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Last time

• magnetic force on a charge

• circular trajectories

• helical trajectories



Overview

• charged particle in E and B fields

• applications of crossed fields

• discovery of the electron

• Hall effect



The Lorentz Force

A charged particle can be affected by both electric and magnetic
fields.

This means that the total force on a charge is the sum of the
electric and magnetic forces:

F = q E + q v × B

This total force is called the Lorentz force.

This can always be used to deduce the electromagnetic force on a
charged particle in E- or B-fields.



Crossed Fields

Both electric and magnetic fields interact with moving charges and
produce forces on them.

This can be used to study charged particles.



Warm Up Question: Crossed Fields
The diagram shows four possible directions for the velocity v of a
positively-charged particle: which direction could possibly result in
a net force of zero on the particle?1
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particle’s charge, Thomson was able to show that the particles that were lighting
up his screen were negatively charged.)

When the two fields in Fig. 28-7 are adjusted so that the two deflecting forces
cancel (step 3), we have from Eqs. 28-1 and 28-3

|q|E ! |q|vB sin(90°) ! |q|vB

or (28-7)

Thus, the crossed fields allow us to measure the speed of the charged particles pass-
ing through them. Substituting Eq. 28-7 for v in Eq. 28-6 and rearranging yield

(28-8)

in which all quantities on the right can be measured.Thus, the crossed fields allow us
to measure the ratio m/|q| of the particles moving through Thomson’s apparatus.

Thomson claimed that these particles are found in all matter. He also claimed
that they are lighter than the lightest known atom (hydrogen) by a factor of more
than 1000. (The exact ratio proved later to be 1836.15.) His m/|q| measurement,
coupled with the boldness of his two claims, is considered to be the “discovery of
the electron.”
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Fig. 28-8 A strip of copper carrying a
current i is immersed in a magnetic field .
(a) The situation immediately after the
magnetic field is turned on.The curved path
that will then be taken by an electron is
shown. (b) The situation at equilibrium,
which quickly follows. Note that negative
charges pile up on the right side of the strip,
leaving uncompensated positive charges on
the left.Thus, the left side is at a higher po-
tential than the right side. (c) For the same
current direction, if the charge carriers
were positively charged, they would pile up
on the right side, and the right side would
be at the higher potential.
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CHECKPOINT 2

The figure shows four directions for the velocity vector of a positively charged par-
ticle moving through a uniform electric field (directed out of the page and repre-
sented with an encircled dot) and a uniform magnetic field . (a) Rank directions 1, 2,
and 3 according to the magnitude of the net force on the particle, greatest first. (b) Of
all four directions, which might result in a net force of zero?
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28-5 Crossed Fields: The Hall Effect
As we just discussed, a beam of electrons in a vacuum can be deflected by a
magnetic field. Can the drifting conduction electrons in a copper wire also be
deflected by a magnetic field? In 1879, Edwin H. Hall, then a 24-year-old grad-
uate student at the Johns Hopkins University, showed that they can. This Hall
effect allows us to find out whether the charge carriers in a conductor are posi-
tively or negatively charged. Beyond that, we can measure the number of such
carriers per unit volume of the conductor.

Figure 28-8a shows a copper strip of width d, carrying a current i whose
conventional direction is from the top of the figure to the bottom. The charge
carriers are electrons and, as we know, they drift (with drift speed vd) in the
opposite direction, from bottom to top. At the instant shown in Fig. 28-8a,
an external magnetic field , pointing into the plane of the figure, has just 
been turned on. From Eq. 28-2 we see that a magnetic deflecting force will act
on each drifting electron, pushing it toward the right edge of the strip.
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(A) 1 (left)

(B) 2 (up)

(C) 3 (right)

(D) 4 (down)

1Halliday, Resnick, Walker, 9th ed., page 741.
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Thomson claimed that these particles are found in all matter. He also claimed
that they are lighter than the lightest known atom (hydrogen) by a factor of more
than 1000. (The exact ratio proved later to be 1836.15.) His m/|q| measurement,
coupled with the boldness of his two claims, is considered to be the “discovery of
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The figure shows four directions for the velocity vector of a positively charged par-
ticle moving through a uniform electric field (directed out of the page and repre-
sented with an encircled dot) and a uniform magnetic field . (a) Rank directions 1, 2,
and 3 according to the magnitude of the net force on the particle, greatest first. (b) Of
all four directions, which might result in a net force of zero?
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28-5 Crossed Fields: The Hall Effect
As we just discussed, a beam of electrons in a vacuum can be deflected by a
magnetic field. Can the drifting conduction electrons in a copper wire also be
deflected by a magnetic field? In 1879, Edwin H. Hall, then a 24-year-old grad-
uate student at the Johns Hopkins University, showed that they can. This Hall
effect allows us to find out whether the charge carriers in a conductor are posi-
tively or negatively charged. Beyond that, we can measure the number of such
carriers per unit volume of the conductor.

Figure 28-8a shows a copper strip of width d, carrying a current i whose
conventional direction is from the top of the figure to the bottom. The charge
carriers are electrons and, as we know, they drift (with drift speed vd) in the
opposite direction, from bottom to top. At the instant shown in Fig. 28-8a,
an external magnetic field , pointing into the plane of the figure, has just 
been turned on. From Eq. 28-2 we see that a magnetic deflecting force will act
on each drifting electron, pushing it toward the right edge of the strip.
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Velocity Selector: Using both electric and magnetic
fields

Charges are accelerated with and electric field then travel down a
channel with uniform electric and magnetic fields.

