
RemembeR

Before beginning this chapter, you should be able to:
 ■ recall that magnets can both attract and repel
 ■ recall that magnets line up with Earth’s magnetic field
 ■ recall that the ends of a magnet are labelled a ‘north-
seeking end’ and a ‘south-seeking end’, or a north end 
and south end for short

 ■ determine the direction of conventional current in a 
DC circuit from the polarity of the battery.

Key ideas

After completing this chapter, you should be able to:
 ■ describe magnetism using a field model
 ■ recall that magnetic fields can be represented by magnetic 
field lines, which start at a north end and go to a south end, 
indicating the direction a magnetic compass would point

 ■ use the concept of a magnetic field to explain magnetic 
phenomena produced by bar magnets and current in 
wires, loops and solenoids

 ■ describe the attraction and repulsion that can occur 
between magnets and current-carrying conductors

 ■ realise that magnetic fields can be constant or changing in 
time, and can be uniform or varying in strength and direction

 ■ use the right-hand-grip rule to determine the direction of 
the magnetic field associated with a current

 ■ recall the unit in which magnetic fields are measured
 ■ determine the size and direction of the force on a current 
in a wire due to a magnetic field

 ■ explain the structure and operation of a simple DC motor, 
including the role of the commutator

 ■ describe the path of a charged particle in a magnetic field
 ■ determine the size and direction of the force on a charge 
moving in a magnetic field

 ■ determine the radius of the path of an electron in a 
magnetic field

 ■ describe the acceleration of charged particles in particle 
accelerators as the particles move through electric and 
magnetic fields.

6 Magnetic fields
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This strong magnet sitting on top 
of a glass shelf creates a magnetic 
field that is able to attract small 
pieces of metal.
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Unit 3 146

Early ideas about magnetism
Magnetism has been known of since the beginning of recorded history. The 
ancient Athenians (600 BC) observed that a stone could attract pieces of iron. 
They called this stone ‘magnet’ because it was found in an area that was then 
called Magnesia (now in Turkey). They noticed that the pieces of iron attracted 
to this stone could also then attract other pieces. The magnet had ‘magnetised’ 
the iron it was in contact with. This process is called induction.

As A mAtter of fAct

The stone called ‘magnet’ is an iron oxide called magnetite. It has the 
chemical formula Fe3O4. It is black, metallic and quite hard. The stone 
has also been called a lodestone, which comes from ‘leading stone’. This 
refers to the fact that a magnet, if free to move, orients itself along a 
north–south line.

In trying to explain their observations of magnetism, the Greeks and Romans 
concentrated on the fact that magnets attract iron.

Lucretius in his book, De Rerum Natura (On the Nature of Things), said the 
following:

At this point, I will set out to explain what law of nature causes iron to be attracted 
by that stone which the Greeks call from its place of origin, ‘magnet’, because it 
occurs in the territory of Magnesia. Men look upon this stone as miraculous. 
They are amazed to see it form a chain of little rings hanging from it. Sometimes 
you may see as many as five or more in pendant succession swaying in the light 
puffs of air; one hangs from another, clinging to it underneath, and one derives 
from another the cohesive force of the stone. Such is the permeative power of 
this force.

.  .  .

 So much by way of preface  .  .  .  it will be easy to lay bare  .  .  .  the cause of the 
attraction of the iron. First, this stone must emit a dense stream of atoms which 
dispels by a process of bombardment all the air that lies between the stone and 
the iron. When this space is emptied and a large tract in the middle is left void, 
then atoms of the iron all tangled together immediately slide and tumble into the 
vacuum. The consequence is that the ring itself follows and so moves in with its 
whole mass. No other substance is so rigidly held together by the entanglement 
of its elemental atoms as cold iron, that stubborn and benumbing metal.

.  .  .

 Summing up in a few brief words, when the textures of two substances are 
mutually contrary, so that the hollows in the one correspond to the projections 
in the other .  .  . then connection between them is most perfect. It is even possible 
for some things to be coupled together, as though interlinked by hooks and eyes. 
And such, it would seem is the linkage between iron and magnet.

While Lucretius provides a picturesque model of a magnet’s attraction for 
iron, it does not explain later observations. From about AD 800 onwards, most 
cultures discovered that magnets always point in the same direction if free 
to spin. The magnetic compass became a necessary tool for navigation and 
exploration.

In ancient times, while the attraction of magnets for iron was an obvious 
phenomenon, the repulsion between magnets was either not observed or 
not considered as important as the attraction. The early ideas do not explain 
repulsion.

Induction is the process of 
producing magnetic properties 
in one object due to the presence 
of another object with magnetic 
properties.

S

N

A magnet will line up with a 
line from north to south if it is 
allowed to spin freely.
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147CHAPtER 6 Magnetic fields

It was only much later that the attraction and the repulsion between two 
magnets were treated equally. This appreciation led Peter Peregrinus, a French 
soldier living in the thirteenth century, to propose three ideas.
1. The ends of the magnet, where the strongest attraction for iron occurred, 

were different from each other.
2. When the ends were brought together, the two like ends repelled each other.
3. The two unlike ends attracted each other.

The end of the magnet that pointed towards the north was called the north-
seeking end, or north end for short. The other end was called the south end.

These simple ideas were forgotten during the Middle Ages. In the sixteenth 
century, Dr Gilbert, a physician to Queen Elizabeth I, developed the same 
ideas. He also found that a freely suspended magnet dipped down at an angle 
to the horizontal, and that this angle varied with latitude. He explained these 
observations by suggesting that Earth contained a magnet.
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A magnet compass not only aligns itself 
along a line from north to south, it also 
dips downwards at an angle that varies 
with latitude. At a region near the South 
Geographic Pole, called the South Magnetic 
Pole, it actually points vertically downwards.

