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Preface

Electricity and magnetism are basic to our understanding of the
properties of matter and yet are often regarded as the difficult parts
of an undergraduate course in physics, materials science or engineering. In the first six chapters of this book answers are developed
from first principles to such questions as: What is electricity? What
is electromagnetism? Why are some materials magnetic and others
non-magnetic? What is magnetism?
These questions can be answered in two related ways. On the one
hand the classical explanation is in terms of classical concepts: electric
charge (q), electric and magnetic fields (E and B) and electric currents.
On the other hand the microscopic (or 'atomic') explanation is in
terms of quantum concepts: electrons, nuclei, electron orbits in
atoms, electron spin and photons. Microscopic explanations underlie
classical ones, but they do not deny them. The great triumphs of
classical theory are mechanics, gravitation, thermodynamics, electromagnetism and relativity.
Historically the classical theories began at the time of Newton
(seventeenth century) and were completed by Maxwell (nineteenth
century) and by Einstein (early twentieth century). Microscopic
explanations began with 1.1. Thomson's discovery of the electron in
1897. For most physical phenomena it is best to seek a classical
explanation first, especially for phenomena at room temperature, or
low energy, when quantum effects are small. This book presents
classical theory in a logical, self-consistent sequence, but reference
is made to microscopic (quantum) theory at each appropriate stage.
Electromagnetism began in 1819 with the discovery by Oersted
that an electric current is associated with a magnetic field and was
followed in 1820 by Ampere's discovery that two wires carrying

x

Preface

electric currents exerted magnetic forces on one another. But it was
Faraday's discovery of electromagnetic induction in 1831, or as he
put it, the conversion of magnetism into electricity, that finally
showed that electricity and magnetism were not distinct, separate
phenomena, but interacted when there were time-varying electric or
magnetic fields. The beauty of electromagnetism is that Faraday's
experiments led to a symmary of the whole of electromagnetism in
just the four equations of Maxwell's theory, which relate E and B
in space with fixed and moving charges, together with the
electromagnetic force law. These equations are greatly simplified
when we deal with statics, that is, variables that do not depend on
time t, or stationary variables. Maxwell's equations then simplify
and separate into two independent pairs of equations:
1. The first pair describe the electrostatic field E for fixed charges
and are known as Gauss's law and the circulation law. They

summarize electrostatics.
2. The second pair describe the magnetostatic field B for steady
currents (charges moving at constant speed) and are known as
Gauss's law and Ampere's law. They summarize magnetostatics.
In electrostatics only the E field appears and iJE/iJt = 0; in
magneto statics only the Bfield appears and fJB/fJt = O. So under these
conditions, electricity and magnetism are classically distinct, separate
phenomena. But if you charge a capacitor (q varying with time) or
move a magnet (B at a point varying in time) then E and B are no
longer independent and new terms in the equations due to
electromagnetism appear, as first discovered by Faraday (Faraday's
law) and Maxwell (Maxwell's law).
The development of the subject in this text is therefore first electrostatics, then magnetostatics, followed by electromagnetism and
magnetism. The seventh chapter summarizes electromagnetism in
terms of Maxwell's equations, which are then used to study the
propagation and generation of electromagnetic waves. The first seven
chapters often comprise a first course in electromagnetism for
undergraduates.
In studying the solutions of Maxwell's equations you will find
answers to such questions as: What is an electromagnetic wave?
Why does a radio wave travel through space at the speed of light?
How is a radio wave generated? Why does light pass through a
straight tunnel when a radio wave does not? How does· light travel
down a curved glass fibre?
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Before studying these solutions, Chapter 8 discusses the
remarkable fact that the classical laws of electromagnetism are fully
consistent with Einstein's special theory of relativity. The following
four chapters provide solutions of Maxwell's equations for the
propagation of electromagnetic waves in free space, in dielectrics,
across interfaces and in conductors, respectively. In Chapter 13 the
generation of radio waves from dipoles and of microwaves from
other antennas is explained, while the final chapter shows how these
waves can be transmitted down waveguides and coaxial lines. In
conclusion, the use of resonant and re-entrant cavities leads to a
discussion of the classical theory of radiation and its usefulness as
a limiting case of the quantum theory of radiation.
The spectrum of electromagnetic waves covers an enormous range
of frequencies, from the very low frequencies (VLF), used to
communicate with submerged submarines, to the enormous
frequencies (10 24 hertz) associated with some cosmic rays from outer
space. The complete spectrum is illustrated in Appendix 0, where
it is characterized by both the classical, wave properties of frequency
(v) and wavelength (A.) and the quantized, photon properties of energy
(hv) and temperature (hv/k B ). Classical electromagnetism provides a
theory of the wave properties of radiation over a wide frequency
range, including, for example, the diffraction of X-rays by crystals,
but for the interactions of radiation with matter classical theory only
applies in the long wavelength, low frequency, low energy (hv« kB T)
limit. The generation of electromagnetic radiation is similarly the
classical process of acceleration of electrons in producing a radio
wave, where the wavelength is macroscopic, but quantum processes
are involved in the production of X-rays by electronic transitions in
atoms, or gamma rays by nucleonic transitions in nuclei, where the
wavelength are microscopic. The production of light by laser action
is an interesting example of the combination of the classical process
of reflection with the quantum process of stimulated emission. In
this book the limits of classical electromagnetism are explained and
the usefulness of the wave and particle properties of radiation are
discussed, so that the reader is provided with an understanding of
the applicability and limitations of classical theory.
The international system of units (SI units) are used throughout
and are listed for each electromagnetic quantity in Appendix A. Since
Gaussian units are still used in some research papers on electromagnetism, Appendix B lists Maxwell's equations in these units and
states the conversion from the Gaussian to the SI system. The
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physical constants used in the text are listed in Appendix C with
their approximate values and units. In Appendices E and F there
are summaries of the most useful relations in vector calculus and
special relativity. Finally, each chapter, except Chapters 1 and 7, has
a set of associated exercises in Appendix G with answers in
Appendix H.
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Introduction