880 Chapter 29 Magnetic Fields

Velocity Selector
In many experiments involving moving charged particles, it is important that all 
particles move with essentially the same velocity, which can be achieved by applying 
a combination of an electric field and a magnetic field oriented as shown in Figure 
29.13. A uniform electric field is directed to the right (in the plane of the page in 
Fig. 29.13), and a uniform magnetic field is applied in the direction perpendicular 
to the electric field (into the page in Fig. 29.13). If q is positive and the velocity  
vS is upward, the magnetic force q vS 3 B

S
 is to the left and the electric force q E

S
 is 

to the right. When the magnitudes of the two fields are chosen so that qE 5 qvB, 
the forces cancel. The charged particle is modeled as a particle in equilibrium and 
moves in a straight vertical line through the region of the fields. From the expres-
sion qE 5 qvB, we find that

 v 5
E
B

 (29.7)

Only those particles having this speed pass undeflected through the mutually perpen-
dicular electric and magnetic fields. The magnetic force exerted on particles moving 
at speeds greater than that is stronger than the electric force, and the particles are 
deflected to the left. Those moving at slower speeds are deflected to the right.

The Mass Spectrometer
A mass spectrometer separates ions according to their mass-to-charge ratio. In one 
version of this device, known as the Bainbridge mass spectrometer, a beam of ions first 
passes through a velocity selector and then enters a second uniform magnetic  
field B

S
0 that has the same direction as the magnetic field in the selector (Fig. 29.14). 

Upon entering the second magnetic field, the ions are described by the particle in 
uniform circular motion model. They move in a semicircle of radius r before strik-
ing a detector array at P. If the ions are positively charged, the beam deflects to the 
left as Figure 29.14 shows. If the ions are negatively charged, the beam deflects to 
the right. From Equation 29.3, we can express the ratio m/q as
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Figure 29.14 A mass spectrome-
ter. Positively charged particles are 
sent first through a velocity selector 
and then into a region where the 
magnetic field B

S
0  causes the parti-

cles to move in a semicircular path 
and strike a detector array at P.
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Figure 29.13 A velocity selector. 
When a positively charged particle 
is moving with velocity vS in the pres-
ence of a magnetic field directed 
into the page and an electric field 
directed to the right, it experiences 
an electric force q E

S
 to the right and 

a magnetic force qvS 3 B
S

 to the left.



Velocity Selector: Using both electric and magnetic
fields

The particles only reach the end of the channel if F = 0.

F = q E + q v × B

so that means
qE = −qv × B

supposing v and B are perpendicular:

v =
E

B



Mass Spectrometer
After selecting particles to have velocity v = E/B along the
channel, they are fed into a magnetic field.880 Chapter 29 Magnetic Fields
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Where they collide with the detector allows us to find the radius of
the path, r .

Mass-to-charge ratio:
m

|q|
=

rB0

v



The Discovery of the Electron

Orienting a magnetic field at right angles to an electric field
allowed J.J. Thompson in 1897 to determine the ratio of the

electron’s charge to its mass:
|q|
m .

This was significant because it showed that the electron was much
lighter than other known particles, establishing it as a new kind of
particle.



Discovery of the Electron: Main Idea

Electrons are accelerated along the yellow line.
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28-4 Crossed Fields: Discovery of the Electron
Both an electric field and a magnetic field can produce a force on a charged
particle. When the two fields are perpendicular to each other, they are said to be
crossed fields. Here we shall examine what happens to charged particles—
namely, electrons—as they move through crossed fields. We use as our example
the experiment that led to the discovery of the electron in 1897 by J. J. Thomson
at Cambridge University.

Figure 28-7 shows a modern, simplified version of Thomson’s experimental
apparatus—a cathode ray tube (which is like the picture tube in an old type televi-
sion set). Charged particles (which we now know as electrons) are emitted by
a hot filament at the rear of the evacuated tube and are accelerated by an applied
potential difference V. After they pass through a slit in screen C, they form a
narrow beam. They then pass through a region of crossed and fields, headed
toward a fluorescent screen S, where they produce a spot of light (on a television
screen the spot is part of the picture). The forces on the charged particles in the
crossed-fields region can deflect them from the center of the screen. By controlling
the magnitudes and directions of the fields,Thomson could thus control where the
spot of light appeared on the screen. Recall that the force on a negatively charged
particle due to an electric field is directed opposite the field.Thus, for the arrange-
ment of Fig. 28-7, electrons are forced up the page by electric field and down the
page by magnetic field ; that is, the forces are in opposition. Thomson’s proce-
dure was equivalent to the following series of steps.

1. Set E ! 0 and B ! 0 and note the position of the spot on screen S due to the
undeflected beam.

2. Turn on and measure the resulting beam deflection.
3. Maintaining , now turn on and adjust its value until the beam returns to the

undeflected position. (With the forces in opposition, they can be made to cancel.)

We discussed the deflection of a charged particle moving through an elec-
tric field between two plates (step 2 here) in the sample problem in the pre-
ceding section. We found that the deflection of the particle at the far end of the
plates is

(28-6)

where v is the particle’s speed, m its mass, and q its charge, and L is the length of
the plates. We can apply this same equation to the beam of electrons in Fig. 28-7;
if need be, we can calculate the deflection by measuring the deflection of the
beam on screen S and then working back to calculate the deflection y at the end
of the plates. (Because the direction of the deflection is set by the sign of the
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Fig. 28-7 A modern version of J. J.
Thomson’s apparatus for measuring the ra-
tio of mass to charge for the electron. An
electric field is established by connecting
a battery across the deflecting-plate termi-
nals.The magnetic field is set up by
means of a current in a system of coils (not
shown).The magnetic field shown is into
the plane of the figure, as represented by
the array of Xs (which resemble the feath-
ered ends of arrows).
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The electric field deflects them upward.

The magnetic field deflects them downward.

Adjust the magnetic field until the deflections cancel out and the
spot returns to the center.
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How to determine v, the speed of the electrons

The deflection of a charged particle moving through the fields is 0,
only if Fnet = 0.

Assuming v ⊥ B:

FE = FB

qE = qvB

v =
E

B

(same as before)

Switch on both fields to get a measurement of v . Then switch off
the magnetic field and, using the E -field only, measure the
deflection distance y .



Why does that tell us about q/m?

Consider only the E -field from 2 parallel charged plates:

59322-8 A POI NT CHARG E I N AN E LECTR IC F I E LD
PART 3

strikes the paper at a position that is determined by the magnitudes of and the
charge q of the drop.

In practice, E is held constant and the position of the drop is determined by
the charge q delivered to the drop in the charging unit, through which the drop
must pass before entering the deflecting system. The charging unit, in turn, is
activated by electronic signals that encode the material to be printed.

Electrical Breakdown and Sparking
If the magnitude of an electric field in air exceeds a certain critical value Ec, the
air undergoes electrical breakdown, a process whereby the field removes elec-
trons from the atoms in the air. The air then begins to conduct electric current
because the freed electrons are propelled into motion by the field. As they move,
they collide with any atoms in their path, causing those atoms to emit light.We can
see the paths, commonly called sparks, taken by the freed electrons because of that
emitted light. Figure 22-16 shows sparks above charged metal wires where the
electric fields due to the wires cause electrical breakdown of the air.

E
:

Fig. 22-16 The metal wires are so charged that the electric fields they produce in the
surrounding space cause the air there to undergo electrical breakdown. (Adam Hart-Davis/
Photo Researchers)

Sample Problem

Let t represent the time required for the drop to pass
through the region between the plates. During t the vertical
and horizontal displacements of the drop are

(22-31)

respectively. Eliminating t between these two equations and
substituting Eq. 22-30 for ay, we find

(Answer) ! 0.64 mm.

 ! 6.4 " 10#4 m

 !
(1.5 " 10#13 C)(1.4 " 106 N/C)(1.6 " 10#2 m)2

(2)(1.3 " 10#10 kg)(18 m/s)2

y !
QEL2

2mvx
2

y ! 1
2ayt2 and L ! vxt,

Motion of a charged particle in an electric field

Figure 22-17 shows the deflecting plates of an ink-jet
printer, with superimposed coordinate axes. An ink drop
with a mass m of 1.3 " 10#10 kg and a negative charge of
magnitude Q ! 1.5 " 10#13 C enters the region between
the plates, initially moving along the x axis with speed 
vx ! 18 m/s. The length L of each plate is 1.6 cm. The
plates are charged and thus produce an electric field at all
points between them. Assume that field is downward
directed, is uniform, and has a magnitude of 1.4 " 106

N/C. What is the vertical deflection of the drop at the far
edge of the plates? (The gravitational force on the drop is
small relative to the electrostatic force acting on the drop
and can be neglected.)

E
:

KEY I DEA

The drop is negatively charged and the electric field is directed
downward. From Eq. 22-28, a constant electrostatic force of
magnitude QE acts upward on the charged drop. Thus, as the
drop travels parallel to the x axis at constant speed vx, it
accelerates upward with some constant acceleration ay.

Calculations: Applying Newton’s second law (F ! ma) for
components along the y axis, we find that

(22-30)ay !
F
m

!
QE
m

.

y

x
x = L

m,Q

0
E

Plate

Plate

Fig. 22-17 An ink drop of mass m and charge magnitude Q is
deflected in the electric field of an ink-jet printer.

Additional examples, video, and practice available at WileyPLUS
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A charge particle follows a parabola, because the field is uniform.

This is exactly like projectile motion.

1Figure from Halliday, Resnick, Walker, 9th ed, page 593.



Why does that tell us about q/m?
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strikes the paper at a position that is determined by the magnitudes of and the
charge q of the drop.

In practice, E is held constant and the position of the drop is determined by
the charge q delivered to the drop in the charging unit, through which the drop
must pass before entering the deflecting system. The charging unit, in turn, is
activated by electronic signals that encode the material to be printed.

Electrical Breakdown and Sparking
If the magnitude of an electric field in air exceeds a certain critical value Ec, the
air undergoes electrical breakdown, a process whereby the field removes elec-
trons from the atoms in the air. The air then begins to conduct electric current
because the freed electrons are propelled into motion by the field. As they move,
they collide with any atoms in their path, causing those atoms to emit light.We can
see the paths, commonly called sparks, taken by the freed electrons because of that
emitted light. Figure 22-16 shows sparks above charged metal wires where the
electric fields due to the wires cause electrical breakdown of the air.

E
:
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surrounding space cause the air there to undergo electrical breakdown. (Adam Hart-Davis/
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N/C. What is the vertical deflection of the drop at the far
edge of the plates? (The gravitational force on the drop is
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The displacement in the vertical (y) direction (same dir. as field
lines)

y = vi ,y t +
1

2
at2

If the particle is moving horizontally only on entry into the field,
vi ,y = 0.

Also a = FE/m, giving:

y =
1

2

FE
m

t2
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printer, with superimposed coordinate axes. An ink drop
with a mass m of 1.3 " 10#10 kg and a negative charge of
magnitude Q ! 1.5 " 10#13 C enters the region between
the plates, initially moving along the x axis with speed 
vx ! 18 m/s. The length L of each plate is 1.6 cm. The
plates are charged and thus produce an electric field at all
points between them. Assume that field is downward
directed, is uniform, and has a magnitude of 1.4 " 106
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edge of the plates? (The gravitational force on the drop is
small relative to the electrostatic force acting on the drop
and can be neglected.)
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magnitude QE acts upward on the charged drop. Thus, as the
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Why does that tell us about q/m?
There is no acceleration in the x direction:

x = L = vx t ⇒ t =
L

v

Therefore the deflection in the y direction due to the electric field
by the end of the plates (length L):

y =
(qE )L2

2mv2

This gives an expression for q/m:

|q|

m
=

2 y v2

E L2

We already found the speed v : v = E/B

|q|

m
=

2 y E

B2 L2
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Discovery of the Electron

For an electron, |q| = e:

e

me
= 1.759× 1011 C/kg

⇒ the mass of the electron me is really small.

From this ratio and Millikan’s oil drop experiments that determined
e = 1.602× 10−19 C we can find me . (Do it now!)

me = 9.11× 10−31 kg
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The Hall effect
Or, how to use a current and a field to create a potential difference.

Electrons flowing in a conductor can also be deflected by a
magnetic field!

74128-5 CROSS E D FI E LDS: TH E HALL E FFECT
PART 3

HALLIDAY REVISED

particle’s charge, Thomson was able to show that the particles that were lighting
up his screen were negatively charged.)

When the two fields in Fig. 28-7 are adjusted so that the two deflecting forces
cancel (step 3), we have from Eqs. 28-1 and 28-3

|q|E ! |q|vB sin(90°) ! |q|vB

or (28-7)

Thus, the crossed fields allow us to measure the speed of the charged particles pass-
ing through them. Substituting Eq. 28-7 for v in Eq. 28-6 and rearranging yield

(28-8)

in which all quantities on the right can be measured.Thus, the crossed fields allow us
to measure the ratio m/|q| of the particles moving through Thomson’s apparatus.

Thomson claimed that these particles are found in all matter. He also claimed
that they are lighter than the lightest known atom (hydrogen) by a factor of more
than 1000. (The exact ratio proved later to be 1836.15.) His m/|q| measurement,
coupled with the boldness of his two claims, is considered to be the “discovery of
the electron.”

m
|q|

!
B2L2

2yE
,

v !
E
B

.

Fig. 28-8 A strip of copper carrying a
current i is immersed in a magnetic field .
(a) The situation immediately after the
magnetic field is turned on.The curved path
that will then be taken by an electron is
shown. (b) The situation at equilibrium,
which quickly follows. Note that negative
charges pile up on the right side of the strip,
leaving uncompensated positive charges on
the left.Thus, the left side is at a higher po-
tential than the right side. (c) For the same
current direction, if the charge carriers
were positively charged, they would pile up
on the right side, and the right side would
be at the higher potential.
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CHECKPOINT 2

The figure shows four directions for the velocity vector of a positively charged par-
ticle moving through a uniform electric field (directed out of the page and repre-
sented with an encircled dot) and a uniform magnetic field . (a) Rank directions 1, 2,
and 3 according to the magnitude of the net force on the particle, greatest first. (b) Of
all four directions, which might result in a net force of zero?
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28-5 Crossed Fields: The Hall Effect
As we just discussed, a beam of electrons in a vacuum can be deflected by a
magnetic field. Can the drifting conduction electrons in a copper wire also be
deflected by a magnetic field? In 1879, Edwin H. Hall, then a 24-year-old grad-
uate student at the Johns Hopkins University, showed that they can. This Hall
effect allows us to find out whether the charge carriers in a conductor are posi-
tively or negatively charged. Beyond that, we can measure the number of such
carriers per unit volume of the conductor.

Figure 28-8a shows a copper strip of width d, carrying a current i whose
conventional direction is from the top of the figure to the bottom. The charge
carriers are electrons and, as we know, they drift (with drift speed vd) in the
opposite direction, from bottom to top. At the instant shown in Fig. 28-8a,
an external magnetic field , pointing into the plane of the figure, has just 
been turned on. From Eq. 28-2 we see that a magnetic deflecting force will act
on each drifting electron, pushing it toward the right edge of the strip.

F
:

B

B
:
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Or, how to use a current and a field to create a potential difference.
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in which all quantities on the right can be measured.Thus, the crossed fields allow us
to measure the ratio m/|q| of the particles moving through Thomson’s apparatus.

Thomson claimed that these particles are found in all matter. He also claimed
that they are lighter than the lightest known atom (hydrogen) by a factor of more
than 1000. (The exact ratio proved later to be 1836.15.) His m/|q| measurement,
coupled with the boldness of his two claims, is considered to be the “discovery of
the electron.”
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The figure shows four directions for the velocity vector of a positively charged par-
ticle moving through a uniform electric field (directed out of the page and repre-
sented with an encircled dot) and a uniform magnetic field . (a) Rank directions 1, 2,
and 3 according to the magnitude of the net force on the particle, greatest first. (b) Of
all four directions, which might result in a net force of zero?
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28-5 Crossed Fields: The Hall Effect
As we just discussed, a beam of electrons in a vacuum can be deflected by a
magnetic field. Can the drifting conduction electrons in a copper wire also be
deflected by a magnetic field? In 1879, Edwin H. Hall, then a 24-year-old grad-
uate student at the Johns Hopkins University, showed that they can. This Hall
effect allows us to find out whether the charge carriers in a conductor are posi-
tively or negatively charged. Beyond that, we can measure the number of such
carriers per unit volume of the conductor.

Figure 28-8a shows a copper strip of width d, carrying a current i whose
conventional direction is from the top of the figure to the bottom. The charge
carriers are electrons and, as we know, they drift (with drift speed vd) in the
opposite direction, from bottom to top. At the instant shown in Fig. 28-8a,
an external magnetic field , pointing into the plane of the figure, has just 
been turned on. From Eq. 28-2 we see that a magnetic deflecting force will act
on each drifting electron, pushing it toward the right edge of the strip.
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The Hall effect
Electrons are pushed to the right until so much negative charge
has built up on the right side that the electrostatic force balances
the magnetic force.
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in which all quantities on the right can be measured.Thus, the crossed fields allow us
to measure the ratio m/|q| of the particles moving through Thomson’s apparatus.

Thomson claimed that these particles are found in all matter. He also claimed
that they are lighter than the lightest known atom (hydrogen) by a factor of more
than 1000. (The exact ratio proved later to be 1836.15.) His m/|q| measurement,
coupled with the boldness of his two claims, is considered to be the “discovery of
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The figure shows four directions for the velocity vector of a positively charged par-
ticle moving through a uniform electric field (directed out of the page and repre-
sented with an encircled dot) and a uniform magnetic field . (a) Rank directions 1, 2,
and 3 according to the magnitude of the net force on the particle, greatest first. (b) Of
all four directions, which might result in a net force of zero?
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28-5 Crossed Fields: The Hall Effect
As we just discussed, a beam of electrons in a vacuum can be deflected by a
magnetic field. Can the drifting conduction electrons in a copper wire also be
deflected by a magnetic field? In 1879, Edwin H. Hall, then a 24-year-old grad-
uate student at the Johns Hopkins University, showed that they can. This Hall
effect allows us to find out whether the charge carriers in a conductor are posi-
tively or negatively charged. Beyond that, we can measure the number of such
carriers per unit volume of the conductor.

Figure 28-8a shows a copper strip of width d, carrying a current i whose
conventional direction is from the top of the figure to the bottom. The charge
carriers are electrons and, as we know, they drift (with drift speed vd) in the
opposite direction, from bottom to top. At the instant shown in Fig. 28-8a,
an external magnetic field , pointing into the plane of the figure, has just 
been turned on. From Eq. 28-2 we see that a magnetic deflecting force will act
on each drifting electron, pushing it toward the right edge of the strip.
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At this point we have crossed fields and the potential difference
between the left and the right side stabilizes.



The Hall effect

The Hall effect allows us to learn many things about the charge
carriers in a conductor:

• their charge

• their volume density

• their drift velocity (for a given current)



The Hall effect

Suppose the charge carriers in a conductor were positively charged:
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Thomson claimed that these particles are found in all matter. He also claimed
that they are lighter than the lightest known atom (hydrogen) by a factor of more
than 1000. (The exact ratio proved later to be 1836.15.) His m/|q| measurement,
coupled with the boldness of his two claims, is considered to be the “discovery of
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The figure shows four directions for the velocity vector of a positively charged par-
ticle moving through a uniform electric field (directed out of the page and repre-
sented with an encircled dot) and a uniform magnetic field . (a) Rank directions 1, 2,
and 3 according to the magnitude of the net force on the particle, greatest first. (b) Of
all four directions, which might result in a net force of zero?
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28-5 Crossed Fields: The Hall Effect
As we just discussed, a beam of electrons in a vacuum can be deflected by a
magnetic field. Can the drifting conduction electrons in a copper wire also be
deflected by a magnetic field? In 1879, Edwin H. Hall, then a 24-year-old grad-
uate student at the Johns Hopkins University, showed that they can. This Hall
effect allows us to find out whether the charge carriers in a conductor are posi-
tively or negatively charged. Beyond that, we can measure the number of such
carriers per unit volume of the conductor.

Figure 28-8a shows a copper strip of width d, carrying a current i whose
conventional direction is from the top of the figure to the bottom. The charge
carriers are electrons and, as we know, they drift (with drift speed vd) in the
opposite direction, from bottom to top. At the instant shown in Fig. 28-8a,
an external magnetic field , pointing into the plane of the figure, has just 
been turned on. From Eq. 28-2 we see that a magnetic deflecting force will act
on each drifting electron, pushing it toward the right edge of the strip.
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We would get the opposite polarity for the potential difference!



The Hall effect
The constant potential difference that appears across the
conductor once the current has stabilized is called the Hall
potential difference.

∆V = Ed

where d is the width of the conductor.

∆V is easy to measure, as is d . This means we can determine the
horizontal E-field also.

Since the electric force and magnetic force balance:

FE = FB

eE = evdB

vd =
E

B

We can use our knowledge to estimate vd .
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The Hall effect

Alternatively, we can estimate the density of charge carriers, n.

Remember:

vd =
I

n e A

Equating this with our expression for vd on the previous slide:

E

B
=

I

n e A

Rearranging, and using ∆V = Ed and letting t = A/d be the
conductor thickness:

n =
B I

e(∆V )t



The Hall effect

Remembering ∆V = Ed and t = A/d is the conductor thickness:

n =
B I

e(∆V )t

∆V is called the Hall Potential Difference:

∆V =
B I

nte



The Hall effect - example question

A solid metal cube, of edge length d = 1.5 cm, moving in the
positive y direction at a constant velocity v of magnitude 4.0 m/s.
The cube moves through a uniform magnetic field B of magnitude
0.050 T in the positive z direction.
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Sample Problem

the positive direction of the x axis (Fig. 28-9b). Thus,
acts in the negative direction of the x axis, toward the left
face of the cube (Fig. 28-9c).

Most of the electrons are fixed in place in the atoms
of the cube. However, because the cube is a metal, it con-
tains conduction electrons that are free to move. Some of
those conduction electrons are deflected by to the left
cube face, making that face negatively charged and
leaving the right face positively charged (Fig. 28-9d). This
charge separation produces an electric field directed
from the positively charged right face to the negatively
charged left face (Fig. 28-9e). Thus, the left face is at
a lower electric potential, and the right face is at a higher
electric potential.

(b) What is the potential difference between the faces of
higher and lower electric potential?

1. The electric field created by the charge separation
produces an electric force on each electronF

:
E ! qE

:
E
:

E
:

F
:

B

F
:

B

Potential difference set up across a moving conductor

Figure 28-9a shows a solid metal cube, of edge length 
d ! 1.5 cm, moving in the positive y direction at a constant
velocity of magnitude 4.0 m/s. The cube moves through a
uniform magnetic field of magnitude 0.050 T in the posi-
tive z direction.

(a) Which cube face is at a lower electric potential and
which is at a higher electric potential because of the motion
through the field?

Because the cube is moving through a magnetic field , a
magnetic force acts on its charged particles, including its
conduction electrons.

Reasoning: When the cube first begins to move through
the magnetic field, its electrons do also. Because each elec-
tron has charge q and is moving through a magnetic field
with velocity , the magnetic force acting on the elec-
tron is given by Eq. 28-2. Because q is negative, the direc-
tion of is opposite the cross product , which is in! B

:
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Fig. 28-9 (a) A solid metal cube moves at constant velocity through a uniform magnetic field. (b) –
(d) In these front views, the magnetic force acting on an electron forces the electron to the left face,
making that face negative and leaving the opposite face positive. (e) – (f) The resulting weak electric
field creates a weak electric force on the next electron, but it too is forced to the left face. Now (g) the
electric field is stronger and (h) the electric force matches the magnetic force.
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Which cube face is at a lower electric potential and which is at a
higher electric potential because of the motion through the field?

1Halliday, Resnick, Walker, 9th ed, page 743.



The Hall effect - example question

Free charges in the conductor will feel a force as they move along
with the entire conductor through the field.

The free charges are electrons. We have to find the direction of
the force on them.
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the positive direction of the x axis (Fig. 28-9b). Thus,
acts in the negative direction of the x axis, toward the left
face of the cube (Fig. 28-9c).

Most of the electrons are fixed in place in the atoms
of the cube. However, because the cube is a metal, it con-
tains conduction electrons that are free to move. Some of
those conduction electrons are deflected by to the left
cube face, making that face negatively charged and
leaving the right face positively charged (Fig. 28-9d). This
charge separation produces an electric field directed
from the positively charged right face to the negatively
charged left face (Fig. 28-9e). Thus, the left face is at
a lower electric potential, and the right face is at a higher
electric potential.

(b) What is the potential difference between the faces of
higher and lower electric potential?

1. The electric field created by the charge separation
produces an electric force on each electronF

:
E ! qE

:
E
:

E
:

F
:

B

F
:

B

Potential difference set up across a moving conductor

Figure 28-9a shows a solid metal cube, of edge length 
d ! 1.5 cm, moving in the positive y direction at a constant
velocity of magnitude 4.0 m/s. The cube moves through a
uniform magnetic field of magnitude 0.050 T in the posi-
tive z direction.

(a) Which cube face is at a lower electric potential and
which is at a higher electric potential because of the motion
through the field?

Because the cube is moving through a magnetic field , a
magnetic force acts on its charged particles, including its
conduction electrons.

Reasoning: When the cube first begins to move through
the magnetic field, its electrons do also. Because each elec-
tron has charge q and is moving through a magnetic field
with velocity , the magnetic force acting on the elec-
tron is given by Eq. 28-2. Because q is negative, the direc-
tion of is opposite the cross product , which is in! B

:
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Fig. 28-9 (a) A solid metal cube moves at constant velocity through a uniform magnetic field. (b) –
(d) In these front views, the magnetic force acting on an electron forces the electron to the left face,
making that face negative and leaving the opposite face positive. (e) – (f) The resulting weak electric
field creates a weak electric force on the next electron, but it too is forced to the left face. Now (g) the
electric field is stronger and (h) the electric force matches the magnetic force.
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The Hall effect - example question

Free charges in the conductor will feel a force as they move along
with the entire conductor through the field.

The free charges are electrons. We have to find the direction of
the force on them.
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the positive direction of the x axis (Fig. 28-9b). Thus,
acts in the negative direction of the x axis, toward the left
face of the cube (Fig. 28-9c).

Most of the electrons are fixed in place in the atoms
of the cube. However, because the cube is a metal, it con-
tains conduction electrons that are free to move. Some of
those conduction electrons are deflected by to the left
cube face, making that face negatively charged and
leaving the right face positively charged (Fig. 28-9d). This
charge separation produces an electric field directed
from the positively charged right face to the negatively
charged left face (Fig. 28-9e). Thus, the left face is at
a lower electric potential, and the right face is at a higher
electric potential.

(b) What is the potential difference between the faces of
higher and lower electric potential?

1. The electric field created by the charge separation
produces an electric force on each electronF

:
E ! qE

:
E
:

E
:

F
:

B

F
:

B

Potential difference set up across a moving conductor

Figure 28-9a shows a solid metal cube, of edge length 
d ! 1.5 cm, moving in the positive y direction at a constant
velocity of magnitude 4.0 m/s. The cube moves through a
uniform magnetic field of magnitude 0.050 T in the posi-
tive z direction.

(a) Which cube face is at a lower electric potential and
which is at a higher electric potential because of the motion
through the field?

Because the cube is moving through a magnetic field , a
magnetic force acts on its charged particles, including its
conduction electrons.

Reasoning: When the cube first begins to move through
the magnetic field, its electrons do also. Because each elec-
tron has charge q and is moving through a magnetic field
with velocity , the magnetic force acting on the elec-
tron is given by Eq. 28-2. Because q is negative, the direc-
tion of is opposite the cross product , which is in! B

:
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Fig. 28-9 (a) A solid metal cube moves at constant velocity through a uniform magnetic field. (b) –
(d) In these front views, the magnetic force acting on an electron forces the electron to the left face,
making that face negative and leaving the opposite face positive. (e) – (f) The resulting weak electric
field creates a weak electric force on the next electron, but it too is forced to the left face. Now (g) the
electric field is stronger and (h) the electric force matches the magnetic force.
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The Hall effect - example question

A solid metal cube, of edge length d = 1.5 cm, moving in the
positive y direction at a constant velocity v of magnitude 4.0 m/s.
The cube moves through a uniform magnetic field B of magnitude
0.050 T in the positive z direction.

74328-5 CROSS E D FI E LDS: TH E HALL E FFECT
PART 3

HALLIDAY REVISED

Sample Problem

the positive direction of the x axis (Fig. 28-9b). Thus,
acts in the negative direction of the x axis, toward the left
face of the cube (Fig. 28-9c).

