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AUTHOR’S PREFACE

In the comprehensive treatise on electricity and magnetism
edited by Graetz, I have dealt with the whole subject of
magnetism, with the exception of magneto-optics and a
few minor special q stions, in a comprehensive manner
corresponding to the character of that work. While doing
so it occurred to.me that it might be desirable to offer to
readers who are not in a pesition to study so detailed and
difficult a work a general account of magnetism, and this idea
was cordially reccived by the ‘editor.. In the literature of
the subject there is room for such a book; the few books
that might be mentioned are above all intended for specialists
in the narrowest sense of the term, and moreover are some-
what out of date. These were the considerations which led to
the preparation of the present volume. In some passages
it makes use of mathematical methods, but for the most
part it is so written that any intelligent non-mathematical
reader will be in a position to master it. While primarily
intended for the teacher and the technologist it should also
appeal to the lay reader with a thirst for knowledge. In
this book I have of course added chapters on the subjects
mentioned above which were undertaken by other writers in
the larger work. Thus there is presented within a narrow
compass a comprehensive picture of the present position of
the theory of magnetism. The text is supplemented by
numerous figures, some of them graphic representations of the
laws and phenomena concerned ; some of them geometrical
constructions, and others schematic or detailed representa-
tions of apparatus or the arrangement of experiments designed
to elucidate the subject. The more important numerical
data have also been introduced. In the English edition a
select bibliography has been added.

F. AUERBACH
JENA, 1921
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MODERN MAGNETICS

I
PRELIMINARY

1. Introduction-—It is usual to say that science unveils the
mysteries of nature. But if we look at the matter carefully
we shall see that it cannot thus be so summarily dismissed,
and that in certain respects it is rather the contrary that
is true. To the cye of simplicity there is no secret, for every-
thing seems natural and self-cxplanatory, and science, there-
fore, is superfluous. The experienced inquirer makes the
noteworthy discovery that the deeper he penetrates into
the naturc of things, the mystery, far from disappearing,
grows ever more profound; the veil may indeed become
finer, but it becomes more abundant and more involved.

Magnetism is one among the great mysteries in the field
of natural phenomena. From the human standpoint we can
divide the things of nature into two classes: those of which
we are immediately conscious through the sense organs, and
those which we can only indircctly infer through other per-
ceptions of the senses. To the first class of things Magnetism
does not belong. Human beings have no magnctic sense.
In order to remove any doubt that may exist on this point
it has been made the subject of special investigation. Pcople
have been placed betwecn the poles of a powerful electro-
magnet, and under circumstances that excluded any possibility
of their giving any but a genuine answer, have been asked
to say whether according to their senses thc magnet was
excited or not. Such experiments have always had a negative
result, and it has been shown that it is quite impossible to
decide by any direct evidence of the senses whether a body
held in the hand is or is not magnetic, or whether one is
standing in a neutral or'a magnetic field. Now, as will be
shown later, there can be no doubt that all substances, the
human body not excepted, are in some degree magnetizable,
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2 MODERN MAGNETICS

and therefore affected through external magnetic influences
which will manifest themselves as a mechanical attraction or
repulsion ; but these effects as a matter of fact lie quite below
the ordinary level of direct perception, and are therefore
quite imperceptible. Even if one is carrying several pounds
of iron in one’s hand one has to stand in an external magnetic
field of considerable intensity in order to become aware of the
forces experienced by the iron mass, and this would then
be regarded not as something mysterious but as something
quite natural. A human being, as far as direct sense per-
ception gocs, is quite ‘“ amagnetic.” This needs to be specially
emphasized on account of the difficulty that is caused by those
who use the word ‘“ Magnetism ” when they speak of the
animal or peculiar human magnetism in connection with
spiritualism, occultism, hypnotism, and so forth. The rcader
will find nothing here concerning things of that sort, and
whoever is seeking for information on such matters is advised
to lay down this book at once. What we shall consider here
are those purely physical phenomena which we can approach
indirectly only through their effects in other ways, and par-
ticularly through their electrical or mechanical effects, with
which we shall deal and into the details of which we shall
enter partly on account of their scientific interest, and partly
on account of their important modern technical applications.

2. The Magnetic Field of the Earth—In that stratum in
which we live, immediately surrounding the surface of the
earth, various forces are active of which we are directly con-
scious. We need only mention one as an example herc : the
force of gravitation. Of this force we are directly conscious
inasmuch as we find it easy to go downhill and difficult
to go uphill. In the first case we yield to the force of gravita-
tion, urging us downward; in the other we are working
against it. Now the region in which a force is operative we
call a field ; and the surface of the earth is, therefore, a gravi-
tational field. But it is a field in many other senses besides,
and with one of them we are concerned here ; the surface of
the earth is also a magnetic field. That it is so we tannot,
as we have already indicated, directly perceive; we cannot
say whether we are going with or against the magnetic force ;
the “uphill” and the ‘“ downhill” do not manifest them-
selves directly to our senses as they do in the case of the
gravitational field. We can only infer the existence of this
field indirectly through phenomena of which we are conscious ;
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and which, because we could not otherwise account for them,
we find ourselves compelled to ascribe to a new sort of natural
force, in short the force of magnetism. The most important
among these phenomena are the following :

When we act upon a steel needle, for example a knitting
needle, with a certain naturally occurring stone, the lodestone,
in a particular way of which more will be said later, and if
we allow the needle thus treated to move freely in a horizontal
plane or place it carefully, so that it floats, on the surface
of still water, we find that it will take up a definitc position, so
that one end points approximately north and the other south.
And we find moreover that it is always the same end that
points to the north or the south as the case may be. A rather
more careful observation will make it clear that the position
of the needle diverges slightly from the north and south
direction, and this divergence is called the declination and
is found to be of different amount at different parts of the
carth’s surface. If on the other hand we arrange that the
needle can only turn about a horizontal axis (which is best
placed so that it is at right-angles to the plane in which the
needle places itself when it is free to move about a vertical
axis) it will then be found that the needle does not place
itself in a horizontal position but that the north end will be
inclined more or less downwards (at any rate in our part of
the earth) and the angle which it makes with the horizontal
is called the inclination. From these two observations taken
together it follows that the nccdle will take up a certain
direction in space which is obviously the direction in which
the field of force acts at the place under consideration.

In the case imagined it is the magnetic needle which plays
the passive part in regard to the earth’s field which is supposed
to be active. But it can easily be shown that the needle could
also take the active part (for in nature, always and every-
where, an interchange of parts of this sort is possible). To
demonstrate this the needle itself is placed in a fixed position,
and is chosen to be as highly magnetic as possible and pre-
ferably in the form of a magnetized rod. We must suppose
the magnetism of the rod to be so strong that in its immediate
neighbourhood its own magnetic field is predominant and that
of the carth is by comparison negligible. If a light iron
needle that can turn in a horizontal plane is placed at one end
of the bar it will turn in its direction and behave as if this
end were attracted by one end of the bar and will not come to
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rest until the distance between the two is a minimum. If
the light needle is hung by a thread it will obey this inclination
not merely by turning but by tending to move bodily towards
the bar, although in doing so the thread by which it hangs is
pulled into an oblique position against the force of gravity.
This overcoming of the force of gravity is still more clearly
shown when the rod is held vertical and the light needle is
brought near the lower end. If free to move, and if the dis-
tance be sufficiently small, the ncedle will fly upwards and
remain hanging from the end of the bar.

A difference, however, is to be noticed in regard to the
details of the phenomenon according as the needle used in
the experiment is in its natural condition, is or is not * be-
witched ”’ as one might express it, through previous treat-
mént with the lodestone. In the former case it will be attracted
by either end indifferently ; but when it is * bewitched,” and
when therefore the phenomenon indicated is not, as it were,
played between an initiate and an outsider, but between two
initiates, even though one be large and the other small, a
distinct difference is to be observed in their behaviour ; one
particular end of the needle will always be attracted by a
particular end of the rod, and the other will be repelled even
if to obey this tendency the needle has to turn round or tilt
over. And further that end of the ncedle which is attracted
by one end of the rod will be repelled by the other, and vice
versa. A steel bar that has been stroked with the lodestone
has thercfore, even if its form is quite symmetrical, two different
ends which behave in absolutely contrary fashion, and this
applies to a small needle as well as to a large bar.

And there is one further point: If, turning once more
to the magnetized needle suspended in the earth’s magnetic
field, it is moved from the north or south position which it
assumes and then left to itself, it resumes exactly like a pendu-
lum its original position after a series of oscillations. The
frequency of the oscillations is obviously a measurc of the
strength of the force that is exerted by the field. And it is
also found that there is a considerable difference in the force
in different parts of the earth’s ficld. And the force is much
greater when, instead of the earth’s field, that due to an arti-
ficial magnet is substituted. A needle that is frec to turn
when brought close to one end of this magnet cxecutes a
series of short, rapid oscillations and very quickly comes
to rest in the position imposed upon it by the magnet.
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If a magnetized needle is in this way dependent on the
earth’s magnetic field the question arises whether an arrange-
ment of magnets might not be devised that is less or even
not at all subject to its influence. A solution is easy. It
is only necessary to fix together two oppositely orientated
needles and then hang them from the same thread. Thus a
combination is obtained which is termed ¢ astatic.” In the
ideal case, that is when the two needles are of equally magnetic
strength, the arrangement is neutral in its behaviour ; it will
remain in any position in which it may be placed without
tending to change its direction ; but if the strength of the
two needles is slightly different the combination will take
up a definite position (and that in the sense of the stronger
necedle), but it will do so sluggishly and the oscillations about
the meridian position will be slower, the smaller the diffcrence
in the strength of the two needles. Such astatic arrangements
are very considerably used both in the form described and
in many other modifications.

3. The Magnetic Condition—These phenomena and many
others, considered as a whole, lead to the following conclusion.
The condition which a piece of iron assumes as a result of
treatment with a piece of iron ore is a quite peculiar one
and has no relation to any other, and this we call the magnetic
condition. The picce of iron has itself become a magnct and
in its turn it can be applied correspondingly to magnetize other
bodies. A magnet attracts non-magnetic iron and in the
simpler cases the action is most strongly manifest at two
points which are called the poles; the line joining these
two poles being called the magnetic axis. On the other
hand, however, the action of the magnet on another magnet
is such that one pole attracts onc pole of the second magnet
and repels the other, and the other pole of the first magnet
acts in a converse sense. The poles which repel each other
are called like poles, and those which attract, unlike or opposite
poles. Further the pole which by its own free motion turns
to the north, and places itself in the direction of the line of
declination, is called the north pole and the other the south
pole. Thus two north poles repel each other as do also two
south poles; but conversely there is attraction between a
north and a south pole.

4. Temporary and Permanent Magnets—There arc
many different ways of magnetizing a piece of iron or other
magnetic substance, and we shall examine these in detail
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a little later. But in the first place we must recognize a
very decisive and striking difference which presents itself
in this subject. To illustrate this we will take two examples
which represent the two extremes and between which all
actual specimens of iron can be arranged in order. For the
sake of brevity we will call the two bodies (A) and (B). The
body (A) has the property, after being treated with the lode-
stone or an artificial magnet, or in any of the other ways
to be considered later, of itself becoming a magnet, but only
for so long as the magnetic force acts on it. If the treatment is
discontinued and, therefore, the forces are no longer applied, it
relapses into its natural, non-magnetic, condition. It behaves
in short like one who submits to the spell of the master, but
immediately becomes free again when the master retires ;
out of sight, out of mind. The behaviour of the rod (B) is
entirely different. Once magnetized it remains fully mag-
netized long after the treatment, and when therefore the
magnetic force has ceased to act on it. It makes no use of its
freedom to relapse into its natural condition. In the one
case it may be said that a certain temporary condition is
imposed on the body, but in the other there are permanent
after-effects. Numerous examples of the same sort are to
be found in nature, outside the field of magnetic phenomena.
When a piece of elastic is pulled it stretches, but returns to
its original condition when the tension is relaxed (Case A).
But on the other hand a piecc of butter, when it is pressed
into a certain shape, retains the shape impressed upon it
(Case B). The letter S, let us say, is formed by means of
electric glow lamps and stands out in relief as soon as the
current is switched on, but vanishes again immediately the
current is switched off (Case A) (the after-effects in the eye
of the spectator being left out of consideration). If the same
letter is written with ink upon paper it remains there per-
manently and can only be removed by forcible erasure (Case B).
In the case before us, we have to distinguish between tem-
porary and permanent magnets. But these are only the
two extremes. Various grades of iron lie in between, and re-
tain in greater or less degree the magnetism that has been
impressed upon them. We shall examine these important
effects (remanence) and all that is connected with them later,
and for the present shall only remark that pure iron is very
near to the limiting Case (A), and hard steel to the limiting
Case (B), and that as material for bodies which are required
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to be frequently but only temporarily magnetized, soft iron
must be chosen, but hard steel for permanent magnets.

5. Magnetization—And now as regards the methods
whereby the body may be magnetized. For the sake of
appearance we must use a definite shape, usually a bar. The
simplest procedure is to bring this bar into the earth’s field,
or rather, since it is already there, to place it in a north-and-
south direction, or, more exactly speaking, in the direction of
the declination. Not much of a result is obtained in this
way since the field is too weak. (Magnetism of position.)
It is better therefore to bring the bar into the field of an
artificial magnet, placing it in such a position that it lies in
the same line or so that it touches it throughout its whole
length. It has been proved that the effect is increased when
the bar is tapped during this procedure—a fact which already
suggests ideas concerning the internal nature of a magnetized
body. It is still better not merely to lay the bar in question
alongside the magnet, but to stroke it with the magnet, carry-
ing the pole of the magnet along the whole length of the bar
to be magnetized. There are various ways of doing this,
the single stroke and the double stroke, but it is scarcely worth
while to go into the matter more closcly here, since there is a
much more effective and at the same time much more easily
controlled method which depends upon the magnetizing effect
of the electric current. And in this connection we must go
back a little.

One phcnomenon which is as mysterious as magnetism
is that of electricity, and it surpasses at the same time all
other phenomena with which we are acquainted in its many-
sidedness. The special form of its manifestation which
concerns us here is the so-called electric current which occurs
for example when the two poles of an accumulator are joined
by awire. Nothing of this *“ current "’ can be seen, its existence
can be only indirectly inferred through its effects. These
effects manifest themselves partly inside the body of the
current, that is within the wire (for example the heating effect),
and partly in surrounding space. In the present connection
the most important of these effects is the deflection experienced
by a magnetic needle suspended so that it can easily turn
as a result of an electric current flowing in its neighbourhood ;
and this deflection, which will be considered in greater detail
later, is greater the stronger the current, the stronger the
magnetism of the needle, and the smaller its distance from
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the wire carrying the current. We cannot describe the
phenomenon in general terms except by saying that the
electric current makes the space surrounding it a magnetic
field.

The effect which we have here considered is of the pondero-
motive kind, that is a body, in this case a magnetic needle,
is set in motion just as in the case of the purely magnetic
effect between two magnets. But there is still another kind
of effect which we have now to discuss : the magneto-motive
force—the excitation of magnetism in a bar hitherto non-
magnetic, and here we have found the method of magnetization
which is by far the most generally employed. The iron bar
is brought into the field of an electric current so arranged
that the effect may be as strong as possible. For this pur-
pose, as will be shown and described later, the circuit of the
current must be so arranged that its plane is perpendicular
to the axis of the bar and so that the current encircles the
bar not once but many times, and thus we arrive at the well-
known arrangement : the wire carrying the current is wound
into a spiral of many turns and the iron bar is placed inside
it. If now the current is switched on, the bar becomes mag-
netized, and the more strongly the greater the number of the
windings, the more closely they surround the bar, and the
stronger the current passing through it.

Bodies of Class (A) and Class (B) can be equally well sub-
jected to this procedure, but the result in the two cases will
be very different. In Case (B) when a steel bar is used a
permanent magnet will be created when the current is switched
on, and it can be withdrawn from the coil and henceforth
used as a magnet. In Case (A), on the contrary, when a soft
iron bar is used, when the current is switched on a magnct
is obtained just as before, but it is not a permanent but only
a temporary magnet, and when the current is switched off
or the bar withdrawn from the coil, it again becomes non-
magnetic. We have, therefore, a means of making magnets
out of soft iron which remain magnetic as long as they are
left in the coil out of which one or both the ends may be
allowed to project a little, which for many purposes is very
convenient. An arrangement of this sort is called an electro-
magnet ; and since in this way an enormously stronger degree
of magnetism can be produced than in any other way, the
electro-magnet in its various forms plays an especially important
part in general practice and above all in electro-technology.
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6. Pan-Magnetism—There is still one point to be added
in concluding our first survey of the subject. So far we have
spoken of the lodestone as a natural, and of iron and steel as
artificial magnets. It might, therefore, seem as if magnetism
were a quite special phenomenon and limited to the chemical
element iron. But this is not the case. It rather appears
that all substances known, whether metallic or not, whether
solid, liquid or gaseous, are capable of becoming magnetic,
and that magnetism is a general property of matter. Most
substances, of course, even when subjected to very powerful
treatment, become only very slightly magnetic, and remain
magnetic only so long as the magnetic force is continued, and
therefore belong to Class (A). Only a few substances, iron
and some of its relatives, can be powerfully and permanently
magnetized. But we will not go into the matter more closely
now, but conclude these preliminary observations, the object
of which is rather to introduce the subject in order to proceed
to a systematic investigation. Systematic—but we shall
take care that the system does not deprive us of the freedom
of taking the subject in that living and varied order in which
circumstances present it to us. We shall in the first place
speak of magnets already made and of their effects and pro-
perties, and only after that proceed to direct our attention
to the way in which magnetism arises. We shall begin with
iron and its allies, although this is only a special part of the
subject, and by no means the simplest; and only then pro-
ceed to magnetizable matter in general. We shall bring
together facts of experience and theoretical conceptions as
we find suitable, so that they may lend each other mutual
support. By so doing we shall follow a natural sequence,
and the whole system of things will in the end build itself
up before our eyes almost without compulsion.
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MAGNETIC FORCES

7. General—If we do not speak very exactly we may say
that the space surrounding a magnet is a magnetic field,
but this is not in every case correct. It is correct to say so
if the magnet is in the form of a bar or sphere or disc, the
bar may be straight or bent ; but the more bent it is and the
closer its ends are brought together the weaker does the field
become, and there is one form of magnet which has no external
field at all. (Of the internal field we will not speak here.)
That form is the ring. If we imagine the bar with poles, its
two ends being bent round into a ring and then welded together,
these two poles which, as we know, are of opposite nature, are
united and cancel each other out and the ring has no poles.
But where there are no poles there can be no external field :
a matter we will look into more closely immediately. But
first of all comes a question closely associated with this: is
there under these circumstances any justification for regarding
the ring as a magnet at all ? It is, so to speak, dead and has
no outward effect. This is a point which we can and must
answer. Its inner life is all the more active; the inner field
is extraordinarily strong and has besides very favourable
characteristics which are often, and indeed in the majority
of cases, much more important than the outward effect. In
a dynamo, for example, it is the inward field alone that comes
into consideration: the external field is quite superfluous.
It must in fact be eliminated, in the first place because it
represents a dissipation of energy, and in the second place
because it would cause harm. Where it presents itself it is
called a stray field, and in the early years of electrotechnics
these stray fields were considerable and spoilt many valuable
watches, the iron parts of which became magnetized, to the
grief of their possessors. But this difficulty has now been
overcome. The modern dynamo is a perfectly enclosed
whole, and there is no longer any need to be afraid of its
effect upon one’s watch.

10
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Let us return once more to the bar which we have bent
more and more nearly into a ring shape but just stopping before
the two opposing ends touch, so that there is still a gap between
them. We have then a further very interesting object before
us, the discontinuous ring. It is not so far dissimilar from
the closed ring and there is at least onc place where relations
with the outside world are still maintained, viz. in the gap
between the two ends. Here a sharp contrast arises: every-
where else the field is zero, but in the gap and in its immediate
neighbourhood it is not only present but is even especially
strong. The two opposite poles are so to speak in a condition
of the highest tension and discharge themselves outwardly
since union is denied them. The discontinuous ring, there-
fore, represents the most perfect type of an active magnet,
especially of an electro-magnet.

8. The Law of Polarity—Without poles, no field! This
statement is easily written, but we must now look at it rather
more carefully, for in explanation of the effects, not merely of
magnetism but of any other outwardly acting force, two
theories have been put forward, at the bottom of which a
very simple and manifest idea lies, but which are, both as
regards the theory of knowledge and in their consequences,
substantially different. One of them is the theory of action
at a distance. This proceeds from the idea of a centre of
force, designated the pole, and which, therefore, can be char-
acterized as the pole theory. The ‘ force ” has its ““ scat ”
in the pole and operates outwardly, directly and without the
agency of any intervening medium. All these conceptions
and ideas have for us something mystical about them. But
it must be remembered that when we come to analyse any
theory there is something enigmatic in it which proceeds from
the limitations of our faculties.

On the other hand the theory of action at a distance is
distinguished by supreme simplicity and elegance. This
can be best scen in the example of gravitation, which through
the one simple Newtonian law brings the motions of all bodies
in the universe under its sway, and which rules alike the
heavenly bodies and the rain-drops falling from the cloud.
It has indeed been shown that exactly the same law, which
in honour of its discoverer has been called the law of Coulomb
—with two modifications relating to the sign and the total
strength of the effect—also holds both for electricity and
magnetism, But while in regard to gravitation the theory of



12 MODERN MAGNETICS

action at a distance embraces everything without exception
and only in the most recent times has a breach been made in
it in one particular place, matters in regard to electricity
and magnetism are substantially different. Therc are three
experiments which can be tried, cach of which compels us of
itself to abandon the theory of action at a distance. In the
first place the experiment which proves that the strength
of the action between the pole and the point affected de-
pends upon the nature of the intervening medium ; in the
second place the converse fact that the intervening medium
is itself influenced by the action of the forces and that it is
thereby changed from its natural condition to another ; and
in the third place the fact that the force needs time for its
manifestations to pass from the pole to the point affected,
so that the greater the distance the greater the length of time
required. Obviously each of these facts is at variance with
the idea of action at a distance. We must rather assume
that the action passes progressively from layer to layer like
mechanical pressure or the effects of a blow. It is customary
to say that the indication of this in regard to electrical and
magnetic forces has been obtained. It must be confessed,
however, that this formularization is a little premature. For
magnetism, only the first two facts can be directly observed,
the third can only be inferred indirectly, and even in the
case of electricity, substantial differences are to be observed
between its various outward manifestations (charge, current,
radiation) ; but for all that, it is correct to say that the whole
of the effects taken together compels us to rclinquish the
theory of action at a distance, and thus leads us to the second
of the theories proposed—the theory of the field.

9. Theory of the Field—This theory assumes the force,
so to speak, as omnipresent ; its causes procced indeed from
a certain place, that is to say every point in the field is its
seat as well. To borrow an example from the life of the
State, it is a sort of decentralization of power. The essential
point is that the force does not spring magically over from
the pole to the point considered, but that it flows just in the
same manner as matter—water, for example. In this sense
one may speak of a flow of force or stream of force. The whole
field is filled with lines of force. The poles acquire a new
significance and meaning ; they are the points from which
the lines of force proceed or towards which they tend, and
between which they therefore form a bridge. They are in
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short the points of concentration of the forces. It will, there-
fore, be understood that there are two sorts of poles: sources
and sinks. The lines of force flow out of the first and into the
second : at the one the force wells up into the field from
some place or other and at the other it disappears. It is,
therefore, quite natural to speak of a positive or negative
pole, and in the case of magnetism the sign is definitely related
to the orientation of thc needle in the magnetic field of the
earth.

10. The Topography of the Field—We have already made
a start with the topography of the field. We will now proceed
further with this art or science—for it is both at the same
time. Force we must regard as something that streams in
all directions and acts in all parts. As regards the behaviour
of this flux two considerations must be kept in view. First
we can think of force as strcaming out at a given moment
from a certain point, and this gives us one element of a line of
force : we add to this the element that comes next in time
and so proceed. We then have an outward-going line of
force, and if we continue to the end, one that reaches from
the source to the sink. Theline so obtained is the topographical
picture of something that takes place in time. We will now
in the second place think of a definite moment and consider
the position of things at that moment. We will begin with
the same line element as previously and at the end of it place
the line element which represents the flux of force at that
point at the same time that the first line element represents the
flux of force at the starting-point. Continuing in this way
we obtain a line which represents by its direction the force
flux for all points of the line at one and the same instant.
In the first case we had a succession, but in the second a
simultanecity of line elements, and this latter line we designate
a line of force. Moreover it is clear that both sets of lines
may happen to coincide; this occurs when the flux of force
does not change with time, in other words when it is stationary,
and with this condition we shall have much to do. But in
the general case when the force may change with time the
two sets of lines are different. They have, as Fig. 1 indicates,
a common first element, but from that point they diverge
and cross over each other like the lines at a railway junction.

The lines of force represent at each point the direction in
which the force acts ; but of course in all other directions there
are components of this force with the exception of one direction-
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complex which occupies one geometrical surface and which
has the property that in any of these directions no flux of
force takes place. In accordance with the general laws of
geometry this surface is obviously at right-angles to the lines of
force, and by imagining a succession of such surfaces we obtain
the complete topography of the field. It is filled with lines
of force and these are crossed by surfaces which have the
property that there is no force action between any two points
on one and the same surface : over any given surface there is
equilibrium. This can be best expressed by the introduction
of a new term which not only here but throughout the whole
of exact science is of great utility : the idea of Potential.
This is a quantity which is of quite different character from
force, for while force is a directed quantity, a so-called vector

Fi1G. 1.

possessing a magnitude and a direction, potential is a purely
scalar quantity, and at each point of the field has a purely
numerical value, from which the force relations in the field
can be directly read off and derived, just as from a map
with contour lines the gradient of the country represented
may be inferred, the lines of maximum gradient at all places
being at right-angles to the contour lines. Where the latter
lie close together the gradient is steep ; elsewhere the slope
is less. In the same way the potential is that magnitude
whose fall in any direction gives the force or the components
of the force acting in that direction. If that direction be
found in which the fall of potential is a maximum we at the
same time obtain the direction in which the force acts and a
measure of its strength.

The direction in which the force acts can now be easily
represented : we need only connect all those points together
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at which the potential has the same value ; such a surface is a
surface of equal potential, or if we retain the idea of a map,
a contour surface. For another value of the potential we
obtain another contour surface, and in short a whole series
of them, and at right-angles to them are the lines of force.
It is possible to have an infinite number of such surfaces, but
it is usual to select them in such a way that in going from
any one to the next there is a unit change of potential
(or some arbitrary amount depending upon circumstances).
Such an arrangement of the contact surfaces gives us a very
graphic picture of the field. Where they are close together
the force is great (as the gradient in the case of the contour
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line map), where they are widely separated the force is small.
On paper a section only of such a field can be represented,
and instead of contour surfaces only contour lines, as is shown
in Fig. 2, together with the lines of force projected on the
plane of the paper.

Also from the infinite possible number of lines of force
we must of course make a selection ; but in this case the matter
is not so simple as when we were dealing with the contour
surfaces of equal potential and calls for more circumstantial
treatment.

11. Flux—The old theory of action at a distance regarded it,
and quite rightly, as its first duty to discover the laws according
to which the force at a distance works, and in doing so naturally
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set out from the simplest assumption possible, viz. from the
assumption that the pole of forces was a point. At a distance 7
from the pole, what was the effect of the force? From this
standpoint the question could only be answered in accordance
with experience and observation, or experiments must be
made, and this led to the laws of Newton or Coulomb as the
case might be. The force decreases as the square of the
distance increases: if the distance be doubled, the force is
only a quarter as strong ; and if it be increased threefold, the
force is only a ninth ; and when the distance becomes great,
it is practically nothing.! This law, as has been said, is in
the first place a fact of experience. But from the standpoint
of the flux of force theory it is a logical necessity, for if the
force is supposed to spread out from the point source in all
directions, then the stream of force, that is the sum of all
the forces passing through a sphere supposed to enclose the
point source, is constant, but since it has to spread itself
over a greater surface then this specific stream of force, that
is the stream of force which passes through unit cross section,
becomes more and more diffused. This specific stream of
force is what is to be understood by the term force. The
force becomes weaker the greater its distance from the source,
and the law which here operates is easily intelligible, for
we have to do with spherical surfaces which are increasing
in size and the area of which will increase in proportion
to the square of the radius so that the force must be in-
versely proportional to the square of the distance from the
source.

The simplest way of obtaining the measure of the force
is to take the number of lines which pass through unit sur-
face ; that is, i the absolute system, the number of lines
which pass through a square centimetre, and in order that
this number may also be absolute and not merely proportional
to the magnitude of the force in any given part of the field
expressed in dynes, it is only necessary to presuppose a suit-
able choice of the lines of force as they flow outwards from
the source.

If for simplicity we consider in the first place the source

1 That is, if F is the force, m, and m, the attracting masses and 7
the distance apart,

mym,
F =T
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whose amount is unity at unit distance the force is equal to
1/12%, equal that is to say to unity, then care must be taken
that just one line of force passes through unit surface of a
sphere of unit radius circumscribed about the source. The
total area of such a spherical surface is 47 and therefore 4=
lines of force must be supposed to come out from the source.
(This is not practicable on account of the fraction contained
in the number 47, and how these 4z lines of force could be
distributed equally in all directions we do not need at the
present moment to ask.) If the total flux from the source is
¢ then the force in the whole field is ¢ times as great as before,
so that now 4ni lines of force must be supposed to flow out
from the source. (If 7 is a quantity of some magnitude the
fraction will cause no further trouble.)

12. Pairs of Poles—So far we have dealt with the idea of
the single or unipolar field. A point now arises which specially
concerns us : in other subjects, in gravitation and in electrosta-
tics, this unipolar ficld presupposes a physical finality ; here we
must go a step further and transform the field to correspond
to the special characteristics of magnetism.

When we are dealing with gravitation we have as an actual
picture of the pole the centre of attraction, as for example
the sun when planetary space is in question, or the earth when
we are dealing with terrestrial space. The sun, and for the
matter of that the earth, are of enormous dimensions, but so
far as their outward effect is concerned the pole can be re-
garded as a point situated at the centre of gravity. There-
fore the law of inverse squares applies, the distance being always
measured from the middle point, the centre of gravity, that is,
of the earth or the sun as the case may be. Exactly corre-
sponding to this is the simple pole of electrical force action.
But on the contrary a magnetic pole is something that has
never existed. Here a pair of poles always present themselves,
for we have seen that a magnetized bar has a north pole at
one end and a south pole at the other. A bar of iron can
be brought into a magnetized condition in a variety of ways,
either by rubbing it with another magnet or by means of the
electric current, but in every case two or four poles or some
multiple of two are obtained, or if we are dealing with a ring,
no poles at all, but never a single pole ; that is to say magnetic
poles are always produced in pairs. The sceptic may try in
every sort of way to justify himself. He may stroke the
bar in such a way, and the procedure is quite an easy one,
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that he gets a north pole in the middle and a south pole at
each end, and then it would seem as if only a south pole were
present. But the truth is that the north pole in the middle
has twice the strength of each of the two south poles and
each of the south poles is bound to it with equal strength.
Or the bar may be broken through at the middle in the hope of
isolating the two poles, but like Hydras the missing poles
spring up again and it is found that each half has again a
north pole and a south pole.

Under these circumstances the inverse square law only
affords a basis from which to deal with the actual facts. A
typical elementary case here is a pair of poles, that is to say
two poles which lie near each other and are of equal strength
but contrary sign, and it is required to find how such a pair
of poles manifests itself in the field which it creates. From
the first a decisive difference has to be recognized : while the

effect of one pole is equal in
i Pz all directions so that the equi-
| potential surface is a sphere
and the lines of force radial
| lines, there are here—compare
| Fig. 3—obviously differences
| in the various directions. For
in the first place there is the
| direction at right-angles to the
polar axis where the effect of
l the two poles cancels out be-
cause there the two poles are at
equal distance from the point
P,. Then there is the direction in the line of prolongation
of the polar axis represented by the point P, where the
force is indeed stronger than in any other direction but
is still very weak in comparison with the effect of a single
pole. For while one pole produces its full effect here the
contrary effect of two poles has to be reckoned with,
and what counts is the small difference between them, the
difference in effect when this deduction has been made being
favourable to the nearer pole. Similarly as regards the
remaining directions in space which lie obliquely in respect
to the polar axis. Here, therefore, we have to deal with a
differential effect, and this follows a different law from the
principal effect. If the law of an inverse square of the dis-
tance holds for the last, then for the first, as the differential

— e —— o—— ——
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calculus shows, and as can be readily seen, the law of the
inverse cube holds : the force diminishes in proportion as the
cube of the distance increases. Therefore for an equal strength
of source it becomes negligible at a much smaller distance,
so that one might consider the sphere of influence of a pair of
poles to be much less than that of a single pole of the same
strength. And moreover the equi-potential surfaces are
no longer spherical, they are on the contrary surfaces of
extraordinary complexity, as the effects of the poles depend
in a very high degree upon the direction. It may be mentioned
that, as will be scen from Fig. 4, the equal potential surface
in this case consists of two spheres of equal radius which
touch cach other. The other equal potential surfaces have a
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similar form and position, the radius of the spheres however
being different.

13. Central Force and Turning Force—But the cubic
law is still not the final one. We have a further step to take
in order to be able to consider a specially important case, for
we have so far always made a fictitious supposition which does
not correspond to reality. We have considered as the active
agent a pair of poles, and as the passive object on which the
action takes place, so far only a point—the point of application.
But as soon as we lecave the realm of thought and enter upon
that of reality, that is, as soon as we proceed to actual experi-
ment, we are concerned with a pair of poles, i.e. a small needle
and not a single pole. How therefore does a fixed bar magnet
act upon a movable magnetic needle—it always being pre-
supposed that both objects, rod and the needle, are short in
comparison with the distance apart of their centres? It
is possible here to adopt the previous method and say that
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here also is a case of differential action, because action on
the south pole of the needle is in the contrary sense to that
on its north pole and therefore only the difference remains
which is due to the more favourable position of one pole in
comparison with that of the other. And here also the effect
will be zero when the needle is perpendicular to the axial
line and strongest when it lies along it. Thus we arrive at
the conclusion that the force of a magnet on a needle decreases
in the ratio of the fourth power of the distance. This force
will, therefore, even at the most moderate distances, be scarcely
perceptible. But even this way of looking at the matter is
not complete : the force arrived at in this way needs a more
exact distinguishing mark and then it becomes evident that
there is an additional effect in opecration. This effect is the
displacement force of attraction or repulsion, the consequence
of which is that the needle as a whole tends to move towards
or away from the magnet. In addition to this if the ncedle
is free a rotation is produced as the effect of a turning moment.
And if the needle is balanced on a fixed point there is no
displacement of the needle as a whole : the rotation is, there-

fore, the only effect that oc-

Ly curs. Andinregard to thisthe

- position is substantially differ-
lj —~ - I ent ; the north pole of the bar
— — — — =4 -} rcpels thc north pole of the
»\+_/ needle and attracts its south
pole and these two effects do
not weaken but accentuate
each other, for the rotation produced is due not to the differ-
ence but to the sum of the two quantities, and the same
applies to the effect of the other pole of the bar on the two
poles of the needle. Fig. 5 shows this schematically. Here
therefore the effect of a bar on one pole is fully exerted, and
even indeed in twofold measure, and we obtain the proposition
that the turning moment of a bar on a needle decreases as
the cube of the distance betwcen their centre points. The
turning moment is therefore of a higher order than the dis-
placement force, and at some distance only the first will be
appreciable.

14. The More Simple Formulae—When once the funda-
mental laws have been settled regarding the problem of the
two pondero-motive effects of magnets certain systematic
difficulties no longer present themselves. But the working

FiaG. 5.



MAGNETIC FORCES 21

out is generally very laborious and the formulz finally
rcached are extremely complicated even when the phenomena
are restricted to two dimensions instcad of three. For let
us consider what the determining factors are (Fig. 6): let
2L be the length of the magnet and 2l that of the ncedle ;
the pole strength of the bar M and the pole strength of
the needle m, the distance apart of their middle points 7, @
and ¢ the angles which the bar and the needle make with
the lines joining their centres. The chief difficulty arises
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from the fact that in all the trigonometrical formule quad-
ratics arise and that in considering the turning moment the
cube is involved. Therefore an exact solution of the prob-
lem cannot be obtained, but methods of successive approxima-
tion must be employed which give a more and more exact
result the further the development is carried.  Such an approxi-
mation was given by the distinguished physicist Gauss, by
whom this theory was chiefly established. Later Lamont,
Weihrauch, Chwolson among others have carried the matter
further. Here it is sufficient to quote the first approximation
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which obtains when the bar and the needle are short in com-
parison with the distance . Each of the two bodies magneti-
cally considered are then characterized by one simple quantity
the product 29RL and 2zm!, for which we shall write M and m
respectively for the sake of brevity. These quantities are
called the magnetic moments of the bar and the needle, and
exactly correspond to what in mechanics is called the turning
moment of a lever, viz. the product of a force and the length
of the arm of the lever, and in this case is the product of the
pole strength into half the length of the bar taken as the dis-
tance between the two poles.
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The formula for the turning moment exerted by the bar
on the needle is therefore

D =Mr—3m~ (2 cos @ sin ¢ —sin P cos ¢) . . (I)
An interesting question which arises in this connection is how
does the needle place itself under the action of the bar, and the
answer given by Gauss is both striking and simple : It places
itself in such a way (see Fig. 7) that tan ¢ is equal to half
tan @. It will be readily seen that the turning moment is
then zero and the needle is then of course in a condition of
equilibrium.

15. Combined Effect of the Magnet and the Earth—For
the rest we shall not linger very long over this problem in the
present stage, for it is not a very real one, since usually (unless
special precautions are taken) the mutual effect of the two
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magnets is disturbed by the presence of a third force, the
magnetism of the earth. The needle is therefore subject to
two different influences, that of the magnetism of the earth
and that due to the fixed bar. It will therefore take up such
a position that the two turning moments to which it is exposed
are equal. This position is best defined by the angle which
the needle makes with the direction of the magnetic meridian,
the direction that is of the lines of force due to the earth. If
the horizontal intensity of the earth’s magnetic field is called
9, then 9 sin a= D, and by giving to D the value already found,
and instead of @ and ¢ the two new angles o and 7 as indicated
in Fig. 8, o being the angle which the bar makes with the
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meridian, and 7 the angle which the linc joining the two centres
makes with the meridian, by solving the equation for a we
then obtain to a first approximation

tan a = ;%)—{2 cos (0 — 1) sin 7 —sin (¢ — 1) cos 7} (2)

16. Principal Positions—Special cases are obtained by
choosing suitable values for the two quantitics ¢ and 7. If
we take ¢ = 0 so that the deflecting magnet is parallel with
the meridian, then

M 3 .
t =___ 2 e e
an a = - 5 2 sin 27 (3)
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that is to say when a magnet is carried around a magnetic
needle swinging in the magnetic meridian in such a way that
the bar magnet is at all times parallel to the meridian, then it
exerts no turning moment on the needle when it lies exactly
left or right, or above or below it; but a maximum effect
occurs when it is placed in one of the diagonals (at 45°). Com-
pare curve A (Fig. ), which consists of the four branches corre-
sponding to the procedure schematically representedin (a). If
in the second place ¢ = m/2 then the deflected magnet is per-
pendicular to the meridian and therefore parallel to the lower
edge of the paper, and we now have

tan a =7¥I—(2 sin?z —cos?t) . . . (4

By procedure () if the magnet is moved in a circle around the
needle the deflection is greatest, leaving the sign out of account,
when it lies to the left or the right ; half as great when it lies
above or below ; and least, that is to say is zero, when it lies
about 55° above or below. The dotted curve corresponding
consists again of four loops, but they are not as in case (a)
equal loops, but consist of two large loops lying to the left
and right, and two smaller loops lying above and below. In
the third and the fourth case, for the special cases o and 7/2
may be taken, and we may then determine how the effect
varies if the magnetized rod without any displacement be
turned about its middle point (procedure (d) for position on
the left or the right : procedure (f) for position above or
below). In the first case it will be found that

2M .
tana=7%sma. N )]

and in the other it is half this value. In both cases the effect
is greatest in the horizontal and zero in a perpendicular
position. To correspond with this the curve has only two
loops, consisting of two equal circles to the right and left,
and these circles in case (d) have half the radius that they
have in case (f). Finally in the fifth and sixth case it is of
importance to know that the effect varies when the magnet
is carried in a circle about the needle in such a way that it
continually points towards it or always lies in a position
tangential to its path (procedure (c¢) and (e¢)). Here we
must return to the original angle and put it equal to 0 or /2.
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In the one case we obtain
zM .

’cana-—raib sinz. . . . . . (6)
and in the other half this value. The result is exactly the
same as in cases (4) and (f) and the curves given there apply
here also. .

The four positions of the bar in which the quantities o and
7 have the values o and =/2 are called principal positions ;
but only two of them are of special interest, those in which
o = n/2. For v =mn/2 we obtain the first, and for 7 =o0
the second principal positions, and from what has been said
we are led to the important proposition : the deflection effect
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2. Prncipal position
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is in the first principal position twice as great as in the
second. This proposition, however, only holds for the first
approximation, a remark which applies indeed to all our
statements. The two principal positions are shown in Fig. 10.

The fact that the ecffect under circumstances otherwise
cqual is in the first principal position twice as great as in
the second furnishes us, as Gauss has shown, with the most
exact proof of the squarc law. And it was Gauss who derived
from the formula that he so obtained for the first time an
exact method of measurement, and constructed a practical
magnetometer, laying the foundation thereby of the whole of
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modern technical magnetism. We shall return to this later.

17. Uniform and Unipolar Field --We are now so far
advanced that we are in a position to plot out the map of
the magnetic field in accordance with definite presuppositions
and from a purely deductive and thcoretical pomnt of view
with pencil and paper only. But we shall, of course, have
to confine ourselves to a plane section of the space surrounding
the field, but in many cases a single section of this kind will
give with sufficient accuracy the characteristics of the field,
and particulaily in those cases in which the field in space
is either uniform in one of the three dimensions or is sym-
metrical about one axis. But it is just these cases that play
a particularly important role. If this is not sufficient a second
scction of the field must be considered, usually one that is
at right-angles to the first. We will not content oursclves,
however, with a purely thcoretical demonstration, but will
endeavour to obtain a confirmation of what has been said
through a natural process. Let us imagmne a field that is
certainly the simplest of all and m that respect even sur-
passes the field due to a single pole © a uniform field, that is
the field in which the force is everywhere equally strong and
cverywhere acting in the same direction. With such a field
we are already acquainted since it is presented to us by
nature in the magnctic ficld of the carth, if a moderately
restricted space, an ordinary room for example, is assumed,
and also if the space does not lic immediately above the
magnetic pole of the carth (a not very likely possibility !).
We suppose ourselves then to be at such a distance from the
pole that the difference m position of the different parts of
the space considered have no effect. The lines of force are
everywhere parallel to and at an equal distance from each
other. This we can establish by moving a small needle over
different parts of the space and observing that both its direc-
tion and the time of its swing are at all places the same. A
direct picture of the field cannot be experimentally produced
because in this instance it is too weak. Uniform fields of
very much grcater intensity can be produced by artificial
means, but this is not so simple, and therefore at this point
we cannot go into the matter.

Apart from this the simplest field is that of a single pole,
the unipolar field. This case we can settle very briefly. The
equipotential lines are concentric circles. They must be so
selected that by going from one to the other the potential
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always changes by an equal amount. At the source it is
infinite, at infinity it is nothing, and in between it diminishes
in the same proportion as the distance increases. For only
by assuming such a law for the fall of potential can we con-
form to the law of inverse squares. In consequence the con-
centric circles, which near the source are very close together,
become more widely separated as we recede from it. The
lines of force are the radii of the circle, and we have already
seen how the number of them should be chosen. Naturally
this field is not uniform; on the contrary, it is one of the
least uniform that can be imagined, and only at a very great
distance from the source do we reach a place where anything
like uniformity is obtained.

In magnetism (since a single pole is impossible) this case
can only be partially realized by plotting the field due to onc
of the poles of a very long magnet on a plain surface perpen-
dicular to the bar, whereby the effcct of the other pole, on
account of its distance, can be more or less neglected.

There exists a very elegant method of getting a magnetic
field, or rather a section of one, to effect its own delincation
and then to compare this experimental result with the theo-
retical. A piece of cardboard or a glass plate is taken and
sprinkled with iron filings, which must be neither too fine
nor too coarse, and the whole is then exposed to the magnetic
field, and on being assisted by a little gentle tapping it will
be found that the iron filings assume a regular grouping.
In the present case a long magnetized rod is set up in a
vertical position and the plate laid on the surface of the
upper pole. We then obtain a sort of picture in iron filings
of the unipolar ficld, which is in effect a system of radial forces
represented by a chain of iron particles, generally straight,
but of course subject to some slight irregularity in conse-
quence of the imperfections of the experiment, and which,
as the distance from the pole increases, show a less pronounced
radial tendency.

18. The case of the unipolar field is, however, of special
significance as a foundation on which all that follows can be
built up. For from the unipolar field the bipolar field can
easily be deduced by superposing the two fields one upon
the other. The most important case of this kind is obviously
that of two mutually opposing poles of equal strength, for
this is the case of an ideal bar magnct, and the ideal is more
closely approached the longer and thinner the rod. In order
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to obtain the field corresponding to this case we draw in the
first place each of the two fields taken alone ; that is, we con-
struct the circular lines of equal potential, in one case with
positive, and in the other with negative values; and in the
same way we draw the radial lines of force outwards from

Fi1G. 11.

each of the two poles and add to them in proper order their
numerical values, whether positive or negative. In order
not to confuse the picture in Fig. 11, the lines of equal poten-
tial, after the example of Maxwell, are drawn only on the
right and the lines of force only on the left half of the ficld.
They are indicated by broken lines and the half that has
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been omitted in each picture can easily be added as a reflected
image. If we then take the points of intersection of the two
systems of potential lines and add the two together, to each
one of them adding the corresponding numerical value of the
other, since some of these numbers are positive and the others
negative we shall somectimes obtain
zero, sometimes positive and some-
times ncgative values. If we now
connect together all the points whose
separate values give the same differ-
cnce by means of a curve and proceed
in the same way for all the other
scries of points, we shall obtain the
system of curves which is shown
marked by thick lines on the right-
hand half of the figure. If we sup-
pose these curves to be continued on
to the left half it will be seen that these curves are not
circles but curves which run together in the ncighbourhood
of the middle line. And in the same way it will be seen that

Fi6. 13.

the lines of force of the total field, which are represented by
thick lines on the left-hand side of the figure, are no longer
straight lines but curves connecting the two poles together.
In order to compare this result with the natural field a picture
can be obtained by means of the iron filings. We can either
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arrange that two long magnetized bars are placed vertically
at the same distance from one another with opposite poles
upwards and with the glass plate and the iron filings placed on
the top of them (Fig. 12), or a single long bar magnct can be laid
horizontally and the plate placed over this. But in this case
the picture obtained will be somecwhat different because a
magnet is not represented by the action of its end poles ex-
clusively, since bridges are formed, though of course they are
weaker ones, between the inner pomts of the bar.

19. Of the great number of cases of special ficlds which
may exist it must be sufficient to select two for illustration
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here. First we can take the case of two parallel magncts
laid close to ecach other, in the one case with similar poles,
and in the other with opposite poles together. The picture
in iron filings obtained by means of them is represented in
Figs. 13 and 14. In the first case an ““ open ™ field is obtained
with lines of force which radiate away from the system to-
wards the right and the left, and in the other a “ closed ”
field, the lines of force of which form a serics of bridges be-
tween the poles. The practical consideration suggested by
this is that magnets should always be put away in pairs with
their opposite poles together : 1n this way their magnetism
is best preserved. In the figures the point of indifference
will be observed of the separate magnets, and in the second
case there is for the total field a point of indifference of a
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kind which presents special characteristics which can only be
indicated here.

FiG. 15.

The other casc is that of a magnetized bar which is placed
between two mutually opposing poles of equal strength and
at right-angles to the lines joining them. TFig. 15 gives the
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lines of force as deduced from theory, and Fig. 16 the image
in iron filings for this case. It furmishes an excellent oppor-
tunity for observing how far theory and experiment agree.
It is left to the reader to notice especially the curious whirl
in opposite directions of the lines which encircle the two
poles of the bar.

It remains to add that therc are various other methods
for the demonstration of the magnetic field: for example,
by means of small magnets balanced on a fine point or hanging
by threads, or by means of needles or small spheres floating

Fic. 16.

on the surface of some liquid. The latter place themsclves
in definite regular figures (triangles, squares, pentagons, and
so forth, with or without a centre point) from which further
conclusions can be drawn (Fig. 17).

20. Molecular Magnetics—In thc beginning we have
presupposcd that a magnetized bar has at each cnd two
equally strong and contrary poles and that these characterize
the magnetic condition. It was, however, stated immedi-
ately afterwards that this was only a first rough approxima-
tion which is only tolerably true if the bar 1s long and thin,
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but as was mentioned when we were discussing the images
obtained with iron filings, even this was only approximately
true. That the whole idea was a very imperfect one, and
cven at times quite false, can be shown in a variety of ways.
If such a bar is dipped into a heap of iron filings and drawn
out again, it is seen that the iron filings stick most thickly
to the ends, the other parts of the bar, however, getting their
share. Only the central portion remains fairly free, repre-
senting the neutral or indifferent zones already mentioned.
Also Figs. 13 and 14 clearly show how bridges are formed
between the inner points of the bar. The most decisive fact,
however, is the experiment already mentioned, in which a
magnetized ncedle was broken at the middle in the hope of
laying bare 1n this way the neutral point. Experiment showed
that this was a vain attempt, and that each half still possesses
its two opposite poles, and that this process of division can
be carried on indefinitely.
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From this and many other things we have cvidence that
magnetism is not something which sticks to a number of
points but rather 1s a property bclonging to the smallest
parts. Therefore, in order to give it its proper place in
physical science it must be regarded as a property of the
molecules themsclves. These little magnets are called mole-
cular magnets. (Recently the term ‘‘ magneton” has been
proposed, of which we shall have to speak later.) Each of
these molecular magnets alrcady possesses a north and a
south pole, which are of equal strength. For whatever as-
sumption may be made, whether the magnet be small or
large, it can always be shown that the two sorts of magnetism
arc present in equal strength. Of the many proofs of this,
just one examplec may be given. A magnet placed in a uni-
form field, that of the earth for instance, experiences a turning
force (and therefore places itself in a definite direction), but
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there is no tendency to displacement of the magnet as a whole,
and the most striking demonstration of all is supplied by the
fact that an inclination needle in a uniform vertical field
experiences no change in weight, which would necessarily
happen if it had more magnetism of the one kind than of
the other, and on this account was attracted more strongly
upwards or downwards.

21. Constitution of Magnets—On the basis of thesc facts
a picture of the constitution of a magnet can be provisionally
stated as follows: It consists simply of a great number of
indefinitely small molecular magnets, each of which possesses
a definite moment ml (the product of the polar strength and
the polar distance). That the magnetism of the body is not
everywhere equal can be accounted for by supposing that
there are different values for ml, but it is simpler to regard
all molecular magnets as having equal strength and suppose
that the density with which they fill different parts of space
is variable. Just as in mechanics we have to deal with density
of mass, so herc we have density of magnetism, that is the
magnetic moment contained in a unit of volume. This quan-
tity, which here is obviously of the nature of a directed quantity,
that is a vector, is customarily represcnted by 3 and is called
the intensity of magnetization, or simply the magnetization.
Then if dv is an element of volume we have the equation

3-_—.%.......(7)

If the vector J makes with the axes of the co-ordinate system
angles whose cosines are 4, u, v, the components of J are given
by the formulax

A-:34L, B=03 C=98 . . . . (8
and conversely
g=yA2fB24C2. . . . . (9)
It should, however, be noticed that in many investigations
the magnetic moment is referred, not to the volume, but to
the unit mass of the body, and this quantity is then called the
specific magnetism of the substance. Finally, a third magni-
tude of this sort is the molecular magnetism, or the atomic
magnetism, and is proportional to the magnetism of the mole-
cule or the atom respectively. Provisionally (and in general
henceforth) we shall have to deal with the magnitude 3.
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22. Magnetic Filaments—Thus prepared let us turn to
the constitution of the magnet and begin with a simple case
with which we are already familiar, but which we shall now
look at in a new light. Let us consider a chain of molecules
lying in a straight line as being the simplest case and repre-
sent them in the first place as in Fig. 18, that is, so that the
molecular magnets are small in comparison with their dis-
tance from one another. Then in each magnet two poles
balance each other, and we obtain zero as the result. This
mode of representation is therefore of no value. But it is
quite different if we consider the picture in Fig. 19, in which
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the distances are small in comparison with the size of the
molccular magnets. Here naturally the neighbouring poles
annul each other and only at the ends is there a pole left
over, and, as we have shown it, a south pole at the left and
anorth pole at the right. A model of this sort we call a simple
or a uniform filament, its total outward magnetic effect is
concentrated in the cnd points, which therefore can quite
properly be regarded as its poles. That this type is approxi-
mately rcalized in the case of a magnetized knitting ncedle
we have alrcady scen.

Instead of a straight line the filament may also be a curved
one, but no substantial change in the constitution results so
long as the curve remains open. But if it be closed the two
end points neutralize each other, and we then obtain the
poleless ring to which we have already referred.

A simple filament is characterized by two quantities, the
strength of the poles and their distance apart ; the last quan-
tity in this instance, not indefinitely small, as in the case of
a molecular magnet, but of a finite amount. If one or the
other of these quantities be altered we obtain a filament
which both intensively and extensively is different, and among
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the cases then possible that of two filaments which have
each a different length and a different pole strength but an
equal moment because the product of the two factors is the
same. But what is of very great importance is that we can

F1G. 20.

lay the simple filaments over one another and in this way
obtain the compound non-uniform or complex filament. The
possibilities which here arise are very

numerous. That which is best adapted to ot
represent the actual facts is obtained by

taking a scries of filaments of graduated

length, as in Fig. 20, and combining them 32
not one above another, but so that each

interpenetrates the others, the filaments 16
being such that the pole strength is smaller

the shorter the filament. In Fig. 21 it is 8

schematically represented by means of
circles which represent the degree of mag-
nctic effect by their size. It will be scen
that in this way we obtain a fairly true
picture of the appearance presented by a 1
thin magnetic rod that has been dipped
into iron filings and then drawn out again. > 2
There are poles all over (except quite at the
centre), but their strength decreases from
the ends to the middle part. 8

23. Free and Total Magnetism—What
we have said at the conclusion of our de- 16
scription of the method of combining poles
together has a direct bearing on the free 32
magnetism which is left over after the an-
nulment of the mutually compensating cle-
ments. In contrast to this is the total
magnetism characterized by the quantity 3
(multipliecd by the volume of the body).
While the first in the case of the simple filament is pre-
sent only at the ends and in the complex case increases
from the middle point where it is zero to the ends (at
an ever-increasing rate), the total magnetism in the simple
filament is everywhere equal and in the complex case it

Fig. 21.
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decreases from the middle outwards because here, where the
elementary filaments lie thickest over one another, it is at a
maximum and declines towards each end at first slowly and
then at ever-increasing rate. Thus we obtain Fig. 22, in
which the full line shows the free and the dotted line the

—— ~—
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total magnetism. It must, however, not be overlooked that
the whole consideration is a somewhat arbitrary one and that
the idea put forward must be adopted with caution, after it
has been carefully considered how far it is applicable in the
case under consideration.
24. Magnetic Shells—The filament, however, is not the
only fundamental type of magnet. There is another of an
cxactly opposite character
. In which the individual
molecular magnets do not
form achain but lie paral-
lel to one another. Thus
a double line is obtained
or, if two dimensions are
considered, a double sur-
face. Fig. 23 can be regarded either as a double linc or
as a cross-section of a double surface by the plane of
the paper. The upper side of the surface contains only
north poles, the under side only south poles. There is
also here a large possibility of variety, for the surface may
be either plain or curved. In general these double surfaces
are spoken of as magnctic shells; filaments and shells are,
therefore, the two fundamental magnetic types. And the

+
+ + * + + +
FiG. 23.
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shell also may be symmetrically constructed, and is then
called a simple shell, or it may be built up out of different
shells, in which case it is a compound or complex shell. Of
special interest is the case in which the shell is closed in on
itself, and contains a hollow space of such a kind that all
the poles of one kind point inwards and all the others point
outwards.

