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Abstract

Magnetoresistive sensors (MR) have been applied to a large spectrum of applications from biomedical applications
to industrial devices due to their spatial resolution (µm scale) and high sensitivity in a broad range of frequencies
(from DC to MHz range). In particular, MR sensors are replacing inductive coil sensors in non-destructive testing
(NDT) based on eddy currents, due to the limitation of conventional pickup coils in a low frequency regime and their
spacial resolution that lies in the mm range.

Thereby, throughout this work, two configurations of magnetoresistive sensors based on MgO-magnetic tunnel
junctions with soft pinned sensing layer were microfabricated and characterized at INESC-MN in order to be applied
as a NDT probe capable of detect subtle variations on the magnetic field due to the presence of surface defects on a
conductive material, such as aluminum or titanium.
Keywords: Magnetic Tunnel Junctions, Soft Pinned Sensing Layer, Non-Destructive Testing, Eddy Current Testing

1. Introduction
Nondestructive testing is the process of inspecting ma-
terials or components for discontinuities and differences
in characteristics without destroying the serviceability of
the part or system [1], being used in manufacturing, fab-
rication and inspections to ensure product integrity and
reliability, to control manufacturing processes, lower pro-
duction costs and to maintain an uniform quality level of
a wide range of industrial components, where the failure
of components may result on human, economic or envi-
ronmental losses.

Along with a variety of methods that include visual in-
spection, dye penetrants, X-ray, and ultrasonic testing,
eddy-current testing (ECT) is commonly used to detect
surface and hidden defects in conductive materials [2].

Eddy current testing is characterized by inducing cur-
rent on conductive materials as a result of the application
of an alternating magnetic field [3]. Consequently, in the
presence of surface or hidden defects, which act as a high
resistance barrier, the eddy current flow is perturbed and
the change in the induced current density can be detected
and used to characterize the discontinuity [4].

Conventional winding coils are the most commonly
ECT probes, being the measurement based on the coil
impedance variations. However, their sensitivity is ex-
tremely dependent of the testing frequency, being compro-
mised at a low frequency regime, required in the detection
of deeply embedded flaws. Furthermore, conventional coils
are characterized by a limited and poor spatial resolution
due to their significant size (millimeter range).

Recent developments on sensor technology provides a
wide range of magnetic sensors that directly detect the

magnetic field instead of being sensitive to the magnetic
flux like pickup coils or SQUIDs. Thereby, hybrid reflec-
tion ECT probes have been developed using magnetic sen-
sitive elements (such as magnetoresistive sensors) which
can operate at room temperature, providing a high sensi-
tivity, spatial resolution and bandwidth (from DC to MHz
range).

Therefore, due to their potential for NDT applications,
magnetoresistive sensors have been addressed in experi-
mental systems to detect cracks on 20mm thick aluminum
[5], locate and characterize small surface cracks [6], eval-
uate metal medical implants [7], inspect printed circuit
boards [8] and detect corrosion [9].

2. Magnetoresistive Sensors

Magnetoresistance is defined as the property of a material
to change its electrical resistance when an external mag-
netic field is applied to it. According to the magnetic field
intensity and orientation, the material exhibits an electri-
cal resistance which lies in a range limited by a maximum
and minimum resistance (Rmax and Rmin, respectively).
Therefore, the magnetoresistive effect can be quantified
by the amount of resistance change (∆R) relative to the
minimum resistance (reference value).

MR =
Rmax −Rmin

Rmin
=

∆R

Rmin

The main magnetoresistive effects used in thin film mag-
netic sensor technologies are based on anisotropic magne-
toresistance (AMR), giant magnetoresistance (GMR) or
tunnel magnetoresistance (TMR).
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2.1 Tunnel Magnetoresistance

Magnetic tunnel junctions (MTJ) are magnetoresistive
sensors based on a multilayer structure which consists
in two ferromagnetic layers separated by a thin insulator
(nm/Å range), typically aluminum oxide (Al2O3) or mag-
nesium oxide (MgO), where one ferromagnetic layer has its
magnetization pinned (pinned layer) by an adjacent anti-
ferromagnetic layer (exchange coupling), while the other
is free to rotate (free layer). When a voltage is applied
to the ferromagnetic electrodes, electrons, flowing perpen-
dicular to the layer surface (CPP structure), tunnel across
the insulating barrier.

As observed and interpreted by M. Jullière, the tun-
neling current depend on the relative orientation of the
magnetizations of the ferromagnetic layers, which can be
described by a spin-dependent tunnelling effect, where the
electrons at Fermi level of the ferromagnetic layer 1 (FM1)
tunnel into free equivalent spin states at the Fermi level of
the ferromagnetic layer 2 (FM2). Thereby, due to a strong
spin imbalance at the Fermi level on ferromagetic materi-
als, when both ferromagnetic layers have the same mag-
netization direction, tunneling occurs between spin bands
with similar density of states leading to a high conduc-
tance state. Contrary, an antiparallel configuration pro-
vides a low conductance state, since tunneling takes place
between spin bands with different density of states.