Most of the electrons are fixed in place in the atoms
of the cube. However, because the cube is a metal, it con-
tains conduction electrons that are free to move. Some of
those conduction electrons are deflected by to the left
cube face, making that face negatively charged and
leaving the right face positively charged (Fig. 28-9d). This
charge separation produces an electric field directed
from the positively charged right face to the negatively
charged left face (Fig. 28-9e). Thus, the left face is at
a lower electric potential, and the right face is at a higher
electric potential.

(b) What is the potential difference between the faces of
higher and lower electric potential?

1. The electric field created by the charge separation
produces an electric force on each electronF

:
E ! qE

:
E
:

E
:

F
:

B

F
:

B

Potential difference set up across a moving conductor

Figure 28-9a shows a solid metal cube, of edge length 
d ! 1.5 cm, moving in the positive y direction at a constant
velocity of magnitude 4.0 m/s. The cube moves through a
uniform magnetic field of magnitude 0.050 T in the posi-
tive z direction.

(a) Which cube face is at a lower electric potential and
which is at a higher electric potential because of the motion
through the field?

Because the cube is moving through a magnetic field , a
magnetic force acts on its charged particles, including its
conduction electrons.

Reasoning: When the cube first begins to move through
the magnetic field, its electrons do also. Because each elec-
tron has charge q and is moving through a magnetic field
with velocity , the magnetic force acting on the elec-
tron is given by Eq. 28-2. Because q is negative, the direc-
tion of is opposite the cross product , which is in! B

:
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Fig. 28-9 (a) A solid metal cube moves at constant velocity through a uniform magnetic field. (b) –
(d) In these front views, the magnetic force acting on an electron forces the electron to the left face,
making that face negative and leaving the opposite face positive. (e) – (f) The resulting weak electric
field creates a weak electric force on the next electron, but it too is forced to the left face. Now (g) the
electric field is stronger and (h) the electric force matches the magnetic force.
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What is the potential difference between the faces of higher and
lower electric potential?

1Halliday, Resnick, Walker, 9th ed, page 743.



The Hall effect - example question
When does the potential difference between the faces stabilize?
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the positive direction of the x axis (Fig. 28-9b). Thus,
acts in the negative direction of the x axis, toward the left
face of the cube (Fig. 28-9c).

Most of the electrons are fixed in place in the atoms
of the cube. However, because the cube is a metal, it con-
tains conduction electrons that are free to move. Some of
those conduction electrons are deflected by to the left
cube face, making that face negatively charged and
leaving the right face positively charged (Fig. 28-9d). This
charge separation produces an electric field directed
from the positively charged right face to the negatively
charged left face (Fig. 28-9e). Thus, the left face is at
a lower electric potential, and the right face is at a higher
electric potential.

(b) What is the potential difference between the faces of
higher and lower electric potential?

1. The electric field created by the charge separation
produces an electric force on each electronF

:
E ! qE

:
E
:

E
:

F
:

B

F
:

B

Potential difference set up across a moving conductor

Figure 28-9a shows a solid metal cube, of edge length 
d ! 1.5 cm, moving in the positive y direction at a constant
velocity of magnitude 4.0 m/s. The cube moves through a
uniform magnetic field of magnitude 0.050 T in the posi-
tive z direction.

(a) Which cube face is at a lower electric potential and
which is at a higher electric potential because of the motion
through the field?

Because the cube is moving through a magnetic field , a
magnetic force acts on its charged particles, including its
conduction electrons.

Reasoning: When the cube first begins to move through
the magnetic field, its electrons do also. Because each elec-
tron has charge q and is moving through a magnetic field
with velocity , the magnetic force acting on the elec-
tron is given by Eq. 28-2. Because q is negative, the direc-
tion of is opposite the cross product , which is in! B

:
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Fig. 28-9 (a) A solid metal cube moves at constant velocity through a uniform magnetic field. (b) –
(d) In these front views, the magnetic force acting on an electron forces the electron to the left face,
making that face negative and leaving the opposite face positive. (e) – (f) The resulting weak electric
field creates a weak electric force on the next electron, but it too is forced to the left face. Now (g) the
electric field is stronger and (h) the electric force matches the magnetic force.
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The Hall effect - example question
When does the potential difference between the faces stabilize?
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the positive direction of the x axis (Fig. 28-9b). Thus,
acts in the negative direction of the x axis, toward the left
face of the cube (Fig. 28-9c).

Most of the electrons are fixed in place in the atoms
of the cube. However, because the cube is a metal, it con-
tains conduction electrons that are free to move. Some of
those conduction electrons are deflected by to the left
cube face, making that face negatively charged and
leaving the right face positively charged (Fig. 28-9d). This
charge separation produces an electric field directed
from the positively charged right face to the negatively
charged left face (Fig. 28-9e). Thus, the left face is at
a lower electric potential, and the right face is at a higher
electric potential.

(b) What is the potential difference between the faces of
higher and lower electric potential?

1. The electric field created by the charge separation
produces an electric force on each electronF

:
E ! qE

:
E
:

E
:

F
:

B

F
:

B

Potential difference set up across a moving conductor

Figure 28-9a shows a solid metal cube, of edge length 
d ! 1.5 cm, moving in the positive y direction at a constant
velocity of magnitude 4.0 m/s. The cube moves through a
uniform magnetic field of magnitude 0.050 T in the posi-
tive z direction.

(a) Which cube face is at a lower electric potential and
which is at a higher electric potential because of the motion
through the field?

Because the cube is moving through a magnetic field , a
magnetic force acts on its charged particles, including its
conduction electrons.

Reasoning: When the cube first begins to move through
the magnetic field, its electrons do also. Because each elec-
tron has charge q and is moving through a magnetic field
with velocity , the magnetic force acting on the elec-
tron is given by Eq. 28-2. Because q is negative, the direc-
tion of is opposite the cross product , which is in! B

:
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Fig. 28-9 (a) A solid metal cube moves at constant velocity through a uniform magnetic field. (b) –
(d) In these front views, the magnetic force acting on an electron forces the electron to the left face,
making that face negative and leaving the opposite face positive. (e) – (f) The resulting weak electric
field creates a weak electric force on the next electron, but it too is forced to the left face. Now (g) the
electric field is stronger and (h) the electric force matches the magnetic force.
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The Hall effect - example question
When does the potential difference between the faces stabilize?
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the positive direction of the x axis (Fig. 28-9b). Thus,
acts in the negative direction of the x axis, toward the left
face of the cube (Fig. 28-9c).

