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ABSTRACT  Solid state magnetic sensors have inherent characteristics that 
make them potential candidates in a huge range of applications regarding mag-
netic field sensing. We mention their high level of integration with electron-
ics, their low weight, low cost, and wide bandwidth, among others. Hall effect 
devices and magnetoresistance sensors are excellent examples. Giant magne-
toresistance (GMR) and tunneling magnetoresistance (TMR) sensors, while 
maintaining these advantages, have demonstrated better performance figures 
regarding sensitivity and signal-to-noise ratio (SNR). In this way, GMR/TMR 
sensors have been considered in scenarios requiring sub-nT measurements, with 
demonstrated success. In this chapter, we will present the fundamental basis of 
GMR/TMR and we will describe the state-of-the-art use of GMR/TMR sensors. 

2.1 Introduction

The giant magnetoresistance (GMR) effect was first described in 1988 by A. 
Fert (Baibich et al. 1988) and then in 1989 by P. Grunberg (Binasch et al. 1989). 
In 2007, both were awarded the Nobel Prize in Physics for their contribu-
tions (Thompson 2008). Basically, the GMR effect is a significant change in its 
resistance with an external field at room temperature. It is observed in mul-
tilayered structures with ferromagnetic layers separated by a non-magnetic 
spacer due to the relative orientation of the magnetization vectors.

Initially, GMR structures were used as sensing elements in the read heads 
of hard drives. In these applications, the magnetoresistance (MR) level 
shifted, with the influence of the magnetic field generated by the magneti-
cally stored bits, between two limit states: maximum and minimum resis-
tance, as described by

 MR
R R

R
= −↑↓ ↑↑

↑↑  

where:
 MR  is the so-called magnetoresistance level
 R↑↓  is the (maximum) resistance in the anti-parallel state
 R↑↑  is the (minimum) resistance in the parallel state
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Nowadays, these multilayered structures can be engineered in such a way 
that the quiescent state of the structure is obtained with layers having their 
magnetic moments in a crossed-axis (orthogonal) confi guration by means of 
a particular deposition process or by the application of an external magnetic 
biasing. In this way, the transfer curve of the device is notably smoothed, and 
the quiescent working point is placed in a medium state, thereby providing 
a useful quasi-linear region that can be utilized for analog magnetic sensing 
applications.

2.2 Structures and Phenomena 

GMR phenomena were initially reported on Fe/Cr thin multilayers (Baibich 
et al. 1988; Binasch et al. 1989). It was demonstrated that the electric current in 
a magnetic multilayer consisting of a sequence of thin magnetic layers sepa-
rated by equally thin non-magnetic metallic layers is strongly infl uenced by 
the relative orientation of the magnetizations of the magnetic layers (about 
50% at 4.2  K). The cause of this giant variation in the resistance is attrib-
uted to the scattering of the electrons at the layers’  interfaces. In this way, 
any structure with metal–magnetic interfaces is a candidate to display GMR. 
Since then, a huge effort has been made to find structures that enhance this 
effect (MR levels at room temperature above 200% are achieved in modern 
GMR structures). We will next describe some of these structures.

2.2.1 Sandwich

A sandwich structure is the general name for multilayered structures. 
They usually consist of two magnetic layers of an Fe–Co–Ni alloy, such as 
 permalloy, separated by a non-magnetic conductive layer, such as Cu (Ranchal 
et al. 2002). A general scheme is shown in Figure  2.1a. With magnetic fi lms 
of about 4–6  nm wide and a conductor layer of about 35  nm, magnetic cou-
pling between layers is slightly small. With these confi gurations, MR levels 
of about 4%–9% are achieved, with linear ranges of about 50  Oe. The fi gures 
of merit of sandwich devices can be improved by continuously repeating the 
basic structure, thereby creating a multilayered system. Successful applica-
tions of sandwich structures in magnetic fi eld sensing include bio-electron-
ics (Mujika et al. 2009) and angle sensors (Lopez-Martin and Carlosena 2009).

2.2.2 Spin Valves

The origin of spin valves (SVs) comes from the sandwich structure. In SVs, 
an additional antiferromagnetic (pinning) layer is added to the top or bottom 
part of the structure, as shown in Figure  2.1b. In this sort of structure, there is 
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no need for an external excitation to get the anti-parallel alignment. Despite 
this, the pinned direction (easy axis) is usually fi xed by raising the tempera-
ture above the knee temperature (at which the antiferromagnetic coupling 
disappears) and then cooling it within a fi xing magnetic fi eld. Obviously, 
devices so obtained have a temperature limitation below the knee tempera-
ture. Typical values displayed by SVs are an MR of 4%–20% with saturation 
fi elds of 0.8–6  kA/m (Freitas et al. 2007).

