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G & EM: The Fundamental Forces of Everyday Life. IV.
1: The Early History of Magnetism
From the times of ancient Greece, at least, humans have known that pieces
of lodestone attract iron and that pieces of rubbed amber (Greek: ηλεκτρον
- electron) can attract almost anything. It was also recognized, early on, that
the two kinds of attraction were of very different nature. Besides the iron
specific aspect of magnetic (from the area, Magnesia, where lodestones are
prevalent) attraction it is also the case that immersion in water doesn’t effect
magnetic attraction but completely obliterates electric attraction.

Fig. IV. 1: Gilbert’s 1600 model of the magnetic influence surrounding the
Earth
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This level of understanding doesn’t change very much until the use of
magnetized needles for navigational purposes appears in late Medieval
Europe.
In 1600 William Gilbert, physician to queen Elizabeth, published his
researches in magnetism in which he argued that the entire Earth was a
magnet and that the navigational utility of ordinary magnets resulted from
their interaction with the Earth magnet. The poles of magnets had been
discovered earlier and Gilbert described magnetic interaction in terms of
mutual repulsion between like poles, N to N and S to S, and mutual
attraction between unlike poles, N to S and S to N. He also introduced the
term “electric” to characterize the attraction of rubbed amber and showed
that many other substances, such as glass, sealing wax, sulfur and gems,
could display electric attraction if rubbed with appropriate material.
We note from Fig. IV. 1 that Gilbert recognized that the South and North
Magnetic poles (SM and NM in the Figure), which characterize the
distribution of magnetic influence of the Earth, lie beneath the surface
directly under the surface locations of the North and South Geomagnetic
poles (NG and SG in the Figure), respectively. This reversal must hold
because what we call the North pole of a magnet is that pole attracted to the
North Geomagnetic pole of the Earth. But if the attraction is due to the Earth
being a magnet, then since unlike poles attract, it must be the Earth’s South
Magnetic pole which is attracting the North poles of magnets.
Gilbert also recognized that these latter poles were displaced somewhat from
the true North and South poles that fix the axis of rotation of the Earth. A
major source of difficulty in using the Earth’s magnetic influence for
navigational purposes is that, in any locale, the influence may deviate
noticeably from a simple two pole model due to sub-surface mineral deposits
and the influence may change from time to time. Consequently terrestrial
magnetism records must be continually updated.
2: Early Studies of Electric Phenomena
Between 1729 and 1736 the Englishmen, Stephen Gray and Jean Desagulier
showed that effects of electrified objects could be conveyed over
considerable distances to other objects by connecting them with metal wires
or hempen string (providing the connections never touched the ground). The
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transmitting connectors were dubbed “non-electrics” or “conductors”. Gray
and Desagulier also showed that electrification was a surface effect.

Fig. IV. 2: Charging by induction
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Fig. IV. 3: Charging and discharging conductors by contact
In the same years the Frenchman, Charles du Fay discovered that
electrification could lead to repulsion as well as attraction. The repulsion of
small pieces of paper from an electrified glass after the initial attraction is so
common that it is puzzling that repulsion was not recognized before du Fay.
He then discovered that Gold leaf could be electrified to either be attracted
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to electrified glass and repelled from electrified wax or vice versa. Further
observations along this line led him to conclude the existence of two kinds
of electric fluid, “vitreous” and “resinous” – what we call positive and
negative electric charge, respectively. The rule that
LIKE CHARGES REPEL AND UNLIKE CHARGES ATTRACT ,
similar to Gilbert’s rule for magnetic poles, was formulated.
In 1745 Pieter van Musschenbroek of Leyden was looking for a means of
preserving the charge on charged objects from the gradual dissipation into
the air that normally occurred, especially on humid days. He discovered that
this could be done by separating two conductors by a non-conductor, such as
glass, and charging one of the conductors while the other was in contact with
the ground. The grounded conductor would acquire an equal and opposite
charge and the attraction between the charges of the two conductors would
reduce the dissipation. The device was called a Leyden jar and its use
simplified the performance of electrical experiments and entertainments.
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Fig. IV. 4: The Leyden jar
Receiving electrical shocks from arrays of charged Leyden jars became a
very popular parlor game at fashionable parties. Like overdosing on Ecstacy,
sometimes the games were fatal.
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About a decade after du Fay, and initially unaware of du Fay’s work,
Benjamin Franklin carried out many ingenious experiments on electrical
phenomena in which he first reproduced most of du Fay’s results. But
instead of two kinds of electric fluid, Franklin argued that only one was
needed to account for the phenomena. Objects that we would call uncharged
he described as containing a “normal” amount of the fluid. Vitreously
charged objects, such as silk rubbed glass, contained an excess of the fluid,
which Franklin called positive, and resinously charged objects, such as fur
rubbed rubber, contained a deficiency of fluid, which Franklin called
negative. This way of looking at things helped him to think of experiments
that demonstrated, at least qualitatively, that the total amount of fluid
involved in any process was conserved.
He also discovered that conductors terminating in sharp points and in contact
with the ground could diminish electric excess, positive or negative, in
charged objects when the sharp point was brought near the charged objects.
This, coupled with his famous kite experiment which identified lightning
with electric sparks, led to the invention of the Lightning Rod.
All of this and other scientific work made Franklin world famous before he
ever got into politics and gave him a base of very high esteem in Europe
when he later represented the Colonies and the fledgling USA. Like Galileo,
Franklin’s writing style is very clear and easy to read. I strongly recommend
his New Experiments and Observations in Electricity.
The differences between du Fay’s two fluid theory and Franklin’s one fluid
theory have had a bizarre history. We now recognize two “kinds” of basic
electric charges in nature (du Fay) which we call positive and negative
(Franklin) but almost all of the motion of electric charge from object to
object is carried out by just one kind (Franklin), the negative charges. Thus
what Franklin called positive and regarded as due to an excess of the mobile
fluid is now regarded as a deficiency of mobile negative charges and what
he called negative and regarded as a deficiency is now regarded as an excess
of mobile negative charges!
For the physical phenomena of everyday life the basic negatively charged
particle is the electron, and the basic positively charged particle is the
proton.
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3: Coulomb’s Law
In 1785 Charles Coulomb performed a careful measurement of the
dependence of electric attraction and repulsion between small charged
objects in a manner anticipating the later measurement of Newton’s
gravitational constant by Cavendish (Fig. IV. 5). In doing so he corroborated
Priestley’s earlier argument that the forces varied inversely as the square of
the distance between the charged objects – just like gravity. More precisely,
he found Coulomb’s Law:

Fig. IV. 5: Coulomb’s torsion balance for determining the law of
electrostatic force
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ANY TWO CHARGED PARTICLES EXERT EQUAL AND OPPOSITE
ELECTRIC FORCES ON EACH OTHER (REPULSIVE IF THEY ARE
LIKE CHARGES, ATTRACTIVE IF THEY ARE UNLIKE CHARGES)
WHICH ARE PROPORTIONAL TO THE PRODUCT OF THE CHARGES
OF THE PARTICLES AND INVERSELY PROPORTIONAL TO THE
SQUARE OF THE DISTANCE BETWEEN THEM.
Denoting the charges by q1 and q2 and the force magnitude by F12 we
have,
F12 = k q1 q2 / (d12) 2
The value of the proportionality constant, k, depends on the unit of charge
used to express the q’s. The modern definitions of electrical units, including
the unit of charge, were not established until the 19th century and we will
discuss that process later. But in terms of the modern unit of charge, the
coulomb, the value of k is given by,
k = 8.9 x 10 9 N m 2 / coul 2 .
Even without knowing how much charge a coulomb is, the comparison with
G = 6.7 x 10 –11 N m 2 / kg 2,
suggests the enormous strength of electric forces compared with gravity.
4: Early Studies of Electric Current
In 1780 Luigi Galvani of Bologna discovered that dead frogs legs and other
non-living muscular tissue underwent contractions in the presence of electric
sparks or lightning or when two distinct metals in contact with each other
were brought in contact with nerve endings in the tissue. This gave rise to
the concept of Animal Electricity.
In 1792 Allesandro Volta, doubting the biological origins of Galvani’s
phenomena, showed that the mere contact between distinct metals, such as
copper and zinc, could be used to deposite charge on non-conductors and
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Fig. IV. 6: Volta’s copper-zinc battery and pile
Leyden jars. By 1800 his experiments had led him to the invention of the
electric “pile” or battery which greatly enhanced the amount of charging that
could be achieved. In particular he observed that electrical “activity”
persisted if a purely conducting connection was established between the
ends of the battery. This was the discovery of electric current, although it
was not immediately clear that the activity involved the motion or flow of
charge.