From filaments and shells, or as they are also called solenoids
and lamelle, more gencral forms of magnets can again be
built up. If filaments are laid in bundles alongside each
other a solenoidal magnet is obtained and according as the
filaments are of equal or unequal length the magnet may be
cylindrical, conical or spherical, etc. It is characteristic of
a solenoidal magnet that it possesses free magnetism only at
the ends of the filaments and therefore only at its surfaces,
and indeed only at those parts of the surface which do not
run parallel with the direction of the filament ; in the case
of cylindrical magnets, for example, the free magnetism is
present only at the ends, not on the curved surface, but in
the case of the conical magnet on the curved surface as well.

If, on the other hand, one considers a number of simple
shells laid in layers one over another in such a way that the
contours at least form a regularly varying surface, then a
lamellar magnet is obtained, and according to the size of the
elemental shells, and whether they are open or enclosed,
forms of extraordinary multiplicity. A magnet may at the
same time have both a solenoidal and lamellar character and
then has specially remarkable propertics.

Finally, to conclude the whole series of possible magnets,
is onc which is neither of solenoidal nor lamellar character,
because not simple but complex filaments and shells have
been employed in its construction. But the constitution is
then of such complexity that we cannot here consider it in
detail.

25. Potential of Filaments and Shells—We now pro-
cecd to set forth the essential and outstanding laws according
to which the various types of magncts affect surrounding
space. In this it is simplest to keep to the idea of potential,
from which moreover by differentiation (that is, by finding
what is the rate of fall of potential in any direction) the force,
or the individual component of the force, can be obtained
For a simple filament to which, however, in order to approxi-
mate to physical reality we ascribe a certain small cross-
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section ¢, the potential at a point distant 7, and », from the
poles respectively is simply

V = m(———-——— ——q“J<—I——-~I->. . . (10)

71 72

In the case of the complex filament, on the other hand, the effect
of the auxiliary poles distributed over the whole length is such
that we obtain

2
v =Ty j.@l—-mi - ... (1)

2 r 72
where 7 in the middle term relates to the distance of the point
“considered from any auxiliary pole.

The effect of the shell, on the other hand, is compounded of
its elements, and for such an element it follows that if it has
a surface ds the potential at a point whose distance is 7 and
in a direction which makes an angle # with the normal to the
clement of surface, in consideration of the fact that the effect
of the two surfaces, the upper and the under, nearly annul
each other, and that only the differential coefficient in the
direction of the point considered remains, is therefore

de—-m.g:cosu e (12)

but the right-hand side of the cquation (apart from the factor)
represents something of the most general application, especially
in relation to the laws of perspective: it is the apparent
magnitude of the surface ds viewed from the point under
consideration ; as the distance increascs it diminishes as the
square of the distance, and where it lies obliquely to the linc
of sight it diminishes with the cosine. If the apparent magni-
tude is called dS then the very simple relation is obtained

AV=mdS =9dS . . . . . (13)

and over the whole shell when it is of simple type we obtain by
integration

vV=g.5S . . . . . . (149

or, expressed in words : the potential of a simple shell is the
product of its magnetization and of its apparent magnitude
as seen from the point considered. In this law many other
important special laws are involved, of which a few may be
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briefly quoted : (1) The effect of a magnetic shell apart from
the strength of its magnetization depends only on the con-
tour which it presents and is quite independent of the shape
of the surface filling this contour (compare in this connection
the remarks made in connection with the following number).
(2) The effect of a shell on any point lying in a plane passing
through its edge is zero. In the case of a plain shell this is
obvious without any further demonstration. In the case of a
curved shell (Fig. 24) it might be doubted, since from the point
under consideration, even when it lies in the plane of the con-
tour which bounds the shell, a piece of the shell is seen, and
therefore the apparent magnitude is not zero. But this diffi-
culty only arises if the meaning of the procedure has not been
properly understood. We
must regard the shell as
being made of a transparent
material ; then not only is
the part AB seen but also
the part BC: if the first be
called positive the latter is
the negative side, and since

~A

both portions are of appar- /

ently cqual magnitude they s

cancel each other out and s

their cffect is zero  (3) /

The potential of an en- F1G. 24.

closed shell is also zecro

throughout the whole of the outer space, because for
every point outside the two parts of the surface, the inner
and the outer, if both are supposced to be visible, exactly
annul each other. In the enclosed space the potential is, of
course, not zero : here indeed it has the greatest value which
the apparent magnitude of a surface can assume, viz. 47
(and this, moreover, must be multiplied by 9). But since
this value applies to all the points there is no fall of potential,
and in consequence the force effect in the enclosed space, as
in the outer space, is zero. From this we shall later draw
still further conclusions.

26. Bodies of any Shape--Finally, as regards bodies of
any shape, the potential, as Poisson and Gauss have shown,
may be expressed in a very graphic form ; it may be resolved
into a surface potential and a space potential, the first origi-
nating in the magnetism distributed on the outer surface,

4
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the latter on the magnetism distributed on the inner surface.
If ds is an clement of the outer surface, dv an element of
volume, o the outer surface density, p the space density of
the magnetism, then

V=fjo_?§+“'jp‘i_” )

It is now immediatcly evident that in a body that has been
uniformly magnetized throughout, the space density of the
frec magnctism is zcro, and thercfore only the potential due
to the outer surface remamns. Or, expressed in terms of the
total magnetism : the whole magnetism 3, is constant inside
the body. To express the idea in a somewhat artificial form
as it may at first sight seem, it is at cvery point inside the
body just as great as, on the average, in the neighbourhood
of this point. But this artificial method of expression proves
to be a very uscful onc. The difference exhibited by any
vector quantity at any point of the ficld, in comparison with
its average value at all points in the neighbourhood of this
point, is called its divergence. In sources and all those points
out from which, on the whole, a fall occurs, the divergence
is positive ; in sinks, and points corresponding to them, it
is negative. But in the case under consideration, and as
can be shown in particular for solenoidally magnetized bodies,
it is zcro. It can further he proved that also in the case of
lamellarly magnctized bodies a certain quantity, but here
quite a different one, also becomes zero: the so-called curl
of the vector. This is the quantity which, if 3 be regarded
as a vector of mechanical displacement, would represent the
appropriate rotation about the displacement taken as an
axis. We therefore obtain the elcgant and valuable proposi-
tion : solenoidal magnetism is free from divergence (but has
a curl) and lamellar magnetism has no curl (but has a
divergence).

Let us now turn once more to uniformly magnetized bodies.
Here the magnetic potential, since J 1s constant and the
magnetization has everywhere the same direction, can be
expressed in the simple form

I
vV — [a(;)dx L. ()

Y

But this can be more briefly expressed if a new magnitude
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is introduced, namely the Newtonian or gravitational poten-

tial P of a body of unit mass. This potential, as we know, is

inversely proportional to the distance, and since it relates to

an attraction and thercfore to a diminution of the distance

we must regard it as negative, and accordingly we obtain
opP

V = Sax......(17)

or expressed in words: The potential of a uniformmly mag-
nctized magnet is the product of its magnctization into the

2
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fall ot its gravitational potential taken in the dircction of
the magnctization which it would cxperience if it were filled
with a mass of unit density. And geometrically expressed,
let it be imagined that the body in Iig. 25 is displaced a
little in the ncgative x direction, then two zones are obtained
(shown by the shading), one on the left on the outside, and
onc on the right on the inside of the figure, and only these
zones are concerned in determining the magnetic effect. We
are here brought back again to the idca of the outer surface
being covered with magnetism, negative on the right-hand
side, positive on the left.
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27. General—We have so far principally concerned our-
selves with the properties of magnets, their constitution and
their effect on the surrounding ficld. We shall now take a
step backwards in order to examine more closely a subject
-which has as yet been only touched upon, namely the origin
of magnetism, and try to reduce the question to exact form.
This origin of magnets and the production of magnectism in
them may be simply called magnectization ; but since this
expression has already a definite quantitative meaning (sec
page 35) for the process of magnetization another expression
is used (which also will be found to admit of a quantitative
meaning), namely magnetic induction. (At times the expres-
sion magnetic influence is also used.) The choice of this
name is not quite a happy one, partly for the reason already
alluded to, partly because a very similar expression, magneto-
induction, expresses something quite different—the creation
of electric currents through magnetism.

The question therefore is—a question which always arises
in connection with every problem in physical science—what
relation exists between what we introduce as the *‘ cause ”
and what we name the “effect””? We do not use these
expressions as though relating to the theory of knowledge
or as if they had to do with final truth or the primal cause
of the accomplished effect, but only as implying that we
wish to arrive at a clear understanding and are endeavouring
to discover the simplest form that is compatible with com-
pleteness.

The two magnitudes between which we have here to dis-
cover the relation are the magnetizing force on the onc hand
and the intensity of magnetization on the other. Of the
magnetizing force we can in most cases only form a rough
impression, as, for example, in the stroking of an iron bar
with a magnet. In such a case the magnetization of this
magnet must be exactly known ; its distribution; the dis-

44
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tance through which it moves over the iron; the intimacy
of the contact, and so forth. Since we are usually decaling
in nature and the laboratory with energy relations, we must
determine those involved in the experiment, and to do this
in any procedure in which the human element comes in is
not easy. The magnetic force is only exactly measurable
when the field is perfectly under control: and this require-
ment is only fulfilled in a few cases as, for cxample, when
the magnetic ficld of the carth is used. But this for most
purposes is too weak : the most satisfactory means of mag-
netization is afforded by the electric current. The question
how an exact knowledge of the magnetic field of a current
is arrived at will not be considered here.  We shall take this
knowledge for granted, and designatc the strength of the
field (that is, the magnetizing force acting on a point in which
there is a unit quantity of magnetism) generally by the letter
9, which is chiefly used, however, for the horizontal component
of the magnetism of the earth. This quantity is a vector
and, therefore, according to the usual convention, is indicated
by a black letter, and the magnetization 3, the other quantity
which comes into consideration here, is also a vector. We
have to deal then with the rclation between two vectors.
The first question then is what is the direction of the two
vectors (for each vector has a definite direction, and, more-
over, direction in a decfinite sense like an arrow). The simp-
lest answer would be to take it for granted that the two
vectors would agree with cach other both in direction and
sensc: a body would, therefore, be magnetized in such a
way that its magnetic axis would lie in the direction of the
magnetic field, that is, in the direction of the field with the
arrows both pointing the same way. But this assumption
would not be generally correct. For first considering the
dircction, here the assumption is correct in regard to all
isotropic bodies, that is, bodies which, whatever the treat-
ment they are subjected to, behave similarly whatever the
direction. But it is not correct in the case of anisotropic
bodies, of which the most remarkable cxample are the crystals.
Here the direction of the magnetization may very well not
agree with the direction of the field, and this indeed is gener-
ally the case. This is particularly important becausc lately
we are being more and more led to the conclusion that actually
all hard bodies in a certain sense arc crystalline, the crystals
proper being crystalline on a large scale, and the so-called
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anisotropic bodies being crystalline on a small scale, that is,
in their constituent elements only, so that by summation of
the effects of the individual elements throughout the whole
body, anisotropism is the result. But for the moment let
us leave this antithesis aside and consider what the sense
of the direction should be. Here isotropic bodies at once
come into question, and if, as would scem reasonable, we said
that here there could be no doubt it would be only logical
to suppose that the two dircctions agree, we should find as
in many other instances how careful we should be in form-
ing any preconceived ideas regarding nature. For actually it
has been shown that there are two classes of matter : those
in which the sense of the direction of magnetization is the
same as, and those in which it is opposite to, the magnetizing
force ; and this antithcsis is expressed in various other ways.
An iron rod places 1itsclf between the poles of an clectric
magnet ; a bar of bismuth, on the contrary—and here we
come to something unexpected—not axially in the contrary
sense but at right-angles to the line joining the two poles.
This must obviously be so because the attraction betwecen
the poles is satisfied in this casc when the bar lies at right-
angles. Matter of the first sort is called paramagnetic, matter
of the latter sort diamagnetic. Let us leave the consideration
of this antithesis for the moment and turn our attention to the
numerical values on which the laws of the subject are bascd.

28. Magnetization Curves—Herc also a particularly simple
assumption might bc made, the assumption, namecly, that as
the strength of the magnetizing field beginning at zero was
gradually increased the resulting magnetization would increase
at the same rate, so that 3 will be directly proportional to
9 ; twice the valuc of § for twice the value of §, ten times
the value when 3 was ten times as great, and so on. This
assumption is at least partially confirmed in actual experi-
ment, in the case, that is, of almost all substances that have
been tested as regards their mode of becoming magnetized.
Graphically represented, an ascending straight line is obtained
the steepness of which varies with the magnetizability of the
substance. This is shown in Fig. 26, in which the strength
of the field is set out in a horizontal direction and the result-
ing magnetization along the vertical axis. The slope of the
curve, which for clearness has not been expressed, is in all
cases very small, and in the case of diamagnetic bodies
is actually downwards. The great majority of substances
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are, as we know already, only very slightly magnetizable.

But it is just thosc few exceptions which are particularly
important, for they are the substances which on account of
their strong magnctizability are naturally the most interesting

Magnetization

FiG. 20.

of all. We have to deal with iron and the closely related
substances to which the general name of ferro-magnetic has
been given ; and even for these bodics over a certain region
this proportionality holds, from the initial value viz., up to
a certain limiting value of thc magnetizing force and the
corresponding magnetiza-
tion. But outside this
region the curve behaves 4
quite differently : three 3

other distinct periods fol-
low the first, and in each
of them the ferro-magnetic
substances behave in a 2
specifically different way ;
but naturally in such a
way that there isaregular 1
transition between them.

The first period is that F1G. 27.

already described in which

the magnetization is proportional to the force, but it must be
added the line rises much more steeply than in weakly mag-
netizable substances, but only to a moderate amount. This
corresponds to Section I of the curve of Fig. 27. But now
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when the force has reached this critical value the magnetism
begins to increase much more rapidly and we come to Sec-
tion z of the curve. At the end of this period the slope is
a maximum, and this point, therefore, is a point of inflection
of the curve, that is, a point up to which the curvature is
towards one side and after which the curvature is towards
the opposite side (in this case to the left above and to the
right below), and at the same time a point where the curve,
though only for an infinitesimal length, becomes straight. As
the force is increased after this point the magnetization still
incrcases, but more slowly, and we get Section 3 of the curve.
In the last, Section 4, the magnetism remains constant despite
the increase in the magnetizing force. The body in question
has obviously become ‘‘ saturated” with magnetism. A
source so obtained is called the magnetization curve.

29. Remanence and Hysteresis It would be a mistake
to suppose that this has settled the problem. We should
praise no bridge until we are safely over it. Let us now take,
in addition to the ascending curve, the falling curve which
is obtained by allowing the magnetizing force, after it has
been brought up to its maximum point, to fall back gradually
to zero. It is to be remarked that by means of the electric
current all this can be effected very easily and very exactly.
A variable resistancc can be put into the circuit, and this
during the first part of the process can be gradually cut out,
and when the second part of the curve is to be taken gradually
put in again.

What shall we cxpect as a result of this operation? It
might be taken for granted that the process would repcat
itself in the backward direction exactly as in the forward,
and that the second curve would coincide with the first only
that it would run downward from right to left. It is some-
times supposed without further question that the process of
nature and technics are reversible and that they will go back-
wards as well as forwards. In many cases indeed this is
approximately true, but it is never exactly true, and in many
cases there exists a specially wide gulf between the forward
and the backward process. Strictly speaking we may dis-
tinguish three cases: in the first the process may be more
or less exactly reversible so that the same path is followed
in both directions (example, the lifting of a fallen weight) ;
in the second case the process is reversible, but only by fol-
lowing a new course and by the application of other methods
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(example, the scparation from water and sulphuric acid which
have been mixed together, and which can be separated by
boiling the mixture, leading the steam away, and again con-
densing it) ; finally in the third case there arc processes quite
irreversible (example, the burning away of coal to ashes).
In the casc of magnetism reversibility is almost exactly
observed in the wecakly magnetic substances. Here the pro-
verb, easily won and lightly lost, completely applics. If the
magnctizing force be diminished the magnetism decrcases
and completely vanishes at the same time as the force. In
the case of ferro-magnetic substances the same remark applics,
but only when the magnetization is not carried beyond the
end of the sccond part of the curve, and if after this it is
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then diminished again. But with stronger magnetization
irreversibility occurs and it has indeed nceded much experi-
ment and theory to bring it artificially under one general
rule, and therefore to attain the reversible magnctization of
iron of which we still have to speak.

But what does actually happen? Fig. 28 makes the
matter clear. When we subject an iron body to a diminish-
ing force it is found that the magnetization indeed diminishes,
but for each valuc of the magnetizing force this magnetiza-
tion is stronger than it was for the same force on the upward
part of the curve. The curve ba’ lies everywhere above the
curve ab, and this even occurs when the force is completely
reduced to zero (for example, by switching off the magnetiz-
ing current), The iron will still show that it possesses a con-
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siderable amount of magnetism. This is called the remanent
magnetism or more briefly the remanence. The extreme
cases we already know. With ideally soft iron, which actually
docs not occur in nature, the remanence is nothing. The
magnetization is then a quite transitory phenomenon. With
ideally hard steel, on the other hand, the magnetization once
acquired is permanent, and between these two extremes
every intermediate stage is represented. But in every casc
the remanence has a dcfinite value characterized by the
length aa’.

The phenomenon here described is of great interest which
goes beyond the special case under consideration. For it
shows that the effect, in this case the magnetization, does
not depend on the force to which it is subject at any moment,
but also on the forces to which it has been previously sub-
jected. If the latter on the latter part of the curve are smaller
than the force actually prevailing at the moment, the effect,
in this case the magnectism, is diminished ; it is smaller than
it actually should be, but if we are on the return part of the
curve a higher value is left than would be normally induced.
It is as 1f a sort of memory had to be ascribed to matter.
Or, if this way of expressing the facts does not commend
itself, there appears to be as it were a sort of inertia which
prevents its immediately adapting itself to the new conditions.

The phenomenon is called the magnetic after-effect, or by
the Greck name hysteresis (delay). Somewhat varied con-
ceptions have been brought together by means of these two
expressions, but that does not belong to this part of the
story.

At the final point where the force is zero the body, as we
have said, is still'magnetic, but it is possible nevertheless to
make it non-magnetic again. For this purpose it must be
exposed to a negative force, which is achieved when for example
the current is reversed and is then again allowed to increase
by taking out the resistance. This is indicated in the left-
hand side of Fig. 29. The magnetism then declines and for
a definite negative force ac it is zero: this force, or rather
the force acting in an opposite sense to that supposed to
reside in the body and exposed to this effect, and which has
to be overcome, is called the coercivity of the body. It may
here at once be noted that this quantity is much more important
and also much simpler than the remanence. The last depends
not merely upon the material nature of the body but also upon
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its shape and the extent to which the magnetization has been
carried, and so forth. The coercivity on the contrary is almost
exclusively a characteristic constant of the material.

If the magnetizing force is now allowed still further to
increase in the negative direction the body becomes henceforth
negatively magnetized, with corresponding position of the
lines of force and the poles. The curve cb’ is again obtained
running towards the left downwards (which is exactly
analogous to that towards the right running upwards). If the
force is now gradually diminished the portion of the curve
b’a’ is traced out and then a’’c’ and at last the closing portion
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¢’b. It must be mentioned that the curve will not become
exactly closed after the first repetition of this sort of cycle.
For this a series of cycles are needed, during which the body
gradually adapts itself to the process, but very soon we obtain
the same closed curve b'a’’c’ba’ch’. On the contrary the
initial portion ab is not repeated. It only plays a transitory
role, and even so only when the experiment is made with a
body which is, so to speak, not yet “ experienced,” and which
has not yet been magnetized. On this account it is sometimes
spoken of as the null curve.

30. Demagnetization — To the foregoing consideration
there are still several others of considerable importance to be
added. Two only will be discussed here, both of them equally
important from a scientific no less than from a practical point
of view. The first rclates to the question of the natural
condition of the body. When and how does this arise in the
cycle under consideration (the null curve naturally being left
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out of account) ? It might perhaps be supposed at the points
¢ and ¢’, for here the body is certainly non-magnetic. But is
it not somewhat suspicious that there should be two such
points, while it would be only reasonable to expect one, and
that the point standing at the right-hand side of the figure ?
And this doubt is strengthened by the consideration that
ncither of these points is a *“ point of symmetry,” in the sense
that when one moves from it in either direction a positive effect
is obtained. For if the body is magnetized in the positive
direction starting from ¢’, it becomes magnetized according
to the law of the inflection curve ¢’d ; but if, on the contrary,
it is magnetized in a negative sense according to the law of
the quite differently constituted curve c’a’’d’, which has no
points of inflection (and this quite apart from the fact that
this curve runs downward to the left instead of upwards to
the right, which is, of course, only natural), and the same
remarks apply in a converse sense to the point ¢.  The body
is only apparently unmagnetic, but is not in a natural condition,
since it assumes one sort of magnctization more casily than the
other. And if the force corresponding to ¢ or ¢’ is annulled,
this helps nothing, for then the body again becomes magnetic
and assumes a condition corresponding to the points 4’ or a”’.
From this it might be supposed that the body was for cver
‘“ corrupted,” that having called up the spirit it is henceforth
never free from its influence. But a bar can still be redeemed
though by a somewhat complicated procedure, a procedure
which is spoken of as demagnetization. It consists in subject-
ing the body to forces which are alternatively opposite in
direction, and which are gradually reduced from their maximum
value with a consequent corresponding reduction in the
negative and positive values of the magnetization. The
procedure is indicated in Fig. 30. At the close of the cxperi-
ment when the point o is reached the force is then zero and
the magnetism zero, and the body is restored to its initial
non-magnetic condition.

But it is not permissible to leave the subject without noticing
that there is still another difficulty. It has been shown more
and more clearly in recent times that magnetism once impressed
upon a body cannot again be got rid of. Even when the body
is demagnetized by the most refined procedure, for which other
and more efficacious methods than that described have been
proposed, under certain circumstances it again becomes
magnetic—an interesting case of what in medicine is called a
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recidive.

In our subject we speak of spontaneous magnetiza-

tion, and we shall see that this phenomenon plays a part of
some importance in modern theory.

A

e

=
Z

Fie. 30.

31. Work and Heat—The following consideration is of

distinct significance.
produce an effect, work is
accomplished and energy
consumed. This work is
measurcd as a product of
the force and the resist-
ance through which it acts.
In mechanics, for cxample,
the lifting of a weight of
so many pounds through
so many feet is a product
of pounds and fect ex-
pressed as foot-pounds.
Here in the case of work
done in magnetizing a
body, the magnetizing
force and the

When a force is applied in order to
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degrec of magnetization attained, which

exactly corresponds, have to be multiplied together, or if
the body is already in a magnetic condition the magnetizing
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force into theincrease of magnectization produced. First of all
let a very small increase of this sort take place, somewhat as
in Fig. 31, where the increase of the force from $ to  + d9
corresponds to an increase of the magnetization from J to
O +d3. Then we have as one of the factors of the product
to be obtained the quantity $, or still more exactly, by taking
the mean of the initial and the final value, $ + }d$ ; but as
the other factor d3J (for the increase of this is the result with
which we are concerned) ; and conscquently as a product we
have the rectangle with the two factors as sides. Or again,asa
surface having cxactly the same size, that which is enclosed
by a portion of the vertical axis and on the other side by a por-
tion of the oblique line, which, thercfore, in the figure has the
shape of asmall trapezium
mdicated by cross-hatch-
ing. If one goes now
through the complete pro-
cess from the null point
to the end point, we obtain
as a clear picturc of the
work done the surface en-
closed by the magnetization
curve (Fig. 32), the horizon-
talline bd and the perpendic-
ular axisda. On the return
cnergy is given out again,
Fic. 32. but since the return curve,

as we have seen, runs

higher, this energy is not equal to the total amount of
work spent, but only to that represented by the surface
a'bd. The work done, therefore, is represented by the cross-
hatched surface aba’. In this there is nothing extraordinary,
for the body was originally non-magnetic and is left in a
magnetized condition at the end. But the case is different
if we consider the complete cycle, one that is in which the
null curve has been omitted as in Fig. 33. If we investigate
the work that is here spent and regenerated, we find that the
difference exactly amounts to the surface which is enclosed
by the hysteresis loops, and which is shown by cross-hatching.
So much work has ultimatcly been done, and yet the result
of the procedure when the body has been taken through a
complete cycle is equal to zero, for the body is once more in
exactly the same magnetic condition as at first; and that
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equally so whether the cycle begins and ends at g or anywhere
clse. Since according to the principle of the conservation of
energy, energy can never be lost, it must reappear in some
form other than the magnetic, and observation shows that it
reappears as hcat. Iron bodies arc warmed by a cyclical
magnetization, and with each new cycle the heating is increased
by an equal amount. The process of magnctization is, there-
fore, bound up with the dissipation of energy, or as it might
also be cxpressed if one regards the end of the procedure as
magnctization, we sce that cnergy has been dissipated.

32. Dissipation of Energy --Thercfore, in practice the

FiG. 33.

problem is to reduce the loss of energy through hysteresis to as
small an amount as possible. (In the process other losses
occur, viz., those occasioned by e¢ddy currents in the body of
the iron, with which we are not here concerned.) For this
purpose we have in the first place to investigate on what
factors it depends. There are obviously two determining
conditions. In the first place the choice of the limits between
which magnetization is carried on, and in regard to which we
confine ourselves to a symmetrical cycle, one, that is, that has
negative and positive values of the same amount. That
magnetization must not be carried on to the saturation point
is immediately obvious, for in doing so little or no advantage
is gained in respect of the magnetization produced, but the
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heating which is indicated by the broadening out of the
hysteresis loop is very considerably increased. On the other
hand a high degree of magnetization must be reached, be-
cause otherwise the object of the procedure is not attained.
At what point the optimum condition occurs depends upon
the special circumstances of the case and cannot generally
be defined ; usually, however, it will not lie higher than the
point of inflection of the magnetization curve. Therefore,
the cyclic process in the case of a dynamo, for example, should
be measured, as it works by means of this sort of alternating
magnetization. A more practical consequence is that proper
provision must be made to dissipate the heat which in any
case will be produced. In addition to this the speed at which
the cycle has been gone through is a matter of some importance.
In this conncction we must consider two extreme cases: on
the one hand slow magnetization and demagnetization, in
which case it is usual to speak of static hysteresis, and on the
other hand the rapid kind which takes place in an alternating-
current machine. There is still a third case, that of hysteresis
of rotation which occurs during magnetization by the so-called
rotational ficld, in which case the magnetization is not simply
positive and negative, changing directly from one state to
the other, but passes uniformly through all directions. It has
now been finally shown, only, however, after many mutually
contradictory or indecisive experiments, that for the same
degree of magnetization alternating hysteresis (and apparently
also rotating hysteresis) is always greater than static, and is
greater, the greater the number of alternations per second.
In quick-running machines it aiways plays a considerable part,
and for this rcason the question has been much studied in
order if possible to eliminate the eftects of hysteresis. In this
connection an experiment by Gans is of fundamental importance
in which a reversible magnetization is obtained. Briefly
stated, the experiment consists in measuring backwards and
forwards through a portion of the curve. In practice the
experiment would be an extremcly inconvenicnt one, and,
moreover, Gumlich has shown that even if carried out the
final object, freedom from hysteresis, would not be completely
attained. On the other hand the superposition of the
demagnetization process by means of the alternating field of
adequate strength, afterwards progressively diminished to
zero, does actually yield the desired result, so that this procedure
and the condition obtained by means of it can be regarded
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as an ideal process of magnetization. In Fig. 34 the ideal
curve of a special metal (soft stecl) is shown together with the
null curve and the two branches of the hystcresis curve.

33. Iron and Steel —We are much more interested here,
however, in the other determining factor in hystercsis, viz.
the nature of the material under experiment. We have
already seen that we have to deal with the contrast presented
by two extreme cases; quite soft iron—material A—of the
introductory remarks, in which there is no remanence, and
quite hard steel—material B—in which it is complete. The
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former is a magnet in a transitory scnse, and the latter
permanently, and there are all possible gradations betwcen
these two extremes. However, it has bcen shown, as we
have already pointed out, that the truc characteristic is not
the actual remancnce but the coercivity. In certain cases
the remanence in iron can be greater than in stecl; but
coercivity is always small in iron and great in steel. This is
clearly shown in Fig. 35, in which the null curve and the final
loop for three different types of material are represented.
The full line represents soft iron ; the broken line hard-drawn
iron, and the dotted line hard stecl. The coercivity, that is

5
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the distance from the null point at which the hysteresis curve
cuts the horizontal axis, is smallest in soft iron, has an inter-
mediate value for hard iron, and is greatest in hard steel.
And this is the decisive fact, even although, as here, the reman-
ence is greater in iron than in steel. It is known apart from
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this that what it depends on is the magnitude of the area
enclosed by the two branches of the magnetization curve, and
this, as is here clearly shown, is by far the smallest in soft
iron and by far the largest in hard stecl. Here one would
almost inevitably be led to suppose that the hysteresis can
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always be further reduced by endeavouring to obtain the iron
in as pure a condition as possible, i.c., iron which is as far as
possible free from carbon, which is the second principal con-
stituent of steel, and from phosphorus and so forth, and
subjecting pure iron of this sort to magnetization. Experi-
ments of this kind have been carried out with ever-increasing
success, notably in the Physikalisch-technische Reichsanstalt.
A curve has been obtained which it is true still cuts the vertical
axis at a considerable distance from the null point, but the
horizontal axis close to it ; that is the remanence in this very
pure iron is still considerable (which is no disadvantage), but
the cocrcivity is practically zero (which is a fact of decided
importance).

34. The Effect of the Shape of the Body --In so far as
remancnce is concerned it does not depend mercly on the
nature of the material (nor,as we have seen, to any particular
extent on the degree of strength of the magnetization), but
also on another factor, the influence of which might at first
sight be overlooked, and that is the shape of the body under
experiment. The magnetization is of course largely dependent
on this, the * temporary” 1n contradistinction to the
“ remanent "’ ; that is, there arc shapes suitably or unsuitably
adapted in various degrees to magnctization. Let us in the
first instance consider a body of unlimited extent. Here we
have a case which even if it cannot be realized can very well
be imagined, in which the magnetization can so to speak live
to the full, and attain its greatest possible value. It is
different when the body is of a limited size, for the outside
surface then offers an obstacle to the magnetism which is as
it were reflected back like a sound wave at the end of an
organ pipe, and this backward effect weakens the main effect.
A dis.inction has of course to be made in regard to the direction
of the surface. Parts of the outside surface, which run parallel
to the direction of magnetization, according to our previous
discussion are not prejudicial in their effect on the magnetiza-
tion. But it is different in the casc of surfaces which are at
right-angles to the axis of magnetization. There is therefore
one definitely limited and therefore practically realizable case
which behaves in conformity with the ideal case, i.e., that of
the closed ring, for here the only surface runs everywhere
parallel to the axis of magnetization. If there is a gap in the
ring a disturbance is introduced, but if the two end surfaces
are brought close together the weakening effect will be
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insignificant. All other bodies, and the cylindrical rod in
particular, have disturbing end surfaces, and the disturbance
will be stronger the nearer to each other the two end surfaces
are, and therefore in a thick short bar it will be greater than
in a long thin one, and strongest of all in the case of a flat plate.
In this sense one speaks of the demagnctizing force of the
surface. The consequence of this is that every shape with the
exception of the closed ring suffers a reduction of the magnetiza-
tion otherwise possible.

It is not easy, however, to frec one’s mind from the apparent
contradiction that arises from the fact that the pole or end
surfaces on the one hand are the positive representatives of
he magnet, and on the other are places of negative reactive
orce. The former applies to the outward effect, the latter
o the internal magnetization.

So much for the influence of the shape on the temporary
nagnetization. It has a corresponding cffect on the reman-
ence, and indeed there are various circumstances which cannot
be gone mnto here that have as a conscquence that the effect
on the remancence is even still more pronounced. The smaller
the demagnetizing force the greater the remanence, and in
the case of the flat plate it is therefore a minimum, and m the
ring shape a maximum. But this is only on the supposition
that there are no other circumstances present that mask
the effect.

35. Distribution- The form of the body has still another
influence on the magnetization, namely, on the distribution
in the body itself ; and here we have to think not merely of
the frce magnetism at the poles but of the whole of the
magnetism represented by 3. The distnibution of the
magnetism naturally depends on the propertics of the ficld.
If the force which acts on the various parts of the body is 1tsclf
varied, as in the case of magnetization in a non-uniform field,
then the distribution of the magnetism is also non-uniform.
But the converse proposition which it might be supposed
would naturally follow is not correct : i.e., that in a uniform
field a body would become uniformly magnctized. This is
true only for bodics of a particular shape, namely, in the
closed ring (the proof of this must be taken for granted), in
infinitely long circular cylinders, in the sphere and in the
ellipsoid : in these cases a constant $ corresponds to an
everywhere equal 3. All other bodies even in a uniform field
will become non-uniformly magnetized, one part, that is, more
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intenscly than another. It depends, as can be seen in a general
way, on the mutual support or the contrary which one part of
the body exercises on another, and only m particular instances
as in the bodies specified above are the effects of this mutual
influence cverywhere the same.

From all this it might be supposed that in the course of time
a very great number of shapes would have been investigated
from a magnetic point of view so that in each of them the
characteristics of the phenomena and the peculiarities that
they might offer would have been determined. But in this
respect a noteworthy change has taken place: in carlier
times bars were usually chosen for purposes of investigation,
because they were casy to produce, and because the bar was
regarded as the simplest type of magnet. But now we know
that the contrary is true, and that the bar with its end poles,
its non-uniform magnetization and so forth, is really a peculiarly
complicated case, and rings, spheres, and ellipsoids are usually
preferred.  The last, particularly when they are elongated,
can casily be converted into a cylndrical bar by turning
down. We cannot enter into all these investigations, but in
the scquel we will return to some specially important individual
cases.

36. Fundamental Formulae—In regard to the general
subject of magnetic mduction we have still to express the
facts that we have elicited in an exact quantitative form, and
therefore the representation of the ideas that we have arrived
at by suitable formule

So far we have introduced two vector quantities, the external
ficld $ and the magnetization §. Tf we consider the ratio of
the two we obtain a specific characteristic . The so-called
susceplibility or magnctizability of the material and the
cquations defining it are

T =«9; K—_—.g-. L. (@8

In this form the formula is only general when one regards
9 as being the actual strength of the field at the place where
the magnetization 3 is being considered. But according to
what has been said earlier, this is only the force of the external
ficld, that is the field which was present before the body was
introduced, and when the body 1s not of a shape that has
demagnctizing properties, therefore only when it is a ring or
an indefinitely long bar. In other cases, ¢ the coefficient of
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shape must be introduced, and then we have the following
relation between the true field $ and the valuc §, originally
present :

9=9,—¢3 . . . . . . (19
and from this we obtain by reference to equation (18)
K
=T o - - . . . (20)

It has to be noticed that for thec sphere, x is cqual to 4n/3
and that it has its greatest possible value, namely 47, in the
case of a flat plate placed perpendicular to the field. Of general
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application and of great use in practice is the procedure
illustrated in TYig. 36, which enables us to go from the 9,
curve to the $ curve ; the former is shown by the dotted hne,
the latter by the full line, and is obtained from the first by
moving it sideways to the left through an amount which is
proportional to the demagnetization term &3, which is repre-
sented by the distance between the axis OY and the oblique
line OY’. In the figure & = 0-00045.

For most materials «is a constant and thercfore 3, graphically
speaking, is proportional to $, and J expressed as a function of
9 is a straight line sloping upwards. In the ferro-magnetic
materials this however, as we have seen, isnot the case. Here
g at first indeed increascs proportionately, then more quickly,
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then again proportionately, then more slowly, and finally
undergoes no further increase. Similarly in regard to the
susceptibility : at first it is constant, then it increases, in the
third phase it remains constant, in the fourth it slowly, and
in the fifth and last phase it rapidly declines. Therefore in
place of the magnetization curve of Fig. 27 we can substitute
the « curve of Fig. 37, which expresses the same facts in another
form. The scale used presupposes that § and 3 are measured
in absolute valucs. The umit so chosen for the strength of
ficld is called the gauss, and this determines the measure of J,
which only differs from $ by the numerical factor x.  In the
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example given « reaches its maximum value for § —= 4-2 gauss,
but this of course will vary from case to case.

37. ‘‘ Induction "’—-We might be satisfied as it would
seem with this method of representing the phenomena by
means of the quantities §, x and 3. Nevertheless we should
not cxhaust the actual facts of the case, and we should lose
sight of some very important and illuminating idcas.

We shall therefore now proceed to raise an entircly new
question : what is the force inside a body that is subjected to
the effect of a field ? It is clear that it is not simply the force
9, for the body itself has here reacted upon the field. In the
case of weakly magnetizable substances it is true that it has
only modified it by a small amount, but the change produced
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in the ferro-magnetic bodics is very considerable. Indeed
in the latter case we must rather consider that the truc field
has mercly given an impulse towards magnetization, and that
the principal fact was the mutual excitation of the parts by
one another. The inner field has to be thought of as being
superadded to the external field. The
question is, how strong is this internal
field, or, more precisely expressed, how
strongly is it excited by the external
field? To answer this question we
must look at the subject from what at
first sight will seem a somewhat pecu-
liar point of view, but which howcver is
justified by the conditions of the case.
The elementary magneto-motive force
is, as we have shown, a function of
the distance in theinverse scnse, that
is, as the distance increases the force
becomes smaller, and as the distance
is diminished it becomes greater, and

FiG, 38.

therefore at an infinitely small distance it becomes infinitely
great. If we consider a point within the body of the iron,
we have, since we are immediately surrounded by the iron,
an infinitely great force to think of, with which we can do
nothing, and we have to find a way of surmounting this
difficulty. Thus we can imaginc that the point with which
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we have to deal is enclosed in a hollow space, and thus
having got free from the immediate ncighbourhood of the
iron we can calculate the force. And here it must be con-
fessed the result depends entirely upon the way in which
we choose the hollow space (sece Fig. 38). There are two
extreme cases ; the first is a long narrow channel in the direc-
tion of the ficld, and the second a wide but narrow slit at right-
angles to it. There is also the possibility of a spherical cavity
with the point as centre which represents the mean between
these two cases. When we suppose a long narrow channel,
then, as a simple construction shows, all internal effect ccases
(for the side surfaces of the channel are without influence, and
the end surfaces are small and can therefore be neglected).
The field thercfore has become equal to 9. (Of course only
when the body is pot limited outwardly ; otherwise, as we
have seen, there is a weakening effect, which however does
not concern us here.) If, on the other hand, we suppose a
narrow cleft, then the point under consideration experiences
the cffect of two mutually opposed and oppositely magnetized
plane surfaces ; 1t lies, so to speak, m the middle of a magnetic
shell, and in conscquence it experiences (sce page 41) a force
which is 4n times the magnetic intensity, so that the total
ficld becomes equal to § 4 473. For this force there is a
special name ; it 15 called the “ magnetic induction,” which
expression has now a definite quantitative sense, and being a
vector 1s represented by the black letter symbol 8. Therefore

B=9H+473. . . . . . (21)
or since J = «% (IEquation 18)
B —=(14m)d . . . . . (22)
which by the introduction of a new sign
w=I+4m . . . . . . (23)
can be more bricfly written
B=ud . . . . . . (29

It may be incidentally remarked that also here the demagnet-
izing force of the upper surfaces must be taken account of, and
then if ¢ is again the coefficient of shape, and $, the original
strength of the field, the formula

== e N
9 (25)
is obtained, exactly corresponding to the formula (20).
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The importance of this conception of magnetic induction
lies in the fact that it is possible to realize it practically in a
very simple manner. This is done by taking an iron body,
best of all a closed ring, cutting it across and then bending it
out a little so that at the place of section there is a narrow
gap. We then have the already mentioned type of the solid
ring and in the gap the induction presents itself as a dcterminate
quantity. But more than this, the induction, so far as the
inner part is concerned, gives us a generalized conception of
the force, and indeed of its highest value. It clearly shows
how the iron body raises the field to its highest value through
its presence. To explain this we will take two examples. In

T1G. 39.

Fig. 39 we have an iron rod brought into a field previously
uniform ; the lines of force all run from left to right and at
an equal distance from one another. But now they are drawn
in towards the iron and crowd together there. The lines of
force pass more readily through iron than through air, and the
extent to which this occurs is represented by the quantity u,
which, on this account, is also called the magnetic permeability.
Corresponding to this is the case shown in Fig. 40, where we
have two poles N and S with hollow faces standing opposite
to each other. The lines of force between would run fairly
uniformly as straight lines at an equal distance from one
another from the upper to the lower pole. But in consequence
of a ring of soft iron being placed between them the lines of
force are drawn in together, and are crowded together in the
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iron. The induced strength of the field on the left and the
right is very great, while in the air space it is almost nothing.
This case is one which in the carly history of thc dynamo
played an important part as the Gramme Ring.

If we now look back at the conclusions that we have come
to, we get thc impression that the conceptions introduced
have been actually somewhat too abundant: there is the
original field $,, the field modified by the prescnce of the
body introduced into it §, the mag-
netization 3, the induction B, and
in addition thc two specific coctfi-
cients, « the susceptibility and g
the permeability. In practicc wedo
not need all thesc conceptions and
in many cases there is somc em-
barrassment in deciding which of
them should be chosen to represent
the phenomenon.  Thus it is largely
a matter of taste whether, taking
a particular instance, the magnetic
condition of a body is characterized
by 3 and «, or by ¥ and px. One
modc of representation implies the other, and the relation
between « and u is exceedingly simple. If the body 1s only
weakly magnetized, « is only a small proper fraction and it
follows from formula (23) that it is only slightly different from
unity. If, on the contrary, the body is ferro-magnetic, « is
usually very large, and since it has morcover to be multiplied
by 47 we can write to a very close approximation u = 4nx
(ncglecting 1). Therefore u is roughly 12} times «.

38. The Magnetization again - The principal matter is
and remains to discover the laws according to which magnetiza-
tion or induction depends upon the strength of the field, and
to evolve a mathematical formula which will represent the
magnctization or induction curves. Such a formula it might
be thought we already possess in (18) or (24), but here the
difficulty and the complexities of the subject have been evaded
by means of the cocfficients « or u, which are not true constants
but arc themselves dependent on . Our object now is the
derivation of formula connecting § (or B) and & in which
the other quantitics are constants.

Nearly all the physicists who have so far occupied themselves
with the study of magnetism have addressed themselves to

F1G6. 40.
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the solution of this problem, but nothing finally of practical
use has resulted from their labours. All the formule put
forward represent the phenomena only in some but not in
all its principal features. Thus, for example, the approach to
saturation may be very well represented by Irohlich’s
formula,

- 9
3ma+bi§‘ S ¢-19)]

in which a and b are constants characteristic of the material.
As 9 increases J increases more and more slowly and approaches
a limiting value 1/6. But the formula breaks down completely
in regard to the more rapid increase of 3 in the intermediate
portion of the curve. Other formula, on the other hand, will
represent this very well, but not the condition when saturation
is being approached. Those who are acquainted with gcometry
will see without further proof that the curve of the magnetiza-
tion must be a curve of the third order since a straight line
can be drawn from the zero point which cuts it in two other
points, that is in three points altogether, and in addition
there are further complications. We must be satisfied with
the curves as themselves representing the law, but there are
a few other observations to be made.

Tirst comes the question whether the initial portion of the
curve is really straight; or, to express 1t otherwise, does «
(and in the induction curves does y) at first and so long as the
field is weak remain a constant, or docs it increase from the
very beginning ?  According to the latest experiments 1t
would scem as if the latter supposition were true. Then
comes the question, where does the point of mflexion of the
magnetization curve occur, or where is the highest point of
the susceptibility curve ?  The answer to this is that so long
as by “ where? ” “ at what strength of the field ? ” is meant,
it all depends on the material and the shape of the body. But
if we ask, At what degree of magnectization does it occur ? the
matter is considerably simplified. In Fig. 41, for example,
are shown the induction curves for the same wire after pro-
gressive reductions of its length (in conscquence of which the
demagnetizing effects of the ends become greater and greater).
The length is shown by the attached numerics. The point of
inflexion moves continually over to the right : that is, the most
favourable degree of magnetization occurs the shorter the wire
and the stronger the ficld. On the other hand the points
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of inflexion always occur at about the same height, that is
they correspond to onc and the same induction of about
5,000 units, or what is the same thing, to a magnetization of
about 400. In this sense, then, the position of the point of
inflexion is independent of the length of the rod, and is typical
for the material of which it is made. The third question
refers to the saturation. Here it is to be emphasized—and
this again is a point in which 3 and B show fundamental
differcnce of behaviour—that there is a limiting value only
for J and that on the contrary ¥ always goes on increasing,
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for it contans $ as a constituent, as formula (22) shows. The
J curve, however, becomes gradually horizontal ; the B curve
continues to rise. The highest value which 8 can reach
appears to be about 1,800, and to reach this the ficld must be
increased to about 24,000 gauss. B has then, according to
formula (21), a value of about 45,000. The quantitics « and u
in this saturated condition have then, however, greatly declined
from their maximum value (compare Fig. 37), and while they
were 750 and 9,000 respectively at their maximum at the
point of inflexion, they now amount to only about o-1 or 1-8
respectively.

39. Hysteresis Loss—It is morcover to be added that
g and B and thercfore also k and p are not single but double
functions of 9, that is, they have different values according
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as the point to which they refer was undergoing a process of
increasing or diminishing magnctization. Single values are ob-
tained only in processes in which hysteresis does not occur, and
with the ideal curve obtained in the manner alrcady indicated.

But as regards the hysteresis 1tself, and in particular the
dissipation of energy which is thereby brought about, we know
that this is represented by the encrgy enclosed by the loop.
By integration we obtain for this energy the equation

A=j8di5. (@

corresponding to which others may be obtained in which $
may be substituted for 3 or 3 for B. In practice this is called
_the total loss per cycle, and dividing it by the volume of the
iron we obtain the specific value of the total hysteresis loss
per cycle and per cubic centimetre of iron. The question now
arises what is the law connecting the total loss with the
quantities on which it depends, and here it will be appropriate
to choose not $ but J or B (which of these be chosen makes
no substantial difference). It is usual to choose B and to
understand by it the maximum value attained, whether
positive or ncgative. It can then be shown that the loss V
increases more quickly than B, so that we obtain, according to
Steinmetz,

V=9yB . . (28)
where % and f§ are two numerlcal constants of which the last
is of interest to us. This term f is certainly greater than 1
and smaller than 2, on the average about 1:6. Nevertheless the
latest investigations have shown that even in the same serics
of experiments it is not really a constant, and thus the sim-
plicity of the formula is lost. Generally a binomial formula
agrees far better :

V=ad +b3* . . (29)
and since it is morc convenient in calculation than the
exponential formula it will in time completely replace it.
Finally as regards the factor #, or in the second formula the
absolute value of the coefficients @ and & (not their relation
to cach other): these mn practice are found usually to lic
between 0-001 and 0-02. We shall have to return to all this
later ; here we shall only remark that the total loss per cycle
and per cubic centimetre in soft iron amounts to about 10,000
ergs; in steel it may be as much as several hundred thousand,
and on the other hand in the case of special iron 1t may sink
to a few thousand.
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PAN-MAGNETISM

40. Introduction—Magnetism is a general property of
matter. But this generalization admits of special cases and
indecd of contrasts such as are scarcely to be found in any
other department of physical phenomena. The contrasts here
are such as are only to be found in the very worst forms of
plutocracy, in which alongside a little group of the rich there
exist the innumerable hordes of the poor. But looking into
the matter more closely we find that there are three conditions ;
for among the poor are thosc who do possess something, even
though it be a pittance, and those who have not only nothing
to call their own, but who even have debts as well. Luckily,
or as we may also say, unfortunately (for these would be
interesting cases!) the fourth class of those who are very
much in debt is missing. The very rich are the ferro-magnetic
substances ; the poor are the weakly magnetic, and among the
latter are those which experience normal magnetism when they
are brought into a magnctic field, and others whose magnetiza-
tion is in the opposite direction to the normal. The first are
called paramagnetic and the latter diamagnetic, and the
discovery and investigation of the latter after the preliminary
work done by Brugmans (1778) and Becquerel (1827) represents
one of the most beautiful and important achievements of
Faraday (from 1845 onwards). The name diamagnetism was
introduced by him, and he demonstrated that all forms of
matter, including fluids and gases, are susceptible to magnetiza-
tion cither in a positive or a negative sense. We will now
review the properties of these different classes of matter and
consider some of their chief representatives.

() FERRO-MAGNETISM

41. Iron and Steel —If we begin with the ferro-magnetic
substances, then in the first place we have to dcal with iron
and some (though by no mcans all) of its compounds; and

71
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in addition with the closely allied elements nickel and cobalt ;
and, finally, with a scrics of recently discovered substances,
the Heusler alloys.

As every one knows, iron plays a leading part in the arts;
we have been living, we may certainly say, for some centurics
in the iron age. But under the term “ iron ” something very
varied in its propertics is to be understood. Not only docs
chemically pure iron come under the term (and that in fact
least of all, because, as we have already said, it is.an extremely
difficult substance to produce), but also iron in combination
with other clements, and that in more or less loose forms of
combination, till we get to the actual *“ chemical combinations.”
One substance above all others plays an important role
here : the element carbon. There are many others, and in
particular silicon, mangancse, tungsten, and nickel, which
still play an important part. A further diversity results from
the method of preparing the material, whether the process be
onc of casting, rolling, or forging, and so on. Connccted with
this is the still further diversity arising out of what has been
called the thermal preliminary treatment of the material ;
this preliminary treatment usually is one of thermal and
mechanical methods combmed.  The consequence 1s that the
final product we have to deal with exlubits an extraordmary
diversity of propertics, first from a mechanical point of view
(density, clasticity, hardness, brittlencss, and so on), and then
in its magnctic qualities, with which we are chicfly concerned
here.

As regards the carbon content in particular, it is customary
to draw up the following scale : wrought iron contains up to
1 per cent. carbon ; 1n the various sorts of steel the content
gradually rises to 1} per cent. ; in cast iron 1t amounts to 2 or 3
per cent., and finally in specular cast iron to as much as 5 per
cent. From this 1t follows that we have not merely to
distinguish between iron in the narrower sensc and steel.
Still less is this possible because we have to consider thermal
treatment and particularly the degrec and length of the
heating process and the rapidity of the cooling, which all play
an important part—processes which are known as annealing,
quenching, chilling, hardening, and so forth. Only in recent
times has a scientific characterization of the various final
products been introduced, generally based upon a microscopic
examination. The chicf results of this investigation are as
follows : below 0-9 per cent. of carbon we have a mixture of
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ferrite, that is pure iron with a material, perlite, embedded
in it, in thin layers, which has a mother-of-pearl-like appearance,
and corresponds more or less to the formula Fe,C. If a carbon
content of 0-9 is reached the material is all perlite, we have a
cutectic mixture ; that is, on solidification there is no separation
of the various components. Above that there is again
separation, but now no longer of ferrite but of cementite,
that is of carbide of iron. These rclations are shown graphic-
ally in Fig. 42; but it must be emphasized that this picture
is much too simple, and that we shall later on have to
supplement it from a thermal point of view.
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An exhaustive characterization, even in any limited sense, of
the various sorts of iron and steel according to their magnetic
qualities, is not possible here. The greatest contrasts, it may
generally be said, relate not to the magnetizability, but to
the remanence, coercivity and hysteresis. A characteristic
figure (Fig. 35) has already been given. The following table
is based on the results of the experiments of Gumlich and
Schmidt with ellipsoids of various materials whose technical
ii.eicription is designated in accordance with the following
ist :

1, Kohlswa 52, five times anncaled ; 2, Remscheider dynamo
steel ; 3, Gelsenkirschner cast steel, twice annealed 5 4
Kohlswa 52 ; 5, Kohlswa 50 ; 6, Cast iron ; 7, Bohler tung-
sten (sjteel annealed ; 8, Remscheider tungsten steel unhardened.
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No ! Length | Thickness, | § (max ). B (max ). 9. R  |u(max) U (ergs).
1 33 0-8 151 18,500 7,100 | 1-0 | 3,700 11,700
2 20 o-8 152 18,400 8,840 1-3 | 3,280 12,800
3 33 0-6 165 18,600 8,500 16 | 2,630 13,300
4 18 06 149 18,310 8,520 | 1+7 | 2,390 16,200
5 26 06 156 18,320 9,000 2+1 | 2,100 20,400
6 33 0-6 155 9,900 4,230 | 119 184 34,300
7 10 1-0 235 17,000 |12,900 | 107 433 42,000
8 33 o8 505 18,720 9,880 | 275 233 | 116,000

The magnetizability, it will be scen, is in many cases approxi-
mately the same, though in the case of cast iron it is about
half as great. On the other hand, the remanence varies in the
proportion of 1:3 and the coercivity in the ratio of 1: 28,
the maximum permeability as 1:20 and the dissipation of
encrgy as I : IO.
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In what way the magnetization on the one hand and the
Steinmetz coefficient u on the other depend on the carbon
content will be seen from Figs. 43 and 44, the former based
on measurements by Holborn, and the other by Benedicks
on one hand and Waggoner on the other. Steinmetz and
Benedicks have shown on the ground of their own and other
experiments that in a very varied series of specimens of steel
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the hysteresis coecfficient 7 is simply proportional to the
coercivity. And this has recently suggested many interesting
relations and new ideas.

42. Alloys - The most important alloys, as we have re-
marked, are those of silicon and tungsten. The effects of the
addition of silicon are very complicated, but among them is the
reduction of the magnetization of saturation, and the coercivity,
and the hysteresis, the last to a tenth of its normal value,
the permecability on the contrary being increased. Silicon
iron is therefore specially well adapted to cyclical magnetiza-
tion. Tungsten has exactly
the contrary effect ; here the
coercivity becomes enorm- |

2N
ously increased up to as (\}5 / A

much as twenty times its Q&\
normal value. Chromium Q)o}\ o
behaves similarly. Tungsten 90‘\
and chromium are therefore / \‘@%
specially suitable for perma-
nent magnects.

