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MAGNETIC FIELD
AND MAGNETIC

FORCES

verybody uses magnetic forces. They are at the heart of electric

motors, TV picture tubes, microwave ovens, loudspeakers, com-
puter printers, and disk drives. The most familiar aspects of magnetism
are those associated with permanent magnets, which attract unmagnetized
iron objects and can also attract or repel other magnets. A compass needle
aligning itself with the earth’s magnetism is an example of this interaction.
But the fundamental nature of magnetism is the interaction of moving elec-
tric charges. Unlike electric forces, which act on electric charges whether
they are moving or not, magnetic forces act only on moving charges.

Although electric and magnetic forces are very different from each
other, we use the idea of a field to describe both kinds of force. We saw in
Chapter 14 that the electric force arises in two stages: (1) a charge pro-
duces an electric field in the space around it, and (2) a second charge re-
sponds to this field. Magnetic forces also arise in two stages. First, a mov-
ing charge or a collection of moving charges (that is, an electric current)
produces a magnetic field. Next, a second current or moving charge re-
sponds to this magnetic field, and so experiences a magnetic force.

In this chapter we study the second stage in the magnetic interac-
tion—that is, how moving charges and currents respond to magnetic fields.
In particular, we will see how to calculate magnetic forces and torques,
and we will discover why magnets can pick up iron objects like paper

Charged particles ejected from the
sun are steered by the earth’s
magnetic field toward our planet’s
north and south poles. When
these particles strike gas mole-
cules in the upper atmosphere,
the molecules are set aglow. The
result is the brilliant light show
called the aurora australis (at far
southern latitudes) or aurora bo-
realis (at far northern latitudes,
as in this photograph from Alas-
ka) .

Why do charged solar

particles move predominantly
toward the earth’s poles rather
than the equator?



2 CHAPTER 19 | Magnetic Field and Magnetic Forces

clips. In Chapter 20 we will complete our picture of the magnetic interaction by examining how moving
charges and currents produce magnetic fields.

19.1 | Magnetism

Magnetic phenomena were first observed at least 2500 years ago in fragments of magnetized iron ore
found near the ancient city of Magnesia (now Manisa, in western Turkey). These fragments were ex-
amples of what are now called permanent magnets; you probably have several permanent magnets on
your refrigerator door at home. Permanent magnets were found to exert forces on each other as well as
on pieces of iron that were not magnetized. It was discovered that when an iron rod is brought in con-
tact with a natural magnet, the rod also becomes magnetized. When such a rod is floated on water or
suspended by a string from its center, it tends to line itself up in a north-south direction. The needle
of an ordinary compass is just such a piece of magnetized iron.

Before the relation of magnetic interactions to moving charges was understood, the interactions of
permanent magnets and compass needles were described in terms of magnetic poles. If a bar-shaped
permanent magnet, or bar magnet, is free to rotate, one end points north. This end is called a north
pole or N-pole; the other end is a south pole or S-pole. Opposite poles atiract each other, and like
poles repel each other (Fig.19.1). An object that contains iron but is not itself magnetized (that is, it
shows no tendency to point north or south) is attracted by either pole of a permanent magnet
(Fig.19.2). This is the attraction that acts between a magnet and the unmagnetized steel door of a re-
frigerator. By analogy to electric interactions, we describe the interactions in Figs.19.1 and 19.2 by
saying that a bar magnet sets up a magnetic field in the space around it and a second body responds to
that field. A compass needle tends to align with the magnetic field at the needle’s position.

~

(a)

(d)

Fig.19.1 (a), (b) Two bar magnets attract when op-
posite poles (N and S, or S and N) are next to each
other. (c)}, (d) The bar magnets repel when like
poles (N and N, or S and S) are next to each other.

Fig.19.2 (a), (b) Either pole of a
bar magnet attracts an unmagnetized
object that contains iron.

The earth itself is a magnet. Its north geographical pole is close to a magnetic south pole, which
is why the north pole of a compass needle points north. The earth’s magnetic axis is not quite parallel
to its geographic axis (the axis of rotation), so a compass reading deviates somewhat from geographic
north. This deviation, which varies with location, is called magnetic declination or magnetic varia-
tion. Also, the magnetic field is not horizontal at most points on the earth’s surface; its angle up or
down is called magnetic inclination. At the magnetic poles the magnetic field is vertical.