Although all electromagnetic phenomena can be studied in empty
space, an important part of any introductory course on electricity
and magnetism is a proper understanding of the nature of matter.
We shall therefore discuss dielectric behaviour in the chapter on
electrostatics, conduction in metal wires in that on magneto statics,
and magnetism in matter (whether para-, dia- or ferro-magnetism)
in the chapter on magnetism. In this first chapter the nature of matter
is summarized.
All matter is composed of elementary particles, some charged
positively (protons), some charged negatively (electrons) and some
without charge (neutrons). The forces between these particles are of
three different sorts - gravitational, electrical and nuclear - which
differ enormously in their strength and range.
The gravitational force was made famous by Newton in his studies
of the planets and expressed by him in 1686 in his law of universal
gravitation that 'every particle of matter in the universe attracts
every other particle with a force which is directly proportional to
the product of the masses of the particles and inversely proportional
to the square of the distance between them'. This is the first
inverse square law of force which, for two masses m1 and m2' is
given by

F _ Gm 1 m2
G-

r2

(1.1)

where r is the distance between m1 and m2 and G is the gravitational
constant. The electrical force will be familiar as the law Coulomb
found in 1785 for the force between electrical charges. This is another
inverse square law of force. If r is now the distance between the
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charges ql and q2' and K is an electrical constant then
F _Kqlq2
E -

(1.2)

r2

The third type of force between the elementary particles that
constitute matter is a comparatively recent discovery. In 1932
Chadwick found that the nuclei of atoms and molecules contained
not only protons but new particles - neutrons - and so there had to
be a third type of force, the nuclear force, that held these particles
together in the nucleus. Collectively the particles in the nucleus are
known as nucleons.
This nuclear force, composed of both weak and strong interactions,
is exceedingly short range. For example the nuclear force decreases
in some cases as r- 2 exp(-r/ro), where ro is about lfm=1O- 15 m.
An introduction to the exciting properties of nuclei and elementary
particles can be found in the book by Professor Blin-Stoyle in
this series. In contrast the gravitational and electrical forces are
comparatively long range (Fig. 1.1). It is obvious from the motion
of the planets round the sun that gravitational forces are long range.
It is not so obvious that electrical forces are similarly long range
because electrical charges are usually screened by other charges of
opposite sign at comparatively short range, so that the overall effect
at long range is negligible.
Although both the gravitational and electrical force obey an
inverse square law, their strengths differ enormously. For the protonelectron pair which comprises the hydrogen atom, the electrical force
FE is about 10 39 or one thousand million million million million
million million times as strong as the gravitational force F G, as can

Long
Range

r

Fig. 1.1 Short-range and long-range forces.
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be easily shown from (1.1) and (1.2) and a knowledge of the constants.
So we can nearly always neglect gravitational effects in the presence
of electrical forces. The exception is experiments like Millikan's oil
drop, where the enormous mass of the earth acts on the oil drop
with a force comparable to the electrical one exerted on the tiny
charges of the oil drop as it moves between the charged plates.
The gravitational and electrical forces also differ in one other
important respect: the gravitational force between particles of
ordinary matter is always attractive, whereas the electrical force is
repulsive (positive) between like charges and attractive (negative)
between unlike charges. The net result is that large masses have
large gravitational attractions for one another, but normally have
negligible electrical forces between them.
The paradox is that although all matter is held together by
electrical forces, of the interatomic or intermolecular or chemicalbond types, which are immensely strong forces, large objects are
electrically neutral to a very high degree. The electrical balance
between the number of protons and electrons is extraordinarily
precise in all ordinary objects. To see how exact this balance is,
Feynman has calculated that the repulsive force between two people
standing at arm's length from each other who each had 1% more
electrons than protons in their bodies would be enormous - enough,
in fact, to repel a weight equal to that of the entire earth! So matter
is electrically neutral because it has a perfect charge balance and
this gives solids great stiffness and strength.
The study of electrical forces, electromagnetism, begins with
Coulomb's law, (1.2). All matter is held together by the electromagnetic interactions between atoms, between molecules and
between cells, although the forces holding molecules and cells
together are more complicated than the simple Coulomb interaction.
The studies of condensed state physics, of chemistry and of biology
are thus all dependent on an understanding of electromagnetism.
This text develops the subject from Coulomb's law to Maxwell's
equations, which summarize all the properties of the electromagnetic
fields, in free space and matter. But if you ask why does the strong
electrical attraction between a proton and an electron result in such
comparatively large atoms rather than form a small electron-proton
pair, you will not find the answer in Maxwell's equations alone. The
study of electrical forces between particles at atomic or subatomic
distances requires a new physics, quantum mechanics, which is the
subject of the book by Professor Davies in this series.

2
Electrostatics

Electric charge has been known since the Greeks first rubbed amber
and noticed that it then attracted small objects. Little further progress
was made until the eighteenth century when du Fay showed that
there were two sorts of charge. One sort followed the rubbing of an
amber rod with wool, the other a glass rod with silk. It was Benjamin
Franklin who arbitrarily named the latter a positive charge and the
original amber one a negative charge. He also showed that the total
charge in a rubbing experiment was constant.
2.1 COULOMB'S LAW

In 1785 Coulomb succeeded in discovering the fundamental law of
electrostatics. A brilliant experimenter, he was able to invent and
build a highly sensitive torsion balance with which he could measure
precisely the relative force of repulsion between two light, insulating,
pith balls when charged similarly and placed at different distances
apart. He showed that this electrostatic force:
1. acts along the line joining the particles;
2. is proportional to the magnitude of each charge; and
3. decreases inversely as the square of the distance apart.
It is therefore a long-range force (Fig. 1.1) and is given by the vector
equation for the force Fl on charge ql due to charge q2. Thus,

F1_Kqlq2A
- - 2 - r12

(2.1)

r 12

where r 12 = r l - r2, ri2 = (Xl - X2)2 + (Yl - Y2)2 + (Zl - Z2)2 and i12
is a unit vector drawn to 1 from 2 (Fig. 2.1) given by r 12 /r 12 . Fig. 2.1

Coulomb's law
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o
Fig. 2.1 Electrostatic forces between electric charges.

shows that Newton's laws must apply and the force F2 on charge
q2 due to ql is F2 = -Fl' When both charges have the same sign,
the force acts positively, that is the charges are repelled, while
between a negative and a positive charge the force acts negatively
and the charges are attracted.
For historical reasons the constant of proportionality K in (2.1)
is not one, but is defined as
K =_1_= 1O-7c2
41!eo

(2.2)

where eo is the electric constant (permittivity of free space) and c
is the velocity of light. The constant has to be determined from
experiment. A recent value of c = 2.997925 x 108 m s - 1 is accurate
to better than 1 in 106 , but for use in problems can be taken as
3.0 x 108 m S-1. On the same basis K = 9 X 10 9 N m 2 C- 2 , using the
SI unit coulomb (C) for electric charge.
It is important to note that we have written in (2.1) Coulomb's
law for charges in a vacuum; we have not mentioned the effects of
a dielectric or other medium.
2.1.1 Principle of superposition

The only other basic law in electrostatics is the principle of superposition of electric forces. The principle states that if more than one
force acts on a charge, then all the forces on that charge can be
added vectorially into a single force. Thus for the total force on a
charge ql due to charges q2 at '12' q3 at '13' etc., we have:
F1 = F12

+ F13 + ...

