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Preface

What image does the word "Magnet' cvoke? To many, perhaps

most, it is of some unusual and peculiar Lerriginous object (shaped

like a horse~shoe?) which attracts bits of iron. If this iu your

picture, then it is the same as would have occurred to the pocts
and philosophers of Ancilent Grecce, and to their successors for
nearly 2000 years: Magnetism as a mysterious, isolated, ocecult
phenomenon: akin to magic.

But. as viewed by physical science today, magnetism is an
ubiquitous phenomenon; a property of all matter. It comes in
all sizes and shapes from the sub-atamic to the cosmic. There
is magnetism associated with all the clemeatary particles, with
electrons, neutrons, protons, etc., with atoms and molecules, with
rocks and crystals, with the whole carth and its environment. with
the sun, the stars, and indeed all the heavenly bodies and even

the sparse, diffuse matter that occupies the “spdce" between thew.

By the study of their magnetism we have learned, and continue to leamn,

something important about physical systems of every variety; the

structure of atomic nuclei and the particles of which it is com-

posed; the organization of atoms and molccules in macroscopic mat-

ter -- both living and dead; the history and origin of the earth's

surface, and the goings on at the surface to sun; the explosions

of supernovae and, by inference, the incredibly intense wagneiism

of the last heavenly spoctacular: the rhythimically beating pulears!

Human artifacts now exploit magnetism ae extensively as na-

ture exhibits it . It is present in cvery aspect of electrical tech-

 no1ogy, in power, gernerators, motors, telephone, radio and all itg

variations, computors, ete.; from door-catches to hydroelectricity.

We can even use magnetic measurcaents in the archeological study

of the artifacts of the past!

Some 800 or 900 years age wagnetism broke out of the classical

frame which had for so Llong contained it, 7The first great impetus

came from the paramount signilicace of the wagnetic (compass)
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William Gilbert's Investig

Synopsis

William Gilbert (1540-1603), physician o Queen Elizabeth I

of England, published in 1600, his major work De Magnete, the

first comprehensive, systematic, and in the modern sense scienti-
fic, account of magnetic phenomena.

the first

¢5}

Based essentially on experiment, Gilbert's i
"rational interpretation of the Farth's magnetism and the action
of the Mariner's compass, in terms of observed and measured prop-
erties of loadstones and artificial magncts. Not only is De -

»

Magnete the first definitive treatise on magnetism, it is probably )
the first account of systematic oxperimentation of the kind that
now is commonly associated with physical science. More than 200
years after it was written it was described as "one of the fincst
examples of inductive philosophy that has ever been presented to

the world”. De Magnete was published some 30 years before Galileo's

Two New Seiences and more than 80 years before Newton's Principie.

It is difficult to give a short account of the scope and his-

torical context of Gilbert's work: De Masneole itself presents a
| P _'f.’ B
superb picture to which no précis can dwe justice. These notes

are intended to provide a few glinpsecs of the historical back-

: ) )



i
A
ol
!
3

]

(

to Gllbert s work to hlghlLOht some of his mostslmportant

é@nt ibutions end to indicate how, in retrospect, thisécontribu—_

i

tion Can,be appraised.

SOme of Gllbert s most significant experlments are reproduced

and the 1nferences drewn from them are examlned in the llght of

ontemporaneous and later understandlng_of magnetlc phenomena

It may be more profltable to perfoxm_seme of the experlments
‘as detalled in Part IT -- befere readlng 1ater sectlons (3 to 6)

_eof Part I.- In any event much of ths 15 commentary whlch is iﬂ"

ftended to: be read in conJunctlon WLTh DcsMagneteﬁ ,Partieular*secg

ﬂtlons of thls relatlng directly to the OXpOrlm@nLS are indlcatod

jln Part Ly and are reproduced in Section. 7.

.é@ﬁe Regarding Terminology
Not surprisihgly in the course of some 400 years, the lan-
fguege and vocabulary of seience_has changed greatly. th only
have many arehaic terms been discarded in favor of lates ones;
v but -- and-this is a trickier matter -- where old words and
;'x - phrases persist it is often with a more formal and prec1se mean-
ing end sometimes with a quite different connotatlon. Moreover*
most scientific writings, in the period ef interest here‘ were ..
eriginally in Latin. VIf; as 1s often Lhe case aﬁqAEngllsh

tlanslat:on is made much later, it is not easy to 1nterpret aj

Pﬁrtlcular Latin phrase without being 1n£luonced ‘in some mall

H
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o measure by all the subscquent knowledpge of the subject. Very /M)
1ittle hindsight can impart to any ambiguity a great deal ol
: : '
ion prescience.
The definitions below supplement the glossary given in the

preface to De Magnete (pp. liii, liv); reproduced in the appendix.

Poles Terrestial-Astronomical -- Interscction of earth's axis of
diurnal rotation with a sphere
contered ot the center of the
tarth -- particularly the sur-

- Tface of the earth,
Magnetic - For an ideal terrclla -- Points (on surface} at
which magnetic "force' is direct-
ed directly to the center.
~ For a long magnct -- Points (near the ends) to-
ward which magnetic forces ap-
-~ pear to converge. ' )
g . . ; .
{;@ Axis of the Earth -- Axis of diwrnal rotation.

of an ideal terrella ~- Line through the two poles. Axis
- of symmet:y.

Equinoctial Circle of the larth -- Equator
of an ideal terrclla -~ Intersection of the
sphere with the mid-plance per-
pendicular to the magnevic axis.

| Meridian of the Earth -- Line of longitude. The great circle
i (0-180 W or E) passing the point and the poles
of an ijdeal tervella -- The great civcle passing through

the point and the magnetic poles,

__Ii“_‘_’__:l_lighl_ of Earth -- Line of Taiitoede; cirvele through point pay-
(0-90 N or S) allel to the equator,
of an ideal terrella .- Circle through point parallel
to magnelic equaltor.

Horizon Terrestial or Magnctic -~ A circle of indefinite radius,
N centeved at the point and lying )
| in the plane tangent to the sphere
therco,
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~Cynosura (cynosure) -- Constellation of the Lesser Bear (Ursa
i e : Minor) -- containing the pole
star. ' -

Vallatlon, Decllnatlon or Deviation~~-Currently known as Declina-~
» ‘ tion. The angle (to W or to E)
between the actual direction of
a compass needle (moving in the
horizontal or tangent plane)

and the true meridian at the point.

Dip or Inclination =~ Currently known as Inclination. The angle
' ‘ : - made by a magnetic dip needle
(freely moving in the plane of
the magnetic meridian) and the
line from the point to the cen-
ter of the eaxth.

i

“Isogonic Lines -~ Lines on the Earth's surface LDnnectng points
having the same declination (var-
. iation).

~Isoclinic Lines -~ Lines on Earth's surface comnecting points having
' the same Inclination (Dip).

_:[the: To specify any point on the earth's surface two coordinates

‘are required (e.g. longitude and latitude). To specify the mag-

netic field, (a vector) three quantities are required: two angles

{e.g. declination and inclination) for direction; and one "abso-

- lute" magnitude. -~ e.g. of the horizontal component along the

- meridian., TFollowing Gilbert, we shall be concerned primarily with
-~ the angles] '
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in the late medleval perlod In additﬁ_ 0 the reiteration and

felaboratlon of the numerous, scattered assical spéculations;

extensive wrltlngs on magnetism issue: KQPSteady sfféam.frohf

1
i

'the lBth century onwards. These range from Mariner's records £o

b

abstract Cosmology, but they ali reveal.

§

wlth rare exceptlon onlv

1the.most. te nuous interaction beLween theory and practlce What
f_changes dramatlcally towards the end of the Stheonth century,

?fis not o much the subject of interest as_the method-ofbinvestiv

”of‘gation. There are one or two exoeptlonal works whlch presage ths

inascent change- but Gllbert S work is the great mllestone in: thlq
idevelopment. Its 1nterest extends far beyond its subject of im-~
:medlate concern: Magnetlsm. It prov1do a fasc1nat1ng plcturp

-iof the rapid flowerlng of experzmental scmeoce.after seberai cen-
turles of buddlng but fltful starts. With Gllbert ‘the: experlmentdl
'_gmethod is st:ll an innovation, whose v1rtue _he is 3551auously
A  preach1ng and- whose power he is domonstratlng Only'a-few.docadéa

later it becomes not only practiced W1dely, but self- consc1ous1y

: 5-advocated and supported by a society whlch-has cmbarked ‘on . the ex«
. : g : =

- ploration of both the Telrestlal harth a: qe:worklngs of Naturo

Althougb Lhe Marlner Compasgs only became known,'or at Ieast
of Slgnlflcance in the Western World after thc 12th or 13th cenrury

the hlstory of magnetism itself is vcry much olderr_ It&is cuscomqryi“'i
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to look for {(and find) clues to the origin of most early arti-

(ﬁ)

facts and techniques in ancient China: magnetism is no exception.

1t has been suggested that the directive properties of loadstone
were known to the Chinese in the 2nd and 3xd milienium B.C.: the
“ehariot of the south', which is mentioned in some of the earliest
. writings, has been interpreted as indicating expleoitation of some
such principle. According to

-+« . . the mythological history of China . . . gathered
from the literature of more recent times . . . . . in
2634 B.C. the Chinese Emperor loang-Ti was at war with
a tributary prince named Tchi-Yeou and they fought a
great battle in the plain of Tcho-luo. In order to es-
cape defeat, or its consequences, Tchi-Yeou raised a
dense fog which produced disovder in the imperial army
-~ an anticipation of the smoke-screen of modern times.

But Hoang-Ti constructed a chariot upon which stood the ;')
dimunitive figure of a man with arm outstretched, and _—
¥ this figure being apparently free to revolve on its-ver-

tical axis, the arm always pointed to the South. By
this means the emperor was able to locate the direction
of the enemy's retreat; Tchi-Yeou was captured and put
to death. (Ref. 1)
The inference that this was a magnetically operated device was,

s apparently, first made by Jesuit missionarvics who first went to
China in the latter part of the 17th century -- at which time the
compass necedle was, of course, well known in the west!

Somewhat more substantial evidence of knowledge of magnetic

directive properties relates to the development of a sort of "rou-

lette wheel as. used by the Chinese geomancer {a cross between a sur-




?yorfiﬁd a fortune teller). Whether by accident or design,
i;dtéd?ﬁeedles_rubbed by magnetic stones (or spinning spoons ‘
asfigééed from-magnetite itself -~ which might have been chosen
rigiﬁally for its decorative value) had come into use by about
h; l0€h céntury A.D. A geomancer privy to their mode of opera-

tion could obviously exploit this knowledge to enhance his apparent

prophetic powers. Sometime around the 11/12th century this geo-

‘mancer's art was, apparently, utilized in navigation and surveying.

Wgatevér ﬁhe extent of this oriental knowledge énd application
§§ ﬁagﬁetism, and whether or not this eventually percolated to the
ﬁést,gthere is no déubt that the elementafy, but mystericus'préperé
'ties of tﬁe loadstone were well-known in classical antiqﬁity, from

':Homer.to Pliny and St. Augustine, The stone's attractive powers

areréferred to by Thales, Pythagoras, Sccrates, Plato, Aristotle,
Theopﬁrastus, and in the writings of Epicurians, in particular
A

Lucretius (e¢. 60 B.C.). The name "magnet" (fquuA?E” , Oor FM}%AGAQE ,
-~lapis Héraclius) is usually attributed to the common occurence of
loadstones in the mountains of Magnesia, (Lydia, Asia Minor; capital:
Heracl;us), which rise behind what was the Yonian region on the bor-
ders of the Eastern Aegean.

Socrates (in Plato's dialogue; Ton) remarks that loadstone

; (1] . . . s e
7 not only attract iron rings, but imparts to them a similar power

of attracting other rings. . ." Lucretius (De Rerum Natura)describes
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the phenomena vividly: (i)
I have even seen some rings from Samothrace dancing, and :
iron filings in a brazen bowl jump about when the Magnet-
stone was placed beneath them. So eager was the iron to
escape . .

There is some ambigﬁity as to whether the Greeks were familiar

with the directive property of loadstone. 1Tt is all too easy to

read into classical writings hints of some familiarity with what

is now a simple and commonplace phenomena. (cf. Sec. 7, pp. 4~7.)

But whet}% they possessed this “sccret" or not, there is little

doubt that they made scant use éf it, if any at ali. Nor‘apparant-

ly did they make any deliberate or significant "experimental

investigations to probe its nature. The Greecks were‘apparently

content to be fascinated and occasionally to speculate -- widely q)=

and wildly ~- on this mystery, whether material or divine. 1t was

not to be ignored in a comprehensive philosephy of Nature, such as

the Epicurian; but it probably appeared too trifling and earthy to

warrant sustained intellectual attention, or too singular and subtle

to form a bassis for such a philosophy.

From the timelof Pliny (A.D. 23-79), (who compiled, somewhat in-
discriminately, in his "Natural History" the whole legacy of Greek
scientific ideas, experience, practice, theories, together with much
fraditional gossip and hearsay, but added practically nothing new of
his own except misinterpretation and error) right through the 12th

s

century therve is no recovd of any major advance in knowledge of the
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_ Subjeéf} What“does grow profusely is the "literature'. The
-TZfew-original, Basic, honest facts become sﬁofhered and corrupted
._sy a rank‘overgrowth of myth and magic; supefsﬁition, legend, and
pldﬂwives tales -~ crude and naive hearsay ﬁassed on from one
Qritef to another, and often passed off as the truth to a gullible
 and c;edglous audience; . . . by

men who have taken the ocaths to follow the opinion of
others, -- the most senseless corrupters of the arts,

-~ lettered clowns, grammatists, sophists, spouters,

. . . .Who go a-~fishing among the inexperienced and the
young for a reputation; who seem to transmit from hand
to hand, as it were erroneous teachings in every science
and out of their own store now and again to add some-
what of error. (De Magnete, pp. xlix, 15)

. L . . v

A thousand years after Lucretius, some new facts about mag-

netism and new, much more practical interest in the subject begins

osophers so much as from practical men -~ from ocean-going sailors

.and explorers. It has been suggested that about this. time some
knowledge of magnetism and the compass was transmitted from China
:ffii to the West via the Arabs and the Franks. That this was the time
;ﬁi_ of the Crusades adds plausibility to the hypothesis, but in any
event the major development in Western Europe is an essentially.
indepeﬁdent affair. An Icelandic historian (Are Frode) 1100 A,D.
writing about the exploration of Iceland in 868 writes that "...
in those times, seamen had no 1oédstone in northern countries',

‘i') implying a willingness to heljeve that even at this early date

to emerge, this time in Western Europe, and it comes not from pliil-
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-~ the Crusades had scarce begun ~~ that superior knowledge of
magnetism existed in faraway places, but had not reached Noxthern
Europe! B& the 11th and 12th centuries there were frequent rel-
erences to loadstones and magneiic needles in navigational reports
from many parts of Europe. It also began tc be realized at this
time that the magnetic needle did not align itself in the precise
Nofth-South direction., At first this was probably attributed to
some imperfection in its fabricaiion or use: later, with exper-
ience accumulated in a century or two of use, this "deviation'

was recognized as fundamental.

