
Magnetism 

Magnetic Dipole 

• Most people are familiar with the general properties of 
magnets but are less familiar with the source of 
magnetism. 

• The traditional concept of magnetism centres around 
the magnetic field and what is know as a dipole. 

• The term "magnetic field" simply describes a volume of 
space where there is a change in energy within that 
volume. This change in energy can be detected and 
measured. 

• The location where a magnetic field can be detected 
exiting or entering a material is called a magnetic pole. 

• Magnetic poles have never been detected in isolation 
but always occur in pairs, hence the name dipole. 
Therefore, a dipole is an object that has a magnetic pole 
on one end and a second, equal but opposite, magnetic 
pole on the other. 
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Magnetism 

Source of Magnetism 

• All matter is composed of atoms 

• Atoms in turn are composed of protons, neutrons 
and electrons. 

• The protons and neutrons are located in the 
atom's nucleus and the electrons are in constant 
motion around the nucleus. 

• Electrons carry a negative electrical charge and 
produce a magnetic field as they move through 
space. 

• A magnetic field is produced whenever an 
electrical charge is in motion. 

• The strength of this field is called the magnetic 
moment.  
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Magnetic Material Characteristics 

• When a material is placed within a magnetic field, the magnetic 
forces of the material's electrons will be affected. This effect is 
known as Faraday's Law of Magnetic Induction. 

 
• Materials can react quite differently to the presence of an external 

magnetic field and is dependent on a number of factors, such as 
the atomic and molecular structure of the material, and the net 
magnetic field associated with the atoms. 
 

• The magnetic moments associated with atoms have three origins: 
– the electron orbital motion, 
– the change in orbital motion caused by an external magnetic field, 

and  
– the spin of the electrons. 
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Magnetic Material Characteristics 

• In most atoms, electrons occur in pairs that 
spin in opposite directions. 

• When electrons are paired together, their 
opposite spins cause their magnetic fields to 
cancel each other, and therefore, no net 
magnetic field exists. 

• Alternately, materials with some unpaired 
electrons will have a net magnetic field and will 
react more to an external field. 

 

Most materials can be classified by their response 
to externally applied magnetic fields as 
diamagnetic, paramagnetic or ferromagnetic.  

4 



Magnetic Material Characteristics 

These magnetic responses differ greatly in strength.  

• Diamagnetism is a property of all materials and 
opposes applied magnetic fields, but is very weak. 

• Para-magnetism, when present, is stronger than 
diamagnetism and produces magnetization in the 
direction of the applied field, and proportional to the 
applied field. 

• Ferromagnetic effects are very large, producing 
magnetizations sometimes orders of magnitude 
greater than the applied field and as such are much 
larger than either diamagnetic or paramagnetic effects. 
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Magnetic Material Characteristics 

Diamagnetic materials – Main Points 
• Very weak and negative susceptibility to magnetic fields. 
• Slightly repelled by a magnetic field and the material does 

not retain the magnetic properties when the external field 
is removed. 

• Materials are solids with all paired electrons resulting in no 
permanent net magnetic moment per atom.  

• Diamagnetic properties arise from the realignment of the 
electron orbits under the influence of an external magnetic 
field. 

• Most elements in the periodic table, including copper, 
silver, and gold, are diamagnetic. 
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Magnetic Material Characteristics 

Paramagnetic Materials -  Main Points 
• have a small and positive susceptibility to magnetic 

fields. 
• Slightly attracted by a magnetic field and the material 

does not retain the magnetic properties when the 
external field is removed. 

• Paramagnetic properties are due to the presence of 
some unpaired electrons, and from the realignment of 
the electron orbits caused by the external magnetic 
field. 

• Paramagnetic materials include magnesium, 
molybdenum, lithium, and tantalum. 
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Magnetic Material Characteristics 
Ferromagnetic Materials – Main Points 
• have a large and positive susceptibility to an external magnetic 

field. 
• They exhibit a strong attraction to magnetic fields and are able to 

retain their magnetic properties after the external field has been 
removed.  

• Ferromagnetic materials have some unpaired electrons so their 
atoms have a net magnetic moment.  

