
Displacement Current
Ampere’s law in the original form is valid 
only if any electric fields present are 
constant in time

Maxwell modified the law to include time-
saving electric fields

Maxwell added an additional term which 
includes a factor called the 
displacement current, Id



Displacement Current, cont.
The displacement current is not the 
current in the conductor

Conduction current will be used to refer to 
current carried by a wire or other conductor

The displacement current is defined as

ΦE = ∫E . dA is the electric flux and εo is the 
permittivity of free space
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Ampere’s Law – General 
Form

Also known as the Ampere-Maxwell 
law
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Ampere’s Law – General 
Form, Example

The electric flux 
through S2 is EA

A is the area of the 
capacitor plates
E is the electric field 
between the plates

If q is the charge on 
the plate at any time, 
ΦE = EA = q/εo



Ampere’s Law – General 
Form, Example, cont.

Therefore, the displacement current is

The displacement current is the same 
as the conduction current through S1
The displacement current on S2 is the 
source of the magnetic field on the 
surface boundary
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Ampere-Maxwell Law, final
Magnetic fields are produced both by 
conduction currents and by time-varying 
electric fields
This theoretical work by Maxwell 
contributed to major advances in the 
understanding of electromagnetism



Magnetic Moments
In general, any current loop has a 
magnetic field and thus has a magnetic 
dipole moment
This includes atomic-level current loops 
described in some models of the atom
This will help explain why some 
materials exhibit strong magnetic 
properties



Magnetic Moments – Classical 
Atom
The electrons move in 
circular orbits
The orbiting electron 
constitutes a tiny current 
loop
The magnetic moment of 
the electron is associated 
with this orbital motion
L is the angular momentum
µ is magnetic moment



Magnetic Moments – Classical 
Atom, 2

This model assumes the electron 
moves 

with constant speed v
in a circular orbit of radius r
travels a distance 2πr in a time interval T

The orbital speed is 
2πrv
T

=



Magnetic Moments – Classical 
Atom, 3

The current is 

The magnetic moment is
The magnetic moment can also be 
expressed in terms of the angular 
momentum  

2
I e ev

T πr
= =

1
2

Iμ A evr= =

2 em⎝ ⎠

eμ L
⎛ ⎞

= ⎜ ⎟



Magnetic Moments – Classical 
Atom, final

The magnetic moment of the electron is 
proportional to its orbital angular 
momentum

The vectors L and µ point in opposite
directions

Quantum physics indicates that angular 
momentum is quantized



Magnetic Moments of Multiple 
Electrons

In most substances, the magnetic 
moment of one electron is canceled by 
that of another electron orbiting in the 
same direction
The net result is that the magnetic effect 
produced by the orbital motion of the 
electrons is either zero or very small



Electron Spin
Electrons (and other particles) have an 
intrinsic property called spin that also 
contributes to their magnetic moment

The electron is not physically spinning
It has an intrinsic angular momentum as if 
it were spinning
Spin angular momentum is actually a 
relativistic effect



Electron Spin, cont.
The classical model of 
electron spin is the 
electron spinning on its 
axis
The magnitude of the spin 
angular momentum is

is Planck’s constant
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Electron Spin and Magnetic 
Moment

The magnetic moment characteristically 
associated with the spin of an electron 
has the value

This combination of constants is called 
the Bohr magneton μB = 9.27 x 10-24

J/T
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Electron Magnetic Moment, 
final
The total magnetic moment 
of an atom is the vector 
sum of the orbital and spin 
magnetic moments
Some examples are given 
in the table at right
The magnetic moment of a 
proton or neutron is much 
smaller than that of an 
electron and can usually 
be neglected



Magnetization Vector
The magnetic state of a substance is 
described by a quantity called the 
magnetization vector, M
The magnitude of the vector is defined as the 
magnetic moment per unit volume of the 
substance
The magnetization vector is related to the 
magnetic field by Bm = μoM

When a substance is placed in an magnetic field, 
the total magnetic field is B = Bo + μoM



Magnetic Field Strength
The magnetic field strength, H, is the 
magnetic moment per unit volume due 
to currents
H is defined as Bo/μo
The total magnetic field in a region can 
be expressed as B = μo(H + M)
H and M have the same units

SI units are amperes per meter



Magnetic Susceptibility
The dimensionless factor Χ can be 
considered a measure of how susceptible a 
material is to being magnetized

M = X H
For paramagnetic substances, X is positive 
and M is in the same direction as H
For diamagnetic substances, X is negative 
and M is opposite H



Magnetic Permeability
The total magnetic field can be 
expressed as
B = μo(H + M) = μo(1 + X)H = μmH
μm is called the magnetic permeability
of the substance and is related to the 
susceptibility by μm= μo(1 + X) 



Table of Susceptibilities



Ferromagnetic Materials
For a ferromagnetic material, M is not a 
linear function of H
The value of μm is not only a 
characteristic of the substance, but 
depends on the previous state of the 
substance and the process it underwent 
as it moved from its previous state to its 
present state



Ferromagnetic Materials, cont

Some examples of ferromagnetic materials are:
iron
cobalt
nickel
gadolinium
dysprosium

They contain permanent atomic magnetic 
moments that tend to align parallel to each other 
even in a weak external magnetic field



Domains
All ferromagnetic materials are made up 
of microscopic regions called domains

The domain is an area within which all 
magnetic moments are aligned

The boundaries between various 
domains having different orientations 
are called domain walls



Domains, Unmagnetized
Material

The magnetic 
moments in the 
domains are 
randomly aligned
The net magnetic 
moment is zero



Domains, External Field 
Applied
A sample is placed in 
an external magnetic 
field
The size of the 
domains with 
magnetic moments 
aligned with the field 
grows
The sample is 
magnetized



Domains, External Field 
Applied, cont.

The material is placed in 
a stronger field
The domains not aligned 
with the field become 
very small
When the external field 
is removed, the material 
may retain a net 
magnetization in the 
direction of the original 
field



Magnetization Curve
The total field 
increases with 
increasing current 
(O to a)
As the external field 
increases, more 
domains are aligned 
and H reaches a 
maximum at point a



Magnetization Curve, cont
At point a, the material is approaching 
saturation

Saturation is when all magnetic moments are 
aligned

If the current is reduced to 0, the external 
field is eliminated
The curve follows the path from a to b

At point b, B is not zero even though the 
external field Bo = 0



Magnetization Curve, final
B total is not zero because there is 
magnetism due to the alignment of the 
domains
The material is said to have a remanent
magnetization
If the current is reversed, the magnetic 
moments reorient until the field is zero
Increasing this reverse current will cause the 
material to be magnetized in the opposite 
direction



Magnetic Hysteresis
This effect is called magnetic hysteresis
It shows that the magnetization of a 
ferromagnetic substance depends on the 
history of the substance as well as on the 
magnetic field applied
The closed loop on the graph is referred to as a 
hysteresis loop

Its shape and size depend on the properties of the 
ferromagnetic substance and on the strength of the 
maximum applied field



Example Hysteresis Curves

Curve (a) is for a hard ferromagnetic material
The width of the curve indicates a great amount of remanent
magnetism
They cannot be easily demagnetized by an external field

Curve (b) is for a soft ferromagnetic material
These materials are easily magnetized and demagnetized



More About Magnetization 
Curves

The area enclosed by a magnetization curve 
represents the energy input required to take 
the material through the hysteresis cycle
When the magnetization cycle is repeated, 
dissipative processes within the material due 
to realignment of the magnetic moments 
result in an increase in internal energy

This is made evident by an increase in the 
temperature of the substance



Curie Temperature
The Curie temperature is 
the critical temperature 
above which a 
ferromagnetic material 
loses its residual 
magnetism and becomes 
paramagnetic
Above the Curie 
temperature, the thermal 
agitation is great enough to 
cause a random orientation 
of the moments 



Table of Some Curie 
Temperatures



Curie’s Law
Curie’s law gives the relationship 
between the applied magnetic field and 
the absolute temperature of a 
paramagnetic material:

C is called Curie’s constant

o B MC
T

=



Diamagnetism
When an external magnetic field is 
applied to a diamagnetic substance, a 
weak magnetic moment is induced in 
the direction opposite the applied field
Diamagnetic substances are weakly 
repelled by a magnet



Meissner Effect
Certain types of 
superconductors also 
exhibit perfect 
diamagnetism 

This is called the 
Meissner effect

If a permanent magnet 
is brought near a 
superconductor, the 
two objects repel each 
other



Curie’s Law
Curie’s law gives the relationship 
between the applied magnetic field and 
the absolute temperature of a 
paramagnetic material:
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Diamagnetism
When an external magnetic field is 
applied to a diamagnetic substance, a 
weak magnetic moment is induced in 
the direction opposite the applied field
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Meissner Effect
Certain types of 
superconductors also 
exhibit perfect 
diamagnetism 

This is called the 
Meissner effect

If a permanent magnet 
is brought near a 
superconductor, the 
two objects repel each 
other



Dip Angle of Earth’s Magnetic 
Field
If a compass is free to rotate vertically as well 
as horizontally, it points to the Earth’s surface
The angle between the horizontal and the 
direction of the magnetic field is called the dip 
angle

The farther north the device is moved, the farther 
from horizontal the compass needle would be

The compass needle would be horizontal at the equator and 
the dip angle would be 0°
The compass needle would point straight down at the south 
magnetic pole and the dip angle would be 90°



More About the Earth’s 
Magnetic Poles
The dip angle of 90° is found at a point just 
north of Hudson Bay in Canada

This is considered to be the location of the south 
magnetic pole

The magnetic and geographic poles are not in 
the same exact location

The difference between true north, at the geographic 
north pole, and magnetic north is called the 
magnetic declination

The amount of declination varies by location on the Earth’s 
surface



Earth’s Magnetic Declination



Source of the Earth’s 
Magnetic Field

There cannot be large masses of 
permanently magnetized materials since the 
high temperatures of the core prevent 
materials from retaining permanent 
magnetization
The most likely source of the Earth’s 
magnetic field is believed to be convection 
currents in the liquid part of the core
There is also evidence that the planet’s 
magnetic field is related to its rate of rotation



Reversals of the Earth’s 
Magnetic Field

The direction of the Earth’s magnetic 
field reverses every few million years

Evidence of these reversals are found in 
basalts resulting from volcanic activity
The origin of the reversals is not 
understood



Chapter 31

Faraday’s Law



Michael Faraday
Great experimental 
physicist
1791 – 1867
Contributions to early 
electricity include: 

Invention of motor, 
generator, and 
transformer
Electromagnetic 
induction
Laws of electrolysis



Induction
An induced current is produced by a 
changing magnetic field
There is an induced emf associated with 
the induced current
A current can be produced without a 
battery present in the circuit
Faraday’s law of induction describes the 
induced emf



EMF Produced by a Changing 
Magnetic Field, 1

A loop of wire is 
connected to a 
sensitive ammeter
When a magnet is 
moved toward the 
loop, the ammeter 
deflects

The direction was 
chosen to be toward 
the right arbitrarily



EMF Produced by a Changing 
Magnetic Field, 2

When the magnet is 
held stationary, 
there is no 
deflection of the 
ammeter
Therefore, there is 
no induced current

Even though the 
magnet is in the loop



EMF Produced by a Changing 
Magnetic Field, 3

The magnet is moved 
away from the loop
The ammeter deflects in 
the opposite direction



Active Figure 31.1

(SLIDESHOW MODE ONLY)



EMF Produced by a Changing 
Magnetic Field, Summary

The ammeter deflects when the magnet is 
moving toward or away from the loop
The ammeter also deflects when the loop is 
moved toward or away from the magnet
Therefore, the loop detects that the magnet is 
moving relative to it

We relate this detection to a change in the 
magnetic field
This is the induced current that is produced by an 
induced emf



Faraday’s Experiment –
Set Up

A primary coil is connected to 
a switch and a battery
The wire is wrapped around 
an iron ring
A secondary coil is also 
wrapped around the iron ring
There is no battery present in 
the secondary coil
The secondary coil is not 
directly connected to the 
primary coil



Faraday’s Experiment –
Conclusions 

An electric current can be induced in a circuit 
by a changing magnetic field

This would be the current in the secondary circuit 
of this experimental set-up

The induced current exists only for a short 
time while the magnetic field is changing 
This is generally expressed as: an induced 
emf is produced in the secondary circuit 
by the changing magnetic field

The actual existence of the magnetic flux is not 
sufficient to produce the induced emf, the flux 
must be changing



Faraday’s Law – Statements 
Faraday’s law of induction states that 
“the emf induced in a circuit is directly 
proportional to the time rate of change 
of the magnetic flux through the circuit”
Mathematically,

Bdε
dt
Φ

= −



Faraday’s Law – Statements, 
cont

Remember ΦB is the magnetic flux 
through the circuit and is found by

If the circuit consists of N loops, all of 
the same area, and if ΦB is the flux 
through one loop, an emf is induced in 
every loop and Faraday’s law becomes

B dΦ = ⋅∫B A

BdΦε N
dt

= −



Faraday’s Law – Example 
Assume a loop 
enclosing an area A
lies in a uniform 
magnetic field B
The magnetic flux 
through the loop is 
ΦB = BA cos θ
The induced emf is
ε = - d/dt (BA cos θ)



Ways of Inducing an emf
The magnitude of B can change with 
time
The area enclosed by the loop can 
change with time
The angle θ between B and the normal 
to the loop can change with time
Any combination of the above can occur



Motional emf
A motional emf is 
one induced in a 
conductor moving 
through a constant 
magnetic field
The electrons in the 
conductor 
experience a force, 
FB = qv x B that is 
directed along ℓ
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