For linear applications, and without excitation, pinned (easy axis) and free 
layers are arranged in a crossed-axis confi guration (at 90° ), as detailed in 
Figure  2.2a. The response of this structure is given by (Freitas et al. 2007)

 ∆ ∆
R

R
R

R i
W
h

sq p f= 





−( )1
2

cos θ θ  

where:
 (Δ R /R ) is the maximum MR level (5%–20%)
 R sq    is the sensor sheet resistance (15–20  Ω /sq)
 L   is the length of the element
 W   is its width
 h   is the thickness
 i   is the sensor current
 θ p   and θ f    are the angle of the magnetization angle of the pinned and free 

layers, respectively

Assuming uniform magnetization for the free and pinned layers, for a lin-
earized output, θ p  =90°  and θ f  =0.
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FIGURE  2.1  
Basic structures displaying GMR phenomena.
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2.2.3 Magnetic Tunnel Junctions

Magnetic tunnel junctions (MTJ), also called tunnel magnetoresistance 
(TMR) structures, were initially described as GMR structures (Hirota et al. 
2002). Nowadays, they are considered a specific MR effect (Reig et al. 2013). 
Nevertheless, due to the similarity of both families of structures and their 
shared applications, we will also consider them in this chapter.

In this case, the magnetic layers are separated not by a conductive layer but 
by a very thin isolating layer, following a current perpendicular to planes 
(CPP) confi guration (see Figures  2.1c and 2.2b). Electrons can cross this 
thin fi lm by means of the quantum tunnel effect. As deduced from quan-
tum mechanics arguments, the crossing probability is higher when both 
magnetic moments are aligned in parallel and lower when both magnetic 
moments are not aligned in parallel. The equation describing the output of 
these structures is

Pinning
Pinned
Spacer
Free

θp θf

(a)

(b)

Pinning
Pinned
Spacer
Free

θp
θf

FIGURE  2.2  
Multilayer structures corresponding to typical spin valves (a) and magnetic tunnel junctions (b).
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 ∆V TMR= × −( )1
2

cosi
R A
Wh

p fθ θ  

where:
 TMR  is the maximum MR level
 i   is the biasing current
 R   ×   A  is the resistance per area parameter
 Wh   are the dimensions

These devices usually make use of the SV principle in order to fi x the easy 
axis by means of a pinning antiferromagnetic layer. Typical MR levels of 
MTJ are above 40%, with Al2 O3  as the isolating layer (Ziese and Thornton 
2001). More recently, MR levels of about 200% have been reported for MgO-
based structures (Ferreira et al. 2006). Saturation fi elds are of the order of 
1− 100  Oe. The basis of linear MTJs is analogous to that of a linear SV. When 
confi gured in a crossed-axis confi guration, linear ranges suitable for sensor 
applications can be achieved (Freitas et al. 2007).

2.2.4 Other GMR Structures

Granular fi lms of Co–Cu and Co–Ag also exhibit a GMR effect. In this 
case, the GMR effect is due to the spin-dependent scattering taking place 
at the boundaries of Co clusters embedded in the host lattice, as depicted in 
Figure  2.1d. Because these binary systems are not miscible, the characteris-
tics of the devices are highly conditioned by the growth conditions and the 
post-deposition treatments. In fact, the amount of MR is accepted to be asso-
ciated with the size of the Co clusters (André s et al. 1999).

GMR can also be found in other structures. We collected two illustrative 
examples. Pena et al. (2005) report on GMR in ferromagnet/superconductor 
superlattices and Pullini et al. (2007) describe GMR in multilayered nanow-
ires. In any case, a magnetic–non-magnetic interface is required in order to 
allow the spin-electron scattering to produce the effect.

2.3 Devices

In order to have functional devices, GMR/TMR multilayered structures 
have to be patterned into elements with proper resistance values for use as 
sensors. Then, these elements need to be contacted.

2.3.1 Technological Issues

The deposition of these structures can be done with low temperature pro-
cesses and then patterned by selective physical etching, so avoiding damage 
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in the substrate. In this sense, the deposition of these structures can be 
accomplished by ion beam deposition (IBD) or by sputtering. In any case, 
the substrate temperature does not exceed 120° C. Thus, both processes can 
be directly masked with photoresist without damaging the substrate. In 
some cases, a fi nal heat treatment of between 200° C and 300° C is required to 
increase the MR ratio (He et al. 2010).

2.3.1.1 Spin Valves

A typical structure can be found in Reig et al. (2004). It was deposited by ion 
beam sputtering (IBD) onto a 3″  Si/SiO2  1500  Å  substrate. The SV structure 
was Ta (20  Å )/NiFe (30  Å )/CoFe (20  Å )/Cu (22  Å )/CoFe (25  Å )/MnIr (60  Å )/
Ta (40  Å ). This structure was demonstrated to give MR responses of about 
6%–7%, linear ranges of about 20  Oe, and sheet resistivities of about 10–15  Ω /
sq. Deposition rates ranged from 0.3 to 0.6  Å /s. A 40  Oe fi eld was applied to 
the substrates during the deposition step in order to state the easy axis in the 
pinned and free layers. The wafer was rotated 90°  between both depositions 
to ensure a crossed-axis SV confi guration.

