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24.1 Magnetism
We began our investigation of electricity in Chapter 20 by looking at the results of 
simple experiments with charged rods. In the following table, we’ll investigate how 
magnets interact with compasses, other magnets, and various types of materials.

Exploring magnetism

Experiment 1
If a bar-shaped magnet is taped to  
a piece of cork and allowed to  
float in a dish of water, it turns  
to align itself in an approximate  
north-south direction. The end  
of a magnet that points north  
is called the north pole. The  
other end is the south pole. In  
this text, we represent north poles  
as red and south poles as white.

A magnet that is free to pivot like  
this is called a compass. In addition  
to pointing north, a compass will  
pivot to line up with a nearby magnet.

Experiment 2

If the north pole of one magnet is brought near the north pole of  
another magnet, they repel each other. Two south poles also repel  
each other, but the north pole of one magnet exerts an attractive  
force on the south pole of another magnet.

Experiment 3

Cutting a bar magnet in half produces two weaker but still com-
plete magnets, each with a north pole and a south pole.

Experiment 4
Magnets can pick up some objects, such  
as paper clips, but not all. If an object is  
attracted to one pole of a magnet, it is  
also attracted to the other pole. Most  
materials, including copper, aluminum,  
glass, and plastic, experience no force  
from a magnet.

Experiment 5
When a magnet is brought near an  
electroscope, the leaves of the  
electroscope remain undeflected.  
If a charged rod is brought near a  
magnet, there is a small polarization  
force like the ones we studied in  
Chapter 21, as there would be on any  
metal bar, but there is no other effect.
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What do these experiments tell us?

 ■ Experiment 5 reveals that magnetism is not the same as electricity. Magnetic 
poles and electric charges share some similar behavior, but they are not the 
same.

 ■ Experiment 2 shows that magnetism is a long-range force. Magnets need not 
touch each other to exert a force on each other.

 ■ Experiments 1 and 3 show that magnets have two types of poles, north and south, 
and thus are magnetic dipoles. Cutting a magnet in half yields two weaker but 
still complete magnets, each with a north pole and a south pole. The basic unit of 
magnetism is thus a magnetic dipole.

 ■ Experiment 1 shows how the poles of a bar magnet can be identified by using it 
as a compass. Then, as Experiment 2 shows, the known poles of this bar magnet 
can be used to identify the poles of other magnets: A pole that repels a known 
south pole and attracts a known north pole must be a south magnetic pole.

 ■ Experiment 4 reveals that only certain materials, called magnetic materials, are 
attracted to a magnet. The most common magnetic material is iron. Magnetic 
materials are attracted to both poles of a magnet.

STOP TO THINK 24.1 Does the compass needle rotate?

A. Yes, clockwise.
B. Yes, counterclockwise.
C. No, not at all. PivotPositively

charged rod
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Magnetic Fields Are Circles
North is where they come out.

South is where they go in.
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24.3  Electric Currents Also Create 
Magnetic Fields

You expect a compass to react to the presence of a bar magnet. But a compass will 
also deflect if you place the compass near a wire and pass a current through the wire. 
When the current stops, the compass goes back to its original orientation. This 
shows us that an electric current produces a magnetic field. The shape of the field 
lines depends on the shape of the current-carrying wire. The following table shows 
the most important configurations we’ll study.

STOP TO THINK 24.2 A compass is placed next to a bar magnet as shown. Which 
figure shows the correct alignment of the compass?

S N S N S N S N

A. B. C. D.

As the pictures in the atlas above show, the field lines due to currents have no start or 
end: They form complete closed curves. Earlier we noted that the field lines of magnets 
start and end on magnetic poles. If we consider the field lines continuing inside a magnet, 
however, we find that these lines also form complete closed curves, as shown in FIGURE 24.11.

In this and the next section, we’ll explore in some detail the magnetic fields created 
by currents; later, we’ll look again at fields due to magnets. Ordinary magnets are 
often called permanent magnets to distinguish their unchanging magnetism from 

S N

FIGURE 24.11 Field lines form closed 
curves for magnets, too.

An atlas of magnetic fields produced by currents

Current in a long, straight wire A circular loop of current Current in a solenoid

The magnetic field lines form circles around 
the wire. The iron filings are less affected 
by the field as the distance from the wire 
increases, indicating that the field is get-
ting weaker as the distance from the wire 
increases.

The magnetic field lines curve through the 
center of the loop, around the outside, and 
back through the loop’s center, forming com-
plete closed curves. The field lines far from 
the loop look like the field lines far from a bar 
magnet.

A solenoid is a series of current loops 
placed along a common axis. The field 
outside is very weak compared to the 
field inside. Inside the solenoid, the mag-
netic field lines are reasonably evenly 
spaced; the field inside is nearly uniform.
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Dipoles Line Up With The Field
Magnetism is liney uppy, not forcey.
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We can produce a “picture” of the magnetic field by using iron filings—very 
small elongated grains of iron. If there are enough grains, iron filings can give a very 
detailed representation of the magnetic field, as shown in FIGURE 24.3. The compasses 
that we use to determine field direction show us that the magnetic field of a mag-
net points away from the north pole and toward the south pole.

Each iron filing acts
like a tiny compass
needle and rotates to
point in the direction
of the magnetic field.

Since the poles of the
iron filings are not
labeled, a compass can
be used to check the
direction of the field.

Where the field is
strong, the torque
easily lines up the
filings.

Where the field is
weak, the torque barely
lines up the filings.

S N

FIGURE 24.3 Revealing the magnetic field of a bar magnet using iron filings.

