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Michael Faraday (1791-1867)	

•  From a lower middle class family. His father 

was a blacksmith. 	

•  He was apprenticed to a bookseller, during 

which time he heard Davy lecture at the Royal 
Institution.	


•  He came to work at RI as a personal assistant to 
Davy and slowly worked his way up. 	


•  He was associated with the RI his whole life. 	

•  He was a member of a strict Protestant sect and 

never sought material advancement.	






Faraday’s Work	

•  Faraday became a meticulous experimenter and carried 

out long series of carefully devised experiments to test 
his theories of electromagnetism and chemical affinity.	


•  His work was considerably more profound than 
Davy’s and this became a real problem. (Davy tried to 
engage him in priority disputes and voted against his 
admission to the Royal Society, etc.) 	


•  Although Faraday had no mathematics, he laid the 
foundations for the theory of electromagnetism.	


•  He carried on the tradition of lectures and started new 
series for broader audiences. 	




Faraday Lecturing	






Faraday in the RI Laboratory	




Faraday’s Electro-magnetic 
Experiments	


•  Only 8 months after Ørsted discovered the 
EM effect, Faraday was asked to do a report 
on the ‘history’ of electromagnetism. 	


•  So much had been done that Faraday found 
it difficult to sort out who had done what.	


•  He began, instead, to repeat all of the 
experiments himself. 	


•  He set up an experiment to demonstrate that 
the EM force was a rotational force.	




Faraday’s Rotations, 1821	

•  He used an electrical current 

to produce mechanical 
motion. 	


•  On the left hand side, a free 
magnet (set into a ball and 
socket joint) can rotate 
around a fixed wire. On the 
right hand side, a rigid wire 
is free to rotate around a 
fixed magnet. The cups are 
filled with mercury. 	




Their Impact	

•  Faraday’s rotations were a huge success. They 

made his reputation in Europe.	

•  They demonstrated for the first time that electricity 

could be used to produce motion. (That is, that it 
was equivalent to mechanical work.)	


•  In the next year, Barlow made a philosophical 
motor (electrical motor). 	


•  Davy was upset because he believed Faraday had 
stolen the idea from a conversation he overheard. 	


•  This hardly mattered, however, since Faraday was 
just getting started.	




Barlow’s Wheel	

•  Current comes in 

to A, to W, 
through the axis 
of the wheel and 
into a grove 
filled with 
mercury. Then it 
goes through the 
two coils of the 
electromagnet 
and out B.	




The Electrochemical Field	

•  Faraday set about to try to produce an electric 

current with a magnetic effect.	

•  He wound two separate coils around opposite 

sides of an iron ring. He attached one coil to a 
battery and the other to a galvanometer.	


•  He was surprised by the result: when he closed the 
circuit the needle jumped, but only for moment. It, 
then, jumped again when he opened the circuit. 
There was no steady current in the secondary coil. 	


•  Current was only produced by change in the first 
current. He introduced the idea of change in the 
magnetic field.  	




The Electrochemical Field (con’t)	

•  He developed a new model to explain the 

phenomena. 	

•  He pointed out that iron filings, scattered on a 

paper held over a magnet, will arrange themselves 
in distinct patterns along what he called the 
magnetic lines of force. 	


•  When he closed the circuit on his coil new lines of 
force were created which moved across the other 
coil. When he opened the circuit they moved in 
the opposite direction.     	








The Electromagnetic Field (con’t)	

•  He demonstrated the same effect in a different 

way.	

•  He wound a coil around a ring and attached it to a 

galvanometer. No battery. 	

•  When he moved a magnet inside the coil the 

needle moved. When the magnet was still, the 
needle was still. 	


•  Relative movement was necessary to produce a 
current. 	


•  Current, in fact, could be understood as movement 
within the electromagnetic field. He first applied 
this term in 1845.	




The Electromagnetic Field (con’t) 	

•  He developed the idea that all 

of space is filled with 
electromagnetic lines of force. 
These lines form a continuous 
field.	


•  Magnetic poles, static electrical 
charges, and moving currents 
cause the lines to bend around 
them in certain patterns. 	


•  The field could be 
characterized by the tendency 
of a theoretical point charge to 
move.	




Faraday and the Ether	

•  Faraday proposed that these lines of force were 

acting in some kind of underlying medium. 	

•  He took this medium to be the same ether that was 

used by the proponents of the wave theory of light.	

•  He sought to link the phenomena of light and 

electromagnetic induction. 	

•  He found that polarized light could be affected by 

magnetic lines of force.	

•  [At the end of his life, he began to move away 

from the ether model.] 	




