
Electric and magnetic 
sensors and actuators 

(chapter 5, Part B) 



Hall effect sensors 

 Hall effect was discovered in 1879 by Edward H. 
Hall 

 Exists in all conducting materials  
 Is particularly pronounced and useful in 

semiconductors.  
 One of the simplest of all magnetic sensing 

devices 
 Used extensively in sensing position and 

measuring magnetic fields 



Hall effect - principles 

 Consider a block of conducting medium through 
which a current of electrons is flowing caused by 
an external field as shown in Figure 5.30.  

 A magnetic filed B is established across the 
conductor, perpendicular to the current (θ = 90°).  

 The electrons flow at a velocity v  
 A force perpendicular to both the current and 

field is established.  

F = qvBsinθvb       [N]



Hall effect - principle 



Hall effect - principles 
 The electrons are pulled towards the front 

side surface of the conductor (holes in 
semiconductors move towards the back) 

 A voltage develops between the back 
(positive) and front (negative) surface. This 
voltage is the Hall voltage and is given by: 
 Vout = IB

qnd          V

d is the thickness of the hall plate,  
n is the carrier density [charges/m3] and  
q is the charge of the electron [C] 



Hall effect - principles 
 If the current changes direction or the 

magnetic field changes direction, the polarity 
of the Hall voltage flips.  

 The Hall effect sensor is polarity dependent,  
 may be used to measure direction of a field  
 or direction of motion if the sensor is properly set 

up. 
 The term 1/qn [m3/C] is material dependent 

and is called the Hall coefficient KH.  



Hall coefficient 
 The hall voltage is usually represented as: 

Vout = KHIB
d

          V

• Hall coefficients vary from material to material  
• Are particularly large in semiconductors.  
• Hall voltage is linear with respect to the field for   
given current and dimensions.  
• Hall coefficient is temperature dependent and this 
must be compensated if accurate sensing is needed.  



Hall coefficient - cont. 

 Hall coefficient is rather small - of the order of 50 
mV/T  

 Most sensed fields are smaller than 1 T  
 The Hall voltage can be as small as a few µV 
 Must in almost all cases be amplified.  
 Example, the earth’s magnetic field is only 

about 50 µT so that the output is a mere 25 µV 



Hall effect sensors - practical 
considerations 

 Hall voltages are easily measurable 
quantities  

 Hall sensors are among the most commonly 
used sensors for magnetic fields:  
 simple, linear, very inexpensive, available in 

arrays  
 can be integrated within devices. 

 Errors involved in measurement are mostly 
due to temperature and variations and the 
averaging effect of the Hall plate size 

 These can be compensated by appropriate 
circuitry or compensating sensors   



Hall effect sensors - fabrication 

 A typical sensor will be a rectangular wafer of small 
thickness 

 Made of  p or n doped semiconductor (InAs and InSb 
are most commonly used because of their larger 
carrier densities – hence larger Hall coefficients)  

 Silicon may also be used with reduced sensitivity)  
 The sensor is usually identified by the two transverse 

resistances – the control resistance through which 
the control current flows and the output resistance 
across which the Hall voltage develops. 



Hall effect sensors - 
applications 

 In practical applications, the current is usually 
kept constant so that the output voltage is 
proportional to the field.  

 The sensor may be used to measure field 
(provided proper compensation can be 
incorporated)  

 It may be used as a detector or to operate a 
switch.  

 The latter is very common in sensing of 
rotation which in itself may be used to 
measure a variety of effect (shaft position, 
frequency of rotation (rpm), position, 
differential position, etc.).  



Hall effect sensors - 
applications 

 Example is shown in Figure 5.31 where 
the rpm of a shaft is sensed.  

 Many variations of this basic 
configuration: for example, 
measurement of angular displacement.  