Magnetic Field Vectors and Field Lines
We can draw the field of a magnet such as the one shown in Figure 24.3 in either of 
two ways. When we want to represent the magnetic field at one particular point, the 
magnetic field vector representation is especially useful. But if we want an overall 
representation of the field, magnetic field lines are often simpler to use. These two 
representations are similar to the electric field vectors and lines used in Chapter 20, 
and we’ll use similar rules to draw them. 

As shown in FIGURE 24.4, we can imagine placing a number of compasses near the 
magnet to measure the direction and magnitude of the magnetic field. To represent 
the field at the location of one of the compasses, we then draw a vector with its tail 
at that location. Figure 24.4 shows how to choose the direction and magnitude of 
this vector. Although we’ve drawn magnetic field vectors at only a few points around 
the magnet, it’s important to remember that the magnetic field exists at every point 
around the magnet.

We can also represent the magnetic field using magnetic field lines. The rules for 
drawing these lines are similar to those for drawing the electric field lines of Chap-
ter 20. Electric field lines begin on positive charges and end on negative charges; 
magnetic field lines go from a north magnetic pole to a south magnetic pole. The 
direction and the spacing of the field lines show the direction and the strength of the 
field, as illustrated in FIGURE 24.5.

The magnetic field vectors point in the
direction of the compass needles.

We represent the stronger
magnetic field near the
magnet by longer vectors.

S N

FIGURE 24.4 Mapping out the magnetic 
field of a bar magnet using compasses.

u
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The lines are drawn 
closer together where 
the magnitude B of 
the magnetic field is
greater.

Every magnetic field
line leaves the magnet 
at its north pole and
enters the magnet at
its south pole.

The direction of the
magnetic field B at any
point on the field line
is tangent to the line.

FIGURE 24.5 Drawing the magnetic field lines of a bar magnet.

Now that we know how to think about magnetic fields, let’s look at magnetic 
fields from magnets with different arrangements. We’ll use the iron filing method to 
show the lines from real magnets, along with a drawing of the field lines.
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Bar Magnets
&

Compasses

Electrons, Protons, Neutrons, and 
Lots of Atoms Are Magnetic 

Dipoles.
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STOP TO THINK 24.9 Which way will this current loop rotate?

A. Clockwise.
B. Counterclockwise.
C. The loop will not rotate.
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24.8 Magnets and Magnetic Materials
We started the chapter by looking at permanent magnets. We know that permanent 
magnets produce a magnetic field, but what is the source of this field? There are no 
electric currents in these magnets. Why can you make a magnet out of certain mate-
rials but not others? Why does a magnet stick to the refrigerator? The goal of this 
section is to answer these questions by developing an atomic-level view of the mag-
netic properties of matter.

Ferromagnetism
Iron, nickel, and cobalt are elements that have very strong magnetic behavior: A chunk 
of iron (or steel, which is mostly iron) will stick to a magnet, and the chunk can be 
magnetized so that it is itself a magnet. Other metals—such as aluminum and  copper—
do not exhibit this property. We call materials that are strongly attracted to magnets 
and that can be magnetized ferromagnetic (from the Latin for iron, ferrum).

The key to understanding magnetism at the atomic level is that electrons, just 
like protons and nuclei, have an inherent magnetic moment, as we see in FIG-

URE 24.57. Magnetism, at an atomic level, is due to the inherent magnetic moment of 
electrons.

If the magnetic moments of all the electrons in an atom pointed in the same 
direction, the atom would have a very strong magnetic moment. But this doesn’t 
happen. In atoms that have many electrons, the electrons usually occur in pairs 
that have magnetic moments in opposite directions, as we’ll see in Chapter 29. 
Only the electrons that are unpaired are able to give the atom a net magnetic 
moment.

Even so, atoms with magnetic moments don’t necessarily form a solid with mag-
netic properties. For most elements whose atoms have magnetic moments, the mag-
netic moments of the atoms are randomly arranged when the atoms join together to 
form a solid. As FIGURE 24.58 shows, this random arrangement produces a solid whose 
net magnetic moment is very close to zero. Ferromagnetic materials have atoms 
with net magnetic moments that tend to line up and reinforce each other, as in FIG-

URE 24.59. This alignment of moments occurs in only a few elements and alloys, and 
this is why a small piece of iron has such a strong overall magnetic moment. Such a 
piece has a north and a south magnetic pole, generates a magnetic field, and aligns 
parallel to an external magnetic field. In other words, it is a magnet—and a very 
strong one at that.

In a large sample of iron, the magnetic moments will be lined up in local regions 
called domains, each looking like the ordered situation of Figure 24.59, but there 
will be no long-range ordering. Inside a domain, the atomic magnetic moments will 
be aligned, but the magnetic moments of individual domains will be randomly ori-
ented. The individual domains are quite small—on the order of 0.1 mm or so—so a 
piece of iron the size of a nail has thousands of domains. The random orientation of 
the magnetic moments of the domains, as shown in FIGURE 24.60, means that there is 
no overall magnetic moment. So, how can you magnetize a nail?

The arrow represents
the inherent magnetic
moment of the electron.

FIGURE 24.57 Magnetic moment of the 
electron.

The atomic magnetic moments due to 
unpaired electrons point in random directions.
The sample has no net magnetic moment.

FIGURE 24.58 The random magnetic 
moments of the atoms in a typical solid.

The atomic magnetic moments are aligned. 
The sample has north and south magnetic poles.
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FIGURE 24.59 In a ferromagnetic solid, 
the atomic magnetic moments align.

The magnetic moments of the
domains tend to cancel one another.
The sample as a whole possesses
no net magnetic moment.

The atomic moments
are lined up within
each domain.

Magnetic
domains

Magnetic moment
of a domain

FIGURE 24.60 Magnetic domains in a 
 ferromagnetic material.
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That’s how an MRI works.
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the field (the low-energy state) or opposed to the field (the high-energy state), as we 
see in FIGURE 24.54.