Figure 19.3 is a sketch of the earth’s magnetic field. The lines, called magnetic field lines,
show the direction that a compass would point at each location; they are discussed in detail in Section
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Fig.19.3 A compass placed at any location in the earth’s magnetic field points in the direction
of the field line at that location. Representing the earth’s field as that of a tilted bar magnet is
only a crude approximation of its fairly complex configuration. The field, which is caused by
currents in the earth’s molten core, changes with time; geologic evidence shows that it reverses

direction entirely at irregular intervals of about a half million years.

19.3. The direction of the field at any point can be defined as the direction of the force that the field
would exert on a magnetic north pole. In Section 19.2 we’ll describe a more fundamental way to de-

fine the direction and magnitude of a magnetic field.

The concept of magnetic poles may appear similar to
that of electric charge, and north and south poles may seem
analogous to positive and negative charge. But the analogy
can be misleading. While isolated positive and negative char-
ges exist, there is no experimental evidence that a single iso-
lated magnetic pole exists; poles always appear in pairs. If a
bar magnet is broken in two, each broken end becomes a
pole (Fig.19.4). The existence of an isolated magnetic pole,
or magnetic monopole, would have sweeping implications
for theoretical physics. Extensive searches for magnetic
monopoles have been carried out, but so far without success.

N S

\L Break apart

N SHEN 8§

Fig.19.4 Breaking a bar magnet. Each
piece has a north and south pole, even if
the pieces are different sizes. (The smaller
the piece, the weaker its magnetism. )

The first evidence of the relationship of magnetism to moving charges was discovered in 1819 by
the Danish scientist Hans Christian Oersted. He found that a compass needle was deflected by a cur-
rent-carrying wire, as shown in Fig.19.5. Similar investigations were carried out in France by André
Ampere. A few years later, Michael Faraday in England and Joseph Henry in the United States dis-
covered that moving a magnet near a conducting loop can cause a current in the loop. We now know
that the magnetic forces between two bodies shown in Figs.19.1 and 19.2 are fundamentally due to in-
teractions between moving electrons in the atoms of the bodies. (There are also electric interactions
between the two bodies , but these are far weaker than the magnetic interactions because the two
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X

I=0 ! ,
(a) No current in wire:  (b) Current flows north: (c) Current flows south:
needle points north needle swings to the east needle swings to the west

Fig.19.5 In Oersted’s experiment, a compass is placed directly over a horizontal
wire (here viewed from above). When the compass is placed directly under the
wire, the compass swings are reversed.

bodies are electrically neutral.) Inside a magnetized body such as a permanent magnet, there is a co-
ordinated motion of certain’of the atomic electrons; in an unmagnetized body these motions are not
coordinated. ( We’ll describe these motions further in Section 19.7, and see how the interactions
shown in Figs.19.1 and 19.2 come about. )

Electric and magnetic interactions prove to be intimately connected. Over the next several chap-
ters we will develop the unifying principles of electromagnetism, culminating in the expression of
these principles in Maxwell’s equations. These equations represent the synthesis of electromagnetism,
just as Newton’s laws of motion are the synthesis of mechanics, and like Newton’s laws they represent
a towering achievement of the human intellect.

Suppose you cut off the part of the compass needle shown in Fig.19.5a that is painted white. You dis-
card this part, drill a hole in the remaining red part, and place the red part on the pivot at the center
of the compass. Will the red part still swing east and west when a current is applied as in Figs.19.5b
and 19.5¢?

19.2 | Magnetic Field

To introduce the concept of magnetic field properly, let’s review our formulation of electric interac-
tions in Chapter 14, where we introduced the concept of electric field. We represented electric inter-

actions in two steps:

1. A distribution of electric charge at rest creates an electric field E in the surrounding space.

2. The electric field exerts a force F =gE on any other charge ¢ that is present in the field.
We can describe magnetic interactions in a similar way:

1. A moving charge or a current creates a magnetic field in the surrounding space (in addition
to its electric field).

2. The magnetic field exerts a force F on any other moving charge or current that is present in
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the field.

