
IJECT Vol. 6, IssuE 1, spl-1 Jan - MarCh 2015

w w w . i j e c t . o r g InternatIonal Journal of electronIcs & communIcatIon technology  11

 ISSN : 2230-7109 (Online)  |  ISSN : 2230-9543 (Print)

James Clerk Maxwell, the Man Who Changed Everything 
and Was One of Einstein's Heroes

Professor N. B. Chakrabarti 
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James Clerk Maxwell FRS FRSE (13 June 1831 – 5 November 
1879), a Scottish  Physicist , formulated the classical theory of 
electromagnetic radiation, bringing together for the first time 
electricity, magnetism, and light as manifestations of the same 
phenomenon. Maxwell’s equations for electromagnetism have 
been called the “second great unification in physics” after the 
first one realized by Isaac Newton.
Maxwell developed the distribution named after him, a statistical 
means of describing aspects of the kinetic theory of gases. This 
was generalized by Boltzmann to apply to all energy distributions. 
Maxwell-Boltzmann distribution is the foundation of Statistical 
Mechanics. He is also known for presenting the first durable colour 
photograph in 1861.
The collected works of Maxwell [1, 2, 3] indicate that he had 
interest in the study of Saturn’s rings, nature of colour, dynamical 
theory of gases and dynamical theory of electricity and magnetism. 
Contrary to popular belief, Maxwell carried out experiments 
wherever possible in the subjects of his study. One notices with 
wonder the volume of his own work, lectures and appreciatory 
reviews of the work of others.
The author of the book, the man who changed everything, possibly 
meant that Maxwell’s work and that of pioneers who followed have 
made possible much that we take for granted-communication and 
control, radio, television, radar, space travel- and have given us 
the power to reach knowledge beyond the scope of our senses. 
Newton hypothesized that gravity is a universal force. If Newtonian 
dynamics is universal so is Maxwellian electrodynamics which 
each permitted addition and extension. Classical electrodynamics 
has been extended to formulate quantum electrodynamics to take 
account of quantum phenomena, to magneto-hydrodynamics 
which is a combination of fluid dynamics and Maxwell’s equations 
of electromagnetism and has applications in explaining magnetism 
of the earth, the sun and stellar bodies. The objective of Newton’s 
theory was to explain the laws of motion of celestial bodies while 
EM theory evolved out experiments carried out in the laboratory 
and both have universal applications. Both Newton and Maxwell 
unified existing laws and observations to offer a new realization 
and open up possibilities of discoveries. Maxwell was interested 
in dynamics of systems, molecular or electromagnetic, forces, 
flows and interactions in the systems as the titles of two famous 
papers, the dynamical theory of gases and a dynamical theory of 
electromagnetism indicate.

We may now quote how he was regarded by Lord Rutherford 
and others.

I. Homages paid to Maxwell
I think a strong claim can be made that the process of scientific 
discovery may be regarded as a form of art. This is best seen in 
the theoretical aspects of Physical Science. A fine example is the 
famous Kinetic Theory of Maxwell. The theory of relativity by 
Einstein, quite apart from any question of its validity, cannot but 
be regarded as a magnificent work of art.
Responding to the toast, ‘Science!’ at the Royal Academy of the 
Arts in 1932.

From a long view of the history of mankind the most significant event 
of the nineteenth century will be judged as Maxwell’s discovery 
of the laws of electrodynamics. — Richard P. Feynman

One scientific epoch ended and another began with James Clerk 
Maxwell. — Albert Einstein

Quoted in Robyn Arianrhod, Einstein’s Heroes: Imagining the 
World Through the Language of Mathematics (2005), 272. 
 
