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Outline

Magnetoresistive materials
- thin film materials
- thermal stability
- noise, SNR => detectivity

Magnetoresistive sensor applications
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  Magnetic sensors

Material optimization/
characterization

Sensor design and 
microfabrication Sensor integration
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WHY MAGNETORESISTIVE SENSORS ARE CANDIDATES FOR MANY APPLICATIONS ?

Magnetoresistance MR =
𝑅!"# − 𝑅!$%

𝑅!$%

Typical MR values in sensors:

AMR: 2-5%
GMR: 6~15%
Al2O3 TMR: 20~40%
MgO TMR: 80~260%

• Work at room temperature
• Small sizes
• Thin films   =>  in plane sensitive directions
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“Magnetoresistive Sensor Development Roadmap (Non-Recording 
Applications)” 
IEEE Trans.Magn. (2019)

Publications related with magnetic sensor applications
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Smart grid optimization
Smart detection of faults

Smart monitoring

3- Integration with smart grid platforms Integration with smart grid platforms 



Hall Sensor AMR GMR TMR

Developing path of magnetic sensing technology

TMR effect
2 ~ 10 mV/V/Gs

Hall effect
0.2 ~ 0.8 mV/V/Gs

GMR effect
0.2 ~ 1 mV/V/Gs

AMR effect
0.1 ~ 0.3 mV/V/Gs

Hexternal

Permalloy
80% Ni / 20% Fe

I

Ma

Natural antiferromagnet

Pinned layer

Reference layer

Freelayer

TaN
Ta

PtMn
CoFe
Ru
CoFeB
MgO

CoFe

Ta
TaN

Hard Disks 200419961986

SENSORS TMR
Hall AMR GMR 7

Spinvalve
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Substrate (Si/SiO2)

Ta 50 Å
Ru 150 Å
Ta 30 Å

Ru 150 Å
Ta 30 Å

MnPt 180 Å

CoFe30 23 Å
Ru 8.5 Å

CoFe40B20 25 Å
MgO 11 Å

CoFe40B20 25 Å
Ta 100 Å

Ru 70 Å

TiWN2 50 Å

2
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MgO (0.5 nm)

Co40Fe40B20

Co40Fe40B20

HRTEM
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H(kOe)

Unpatterned sample

Msat(CoFeB)=1140 emu/cm3

Msat(CoFe)=1070 emu/cm3

Hex=3900 Oe
Hc(FL)=55 Oe
Hf(FL)=15 Oe

Pinned Layer

Magnetic tunnel junction  - TMR

eV
EF

0
EF

F1 F2

Insulator

MIT, 1996
IBM, 1997
INESC, 1997

Electrons will tunnel if apply voltage between electrodes
Spin is conserved upon tunneling 
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H-
sat

H-
0
H+
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H+
sat

MRL
s MPL

s
Exchange
Anisotropy

Saturation Magnetizations (Ms)  
Characteristic Fields (Hsat, Ho)

Micromagnetic and Analytical Models

Msat

Simulation

Jexch

JSAF
Jf

Experimental

Magnetoelectronics, Elsevier, Ed. 
Mark Jonhson, 2004 

AFM
PL

spacer
RL

barrier
FL

Hk

Minitial

Hk

Minitial

Hk

Minitial

x

y

z

Bapp

AFM
PL
spacer
RL
barrier
FL

JSAF

Jexch

Jf

9

Nanotechnology 27, 045501 (2015)
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Modelling - micromagnetics

Infinity Sphere

Magnetic volumic properties

for all ferromagnetic volumes

Saturation flux densities 
µ0Ms

T Initial M versor

Uniaxial anisotropy flux density
Hk 

T Anisotropy versor

for all micromagnetic volumes

Square of the exchange length
(lex2)

nm2Surface Energy Coupling constants (erg/cm2)

Allmicromagnetic surfaces

Exchange coupling between PL  and AFM Jexch

Néel Ferromagnetix Coupling Jf

AntiFerromagnetic coupling trough spacer JSAF

AFM
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RL
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FL
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Magnetoresistive sensors

Linear range
DH   ~  10-100 Oe

(1-10 mTesla) 

Eur. Phys. J. Appl. Phys. (2015) 72: 10601; 
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AF

Mp Mf

Hext

Hj

Hdem

Cu

J

Hf

1- C.Tsang, et.al, IEEE Trans.Magn., 30, 3801 (1994).

2- B.Dieny, et.al Phys.Rev.B, 43, 1297(1991).