In this chapter we’ll concentrate on the second aspect of the interaction: Given the presence of a
magnetic field, what force does it exert on a moving charge or a current? In Chapter 20 we will come
back to the problem of how magnetic fields are created by moving charges and currents.

Like electric field, magnetic field is a vector field—that is, a vector quantity associated with
each point in space. We will use the symbol B for magnetic field. At any position the direction of B
is defined as that in which the north pole of a compass needle tends to point. The arrows in Fig. 19.3

suggest the direction of the earth’s magnetic field; for any magnet, B points out of its north pole and
into its south pole.

What are the characteristics of the magnetic force on a moving charge? First, its magnitude is
proportional to the magnitude of the charge. If a 1-uC charge and a 2-.uC charge move through a giv-
en magnetic field with the same velocity, experiments show that the force on the 2-uC charge is twice
as great as that on the 1-uC charge. The magnitude of the force is also proportional to the magnitude,
or “strength, ” of the field; if we double the magnitude of the field ( for example, by using two identi-
cal bar magnets instead of one) without changing the charge or its velocity, the force doubles.

The magnetic force also depends on the particle’s velocity. This is quite different from the elec-
tric-field force, which is the same whether the charge is moving or not. A charged particle at rest ex-

periences no magnetic force. Furthermore, we find by experiment that the magnetic force F does not

have the same direction as the magnetic field B but instead is always perpendicular to both B and the
velocity ¥. The magnitude F of the force is found to be proportional to the component of ¥ perpendic-

ular to the field; when that component is zero (that is, when ¥ and B are parallel or antiparallel),
the force is zero.

Figure 19.6 shows these relationships. The direction of Fis always perpendicular to the plane

containing ¥ and B. Its magnitude is given by

B
F = quBsin¢ F=quB
v, =vsing .
(2) Velocity ¥ parallel or antiparallel (b) ¥ at an angle ¢ to B: (C):l:enr:teigdfxz‘r;;z B:
to magnetic field B: magnetic force has i 8 . i
magnetic force is zero magnitude F = guvB sin ¢ £n 4

Fig.19.6 The magnetic force F acting on a positive charge ¢ moving with velocity ¥ is perpendicular to both ¥ and
the magnetic field B. For given values of the speed » and magnetic field strength B, the force is greatest when ¥ and

B are perpendicular.

F=1qlv, B=lqlvBsind (19.1)
where lq| is the magnitude of the charge and ¢ is the angle measured from the direction of ¥ to the
direction of E, as shown in the figure.

This description does not specify the direction of F completely; there are always two directions,

opposite to each other, that are both perpendicular to the plane of ¥ and B. To complete the descrip-
tion, we use the same right-hand rule that we used to define the vector product in Section 1.6. (It
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would be a good idea to review that section before you go on.) Draw the vectors ¥ and B with their

tails together, as in Fig.19.6b. Imagine turning ¥ until it points in the direction of E( turning through
¢, the smaller of the two p0551ble angles). Wrap the fingers of your right hand around the line per-

pendicular to the plane of ¥ and B so that they curl around with the sense of rotation from ¥ to B.
Your thumb then points in the direction of the force Fona positive charge. ( Alternatively, the direc-
tion of the force F on a positive charge is the direction in which a right-hand-thread screw would ad-
vance if turned the same way. )

This discussion shows that the force on a charge g moving with velocity ¥ in a magnetic field B
is given, both in magnitude and in direction, by

F= qv x B (magnetic force on a moving charged particle) (19.2)
This is the first of several vector products we will encounter in our study of magnetic-field relation-
ships. It’s important to note that Eq.(19.2) was not deduced theoretically; it is an observation based
on experiment.