The cffect of manganese
is altogether peculiar. In © 04 08 12 16 20
even the smallest quantities F1G. 44
it diminishes the magnetiz-
ability of the iron; with 4 per cent. it is only a quarter, with
8 per cent. only a twenticth of the normal, and with 12 per
cent. practically zero. Manganese is thercfore calculated to
prevent the process of magnetization. The coercivity and the
hysteresis arc extraordinarily great.

In conclusion it should be mentioned, in connection with
the natural combinations of iron, especially magnetic iron ore
(with which the phenomenon was first observed in ancient
times), that they can be only a third or a fourth as strongly
magnctized as pure iron, and that in detail the effect, especially
that on the remanence, and so forth, depends on the chemical
combination. This is not constant but varies, for example,
in magnetic iron ore between Fe,0O; and FeO; and recently
Hilpert has shown that both these chemical combinations,
taken separately, are not ferro-magnetic, and the magnetiz-
ability of magnetic iron ore and such substances is solely a
conscquence of the combination of the two substances in
alligation.

43. Nickel and Cobalt—Nickel and cobalt, as is well
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known, are closely related to iron chemically and they have
also magnetic affinities. The laws of magnetization are the
same, only the values attained and the shape of the curves
are morc or less different. In the first place the initial rise
of the curve is much slower than in iron, so that in a weak
field the magnetization is much less than that of iron. This is
partly made up for later on, and finally nickel for g = 540
reaches almost a third, and cobalt for § == 1,400 threc-quarters,
of the value of iron. In remanence and coercivity nickel and
cobalt are even superior to iron, at least for moderate degrees
of magnetization ; then the curves intersect and at the limiting
values are much smaller. But it must be borne in mind how
difficult it is to obtain these substances free from iron; in a
really pure condition they would probably show still greater
divergences.

In order not to anticipate matters, we have in dealing with
the alloys of iron omitted those formed with nickel and cobalt ;
but nickel iron and nickel steel have peculiar claims upon our
interest. These alloys, according to their nickel content,
exhibit weak or strong magnetizability ; it dcclines till a
nickel content of 25 per cent. is reached, and then increases
again. For the mixture named the permcability amounts
only to a few units. The optimum condition occurs with a
5 per cent. nickel content, and at the beginning the induction
is indeed below that of pure iron but afterwards it is greater,
and in somewhat powerful ficlds the alloy is decidedly superior.
Accordingly 5 per cent. nickel iron is specially suitable for
technical purposcs, and that too in the positive sense ; on the
other hand, the use of 25 per cent. nickel steel is to be recom-
mended in a negative sense, that is where a material is needed
which it is desired should not become magnetic, as for example
in the building of iron ships, wherc otherwise the use of the
compass becomes impossible (in its ordinary form at any rate,
but comparc what comes later). An understanding of the
remarkable behaviour of these alloys is obtained through
physico-chemical investigation ; it appears that nickel steel
up to 25 per cent. nickel is ““ irreversible,” that is, after heating
it does not return to its original condition, while the higher
percentage mixtures are reversible. But from a general point
of view the 25 per cent. nickel iron offers an excellent example
of that sort of natural phenomenon which may be designated,
irrespective of the particular field of natural science in which
it presents itself, interfercnce. Here two effects give when
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in combination not a stronger but a wcaker total effect, and
under some circumstances, indeed, none at all, as occurs for
instance in the case of the interference of waves (sound, light,
or electric waves), where it is casily intelligible as the super-
position of a wave hollow on a wave crest. Here, on the
contrary, wherc nothing of this sort occurs, other considerations
are required; those, namecly, which refer to the internal
disposition of the particles and the thermal behaviour.

44. Heusler Alloys—We have next to discuss the opposite,
so to speak, of what we have just been considering ; and the
contrast is still more notable because it contradicts the principle
that the combination of nothing and nothing is still nothing.
We must of course somewhat modify the statement m order
to adapt it to the actual case, and instead of saying “ nothing,”
say ““ very little.” If we take any two metals whatever, for
example silver and gold, cach of them is only very slightly
magnctizable, and if we make mixtures of these two metals in
varied proportions we expect, and the expectation is justified,
that in general the alloys will be slightly magnetizable also.
This is true for the greater number of metals that we know,
and for the still greater number of their combinations with
onc another. But twenty years ago a very wonderful exception
presented itself—the alloys discovered by Ileusler in 1898,
and named after him. The decisive constituent is manganin,
the others are usually copper and aluminium (but zinc and
other metals also come into question). None of these metals
is ferro-magnetic, but the manganese bronzes (as the Heusler
alloys may be called) are quite distinctly so, and their magnetiz-
ability compares very well with that of the other ferro-magnetic
substances.  The cffect appeared at first sight so surprising
that people were mistrustful and thought that it was due to
the presence of some iron impurity ; but the most careful
elimination of iron did not alter the fact in the slightest degree.
We have therefore here to deal with a quite startling casc of a
physical property which is not *“ additive " but *‘ constitutive ’;
which brings about, that is, a new constitution which is not
present in the clements from which it 1s derived. A manganese
bronze has its own curve, quite of the form already known to
us, but in each individual case substantially modified by the
nature, that is, by the percentage proportions of the alloy.
Moreover, in the course of years it has been shown, thanks to
the united labour of many physicists, that the phenomenon is
peculiarly many-sided and involved, and that the finer features
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of the inner constitution and the effects of the thermal treat-
ment, particularly the so-called artificial ageing, all enter into
the question—matters to which we shall return later. It is
to be noticed here that the maximum of magnetizability
presents itself for a given proportion of the constituents,
but whilst in certain cases we have to deal with a distinct
percentage (in the case of aluminium about 12 per cent.),
in others again the chemical equivalent rclation is the deter-
mining factor ; for example, the realization of the chemical
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formula, SnMn,, AlCu, and SnCu,;. In order to select one
out of a crowd of interesting results, we give here (Fig. 45)
the van’t Hoff triangle in its application to the magnetism of
the Heusler alloys. We have here a ternary mixture: tin
(Sn), manganecse (Mn), and copper (Cu); the proportions of
these three substances are represented alongside the sides of
the triangle in atomic percentages ; each alloy then corresponds
to a point within the area of the triangle. The strength of
the magnetization of saturation can then be imagined as a
vertical line, and the mountain range so built up as two lines
of ridges—the principal one is the line of 25 per cent. tin, and a
subsidiary linc. For the rest the figure speaks for itself.
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As a conclusion to this section a comparative representation
of the curves of magnetization of the most important ferro-
magnetic substances is given in Fig. 46, with 5 per cent. nickel
iron at the top, and manganese stecl at the bottom; these
curves have naturally only an average significance.

(b)) PARA- AND DIAMAGNETISM

45. We now come to substances only weakly magnetic, to
which class most substances belong. They offer only a shight
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practical interest, but a much greater from a purely scientific
point of view. The facts relating to this class are of a quite
bewildering kind. There arc substances which behave lke
iron but in a much slighter degree ; and there are others whose
behaviour is the reverse. The latter are called the para-
magnetics, and the former the diamagnetics. A ball of bismuth
is not attracted by a magnet but repelled and a bar of bismuth
between the poles of a horse-shoe magnet places itself not
in an axial but in a transverse direction, that is at right-angles
to the direction of the lines of the field ; but here very pointed
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pole-pieces must be used, because otherwise complications
arise which may lead to confusion. These two experiments
are very special ones and they can be varied in a number of
ways. But in general terms the contrast of which we are
speaking can be expressed according to Gauss in the following
way : in fields which possess an axis of symmetry of rotation
and a symmetric plane at right-angles to it (and such are those
with which we generally have to deal) a para-(dia-)magnetic
bar places itself parallel (peipendicular) to the lines of force
when the strength of the field from the middle point of the
field increases as we move out along the axis, but diminishes
perpendicular to it ; on the other hand it places itself
perpendicular (parallel) to the lines of force when the strength
of the field along the axis diminishes and increases per-
pendicularly to it. Usually we have to deal with fields of the
first sort, for example in an electro-magnet with cone-shaped
poles. The second casc can be demonstrated thus: on the
poles of an electro-magnet with plane pole faces a hollow iron
cylinder is placed with walls 3 mm. thick, 2 cm. in diameter,
and 2 cm. long, and the other pole brought to within 4 mm. of
it. In the space inside the hollow cylinder a little bar of
platinum, which is paramagnetic, places itself perpendicularly ;
a bar of bismuth, which is diamagnetic, on the contrary, parallel
to the lines of force.

In fluids which have to be investigated in containing vessels,
either closed bottles or open trays, the solid substance of
which the containing vessel is made must be tested before it
is filled with the fluid, for only in this way can the behaviour
of the latter be properly deduced. Of various modes of experi-
menting with fluids the following may be mentioned. A drop
of the fluid T (Fig. 4%) is brought in a horizontal tube RR’
between the poles PP’. Diamagnetic substances, when the
magnet is excited, move in the direction towards R or R’
(according to the direction of the field) : paramagnetic sub-
stances, on the other hand, are drawn in betwecen the poles.
If the fluid under investigation is poured into a watch-glass
placed on the pole shoes PP’ of an electro-magnet, a para-
magnetic fluid, which was originally bounded by a circular
line abcd, is drawn down and takes the form a’b’c’d’ so that it
piles itself up slightly over the edges of the pole pieces (Fig. 48).
A diamagnetic fluid, on the contrary, forms a hollow over the
edges of the pole pieces and piles itself up in the intervening

space (Fig. 49).
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For gases a soap-bubble method can be used. The bubble
is filled with the gas under examination and when placed
between the poles rises or sinks according to circumstances.
The coloration method evolved by Faraday is very striking.
The gas which is

allowed to stream
between the poles, //
if it is not naturally

coloured, is artifici- R —r R’

ally coloured. For T
this purpose a num-
ber of little tubes

which contain paper
soaked in ammonia
are placed between
the poles and extend
down to the planc
between them ; in
the pipe on the other P
side which leads the
gas from below is a
piece of paper steeped
in hydrochloric acid.
In the little tubes
into which the gas
streams a white cloud
is formed and in the
case of paramagnetic
substances in the
axially discharging
tubes, and in the
diamagnetic in the
equatorial. The very
considerable diamag-
netism which a flame F1G. 40.

possesses, and which

Bancalari first observed, can quite easily be recognized by its
change of form when placed between the poles of a magnet. In
Fig. 50 some of these forms are schematically represented ; a
shows the axial, b the equatorial cross-section of the flame ; ¢ the
last when the flame is placed somewhat higher ; d the picture
of a flame placed somewhat at the side; and ¢ a very sooty
flame of turpentine which, as will be seen, divides into twoparts.
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But in all bodies, it must now be emphasized, we only
observe the differential effect against the surrounding material,
therefore against the material of the vessel, or (in all cases)
against the air (which is paramagnetic; see below). Only
when the observation is made in a vacuum is the true magnetism
observed. This differential effect in regard to magnetic force
can be compared with the exactly analogous case of weight,
and the principle of Archimedes can be transferred. In the
one case as in the other we can either observe the various

A

bodies which arc to be investigated in the same medium ;
or one and the same body, which then serves as an auxiliary
body, can be observed in various media, which latter are then
the object of investigation. Both methods are in use, and it
will be readily seen in what cases the first or the second offers
the greater advantage. For the rest it is shown that even in a
vacuum numerous substances appear diamagnetic, and these
we must bear in mind because they are of great significance in
connection with the theory of the subject.

46. Quantitative Relations—At first, after becoming
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aware how widely spread magnetism was, it scemed to be
sufficient to dctermine which bodies are paramagnetic and
which are diamagnetic, and in what degree, in which connection
it of course makes a difference whether the magnetism is
referred to unit volume, unit weight, or atomic cquivalent
weight (see below). In this way we come as in other subjects
to a magnetic series of substances, in which however the
majority of substances are not susceptible of being grouped
because their differences are too small or too uncertain. If we
confine ourselves, therefore, to the substances which are
specially adapted to this scheme of classification and consider
only the ferro-magnetic substances, we obtain on the atomic
basis the following series, which begins with the most strongly
magnetic mctal and goes on to the most strongly diamagnetic.

(+) Iron — Cobalt — Nickel —— Manganese — Chromium —
Cerium — Neodymium — Prascodymium —- Lanthanum (?) —
Palladium — Platinum — Tungsten -— Molybdenum — Alu-
minium — Silicon — (somewhere about here lies the indiffer-
ence point) — Carbon — Potassium — Sodium — Calcium —
Barium — Phosphorus — Arsenic — Copper — Zinc—Cadmium
— Silver — Sulphur — Lead — Gold — Bromium — Iodine —
Mercury — Antimony — Tantalum — Bismuth (—).

Many of the substances on the magnetic side were at first
regarded as magnetic because they contained 1ron, and it 1s
by no means impossible that some further modification of the
list may not be called for. On the whole, however, it shows
a certain relation to the periodic classification of the clements ;
for those clements in the third column which it is known have
the smallest atomic volumes, are also most strongly para-
magnetic. To the left and the right are arranged the elements
with increasing atomic volume and decreasing atomic
magnetism (in fact becoming negative) and the substances
on the right are the most strongly diamagnetic.

With such a scale we cannot of course rest satisfied. We
must make many more quantitative determinations, and that
has been done after numerous and more recently perfected
methods. From the rich material thus supplied we can only
here select a few samples of the solid substances. The values
given refer first to the susceptibility «, and sccondly to the
specific magnetism, that is (see above) to the magnetization
of 1 gm. (instead of 1 c.c.) of the substance produced by unit
field strength yx; obviously we shall obtain y from « if we
simply divide by the density of the substance. The values
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in the following table arc only mean values derived from
individual values which at times differ very considerably
among themselves, partly on account of the dissimilarity of
the material and partly because of the imperfection of the
method of observation. All the values are to be divided by a
million.

Paramagnetic Diamagnetic
Material. x X Material. I3 X
Oxygen (sohd) . . | 422 — Wood (mean) — 03
Manganese . 78 103 Copper . - 088|—o0-091
Palladium . .| o1 54 Sulphur — 089 |—041
Uranmum . .| 6o — Glass (mean) — 09 -
Iron oxide . .| 50 — Zinc — 1'04|—0°-146
Platinum 2 I'I Quartz — 12 - -
Chromium . 2 35 T.cad . |— 1-33]—o0-104
Tantalum 14 0-84 || Iluoispar . . ]=— 135 -—
Aluminium . 17 07 Phosphorus (white) (- 17 |—093
Sodium . . 052 | o-51 || Silver . . — 1'76/—0°107
Potassium . . 05 05 Tellurium — 270 —
Gold . . . . |— 28 |—0144
Bismuth .. |—T42 |—1'43

As will be seen, three substances, apart from oxygen, stand
out from the general scheme: manganese, palladium and
uranium. After these, and again apart from iron oxide,
platinum and chromium, and on the negative side, bismuth.
It is remarkable that manganese, the bearer of the ferro-
magnetic property of the Heusler alloy, here stands at the
top of the list where it is, of course, as remote as possible
from the ferro-magnetic substances. In addition to this,
manganese, when specially treated, behaves quite peculiarly.
Thus Seckelson has found that manganese electrolytically
deposited in the direction of the field is susceptible of very
strong magnetism, amounting to a thirticth of that of iron.
And Weiss and Kamerlingh-Onnes found that chemically
pure mangancse formed under hydrogen is indeed paramag-
netic so long as it is in powder form, but when it is meclted
together it becomes ferro-magnetic to an extent about a
hundredth of that of iron.

For liquids and gases some values are here given. They
must be multiplied by 107 in order to give the true value.
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Fruins
Oxygen (liquid) .o -1 254 || Ether . . —0-04
Awr (hquud) . . . .| 4180 | Alcohol . . | —o69g
Manganecse chloride . + 58 Water . . . . . .| --073
Chloride of 1ron . + 52 Bisulplide of carbon . . | —-0'8
Chloride of cobalt . - | + 2t | Sulphuric actd . . --0-83
Sulphate of iron . -+ 16 | Mercury . . --2:3
Nickel sulphate . . N/
Copper sulphate . S+
GASES
Oxygen . . .. +-0 142 i Hydiogen . . . .| —o0-0005
Air .o . . 40030 || Helum . . . . .| —o-002
Nitrogen .+« « .| -}owoor || Argon . . . . .| —o-0II
1
l

Some interesting points are to be noted here: (1) of liquids,
the liquefied gases arc by far the most strongly magnetic,
which in any casc has some connection with the low tempera-
ture at which the investigation takes place; compare what
is said later. (2) For the rest, naturally the salts of the
ferro-magnetic substances arc relatively strongly magnetic,
being only surpassed by the salts of manganese. (3) No
liquid is to any cxtent strongly diamagnetic. (4) The gases
as a whole have exceptionally small values, and in the case
of some of them the sign of the value is doubtful (carbon
dioxide, hydrogen). It is to be added that the susceptibility
k is proportional to the pressure, from which it follows that
the specific magnetism y is independent of the pressure and
therefore is the true characteristic constant. If the above
numbers are divided by the density of the gas and thercfore
multiplicd by thcir specific volume, numbers are obtained
ranging from some tens up to over a hundred units.

47. Physical and Chemical Relations —And now comes
the task of showing how this great mass of quantitative re-
sults stands in some sort of relation to the chemical nature
and constitution of the substances under consideration !
With this task numerous physicists have occupied themsclves
during recent years, but the results obtained are somewhat
conflicting. The rclation to the periodic system of the ele-
ments, which has already been touched on (page 83), has
becn set out by Honda and Owen on the basis of very com-
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plete material. It is illustrated in Fig. 51. On the axis of
absciss®, about half-way up are the atomic weights, and at
the bottom of the figurc the so-called ““ series” according to
Mendelejew-Brenner, scparated from each other by short
cross-hatched lines. The curves fall, as will be seen, into
three parts separated by the two specially strong magnetic
groups ; namely, in the first place, the group Ti, V, Cr, Mn,
Fe, Co, Ni; and, in the second place, into the group of the
rare-earth clements. These two summits, which, of course,
are too high to be shown in the figure, are indicated by A
and A, The three parts of the curve follow a more or less
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similar course, namcly, a subsidiary maximum (B,, B, Bs),
a flat minimum (€,, €,, €,), a pointed minimum ®,, ,, P;),
and a sccondary minimum (b,, b,, b,). According to Owen
there are still two singular points to be added. Elements of
the same group and of similar chemical properties often hie
at corresponding places, which is a fact from which many
inferences may be made.

From the simple substances we may proceed to the com-
pounds, and in turn to the alloys, solutions and combiations.
Here indeed arc to be found numerous special relations and
laws which are valid for quite definitec and limited groups of
substances ; but no very much better understanding of the
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general nature of the laws of magnetizability has thus been
obtained. A few brief indications may therefore be sufficient.

With alloys the additive law secms to hold in special cases
only : that is, the magnetizability of the alloy can be dcter-
mined from the ratio of the parts making up the mixture.
In some cases great anomalies present themselves, and indced
very pronounced maxima (and minima) may occur. As an
example the graphic representation in Ifig. 52 may serve.
It relates to the manganese antimony alloys and shows that a
pronounced maximum occurs with 32 per cent. manganese,
which percentage corresponds to the formation of unsaturated
mixed crystals.

x 6
5010- £\

i A

$) = 10,9 Kilogauss
=550°

D

\
|
3553

=4
~—
LT
Mn,S

20
/ ~L_

™S~

jiv} r I
o

7/snr st Mié’}"iEH sat lm.m_lmn
i~

70 20 30 %0 0 g0 70 80 S0 10
(Sb) - (Mn)

Fig. s52.

-

Secondly, in regard to solutions: here the question of con-
centration 1s one of paramount importance. After long self-
contradictory rescarches designed to clear up the point, G.
Wiedemann has proposed the following rule: The specific
magnetism of a solution is proportional to the amount by
weight of the dissolved magnetic salt. For various solutions
this holds where there is no dissociation, alteration of volume,
or other special phenomenon, and the specific magnetism is
then independent of the solvent. But this rule is still too
spccialized.  Koenigsberger has just shown how it may be
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generalized and placed on a solid foundation. He arrives at
the following equation for the specific magnetism y (= «/s,
where s is the specific gravity) :
X = MoXo + Mix1.

Here m, and m, arc the parts of the solvent and the dis-
solved substance in the whole (m, +m, =1); %, is the
specific magnetism of the solvent, and y, a constant whose
value is nearly that of the specific magnctism of the solid
salt, but is not necessarily equal to it. It will be seen that
the first part of the Wiedemann rule is strictly correct only
for very strongly magnetic salts, but that for weakly magnetic
or diamagnetic materials there will be divergences.

In certain parts of this subject very interesting facts have
been established of which at least one example may be given
here.

Since water is in itself diamagnetic it must be possible to
produce solutions of magnetic salts which arc non-magnetic
or magnetically inactive, an idea which du Bois has developed
for the two following cases :

Chloride of Manganese. Chloride of Cerium
x108, s. x10%
09992 —o0'837 0°9992 —0-837
1:0010 —0-418 10529 —0215
1:0028 —0°127 1-0748 0000
10040 0:000 1-15065 +0-950
10054 +o0-182 1-2165 +1:596
1-:0087 +0-578 1-2697 +2-175
1:0445 +6-819 | 1:5229 +4-877

In the case of chloride of manganese the indifference point
occurs at s = 1-0040, and in the case of chloride of cerium
at s =1-0748. Finally for the characteristic comparison of
various substances it is of interest in place of « or y to intro-
duce two new quantities: the molecular susceptibility «,
and the atomic susceptibility «,, which are defined by the
following simple relations (where s = specific gravity, m =
the molecular weight, 4 = the atomic weight) :

a
K = my, Ka=?x=ax .. (30)
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One would expect that the atomic susceptibility would be
a constant, and this is gencrally the case, but in certamn in-
stances there are divergences, and from this, interesting con-
clusions can again be drawn in regard to the constitution of
the solution under consideration.

The relations in the case of combinations arc very compli-
cated. Here also three typical cases arc again possible ; the
value for the combination lies between the single values, or
it agrces substantially with that of one of the constituents
(this ingredient is therefore decisive), or it lies quite outside ;
all three cases present themselves. Thus in the halogen com-
binations of the metals Li, Na, K, Ca, Sr, Ba, it is almost
indifferent whether the other clement is chlorine, bromine,
iodine, or fluorme. Quite gencrally the influence of the
mectals, that is (electrolytically expressed), of the kations, is
much greater than that of the anions, so that to a first
approximation it is only necessary to consider the atomic
magnetism of the metal under consideration, but for a closer
approximation a correction must be taken into account be-
cause of the anions. Weiss has reckoned out the values for
a grcat number of anions and these have been found to agree
very closely with experiment. For the metals themsclves
the following table gives the mean values of the atomic
magnetism :

Alununium. + 19 Oxygen . . +1,340
Antimony . —  9I Palladium . -+ 5035
T.cad — 18 Platinumn -+ 208
Cadmium — 106 Sulphur — 13
Gold —  3I Selenium — 24
Graphite — 40 Silver . — 11
Copper . — 5+7 | Bismuth - 32
Magnestum + 56 Zinc. -- 7
Bromium 30 Tm — G5
Mercury + 31

Finally, it is to be noted that the atomicity is of influence
on the magnetizability ; thus, for example, ferri- and ferro-
salts have by no mecans the same atomic magnctizabnlity.

48. Remanence and Hysteresis—The further question
now arises, and must be carcfully studied, whether in the
case of weakly magnetic bodies all these phenomena, which
make the magnetization of the ferro-magnetic materials so
interesting and diversified, are complctely absent — the
departure from proportionality between strength of field and

7
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magnetization, remanence and hysteresis. It now appcars
that on the whole thesc phenomena are actually absent, but
it is suggestive that in certain cases they present themselves
in those materials which are capable of stronger magnetiza-
tion. If some physicists have regarded thc materials where
this is the case as fcrro-magnetic (remanence and hysteresis
being regarded as indications of ferro-magnetism), it is desir-
able in the interests of clearncss to demonstrate it immedi-
ately. Between the strongest of the weakly magnetic sub-
stances and the ferro-magnetic substances there is such an
immense gap that in this way the nomenclature retains a
fixed significance. It must, however, be added that even in
weakly magnetizable substances traces of remanence and
hysteresis present themselves.

() MAGNETISM OF CRYSTALS

49. Crystals --Crystals also deserve special consideration
on account of their magnetic qualities, and that indeed for
two reasons, which, if we wished to be paradoxical, we could
express by saying that in the first place they behave in a
more complicated, and in the second, in a simpler fashion
than isotropic bodies. More precisely stated, this means that
a sphere of isotropic material bchaves in all directions in the
same way, in a uniform field it is thercfore at rest in all direc-
tions. A sphere of crystal, on the contrary, behaves differ-
ently in different directions ; in a uniform ficld it will quite
definitely place itself so that the axis of greatest susceptibility
(or it may be of the smallest negative susceptibility) lics along
the direction of the field. It may also place itself with the
axis of least susceptibility in this direction, but it is then
unstable and at the lcast disturbance the first condition again
presents itself. A sphere of crystal has a different suscepti-
bility in different dircctions, and all these (just like the corre-
sponding moduli of elasticity) can be graphically represented
as radial vectors all drawn from a common centre, the end-
points of which will then define an ellipsoid—the ellipsoid of
magnetic induction. Its axes are called the axes of principal
magnetization and the values of x corresponding to them are
called the principal susceptibilities. In crystals having one
axis the surface is an ellipsoid of rotation, and there are only
two principal susceptibilities. In regular crystals the sur-
face may even be a sphere and these substances then behave
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as regular bodies. But in the majority of crystals the cllip-
soid is more or less spherical, and the heterotropy in a
magnetic sense is therefore not considerable; thus, for ex-
ample, spar and quartz have only two very slightly diffcrent
values of «, and m topaz (rhombic) the three values are
almost equal to one another.

But there are also some ferro-magnetic crystals, and in
particular magnetite (magnetic iron ore) and pyrrhotite. The
first is only pecultar in the fact that although it belongs to
the regular system, nevertheless it does not behave as an
isotrope : in the cubic faces the direction of the magnetiza-
tion only coincides with that of the field for the sides and
diagonals of the squares ; in all other intermediate directions

T16. 53. Fiac. 54.

the two make an angle with each other so that onc can dis-
tinguish between two components of the magnetization, one
parallel and the other normal to the ficld. The last form two
perfect waves from 0° to 180° with four null points (two
axes and two diagonals) and change their sign at cach of the
null points. In the dodecahedrals the waves of 75° corre-
sponding with the axes which are at an oblique angle to each
other, alternate with others of 105°. In Figs. 53 and 54
the two componcents are represented, the parallel on the out-
side, the normal within. In the octohedrals the normal com-
ponent of the magnetization is so small and runs so irregu-
larly that Weiss came to the conclusion that with an exact
orientation of the face there would be complete isotropism,
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a conclusion which has been substantiated. For the rest it
is clear that we can distinguish between a normal and an
irregular type and that for each of these types different rela-
tions apply. For thesc and many other discoveries connected
thetewith we have to thank the indefatigable labours of
Pierre Weiss and his scholars. All possible explanations but
this proved unworkable : the crystal is built up in a sym-
metry which is perfectly regular in itself (a simple cubical
lattice-work in space) but traversed by an immense number
of fissures parallel to the octohedral surfaces, fissures which
are microscopically small but large in comparison with the
elements of the cubical lattice-work. The four systems of
fissures or cleavages produce a demagnetizing force, and every-
thing depends on whether all the four are equally developed
or different. Consider Fig. 55: at thc left a regular, and in
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the middle, an irregular cubic, and on the right an irregular
octohedral has been shown. In pyrrhotite, on the other hand,
all observations may be understood by assuming that the
substance is made up of rhombic elements which arc parallel
to the principal axes and are orientated with the subsidiary
axes in three positions lying at 120° to one another.

In short, as will have been seen from this brief survey, we
have here to deal with extremely complicated relations.
Where then, on the other hand, does the great simplicity
that has been mentioned reside ? That crystals are subject
to a simpler law than amorphous hard bodies corresponds
perfectly with our present ideas (and the microscopic dis-
coveries which support them), according to which every hard,
simple body is a crystal, the so-called isotropic bodies being
only quasi-isotropic and in truth consisting of crystalline
particles held together at random. This should, however,
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manifest itself in their magnetic behaviour, and to a certain
extent this does happen. But we can only take up this
argument when we have considered modern thcories in their
totality. It should, however, be mentioned here that mag-
netic iron ore is distinguished from artificial iron by the fact
that it possesses natural or “ voluntary ’ magnetism.
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MECHANICAL AND THERMAL RELATIONS

50. Introductory—Nothing is more helpful towards the
understanding of a complex of phenomena than the study of
the mutual relations, wherever they exist (and they nearly
always do exist) between this particular complex and others.
In regard to magnetism, such relations are specially abundant,
and it may indeed be said that there is scarcely any depart-
ment of chemistry or physics into which magnetism does not
enter. We will consider these various relations in order ;
first the mechanical, then the thermal, then the optical, and
lastly the most important of all, i.e. those relating to
electricity.

It is appropriate to begin with the mechanical, and here
again with the first and most actual twofold characteristic
of matter, its inertia and heaviness, which is manifested by
its mass and weight. In this we have one of the few excep-
tions to what has just been said : the relations of magnetism
to inertia and gravitation in spite of all the efforts that have
been made to establish them have not been discovered. A
bar of iron is not made heavier as a consequence of magnetiza-
tion ; and if the American physicist Baucr found some slight
traces of difference of weight in magnctized iron bars accord-
ing to their orientation in the gravitational field of the earth
the matter still stands very much in need of confirmation.
Gravitation and magnetism must for the time being be re-
garded as separate, and only through the application of the
principle of relativity to the electro-magnetic theory of gravi-
tation is it permissible to anticipate that the gulf will be
bridged.

5I. Relation to Longitudinal Tension—Extremely inter-
esting, on the contrary, are the relations between magnetism
and elasticity, and that in both ways, for elastic changes are
accompanied by magnetic, and magnetic changes are accom-
panied by elastic effects. This is true in various connections ;

94
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but here it will be sufficient to consider the two principal
cases, longitudinal tension and torsion.,

As regards the effects of longitudinal tension on magnetism,
the phenomenon 1s smmplest 1 the case of nickel.  Here

magnetism 15 dimin-
ished by longitudinal
tension and that in
proportion to the ten-
sion applied. This is
true both of temporary
and also of permanent
magnetism, and of the
last in a still higher
degree.  INg. 50, in
which the three quan-
tities 3, 3’ (Remanence)
and « arc shown as
functions of the strength
of the ficld $ for three
cases—that m  which
there is no longitudinal
tension and those 1m
which thereis a tension
of 2 kg. and 12 kg. re-
spectively- shows  this
better than any series
of figures, and 1t also
shows that the depart-
ure of x from constancy
and therefore the up-
ward bending of the
curve becomes pro-
gressively smaller and
smaller, and that as the
load is increased the
point of inflexion moves
progressively to the
right ; that is, the
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maximum value of x is attained at a progressively greater

value of the force.

Conversely, longitudinal pressure on

nickel has the effect of increasing the magnetism, the maxi-
mum value of k is reached sooncr and the rate of increase
and decreasc of « is greater. As the strength of the field
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is increased it is still more clearly shown that the curves
draw together ; and it is also evident that at saturation the
magnetism cannot be further increased by longitudinal pres-
sure. The curves for high loads rise steeply, and quickly
bend over to a horizontal direction. The condition of satura-
tion therefore occurs very suddenly. Instead of the curves
of magnetization which we have already considered, curves
can also be obtained, by a slight change in the method of
experiment, which show the magnetism (the ordinate) as a
function of the load (the abscissa) for various values of the
strength of the field. With longitudinal tension they fall
from left above to right below; in the case of longitudinal
pressure they rise from the left below to the right above.
In the case of iron the behaviour is more complicated.
Whether longitudinal tension increases or diminishes the mag-
netism depends upon the strength of the original magnetiza-
tion: wecak magnetism is increased, strong magnetism is
diminished, but this only applies up to a certain limit in the
casc of tensional loads. When the load is still further in-
creased, even if the original magnetism is weak, it is dimin-
ished. The above reversal of the phenomenon at the change-
over from weak to strong magnetization is called, after its
discoverer, the ““ Villari effect,” and the point where it takes
place the ““ Villari critical point.” It can be defined in various
ways according as it is regarded as a critical tension or as a
critical magnctization ; in the first case it is a function of the
magnetization, and in the second a function of the pressure.
This is more evident from the two parts of Fig. 57. For the
Villari effect has the result that the magnetization curves
cross for various values of the tensional load in the case of
iron, as is shown by the figure to the left. In the lower part
of the figure is the curve for the heavier loading ; next above
it, that for the lighter; and finally that for the unloaded
wire, highest of all. The crossing points represent the critical
magnetization as a function of the load. In the right-hand
half of the figure this relation is illustrated differently for the
above-mentioned curves which for various strengths of field
represent the magnetization as a function of the load. The
lowest of these curves, which corresponds to the least strength
of field, rises all the time, the uppermost curve falls all the
time ; the curve lying between first rises and then falls. For
each strength of field there is in the first place a definite
load for which the magnetization is a maximum, and this
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value of the load falls more and more as the strength of the
field increases. When the curves sink again they will, under
certain circumstances, regain their original value ; this is the
critical load as a function of the magnetization. There are
still two other points to be noticed. In the first place there
is perhaps even in nickel (and in cobalt as well) a critical
point (Heydweiller and others), but the matter has not yct
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been completely cleared up. In the second place, the above
phenomena are not inconsiderably modified by the first ex-
periment to which the body is subjected, and even in its
permanent condition, in virtue of something that may be
called magnetic elastic hysteresis; that is, it depends on
whether in the cyclical loading and unloading we are on the



98 MODERN MAGNETICS

outward or the backward part of the curve. But this kind
of hysteresis is more complicated than the purely magnetic,
for the loops cross each other as will be seen from Fig. 58.

Converscly, by magnetization of a bar a change is brought
e about in itslength. Hercagain
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N\ Nickel-iron alloys arc always
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tro-striction) and this has given
. an impulse to further re-
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52. Relations to Torsion- The second casc is that of
torsion. If we apply, in the first case, a small amount of
torsion, well within the elastic limit, we find that in iron the
magnetism is at first increased but afterwards diminished to
such an extent that in the cyclical condition the twisted bar
is less magnetic than one free from torsion. The phenomenon
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is most pronounced in soft iron. In hard iron it is weaker,
and in stecl least of all. In nickel, on the contrary, torsion
brings about an increasc of the magnetism, at least in moderate
fields; in stronger fields an inversion ot the phenomenon
takes place, indeed—according to Zehnder—an inversion of
the magnctism itself. The behaviour of cobalt is again
different.

Hysteresis also occurs as a result of the effect of the tor-
sion on thc magnetism, that is, the curves of the magnctism
with increasing torsion and diminishing torsion are moved
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sideways with regard to onc another, as will be seen in Fig.
60 (where a rclates to iron and b to nickel). The base-line
does not correspond to the value 3 = o, but to a very con-
siderable value of 3.

The effect of torsion on magnetism is also shown when the
latter is generated not by a coil surrounding the bar but by
a current flowing through the bar itself, so that the magnetism
is of the circular type. Here the effect is specially interesting ;
Wiedemann has shown that such a bar when it is twisted,
after or during the passage of the current, becomes magnetic.
This means that the bar which previously was non-magnetic
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has become so as a result of torsion ; in other words, the mag-
netism has changed of itself from the purely circular form to
the longitudinal. The bar thus obtains at the end where the
current enters a south pole if it has been twisted to the right,
and conversely. In nickel the magnetism set up is in every
case the contrary.

But how as regards the production of torsion through
magnetization? The following facts have been made out.
As a result of purely longitudinal, purely transversal, or
purely circular magnetization, a previously untwisted cylinder
undergoes no torsion, and it is easy to see why this is so.
Where, on the contrary, there is a longitudinal and a circular

- a 0
p)
x
Iron Nichel
~——— TorSs1o ——— ~— ors 070 —>
F1c. Go.

ficld combined, torsion must be set up. The simplest case is
that in which the magnetization represents a helix about the
cylinder with an angle of 45° and in a right-handed screw
direction. The sensc of the torsion produced is obtained by
considering that in weak fields dilation takes place in iron
in the direction of magnetization (in nickel it is contraction
that occurs). If, therefore, the field is produced in such a
way that through the body when it is hanging in the mag-
netizing coil a second current is sent from above downwards,
then nickel is twisted in the same direction as (but iron in
the opposite direction to) that in which the current flows
through the magnetizing coil. If the magnetized bar is
already twisted, then a longitudinal or a circular field alone
will bring about a change of the angle of torsion.

53. Other Mechanical Relations—The other mechanical
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relations can only be touched on briefly : they relate to the
moduli of extension and torsion and to intcrnal friction and
capillarity and so forth. Thus, for example, the dropping of
a paramagnetic fluid is accelerated in a magnetic field, that
of a diamagnctic fluid retarded, and under some circumstances
completely stopped. Turther, if the narrow upright tube in
the apparatus, shown diagrammatically in Fig. 61, is brought
into a cross magnetic field the level of the liquid falls (or
rises) from z to 2z’, and the change of pressurc corresponding
to this difference of level is proportional to the susceptibility
of the iquid and the square of the strength of the ficld. A
strong field must of course be used in order to obtain any
well-marked change
of level: water, for
instance, in the
strongest field that
can be produced falls
only about a milli-
metre. This effect
is not one of capil-
lanity but of magne-
tic hydrostatic pres-
sure.

Shocks, blows and,
in a quitc special
degree, regular peri-
odic cffects such as
vibrations, have an
extremely interesting and manifold influence on magnetic
behaviour. The most important cffects are the following :
the temporary magnetism (especially in weak fields) is
favourably, and the remanent magnetism unfavourably,
influenced ; the hysteresis is greatly reduced and in some
cases by suitable procedure can cven be totally eliminated.
Compare Fig. 62 (from Maurain), in which S is the ordinary
loop ; 2, however, is the new curve with the two branches
coinciding in the case in which the vibrations are started
when the material is in the condition A, or A, and is strongly
maintained.

Finally, with refcrence to the processes of crystallization,
it is to be added that in a magnetic field crystallization itself
often takes place differently from what it otherwise would
do : thus needles may be formed instead of plates or leaves.




102 MODERN MAGNETICS

54. Heat of Magnetization—We now come to the thermal
relations. Like the mechanical, these also present two dif-
ferent aspects : magnetization gencrates heat, and heat, on
the other hand, influences magnetization.

As for the first phenomenon we necd only go back to what
has alrcady been said and look at it from the thermal side.
The heat which herc comes under consideration is called the
heat of magnetization ; it represents a dissipation of encrgy
(except where the production of heat is the object to be
achieved, a case which docs not often arise in practice) and

is of the same charac-

I ter as all the other
4,441 7| || manifestations of heat

- a = % encrgy, such as the heat
/ / of mixture, solution,

/ ( / chemical combination,

/ /4 heat due to the passage
) / of the electric current,
and so forth.
./'/ // The first experiments
v in conncction with the
heat of magnetization
were undertaken by
—— Joule as part of his
great work on the
detcrmination of the mechanical cquivalent of heat, and
for the purposc he used a bundle of iron lamelle which
were rotated over the poles of a magnet. He found, as was
expected, that the heat generated was proportional to the
squarc of the magnctism. Later, numerous investigators have
devoted themsclves to the problem, and two fundamentally
different methods have been employed : the method of work
with slow cycles, and the calonfic method with quick cycles.
Specially valuable are the measurcments of Warburg and
Hénig by both methods (A and B). For the purposes of their
experiments bundles of quite thin wires, bundles of thin iron
sheet, bars of various size were employed. The cycles were
sometimes unilateral, sometimes bilateral (index I and 2);
they were carried to the point of inflexion and the corre-
sponding susceptibilities were :

/
)/
+

\\

M
-

Bundle I  Bundle II Bar 1 Bar II Bundle III
21 20-8 129 72 20°1
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In the following table the amount of heat developed for
one cycle is given in mullionths of a gramme-calorie, and in
addition the ratios of these values:

Material A, B, Az l B,
Bundle 1 92 53 28-0 176
Bundle II 49 52 17:0 174
Bar I . . . 5-I 133 189 400
Bar IT . . 04 50 1-6 10°1
Bundle III 37 24 120 1 78

Material As A B, B, B, A B, A,
‘Bundle T 3°0 33 06 00
Bundle 1I 30 34 11 10
Bar T . . 37 35 20 24
Bar IT . . 40 8 14°0 63
Bundle 1IT 32 33 07 07

Unfortunately these numbers do not give a clear idea of
the phenomena because many other effects are involved
(remanence, heating due to eddy currents, heating due to
thermal changes in the susceptibility and so forth). In order
to obtain an idea of the rise of tempcrature brought about
by the heating due to magnctization, the energy consumed
needs to be divided by the density of the iron (7-7) and its
specific heat (o-11), and then we have

0t = 2-81 X Io'sjg‘)dﬂ. ... . (31

The valuc of the integral in the case of soft anncaled iron
which has been taken through a complete cycle of the pro-
cess, that is, when the iron has nearly reached both its positive
and its negative condition of saturation, is of the order of
10,000 crgs, and the temperature for 4,000 revolutions of the
machinc would rise about 1°C. and therefore, if there were
about 1,000 turns a minute and the heat generatcd were not
dissipated, it would rise about 15°C. per hour. Actually,
the generation of hcat on account of cddy currents in the
armature is very much greater, or at lcast was so in the older
machines. In modern ones the heat due to the eddy currents
produced by electro-magnetic action is reduced to a moderate
amount by subdividing the iron of the armature as far as
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possible. In order to minimize the real magnetic heating the
cyclic process is not carried to its full extreme, that is, the
iron is only brought to a moderate degree of magnetization.
That this is a more advantageous condition will be already
sufficiently clear from the form of the magnetization curve,
but at the same time it follows from the shape of these curves
that the dissipation of energy increases not only absolutely
but also relatively if the magnetization is carried between
wide limits. The following table will make this clear. $ is
the force, B the magnetic induction, and V the energy dissi-
pation. The energy dissipation divided by the induction and
the temperature increase per cycle are also given :

9. B. V. V:3. 8T.
1-50 1,974 410 021 0:000012°
1°95 3,830 1,100 0°30 0°000033°
2:50 5,050 2,190 0:37 0°000002°
3-01 7,180 2,940 041 0+000083°
3-76 8,790 3,990 045 0+000112°
4-96 10,590 5,500 0-53 0-000156°
0:62 11,480 6,100 054 0+000173°
704 11,960 0,590 0'55 0+000185°
206-5 13,720 8,690 063 0-000244°
7572 15,500 10,040 0-05 0-000282°

In Fig. 63 the temperaturce rises according to Tanakadaté
arc shown, which occur during one cycle of the process in
iron and steel when carried out between the limits indicated
by the abscissee. That the curve for steel at the beginning
1s lower than the curve for iron is obviously a consequence
of the smaller susceptibility of steel. The stcel curve would
lie above the iron curve throughout its entire length 1f §
instead of $ had been chosen for the abscissa.

55. Influence of Temperature on Weakly Magnetic
Substances —And now lct us consider the converse case—
the influence of temperature on magnetism. It is a matter
of common knowledge that temperature influences all the
physical properties of a body, sometimes only slightly, but
frequently in a very considerable degree. It influences the
volume, the clasticity, the specific heat, the conductibility
for heat or clectricity, the refractibility of light, and also the
magnetic qualities. But its effects in this case are specially
interesting in the weakly magnetic substances with which we
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will begin. Herc a very striking contrast between para- and
diamagnctic substances presents itsclf. In diamagnetic sub-
stances the specific magnetism is approximately constant ; 1m
paramagnetic substances 1t is inversely proportional to the
absolute temperature. Therefore we have

diamagnetic g = constant ... . (32
paramagnetic y X T == constant or y = C/T . (33)

These formule are commonly known as Curic’s laws and
the magnitude C as Curie’s

constant. Nevertheless, 1t has T -
been shown that there are Goors - / -4
many divergences from these I / S
laws, and that numerous sub- N B S /
stances do not even approxi- T —
mately conform to them. Thus GO0 — - ———/-

the magnetism of bismuth, al- ,

though this substance, as we GO —t - -/ —

know, is very strongly diamag-
netic, as the temperature rises
diminishes to about two-thirds
its normal value, and as the
temperature falls increases by
about one-sixth of 1ts origmal
value at — 182° C. Aboveall,
there are substances whose
susceptibility remains constant
with change of temperature, ' gomz]
some in which it diminishes,

G0010°

qeaos’
qove”

0!
Qovvs

——» Rise 1n Temperature

. . - -
and some in which it increases. IS T I O

The same substance, moreover, 0 w40 6. &

will 1 some instances behave Fre. 63.
differently in different tem-

perature ranges, and it is difficult to lay down any definite
rule. In order to give the reader some 1dea of these varied
relations, we reproduce in Fig. 64 a series of curves from the
results of Honda and Owen’s cxhaustive work on the subject.
As will be seen the curves run sometimes horizontal, some-
times upwards, somectimes downwards, and some have even
definite bends at a particular place. Therefore when, as was
formerly usually done, a temperature coefficient of the specific
magnetism was given (relative change per degree), this had
only a limited significance ; mostly 1t is negative and amounts

8
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to a few thousandths. In conclusion it may be said that
on the whole a rise of temperature is unfavourable to
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the magnetism of
weakly magnetic
substances.

56. Influence
of 'Tempera-
ture on Ferro-
magnetic Sub-
stances-- On the
other hand, as
regards ferro-
magnetic sub-
stances we have
in the first place
to deal with the
influence of tem-
perature on tem-
porary magnet-
ism. In this two
different methods
may be followed
for the purpose
of showing the
behaviour of the
function ; we can
either for a given
strength of field
represent the
magnctization as
a function of the
temperature, and
repeat the pro-
cess for all other
different
strengths of field ;
OT We can repre-
sent the mag-
netization, as we
have previously
done, as a func

tion of the strength of the field and obtain the magnetization
curves for a definite temperature and repeat the process for all
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other temperaturcs. In the first case we obtain the following
result : in a weak field the magnetization at first increases toa
maximum and then declines ; in a strong field it declines from
the beginning. In weak fields the resulting increase is more
considerable and the decline which follows the more sudden
the weaker the ficld ; the stronger the field the more rounded
does the form of the curve become, and with a given strength
of field the ascending branch disappcars altogether and it
then consists of a branch which at first declines slowly and
then more quickly and at last descends very abruptly. The
strength of field for which the ascending branch of the tem-
perature curve vanishes can be regarded as the critical strength
of field. It is therefore that strength of ficld below which

R500
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Rovo ___\
I
——————— s.’q} \
1500
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the magnetism for higher temperatures is greater and above
which for higher temperatures it is smaller than for normal
temperatures. Nevertheless, this contrast only holds up to
a definite temperature, that, in fact; for which the tempera-
ture has its maximum, for beyond that temperature the
magnetism for any field strength is smaller for a higher tem-
peraturc than for the normal. This temperature can corre-
spondingly be called the critical temperature of magnetization.
Contrasted with it is another temperature: that at which
the curve as it sinks ever more and more steeply cuts the
zero axis, and where, therefore, the magnetism vanishes alto-
gether and the material changes from a ferro-magnetic to a
non-magnetic or, more correctly speaking, to a paramagnetic
condition. This point is called the magnetic conversion-point.
The critical point and the conversion-point lie, moreover, in
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spite of the contrast which they represent, often very close
to one another on account of the rapid falling off of the curve.

So far as regards temperature curves, of which Fig. 65 gives
an example in the case of nickel. In the other method of
representation we get a scries of magnetization curves of a
shape with which we are already familiar, each of them re-
lating to one particular temperature, and from what has been
said alrecady 1t will be understood that they generally cross
one another in such a way that a curve which at first lies
below another, later rises above it, as will be seen from
Fig. 66, where the abscisse represent the strength of the ficld,
the ordinates the magnetic induction, and which all relate to
forged iron at four different temperatures, namely 10°C.,
' 670° C., 742° C,

o and 770° C. Tt is
| — 4 ~ 7] also seen from the

7200 — VA - -—1 figures that the
i conversion temper-

T s000 — Z| ___ | _ | atare of nickel is
i — -] — — about 310° C:, but
wooe 1 _| that for iron it cer-
tainly lies on the

’ T T T[T 71 other side of 710°

0 70 220 30 240 s0 C., for at that tem-
T perature a rela-
’ tively considerable

amount of magnetism is still present.

What has been said does not fully describe the phenomenon.
The magnctism of the ferro-magnetic substances at the con-
version-point is not' dead figuratively speaking, but only
apparently dead ; a certain weak but latent life is still pre-
sent and at a certain still higher temperature it suddenly
wakes up again. Compare Fig. 67, which is reproduced from
the researches of Curie and which shows the temperature
curves of iron for six various strengths of ficld for a tem-
perature of 600° C. and upwards, but which for the sake of
clearness gives only the smallest and the greatest values and
represents the larger values of the field on a modificd scale
in which the ordinates are multiplied 1, 10, 100, 1,000 and
5,000-fold respectively. It will be scen that at 800° the mag-
netism has almost completely vanished. After that point 1t
becomes still weaker, but at 1,270° C. it suddenly springs up
again and then dies down anew. Therefore there is in any
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case a second inver-
sion-point and a be-
haviour which is
suggestive of com-
plicated internal
relations both  of
structure and the
modifications which
it may undergo. As
we have seen in the
case of iron and
steel, we have to do
not with simple
bodies but with a
more or lessintimatc
mixture of various
components. An
illustration of this
has alrcady been
given in Ing. 42, and
all that is now re-
quired is to extend
this mecthod of re-
presentation to a
larger temperature
range. What we
then obtain is sche-
matically shown in
Fig. 68. Above the
line GOSE lies y-iron,
which at 1,105 C°.
holds about 17 per
cent. of carbon 1
solution; but at
goo® C. only about
0-9 per cent. (eutect-
oidal alloy) ; it is
magnetizable to only
a very slight extent.
In the triangle GOM

p-iron cxists, poor in carbon and non-magnetic.
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At 760° C.

it changes into the highly magnetizable a-iron, which as a
structural ingredient is designated ferrite.

At 680° C. finally
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it breaks up into ae-iron and iron carbide (Fe,C) alternating
in thin layers. The three points named are the three con-
version-points for cooling : Ar,;, Ar, Ar,; for heating the
three points Ac,, Ac,, Acs correspond to them. Their posi-
tion for different carbon contents is diffcrent. In the case
of 0-9 per cent. there is only one such point (S) and above
it again three, so that we finally obtain thrce regions, that of
austenite above, cementite (again with Fe,C, but in this case

granular or com-

1600° I pact) in the middle,

i and perlite below,

\ Flurd steet the last of course

1400° N /- 0”\ being ferro-mag-
- Crystals netic again.

V7l m”//eﬂ\ 57. Further on

1200° 7775558 ~N<_~ | the Same Subject

—2ron E I —I.eaving this

(Austenite) [|Austenite+ Graphite | . a0 wenow natur-

1000° ally ask what are

G /1 ustenite+Cementite the laws which, in

o (Martensite) the case of ferro-

80% / magnetic sub-

9 stances, determine

600° ] Derite+ Cementite the relation between

Periite l I I magnetism and

500°% : : > i 5 temperature, and

especially whether
Curie’s law for
slightly magnetic substances [is” valid, where it can only
come into consideration in its seccond form in which it
relates to paramagnetic substances, and according to which
the magnetism is inversely proportional to the absolute tem-
perature. It is certain that this question can now be answered
in the negative, for the relation graphically represented would
then result in the temperature curve being one branch of an
hyperbola, while the actual curves are quite different. These
curves do not fall rapidly at the beginning and then more
slowly, but slower at the beginning (if indeed they do not
even rise slightly for a short distance) and then more and
more rapidly. As in the magnetization curves, so also here
in the temperature curves, the idea has had to be abandoned
of arriving at any simple formula, at least for the whole of the
curve up to the conversion-point. Then, however, and when

FiG. 68.
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that point is past, a formula has been found, which again is
due to Curie. This indeed is not so strange as it might
seem, since only weakly magnetizable substances are under
consideration ; on the other side of the conversion-point,
cven ferro-magnetic substances are only slightly magnetiz-
able. One is even a little inclined to go further and to assume
that the simple law is valid from that point, and therefore to
regard the product yT as constant. But a very slight con-
sideration of numerous experimental results shows that this
is not correct, and indeed that it cannot be correct. In other
words, the law must be modified, for the starting-point in
this region is not the absolute zero of temperature, but the
conversion-point itself, and the proper way to express tem-
perature is not from the absolute zero, but as temperature
excess above the conversion-point @. We thus arrive at the
new form of the Curic law for ferro-magnctic substances
above the conversion-point :

C
x“i‘t—@"""(34)

and hcere, again, C is the Curie constant. This law, however,
is valid only up to a certain temperature, somewhere about
930° C.; above that further changes take place into which
we cannot enter here.

That 1n the casc of the ferro-magnetic substances still less
than in the case of the weakly magnetizable substances is it
possible simply to speak of a temperature cocfficient of mag-
netism will be clear from what has been said. It is, however,
desirable for practical purposes to have some idea of its value
at least within certain definite limits. Between 0° and 100° C.,

Baur (Iron). Ewng (Iron). du Bos.
€ € . €.
9. . 9. (Soft). (Harduned) % ron.
081 + 00019 2 + 0°0006 + 0-0025 500 — 0'000I10
1-01 0-0028 4 0+0004 0-0018 1,000 | — 0:00015
2°02 0-0018 [ 0°0003 0°0017 Steel
485 0°0024 8 0°0002 0+0014 500 | — 0-00010
8-07 0-0010 10 0-0001 0°0013 1,000 | — 0:00020
16-11 0-0008 12 + 0-0000 0-0012 3,750 | — 0700025
24°11 0:0002 14 — 0°0000 0-0010 Cobalt.
32-02 + 00000 | 20 — 0°0001 00005 8,000 | — 000035
39-84 — 00000 | 30 — 0°0002 0-0002 Nickel
62:47 — 0°0001 40 — 0°0001
50 — 00000 | 12,000 | — 0°00I35
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for cxample, the values shown in the preceding page may be
quoted (9 is the strength of the field and ¢ the temperature

coefficient) :
The temperature coefficient is therefore positive for small
values of the strength

“s0- of the field, and dimin-
1shes as the field in-

s- creases, and is negative

2- m intense ficlds. In

soft iron it is zero for

- $ —= 10 to 15, in harder

rons $ — 40 to 50.

- ¥or weak fields in the

e neighbourhood of §==

1, and between o° C.

. and 100°C., ¢ can be

20 w00 100 2}0__"2’_0_,"?0 taken as 111)<;11t -+ 0-00T.
Fic 6y In hardened 1ron e =

about - 0-002 to 0-003.

58. Temperature and Hysteresis The bchaviour of
remanence, coercivity,

C

1 and hysteresis at vari-
24l ous temperatures is also
' very mteresting, and 1n
e | gencral it may be said
20f that they decrease as
18} the temperature in-
vol crcases, so that they
' have their maximum
| values for low tempera-
12p tures and their mini-
10} . mum for high. Fig. 69,
0sl which relates to pickel,
' o\ and Fig. 7o, which re-
o6 lates to iron, may serve
0t as anillustration. The
02} slope of the former is
00 quite regular, with the

2007100 0 100 2007300 400 500 600 -Ziob&;” usual tendency to fall
more and more quickly,
and according to Gauss
can be represented by a comparatively simple formula. The
curves for iron, on the contrary, show an irregularity be-

i 7o.
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tween 400° C. and 500° C., and two formule have to be
combined.