3- D.E.Heim, et.al , IEEE Trans.Magn.., 30, 316 (1994);

4- P.P.Freitas, et.al , Appl.Phys.Lett., 65, 493 (1994);

FP

B.D.Cullity(1972) Introduction to Magnetic Materials

Theory Magnetic Recording, N.Bertram

Magnetic Energy of a semi-infinite 
thin film (w>>h,t)

E/V=-µo H.M + K sin2q - ½ µo Hd.MH M

e.a.h

t

w

q

Hd
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INTERMAG - Beijing 11-15 May 2015 13
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INTERMAG - Beijing 11-15 May 2015 14
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INTERMAG - Beijing 11-15 May 2015 15
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  Current-perpendicular-to-plane (CPP) device 
fabrication
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20 um

MgO target with  Ar plasma

Film thickness:
Controlled at the atomic scale 
1 Å  =  0.1 nm

Wafer microfabrication 
in a Clean Room

Multilevel device 
patterning
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  Effect of the profile on the 
sensor performance
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Bottom electrode

Top electrode
barrier

Ar+

beam

70º

photoresist

Ar+

beam

40º

End point Bottom electrode
barrier

photoresist
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Thin film stack for TMR sensors

free layer (FL)
tunnel barrier

reference layer 
(RL)

pinning anti-
ferromagnetic

seed layer

Ru/Tacap

CoFeB

MgO

CoFeB

Must have bcc
structure

(001 texture)

Ru
CoFe

MnPt/MnIr

Ta

[Ta/Ru]n

Must have fcc
structure for 

strong pinning.

HRTEM image for 
CoFeB/MgO/CoFeB
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Accurate control of the thin 
film thickness

- impact on TMR
- impact on R
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Xe

Ar

Ion Beam Assisted Deposition
Nordiko 3600 Ion Beam Deposition Tool

Ion Beam Assisted Deposition of MgO:

Ar ion beam, directed to the substrate 
provides extra energy to the atoms as they are deposited 

=> extra energy promote the crystalization of the MgO
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  Ion Beam Assisted Deposition
Effect of Assist Gun Ion Energy (V+)

Effective Deposition Rate = Deposition Rate – Etch Rate
Deposition Rate  α  Dep Gun Beam Power (I+ V+)
Etch Rate α  Assist Gun Beam Power (I+ V+)

Etch Rate :
0.0055 ±0.0002 (Å/s) / W
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Deposition Gun Parameters:
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   +800V/-275V; +108mA
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Assist Gun Beam Power - I+x V+ [W]

V+ <100V 
Soft Energy 
Transfer Regime

V+ >100V 
Etching 
Regime

Assist V+ >100V
Assist V+ <100V

Assist beam ions 
enhance the mobility of 
surface atoms, without 
removing them.

Bulk Effects
Surface Effects
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  Ion Beam Assisted Deposition
Effect of Assist Gun Beam Current (I+)

0 50 100 150 200 250 300 350 400 450
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-0V
-0V

-450V

-0V

-350V

-175V

-175V

-300V

Deposition Gun Parameters:
 +1000V/-275V; +138mA
   +800V/-275V; +108mA
   +600V/-275V;   +79mA

A
ss

is
t G

un
 I+  [m

A]

Assist Gun V+ [V]

Etch Regime
I+ >=70mA
Crystalline 
MgO

I+ <= 60 mA
Amorphous MgO 
region

Soft Energy Transfer 
Regime
I+ >=80mA is required 

Glass

MgO ~600Å

There is a minimum Assist 
Beam Current threshold 
under which MgO is always 
amorphous.
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  Assisted deposition  (MgO)

16 17 18 19 20 21

200

250

300

350

400

450

500

peak @ 19.3º

Deposition:  +1200/-275/-50V, 170mA, 4 sccmXe
Dep.Neutr:  130mA, 3sccmAr
Assist Gun: 60W, +400/-100V, 30mA

C
ou

nt
s

angle (º)

 #MgO_2  = glass/MgO (130ºpan)
 #MgO_22 = glass/MgO (130ºpan, assist beam Ar/O2)
 #MgO_29 = glass/MgO (130ºpan, assist beam Ar)

MgO crystalline barrier

J. Zweck
Uni Regensburg

MgO

CoFeB

Ru

CoFe

CoFeB

J. Zweck
Uni Regensburg

MgO

CoFeB

Ru

CoFe

CoFeB

X-rays difraction Cross section microscopy
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Assisted deposition  (MgO): 
Impact of the beam-sample angle

Glass

MgO ~600Å
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  Accurate control of the thin film thickness
- impact on TMR
- impact on R

2
 

n
m

MgO (0.5 nm)

Co40Fe40B20

Co40Fe40B20

HRTEM

1 Å => 10x R
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  Interlayer magnetic coupling - Néel coupling

Ø A method to access the MgO roughness.

Looking near 
zero fields

J. C. S. Kools, et.al., J. Appl. Phys. 85 , 4466 (1999).
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  200mm backend GMR / TMR technology 

6 targets IBD  (extra module
8 targets in PVD;  2019)
Dep pressure 2 x 10-5Torr
Heated substrate
Assist gun, 
Base Pressure 5x10-8 Torr

substrate
Ta 50 A

Ru 180 A

Ta 30 A

IrMn 200 A

CoFe 22 A
Ru 9 A

CoFeB 30 A
MgO 13.5 A

CoFeB(t)
Ru 50 A
Ta 50 A

TiWN

F

R

P

B

TUMAPOS
SME Instrument

MASMA
SME Instrument
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600" etch @ 60deg 600" etch @ 15deg

Ave. (nm) 23.69 44.52

Range 3.70 4.60

Process time
(s)

600 600

Etch angle 60 15

Etch rate
(nm/min)

0.39 0.74

Unif._(max-min)
/(max+min)/2

3.91% 2.61%

Unif._Range./Me
an/2)

7.81% 5.17%

uniformity on Al2O3 thin film with different angle

Al2O3 Etch Uniformity @ INL  :  
3.4% @130deg, 5.0%@165deg

Al2O3 Etch Uniformity @ INESC : 
7.81% @60deg, 5.17%@15deg

6inch area 6inch area

2
 

n
m

MgO (0.5 nm)

Co40Fe40B20

Co40Fe40B20

HRTEM

1 Å => 10x R

600" etch @ 60deg 600" etch @ 15deg

Ave. (nm) 23.69 44.52

Range 3.70 4.60

Process time
(s)

600 600

Etch angle 60 15

Etch rate
(nm/min)

0.39 0.74

Unif._(max-min)
/(max+min)/2

3.91% 2.61%

Unif._Range./Me
an/2)

7.81% 5.17%
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(V
)

(time, proportional to target utilization)

July 6th

3.2 W/cm2

Target erosion
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Configuration 3 Small outer 
magnets

Small inner 
magnets

Big magnet

Amount 28 28 1

µr 1.05

Br (T) 1.28

Magnetization 
direction

+z +z -z

Radius (mm) 2.5 5 10

Height (mm) 30 30 30

Distance to 
magnetron 

centre (mm)
52.5 45 0

Magnetron configuration



 

  INESC MN 
  

Microsistemas & 
Nanotecnologias 
 

  

  Configuration 3 (no target)

x (mm) x (mm)

y 
(m

m
)

(mT)

Magnetic flux density at target surface (4.5 mm above magnetron): 

𝐵&"'$"( 𝐵)*&+$,"(

y 
(m

m
)

(mT)
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  Magnetron Geometry (with target)
Small magnets Big magnet

Amount 28 1

µr 1.05

Br (T) 1.28

Magnetization 
direction

+z -z

Radius (mm) 5 10

Height (mm) 30 29

Co80Fe20 Target

Radius (mm) 50

Height (mm) 2

µr 100(1)

(1) R. M. Bozorth, Ferromagnetism, 1993
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  Configuration 3 (CoFe target + b. plate)

Magnetic flux density at target surface (6 mm above magnetron): 

x (mm) x (mm)

y 
(m

m
)

(mT)

𝐵&"'$"( 𝐵)*&+$,"(

y 
(m

m
)

(mT)
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No target
Or   

with a non-magnetic target
With a magnetic target
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Co90Fe10AlSiCu

Configuration of magnet array: 
- to increase the magnetic field for magnetic targets
- to use a maximum area of the target
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Proceedings of the IEEE, 104 (10), pp. 1894 (2016) 
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GMR biosensor qualification (6 inch wafers)

Magnetoresistance (%)
Mean = 6.26 %

Std = 0.97% 

Minimum Resistance (Ω)
Mean = 743.1 Ω

Std = 38.2 Ω 

Low resistance

High resistance

Magnetoresistance 
MR
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High thermal stability                
(150°C   under random, strong fields)

Challenges from industry:
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N2000 - N2TJ1338- Single MTJ Square pillar: 7.5x7.5 µm2

Ta(50) / [Ru(180) / Ta(30)]x3 / MnPt(213) / CoFe(18) / Ru(7.5) / CoFeB(16)/MgO(14) / CoFeB(20) /Ru(50) / Ta(100)
Annealing  390 oC 0.5T 2h

0 50 100
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1.7

1.8

R
(k
1
R

H (mT)

 22 ºC  70 ºC  100 ºC  120 ºC  150 ºC  200 ºC

Ibias=10 1A RxA = 56 kb .=m2

Measured with probes
Increasing T

-150 -100 -50 0 50 100 150
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R
 (k

µ
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 22 ºC   70 ºC   100 ºC   120 ºC   150 ºC   200 ºC

Ibias=10  A RxA = 56 k . m2
Increasing T

7.5 . m

MTJ

MR and R characterization during heating 
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Analytical formulation: 

[1] B. Dieny, \Improvement in the pinning related to the use of synthetic pinned layer," in
Magnetoelectronics (M. Johnson, ed.), ch. Spin Valves, pp. 105{113, Elsevier Inc., 2004 

Optimization of the Spin-Flop: 
=> flat plateau at larger fields to stabilize the reference layer
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substrate
Ta 50

Ru 180

Ta 30

MnIr/MnPt

CoFe 22
Ru 9

CoFeB 30
AlOx / MgO
CoFeB / NiFe

Ru 50
Ta 50

TiWN 150

Degradation of TMR with T
Resistance variation with T

Tunnel barrier? 

Antiferromagnetic material ?

Reference/pinned layer materials ?
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Malozemoff’s Model:

Improved Model  - Tb distribution :

1. Interfacial coupling decrease; 
2. Tb distribution, grain size;
3. Magnetization, Tc.

Thermal 
stability of Hex H. Lv et al., J Magn. Magn. Mater. 477, 68-175 (2019).

Hex dependence on temperature

Exchange Bias: Hex(T)

Bilayer: buffer/ AF(15)/ Co70Fe30 (2.7) 

MnPt

MnIr
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  Coercivity vs Temperature

- Hc enhanced at high temperature; 
- Hc enhancement is correlated with Tb distribution.

Hc dependence on temperature
Bilayer: buffer/ AF(15)/ Co70Fe30 (2.7) 

Hc Model: dependency on the grain size

MnPt

MnIr
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0 20 40 60 80 100 120 140 160 180 200 220
75

80

85

90

95

100  MgO,MnPt
 AlOx,MnIr

R
/R

RT
 (%

)

Temperature (ºC)

|Slope(MgO,MnPt)|=0.06%/oC
|Slope(AlOx,MnIr)|=0.13%/oC

0 20 40 60 80 100 120 140 160 180 200 220
0.5

0.6

0.7

0.8

0.9

1.0  MgO,MnPt
 AlOx,MnIr

TM
R

 n
or

m
al

iz
ed

Temperature (ºC)

TMRinitial(MgO,MnPt)=75%
TMRinitial(AlOx,MnIr)=31%

|Slope(MgO,MnPt)|=0.0017 oC-1

|Slope(AlOx,MnIr)|=0.0026% oC-1
Specs [-40-150ºC]:   
D MR < 0.2%/°C

Specs [-40-150ºC]:   
DR < 0.05 %/°C

0.17 %/°C

0.26 %/°C

0.13 %/°C

0.06 %/°C
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Technological challenges:

- Noise 
- Signal-to-noise ratio
- Minimum detectable field   (detectability)
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  Reaching the limits

55
1f

10f

100f

1p

10p
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100

 

Magnetoresistive
sensors

Magnetic Field (Tesla)
1

Amplitude: 
few pTesla at chest surface

Amplitude: 
few fTesla at skull surface

1 T

1 mT

1 µT

1 nT

1 pT

1 fT

Earth field

Heart

Brain

MRI

(below 100 Hz)

(below 100 Hz)
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Detecting ultra-low signalsHow to distinguish signal from noise ? 

Detectivity limit:       

SNR = 1     
(Signal = Noise)

E. Paz · S. Serrano-Guisan · R. Ferreira · P. P. Freitas – J. of Applied Physics; 115. 2014 

P.P.Freitas, R.Ferreira and S.Cardoso “Spintronic Sensors”, Proceedings of the IEEE, 104, 1894 (2016)

https://www.researchgate.net/researcher/74619966_S_Serrano-Guisan
https://www.researchgate.net/researcher/66856610_R_Ferreira
https://www.researchgate.net/researcher/5701597_P_P_Freitas
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Noise Spectrum of Magnetoresistive Sensors
Main noise contributions

Noise
BH

V FMR
f
eIR

f
TRK

fAf
RIHzVS +

D
+

D
+

D
=

222
2 24)/( a

1/f noise Thermal
Noise

Shot 
Noise

High-Frequency Noise



fA
RIHzVS H

V

22
2 )/( a

=

At low 
frequencies

Only the white noise sources contribute to the 
noise background

The noise level in the low-frequency 
range depends only on: 

Magnetoresistance, MR 
linear range, DH
Area, A

No explicit dependence on 
device RxA and bias current.

[noise, in Volt]
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Field detectivity (D)

aH = Hooge’s constant
A = MR area 
f = operating frequency

Operate at high f
Increase MR
Increase A
Reduce linear range ΔH
Reduce Hooge value

(in 1/f regime)

( )
fAMR

H

H
RI

fA
RI

HzTS H

H

V
a

a
D

=

D
D

=
.