Figure 1: Density of states and spin dependent tunneling
across an insulator barrier, between ferromagnetic layers with
parallel magnetization alignment and antiparallel alignment.

2.2 Magnetic Tunnel Junction Linearization

The detection of low magnetic fields require a linear and
hysteresis free magnetic response, centered at zero applied
field and without response discontinuities. In order to ob-
tain the intended behavior, the free layer magnetization
must rotate coherently with respect to the pinned layer
magnetization between the parallel and antiparallel states.
Therefore, in the absence of an external magnetic field, the
pinned layer magnetization is fixed by exchange coupling
with an antiferromagnetic layer (pinning layer), while the
sensing layer magnetization is defined in the transverse di-
rection, being possible to accomplish the desired configu-
ration by crossed anisotropy, shape anisotropy, permanent
magnets or by using a soft pinned sensing layer. When a
perpendicular orientation between the free layer and the
pinned layer magnetizations is not achieved, the sensor
magnetic response exhibits a square like behavior, where
only two possible configurations for the magnetizations

alignment are observed

2.2.1 Soft pinned sensing layer

MTJ stacks with a soft pinned sensing layer consist in a
multilayer stack with two antiferromagnetic films, where
one is placed near the pinned layer and the other adjacent
to the free layer. Thereby, both antiferromagnetic layers
set the magnetization of the ferromagnetic layers in a fixed
direction due to exchange interaction. However the ex-
change field (Hex) of the sensing layer must be lower than
the exchange field of the pinned layer in order to achieve a
high sensitivity linear response. An adequate choice of the
antiferromagnet and adjacent ferromagnetic layer can set
the desired difference in the exchange coupling. Further-
more, the exchange coupling strength at the sensing layer
can be modulated by inserting a thin layer of Ru (spacer)
between the ferromagnet and antiferromagnet, being lower
when the spacer thickness increases.

Blocking temperature (Tb) is defined as the temperature
where the exchange bias vanishes, being extremely depen-
dent on the AFM material and thickness. Therefore, dis-
tinct temperature stabilities for the bottom pinned (TPL

b )
and sensing layer (TFL

b ) can be achieved using the same
or different AFM materials. Consequently, ensuring that
TPL
b > TFL

b the crossed configuration between the mag-
netization of the pinned and sensing layers can be defined
through two consecutive annealing steps under an orthog-
onal in-plane magnetic field.

Figure 2: Base structure of a stack with soft pinned sensing
layer and a schematic view of the pinned and soft pinned sens-
ing layers magnetization after the consecutive annealing steps.

2.3 Magnetic Tunnel Junction Noise and Limit
Field Detection

The noise are spontaneous thermal and voltage fluctua-
tions presented in every active or passive elements of an
electric circuit, which represents an unwanted electrical
signal that can surpass the interest signal. Noises sources
in MTJ sensors come from the magnetic fluctuations on
the sensing layer and the electron tunneling across the in-
sulator, being present along the frequency spectrum. The
main noise sources are the thermal and shot noise, 1/f
electric and magnetic noise, and the random telegraph
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noise (RTN).

Stotal
v =

√
2eIR2 coth

(
eV

2kBT

)
+

√
αHV 2

Af
+ RTN

where e is the electron charge, I the bias current, R the
sensor resistance, KB the Boltzmann constant, T the tem-
perature, V the bias voltage, A the area, f the frequency
and αH the phenomenological Hooge’s constant.

The sensor detectivity is a threshold value that describes
the lowest external magnetic field which can be measured
by the sensor at a specific frequency with a determined
bandwidth. Thereby, a signal lying into a range lower
than the threshold value will not cause an output change
since the sensor noise overcomes the signal. Taking into
account the total noise power density, the respective sensor
detectivity can be simplified as

Dsensor =
1

Ssensor

(√
2 eR

V
coth

(
eV

2kBT

)
+

√
αH

Af

)
where Ssensor is the sensor sensitivity. At low frequency,
where the 1/f noise is the main contribution, an improved
field detectivity implies a large sensor sensitivity, a min-
imum αH and a maximum junction area A. At higher
frequencies where both thermal noise and shot noise dom-
inate, a large linear response slope and a low sensor resis-
tance improve the field detectivity. A high bias voltage V
improves the sensor detectivity at higher frequencies until
the TMR loss with the bias voltage compensates the non
normalized sensitivity gain.