Equation (19.2) is valid for both positive and negative
charges. When ¢ is negative the direction of the force F is op-
posite to that of ¥ x B. If two charges with equal magnitude and
opposite sign move in the same B field with the same velocity

(Fig.19.7), the forces have equal magnitude and opposite direc-
tion. Figures 19.6 and 19.7 show several examples of the rela-

tionships of the directions of i", ¥, and B for both positive and

negative charges. Be sure you understand the relationships

shown in these figures. ';F' =—gv x B
Equation (19.1) gives the magnitude of the magnetic force

o

. Fig.19.7 Two charges of the same mag-
F in Eq.(19.2). We can express this magnitude in a different nitude but opposite sign moving with the
but equivalent way. Since ¢ is the angle between the directions same velocity in the same magnetic
field. The magnetic forces on the char-
- ges are equal in magnitude but opposite
B perpendicular to ¥, that is, B, . With this notation the force in direction.

of vectors ¥ and B, we may interpret Bsing as the component of

magnitude is
F=1qlwB, (19.3)

This form is sometimes more convenient, especially in problems involving currents rather than indi-
vidual particles. We will discuss forces on currents later in this chapter.

From Eq.(19.1) the units of B must be the same as the units of F/quv. Therefore the SI unit of
B is equivalent to 1N +s/C+m, or, since one ampere is one coulomb per second (1A = 1C/s),

IN/A+m. This unit is called the tesla (abbreviated T), in honor of Nikola Tesla (1857—1943), the

prominent Serbian-American scientist and inventor:
Itesla=1T =IN/A'm

Another unit of B, the gauss (1G =10 *T), is also in common use. Instruments for measuring mag-
netic field are sometimes called gaussmeters.

The magnetic field of the earth is of the order of 10 "*T or 1G. Magnetic fields of the order of
10T occur in the interior of atoms and are important in the analysis of atomic spectra. The largest
steady magnetic field that can be produced at present in the laboratory is about 45T. Some pulsed-
current electromagnets can produce fields of the order of 120T for short time intervals of the order of
a millisecond. The magnetic field at the surface of a neutron star is believed to be of the order of
10°T.

To explore an unknown magnetic field, we can measure the magnitude and direction of the force




19.2 | Magnetic Field

on a moving test charge, then use Eq.(19.2) to determine B. The electron beam in a cathode-ray
tube, such as that used in a television set, is a convenient device for making such measurements.
The electron gun shoots out a narrow beam of electrons at a known speed. If there is no force to de-
flect the beam, it strikes the center of the screen.

If a magnetic field is present, in general the electron beam is deflected. But if the beam is par-
allel or antiparallel to the field, then ¢ =0 or 7 in Eq.(19.1) and F =0; there is no force, and
hence no deflection. If we find that the electron beam is not deflected when its direction is parallel to

a certain axis as in Fig.19.8a, the B vector must point either up or down along that axis.
If we then turn the tube 90° (Fig.19.8b), ¢ =7/2 in Eq.(19.1) and the magnetic force is max-

imum; the beam is deflected in a direction perpendicular to the plane of B and ¥. The direction and
magnitude of the deflection determine the direction and magnitude of B. We can perform additional

experiments in which the angle between B and ¥ is between zero and 90° to confirm Eq.(19.1) or
(19.3) and the accompanying discussion. We note that the electron has a negative charge; the force
in Fig.19.8 is opposite in direction to the force on a positive charge.

(a) If tube axis is parallel to the y-axis, beam is (b) If tube axis is parallel to the x-axis, beam is

undeflected: hence B is in either +y or —y direction deflected in —z direction: hence B is in +y direction

Fig.19.8 Determining the direction of a magnetic field using a cathode-ray tube. Because electrons have a nega-

tive charge, the magnetic force F= qv xB in part (b) points in the direction opposite to the rule in Fig.19.6.

When a charged particle moves through a region of space where both electric and magpnetic fields

are present, both fields exert forces on the particle. The total force F is the vector sum of the electric
and magnetic forces:

=q(E +7 x B) (19.4)

Magnetic 'Forces

IDENTIFY the relwant concepts The right-hand rule al-
lows you to detemnne the magnetic force on a moving
charged particle. ,

1. Draw the velocity vector v and 1
their tails together so that you ca
in which these two vectors lie. .
2. Identify the angle ¢ between ﬁle two vecto

SET UP the pmbiem using the Jollowing steps:




