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Chapter 28
magnetic Field



� Electric field E is produced by an electric charge

� Magnetic field B is produced by ? (there is NO magnetic charge)

� Individual (imaginary) magnetic charges is called magnetic monopoles

� How then are magnetic fields produced? There are two ways: 
1. Moving electrically charged particles, such as a current in a wire, to make an electromagnet
2. The elementary particles such as electrons have an intrinsic magnetic field around them (basic 

characteristic of each particle) 

� For some materials, magnetic fields of the electrons add together to give a net magnetic field around 
the material à permanent magnet

� Other materials, the magnetic fields of the electrons cancel out, giving no net magnetic field 
surrounding the material. Such cancellation is the reason you do not have a permanent field around 
your body

What Produces a Magnetic Field? 



The Definition of B
We define B in in terms of the magnetic force FB exerted on a moving electrically charged test particle by 
firing a charged particle (of velocity v ) through the point at which B is to be defined, and determining 
the force FB that acts on the particle at that point

� The magnitude of FB: ,  where 𝜙 is the angle between v & B
� FB never has a component parallel to v à cannot change the particle’s speed v

FB changes only the direction of v à the particle accelerate by FB

� FB = 0 if v & B are either parallel (𝜙= 0°) or antiparallel (𝜙 =180°),
FB is maximum when v & B are perpendicular to each other 

Finding the Magnetic Force on a Particle
� The direction of FB  is always normal to both velocity and magnetic field, determined by right-hand rule 
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just as mass and electric charge (or lack of charge) are basic characteristics.As we
discuss in Chapter 32, the magnetic fields of the electrons in certain materials add
together to give a net magnetic field around the material. Such addition is the
reason why a permanent magnet, the type used to hang refrigerator notes, has a
permanent magnetic field. In other materials, the magnetic fields of the electrons
cancel out, giving no net magnetic field surrounding the material. Such cancella-
tion is the reason you do not have a permanent field around your body, which is
good because otherwise you might be slammed up against a refrigerator door
every time you passed one.

Our first job in this chapter is to define the magnetic field . We do so by
using the experimental fact that when a charged particle moves through a 
magnetic field, a magnetic force acts on the particle.

28-3 The Definition of 
We determined the electric field at a point by putting a test particle of charge
q at rest at that point and measuring the electric force acting on the particle.
We then defined as

(28-1)

If a magnetic monopole were available, we could define in a similar way. Because
such particles have not been found, we must define in another way, in terms of the
magnetic force exerted on a moving electrically charged test particle.

In principle, we do this by firing a charged particle through the point at which
is to be defined, using various directions and speeds for the particle and deter-

mining the force that acts on the particle at that point.After many such trials we
would find that when the particle’s velocity is along a particular axis through the
point, force is zero. For all other directions of , the magnitude of is always
proportional to v sin f, where f is the angle between the zero-force axis and the di-
rection of . Furthermore, the direction of is always perpendicular to the direc-
tion of . (These results suggest that a cross product is involved.)

We can then define a magnetic field to be a vector quantity that is directed
along the zero-force axis. We can next measure the magnitude of when is
directed perpendicular to that axis and then define the magnitude of in terms
of that force magnitude:

where q is the charge of the particle.
We can summarize all these results with the following vector equation:

(28-2)

that is, the force on the particle is equal to the charge q times the cross product
of its velocity and the field (all measured in the same reference frame).
Using Eq. 3-27 for the cross product, we can write the magnitude of as

FB ! |q|vB sin f, (28-3)

where f is the angle between the directions of velocity and magnetic field .

Finding the Magnetic Force on a Particle
Equation 28-3 tells us that the magnitude of the force acting on a particle in
a magnetic field is proportional to the charge q and speed v of the particle. Thus,
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the force is equal to zero if the charge is zero or if the particle is stationary.
Equation 28-3 also tells us that the magnitude of the force is zero if and are
either parallel (f ! 0°) or antiparallel (f ! 180°), and the force is at its 
maximum when and are perpendicular to each other.

Equation 28-2 tells us all this plus the direction of . From Section 3-8,
we know that the cross product in Eq. 28-2 is a vector that is perpendicu-
lar to the two vectors and . The right-hand rule (Figs. 28-2a through c) tells us
that  the thumb of the right hand points in the direction of when the 
fingers sweep into . If q is positive, then (by Eq. 28-2) the force has the
same sign as and thus must be in the same direction; that is, for positive q,

is directed along the thumb (Fig. 28-2d). If q is negative, then the force and
cross product have opposite signs and thus must be in opposite directions.
For negative q, is directed opposite the thumb (Fig. 28-2e).

Regardless of the sign of the charge, however,
F
:

B

v: ! B
:

F
:

BF
:

B

v: ! B
:

F
:

BB
:

v:
v: ! B

:
B
:

v:
v: ! B

:
F
:

B

B
:

v:

B
:

v:

The force acting on a charged particle moving with velocity through 
a magnetic field is always perpendicular to and .B
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Thus, never has a component parallel to . This means that cannot change
the particle’s speed v (and thus it cannot change the particle’s kinetic energy).
The force can change only the direction of (and thus the direction of travel);
only in this sense can accelerate the particle.

To develop a feeling for Eq. 28-2, consider Fig. 28-3, which shows some tracks
left by charged particles moving rapidly through a bubble chamber. The chamber,
which is filled with liquid hydrogen, is immersed in a strong uniform magnetic
field that is directed out of the plane of the figure. An incoming gamma ray parti-
cle—which leaves no track because it is uncharged—transforms into an electron
(spiral track marked e") and a positron (track marked e#) while it knocks an
electron out of a hydrogen atom (long track marked e"). Check with Eq. 28-2 and
Fig. 28-2 that the three tracks made by these two negative particles and one posi-
tive particle curve in the proper directions.

The SI unit for that follows from Eqs. 28-2 and 28-3 is the newton per
coulomb-meter per second. For convenience, this is called the tesla (T):

Recalling that a coulomb per second is an ampere, we have
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the force is equal to zero if the charge is zero or if the particle is stationary.
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the force is equal to zero if the charge is zero or if the particle is stationary.
Equation 28-3 also tells us that the magnitude of the force is zero if and are
either parallel (f ! 0°) or antiparallel (f ! 180°), and the force is at its 
maximum when and are perpendicular to each other.
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cross product have opposite signs and thus must be in opposite directions.
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� The SI unit for B is tesla (T)

738 CHAPTE R 28 MAG N ETIC F I E LDS

HALLIDAY REVISED

An earlier (non-SI) unit for , still in common use, is the gauss (G), and

1 tesla ! 104 gauss. (28-5)

Table 28-1 lists the magnetic fields that occur in a few situations. Note that Earth’s
magnetic field near the planet’s surface is about 10"4 T (! 100 mT or 1 G).

B
:

Table 28-1

Some Approximate Magnetic Fields

At surface of neutron star 108 T
Near big electromagnet 1.5 T
Near small bar magnet 10"2 T
At Earth’s surface 10"4 T
In interstellar space 10"10 T
Smallest value in 

magnetically 
shielded room 10"14 T

Fig. 28-4 (a) The magnetic field
lines for a bar magnet. (b) A “cow
magnet”—a bar magnet that is in-
tended to be slipped down into the ru-
men of a cow to prevent accidentally
ingested bits of scrap iron from reach-
ing the cow’s intestines.The iron filings
at its ends reveal the magnetic field
lines. (Courtesy Dr. Richard Cannon,
Southeast Missouri State University,
Cape Girardeau)
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Opposite magnetic poles attract each other, and like magnetic poles repel each other.

Magnetic Field Lines
We can represent magnetic fields with field lines, as we did for electric fields.
Similar rules apply: (1) the direction of the tangent to a magnetic field line at
any point gives the direction of at that point, and (2) the spacing of the lines
represents the magnitude of —the magnetic field is stronger where the lines
are closer together, and conversely.

Figure 28-4a shows how the magnetic field near a bar magnet (a permanent
magnet in the shape of a bar) can be represented by magnetic field lines.The lines
all pass through the magnet, and they all form closed loops (even those that
are not shown closed in the figure).The external magnetic effects of a bar magnet
are strongest near its ends, where the field lines are most closely spaced.Thus, the
magnetic field of the bar magnet in Fig. 28-4b collects the iron filings mainly near
the two ends of the magnet.

The (closed) field lines enter one end of a magnet and exit the other end. The
end of a magnet from which the field lines emerge is called the north pole of the
magnet; the other end, where field lines enter the magnet, is called the south pole.
Because a magnet has two poles, it is said to be a magnetic dipole. The magnets we
use to fix notes on refrigerators are short bar magnets. Figure 28-5 shows two other
common shapes for magnets: a horseshoe magnet and a magnet that has been bent
around into the shape of a C so that the pole faces are facing each other. (The mag-
netic field between the pole faces can then be approximately uniform.) Regardless
of the shape of the magnets, if we place two of them near each other we find:
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a uniform magnetic field
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Earth has a magnetic field that is produced in its core by still unknown
mechanisms. On Earth’s surface, we can detect this magnetic field with a compass,
which is essentially a slender bar magnet on a low-friction pivot.This bar magnet,
or this needle, turns because its north-pole end is attracted toward the Arctic
region of Earth. Thus, the south pole of Earth’s magnetic field must be located
toward the Arctic. Logically, we then should call the pole there a south pole.
However, because we call that direction north, we are trapped into the statement
that Earth has a geomagnetic north pole in that direction.

With more careful measurement we would find that in the Northern Hemi-
sphere, the magnetic field lines of Earth generally point down into Earth and toward
the Arctic. In the Southern Hemisphere, they generally point up out of Earth and
away from the Antarctic—that is, away from Earth’s geomagnetic south pole.
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the force is equal to zero if the charge is zero or if the particle is stationary.
Equation 28-3 also tells us that the magnitude of the force is zero if and are
either parallel (f ! 0°) or antiparallel (f ! 180°), and the force is at its 
maximum when and are perpendicular to each other.

Equation 28-2 tells us all this plus the direction of . From Section 3-8,
we know that the cross product in Eq. 28-2 is a vector that is perpendicu-
lar to the two vectors and . The right-hand rule (Figs. 28-2a through c) tells us
that  the thumb of the right hand points in the direction of when the 
fingers sweep into . If q is positive, then (by Eq. 28-2) the force has the
same sign as and thus must be in the same direction; that is, for positive q,

is directed along the thumb (Fig. 28-2d). If q is negative, then the force and
cross product have opposite signs and thus must be in opposite directions.
For negative q, is directed opposite the thumb (Fig. 28-2e).

Regardless of the sign of the charge, however,
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Thus, never has a component parallel to . This means that cannot change
the particle’s speed v (and thus it cannot change the particle’s kinetic energy).
The force can change only the direction of (and thus the direction of travel);
only in this sense can accelerate the particle.

To develop a feeling for Eq. 28-2, consider Fig. 28-3, which shows some tracks
left by charged particles moving rapidly through a bubble chamber. The chamber,
which is filled with liquid hydrogen, is immersed in a strong uniform magnetic
field that is directed out of the plane of the figure. An incoming gamma ray parti-
cle—which leaves no track because it is uncharged—transforms into an electron
(spiral track marked e") and a positron (track marked e#) while it knocks an
electron out of a hydrogen atom (long track marked e"). Check with Eq. 28-2 and
Fig. 28-2 that the three tracks made by these two negative particles and one posi-
tive particle curve in the proper directions.

The SI unit for that follows from Eqs. 28-2 and 28-3 is the newton per
coulomb-meter per second. For convenience, this is called the tesla (T):

Recalling that a coulomb per second is an ampere, we have
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the force is equal to zero if the charge is zero or if the particle is stationary.
Equation 28-3 also tells us that the magnitude of the force is zero if and are
either parallel (f ! 0°) or antiparallel (f ! 180°), and the force is at its 
maximum when and are perpendicular to each other.