Electrochemical work	

•  Another series of experiments concerned the 

relationship between chemical reactions and 
electricity. “On Electrical 
Decomposition” (1834).	


•  Following Davy, he worked with running current 
through fluids and liquid solutions of various 
chemicals. 	


•  When he ran current through water, he got pure 
oxygen and hydrogen. The amount of the gasses 
released varied depending on the amount of 
current. Faraday made the claim that this could 
be used as a measure of electrical force. 	




Electrochemical Work (con’t)	

•  This work lead to the 

introduction of a 
number of terms still 
used today. 	


•  Electrode, the end of 
the circuit submerged 
in the fluid. Anode, the 
negative end; Cathode, 
the positive end. 
Electrolyte, a liquid 
decomposed by the 
current. 	




The Mathematization of Electricity	

•  The French school (Laplacians) attempted to 

model electrical phenomena by point charges 
and rectilinear forces. The Germans modeled 
the behavior of particles of electricity.	


•  Thompson, 1842 (18 years old), showed that 
there was a mathematical analogy between the 
electrostatic field and heat flow. 	


•  This also demonstrated the mathematical 
consistency between the action-at-a-distance 
model and the field model. 	




The Electrostatic Field and Heat Flow	

The field 	
    = 	
     An unequally heated body	

A dielectric medium   =    A body that conducts heat	

A conductor     =         A perfectly conductive body	

The field tends to move     =    Flow from higher	

 (+) particles from higher         to lower temp.	

   to lower potential 	
	

(-) surface of conductor  =    surface where      	


	
 	
 	
               heat enters the body	

(+) surface of conductor =   surface where heat  	


	
 	
                          leaves the body	

(+) charged body            =      heat sink	




Thompson on Electrodynamics	

•  In 1946, Thompson published a paper on 

electrodynamics that introduced a 
mathematical method of modeling the way 
that a magnetic force wraps itself around a 
current (curl operator). 	


•  Thompson’s style of theorizing was 
strongly physical. He tried to reduce the 
ether to explanations drawn from known 
phenomena: jellies, wax, pulleys, 
‘wigglers,’ pumps, gears, etc.	




Thompson on Electrodynamics (con’t)	

•  Thompson as a public figure, and because of his 

connection to the electrical industry, was key in 
implementing theoretical standards into the 
codification of electrical units. 	


•  His own theories of electrodynamics, and his 
style of doing theoretical physics became 
increasingly marginalized. 	


•  Following Maxwell, and the ‘Maxwellians,’ the 
younger generation of physicists preferred to 
allow the mathematical model to act as a 
description of an unknown reality.	




James Clerk Maxwell (1831-79)	

•  Born into a noble Scottish family. His father 

was a lawyer and Laird of Glenlair.	

•  He was educated at Edinburgh and Cambridge 

Universities (2nd Wrangler, Math. Trip.).	

•  Professor at Marischal College.	

•  Worked privately at Glenlair.	

•  First director of the Cavendish Laboratory at 

Cambridge.	

•  Died young of intestinal cancer.  	






Maxwell’s Work	

•  Maxwell produced important theories in every 

area of classical physics. 	

•  He made a new theory of colors which 

incorporated the work of Newton, Goethe and 
Helmholtz and linked the physics of color 
perception to the physiology of the eye. 	


•  He helped develop the dynamic theory of heat 
and the statistical theory of thermodynamics.	


•  He developed a full theory of the electromagnetic 
field which predicted the relationship between 
light and electromagnetism. 	




Maxwell’s 1st Theory of the EMF	

•  In 1861, Maxwell put out a new theory which 

predicted novel, potentially testable, experimental 
results.	


•  The first of these was displacement current, the 
effect already produced by Faraday, but unexplained 
in current theories.	


•  The second was the prediction of self-propagating 
transverse waves of EM force moving in the ether at 
the speed of light.	


•  It did away with the idea of an electrical fluid. 
Instead, all EM phenomena would be determined by 
the state of the medium, the ether.	




Maxwell’s 1st Theory (con’t)	

•  The basis of Maxwell’s theory were spherical 

cells made up of the matter of ether and packed 
into space. 	


•  The tendency of the cells to either spin in a 
stationary position or to move from place to 
place depended on their placement in a 
conductor or dielectric. 	


•  All of space was packed with large vortex cells 
between which were packed smaller idle 
wheels. When the rotational velocity of the 
vortex cells changes, the idle wheels are moved 
causing current. 	




Maxwell’s Spinning Cells	




Displacement Current	


1 - current off	
 2 - turning on	


3 - current on	
 4 - turning off	




Maxwell’s Treatise	

•  In 1873, when he was at the Cavendish, Maxwell 

published A Treatise on Electricity and Magnetism in 
two volumes.	