Today, Gilbert’s idea of a solid magnet inside Earth is rejected because 
Earth’s crust does not contain sufficient iron for the measured strength of 
Earth’s magnetism. Also, much of Earth’s core is molten liquid. A satisfactory 
explanation is still being sought of the origin of Earth’s magnetism.

A compass needle is lined up by Earth’s magnet. The south-seeking end of the 
needle points torwards geographic south. But because unlike ends attract, this 
end of Earth’s magnet must be a magnetic north end.
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south end of Earth’s
magnet

north end 
of Earth’s magnet

north

south

Although Gilbert’s work was a major breakthrough, his concept of how mag-
nets attracted the iron was very similar to that of Lucretius:

Magnetic force is something animate, it imitates a soul, nay, it surpasses the 
human soul. It sends forth its energy without error  .  .  .  quick, definite, constant, 
directive, imperant, harmonious. The magnet emits an effluvium which reaches 
out to the attracted body as a clasping arm and draws it to itself.

The end of the magnet 
marked ‘S’ is called the south 
end of the magnet because 
it points generally towards 
geographic south.
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Like ends repel; unlike ends 
attract.
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Magnetic fields
It was only when Michael Faraday (1791–1867) suggested the concept of a 
magnetic field that a useful model appeared. The magnetic field was described 
as a property of the space around a magnet, so that if a piece of iron was in that 
space it would experience a force. The lines typically drawn around a magnet 
represent the direction of this field, and their closeness, its strength. The lines 
are imaginary; they are just an aid in visualising a very abstract, but useful con-
cept. A picture (or diagram) of iron filings around a magnet is an effective rep-
resentation of a magnetic field.

There are rules for drawing field lines. These are listed below.
•	 Each field line is a continuous loop that leaves the north end of the magnet, 

enters at the south end and passes through the magnet back to the north 
end.

•	 Field lines do not intersect.
•	 The direction of the magnetic field at a point is along the tangent to the field 

line.
•	 The closeness of the lines represents the strength of the magnetic field.

Magnets can be designed to produce fields of different shapes. A horseshoe 
magnet with the ends adjacent produces a strong and even field between the 
ends. A circular magnet with a north end in the middle produces a radial field 
that points outward all the way around. This design is used in loudspeakers.

Differently shaped magnetic fields can be created by arranging the north and 
south ends of the magnet, as shown by (a) a horseshoe magnet and (b) a circular 
magnet.

(a) (b)

N NS

S
Horseshoe magnet Circular magnet

Some magnets have stronger fields than others. The strength of a magnetic 
field is measured in tesla. The strength of Earth’s magnetic field at its surface is 
quite small, about 10−4 tesla or 0.1 millitesla (0.1  mT). The strength of a typical 
school magnet is about 0.1  T. A fridge magnet is about 30  mT. The strongest 
permanent magnetic fields typically produced have field strengths of about 
1.0  T.

As A mAtter of fAct

Pigeons and honey bees have been found to have small fragments of 
magnetite in their bodies. Earth’s magnetic field exerts a force on these 
creatures. It is possible the pigeon or honey bee is able to detect the force 
and use it to navigate across Earth’s surface.

A magnetic field describes the 
property of the space around a 
magnet that causes an object in that 
space to experience a force due only 
to the presence of the magnet.

(a) A magnetic field can be 
represented by the direction 
and closeness of field lines 
on a page. (b) Closer lines 
represent increased strength.
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(a)

(b)
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149CHAPtER 6 Magnetic fields

Magnetic effect of a current
Hans Christian Oersted, like many others at the time (1820), thought there 
was a connection between electricity and magnetism. He placed a wire carry- 
ing a current over a magnetic compass and saw that the needle deflected. 
He then placed the wire under the compass and the needle deflected in the 
opposite direction. Log in to www.jacplus.com.au to locate the Magnetic field 
around a wire applet weblink for this chapter.

(a) Switch open in circuit, and (b) switch closed in circuit. To achieve maximum 
deflection, the wire should be placed in line with the magnetic needle before the 
current is turned on.

(a)

N
N

wire (b)

N

N

wire

Deflection of a compass needle means there is a magnetic field associated 
with the current, which causes the needle to line up with it. Using a compass, 
the field around a current in a wire can be mapped.

To represent current and its magnetic field often requires a three-dimensional 
view. To achieve this on a flat two-dimensional page, a convention is adopted. 
The symbol of a circle with a dot in the middle is used to represent a magnetic 
field coming out of a page. A circle with a diagonal cross is used to represent a 
magnetic field going into the page.

Magnetic fields going into the page (from B) and coming out of the page (from A)

N

From AFrom B
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Weblink
Magnetic field around a wire applet

Unit 3 magnetic field 
of a current
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concept 2

The compasses around the wire  
show a circular magnetic field.
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Unit 3 150

The symbols described on the previous page are designed to suggest in the 
instance on the right the point of an arrow coming towards the reader and, in 
the instance on the left, the feathers of the arrow going away from the reader.

the right-hand-grip rule
If the current is reversed, the magnetic field changes to the opposite direction. 
A rule is therefore needed so that the direction of the field can be determined 
in a variety of different situations.

A convenient rule is the right-hand-grip rule. The wire carrying the current is 
grabbed by the right hand, but the thumb must point in the direction that con-
ventional current flows in the wire. (Remember: conventional current flows 
from the positive terminal to the negative terminal.) The fingers then will wrap 
around the wire in the direction of the magnetic field.