Equation 28-2 tells us all this plus the direction of . From Section 3-8,
we know that the cross product in Eq. 28-2 is a vector that is perpendicu-
lar to the two vectors and . The right-hand rule (Figs. 28-2a through c) tells us
that  the thumb of the right hand points in the direction of when the 
fingers sweep into . If q is positive, then (by Eq. 28-2) the force has the
same sign as and thus must be in the same direction; that is, for positive q,

is directed along the thumb (Fig. 28-2d). If q is negative, then the force and
cross product have opposite signs and thus must be in opposite directions.
For negative q, is directed opposite the thumb (Fig. 28-2e).

Regardless of the sign of the charge, however,
F
:

B

v: ! B
:

F
:

BF
:

B

v: ! B
:

F
:

BB
:

v:
v: ! B

:
B
:

v:
v: ! B

:
F
:

B

B
:

v:

B
:

v:

The force acting on a charged particle moving with velocity through 
a magnetic field is always perpendicular to and .B
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Thus, never has a component parallel to . This means that cannot change
the particle’s speed v (and thus it cannot change the particle’s kinetic energy).
The force can change only the direction of (and thus the direction of travel);
only in this sense can accelerate the particle.

To develop a feeling for Eq. 28-2, consider Fig. 28-3, which shows some tracks
left by charged particles moving rapidly through a bubble chamber. The chamber,
which is filled with liquid hydrogen, is immersed in a strong uniform magnetic
field that is directed out of the plane of the figure. An incoming gamma ray parti-
cle—which leaves no track because it is uncharged—transforms into an electron
(spiral track marked e") and a positron (track marked e#) while it knocks an
electron out of a hydrogen atom (long track marked e"). Check with Eq. 28-2 and
Fig. 28-2 that the three tracks made by these two negative particles and one posi-
tive particle curve in the proper directions.

The SI unit for that follows from Eqs. 28-2 and 28-3 is the newton per
coulomb-meter per second. For convenience, this is called the tesla (T):

Recalling that a coulomb per second is an ampere, we have

(28-4)1 T ! 1 
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Fig. 28-2 (a) – (c) The right-hand rule (in which is swept into through the smaller
angle f between them) gives the direction of as the direction of the thumb. (d) If q
is positive, then the direction of is in the direction of (e) If q is nega-v: ! B
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Fig. 28-3 The tracks of two
electrons (e") and a positron
(e#) in a bubble chamber that is
immersed in a uniform mag-
netic field that is directed out of
the plane of the page.
(Lawrence Berkeley
Laboratory/Photo Researchers)
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An earlier (non-SI) unit for , still in common use, is the gauss (G), and

1 tesla ! 104 gauss. (28-5)

Table 28-1 lists the magnetic fields that occur in a few situations. Note that Earth’s
magnetic field near the planet’s surface is about 10"4 T (! 100 mT or 1 G).

B
:

Table 28-1

Some Approximate Magnetic Fields

At surface of neutron star 108 T
Near big electromagnet 1.5 T
Near small bar magnet 10"2 T
At Earth’s surface 10"4 T
In interstellar space 10"10 T
Smallest value in 

magnetically 
shielded room 10"14 T

Fig. 28-4 (a) The magnetic field
lines for a bar magnet. (b) A “cow
magnet”—a bar magnet that is in-
tended to be slipped down into the ru-
men of a cow to prevent accidentally
ingested bits of scrap iron from reach-
ing the cow’s intestines.The iron filings
at its ends reveal the magnetic field
lines. (Courtesy Dr. Richard Cannon,
Southeast Missouri State University,
Cape Girardeau)
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(a) 

(b)

Opposite magnetic poles attract each other, and like magnetic poles repel each other.

Magnetic Field Lines
We can represent magnetic fields with field lines, as we did for electric fields.
Similar rules apply: (1) the direction of the tangent to a magnetic field line at
any point gives the direction of at that point, and (2) the spacing of the lines
represents the magnitude of —the magnetic field is stronger where the lines
are closer together, and conversely.

Figure 28-4a shows how the magnetic field near a bar magnet (a permanent
magnet in the shape of a bar) can be represented by magnetic field lines.The lines
all pass through the magnet, and they all form closed loops (even those that
are not shown closed in the figure).The external magnetic effects of a bar magnet
are strongest near its ends, where the field lines are most closely spaced.Thus, the
magnetic field of the bar magnet in Fig. 28-4b collects the iron filings mainly near
the two ends of the magnet.

The (closed) field lines enter one end of a magnet and exit the other end. The
end of a magnet from which the field lines emerge is called the north pole of the
magnet; the other end, where field lines enter the magnet, is called the south pole.
Because a magnet has two poles, it is said to be a magnetic dipole. The magnets we
use to fix notes on refrigerators are short bar magnets. Figure 28-5 shows two other
common shapes for magnets: a horseshoe magnet and a magnet that has been bent
around into the shape of a C so that the pole faces are facing each other. (The mag-
netic field between the pole faces can then be approximately uniform.) Regardless
of the shape of the magnets, if we place two of them near each other we find:
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The figure shows three
situations in which a
charged particle with ve-
locity travels through
a uniform magnetic field

. In each situation,
what is the direction of
the magnetic force 
on the particle?
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Earth has a magnetic field that is produced in its core by still unknown
mechanisms. On Earth’s surface, we can detect this magnetic field with a compass,
which is essentially a slender bar magnet on a low-friction pivot.This bar magnet,
or this needle, turns because its north-pole end is attracted toward the Arctic
region of Earth. Thus, the south pole of Earth’s magnetic field must be located
toward the Arctic. Logically, we then should call the pole there a south pole.
However, because we call that direction north, we are trapped into the statement
that Earth has a geomagnetic north pole in that direction.

With more careful measurement we would find that in the Northern Hemi-
sphere, the magnetic field lines of Earth generally point down into Earth and toward
the Arctic. In the Southern Hemisphere, they generally point up out of Earth and
away from the Antarctic—that is, away from Earth’s geomagnetic south pole.
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3. A proton moving with a speed of 4×106 m/s through a magnetic field of 4 T experiences a 
 

magnetic force of 12.8×10-13  N. Find the angle between the proton’s velocity and the 
 

magnetic field. 
 

Solution 
The magnitude of the magnetic force is defined as 

 

F   qvBsinT�
�
�

Hence the angle is 

sin T  � F  
 �

�
�

12.8 u10 

 
 
�13 

 
 
 
  0.5 

 
 
 

o� T   300 

qvB 1.6 u10�19  u 4 u106  u 4 

1.

Problems:



 

 

 

4. A proton moves with a speed of 4×106 m/s normally to a magnetic field of 2.4 T. Calculate 
 

the acceleration of the proton due to the magnetic force. 
Solution 

The magnitude of the magnetic force is 
 

F   qvB   1.6 u10�19 u 4 u106  u 2.4   1.54 u10�12 N 
 
 

Hence the magnitude of its acceleration (from Newton’s second law) is 
 
 

F   ma  o� a   F   1.54 u10 
�12  

  9.2 u1014 m / s 2 

m  1.67 u10�27
 

2



� Magnetic fields lines:
(1) the direction of the tangent to a magnetic field line at any point 
gives the direction of B
(2) the spacing of the lines represents the magnitude of B
(stronger where the lines are closer together)

� Magnetic field lines of bar magnet:
� The lines all pass through the magnet, and they all form closed loops 
� The external magnetic effects of a bar magnet are strongest near its ends, 

where the field lines are most closely spaced
� B lines goes from the north pole N of the the south pole S
� Because a magnet has two poles, it is said to be a magnetic dipole
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An earlier (non-SI) unit for , still in common use, is the gauss (G), and

1 tesla ! 104 gauss. (28-5)

Table 28-1 lists the magnetic fields that occur in a few situations. Note that Earth’s
magnetic field near the planet’s surface is about 10"4 T (! 100 mT or 1 G).
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Table 28-1

Some Approximate Magnetic Fields

At surface of neutron star 108 T
Near big electromagnet 1.5 T
Near small bar magnet 10"2 T
At Earth’s surface 10"4 T
In interstellar space 10"10 T
Smallest value in 

magnetically 
shielded room 10"14 T

Fig. 28-4 (a) The magnetic field
lines for a bar magnet. (b) A “cow
magnet”—a bar magnet that is in-
tended to be slipped down into the ru-
men of a cow to prevent accidentally
ingested bits of scrap iron from reach-
ing the cow’s intestines.The iron filings
at its ends reveal the magnetic field
lines. (Courtesy Dr. Richard Cannon,
Southeast Missouri State University,
Cape Girardeau)
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Opposite magnetic poles attract each other, and like magnetic poles repel each other.

Magnetic Field Lines
We can represent magnetic fields with field lines, as we did for electric fields.
Similar rules apply: (1) the direction of the tangent to a magnetic field line at
any point gives the direction of at that point, and (2) the spacing of the lines
represents the magnitude of —the magnetic field is stronger where the lines
are closer together, and conversely.

Figure 28-4a shows how the magnetic field near a bar magnet (a permanent
magnet in the shape of a bar) can be represented by magnetic field lines.The lines
all pass through the magnet, and they all form closed loops (even those that
are not shown closed in the figure).The external magnetic effects of a bar magnet
are strongest near its ends, where the field lines are most closely spaced.Thus, the
magnetic field of the bar magnet in Fig. 28-4b collects the iron filings mainly near
the two ends of the magnet.

The (closed) field lines enter one end of a magnet and exit the other end. The
end of a magnet from which the field lines emerge is called the north pole of the
magnet; the other end, where field lines enter the magnet, is called the south pole.
Because a magnet has two poles, it is said to be a magnetic dipole. The magnets we
use to fix notes on refrigerators are short bar magnets. Figure 28-5 shows two other
common shapes for magnets: a horseshoe magnet and a magnet that has been bent
around into the shape of a C so that the pole faces are facing each other. (The mag-
netic field between the pole faces can then be approximately uniform.) Regardless
of the shape of the magnets, if we place two of them near each other we find:
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The figure shows three
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Earth has a magnetic field that is produced in its core by still unknown
mechanisms. On Earth’s surface, we can detect this magnetic field with a compass,
which is essentially a slender bar magnet on a low-friction pivot.This bar magnet,
or this needle, turns because its north-pole end is attracted toward the Arctic
region of Earth. Thus, the south pole of Earth’s magnetic field must be located
toward the Arctic. Logically, we then should call the pole there a south pole.
However, because we call that direction north, we are trapped into the statement
that Earth has a geomagnetic north pole in that direction.

With more careful measurement we would find that in the Northern Hemi-
sphere, the magnetic field lines of Earth generally point down into Earth and toward
the Arctic. In the Southern Hemisphere, they generally point up out of Earth and
away from the Antarctic—that is, away from Earth’s geomagnetic south pole.
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An earlier (non-SI) unit for , still in common use, is the gauss (G), and

1 tesla ! 104 gauss. (28-5)

Table 28-1 lists the magnetic fields that occur in a few situations. Note that Earth’s
magnetic field near the planet’s surface is about 10"4 T (! 100 mT or 1 G).
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Table 28-1

Some Approximate Magnetic Fields

At surface of neutron star 108 T
Near big electromagnet 1.5 T
Near small bar magnet 10"2 T
At Earth’s surface 10"4 T
In interstellar space 10"10 T
Smallest value in 

magnetically 
shielded room 10"14 T

Fig. 28-4 (a) The magnetic field
lines for a bar magnet. (b) A “cow
magnet”—a bar magnet that is in-
tended to be slipped down into the ru-
men of a cow to prevent accidentally
ingested bits of scrap iron from reach-
ing the cow’s intestines.The iron filings
at its ends reveal the magnetic field
lines. (Courtesy Dr. Richard Cannon,
Southeast Missouri State University,
Cape Girardeau)
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Opposite magnetic poles attract each other, and like magnetic poles repel each other.

Magnetic Field Lines
We can represent magnetic fields with field lines, as we did for electric fields.
Similar rules apply: (1) the direction of the tangent to a magnetic field line at
any point gives the direction of at that point, and (2) the spacing of the lines
represents the magnitude of —the magnetic field is stronger where the lines
are closer together, and conversely.