Nano-oxide layers (NOL) inserted in the pinned layer and above the free 
layer have been found to increase the MR ratio (Reig et al. 2005). The enhance-
ment of GMR is attributed to the specular scattering effect of the conduction 
electrons at the metal–insulator interfaces.

2.3.1.2 Magnetic Tunnel Junctions

A typical MTJ structure was deposited by ion beam sputtering (IBD) onto 
3″  Si/SiO2  1000  Å  substrates. The fi nal structure of the MTJ was Al (600  Å )/
Ta (90  Å )/NiFe (70  Å )/MnIr (250  Å )/CoFe (50  Å )/Al2 O3  (12  Å )/CoFe (50  Å )/
NiFe (25  Å )/Ta (60  Å )/TiW (300  Å ), as described in Reig et al. (2008). This 
particular structure was demonstrated to give MR responses close to 40% 
while keeping linear ranges above 20  Oe.

2.3.2 Devices Design

To implement an SV-based device, only one lithographic step is required for 
patterning the structures (L1), and then another to design the contacts (L2), 
at the ends of the SV strip, as shown in Figure  2.3 (left). The sheet resistance 
is inherent to the specific SV structure, but the final resistance value can be 
tuned by properly setting L  and W  of the strip. Usually, the minimum W  
value is constrained by the lithography resolution, and then the L  value is 
obtained. For SV structures such as those described in the Section 2.3.1.1, 
devices of 200  ×   3  µ m give nominal resistances of the order of 1  kΩ .

For MTJs, due to their CPP nature, two masks are required for defi ning an 
elemental device. In the fi rst step, a mesa structure is defi ned (L1) (Figure  2.3, 
right). Then, a second mask (L2) is applied to defi ne the pillars comprising 



42 Magnetic Sensors and Devices

the active region. Usually, a conductive bottom layer is included in the mul-
tilayered structure to connect devices in pairs, and facilitating the electrical 
contacts on the top of the structures (L3).

Because these elements are resistance, once they have been defined, they 
can be arranged in different configurations, depending on the specific 
requirement. MTJs are commonly arranged in arrays of elements in series 
and parallel, due to their better SNR performance and the intrinsic depen-
dence of the MR level with the voltage bias (Chen and Freitas 2012).

In linear applications involving resistive sensors, bridge setups are often 
considered. They display a highly linear response, a better signal level, 
zeroed output, and high immunity to undesired external effects. Successful 
examples of the use of GMR/TMR sensors configured as bridges can be 
found in Cubells-Beltrá n et al. (2009), Guerrero et al. (2009), and Le Phan et 
al. (2005).

When magnetic imaging is the objective, GMR sensors can also be arranged 
in arrays, as described, for example, by Cardoso et al. (2006), where MTJ 
elements have been integrated with a thin-film transistor (TFT) diode for 
improving the addressing process, or in Hall et al. (2013), where 256  pixels 
arrays with integrated complementary metal-oxide semiconductor (CMOS) 
circuitry have been demonstrated.

Silicon

L1

L2

L1

L2

L3

Silicon oxide

Aluminum

Spin valve multilayered structure

Magnetic tunnel junction multilayered structure

Fabrication process of the elemental devices

Spin valves (SV) Magnetic tunnel junctions (MTJ)

FIGURE   2.3  
GMR/TMR basic fabrication steps.
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2.4 Limitations

The limitations of use of these sensors arise from very different reasons 
including the range of application, reproducibility, voltage offset, tempera-
ture drifts, or bandwidth constrictions. In the following sections, we describe 
some of these limitations and we give the direction of current investigations 
for overcoming them.

2.4.1 Range of Application

The intrinsically useful range of MR-based sensors is mainly limited by two 
mechanisms. At the low-level region, the SNR ratio sets the detection limit. 
Then, a study of the related noise sources is mandatory. The noise power 
spectrum density (PSD) is commonly given in square volts per hertz (V2 /
Hz). Often, it is much more convenient to use the amplitude spectrum den-
sity (ASD), expressed in volts per square root hertz (V/√ Hz), for a compar-
ison with voltage signals. The sensitivity for an MR signal, S V  , is usually 
given in V/V/T. Typical values for GMR sensors are 20–40  V/V/T, for exam-
ple, 20–40  nV/nT when they are biased with 1  V. For comparing diff erent 
sensors, it is recommended to use the fi eld equivalent noise power spectra 
density, sometimes called detectivity . It corresponds to the PSD divided by 
the sensitivity. For example, if a sensor displays a noise of 10  nV/√ Hz at a 
given frequency and a sensitivity of 25  V/V/T, its detectivity will be 400  pT 
for 1  V bias (Reig et al. 2013). At the high signal region, the saturation fi eld is 
the limitation mechanism. For sensing applications, a good approximation is 
to consider the linear range to be one-half of the saturation fi eld.

GMR/TMR can be applied in the range from some petatesles (pT) to almost 
kilotesles (kT), which is more than 14 orders of magnitude, as observed in 
Figure  2.4, compared with other magnetic sensors.

2.4.1.1 Noise Mechanisms in GMR/TMR Sensors

2.4.1.1.1 Thermal Noise

The most relevant noise is the thermal noise (also called the Johnson–Nyquist 
noise or white noise), which is directly related to the resistance of the sensor. 
It is a white noise, so it is independent of the frequency. It was fi rst observed 
by Johnson (1928) and interpreted by Nyquist (1928). It is expressed as

 S Rk TV Bω( ) = 4  

where:
 R  is the sensor resistance
 k B   is the Boltzmann constant
 T  is the temperature
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For example, a 1  kΩ  resistor at room temperature has 4  nV/√ Hz.

2.4.1.1.2 1/f Noise

The origin of the 1/f  noise or “ pink”  noise or Flicker noise is from resistance 
fl uctuations, so it can only be revealed by applying a current to the sensor. 
Its dependence with the frequency is described by the following phenom-
enological formula:

 S
R I

N f
V

H

c
ω γ

β( ) =
2 2

 

where:
 γ H   is a dimensionless constant proposed by Hooge (1976)
 R  is the sensor resistance
 I  is the bias current
 N c   is the number of current carriers
 f  is the frequency
 β  is an exponent typically of the order of 1

1/f  noise can exhibit a non-magnetic and a magnetic component with pos-
sible diff erent slopes. For TMRs, the formula becomes

 S
R I
A f

V ω α( ) =
2 2
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FIGURE  2.4  
Range of applications of different magnetic field sensors. (From Dí az-Michelena, M., Sensors 
[Basel, Switzerland],  9(4), 2271–88, 2009.)
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where:
 A  is the active surface of the device
 α  is a parameter with the dimension of a surface

The size and shape of the sensors have a strong eff ect on the 1/f  noise.
In GMRs and TMRs, this low-frequency noise is dominant and is often a 

drawback in the performance of the sensors. Although the TMR in MTJs is 
signifi cantly higher than the MR in SVs, the intrinsic noise of an MTJ sensor 
is also higher than that of an SV (by a factor of about 3 [Freitas et al. 2007]). 
Due to its average nature, small GMR sensors display more 1/f  noise than 
bigger sensors. By considering equally thin sensors, the 1/f  noise is roughly 
inversely proportional to their area (Reig et al. 2013). As a graphical sum-
mary, Figure  2.5 shows the measured noise for several GMR commercial 
sensors, expressed as detectivity (Stutzke et al. 2005).

2.4.1.1.3 Random Telegraph Noise

The random telegraph noise (RTN; or “ popcorn”  noise) is due to the fluc-
tuations of a specific source between two different levels with comparable 
energies and a barrier height able to give a typical characteristic time in 
the measurement range. RTN is difficult to handle and a sensor with RTN 
noise is in general very difficult to use even if it is theoretically possible to 
partially suppress this noise by data treatment.

2.4.1.1.4 Shot Noise

Shot noise (Freitas et al. 2007) arises in discontinuities in the conduction 
medium as a consequence of the discrete nature of the electrical charge and 
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Low-frequency noise of commercial GMR sensors. (Reprinted with permission from Stutzke, 
N. A. et al., Journal of Applied Physics  97(10), 10Q107, 2005.)
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is described by the following equation, where e  stands for the electron elec-
trical charge and I  is the current flowing through the device (for practical 
device operating temperatures).

 S e I RV ω( ) = 2 2  

The tunnel barrier of an MTJ is an example of a discontinuity in the con-
duction medium, which is why shot noise is found in MTJs but not in SVs or 
anisotropic magnetoresistance (AMR) sensors, which are made of continu-
ous metallic layers.

2.4.2 Hysteresis

The magnetic nature of GMR-based sensors implies an associated hyster-
esis. Such effect has been analyzed for GMR sensors both numerically (Á č  
2008) and experimentally (Liu et al. 2012). Intrinsically, this inherent hys-
teresis can be internally reduced by considering a so-called crossed-axis 
confi guration of the magnetization moments of the constituent layers of the 
MR structure. In this case, since the free layer would never reverse, but 
merely displace by 90° , hysteretic errors below 1% of the full scale can be 
achieved (Reig et al. 2004). Alternating current (ac) biasing schemes have 
been proposed for reducing the hysteresis. In Ripka et al. (1999), by using 
an ac biasing of 5  mA at 10  kHz, the hysteresis of a commercial NVE sen-
sor was reduced from 5% to 1% in the 0.3  mT range. In addition, both SNR 
and offset were also partially reduced. Hysteresis has also been reduced 
by biasing the sensors with an external magnetic fi eld (Vopá lenský  et al. 
2004). More recently, electrical models have been developed to reduce the 
hysteresis in specific GMR-based current sensors (Jedlicska et al. 2010; Han 
et al. 2015).