In terms of contemporary units of “electric tension” or voltage (which units
were not universally established until the late 19th century) a single voltaic
cell consisting of copper and zinc electrodes immersed in a copper sulphate
solution would produce a voltage of about 1 volt with negative charge at the
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Zn end and positive charge at the Cu end. Consequently the pictured voltaic
pile (Fig. IV. 6 with the salt water replaced by a copper sulphate solution)
would produce a voltage of about 4 volts with electrons moving, if the
circuit were closed, from top to bottom through the conducting wire.
Shortly thereafter it was discovered that hydrogen gas was being given off at
the copper electrode while oxidation was occurring at the zinc electrode.
These discoveries eventually initiated the development of electrochemistry
and they provide the first hint that electric forces may be important in
understanding the structure of matter at the molecular level.
The first discovery of an electro-magnetic connection was made by the
Dane, Hans Christian Oersted in 1820. The discovery is variously described
(by opposing scholars) as having been an accidental observation in the midst
of a public demonstration of the heating effect of current passing through a
wire or as a result of a very deliberate search for a magnetic influence of an
electric current. In any case, Oersted showed that a magnetized needle, free
to rotate, is deflected to an orientation perpendicular to a nearby wire when
current flows through the wire. Furthermore the deflection satisfies a right
hand rule: if the thumb of the right hand points in the direction of the current
(i.e. opposite to the direction of the electrons moving through the wire), then
the direction from the S pole to the N pole of the deflected needle will be
that of the curled fingers of the right hand (Fig. IV. 7).
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Fig. IV. 7: Oersted’s discovery of the magnetic effect of electric current
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Now from our Rule 1 concerning equal and opposite forces, if the current
carrying wire can exert a force on the magnet, then the magnet must exert a
reaction force on the wire. In fact, since the current carrying wire must be
some kind of magnet to exert a force on a magnet, it follows that two current
carrying wires should exert forces on each other. This was confirmed by the

Fig. IV. 8: Ampere’s discovery: parallel currents attract and opposite
currents repel, the force per unit length being proportional to the product of
the currents and inversely proportional to the perpendicular distance between
them, i.e., f = k’I1I2 / d⊥ .
Frenchman, Andre-Marie Ampere, who found, among many other more
complex results, that (Fig. IV. 8)
TWO LONG, STRAIGHT, PARALLEL, CURRENT CARRYING WIRES
ATTRACT OR REPEL EACH OTHER AS THEIR CURRENTS ARE IN
THE SAME OR OPPOSITE DIRECTIONS, RESPECTIVELY, WITH A
FORCE PER UNIT LENGTH THAT IS PROPORTIONAL TO THE
PRODUCT OF THEIR CURRENTS AND INVERSELY
PROPORTIONAL TO THE PERPENDICULAR DISTANCE BETWEEN
THEM, i.e., f = k’I1 I2 / d⊥ .
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6: Some Simple Applications
We will now leave the historical account for awhile to examine some simple
but useful consequences of some of the discoveries we’ve been discussing.
We begin with the simplest closed circuit, a wire joining the two terminals
of a battery. As Volta discovered, this arrangement produces electric current
flowing through the wire and this phenomena continues unabated until the
battery “dies”, i.e., loses its chemical capacity to generate the current. Two
parameters determine how much current flows through the wire; the voltage
difference, V, generated by the battery (proportional to the electric force
pushing the electrons out of the negative terminal of the battery) and the
resistance, R, measured in Ohms (we will discuss resistance more closely
later), offered by the connecting wire to the current flow. The relationship
between V, R and the current, I, is just,
V=IR.
Ordinary copper wire offers very low resistance and if the battery has any
oomph at all, the resulting high current is likely to quickly melt the wire due
to heat generation. So circuits always have resistant elements (called
resistors) inserted in them to avoid such calamities. On the other hand, one
can also insert a section of “wire” which gets very hot and glows (but
doesn’t melt) with even very low current. If we put this glow wire inside a
partially evacuated glass bulb container (for protection) we have the
makings of an incandescent light bulb. The intensity of the light given off
can be adjusted if the resistance in the circuit is variable (rheostat).