• They get their strong magnetic properties due to the presence of 
magnetic domains. In these domains, large numbers of atom's 
moments (1012 to 1015) are aligned parallel so that the magnetic 
force within the domain is strong. 

• When a ferromagnetic material is in the unmagnitized state, the 
domains are nearly randomly organized and the net magnetic field 
for the part as a whole is zero. When a magnetizing force is applied, 
the domains become aligned to produce a strong magnetic field 
within the part. 
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Ferromagnetism 

• Iron, nickel, cobalt and some of the rare earths 
(gadolinium, dysprosium) exhibit this 
behaviour. 

• Iron is the most common and most dramatic 
example. 

• Samarium and neodymium in alloys with 
cobalt have been used to fabricate very strong 
rare-earth magnets. 
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Ferromagnetism and Magnetic Domains 

• Ferromagnetic materials get their magnetic 
properties not only because their atoms carry 
a magnetic moment but also because the 
material is made up of small regions known as 
magnetic domains. 

• In each domain, all of the atomic dipoles are 
coupled together in a preferential direction. 
This alignment develops as the material 
develops its crystalline structure during 
solidification from the molten state. 

• Within any one domain, the magnetic field is 
intense, but in a bulk sample the material will 
usually be unmagnetized because the many 
domains will themselves be randomly oriented 
with respect to one another. 
 Unmagnetized Material 
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Ferromagnetism and Magnetic Domains 

Magnetic Force Microscopy (MFM) 
image showing the magnetic domains 
in a piece of heat treated carbon steel. 

• During solidification, a trillion or 
more atom moments are aligned 
parallel so that the magnetic force 
within the domain is strong in one 
direction. 

• Ferromagnetic materials are said to 
be characterized by "spontaneous 
magnetization" since they obtain 
saturation magnetization in each of 
the domains without an external 
magnetic field being applied. 

• Even though the domains are 
magnetically saturated, the bulk 
material may not show any signs of 
magnetism because the domains 
develop themselves and are 
randomly oriented relative to each 
other.  
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Ferromagnetism and Magnetic Domains 
• Ferromagnetism manifests itself in the fact that a small 

externally imposed magnetic field can cause the 
magnetic domains to line up with each other and the 
material is said to be magnetized. 

• The driving magnetic field will then be increased by a 
large factor which is usually expressed as a relative 
permeability for the material. 

• Ferromagnets will tend to stay magnetized to some 
extent after being subjected to an external magnetic 
field. This tendency to "remember their magnetic 
history" is called hysteresis. 

• The fraction of the saturation magnetization which is 
retained when the driving field is removed is called the 
remanence of the material, and is an important factor 
in permanent magnets. 

• All ferromagnets have a maximum temperature where 
the ferromagnetic property disappears as a result of 
thermal agitation. This temperature is called the Curie 
temperature. 

• Ferromagnetic materials will respond mechanically to 
an impressed magnetic field, changing length slightly in 
the direction of the applied field. This property, called 
magnetostriction, leads to the familiar hum of 
transformers as they respond mechanically to 60 Hz AC 
voltages. 

Magnetized Material 
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Ferromagnetism and Magnetic Domains 
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General Properties of Magnetic Lines of Force 

Magnetic lines of force have a number of important 
properties, which include: 
 
• They seek the path of least resistance between 

opposite magnetic poles. In a single bar magnet as 
shown to the right, they attempt to form closed loops 
from pole to pole.  
 

• They never cross one another.  
 

• They all have the same strength.  
 

• Their density decreases (they spread out) when they 
move from an area of higher permeability to an area of 
lower permeability.  
 

• Their density decreases with increasing distance from 
the poles.  
 

• They are considered to have direction as if flowing, 
though no actual movement occurs.  
 

• They flow from the south pole to the north pole within 
a material and north pole to south pole in air. 
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Quantifying Magnetic Properties 
(Magnetic Field Strength, Flux Density, Total Flux and 

Magnetization) 

• Only the qualitative features of the magnetic field have been discussed so far. 

• It is necessary to be able to measure and express quantitatively the various 
characteristics of magnetism. 