Figure 28-4a shows how the magnetic field near a bar magnet (a permanent
magnet in the shape of a bar) can be represented by magnetic field lines.The lines
all pass through the magnet, and they all form closed loops (even those that
are not shown closed in the figure).The external magnetic effects of a bar magnet
are strongest near its ends, where the field lines are most closely spaced.Thus, the
magnetic field of the bar magnet in Fig. 28-4b collects the iron filings mainly near
the two ends of the magnet.

The (closed) field lines enter one end of a magnet and exit the other end. The
end of a magnet from which the field lines emerge is called the north pole of the
magnet; the other end, where field lines enter the magnet, is called the south pole.
Because a magnet has two poles, it is said to be a magnetic dipole. The magnets we
use to fix notes on refrigerators are short bar magnets. Figure 28-5 shows two other
common shapes for magnets: a horseshoe magnet and a magnet that has been bent
around into the shape of a C so that the pole faces are facing each other. (The mag-
netic field between the pole faces can then be approximately uniform.) Regardless
of the shape of the magnets, if we place two of them near each other we find:
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Earth has a magnetic field that is produced in its core by still unknown
mechanisms. On Earth’s surface, we can detect this magnetic field with a compass,
which is essentially a slender bar magnet on a low-friction pivot.This bar magnet,
or this needle, turns because its north-pole end is attracted toward the Arctic
region of Earth. Thus, the south pole of Earth’s magnetic field must be located
toward the Arctic. Logically, we then should call the pole there a south pole.
However, because we call that direction north, we are trapped into the statement
that Earth has a geomagnetic north pole in that direction.

With more careful measurement we would find that in the Northern Hemi-
sphere, the magnetic field lines of Earth generally point down into Earth and toward
the Arctic. In the Southern Hemisphere, they generally point up out of Earth and
away from the Antarctic—that is, away from Earth’s geomagnetic south pole.
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An earlier (non-SI) unit for , still in common use, is the gauss (G), and

1 tesla ! 104 gauss. (28-5)

Table 28-1 lists the magnetic fields that occur in a few situations. Note that Earth’s
magnetic field near the planet’s surface is about 10"4 T (! 100 mT or 1 G).
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Some Approximate Magnetic Fields

At surface of neutron star 108 T
Near big electromagnet 1.5 T
Near small bar magnet 10"2 T
At Earth’s surface 10"4 T
In interstellar space 10"10 T
Smallest value in 

magnetically 
shielded room 10"14 T

Fig. 28-4 (a) The magnetic field
lines for a bar magnet. (b) A “cow
magnet”—a bar magnet that is in-
tended to be slipped down into the ru-
men of a cow to prevent accidentally
ingested bits of scrap iron from reach-
ing the cow’s intestines.The iron filings
at its ends reveal the magnetic field
lines. (Courtesy Dr. Richard Cannon,
Southeast Missouri State University,
Cape Girardeau)
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Opposite magnetic poles attract each other, and like magnetic poles repel each other.

Magnetic Field Lines
We can represent magnetic fields with field lines, as we did for electric fields.
Similar rules apply: (1) the direction of the tangent to a magnetic field line at
any point gives the direction of at that point, and (2) the spacing of the lines
represents the magnitude of —the magnetic field is stronger where the lines
are closer together, and conversely.

Figure 28-4a shows how the magnetic field near a bar magnet (a permanent
magnet in the shape of a bar) can be represented by magnetic field lines.The lines
all pass through the magnet, and they all form closed loops (even those that
are not shown closed in the figure).The external magnetic effects of a bar magnet
are strongest near its ends, where the field lines are most closely spaced.Thus, the
magnetic field of the bar magnet in Fig. 28-4b collects the iron filings mainly near
the two ends of the magnet.

The (closed) field lines enter one end of a magnet and exit the other end. The
end of a magnet from which the field lines emerge is called the north pole of the
magnet; the other end, where field lines enter the magnet, is called the south pole.
Because a magnet has two poles, it is said to be a magnetic dipole. The magnets we
use to fix notes on refrigerators are short bar magnets. Figure 28-5 shows two other
common shapes for magnets: a horseshoe magnet and a magnet that has been bent
around into the shape of a C so that the pole faces are facing each other. (The mag-
netic field between the pole faces can then be approximately uniform.) Regardless
of the shape of the magnets, if we place two of them near each other we find:
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Earth has a magnetic field that is produced in its core by still unknown
mechanisms. On Earth’s surface, we can detect this magnetic field with a compass,
which is essentially a slender bar magnet on a low-friction pivot.This bar magnet,
or this needle, turns because its north-pole end is attracted toward the Arctic
region of Earth. Thus, the south pole of Earth’s magnetic field must be located
toward the Arctic. Logically, we then should call the pole there a south pole.
However, because we call that direction north, we are trapped into the statement
that Earth has a geomagnetic north pole in that direction.

With more careful measurement we would find that in the Northern Hemi-
sphere, the magnetic field lines of Earth generally point down into Earth and toward
the Arctic. In the Southern Hemisphere, they generally point up out of Earth and
away from the Antarctic—that is, away from Earth’s geomagnetic south pole.

halliday_c28_735-763v2.qxd  27-11-2009  16:19  Page 738

73928-3 TH E DE FI N ITION OF B
PART 3

HALLIDAY REVISED

Fig. 28-5 (a) A horseshoe magnet and (b) a C-shaped magnet. (Only some of the
external field lines are shown.)
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N

(a) (b)

The field lines run from
the north pole to the
south pole.

Sample Problem

Direction: To find the direction of , we use the fact that 
has the direction of the cross product Because the
charge q is positive, must have the same direction as 
which can be determined with the right-hand rule for cross
products (as in Fig. 28-2d).We know that is directed horizon-
tally from south to north and is directed vertically up. The
right-hand rule shows us that the deflecting force must be 
directed horizontally from west to east, as Fig. 28-6 shows. (The
array of dots in the figure represents a magnetic field directed
out of the plane of the figure.An array of Xs would have repre-
sented a magnetic field directed into that plane.)

If the charge of the particle were negative, the magnetic
deflecting force would be directed in the opposite direction—
that is, horizontally from east to west. This is predicted auto-
matically by Eq. 28-2 if we substitute a negative value for q.
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6.1 " 10#15 N
1.67 " 10#27 kg

! 3.7 " 1012 m/s2.

Magnetic force on a moving charged particle

A uniform magnetic field , with magnitude 1.2 mT, is
directed vertically upward throughout the volume of a labo-
ratory chamber. A proton with kinetic energy 5.3 MeV en-
ters the chamber, moving horizontally from south to north.
What magnetic deflecting force acts on the proton as it en-
ters the chamber? The proton mass is 1.67 " 10#27 kg.
(Neglect Earth’s magnetic field.)

Because the proton is charged and moving through a mag-
netic field, a magnetic force can act on it. Because the ini-
tial direction of the proton’s velocity is not along a magnetic
field line, is not simply zero.

Magnitude: To find the magnitude of , we can use Eq. 28-3
provided we first find the proton’s speed v.

We can find v from the given kinetic energy because
. Solving for v, we obtain

Equation 28-3 then yields

(Answer)

This may seem like a small force, but it acts on a particle of
small mass, producing a large acceleration; namely,

! 6.1 " 10#15 N.
" (1.2 " 10#3 T)(sin 90$)

! (1.60 " 10#19 C)(3.2 " 107 m/s)
FB ! |q|vB sin %

 ! 3.2 " 107 m/s.

 v ! A 2K
m

! A (2)(5.3 MeV)(1.60 " 10#13 J/MeV)
1.67 " 10#27 kg

K ! 1
2 mv2

(FB ! |q|vB sin %)
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Additional examples, video, and practice available at WileyPLUS
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Fig. 28-6 An overhead view of a proton moving from south to
north with velocity in a chamber. A magnetic field is directed
vertically upward in the chamber, as represented by the array of
dots (which resemble the tips of arrows).The proton is deflected
toward the east.
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A Circulating Charged Particle 

� If a charged particle q of mass m and speed v enters a uniform B
à the particle will move in a circular path of radius r given by
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(radius). (28-16)

The period T (the time for one full revolution) is equal to the circumference 
divided by the speed:

(period). (28-17)

The frequency f (the number of revolutions per unit time) is

(frequency). (28-18)

The angular frequency v of the motion is then

(angular frequency). (28-19)

The quantities T, f, and v do not depend on the speed of the particle (provided
the speed is much less than the speed of light). Fast particles move in large circles
and slow ones in small circles, but all particles with the same charge-to-mass
ratio |q|/m take the same time T (the period) to complete one round trip. Using
Eq. 28-2, you can show that if you are looking in the direction of , the direction
of rotation for a positive particle is always counterclockwise, and the direction for
a negative particle is always clockwise.

Helical Paths
If the velocity of a charged particle has a component parallel to the (uniform)
magnetic field, the particle will move in a helical path about the direction of the field
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Fig. 28-10 Electrons circulating in a chamber containing gas at low pressure (their path
is the glowing circle). A uniform magnetic field , pointing directly out of the plane of
the page, fills the chamber. Note the radially directed magnetic force ; for circular motion toF

:
B

B
:

occur, must point toward the center of the circle.Use the right-hand rule for cross products toF
:

B

confirm that gives the proper direction.(Don’t forget the sign of q.)
(Courtesy John Le P.Webb, Sussex University, England)
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(radius). (28-16)

The period T (the time for one full revolution) is equal to the circumference 
divided by the speed:

(period). (28-17)

The frequency f (the number of revolutions per unit time) is

(frequency). (28-18)

The angular frequency v of the motion is then

(angular frequency). (28-19)

The quantities T, f, and v do not depend on the speed of the particle (provided
the speed is much less than the speed of light). Fast particles move in large circles
and slow ones in small circles, but all particles with the same charge-to-mass
ratio |q|/m take the same time T (the period) to complete one round trip. Using
Eq. 28-2, you can show that if you are looking in the direction of , the direction
of rotation for a positive particle is always counterclockwise, and the direction for
a negative particle is always clockwise.

Helical Paths
If the velocity of a charged particle has a component parallel to the (uniform)
magnetic field, the particle will move in a helical path about the direction of the field

B
:

! " 2# f "
|q|B
m

f "
1
T

"
|q|B
2#m

T "
2#r

v
"

2#

v
 

mv
|q|B

"
2#m
|q|B

r "
mv
|q|B

B

FB

v

Fig. 28-10 Electrons circulating in a chamber containing gas at low pressure (their path
is the glowing circle). A uniform magnetic field , pointing directly out of the plane of
the page, fills the chamber. Note the radially directed magnetic force ; for circular motion toF
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occur, must point toward the center of the circle.Use the right-hand rule for cross products toF
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confirm that gives the proper direction.(Don’t forget the sign of q.)
(Courtesy John Le P.Webb, Sussex University, England)
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(radius). (28-16)

The period T (the time for one full revolution) is equal to the circumference 
divided by the speed:

(period). (28-17)

The frequency f (the number of revolutions per unit time) is

(frequency). (28-18)

The angular frequency v of the motion is then

(angular frequency). (28-19)

The quantities T, f, and v do not depend on the speed of the particle (provided
the speed is much less than the speed of light). Fast particles move in large circles
and slow ones in small circles, but all particles with the same charge-to-mass
ratio |q|/m take the same time T (the period) to complete one round trip. Using
Eq. 28-2, you can show that if you are looking in the direction of , the direction
of rotation for a positive particle is always counterclockwise, and the direction for
a negative particle is always clockwise.