The energy difference ∆E between these two orientations of the proton depends 
on two key parameters: the magnetic moment of the proton and the strength of the 
magnetic field.

A tissue sample will have many hydrogen atoms with many protons. Some of the 
protons will be in the high-energy state and some in the low-energy state. A second 
magnetic field, called a probe field, can be applied to “flip” the dipoles from the 
low-energy state to the high-energy state. The probe field must be precisely tuned to 
the energy difference ∆E for this to occur. The probe field is selected to correspond 
to the magnetic moment of a particular nucleus, in this case hydrogen. If the tuning 
is correct, dipoles will change state and a signal is measured. A strong signal means 
that many atoms of this kind are present.

How is this measurement turned into an image? The magnetic field strengths of 
the solenoid and the probe field are varied so that the correct tuning occurs at only 
one point in the patient’s body. The position of the point of correct tuning is swept 
across a “slice” of tissue. Combining atoms into molecules slightly changes the 
energy levels. Different tissues in the body have different concentrations of atoms 
in different chemical states, so the strength of the signal at a point will vary 
depending on the nature of the tissue at that point. As the point of correct tuning is 
moved, the intensity of the signal is measured at each point; a record of the inten-
sity versus position gives an image of the structure of the interior of the body, as in 
FIGURE 24.55.

Electric Motors
The torque on a current loop in a magnetic field is the basis for how an electric 
motor works. The armature of a motor is a loop of wire wound on an axle that is free 
to rotate. This loop is in a strong magnetic field. A current in the loop causes it to 
feel a torque due to this field, as FIGURE 24.56 shows. The loop will rotate to align itself 
with the external field. If the current were steady, the armature would simply rotate 
until its magnetic moment was in its stable position. To keep the motor turning, a 
device called a commutator reverses the current direction in the loop every 180°. As 
the loop reaches its stable configuration, the direction of current in the loop switches, 
putting the loop back into the unstable configuration, so it will keep rotating to line 
up in the other direction. This process continues: Each time the loop nears a stable 
point, the current switches. The loop will keep rotating as long as the current 
continues.

A proton’s
magnetic
moment can
line up in two
orientations
with two
different
energies.

The energy
difference
between the
two states
is ∆E.

E

Opposed
to the 
field

With
the field

∆E

B
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FIGURE 24.54 The energy difference 
between the two possible orientations of 
a proton’s magnetic moment during MRI.

FIGURE 24.55  Cross-sectional image 
of the brain from an MRI scan.
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The commutator reverses the current in the loop every
half cycle so that the torque is always clockwise.

The forces on the loop
result in a clockwise torque.
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FIGURE 24.56 The operation of a simple motor depends on the torque on a current loop 
in a magnetic field.
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Magnetic Materials Have Dipoles 
That Want to Line Up
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STOP TO THINK 24.9 Which way will this current loop rotate?

A. Clockwise.
B. Counterclockwise.
C. The loop will not rotate.
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24.8 Magnets and Magnetic Materials
We started the chapter by looking at permanent magnets. We know that permanent 
magnets produce a magnetic field, but what is the source of this field? There are no 
electric currents in these magnets. Why can you make a magnet out of certain mate-
rials but not others? Why does a magnet stick to the refrigerator? The goal of this 
section is to answer these questions by developing an atomic-level view of the mag-
netic properties of matter.

Ferromagnetism
Iron, nickel, and cobalt are elements that have very strong magnetic behavior: A chunk 
of iron (or steel, which is mostly iron) will stick to a magnet, and the chunk can be 
magnetized so that it is itself a magnet. Other metals—such as aluminum and  copper—
do not exhibit this property. We call materials that are strongly attracted to magnets 
and that can be magnetized ferromagnetic (from the Latin for iron, ferrum).

The key to understanding magnetism at the atomic level is that electrons, just 
like protons and nuclei, have an inherent magnetic moment, as we see in FIG-

URE 24.57. Magnetism, at an atomic level, is due to the inherent magnetic moment of 
electrons.

If the magnetic moments of all the electrons in an atom pointed in the same 
direction, the atom would have a very strong magnetic moment. But this doesn’t 
happen. In atoms that have many electrons, the electrons usually occur in pairs 
that have magnetic moments in opposite directions, as we’ll see in Chapter 29. 
Only the electrons that are unpaired are able to give the atom a net magnetic 
moment.

Even so, atoms with magnetic moments don’t necessarily form a solid with mag-
netic properties. For most elements whose atoms have magnetic moments, the mag-
netic moments of the atoms are randomly arranged when the atoms join together to 
form a solid. As FIGURE 24.58 shows, this random arrangement produces a solid whose 
net magnetic moment is very close to zero. Ferromagnetic materials have atoms 
with net magnetic moments that tend to line up and reinforce each other, as in FIG-

URE 24.59. This alignment of moments occurs in only a few elements and alloys, and 
this is why a small piece of iron has such a strong overall magnetic moment. Such a 
piece has a north and a south magnetic pole, generates a magnetic field, and aligns 
parallel to an external magnetic field. In other words, it is a magnet—and a very 
strong one at that.

In a large sample of iron, the magnetic moments will be lined up in local regions 
called domains, each looking like the ordered situation of Figure 24.59, but there 
will be no long-range ordering. Inside a domain, the atomic magnetic moments will 
be aligned, but the magnetic moments of individual domains will be randomly ori-
ented. The individual domains are quite small—on the order of 0.1 mm or so—so a 
piece of iron the size of a nail has thousands of domains. The random orientation of 
the magnetic moments of the domains, as shown in FIGURE 24.60, means that there is 
no overall magnetic moment. So, how can you magnetize a nail?

The arrow represents
the inherent magnetic
moment of the electron.