/

22

S=TMR/DH 
sensor sensitivity 

Detectivity limit:        SNR = 1       (Signal = Noise)

[in Tesla]

Voltage
(or R)

Field

?R

?H

frequency

Voltage 
noise

1/f

thermal



 

  INESC MN 
  

Microsistemas & 
Nanotecnologias 
 

  

  

Field modulation for high frequency 
Increase MR
Increase A
Reduce linear range ΔH
Reduce Hooge value

Strategies to improve the minimum detectable field
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Sensors, 18(3), 790; (2018)
Micromachines, 7(5), 88 (2016)
IEEE Trans. Magn. 48 (11), pp. 4115 (2012)
Journal of SPIN, Vol.1 (1), pp 71-91 (2011) 

Appl. Phys. Lett. 95, 023502 (2009)
J.Appl.Phys. 103, 07E924 (2008)
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Hexternal

Modulate dc magnetic field at high frequency using MEMS 
resonators with incorporated magnetic flux guides

geometry 

goal 
shift the sensor operating frequency to the kHz region 
where the noise can be 2 orders of magnitude lower then dc

spin valve noise spectrum

magnetic MEMS 

Appl. Phys. Lett. 95, 023502 (2009)

J.Appl.Phys. 103, 07E924 (2008)
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Field modulation for high frequency 
Increase MR
Increase A
Reduce linear range ΔH
Reduce Hooge value

Strategies to improve the minimum detectable field
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J Appl Phys, 2007, 101: 09B501

J PhysD-Appl Phys, 2007, 40: R337
Nat Mater, 2004, 3:862–867

J. Physics: Cond.Matter, 19 (2007) 165221
Ann Rev Mater Res, 2009, 39: 277–296

J. Appl. Phys, 99, 08A907 2006
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“Magnetoresistive Sensor Development Roadmap (Non-Recording Applications)” 
IEEE Trans.Magn. (2019)

AlOx and MgO barriers

State-of-the-art 
MR sensors in 
production (2023)

Crystalline 
barrier

Amorphous 
barrier
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Field modulation for high frequency 
Increase TMR
Increase A
Reduce linear range ΔH
Reduce Hooge value

Strategies to improve the minimum detectable field

R.Chaves, et.al , Appl. Phys.Lett, 91, 102504 (2017)

E. Paz et.al – J. Applied Physics; 115. 2014 
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Linearization strategies for MgO

J.Appl.Phys. 103, 07A910 (2008)
Journal of SPIN, Vol.1 (1), pp 71-91 (2011) 

Sensors and Actuators ,  202, pp. 64– 68 (2013); 
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66R.Chaves, et.al , Appl. Phys.Lett, 91, 102504 (2017)

Co66Cr16Pt18

Co94Zr3Nb4

(AC)
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Measured Applied Magnetic Field [Oe]

TMR=174.5%
RxA= 30.6 kW µm2

R [1 MTJ] =3.06 W

Linear range : [-29 Oe : 20 Oe][H=0]  :
dR/dH= 126.2 W/Oe

Large Series 
1102 TMR elements with 
A= 100x100 µm2 each. 

E. Paz · S. Serrano-Guisan · R. Ferreira · P. P. Freitas - Journal of 
Applied Physics; 115. 2014 

MTJ sensor
pillar

https://www.researchgate.net/researcher/74619966_S_Serrano-Guisan
https://www.researchgate.net/researcher/66856610_R_Ferreira
https://www.researchgate.net/researcher/5701597_P_P_Freitas


 

  INESC MN 
  

Microsistemas & 
Nanotecnologias 
 

  

  

Saving space:  GMR sensors packed

Packed sensors

Zw

-14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14
0

2

4
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8
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)

µ0. H (mT)

w = 2 µm
S = 1.3 %/mT

 Z = 1 
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G
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w = 40 µm 

 Z = 20 

S = 0.93 %/mT

Packed arrays of sensors
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µ0.H (mT)

Z = 5  | N=440 [XYZ = 440000]

MR=6.3 %
Rmin=10 kW
µ0.Hoff= 0.2 mT
S=1.7 %/mT
S=17.2 V/V/T

Single sensor

Scientific Reports , 11, 215 (2021)
AIP Advances 8(5):056644 (2018)
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[1] E. Paz et al., J. Appl. Phys., vol. 115,2014.
[2] tdk.com, “TDK biomagnetic sensor”, 2019
[3] S. H. Liou et al., Proc. IEEE Sensors, 2009

Scientific Reports , 11, 215 (2021)
AIP Advances 8(5):056644 (2018)
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Field modulation for high frequency 
Increase TMR
Increase A
Reduce linear range ΔH
Reduce Hooge value

Strategies to improve the minimum detectable field
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CoZrNb

NiFe

SV
250 µm

-15 -10 -5 0 5 10 15
0

2

4

6

8

Sensitivity gain
      = 103 x

S = 1.7 %/mT
S = 175 %/mT

SV sensor with
double layer MFCs

SV sensor

 

M
R

 (%
)

µ
0
.H (mT)

MR = 8.4 %
Rmin = 520 W

Magnetotransport curve (Spin Valve sensor)

Spin Valve sensor with vertical tapered profile Magnetic Flux 
Concentrators (MFCs)

SV835: Ta 20/ NiFe 30/ CoFe 22/ Cu 21/ CoFe 25/ MnIr 65/ Ta 100 [A]