Helical Paths
If the velocity of a charged particle has a component parallel to the (uniform)
magnetic field, the particle will move in a helical path about the direction of the field
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Problems:
 

 

 

1. An electron of a speed of 2×105 m/s perpendicularly enters a uniform magnetic field of 4 
 

mT. Calculate (i) the magnetic force and (ii) the radius of its path. 
Solution 

(i) The magnitude of the magnetic force, since the velocity is normal to magnetic field, is 
 
 

F   qvB   1.6 u10�19 u 2 u105  u 4 u10�3
   1.28 u10�16 N 

 
 
 

(ii) The radius of its circular path is  
 
�31  5

 

R   mv   9.11u10 u 2 u10  

  2.85 u10�4 m 
qB  1.6 u10�19  u 4 u10�3

 

3.



Magnetic Force on a Current-Carrying Wire 
� Consider a wire of length L carrying current i in a magnetic field B

All conduction electrons will drift past plane xx in a time t = L/vd
à a charge q given by 

� The magnetic force due to a current passing through a wire of length L is 
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28-8 Magnetic Force on a Current-Carrying Wire
We have already seen (in connection with the Hall effect) that a magnetic field
exerts a sideways force on electrons moving in a wire. This force must then be
transmitted to the wire itself, because the conduction electrons cannot escape
sideways out of the wire.

In Fig. 28-14 a, a vertical wire, carrying no current and fixed in place at both
ends, extends through the gap between the vertical pole faces of a magnet.
The magnetic field between the faces is directed outward from the page. In Fig.
28-14 b, a current is sent upward through the wire; the wire deflects to the right.
In Fig. 28-14 c, we reverse the direction of the current and the wire deflects to
the left.

Figure 28-15 shows what happens inside the wire of Fig. 28-14 b. We see one
of the conduction electrons, drifting downward with an assumed drift speed vd.
Equation 28-3, in which we must put f ! 90°, tells us that a force of magni-
tude evdB must act on each such electron. From Eq. 28-2 we see that this force
must be directed to the right. We expect then that the wire as a whole will experi-
ence a force to the right, in agreement with Fig. 28-14 b.

If, in Fig. 28-15, we were to reverse either the direction of the magnetic field
or the direction of the current, the force on the wire would reverse, being directed
now to the left. Note too that it does not matter whether we consider negative
charges drifting downward in the wire (the actual case) or positive charges drift-
ing upward. The direction of the deflecting force on the wire is the same. We are
safe then in dealing with a current of positive charge, as we usually do in dealing
with circuits.

Consider a length L of the wire in Fig. 28-15. All the conduction electrons in
this section of wire will drift past plane xx in Fig. 28-15 in a time t ! L/vd. Thus, in
that time a charge given by

will pass through that plane. Substituting this into Eq. 28-3 yields

or FB ! iLB. (28-25)

Note that this equation gives the magnetic force that acts on a length L of straight wire
carrying a current i and immersed in a uniform magnetic field that is perpendicular
to the wire.

If the magnetic field is not perpendicular to the wire, as in Fig. 28-16, the
magnetic force is given by a generalization of Eq. 28-25:

(force on a current). (28-26)

Here is a length vector that has magnitude L and is directed along the wire
segment in the direction of the (conventional) current. The force magnitude FB is

FB ! iLB sin f, (28-27)

where f is the angle between the directions of and . The direction of is
that of the cross product because we take current i to be a positive quan-
tity. Equation 28-26 tells us that is always perpendicular to the plane defined
by vectors and , as indicated in Fig. 28-16.

Equation 28-26 is equivalent to Eq. 28-2 in that either can be taken as the
defining equation for . In practice, we define from Eq. 28-26 because it is
much easier to measure the magnetic force acting on a wire than that on a single
moving charge.
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Fig. 28-15 A close-up view of a section
of the wire of Fig. 28-14 b.The current direc-
tion is upward, which means that electrons
drift downward.A magnetic field that
emerges from the plane of the page causes
the electrons and the wire to be deflected
to the right.

Fig. 28-14 A flexible wire passes be-
tween the pole faces of a magnet (only the
farther pole face is shown). (a) Without cur-
rent in the wire, the wire is straight. (b) With
upward current, the wire is deflected right-
ward. (c) With downward current, the de-
flection is leftward.The connections for get-
ting the current into the wire at one end and
out of it at the other end are not shown.
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A force acts on
a current through
a B field.
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28-8 Magnetic Force on a Current-Carrying Wire
We have already seen (in connection with the Hall effect) that a magnetic field
exerts a sideways force on electrons moving in a wire. This force must then be
transmitted to the wire itself, because the conduction electrons cannot escape
sideways out of the wire.

In Fig. 28-14 a, a vertical wire, carrying no current and fixed in place at both
ends, extends through the gap between the vertical pole faces of a magnet.
The magnetic field between the faces is directed outward from the page. In Fig.
28-14 b, a current is sent upward through the wire; the wire deflects to the right.
In Fig. 28-14 c, we reverse the direction of the current and the wire deflects to
the left.

Figure 28-15 shows what happens inside the wire of Fig. 28-14 b. We see one
of the conduction electrons, drifting downward with an assumed drift speed vd.
Equation 28-3, in which we must put f ! 90°, tells us that a force of magni-
tude evdB must act on each such electron. From Eq. 28-2 we see that this force
must be directed to the right. We expect then that the wire as a whole will experi-
ence a force to the right, in agreement with Fig. 28-14 b.

If, in Fig. 28-15, we were to reverse either the direction of the magnetic field
or the direction of the current, the force on the wire would reverse, being directed
now to the left. Note too that it does not matter whether we consider negative
charges drifting downward in the wire (the actual case) or positive charges drift-
ing upward. The direction of the deflecting force on the wire is the same. We are
safe then in dealing with a current of positive charge, as we usually do in dealing
with circuits.

Consider a length L of the wire in Fig. 28-15. All the conduction electrons in
this section of wire will drift past plane xx in Fig. 28-15 in a time t ! L/vd. Thus, in
that time a charge given by

will pass through that plane. Substituting this into Eq. 28-3 yields

or FB ! iLB. (28-25)

Note that this equation gives the magnetic force that acts on a length L of straight wire
carrying a current i and immersed in a uniform magnetic field that is perpendicular
to the wire.

If the magnetic field is not perpendicular to the wire, as in Fig. 28-16, the
magnetic force is given by a generalization of Eq. 28-25:

(force on a current). (28-26)

Here is a length vector that has magnitude L and is directed along the wire
segment in the direction of the (conventional) current. The force magnitude FB is

FB ! iLB sin f, (28-27)

where f is the angle between the directions of and . The direction of is
that of the cross product because we take current i to be a positive quan-
tity. Equation 28-26 tells us that is always perpendicular to the plane defined
by vectors and , as indicated in Fig. 28-16.

Equation 28-26 is equivalent to Eq. 28-2 in that either can be taken as the
defining equation for . In practice, we define from Eq. 28-26 because it is
much easier to measure the magnetic force acting on a wire than that on a single
moving charge.

B
:

B
:

B
:

L
:

F
:

B

L
:

! B
:

F
:

BB
:

L
:

L
:

F
:

B ! iL
:

! B
:

B
:

FB ! qvdB sin " !
iL
vd

 vd# sin 90$

q ! it ! i 
L
vd

F
:

B

L

x

i

x

FB

B

vd

Fig. 28-15 A close-up view of a section
of the wire of Fig. 28-14 b.The current direc-
tion is upward, which means that electrons
drift downward.A magnetic field that
emerges from the plane of the page causes
the electrons and the wire to be deflected
to the right.

Fig. 28-14 A flexible wire passes be-
tween the pole faces of a magnet (only the
farther pole face is shown). (a) Without cur-
rent in the wire, the wire is straight. (b) With
upward current, the wire is deflected right-
ward. (c) With downward current, the de-
flection is leftward.The connections for get-
ting the current into the wire at one end and
out of it at the other end are not shown.
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28-8 Magnetic Force on a Current-Carrying Wire
We have already seen (in connection with the Hall effect) that a magnetic field
exerts a sideways force on electrons moving in a wire. This force must then be
transmitted to the wire itself, because the conduction electrons cannot escape
sideways out of the wire.

In Fig. 28-14 a, a vertical wire, carrying no current and fixed in place at both
ends, extends through the gap between the vertical pole faces of a magnet.
The magnetic field between the faces is directed outward from the page. In Fig.
28-14 b, a current is sent upward through the wire; the wire deflects to the right.
In Fig. 28-14 c, we reverse the direction of the current and the wire deflects to
the left.

Figure 28-15 shows what happens inside the wire of Fig. 28-14 b. We see one
of the conduction electrons, drifting downward with an assumed drift speed vd.
Equation 28-3, in which we must put f ! 90°, tells us that a force of magni-
tude evdB must act on each such electron. From Eq. 28-2 we see that this force
must be directed to the right. We expect then that the wire as a whole will experi-
ence a force to the right, in agreement with Fig. 28-14 b.

If, in Fig. 28-15, we were to reverse either the direction of the magnetic field
or the direction of the current, the force on the wire would reverse, being directed
now to the left. Note too that it does not matter whether we consider negative
charges drifting downward in the wire (the actual case) or positive charges drift-
ing upward. The direction of the deflecting force on the wire is the same. We are
safe then in dealing with a current of positive charge, as we usually do in dealing
with circuits.

Consider a length L of the wire in Fig. 28-15. All the conduction electrons in
this section of wire will drift past plane xx in Fig. 28-15 in a time t ! L/vd. Thus, in
that time a charge given by

will pass through that plane. Substituting this into Eq. 28-3 yields

or FB ! iLB. (28-25)

Note that this equation gives the magnetic force that acts on a length L of straight wire
carrying a current i and immersed in a uniform magnetic field that is perpendicular
to the wire.

If the magnetic field is not perpendicular to the wire, as in Fig. 28-16, the
magnetic force is given by a generalization of Eq. 28-25:

(force on a current). (28-26)

Here is a length vector that has magnitude L and is directed along the wire
segment in the direction of the (conventional) current. The force magnitude FB is

FB ! iLB sin f, (28-27)

where f is the angle between the directions of and . The direction of is
that of the cross product because we take current i to be a positive quan-
tity. Equation 28-26 tells us that is always perpendicular to the plane defined
by vectors and , as indicated in Fig. 28-16.

Equation 28-26 is equivalent to Eq. 28-2 in that either can be taken as the
defining equation for . In practice, we define from Eq. 28-26 because it is
much easier to measure the magnetic force acting on a wire than that on a single
moving charge.
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Fig. 28-15 A close-up view of a section
of the wire of Fig. 28-14 b.The current direc-
tion is upward, which means that electrons
drift downward.A magnetic field that
emerges from the plane of the page causes
the electrons and the wire to be deflected
to the right.

Fig. 28-14 A flexible wire passes be-
tween the pole faces of a magnet (only the
farther pole face is shown). (a) Without cur-
rent in the wire, the wire is straight. (b) With
upward current, the wire is deflected right-
ward. (c) With downward current, the de-
flection is leftward.The connections for get-
ting the current into the wire at one end and
out of it at the other end are not shown.
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28-8 Magnetic Force on a Current-Carrying Wire
We have already seen (in connection with the Hall effect) that a magnetic field
exerts a sideways force on electrons moving in a wire. This force must then be
transmitted to the wire itself, because the conduction electrons cannot escape
sideways out of the wire.

In Fig. 28-14 a, a vertical wire, carrying no current and fixed in place at both
ends, extends through the gap between the vertical pole faces of a magnet.
The magnetic field between the faces is directed outward from the page. In Fig.
28-14 b, a current is sent upward through the wire; the wire deflects to the right.
In Fig. 28-14 c, we reverse the direction of the current and the wire deflects to
the left.

Figure 28-15 shows what happens inside the wire of Fig. 28-14 b. We see one
of the conduction electrons, drifting downward with an assumed drift speed vd.
Equation 28-3, in which we must put f ! 90°, tells us that a force of magni-
tude evdB must act on each such electron. From Eq. 28-2 we see that this force
must be directed to the right. We expect then that the wire as a whole will experi-
ence a force to the right, in agreement with Fig. 28-14 b.