The range of applications using MTJ sensors has been
limited by their noise level, by their voltage bias depen-
dence and limited electrical robustness. A strategy to
overcome the robustness issue and to reduce the effect of
the voltage bias dependence is to use an array of N sensors
connected in series. The drawbacks of a series association
of a large number of sensors are the difficulties in control-
ling the spreading of linear responses, the large footprint
and a higher noise level and intrinsic resistance when com-
paring with a single sensor. However, taking into account
that each single sensor in a device with N junctions in
series represents an individual noise source and assuming
that each junction has a similar resistance R with an area
A, the respective sensor detectivity can be simplified as

Dsensor array =
1

Ssensor

(√
2eR

NV
coth

(
eV

2kBT

)
+

√
αH

NAf

)

=
1√
N
Dsingle sensor

Thereby, an N-element array induces a decrease in the
detectivity by a factor of N− 1

2 , improving the detection
of low magnetic fields due to a higher sensitivity in V/Oe
when comparing with a single sensor.

3. Magnetoresistive based systems for NDT appli-
cations

Sensors based on the giant magnetoresistive effect (spin
valves) have been successfully applied in non destructive
eddy current testing. However, magnetic tunnel junc-
tions, which are the MR sensors with the higher resistance
change in function of the applied magnetic field, are still
barely used in the inspection of buried and surface defects.
Thereby, throughout this work, magnetoresistive sensors
based on MgO-magnetic tunnel junctions with soft pinned
sensing layer were microfabricated and characterized at
INESC-MN in order to be applied as a non destructive
testing probe capable of detect subtle variations on the
magnetic field due to the presence of a defect on a con-
ductive material.

The inspection of surface defects is characterized by an
extremely confined eddy current density at the surface of
the conductive part under test, which is promoted by a
high excitation frequency. Therefore, subtle variations on
the magnetic field due to the presence of surface defects
lying in the micrometer range are observed near the sur-
face, which requires a small gap between the sample under
test and the magnetoresistive sensor. Furthermore, since
there is a substantial drop of the magnetic field change
caused by the defect, a small active area is required in or-
der to achieve a high spatial resolution and to maximized
the signal measured between the sensor electrodes.

Consequently, two different approaches were designed in
order to fabricate an ECT probe for surface inspections.
Since the magnetic field variations observed in the inspec-
tion of surface defects drops substantially along the per-
pendicular direction of the material surface plane, a sensor
was design in order to occupy a sensing area with a length
of 90µm and a total width of 15µm (Probe A). Taking into
account this restriction, a sensor array with 10 sensitive
elements disposed in two rows was projected to achieved
a small footprint. Each sensing element has a a length of
10µm and a width of 4µm, which allows to obtain a sen-
sor with a linear response, low coercive field and a high
sensitivity. On the other hand, in order to improve the
signal-to-noise ratio and the sensor detectivity by a factor
of
√
N , a TMR sensor array with a larger active area was

developed with a high number of sensing elements. More
specifically, a sensor array with a total of 72 sensing ele-
ments distributed along 8 columns and 9 rows was devel-
oped to occupy a total active area of 500×500µm2 (Probe
B). In order to improve the sensor detectivity, each sensing
element was design with a large square area of 50×50µm2.
Despite the low aspect ratio, a linear response with high
sensitivity and low coercive field can be obtained due to
the use of a sensor stack with a weakly pinned free layer
to set a perpendicular orientation between the free layer
and the pinned layer magnetization.
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4. Magnetoresistive Sensors: Fabrication Process
and Characterization

4.1 Fabrication Process

The microfabrication process started with the deposi-
tion of an optimized MTJ (Singulus Timaris, at INL)
on a Si/SiO2 100 6” wafer: [Ta 5/CuN 25]x6 /Ta 5/Ru
5/IrMn 20/Co70Fe30 2/Ru 0.85/Co40Fe40B20 2.6/MgO
1/Co40Fe40B20 2/Ta 0.21/NiFe 4/Ru 0.20/IrMn 6/Ru
2/Ta 5/Ru 10 (thicknesses in nm). The resistance-area
product of the stack was 20 kΩ.µm2. The sensors were
patterned by a two-step ion milling process (Nordiko
3600). The process followed by the deposition of a 100 nm
thick Al2O3 for side wall passivation and a Al98.5Si1Cu0.5

300nm/TiW(N2) 15nm contact each patterned by lift-off.
After processing, an appropriate sequence of annealing
steps was performed to set the free layer perpendicularly
to t he pinned layer and achieve a linear response.

4.2 Magnetotransport Characterization

The tunneling magnetoresistance and the sensors resis-
tance were measured applying an external magnetic field
along the pinned layer easy axis (2nd annealing direction),
being the respective transfer curves presented in Figures
3 and 4.
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Figure 3: Transfer curve of the Probe A with a bias voltage
of 10mV across each single junction.
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Figure 4: Transfer curve of the Probe B with a bias voltage
of 10mV across each single junction.

