistance

Magnetic tunnel junctions (MTJs) are a famous type of magnetoresistive sensors
with numerous layer structures which resemble the spin-valve layer structure.
However, a thin insulator layer is introduced here as an insulating barrier, largely
aluminum oxide (Al2O3) or magnesium oxide (MgO) material. Once the desired
voltage has functioned onto the top magnetic electrode, electron spins can tunnel
across the insulating barrier to the bottom electrode depending on the magnetization
configuration between top and bottom electrodes [54], which might be designated
using a spin-dependent tunneling influence [55]. Therefore, the electrons tunneling
could be investigated as binary separate spin channels, where Fermi level electrons
for the initial ferromagnetic electrode (i.e., FM1) tunnel across the barrier and
proceed into free equivalent spin positions at the second ferromagnetic electrode’s
Fermi level (i.e., FM2). Because of the strong spin imbalance occurring at the Fermi
level, ferromagnetic materials behave as spin filters for both cases of up spinning and
down spinning electrons of the charge current. Consequently, when there is a parallel
magnetization configuration among the upper and lower electrodes, the conduction
mechanism arises mainly due to tunneling of the majority electron spin. However,
when the magnetization configuration is antiparallel, conduction is due to tunneling
of minority electron spin, which restricts the conductance value. Figure 4 is a
demonstration of the represented density of states (DOS) and spin-dependent tunnel-
ing through a nonconducting barrier.

Since the conductance (G) relies on the entire quantity of the passing electrons
through the junction, it can be introduced as the outcome of the Fermi level density
of states in both ferromagnetic electrodes as follows:

Conductance during parallel configuration GP / D"
1D

"
2 þ D#

1D
#
2 ð4Þ

Conductance during antiparallel configuration GAP / D"
1D

#
2 þ D#

1D
"
2 ð5Þ

where D"
i and D#

i refers to the density of states volumes in spin up and spin down
cases by the Fermi level in the ferromagnetic electrode. Accordingly, when the
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magnetization alignments of both ferromagnetic contacts have similar directions,
electron-spin tunneling arises among spin bands that have alike density of states,
providing a high conductance channel. Conversely, when the magnetization align-
ments are antiparallel, electron-spin tunneling arises among spin bands that owe
changed density of states delivering a reduced conductance channel. Therefore, as
the conductance has an inverse proportion to the electrical resistance (R ¼ 1/G), the
TMR ratio might be stated as the alteration in resistance among the parallel and
antiparallel magnetization arrangements as follows [36, 37]:

TMR,% ¼ RAP � RP

RP
� 100 ¼ GP � GAP

GAP
� 100 ð6Þ

Because of the oxide insulator, MTJs demonstrate a great resistance difference
between parallel and antiparallel states and thereby a higher MR ratio than in the case
of spin-valves sensors.

During the foremost age of MTJs with Al2O3 layer as an amorphous barrier, TMR
ratio was in the range of 70% [56]. Thereafter, presenting MgO as a crystalline
barrier led to the enhancement of TMR ratio reaching 200% that exists in Fe/MgO/
Fe junctions at ambient temperature [57].

MTJ Layer Structures

Basic Layer Structures
The standard structure of a MTJ layer structure comprises dual ferromagnetic layers
detached by a nonconducting nonmetallic thin barrier; herein first ferromagnetic
layer possesses a fixed magnetization direction (known as reference layer), and the
second is free to rotate (referred to as free or sensing layer) with the variation in the
applied magnetic field. The reference layer magnetization can be pinned through a

(a) Parallel configuration

E E

EF

(b) Antiparallel configuration

E E

EF EF

DOS FM1 DOS FM2 DOS FM1 DOS FM2

EF
Eex Eex

Fig. 4 The represented density of states (DOS) and spin-dependent tunneling through a non-
conducting barrier, between ferromagnetic layers having analogous magnetization arrangement
(parallel) (a) and non-analogous arrangement (antiparallel) (b). (Adapted with permission from
Ref. [35], Copyright 2020, Elsevier)
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specific direction by the occurring coupling with a thick antiferromagnetic
(AF) material layer as IrMn. The AF layer generates an exchange-bias result,
which pins the magnetization of the adjacent ferromagnetic layer through a certain
direction by annealing under an external magnetic field. As shown in Fig. 5, when an
AF layer is coupled with the top (bottom) ferromagnetic layer, the structure is then
called a top (bottom) pinned MTJ. Overall, the layer structure can’t be deposited
directly on top of a substrate because of a roughness issue. Therefore, seed layers or
buffer layers must be sputtered first to enhance the surface interface, enhancing the
tunneling probabilities across layer structures and principally insulator barriers.
Finally, to hinder the corrosion and oxidation of the layer structure from the
surrounding medium, a thin capping layer is frequently deposited on the top of the
structure.

The Synthetic Ferromagnetic Structure
With SF structure, magnetization alignments can be installed. This structure ensures
an antiferromagnetic coupling between the two ferromagnetic contacts (FM1 and
FM2) via the interlayer-exchange coupling effect, i.e., across a nonmagnetic barrier
(NM). Since the ferromagnetic layers are free to rotate, e.g., no exchange bias, a low
effective magnetic thickness teff can be adapted, and an increased physical free-layer
thickness can be preserved according to the following: treal ¼ tFM1 + tNM + tFM2.

teff ¼ M1t1 �M2t2
Meff

ð7Þ

where ti and Mi are the thickness and magnetization, correspondingly, of both FM
layers i¼ 1, 2, andMeff (¼M1 +M2) is the SF free-layer effective magnetization. The
effective magnetic moment and thickness can be therefore specified by minimizing

Fig. 5 The representation of MTJ structure. (Adapted with permission from Ref. [37], Copyright
2015, MDPI, and from Ref. [38], Copyright 2016, Springer)
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the self-demagnetization field formed using the free layer. Nevertheless, a lesser
effective magnetic thickness generates an offset field H0 due to enhancement in the
Neel interlayer coupling field, viewing 1/teff dependence. Thus, an adaptation of
synthetic antiferromagnetic coupling across the nonmagnetic spacer is more appro-
priate for applications.

The Synthetic Antiferromagnetic (SAF) Structure
Synthetic antiferromagnetic (SAF) coupling structure has announced to enhance the
exchange-bias field, i.e., improve magnetic stability, and to decrease the occurring
magnetostatic coupling among the free and the reference layer owing to a minor
resultant moment for the SAF structure. The SAF includes a layered structure,
whereas both ferromagnetic layers are imparted by a low thickness nonmagnetic
layer (NM). One ferromagnetic layer (FM1) is in contact with an antiferromagnet
layer through the exchange coupling effect, while the remaining ferromagnetic layer
(FM2) is coupled antiferromagnetically to the FM1 through (Ruderman–Kittel–K-
asuya–Yosida) RKKY interaction [66]. This contacting interaction displays the
coupling impact through two ferromagnetic layers parted by a separating non-
magnetic spacer and fluctuates between antiferromagnetic and ferromagnetic layers
based on the thickness of the nonmagnetic spacing layer.

Sensor Materials

Polycrystalline Sensing Layers

To ensure low-noise characteristics of MTJ sensors, the origin of the frequency-
dependent (1/f) noise and thermal noise should be identified and minimized. For that,
the later has admitted to the reduction of junction resistance and the former is by
improving the quality of the layer structures. According to the application and the
limit of detection, magnetic sensors can be categorized. For extremely low-sensing
applications such as magnetocardiography, MTJs are the most promising magnetic
sensors. Therefore, the requirements and recent advances on magnetic materials in
MTJ structures are discussed.

Figure 6 shows a schematic structure of the MTJ sensor processed with the soft-
pinning technique. Soft-pinning technique is applied to obtain a cross-magnetization
between reference and sensing layers. Cross-magnetization is mandatory to induce a
kind of coherent rotation of sensing layer magnetization with the change in external
magnetic field, i.e., linear transfer from parallel state to antiparallel state and vice
versa. In the forthcoming section, the linearization techniques will be discussed in
more detail. In most cases, soft-magnetic materials such as permalloy (NiFe) are
strong candidates as sensing magnetic materials because it has small magnetic
anisotropy, which defines the special resolution of magnetic sensors. Therefore,
NiFe is introduced as a sensing layer. However, it has fcc 111 texture, and CoFeB
(CFB) must acquire bcc 100 texture in order to improve electron-spin tunneling and
thereby high TMR ratios. To reduce the propagation of fcc texture from NiFe over
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the layer structure, a thin dust layer of Ta, Ru, or W has to be grown on top of NiFe.
However, the difference in the crystal orientations has still influenced the texture of
CoFeB, enriching the source of noise within the layer structure and thereby reducing
TMR ratios. Also, the soft-magnetic properties of NiFe degrade by annealing at high
annealing temperature (� 350 �C), which is required to achieve a high TMR ratio.

Amorphous Sensing Layers

Alternatively, amorphous soft-magnetic alloys like CoFeBX, where X is Si, Ta, and
Hf, are needed owing to their high crystallization temperatures [40] (Fig. 6). Partic-
ularly, introducing Ta to CoFeB leads to increasing the crystallization temperature to
more than 500 �C. There is no (crystalline) template transferring from the sensing
layer to the spacer, which promotes in high tunneling magnetoresistance ratio
(TMR).

Linearization Techniques

The transfer curve can be considered as an indicator for the magnetic sensor
performance where the resistance depends on the applied field. A typical magnetic
tunnel junction with parallel/antiparallel magnetization configuration cannot be used
as a magnetic sensor. This is because the transfer curve exhibits an abrupt change in
the resistance values while the magnetization configuration changes between par-
allel/antiparallel states, generating a squared hysteresis loop as shown in (Fig. 7a).

Fig. 6 Magnetic tunnel junction element with polycrystalline sensing layer (left) (Adapted with
permission form Ref. [37], Copyright 2015, MDPI) and magnetic tunnel junction element with
amorphous sensing layer (right). (Adapted with permission from Ref. [39], Copyright 2023, AIP)
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In order to use MTJ as a type of magnetic sensors, the transfer curve must show
linearity without a hysteresis curve throughout the active operating range. This
happens only if there is an orthogonal-magnetization configuration between the
sensing and reference layers (Fig. 7b). Several techniques have been reported
through the literature to produce linear transfer curves. Figure 8 summarizes the
essence of the most usable techniques.

Typical MTJ

Pinned (AFM)

Hysteresis free

Coherent 
rota�on Linear R-H

Sudden
switch

Hysteresis loop

Squared R-H

Reference Layer

Sensing Layer
Barrier

Orthogonal
magne�za�on

Reference Layer

Sensing Layer
Barrier

Pinned (AFM)

Parallel
magne�za�on

MTJ Sensor(a) (b)

Fig. 7 The change in resistance with magnetic field showing square and linear transfer curves.
(Adapted with permission from Ref. [37], Copyright 2015, MDPI)
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Fig. 8 MTJ sensor linearization techniques. Orthogonal-magnetization configuration between the
sensing and reference layers (Fig. 7b)
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Shape Anisotropy Technique

In addition to magnetocrystalline anisotropy, the shape anisotropy effect of the
ferromagnetic material can control the magnetoresistance effect in magnetic tunnel
junctions and the linearity of the transfer curve as well [46]. Lu et al. [46] investi-
gated the shape of the transfer curve in two different MTJ series. In the first series,
they have patterned MTJs with the same nominal areas and different shapes; the
morphology of the rectangle demonstrated a needlelike rectangle normal to the easy-
axis of the film to a squarish profile in the intermediate of the series to a thin needle at
the right end. In the second series, they have patterned junctions with the same shape
but different sizes, all rectangle junctions having a 5:1 aspect ratio through the easy-
axis direction. The study showed that shape anisotropy has more importance than
intrinsic magnetocrystalline anisotropy for the linearization process. One can easily
generate a linear transfer curve using needlelike rectangular junctions, in which the
shape anisotropy dominates the magnetization direction perpendicularly to the thin
film easy-axis.

Superparamagnetic Sensing Layer

A different technique uses a thin layer of CoFeB as a superparamagnetic sensing
layer. This thin layer can be utilized to attain a response with linearity and
non-remarkable hysteresis, along with unpretentious designs and without the neces-
sity of the shape anisotropy effect. Since the magnetization of the CoFeB turns to be
an out-of-plane direction at thicknesses less than 1.5 nm, an orthogonal-magnetization
configuration will be presented with the already-existing in-plane magnetization of the
reference layer. A linear response with change in external in-plane magnetic field can be
attained.

Soft-Pinned Sensing Layer

Magnetic tunnel junction (MTJ) stacks that have a softly pinned sensing layer are
composed of multilayer structure having a dual antiferromagnetic film, with one
layer located close to the pinned layer while the second layer is adjacent to the
sensing layer. Thus, together, antiferromagnetic layers manipulate the ferromagnetic
layer magnetization in an orthogonal direction to each other by manipulating the
exchange-bias directions. To do this, the exchange-bias field (Hex) of the sensing
layer (FM2) should be smaller than the exchange field regarding the reference layer
(FM1), enabling high sensitivity linear response. This is because the field at satura-
tion is defined typically by the sensing layer’s exchange coupling magnitude.

A suitable selection of the antiferromagnet thickness can determine the desired
difference in the blocking temperature and thereby the exchange-bias effect. As
exemplified in Fig. 9, the blocking temperature (TB2) of the adjacent antiferromag-
netic layer to sensing layer has to be lower than the blocking temperature (TB1) of the
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adjacent antiferromagnetic layer to reference layer. The cross-magnetization config-
uration can be therefore adjusted through two consecutive annealing steps under
application of magnetic field. In the first step, the annealing temperature (T1st > TB1
> TB2) is high enough to crystallize the layer structure and set the direction of
magnetizations though a certain direction. In the second step, the annealing temper-
ature (T2nd) is only higher than TB2 to reset the direction of magnetization of sensing
layer along an orthogonal direction.

Blocking temperature (TB) is the temperature at which the exchange-bias field
disappears, closely reaching the Neel temperature (TN) for raised thickness antifer-
romagnetic films having an increased grain size, whereas for thin films TB << TN
because of finite size influences. Consequently, as the Tb is tremendously dependent
on the AFM material as well as its thickness, therefore, for bottom pinned layers, a
specific temperature stability is needed. The same or different AFM materials can be
employed to achieve the sensing layer blocking temperature, utilizing its thickness to
verify that TB1 (reference layer)> TB2 (sensing layer). Consequently, two successive

Closed R-HSquared R-H

RR

High annealing 
temperature 

Parallel magnetization Orthogonal magnetization

H1 H2

Fig. 9 MTJ with soft-pinning free layer (FM2/AFM2). The annealing temperature during the first
step T1st is greater than blocking temperatures of AFM1 and AFM2, and then the exchange-bias
directions of the top pinning (AFM1/FM1) and bottom pinning (FM2/AFM2) will be directed
through the external magnetic field, showing a squared R-H change. During the second step,
annealing temperature T2nd is greater than the blocking temperature of AFM2 only; therefore, the
direction of exchange bias at the bottom pinning (FM2/AFM2) will be rotated along applied field
direction. (Copyright 2018, MDPI publisher, and Ref. [47])
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annealing stages through an orthogonal in-plane applied magnetic field at dissimilar
temperatures, the crossed formation among the magnetization of the sensing, and the
pinned layers can be defined properly. The initial annealing step, executed at an
increased temperature T1st > TB1 > TB2, assigns both reference and sensing layer
magnetizations in the identical orientation, whereas the subsequent annealing stage
is conducted at a lesser temperature TB1 > T2nd > TB2 which orients the magnetiza-
tion of the softly pinned sensing layer with a normal configuration to the lower one.

Two-Step Annealing Technique

In this technique, researchers set the orthogonal-magnetization configuration by
applying two-consecutive annealing steps, in which orthogonal annealing magnetic
fields should be adapted at different annealing temperatures. The easy-axis of
magnetization of the sensing layer is set first by the first annealing step. For that,
top-pinned MTJs are very suitable multilayer structures, such that the sensing layer
must be completely free from the demagnetization effect, e.g., not patterned as
shown in Fig. 10. Thereafter, a second annealing step is needed to set the pinning
direction orthogonal to the sensing layer magnetization.

Sensor Design

The magnetic sensor design relies on multiple criteria that must be taken into
consideration in order to have a functional device for different applications. Sensor
design and structure depend to a large extent on the type of application. The overall
performance of the magnetic sensor will be affected by the constituents of its parts.
For example, the structure of the sensing layer in addition to the sensor’s packaging
can affect the linearity and thermal behavior of the sensor. These parameters have a
direct effect on the sensor’s performance; hence, precise knowledge must be
acquired before starting the improvement of the sensor. Hereinafter, the bridge and
in array structure of TMR will be discussed.

Array Sensor

The background noise level is a serious implication when using MTJ sensors in
numerous applications because of their voltage bias dependence and reduced elec-
trical robustness. A proposed approach to decrease the influence of the voltage bias
requirement is to employ an array of serially connected MTJ sensors as shown in
Fig. 11. Under such a configuration, the effect of the high bias voltage would be
reduced across each junction, maintaining a high TMR ratio. However, the main
disadvantages of array sensors are the broadening in linear transfer curve (low spatial
resolution), and also they possess a higher noise level in comparison with noise of a
single MTJ sensor.
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Among all, these sensors are sometimes utilized in severe environments, where
temperature drifts may affect the output voltage (Vout). Like any other resistive
sensor, the electrical resistance of MTJs and spin-valves commonly changes as the
temperature changes. Thus, any fluctuations in the output voltage that originated
from temperature drift must be differentiated from those originated from the sensing
magnetic field. One possible solution for these issues is to integrate sensors into
Wheatstone bridge architecture as shown in Fig. 12.

Bridge Sensor

Wheatstone bridges are a specific type of electrical circuit used mainly to measure
the value of unknown resistance and are composed of four resistances. The TMR
sensor can be implemented in the Wheatstone bridge using TMR devices with
different topologies, and the merit is that the output voltage of the bridge can be
adapted to be independent of the change in the ohmic resistance (thermal-drift

PL
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Closed R-HSquared R-H
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High annealing 
temperature

Parallel magnetization Orthogonal magnetization

H1 H2

Fig. 10 MTJ with un-patterned (flat) free layer. The first annealing step will result in parallel
magnetization, where the induced magnetocrystalline anisotropy of the free layer (FL) in the bottom
electrode will be parallel to the pinning direction of the pinned layer (PL). Thereafter, the sample
will be rotated by 900 and then reannealed at a temperature equal to blocking temperature of AFM.
This results in an orthogonal-magnetization configuration between free and pinned layers. (Adapted
with permission from Ref. [47], Copyright 2018, MDPI, and Ref. [45], Copyright 2021, IOP
science)
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Fig. 11 Output signal of
MTJ array sensor with and
without external magnetic
field; thermal-drift current
contributing the output
voltage/resistance change in
the two cases. (Adapted with
permission from Ref. [48],
Copyright 2022, MDPI)

Fig. 12 Output signal of
MTJ bridge sensor with and
without external magnetic
field; thermal-drift current not
affecting the output voltage/
resistance change in the two
cases. (Adapted with
permission from Ref. [49],
Copyright 2018, MDPI)
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current) of those devices. To carry out such a configuration, the bridge may contain
four congruent TMR sensors (A1, A2, A3, and A4) as shown in Fig. 14, and each two
opposing elements must have a symmetric dR/dH. It means that each two TMRs (A1

and A4) exhibits dR/dH> 0 and the other two (A2 and A3) exhibit dR/dH< 0. Then,
unlike an individual TMR sensor or array, if R of each TMR array changes, the
contribution of such a change to the output voltage (Vout) has nonsense.

The most-straightforward approach to implement a bridge TMR sensor is to
connect all four TMR elements mechanically, either through wire bonding or at
the PCB level, and align the matching elements in the similar direction but in the
reverse sense. However, this technique has three significant drawbacks:

1. Alignment mistakes will always be introduced during mechanical assembly of the
individual components; in turn, it will limit the performance of the device.

2. The mass production is not cost-effective for the mechanical assembly of indi-
vidual components.

3. In compact applications demanding strong spatial regularity, mechanical rotation
cannot be functioned because the separate parts will be relatively small to
manipulate. A procedure to create entire Wheatstone bridges at the wafer level
is necessary when such restrictions are present.

Sensor Evaluation Parameters

Sensitivity, electronic noise level, and limits of detection are three critical parameters
that must be considered for any type of sensor, because those parameters involve a
deterministic role in the sensors’ application areas. Magnetic anisotropy has a vital
impact on sensor sensitivity and limits of detection. Generally, uniaxial and unidirec-
tional magnetic anisotropies are preferable because they provide a coherent rotation of
magnetization and a reversible mechanism of magnetization, therefor a repeatable
voltage response [50, 51]. Here the uniaxial magnetic anisotropy can stem from shape
of a material (shape anisotropy) [52] and/or material’s structure (magnetocrystalline
anisotropy) [50], while the unidirectional anisotropy can be induced either by
exchange bias (in FM/AFM bilayers and in FM/NM/AFM trilayers) or Ruderman–-
Kittel–Kasuya–Yosida (RKKY) interaction between two ferromagnetic materials
(separated by a nonmagnetic material: FM/NM/FM) [51]. The type and magnitude
of a magnetic anisotropy can influence a sensor’s sensitivity and limits of detection,
particularly for materials that have uniaxial and unidirectional magnetic anisotropies.

Sensitivity

The sensor’s sensitivity is stated as the occurring resistance derivative (as an output)
divided by the magnetic field (as an input). Consequently, presuming the response in
a linear way, the sensitivity attributed to MTJ sensors (S) is determined by the linear
span’s slope, which might be normalized by least resistance value (Rmin) of the
sensor to contrast the sensitivity of diverse sensors [53, 54]:
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S ¼ Rmax � Rminð Þ
Rminð Þ

1

ΔH ¼ TMR
ΔH ð8Þ

where Rmax is the maximum sensor resistance value and ΔH represents the linear
operating range. Thus, an elevated sensitivity is realized by limiting the field of
saturation and raising the ratio for TMR. Though, the TMR ratio relies on the applied
voltage magnitude, being roughly constant when the biasing voltage is reduced than
30 mV, until it begins to reduce nearly linearly approaching a magnitude which
signifies 50% of the optimum TMR ratio (TMR0). V(1/2) is the designation for the
corresponding voltage magnitude where the signal reduces to half of its optimal
value. Accordingly, the relation governing the dependence of TMR and biasing
voltage values is introduced as follows:

TMR Vð Þ½ � ¼ TMR0 1� V
2V1

2

 !" #
ð9Þ

Defects in the insulating barrier, which initiate to appear as the voltage elevates,
are the main reason for the TMR reduction. Thus, an elevated-quality barrier is
essential to diminish TMR�voltage reliance and advance junction specifications. An
insulating barrier as a dielectric which might be disturbed electrically when the bias
voltage exceeds the breakdown voltage (Vbreak ≈ 1.5 V) is introduced. This restric-
tion can be overcome by employing a sensor array since it increases the entire
voltage by dropping the voltage throughout every junction.

The magnitude of the applied voltage impacts the TMR amount; likewise, the
sensor sensitivity owes a dependence on the biasing voltage amount represented
mathematically as follows [55]:

S Vð Þ½ � ¼ S0 1� V
2V1

2

 !" #
ð10Þ

where S0 is the supreme sensitivity, acquired at reduced bias voltages. Within the
linear section of the output curve, the resistance of the sensor can be labeled as a
summation of a nominal resistance R0 and an adjustable resistance ΔRH which is
affected by the magnetic field application H and the sensitivity of the sensor [55]:

R Hð Þ ¼ R0 þ ΔRH ¼ R0 þ S Vð ÞRminH ð11Þ
where R0 is the sensor resistance in the absence of the magnetic field, which might be
designated as an offset term. Accordingly, the signal discrepancy ΔV because of an
external magnetic field alteration ΔV ¼ H2 �H1 is assumed by

ΔV ¼ R H2ð Þ � R H2ð Þð ÞI � S Vð Þ RminIΔH ð12Þ
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Noise

Frequency-independent white noise (i.e., thermal noise and shot noise) and noise
that is frequency-reliant on (1/f flicker noise and random telegraphic noise [RTN])
are two forms of noise that are present in magnetic sensors. Also, the measurement
circuit comprising amplification and electronics parts contributes with background
noise, which influences the intrinsic signal of the sensors.

White Noise
Nyquist noise or thermal noise is the first typical sort of white noise. Any resistance
at a temperature more than zero is a potential cause of electrical noise. When the
electromotive force is absent, the electron velocity tends to be zero. However,
Brownian motion delivers nonzero resistance fluctuations.

At a specific temperature T, the voltage spectral density specified with the thermal
noise S1=2V,th is given by the Nyquist formula (15), where kB is Boltzmann constant, T is

the temperature, and R is the magnetic sensor resistance. Nyquist noise (also known
as thermal noise) is the first type of white noise. Electrical noise can come from any
resistance at any temperature other than zero. In the absence of electromotive force,
electrons have no velocity. However, Brownian motion causes resistance fluctua-
tions to be nonzero. The Nyquist formula (13) gives the voltage spectral density of
thermal noise S (V,th) at a constant temperature T: [55]

S
1=2
V,th ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4kBTR

p
ð13Þ

As clearly seen from Eq. 15, thermal noise does not depend on the applied voltage
or magnetization characteristic of the device, but on the resistance (R). Compared to
longitudinal resistances in AMR, GMR, and TMR devices, the transverse resistance
in PHE-based sensors is very small. Therefore, thermal noise is very low in
PHE-based magnetic field sensors.

Shot Noise
Shot noise is the second variety of white noise. It is an electrical noise that the
Poisson law can simulate. Shot noise is a distinct carrier charge reflection. An
electric current is produced by each charge carrier being transported when exposed
to an electric field. Dissimilar to thermal noise, this noise is directly correlated with
the electric current I and the carrier’s charges. The following equation can be used to
get the spectral noise density [36, 55]:

S
1=2
V,shot ¼

ffiffiffiffiffiffiffiffiffi
2eIR

p
ð14Þ

Herein, e represents the electron charge, I is the applied current, and R is the
resistance under study. This term is very low in AMR- and GMR-based sensors and
virtually missed in PHE-based sensors. However, shot noise becomes important in
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TMR-based sensors since the insulating layer causes a discontinuity in a conduction
medium.

Flicker Noise
Flicker (1/f ) noise is present in any type of material, and it is very rich in information
about the quality of materials and layer structures. Particularly in low frequency
applications of MR-based sensors, it is the major contributor to electronic noise. It
can stem from the fluctuations of energy around equilibrium and is determined
through the shape, size, and materials specifications For example, in magnetic
materials, the presence of magnetic domains may cause a fluctuation of magnetiza-
tion around the equilibrium energy (due to thermal activation, or stress, or vibra-
tions). Flicker noise can be described by a general formula [36]:

SV,1f fð Þ ¼ αH
N

:
V2

f
ð15Þ

The terms in this Eq. N and Vare designated as the overall charge carriers number
and the potential difference within the conductor, respectively. The value of the
nondimensional αH known as the Hooge constant is varied with defect density and
material purity, making it feasible to compare the noise levels of various sensors.
Below the overlap (cutoff) frequency, the 1/f noise is responsible for the white noise
(characteristically in GMR and TMR). For the small GMR magnetic sensor, the
generated noise as a result of the magnetic domains is elevated and is closely
correlated with the structural characteristics and magnetic configuration of the
GMR. Increased sensor volume lowers the 1/f noise since it owes an inverse
proportion to the number of carriers.

Random Telegraphic Noise
One of the most dynamic and significant source of variation in digital circuits is the
random telegraph noise (RTN). The RTN arises as a result of random variation
among magnetic domains of metastable states of the free layers. The RTN phenom-
enon inducing undesirable fluctuations in the electrical resistance is largely related to
the working circumstances of the used device and also on the induced polarization
current. The spectral density of RTN is given in Eq. 16:

SV,RTN fð Þ ¼ SV,RTN 0ð Þ= cosh ΔE
kBT

� �
cosh 2 ΔE

kBT

� �
þ 2πf τð Þ2

� �
ð16Þ

where τ�1 ¼P2
i¼1τi

�1 with τi ¼ τi,0 exp
Ei

KBT

� �
and Ei corresponds to the energy

level residing at state i. In magnetoressitive sensors, appearance of RTN is mainly
due to magnetic fluctuations associated with magnetic instability of the magnetic
layers and particularly fluctuations during the magnetization reversal process at the
pinning sites.
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Detectivity

The threshold magnitude, which designates the lowest external magnetic field that
the sensor can detect at a specific frequency with a specified bandwidth, is used to
express the sensor’s detectability. Thus, a signal beyonds the threshold range will not
produce an output alternation because of the limit of detection and the sensor noise.
The sensor detectivity is expressed in magnetic field units corresponding to the noise
level as in the following equation [36, 56]:

D ¼ StotalV

S Ibias R0
Oe=Hzð Þ ð17Þ

StotalV is the entire magnitude of noise and S is the sensitivity for the sensor, being
together determined at a specified bias voltage through an external magnetic field H.

Magnetic Sensor Applications

Recently, the fast development of the micro- and nanotechnology related areas
impacts an immense portion of the scientific development delivering an elevated
life quality experience [57]. A variety of sensing systems demonstrate an extensive
assortment of thoughts and phenomena from the of physics and material science
fields [3]. The rapid acquisition of the test results, reduced cost fabrication and
processing, and feasibility of usage are significant requirements for the biological
systems diagnostics [21]. The following section covers briefly the most common
industrial and medical applications for magnetic sensors. Figure 13 represents major
magnetic sensing applications.

Magnetocardiography (MCG)

Inaccessible health monitoring has developed a need because of limited healthcare
access arising from lockdowns for pandemic and elevated aging populations [59].
Medical applications relying on magnetic sensing appliances might be divided into
two major categories: the measurements of exerted fields delivered by the organs in
humans and the monitoring of the magnetically labeled beads and macromolecules.
The potential evolution of the magnetic field sensors directed toward medical
applications demands a specific focus on the noise reduction and enhancing the
entire device to be smaller, affordable, and cheaper while at the same time
maintaining the desired amounts of the detection limit [21]. Figure 14 presents
versatile magnetic sensing selectivities. Here, magnetic cardiography as a medical
application for magnetic sensors is introduced. Magnetocardiography refers to the
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technique which detects the appraising magnetic fields arising from the heart’s
electric currents and activities which cardiomyocytes generate. This process
employs highly sensitive devices like the SQUID [60]. Magnetic cardiography
provides early data for the conduction disturbances during the human fetal period.

Fig. 13 Major magnetic sensing technologies and their linked application areas. (Reproduced with
permission from Ref. [58], Copyright (2009), MDPI publisher)

Fig. 14 Different magnetic sensors technologies reflected on the vertical axis with respect to the
biomagnetic detection signals on the horizontal axis. (Adapted with permission from Ref. [21],
Copyright 2020, MDPI)
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This might support in taking an early decision-making by physicians. Magnetocar-
diography (MCG) outcomes the electrocardiography (ECG) in terms of the perfor-
mance and desired results due to their significant diagnostic potentials. Table 1
summarizes the completeness between MCG and ECG. Both ECG and MCG rely
on the same phenomena; however, MCG are superior. This superiority emerges from
the nature that MCG records direct magnetic fields from the primary current, while
ECG results are recorded from the derived current from the primary one [60]. This
nature delivers enhanced and less distorted information. Besides, conductivity is
constant and independent of the body compositions in the case of MCG, while it
fluctuates with dissimilar body compositions in ECG detected currents case [61].
The contactless, noninvasive MCG monitoring technique reduces skin electrode
influence while simultaneously speeding up examinations. Last but not the least,
the currents for MCG do not need any filtration; therefore, the MCG can assess the
heart current absolute magnitude. The common benefits of the MCG over ECG are
represented in Table 1. Versatile works have employed the magnetic cardiography
for medical field, for instance, Sadman Sakib et al. have established a model that
relied on artificial intelligence (AI) which merges two designs intending to simulate
arrhythmia detection. The authors concluded that the designated AI architecture is
auspicious for keeping the ultra-edge sensing appliances in the medical sector [59].
In another report, the authors have developed precise TMR sensors to evaluate both
MCG and MEG at ambient conditions with a decent SNR and high spatial resolution
[62]. The real on-time estimation and mapping of MCG affords a significant
enhancement in heart disease diagnostic tools. The introduction of magnetocar-
diograms without the need for a magnetically shielded room has been recently
developed by researchers [63]. In their work, they have delivered a setup which
allows the clear detection of the magnetic field for the heart at ambient temperature
in the absence of a shielded room. The authors have employed the TMR sensors to
acquire low detection limits and precision by limiting the device and surrounding
noise with a mathematical algorithm. In comparison with SQUID, it is more efficient
due to less cost and time. These recent reports with a focus on the merging and
combining of electronics, modeling, and basic physics could provide insights on
grasping very promising selectivities and conditions for operation to assist in the
detection of risks and potential dangers for human life.

Table 1 Advantages of MCG compared to ECG [60]

Parameter MCG ECG

The contribution of the basic currents High Low

Volume currents portion Low High

Effect of body tissues on conductivity Low High

Required attachment to the skin No Yes

The interference between the skin and electrode No Yes

Required filtering for straight current No Yes

The usage of fetal study Yes No
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Neural Signal Detection

The conducted massive research on the structure, behavior, and functions of our
brain has been increased in the past few decades. These researches unable us to get
more information and deep understanding of our brain; hence, a lot of funded
programs are directed to this field.

Particular attention has been paid to healthcare and medical diagnosis fields; the
analysis of brain signals can be helpful for identifying some diseases. Additionally,
modern technology based on the brain–computer interface (BCI) that receives and
processes real-time signals from our brain contributes to identifying some diseases
and other different fields. For instance, neuroprosthetics can substitute a disabled
person’s nonfunctional arm or leg and be employed in neural repair and rehabilita-
tion. The real-time signals of our brain could be used in many applications including
video game interaction. The very complicated weak electrical signals generated from
our brain in a very short period of time cause variation in the magnetic field of our
brain.

Highly sensitive and accurate sensor arrays composed of superconducting quan-
tum interferential devices (SQUIDs) were used for neural signal measuring and
analyzing since early times, thanks to elevated ratio for accuracy and sensitivity.
Nevertheless, the SQUIDs require a very low temperature to sustain the super-
conducting property during measurements; thereby, complicated and large scale
devices are required.

From other point of view, the magnetic tunnel junction (MTJ) sensor based on the
CMOS can be operated at room temperature and has a simple structure and low cost.

The alpha rhythm, one of the brain oscillations, has a frequency range of 8–13 Hz
and reaches its maximum amplitude over the occipital area. Besides, it typically
manifests in REM sleep, sleepiness, and peaceful wakefulness with the eyes closed,
with an amplitude that diminishes when the eyes are opened. Based on this function,
it can be used to monitor levels of wakefulness or identify drowsiness while driving.
Additionally, the alpha rhythm can have a significant impact on other measurements
of the brain activities like event-related field (ERF) due to its high amplitude. The
ERF is a collection of brain activity that has been time-locked to an event, such as a
sensory stimulus or the identification of a target stimulus, and is captured using
magnetic tunnel junctions. It is the measurable brain activity that follows a particular
sensory, cognitive, or motor event. In this regard, recording brain signals using linear
MR sensors has been examined [64–67].

Nondestructive Detection (NDT)

Magnetic NDT technologies have been widely implemented in manufacturing to
guarantee the functioning protection of ferromagnetic assemblies and apparatuses
[68]. Ferromagnetic materials are composed of magnetic domains at the microstruc-
tural level. One characteristic property of these ferromagnetic materials is the
existing coupling through the emerging stress and the magnetic field where the
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magnetization might promote a distortion in the FM dimensions known as magne-
tostriction [68]. Conversely, applied stress and mechanical forces also alter the FM
magnetization referred to as the piezomagnetic effect [68]. These phenomena are
attributed to the rotation of magnetic moments and subsequent domain wall move-
ment upon the experience of external magnetic fields or mechanical forces. The latter
(i.e., piezomagnetic effect) has seized raised interest due to the suitability of evalu-
ating stress status by magnetic measurement devices. Consequently, noteworthy
efforts and techniques have been focused on this section in the preceding decades
such as magnetic flux leakage (MFL) and Barkhausen noise. The concept of the
MFL working principle is based on the leakage of the magnetic field whenever
magnetic field is applied to ferromagnetic material. This leakage is pursued by the
potential existence of any geometrical asymmetry. The arising leakage can be
monitored by magnetic sensors to report the dimensions of the defect [69, 70].
The important parameters to consider for this leakage are as follows: 1) The flux
should be large enough, systematic, and homogenous to enable the variation at the
defect place. 2) The appropriate positioning of the sensor is necessary to differentiate
between the arising leakage due to the defect and the background noise. Hoke first
revealed the MFL phenomenon in 1918, and the initial application of the MFL
technology was conducted by Watts in 1933 for evaluating welded joints [68]. The
pipeline pig is considered as a successful application of MFL where it was func-
tioned for the corrosion of metals in oil pipelines. Figure 15 represents this design.
Despite the facility provided for the MFL as a nondestructive testing approach, two
parameters need more investigation and optimization. The first is the changed
dimensions of the defect (i.e., width, depth, length) and so forth which impact the
measurement signals, and second is the burden of dealing with elastic-plastic regions
close to the cracks. Therefore, more research is demanded on these points [68, 71].
The nondestructive analysis covers a wide range of areas including magnetic flux
leakage, magnetic particle inspection, and recently the protection of cultural heri-
tage. The nondestructive process is achievable with a neural network design intro-
duced by Doulmais in 2012 [72]. This design has the capability for detecting the
artistic styles involved in paintings. NDT can also be incorporated for delivering
messages on the initial case of a building or a construction to aid in realizing the

Fig. 15 The design of the called pipeline pig. (a) No defect is detected in the pipeline, and (b) the
defected site is monitored. (Adapted with permission from Ref. [68], Copyright 2012, Elsevier)
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errors beforehand. This way limits the loss of life [73]. Like so, this technique is
beneficial for preserving cultural heritage and national treasures.

Monitoring of Pollutants in Water Resources

Water treatment for the groundwater and available water resources has been greatly
demanded in the recent decades. This necessity is specifically vital in water-rich
countries and communities [74]. The resulting contaminations from industrial fac-
tories, pesticides, and other sources might raise the potential of diseases and deliver
undesired risks for human health and the environment including animals. Addition-
ally, food industry might contain various sorts of pollutants such as water organic
pollutants (e.g., cationic and anionic dyes). The progress of low-cost and label-free
sensors is demanded to mitigate the influences of water limitation and contamina-
tion. Agriculture and other related fields’ productivity is elevated as the sensors can
regulate the environmental situations by reducing the inputs and allowing the
employment of pesticides and water more affordably. Besides, these sensors are
beneficial in digitizing irrigation concepts [75]. The most common sources for water
pollutants are illustrated in Fig. 16. The detection and estimation of these contam-
inations assists in designing proactive solutions to provide higher quality water. The
manipulation of these pollutions as an applied answer and sensing and gaging the
capacities of these toxic materials can profit designing a practical consequence to
eradicate the toxins and enhance the water value. Versatile approaches have been
paved to determine the pollutants in water such as spectroscopic analysis [76],

Fig. 16 Various surrounding sources for water contamination. (Adapted with permission from
Ref. [80], Copyright 2021, MDPI)
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chromatographic studies [77], or more [78]. For the application of determining
heavy metals, pollutants, and contaminations, there might be few undesirable dis-
advantages like side toxicity, prolonged time process, reduced sensitivity, and costly
methods. The electrochemical sensing approach is introduced for the removal of
toxins and contaminations [9, 11, 79]. However, the benefits offered by magnetic
sensing technologies using sensors and composites are superior and provide insights
on the needed application, and it is remotely controlled by the external applied field.
The common sources of water pollution are introduced in Fig. 16.

Magnetic materials include three subcategories which are ceramics, alloys, and
composites. Among them, ferrite- and iron-based composites as magnetite and
hematite are widely exploited for the pollutant removal from water resources in
various sensing technological aspects [74]. Magnetic materials possess a few desir-
able merits such as the ability for functionalization, biocompatibility, separation, and
cost [74]. The challenge is generally to control the synthesis process to acquire
tailored morphology, size, and stability conditions. In this contest, 2D transition-
metal carbide materials stated as nanocomposites are auspicious entrants with
various striking features. They have widely spanned versatile sorts of applications
including cancer therapy, imaging processes, and particularly water treatment. On
the one side, MXenes tend to agglomerate as major magnetic materials behave and it
can be oxidized. Besides, separation in aqueous media is harsh because of the high
colloidal ability. The increased size of the MXene molecules hinders transfer of the
electrons at the interface and suppresses the formation of a suitable contact surface
for electron transfer. Being said, the MXene based magnetic materials act as an
environmental remedy for the removal of toxins and heavy metals. Though, the
functionalization of the surface is beneficial and requested for the upsurge of
efficiency and disadvantages elimination, as well as to avoid wasted time and cost.
Thus, the functionalization of the surface has evolved to afford metal oxide nano-
composites for the eradication of pollutants and contaminations [81]. The hybridi-
zation of Fe2O3/Ti3C2Tx which is a magnetic MXene nanocomposite was
synthesized using the hydrothermal process to purify the mercury (Hg2+) ions
accompanied by other metal ions (Na+, K+, Ca2+) from the medium. Inherently,
the metal ions were reduced by this composite as an adsorber, and the mercury
concentration approached 0.02 mg�1 after starting at 2.29 mg�1. This removal
proficiency might be attributed to the presence of extra anion groups such as O2�

and OH� which are negatively charged on the surface [82]. Reported in another
research, Shahzad et al. synthesized nanosheets of MXene to eradicate copper from
water. The results indicate that MXene has the ability for removal according to
excellent surface area and hydrophilicity. That mechanism was evaluated by the
contributing functional groups of O, OH, and F on the MXene surface as potential
locations to absorb the heavy metal ions [83]. Many other combinations based on
MXene and other nanocomposites [84] have functioned for the remediation of water.
In summary, several desirable specifications and merits as the hydrophobic attitude,
less toxicity, and raised area of the surface nominate the MXene and their combined
nanocomposites for water treatment. Generally, there are three sorts of applications,
for membranes, electrodes, and adsorbents. To keep the flow of the work and the
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progress of the magnetic materials-based sensing routes, the hazardous pollutants in
water resources might be eradicated by other routes besides the already published
ones, suggesting the combination of magnetic materials with other nonmagnetic
matrices to limit the agglomeration incident and upsurge the efficiency of applica-
tion. The other possible direction is to hit the manipulation and control of waterborne
pathogens and bacteria. The evolution of potential materials for detecting waterborne
viruses and bacteria in various aqueous environments could elevate the evaluation
quality as these bacteria and viruses are generally resisting the antimicrobial agents.
Besides, it is also necessary to fabricate innovative designs that could simulta-
neously assess various sorts of contaminants in water resources efficiently and
precisely to save time, cost, and effort. Finally, machine learning and artificial
intelligence are impacting everything in our progressively propagating life activities;
therefore, the simulation models using these machine learning and artificial intelli-
gence methods for the hazardous are also demanded. Few reports are inspected in
this regard [85]. The employment of smart wearable tools for the prediction and
monitoring of these pollutants is highly suggested.

Conclusion

The magnetic sensors are widely spread in various types and sorts, based on the
orientation of the field and magnetization along with the magnetic moments. The
classification as AMR, GMR, TMR, PHE or other is grasped. The parameters
optimizing the performance of the sensor are mainly the sensitivity, the detection
limit or the resolution, the exchange-bias field, as well as the magnetic anisotropy
and noise. Depending on the specific area of application, these parameters can be
manipulated and optimized. Magnetic sensor applications have the advantage of
being tracked and employed in a wireless method. Therefore, they are applied on a
wide scale of everyday life activities such as computer heads, microbead detection,
MRI, automobile industry, magnetic cardiography, and more. Magnetic sensors are
beneficial and need further investigation in the upcoming years along with the
modeling and simulation devices supported with artificial intelligence and machine
learning for the progress in the upcoming era.

Future Perspective

According to the sensor development roadmap published in 2019 [86], a research
milestone is the development of stand-alone TMR sensors with magnetic field
detectivity ≈ 1 pT/√Hz at 10 Hz by 2027. For ultraprecise applications such as
detection of neural signals, magnetocardiography, and quantum computing systems,
subpT magnetic field detectivity is also mandatory. For that, extensive research
efforts have been done to achieve such a detection limit. Old-style research applies
additional techniques as magnetic flux concentrator (MFC) to improve sensor
sensitivity and hence improve detectivity. However, this technique is incompatible
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with continuous minimization of electronic devices. Recently, great efforts have
been made to optimize the shape, size, and aspect ratio of tunneling junctions. Also,
the number of integrated junctions as an array or bridge sensor has also been
investigated. However, there are still imitating parameters as the device footprint
and background noise. Therefore, these techniques are considered as artificial ways
to improve the limit of detection and are not treating the fundamental origin of the
noise in multilayer spintronic stacks. Therefore, very recent attention has been paid
to optimize the soft-magnetic properties and the crystal structure of magnetic
materials especially in the free layers. For instance, utilizing amorphous phase of
CoFeBTa, with high crystallization temperature � 500 �C, helps to improve the bcc
texture and minimize source of crystal defects at MgO/CoFeB interface as discussed
in section “Sensor Materials.” This improves the signal-to-noise ratio and thereby
improves the detection limit. However, polycrystalline magnetic materials such as
NiFe have better soft-magnetic properties than amorphous magnets. Therefore,
materials engineering, integrating the properties of amorphous and polycrystalline
magnetic materials, and introducing newly functional free layers are the future
approaches to push the limit of detection towards subpico Tesla range. These types
of magnetic sensors might provide a supportive apparatus for the upcoming era and
the next generations.
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Abstract: An exchanged-biased anisotropic magnetoresistance bridge sensor for low currents mea-
surement is designed and implemented. The sensor has a simple construction (single mask) and is
based on results from micromagnetic simulations. For increasing the sensitivity of the sensor, the
magnetic field generated by the measurement current passing through the printed circuit board
trace is determined through an analytical method and, for comparative analysis, finite elements
method simulations are used. The sensor performance is experimentally tested with a demonstrator
chip. Four case studies are considered in the analytical method: neglecting the thickness of the trace,
dividing the thickness of the trace in several layers, and assuming a finite or very long conductive
trace. Additionally, the influence of several adjacent traces in the sensor area is evaluated. The study
shows that the analytical design method can be used for optimizing the geometric selectivity of a
non-contacting magnetoresistive bridge sensor setup in single trace, differential, and multi-trace
(planar coil) configurations. Further, the results can be applied for developing highly performant
magnetoresistance sensors and optimizations for low field detection, small dimensions, and low costs.