One of the earliest references is in the works of Alexander
Neckamn (a monk of St. Albans, 1157-1217), who towards the end of
the 12th century, describes the magnetic needle as being placed
on a pivot, and used by mariners to find their course when the
sky is covered. A little later (c. 1206) the poet Guyot de Provins
refers to the floating compass used by‘navigators.

In 1269 a most remarkable document was written by one Peter
Peregrinus of Maricourt, a contemporary and pupil of Roger Bacon.
The circumstances were scarcely less remarkable than the contents.
The writer was a soldier, in a military camp under seige, writing
to a friend ~~-"Epistola Teter Poregrinus de Maricourt ad Sygernum
de Fontencourt Militium de Magncte"., This document is the direct
progenitor of Gilbertfs work, and is undoubtedly the source of much

.)

of his inspiration. It is uniquce -- in the 13th century -- as prac-
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tical, comprenen81vc experimental analysis of a phl]osoph1Cdl”

problem and its author possesses the extrcmely.rare combination

; (expecially for those times!) of scholarly learning, practical
experienee and manipulative skill,
'In his epistle Peregrinus describes how he has made spherical
.e:h{ | loadstones ('terrellas™), how he placed hlg "terrellas" in small .
boats on wate, and observed these then orient themselves in par-
ticular directions; how a loadstone can create the magnetic prop-
erties in pieces of (previously unmagnetized) iron; and how under
- some circumstances magnetic repulstion, as well as attraction, can
be observed. |
Peregrinus introduces the concept of "magnetic pole' -~ the

region of the loadstone (or iren) from which the forces appear

to emanate. He also concludes that all magnets possess two such 7
_ e .

~

poles; and that a pole_of one sort (for example the pole that "seeks™
the ﬁorth), creates in iron a pole of the opposite tsouth—meek1n0)
sort. These are remarkably perceptive and cogent observations,
faithfully recorded: but the pn11000ph1cal” outlook bears the
scholastic stamp of the perlod To Peregrinus it is some heaven-~
ly or divince force which causes

this pole if it were then turncd away a thousand

times, thousand times could it rofurn to its place
by Lhe will of God.
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wention of this -~ knowing how ready his people were
to take alarm, but it soon attracted the attention of
the pilots and filled them with consternation. It
seemed that the laws of nature were changing as they
advanced, and that they wereg entering another world
subject to unknown influences . . . Columbus tasked
his science and ingenuity for reasons with which to
allay their fears. He told them that the direction
of the compass was not to the pole~star, but to some
fixed invisible point. The variation was not caused
by any failing of the compass, which like the other
heavenly bodies had its changes and revolutions, and
every day described a ecircle round the pole. The high
opinion which the pilots entertained of Columbus as

a profound astronomer gave weight to his theory, and
their alarms subsided.*

Very probably Columbus did in this firsi westward voyage cross
the agonic line (i.e. the boundary between a westward and eastward
declination) and observed a changing deviation. His interpreta-
tion hardly suggesis that he recognized the proper explanation or
implications of his observations. It is more likely that an aware-
ness of the general variation of the declination over the globe
came slowly from navigational reports ovér a considerable.period
rather than from a single explicit discovery. Columbus' report
was probably not the first.

Some hundred years later, about 1581, an English sailor,
RobE;t Norman, after 20 years at sea during which time he had
made exfensive observations of the behavior oflthc needle, began
to manufacture gnd sell small mariner's compasses. He had ob-
served that the needle normally showed a tendency not only to orient

itself in an approximately North-South direction, bulb that one end

*Washington Irving. Life and Voyagaes of Christopher Cblumbus, Vol 1
p. 201, '

-

J
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fﬂﬁould tend to dip lower and the other tip higher, At flrot he
ftrled to correct ths tendency by a counterhaldnco weight; but

:fthen by r::aa):r.'.zmg:mfr the method of pivoting the needle so that it

could turn in a vertical rather than in a horlzontal plane, he

- discovered its “strange and newe propertie of declinying!. Not
. g p g _

only could the needle now be directed Lowardu some, presumed,
‘point in the héavens, but also apparently to some point down in
the bowels of the earth’

Robert Norman wrote a book: The Newe AtlrdCLlVe (1581),

about thls new phenomenon of 'Dip". S0 unusual was it, at that
'-time, for a practical.workman to engage in investigations and
speculations usually reserved for the learned phllovopher -
that the author deemed some justification and explanation to

be necessary:

And albiet, it may be gaid by the learned in
the Mafhematlcalles, as hath beene already
written by some, that this is no gquestion or
PR Matter for a Mechan1t1an Or Mariner to meddle
PRSI ' with, no more than ig the finding of the long-
- itude for that must be handled exquisitely by
Geomet11cail demonstration, and Arithmetical
Calculation: in which Arte,D they would have
all Mechanitions and Seamen ba ignerant, or at
leaste insuficientlie furnished to pevforma
such a matter ., , , But I doe verily thinke,
that notwithstanding the learned in those .
Sciences, being in their studies amongst their
bookes, can imagine greate matters, and set
downe Lhelr farre fetchts conceits, in faire

- showe, and with plawsible words w1°h3nq that
all Mcchanltlans were such, as for want of
utterance, should be forcod to deliver unto
them the11 knowledge and conceites, that they
might flourish upon them, at their pléasures;
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yet there are in this land divers Mechanitians, (1)

that in their severall faculties and professions,

have the use of those Artes at their [ingers

endes, and can applye them to their severall

purposes, as effectually and wore readily, than

those that would most condemne them,

Here is the practical, unlettered sailor waking the same plea
for the combination of experiencc and reasoning, as was made 200
years earlier by the pious and learned friar, Roger Bacon. Both
recognized what might be achieved by such a combination; but
neither was able " to effect it. WNot only in the study of magnetism,
but in many 'mechanical' arts and techniques and sciences was there
mounting recognition -~ and especially in Italy at the time, (cf.
Ref. 11) -~ of what might be learned from bringing together the
skill and knowledge derived from practice with the erudition and
analytic power of scholarship. 1In the process, of course, much
would also be eliminated and discarded: the myths, hearsays,
superstitions, and incantations. ‘This was the major accomplish-

ment of William Gilbert. He was not the first to sow the seeds,

nor even to till the soil; but his was the first real harvest of

vexperimental science.
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‘William Gilbert

f”Gilbert'éfbackground, education, and attainments were char-

acteristic of a prominent intellectual, influential in the court

of Elizabethan England:
WILLIAM GILBERT -~ or Gilberd, as he wrote it -- was
born in 1540 at Colchester, County Essex, England, of
which borough his father, Jerome (Hieron) Gilbred, was

. recorder -~ "a councillor of great esteem in his pro-
fession." Very little that is reliable appears concern-
ing his early years, but it it known that he passed
through .the Grammar School of his native place and im-
mediately afterward (May 1558) entered st. John's Col-
lege, Cambridge (whence, some say, he went to Oxford),
proceeding B.A. 1560, Fellow 1560-1561, M.A. 1564,
mathematical examiner 1565-1566, M.D. 1569, and being
elected a Senior Fellow of Gt. John's duving the last
named year. B ' :

_ Immediately upon Leaving college he travelled on
the Continent, "where probably be had the degrre of
Doctor of Physic'conferred upon him, for he doth not
appear to have taken it either at Oxford or Cam@ridge,”
and where, as well as in England, he is said to have
"practised as g physician with great success and ap-
plause." 1In 1573, he was elected g Fellow of the

Royal College of Physicians, and filled therein many
important offices, becoming, in turn, Censor (1581~
1582, 1584~1587, 1589-1590), Treasurer (1587~1591,
1597-1599), Consilarius (1597-1599), and President
(1600). His skill had already attracted the attention
of Queen Elizabeth, by whom he was appointed her phy-

' sician~in—o:dinary, and who showed him many marks of

T her favor, besides settling upon him an annual pension
- (said to be the only legacy left by her to any one)

for the purpose of aiding him in the prosecution of his

philosophical studies.fg [From Preface to De MagneteJ

He was certainly well versed in the classics and mathematics,
’but 45 a physician he was also, -~ and this must have been a rarity --

/}afscholar who was not totally averse to using his hands in other

ways than "pushing the quill™, His cirecle of acquaintances includad
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the leading intellects and the most influcntial men-of-affairs
of his day. Political involvement he seems to have eschewed:
hié energies and interests were directed to scientific and
philosophical matters. THe was heir to all the classical scien-
tific speculations from Thales to Pliny; to the legacy of Greek
and Alexandrine mathematics; to the already great accumulation
of practical knowledge gathered by the ocean~going navigators;
to the philosophical exhortations of Roger Bacon and the doectrines
of Thomas Aquinas; and very espécially to the seminal works of
Peter Peregrinus and Robert Norman.

The tasks he set for himself were threefold:

first, to strip away all the false superstitions, myths,

e) gossip, all "the incantations and invocations'" in Roger Bacon's

phrase, the spurious scholarship, both classical and medieval, that

obscured and corrupted the small core of true knowledge of mag-
netic phenomena;

second, to supplemeﬁt experience by positive, direct expexr-
imental investigation: to probe for new facts as well as to
sift and collate the varicgated mass of existing knowledge;

aqd third, to subject all thc facts,.both practical exper-
lence and experimental findings, to philosophical examination
and mathematical analysis, so as to arrive at a “true" under-

standing of magnetism.
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The firstfdf these tasks Gilbert goes about (De Magnete,

.Book I; Chapter LY* with great vigor and relish. All who have
" speculated on the subject from Plato and Aristotle to Agricola
énd'Paracelsus are brought up in rapid succession for summary

j-‘é‘.ai:’carn:'u"xatic‘m and more often than not for instant demolition. Now

and again a word of praise or acknowledgement slips in:

Thomas Aquinas, treating briefly of the loadstone, gets
at the nature of it fairly well (D.M., p. 5)

a small work attributed to one Peter Peregrinus, a pret-~
. - . R T~ o LN

ty erudite book considering the time D.MTp.9)

Robert Norman, skilled navigator and ingenious arti-

ficer, who First discovered the dip of the magnetic

needle (D.M., p. 15) - '

; ABut these few acknowledgements to past accém?liéhmemts are lost
_%n_the'stream of denunciations of so many inherited and accepted
, fa1sehobd$.

Recent.inﬁestigatérs no less than ancient ones are éaSm

tigated:.

-+ . they wasted 0il and labor, because, not being
Practical in the research of objects in nature, being
acquaint only with books, being led astray by certain
o érroneous physical systems, and-having made no magnet-
) ical experiments, they constructed certain raciocina-
tions on a basis of mere opinions, and old-womanishl
~dreamt the things that werc not., (D.M., pp. 5/6)

‘The remarkable contrast between the paucity of facts ~=- "that

the loadstone attracts iron: its other properties were hid," .-

known to the ancients and the vast, centuries~-long range of

speculations and interpretation which were buttressed by them,

*References are to De Magnete, Lnglish Traanslation of P, Fleury
Mottelay. .Dover reprint 1058, Abbreviated D.M. '
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is unceremoniously dismissed (D.M., pp. 2~14):

Such

—

. « . lest the story of the loadstone should be
jejune and too brief, to this one sole property
then known were appended certain figments and
falsehoods which in the early time no less than
nowadays were by precocious sciolists and copyists
dealt out to mankind to be swallowed . . . . and
errors have steadily been spread abroad and been
accepted -- even as evil and noxious plants ever
have the most luxuriant growth. . . .

errors and falsehoods are innumerable:

that a loadstone rubbed with garlic does not attract “/,
iron; nor when it is in presence of a diamond.
(Pliny and Ptolemy)

Mahomet's shrine having an arched roof of magnets
so that people might be fooled by the trick of the
coffin suspended in air, as though ‘twere some di-
vine miracle. (Matthiolus)

. . . a loadstone placed unawares under the head of

a sleeping woman drives her out of the bed if she

be an adulteress; or that by its fume and vapor the .
loadstone 'is of use to thieves, . . . or that it
withdraws bolis and opens locks, . . . . frees
women from witcheraft and puts demons to flight.

(Villonova)
R
-« . iron held by a loadstone's attraction, being )
placed in a balance, adds nought to the weight of v
the loadstone, as though the weight of the iron
were absorbed by the virtue of the loadstone, ...
' (Serapio)

A white loadstone may be used as a philter, . . . . N
When held in the hand it cures pains of the feet
and cramps . . . . or makes one ecloquent . . . .

' (Abohali; Pictorius)

or, as the astrologer Lucas Gauricus held, that be-

neath the tail of Ursa Major is a loadstone . . . .
and that the loadstonc belongs to the sign of Virgo

+ « . Gaudentius Merula adviscs that on a loadstone
be graven the iwmage of a bear, when the wmoen looks
to the north, so that being suspended by an iron
thread it may win the virtue of the celestial Bear
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- The loadstone s force, when faillng or ‘dulled, is
restored by the blood of a buck; it has been sa:d
- that a buck's blood frees the magnet from the dia-
. mond's sorcery, glVlng back its lost power when
- the magnet is bathed in the blood w- this, because
of the variance between that blood and the diamond.
(Ruelliusg)

But a strong loadstone can according to -
Marbodaeus, a Frenchman . . . . make husbands agree-
able to w1ves and may restore wives to thelr hushands,

By dlSpOSLn of all this clutter Gilbert not only clearé
_the stage for his own work; no doubt much hf this lengthy parade
of gossip more hallowed by age than truth, ig altfﬁlly contrived

- to helohten by contraut, the scientific rationality and successes
" of hlS own dellberariong. This style is not a peculiaf peccadi1lo
of Gllbert it is a comﬁon practice of scientists of that time

to hlghllght their own experiments and LhQOLLcs by consLantly

plac1nn them in Juxtaposition with the false assertions of others,

‘801ence is skill largely expounding by phi}osophical polemic:
new facts and ideag are Promoted as much fo? the refutation of
ﬁ:;:_‘ old ones as for themselves, Only much later when experimental
'i. science advances - into wholly new terri tory, when dlscovefy brings

to llght not only the unknown but also the unconceived and unsuspected,
{so that both prior concepts and misconceptions are largely absent}

only then does exposition free from disputation become commonplace.

The bulk of De Magnete is concerned with the accounts of

ql } Gilbert! S own experlmentaLlon his interpretations and refuta-

tions, and the formulation of the general principles of magnetic
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phenomena =-- including the magnetic properties of the Earth
itself. By the end of all this, Gilbert has persuéded himself,
if not the reader, of the universality of magnetism ~-- an intrin-
sic and natural property of all matter, both terrestial and

heavenly. 1In the final section of De Magnete (Book VI), Gilbert

brings all this knowledge of magnetism to bear on general cosmo-
logical problems,

He is a thorough-~going Copeynican, (cf. egpecially Book VI,

T N e,

Chap. V) familiar with the size of the eaxth and the orbit of
the moon, although he is still using an estimate for the size of
the earth's orbit around the sun which is cssentially that of
Aristafchus (c. 250 B.C.)? tle is also familiar with the pre-
'éession of the equinoxes and the obliquity of the zodiac)and accepts
the lunar origin of the tides¥jje also examines the evidence for

the changes in orientation of the carth's axis.