Applying the right-hand-grip rule to a loop of wire shows that the magnetic 
field comes in on one side of the loop and out of the other side, all the way 
around the loop. Joining loops together results in a solenoid. The magnetic 
fields from each loop add together to produce a stronger magnetic field.

(a) (b)

I

I

I

I

Applying the right-hand-grip 
rule to each part of the loop 
reveals that at all points of 
the loop the magnetic field is 
curving in the same direction.

If the loops are very close together, the field lines within the coil are parallel 
to the axis of the coil. The field lines then emerge from one end of the sol enoid, 
curve around and enter the other end of the solenoid, completing the path for 
the field lines. The shape of this field is similar to that of a bar magnet. The 
ends of the solenoid can be labelled north and south. The field emerges from 
the north end. Looking from this end along the axis, the current is seen to be 
travelling anticlockwise. The other end is opposite.

Using the right-hand-grip rule 
with a solenoid

A B

From A From B

I I

If a right hand holds the wire 
with the thumb pointing in the 
direction of the conventional 
current, the fingers curl around 
the wire in the direction of the 
magnetic field.

I

magnetic �eld (B)

A solenoid is a coil of wire wound 
into a cylindrical shape.

Unit 3 magnetic fields 
of loops and 
solenoids
Summary screen 
and practice 
questions

Aos 1

topic 3

concept 3
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151CHAPtER 6 Magnetic fields

revision question 6.1

Use the right-hand-grip rule to determine the direction of the magnetic field at 
point X in the following diagrams.

(a)

X

I

(b)

X

current into
page

In 1823 an English electrical engineer, William Sturgeon, found that when 
he placed an iron rod inside a solenoid, it greatly increased the strength of the 
magnetic field of the electric current to the point where it could support more 
than its own weight. Sturgeon had invented the electromagnet. He ultimately 
built a 200  g electromagnet with 18 turns of copper wire that was able to hold 
4  kg of iron with current supplied by one battery.

By placing an iron core inside a solenoid, Sturgeon had made a magnet 
that could be turned on and off at the flick of a switch, and made stronger by 
increasing the current. His invention has many applications. In a wrecking 
yard, for example, electromagnets are used to separate metals containing iron 
from other metals.

Car parts being lifted by an electromagnet in a car wrecking yard

The difficulty with using iron in an electromagnet is that when the current is 
turned off, the iron loses its magnetism. However, by adding carbon to the iron 
to produce an alloy, the magnetism is not lost when the current is turned off — 
a permanent magnet has been made. Stronger and more long-lasting  magnets 
are made with different combinations of elements. The common ‘alnico’ 
 magnets in schools are made from iron (54%), nickel (18%), cobalt (12%), alu-
minium (10%) and copper (6%).

An electromagnet is a temporary 
magnet produced when a solenoid 
wound around an iron core carries 
an electric current.

Digital doc
Investigation 6.2 
Electromagnets
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Unit 3 152

Recent magnetic developments include the flexible fridge magnet, where 
microscopic particles of magnetite are mixed with a molten plastic and placed 
in a magnetic field while the plastic solidifies, and neodymium magnets, which 
contain the elements neodymium and boron in addition to iron. This produces 
a very high magnetic field strength.

Differences between magnetic fields
In the section headed ‘Magnetic fields’ (page 148), the pictures of the different 
magnetic field configurations show that there are regions in the space around 
the magnets where the lines are close together, so the field strength is high. 
In regions where the lines are further apart, the field strength is low. This is in 
contrast to the diagrams in the section ‘Magnetic effect of a current’ (page 149), 
where the lines are evenly spaced. The latter are examples of uniform fields, 
whereas the former are examples of fields that are non-uniform, meaning they 
vary in strength and direction through the space.

As A mAtter of fAct

The strength of a magnetic field 1.0  cm from a wire carrying 100  A is about 
2.0  mT. The small currents in the nerves of the human body produce 
magnetic fields of about 10−11  T. Electromagnets used in research have a 
short-term strength of about 70  T, which requires a momentary current of 
15  000  A.

The magnetic field around the human heart is about 5 × 10−11  T, about 
one millionth of Earth’s magnetic field. To measure fields of this size, it 
is necessary to use a magnetically shielded room and a very sensitive 
detector called a SQUID (a Superconducting QUantum Interference 
Device) that can measure fields down to 10−14  T. The magnetocardiogram 
produced is a useful diagnostic tool.

Explaining magnetism
The solenoid provides a model for the magnetism in a magnet and the 
iron rod. The shapes of the magnetic fields of a solenoid and of a magnet 
are identical. The magnetic field in the solenoid is produced by a current 
travelling in a circle, and the magnetic field is at right angles to the plane of 
the circle.

Electrons travel around the nucleus of an atom in circlelike paths, so each 
electron must produce its own magnetic field. In most atoms the paths of the 
electrons are randomly oriented, so their magnetic fields cancel out. However, 
the paths of a few electrons in an iron atom always line up. These are shielded 
by outer electrons, so they are not disturbed by other atoms. In this way each 
iron atom can act as a little magnet.

When there is a current flowing through a solenoid with an iron core, the 
magnetic field lines up all the atoms in the iron core so their magnetic fields 
all point in the same direction. This creates a very strong field. However, when 
the current is turned off, the motion of the atoms rapidly produces a random 
rearrangement due to their temperature.

In artificial magnets (e.g. fridge magnets) other elements are added to iron 
to hold the iron atoms in place while they are lined up by another magnetic 
field, so they stay lined up. This produces a permanent magnet. The crystal 
structure of magnetite forces its atoms to line up.
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153CHAPtER 6 Magnetic fields

As A mAtter of fAct

In a piece of iron, groups of nearby atoms line up together throughout the 
metal into regions called magnetic domains. When the iron is placed in 
a magnetic field, the domains that are already lined up with the external 
field increase in size as other domains shrink.