Keywords: magnetoresistive sensors; anisotropic magnetoresistance; current sensors; planar Hall
effect; exchange bias; magnetic field modeling; micromagnetic simulations

1. Introduction

Measurement of the electric current is a key element in electrical systems, even more
so with the continuous development and full-scale implementation of Industry 4.0 and
5.0 technologies in an Internet of things era. Some key characteristics can be identified for
modern current measurement applications, such as high accuracy and sensitivity, linear
response, DC/AC operation, low thermal drift, immunity to interferences, IC packaging,
reduced costs, and power consumption.

Resistive-based current-sensing techniques are adequate for some applications but
they present a lot of disadvantages, such as power loss, no galvanic isolation, and low
bandwidth [1], issues that are not present with non-contacting current sensing techniques.

Typical non-contacting current sensor technologies are AC/DC current transformers,
fluxgate magnetometers [2,3], or those that utilize Hall effect [4–7], anisotropic magne-
toresistive (AMR) sensors [2,5,8], giant magnetoresistive (GMR) [4,9–11], and tunnelling
magneto-resistance (TMR) sensors [12,13]. Current sensors based on magnetoresistive
effects offer high accuracy, endurance, low temperature drift, low offset, and are suitable for
low volume production together with tight integration capabilities with integrated circuits
(ICs). An overview detailing their properties, performance characteristics, magnetic field
behavior, as well as specific advantages and drawbacks was performed in [14,15]. Thus,
for superior sensor characteristics (immunity to some electromagnetic interferences, high
sensitivity, linearity), a double differential implementation of magnetoresistive current
sensors should be used together with a multi-trace planar coil setup for improving low
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field response with a biasing system utilizing coils or permanent magnets. Versatility of
the sensing system can be improved with a coil biasing system, but power consumption
increases in this case.

Besides the general desirable characteristics for a sensor (sensitivity, low linearity
error, low offset, and stability over time), in order to better define the requirements for a
high performant current sensor, specific parameters for magnetic sensors have to be taken
into account: hysteresis, perming, and geometric selectivity. Hysteresis is related to the
magnetic material behavior and is usually defined as the current changing between the
maxima of the full-scale range. Perming is the change in the sensor offset caused by a high
intensity external magnetic field. Geometric selectivity refers to sensitivity of the sensor
in function of the characteristics of the conductor through which the measured current is
passing and the influence of crosstalk from non-measured currents or external magnetic
fields [16]. Other practical characteristics are desirable, depending on the application in
which they are implemented: immunity to high electric field variations, frequency response
from DC to MHz, cost, weight, and size requirements.

The electrical resistivity of magnetic thin films (usually Fe, Co, Ni, or alloys like
Permalloy—Ni80Fe20) is anisotropically dependent on the direction of the applied magnetic
field [17]. Thus, the layer resistivity depends on the angle between the magnetization
and direction of current flow. Moreover, the magnetization rotation direction and angle
depend on the applied external field’s amplitude. The electrical resistance change can be
measured as roughly the square of the cosine of the angle between the magnetization and
the direction of current flow. This constitutes the basis for effects such as planar Hall effect
(PHE), which is a consequence of the AMR effect.

Regarding the layout of AMR sensors, the basic approach is to utilize several magnetic
thin film resistive elements that have a large aspect ratio (about 10 nm thin, a few µm
wide, and tens of µm long), such that the magnetization is aligned on the longitudinal
(easy) axis, connected in a Wheatstone bridge configuration for increased thermal stability
and sensitivity around zero field. The maximum sensitivity and linearity are achieved
when the magnetization is at 45◦ with respect to the current direction. This is commonly
achieved using the Barber pole biasing technique [18] or other biasing techniques, such as
herringbone [19].

In terms of classification, AMR sensors can be divided into two classes: those that
are similar to Hall sensors and AMR bridges. [20]. The first class are those that share a
geometry with Hall sensors, where the current is injected along one direction in the sensor
cross and the voltage is measured orthogonally, these are referred as PHE sensors. In the
second class, the AMR elements are combined in a Wheatstone bridge, such that the current
is injected along one direction and the voltage is measured in the orthogonal direction.
To further differentiate between the two classes, the term “PHE bridge (PHEB) sensors”
was introduced to distinguish between other AMR bridge sensors, the more correct term
being “exchange-biased AMR bridge sensors [21]. A comprehensive study for the geometry
influence and structure of AMR/PHE sensors was performed in [22].

We demonstrated that both DC and AC currents through linear stripes can be mea-
sured down to µA using GMR sensors [15], however, some limitations in terms of sensor
sensitivity, size, and setup complexity were found. For achieving lower detection limits,
this study aims to consider some possible sources of electromagnetic interferences and trace
current dimensional effects that can have adverse effects on the response of the magnetore-
sistive sensor. An analytical method can be used to estimate the response of the sensor, but
such an approach is dependent on the number of dimensional parameters that are taken
into account when modeling the magnetic field in the sensor area. This can be especially
important for low currents which are producing magnetic fields that have to be measured.
The method implemented in [15] did not take into account the length or thickness of the
trace or specific trace geometries.

This work aims to improve the analytical method from [15], to include trace length
and thickness as dimensional parameters. A comparative study is performed with different
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versions of the analytical method and finite elements simulations with COMSOL Multi-
physics to study the influence of trace geometry and sensor placement on the magnetic
field intensity in the sensor area. Results are applied for the design and implementation of
a proof-of-concept exchange-biased AMR bridge sensor: often called planar Hall resistance
(PHR) in the literature. The mode of operation of the sensor is proven using multi-domain
micromagnetic simulations. Focus is placed on design optimizations by sensor placement
and trace configurations that can be applied for various non-contacting current sensors.
Experimental results from the PHR bridge sensor setup and a previously implemented
GMR sensor setup are performed to validate the results. The main purpose of this study is
to serve as the basis for designing optimized magnetoresistive sensor designs, improved
mostly through geometric selectivity and experimental setup.

2. Materials and Methods

Materials and methods is structured into several sections. Firstly, the basic principles
of the AMR, PHE (Section 2.1), and GMR effects (Section 2.2) are detailed, which are
utilized in the experimental setup. Secondly, the analytical method for estimating the
magnetic field intensity in the sensor area by a single or multiple printed circuit board
(PCB) traces through which a current is flowing is shown in Section 2.3. Section 2.4
describes the layout of the PHR bridge sensor and critical analysis is performed using
a single domain and multi-domain micromagnetic method to justify the specific layout
influences for the sensing elements as well. Section 2.5 and part of Section 2.6 show
the influence of thermal and magnetic annealing processes on the sensor performance
to optimize sensitivity of the sensors. Exchange bias field effects on sensor response are
justified throughout Sections 2.4 and 2.5. Finally, Section 2.6 also describes the experimental
setup and manufacturing steps for the demonstrator chip. Various sensor design steps and
best practices can be extracted from all sections.

2.1. Principle of Operation–AMR and PHE Effects

The AMR effect appears in ferromagnetic bulk materials or thin films from Ni, Co,
Fe, and their alloys [23]. The AMR effect comes from the dependence of the electrical
resistivity of a material on the angle between the direction of electric current and direction
of magnetization inside the material. In other words, the physical origin of AMR can be
attributed to the anisotropic s–d scattering of electrons due to the spin–orbit coupling
on 3d orbitals of ferromagnetic materials. [24,25]. The result of this effect is that in most
magnetic materials, the resistivity of the material increases when the direction of the current
is parallel to the applied magnetic field and minimum when the direction of the current is
perpendicular. The AMR ratio can be expressed by:

∆ρ

ρ⊥
=

ρ‖ − ρ⊥
ρ⊥

(1)

where both resistivities ρ‖ and ρ⊥ are expressed at saturation field, parallel, and perpendic-
ular to the current direction, respectively.

Usually, for magnetic materials, this ratio is not larger than 5%, while for typical
ferromagnetic NiFe films, the AMR value is in the order of 2–2.2% for magnetic fields of a
few Oe [12]. Commonly, Ni80Fe20 (Permalloy) is used due to close to zero magnetostriction
constants in all directions. For a schematic representation of the AMR effect, we can
consider a thin film of ferromagnetic material (Figure 1). Note that for actual devices, an
easy axis of magnetization is defined through the shape anisotropy (l > w) and the uniaxial
anisotropy field HK. If an electrical current passes through the film along x direction and
the magnetization, M, which makes an angle θ with the current, the longitudinal, Ex, and
transverse, Ey, components of the electric field can be derived by considering the angular
dependency of the resistivity tensor components ρxx and ρxy [7,18]:

Ex = jx · ρxx = jxρ⊥ + jx
(

ρ‖ − ρ⊥
)

cos2θ (2)
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Ey = jxρxy = jx
(

ρ‖ − ρ⊥
)

sinθcosθ (3)

with
∣∣∣∣→j ∣∣∣∣ = jx and ρ‖ and ρ⊥ as defined above.
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Figure 1. Schematic representation of the AMR and PHE effects on a Permalloy thin film through

which a current is flowing along the x axis;
→
M is the magnetization which makes an angle θ with the

current direction due to the applied field,
→
H which is perpendicular on the applied current.

The variation of the longitudinal resistivity, given by ρxx and measured through
Ux = Ex × l, characterizes the AMR effect. The second term, Ey, shows generation of a
signal perpendicular to the current direction in a geometry typical for Hall effect but with
the applied field contained in the film plane. This is the PHE signal, VPHE, which is also
defined in Figure 1:

VPHE = l

(
ρ‖ − ρ⊥

)
t

sinθcosθ (4)

2.2. Principle of Operation–GMR Effect

The GMR effect takes place in multilayered magnetic structures of the type FM/NM/FM
coupled by exchange interaction. Here, FM denotes ferromagnetic layers of Ni80Fe20, Co,
CoFeB layers with thicknesses between 1–100 nm and NM represents nonmagnetic layers,
usually from Cu or Ag with thickness of about 1 nm, that mediate the exchange interaction
between the FM layers. The basis of this effect is that a change in the electrical resistance of
the magnetic multilayers is produced in response to an applied external magnetic field. The
resistance change is dependent on the angle between the direction of the magnetizations
of adjacent layers. Thus, when the ferromagnetic layers are magnetized in parallel, the
resistance is at a minimum value, RP- while at antiparallel orientation, the resistance is at
a maximum value. The electrical resistance dependency between the angle and direction
of the electric current and the magnetization in the magnetic layers can be expressed
by [26–29]:

R =
RAP + RP

2
+

RP − RAP
2

cosθ (5)

Thus, for antiparallel configuration and parallel, we obtain:

θ = 180◦ → cosθ = −1 → R = RAP = RHigh (6)

θ = 0◦ → cosθ = 1 → R = RP = RLow (7)

The magnitude of the GMR effect is around 5–20% and is expressed by:

GMR =
RAP − RP

RAP
100 [%], (8)

The AA003-02 sensor was used in the experimental setup, which contains two ac-
tive GMR elements, and two magnetically shielded identical sensors, together forming a
Wheatstone bridge with an average sensitivity 25–40 µV/(V × A/m) [15,30].
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2.3. Design Optimization of the Non-Contacting Current Sensor Based on Analytical Method for
Current Stripes

Electromagnetic field modeling can offer great insight into the behavior, operation,
and possible improvements for devices that rely on specific configuration of the magnetic
field for proper operation, especially if these devices are susceptible to interferences or very
high sensitivity is required. Applying software and mathematical methods for analyzing
high-sensitivity magnetic sensors is a very a useful tool for improving their characteristics:
reducing susceptibility to electromagnetic interferences, improving the signal-to-noise ratio,
reducing size or costs. Several approaches from the literature have proposed modeling of
the field produced by various configurations of single or multiple loops of wire in the same
plane [31,32]. Most solutions focus on complex integral solutions that are usually solved
with numerical methods [33], through FEM simulations [34], or serve application-specific
purposes [35]. Although most methods that can be found in the literature are accurate up
to a certain point, they are not adapted for the specificity required for field estimation
in common setups in which magnetoresistive sensors are involved. However, many
solutions shown in the literature, either lack automation or require intense computation
steps. In this study, several specific optimizations are performed which reduce complexity
significantly and do not require computationally intensive FEM simulations. For ease of
use and integration with other instrumentation functionalities, the analytical method was
implemented in a LabView application.

The basic principle of the proposed setup is to increase the intensity of the magnetic
field in the non-contacting current sensor area, and thus the accuracy and sensitivity by
a proper design of the current stripes from which the magnetic field to be measured is
generated. This was achieved by integrating a planar coil below the magnetoresistive sensor
which will increase the magnetic field intensity in the sensitive area of the sensor, essentially
increasing sensor sensitivity for the same input current. In the current measurement setup,
the MR sensors act as magnetometers, thus if a current, I, passes through a wire, the
magnetic field, B, will produce a change in the output of the MR sensor. The working
principle of the non-contacting current measurement setup for both single and multi-trace
configurations is illustrated in Figure 2.
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cross section; (d) Multi-trace cross section (adapted from [15]).

An approach optimized for low field detection by utilizing multiple current traces,
in a double differential system, and implemented in a custom printed circuit board was
demonstrated [15].

In order to estimate Bx, an analytical model based on Biot–Savart law was derived,
which assumes that the sensor is centered above the multiple trace at distance h (Figure 3).
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Note that the thickness of each trace is divided by an m number of layers, consequently,
h changes for each individual layer (from the center of each layer). For the finite length
correction, we introduced the sum of the sine functions of the angles between the sensor
area (above central trace) and for each end of the linear current trace (Figure 3a). Note that
some geometric correction can still be introduced, especially for a large number of adjacent
traces or nonlinear trace configurations.
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Figure 3. Analytical model to compute the magnetic field present in the sensor area: (a) Length
correction of the magnetic field in the sensor area based on the distance from the linear trace ends; (b)
Magnetic field components generated by the current through the trace and dimensional parameters;
(c) Layered trace thickness parameters. Note that the model takes into account that there is an odd
number of traces that generate the magnetic field and the central trace is denoted as n = 0.

For calculating the magnetic field, the Biot–Savart equation was applied to the geome-
try shown in Figure 3 and integrated:

d
→
B =

µ0 Id
→
l ×→r

4π·r3 100 [%], (9)

By assuming a very long conductive trace (Figure 2d, the elementary current produced
by the current I, can be expressed, using the Biot–Savart law by:

dBn = µ0
dI

2πr
= µ0

Idx
D
· 1

2π
√

h2 + x2
; dI =

I
D

dx, (10)

dBnx = dBn · cosθ = µ0
Idx

2πD
· 1√

h2 + x2
· h√

h2 + x2
, (11)

where µ0 = 4π × 10−7 H/m is the vacuum magnetic permeability, D is the trace width, t is
the trace thickness (not used in the equation), Td is the distance between the traces, h is the
height on which the sensing element is placed above the trace, and θ is the angle shown in
Figure 3a used to estimate the Bx component of the magnetic field.

By assuming a uniform linear current density, I/D, and integrating equation 11 from
Dn1 to Dn2, the x component of the magnetic field generated by a trace n = 1, 2, 3, . . . , in
the sensor area is determined corresponding for 2n + 1 traces for a planar coil (Equation
(12)). If now, we introduce the length correction factor and divide the thickness of the trace
in m layers, we get equation 13. If we take into account MR chip dimensions, usually the
maximum value of n can be up to 6 (13 total traces).

Bnx =
µ0 I

2πD

[
arctan

(
Dn2

h

)
− arctan

(
Dn1

h

)]
[T], (12)
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Bnx =
m

∑
i=0

(
µ0

I
m

2πD

[
arctan

(
Dn2

hi

)
− arctan

(
Dn1

hi

)]
· (sinα1 + sinα2)

)
[T] (13)

For a single trace (n = 0), from equation 13 it follows:

B0x =
m

∑
i=0

(
µ0

I
m

πD

[
arctan

(
D

2hi

)]
· (sinα1 + sinα2)

)
[T] (14)

A study based on four possible cases for this analytical method was performed: Case
I- Infinite trace length, with a single layer (trace thickness neglected), Case II- Infinite trace
length, with m = 35 layers (1 µm each layer), Case III, finite trace length, with a single
layer (trace thickness neglected), and Case IV- finite trace length, with m = 35 layers (1 µm
each layer). For Case II and Case IV, layered trace thickness means that the thickness of
each trace is divided on a number of layers through which we assume a constant current,
I/m is flowing (where m is the number of layers). The analytical method is in such a way
implemented that the results of the final field is the sum of the field produced by the
individual layers.

Moreover, for a comparative analysis of the results obtained with the analytical method,
two use cases were studied using finite elements method simulations. Firstly, for a singular
trace, results were compared with a single trace U-shaped current trace (Figure 4a) modeled
to simulate the behavior in a double differential configuration. The specific dimensions
of the U-shaped trace are chosen based on the ability to integrate highly sensitive and
miniature magnetoresistive sensors, for example [36], in a double differential configuration
in a very small package. Secondly, comparative analysis with experimental results is
performed for the case of a multi-trace planar coil. The results of this comparison are shown
in the Results and Discussion section.
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2.4. Principle of Operation of the Exchange Bias AMR Bridge Sensor

The design that serves as the layout for the demonstrator chip is shown in Figure 5.
This design, which has two identical sensors is aimed at defining magnetoresistive struc-
tures adapted to the magnetic field produced by electric currents in the conditions of
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minimizing the effects created by temperature variations and interferences from external
magnetic fields. The two sensors chip shows a double differential measurement system,
in the sense that each of the AMR bridges is a differential sensor. On top of the sensor, a
U-shaped Silver band is placed. The U-shaped trace was printed on top of a Kapton band
with a thickness of 45 µm, by using a prototyping system (Voltera V-One) [37]. This band
was placed on top of the sensors.
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Figure 5. Layout of the exchange biased AMR bridge sensor chip: (a) Chip layout with over imposed
U-shaped current trace on top of the AMR bridges; (b) Dimensions of the chip; (c) Working principle
of the AMR bridge sensor; (d) Equivalent circuit of a single AMR bridge sensor. Note that the
structured is within a square of 4 × 4 mm2 and was realized on a 5 × 5 mm2 chip. The margins are
0.5 mm while the arm of the bridge has a length L = 1 mm and a width of either 0.1 or 0.2 mm. The
contacting pads size can be reduced such that the chip can fit inside a 3 × 3 mm2 footprint.

Based on the equivalent circuit for one AMR bridge sensor (Figure 5d), we can note
that the four AMR chip elements are in a Wheatstone bridge configuration (arms of the
bridge R1−R4). Note that each resistor arm of the bridge can be constituted from multiple
stripes for specific configurations [20]. Thus, the resistance of each arm is dependent on
the number of stripes. If there is a positive applied current though the resistor, the output
voltage (potential increase in the y-direction) from the bridge is:

V = I
R2R3 − R1R4

R1 + R2 + R3 + R4
≈ 1

2
I(R3 − R1) (15)

where the result of the expression is valid when R1 + R2 ≈ R3 + R4, thus when Istripe = I/2.
In [20], a single domain approach was used to model the response and field contri-

butions on the resistance of a single stripe (in our case, equivalent to one arm of the AMR
bridge). The expression that was obtained for the resistance of a single sensor construction
element (single stripe) was:

R(α) = R0 − sin(2α)
(

S0Bext
y + S0Bs f cosα

)
(16)
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where R0 is the stripe resistance when θ = 0 (θ is the magnetization rotation angle for a
single domain stripe), α is the angle of a positive current passing through the stripe on
the x-axis, S0 is the single stripe low field sensitivity, Bext

y is the field contribution due to
homogenous external applied fields along the y-axis, and Bs f is the contribution of the
magnetic field induced by the bias current passing though the sensor (the self-field).

The single stripe low-field sensitivity S0 is [20]:

S0 ≡ −
l∆ρ

wt(Bex + BK)
(17)

where w is the width, l is the length, t is thickness of the stripe, ∆ρ = ρ‖ − ρ⊥, Bex is the
exchange pinning field, and BK is the anisotropy field.

In order to validate the AMR bridge (PHR) sensor mode of operation for actual opera-
tion, we used a multi-domain simulation approach using LLG micromagnetics v4 [22,38].
The mask required for the simulation was obtained by editing a SEM image of the sensor
and performing a black/white cleanup (Figure 6). The magnetic layer and spacing layer are
situated in a 1000 × 2000 × 10 nm structure. The parameters used for the simulation are:
saturation magnetization MS = 710 kA/m [14,22], exchange constant A = 1.3 × 10−11 J/m,
anisotropy constant Ku = 500 J/m3 [39], the exchange bias field (pinning field) Hex = 150 Oe,
temperature T = 0 K; discretization cell 10 × 10 × 10 nm3. The convergence condition was
maintained at 1 × 10−4. Note that between Ku and the anisotropy field Hk, there is the
following relation HK = 2Ku/MS. Generally, micromagnetic simulators model structures at
0 K such that thermal fluctuations do not influence the results. These fluctuations make
obtaining convergence difficult, especially for models with a high number of magnetic
spins. Structures larger than 2 × 2 µm2 are usually not simulated because results are not
significantly different and the computation time requirements are high. The magnetiza-
tion distribution for different applied field values (H = 0 Oe, H = −150 Oe, H = 150 Oe,
H = 250 Oe) is shown in Figure 7. From Figure 7 and the magnetization distribution along
the x and y axis for the entire structure compared with the central area of the AMR bridge at
low field values (Figure 8), it can be denoted that the contacting pads and traces have very
little influence on the magnetization characteristic of the sensor as the magnetic moments of
the vertical stripes almost do not change at different applied fields and thus no additional
hysteretic behavior is added to the central area of the structure.
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with obtained mask image after editing; (b) Overview of the imported mask in the software with the
marked direction of the applied field and exchange bias field.
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Figure 8. AMR bridge sensor, multi-domain simulation results for low field values: (a) Magnetiza-
tion distribution along the x-axis; (b) Magnetization distribution along the y-axis; (c) PHE signal for 
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Figure 7. Simulated multi-domain magnetization distribution of the AMR bridge structure at different
field values (H = 0 Oe, H = −150 Oe, H = 150 Oe, H = 250 Oe). The red arrow signifies the direction of
the applied field while the blue arrow shows the orientation of the exchange bias field. The encircled
areas show that no matter the field value, the orientation of the magnetic moments does not change
and does not influence the behavior of the central area of the structure, thus there is no signal change
with the applied field for these areas.
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Figure 8. AMR bridge sensor, multi-domain simulation results for low field values: (a) Magnetization
distribution along the x-axis; (b) Magnetization distribution along the y-axis; (c) PHE signal for the
entire structure; (d) PHE signal for the central area of the structure (bridge).
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2.5. Fabrication of Exchange Bias AMR Bridge Sensor Demonstrator

The AMR bridge sensors use spintronic structures of the type Ni80Fe20(10 nm)/FeMn
(1 nm) and were deposited at ICPE-CA Bucharest though magnetron sputtering on an
oxidized silicon substrate and microfabricated through the liftoff method. Given the par-
ticularities of the deposition method, the structures are amorphous and have a very low
electrical conductivity. Additionally, the deposited structures do not show an established
magnetocrystalline anisotropy axis or an exchange bias field, Hex, between the antiferro-
magnetic layer (FeMn) and the permalloy (Ni80Fe20) magnetic layer. Finally, 5 × 5 mm2

chips were cut. Of note is that a single mask was used for the chip, thus reducing complex-
ity of the microfabrication process significantly. A scanning electron microscope image of
the chip can be seen in Figure 9a. Several chips were thermally treated, Figure 9bc, with
the purpose of enhancing the crystalline structures of the deposited layers and thus the
electric conductivity. The thermal treatment was made in an argon (Ar, 99.99%) atmosphere,
2 mbarr pressure at a temperature of 450 ◦C for two hours [40].
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Figure 9. (a) SEM image of the AMR bridge sensor; (b) Direction and intensity of the applied field, B
over the structure during the magnetic annealing process.

The magnetic annealing system was comprised of: (1) Electronically controlled heated
air blower (40–300 ◦C), (2) Vacuum pump (2 mbarr), (3) Electronic thermometer with K-type
thermocouple; (4) Support Copper (Cu) sheet at the end of which a chip is fixed for the
magnetic annealing, (5) Stainless steel tube connected to the vacuum pump, (6) Neodynium
permanent magnets. The chip is placed at the end of a copper sheet which is introduced into
a stainless-steel tube, which is connected to the vacuum pump. Given the small volume, a
2 mbarr pressure is obtained in approximately 15 min. Initially, the system is not placed
between the poles of the magnets. After 15 min of vacuum, tube (5) is heated to 100 ◦C with
the air blower for 10 min, in order to degas the interior walls, the Cu sheet, and the probe.
The temperature is increased to 200 ◦C and the system is introduced within the poles of
the magnets which generate a field of B = 0.1 T in the area of the tip of the tube where the
chip is located. The temperature is maintained for 5 min after which it is dropped to 30 ◦C
within 10 min. Field measurements were made with a Lake Shore 475 DSP Gaussmeter.

In order to produce the U-shaped current trace, Figure 4a, on the surface of the sensor,
the utilized method was to print directly on a Flexible Kapton band, with silver ink, Voltera
Adorable Anchovy, Flex 2 ink type [41], which remains flexible after thermal treatment for
eliminating organic compounds. This ink is kept between 4–10 ◦C and is also compatible
with polyethylene terephthalate (PET) and other flexible polymer substrates. The resistivity
of the ink is around 1.36 × 10−7 Ωm after thermal treatment. The U-shaped trace was
realized utilizing the dedicated PCB printer, Voltera V-One, Figure 10 [37]. A 6 mm wide
and 45 µm (micrometer measured) Kapton band was used. For maintaining mechanical
integrity and flatness during printing, the Kapton tape was temporarily fixed on a standard
FR4 PCB board. The printer was configured to print a 35–40 µm layer from a distance
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of 0.08 mm from the surface and for the printing head, a 150 µm metallic tip was used.
Immediately after printing, the entire ensemble was thermally treated at 160 ◦C for 30 min.
By using a scalpel, a strip containing a single trace was cut and placed on the surface of the
sensor. On the ends of the U-shaped trace, two wires were bonded using silver paste. The
electrical resistance of the conductive trace was measured with the Keithley 2700 digital
multimeter using a 4-wire method: R4w = 0.096 Ω.
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2.6. Galvanomagnetic Characterization of the Exchange-Biased AMR Bridge Sensor
2.6.1. Experimental Setup

The functional block diagram of the setup can be seen in Figure 11. Evaluating the
performance of the sensor is necessary as they should be able to detect low magnetic fields,
under 1 Oe (10−4 T in air). Note that given the identical layout, results for a single sensor
on the chip are shown.
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Figure 11. Functional block diagram of the experimental setup for the AMR bridge sensor demon-
strator chip.

The chip measurement setup for both cases is shown in Figure 12. The magnetic field
is applied in the sensor plane. A Keithley 6221 power supply is used to supply the sensors
and a Keithley 2182 A nanovoltmeter for measuring the voltage output. As a magnetic field
source, a Helmholtz coil was used, able to generate fields up to 200 Oe, which was powered
by a programmable current source, Kepco BOP 100–10 MG. The coil was calibrated using
the Lakeshore 475 DSP digital gaussmeter while data acquisition was done on a PC. For
some tests, a biasing field was applied, Hbias, in order to linearize the characteristic of the
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sensor and to highlight the necessity for magnetic annealing; H is applied on the direction
of the field which will be generated by the conductive trace, Figure 5. The sensor was
supplied with a 1 mA current, DC.

Electronics 2022, 11, x FOR PEER REVIEW 13 of 25 
 

 

on a PC. For some tests, a biasing field was applied, Hbias, in order to linearize the charac-
teristic of the sensor and to highlight the necessity for magnetic annealing; H is applied 
on the direction of the field which will be generated by the conductive trace, Figure 5. The 
sensor was supplied with a 1 mA current, DC. 

  
(a) (b) 

Figure 12. Measurement schematic for the AMR bridge sensors: (a) For the thermally annealed 
chip; (b) For the thermally and magnetically annealed chip. 

Before testing, the chip was contacted with silver plated Cu wires. The wire-bonding 
was done with Ag paste from Sigma-Aldrich with a 24 h curing time at room temperature. 
The contacted chip was placed on a connecting PCB board, SO8, MSOP8 which allows 
placement in a DIP PIN 8 socket with gold plated pins, Figure 13a. Over the chip, the 
printed U-shaped trace was placed. Thus, a compact structure was obtained, which can 
be considered a hybrid integrated circuit that can be manipulated and characterized to 
allow great versatility. A second U-shaped trace was placed beneath the sensor to show 
the setup implementation for higher currents testing. Since the response of the sensor for 
low field values is of interest, a small size Helmholtz coil system was placed next to the 
chip, Figure 13b. The entire setup is placed in a ferromagnetic enclosure for magnetic 
shielding. The chip was introduced in a DIP PIN 16 socket where necessary connections 
were made to the connection grid while remaining pins was used to connect the current 
traces. An additional two ferrite permanent magnets were used to compensate the effect 
of the exchange bias field, Hex (noted as Hbias, Figure 12b). 

  
(a) (b) 

Figure 13. Demonstrator setup: (a) Steps for assembling the demonstrator chip; (b) The sensor 
mounted in the shielded box, as implemented for characterization and testing. 

2.6.2. Characterization of the Demonstrator Chip—After Thermal and  
Magnetic Annealing 

For comparison purposes, the field characteristics for a chip with only thermal treat-
ment applied and for a chip that went through the magnetic annealing process are shown. 

Figure 12. Measurement schematic for the AMR bridge sensors: (a) For the thermally annealed chip;
(b) For the thermally and magnetically annealed chip.

Before testing, the chip was contacted with silver plated Cu wires. The wire-bonding
was done with Ag paste from Sigma-Aldrich with a 24 h curing time at room temperature.
The contacted chip was placed on a connecting PCB board, SO8, MSOP8 which allows
placement in a DIP PIN 8 socket with gold plated pins, Figure 13a. Over the chip, the
printed U-shaped trace was placed. Thus, a compact structure was obtained, which can
be considered a hybrid integrated circuit that can be manipulated and characterized to
allow great versatility. A second U-shaped trace was placed beneath the sensor to show
the setup implementation for higher currents testing. Since the response of the sensor
for low field values is of interest, a small size Helmholtz coil system was placed next to
the chip, Figure 13b. The entire setup is placed in a ferromagnetic enclosure for magnetic
shielding. The chip was introduced in a DIP PIN 16 socket where necessary connections
were made to the connection grid while remaining pins was used to connect the current
traces. An additional two ferrite permanent magnets were used to compensate the effect of
the exchange bias field, Hex (noted as Hbias, Figure 12b).
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Figure 13. Demonstrator setup: (a) Steps for assembling the demonstrator chip; (b) The sensor
mounted in the shielded box, as implemented for characterization and testing.

2.6.2. Characterization of the Demonstrator Chip—After Thermal and Magnetic Annealing

For comparison purposes, the field characteristics for a chip with only thermal treat-
ment applied and for a chip that went through the magnetic annealing process are shown.

For the chip with only the thermal treatment, we can note, Figure 13a, the nonlinear,
hysteretic characteristic, typical for AMR structures with no magnetic anisotropy and
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defined direction for Hex. By applying a prepolarization field, Hbias, like in Figure 12a, the
nonlinearity of the response characteristic can be reduced, Figure 14b. This field has the
same effect such as Hex which can be induced through magnetic annealing; HEB depends
on the nature of the FM and AFM layers, the quality of the interface between these layers,
and the magnetic annealing process.
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For the chip with both the thermal treatment and magnetic annealing, the results can
be seen in Figure 14b for sensor “1”: and Figure 15b for sensor “2”, connected as shown in
Figure 11b. The Helmholtz coils field characteristic (Figure 16) was obtained by placing,
instead of the chip in the setup, the Hall probe of the Lakeshore 475 DSP gaussmeter.
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Figure 15. Thermally and magnetically cured AMR bridge sensor, field characteristics at different
biasing levels (Hbias = 0, 45, 80 Oe): (a) Field characteristics for sensor 1; (b) Field characteristics for
sensor 2 Hbias = 80 Oe bias level.

By comparing the results from Figures 14a and 15a, for Hbias = 0, we can note the
emergence of the Hex field in the magnetically cured probe. In order to reduce hysteretic
behavior and nonlinearity, two permanent magnets were placed on the wall of the metallic
shielded box. Due to the box being ferromagnetic, the field from the magnets closes through
it. Figure 15b shows the characteristics V = f(H) for two values of the biasing field Hbias = 45,
respectively, 80 Oe. Additionally, the positions of the two magnets were modified such
that a compromise is obtained between sensitivity and linearity. The Hbias = 80 Oe was
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considered optimal as higher values will reduce sensitivity. Note that the two sensors have
a 1 mm gap between them. The light asymmetries between the response of the sensors
will be compensated in the differential measurement system. By taking into account the
distribution of the current through the U-shaped band and the magnetic field orientation
created by the sensors, the output voltage will be of type: Vdiff = Vsensor1 − Vsensor2, as
discussed in detail in [14,15].
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3. Results and Discussion
3.1. Case Study Utilizing Analytical Model and Finite Elements Method Simulations for Currrent
Stripes Optimization

For the finite elements method (COMSOL) simulation, a single trace “U-shaped”
current trace was modeled (Figure 4b) to simulate the behavior in a double differential
configuration. The specific dimensions of the U-shaped trace are chosen based on the
ability to integrate highly sensitive and miniature magnetoresistive sensors. The specific
parameters utilized for both the COMSOL simulation and the analytical model are shown
in Table 1. Note, that in COMSOL, the U-shaped trace was modeled using Ag material
properties but with a reduced resistivity of 1.36 × 10−7 Ωm to correspond to the experi-
mental measurement, while the planar coil was modeled with Cu material properties with
a resistivity of 1.72 × 10−8 Ωm. Note that the thickness of the U-shaped trace was 35 µm in
the simulation for direct comparison with the planar coil thickness.

Table 1. Parameters utilized for the analytical model and COMSOL simulation (U-shaped trace and
planar coil).

Symbol Name Quantity

D Trace width
Planar coil with 7 traces: 0.22 mm

U-shaped trace: 1.2 mm

Td Distance between traces
Planar coil with 7 traces: 0.19 mm

U-shaped trace: N/A

I Current through trace 0.1 A

h Distance between sensor
and trace

Planar coil with 7 traces: 0.045 [mm] to
3.58 [mm]

U-shaped trace: 0.045 mm to 2.08 mm

t Trace thickness 35 µm

m Number of layers in
which t is divided 35 (1 µm each layer)
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Table 1. Cont.

Symbol Name Quantity

L Trace length
Planar coil with 7 traces: 42 mm

U-shaped trace: 3.2 mm

∆l
Sensor position on
trace length 1

Planar coil with 7 traces: 21 mm

U-shaped trace: 1.6 mm

Vs Sensor input voltage U-shaped trace setup: 4.399 V
Planar coil setup: 4.096 V

S Sensor sensitivity

U-shaped
trace sensor setup:

S1: 159 µV/(V × A/m)
(0.01268 mV/V-Oe)

S2: 188.54 µV/(V × A/m)
(0.0150034 mV/V-Oe)

Sdifferential: 347.94 µV/(V × A/m)
(0.0277 mV/V-Oe)

Planar coil
sensor setup: Sdifferential: 32.67 µV/(V × A/m)

1 The sensor position on the trace length is given by ∆l
L ·100 [%].

Figure 17a shows the magnetic field intensity distribution along the x-axis, Hx obtained
from the COMSOL simulation of the U-shaped trace, and Figure 17b of the Multitrace from
Figure 4b. In order to better illustrate the field values at specific points, at height h above
the sensor, data were extracted for points of interest along transverse (Figures 18a and 19)
and longitudinal lines, Figure 18b (note the insets).
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the COMSOL simulation results in the following way (for the U-shaped trace): for higher 
field values and consequently closer distance from the trace, the cases where a very long 
conductive trace is assumed (Case I and Case II) are closer to the results obtained from 
COMSOL while for the finite model (Case III and Case IV), results more closely converge 
to the results from the simulation at larger distances from the trace. Moreover, for the 
planar coil configuration, the analytical model provides results similar to the simulation 
for distances closer to the coil (Case I and Case II) while Case III and IV converge more 
closely at further distances which is the opposite behavior as in the case of just a single 
trace. We suspect some of the inaccuracies of the finite length models can be corrected by 
further geometric corrections. Additionally, more studies can be performed at various dis-
tances and trace configurations as the specific magnetic field at further trace distances can 
also contain y and z components, which can affect the sensor response, thus the analytical 
method can be improved to also account for those changes. Table 2 shows validation data 

Figure 17. Magnetic field distribution on the x-axis for the U-shaped trace and planar coil for a
100 mA current according to COMSOL simulations: (a) U-shaped current trace: Hx field distribution
at height h = 45 µm (Hx_sensor = 40.630 A/m) and h = 80 µm (Hx_sensor = 39.056 A/m ) from the current
trace; (b) Multitrace (7 traces): Hx field distribution at height h = 45 µm (Hx_sensor = 126.67 A/m ) and
h = 80 µm (Hx_sensor = 121.94 A/m) from the current trace.

From Figures 18 and 19, we can notice that, as expected, the magnetic field intensity
is maximum at the center of the trace and there is a minimum magnetic field intensity
between the traces. Figure 20a results show that the analytical model converges towards
the COMSOL simulation results in the following way (for the U-shaped trace): for higher
field values and consequently closer distance from the trace, the cases where a very long
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conductive trace is assumed (Case I and Case II) are closer to the results obtained from
COMSOL while for the finite model (Case III and Case IV), results more closely converge
to the results from the simulation at larger distances from the trace. Moreover, for the
planar coil configuration, the analytical model provides results similar to the simulation for
distances closer to the coil (Case I and Case II) while Case III and IV converge more closely
at further distances which is the opposite behavior as in the case of just a single trace. We
suspect some of the inaccuracies of the finite length models can be corrected by further
geometric corrections. Additionally, more studies can be performed at various distances
and trace configurations as the specific magnetic field at further trace distances can also
contain y and z components, which can affect the sensor response, thus the analytical
method can be improved to also account for those changes. Table 2 shows validation data
for the central point (note inset from Figure 18a) between the COMSOL simulation results
and the analytical method, after which the analytical method for the seven traces planar
coil is compared with experimental results from [15]. The parameters from Table 1 were
used for the results shown is Table 2. Note that the field values are calculated for 45 µm
(thickness of the Kapton tape on which the trace is printed) and 80 µm distance between
the sensor and the trace for the U-shaped trace and 0.8 mm or 0.08 mm for the planar coil
as the planar coil experimental setup utilized the AA003-02 encapsulated sensors [31].
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(b) longitudinal center line (note the inset).
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“U-shaped current trace according to results from COMSOL simulation and from the analytical model;
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with 7 traces” according to results from COMSOL simulation and from the analytical model; The
current through the trace was 100 mA.

Table 2. Comparative analysis between COMSOL simulation, analytical model, and experimental
data.

Trace Type Validation Case h 1

[mm]
Hx

[A/m]
Vout

2

[mV]
Vdifferential

2

[mV]

U-shaped trace
(Figure 4a)

Itrace = 100 mA
Vs = 4.399 V 3

COMSOL simulations
0.08 39.056 - -
0.045 40.630 - -

Analytical
method

Case I: Infinite length,
t neglected

0.08 38.150
S1: 0.02675

0.05839S2: 0.03164

0.045 39.680
S1: 0.02782

0.06073S2: 0.03291

Case II: Infinite length, m = 35 layers
(1 µm each layer)

0.08 36.7321
S1: 0.02575

0.05622S2: 0.03046

0.045 38.2408
S1: 0.02681

0.05853S2: 0.03171

Case III: Finite length,
t neglected

0.08 32.0769
S1: 0.02249

0.04910S2: 0.0266

0.045 33.3818
S1: 0.02341

0.05109S2: 0.02768

Case IV: Finite length, m = 35 layers
(1 µm each layer)

0.08 30.8842
S1: 0.02165

0.04727S2: 0.02561

0.045 32.1704
S1: 0.02255

0.04924S2: 0.02668

Experimental results 0.045 31.7423
S1: 0.0198

0.042S2: 0.022

Planar coil with
7 traces

(Figure 4b)
Itrace = 100 mA
Vs = 4.096 V 3

COMSOL simulation
0.8 79.780 - -
0.08 121.94 - -

Analytical
method

Case I: Infinite length,
t neglected

0.8 82.5885 11.8702 23.7404
0.08 157.422 22.6257 45.2514

Case II: Infinite length, m = 35 layers
(1 µm each layer)

0.8 81.2428 11.6768 23.3536
0.08 140.624 20.2115 40.423

Case III: Finite length,
t neglected

0.8 67.9498 9.9838 19.9676
0.08 132.465 19.0388 38.0776

Case IV: Finite length, m = 35 layers
(1 µm each layer)

0.8 66.8427 9.821 19.642
0.08 118.331 17.0073 34.0146

Experimental results 0.8 - 10.716 21.432

1 Distance between the sensing element and the current trace. Note that 0.045 mm is the distance between the
sensors and the U-shaped trace in the experimental setup and 0.8 mm is the distance between the sensing element
and the current trace in the experimental setup for the planar coil with the AA003-02 encapsulated sensors
[31]. 2 Output voltage for a single sensor (Vout) and for the two sensors in differential configuration (Vdifferential).
3 Sensors supply voltage in differential configuration.
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Figure 21 shows results obtained with the analytical method for a multi-trace
configuration–different numbers of trace configurations (from 1 to 21 traces). We can
denote, that the field intensity in the sensor area increases up until 13 traces, after which
the field increase is minor. From tests, we determined that this number is consistent no
matter the trace configuration of the planar coil (D, Td) and the current flowing through the
trace. We consider that at a higher number of traces, other field parameters on the y and z
axis also play a role in the field distribution, thus accuracy of the results can be affected
with the current implementation.
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By analyzing the data from Table 2, for the U-shaped trace, we can note that the
estimated value of the surface parallel component of the magnetic field in the sensor
area varies between 30 and 39.68 A/m (between 0.4 and 0.48 Oe), depending on the
chosen model. Given that the U-shaped trace is a relatively short trace (3.2 mm), with a
length/width ratio = 2.66, and h is comparable with the thickness of the layer, we consider
that the estimation corresponding to Case IV is closer to reality. With these data, an
estimation of the signal level which will be obtained from the sensors can be made for a
100 mA current through the metallic band and considering a 3 mA current through the
sensors: Vsensor1 = 0.0186 ∗ 3 ∗ 0.4 = 0.022 mV, respectively, Vsensor2 = 0.0165 ∗ 3 ∗ 0.4 =
0.0198 mV. In differential regime, an output voltage of around 0.042 mV for an I = 100
mA current through the current trace, which means 0.084 mV for a signal variation of 200
mApp. Furthermore, for the planar coil with 7 traces, the experimental value is between
those of Case II and Case III of the analytical model. Thus, it can be denoted that for a very
long current trace compared with the location and size of the sensor, the length of the trace
can be neglected while for shorter traces (like for the U-shaped trace), length correction is
necessary for adequate magnetic field estimation.

In terms of electrical parameters from the COMSOL simulation, there is not a very
good correlation between the simulation and experimental results: the electrical resistance
is close enough to the experimental parameters for the planar coil (Rsimulated = 1.422 Ω and
Rmeasured = 2 Ω) considering not all parameters are taken into account (such as the entire
length of the planar coil as implemented in the experimental setup) and the inductance is
~13 times lower (Lsimulated = 1.9895 µH, and Lmeasured = 26.3 µH), while for the U-shaped
trace, the electrical resistance is ~11 lower (Rsimulated = 0.008455 Ω and Rmeasured = 0.096 Ω).
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3.2. Demonstrator Chip with AMR Bridge (PHR) Sensors

By taking into account the setup (Figure 11), the option to supply the sensors with a
constant voltage source was tested but the response proved to be unstable. Given that the
two sensors have very similar resistances, the option to supply the sensors with a constant
current source was chosen as in Figures 14 and 16. The K2635A current source was set to
6 mA. The current was evenly distributed between the two sensors as confirmed by the
offset voltages measured for each sensor, which are very close to those when the sensors
were separately supplied at 3 mA. In the conditions described above, the K2635A source
determined:

• The voltage at the terminals of the bridge: 4.399 V;
• The total resistance of the bridge: 0.734 kΩ;
• The power dissipated by the bridge: 13.1 mW.

The output voltages from the two sensors were applied to the LabJack EI1040 con-
ditioning system [42], Figure 11, which supplies two voltages at the output, equal with
the input voltages but ground referenced. The obtained signal is applied to the K2182A
nanovoltmeter. The current through the Ag band is generated by the K6221 source set to
generate a sine waveform with 0.04 Hz (thus, quasi-stationary regime). The band current
passes through the ground through a R = 6.903 Ω load resistance. The output from this
resistor is read by a data acquisition system such that Vdiff = Vsensor1−Vsensor2 = f(I) data
are acquired. Figure 22 shows the response characteristic of the sensor in differential
configuration in function of the current through the printed Ag band. We can note a good
linearity of the system with a sensitivity between 4–4.67 · 10−4 mV/mA. Additionally, from
Figure 20b, we can note that the experimental results are in good qualitative agreement
with the output signal estimated in Section 3.1.
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The demonstrator chip was tested in AC conditions. The total current through the
sensors remained 6 mA. The K6221 source was programmed to generate alternative current
through the U-shaped trace, Figure 11. The signal was amplified by the SR 560 low noise
voltage amplifier from Standford Research; the gain was set to 2·104 and filters were used
that cut frequencies higher than 1 kHz and lower than 5 Hz. The signal from the load
resistor R = 6.903 Ω is applied on channel 1 and the one corresponding to the current sensor
is applied on channel 2 of the HDO 4000 Lecroy Teledyne digital oscilloscope, which allows
the analysis of the signal supplied by the chip.

In the Ag band, the current was injected with the following amplitudes: 5, 10, 15, 25,
25, 50, 75 s, i 100 mA at a 100 Hz frequency. With the HDO 4000 digital oscilloscope, the
waveforms of the signal generated by the chip and the effective signal value were measured.
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The calibration curve was obtained (Figure 23a). Additionally, the frequency response of
the sensor was tested in this case, Figure 23b. Finally, in Figure 24, the waveforms obtained
for a sinewave current with the amplitude Ipeak = 5, 25, and 50 mA at 100 Hz are shown.
From Figure 24, it can be noted that for Ipeak > 15 mA, the waveform of the output voltage
shows minimal distortions, following closely the sinusoidal waveform of the current, also
confirmed by the Fourier analysis.

The detection limit of the setup is around 2 mA (both DC and AC). The linearity error
was determined from Figure 22b by determining a 0.006 mV error for a signal variation of
0.078 mV, which constitutes around a 7.5% linearity error. The sensor was tested between a
range of 0–100 mA to avoid any significant thermal effects on the conductive band which
can influence the signal stability. Note that the setup aims to serve as a proof of concept
and cannot be compared directly with commercial solutions but is now subject to new
developments, especially concerning the multilayer structure used to deposit the sensors.
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4. Conclusions

The aim of this study is to serve as a basis in designing and optimizing a magnetore-
sistive bridge sensor for current measurement and low magnetic field sensing. Focus was
placed on improving the geometric selectivity of the setup by employing an analytical
model which can be used to optimize sensor placement and configuration to achieve the
best ratio in terms of sensitivity, complexity, and physical size. The optimization process
means: appropriate biasing of the sensor, adequate spacing of components to avoid par-
asitic magnetic fields, thus greatly improving the sensitivity of the sensor by increasing
the useful magnetic field present in the sensor area. This can be applied, for example,
for non-destructive testing of electronic circuits when measuring the current in different
regions of a printed circuit board.

The magnetic field modeling study of conductive traces for sensing applications has
shown that the implemented analytical method can serve as an essential tool for designing
high-sensitivity magnetoresistive sensor applications.

The analytical method included four study cases: neglecting the thickness of the trace,
dividing the thickness of the trace in several layers, finite or very long conductive trace,
and several adjacent traces in the sensor area. It was established that, in terms of accuracy
with experimental data, the case of the analytical model when the trace is finite in length
and the thickness of the trace is taken into account and divided in an appropriate number
of layers, is the most accurate. However, for longer trace lengths, models which neglect the
length of the trace can prove more accurate and are closer to the COMSOL FEM model.
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A detailed overview of the layout, behavior, and fabrication steps for a demonstra-
tor AMR bridge sensor setup focused on low fields was performed. The behavior of the
magnetoresistive structure that comprise the sensor was demonstrated through both equa-
tions from a single domain micromagnetic model and simulations using a multi-domain
micromagnetic approach. Through micromagnetic simulations, it was proved that only
the AMR bridge sensor generates the output depending on the applied field. Other parts
of the structure (such as the contacting pads or connecting traces) do not influence the
magnetization dynamics of the bridge with the proposed setup.

Very useful data were obtained, such as the optimal number of traces in a planar coil
setup to increase the field in the sensor area or the field distribution, depending on the
distance from the trace. This method was proven to be accurate when compared with
COMSOL simulations and experimental measurements for the implemented AMR bridge
sensor and for a giant magnetoresistive (GMR)-based current sensor. Several specific
optimizations were performed to the model, which reduce complexity significantly and
do not require computationally intensive FEM simulations compared with other solutions
shown in the literature [31,33–35], which either lack automation or require computationally
intense steps. Further developments of the analytical method can focus on geometric
corrections for multi-trace or non-linear trace configurations.

Furthermore, the proposed setup aims to create a highly versatile and sensitive sensor
setup by taking advantage of inherent benefits in terms of sensor treatment and design
(exchange bias field, geometry) and setup advantages (differential configuration, optimized
U-shaped trace design, sensors placed in a magnetically shielded box). Given the rela-
tively simple fabrication steps and procedure for the AMR bridge sensor, the proposed
sensor design is for proof-of concept purposes only. This approach has some advantages,
such as: simple fabrication, reduced costs, ease of use, and integration possibilities and
disadvantages, such as: nonlinearity, increased resistivity, and limited sensitivity com-
pared to commercial solutions [43–45]. Thus, the novelty of our approach is focused on
modeling-setup optimizations and single mask chip microfabrication.

Results were shown for both thermally and magnetically annealed sensors illustrated
into a complex testing device for DC/AC testing. From the analysis of the experimental
results, a detection limit of approximately ± 2 mA can be estimated. An almost linear
characteristic was obtained in the 0–200 Hz range, with an estimated 7.5% linearity error.
Results can be significantly improved by utilizing more complex structures based on the
GMR or TMR effect, with cross-axis anisotropy, which can lead to significantly enhanced
performance of this type of sensor. The findings from this study can also be applied for
magnetic nanoparticles detection placed on branches of the PHR sensor instead of the
U-shaped stripe. They can be seen as additional sources of the magnetic field which can
unbalance the bridge. Future studies can also focus on more complex sensor layouts
together with refined analytical modeling in xyz directions and simulations for more
complex sensor layouts in multiple axis orientations.
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Abstract
The advantages of planar Hall effect (PHE) sensors—their thermal stability, very low detection
limits, and high sensitivities—have supported a wide range of advanced applications such as
nano-Tesla (nT) magnetometers, current sensing, or low magnetic moment detection in
lab-on-a-chip devices. In this review we outline the background and implications of these PHE
sensors, starting from fundamental physics through their technological evolution over the past
few decades. Key parameters affecting the performance of these sensors, including noise from
different sources, thermal stability, and magnetoresistance magnitudes are discussed. The
progression of sensor geometries and junctions from disk, cross-to-bridge, ring, and ellipse
configuration is also reviewed. The logical sequence of these structures from single
magnetoresistive layers to bi-, tri-layers, and spin-valves is also covered. Research contributions
to the development of these sensors are highlighted with a focus on microfluidics and flexible
sensorics. This review serves as a comprehensive resource for scientists who wish to use PHE
for fundamental research or to develop new applications and devices. The conclusions from this
report will benefit the development, production, and performance evaluation of PHE-based
devices and microfluidics, as well as set the stage for future advances.

Keywords: planar Hall effect, sensors, permalloy, magnetoresistance, thin films, NiFe/IrMn

(Some figures may appear in colour only in the online journal)

∗
Author to whom any correspondence should be addressed.

1361-6463/21/353002+29$33.00 1 © 2021 IOP Publishing Ltd Printed in the UK

https://doi.org/10.1088/1361-6463/abfbfb
https://orcid.org/0000-0003-2206-1616
https://orcid.org/0000-0001-9927-4930
https://orcid.org/0000-0001-8469-5919
https://orcid.org/0000-0002-1160-9650
https://orcid.org/0000-0002-0918-5940
mailto:elzwawy1@gmail.com
mailto:aa.elzwawy@nrc.sci.eg
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6463/abfbfb&domain=pdf&date_stamp=2021-6-30


J. Phys. D: Appl. Phys. 54 (2021) 353002 Topical Review

1. Introduction

Technologies that improve life are always in increasing
demand. Spintronics—also known as spin electronics—which
combines the charge and spin characteristics of electrons,
offers a variety of novel and powerful device possibilities
to provide such solutions. These devices find use in sev-
eral key applications such as magnetometers, magnetic com-
passes, magnetic memories, or as sensing elements in con-
junction with lab-on-a-chip (LOC) devices and point-of-care
systems. Different types of sensors may be employed in
these devices, as with electrochemical sensors [1–9], pres-
sure sensors [10–13], temperature sensors [14, 15], gas sensors
[16, 17], and humidity sensors [18–20] These familiar classes
of sensors directly detect changes in the surrounding envir-
onment, whereas magnetic sensors do not directly measure
such properties. Instead, these magnetic sensors measure dis-
turbances in the applied magnetic field which can be conver-
ted into an electrical output voltage [21–23]. Basically, the
information attained from themagnetic sensors (variations and
fluctuations of the field) can be exploited to track the direc-
tions, locations, angles and rotations of items, the existence
of an electric current, in nondestructive testing, and so on
[24]. The working principle, then, for magnetic sensors does
not involve direct, physical contact. This property, along with
the fact that magnetic sensing has reduced noise in biological
media, positions magnetic sensors ideally in the area of biode-
tection [25–27]. In this review we focus on magnetic sensors
based on ferromagnetic (FM) materials, not semiconducting
material-based sensors. The key advantages for these sensors
are improved response time, field linearity, reliability, repro-
ducibility, sensitivity, selectivity, stability, ease of fabrication,
and lower detection limits [28–37].

The market for magnetic field sensors is growing rapidly,
estimated at ~$20B (USD) in 2019 [38, 39]. Various physical
phenomena are employed to develop magnetic field sensors,
which include search-coil, micro (fluxgate) sensors [40], mag-
netoresistive, andHall effect sensors, as based on galvanomag-
netic effects in semiconductors and magnetic thin films [41].
Despite their high sensitivity, search-coil and fluxgate mag-
netometers require complex electronic circuitry to deliver a
useful voltage and are not compatible with integrated circuit
(IC) technology, which, in turn, allows miniaturization, port-
ability, and low power consumption. On the other hand, mag-
netoresistance (MR) and Hall effect sensors offer many bene-
fits because they both compatible with and readily interfaced
with IC technology, and thus can be integrated on the same
chip in both analog and digital electronic circuits. With respect
to sensor performance, their application areas are well estab-
lished and distinct. MR sensors made from magnetic layers
are considered to be highly sensitive and ideal for small mag-
netic fields between 10−9 T to 10−2 T, whereas Hall sensors,
constructed from semiconductors, are less sensitive and more
optimal for magnetic fields greater than 10−6 T [42]. In con-
trast, however, with MR sensors, semiconductor-based Hall
sensors show no saturation effects at high magnetic fields. It
should be noted that, for MR-based sensors, these limits are
strongly influenced by the magnetic properties of the materials

and the layout of the microfabricated sensors. There is an
increasing number of applications that require magnetic field
sensors with improved performances like high sensitivity, low
hysteretic behavior, low noise, and low thermal drift. Also,
some special applications require magnetic sensors with tun-
able properties to fine adapt their field characteristics to the
specific use. The planar Hall sensors based on magnetoresist-
ance has diverse applications. These include biosensing [43],
flux leakage inspection [44], current sensing [45], and oth-
ers [46]. Furthermore, from the field of wearable sensors for
remote health monitoring, which has developed significantly
in recent years, has given rise to many studies on the magnetic
and electrical properties of structures deposited over flexible
substrates [47–52].

The evolution of the number of publications and their total
citations within 2002–2020 for the keyword, planar Hall effect
(PHE) is screened in figure 1 based on the Web of Science
core collection. However, in many other research papers, the
PHE is used both as a tool for fundamental research or for
sensing applications, so, the total number of published papers
and citations regarding with this subject can be much higher.

In this review, we review the fundamentals of PHE sensors
with respect to their origin, evolution, and configuration. From
this, we proceed to FM and FM/antiferromagnetic (FM/AF)
exchange-biased multilayer structures, discussing the optim-
izations performed for key parameters such as junction con-
figuration, thermal stability, and signal-to-noise ratio (S/N).
Finally, we highlight the major areas of application such as
bio-detection, low magnetic moment sensing, and inspection
of flux leakage for pipelines. We then offer perspectives on the
future outlook and directions for the field.

In what follows we give a brief description of the most
important MR effects that are used for fundamental research,
i.e. investigation of magnetization processes and other related
phenomena in nanostructured thin films, and to build mag-
netic sensors for applications such as high sensitivity mag-
netometers [47, 53], rotation encoders and micro compasses
[54–58], current sensors [45, 59, 60], and magnetic nano-
particles (MNPs) detection for biosensing [61–64] in LOC
devices.

2. Fundamentals of MR effects

The MR effect refers to a change in the electrical resistivity of
a material depending on the externally applied magnetic field.
For non-magnetic materials, the MR effect can be expressed
by [29]:

MR(H)% =
R(H)−R(H= 0)

R(H= 0)
× 100% (1)

where R(H) and R(H = 0) being the resistance of the mater-
ial for an applied field, (H), and H = 0, respectively. In non-
magnetic metals, for magnetic fields up to 1 T, the MR ratio is
larger than 0 but is less than 1% and the effect is due to Lorentz
forces that act on moving electrons.

For magnetic materials, H = 0 describes the remanent
state which can depend on the magnetization history. For this
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Figure 1. The evolution of number of papers dealing with planar Hall effect since 2002 according to Web of Science core collection
(accessed 6-5-2020) (a) number of publications using the keyword ‘planar Hall effect’, (b) the total number of citations within the same
years range.

reason, a more reliable state to describe the reference resist-
ance is at saturation, Hsat, such that, for FM materials, a more
appropriate description of theMRfield dependence is [65, 66]:

MR(H) =

(
R(H)−R(Hsat)

R(Hsat)

)
. (2)

Note that the applications enumerated above are mostly
based on Giant MR (GMR), Tunneling MR (TMR), Aniso-
tropicMR effect (AMR), and PHE effects whichwill be briefly
presented in what follows. Special attention will be paid to
AMR and PHE.

2.1. GMR and TMR effects

The GMR effect was discovered in 1988 by Albert Fert [67],
and Peter Grünberg [68] in exchange-coupled magnetic mul-
tilayered structures of the type (Fe/Cr)n. Briefly, the resistance
of a multilayer stack with an antiparallel magnetization con-
figuration is larger in size as compared to that of a parallel
magnetization configuration as shown in figure 2. The physical
mechanism of the GMR effect is the spin-dependent scatter-
ing at the interfaces and in FM layers for spin-up (spin paral-
lel to layer magnetization) and spin-down (spin antiparallel to
layer magnetization) electrons [69, 70]. The exchange coup-
ling between the FM layers (like Co, Fe, NiFe, etc) has an
oscillatory behavior and for some specific values of the non-
magnetic (NM) interlayer thickness is AF [71, 72]. Therefore,
when aligning the magnetization directions of the FM layers
from the initial antiparallel state, at zero field, to a parallel con-
figuration by applying an external magnetic field, the electrical
resistance of the layer stack decreases.

Figure 2(a) illustrates a simple GMR structure of the type
FM1/NM/FM2 for H = −Hsat and H = 0 and H =Hsat t

respectively for which the magnetic moments in both layers
are parallel. The field behavior of the MR effect is quadratic,
very similar to the AMR effect but the amplitude of the GMR
effect is larger, up to 15% at room temperature. Figure 2(b)

Figure 2. (a) Simple GMR 3-layer structure for three distinct states.
i.e. for H=−Hsat, H=o, and and H=Hsat respectively, and (b)
typical field dependence of the structure magnetization and GMR by
micromagnetic simulations.

shows the typical field behavior of the structure magnetiza-
tion and the GMR effect obtained by micromagnetic simula-
tions. Details regarding the parameters used for simulations
are presented in [60].

A more convenient way to build a GMR sensor is to pin one
of the FM layers with an adjacent AF layer through a unidirec-
tional interface coupling effect named exchange bias [73, 74]
while the other FM layer’s magnetization remains free to be
switched by an externally applied magnetic field [39, 61, 75].
This is an exchange-biased spin-valve structure of the type
FM/NM/FM/AF.

TMR is found in magnetic tunnel junctions (MTJs) with
a structure very similar to that of spin valves where the con-
ducting NM layer is replaced by a thin layer (around 1 nm) of
insulating oxide like Al2O3 or MgO [39, 76, 77]. The tunnel-
ing current through the insulating barrier of MTJs depends on
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the relative orientation of the magnetizations of the FM lay-
ers, which gives rise to a TMR effect. The field dependence
of the TMR effect is similar to that of the GMR effect but
with a MR ratio up to 200% at room temperature [61, 77].
MTJ structures are used as magnetic sensors, spin tunnel read
heads, and biomedical applications for detection of magnetic
markers [78]. Now, MTJs are used as building blocks for mag-
netoresistive random access memories because of their small
spatial footprint, which allows nanofabrication of high-density
non-volatile memory cells [79].

Although TMR sensors can provide much larger signals
when compared to GMR devices, the microfabrication pro-
cesses of the TMR sensors are more complicated and expens-
ive due to the need for ‘an upper contact.’ Therefore, a proper
choice of device type is necessary for certain applications, as
with, for example biosensing applications [77, 79]. For bio-
sensing applications this means a larger distance between the
magnetic nanoparticles (MNPs) and the free layer in the sensor
which can lower the effective detection sensitivity of the field
created by the MNPs. Moreover, the effective surface of the
TMR sensors that can be exposed to MNPs is much lower than
for GMR and PHE sensors and this affects the dynamic range
in terms of the number of magnetic particles detected [80].
Finally, the resistance of TMR sensors is usually much lar-
ger as compared with GMR devices, and the corresponding
noise is increased subsequently. For the detection of very low
magnetic moments, elimination of noise requires an extended
measuring period.

2.2. AMR and PHE effects

The AMR effect was discovered by William Thomson (Lord
Kelvin) in 1856 and appears in FM bulk materials or thin films
such as Ni, Co, Fe and their alloys [81, 82]. The AMR effect
comes from the dependence of the electrical resistivity (hence
the resistance as a measurable value) of a material on the angle
between the direction of electric current and the direction of
magnetization inside the material. In short, the physical ori-
gin of AMR can be attributed to the anisotropic s–d scattering
of electrons due to the spin–orbit coupling on 3d orbitals of
FMmaterials [56, 61, 83–85] The net effect (in most magnetic
materials) is that the electrical resistance has amaximum value
when the direction of current is parallel to the magnetization
and it has a minimum value when the direction of the current
is perpendicular to the magnetization.

Thus, the AMR ratio that can be achieved in a magnetic
material is expressed by [64, 86]

∆ρ

ρ⊥
=

(
ρ|| − ρ⊥

ρ⊥

)
× 100% (3)

where both resistivities ρ|| and ρ⊥ are expressed at satura-
tion field, parallel and perpendicular to the current direction
respectively.

AMR devices, as single resistors, are more susceptible to
thermal noise and thermal drift around zero fields [57]. How-
ever, as we can see from figure 3(a), when M rotates around
±45◦ with the current direction, the AMR effect has linear
variation. This has inspired the barber pole (BP) biasing where

the current is forced to flow in a direction that makes an angle
of ±45◦ with M [58]. Now, when H is applied over y-axis,
the AMR effect will show a linear field dependence. The thin
film elements are usually connected in a Wheatstone bridge
configuration in order to compensate temperature drift and to
double the signal output. This means that the AMR elements
on the opposite arms are biased in the same way (at 45◦ and
−45◦ respectively) creating, in this way, a differential sensor.
Ideally, the bridge resistances have the same value forming
diagonal pairs of identical elements that react oppositely to
one another to an external magnetic field. Wemust remark that
this setup is equivalent, from an electric point of view, with a
PHE structure [87, 88]. Several suppliers offer a large vari-
ety of commercially available devices based on AMR effect
[54, 59, 89] and sensitivities of about 0.35 (mV/V) Oe−1 have
been reported for Wheatstone bridges with BP-biased AMR
sensors [58].

Formost bulkmagneticmaterials this ratio is not larger than
5% whereas for typical FM NiFe films, the AMR value is in
the order of 2%–2.2% in fields of a fewOe [58]. A widely used
material is the Ni80Fe20 (Permalloy) the magnetostriction and
magnetocrystalline anisotropy both pass through zero near this
composition [90].

To quantify the AMR and PHE, we may consider the meas-
urement configuration given in figure 3(a). Here a thin film
of FM material is presented. For functional devices, an easy
axis of magnetization is defined by an anisotropy field (HK)
through the shape anisotropy (l > w) and the intrinsic aniso-
tropy field due to the crystalline structure of the magnetic layer
and microfabrication process.

The PHE output voltage is delivered as [91, 92]:

VPHE = I

(
ρ|| − ρ⊥

)
t

sinθ cosθ (4)

where t is the thickness of the FM layer, and I is the constant
current applied along the x-axis of the FM layer.

It can bementioned here that themagnetization rotation can
be due to a rotating magnetic field or to a magnetic field, (H),
which is applied along y-axis. The equilibrium state of mag-
netization angle (θ) in the sensing layer, can be calculated by
minimizing the system’s free energy density (EM) expressed
by [93–96]

EM = Kusin
2θ−MSHcos(α− θ)−MSHexcos(β− θ) (5)

where Ku is the effective anisotropy constant, MS is the
saturation magnetization and Hex is the exchange biasing
field, which acts like an external biasing (unidirectional) field
applied to the sensing layer.α is the angle between the external
field, (H), and the easy axis (anisotropy axis). β is the angle
between the direction of the exchange bias field and the easy
axis of the magnetic layer. Usually, in PHE sensors β is adjus-
ted as 0º. Thus, under the zeromagnetic field (H= 0), themag-
netization can be aligned along the current direction (along
+x-axis), figure 3(a). For this device configuration, because
θ = 0, theoretically, the VPHE given in equation (4) provides
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Figure 3. (a) Schematic representation of a Permalloy thin film through which is flowing a current along x-axis; M is the magnetization
which makes an angle θ with the current direction due to the applied field, H. A uniaxial magnetic anisotropy, defined by HK may be
present; (b), (c) the angular dependencies of the AMR and PHE respectively; (d) the angular dependence of magnetization along the rotating
field H = 100, 500, and 4000 Oe.

zero voltage, therefore the PHE sensors are providing zero off-
set voltage. In addition, in many cases, the effect of the aniso-
tropy can be described by an anisotropy field of (HK) rather by
the anisotropy constant of (Ku), (where HK = 2Ku/MS) [97].

The position at the equilibrium of magnetization, and hence
the angle θ, is calculated from the energy minimum condition,
dEM/dθ = 0, using a semi-analytical Stoner–Wohlfarth (SW)
model implemented in SimulMag [55, 98].

Figures 3(b) and (c) show the dependencies of the AMR
effect and PHE, respectively, on the angle α between the rotat-
ing fieldH and j. These plots, which have a qualitative charac-
ter, were obtained by considering a single domain of Permal-
loy (Ni80Fe20), with l×w× t= 1000× 500× 10 nm3 (t being
the film thickness),MS = 800 emu cm−3 and HK = 90 Oe. A
rotating field H = 4000 Oe was employed in these simula-
tions. The position at the equilibrium of magnetization, and
hence the angle θ betweenM and j, was obtained by minimiz-
ing the system’s free energy using a semi-analytical SWmodel
implemented in SimulMag [55, 98]. Figure 3(d) shows that
if H is large enough, i.e. larger than the effective anisotropy
field, M follows accurately the field orientation, i.e. α = θ,
and this suggests the application of AMR and PHE for rotation
sensors.

As mentioned above, the magnetization can rotate, also,
because of a field H applied over y-axis, i.e. α = 90◦ in

figure 3(a). This is the typical setup used for field sensing we
present, in figure 4(a) and in figure 4(b) the field dependencies
of the AMR effect and PHE simulated in the single domain
approach. Now, comparing the results from figures 3 and 4
we can draw some conclusions: (a) the sensitivity of the AMR
effect around zero-field (which can mean also, θ = 0) is very
small and is 0 for H = 0 whereas the response of the PHE
is linear around zero-field, with a constant sensitivity; (b) the
AMR signal is unipolar, with a quadratic field dependence,
whereas the PHE signal is bipolar both for angular and field
dependencies and (c) by applying a biasing field, Hex, along
the easy axis we can fine tune theAMR and PHEfield response
[56, 62]. The peak field-HP (for which θ = 45◦) expresses the
maximum value of the applied field for which the sensor can
deliver a useful signal, figure 4(b). This field can be expressed
as [93]:

Hp = Hex +HK/
√
2. (6)

WithHK, the effective anisotropy field which includes uniaxial
anisotropy, the shape anisotropy, etc;Hex is the exchange bias-
ing field present in exchange biased and spin-valve structures
or can be an external field, Hex, applied along the current dir-
ection, figure 3(a) [62].
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Figure 4. Field dependencies for (a) AMR effect and (b) PHE; H is directed along y-axis. The simulations were done, using the parameters
presented above, for Hex = 0 and Hex = 10 Oe.

Figure 5. Illustration of magnetic moments orientation in a thin film of Permalloy 1000 × 500 × 10 nm3. The used parameters are: cell
dimension 5 nm, MS = 710 emu cm−3, exchange constant A = 1.3 × 10−11 J m−1, and the anisotropy constant Ku = 500 J m−3 along the
x-axis; Tabs = 0 K. The color legend illustrates the magnetic moments orientation.

These data show that PHE signals can be used to build low
magnetic field sensors but can also be used as a sensitive tool to
characterize magnetic thin films. As we will show later, PHE
sensors are more sensitive to catch fluctuations in the direction
of FM layer magnetization. Exactly controlling the magnet-
ization state is key to the operation of PHE sensors. Ideally,
the magnetization must be confined to a certain direction in
zero field, and the application of a field perpendicular to this
direction rotates the magnetization in such a way that the out-
put signal, VPHE, is linear with respect to the magnitude of
the applied field. This is true for applied fields smaller than a
fourth of the intrinsic effective anisotropy field, given for mag-
netocrystalline anisotropy, uniaxial anisotropy induced during
the film deposition and the shape anisotropy. Magnetoelastic
anisotropy becomes important when tension is present in the
substrate. Such cases can be found when, for example, a piezo-
electric material or a flexible material, like Kapton is used as
substrate [47].

PHE sensors acquire the advantages of high linearity at
small applied fields, elevated S/N ratio, reduced noise and
zero-offset, as well as enhanced thermal stability and low
power consumption [32, 64, 99–105]. Generally the sensitivity
can be referred to as the ratio of the response to cause, hence
the PHE sensitivity can be expressed as the ratio between the
noticed output voltage and the operating field range, simply
denoted as: SPHE = ∆V/∆H [97, 106].

From equation (6) and figure 4(b) it appears that higher
sensitivities can be achieved for lower values of Hp. How-
ever, for real structures, smaller values for HK and Hex means
magnetic domains in the sensing layer, figure 3, that imply

nonlinear field dependence and hysteretic behavior of the PHE
signal [62]. On the other hand, larger values of Hex and HK

bring the sensing layer close to a single domain structure with
the cost of magnetic field sensitivity [93].

Finally, we must note that AMR and PHE dependen-
cies may be affected by hysteretic effects in real struc-
tures, like NiFe films, which are far from single domain
behavior, even if an easy axis of magnetization is defined
through shape and uniaxial anisotropy. Figure 5 presents the
results of micromagnetic simulations using LLG Micromag-
netics simulator [107], performed on a Permalloy thin film of
1000 × 500 × 10 nm3 where the structure arrives in a final
state which is slightly different from the initial state. This is
translated into a different AMR or PHE signal at the sensor
output.

Note that, the internal magnetization has no preferred dir-
ection along the longitudinal axis and flipping of 180◦ can
occur due to spikes or to exposure to some external mag-
netic fields. This flipping of the magnetization results in a
different sensitivity of the system. To overcome this prob-
lem an internal coil (KMZ51) or external controlled mag-
netic field should be used to reset and set the magnetization
to the initial orientation. Other methods to keep the initial
magnetization state, for H = 0, is to use exchange-biased
structures like bilayers FM/AF, trilayers FM/NM/AF, or spin
valves of the type FM/NM/FM/AF where FM is a FM layer
(NiFe, NiFeCo, etc.), NM is a NM layer like Cu, Ag, Pt and
AF is an AF layer like FeMn or IrMn [93]. These meth-
ods with their advantage and drawbacks will be discussed,
later.
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In this review article we focus on the use of NiFe as FM
layer and IrMn as AF layer, as being representative for applic-
ations of PHE sensors. Other FM materials were studied with
these bi- and tri-layer structures such as NiCo [108, 109],
NiFeMo [100], CoFe [110], and others [91, 109, 111]. NiFe
is a better candidate according to its MR value, diminished
magnetostriction, and anisotropy, along with an easier domain
rotation depending on excellent soft properties with reduced
coercive field and increased saturation [112]. Previous studies
were dedicated to using various AF materials as FeMn [113],
NiMn [114, 115], NiO [116, 117], to exchange bias the NiFe
layer. Presently, IrMn is the better choice to be used with NiFe,
as it gives a higher exchange bias field, elevated thermal sta-
bility, and higher Néel temperature [118, 119].

2.3. A brief history of the PHE

Earlier studies of the PHE were reported more than five dec-
ades ago [120–124]. The term itself was first mentioned as a
new galvanomagnetic effect by Goldberg, et al [121], where
the authors introduced a new term ‘planar Hall field’, which is
observed by measuring the induced voltage normal to the dir-
ection of current flow as in the conventional Hall effect con-
figuration but with the magnetic field in the current–voltage
plane. No earlier discussions or reports can be found regard-
ing this topic. Sometimes this effect is cited as “pseudo Hall
effect,” as the design of the experimental measurement mim-
ics the conventional Hall effect excluding the field orientation
[104, 115]. The study of theoretical basics of PHEwas conduc-
ted by Ky [123, 124]. Additionally, PHE in a single Ni layer
was introduced in (1966) [125, 126]. The quadratic depend-
ence of the PHE output voltage on magnetization was demon-
strated.

Afterwards, Ky in 1968 reported the PHE in Co, Fe,
Ni, and NiFe FM materials with layers thicknesses within
10–150 nm, and a wide temperature range of 77–293 K [120].
The author concluded that the output voltage slightly increases
with a decreasing film thickness at low temperature, whichwas
attributed to the increased defects and impurities concentra-
tion in the film. Another report by Yau et al. [122] discusses
the PHE in NiFe alloys with 50%, 80%, and 100% Ni content.
The output voltage varies noticeably with the Ni content, and
it shows a parabolic dependence on the field for fields above
saturation. This result was explained by the existence of an
inertial field, the domain structure. The exploitation of PHE
to explore the thin films rotational hysteresis, was developed
by Vatskichev, et al [127], where they concluded that PHE
voltage hysteresis area calculations can produce a uniaxial
anisotropy magnitude in thin films. Berger [128], displayed
that for PHE, the voltage which is proportional to the thickness
of domain wall is shaped when the DC current transverses the
domains.

Later on, Schuhl et al., fabricated a sensor for low mag-
netic field detection relying on the PHE principle in ultrathin
Permalloy film. A reachable 10 nT detection limit and
100 V A−1T−1 sensitivity was acquired [129–131]. A sensor
designed for microcompass applications introduced by Mon-
taigne et al based on the Permalloy thin film has a reachable

200 V A−1T−1 sensitivity and 10 nT detection limit within a
1–1000 Hz frequency [57]. The investigation of the perpen-
dicular anisotropy in Co thin film was also performed using
the PHE with a perpendicularly applied magnetic field on the
film surface by Ogrin et al [132]. The offset voltage is also
explained in terms of origin and its suppression tactics. Fol-
lowing up on this, Santos et al [96] prepared Permalloy films
where they investigated the propagation of the PHE, and con-
cluded that the transverse voltage possesses a strong variation
where the field is perpendicular to the films plane. A model
to express this was proposed, thus it is convenient for angular
positioning. The exchange bias systems with FM/AFM bilay-
ers with the PHE was firstly proposed by Kim et al where
NiO/NiFe system was used and an optimization of the PHE
using biaxial currents was employed [116].

After 1999, Baselt et al., showed a potential detection
of biomaterials by using a GMR-based sensor, the PHE-
is also investigated for the biosensing by several groups
[43, 133–136]. It was found that the facile fabrication and
unique properties of PHE sensors were very useful in detect-
ing magnetic labels/beads with a very good S/N ratio. After-
wards, these researchers tried to enhance the sensor sensitiv-
ity and resolution either by changing the sensor structure [65,
93, 108] or sensor geometry [108, 137]. During these invest-
igations, new sensor application fields have emerged such as
current monitoring [137], oil and gas pipeline inspection [44],
and non-volatile logic gates functionalization [138]. Recent
investigations of PHE sensors have focused on the different
sources of noise and thermal stability [94, 139], as well as
integration with wearable devices [137, 140, 141]. The implic-
ations of sensor structure and sensor geometry on PHE sensor
sensitivity is provided in detail under sections 3 and 4. Flex-
ible PHE-based sensors are discussed in section 7. The his-
torical timetable for the evolution of the PHE is displayed in
figure 6.

3. Effect of sensor structures on PHE sensitivity

In this section, we cover different layers composing the PHE
sensors and their correlation with the sensitivity and MR
magnitude with more focus on Permalloy based structures of
PHE as well as seed and capping layers contributions to the
sensitivity.

3.1. PHE in a single FM layer

PHE can be observed in the Hall voltage of single layer FM
materials [46, 120, 122, 129, 142–144]. When the conditions
given in theoretical background (figure 3(a)) have been sup-
plied, the PHE signal exhibits a quite linear region as shown
in figure 3(b). This linear region can be used for measuring/-
detecting magnetic fields in the range of millitesla (mT) and
picotesla (pT). In order to detect low magnetic fields down to
the pT level, the FM sensing layer must be magnetically soft
with a good AMR ratio. Therefore, the FM materials such as
NiFe, CoFe andNiCo are good candidates to be a sensing layer
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Figure 6. The evolution of the planar Hall effect related work with the appropriate timing for each phase, with their related references.

of PHE sensors [108, 110, 145, 146]. Also, the uniaxial mag-
netic anisotropy property of these materials makes it easier to
control the output signal of the PHE sensors for applications.
In the FM layers, such as NiFe, the magnetization favors to lie
along a particular axis (or several axes) called the easy axis
of magnetization, leading to magnetic anisotropy. The applic-
ation of an external magnetic field on the FM layer causes
the rotation of the magnetization from its original direction
by an angle θ. The values of angle θ depend on the value
of the external magnetic field and the properties of the FM
layer. Applying sufficient magnetic field perpendicular to the
easy axis causes the rotation of the magnetization from its ori-
ginal direction θ = 0◦ to the direction of the applied magnetic
field θ = 90◦ (usually called the hard axis of the magnetiz-
ation). The cancellation of the applied magnetic field causes
the rotation of the magnetization from θ = 90◦ to θ = 180◦.
When the FM layer is employed as a planar Hall sensor, the
voltage corresponding to this rotation (from θ = 0◦ to θ = 90◦

and from θ = 90◦ to θ = 180) will show a large hysteresis
due to the linear dependence of the planar Hall voltage on the

sinus of the angle 2θ (VPHE ∼ sin (2θ)). This hysteresis can
be avoided by coupling the FM layer to an AF layer which
induces a unidirectional anisotropy of the magnetization due
to a fundamental interfacial property called the exchange bias
interaction.

In the early studies, Dau et al have demonstrated that the
PHE signal of a single layer of NiFe grown on Fe/Pd buffer
can detect low magnetic fields below 10 nT [131]. Recently,
Nhalil et al have illustrated that the elliptical shaped NiFe
layer can detect low magnetic fields down to 5 pT level and
they have reported that the micro-structured magnetoresist-
ive sensor based on PHE can be used instead of fluxgate
sensor which is larger and more expensive [147]. However,
the PHE signal of a single NiFe layer (without an exchange
bias field, Hex) exhibits hysteresis due to the switching beha-
vior of magnetization during magnetic field sweeping [57,
131]. Since the hysteresis of the PHE signal is undesirable for
many sensor applications, it can be removed by considering
exchange biased FM/AF bilayer or double biased FM/AF/FM
sensor structures.
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3.2. Bilayers

The phenomenon of the exchange bias was discovered
63 years ago by Meiklejohn and Bean during their work on
nanoparticles of the core–shell structure (Co/CoO) [73]. From
a macroscopic point of view, the effect of the exchange inter-
action between the two FM and AF layers appears clearly in
the shift of the hysteresis cycle M (H) from zero for a single
FM layer to non-zero values for the FM/AF bilayer structure.
The value of the field shift is called the exchange bias field
(Hex). The application of an external magnetic field to the hard
axis of the bilayer structure incites the rotation of the magnet-
ization form θ = 0◦ to θ = 90◦ and when the applied field
has removed the magnetization of the bilayer structure rotates
from θ = 90◦ to θ = 0◦ which eliminates the hysteresis of the
planar Hall voltage.

Besides, the exchange bias compels the magnetic moments
in the FM layer to rotate coherently towards the applied mag-
netic field, and by consequence, it improves the thermal sta-
bility of the planar Hall sensor and reduces the Barkhausen
noise. Due to these advantages, the planar Hall sensor based
on a bilayer structure is a good candidate for the detection
of small magnetic fields. However, a deep understanding of
the effects of the thickness, shape, material compounds, and
the size of magnetic layers were required to develop a bilayer
planar Hall magnetic sensor that combines high sensitivity,
low noise, high thermal stability, and a low limit of detection.

In the FM/AF bilayer or double biased sensor structures, the
exchange bias effect induces a unidirectional magnetic aniso-
tropy which results in a reversal behavior of magnetization
without switching [91, 145, 148–150]. Thus, the hysteresis
behavior of the PHE signal can be removed. In the literat-
ure, IrMn material has commonly been used as an AF layer
due to its high electrical resistivity and high Néel temperat-
ure [151]. Besides, Thanh et al and Damsgaard et al have
worked on the FM thickness dependence of the PHE sensit-
ivity (SPHE) in the bilayer structure of NiFe(t)/IrMn for the
thickness ranges between 3–20 nm and 20–50 nm, respect-
ively [43, 152, 153], the similar direction is applied on (NiO
(30 nm)/NiFe(t)) bilayer by Kim et al, within 5–30 nm thick-
ness [154]. They have observed an increase in SPHE as the
thickness of the NiFe layer increased. The sensitivity increase
in the PHE signal has been explained by considering two main
effects:

(a) the exchange bias field (Hex) has decreased as a function of
increasing thickness of the NiFe sensing layer. Thus, the
magneticmoments of theNiFe sensing layer can be rotated
more freely toward the applied magnetic field which res-
ults in higher magnetic field sensitivity.

(b) the observed resistivity difference (∆ρ = ρ∥ − ρ⊥) of the
FM sensing layer has increased when the thickness of the
NiFe layer is increased. This results in a maximum voltage
increase of the PHE signal which provides increased sens-
itivity. The reported resistivity trends as two regimes,
one less than 10 nm NiFe thickness where the resistiv-
ity increases, and one higher than 10 nm NiFe thickness

where it decreases. This is explained by the surface inter-
action contributions in the multilayer, when NiFe is a few
nm thickness, IrMn and Ta dominate. For further increase
of NiFe thickness, it obtains enough surface contributions
to affect and reduce the resistivity magnitude following the
Funchs–Sondheimer theory [153].

However, the strong pinning of the exchange bias interac-
tion in the NiFe/IrMn bilayer system restricts the magnetic
field sensitivity (SPHE) of the PHE signal compared to a single
NiFe layer. To increase the SPHE further, the exchange bias
field (Hex) must be further reduced. This can be accomplished
by using a trilayer structure of FM/NM/AF or a spin-valve
structure of FM/NM/FM/AF.

3.3. Trilayers

The exchange bias field (Hex) can be reduced by inserting a
NM thin spacer layer between FM and AF layers [93, 97,
155, 156]. Thus, the Hex can be well-tuned in FM/NM/AF
trilayer sensor structures by varying the thickness of the NM
spacer layer. The exchange bias decreases exponentially with
the increase of the spacer layer thickness and vanishes around
1 nm thickness while this thickness is enough to completely
separate the FM/AF layers [65, 93, 157–161]. In the literat-
ure, mostly the Cu material has been used as a spacer layer.
When a very thin Cu spacer layer has been inserted between
NiFe and IrMn layers, a significant increase in SPHE has been
observed [93, 112]. However, although the exchange bias field
(Hex) can be reduced by inserting a thicker Cu spacer layer, the
PHE sensor’s sensitivity (SPHE) has not been further increased
due to the decreased maximum output voltage of the PHE
signal. The decrease in the maximum output voltage of the
PHE signal can be explained by recalling the VPHE expression
given in equation (4). When the sensor structure consists of
different layers than the FM sensing layer, the applied cur-
rent I, is separated into IFM and Ishunt. Thus, the IFM decreases
in the presence of other layers (shunt layers) depending on
their resistivities. Furthermore, the good conductivity of Cu
spacer layer results in a large decrease in IFM as the thickness
of the Cu layer increased. Therefore, the sensor’s maximum
output voltage is reduced. In the literature, there are also few
efforts to investigate the effect of different types of spacer lay-
ers such as Au, Pt, and Cr materials in the trilayer structures
of NiFe/NM/IrMn [65, 162–164]. Li et al has reported a very
good enhancement of PHE sensitivity by usingAu spacer layer
up to 1 nm thickness, So far the prominent thickness of the
spacer layer for sensitivity is around 0.5−0.6 nm [65]. Surpris-
ingly, they have observed a maximum voltage increase des-
pite the Au spacer thickness being increased. This is attributed
to the enhancement of resistivity difference (ρ|| − ρ⊥) of the
NiFe layer when it is interfaced with the Au spacer. A sim-
ilar enhancement of resistivity difference has been observed
in the NiFe/Pt/IrMn sensor structure by Pişkin et al using a Pt
spacer layer up to 1 nm [162, 165]. This indicates that both Au
and Pt spacer layers repair the negative effect of Cu. Thus, the
SPHE can be further increased in NiFe/NM/IrMn (NM: Au, Pt)
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trilayer structures compared to the NiFe/Cu/IrMn structure.
Moreover, Elzwawy et al have reported that the power con-
sumption of PHE sensors can beminimizedwithout sacrificing
sensitivity [100]. In their study, equisensitive PHE sensors
have been successfully fabricated by varying the thicknesses
of spacer and capping layers. It is shown that the output voltage
of the PHE sensor can be tuned by varying the thickness of cap-
ping layer, while the exchange bias field (Hex) can be tuned by
adjusting the thickness of the spacer layer.

In connection with the use of Au and Pt layers, we canmen-
tion a special class of structures of the type FM/HM where
a large spin Hall MR (SMR) can appear [1–3]; HM repres-
ents a heavy metal thin layer like Pt, AuxPt1−x alloy [166],
W [167], PtHf and PtAl alloys [168] or Pt/Hf multilayer [169]
whereas FM is a FM layer like NiFe, CoFeB [166–168]. When
the current flows through the multilayered structure, the NM
layer acts as a spin orbit torque (SOT) biasing layer [166–168]
for the FM layer. The current-induced magnetization due to
SOT effect eliminates the need of a biasing field from an
external source or from an exchange coupling with an AF
layer. We must note that SMR is based on the spin Hall effect
(SHE) and on the inverse SHE (ISHE) in NM [167]. A typ-
ical PHE setup is used for sensing applications with such
structures [166, 167]. Using a Wheatstone bridge comprising
of four ellipsoidal NiFe(2.5 nm)/Au0.19Pt0.81(3.2 nm) sensing
elements with a long axis length of 800 µm and short axis of
200 µm, a SMR sensor with nearly zero DC offset and negli-
gible hysteresis was reported in [166]. The sensitivity is up to
1.10mVV−1 Oe−1 at 20 ◦Cwithin a linear region of±0.86Oe
and the field detectivity can reach 0.71 nTHz−1/2 at 1 Hz. Des-
pite the simplicity of such structures, work has to be done on
HM and FM layers to increase the SMR effect, the linear range
and to improve the stability of the sensitivity with temperature
[166, 170]. Also, it must be noted that PHE setup or theWheat-
stone bridge configuration can also be used to characterize
SOT effective fields and the MR effect in FM/HM structures.

Another improvement in the NiFe/Au/IrMn trilayer based
PHE sensors has been introduced by substituting the Ta cap-
ping layers with NiFeCr layer [171]. When the NiFeCr mater-
ial has been used instead of Ta capping layer, a better condition
for domain wall pinning in the NiFe sensing layer has been
observed. This results in a lower value of Barkhausen noise.
Thus, a 50% higher S/N ratio has been reported compared to a
sensor structure that contains the Ta capping layer. Besides, it
is important to mention here that the higher S/N ratio enables
the detection of lower magnetic fields.

Recently, Mahfoud et al have presented a very interest-
ing method to stabilize the magnetic field sensitivity of PHE
sensors by using a trilayer sensor structure of NiFe/Cu/IrMn in
an unstable thermal environment [94]. In this study, they have
found a special case that the sensor’s magnetic field sensit-
ivity does not significantly change with varying temperature.
It has been reported that the PHE sensors with the thermal
stability of sensitivity can be used for the characterization of
low volume and low dimension magnetic materials like single
molecular magnets. The NiFe thickness effect is explained as
well for NiFe/Cu/IrMn trilayer structure with a varied NiFe
thickness 10–30 nm and Cu thickness 0−0.6 nm, in summary,

20–30 nm thickness of NiFe accompanied by 0.6 nm thick-
ness of Cu layer gives around 90% elevated signal [172], few
reports interconnect with AF materials conjugated with NiFe
for PHE sensors [113, 114] However, up to the authors best
knowledge, no IrMn layer thickness effect on PHE sensors is
investigated in this bi- and tri-layer structures.

3.4. Spin-valves

The spin-valve structure typically consists of two FM layers
separated by a NM conducting (spacer) layer. It is important
to note that when the thickness of the spacer layer is smal-
ler than the mean free path of the electrons, the two FM lay-
ers can affect each other via Ruderman–Kittel–Kasuya–Yosida
(RKKY) interaction. The RKKY interaction between two FM
layer is known to cause a unidirectional magnetic anisotropy
when one of the FM layers is pinned by an AF layer. Thus,
the other almost free FM layer can be used as sensing layer
for PHE sensors [110, 173–177]. The RKKY interaction can
also be used to tune the Hex of the NiFe sensing layer by vary-
ing the thickness of a spacer layer or varying the thickness of
FM layers. In order to optimize the magnetic field sensitiv-
ity of spin-valve based PHE sensors, Hung et al has investig-
ated systematically the effect of thickness of FM free (tf) lay-
ers in Ta(5)/NiFe (tf)/Cu(1.2)/NiFe (2)/IrMn(15)/Ta(5) (nm)
(tf = 4–16 nm) structure [178]. They have observed a sensit-
ivity increase as the tf increased up to 16 nm. However, the
magnetic field value of the peak in PHE signal did not change
a lot as the tf was increased. Thus, they have explained the
enhancement of sensitivity by decreasing the shunt current
from other layers. A similar systematic study has been done by
Tu et al considering the effect of thicknesses of the FM pinned
(tp) and the FM free (tf) layers in Ta(5)/NiFe (tf)/Cu(1.2)/NiFe
(tp)/IrMn(15)/Ta(5) (nm) (tf = 4–26 nm, tp = 1–12 nm) struc-
ture [179]. They have observed the same shunt current effect
with similar magnetic anisotropy behavior when the tf var-
ied in the working range. In addition, they have reported that
the PHE sensor sensitivity increases as the thickness of tf
increased and tp decreased. Thus, the highest PHE sensit-
ivity has been reported in the spin-valve configuration with
tf = 26 nm and tp = 1 nm.

3.5. Seed and capping layer effect

The seed layer in general affects theMR ratio [149] as a better-
smoothed seed layer promotes a lowered grain boundary and a
larger grain size that increases (111) texture for the subsequent
layers. This leads to a longer mean free path affected by scat-
tering of the conduction band electrons and finally, an elev-
ation of the MR value can be noticed. According to Wang
et al the optimum MR ratio value (3.5%) of the seed layer
was at ≈5 nm thickness and 400 ◦C for Ta as the most com-
monly used seed layer with the Permalloy FM layer [180],
whereas the NiFeCr was found as a superior alternative for
Ta seed layer [181–185]. Contrary to the Ta seed layer which
encounters a thermally preferred interaction between Ta and
NiFe leading to a magnetically dead layer and a reduced mag-
netic moment magnitude, NiFeCr does not experience this
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interaction. The (NiFe)1−xNbx seed layer is also used and has
a reported 3.76% MR ratio at x ≈ 20% of NiFeNb alloy at
450 ◦C, while Ta has a 3.27% MR ratio at the same con-
ditions [186, 187]. The capping layer effect in general is a
protective layer of the humidity and surroundings. Vastly, the
capping layer affects the overall resistance of the stacking
which subsequently affects the effective output voltage [188],
of the sensors. Lately, another point of view on the capping
layer contribution is discussed and depicted [171], in terms of
the mechanical energy changes. A threefold elevation of the
exchange bias value is maintained upon introducing a NiFeCr
capping layer in contrast with the usual Ta layer. Since the col-
lision probability of sputtered atoms with different masses, a
change in momentum transfer can be acquired. The transfer
is linked to coupled/decoupled areas in the FM/AF interface
leading to the increase in exchange bias magnitude.

4. Effect of the sensor geometry on PHE sensitivity

The PHE sensors are patterned with different geometries in
relation to the desired application. The most usual geometries
are: cross-shaped, elliptical, and disk-shaped. Other geomet-
ries, which mimic the PHE, exist as ring shaped or diamond
shaped AMR resistors connected in a Wheatstone bridge.
These resistors are named PHE bridge (PHEB) and, to sus-
tain the correct orientation of the magnetization inside of these
arms, an exchange-biased stack is used [137]. Some results
regarding the development of Permalloy based PHE sensors
are presented as follows.

4.1. Cross junctions

Theoretically, the PHE voltage does not depend on the length
or width of a cross junction, but is affected by the thickness
of the FM layer as expressed in equation (4). Until the year
~2010 the planar Hall sensors were manufactured based on
cross-shaped architectures. The widespread use of this shape
is due to the ease of its manufacture as well as the exist-
ence of a large body of research that has studied the various
magnetic interactions occuring in these shapes. Also, these
shapes appeared to be an appropriate option for some tech-
nological applications especially those related to biological
detection as increasing the active surface of the sensor could
increase the possibility of detecting biological molecules.
Hung et al has experimentally investigated the effect of cross
size on the PHE voltage by fabricating a spin-valve structure
of Ta(5)/NiFe(6)/Cu(3)/NiFe(3)/IrMn(15)/Ta(5) (nm) with the
cross sizes of 50 × 50 µm2, 50 × 70 µm2 and 50 × 100 µm2

[189]. They have observed the same PHE voltage profiles
when the cross size has been varied. A similar experimental
study has been carried out by Donolato et al They have fab-
ricated a bilayer structure of Ta(3)/NiFe(30)/IrMn (20)/Ta(3)
(nm) with the cross sizes varied between 40 × 40 µm2

and 3 × 3 µm2 [190]. They have observed the same PHE
voltage profiles when they used the 40 × 40 µm2 and
20 × 20 µm2 crosses. This finding was very similar to the
results observed by Hung et al However, when the cross size

has been reduced below 10 × 10 µm2, they have observed
hysteresis in the PHE voltage profile with an increasing
trend. They have investigated this hysteresis behavior of the
PHE signal by taking a magnetic force microscopy (MFM)
images of crosses and by micromagnetic simulations. They
concluded that when the cross size is reduced a new mag-
netic easy axis has occurred due to the shape anisotropy.
The presence of a new easy axis has resulted in a hyster-
esis behavior in the PHE voltage profile. The importance
of this work lies in highlighting the effect of the sensor’s
dimensions on its magnetic behavior, especially for mag-
netic sensors that have small dimensions. The low dimen-
sional sensors could be the next generation of planar Hall mag-
netic sensors due to the urgent need to reduce the size of the
sensor to detect small magnetic materials. In another study,
Hung et al have successfully fabricated a spin-valve structure
of Ta(5)/NiFe(16)/Cu(1.2)/NiFe(2)/IrMn(15)/Ta(5) nm with a
cross junction size of 3× 3 µm2 [174]. But they have reported
no hysteresis in the PHE voltage profile. It is well understood,
when the exchange anisotropy is well enough to overcome the
shape anisotropy, the PHE signal does not exhibit hysteresis.
These investigations have shown that the cross junctions can
be successfully fabricated in different sizes according to the
requirement of an application.

For the cross junctions, if a single FM layer, like a NiFe
material, has been used, several tens of µV (Oe·mA)−1 PHE
sensitivity can be obtained [57, 131, 146]. However, the
exchange biased sensor structures (bilayer, trilayer and spin-
valve) can provide a sensor sensitivity typically some of
µV (Oe·mA) due to the presence of exchange bias field (Hex)
and increased shunt current (Ishunt).

In [129, 131], early results in microfabrication of high sens-
itivity PHE sensors, with a sensitivity of 100 V/AT and a min-
imum detectable field below 10 nT were reported. The sens-
ing layer consists of Permalloy and is 6 nm thick, epitaxially
grown by molecular beam epitaxy. Uniaxial magnetic aniso-
tropy is induced in the film through FM coupling with a Fe/Pd
bilayer epitaxially grown onMgO (001). A large enhancement
of the PHE sensitivity was reported in a NiO/NiFe/NiO hetero-
structure figure 7 [92].

This sensitivity improvement derives from (a) the increase
of resistivity change (∆ρ) and (b) the decrease of the sat-
uration field (Hsat). A sensitivity up to 1200 V A−1T−1

was reported in this study for an optimal stack of the
type Ta(5)/NiO(3)/NiFe(8)/NiO(2)/Ta(3 nm). This remark-
able enhancement of the sensitivity is strongly related to the
strengthened electron scattering by the flat oxide/metal inter-
faces and the easier magnetization rotation because of the
reduced intermixing of Ta and NiFe [92].

In [191], the PHE in NiFe films was studied using MgO
as the buffer and capping layer in order to reduce the shunt
effect. A sensitivity of about 865 V A−1T−1 was reported in
a MgO (3 nm)/NiFe (5 nm)/MgO (3 nm)/Ta (3 nm) structure
after thermal annealing at 500 ◦C 2 h−1. After this anneal-
ing smooth MgO/NiFe and NiFe/MgO interfaces were found
and the shunting effect due to Ta layer was decreased. The
smooth interfaces lower the diffusive scattering of electrons at
MgO/NiFe and NiFe/MgO interfaces.
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Figure 7. (a) Typical cross-shaped Permalloy based PHE sensor (reproduced from [64]. CC BY 3.0.), and (b) tilted cross junction as
sketched in [189] (reproduced from [189]. © IOP Publishing Ltd. All rights reserved).

4.2. Tilted-cross junctions

The main idea behind the fabrication of tilted-cross junc-
tions is to combine the longitudinal MR effects such as
AMR, GMR with the PHE which is the transverse AMR
component [189, 192]. This combination of MR effects
in one sensor remarkably increases the magnetic field
sensitivity compared to a cross junction fabricated with
the same sensor structure. Hung et al have systematic-
ally investigated the sensor’s magnetic field sensitivity in
100 µm × 50 µm crosses fabricated with a spin-valve struc-
ture of Ta(5)/NiFe(6)/Cu(3)/NiFe(3)/IrMn(15)/Ta(5) (nm) by
varying the tilt angle between 0◦ and 45◦ [189]. They have
observed that the magnetic field sensitivity has been gradu-
ally increased as the tilt angle changed to 45◦. Furthermore,
they reported that this tilted configuration exhibited not only
better sensitivity, but also better linearity as compared with
the typical PHE cross junction sensor. It is important to note
that the shape of the output signal of the tilted cross junctions
changes due to the contribution of otherMR effects. Therefore,
the working range (linear region) of this type of magnetic field
sensor shifts. In sensor applications of tilted cross junctions,
this shift of linear region must be considered.

4.3. Bridge junctions

A very interesting development of the PHE sensor has been
realized by replacing the traditional cross junction with a
Wheatstone bridge design by using the exchange biased
bilayer, trilayer, and spin-valve sensor structures [103, 108,
193–199]. Since the output voltage characteristic for this
configuration of the Wheatstone bridge has the same angle
dependence of magnetization as the PHE signal of cross junc-
tions, they were termed PHEB sensors to distinguish them
from other types of AMR bridge sensors. Figures 8(a)–(d)
present diamond-shaped and ring-shaped bridge sensors,
respectively [193, 194], where l is the length, and w is the
line width of the resistor elements. It is important to mention
that, the exchange bias and anisotropy fields have been aligned
along the x-axis and the magnetic field has been applied along
the y-axis. The constant current of ix has been applied from
the a–b terminals and the voltage has been recorded from the

Figure 8. PHE bridge designs in diamond-shaped (a), (c) reprinted
from [193], with the permission of AIP Publishing, and ring-shaped
(b), (d) geometries reprinted from [194], Copyright (2011), with
permission from Elsevier.

c–d terminals. For this configuration of Wheatstone bridges, a
magnetic field profile of PHE signal given in figure 3(b) can
be obtained.

The output voltage of the Wheatstone bridges should be
well understood before proceeding with the findings of the
experiments. The output voltage of a Wheatstone bridge (Vout)
can be expressed by the following function when the bridge
has been biased with a constant current of ix [200]:

Vout = ix
R2R3 −R1R4

R1 +R2 +R3 +R4
(7)

where the R1, R2, R3 and R4 stand for the resistance elements
of the Wheatstone bridge, which is produced by using an
exchange biased PHE sensor structure. It is important to note
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Figure 9. Wheatstone bridges with different configurations. (a) PHEB (b) parallel-PHEB (pPHEB) (c) differential-PHEB (dPHEB)
reprinted from [200], with the permission of AIP Publishing.

that the R1 = R4 and R2 = R3 when the PHEB has been sym-
metrically designed by using a diamond or ring shape. If this
condition replaced into equation (7), the Vout can be written in
the following form:

Vout =
ix
2
(R2 −R1) . (8)

It is very clear that the Vout is not zero when a difference
has occurred between R2 and R1 resistances. In addition, the
resistance elements (R1 and R2) of a diamond shape can be
expressed individually by considering the AMR properties of
FM materials as follows:

Rθ =
l
wt

[
ρ⊥ +

(
ρ|| − ρ⊥

)
cos2θ

]
. (9)

If equation (9) replaced into equation (8), the Vout will be
related to the (l/w) ratio.

In early studies of PHEB sensors, Henriksen et al and Oh
et al have experimentally and theoretically demonstrated that
the sensor’s output voltage can be enhanced by a geomet-
ric factor of (l/w) [193, 194]. Thus, the magnetic field sens-
itivity of PHEB sensors can be largely enhanced when the
(l/w) has been increased. In the study of Henriksen et al,
they have fabricated an exchange-biased bilayer structure
of Ta(5)/NiFe(30)/IrMn(20)/Ta(5) (nm) with various size of
Wheatstone bridges in a diamond shape [193]. When the
geometric factor of (l/w) has been experimentally tuned as
20 with the n = 7 repeats (which means l/w = 140), they
observed a 102 times improvement in the sensitivity com-
pared to the cross junction fabricated with the same sensor
structure. The detectability of the planar Hall sensor in low-
frequency regime was improved by one order by using the
bridge geometry instead of using the cross geometry [195].
Furthermore, it has been reported that the magnetic field
sensitivity of PHEB sensors can be further increased by
altering the sensor structure with a lower exchange biased
one such as the spin-valve or the trilayer sensor structures
[193, 194, 197].

Parallel to the development of the bilayer bridge sensor,
another development in the geometry of the bilayer planar Hall
sensor which was based on ring architecture was proposed by

Kim’s group [201]. Ring architecture bilayer sensors with dif-
fering width (w = 5 µm and 10 µm) and radius (r = 30 µm,
60µm, 90µm, and 120µm) andmultiring sensors were invest-
igated. Theses studies showed that the sensitivity and the out-
put voltage of the sensor increase with the increase of the
radius of the ring and/or with the decrease of the width of
the ring. Additionally, the study showed that the sensitivity
and the output voltage increase with the number of rings also.
A high sensitivity of the multiring sensor of 3.3 mV mT−1

was achieved for the multiring sensor compounded by seven
rings with a width of 5 µm. This sensitivity was improved
when the magnetic field was applied with an angle of 20◦ to
the easy axis, the sensitivity of the multiring sensor at this
angle increased 2.5 times. For example, the use of NiCo FM
layer as a sensitive layer instead of NiFe for planar Hall sensor
based on the ring shape was introduced, which improved the
signal voltage and the dynamic range of the sensor [108].
When compared to the ring geometry, the diamond geometry
has been found theoretically 41%, and experimentally 30%
more sensitive to the low magnetic fields [137]. The differ-
ence between theory and experiment has been explained as the
diamond shaped sensors can be more affected by demagnetiz-
ation effects than ring sensors. As a result, both the diamond
and ring designs of bridge sensors have largely enhanced the
magnetic field sensitivity and seemed to offer higher perform-
ance levels compared to those provided by the conventional
cross junction PHE sensors.

In another study, Østerberg et al., have provided and optim-
ized two more configurations of PHEB sensor which is shown
in figure 9. They have termed the new Wheatstone bridge
designs as parallel PHEB (pPHEB) and differential PHEB
(dPHEB) sensors [200, 203]. It is evident that the (R2R3 −
R1R4) term in equation (7) is always zero for the pPHEB and
dPHEB sensor designs. Therefore, the pPHEB and dPHEB
sensor designs are not sensitive to the homogenous external
magnetic fields, unlike the PHEB. But these sensors can
provide a signal caused by only the MNPs when one of the
resistance elements has been used for the sensing. Further-
more, in the pPHEB design, the sensor’s self-fields (Oersted
fields) caused by the applied current is additive due to the par-
allel shape of the sensor. It has been demonstrated that the
sensor’s self-fields can also be eliminated in dPHEB design.
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Figure 10. (a) Elliptical shaped Permalloy based PHE sensors deposited on rigid substrate reprinted from [202], with the permission of AIP
Publishing, and (b) on flexible substrate reproduced from [47]. CC BY 4.0.

Besides, Henriksen et al have reported that the sensor’s self-
field (Oersted field) due to the applied current can also be used
to detect the MNPs [172, 198]. This allows MNP detection
without the need for external magnetic fields. With these fas-
cinating properties of bridge junctions, they have been found
very promising in many sensor applications.

4.4. Elliptical-shaped PHE sensors

A straightforward method to keep the initial orientation of
the magnetization along the current direction is to microfab-
ricate elliptical-shaped Permalloy based PHE sensors with
a very large aspect ratio 10:1 (figure 10(a)) to induce a
preferred magnetization axis can be induced by the shape
anisotropy. In [47] was reported such a sensor deposited on
polyethylenterephthalat (PET) substrate, figure 10(b) with a
sensitivity of 0.86 V T−1, for a bias current of 5 mA, and a
detection limit of 20 nT. Such a sensor presents, also, the abil-
ity to work as a rotation sensor, as we showed in figures 3(c)
and (d). PHE sensors deposited on flexible substrate can be
used in the field of flexible electronics with applications in
healthmonitoring. Using the same geometry of elliptical shape
PHE sensor (5 mm long axis and 0.625 mm short axis), but
integrated within flat trapezoidal magnetic field concentrators,
a 5 pT magnetometer at room temperature has been reported
[147].

In [62], disk-shaped structures were used to microfab-
ricate Permalloy based PHE sensors. Because no aniso-
tropy axis is defined in this case, a biasing field was
used to align the magnetization parallel with current dir-
ection when the applied field is zero. Sensitivity up to
6 µV (Oe.mA)−1 was found for a field range of about±10 Oe.
The superb linearity of the measured signal for Hex higher
than 25 Oe suggests that the main mechanism of the magnet-
ization reversal processes is based on the magnetic moment’s
rotation.

However, the main application for which these sensors
were microfabricated is devoted to MNPs detection using
the surface-based detection technique [62]. The choice is
motivated by the relatively large detection area, typical for
this geometry, large S/N, and a superior thermal stability.
For these sensors, the detection technique is based on loc-
alized reversal nucleation induced by MNPs in the sensing
layer. Such a method was studied, also, for GMR sensors.

Micromagnetic simulations and experiments were conduc-
ted in order to increase the dynamic range of these sensors,
in terms of MNPs detected [56]. It was shown that micro-
metre sized structures, with large aspect ratio, have a limited
dynamic range, which affects their applicability [56].

In the sensing setup presented in [46], a magnetic field,
Hex, up to 100 Oe, which is used to polarise the MNPs,
is applied perpendicular to the sensor surface. By this, can
be increased the amplitude of the magnetic field generated
by the MNPs without the risk to saturate the sensor which
is less sensitive to perpendicular fields. A second external
magnetic field, scanning field H, no larger than 30 Oe, is
applied in the film plane along the sensor’s driving current,
I. It was found that the presence of the MNPs above the
sensor surface affects the magnetization switching behavior
of the sensing layer, therefore, a change in the amplitude of
the output signal can be observed. These changes of the out-
put signal occur at small applied fields H, between 6 and
10 Oe. Maghemite nanoparticles, 10 nm in diameter, func-
tionalized with PEG 6000 were used for experiments, and
detection sensitivities, up to 0.116× 10−3 emu mV−1, can be
achieved.

4.5. Impact of junction dimensions (l/w) on sensor
performance

Another factor that impacts the performance and figure of mer-
its of the PHE sensor is the junction dimensions, (i.e. l/w ratio).
A higher ratio of l/w around ten conjugated with less thickness
of NiFe FM layer for cross shape, leads to triple increase of
sensitivity, attributed to shape anisotropy elevation as reported
[53]. Different square, rectangle, rhombus and circle Permal-
loy films are introduced with a varied length to width ratio
from 1 to 29, where square shape shows the maximum sensit-
ivity [204, 205]. The impact of the width of the junction arm is
stipulated in terms of shape anisotropy. Briefly, PHE is stud-
ied with a varied width, for larger magnitude, a hysteresis free
accompanied by a single domain model is acquired. While, for
smaller width, a remarkable hysteresis behavior is introduced
to the sensor profile and magnetization reversal occurs as one
step [190, 206, 207]. Moreover, a tilting angle of the cross
junction by 45º can raise the sensor sensitivity by 30% [189].
An earlier work demonstrated the PHE in NiO/NiFe bilayer
systemwith a changedwidth of the junction from 200–400 nm.

14

https://creativecommons.org/licenses/by/4.0/


J. Phys. D: Appl. Phys. 54 (2021) 353002 Topical Review

The exchange coupling magnitude possesses a reversal pro-
portionality with the arm width for all changed temperatures
within 5–300 K. This suggests that the sensitivity is higher
for larger width [117]. Attention is also paid to the Wheat-
stone bridge configuration:. as the ratio of l/w is increased, the
output profile curves are noticed to alter by a scaling factor
with a linear dependence of sensitivity on this ratio, and depict
insignificant hysteresis, a slight voltage offset increase is also
observed. In general, a 100× sensitivity elevation is obtained
for the bridge topology in comparison with the conventional
cross junction [193]. An increased sensitivity aligned with
reduced noise is gained with the higher length to width ratio
along with a higher repeated number of the meander-like res-
istor in the bridge configuration [195].

5. Thermal drift and noise

Thermal stability and thermal drift for the sensors are
vital parameters for operation and integration onto devices.
Temperature constancy performance features for AMR and
PHR sensors are controlled by double kinds of drifts: baseline
drift and signal amplitude fluctuation. As reported by Jeon
et al [103], the significance of PHE sensors performance rel-
ative to AMR is explained within the 25 ◦C–90 ◦C range
for NiFe/IrMn bilayer structure. The thermal drift is three
orders of magnitude lower in PHE than AMR. Limited thermal
dependence of the sensitivity in planar Hall sensor is also
demonstrated. Mahfoud et al [94], attributed the achiev-
able stability of the sensitivity by controlling the interplay
between the usual exchange bias, Zeeman energy, and aniso-
tropy energy as a function of the temperature of the sensor.
Manifested high thermal stability for NiFe/Cu/IrMn trilayer
structure is amongst ±2 mT applied magnetic field mag-
nitude with an extremely low variation of sensitivity of about
4.5 × 10−3 V/A/T/K for an extensive temperature span of
−163 ◦C–86 ◦C. In addition, the change of the temperat-
ure during the biosensing process may affect the sensitivity
of the sensor. Damsgaard et al studied the thermal behavior
of the bilayer planar Hall sensor in the range of temperat-
ure between 10 ◦C and 70 ◦C corresponding to the typical
change of temperature in the biological environment [151].
The temperature coefficient of the sensitivity at room temper-
ature shows a relatively high value of 0.32%/◦C. The approach
proposed for solving this problem involves the use of a second
PHE sensor as a reference sensor to correct the drift of the
sensitivity.

Although PHE sensors, fabricated from Permalloy thin
films, have been long studied [87, 88, 129, 131], they still
have the potential to generate more applications with valu-
able results [47, 53, 57, 62, 94]. For the thermal stability stud-
ies, usually, the PHE sensors have a cross-shaped geometry
investigated, but other geometries that allow a specific con-
trol of the magnetic properties in the sensing layer can be
found [47, 56, 62]. As shown in the previous section, the PHE,
which is a consequence of the AMR effect, comes with some
advantages like linear behavior around zero field, figure 4(b),
and the native equivalent electrical behavior like aWheatstone

bridge which brings higher thermal stability. The temperat-
ure drift appears to be the main factor limiting the low field
performance of magnetoresistive detectors where the voltage
is measured along the current. Instead, the PHE is actually
a measurement of the transverse magnetoresistivity, figure 3.
The transverse measurement is sensitive only to the aniso-
tropic part of the resistivity. The suppression of the term jxρ⊥
fromAMR expression Ex = jxρxx = jxρ⊥ + jx

(
ρ|| − ρ⊥

)
cos2θ

[83] in PHE setup leads to a drastic reduction, with at least
four orders of magnitude, of the thermal drift for a Permalloy
based sensor [129, 131]. Such that, nano-Tesla sensitivity can
be achieved in the low-frequency range [47, 64, 129].

Noise is an important parameter that can affect the low
field detection limit of the MR sensors. Such that, we can
enumerate the noises, typically associated with MR-based
sensors: thermal noise (Johnson noise), shot noise, and 1/f
noise [47, 61, 64]. Thermal noise arises from thermal fluctu-
ations of electrons and is given by the Nyquist formula [195]:

SJohnson = 4kBTabsR. (10)

With kB being the Boltzmann constant, Tabs the absolute
temperature and R the resistance under test. Thermal noise
has no magnetic origin which is independent of the applied
voltage but directly associated with the electrical resistance
of a sensor. For AMR, GMR and TMR sensors, R is larger
thanRy, which is the resistance between themeasurement arms
where PHE is measured; usually Ry is in the range of tens
to hundreds of ohms. If Ry = 100 Ω, the thermal noise is
∼1.3 nV (Hz1/2) −1 at 300 K that is equivalent with a magnetic
field noise of 1–1.5 nT (Hz1/2)−1 [47, 94]. This noise level is
much lower than the noise of signal conditioning circuits.

Shot noise is important in MTJs where the existence of an
insulating barrier produces discontinuities in the conduction
path. Shot noise is expressed by [208]:

SShot = 2qIR2 (11)

where q is the electron charge, I is the current through the
structure andR is the resistance between themeasurement con-
tacts.

This term is lower in AMR and GMR but virtually absent
in PHE structures.

However, an important component of noises of MR sensors
is given by 1/f noise which has a major contribution on low-
frequency signals. For example, in magnetic materials, this
noise comes from the fluctuations of energy around equilib-
rium due to the presence ofmagnetic domains; their movement
in Permalloy films can be thermally activated or bymechanical
stress induced through vibrations in substrate. The dynamics
of magnetic domains are dependent on the sensor shape, size
and materials properties [61]. A larger effective anisotropy
field due to crystalline anisotropy, uniaxial induced aniso-
tropy, and an exchange biasing field [93], and/or a high aspect
ratio of the sensor (shape anisotropy) can bring the sensing
layer close to a single domain state. However, a larger aniso-
tropy has the cost of a lower sensitivity. Sensors that exhibit
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Table 1. The comparison of the most common magnetoresistive
sensors (Reproduced from [64]. CC BY 3.0).

Sensor type I (mA)
Resolution
µ0Hmin (nT)

Signal to noise
ratio (S/N)

Spin valve 10 54 442
Planar Hall effect
(PHE)

10 32 1453

Anisotrpoic
magnetoresist-
ance (AMR)—
ring

10 26 50

Giant mag-
netoresistance
(GMR)

5 93 382

Magnetic
tunneling
junction (MTJ)

1 202 114

hysteresis show much higher field sensitivity [80], so a com-
promise must be chosen in accordance with the application
envisioned. The 1/f noise of the current source can have, also
its own contribution, but this can be lower in the case of PHE
sensors because of the equivalent differential setup. Using low
noise electronics, and integration time up to 10 s, the detection
limits can reach levels of nT.

In [64] the main detection characteristics for AMR, GMR,
PHE and TMR sensors for MNPs detection are compared.
Some useful data adapted from [64] is summarized in
Table 1.

The comparison results show that the PHE used for sensing
applications has many advantages over others such as a very
high S/N and a very high (µ0Hmin) in the detection of the mag-
netic field. Furthermore, the voltage profile of a PHE sensor
responds linearly to the magnetic field at the small values and
the thermal drift of the output signal is better than for other
sensors as we stressed above.

6. Comparison of the PHE sensitivity

Hung et al., compared the PHE sensitivity for a
bilayer of Ta(3)/NiFe(10)/IrMn(10)/Ta(3), a trilayer of
Ta(3)/NiFe(10)/Cu(0.12)/IrMn(10)/Ta(3) and a spin-valve of
Ta/NiFe(10)/Cu(1.2)/NiFe(2)/IrMn(10)/Ta(3) structures [93].
It is worth noting that the thickness of the NiFe sensing layers
has been chosen as 10 nm in all sensor structures. Among
these, the highest PHE sensitivity has been obtained from
the trilayer structure. They have reported that the magnetic
field sensitivity of the trilayer is about one order larger than
the bilayer and two times greater than the spin-valve struc-
ture. They explained this result as the trilayer structure has the
advantages of weak exchange coupling and the high active cur-
rent passing through the FM sensing layer due to the very thin
Cu spacer layer. Thus, the trilayer structure of NiFe/Cu/IrMn
has overcome the disadvantages of the bilayer and spin-valve
structures resulting in the highest PHE sensitivity. It is stressed
that the PHE sensitivity of the trilayer structures can be fur-
ther increased by using the Au and Pt spacer layers since

both enhance the maximum output voltage of the PHE sig-
nal unlike the Cu spacer. The comparison of most familiar
PHE structures is delivered in Table 2. Figure 11 represents a
visualization of the acquired sensitivity with altered junction
geometry.

In this literature, in addition to the structural and geo-
metrical effects on PHE sensor, several studies can be
found that investigate the substrate effects [210], etch-
ing effects [211], exchange bias field direction dependence
[212], magnetization angle dependence [213], reversible and
irreversible temperature-induced changes [214], and so on.
[112, 188, 215, 216].

7. Applications

Systems for the detection of biomolecules are presently mov-
ing towards LOC devices that often integrate the sensing
ofmagnetic micro/nano-sized particles within a microfluidic
environment. In these systems, the MNPs are functionalized
to serve as carriers or labels for the biomolecules, and they
provide a magnetic stray field. The latter can be detected by
sensors that need to be integrated in the microfluidic envir-
onment. Thus, the combination of such sensors with micro-
fluidics is a longstanding topic for research on LOC systems
for various applications, as with medical diagnostics or food
testing. As sensing technology, the magnetoresistive effects
are promising candidates. A wide variety of anticipated sens-
ing technologies have been already reviewed by Freitas et al
[31], Tamanaha et al [217] and Wang and Li [218]. One of
the first demonstrations that the GMR can be utilized for
the detection of MNPs was discussed by Baselt et al [219].
This concept was used to demonstrate single MNP position-
ing and detection later on by Graham et al [220], and a com-
parison of Schotter et al [221] with fluorescent labels demon-
strated the potential of magnetoresistive sensors in biotechno-
logy. The PHE as sensing technology was discussed in 2004
and 2005 by Ejsing et al [91, 145]. This research opened
the way for the wide use of NiFe/IrMn structure as a planar
Hall sensor, especially for biological applications. To com-
bine the high sensitivity and the high area of detection, Tu,
et al developed an array of 24 planar Hall sensors, each sensor
has a size of w × w = 9 µm2 based on NiFe (20 nm)/IrMn
(10 nm) bilayer structure. The sensors in the middle of the
array showed a sensitivity of 2.5 mΩ Oe−1 and the sensor at
the edge showed a sensitivity of 2.3 mΩ Oe−1. These sensit-
ivities allow the sensors to detect a single micromagnetic bead
with a signal significantly higher compared to the signals of
the micro magnetic beads in that period [148]. Although mag-
netic beads can be detected by placing them directly on the
top of the sensor. The development of on-chip magnetic bio-
sensors that provide easily repeatable results, may require the
use of microfluidic systems. In order to compare the perform-
ance of the bridge and the cross planar Hall sensors for biolo-
gical applications, Dalslet et al measured the Browning relax-
ation of magnetic nanobeads using both sensors [209]. The
study showed that the signals measured by the bridge sensor
are six times higher than those measured by the cross sensor.
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Table 2. Illustration of the numerical value of sensitivity for the most common structures for planar Hall effect-based sensors.

Sensor architecture Sensor structure Sensitivity Authors Reference

Cross 3 × 3 µm2 bilayer NiFe(20 nm)/IrMn(10 nm) 25 V/AT Tu et al [148]
Cross 5 × 5 µm2 Trilayer NiFe(10)/Pt(0.8)/IrMn(8 nm) 38 V/AT Pişkin et al [162]
Cross 20 × 20 µm2 Bilayer NiFe (30 nm)/IrMn(20 nm) 49.4 V/AT Dalslet et al [209]
Tilted cross-junction
5 × 5 µm2

Trilayer NiFe(10 nm)/Pt(0.8 nm)/IrMn(8 nm) 58 V/AT Pişkin et al [162]

Cross 3 × 3 µm2 Spin valve
NiFe(16 nm)/Cu(1.2 nm)/NiFe(2 nm)/IrMn(15 nm)

72 V/AT Hung et al [174]

Tilted cross-junction
100 × 50 µm2

Spin valve
NiFe(6 nm)/Cu(3 nm)/NiFe(3 nm)/IrMn(15 nm)

95 V/AT Hung et al [189]

Cross 50 × 50 µm2 Spin valve
NiFe(16 nm)/Cu(1.2 nm)/NiFe(2 nm)/IrMn(15 nm)
Spin valve

76.15 V/AT Hung et al [178]

Cross 50 × 50 µm2 Trilayer NiFe(10 nm)/Cu(0.2 nm)/NiFe(10 nm) 120 V/AT Hung et al [93, 112]
Cross 50 × 50 µm2 Trilayer NiFe(10 nm)/Au(0.6 nm)/IrMn(10 nm) 236 V/AT Li et al [65]
dPHEB (bridge)
n = 1 arms
l = 250 (length) µm,
w = 25 µm

Bilayer NiFe(30 nm)/IrMn(20 nm) 181 V/AT Østerberg et al [200]

dPHEB (bridge)
n = 2 arms
l = 250 (length) µm,
w = 25 µm

Bilayer NiFe(30 nm)/IrMn(20 nm) 369 V/AT Østerberg et al [200]

dPHEB n = 3 arms
l = 250 (length) µm,
w = 25 µm

Bilayer NiFe(30 nm)/IrMn(20 nm) 555 V/AT Østerberg et al [200]

Ring n = 1
(radius = 150 µm,
width w = 5 µm)

Trilayer NiFe(10 nm)/Pt(0.8 nm)/IrMn(8 nm) 960 V/AT Pişkin et al [162]

Ring n = 5
(radius = 150 µm,
width w = 5 µm)

Trilayer NiFe(10 nm)/Pt(0.8 nm)/IrMn(8 nm) 2990 V/AT Pişkin et al [162]

Multi bridge
(mPHEB) n = 3
w = 30 µm, l = 600 µm

bilayer NiFe (30 nm)/IrMn (20 nm) 1757 Henriksen et al [193]

Multi bridge
(mPHEB) n = 5
w = 30 µm, l = 600 µm

bilayer NiFe (30 nm)/IrMn (20 nm) 2825 Henriksen et al [193]

Multi bridge
(mPHEB) n = 7
w = 30 µm, l = 600 µm

bilayer NiFe (30 nm)/IrMn (20 nm) 3790 V/(AT) Henriksen et al [193]

Ring n = 7
w = 5 µm r = 120 µm.
(the outer radius)

Trilayer NiFe(10)/Cu(0.2)/NiFe(10 nm) trilayer 6350 V/(AT) Hung et al [197]

Ring n = 5
w = 5 µm r = 120 µm.
(the outer radius)

Trilayer NiFe(10 nm)/Cu(0.1 nm)/IrMn(10 nm) 12000 V/AT Hung et al [196]

Also, the bridge sensors were used in this study to measure
the Browning relaxation of nano beads that were hybridized
with DNA coil, and the obtained measurements are similar
to those found when using a commercial AC susceptometer.
The influence of temperature effects and the possibility of
exchange biasing have been evaluated by Damsgaard et al
[43, 151]. The compensation of parasitic magnetic fields by
compensation layers was demonstrated by Dalslet et al [222].
The effect of the sensor’s dimensions, stack, and the applied
current on the self-heating of the sensor has been studied
by Henriksen et al [198]. However, to our knowledge, no

study has considered the effect of self-heating on the mag-
netic state of the beads. Based on these improvements and
optimizations on the planar Hall sensor, several papers have
been published on the biological uses of such sensors, such
as the detection of point mutations in DNA [223], the invest-
igation of DNA denaturation under the effect of temperature
or salt [224, 225], and the detection of DNA formed by the
rolling circle amplification from a Vibrio cholerae DNA tar-
get and from a Bacillus globigii bacterial spore target [226].
Recently, PHE sensors have been integrated on flexible sub-
strates, and a sensitivity better than 200 nT was shown by
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Figure 11. The graphical illustration of the varied sensitivity magnitudes with the junction geometry. (a) the sensitivity of the cross junction
where SV, BL, and TL stand for spin valve, bilayer, and trilayer respectively attributed to their references, and (b) The bridge configuration
junction sensitivities.

Figure 12. Major areas of application for the planar Hall effect-based sensors.

Granell et al [47], which is critically important for wear-
able devices or other such sensors otherwise attached to the
body.

In addition to the detection of biomaterials [227–232], the
use of PHE based sensors have been investigated in various
application areas, such as magnetic micro/nano-sized particle
detection/characterization [233–240], current sensing [241],
very low magnetic field detection [53, 129, 242, 243], micro-
electronic compasses [57, 244], remote tactile sensing [140],
and flux leakage inspection of pipelines [44]. Several studies
on flexible sensorics also show that flexible PHE sensors can
be used in these application areas. These major application
areas for PHE-based sensors are presented in figure 12. In the
following section, we briefly discuss the MNP detection cap-
ability of the PHE sensor with a new technique which can be
integrated with a microfluidic channel. Furthermore, the fron-
tier studies of flexible PHE sensors will be addressed.

7.1. PHE sensors for MNPs detection integrated with
microfluidic channels

The planar Hall sensor integrated into a microfluidic sys-
tem was used to inspect the capturing of micromagnetic
beads on the sensor [245, 246], and to measure the Brown-
ing relaxation of nanomagnetic beads at room temperature
[247, 248]. In previous studies, the magnetic beads are mag-
netized by the electromagnetic field created from the bias cur-
rent that passes through the sensor. The advantage of this tech-
nique is that the magnetic field created from the beads has
the same sign wherever the magnetic bead is located [249].
Therefore, the application of a high current inside the sensor
increases the magnetic field created by the bead on the act-
ive area of the sensor. However, a high applied current can
breakdown the sensor or even change the magnetic state of
the magnetic bead or the magnetic particles. In contrast to
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the self-field technique, when an external magnetic field is
applied on the magnetic beads, the magnetic field created
from beads located outside the sensor has an opposite sign
to the magnetic field created by the beads inside the sensor
[250], which reduces the total magnetic field created on the
sensor.

Here, a new technique is briefly discussed, that was recently
developedwithin an EUH2020 project (MADIA [251]). There
MNPs are transported close to the sensors by themicrofluidics.
Then, in order to avoid external magnetic fields, they are mag-
netized by the sense current’s magnetic field H⃗Oe and the stray
field of the MNPs is detected by the sensor. As discussed in
[31], there are different types of sensors, that can be used for
this purpose such as GMR-, TMR- or PHE-sensors that con-
sist of a multilayered thin film stack with magnetic reference
and other layers. Because the sensors are located in fluidics,
they must be protected by a passivation layer deposited after
lithography.

These sensors need to pick up the dipolar stray fields H⃗S of
the MNPs, which depend strongly on the magnetic moment of
theMNP and the distance betweenMNP and sensor. Figure 13
shows the calculated strength of H⃗S of a typicalMNP as a func-
tion of this distance. It is obvious, that the sensors must be able
to detect magnetic fields down to somemOe (10−7 T), and that
the passivation layer between the sensor and the microfluidics
should be as thin as possible. The red line indicates the cut-off
for a 100 nm thick passivation layer

The most important test for evaluating the potential of
different sensor types is, therefore, to measure the sensor
response down to ≈0.1 mOe. To exploit the full sensitiv-
ity, an AC-measurement technique is used: There, the cur-
rent through the sensor is driven at a frequency f. Simultan-
eously, the magnetic field is also applied with the same fre-
quency and phase. Then, the resistance of the sense layer will
change with the frequency f, too. This gives rise to a second
harmonic component (frequency 2f ) of the GMR, TMR and
PHE-sensor signal. The basic idea behind this is to magnetize
the MNPs directly by the Oersted-field created by the sense
current. The major advantage behind this scheme is that the
2f -component arises only, if magnetic material is above the
sensor.

Figure 14, shows the first and second harmonic response of
a PHE sensor operated in this mode to an external DC-field.
The sense layer in this example is 10 nm Permalloy, that is
weakly RKKY-coupled by 1.8 nmof Ru to a strongly exchange
biased Permalloy layer. The 2f -signal in this example satur-
ates at ±10 Oe and is slightly shifted to a positive external
field by the weak RKKY-coupling. Thus, this coupling has two
major advantages: first, it suppresses domain formation in the
sense layer, and, second, at zero external field the response
is close to linear. It shall be mentioned that a DC sensitivity
of 10 µV Oe−1 has been reached. The 1f signal (left axis in
figure 14) shows a signal change of about 20 µV Oe−1 in zero
field.

The potential to detect fields down to 1 mOe is demon-
strated in figure 15, where the results of the sensitivity tests

for an exchange biased PHE sensor with a stack sequence
Ru5 nm/Mn-Ir10 nm/Ni-Fe4 nm/Ru1.8 nm/Ni–Fe10 nm/Ta2 nm are
shown.

Figure 15 demonstrates the potential of the PHE-sensors
to detect small fields down to the range of mOe. Similar res-
ults have been obtained for the sensitivity of TMR- and GMR-
sensors (not shown).

In addition to mOe sensitivity of the sensor, a magnetic
field of some tens of Oersteds is needed to be generated to par-
tially magnetize the MNPs in a microfluidic channel. On the
other hand, this external magnetic field must NOT saturate the
sensor, because then the detection of themOe stray fields of the
MNPs would be impossible. One approach is to use a single or
a pair of highly conducting layers, which upon current load-
ing would generate a magnetic field. This, however, requires
additional insulating layers, making the lithographic process
complicated and decreasing the yield of working sensor sys-
tems. In contrast to TMR-sensors, it is generally possible to
use the sensor layers themselves as a field line. In figure 16,
we show the calculated magnetic field as a function of the dis-
tance to the sensor surface for a typical sensor layout.

It becomes clear, that within a distance that is comparable
to the wire width, the field decays only weakly with increas-
ing distance and has amplitudes of some 10 Oe. Taking this
into account, the PHE sensor is most probably the best choice.
The stray field of the sense current is enough to produce a 1%
magnetization in the MNPs that in turn leads to a stray field of
some 10 mOe at distances of some µm from theMNP’s center.
Thus, the scheme to use the sense current itself formagnetizing
the MNPs and then apply the 2f -Lock-in technique for detec-
tion is based on a realistic scenario for sensing MNPs within
microfluidics.

An additional critical issue is the passivation layer that must
protect the sensors against the fluids in the microfluidic chan-
nels. The passivation layer must be free of pinholes and as thin
as possible to minimize the distance between the sensor and
the MNP (see figure 13). This surface chemistry must be com-
patible with the requirements for the bonding to the micro-
fluidic channels. For reactively sputtered TaOX or Al2O3 at
least about 200 nm thickness is necessary to protect in partic-
ular the edges of the sensor. Al2O3 layers deposited by atomic
layer deposition (ALD) are more promising for protection.
There, a Al(CH3)3-precursor and H2O gas are let into a reac-
tion chamber in alternating cycles. The precursors can reach all
surfaces of a sample and thus can cover edges by a homogen-
eous Al2O3 layer. To evaluate the reliability of the ALD grown
passivation layers, stressing by voltage ramping (0 V–10 V)
and constant voltage (between 0 V and 10 V) was applied for
thicknesses between 5 nm and 50 nm.AnAl2O3 layer of 20 nm
thickness deposited by ALD turned out to provide a reliable
protection of the sensors, which is by a factor of 10 thinner
than sputter-deposited protections.

For real-world sensor operation, the magnetic field created
by the sense current (H⃗Oe) has to be taken into account. In
the case of a multilayer system, the net torque acting on the
sense layer’s magnetization depends on its position in the stack
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Figure 13. The magnetic stray field of a MNP with saturation magnetization of 500 kA m−1 and a diameter of 20 nm as a function of the
distance from the particle’s center for full magnetization and for 1% of the saturation magnetization.

Figure 14. Hysteresis loop in first and second harmonic lock-in detection (Ru5 nm/Mn–Ir10 nm/Ni–Fe4 nm/Ru1.8 nm/Ni–Fe10 nm/Ta2 nm PHE
stack) in second harmonic mode. The sense layer FM of the stack is marked in bold.

and on the thicknesses and the electrical conductivities of all
layers involved. The influence of the Oersted field in asym-
metric PHE stacks on the signal is shown in figure 17. The
Oersted field of a DC sensor current of ±20 mA shifts the
sensor response by ±2.5 Oe in this particular case.

If one uses an AC sensor current, the resulting H⃗Oe will
be an AC field, accordingly. For a quantitative evaluation of
the ac 1f - and 2f -sensor signal, one needs to understand all
contributions to the 1f and 2f components: As is known, the
PHE is intimately related to the AMR. If ρ|| is the longitud-
inal resistivity of a FMmaterial for parallel (orthogonal) align-
ment of its magnetization and the current, one can define the
AMR amplitude as

(
ρ|| − ρ⊥

)
. The sensor current is taken as

an AC current in x-direction: Ix = I0sinωt. Furthermore, the
normalized hysteresis loop of the PHE sensor as a function
of an external DC magnetic field in y-direction is described
by f

(
HDC
y

)
. The AC sensor current is then directly connec-

ted to an AC Oersted field in y-direction: HOe
y = γ Oe

y I0sinωt,

where γ Oe
y is a constant depending on the effective asymmetry

of the stack. As the sensor current generates H⃗Oe for partially
magnetizing the MNPs and as the stray field of the MNPs will
have the same time dependence as their magnetic moment, a
similar ansatz can be made for the stray field of the MNPs
seen by the sense layer: HMNP

y = γ MNP
y I0sinωt, where γ MNP

y
is a proportionality factor depending on the susceptibility of
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Figure 15. Sensitivity test of the 2f -signal of a PHE sensor
described in the text.

Figure 16. The magnetic field created by a 40 nm thick and 10 µm
wide wire at a current of 100 mA as a function of the distance to the
wire surface. The inset shows the same up to a distance of 50 µm
(calculation by Biot–Savart’s law), where the 1/distance dependence
appears for distances larger than the wire width.

the MNPs and their lateral distribution in the vicinity of the
senor. Finally, a geometric factorΩsensor takes into account the
layer sequence, the sensor width and the total thickness of the
sensor. Thus, the voltage analyzed by a lock-in amplifier with
respect to the first and second harmonic term becomes:

Vy = Ωsensor
(
ρ|| − ρ⊥

)
I0f

(
HDC
y

)
sinωt

+ Ωsensor
(
ρ|| − ρ⊥

)
I20
∂f
(
HDC
y

)
∂HDC

y
|HDC

y

×
(
γ MNP
y + γ Oe

y

)
sin2ωt. (12)

The first term is the first harmonic signal whichwill not change
in the presence of MNPs and might be useful for controlling
the temperature. The second term includes the signal of the
MNPs. If H⃗Oe is balanced (γ Oe

y = 0), the second harmonic sig-
nal consists of some constants and the proportionality factor of
the MNPs in the vicinity of the sensor. This is the required dir-
ect signal that can be fed to data processing. A large advantage
is, that this signal is equal to zero if no MNPs are present.

Figure 17. Derivative of hysteresis loops of a PHE sensor. The
external DC field is applied in y-direction. As the current flow is in
x-direction, the Oersted field must also be aligned in y-direction. We
used DC currents of ±20 mA in this case which results in a net
Oersted field of about ±2.5 Oe. The derivative has been taken by
applying a small additional external AC field in y-direction and by
taking the first harmonic lock-in signal.

Figure 18. The measured second harmonic signal response of a
PHE sensor normalized to the sense current as a function of the
thickness of a Ru cap layer. The AC Oersted field in the sense layer
is compensated at a Ru thickness between 5.6 nm and 5.7 nm. The
dotted curve is a guide for the eye.

The compensation of the Oersted field can be obtained by
varying the current distribution in the film stack. In figure 18,
as an example the 2f -signal of a PHE sensor stack is shown
normalized to the sense current as a function of the thickness
of a Ru-cover layer that is needed for contacting.

Thus, this example shows, that PHE-sensors fulfill the
major requirements for detecting MNPs in microfluidics:
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Within a Lock-in detection scheme, they can provide a thor-
ough sensitivity and in the 2f -component, they can be select-
ive to magnetic entities close to the sensor if these entities are
magnetized by H⃗Oe. In combination with a thin ALD passiv-
ation layer, this layout and measurement technique provides
optimum conditions for further developingmagnetic LOC sys-
tems for biotechnology.

7.2. Flexible sensorics based on PHE

Healthcare is a vital area for consideration with new and more
powerful types of sensors [252–257]. The integration of PHE-
based sensors with wearable devices has increased in recent
years. A flexible MR device referring to the PHE was con-
structed by Oh et al [51] using a hybrid process of embed-
ding an Ag nanoparticle electrode with thermal imprinting and
magnetic multilayer sensor through sputtering on polyethyl-
ene naphthalate substrate. The comparison of the root mean
square (RMS) and magnetic properties showed that exchange
bias was reduced with the rise in roughness, and that the tem-
perature holds no noteworthy impact on sensor performance.
TheAgNP-paste was stable up to θ≈ 90◦ during convex bend-
ing while the Au electrode was stable up to θ ≈ 45◦ only.
Yet, sensor sensitivity was decreased due to the position of
the sensor at the center during bending. The field sensitivity
decrement is due to induced stress which increases linearly
with the bending up to θ = 45◦. Overall, the strain at the
sensor position disturbs the field sensitivity of the MR sig-
nal that makes it essential to calibrate the signal when sub-
jecting the sensor to static stress. Oh et al [50], developed
a point-of-care analytic system to spot pathogenic bacteria.
The system comprises a PHE sensor in conjunction with a
magnetic bead coated by a specific antibody to a bacterial
antigen. The sensor with Teflon passivation layer was fab-
ricated over an organic substrate for conferring both flexib-
ility and low-cost. Bacteria thus bound to the magnetic bead
was readily distinguished with this sensor with no preceding
preparatory steps. The response was measured for Magneto-
spirillum magneticum AMB-1 at a minimum concentration of
1.3 × 108 cells ml−1. Furthermore, Escherichia coli was cap-
tured by immobilized anti-E. coli antibodies on the surface
of the sensor and detected using magnetic bead labelled with
anti-E. coli antibody. The detection limit of E. coli was found
to be 1.2 × 103 cells ml−1. The design of a new temperat-
ure sensor able to detect body temperature by encompassing
a magnetic sensor polymer relying on the PHE and a growing
polymer was presented by Jeong et al [258]. Reliable repeat-
ability, increased sensitivity and precision, and free thermal
hysteresis, were demonstrated specifications for the proposed
sensor. A differential planar Hall resistive (PHR) sensor was
employed for the high precision open-type current sensor. The
current sensor was designed to quantify a 1 A current, and
nonlinearity of current ±0.5%, as an example of a single-chip
current sensor using the PHE sensor [45]. With a bioinspired
robotic hand designed for tactile sensing, the systemmimicked
the natural joints of three fingers with both high sensitivity and
the capability of grasping diverse items [259]. The application
of the PHE for the angle orientation and distance sensors of

low fields triggered by magnetic objects was also developed
in which a 20 nT limit of detection and high bendability was
demonstrated confirmed [47]. The introduction of stable sens-
itivity through repeatable bending cycles of the PHE sensors
was demonstrated. The subjected sensor is very sensitive to
stress and strain fluctuations while sensitivity was maintained,
thus showing the potential of such sensors for tactile sens-
ing [52]. The bending consequences on the performance of
the PHR sensors were considered, in which deformation has
a reversible/irreversible threshold point depending on the sub-
strate composition, thus paving theway to applications inmed-
ical diagnostics and wearable electronics [141].

8. Conclusion and perspectives

In this review, we have highlighted the most significant
research on PHE sensors and their major potential applic-
ations. These results can be categorized into four basic
sections: firstly, the origin of the AMR effect and theoretical
background of PHE and magnetoresistive sensors. Secondly,
dissimilar structures, such as simple Permalloy thin film,
exchange biased structures (bilayers, trilayers) or spin-valve
structures and their implications on the sensor sensitivity, field
behavior, and stability. Thirdly, the effects of the sensor geo-
metry on PHE sensitivity, and finally, the integration of these
sensors into microfluidics and wearable devices. Micromag-
netic simulations that describe the AMR, GMR and PHE in
magnetic thin films were presented in order to have a better
understanding of the presented data and sensors behavior at
very lowfields. Besides the aforementioned sections, a demon-
stration of the basic milestones for the evolution of PHE is
displayed. Sensitivity comparison for various structures and
junctions was introduced. Sensitivities between 25 V/AT for
cross junctions to 12000 V/AT for structures with special
sensor geometry such as ring shaped PHR were reported in
this paper. It should be mentioned that the advantages of
these sensors include higher sensitivity, lower detection limits,
lower noise, with consequent increased S/N; hence, the con-
sequences of junction aspect ratio, noise at different frequen-
cies, and thermal stability were presented and discussed. Even
though many groups worldwide have investigated these PHE
sensors from different points of view, there are still some lim-
itations regarding field sensitivity compared with GMR and
TMR sensors, Further studies on new materials with better
thermal stability and innovative junction geometries should
be considered in order to improve the field sensitivity and
to lower the detection limit. The reduction of noise with its
different sources in the composed construction of the sensor
was discussed. For example, when NiFeCr material was used
instead of a Ta capping layer, decreased Barkhausen noise
was observed with a S/N ratio increase of 50%. Operation
at a wider temperature range is desirable for sensing applic-
ations. By careful microfabrication of NiFe/Cu/IrMn trilayer
structures, an extremely low variation of a sensitivity of about
4.5 × 10−3 V/A/T/K for an extensive temperature span of
−163 ◦C to 86 ◦C was reported. However, better sensitivit-
ies are offered by other NM spacer layers such as Au, Al2O3
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deposited by ALD offers better passivation for practical bioap-
plications. Currently, no reports highlight the consequence of
the self-heating on the magnetic state of the beads. For com-
mercial development, further studies are needed on the integ-
ration procedures considering the advantages and disadvant-
ages for lower cost and increased feasibility of the prototype
devices. All of these areas need to be completely surveyed and
monitored for more reliable, faster, and less costly devices for
the next generation magnetic sensing technologies.

Data availability statement

All data that support the findings of this study are included
within the article (and any supplementary files).

Acknowledgments

Our thanks to Hayden Clement of Charleston, South Carolina,
in the United States for reviewing this work for grammatical
and syntactic errors. His help is appreciated.

ORCID iDs

Amir Elzwawy https://orcid.org/0000-0003-2206-1616
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Numan Akdoğan https://orcid.org/0000-0001-8469-5919
Marius Volmer https://orcid.org/0000-0002-1160-9650
Günter Reiss https://orcid.org/0000-0002-0918-5940

References

[1] Mekawy M M, Hassan R Y A, Ramnani P, Yu X and
Mulchandani A 2018 Electrochemical detection of
dihydronicotinamide adenine dinucleotide using
Al2O3-GO nanocomposite modified electrode Arab. J.
Chem. 11 942–9

[2] Abou Hammad A B, Elzwawy A, Mansour A M, Alam M M,
Asiri A M, Karim M R, Rahman M M and El
Nahrawy A M 2020 Detection of 3,4-diaminotoluene
based on Sr0.3Pb0.7TiO3/CoFe2O4 core/shell
nanocomposite via an electrochemical approach New J.
Chem. 44 7941–53

[3] Alam M K, Rahman M M, Elzwawy A, Torati S R,
Islam M S, Todo M, Asiri A M, Kim D and Kim C G 2017
Highly sensitive and selective detection of Bis-phenol A
based on hydroxyapatite decorated reduced graphene
oxide nanocomposites Electrochim. Acta 241 353–61

[4] Alam M K, Rahman M M, Abbas M, Torati S R, Asiri A M,
Kim D and Kim C 2017 Ultra-sensitive 2-nitrophenol
detection based on reduced graphene oxide/ZnO
nanocomposites J. Electroanal. Chem. 788 66–73

[5] Salih E, Mekawy M, Hassan R Y A and El-Sherbiny I M
2016 Synthesis, characterization and
electrochemical-sensor applications of zinc
oxide/graphene oxide nanocomposite J. Nanostruc. Chem.
6 137–44

[6] Sedki M, Hassan R Y A, Hefnawy A and El-Sherbiny I M
2017 Sensing of bacterial cell viability using
nanostructured bioelectrochemical system:
rGO-hyperbranched chitosan nanocomposite as a novel

microbial sensor platform Sens. Actuators B
252 191–200

[7] Yang X and Cheng H 2020 Recent developments of flexible
and stretchable electrochemical biosensorsMicromachines
11 243

[8] Jeerapan I and Poorahong S 2020 Review—flexible and
stretchable electrochemical sensing systems: materials,
energy sources, and integrations J. Electrochem. Soc.
167 37573

[9] Mani V, Beduk T, Khushaim W, Ceylan A E, Timur S,
Wolfbeis O S and Salama K N 2021 Electrochemical
sensors targeting salivary biomarkers: a comprehensive
review TrAC Trends Anal. Chem. 135 116164

[10] Zhou X, Zhang Y, Yang J, Li J, Luo S and Wei D 2019
Flexible and highly sensitive pressure sensors based on
microstructured carbon nanowalls electrodes Nanomater
9 496

[11] Sharma S, Chhetry A, Sharifuzzaman M, Yoon H and
Park J Y 2020 Wearable capacitive pressure sensor based
on MXene composite nanofibrous scaffolds for reliable
human physiological signal acquisition ACS Appl. Mater.
Interfaces 12 22212–24

[12] Jeong Y, Park J, Lee J, Kim K and Park I 2020 Ultrathin,
biocompatible, and flexible pressure sensor with a wide
pressure range and its biomedical application ACS Sens.
5 481–9

[13] Nguyen T, Dinh T, Phan H-P, Nguyen T-K, Md Foisal A R,
Nguyen N-T and Dao D V 2020 Opto-electronic coupling
in semiconductors: towards ultrasensitive pressure sensing
J. Mater. Chem. C 8 4713–21

[14] Cui Z, Poblete F R and Zhu Y 2019 Tailoring the temperature
coefficient of resistance of silver nanowire
nanocomposites and their application as stretchable
temperature sensors ACS Appl. Mater. Interfaces
11 17836–42

[15] Roriz P, Silva S, Frazão O and Novais S 2020 Optical fiber
temperature sensors and their biomedical applications
Sensors 20 2113

[16] Morsy M, Yahia I S, Zahran H Y, Meng F and Ibrahim M
2019 Portable and battery operated ammonia gas sensor
based on CNTs/rGO/ZnO nanocomposite J. Electron.
Mater. 48 7328–35

[17] Zhao Z-J, Ko J, Ahn J, Bok M, Gao M, Hwang S H,
Kang H-J, Jeon S, Park I and Jeong J-H 2020 3D
layer-by-layer Pdcontaining nanocomposite platforms for
enhancing the performance of hydrogen sensors ACS Sens.
5 2367–77

[18] Morsy M, Ibrahim M, Yuan Z and Meng F 2020 Graphene
foam decorated with ZnO as a humidity sensor IEEE Sens.
J. 20 1721–9

[19] Jang J, Kang K, Raeis-Hosseini N, Ismukhanova A, Jeong H,
Jung C, Kim B, Lee J-Y, Park I and Rho J 2020
Self-powered humidity sensor using chitosan-based
plasmonic metal–hydrogel–metal filters Adv. Opt. Mater. 8
1901932

[20] Kapic A, Tsirou A, Verdini P G and Carrara S 2020
Humidity sensors for high energy physics applications: a
review IEEE Sens. J. 20 10335–44

[21] Kuang K 2012 Magnetic Sensors: Principles and
Applications (BoD–Books on Demand)
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Abstract: Many applications require galvanic isolation between the circuit where the current is
flowing and the measurement device. While for AC, the current transformer is the method of choice,
in DC and, especially for low currents, other sensing methods must be used. This paper aims to
provide a practical method of improving the sensitivity and linearity of a giant magnetoresistance
(GMR)-based current sensor by adapting a set of design rules and methods easy to be implemented.
Our approach utilizes a multi-trace current trace and a double differential GMR based detection
system. This essentially constitutes a planar coil which would effectively increase the usable magnetic
field detected by the GMR sensor. An analytical model is developed for calculating the magnetic field
generated by the current in the GMR sensing area which showed a significant increase in sensitivity
up to 13 times compared with a single biased sensor. The experimental setup can measure both DC
and AC currents between 2–300 mA, with a sensitivity between 15.62 to 23.19 mV/mA, for biasing
fields between 4 to 8 Oe with a detection limit of 100 µA in DC and 100 to 300 µA in AC from 10 Hz
to 50 kHz. Because of the double differential setup, the detection system has a high immunity to
external magnetic fields and a temperature drift of the offset of about −2.59 × 10−4 A/◦C. Finally,
this setup was adapted for detection of magnetic nanoparticles (MNPs) which can be used to label
biomolecules in lab-on-a-chip applications and preliminary results are reported.

Keywords: current sensors; GMR effect; magnetoresistive sensors; bias magnetic field; Biot-Savart
law; magnetic nanoparticles

1. Introduction

Current measurement is essential in modern electrical systems. Different current
sensing methods have been developed and adapted for specific needs. Resistive-based
current-sensing techniques, although acceptable to use in some applications, have a number
of drawbacks such as low accuracy, power loss, low bandwidth, no galvanic isolation, and
noise [1]. In contrast, electromagnetic-based current sensing techniques, mitigate most
of these drawbacks, but present some specific challenges regarding their operation or
application versatility.

However, many applications require galvanic isolation between the circuit where
the current is flowing and the measurement device. Because of that, magnetic sensors
are widely used in current measurements because they are non-intrusive and provide
galvanic isolation. A good example of non-contact current detection, that can inspire
many other applications, is presented in [2] where the ion beam equivalent current inside
a particle accelerator, is measured through the magnetic field it creates. In this way,
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equivalent currents down to 100 µA can be measured. Typical current sensors include the
AC/DC current transformers [2–4], fluxgate magnetometers [5,6], Hall effect sensors [3,7],
anisotropic magnetoresistive (AMR) [3,8], giant magnetoresistance (GMR) [2,3,9,10] and
tunnelling magneto-resistance (TMR) sensors [2,11].

For modern applications, some essential features for current sensors can be noted as
necessary: enhanced accuracy and sensitivity, linear response, versatile DC/AC measure-
ment, low thermal drift, immunity to interferences, integrated circuit (IC) packaging, low
power consumption and low cost.

(Micro)fluxgate sensors [3,6] are an established solution for DC/AC currents detection
since they offer good accuracy and stability. A fluxgate sensor [3] is typically comprised of
high permeability magnetic cores around which coil windings are wrapped: a fluxgate coil
(driven by a square wave current), compensation coil and pick-up coil which are used to
determine the magnetization state of the core and, hence, the current to be measured. The
necessary setup for managing the sensor’s functionality, and conditioning the acquired
signal is quite complex. While the classical setup is using discrete parts like magnetic
core and coils wrapped on it [3], the modern solutions are using integrated microfluxgate
sensors, which can be placed directly around the conductor [6].

By contrast, Hall microsensors can simplify the measurement setup and are compatible
with IC technology [12] which means that both the sensing part and the electronics required
for signal conditioning can be microfabricated on the same chip. Hall sensors do not
saturate and can reach a sensitivity down to 10−6 T [13]. However, these sensors do require
a closed magnetic core with a small air gap where the Hall sensor is placed [3,7]. The
core surrounds the conductor through which the current is flowing. It must be mentioned
that magnetic core becomes a source of non-linearity for the response characteristic due
to hysteretic effects. Also, serious DC offset of the sensor’s output can be caused by the
remanence of the magnetic core. Some Hall current meters have an AC demagnetization
circuit to overcome this issue [3]. There are manufacturers that integrate on the same chip
the current trace, the Hall sensor and the conditioning circuits giving a compact solution,
usually suitable for currents larger than 5 A.

On the other hand, magnetoresistive sensors (MR) made of magnetic thin films can
exhibit much higher sensitivities, being able to detect magnetic fields in the 10−9–10−2 T
domain [13]. This can lead to simplification of the current measurement chain, the sensor
being sensitive to in-plane magnetic fields, extending the current measurement range for
values lower than 1 mA, allowing the possibility for developing special applications with
reduced power consumption and price [8,9,11,14]. Also, it should be mentioned that for
MR sensors the response characteristics like sensitivity, linearity, saturation field, noise, etc.,
are strongly affected by the magnetic properties of the utilized materials, the structure of
their underlying multilayered and the layout of the microfabricated sensor. A short review
of MR effects, underlying the physical origin of AMR, GMR and TMR, and the specific
field behavior was presented in [10].

The GMR effect occurs in multilayered magnetic structures of the type FM/NM/FM
coupled by exchange interaction; here FM denotes magnetic layers like Ni80Fe20, Co,
CoFeB, etc., and NM denotes a nanometer thick conductive nonmagnetic layer as Cu, Ag.
If the NM is a dielectric of the type Al2O3 or MgO2 we talk about a TMR structure [10,11].
In GMR effect the resistance changes according to the angle between the directions of the
magnetization of adjacent layers. When the layers are magnetized in parallel, the resistance
is at a minimum value, Rp. When the magnetizations of the adjacent magnetic layers are
antiparallel to each other, the resistance is at a maximum value, named Rap. The magnitude
of the GMR effect is expressed by Equation (1) [15], and is typically between 5–15%:

GMR =
Rap − Rp

Rap
100 [%], (1)

Usually, one of the ferromagnetic layers is pinned by an anti-ferromagnetic (AFM)
layer of FeMn or IrMn while the second FM layer has the magnetization free to rotate



Sensors 2021, 21, 2564 3 of 20

under the action of an external magnetic field. Such that, a GMR structure is of the type
substrate/buffer layer (Ta)/FM(free layer)/NM/FM(pinned layer)/AFM/Cap layer [10].

Compared with AMR based sensors, the GMR sensors offer higher field sensitivity,
wide frequency range, and do not require an internal coil (for example, of type KMZ51)
or external controlled magnetic field to be used to reset the magnetization to the initial
orientation [8]. However, most of the GMR sensors have a nonlinear behaviour around zero
field and the output is unipolar which limits the application for bipolar and AC fields [9,10].
Until now, several methods of improving the response of a GMR sensor have been used.
For example, using a bias field parallel to the sensitive axis can shift the operating point of
the sensor in the linear region, thus reducing hysteresis behaviour and allowing detection
of bipolar fields. In [10], we mentioned that this field can be created with a permanent
magnet or a coil system with DC, AC, or short pulse currents which can have open or
closed-loop control.

Several studies have presented the use of GMR sensors as current sensors, most de-
tailing different methods to improve their performance and versatility. Some of the imple-
mented methods are: magnetic shielding—for reduced susceptibility to interference magnetic
fields [16], hysteresis modelling compensation [17], open loop operation [2,3,10], closed loop
operation [18]—to reduce hysteresis and temperature dependency, low frequency capture—to
increase the range of the GMR current sensor to±800 A [19], negative feedback introduced by
the Helmholtz coil—to increase the range of the sensor up to 5 times [9], or damping coil—to
further increase the range by 5.23 times [20]. In [10], we demonstrated a novel method of
improving the overall accuracy, thermal stability, power consumption and immunity to inter-
ference magnetic fields involving a double differential setup, adjustable permanent magnetic
biasing and antiphase-operating GMR based sensors on top of a U-shaped current trace. As a
general remark from the above enumeration, many current sensors are using: (i) a discrete
solution, where the magnetic sensors, the current trace, coils and the corresponding electronics
are implemented in a suitable setup to detect the current [2,3,8–11] or (ii) a compact solution
as an integrated circuit where can be found inside the chip the current trace, the sensors [13]
and the conditioning circuit [14].

In this paper, which continues the study presented in [10], an extremely sensitive GMR
current sensor is designed and implemented, able to detect both DC and AC currents from
2 to 300 mA with a setup sensitivity between 15.62 to 23.19 mV/mA. The detection limit is
100 µA in DC and 100 to 300 µA in AC from 10 Hz to 50 kHz. We found this limitation to
be due mainly to the signal processing chain and not due to the GMR sensors which have
an operating frequency range from DC to 1 MHz. The basic approach is to use a multi-turn
planar coil and a double differential GMR based detection system. To study the influence
of the biasing field on the current sensor sensitivity and linearity and to fine balance the
GMR sensors, a Helmholtz coil is used.

Finally, further applications of this measurement system will be discussed. We proved
that this system is able to detect very low amounts of magnetic field generated by magnetic
nanoparticles placed above the sensor surface.

2. Materials and Methods
2.1. Principle of Operation

The proposed setup relies on a practical method of significantly increasing the sen-
sitivity and accuracy of a non-contacting current sensor by an appropriate design of the
circuit which produces the magnetic field from the current that is intended to be measured.
In order to validate this concept, GMR sensors were used. The novelty of the approach
consists in utilizing multiple current traces, in a double differential system, implemented
in a custom printed circuit board. In the current measurement setup, the GMR sensors
act as a magnetometer, thus, if a current, I, passes through a wire, the magnetic field, B,
will produce a change of the output voltage on the nearby GMR sensor. The working
principle of the setup can be seen in Figure 1a,c. As a particular case, we can note the
single trace variant, illustrated in Figure 1b,d and described in detailed in [10]. As shown
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in [10], the supposition for this setup is that the low current measurement capabilities can
be significantly improved by utilizing a narrow trace. Moreover, by having multiple traces
through which the same current to be detected passes, the system will become a planar
coil (Figure 2b). The current, I, from the conducting traces (denoted as “Current traces”),
generates a magnetic field, whose component, Bx, will be detected by the GMR sensor (note
that this setup can be adapted to work with other types of sensors, for example, planar
Hall effect sensors).
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→
B is the resulting field in the central position (the middle trace is centered just below the sensitive area of

the sensor).

In order to estimate Bx, we derived an analytical model based on Biot-Savart law,
which assumes that the sensor is centered above the multiple trace at distance h (Figure 2a).

Thus, by assuming a long conducting trace, as seen in the design from Figure 2b, the
elementary field produced by the current I, can be expressed, using the Biot-Savart law, by
Equations (2) and (3):

dBn = µ0
dI

2πr
= µ0

Idx
D
· 1

2π
√

h2 + x2
; dI =

I
D

dx, (2)
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dBnx = dBn· cos θ = µ0
Idx

2πD
· 1√

h2 + x2
· h√

h2 + x2
, (3)

where µ0 = 4π × 10−7 H/m is the vacuum magnetic permeability, D is the trace width, t is
the trace thickness (not used in the equation, Td is the distance between the traces, h is the
height on which the sensing element is placed above the trace, and θ is the angle shown in
Figure 2a used to estimate the Bx component of the magnetic field.

By assuming a uniform linear current density, I/D, and integrating Equation (3) from
Dn1 to Dn2 we find the x component of field generated by a trace n = 1, 2, 3, . . . , in the
sensor area:

Bnx =
µ0 I

2πD

[
arctan

(
Dn2

h

)
− arctan

(
Dn1

h

)]
[T] (4)

Note that for the central trace (n = 0), B0x was found in [10] to be:

B0x =
µ0 I
πD
·arctan

(
D
2h

)
[T] (5)

Taking into account the problem symmetry, the z component of the field in the sensor
will be canceled by the fields from the left and right-side stripes, i.e., Bnz = 0. Such that, the
total field generated in the sensor area can be expressed as:

B = B0 + 2B1 + 2B2 + . . . + 2Bn [T] (6)

For example, if we consider the situation illustrated in Figure 2a, for n = 3 it means
that there will be seven linear stripes beneath the sensor that will produce the magnetic
field (Figure 2b). In fact, this is the actual planar coil used in our practical implementation,
where h = 0.8 mm, D = 0.22 mm and Td = 0.19 mm. For these parameters we find that (note
that the current I is expressed in [A]):

B = 10.3784·I·10−4[T] = 10.3784·I [G] (7)

Note that even though the results from Equations (4)–(6) are expressed in Tesla, they
can be transformed into Gauss (which is equivalent to Oe in air) by multiplying by 104.

For ease of use as well as testing various scenarios, meaning different values for n, h,
D and TD, this analytical method was implemented in a LabVIEW application. Note that
for only one trace (n = 0), the result is detailed in [10]. An analysis was performed with this
method for two different trace structures (defined by the D and Td parameters, Figure 2a).
The field dependency between the two cases, for different number of traces, as obtained
with the analytical algorithm can be seen in Figure 3. An example of the detailed calculus
for one of the structures (Case II, Figure 3) is shown in Appendix A, while the parameters
involved are shown in Table A1 and Equations (A1) and (A2), the example calculation
being shown in Equations (A3)–(A13).

From Figure 3, we can note that the magnetic field in the sensor area is increased
significantly from the case with just one trace (the results were obtained with a 0.5A current
passing through each trace). The best balance between the obtained field and practicality
of implementation was found to be at the five and seven traces structure as there is an
asymptotic dependency. Thus, a prototype PCB for current sensing with the specifications
from Case II (for higher magnetic field output), Figure 3, was be developed. The values of
D and tD were chosen such that to get the maximum field in sensors region and to allow a
higher current to pass through the planar coil. The values of D and tD used to plot Figure 3
show that: (i) the developed analytical method can take into account different trace widths
and spacing to estimate the produced magnetic field and (ii) a large number of traces with
a lower value of D give higher value for B in the sensor region. The lower value for tD was
0.19 mm due to technological limitations. Because our work was focused on measuring
low currents down to 1 mA, with a high dynamic range, up to 300 mA, and because of the
physical distance between the sensor pads, we set D = 0.21 mm.



Sensors 2021, 21, 2564 6 of 20

Sensors 2021, 21, x FOR PEER REVIEW 6 of 20 
 

 

value for tD was 0.19 mm due to technological limitations. Because our work was focused 
on measuring low currents down to 1 mA, with a high dynamic range, up to 300 mA, and 
because of the physical distance between the sensor pads, we set D = 0.21 mm.  

 
Figure 3. Total magnetic field induction in the GMR sensor area (for I = 0.5 A) dependency on the 
number of current traces. The asymptotic tendency of Btot for the case where D = 0.22 mm is 6.485 
Oe (Case I) while for D = 0.35 mm is 4.849 Oe (Case II). In both cases, h = 0.8 mm. Note that the 
field multiplying effect is clearly visible. Graphs were made using data obtained with the analyti-
cal method. 

We can denote that other factors also play a major role in the sensitivity of the sensors 
(such as biasing of the sensors, differential measurement setup, amplifying the output etc) 
[10]. Thus, we can expect much better results with an optimized designed of the setup and 
appropriate biasing of the GMR sensors. From the results obtained with the analytical 
algorithm, we estimate that compared with a single biased NVE AA003-02 GMR sensor 
(supplied with 1 mA of current, average sensitivity S around 13.75 mV/Oe), by using mul-
tiple traces (for example, 7) on an optimized double differential design as in [10], we can 
expect a sensitivity S increase (for a 500mA measured current) from S = 0.0341 mV/mA 
(single trace) to S = 0.244 mV/mA (five traces, Case I) or S = 0.285 mV/mA (seven traces, 
Case II), Figure 3.  

2.2. Characterization of the GMR Sensor 
Commonly, GMR sensors are made from multilayered structures of the type AFM 

(antiferromagnetic layer)/PL(pinned magnetic layer)/NM(non-magnetic spacer layer)/ 
FL(magnetic free layer). The free layer is the sensing layer, as the magnetization can rotate 
upon an applied magnetic field). The difference in the relative magnetic moments between 
adjacent magnetic layers produces a change in the electric resistance. When the layers are 
magnetized in parallel, the resistance is at a minimum value, Rp, which is the saturation 
resistance. When the magnetizations of the adjacent magnetic layers are antiparallel to 
each other, the resistance is at a maximum value, named Rap (note Figure 4a). The electric 
resistance dependency from the angle θ, between the magnetization of adjacent magnetic 
layers [21]: 𝑅 = 𝑅 + ௱ோಸಾೃଶ [1 − 𝑐𝑜𝑠 𝜃], (8) 

where, ΔRGMR =Rp − Rap, is the GMR effect amplitude.  
Thus, for antiparallel configuration (θ = 180°):  𝑐𝑜𝑠𝜃 = −1 → 𝑅 = 𝑅 = 𝑅ு, (9) 

while, for parallel configuration (θ = 0°): 𝑐𝑜𝑠𝜃 = 1 → 𝑅 = 𝑅 = 𝑅௪. (10) 

Figure 3. Total magnetic field induction in the GMR sensor area (for I = 0.5 A) dependency on the
number of current traces. The asymptotic tendency of Btot for the case where D = 0.22 mm is 6.485
Oe (Case I) while for D = 0.35 mm is 4.849 Oe (Case II). In both cases, h = 0.8 mm. Note that the
field multiplying effect is clearly visible. Graphs were made using data obtained with the analytical
method.

We can denote that other factors also play a major role in the sensitivity of the sensors
(such as biasing of the sensors, differential measurement setup, amplifying the output
etc.) [10]. Thus, we can expect much better results with an optimized designed of the setup
and appropriate biasing of the GMR sensors. From the results obtained with the analytical
algorithm, we estimate that compared with a single biased NVE AA003-02 GMR sensor
(supplied with 1 mA of current, average sensitivity S around 13.75 mV/Oe), by using
multiple traces (for example, 7) on an optimized double differential design as in [10], we
can expect a sensitivity S increase (for a 500mA measured current) from S = 0.0341 mV/mA
(single trace) to S = 0.244 mV/mA (five traces, Case I) or S = 0.285 mV/mA (seven traces,
Case II), Figure 3.

2.2. Characterization of the GMR Sensor

Commonly, GMR sensors are made from multilayered structures of the type AFM
(antiferromagnetic layer)/PL(pinned magnetic layer)/NM(non-magnetic spacer layer)/
FL(magnetic free layer). The free layer is the sensing layer, as the magnetization can rotate
upon an applied magnetic field). The difference in the relative magnetic moments between
adjacent magnetic layers produces a change in the electric resistance. When the layers are
magnetized in parallel, the resistance is at a minimum value, Rp, which is the saturation
resistance. When the magnetizations of the adjacent magnetic layers are antiparallel to
each other, the resistance is at a maximum value, named Rap (note Figure 4a). The electric
resistance dependency from the angle θ, between the magnetization of adjacent magnetic
layers [21]:

R = Rp +
∆RGMR

2
[1− cosθ], (8)

where, ∆RGMR = Rp − Rap, is the GMR effect amplitude.
Thus, for antiparallel configuration (θ = 180◦):

cosθ = −1 → R = RAP = RHigh, (9)

while, for parallel configuration (θ = 0◦):

cosθ = 1 → R = RP = RLow. (10)

From Equations (8)–(10), we can express the rate of change in the resistance of a GMR
sensor element (also called GMR ratio) by Equation (1).

The AA003-02 sensor, which will be used in the experimental setup, contains two
active GMR elements, and two magnetically shielded identical sensors used to complete
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a Wheatstone bridge; the GMR ratio for each sensor element is between 13% to 16% [22].
Thus, in 0 field the bridge is almost balanced providing an output voltage close to 0 [22],
as will be showed from experimental results. When a field is applied, the bridge becomes
unbalanced and the output voltage shows a sensitivity between 3–4.2 mV/(V × Oe) [10,22].
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Figure 4. Micromagnetic simulation of a GMR element: (a) Schematic illustration of a GMR structure (two ferromagnetic
layers FM1, FM2 and nonmagnetic layer, NM) with three distinct states depending on the parallel (P) or antiparallel (AP)
alignment of layers magnetization; (b) Typical field dependence of the structure magnetization along the Ox axis, M,
obtained by micromagnetic simulations and the calculated GMR effect when Happl is directed over Ox axis.

For a better understanding on the operation of the GMR sensor, by simulating this
effect with the object oriented micromagnetic framework (OOMMF) [23], using a multi-
domain approach, the layer orientation of a GMR structure in different operating points
can be illustrated. The main parameters involved in configuring the simulation are: the
simulated layer is 1000 × 500 × 10 nm3 and consists from Permalloy; the cell size is
5 × 5 × 5 nm3. The FL is antiferromagnetically coupled with the PL through the NM
layer, the coupling field being 200 Oe, along the Ox axis. The magnetic field, Happl, is
applied perpendicular to the easy axis of magnetization. The saturation magnetization
Ms = 710 kA/m, the exchange constant A = 1.3 × 10−11 J/m, and the anisotropy constant
KU = 804 J/m3 along Ox axis, Figure 4. In [10] we described in detail the multi-domain
micromagnetic approach (as well as the reasoning behind the parameters involved and
how to extract simulation results) to simulate a GMR sensor structure using OOMMF.

In order to characterize the AA003-02 sensor (Figure 5), a magnetic field was applied by
two round-shaped coils in a quasi-Helmholtz like configuration. From Figures 4 and 5, we
can observe that the results are in good qualitative agreement with Equations (8)–(10). We
can remark that the sensor presents a nonlinear response around 0 field and low sensitivity
around the coercive field. We noted that when supplying the sensors with a constant current
(2 mA), instead of voltage, the sensitivity of the sensors can be increased [10]. Due to practical
reasons, a constant supply voltage was chosen for the sensors.

2.3. Experimental Setup and Mode of Operation

Based on the results from the analytical method, a GMR-based current measurement
setup was developed. The PCB setup (named GMR Testboard) can be seen in Figure 6a.
Figure 6b shows the functional block diagram of the current measurement system as well as
the amplifier and data acquisition setup. Figure 7 details the individual subblock components
of the entire setup. A HM8143 power supply (HAMEG, Frankfurt, Germany) is used for
powering most components, while a 2635A Sourcemeter (Keithley, Solon, OH, USA) was
used to generate the various measured trace currents. In terms of design rules for the current
traces, a single trace in a U shaped spiral pattern (7 traces) passes through the sensors. Also,
in order to amplify the useful magnetic field, the characteristics are those from Case II (note
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Figure 3). Due to the thickness of the trace, the setup is able to operate with currents up to
0.5 A, however, for testing we focused on values up to 150 mA, as higher values can easily be
detected. The GMR sensors, from an output point of view, operate in antiphase, in a similar
differential setup as the one detailed in [10], which provides some benefits: high sensitivity,
immunity to any external homogenous magnetic field affecting both sensors equally or from
magnetic fields lower than 25 Oe perpendicular to the axis of sensitivity. However, for non-
homogenous magnetic fields in the vicinity of the sensors, electromagnetic shielding must
still be applied.
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Figure 7. Subblock components of the entire setup. The GMR sensors, temperature sensor, as well as the INA118 amplifiers
are supplied from the EI1040 instrumentation amplifier, which also allows a variable gain to be set as needed. On the GMR
Testboard, the differential output from each sensor is amplified by a fixed gain of 10. The output voltage from the LM15AZ
temperature sensor is sent directly to the DAQ board. Also note that each coil is supplied separately from the HM8143
(parallel configuration), as this allow calibration of the biasing field for each GMR sensor.

The output voltage from the sensors is amplified by two (one for each sensor)
INA118 [24] instrumentation amplifiers integrated on the board. The real gain for each
amplifier was set to 10 and the results were offset corrected. Furthermore, the resulting
signals are further amplified by a LabJack EI1040 amplifier [25] to obtain the differential
output from the two sensors which is set to a gain of 10 for low currents measurement, or 1
for higher currents measurement, resulting in a 10, 100 or 1000 total gain. The gain for the
EI1040 instrumentation amplifier can be set manually or through the NI6281 USB, which
represents the data acquisition board [26]. The implementation allows measurement of
both AC and DC currents with the ability to bypass the included filtering system for the
amplifier output. An LM135AZ temperature sensor (STMicroelectronics, Geneva, Switzer-
land) was also integrated in the sensor area. It should be noted that the supply lines for the
GMR and temperature sensor are orientated perpendicularly compared with the current
trace (any produced magnetic field lower than 20 Oe (Figure 4) is not detected by the GMR
sensors) as to eliminate any additional magnetic field.

The biasing coils are placed in a simmetrical quasi Helmholtz like configuration
because of the requirement for ensuring an adequate distance between each GMR sensor
(such as the traces beneath each sensor to not influence the output of the other sensor).
The magnetic field strength in the sensor area (Hbias) was precisely determined during the
PCB assembly stage (before sensor placement) using a 475 DSP Gaussmeter (Lake Shore
Cryotronics, Westerville, OH, USA).

More studies can be done to find out the minimum possible distance between the
GMR sensors to ensure proper results. This effect could have been mitigated by using
larger biasing coils but that would have contributed to the costs and power consumption of
the system. As a prepolarization field is necessary for linearizing the GMR sensors output,
the biasing for the sensors was set to 4–8 Oe. The relationship between the coils supply
current and the bias magnetic field present in the sensor area in air is (the current IC is
expressed in mA):

Hbias = IC·0.1391 [Oe] (11)



Sensors 2021, 21, 2564 10 of 20

where Hbias is the bias magnetic field produced by the coil in the sensor area and IC is the
coil 1 and coil 2 (Figure 6b) supply current (e.g. 57.55 mA for 8 Oe bias). Note that the
resistance of each biasing coil is 38 Ω.

Furthermore, like shown in [10], if we take into account the thermal influence for the
sensors response, by considering that the system is thermally balanced and the same type
of sensors are used, the total output voltage of the sensors from the differential system can
be expressed with:

∆U = (KS1 + KS2)·HI = (KS1 + KS2)·C·I = S·I (12)

where KS1 and KS2 are the sensitivities of each sensor, S (mV/mA) is the sensitivity of the
differential measurement system, HI = C·I (C is a constant) is the magnetic field strength
created by the current passing through the trace.

3. Results and Discussion
3.1. Experimental Results for the Current Measurement Setup

The results presented in this section are a summary and focus on demonstrating
the low currents sensing capabilities of the proposed setup (Figure 6a,b). As shown in
Figure 5 and in [10], bias for the sensors is needed for the output to be linearized. Note that
for all results, the real sensor sensitivity is shown (without amplification). As mentioned
previously, the main challenge is low currents measurements, since higher currents can be
easily detected with the setup from Figure 6 for example by integrating a copper bar on the
PCB backside. In Figure 8, the response obtained with the setup by measuring a variable
DC current between±150 mA is shown. The sensitivity of the measured differential output
is Smeasured = 0.2319 mV/mA which shows a good correlation between the theoretical and
experimental results.
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Compared with the results presented in [10], for the NVE AG003-01E sensor evaluation
kit (which utilizes the same model of sensors), measured on a single trace with a similar
width 0.254 mm, the obtained sensitivity is Smeasured = 0.0179 mV/mA while for the
differential system in [10] with a trace thickness of 4 mm, for the same 150 mA test, the
obtained sensitivity SD = 4 mm = 0.028 mV/mA which is approximately 8.3 times lower.
Thus, in this test, with the multi-trace setup an increase in sensitivity of ~13 times compared
to the sensor evaluation kit was obtained and ~8.3 times compared to the already optimized
differential setup from [10]. Note that for easier comparison with the results that can be
obtained with the analytical method, for each testing scenario, the sensitivity of the sensors
is reported (the sensitivity of the entire setup depending on amplifier configuration).
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Due to the significant gains in sensor sensitivity, lower current values can be detected
accurately. In Figure 9a, the differential output obtained with the setup by measuring a
variable DC current between ±5 mA. Figure 9b shows the differential response obtained
from the setup measuring a variable DC current between ±2 mA with different biasing
fields from 4–8 Oe. The results have shown the optimal sensitivity level to be around
the 8 Oe bias level. Experiments with higher bias fields were performed, but the optimal
sensitivity level was confirmed to be 8 Oe. Also, for a higher bias field and current
values, especially with high amplifier gains, there could be a risk in saturating the voltage
bandwidth for the amplifier or DAQ board. For measuring current values around 1 mA
with good accuracy, extra precautions should be taken like electromagnetic shielding of the
sensor setup and extra amplifications steps. The DC detection limit is 100 µA.
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Figure 9. DC response of the system for low current values: (a) Differential output for a ±5 mA, DC current, Hbias was set to
8 Oe; (b) Differential output of sensors polarized at 4,6,8 Oe, DC, ±2 mA (in this case, the adjusted R-squared for the fit
function was: adjusted R-square4Oe = 0.99961, adjusted R-square6Oe = 0.9995, adjusted R-square8Oe = 0.99943). Notice the
linear characteristic of the output, although, for very low current values, some neliniarities can be present, but the overall
linear tendency maintains.

For sensors that are perfectly matched and are subject to the same biasing field, the
temperature drift of the offset can, theoretically go to zero. In [10] we measured the
temperature drift of the offset to be ∆U0/∆T≈ −7.9 × 10−6 V/◦C which means about
−2.59 × 10−4 A/◦C in terms of measured current, for a temperature variation of 20 ◦C.
Also, we can note that any temperature drifts in the operating range of the bias coils lead
to no significant changes to the bias magnetic field as we estimate that the temperature
of these components is no larger than 37 ◦C during our tests. Also, all measurements
were performed on the setup at thermal equilibrium state, were no significant changes to
the offset were observed. Furthermore, the low current values passing through the trace
caused no significant heating effects on the PCB area in the GMR sensors vicinity.

In Figure 10a,b, the response of the system when measuring a 100 Hz, 10 mA sinewave
current is shown. Similar sensitivities levels can be obtained for AC/DC currents but
identical biasing fields must be applied for the two sensors.

From Figure 10a,b, we can denote that the differential output maintains signal integrity
(waveform of the trace current) with no distorsions. The detection limit for a 100 Hz sine
wave is 100 µA (same as in DC) while for a 1 kHz sine wave is 300 µA (no significant
increase in the detection limit was found at higher frequencies). We found this limitation to
be due mainly to the signal processing chain and not due to the GMR sensors which have
an operating frequency range from DC to 1 MHz [22].
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The AC response to a square wave, 1 kHz, 20 mA current is detailed in Figure 11a.
Multiple tests (with different biasing levels and frequencies) have determined a rise time
and fall time of approximately 15 µs. Figure 11b shows the response of the system under a
short 20 mA square pulse. Figure 12a,b show that even though, at lower frequencies, 8 Oe
was the optimal choice in terms of biasing, at higher frequencies, 6 Oe is optimal in the
present setup (from the 4–8 Oe bias fields range). From this analysis, we determined that,
as expected, the rise and fall times as well as the frequency characteristics of the system
this is mainly limited by the electronics (especially the instrumentation amplifiers) as the
GMR sensors have a maximum frequency response limit of 1 MHz [22].
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Figure 11. (a) AC response of the system, 8 Oe biased sensors, 1 kHz square waveform at 20 mA: a rise time and fall
time of 15 µs was found in this case (measured between the 10–90% levels); The sensitivity for the sensors in this case is
S = 0.2120 ± 7.186 × 10−4 mV/mA; (b) AC response of the system, 8 Oe biased sensors, AC, 1 kHz, 20 mA pulse.



Sensors 2021, 21, 2564 13 of 20

Sensors 2021, 21, x FOR PEER REVIEW 13 of 20 
 

 

Figure 11. (a) AC response of the system, 8 Oe biased sensors, 1 kHz square waveform at 20 mA: a rise time and fall time 

of 15 µs was found in this case (measured between the 10–90% levels); The sensitivity for the sensors in this case is S = 

0.2120 ± 7.186 × 10−4 mV/mA ; (b) AC response of the system, 8 Oe biased sensors, AC, 1 kHz, 20 mA pulse.  