The cosmological picture of a moving earth -- which

like a wheel supported on its axis rotates upon it
[rom west to east, . . .

and also orbiting around the sun

== in an oblique circle, towards the fire, just as
the sun and moon have their paths . . ,

Gilbert attributes to the ancients:
Heraclides of Pontus, and kephantus, the Pythagoreans

Nicetas of Syracuse and Aristarchus of Samos, and, as
it seems, many others, . .

,*This was in the context of Aristarchus® heliocentric picture
+ See also p. 36, footnote
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‘and of

- the illustrious, mathematician and a very exper-
ienced investigator of nature, Philelaug.

It was only 1éter, he asserts,

when Philosophy had come to. he handled by many,
and had been given out to the public, then theories
adapted to the capacity of the vulgar herd or sup-
ported with sophistical subltleties found entrance
into the minds of the many.

Then were many fine discoveries of the ancients re-
Jected and discredited -- at least were no longer
‘studied. and developed. First, therefore, Copernicus \
among moderns (a man most worthy of the praise of
scholarship) undertook, with new hypotheses to '{il-
lustrate the phe nomena of bodies in wotion.*

) (D.M., p. 317/8)

735) A modestly satirical refutation of the Ptolemaic system,

{supported by calculation and comparison of movements,

and generally accepted by mathematicians, while the

importunate rabble of philophasters cgged them on.)
is a mild exercise for Gilbert. Having dismissed as absurd the
whole system of adamantine spheres and the diurnal motion of the
whole heavenly system (even,

the Holy Scriptures do not recognize . ., . a revolu-
tion of the whole firmament),

he Proceeds to adduce the positive evidence for the earth's motions,
citing for this purpose the magnetic poles of the earth --

set at fixed points

and with which the

poles of the diurnal rotation coincide,

*Very much the same sentiment is expressed in Newton's “"'System

'Vi  of the World',
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. It is this innate magnetic polarity, or verticity, of the earth

which, to Gilbert makes the diurnal rotation of the earth intel-

ligible -- or even natural. Thus;

By the wonderful wisdom of the Creator, therefore,
forces were implanted in the earth, forces primar-
ily animate, to the end the globe might, with stead-
fastness, take direction, and that the poles might
be opposite, so that on them, as at the extremitics
of an axis, the movement of diurnal rotation might
be performed. Now the steadfastness of the poles

is controlled by the primary soul. (D.M.,p. 328)

It is not difficult to guess where this style of argu-
ment will lead. The earth, as a whole, aligns itself due
to its verticity, just as the loadstonc does and on a small
scale.

The whole earth would act in tﬁe same way, were the

north pole turned aside from its tyruc direciion;

for that pole would go back, in the circulgs motion
of the whole, toward Cynosura[the pole star/ . .

The whole earth regards Cynosura by its steadfast
nature., . . , The earth therefore rotates, and by
a certain law of necessity, and by an energy that
_ is innate, manifest, conspicuous, revolves in a
. ' circle toward the sun; throvgh this motion it shares
in the solar energies and influences; and its verticity
holds it in this motion lest it stray into every region
of the sky. (D.M., p. 333)

Gilbert has come a long way from the dircck (if approximate) state-~
ment of Book I. (Chap. IV) that:

One of the earth's poles is turned toward Cynosura
and steadily regards a fixed point in the heavens

. to the assertion of Book VI (Chap. VI) that

the causes of the diwmal wotion are to be found in the
magnetic energy and in the alliance of bodies. .

D
\;j.. ek



Some men become attached to particular sclences

i nd'contémplations, either from supposing themselves

. authors ‘and inventors of them, or from having bestowed

the greatest pains on such subjects .. .. If men of

““this description apply themselves to philosophy and

contemplation of g universal nature, they wrest and
corrupt them by their preconceived fancies, of which
“Aristotle affords us g signal instance, who made natural
philosophy completely subservient to his logic and
thus rendered it little more than useless and siputa-
-tious, -

28

Francis Bacon was prone to wordy pontifications about the proper

way to do science. But since there is no evidence that he actual-

Ly practised the art, never !

'bestowed the "greatest" pains on such subjects.
" He was himself safe from seduction by his
| idols of the den.

- For all his apt rhetoric and felicitous phrases his scientific

~ insight was but that of an outsider. He could criticize Gilbert'sg

shortecomings, but fajl to appreciate (or understand?) his immense

achievement. Gilbert might well retort ( actually it was William

Harvey ~- a great scientific contemporary, who discovered the

e

circulation of the blood?) that Francis Bacon t
berceived science like a loxd Chancellor,
Another contemporary gives this personal impression of Gilbert

One saith of him that he was Stoicall, but not Cynicall

which I understand‘ggserqgg, bdzuﬁgszorgggg never
married, purposely to be more beneficial to his brethren,
Such his Loyalty to the Queen that, as if unwilling to

survive, he dyed in the same year with her, 1603.

(D.M. p. xxiv)

%o
i

/
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On the monument erected by his brothers over his tomb in the
Church of the Holy Trinity, Colchester, is a Latin inscription
which includes the simple memorial:

. . . He wrote a book concerning the magnet much
celebrated by those engaged in nautical affairs

John Dryden was a little less reserved:

Gilbert shall live till loadstones cease to draw
or British fleets the boundless ccecan awe.
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1111. ?Experiﬁenta1 Explorations

A simpié; but most effective invention of Gilbert's is
ﬂ'ﬁis ;6tating needle, or "versorium', which is simpiy a iigﬁt
... needle | | |

| of any sort of metal (not necessarily magnetic)

three or four fingers long, pretty light, and

poised on a sharp point after the manner of a
magnetic pointer. , (D.M., p. 79)

This instrument may have been directly

-
= inspired by the mariner's needle, but

5 %a its exploitation by Gilbert is essentially
S B .

Wete

~different, and}'in a sense quite original.
It is an artifact, perhaps the first, devised expressly as a tool

for experimentation. The versorium is not an instrument developed

independently for some other (practical) purpose -~ as, for example,
- the apothecary's balance, the astroncmer’'s astrolabe or the chem-
ist's still ~= and subseqﬁently pressed into service as an instru-
ment for experimental research: it is explicitly a research in-
strument. It is the humble ancestor of the vast~§rmyfbf scienti~
R fic instfumenté whose deveiopment has accompanied éhe subsequent
growth of science. Today it is quite common for practical tech-
niques to emerge from scientificnreseérch instruments. In Gilbert's

time it was the other way around; and the first step in this trans-

formation was the conception of research inmstruments per se,

. ...m-..i-;._..'._.,‘i_-i_: Lm. e beir i e et ek
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The particular form of the versorium -- an object that could

easily turn, made it particularly suited to wagnetic investiga-
—————

tions where, as Gilbert recognized and repeatedly emphasized,

the typical forces producc orientation rather than translatory
MMW -

motion. Nevertheless there was a most important preliminary task

i .

to which Gilbert addressed himself, and for which this same instru-

ment proved effective; namely to establish a clear distinction
berween electrical and magnetic phenomend.

It is one of the mild ironies of the history of science that

although the clear formulation of a gencral principle may be necessary

at a particular time to make advance possible, in other circum-
stances the very same principle can act as a major obstacle to
progress. Thus in Gilbext's time, understanding was obfuscated
and progress seriously impeded by the confusing similarity of
electric and magnetic phenomena; but two centuries later, in

r,_,a"—/\—— s — ] =
the early nineteenth century, the discovery of the essential

unity of atectrical and magnetic phenomena opened the way to a
dramatically rapid development of both subjects. To @Gilbert's
predecessors both phenomena, eclectric and magnetic, and apparcntly
these alone, manifested the mysterious, occull, powers of attraction
at distance. That the explanation of Both was to be sought in

causes common or at least kindred secemgd natural enough. Yet it

was one of Gilbert's major -- if inciden al ~-- accomplishments
-—-‘"\_

to demonstrate that they were essentially different; and in S0

O
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doing to remove much of the mystique of both. (D.M., Book II,

Chap. II) He showed =~ using his "versorium" as a primitive

tion

{f'electrosc0pe'f- that the attractive properties traditionally
associated with amber (Greek:ﬁ?kfﬁinﬂi”: electron) were shared

by many other substances:

diamond, sapphire, Ehglish gem, (Bristol stonme, bristola),
beryl, rock crystal, . . . glass, especially clear, brilliant
glass; by artificial gems made of (paste) glass, antimony

“glass, many fluor~spars, and belemites. Sulphur also attracts

and likewise mastich, and sealing wax (of lae), hard resin,
orpiment (weakly).

A property so widespread is capable of systematic investiga-
and thereby loses much of its mystery:

Nor does the supposed attractive force of amber arise from

-any peculiar property of its substance or from a special

relation between it and other bodies: for in many other
substances, if we but search with any diligence, we see

‘the same effect.

Gilbert records -- apparently as a result of his own experi-

<

. ‘ i h
ments, =-- the influence of atmospheric humidity, of temperature,

A

moisture, heat and flame, and of the cssential role of friction

or rubbing and polishing; and thereby conclusively demonstrates

that

the conditions for producing "electrical attraction are

quite distinct from those for magnetic ones. What is good, for

electricity may be bad for magnetism and vice versa!

In all bodies everywhere are presented two causes
or principles whereby the bodies are produced, to § fw
wit, matter (materia) and form (forma). Electrical | @muﬁ

movements come from the materia, but magnetic from
the prime forma; and these two differ widely from

each other and become unlike, ~-- the one ennobled
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by many virtues, and prepotent; the other lowly, of
less potency, and confined in certain prisons, as it
were; wherefore its force has to be awakened by fric- .
tion till the substance attaings a moderate heat, and
gives out an effluviuw, and its surface is made to
shine. Moist air blown upon it from the wmouth or a
current of humid air from the atmospherc chokes its
powers; and if a sheet of paper or a linen cloth be
interposed there is no movemcnt. But the loadstone,
neither rubbed nor heated, and even though it be
drenched with liquid, and whether in air or water,
attracts magnetic bodies, and that, though solidest
bodies or boards, or thick slabs of stone or plates

of metal, stand between. A loadstonc attracts only
magnetic bodies; electrics attract everything. A
loadstonée lifts great weights; a strong one weighing
two ounces lifts half an ounce or one ounce, Llectrics
attract only light weights; e.g., a pilece of amber
three ounces in weight lifts only ope-fourth of a bar-
leyeorn's weight. (D.M., pp. 85,86)

His attempts at a "theoretical' interpretation of the nature
of electricity are not quite so happy. Compared with some of the
old wives tales which he takes delight in ridiculing, he must
have felt his own "explanations'" to be singularly "rational'';
in retrospect they s¢em to share as many of the limitations and

prejudices of his day, as much as advance beyond them.

For example:

Rock crystal, mica, glass, and other electrical bodies

do not attract if they be burned or highly heated, for
their promordial humor is destroyed bi heat, is altered,
and discharged as vapor. Hence all bodics that derive
their origin principally from humors, and that are f£irmly
concreted, and that retain the appearance and property
of fluid in a firm, solid mass, attract all substances,
whether humid or dry. (D.M., p. 84)

Or, in reference to the loss of atbractive powers when amber 18

wet ordrenched in alcohol, or bhraudy',
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‘A breath, then, proceeding from a body that is a con~
eretion of moisture or aqueous fluid, reaches the body
that is to be attracted, and as soon as it is reached
it is upited to the attracting electric; and a body in
“touch with another body by the peculiar radiation of
effluvia makes of the two one: united, the two come

. into most intimate harmony, and that is what is meant

is said to be one. For as no action can be performed
by matter save by contact, these electric bodies do not
appear to touch, but of necessity something is given oui
" from the one to the other to come into close contact there-
~with, and be a cause of incitation to it. :
' (0.M., pp. 91, 92)
were attempts at a "mechanical' explanation, and
Humors and effluvia/must have appeared much more "deientific! than

the divine guidance, or the sympathies, conformities and antipathies

" which they supplanted. In any event the basic experimental con-

" clusion that magnetism and electricity had (at that stage) to be
treated quite.separately was a valid and important one. And
ﬁot only were tha two phenomena divorced; a very perceptive dif-
fereénce in their characteristic types of forces and motions wag
also remarked: | st

The difference (distinction) between electric and mag-
netic bodies is this: all magnetic bodies come togeth~

er by their joint forces (mutual strength); electric bod-
jes attract the electric only, and the body attracted
undergoes no modification through its own native force,

but is drawn freely under impulsion in the ratio of its
matter (composition). . Bodies are attracted to electrics
in a right line toward the centre of electricity: a
loadstone approaches another loadstone on & line perpen~
dicular to the circumference only at the poles, else.
where obliquely and transversely, and adheres at the same
angles. The electric motion is the motion of ecoacervation
of matter; the magnetic is that of arrangement and order.
The matter of the earth's globe is brought together and.
held together by itself cloctrically. ‘he earth's globe

is directed and revolves magnetically; it both coheres and,
to the end it may be solid, is in its interior fast joined.
(.M., Py 97
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by attraction. This unity is, according to Pythagoras, W
the principle, through participation, in which a thing gf;y“,hgﬁ



With a little paraphrasing one nmight write something similar /ﬁ)

today!

In the thorough scrutiny of the essential differences be-

tween electric and magnetic attractions, Gilbert readily beccmes

involved in studying the physical characteristics of magnetism

itsélf. Much of what he finds and reports was probably already

vaguely known but as a comprehensive account, stx# ped of all myth

and hearsay, of magnetic properties

as observed  -erimentally,

De Magnzte is certainly a great advance. (cf. Bool. I, Chap. 4-7

especially!)

