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Magnetic field sensors
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Magnetic field sensors
* Hall effect devices
 Anisotropic magneto resistance (AMR) devices
 Giant magneto-resistance (GMR) devices
* Giant magneto-impedence (GMI) devices
 Fluxgates
* SQUIDs

e others....
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Magnetic field sources

Charges in motion

Intrisic magnetic moments of particules (electrons, protons, neutrons ...)

Current Loop of
in wire wire

Coils with currents
<100 T typ.

) 10-4 T -} Earth's magnetic field
whk A 10-5 T
- .',I.:.-..-I ol 10-6 —H -agl} Traffic, appliances, etc.
N N 10-7
10°8 T -} Power transmission lines
(at 10 m)
8 s
g 10 -
" —10 —-d Human heart signals
s b = 10-10
A i R A e ™ 10" = Optic nerve signals
o -l'l-l-?.-:'h o . ¥ o *;'1*..“ o 10_12 —— -l Muscle impulses; spontaneous brain activity
e I' v e Tt 'I L 10—13——4 Evoked brain signals
Solenoid Bar Magnet The Earth ot
10-15 —
Permanent magnets Earth (on the surface) Sources of «weak»
<10 T typ. ~0.1 mT magnetic fields

(down to fT)

A distribution of static electric charges produces a static electric field.

A distribution of steady electric currents produces a static magnetic field.
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Magnetic field sensors

q - .
\/

EPR NMR

10

fluxmeater
100 -
A Hall DL Hall

1000
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-=— Magnetoinductance

10000 - -a— Magneaiorasisiance

oplical
10710 107 10®* 10° 10* 10° 10° 107 1
field (T)

100000
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SMagn?rﬁc Magnetic Sensor Applications
ensor Type
ypP A
Magn. Transistor
.- p.u.nu.; —
Han:r;:oa [
-
EMR A
MagnetoStrict /Elast]
TMR 4
Magneto-Optic+
GMI 4
Optica Superconducti
Alsd Ppﬂhm“&"ﬂ 7 Detection-t \ /
Flu::a?e: Em“"'pn”“d'"'; - | Gui ﬂuﬂ_‘:-u—- Local Anomalies of
fariations |~y ahicles Earth Magnetic Field
Nuclear precession| (Bl [ Y
Optical Pumping; i

Search Coil

# e g
SQuUID {7 ograpt R
10" 10" 10° 10% 10" 10% 10° 10° 10" 10° 10° 10 10° 10° 10* 10 10' 10° 10° 10 g (T)
Common units T pT uG nTY mG puT G mT T kT

Minimum Detectable Field & Dynamic Range
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Magnetic field sensors market
Packaged sénmrs Systems
VW, Renault, GM, PSA
Continental, Bosch, Denso, Magna, 9
Valeo, Delphi, Johnson Controls

Melexis {ontinenial * _:TE

ASIC chips
Samsung, Apple, Huawei, Oppo,
HF, Asus, Lenovo

8
Melexis by
&7 \ Vs
voltafield
OYNA
Itron, Landis+Gyr, GE, Sagem

Automotive
Wml Cinfineon
STNicenlechinscy
ALPS &YAMAHA vems™>  BOSCH lsentek
Honeywell, Schneider Electric,
Siemens, Bosch, Tyco

Magnetic Sensor chips
a SRR SRS

focus
Schneider, Siemens, ABB,WEG

EEV&H;EH

Trxas
IRaTRIMEMTR

M=
Y Honeywell (.2 SENSITEC # .:.
amil

Industrial and £
eV OFCOES.
KM= - SIT &
Pl it mi
*Non-exhaustive list of the magnetic sensor supply chain and its key players

other applications
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Revenue in $B

Magnetic sensor market forecast 2016-2022

(Source: Magnetic Sensor Market and Technologies 2017 report, Yole Développement, November 2017)

2016 2017 2018 2019 2020 2021 2022

® Automotive ™ Ecompass " Industrial and others
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3250

3200

3150

3100

Magnetic Silicon Suppliers Revenue Results
(Millions of US Dollars)

Asahi Kasei Allegro Infineon Micronas

m2010 w2005

Melexis

“With a production volume of over

100 million Hall elements per month,

Asahi Kasei1 Co. serves the needs of some 70%
of the world market”
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Mﬂd'ﬂath Other Research,
524M " S11M | $0.8M

Aerospace
| NDE $0.1M

537M

Industrial, £380M
$156M

Computer,

Auto
£338M

Application

HT SQUID,
$0.38M

LT SQUID,
$5.3M

GMR,
$40.2M

AMA
$121.6M

Hall

element,
$04 M

Sensor type

Compass,
$4.8M

Position
SENSOT,

$34M

World magnetic sensors components and module/subsystems markets (Frost & Sullivan 2005)
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Power Consumption (mA)

Die Size (mm?)

Field Sensitivity (mV/V/Oe)

Dynamic Range (Oe)

Resolution (nT/Hz'?)

Temperature Performance (°C)

o Ha

1 %1

= .05

~ 10000

=100

<150

14

1T %1

=i

~10

0.1~10

< 150

1~10

1 % 2

=3

~ 100

1=

<150

0.001 ~ 0.01

05x05

~ 100

~ 1000

0.1~10

< 200
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Hall effect devices

B E
£
}.T
X
B E
I

ext

F=e(E+vAB)
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Lorentz force :

Scattering :

N
<

F=mv=mAv/At =mv/7 (7. mean free path)
(v : drift velocity)

mvx/r:e(Ex+vyBZ—v B )

zy

mvy/z'ze(Ey—vaZ+v B )

z

=

mvz/rze(EZ+vay—v B )

y X
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Lorentz force  : 
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Scattering :
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(: mean free path)











(v : drift velocity)
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Zero current in y and z direction : v, =v, =0

em

v =—F
Hence : T

E .= v.B.
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Zero current in  y and  z direction  :  
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Hence :
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Hall voltage :

with the definitions :