–

+
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Fig. IV. 9: Simple circuit with battery, light bulb and variable resistor.
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Our second simple application makes use of the magnetic influence of
current carrying wires. It also involves an interesting mix of electric and
mechanical forces (Fig. IV. 10).
–
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Fig. IV. 10: Simple doorbell circuit. Pushing the doorbell button closes the
circuit through the electromagnet. This pulls the clapper to strike the bell
which interrupts the current through the magnet and the clapper springs
back. But then the electromagnet is immediately reactivated. The cycle
rapidly repeats until the doorbell button is released.
The main ingredient is an electromagnet formed by winding current carrying
wire around a bar of iron. When activated (by pressing the doorbell button
and closing the circuit), the magnet pulls a spring loaded clapper hard
against a bell, in the process interrupting the circuit at a contact on the
clapper. So the magnet stops pulling and the clapper springs back which, if
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the doorbell contact is still closed, reactivates the magnet and the cycle
repeats – rapidly!
You might be puzzled as to why the doorbell circuit works at all. You might
wonder why the clapper ever reaches the bell since, as soon as it starts
moving towards the bell, the interrupted contact is broken and the
electromagnet will no longer pull the clapper the rest of the way to the bell!
In fact the circuit works because, fortunately, there is a delay in the shutting
down of the current after the contact is broken. There are at least two distinct
causes for this delay and we can deal with just one of them at this point.
When the contact is broken by the initial motion of the clapper, the battery
continues to try to send electrons through the circuit. Consequently electrons
start to pile up at the magnet end of the broken contact and are removed
from the opposite end of the broken contact. Thus negative and positive
charge builds up at the opposite ends of the broken contact. This is
reminiscent of depositing opposite charges on the separated surfaces of a
Leyden jar (Fig. IV. 4). This charge buildup generates a voltage difference
across the open contact that opposes the voltage difference across the battery
terminals and thereby reduces the total voltage driving the current through
the electromagnet. The voltage change across the contact gap, VG, is roughly
proportional to the accumulated charge,
VG = Q / C ,
where the constant, C, is called the capacitance of the gap. The equation
determining the current flowing through the magnet is now given by,
V=IR+Q/C,
If this situation persisted, then, as current continued to flow, the charge, Q,
would continue to grow, thereby diminishing the current flow and the
magnet attraction until I = 0 and
V = Q / C.
But, much quicker than that, the clapper strikes the bell before the
restraining spring pulls it back, re-closes the contact allowing the charge
buildup to flow through, the current to re-rise and the cycle to repeat.

15
6: The Concept of The Field
From the beginning the seemingly strange nature of magnetic influence and
forces had suggested the presence, in the space around a magnet, of some
kind of immaterial influence or potential for influence. Similar thinking did
not really take hold for electrical phenomena since electrical actions were
usually very quick (sparks and shocks) or seemed to involve artificially
produced tensions or strains in the state of charged matter. Especially after
Coulomb’s law was established, electrical effects were thought of very much
as direct forces between charged systems acting at a distance just like
Newtonian gravity.
But with the determination of Ampere’s result and the more general, and
much more complicated, version of it associated with the magnetic
interaction between arbitrarily shaped current carrying conductors (Law of
Biot and Savart) it began to be recognized that it was convenient to think of
the interaction in two stages. The currents would set up an influence in the
space surrounding them and other currents brought into that space would be
subject to that influence while, at the same time, setting up their own
influence. The influence was called the magnetic field or, sometimes, field
of magnetic induction. Gradually, people started to think of the simpler
electrical interaction in the same way. Charges set up an influence in the
space around them and other charges brought into that space would be
subject to that influence while, at the same time, setting up their own
influence. This influence was called the electric field. It was all supposed to
happen instantaneously everywhere. Even gravity came under this spell.
This field way of thinking was most popular with the English and, to a lesser
extent, the Americans. The Germans didn’t like it at all, regarding
everything strictly in terms of instantaneous forces between systems acting
at a distance and regarding the intermediary fields as useful fictions at best.
The French were ambivalent.
Then came Faraday and Maxwell and Hertz! They showed the fields to be
far more than mere spatially extended influences of charges and currents.
They showed the fields to have a dynamical life of their own!
Next time we’ll reformulate the electric and magnetic phenomena and laws
in terms of the fields.