In practice it is of especial importance to be able to specify
what may be called the temperature cocfficient of permanent
stecl magnets. It is obviously always negative, varies be-
tween the limits 0-0007 and 0-0023 and for hard steel can be
taken as approximately equal to one-thousandth. In order
to get its normal value it must be carried a few times through
a cycle of heating and cooling, until a constant condition is
reached. Further, in the case of bars the temperature co-
efficient is greater the shorter the bar, and the product of

-’;5 °
B
. 794

FiG. 71.

the two magnitudes, according to the measurements both of
Klemendi¢ and Loomis, is constant.

The hysteresis loops are finally repeated in Fig. 71 accord-
ing to the measurements of Kunz, and in order to save space
are given as if they were represented about the same initial
point. For each of the seven loops the area in square centi-
metres and the temperature is added, from which it will be
secen that A (20°) is the greatest, E (744°) the least, and
further that H, although it corresponds to the same tem-
perature as A, is substantially smaller and narrower. The
original value, therefore, is not regained after recooling.
These curves must, however, be properly understood in con-
nection with the cxperiments on which they are based. As
will be seen, it was provided that the magnetization should
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in all cases be taken within the same limits, which, in con-
sequence of the falling-off at high temperatures, was only
attained by means of an ever greater and greater strength
of field. If, on the other hand, the same strength of field
is always used, for example, + 50, we obtain as in Fig. 72,
which is after Harrison, not only smaller and smaller, but
also flatter and flatter loops.

Curve H in Fig. 71 is, as has been said, substantially nar-
rower than curve A, although they both correspond to the
same temperature, but it has been obtained not before but

300 50
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:go o / //,
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after the heating treatment. These phcnomena can be re-
garded as “ temperature hysteresis,” and more rccently they
have been studied very extensively and with noteworthy results
by various investigators. Here also loops are obtained, but
they are usually not simple but of complicated character ;
for 24 per cent. nickel-iron, for example, Hilpert obtained
the loop shown in Fig. 73, that is, a curve which cuts itself.
As will be seen, the magnetizability 8 on cooling down to
— 180° C. greatly increases, but on being reheated does not
diminish but slowly increases, and then at 400°C. rapidly
diminishes ; at 700° C. becomes zero, then rises again and
remains a constant during the cooling.
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Connected with the temperature hysteresis, but having a
significance of its own, is the question of preliminary thermal
treatment. It has also been mentioned several times inci-
dentally how significant it is to know the naturc of the
material under consideration. For iron and steel are the
products of a manufacturing
process ; they have already 10
undergone a preliminary ther- -
mal trcatment, and this trecat- 8|/~
ment is, under certain circum- e Y

-

stances, continued in the labo-
ratory. Therefore we have 6
to deal with the heating of
the material to a definitc tem-
perature, in certain cases to
red heat, and also with the
manner in which the material *2 ]]

Temperature

is then cooled down again, 5
which may either be sudden 0 |
(chilling, quenching) or gradu- - R

ally, and in the latter case in i N /B
all degrees up to a regulated -2
fine-cooling. Then, again, we

have to consider not only the
temperature to which it has been raised and from which it has
been chilled, but also the duration of the process, and the
media in which the operation has taken place (a vacuum,
oxygen and so forth), and further whether the procedure has
taken placc once or has been several times repeated. And
indeed cven without anything being done changes arise
which arc attributed to the effects of ageing, and which, as
was mentioned in connection with the Heusler alloys, may
require to be brought about artificially in order to expcdite
the process.

1 1 1 Il
0 2 4 6 8 10 12 14 16
Fic. 73.
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59. Faraday Effect—Intcresting though the relations of
magnetism to mechanical and thermal influences may be,
their significance is not to be compared with that of the
effects of magnctism on light. For light is a phenomenon
perceptible to cvery one and for which we possess a special
sense organ, the eye; while magnetism is perceptible only
through its special effects, such as attraction and repulsion.
At first sight it might appear that there could be no relation
between these two phenomena; and it is obvious that the
idea of looking for anything of the kind was not one that
would easily present itsclf. This only happened when a
fresh mind, one unhampered by the tecaching of any school
or authority, Michael Faraday, appeared, who was filled with
the thought that all the forces of nature are of the same kind,
and that optical phenomena in particular might stand in
some sort of relationship, even though at first it were of a
mysterious nature, to those of electricity and magnetism.
Accordingly he set to work as a genuine empiricist to explore
the matter in all directions in order to find some connection
between magnetism and light, and after many failures his
efforts were finally crowned with success.

It was already known that there is one class of substances,
through which polarized light, that is, light in which the
ether particles are supposed to move to and fro 1n a direction
perpendicular to the path of the beam, does not pass without
being influenced. The direction of the plane in which the
light vibrations take place is turned through a certain angle
when the light passes through the substance: that is, there
Is a natural rotation of the plane of polarized light. Such
substances are crystals with unilateral symmetry as, for
example, quartz, and solutions of corresponding constitution,
as, for example, a solution of sugar. With really symmetrical
bodies rotation does not take place, but only in those like
quartz and sugar, which exist in two varietics differing from

116
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each other in the same way as the right hand does from the
left. One kind turns the planc of polarization to the right,
the other to the left. Bilateral crystals, however, and iso-
tropic bodies turn it in neither direction.

Faraday therefore reasoned that when a body is magnetized
it ccases to be isotropic; it acquires in virtue of the attrac-
tion of the field a unilateral character, and this he argued
should naturally bring about a rotation of the plane of
polarization. Through a happy chance he was able in 1845
to confirm this prediction experimentally. A transparent
substance has to be employed, and such substances are
usually only slightly magnctizable, especially in fields of the
strength that were then available. As it happencd, a short
time previously a new sort of glass had been discovered, com-
posed of boric-acid-flint and lead oxide, which proved to be
cspecially suitable. In this substance the effect that was
being sought for was found to occur. It was subsequently
found to occur in many others also, and in the course of time
was confirmed in regard to all substances. This optical
method provided Faraday with an excellent means of con-
firming his favourite idea that all substances are magnetizable,
for in sensitivity the eye surpasses all scientific instruments.

In more rccent times the phenomenon has been quite
rightly designated the Faraday cffect. It occurs in the case
of solid, liquid and gaseous substances. In the latter it was
first discovered by Kundt and Réntgen in 1879 ; and it was
Kundt who succeeded m 1884 in showing 1ts existence in
ferro-magnetic substances, thanks to the circumstance that
the effect 1s here so powerful that it is recognizable and indeed
measurable even when we are dealing with so thin a layer
of iron that light can pass through it.

60. Law of the Faraday Effect—The phcnomenon natur-
ally presents 1tself most simply in the case of plane-polarized
light and in investigating the subject this is used almost
without exception. The effect must be the same for elliptic-
ally polarized light, and here it is the major axis that under-
goes rotation. That ordinary light is almost influenced
similarly has been shown by Sohncke.

The effect is produced in whatever way the substance is
magnetized. It can be brought cither into the neighbourhood
of a permanent magnet or of an electro-magnet; it only
nceds mmdeed to be subjected to the action of the carth’s
magnetic field; or instead of the ficld proceeding from a
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magnct it can be produced by a coil through which a current
is passing; and static electricity as, for example, from a
Leyden jar, if passed through the coil, has the same effect.
But the most marked effects are, of course, obtained with
the electro-magnet. The most suitable form is that designed
by Ruhmkorff (see below), which for this purpose is modified
by having a hole bored through the two iron cores which are
surrounded by the magnetizing coils, so that a beam of light
can be passed through the whole length of the magnet, as is
shown in Fig. 131. The substance to be investigated is
placed between the two pole faces. The polarizer is con-
nected with the outer end of one limb and the analyser and
its rotating circle with the other. Fluids and gases are en-
closed in tubes and these latter have glass plates at the ends.
Care must be taken that these plates do not themselves cause
rotation. In order to double the cffect and to climinate
certain sources of error it is usual to compare the position
of the analyser not before and after the production of the
magnetic field, but when the ficld is excited in opposite direc-
tions. In order to intensify the phenomenon when it is very
weak a multiplication of the procedure may be adopted, a
method due to Faraday, in which the light is admitted at the
edge of the front surface of the substance, and is only per-
mitted to pass out at the opposite cdge of the back surface,
so that it is compelled to pass backwards and forwards through
the substance repcatedly (some ten or twenty times). The
process of deducing exact results from this method is shown
later.

The first substances to be investigated all showed rotation
in the same sense, namely, in that sensc in which the current
that is producing the field (or the current which would produce
the same field) flows round the substance. It was later found,
however, that many substances produce rotation in the oppo-
site direction. Rotation in the first sense was thercfore called
positive, and that in the opposite sense negative, and it was
shown that diamagnetic substances produce positive, and
paramagnetic substances negative rotation. But this rule is
not generally confirmed, and therefore we have to distinguish
four classes according as the susceptibility « of the substance
is positive or negative, and according as the rotation w is
positive or negative. The most important representatives of
these four classes are shown in the following table, which is
taken from a work by du Bois:
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k Negative. « Positive.

w Positive (I). @ l\ﬁ%& tive w Positive (III). w Negative (IV).
Potass. ferrocyanide | Titanium Cobalt Ferro salts
Borate of lead, ctc. chloride Nickel Fern salts
Watecr, etc. Iron Potassium
Hyd1ogen, ctc. Oxygen ferricyamde
Most sold, hquid Nitric oxide Chromic acid an-

and gascous sub- Cobalt salts hydrnte
stances Nickel salts Pot bichromatce
Mangancse salts Pot chromate
Cupric salts Cerium salts
Lanthanum salts
Didymum salts

Most substances belong, it will be seen, to Group I, while
in Group II titanium chloride is so far the only known repre-
sentative. The ferro-magnetic substances and their salts
offer a very varied picture, the three mectals themselves belong
to Group III, and also the salts of nickel and cobalt ; all the
combinations of iron, on the contrary, seem to bclong to
Group IV or to Group I. In this connection compare what
has already been said concerning the para- or diamagnetism
of thesc salts. Reference should also be made to the con-
jecture of Kundt that elementary substances apparently
produce positive rotation.

But in regard to the sense of the rotation an important
difference is to be noted between natural and magnetic rota-
tion. Natural rotation in any given substance takes place
regularly in the same dircction looking from the observer,
and thereforc so far as absolute space is concerned in either
direction according to the direction of the light. Magnetic
rotation, on the contrary, is independent of the direction of
the light beam, and is always in the same direction, depending
only on the direction of the ficld. A beam that passes through
a substance and then returns undergoes no natural but, on
the contrary, a double magnetic rotation. From this it follows
that when a substance capable of producing rotation is placed
in the magnetic field the magnetic rotation adds to or sub-
tracts itself from the natural rotation according to the direction
of the beam and the sense of the magnectic field.

61. Formulae—The rotation produced is proportional to



120 MODERN MAGNETICS

the distance traversed by the light beam, as would be ex-
pected ; but of course it must be assumed that the direc-
tion of the beam coincides with the direction of the field,
otherwise we have to multiply by the cosine of the angle
between them; and if the hight passes perpendicularly to
that direction there is no rotation.

Further, at least for weakly magnetizable substances, the
rotation is proportional to the strength of the field. This
is the law of Verdet; and taken in conjunction with the
preceding statement it gives for the rotation £ the equation

Q=09 . . . . . . (3

where 9 is the strength of the field, ! the distance traversed
by the light, w the ‘“ Verdet constant.” Neverthecless, it
might be anticipated that proportionality only exists in so
far as 9 is itself proportional to the magnetization J; and
that the true inner connection is not between £ and 9 but
between 2 and J. This must become evident when we turn
to the ferro-magnetic substances ; and here, in fact, as Kundt
has shown. the proportionality 1s no longer in regard to 9
but rather in regard to 8, and instead of the above formula

we can write
Q=3 . . . . . . (30

where y is the “ Kundt constant ” or the *“ cocfficient of rota-
tion.” If we represent graphically the rotation as a function
of the strength of the field, however, 1t is obvious that we
shall not obtain a rising straight line but a curve following
the behaviour of the magnetization curve for ferro-magnetic
substances : compare the upper curve of Fig. 74 (in which
indeed the steeper rise in the middle of the curve does not
stand out). For the rest the Verdet and the Kundt constant
are obviously connected by the equation

=9......(37)

K

Further, instead of taking as reference the unit of length (or,
what is the same thing when the cross-section is unity, the
unit of volume), the effect may be expressed in terms of the
unit of mass, that is, by dividing by the density. The
“ specific rotation’’ is then obtained

S=‘%’—or-g— O 1))
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and from this by multiplying by the molccular weight # the
molecular rotation

M=mS . . . . . . (39

Finally, in the casc of solutions, we have to distinguish be-
tween the threc magnitudes S, S, and s (rotation of the solu-
tion, rotation of the dissolved substance, and rotation of the
medium itself). We then have the relation

So=$So-+(d — ) s, therefore Sy= _;_ IS — (@ — p)s] (40)

in which 4 is the density and  the concentration (grammes
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of salt per cubic centimetre). For the special case of solutions
in water, where the specific rotation is taken as unity

s.,=—;;<8+¢—d> o

62. Dispersion of Rotation—Our account of the pheno-
menon is not yet complete, for there are two more influences
to be considered. The first, that of temperature, is soon
disposed of : in most substances the rotation diminishes with
increase of temperature ; in the ferro-magnetic substances only
does it appear to be independent. Very interesting, on the
other hand, is thc influence of the wave-length of the light.

9
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As is known, light composed of various wave lengths, on
passing from one medium to another undergoes diffcrential
refraction, and this phenomenon is called dispersion. Some-
thing corresponding takes place here, and accordingly we can
speak of the dispersion of rotation, and in this particular
connection of the ‘“ magnetic dispersion of rotation.” For the
most important Fraunhofer lines in the spectrum, Verdet
has obtained the following relative values which are referred
to the line E as unity; the values of the square of the re-
ciprocal of the wave-length, cxpressed in the same mecasure,
have been added at the top of each column and it will be
seen that there is a general proportionality to 42 and that
£ varies still more, cspecially in some liquids.

- T ]
C D E F G
A=

[ X i o 8o 1°00 118 150

| |
Distilled water . . . . 063 | 079 1 119 1:56
Pot chlonde solution . . 0-61 i o-8o 1 1'19 154
Zinc chlonde solution . . o061 ; 078 I 1'19 1-01
Tin chlonde solution . . — i 078 1 1°20 1:59
O1l of bitter almonds . . 001 0-78 1 121 —
O1l of amseced . . . . 0-58 0-75 1 1-25 —
Bisulphide of carbon . . 0-60 077 I 1-22 1-05
Creosote . . . . . . 'i 0-60 076 | 1 123 1-70

i |

Numecrous formule have been proposed to express the
connection of £ with A and with the numerical quotient #,
but they are valid only over a limited range.

There is, morcover, both in regard to the diffraction and the
natural rotation of the plane of polarization out of the normal,
the so-called anomalous dispersion. The diffraction or the
rotation ordinarily increases with incrcase of wavc-length,
but in some substances anomalies present themselves at one
or more places in the spectrum. In tartaric acid, for example,
the rotation increases between the lines C and I ; from F to G,
on the contrary, it diminishes by almost the same amount.
In the ferro-magnetic substances, according to Kundt in iron,
according to Lobach in nickel and cobalt, the anomaly is of a
more general character, for here the dispersion regularly
increases in passing from the blue to the red rays, as is shown
in Fig. 75. Anomalies of dispersion are closely connected,
however, with absorption, so that they always present them-
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selves at any place, that is at any wave-length, where an
absorption band occurs in the spectrum of the substance.
Corresponding observations have been made by Schmauss,
which confirm what has been said in the case of cyanin, fuchsin,
cosin and similar solutions, as well as in didymium glass.
And the lively discussions that these results have provoked
have lead to numerous repetitions and developments of his
experiments which have fully confirmed them. The dispersion
of rotation and absorption do not however always run closely
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parallel. In Fig. #6 is an example of the obscrvations of
Schmauss for various concentrated solutions of cyanin (the
curve for alcohol is added for purpose of comparison), and in
Fig. 77 a series of measurements by Elias on a solution of
presodidymium is reproduced (above are the curves of the
rotation, below the curves of the absorption, the abscisse
showing the wave-lengths in upu, that is in the millionth parts
of a millimetre). The first absorption maximum scarcely
makes itself felt ; the second, on the contrary (at 4 = 482up),
has a very pronounced effect.

63. Numerical Data—It is necessary to give some of the
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numerical results from the especially rich matcrial which has
been accumulated in the course of time. The values are
expressed in very various ways, either as w for the unit of
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field-strength, or as y for the unit of magnetization, and in both
cases the angle is expressed in minutes of arc or in radian
measure, i.e. taking the angle 180/7 as the umit.
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In the first place we give a table after du Bois of values of

o and y expressed in radian measure at ordinary room
temperature for a number of important substances :

ABSOLUTE VALUES OF @ AND o

Substance A108 w108, ¥,

Cobalt . . . . . . . . 6-44 — + 399
Nickel . . . . RN 6 44 — 4- 315
Iron e e e e e 650 — + 2:63
Oxygen (r Atm) . . . . . 580 4 0-000179 + o014
Sulphuric acd . . . . . . 5 8o + 0302 — 40
Water . . . e e 5-80 + 0-377 — 5%
Nitric acd e e e e 5-80 + 0-350 — 560
Aleohol . . . . . . . . 580 + 0330 — 58
Ether . . . . . . . 5-80 -} 0315 — 58
Chlonde of arseme . . . . 580 |- 1222 — 149
Bisulplude of catbon . . . . 5+80 + 1 222 — 17°1
Faraday’s glass (melted) . . . 5-80 + 1738 — 177

The table is sct out according to the algebraic values of y.
As will be scen it is not among the ferro-magnetic substances
that the maximum ocours. In this respect these substances
arc surpassed by most solids and liquids, by bisulphide of
carbon and by Faraday’s glass, which is nearly five times as
grecat. Among the ferro-magnetic substances themsclves,
cobalt occupies the first, and iron the lowest place. But the
ferro-magnetic substances would show an extraordinarily large
Verdet constant @ on account of their high susceptibility.
How enormous the rotation of the plane of polarization is in
the case of iron is made clearly cvident by the results of Kundt,
which show that for a condition of magnectic saturation the
rotation per centimetre is about 200,000°, and therefore that
the direction of vibration of the ether particles has been turned
completely round in so small a distance as 002 mm. Exact
values for the maximum rotation are:

Iron: 209,000° (Kundt); 216,000°
Cobalt : 198,000° .y . 180,000° (Lobach).
Nickel : 89,ooo°} (du Bois) ; 90,000°

For the two substances most investigated, water and
bisulphide of carbon, the average values derived from a large
number of mcasurements arc :
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Water at 0° C. and with sodium light, 0-01304" and 0-000003792.
Bisulphide of carbon at 18° C. and with sodium light, 0-0421’
and 0-0000122.
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How greatly other substances of similar character differ
among themselves is shown by the following table of Jena
glasses according to du Bois :
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JENA GLAssEs AccorpING TO H. pu Bois
w in radian mecasure and for sodlum light at 18°C.

Substance } Description |

; n. w.
Boron crown . . e+« .| S—204 { 1'5I013 0:0163
Light boron silica crown < « « « +]10—1092 : 151060 0°0190
Strongly disperse silica crown . . . | O-—1151 | 1-52017 00234
Medwum phosphatic crown . . . . | S—179 | 1-56201 0°0101
Heavy baryta silica crown . . . . 1 O—I1143 | 1'57412 00220
Ordinary hight flint .« « . 0—451 ! 1-57522 0-0317
Heavysihcaflint . . . . . . . | 0—4069 | 1-04990 | 0 0442
Heavysihcaflmt . . . . . . . 'O—j500 1:75096 ' 0-0008
Heaviest stheafint . . . . . . S—163 , 1-8go42 . 00888

[

Thc hcav1est sort of flint glass produces thercfore five times
the rotation of the lightest crown glass.

Similarly for some solutions according to Wachsmuth the
values for £, S and M with sodium hght are as follows (o is
the density) :

Substance a. 1 2 ‘, S M

IH,o . . . . . . . 1:0000 10000 10000 1:0000
CoSO, 1-1378 0°9993 0 0029 00247
CoCl, . 1:1250 10991 08224 59215
Co(NQy), . . 11321 09020 (—0'0328 |—o0-3325
Co(C,H30,), . 1-0880 10172 04770 4:6795
NiSOy . . . 1'1454 1 0730 04913 42250
NiCl, . . 1-1058 1-1031 1°5333 11:0509
Ni(NOy), . 1:1285 | I°0444 0-4017 40889
N1(C,H ;Og)p 1-0033 1:0.490 0-8520 8:3742
MnS (), . 1-1607 10290 02317 1:0435
MnCl, 11107 1-1100 1-04 34 73037
Mn(N()a)2 . 1-1135 0°9915 0 1931 19205
Mn(C,H,04), . 1-:0864 10239 0:5099 54777
H,S50, R 1-8282 0-8052 0 3915 2:1317
11Cl1 e e e e 1°1247 13541 1 8430 74700
HNO; . . . . . . . 1-1898 09287 02702 1-8910
C,H,O e e e e 1-0002 0:8576 0:7901 53073
Ni(Co)yy . . . . . . 1-31 4244 1 — —

In conclusion, for some gases at different pressures, tempera-
tures and wave-lengths according to Siertsema the following
formula holds :

b
£2.108= .‘;_<1+-l.i->. N V)

the values for @ and b being :
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Gas a b
Arr (100 kg 13-2°C) e e e e e 190°6 0242
Oxygen (100 kg 70°C.) e e e 2717 0:0701
Nitrogen (100 kg 140°C) . . . . . . 109 9 0311
Carbonic acid (r Atm 65°C) . . . . . 209°5 0307
Nitrogen protoxide (30 5 Atm , 10.9°C) . . 755 0:300
Hydrogen (85 kg 95°C) . . . . . . 1386 0325

64. Kerr Effect We know from the science of optics that
when light reaches the boundary of two media it divides into
two parts, one of which penctrates the second medium while
the other is reflected back into the first. Sceing that the
nragnetic ficld exercises an influence on the first of these
phenomena we may very well expect that it will do so 1n
regard to the other. The only doubt is whether the
phenomenon, which m any case will be very shight in character,
will be sufficient to be observed. But in regard to this we
have some hope when we consider that we are not dependent
on reflection from transparent bodies but that strongly
magnetizable substances can be employed, and in particular
iron. This may have been the train of thought which led the
English physicist Kerr to investigate the reflection of light
from a magnetized 1ron mirror, and that at a time (1876) when
the experiments of Kundt on the transmission of light through
iron were still to be made. A very positive result was obtained,
for it was immediatcly shown that the phenomenon in this
case is morc complicated than in the other, and indeed it
must be so, for the reflection of light from metals not subjected
to a magnetic ficld is in itsclf one presenting special features.
The cffect is consequently of a twofold character, and consists
(1) in rotation of the plane of polarization, and (2) in the
transforming of plane-polarized light into clliptically polarized
light, or of polarized light into another condition of ellipticity,
or under certain circumstances into plane-polarized light. The
first effect puts the reflection of the light at a magnet into
parallel with the transmission through it, the second effect is
a property of the reflection itself. It may be characterized
by saying that the reflection at the magnetic surface changes
the intensity relation and the phase relation of the two com-
ponents of the light beam, and therefore when the impinging
beam is plane-polarized, scts up in it a magnctic component
at right-angles to the original.
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Since the phenomenon in the case of transmission is already
very complicated in consequence of the great number of
determinative factors, it is clear that in the case of reflection
it will be still more complicated. TFor here variations may
take place magnetically in regard to the strength of the ficld,
the magnetized matenal and the intensity of the magnetization,
the tempcrature, and the direction in which the reflecting
surface of the mirror is cut—that is the angle which it makes
with the lines of force. The two limiting cases corresponding
to reflection from the end surfaces (angle 0°), and at the curved
or equatorial surfaces (angle 9o°) are specially important and
have been studied in detail.  On the other hand a diversity
of optical factors has to be considered : the angle of incidence ;
the angle which the direction of vibration of the incident
light makes with the incident planc ; the colour; the cllipticity ;
and, in the case of reflection at the curved surface, the angle
which the incident surface makes with the lines of force;
and here again two limiting cases stand out according as the
plane of incidence is parallel to, or at rnight-angles to, the lines
of force.

The simplest case occurs when the light makes right-angled
incidence because here the direction of the plane of vibration
plays no part: the plane of polarization of plane-polarized
light is simply turned through a certain angle and in the
opposite direction to that of the magnetizing current, so that
in terms of the previous convention it is to be regarded as a
negative rotation ; only in the casc of magnetite is 1t opposite.
Let us first consider polar reflection. In the first experiments
of Kundt the rotation for iron lay between 45’ and 66°, for
cobalt between 50° and 67, for nickel between 20" and 23'.
In the sccond series of experiments the strength of the field
was measured and for iron the following series was found :

9 4,990 10,800 16,600 19,800 30,300
2 —o027° —o055 —062° —066° —067°

These numbers are represented in the lower curve of Fig. 74.
While the transmission goes upwards, the curve of reflection
goes downwards. Their course for the rest is quitc analogous,
and one might also expect here that the rotation would not
be proportional to the strength of the field but to the intensity
of the magnetization, and this supposition was soon confirmed
experimentally by du Bois. Nickel was found to have the
smallest cffect. When the reflecting surface is not polar,
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and the normal to the surface thereforc makes an angle a
with the direction of magnetization, the rotation is less; and
here also, according to du Bois, the simple sine law is followed.
In the case of reflection at an equatorial surface, the rotation
therefore becomes zero. The rotation is to be regarded as
proportional to the intensity of the normal component of the
magnetization in the formula :

Q=K.9, . . . . . . @)

The constant K, which is exactly analogous to the Kundt
constant, du Bois has proposed to call the Kerr constant ; it
may be cxpressed either in angular or radian measure.

Further the rotation is dependent on the wave-length of
the light and according to du Bois the relation is as follows :
in iron the dispersion is anomalous, that is the rotation
diminishes regularly from the red to the violet; in cobalt
there is a minimum in the green, in nickel a minimum in the
yellow, and finally in magnetite a maximum in the yellow.

In the following table the values of the Kerr constant
according to du Bois are given in minutes of arc for the four
ferro-magnetic substances, and for the four most important
wave-lengths.

Colour ‘ Lme 10% A Cobalt ! Nickd i Iron | Magnetite,
. ! | o I
| . | '
Red . { Lia 0671 . — 00208 ! — 0-0173 | — 0-0154 ' + 0°0096
Red L= 6z  — 00198 | — 00100 | — 00138 . + 00120
Yellow . . D 58:9 — 00193 | — 00I54 | — 00130 -} 0'0133
Green . .t b 517 — 00179 | — 00159, — 0OLIT + 00072
Blue . . . ' F 488  —~ 00181 | -- 00163 "' — 00100 , 4 00020
Violet N ¢ 431 —oo0182| —o00175 — 00089 ! —

I

When the incidence is acute we have the more intcresting
case of the reflection from the side surface, and two cases
are here possible, namely, when the lines of magnetic force
which run along the surface of the magnet are either per-
pendicular to the plane of incidence or parallel to it. In the
first case no rotation of the plane of polarization takes place.
If the plane of incidence is parallel to the lines of magnetization
we have to distinguish between the rays which are polarized
in the plane of incidence, or are at right-angles to it. The
former, for all values of the angle of incidence, expericnces a
negative rotation ; the latter, on the contrary, only for large
values of the angle of incidence ; for certain values of the angle
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it is zero, and for smaller valucs it is positive. For iron the
following valucs by Kundt (|| and | refer to the direction of
polarization), together with the curves of Fig. 78, which are
due both to Kundt and to Righi, show this in detail.

Iron NickrL
s ; I I + ’ I i
I()'OZ — 4-8: -+ 2-7: 20-0° - + 0-0’
2990 — g5 +73 3010 | — 17 + 18
39°5° — 00 +77 qo0° | =27 +14
501° - 77 + 097 500° =47 to3
()l'ju - 8 o’ + 7'5 01-50 P 42 —07
(>5~00 — 94/ + 8~7, 65 3 v = 3-6, -- 202’
70 0° -7 + 81 75-0° [ S — 19
gs ()O — 060 4+ 68 ;
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The angle of incidence at which this change over of the
rotation takes place may be called the critical angle of incidence.
It does not depend on the strength of the magnetization ; on
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the other hand, it is different for different metals, and even
for the same metal the values found do not always perfectly
agree. Thus for iron it varies from 75° to 81°; for cobalt
from 70° to #8°; for nickel from 50° to 60°; and these are
apparently only the limits of the true values. In nickel and
cobalt the curves, according to Micheli, run somewhat differ-
ently, but here it seems to depend very much upon the method
of preparation and the purity of the material.

So far we have spoken only of the rotation of the plane of
polarization. Actually, however, as was pointed out at the
beginning, this is only one aspect of the phenomenon ; there is
another which consists in the fact that plane-polarization is
changed into elliptical, and more generally that clliptical
polarization is modified in regard to the relations of the prin-
cipal axes and the position of the axis of the ellipse. And this
may be expressed by saying that by reflection a new magneto-
optical component is introduced. But in this connection it
must be clearly understood that even in the case of reflection
from non-metallic mirrors generally, a new component is
introduced which is a property of metallic reflection itsclf and
with which the magneto-optical is now in addition associated.
The difference is that in ordinary reflection from mirrors the
polarization remains plane if the plane of polarization of the
incident beam lies in or is perpendicular to the plane of inci-
dence ; in this case the ellipticity of the reflected beam is solely
duc to the magnetic forces.

We cannot unfortunately go into the interesting experiments
by which the Dutch physicists Kaz, Sissingh and Zeceman
have substantially widened our knowledge of the Kerr effect.
We must also pass over a whole series of magncto-optical
phenomena (the Righi effect, the Majarana effect, the Corbino
effect) and proceed at once to the last and by far the most
interesting of the phenomena relating to this subject, in order
that we may go on to the consideration not only of reflection
from the medium but also to propagation through the medium.

65. Zeeman Effect—In the whole of physical science there
has been scarcely any department that has given rise to so
many epoch-making discoveries as the remarkable phenomenon
that presents itself when diffracted or refracted light of any
kind, in particular that sort of combined light that appears
to our senses as white light, is caught on a screen, in other
words the spectrum. We have only to think of the doctrine
of colour and the arguments that arose over the theories of
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Newton and Goethe, Helmholtz and Hering right down to the
newest phase presented by Ostwald. We have to think of
the spectrum analysis of Kirchoff and Bunsen, of the famous
Fraunhofer lines on the one hand, and of the relation between
the emission and absorption of the beam on the other, which
both to physics and chemistry opened up un- ’
suspected vistas and yielded such important
results. Finally we have to think of the Dop-
pler effect, which, first observed in the case of
sound waves, only found its most important
and far-reaching applications in relation to
light waves. With all this is associated, as one
of the most important links in the chain, the
Zeeman effect.

Zeeman in Leyden had been for many years
occupied with the Kerr effect and the theories
connected with it. The question continually
arose what effect magnetism had on the pro-
pagation of light. Is it not possible and even
probable, Zeeman argued, that magnetism has
some effect on the emission of light and there-
fore that the active forces in the light source
are subject to the influence of the magnetic
field ? This question led him in 1896 to resolve
the light of a sodium flame between the poles
of an electro-magnet into its component parts
by means of a Rowland mirror grating. The
observation was made in the direction normal
to the line of the magnetic axis, and it was
found that the yellow sodium lines were broad-
ened out when the magnet was excited (Fig. 79
a and b). This indicates that under the influ-
ence of magnetism the flame emits vibrations
some of higher and some of lower frequency
than the original. The broadening out is
also to be observed in the direction of the lincs of force of the
magnetic field. It was also shown that to the “ direct ”’ effect
there corresponded an ““ inverse "’ effect, that is the absorption
lines that present themselves when white light passes through
glowing sodium vapour are likewise broadened out if the vapour
is magnetized. But the change observed in the frequency of
the vibrations is extremely small : in a field of 10,000 gauss it
corresponds to about a thirtieth part of the distance between
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the two well-known yellow sodium lines. But here a distinc-
tion has to be made : in the first place betwcen the direct and
the inverse Zeeman effect ; and secondly, in each of these two
cases themselves between the longitudinal and the transverse
Zeeman effect ; and finally, we may again as a third case
distinguish the negative and the positive Zeeman effect,
according as the diminished or increased wave-length (in the
longitudinal observation) shows certain properties.

And further, the condition of the light in the central part
of the broadened line and that at the edges can be shown to
be different ; for if a Nicol prism be placed in front of the
slot of the spectroscope so that only the horizontal vibrations
are allowed to pass through, we obtain the reduction in breadth
shown in Fig. 79. That is, the central
portions are normal light, the edges are
' plane-polarized. In the upper halves of
Fig. 8o both sodium lines are reproduced
. for the case in which light circularly polar-
zed in the right-hand sense only is allowed
o pass through. If now the current in
the electro-magnet is reversed, the pic-
‘tured half is obtained. The lines are
movéd sideways, which indicates that the lines are circularly
polarized in the opposite sense.

Now in consequence of certain theoretical considerations
which will be discussed later the probability would seem to be
that the broadening out of the spectral lines is not the final
but only the incidental result of the observation, and it was
therefore necessary to increase the effect by intensifying the
conditions of the experiment. For this purpose three methods
were adopted : the application of stronger magnetic ficlds ;
the use of a more strongly dispersive spectroscope ; and the
choice of the finer spectrum lines. The stronger fields were
furnished by the electro-magnets of du Bois and Weiss ; the
Rowland grating made possible a higher power of dispersion
—the echelon spectroscope of Michelson and the plate spectro-
scope of Fabry and Perrot on the one hand, and of Lummer
and Gehrcke on the other. Specially important in this
connection was the Michelson diffraction grating which made
possible the separation of lines whose distance apart is only
the four-hundredth part of that between the two D lines.
As fine spectrum lines we have thosc which are given by vacuum
tubes charged with mercury, thallium, cadmium and other
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metals. The blue-green cadmium line of 4,678 Angstrém units,
that is of 467-8uu wave-length, shows itself specially suitable.

We have again to distinguish between observations in the
direction of the lines of force of the magnetic field, and those
at right-angles to it. In both cases the simplest normal
observation is the following: in the direction of the field a
subdivision into two parts takes place, the simple spectral
lines become a ‘“ duplet” and the two lines of which it is
composed each lie symmetrically disposed on the two sides
of the normal position of the line and are found to be circularly
polarized, one in the left, the other in the right-hand direction.

Fic. 82.

But at right-angles to the field there is a subdivision into three
parts, and all the three lines of the ‘ triplet ” are plane-
polarized ; the vibrations in the central line, which remains
in its normal position, are parallel to the field, and those of the
two outer lines are perpendicular to it. In Fig. 81 a group of
lines from the spectrum of iron is reproduced, and in Fig. 82
we have the two triplets of the yellow mercury lines. By
means of a rhombohedral calc-spar crystal two images were
produced, one exactly above the other, of which one consisted
only of horizontal and the other only of vertical vibrations.
Exactly the same effect occurs in the case of the absorption
lines. In very strong ficlds the effect can be so far intensified
that the broadening out of the two sodium lines is half as
great as the distance between them.
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It is of ecspecial intercst that the Zeeman effect can be
observed not merely in the laboratory but also in nature. Thus
the American astronomer Hale found in 1909 that some
absorption lines of the solar spectrum which are usually
simple are disintegrated at certain parts of the sun’s surface,
a fact from which it might well be concluded that in those
places the atmosphere of the sun is exposed to a magnetic
field. Since the disintegration in question is into duplets or
triplets, according as the place lies ncar the middle of the sun
or is approaching its edge, we must suppose that the magnetic
lines of force stream out radially from the sun. And this
idea in a certain sensec is in accordance with another with
which we shall later become acquainted.

"60. Zeeman Effect (continued)—But what has been said
so far relates only to the simple, normal type of effect. In
most cases a further disintegration follows, in which, however,
the symmetry in regard to the original position of the spectrum
lines is always preserved. If the middle linc only is dis-
integrated, and only mto two components, we get for the
transversal position a quadruplet, first of the type

I I I I

s P P s
in which the letter s significs at right-angles to the ficld, and
p parallel to it. Nevertheless, the two middle components
can be further separated cven to the other side of the position
hitherto occupied by the two outer oncs. The outer com-
ponents are always disintegrated so that sextuplets present
themselves of the order

I [ I l I !
s s 4 P s s

with still further possibilities of overlapping. Very great
multiplicity then arises from the varied intensity relations of
the individual lines. Through the continued disintegration
of the components of the triplets into 3, 4, 5 . . . lines new
complications arise and as many as eighteen components
have so far been obtained from a single spectrum line. In
the case of longitudinal observations, where normally therefore
we have the duplet as the starting-point, the relations are in
some respects simpler ; but on the other hand, on account of
the circular polarization they are still more complicated for
new disintegrations, and as a result further types may present
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themselves. In Fig. 83 the photographic reproductions of
some complicated types are given. They relate to the spec-
trum of a gaseous element existing
in the atmosphere which was only
discovered in the present century
by Rayleigh and Ramsay, the gas
neon. In obtaining these photo-
graphs an échelon grating was
used, and it must be mentioned | S
that its characteristics have to be
understood in order to understand
the figures properly in all their
details. Here the following ex-
planation must suffice : the upper-
most division shows the disinte-
gration of the line A = 660-ouu
into a sextet at 10,800 gauss. The
two inner strong components cor-
respond to the p vibrations, the
outer four to the s vibrations. The
two weak duplets just visible on
each side belong to the spectra of
the adjacent orders. The second
division corresponds to the line
671-8 at 5,700 gauss, the disinte-
gration represented possesses five
p and four s components, two of | ————
which coincide so that only seven !
components are visibly separated.
The extreme line on the right
belongs to the neighbouring spec-
trum. The third division which
relates to the line 6507 at 9,950
gauss gives a nonett of three p and
six s components. The compo-
nents are here all separated so that
the outermost weak s components
fall into the region of low inten-
sity and on that account are not
noticeable. The fourth division
refers to the line 614-3 at 9,300 gauss. The disintegration is
into four p and eight s components, which are all separated.
Some of the lines to the left belong to the neighbouring spec-
10

G.

3.
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trum. The fifth division for the line 633-5 at 8,420 gauss gives
an analogous disintegration in which the outer p coincides with
the inner s components. The line spectra broadening out to the
right and the left belong for the most part to the neighbouring
spectra. The last division represents the disintegration into
fifteen components of the line 640-2 at 15,350 gauss. The two
pairs of outer and weaker s componcnts again fall into the
region of low intensity and thercefore are not distinct.

What makes these various types specially interesting is the
series of laws which they indicate, two of the most significant
of which must be mentioned here. In the first place (and
having regard to Kirchoff’s law we can expect nothing different)
emlssmn and absorption are in this respect completely parallel
in their behaviour ; i.e., the same
sort of dlsmtegratlon which takes

-

D, | P | place in any given case of cmission
D, L 1 1 ] also takes place in the correspond-
— 7 ing case of absorption. A beauti-

L 1 ful example of this, and at the same

Tie 8. time of the fact that lines that are

apparently identical behave differently in regard to the Zeeman
effect, is offered by the two ycllow sodium lines. As is known,
they are distinguished from each other by the fact that their
wave-length is slightly different (D; = 5896, D, = 589-0),
and moreover by the fact that D, is somewhat brighter
than D, Nevertheless they give rise to different Zeeman
types, for D, gives risc to a quadruplet, and D, to a sextuplet ;
compare Fig. 84. Exactly the same types are prescnted by
the dark double D lines in the solar spectrum.

67. Zeeman Effect and Series Theory.—In the second
place there is a very noteworthy connection of the types
with the series thcory of spectrum lines. To understand it
we must go back a little. A glowing body gives an emission
spectrum, and here all extremes may present themselves, from
complete homogeneity, in which therefore only a single wave
is sent out so that the whole spectrum consists of one single
fine line, to the most extreme universality, as in the solar
spectrum which gives all the colours in regular sequence from
red to violet. The most usual cases, however, are the inter-
mediate ones, it may be one of partial continuity, or it may
be one consisting of separate lines-—not as a single line, however,
but several. The spectrum of hydrogen, for example, in its
visible portion consists of five lines corresponding to definite
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Fraunhofer lines in the sun’s spectrum, and characterized as
follows :

C F G’ h H
056 486 434 410 397

In addition there are cight further sharp lines in the ultra-
violet region (the last of them with a wave-length of 317uu)
as well as numerous other weaker and less sharp lhmnes.
Naturally at a very carly stage the question was asked whether
the wave-lengths of these lines, which are due to the activity
of onc and the same luminous substance, do not stand in some
sort of regular connection one with another. Balmer was the
first to succeed, at first on purely empirical grounds, in putting
forward a formula which corresponds to the lines of hydrogen.
If # is the reciprocal of the wave-length, that is of the number
of light waves in a centimetre,

n=N<—zI—2—i—2) o (44)

where N is in all cases cqual to 109,075, but m on the contrary
must be taken equal to 3, 4, 5, and so forth, in order to obtain
the sequence of hydrogen lines. (In order to obtain the
numbers given above we must multiply by 107 because these
numbers relate to pu instead of centimetres.) For other
clements, similar formulae have been proposed, but they are
complicated. The spectrum lines taken as a whole which
may be derived from such a formula is called a series; and
it may happen that the lines of a substance either all belong
to one series or to several, or, on the other hand, cannot be
reduced to any regular law.

But now, coming more closely to the point, it has become
clear that there is some internal connection between the
circumstances which condition the way in which the serics
presents itself, and those which give rise to the complicated
Zeeman types. In particular it is to be noted that the lines
of a serics have this in common, that they give rise to the
same Zceman type. Preston was the first to observe this
" connection, but Runge and Paschen have made systematic
observations, and numerous investigators have proceeded
further on the same line of research. Let us take, for example,
the spectrum of mercury. It possesses at least six different
series, and in each of them at least two, and in others three
lines may be investigated. Each of these series gives rise
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to a different Zeeman type, but the lines of one and the same
series always to the same type. For three scries the types are
schematically shown in Fig. 85. Very remarkable is the
behaviour of helium, the lincs of which may be arranged in
six series. As Lohmann has shown, the whole of the hnes
admit of being decomposed into similar triplets with the
same difference in the frequency of their components, here
therefore we have perfect umiformity. Quite peculiar also
is the behaviour of the so-called satellites, that is the weaker
lines which are often found in the neighbourhood of certain
lines. Thus the helium line 4 = 587-59 has a satellite at
587-62. In weak fields it gives
. ! ! risc to an abnormal triplet of
| nearly normal scparation, whose
middle components contain s and
. 7 vibrations, but whose outer com-
l ponents are almost exclusively p
' ! vibrations. If we reckon the Zce-
man triplet as the normal form,
then we must regard this form as
at least a quintet and as arising through the threefold division of
the middle and crowding together of the outer components. As
the field increases, the middle p components and those lying
near the red gradually fade away; those lying towards the
violet vanish 1 the middle component of the principal line ;
the s component remains, apparently repelled by the principal
line, and as it were pushes back the s components of the
principal hine that lic towards the red, so that their separation
becomes asymmetrical. T1g. 86, which is duc to TPaschen
and Back, gives an idea of what happens. Preston has proposed
another rule according to which corresponding lincs of various
clements behave similarly ; and this rule, if not quite general,
has repeatedly been substantiated.

68. Band Spectra—So far we have only spoken of such
spectra as might be called line spectra. But as already
mentioned there are other classes of spectra, and the so-called
band spectra are of interest here, and specially the decomposed
band spectra, that is those in which the band consists of a
dense cluster of fine lines in regular scquence. (Spectra with
continuous bands do not admit of the Zceman effect in the usual
sense.) The lincs are here so thick and the number of them
so great that the spectra on the application of moderately
strong decomposing forces appear to be continuous and in the

—

Fic. 85.
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form which might be described as fluted, that is with individual
maxima of intensity, which are sharp on the one side and shade
off on the other (compare the figures given later). Under
stronger decomposing forces the maxima with the shading
off on one side are disintegrated more or less extensively into
a system of lines which here and therc are crowded more
thickly togcther according to the intensity-maxima in the
same way as the scries lines at the margin of the scries, but
according to other numerical laws. We must therefore regard
the constitution of a perfect band spectra as the superposition
of a grcat number of regular line systems which are crowded
at onc of their margins ; but like the lines in the single bands

57513 5 60 o5
| | H-0

5

I l | Perp- \ 4. 6841
l g parall

I A perp.  H=14300

I I | perp- \ 4.18726
I | parall

i | I )| both  Hez6000

I - l | both K :31710

Frc 80

the single bands of a spectrum are themsclves usually much
more numerous than the scries in the same spectrum (Voigt).

A. Dufour (1908) was the first to establish the Zeeman effect
in this connection, and for this he used the haloid salts of the
alkaline earths. The band spectra of the combinations named,
which outside the ficld were specially investigated by Fabry,
have a very complicated structure, and consist of a great
number of superposed single bands with flutings at a relatively
small distance apart. Flutings occur, some of which form the
boundary of the bands on the red, and some on the violet
side. For their frequency the approximate law applies
v = A 4 (B 4 Cm)? in which A, B and C are constants and
m may have any integral value.

The Zeeman effect was only observed at the borders of the
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spectrum bands, since the individual lines are crowded too
close together to permit of any special investigation. The
disintegration is mostly into quartets in which in the
longitudinal observation the two s components remain visible.
In the last case abnormal polarization now and then occurs;
i.e., the direction of rotation is contrary to that which follows
from the elementary theory of moving charges. At times
also the two components appear to be imperfectly circular-
polarized, which seems to indicate that the doublet in question
only appears to consist of two lines but that really four are
present, two of which, being of opposite rotation and of very
different intensity, apparently coincide.

The calcium fluoride spectrum may serve as an example.
Here the bands designated
B, Bl’ C, D, D’, D”, D”',
were investigated by
Fabry. The first two,
which correspond to the
law v = A + (B + Cm)?,
give a weaker effect ; the
last four, which correspond
to the law v =4 4 (B—
Cm)?, a stronger effect.
Reproductions from an
original photograph by
Dufours of the three sys-
tems of bands D, D’, D",
are given in Fig. 8.
They relate to the longitudinal effect; the red end of the
spectrum lies to the right. Above and below are shown
photographs taken without the field for purposes of comparison.
The flutings, designated D, D’, D", correspond to wave-lengths
of 603-70, 605-08, 606-45 uu respectively. Of the two photo-
graphs taken with the field the upper one represents the
behaviour of the waves whose rotation is in the same direction
as the magnetizing current ; the under one relates to waves
rotating in the contrary direction. It will be seen that the
disintegration of D" is normal and that of D’ and D is abnormal.
In the short interval that has elapsed since Dufour’s discovery
many observations have been accumulated showing numerous
peculiarities and interesting relations to other phenomena.

69. Zeeman Effect and Absorption—We are still far
from having exhausted the significance of these phenomena,

F16. 87.
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and therc are at least two other points to be mentioned. The
first relates to magnetic double refraction in the case of
absorption, and to understand this we must say something
about the nature of simple refraction. In a perfectly trans-

N

1 I\
K,/ N K., 4 X
i \\ - N—~

Frequency
Fi1G. 88. Fi1G. 89.

parent substance the refractive index regularly increases as
the frequency of the vibrations increases; its curve, the
dispersion curve, therefore continually rises. But if at any
particular place
there is a zone of
absorption, anan-
omaly in the ab-
sorption presents
itself, which has
been already men-
tioned in describ-
ing the Faraday
cffect. The re-
fractive index #
faus off sharply
just before the ab-
sorption ecffect %
sets in, but rises
again afterwards. In Fig. 88 the curve of refraction and the
absorption arc shown together. Two absorption bands may
even be present, and then the two effects are superposed and
the cffect shown schematically in Fig. 89 is obtained. If
however the action takes place in the presence of a magnetic
field, then on account of the difference in the velocity of
propagation of the rays brought about by the disintegration,

Fie go.
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double refraction occurs, which, as a more exact analysis shows
in the case of transversal observations, is of the ordinary kind,
but which in longitudinal observations is circular. For the

former the scheme shown in Fig. 9o applies ; for the latter, that
in Fig. 91. The curves of the

components are in one case
indicated by n,and #,, and in
the other by » — and #» +, and
n-.1n - the difference curves are
7 H . shown by a dotted line. The
>~._ thickened parts of the hori-

zontal line show the region of
observation. Voigt (1898) was
n.n | the first, followed by Cotton,

v\ 1./ Zeeman and Geest, and finally
Voigt and Hansen (1912), to
observe and even to photo-
graph these typical cases of

Fie. o1. magnetic double refraction.
An example is given in Fig. 92 which represents the double
refraction in sodium vapour (in the neighbourhood of the
D line) in the direction at right-angles to the field.

A LR 2 o

Something corresponding to the Faraday cffect occurs in the
neighbourhood of an absorption band ; almost simultaneously
Voigt, Macaluso and Corbino demonstrated its existence
experimentally. But in regard to this effect the illustration
given in Fig. 93 must suffice.

In the foregoing we have confined ourselves to the con-
sideration of the actual phenomena despite the temptation to
bring forward the theoretical side of the subject. This we
have done because these theories will be discussed later in
their general connection, and it will then be shown that magneto-
optics presents one of the richest fields in the whole realm of
magnetic theory.



VII
ELECTRO-MAGNETISM

70. General—The last relation of magnetism we have still
to deal with and it is the most important of all. There is a
host of so-called * married words,” words, that 1s, which very
often occur in pairs. In physics the words “ electricity and
magnetism ”’ are such a par. It is obvious that clectricity
and magnetism are very closely connected, and the question
now arises, What is the nature of this connection ? A simple
answer cannot of course be given ; in the nature of things it
must rather be a very complicated one. In the first place,
clectricity has magnetic effects ; and in the second, magnetism
has electrical effects (the last follows automatically from the
first 1 virtue of the principle of reciprocal action, which is
universally valid throughout nature) ; and the third consists
in a certamn parallelism between clectrical and magnetic ideas,
so that in a quite definite sense we can often substitute one for
the other ; and finally magnetism can be ultimately reduced to
electricity, and therefore only one uniform class of magncto-
clectric phenomena remains.  Indeed the theory of this class
of phenomena touches still wider circles ; it also includes the
phenomenon of light, and lately, physics on the large scale,
that is mechanics, has been shown to be, if one may so express
it, no longer safe.

Thesc phenomena and these considerations, taken as a whole,
may be designated electro-magnetism, and the theory of it as
electro-magnetics. But 1t is convenient to make a distinction
so that the magnetic effects of clectricity are called magnetism
inthe narrower sense in contradistinction to magneto-clectricity,
the electric effects, taken in their totality, of magnetism. In
each of the two subjects a further division is then to be con-
sidered according as the phenomena in question are 6f the
pondero-motive kind, those, that is, in which masses are set
in motion and which are thercfore mechanical in character
(only that we attribute the specific cause to electricity or
magnetism) ; or, on the other hand, such phenomena as those

145
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in which only the magnetic or clectric condition undergoes a
change (the two extremes, emergence or disappearance of the
effect, being included), and which in one case may be char-
acterized as magnecto-motive and in the other as electro-motive.
In the first case we arc principally concerned with the magnetiz-
ation of iron bodies by the eclectric current; or, otherwise
expressed, with the fact that an clectric current creates a
magnetic field about itself. In the other we have to deal with
the electric current created, or induced, as it is usually expressed,
through magnetic action, that is with so-called magncto-
induction (not to be confounded with magnetic induction, which
we have fully considered at an earlier stage). A spccial role
is played by a class of phenomena which are comprehended
under the name of the “ Hall group,” and which become
decisive for the question, how far, in the sense above indicated,
the pondero-motive effects occur in the fiecld that we are
considering ; or whether such effects only appear to occur. If
we include on the one side all those questions which relate to
the equivalence of electric and magnetic ideas, and on the
other all applications to practical requirements, we sce how
rich is the field with which we are at present concerned, and
how difficult our task will be to confine ourselves to what is
of the greatest actual interest.

71. Electro-magnetic Effect—In the first place we have
to make sure that static electricity, such as is produced by
friction, that 1s an electric charge at rest, produces no sort of
magnetic cffect, that a magnetic ncedle, for example, can be
brought into the immediate neighbourhood of highly electrified
masses without a trace of any pondero-motive or other sort of
effect being observed.. For this to occur electricity in motion
is necessary ; and therefore, using the word in its widest
sense, an electric current.

The fundamental phenomenon we have touched upon
already in the first chapter, but we shall now take up its
systematic discussion. In the year 1820 Oersted discovered
the deflection of the magnetic needle through the electric
current. Such a deflection always takes place when an electric
current flows in the neighbourhood of a magnet that is free to
move. The latter assumes a particular position depending
upon the current acting upon it in so far as it is free to move and
having regard to any other forces which may be acting. The
more powerful the current and the greater the magnetization
of the ncedle the greater will be the deflection. In the
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beginning Oersted naturally used a very powerful current, so
powerful that the wire through which it passcd began to glow,
and he at first ascribed the effect to the heated condition
of the wire ; but he soon found that deflection also occurred
when the current was so weak that the heating was insignifi-
cant.

Immediately after Oersted’s discovery was made known it
was pointed out that he had becn anticipated, and efforts were
made, particularly in Italy, to confer the honour of the discovery
upon Romagnosi, who had already in 1802 made certain
observations relating to the matter. But Romagnosi in no
way recognized the significance of his experiments, or he would
soon have been led to the explanation of what he obscrved.
We must therefore continue to regard Ocrsted as the truc
discoverer.

The deflection takes place equally well whether the conduct-
ing substance is in a solid or a fluid condition ; that is, whether
the current is passing through an clectrolyte from the clements
in which it is produced, and similarly whatever the electro-
motive force to which the currentis due; it can therefore also
be caused by the discharge current in static clectricity, or by
Hertzian waves or by earth currents. These last are responsible
for the perturbations which the magnectic needle sometimes
experiences and which upset magnetic and clectric observations,
especially when there are disturbances in the magnetism of the
earth, or when observations have to be made in the ncighbour-
hood of electric power stations. Finally the effect under
consideration also manifests itself in connection with convection
currents, of which we still have to speak.

The effect, it is to be emphasized, is a deflection, and is
perpendicular to the plane in which the needle and the con-
ductor lie. 'We have to determine what is the direction of this
deflection. This is most simply expressed by Ampére's
swimming rule : imagine yourself to be lying in the stream of
the current in such a way that it flows from the feet to the head,
and that the index finger of the right hand is placed in the
direction of the current, and the middle finger in the direction
towards the magnetic pole, then the thumb will indicate the
direction of the force. The advantage of this rule is that the
three fingers define the three directions in space and each of
them one of the three vectors: current, relative position and
force.