• Sensor active area: 40 x 2 µm2

• Pole dimension: 40 µm

Sensitivity gains 
~ 100 x

• MFC entrance dimension: 500 – 2000 µm
• Gap distance: 6 µm

(~ one order of 
magnitude higher than 
with single layer MFCs)

High yield in the fabrication process
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dp-p 
Al2O3 500 Å 

NiFe 1000 Å 

CZN 1000 Å 

SV 

dCZN 

dNiFe 
(b) 

(c) 

(a) 

dp-p 

(a) 

(d) 

M. Silva, et.al
IEEE Trans Magn. (2019)
; DOI: 10.1109/TMAG.2019.2899808

25.0 37.5 50.0 62.5 75.0
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SSingle SV
V =0.57 µV/ Hz1/2  
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Noise level @ 10 Hz
Noise level @  30 Hz

N
oi

se
 le

ve
l (

 µ
V/

 H
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2 )

dCZN (µm)

detectivities of 322 pT/Hz1/2 (for dp-p = 100 µm) were 
obtained at 10 Hz
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Field modulation for high frequency 
Increase TMR
Increase A
Reduce linear range ΔH
Reduce Hooge value

Strategies to improve the minimum detectable field

J.P. Valadeiro, et al., IEEE Trans. Magn. 51, 1 (2015)
D.C. Leitao, et al., IEEE Trans. Magn. 50, 1 (2014)
J.Y. Chen, et al., Appl. Phys. Lett. 100, 142407 (2012)
S.H. Liao, et al., IEEE Trans. Magn. 29, 3873 (1993)
S. Cardoso, et al., Microsys. Technol. 20, 793 (2014)
R.J. Janeiro, et al., IEEE Trans. Magn. 48, 4111 (2012)
R.C. Chaves, et al., Appl. Phys. Lett. 91, 102504 (2007)
E. Paz, et al., J. Appl. Phys. 115, 17E501 (2014)
L. Jiang, et al., Phys. Rev. B 69, 054407 (2004)
E.R. Nowak, et al., Thin Solid Films 377–378, 699 (2000)
Y. Aoki, et al., J. Magn. Magn. Mater. 240, 134 (2002)
J. Schmalhorst, G. Reiss, Phys. Rev. B 68, 224437 (2003) 
Y.M. Lee, J. Hayakawa, S. Ikeda, F. Matsukura, H. Ohno, Appl. Phys. 
Lett. 90, 212507 (2007)
W. Zhang, Q. Hao, G. Xiao, Phys. Rev. B 84, 094446 (2011)
 D.W. Guo, et al., J. Appl. Phys. 115, 17E513 (2014)
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  Noise performance (1/f region) 
Hooge parameter

MgO vs AlOx barriers

Data marked with i from references
[119,123,124] and ii is unpublished data from INESCMN;
* from reference [90]; + from reference [85]; & from 
reference [42]; α from reference [118]; β from reference 
[125]; δ is unpublished data from INESC-MN; σ from 
reference [41];γ from reference [83].

AlOx-MTJ data obtained with devices at saturation from references [119–122].
CoFeB/MgO/CoFeB-MTJ data obtained at operation point.

𝑆-// =
𝛼0 . 𝑉1

𝑓. 𝐴. 𝑁

Amorphous CoFeBSi, CoFeBTa
AIP-Advances, 13, 025108 (2023); 
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Neuronal probes with MR sensors
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  Magnetic detection

77

Estimated fields ~pT - nT

Estimation of the magnetic field:

• MagnetoEncephaloGraphy :
SQUID - signal distance = 3 cm
Field = 1 fT (Field decay : 1/(r2)

• Magnetrodes:
MR - signal distance = 10-100 μm
Field ≈ 100 pT – 1nT

FET-EU project
Magnetrodes
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100 µm
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10 100 1k 10k 100k
0.01

0.1

1

10 SpinValve sensor 
with Flux Guide

D
et

ec
tiv

ity
 (n

T/
H

z1/
2 )

Frequency (Hz) 79

Substrate (Si/SiO2)

MnIr 7.0 nm

Co70Fe30 2.3 nm

Cu 2.5 nm

Ni80Fe20 2.8 nm

Ta 6.0 nm

Co70Fe30 3.3 nm

Ni80Fe20 6.0 nm

Ta 2.0 nm

36SV2013

100 µm

100 µm

SEM image: sharp tip (in-vivo)

SEM image: flat tip (in-vitro)

10
0 

um
Sensing direction

Magnetic 
Flux Guide

Spin Valve

Gold pad

3.3  nT/Hz1/2 @ 10 Hz
1.9  nT/Hz1/2 @ 30 Hz

310  pT/Hz1/2 @ 1 kHz

Detectivity values:
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-7.5 -5.0 -2.5 0.0 2.5 5.0 7.5
0

1

2

3

4

5

6

Increasing
displacement

 

 

Substrate: 50 µm SOI
952 sensors in series

    0 mm
 1.5 mm
 3.5 mm
 5.4 mm

M
R

 (%
)

µ0.H (mT)

MR = 5.6 %
Rmin= 158 W

Vertical 
displacement (d):

When penetrating the tissues:

• axial force along the tip longitudinal direction;

• slight bending of the probe, force 
perpendicular to the longest direction.