Vy= [ Edy=v.Bw=—"IB. =“7"le

-w/2 nqh

w: width, A: thickness

p="x=%"" (4:mobility)
E. m
p=—o70 (o : resistivity)
ent
J=env, (J : current density)
[ =Jwh (/ :current)

- Vu 1s large for small thickness, low doping, high mobility
- Vu indendent of sensor surface

- Low cost

- Fabricated in large quantities (>10%/jour)

3.14



Hall voltage : 
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with the definitions :











 w: width,  h: thickness
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- VH is large for small thickness, low doping, high mobility

- VH indendent of sensor surface

- Low cost

- Fabricated in large quantities (>106/jour) 


=PrFL

1
S =
neh
Material |n t S
(cm™) (um) (V/AT)
Si (doped) | 101%° 2 300
Au 1022 0.1 0.006
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B=const

The current I is limited by:

- heating

- power available

- saturation of the carrier velocity
- 1/f noise (proportional to I)

Vv, =S, IB

3.16
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The actual Hall voltage is :

where G is dependent on the geometry (geometrical factor).

l Vi
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The actual Hall voltage is : 
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where G is dependent on the geometry (geometrical factor). 


[image: image3.emf]
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V., =8§8,IB
S;= 300 V/AT
[= 0.5mA

10 uT
10 mT
10T

1.5 pV
1.5mV
1.5V
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Hall devices: thermal noise

N =4k T RAf (V]

R: output resistance

Signal : Vi =5,1B [ V]

N J4kTRAf
V, !B S,1

Resolution : | Buin

3.20
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Hall devices: magnetic field resolution

5=
T:
R:
Af =
S, =
I:

1016

2 um

] QQcm
300 K

15 kQ

1 Hz

300 V/AT
0.5 mA

5 _NAKTRA
min S][
‘ B. =100 nT
B Vi

0uT  1.5uV
10mT  1.5mV

Other (intrinsic) noise source in Hall devices: 1/f noise
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JAKRTA
B, KRTA =\/4kTAfLZ@=e«/4kTAf L
S, 1 wh [ U w

I/

To achieve a good resolution :
1. material with a high mobility (large 1)
2. low doping (small »)

3. thin (small /)
4. large 1

but / (and n and £) is limited by:
1. heating
2. available power
3. saturation of the charge carriers velocity (electrons or holes)
4

1/f noise (oc 1)

JR R plneh 1 1

oC = = oC — ———
"SI SNP whi P uiP

If Pis fixed: P=RI*, I=,P/R, B_.

(hence u 1s, at fixed power P, the important parameter to obtain a good resolution).
3.22
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To achieve a good resolution :




1. material with a high mobility (large  )




2. low doping (small n)




3. thin (small h)



4. large I

but I (and n and h) is limited by:


1. heating

2. available power

3. saturation of the charge carriers velocity (electrons or holes)


4. 1/f noise (
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If P is fixed :
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(hence is, at fixed power P, the important parameter to obtain a good resolution).  
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Hall devices: offset

V.. # 0 even with B=0

Possible reasons:
-Geometrical imperfections
- Non-uniform resistivity

Solution:
-Calibration
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Hall devices: modeling

VE\TB

o

Ap mv/t =e(E+ Vv AB)

3.24



& [°
mv/t =e(E+ v AB)

O 2
J = E+uEAB+ u"'B(E-B
L+ (uB)’ > (E+u (1 B(E-B))
J =nev GO:enT quﬂ
m m
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O
J = L E+uEAB+ u°B(E-B
1+(,uB)2( U 1 B(E-B))
V-J=0 VAE=0 E=0,]=0
Solved by:

* Conformal mapping
« Equivalent electrical circuits

3.26



R =R, =R,(1+u°B")

Iy =WVe—=Vg)uB/ R

I, =V =V, )uB/R

S
A
mt:

Hall cross equivalent circuit
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Hall devices: different configurations

Hall cross

v, =S,1B

Split current

[,-1,=S, 1B

Magnetoresistance

R=R,(1+ u’B?)
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e Based on the Hall effect in non-magnetic conductors (do not confuse it with AMR).

tB

Ro

pB
po

Hall devices: magnetoresistance

— . P8
Re = Ro o0 {14m( £ B)?

: Resistance under magnetic field (ohm)

: Resistance under non-magnetic field (ohm)

: Mobility (cm?/V-s)

: Resistivity under magnetic field (ohm+cm)

: Resistivity under non-magnetic field (ohm-cm)
: Magnetic flux density (T)

- Geometric effact tactor { £4)

Riohm)

03 02 041 o 01 02 03
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· Based on the Hall effect in non-magnetic conductors (do not confuse it with AMR). 
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=\/4kTR
- V,/B
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_N4kT/R

Al/ B

_ VA4kTR

™ I(8R/0OB)

Similar magnetic field resolutions
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Linear
Better field resolution at low fields
1/f noise suppression possible

Linear
Better field resolution at low fields

1 /7 Non-linear
/ Better field resolution at high fields
Non-square sensing surface
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Hall devices: Technologies and dimensions

Thin film Technologies Doped region

(Ex: InSb on GaAs) (Ex: p-doping in Si)

Dimensions

—

Commercial Research
3.32
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Hall sensors in silicon CMOS technologies

« Standard » structure

Characteristics: h~1a20 um
Typical sensitivity :  Su~ 300 V/AT

Major technology used in commercial
devices

« MOS » structure

Characteristics: h~0.01 pm
large 1/f noise
Typical sensitivity :  Su ~ 1000 V/AT

Allows to “tune” the sensitivity
Only rarely used in commercial devices

électrode de

Hall

& o w
|||||||||||||||

gate

électrode de
Hall

¢lectrodes de
courant

électrodes de
courant
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		 « Standard » structure

Characteristics:
h ~1 a 20 µm


Typical sensitivity :
SH ~ 300 V/AT


Major technology used in commercial devices

		