This change in the conception of reality is the most profound and the 
most fruitful that physics has experienced since the time of Newton. 
Referring to James Clerk Maxwell’s contributions to physics. 
— Albert Einstein

II. Homages Paid by Maxwell to Others
The experimental investigation by which Ampere established the 
laws of mechanical forces between electric currents is one of the 
most brilliant achievements in science.
Faraday discovered the conditions of magneto-electric induction. 
The method which Faraday employed in his researches consisted 
in a constant appeal to experiments as a means of testing the truth 
of his ideas, and a constant cultivation of ideas under the direct 
influence of experiment . The treatise is based on the ideas of 
faraday.[ in the Treatise].
Again: “Faraday is and must always remain, the father of that 
enlarged science of electromagnetism which takes in at one view 
all the phenomena which former inquirers had studied separately, 
besides those which Faraday himself  discovered by following the 
guidance of those convictions which he had already obtained of 
the unity of the whole science”, obituary of Faraday.
Yet again: “The simplicity of his heart, his candour, his ardent 
love of  the truth, his fellow-interest in all the successes, and 
ingenuous admiration of all the discoveries of others ,his natural 
modesty in what he himself discovered, his noble soul-independent 
and bold-all these combined, give an incomparable charm to the 
features of the illustrious physicist” quoted in the obituary. The 
above statement aptly describes Maxwell’s personality.
We are all familiar with the basic equations of electromagnetism 
due to Oersted, Ampere, Faraday, Gauss and the displacement 
current due to Maxwell. The unified relations including the 
continuity equation are now called Maxwellian EM Theory. The 
so called Lorentz force term which occurs in Maxwell’s book is 
necessarily included. Maxwell pointed out that all radiation is 
electromagnetic in nature. We should mention cases where the 
frequency is so low that the displacement current is negligible. 
Earth dynamo is responsible for terrestrial magnetism is one such 
case. In situations where velocity field and thermal disturbances 
are present together with the EM field one must combine their 
effects considering the coupling terms. Following development 
of quantum mechanics it became possible to consider interaction 
of radiation with matter as was done by Dirac who showed how 
EM fields can be quantised. The theory enabled derivation of 
Einstein’s A and B coefficients which are important in Laser theory. 
We may draw attention to stress tensor because of the emergence 
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of the rapidly developing field of micro manipulation of light 
through exploitation of linear and angular momentum initiated 
by Poynting in 1909.
Contents of volume II of the Treatise: It is useful to review the 
contents of Maxwell’s Treatise entitled: “A Treatise on Electricity 
and Magnetism”. Volume 2 of the treatise has two parts. The first 
part of 8 chapters is concerned mainly with magnetism including 
terrestrial magnetism. The chapter on Terrestrial magnetism 
discusses the possible origin of Earth’s magnetic field and 
concludes that internal causes are primary(for recent status see  
Roberts and King, On the genesis of the earth’s magnetism, Report 
Progress Physics,). Part 4 is devoted to electromagnetism and 
has 23 chapters. This part includes chapters on electromagnetic 
force, mutual action of electric currents, induction of electric 
currents, induction of a current on itself, general equations 
of electrodynamics, applications of electrodynamics through 
electromagnetism, exploration of the field by secondary circuit. 
The chapter on energy and stress develops relation for the tension 
in the direction of lines of magnetic force and the pressure in all 
directions at right angles. The torque produced by the magnetic 
force on the current is also discussed. Chapter 19 compares the 
electrostatic with electromagnetic units and concludes that their 
ratio is related to a finite velocity which is measurable. Chapter 
20 is concerned with electromagnetic theory of light and is 
shortened from the original paper on a Dynamical Theory of 
Electromagnetism. The velocity of propagation of electromagnetic 
disturbances is derived and compared with that of light. Energy 
and stress during radiation and the pressure exerted by light are 
also discussed. Chapter 21 is related to magnetic action on light 
and essentially discusses Faraday’s work on rotation of plane 
of polarization by magnetic field. Chapter 22 is concerned with 
electric theory of magnetism. 

III. Mathematical Formalism
In Maxwell’s papers, the expressions are derived in rectangular 
co-ordinate system using components of the vector fields. Vector 
potentials have been introduced in appropriate places; these 
are relevant to all studies of  antennas. The Lagrangian and 
Hamiltonian dynamics are also discussed. Quarternion system 
have been introduced but not very widely used As mentioned 
earlier contrary to popular belief, Maxwell devoted considerable 
time to experimental investigations, both in his kinetic theory 
studies and studies in electromagnetism.