If, in Fig. 28-15, we were to reverse either the direction of the magnetic field
or the direction of the current, the force on the wire would reverse, being directed
now to the left. Note too that it does not matter whether we consider negative
charges drifting downward in the wire (the actual case) or positive charges drift-
ing upward. The direction of the deflecting force on the wire is the same. We are
safe then in dealing with a current of positive charge, as we usually do in dealing
with circuits.

Consider a length L of the wire in Fig. 28-15. All the conduction electrons in
this section of wire will drift past plane xx in Fig. 28-15 in a time t ! L/vd. Thus, in
that time a charge given by

will pass through that plane. Substituting this into Eq. 28-3 yields

or FB ! iLB. (28-25)

Note that this equation gives the magnetic force that acts on a length L of straight wire
carrying a current i and immersed in a uniform magnetic field that is perpendicular
to the wire.

If the magnetic field is not perpendicular to the wire, as in Fig. 28-16, the
magnetic force is given by a generalization of Eq. 28-25:

(force on a current). (28-26)

Here is a length vector that has magnitude L and is directed along the wire
segment in the direction of the (conventional) current. The force magnitude FB is

FB ! iLB sin f, (28-27)

where f is the angle between the directions of and . The direction of is
that of the cross product because we take current i to be a positive quan-
tity. Equation 28-26 tells us that is always perpendicular to the plane defined
by vectors and , as indicated in Fig. 28-16.

Equation 28-26 is equivalent to Eq. 28-2 in that either can be taken as the
defining equation for . In practice, we define from Eq. 28-26 because it is
much easier to measure the magnetic force acting on a wire than that on a single
moving charge.
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Fig. 28-15 A close-up view of a section
of the wire of Fig. 28-14 b.The current direc-
tion is upward, which means that electrons
drift downward.A magnetic field that
emerges from the plane of the page causes
the electrons and the wire to be deflected
to the right.

Fig. 28-14 A flexible wire passes be-
tween the pole faces of a magnet (only the
farther pole face is shown). (a) Without cur-
rent in the wire, the wire is straight. (b) With
upward current, the wire is deflected right-
ward. (c) With downward current, the de-
flection is leftward.The connections for get-
ting the current into the wire at one end and
out of it at the other end are not shown.
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If a wire is not straight or the field is not uniform, we can imagine the wire
broken up into small straight segments and apply Eq. 28-26 to each segment. The
force on the wire as a whole is then the vector sum of all the forces on the
segments that make it up. In the differential limit, we can write

(28-28)

and we can find the resultant force on any given arrangement of currents by
integrating Eq. 28-28 over that arrangement.

In using Eq. 28-28, bear in mind that there is no such thing as an isolated
current-carrying wire segment of length dL.There must always be a way to intro-
duce the current into the segment at one end and take it out at the other end.

dF
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B ! i dL
:

! B
:

,

Fig. 28-16 A wire carrying current i
makes an angle f with magnetic field .
The wire has length L in the field and
length vector (in the direction of the cur-
rent).A magnetic force acts
on the wire.
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to both the field and the length.

CHECKPOINT 4

The figure shows a current i through a wire in a uniform magnetic field , as well as
the magnetic force acting on the wire.The field is oriented so that the force is maxi-
mum. In what direction is the field?
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Sample Problem

We also want the minimal field magnitude B for to balance
.Thus, we need to maximize sin f in Eq. 28-29.To do so, we

set f ! 90°, thereby arranging for to be perpendicular to
the wire.We then have sin f ! 1, so Eq. 28-29 yields

(28-30)

We write the result this way because we know m/L, the linear
density of the wire. Substituting known data then gives us

(Answer)
This is about 160 times the strength of Earth’s magnetic field.
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Additional examples, video, and practice available at WileyPLUS

Magnetic force on a wire carrying current

A straight, horizontal length of copper wire has a current 
i ! 28 A through it. What are the magnitude and direction
of the minimum magnetic field needed to suspend the
wire—that is, to balance the gravitational force on it? The
linear density (mass per unit length) of the wire is 46.6 g/m.

(1) Because the wire carries a current, a magnetic force 
can act on the wire if we place it in a magnetic field . To
balance the downward gravitational force on the wire, we
want to be directed upward (Fig. 28-17). (2) The directionF
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Fig. 28-17 A wire (shown in cross section) carrying current out
of the page.
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Calculations: Because is directed horizontally (and the
current is taken to be positive), Eq. 28-26 and the right-hand
rule for cross products tell us that must be horizontal and
rightward (in Fig. 28-17) to give the required upward .F
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The magnitude of is FB ! iLB sin f (Eq. 28-27).
Because we want to balance , we want

iLB sin f ! mg, (28-29)

where mg is the magnitude of and m is the mass of the wire.F
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If a wire is not straight or the field is not uniform, we can imagine the wire
broken up into small straight segments and apply Eq. 28-26 to each segment. The
force on the wire as a whole is then the vector sum of all the forces on the
segments that make it up. In the differential limit, we can write

(28-28)

and we can find the resultant force on any given arrangement of currents by
integrating Eq. 28-28 over that arrangement.

In using Eq. 28-28, bear in mind that there is no such thing as an isolated
current-carrying wire segment of length dL.There must always be a way to intro-
duce the current into the segment at one end and take it out at the other end.
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Fig. 28-16 A wire carrying current i
makes an angle f with magnetic field .
The wire has length L in the field and
length vector (in the direction of the cur-
rent).A magnetic force acts
on the wire.
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CHECKPOINT 4

The figure shows a current i through a wire in a uniform magnetic field , as well as
the magnetic force acting on the wire.The field is oriented so that the force is maxi-
mum. In what direction is the field?
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Sample Problem

We also want the minimal field magnitude B for to balance
.Thus, we need to maximize sin f in Eq. 28-29.To do so, we

set f ! 90°, thereby arranging for to be perpendicular to
the wire.We then have sin f ! 1, so Eq. 28-29 yields

(28-30)

We write the result this way because we know m/L, the linear
density of the wire. Substituting known data then gives us

(Answer)
This is about 160 times the strength of Earth’s magnetic field.
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Additional examples, video, and practice available at WileyPLUS

Magnetic force on a wire carrying current

A straight, horizontal length of copper wire has a current 
i ! 28 A through it. What are the magnitude and direction
of the minimum magnetic field needed to suspend the
wire—that is, to balance the gravitational force on it? The
linear density (mass per unit length) of the wire is 46.6 g/m.

(1) Because the wire carries a current, a magnetic force 
can act on the wire if we place it in a magnetic field . To
balance the downward gravitational force on the wire, we
want to be directed upward (Fig. 28-17). (2) The directionF
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Fig. 28-17 A wire (shown in cross section) carrying current out
of the page.
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of is related to the directions of and the wire’s lengthB
:

F
:

B

vector by Eq. 28-26 

Calculations: Because is directed horizontally (and the
current is taken to be positive), Eq. 28-26 and the right-hand
rule for cross products tell us that must be horizontal and
rightward (in Fig. 28-17) to give the required upward .F
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B ! iL
:

! B
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The magnitude of is FB ! iLB sin f (Eq. 28-27).
Because we want to balance , we want

iLB sin f ! mg, (28-29)

where mg is the magnitude of and m is the mass of the wire.F
:

g

F
:

gF
:

B

F
:

B

halliday_c28_735-763v2.qxd  27-11-2009  16:19  Page 751



 

 

 

2. In a certain electric motor wires that carry a current of 8 A are perpendicular to a 
 

magnetic field of 50 mT. Calculate the magnetic force on each centimeter of these wires. 
Solution 

The magnitude of the magnetic force, since the magnetic field is normal to the wire, is 
 
 

F   iLB   8 u 0.01u 50 u10�3     0.004N 

4.



Torque on a Current Loop 
� The forces behind electric motors work are the magnetic forces

� A simple motor, consisting of a single current-carrying loop immersed in B
The two magnetic forces F & -F produce a torque on the loop
à tending to rotate it about its central axis

� The torque 𝜏 tends to rotate the loop so as to align its normal vector with the direction of B

� If we replace the single loop of current with a coil of N loops, or turns, of area A (= ab) enclosed by 
the coil 
The total torque on the coil then has magnitude 

� For a circular coil, with radius r, we have

� In a motor, the current in the coil is reversed, so that a torque continues to rotate the coil
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28-9 Torque on a Current Loop
Much of the world’s work is done by electric motors. The forces behind this work
are the magnetic forces that we studied in the preceding section—that is, the
forces that a magnetic field exerts on a wire that carries a current.

Figure 28-18 shows a simple motor, consisting of a single current-carrying
loop immersed in a magnetic field . The two magnetic forces and pro-
duce a torque on the loop, tending to rotate it about its central axis. Although
many essential details have been omitted, the figure does suggest how the action
of a magnetic field on a current loop produces rotary motion. Let us analyze that
action.

Figure 28-19a shows a rectangular loop of sides a and b, carrying current
i through uniform magnetic field . We place the loop in the field so that
its long sides, labeled 1 and 3, are perpendicular to the field direction (which is
into the page), but its short sides, labeled 2 and 4, are not. Wires to lead the cur-
rent into and out of the loop are needed but, for simplicity, are not shown.

To define the orientation of the loop in the magnetic field, we use a normal
vector that is perpendicular to the plane of the loop. Figure 28-19b shows
a right-hand rule for finding the direction of . Point or curl the fingers of your
right hand in the direction of the current at any point on the loop. Your extended
thumb then points in the direction of the normal vector .

In Fig. 28-19c, the normal vector of the loop is shown at an arbitrary angle
u to the direction of the magnetic field . We wish to find the net force and net
torque acting on the loop in this orientation.

The net force on the loop is the vector sum of the forces acting on its 
four sides. For side 2 the vector in Eq. 28-26 points in the direction of the cur-
rent and has magnitude b. The angle between and for side 2 (see Fig. 28-19c)
is 90° ! u.Thus, the magnitude of the force acting on this side is

F2 " ibB sin(90° ! u) " ibB cos u. (28-31)
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Fig. 28-18 The elements of an electric
motor.A rectangular loop of wire, carrying a
current and free to rotate about a fixed axis,
is placed in a magnetic field. Magnetic
forces on the wire produce a torque that ro-
tates it.A commutator (not shown) reverses
the direction of the current every half-revo-
lution so that the torque always acts in the
same direction.

i

i

N S

F

–FB

Fig. 28-19 A rectangular loop, of
length aand width b and carrying a cur-
rent i, is located in a uniform magnetic
field.A torque t acts to align the normal
vector with the direction of the field. (a)
The loop as seen by looking in the direc-
tion of the magnetic field. (b) A perspec-
tive of the loop showing how the right-
hand rule gives the direction of , which is
perpendicular to the plane of the loop. (c)
A side view of the loop, from side 2.
The loop rotates as indicated.
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You can show that the force acting on side 4 has the same magnitude as 2 but
the opposite direction. Thus, and cancel out exactly. Their net force is zero
and, because their common line of action is through the center of the loop, their
net torque is also zero.

The situation is different for sides 1 and 3. For them, is perpendicular to ,B
:
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so the forces and have the common magnitude iaB. Because these two
forces have opposite directions, they do not tend to move the loop up or down.
However, as Fig. 28-19c shows, these two forces do not share the same line of
action; so they do produce a net torque. The torque tends to rotate the loop so
as to align its normal vector with the direction of the magnetic field . That
torque has moment arm (b/2) sin u about the central axis of the loop. The magni-
tude t! of the torque due to forces and is then (see Fig. 28-19c)

(28-32)

Suppose we replace the single loop of current with a coil of N loops, or turns.
Further, suppose that the turns are wound tightly enough that they can be
approximated as all having the same dimensions and lying in a plane. Then the
turns form a flat coil, and a torque t ! with the magnitude given in Eq. 28-32 acts
on each of them.The total torque on the coil then has magnitude

t " Nt! " NiabB sin u " (NiA)B sin u, (28-33)

in which A (" ab) is the area enclosed by the coil. The quantities in parentheses
(NiA) are grouped together because they are all properties of the coil: its number
of turns, its area, and the current it carries. Equation 28-33 holds for all flat coils,
no matter what their shape, provided the magnetic field is uniform. For example,
for the common circular coil, with radius r, we have

t "(Nipr2 )B sin u. (28-34)

Instead of focusing on the motion of the coil, it is simpler to keep track of the
vector , which is normal to the plane of the coil. Equation 28-33 tells us that
a current-carrying flat coil placed in a magnetic field will tend to rotate so that 
has the same direction as the field. In a motor, the current in the coil is reversed
as begins to line up with the field direction, so that a torque continues to rotate
the coil. This automatic reversal of the current is done via a commutator that
electrically connects the rotating coil with the stationary contacts on the wires
that supply the current from some source.