Most of the electrons are fixed in place in the atoms
of the cube. However, because the cube is a metal, it con-
tains conduction electrons that are free to move. Some of
those conduction electrons are deflected by to the left
cube face, making that face negatively charged and
leaving the right face positively charged (Fig. 28-9d). This
charge separation produces an electric field directed
from the positively charged right face to the negatively
charged left face (Fig. 28-9e). Thus, the left face is at
a lower electric potential, and the right face is at a higher
electric potential.

(b) What is the potential difference between the faces of
higher and lower electric potential?

1. The electric field created by the charge separation
produces an electric force on each electronF

:
E ! qE

:
E
:

E
:

F
:

B

F
:

B

Potential difference set up across a moving conductor

Figure 28-9a shows a solid metal cube, of edge length 
d ! 1.5 cm, moving in the positive y direction at a constant
velocity of magnitude 4.0 m/s. The cube moves through a
uniform magnetic field of magnitude 0.050 T in the posi-
tive z direction.

(a) Which cube face is at a lower electric potential and
which is at a higher electric potential because of the motion
through the field?

Because the cube is moving through a magnetic field , a
magnetic force acts on its charged particles, including its
conduction electrons.

Reasoning: When the cube first begins to move through
the magnetic field, its electrons do also. Because each elec-
tron has charge q and is moving through a magnetic field
with velocity , the magnetic force acting on the elec-
tron is given by Eq. 28-2. Because q is negative, the direc-
tion of is opposite the cross product , which is in! B
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Fig. 28-9 (a) A solid metal cube moves at constant velocity through a uniform magnetic field. (b) –
(d) In these front views, the magnetic force acting on an electron forces the electron to the left face,
making that face negative and leaving the opposite face positive. (e) – (f) The resulting weak electric
field creates a weak electric force on the next electron, but it too is forced to the left face. Now (g) the
electric field is stronger and (h) the electric force matches the magnetic force.
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The Hall effect - example question
When does the potential difference between the faces stabilize?

74328-5 CROSS E D FI E LDS: TH E HALL E FFECT
PART 3

HALLIDAY REVISED

Sample Problem

the positive direction of the x axis (Fig. 28-9b). Thus,
acts in the negative direction of the x axis, toward the left
face of the cube (Fig. 28-9c).

Most of the electrons are fixed in place in the atoms
of the cube. However, because the cube is a metal, it con-
tains conduction electrons that are free to move. Some of
those conduction electrons are deflected by to the left
cube face, making that face negatively charged and
leaving the right face positively charged (Fig. 28-9d). This
charge separation produces an electric field directed
from the positively charged right face to the negatively
charged left face (Fig. 28-9e). Thus, the left face is at
a lower electric potential, and the right face is at a higher
electric potential.

(b) What is the potential difference between the faces of
higher and lower electric potential?

1. The electric field created by the charge separation
produces an electric force on each electronF

:
E ! qE

:
E
:
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:
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:
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:

B

Potential difference set up across a moving conductor

Figure 28-9a shows a solid metal cube, of edge length 
d ! 1.5 cm, moving in the positive y direction at a constant
velocity of magnitude 4.0 m/s. The cube moves through a
uniform magnetic field of magnitude 0.050 T in the posi-
tive z direction.

(a) Which cube face is at a lower electric potential and
which is at a higher electric potential because of the motion
through the field?

Because the cube is moving through a magnetic field , a
magnetic force acts on its charged particles, including its
conduction electrons.

Reasoning: When the cube first begins to move through
the magnetic field, its electrons do also. Because each elec-
tron has charge q and is moving through a magnetic field
with velocity , the magnetic force acting on the elec-
tron is given by Eq. 28-2. Because q is negative, the direc-
tion of is opposite the cross product , which is in! B

:
v:F

:
B

F
:

Bv:

F
:

B

B
:

B
:

v:

KEY I DEA

xd
d

d

y

y

z B

v

x

(a)

Bv !

(b)

This is the cross-
product result.

x

y

FB

(c)

This is the magnetic
force on an electron.

y

x

"
"
"

#
#
#

E

(e)

This is the resulting
electric field.

x

y

FB FE x

y

"
"
"
"
"

#
#
#
#
#

E

( f ) (g)

The weak electric
field creates a weak
electric force.

y

FB FE x
(h)

The forces now
balance. No more
electrons move to
the left face.

More migration
creates a greater
electric field.

x

y

"
"
"

#
#
#

(d)

Electrons are forced
to the left face, leaving
the right face positive.

E

Bv !

Fig. 28-9 (a) A solid metal cube moves at constant velocity through a uniform magnetic field. (b) –
(d) In these front views, the magnetic force acting on an electron forces the electron to the left face,
making that face negative and leaving the opposite face positive. (e) – (f) The resulting weak electric
field creates a weak electric force on the next electron, but it too is forced to the left face. Now (g) the
electric field is stronger and (h) the electric force matches the magnetic force.
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Related Effects

• the Hall effect in semiconductors - can be more complex!
Depends on the material.

• the quantum Hall effect - can observe quantization of the Hall
potential difference. Can be used to measure the charge of
the electron.



Summary

• charged particles in crossed-fields

• charge and mass of the electron

• Hall effect

Homework Serway & Jewett:

• PREVIOUS: Ch 29, Obj Qs: 7; Problems: 13, 15, 23, 73, 80

• Ch 29, Problems: 25, 29, 55, 59