2.4.3 Voltage Offset

MR sensors are commonly used in a bridge confi guration, so voltage off-
sets are introduced during the fabrication process. Common sources of these 
deviations are deposition inhomogeneities and lithography tolerances. As 
the dimensions of MR structures are close to the lithography resolution 
limit, these tolerances need to be externally corrected using external circuits.

2.4.4 Temperature Drifts

Temperature is always a limiting parameter in electronics. Every electronic 
device has a temperature-dependent response arising from its physical 
nature. Regarding specifi c GMR sensors, not only does the resistance (and 
the sensor impedance) vary with the temperature, but so does the MR level 
(and then the sensitivity).
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The resistance of GMR sensors is a function of the temperature. For GMR-
based devices, and in the usual range of utilization, this dependence can be 
considered linear, and can be defi ned by a temperature coeffi cient (TEMPCO) 
as follows:

 TCR %( ) = ×100
1

0R
R
TT

∆
∆

 

An analog relationship can be defi ned for the thermal dependence of sen-
sitivity as

 TCS
S

%( ) = ×100
1

0S TT

∆
∆

 

When a full bridge confi guration is considered, this thermal dependence is 
partially compensated and is expected to be low. Due to the inherent voltage 
offset of sensors confi gured as bridges, the temperature drift of the offset 
voltage must be specifi ed:

 TCVoff

off

off
%

,
( ) = ×100

0

∆
∆
V
T

V T
 

MR structures are temperature dependent. For real applications, the 
temperature coeffi cient of the output voltage of a given sensor can be set 
below 0.1%/K in a Wheatstone bridge confi guration with a direct cur-
rent (dc) bias instead of a direct voltage bias (Cubells-Beltrá n et al. 2011). 
Experimental parameters are only related to the nature of the GMR struc-
tures, and they have been measured elsewhere. In Figure  2.6, we show the 
typical values for full bridge sensors composed of equal SV elements, as 
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FIGURE  2.6  
Temperature dependence of the characteristic parameters in typical spin valves. (From 
Cubells-Beltrá n, M. et al., IEEE Sensors Journal,  9(12), 1756–62, 2009.)
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described in Cubells-Beltrá n et al. (2009). From these graphs, we can extract 
TCR  ≈   0.11%/° C, TCVoff   <   10  µ V/° C, and TCS  ≈   − 0.15%/° C, as they were 
defined before.

When thermal drifts are not sufficiently lowered by using bridge configu-
rations, different temperature compensation schemes have been proposed 
in the literature, specifically developed for GMR sensors–based applications 
(Ramí rez Muñ oz et al. 2006; Sá nchez Moreno et al. 2011).

2.4.5 Bandwidth

Theoretically, due to the inherent quantum mechanism involved, MR struc-
tures have bandwidths of the order of 1  GHz (Hirota et al. 2002). In real 
applications, a reduction in the bandwidth is introduced by the associated 
circuitry. Such an effect can be important in electric current monitoring appli-
cations because of the necessity to drive the current path close to the sensor. 
In principle, due to the inductive character of the coupling, a “ zero”  behav-
ior in the transfer function should be observed. In Figure  2.7, the frequency 
responses of some illustrative examples are compiled: an HMC1O21 sensor 
soldered onto a typical (3  mm width) printed circuit board (PCB) strap, a 
meandered engineered SV sensor (Reig et al. 2004), and an MTJ compact 
current sensor prototype both in a full Wheatstone bridge confi guration and 
a single resistor (Reig et al. 2008). As observed, an inductive effect appears 
well below 1  MHz. Moreover, the more complicated the sensing structure is, 
the less bandwidth obtained. Regarding real applications, MR current sen-
sors have been successfully applied up to 1  MHz (Cubells-Beltrá n et al. 2009; 
Singh and Khambadkone 2014).
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2.5 Applications

Now that we have described the principal characteristics of GMR/TMR sen-
sors, we will describe some real applications in which these sensors have 
demonstrated their intrinsic capabilities.

2.5.1 General Purpose Magnetometers (Compass)

The measurement of the Earth’ s magnetic field is the ancient application of 
magnetic field sensors. The Earth’ s magnetic field ranges between approxi-
mately 25 and 60  µ T, which is well covered by GMR/TMR sensors. With the 
increasing demand for digital compasses for mobile applications (mainly 
smartphones), GMR/TMR sensors have entered the market in serious com-
petition with standard Hall solutions. Table  2.1 shows the main parameters 
of some selected MR compasses, including electronics (Reig et al. 2013).

