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Abstract
It is the goal of this work to fabricate a device composed by a matrix of spin valve
Wheatstone bridges, capable of mapping the magnetic field generated by the human heart.
Integration of magnetic flux guides into the sensors microfabricated is sought for enhanced
sensitivity, and therefore increased detectivity.
Single spin valve sensors with magnetic flux guides integrated show sensitivity values as
high as 22.45 %.mT-1 and present a detection limit of 18.55 nT.Hz-1/2 and 620 pT.Hz-1/2 for 30
Hz and 10 KHz, respectively. Still not ideal, these results present an optimization challenge.
Keywords: Magnetocardiography, Magnetoresistance, Spin Valve, Magnetic Flux Guide,
Detectivity, Wheatstone Bridge.

The fabricated SV sensors need to be able to

1 INTRODUCTION
Magnetocardiography is a type of medical

detect reduced fields at low frequencies. So, they

examination, which presents an alternative to

must present a high sensitivity and a low noise

electrocardiography, giving complementary and

level. To enhance the sensitivity magnetic flux

more detailed information. However, currently,

guides (MFG) are included. To evaluate the level

cardiac

on

of noise present in SV sensors, several

superconducting quantum interference devices

configurations consisting of multiple SVs are

[1]. These systems require cryogenic cooling to

studied.

diagnostic

technique

relies

The results obtained are discussed and

work properly, which is very expensive, and lack
other

concluded upon, with focus on the sensitivity gain

technologies capable of detecting the low

resulting from the inclusion of MFGs and on the

magnetic fields (~ picoTesla) generated by the

detection limit.

portability.

human

There

hearth

at

exist

the

currently

characteristic

low

frequencies. Such state-of-the-art technologies

2 THEORETICAL BACKGROUND

include spin-exchange relaxation free atomic

2.1 Giant Magnetoresistance and Spin Valves

pumped

Giant magnetoresistance (GMR) consists of a

magnetometer [3]. It has also been shown,

change in the electrical resistance of multi-

successfully,

layered

magnetometer

[2]

the

and

use

optically

of

magnetoresistive

structures,

composed

by

two

sensors. In particular magnetic tunnel junctions in

ferromagnetic (FM) layers separated by a

Wheatstone bridge configuration [4]. On this work

nonmagnetic (NM) layer, when in the presence of

it is followed a similar approach, but employing

an external magnetic field. The resistance is

spin valves (SV) as the sensitive elements.

maximum when the magnetization orientation of
1

the two FM layers is aligned in an antiparallel

deposition, and does not require magnetic

manner.

annealing, as would be the case for a bottom-

On

the

other

hand

when

the

magnetization of this layers is parallel the

pinned SV.

resistance is minimum. This physical phenomena
2.2 Sensor Linearization

can be explained either through quantum
mechanics or with basis on the Boltzmann theory

Several strategies can be used to achieve a

[5]. The expression describing the change in

linear sensor, in particular take advantage of the

resistance of such structure is:

self-demagnetizing field of the sensing layer [6].
The Stoner-Wohlfarth (SW) model [7] is

𝐺𝑀𝑅 =

𝑅𝑎𝑝 − 𝑅𝑝
× 100
𝑅𝑝

[%]

applicable to thin films, assuming they contain

(2.1)

single magnetic domains. This model describes
the energy equilibrium generated by different

Where 𝑅𝑎𝑝 represents the resistance when the

contributing fields, as:

magnetization of the FM layers is antiparallel and
𝑅𝑝 when it is parallel.

𝐸 = 𝐸𝑑𝑒𝑚𝑎𝑔 + 𝐸𝐴 + 𝐸𝑍

(2.2)

With 𝐸𝑑𝑒𝑚𝑎𝑔 representing the demagnetizing
energy, 𝐸𝐴 the anisotropy energy and 𝐸𝑍 the
Zeeman energy. The equilibrium is established
by minimizing the energy of the system, following:
𝜕𝐸
𝜕2𝐸
( )
= 0 ∧ ( 2)
>0
𝜕𝜃 𝜃=𝜃∗
𝜕𝐸 𝜃=𝜃∗

(2.3)

Figure 2.1: Example of a top pinned SV stack

Such minimization determines the angle which

(adapted from [13]).

defines the direction of the magnetization
orientation of the sensing layer.