(a) The magnetic fields of adjacent iron atoms align themselves in local 
areas called domains. (b) Domains in a piece of iron exposed to a magnetic 
field, acting to the right

(a)

(b)

Comparing gravitational, electric and 
magnetic fields
Gravitational, electric and magnetic fields are all properties of the space around 
an object, whether the object is a mass, a charge or a magnetic pole. Lines are 
used to show the direction of the field, that is, the direction a test object would 
move; the strength of the field is shown by the density of the lines. For some 
field diagrams, it is not possible to tell the type of field simply by looking at the 
diagram.

Field diagrams

For example, field diagram (a) could show either a gravitational field around 
a mass or an electric field around a negative point charge. It could not be a 
magnetic field, as even though it might look like the field near the south pole of 
a magnet, there would be a north pole not too far away.

(a) (b)
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Unit 3 154

Similarly, field diagram (b) could show either an electric field around two oppo-
site charges or a magnetic field around north and south poles. However, it could 
not be a gravitational field, because mass does not come in two opposite versions.

Magnetic force on an electric current
Once the technology of electromagnets was developed, very strong magnetic 
fields could be achieved. This enabled the reverse of Oersted’s discovery to be 
investigated: what is the effect of a magnetic field on a current in a wire?

In Oersted’s experiment the magnetic field due to the current exerts a force 
on the magnetic field of the compass. So, according to Newton’s Third Law of 
Motion, the compass exerts an equal and opposite force on the current. What 
is the size of this force and in what direction does it act?

Observations of the magnetic force applied to the current-carrying wire 
show that:
•	 if the strength of the magnetic field increases, there is a larger force on the 

wire
•	 if the magnetic field acts on a larger current in the wire, there is a larger force
•	 if the magnetic field acts on a longer wire, there is a larger force
•	 it is only the component of the magnetic field that is perpendicular to the 

current that causes the force
•	 if there are more wires in the magnetic field, there is a larger force.

Combined, these findings can be expressed as:

  magnetic force on a current (F  ) = number of wires (n) × current in each wire 
(I  ) × length of wire (l  ) × strength of the magnetic field (B),  
or

 F = n × I × l × B.

The units are expressed as:

1 newton = 1 × 1 ampere × 1 metre × 1 tesla.

When the magnetic field is perpendicular to the direction of the current (and 
hence the length vector) in a single wire, the magnitude of the force is given by:

F = IlB.

When the magnetic field is not perpendicular to the direction of the current, it 
is important to remember that the force on the wire is less. In fact, if the magnetic 
field is parallel to the direction of the current, the force on the wire is zero. That is 
because the component of magnetic field perpendicular to the current is zero.

sample problem 6.1

If a straight wire of length 8.0  cm carries a current of 300  mA, calculate the 
magnitude of the force acting on it when it is in a magnetic field of strength 
0.25  T if:
(a) the wire is at right angles to the field
(b) the wire is parallel with the field.

(a) The magnetic field is perpendicular to the direction of current.

 F = IlB
 = 3.00 × 10−1  A × 8.0 × 10−2  m × 0.25  T
 = 6.0 × 10−3  N

(b) The magnetic field is parallel to the direction of current. Therefore the 
component of magnetic field that is perpendicular to the current is zero.

 F = IlB
 = 3.00 × 10−1  A × 0  m × 0.25  T
 = 0

Unit 3 magnetic force 
on a current
Summary screen 
and practice 
questions

Aos 1

topic 3

concept 4
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155CHAPtER 6 Magnetic fields

revision question 6.2

(a) Calculate the force on a 100  m length of wire carrying a current of 250  A 
when the strength of Earth’s magnetic field at right angles to the wire is 
5.00 × 10−5  T.

(b) The force on a 10  cm wire carrying a current of 15  A when placed in a 
 magnetic field perpendicular to B has a maximum value of 3.5  N. What is the 
strength of the magnetic field?

If the magnetic field is pointing to the right across the page, and the cur-
rent is going down the page, the direction of the magnetic force is up, out of 
the page. The direction of this force will be important in applications such as 
meters and motors, so it is necessary to have a rule to determine the direction 
of the force in a variety of situations. There are two alternative hand rules com-
monly used. These are described below.

Left-hand rule
The left-hand rule applies as follows:
•	 the index finger, pointing straight ahead, represents the magnetic field (B )
•	 the middle finger, at right angles to the index finger, represents the current (I )
•	 the thumb, upright at right angles to both fingers, represents the force (F ).

Lock the three fingers in place so they 
are at right angles to each other. Now 
rotate your hand so that the field and cur-
rent line up with the directions in your 
problem. The thumb will now point in the 
direction of the force.

force (F ) magnetic
�eld (B)

current (I)

Left-hand rule for determining the direction 
of the magnetic force of a magnetic field 
on a current

Right-hand-slap rule
The right-hand-slap rule applies as follows:
•	 the fingers (out straight) represent the magnetic field (B)
•	 the thumb (out to the side of the hand) represents the current (I )
•	 the palm of the hand represents the force (F ).

Hold your hand flat with the 
fingers outstretched and the thumb 
out to the side, at right angles to your 
fingers. Now rotate your hand so that 
the field and current line up with the 
direction in your problem. The palm 
of your hand now gives the direction 
of the force, hence the name.