Among Gilbert's major discoveries or observations regarding

magnetism in general are: the basic similarity between the nat- -

ural magnetism of the loadstone, and that induced in iron; the

destruction of the magnetic attraction by extreme heat (red-hot

iron or loadstone); the destruction

bl

of magnetism by chemical change

(Book II, Chap. 23); that the refined iron extracted from load-

stone by smelting can exhibit a greater degree of magnetization

than the original stone, since in this way it is "purged of foreign

admixture and dross', so that the resulting product is '"more homo-

.genic and perfect . . . , albeit deformed by fusion'. (D.M,, pp. 148/9)

Gilbert also describes observations
magnetic influence cxtends into the
this property is transmitted from a

one piece of iron to another.

on the manner in which the
surrounding medium; and how

loadstone to iron, or from

J— . . ot
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‘The magnetic force is given out in all directions around the

'bdy" . (but not necessarily uniformiy -- shape is import%nt)

'and excites magnetic bodies situate at convenient distance'’;
'iso3i£ "arrives instantly™ -~ as does light {the more-or-less

ccepted view in 1600); but (being "far more subtle than light"),
it has no relations with air, water or other non-mag-

- netic body.. . . . . No hindrance is offered by thick
boards, or by walls of pottery or marble, or even of
metals; there is naught so solid as to do away with
this force or to check it save a plate of irom.

g (D.M,, p. 132)%

*Gilbert here makes an interesting comparison between the
- ability of magnetic action to penetrate most substances and the
~similar power of the moon in producing the tides on the earth,

« + . .this movement of the water is produced and the
seas rise and fall no less when the moon is below the
horizon and in the nethermost heavens, than when she
~is high above the horizon. Thus the whole mass of
earth, when the moon is beneath the earth, does not
prevent the action. of the moon. O.M., p. 136)

Although the calendrical connection between the tides and the
phases of the moon had been known from antiquity, the advocacy
of this connection as a scientific thdory, must, at the time have
been regarded .as either bold and revolutionary or a reverstion

to scholasticism. For example Calilco some 30 years later, in A
the "Dialogues on Two World Systems', (Fourth day) scornfully
(and erroneously) dismisses the lunar theory. Presumably it
smacked too much of the occult, the old "macrocosm-microcosn”
cosmology; and in any case Galileoc had his own (incorrect) in-
terpretation of the tides. Gilbert's assertion, not only that
the moon could influence the waters on the earth, but that this
influence was not diminished by the interposition of the whole
mass of the earth, is "action at a distance" with a vengeance,
But even this radical assumption is not, in itself, -a rxeal theory
of the tides: "this was not forthcoming for nearly 100 years
(Newton).
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Amongst other phenomena which Gilbert examines are: the fﬁ}

manner in which iron situated near the loadstone "diffuses' the

magnetic influence of the latter; how the (primary) magnetism
of the loadstone "excites' (secondary) magnetism in iron, which
latter can be both temporary and "permanent", and can reach a
maximum, "'saturation’, intensity;

The natural magnetic force, which in the iron lies con-

fined and asleep is awakened by the loadstone, . . .

hence comes the perfect magnetized iron, which is as

strong as the loadstone itself. . . and being awakened

endures , . . (D.M,, p. 149)
There is also an account of how the magnetic properties of a single

magnet are transformed when it is cut into different sections ~-

along the direction of magnetic axis and traversely. )

Gilbert's concepts aﬁd experimental methods are a great advance
over those of his predecessors. He makes ffequent use of the
"versorium' to exploie the distribution and to assess quantita-
tively the strength of thehmagnetiﬁm of the different bodies.

Taken altogether, his experimental findings support his major
thesis: that magnetism is not so much an innate property of the
material of the loadstone or of iron, but has to do with some
ordering and configuration. Many of the propertiecs he identifies
and the concepts he introduces are, netwithstanding the archaic
language, quité basic, and indicate bhis remavkable feeling for

what is the true nature of magnotism. And theorizing asida, there ;7)




‘can be no question about the perception which is revealed in

his account of his observations, and his emphatic assertion

Ehat experiment, properly conducted, is the real arbiter of truth:

"How easy it is to make mistakes and errors in the absence of
3trustworthy experiments, whilst investigating the hidden causes of

. things . . . " (D.M., p. 255)

~
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IV, The Terrella,

The most celebrated investigations of Gilbert's are his
experiments with the '"Terrella" (little Earth) -- a piece of
loadstone, carefully selected and cut in the form of a sphere.

Such artifacts had already been used by Peter Peregrinus (cf. p.tl ),
but Gilbert's work bséggymore comprehensive, and forms the basis

of his interpretation of the earth as itself a great natural wagnet.
Tn this context it is natural enough that a spherical loadstone

is most likely to suggest the earth's magnetic properties: the
terrella is probably the first example of a physical model being
used experimentallyf Of course, as used by Gilbert, it is not

a proper dynamical scale~model, in the modern sense of the term;

it is only a suggestive one. But it must have provided a compelling

demonstration that esoterie, occult, or divine influences need not
be invoked to explain the "mysterious' properties of the compass
needle. A rational explanation, and moreover one that could be
explored experimentally, was possible, indeed plausible.*

The initial step (D.M., pp. 22-25) is to demonstrate the
essential symmetries -- two poles and the equatorial plane -~
of the terrella. @Gilbert's definition of the poles (" . . .
answering to the earth's poles'') and the procedure he describes

for locating them indicate clearly that these are not to be re-

garded as some singular physical objeccts; nor '"mathematical points,
p—— "‘-._’-""-"_"

but natural points_gf force that through the ccoperation of all

Mﬂﬂ i W

its parts excel in prime efficiency'". (D.M.,, p. 67) The poles

MW__

*Such an interpretation might be regarded as a curious sort of
reversal of the old "microcosm-macrocosm'” theories. Here it is
not the (actual) global events that ave rwellected in local happen-
ings; but, conversely, the small-scale phenomena which provide
the pattern for the global. Myth is replaced by (explicit)
analogy., 1t is somcwhal later that the more general conceptl of

a single set of laws equally applicable to local, terrestial and

L heavenly phenomena, becomes firmly cstablished.



dﬁ south terrestial pol

'is used as a "versorium" -- by pla

. in"a tub of water . . . where:

IL can - turn it under Lhe (magnetlc) influence of the Larth 1Ln'-:(?£aﬂ3ﬂ§9
xelf The part whic Egrns ‘to Earth's north is des1gnated the

SOUTH pole and, similarly the NORTH pole'*f e

?

. Some further elucidation of the 1oadstone 8" propertles is"
necessary (D M. pp 28-31), to provide a more secure besls on
.whlch to ‘make comparlsons with the earth, Especxally 81gni£lcant

(at 1east for stones selected for thelr unﬁformlty), is the 1n~d'“

ncs of slmgle ___e_zp_e @

varlable appearance of ‘two poles in loads

;and ln the separate parts when they are dl.lded Lransversely Lo
:the axls (D, M.f-p 29) | ' ;
L Leter (D. M. - pp. 115~ 122) he dlSCUS
.fehergy is ordered in magnetic bo dles”-”i-

flatlon of . the force of attraction at dlf‘e

t. latltudes ‘on the
_terrella; and. agaln how verticity or ”Lhe poles are domlnant in _
 virtue of the force of the whole" - (w1tness the fact that this"

:“symmetry is destroyed when the sphere lS cut lnto heml spheres{i“

~ or quadrants: the poles in these parts ere in dlfferent p031tlons

from the original ones -- and no longer nlcely ymmetrlcal)

SupSEficially, De Magnete does not appear to be a very mathe—_

matical work. Nonetheless it is clear that Gilbert: :has a strong

mathematic sense, expressed primarily in gcomctrlcel rather then O

| *There are several conventions for the magnetic poles;: cf "orth-

$) seeking', "marked pole", etec. It should be noticed that any such
' ttrmlnology is only conventional, and not a permanent convention

The earth's magnetism is not flxcd with regpect to the earth’ s

;. rotation: There is abundant evidence that in pas t Bpochs it ha
actually been reversed!
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in algebraic or numerical language. (The alliance of mathematics
. and natural philosophy was still an innovation in Gilbert's day, /‘)
and mathematics was still, primarily, that of the Greeks: Gemometry)

Examples of perceptive geometrical descriptions abound: Magnetism
5 e e e

is the result of a form of intrinsic ordering of which the "ver-
ticity" is the manifestation. (D.M., p. 108) Rach element of the
loadstone (or iron) makes its particular contribution; the over-
‘all force results from a super-posiiion of the effects of these
elements (pp. 117-120). The essential property of the force is

a "turning" motion rather than a net attraction (or repulsion),
arising from the joint attraction of opposite and repulsion of

the similar poles. (pp. 122, 161, 177, 183, ctc.) 'The forces

decrease with distance -~ it has a sphere of influence -- "orbis
—

virtutis' (pp. 150, 151), but it is not the same at all points

——— e

equidistance from the center, which is the true center of the

terrella. Moreover Gilbert recognizes that it is essentially the “)

ahgular position on the terrella i.c. the latitude and longitude
(With respect to the axisj, not the particular leoecality, which
determines the direction of the force at any point; so that the
characteristic pattern of the forces may be abserved on a (math-
ematical) gggggiggl surface of any arbitrary radius. (D.M., p. 307)
(This is a correct result only for an ideal uniformly magnetized
‘ sphere, it is not generally true.)s Gilbert describes how this
may be demonstrated experimentally. Whether he first observed
or guessed this result it is, in either case, a remarkably astute
/ conclusion.
On account of their great practical importance, two features
of the terrella's magnetic forces are investigated thoroughly:

~zi£iation (declination) and _dip (inclination). Gilbert is con~-

- vinced that "ideally™ the magnetic oxis and the axis about which
i ——r . . .
‘I' the carth rotates should coincida: indeed his cosmology implies hA)

s

{:} “Sce Appendix p. 4.5 B .



e1rellas.=_More 510w_;

Although at tlmes (e.g. p. 130) Gllbert s plctorlal 1nter155"'

 pretatLon of the varlatlon of magnetic force with p051tlon is
"rather nalve, the overall picture is still xcmarkably perceptlve
Each element of the loadstone is endowed thh 1ts own lntrlnolc

-permanent vert1c1ty (and Lhus ‘a North and South pole) *Those:7f?

persist even_gf'the stone is cut into parts The pattern of

;force for the whole (or any piece) can be inferred' (at 1eabt in.
?pr1n01p1e) by superp051n0 the coordlnated effOILS of all ‘the ordolod

ﬁCOnsthuent elements.” Fortunately such’ a;plctule of the Earthis;;o

;magnetlsm (although hardly acceptable todoy as an actual physical

- pt—

"model) does lead to the maJor observed magnetlc propertles of the

ﬂEarth. . Thus' Gilbert is able to make a prellmlnary pres%ntaLLon of
=hz_s thesis %- thao theo.

. "a few arguments of prima facie GOgenoy

“earth is a giant.magnet similar to the 1”adstone e} a t111 now ur-

" heard of view of the Earth", to be ”confxrmed by subsequent exper-

~iments and demonstrations” (p. 64) There are general specu*at:vc
. comments on the nature of the earth's 1nt" ¢

lloadstone and all magnetic bodies . }f;';

—-—

themselves the potency of the earth's core and of 1ts 1nnermost-

viscera" (p. 66), as evidenced by the. fact that thezloadstone is

*Hence Gilbert's use (and the later abandonment) of the term ”denlf
viation", which implics some departure from the ideal. | - S
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(originally) part of the earth; so that it “'derives properties
c p. 67)

from the Earth extempore, and acquircs verti iey" (
To appreciate these ideas they must be viewed in the context
time about the Farth's magnetic

e

5

of what was known in Gilbert'

influence.
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Jiﬁ V. The Earth?éhd”Its.Magnetism |

:qr;j . It is edsy.to forget that in the 16th century it was still
J;““i”‘rather a moﬁelty to describe the local geography in terms of the
}'geomeﬁry of the earth as a whole, i.e. using the now common con-
wcepts:of 1ongithde (meridian) and latitude (parallel). (It was
in this centurytthaﬁ ﬁhe Earth was first circumnavigated!) They

are introduced by Gilbert (D.M., pp. 124~128) by analogy with

1

the then apparently more familiar astronomical concepts.

Astronomers, in order to account for and observe the
movements of the planets and the revolution of the
heavens . . . have drawn in the heavens certain circles
and bounds, which geographers also imitate so as to map K
out the diversified superficies of the globe and to de~-
lineate the fairness of the several regions., {(p. 125)

~The terrestiai'pbles,-Equator ("equinoctial circle!), parallels
~and meridians are defined in terms of astronomical observations,

and fixed points on earth: their counterparts on the "rerrella"

o Bl'in terms of magnetic properties. There would, Gilbert assumes,
E&?I be strict correspondence between the two,'were it not Ffor the
local irregularities of land, ocean, mouﬁtain, etc.. on the Earth,
(the terrella is, of course, assumed to be "ideal').
The terrestial pole that points "to Cynosura ‘the constellation

Ursa Minor containingz the pole-star] is called the North Boreal

or Arctic pole; the opposite one is called South, Austral, or Antarctic.

they are reference points of direction and position."

The analogy between the earth and the terrella is now apparent,
but one must beay, in mind that when investigating the influence of
an ordinary loadstone, (on the surface of the earth!) the magnetic
forces result from both the terrclla and the Farth. (Only if the
terrella is an exceptionally strong one, can the Larth's force bo
neglected.) Moreover there is also the (gravitational) force of
the Earth which acts everywhere toward its center. To similate

@L i these;more complex circumstaﬁces, Gilbert describes (pp. 163-165)
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experiments with two terrellas -- a large one to simulate the
earth and anotﬁg?ﬁ:gZ?mgt to simulate the terrella, an arrange-
ment which demonstrates the proper analogy between the two systeuns.
However there are other, subtler, matters where the analogy be-
tween Earth and terrella is by no means straight-forward. As

long as one is concerned with the magnetic forces outside the
earth or the terrella the analogy between the two can be drawn
without enqguiring too deeply about what it is inside either object
which produces the magnetic efiforts. But when the questions

invoke gome knowledge of the interior, =~- as does Gilbert's on-

quiry about the relationship between the direction of the ver-

ticity of the loadstone when actually in the ground, and the direction.

it will take up when removed from the ground, and mounted to turn
freely -- then one is probing much subtler matters. So that al-
though Gilbert's picture of the overall magnetism of the Earth

is based on a rather imprecise 'philosophical' principle, and is
far from a true physical picture, he does show extraordinary in-
sight into the true state of affairs.

A loadsdone mincd in this debris ol the earth's surface

and of its projections, whether it be part of a consider-
able vein, gets from the carth its form and imitates the
nature of the whole. ALl the inner parts of the earth are

in union and act in harmony, and produce direction to north
and south. Yet the magnetic bodies that in the topmost

parts of the earth attract one another are not true untted
parts of the whole, but are appendages and agnate parts that
copy the nature of the whole; hence, when floating free on
water, they take the direction they have in the terrestial
order of nature. We once had chisclled and dug out of its
vein a loadstone 20 pounds in weight, having first noted and
marked its extremities; then, after it had been taken out of
the earth, we placed it on a float in water so it could freely
turn about; straightway that extremity of it which in the wmine
looked north turned to the north in water and after a while
there abode; for the extromity that in the mine looks north
is austral and is attractcd by the north parts of earth, just
as in the case of iron, which takes verticity from the earth.
Of these points we will tvoat Later under the head of H“Change
of Verticity." (p. 184)




he earth's s rfaces do not change (1n hlstorlcal t

imes)
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tors who first discovered this fact. Moreover these changes, (ﬁ)
due to goings on in the interior of the earth, are of a totally
different time-scale from the hypothetical continental changes
to which he alludes.

Whatever his view of the cause of the "deviation" (and its
change with time) Gilbert does clarify a matter which had been
partly resolved earlier by Robert Norman; namely that '"deviation"
does not arise from the attraction towards some singular terrestial
(or heavenly) object, it is rather a change in the direction of the
magnetic force at each place. This is an importanf example of a
general proposition! It is a "turning" rather than a lateral move-
ment which characterizes magnetisn.