2.5.2 Industrial Applications

2.5.2.1 Automotive

GMR sensors have entered the automotive market in several applications: 
steering angle measurement, rotor position measurement, speed sensing or 
crank shaft speed, and positions sensing. All of these can be classified as 
speed measurement or angle measurement. SV structures are commonly 
preferred for both sets of applications. A typical GMR angle sensor consists 
of several GMR resistors arranged in two bridges, one for each orthogonal 
direction (see Figure  2.8, left). Meandered geometries are used for increasing 
the total resistance to the kiloohms (kΩ ) range. In this way, they provide a 
sine and a cosine signal that can be used in the calculation of the absolute 
angle of the magnetic field vector (see Figure  2.8, right). Due to this measure-
ment principle, only the field direction, not the field magnitude, is relevant. 
The use of the GMR principle allows the measurement of angles in the full 
range of 360°  in contrast to AMR-based sensors that cover only 180° . In any 
case, calibration of the devices is commonly required.

2.5.2.2 Space

In space sector applications, mass, volume, and power savings are important 
issues. GMR sensors are excellent candidates not only in planetary magnetom-
etry, but also as magnetic encoders and angular or position sensors. It must be 
mentioned that space is an environment of extreme parameters, including wide 
temperature swings, very low pressures, moderate to high radiation, mechani-
cal vibrations and impacts, and so on. GMR sensors have been used on several 
occasions in different satellite missions. As a summary, the evolution of MR 
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technologies in space applications is depicted in Figure  2.9 (Dí az-Michelena 
2009).

2.5.2.3 Electric Current Measurement

Traditional methods for measuring an electric current include shunt resistors 
and the transformer principle, and its indirect measurement is by means of 
the generated magnetic field (Ziegler et al. 2009). This latter scheme has suc-
cessfully approached making use of different magnetic field sensors (Pavel 
Ripka and Janosek 2010). In this sense, GMR sensors display some intrinsic 
properties, making them optimal for electric current measurement schemes, 
namely, high sensitivity, capable of integrating with other technologies (PCB 
or CMOS), and the measurement of in-plane magnetic fields. An extensive 
review on the application of GMR sensors in electrical current measurement 
can be found in Reig et al. (2009). The basic scheme is very simple: we just 
need to drive the desired current path to the neighborhood of the sensor, as 
depicted in Figure  2.10a. The sensor can be placed either above or below the 
current path. As observed, the magnetic field lines fall almost parallel to the 
sensor layers.

Sensing performance can be improved by using a bridge configuration. 
When the current path is already defined (usually a straight line), a scheme, 
as shown in Figure  2.10b1, with a half bridge is applicable. In this case, 
R 1  and R 3  are active and R 2  and R 4  are usually shielded as suggested, for 
example, in Singh and Khambadkone (2008) or Vieth et al. (2000). To get the 
full bridge behavior, we can fabricate the sensor with four active (opposite) 
elements (Pelegri Sebastia et al. 2004) or actuate on the design of the cur-
rent path, as illustrated in Figure  2.10b2–b4. The successful application of 
these schemes can be found in Sanchez et al. (2012) and Pannetier-Lecoeur 

Vx (cos_N) Vx (cos_P)

VY (sin_N) VY (sin_P)

90°

90°

0°
S N

0°

0° 90° 180° 270° 360°
Angle a
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GMR resistors X component (cos)

VY

VX

VX

ADCX+ ADCX– ADCY+ ADCY– V¥GND

VY

FIGURE  2.8  
Typical arrangement of GMR angle sensors for automotive applications.



52 Magnetic Sensors and Devices

et al. (2007) (Figure  2.10b2); Reig et al. (2004) and Cubells-Beltrá n et al. 
(2009) (Figure  2.10b3); and Reig et al. 2005 and Cubells-Beltrá n et al. (2009) 
(Figure  2.10b4). For an optimal geometric design of the current paths and the 
position of the sensors, numerical models (mainly the finite element method 
[FEM]) are commonly used (Beltran et al. 2007).

Limitations on the performance of GMR-based current sensors arise 
mainly from packaging issues (Cubells-Beltrá n et al. 2011). Most significant 
is heating from the joule effect because of current and bandwidth constraints 
due to the capacitive/inductive coupling of the current path. Thermal drifts 
due to joule heating (Vopalensky and Platil 2013) can be significant not only 
in medium/high current applications, but also in integrated circuits (ICs) 
environments. They can be reduced either with the use of full Wheatstone 
bridge sensors (Reig et al. 2004; Cubells-Beltrá n et al. 2009) or with the use 
of external compensation electronic circuitry (Ramírez Muñ oz et al. 2006; 
Sá nchez Moreno et al. 2011). To properly analyze such effects, numerical 
modeling is commonly used, from both a physical (Beltran et al. 2007) and 
an electrical point of view (Roldá n et al. 2010a).
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Specific applications of GMR sensors for electrical current measurement 
include built-in current sensing (BICS) schemes in ICs. This was first demon-
strated in 2005 (Reig et al. 2005) and then improved with low noise devices 
(Pannetier-Lecoeur et al. 2007), using MTJ sensors (Le Phan et al. 2005), full 
bridge arrangements (Cubells-Beltrá n et al. 2009), and improved conditioning 
circuitry (Madrenas et al. 2014). Electric currents in the range of 1  µ A have been 
resolved in this way. In addition, these schemes have become successful when 
integrated with standard CMOS technologies (Cubells-Beltrá n et al. 2014).