  

(a) (b) 

Figure 12. (a) AC frequency response (transfer function) of the system, 6 Oe biased sensors for different measured currents; 

(b) AC frequency response (transfer function) of the system, 8 Oe biased sensors for different measured currents. 

Since the planar coil has an inductive component under AC (inductance of 26.3 µH), 

impedance can play a role in the response of the system. The impedance-frequency 

(Figure 13a) characteristic can create a phase-shift between the current and voltage 

waveforms. The impedance of the planar coil is equal to the resistance up to around 4000 

Hz (Z = R = 2 Ω). 

Figure 13b shows the AC calibration curve for the device within the 0–100 mA range 

when measuring a 100 Hz sinewave. We used the adjusted R-squared term to show how 

well data is aligned over the fitting line. The adjusted R-square is 0.99992. The sensitivity 

of the entire setup in S, in the 0–100 mA range is 15.62 mV/mA. Note that there is a very 

good correlation between the measured current and the response of the system. 

  

(a) (b) 

Figure 13. (a) Impedance-frequency characteristic and current-voltage phase shift angle frequency dependency; (b) AC 

calibration curve in the 0–100 mA range for a 100 Hz sinewave. Note that the minimum trace current represented on the 

calibration curve is 1 mA.  

  

Figure 12. (a) AC frequency response (transfer function) of the system, 6 Oe biased sensors for different measured currents;
(b) AC frequency response (transfer function) of the system, 8 Oe biased sensors for different measured currents.

Since the planar coil has an inductive component under AC (inductance of 26.3 µH),
impedance can play a role in the response of the system. The impedance-frequency
(Figure 13a) characteristic can create a phase-shift between the current and voltage wave-
forms. The impedance of the planar coil is equal to the resistance up to around 4000 Hz
(Z = R = 2 Ω).
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Figure 13b shows the AC calibration curve for the device within the 0–100 mA range
when measuring a 100 Hz sinewave. We used the adjusted R-squared term to show how
well data is aligned over the fitting line. The adjusted R-square is 0.99992. The sensitivity
of the entire setup in S, in the 0–100 mA range is 15.62 mV/mA. Note that there is a very
good correlation between the measured current and the response of the system.
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3.2. Experimental Results for the Magnetic Nanoparticles Detection Setup

Even though the developed system is not designed for magnetic nanoparticles (MNPs)
detection (due to the design of the GMR sensors), it can still be used for proof-of-concept
purposes. Figure 14a shows the measurement setup for the MNPs detection setup, while
Figure 14b shows the waveform of the applied biasing field, Hbias and output signals from
setup with standardized distilled water probe and MNP aqueous solution. Thus, for this
purpose, on the setup (Figure 6a), two cylindrical chambers with the interior diameter of
2.5 mm and 2 mm height were attached on top of the sensors—a reference chamber on
S1, which will contain water, and in the other chamber (on S2) an aqueous solution with
PEG6000 functionalized maghemite MNPs will be pipetted (note the inset in Figure 14b).
The MNPs in the aqueous solution functionalized with PEG6000 have an average magnetic
diameter, dmagn, of 11.48 nm which has been determined in a previous study [27].
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Figure 14. (a) Measurement system adapted for the detection of MNP (b) Waveform of the applied biasing field, Hbias and
output signals from setup: with standardized distilled water probe and MNP aqueous solution over the sensor’s surface
after different elapsed times. The greatest field contribution of the MNPs was found at the Hbias = 4 Oe level where a
∆U = 0.0754 V signal variation was found compared with the case with no MNPs. The total gain of the signal was G = 100.

In both chambers, the same amount of liquid was pipetted: 2.5 µL distilled water
on sensor 1, and the previously described aqueous MNPs solution on sensor 2. In this
way, the thermal balance for the two sensors can be ensured. The system was biased at
8 Oe, then the current through the biasing coils was varied in steps at different values in
the 26–84 mA interval similar to the characteristic in Figure 9b. This generated a variable
magnetic field in the 3.61–11.76 Oe region, centered on 8 Oe. The graph in Figure 14b,
marks different values for the biasing field. Note that this still represent a DC test, with a
variable biasing level. Due to the differential measurement setup, the differential output
voltage is an expression of the magnetic field generated by the magnetic nanoparticles
situated on sensor 2 (Figure 14b). Given the return field lines, the effective magnetic field
from sensor 2 will decrease. Figure 14b shows the detection characteristic obtained on
different time intervals after pipetting the MNPs solution on sensor 2.

In this way, given the calibration process described above, the magnetic field generated
by the MNPs on sensor 2 was estimated (Figure 14b). For “large” fields like 12 Oe, the
contribution of the field produced by the MNP is covered by the biasing field. By analyzing
Figure 14b, we can notice that the field contribution of the MNPs is greatest at a 4 Oe
biasing field. Thus, for Hbias = 4 Oe, the MNPs generate a magnetic field of approximately
H = 0.085 Oe. Using data from the magnetization curves [27] of the PEG6000 functionalized
MNPs we estimated that our system determined a magnetic moment of about 0.29×10−4

emu for a signal variation of 0.0754 V. This magnetic moment corresponds to a mass of
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about 33.39 µg of powder composed from maghemite functionalised with PEG 6000. This
means about 2.40 µg of pure maghemite cores. The estimation was done by comparing the
magnetization curves for pure maghemite powder [28] and functionalised maghemite with
PEG 6000 [27,28].

By varying the biasing field, an unequivocal detection of the presence of MNPs is
obtained. The tests highlight the MNPs sedimentation process on the surface of the sensor
through the amplitude of the measured signal. In [29], a detection system utilizing the same
type of sensor is shown but, in that case, the MNPs solution is placed on a cylinder which
rotates in the sensor vicinity (the system detects the magnetic field variations as the probe
passes the sensor). Our proposed solution does not require any moving parts and allows
great flexibility in the MNPs detection regime as well as possibility for autocalibration by
means of the planar coil which generates a local magnetic field, similar to that generated
by the MNPs.

3.3. State of the Art Comparison

Although the developed setup is for demonstration purposes and is not intended to be
compared with commercial sensor solutions, a summarizing state-of-the-art performance
comparison with similar magnetoresistive sensor technologies is given in Table 1.

Table 1. Summarizing state-of the art performance comparison for magnetoresistive current sensor technologies.

Parameter This Work [10] [9] MCA1101-xx-5
Series [30]

TMCS1100A
Series [31]

ACS70331
Series [32] [14]

Sensor
technology GMR GMR GMR AMR Hall GMR PHR (planar

Hall resistance)

Sensor setup
sensitivity

0.1562 to
0.2319 mV/mA

0.0272 to
0.0307 mV/mA

0.03 to
0.04 V/A 3

35 mV/A to
350 mV/A

50 to
400 mV/A

200 to
800 mV/A

1.2 mA/LSB
(12 bit)

Measurement
range

DC: ±2 mA to
±300 mA 1

AC: ±2 mA to
±300 mA 1

DC: ±75 mA
to ±4 A

AC: ±150 mA
to ±4 A

±45 A ±5 to ±50 A ±5.75 A to
±46 A

0–2.5 A
to ±5 A ±1.2 A

Detection limit DC: 100 µA
AC: 100 to 300 µA 4 mA N/A 10 mA N/A 5 mA 5 mA

Power
consumption

Setup: ~258 mW 2

Sensors: 6.4 mW 2 ~6.4 mW 1.6 to 3.2 W ~32.5 to 35 mW
33 mW (no
Vout load);
640 mW 4

14.9 mW 13 mW

Calibration Yes, biasing coil
system

Yes,
adjustable
permanent

magnet

Yes, biasing
coil system N/A N/A

Yes, Analog-
to-digital
converter

Yes, Analog-to-
digital

converter

1 Note that the measurement range can be easily extended by integrating a thicker copper trace or bar (e.g. on the PCB backside or above
the sensor) to support higher currents. The focus of this work was to increase accuracy in the low currents range. 2 The power consumption
of the setup can be reduced to ~6.4 mW by replacing the biasing system with a permanent magnet. Note that the power consumption
of the biasing coils is ~251.7 mW for a 57.55 mA current (corresponding to an 8 Oe bias field) passing through the coils while the GMR
sensors dissipate around 6.4 mW. 3 Not directly specified in the article but can be deducted from experimental results. 4 Maximum power
dissipated when measuring a current of 16 A.

It should be mentioned that performance characteristics are dependent on the setup,
electronics and configuration, and also are defined differently depending on the man-
ufacturer. Thus, direct comparison can prove difficult and some parameters cannot be
determined precisely. Table 2 shows the main advantages and disadvantages of the im-
plemented setup. From Tables 1 and 2, we can note the performance advantage of the
implemented setup, especially in terms of sensitivity, detection limit and power consump-
tion. Also, the developed setup is much more flexible in terms of applications as the
sensors can be precisely calibrated using the biasing coils and it can also be used for MNPs
measurements.
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Table 2. Main advantages and disadvantages of the implemented setup.

Advantages Disadvantages

High sensor sensitivity:
0.1562 to 0.2319 mV/mA

Limited measurement range
(2–300 mA) 1

Low detection limit:
DC: 100 µA

AC: 100 to 300 µA

Coil biasing system
consumes extra power 2

Precision biasing with coils Hybrid setup 3

Precision DC/AC current
sensing

Moderate components
integration level

Moderately low power
consumption (note Table 1) -

Possibility for MNPs
measurements -

Low temperature drift of the
offset: −2.59 × 10−4 A/◦C -

1 The measurement range can be easily extended (note Table 1, footnote 1). 2 Biasing coils can be replaced by a
permanent magnet for applications that do not require a variable biasing field. 3 The sensors setup is separate
from the amplifier and data acquisition setup.

In terms of drawbacks, the biasing coils consume the majority of power in our setup,
but this effect can be mitigated by replacing them with a permanent magnet in applications
that do not require a variable biasing level. Also, the proposed system is a hybrid setup
with moderate integration level meaning that future efforts can focus on compactness
and versatility in component choice and placement. We do not consider the specified
measurement range a disadvantage since can be easily extended for higher currents by
integrating a thicker copper trace or bar (Table 1, footnote 1).

4. Conclusions

A very high sensitivity non-contacting current measurement setup based on a custom
PCB with GMR sensors, which is optimized for low field applications was implemented.
The system is designed to measure currents between 2–300 mA but the operational range
can be extended, for example by integrating a copper bar on the PCB backside (Figure 6a).
The setup has a sensitivity between 15.62 to 23.19 mV/mA, for biasing fields between 4 to
8 Oe with a detection limit of 100 µA in DC and 100 to 300 µA in AC from 10 Hz to 50 kHz.
The reported sensor sensitivity is about 13 times higher than a single similarly biased
GMR sensor and around 7 to 8.5 times increase in sensitivity compared to the optimized
differential setup that we showed in [10]. A biasing field applied by two circular coils
in a quasi-Helmholtz like configuration were used to linearize the system response and
allow different modes of operation (different biasing fields, variable biasing fields). This
approach was taken to increase the versatility of the system as a testing environment, but for
a practical application, a permanent magnet has many advantages such as no extra power
consumption or generated heat. The novelty of our approach consists in using a multi-trace
setup that essentially constitutes a planar coil which will increase the useful magnetic field
in the sensor area. An analytical method was implemented (Figure 2a, Equations (2)–(7)) to
estimate this increase. Also, the sensors operate in a similar double differential setup to the
one we reported in [10]. Together, this has greatly improved the operational range of the
sensor for low current values. This approach was not seen in other works [9,17–19], or in
commercial sensor solution based on AMR [8,30,33], Hall [31], or microfluxgate [4,6,34].
The obtained performance makes this setup suitable to be adapted and implemented
in various current measurement applications for high precision electronics, smart grid
applications and automotive industry.

The results were obtained without using electromagnetic shielding and for AC mea-
surements, a basic integrated capacitor filtering system was used. It was determined that
the AC frequency characteristics are mostly limited by the electronics (amplifier system).
The impedance of the planar coil has a significant influence only after frequencies above
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4000 Hz. The system exhibits certain qualities such as: high sensitivity (similar sensitivity
levels for DC and AC currents), galvanic isolation, thermal stability (within the operating
limits), preservation of signal integrity from the input current (Figures 10 and 11). The
power rating of the system is very low since the sensors consume only about 6.4 mW
(3.2 mW each), the biasing coil system consumes around 251.7 mW for an 8 Oe bias field,
each INA118 has a quiescent current of only 350 µA and the LabJack EI1040 is very low
power. The most energy consuming element in the current setup is the biasing coil system
which can be easily replaced with a small permanent magnet (as shown in [10]) for each
sensor in case the application does not require an AC biasing field. Consequently, the
system can be described as very low power.

Furthermore, this field and sensitivity is sufficient for the detection of MNPs with
the GMR sensor [35], thus, preliminary testing using the setup for an aqueous solution
of PEG6000 functionalized maghemite magnetic nanoparticles was performed. With this
setup, the magnetic field of the nanoparticles of about 0.085 Oe was able to be detected
reliably (Figure 13b) on a standardized sample. We estimate that with a sensor design
optimized for nanoparticles detection the performance can be improved even more. The
current through the conductive band can be used to produce an AC excitation field for
detection of the MNPs. To ensure a smaller distance between MNPs and GMR sensors,
a flip-chip package type can be used in this development, as in [36]. This approach will
reduce the distance between the MNPs and the sensor, which will improve sensitivity and
avoid utilizing complex measurement setups like in [29], where the MNP solution is placed
in a container on a rotating cylinder in the sensor’s vicinity. In that case the system detects
the magnetic field variations caused by the probe passing by the sensor. Our proposed
solution does not require any moving parts and allows great flexibility in choosing the
MNPs detection regime as well as autocalibration function through the planar coil which
generates a local field similar to the one generated by the MNPs.

Finally, the theoretical (analytical method) and operational basis (practical implemen-
tation) for developing a multi-trace GMR-based high sensitivity current sensor PCB has
been established. From those we can note: appropriate biasing of the sensors, adequate
spacing of components to avoid parasitic magnetic fields, multi-trace and differential or
double differential design, appropriate amplification, filtering and quality data acquisition.
In terms of future developments, an optimized, chip sensor design that will integrate
many of the advancements from the setup will developed which can increase the low field
capabilities even further.
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Appendix A

In this appendix section, an example calculus for the analytical method is shown. The
parameters involved in the calculation are shown in Table A1 (note Figure 2a).
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Table A1. Parameters for an example calculation of the analytical method.

Parameter D [mm] Td [mm] I [A] µ0 [H/m] h [mm] Dn1
[mm]

Dn2
[mm]

Value 0.22 0.19 0.5 4π×10−7 0.8 Equation
(A1)

Equation
(A2)

Parameters Dn1 and Dn2 are detailed in Equations (A1) and (A2).

Parameters Dn1, Dn2 can be computed in function of the number of traces, n
(Figure 2a), with:

Dn1 =
D
2
+ (n− 1)D + nTd , (A1)

Dn2 =
D
2
+ nD + nTd . (A2)

Based on Equations (A1) and (A2), the individual Dn1 and Dn2 values can be calculated.
Furthermore, we can substitute them in Equation (4) for calculating the magnetic field
produced by each trace, whilst doubling the field value for the field produced by a similarly
distanced traced from the sensor. The calculation for the individual trace components,
based on the parameters in Table A1 is:

B0 =
µ0 I

πD·10−3 ·
[

arctan
(

D
2h

)]
= 1.2422·10−4 [T], (A3)

2·B1 =
µ0 I

πD·10−3 ·
[

arctan
(

D12

h

)
− arctan

(
D11

h

)]
= 1.9782·10−4 [T], (A4)

2·B2 =
µ0 I

πD·10−3 ·
[

arctan
(

D22

h

)
− arctan

(
D21

h

)]
= 1.223·10−4 [T], (A5)

2·B3 =
µ0 I

πD·10−3 ·
[

arctan
(

D32

h

)
− arctan

(
D31

h

)]
= 7.457·10−5 [T], (A6)

2·B4 =
µ0 I

πD·10−3 ·
[

arctan
(

D42

h

)
− arctan

(
D41

h

)]
= 4.81·10−5 [T], (A7)

2·B5 =
µ0 I

πD·10−3 ·
[

arctan
(

D52

h

)
− arctan

(
D51

h

)]
= 3.31·10−5 [T]. (A8)

With the results from Equations (A3)–(A8), we can compute the total field correspond-
ing to a particular multi-trace structure (note that B0 is the result for a single trace). The
result is shown in Equations (A9)–(A13):

3 spires : Btotal = B0 + 2B1 = 3.2204·10−4 [T] (A9)

5 spires : Btotal = B0 + 2B1 + 2B2 = 4.4434·10−4 [T] (A10)

7 spires : Btotal = B0 + 2B1 + 2B2 + 2B3 = 5.1891·10−4 [T] (A11)

9 spires : Btotal = B0 + 2B1 + 2B2 + 2B3 + 2B4 = 5.6701·10−4 [T] (A12)

11 spires : Btotal = B0 + 2B1 + 2B2 + 2B3 + 2B4 + 2B5 = 6.0011·10−4 [T] (A13)
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Abstract—This paper describes the research for 
implementing a commercial giant magnetoresistive (GMR) 
sensor for detection of magnetic nanoparticles with potential 
applications in lab on a chip (LOC) device or for analysis of 
waste water. Micromagnetic simulations are performed to 
illustrate the behaviour of the detection system. The 
experimental setup focuses on the detection of polyethylene 
glycol (PEG6000) functionalized magnetic nanoparticles, 
commonly used in biosensors and LOC devices. Practical 
solutions for improving the GMR sensor measurement setup are 
detailed and discussed.  From the experimental measurements 
we are able to detect a mass approximately 1.20 μg of pure 
maghemite cores which corresponds to a magnetic moment of 
approximately 9.098∙10-5 emu for a signal variation of 0.035 V. 
(in this case, a detection sensitivity of about 75.81 emu/g). 
Emphasis is placed on advantages in terms of setup sensitivity, 
flexibility and integration.  

Keywords—magnetic sensors, GMR effect, magnetic 
nanoparticles, micromagnetic simulation  

I. INTRODUCTION  
Magnetic nanoparticles (MNPs) and superparamagnetic 

beads (MBs) present a lot of interest in many fields like waste 
water purification, sorting, separating, purifying and detecting 
biomolecules in assays for rapid diagnosis applications in 
what is known as Lab on a Chip (LOC) device. Detection of 
functionalized magnetic nanoparticles, attached to 
biomolecules of interest, can be made by using 
magnetoresistive sensors (MR) based on anisotropic mag-
netoresistance (AMR) [1, 2], giant magnetoresistance (GMR) 
[2,3,4] tunnelling magnetoresistance (TMR) [5] and planar 
Hall effect [6,7], superconducting quantum interference 
devices (SQUIDs) [8]. The ability of the mentioned sensors to 
detect very weak magnetic field signals from MNPs, 
combined with their low cost, small size, and an output 
electric signal suitable for automated analysis, allows them to 
be a powerful tool for such applications. 

Magnetic micro-devices have been developed in recent 
times for manipulation and capture of MNPs used for bio 
applications [9,10]. They are based on micro(electro)magnets, 
soft magnetic microstructures or external magnetic field 
generators. However, the main disadvantages of on-chip 
electromagnets compared with permanent magnets and 
external magnetic field generators are that they can increase 
the temperature of the chip during operation [10]. More 

recently, domain wall motion in nanometre thick magnetic 
films patterns, with special design, has been proved as an 
elegant method to precisely transport and capture MNPs to a 
target location [11,12,13] where detection takes place. These 
systems are quite complex, difficult to be manipulated and 
require specific microfabrication steps which makes them 
expensive. 

In terms of detection, many works were made to optimize 
AMR, GMR and TMR sensors for MNPs detection [3, 5, 10, 
14]. However, relatively low signal to noise ratio (SNR) of 
these sensors may often lead to erroneous detection, thus, 
methods to improve the SNR are of main interest.  

 By using MNPs in immunoassays it is possible to increase 
sensitivity and reduce analysis time by using external 
magnetic fields for magnetic separation [15]. MNPs have 
other advantages over traditional fluorescent and enzyme 
markers (such as better sensitivity [16]) which have limitation 
in opaque or disperse biological media. It should be noted that 
two different directions can be taken regarding their use: 
MNPs can act as a solid phase for immune complex formation 
or as labels for providing detection in the analysis.  

 GMR biosensors are low-cost alternatives to biochips [17] 
especially utilized in detection of DNA-DNA interactions and 
protein-immune sensing (with DNA or antibodies). GMR 
biosensors were developed as a bead array counter (BARC) 
system [18]. Spin-valve type GMR sensors are becoming 
more frequently used as biosensors due to higher accuracy and 
a more linear response [19]. Moreover, GMR biosensors have 
also been reported for genotyping [20]. The complex 
interaction between the magnetic layers of the spinvalve 
structure of a GMR sensor and MNPs are key elements in 
establishing the best approach for a GMR biosensor. Previous 
studies on [21, 22] made on spin valve structures, revealed that 
the output signal depends on the position of the MNPs over 
the sensor surface and we stressed the fact that it is more 
convenient to apply the magnetizing field, Hbias, perpendicular 
to the sensor surface [23]. Also, through previous studies, we 
emphasised the usefulness of the superparamagnetic 
behaviour, for biodetection processes [24]. 

 For and actual LOC device based on GMR sensors, some 
considerations are necessary. Firstly, by using a non-
encapsulated GMR sensor model, sensitivity can be increased, 
as well as the magnetic coupling between the sensor and the 
MNPs. Moreover, the GMR-based biosensor design should be 

This work was supported for C.M., M.V, M.O., A.A. and M.A. by a grant 
of the Ministry of Research, Innovation and Digitization, CNCS/CCCDI –
UEFISCDI, project number 3PCCDI/2018 within PNCDI III.  
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flexible enough to accommodate integration of other 
microdevices (such as microchannels, microvalves), which 
are an essential part of a LOC device. 

 In this paper, we prove the ability to detect magnetic 
nanoparticles using a sensor based on giant magnetoresistance 
(GMR) effect [25]-[27], for detection of magnetic 
nanoparticles, illustrating the potential use in biosensing and 
LOC applications. The working principle was illustrated with 
micromagnetic simulations and experimental measurements. 
Furthermore, we showed that an analysis of the derivative of 
the sensor output in function of the applied field can prove 
useful for further research (for example, when analysing the 
response from biofunctionalized MNPs).  

 The proposed method exhibits better sensitivity for the 
magnetic nanoparticles detection setup by using a less 
complex, single sensor setup and also by applying a constant 
magnetic field perpendicular to the sensor surface to 
magnetize the particles. MR sensors saturate at fields not 
greater than 0.01T and the detection process is highly 
influenced by the magnetostatic interaction between the 
sensor surface and MNPs. Thus, it can be noted that, in this 
case, the superparamagnetic behaviour of the MNPs is 
necessary to eliminate both the false positive detection signals 
and clustering processes in the liquid volume and on the 
surface of the sensor. Although a similar approach was 
demonstrated in [22, 24, 28] or, this work represents a 
refinement of the proposed method by utilizing offset 
correction and due to an increased sensitivity of about 75.81 
emu/g. Furthermore, coupled with magnetorelaxometry 
through volume magneto immunoassay detection [29], 
advantages in terms of setup flexibility, size and cost can be 
achieved.  Other MNPs sensing methods using MR sensors, 
although promising, show a more complex setup and often 
lower sensitivity [28, 30]. In terms of drawbacks, we can note 
hybrid setup (the sensors setup is separate from the amplifier 
and data acquisition setup) and low-level integration since the 
platform can be integrated into a microfluidic system to allow 
repetitive measurements with easy cleaning when utilizing 
biofunctionalized MNPs.   

II. MATERIALS AND METHODS 
The GMR effect can appear in multilayered magnetic 

structures of the type FM/NM/FM; here FM denotes magnetic 
layers like Ni80Fe20, Co, CoFeB with thicknesses between 1 
and 10 nm whereas NM denotes a nanometer thick conductive 
nonmagnetic layer such as Cu or Ag which has the role to 
separate the FM layers that can interact by magnetostatic 
coupling or through exchange interaction. The physical 
mechanism of the GMR effect is the spin-dependent scattering 
at the interfaces and in ferromagnetic (FM) layers for spin-up 
(spin parallel to layer magnetization) and spin-down (spin 
antiparallel to layer magnetization) electrons [25], [27]. 
Consequently, in the GMR effect, the structure resistance 
changes according to the angle between the directions of the 
magnetization of adjacent layers. When the layers are 
magnetized in parallel direction, the resistance is at a 
minimum value, Rp. When the magnetizations of the adjacent 
magnetic layers are antiparallel to each other, the resistance is 
at a maximum value, named Rap. In a single domain approach, 
the electric resistance dependency from the angle θ, between 
the magnetizations of adjacent magnetic layers is [25]-[27]: 𝑅 = 𝑅 + ௱ோಸಾೃଶ [1 − 𝑐𝑜𝑠 𝜃] (1) 

where, ΔRGMR =Rp- Rap, is the GMR effect amplitude. 

 Such that, for antiparallel configuration (θ = 180°), R=Rap 
while for parallel configuration (θ = 0°), R=Rp. Note that θ 
depends on the applied field and on physical properties of the 
GMR structure. 

The magnitude of the GMR effect is expressed by (2), and 
is typically between 5-15%. 𝐺𝑀𝑅 = ோೌିோோೌ 100  [%],  (2) 

 To have a workable structure, the magnetization of a 
ferromagnetic layer is pinned by an anti-ferromagnetic (AF) 
layer of FeMn or IrMn, and is named pinned layer (FMPL), 
while the second FM layer has the magnetization free to rotate 
under the action of an external magnetic field and is named 
free layer (FMFL). The AF layer has the role to “pin” the 
magnetization of the FMPL layer through an exchange 
interaction at the interface between the AF and the FMPL 
layers. This interaction manifests like a field, named exchange 
biasing field, Hex, applied only to FMPL Usually, Hex ranges 
from 2 to 100 Oe. Such that, a GMR structure is of the type 
Substrate/Ta/FMFL/NM/FMPL/AF/Caping layer. The substrate 
consists of a single crystalline Si wafer on which a SiO2 
isolating layer is grown. The Ta layer assures the adhesion of 
the GMR structure which is grown above, usually, by 
magnetron sputtering or by atomic layer deposition 
techniques. The caping layer protects the GMR structure 
against oxidation and contamination with water molecules, 
etc. Also, an anisotropy field exists in such structures and is 
due to crystalline anisotropy and shape anisotropy. Fig.1 
presents a GMR structure [25] with typical thicknesses of the 
involved layers. 

 
Fig. 1. A typical “exchange-biased spin-valve” GMR structure.   

Based on GMR effect, high sensitivity magnetic field sensors 
can be patterned in microtechnology research laboratories 
[27] or can be found as commercial products [31, 32]. The 
GMR sensor used in our study, named GF708, is from 
Sensitec GmbH Germany, provided as flip-chip package [31]. 
This type of package allows a very good magnetic coupling 
between the sensor and the MNPs. The sensor consists of four 
GMR structures connected in a Wheatstone bridge 
configuration, Fig. 2. Two structures are placed in the gap of 
a magnetic flux concentrator (MC) whereas the other two 
GMR structures are covered by flux concentrators and are 
used as reference elements to complete the Wheatstone 
bridge. By this, the sensor has a very good thermal stability of 
the output voltage of about -0.35%/K and a sensitivity of 13 
mV/V/Oe in the linear range between -10 to 10 Oe [31].  

 The chip was wire bounded and mounted on a platform 
which was connected to the measurement system composed 
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from a Keithley 6221A current source and a Keithley 2182A 
nanovoltmeter to read the output voltage from sensor. The 
platform with the chip was mounted inside of a system 
composed from a dual Helmholtz coils setup that can provide 
a very uniform magnetic field. The coils were connected to a 
programable power supply source Kepco BOP100-10MG. All 
these devices, presented in Fig 3, were computer interfaced. 

 In terms of immunity to low, homogenous external 
magnetic fields both magnetic field sensors in the GF708 chip 
are connected in a differential setup. This is crucial when very 
low currents are measured because they generate a magnetic 
field which is comparable to the terrestrial magnetic field. 
Moreover, the output of the detection system, which is 
working in a differential regime, was set to 0 prior to making 
an experiment for MNPs detection in order to be confident that 
the output voltage is a measure of the MNPs magnetic 
moment.  

 
Fig. 2. (a) Overview of the GF708 sensor from the bump-side, (b) and (c) 
simplified schematic of the sensor with active GMR structures, R1,3 and 
screened structures R2,4; the maximum sensitivity is obtained when 𝐻ሬሬ⃗  is 
directed over y axis. 

 
Fig. 3. The experimental setup: (1) Kepco BP 100-10MG, (2) the dual 
Helmholtz coil setup, (3) the Keithley 6221A current source and 2182A 
nanovoltmeter and (4) the platform with the GMR chip. 

III. RESULTS AND DISCUSSION 

A. Micromagnetic Modelling of the Detection System 
To have a qualitative understanding of the detection 

process, we performed micromagnetic simulations using the 
single domain approximation approach. A freeware 
micromagnetic simulator [30] was used to generate the system 
depicted in Fig. 4 and to simulate its behaviour. The 
simulation results system are presented in Fig. 5 and the 
underlying process is described in what follows. The 
simulated GMR sensor, Fig. 4 (a, b) consists of two magnetic 
layers of Permalloy, with a length of 1000 nm on each side. 
The free layer (magnetic moments marked with red arrows, 
Fig. 4) has a thickness of 10 nm whereas the pinned layer 

(violet arrows, Fig. 4) has a thickness of 5 nm. The saturation 
magnetization is MS=800 emu/cc and the anisotropy field is 
HK=10 Oe in both layers. The exchange bias field, used to pin 
the magnetization from the pinned layer is Hex=100 Oe. Also 
note Fig.1. The Cu separation layer is 10 nm thick. The 
magnetic flux concentrator (MC) consists from 2 plates 1000 
nm each side and 100 nm. The MC is simulated like a soft 
material with a relative magnetic permeability μr=2000.  

The presence of MNPs over the sensor surface is taken into 
account as a thin layer of 10 nm of soft magnetic material 
(because they have a superparamagnetic behaviour) with 
MS=450 emu/cc and μr=25. These are typical values for 
maghemite. The MNPs are placed at 100 nm above the 
sensor’s surface. This is usually the thickness of the Si3N4 
protective layer. Useful details on using this method of 
simulation and MNPs behaviour can be found in [22], [24], 
[33]-[36].  

 

 
Fig. 4. The detection system showing the simulated GMR sensor (a) at 
saturation and (b) for H<Hsat; and (c) the full structure of the detection system 
consisting from GMR sensor MC and MNPs. 

Fig. 7 presents the results of micromagnetic simulations 
for different situations in order to emphasise the role of the 
MC and the presence of the MNPs above the sensor surface. 
With a black line (a) and red line (b) the typical field 
dependences of the GMR sensor output without MC and with 
MC respectively, are plotted. The low field working region is 
between -100 to 100 Oe, where only the magnetization from 
the free layer is switching. Because of the magnetic flux 
concentrator, the field required to switch the magnetization 
from the free layer is smaller and the slope of the linear region 
of the GMR field characteristic is higher i.e., the sensor 
sensitivity is higher. When the magnetizations are antiparallel 
(ap-state), the structure resistance is maximum, whereas when 
the magnetizations are parallel (p-state), the structure 
resistance reaches the minimum value. At fields higher than 
+200 Oe, the pinned layer magnetization is also switching. 
That region is of no particular interest for sensing applications.  

The magnetostatic coupling between MNPs and the sensor 
changes the field characteristic of the GMR effect as seen in 
Fig. 5. This is due to returning magnetic field lines from the 
MNPs layer which lower the effective field inside the GMR 
sensor. The absence of the small hysteretic behaviour in Fig. 
5 is due to the single domain approach used in our simulations. 
The low field GMR response in the absence of MNPs is in 
good qualitative agreement with experimental data presented 
in Fig. 6a. 
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Fig. 5. Micromagnetic simulations of the GMR sensor behaviour: (a) only 
GMR sensor; (b) GMR sensor with magnetic flux concentrator and no MNPs 
and (c) GMR sensor with magnetic flux concentrator and MNPs. 

B. Experimental results 
The horizontal coils (Fig. 3) are used to apply a magnetic 

field perpendicular to the sensors surface in order to study the 
possible influence of this field component, Hp, on the sensor’s 
response. Fig. 6 presents the field characteristics of the sensor 
without MNPs over his surface for the perpendicular field, Hp, 
0 and 25 Oe.  

 

 

 
Fig. 6. The transfer curves (a) and their derivatives, (b) and (c), of the GMR 
sensor with magnetic field, H, for Hp=0 and 25 Oe. 

 A drop of 1 μl of water was placed above the chip surface 
to have a similar thermal equilibrium state like when the 
solution with MNPs is placed above the sensor. The current 
through sensor was established to 0.31 mA during 
experiments. From Fig. 6 we can observe that the sensor is 
insensitive to perpendicular applied fields. This behaviour is 
due to the fact that the demagnetizing coefficient over the 
direction perpendicular to the film surface is close to -1, 𝑁ୄ ≈−1, which forces the magnetization to stay in the film plane. 
The small displacement observed is due to a very weak in 
plane component of Hp. The calculated derivatives of the 
output signal give two peaks that correspond to the switching 
fields in the sensing layer (free layer) whose magnetization 
rotates under the applied field. As we can see from Fig. 4(b) 
and (c), the width of the hysteresis curve, ΔHC=1.2 Oe, is the 
same both for Hp=0 and Hp=25 Oe. Only a small displacement, 
of about 0.3 to 0.4 Oe, is observed due to the in-plane 
component of Hp. However, we expect to observe a change of 
the switching fields when MNPs will be paced above the 
sensor’s surface, as is depicted in Fig. 7. 

 
Fig. 7. Cross section and plane view schematic representation of the GMR 
sensor with MNPs placed on its surface. 

Using the setup presented in Figs. 2 and 3 and following 
the measurement procedure described above, we placed 
different volumes of solution with MNPs over the sensor’s 
surface. The MNPs consist from Maghemite (Fe2O3) 
nanoparticles, of 10 nm in diameter, functionalized with 
Polyethylene glycol 6000 (PEG 6000) which are placed in 
suspension in water. On these functionalized MNPs, various 
antibodies can be attached to be used for biodetection of 
specific antigens. Finally, in function of the magnetic material 
found above the sensor’s surface, the number of specific 
antibody-antigens binding processes can be estimated. In this 
study we show the ability of the GMR based system, described 
above, to detect these MNPs. In order to increase the magnetic 
field generated by the MNPs and, hence, to increase the 
detection sensitivity, we applied a constant magnetic field, 
Hp=25 Oe, perpendicular to the sensor surface. This field will 
magnetize the MNPs but, as we showed in Fig. 4a, has a very 
small influence on the sensor behaviour. The method was 
previously described in [22], [24]. 

Fig. 8a presents the field dependences of the output 
voltage when a drop of 1.25 μl of solution with maghemite 
nanoparticles functionalized with PEG 6000 was placed above 
the chip surface. For comparison, the output signal when only 
a drop of water was placed above the chip surface is also 
plotted, see Fig. 8a. We can remark the deformation of the 
response curve toward higher fields as was predicted by the 
simple micromagnetic simulations. Because the MNPs 
deposited over the sensor surface act like shunting layer, a 
higher field is required to switch the magnetization in the 
sensing layer and to reach saturation. This behaviour can be 
better quantified by analysing the output signal through its 
derivative and representing dU/dH=f(H) like in Fig. 8b. By 
using this method, the switching fields can be found precisely, 
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which can be considered as a marker of the MNPs presence 
above the sensor surface. We found a shift of 0.8 Oe of the 
response curve compared with the case without MNPs above 
the sensor and the width of the hysteresis curve is now 
ΔHC=2.2 Oe.  

 

 
Fig. 8. (a) The field dependences of the output signal without and with MNPs 
over the sensor surface and (b) the calculated derivative of the output signal. 

The experiments were continued by adding 0.25 μl 
aqueous solution of MNPs (Fe2O3+PEG 6000) in two stages. 
Again, was observed the displacement of the response curve 
and increases of ΔHC. Delta U represents the difference 
between the signal amplitude with and without MNPs, the 
latter being taken as a reference signal. For example, In Fig. 
8a, Delta U= -0.035 V. Fig. 9 summarizes the results of the 
detection experiments for 1.25, 1.50 and 1.75 μl of 
Fe2O3+PEG 6000 aqueous solution placed above the sensor 
surface. Fig. 10 shows the signal amplitude variation and 
hysteresis curve width in function of the volume of the MNPs 
solution obtained by applying a 0.01Hz triangle AC 
magnetizing field.  

 
Fig. 9. GMR signal amplitude variation in function of the MNPs solution 
volume placed over the sensor surface. The applied magnetizing field (Happl) 
is a 0.01 Hz triangle AC waveform.   

 
Fig. 10. Signal amplitude variation and hysteresis curve width, ΔHC, in 
function of the MNPs solution volume placed over the sensor surface. 

Following the method described in [24], [26], we can 
estimate the mass of MNPs detected in these experiments. 
Such that, we found that 1.25 μl of solution contains 16.7 μg 
of powder composed from maghemite nanoparticles, 10 nm in 
diameter, functionalised with PEG 6000. This means about 
1.20 μg of pure maghemite cores, the remaining mass being 
the PEG 6000 molecules. Using data from the magnetization 
curves [24] of the PEG6000 functionalized MNPs we 
estimated that our system determined a magnetic moment of 
about 9.098∙10-5 emu for a signal variation of 0.035 V (in this 
case, a detection sensitivity of about 75.81 emu/g). 

IV. CONCLUSIONS 
In this paper we proposed a practical method to detect 

MNPs used for medical diagnosis using a commercial GMR 
based sensor. This method highlights, through experimental 
results, an improvement to the method of utilizing a 
perpendicularly applied magnetic field to magnetize the 
magnetic nanoparticles to maintain their superparamagnetic 
behaviour using a simpler measurement setup to the ones 
described in literature [28, 30] while also illustrating the 
usefulness of analysing the calculated derivative of the output 
signal. This approach shows promise for future developments 
using GMR biosensors for utilizing magnetorelaxometry to 
analyse sensor results from functionalized MNPs.   
Micromagnetic simulations were used to describe the 
detection process. We proved that even a single domain 
simulation method is suitable to illustrate the influence of a 
magnetic nanoparticle over the response of a GMR structure. 
This approach, can be applied as an initial step for easier and 
faster prototyping of a GMR sensor intended for MNPs 
detection. From the experimental data we show that we can 
easily detect a very small mass of magnetic nanoparticles, 
down to 1.2 μg of pure maghemite cores. Moreover, by using 
a flip-chip package approach, this will allow tight integration 
with microfluidics and simplifies the overall measurement 
setup as complex measurement setups like in [30], which 
involve the MNPs being placed in a container on a rotating 
cylinder in the sensor’s vicinity are avoided (as such a setup 
reduces detection sensitivity). Further developments will 
consider the integration of the GMR sensor into a microfluidic 
channel which will allow a precise dosage of MNPs, 
protection against external contamination and easy washing of 
the sensor’s surface in prior to new measurements. Thus, a 
more practical lab-on-a-chip implementation of a GMR 
biosensor is highlighted.   
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Abstract: This paper presents the design and implementation of a high sensitivity giant
magnetoresistance (GMR) based current sensor with a broad range of applications. The novelty of
our approach consists in using a double differential measurement system, based on commercial GMR
sensors, with an adjustable biasing system used to linearize the field response of the system. The
work aims to act as a fully-operational proof of concept application, with an emphasis on the mode
of operation and methods to improve the sensitivity and linearity of the measurement system. The
implemented system has a broad current measurement range from as low as 75 mA in DC and 150
mA in AC up to 4 A by using a single setup. The sensor system is also very low power, consuming
only 6.4 mW. Due to the way the sensors are polarized and positioned above the U-shaped conductive
band through which the current to be measured is flowing, the differential setup offers a sensitivity of
about between 0.0272 to 0.0307 V/A (signal from sensors with no amplifications), a high immunity
to external magnetic fields, low hysteresis effects of 40 mA, and a temperature drift of the offset of
about −2.59 × 10−4 A/◦C. The system provides a high flexibility in designing applications where local
fields with very low amplitudes must be detected. This setup can be redesigned for a wide range
of applications, thus allowing further specific optimizations, which would provide an even greater
accuracy and a significantly extended operation range.

Keywords: current sensors; GMR effect; spin-valve sensor; micromagnetic simulations; Bias
magnetic field

1. Introduction

Modern electronics applications often require accurate current measurements in a compact design,
thus increasing the need for low power current sensing devices. Also, due to the extremely competitive
market for power electronics devices, low cost for those current sensing devices is critical.

Contactless current measurement devices are based on detection of the magnetic field created by
the current. When only the AC current component is measured, the most used devices are based on
current transformers and Rogowski coils [1–3]. However, to measure DC/AC currents, sensors able to
detect DC magnetic fields with high accuracy must be used.

The (micro)fluxgate [4,5] sensors offer high performance and stability in detection of DC/AC
currents. A Fluxgate current sensor uses a high permeability magnetic core to detect magnetic fields
produced by a current flow. A system of coils such as the fluxgate coil, driven by a square wave current,
compensation coil, and pick-up coil are used to determine the magnetization state of the magnetic core
and, hence, the current to be measured. The electronics used to drive the currents, to demodulate the
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signal and to manage all the sensor’s functionality is quite complex and often power consuming. Now,
new reported developments are ongoing, in which the fluxgate magnetometer is co-integrated along
with circuitry on a die [5]. Fluxgate sensors are much more sensitive than Hall sensors and have better
temperature stability, and low noise and linearity. A main disadvantage is their relatively small full
range of operation, of about 2 mT. In [4] 16 integrated microfluxgate sensors TI DRV425 were used,
which were placed around an Al conductor with the cross-section of 100 × 10 mm2 able to support
a current of 400 A. Using this complex system, composed from sensors, DAQ boards, and Mini-PC,
a resolution of 1 mA and a temperature drift of 8 mA/◦C were achieved for a maximum measured
current of 400 A.

Magnetoresistive sensors (MR) made from magnetic layers and based on anisotropic
magnetoresistance (AMR) [6–9], giant magnetoresistance (GMR) [10–15], and the tunneling
magnetoresistance effect (TMR) [16] are now extensively studied and used for detection of
DC/AC currents.

The resistance behaviour of magnetic thin films (Fe, Co, Ni, or alloys like Permalloy—Ni80Fe20)
is anisotropic (AMR effect) with respect to the applied field direction [6]. The alloy’s resistance
depends on the angle between the magnetization and the direction of current flow. In a magnetic
field, magnetization rotates toward the direction of the magnetic field and the rotation angle depends
on the external field’s magnitude. The resistance changes roughly as the square of the cosine of the
angle between the magnetization and the direction of current flow. Based on this effect and on the
planar Hall effect (PHE) which appears in such structures as a consequence of the AMR effect [6], many
sensing applications have been developed. Most of these sensors are obtained using integrated circuit
technology [7–9], where the resistive elements are connected in a Wheatstone bridge configuration to
get high detection sensitivity around 0 field and a better thermal stability of the output signal. The
resistive elements have a large aspect ratio (about 10 nm thin, a few µm wide, and tens of µm long),
such that magnetization naturally aligns over the longitudinal axis (easy axis of magnetization). The
Barber Pole biasing technique [6,8,9] is used to linearize the transfer function.

To achieve a uniform rotation of the magnetization in the resistive elements, the magnetic field
must be applied parallel with the sensor’s surface and perpendicular to the easy axis of magnetization.
In [7], eight AMR sensors (model KMZ51) were placed in a circular pattern around a conductor through
which the current to be measured is flowing. A linearity error of ±0.05% in the current range of ±8 A,
i.e., an absolute resolution of 4 mA was reported. In [8], the AMR sensors are placed above a U-shaped
current trace, the system being encapsulated in a SOIC16 package type.

Currents up to ±50 A can be measured with a zero offset current up to 120 mA. For a current range
of ±5 A, the zero offset current can reach a maximum value of 60 mA; the sensitivity is 350 mV/A (with
signal conditioning) with a non-linearity error up to 0.5% F.S. (full scale). In [9], the AMR chip with
a Wheatstone bridge was placed above the U-shaped conductor. As a common factor, these sensors
contain, in their structure, a compensation conductor located above the MR elements [8,9]. Through
this conductor a feedback current is driven to compensate the external magnetic field so that the sensor
always works around a single point.

This feedback current is a measure of the detected current. Also, as the internal magnetization
has no preferred direction along the longitudinal axis, a flipping of 180◦ can occur due to overcurrent
spikes or due to exposure to certain external magnetic fields. This flipping of the magnetization results
in a different sensitivity of the system. To overcome this problem, an internal coil (KMZ51) or external
controlled magnetic field should be used to reset the magnetization to the initial orientation. Care
should be taken to avoid a current passing directly underneath the device itself as the magnetic field
generated by that current will be parallel to the printed circuit board (PCB) surface and will affect the
functionality of the AMR sensors.

In 1988, the giant magnetoresistance (GMR) effect was discovered in a [Fe/Cr]n magnetic multilayer.
It was found that a change of relative magnetic moment orientation between adjacent magnetic layers
results in a significant change of resistance. When the layers are magnetized in parallel, the resistance
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is at a minimum value, Rp. When the magnetizations of the adjacent magnetic layers are antiparallel to
each other, the resistance is at a maximum value, named Rap. The physical mechanism of the GMR
effect is the spin dependent electric transport in ferromagnetic transition metals. Thus, a new and
dynamic field in science, named spintronics, has emerged from this discovery. In 2007, the importance
of this discovery was awarded with a Nobel Prize in Physics. Many different applications have been
developed subsequently, including low field sensors, position sensors, velocity sensors, Magnetic
Random-Access Memory (MRAM) [12], and hard disks read heads. GMR sensors offer high sensitivity,
wide frequency range, small size, low power consumption, and they are compatible with many other
state-of-the-art technologies [13]. GMR sensors also have a number of drawbacks, from which we can
note nonlinearity, hysteresis, offset, and a temperature dependent output that can reduce measurement
accuracy [14]. In addition, the output of some of GMR sensors is unipolar, which limits its application
in AC measurements [2].