		« MOS » structure

Characteristics:
h~0.01 µm

                                    large 1/f noise

Typical sensitivity :
SH ~ 1000 V/AT


Allows to “tune” the sensitivity


Only rarely used in commercial devices
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(- |
v::::? > T |
O——— R : :
Vee c9 I l .‘ Q_I; * L- To all subsircuits |
[ g5 2| e
X ! FrGat EDIHHPIT I
Output | L] Efﬁ E | Sgnal  Low-Pass [ |
. @ - Amplifier  Filler
| : Chopper Stablizalion T GND
O T T
Ground |
D e e e e i e i i ‘e i i |
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Current sensing
(with feedback
to linearize the response)

Hall devices: applications

Maasurad current |y

sof-magnelic
high-u cora

b

P B

/
/

Feedback current s

zb

b1

My=1turmn

W [coodback ool

. 1, - A000 furns

h“-\._ L

Sensing = ,f,:ﬁ

Hall elemeant resistor =

—

Cp amp
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Concentrator

NNNNNY

N
\
§

OO W

A

J,.n—"u"ane

)

N\

AN

Demonstration of vane interruptor
operation: (left) normal magnetic
flux path without vane interruption,
(right) vane shunting magnetic flux

Typical configurations for
rotors: (A) magnetic, and
(B) ferrous vane
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=
W

i
ra

—IimpII=It

Y
%

DC paveer in
A

Output putse trin

Examples of compound magnet
configurations (either the Hall device or
the magnet assembly can be stationary),
with a south pole toward the branded face
and a north pole toward the back side:
(left) push-pull head-on and (right) push-
pull slide-by

Speed sensing
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g fysueq xnj4

10

=10

D {rmrm)

+G

g fysueq xni4

50 75 10.0

Effective Air Gap (mm)

25
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Quantum Hall effect in a 2D electron gas

~ classical Hall effect

V1 Ve 1
pxy_ J N pxx_ ] Nx

N, : No. of squares 1n 1-direction

1 h
Po =V
izz 25812.807557(18)Q
e

(Resistance standard !!)
v=1,2,3.4,5,...1/3, 2/5,3/7, ...

35

Pux 3.0

k¥sq *°[

20
151

1.0

1.0 pxy

0.8 hlez

06

0.4

0.2

1 al | | | D_D
2 4 6 3 10 i2 14

Magnetic Field (T)

http://www.warwick.ac.uk/~phsbm/ighe.gif
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In two dimensions, electrons in a magnetic field follow circular cyclotron orbits.

These orbits are quantized. The energy levels (called Landau levels) of these orbits are:

eB Increasing B
E, = o, (n+1/2)=h*=(n+1/2) 0 o
eB . :
o, =— 1s the "classical" cyclotron frequency.
m

Density of States

For strong magnetic fields, many single particle states have the same energy £ .
For a sample of area 4, in magnetic field B, the degeneracy of each Landau level is:
N =2BA/®, ®,: 1s the quantum of flux.

For sufficiently strong B, each Landau level may have so many statesthat all of the free electrons in the system,
at low T, sit in only a few Landau levels it is in this regime where one observes the quantum Hall effect.
Note: As for the Coulomb blockade in a 0D object, also for the quantum Hall effect in 2D object

the energy levels discretization due to the "nanoscale size" is not the dominant phenomenon.
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Anisotropic Magneto-Resistances (AMR)

Principle: The resistance depend on the angle between the current and the magnetization

Permalloy
+ y Magnetization
) J
6
-
X Current
|

R(6)=R,—AR,, -sin’ 6
R(6)=R, +AR,, -cos’ 0

Matériau r [10-8 Qm] Ar/r [%]
Nig, Fe o (permalloy) 22 2.2
NiggFe,, 15 3.0
Nis;Cosy 24 2.2
CoFeB amorphe 86 0.07

Ho [A/m]

250
200
2500
2000

He [A/m] M, (T)

80
100
1000
15

1.1
0.95
1.25

1.3

R(0=0°)=R, =max R
R(6=90°)=R, =minR

180

60w
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Principle:  The resistance depend on the angle between the current and the magnetization
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Orientation of the magnetization due to the shape anisotropy
The demagnetizing field (shape anisotropy) tends to allign the magnetization vector.
For |H,|<|H,

> R(H,)=R,~AR,-(H, /H,)

}+?=o _4 —tl

IHY>G _________.r_..../.’.{.:.]__'._

1

.

Tl'h?:”'n ’_—[? o

T

T

Hy =0 — e

e Problem : zero sensitivity for small H,

Solution : « barber poles » geometry

. sin@=(H,/H,) >
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Orientation of the magnetization due to the shape anisotropy

The demagnetizing field (shape anisotropy) tends to allign the magnetization vector.

For    
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· Problem : zero sensitivity for small Hy

Solution :  « barber poles » geometry
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« Barber poles» geometry

Principle: thin film AMR covered with a barber-poles structured metal

|— Ferrnalloy Barber pole
e |

o ¥ . i V. 3 . i S i i AP

|
——
i i i A R A TR L T T T T b_p

|
— Wagnstzation
%0

- ¥ MEHETS

il
+
"w."'..i
)
T

45°

PRS- F—

AN
™~ Permalloy

IO permalloy >> IO non—magnetic metal
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 « Barber poles» geometry

Principle: thin film AMR covered with a barber-poles structured metal
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without « barber poles »

e e —

with « barber poles »

MEHETE

At low fields (H,/Hy < 0.3)

1
R=R, —EARMR +AR,,

—> Highly Sensitive (and linear !!) at low fields H,.

y
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Vb
L~ ~ ~— /7 Bridge
2 ._‘_L-" Current
74
wad I\ -
» < ermalloy
Axis ke |I " Thin Film
» || . L
N @
u+] & 3 | ut-
Out 1N Out
Ry || r 4 ’{
L4a |: ' N
—W% N
Magnetic ‘_l' \ I‘
Sensitive | 4} 5
: AMR
Axis
- || *E Bridge
L8 |—| »
F X
GND

Figure 2 - AMR Sensor Bridge

Vb U1 01f |
Vec Ll 1.00M
5. 0v v
S 4.99k
OUT-
/\/ ) —output
/\/ + P
g g OUT* 4 ok U2
LMV358
1.DDM$
VGND HMC 1021 Offset trim
A /\, \/
</ 10k 10K 10k

Figure 4 - AMR Sensor Amplification

Vee
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1
MLCTE |
L e, || -
e eeme e me e e e ——— = | —
e o =
| P o o ! S i i il
R e i e o o o -
e N
T e e T e " e e e e " T e " T "0 | S o i o i S i -
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Kevy-features KMZ 10B:

Chip size 1.6x 1.6
Layer thickness 50
Stipe width 10
Hg 3.8

Range +2

kA/m 1l ' B
Sensitivity 4.0 (mV/V)/(kA/m) _ | % %ﬂ

TC of S -04
Resistance 1.7
TC of Ry +0.35

5
P ar o o v v e v e - ror | . e o e e . v

I e e e e el

pum e e -
kA/m e e e e e e e el

%/K MHBCS30

kQ _ o
% /K Fig.25 KMZ10 chip structure.