IV. Developments in Electromagnetism After 1880 
There have been many modifications suggested of the basic 
Maxwell equations. There have been attempts to include magnetic 
dipole to make the equations symmetric in electric and magnetic 
variables. An important study relates to replacement of electric 
and magnetic fields by the vector and scalar potential which 
Maxwell himself proposed. Such a representation is useful 
in formulating the Hamiltonian in studies of interaction of 
radiation with matter (see Dirac’s “Principles of quantum 
mechanics” and Heitler’s “Quantum theory of radiation”.

The pioneers who carried forward the work on Electromagnetic 
theory include Heinrich Rudolf Hertz, Poynting, Oliver Heaviside, 
George Rancis FitzGerald. Jagdis chandra bose and Popov. Kelvin, 
a contemporary, made many contributions to statistical mechanics 
and EM theory. British physicist Oliver Lodge demonstrated the 
existence of Maxwell’s waves transmitted along wires in 1887–
88.

Heinrich Rudolf Hertz (22 February 1857 – 1 January 1894) was 
a German physicist who first conclusively proved the existence of 
electromagnetic waves predicted by Maxwell’s electromagnetic 
theory of light. Hertz proved the theory by engineering instruments 
to transmit and receive radio pulses using experimental procedures 
that ruled out all other known wireless phenomena. He made 
observations of the photoelectric effect and of the production and 
reception of electromagnetic (EM) waves.
John Henry Poynting is well known for enunciating Poynting 
vector associated with the flow of electromagnetic energy. The 
Poynting vector appears in Poynting’s theorem, an energy-
conservation law. His contributions relate  to the understanding 
of radiation-pressure effects in the solar system, and the linear 
and angular momenta of light .  
Oliver Heaviside, FRS, (18 May 1850 – 3 Feb) was an English 
electrical engineer, mathematician, and physicist who reformulated 
Maxwell’s field equations in terms of electric and magnetic 
forces and energy flux, and independently co-formulated vector 
analysis. The present form of Maxwell’s equations is due to him 
and W.Gibbs
George Francis FitzGerald (3 August 1851 – 22 February 
1901) was an Irish Professor of “natural and experimental 
philosophy” (i.e., physics) at Trinity College in Dublin, Ireland, 
during the last quarter of the 19th century. He is known for his 
work in electromagnetic theory and for the Lorentz–FitzGerald 
contraction, which became an integral part of Einstein’s Special 
Theory of Relativity..
Acharya Sir Jagadish Chandra Bose, FRS (30 November 
1858 – 23 November 1937) was a Bengali physicist, biologist, 
botanist, archaeologist,. He pioneered the investigation of 
radio and microwave optics. Bose used Hertzian waves having 
a wavelength of 5mm and experimentally verified the optical 
properties of electromagnetic waves such as reflection, refraction, 
and polarization. He developed various types of semiconductor 
detectors (one of which was patented in US) ,used metal tubes 
as waveguides and horns as antennas and made many more 
innovations.
One must not ignore the work of Alexander Stepanovich Popov 
(March 16 [O.S. March 4] 1859 – January 13 [O.S. December 31, 
1905] 1906) a Russian physicist who is acclaimed in his homeland 
and eastern European countries as the inventor of radio..

V. Quantum Theory of Radiation 
Close upon the heels of remarkable inventions in radio followed 
the miraculous decade from 1886-1905.which started with the 
discovery of the electron by Thomson and ended with the Annus 
mirabilis papers of Einstein. In 1900 Max Planck  derived black 
body radiation formula based on the postulate that all radiation is 
quantized. The photoelectric effect equation discovered by Einstein 
was the next step in building quantum concepts. Einstein in 1916 
developed A and B coefficients for spontaneous and induced 
emission and absorption. This is the basis of masers and lasers 
developed in late 1950’s. An extremely important  contribution in 
developing a quantum theory of was the paper by Dirac entitled 
“The Quantum theory of the emission and absorption of radiation” 
in Proceedings of the Royal Society of London, Series A, vol. 
114, Mar. 1927. This was soon followed by the paper by Fermi 
entitled “Quantum theory of radiation” in Rev. of Modern Physics, 
vol. 4, Jan 1932.
Practical implementation generators, antenna and waveguide:
Types of oscillators in different ranges of the electromagnetic 
spectrum are too numerous to list. The commonest microwave 
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source used for household purposes is microwave oven which 
uses a magnetron. Klystrons were the first microwave sources 
to be developed in the thirties and used as both oscillators and 
amplifiers. Magnetrons are known for their better efficiency.
Sources in the optical region include various types of LEDs and 
Lasers. Types of lasers include Gas lasers (Chemical and Excimer 
Lasers), Solid State Lasers, Fiber lasers, Photonic Crystal lasers, 
Semiconductor lasers.