Ampére indicated suitable ways of demonstrating these
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forces by methods which required somewhat powerful currents
(of the order of 10 amperes). More recently Kolbe has con-
structed apparatus which gives quite definite results with o-5
amperes, and shows the effects very well with 1-0 ampere. In
order to observe the cffect of the current apart from anything
else, the cffect of other forces must be eliminated, and therefore
in particular that of the magnetism of the carth. This is
achieved either by placing the ncedle so that it is capable of
turning in a plane perpendicular to the direction of the
inclination, and the conductor carrying the current in a plane
perpendicular to this, or by setting up a compensating magnet
in the neighbourhood, or finally by using, instead of the simple
needle, an astatic combination (scc page 5). But in order
that the action on the two needles of the combination may not
be in a contrary sense it must be arranged that they are exposed
to the effect on opposite sides and therefore that the current
must be led past between the upper and the lower needle. It
is then found that the needle places itself at right-angles to
the line drawn from the centre of the ncedle to the conductor
and therefore perpendicular to the plane in which this line and
the current lie. If the magnetism of the earth is also acting
at the same time the position of the needle will depend upon
the direction and the distance of the current, and also on its
strength in comparison with the strength of the magnetism
of the carth. In all these and the following experiments the
Ampére stands have been used, which have been perfected in
various ways.

We must once more emphasize the fundamental fact that in
dealing with clectro-magnetic effects we have not, as in static
clectricity and magnetism, to deal with forces of attraction or
repulsion, but with decflection and therefore lateral forces,
that is with forces which are always perpendicular to the line
of separation. But since in consequence of the deflection
the lines of scparation change their direction (Fig. 94), the
forces also change their direction, they remain always per-
pendicular to the latter, and therefore if the latter are radii of
circles, they will coincide with the arc of thecircle. The result
therefore is a turning of the magnetic pole about the line of
current, and therefore one may consider the electro-magnetic
force as a turning force. Since further the magnetic lines of
force are at right-angles to the clectrical, they coincide in a
plane section of the field of force with the lincs of magnetic
potential : their respective roles are simply reversed.
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If the electro-magnetic force is one of deflection it may
happen that the deviation cffects proceed from various parts
of the conductor, have various directions of such a kind that
the deflectional components to left and right are climinated,
and that the force of repulsion or attraction is left.

72. The Law of Biot-Savart —So far we have only spoken
of the character and direction of the effect. The complete
law was given soon after Ocrstedt’s discovery by Biot and
Savart and since that time has been called the law of Biot and
Savart. It is at times also used in a more general sense for
the fundamental law of electro-magnetism as well as for the
clectro-magnetic  theory
and for the general funda-
mental law of the ficld in
particular. In its par-
rower sense the law states
that the effect of an mfi-
nitely long straight linc
current on a magnetic
pole is inversely propor- I ‘m
tional to the perpendicular
distance Dbetween them
and can be confirmed cither by observation of the length
of time of swing at various distances from the current—care
being taken to ehminate or allow for the cffects of the
earth’s field—when 1t is found that the time of swing is
proportional to the square root of the distance and there-
forc the squarc of the time of swing is proportional to the
distance, and hence the force is inversely proportional to
the distance. The law may also be proved by the fact that a
magnet, which for this purpose may be placed on a wooden ring
hanging concentrically about the axis of the conductor and
therefore capable of turning in a horizontal plane about the
current which is flowing along the vertical axis, experiences no
tendency to turn about this axis, from which it follows that the
turning moment on the nearer and the further pole is equal and
opposite, which can only happen if the force is inversely
proportional to the distance. The law holds for the whole of
the magnet as well as for the individual poles which are
abstractions. That the force is moreover proportional to the
strength of the poles and to the strength of the current can be
shown by varying these two quantities. We therefore obtain,
if 2¢ is the factor of proportionality, the law of Biot-Savart for

F1G6. 94.
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the force K of an infinitely long current on a magnetic pole in the
form

=2 48)

The case of a current flow-
ing in an infinitely long
straight line cannot of course
be altogether realized in
practice, but a very close
approximation can be made
by making it sufficiently long
and arranging the connec-
tions so that they form a
closed circuit, which of course
contains the source of electro-motive force, ata sufficient dis-
tance from the ncedle. How
far the distant parts must
be n order that they do not
sensibly affect the needle
will depend on circum-
stances.

Since the magnet experi-
ences a side-ways acting
force from a current flowing
in a straight path, and this
side-ways acting force is
continuous, it follows, as
has already been remarked,
that we obtain for the com-
plete line of force a circle
with the path of the current
as its axis ; and as the sys-
tem of lines of force, a scries
of circles lying in planes at
right-angles to the path of
the current. The contour
surfaces perpendicular to

- FiG. 95.
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thesc in conscquence all contain the current path. The hydro-
dynamic analogy of this, the axis of a vortex with the strcam
lines surrounding it, will be recognized, so that we may think
of a current flowing in a straight line, with the lines of force
surrounding it, as resecmbling a vortex.

We must here remark that the magnetic field of a current,
or rather a plane section of it, can of course be made manifest
in exactly the same way as the ficld of a magnet, by mecans of
iron filings which can be photographed or otherwise fixed. But
for this purposc a very powerful current must be used in order
to reducc the simultaneous cffect of the earth’s magnetic ficld

Fic 98

so that it becomes negligible in comparison. For a current in a
straight line the filings on a plance surface parallel to the con-
ductor arrange themselves m short lengths parallel to one
another (Fig. 95); m a planc perpendicular to it they form
concentric circles (Fig. 96) constituting a system of concentric
cylindrical vortices (schematically represented in Fig. g7).
On a flat plate through which a current is flowing the particles
place themsclves everywhere perpendicular to the stream
lines, they therefore represent at the same time the clectrical
contour lines. Kirchoff in 1847 had already taken advantage
of this for the experimental determination of the system of
lines of force produced by the passage of a current through a
plate. Since then the method has been generally used for
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purposes of demonstration. Later Lommel has produced
pictures of this sort of which Fig. 98 (a ring-shaped sheath) is
one example, and Fig. 99 (current paths forming two crossed
diagonals) is another.

73. Elementary Laws—-The abstraction made use of above,
by means of which, instead of the whole magnet, its clements
the single poles are thought of, can be carried still further.
The current also can be resolved into its component parts, and
the cffect of a single element o: current, which of course cannot
exist alone, on one pole may be considered.  Arrangements can

Fia. 99.

be devised by means of which this cffect is more or less closely
realized. We can also proceed theorctically on the assumption
that these elements may be represented by a differential the
integral of which will give the Biot-Savart law. In place of
the reciprocal 7, as will be at once understood, we have the
reciprocal 72and then, for a current clement of length 4/ making
an angle of ¢ with the line from the element to the pole, we have
the expression dl sin ¢, and for the law in question we have

dK = Sl g e
72

But it is to be emphasized that thss is not the clementary law,
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but only one, and that the simplest, of many possible enes.
It cannot however be tested by experiment because the eftect of
onc clement of current in isolation cannot be realized, at least
not in any way that 1s entirely free from objection.

We have now reached a point when we must say something
about the constant ¢. In the first place it is a dimensional
quantity, as a comparison of the terms on the left and right
hand side of the cquation makes clear; it is in fact the
reciprocal of a velocity and can therefore be written in the
form 1/v. Tts value may be deduced if K is measured m dyncs,
dl and v in cm., #1 1n magnetic units, that is in gausses, but 7 in
clectrostatic measure.  We then obtain

v = 3 X Io,
and the clementary law now runs

midl .
dK == e SE o (46)

It is to be noticed that in practice the factor v in the
numerator 1s dropped, which can be done 1if ¢ be measured 1n
units to correspond.  This new system is called the electro-
magnetic and leads to the international system of practical
units in which the unit value of 7 is called an ampere.

#4. Circular Currents and Coils The simplest and most
important case of a closed circuit 1s that in which the conductor
forms a circular path and the pole lies upon the axis, that is
upon the line which passes through the centre of the circular
surfaces.  The effect of ecach clement of current can then be
resolved into a component perpendicular to the planc of the
circle (compare Tig. 100) and one at right-angles to it. If we
then integrate the first as well as the last over all the elements
of current in the circle, we obtain zero for the former, since the
cfieet of any two clements lying on opposite sides of the circle
is to annul cach other so that the total force acts along the
direction of the axis and assumes the character of an attraction
or a repulsion ; and for thus force, if a 15 the radius of the circle
and ¥ the distance of the pole from the centre of the circle
(since g:7 - a: Va? + x?), we have

a? (47)
(x2 _}_ az):s/‘z 47
and m the special case where the pole lies in the centre of the

circle itself
1I

X = 2;cim
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2mcim

X T e (48)
In words : the force is directly proportional to the current and
the strength of the pole, and inversely proportional to the
radius of the circle. Whether, further, it is an attraction or
repulsion depends on the direction of the current and the sign
of the pole, and can be deduced from the original rule. Here,
however, there is a still simp'er rule: the direction in which
the pole will move is related to the direction of the current
round the circle in the same way as the axial rotation of a
screw, i.e., if we have a north pole the relation is that of a
right-handed screw (that is, a normal screw) ; and in the casc

Fi1a. 100.

of a south pole, is that of a left-handed screw. The relation
is not so simple if the pole lies outside the plane of the circle,
but is still on the axis. In that case the above general formula
(47) must be applied. Here the effect is directly proportional
to the square of the radius, but inversely proportional to the
third power of the distance of the pole from any point on the
circle. If x is small, then, as will be seen, the force is greater
the smaller the circle, but if x is large it is greater the greater
the circle. And the limiting condition between thesc two
cases is given when ¥ = 4/2 Xa = 0-7a, that is a position of the
pole for which the radius of the circle subtends an angle of
about 64°.
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The relation becomes more complicated when the pole does
not lic on the axis but to onec side of it, but in this case—and
quite generally—the required result can be obtained by the
use of a beautiful proposition of great simplicity which will
be set forth here without proof. It relates to the potential of a
circular current on a pole, that is it rclates to the conception
of a scalar magnitude which is applicable to the whole of
physical science, namely, that the fall of potential in any
direction is a measure of the force in that direction. In the
present instance the proposition would run : the potential of a
circular current (this expression is to be taken in the quite
general sense of a current in a closed circuit) on a pole is
proportional to the apparent magnitude of the surface enclosed
by the current path as seen from the pole under consideration.
The reader will recognize this proposition as something with
which he is already familiar, since he will remember that he
became acquainted with an exactly similar one in the study
of pure magnetism when considering the effect of a magnetic
shell—a subject to which we shall have to return. Here it
may be remarked in further explanation that the apparent
magnitude of a surface is cqual to 1ts actual magnitude divided
by the square of its distance from the place where the eye is
supposed to be placed, and multiplied by the cosine of the
angle of its inclination to a plane which is at right-angles to the
line of vision. By the help of this proposition the potential
can casily be worked out for all cases. It is greatest for points
that lie on the axis perpendicular to the plane in which the
current is flowing, and zero for points in the plane of the
surface. Of special interest is the casc of a current which
flows through coils that lie on a straight axis, that is where
several circular currents are placed close together (actually,
of course, the wire runs in a continuous spiral). Here only
the two end surfaces come into consideration and the result
is very simple : the potential of such a spiral is proportional
to the difference of the apparent magnitude of the nearer and
the further circular end surfaces as scen from the pole. Ior
the force we then obtain the simple and obvious formula

X — Tcimn

] (cos ¢, — cos ¢) . . . 49

where ¢ is a constant, the so-called factor of reduction, ¢ the
strength of the current, m the strength of the pole, # the
number of the turns of wire, 2/ the length of the spiral, and
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¢, and ¢, the angles subtended at the pole by the radii of the
nearest and furthest end surfaces. If the pole is outside, the
difference must be taken, but if the pole is inside the spiral,
the sum, because in this case the end surfaces are secen on
opposite sides. In FTig. 101 a curve is given of the internal and
external field of such a spiral. It will be seen that inside the
spiral over a certain portion of its length the ficld is moderately
uniform but that it falls off rapidly at the ends. In Fig. 102
the behaviour along the axis, for the special case in which the
ratio of the diameter to the length of the axis is as 1: 4, is
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more exactly shown, and in order to economize spacce only for
one quarter of the axial cross-section of the spiral and only
for one side of the cross-section ; the remainder of the figure
can easily be added by imagining the part given to be reflected
on the other side of ths axes. The angle subtended and the
value of the sum or difference of the cosines are also added and
the last arc also graphically represented by mecans of the
curve on the left-hand side. As will be seen the field from the
middle point outwards remains constant for a considerable
space, and only as the ends are approached does it begin to
diminish so that at the end surfaces it is approximately
half its valuc at the middle. But outside the spiral it falls
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(or in the opposite direction in the case of the south pole).
The experiment in which the bar is drawn into the spiral is
best performed in the vertical position in order to demonstrate
visually that the electro-magnetic effect, when the strength
of the current and the magnetism of the bar are sufficiently
strong, is able to overcome the action of gravity. The bar
will then float inside the spiral, but as soon as the current is
switched off it will drop out again. If the bar is so long that
the two ends protrude above and below it can be pressed
downwards with the finger and will then be seen to make
vibrations about the central position. If the current is
reversed while the bar is in the central position it should
theoretically still be in equilibrium. It is however unstable
and on the slightest displacement it falls out. Similar experi-
ments are also possible with a bar of soft iron that is initially
unmagnetized, but in this case the position of the induced
poles is always such that attraction ensues. In addition the
introduction of a bar of soft iron, or a bundle of soft iron wires,
has the effect of considerably increasing the strength of the
field, in the extreme case by as much as x4 times the original
value, where y is the permeability of the iron used. The above
phenomenon may be described as the magnetic suction effect.

Of other forms of spiral windings, that of the closed ring is of
especial interest as it represents the principal part of the
oldest form of electric dynamo—the Gramme ring. In this
casc we have the simplification that the magnetic circuit is
closed and thercfore there are no poles. The strength of the
field is thus the same all round the axis of the ring. On the
contrary it is not the same at different points of the same
cross-section because the number of windings per unit length
is greater on the inner side of the ring; and in fact the
maximum and minimum strength are simply in the ratio of the
external and internal diameters of the ring. The smaller the
cross-section in comparison with the mean diameter of thering,
the less significant does this difference become, and if the ring
is very thin the field can be regarded as uniform. It is only
necessary howcver that the section should be narrow in the
plane of the ring ; in the direction at right-angles to this the
thickness does not matter. In this way we arrive at the flat
ring type.

75. Applications —The electro-magnetic effect permits of
a great number of important applications, some of them
scientific, especially in connection with measurement, some
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of them purely technical. Only a very brief survey can be
given of thesc applications.

In regard to measurement there is in the first place the
tangent galvanometer, which consists of one or more circular
windings of copper wire through which the current is passed,
and a small magnet needle hanging in the plane of the windings,
which is itself placed in the magnetic meridian. The deflection
of this needle produced by the current is observed, and from the
angle of deficction ¢ the intensity of the current ¢ can be
calculated, if $ the horizontal component of the earth’s
magnetism, and the constant ¢ (see below), the so-called
reduction factor of the instrument, is known. (It is most easily
obtained from the electro-chemical cffect of the same current.)
The necdle takes up a position of equilibrium in which the
deflectional force of the current is just cqual to that of the
magnetism of the earth tending to turn it back to its natural
position. The first cffect is proportional to the sine of the
angle of deflection, the sccond to the cosine; their ratio,
therefore, to the tangent. We thus easily obtain for the
calculation of ¢ the formula

i=-?~tanq5 .o . . . . (50)
or if the reduction factor is eliminated by means of a simple
calculation and 7 expressed in amperes (the C.G.S. unit, being
ten times greater than the ampere 7, would be ten times too
small), and if the radius of the copper windings is 4, then

i= %S}a tang = 1592 Hatand . . . (51)

This formula is of course only approximately correct, the
approximation being closer the shorter the length of the needle
2l in comparison with the diameter of the circle 24 and the
smaller the angle ¢. A more exact formula runs

i = 1-5029a tan ¢[x -3 %)2(1 — 5sin=¢)] . (52)

The angle ¢ can either be read off direct by means of a divided
circle (but in that case the needle, which must be as short as
possible in order to obtain accuracy, has to be extended by
means of a thin light rod in order that the circle on which the
readings arc taken may be sufficiently large) or readings are
taken by means of a small mirror attached to the needle.
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For particular purposcs, as for example the measurement of
a very strong or very weak current, the tangent galvanometer
may be modified by arranging that the needle does not hang
in the planc of the circle, or by placing the ring of wire obliquely
to the vertical plane, or by taking two windings of different
diameter and sending the current
in opposite directions through
them so that a differential cffect 18
produced ; or, on the other hand,
instead of one winding, using
p /] several through all of which the
) / current flows in the same  diree-
i / tion so that the eftect 1s intensi-
- i y fied.
Both as regards theory and
} /] practice the most 1mportant
} 'f example is that of the tangent
J} J galvanometer of Gaugam and

L
>
~~
—

Helmholtz in which the needle
\ hangs at the "apex of two cones
) \ formed by the two sides of the
\J windings. (Fig. 103 gives the
\ side view diagrammatically.) If
) J\ the angle of the cone is made
/ J equal to 127°, then the distance
/ V| of the needle from the plane of
\ cach circle 15 cqual to the half-
radius of the circle, and in the
general formula, which 1s of course
valid for this case, for the turning moment.
2

2.2l cos ¢ 3a 4x2 12
) = g2t L5 P 4~ - R
1 274 % 7 [I +4 ) (I 58I ¢u2>:|. (53)

Fic 103

ul
where x is the distance of the needle from the planc of the
circle, % that of a point from the circumference, the correction
term becomes zcro and the field in the neighbourhood of the
ncedle extraordmarily uniform. In Fig. 104 this is scen from
the disposition and spacing of the lines of force and the equi-
potential lines.

Galvanomecters have becn the subject of the most varied
development with coils of many windings, in the middle of
which, or between which, the magnet hangs. It may be safely
stated that there are few dcpartments of the art of measure-
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ment which have at their disposal so many exact methods. We
have the adjustable type of galvanometer, in which the spools
can be placed at a variable distance from one another ;
galvanometers enclosed in iron shields which protect the
instrument from magncto-inductive effects due to external
disturbances such as clectric tramways ; the universal gal-
vanometer, which is pro-
vided with means for modi-
fying the conncctions 1 a
great varicty of ways, and
SO On.

Instead of the deflectional
effect, the above-mentioned
suction effect may be util-
ized in instruments designed
for the measurement of
clectric current ; and this
idea in the form of the cur-
rent balance for technical
purposes has  undergone
prolific devclopments. The
instrument consists of a
spool over which hangs a
light iron bar (or bar mag-
net), and through which the
current to be measured 1s
passed, which has the effect
of drawing the bar down
mto the coil to a certain
amount. The amount of NN\ T ]
motion can be read otf by
means of a scale and this
can be reduced to the corresponding value of the current
in case the scale is not itself divided in such a way as to give
the value of the current directly. The counter-force is provided
by an clastic spiral spring from which the bar hangs, or a
crank lever with a suitable counter-weight at the other end.

Another application of the suction effect is found in the
electro-magnetic regulators for arc lamps. When in conse-
quence of the burning away of the moving carbon its distance
from the fixed carbon becomes too great the weakening of the
current, which is led through a coil, causes an iron core to rise,
and this lowers the carbon which is fixed at the other end ;

I'1G. 104.
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the regulation is most perfectly achicved in the case of the
differential lamp, which has two coils with a common iron core
between them. Another application is that of the magnetic
brake. As regards rotation apparatus compare what is said
later.

76. Magnetic Effect of Convection- It has alrcady been
mentioned that the magnetic effect only occurs when electricity
is in motion. But it is indifferent how this motion comes
about. Not merely actual electric currents, which we may call
currents through conductors, but also convection streams create
a magnetic field in their vicinity. Convection occurs when a
charged body is set in motion and carries its charge along
with it. There would be an exception to this effect if 1t should
happen that the charge is attached to the space itself and
therefore slips back relatively to the body carrying it. It is
therefore of the very highest fundamental interest to make
experiments on this point, and in this connection the effect
on magnetic deflection is a very suitable one. The experiment,
however, is very difficult to carry out, and it has been shown
that a great complication and diversity of phenomena present
themselves. Generally there are two kinds of phenomena to
be distinguished, according to which the moving body is
a conductor or a non-conductor (dielectric). The former
phenomenon 1is called after its discoverer, the Rowland effect,
and the latter the Rontgen effect. For the motion, a rotation
is of course preferred, and for the moving body a disk; and
in all cases, whatever the mcthod of performing the experi-
ment, it is found that the results obtained are of quite normal
character and the magnetic needle expcriences the deflection
anticipated. From this 1t must be inferred that the clectricity
is carried along with the moving body and that this convection
is on a par with the ordinary conduction current passing
through a conductor at rest.

77. Magneto-electric Effect —From the principle of re-
ciprocal action it necessarily follows as already indicated that
if an electric current exerts a pondero-motive effcct on a
magnet, the converse must also happen, and that the same
laws with the necessary modifications must hold in the one
case as in the other. Most of the experiments relating to this
subject were originated by Ampére. He used for the purpose
of inducing the current a double support that terminated in
two small cups filled with mercury. In these cups floated the
conductor used in the experiment on two points, and thus it was
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very easily set in motion. It is also possible to securc buoyancy
by means of a cork. For dclicate measurements the conductor
must be suspended from one or still better two long wires
through which the current is introduced.

The effect of a pole on an clement of current is given by
equation (46) on page 153. If the constant v be put equal to
unity and the electro-magnetic system of units be employed :

dK——:-;nglsins N 7

Here the factor ;}Z— is the field of the pole; for a field in

any given magnetic measure the strength of which at the
place of the element of current is §, we have then the general
equation

dK =9idl sime . . . . . (55)

which can be expressed in words as follows : the force which
an element of current experiences in a magnetic field is equal
to the product of the strength of the current into the area
of a parallelogram the two adjacent sides of which represent
the ficld and the clement in magnitude and direction. The
force is at right-angles to the plane of this parallelogram
and its direction is given by the Ampére rule; i.e., supposc
yourself to be swimming in the direction of the current and
looking in the direction of the ficld, then the direction of the
force is to the left-hand side. Or the left-hand rule may be
used : let the index finger of the left hand point in the direc-
tion of the ficld, the middle finger in the direction of the cur-
rent, then the outstretched thumb will show the dircction of
the force. Finally, the following rule can also be used in
such a case as this. Imagine a corkscrew of the ordinary
kind to be placed upright on the plane formed by the ele-
ment and the direction of the ficld, then the upward or the
downward motion of the axis of the corkscrew will indicate
the direction of the force. The force is greatest when the
element of current is at right-angles to the direction of the
field, and is nothing when the direction of the two coincide.
In any case except the last-named the current will move
through the ficld across the lines of force. The same rule
holds whether the current be flowing in a finite or an infi-
nitely long straight line, and from what has been said above
it will be easy to determine the direction of the motion. For
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example, in the ecarth’s ficld a downward-flowing current will
experience a force tending to move it to the east; an up-
ward-flowing current a force towards the west. Generally
the direction of motion is reversed when cither the dircc-
tion of the current or
the ficld is reversed ;
if they are both re-
versed the direction
of motion remains the
same.

If a circuit has a
particular shape, as,
for example, a circle,
it is clear that this
will not move bodily
through a uniform
ficld but will only tend
to rotate, and will

Fic 105 continue to do so

until a position is

reached in which the opposite effects on the clements tra-
versed by opposing currents ncutralize cach other.  This
obviously occurs when the position is symmetrical ; a
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circular current will place itself with its plane at right-
angles to the field. In Fig. 105 the lines are shown at
the moment when the circle lies with its plane in the direc-
tion of the field and therefore before it has turned into its
final position. Moreover, it is clear that there are two posi-
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tions at right-angles to the field, and that of these two posi-
tions only one is the right one, corresponding, that is, to the
position of stable equilibrium, while the other is unstable.
This may be demonstrated by a pretty experiment. If a
coil carrying a current be laid on the pole of an clectro-
magnet and the dircction of the current

through the coil and that of the mag- F
netizing current round the magnet is
such that there is stable equilibrium,
and if then we reverse onc of the two
currents, then if there is the slightest
asymmetry of position the coil will & D
jump up into the air and turn itself il
about before falling back on the pole.
With a U-shaped magnet it can be
caused to move from onc pole to the
other.

The position taken up by a closed
current is most clearly expressed by
the following proposition which was I16. 107.
originated by Gauss but further dec-
veloped by Maxwell: an clectric circuit so places itself in
the magnetic field that the number of hines of force passing
through it is a maximum. This is vahd not only for uni-
form but also for non-uniform fields, and in such cases not

I'1G. 108.

only rotation but also lateral displacement takes place and
therefore attraction to, or repulsion from, one part of the
ficld to another. This can be followed out in numerous
experiments in  which, for example, a moving circuit is
drawn towards or repclled from a magnetic pole or drawn
to the axis of a bar magnet, or in certain circumstances
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repelled from it. Figs. 106 to 109 will make this clear
and call for no special explanation. A coil will, of course,
behave like a closed circuit, that is, it will place its axis
parallel to the field exactly like a magnet. The motion will
be more decided and cnergetic the stronger the current, the
stronger the field, and the greater the number of windings.

In the above considerations arti-
ficial magnets were assumed ; but
the same remarks apply equally well
to the magnetism of the earth. For
in the ficld due to the eartha coil
suspended bifilarly or floating with
its ends dipping into mercury cups
will place itself in the axial direc-
tion. With such a coil all the ex-
periments can be performed that can
ordinarily be performed with a mag-
net and corresponding results will be
obtained. In particular such a coil
under the influence of the magnetism
of the carth and of an artificial field
at right-angles to it will take up a
certain angle.

FIG. 100. The magneto-clectric effect is
capable of application to measur-
ing instruments which are spoken of as galvanometers ;
but in order to express the fact that in contradistinction to
the earlier instruments, the magnetic system is fixed and the
coil with the current flowing through it is movable, it is there-
fore specially designated the moving coil galvanometer (Deprez-
Darsonval). Of course the magnitudes and relations of the
masses are reversed ; a massive magneto system is required
with a very light moving coil. If the plane of the conductor
is originally in the plane of the magnctic medium, and if,
when the current is passing, there is equilibrium between the
magneto-electric force and that due to torsion in the opposite,
then for an angle of deflection ¢

_C . ¢
1’_2__‘)15665—(;5 N (19}

where C is the constant of torsion and I the winding surface
of the coil. These instruments arc well adapted for many
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purposes because they are far less affected than others by
external electrical disturbances.

The effect of the magnetic field is not confined to solid
conductors, but also presents itself in the case of fluids and
gases, and this lecads to espccially interesting phenomcna
where the discharge of electricity in any way is in question.
The deflection of the electric arc between carbon or platinum
points by the magnetic field was discovered by Davy. And
as regards the electric spark of the induction coil, this itself
is not deflected from its path but only the cover of light with
which it is surrounded. At right-angles to the ficld simple
deflection takes place, but with discharges parallel to the field
the light is limited by an S-shaped surface since the two
halves arc deflected in opposite directions; the middle point
remains undeflected. Of very great interest is the influence
of the field on the various sorts of rays which have been dis-
covered in the last two or three decades, and which give so
attractive a form to the total picture of clectric phenomena.
That all these rays experience deflection in the magnetic field
is indeed scarcely to be doubted ; but there are, ncvertheless,
great distinctions to be made. The most striking relates to
the effcct of the field on the cathode rays, and the beta rays
of radio-active substances; it is less in the case of the canal,
anode and alpha rays; least of all in the casc of the Ront-
gen and gamma rays. There is hcere still another decisive
contrast ; the direction of the deflection in the canal and
alpha rays is opposite to what it is in the cathode and beta
rays. All this has in the course of time led to the assump-
tion that in all these rays we have to deal with convection
rays, that is, with a strcam of thrown-off particles of matter
which are very varied in their nature: the canal rays, the
alpha rays and the ions being positively charged, while the
cathodc and beta rays, on the contrary, are very much smaller
and therefore much more easily deflected particles, and to-
gcether with the clectrons are negatively charged. These
contrasts present themselves in the most interesting fashion
in the case of radio-active substances since they throw off at
the same time alpha, beta and gamma rays. If this dis-
charge takes place in a magnetic field we have the effect
which is shown schematically in Fig. 110. Further, as re-
gards the quantitative laws of the deflection, this depends,
to take the cathode rays as an example, apart from the
strength of the field to which it is proportional, on the den-
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sity of the gas in the discharge tube, on the chemical nature
of the gas, on the dimensions of the tube and so forth.  The
greater the potential difference between the electrodes the
more drawn out and smaller this is, and the more curved the
path of the clee-
' trons(just asin the
case of a projectile
it depends upon
y the charge) ; the
curvature and the
shape of the path
can both be cal-
culated. It is of
importance as a
determinative
magnitude to
establish the velo-
city of the clec-
trons. If this is
o and the mass m,
1¢ the electric charge
¢ and the strength
of the ficld 9, we
obtain for the radius of curvature the formula

alC

ke, 130

m v
P (57)

in words : the curvature of the cathode rays in the magnetie
field is directly proportional to the strength of the ficld,
inverscly proportional to the veloeity, and the proportionality
is the rclation of charge to mass. If » can be determined
independently, e/m can be calculated, and mversely.

#8. Equivalence of Currents and Magnets--From the
pondero-motive effect considered as a whole, one conclusion
can be drawn which is decisive for the theory of magnetism.
Any given arrangement of magnets is always, so far at least
as its outward effects arc concerned, equivalent to a given
arrangement of currents. We shall consider here only the
most 1mportant cases of this cquivalence :

(1) An infinitely small closed circuit is cquivalent to a
single pair of poles whose axis is perpendicular to the plane
in which the current flows.

(2) A finite closed circuit is cquivalent to a shell of the
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same shape which, whatever its shape, is supposed to have
the linc of current at its edge; a circular closed circuit is
therefore cquivalent to a circular shell ; an unbounded straight
current equivalent to a shell which, from the line of current
as a margin, stretches away into infimty.

(3) A system of concentric circular currents in the same
plane and in the same direction, in practice, therefore, a flat
coil, is equivalent to a non-uniform shell.

(4) A system of infinitely small circular currents of cqual
strength, sizc and in the same direction, and at the same dis-
tance from one another, and therefore forming a cylinder or
solenoid, is cquivalent to a simple magnct filament, that is,
to a pair of opposite poles at the ends.

(5) A solenoid of this sort unbounded on the one side is
equivalent to a single magnetic pole.

(6) A cylindric system of finite circular currents, therefore in
practice a coil of insulated wire with a single layer of wind-
ings, is cquivalent to a solenoidal magnet, that is, to two
opposite disks at the two ends.

(7) A cylindric coil of insulated wire of many layers is
equivalent to two opposite non-uniform disks at the two
cnds.

(8) A coil of wire of any shape and arrangement is equi-
valent to the magnet of general type which it determines.

(9) The solenoid closed upon 1tself is equivalent to a closed
magnetic filament, therefore a ring-shaped coil of wire, to a
ring magnet ; neither of these arrangements exercises any
outward cffect.

To complete the equivalence it is only nccessary to find
out which are the corresponding sides. For this we merely
require to apply Ampére’s rule to the various forms men-
tioned above and the following formula is obtained : if one
thinks of oncself as swimming in a closed circuit or coil and
looking towards the inner side of it, that side or end of the
coil which then lies on the left-hand side corresponds to the
inner side of a shell, and the right side or end to the south
pole. Or: that side of a closed circuit in which the current
appears to flow in an anti-clockwise direction is the north
end or side; the other is the equivalent to the south side of
a magnetic shell. The former can also be designated the
north side of the current and the latter the south side. The
same remark applies to the north and south end of a coil of
wire. Or conversely : if one stands on the north surface of

12
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a shell and looks at the equivalent current flowing at its
cdge, then this current flows from right to lcft.

Internally of course the relations are quite different: a
bar magnet is a solid thing; the current coil is hollow and
consequently in making any comparison of the internal fields
one must proceed very cautiouslv. It would lead us too far
to follow out these considerations here. The most fruitful
application of this idea of equivalence now under discussion
relates indeed to what goes on inside the magnet, namely,
to the electrical theory of its magnetic condition, and this
we will discuss later in a chapter on the theory.

79. Rotation Apparatus— If the electro-magnetic and the
magneto-electric effects are rotational in character it must
obviously be possible through the application of magnetic
and electrical energy to produce rotation, in the first place
of magnets about fixed conductors, and in the sccond place
the converse. The difficulty in the realization of this idca
is as follows: a magnetic pole does not exist, there exist
only magnets, that is, pairs of poles, and such a magnct
cannot be set in rotation, for if its north pole tends to go
round to the left, its south pole would tend to go round to
the right, and these two tendencies would annul each other.
At least they would do so if the magnet is rigid ; if we could
think of it as flexible (like a thin elastic band), then it would
wind itself into a spiral round the conductor, but c¢ven here
the rotation would soon come to an end in consequence of
the condition of entanglement that would ensue. 1f we take
the other case, the fixed magnet and the movable conductor,
the difficulty which then arises is that this movable conductor
must still form part of a closed circuit, one part of which
must be at rest if any effect is to result, while the other is
movable. And if the latter rotates this again must lead to
a frightful complication of contacts which would soon bring
the rotation to an end. This can be avoided cither through
the use of sliding surfaces, or slipping contacts, liquid con-
nections or through the periodical breaking and reversing of
the current, effected, of course, by means of some automatic
device.

It is on this principle that the numerous apparatus for
producing rotation are based, that have been built or described
during the last century, especially in the earlier part of that
period. They are still instructive to-day on account both of
the features that they all possess in common, and also on
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account of the peculiarities that some of them present. But
simple as is the general principle, so complicated does the
theoretical and critical examination of each individual case
become that even in quite recent times very animated dis-
cussions have taken place in regard to them. It must suffice
here to represent a few types graphically. Fig. 111 shows
the apparatus of Pohl. Here two parallel magnets with like
poles together rotate about their common axis, the current
from the source passing from ¢ to a to the mercury cup b,

Frc. 111, Fi1G. 112,

through the moving bent piece ¢ to the mercury ring f, and
from here returning by means of the wire % to the terminal
g and thence to the source. The clectro-magnetic effect of
the current causes a motion of the two connected magnets
which, when looked at from above, is in the clockwise direc-
tion, but which is reversed if either the direction of the cur-
rent or the polarity of the pair of magnets is reversed. The
motion would not take place if the pair had two unlike poles
together or if the current were led in at the top of the axis
on a level with the upper poles instead of at the middle.
Instead of the pair of magnets a whole cluster of them may
be used or a tubular magnet concentric about the axis of
rotation. In the apparatus in Fig. 112 the magnet is fixed
and the conductor is movable. The current goes from e
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through 4 to b, here divides between the two branches ¢ and
¢, and then goes through the mercury and the lug g to the
terminal 4. The rotation looked at from above is clockwise.

FiGg. 114.

That the position of the magnets is somcwhat out of the
centre is only a nccessity of construction. Of historical and,
just lately, of practical intcrest is thc Barlow wheel (Fig.
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113), in which a star-shaped wheel, one of
the points of which dips into a mercury
bath and through which the current flows
radially, rotates between the poles of a
U-magnet. More recently two other types
have come to the front. The first is the
design of J. Weber (FFig. 114), with axial
magnets which at the same time serve as
conductors for the current, the return cir-
cuit being provided for by the double loop
cbbe which dips into the annular arm, sur-
rounding but insulated from the magnet.
The sccond is the apparatus due to Nikola-
jew (Fig. 115). NSis the turning magnet.
One end of its winding Z dips into the
fixed cup A, the other, ML, into the annu-
lar cup LE, which moves with the magnet.
If a current flows through ABCDELMZA
the magnet rotates. On the contrary, it
remains motionless if M is connected to
the fixed annular cup PQ instead of to

LE. PQ is connected through TR and EL. Finally, it again
rotates if the current be carried through FK instead of

through DE.
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8o. Electric Motors —So far we have been concerned only
with rotation apparatus which were of thcoretical interest or
only useful for purposes of demonstration, but now we come
to apparatus of the same kind which are of technical impor-
tance. In dealing with electric motors we shall have to be
very brief because the details of this subject belong rather
to electro-technology. Moreover, there is another point to
be remembered : the electro-motor is the converse of another
piece of apparatus, the generator or machine for producing
current (dynamo). The first serves for the conversion of
electric energy into mechanical energy; the latter for the
conversion of mechanical energy into electric. Since in these
machines the process is perfectly reversible in principle (and
also to a large extent in practice) the same model will scrve
both as a generator and a motor. Divergences only arise
in the methods of starting up or shutting down of two other
sorts of energy, the kinctic energy of the moving parts and
the magnetic energy of the field which supplies the opposing
electro-motive force. A further difference arises from the
service which the model is intended to perform. In practice
the creation of electrical cnergy is almost entirely confined
to high-power machines, but in motors the smallest fraction
of a horse-power may be required. In small machines the
details are therefore substantially different and will neces-
sarily depend on the special circumstances of the case. Apart
from this the theory of motors which is based on electro-
magnetism coincides with the theory of generators, which
on their side come under the head of the induction of currents,
and will be dealt with in that conncction.

The clectro-motor consists of two parts: the field and the
armature. The former is fixed, the latter is set in motion
by the currents which are sent through it. While in the
earliest forms of the machine, now for the most part only
of historical interest, the field is encrgized by one current
and the armature coils by another, since the discovery of the
principle of the dynamo the energizing of the two parts is
derived from a common source (though in particular cases
and for practical rcasons a separation may be made). Three
types are to be distinguished according as the current passes
through the two parts one after another, or at the same time,
or follows a mixed system. We have therefore series, shunt-
wound, and compound motors. The last-named system,
which is of especial importance in the case of generators, is



174

MODERN MAGNETICS

of no particular significance in so far as motors are concerned.
We are therefore left with the two first-named types, which
are shown diagrammatically in Figs. 116 and 117. A glance

I'1g. 116.
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at the figures and a very little consideration
will show that a series machine when used
as a motor will turn in the opposite direction
to that in which it must turn as a generator
for the same direction of the current through
the machine, but that a shuntwound motor
will turn in the same direction in both cases.
Further diffcrences arise in regard to the de-
magnetizing effect of the armature currents
on the field ; the neutral zone, over which
sparking is reduced to a minimum, in the
dynamo is displaced in the direction of rota-
tion, but in motors in the opposite direc-
tion.

The efficiency of an electro-motor is given
by the formula

Eit —v
N (58)

where E is the back clectro-motive force of
the armature, P the potential difference at
the terminals, ¢, the current through the
armature, 7 the external current, and v the
sum of all the losses (through mechanical fric-
tion, cddy current and hysteresis). Since v
can be greatly diminished by sub-division of
the iron and proper selection of the material,
and since 7, can be made very nearly cqual to
1 and E nearly equal to P, the efficiency can
be made very nearly unity. As a matter
of fact, except in the smallest models it
usually amounts to 8o per cent. or go per cent.
and sometimes to as much as 95 per cent.
Thercfore from an economic point of view the
electric motor surpasses every other kind of

motor and particularly the steam engine, and is therefore
more and more superseding it.

The method of working of the direct-current motor is to
be deduced from the following equations :
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(1) The induced electro-motive force

U ¢ -
E:N(D&—)..&—.Ioﬂ N )
(2) The potential difference at the terminals
P=E+i4©0 . . . . . (60)
(3) The turning moment
N®&i, p
D =102 . -, 1007kg. . . .
R 1077 kg (61)

Here @ denotes the flux of lines of force per pole; to a first
approximation it is a function of the magnetizing current i,

to a sccond of the armature current as well. In series motors
b)

. 1 . .
t; = I, in shunt motors i, = v (w is the resistance, w; the
1
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F1c. 118, 16, 119.

resistance of the field windings). N is the number of armature
windings, U the number of rotations per minute, p the num-
ber of pairs of poles, and a the number of parallel circuits
through the armature.

The behaviour of the motor can be represented by its
various characteristics, i.e. by curves which show some one
important quantity as a function of one of the determinative
quantities. In motors, of course, as opposed to gencrators,
the most important characteristic is the speed of rotation.
That of a series motor is given in Fig. r18. The turning
moment, so far as the field is proportional to the current,
increases with the squarc of the current. The rotation char-
acteristic of the shunt motor is typically represented in Fig.
119. Here the speed of rotation decreases only very slightly
between no load and full load (by some 4 or 8 per cent.),
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and it is easy to keep it quite constant. Here the turning
moment is proportional to the current through the arma-
ture. Where a large turning moment is required on starting
up (as in trains or lifts), the series motor is to be preferred.
Where a constant speed is required (pumps, driving of machine
tools, etc.), the shunt motor is the better adapted.

The most important practical distinction (apart from that
between direct, alternating and polyphase current motors) is
that between synchronous and asynchronous motors, each of
which two types has certain advantages in regard to the nature
of the supply, constancy and certainty of performance, etc.

81. Interrupters and Vibration Apparatus —The series

F1G. 120.

of practical applications of electro-magnetism has still to be
amplified by mention of apparatus which are concerned not
with rotation but with some other sort of periodic motion.
In the first place, we have the interrupters, that indispensable
component of a great variety of apparatus, as, for example,
the induction coil. They are contrivances which break and
again close an electric circuit at regular intervals which can
be controlled within very wide limits of frequency as re-
quired. For the most part a quick alternation is required so
that the current must be intercepted several times in the
course of a second, a procedure which is usually rendered
audible to the ear as a humming or singing note of the same
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frequency. The most important application of a current
interrupted in this way is in the creation of induced alter-
nating currents. Another great field of application is in
telegraphy with all its special requirements, especially relays.

The best-known type of interrupter is the Wagner hummer,
which was first described however not by Wagner but by
Neef. Its most usual form, which it owes to Poggendorf,
is shown in Fig. 120. A steel spring, opn, rests with its con-
tact piece #, which constitutes the armature, a short distance
above the electro- i : e
magnet M. As soon
as it is drawn down
by the magnet the
current  energizing
the magnet is inter-
rupted by the circuit
being broken at the
point ¢. The spring
thereupon flies back
to its original posi-
tion and is then again
drawn down and so
on. The battery is
connected to the ter-
minals 4 and f, and
to a and ¢, the wire
in which the cur-
rent is to be inter-
rupted. The periodicity of the arrangement depends upon
the form, the distance, and the elastic qualities of the
spring ab. A second piece of apparatus of the same kind
is the string interrupter in its various forms, of which that
due to Max Wien is the most carefully thought out and
most generally in use. In the third place we have the tuning-
fork interrupter : as an electro-magnetic device for obtaining
a continuous uniform tone it owes much to Helmholtz and R.
Koenig. A typical example is shown in Fig. 121, which is
one of the newer forms of the apparatus, which are distinguished
from the older forms by greater simplicity and perfection of
construction. On the base S a tuning fork is placed so that
the plane in which its prongs vibrate is vertical, the axis of
the fork being horizontal. The upper prong carries a bunch
of platinum wires ¢ attached to a piece of brass m, the under
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prong an object glass with which we are not concerned here.
Through a slot in the front part of the base another piece
of brass can be moved in or out and fixed in the proper posi-
tion. This piece of brass carries a coil of wire surrounding
a core of soft iron not visible in the figure. A current from
a battery, or from the general supply flowing in the direction
of the arrow, first enters the stem of the fork and, passing
through the upper prong to s, then enters the platinum
wires 6, which are in light contact with a small platinum
plate which lics beneath the screw A. From here the cur-
rent runs through the brass piece M and the coil D, then into
the brass pillar which is fixed to the piece M but insulated
from it ; thence it passes back to the battery. There is thus
a-closed circuit ; but the current excites the electro-magnet
and this draws the upper prong down a little and the under
prong upwards. This causes the contact between the plati-
num plate and the bundle of platinum wires to be broken,
so that the current is interrupted, the prongs then swing
freely back again, contact is restored and the fork is thus
sct in regular vibration, which can be maintained as long as
desired and a current of a definite frequency of interruptions
is obtained. By choice of the tuning fork used this frequency
can be modified. Moreover, modification of the frequency
over a small range can be obtained with the same fork by
adjusting the position of a sliding weight placed on the prongs.
In conclusion, we have also the receiving telephone (the
transmitting telephone has in practice long been replaced by
the more sensitive microphone).

82. Magnetization through Electric Currents—All that
we have dealt with so far has belonged to the one sort of
electro-magnetic mutual effect, the pondero-motive. Now
we shall come to another class, that is, to the magneto-motive
effect of the electric current. For practical reasons this par-
ticular phenomenon has already been touched upon in the first
chapter.

An electric current, as we know, creates around itsclf a
magnetic field. If soft iron is brought into this field it will,
under its influence, itself become magnetic. And of all
methods of magnetizing iron that in which the electric cur-
rent is employed is the most important. For in the first place
electric currents can be produced of any strength, and there-
fore any degree of magnetism can be obtained (up to the
condition of saturation of the iron under consideration). And
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in the second place the whole process is of such a kind that
any quantitative condition can be produced as desired, and the
whole procedure is in every respect completely under control.

The question how the strength of the magnetization is
related to the strength of the field has already been con-
sidered. We have only further to investigate how the strength
of the ficld, when it is produced by an electric current, is
dependent on the characteristics of the current and in the
first place upon its strength. The connection is one of the
simplest : the strength of the field is exactly and directly
proportional to the strength of the current. Our curves of
magnctization, those, for example, in Fig. 27, represent equally
well the way in which the magnetization (instead of the
strength of the field) depends upon the strength of the cur-
rent, and only the scale and the definition of the abscissa
would need to be altered. Another question relates to the
uniformity of the ficld and the magnectization. In accordance
with what has already been cxplained, the following general
rules will hold : in order that a coil should produce a uniform
field, it must be wound with parallel equidistant windings
on a sphere or ellipsoid ; and in order, further, that this ficld
should evoke a uniform condition in an iron body, the latter
must likewise have the form of a sphere or ellipsoid. The
same condition will also be approximately realized if the
spherical or cllipsoidal iron bodics are placed in the middle
of a cylindrical coil of sufficient length. It is less completely
realized if into the last kind of coil a long bar-shaped iron
body is introduced. Uniformity of the field and the mag-
nctization are, on the contrary, very closely realized if the
coil has the shape of a ring, and if the body to be magnetized
is also introduced into the coil in the form of an iron ring.

Apart from the strength of the current, the strength of
the field also depends on the number of windings #, in unit
length of coil; and in the formula to be evolved a numerical
factor is required which depends upon the shape of the coil.
From the strength of the field the intensity of the magnetiza-
tion can immediately be deduced. Thus, for example, in the
case of an iron sphere on which the current windings have
been regularly placed, the strength of the field produced by
the current is

g=%’.’nli,. L. (62)
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the intensity of the magnetization
8rx . .

g=—" 9= ndg, . . . (63)
I+ f"mc 3 T 4
and the magnetic induction
3p 8ap
B = = nie . . . (6
P 9 Ll (64)
Since « or u are usually very large, we have approximately
3 = 2n.1, B=8m, I . . . (65)
For a long cylindrical coil
i O =43, . . . . . . (60
and for a long bar placed inside it,
I =k ==gqareng. . . . . . (67)

So far it has been tacitly assumed that the principal direction
of the body to be magnetized is at right-angles to the direc-
tion of the current and thcrefore lies in the direction of the
ficld, as is realized in the case of a bar lying axially inside
a cylindrical coil and in other similar cases. Longitudinal
magnetism, or magnetism in the direction of the length, is
then produced. But what if the principal direction of the
body lies in the direction of the current and therefore at
right-angles to the field ? It is obvious that something quite
different, namely, cross-magnetism, must occur, and a specially
intercsting case arises when a current is passed along the
axis of a cylindrical bar of iron itself. Cross-magnctism is
produced in this case, but in all directions in the same degree,
a condition which may be designated circular magnetism.
Instead of the bar, a tube may be taken and the current
passed through a wire running along the axis. Such circular
magnetism has, of course, no outward effect, but inwardly
a condition is set up which has been the subject of much study.

83. Magneto-induced Currents—Just as there are two
reciprocal effects in the pondero-motive phenomenon, the
electro-magnetic and the magneto-clectric, so we might rca-
sonably expect a counterpart to magnetization through the
electric current, and in this expectation we are not disap-
pointed. Only we must be clcar what the expected cffect
will be. For the magnetizing cffect does not proceed from
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the presence of the clectricity (electricity at rest has no effect),
it is rather the effect of an electric stream, or electricity in
motion. The exact counterpart in the case of magnetism, it
is true, does not cxist, for there are no magnetic currents, or
magnetism in motion (a subject which we have still to discuss).
And thercfore we conclude that the corresponding phcnome-
non does not occur. But nevertheless there is one means
of bringing it about. There is no current of magnetism, it
is true, but there is one very rough and obvious means of
setting magnetism in motion, and that is by moving the sub-
stance that carrics the magnetism—the iron substance in
which it resides. We may thercforc make the experiment
of moving the magnet and observing what happens in its
ncighbourhood. Naturally we must give the phenomenon a
chance of realizing itself, and therefore we set up a closed
copper wire in the ncighbourhood, and in order to be able to
observe what goes on in this circuit we include a galvanometer
in it. When the magnet is brought near to, or moved away
from, the wire, the needle of the galvanometer is deflected,
but only so long as the motion of the magnet continues.
Afterwards the ncedle returns to its original position even
although the magnet has now a different position from what
it had at the beginning. Such a current is called an induced
current, and the phenomenon itself, induction, and thus we
have magnetic induction in contradistinction to electric induc-
tion, which takes place when in the neighbourhood of a closed
circuit not a magnet, but an electric current, is moved. But
this account is still very far from being an exhaustive account
of magnetic induction. For instead of bringing the magnet
near the circuit we can proceed in a different way; we can
leave the magnet where it is but increase its magnetism.
While this increase is taking place, a current flows in the
circuit ; that is, the process of increasing the magnctism has
the same effect as bringing the magnet nearer; and of
course weakening the magnet has the same cffect as drawing
it away. Finally, as the extreme case: a quite non-magnetic
piece of iron which we magnetize in the neighbourhood of a
circuit has exactly the same effect as if we brought the magnet
ready made from an infinite distance up to the same position ;
and the complete demagnetizing of a magnet has exactly the
same effect as if it were withdrawn to an infinite distance.
All these cases may be brought together by the use of a very
obvious quantity, the potential between the two things,
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namecly, the magnet and the circuit. In each we must imagine
that a unit current is flowing through the latter (though this,
of course, actually is not the case). The phenomenon can
then be made to depend on this potential in a very simple
fashion, only we must not try to express the strength of the
induced current (which would be unnccessarily complicated,
since this is again dependent on the resistance of the circuit),
but the strength of the induced electro-motive force, and
this is simply equal to the decrease of the potential in unit
time :

v
eat.......(68)
Whether the change in V takes place on account of change
in position or change in intensity of the magnet, is now a
matter of indifference.

Tor the demonstration of the phenomenon it is customary
to use not a simple circuit, but a coil of wire of many turns.
In regard to the effect produced by motion it is, moreover,
obvious that we are only concerned with relative motion,
and thercfore it is the same thing whcether the magnet is
thrust into the coil, or the coil put over the magnet. If the
magnet is not merely inserted in the coil but is drawn right
through it, then, of course, the induced current flows first in
one direction and then in the other. And if the bar is caused
to move to and fro in tlus fashion continually we get an
alternating current. A somewhat different arrangement was
made use of in the old transmitting telephone (which has long
been discarded mn practice). Here it is not a bar but a thin
plate which vibrates'in front of a coil of wire. The other
case, induction through change in intensity, is best demon-
strated by winding two coils over an 1ron bar, an inner and
an outer. The first serves to magnetize the bar and the
latter to observe the induction effect. The first coil is con-
nected to a source of current and the latter to a galvano-
meter. The further procedure will be obvious. Irequently
the two methods, change of place and change of intensity,
are used simultaneously so as to accentuate the cffect. Thus
an iron core is placed in the coil of the transmitter of the
telephone mentioned above, so that its change in magnetic
intensity may contribute to the effect ; and the same sort
of procedure is resorted to in many ways, particularly in the
case of those machines to which we must make a brief refer-
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ence since they are the most important application of magnetic
induction, namely, dynamos or electric current gencrators.

The electric generator is the converse of the electro-motor
alrcady mentioned. Just as in the former the electric cur-
rent produces rotation in the magnetic field, so here rotation
in the magnetic ficld produces electric current. The original
type, the magncto-clectric machine, has been displaced by a
new form—the dynamo machine, and it is this that has been
one of the first causes in bringing electro-technics to its pre-
sent high state of development. Nevertheless, a detailed
consideration of the nature and construction of thesec machines
cannot enter into the scheme of the present book.

84. Eddy Currents —Induction currents also occur in the
body of the conductor and in certain circumstances completely
fill it. They are called eddy currents, or Foucault currents.
They in turn react upon the system producing them and fre-
quently surprising effects are produced. For instance, we
have the damping of a moving system—to take a concretce
case, the damping of the vibrations of a magnctic needle
through eddy currents which it sets up in any mass of metal
in its vicinity—an effect which is often made use of in gal-
vanometers and magnetometcrs in order to stop the trouble-
some swinging of the needle about its proper position of rest.
Among the apparatus for the demonstration of the phenomenon
the Waltenhofen pendulum may be mentioned. This consists
of a ring-shaped copper disk which swings as a pendulum De-
tween two opposite poles of an electro-magnet. On the ficld
being excited the pendulum, which would otherwise go on
swinging to and fro for a very long time, comes as suddenly
to rest as if it were moving through some viscous fluid. The
experiments of Thompson are also of extraordinary interest :
mctal rings or cylinders placed over an clectro-magnet are
tossed upwards when the field is excited. That this is the
consequence of the repulsion effect between the magnet and
the eddy currents is shown by the fact that the cffect does
not occur when the ring is severed at some point so that the
circuit is broken. In practice eddy currents, since they repre-
sent dissipation of encrgy, play an important part and every-
thing must be done to reduce them to a minimum. This is
best accomplished by subdividing the metallic parts, and it
is thercfore the almost universal practice, as, for example, in
dynamo machines, to build up metallic masses wherever
possible in the form of thin sheets or bundles of rods.
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85. Hall Effect -In the pondero-motive magneto-clectric
effect the question arises whether the effect is on the con-
ductor itself which carrics the current, or only on the elec-
tricity which is passing through it. This point cannot be
decided by the help of lincar conductors, but only by means
of flat conductors in which the lines of current are free to
move about. After much fruitless experiment the American
physicist Hall succeeded in obtaining an indication that the
lines of current flow are actually displaced, and this pheno-
menon has been named the Hall effect. A very thin rect-
angular plate of metal is placed between the two poles of a
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magnetic field (Fig. 122), which must be regarded as lying
above and below the planc of the paper in close proximity
to each other. An electric current is led in and carried away
at two middle points at opposite sides of the plate, and at the
middle points of the other two sides connection is made to
an ammeter. Since these points because of the symmetry of
the arrangement are at equal potential, thc ammeter indi-
cates no current. But if the magnetic field is excited the
contact points of the connections to the ammeter must be
moved in opposite directions in order that the ammeter
should again indicate zero current. The line of equal poten-
tial NN has therefore been turned into the position N'N”.
If now the current or the field is reversed the deflection of
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the cqual potential line is in the opposite direction. If both
are rceversed together the deflection remains in the same
direction. This indicates that the magneto-electric effect is
on the electric stream itself. Rotation in the sense of the
current representing the magnetic field is called positive
(iron, tin, antimony, etc.), in the contrary direction negative
(nickel, gold, silver, copper, bismuth, etc.). The potential
difference is

=== . . .. (69)

where 7 is the primary current, $ the strength of the ficld,
é the thickness of the plate, and R a constant, the constant
of rotation, or the Hall constant. By a simple conversion
we obtain a formula for the angle ¢ through which the equal
potential lines are turned when s is the specific conductivity
of the material

tinmd=RHHs . . . . . (70
The following are some of the values of R:
Te .. . . - 530 Au . — 000071
Br . . . . . - 101 Cu . — 000052
Sbo. . .« 4+ o192 7n -+ o ooo41
N1 - 0:021¢2 Al — 000038
Fe . . Lo A 00IT} Pt . —  0'0002%
Co . . -+ 000459 | Pb . + 000009
Ag — 000083 | Sn -- 000004

As will be seen there are colossal contrasts; only a few
materials show the cffect in a very marked degree, the others
only slightly. In the ferro-magnetic substances, moreover,
R 15 not a constant but varies with the magnetization. There
is, however, no obvious connection with the magnetization
and iron and nickel have even opposite signs. In bismuth
R diminishes as the strength of the field increases, but for
a falling temperature it increases. The influences of hetero-
tropy (crystalline structure) also manifest themselves. There
is great varicty in the behaviour of the alloys.