 Sensing of gears (electronic ignition) 
 Multiple sensors can sense direction as 

well 



Hall element as a rotation 
sensor 



Electronic ignition 



Hall effect sensors - 
applications 

 Example: measuring power 
 The magnetic field through the hall 

element is proportional to the current 
being measured 

 The current is proportional to voltage 
being measured 

 The Hall voltage is proportional to 
product of current and voltage - power 



Hall element power sensor 



Hall elements - specifications 

 Spec sheet for the TL173C linear Hall 
effect sensor 

 Spec sheet for the ATS665LSG digital 
gear tooth sensor 



Some Hall element sensors 



A 3-axis Hall element probe 



Hall sensors used to control a 
CDROM motor 



Magnetoresistive sensors 

 Two basic principles: 
 1. Similar to Hall elements  
 The same basic structure is used but  
 No Hall voltage electrodes. (Figure 5.37)  
 The electrons are affected by the magnetic field 

as in the hall element  
 Because of the magnetic force on them, they will 

flow in an arc.  
 



The magnetoresistive sensor 



Magnetoresistive sensors 

 The larger the magnetic field, the larger the arc 
radius  

 Forces electrons to take a longer path  
 The resistance to their flow increases (exactly 

the same as if the effective length of the plate 
were larger).  

 A relationship between magnetic field and 
current is established.  

 The resistance of the device becomes a 
measure of field. 



Magnetoresistive sensors 

 The relation between field and current is 
proportional to B2 for most configurations  

 It is dependent on carrier mobility in the material 
used (usually a semiconductor).  

 The exact relationship is rather complicated and 
depends on the geometry of the device.  

 We will simply assume that the following holds: 

∆R
R0

 = kB2



Magnetoresistive sensors 

 k may be viewed as a calibration function.  
 A particularly useful configuration for 

magnetoresistor is shown in Figure 5.37c.  
 This is called the Corbino disk  

 has one electrode at the center of the disk  
 the second is on the perimeter.  
 This device has the highest sensitivity because of 

the long spiral paths electrons take in flowing from 
one electrode to the other. 



Magnetoresistive sensors 

 Magnetoresistors are used in a manner 
similar to hall elements  

 Simpler since one does not need to establish 
a control current.  

 Measurement of resistance is all that is 
necessary.  

 A two terminal device build from the same 
types of materials as hall elements (InAs and 
InSb in most cases).  



Magnetoresistive sensors 

 Magnetoresistors are also used where 
hall elements cannot be used.  

 One important application is in 
magnetoresistive read heads where the 
magnetic field corresponding to 
recorded data is sensed.  

 Much more sensitive than hall elements 
 



Magnetoresistive sensors 

 2. The second principle: based on the 
property of some materials to change their 
resistance in the presence of a magnetic field 
when a current flows through them.  

 Unlike the sensors discussed above these are 
metals with highly anisotropic properties and 
the effect is due to change of their 
magnetization direction due to application of 
the field.  

 Another name: AMR (anisotropic 
magnetoresistance) 
 



Magnetoresistive sensors - 
operation 

 A magnetoresistive material, is exposed to the 
magnetic field to be sensed.  

 A current passes through the 
magnetoresistive material at the same time.  

 Magnetic field is applied perpendicular to the 
current.  

 The sample has an internal magnetization 
vector parallel to the flow of current.  

 When the magnetic field is applied, the 
internal magnetization changes direction by 
an angle α 



Magnetoresistive sensor - 
operation 



Magnetoresistive sensors - 
operation 

 The resistance of the sample becomes: 
R = R0 +  ∆R0cos2α

•R0 is the resistance without application of the magnetic 
• ∆R0 is the change in resistance expected from the material 
used.  
•Both of these are properties of the material and the 
construction (for R0).  
•The angle α is again material dependent. 