The first experiments that involved the coupling of electricity and 
magnetism and showed a definitive relationship was that done 
by Faraday somewhere around the 1830s. He slid a magnetic 
around the coils of a wire attached to a galvanometer. In moving 
the magnet, he was in effect creating a time-varying magnetic 
field which must have had a time-varying electric field. The coil 
acted as a loop antenna and received the electromagnetic radiation, 
which was received (detected) by the galvanometer―the work of 
an antenna. Interestingly, the concept of electromagnetic waves 
had not even been thought up at this point.
Heinrich Hertz developed a wireless communication system in 
which he forced an electrical spark to occur in the gap of a dipole 
antenna. He used in 1886 a loop antenna as a receiver, and observed 
a similar disturbance..Bose’s system was a shorter wavelength.. 
In  1901, Marconi sent information across the Atlantic. For a 
transmit antenna, he used several vertical wires attached to the 
ground. Across the Atlantic Ocean, the receive antenna was a 200 
meter wire held up by a kite. It is reported that in 1906, Columbia 
University had an Experimental Wireless Station where they used 
a transmitting aerial cage. This was a cage made up of wires and 
suspended in the air, resembling a cage.
Commonly used antennas today are Wire antennas which include 
the half wave dipole, monopole, folded dipole and loop antennas, 
Traveling wave antennas, Helical, Spiral and Yagi-Uda antennas, 
Reflector antennas, microstrip antennas, Log periodic antennas 
and Aperture antennas. Antennas for transmitting pulses form a 
special class.
Current research on antennas involves metamaterials (materials 
that have engineered dielectric and magnetic constants, that can be 
simultaneously negative, allowing for interesting properties like a 
negative index of refraction). Other research focuses on making 
antennas smaller, particularly in communications for personal 
wireless communication devices (e.g. cell phones).

VI. Waveguides
Oliver Heaviside has the first patent on Coaxial Line waveguides. 
Kelvin, Heaviside and Lord Rayleigh may be credited with being 
the first investigators of waveguides. After the invention of practical 
microwave sources in the 30s, the need for guiding the waves was 
strongly felt. Southworth and Barrow rediscovered the concept 
of hollow tube waveguide and their work culminated in almost 
simultaneous public presentations in 1936. Forms of waveguides 
include cylindrical and rectangular metallic waveguides, dielectric 
waveguides and slab waveguides. Optical fibers are the main 
guides for optical signals.

VII. Momentum of Radiation and its Applications
Linear momentum of light: Radiation pressure is the pressure 
exerted upon any surface exposed to electromagnetic radiation. 
It has long been appreciated that light has mechanical properties. 
Maxwell presented a simple calculation of the pressure exerted by 
the sunlight at the surface of the earth. Laboratory measurements by 
Lebedew (1910) were in rough agreement with Maxwell’s theory. 

There are unresolved controversies regarding the expression to be 
used for computing the pressure in a dielectric. Poynting’s theorem 
tells us that the flux of energy is ExH.Minkowski momentum 
density is g=DxB .In photon particle approach gmin=h*k*n while 
due to Abraham it is h*k/n where k is the wave vector in vacuum 
and n is the refractive index.{“The enigma of optical momentum 
in a medium’ by Barnett and Loudon] .Poynting who worked with 
Maxwell for about a year before Maxwell expired, in 1909,tried to 
build an apparatus to measure the angular momentum of polarized 
light.. A paper in the Physical review 1936 by R.A. Beth and others 
entitled  “Mechanical detection and measurement of  the angular 
momentum of light”  describes the first successful experiment  
using tungsten lamp, doubly refracting medium and very careful 
apparatus. Quantum theory was firmly  established by then and 
both classical and quantum theoretical(S=+-h) explanations were 
stated.  
The angular momentum of light [5] expresses the amount of 
dynamical rotation present in the electromagnetic field of the light. 
Indeed, a beam of light, while traveling approximately in a straight 
line, can also be rotating (or “spinning”, or “twisting”) around 
its own axis of rotation of a light beam,  There are  two distinct 
forms one involving its polarization and the other its wavefront 
shape. These two forms of rotation are hence associated with two 
distinct forms of angular momentum, respectively named light spin 
angular momentum (SAM) and light orbital angular momentum 
(OAM). There is an extensive literature on application of angular 
momentum [5].