Sensor output: remains linear, non-
hysteretic and without discontinuities

Valadeiro et al IEEE Trans Mag 51 (2015)  4401104
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W electrodeMR sensor

L.Caruso, S.Cardoso, P.P Freitas, P.Fries, M.
Lecoeur, et.al
“In vivo magnetic recording of neuronal activity”,
Neuron, 95, 1–9 (2017)

In Vivo validation of MR sensor probes



 

  INESC MN 
  

Microsistemas & 
Nanotecnologias 
 

  

  

flexible probe - polyimide

Si probe (single MR)

Si probe (arrays MR)

Flexible magnetic probesDetectivity (D)  - minimum detectable field
SNR =1

IEEE Trans Magn. vol. 51 (11) 4401104 (2015)
J.Gaspar et.al, IEEE Trans Magn. Vol.53 (4), 5300204 (2017
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Applications

If no time: 
move to
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Acquisition electronics

Casing

Permanent magnet

Flexible printed circuit (FPC)

TMR chip

Barcode
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Alignment
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S
0
 = 11.2%/mT

S
0
 = 8.6%/mT

Good alignment

Disc magnet provides a limited region where B < 1 mT (±170 μm) → requires good accuracy from the alignment procedure 

S.Abrunhosa. S.Cardoso, et.al
IEEE Trans. Magn. 58 (8), 4002304 (2022)
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Swipe reader: assembly

Purpose:
• Hold reader components
• Protect sensor chip
• Limit sensor tilt
• Minimise sensor-barcode distance

12/20
S.Abrunhosa. S.Cardoso, et.al
IEEE Trans. Magn. 58 (8), 4002304 (2022)
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12/20
S.Abrunhosa. S.Cardoso, et.al
IEEE Trans. Magn. 58 (8), 4002304 (2022)

6 mm

Hiden codes detectable 
through 2 mm of material
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Applications

If no time: 
move to
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Case study III- Robotics

If no time: 
move to
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TACTILE INSPIRED IN NATURE

Magnetic cilia bending induces magnetic profile variation

MR sensor transduces variation into an electrical signal

A. Alfadhel and J. Kosel, Advanced Materials, 27, 7888–7892, 2015.
P. Ribeiro, et.al. IEEE Robotics and Automation Letters, 2, 971–976, 2017.
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2D WHEATSTONE BRIDGE – NO ANNEALING

2D monolithic TMR sensor
In Wheatstone bridge

Die dimensions: 3x3 mm2

80 MTJs per bridge branch
Req: 384 kΩ

Vcc

Vx
+

GND

Vx
-

Vx
-

Vx
+

Vy
+

Vy
-

X bridge Y bridge

2 TMR stack depositions 2 TMR stack depositions

No wafer annealing needed!

J. Phys. D: Appl. Phys. 50 (16), 165001 (2017)

4 directions

J.Mag.Magn.Mat.412, 181–184 (2016)
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2D WHEATSTONE BRIDGE

Offset issues

External electronics to  
compensate for this offset

“Perfect” X sensor 
“Perfect” Y sensor 

are needed…
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CILIA SIMULATION – 3 LEVELS
Mechanical simulation
(FEM – with COMSOL) Magnetic moment 

simulation
Deformation

Simulation: indentor iteratively 
lowered against cilia 
Steps of 100 µm
Discretized into cross-sections

Estimation of m 
direction

Magnetic moment 
simulation

H (x direction) 
over surface

Average field over 
sensor area

Best fitting function 
describing field

Magnetic field
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RESULTS – FRUIT SURFACE ASSESSMENT
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Proof of concept
Fruit quality classifier

Braeburn apples
• 12 ripe fruits
• 12 senescent fruits

Sabrina strawberries
• 12 ripe fruits
• 12 senescent fruits

Data acquisition
• Data rate: 1 kSPS
• Scan speed: 1 mm/s
• 10 consecutive scans in each area
• 2 areas per fruit



 

  INESC MN 
  

Microsistemas & 
Nanotecnologias 
 

  

  

97

FRUIT QUALITY SENSING - RESULTS

3 features were extracted from the signal

FEATURE WHAT IS MEASURED PHYSICAL 
CHARACTERISTIC

Stiffness (E) Sensor signal with 
achieved contact

Fruit hardness

Waviness (S) Std. deviation of 100 
point moving average

Deformation over 
fruit surface

Roughness (R)
Std. deviation of high-

pass filtered 
(f > 150 Hz) signal 

Fruit surface texture

Fruit can be classified 
into two classes

Ripe

Senescent

Waviness Roughness

Raw signal upon scanning
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FRUIT QUALITY SENSING - RESULTS