In terms of theoretical considerations, several methods have been proven effective in improving
the GMR sensor response. Using a bias field parallel to the sensitive axis can shift the operating
point of the sensor to the linear region, thus reducing the hysteresis behavior and creating a bipolar
signal. This field can be created either by using a permanent magnet or a coil system with DC, AC, or
short pulse currents which can have either open or closed-loop control [14]. Optimization in terms
of signal measurement (such as using a differential measurement method) and acquisition can also
be performed.

Regarding the application of GMR sensors as current sensors, a multitude of studies have been
performed to improve their characteristics. In [14], a closed-loop operation was used to improve the
linearity of the GMR sensor. Hysteresis modelling compensation is used in [11] to reduce hysteresis
and temperature dependency. In [15], low frequency capture is used to extend the sensor response up
to ±800 A. Compared with AMR sensors, GMR sensors, offer a higher sensitivity and, in most cases,
are more stable to overcurrent or magnetic field spikes.

2. Materials and Methods

2.1. Principle of Operation

The proposed current measurement method is an indirect one (the GMR sensor acts as a
magnetometer by measuring the magnetic field produced by the current trace on which it is installed).
Thus, if a current, I, passes through a wire, the magnetic field B will produce a change of the
output voltage on the GMR sensor. Figure 1 illustrates the non-contacting current measurement
demonstrator setup.

Figure 1. Non-contacting current measurement basic setup using a conducting trace and a giant
magnetoresistance (GMR) based sensor chip: (a) plane view; (b) cross section (adapted from [17]).

The current, I, from the conductive trace (denoted as “Current trace”) generates a magnetic field,
whose component, Bx, will be detected by the GMR sensor. To estimate Bx, we derived an analytical
method, which assumes that the sensor is centered above the trace at distance h, Figure 2.
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Figure 2. Cross section representing the parameters of the analytical model implemented for
field calculations.

Assuming a long conductive trace, the elementary field produced by the current dI is expressed,
using the Biot-Savart law, by:

dB = µ0
dI

2πr
, dI =

I
w

dx (1)

and
dBx = dB·cosθ = µ0

h
2π
·

I
w
·

dx
h2 + x2 (2)

where µ0 = 4π × 10−7 H/m is vacuum magnetic permeability; w is the trace width, and h is the distance
from the trace to sensor.

Usually, the trace thickness is between 0.018 to 0.036 mm and h is about 0.4–0.8 mm for low-profile
surface mount packages chips. So, we can assume, in Equation (1), a linear current density I/w to
calculate the field.

By integrating Equation (2) and doing some basic calculations we obtain (where I is in A and w, h
are in m):

Bx =
[ I
w
·arctan

( w
2h

)]
·4·10−7[T]. (3)

The results from Equation (3) can be expressed in [G] by:

Bx =
[ I
w
·arctan

( w
2h

)]
·4·10−3[G]. (4)

If h = 0.8 mm (for sensor AA003-02 produced by Nonvolatile Electronics (NVE) [13], w = 2 mm
and I = 4 A, Bx = 7.16 × 10−4 T.

In the linear region of the sensor’s response we can express the output voltage as:

∆Ua = Se f f ·B (5)

where Se f f is the effective sensitivity which depends on the sensor type and supply voltage.
For an AA003-02 GMR based sensor, S = 2.6 mV/(V × Oe). At a supply voltage VS = 5 V one

obtains Seff = 13 mV/Oe and an estimated output voltage ∆Ua = 93.18 mV if I = 4 A. The results obtained
with this analytical method have proven to be consistent and more accurate than those that can be
obtained by utilizing the web application from [17]. When the current in trace is smaller than 1 A, the
magnetic field to be detected by a sensor becomes comparable with the earth’s magnetic field which
implies some practical issues regarding low currents measurement.
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2.2. Characterization of the GMR Sensor

The rate of change in the resistance of a GMR element is expressed by:

GMR =
Rap −Rp

Rap
100[%]. (6)

Usually, the multilayered structures, from which the GMR sensors are patterned, are of the type
AFM/PL/NM/FL, Figure 3a, where AFM denotes an antiferromagnetic layer of IrMn, PL (named pinned
layer or fixed layer) is a ferromagnetic layer of Ni80Fe20 (named Permalloy) or NiFeCo and NM is a
very thin nonmagnetic layer of Cu (0.1–2 nm). The free layer, FL, also known as the sensing layer, as the
magnetization can rotate upon an applied magnetic field, is usually deposited from Ni80Fe20 or NiFeCo.
The GMR ratio for such structures is about 5%–15% [13,14]. The AA003-02 sensor, which contains two
active GMR elements connected in a Wheatstone bridge, has a GMR ratio between 13%–16% [18].

Figure 3. (a) Typical structure of a GMR sensor; (AFM—antiferromagnetic pinning layer; PL—pinned
magnetic layer; NM—nonmagnetic spacer layer; FL—free magnetic layer (b) The simulated field
dependence of the magnetization along the Oy axis (My) and the calculated GMR effect when Happl is
directed over the Oy axis.

Thus, a simple approach to simulate the field dependence of a GMR sensor signal is to calculate
the behavior of the magnetization from the free layer (because the magnetization in the pinned layer
can be assumed to be fixed for low applied fields.). For this purpose, we used the OOMMF (Object
Oriented MicroMagnetic Framework) micromagnetic simulator [19]. The simulated layer is 1000 × 500
× 10 nm3 and consists from Permalloy; the cell size is 5 × 5 × 5 nm3. The FL is antiferromagnetically
coupled with the PL through the NM layer, the coupling field being 200 Oe, along the Ox axis. The
field, Happl, is applied perpendicular to the easy axis of magnetization (Ox), Figure 3a.

For simulations, we assumed Ms = 710 kA/m (saturation magnetization), A = 1.3 × 10−11 J/m
(exchange constant), and an anisotropy constant, KU = 804 J/m3 along Ox axis. These are typical
material parameters used in micromagnetic simulations [19–23]. The cell size is determined by the
exchange length, lex, which for Permalloy is 5 nm [20]. To get reliable results, the side of the cell should
not exceed lex. However, sometimes, a larger cell size can be used if the simulation results converge to
those obtained for 5 nm (or lower) and are in good agreement with experimental results. Also, care
should be taken when reversal processes are studied, as we did in this paper, to show the hysteretic
behavior of the magnetization along Oy axis and the GMR effect.

The saturation magnetization, Ms, can take values between 700 kA/m to 860 kA/m [19–23]. We
found by VSM (vibrating sample magnetometer) measurements, on magnetic thin films with Permalloy
(10 nm), that MS = 710 kA/m, which is in agreement with [22], which shows a decrease of the saturation
magnetization for very thin films. For the exchange constant, A, values between 10 pJ/m [20] to 13 pJ/m
are reported [19,21,23]. We used A = 13 pJ/m. By using a larger value for KU (instead of the default
value of 500 J/m3) [19,23], we stressed the importance of the uniaxial anisotropy, typical for strips used
to microfabricate GMR sensors, to keep the magnetization along the Ox axis when Happl = 0.

The simulated GMR response may be expressed as a function of relative magnetization angle, θ,
between the free and pinned layer [23] with a relation of the type a + b(1− cosθ); a is a term which
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describes the structure resistance at saturation whereas b represents the magnitude of the GMR effect.
For real structures, a and b depend on the stack structure. Figure 3b, presents the simulated field
dependence of the magnetization along the Oy axis (My) and, based on this result, the calculated GMR
response. The magnetic domain structure of the simulated layer is responsible for the small hysteretic
behavior seen for the field dependence of My and GMR, even if the field is applied over the hard axis.
In a single domain approach, there is no hysteresis for both My and GMR field dependencies, whereas
in a multi domain approach, a hysteresis effect is present.

To sum up, the results presented in Figure 3b for the GMR effect are in good qualitative agreement
with the data from Figure 4 which shows the typical measured field dependencies of the output voltage
made on the AA003-02 sensor for different driving currents. One can observe that: (i) the sensitivity
can be increased by supplying the sensors with a higher current (for example, I = 2 mA) and (ii) the
sensor presents a nonlinear response around 0 field and low sensitivity around the coercive field. These
observations motivate the necessity of a biasing field applied along the Oy axis. The driving current
through the sensor was supplied by a Keithley 6221 source and the voltage was measured by using a
Keithley 2812A nanovoltmeter. The magnetic field was generated by two rectangular-shaped coils in a
quasi Helmholtz-like configuration which were supplied by a Kepco BOP100–10MG power supply.

Figure 4. Typical measured field dependencies of the output signal for AA003-02 GMR sensor for
different driving currents.

2.3. GMR based Non-Contacting Current Sensing

Before implementing our differential measurement setup, initial tests were done using an
evaluation kit, NVE AG003-01E, for current measurement [24] with AA003-02E GMR sensors. The
AA003-02E sensor is a differential system on its own as can be seen in Figure 5a,b. The sensor operates
as a Wheatstone bridge with four GMR elements, from which, two are magnetically shielded and two
are active sensors. The structure is well balanced, such that it delivers an output voltage U ∼ 0 when
H = 0, as shown in Figure 4.

Figure 5. (a) NVE AA003-02E GMR sensor functional block diagram; (b) photomicrograph of an NVE
sensor element [18].

A support holds the current sensor evaluation kit, Figure 6a, inside the coils, Figure 6b, which
will be used to bias the GMR sensor in a linear region of its field-dependence characteristic, Figure 4.
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Figure 6. (a) Schematic of the evaluation board. The current trace 3 (w = 0.254 mm) was used for tests;
(b) image of the experimental setup used for GMR current sensing.

The detection system was characterized by applying a very low frequency 0.16 AC current in the
conductive trace (Figures 7–9). For these tests, the sensors were supplied with a constant current of 1
mA. The tests were made with unbiased (Figure 7), and biased sensors (Figures 8 and 9). Figure 7
presents the output characteristics obtained when the sensor is unbiased. We must remark on the
nonlinear response of the sensor and the hysteretic effect of the output signal, Figure 7a,b.

Figure 7. Output characteristics when the sensor AA003-02 is unbiased: (a) Comparison between the
input current and the output voltage wave forms; (b) the output voltage as a function of the applied
current through the current trace.

Figure 8. Output characteristics when the sensor AA003-02 is biased at 5 Oe: (a) Comparison between
the input current and the output voltage wave forms; (b) the output voltage as a function of the applied
current through the current trace; the sensitivity is 17.9 mV/A.

When the sensor is biased at Hbias = 5 Oe or Hbias = –5 Oe, the output signals follow accurately
the waveform of the applied current (Figures 8a and 9a), and the sensor’s output is linearized with no
hysteretic effects (Figures 8b and 9b). Also, from Figures 8 and 9, the importance of the biasing field
polarity in relation with the polarity of the applied field (generated by the current I) is emphasized.
That would allow an output signal in phase or out of phase with π with the applied current. These
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findings are used for designing the differential measurement setup in order to increase the sensitivity
and to immunize the system from unwanted external magnetic fields and temperature fluctuations.

Figure 9. Output characteristics when the sensor AA003-02 is biased at −5 Oe: (a) Comparison between
the input current and the output voltage wave forms; (b) the output voltage as a function of the applied
current through the current trace; the sensitivity is −17.9 mV/A.

2.4. Differential Sensor Setup and Mode of Operation

A differential measurement system using two AA003-02E GMR sensors was developed. The PCB
of the custom current measurement system can be seen in Figure 10. The GMR sensors are placed
to operate in a differential configuration, i.e., for one sensor the output voltage increases while, for
the second sensor the output voltage decreases when a current, I, is flowing through the U-shaped
conductive band, Figure 10a. The width of the conductive band w, is 2 mm. In the same time, external
magnetic fields, from unwanted sources are canceled using this setup. The high/low current path
represent the same trace, the difference being the connected fuses used to protect the load during the
tests. The 100 nF capacitor is used to filter the sensors supply voltage. Due to this mode of operation, it
can be noted that the sensor is not affected by overcurrent because there is galvanic isolation between
the sensors and the current trace. Even if the current produces a quite large magnetic field, this will
not affect the sensor’s functionality, i.e., the magnetization of the pinned layer is not affected and the
magnetization of the free layer will return to its initial orientation; this is because of the manufacturing
technology [18] where an AF (antiferromagnetic) layer or a synthetic AF layer is used to bias the pinned
layer. This means, there is no need of an external magnetic field to reset the sensors like is done in the
case of many AMR sensors [7,25].

Figure 10. Custom PCB for current measurement using GMR sensors: (a) backside; (b) frontside. Note
that the Ag paste is used to increase the cross section (and consequently, electrical conductivity) in the
contacting areas, thus reducing the overall electrical resistance of the “U” shaped current trace.
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On the other hand, if we refer to overcurrent protection of the load, at this stage we did not
implement the electronics used to trigger the protection when the corresponding signal from sensors
surpasses a reference value.

Figure 10b shows the adjustable biasing system formed by a movable permanent magnet and two
FeSi plates to homogenize (and also reduce) the effective magnetic flux density. In terms of design
choices, the biasing field was set to 8 Oe. The system operates as follows: The permanent magnet
generates a magnetic field in the direction of the sensitive axis of the GMR sensors (this shifts the
GMR sensor response to a linear operation regime. Regarding the configuration of the permanent
magnet, the magnetic field lines between the two Fe-Si plates are almost parallel, thus leading to a
more homogeneous magnetic field at the location of the GMR sensors. This is done because the used
magnet produces a much stronger magnetic field than is necessary for linearizing the sensors output,
and can easily saturate the GMR sensor response for this kind of operation. The permanent magnet
is precisely placed such that the polarization field for each sensor is almost the same. In order to
increase/reduce this field, this magnet can be rotated or shifted up/down slightly when at the same
time monitoring the sensors output to ensure similar polarizing fields.

The functional block diagram of the experimental setup can be seen in Figure 11 and it consists of
the custom PCB, LabJack EI1040 Dual Instrumentation amplifier [26], and a Labjack U12-DAQ card [27]
connected to a PC via USB.

Figure 11. Current measurement differential system using GMR sensors: functional block diagram.

In Figure 11, the amplifier setup for current measurement is also depicted. In this, case, a LabJack
EI1040 Dual Instrumentation amplifier [26] is used to amplify the output signals from sensors; each
channel was set to a gain of 10. The resulting signal is further amplified by another LabJack EI1040
amplifier which is set to a gain of 10 for low currents measurement, or 1 for high currents measurement.
The resulting signals are sent to differential analog inputs on the LabJack U12 DAQ. Thus, for currents
below 200 mA, the total resulting gain is 100. The gain for each instrumentation amplifier can be set
manually or through the LabJack U12 digital input/output interface [27]. An image of the experimental
setup can be seen in Figure 12a. For the purpose of this article, and practical implementation reasons,
the AA003-02 GMR sensors were supplied with a 4.096 V constant voltage, generated by a thermally
compensated source, from the EI 1040 Dual Instrumentation amplifier. For this voltage, the current
through each sensor was about 0.8 mA (the internal resistance for each sensor is 5 kΩ as can be seen in
Figure 5b). In order to avoid any possible contact with the current trace, the sensors were wired-bonded
directly to the external circuit instead of mounting them on the PCB.

Since two almost identical AA003-02E sensors were used, the result is a double differential
measurement system where the benefits and precision compared with a single differential measurement
setup were further amplified. Figure 12b presents how the differential current measurement system
operates: The sensors were both biased with a field of 8 Oe. From Figure 10a, one can note that
since the sensors were placed in such a way that they operate in antiphase, the differential output
from the sensors will subtract the influence of other external magnetic fields. In essence, any external
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homogenous magnetic field (not directly from the current trace) affecting both sensors equally will be
subtracted from the differential output as one can see from Equation (7).

Figure 12. Differential measurement system: (a) experimental setup; (b) mode of operation illustration
for Hbias = 8 Oe: when a current I is applied through the U-shaped band, the voltage on sensor 1
increases (green arrow) whereas the voltage on sensor 2 decreases (orange arrow). For Hbias = −8 Oe,
the voltage on sensor 1 decreases whereas the voltage on sensor 2 increases when the same current I is
applied (see Figures 8 and 9).

Although we agree that is impossible to have a measurement system totally immune to external
magnetic fields, some specific properties of our differential system can be exploited to minimize these
perturbations. As the sensors are made from very thin (nm) magnetic/nonmagnetic layers, they are
not sensitive to perpendicular applied magnetic fields, lower than a few hundred Oe, due to the large
shape anisotropy which keeps the magnetization in the film plane. Also, if the external magnetic fields
are applied in the film plane but over a direction perpendicular to the axis of sensitivity, Figure 6a, the
sensor’s response can be neglected for fields lower than 25 Oe (Figure 4).

Thus, we can note that the influence of the external currents can be minimized by a proper design
of the measurement system using the following observations: The external current lines (if they exist
in the sensor’s vicinity) must be directed parallel with the axis of sensitivity (i.e., the magnetic field
they create is perpendicular to the axis of sensitivity). The differential configuration can be affected by
non-homogeneous external magnetic fields but to meet such a situation, the system has to be in the
vicinity of magnetic field sources like coils and ferromagnetic components that can induce distortions of
the magnetic field lines. In such a situation, electromagnetic shielding must be applied to the detection
system, Figure 10. Also, the effect of these perturbations can be minimized by digital signal processing.

Furthermore, resulting from the operation of the differential measurement system, the following
general equation can be derived for an input parameter x and a temperature variation ∆T:

y = (KS1x + S1∆T) − [KS2(−x) + S2∆T)] (7)

where y represents the differential output, KS1 and KS2 are the sensitivities of each sensor for the useful
input signal, and S1,2∆T is the signal change caused by thermal fluctuations.

By taking into account that each sensor is thermally balanced, one can assume that S1∆T→0 and
S2∆T→0. As the current through the trace creates a magnetic field HI = C·I (where C is a constant) we
can express the output voltage of the differential system as:

∆U = (KS1·HI + S1∆T + KS1·Hext) − [KS2(−HI) + S2∆T + KS1·Hext] (8)

By rearranging the terms, Equation (8) becomes:

∆U = (KS1 + KS2)·HI + (S1 − S2)·∆T + (KS1 −KS2)·Hext. (9)



Sensors 2020, 20, 323 11 of 17

By considering that S1≈S2 (for the same type of sensors), i.e., the system is thermally balanced,
and the differences between the sensors output variation created by external fields are negligible,
Equation (9) becomes:

∆U = (KS1 + KS2)·HI = (KS1 + KS2)·C·I = S·I (10)

where S (V/A) is the sensitivity of the differential measurement system.

3. Results and Discussion

The results presented in this section are a summary of many tests done for different input currents
both in DC and AC. From Figure 13a we can denoted that the sensors response is nonlinear in the
−1.5 A to 1.5 A current region, which would not allow low currents measurement without biasing.
Figure 13b presents the output characteristic of the differential system obtained for unbiased sensors
for a DC current between −3 A to 3 A. The response from each sensor is slightly different and presents
a hysteretic behavior. The differential output is chaotic, and thus unusable.

Figure 13. Measured signals on unbiased sensors for: (a) individual sensors; (b) differential setup. For
these tests, the signal was amplified by 100 times.

In what follows, the results obtained with sensors biased at 8 Oe and using the setup from
Figures 10 and 11 will be presented. Figure 14 presents the system response when measuring a variable
DC current between −2 A to 2 A. The sensitivity for the differential output is S = 0.0307 V/A. Due to
inherent hysteresis effects (note Figures 12b and 13a), a hysteresis effect of 0.04 A was observed in the
range of ±2 A.

Figure 14. Differential output of sensors polarized at 8 Oe, DC ±2 A: (a) individual sensors response;
(b) differential output.

In Figure 15a, the system’s output when measuring a variable DC current from −4 A to 4 A is
presented, while Figure 15b presents the signals variation over time. As expected, the sensitivity is
almost the same but the hysteretic effects are lower. Above 4 A, the thermal stability of the setup is
negatively impacted as heating occurs.
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Figure 15. The response of the differential system when the current varies between −4 to 4 A following
an arbitrary wave form: (a) differential output characteristic, (b) the signals variation over time.

For the differential measurement system, the temperature drift of the offset can, theoretically, go
to zero for sensors that perfectly matched and are subjected to the same biasing field. The temperature
drift of the offset was measured with the sensors biased in order to place them in a linear operation
regime and to have the same (almost) output voltage when no current is applied in the conductive
band, Figure 12b. The measured temperature drift of the offset is ∆U0/∆T ≈ −7.9 × 10−6 V/◦C which
means about −2.59 × 10−4 A/◦C in terms of measured current, for a temperature variation of 20 ◦C.
Thus, it can be noted that the temperature drift of the offset is affected mainly by the temperature
dependence of the GMR effect. Also, we can note that any temperature drifts in the operating range of
the bias magnet and FeSi plates lead to no significant changes to the bias magnetic field as we estimate
that the temperature of these components is no larger than 37 ◦C during our tests. Moreover, we used
a ferrite magnet from NVE to bias the sensors (which has a Curie temperature up to 300 ◦C).

The thermal drift of the sensor is defined by the TCoutput change with temperature using a
constant current source) and TCOV (output change with temperature using a constant voltage source).
According to the catalogue [18], for a single sensor, TCIO is +0.03 %/◦C, while TCOV is −0.1 %/◦C. Since
the sensors are supplied with 4.096 V constant voltage, TCOV is relevant in this case. An LM335AZ
temperature sensor was mounted on the PCB for measuring temperature (Figure 10a). Figure 16a
shows the time dependence of the temperature of the PCB in the sensors vicinity for I = 1 A, 2 A, and 3
A respectively. One can observe that for a current of 3A passing through the conductive band, the
temperature reaches a plateau at about 36 ◦C after 2000 s. Figure 16b shows the thermal drift of the
differential output for I = 1 A, 2 A, and 3 A. The obtained values are: TCOV1A = 0.07 %/◦C, TCOV2A =

−0.0134 %/◦C, and TCOV3A = −0.12 %/◦C.

Figure 16. (a) The time dependency of the sensors temperature for I = 1 A, 2 A, and 3 A; (b) the
thermal drift of the differential output. The temperature variation is caused by the Joule heating of the
conductive band.
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We can identify two possible effects responsible for the measured thermal drifts: (i) variation of
the resistance of the metallic layers with temperature and (ii) temperature dependence of the GMR
effect. The influence of the first effect is almost canceled by the Wheatstone bridge connection of the
sensors inside the chip, Figure 5a, and by the differential measurement setup, Figure 11. This can be
seen from data presented in Figure 16b, when very low magnetic field is applied to sensors for I = 1 A
and 2 A respectively. On the other hand, the effect of spin fluctuations is shown to play an important
role in the temperature-dependency of the GMR amplitude. As a consequence, the GMR effect shows
an almost linear decrease when temperature is raised [28,29].

From Figure 16b we found a linear decrease of the output voltage, which is more important for
I = 3 A where a larger amount of heat can be transferred to sensors and, hence, we expect a larger
temperature variation of the GMR effect. This has an effect on the setup we used, but this can be
compensated by applying a correction factor proportional with the measured temperature variation
and using the calculated TCOV. Figure 16b presents the compensated response for I = 3 A through the
conductive band.

Thus, we can note that the system is thermally stable and can provide reliable data within a
temperature interval between 20 to 37 ◦C.

In terms of low currents sensing capabilities, the limitation is due to some factors like: the sensor’s
field sensitivity, electric noise of the detection setup, and the width of the current path. We found that
the implemented differential system is effective with currents as low as 75 mA, Figure 17a. For lower
currents, the signal from the sensors is very weak and more precautions should be taken into account
regarding electrical shielding, the noise of the signal amplifier, and the DAQ system. As we can see
from Equation (3) and Figures 8 and 9, a current line with a smaller width favours the measurement of
low currents. However, a larger width of the conducting band is needed for measuring larger currents
without excessive heating. For example, when I = 75 mA and w = 0.254 mm, H = 0.186 Oe, whereas H
= 0.1344 Oe for I = 75 mA and w = 2 mm respectively.

Figure 17. Differential output of sensors polarized at 8 Oe: (a) DC, 75 mA, (b) AC, 200 mA.

In Figure 17b, the response of the system when measuring a 200 mA, 50 Hz, alternative current is
shown. In this case, a current of 150 mA is required in order for the output to be sufficiently linear.
Below these thresholds, the nonlinearities in the sensor’s response provide an inaccurate differential
output. That is due to the fact that at low currents, the sensors output no longer accurately follows the
waveform of the magnetic field generated by said current. Thus, the output signal appears distorted
and does not represent the actual sine waveform. This is also true when measuring DC currents, as the
differential output can be scattered creating some nonlinearities in the response (Figure 17a).

In Figure 18a, the AC response of the system when measuring a 50 Hz sine waveform at 3 A is
shown. The harmonic analysis for this measurement is shown in Figure 18b. A THD (total harmonic
distortion) of 0.176% was obtained in this case. We can notice that the signal integrity is very good
with little to no distortion (the fundamental frequency is the major amplitude, while the effect of the
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3rd, 5th, and 7th harmonics is negligible). Note that the frequency limits of the response in AC are
mostly limited by the DAQ system, as the sensors have a theoretical maximum frequency response of 1
MHz [18]. Further studies can be done to find the actual AC frequency limitations of the system.

Figure 18. Biased sensors, AC 3A: (a) differential response and band current; (b) harmonic analysis.

Figure 19 shows the AC calibration curve for the device within the 0–3 A range. We used the
adjusted R-squared term to show how well data is aligned over the fitting line. The adjusted. R-square
is 0.99943. The calculated full-scale error is 0.66%. Note that there is a very good correlation between
the measured current and the response of the system.

Figure 19. 8 Oe biased sensors: AC calibration curve within the 0–3 A range.

What is noteworthy for the implemented system’s output is that all the signal acquisition is done
without implementing any filtering system. In this way, the system’s viability to measure both DC and
AC currents was demonstrated. Thus, it can be noted that for a specific application (in DC or AC),
further signal improvements can be made.

4. Conclusions

A high sensitivity non-contacting current measurement experimental setup based on giant
magnetoresistance (GMR) sensors was implemented. The sensitivity of this detection setup is between
0.0272 to 0.0307 V/A with low (40 mA) hysteretic effects. A biasing magnetic field was used to linearize
the field dependences of the sensors. Moreover, the implemented differential GMR system is very
versatile, being able to measure both DC and AC currents. The current measurement system (Figure 12a)
was proven to be able to measure accurately and for extended periods of time in DC from 75 mA up
to around 4 A, and in AC from 150 mA up to 4 A. This system has the following advantages: high
sensitivity, galvanic isolation, thermal stability (when operating at specified parameters), immunity to
low external magnetic fields, and preservation of signal integrity for the input current, as can be seen
in Figures 15 and 18. These results were obtained without EMF shielding or filtering systems. The
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custom PCB for the system was designed to measure currents up to 10 A (by taking into account the
copper trace width [17]), however, in practice, it was observed that significant heating occurs when
measuring currents larger than 4 A for an extended period of time (Figure 16).

Moreover, in terms of performance comparison of the implemented sensor setup with other
solutions on the market, we can note the following: The novelty of our approach consists in using
a double differential measurement system, Figure 11, based on commercial GMR sensors, with an
adjustable biasing system used to linearize the field response of the system. This approach was not
seen in other works [14,30–32] or was implemented in commercial sensors like microfluxgate [4,5] or
based on AMR effect [7–9]. As we are using a movable permanent magnet to bias the sensors and there
is no compensation coil, the power consumption of our detection system (DAQ card and PC is not
included) is very small, of about 6.4 mW (as each sensor has a power consumption of 3.2 mW, as noted
in [18]).

To improve the measurement accuracy of a magnetometer using the same type of sensor like
we used in this study, a closed-loop GMR–compensation coil is used in [14,30], the system operating
similarly as in [8,9]. With this method, a sensitivity of about 0.03 V/A to 0.04 V/A (with signal
conditioning) is reported in [30] which is quite similar to our result obtained without a feedback coil.
The power consumption was reported to be 1.6 W at low currents through the conductive band to 3.2
W for currents up to 45 A.

In [9], for the MCA1101-xx-5 series current sensors, a sensitivity between 35 mV/A up to 350 mV/A
for current sensors in the 5–50A range which is typical for AMR effect sensors, but lower than GMR
based sensors. In [31], a temperature coefficient TCOV of −0.17 %/◦C of the sensor’s output voltage
is obtained while for our system a TCOV between −0.0134 %/◦C to −0.117 %/◦C has been measured.
Also, in [8], typical CMS2000 series AMR sensors, have a typical offset voltage at room temperature
of ±20 mV compared with our setup of −7.9 × 10−6 V/◦C. This result emphasizes the benefit of our
double differential measurement system to lower the thermal drift of the output signal.

Furthermore, the present setup aims to serve as a novel proof concept of concept application, and
with future development, the operation range and utility of the system can be improved greatly. The
current implementation is a compromise between low current and high current measurement. For
example, by taking into account, Equation (4), we can note that low currents sensing capabilities can
be improved by using a narrower trace. Also, for high currents measurement, a setup utilizing a much
thicker trace and thicker PCB can be used. Thus, by redesigning of the setup, a significant increase
in the operation range can be achieved. Further improvements can also include a size reduction (by
integrating the amplifiers on the same PCB), EMF shielding and implementing a filtering system.

Finally, the differential sensing method presented in this article can be used for other specific
applications requiring a high degree of sensitivity. As measuring low currents implies accurate detection
of magnetic fields smaller than 0.5 G, some of the results presented in this paper will be used to develop
a high sensitivity detection setup of magnetic nanoparticles (MNPs) used to label biomolecules in
lab-on-a-chip (LOC) applications [33–37]. As we showed by micromagnetic simulations [35,36] and
experiments [34], to achieve a large signal from MNPs, they must be polarized in quite a large magnetic
field that can saturate the spintronic sensors. To avoid this, we proposed a specific polarization setup
for MNPs, where the field is applied perpendicular to the sensor’s surface [35–37]. The MNPs will be
localized on the surface of one GMR sensor whereas the second one will be used as reference sensor.
The in-plane components of the magnetic fields locally generated by MNPs will be detected by GMR
sensors using the differential setup described in Figure 11. The current through the conductive band
will be used to produce an AC excitation field for detection of the MNPs. To ensure a smaller distance
between MNPs and GMR sensors, a package flip-chip package type will be used in this development,
as in [34].
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a b s t r a c t

Experimental studies have been carried out on planar Hall effect (PHE) sensors used to detect magnetic
nanoparticles employed as labels for biodetection applications. Disk shaped sensors, 1 mm diameter,
were structured on Permalloy film, 20 nm thick. To control the sensor magnetisation state and thus the
field sensitivity and linearity, a DC biasing field has been applied parallel to the driving current. Ma-
ghemite nanoparticles (10 nm) functionalised with Polyethylene glycol (PEG) 6000 were immobilised
over the sensor surface using particular magnetisation state and applied magnetic fields. In order to
obtain a higher response from the magnetic nanoparticles, it was used a detection setup which allows
the application of magnetic fields larger than 100 Oe but avoiding saturation of the PHE signal. Based on
this setup, two field scanning methods are presented in this paper. During our experiments, low mag-
netic moments, of about 1.87�10�5 emu, have been easily detected. This value corresponds to a mass of
9.35 mg of maghemite nanoparticles functionalised with PEG 6000. The results suggest that this type of
structure is feasible for building low cost micrometer sized PHE sensors to be used for high-resolution bio
sensing applications.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Superparamagnetic (SPM) micro- and nanobeads are versatile
tools in lab-on-a-chip (LOC) applications. Because of their mag-
netic properties and small dimensions, they offer possibilities to
label, actuate, and detect with high sensitivity chemical and bio-
logical species. The magnetite or maghemite beads, which are
among the most used for LOC applications, show super-
paramagnetic behavior above the blocking temperature, TB, i.e., the
measured magnetic moment in the absence of an external mag-
netic field is zero. An external magnetic field can magnetize the
nanobeads, like a paramagnet but their magnetic susceptibility is
much larger than the one of paramagnets and the saturation effect
appears for large applied fields. This SPM behavior is useful in LOC
applications because can be avoided unwanted capture of the
beads over the sensors surface and can be minimised false de-
tection signals when magnetic sensors are used. From ZFC-FC
magnetisation measurements made on maghemite nanoparticles,
10 nm in diameter, we have obtained TB¼252 K.

Magnetic sensors, based on giant magnetoresistance (GMR),
tunneling magnetoresistance (TMR) [1,2] or planar Hall effect

(PHE) [3–5], can be integrated in biochip platforms for measuring
the fringe fields created by SPM beads used as labels for different
biomolecular targets. In fact, the presence of beads at the sensor
surface forms the basis for most SPM bead sensing platforms. It
should be noted that for this detection setup it has been observed,
both by experiments and micromagnetic simulations, a signal
dependence on the spatial location of magnetic nanoparticles over
the sensor surface [6–8]. This issue becomes very important when
a small number of biomolecules must be detected using the sur-
face immobilisation method because the signal output of the
sensor may experience large variations depending on the position
of the beads.

Finally, we should mention that the strong localized stray field
from domain walls (DWs) in sub micrometer ferromagnetic tracks
can trap individual SPM beads with forces up to hundreds of pN
and manipulate them [9]. So, a strong magnetostatic interaction
between the magnetic beads and the sensor surface can appear
and be responsible not only for the actuation and capturing of
magnetic beads over the sensor surface but, also, for complex
changing of the magnetic moments orientation in the sensing
layer due to the stray field produced by the beads.

Based on these findings we investigate the behavior of Per-
malloy based PHE sensor disks under different applied fields in
order to find the conditions for which the magnetostatic interac-
tion between the SPM beads and the sensor surface become large
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enough to capture the beads inside of the sensor surface and, then,
to detect their presence. We show that very simple and low cost
structures can offer high detection sensitivity, which can be lower
than 10�5 emu, and the possibility to capture SPM nanobeads over
the sensor surface.

In a previous study, [7], the chip with PHE sensors was
mounted on a soft magnetic grid. A constant biasing field was
applied in the film plane, parallel with the driving current through
the sensor, and then removed before making measurements. The
signal dependence on beads position over the sensor surface has
been studied. Now, the chip with the same design of the PHE
sensors is placed on a non magnetic grid. By this, the magnetiza-
tion state of the PHE sensors can be precisely controlled using both
in plane and perpendicular applied fields allowing flexibility in
setting up various detection methods as we will show in this pa-
per. In addition, we expect an increasing of sensor's output dy-
namic compared to the case when the chip was mounted on a
magnetic grid. This behavior was evidenced by our micromagnetic
simulations presented in the previous study i.e., a larger difference
between the PHE signals with and without nanobeads over the
sensor surface.

2. Experiments

A Permalloy film, 20 nm thick, has been deposited on to oxi-
dised Si substrate. No magnetic anisotropy axis has been defined
during the deposition. Disk-shaped PHE sensors, 1 mm diameter,
were structured on the Permalloy film by using photolithography
technique. Also, have been patterned Au pads, 250 mm length, that
are in contact with the Permalloy disks to define the PHE struc-
tures, Fig. 1(a), [7]. The sensors were passivated by sputtering a
200 nm thick TiO2 layer to protect them against the fluid used
during the experiments. In Fig. 1(a) are illustrated the electrical
connections setup, the directions of the applied, Happl and biasing,
Hbias, fields respectively. This is typical setup used for field sensing.
Two detection sites have been defined on the chip by using pairs
of measurement and reference sensors. The chip was mounted on
a custom designed non magnetic grid, made from glass-reinforced
epoxy printed circuit board. The chip with PHE sensors was placed
in a home-made system composed of Helmholtz coils which are
able to generate well defined and uniform magnetic fields over
three orthogonal directions; two of these fields are generated in
the film plane. The measurement system, used to study the field
dependences of the AMR and PHE effects, consists in Keithley 6221
programmable current source, Keithley 2182 A nanovoltmeter, and

three programmable high current sources. The DC driving current
through the sensors, Isens¼5 mA, was chosen to maximize the
output signal but without affecting the thermal stability of the
structure. The resistance between the current or the voltage con-
tacts is about 120Ω. A DC detection setup was used to read out
the sensor because the frequency of the sweeping magnetic field
was 0.01 Hz. The integration time, i.e. the period of time the input
signal is measured, was 20 ms. In addition, a digital filter has been
used. For each displayed reading, five measurements were aver-
aged. This offers the best compromise between noise performance
and speed. For this setting, the noise level was about 35 nV.

The magnetization curves for functionalised maghemite nano-
particles with Polyethylene glycol (PEG) 6000 were measured at
room temperature with 7 T Mini Cryogen Free Measurement
System from Cryogenic.

3. Results and discussion

The PHE is due to the anisotropic magnetoresistance (AMR)
effect found in magnetic materials. A study presented in [10]
clearly illustrates the field dependence of the AMR effect using a
typical Hall effect measurement setup which is, from electrical
point of view, similar to a Wheatstone bridge. In such experiments
the field is applied in the film plane. It was found a quadratic
dependence of the PHE signal on the magnetization, M, in Ni, Co,
Fe, and NixFe1�x films. The output signal also shows an angular
dependence such that a general equation, of the type [7]

θ~U I M sin 2PHE sens
2 , can be used to describe the PHE signal; θ is the

angle between the magnetization vector and the driving current
through the sensor, Isens. In turn, M depends on the applied field
and the signal can be used as a probe of the structure
magnetisation.

In a previous study [7] we presented the AMR curves measured
for the sensors, S1 and S2, placed on the chip and connected like in
Fig. 1(a). The applied field, Happl, makes the angles 45° (for S1) and
135° (for S2) with the driving current and Hbias¼0; in this case
sin 2θ¼71. The AMR effect saturates for fields higher than 50 Oe
which means that the sensors cannot be used for detection of in
plane applied fields higher than 25–50 Oe. The magnetization
curve [7] of the four sensors, placed on the chip, shows a very
small hysteresis effect. We used a simple method to find with
precision the coercive field by applying the biasing field parallel to
the driving current through the sensor S1, like in Fig. 1(a), and to
sweep this field between 7150 Oe; Happl¼0. In this way, the film
magnetisation will be parallel or antiparallel with the sensor

Fig. 1. (a) Enlarged top view of the chip with 4 PHE sensors (adapted with permission from M. Volmer and M. Avram, Signal dependence on magnetic nanoparticles position
over a planar Hall effect biosensor, Microelectron. Eng. 108 (2013) 116–120, Elsevier). The biasing field, Hbias, and the applied field, Happl, directions are illustrated. Also, the
electrical connections are indicated; (b) The AMR signal measured when the biasing field is swept between 7150 Oe. The arrows are guides for the eyes.
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current, Isens. The coercive states will generate two sharp peaks in
the sensor's signal, Fig. 1(b), for Hbias¼79 Oe. Two complete
hysteresis cycles were used to acquire data. It is to note the large
field sensitivity around the coercive field which is, in modulus,
about 0.072 mv/Oe in the linear region.

Because there are no anisotropy and exchange biasing fields
typical for multilayered structures, we used a biasing field, Hbias,
which can tune the magnetization state in the sensing layer. The
low field dependences of the PHE signal, measured for the sensor
S1, are presented in Fig. 2. The applied field is in the film
plane, perpendicular to the driving current, Isens, as is illustrated in
Fig. 1(a).

For biasing fields smaller than 25 Oe the field dependences
UPHE(Happl) show a nonlinear behavior and hysteretic effects. The
magnetisation processes are more complex, presenting magnetic
moments rotation and domain walls movement which generates
nonlinearity and hysteretic effects. The very good linearity of the
measured signal for Hbias higher than 25 Oe suggests that the main
mechanism of the magnetization reversal processes that take
place in the sensing layer is based on the magnetic moments ro-
tation. The output voltage will be mainly proportional with sin 2θ
which presents linear field dependence for small values of Happl.
However, higher torque is needed to rotate the magnetic moments
and the field sensitivity decreases as is illustrated in Fig. 2. So,
depending on the desired application and the measurement range,
the adequate biasing field can be chosen.

Now, it is worth to mention that many works have been de-
voted to find optimal structures for PHE sensors. Structures like
NiFe(5 nm)/IrMn(20 nm)/NiFe(20 nm) [11] or exchange biased
spin valves like NiFe(16 nm)/Cu(1.2 nm)/NiFe(2 nm)/IrMn(15 nm)
[4,12] are among the most used to deposit cross-shaped PHE
sensors (NiFe-Permalloy). Sensitivities between 3 mV/Oe and 7 mV/
Oe for a driving current of 1 mA trough the sensor are reported for
applied fields in the range of 715 Oe [3–5,11,12]. It should be
noted that other geometries like ring-shape [13] or elliptical-shape
structures have been considered in last time to increase, by a
geometrical factor, the PHE signal. However, by this study, we
demonstrate that very good results can be obtained, also, by using

simple Permalloy PHE sensors. Sensitivities up to 6 mV/(Oe �mA)
are reported in Fig. 2.

As we proved both by experiments and micromagnetic simu-
lations [7,8], for nanobeads detection the setup presented in
Fig. 1(a) is not efficient because: (i) for fields lower than 50 Oe the
SPM nanobeads present a very small magnetic moment and (ii) for
higher applied fields, required to magnetise the beads and to have
a signal from them, the sensor output will be saturated. To illus-
trate these aspects, we present, in Fig. 3, the magnetisation curves
for maghemite nanoparticles (10 nm) functionalised with PEG
6000.

Fig. 3(a) shows the magnetisation curve obtained by VSM at
room temperature for 30 ml of aqueous solution containing ma-
ghemite nanoparticles functionalised with PEG 6000. The field
dependence of maghemite magnetisation is strongly affected at
higher fields by the diamagnetic behavior due to water and PEG
molecules. Fig. 3(b) presents the magnetisation curves, as mea-
sured and with diamagnetic correction, for 1.27 mg powder of
functionalised maghemite nanoparticles. The high field magneti-
zation curve, shown in the inset, allows us to estimate the dia-
magnetic contribution of the PEG 6000 molecules. To obtain
1.27 mg of powder, we used 107.7 mg of aqueous solution which
was dried at 56 °C. We used this approach in order to lower the
diamagnetic contribution and to obtain the „magnetic diameter”
of the functionalised maghemite nanoparticles. After applying the
diamagnetic correction and fitting the magnetisation data from
Fig. 3(b) with the Langevin function [1], we obtained dmagn

¼11.48 nm. From measurements made on not functionalised ma-
ghemite powder [7] we found dmagn¼9.88 nm which was con-
sistent with the XRD measurements made on the same type of
powder.

From Fig. 3 it comes that the nanobeads have to be magnetised
in fields higher than 100 Oe to reach a large enough magnetisation
state, close to saturation, that can be detected by the PHE sensor.
Thus, in order to avoid the sensor saturation, we chose to apply the
magnetising field perpendicular to the sensor surface. Because the
sensor is less sensitive to perpendicular fields no higher than
hundreds of Oe, only the in plane components of the field gener-
ated by the beads will produce changes of the magnetisation in the

Fig. 2. The low field dependences of the PHE signal, without SPM nanobeads of maghemite over the sensor surface for different biasing fields; Happl is directed like in Fig. 1(a).
Voltage offsets have been subtracted.
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sensing layer. Also, small in-plane components can be found due
to any misorientation of the applied magnetic field lines. Values of
Happl higher than 50 Oe can be used to magnetise the nanobeads
without the risk to saturate the sensor.

In what follows Hbias will be directed along the driving current,
Isens, and the applied field will be perpendicular to the sensor
surface (sensor S1). Two field scanning methods will be used: (i)
Hbias will be swept between 730 Oe for constant values of Happl

and (ii) Happl varies between 7130 Oe for constant values of the
biasing field. The measurements have been made without and
with PEG 6000 functionalized SPM maghemite beads placed over
the sensor surface.

One drop of 0.7 ml of aqueous solution with functionalised
maghemite nanoparticles was placed on the sensor surface. Eva-
poration of water was carried out in a magnetic field (Happl

¼130 Oe) applied perpendicular to the sensor surface previously
polarized to the coercive state. The current through the sensor
was, Isens¼5 mA. In these conditions the magnetic nanobeads have
been retained inside of the sensor surface because of the complex
domain structure, typical for a coercive state, which generates
stray fields perpendicular to the surface. It has to mention that in a
uniform magnetized state of the sensor layer, the SPM nano-
particles will accumulate mostly near edges with nonzero normal
magnetization values [14]. This effect can be minimized by using
structures with magnetic compensation layer [15].

Fig. 4 presents the field dependences of the sensor signal when
Hbias is swept between 730 Oe for Happl¼0, 745 Oe and 790 Oe
respectively. These dependences are measured without and with
functionalised maghemite beads above the sensor surface.