Both transfer curves show a linear transition in a range
close to the zero field operating point, reflecting the proper
annealing which was performed in order to set the pinned

layer and the free layer magnetization perpendicularly.
Furthermore, the linear behavior is characterized by an off-
set field of 〈6.72〉Oe and 〈5.58〉Oe, respectively observed in
the probe A (sensor array of 10 MTJs) and probe B (sen-
sor array of 72 MTJs). On the other hand, both probes
show a non-hysteretic behavior with an average coercive
field of 2.54Oe and 1.36Oe, respectively.

Probe A exhibits an average tunnel magnetoresistance
of 175.6% and a resistance at parallel saturation (Rmin)
of 〈5.57〉kΩ. Thereby, each single sensor shows an average
minimum resistance of 557Ω, resulting in a resistance-area
product of 19.51kΩµm2. Since, the R×A is a constant pro-
priety for each sensor stack, the probe B shows a lower in-
dividual minimum resistance (7.90Ω) due to a larger area,
being the total minimum resistance 568.53Ω, which leads
to an average resistance-area product of 20.30kΩµm2.
Consequently, the low dispersion observed in the TMR ra-
tio and in the resistance-area product indicate the non ex-
istence of parallel conduction in the junction pillars caused
by redeposition during the second etch or shortcircuits be-
tween the top and bottom contacts.

Probe B is characterized by an average sensitivity of
4.07% Oe−1 which is equivalent to a sensitivity of 17.78mV
Oe−1, when the sensor is biased with 10mV across each
single sensing element (Vtot = 720mV). On the other hand,
probe A shows a normalized sensitivity of 〈2.68〉%Oe−1

that for the same bias voltage corresponds to a sensitiv-
ity of 1.41mV Oe−1, which is a substantially lower value
when compared with probe B. In fact, both sensors were
fabricated using the same sensor stack and their linear be-
havior was achieved by using a soft pinned sensing linear
where the free layer and pinned layer magnetizations was
set perpendicularly by proper annealing. Therefore, the
appeal of a small area with a high aspect ratio is not a
mandatory requirement to obtain a linear response. How-
ever, the probe A consists in a sensor array where each
sensing element was produced with an area of 10×4µm2

which is equivalent to a height 12.5 times lower than the
probe B height (hB = 50µm). Thereby, an increase in
the saturation field and a consequent sensitivity reduc-
tion is observed for a lower height due to free layer self-
demagnetizing field enhancement for smaller sizes.

4.3 Noise Measurements and Detectivity Results

The sensor sensitivity is affected by the bias voltage, ex-
hibiting a non direct proportionality as the voltage in-
creases. Thereby, unlike GMR sensors, where the opti-
mum biasing current is the largest possible, the TMR sen-
sors have a specific current of operation that maximizes
the signal-to-noise ratio and optimizes the sensor detec-
tivity. Therefore, both sensors configurations that will be
implemented as an ECT reflection probe were submitted
to noise measurements in order to observe the detectivity
dependence on the applied voltage to the junction. The
noise spectrum of both configurations was measured un-
der a DC bias voltage ranging from 750mV to 2000mV,
and from 100mV to 5000mV for probe A and B respec-
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tively. Should be noted that due to a high nominal re-
sistance (≈10kΩ), probe A was only submitted to a bias
voltage larger than 750 mV. A lower bias voltage (250mV
and 500mV) was tested however, numerical errors were
registered during the data conversion. The same problem
was not observed in the noise measurement of the probe
B, being tested a broader range. However, from the re-
sults of the probe A it is possible to study the detectivity
dependence on the bias voltage for a range where the sen-
sitivity in V/Oe doesn’t exhibit a linear behavior as the
bias voltage increases. The field detectivity for each probe
is plotted as a function of the bias voltage at a frequency
of 500Hz, 1kHz and 100kHz in Figures 5 and 6.

 

 

500 1000 1500 2000 2500
Bias Voltage (mV)

D
et
ec
ti
v
it
y
(µ
O
e
H
z−

1 2
)

 

 

0

10

 

 

100

120

140

 

 

 

 

500 Hz
1 kHz
100 kHz

Figure 5: Bias voltage dependence of field detectivity at
500Hz, 1kHz and 100kHz using the probe A.
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Figure 6: Bias voltage dependence of field detectivity at
500Hz, 1kHz and 100kHz using the probe B.

Since the probe B is composed by a higher number of
sensing elements in series with a larger area, its sensi-
tivity in V/Oe increases drastically maintaining a lower
noise level, which allows a much lower field detectivity.
More specifically, the sensor detectivity of the probe B at
500Hz is considerable lower than the best field detectivity
obtained with probe A at 100kHz.

Finally, taking into account the desired application,
large noise values may appear from the complex excita-

tion/acquisition electronic system and irregularities in the
sample under test, which can lead to an overall noise larger
than the sensor noise. Consequently, choosing larger bias
voltages for obtaining larger signals can be an advantage.
This strategy could increase the noise of the sensor, but a
larger signal to noise ratio of the overall system (sensor +
excitation/acquisition system) will be obtained. Having
this in mind, there is a great advantage to have a de-
vice composed of a series of MTJs and biased with a high
voltage because there is a huge increase of the sensor sen-
sitivity in V/Oe, while few differences in the detectivity
are observed.