• Unfortunately, a number of unit conventions are used. 

• Advantage of using SI units is that they are traceable back to an agreed set of four 
base units - meter, kilogram, second, and Ampere. 

Quantity Symbol SI Units (Sommerfeld) SI Units 
(Kennelly) 

CGS Units 
(Gaussian) 

Field Intensity/Strength H A/m A/m oersteds 

Flux/Field Density 
(Magnetic Induction) 

B tesla tesla gauss 

Flux Φ weber weber maxwell 

Magnetization M A/m - erg/Oe-cm3 
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Quantifying Magnetic Properties 
(Magnetic Field Strength, Flux Density, Total Flux and 

Magnetization) 

Magnetic Field Strength - H  

• The units for magnetic field 
strength H are ampere/meter. 

• A magnetic field strength of 1 
ampere/meter is produced at the 
centre of a single circular 
conductor with a one meter 
diameter carrying a steady current 
of 1 ampere. 
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Quantifying Magnetic Properties 
(Magnetic Field Strength, Flux Density, Total Flux and 

Magnetization) 

Magnetic Flux Density - B 

• The number of magnetic lines of force cutting through a plane of a given 
area at a right angle. 

• The flux density or magnetic induction has the tesla as its unit.  

• One tesla is equal to 1 Newton/(A/m). 

 

 Note: From these units, it can be seen that the flux density is a measure 
of the force applied to a particle by the magnetic field. 

 

• The Gauss is the CGS unit for flux density and is commonly used by US 
industry with One gauss representing one line of flux passing through 
one square centimeter of air oriented 90 degrees to the flux flow. 
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Quantifying Magnetic Properties 
(Magnetic Field Strength, Flux Density, Total Flux and 

Magnetization) 

Magnetic Flux – φ 

• The total number of lines of magnetic force in a material. 

• The strength of the flux is determined by the number of magnetic 
domains that are aligned within a material. 

• The total flux is simply the flux density applied over an area. Flux carries 
the unit of a weber, which is simply a tesla/meter2. 

 

Magnetization – M 

• A measure of the extent to which an object is magnetized. 

• It is a measure of the magnetic dipole moment per unit volume of the 
object. 

• Magnetization carries the same units as a magnetic field: 
amperes/meter. 
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Quantifying Magnetic Properties 
(Magnetic Field Strength, Flux Density, Total Flux and 

Magnetization) 

Conversion between CGS and SI magnetic units 
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The Hysteresis Loop and Magnetic Properties  

• A hysteresis loop shows 
the relationship 
between the induced 
magnetic flux density 
(B) or magnetization 
(M), and the 
magnetizing force (H) 
for a material. 

• It is often referred to as 
the B-H loop. 

• The loop is generated 
by measuring the 
magnetic flux of a 
ferromagnetic material 
while the magnetizing 
force is changed. 
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Hysteresis Loop 

• A ferromagnetic material that has never 
been previously magnetized or has been 
thoroughly demagnetized will follow the 
dashed line as H is increased. 

• The greater the amount of current applied 
(H+), the stronger the magnetic field in the 
component (B+). 

• At point "a" almost all of the magnetic 
domains are aligned and an additional 
increase in the magnetizing force will 
produce very little increase in magnetic 
flux. 

• The material has reached the point of 
magnetic saturation. 
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Hysteresis Loop 
When H is reduced to zero, the curve will move 
from point "a" to point "b“.  
• At this point, it can be seen that some 

magnetic flux remains in the material even 
though the magnetizing force is zero.  

• This is referred to as the point of retentivity 
on the graph and indicates the remanence 
or level of residual magnetism in the 
material. 

(Some of the magnetic domains remain aligned 
but some have lost their alignment.)  
 
As the magnetizing force is reversed, the curve 
moves to point "c“. 
• The flux has been reduced to zero. 
• This is called the point of coercivity on the 

curve.  
• The reversed magnetizing force has flipped 

enough of the domains so that the net flux 
within the material is zero. 

• The force required to remove the residual 
magnetism from the material is called the 
coercive force or coercivity of the material.  
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Hysteresis Loop 

• As the magnetizing force is increased in 
the negative direction, the material will 
again become magnetically saturated but 
in the opposite direction (point "d"). 