A SV is a magnetoresistive sensing element

The self-demagnetizing field responsible for

based on GMR. It is typically composed by a

the 𝐸𝑑𝑒𝑚𝑎𝑔 depends on the shape of the sensing

stack of FM/NM/FM/AFM layers, which consists

layer, namely on the width (w) and height (h) ratio

of a top pinned SV (Figure 2.1), where AFM

considering a two dimensional approximation

corresponds to an antiferromagnetic layer. The

[15]. So, with basis on the SW model is possible

AFM layer fixes the magnetization direction of the

to estimate the w to h ratio and tailor the

adjacent FM layer through a magnetic exchange

dimensions of the sensor accordingly.

interaction. This

FM layer

which has

its
2.3 Sensor Noise

magnetization direction fixed is denominated
reference layer, while the other FM layer whose

There are several contribution for the total

magnetization is free to rotate is the sensing

noise of a SV sensor, consisting of different types

layer. On a top-pinned SV the magnetization

of noise [8, 9]. 1/f, thermal and random telegraph

direction of the reference layer is set upon

noise, with the first two being the most relevant.

2

Besides, the noise provided by amplifier present

𝑆𝑠𝑒𝑛𝑠𝑜𝑟 =

on noise characterization circuit also needs to be
𝐺𝑀𝑅
=
∆𝐻

taken into account.
Thermal noise is divided into an electronic and
magnetic

components.

The

electronic

magnetic nature of these materials and through

carriers. The magnetic component is related with

the geometrical shape implemented, can guide

magnetization rotation on the sensing layer. This

and focus the magnetic flux of an applied

type of noise becomes dominant with the

magnetic field. So, by integrating these structures

increase of temperature and it is given by:
[𝑉 2 . 𝐻𝑧 −1 ]

[%. 𝑇

(2.6)
−1 ]

MFGs composed of NiFe/CoZrNb, due to the

component is due to random motion of charge

2
𝑆𝑡ℎ𝑒𝑟𝑚𝑎𝑙
= 4𝑘𝐵 𝑅𝑇

∆𝑅
∆𝐻𝑅𝑚𝑖𝑛

into the sensors it is possible to promote a gain in
sensitivity, which is given by:
(2.4)
𝐺=

Where 𝑘𝐵 is the Boltzmann constant, 𝑅 is the

𝐻𝑔𝑎𝑝
𝐻𝑒𝑥𝑡

(2.7)

electrical resistance and 𝑇 is the temperature.
The 1/f noise is also divided into two

Where 𝐻𝑔𝑎𝑝 stands for the magnetic field in the

components. Electronically is affected by voltage

gap between the MFGs poles in which it is placed

fluctuations, related with charge trapping in

the sensor and 𝐻𝑒𝑥𝑡 represents the external

crystal defects of the material. Magnetically

magnetic field.

depends on oscillations of the sensing layer

The detection limit of a sensor represents the

magnetization, caused by pinning and de-pinning

minimum magnetic field that it can detect. It is

at defect sites. 1/f noise is inversely proportional

closely related with the noise, in particular the

to frequency and it is given by:

signal-to-noise (SNR) ratio, being the limit
determined by SNR = 1. It is also related with the

2
𝑆1/𝑓

𝛼𝐻 𝐼 2 𝑅 2
=
𝑁𝐶 𝑓

[𝑉 2 . 𝐻𝑧 −1 ]

sensitivity of sensor. Considering that at low

(2.5)

frequencies the 1/f noise is dominant, it is
possible to describe the detectivity of the sensor,

Where 𝛼𝐻 is the Hooge constant [16], 𝑁𝐶 is the

simply as:

number of charged carriers, 𝐼 is the electrical
current, 𝑅 is the electrical resistance and 𝑓 is the
𝐷=

frequency.