5. Measurement Setup

5.1 Measurement Techniques
In order to measure the sensor resistance, a constant bias
current can be applied while the voltage across its termi-
nals is measured. Nevertheless, the interconnections be-
tween the measurement system and the MR sensor are also
subject to a time dependent magnetic field, introducing
an additional contribution in the output (inductive cou-
pling). Consequently, taking into account the sensor resis-
tance and the inductive coupling contribution, the voltage
across the sensor is given by

Uout = IbiasR0︸ ︷︷ ︸
Offset

+ Ibias∆RH︸ ︷︷ ︸
Magnetic Field

− k
∂φ

∂t︸︷︷︸
Induct. Coupling

where Ibias is the MR sensor bias current and φ the over-
all magnetic flux across the sensor interconnections. The
magnetic field sensing term represents the component that
contains the information about the presence of an external
field, being its amplitude dependent on the sensor sensi-
tivity and the magnetic field itself which results from the
induction magnetic field (primary field) and the magnetic
field generated by the eddy currents (secondary field). The
magnetic field sensing term and the contribution from the
inductive coupling (noise component) arise at the induc-
ing magnetic field frequency ωH . Consequently, the induc-
tive coupling represents an extremely undesired contribu-
tion since its amplitude grows linearly with the frequency,
reaching an amplitude that can surpass the response to
the magnetic field. The offset and the inductive coupling
effect raises the requirements on the measurement system
resolution and dynamic range to measure subtle variations
on a signal with a substantial amplitude in the absence of
defects. In order to reduce the unwanted contributions,
a differential measurement can be performed using two
similar MR sensors separated by a certain pitch, improv-
ing the relative variation of the combined magnetic fields
by suppressing the offset term and reducing the inductive
coupling influence.

A measurement technique based on an heterodyning
principle can be used to cope with the reduction of the
inductive coupling contribution. The signal can be shifted
into a lower frequency by using a time dependent bias cur-
rent, which introduces a contribution in the output signal
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that arises at the bias frequency. However, the frequency
spectrum contains other components that arise from a mix
between the excitation frequency ωH and the bias current
frequency ωbias. The output related with the magnetic
field sensing term is a result of two different components
that arise at (ωH + ωbias) and at (ωH − ωbias). Conse-
quently, the component of interest can be adjusted into
the measurement system bandwidth and isolated from un-
wanted contributions by filtering the desired component
from the remaining signal with a high pass or a low pass
filter.

5.2 Electronics

An automated ECT setup was developed in order to pro-
mote the experimental validation of the probe operation
and measurement techniques, being a result from a collab-
oration with INESC-ID. The measurement setup contains
a set of electronic instruments to generate the required
signals, to demodulate the probe output and a computer
assigned to the instruments control and results gathering
through a IEEE 488.2 interface. A XY automated posi-
tioning system was established to scan the material under
test, being the distance between the probe and the sam-
ple manually adjusted. The automated measurement sys-
tem includes 3 function generators (Agilent 33220A) and
a lock-in amplifier (Signal Recovery 7265), being the sim-
plified schematic of the system presented in Figure 7. In
order to isolate the component at the difference between
the excitation frequency and the bias frequency, a second
order low pass filter with 10kHz bandwidth is used when
a heterodyne measurement technique is evaluated.

Figure 7: Measurement setup schematic showing the elec-
tronic instruments, probe and basic circuit for biasing and fil-
tering.

5.3 Eddy Current Probe Design

Eddy current reflection probes are composed by distinct el-
ements to generate induced currents and to sense the mag-
netic field. Consequently, each element can be optimized
in order to fulfill the testing requirements and improve the
detection of subtle flaws in conductive materials. Taking
into account the eddy current testing requirements, a PCB
with 8 contacts and a common pad was developed in or-
der to be used as a probe support structure, allowing the

connection between the sensors and the auxiliary board
through a right angle connector in one of the edges. Con-
sequently, the diced chips containing the MR sensors are
glued and wirebonded into the rigid circuit substrate. For
the inspection of surface defects, the use of a driver trace
(current line) enables the generation of a current distribu-
tion extremely confined at the surface of the part under
test, being the signal amplitude maximized when the de-
fect is transverse to the current flow. Thereby, a driver
trace was implemented into the printed circuit board at
the surface edge where the sensors are placed. Taking into
account the limitation imposed by the production technol-
ogy, the driver trace was fabricated with a width of 200µm
and a thickness around 35µm. A length of 15mm was es-
tablished in order to avoid the distortion of the magnetic
field around the sensor area.