FIGURE 24.57 Magnetic moment of the 
electron.

The atomic magnetic moments due to 
unpaired electrons point in random directions.
The sample has no net magnetic moment.

FIGURE 24.58 The random magnetic 
moments of the atoms in a typical solid.

The atomic magnetic moments are aligned. 
The sample has north and south magnetic poles.
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FIGURE 24.59 In a ferromagnetic solid, 
the atomic magnetic moments align.

The magnetic moments of the
domains tend to cancel one another.
The sample as a whole possesses
no net magnetic moment.

The atomic moments
are lined up within
each domain.

Magnetic
domains

Magnetic moment
of a domain

FIGURE 24.60 Magnetic domains in a 
 ferromagnetic material.
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STOP TO THINK 24.9 Which way will this current loop rotate?

A. Clockwise.
B. Counterclockwise.
C. The loop will not rotate.

I

B
u

24.8 Magnets and Magnetic Materials
We started the chapter by looking at permanent magnets. We know that permanent 
magnets produce a magnetic field, but what is the source of this field? There are no 
electric currents in these magnets. Why can you make a magnet out of certain mate-
rials but not others? Why does a magnet stick to the refrigerator? The goal of this 
section is to answer these questions by developing an atomic-level view of the mag-
netic properties of matter.

Ferromagnetism
Iron, nickel, and cobalt are elements that have very strong magnetic behavior: A chunk 
of iron (or steel, which is mostly iron) will stick to a magnet, and the chunk can be 
magnetized so that it is itself a magnet. Other metals—such as aluminum and  copper—
do not exhibit this property. We call materials that are strongly attracted to magnets 
and that can be magnetized ferromagnetic (from the Latin for iron, ferrum).

The key to understanding magnetism at the atomic level is that electrons, just 
like protons and nuclei, have an inherent magnetic moment, as we see in FIG-

URE 24.57. Magnetism, at an atomic level, is due to the inherent magnetic moment of 
electrons.

If the magnetic moments of all the electrons in an atom pointed in the same 
direction, the atom would have a very strong magnetic moment. But this doesn’t 
happen. In atoms that have many electrons, the electrons usually occur in pairs 
that have magnetic moments in opposite directions, as we’ll see in Chapter 29. 
Only the electrons that are unpaired are able to give the atom a net magnetic 
moment.

Even so, atoms with magnetic moments don’t necessarily form a solid with mag-
netic properties. For most elements whose atoms have magnetic moments, the mag-
netic moments of the atoms are randomly arranged when the atoms join together to 
form a solid. As FIGURE 24.58 shows, this random arrangement produces a solid whose 
net magnetic moment is very close to zero. Ferromagnetic materials have atoms 
with net magnetic moments that tend to line up and reinforce each other, as in FIG-

URE 24.59. This alignment of moments occurs in only a few elements and alloys, and 
this is why a small piece of iron has such a strong overall magnetic moment. Such a 
piece has a north and a south magnetic pole, generates a magnetic field, and aligns 
parallel to an external magnetic field. In other words, it is a magnet—and a very 
strong one at that.

In a large sample of iron, the magnetic moments will be lined up in local regions 
called domains, each looking like the ordered situation of Figure 24.59, but there 
will be no long-range ordering. Inside a domain, the atomic magnetic moments will 
be aligned, but the magnetic moments of individual domains will be randomly ori-
ented. The individual domains are quite small—on the order of 0.1 mm or so—so a 
piece of iron the size of a nail has thousands of domains. The random orientation of 
the magnetic moments of the domains, as shown in FIGURE 24.60, means that there is 
no overall magnetic moment. So, how can you magnetize a nail?

The arrow represents
the inherent magnetic
moment of the electron.

FIGURE 24.57 Magnetic moment of the 
electron.

The atomic magnetic moments due to 
unpaired electrons point in random directions.
The sample has no net magnetic moment.

FIGURE 24.58 The random magnetic 
moments of the atoms in a typical solid.

The atomic magnetic moments are aligned. 
The sample has north and south magnetic poles.
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FIGURE 24.59 In a ferromagnetic solid, 
the atomic magnetic moments align.

The magnetic moments of the
domains tend to cancel one another.
The sample as a whole possesses
no net magnetic moment.

The atomic moments
are lined up within
each domain.

Magnetic
domains

Magnetic moment
of a domain

FIGURE 24.60 Magnetic domains in a 
 ferromagnetic material.
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It’s All About the Domains
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Induced Magnetic Moments
When you bring a magnet near a piece of iron, as in FIGURE 24.61, the magnetic field 
of the magnet penetrates the iron and creates torques on the atomic magnetic 
moments. The atoms will stay organized in domains, but domains aligned with the 
external field become larger at the expense of domains opposed to the field. After 
this shift in domain boundaries, the magnetic moments of the domains no longer 
cancel out. The iron will have a net magnetic moment that is aligned with the 
external field. The iron will have developed an induced magnetic moment.

 NOTE  ▶ Inducing a magnetic moment with a magnetic field is analogous to 
inducing an electric dipole with an electric field, which we saw in Chapter 21. ◀

Looking at the pole structure of the induced magnetic moment in the iron, we can 
see that the iron will now be attracted to the magnet. The fact that a magnet attracts 
and picks up ferromagnetic objects was one of the basic observations about magne-
tism with which we started the chapter. Now we have an explanation of how this 
works, based on three facts:

1. Electrons are microscopic magnets due to their inherent magnetic moment.
2. In a ferromagnetic material, these atomic magnetic moments are aligned. 

Regions of aligned moments form magnetic domains.
3. The individual domains shift in response to an external magnetic field to pro-

duce an induced magnetic moment for the entire object. This induced mag-
netic moment will be attracted by a magnet that produced the orientation.

When a piece of iron is near a magnet, the iron becomes a magnet as well. But 
when the applied field is taken away, the domain structure will (generally) return to 
where it began: The induced magnetic moment will disappear. In the presence of a 
very strong field, however, a piece of iron can undergo more significant changes to 
its domain structure, and some domains may permanently change orientation. 
When the field is removed, the iron may retain some of this magnetic character: 
The iron will have become permanently magnetized. But pure iron is a rather poor 
permanent magnetic material; it is very easy to disrupt the ordering of the domains 
that has created the magnetic moment of the iron. For instance, if you heat (or even 
just drop!) a piece of magnetized iron, the resulting random atomic motions tend to 
destroy the alignment of the domains, destroying the magnetic character in the 
process.

Alloys of ferromagnetic materials often possess more robust magnetic characters. 
Alloys of iron and other ferromagnetic elements with rare-earth elements can make 
permanent magnets of incredible strength.

Unmagnetized
piece of iron

1. Initially, the magnetic 
moments of the domains 
cancel each other; there
is no net magnetic 
moment.

2. The magnetic field 
from a magnet causes 
favorably oriented 
domains (shown in 
green) to grow at the 
expense of other 
domains.

3. The resulting domain 
structure has a net 
magnetic moment that is 
attracted to the magnet. 
The piece of iron has 
been magnetized. S

N

FIGURE 24.61 Inducing a magnetic 
moment in a piece of iron.

CONCEPTUAL EXAMPLE 24.14 Sticking things to the refrigerator

Everyone has used a magnet to stick papers to the fridge. Why does the magnet stick to 
the fridge through a layer of paper?

REASON When you bring a magnet near the steel door of the refrigerator, the mag-
netic field of the magnet induces a magnetic moment in the steel. The direction of this 
induced moment will be such that it is attracted to the magnet—thus the magnet will 
stick to the fridge. Magnetic fields go through nonmagnetic materials such as paper, so 
the magnet will hold the paper to the fridge.

ASSESS This result helps makes sense of another observation you’ve no doubt made: 
You can’t stick a thick stack of papers to the fridge. This is because the magnetic field 
of the magnet decreases rapidly with distance. Because the field is weaker, the induced 
magnetic moment is smaller.
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Induced Magnetic Moments
When you bring a magnet near a piece of iron, as in FIGURE 24.61, the magnetic field 
of the magnet penetrates the iron and creates torques on the atomic magnetic 
moments. The atoms will stay organized in domains, but domains aligned with the 
external field become larger at the expense of domains opposed to the field. After 
this shift in domain boundaries, the magnetic moments of the domains no longer 
cancel out. The iron will have a net magnetic moment that is aligned with the 
external field. The iron will have developed an induced magnetic moment.

 NOTE  ▶ Inducing a magnetic moment with a magnetic field is analogous to 
inducing an electric dipole with an electric field, which we saw in Chapter 21. ◀

Looking at the pole structure of the induced magnetic moment in the iron, we can 
see that the iron will now be attracted to the magnet. The fact that a magnet attracts 
and picks up ferromagnetic objects was one of the basic observations about magne-
tism with which we started the chapter. Now we have an explanation of how this 
works, based on three facts:

1. Electrons are microscopic magnets due to their inherent magnetic moment.
2. In a ferromagnetic material, these atomic magnetic moments are aligned. 

Regions of aligned moments form magnetic domains.
3. The individual domains shift in response to an external magnetic field to pro-

duce an induced magnetic moment for the entire object. This induced mag-
netic moment will be attracted by a magnet that produced the orientation.

When a piece of iron is near a magnet, the iron becomes a magnet as well. But 
when the applied field is taken away, the domain structure will (generally) return to 
where it began: The induced magnetic moment will disappear. In the presence of a 
very strong field, however, a piece of iron can undergo more significant changes to 
its domain structure, and some domains may permanently change orientation. 
When the field is removed, the iron may retain some of this magnetic character: 
The iron will have become permanently magnetized. But pure iron is a rather poor 
permanent magnetic material; it is very easy to disrupt the ordering of the domains 
that has created the magnetic moment of the iron. For instance, if you heat (or even 
just drop!) a piece of magnetized iron, the resulting random atomic motions tend to 
destroy the alignment of the domains, destroying the magnetic character in the 
process.

Alloys of ferromagnetic materials often possess more robust magnetic characters. 
Alloys of iron and other ferromagnetic elements with rare-earth elements can make 
permanent magnets of incredible strength.

Unmagnetized
piece of iron

1. Initially, the magnetic 
moments of the domains 
cancel each other; there
is no net magnetic 
moment.

2. The magnetic field 
from a magnet causes 
favorably oriented 
domains (shown in 
green) to grow at the 
expense of other 
domains.

3. The resulting domain 
structure has a net 
magnetic moment that is 
attracted to the magnet. 
The piece of iron has 
been magnetized. S

N

FIGURE 24.61 Inducing a magnetic 
moment in a piece of iron.

CONCEPTUAL EXAMPLE 24.14 Sticking things to the refrigerator

Everyone has used a magnet to stick papers to the fridge. Why does the magnet stick to 
the fridge through a layer of paper?

REASON When you bring a magnet near the steel door of the refrigerator, the mag-
netic field of the magnet induces a magnetic moment in the steel. The direction of this 
induced moment will be such that it is attracted to the magnet—thus the magnet will 
stick to the fridge. Magnetic fields go through nonmagnetic materials such as paper, so 
the magnet will hold the paper to the fridge.