Book IV concludes with a detailed proceedure -- a combination
of magnetic and astronomical measurements - for determining the
"variation'" both on land and at sea. There is also a brief review P

. )

of the observed variation in different parts of the world, with -
the observation that "the variations are greatest in regions nigh
to the poles" (p. 269). This finds a ready explanation in terms of
Gilbert's theory of variation, since near the poles the magnetic
force controlling the horizontal orientation of the needle is
weakest. But this is not the full story: the axis of the general
magnetism of the earth is not, as we now know, aligned with the

earth's axis of rotation



-To explore the dlp lﬂ_thfn

1mplest to use a compass needle -~

i.e..a na'“

. This is essent:u_af= |
“*(p. 286), and the one used in reproductlon of
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VI. Postscript

Gilbert's De Magnete is undoubtably a. great landmark, in the

history of Magnetism, and indeed in the history of Experimental

Science as a whole. Yet its influence was not as profound or wide-

spread as one might expect. It was cartainly widely acclaimed

in its day. Galile%jgnd Kepler both praised Gilbert,ubut it is
difficult to trace /their work, or in the greet surge of scienti-
fic activity in the latter part of the 17th century any specific
deveiopment of Gilbert's ideas. What did advance rapidly in this
period was a practical knowledge of terrestial magnetism as stime
ulated and required by the growth of intercontinental navigation.
As for the understanding of magnetism itself, as a physical
phenomenon independent of its particular manifestation by the
Earth, the assessment that there was.qo advance for 200 years
after Gilbert is not grossly exaggerated. To understand this one
should, perhaps,'distiﬁguish between the philosophical, scien-
tiffc, and practical implications of Gilbert's work.

Gilbert using both the weapons of polemic and of experiment
swept away from the whole subject of Magnetiem the accretions of
myth and superstition that it had gathered over the centuries;
it is for this service that Galileo wegards Gilbert as

s

.« . worthy of extraordinary applause for the many

Q$w&ﬂ new and true observations that he made, to the dis-

grace of so many fabulous Authors, that write not

only what they do not know, but whatever they hear
spoken by the foolish vulgar, never secking Lo assure
themselves of the same by experience, perhaps because
they are unwilling to diminish the bulk of their Books'

(Ref. 6.)
Gilbert's rational picture of the Earth as an immense globular
magnet was undoubtedly of the greatest value at a time when the
geometrical-geographical concept of the Farth as a sphere was

acquiring immense practical importance. Dut Cilbert's terrestial
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"} but essential feature of magnetism. But his concepts are often ff)

too vague or shadowy to exploit further. Tdeas about basic physics

and chemistry of matter were still primitive in Gilbert's time:
to attempt a full physical interpretation of the essence of mag-
netism was premature by several centuries! In any event, the
major conclusion from Gilbert's work was, in a sense, negative
-- a dead-end! Magnetism and electricity were separate and

distinct -~ each to be examined sui goneris,  In retrospect one

2

- can see that this conclusion -- fully justified at the time, and
indeed essential to clear the way for [urther experimental esx-
ploration -- imposes severe limiis to what can be ungerstood about
the nature of magnetism. It took more than two centuries -- in the
first of which (l7th) a whole conceptual framework of physics WA
to be formulated, and in the second (18th) the whole subject of
electricity was to be created experimentally, virtually ab initio

q!b - b@fore the real bridge between elcctricity and magnefism was Lo

discovered, =-- by Oersted in 1£20. Little wonder then, that in

all this time little progress was made in the exploration of the

nature of magnetism beyond the stage where Gilbert left it.

With the discovery of electro~-magnetism and its laws in the

early 19th century, and with the rapid development of its tecli-

nical applications in the latter part of the century -- practical

interest in magnetic materials mounted rapidly, and persists to

our own day. During most of its history, this later development

has been predoﬁinently empirical, stlmulated by the needs and .

experience of practical engineers, who, as 1s so often the case,

do not wait for a complete, theorctical explanation of a pheﬁomenoﬁ

before putting it to use. Slowly in the past hundred years or

more both the general principles and the subtle intricacies which,

together, characterize magretism have emerged. We know that. mag-

1!} netism -- at the elemental level -~ is a universal property of matter)
Q
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before. (cf. Section 7, p.7f) 7The belatedooss of this discov-
ery is not the result of lack of interest, or of trying. FPro-
ducing special magnetic materials is quite an industry todéy,'
and over the past few decades a whole succession of "improved"
materials have been developed for a pgreat variety of applications.
It is hard to believe that even now, the end of the Lline has been
reached,

It is in the third sphere of activity «- the,exploitation"of
magnetism in navigation -- that Gilbert's immediate influeice is,
perhaps, most clearly discernible. His contribution was twofoid:
first, a comprehensive, rational picture of the Earth's magnetism
which provided a sound -- albéét not entircly correct -- Frame-
work in which to interpret the scattered measurements from dif-
ferent parts of the globe; éeCOnd; a clear exposition of the prin-
ciples of the different magnetic instruments and théir_practical
realization. The navigators of the 17th century were probably
unencumbered by;or not too sensitive to,the profundities and"
niceties of rival philosophical theories. Their business was
wider and better navigation and for them the carth's magnetism,
whatever its origins or significance, could be exploited -- pro-
vided it was fully known rather than fully understood. Gilbert

demonstrated what was the general pattern, and how it could be

examined; extensive and patient ohservations by natural phileosophers

and astronomers as well as navigators were required to produce a
comprehensive and reliable picture.

Shortly after Gilbert's time, around 1635, there was published
the first convincing evidence thoi the “variation" of the compass
needle at a fixed point was not constant with time: This was by
Henry Gellibrand, Professor of Astronomy in Gresham College, London.
This discovery was made possible by the steady accumulation, by

. . s . .
Gresham's predecessors, of systomaiic observations of the declipa-
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sea in the 15th century already showed rhat declination was f“j'
different at differeont places on the globe, so that once a map '
of declination was made, it could, if sulficiently complete

and precise, be used to supplement astronomical measurements,

There were however two difficulties, at least. Declination was

not easy to measure precisely at sea, and in any event required
simultaneous measurement of both compass and sun (ox stars).

Secondly, the rcalization that a declination wmap, even if it

could be made, could not be compiled once and for all undermined

the whole prospect. The discovery of Dip -~ and the development,

by Gilbert of an instrument to wmeasure it, offered an attractive
alternative. Dip could be measured cven under a closed sky -- all

that was needed was a level basc or horizon. Moreover -- as was
already suggested by Gilbert's work, -- the change of Dip over

the earth's surface might be a good deal less irregular then
Declination. This was rhe idea behind the proposal, by William , '. )
Winston (1667-1752) a professor of mathematics at Cambridge (in-
cidentally Newton's successor), fthat the dip-ncedle might be the

means of Measuring longitude at sea. Loter the idea was proposed

that a combination of Dip and Declinatica (plus astronomical ob-
servations) at sea could enable exact pesitions to be found.

Despite the limitations and ambiguicies (and there were ad-
ditional ones when iron ships replaced vooden ones!), the 18th !
and 19th centuries witness continuous ard intensive development
of the compass needle and dip-circie as navigational instruments.

In this same period there grew up an jwprressive, world-wide net-
work of continuously recorded observaticns of the earth's magnct-
ism. Until recently, astronomy and magrotism thus provided the
scientific basis for all Long~range navization on sea and in the
air. Only in the last fey decades have these traditional methods

been supplanted by more precise and vers:atile ones based on radio~signn1mﬁ)
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solar flares) were recurring mysteries for many sueceeding gen-
erations of physicists. The subject took a now.important‘aspect
with the advent of radio, when it was observed that conditions
for long-~range propagation of radio~waves were likewise related
to solar and auroral activity, _

Today, even if not all of the details are understood, we are
familiar with a whole range of complex interactions between the
sun, its radiations and the Eawth: the normsl radiations -- vis-
ible and invisible -~ from the sun; the exceptional: sun spots,
solar flares, and erruptions; and the resultant pheﬁomena of Van
Allen Belts, aurora, ionospheric layers, etc. and their many
changes in the earth's magnetic field. 1In a scnse we now under-
stand far better the causes of the small, rapid, secondary changes
in the earth's magnetiem, than the main phenomenon itself: the
origins of the normal, slowly varying, magnetism. We know that
over the centuries the poles have drifred over hundreds or thou-
sands of miles; other less direct evidence indicates that over
longer periods hundred of thousands or millicns of years the
whole direction of the polarity may have reversed -~ and that
more than once. There are plausible wmodels ~~ invoking vast
convection currents of matter inside the earth--which suggest
how the main part of the earth's magnetism is produced. But the
interior of the earth is still an inaccessible region -- which
leaves much room for speculation about its wagnetic and other
properties!

We study the rocks to learn abeut the local variations of
magnetism, and to-infer something of the earth's past (magnetic)
history; we study indirectly, the magnetism of ether heavenly
bodies to provide us with a broader perspective about magnetism
on a cosmic scale; and most rcconily we measured the magnetism

of the earth's nearest neighbor, the wmoon, and subject its rocks
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mom&em. they are no:inrcn to breal out through the warer S
mﬁmoﬁuc and then they come together on reaching the surface. o
This is like the spring of Dgncm in the sea 2

sweet and fresh, which dissels the saley brine zround ir,
and here and in other w & oo, the sea provides
welcome refreshment for th e thirsty mariners

by spurting forth fresh water m.m_ra amid the brine.

»T.W 15 the wav the of fire burst forch 853
throu rother s they reach th

¢ oW
torch's body,
for the tow irealf
Or &Ine oy 152
{ fire in them.
Tin to wﬁna
ghe-lighs, it w

CC..?&; carch i by
and zlso the torch I
Have you not mmmﬁ .s ow, if 1o 1 by
nﬁ,.;w extinguished, to 2 Urwn:.;i b
before it
And .mimv. nmum tiungs, when onlv touched b oy heot
will blaze into

This is what w

m
B
33
%]
o
C.
)
&

- ﬂomﬁr? trwé,‘wu with 2

OLF O

& ;_—;
fJ
o

.

rm o dacn - . +-

12 firme itself eon w uch them.
o ]

m acen the Spring. . - 905

Next I shall explain by what decree of Nature

3

Irom is cavsad o ba n,r.wr.nunz to thar erone

called by the Greeksa wigie! rom its origin
since it is found in the land of the w..,wmnmn&..: -
fen think it miraculous, becavse it m kesa chain - 910
individual e rings that hang mno it,
SOINCLinICs You ¢1n sce.as many a5 five or more
rm:ﬁﬂw 1 suceession, and = swaying in the b oreeze, |
each one nrnm_:m to the one wo&u. and deriving N }
cach from the other the ma gnet-stone’s myste .ﬁerm power, 915
! = So powerful is the zttraction of this magnet-stone.
In matters of this s sorT, many facts must be estzblished
before you czn give the'season mcm m,.n thing .ﬂnnwm.. . -

el

i

h
i

I)O

g its
nmm the apps nnr must ofren b ¢ circuitous

herefore give heed with all your mo«qﬁ.m of concentration, 920

ma the firse mr_na wm om nqnnwi:mﬁ that we can see® -
———, H : -
#An island om ...:n Phoenitian coast, Cf. Pliny 2 H. i i, 227,
| . e Lineg o.ﬁg@uu :r 217229 :v m:mmn variarigns, -

. - - - ~
g : . - -

BGUE VI ' 205

there is a mmwmrﬁcm_ strezm of particles
striking the eye, and theee are the cause 0m al! our visicn,
And m.oﬁ some things there is a constent fow of odors,
as cold from rivers, rmmﬁ frem the sun, 2nd epray from the ocean,
which eats 2 away and erodes the walls around the sezshore.
And sounds and voices travel mncessantly through the air,
Again, a salty tang will strike usin the foce
whan we will u?mm wf.n. .Hmmn
in our presence,
o from sl ¢ mzmm m,,,ﬂ:m :

mm these are diffuse
there is no dela

e we cons stantly con fze
wesee them an

;..40,.: ._D'.ﬂ

A
T the sounds,

a : anmmmmm ang &
Sweat, moreover, cozes fron
and hair grows on our chin .
Foodis a ispersed inro the 4..\,mnw, building and feeding
the extreme pares of the b bedy, even the fingernails,
Cold and also heat are felr 2o pass through !
and we feel the same sensation in gold zad silver
when we hold fuli mwmmEF:n..hmmm i our r.ﬁ ds. -

And sounds and voices fiy through the div .mSvr walls
of houscs, as do smells ead epld 2nd fiery heat,.

which czn even penctrate the sérength of i ren. Lo
Ard even kosven’s Ennﬂmm‘:n mﬁn surrounds m 2 woridse

HEARS

BICE. 1, 329 ; 348 A1, e . "

L E\M here ; 3 8 gap here, probzbhy .nc:F._Enm something Hie.

“is peactrated by all Yinds of elements” R
This passage has peen much emeide m lines nﬁamcomum. ce
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From Ref. 12.

by Joseph L Becker

T4

New nlloys of cobalt with rare-carth elements have

111z1gnctic pl'opert.ics

mdtmml that they constituie virtually

}t'_]‘ 'F['id\lvn womewhere inside o mreal
ﬂ*_.ﬂ varicty of clecirical and elecs

AL gronie devices is a permaneid
ngnel, and often nol one hut severil.
'lm andv magnets most wumle ever seg,
are the ones tl at lm]d the re-
frigeraim door ¢losed or that cateh the
tid ol a Yreshily opened tin e Hidden

.

iough they may be, magnels exerl @
Lary Lattuence on the duwrn and per-

how ever,

formanee ol every device in which they
are used, The maore pos erful the me wnet
for 4 diven size is, the smaller it can be
. (The eld-dashioned tele-

was not given ils clon-

for 4 given job
i)'.mm reveiver

wated shape so that it would he con-

. wn tent o hold Bt to accommodate Lhe

loug mi‘g\lvn-sloci magnet needed 1o
make itwork )

Within the past few years a new chass
of mterials for making permanent mag-
nets has heen (h\Lh)pud hased on co-
halt il sumie of the rare-carth elements,
The inprovement over otlier malerials s
sa wreat that the cobalt-rare-cavth niag-
nets statad oo chass by themselves. In
e of 1‘1(-” resistancee to dLmat'm Liza-
tion the new materials are [rom 20 to 50
Linges Supe rior o ocony centinnal 1n.1"ncls
ob the Alnico vpe, and heir magnelic
Chiergy IS from (\\u to six limes geater.
Asaresaht the cobuadt-rare-carth magnets
find their way into
m.ltm'in]s

shouhl eventually
applications for which othet
Contd ol even he considered.