Applications of AMR sensors
Compass

Current sensing

Tracking systems for virtual reality

Angular and linear position sensing
Detection of ferrous objects (cars, planes, trains,...)
Underground drilling navigation,, ...
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Key-features KMZ 10B:


Chip size

1.6 x 1.6 
mm2

Layer thickness

50 

nm


Stipe width

10 

µm


Ho


3.8 

kA/m


Range


± 2 

kA/m


Sensitivity

4.0
(mV/V)/(kA/m)


TC of S


-0.4

%/K


Resistance

1.7 

kΩ


TC of Ro

+0.35

%/K
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(a) Increase range by adding a field along x. (b) Typical noise in AMR sensors.
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Applications of AMR sensors
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Application of AMR array: Gastrointestinal motility

V. Schlageter et al., EPFL
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=PFL Giant Magneto-Resisitance (GMR)

Discovery: 1988 (Baibich et al.)

Basic effect: Spin dependent scattering
(charge carrier spin-scattering site spin)

On the market: 1994 (Nonvolatile Electronics)

— magnetic conductor ——
non-magnetic conductor
¢ magnetic conductor —

High resistance Low resistance

Non-magnetic conductor layer thickness (<10nm)
< mean electrons free path
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GMR: Basic configurations

a) Current in the plane

b) Current | to the plane
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GMR sensors Hext — change in the angle between My and M; -» AR
(GMR=Giant MagnetoResistance)

Principle: The resistance depends on the angle between the two magnetization vectors.

Meek
A B = T B
M2 O & . =
: Ii/;/////x
-t - =7 L
I e e 1D e -

]
R High l J R S s

e Thin Multilayer (ex : Fe 3nm/Cr 0.9 nm) < electrons mean free path
e Characteristics :
R~ few kQ
AR/R=-5 to -20% (Sensitivity : 10 - 50 uV/V / A/m)
Range : 0 to 10 mT
Resolution : 0.1 nT/Hz'"?
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GMR 
sensors
  Hext   ( change in the angle between M1 and M2 (   ∆R


(GMR=Giant MagnetoResistance)

Principle:  The resistance depends on the angle between the two magnetization vectors.
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· Thin Multilayer (ex : Fe 3nm/Cr 0.9 nm) < electrons mean free path

· Characteristics :

R~ few k

R/R=-5 to -20%  (Sensitivity : 10 - 50 (V/V / A/m)


            Range : 0 to 10 mT



Resolution : 0.1 nT/Hz1/2
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Problem: Non linear about H=0.
Solution: M; fixed (“pinned layer”), M, with “easy axis” at 90° with respect to M,

M2 rotates casy axis
%

with Hey Conducting spacer

Hext

omagnet

Anti-ferromagnet
M1 fixed

by Hexch

Hexch

The M1 layer is strongly coupled to the anti-ferromagnetic layer. The M2 layer is weakly
coupled to the M1 layer and can rotate with the external field.
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Problem:  Non linear about H=0.


Solution: M1 fixed (“pinned layer”), M2 with “easy axis” at 90° with respect to M2 
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The M1 layer is strongly coupled to the anti-ferromagnetic layer. The M2 layer is weakly coupled to the M1 layer and can rotate with the external field.
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GMR: «Equivalent model»

* Spin-spin coupling =  scattering between free electron and fixed site.

Spin up / spin down = more scattering.

B e R
* Independent of current direction

«  Periodicity: 360°

Low
resistivity
e-spin M1 ? M2 ¢ Layers M1 1 M2t path
\ ~ ,/
piT . pll — Pl pll
T - T
: l
pll pii Pt pLi
M1 anti-// M2 = p large M1 // M2 - p small
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GMR: Applications

5K GMR Resistors
{Sensing Elements)

AN . _ GMR Applications:
* Read heads for hard disks

* Position & velocity sensors

* Magnetic memories (MRAM)

/ N

5K GMR Resistors
{Reference Elements)

Flux Concentrators

| Vbias
| ! V — _ bias Ap 1 G H
out mag
R+AR R 2 p H,
}7 _| G e = gain of concentrators ~10
R R+AR
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From Computer Desktop Encyclopedia
Reproduced with permission.
@ 2005 Hitachi Global Storage Technologies)

LONGITUDINAL RECORDING

llnin "
Inductive glrim Element

read oAz p

Road Elament
GMR Sensar

: Recording
Medium

Magnetizations

PERPENDICULAR RECORDING

Monopaole
Inductive '::u'rila Element
I Shieid 2 =
P2

Read Element
GMR S'nnmrrr'—'. =

Shield 1

Track Width

acording
Noedium

Soft
Underlayer

Return Pole
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Hard disk read-write-head

Suspended Slider Writing by a coil.

Inductive Write Head
P2 Layer

Copper Write Cails

Inductive Head P1
Shield2

Shield1

Reading by AMR or GMR sensors.

Spin Valve/GMR Sensor SAL MR Sensor

Antiferromagnetic
Exchange Film

Contact

e i
e, 21 d Bias

Contact Contact

Hard Bias == Hard Bias

NiFa GMR Co GMR

Free Flim innad Eilm
(Sensing Layer) Pinn

Figure 2. MR and GMR head structures.
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Hard disk read-write-head

		

		Writing by a coil.