ASSESS This result helps makes sense of another observation you’ve no doubt made: 
You can’t stick a thick stack of papers to the fridge. This is because the magnetic field 
of the magnet decreases rapidly with distance. Because the field is weaker, the induced 
magnetic moment is smaller.
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The Barkhausen Effect The Curie Point

Making and Breaking Magnets Lined up is lower energy.
There is a force toward a lower energy state. 
That’s why things are attracted to magnets.
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24.1 Magnetism
We began our investigation of electricity in Chapter 20 by looking at the results of 
simple experiments with charged rods. In the following table, we’ll investigate how 
magnets interact with compasses, other magnets, and various types of materials.

Exploring magnetism

Experiment 1
If a bar-shaped magnet is taped to  
a piece of cork and allowed to  
float in a dish of water, it turns  
to align itself in an approximate  
north-south direction. The end  
of a magnet that points north  
is called the north pole. The  
other end is the south pole. In  
this text, we represent north poles  
as red and south poles as white.

A magnet that is free to pivot like  
this is called a compass. In addition  
to pointing north, a compass will  
pivot to line up with a nearby magnet.

Experiment 2

If the north pole of one magnet is brought near the north pole of  
another magnet, they repel each other. Two south poles also repel  
each other, but the north pole of one magnet exerts an attractive  
force on the south pole of another magnet.

Experiment 3

Cutting a bar magnet in half produces two weaker but still com-
plete magnets, each with a north pole and a south pole.

Experiment 4
Magnets can pick up some objects, such  
as paper clips, but not all. If an object is  
attracted to one pole of a magnet, it is  
also attracted to the other pole. Most  
materials, including copper, aluminum,  
glass, and plastic, experience no force  
from a magnet.

Experiment 5
When a magnet is brought near an  
electroscope, the leaves of the  
electroscope remain undeflected.  
If a charged rod is brought near a  
magnet, there is a small polarization  
force like the ones we studied in  
Chapter 21, as there would be on any  
metal bar, but there is no other effect.

North

South

The needle of a 
compass is a small
magnet.

Compass

Bar magnet

S
N

N
S

Like poles repel:

Unlike poles attract:

S N

S N S N

SN

N

S

S

N

N

S

No effect

S

N

What do these experiments tell us?

 ■ Experiment 5 reveals that magnetism is not the same as electricity. Magnetic 
poles and electric charges share some similar behavior, but they are not the 
same.

 ■ Experiment 2 shows that magnetism is a long-range force. Magnets need not 
touch each other to exert a force on each other.

 ■ Experiments 1 and 3 show that magnets have two types of poles, north and south, 
and thus are magnetic dipoles. Cutting a magnet in half yields two weaker but 
still complete magnets, each with a north pole and a south pole. The basic unit of 
magnetism is thus a magnetic dipole.

 ■ Experiment 1 shows how the poles of a bar magnet can be identified by using it 
as a compass. Then, as Experiment 2 shows, the known poles of this bar magnet 
can be used to identify the poles of other magnets: A pole that repels a known 
south pole and attracts a known north pole must be a south magnetic pole.

 ■ Experiment 4 reveals that only certain materials, called magnetic materials, are 
attracted to a magnet. The most common magnetic material is iron. Magnetic 
materials are attracted to both poles of a magnet.

STOP TO THINK 24.1 Does the compass needle rotate?

A. Yes, clockwise.
B. Yes, counterclockwise.
C. No, not at all. PivotPositively

charged rod

N

S
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MagNuts

Strong doesn’t 
necessarily mean sticky.
For stickiness, you want 
a strong change in field.
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You are probably most familiar with bar magnets that have a north pole on one 
end and a south pole on the other, but magnets can have more than one pair of north-
south poles, and the poles need not be at the ends of the magnet. Flexible refrigera-
tor magnets have an unusual arrangement of long, striped poles, as shown in 
FIGURE 24.6. Most of the field exits the plain side of the magnet, so this side sticks 
better to your refrigerator than the label side does.

An atlas of magnetic fields produced by magnets

 
A single bar magnet

A single bar magnet  
(closeup)

Two bar magnets,  
unlike poles facing

Two bar magnets,  
like poles facing

The magnetic field lines start on 
the north pole and end on the 
south pole.
As you move away from the 
magnet, the field lines are farther 
apart, indicating a weaker field.

Closer to the magnet, we can 
more clearly see how the field 
lines always start on north poles 
and end on south poles.

With more than one magnet, the 
field lines still start on a north 
pole and end on a south pole. But 
they can start on the north pole of 
one magnet, and end on the south 
pole of another.

With two like poles placed 
nearby, the field lines starting 
on the north poles curve sharply 
toward their south poles in order 
to avoid the north pole of the 
other magnet.

S N S N N NN S

N NN
NN

NN
N

S
S S

S S
S S

S

S
S

SN N
N

S

The magnetic field extends mostly
out of this side of the magnet.

The poles of the
magnet are arranged like long
U-shaped magnets.

(a)

        The pole structure can be
  revealed by a special film that
contains fine iron filings.

(b)

FIGURE 24.6 The magnetic field of a refrigerator magnet.

The Magnetic Field of the Earth
As we’ve seen, a bar magnet that is free to pivot—a compass—always swings so 
that its north pole points geographically north. But we’ve also seen that if a magnet 
is brought near a compass, the compass swings so that its north pole faces the south 
pole of the magnet. These observations can be reconciled if the earth itself is a large 
magnet, as shown in FIGURE 24.7a, where the south pole of the earth’s magnet is 
located near—but not exactly at the same place as—the north geographic pole 
of the earth. The north pole of a compass needle placed at the equator will point 
toward the south pole of the earth’s magnet—that is, to the north.
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Fridge Magnets



Where are there magnets?
What do you notice about the locations?