Copper-zinc alloys have already been investigated by Hall
himself and the following results have been found :
Copper in 9%, 100 81 73 67 6 0

R x 108 — 520 — 404 — 250 — 166 + 496 + 820
The behaviour of the two components of this combination
are therefore substantially additive. But this is not usually
the case; thus the negative coefficient of bismuth through
13
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the addition of antimony, although this has a positive co-
efficient, is made greater. For an alloy of bismuth with
8:35 per cent. of antimony van Aubel found that the value
of R was 3-4 times as great as in Bi (which, however, was not
quite a pure sample). The effect of adding sulphide of bis-
muth is still more pronounced, here pure bismuth sulphide
has already a valuc twice as great as pure Bi. On the other
hand, the behaviour of bismuth through the addition of lead,
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according to Leduc, is only slightly affected. Beckmann
with gold-silver alloys obtained the following results: If
silver is slowly added to pure gold, then although the silver
has a greater coefficient, R at first declines to a minimum
which occurs approximately at the point where the quantity
of the two metals is equal. From there onwards, however,
a considerable change in the composition has only a slight
effect on R and it is only at the end that the curve rises
steeply again. This is shown in Fig. 123, the curves of which
all relate to different absolute temperatures. As will be seen,
the Hall effect is greatest at the room temperature (the upper-
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most curve), and diminishes very markedly for the lower

temperatures. This, however, does not always occur, in
many substances temperature ” .
has little or no regular effect. L pa 24
For antimony-zinc alloys we Py bV
have the effect shown in TFig. 47
124. In these and many other 8 N
alloys there are outstanding 7 =17
singular points, corresponding 1o
to those mixtures in which the 6
components are present in the
ratio of their atomic weights o« §
(chemical mixture). There is,
as will be seen, a considerable I “ 2
degree of parallelism with the 3 =
dia- and para-magnetic effects. Qe
The Hall effect has been ob- 2 T
served and measured in gases ;
the question of its existence 4 /
has not, however, been settled o0l
in regard to liquids. 0 20 40 60

The Hall effect is, morecover, —>% Zn

Fic. 124.

only one of a number of ex-
amples of interdependent thermal-electro-magnetic effects
which are shown in the following scheme.
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There are, as will be seen, transverse and longitudinal
effects, and they arise partly from electric and partly from
thermal causes, and their effects again are partly electric and
partly thermal. The ncarest to the Hall effect is the change
of resistance in a magnetic ficld, which may be regarded as
a longitudinal Hall effect. It has been carefully investigated
in the case of bismuth and has finally led to a practical
application in the measurement of the strength of a mag-
netic field by means of a bismuth spiral. An induction of
1,000 gauss corresponds approximately to an increase of resist-
ance of about 5 per cent. The Hall effect can also be used
for measuring the strength of the field.

The thermo-magnetic transverse effect occurs in plates if
a’primary current of heat is sent through them by maintain-
ing a fixed temperature differcnce between the two opposite
shorter sides. The electro-motive transverse force produced

1S
Q=(f1/;>,(3’;9). L ()

where % is the thermal conductivity, d the thickness of the
plate, ? the flux of heat, $ the strength of the field, and ¢
a specific constant. Only in the case of bismuth has the
latter any considerable value. Here also there is both a
longitudinal and a transversc effect. The two together are
called the Ettingshausen eftect. The converse of the trans-
verse effect, the turning of the isothermals in the magnetic
field, is called the Leduc effect. To the same class as the
longitudinal cffect belongs also the phenomenon that presents
itself in the fact that a current flows between two clectrodes
of the same metal if one of them is in a magnetic field. This
current is to be regarded as a special electro-motive force of
the magnetization.



VIII

SOME SPECIAL BRANCHES OF THE
SUBJECT

86. The Magnetic Circuit—The parallelism which in so
many respects is to be observed between electric and magnetic
phenomena naturally excites the wish to follow it up wherever
it is possible so as to get at a similar conception of the subject
to that which has proved so extraordinarly fruitful in the field
of clectric phenomena. We speak of clectric currents in
reference to the analogy with a stream of liquid. This idea
has in the course of time undergonc many profound modifi-
cations and at times has even been discarded, but finally, as
the result of some development or other, it has been resumed
again  And in the simple case of a constant current in lincar
conductors the idea may be usced to formulate a law which
when it has once been enunciated becomes independent of any
special conception of this kind, that is Ohm’s Law, which
states that the strength of the current 1s equal to the electro-
motive force divided by the resistance, or, cxpressed as a
formula,

e

w

Here ¢ may be defined by the electrolytic effect of the current,
that is, it may be measured in amperes; ¢ is the potential
difference between the poles from which the supply of current
is derived, and is measured in volts; and w is a constant
determined once for all for the wire which completes the circuit,
and is cqual to its length divided Dby its cross-section and
divided by an electric constant, the conductivity, and is
expressed in ohms.

We have now the task of adapting this idea and the formula
in which it is expressed to the case of magnetism, and thercfore
to speak of a magnetic circuit, of a magnetic current, of a
magneto-motive force, of a magnetic resistance and of a
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magnetic Ohm’s Law. The circuit will consist of some form
of a horse-shoe magnet with the armature connecting its two
ends, or theoretically, and still more simply, of an iron ring or
the like. Of a ““ current of magnetism ’ it is not permissible to
think, because all our experience indicates that magnetism
is a residual property of the place where it occurs. But this
need not interfere with the idea that underlies this rough-and-
ready picture, and therefore the lines of force of the field, or,
since we have to deal with the modified (and intensified)
conditions inside the body of the iron, the lines of induction
must be taken into account, and their density estimated in
order to arrive at what may be called the flow of magnetic
induction . This is simply the induction ¥ that we have
already discussed, but multiplied by the cross-section Q of
the iron. (This must be supposed to be equal through the
entire circuit, otherwise we must take its mean value, or still
better the integral round the complete circle.)
According to this definition we have

F=80 . . . . . . (72
The magneto-motive force M must here be regarded as the
potential difference for the whole circuit ; that is, we must
take the strength of the field $ and integrate it for the whole
length L of the circuit, or if we can take the mean value as
sufficiently near, then simply

M=9L . . . . . . (73

Finally we imagine the third determinative magnitude, the
magnetic resistance, as in exact accordance with the electric,
i.e., we regard it as being directly proportional to the length
of the circuit, inversely proportional to the cross-section Q,
and divided (as in the previous instance by the specific electrical
conductivity), so here by the magnetic permeability x, so that
for the resistancc we have

L
W—-I-MQ-......(74)

And following from this definition we obtain what corresponds
to Ohm’s Law for the magnetic circuit :

M

If the cross-section is everywhere the same since & contains
the factor Q it disappears from both sides of the equation ;
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if for M we use its mean value as defined by the formula above,
L. also cancels out, and if instcad of u we use the reciprocal

quantity 7 = L and therefore instead of the magnetic con-

ductivity the ‘ specific magnetic resistance,” we obtain the
simple formula

e
By many writers W is referred to as the *‘ reluctance ” and »
as the specific reluctance ; but lately so many new ““ ances ”’
have been introduced (resistance, impedance, inductance,
reactance, ctc.) that it becomes a considerable strain upon the
mind to grapple with the whole series successfully. If the
circuit consists of parts of varying cross-section and varying
permeability, we must proceed exactly as in the case of the
clectric circuit, consider the sum of the separate terms, or if
the variation be of a regular character the integral
dl
W | - (77)
In practice the field is usually created by an electric current,
then if 2 is the strength of the current in amperes, and # is the
number of turns, our formula takes the form

i

L/kQ

So much for the theory, let us now consider its significance
and justification.

That we should be able in other branches of natural science
and also in this particular one to make use of a formula on the
lines of Ohm’s Law is by no means strange ; it merely amounts
to the definition of a new magnitude, the resistance. The
formula could only be regarded as having anything more than
a purely formal significance if the new magnitude could be
regarded as a simple characteristic of configuration. This is
the case in the fundamental law of the electric current, because
the resistance is a constant of the conductor along which it
travels, and this can be regarded as the law of the existence of a
constant conception of resistance. But this, as we know, docs
not cxactly apply in the case of the magnetic circuit ; here the
resistance, since it depends upon the permeability, is a function
of the force ; that is the numerator in the fundamental law is a
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function of the denominator, and the law really tells us nothing
at all. Other considerations have to be taken into account :
Ohm'’s Law in this form is valid only for approximately linear
conductors, that is for small cross-sections which are only
realized very approximately in the case of the magnetic circuit.
Further the part played by the air in the conduction of the
force is small indeed, but is substantially greater than in an
electric conductor, and of coursc for high magnectization, when
the permeability of the iron becomes small in comparison with
that of the air, even the latter plays an important part. In
other words the leakage in the wider sense (see above) has to be
taken into account, and therefore we must regard the circuit
as comparable with that of a high-tension circuit, or with the
cwrent in a cable, for which it is well known Ohm's law is no
longer exactly applicable. In the case of the current, indeed,
there is nothing analogous to muagnetic saturation; in the
end we should need to have recourse to an analogy with
the alternating current with its impedance and so forth.
The Kirchoff equations for electric networks when the con-
ductibility is variable become insoluble, as Hanauer, for
example, has shown, and a graphic method must be adopted,
which again will give reliable results only under certain con-
ditions.

But the unsatisfactory nature of the analogy is best shown
when it is applicd to permanent magnets. The question was
a short time ago keenly debated what it is that remains constant
in a permanent magnet when it is subjected to certain
operations, when, for example, 1t is introduced into a magnetic
circuit and its resistance changes , then cither i or e, to use the
terms of Ohm's law in their magnetic application, cither the
flux of lines of force, or the magneto-motive force, must vary
if the other of these quantities is to remain constant. Some-
times the one and sometimes the other answer is given, and
only Gans has introduced a certain clarity into the discussion
by stating that over such small alterations of the resistance
and therefore of the field strength we can afford to leave out
of account the hysteresis and in addition regard the per-
meability as constant. The constancy of the magnetization
also conditions the constancy of the magneto-motive force.
But it is necessary, in order that one should be able to postulate
this latter constancy, that we should be able to regard the
quotient of these two magnitudes 3/u as constant (which in
fact would seem to be permissible). We sce that through this
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necessary limitation in the interests of clearness the significance
of Ohm’s law for magnetization is considerably diminished.

Morcover, it becomes clear that the so-called fundamental
Ohm's law of the magnetic circuit has no real scientific
significance, and that when it is required to apply it to practical
purposcs one has to proceed very carefully and be guided by the
results of experience. But under these conditions it may be
and has been of considerable value.

87. The Ring ]
with an Air Gap R
- The ideal case AT EENEA
of the magnetic
circuit is that in
which the total
flux of induction
remains in the
magnet. This
case is only com-
pletely realized in
a ring which is
covered with uni-
form windings.
If the windings
arc more thickly
crowded together
at one place than
at another, or if
the cross-section
of the ring gradu-
ally or suddenly
changes between
one part and another, lines of force leak out into the sur-
rounding air. As will be readily understood a quite special
case ariscs when the circuit is broken at some point, cor-
responding to the case of the spark gap in an electric cir-
cuit. A typical case of this sort is the slotted ring. Here,
as Fig. 125 shows, the lines of force for the most part run
parallel with the axis, and those near the axis maintain their
parallelism across the gap ; but the outer ones bend outwards
as they approach the end surfaces so that they cscape out of
the iron into the surrounding space—a phenomenon which
was referred to in Chapter II (page 10) as the dispersion of
the stream lines. It will be readily understood that this

Fic 123,
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dispersion is greater, the greater the width of the gap, and
for a somewhat extreme case, namely, that of a horse-shoe
magnet with an armature, Fig. 126 will shoy how the dispersion
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which is entirely absent in case a becomes progressively greater
as the armature is further withdrawn in b, ¢ and 4, and in the
last case it plays the predominant part. In dynamo machines
one of the principal actors of progress has resulted from the
fact that we have learnt better how to diminish this dispersion,
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and in that way to increase the useful effect, and at the same
time to eliminate the harmful subsidiary effects. To make
clear the effect of a gap in a ring a graphic illustration is given
in Fig. 127, which relates to an iron ring which is surrounded .
at one part by a magnetizing coil (at 0° or 360°), and in con-
sequence the flux of induction is non-uniform; but in the
closed ring to which the principal curve refers, the want of
uniformity is not
so marked. It is

very considerable, PN A

however, in the Closed
lower curveat the / / \

point correspond- L
ing to 180°in the \\__,/
solid ring, even if \ /]
the slot be a very l \ [ \\

Narrow one.

88. Shielding
Effects —In the
closed ring, asalso
in the horse-shoe
magnet with the
gap completely
closed by the -
armature, the
lines run, as has
been said, entirely

Flux of Induction

b - —1 P T

in the iron. The \j

air space within

and without the 0° 60 120 180 240 300 J60°
ring is sheltered Fic 127

from the pene-

tration of lines of force. This leads us to another specially
interesting consideration—the magnetic shielding effect. As
a more satisfactory example of this we will take not the narrow
ring in which the air space is on all sides in contact with external
space, but a hollow body, for example, a hollow sphere. If
such a sphere of soft iron is brought into the magnetic field
it of course itself becomes magnetic, but very little magnetism
penetrates to the inner part; and if the walls are sufficiently
thick there is almost no effect there whatever. A small iron
body enclosed within this hollow space is protected from the
external field. This cffect can be made use of in an obvious
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fashion when it is desired that a certain space shall be confined
to the effect of certain forces without other magnetizing forces
that might be present exerting a disturbing influence, as in
ships’ compasses and measuring instruments and the protected
type of galvanometer already mentioned (page 161). More-
over this internal shielding effect is the counterpart of an
external one by which the external air space is protected by
the hollow body from forces which may be active inside it.
There are further numerous theoretically interesting and

Fia. 128,

practically important special problems directly or indirectly
connected with the shielding effect, for example the following :
What magnetization is experienced by a hollow cylinder in
comparison with a solid, or a hollow sphere in comparison
with a solid sphere ? (in a solid body the inner parts are certainly
in some measure protected by the outer parts). How does the
magnetization of tubes depend upon the thickness of the walls ?
What is the behaviour of a series of tubes placed one inside
the other?

The problem of the shielding effect was first worked out on
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scientific lines by Stefan, but the most exhaustive investigation
is duc to the Dutch physicist du Bois, who succeeded in
resolving the many contradictions which existed between the
discoverics of the earlier workers in the subject. It must
here be sufficient to illustrate the shielding effect by the
reproduction of a photograph which is due to du Bois. Fig.
128 shows the protection of external space from the effects of
an inner pair of poles by means of a thin cylindrical shell ; as
will be seen, the external field is almost completely unaffected.

89. Fields. Electro-magnets —We have alrcady several
times discussed magnetic ficlds and characterized them accord-
ing to their special properties; we will now consider the
subject as a whole.

A field may be cither uniform

a b c
or non-uniform ; that is, it may
have at all places the same
strength and direction, or may

be different in strength and direc-
tion at different places. There
is the intermediate case, that
the direction may cverywhere
remain the same, but that the
strength may vary (or con-
versely). Among the require- d €
ments of practical magnetics
two cases in particular come to the front : in the first place,
to obtain the most uniform field possible; and secondly, to
obtain the most powerful field possible. A third may be
suggested @ to obtain the most extended ficld possible. But
the attainment of this by artificial means is possible only in a
very limited degree, and it is a happy circumstance that in the
magnetic ficld of the carth we arc already provided with what
we require.  Of course the earth’s field is relatively weak, but
“two good things rarely come together,” says the proverb,
and such is the case here. And there is still another case
which can only be partially realized : an extended field which
is everywhere uniform. For the most part we must be content
to clearly definc the problem, and then it may be so to adapt
the method that the whole of the requirements are more or
less satisfactorily met.

But neverthcless we have still left out of consideration a
fourth problem : that the field shall be capable of regulation as
required ; that it shall be possible to make it strong, medium

‘16, 129
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or weak. The oldest method, the use of the steel magnet, is
at once excluded, for the strength of this is fixed. In its
place we have the electro-magnet in its various forms, whichin
the course of the last hundred years represent an ever higher

FiG. 130.

development in the direction of perfection. The later forms,
as in the U-shaped magnets, the horse-shoe magnets, the
Faraday and Ruhmkorff electro-magnets, need only be
mentioned here in passing, in order that we may at once turn
to the newest forms due to Pierre Weiss and du Bois. All the
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forms reduce to one or other of the types represented in Fig.
129. The electro-magnet of Weiss (Fig. 130) is related, as
will be seen, to type ¢; the two upper limbs, however, are’
developed and may be moved nearer to or further from each
other by means of a screw. The limbs, however, are only half
as thick as the yoke in order that magnetic saturation may be
obtained in all parts. Itis one of the most carefully thought-
out forms in regard to rigidity, cooling and adjustment. Twice
1,680 windings are employed, and on account of economy not
wire but bands. The limiting current is 60 amperes, and
therefore the maximum ampere turns are about 200,000.
Between the truncated conic i in di
at the base,and 2 mm. =
apart, a field of 46,000
gauss can be obtained.
Du Bois, on the other
hand, first constructed
his long electro-magnet,
and then, as being less
costly, the almost
equally efficient half-
ring electroomagnet,
which is schematically
represented in Fig. 131.
The adjustment of the
distance between the
two poles is made along -
A,A,, the distortion of
the field by means of K;K,. 5,5, are the cores, P,P, the
conical pole pieces. In the latest, slightly modified model,
the intensity of the field can be raised to 50,000 gauss, but
only in a restricted space of 1 mm. length and 3-6 mm. breadth.
go. Distribution of the Field—The formule for the
strength of the field in the space between the poles have in the
course of time been more and more perfectly developed and
experimentally tested. Between plane-parallel, cylindrical
poles of diameter 27 and distance apart 2d the strength of the
field in the middle point on saturation

I

and in the special case when 7 is great in comparison with a4
$ = 4a9.
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In addition we must remember that therc is the field due to
the magnetizing coils themselves, which may under certain
circumstances amount to 10 per cent. Since 3 cannot usually
be increased over 1,700 the strength of the field cannot exceed
22,000. A better result is achicved when the lines of force
are concentrated by giving to the poles the form of truncated
conces, and the maximum is reached when the generating lines
of the conc make an angle, the tangent of which equals V2,
that is an angle of 54° 44’. Then we have

. I POSEL A S N
b= 47{3(1 + 3V3 1Og“\/z \/3)
- 4:18(0-28()3 -+ 0-8863 logf;‘> .. (80)
(

Tole Aistance 4, ”
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LA A 7. M 2 /W/j -
G, 132

Thercfore, for example, for a = 7/20 it equals 1442 (473) and
with an increased value of 7/a the value can be made as great
as 1s desired. The ficld formed by the cone is however not so
homogencous as that obtained with the cylindrical pole pieces.

The strength of the ficld between flat pole picces has been
represented by Siegbahn for various amounts of separation of
the poles, and these results are given in Fig. 132 for solid poles,
and in Tig. 133 for hollow poles (which are used when it is
necessary to look through the field in the axial dircction), the
lower pole piece being shown. As will be seen, over a very
large part of the field the strength is constant, but there is a



SOME SPECIAL BRANCHES OF THE SUBJECT 201

depression in thc middle which is greatest when the distance
between the poles is small.

A very valuable collection of formule has been given by du
Bois, together with their working, and relate to cases of prac-
tical importance; it is unfortunately not possible to give
them here.

Finally with regard to the uniformity of the field the most
important example has already been given on page 160 ; it
is the field in which the needle of the Heclmholtz tangent
galvanometer swings. The best way of creating a strong and
in some degree fairly extensive field would be by the use of an
elliptically shaped coil, which by suitable arrangement of the

—> Field strength

2,0

/_\
Vil N

—> Co-ordinate Axis

't 133

windings produces a perfectly homogeneous ficld (see the
chapter on electro-magnetism). Unfortunately the construction
of such coils is so difficult that they can only be regarded as
practical in quite special cases. In view of this drawback
Bestclmeyer has worked out a compromise method which has
shown itself very successful. A cylindrical coil is made whose
length is 2-4 times its diameter. The want of homogeneity at
the ends amounts to 1 or 2 per cent., and this is corrected for
by means of two complementary coils which can be moved in
or out of the principal coil. The most suitable values for the
diameter, length, and position of the supplementary coils
varies somewhat according as one lays special stress on the
14
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value of homogencity along the axis or in the median plane
The normal values finally arrived at are as follows :

Pumncipal

Supplementary
Coul Corl

Length . 0872 11 092
Internal radws 1330 9:39
External radius . . . . .- 1575 1173

|

!

-

|

|
N

91. Magnetic Attractive Force—Concerning few problems
does there exist so extensive a literature as concerning magnetic
attractive force; and in few problems is the value of the
literature, for the most part so slight and unreliable, at least
in the earlier period, as in this. Very rarely does it go beyond
the narrowest limits of the problem and the experiments
made in connection with it. The reason is that these experi-
ments were made as a result of their obvious interest, at a very
early stage of the science, and at a time when the fundamental
principles of magnetism were almost unknown. No distinction
or no sufficient distinction was made between strength of
current and strength of magnetization; between magnetic
force and induction ; between induction and flux of induction.
No attention was paid to the nature of the magnetization,
whether, for example, it was uniform or non-uniform, and so
forth. The most contradictory results were therefore obtained,
which, as we now know, were almost without any general
significance.

Only in the most rccent times have investigators learnt to
arrange their experiments scientifically, and only since then
have results of real significance been obtained which are of
use in technical applications, in regard to magnets and
particularly clectro-technics, where such information is required
for the most varied purposes and developments, as for example
in levers and brakes, and also (a very remote subject!) in
ophthalmology, where powerful magnets are used for extracting
iron particles from the eye.

The method which consists in determining the weight
necessary to pull the armature away from the magnet by
means of a suitable balance is still used, only now we are in a
better position to take account of various sources of error
that may arise. We have to specify whether the process of
pulling the armature away is sudden or gradual, side forces
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must be carefully excluded, remanent magnetism under
certain circumstances plays an important part, and there is
also the more general question whether the scries of experi-
ments is made with an increasing or decreasing magnetisin
and so forth. The fundamental difference, however, lies in the
fact that account is also taken of the character of the magnet
in regard to the field in which the attractive forces are being
exerted. For if the field and the intensity of the magnetiza-
tion and so forth are not stated, any mere statement about the
attractive force has little value. Ifor this reason one of two
methods must be chosen: either very simple magnet forms
are taken for which the field of magnetization is known from
theory to be as far as possible uniform; or magnets of any
form are taken, and then the field and the induction within
and without are studied in detail. The first method is to be
recommended for experiments with a scientific object, the
latter for practical purposes. Ifor in practice the form of the
magnet is very often completely defined in accordance with
other considerations, and is of course very different from the
theoretically simple forms.

Theory under certain simplifying assumptions gives the
following formula for the attractive force 8, per unit area of
surface. It is commonly ascribed to Maxwell, but is only
indirectly due to him.

3.—_8%%2 N 13

where 9 is the induction ; therefore, for the whole surface F,
the attractive force is

- 3 2
= B (<
T Bn% (82)
or, if expressed in kilograms and written somewhat differently,
T=F : 8
o (5,0(55) co s B

The attraction is therefore proportional to the surface and to
the square of the induction. The stronger the magnetization,
the more favourable the conditions in regard to the energy
consumed. But the formula is only valid for a homogeneous
field, and one in which the lines of force emerge perpendicular
to the pole face; in the general case it is much more com-
plicated. The attractive force bears no simple relation to the
weight of the magnet itself ; but for the smaller forms it may
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be said that small magnets are more efficient than large ones.
The most extreme case is represented by a magnet constructed
by S. P. Thompson, the weight of which was o-1 of a gram, and
which would support 250 grams, or 2,500 times its own weight.
The attractive force per unit of surface area and therefore the
carrying power is here given for some values of B/1,000 :

B/1,000. 3. i B/1,000. ’ 3.
I I o004 14 76
2 i 010 10 10°4
3 037 20 16-2
4 ' 005 25 254
5 ' ror 30 360
(0] 140 40 049
8 b2 50 1015
10 b4 60 146
12 58 75 229

When a determination of this sort is made a very interesting
phenomenon is to be noticed ; on switching off the current by
which the electro-magnet is excited the hanging weight does
not drop immediatcly but only after the lapse of a certain
interval of time. The cffect can be particularly well demon-
strated to a large audience by making the two actions audible.
I{ the two bodies, the magnet and the hanging weight, stick
together well enough, this time-lag may very well amount to
several seconds.

The other method of approaching the problem alluded to
above consists in the complete experimental investigation of
the general characteristics of a magnet as it is used in technical
applications. This problem in the case of a brake magnet, for
example, has been very elegantly solved by Euler and others,
and has been given in an outline which allows of the course
and the concentration of the lines of force over the whole of
the gap between the two bodies to be traced out.

91A. Time Phenomena—In all the phenomecna hitherto
described time as such plays no part. It has rather been
taken for granted that the magnetic condition follows simul-
tancously on the appearance of the force to which it was due.
But now the question arises whether there is a time interval
required betwcen the appearance of the magnetism and its
propagation through space, and whether this time is measurable
—a question which, as we know, has been answered in a positive
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sense in regard to sound, light and electricity. It has become
evident that there is here something similar to be determined
both in connection with the local appearance of magnetism,
and its propagation through space. The first phenomenon
can be regarded as a change duc to an after-effect, and it is
then found that with a possible transition between them there
are three types: the quick, the gradual and the slow change
after-effect; the first requiring a small fraction of a second,
the second requiring seconds or cven minutes, and the last
hours or days or even yecars. The phenomenon is so many-
sided and involved that we cannot go into it more closcly,
especially as the circumstances in many respects are not clear.
On the other hand, as regards the propagation of magnetism
we have gradually come to a clearer understanding of the
phenomenon, and it has finally become possible to speak of
magnetic waves exactly as of other waves, both of the stationary
and the progressive kind, and to give their length and speed
of propagation. The problem has been most exhaustively
studied by Lyle and Baldwin. By the help of a very suggestive
method of the characteristics of the progressive waves, the
amplitude and phase of the fundamental vibration and
harmonics of bars and wires can be obtained and also the
damping coefficient determined, so that it can bec not only
expressed in words but also graphically represented.



IX
METHODS OF MEASUREMENT

92. General Survey—It might very well be laid down as
a general proposition that it is impossible to write a textbook
that is good in every respect, and to prove such a proposition
in the following way. A textbook must actually concern
itself with three things that taken together make up the totality
of the subject: methods, facts and theories. The question
arises in what order should these three aspects of the subject
be discussed. The order just indicated would at first sight
seem to be the most natural one. But a very little consideration
suggests that the reader could only understand the methods,
and in particular the methods of measurement, when he already
knew something of the facts; indeed the very usc of the
apparatus presupposes a knowledge of the quantitative laws.
And as regards theory it is theory alone that can teach us out
of an infinity of possible experiments to choose that one from
which we can venture to expect something of intrinsic value.
We therefore see that each of the three things in some degree
presupposes the two others and at first we do not know what
to do. But it will be said, knowledge has gone forward on its
course for all that, and therefore it must surely be possible for
a textbook which merely gives an account of it to follow that
course effectively. But knowledge does not proceed in a
straight line, but rather in a series of zigzags, and it makes
detours and enters byways that have no exit. In a textbook
written on a historical plan all this can easily be taken account
of. But of a systematic treatise more is required: it is
required that matters should be thoroughly cleared up and
that there should be a clear and simple presentation of the
subject.

So we have proceeded in the present case. And now we
come to the consideration of methods which should really have
been presupposed; but in their many-sidedness they touch
upon the equally great many-sidedness of the phenomena

themselves, and they are therefore only intelligible when we
206
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have learnt somecthing about the latter. A paradoxical method
of treating the subject is therefore excusable; and also as
regards the theory to which we intend to devote ourselves in
the next chapter, we may say in anticipation that the same
remark applies equally well.

Our subject is rich in content because two different sorts of
diversity arc embraced in it: that of the quantities to be
observed, and the method by which they are to be determined.
As regards the quantitics to be determined they may be
divided into two classes, those relating to the field, whose seat
is the air or similar substance; and those relating to the
induction, whose seat is in the ferro-magnetic material. In
the case of the field we have to deal with its strength and
direction ; the variations of these in different parts of the
field and, it may be. changes dependent upon time. And a
very substantial difference arises according as we are dealing
with a weak field like that of the carth, or with a medium or
a strong field. Ior cach of these cases particular methods
are to be preferred. Very much the same sort of remark
applies in the consideration of induction as regards the
magnetic moment in its magnitude and direction, its distri-
bution throughout the different parts of the ferro-magnetic
substance, and as regards any possible changes dependent
upon time. The last point however may present itself in
various ways since it may relate to the whole course of the
process of magnetization, the way in which it arises or dies
away, the remancnce and so forth, and further as regards
phenomena relating to time and place, such as the propagation
of the magnetism from place to place or point to point, and its
penetration into the deeper parts of the material. The most
important quantity to be determined for a ferro-magnetic
substance is finally its specific magnetism referred to some
sort of unit: thus, if the unit of volumec be chosen, the
susceptibility as a characteristic of the magnetization ; and the
permeability as a characteristic of the “ induction.” Further,
we shall have to deal with the total flux of induction, the
magneto-motive force and resistance, and so on. The problem
will obviously be simplest when considered in connection with
permanent magnects, as we shall then be independent of time
effects ; and we shall have principally to deal with the magnetic
moment, its distribution through the material, the poles, their
distance apart, the polar axis and its direction, and so forth.
Finally the pondero-motive force and the lifting power will
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come under consideration. Moreover the above matters
cannot be very systematically treated since it will happen
that several of the quantities named are to be obtained
simultaneously or by parallel methods.

As regards the methods themselves they run very closely
parallel in the two chief divisions of the subject, whatever their
development may be, according as we have to deal with the
strength of the ficld or the intensity of the magnetization.
In principle of course any property of the magnetic condition
is equally well suited to become the basis of a method of
measurement. The chief question is, what is the degree of
exactitude of which these various methods admit, and to what
circumstances are they best adapted? The answer may be
very different in diffcrent cases. Hecre let it suffice for the
present to make a short comparison of the most important
methods. (1) The magnetometric methods are specially
suitable for moderate ficlds, and give on the one hand the
strength of the field and on the other the magnetic moment in
relation to the strength of the magnetization when the other
of these two quantities is given; of these methods there are
a great many variants. (2) The electro-dynamical methods
which are specially suitable for rapidly changing conditions of
magnetization, for hysteresis and so forth. (3) Methods
dealing with the flux of induction, or ballistic methods with
their variations; closing of the yoke and isthmus methods,
etc. In rings and the like, which have no outward ficld, they
are the only methods applicable. (4) Methods dependent upon
the pulling force, the more exact modifications of the old
lifting-force methods. (5) Hydrostatic methods. (6) Damp-
ing methods. (7) Bismuth methods, specially suitable on
account of their convenience. (8) Hall-effect methods. (9)
Methods dependent on the ascent of liquids in tubes. (10)
Optical methods, based on the electro-magnetic rotation of
the plane of polarization of light, in which, instead of passing
the beam through the field in the case of ferro-magnetic
substances, the refractive (Kerr) effect may be used.

The measurements relate sometimes to single quantities, as
for example the magnetic moment of a permanent magnet,
or the distance of the poles, or sometimes a whole series of
quantities in regard to their dependence as functions of some
given factor, as for example the relation of the magnetization
or the permeability to the strength of the field or the lines of
induction within the substance; in such cases a graphical
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method may bec applied, and curves or systems of curves
may be obtained, and indeed an attempt has been made, and
not without success, to get an automatic record of such curves.

In conclusion we have to distinguish between the measure-
ments of purcly numerical quantities, such, for example, as
permeability, and the dimensional magnitudes; and in the
last case again between the comparatively simple task of giving
relative values, or the much more difficult one of giving
absolute values referred to the C.G:.S. system or to the electro-
magnetic system of measurements, whether it be directly or
through the medium of certain standards of reference obtained
once for all.

It is of course out of the question to treat all these in detail
here; we must Iimit ourselves to a few specially important
or interesting cascs

(¢) MOMENT AND DIRECTION

93. Magnetometer —We begin with the magnctometers in
the narrower sense. The classic representative of this class
of apparatus is Gauss and Weber's magnctometer, and the
character of the measurements to be obtained with it has
indeed become something of a pattern for exact measurements
throughout physical science —so there is no wonder if it plays
an outstanding part in the business of tcaching. It is shown
in Fig. 134, the outer parts, in order to make the construction
clearer, having been partly removed and shown separately.
The essential features are the two magnets, one of which hangs
by a thread from a torsion head and naturally in the magnetic
meridian, the other, lying on a bar placed at right-angles to
it and therefore approximately in an east-and-west direction,
is capable of being moved to and fro and from one side to the
other, but of courseis fixed in position during observation. In
addition there is a stand, a cover, a damping arrangement to
control the swing, and a mirror fixed to the suspension which
turns with the magnet and therefore permits its position to
be mecasured by means of a telescope and scale (mirror reading).
Two series of observations are taken—one of the deflections,
and onc of the oscillations. The deflections obviously give the
relation of the magnetism of the fixed bar to the horizontal
intensity of the earth’s magnetism, for the deflection is directly
proportional to the former, and inversely proportional to the
latter, whence we have in accordance with the magnetic law
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of distance (page 18) the factor 1/73, where 7 is the distance
between the centre point of the two magnets, and in addition,
because the torsion of the suspension also comes in, the factor
I + 0 where 0 is the so-called torsion relation, that is the ratio
of the angle through which the magnets turn to the angle
through which the upper torsion head has to be turned (usually

Fie. 134.

only a very small fraction of a complete rotation). A fairly
simple formula would then be obtained for the angle of
deflection if it were not that a serious cause of error were
present, the size of the deflecting magnet, the various parts
of which are not all at the same distance 7 from the suspended
magnet, some of them being nearer and some farther than 7.
It would be necessary to make a minute investigation into the
bar and take account of this, but that the whole difficulty can
be surmounted by making two observations at two distances,
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7, and 7,, and observing the two corresponding angles ¢, and ¢,,
and combining the two observations in a suitable way. A
simple calculation then gives for the required relation the
formula

M 1 rtan ¢, — 7,5 tan ¢,

g =5 O L. (89)

It is to be noted that the fixed magnet, instead of being

allowed to act from an east-and-west position (first principal
position), may be placed in a north-and-south position (second
principal position) ; the formula, in accordance with what was
said on a previous page (page 24), is only changed to the extent
that the factor } is to be left out. Of course it is not usual to
rcly on a single observation but to make several in such a way
as to eliminate any want of symmetry that may be present,
so that in the first principal position the observations are taken
both from the cast and the west with both the north and the
south, pole forwards. In this way ten observations arc obtained
in accordance with the scheme in Fig. 135:

5 3 " I 7
I S n s ! n s N S
S N s 7 i s n S N
6 4 5 2 8
Fre 135

where the various observations are distinguished by numbers.
A definite time sequence is also followed so that variations with
time are also very largely climinated. The ten observations
are arrived at by taking, before and after the eight observations
of the deflection, the position of the hanging magnet when not
exposed to the fixed magnet. If these two null positions are
divergent then by interpolation the null value of each of the
eight observations is obtained and thence the difference between
this and the value of the deflection. From the four approxi-
mately equal values of 7, and the four approximately equal
values of 7, the mean is taken in order to obtain the values
of ¢, and ¢,. Kohlrausch has given a still more exact formula,
but that given above is usually sufficient.

Now as regards the observation of the oscillations. The
magnet hitherto fixed is put in the place of the hanging one ;
it is displaced a little and the time of swing ¢ is observed. This
obviously gives the product of M and §, for the time of
oscillation is shorter the greater M, and the greater the value of
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$, since both forces here work in the same sense. Apcording
to the laws of mechanics if K is the moment of inertia of the
bar, and ¢ now the torsion ratio, then
_ 4K 8
M@ - (I _I_ 0)t2 ¢ * ‘ ( 5)
If the bar is a regular cylinder the moment of inertia K can be
calculated by means of the formula

sz[i‘fjd’f]. .. (86)
12 4

where m is the mass, A the length and p the radius. If the bar
is of more complicated shape then the moment is increased
by attaching to it a block or slipping a ring over it whosc
moment of inertia % is calculated in the same way. The time
of oscillation ¢’ is observed anew and we have
t2

K - kt—,m . . . . . . (87)
The observation of the time of oscillation must be very carefully
carried out by taking the time of at least 30, 50 or even 100
swings, and is best done by means of a loud-ticking pendulum
clock.

Finally, if we put

M

[ N N[f == B . . . .

9 ; ) (88)
we can combine the two observations and obtain either the
magnetic moment of the (first fixed and then hanging) bar, or
the horizontal intensity of the earth’s magnetic field :

M= VAB; 9 = g S .. (89)
Other forms of magnetometer arc the sine magnetometer,
the torsion magnetometer, the bifilar magnetometer, the
astatic magnetometer, the compensation magnetometer and
the galvano-magnetometer. If instead of the vertical axis
of rotation (suspension) we chose a horizontal one we have the
magnetic balances, on the one hand the Helmholtz-Kopsel
balance for bar magnetism, in which the procedure is the same
as with the Gauss magnetometer, and on the other the Toepler
balance for the measurement of the magnetism of the earth.
These balances in comparison with others soon to be mentioned
do not appear to have been very widely adopted.
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94. Inclination and Declination Since we have been
discussing the determination of the carth’s horizontal magnetic
intensity, we must now go on to the other, the vertical com-
ponent 8. There are many methods, but few of them are
much used, 8 being much more usually determined indirectly,
as by determining the inclination ¢ about the horizontal axis
of a needle that is free to turn in a vertical plane. § can then
be calculated from the formula @ = 9 tan¢. The total
intensity of the earth’s magnetism can then be obtained by
means of the equations F = V9H? 4 82 or & = H/cosi,
which will be self-explanatory on reference to Fig. 136. Every-
thing therefore turns on the measure-
ment of 7. TFor this there is cither the 9
dip circle instrument in which the move-
ment of the needle must be quite free
from friction, and which does not give
any very great accuracy, or the carth
inductor of Wilhelm Weber.  This con-
sists of a wire coil of a very great num- Z
ber of windings. The coil is mounted F
so that it can be turned about cither a
horizontal or a vertical axis, and in Y
cither position through an angle of 180°,
so that its plane before and after the
rotation in the one case lics exactly
horizontal and in the other exactly
vertical and exactly perpendicular to the meridian. That
this condition has been fulfilled can be determined either
by means of a small magnetic needle in a rectangular frame
and a spirit level, or by making some supplementary obser-
vations with the help of additional apparatus devised for
the purpose. In both cases the axis of rotation must be
correctly orientated, that is it must be cxactly in the
horizontal plane or exactly in the vertical meridian plane.
The effcct of these two rotations is observed by means of a
galvanometer. The necessity of any complicated and uncertain
calculations is avoided by comparing the throw produced in
each case, a4, and a,, so that we have

I:tan‘l(g—j .. o+ . (90)

If carefully performed the method is capable of giving very
cxact results. The apparatus by Hartmann and Braun (Fig.

Ny
‘.
L

ke 130.
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137) represents a type that is capable of observing the effect
of the two rotations; that by Leonard Weber and others has
been still further perfected.

There is yet another angle involved in the declination, that
is the angle which a needle capable of turning about a vertical
axis makes with the geographical meridian; it is called the
declination, and the symbol for it is usually D. Its measure-
ment is divided naturally into two parts, namely, the deter-
mination of the geographical (astronomical) meridian, and

Fi1G. 137.

that of the magnetic. For the determination of the first,
either terrestrial landmarks are used-—for example, a church
tower, the position of which is known—or astronomical objects,
in particular the limb of the sun, or stars at different times;
for the other, the dip of the needle. As typical examples of
three of the most usual classes of instruments those of Gambey
and of Gauss and Lamont may serve. Briefly described, the
declinometer of Gauss consists of the usual magnetometer
together with a theodolite placed at some distance from it.
Care is taken that the magnet hangs free from all torsion and



METHODS OF MEASUREMENT 215

consequently takes up its position exactly in the magnetic
meridian plane, which can be casily ensured by hanging an
unmagnetized bar in place of the magnet and noting the
position and then progressively adjusting the position of the
torsion hcad until the unmagnetized bar and the magnet both
take up the same position, so that if a telescope reading is
employed the same dcviation is read on the scale or (since a
scale is not really needed) the same mark appears in the
telescope. Or the angle ¢ between the position of the magnet
and that of a magnctized bar of equal weight is approximately
determined and the factor ¢0 (0 being the torsion relation) is
introduced as a correction. Then by means of the adjusting
screws the mirror is placed at right-angles to the magnetic
axis of the bar, which is attained when, after turning the bar
about so that its under-side comes uppermost, the same mark
appears in the telescope. The thcodolite is now directed
towards the astronomical object, and then turned so that an
object placed at the middle of the object glass falls on the
cross-wires, and thus one obtains the declination. It is most
convenient to bring the astronomical object, through the
creation of an image by means of a line, to the same visual dis-
tance as the object mark—a hollow magnet may also be used
so that by means of a lens at the front end a mark at the back
end can be observed. Modern magnctometers arc thus made
by Brunner and Carpentier in Paris and by Bamberg in Berlin.

95. The Compass—The present is a good opportunity to
say a few words about the converse problem, that is the
determination of the geographical or magnetic meridian by
means of thc magnet. The apparatus used for this purpose
is the compass. Apart from doubtful Chinese information the
oldest knowledge of the compass dates back to the eleventh
century ; but only in the thirteenth does it appear to have
been actually adopted, and Flavio Gioja enjoys the distinction
of having been the first to make it really serviceable. The
ship’s compass in its modern form consists of a horizontal
turning plane, usually with a sharp pivot which works in a
little cup in the magnetic ncedle, to which is attached a card
either subdivided into angles or showing the cardinal points;
and a fixed ring surrounding its periphery on which the fore-
and-aft line of the ship is marked. The fixed part of the
apparatus is suspended on universal bearings so as not to be
influenced by the pitching or rolling of the ship. Since the
declination is not a fixed amount (see the chapter on the
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magnetism of the earth) the astronomical meridian cannot be
directly observed but only the magnetic direction, and to each
reading the proper correction must be applied.

To cnsure that the movement of the compass should be as
free as possible the moving part has to be made very light. It
has also been shown that a system of several magnets works
better than a single necdle ; and in the third place the compass
must be shiclded as much as possible from concussion. The
first two conditions have Leen successfully realized by Tord
Kelvin. In his form of the apparatus the compass card
consists of an aluminium ring which is connected by means
of silk cords to the pivot cup and carries a system of eight
fine magnet ncedles suspended by silk threads. The com-
bination has a powerful magnctic moment, but weighs only
14 grams. Protection against concussion is obtained in the
so-called fluid compass in which the case is filled with glycerine
or spirit. We cannot cnter here into a description of the
various forms of ship’s compass—the azimuth, the steering
and the boat’s compass, and so forth. The sclf-registering
compass which continuously records the course of the ship
deserves to be noticed, however.

Simple as the thcory of the compass may be it becomes
very complicated when the disturbances or deviations of the
needle through the magnetism of the ship itself is taken into
account, which is now quitc unavoidable in conscquence of
the partial or predominant use of iron in ship construction.
The magnetism of the ship in thc longitudinal direction may
be resolved into a horizontal and a vertical component ; and
on the other hand, according to its character, into permanent,
sub-permanent, or temporary magnetism. It depends partly
on the position, in respect to the magnetism of the earth, of
the iron masses during construction; partly on the position
of the ship during its journey with respect to the magnetism
of the carth.  The former is of constant or of slowly diminishing
character ; the latter is continually varying, and is particularly
affected by the direction of the ship, its oscillations and the
geographical longitude in which it happens to be; but the
constant part also exerts an effect on the compass ncedle
which is dependent on the geographical longitude, because
this effect is in its turn dependent upon the earth’s magnetism,
the horizontal component of which varies with the longitude.
Further this effect, according to the nature and direction of the
magnetic parts from which it proceeds, is either of a semi-



METHODS OF MEASUREMENT 217

circular or a quadrantal character; that is to say there are
two or four positions of the ship for which it is zero, and two or
four others for which it is a maximum or minimum. From all
this it becomes clear that the idea of drawing up a table of
deviations for the ship is scarcely practicable; and also that
the attempt to compensate for these deviations by placing
magnets and masses of iron of some particular form in particular
positions is a problem which permits of no easy solution.
Nevertheless the labours of Flinders, Airy, Kelvin and others,
which have been continued down to the most recent times, have
succeeded in finding an arrangement which generally speaking
satisfies all requircments. In Airy’s arrangement, longitudinal
and transverse magnets are placed in the neighbourhood of
the compass, as well as bars of soft iron. In the Kelvin
arrangement these bodies arc placed inside the case of the
compass itself, and in order to avoid the dangerous influences
that these might introduce the compass needle (or system of
ncedles) is made as light as possible. The semicircular error
is compensated for by one transverse and two longitudinal
magnets which are placed symmetrically with regard to the
vertical, underneath the compass; and for the variations in
this error due to geographical longitude a vertical soft iron
bar is added. The quadrantal error is done away with by two
spheres of soft iron which are placed symmetrically on cither
side of the needle point. Finally a vertical magnet com-
pensates for the crrors arising through the oscillations of the
ship. By preliminary investigations it is then possible to
sccure compensation under all circumstances. There are of
coursce plenty of difficulties and on that account the magnetic
compass has in many cases been abandoned in favour of one
based on a quite diftcrent principle, the gyro-compass which
depends on the turning force of a rapidly rotating body.
96. Local Apparatus and Variometers—When it is a
question not of taking absolute mecasurements but only of
comparing the same magnetic magnitudes at different places
or at different times, much simpler forms of apparatus are of
course sufficient, and attention can then be principally directed
towards the design of apparatus which are handier and more
convenient in use. Thus if we want to compare the horizontal
intensity at different places we can either use the deviation

formula
9. _ tan ¢,

9, = fangs (91)

15
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or the oscillation formula

H4 o 7%

9. 1°
but corrections have still to be applied in cither case on account
of the temperature and the induced magnetism. If, instead
of steel bars, bars of quite soft iron are used, then as a result
of the magnetic induction the oscillation formula is completely
transformed and now run.

H.1_ 1,

@211......(93)
Apparatus for the continuous observation of the quantities
under consideration are called variometers, and therc are
intensity, inclination and declination variometers. The first
have various formule for the relative changes recorded, that
is for the quantity 09/9 according to the nature of the
suspension, the choice of the principal position, and so forth.
For example, by constraining the needle to take up a cross-
position through the so-called deflectors, if # is the angle of
deflection between the ends of the thread

09  ou

9 " . (94)
For such purposes magnetometers with quartz threads are
commonly used, the elastic behaviour of which is very regular,
but in that case the very lightest possible magncetic systems
must be chosen. In the instruments of Eschenhagen, for
example, they weigh only about 1-5 grams, and the quartz
threads only need to be about 0-05 to o-1 mm. thick, and the
sensitivity becomes extraordinarily great so that the very
slightest variations in the earth’s magnetism can be recorded.

FFmally those which function the most perfectly are of course

the registering instruments, the magnetographs, usually pro-
vided with photographic recording apparatus, such as arc in
operation in the chief observatories, their construction owes
much to Eschenhagen.

(92)

(b)) STRENGTH OF THE FIELD

97. Electrodynamical Methods —I'rom the special cases
so far considered we shall now turn to the more general task,
the measurement of any sort of ficld and any degree of magnetiz-
ation. The two tasks arc in many respects similar, still it is
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advisable to take cach separately, and we shall begin with the

measurement of the field. Tn this connection we can pass

over the first of the numerous methods applicable in this case,

the magneto-motive, because it has already been discussed.
The most closely related method

is the clectrodynamical. We can

cither observe the displacement =

effect of the field on a linear, or & %

the turning momenton a circular

conductor. The last method can

be made the more accurate since

a coil of many turns can he em-

ployed. As an example of the

first we have the Kelvin method, 4

the principle of which is shown in 25 || &

Fig. 138. The field is horizontal ’

and perpendicular to the plane ¥

of the paper; f is a wire which

hangs down betwecen the pole )

shoes F. The current ¢ is led = 2

into it through the mercury cup 5

C. The force acting towards Fic 138

the left which is exerted on it,

K =119 (I being the actual length), is balanced by the pull

excrted by the two pendulums p,P, and p,P,, from the dimen-

sions of which, the scale readings S,S, and the pendulum

weights P, and P,, K 1 the

above formula, and thus & in 2y,

absolute measure, can be deter-

mined. As regards the other

method the turning moment on 0 h

a coil with bifilar suspension -

may be determined (Stenger), -

or the torsion at the support »

according to the principle of the 47\

turning coil (page 166), Sicg- Ar

bahn’s method or the weighing

method may be adopted (Ang-

strom, Cotton and others). As an example the perfected

electrodynamical balance of Weiss and Cotton is shown

schematically in IFig. 139. At one end of the balance beam is

the conductor circuit ABCD, and this is so formed that AD

and BC, being arcs of a circle, cxperi_ence no effect, nor does CD),

Y

Fic 139
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because it lics too far from the ficld. Only the current element
AB is left, and this, because it is on a radius of the circle,
experiences the full effect. At the other end of the beam
is the pan and weights, and here also a second conductor
circuit of other dimensions can be introduced. The measure-
ment can either be made with constant current and variable
weights, or conversely with constant weights, and such an
adjustment of the current that a balance is obtained. Each
method allows of the possibility of using the current by which
the field has becn created so that only one ammeter is needed.
This method has the great advantage that there is no need to
make an actual weighing and that the current ¢ can be rcad
very much more quickly and exactly than can p. According
to the theory the current element in the field behaves as
Ol

though its weight had been increased by p = §:§io§; con-

verscly therefore we have & = 9’—8—;93 If we take $ == 10,000,

{=1, and 7 =1, p becomes approxi-
mately cqual to one gram, and this with a
delicate balance can be measured to a very
high degree of accuracy. For weaker fields
! and ¢ must be incrcased ; for this purpose
a plane spiral is used built up of many
turns and so arranged that the field only
affects one side of it.

In Kelvin’s method if the solid conductors
are replaced by a liquid, namely, mercury,
we then come to the method of hydrostatic
pressure.  The mercury is enclosed in a flat
insulated chamber (Fig. 140), which is tra-
versed downwards by the current E,E,, and

e 140 which in the direction of the field, that is
from front to back, has only a very small

thickness d. In consequence of the electrodynamic effect a
difference of level is set up through the communicating tubes
R, and R, corresponding to a difference of pressure P. We
therefore have § = Pd/i. Leduc and du Bois have worked
out two types which are specially well adapted to the measure-
ment of medium and strong fields. As a method of absolute
measurcment it suffers from the fact that it is very difficult
to determine the small magnitude d with any great accuracy.
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98. Induction Methods --The most important and most
frequently used method is the induction method. It depends
upon the induction of magnetism in soft iron, or the currents
which are set up in wire coils as soon as the test picce is moved
relatively to the lines of force. Wire coils arc almost
exclusively used and are placed with their planes perpendicular
to the lines of force. They arc then pulled outward into
another planc or are turncd

.

through a definite angle. 72777777724\ —F 7777,
According to the angle an- //’/// “_ff e // ///’/j//;%
other factor ¢ enters into / = =07

the expression for the
strength of the field. The

method obviously corre- \L
sponds to the application

of the earth inductor. The 16 11
rclative strength of the field
is, ceferis paribus, simply
proportional to the throw
of the galvanometer. In
order to obtain the strength
of the field in absolute
measure, the formula

w
Feee. . (95)

must be used, in which w
is the resistance, # the
number of windings in the
coil, and ¢ the quantity of
electricity flowing through
the galvanometer. By the
withdrawal of the coil or by
turning it through 9o°, as
will be seen from Fig. 141,
the same effect is obtained because in the one case the whole coil
cuts half the lines of force, and in the other its upper half cuts
one half and its lower the other, and these two halves produce
an additive cffect. The factor here is equal to unity. If the
coil be turned through 180° (the most convenient procedure)
the effect is twice as great, and the factor becomes }. If the
field is not homogeneous, as we have so far assumed, the motion
of the coils must be adjusted accordingly. In the case shown
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in Fig. 142, for example, the coil could not properly be with-
drawn either upwards or downwards because obvious errors
would be introduced, nor could it be simply rotated, but it
must be withdrawn by a motion towards the right, keeping
it parallel to 1tself in doing so. In ficlds which are varying the
galvanometer must be replaced by an alternating-current
instrument, best of all an electrometer, or an electrostatic
voltmeter, and the difference between the maximum and the
cffective strength of the current, and in some cases the form
of the alternating current curve, must be taken into account
in order to connect e with the throw of the galvanometer in
the above formula The eftective arca of the coil, the total
resistance of the current circuit, the time of swing, the reduction
factor and the damping coefficient of the galvanomcter must
be known or determined. The determination of these
quantitics, with the exception of the first, can however be
avoided if in the circuit of the galvanometer and the coil an
earth inductor is introduced and the throw b and B, for the
coil and the earth respectively, arc observed in turn (the
throw with the earth inductor is to be obtained by means of
a rotation round a vertical axis). If ), is the field of the carth,
and 1if f and f’ are the cffective areas of the coil and the earth
inductor respectively, then the strength of the field
H —= [ [1. 9
g Do

Recently the methodical plotting of the strength of the
field by means of the so-called test coils has undergone con-
siderable development, and a short account of it must be given.
A single turn of wire of known effective area is mostly used
as the coil; for the measurement of the current a Dallistic
galvanomecter is employed. The strength of the ficld is obtained
by means of the formula $ == cu/f, where « is the throw of the
galvanometer needle, f the effective area of the coil, and ¢ is
a factor which has been obtained by means of a special standard
(auxiliary coil or steel magnet). ILord Kelvin, Hibbert and
others have constructed standards of this sort which have
proved very successful. Quite recently we may mention
Gans as having gone very carefully into the question of the
rapid and convenient reproduction of a determinate ficld by
means of a standard. Thc most suitable form has proved
to be a slotted ring of an iron, the permeability of which over
a certain range is approximately constant, the ring being
thickly wound with many turns of the current windings.
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Finally we come to the class of differential apparatus for the
measurement of field strengths.  As an example we will give
a short description of the method due to Paschen. It consists
in the comparison of the field with the field inside a coil through
which a known current is passing. On one and the same
axis are two inductors J and ]’ resembling two drum armatures.
They differ however i having no 1ron core, J rotates in the
field to be measured, J’in the coil.  The induced clectromotive
forces are arranged to oppose cach other, and the current @
through the coil is so regulated that a galvanometer in the
current is not affected. Under these two conditions ¢ = §
where ¢ is a constant of the apparatus. The effect of any stray
lines of the field on the coil and conversely are eliminated by
preliminary experiments of a similar kind, and they can be
made so small, at least the latter, that they may be neglected.
If w, w’, and f are the effective areas of the two inductors and
the coil,

w',.