28-10 The Magnetic Dipole Moment
As we have just discussed, a torque acts to rotate a current-carrying coil placed in
a magnetic field. In that sense, the coil behaves like a bar magnet placed in the
magnetic field.Thus, like a bar magnet, a current-carrying coil is said to be a mag-
netic dipole. Moreover, to account for the torque on the coil due to the magnetic
field, we assign a magnetic dipole moment to the coil. The direction of is that
of the normal vector to the plane of the coil and thus is given by the same right-
hand rule shown in Fig. 28-19. That is, grasp the coil with the fingers of your right
hand in the direction of current i; the outstretched thumb of that hand gives the
direction of .The magnitude of is given by

m " NiA (magnetic moment), (28-35)

in which N is the number of turns in the coil, i is the current through the coil, and A is
the area enclosed by each turn of the coil. From this equation, with i in amperes and
A in square meters,we see that the unit of is the ampere–square meter (A !m2).#:
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You can show that the force acting on side 4 has the same magnitude as 2 but
the opposite direction. Thus, and cancel out exactly. Their net force is zero
and, because their common line of action is through the center of the loop, their
net torque is also zero.

The situation is different for sides 1 and 3. For them, is perpendicular to ,B
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so the forces and have the common magnitude iaB. Because these two
forces have opposite directions, they do not tend to move the loop up or down.
However, as Fig. 28-19c shows, these two forces do not share the same line of
action; so they do produce a net torque. The torque tends to rotate the loop so
as to align its normal vector with the direction of the magnetic field . That
torque has moment arm (b/2) sin u about the central axis of the loop. The magni-
tude t! of the torque due to forces and is then (see Fig. 28-19c)

(28-32)

Suppose we replace the single loop of current with a coil of N loops, or turns.
Further, suppose that the turns are wound tightly enough that they can be
approximated as all having the same dimensions and lying in a plane. Then the
turns form a flat coil, and a torque t ! with the magnitude given in Eq. 28-32 acts
on each of them.The total torque on the coil then has magnitude

t " Nt! " NiabB sin u " (NiA)B sin u, (28-33)

in which A (" ab) is the area enclosed by the coil. The quantities in parentheses
(NiA) are grouped together because they are all properties of the coil: its number
of turns, its area, and the current it carries. Equation 28-33 holds for all flat coils,
no matter what their shape, provided the magnetic field is uniform. For example,
for the common circular coil, with radius r, we have

t "(Nipr2 )B sin u. (28-34)

Instead of focusing on the motion of the coil, it is simpler to keep track of the
vector , which is normal to the plane of the coil. Equation 28-33 tells us that
a current-carrying flat coil placed in a magnetic field will tend to rotate so that 
has the same direction as the field. In a motor, the current in the coil is reversed
as begins to line up with the field direction, so that a torque continues to rotate
the coil. This automatic reversal of the current is done via a commutator that
electrically connects the rotating coil with the stationary contacts on the wires
that supply the current from some source.

28-10 The Magnetic Dipole Moment
As we have just discussed, a torque acts to rotate a current-carrying coil placed in
a magnetic field. In that sense, the coil behaves like a bar magnet placed in the
magnetic field.Thus, like a bar magnet, a current-carrying coil is said to be a mag-
netic dipole. Moreover, to account for the torque on the coil due to the magnetic
field, we assign a magnetic dipole moment to the coil. The direction of is that
of the normal vector to the plane of the coil and thus is given by the same right-
hand rule shown in Fig. 28-19. That is, grasp the coil with the fingers of your right
hand in the direction of current i; the outstretched thumb of that hand gives the
direction of .The magnitude of is given by

m " NiA (magnetic moment), (28-35)

in which N is the number of turns in the coil, i is the current through the coil, and A is
the area enclosed by each turn of the coil. From this equation, with i in amperes and
A in square meters,we see that the unit of is the ampere–square meter (A !m2).#:
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You can show that the force acting on side 4 has the same magnitude as 2 but
the opposite direction. Thus, and cancel out exactly. Their net force is zero
and, because their common line of action is through the center of the loop, their
net torque is also zero.

The situation is different for sides 1 and 3. For them, is perpendicular to ,B
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so the forces and have the common magnitude iaB. Because these two
forces have opposite directions, they do not tend to move the loop up or down.
However, as Fig. 28-19c shows, these two forces do not share the same line of
action; so they do produce a net torque. The torque tends to rotate the loop so
as to align its normal vector with the direction of the magnetic field . That
torque has moment arm (b/2) sin u about the central axis of the loop. The magni-
tude t! of the torque due to forces and is then (see Fig. 28-19c)

(28-32)

Suppose we replace the single loop of current with a coil of N loops, or turns.
Further, suppose that the turns are wound tightly enough that they can be
approximated as all having the same dimensions and lying in a plane. Then the
turns form a flat coil, and a torque t ! with the magnitude given in Eq. 28-32 acts
on each of them.The total torque on the coil then has magnitude

t " Nt! " NiabB sin u " (NiA)B sin u, (28-33)

in which A (" ab) is the area enclosed by the coil. The quantities in parentheses
(NiA) are grouped together because they are all properties of the coil: its number
of turns, its area, and the current it carries. Equation 28-33 holds for all flat coils,
no matter what their shape, provided the magnetic field is uniform. For example,
for the common circular coil, with radius r, we have

t "(Nipr2 )B sin u. (28-34)

Instead of focusing on the motion of the coil, it is simpler to keep track of the
vector , which is normal to the plane of the coil. Equation 28-33 tells us that
a current-carrying flat coil placed in a magnetic field will tend to rotate so that 
has the same direction as the field. In a motor, the current in the coil is reversed
as begins to line up with the field direction, so that a torque continues to rotate
the coil. This automatic reversal of the current is done via a commutator that
electrically connects the rotating coil with the stationary contacts on the wires
that supply the current from some source.

28-10 The Magnetic Dipole Moment
As we have just discussed, a torque acts to rotate a current-carrying coil placed in
a magnetic field. In that sense, the coil behaves like a bar magnet placed in the
magnetic field.Thus, like a bar magnet, a current-carrying coil is said to be a mag-
netic dipole. Moreover, to account for the torque on the coil due to the magnetic
field, we assign a magnetic dipole moment to the coil. The direction of is that
of the normal vector to the plane of the coil and thus is given by the same right-
hand rule shown in Fig. 28-19. That is, grasp the coil with the fingers of your right
hand in the direction of current i; the outstretched thumb of that hand gives the
direction of .The magnitude of is given by

m " NiA (magnetic moment), (28-35)

in which N is the number of turns in the coil, i is the current through the coil, and A is
the area enclosed by each turn of the coil. From this equation, with i in amperes and
A in square meters,we see that the unit of is the ampere–square meter (A !m2).#:
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The Magnetic Dipole Moment 

� If a current i passes through a coil (wire) of turns N, area A 
à a current-carrying coil is said to be a magnetic dipole

� The magnetic dipole moment 𝝁: 
� The direction of 𝝁: normal to the plane of the coil and is given 

by the same right-hand rule 
� The magnitude of 𝝁: is given by 

N: is the number of turns in the coil, 
i: is the current through the coil
A: is the area enclosed by each turn of the coil 

� The SI unit of magnetic dipole is A.m2
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You can show that the force acting on side 4 has the same magnitude as 2 but
the opposite direction. Thus, and cancel out exactly. Their net force is zero
and, because their common line of action is through the center of the loop, their
net torque is also zero.

The situation is different for sides 1 and 3. For them, is perpendicular to ,B
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so the forces and have the common magnitude iaB. Because these two
forces have opposite directions, they do not tend to move the loop up or down.
However, as Fig. 28-19c shows, these two forces do not share the same line of
action; so they do produce a net torque. The torque tends to rotate the loop so
as to align its normal vector with the direction of the magnetic field . That
torque has moment arm (b/2) sin u about the central axis of the loop. The magni-
tude t! of the torque due to forces and is then (see Fig. 28-19c)

(28-32)

Suppose we replace the single loop of current with a coil of N loops, or turns.
Further, suppose that the turns are wound tightly enough that they can be
approximated as all having the same dimensions and lying in a plane. Then the
turns form a flat coil, and a torque t ! with the magnitude given in Eq. 28-32 acts
on each of them.The total torque on the coil then has magnitude

t " Nt! " NiabB sin u " (NiA)B sin u, (28-33)

in which A (" ab) is the area enclosed by the coil. The quantities in parentheses
(NiA) are grouped together because they are all properties of the coil: its number
of turns, its area, and the current it carries. Equation 28-33 holds for all flat coils,
no matter what their shape, provided the magnetic field is uniform. For example,
for the common circular coil, with radius r, we have

t "(Nipr2 )B sin u. (28-34)

Instead of focusing on the motion of the coil, it is simpler to keep track of the
vector , which is normal to the plane of the coil. Equation 28-33 tells us that
a current-carrying flat coil placed in a magnetic field will tend to rotate so that 
has the same direction as the field. In a motor, the current in the coil is reversed
as begins to line up with the field direction, so that a torque continues to rotate
the coil. This automatic reversal of the current is done via a commutator that
electrically connects the rotating coil with the stationary contacts on the wires
that supply the current from some source.

28-10 The Magnetic Dipole Moment
As we have just discussed, a torque acts to rotate a current-carrying coil placed in
a magnetic field. In that sense, the coil behaves like a bar magnet placed in the
magnetic field.Thus, like a bar magnet, a current-carrying coil is said to be a mag-
netic dipole. Moreover, to account for the torque on the coil due to the magnetic
field, we assign a magnetic dipole moment to the coil. The direction of is that
of the normal vector to the plane of the coil and thus is given by the same right-
hand rule shown in Fig. 28-19. That is, grasp the coil with the fingers of your right
hand in the direction of current i; the outstretched thumb of that hand gives the
direction of .The magnitude of is given by

m " NiA (magnetic moment), (28-35)

in which N is the number of turns in the coil, i is the current through the coil, and A is
the area enclosed by each turn of the coil. From this equation, with i in amperes and
A in square meters,we see that the unit of is the ampere–square meter (A !m2).#:
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� If this coil is placed in a uniform external magnetic field B
à a torque will be experienced as 

� A magnetic dipole in an external magnetic field has an potential energy U that 
depends on the dipole’s orientation in the field 

= −𝜇𝐵cos𝜃
� If 𝛳 = 0,  U = - 𝜇B (the dipole moment is lined up with the magnetic field
� If 𝛳 = 180,  U = + 𝜇B (the dipole moment is directed opposite the field
� The SI unit of 𝜇 is also joule per tesla (J/T) 

� If an applied torque (due to “an external agent”) rotates a magnetic dipole from an initial orientation 
𝛳i to another orientation 𝛳f, à work Wa is done on the dipole by the applied torque. 
� If the dipole is stationary before and after the change in its orientation, then

75328-10 TH E MAG N ETIC DI POLE MOM E NT
PART 3

HALLIDAY REVISED

You can show that the force acting on side 4 has the same magnitude as 2 but
the opposite direction. Thus, and cancel out exactly. Their net force is zero
and, because their common line of action is through the center of the loop, their
net torque is also zero.