We should also mention that GMR sensors have also been used in related 
applications such as analog electric isolators (Reig et al. 2008) and integrated 
wattmeters (Roldá n et al. 2010b).

2.5.3 Non‑Destructive Evaluation

Non-destructive evaluation (NDE) refers to any examination, test, or evalu-
ation performed on any type of object without changing or altering it in any 
way, in order to determine the absence (or presence) of discontinuities that 
could jeopardize its functionality. The most common NDE methods are opti-
cal inspection (including non-visible range such as infrared or x-rays), ultra-
sonic tests, and magnetic measurements.

2.5.3.1 Magnetic Detection

As mentioned, magnetic measurements are commonly used in NDE in gen-
eral and scan systems (imaging or detecting) in particular. We can measure 
the magnetic field of the scanned objects (if existing) or the perturbation 
that they produce in the Earth’ s magnetic field. Traditionally, pick-up coils 
and Hall sensors have been used. We will enumerate some of the successful 
applications in which GMR sensors have been considered in these scenarios.

GMR sensors have been successfully used for the detection/monitoring of 
different kinds of objects, including traffic speed monitoring (Pelegrí  Sebastiá  et 
al. 2007), tool vibration (Sebastia et al. 2009), weapon detection (Tian et al. 2012), 
localization of hidden metallic objects (Renhart et al. 2011), robot movement con-
trol (Ku et al. 2000), and even electric guitar monitoring (Lenssen et al. 2002).

Regarding specific imaging techniques (also scanning microscopy), GMR 
sensors have been applied to the evaluation of current faults at the IC level 
with sub-micron resolution involving electric currents below 1  mA (Reig et 
al. 2013). The magnetic field microscopy of rock samples using a GMR-based 
scanning magnetometer has also been reported (Hankard et al. 2009).

2.5.3.2 Eddy Current Testing

Within magnetic field–based techniques, eddy current testing (ECT) has 
been specifically considered in a wide range of modern testing processes, 
including defects in metallic surfaces and subsurfaces.
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Eddy currents are closed loops of induced current circulating in a plane 
that is perpendicular to the direction of a time-varying magnetic flux den-
sity B  , as depicted in Figure  2.11. The variation of B   generates an electric 
field intensity E  , in a loop as expressed by the Maxwell equation:

 ∇× = − ∂
∂

E B
t

 

Therefore, the current density J, in a material with conductivity σ, also cir-
culates in the loop, because

 J E= σ  

Such currents, due to conductivity σ, can degrade the performance of the 
affected surfaces, but they can also be used for detecting flaws or cracks 
on metallic materials, conductivity variations, spacing between probe and 
device under test, material thickness, thickness of platting or cladding on a 
base material, spacing between conductive layers, or permeability variations.

The concept of using GMR in ECT measurements was first introduced 
by Dogaru and Smith (2001), through two geometrical approaches tak-
ing advantage of the inherent properties of GMR sensors, as detailed in 
Figure  2.11. In this particular experiment, currents of the order of 1  A at 
30  kHz were used for the exciting coils, and NVE commercial unipolar 
devices (~25  mV/V/mT sensitivity, 2  mT, linear range) as GMR sensors. In 
this way, cracks 1–15  mm long, 0.5  mm wide, and 0.25–4  mm deep were 

Magnetic �elds
from exciting coil

Magnetic �elds
from

eddy currents
Eddy currents

Ammeter

GMR sensor

Pick-up coilAC

Exciting coil

FIGURE  2.11  
Scheme of an eddy current testing system, with a GMR as sensing element.
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scanned. A similar system with portable characteristics is described in 
Betta et al. 2012). By including a feedback coil in the scheme in Figure  2.12, 
resolution in depth can be achieved (Jeng et al. 2006). The depth of the 
defects can also be detected (Espina-Herná ndez et al. 2012). In this scenario, 
the use of numerical models (mainly based on FEM) is highly helpful (Zeng 
et al. 2011).

ECT based on GMR sensors has been extensively applied to the evalu-
ation of PCBs. Initially, Chomsuwan and co-workers (Yamada et al. 2004) 
demonstrated it with a specifically designed SV sensor (200  mV/mT sen-
sitivity) with a printed meandered coil, by mapping PCB defects of the 
order of 100  µ m size. These results were better than those obtained with 
a pick-up coil–based system. Novel experiments were performed on 
high-density double-layer PCBs with an improved ECT probe including 
an optimized meander coil and an array of GMR sensors (Chomsuwan 
et al. 2005, 2007a,b). Defects with sizes below 100  µ m were resolved on 
both sides of the PCB. This topic is revisited frequently (Cacciola et al. 
2011).