• Reducing H to zero brings the curve to 
point "e." It will have a level of residual 
magnetism equal to that achieved in the 
other direction.  

• Increasing H back in the positive direction 
will return B to zero. 

 
Notice that the curve did not return to the 
origin of the graph because some force is 
required to remove the residual 
magnetism. 

 
• The curve will take a different path from 

point "f" back to the saturation point 
where it with complete the loop. 
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Hysteresis Loop 
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Hysteresis Loop – Primary Properties 
• Retentivity - A measure of the residual flux 

density corresponding to the saturation induction 
of a magnetic material. In other words, it is a 
material's ability to retain a certain amount of 
residual magnetic field when the magnetizing 
force is removed after achieving saturation. (The 
value of B at point b on the hysteresis curve.)  

• Residual Magnetism or Residual Flux - the 
magnetic flux density that remains in a material 
when the magnetizing force is zero. Note that 
residual magnetism and retentivity are the same 
when the material has been magnetized to the 
saturation point. However, the level of residual 
magnetism may be lower than the retentivity 
value when the magnetizing force did not reach 
the saturation level.  

• Coercive Force - The amount of reverse magnetic 
field which must be applied to a magnetic 
material to make the magnetic flux return to zero. 
(The value of H at point c on the hysteresis curve)  

• Permeability, µ - A property of a material that 
describes the ease with which a magnetic flux is 
established in the component.  

• Reluctance - Is the opposition that a 
ferromagnetic material shows to the 
establishment of a magnetic field. Reluctance is 
analogous to the resistance in an electrical circuit.  
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Permeability 
• Permeability is a material property that describes the ease 

with which a magnetic flux is established in a component. 

• It is the ratio of the flux density to the magnetizing force 

    

   µ = B/H 

 

• The equation describes the slope of the curve at any point 
on the hysteresis loop (absolute permeability without 
suffix) 

• The permeability value given in papers and reference 
materials is usually the maximum permeability or the 
maximum relative permeability. 

• The maximum permeability is the point where the slope 
of the B/H curve for the unmagnetized material is the 
greatest and is often taken as the point where a straight 
line from the origin is tangent to the B/H curve. 

• The relative permeability is arrived at by taking the ratio 
of the material's permeability to the permeability in free 
space (air).  

 

 µ(relative) = µ (material) / µ (air) 

 where: 

 µ (air) = 1.256 x 10-6 H/m 

Try determining from actual 
magnetisation curves! 
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Magnetization Curves 

Negative values of H aren't shown but the graphs are symmetrical 
about the vertical axis.  
Fig. MPA a) is the curve in the absence of any material: a vacuum. The 
gradient of the curve is 4π.10-7 which corresponds to the fundamental 
physical constant μ0. 
Of greater interest is to see how placing a specimen of some material 
in the field affects this gradient.  Manufacturers of a particular grade of 
ferrite material usually provide this curve because the shape reveals 
how the core material in any component made from it will respond to 
changes in applied field.  
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Magnetization Curves 
The figure shows a typical curve for iron. 
The magnetization curves for ferromagnetic 
materials are all strongly dependant upon purity, 
heat treatment and other factors. 
Two main features of this curve are immediately 
apparent:  
• it is curved rather than straight (as with non-

ferromagnets) and also, 
• the vertical scale is now in teslas (rather than 

mT as with the previous figures). 
This is a normal magnetization curve because it 
starts from an unmagnetized sample and shows 
how the flux density increases as the field strength 
is increased. 

You can identify four distinct regions in most such curves. These can be explained in terms of 
changes to the material's magnetic 'domains':  
• Close to the origin a slow rise due to 'reversible growth‘. 
• A longer, fairly straight, stretch representing 'irreversible growth'. 
• A slower rise representing 'rotation‘. 
• An almost flat region corresponding to paramagnetic behaviour and then μ0 - the core can't 

handle any more flux growth and has saturated. 
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Relative Permeability 

• Relative permeability is a variation upon 'straight' or absolute permeability, μ, and 
provides a clearer view of how the presence of a particular material affects the 
relationship between flux density and field strength. 