The situation is different for sides 1 and 3. For them, is perpendicular to ,B
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so the forces and have the common magnitude iaB. Because these two
forces have opposite directions, they do not tend to move the loop up or down.
However, as Fig. 28-19c shows, these two forces do not share the same line of
action; so they do produce a net torque. The torque tends to rotate the loop so
as to align its normal vector with the direction of the magnetic field . That
torque has moment arm (b/2) sin u about the central axis of the loop. The magni-
tude t! of the torque due to forces and is then (see Fig. 28-19c)

(28-32)

Suppose we replace the single loop of current with a coil of N loops, or turns.
Further, suppose that the turns are wound tightly enough that they can be
approximated as all having the same dimensions and lying in a plane. Then the
turns form a flat coil, and a torque t ! with the magnitude given in Eq. 28-32 acts
on each of them.The total torque on the coil then has magnitude

t " Nt! " NiabB sin u " (NiA)B sin u, (28-33)

in which A (" ab) is the area enclosed by the coil. The quantities in parentheses
(NiA) are grouped together because they are all properties of the coil: its number
of turns, its area, and the current it carries. Equation 28-33 holds for all flat coils,
no matter what their shape, provided the magnetic field is uniform. For example,
for the common circular coil, with radius r, we have

t "(Nipr2 )B sin u. (28-34)

Instead of focusing on the motion of the coil, it is simpler to keep track of the
vector , which is normal to the plane of the coil. Equation 28-33 tells us that
a current-carrying flat coil placed in a magnetic field will tend to rotate so that 
has the same direction as the field. In a motor, the current in the coil is reversed
as begins to line up with the field direction, so that a torque continues to rotate
the coil. This automatic reversal of the current is done via a commutator that
electrically connects the rotating coil with the stationary contacts on the wires
that supply the current from some source.

28-10 The Magnetic Dipole Moment
As we have just discussed, a torque acts to rotate a current-carrying coil placed in
a magnetic field. In that sense, the coil behaves like a bar magnet placed in the
magnetic field.Thus, like a bar magnet, a current-carrying coil is said to be a mag-
netic dipole. Moreover, to account for the torque on the coil due to the magnetic
field, we assign a magnetic dipole moment to the coil. The direction of is that
of the normal vector to the plane of the coil and thus is given by the same right-
hand rule shown in Fig. 28-19. That is, grasp the coil with the fingers of your right
hand in the direction of current i; the outstretched thumb of that hand gives the
direction of .The magnitude of is given by

m " NiA (magnetic moment), (28-35)

in which N is the number of turns in the coil, i is the current through the coil, and A is
the area enclosed by each turn of the coil. From this equation, with i in amperes and
A in square meters,we see that the unit of is the ampere–square meter (A !m2).#:
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You can show that the force acting on side 4 has the same magnitude as 2 but
the opposite direction. Thus, and cancel out exactly. Their net force is zero
and, because their common line of action is through the center of the loop, their
net torque is also zero.

The situation is different for sides 1 and 3. For them, is perpendicular to ,B
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so the forces and have the common magnitude iaB. Because these two
forces have opposite directions, they do not tend to move the loop up or down.
However, as Fig. 28-19c shows, these two forces do not share the same line of
action; so they do produce a net torque. The torque tends to rotate the loop so
as to align its normal vector with the direction of the magnetic field . That
torque has moment arm (b/2) sin u about the central axis of the loop. The magni-
tude t! of the torque due to forces and is then (see Fig. 28-19c)

(28-32)

Suppose we replace the single loop of current with a coil of N loops, or turns.
Further, suppose that the turns are wound tightly enough that they can be
approximated as all having the same dimensions and lying in a plane. Then the
turns form a flat coil, and a torque t ! with the magnitude given in Eq. 28-32 acts
on each of them.The total torque on the coil then has magnitude

t " Nt! " NiabB sin u " (NiA)B sin u, (28-33)

in which A (" ab) is the area enclosed by the coil. The quantities in parentheses
(NiA) are grouped together because they are all properties of the coil: its number
of turns, its area, and the current it carries. Equation 28-33 holds for all flat coils,
no matter what their shape, provided the magnetic field is uniform. For example,
for the common circular coil, with radius r, we have

t "(Nipr2 )B sin u. (28-34)

Instead of focusing on the motion of the coil, it is simpler to keep track of the
vector , which is normal to the plane of the coil. Equation 28-33 tells us that
a current-carrying flat coil placed in a magnetic field will tend to rotate so that 
has the same direction as the field. In a motor, the current in the coil is reversed
as begins to line up with the field direction, so that a torque continues to rotate
the coil. This automatic reversal of the current is done via a commutator that
electrically connects the rotating coil with the stationary contacts on the wires
that supply the current from some source.

28-10 The Magnetic Dipole Moment
As we have just discussed, a torque acts to rotate a current-carrying coil placed in
a magnetic field. In that sense, the coil behaves like a bar magnet placed in the
magnetic field.Thus, like a bar magnet, a current-carrying coil is said to be a mag-
netic dipole. Moreover, to account for the torque on the coil due to the magnetic
field, we assign a magnetic dipole moment to the coil. The direction of is that
of the normal vector to the plane of the coil and thus is given by the same right-
hand rule shown in Fig. 28-19. That is, grasp the coil with the fingers of your right
hand in the direction of current i; the outstretched thumb of that hand gives the
direction of .The magnitude of is given by

m " NiA (magnetic moment), (28-35)

in which N is the number of turns in the coil, i is the current through the coil, and A is
the area enclosed by each turn of the coil. From this equation, with i in amperes and
A in square meters,we see that the unit of is the ampere–square meter (A !m2).#:
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Using , we can rewrite Eq. 28-33 for the torque on the coil due to a mag-
netic field as

t ! mB sin u, (28-36)

in which u is the angle between the vectors and .
We can generalize this to the vector relation

(28-37)

which reminds us very much of the corresponding equation for the torque
exerted by an electric field on an electric dipole—namely, Eq. 22-34:

In each case the torque due to the field—either magnetic or electric—is equal to
the vector product of the corresponding dipole moment and the field vector.

A magnetic dipole in an external magnetic field has an energy that depends on
the dipole’s orientation in the field. For electric dipoles we have shown (Eq. 22-38)
that

In strict analogy, we can write for the magnetic case

(28-38)

In each case the energy due to the field is equal to the negative of the scalar prod-
uct of the corresponding dipole moment and the field vector.

A magnetic dipole has its lowest energy (! "mB cos 0 ! "mB) when its di-
pole moment is lined up with the magnetic field (Fig. 28-20). It has its highest
energy (! "mB cos 180° ! #mB) when is directed opposite the field. From Eq.
28-38, with U in joules and in teslas, we see that the unit of can be the joule
per tesla (J/T) instead of the ampere–square meter as suggested by Eq. 28-35.

If an applied torque (due to “an external agent”) rotates a magnetic dipole
from an initial orientation ui to another orientation uf, then work Wa is done on
the dipole by the applied torque. If the dipole is stationary before and after the
change in its orientation, then work Wa is

Wa ! Uf " Ui, (28-39)

where Uf and Ui are calculated with Eq. 28-38.
So far, we have identified only a current-carrying coil as a magnetic dipole.

However, a simple bar magnet is also a magnetic dipole, as is a rotating sphere of
charge. Earth itself is (approximately) a magnetic dipole. Finally, most subatomic
particles, including the electron, the proton, and the neutron, have magnetic
dipole moments. As you will see in Chapter 32, all these quantities can be viewed
as current loops. For comparison, some approximate magnetic dipole moments
are shown in Table 28-2.
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The figure shows four orientations, at angle u, of a magnetic dipole moment in a
magnetic field. Rank the orientations according to (a) the magnitude of the torque on
the dipole and (b) the orientation energy of the dipole, greatest first.
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Using , we can rewrite Eq. 28-33 for the torque on the coil due to a mag-
netic field as

t ! mB sin u, (28-36)

in which u is the angle between the vectors and .
We can generalize this to the vector relation

(28-37)

which reminds us very much of the corresponding equation for the torque
exerted by an electric field on an electric dipole—namely, Eq. 22-34:

In each case the torque due to the field—either magnetic or electric—is equal to
the vector product of the corresponding dipole moment and the field vector.

A magnetic dipole in an external magnetic field has an energy that depends on
the dipole’s orientation in the field. For electric dipoles we have shown (Eq. 22-38)
that

In strict analogy, we can write for the magnetic case

(28-38)

In each case the energy due to the field is equal to the negative of the scalar prod-
uct of the corresponding dipole moment and the field vector.

A magnetic dipole has its lowest energy (! "mB cos 0 ! "mB) when its di-
pole moment is lined up with the magnetic field (Fig. 28-20). It has its highest
energy (! "mB cos 180° ! #mB) when is directed opposite the field. From Eq.
28-38, with U in joules and in teslas, we see that the unit of can be the joule
per tesla (J/T) instead of the ampere–square meter as suggested by Eq. 28-35.

If an applied torque (due to “an external agent”) rotates a magnetic dipole
from an initial orientation ui to another orientation uf, then work Wa is done on
the dipole by the applied torque. If the dipole is stationary before and after the
change in its orientation, then work Wa is

Wa ! Uf " Ui, (28-39)

where Uf and Ui are calculated with Eq. 28-38.
So far, we have identified only a current-carrying coil as a magnetic dipole.

However, a simple bar magnet is also a magnetic dipole, as is a rotating sphere of
charge. Earth itself is (approximately) a magnetic dipole. Finally, most subatomic
particles, including the electron, the proton, and the neutron, have magnetic
dipole moments. As you will see in Chapter 32, all these quantities can be viewed
as current loops. For comparison, some approximate magnetic dipole moments
are shown in Table 28-2.
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The figure shows four orientations, at angle u, of a magnetic dipole moment in a
magnetic field. Rank the orientations according to (a) the magnitude of the torque on
the dipole and (b) the orientation energy of the dipole, greatest first.
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Using , we can rewrite Eq. 28-33 for the torque on the coil due to a mag-
netic field as

t ! mB sin u, (28-36)

in which u is the angle between the vectors and .
We can generalize this to the vector relation

(28-37)

which reminds us very much of the corresponding equation for the torque
exerted by an electric field on an electric dipole—namely, Eq. 22-34:

In each case the torque due to the field—either magnetic or electric—is equal to
the vector product of the corresponding dipole moment and the field vector.

A magnetic dipole in an external magnetic field has an energy that depends on
the dipole’s orientation in the field. For electric dipoles we have shown (Eq. 22-38)
that

In strict analogy, we can write for the magnetic case

(28-38)

In each case the energy due to the field is equal to the negative of the scalar prod-
uct of the corresponding dipole moment and the field vector.

A magnetic dipole has its lowest energy (! "mB cos 0 ! "mB) when its di-
pole moment is lined up with the magnetic field (Fig. 28-20). It has its highest
energy (! "mB cos 180° ! #mB) when is directed opposite the field. From Eq.
28-38, with U in joules and in teslas, we see that the unit of can be the joule
per tesla (J/T) instead of the ampere–square meter as suggested by Eq. 28-35.

If an applied torque (due to “an external agent”) rotates a magnetic dipole
from an initial orientation ui to another orientation uf, then work Wa is done on
the dipole by the applied torque. If the dipole is stationary before and after the
change in its orientation, then work Wa is

Wa ! Uf " Ui, (28-39)

where Uf and Ui are calculated with Eq. 28-38.
So far, we have identified only a current-carrying coil as a magnetic dipole.

However, a simple bar magnet is also a magnetic dipole, as is a rotating sphere of
charge. Earth itself is (approximately) a magnetic dipole. Finally, most subatomic
particles, including the electron, the proton, and the neutron, have magnetic
dipole moments. As you will see in Chapter 32, all these quantities can be viewed
as current loops. For comparison, some approximate magnetic dipole moments
are shown in Table 28-2.
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The figure shows four orientations, at angle u, of a magnetic dipole moment in a
magnetic field. Rank the orientations according to (a) the magnitude of the torque on
the dipole and (b) the orientation energy of the dipole, greatest first.
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Using , we can rewrite Eq. 28-33 for the torque on the coil due to a mag-
netic field as

t ! mB sin u, (28-36)

in which u is the angle between the vectors and .
We can generalize this to the vector relation

(28-37)

which reminds us very much of the corresponding equation for the torque
exerted by an electric field on an electric dipole—namely, Eq. 22-34:

In each case the torque due to the field—either magnetic or electric—is equal to
the vector product of the corresponding dipole moment and the field vector.