2.4 Sensor Sensitivity and Detectivity

𝑆1/𝑓
𝑆𝑠𝑒𝑛𝑠𝑜𝑟 𝐼𝑅

(2.8)

2.3 Wheatstone Bridge

The sensitivity of a sensor is given by the

A Wheatstone bridge is a type of electrical

slope, in the linear range, of its transfer curve.

circuit used to measure small changes in

Assuming a perfectly linear sensor the following

resistance

expression establishes the sensitivity:

resistance. In the former case, four identical

or

to

determine

an

unknown

variable resistors are placed in a bridge
configuration (see Figure 2.2). When using SVs
to construct such a bridge, these sensors, having

3

the same resistance (𝑅1 = 𝑅2 = 𝑅3 = 𝑅4 = 𝑅) are

several main stages, which are: SV deposition,

placed in such a way that adjacent sensors have

SV definition, contacts definition, passivation,

their easy axis of magnetization antiparallel.

MFGs 1st layer definition, MFGs 2nd layer

When under the influence of a magnetic field, the

definition and vias to contacts. Each stage

following relations are verified [10]:

consists of multiple steps. In total are performed
six lithographies, five deposition processes, three

𝑅1 = 𝑅4 = 𝑅 + ∆𝑅

etching processes, three lift-offs and three resist

(2.9)

strips. Multiple automatic and manual systems
𝑅2 = 𝑅3 = 𝑅 − ∆𝑅

present at INESC-MN are utilized, namely:

(2.10)

Nordiko 3000, Nordiko 3600, Nordiko 2000,
𝑉0 =

∆𝑅
𝑉𝐶𝐶
𝑅

Nordiko 7000, coating and development track,

(2.11)

direct write laser, UHV I and UHV II.

From where it is possible to determine the
change

in

resistance,

and

therefore

the

magnitude of the magnetic field applied.

Figure 3.1: Schematic representation of the stack
employed on the fabrication of the sensors
(SV2168_1, SV2168_4).
Figure 2.2: Schematic of a full Wheatstone
bridge.

3

Microfabrication

Process

and

Characterization Techniques
3.1 Spin Valve Sensors Fabrication
During this work are processed two samples
(SV2168_1 and SV2168_4), consisting of the
same stack (see Figure 3.1), at INESC-MN.
Having available a class 10000 grey area, a class

Figure 3.2: Sample SV2168_4, after fabrication

100 clean room and a class 10 yellow area,

process completed.

suitable

for

magnetoresistive

sensors

processing. The fabrication process consists of

4

3.2 Flexible Printed Circuit Board Fabrication

contacts are defined. After fabrication completion

The fabrication of the flexible printed circuit

go through the same characterization plus noise

board (PCB) is done by performing, firstly, a

characterization.

lithography to transfer the necessary pattern into

Magneto transport is carried out on a setup

the photoresist covering the Polyimide (25 μm) /

designed at INESC-MN capable of generating a

Copper (9 μm). After this a wet etch is executed

magnetic field of ± 14 mT. Thanks to an

using Al etchant (TechniEtch Al80 UN3265). The

appropriate software a field sweep is conducted

etching, taking no more than 3 minutes, is

measuring the voltage and current at different

isotropic and needs to be controlled visually. The

points. The output is a transfer curve, R (H) and

minimum feature achievable by this process is

MR (H).

around 200 µm.

Figure 3.3: Flexible PCB sample with 12 out of 16

Figure 3.4: Schematic of the equivalent circuit

viable individual PCBs (left). Individual flexible

composing the noise characterization setup [19].

PCB (right).