§5=;£’ft B (¢ 6))
The three areas are obtained by means of special experiments
which depend on the comparison of the resistances of the
three coils The procedure is applicable up to about three
ampceres, corresponding to 650 w’/w gauss, and by means of a
slight modification, still further. The accuracy obtainable is
of the order of } per cent. and in certain cases is still better.

The damping method can also be included along with the
induction mecthod. The damping of the oscillations which a
conductor experiences in a powerful magnetic field is consider-
able. Its logarithmic decrement (differcnce of the logarithms
of successive oscillations), which can be very exactly measured,
is proportional to the square of the strength of the field, a fact
which is in itself sufficient for relative measurements. If
absolute measurements are required a special case is made use
of and the procedure is as follows. A coil, the moment of
inertia of which is K, and the cffective area of which is F, is
hung by a unifilar or bifilar suspension, and its period of
oscillation T is obtained when the circuit is open. This is
then closed by means of rheostat (without sclf-induction) and
the rheostat resistance is altered until the oscillations are
aperiodic, which can be definitely determined. TLet this
resistance be W. We then have the simple formula

9F = o /4WK gy

. '1‘
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99. Hall-effect and Bismuth Methods — These two
methods are closely related to each other, and we shall study
each in turn.

(a) Hall-effect method. If a current is sent lengthwise
through a thin piece of metal sheet, and if it be placed at the
same time in a magnetic field the direction of which is per-
pendicular toits plane, there arises, as has been shown (page 185),
a potential difference between opposite points on the edge
which can be determined by means of a galvanometer. Within
certain limits the deflection will be proportional to the strength
of the field. For gold and silver this holds for fields up to
about 25,000 units, and in addition it is proportional to the

16, 143.

primary current, so that the sensitivity can easily be regulated.
The method of course presents some difficulties, since sources
of error arise and can only be taken account of by methods
which necessitate great complications. The reader should
consult the work of Peukert and the comments of Zahn.

(b) Bismuth method. The electric resistance of metals
(see page 188) undergoes a change when placed in a magnetic
field. Whilst in most metals this change is very insignificant,
in bismuth it is quite considerable, so that the resistance in a
powerful field may be double its normal value. Leduc was
the first to propose that strength of field might therefore be
measured by means of thin plates of bismuth or of tubes filled
with melted bismuth, and developed the necessary formule
for the method. It was Lenard, partly in conjunction with
Howard, who succeeded in working out a serviceable method.
Pure thin bi muth wire is formed into a flat double spiral and
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is cemented between thin plates of mica. The thickness of
the coil and its cover amounts to scarcely more than a milli-
meter, and its resistance is about ten ohms. Fig. 143 shows
the apparatus in its case. The spirals are placed perpendicular
to the direction of the field. Since there is no simple relation
between resistance and strength of field, the spiral must be
standardized beforehand. To cnable direct readings of the
strength of the field to be taken Hartmann and Braun have
constructed a bridge for use with the apparatus. Tor the
plotting out of a constant ficld the bismuth spiral has proved
of great valuc. But
it cannot without
further 1nvestigations +
be applied to the de- &
termination of the
momentary valuc of 4 7
rapidly fluctuating 2.
ficlds on account of
the hysteresis effects f~—==
with which the phe-
nomenon is associated.

100. Hydrostatic
Method -Th1s
method has been de-
veloped by Quincke
and du Bois and will be
easily understood from the diagram in Fig. 144a (compare page
101). Itisessentially a U-shaped tube consisting of a wide re-
servoir AA and a narrow ascending tube RR. If the latter is
brought into a field at right-angles to it, the level of the liquid
rises (or falls) from Z to Z'.  TFor slightly magnetizable liquids,
if p is the pressure corresponding to the difference of level
produced and « the susceptibility, then $ = V2p/k. The
effect is of course considcrable only in very strong fields ; water
in the strongest field that can be produced (50,000 gauss)
would only fall about 06 cm. Iron chloride (concentrated
solution) would however rise about 60 cm., but in this case the
simple formula would not be quite exact. H. du Bois thercfore
in his apparatus, which is shown in Fig. 1448, has adopted the
artifice of inclining the ascending tube in such a way that
it makes an angle » with the horizontal, whereby the method
is obviously rendered more sensitive in the ratio 1 :sin u.
The U-tube is here replaced by the glass vessel AARRGS and
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the microscope M turns along with it for the observation of the
meniscus E. For the liquid, a half-concentrated solution of the
green rhombic nickel sulphate is usually recommended. If
g is the specific gravity, 4 the density of the liquid, and b the
oblique rise, then we have

33—(\/%?)\/5.{{6; ... (98)

The quantity in brackets, by suitably sclecting the strength of
concentration, can
be casily adjusted
to have a round
number for its
numerical valuc—
forexample,10,000
—and a suitable
value can be given
to # according to
the strength of the
field to be meas-
ured.

101. Optical
Methods—Fin-
ally we come to the
) optical methods.

These are based
upon the Faraday
effect  (sce page
110) in transparent
materials. For
fields which are
uniform in the direction of the light beam the cftect is simply
proportional to the strength of the ficld and the thickness of
thelayer of the material. The proportionality factor which is
needed for absolute measurements, that is the rotation which
is produced by unit strength of field on a beam passing through
unit thickness of material—the Verdet constant—is very
exactly known for certain substances (water, carbon disulphide,
Jena glass. see page 127). From a good stable glass various
standards can easily be made, which are morcover very con-
veniently intercomparable.  H. du Bois has constructed such
standards out of the heaviest sorts of flint glass, such as
have the highest Verdet constant, and has given them a

Fic 1418,
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slight cotter shape so that the parallel reflections that occur
with parallel surfaces are obviated. With a thickness of T mm.
these standards are suitable for fields of a magnitude of about
1,000 gauss. It is to be emphasized that the direction of
rotation depends entirely upon the direction of the field and
not on that of the light (see page 119). If therefore a beam is
allowed to fall on the plate or the layer of material in a nearly
perpendicular direction and is then reflected back again from a
deposit of silver on the back surface, double rotation is obtained,
and thence if 4 is the thickness and ¢ the Verdet constant

(¢) MAGNETIZATION AND PERMEABILITY

102. General. Magnetometric Methods — In parallel
with the mcasurement of the ficld, that is, with the measure-
ment of magnctic force in free space, we have the further
and specially significant task of determining the condition
within the body 1itself ; and here, since the para- and dia-
magnetic bodies offer no special points of interest, we limit
ourselves to ferro-magnetic substances. In this determina-
tion it is substantially a matter of indifference whether we
measure the intensity of the magnetization 3 or, if it is more
convenient, the induction B. Both quantities are inter-
connected by a simple formula and the one can casily be
deduced from the other. For the rest the task here is a
much wider one, since we are not usually concerned with the
determination of a single value, but with a whole scries of
values of J considered as functions of the strength of the
ficld &, therefore, speaking graphically, with the construction
of the whole curve of magnetization, and even, going some-
what further, with that of the hysteresis loops.

The problem presented varies according as we are con-
cerned with the investigation of a defimte body or merely
with the properties of the material—for example, those of a
particular quality of iron. In the last case thc material can
be given the most suitable shape, the shape, that is, which
according to theory permits of certain conclusions from the
whole moment of the body regarding the ‘‘ magnetization ”
Such forms arc the sphere, the ellipsoid, and in particular the
clongated ellipsoid of rotation; the long, thin wire shape ;
and finally the ring. TFor other shapes we are compelled to
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rely on more or less uncertain calculations as, for instance,
for what is the most important case in practice, that of the
cylindrical bar with end surfaces, bundles of thin wires and
thin sheets. And also between the first-mentioned forms
there is a differcnce, as the same forms are not equally suit-
able to the demonstration of theory (spheres, short ellipsoids)
as for measurement (elongated ellipsoids, rings). The field
causing the magnetization may be that of the earth, or may
be derived from steel magnets or electro-magnets or from
currents flowing through coils. Since the field exercises an
effect of the same kind as that of the body under examina-
tion, this effect must be taken into account or allowed for.
Both are most easily achieved by means of coils since the
effect can then be easily calculated, and any disturbing sub-
sidiary effect on the measuring apparatus can be easily cor-
rected for by means of a compensation coil, and in the event of
this compensation not being complete any efiect still remain-
ing can be dealt with in other ways. The material to be
investigated must be as pure as possible, homogeneous and,
at the start, in a non-magnetic condition.

In the magnetometric methods the body is allowed to
influence the necdle of a magnetometer and the effect is
compared with that of the magnetism of the carth or that of
some other known force. These methods have alrecady becn
described ; but whereas we were then concerned with the
magnetic moment of the body, here J will be obtained, and
from it x, and so forth, can be deduced ; and not, as in that
case, for bars only, but for other shapes. The formule, there-
fore, will usually be different. Since rings have no external
effect, we shall in- this method be mostly concerned with
ellipsoids, and on account of their simplicity with ellipsoids
of rotation. If a and ¢ are the semi-axes in the equatorial
and polar directions, then the volume is (4/3)na%, and there-
fore the total moment M must be divided by this amount
in the case of uniform magnetization, in order to obtain &.
Further, if & is the horizontal component of the earth’s
magnetism, and 7 the distance—which should not be too
small—of the body from the needle, and 0 its deflection,
then for the first and second principal positions respectively
we have

3 3
3r8tag_0 or § =3r:)tan0

8= . 8makc 4ma®c

(99)
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The actual arrangement of the measurement is shown
schematically in TIFig. 145. A is the bar and is completely
enclosed in the principal magnetizing coil, and a second bhar
serves to compensate the vertical component of the earth’s mag-
netism. (The latter coil is supplied from C with a constant
current which is regulated by D.) B is the magnetometer,
E is a coil for the compensation of the direct etfect of the
principal coil, K is the battery for supplying the principal
coil, ' is a commutator, G is the galvanometer, and H is a
liquid resistance for the steady increase of the magnetizing
current. Of the two magnitudes present in the formule, 9
is either known or can be referred to the normal value by
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means of a local variometer ; and for very exact determina-
tions corrections are to be applied to 7, the distance on account
of the position of the pole.

An improved form of magnectometer has been constructed
by Gray and Ross. It was designed to satisfy the following
conditions : exact and rapid adjustment, solid construction,
any inaccuracy in the setting of the coil in the exact coaxial
position shall not introduce errors, the procedure shall be
equally well adapted to both weak and strong magnetization,
and shall permit of observations being made at any tempera-
ture. For this purpose two instead of one compensation
coils arc used in the east-and-west direction, and a third is
added in the north-and-south direction. Of these one serves
for coarse and the other for fine adjustment. The whole is



230 MODERN MAGNETICS

mounted on a cross-bar of wood 350 cm. long with arms
135 cm wide, the planks themselves being 24 cm. in width.
For high temperatures clectric heating is used and for low
temperatures immersion in liquid gases. In Fig. 146, A is
the solenoid which serves for the reception of the specimens,
which are 20 cm. long, E, F. G are the compcnsation coils,
B is the necedle and mirror, H is the damping coil, C the lamp
provided with a fine cross-wire the image of which appears
on the scale at D, and fnally J is a compensation magnet.

In conclusion it is obvious that a differential method may
be adopted, that is, the magnetization of an unknown may
be compared with that of a known magnet. In this con-
nection an analogy to the Wheatstone bridge may use-
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fully be adopted. In Ewing's apparatus, for example, the
two bars to be compared are placed in two parallcl magnetiz-
ing spirals, and are connected magnetically at their ends
with two yokes of soft iron Between two projections from
the yokes the needle floats. The number of ampere turns
surrounding the test-piece can be varied until the deflection
of the ncedle is reduced to zcro. In a later form the com-
parison has been dispensed with and the bar under test com-
pared with a length of air. Thus, in the apparatus of Baily
the test-piece is brought into a magnetic circle which con-
tains a known air-gap. Over the air-gap a pair of ncedles is
pivoted which, on the one hand, is deflected by the stray
lines of the gap, and on the other by a coil capable of rota-
tion lying behind the magnetizing coil. The former gives a
measure of the flux of induction and the latter of the force.
The coil is so placed that the needle gives no deflection and
then a very simple relation gives the permeability directly.
The curve tracer of Searle is also very ingenious. It operates
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by means of two auxiliary bars which are perpendicular to
each other so that the strength of the field is photographi-
cally recorded in one direction and the magnetization in another
at right-angles to it. Thus, we can obtain directly the
magnetization curve or the hysteresis loops.

103. Electrodynamical Methods —In the clectrodynami-
cal methods the effect on a coil is used in order to determine
the magnetism. It is thercfore the converse case to that
of the moving coil galvanometer (see page 166). The best
representative of this type of apparatus is that devised by
Koepsel and afterwards repeatedly improved. It isconstructed
by Siemens and
Halske, and, as
Fig. 147 shows,
consists of a semi-
circular yoke
which connects the
ends of the bar,
and in a cavity in
the middle of this
yokeis a coil con-
sisting of a few
turns of fine wire,
and capable of
rotation. The de-
tails are so ar-
ranged thata reli-
able result is
obtained in the
most direct way. The electrodynamical method is specially well
adapted for the determination of the momentary value of
the magnetization when the force is rapidly changing. Kauf-
mann has devised an apparatus that is at the same time an
hysteresis measurer. Other types have been built by Ewing.

104. Induced-current Methods - We now come to the
methods depending on induced currents, which may also be
called the ballistic methods. In addition to the coil which
serves to magnetize it, the test-piece is also surrounded, either
completely or at some particular place, by another coil, called
for the sake of distinction the secondary coil, and this last is
put in circuit with a galvanometer with a long period of
swing. If now the test-piece is put into the coil or with-
drawn from it, or if the current is switched on or switched
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off or reversed in the magnetizing coil, or if the position of the
body or the strength of the magnetizing current be altered, in
short, for any alteration in the test-piece an induced current is
set up in the secondary coil which causes a throw of the galvano-
meter needle which is proportional to the magnetism or the
change of magnetism. It is necessary in making the observa-
tions to take certain precautions, especially as regards the sud-
den switching on or off of the current in the magnetizing coil
or the setting up of induced currents in the iron. It is also
well to take care that all changes of place or current occur grad-
ually. In order to obtain absolute instead of relative measure-
ments, the galvanometer must be calibrated ; that is, we must
find what throw is produced by a known magunctic force, and
for this purpose the magnetism of the carth may be employed
by including in the circuit of the secondary coil an earth
inductor and turning it quickly about a vertical axis (com-
pare page 213 above). If the throws produced in the prin-
cipal cxperiment and by the rotation of the earth-inductor
respectively are ¢ and d,, the number of turns of the secondary
coil and of the earth inductor, # and #, $ the component
of the earth’s magnetism if this is used, f the effective area
of the ecarth inductor, then we have the equation

__21,fH0
b . .« . . . (100)
where @ is the flux of induction, that is, the magnetic induc-
tion for the whole cross-section (for 1 cm. of the length of
the body). In order to obtain the magnctic induction B
per cubic centimetre, it is only necessary, if the secondary
coil is in immediate contact with the body so that there is
no air-gap between them, to divide by its cross-section g,
otherwise before dividing by ¢ a correction which is usually
small must be applied to ®. TFrom @B we can then obtain g,
and working backwards, J and «.
Instead of the carth’s magnctism the effect of an electric
current may also be used as a standard of comparison. Then
we have

(D=4nin’q'.§—,. ... (zo1)

in which ¢ is the current in a coil which, on being suddenly
switched on or off, produces a throw ¢, ¢’ the cross-section
and #’ the number of windings per square centimetre. In
comparison with the method which makes use of the mag-
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nctism of the earth this method has the advantage in the
first place that we do not need to know the value of the
earth’s magnetism at the particular time and place under
consideration. But in addition to this it is simpler and makes
one special experiment unnecessary, if, instead of the coil to
be used in the comparison experiment, the magnetizing coil
is used with the test-piece removed. The effect of the
current necessary to produce the magnetization must be de-
duced, however. For this it is only necessary to refer the
reader back to what has alrcady been said. It must be
noticed, however, that the ring method cannot here be used
because it is not possible to withdraw the iron body. There-
fore here the comparison has to be made with the magnetism
of the earth.

The induction mecthod, because of its applicability to the
most varied cases, is the one most usually preferred. It is
specially important in the case of rings because herc both the
magnetometric and the electrodynamic methods break down.
Kirchhoff was the first to refer to it, and Stoletow and
Rowland the first to apply it.

In the application of the induction method to bars and
similar shapes, the demagnetizing force introduces disturbing
effects, and in such cases various arrangements are to bec
met with, of which the most important are the following.

Closed-yoke Methods. These were first indicated by J.
Hopkinson. The bar is put into a single or double closed
yoke, that is, its ends are enclosed in a frame of very soft
and thercfore permeable iron of large cross-section; well
annealed wrought iron is the most suitable. This yoke takes
up the lines of force that radiate out from the ends, so that
the simple formula without regard to any end-effect can be
uscd, and that the more exactly, the longer that portion of
the bar on which the magnetizing coil is wound. The method
is, of course, the more sensitive the less the permeability of
the test-piece in comparison with that of the yoke. Fixed
induction coils can be used surrounding the middle of the
bar ; the effect of varying the current is then observed. Or
the induction coil may be drawn off and the resulting induc-
tion impulse measured, and for this purpose automatic arrange-
ments may be employed. The Ewing modification is still
more convenient. Here two bars of the material to be tested
are used, and their ends are connected together in pairs by
an armature. The secondary coil is here again placed at the

16
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middle of the bar. Onec of the armatures is so arranged that
when it is pulled off one of the secondary coils is pulled off
along with it automatically. In Fig. 148 the arrangement
duc to Hopkinson is schematically represented.

As a special case and a particularly important one the
Isthmus method must be here included. It is always suitable
where it is possible to give the material to be tested a defi-
nitely complicated form. Stefan has shown (sce page 200)
that the force existing between the poles of a [—__"J-shaped
Ruhmkorff electro-magnet (compare page 197, Fig. 120¢)
may be considerably intensified, when instead of flat end
surfaces, truncated cones are used, which are most effective

when the generating angle is 54° 44’ (tan? V2). As will
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be easily seen, these cones have an effect similar to that of
lenses in optics. In the middle of the field, when a is the
distance and r the radius of the end surfaces in the first case,

. a

H = 49r,u(I — :/m)’ ... (102)

therefore as a maximum 4mye; in the second case, however,
I 2 4

H =41 — - - + ~log - -} . . (10

4/( vi Tiv; gu\/z) (r03)

and therefore iff be sufficiently small the value may be

made as large as desired: for example, if a = 2% it would

be 1-442 X 4npu.
On this is based the practical adaptation of the Isthmus
method by Ewing and Low. In order to achieve the twofold
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object of obtaining in the middle of the field a powerful but
nevertheless uniform force, conical picces are fixed to the
two wide pole faces, and to the end surfaces of these, which
arc reduced to the smallest size possible, the little rod to be
investigated is connccted. A still better method is to give
to the body to be investigated the form of a bobbin, that is,
of a double conc with as slender and short a middle piece as
possible. In Fig. 149 is shown such an arrangement con-
structed by Ewing, the scale being two-thirds the natural
size, the true dimensions being added in millimetres. The
Kapp apparatus

for obtaining®-9 [~ ——— o ]
curves is also Pole Shoe
based on the 96
isthmus method.

The isthmus
has the special T
advantage that it
enables the high- 3 & )
est field-strengths
to be obtained : >
and at the same
time a field that
is very nearly
unifo rfm"t ]%)13’ Pole Shi:
means of suitable
arrangements the —— T T
strength of the FI6 149
field can also be
determined at the same time as the induction, so that the
ordinates and abscisse of the curve are obtained.

105. Tractive Force Methods —We have considered in a
previous chapter the tractive force of a magnet. On this,
or rather on its scientific development, is based the tractive-
force method of determining magnetic induction. Its foun-
dation represents in very simple fashion the Maxwell formula
(see page 203, Equation 81), 8 = B2/8n. Certain difficulties
of course arise in carrying out the idea, which nevertheless
du Bois, as the result of many years’ study, has been able to
overcome. His magnetic precision balance, which is shown
in Fig. 150, is equally suitable both for scientific and for
practical purposes. It consists essentially of the test bar (in
the figure hidden by the magnetizing®coils), which is clamped
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in position over the base by means of end cheeks, and the
yoke, which rests on knife-edges like the beam of a balance
and floats freely over the cheeks. Since the knife-edge is
not in the centre but somewhat to one side, the two arms
of the balance are therefore unequal and the yoke is pulled

Fi6. 150.

down by the stronger attractive force on the left-hand side
until it comes up against the cheek. A sliding weight, seen
at the top, is now adjusted until the yoke is just pulled away

A

FiG. 151.

again from the under position (which is determined by an ad-
justing screw). Since the dimensions are suitably chosen and
the scale graduated according to the square law, the magnetiza-
tion can be read off direct, while the field strength is given
by the current.

106. Optical Methods—Of the optical methods we shall
only mention here the-deflection of the cathode rays (page
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167) by use of the Braun tubes. They are especially suitable
for demonstration purposes. The Braun tube is a vacuum
tube, in which, as shown in Fig. 151, the cathode rays are
compelled to pass through a small hole in the diaphragm D,
so as to produce a patch of light on the phosphorescent screen
S. This patch of light is displaced when a magnetic pole is
brought near the diaphragm. Braun pointed out its appli-
cations and Angstrom and others have worked out the
method and have made it serviceable in many branches of
inquiry.

107. Modern Methods of Measurement—In recent years
from about the beginning of the century a system of magnetic
mecasurements has been developed in which, as a matter of
fact, it has not been so much a question of developing funda-
mentally new methods as of perfecting those already known
in regard to practical convenience and the assurance that
they can be regarded as reliable. Investigation has in par-
ticular been directed to determining the principal quantities
occurring in magnetic practice, the properties of iron and
steel and their alloys which are used in the construction of
motors, generators and transformers. A specially important
part in this question is played by two classes of quantitics :
those, on the one hand, which relate to magnetization, induc-
tion, flux of induction, susceptibility and permeability ; and
on the other those relating to the dissipation of energy through
hystcresis and cddy currents.

The first things to settle are the standards for the testing
of iron sheet as was undertaken at the annual meeting of the
Verband deutscher Elektrotechniker in 1910 (similar standardi-
zation for wires, bars, and other forms did not seem to call for
discussion).

1. The total loss in iron is to be determined by the actual
testing of a sample of at least 10 kg. taken from four shects
at B = 10,000 and 15,000 in C.G.S. units at a frequency
of 50 cycles, and to be expressed in watts per kilogram at
20° C. These values relate to an impressed voltage of sine-
wave shape, and are to be called the total loss constants
(Vi and V).

2. The ageing coefficient shall be the percentage change in
the total loss constant for Q,,. = 10,000, 600 hours after it
has been heated up to 100°C.

3. The magnetizability of the iron shall be taken as being
the density of the lines in C.G.S. units at 300 ampere turns
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per cm. (AW /cm.); for the values of AW /cm. equal to 100,
50, I5. ' _

4. The density of iron shall be assumed in ordinary dynamo
sheet to be 7-7, and in alloyed sheet as %-5.

5. For the measurement of the total loss constant a mag-
netic circuit shall be employed which contains only iron of
the quality to be tested and which is assembled under proper
conditions. '

6. The normal thicknesses of sheet taken shall be 0:3, 05,
and 0-8 mm. ; and variations of 10 per cent. are to be neglected.

7. In cases of doubt the investigation is to be referred to
the Physikalisch-technische Reichsanstalt in Charlottenburg.

Fi1G. 1j5¢.

Of the method itself only a brief indication can be given
here by means of a few examples summarily treated.

1. Ballistic method of the Physikalisch-technische Reichs-
anstalt.

2. Yoke method of the Reichsanstalt. The apparatus is
shown in Fig. 152: the yoke, the primary winding, and the
projecting ends of the test bar can be seen; the secondary
winding, being inside, is not visible. The yoke is made out
of Krupp steel sheet, it is 33 cm. long and has an open internal
space of 25 X 8 x 8 cubic cm., a cross-section of 2:32 sq. cm.,
and therefore, on the average, about 200 times that of the
bar to be tested, which is usually turned down to have a dia-
meter of 0-6 cm., and must be at least 35 cm. long. Similar
dimensions hold for bunches of iron strip. To make a good
contact, cheeks of soft iron are used which are pressed to-
gether by méans of screws. The primary winding consists of
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about 2,000 turns of thick wire and completely fills the internal
space. Thesecondary coil is 1 cm. long.

3. Epstein’s method for the testing of iron sheet. Here
the leading idea is to exclude all foreign iron, and to distri-
bute the magnetizing coils as uniformly as possible over the
whole of the magnetic circuit. Therefore a ring form is
chosen, or, as being more convenient to construct, put together
and take to pieces, a square as shown in Fig. 153. The cir-
cuit therefore consists of four squares of the material to be

FiG. 153.

investigated, and with the exception of the four corners it
is covered with a uniform winding. The measure of the
total loss is obtained in watts, and can be separated into that
due to hysteresis and that due to eddy currents. For this
purpose a special arrangement and method is needed of work-
ing the two machines: i.e. the continuous-current generator
and the alternating-current machine which feeds the coils.
Since the individual iron sheets often vary a good deal in
quality they must be taken in such quantity that a good
average value may be expected. On this account four bundles
of some 60 to 70 strips each are used. The cross-section of
the iron ¢ is deduced from the weight and density, and from
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this the flux of induction § = Bg¢. In order to take account
of the dependence of the Steinmetz coefficient (see page 7o,
formula 28) on the induction, the test is carried out with
three values of B (6,000, 10,000, and 15,000). The mean
electromotive force E in volts for 400 windings and # the
number of revolutions (account being taken of a correction
factor) is E = 0-0000176 Byn. The following procedure is
adopted. First the generator is adjusted to give the required
number of revolutions and voltage. Then the reading of the
ammeter and the wattmeter is taken. If the energy lost in
theleads is subtracted we then get the true iron loss, and this
has then to be expressed as per 100 kg., as well as for per
100 kg. per period. The last calculation is required in order
to be able to separate the hysteresis and the eddy-current
loss, for if f is the eddy-current loss factor

v=nBleq 4+ fB%2 . . . . (104)
therefore
g =7B0 LB . . . . . (105)

the curve for v/q is plotted and the point determined where
it cuts the axis of ordinates (6,000 : 1-g8W ; 10,000 : 4:38W ;
15,000 : 8-82W). These are thercfore the hysteresis losses,
and from this the Steinmetz coefficient is obtained, 5 = 0-0013,
in fair agreement for all three values of the induction. Finally
by subtraction from the total loss we obtain the eddy-current
loss, which is usually very small in comparison with hysteresis
loss. The preliminary preparations for the measurement take
about 1} hours, the measurement itself takes about 1 hour, the
calculation about £ hour, and three persons are required to
take the observations. In order to be able to measure the
magnetization and the permeability as well, a secondary
winding is added, which does not run continuously but is
divided up into seven coils on each of the four limbs, so that
at each place a separate determination may be made and the
leakage field also obtained ; then, in order to improve the
magnetization, the primary windings at the corners are coned
off, and the primary as a whole suitably spaced out (the
secondary naturally lies inside the primary).

4. The null method of Lonkhuyzen (Siemens & Halske).

5. The method of Gumlich and Rogowski. The basic
principle is as follows: to measure both the induction and
the field strength at places that are as far as possible free
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from stray field ; this is done by means of secondary coils,
of which there are four cach surrounding the Epstein sheet-
iron bundles and which are joined up in series with ballistic
galvanometer. Advantage is taken of the fact (on which
the Ewing isthmus method is based) that the tangential
component of the magnetic force at the point of transition
from iron to air does not undergo any sudden change. There-
fore it can be measured in the immediate ncighbourhood of
the outside surface of the iron. Of course, on account of
the other coils the field-measuring coils cannot be brought
right up to the surface of the iron and the measurement must
be taken at some distance away. But it is easily possible to
obtain experimentally a curve by mecans of a small plate
that can rise and fall, which represents the percentage decrcase
of the field strength as we pass outwards, and these curves
with necessary precautions can be extrapolated for the oppo-
site direction. It is then shown that the curve for small
values of the field strength depends upon special qualities of
the iron. But from 10 AW/cm. it is practically uniform.
The corners of the apparatus have no practical influence
except when the strength of the field is small, as is proved
by the effect of the addition of corner-pieces to improve the
magnetic circuit. Therefore for normal field strengths of 25
and upwards any special precautions on this account may be
dispensed with. In any case, according to the opinion of the
author, the errors are much smaller than with the Epstein
apparatus. The clamping screws are arranged to suit any
disposition of the coils that may be required and specially
provide for rapid transposition. To obtain thc effective area
of the coils for mcasuring the ficld and the induction, the
magnetizing coils themselves are used. The dispersion of the
field expressed as a percentage of the induction is smallest
for B == 5,000 (about I per cent. at the corners), greatest
for B = 18,000 (6 to 7 per cent.). The apparatus can also
be used for the Epstein method, and the two results so
obtained can be compared. The Gumlich and Rogowski
apparatus is manufactured by the Allgemeine Elektrizitits-
gesellschaft.

6. The weak point in even the best of the above methods is
the measurement of the strength of the field. In the one case
we have to rely on the tangential component of the strength
of the field being equal on both sides of the boundary surface
between iron and air, and then we must be very careful to
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exclude any normal component from the measurcment, be-
cause, if they are considerable, the slightest divergence of the
coil from its position parallel to the iron surface will add
substantially to the result. It is of great value in all cases
where there is great dispersion and the lines of induction in
consequence emerge almost perpendicular to the iron. It is,
however, almost impossible tu adjust the coil to exact parallel-
ism. Or, in the other case, the attempt to obtain individual
values of the field strength at a particular place is abandoned
and only the line integral of the field strength round a closed
circuit is measured. For this purpose the magnetization
current 7 is measured and the Maxwell equation is relied on,
according to which the total magnetomotive force is deter-
mined by the number of ampere turns in the magnetizing
coils. This still requires that we should infer the field strength
at the place where the induction is being measured from the
total magnetomotive force. The method is best in the case
of the ring; in the case of the ellipsoid, as we have alrcady
seen, it is difficult to obtain the required shape, in all other
forms the matter is extremely uncertain.

These considerations have led Rogowski and Steinhaus to
work out a new method in which the magnetomotive force
is measured directly. Starting with the equation which ex-
presses the element of the flux in regard to the induction, or
the field strength, we have

D =gn J‘ 2%,,dx = 04 ‘ A:S)de
l v

where ¢ is the cross-section of the coil, # the number of turns
in unit length, both regarded as constant over the whole
coil The flux in a uniformly wound coil of uniform cross-
section is therefore proportional to the magnetomotive force
between the beginning and the end of the coil. The path
along which this force acts is the axis of the coil. According
to this the establishment of a measure of the magnetomotive
force is in principle clear ; the special condition is that therc
should be a cross-section everywhere equal, and perfect uni-
formity in the windings. The cross-section will also be chosen
as small as possible in order to reduce the effect of any errors
that may be present. The magnetomotive force measurer of
Rogowski and Steinhaus is constructed in the form of a strip.
It is prepared from presspan 60 cm. long, 2-5 cm. wide, 0°1 cm.
thick, and carries a double laver of wire of 0-02 diameter.
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The cross-section varies by about 1} per cent.; there are two
soldered places present in the wire where it has been broken
in the process of winding, the specimen was therefore very
well adapted to show the sort of results that can be obtained
without any special perfection of construction. It was covered
with a rubber band, and small wooden blocks served to protect
the ends. .

It was now tested whether actually, as theory requires, the
total magnetomotive force for the same ampere turns is the
same whatever the path; whether it becomes zero when no
current encircles the closed circuit; and whether in spite of
the introduction of
iron into the field,
and the distortion
thereby  produced,
the field remains un-
affected. The field
was produced by
means of a four-
cornered coil of 458
turns, the ends of
the windings for the
pressure measurer
were connected with
a ballistic galvano-
meter, the throw
of which for the
reversal of I ampere in the magnetizing current was
measured. Then a pressure measurer bent into a closed curve,
and held together by a clamp, was brought into first one
and then another part of the magnetizing coil—a quadrilateral
enclosing it more or less closely and supporting it at one
corner, into which the iron bundle was brought. An example
is given in Fig. 154. The experimental results in all cases
confirmed the theory. It only remained, therefore, to stan-
dardize the pressure measurer. This was done by observing
the throw of the galvanometer on reversal of a current 4 in
the field of a magnetizing coil of N windings. A magnetic
tension of Ni/u therefore corresponds to one division of the
scale. In the foregoing example the throw on the average
was 906 divisions of the scale. One scale division therefore
corresponds to a magnetic tension of 506. If, further, a
change of 4 in the flux of induction corresponds to one division

I'16. 154.
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on the scale, then the unit of flux corresponds to a magnetic
tension of 2Nz /ub.

7. Finally there is the oscillographic method to be men-
tioned which really belongs to the electrodynamic method.
The oscillograph itself belongs to another subject since it
serves primarily for the delineation of oscillating current. It
suffices to mention that an exceedingly fine wire loop, which
has therefore a very short period of vibration and high damping,
is brought between the field poles, which lie very close together.
When the current is flowing the loop turns backwards and
forwards and its vibrations are projected by mecans of a small
mirror and a suitable optical
system on a rotating drum or
are photographed. The curves
obtained are true so long as the
period of the current is short
compared with that of the loop.
A simple form of oscillograph
suitable for magnetic demonstra-
tions is described by Wehnelt
and is diagrammatically repre-
sented in Fig. 155. F is the bar
to be investigated, which is en-
closed in the yoke J, which is

I1e 155. constructed of soft wrought iron
and is of very large cross-section
interrupted by a narrow air-gap at 0. K, and K, are screws
which fix F and provide for a good magnetic contact. The
magnetization coil M is fixed to J. In the gap O is the oscil-
lograph loop of brenze wire in a very weak state of tension.
It carries a small mirror which is so constructed that it can
fit between the ends of the yoke pieces. This mirror turns
about a horizontal axis, the moving-coil galvanometer in the
magnetizing circuit about a vertical one. A beam of light,
therefore, after reflection from both mirrors will give the re-
quired curve. It can easily be arranged that this is so large
that it can be seen from a distance, and so clear that it can
be traced out with chalk on the usual lecture-room black-
board.

Of the many methods belonging to the above we can only
refer to that of Hausrath, the first purpose of which was an
instrument for demonstration but which was also so designed
that it could be used for jneasurement. In one of the cases
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of the electro-magnet which contain the current loop a turn-
ing coil is substituted for the latter. The whole system is
shown in Fig. 156 with its cover, which is exactly like the
loop case and which is capable of
being turned in the cylindrical
bored hole in the pole piece. The
coil is provided with two liga-
ments which can be regulated,
and the period is capable of vari-
ation within wide limits. It car-
ries a small mirror and convenient
and effective regulation and damp-
ing is provided for. The arrange-
ment is shown in Fig. 157. As
far as the loop O the path of the
beam shown by the dotted line is
the same as in the ordinary oscil-
lograph. From there on it is
turned through a right-angle by
the three small mirrors 1, 2, 3,
so that the required curve is
produced on the screen. On one
side of the terminals p lies the moving-coil instrument with
the shunt 7, which can be connected at choice either through
the mica condenser C or through an inductionless resistance
7,. On the other

% | side is the pres-

CIG. 150,

S | sure across the

oscillograph
again with a
shunt that can
be connected
through the ap-
paratus for test-
ing the iron E
or an induction-
less resistance
R. The ap-
parent resistance of C with 7, and E with R are approxi-
mately the same. By regulating », and R the turning coil
is brought into phase with the current. Then of course the
curves for the forward motion and the return must fall to-
gether, and this curve at the same time gives a measure of

F1G. 157.
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the divergence of the pressure from the sine-wave form.
The theory is not altogether simple. It is simplest when
the ohmic resistance is neglected and the pressure can be re-
garded as having a sinc-wave form. We then obtain the
dynamical hysteresis directly. If the ohmic resistance is con-
siderable the curve must be reconstructed, otherwise its area
will represent not merely the hysteresis but the total energy
loss.



X
MAGNETIC THEORY

108. Introduction - From the first and repeatedly in the
course of our tredtment of the subject, we have been tempted
to give to the observations, facts and laws with which we
became acquainted a theoretical signification in order to show
why the behaviour was such as it was, and not different.
This temptation we have to some extent resisted, but now
at last we take up the discussion of the subject as a whole
and again deal briefly with some ot the points already antici-
pated, though thus to accentuate their significance will do no
harm.

There is, in the first place, a fundamental distinction to be
made between formal theories on the one side and graphic
theories on the other. The first can also (for it comes to the
same thing substantially) be called the continuity theory and
the latter the molecular theory. A formal theory has always
the advantage of introducing nothing in the way of special
or doubtful assumptions, and in virtue of the continuity pre-
supposed it lends itself to simple and elegant mathematical
formulation, and has in other respects many advantages.
But in all sorts of odd places it comes to the limits of its
powers ; there are many individual facts to which it cannot
be applied, and in the last place it is not finally satisfactory
for the thinking mind that wishes to probe as deep as possible
into the secrets of the matter under investigation. Whether
indeed such satisfaction is to be obtained through the pic-
torial, atomistic theory is another question, the answer to
which the critical reader will not require immediately.

109. The Maxwell Theory- The formal theory can be
developed from various starting-points. At an carlier place
the magnetic induction in a narrower sense was chosen as
the starting-point ; but here, to save repetition and at the
same time to aim at something more general, we shall at once
begin with the Maxwell gencral theory. This is a theory of
the electro-magnetic field which equally well embraces elec-

247



248 MODERN MAGNETICS

tric as well as magnetic phenomena, and is based on the con-
ception, principally due to Faraday, of a space that is filled
with lines of force.

But here we must go back a little and, in the first place,
put the pondero-motive effects in the foreground. In the
second chapter we have based this on certain facile assump-
tions of action at a distance, and in so doing have obtained
quite satisfactory results Action at a distance in the case
of magnetism is perfectly parallel with the electrical and the
gravitational case, only that we have to deal not with single
poles but with pairs of poles; and the consequence of this
is that in addition to the attractions and repulsions, there
are also rotational effects which may even be predominant
since these effects are proportional to the third, while the
others are proportional to the fourth power of the distance.
One rcason for giving up the action-at-a-distance theory
arises not from the fact that one rejects such a theory as
being something mystical in the ultimately vain hope that
by a continuity theory we may arrive at complete knowledge ;
but, as sometimes happens in human affairs, we kill two birds
with one stone. For in regard to clectrical phenomena the
theory of action at a distance has shown itself untenable and
has had to be given up because it has been shown that cer-
tain (of course, only certain) phenomena, namely, electrical
oscillations, need time to propagate themselves from layer to
layer of the medium, and at the same time both affect the
medium and are affected by the medium ; thence the victory
of the ficld theory. But magnetic phenomena are so closely
connected with the electrical that we cannot accept one theory
in one subject and reject it in the other. Magnetic pheno-
mena must also be brought into the field theory, although
(and this is for the most part passed over in silence) nothing
is known in regard to the purely magnetic effects that really
disprove the action-at-a-distance theory.

The magnetic field M (hitherto ) of a straight conductor,
according to the law of Savart-Biot (page 149), is M = 2i/vr,
or, if we multiply both sides by 27z, M2rz = 4 /v. If we
think of the current as being the axial line of a circle at a
distance 7, we can look at this last cquation as being the
result of an integration all round the first and thus arrive
at the equation for any closed curve

j%ﬂs:ﬁ? S (x06)
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in which s is an element of the curve and M, the component
of M along the curve. In the electro-magnetic system of
measurements v disappears, and in the practical system with
7 in amperes there is a factor of 10 in the numerator, so that
we obtain

j&msds=1-258i N ¢ (072]

In order to get rid of the integral a new idea is introduced,
the ““ curl” or “rotor’’ of M, i.e. that quantity which, on
integration, leads to the above and is represented by ¢(?R).
If, further, on the right-hand side we substitute the current
intensity ® (the strength of current per unit of cross-
section) instead of the strength of the current, we now
obtain

g(om) =4_’:_J.‘? ... .. (108)
Finally, we can replace ® by the formula which connects it
with the electric field strength €:

o€

4::59:867 .. .+ . (109

in which ¢ is the electric constant characteristic of the material,
the so-called dielectric constant; and then we obtain

.a_t‘=_q(£m) .. . . . (110)

which is the first Maxwell equation. The second can be
deduced in a similar way from the facts of magneto-induction,
and we then obtain in integral form (line integral of the
electric field strength and surface integral of the magnetic
induction)

j@,ds=——‘%j%df .o oo (x1X)

The new equation can be at once expressed in a different
way if account be taken of the principle of reciprocal action
according to which every effect is equal to its opposite
characterized by its opposing curl ¢’:

%’Rzﬁq'(@) S ()

where now u is the corresponding magnetic constant, which
we already know as the permeahility. This is the second
17
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Maxwell equation. We can also introduce the magnetic
induction and so obtain as the counterpart of equation (108)

I 0
NE) = —— . ... :
(@ =>% (113)

The two Maxwell equations have now been put into the
vector form, that is, the quantities occurring in them, € and
M, © and B, are vectors or directional quantities and are to
be treated as such. If we keep to the usual method of cal-
culation, then instead of dcaling with these magnitudes as
they stand we must consider their components in the direc-
tion of the axes of a rectangular system of co-ordinates E,,
E,, E,, and corresponding M,, M,, M,; and then we obtain,
if we write the curl components in the form usual in mechanics,
the two triple series of equations:

0E, v /M, oM, oM, w0k, OLE,
o Z(ay a:) ot _M(Jz" 057)
OE, v ,0M, oM, OM, 9 /0E, OE,
A Sl ) e e
oE, v (0M, oM, oM, v 0E, OE,
a?*e(ax ay) at'”,t(’ay az)

The Maxwell cquations can be expressed in words in the
following way : the rate of change in respect to time of the
electric force is, apart from one universal and one individual
constant (the velocity of light, and the dielectric constant
respectively), equal to the curl of the magnetic force; and
conversely the rate of change in respect to time of the mag-
netic force is equal to the opposing curl of the electric force
multiplied by the ratio of the velocity of light to the magnetic
permeability.

The Maxwell equations belong to the most wonderful pro-
ducts of the spirit of discovery in the whole rcalm of exact
science. If beauty can consist of an ingenious and complete
simplicity, then they show that cven in a subject like ours
beauty may present itself, and that it is a factor in the general
system of knowledge. The two triple systems, as we see, are
linked with one another, the E being expressed in terms of
M and conversely. For certain purposes with which we are
not concerned here, this interlinkage must be solved. (For
example, in the clectro-magnetic theory of light.) It must,
however, be noticed at the same time that the great sim-
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plicity of these equations is purchased by leaving out of
account a whole series of phenomena which belongs to our
subject. But even if these are taken account of, the equa-
tions, which then must include certain additional terms, are
not impossibly complicated. The special phenomena relating
to electrical conductors, ferro-magnetic materials, crystals,
and many other things are referred to here. But with this
indication the matter must be left.

110. Application to Magnetism -We can, however, derive
immediately from our simple cquations certain correspond-
ingly simple conclusions. If we apply the second integral
equation (111) to two different surfaces limited by s, we obtain
for the closed surfaces thereby rcsulting (B, is the component
of B perpendicular to df) :

({IH Bdf =0 . . . . . (115)

that is, the number of the lines of induction emerging from
a closed surface is a constant with respect to time. If no
permanent magnet is operating then we have

[Q%dfmo N ¢ 2 0]

From which it follows that all Q lines arc closed on them-
selves. Further, as a counterpart to the curl, we can also
introduce the “ divergence *’ (page 42), that is, the magnitude
0B, 0B, 0B,
— + 3 {— S
ox | ay 0z
through a suitable combination of the equations of the second
triplet this can be easily calculated, and we find

a ..
;;t—(hv @) =0 . . . . . (118
Thereforc for the case where no permanent magnets are
operating

(117)

div(®) =0 . . . . . (119)

The two equations div (B) = o0 and ¢(M) = 4#® may fre-

quently be most conveniently employed as fundamental
equations to the theory.

For the theory of pure magnetism the electric currents

represent only a means of creating an exact basis; we will

therefore now leave them aside ahd ask what formule are
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valid. In the above case a great simplification was obtained
for all parts of the field where no current is flowing, for here
® becomes = 0 and in consequence

g =0 . . . . . . (120)
and therefore if V is the magnetic potential
ov ov ov
H, = e o H, = ~ 3 H, = — 3
or more briefly (grad being an abbreviation for gradient),
$=—gradV, . . . . . (121)

and thus we get back to the earlier formula. But here it is
clearly shown that if there is no current something else must
be introduced, and this can only be done for permanent
magnets, which compels us to take hysteresis and “ true
magnetism ~’ into consideration. Therefore if its density is
¢, and the true magnetization J,

divd,=0, - - - . . (122
or in V
divpgradV=—p, . . . . (123
and the energy
U= j';‘ grad*Vdr . . . . (124)

Nevertheless, if we wish to go further, we must introduce still
further modifications on account of the variability of u.

111. Special Developments —Here we must refrain from
considering the application of the formal theory to individual
phenomena such as initial magnetism, saturation, remanence
and hysteresis as well as the behaviour of bodies of various
shapes, and only by way of an indication make a few remarks
on a few significant points. Hysteresis makes magnetization
appear as an irreversible process. The question now arises
(it has been touched upon already) whether it would not be
possible to bring about forcibly some sort of ideal, i.e. rever-
sible process, and this according to Gans can actually be
done. He has developed a beautiful theory of reversible
magnetization, which finds its expression in a new constant,
the reversible susceptibility.

Further, as regards the phenomenon of diamagnetism, the
fact, therefore, that the susceptibility for numerous materials
(and indeed for the majority of those that are weakly mag-
netizable) is negative, is a ‘matter of indifference to the formal
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theory; it says nothing either for it or against it. On the
contrary, Duhem, the great French authority on thermo-
dynamics, has applied to the case of magnetism the two
famous principles of thermodynamics, and has shown that
a negative susceptibility contradicts the second law. There
is, however, a very obvious expedient: diamagnetism is
thought of as being only apparent, and it is explained that
a body appears diamagnetic when it is more weakly mag-
netizable than the surrounding medium (compare page 82z)
—an idea which corresponds completely to the case of a body
of low specific gravity in a heavy medium: onc may even
speak of an ‘‘ Archimedean principle of magnetism.” One
difficulty in the way of this explanation lies in the fact that
even in a vacuum many bodies appear to be diamagnetic,
so that we are left with the further conclusion that the
vacuum itself is magnetic, and indeed more strongly magnetic
than all those bodies which in a vacuum appear to be dia-
magnetic. This assumption loses its paradoxical character
when we remember that the so-called vacuum is not merely
empty space but is filled with the ether, and that the ether,
indeed, is infinitely light, but nevertheless in other respects
must possess infinite properties in order properly to fill the
role that has been assigned to it. Still we may say that these
differential theories of diamagnetism are not completely
satisfactory, which makes us disposed to regard with interest
other theories that may present themsclves.

It is further to be remarked that the group of Hall effects
has been dealt with from the point of view of the field theory,
and that in a very striking fashion (Boltzmann, Goldhammer,
Heurlinger, among others). The thermodynamic theory has
here yielded gratifying results; it has been especially indi-
cated on account of the connection of the Hall effects with
thermal phenomena. We cannot, it is true, penetrate very
deeply into the inner nature of these phenomena and the
facts can only be partially explained.

In a still higher degree does this apply to the application
of the field theory to magneto-optical phenomena as it
has been developed, for example, by Drude. Here to the
Maxwell equations certain terms must be added and the
corresponding transformations made. For the Faraday and
the Kerr effect we obtain much that is satisfactory; the
Zeeman cffect remains for the most part completely enig-
matical in its attractive many-sidedness. It must suffice here
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to allude to the most interesting of the purely phenomeno-
logical theories, that due to Kolatek.

112. Analytical Hypothesis —Let us turn now to the
molecular theories of magnetism. The oldest of them is
that due to Poisson. According to him a body consists of
molecular magnets, that is, of little parts each of which
possesses both negative and positive magnetism and at the
same time infinite magnetic conductivity, while the medium
in which the little parts are embedded is uniform and con-
tinuous. Magnetization consists in the process of separating
out the particles that in the non-magnctic condition are mixed
with opposing magnetisms. How strongly the body can be
magnetized depends upon the proportion of the particles %
in the total volume (the Poisson constant) and the magnctic
conductivity of the body as a whole, as can be casily shown
if u, and s, are the values for the medium and the particles,
is generally
200, - e+ 2R(1es — @)
Y2ug A e — k(e — )
therefore, since Poisson puts p; = 1 and g, = 0,

I+ 2k B
= =Y (125)
Corresponding to this relation between the coeflicients £ and
g are those between £ and the susceptibility »:
K=‘-3k , A LS
4a(1 — k) 4 + 3

Since for iron « is a fairly large number % becomes approxi-
mately equal to unity, that 1s, the whole space must be re-
garded as filled with molecules. Ior spherical-shaped particles
such as arc suggested by Poisson, this is geometrically
impossible, and for other shapes it is very improbable.

113. Rotation Hypothesis—The advantages of the ana-
lytical hypothesis also present themselves in connection with
the direction or rotation hypothesis which is principally due
to W. Weber, according to which the particles in the non-
magnetic condition of the body are already magnets but with
their axes lying in different directions, and which by mag-
netization are turned into the same direction. This turning
into the same direction would, in contradiction to all experi-
ence, be effected by the application of the smallest force, if
it were not at the same time assumed that there is a resistance

n=p

(126)
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to this turning of the particles, and that such resistance arises
from the forces exerted on the particle considered by the
surrounding particles which also have imposed upon it its
prescribed position. Weber, however, doecs not pursue this
line of thought, he simply assumes that there is an inherent
directional force ID which, in opposition to the cxternal force
X, tends to restore the particle to its original position. On
this assumption it is possible, if # is the magnetic moment
of the molecule and # the number of them in unit volume,
to obtain a relation between the forces X and D, on the one
side, and the magnetization on the other

i
X = } o <D D | )] o »
B D o i

! )
2 mn 2 | 1 D2\

I = o Padiiididd "¢ = - i mn
* 3 D)\ 3 mn ! mn(l p X”) {l
i !

This gives the uniform increasc at the beginning, the gradual
slackening down, and the final saturation fairly well, but not

Limit of temp Magn.

Magnetism

Force
F1G. 158

the acceleration in the middle part of the curve, as we see
it, for example, in Fig. 27; moreover, it takes no account
whatever of the remanence. These two defects Maxwell has
tried to remedy by assuming that a molecular magnet returns
indeed after the first small displacement to its original posi-
tion, but after a large displacement retains a part of it per-
manently. We then obtain the condition of things illustrated
in Fig. 158 with a sudden bend instead of a gradual transition
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—a drawback which can only be got over by supposing that
the critical point for the various molecules is somewhat
different.

A substantial advance was made by Ewing, who took into
consideration the fact that each individual magnet was influ-
enced by the neighbouring ones. According to Ewing we

<) 5)

— e ——
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c) a)
F1G. 159.

must consider the behaviour of a group of two molecular
magnets which lie in the same line (Fig. 159) : a small force
deflects them only slightly (b) ; then there follows a fairly
sudden change-over into a position in which, the forces having
become stronger, they lie parallel to one another and to the
force (¢) ; and finally, a further increase of the force has the
result that the parallelism becomes more and more perfect.
By this very simple idea one may take account of the three
phases of the magnetization curve; its first gradual rise,
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which afterwards becomes accelerated, and finally becomes
gradual again. If a group of four or more molecules be taken
the representation of the behaviour becomes even better.
Ewing has also followed out this thought numerically, and
he has also tested it experimentally by means of a large
number of small magnetic needles each capable of free rota-
tion. It is very instructive to prepare such a model, but the
significance of such rough material theories should not be
exaggerated.

114. Ampére’s Theory —The consideration of the equiva-
lence between magnets and electric currents (page 168) has
already suggested some ingenious theoretical applications ;
we will now proceed to redeem the promisc that was then
given. Soon after his discovery (1821), Ampéere put forward
the hypothesis that magnetism might not bc a phenomenon
peculiar to itself, but might result from infinitely small cur-
rents flowing round the particles of bodies exhibiting it. It
would indeed have been simpler to suppose the body as a
whole encircled by currents, but then the equivalence for the
internal parts would not have been provided for, and, more-
over, other difficulties would have presented themselves. As
there are two different magnetic theories of magnetism, so
also two electric theories arc imaginable corresponding to the
analytical and the rotational hypothesis respectively. For,
in the first place, the direction of the molecular currents will
be more or less affected by the magneto-electric pondero-
motive action, and in the second place induction effects must
also arise, currents must be induced about the molecules or
new currents be added to those already existing, and these
new currents will not, like other induction currents, die away
quickly if it is assumed that the path in which they flow has
no resistance, as we must assume regarding the currents which
were already present and whose direction only was modified
when they were brought into the magnetic field. Only when
one brings into operation a new oppositely directed induction
by withdrawing the body again from the field will the induction
currents again be stopped. In paramagnetic bodies we must
suppose the already existing currents to be strong so that
they are only weakened to a small extent by the oppositely
directed induction currents. In diamagnetic bodies, on the
contrary, we must suppose that they do not exist, or are so
weak that they are exceeded by the induction currents and
in consequence a result of opposite, character arises. Why,
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however, in many materials, both in the ferro-magnectic and
also in the paramagnetic, strong molccular currents are pre-
sent from the outset but not in the diamagnetic, we cannot
say; the theory also leads to some peculiar consequences
which, so far, have not been confirmed by experiment.

The question further arises how we are to think of the
ampere currents circulating about the molecule.  The assump-
tion of currents passing through conductors is rendered difti-
cult by the absence of any resistance. This is well met
by the hypothesis, first put forward by Richarz, of rotating
electrons. Here also there are many difficultics, and onc of
the most considerable is that unless a resistance can be sup-
posed we can only in this way represent the facts of diamag-
netism ; on the contrary, to represent paramagnetism, resis-
tance and an impelling motion must be assumed; but it is
the ferro-magnetic substances that present the most formidable
difficulties. Before we go into this matter further, we should
like to make at this point a small digression.