Reading by AMR or GMR sensors.
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«Hall» flow sensor

. g
Force on ions :
E
F = ¢(E + vxB) S W
- : | ____—ELECTRODE
,,-”y/f T \\x ] ‘
Ve = kDvB cos wt \ E

9
\ & S
(el =<
- \ T~MAGNET COIL

bobinage

canalisation
amagnétig uex“

électrode

vers ampli
differentiel
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		Force on ions :
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Relais (Switch) REED

» Sensor ON/OFF, made of two pieces of soft ferromagnets (exemple: NiFe).

RUTHENIUM IRIDIUM (Longer Life)
Inert Gas

RCkHR Glass Capsule

Contact Plating

Contact Gap

Ruthenium

Tungsten

Reed Blade Overlap Reed Blade
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http://upload.wikimedia.org/wikipedia/commons/b/bd/Reed_switch_(aka).jpg

EPFL

"
off < off
Hold Hold
M
on an
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+4

on

off

g0

aff

i
off Hald off
on

off =i

Held Hal
g ! N

&= —
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+¥
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Magnetic shielding

B=0

Screening (B=0 inside the "box"):
The magnetic dipoles in the material are oriented in such a way that they produce a field of equal magnitude

but in the opposite direction to the external field.
The total magnetic field inside the box is zero.

A possible material: "mu-metal" (alloys with ~80% Ni): . ~ 100000
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Magnetic chopper

Magnetic sensor

«On » (Hall sensor, coil, ....) « Off »
.
P L -
/ \//,,/

0y
|

NS :'_."-a//
o
1£0 1=0
« Magnetized ring » « Screening »
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NN\

I,cos(m,,t)

1

1#0

i

:

JOSUdS Y} I
s[eusis
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Magnetic chopper: example

Hall sensor
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Fluxgate magnetic sensor: possible realizations

Excitation: Coil
Detection: Hall sensor

Excitation: Coil
Detection: Coil
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Fluxgate magnetic sensor

Excitation: Coil

Detection: Coil ferromagnetic cores

excitation coil

pick-up coil

ind,total
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AN 2
‘ ¥
. H | I \
) " T
=
S S

For an symmetric oscillating H with offset with respect to zero = odd and even harmonics.

3.68
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For an symmetric oscillating H with no offset with respect to zero)  (  odd  harmonics only.
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For an symmetric oscillating H with offset with respect to zero ( odd and even harmonics.



=PFL

Field to be measured: component of Hy parallel to the detection coil axis

1. non-saturated core (Iexc=0, Hexc=0) : =1 B=u H
2. saturated core  (fexe 70, Hexe 70) : L, << i B=u,(H, +H,,)

- AB = (,Um - /usaz)Hext = /uinHext

Non-linear g B=u H-aH’ (simple approximation)
Field to be measured: H.y:
Modulation field : H,_sinowt Total field: H =H,, + H,_ sin ot

Modulation of the total magnetic induction :

B=y,H,, +u,H,, sinot - aH,’-3aH’ H, sinwt—3aH, H’_ sin’ot—aH. sin’ ot

exc exc
— \_V_J ~~ _J - — - — _
DC 7 DC S 2f 3f
d¢, dB
Vg === —
dt dt

The component at 2w is directly proportional to Hey. To measure the field Hey = detection of of
the harmonic at 2m
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Field to be measured: component of Hext parallel to the detection coil axis

1. non-saturated core (Iexc=0, Hexc=0) :
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2. saturated  core
(Iexc ≠0, Hexc ≠0) :
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(simple approximation)


Field to be measured:         Hext 


Modulation field : 
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Total field: 
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Modulation of the total magnetic induction :
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The component at 2 is directly proportional to Hext. To measure the field Hext ( detection of of the harmonic at 2

� EMBED Equation.3  ���







� EMBED Equation.DSMT4  ���
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Fluxgate Sensor (Stefan Meyer Fluxmaster)

Applications

e Measurement of the Earth’s field vec-
tor components

e Monitoring stray magnetic fields
near power cables, transformers, etc.

e Palacomagnetic investigations:
Measurement of weak fields in rocks

e Calibration of Helmholtz coils
e Package inspection

e Residual field measurements (shield-
ing effectiveness)

e Magnetic field control and compen-
sation via analog output

Specifications

Range switch
Highest resolution
Accuracy at 20 °C
Temperature range
Zero drift

Analog output

Bandwidth
Noise

Battery
Continuous operation with one battery

Automatic neutralization

Size of electronics unit
Protection

Size of sensor

Length of connecting cable
Weight of complete device

+2 pT, £20 T, £200 pT
0.1 nT

0.5 % = 5 n'T + 1 Digit

0 to 50 °C

<0.1 nT/K

0.01V/uT,0.1V/pT,1V/uT dep. on
pos. of range switch, BNC-socket
0to1kHz ( 3dB)

<0.7 nT RMS (0.1 Hz < f < 200 Hz),

typ. 20 pT/vHz at f = 1 Hz

9V (PP3, Alkaline)
~20 h

60 p'T, selectable

151 mm x 82 mm x 33 mm
1P65

diam. 10 mm x 30 mm
1.5m

380 ¢
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Low-Noise Fluxgate Sensor (Stefan Meyer FL1 100)

+

out *

+
POWER 0

- éé/m,s
17 g
o T g |
0 ﬂ 8
o O »° -

Specifications

Measurement range
Calibration accuracy
Offset error

Operating temperature
Zero drift

Supply voltages
Current consumption @ + 12 'V

Analog output
Bandwidth

Noise

Power supply rejection
DC output impedance

Dimensions
Weight
Connector

+£100 uT
0.5%

<200 nT

0 to +70 °C
<0.1 nT/K

+12to 16 V
+30 mA, —15 mA

0.1 V/uT, max. £10 V
0 to 1 kHz (—3 dB)
<20 pT/Hz!/?2 @ 1 Hz
>100 dB

<19

S5 mm X 25 mm X 11 mm
10 g
5 contacts
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Sensor output [mV]