Digital doc
Investigation 6.4 
Hand rules
doc-18541
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magnetic
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Right-hand-slap rule for determining 
the direction of the magnetic force of 
a magnetic field on a current
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Magnetic propulsion
When a current flows along the closest rail (the lower of the two rails in the 
figure at left, through the conductor rod and back to the power supply, the 
conductor will experience a force to the right due to the magnetic field. This 
force will make the conductor accelerate. If there is little friction, it can move 
at high speeds.

Meters
In the electrical meter illustrated in 
the figure at right, the force on the 
wire BA is out of the page. The cur-
rent travels around to D and then to 
C, so the force on wire DC is into the 
page. The two forces are the same 
size because the strength of the mag-
netic field is the same on both sides 
of the coil, the current through the 
coil is the same at all points and the 
lengths BA and DC are the same. 
However, the forces are in opposite 
directions. The net force is therefore 
zero. However, the forces do not act 
through the centre of the coil, so the 
combined forces have a turning 
effect. The turning effect of the forces 
is called a torque. The magnitude of 
the torque on a coil is the product of 
the force applied perpendicular to 
the plane of the coil and the distance between the line of action of the force 
and the shaft or axle. 

If a spring is attached to the axle, the turning effect of the forces unwinds 
the spring until the spring pushes with an equal torque. A pointer attached to 
the axle measures the size of the torque, which depends on the size of the cur-
rent. The larger the current through the meter, the larger the magnetic force 
and torque on the coil and the further the spring and the pointer are pushed 
back to achieve balance. Spiral springs have the fortunate property that the 
deflection of the pointer is proportional to the torque. This means that the 
scale on the meter can be linear, or evenly spaced.

DC motors
A DC motor (a simplified example of which is given in 
the figure at left) uses the current from a battery flowing 
through a coil in a magnetic field to produce continuous 
rotation of a shaft. How is this done?

A first attempt at a design might be to remove the 
restoring spring that is used in a meter.

When a coil is in position 1 (as shown in the top  
left figure on the opposite page), the forces will make it 
rotate. As the coil rotates (position 2) the forces remain 
unchanged in size and direction. This is because the 
magnetic field and the current in the wire are still the 
same size and in the same direction. However, their 
lines of action are closer to the axle, so they have less 

A metal conductor rod rolling 
along two rails

I

I

F

magnetic �eld out of page

conductor rod rails
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Torque is the turning effect of a 
force.
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157CHAPtER 6 Magnetic fields

turning effect. When the coil reaches position 3, at right angles to the 
magnetic field, the forces are still unchanged in size and direction, but in 
this case the lines of action of the forces pass through the axle and have 
no turning effect. Since the coil was already moving before it got to pos-
ition 3, the momentum of its rotation will carry it beyond position 3 to 
position 4(a). In position 4(a) the current is still travelling in the same direc-
tion, so in this position the forces will act to bring the coil back to position 3.

Force on a coil in a DC motor

F

F

S N

Position 1

B

A

C

D

N S

current �ow

N

F

F

S N

Position 3
C

B

D

A

S

current �owF

F

S N

Position 2

B

A

C

D S

current �ow

S N

Position 4(a)

S

F

FC

B

D

A

current �ow
F

F

S N

Position 4(b)

S

C

B

D

A
current �ow

N N

N N

If this was the design of a DC motor, the coil would turn 90° and then stop! If 
the coil was in position 3 when the battery was first connected, the coil would 
not even move.

So, if the motor is to continue to turn, it needs to be modified when the coil 
reaches position 3. If the direction of the forces can be reversed at this point, 
as shown in position 4(b), the forces will make the coil continue to turn for 
another 180°. The coil will then be in the opposite position to that shown for 
position 3. The current is again reversed to complete the rotation.

The current needs to be reversed twice every rotation when the coil is at 
right angles to the magnetic field.

This reversal is done with a commutator. The commutator consists of 
two semicircular metal pieces attached to the axle, with a small insulating 
space between their ends. The ends of the coil are soldered to these metal 
pieces.

Wires from the battery 
rest against the commu-
tator pieces. As the axle 
turns, these pieces turn 
under the battery con-
tacts, called brushes. 
This enables the cur-
rent through the coil to 
change direction every 
time the insulating spaces 
pass the contacts.

Brushes are often small 
carbon blocks that allow 
charge to flow and the 
axle to turn smoothly.

Unit 3 simple Dc 
electric motor
Summary screen 
and practice 
questions

Aos 1

topic 3

concept 5

Unit 3

Do more
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Aos 1

topic 3

concept 5

Commutator and coil from a hair dryer

A commutator is a device that 
reverses the direction of the 
current flowing through an electric 
circuit.

Unit 3 the function of 
a commutator
Summary screen 
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questions
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topic 3

concept 6

UNCORRECTED P
AGE P

ROOFS



Unit 3 158

A DC motor is a device used to turn electrical energy into kinetic energy, 
usually rotational kinetic energy. As an energy transfer device of some indus-
trial significance, there are some important questions to be asked about the 
design for a DC motor. Are there some starting positions of the coil that won’t 
produce rotation? How can this be overcome? Can it run backwards and for-
wards? Can it run at different speeds? Log in to www.jacplus.com.au to locate 
the DC motor applet weblink for this chapter.

As A mAtter of fAct

The principle of the electric motor was proposed by Michael Faraday in 
1821, but a useful commercial motor was not designed until 1873. Direct 
current (DC) motors were installed in trains in Europe in the 1880s.

Magnetic force on charges
Electric current consists of electrons moving in a wire. A magnetic field acts 
on the electrons and pushes them sideways. This force then pushes the nuclei 
in the wire, and the wire moves. If the moving electrons were in a vacuum, free 
of the wire, the magnetic field would still exert a force at right angles to their 
velocity. What would be the effect of this force on a freely moving electron?