• The term 'relative' arises because this permeability is defined in relation to the 
permeability of a vacuum, μ0. 

  
     μr = μ / μ0 

 
For example, If you use a material for which μr = 3 then you know that the flux 
density will be three times as great as it would be if we just applied the same field 
strength to a vacuum. i.e. μ = 3.77×10-6 H m-1. 
 
μr is a dimensionless ratio and therefore no units are associated with it. 
Many texts simply say "permeability" and leave you to infer that they mean 
relative permeability.  
In the CGS system of units these are one and the same thing really. If a figure 
greater than 1.0 is quoted then you can be almost certain it is μr.  
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Permeability of Iron 
Practical Task 1 

• Using the normal magnetization curve for Iron 
provided overleaf, estimate graphically the materials 
maximum absolute and relative permeability values. 

• Estimate incremental permeability values (dB/dH) and 
produce the estimated permeability curve for Iron. 

• On your graph, identify the 4 distinct regions involved 
in the materials magnetization  
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Hysteresis Loop General Consideration 

Relative to other materials, a material 
with a wider hysteresis loop has: 
• Lower Permeability  
• Higher Retentivity  
• Higher Coercivity  
• Higher Reluctance  
• Higher Residual Magnetism  
 
Relative to other materials, a material 
with the narrower hysteresis loop has: 
• Higher Permeability  
• Lower Retentivity  
• Lower Coercivity  
• Lower Reluctance  
• Lower Residual Magnetism.  
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Hysteresis Loop General Consideration 

Residual Magnetism 

 

• In magnetic particle and flux leakage testing, the level of 
residual magnetism is important. 

• Residual magnetic fields are affected by the permeability, 
which can be related to the carbon content and alloying of 
the material. 

• A component with high carbon content will have low 
permeability and will retain more magnetic flux than a 
material with low carbon content.  
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Magnetic Fields 
• Magnetic fields are produced by electric currents, which can be 

macroscopic currents in wires, or microscopic currents 
associated with electrons in atomic orbits. 

• The magnetic field B is defined in terms of force on a moving 
charge in the Lorentz force law. 

• The electric force is straightforward, being in the direction of 
the electric field if the charge q is positive, but the direction of 
the magnetic part of the force is given by the right hand rule.  
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Magnetic Fields 
• Magnetic field sources are essentially dipolar in nature, having a 

north and south magnetic pole. 
• The SI unit for magnetic field is the Tesla, which can be seen from 

the magnetic part of the Lorentz force law 
• Fmagnetic = qvB to be composed of (Newton x second)/(Coulomb x 

meter). 
• A smaller magnetic field unit is the Gauss (1 Tesla = 10,000 Gauss). 
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Magnetic Field of Current 

The magnetic field of an infinitely long straight wire 
can be obtained by applying Ampere's law. 

Ampere's law takes the form 

and for a circular path centred on the wire, the 
magnetic field is everywhere parallel to the path. 
The summation then becomes: 
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Magnetic Field of Current 

Practical Task 2. 
 
For an infinite length conductor carrying a 
current of 1.8A, determine the magnetic field 
density at a radial distance of 0.15m. 
 
For incremental values of radial distance produce 
a magnetic field density/radial distance curve. 
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Magnetic Field of Current Loop 
Examining the direction of the magnetic field produced by a current-
carrying segment of wire shows that all parts of the loop contribute 
magnetic field in the same direction inside the loop. 

Electric current in a circular loop creates a 
magnetic field which is more concentrated in 
the centre of the loop than outside the loop. 
Stacking multiple loops concentrates the field 
even more into what is called a solenoid.  
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Field at Centre of Current Loop 

The form of the magnetic field from a current 
element in the Biot-Savart law becomes 

which in this case simplifies greatly because 
the angle =90 ° for all points along the path 
and the distance to the field point is constant. 
The integral becomes  
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Field on Axis of Current Loop 

The application of the Biot-Savart law on the 
centreline of a current loop involves 
integrating the z-component.  