Properties of magnetoresistive 
materials 

Table 5.3. Magnetoresistive materials and some of their properties.
Material Resistivity ρ = (1/σ) *10-8 Wm. ∆ρ/ρ
Fe19Ni81 (permalloy) 22 2.2
Fe14Ni86 (permalloy) 15 3
Ni50Co50 24 2.2
Ni70Co30 26 3.2
Co72Fe8B20 86 0.07



Magnetoresistive sensors - 
properties 



KMZ51/52 sensors 



Magnetoresistive sensors - 
comments 

 Used exactly like Hall sensors 
 Much more sensitive 
 Common in read heads in hard drives 
 Used for magnetic compasses 



Magnetostrictive sensors 

 The magnetostrictive effect is the contraction 
or expansion of a material under the influence 
of the magnetic field and the inverse effects of 
changes in magnetization due to stress in 
ferromagnetic materials due to motion of the 
magnetic walls.  

 This bi-directional effect between the 
magnetic and mechanical states of a 
magnetostrictive material is a transduction 
capability that is used for both actuation and 
sensing. 



Magnetostrictive sensors 

 The effect is an inherent property of some 
materials.  

 Some materials do not exhibit the effect while 
others are strongly magnetostrictive.  

 The effect was first observed in 1842 by Joule 
(James Prescott Joule 1818-1889).  

 Has been used very early (1861) for 
generation of sound and ultrasound. One of 
the first telephone earpieces was 
magnetorstrictive. 



Magnetostriction 
 There are two effects and their inverse as 

follows: 
 1. The Joule effect is the change in length 

of a magnetostrictive sample due to 
magnetization.  
 This is the most common of the magnetostrictive 

effects 
 Quantified by the magnetostrictive coefficient, λ,  
 The magnetostrictive coefficient is the fractional 

change in length as the magnetization of the 
material increases from zero to its saturation value.  

 Its effects are common; the sound emitted by a 
conventional TV or the humming of a transformer 



Magnetostriction 

 2. The reciprocal effect to the Joule effect: 
  The change of the susceptibility (i.e. the 

permeability of the material changes) of a 
material when subjected to a mechanical 
stress,  

Called the Villari effect.  
 



Magnetostriction 

 3. The twisting of a magnetostrictive sample when 
an axial field is applied to the sample and a current 
passes through the magnetostrictive sample itself 
to create the interaction that causes the twisting 
effect.  

 This is known as the Wiedemann effect and 
together with its inverse are used in torque 
magnetostrictive sensors. 

 4. The inverse effect, that of creation of an axial 
magnetic field by a magnetostrictive material when 
subjected to a torque is known as the Matteucci 
effect 



Magnetostrictive effect 

 The magnetostrictive effect is exhibited by the 
transitional metals including Iron, Cobalt and Nickel and 
their alloys.  

 The magnetostrictive coefficients of some 
magnetostrictive materials are shown in Table 5.3.  

 There are currently materials that exhibit what is called 
“giant magnetostriction” in which the magnetostrictive 
coefficient exceeds 1000 µL/L (Metglass materials and 
Terfenol-D).  

 Quickly becoming the materials of choice for 
magnetostrictive sensors and actuators. 
 



Magnetostrictive coefficients 

Material Saturation magnetostriction (µm/m)
Nickel −28

49Co,49Fe,2V −65

Iron +5

50Ni,50Fe +28

87Fe,13Al +30

95Ni,5Fe −35

Cobalt −50

CoFe2O4
−250



Magnetostriction - uses 
 Aapplications for magnetostrictive devices  

 ultrasonic cleaners,  
 high force linear motors, positioners for adaptive 

optics,  
 active vibration or noise control systems,  
 medical and industrial ultrasonics, pumps, and sonar.  
 magnetostrictive linear motors, reaction mass 

actuators,  
 high cycle accelerated fatigue test stands,  
 mine detection sensors, hearing aids,  
 razor blade sharpeners, seismic sources.  
 Underwater sonar, chemical and material processing. 



Magnetostriction - principles 

 The magnetostrictive effect is quite small  
 Requires indirect methods for its 

measurement.  
 There are however devices which use the 

effect directly.  
 The operation of a magnetostrictive device 

is shown in Figure 5.30. 