Consequently, two different eddy current reflection
probes were fabricated for the inspection of surface defects
(Figures 8 and 9), using the two types of TMR sensors de-
velop at the INESC-MN facilities (Probe A and B). Probe
A consists of 2 groups of 8 sensors separated by 2.5mm and
a separation of 100µm between 2 consecutive sensors that
belong to the same group. Probe B consists of a group
of 5 sensors separated by 1mm from each other. Each in-
dividual sensor has a series of 9x8 MTJs with 50x50µm2.
Both probes are sensitive to the vertical component of the
magnetic field (z-component).

Figure 8: Probe A: array of 16 sensors (2 groups of 8 sensors)
composed by a total of 10 MTJ and an excitation current line.

Figure 9: Probe A: array of 5 sensors composed by a total of
9x8 MTJs in series and an excitation current line.
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6. ECT Setup: Measurements and Simulations

6.1 Friction Stir Welding
Friction Stir Welding (FSW) is a solid state welding pro-
cess where a non-consumable rotating tool with a spe-
cially designed pin is inserted into the adjacent edges of
metal plates to be joined along the interface, being per-
formed without any filler material or gas protection and
at lower temperatures than the fusion temperature of the
welded pieces materials. Critical and significant defects
may appear on the weld root caused by a lack of pene-
tration (LOP) of the tool pin within the parts resulting
on an intermittent or inexistent mechanical connection of
the pieces. A FSW joint containing a LOP defect was
evaluated in order to test the viability of the reflection
ECT probes. The weld performed on two aluminum alloy
plates resulted in a LOP defect that extends from the sur-
face to a depth around 400µm. Both TMR probes were
moved along a square area of 20×20mm2 with a step size
of 100µm in the x and y-direction. An heterodyning tech-
nique was employed to avoid the extremely high inductive
coupling. The driver trace was positioned perpendicularly
to the FSW joint orientation in order to maximize the
perturbation. Furthermore, the ECT probe was placed as
close as possible to the part under test.

Figure 10: FSW inspection description.

Both TMR probes were biased with a AC current being
set a voltage with an amplitude of 10V and a frequency of
999kHz in the voltage divider that bias the sensors. Tak-
ing into account that the resistance in series with the TMR
sensor must be higher than the nominal sensor resistance
to obtain a constant bias current, a resistance of 100kΩ
and 10kΩ were placed in series with the probe A and B,
respectively. Thereby, probe A was bias with an AC cur-
rent of 180µApp and the probe B with an AC current of
1.65mApp. To strategically modulate the magnetic infor-
mation from the material under test at 1kHz avoiding the
electric biasing and electromagnetic coupling, the driver
trace was biased with an AC current of 2App at 1MHz.
A low pass filter with 10kHz bandwidth was used to iso-
late the desired component (fH − fbias). The heterodyne
measurements were performed in differential mode using
a pitch of 2.5mm and 1mm between the sensors from the
Probe A and B, respectively. The amplitude C-scan ob-
tained for probe A and B in differential mode using an
heterodyning technique are presented in Figures 11 and
12, respectively.

When a differential measurement is performed, the de-
fect signature is enhanced relatively to the background
features, being clearly observed two amplitude elevations

y (mm)

x
(m

m
)

Probe A

 

 

0 5 10 15 20

0

2

4

6

8

10

12

14

16

18

20

A
m
p
li
tu
d
e
(µ
V
)

5

10

15

20

25

Figure 11: Amplitude C-scan resulted from the surface in-
spection over the FSW joint using the MTJ probe A in differ-
ential mode at an excitation frequency of 1MHz
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Figure 12: Amplitude C-scan resulted from the surface in-
spection over the FSW joint using the MTJ probe B in differ-
ential mode at an excitation frequency of 1MHz

with similar intensities corresponding to the passage of
each sensor over the defect. The small variations observed
in the two side bands were caused by both joint conductiv-
ity profile and the irregularities of the top surface. Com-
paring the performance of each probe, the maximum sig-
nal amplitude measured by Probe B is much higher than
Probe A. The obtained result is derived from a higher sen-
sitivity of Probe B. However, a higher active area can also
influence drastically the signal amplitude. Therefore, this
result can reveal than a small footprint of a surface probe
is not a mandatory requirement. Despite the high drop of
the magnetic field as the height increases, a sensor with
a height larger than 15µm can introduce a higher SNR.
Finally, it can also be observed that both measurements
reveal an inconstant defect over the x-direction, being a
characteristic highlighted due to a high spatial resolution
of MTJ sensors when compared with previously reported
inductive sensors. Furthermore, a high signal amplitude
observed in the differential measurements leaves space to
detect flaws with a depth smaller than 400µm.
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6.2 Improved MTJ design for the detection of su-
perficial defects by ECT
The experimental results highlight that the probe designed
with a height relatively high (500µm) have a better per-
formance than the probe with a small footprint. Despite
more sensors introduce a higher noise level, the average
magnetic field sensed by the sensor can be optimized by
increasing the number of sensors along the z-axis, which
improves the sensitivity in V/Oe. However, at a certain
height, the maximum signal is going to saturate and the
intrinsic noise introduced by the sensor is going to be
higher as the number of elements increases (lower SNR).
Thereby, in order to study the influence of sensor footprint
in the detection of surface defects, the sensor geometry is
going to be optimized by simulating the inhomogeneous
magnetic field variations observed in an aluminum part
(σ = 3.7× 107S/m) with a defect similar to that observed
during the experimental work about the FSW and a defect
10 times larger.

