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Magnetism is a force which acts on moving charges in the presence of a magnetic field B. The latter is similar to a gravitational field g (which acts upon mass) and an electric field E 

(which acts upon charges). Like gravitational and electric fields, magnetic fields are also sourced by the same type of entity that they act upon i.e. moving charges. 

 

Although magnetic effects have been experienced and recorded since antiquity, the connection to electricity was perhaps first made by Hans Christian Ørsted in 1820. He noticed that 

compass needles were deflected from magnetic North when placed in the presence of a current carrying wire. If an electric field is essentially ówhere a charge will accelerate at a  

particular location in spaceô, a magnetic field is where a compass needle would align. Iron filings will readily align with a magnetic field, and indeed will cluster where 

the field is strongest. The strength of a magnetic field is measured in Tesla. 

 

A current carrying wire will result in a magnetic field which forms loops around the conductor. We can use the right hand grip rule to predict the direction of the magnetic field. 

 
Hans Christian 

Ørsted 

1777-1851 

Iron filings aligning with a  

magnetic field generated by a 

current carrying wire 

Iron filings aligning with a  

magnetic field generated by a few loops 

(a ñringò) of current carrying wires 

Magnetic field lines are ówhere small magnetic 

compassesô would point in a magnetic field.  

The shading in the above plots is related to the 

strength of the magnetic field 

Right hand grip rule 

Magnetic field produced by a coil of current carrying wire. 

This is called a solenoid. 

Nikola Tesla 

1856-1943 
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The magnetic field of the solenoid is very similar to that of a permanent bar magnet, or indeed the Earth itself. It appears to be the case that, unlike charges, sources of magnetic fields are always paired 

with sinks. In other words, a magnetic dipole appears to be the basic element of magnetism. A North pole is defined to be a magnetic field source and a South pole a magnetic field sink. 

N S 

Solenoid magnetic fields are very 

similar to those of a permanent bar  

magnet 

The magnetic field of the Earth 

results from the movement of 

charged fluid within its liquid 

interior. The interior field is very 

complex, but outside the Earth it 

resembles a dipole. At present 

magnetic North is close to the 

geographic North.  

The direction of the 

Earthôs magnetic 

field can be preserved in 

certain rocks such as 

cooled lava deposited on 

the sea floor of a 

separating tectonic plate 

boundary like the mid-

Atlantic ridge. Polarity 

reversals are common 

and appear to be chaotic 

in regularity. Most modern 

estimates are between 

1000 and 10,000 years 

between transitions. 

Change of polarity of 

the Earthôs magnetic 

field over the past five 

million years 

The magnetic field of the Earth helps to shield it from 

charged particles which constitute the solar wind. 

 

A beautiful result of this acceleration of charged 

particles are the Aurora Boralis and Aurora Australis.  

All materials contain atoms, which comprise of negatively charged electrons 

distributed in óorbitalsô about a positively charged nucleus. Although a Quantum 

Mechanical description is required to understand the ómotionô of electrons, atoms will 

produce a small magnetic field in the fashion of a dipole. 

 

If an external magnetic field is applied, the effect upon electron óorbitsô is for a material 

to be repelled by the magnetic field. This is called diamagnetism and is universal. 

However, if there are any unpaired electrons* then an applied field will cause a 

alignment of the magnetic fields resulting from these electrons. The net result is an 

enhancement of magnetism and is called paramagnetism. 

 

In a few ferromagnetic  substances such as iron, nickel and their alloys there is a 

tendency for unpaired electrons to produce magnetic dipoles which align with each 

other, whether an applied field is present or not. This is the origin of permanent 

magnetism. Hard magnetic materials (e.g. steel) retain their magnetism once 

aligned. Soft magnetic materials (e.g. ferrite)  will align with an applied field, then 

return to a more disordered state once a field is switched off. This is why iron cores  

are useful in electromagnets based upon a solenoid.. They intensify  

a magnetic field when current flows, but óswitch offô when the current ceases. 

Above their Curie Temperature, all ferromagnetic materials become  

paramagnetic. Applying an external field will set the alignment, and then  

cooling and hammering will make the effect permanent. 

The Pauli Exclusion principle states up to only two electrons can have the same Quantum state characterized by their orbital.  

The spin of the electrons (a form of intrinsic magnetism which is either óupô or ódownô ) is what distinguishes paired electrons. 
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Variation in Earthôs 

magnetic field strength is: 
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A moving charge in a magnetic field will feel a force 

in proportion to the strength of the magnetic field, 

and also the velocity of the charge. 

St John Ambrose 

Fleming 

1849-1945 

d Id= ³F l B

q q= + ³F E v B

Electric 

force 

Lorentz 

magnetic  

force 

The magnetic force acts in a mutually 

perpendicular direction to both the charge 

velocity and the magnetic field.  

 

Since direct current is the flow of positive 

charge, we can easily understand the  

geometric relationship of these quantities  

using Flemingôs Left Hand Rule. 

Hendrick Antoon 

Lorentz 

1853-1928 
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Force on current 

carrying wire into page 

If electric current I flows 

at velocity v through a cylinder 

of cross section A and length l, 

and the charge density is n 

coulombs per unit volume 
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We can generalize the 

force on a current carrying 

conductor element dl 

If the conductor is not perpendicular to the magnetic 

field then the net force will vary as sine of the angle 

i.e. the degree of perpendicular projection. 

Application of the Lorentz force ï the Hall Efffect 

Edwin Hall  

1855-1938 

A semiconductor of width w and height h is placed in a 

magnetic field B. Current I passes through the 

semiconductor as shown.The Lorentz force on charges will 

cause a charge separation, which in turn will result in an 

electric field E perpendicular to both the magnetic field and 

the current direction. 

 

Equilibrium is reached when the electric force and  

Lorentz magnetic forces balance. 
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The electric potential 

resulting from the 

separated 

charges is called the 

Hall Voltage 

It is possible to measure the Hall effect in a small semiconductor, so the effect 

can be used to determine the how a non uniform magnetic field varies in time 

and space. 

Example calculation: 
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\ can be a ratio of near-

unity quantities, which 

are readily measureable 

i.e. B fields not too many 

orders of magnitude less 

than 1.0T can be 

easily measured. 

 

An electric motor is a practical application of the 

Lorentz force, which results in a turning moment on 

a current carrying coil which is free to rotate within 

a magnetic field. A split ring commutator swaps the direction 

of current once every half revolution to maintain torque, and hence  

rotation, continuously in the same anticlockwise or clockwise direction.  

The maximum force is when current and field are perpendicular. 

To optimise, a practical motor will have curved magnets, and coils  

in different orientations 

split ring 

commutator 

*CC BY-SA 3.0, https://commons.wikimedia.org/w/index.php?curid=671803 

* 
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Application of the Lorentz force ï the mass spectrometer 

The charge q to mass m ratio of the molecular constituents of a 

material can be determined using a mass-spectrometer. 

The material is incinerated and then a beam of the resulting 

particulates is accelerated through an electric potential V. 

 

The accelerated beam is then bent into a circle via the Lorentz 

force, resulting from a uniform magnetic field of strength B. 

The charge to mass ratio can then be determined from the 

diameter of the circle. 

Application of the Lorentz force ï velocity selector 

An alternative system for determining the charge q to mass m ratio of the molecular constituents of a 

material is the velocity selector. In this case a second electric potential is varied until the Lorentz force balances the electric field 

between two plates, which are placed in a uniform magnetic field. When these forces balance, a particle beam will not be deflected 

and can therefore be detected. 

Application of the Lorentz force ï Cyclotron 

A Cyclotron is a space efficient mechanism 

for accelerating charges to high speeds. Much 

like a mass-spectrometer, a beam of charges 

are bent into a circle. However, in this case 

the charges receive a boost twice per cycle 

from a alternating potential between two halves 

 (óDeesô) of the cyclotron. 
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By Newtonôs second law, and noting 

acceleration is centripetal since the motion 

of the particle beam is uniform and circular: 
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Note relativistic 
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here! 
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Paths of a proton beam 

cyclotron. óDeeô separation  

is 0.1m 
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will always provide a maximal boost in the  

right direction when the particles exit the dees. Note as particles approach the speed of light, relativistic effects become significant* 

*Multiplying B by the Lorentz factor g , or alternatively dividing the cyclotron frequency by g,  can optimize power transfer as v 

approaches c. Note most modern high energy sources are typically Synchrotrons. However, these are much less compact! 
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Note many modern particle 

accelerators (e.g. the LHC in 

CERN) are Synchnotrons. 

Time varying magnetic fields 

maintain a fixed circular 

beam as charges are 

accelerated. As of 2015, 

energies of 6.5TeV per 

beam at the LHC.  
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Calculating magnetic field strength 

A current will generate a magnetic field, as indicated by the Right hand grip rule. 

But what is the field strength B a radial distance r away from a current carrying 

wire? 

 

Amp¯reôs Theorem, combined with Maxwellôs Displacement Current when 

electrical fields vary with time, describes this relationship 

André-Marie Ampère 

1775-1836 

James Clerk Maxwell 

1831-1879 

Right hand grip rule 

i.e. an open surface bounded 

by a loop corresponding to the  

integral on the left hand side 

If there are no magnetic monopoles (i.e. magnetic fields are closed loops and 

all magnets come in dipole, quadropole etc sets of North,South pairs) 

Magnetic 

quadropole 

Note this is different from electric fields, which are sourced by charges 

If nearby electric fields are static so we can ignore the Displacement current 

For a current carrying wire, the magnetic field strength  

at distance r from the wire is therefore given by 

m0 is the permeability of free space. It is defined to be N being Newtons and A being Amps 

Gaussôs Law 

Carl Friedrich Gauss 

1777-1855 

Amp¯reôs Theorem 

A magnetic field of 

exactly  2 x 10-7 Tesla is 

therefore produced at a 

distance of 1m from a 

wire carrying current of 

1A 

A similar result follows for a uniform cylinder of radius a, 

carrying current I, when r < a. 

 

When r < a, the current closed by a loop of radius r is  

I

Another useful expression for calculating magnetic fields from current 

elements is the Biot-Savart law 

For a arbitrary current carrying line 

We can use the Biot Savart 

law to compute magnetic fields 

for more complex geometries, 

such as a coil of current carrying 

wire bent into a torus. 

 

Note we can find the field inside 

the torus easily with Amp¯reôs 

theorem ï see page 8  