The ECT technique based on GMR sensors has also been applied to the 
evaluation of the health of an aircraft’ s structure (Nair et al. 2006). Pulsed 
currents have been demonstrated to improve the performance of ECT probes 
in this sense (Tamburrino et al., 2010).

2.5.4 Bio‑Applications

Magnetic fields (generated and/or measured) are extensively used in bio-
logic sciences including genetics, bio-technology, different fields of medi-
cine (physiology, oncology, etc.), among others. Most of these applications 
require the measurement of very low magnetic fields (below the nT limit) in 
small spaces (commonly in the sub-mm range). At the beginning of the cen-
tury, MR sensors started to be explored as the sensing elements in biochips. 
A biosensor can be defi ned as a “ compact analytical device or unit incor-
porating a biological or biologically-derived sensitive element integrated or 
associated with a physio-chemical transducer”  (Graham et al. 2004).

GMR sensor
Coil

Crack

Especiment

FIGURE  2.12  
Different arrangements for integrating GMR sensors with exciting coils in ECT systems.
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2.5.4.1 Detection of Bioanalytes

General bioanalytes (molecules, cells, viruses, bacteria, tissues) are not 
magnetic. In order to take advantage of GMR for monitoring or detecting 
bioanalytes, they must be bonded to magnetic elements (usually nanopar-
ticles [NPs]) (Wang et al. 2014; Lee et al. 2009) and driven near the sensor by 
means of microfluidics (Muluneh and Issadore 2014) or guiding magnetic 
fields (Giouroudi and Keplinger 2013; Gooneratne et al. 2011). GMR sensors 
have been successfully applied to the detection of proteins (Gaster et al. 2011), 
DNA (Wang et al. 2013), viruses (Zhi et al. 2014), and bacteria (Mujika et al. 
2009). In this way, two approaches can be defined: static and dynamic, as 
depicted in Figure  2.13.

An example of the static approach is the analysis of DNA (Koets et al. 2009). 
For DNA detection, single-stranded DNA receptors are first immobilized on 
the surface of magnetic sensors. Oligonucleotides of unknown sequence are 
selectively captured by complementary probes. SA-coated magnetic NPs are 
then introduced and bind to the biotin of the hybridized DNA. Finally, mag-
netic fi eld disturbances because of the NPs are sensed by magnetic sensors. 
Biotin and streptavidin are often used in this process (Wang et al. 2013). To 
improve the performance of the sensor system, microcoils can be integrated 
in association with the sensing elements. These coils generate a magnetic 
field that is used to attract the magnetic beads to the sensor area and activate 
them (Freitas et al. 2011). In this way, the femtomolar limit of detection has 
been achieved.

For the detection of general cells (cytometry), magnetic nanobeads need 
to be bonded to them (Freitas et al. 2012). Then, by means of microfluidics 
or guiding magnetic fields, they are driven close to the sensors, where the 
detection is performed, as described in Shoshi et al. (2012).

H

(a) (b)

H

FIGURE   2.13  
Static (a) and dynamic (b) approaches for bioanalytes detection with GMR sensors.
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2.5.4.2 Monitoring of Magnetic Fluids

Fluids incorporating magnetic particles (usually nanobeads) are known as 
magnetic fluids . They can be made biocompatible for in vivo  applications, such 
as hyperthermia cancer therapy. A magnetic fluid is injected into the affected 
area and an external ac magnetic flux density is applied to exploit the self-
heating properties of the magnetic beads in the fluid. Temperatures in excess 
of 42° C destroy tumors (Reig et al. 2013). Hence, the accurate estimation of 
magnetic fluid content density is critical for the success of the treatment. In 
Mukhopadhyay et al. (2007), a GMR-based needle probe  20 mm long and 
310  µ m wide, comprising four SV sensors was analyzed. The needle probe 
was successfully tested in tumor-simulating cylindrical agar cavities.

2.5.4.3 Biomedical Signal Detection

GMR/TMR-based micromachined probe needles have also been designed 
for detecting brain activity through the measurement of generated mag-
netic fields. After demonstrating the concept (Amaral et al. 2011), MTJ-based 
microneedles were developed and characterized (Amaral et al. 2013). The 
associated electronics were also specifically implemented (Costa et al. 2014).

A non-invasive detection system for magnetocardiography applications 
has also been described by Pannetier-Lecoeur et al. (2010), where a GMR 
sensor is integrated with a high-temperature superconductor (YBCO).

2.6 Conclusions

GMR/TMR sensors have rapidly passed their initial potentiality in real 
applications and have become the first option in a huge number of scenar-
ios demanding the measurement of low magnetic fields with a high level 
of integration devices. Complete knowledge of the underlying phenomena 
has allowed the specific design of different kinds of devices. Their SNR, and 
subsequent detectivity, make them suitable for most applications in different 
fields such as bio-technology, microelectronics, and space.
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