•  The style of presentation was almost personal. He 
presented a chronological and experimental account of 
his investigations and theorizing since the 1850s. It 
struck many readers as badly organized. 	


•  He advised his readers to approach the 4 sections in 
parallel readings, not in sequence. 	


•  Nevertheless, it contained a new and highly abstract 
theory of electromagnetism.	




A New Dynamic Theory (2nd)	

•  The new theory was built directly on a 

mathematical conception of the underlying 
dynamics. There was no attempt to create a 
mechanical model. 	


•  The basic principles of Maxwell’s theory 
are now expressed in Maxwell’s equations 
(actually written up by Heaviside). Maxwell 
first expressed them verbally in a footnote.	


•  These act as the basic laws of the 
electromagnetic field.	




Maxwell’s Laws of the EMF	

(1)  - Electric force at a point has no inward or 

outward tendency.	

(2)  - Magnetic force at a point has no inward 

or outward tendency. 	

(3)  - Changing magnetic force wraps an equal 

circular (anticlockwise) electric force 
around itself. 	


(4)  - Changing electric force wraps an equal  
circular (clockwise) magnetic force 
around itself. 	




Maxwell’s Final Theory	

•  Starting with these principles, Maxwell was 

able to develop a system of equations that 
described electromagnetic phenomena in 
terms of an abstract EM field.	


•  EM forces acted by disturbing an 
underlying EM field, which was physically 
situated in the ether. 	


•  The physical properties of the ether were 
simply assumed to be that expressed by the 
equations themselves.  	




Electric Lines of Force (2 + spheres)	




Electric Lines of Force (+,- spheres)	




Charged Plates in an EM Field 	




Two Magnets in an EM Field 	




Circular Currents in an EM Field 	




Electromagnetic Waves	

•  The lines of electric and magnetic force are related in 

what Maxwell called a “mutual embrace.” Each system 
obeys its own dynamics but the longitudinal property of 
one produces an effect in the lateral property of the 
other.	


•  A temporal variation in either field will produce an 
effect in the other field, so that two changing fields will 
mutually induct one another. 	


•  This would produce the propagation of electromagnetic 
waves through the ether.	


•  Maxwell used the equations of his theory to calculate 
that these waves would move at the velocity of light.	




The Maxwellians	

•  Because of Maxwell’s early death, he was 

not himself a primary advocate of his own 
theory. It was taken up by a group of 
younger men (FitzGerald, Lodge and 
Heaviside). 	


•  They advocated the usefulness of 
Maxwell’s theory to practical applications 
in the new electrical industries. 	


•  Heaviside made a revised version of the 
mathematical theory using vector calculus. 	




Mathematical Abstraction	

•  The Maxwellians argued for the advantages of a purely 

mathematical theory against the older generation, such 
as Thompson and Helmholtz.	


•  FitzGerald to Thompson: “You say …We must imagine 
the luminiferous ether to be a substance which … moves 
as if it were an elastic solid. Now this we must is 
entirely unjustifiable. We need do nothing of the kind… 
I cannot see how you are justified in concluding that we 
must deal with the ether as if it were an elastic jelly. 
The electromagnetic properties of the ether are much 
better keys to its properties than light waves, and I 
cannot see, nor apparently can you, how it can be both 
electric and magnetic and at the same time an elastic 
solid.”	




Testing the Theory	

•  There were two ways that experimental 

physicists attempted to test Maxwell’s theory. 	

•  The first was to look for evidence of the ether. 

Michelson tried to find the effect of the ether 
on the velocity of light. He continued this work 
with Morley. They could find no effect.	


•  The second was to try to produce 
electromagnetic waves. Hertz found them in 
1886.	




Hertz’s Waves	

•  While teaching as a Privatdozent at Kiel, Hertz 

was able to produce electromagnetic effects at 
a distance, which were propagated by EM 
waves with a very large wavelength (radio).	


•  He was able to measure the speed of these 
waves in his lecture hall and found that they 
had the same velocity as light. 	


•  Helmholtz announced the discovery to the 
Berlin Physical society: “Gentleman! I have to 
communicate to you today the most important 
discovery of the century.” 	




Hertz’s EM Wave Equipment	




Final Remarks	

•  We see the rise of an increasingly abstract and 

mathematical approach: the development of a 
predictive mathematical theory and the further 
claim that this is our best approach to the things as 
they are. 	


•  We see the introduction of the concept of the field, 
a non-Newtonian, non-Laplacian concept. 	


•  We see, again, the use of confirmation reasoning 
to justify a new theory.	


•  We see solidification of the 19th century 
worldview of ether. 	