Noise is measured in a setup, also made at

3.3 Wheatstone Bridge Assembly

INESC-MN. It consists of an analysis circuit,

Having the sensors individualized the PCB is

whose equivalent schematic can be seen on

taped with kapton into an acrylic slab to be

Figure 3.4. A small box contains the circuit

immobilized. Using a microscope with a 2 x

containing two potentiometers (P) and a voltage

amplification, silver conductive epoxy adhesive

source, in which the device under test (DUT) is

(MG Chemicals, with ρ = 1.8 x 10-3 Ω.µm [11]) is

inserted. From here comes a signal which enters

placed on the PCB contacts with the assistance

into an amplifier (AI), following afterwards to the

of a toothpick. The sensors are than placed on

spectrum analyser. After some algebra [12],

top, upside down. Finally the PCB is placed into

comes the following expression for the equivalent

a hoven at a temperature of 65 ᵒC for 15 minutes

circuit:

to cure, so that the epoxy becomes conductive.
Such simple process, however, failed to produce

𝐼=0 )2
2
𝑉𝑜𝑢𝑡
= (𝑉𝑜𝑢𝑡

working bridges with a stable voltage, as of yet.

2
− 𝑉𝑡ℎ
(

3.4 Characterization Techniques

2
𝑅𝑃 ∥ 𝑅𝐴𝐼
)
𝑅𝐷𝑈𝑇 + 𝑅𝑃 ∥ 𝑅𝐴𝐼

2
𝑅𝑃 ∥ 𝑅𝐴𝐼
2
+ 𝑉𝐷𝑈𝑇
(
)
𝑅𝐷𝑈𝑇 + 𝑅𝑃 ∥ 𝑅𝐴𝐼

The sensors are characterized in terms of
magneto transport behaviour mid-process, after

5

(3.1)

𝐼=0
With 𝑉𝑜𝑢𝑡
representing the output voltage in the

7 % obtained is comparable with documented

absence of current. Being all parameters known,

values [13].

it is possible to determine the noise level of the
sensor.

4 Results and Discussion
All MFGs included in the sensors, which are
all composed by w x h = 50 x 2 µm 2 SVs, studied
on this

project are

based on the MFG

represented on Figure 4.1.

Figure 4.3: AutoCAD® designs employed in
multiple SV sensors fabrication: a1) parallel
configuration of 2 SVs, a2) same design as a1
zoomed in with dimensions in µm, b) series
configuration of 2 SVs, c) series configuration of
Figure 4.1:

AutoCAD®

3 SVs.

MFG design used on

SV2168_1 and SV2168_4, with dimensions in
µm.

4.1 Magneto Transport Characterization

8
7

MR (%)

6

SV2168
IBias = 1 mA
MR = 7 %
Rmin = 41 

5

0HC = 0,02 mT

4

0Hf = 0,57 mT

3

0Hex = 35,21 mT

2
1
0
-1
-40

-20

0

20

40

0H (mT)

Figure 4.4: AutoCAD® designs employed in
multiple SV sensors fabrication: a) series
configuration of 10 SVs, b) array configuration of

Figure 4.2: Transfer curve for bulk spin valve

4 x 4 SVs, with dimensions in µm.

(SV2168).

Sample SV2168_1 consists

Along with the deposited samples was

of

different

deposited a calibration stripe, presenting a

configurations of multiple SVs. In concrete SVs in

transfer curve depicted on Figure 4.1. The MR of

parallel, in series and in array. To better
understand the different configuration is provided

6

visual aid (see Figure 4.3 and Figure 4.4).

[14]. Most sensors possess a gain around 20-35

Basically by merging individual MFGs (Figure

which is close to the expected value of 31.

4.1), a single compact MFG geometry are
achieved, with the criteria that each individual

6

MFG pole has to be centred with the adjacent SV.

5

The inclusion of such MFGs are responsible

4

SV2168_4

MR (%)

IBias = 1 mA

for sensitivity gains between 25 and 35 for the

No MFGS
R
= 452 
min
 HC = 0,05 mT
0
SSensor = 0,72 %.mT

3

R
= 450 
min

2

 HC = 0,17 mT
0

series configuration [see Figure 4.5]. This gain

SSensor = 22,45 %.mT

1

can be compared with reference values [14], and

-1

With MFGs

-1

0

considering that the magnetic field is inversely

-15

-10

-5

0

5

10

15

0H (mT)

proportional to 𝑟 3 , where 𝑟 represents the
distance, it is within range of the expected
quantity. The other arrangements show lower

Figure 4.6: Transfer curves for a single SV

gains due to an increased gap between opposing

sensor, before and after inclusion of MFGs,

MFG poles.

present on SV68_4.