80

60

40

20

Fluxgate applications: Integrated compass

measured orthogonal
field components

amorphous 2
ferromagnetc 3 o
Cross core @ 8
o
excitation coil
(retal 2
= and metal 17
pick-up coils g g
= (metal 1} )
--:- ’ EP“ 8
o)
driving and
readout
-t s e ) eectorics
&%, 0 o
s o o X axis output OOOO OOOQ...
[ . O
- % ® Y axis output o ® 0
F [ ) O ® o
L Y O [ ] @]
[ ° o °
b [ o )
[© [ ¢) )
Lo ¢ °
L O o
L OO [ J e}
° o) °
© L4 O °
r OO ° o °
[ o °
O PY e} [ ]
r © ° o ®
[ J e} (J
o .;QO o
r o o —_
OOO OOO ... ... B - 19 lJT
L P, L, eegee®” . . . .
0 45 90 135 180 225 270 315 360

Rotation angle [°]

readout electronics

Angular accuracy: =+ 1.5°
(at the Earth’s magnetic field range)
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Fluxgate applications: archeology and geomagnetism

Archéologie Géomagnétisme (Gakona, Alaska)

Hagnetic Yariation {(nT}

I : : Upda'ted B1 Oct 2865 19:14s85 UT

||||||||||||i|||||| |||||||||||||||||||||||||||||||||||||
SepBs Sepld SepZ2 SepZd
2005 {UTCY
Latest 1H
H=ah=—it = - b- -

HAARP Fluxgate Magnetometer ' ' '
g 4 Magnitude 9.0
Gakonz, A [EETTENTTS Japan

Magnatic Variation (nT)
=
¥

Two 1 m long gradiometertues 1 m apart. Each contains two 50
fluxgates, one at each end of the tube. Top detectors reject the
large and time dependent earth field (about 40000 nT) and isolate

the very slight readings caused by archaeological features (down el e e BRI
to 0 1nT) _mﬁfll Wz s wn (5700 S 5 S T ' 1 \n L3 VN ) ) A 7/ B V1
. : 001 (i) 1 (i)
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SQUID (Superconducting Quantum Interference Device)

Superconductor

Biasing

EUI‘!H}!

Josephson
junction

Magnetic field

4I"i"nlll

A

&

N/

(about 1 nm insulating layer )

One period of d
voltage variation € 2=
correspondsto i
an increase of

one flux guantum

Biasing

EUI"I‘Eit

Condition de quantization:
D, =n®, neN
®,=h/2e=2x10"" T m*:quantum

de flux
@, : flux total dans la boucle

¢B - ¢Bext + @Bint

F=doig

magnetic
flung <

Josaphson
junclion
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A SQUID is a ring of superconducting material with, usually, two junctions called Josephson
junctions. Josephson predicted that a superconducting current can be sustained in the loop, even if its
path is interrupted by thin insulating (or normal metal) barriers. In a superconducting loop the

magnetic flux @, passing through it, which is the product of the magnetic field and the area of the
loop, is quantized in units of ®, =4 /2e=2x10"" T m? (i.e.. @, = n®, ). A superconducting current
will compensate for the presence of an externally applied magnetic field so that the total flux through
the loop @, (due to the external field plus the field generated by the current) 1s always a multiple of
@, . If a bias current less than the junction critical current is injected through the loop there will be

no voltage across the loop. If the bias current is raised above this critical current, then a voltage

develops across the loop. The critical current /c is a function of the magnetic flux through the loop

and may be expressed as

I =2i |cos(m—=x)
@0

where i 1s the critical current in absence of an externally applied magnetic field. Note that this

equation is identical in form to the equation describing quantum interference of light diffracted by
two slits. By analogy, the behavior of this double Josephson junction loop displays interference in the
current-voltage behavior as magnetic flux threads the loop, hence the name Superconducting
QUantum Interference Device, SQUID. The critical current is so sensitive to the magnetic flux
through the superconducting loop that very tiny variations of the magnetic field can be measured. The
critical current is usually obtained by measuring the voltage drop across the junction as a function of
the total current through the device.
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d=n+1/2) D

?I bias [/

4R

[. = 2i | cos(m——=—

1 2 3 4 5
0
Yokage 4 ) Bias curent{Tb)
Bias curent ) Criical current (lz) Vokage Yokage 4
iuncﬁnn( |unch-:-n = ClTEnE
Vol:age Curent «—» Magnefic Fiek
o
! P Flux quantum = @y =2.033¢107° W
Superconducting state  Mormal state Supercondugting state * Mormal state
Fig. 3
Bext=0 Bext>0
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e  Needs superconducting materials (= low temperatures)
e  Measuring range: 10°a 10'* T ! (Earth field B=10*T)
Resolution :  1a 10 fT/Hz!?

e To measure B precisely the ring surface has to be estimated precisely (relatively low
precision but very high resolution)

Magnetic Signal Levels

-4 —
10 -} Earth's magnetic field
» ECTAT nagnétique 10- 5 —
-6 — < Traffic, appliances, etc.
. 10
bobine
de champ 10-7 —H
C] détecteur
Amp de phase 10-8 — < Power transmission lines
(at 10 m)
C , 9
:: | v
m .
oscillateur ~ 10~ 10T Human heart signals Limit of non-SQUID
-+ - - - ™ technology
V, ¢ /ﬂc/p] 10~ T Optic nerve signals (1 Hz bandwidth)
\QJ 10~ 12 —— Muscle impulses; spontaneous brain activity

Niobium SQUID limits

-4
-5

10-13 T <} Evoked brain signals
-+
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·   Needs superconducting materials (( low temperatures)


·   Measuring range:  
10-6 à 10-14 T ! (Earth field B=10-4 T)


·   Resolution  :
1 à 10 fT/Hz1/2

·  To measure B precisely the ring surface has to be estimated precisely (relatively low precision but very high resolution)
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100

Field Noise in T/Hz"
Sensor At 1 Hz At 100 Hz
Flux Gate (room temperature) 30,000 30,000
77 K YBCO dc SQUID Magnetometer <100 <40
4.2 K Nb dc SQUID Magnetometer <5 <4
[fT]
100000 \
@) \:h} N |
10000 p— 1 .
\ \ in a magnatically shielded room :
-1
1000 \-J\\\\ \
. ] | R'x-—\_\‘
10 '
in a Suparconducting magnetic shiald
1 -
0.01 o1 1 10
Fraquancy [Hz]
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SQUIDs applications

electric ) Magnetic

current

intracellular
current
(dendrite)
"" _:I

SQUIDs applications:
magnetoencephalogram (MEGQG)
magnetocardiogram (MCG)

biological testing using fine magnetic markers
geological surveying

food inspection

g

Amplitude (pT)
8 - B & & &
T

A o

Time (s}
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Giant Magneto-Impedance (GMI)

The external field H,,, influences the permeability p.