When an electron is moving across a magnetic field, it experiences a side-
ways force, which deflects the movement of the electron. The electron now 
moves in another direction given by the hand rule; however, it is still moving at 
right angles to the magnetic field, so the strength of the force is unchanged. 
The direction of the force will again be at right angles to the electron’s motion, 
and deflecting it again. The deflecting force on the moving electron will be 
constant in size and will always be at right angles to its velocity. This results in 
the electron travelling in a circle.

The magnetic force is always at right angles to the direction of the charge’s 
motion. So the magnetic force cannot increase the speed on the charge; it can 
only change its direction at a constant rate.

The mass spectrometer, the electron microscope and the synchrotron are 
instruments that use a magnetic force in this manner.

So what is the radius of the circle? How does it depend on the strength of the 
magnetic field, the speed of the charge and size of the charge?

The magnitude of the magnetic force on a current-carrying wire is given by:

F = IlB (1)

Imagine a single charge, q, travelling along at speed, v. The charge travels 
through a distance, or length, in a time of t seconds given by:

length = speed × time
       l = vt. (2)

The electric current is given by:

current
charge

time
=

      I = 
q

t
. (3)

Substituting equations (2) and (3) into (1):

F
q

t
vt B= × ×

⇒ F = qvB.

Does this relationship make sense?

Weblink
DC motor applet
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159CHAPtER 6 Magnetic fields

What do we observe? What does the formula predict? Match

If the charge is stationary, the 
current is zero, so no force.

If v = 0, then F = 0. Yes

A stronger magnetic field will 
deflect the charge more.

Force is proportional to the field. Yes

The magnitude of the net force on the charged particle as it moves in the 
magnetic field is:

Fnet = ma.

In this case the only significant force is the magnetic force, F = qvB.

⇒ qvB = ma

Because the acceleration is centripetal and constant in magnitude, its magni-

tude can be expressed as =a
v

r
   

2

, where r is the radius of the circular motion.

⇒ =qvB
mv

r
   

2

The expression for the radius is therefore:

=r
mv

Bq
    .

Does this relationship make sense?

What do we observe? What does the formula predict? Match

Hard to turn heavy objects The heavier the mass, the larger the 
radius

Yes

Hard to turn fast objects The faster the object, the larger the 
radius

Yes

The larger the force, the 
smaller the radius

The stronger the field, the smaller 
the radius; the larger the charge, the 
smaller the radius

Yes

Note that because the direction of the magnetic field is always at right angles 
to the direction in which the charged particles are moving, the magnetic field 
cannot make the particles go faster — it can only change their direction. In this 
context, magnetic fields are not ‘particle accelerators’.

sample problem 6.2

An electron travelling at 5.9 × 106 m s−1 enters a magnetic field of 6.0 mT. What 
is the radius of its path?

m = 9.1 × 10−31  kg, q = 1.6 × 10−19 C, v = 5.9 × 106  m  s−1, B = 6.0  mT

r
mv

Bq
   

    
9.1   10 kg   5.9   10 m  s

6.0   10 T   1.6   10 C

   5.6   10 m   5.6 mm

31 6 1

3 19

3

=

=
× × ×

× × ×

= × =

− −

− −

−

revision question 6.3

Calculate the speed of an electron that would move in an arc of radius 1.00 mm 
in a magnetic field of 6.0  mT.

solution:
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(a)

β

α
(c)

particles accelerated
into magnetic �eld

magnet

sample
injected

(b)

vapourising
heater

sample ionised
by electron beam

beam of
charged
particles

magnetic �eld
separation

projector
lens

image

specimen

(e)
(d)

(a) and (b) A mass spectrometer. (c) Positive alpha 
particles are deflected up and beta particles are deflected 
down. (d) and (e) An electron microscope.

As A mAtter of fAct

What happens to a stationary electron in a magnetic field? Surprisingly, 
there is no force! The electron is not moving, so there is, in effect, no cur-
rent, and therefore no magnetic force. Similarly, the faster the electron 
moves, the stronger the force. This is a strange situation — that the size 
of a force on an object is determined by how fast that object is travelling. 
This raises an interesting conundrum: if you were sitting on an electron 
moving through a magnetic field, what would you observe? This question 
can only be resolved by Einstein’s Special Theory of Relativity.
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161CHAPtER 6 Magnetic fields

Crossed electric and magnetic fields
For mass spectrometers and electron microscopes to work, the charged par-
ticles all need to be travelling at the same speed This is because the radius of 
the path in a magnetic field for a particle with a given charge and mass depends 
on the particle’s speed. 

In 1898, Wilhelm Wien (after whom Wien’s Law in thermodynamics is 
named) was investigating the charged particles that are produced when elec-
tricity is passed through gases. To investigate their speed and their charge, he 
set up a magnetic field to deflect the beam of charged particles in one direc-
tion, and an electric field to deflect the beam in the opposite direction. For the 
charged particles that were undeflected, the magnetic force must have been 
balanced by the electric force.

The electric force on a charge in an electric field is F = qE, and the magnetic 
force on a moving charge is F = qvB. Equating these formulae gives

qE = qvB
and cancelling q gives

E
B

v = .

This configuration is now called a Wien filter.

As A mAtter of fAct

The aurorae at the North Pole and South Pole are
glorious displays of waves of coloured light high
in the atmosphere. They are produced when 
charged particles ejected by the Sun 
enter Earth’s magnetic field. 
The particles spiral down 
to the pole, producing 
an amazing display of 
light as they move in 
smaller and smaller circles
from the increasing
magnetic field.

Aurora Australis, seen from the 
International Space Station

N

S

charged 
particles

Charged particles entering  
Earth’s magnetic field

Overview
At the end of chapter 5, gravitational and electrical interactions are compared 
using four interrelated concepts: force, field, energy and potential. This chapter 
has not taken that approach for two reasons.

Firstly, although gravitational and electrical interactions involve point 
objects and scalar properties, the magnetic interaction at its most fundamental 
is about the magnetic force between two currents. Currents are not point 
objects; they are vectors. The study of force, field, energy and potential in a 
magnetic context is too demanding for a secondary Physics course.

Secondly, looking at magnetism from the practical viewpoint of designing 
a motor helps us to better understand other technological applications of the 
concepts involved. The understanding of magnetism has enabled the design 
of devices such as the electric motor, which we have seen in this chapter, and 
generators and transformers, which are covered in the next two chapters.

–

+

E

B

+ v =v = E
B

v ≠v ≠ E
B

v ≠v ≠ E
B

A Wien filter (also known as a 
velocity selector)
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Chapter review

Unit 3 magnetic fields and 
forces

sit topic test

Aos 1

topic 3

Summary
 ■ The force exerted by magnets on other magnets and 

certain elements, including iron, can be explained in 
terms of a magnetic field. The strength of a magnetic 
field is measured in tesla (T).

 ■ An electric current in a wire produces a magnetic 
field. The direction of the magnetic field around a 
long straight current-carrying wire is given by the 
right-hand-grip rule. If the right hand grips the cur-
rent-carrying wire with the thumb pointing in the 
direction of the current, the fingers curl around the 
wire in the direction of the magnetic field.

 ■ A magnetic field exerts a force on a wire carrying an 
electric current. When the magnetic field and electric 
current are perpendicular to each other, the magnitude 
of the force can be calculated using the formula F = IlB.

 ■ The direction of the force applied by a magnetic field 
on a straight current-carrying wire can be determined 
by the right-hand-slap rule. The hand is held flat with 
the thumb at right angles to the fingers. The thumb 
points in the direction of the current, and the fingers 
in the direction of the magnetic field. The direction of 
the force applied to the wire by the magnetic field is 
perpendicularly outwards from the palm.

 ■ In a DC motor, a magnetic field is used to rotate a coil 
of current-carrying wire around a shaft. The magnetic 
force produces a torque that turns the coil.

 ■ A commutator is used in a DC motor to reverse the 
current passing through the coil twice during each 
rotation. This ensures that the coil keeps rotating in 
one direction.

 ■ A magnetic field affects moving charge as if it were 
an electric current in a wire.

 ■ The force by a magnetic field on a moving charged 
particle is always at right angles to the direction the 
particle is heading. The force constantly changes the 
direction of travel, producing a circular path.

 ■ The size of the magnetic force on a moving charged 
particle is equal to qvB, where q and v are the charge 
and speed of the particle respectively and B is the 
strength of the magnetic field.

 ■ The radius, r, of the curved path of a charged particle 

in a magnetic field is given by r = mv

Bq
.

Questions
Magnetic fields
 1. How would you use a magnet to test whether or not 

a piece of metal was magnetic?
 2. How could naturally-occurring magnets have been 

formed?

 3. Why do both ends of a magnet attract an iron nail?
 4. What is the polarity of Earth’s magnetic field at the 

magnetic pole in the southern hemisphere?
 5. When current is connected to a solenoid containing 

two iron rods side by side, the two rods move apart. 
Explain why this happens.

 6. Draw the magnetic field lines for the following 
items (shown below):
(a) a loudspeaker magnet
(b) a horseshoe magnet.

S N

(b) Horseshoe magnet(a) Loudspeaker

N

N

SN N

 7. In Oersted’s experiment, the compass needle 
initially points north–south. What would happen if 
the current in the wire above the needle ran:
(a) west–east
(b) east–west?

 8. Use the right-hand-grip rule to determine the 
direction of the magnetic field at point X in the 
following diagrams.

(a)

X I

(b)

X

I

(c)

X

current out 
of page

 9. Copy the following diagrams and use the right-
hand-grip rule and the direction of the magnetic 
field at X to determine the direction of the current 
in the wire in each case.

(b)

X

I

(c)

X

I

(a)

X I

(d)
X I

(e)

I
X
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163CHAPtER 6 Magnetic fields

 10. Use the right-hand-grip rule to determine the 
direction of the magnetic field at W, X, Y, Z in 
the following diagrams. Figure (a) represents a 
circular loop of wire with a current and figure (b) 
represents a solenoid.
(a)

X W

Y

Z

(b)

W

Y

Z

X

Magnetic force
 11. Use the answer 

key provided 
to indicate the 
direction of 
the force of the 
magnetic field 
on the current-
carrying wire in 
diagrams (a) to 
(h) below.

I

B

(a)

I

B

(b)

I

B

(c)

I

B(d)

I

B
(e)

I

B
(f)

I
B(g)

I

B(h)

 12. Wires A and B are parallel to each other and carry 
current in the same direction.
(a) Draw a diagram to represent this situation, 

and determine the direction of the magnetic 
field at B due to wire A.

N

S

W E

into page

Answer key

out of page

(b) This magnetic force will act on the current in 
wire B. What is the direction of the force by 
wire A on wire B?

(c) Now determine the direction of the magnetic 
field at A due to wire B and the direction of 
the force by wire B on wire A.

(d) Is the answer to (c) what you expected? Why? 
(Hint: Consider Newton’s laws of motion.)

 13. Calculate the size of the force on a wire of length 0.05  m 
in a magnetic field of strength 0.30  T if the wire is at 
right angles to the field and it carries a current of 4.5  A.