Flernenty il are ferromagnetic, such
v doan eobalt and nickdl, have atoms
inow bl one clecaon shiell contadns fov-
or i e neximun nunber ol clee-
nosech undilled shells there are
e unbalanced eleetran spins,

Lrtis,
Hs 25
NIRRT E SURTIIR sl nugetio momunl
e maning the atom )l\t“ WLy mags
net. ()uhn.n..\ o darge collection ol
wich abmns e datomie m.lﬂmls [unnl i
variots directions and cancel one anoth-
ee. Hw sample of ferromagnelic matterial
is placed ina g wnetie field, Loswvever,
the individual wtomic magnels lend Lo
line up so that when lluz .*..nniwlc- is re-
moved [rom the Beld, net
residual magnetisig, \\1[]1 an olmervubiie
The total mag-

relains @

nullh .nul mulh ps)h-

alonmic magnets, T all e
atomic magnets ave paradlel and pointing
in the same direction, the magnelization
in that direction reaches Hy salarittion,
or nwiximun, value,

N ‘ﬁ*wncli(- materials
48 divided inlo hyvo categories: Tiared”
soft,” A hard maje ll.ll is difficull to
magnelize and demugnetize; thus gt iy
whal one ordinarily wants in i Tpesnias

elementary

are traditionally

and”

nent” magnet. A solt material has the op-
posite property: it is ¢ asily mmfmw:{l
and demagnetized, The soller
terinl 15, the better it s suited o cerlain

electrical devices, such as s transforiner,

the -

in which the mmgpetization must he re-
versed many Hues pev seconed,

. . . . .

l e mechanisin tiat makes amagnet
“hard can be desailiod theoretieally
in terms of mugnetc 11wy
pl\)pc):ﬂ(‘d as carly as 1H07 and demon-
strated UN}_)(‘l‘illlt'l)l-‘l”}’ in the TO3C that
ordinary ferrongnelic materials  we
sulhdivided indo the nderoscopic regions

“dumains,”

called domains [see dfuatintion on page
931, wWithin cach demain the individuad
atomic ety are p.u‘n‘.lx'l; whichever
way they happen to point determines the
divection of muenciization ol thet do-
main, The boundaries between domains
are ot fised Lul can move in responsc
o magneide fickd Thevnove in siel i
way that deinains whose magnetization
is in the direction of the ficld grow at the
eapetise ol Uhe othiers, The total external-
Iy measured nagnelization, which is the
suin of the domain . wnetizations, thus
increases. Thie moton ol domain bound-
arivn can carse Tege changes innagnel-
Eeation,

Tomahe a magnetic aaderiod soft, Ui
motion ol donwain bouindaoies shouaid be
nnecde g vasy as possibles Soft magnets
wre chavac h‘ii‘,“(_‘nll\ Falwivated llom i
peaterind with oo unilonn structure, e
from inclusions s anneaked o reliove
straing, Foe o e e it secined logicad
oo Lord materialy shioald bave direetly
woveeite paaperties, Thie early carhion
sien by were quenched Lo proding
[

¢arsbraes
cadled anbendte, cotrasting ol a
. . . ﬁ

0

Supcrim‘ to those of former

cw class
The Al
1930, owe their magnetic pm'*.{'rlivx Lo
{he metallirgical puu'nl wion of a fively
dispersed fnterer \.\l.n...m- seeonud 1)11.nc
Avound 1930 sever! investigatoss (iie
cluding the IFrench physicist Louis Néel,
who is sharing the 1970 Nobel prize i

nico alloys, introduecd in the late

physios for his many “conlilntions 1o

wagietism) ln-uium'ul wonen theoy foer

the
argaing that it

Jesion ol hardanasnel maderials,
ferromagnetic palicles
weee made small enough, there swould I
no roem tor demain bonndaries, Coees
cive forees might be very high beeioa
reversal of e tivation wonld have o
take plice by rolation ol mavnelization
of the entire partcke, which \.Imnid
mare dillicult than the displacement of
domain boundaries. The size of the -
tickes needed o implement tis new e
ory (ivpvmh‘d on e materiad seleetesd,
For fron the size could nol exceed
few hundred angsbroms, comparable o
the dimensions of 0 nredinesize v,
Ideally the particles should e Jaghly
clongated 1o make rotation of the na-
aetization siill more difiicelt,

Ingenions efforls to prr‘pin‘v sieh pare
tickes have led to uselul materials, et
e “rl'npt'i'li{"s‘ Fall far short ol the s 'ln'L'"
[FETRIRT pudnilnm made by same el
proponents of the M- l\\l“tll llu'm\.
llu-g‘nl.ml.\ al particle shape appeiirs (o
be the Tundamental stumbling block,
Pl‘:'f{'t‘ll\' simooth, cloneated partiches of
the n"hl dimensions might still produce
coereive forees .-1p|n'n.n-hm;; 10,000 aer.
steeds, as the Uiweory prodicts, hut o sy
knows liow to make thens,

As hopes for thiy partivadar theory
luded, atiention shilted 1o another way
erystadline materialy can vesist magnetiv
vollion, Al Terromaonctio cevstals are
anisotvopic, meaning that the magnetizaes
tion prefers to folow certam (1)\{ai.e ;
graphic dire Lhum-—llu- eany™ aves
enevpy s Fequired o rotate the mai-
netizalion 1o some uliu-l' divection, The
maguitude of the aniseotropy varies wide:
ly Iu:m wterial to matesial, o omateria
could be Tormd combining lage anisot:
ropyv wilh a peasonebly Lrse et
ization, il mufhl qamhl\ as a good hagds

~

.

.
el



e it

C

—

}

he dimitesd onbv by the value of the an-

Bsatropy, Furtherisore, there were theo-
petica) reaseons for helieving that the of-
Jective particle size wanld be large
etonch tor it 1o be wchioved sanply by
This line of

peasenioy Tad or several vears guided

arinding the ball nudesid,

a search for anisolropic materials among
the intermetdtic componnds of iran, co-

1)““,

viedy of elerents sueh s bavon, phios-

neananese and nickel with o vae

phais, sevpnenitin, ahoaiom and o,
Sone ol the materias turned up were in-
teresting bt not redly ontstanding,
Then i 1906 Gary Hoifer and Kl
Strinad of the Ade Foree Matersials Labne
ratory nubiished sore penrarkabie meu-
sreinents of i sinede ervslad ol aninter-
sk ctnnpuuu(l conbaning five aloms
of eobait Toreacls atoneof viteiune: Cos Y,
Fhe material los o substaotind msgnet-

i'/.l“l!ll \'H]H(";l[l(i fLid ul1|i\ill|'()])\’ .‘\'(?\‘l‘]‘il‘

tisres harger o Tt of any previously
) Y.

knownn iterial, $ andsotropy is so high
it ity o demagnetization
b as high as 200,000

persteds, or mose o 100 times e val-

yesistonee
eould conceividly
e of tenical Alnico materis s,

lnm.ll experinents with Lulk quanti-
tics of Co,Y, however, were disappoint-
jnr. Not only was the material difficale
Lo prepare but also altempts fo INCrease
its coereive Torcge I)_\‘ iln'(‘h.mi(':t”)' redvies
i it do stiadl |1.‘i.|‘l|(]l'5 seeined (o he
sell=deleating. The comcive foree wonld
rine to abont 2,000 oersteds and then fall
again with frther arinding. Ividently
the grinding was defonnig the erystal
structure so mmch that the inherent ani-
solropy wis being &‘.(-\ll'rafw'(l.

The anthor, wurking al the Gener-
al Blectrie Researcelr el D(‘\'r']npnl.t'llt
Coenter, wd the Adr Faree group collih-
seated closelv in an Dvestigation of CoY
had been
hown Hor seme veurs tiadt c-mnpmlm_ls

and retated corpeonineds. T
andfogous tn CosVoeondd be prepared by

substituting Ladbionum or ether re
carths tor stirimn, In
that  the  cobat-samarium

compoiting Co S ;l(-\n‘iu:n'l'l far Bigher

1967 we jeintly
armaticed

cuereive forees tha any ol s near tefi-
tives and that it boked extiemely pron-

ining even ad thai cariy st

N
(l Hd

pave ol development has heen

.I‘l!i'

fabrication of zocd ety requiies the

goiony foeveard in many iboratories,

solndion to a ntimber of hasic processing

lhl)lllt‘lll\. Onee the lLI.L[l‘ii\iI in reduead
, . S

ter pn\\'u-'r of Tavaralde siee it st be

.|||~'||u} " .l\i.ulx"]l..l".n te Ledld sothat

vory ropitl sisee tlean, with shnedies

done the ]m\\'dw s he L-mnp‘wtul
inte i dense forn T Tuad and onpare-
tant slep can b aceonlishied either by
mechanical pressure o by sintering
process, | Both hinve been saceessfal
The Philipy Besedrch faboraiovies in
the Nether Lm(l\‘ the Ry thean Corpora-
tion aned Generdd Flectric feove ol an-
nounced the stecessbal Tabivication of co-
Lall-swnarium pevnamoent Liagbets with
an intrinsie coercive foree of from 10,000
(o 30000 oersteds wed with oo maxhanm
CHerey woduet of Do 16 willion to 20
million granss-ocrsteds, Sach inliinsic ¢o-
ereive Torees are sone 30 Lmes higher
e the forces Townd in n]m.zi Alnicn
alloys, and he minann cnergy pml
et e sthout three tines as sveat, This
FePresents i ren whiahle wrmount of prog-
ress sinee the orizinal discovery of the
i HIGH.
the new e

At the monaent,

anisatropy of ColY
As one vl eapedt,
riuds are still expensave,
Hsing hlam.ulrn\' uanditios of pare mel-
albs, the of colnlt-ga-
L 540
ponnd, Fven (his price there are ap-
plications where the superior perferm-
ance ol 1he new mageets iy we A oworth
the cost,
Ware-carth
vory hiovwever:
theds prege avilion 18 an
from one another. Une clloirt o veduce
he vosl of rare-carth magnets ovolves
using rare-carth wistures, called Miniseh-

(AT I ll.l] ol

ety s ol per

clenents are not

the ohiel

rothy

3
e, cast in
-puuiin“' e

B l.1l i place of pure e Tementds i conte
Aivehmetal, the

misture of rare-carth mebads that resues

Bination with coball

from reducing the mised ore, D g
heon nsed as a deosidant in steehpaking
aadd, move fwmilinly, in Hits for ciga-
retle lighters. In this form the rare ¢ ul]n
cost only a fow dollurs per pmmd Up lo
o, however, efforis Lo niake good mag-
miselnnelad lnve not boen

nets with

successiel,

icary it

IR in e

There s no saibhictony
Tuks the
et Hh st s o e coonposition,

We do nat oo

\l\‘\ i"ll)‘ll\

D e tisa Do

whe codndtsanarnnn

e n e Loel Draperides
. . i |

hael stre ey abpeesot 1y L ailaitable

wilhl, v, cubud pasribnie -

Dl ettt v o noaeh ey are chenni-

colbv, el iy and e aeally

sinihar in Teea pooqrsiies

75

E have already mentioned one pronises
ing use for materials with ]»i-,:i; it
triusic cocrcive foreer farge perndicnt-
ragnet electrie motors. What othier ap-
l’]" Atiens cin one see in dhe Detore?

The fact that like poles of o magne:
repel cach other is the Dasis of many sus
pensian deviees hat are virlwdly febe
Livadess, In may waltl-hour meteis,
exanple, the rotaling shitft iy susperiddass
i o magmetie homm«r Devatase any i
Lo in llu‘ weler would wend o1 Hihe
read too o,
widely sed [or easuring cnriekl diid
voltuge, reflocts e desivn clunzes Vit
havie been bronglit .limul as e e

The mevingcoil el

g o Ill.l.‘r\’ i')ll)l]l.'l( L (l. 1. I“Iu IS ll IN i
creased over the past s aul Jeviics
Lsee lustration alore],

The .nhi]ily of persunent nagnets e
support Jarge lonwchs withont playsicad oo
taet may ong duy be exp lm.ul TR
pension systems for izl spoed s
Fancilfud as suel i sehiese sy sonng
has the great vivtue thal ponmazentaie.
nels consmne no power andd s wen
provide a Fail-sale systen B
18] mppm‘t a LO-ton car with fevrie paas
nets &(}be’;‘:} v -
warhd necd Bwvo sets of maneis, one e

A S

Jer the var and one i it with weeen
hined \\‘t'i}_‘;]ll ul l‘i'l'll.l!)\' LUDO posieds
1 colrlt-samarinn were used, the coes
hived weight ol it necded o hold aigz .
L0-ton e wondd e audy LOGE e A
hath
conrse, that the weirht of the g

It s assioned in c.t-lh’.ll.lm\‘ I

wni i the cur lias o he supportad S
wille the weight of the var itselt, s
the Tervite anagnet would Tave G s
port a ol \\'l‘ilE_"lll al TV o, wheena
Uie cobidlsiunnriun wenhd Tuve tow

pmiunl\* VOLZE Lo,
These cateufialions e Bo adeie e
rorgl eslinnates, Moy oihier s

schemes for high-speed vihieles e oo
der
cushions ar efectirodyviman sy slenes, Ve

considerntion. Compaued wih o
ever, this ane bas e vintne ol it i
I ]l!‘:l('li(';llil\f wetdd depend oo e oo

nomic prodoction ol poles ol pennen

magnel tack at o eost ot g
ceceding thal for stee Jaail, Il.: TR
(()n(n\'.th!v lor fervites, peshaps fm. '
wir Tor colidt-rre cartles or seme of L
deseendints, i ny cie e frapsts
tions Jor the pertanenlamagint b
of o depsandd Tor nonenoadly e Y

padlroad ek are grlle shgsienne
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lal(i. i “.\’ DOMAIN STRUCTURY, in many ferromagnetic na- Witlidn each prain the davk and light regions sre oppositely viag-
h . . . il v, L . . . N . . I
nfr:.l »ean IIH made visible with poluvized Heht ba this mieroaraph netized. Tnothe geains with o copwheel paticen the dicection of
ol une . oy UL e wer: . H H H H
iIu ull ! n,.n}e W permamentomghes msterfaly cobalisaparium, waznetization in voughly perpendicolar to the suefuce, ahiernately
cach ten - a parlicul: e . ain 3 y : - |
s “’I,.Jnn \\:t l.ul particidar type of pattern §s o grain in the costs inand yut, The coguhcels are hexagonal beequse ths ervatal fattive
“vlvv . - I e T N s . . H M i H M )

: e | wn po .mm'd ]'I,_.hi.l.h reflected from the polished surlace of colubisamariua iy hexagonud wnd the domain bouwsdarioo of the
Iu, I ‘;l.'lt. al polacization is rotated sightly one way or naother, suiterial prefee certain oricntations, The wdcrogeaphs, which s
‘et 5 R . ivall ST H ¢ ) \
depending on the direction of muagnetizetion within eavl; dinizaing, shown here at on elergoiuent of 500 dipmeters, was tade by Goria

teovy [ ]
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towever, hetween a complex atomn and a ma gnetic monopole
there would be short-range diamagnetie, repulsive forees and longer-
range altractive paramagnetic forcos, these lutter arising from
electrons n unfilied shells.  In a monderromagnetic solid, it seoms
likely that the Diras monopole would be loosely bound wiith an
energy of the same order or rather less than tvpical molecnlar
bindinge energies (of the order of a few electron volts). In the case
of bulk mcﬁaz:_.azo:c Euwﬁ.m&m larzer enervies .u,:m, A.o. CeE are

mvolved. Stace the i
order 8 GV oper ¢
monopote will soon _cc e _L_mQ.., io

I it impinges on solid material of any bulk. A slow (" th
ised ) monopole will be captured qu., a soBd near the surfac
a fiuid it would be expected to m ﬁ.ocmr the medium at
a rate dependent on the viscosity mm, the femperat

n

r—«-;

A
(o

tent to which the s, D10 mo:wm a bound Ezmﬁmw
r:oﬁ. o moleeules, AU these detailed nie-melecular
nron Hrmm are relevant ¢ : :.og “detection of possible mono-
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poles; they have been studied by a number of investigators {10 12]
:&orrzm, interpretations of the EXLT :%m:*u

3

sufficiently to ennble re
to be made.