In free space, the Poynting vector, which gives the direction and 
magnitude of the momentum flow, is simply the vector product of 
the electric and magnetic field intensities. For helical phase fronts, 
the Poynting vector has azimuthal component. That component 
produces an orbital angular momentum parallel to the beam axis. 
Because the momentum circulates about the beam axis, such beams 
are said to contain an optical vortex. The most common helically 
phased beam is the so called Laguerre-Gaussian (LG) Laser mode 
derived from Hermite-Gaussian (HG) mode of laser beam. Light’s 
OAM has been used for manipulating micro particles.
Optical tweezers [6,7] (originally called “single-beam gradient 
force trap”) are scientific instruments that use a highly focused 
laser beam to provide an attractive or repulsive force (typically 
on the order of pico-newtons), depending on the refractive index 
mismatch to physically hold and move microscopic dielectric 
objects similar to tweezers. Optical tweezers have been particularly 
successful in studying a variety of biological systems in recent 
years.
An interesting application of angular momentum for radio waves 
[8]  is described in [9]. In the radio vorticity communication 
experiment, two OAM channels within a given frequency band 
are used. The first source is radiated with linear polarisation while 
the second, vortex beam uses a mechanically modified off-axis 
parabolic antenna with diameter D = 80 cm to attain an off-axis 
spiral parabolic shaped phase mask reflector. It was shown that by 
using helicoidal paraboidal antenna, the use of OAM states might 
increase the capacity of any frequency band. Time modulated 
circular array composed of Vivaldi antenna has been used in an 
experiment for utilization of angular momentum.
A recent paper entitled “High capacity millimeter wave 
communications with orbital angular momentum multiplexing-
By Y.Yan et al ,Nature, Communications ,Sept 2014” describes 
how four OAM beams with different state numbers on each of 
two polarizations are generated and multiplexed using spiral phase 
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plates (SPPs) made out of high density polyethylene (HDPE) and 
specially designed beamsplitters (BSs) at the transmitter, such that 
all beams co-propagate from a single transmitter aperture. After 
propagating through 2.5m. OAM channels are demultiplexed at 
the receiver using two techniques: (a) SPP, which can convert an 
OAM beam back into an approximate Gaussian beam and (b) a 
mm-wave OAM mode demultiplexer for demultiplexing multiple 
OAM beams. The on-axis propagation of all OAM channels and 
the orthogonality among them allow their demultiplexing to be 
accomplished using physical microwave components with low 
crosstalk, reducing the need for further signal processing to cancel 
channel interference. 
Applications of angular momentum multplexing in the radio 
frequency range is a promising area of research. The task is not 
simple. One must first find a set of separable wavefronts , devise 
vector tripole antenna arrays taking care of mutual coupling to 
realise the wavefronts, ensure that the coupling between the modes 
is negligible during propagation and finally use antenna arrays for 
separating and detecting individual signals. An attractive option 
is to use tunnel diode amplifier and mixer at each antenna output 
port and resonant tunnel triode analog to digital converters [10] 
for transporting the data to digital processor...

VIII. Concluding Remarks
James Clerk Maxwell, indeed a genius and a lovable person with 
unique personal qualities, changed everything [11]. While reading 
the Collected Works one notices his ardent desire to be meticulous, 
honest and more than keen to apportion credit to other workers. He 
loved his village in Scotland, its poetry and himself wrote some 
poems. He was an experimentalist and physicist and mathematician 
combined and finding the truth was the only objective. There is 
perhaps no field of studies of physical phenomena where one 
could do without seeking help from Maxwell.
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