A magnetic dipole in an external magnetic field has an energy that depends on
the dipole’s orientation in the field. For electric dipoles we have shown (Eq. 22-38)
that

In strict analogy, we can write for the magnetic case

(28-38)

In each case the energy due to the field is equal to the negative of the scalar prod-
uct of the corresponding dipole moment and the field vector.

A magnetic dipole has its lowest energy (! "mB cos 0 ! "mB) when its di-
pole moment is lined up with the magnetic field (Fig. 28-20). It has its highest
energy (! "mB cos 180° ! #mB) when is directed opposite the field. From Eq.
28-38, with U in joules and in teslas, we see that the unit of can be the joule
per tesla (J/T) instead of the ampere–square meter as suggested by Eq. 28-35.

If an applied torque (due to “an external agent”) rotates a magnetic dipole
from an initial orientation ui to another orientation uf, then work Wa is done on
the dipole by the applied torque. If the dipole is stationary before and after the
change in its orientation, then work Wa is

Wa ! Uf " Ui, (28-39)

where Uf and Ui are calculated with Eq. 28-38.
So far, we have identified only a current-carrying coil as a magnetic dipole.

However, a simple bar magnet is also a magnetic dipole, as is a rotating sphere of
charge. Earth itself is (approximately) a magnetic dipole. Finally, most subatomic
particles, including the electron, the proton, and the neutron, have magnetic
dipole moments. As you will see in Chapter 32, all these quantities can be viewed
as current loops. For comparison, some approximate magnetic dipole moments
are shown in Table 28-2.
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The figure shows four orientations, at angle u, of a magnetic dipole moment in a
magnetic field. Rank the orientations according to (a) the magnitude of the torque on
the dipole and (b) the orientation energy of the dipole, greatest first.
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Using , we can rewrite Eq. 28-33 for the torque on the coil due to a mag-
netic field as

t ! mB sin u, (28-36)

in which u is the angle between the vectors and .
We can generalize this to the vector relation

(28-37)

which reminds us very much of the corresponding equation for the torque
exerted by an electric field on an electric dipole—namely, Eq. 22-34:

In each case the torque due to the field—either magnetic or electric—is equal to
the vector product of the corresponding dipole moment and the field vector.

A magnetic dipole in an external magnetic field has an energy that depends on
the dipole’s orientation in the field. For electric dipoles we have shown (Eq. 22-38)
that

In strict analogy, we can write for the magnetic case

(28-38)

In each case the energy due to the field is equal to the negative of the scalar prod-
uct of the corresponding dipole moment and the field vector.

A magnetic dipole has its lowest energy (! "mB cos 0 ! "mB) when its di-
pole moment is lined up with the magnetic field (Fig. 28-20). It has its highest
energy (! "mB cos 180° ! #mB) when is directed opposite the field. From Eq.
28-38, with U in joules and in teslas, we see that the unit of can be the joule
per tesla (J/T) instead of the ampere–square meter as suggested by Eq. 28-35.

If an applied torque (due to “an external agent”) rotates a magnetic dipole
from an initial orientation ui to another orientation uf, then work Wa is done on
the dipole by the applied torque. If the dipole is stationary before and after the
change in its orientation, then work Wa is

Wa ! Uf " Ui, (28-39)

where Uf and Ui are calculated with Eq. 28-38.
So far, we have identified only a current-carrying coil as a magnetic dipole.

However, a simple bar magnet is also a magnetic dipole, as is a rotating sphere of
charge. Earth itself is (approximately) a magnetic dipole. Finally, most subatomic
particles, including the electron, the proton, and the neutron, have magnetic
dipole moments. As you will see in Chapter 32, all these quantities can be viewed
as current loops. For comparison, some approximate magnetic dipole moments
are shown in Table 28-2.
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The figure shows four orientations, at angle u, of a magnetic dipole moment in a
magnetic field. Rank the orientations according to (a) the magnitude of the torque on
the dipole and (b) the orientation energy of the dipole, greatest first.
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Using , we can rewrite Eq. 28-33 for the torque on the coil due to a mag-
netic field as

t ! mB sin u, (28-36)

in which u is the angle between the vectors and .
We can generalize this to the vector relation

(28-37)

which reminds us very much of the corresponding equation for the torque
exerted by an electric field on an electric dipole—namely, Eq. 22-34:

In each case the torque due to the field—either magnetic or electric—is equal to
the vector product of the corresponding dipole moment and the field vector.

A magnetic dipole in an external magnetic field has an energy that depends on
the dipole’s orientation in the field. For electric dipoles we have shown (Eq. 22-38)
that

In strict analogy, we can write for the magnetic case

(28-38)

In each case the energy due to the field is equal to the negative of the scalar prod-
uct of the corresponding dipole moment and the field vector.

A magnetic dipole has its lowest energy (! "mB cos 0 ! "mB) when its di-
pole moment is lined up with the magnetic field (Fig. 28-20). It has its highest
energy (! "mB cos 180° ! #mB) when is directed opposite the field. From Eq.
28-38, with U in joules and in teslas, we see that the unit of can be the joule
per tesla (J/T) instead of the ampere–square meter as suggested by Eq. 28-35.

If an applied torque (due to “an external agent”) rotates a magnetic dipole
from an initial orientation ui to another orientation uf, then work Wa is done on
the dipole by the applied torque. If the dipole is stationary before and after the
change in its orientation, then work Wa is

Wa ! Uf " Ui, (28-39)

where Uf and Ui are calculated with Eq. 28-38.
So far, we have identified only a current-carrying coil as a magnetic dipole.

However, a simple bar magnet is also a magnetic dipole, as is a rotating sphere of
charge. Earth itself is (approximately) a magnetic dipole. Finally, most subatomic
particles, including the electron, the proton, and the neutron, have magnetic
dipole moments. As you will see in Chapter 32, all these quantities can be viewed
as current loops. For comparison, some approximate magnetic dipole moments
are shown in Table 28-2.
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The figure shows four orientations, at angle u, of a magnetic dipole moment in a
magnetic field. Rank the orientations according to (a) the magnitude of the torque on
the dipole and (b) the orientation energy of the dipole, greatest first.
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Using , we can rewrite Eq. 28-33 for the torque on the coil due to a mag-
netic field as

t ! mB sin u, (28-36)

in which u is the angle between the vectors and .
We can generalize this to the vector relation

(28-37)

which reminds us very much of the corresponding equation for the torque
exerted by an electric field on an electric dipole—namely, Eq. 22-34:

In each case the torque due to the field—either magnetic or electric—is equal to
the vector product of the corresponding dipole moment and the field vector.

A magnetic dipole in an external magnetic field has an energy that depends on
the dipole’s orientation in the field. For electric dipoles we have shown (Eq. 22-38)
that

In strict analogy, we can write for the magnetic case

(28-38)

In each case the energy due to the field is equal to the negative of the scalar prod-
uct of the corresponding dipole moment and the field vector.

A magnetic dipole has its lowest energy (! "mB cos 0 ! "mB) when its di-
pole moment is lined up with the magnetic field (Fig. 28-20). It has its highest
energy (! "mB cos 180° ! #mB) when is directed opposite the field. From Eq.
28-38, with U in joules and in teslas, we see that the unit of can be the joule
per tesla (J/T) instead of the ampere–square meter as suggested by Eq. 28-35.

If an applied torque (due to “an external agent”) rotates a magnetic dipole
from an initial orientation ui to another orientation uf, then work Wa is done on
the dipole by the applied torque. If the dipole is stationary before and after the
change in its orientation, then work Wa is

Wa ! Uf " Ui, (28-39)

where Uf and Ui are calculated with Eq. 28-38.
So far, we have identified only a current-carrying coil as a magnetic dipole.

However, a simple bar magnet is also a magnetic dipole, as is a rotating sphere of
charge. Earth itself is (approximately) a magnetic dipole. Finally, most subatomic
particles, including the electron, the proton, and the neutron, have magnetic
dipole moments. As you will see in Chapter 32, all these quantities can be viewed
as current loops. For comparison, some approximate magnetic dipole moments
are shown in Table 28-2.
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The figure shows four orientations, at angle u, of a magnetic dipole moment in a
magnetic field. Rank the orientations according to (a) the magnitude of the torque on
the dipole and (b) the orientation energy of the dipole, greatest first.
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𝑈(𝜃) = −𝜇𝐵cos𝜃



 

 

 

6. A coil of cross sectional area of 4×10-6 m2 carries a current of 0.2 A. If the magnitude of the 
 

magnetic dipole is 12×10-5 A.m2, calculate the number of the coil’s turns. 
Solution 

The magnitude of the magnetic moment is 
P  �5

 
 

P   NiA  o�
�

N  �  �
iA 

12 u10 
0.2 u 4 u10�6

 

 

  150 turns 

5.
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Using , we can rewrite Eq. 28-33 for the torque on the coil due to a mag-
netic field as

t ! mB sin u, (28-36)

in which u is the angle between the vectors and .
We can generalize this to the vector relation

(28-37)

which reminds us very much of the corresponding equation for the torque
exerted by an electric field on an electric dipole—namely, Eq. 22-34:

In each case the torque due to the field—either magnetic or electric—is equal to
the vector product of the corresponding dipole moment and the field vector.

A magnetic dipole in an external magnetic field has an energy that depends on
the dipole’s orientation in the field. For electric dipoles we have shown (Eq. 22-38)
that

In strict analogy, we can write for the magnetic case

(28-38)

In each case the energy due to the field is equal to the negative of the scalar prod-
uct of the corresponding dipole moment and the field vector.

A magnetic dipole has its lowest energy (! "mB cos 0 ! "mB) when its di-
pole moment is lined up with the magnetic field (Fig. 28-20). It has its highest
energy (! "mB cos 180° ! #mB) when is directed opposite the field. From Eq.
28-38, with U in joules and in teslas, we see that the unit of can be the joule
per tesla (J/T) instead of the ampere–square meter as suggested by Eq. 28-35.

If an applied torque (due to “an external agent”) rotates a magnetic dipole
from an initial orientation ui to another orientation uf, then work Wa is done on
the dipole by the applied torque. If the dipole is stationary before and after the
change in its orientation, then work Wa is

Wa ! Uf " Ui, (28-39)

where Uf and Ui are calculated with Eq. 28-38.
So far, we have identified only a current-carrying coil as a magnetic dipole.

However, a simple bar magnet is also a magnetic dipole, as is a rotating sphere of
charge. Earth itself is (approximately) a magnetic dipole. Finally, most subatomic
particles, including the electron, the proton, and the neutron, have magnetic
dipole moments. As you will see in Chapter 32, all these quantities can be viewed
as current loops. For comparison, some approximate magnetic dipole moments
are shown in Table 28-2.
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Table 28-2

Some Magnetic Dipole Moments

Small bar magnet 5 J/T
Earth 8.0 ' 1022 J/T
Proton 1.4 ' 10"26 J/T
Electron 9.3 ' 10"24 J/T

CHECKPOINT 5

The figure shows four orientations, at angle u, of a magnetic dipole moment in a
magnetic field. Rank the orientations according to (a) the magnitude of the torque on
the dipole and (b) the orientation energy of the dipole, greatest first.
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Fig. 28-20 The orientations of highest
and lowest energy of a magnetic dipole
(here a coil carrying current) in an external
magnetic field .The direction of the cur-
rent i gives the direction of the magnetic 
dipole moment via the right-hand rule
shown for in Fig. 28-19b.n:
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The magnetic moment vector
attempts to align with the
magnetic field.

halliday_c28_735-763v2.qxd  27-11-2009  16:19  Page 754

(a)                  (b)