A finite element modelling (FEM) tool was applied to
simulate the induced currents and the magnetic field mea-
sured by the sensors. The sensor chip was placed 250µm
above the material under test. The simulation was per-
formed establishing an AC current with an amplitude of
1A, being set an excitation frequency of 1MHz. Based
on the magnetic field distribution, the finite element ap-
proximations were performed on the whole domain using
the ~A − φ formulation. A general view of the developed
FEM simulation model with the indication of the current
flowing in the excitation line is shown in Figure 14.

Figure 13: General view of the developed FEM simulation
model using the software COMSOL.

To compare the simulation results with the experimen-
tal work performed with the FSW sample, a defect 50µm
wide, 400µm deep and infinitely long in the y-direction
was firstly simulated. Consequently, the width was set to
500µm to study its influence on the optimized sensor area.
A parametric sweep lying in the range between [-2,2]mm
with a resolution of 200µm along the x-axis was performed
setting the driver trace perpendicularly to the y-axis.

Each sensor was set with 8 MTJ with an area of
50×50µm2 in the x-direction and N rows. Each MTJ
was assumed to respond to the average vertical magnetic
field in its area with a sensitivity of 0.272 mV/Oe. Should
be noted, that the sensitivity corresponds to the experi-
mental sensitivity of each individual junction of Probe B
at a bias current of 0.83mA. Taking into account a mea-
surement in differential mode, two signals from a sensor

A and B separated by a pitch of 1mm from each other
were computed during the movement of the probe in the
x-axis. The difference of signal between sensor A and sen-
sor B was derived for a different number of rows of MTJs.
As analyzed during the experimental work, a differential
measurement has the advantage of nulling any common
magnetic components of each sensor enabling a much ac-
curate and sensitive measurement. Therefore, the final
output signal will only show the local variations of mag-
netic fields due to defects in the part under test.

Figure 14: Detailed view of the developed FEM simulation
model using the software COMSOL.

Figures 15 and 16 shows the differential signal amplitude
observed in sensors having 1, 10 and 20 lines of MTJs for
both defects. At an initial position without defects, the
two sensors sense the same magnetic field (background
magnetic field) and thereby a zero signal is observed at
x = −2mm and x = 2mm. As the probe is moved from
the left to the right direction sensor B will first sense the
variations due to the presence of the defect while sensor
A will still only sense the background magnetic field at a
position without defects, originating the first defect signa-
ture. Continuing the movement, there is a position where
the defect is exactly in between sensor A and sensor B.
The excitation perpendicularly to the defect length has
the direct implication that the resulting vertical magnetic
field (Hz) has a symmetry axis centered in the defect.
Therefore, both sensors will sense the exactly the same
magnetic field leading to a null differential signal. Finally,
as sensor B moves away from the defect it will sense the
background field while sensor A will sense the magnetic
field variations. A large improvement in the signal am-
plitude is achieved when increasing the number of rows
from 1 to 10. However, a much lower relative improve-
ment was obtained by increasing the number of rows from
10 to 20, since the sensors located closer to the part un-
der test will contribute to much more signal indication
than the sensors more apart. Furthermore, a larger sig-
nal is observed during the scan of a larger defect. As
expected, when the defect width increases, the defect acts
as a higher resistance barrier, causing a higher perturba-
tion on the induced current flow. However, the qualitative
behavior of the magnetic field intensity as the number of
rows increases is similar.

The slowly improvement on the signal amplitude when
the number of row is considerable high is clearly observed
when computing the maximum amplitude signal of a sen-
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Figure 15: Simulated differential signal indication when the
probe is moved above the 50µm width and 0.4mm depth defect
for different number of MTJ rows (N).
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Figure 16: Simulated differential signal indication when the
probe is moved above the 0.5mm width and 0.4 mm depth
defect for different number of MTJ rows (N).

sor in function of the number of rows added to the sensor
array. The maximum amplitude signal due the presence
of a defect is rapidly increased by adding rows to each sen-
sor. However after N = 10 the increase is slowing down,
eventually reaching a saturation for a considerable high
number of rows. One could therefore conclude that the
best sensor configuration will be the one that produces a
higher signal variation and therefore a sensor with 20 or
more rows would be the best solution. However, by adding
rows of MTJs, the noise of the sensor will also be added
with a rate of

√
N compromising the SNR. Since the ex-

citation frequency is 1 MHz, the sensor are already in the
thermal noise regime. Therefore, each MTJ element added
to the series will contribute with a noise equal to

√
4kBTR

(in V Hz−0.5) where T is the room temperature and R is
the resistance of each individual MTJ (R = 12.8Ω). Figure
17 show the progression of the noise value of each sensor

as more rows are added to it for the smaller defect.
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Figure 17: Simulated signal and noise for increasing number
of MTJ rows between 1 and 20 when the probe is moved above
the 50µm width and 0.4mm depth defect.