Magnetic fields exert forces on electric currents.
The force is perpendicular to the field and to the current.
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24.6  Magnetic Fields Exert Forces  
on Currents

We have seen that a magnetic field exerts a force on a moving charge. Because the 
current in a wire consists of charges moving through the wire, we expect that a 
magnetic field will exert a force on a current-carrying wire as well. This force is 
responsible for the operation of loudspeakers, electric motors, and many other 
devices.

The Form of the Magnetic Force on a Current
In the table at the start of Section 24.5, we saw that a magnetic field exerts no force 
on a charged particle moving parallel to a magnetic field. If a current-carrying wire 
is parallel to a magnetic field, we also find that the force on it is zero.

However, there is a force on a current-carrying wire that is perpendicular to a 
magnetic field, as shown in FIGURE 24.39a.

 NOTE  ▶ The magnetic field shown in Figure 24.39 is an external field, created 
by a permanent magnet or by other currents; it is not the field of the current I in 
the wire. ◀

The direction of the force on the current is found by considering the force on 
each charge in the current. We model current as the f low of positive charge, so 
the right-hand rule for forces applies to currents in the same way it does for 
moving charges. With your fingers aligned as usual, point your right thumb in 
the direction of the current (the direction of the motion of positive charges) and 
your index finger in the direction of B

u
. Your middle finger is then pointing in 

the direction of the force F
u
 on the wire, as in FIGURE 24.39b. Consequently, the 

entire length of wire that is within the magnetic field experiences a force per-
pendicular to both the current direction and the field direction, as shown in 
 FIGURE 24.39c.

If the length L of the part of the wire that is in the magnetic field, the current I, or 
the magnetic field B is increased, then the magnitude of the force on the wire will 
also increase. We can show that the magnetic force on a current-carrying wire is 
given by

L

I

I

A wire is perpendicular
to an externally created
magnetic field.

If the wire carries
a current, the magnetic
field will exert a force
on the wire.

(a)

(b)

(c)

The right-hand rule 
for forces applies. 
Your thumb should 
point in the direction 
of the current.

F
u

F
u

B
u

B
u

B
u

FIGURE 24.39 Magnetic force on a 
 current-carrying wire.

Length of wire in
magnetic field (m)

Angle between wire
and magnetic field

Current in wire (A) Magnetic field (T)

Fwire  =  ILB sin a
I

L

a
B
u

(24.9)

In many practical cases the wire will be perpendicular to the field, so that a = 90°. 
In this case,

 Fwire = ILB (24.10)

If we rewrite Equation 24.10 as B = Fwire /IL, we can see that the unit for magnetic 
field, the tesla, can be defined in terms of other units:

1 T = 1 
N

A # m

 

 Video  Current-Carrying Wire in Magnetic 
Field

 

 Video   What the Physics? Dancing Filament
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 50. | Typical blood velocities in the coronary arteries range from 
10 to 30 cm/s. An electromagnetic flowmeter applies a mag-
netic field of 0.25 T to a coronary artery with a blood velocity 
of 15 cm/s. As we saw in Figure 24.38, this field exerts a force 
on ions in the blood, which will separate. The ions will separate 
until they make an electric field that exactly balances the mag-
netic force. This electric field produces a voltage that can be 
measured.
a. What force is felt by a singly ionized (positive) sodium 

ion?
b. Charges in the blood will separate until they produce an 

electric field that cancels this magnetic force. What will be 
the resulting electric field?

c. What voltage will this electric field produce across an artery 
with a diameter of 3.0 mm?

 51. |||| The coil of the electric 
motor shown in Figure P24.51 
has 100 turns and an area of 
0.015 m2. Its rotation axis 
is attached to a pulley with 
a radius of 3.0 cm. At the 
moment shown, the plane 
of the coil is parallel to the 
0.29 T magnetic field. What current in the coil will hold the 1.0 
kg weight in equilibrium?

 52. ||| A loudspeaker creates sound  
by pushing air back and forth 
with a paper cone that is 
driven by a magnetic force on 
a wire coil at the base of the 
cone. Figure P24.52 shows the 
details. The cone is attached 
to a coil of wire that sits in the 
gap between the poles of a cir-
cular magnet. The 0.18 T magnetic field, which points radially 
outward from N to S, exerts a force on a current in the wire, 
moving the cone. The coil of wire that sits in this gap has a 
diameter of 5.0 cm, contains 20 turns of wire, and has a resis-
tance of 8.0 Ω. The speaker is connected to an amplifier whose 
instantaneous output voltage of 6.0 V creates a clockwise cur-
rent in the coil as seen from above. What is the magnetic force 
on the coil at this instant?

 53. ||| Bats are capable of navigating using the earth’s field—a 
plus for an animal that may fly great distances from its roost 
at night. If, while sleeping during the day, bats are exposed 
to a field of a similar magnitude but different direction than 
the earth’s field, they are more likely to lose their way during 
their next lengthy night flight. Suppose you are a researcher 
doing such an experiment in a location where the earth’s field 
is 50 mT at a 60° angle below horizontal. You make a 50-cm-
diameter, 100-turn coil around a roosting box; the sleeping 
bats are at the center of the coil. You wish to pass a current 
through the coil to produce a field that, when combined with 
the earth’s field, creates a net field with the same strength and 
dip angle (60° below horizontal) as the earth’s field but with 
a horizontal component that points south rather than north. 
What are the proper orientation of the coil and the necessary 
current?

 45. || The two 10-cm-long parallel wires in Figure P24.45 are sep-
arated by 5.0 mm. For what value of the resistor R will the force 
between the two wires be 5.4 * 10-5 N?

9.0 V 9.0 V10 cm

5.0 mm

2.0 æ R

FIGURE P24.45

 46. || An electron travels with speed 1.0 * 107 m/s between the 
two parallel charged plates shown in Figure P24.46. The plates 
are separated by 1.0 cm and are charged by a 200 V battery. 
What magnetic field strength and direction will allow the elec-
tron to pass between the plates without being deflected?

1.0 cmvu

FIGURE P24.46

 47. || The two springs in Figure P24.47 each have a spring con-
stant of 10 N/m. They are stretched by 1.0 cm when a current 
passes through the wire. How big is the current?

 48. || A device called a railgun uses the magnetic force on currents 
to launch projectiles at very high speeds. An idealized model of 
a railgun is illustrated in Figure P24.48. A 1.2 V power supply is 
connected to two conducting rails. A segment of copper wire, in 
a region of uniform magnetic field, slides freely on the rails. The 
wire has a 0.85 mΩ resistance and a mass of 5.0 g. Ignore the 
resistance of the rails. When the power supply is switched on,
a. What is the current?
b. What are the magnitude and direction of the force on the wire?
c. What will be the wire’s speed after it has slid a distance of 

1.0 mm?
 49. ||| Irrigation channels that require regular flow monitoring are 

often equipped with electromagnetic flowmeters in which the 
magnetic field is produced by horizontal coils embedded in 
the bottom of the channel. A particular coil has 100 turns and 
a diameter of 6.0 m. When it’s time for a measurement, a 5.0 A 
current is turned on. The large diameter of the coil means that 
the field in the water flowing directly above the center of the 
coil is approximately equal to the field in the center of the coil.
a. What is the magnitude of the field at the center of the coil?
b. If the field is directed downward and the water is flowing 

east, what is the direction of the force on a positive ion in the 
water above the center of the coil?

c. If the water is flowing above the center of the coil at 1.5 m/s, 
what is the magnitude of the force on an ion with a charge +e?

20 cm

I

B  =  0.50 T

FIGURE P24.47

1.2 V
15 cm

B  =  0.80 T

FIGURE P24.48

B
u

1.0 kg

FIGURE P24.51

N

Wire coil

S

I

FIGURE P24.52

Watch Video Solution  Problems 24.47 and 24.53
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That’s why speakers have magnets in them. The world’s simplest motor.
Notice that the force doesn’t just attract the wire to the magnet…. 

It makes things spin!

Changing magnetic fields induce electric fields.
And those electric fields can make currents flow.

This is how most electricity is generated.

Motors are generators and generators are motors.
We’ll talk about this later.

Shark Shoal at a Seamount

Magnetic field anomaly

The sharks’ electric 
field sense lets them 
sense changes in the 

magnetic field.



All kinds of devices use this principle.
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25.4 Faraday’s Law
A current is induced when the magnetic flux through a conducting loop changes. 
Lenz’s law allows us to find the direction of the induced current. To put electromag-
netic induction to practical use, we also need to know the size of the induced current.

In the preceding examples, we found that a change in the flux caused a current to 
flow in a loop of wire. But we also know that a current doesn’t just flow by itself—
there must be an emf in the circuit to keep the current flowing. Evidently, a chang-
ing flux in a circuit causes an emf, which we call an induced emf E. If this emf is 
induced in a complete circuit having resistance R, a current

 Iinduced =
E
R

 (25.10)

is established in the wire as a consequence of the induced emf. The direction of the cur-
rent is given by Lenz’s law. The last piece of information we need is the size of the 
induced emf E.

The research of Faraday and others led to the discovery of the basic law of 
electromagnetic induction, which we now call Faraday’s law.

REASON FIGURE 25.17 shows that the magnetic field above the 
wire points into the page. We learned in Chapter 24 that the mag-
netic field of a straight, current-carrying wire is proportional to 
1/r, where r is the distance away from the wire, so the field is 
stronger closer to the wire.

As the loop moves toward the wire, the flux through the loop 
increases. To oppose the change in the flux—the increase into 
the page—the magnetic field of the induced current must point 
out of the page. Thus, according to the right-hand rule, a counter-
clockwise current is induced, as shown in Figure 25.17.

ASSESS The loop moves into a region of stronger field. To 
oppose the increasing flux, the induced field should be opposite 
the existing field, so our answer makes sense.

I

The loop is moving into a region
of stronger field. The flux is into
the page and increasing.

The induced current
must create a
magnetic field out of
the page to oppose the
change, so the right-
hand rule tells us that
the induced current is
counterclockwise.

vu

FIGURE 25.17 The motion of the loop changes the flux through 
the loop and induces a current.

STOP TO THINK 25.3 As a coil moves to the right at constant speed, it passes over 
the north pole of a magnet and then moves beyond it. Which graph best represents 
the current in the loop for the time of the motion? A counterclockwise current as 
viewed from above the loop is a positive current, clockwise is a negative current.

t
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A.

t
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B.

t

I

C.

t

I

D.S

N

Inducing music As you can see in the 
photo, the pickups on an electric guitar have 
small disk-shaped magnets that magnetize 
the nearby steel strings. What you can’t see 
are the small coils below each magnet. As 
the magnetized strings vibrate, the flux they 
create in the coils changes rapidly, inducing 
a changing emf in the coils. When amplified, 
this emf can drive a loudspeaker, which con-
verts the strings’ motion to sound.Faraday’s law An emf E is induced in a conducting loop if the magnetic flux 

through the loop changes. If the flux changes by ∆Φ during time interval ∆t, 
the magnitude of the emf is

 E = ` ∆Φ
∆t

`  (25.11)

and the direction of the emf is such as to drive an induced current in the direc-
tion given by Lenz’s law.

In other words, the magnitude of the induced emf is the rate of change of the magnetic 
flux through the loop.

 

A video to support a section’s topic  
is embedded in the eText.

Video Faraday’s Law

M25_KNIG9034_04_SE_C25_pp.879-915.indd   889 26/10/17   4:51 PM