Magnetostriction - operation 



Magnetostriction - principles 

 Magnetostrictive devices may be made to sense 
a variety of quantities.  

 One of the simplest and most sensitive is to use 
the magnetostrictive materials as the core of a 
simple transformer. (discussed later).  

 Most of the applications of magnetostriction are 
in actuators.  

 Sensing can be done by indirect use of the 
magnetostrictive effect and the Vilari effect 



Magnetostriction - position 
sensing 

 A cylinder encloses a wire which carries a 
pulsed current 

 The current causes a circumferential field in the 
cylinder. 

 A magnet encircles the structure causing a local 
axial field. 

 The net magnetic field - due to the constant 
magnetic field of the magnet and the pulsed 
magnetic field of the wire torques the cylinder 



Magnetostrictive position sensor 



Magnetostrictive position sensor 

 Local magnetostriction through the 
Wiedemann effect is generated at the 
location of the magnet. 

 This causes a shock wave (ultrasonic 
wave) 

 The wave propagates along the cylinder 
 At the other end, the wave interacts with 

another magnetostrictive sensor 



Magnetostrictive position sensor 

 The pickup sensor generates a voltage 
due to the Villari effect (change in strain). 

 The time it takes for the wave to propagate 
(from its generation to its pickup) is a 
measure of the distance from the magnet 

 The sensor then senses the location of the 
magnet. 



Magnetostrictive position sensor 

 Very useful for the following reasons: 
 Extremely sensitive (can sense position within 

a few µm).  
 Immune to electrical noise 
 The position sensed is entirely linear 
 Can sense over large distances (many 

meters) 
 Used for industrial and seismic applications 



Magnetostrictive actuators 

 Magnetostrictive actuators are quite unique.  
 There are two distinct effects that can be used.  

 One is the constriction (or elongation) or the torque 
effect produced by the Joule and Wiedemann effects 
discussed above.  

 The other is due to the stress or shock-wave that can 
be generated when a pulsed magnetic field is applied 
to a magnetostrictive material.  

 The first of these is very small (see Table 5.3) 
but it can produce very large forces. 



Direct micropositioning 

 Magnetorestrictive actuators may be used for 
direct micropositioning 

 A few microns only 
 Excellent for microdevices 



Inchworm magnetostrictive 
motor 



Inchworm magnetostrictive 
motor 

 An example of the use of magnetostriction for 
actuation 

 A nickel bar is placed between two magnetic 
clamps. 

 A coil on the bar generates the requisite 
magnetostriction.  

 By clamping first clamp A, then connecting a 
current in the coil, the end B contracts to the left. 

  Now, clamp B is closed, clamp A is opened and 
then the current in the coil turned off.  



Inchworm magnetostrictive 
motor 

 End A elongates back to the original length of the bar 
and, in effect, the bar has now traveled to the left a 
distance ∆L which depends on the magneostrictive 
coefficient and the magnetic field in the bar.  

 The motion in each steps is only a few micrometers and 
motion is necessarily slow,  

 This is a linear motion device that can exert large forces 
and can be used for accurate positioning.  

 Motion to the right is obtained by reversing the 
sequence. 



Inchworm motor - transfer 
function 



Magnetometers 

 Magnetometers: devices that measure magnetic fields  
 The name can be assigned to almost any system that 

can measure the magnetic field.  
 Properly used, it refers to  

 very accurate sensors or  
 low field sensing or 
 systems for measuring the magnetic field which includes one or 

more sensors.  
 We shall use the term as a sensor for low field sensing 

since it is in this sense that magnetometers become a 
unique device.  



Magnetometers - small coil 

 Small coil - fundamental method of magnetic 
sensing 

 Induced emf (or current) in a coil 
 Well known in metal detectors 
 Based on Faraday’s law: 
 Emf is proportional to the time rate of change of 

flux through the coil 
 Most magnetometers are variations on this idea 

(not all of them though) 



Principle of induction 



Faraday’s law 

 Given a coil with N turns and a flux Φ 
through it. The emf on the coil is: 

emf = − NdΦ
dt

,          Φ = BSsinθB,S
S

B is the flux density 
S area of the coil 
 θ is the angle between the two 



Small loop magnetometer 

 The relations show that the output is integrating 
(dependent on coil’s area).  