Stiffness (E) Fruit hardness
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Combining 
R, S, E

Gaussian classifier 
(i.e. Gaussian Näive Bayes)
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FRUIT QUALITY SENSING - RESULTS
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Final food inspection 
Integrated 

Food control 
& 

management 
system 

“From farm to fork”

If no time: 
move to
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Magnetic Biosensors

If no time: 
move to
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  Magnetic Biosensors and biomedical interfaces 

Needle sensors
Flexible MR Sensors
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Target DNA

Magnetic label

Magnetoresistive sensor

DNA probe

Substrate
Passivation layer

On-chip current lines for magnetic labels attraction

Immobilized probe hybridization 
with a complementary target DNA 

Detection of 
Biomolecular Recognition

Magnetic moment

Hex

Magnetoresistive biochip concept

Trends in Biotechnology, August 2004

IEEE Magnetics Letters, 10 (1) (2019); 

Anal. Bioanal. Chem. (2019) 411, pp. 1839  (2019); 

ACS Nano 11 (11), pp 10659–10664 (2017)

Lab-on-Chip 18, 2593-2603 (2018); 

Analytical Methods, 8, 119-128 (2016); 

Lab-on-Chip,  2012, 12 (3), 546 – 557 (2011) 

Lab-on-Chip, 11 (13), 2255 – 2261 (2011) 

Biosensors and Bioelectronics 11, 100149, (2022)

Biosensors and Bioelectronics, 210, 114302 (2022), 
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Recognition
Molecule
(e.g. antibody, antibody
mimetic, antigen)

Target Molecule
(e.g. antibody, antigen, small
organic molecules)

Biotinylated Capture
Molecule
(e.g. antibody)

Streptavidin-coated Magnetic
Nanoparticles (MNPs)

Gold covered magnetic
sensor

Applied External Magnetic Field
(H)

MNPs Magnetic
Fringe Field
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  Technology:
MR-based Biochips and Static Platform

Spin valve (SV) 
sensors

Gold thin film 
over SV

Highly sensitive 
Multiplexing capability
Distinct sensing regions
Disposable Biochips

Size: 
15x15x3.5 cm

Static Platform

Functionalization

If no time: 
move to
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Ac anti-E. coli Ac anti-Salmonella

Nanomag 250 nm

Ac anti-Salmonella

Salmonella

Control  sensor Signal sensor

Final ~ initial
a  salmonela 
concentration
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Zika and dengue viruses 



 

  INESC MN 
  

Microsistemas & 
Nanotecnologias 
 

  

  Molecular Assays: Viral RNA target Detection

• Successful detection of ZIKV, DENV-2 and CHIKV, with high signal
specificity

• No signal detection for non-specific flaviviruses. High probe specificity

Specific Detection Non-specific 
Detection
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Microfluidic 
Channel

100 µm

Sensors

Microfluidics  technology

Labels magnetization

Detection principle

Detection signals
Labelled 
bacteria

Magnetic cytometer



• Labelled cell

• Beads free in solution
20 μm

Lab-on-Chip 18, 2593-2603 (2018); 
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If no time: 
move to
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Summary

xMR sensors 
– thin film control at sub nm level
- noise
- thermal stability
- detectivity

Applications
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Technological challenges:

- Compatibility with electronics  => Wheatstone Bridge



 

  INESC MN 
  

Microsistemas & 
Nanotecnologias 
 

  

  

130

REQUIRED:  WHEATSTONE BRIDGE

TMR sensor acts as a variable resistor

I

VMTJ

MTJ

Simplest way to measure:

Disadvantages:
• Current source is difficult to implement
• Prone to supply noise
• Output is not zero when field is zero

Wheatstone bridge

Advantages:
• Bipolar output
• Noise immunity
• Easy biasing (V const)

Disadvantage:
• Requires 4 TMR sensors
• Anti-parallel sensitivities
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1 deposition step for TMR definition
The same annealing for all wafer

Dicing and flip 
to mount at 180°

Full bridge with mechanical mounting

Full bridge

Full Weatstone Bridge
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2 deposition steps for TMR definition

Full bridge with 2 depositions
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Full Wheatstone Bridge Architectures

Single xMR
Stack 

Deposition

Multi xMR
Stack 

Deposition

Device 
Footprint

Production 
Cost Performance

Local Assisted Annealing
Current / Laser

Sensor/Source Arrangement

Discrete Assembling

Annealing free xMR stack

Asymmetric SAF 
reference structure

R. Ferreira et al., IEEE Trans. Magn., 48, 4107 (2012)C. Reig et al., Sensors., 9, 7919 (2009)

Discrete Assembling Sensor/Source 
Arrangement

Asymmetric SAF 
reference structure

Local Assisted 
Annealing

Berthold et al., Appl. Surf. Sci., 302, 159 (2014)
J. Cao et al., Journal of Applied Physics, 107, 09E712 (2010)