9

35

SV2168_4
8

----- Expected
value
7

30

SV2168_1
Parallel configuration
Series configuration
Array configuration
---- Expected value for
series configuration

Gain

20

6
5
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25

15

4
3

10

2

5
1

0
0

2

4

6

8
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14

0

16

0
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5
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15

20

25
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35
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Figure 4.5: Sensitivity gain, due to inclusion of

Figure 4.7: Sensitivity gain distribution, due to

MFGs, for different sensor configurations on

inclusion of MFGs, for all sensors on SV2168_4.

SV2168_1.
4.2 Noise Characterization
The single SV sensors present on SV2168_4

Regarding multiple SV sensors a lack of noise

integrate individual MFGs (Figure 4.1). A typical

characterization, at the present time, means

transfer curve obtained for one of this sensors is

further work and future analysis is required.

presented on Figure 4.6. It is possible to see how

As for single SV sensors, the noise spectra on

the inclusion of MFGs impacts the curve, which

two regions of the sensor’s linear range (see

decreases in linear range and becomes stepper.

Figure 4.8) of operation was acquired. Results in

The distribution of sensitivity gain for the different

terms of thermal noise and device noise are

sensors are shown on Figure 4.7. Like before,

obtained (see Figure 4.9). The sensor evaluated

with the same considerations, it is possible to

here is characterized by 1.54 µV.Hz-1/2 and 53.3

compare the results with documented values

nV.Hz-1/2 at 30 Hz and 1 KHz, respectively,
regarding region 2 of operation. These values are
7

much higher than what is reported for similar

difference for a factor of almost six is visible.

devices [14].

Albeit such was expected given the high noise
level, characteristic of the sensor evaluated.

SV2168_4
with MFGs
IBias = 1 mA
Detectivity on region 1
Detectivity on region 2

Detectivity (T.Hz-1/2)

1E-7

2

1

1E-8

1E-9

1E-10
1

10

100

1000

10000

100000

Frequency (Hz)

Figure 4.8: Transfer curve R (µ0H) with two
regions identified (1, 2).

Figure 4.10: Level of detection for two regions of
sensor operation (region 1 and 2 identified on
Figure 4.8).

4.4 Other Considerations
Using the simulative software, COMSOL
Multiphysics®,

simulations

of

the

different

geometries of MFGs used on this work were
attempted [15], to have an estimation of the
sensitivity gain provided by such structures. This
was unfruitful, due to the computational cost that
prove beyond the capacity of mainstream CPUs
Figure 4.9: VDUT and Vth for regions 1 and 2 as a

(central processor units).

function of frequency.

Knowing

that

it

has

been

performed,

successfully, MCG using a Wheatstone bridge
4.3 Detection Level

configuration [4], it was the goal of this work to

Without knowing the noise level of the multiple

use the same strategy. Several bridges based on

SV sensors it is impossible to determine their

SV sensors were assembled, but unfortunately

detectivity, for the time being.

none operated properly due to voltage instability.

The detection limit, regarding a sensor
pertaining to sample SV2168_4, is represented

5 Conclusions and Future Work

on Figure 4.10. The detectivity is 18.55 nT.Hz-1/2

From the several samples processed, two

and 0.62 nT.Hz-1/2 for 30 Hz and 10 KHz,

reached completion. SV2168_1, composed of

respectively, for region 2 of operation. While

different configurations of multiple top-pinned SV

documented values for similar sensors [14] are

sensors, and SV2168_4 containing exclusively

1.9 nT.Hz-1/2 and 0.12 nT.Hz-1/2 for 30 Hz and 10

single top-pinned SV sensors.

KHz, respectively, for linear operation region. A

8

Both samples aimed to test the sensitivity
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