 This basic device indicates that to measure local 
fields, the area of the coil must be small,  

 Sensitivity depends on the size and number of 
turns  

 Only variations in the field (due to motion or due 
to the ac nature of the field) can be detected.  

 If the field is ac, it can be detected with 
stationary coils as well. 
 



Small loop magnetometer 

 There are many variations on this basic device.  
 Differential coils may be used to detect spatial 

variations of the field. 
 In other magnetometers, the coil’s emf is not 

measured. Rather, the coil is part of an LC 
oscillator and the frequency is then inductance 
dependent. In these, fields are not measured - 
the self generated field is monitored for changes 

 Any conducting and/or ferromagnetic material 
will alter the inductance and hence the 
frequency.  



Small loop magnetometer 
 This creates a very sensitive magnetometer 

often used in such areas as mine detection or 
buried object detectors (pipe detection, 
“treasure” hunting, etc.) 

 The simple coil, in all its configurations, is not 
normally considered a particularly sensitive 
device  

 It is often used because of its simplicity  
 If properly designed and used, can be 

extremely sensitive  
 magnetometers based on two coils are used for 

airborne magnetic surveillance for mineral 
exploration). 

 
 



Fluxgate sensor 
 Fluxgate sensors are much more sensitive 

than coil magnetometers 
 Can be used as a general purpose magnetic 

sensor  
 More complex than the simple sensors 

described above such as the 
magnetoresistive sensor.  

 It is therefore most often used where other 
magnetic sensors are not sensitive enough.  
 electronic compasses,  
 detection of fields produced by the human heart  
 fields in space.  



Fluxgate sensor 
 Fluxgate sensors existed for many decades,  

 were rather large, bulky and complex instruments  
 specifically built for applications in scientific 

research.  
 Lately, they have become available as off the 

shelf sensors due to developments in new 
magnetostrictive materials that allowed their 
miniaturization and even integration in hybrid 
semicondutor circuits.  

 New fabrication techniques promise to 
improve these in the future and, at the same 
time that their size decreases, their uses will 
expand. 



Fluxgate sensor -  principle 

 The idea of a fluxgate sensor is shown in 
Figure 5.44a.  

 The basic principle is to compare the drive-
coil current needed to saturate the core in 
one direction against that in the opposite 
direction (hence the “gate”).  

 The difference is due to the external field.  
 In practice, it is not necessary to saturate the 

core but rather to bring the core into its 
nonlinear range. 



Fluxgate sensors 



Fluxgate sensor - principle 

 The magnetization curve for most ferromagnetic 
materials is highly nonlinear  

 Almost any ferromagnetic material is suitable as 
a core for fluxgate sensors 

 In practice, the coil is driven with an ac source 
(sinusoidal or square) 

 Under no external field, the magnetization is 
identical along the magnetic path 

 Hence the sense coil will produce zero output.  



Fluxgate sensor - principle 

 If an external magnetic field perpendicular to the 
sense coil exists, this condition changes and, in 
effect, the core has now become nonuniformly 
magnetized  

 Produces an emf in the sensing coil of the order 
of a few mV/µT.  

 The reason for the name fluxgate is this 
switching of the flux in the core to opposite 
directions.  
 



Fluxgate sensor - principle 

 The same can be achieved by using a simple 
rod as in Figure 5.44b.  

 The two coils are wound one on top of the other  
 The device is sensitive to fields in the direction 

of the rod.  
  The output relies on variations in permeability 

(nonlinearity) along the bar.  
 A particularly useful configuration is the use of a 

magnetstrictive film (metglasses are a common 
choice) 
 



Fluxgate sensor - principle 
 Magnetostrictive materials are highly nonlinear  
 The sensors so produced are extremely 

sensitive – with sensitivities of 10−6 to 10−9 T 
quite common.  