The impedance Z depends on the transverse permeability u, due to:

NG

. : . o=
The skin effect: Jou o
L oc p,

*The self-inductance.
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100000. |
10000 ¢
1000

100 ¢
10 §

1k

« Easy axis is transverse

* I,cproduces H,,, in
transverse direction

Conductive lead 08 CoFeSIBICWCOFeSIB CoSIB/CU/CoSIB
Magnetic layers g ? 4= 35 um
7777 | 3 R %) =27 ma
¥ g %8 f= 1 MHz
j - [ 1]
: J
E o4 2l
f ueo %
aenee® T L"n-hg.,_.
(b) -8'0 -4l-0 Hexcl)(oe) 4!0 Sb

L.V. Panina et al, Sensors and Actuators 81 (2000) 71-77
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Cantilever magnetometer

-

o -y
B sy W e
magnetization m magnetization m
in nlane out of nlane
M
B

/

M/ .

FIG. 1. Principle of the cantilever magnetometer. The cantilever (1) is fixed
at one end. At the free end a single crystal (2) is mounted, which ‘s used as
a substrate for th ,; romagnetic film. The deflection field Byen and the
magnetizing field B, are oriented differently for in-plane and out-of-plane
magnetized films. The resulting torque T leads to a bending of the cantilever
that is measured by a laser beam technique.
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Bonding pad

Piezoresistor f
B | f(

AR

Vl 'VE = "vbias E‘ﬁ'

Bimorph
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Torque magnetometers

[ B
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E-beam magnetometers
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S
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Inductive sensors

Inductance:
Equations générales pour la détermination de I’inductance d’une conducteur (€quivalents):
L B, (X)‘2 dx’
ILlO ;/ /’lr (X)
¥ J (x)-J
L=t ax? I L. (X) “(X,) u (X)a’x3
Ay ” ‘X —X

B, (x) :induction magn. produit par un courant unitaire (i=1 A) dans le conducteur.
J  (x) : densité de courant produit par un courant unitaire (i=1 A) dans le conducteur.

V' : volume dans lequel B, (X) est significativement différent de zéro.

V. : volume du conducteur.
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Examples of Inductors:
2

- Solenoidal coil (lenght /, turns N, radius R) : L=y, ];’—2172R2 (pour [ >>R)

metal wire

) eo0ee

insulating capillary

o . . R +R)’
- Planar coil (int. radius R;, ext. radius R,, turns N) : L=1.12u,N 2 (R, )

2.14R, — R,
/40
¥ I '_.,"
semiconductor m
T, v |
- Wire with circular section (lenght /, radius R) : L=0.16u,-1-log((2//R)-1)
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Examples of Inductors: 


- Solenoidal coil (lenght l, turns N, radius R) :  
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- Planar coil (int. radius Ri, ext. radius Re, turns N) : 
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-  Wire with circular section (lenght l, radius R) : 
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Inductance et flux du vecteur d’induction magnétique :
dD(¢) di :
@ (1) = Li(1) U(t)=- - _LE‘ (loi de Lenz)

@(¢): flux du vecteur d’induction magnétique B [Tm?]
L : inductance [H] i:courant[A] U: tension [V]

)

Ut

S
AAA
~

L
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Inductances mutuelles Lz et Lo :

di di di di
Ul(t):LI?;—i_LlZ?; UZ(t):LZj-l_ 217;
L 2
- Facteur de couplage £: k = ﬁ k=0 couplage nul
17452

k=1 couplage parfait

- Equation générale: L, = f—o [ax” | 1 (‘X ,)'J“ ) g’
7 Ve2 Vel X —X

Ui(t) Ua(t)

Ui Un

|-
\Aﬁ)\ﬁ:
BAM S

Ly L»
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Ax — AL et AR

Proximity sensor (based on Foucault currents)

Principle : Impedance variation (resistance and inductance) of a coil placed in proximity of a

conducting surface. Foucault currents induced in the conducting material.

| & ble Ln'fﬁ-:u:

L&L‘fhl

Mutual Inductance :

q.‘l-‘ﬁ - -

. i'.'.‘.l:{:l-{.t
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x  (  L  et R

Principle : Impedance variation  (resistance and inductance) of a  coil placed in proximity of a conducting surface. Foucault currents induced in the conducting material.
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Mutual Inductance : 
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Model (2 equations)

Coil: Vo=Rji, +joL, i, + joL, i,
Target: O=Ri +joL, i+ joL,-i
2 2 2 2
@ L , @ L,
> V,=| R + R+ al)zchz R +jo| L, - Rt L ||
i AR(x) AL(x) |
If the target is a good conductor : R’ << @’L’
L Increase of resistance
AR = k2 _bRc >0 (losses in the target) _ Rb-} AR (x)
O
2 Reduction of inductance —
L, = o L_ R A LK)

— _k*L <@ (counter ﬁe?ld produced
b by current in the target)

AL = —

c

k=k(x), kincreses forx = 0
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Model (2 equations)


Coil:
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Target:
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If the target is a good conductor :
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A desplacement towards the target induce:

=L +AL(x)= L, (1-k%)
(the magnetic flux produced by i. is opposite to the magnetic flux produced by i)