 14. Calculate the size of the force of a magnetic field of 
strength 0.25  T on a wire of length 0.30  m carrying a 
current of 2.4  A at right angles to the field.

 15. Calculate the size of the force exerted on a 
loudspeaker coil of radius 1.5  cm and 500 turns 
which carries a current of 15  mA in a radial 
magnetic field of 2.0  T. (Hint: Consider what aspect  
of the circle takes the place of l in this question.)

 16. Calculate the size of the force on a wire carrying a 
current of 1.8  A at right angles to a magnetic field of 
strength 40  mT, if the length of the wire is 8.0  cm.

 17. Design a compass without a permanent magnet.
 18. Describe a method to use a moving charge to 

determine the direction of a magnetic field.
 19. How could a moving electron remain undeflected 

in a magnetic field?
 20. Describe and discuss the force of Earth’s magnetic 

field on a horizontal section of a power line that 
runs in an east–west direction.

 21. Can a magnetic field move a stationary electron?
 22. (a)  A beam of electrons is directed at right angles 

to a wire carrying a conventional current from 
left to right. What happens to the electrons?

(b) A beam of electrons is directed parallel to 
the same wire with the conventional current 
travelling in the same direction. What happens 
to the electrons?

 23. An electron moving north enters a magnetic field 
that is directed vertically upwards.
(a) What happens to the electron?
(b) If the electron’s motion was inclined upwards 

at an angle, as well as travelling north, what 
would be the path of the electron?

DC motors
 24. Describe how a DC motor works.
 25. What is the purpose of each of the following in a 

DC motor?
(a) The magnet
(b) The brushes
(c) The commutator (mention three aspects)
(d) The large number of turns of wires

 26. Look at the simplified DC motor on page 156.
(a) Are there some starting positions of the coil 

that won’t produce rotation? How can this be 
overcome (Hint: Look at the figures on page 157.)
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(b) Can the DC motor run backwards and 
forwards?

(c) Can it run at different speeds? If so, how?
 27. (a)  Would a DC motor work if it was connected 

to an alternating current (AC) power 
source?

(b) What if there was no commutator?
 28. Stronger magnetic fields can be obtained with an 

electromagnet. The same DC power source can 
supply current to the electromagnet as well as 
to the rotating coil. The two components of the 
circuit, the electromagnet and the rotating coil, 
can be connected to the power source in two 
different ways.
(a) What are these ways?
(b) How do you think the starting and 

operating characteristics of these two types 
will differ?

Charges in a magnetic field
 29. An electron travelling east at 1.2 × 105  m  s−1 

enters a region of uniform magnetic field of 
strength 2.4  T.
(a) Calculate the size of the magnetic force acting 

on the electron.
(b) Describe the path taken by the electron, giving 

a reason for your answer.
(c) Calculate the magnitude of the acceleration of 

the electron.
 30. (a)  What is the size of the magnetic force on an 

electron entering a magnetic field of 250 mT at 
a speed of 5.0 × 106  m  s−1?

(b) Use the mass of the electron to determine its 
centripetal acceleration.

(c) If a proton entered the same field with the 
same speed, what would be its centripetal 
acceleration?

 31. Determine the direction of the magnetic force 
in the following situations, using your preferred 
hand rule. Use the following terminology in your 
answers: up the page, down the page, left, right, 
into the page, out of the page.
(a) Magnetic field into the page, electron entering 

from left

X X X

X X X

X X X

(b) Magnetic field down the page, electron entering 
from left

N

S

(c) Magnetic field out of the page, proton entering 
obliquely from left

 32. An ion beam consisting of three different types 
of charged particle is directed eastwards into 
a region having a uniform magnetic field, B, 
directed out of the page. The particles making 
up the beam are (i) an electron, (ii) a proton and 
(iii) a helium nucleus or alpha particle. Copy 
the following figure and draw the paths that the 
electron, proton and helium nucleus could take.

ion beam

B

 33. In a mass spectrometer, positively charged ions 
are curved in a semicircle by a magnetic field to 
hit a detector at different points depending on 
the radius and mass. The ions enter the chamber 
at the top left corner, and curve around to hit the 
detector (see below). What should be the direction 
of the magnetic field for the spectrometer to work 
properly? Use the answers from question 32.

 34. Calculate the radius of curvature of the following 
particles travelling at 10% of the speed of light in a 
magnetic field of 4.0  T.
(a) An electron
(b) A proton
(c) A helium nucleus

 35. What magnetic field strength would cause an 
electron travelling at 10% of the speed of light to 
move in a circle of 10  cm?

 36. What strength of magnetic field would be needed 
to obtain a radius of 1000  m if an electron has 
momentum of 1.0 × 10−18  kg  m  s−1? (Assume the 
direction of the momentum of the electrons is 
perpendicular to the direction of the magnetic field.)

 37. The storage ring of the Australian Synchrotron 
has a radius of 34.4  m and the strength of the 
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165CHAPtER 6 Magnetic fields

magnetic field is 2.0  T. What is the momentum of 
an electron in the storage ring?

 38. Would the same configuration of crossed electric 
and magnetic fields shown on page 161 work for 
negatively charged particles?

 39. Design a velocity selector with a magnetic field 
down the page, assuming the charged particles are 
coming from the left.

 40. (a)  Calculate the speed acquired by an electron 
accelerated by a voltage drop of 100  V.

(b) The electron from part (a) enters a velocity 
selector with a magnetic field of strength 
6.0  mT. For what electric field strength would 
the electron be undeflected?

(c) If the plate separation for the electric field was 
5.0  cm, what is the voltage across the plates?
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