The magnetostatic coupling between the SPM beads and the
sensor surface is responsible for the change of the signal ampli-
tude in the coercive state where the structure is more sensitive to
any field perturbations. The beads are magnetised not only by the
applied field but also by the biasing field and by the field due to
the driving current, Isens, through the sensor. The variation of the
sensor signal, ΔUS, due to the SPM beads, increases with Happl

because their magnetic moments increase, like was illustrated in
Fig. 3. So, for these measurements, the highest amplitude of ΔUS,
is observed for Happl¼790 Oe. The direction of coercive field shift
depends on the polarity of the applied field because of the small in
plane components of Happl and because of the magnetostatic
coupling between the beads, polarised by this field, and the sensor
surface. Using data presented in Fig. 3(a) and Fig. 3(b), we can
estimate the value of the detected magnetic moment and the
corresponding mass of the maghemite powder over the sensor
surface. From Fig. 3(a), the measured magnetic moment at 90 Oe
(0.009 T in air) is m¼8�10�4 emu for 30 ml. Because the volume
of the liquid drop placed on the sensor's surface is 0.7 ml, we can
estimate a value of 1.87�10�5 emu of the magnetic moment
produced by this drop for an applied field of 90 Oe. After water
evaporation, this magnetic moment produces a variation of
�0.08 mV of the output signal, Fig. 4(c). It should be noted that for
this value of the applied field the diamagnetic contribution can be
neglected. Using data from Fig. 3(b) we get a value of 9.35 mg
powder composed from maghemite functionalised with PEG 6000.
This means about 6.83�10�7 g of pure maghemite cores. The
estimation was obtained by comparing the magnetization curves
for pure maghemite powder [7] and functionalised maghemite
with PEG 6000, Fig. 3(b).

The results of the second field scanning method are presented
in Fig. 5 where Happl is swept between 7150 Oe for Hbias¼0 and
716 Oe respectively. Two cycles have been scanned for each
measurement to see data repeatability. These dependences have
the same shape like the field dependences of the PHE signal, for
low biasing fields, plotted in Fig. 2. The sign of the slopes depends
on the polarity of the sensor magnetisation through the biasing
field.

The presence of the SPM beads over the sensor surface will
generate in-plane components of the magnetic field. These fields
will produce changes of the magnetic moments orientation in the
film plane which will generate a PHE signal. For Hbias¼0, the
sensor is in a remnant state which depends on the initial mag-
netisation. This is clearly illustrated in Fig. 5(a) where are plotted
the field dependences of the PHE signal for remnant states that
originate from Hbias¼40 Oe and �40 Oe respectively. The large
variation of the PHE signal and the hysteretic effects are in good
agreement with the data presented in Fig. 2 for low biasing fields.
As the biasing field increases, the signal linearity increases but,
also, the field sensitivity decreases, like in Fig. 2. In Fig. 5(b) are
presented the field dependences of the PHE signal when Hbias

¼716 Oe. The amplitude of the signal variation, ΔUS

E�0.06 mV, is smaller than in the previous case, Fig. 5(a), but the
signal has a very good linearity and stability. The remnant steady
state can be easy affected by small electromagnetic perturbations
because Permalloy is a soft magnetic material. By this, the sensor
signal will change. If the biasing field is decreasing from 716 Oe
to 78 Oe the amplitude of the signal variation isΔUSE�0.09 mV
field but the signal nonlinearity increases. The shape of the field
dependences represents a transition between the characteristics
presented in Fig. 5(a) and (b).

Fig. 3. Magnetization curves obtained by VSM for maghemite nanoparticles func-
tionalised with PEG 6000 (a) in aqueous solution and (b) as powder; the inset
shows the high field magnetization curve.
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In our previous study [7], the highest signal variation was ΔUS

E�0.03 mV for a magnetic moment of 7.14�10�6 emu, which
means about �0.238�10�3 emu/mV. The sensor was in the
remnant state and chip placed on a soft magnetic grid. Now, with
the sensor in the remnant state, we obtained an average signal
variation ΔUSE�0.161 mV, Fig. 5(a), for a magnetic moment of
1.87�10�5 emu which means about �0.116�10�3 emu/mV. This
increasing of sensor's output dynamic, compared to the case when
the chip was mounted on a soft magnetic grid, was anticipated by
our micromagnetic simulations [7] and observed in the present
measurements. So, from these data, we estimate that magnetic
moments of about 10�6 emu can be easily detected with this
sensor for a signal variation of 0.01 mV. Also, it has to mention
that, by functionalizing the maghemite nanoparticles with PEG
molecules, increases the distance between the magnetic cores and
the sensor surface. The same is happening in the biodetection
experiments where different biomolecules are used to functiona-
lize the magnetic cores.

At this stage of the study it is an open question in choosing the
best field scanning method. The first scanning method allows the
using of a small permanent magnet to generate the constant ap-
plied field whereas the biasing field can be obtained through an

integrated system on the chip. By applying AC biasing fields, sharp
voltage pulses can be obtained and then processed. The constant
applied field has to be removed during the washing process of the
sensor surface. On the other hand, maintaining a constant biasing
field and varying the applied field perpendicular to the sensor
surface can generate a more stable and ordered magnetic structure
in the sensing layer which rotates under the action of the in-plane
components of the magnetic fields. Further experiments per-
formed on micrometer sized sensors and using combinations of
DC/AC fields will offer additional information regarding the best
field scanning method in order to obtain higher detection sensi-
tivity with low noise and good signal stability.

Finally, we present, in Fig. 6, the field dependences of the
sensor signal when Happl is swept between 7150 Oe for Hbias

¼4 Oe. This state is obtained by coming from Hbias¼�40 Oe, so it
is between the remnant and the coercive states.

The magnetisation state for this biasing field will suffer irre-
versible changes by sweeping the perpendicular applied field. This
is reflected by the field dependence of the sensor signal. We see
how the starting and the ending points, for two complete cycles,
are in different positions. Such values of the biasing fields, close to
the coercive field, can generate large signal variation but as a

Fig. 4. The field dependences of the sensor signal when Hbias is swept between 730 Oe for (a) Happl¼0 Oe, (b) Happl¼745 Oe and (c) Happl¼790 Oe respectively. Two
cycles have been scanned for each measurement to see data repeatability.
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singular pulse which is not repeating in amplitude for the next
field cycles. The structure has to be re-magnetised for Hbias

¼�40 Oe and then placed in a biasing field like was described
above to obtain again this pulse. It has to mention that a

symmetrical behavior has been obtained for Hbias¼�4 Oe after
the structure has been placed in a field of 40 Oe.

4. Conclusions

A Permalloy based PHE sensor, 1 mm in diameter and 20 nm
thick, used to capture and detect SPM nanobeads has been studied.
For this purpose, a home-made characterisation system, composed
from Helmholtz coils, has been developed in order to control with
precision the sensor magnetization state.

Two field scanning methods were used and we found that high
detection sensitivities, up to 0.116�10�3 emu/mV, can be ob-
tained for different magnetization states in the sensing layer. So,
magnetic moments of the order of 10�6 emu can be detected with
this sensor for a signal variation of 0.01 mV. We observed large
signal variations of the sensor output when the magnetic layer is
polarized closed to the coercive state. So, particular magnetization
states, like remnant or coercive, can provide convenient methods
for the capture and detection of SPM nanobeads.

Further experiments which employ the using of special com-
binations of DC and AC magnetic fields will be made. The main
limitation of our system, in what concerns the lowest magnetic
moment that can be detected, comes from the relatively large
dimension of the PHE sensors. However, we are confident that this
type of structure is feasible for building low cost Permalloy based
micrometer sized PHE sensors, with tunable properties, to be used
for high-resolution detection applications. Spintronic structures
will also be considered to develop such type of microsensors. In
order to have a better control of the amount of fluid located above
sensor, the chip will be integrated in a microfluidic system. We
estimate that by lowering the sensor's dimension to micrometer
scale and integrating the biasing system in the same chip, a better
control of the magnetization state of the sensitive layer will be
possible and higher sensitivities will be obtained.
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a b s t r a c t

Experimental and micromagnetic studies have been carried out on the planar Hall effect (PHE) sensor sig-
nal dependence on the spatial locations of magnetic nanoparticles used as labels in biodetection applica-
tions. Disk-shaped structures, made from Permalloy, 1 mm diameter and 20 nm thick, were deposited on
to oxidised Si substrate. To have a better control of the sensor sensitivity and linearity, a DC biasing field
has been applied parallel to the driving current. The magnetic nanoparticles of maghemite were placed
on different positions over the sensor surface using small water droplets and well defined magnetic field
gradients. In our experiments the magnetic field was applied perpendicular to the sensors surface in
order to avoid the saturation of the PHE signal. The results of our experiments are explained by means
of micromagnetic simulations where magnetostatic interactions between magnetic nanobeads and sen-
sor are clearly highlighted. With such simple and low cost sensors, magnetic moments lower than
7 � 10�6 emu can been detected which means a total mass of maghemite nanobeads lower than
2 � 10�7 g.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

The recent development of lab-on-a-chip (LOC) applications
using magnetic micro/nano bead-based biochemical detection is
a promising approach in reducing biological or chemical laborato-
ries to a microscale system [1,2]. In these systems the magnetic
beads are used to label the biological structures of interest.
Depending on their size, we can talk about micro beads (diameters
of about 1–3 lm) and nanobeads which can have diameters be-
tween 10 and 200 nm. The beads are made, usually, from magne-
tite or maghemite and do not show a net magnetic moment in
the absence of an external magnetic field. This superparamagnetic
behaviour is very important for LOC applications in order to mini-
mise false biodetection signals. When a magnetic field is applied
these particles acquire a net magnetic moment and behave like
very small magnetic field sources. The fields produced by these
beads are usually detected using giant magnetoresistance (GMR),
tunneling magnetoresistance (TMR) [1,3] or planar Hall effect
(PHE) spin-valve sensors [4,5]. The PHE sensors are based on the
anisotropic magnetoresistance (AMR) effect and because of the
measurement setup, which is very similar to a Wheatstone bridge
[6], have become very attractive due to their thermal stability and
a higher signal-to-noise ratio (S/N) when compared to spin valve

GMR sensors [4,5]. Therefore, the PHE sensor has advantages for
more accurate detection of the small stray fields of the magnetic
beads [5]. The output voltage is of the type UPHE � Isens�
M2 � sin 2h, where h is the angle between the magnetization vector,
M, and the sensor driving current, Isens. A very good linearity and
sensitivities between 3 lV/Oe [4] and 7 lV/Oe [5] for a driving cur-
rent of 1 mA trough the sensor are reported for applied fields in the
range of ±15 Oe. However, the sensitivity of the PHE sensors is
not so high compared to GMR or TMR sensors. In the last few
years multilayer structures, like IrMn/Ni80Fe20 [4], trilayers of
type Co(10 nm)/Cu(2 nm)/NiFe(10 nm) [7] or exchange bias spin
valves like Ta(/NiFe(16 nm)/Cu(1.2 nm)/NiFe(2 nm)/IrMn(15 nm)/
Ta(5 nm) [5,8] have been studied to increase the sensor sensitivity
(NiFe denotes Permalloy). Usually, cross-shaped structures are
considered to deposit PHE sensors. In these structures, the ex-
change biasing field due to antiferromagnetic layer, like FeMn or
IrMn, is strong enough to pin the magnetization of the adjacent fer-
romagnetic layer (named pinned layer). In turn, this pinned layer
will induce an ordered magnetization state in the free layer. When
a magnetic field is applied in the film plane, perpendicular to bias-
ing field and driving current, the magnetization of the ferromag-
netic free layer will rotate coherently and a signal, UPHE, will be
obtained. It should be mentioned two effects that can lower the
sensor field sensitivity: (i) the shunting effect due to nonmagnetic
and pinned ferromagnetic layers (i.e., the effective current which is
flowing through the sensing layer is smaller than Isens) and (ii) the
sensor sensitivity dependence with the anisotropy field, HK, and
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the exchange field, Hex of the type S � 1=ðHK þ HexÞ, [8]. Higher val-
ues for HK and Hex means a more ordered magnetic state but im-
plies a higher torque to rotate the magnetization of the sensing
layer. By reducing these fields and considering other geometries
like ring-shape, disk-shape or elliptical-shape structures, the PHE
signal can be increased sometimes more than 100 times [9]. It is
to mention that micrometer sized AMR rings provide the ideal
geometry for single microsphere detection [1]. The strong magne-
tostatic interaction between the magnetic beads and the sensor’s
magnetic layer is responsible for two effects: (i) the actuation
and capturing of magnetic beads [10,11] and (ii) magnetic domains
rotation in the sensing layer due to the fringe field produced by the
beads [10–14]. So, for the sensitive detection, however, not only
the sensor sensitivity is important but also the equivalence be-
tween the sensor size and the diameter of magnetic bead must
be optimized. The evidence of a single 2.8 lm diameter micro-bead
detection using a PHE sensor, based on a spin-valve structure with
3 lm � 3 lm the active surface, was presented in [5]. In this paper
we report results regarding detection of superparamagnetic
(sppm) nanobeads of maghemite using disk-shaped Permalloy
based PHE sensors. Our measurements show that the sensor signal
depends on the spatial locations of magnetic nanoparticles over
the sensor surface. The experimental results are explained by
means of micromagnetic simulations where the magnetostatic
interactions between the magnetic nanobeads and sensor are high-
lighted [12,13].

2. Experiments

Permalloy based PHE sensors, disk-shaped of 1 mm diameter
and 20 nm thick, were deposited on oxidised Si substrate. No mag-
netic anisotropy axis has been induced during the deposition pro-
cess. On each chip four sensors were defined using
photolithographic technique and connected like in Fig. 1(a) where,
also, are illustrated the directions of the external applied field, Happl

and biasing field, Hbias in order to obtain the PHE signal. The sen-
sors S1 and S2 are connected in series. The same is with the other
two sensors which are on the chip. Because of this geometry the
biasing field, when is applied, makes the angles 90� and 0� with
the current direction in S1 and S2, respectively. Fig. 1(b) details
the PHE measurement setup for S2 in what concerns the applied
fields, the driving current trough the sensor, Isens, and the angle,
h, betweenM and Isens. The magnetization curve of the four sensors,
measured with 7T Mini Cryogen Free Measurement System from
Cryogenic, is presented in Fig. 1(c) and shows a very small hyster-
esis effect. The chip was mounted on a grid which is made from
soft magnetic material; the remnant magnetic induction of the grid
is about 2 G. The chip thickness, 0.5 mm, gives the distance be-
tween the grid and the surface of the sensors and assures a small
magnetostatic coupling between them. The AMR effect was mea-
sured [6] for sensors S1 and S2, Fig. 1(d), taking the advantage of
the setup presented in the inset. The measurement system consists
in Keithley 6221 programmable current source, Keithley 2182A
nanovoltmeter and a programmable magnetic field source. There
was no applied biasing field before the measurement. The AMR ef-
fect saturates for fields lower than 50 Oe. The sense of signal vari-
ation for S1 and S2 can be explained by considering the angles
between the applied field and the driving current, Isens.

In our experiments, described in what follows, the field was ap-
plied parallel to the sensor surface, like in Fig. 1(a), and perpendic-
ular to the sensor surface. The results are explained by using a
freeware micromagnetic simulator, SimulMag [14], with which
we were able to design the generic sensor structure, the polarising
system, the sppm nanobeads and to analyse the behaviour of this
complex system [13] in applied magnetic fields.

3. Results and discussion

To overcome the absence of the anisotropy and exchange fields,
we used a biasing field, Hbias, which creates a uniform magnetiza-
tion state in the sensing layer [13]. We found that after biasing the
structures at 500 Oe and then turning off Hbias, the PHE sensors will
keep a relatively well ordered magnetic state because of the mag-
netic grid on which the chip is mounted. Fig. 2(a) presents the low
field dependences of the PHE signal measured on the sensor S2, in
the above biasing conditions, without and with sppm maghemite
nanobeads (10–12 nm in diameter) placed on the sensor surface,
like we see in the inset. The field, Happl, is directed in the film plane,
perpendicular to the driving current and the direction of Hbias

which has been previously applied. The very good linearity and
high sensitivity of the measured signal suggests that the main
mechanism of the magnetization reversal processes that take place
in the sensing layer is based on the magnetic moments rotation.
We observed, in our experiments, that for applied fields higher

Fig. 1. (a) The chip with PHE sensors, (b) the schematic used to explain the PHE
setup, (c) the magnetization curve of the Permalloy based PHE sensors and (d) the
measured AMR signal when the field is directed like is shown in inset.
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than 20 Oe the initial magnetization state will be destroyed and
the reversal processes will be mainly due to domain walls move-
ment which generates nonlinearity and hysteretic effects.

The field dependences are almost identical in both cases and
only a small drift can be observed, Fig. 2(a). This result, for the lin-
ear region of the PHE signal, is comparable with data shown in [5]
which reveals, basically, a shift of the field dependence of the out-
put signal when the beads are on the sensor surface. For nanobeads
detection this behaviour is not useful because cannot offer a net
and unambiguous signal. Moreover, at small applied fields the
sppm nanobeads present a weak magnetic moment, Fig. 2(b),
and their contribution to the total field inside of the sensor is neg-
ligible. The nanobeads have to be magnetised in fields higher than
100 Oe, but for these values the sensor saturates and no signal can
be obtained. For this reason, we choose to apply the field perpen-
dicular to the sensor surface. Because the sensor is less sensitive
to perpendicular low fields, only the in plane components of the
field generated by the beads will produce a rotation of the sensing
layer magnetization. Values of Happl higher than 10 Oe can be used
to magnetise the nanobeads without the risk to saturate the sen-
sor. In a previous study [13] we obtained, by micromagnetic simu-
lations, a signal dependence on magnetic nanoparticles position
over the planar Hall effect biosensor. In our experiments the beads
were placed on the sensor surface using a sharp tip made from
wood which has been immersed in aqueous solution that contains
the maghemite nanobeads. Because of the surface tension the same
quantity of liquid droplets will remain on the tip for each immer-
sion. We had this confirmation in previous experiments used to

measure the diameters and the mass of the spots; one drop of
aqueous solution was found to be about 20 lg and forms a spot
of about 0.5 mm in diameter. The water evaporation has been done
in magnetic field applied perpendicular to the sensor surface
(150 Oe) and an applied current trough the sensor, Isens = 5 mA.
In these conditions the magnetic nanobeads have been retained
in desired places, inside of the sensor surface. The mass of nanobe-
ads that remain after the water evaporation was much smaller
than 10 lg and cannot be weighed. The estimation will be done
from magnetic data. The magnetic field, Happl, was swept between
±150 Oe, perpendicular to the sensor surface. Two cycles have been
scanned for each measurement to see data repeatability. It is to
mention that before each new measurement the surface was
washed in order to remove the sppm nanobeads and a short mag-
netic pulse, of 500 Oe, was applied like was described previously in
order to re-set a uniform magnetic state in the sensing layer. Then,
Happl was swept for two cycles in order to stabilize the magnetic
structure inside the sensor. Because beneath the sensors is a mag-
netic grid, the field and magnetic moments distributions inside the
sensor will be affected by the presence of this material. The typical
‘‘S’’ shape field dependence of the Hall voltage will not be observed.
Fig. 3 presents the measured signal in the absence and the pres-
ence of sppm nanobeads placed on the sensor surface in two posi-
tions denoted with ‘‘SE’’ and ‘‘N’’, respectively; in the figure inset
are explained these coordinates. As is expected, when the nanobe-
ads are placed near the ‘‘E’’ position, i.e. on the sensor driving cur-
rent direction, the response amplitude is lower than in the ‘‘N’’
position where the torque exerted on the sensor magnetization is
higher.

Comparing the shapes of the field characteristics presented in
Fig. 1(d) for S2 and Fig. 3, we have the confirmation that the signals
represent typical AMR curves. This is due to the magnetic grid
which facilitates the appearance of the in plane magnetic fields
components. Magnetic moments that are parallel or perpendicular
to the driving current will not give a signal because sin2h � 0. The
other components that are close to 45� or 135� give an important
signal which corresponds to the AMR effect. The micromagnetic
simulations were performed in order to give a better understand-
ing of the experimental data. Fig. 4(a) presents the image of the
structure used to simulate this behaviour; Happl is directed perpen-
dicular to the sensor plane. The current, Ibias; which is flowing
through the flat band, generates the biasing field. Details regarding
the PHE structure design, biasing system and field behaviour sim-
ulation for this complex system have been presented in [12,13].
The micromagnetic simulations presented in Fig. 4(b) give a good
qualitative agreement with data from Fig. 3(a) and show, also,
the field behaviour of the AMR effect when the grid is nonmagnetic
and no beads are above the sensor. As expected, an almost flat

Fig. 2. (a) The field dependences of the PHE signal, without and with sppm
nanobeads of maghemite placed over the sensor surface, when Happl is directed in
the film plane and (b) the magnetization curve of the maghemite nanobeads used in
this study.

Fig. 3. The output of the PHE sensor measured with sppm nanobeads placed in two
positions.
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characteristic is obtained because the sensor is less sensitive for
perpendicular applied magnetic fields. Also, a very small signal
was obtained by micromagnetic simulations when the nanoparti-
cles are located above the sensor centre and the chip is mounted
on a nonmagnetic grid. This result is in good agreement with [15].

Because in our experiments the spot was localised in a region
between the ‘‘SE’’ position and the centre of the sensor, we present,
in Fig. 4(b), the results of the micromagnetic simulations for two
positions.

To estimate the magnetic moment detected in these experi-
ments we placed 14 spots, 0.5 mm in diameter, of water with
maghemite suspension on a plastic foil. After the water evapora-
tion the foil was folded and introduced in VSM where the M(H)
characteristic was measured, Fig. 5.

From this measurement, taking the magnetization value at
150 Oe, results the magnetic moment at this field for one maghe-
mite spot deposited over the sensor surface: 7.14 � 10�6 emu.
The mass magnetization at this applied field can be calculated,
using data from Fig. 2(b) and then, the maghemite mass contained
in one spot was estimated to about 2.14 � 10�7 g.

We observed, by some experiments and micromagnetic simula-
tions that the magnetic nanoparticles can be trapped in some re-
gions, inside of the sensor’s surface by using magnetic fields with
well defined gradients produced by the sensor himself and by
the driving current which is flowing through the sensor. This is
in good agreement with [11] where nanotrack-guided domain
walls can propel individual trapped beads through an aqueous
medium at speeds approaching 1000 lm/s. So, an integrated plat-
form for the capture, transport, and detection of individual super-
paramagnetic microbeads can be defined [10]. Because the planar
Hall effect is based on magnetisation rotation in the sensing layer,
which gives the ability to measure magnetic fields with frequen-

cies up to MHz, the sensor is capable to measure distribution of
nanoparticles in short periods of time, the limitation being im-
posed by the fluid viscosity.

4. Conclusions

In this paper we have presented aspects regarding maghemite
nanobeads detection using a PHE sensor made from a single layer
of Permalloy, 1 mm in diameter and 20 nm thick. We obtained
good detection sensitivity. The output signal depends both in
amplitude and shape on the nanoparticles position over the sensor
surface. The experimental data was interpreted by means of micro-
magnetic simulations and highlights the influence of the magnetic
grid on the sensor behaviour. The superparamagnetic behaviour of
the nanobeads and the magnetostatic interaction between the sen-
sor and nanobeads has been considered for these simulations. The
needs to apply, prior to make the measurement, a biasing field will
be eliminated in the next experiments. For this reason and to im-
prove the detection limit, micrometer sized spintronic PHE sensors
will be used. Obtaining a well defined magnetic state in the sensing
layer in structures with low values for HK and HE is a challenging
task as well as the decreasing of the shunting effects due to non-
magnetic and pinned layers. Based on these studies the layout of
the spintronic sensors has been designed and future experiments
will be carried out.
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Optimisation of Spin-Valve Planar Hall Effect
Sensors for Low Field Measurements
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In this paper are presented results of galvanomagnetic measurements and micromagnetic simulations performed on low-field mag-
netic sensors based on the planar Hall effect (PHE). Disc-shaped structures of the type Co/Cu/Ni��Fe��, 4 mm diameter, deposited by
magnetron sputtering onto Si substrate, were used to build magnetic sensors. At this stage of study, no uniaxial anisotropy axes were
defined during the samples deposition. Two types of applications have been considered: (i) magnetic field measurements and (ii) rota-
tion sensing. In order to obtain a coherent rotation of the magnetization inside the PHE sensor under the action of an applied magnetic
field, �����, DC or AC magnetic biasing fields were used. By these means the magnetic sensitivity and the hysteresis width of the PHE
signal can be tuned. Sensitivities between 0.07 and 0.17 �V�A���m have been obtained for a driving current of 10 mA. Micromagnetic
simulations were used to explain some field angular behavior of these sensors.

Index Terms—Anisotropic magnetoresistance, magnetic sensors, micromagnetic simulations, planar Hall effect, spin valves.

I. INTRODUCTION

T HE MAGNETORESISTANCE (MR) behavior of ferro-
magnetic thin films originates from the spin-orbit cou-

pling between electrons and magnetic moments of the lattice
atoms and is quantum mechanical in origin. Extraordinary ef-
fects are created by the microscopic part of the flux density

whereas the ordinary effects are created by the macro-
scopic part . Anisotropic magnetoresistance (AMR) ef-
fect also arise from the spin-orbit coupling, but it is anisotropic
with respect to magnetization direction. AMR depends on the
crystal structure of the material and the spin of the atoms situ-
ated in the crystal. It depends on the domain structure of the fer-
romagnet. In general the resistivity is larger if the current is ap-
plied parallel or antiparallel to the magnetization (longitudinal
effect) than if the current is applied perpendicularly to the mag-
netization (transversal effect). This difference between the two
states of magnetization is measured as the AMR effect. The ap-
plied magnetic field rotates the magnetization (if it is not pinned
by the shape anisotropy or by the exchange interaction with an
antiferromagnetic layer) of the film thus influencing the magne-
toresistance of the film.

To develop practical applications, such as contactless poten-
tiometer or magnetic field sensors, it requires a low thermal drift
of the MR signal. For this purpose it is convenient to operate
the device in a Wheatstone bridge configuration. Each arm cor-
responds to one MR element [1]. Such a demand can be easily
achieved by exploiting the planar Hall effect (PHE). Because of
the AMR effect will appear an electric field perpendicular to the
applied current, in a Hall effect geometry, when the magnetic
field is in the film plane [1]–[3]. Using this setup we get direct
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Fig. 1. (a) Setup used for biasing the PHE sensor. (b) Image of the deposited
sensor.

access to the anisotropic part of the resistance with the advan-
tage of a reduced thermal drift of the output signal. In a single
domain approximation, the PHE voltage, , is expressed by

(1)

where is a constant determined by the structure properties,
is the current density, is the saturation magnetization and is
the angle between the current and the magnetization vector that,
in turn, is determined by the value and direction of the external
magnetic field, Fig. 1.

Although the signal derived from the PHE is small, there is a
higher signal-to-noise ratio (S/N) and a better thermal stability
when compared to GMR spin valve (SV) sensors, hence it has
the potential of detecting very small fields produced by various
sources like single micro- or nanoparticles [4]–[7]. If the magne-
tization is initially oriented along the driving current inside the
sensor, a rotation with angle produces a variation of the PHE
voltage proportional with sin2 . This property can be used to
build magnetic sensors. In order to obtain a coherent rotation of
the magnetization inside the PHE sensor under the action of an
applied magnetic field, a magnetic biasing can be used, as can
be seen in the schematics presented in Fig. 1.

The micromagnetic simulations were made using a method
that minimises the free energy of the system in magnetic field
based on the Stoner-Wohlfarth model [8], [9].

0018-9464/$31.00 © 2012 IEEE
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II. EXPERIMENTAL PROCEDURE

Disc-shaped spin valve structures of the type Si/Ta(3 nm)/
Co(30 nm)/Cu(7 nm)/Ni Fe (70 nm)/Ta(3 nm) and Si/Ta(3
nm)/Fe Mn (11 nm)/Co(5 nm)/Cu(3 nm)/Ni Fe (10 nm)/
Ta(3 nm) have been used to build PHE sensors like in Fig. 1(b).
The films were patterned as discs with a diameter of about 4 mm.
The four-lead setup consists of four Cu strips (200 nm thick-
ness) forming a square of 3 mm each side, disposed as is shown
in Fig. 1(b). In what follows, Py denotes Ni Fe (Permalloy).
The structures were deposited using a UHV magnetron sput-
tering machine, ATC2200 AJA, with the base pressure of

mTorr. During sputtering of the multilayered structures,
a magnetic field of 16 kA/m was applied in the film plane. For
MR and PHE characterization the measurement system consists
of a programmable current source Keithley 6221 and a nano-
voltmeter 2182 A. To generate and control the magnetic field
we used a bipolar 4 quadrants BOP 10–100 MG power source
that drives an electromagnet. The field is measured using a Lake
Shore 475 DSP gaussmeter. A coil is inserted in the gap of this
electromagnet. The field generated by the electromagnet is per-
pendicular on the field generated by this coil. The electromagnet
was used to supply the polarizing field, , whereas the coil
was used to generate small magnetic fields, , in order to
measure the PHE signal. The sample was introduced inside of
this coil and the driving current was parallel with . All
the measurements were made using a driving current of 10 mA
through the PHE sensors.

III. RESULTS AND DISCUSSION

Many other samples, of the type presented above, have been
characterized for MR and PHE but the best results in what con-
cern the field sensitivity were obtained with these two SV struc-
tures. Therefore we present results regarding field and angular
dependences of the PHE signal for these two samples.

A. Si/Ta(3 nm)/Co(30 nm)/Cu(7 nm)/Ni Fe (70 nm)/Ta(3
nm)

When a DC biasing setup is used, Fig. 1(a), the magnetiza-
tion keeps, in principle, the same value, but rotates under the
action of the applied field. If the rotation angle is small, the
variation of the PHE is proportional with 2 . Fig. 2 presents
the field dependencies of the PHE voltage for different values
of the biasing field, , measured for the Co(30 nm)/Cu(7
nm)/Ni Fe (70 nm) structure.

The hysteresis effects that appear for low biasing fields can be
lowered for a higher biasing field, but the sensitivity decreases
to 0.03–0.056 V A m. So, a balance between sensitivity and
hysteretic effects can be done in function of the desired applica-
tion. For lower biasing fields, the magnetization do not saturates
and the film will not behave like a single domain structure which
rotates when is applied. So, when increases, the
magnetization increases until reaches the saturation value. This
reduces the hysteresis effects but the increase of has op-
posite effects in what concern the sensor’s sensitivity as we can
see from Fig. 2. In the case of ML structure, the coupling effects
between the magnetic layers trough the nonmagnetic layer (Cu)
and the higher anisotropy of the Co layer will play important
roles on the field behaviour of the PHE signal. When the biasing

Fig. 2. Field dependencies of the PHE for Co(30 nm)/Cu(7 nm)/Ni Fe (70
nm) structure for different biasing fields, � .

Fig. 3. Field dependencies of the PHE for Si/Ta(3 nm)/Fe Mn (11 nm)/Co(5
nm)/Cu(3 nm)/Ni Fe (10 nm)/Ta(3 nm) ML structure for different biasing
fields, � .

field is higher, the Co layer tends to maintain the orientation of
the NiFe layer magnetization because of the positive magne-
tostatic coupling between them. When the biasing field is low,
there are hysteretic effects because of the reversal mechanism of
magnetisation which is mainly due to domain wall movement.

The influence of the biasing field on the PHE signal and the
role played by the Co layer were also confirmed by micromag-
netic simulations. To perform these simulations we have consid-
ered a biasing setup like in Fig. 1(a), with a disc-shaped structure
divided in a mesh with magnetic single domains [9], [10].

B. Si/Ta(3 nm)/Fe Mn (11 nm)/Co(5 nm)/Cu(3
nm)/Ni Fe (10 nm)/Ta(3 nm)

Fig. 3 presents the field dependencies of the PHE voltage for
different values of the DC biasing field, , measured in ac-
cordance with the setup presented in Fig. 1(a). Before making
these measurements, the sensor was saturated in a field of 800
kA/m applied like , Fig. 1(a).

These field dependencies emphasise, by comparison with the
data presented in Fig. 2, the importance of the thickness of the
Co pinned layer. The thinner Co layer is not able to induce
in the free layer of Permalloy a magnetization state close to
the single domain one in the absence of the biasing field. For
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Fig. 4. Waveforms of the biasing field and PHE signals for� � �������

and 0.47 kA/m.

Fig. 5. Calibration curve of the AC square wave biased sensor.

, the field sensitivity of the PHE voltage is very
small, 0.015 V A m, because the film magnetization, ,
has a low value. When increases, the field sensitivity in-
creases which means that the magnetization of the free layer
reaches the saturation state. A sensitivity of 0.091 V A m is
obtained for a biasing field strength of 8 kA/m (about 100 Oe).
A further increase of the biasing field lowers the field sensitivity
of the PHE voltage. A higher biasing field tends to maintain, to-
gether with the Co layer, the orientation of the NiFe free layer
magnetization. To obtain the same signal like in the case when

kA/m, a higher torque is needed to rotate the mag-
netization of the free layer, i.e., a higher applied field is needed.
When kA/m the field sensitivity becomes 0.073

V A m which is the same sensitivity when kA/m.
To improve the sensor linearity and to cancel the hysteretic

effects, we used AC square wave biasing field with the peak am-
plitude equal to 8 kA/m. To apply this setup, we used a coil, in-
stead of the electromagnet, to produce the pulsing biasing field.
Using the coil it was possible to accurately control the ampli-
tude and the waveform of the pulsing biasing field, avoiding the
effects of the high inductance and hysteretic behavior which are
typical for an electromagnet. The applied field is produced by
pair of Helmholtz coils. The peak to peak amplitude of the PHE
signal is dependent on the applied field strength. The phase dif-
ference between the AC PHE signal and the AC biasing field
depends on the applied field polarity. By this means the polarity

Fig. 6. Angular dependence of the PHE voltage measured for different values
of the applied field.

of the applied field can be established (synchronous rectifying
process). Fig. 4 presents the waveforms of the AC square wave
biasing field and the waveforms of the measured PHE signals
for and 0.47 kA/m. The frequency of the bi-
asing field was 10 Hz for these experiments.

From Fig. 4 we can see the phase difference (180 ) between
the waveforms for both polarities of the applied field. The asym-
metries of these three wave forms arise from the misalignment
between the injected driving current, , and the direction of the
applied field. Subtracting from the AC signal measured at dif-
ferent applied fields the signal for , the peak to peak
amplitude of the corrected signal is a function of . The
calibration curve that results is presented in Fig. 5.

The field sensitivity, in this case, is about twice the field sen-
sitivity when a DC biasing field of 8 kA/m is used. Also, it is to
note the linearity and symmetry of the corrected signal.

C. Angular Dependence of the PHE

The equation that describes the PHE predicts a periodic de-
pendence of the signal on the angle, , between the current direc-
tion and the film magnetization. This dependence, in , sug-
gests applications of the PHE such as contactless potentiometer,
magnetic compass, etc. We present, in Fig. 6, the angular de-
pendencies of the PHE voltage measured for the ML Si/Co(30
nm)/Cu(7 nm)/Ni Fe (70 nm) for different values of the ap-
plied field; there is no biasing field. At this stage of our research
we did not made measurements for weak magnetic fields, useful
for compass applications. The applied magnetic field rotates
with respect to the current direction, Fig. 1. The amplitude of
the PHE signal depends on the field strength when
kA/m as can be seen in Fig. 6. This is because the magnetiza-
tion needs a field higher than 16 kA/m to saturate and to follow
the orientation of . If kA/m the curves that
describe the angular dependence of the PHE will have the same
amplitude. For the linear regions of the angular dependence, the
sensitivity is about 2.9 V/degree and is almost independent on
the field amplitude if kA/m. These aspects are im-
portant for designing practical applications because the signal
becomes field independent when is higher than a critical
value.
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IV. CONCLUSION

PHE measurements for various DC and AC pulsing biasing
fields have been made. The sensitivity and linearity of the field
dependence of the PHE signal can be tuned through the bi-
asing field. By using AC square wave biasing fields the lin-
earity and symmetry of the PHE signal can be improved and
the zero error can be automatically corrected. Sensitivities up
to 0.171 V A m can be achieved. The field behavior of the
PHE signal depends on the spin valve structure.

The same structure can be used to build rotation sensors. For
this reason we used disc-shaped SV structures.

Further improvements will be made regarding the deposition
on the same substrate of the field generator stripe and the PHE
sensor using the IC technology. A better alignment between the
biasing field, , and the injected current, , will be achieved
in this way.
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a b s t r a c t

Planar Hall effect (PHE) measurements were performed on permalloy (Py)-based thin films and

multilayered structures like FeMn/Py/Cu/Py. FeMn is used for pinning the magnetization of the adjacent

Py layer by exchange biasing effect. Here, we present some results of our measurements made on

square- and ring-shaped thin-film structures used as rotation sensors. At low magnetic fields, i.e., less

than 200Oe, we observed hysteretic effects and distortions from the expected sinusoidal shape of the

angular dependence of the PHE voltage. This is due to hysteretic behaviour of the magnetic material and

some coupling effects in the multilayered structure. In order to have a better understanding of this

behaviour, micromagnetic simulations were performed to obtain the angular dependence of the sample

magnetization for different intensities of the rotating magnetic field. To get better results, the film plane

was divided into a number of single domains which interact between them and with the applied

magnetic field.

& 2009 Elsevier B.V. All rights reserved.

1. Introduction

The sensors made from magnetic films are of particular
interest because their electrical response is strongly related to
their magnetic state. Thin films made from permalloy (Ni80Fe20)
and multilayered structures based on this ferromagnetic material
are intensively used for building magnetic sensors, write–read
heads for high-density data storage or magnetic memories.
Because of the anisotropic magnetoresistance effect (AMR) which
is found in such structures, an electrical field perpendicular to the
applied current will be generated even when the magnetic field is
in the film plane. This is the planar Hall effect (PHE). Therefore,
using a Hall effect setup we get direct access to the anisotropic
part of the film resistance with the advantage of a good thermal
stability of the output signal. The PHE voltage can be expressed by
a simple phenomenological expression [1]

U ¼ CM2j sin 2y ð1Þ

where C is a constant determined by the film geometry and
material properties, j the current density, M the saturation
magnetization and y the angle between the current and the
magnetization vector that, in turn, is determined by the value and
direction of the external magnetic field. The PHE can be used to
obtain information regarding the magnetic properties of the

material by means of electrical measurements. Also, from relation
(1) it comes that this effect can be used to build high-sensitivity
magnetic sensors for field measurements, detection of magnetic-
labelled biomolecules, rotation sensors or contactless potenti-
ometer applications.

Two types of films were used: (i) Ni80Fe20(10nm) thin film, and
(ii) a FeMn (3nm)/Ni80Fe20(10nm)/Cu(4nm)/Ni80Fe20(10nm)
multilayer (ML) structure. The samples were grown on oxidised
Si substrates by thermal deposition.

2. Results and discussion

The results presented in this paper are for square- and ring-
shaped structures used for PHE measurements. The square-
shaped samples have the side of 5mm and the contacts were
placed on the corners using silver paste and Cu wires. For ring-
shaped structures, the four stripes for electrical contacts were
defined during the film deposition and placed over two orthogo-
nal diagonals. The ring has an external diameter of 6mm and an
interior diameter of 2mm. The four lead setup used to investigate
the PHE is presented in Fig. 1(a) [2,3]; y defines the angle between
the electrical current, I1, and the applied field H. However it is
difficult to define such an angle for the ring-shaped structure. So
we will define, by convention, the same angle, y, taking the angle
between line which passes through the contacts by which is
injected the current I1 and the direction of the field H. This
measurement setup gets the maximum response from the AMR
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effect with the advantage of a lower thermal drift. The equivalent
resistor arrangement model [4] is presented in Fig. 1(b) and helps
us to understand the angular behaviour of the PHE voltage.

The DC current sources I1 and I2 drive the same current, I,
through the sample, S, and are computer controlled. When the
source I1 is ON, the source I2 is OFF and the measured PHE voltage
is U1. When the source I2 is ON, the source I1 is OFF and the
measured PHE voltage is U2. In this way, for a given angle, y,
between the magnetic field, H, and the direction of the current
driven by I1, we made two measurements for the PHE. Because for
an ideal experimental setup U1 ¼ U2 we will take as reference for
angle measurements the direction of the current I1 for both
measurements. The PHE voltage was detected using a Keithley
digital multimeter model 2700 equipped with a scan card in order
to switch between channels I1, U1 and I2, U2. The angular
dependence was achieved by using a stepper-motor allowing
rotation with a precision of 0.11. Classical measurements, i.e.
angular dependence of the voltage U1, show a distortion of the
symmetry with respect to the abscissa axis. The results are far
from the behaviour predicted by Eq. (1). These results were
observed both for square- and ring-shaped structures and are due
to contacts misalignment and hysteretic behaviour of the
magnetic films, especially at low fields [2,3]. We explained this
by micromagnetic simulations and we showed that the film

magnetization cannot follow accurately the direction of the
magnetic field when Ho200Oe [2,3]. Due to the coupling effects
between the magnetic layers through the Cu layer and pinning
effects in the ML structure, the hysteretic behaviour is increased.
To compensate the errors due to contacts misalignment and to
increase the sensor sensitivity, we made two measurements of the
PHE voltage for each angle over two orthogonal directions using
the setup presented in Fig. 1(a). Making the PHE measurements
for permalloy and ML structures over these two orthogonal
directions we obtained, by summating the voltages U1 and U2, a
response U ¼ (U1+U2)/2 with a sinusoidal behaviour with two
periods for a complete rotation [2]. For square-shaped samples the
results are presented in Fig. 2.

Fig. 1. (a) The four lead setup used for PHE measurements and (b) the equivalent

Wheatstone bridge model to account the electrical behaviour of the sample. The

magnetic field, H, is applied in the film plane. 0 5 0 100 150 2 00 250 300 350
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Fig. 4. The orientations of the magnetic moments in the ring-shaped ML structure

for two directions (a) 451 and (b) 1351 of the applied magnetic field; H ¼ 100Oe.

The dark arrows are from the free layer and the grey arrows are from the pinned

layer.
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As we have shown previously [2,3], for disk-shaped Ni80Fe20(10
nm) thin film, the PHE angular dependence has almost the same
amplitude for applied fields higher than 200Oe because the
structure saturates easily. This was also proved by micromagnetic
simulations regarding magnetization behaviour in rotating field.
The same was obtained for the square-shaped sensor made from
Ni80Fe20(10nm) thin film. On the other hand, the coupling effects
between the magnetic layers in the ML structure alter the PHE
angular dependence and introduce hysteretic effects. The film
starts to saturate for fields higher than 500Oe. Because when the
total magnetic moment decreases it is expected to have a lower
amplitude of the PHE voltage as we can see in Fig. 2.

In what follows, we report on PHE measurements made on
ring-shaped structures of Py- and Py-based ML. The results are
presented in Fig. 3.

Because of the shape of these structures, the magnetization
cannot follow accurately the field direction and, for low
amplitudes of H, the PHE angular dependence is strongly
distorted. This situation can be illustrated by the results of
micromagnetic simulations performed on a ring-shaped ML
structure. In Fig. 4 are presented the orientations of the
magnetic moments in the ML structure for two directions of the
applied field; H ¼ 100Oe.

Because of the tendency to have closure domains in this ring-
shaped structure and the interaction between the magnetic layers,
there is a region in which the magnetic moments change their
orientation rotating in a direction perpendicular to the film plane
in order to minimise the free energy of the system. We see that
the magnetic moments from the free layer follow roughly the
orientation of the applied field. We run micromagnetic simula-
tions to see the angular dependence of magnetization for
Ni80Fe20(10nm) film and for FeMn(3nm)/Ni80Fe20(10nm)/Cu(4
nm)/Ni80Fe20(10nm) ML ring-shaped structures. The results are
presented in Fig. 5.

We observe from these results a lower value of magnetization
for the ML structure and strong hysteretic effects for Ho200Oe
for both the structures. These results can be correlated with the
magnetic moment’s configurations presented in Fig. 4, and show
why the PHE signal for H ¼ 100Oe is so small and distorted. To
perform these simulations we used a special design which
consists of a collection of single domains of permalloy, with a
side length of 90nm and a thickness of 10nm, which interact
between them and with the applied magnetic field [3,5,6]. Also,

the interaction between the magnetic layers through the
nonmagnetic layer was taken into account and the coupling
constant was calculated considering the N�eel model for positive
magnetostatic interlayer coupling [5,7]. Using data obtained from
micromagnetic simulations, Fig. 5, we can calculate the field
dependence of the PHE signal. The results are presented in Fig. 6.

These data are relatively in good agreement with experimental
data presented in Fig. 3. There is a 1801 phase difference between
the measured and calculated data and is due to the experimental
setup. From Figs. 3(a) and 6(a) we see that for H4200Oe the PHE
signal becomes field insensitive which is very important regarding
the sensor stability for small field variations. The smaller values of
the PHE signal and the angular behaviour seen in Fig. 3(b), for the
ML structure, is well described by the results of micromagnetic
simulations presented in Figs. 5(b) and 6(b). To obtain a PHE
signal stable at field variations a value of H greater than 500Oe is
required.

Because for y ¼ 1351 the PHE signal has a maxima we can
expect to have, for this angle, the best response in what concern
the field dependence of the PHE signal. We present, in Fig. 7, the
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field dependence of the PHE for a ring-shaped magnetic sensor
made from Ni80Fe20(10nm) thin film.

The structure presents a very sharp variation of the PHE signal
for small magnetic fields and almost without hysteretic effects
because of the shape of the sensor.

3. Conclusions

We studied the angular response of the PHE for Ni80Fe20(10
nm) and FeMn(3nm)/Ni80Fe20(10nm)/Cu(4nm)/Ni80Fe20(10nm)
ML square- and ring-shaped structures. By micromagnetic
simulations, we have shown the origin of the distortions which
can be seen for low magnetic fields. By making PHE measure-
ments over two orthogonal directions for each angle, we were able
to compensate the errors that appear due to contact misalign-
ments, hysteretic effects and homogeneities defects. The optimum
value of the magnetic field strength is between 200 and 500Oe for
Ni80Fe20(10nm) structures higher than 500Oe for the ML
structures. Despite of their simplicity, the Ni80Fe20(10nm)
structures are very convenient to be used to build low-cost
rotation sensors and magnetic field sensors based on the PHE. We

believe that a careful tuning of the interlayer coupling in the ML
structures can increase the angular and field dependence of the
PHE signal because of the GMR effect.
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