1. a reduction of the equivalent self inductance : L

equiv

2. an increase of the equivalent resistance: R

equiv

L
:Rb+AR(x):Rb+k2L—bRC

(the presence of the target increase the losses of the system)

A“’L s AR

X=oo (K:O\ R, (mawvais conducteur)
ML‘ [ ER I B B ] A

e

X=Xy _— R, (bon conducteur)

e

_o----- h’ 1;

pour R_,>R_,

“(LE“L‘ _mm KA

e - - e . -

>
=
=
=
-y
L+ 3
-~

(x = desplacement towards the target)
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A desplacement towards the target induce:


1. a reduction of the equivalent self inductance :  
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(the magnetic flux produced by ic is opposite to the magnetic flux produced by ib)


2. an increase of the equivalent resistance:      
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(the presence of the target increase the losses of the system)
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Bridge and synchronous demodulation:

Signal 1n phase :

Signal at 90° :

3.95



Bridge and synchronous demodulation:


Signal in phase :
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Signal at 90° :
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Cracks detection (based on Foucault currents)

induction coil

crack depth < skin depth

—

crack depth > skin depth

COILIN

MAGNETIC
FELD —

AlR
[

COIL OVER
MATERIAL

COIL OVER
CRACK
¥

wrw nde. com

EDDY CURRENTS

(@) (b)

e
,@\~ CRACK

[ =]

EDDY
CURRENT
DISTORTION

(c)

CoiL
i AR \MPEDANCE
o
- CRACK
fr I
-I"'lr %
LY
.
Ty
B
R—s
IMPEDANCE
Z=R+jwL
(d)

3.96



EPFL

Inductor Increased current density
current Increased heat production

4—-'-/. |IR-Camera

Inductor

Excitation: AC magnetic field (to induce the eddy currents) Tested part

Detection: Thermal
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Linear variable differential transformer (LVDT)

7~ Stainless Steel Housing and End Caps

High Permeability ~ High Density Glass Filled

\ Magnetic Shell Pelymer Coil Form
'.IH \ Coil Assembly /

L

|

/ Primary Winding j‘ ,.ff |

— Secondary Windings —— Epoxy —!
Encapsulation

Core

Threaded Hole
(both ends) e \

High Permeability Nickel-lron Core

Tip Spring Colls Cable

Iq_l A R
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Equivalent circuit:

Excitation circuit: Vo=Ri,+joL, i + jo(L,—L;)-i

Detection circuit: 0=Ri +2joL i+ jo(L,—Ly)-i, +V, with  V, =R

m m-s

Solution generale :

- JOR, [L13(x) —L, (x)]

= Vo
R(R +R,)+jo[2LR +L,(R +R,)]|-’ [LPLS + (L, () —L13(x))2]
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Equivalent circuit:
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Excitation circuit:
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Detection circuit:
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Solution generale : 
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For R _— oo (high input impedence) =

Vo= ja)[LB(x)_le(x)] v

R,+joL,
For small displacement
L, (x) =L, (O) + Ax+ Bx’ +... L, (x) =L, (O) — Ax+ Bx* —...
For x =0 L,(x)—L,(x)=24x
y o=y _—2jod
R,+ joL,
If joL, >>R,
. 2A X
Amplitude ‘Vm‘ =V, ‘x‘ Phase @, =——
L, 1
{0 } 4;
4 *
Wal
X
I
- - X
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For small displacement
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Synchronous demodulation for the LVDT

Signal after demodulation : Vin' 4

ETELR

m 0
p

A

Y

Displacement x

Linear _
Range
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Synchronous demodulation for the LVDT



[image: image5.wmf] 


   .

		Signal after demodulation :
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RF tags (chipless RF ID) R

LC resonator:

Magnetic
alternating field

e Neww >

™~ -~
L~ , _E
I| 20
G;\‘ Generator coil — ‘ é 3 250 |- 4
8.5 MHZ +-10% | T 2
| g s
L -2
Transmitter label g | | | | |
200

7.6%108 7.8x10° 8x 105 8.2x 105 8.4x10°

/ f 1 Frequency (MHz)
= axJLC

e The presence of the LC-resonator (Label) 1s detected by measuring the impedence of the
transmitter (Generator) coil as a function of the frequency

e Standard frequencies: between 2 MHz and 8 MHz

e The tag can be deactivated by a strong RF pulse that destroy the capacitor of the tag.

e Detection distance: typically 1 m
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LC resonator: [image: image1.png]Magnetic
alternating field

Generator coil
8.5 MEZ +-10%

Transmitter
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· The presence of the LC-resonator (Label) is detected by measuring the impedence of the transmitter (Generator) coil as a function of the frequency

· Standard frequencies: between 2 MHz and 8 MHz


· The tag can be deactivated by a strong RF pulse that destroy the capacitor of the tag.

· Detection distance: typically 1 m
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DEMOD

A |

Reader

RF ID

Magnetic field H

/ Transponder
Binary code signal
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Magnetic tags

e Soft ferromagnet + Semi-Hard ferromagnet.

Enable/Disable :

[
M- magnetization of the soft material

Hard
Non-magnetized

<
I!F
:——_

magnetized +

Hm
F‘?’-l—_‘ ' ‘—— Y
i irt'.‘___________J I| |I { II |
ﬂ ifz;:ﬂ H,cost
Ho |
Hard I,-' \ M V M
H

Semi-Hard ferromagnet magnetized or demagnetized (with demagnetization loops).

v
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· Soft ferromagnet + Semi-Hard ferromagnet.


Enable/Disable :


· Semi-Hard ferromagnet magnetized or demagnetized (with demagnetization loops).
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Magneto-acoustic tags

Magnetostrictive material + hard magnetic material

.y Tﬁ
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Magnetostrictive material + hard magnetic material



[image: image1.wmf]0


1


2


E


F


pr


=


[image: image2.png]





_1525858318.unknown




EPFL

Not Active

M=0 Active ‘ M>0

Exitation frequency: F

Mechanical resonance frequency: F,
B =B, cos(27rFt)
F=F,
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