Finally, to conclude the optimization process of the
number of MTJ rows in series, the normalized SNR was
computed using the maximum amplitude signal and noise.
As observed, an optimum number of MTJ rows lies be-
tween 8 and 9 when the probe is moved above the de-
fect 50µm wide, 400µm deep and infinitely long in the
y-direction, corresponding to maximum signal amplitude
of 2mV and a noise of 4nV Hz−0.5. On the other hand,
when the defect has a width 10 times smaller, the optimum
sensor area is achieved with 7 rows of MTJs and a thermal
noise around 3nV Hz−0.5. In fact, a smaller defect has a
smaller perturbation on the induced current flow, result-
ing in a small magnetic field variation. Thereby, the drop
of the magnetic field as the height increases is more sig-
nificant with a smaller defect, being achieved an optimum
sensor area with a smaller number of rows.

Consequently, taking into account the obtained results,
despite a large width, Probe B is close to the optimum
height for the detection of surface defects. In fact a large
drop on the magnetic field is observed, however the maxi-
mum SNR during the inspection of surface defects can be
achieved with a sensor height close to 500µm, which is 30
times higher than the height of Probe A that was specially
designed for the inspection of surface defects.

7. Conclusions
This thesis aimed the development of a spin electronics
based systems for NDT applications with a better perfor-
mance than the current ones in terms of detection, sen-
sitivity and resolution. The challenge was based on the
development of TMR probes compatible with NDT con-
straints in terms of sensitivity and resolution for detection
of small surface breaking flaws (high frequency applica-
tion). To fulfill these requirements two different reflection
ECT probes were successfully microfabricated and char-
acterized at INESC-MN facilities.

Different measurement techniques were used to reduce
the influence of the inductive coupling in the measured
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Figure 18: Expected normalized SNR computed for increas-
ing number of MTJ rows between 1 and 20 when the probe is
moved above the 50µm width and 0.4mm depth defect (blue
line) and above the 0.5mm width and 0.4mm depth defect (red
line).

signals. A considerable reduction in the inductive cou-
pling contribution was achieved by measuring two sensors
differentially. The reduction is supported by the partial
cancellation of the induced voltages on the interconnec-
tions of the two sensors. Simultaneously, an heterodyn-
ing based technique was successfully employed using the
TMR sensors as modulators. The use of a sinusoidal bias
current whose frequency is slightly lower than the test fre-
quency leads to the generation of a low frequency compo-
nent whose amplitude and phase are related to the sensed
magnetic field.

A Friction Stir Welding joint containing a lack of pen-
etration defect with a depth around 400µm was evalu-
ated in order to test the viability of the NDT system and
the reflection ECT probes fabricated for the inspection
of surface defects. A differential measurement was per-
formed, allowing a defect signature enhanced relatively to
the background features, being clearly observed two am-
plitude elevations with similar intensities corresponding to
the passage of each sensor over the defect. The small vari-
ations observed in the two side bands were caused by both
joint conductivity profile and the irregularities of the top
surface

In conclusion, an eddy current testing probe based on
a sensor including a series of MTJ with a width of 500µm
was optimized using a methodology supported on FEM
simulations. In this probe, an excitation line located be-
hind the sensor’s chip was used to generate a 1MHz signal
to induce current in an aluminum part with a defect simi-
lar to that observed on the FSW part and another with a
higher width. Consequently, two magnetoresistive sensors
mounted in a differential configuration were optimized to
detect the resulting magnetic field with the best signal to
noise ratio. As observed, an optimum number of MTJ
rows lies between 8 and 10 was obtained when the probe
was moved above the defect 50µm wide, 400µm deep and

infinitely long in the y-direction. On the other hand, when
the defect has a width 10 times smaller, the optimum sen-
sor area was achieved with 7 rows of MTJs and a thermal
noise around 3nV Hz−0.5.

Future work could focus on the improvement of the sen-
sors geometry for this application. Specifically, it seems
interesting to decrease the distance between the two sen-
sors so the defect response can be better distinguished
from the other signal perturbations such as liftoff and the
surface conditions. On the other hand, geometries with a
height around 400µm but a smaller width can be a solution
to µm flaws. Other possibility is to optimized the oper-
ating frequency to promote a greater interaction between
the eddy currents and the low depth defects.
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