 The sensors can be designed with two or three 
axes.  

 For example, in Figure 5.44a, a second sensing 
coil can be wound perpendicular to the first.  

 This coil will be sensitive to fields perpendicular 
to its area and the whole sensor now becomes a 
two-axis sensor.  



Fluxgate sensor - principle 

Fluxgate sensors are available in integrated 
circuits where permalloy is the choice 
material since it can be deposited in thin 
films and its saturation field is low. 

Nevertheless, current integrated fluxgate 
sensors have lower sensitivities – of the 
order of 100 µT – but still higher than other 
magnetic field sensors. 



The SQUID 

 Squid stands for Superconducting Quantuum 
Interference Device.  

 By far the most sensitive of all magnetometers, 
they can sense down to 10−15 T  

 This kind of performance comes at a price – they 
operate at very low temperatures – usually at 4.2 
°K (liquid helium).  

 They do not seem to be the type of sensor one 
can simply take off the shelf and use.  



The SQUID 

 Surprisingly, however, higher temperature 
SQUIDs and integrated SQUIDs exist (Liquid 
nitrogen temperatures - 77°K)  

 Even so, they are not as common as other types 
of sensors.  

 The reason for including them here is that they 
represent the limits of sensing  

 They have specific applications in sensing of 
biomagnetic fields and in testing of materials 
integrity.  



The SQUID - principles 
• Based on the so called Josephson junction,  
• Formed if two superconductors are separated by a 

small insulating gap (discovered in 1962 by B.D. 
Josephson).  

• If the insulator between two superconductors is thin 
enough the superconducting electrons can tunnel 
through the insulator.  

• For this purpose the most common junction is the 
oxide junction in a semiconductor but there are other 
types.  

• The base material is usually niobium or a lead (90%)-
gold(10%) alloy with the oxide layer formed on small 
electrodes made of the base material, which are then 
sandwiched to form the junction. 



SQUID - principles 

 Two basic types of SQUIDs.  
 RF (radio frequency) SQUIDs which have 

only one Josephson junction and  
 DC SQUIDs which usually have two junctions.  

 DC SQUIDs are more expensive to 
produce, but are much more sensitive. 
 
 



SQUID - principles 

 Two Josephson junctions are connected in 
parallel (in a loop),  

 Electrons, which tunnel through the junctions, 
interfere with one another.  

 This is caused by a phase difference between 
the Quantum Mechanical wavefunctions of the 
electrons, which is dependent upon the strength 
of the magnetic field through the loop.  

 The resultant supercurrent varies with any 
externally applied magnetic field.  



SQUID - principles 

 The external magnetic field causes a modulation of the 
supercurrent through the loop 

 This modulation can be measured (Figure 5.45).  
 The supercurrent is set up externally by the sense loop 

(a single loop as in Figure 5.45a is used to measure 
fields, two coils as in Figure 5.45b are used to measure 
the gradient in the field)  

 It may be setup directly by the superconducting loop.  
 The output is the change voltage across the junction due 

to changes in the current  
 Since the junction is resistive, this change is measurable 

following amplification. 



The SQUID and its external 
sensing loops 



RF SQUID 

 RF SQUID operates in the same fashion except:  
 There is only one junction  
 The loop is driven by an external resonant circuit 

that oscillates at high frequency (20-30 Mhz).  
 Any change in the internal state of the flux in the 

loop due to the measured loop changes the 
resonant frequency (because of coupling) 

 This change is then detected and is a measure 
of the field. 

 



SQUIDs - comments 

The main difficulty with squids is the cooling 
needed and the necessary bulk.  

Nevertheless, it is an exceedingly useful sensor 
where the cost can be justified.  

It is exclusively used in applications such as 
magneto-encephalography. 

Measurements of very low magnetic fields is done 
in shielded room where the terrestrial magnetic 
field can be eliminated. 
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