The nuelear interactions of the hvpothetical raono poles are
quite unkaown: bound nuelear-monopole states may Uo possible
although this seems unlikely. In nueclear collisions of sufficient
encrgy it is expected (or :B:i 1) that pairs of Ba:oﬂc_m. ;q + S}
would be produced, although the eross-section for such a produciion
progess cun E:,;_.,\u be guessed. The least speculative @oi". .H&
would be the photoproduction of spouo@&o pairs by virtue of
the large electromagnetic interaction {7). Brt just because the
electromagnetic interaction is g0 large the normal type of caleulation
cannot ve made reliably, so that even in this, the most definite
case, the theoretical prediction provides only a rough guide o
experimental design and interpretation [12].

T 2 mass for ::. monopole is assumed, then cne can, of oozuum
readily calenlate the minimum particle encrgy, for example in a
proton-proton collision, necessary to produce a Eo:omgc_o pair.
Thus with 30 GeV protons the maximum monopele mass is 249 GeV,
t.e. somewhat greater than the speculatively ** predieted ” value

U

such dramatic effoets, hut would be readily detectod in the E:.GET:,_

TGl M4 eV pnononnd

ST FI T i

15

oyt b
wiyicd L 1 fy LZ.A_ L...

monopofes c:n.r 2: SPEIE.

HUTGH

A uwﬁ.}. Hoa o

i1 0 &

the whole of a complex eirbon nuelews were invelved

B.hm".m%m are in the range ow attainable by particle qegio. Lors
.: A dooitra Ay

and, of course, particies of such energies ave présent i, ana Limsduce

cosmic radiation,
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produced by the accelerated monopelés would he rea dily obserable
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Now :
Hm monopoles of cosmic-ray origin existed and were strone]

. . . =) .Vq
bound after comin g to rest in the earth's erust then a flux of mong-
poles of w.\azu.m.mn would cancel the earth’y n agnetizm in n.
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ORE monti. Assuning a constant fluy for 10* vears in :m 3 then
.J il 1

2 fHux of less than To-10 ewp,v\uoo On the other ha

bound, and therefore casily diffusing, monopoies would e
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used.  The Jack of any observed monopoles in i eXperiment.
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Interpretation of some of Gilbert's results
x

L

(using contemporary concepts)

Magnetization & Verticity or bipolarity. This is an essential

feature of all magnetic or magnetized bodics; a geometrical synu-
metry which results from some ordering of the constituent ele~
mentary parts. These elementary parts -- atoms or groups of '
atoms -~ may be represented, formally: as a small magnet with

bi-polarity, thus: ‘ .

{' )":mw.r.-u.. .;.-.':,"_')

' "
(o

AN

In a normal unmaenetized, macroscopic picce of matter innu~
J A A .

merable such elements are arranged in random orientaion (a); but

i
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in magnetized matter there is some ordering (b}, which "ideally"
would be complete alignment}(c). Onc end of such an objéct would
be the S (or Nwseekihg) and the other N (or S-seeking).

This alignment -of the "elements" might be more~or-less perma-
nent. -- as in a loadstone, d: a hard-steel needle, or temporarily
induced by some external (magnetic) influence. In either case
the actual alignment (degree of magnetization) is the result of
all the forces on all the elements combined, and each element
is subject not only to "external' influences but the combined in-

fluence of all the neighboring elemonts.



What makes some materials able to retain magnetism '"perma-

nently", others to a high degrce, if only "temporarily' and others
only very weakly? This involves a wide range of questioﬁs -
some quite intricate, involving both sophisticated aspects of.
individual atomic structure and of the whole arrangement of these

atoras in solids. If one thinks, naively, of the simple elements

themselves as just "permanent' magnets, [ree to turn in any dircection,

then the most likely result would be (since N attracts S): for

the elements to form closed arrays with no net polarity. But the

}ﬂﬁw wlie @l woar] balance of forces in a magnetized
A ?=w@'~"$ Yo% sclid is much subtler than this.
! Boan ﬁ‘?’ ’
L e g i We simply remark that certain
Y frel vf:\':aﬂ “fé"'"" ‘;‘{’M-wmn

materials, in particular physical
form, can possess this property
of permanent magnetization; (especially materials containing iron,
cobalt, nickel). If such a "permanent” magnet 1is broken each

part will (normally) show bi-polarity thus:

n:.-um?-j!- ts«nr-:‘?)l w.:—!:j\ .,

L ¥, o . ¥
N ugé\‘,}ﬂ;_,“& ven ey ‘L‘J.,_ 5-3" \\ '[\
[ o B 1N
) Vrhin gy BERAE Ty
¥ w

RO AL

A . n‘ B ‘”“9""‘ ., ":i
Forces The element of magnetism is a "dipole", «I» = we may

(inprecisely, but as was quite common for a long time) picture
a dipole as two poles (eone N or Boreal, the other South or Austral)

separated by a small but finite distancc:

Phs &

A long magnetized body (e.g. a "magnetic ncedle') would be inter-

preted (ideally) thus:

P o M e
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Now the contiguous N and § poles inside the material "cancel"

and, as far as external influences are concerned we can re- '/jl
place the object with:
e N
R - m ' w L
?\I]gﬁ C : N
” " . gy g
A SRURPRD VPR,

R

i.e. a pair of poles separated by the whole length of the object.

Working with such objects we can observe experimentally that when

two like poles are proximate, | ey
-“: ‘: ™ L ) . . -";'.‘,.-v- - e e ,;:v.. .‘.‘ f !
{ Ft\‘- u“ 1..— -:- e - r g:) "l rpb
E:,p- s e = “ ﬁ‘l" Lraee - Jfr ——
Py b b ,.:*;‘.- )
| 2 p \: | ;
! <

their mutual influence suggests repulsion. Tn the arvangement

(45 Y et

where the proximate poles are unlike we observe an attraction:

(Notice that there are always four pairs of poles 8§, NN, NS, SN

but in this particular configuration we attribute the mufual
forces(and motions)-to the closest pair. Instinctively we assume
that foxces decrease as distance incrcases. Actually a detailed
study of such arrangements -- by Coulomb, some 200 years after
Gilbert, showed that the law of forces interpreted as due to
poles was an "inverse~square law'.) ' '

Now if we have one(small) magnetic needle (ck. Gilbert's vey -

sorium) a long distance away from a magnet thus:

Y S A T
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We see that although the prowinent foree (from the N io (&)
———

and the § in (bf} may be equal and opposite the two ends of tho

&%

needle, there will nevertheless be a resultant Lorque, turning

a

the needle <Elockwise in (a), counter clockwise in (bi). if
the two ends n, s are not equidistant from the large magnet then

there will be, also some residual force. viz., where

L
& el : R I S gt
,’ C:Mhm@ {j 5"'_1]{;‘ . ‘-.JS':'/" !
I,'?::;‘ .,g - "‘li,‘;‘.rx‘ R N T, . ,,m‘L
the attraction of N op s is greater than the repulsion of M oon .
(In the case of a pivoted needle, -translational forces are balanced
by the forces exerted by the pivot, i.e. transiational moticn isg
suppressed; so that only the turning motion is exhibited.)
QE9) Expressed formally: In a uniform magnetic ficld (or some other

cases of special symmetry) there will be only turning forces on
a dipole. If the field is non-uniferm there will also be (generally

smaller) translational forces.

-

When we are dealing with the earth as a magznet the dimensions are

~

sufficiently large that over a laboratory range of distances, nad
N\ . - . L e
& fortiori over the extent of a mapnetic neadle, the magnetic fiold

can be regarded as uniform.

The Terrella The ideal terrelia is one which ig uniformly mazuetized,

i.e. each "element" is magnetivzed to the same degree and with the

same orientation, thus, (a):




A= 5
Now it is a remarkable feature, readily demonstrated with present
.' day analysis, that the external influence of such a magnetic con- /j

figuration is identical with that of a single dipole (of apro-

priate magnitude) located at the center:(b) . Both produce
externally -- what in formal language is magnet{h"dipole‘field,

whose lines of force are as shown:

revt alevg Sf (At of
' S {%mmcﬂv?}

These "lines" indicate the direction which a freely pivoted mag-

net would assume in the neighborhoed. 1In measuring declination )

and inclination (or dip) we measure ~-- at the surface of the

sphere, respectively the projection of these lineson to a 10C31
horizontal (tangent) plane, and on to a meridional plane. The
diagram gives éxamples of both: in the case of decliﬁation the
particular view is a tangent plané at the anola; '

A magnetic field which can be represented in this simple
way =-- as a pure dipole field -- has a most imbortant propértyf
the field pattern is the same for all (concentric) spherical sur~
faces (e.g. the dotted circles shown in fig.). This is‘thelés«
sence of Gilbert's discovery (pp. 293-298 and pp. 304-307). Howr
ever Gilbert's attempt at a geometrical construction to reproduce
this pattern (p. 293) is only approximately correct (Foriexample:
the dip-angle at latitude 45° is not 22%0 as Gilbert's.constructidn h
gives, but 26%°.} © | |
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‘[ﬁ) But the general idea of a pattern which is the same at all
distances -- but simply becomes weaker -- is correct. It is on

example of a very general principle of maimeaLlcal physics: the

analysis of a field into itsﬁmkj%ipo10 components, each of which

preserves its own, characteristic pattern indepently of redial

distance. Here we deal with the pure dipola2-pattern, (If there
. were more than one multipole involved -- ag would be the caso in

less "ideal" representations there would be no such simple property
of radial independence.)

The Larth's Magnetism Inside the earth, the field need not in any

way resemble a pure dipole. TIf the carth were made of unifornly

magnetized material -« as iz the terrcella- then the flGLd woid hoe
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o . ",:;‘F.(‘ i i 5 i . %
) : ! S IR N 3 !
- S TR A RIS I
T . 4 5‘ ..” ',\f c,{ y r! N ::‘,' (‘; ] "‘o
: (;.:} i k Li‘.';_ ] \¥ b B I3
,\:\ ‘j 1T -{ 3 , .

" \.,. o ? !§ ' wan K,ef' N

hN Tk A
; — !

1 ..
o 3 e,
. H o

We cannot enter here QTLOU“lV into the guostion of the real
nature and origin of the Farth's magnetism. Current ideas at-
tribute to some sort of giant convection currents in the cowe,

so that the dipole nature extends -- although modified locally Dby
f”#ﬁ«ih ofoe f‘?acﬁ‘d — | |

.......
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magnetic materials -~ somewhat below the earth's surface. This

J . |
eb“” would be the modern eauivaleni o Gilbevtts ', 7, . inner paris of
{Wé the earth [which] are iu un]on and ack in harmony, and grol o die
e

rection to north from s=outh.' (.M. p. 184)
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Notice that there is a reversal of the field when we move, equa-
torially, from the region which is the source of the field to the
region outside. It is this question which Gilbert is trying to
probe when he discusses the relationship between the orientation
of a piece of magnetic rock inside the earth, and the position
it would assume when freely suspended just outside the surface.

The Nature of the Magnetic Elements The picture of the magnetism

of a macroscopic object as arising from the coordinated ordering
of many constituent elements leaves open the nature, size, shaﬁe,
etc. of these "elements". Are they atomic, molecular, microscopic,
sub—microscépié? Is there some qpec1jic magnetic stuff ("mag-
netic fluid") of two forms (boreal and austral?) And are the two
fields always associated in equal and opposite amounts? Until
very recently (this century) most such questions could cnly be
answered -~ or even asked -~ in a formal way, since the whole
atomic concept and hypothesis was itself largely formal, with
no physical indications of the size or nature of the atoms (vhether
of philosophy or physics or chemistry). We now know of magnetic
"elements" of a great variety of sizes and forms, ranging from
the basic "particles" -- electrons, atoms, molecules, and "domains"
of which, in ferromagnets can be up to visgible dimensions. The
situation can be far more eomplicated than one simple stage of
ordering which relates to the primary elements (electrons, say)
to the whole body. There are patterns within patterns; arrange-
ments of arrangements, a.whole range of scales and lLevels
ordering.

How these are manifest in a particular practical way depend
on many factors: the physio-chemical pature of the material, the
history of its formation (e.g. in the earth's crustj, solidification,
heat ond mechanical treatment (anncaling, drawing, pressing, volling,
ete.). These matters as well as scientilic comprise a whole ficld

of technology.

e
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Magnetism and Electricity 1In the foregoing discussion we have

discussed magnetism essentially on the same scientifiic basis as

eneris. This dors

dn

L
e

b

did Gilbert ~- as a distinct phenomena, su:

not of course properly represent our contemporary view, - Since
1820, when the magnetic influence of the galvanic-electric cur-
rent was discovered by Oersted, electricity and magoetism have
developed as parts of a wore comprehensive science: electro-

magnetism, Magnetism is not only a manifestation of somgw”inw

trinsic' magnetic properties of the atoms, or molecules/materials:
it is a universal accompaniment of clectric currents on any scale
microscopic, macroscopic, or cosmic., The "element'" of the mag-
netism of currents is best represcnted by a small “loop" of cux-

rent (a); macroscopic currents can be regarded as formally equiva-

2

3
o

s
. :!
f
|

feu}

i"c‘}-;“}
(h);
(c).

or bipolarity of magnetism now assumcs a quite different inter-

(e}

lent to an array of such elements magneticm of materials as

a physical array of such elements. The basic "verticity"
physical Y 3

pretation. It is no longer regarded as the invariable associa~

tion of two elements of opposite polarvity (the point and the

tail of an arrow); but rather as the "two-sideness''-- a clock-

wise and counter clockwise circulation, associated with circu-

lation of a loop, when viewed along the

axis from the two sides. . -
. Apdy N }
B P ! '
‘ ry Piotaii e RO
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Bi~polarity(as picturcd in terwus Bi-polarity of current-loop: Abovh
of two '"fluids'", Boreal & Austral) counter clockwise; balow clockwing,
" & .
O “ or vice versa.
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Bipolarity is an ineluctahble feature of the "current-loop"
! AlE peLanke Leat . | e
picture, It is an added featurc of the "two-fluid" picture: VT)

one can for example postulate that both () and (s) ”stuff” are

present equally in all atoms/molecules, but that although some
separation -« on the atomic/melecular scale of dimensions - may
be effected, no forces are able to effect complete ‘separation

The basic bipolarity of the earth's magnetism is, today,
s attributed to (complex) circulating currents in the earth's in-
terior, rather than to the result of a great ordering of magnetic
elements, like a lump of magnetized iron. _

As late as 1880 James Clerk Maxwell writing about the nature

of magnetism asserts that there is no experimental evidence wliich

clearly favors one or the other interpretation of the bipolarity
of magnetism¢in contrast to the essential mono-polarity of elec-
tricity. Even today there is a certain mystery about the differ-

ence. Is magnetism always bipolar? Is it possible to discover

)

QEE somevhere in nature, or to "create" magnetism in monopole form?
Many attempts to "find" magnetic monopoles have been made in the

past decade or so. So far none have becn successful (Ref. 13.)
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Part II Laboratory Notes

Even a quick glance at Gilbert's De Magnete will show what

a great variety of experiments on magnetism can be performed with
quite simple instruments -- at least when these are chosen perceptively
and used with imagination. The laboratory equipment assembled,
although not identical with Gilbert's, is in principle similar;
it can be used to demonstrate and elucidate many of the intrin-
sic properties of magnetism itself and of the Earth's magnetic
influence.