The symmetry is such that all the terms in this 
element are constant except the distance 
element dL , which when integrated just gives 
the circumference of the circle. The magnetic 
field is then 
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Geometry of Current Loop 
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Magnetic Field of Current Loop 

Practical Task 3. 
 
For a current loop with Current I = 5A and a 
loop radius R = 0.1m, calculate the magnetic 
field at the centre of the loop 
 
At a distance z=0.001m out along the 
centreline of the loop calculate the axial 
magnetic field. 
 
For a range of incremental axial distances 
calculate the axial field strength and produce a 
magnetic field/axial distance correlation curve. 

Note: The current used in the calculation will be the total current, so for a 
coil of N turns, the current used is Ni where i is the current supplied to the 
coil.  
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Solenoid 
A long straight coil of wire can be used to generate a nearly uniform magnetic field 
similar to that of a bar magnet.  Such coils, called solenoids, have an enormous number 
of practical applications. The field can be greatly strengthened by the addition of an iron 
core.  Such cores are typical in electromagnets.  

In the expression for the 
magnetic field B, n is the 
number of turns per unit 
length, sometimes called the 
"turns density". 
The expression is an 
idealization to an infinite 
length solenoid, but provides a 
good approximation to the 
field of a long solenoid. 
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Solenoid Field from Ampere's Law 

Assumptions 
• Taking a rectangular path about which 

to evaluate Ampere's Law such that the 
length of the side parallel to the 
solenoid field is L gives a contribution 
BL inside the coil. 

• The field is essentially perpendicular to 
the sides of the path, giving negligible 
contribution. 

• If the end is taken so far from the coil 
that the field is negligible, then the 
length inside the coil is the dominant 
contribution.  

 
This idealized case for Ampere's Law gives 

Note: This is a good approximation for the 
solenoid field, particularly in the case of an 
iron core solenoid.  
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Iron Core Solenoid 

An iron core has the 
effect of multiplying 
greatly the magnetic 
field of a solenoid 
compared to the air 
core solenoid on the 
left. 
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Electromagnet 

Electromagnets are usually in the form 
of iron core solenoids. The 
ferromagnetic property of the iron core 
causes the internal magnetic domains 
of the iron to line up with the smaller 
driving magnetic field produced by the 
current in the solenoid. The effect is the 
multiplication of the magnetic field by 
factors of tens to even thousands. The 
solenoid field relationship is 

and k is the relative permeability of the iron, 
shows the magnifying effect of the iron core. 
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Solenoid Magnetic Field Calculation 

Practical Task 4. 

Comparison of centre field values with and without Iron core 

 

A solenoid of length L=0.1m and N= 100 turns and current I = 1A 

Note: turns density n=N/L turns/m. 

Calculate the centre field density values for 

1. An air cored solenoid, and 

2. An iron cored solenoid (assume relative permeability of iron, k=200) 
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Magnetic Force Between Wires 

• The magnetic field of an infinitely long 
straight wire can be obtained by applying 
Ampere's law. 

• Once the magnetic field has been calculated, 
the magnetic force expression can be used to 
calculate the force. The direction is obtained 
from the right hand rule. 

 
Notes: The two wires carrying current in the 
same direction attract each other, and they 
repel if the currents are opposite in direction. 
The equations apply only to long straight wires, 
but is are useful for estimating forces in the 
ordinary circumstances of short wires. Once 
you have calculated the force on wire 2, of 
course the force on wire 1 must be exactly the 
same magnitude and in the opposite direction 
according to Newton's third law. 
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Magnetic Force Between Wires 

 

 

Example Calculation: 
For current I1 = 4A, and radial 
separation between wires r = 0.1m, 
using: 

The magnetic field at wire 2, 
B=0.000008 tesla (0.8 gauss). 
 
If the current I2 = 3A, then 
using: 

then the force per meter is F/ΔL 
= 0.000024 N/m 
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Magnetic Force Between Wires 
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Practical Task 5 
 
For 2 parallel current carrying 
wires, with I1= 1.5A and I2 = 2.5A, 
determine,  at incremental 
distances from 0.1m to 1m the 
force per metre in N/m and 
produce a graph of Force per 
metre against wire separation 
distance. 