Listed below is a sample of suggested experiments. It is
not intended to be an exclusive or exhaustive list. Other ex-
periments will no doubt suggest themselves, and simple apparatus
may be devised to do these, Referehces'below are to pages in
De Magnete which are reproduced in Section 7. Note Gilbert's

remark, in the preface: (p. xlix)

We have set over Ein the margin| against our discoveries |
and experiments larger and smaller asterisks according :
to their importance and subtility. Let whosoever would
make the same experiments, handle the bodies carefully,
skilfully and deftly, not heedless and bunglingly; when
an experiment fails, let him not in his ignorance con-
demn our discoveries, for there is naught in these Books
that has not been investigated and again and again done
and repeated under our eyes, Many things in our reason-

' ings and our hypotheses will perhaps seem hard to accept,
{ being at variance with the general opinion; but I have

. no doubt that hereafter they will win authoritativeness
from the demonstrations themselves.
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1. Preliminaries (pp. 26-27 & 47-48) o~

Take any of the pivoted magnetized needles to a place in the )
laboratory as far as possible from any iron. (Hopefully the iron/
steel in the building itself will not vitiate your cbservations.
This is a problem Gilbert did not have to contend with!) You
will observe that one end of the needle points consistently in the
direction roughly north. This end, which should be marked identi-
fiably, is the "North-seeking', ''South", "Austral or "marked"
‘end. (The opposite end is called the 'South-seeking", or '"North",
 "Boreal" or "unmarked" end.) This needle will be used for refer-
ence purposes throughout the experiments:”

In place of the needles provided, you can use‘any piece of
loadstone, and place it on a wooden float in water. It will
agssume a particular orientation. The northerly part can likewise
be "marked" for reference. Alternatively "magnetize" a steel
needle or piece of hard-iron, and by means of a cork (e.g. p. 93) \M}
allow it to float. Again a north-seeking '"marked" end can be iden-.
tified and used as s reference. (N.B, The needle must be of "hard"
steel and well-magnetized. Otherwise its magnetism may be re-
versed it is later used in a particular ju’taposition with a
strong magnet. If in doubt, retest the needle in the chosen

"isolated" position.)

Remember that whenever vou observe magnetic forces, the earth (and

its magnetic influence) is always present!

e e e b e Y
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1. Polarity (pp. 23-25) |
Explore the orientation of a '"marked" compass needle placed

at different points near a piece of loadstone. (Ideally one

would use a needle ("Magnetized versorium') pivoted so as to move
in any direction -- as seems to be implied in the figure on p. 25.
The actual (conventional) compass needles turn freely essentially

only in the horizontal plane. This clearly limits their proper

use, and the interpretation of their orientation.)

- Look for regions where the needle is most strongly affected
(e;g. where it wibrates most rapidly.) Observe whether, in these
regions it is the North or South end of the needle which points
toward the stone. Mark their areas accordingly by the appropriate
letter, (S,N); The center of such a region is called a pole.

How many such poles do you find? How many S and how many N7 How
is the needle oriented when placed near a pole? You can also invest-
igate the '"polar® pfoperties by using a ﬁeedle pivoted on a hor-
izontal axis (""dip" needle). You can also keep the needle in a
fixed place, and move the loadstone underneath it.

Similar observations can be made of any piece of loadstone
or any of the magnetized objects provided, or on pieces of iron
you can make magnetic. Is there any general conclusilon about polar-
ity? 1If the object examined has just two poles (one N and one S),
the line joining may be called the magnetic axis. The object
exhibits simple bi-polarity, or verticity. How is this axis re-
lated to the orientation of the magnetic object when it is floated
(or suspended freely)? |
2. Artificial Magnets (pp. 133, 155/8, 192/6)

A piece of unmagnetized iron or steel may be made magnetic

by contact with (or by stroking with) a loadstone or other magnet,

such as the much stronger megnets made of a special
modern alloy of Aluminum, Nickel and Cobalt (Alnico). (There are



other methods available nowadays.) Examine the polarity of these )
artificial magnets, and how this is related to the polarity of the {F)
magnet used. Examine the polarity of an irom wire magnetized by

touching the mi&-point with a strong magnet. Can you explain this?

Cut in two pieces an iron wire which has been magnetized and ob-

gserve the polarity of the parts.

3.  Attraction, Repulsion, and Turning (pp. 155/6, 301/2, etc)

When the poles of several objects (preferably simple bipolar
‘ones) have been identified you can examine the influence of prox-
imate poles N and S, N and N etc. For example you can float two
pieces of (marked) loadstone on water and observe their mutual in-
fluence, or you can use pivoted magnetic needles, or magnets and
loadstones suspended by thread.

. The mutual interactions may now be formulated in terms of
attraction/repulsion of like/unlike poles. On the other hand,
a small magnetized wire or needle, mounted on a cork so that it _ )
just floats (cf. p. 302), turns but does not move translationally,
if it is placed whefe only the Earth's magnetic influence is present.
Now bring a strong magnet. What happens? What is the characteristic
feature of magnetism: turning, or attraction/repulsion?

4. Transmission of Magnetic Influence (pp. 106, 107, 132, 140)

Examine the effect of interposing between a magnetic needle
and a loadstone or magnet, a flame, a sheet of paﬁgf, wood, copper,

eﬁc; a sheet of sof: (annealed) iren. (All this is significant

by way of contrast with electical phenomenon.)
5. Some Physical Properties

(a) Examine the effect in a magnetized steel/iron wire of
heating it red-hot. Does the magnetism return when the wire
cools down? (p. 189) |

- (b) Does breathing, moistening, rubbing by hand change the

\‘-{_,:r'

‘magﬁetization? (pp- 106, 189)
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6. Induced Magnetization

(a) (p. 68, 50) Use a piece of soft (annealed) iron wire.
Is it attracted to a magnet? Can you produce effective repulsion?
When floated (using the cork technique) does it take up a special
orientation? ‘Can you observe (and describe) a difference between
this case, and that of the hard steel magnetized needle?

(b) (pp. 202, 203) Place two short pieces of soft iron wire

- N
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as in (i) or suspend them as in (ii). Describe and explain what
you observe. (See also p. 160) ‘

(¢) (p. 134) Place a compass needle a few inches away from
a magnet and observe (qualitatively) the vibrations of the needle,
Now place a soft iron sphere S near the needle. Are the vibrations
now more or less vigorous?

7. Loadstones Inside and Outside the Earth (p. 187)

A piece of loadstone is separated from a large lump, and then
suspended freely. Does it now take up the same orientaion as it
had when it was part of the larger piece? Could the magnetism
of the small piece be the result ofﬂinductionsby the larger one?

8. Exploration of the Earth's Magnetism

Gilbert's ideas on magnetism were shaped by two major influences:
first, the accumulated | apd rapidiy growing, information about

the behavior of the compass needle | (and later the dip-needle), as
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garnered from the observations and reports of numerous navigators
and explorers; secondly, from his own '"'laboratory" observations.
Some idea of the former has been presented in preceeding pages.
It could be made more vivid by making a wide-ranging series of
terrestial measurements, but this has obvious practical limita-
tions. As a substitute (!), (and using the hindsight of sub-
sequent knowledge) a simple, rough model of the main features
of the present day magnetism has been constructed. It is pos-
sible to explore this in the laboratory, and then compare the
results with recorded terrestial observations.

' We recall an essential difference between the earth and
the model, vis-a-vis the behavior of a compass needle or dip
needle. The deployment and behavior of any "balanced" needle on
earth is governed by two factors: Gravity, which always acts to

the center of the earth; and magnetic forces, which vary from

place to place. 1In our model we can simulate the latter but cer-
tainly not the former! Whatever model we use, when we explore

it magnetically, gravity will always act vertically downwards

-- towards the floor. However we can largely compensate for this

handicap by exploiting the fact that we can turn our model earth

in any desired orientation, and thereby reproduce, effectively,
at each place "on earth" the appropriate response.

(a) Declination (or Variation) The compass needle moves

in a horizontal, i.e. tangent plane; the pivot-axis is vertical (to-
wards the earth's center). Hence on our model: Use the ‘compass
needle centered over the top of the earth. It's pivot-axis is
vertical, and points towards the center -- which now coincides with
"downwards'. Place any desired point of the model earth under the
needle. The angle between the needle and the geographical meri-
dian (north or south) can now be measured. The 'sign", i.e. W

or E of "true" north (or south) is also significant! (It is

most convenient to align the printed scale of the compass along

et

-
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the meridian line at the particular place. These lines are easily

recognized on the model globe.) Now the declination can be ex-
Plored over the whole surface of the globe, and recorded on the
blank maps. A "chart" can now be made which displays lines con-
necting points of equal declination ("isogonal" lines). An al-
ternative representation is to draw an "arrow" to represent the
dip-needle direction (the so-called "magnetic meridian') at each
point and join up the arrows smoothly (see pp. é?;?ﬂ> for examples).
(b) Inclination (or Dip) (pp. 285-287, 306-308) The essen-

tial features of this terrestial measurement are: first, that

the needle is free to move in a plane which passes through the

earth's center, and second, that this plane contains the direction

in which the (ordinary) compass needle points (i.e. the loeal mag-
netic meridian plane). If we wish to use the same instrument as
in Part (a) (these are the simplest to make), then we must: first,
Place this needle on a horizontal equatorial plane (which there-
fore passes through the center of the sphere); second, turn the
globe so that the desired place is adjacent to the needle; and
third, orient the globe so that the magnetic meridian is in the
horizontal, equatorial plane. 1In observing "'dip'" the geograph-
ical-astronomical N/S direction is not required -- all that is
necessary is a 'vertical’. This is most conveniently simulated
in the model by arranging the "zero" of the compass-scale to
Point towards the center of the globe.

In recording dip the "sign", i.e. whether "N" or "S" points
downwards, is again significant.

Charts of e@ual-dip lines, ('isoclinals") can be cohstructed.
(Notice that many of the "problems' of representing declination
and inclination arise from the attempt to display what are essential-
ly 3-dimensional features on a two dimensional map. This was quite
an acute practical problem in the 16/17 centuries -- for cartography

and navigation generally, not orly for magnetic charts.)
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Much later, in the 18/19 centuries, other terrestial charts
were constructed showing the variation over the globe of the actual
strength of magnetic field (and its variation with time!) Notice
that the magnetic force at any place (and time) on the earth's
surface is a vector quantity. i.e. it is specified by three mag-
nitudes. 1In the above experiments -- as in Gilbert's -- only two

of these are measured -- two angles: declination and dip.

9. Magnetic Properties of the Terrella (pp. 24/25, 50/51, 235-238)

The'magnetic properties of the spherical loadstone can be
explored in much the same way as the terrestial model. But there
are some differences. On the earth we choose as a coordinate frame-
of-reference the meridians and parallels (longitude and latitude).
These are determined, essentially, astronimically {(axis of ro-
tation, ete.), and can be recognized by geographical features;
in both cases independently of magnetic measurements. There is
no such obvious frame of reference or convenient landmarks. We
can create such a frame from the magnetic properties; i.e. locate
the magnetic poles and draw magpnetic meridians through these poles.
In this case, insofar as the terrella is an ''ideal" "uniform" one,
the "declination" must be, -- by definition of the meridians --
identically zero. The main point that can be established here
is that it is a "good" terrella does permit the magnétic azimuths,
poles and equators ("equinoctial line") to be found which are
analogous to the astronomical/geographic azimuth, poles, and
equator. Gilbert attributes (incorrectly) the actual, terrestial
differences between magnetic and geographical azimuths etc., to
local imperfections of the earth (pp. 235-238) and his experi-
ments are arranged accordingly: The plausibility of this can
be examined experimentally. Set up the large terrella in place
of the globe in the supporting cradle. (Use the auxilliary divided

circle to facilitate dip_méasurement,) Now examine the changes
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in declination or dip produced by adding small lumps of 16ad—'

Stone, or iron, to the terrella. Examine also to what extent
the terrella itself is (magnetically) ideal. Obviously merely
grinding in spherical form does not assure the proper symmetry:
superficial inspection alone may show that the terrella is not
made of ideal, uniform material.

You can also attempt to explore -- as Gilbert did -- the mag-

netism inside the terrella. Use the terrella which is cut up into

‘two parts. Examine the polarities of the separate parts, and

of the whole when put together to form an approxlmate sphere.

(The alignment is of course important.) Now examine the polarity
between the parts when these are separated, (cf. pp. 204-207)
N.B. Again, remember that, particularly since the terrellas are
not very strong magnets, all observations depend on the combined

influence of terrella and the real earth. (cf. pp. 163-165)



10. Some Questions and Conclusions

Gilbert repeatedly makes the general -~ if somewhat vague --
assertion that physical ordering of the elemental parts and the

resultant "veticity'" (bipolarity) is an essential feature of mag-

netization. Can you visualize this interpretation for a magnetized

“% -
(compass) needlef a terrella! the earth?
Turning seems to be more characteristic of magnetic influence

than pushing (repulsion) or pulling {(attraction). Can you form a

‘picture -- in terms of magnetic elements and forces -- which com-

prehends both? 1Is there any distinction between temporarily '"in-
duced" magnetism and "permanent' magnetism in this context? To
what extent do the axperiments suggest a plausible explanation of
terrestial compass-needles and dip~circle observations in terms

of properties of the earth itself? 1Is it reasonable to infer that

the earth's interior is physically analagous to a loadstone-ter-

.rella? 1If measurements of declination/dip could be made over a

sphere of, say, twice the earth's radius, what would they be like?

-(cf P 306) What inferences could one draw from this?

Is the magnetization of loadstone in the earth itself in-
duced by the magnetic influence of the other loadstones in the
earth? Do you agree with Gilbert's conclusion that there is a
basic, magnetic "core'" of the earth, of which the magnetism of
loadstone rock is, in a sense, an accidental, superficial, man-
ifestation? (e.g. p. 185)

To what extent is Gilbert's whole plcture of the nature of
Earth's magnetism destroyed by the subsequent discovery of the

change of terrestial magnetism with time?

i