However great the possibilities of the ampere theory, so
far any direct indication of the nature of the molecular cur-
rents has been wanting—naturally not merely in the sense
that the currents cannot be directly observed, but also in
the sense that their mode of action has not been definitely
indicated. One suggestion in this direction has alrcady been
put forward by Maxwell, but neither he nor Haas, nor Lorentz
later, could obtain any indication of the effect experimentally,
since it was much too weak. This gap has lately been filled
by the work of Einstein and de Haas. According to theory
to each of the circling electrons there is given an impulse,
which is in the same direction as the vector of its magnetic
moment and which stands in fixed relation to it independently
of its geometrical relations and the frequency of its rotation
about the molecule. The magnetic molecule behaves itself
mecchanically like a top whose axis constantly coincides with
the magnetic axis. If the magnetic condition of a body
changes, then the orientation of the top changes and with
it the impulse momentum. The change of the impulse
momentum must, however, in accordance with the principle
of the conservation of energy, correspond to a compensating
impulse momentum of a mechanical character, that is, the
body by the change of its magnetization will be set in rota-
tion (movement of precession). If the magnetism is evoked
by circling electrons, then the magnetization J of the body
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and the impulse momentum M of the circling electrons are
connected by the vectorial relation

m
M = 2(--6-) x3 . . . . (129)
therefore, if we insert the best values at present available

for the relation of the charge ¢ to the mass m,
M= —113 X1073 . . . . (128)

This gives the mechanical turning moment B = dM/di. It
is shown, therefore, that under casily attainable conditions
with a single demagnctization of a thin iron bar an angular
velocity of about 1/100 must arise about the longitudinal
axis. In order to increase the effect a resonance method is
adopted. A cylindrical iron bar of about 2 mm. diameter
hanging in the axis of a magnet coil is brought to the fre-
quency of an alternating current passing through the coil.
When the condition of resonance is approached, a rotatory
oscillation of the bar about its longitudinal axis must be set
up whose amplitude is determined by the constants of the
self-oscillation of the bar and the change of its magnetic
moment. By calculation we have
2 . 3
A = (—:;-)I I3 X 10 Kg,

where J, is the saturation magnetization, « the damping
constant, and Q the moment of inertia. By means of a
mirror reading, a deflection is found to occur which quali-
tatively fulfils the conditions; but the agreement quantita-
tively is at first only very moderate, and could only finally be
made satisfactory by various improvements in the method.
These improvements include the following in particular: the
current coil must be wound directly about the bar, the time
of swing must be increased to about two seconds, and instead
of an alternating current a direct current commutated by
means of a pendulum contact must be used, which renders
the determination of the phase and so forth easier. But even
so the numerical value found for ¢/m differs by about 15 per
cent. from that otherwise determined.

115. Electron Theory—The modern molecular theory of
magnetism is associated chiefly with three names: Gans,
Langevin and Weiss. Let us first consider the theory of
Gans. The useful part of the Weber-Ewing theory is re-
tained, and it is therefore assumed that the position of each
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molecular magnet is determined through the magnetic effect
of all the others and of the outward forces, and that hysteresis
is to be explained through multiple positions of equilibrium
of the molecular systems. The theory is so far extended
that we are not limited to any special arrangement of the
elements, but may assume as general a distribution as pos-
sible. Therefore nothing is left but to apply the laws of
probability, and to use statistical methods so that we are
no longer substantially concerned with the position and
direction of individual elements. Further, the magnetic fluid
is dispensed with and replaced by rotating or circulating
electrons. It is next shown that the constrained rotation
of electrically charged particles are equivalent to actual mole-
cular magnets, both actively and passively. In order to
represent the direction of the force and the constancy a
spherical shape must not be ascribed to the particles, but
they must be presented as figures of rotation, which rotate
very rapidly about their axis of figure; this sets itself con-
stantly in the direction of the field and retains, therefore,
approximately the same momentum, while rotation about
any other axis is damped down through its own radiation
and cannot therefore be continuously retained.

In many respects the working out of the theory follows the
same lines as that of Lorentz for dielectrics. We must there-
fore seek the law of its distribution, discover, that is, how
often each direction is assumed from the neighbouring ele-
ments. We must even suppose that the number of degrees
of freedom in consequence of the fundamental conditions of
magnetism is smaller, and that in consequence the total effect
can only be determined through a change in the distribution
function. To compute it exactly is very difficult. It is
probable that it is nearly the same whatever the direction
(in the electrical case it is even zero), which gives the Weber
standpoint a more secure foundation.

In the first place the elements may be regarded as at rest,
apart, that is, from the rotations of the electrons. We then
obtain a very remarkable curve which is shown in Fig. 160a
and 1606 by the line D’EC’OCE’D. They contain, however,
one part, that, namely, which is shown dotted in the figure,
which can never be observed because it corresponds to a
diminution of magnetization (Fig. 1604) or of induction
(Fig. 1608) with an increasc of field strength, and thcrefore
to an unstable condition. If we exclude the unstable part,
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we obtain as the magnetization or hysteresis curve respectively
in the first rough approximation a rectangle; in the second
it has the form shown in the figure, therefore, if we leave
aside the continuation, the form EC’E’CE, in which the straight-
line portions C'E’ and CE obviously represent merely an
obligatory substitute for the unstable portion of the curve.
Morcover, a curve of this sort is only actually obtained if
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out of the isotropic medium that is here assumed of absolutely
identical bodies elementary complexes be formed, and out of
these a magnetic crystal be built up, in which the elementary
complexes are arranged on a three-dimensional frame corre-
sponding to the crystalline structure. In so-called amorphous
iron the matter becomes more complicated, and in consequence
the hysteresis loop in some respects departs not inconsiderably
from the above form.

But the other circumstance comes into consideration, that
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what we have said so far applies only to molecular magnets
at rest. If we now assume a temperature effect and that the
molecules move about inside the clementary complex and
experience collisions and deflections, we obtain a more general
conception of the relations than that applying in the first
instance which referred to T =o0. We have to distinguish
between the outer ficld, the outer zone, and the near zone;
the first two directed, the last statically indeterminate. We
can, in the first place, determine the magnetization as a
function of the first two fields, and convert the corresponding
curve afterwards through a graphical shearing experiment
(see later) into the final curve. According to the shearing
angle a completely stable curve (Fig. 160c) or a curve that
is unstable in the middle portion is obtained, the last because
in ferro-magnetic materials the effect of the near zone is
considerable and therefore the shearing angle becomes large.

The kinetic theories of Langevin refer first to weakly mag-
netic bodies, and among these, again, diamagnetism and
paramagnetism may be ascribed to various causes. Diamag-
netism consists in the deformation of the paths of the electrons
through the magnetic field. Since these phenomena take
place inside the atom it is not influenced by its motion or
that of the molecule, it is therefore independent of tempera-
ture, which, in fact, is fairly often correct. In order to under-
stand paramagnetism it is assumed that each molecule contains
a great number of clectrons which describe closed paths each
of which supplies a certain momentum. If the resulting
momentum on account of the disposition of the paths is zero,
the polarization is purely diamagnetic. If it is different from
zero, then the orientation of the molecules depends at once
upon the field and the thermal agitation; its determination
is a problem of statistics and rests upon the Maxwell-Boltz-
man laws which determine the distribution of the molecules
in positions which correspond to the various values of the
potential energy.

If m is the molecular magnetization (magnetic moment of
the gram-molecule), M its maximum value for T = o0 (not
including the reaction of the agitation), #T the double value
of the kinetic energy for one degree of freedom of the molecule
and for brevity,

a=-_- . . . . . . (129



MAGNETIC THEORY 263

(r is at the same time the molecular gas constant, that is,
83-135 x 10° ergs per degree), then for the magnetization
formula we obtain

—;L;-:(*tha—;- oo (130)

which is shown graphically by the curve in Fig. 161. By
series development we obtain as a first approximation

m _a __MH

M 3 T
and in consequence for the molecular susceptibility the expres-
sion

(131)

M

3yfl\ -
that is, if M is assumed to be
constant, the susceptibility is
inversely proportional to the
absolute temperature (Curie’s
law).

The theory of Langevin is im-

mediately connected with that
of Weiss, and indeed stands in
the same relation to it as the >a
Van der Waal kinetic theory does 16 161
to that of Bernouilli (or Kronig).
A “moleccular” field is introduced which, when added
to the external field, with the help of the laws of para-
magnetism, makes the strong magnetization of the ferro-
magnetic substances intelligible. Weiss assumes that the
eftect of the molecules taken as a whole upon any one of them
is equivalent to a homogeneous magnetic field, that is, is
proportional to the intensity of the magnetization and has
the same direction. Moreover, the forces concerned are only
to be formally introduced as magnetic, for, in fact, they are
probably of a quite different nature. The molecular field is
defined by

(132)

Klll

m/M
/

Hm:-nJ-——:ni;—m, .. (133)

where p is the molecular weight, 4 the density and # is a
constant. Apart from this the molecules in a magnetic metal
are to be considered as free to rotate as in an ideal gas. If



264 MODERN MAGNETICS

no external field but only the molecular field is present, then

a_nde (134)
= 5T e (134

And now comes the most remarkable fcature of the theory.
The system for the values m =a = H = o, as is easily seen,
is not stable. While, thcrefore, experiment makes us ac-
quainted with magnetization only as the consequence of a
present or a previous magnetic field, here we must familiarize
ourselves with the idea of ‘' spontaneous’ magnetization.
And there is nothing so strange about this as might at
first sight appear, for we know in the case of crystals that
they may possess natural magnetism; and an ordinary piece
of iron or steel only appears unmagnetic because the crystal-
complexes of which they are composed are orientated in
various directions so that their outward effect is annulled.
The réle played by the external field is therefore not to call
magnetism into existence, but merely to make its observation
practicable. Indeed we may go still further : the spontaneous
magnetization is that corresponding to the saturation inten-
sity for the temperature concerned; in this respect there is
no difference between an unmagnetic (if it be strongly mag-
netizable) and a magnetized body : the diffcrence lies rather
in the parallelization. Of course, the spontaneous magnetiza-
tion will fall with increasing temperature, and when this has
reached a definite value T = @, will become zero : the critical
point of the magnetization. Whence we immediately obtain

0 — ndM?

= ... .. (135

b7 (135)
or if, in accordance with the formula
2

C, =T = .1‘_34; . (136)

the “ Curie constant ’ be introduced (referred to the molecule
or the mass) :

@:’f;Cm=ndC S (13))

Since here C can be experimentally determined, we obtain
information regarding the constant #.

If to the spontaneous field an external field be added, H,,
then let the two temperatures be considered corresponding to
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a given magnetization, one without and the other with an
external field, T and T’ respectively ; then we have

' _ MH,
T—T_—m— .. .. (138)
The temperature is therefore to be corrected by an amount
which is directly proportional to the external field and inversely
proportional to @. When T is approximately equal to €, and

3m

therefore a4 to the value - -, and the magnetization to zero,

M
we have
m o, _ M2
EH—@_?~% S € % (1)
that is, it now becomes
C, =k, (T" — 06) A ¢ #1))

The Curie constant is no longer simply the product of the
susceptibility and the critical tempcrature, but (compare page
111, Eq. 34) the product of a susceptibility measured at a
higher temperaturc and the excess of this temperaturc over
the critical. This magnectism set up over the critical point
may be called the *‘ conditioned magnetism’ in contra-
distinction to the spontaneous.

The theory that has just been sketched is on one side too
simple to describe the totality of the phenomena, especially
those in the neighbourhood of the conversion point; on the
other hand it leaves something to be desired inasmuch as it
provides no connecting link between the various magnetizable
substances. Both criticisms have been met by Weiss—and
that is the second remarkable feature of his theory—and that
at one stroke,'by carrying on the theory in the direction of a
further analysis of the quantity M, the molecular moment of
saturation. In the first place one can obviously go back from
this to the atomic moment, which is then the characteristic
quantity for the atom in question. The further question may
be raised, which naturally can only be answered by experi-
mental measurement, whether there is any relation between
the various atomic moments. It is very satisfactory to find
that the answer is in the affirmative: the atomic moments
of nickel, cobalt and iron (we do not need to go into the
question here regarding other substances) are related almost
exactly as 3:9:11. The common factor of these numbers
for the gram-atom, the only unit directly accessible to

18
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experiment, is equal to 1,123. If this is divided by the
Avogadro-Loschmidt constant (according to Perrin's latest
determination, 08-5 x 1022) we then obtain for the atom itself
the value

164 X 107%,

This common measure of all atomic moments is called, according
to Weiss, the magneton. It is a universal natural constant,
and the foundation stonc from which the magnctic atoms,
with these the molecules, and with these the magnets, build
themselves up. Along with this simplification however there
goes the complication necessary for the representation of
phenomena . one and the same material has not one single
characteristic multiple, but several : those given above relate
to spontaneous magnetism. For conditioned magnetism, iron
for example, gives mnstead of 11 according to the temperature
interval the numbers 10, 12 and 20 ; nickel 8 or g respectively
instead of 3, and cobalt 15 instead of . For the various
chemical combinations other numbers are obtained, so that
we may say that the ferro-magnetic substances exist in many
very different conditions and in each of them the atom contains
a different number of magnetons. The essential fact remains
that a whole number remains and therefore the idea of the
magneton is preserved.

Finally the question arises how the magneton is related to
the other universal natural constants recently introduced,
to the electron and to the quantum hypothesis: this ques-
tion has only just been raised and its answer must be de-
ferred.

116. Applications —We must now apply our theory to
individual problems, especially in relation to mechanics,
electricity, temperature and hight; unfortunately the space
at our disposal only allows us to say a little about these interest-
ing subjects. However it is to be remarked (which may be a
matter of some comfort to the reader), that here the theorists
have employed all the arts of mathematical trcatment, with
which we can become acquainted only through tedious and
laborious preparation.

The Hall effect and those related to it have been examined in
connection with the clectron theory by numerous inquirers
(Riecke, Drude and l.orentz). If we consider only one sort
of electron, that namely of negative electricity which moves
with a velocity v, we obtain without anything further a trans-
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versal fall of potential in the section of the field in accordance
with the formula:

E=«H . . . . . . (141)

that is, E is proportional towand H. If, following Bacdcker and
Steinberg, we take as the conducting substance copper iodide,
the concentration of electrons » through substitution of iodide
can be shaded olf, and then in order to obtain a definite current
density 7 = n X e X v the velocity of the electrons must be
kept in mverse ratio to #. For a given current density, the
Hall effect within certain limits must be inversely proportional
to n and therefore to the conductivity, and only when the
free path of the electrons is influenced by the iodide content
will divergencies occur; both of which deductions are con-
firmed by observation. But what the theory does not account
for is the sign determination of the Hall effect ; under all cir-
cumstancesit gives a negative R, whereas for many substances
it is positive. The same remark applies to the longitudinal
cffect, that is to the change of resistance in the field  According
to J. J. Thomson an increase must always occur, which indeed
is frequently, but not mvariably, the case. Everything points
therefore to the necessity of modifying the theory in some
direction, and this has been done by lLorentz, Riccke and
Drude.

Lorentz assumes as before only one kind of freely moving
electrons, the negative ones, while the positive remain fixed ;
but since this does not give us the different signs, he proposes
either to ascribe to the positive electrons a imited possibility
of motion or to submit the neutral union of positive and
negative clectricity to a more detailed consideration. The
other authors assume from the outset that both sorts of
electrons are freely moving. As his final formula for the
Hall constant Drude gives the following:

7’1d logN, . 'd log N,
R __@eI_ ~—dI_
7 dlog (N.N)) - (42)
- dT

Here ¢ is the velocity of light, ¢ the elementary charge, v, and
v, are the mobilities of the two sorts of electrons, N, and
N, their number per cubic centimetre, T is the absolute
temperature and 4 the conductivity of the material. Similar
expressions are given for the characteristic constants of the



268 MODERN MAGNETICS

other effects. It is thereby shown that R and Q according
to circumstances may have different signs, but that on the
contrary the signs of P and R must always agree, which indeed
is predominantly but not always the case, iron and steel
belonging to the exceptions. For the longitudinal effect on
the other hand, it follows that it is small compared with the
transverse effect and must increase in proportion to $2, both
of which statements are in agrecement with experience. Going
still further, the ideas and laws of the kinetic theory of gases
have been applied, especially the Maxwell law of distribution,
and new results obtained. A very simple formula, for example

I e !
iy ios (143)
has been arrived at by Koenigsberger (¢/# the relation of the
charge to the mass, /v the relation of the wave-length to the
velocity), and interesting conclusions follow from it. Taking
them on the whole it may be said that the theories of this
group are still far from having attained finality but nevertheless
have already led to very encouraging results.

The Faraday effect according to the field theory may be
represented very satisfactorily ; especially in the form that
has been given by Drude, it affords a sufficient answer to all
substantial requirements that may be made of it. Of the two
Maxwell vector equations the first (110) remains unchanged ;
on the other hand the second is modified by the substitution
of terms of the combined vortex type. The dielectric constant
¢ for transparent substances has its customary value. For
absorptive substances, however, if # is the coefficient of refrac-

tion, « the coefficient of absorption, and 7 = v/ Z 1, we must
put
e=n¥ 1 —dg)2 . . . . . (144)
As a result of this enlargement of the theory the Kerr cffect
can also be included, of course only in its main features ; some
important details, particularly the Sissingh phase difference,
necessitating further modifications. Finally Voigt has shown
how the dispersion produced by the rotation of the plane of
polarization, together with its anomalies, can be accounted
for.
On the other hand the last and most interesting of the
magneto-optic effects, the Zeeman effect, has made it necessary
to abandon the field theory and in its place to substitute the
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more effective electron theory, the conclusive demonstration
and development of which is again due to Voigt. Let us
conclude with as brief account as possible of his demonstration.

In the molecules of the ponderable bodies there are found as
we imagine elementary electrical parts, the electrons, which
are extremely small and tend towards their position of
equilibrium within the body. The fact that the same electron
when outside a magnetic field in any condition of excitation
possesses the same period or frequency f = 2n/T and therefore
always sends out the same colour, makes the assumption
necessary that the force with which the electron tends towards
the position of equilibrium is of the nature of an elastic force,
that is, it is proportional to the distance ». On this account
it is usually regarded as a quasi-elastic force. If K is the force
at unit distance it is therefore gencrally Kr, and if # is the mass
of the electron then the general relation holds f2 = K /m. The
most general form of the path of an electron held in this
fashion is an ellipse ; its form, shape, and orientation depend
upon the nature of the excitation. The motion of the electron
has as a consequencc the sending forth of electric oscillations ;
otherwise expressed there is in the neighbourhood of the
electron an electric field produced of periodically changing
magnitude and direction which is regularly dependent upon the
motion of the electron. In order to give simple expression to
this relation consider the strength of the field at any given
point ¢ in the neighbourhood of the position of equilibrium of
the electron, p, represented by a straight line with the end
point at ¢ such that the length and direction of the line corre-
spond to the strength and direction of the field. Then for a
periodic field the end point will describe a closed curve. This
planc lies constantly in the plane normal to pg, is geometrically
similar to the projection of the path of the clectron on this
plane, and is inversely proportional in magnitude to the
distance. In any light source a great number of electrons are
working together which are excited independently of one
another so that as a result natural light with constant change
of the ellipse in form and position is produced. Only through
some sort of definite control can a regular emission, that is
polarized light, be obtained, which indeed may be either
rectilinearly or elliptically or, as a special case, circularly
polarized light.

Now when such a source of light is placed in a magnetic field
it affects the natural period of oscillation of the electron. To
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understand the nature of the cffect it is nccessary to invoke
the laws of the resolution of oscillatory motions. The simplest
resolution of an elliptical motion is into two straight-line
motions at right-angles to each other (Fig. 162), in which two
imaginary electrons ¢, and e, are supposed to move like the
projections of the actual electron e. Still more generally the

resolution can be thought

Ra of as being into three rec-
A tilinear motions mutually
at right-angles. Another

ey e sort of resolution of an

/ ) elliptical motion is into two
i €y > R, circular ones, asin Fig. 163,
/ in which the supplemen-
(/ tary electron rotates in the
smaller circle and the other
in thelarger, and where the
numbers show the position
at corresponding times.
The resolution of an clliptical motion in space would here
result 1 a rectilinear and two circular motions.  All these
oscillations have the same frequency as the oscillation which
they represent.

All this being presupposed we
may now apply the fundamen-
tallaws deduced by Lorentz for
the cffect of a magnetic field
on a moving electron, thisisa
law which 1n regard to the
fundamental laws ¢f magneto-
electricity (page 163) offers
nothing new. Theforce of the
field on the electron is perpen-
dicular to the plane defined
by the field and the direction
of motion, and is equal to
the product of the electric charge ¢, the strength of the
field 9, the velocity v and the sine of the angle between
$ and ». An electron which moves in the direction of
the ficld therefore experiences no effect whatever. If how-
ever we are concerned with an electron that under the
influence of the force Kr is describing a circular path per-
pendicular to the direction, of the field, then the effect of the

Fic 1062

I1G. 103
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field is e9w. TIf the radius of the circle is at one time r,, and
at the other time 7,, whilst the time of rotation T is in both

27};'1 27;7» — 7.fand
therefore the effect of the field is ef$y7, and ¢f$r, ; they increase
thercfore as the distance and behave exactly like the quasi-
elastic forces which hold the electron to its position of rest.
This amounts to saying that the ficld has the same effect as
if the quasi-clastic force K» were altered by an amount ¢$fr
and this cffect 1s dependent on the direction of the rotation,
the charge of the clectron and the direction of the field.
Thereby a change of periodicity is brought about, it is ecither
increased or diminished. As regards the change in this
quantity it is given by the above-mentioned laws of frequency
in the following form :

f‘__t2'__K_:L_gSf+ fz es)fj:

m

cascs the same, then v, =

=v7,fand v, =

(145)

or very approximately, since the second term is small in
comparison with the first:

2

[+ = f‘Lzm ..o (146)
Thus the Zceman effect both parallel and perpendicular to
the field can be quantitatively and qualitatively deduced at
least for the simplest fundamental types, and it should be
added that comparison with experiment 1s also qualitatively
satisfactory ~ Otherwise expressed, the calculation of the
famous relation e/m (charge to mass) from the Zeeman
observations leads to values which are in very good agreement
with those obtained from an entirely difterent sort of obser-
vations. To represent the more complicated Zceman types
new assumptions regarding the structure of the molecule
must be made ; but here also hopeful statements have been
made in the first place by Ritz and then by other theoretical
workers. It is therefore to be assumed that with time the
electron theory from this special part of the subject will be

extended over the whole theory of clectro-magnetism.



XI
MAGNETISM OF THE EARTH

117. Introductory—This cleventh and last chapter is to
be regarded as in the naturc of an appendix. For now we
leave the real field of physical magnetism and direct our
attention to terrestrial or it may be cosmic phenomena. The
magnetism of the earth and what is connected with it belongs
therefore not really to physics but to cosmology exactly in the
same way as seismology, the investigation of atmospheric
electricity, and meteorology. But the picture of magnetic
phenomena which we desire to present would be incomplete
if we were to shut ourselves in the laboratory and neglected
to visit the great field of nature outside. How necessary this
is, is best shown by the fact that even for our conception of
pure physics important use is to be derived from the
observations to be made there, and that the theories
connected with the magnetism of the earth, and the experi-
ments which have been devised to substantiate them, will
lead us back again to the laboratory. But from what has
been said something further follows: that we must be
on our guard not to wander too far, and must forego any
attempt to exhaust the huge field of cosmic material which
here presents itself, and that we have to limit oursclves to
what appears to be fruitful and valuable for our principal
subject.

We have already learnt something about the fundamental
facts at the beginning of our considerations. From the
behaviour of a freely turning magnetic needle it followed that
on the surface of the earth we are living in a magnetic field,
and that its strength and direction vary from place to place.
The quantity § is a vector and in order to deal with it more
conveniently we must resolve it, as we can do, into its horizontal
and vertical components § and 8, and $ it may be still further
into ¥ and @, the northern and eastern components. Of the
two angles which then present themselves, that between 9

272
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and ¥ is called the declination D and that betwcen $ and §
the inclination I. We therefore have the relations:

9 =Fcosl; 3=GFsinl; X=9HcosD; P =HsinD (147)
The gauss has been almost universally adopted as the unit of
intensity, and is derived from the absolute system of measure-
ment and is generally written I"; in cases where a smaller
unit is desired the hundred-thousandth part of this unit is
chosen and is designated by y.

118. Organization—To each place on the earth’s surface
there corresponds a definite value of the three elements of
terrestrial magnetism, i.e., the declination, the inclination,
and the horizontal intensity, which are the three character-
istic quantities chosen. If all the points are connected
where any one of these magnitudes has the same value a system
of curves is obtained which are called the isomagnetic lines.
The pictures presented by any of these quantities become still
more valuable if from the infinitude of such curves possible
a selection is made so that for any two neighbouring curves
the difference in value between them is the same; the
‘“ density "’ of the lines, that is their distance from each other,
then gives an index to the rate of change of the value. It
will be seen that these lines are related to contour lines and
isobars, etc. In dealing with terrestrial magnetism a great
number of such curves can be distinguished; the most im-
portant are the following :

(x) Isogonal lines, i.e. lines of equal declination.

(2) Isoclinic lines, i.e. lines of equal inclination.

(3) Isodynamic lines, i.e. lines of equal totlal intensity of
terrestrial magnetism.

(4) Horizontal isodynamic lines, i.c. lines of equal horizontal
components of intensity.

(5) Vertical isodynamic lines, with corresponding signifi-
cance.

(6) Lines of equal X (north) components.

(7) Lines of equal Y (east) components.

(8) Lines of equal magnetic equilibrium or contour lines,
i.e. lines of equal value of the magnetic potential (see
below).

(9) Magnetic lines of force or meridian lines, i.c. lines which
are obtained when one moves in a direction corresponding to
the direction of the force.

(z0) Isonomalous lines, i.e. lineg in which the deviation
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from the true value of any of the above quantities from that
deduced by any hypothesis has the samec value.

(x1) Lines of equal rate of change with time of one of the
elements, of which more will be said later.

It is just a hundred years since a beginning was made under
the initiative of Gauss (and his fellow-workers Weber and
Humboldt) according to a carefully considered and detailed
scheme to gather the material required for these isomagnetic
lines and therewith for a complete understanding of the
magnetic condition of the earth. An ever closer net of magnetic
stations has been spread over the surface of the carth, and at
the present time there are more than ten thousand of them.
In Germany the magnetic obscrvatory on the telegraph hill
at Potsdam stands at the head with a branch at the more
quietly situated Seddin, and there are corresponding central
stations in other countries. They are also points of reference
for topographical surveys. An important supplement has
always been afforded by the scientific expeditions, especially
on the sea, in which the magnectic observations have been
either subsidiary to, or the principal object of the expedition.
Among the earlier of these that of Ross and Humboldt may be
mentioned which led to the discovery of the two magnetic
poles of the earth, and the two international polar years, that
of 1882-83, devoted to the north polar zone, and that of 1902-3
to the antarctic zone; finally, there were the well-known
Challenger and Gazelle expeditions. It therefore may be
said that at the present time, apart from a few outlying occanic
islands where it is still to be desired that there should be
stations, there is scarcely any perceptible gap in the net.
And for the co-ordination of these efforts the foundation of
the international commission on terrestrial magnetism was
finally decisive, which met every two years after 1898 until it
was interrupted by the world war.

119. Distribution in Space —As regards the shape of the
isoclines it is herc sufficient to give the general features and
draw the general conclusions. The isoclines as well as the
horizontal isodynamical lines run as a first though very rough
approximation parallel to the lines of latitude, except that in
America they bend outwards to the south, and in western
Europe to the north. The isogonallines, on the contrary,run
entirely between two pairs of points, two of which lie in the
north and two in the south ; one of cach pair is the geographical
pole, the others are to be distinguished as the magnetic poles
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of the earth. Therefore regarded as a whole the earth is to
be thought of as a magnet whose axis makes an angle of about
12° with the axis of rotation, and whose poles (or rather the
projection of whose poles on the surface of the earth, for they
may themselves lie inside the earth) on the one side lic in the
arctic regions of North America and on the other in the South
Sea to the south of Australia. The magnetic equator is also
of importance (the aclinical line), which differs from the
geographical equator in the manner indicated above, as well
as a pair of agonic lines, onc of which runs through America,
and the other from Middle Europe though Persia to Australia,
while a third, which is closed upon itsclf in Eastern Asia,
represents a great anomaly. Numerous smaller anomalies
present themselves all over the surface of the earth, such
districts are called regions of disturbance, and those districts
with their own mountain or rock magnetism come specially
into consideration m this connection We cannot unfor-
tunately give a series of maps of magnetic lines, but we
reproduce the magnetic lines for middle Europe as they run
at the present time (IFig. 164). The horizontal isodynamical
lines arc shown full, the 1soclines as broken lines, the isogonical
lines as a series of points. The numerical values and a few
important places are added.

120. Variations with Time—-The variations of terrestrial
magnetism in regard to time arc parallel to its variations in
regard to space. The values of the magnetic quantities are
not constant, that is, but variable, and the following types of
variation are principally of interest :

1. The secvlar change, greatest for the declination, least
for the total intensity (that is, the change is greater in regard
to direction than to intensity), and with an avcrage period
of 450 years, after which the same values are repcated. In
Potsdam, for example, the declination has diminished from
103° to the west to 71°, the inclination in the first half of thi«
period has varied from 66}° to 661°, and in the second has risen
again to 66}, and the horizontal intensity has first risen from
0-1872 to 0-1888, and then has fallen to 0-1862 I Specially
interesting is the question how the position of the pole has
altered in the course of the centuries. Only in the most
recent times has this question been answered by the careful
collation of all the available evidence (in as far as it appears
reliable) and curves showing the strange wanderings of the
two magnetic poles have been obtained.
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An ingenious idea, to be used with
and worked out by Folgheraiter.

MODERN MAGNETICS

caution, has been suggested
Taking account of the fact

that certain bodies, for example clay vases with an iron content,
on being fired assume the direction of the magnetic field and
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then retain it, certain conclusions

may be drawn regarding

the direction of the earth’s magnetic field in ancient times,

especially in regard to the inclination.

The remarkable result

is obtained that in the sixteenth to the eighteenth centuries
before Christ the inclination in Italy was partly zero and

partly even opposite to, what it is

at present, and that in
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Pompeii in the first century it was as great as it is at present.
Brunhes has applied the same idea to the solidification of lava,
and among other things has found that at the time when it
became hard, the magnetic south pole must have lain some-
where in France.

2. Diurnal variations, and here again those for the declination
arc the strongest (the greatest westerly value is at two o’clock
in the afternoon and least at eight o’clock in the evening),
as regards distribution in space are stronger the nearer we
approach the poles. The variation moreover is stronger by
day than it is by night, and in summer is about twice as great
as it is in winter. These variations can be represented in the
usual way with the twenty-four hours of the day as abscissz
and the values of the quantity under consideration as ordinates ;
or still more clearly in the form of a vector diagram. From
any point the variations of the north-south components are
drawn outward and above or below, and those of the east-west
components to the left or right for each hour of the day. The
closed curve so obtained is the vector diagram of the daily
deflection of the horizontal intensity in magnitude and direction.
But now comes something very remarkable: Lamont had
already called attention to the fact that the amplitude of the
diurnal variation of the terrestrial magnetic elements was not
always the same but that these showed periodical variations,
the period of which was about eleven years. Since at the
same time Sabine demonstrated that there was an equal period
for the frequency of the sun spots, it was an obvious thing to
infer some connection between the two sets of phenomena.
This has been remarkably well justified even in small details,
so that, for example, the same variations in the length of the
period present themsclves at the same time in both sets of
phenomena. The connection is such that with the exception
of a few (moreover doubtful) cases it is of such a kind that the
variations in the terrestrial magnetism run parallel with those
of the sun-spot frequency, as is made clear in regard to the
declination and the horizontal intensity by the curves in Fig.
165 (the upper curve showing the sun-spot frequency, the
middle one the declination, and the lower one ), and also by
the following values which have been determined at Greenwich
since 1841. The upper row relates to the period of sun-spot
frequency, and the lower row to the strength of the
terrestrial magnetic daily variations (in years and fractions of
years) :
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The mean value of the sun-spot period comes out as 11-42 and
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that of the daily terrestrial magnetic variation as 11-45,
therefore as of almost exactly the same value. The moon also
has a certain influence on the variations in terrestrial
magnetism.
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3. Subsidiary variations. Until quite recently it was
assumed that the curves representing terrestrial magnetism,
apart from the variations already mentioned or still to be
described, were constant and uniform, and the indications of
the older recording instruments seemed to confirm this assump-
tion. Later results obtained by means of more sensitive and
1cliable instruments have shown, however, that it is not so,
but that small variations are also present which manifest
themselves as countless small ripples supcrimposed on the
main curves, and in these shorter-period variations, still
smaller ones can be discovered.

4. Magnetic disturbances These manifest themselves by
the needle, hitherto at rest, beginning visibly to quiver and
change 1ts direction in a chort time through a wide angle ;
specially violent distnrbances such as are frequent at high
altitudes were named by Humboldt magnetic storms. In
Germany the more recent of the magnetic storms took place
one on October 31, 1903, another on September 25, 1909, and
another on June 17, 1915 Such disturbances usually occur
at all parts of the carth at the same time, though the intensity
may be different, and everywhere it follows a parallel course.
We are therefore dealing here with a general and not a merely
local phenomenon. Again, the connection with the activity
of the sun 1s a fact of the greatest importance.  This connection
is so close that the outbreak of a magnetic storm coincides
exactly with a sun-spot change, or to be more exact with the
appearance of a tacula.

121, Earth Currents—The picture of terrestrial magnetism
that we have given would be incomplete if we did not take
account of two phenomena which at first sight seem to have
nothing to do with it, but which nevertheless have the closest
bearing  The first takes place within the earth; the other
in the heights of the atmosphere. The former arc the earth
currents to which Barlow was the first to call attention, and
which were more closely investigated by Lamont and finally
reduced to systematic form by Weinstein. They circulate
without intermission in the superficial layers of the earth;
gencerally weak, but sometimes so strong that they interfere with
the telegraph service, where, as is well known, the earth is used
as a return circuit. The extremelimit of its intensity amounts
to a potential difference of about one volt per kilometre.
The carth current has a constant part which is of little interest
to us, and a variable one. The periodicity of the last has a
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striking relation to the variation in the terrestrial magnetic
element. The most important period is the daily one; it is
stronger for the north-south component than for the cast-west ;
but in both the correspondence is the same. There are maxima
on the one side in the morning and the afternoon, and maxima
on the other shortly before noon, and the amplitude of the
daily variation is greater in summer than in winter. As
regards the connection with the terrestrial magnetism the most
important question is, which of these two phenomena is to be
regarded as primary and which as secondary? Apart from
other considerations the matter can be decided by an appli-
cation of the general laws of induction. If terrestrial
magnetism is to be regarded as being the cause of the currents,
then these should be strongest at the time when the component
of terrestrial magnetism with which it is related is changing
most rapidly. If on the contrary thc earth current is the
primary cause, the magnetic variation must be strongest when
the earth currents are strongest and vice versa. The latter is
actually the case, at least in so far as we are concerned with
simple relations and not those dependent upon some special
factor.

122. The Polar Lights—The other phenomenon to be
considered here is the polar light. It is for the most part a
soft light, imposing because of its size and manifold character,
which presents itself in the northern or the southern sky.
According to the form of the light it is classified as follows :
(1) Polar light not of a stream-like character, subdivided into
(a) bows ; (b) cloud-like masses of light ; (c) a diftused light.
(2) Polar light of a stream-like character subdivided into (a)
bands ; (b) curtains; (¢) corona. The bows are perpendicular
to the magnetic meridian ; the stream-like forms run parallel
to the direction of the inclination, and the rays if produced
meet near the point to which the upper end of a free magnetic
needle would be directed. The actual connection with
terrestrial magnetism seems to occur only in the case of the
stream-like variety ; and here it is not only qualitative but
in a high degree quantitative as well, so that it is almost always
safe to conclude if in any locality there is a magnetic storm,
but no polar light, that the light will be found to have been
visible somewhere clse. The zone of greatest frequency
surrounds the magnetic pole over a pretty considerable distance
(about 20°). Recently very accurate determinations have
been made of the height of the polar light. According to
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Stormer the northern light on 138 occasions showed the follow-
ing distribution as regards height (in all cases calculated from
the centre of the appearance) :

0-50 50-I00 I00—I50 I50—-200 200-250 250—300 over 300 km.

7 30 64 24 6 5 2
According to thi. the maximum would seem to occur at a
height of 120 km., and therefore in a layer of the atmosphere
which consists of two-thirds hydrogen, and the spectrum of
the polar light is morcover in agreement with this. As regards
frequency of occurrence the polar light is a phenomenon
presenting numerous periodicities, of which the eleven-year,
the yearly, and the half-yearly are the most important ; but
the most important feature of all is its coincidence with
magnetic disturbances.

123. The Theory of Gauss—Wc are now in a position to
turn to the theory of terrestrial magnetism. The first of the
sull valid theories that are free from any arbitrary assumptions
is that due to Gauss. It is in the sense already defined a
formal theory and was put forward in one of the most classical
and significant of treatises in the whole field of mathematical
physics (C. F. Gauss, Gencral Theory of Terrestrial Magnetism,
1840). It scts out simply from the assumption that the
intensity of the eftect produced is inversely as the square of
the distance. The ficld of the earth is intersected by surfaces
of equal potential, and the intersection of these surfaces with
the surface of the earth represents the contour lines of magnetic
cquilibrium. The lines of force or magnetic meridians are
perpendicular to these. The line of intersection of the surface
of zero potential with the surface of the earth is the equator
of potential. The point at which the contour surface touches
the surface of the carth, and where thercfore the potential is a
maximum or a minimnum and the force is verticalin direction,
is a magnetic pole. In theory, of course, many such poles
might occur. Actually, apart from local phenomena, there
are only two, the north pole and the south pole. The potential
is a function of , the geographical longitude, and of the polar
distance (the complement of the geographical latitude) u.
It satisfies the Laplace equation 4V = o0, and can be repre-
sented by the so-called spherical functions. The results of
actual observations being given, the cocfficients of this series
can be determined with a degree of accuracy which depends
upon the number of observations available and their suitability

19
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as regards distribution in latitude and longitude. Gauss
himself made the calculation for 12 points on 7 parallels of
latitude, and the calculation has been repeated later by Ermann
and Petersen for g points on 10 parallels, and that too for
the epoch (1830) to which Gauss's calculation referred. The
calculation was then made by Quintus Icilius for 12 points on
10 parallels for the year 1880, and finally by Neumayer for
72 points on 25 parallels (altogether therefore for 1,800 points
on the earth’s surface) for the year 1885. The magnetic
moment of the earth if the radius be called a comes out as
0-33092a® = 8-584 X 10%® from Gauss's calculation, and as
0-322374% = §-362 x 10% from Neumayer’'s calculation, and
therefore as about 3 per cent. smaller. It is uncertain however
whether this difference is due to greater accuracy in the later
calculation, o1 whether some diminution has actually taken
place. At present we may state approximately that
M =833 X 10%

and according to L. A. Bauer this amount diminishes yearly
by 0:0033 X 10%,

If we compare the carth to an artificial magnet then we can
say, according to the calculation of Ermann and Petersen,
that the earth at a distance of 21,000 metres would exert the
same effect as a well-magnctized steel bar of 500 grams
weight at a distance of one metre ; or, alternatively, the radius
of an iron sphere magnetized to saturation, having its axis
concentric with the earth, and exerting the same eftect as the
earth, would be about 243 km., that is about one-twenty-sixth
the radius of the earth. According to Gauss we can say that
assuming uniform distribution each cubic metre of the carth
is as strongly magnetic as cight well-magnetized pound bars
would be.

The magnetic axis of the earth, that is, its axis of greatest
moment (for this, only the first terms of V are required)
according to Neumayer, is the line from 78 20’ north latitude
and 292° 43’ east longitude, to 78° 20’ south latitude, and
112° 43’ east longitude. It is of course a diameter of the
earth, which is not the case with the line connecting the actual
magnetic poles (see above).

If, in conclusion, the calculated values of D, I and $ are
compared with the observed values for the same places, certain
differences of course are found, and in some cases they arc
considerable (for D and I they amount to 5°, and in the case of
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9 to 8 per cent. of the actual value). According to Neumayer's
calculation it is of course smaller, but still not to the extent
that might have been expected; therc must therefore have
been some inexactitude in the assumptions made. This
consideration has lately led Adolf Schmidt, the present director
of the Potsdam Observatory, to apply improved methods to
the Gauss theory in the following directions: (1) Allowance
is made for the extent to which the shape of the earth differs
from being that of a true sphere; (2) the scries are carried
further ; (3) the assumption is abandoned that the total
force should have a potential at the surface of the carth, a
part of it is assumed to arisc from the effects of currents which
pass perpendicularly through the earth’s surface—a part
which admittedly will be very small; (4) the assumption is
abandoned that the whole effect arises from internal causes,
it appears that about one-fortieth of the effect is due to external
causes. [Finally, the conclusion is reached, differing somewhat
from Ncumayer’s result, that

M -=8348 x 10%, ¢ -=78343, A -68°300w.

124. Analysis of the Earth’s Magnetism —We have next
to make the attempt to analyse the developed picture that is
offered us by what we have learnt of the distribution of
magnetism over the surface of the earth, and in the first instance
into two parts, one of which corresponds to a uniform and the
other to a supplementary part. The former is broadly repre-
sented by the magnetic meridians and the parallel circles, and
has an axis which is inclined about 11° to the axis of the earth.
It is a matter of surprise that this part represents the major
component of the total magnetic moment, so that it may be
regarded as the normal terrestrial magnetism, and the small
remainder as an anomaly  Bezold, Bauer and others have gone
into this question further and have considerably elucidated
the problem.

But another altogether difterent sort of analysis of the total
field is possible, namely into four terms:

F=G+A+B+C€ . . . . (148

These terms can be distinguished from one another through
their behaviour inregard to time : {,is the constant pcrmanent
field ; A is the field of the secular variation; ¥ that of the
periodic and special daily variation ; €, finally, that of disturh-
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ances or magnetic storms. Through a skilful combination of
observations and calculations, these terms can be taken in
detail and separately examined.

In the first place, as regards the secular variation : this Bauer
regards as a curve which is described by a point on the axis
(supposed to be prolonged) of a magnetic needle in consequence
of secular changes in D and I—obviously an oval curve having
a different shape at different places, but generally always
described in a clockwise direction. On the other hand a
curve is also obtained by taking into account only the
permanent term in the earth’s magnetism, which carries the
needle along a circle of latitude. The interesting result is
_that these two curves almost coincide. The secular variation
arises because the permanent field moves round the earth.
If we wish to go more closely into the matter then we must
calculate the change with time of the Gauss coefficient. It
is then found that the matter is not so simple and that we
require to assume a resolution of the magnetic axis into two
parts which rotate at different rates. The shorter period
amounts to 454 and the longer to 3,147 years. The first
corresponds in length and also in phase to the secular change
in declination as it is observed in Europe. Why such a
rotation takes place is another question. The simplest
assumption is that the magnetic axis rotates about the axis
of the earth, but so far nothing more definite can be said
about it.

We now come to the daily variation. Substantially it
depends, as Schuster in particular has shown, upon external
forces. Its potential can be calculated and a map of the
“ lines of equal potential of daily variation’” can be drawn.
It will be clear that the picture so obtained will be valid only
for a particular moment of the day, because this system, as
contradistinguished from preceding ones, does not reside on
the earth’s surface but in surrounding space. Therefore for
the ordinates of the map we must use, not the geographical
longitude, but the time of the day. The picture actually
consists of a system of closed curves, which if we assume the
theory of electric currents, may be regarded as a current eddy :
about the negative pole the currents circulate in a clockwise
direction ; about the positive pole in the reverse direction.
There are four poles, two positive and two negative, one of
each pair being a day pole and the other a night pole. The
strongest pole (positive) lies in longitude 30°, and 30° west of
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the point where it is midday, i.e. at the place where it is ten
o'clock in the forenoon.

125. Physical Theory—All that we have so far said, from
a theoretical point of view, can be brought within the scope of
a formal mathematical development. We must now turn to the
physical side of the theory, and in the first place consider that
part of the terrestrial magnetism which is permanent in char-
acter. Here there are obviously three possibilities : the origin
of the magnetism of the earth may be permancnt magnets ;
or soft iron masses which are maintained in a magnetic con-
dition by electric currents; or finally they may be electric
currents as such. The assumption of permanent magnets,
when we come to consider it carefully, presents many difficulties,
in the first plece on accouat of the strength of the effect which
would compel us to assume that the earth consists largely of
iron and indeed of permanently magnetized iron and therefore
of steel. This assumption, which at first appears fantastic,
recently indeed, on account of the results obtained in two other
fields of investigation, gravitation and seismology, has acquired
a firmer foundation. For from the theory of gravitation and
the corresponding measurements relating thereto, it follows
that the mean density of the earth is about 5-5. This value is
indeed considerably below that of iron, but we must remember
that the crust of the earth has a density of about 2, and that
in its interior there must exist considerable hollow cavities
and interstices, and we then arrive at a value for the solid
interior of the earth which is at least very close to that of iron.
Wiechert has come to the conclusion, on account of earthquake
observations, that the earth consists of three zones: a crust
about 30 kilometres thick; an intermediate layer of some
1,500 kilometres; and a core of about the density of iron.
But it must be remembered that at so great a depth there
must be an extremely high temperature, higher than the
critical temperature for magnetic iron, so that observations
made at the surface of the earth would indicate that the iron
below could not be magnetic. But the other consideration
remains that at these great depths there is also an enormous
pressure and that it is possible (there are no experiments
dealing with this point) that the critical temperature of the
iron is substantially raised by the extreme pressure. Without
further knowledge it is not possible altogether to reject this
hypothesis. The other question, whether it is a case of per-
manent magnetism or of magnetisin induced in soft iron hty
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electric currents, has also been much discussed. The latter
alternative is supported by the fact that terrestrial magnetism
is subject to change both in regard to time and to distribution
in space, and this is more intelligible if we suppose that the
magnetism is induced by electric currents, whereas, if we
suppose it to be due to the presence of masses of permanently
magnetized steel, we are compelled to assume changes in the
position or to make still more fantastic suppositions. TIinally
there remains the possibility that the magnetic masses arc
to be sought, not at the centre, but in the outer crust of the
earth. But this is composed of very weakly magnetizable
substances, the effect of which would not be sufficient to
explain the phenomena concerned.

If therefore we have reason to turn to the purely electrical
theory it is to add that this theory in the last few decades has
been steadily acquiring firmer foundations. In the first place
the phenomenon of carth currents shows that currents may
circulate in the earth’s crust, and these currents show a remark-
able connection with terrestrial magnetism; in the second
place a very simple consideration shows that the currents
which have to be assumed in order to explain terrestrial
magnetism need only to be of moderate and quite possible
intensity ; and in the third place there is no great difficulty
in regard to the direction which must be ascribed to these
currents. We have only to assume that in addition to the
principal east-west system, there is also a sccond system of
currents that circulates through the land masses along the
coast lines in an anti-clockwise direction. If we then assume
a suitable ratio between their respective intensities we arrive
at the actual reclations obtaining in terrestrial magnetism, the
inclination of 11° and so forth. But two questions still remain :
what is the nature of these currents ? Here, in consideration
of what has alrcady been discussed, the most favoured
hypothesis is that we have to do with the so-called displacement
current due to the rclative motion of rotation of the earth;
in other words, that the earth rotates through the ether, which
remains relatively at rest, and that the ether which is relatively
left bechind induces the phenomenon of the east-west currents as
well as the anti-clockwise currents because of the difference of re-
sistance. And secondly, where do these earth currents actually
originate ? Here we must plainly have recourse to external
forces, to the horizontal currents connected with atmospheric
clectricity, which act inductively on the interior of the earth.
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This accords very well with what has been said before, but in
regard to details there remains much that is not at all clear.

So much as regards the permanent magnetization. As for
the variations, the secular change has already been ascribed
to the wandering of the permanent ficld about the earth (we
have here a cse where formal theory leads the way to definite
physical conceptions).  The daily variations, on the cther hand,
must be ascribed to the effect of electric currents; and from
observations on the inclination ncedle at various geographical
latitudes we are led forcibly to the conclusion that these
currents have their seat in the atmosphere, and especially in
the better-conducting upper layers— an assumption by the
help of which these magnetic phenomena are brought into a
certain parallelism with the meteorological. It is in good
agreement with this that the four poles of the daily variation
which have already been referred to, that is the eddy centre
of the respective current systems, lies i the so-called ** horse
latitudes,” that is at the border of the circular course of the
monsoon, and the polar wind system. Adolf Schmidt has
even attempted to refer the magnetic disturbances, the more
powerful ones at least, to wandering electric current eddies
corresponding to cyclones, which would give the term that
has long been used in connection with them—'‘ magnetic
storms '—a deeper significance.

Our theory takes, as will be scen, an upward direction ;
ascendant in the sense that we have looked from the interior
of the earth and from the carth’s surface upwards towards the
atmosphere. But the process is still not at an end ; we must
take another and a further step; we must go from the carth’s
atmosphere through space to the sun itsclf, with its all-
dispensing and all-controlling might. Ior that the sun here
also plays a determinating part, follows from the whole sequence
of terrestrial magnetic phenomena, the various periodicities
(the daily, the 27-day, the yearly, the 11-yearly), and follows
in a special sense from the startling parallelism that is to
be observed with the sun-spot and sun-facula periods. The
next step is to assume that the sun, like the earth, is itsclf a
magnet ; and a magnet in fact it is, as is indicated by many
astronomical observations, especially those of Hale, who has
established some very interesting facts about the magnetism
of the sun. Nevertheless the hypothesis of a direct magnetic
influence on the earth has to be relinquished because the
magnitudes in the ratio of cause,to effect are too widely 1t
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variance. For if the relation of the effect of the sun S to the
effect of the earth E were even in the most favourable circum-
stances defined by the formula

S  13,r2r\?2
5 —4S,(d) - ... (149
where J, and 3, are the intensities of the magnetization of the
sun and the earth, 7 the radius of the sun and 4 its distance
from the earth, the calculation shows that even if J, is put
=g, S/E works out as about 2 X 10~7, from which it would
follow that the effect on the declination would amount to about
one-twentieth of a second of arc, which would be quite a
negligible change, whereas it actually amounts to ten minutes
and even more. To produce an effect of this magnitude the
sun would have to be 12,000 times as strongly magnetized as
the carth, specific magnetism referred to unit volume being
understood of course, and therefore much more strongly than
if it were composed entirely of the best magnetized steel. Thus
the assumption of a direct magnetic influence fails altogether.
Moreover the heat radiation of the sun does not lead, though
this is without prejudice to the previously mentioned parallel-
ism, to any comprehensive theory. Therefore only the theory of
electric radiations remains. It was Balfour Stewart, afterwards
supplemented by Schuster, who gave the quictus to this theory.

If we give a more detailed examination to the facts of the
case especially as regards periodicity and the initiatory phases
we are led to conjecture that the influences which set up
disturbances are connected with isolated, relatively small,
but somewhat long-enduring areas of the sun’'s surface, and
arise approximately at the time of their passage across the
apparent middle of the sun’s disc. In confirmation of this we
have above all the frequent succession of disturbances at inter-
vals which more or less correspond to the synodic time of
rotation of the sun.

These and similar considerations have led to the light-
pressure theory of Arrhenius, and the Hertzian wave theory of
Nordmann, and then to the cathode-ray theory of the sun,
first suggested by Birkeland and afterwards extended in all
directions and then strikingly confirmed by the theoretical
investigations of Stérmer. This latter may be called the
electron theory of magnetic disturbances and the polar light
—for both phenomena are here included.

In the first place, as rggards the theory of Stormer, it is
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a masterpiece of elegance and it is on that account unfortunate
that it cannot be given here. It must suffice to mention that
the system of equations that is required and which determines
the path of a cathode ray particle in the field of the earth
cannot be exactly solved and can only be dealt with by means
of the so-called mechanical quadrature (a tedious business
requiring 4,500 hours of calculation!). According to the
value of the arbitrary constant y chosen, various paths are
obtained, and the following classes may be distinguished :
there are paths which do not reach the earth; paths which
approach the earth and then go off again into infinity ; paths

Fic. 166.

which remain in the earth’s field; and, finally, paths which
penetrate the earth. In Fig. 166 on the right-hand side are
shown examples of some paths which strike the earth. But
what does the left-hand side of the figure signify ?

Here we come to one of the most beautiful results of modern
experimentation. It has not been thought sufficient to
limit the theory to the explanation of the polar lights and
magnetic disturbances (especially in the great Norwegian
expeditions) ; the leading authority on this subject, Birkeland,
has rather sought to reproduce them by artificial means in the
laboratory, naturally on a very small scale, but under experi-
mental conditions which may be suitably varied, and therefore
in the hope of obtaining in this way a closer insight into the
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actual conditions of the phenomena in question. This hope
has been strikingly justified. If an iron sphere covered with a
fluorescent substance is introduced into the discharge tube
it becomes lighted up on the whole of that side turned towards
the cathode-ray stream. But if it is now magnetized the
appearance undergoes a fundamental change; a luminous
ring makes its appearance on the equatorial plane of the sphere,
and as the magnetization is carried further, there are seen to
be associated with it two spiral-like girdles in the neighbourhood
of the poles which progressively approach them asthe magne-
tization is increased. @ And these girdles on still stronger
magnetization break up into isolated patches of light which
float like the polar lights over the miniature earth. Therefore,
regarded as a comprehensive demonstration of what takes

Fic. 167.

place in the actual field of the earth, it is only that part which
relates to the light girdle surrounding the equator which finds
no place in the terrestrial scheme. Some further pictures of
the phenomenon are also given in TFig. 167. It has lately
been found that the details of the experiment agree better with
the assumption of positive than that of negative rays, and
that the distribution of the northern light in particular can
be better explained both quantitatively and qualitatively.
Since the assumption of canal rays leads to difficulties, we
assume as the source of the positive rays, which are the so-calted
a-rays, radio-active processes going on in the sun, and it can
then be understood how it comes about that in the field of the
earth, only the positive rays resulting from these processes
show themselves active.

The circle of electric and magnetic phenomena, regarded
both in its terrestrial and its cosmic aspect, here again leads
to a complete and beautiful unity.
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Absorption, 123, 142

Aclhinic line, 275

Action at a distance, 11

Additive properties, 87

Agonic line, 275

Alloys, 75

Alpha rays, 167

Aluminium, 78

Ampére’s swimming rule, 147, 169
Ampere (unit), 153

Analysis of the carth’s magnetism, 283
Anncaling, 72

Anomalous dispersion in Faraday

cffect, 122
Anomalous dispersion 1 Zceman
cffect, 122

Apparent magnmitude, 40

Archimedean principle in magnetism,
82, 253

Astatic combination, 5

Asynchronous motor, 175

Axias of a pair of poles, 18

B, 05

Ballistic method, 238
Balmer’s formula, 139
Band spectra, 140
Barlow’s wheel, 172

Beta rays, 167

Bifilar magnetometer, 265
Biot-Savart’s law, 149
Bipolar field, 29
Birkeland’s experiment, 289
Bismuth, 1035, 186, 188
Bismuth method, 224
Braun’s tubes, 237

Canal rays, 167

Capillanty, 1or

Carbide of 1ron, 110

Cast 1ron, 72

Cathode rays, 167, 236

Cathode ray theory of terrestrial
magnetism, 288

Central force, 20

Characteristics of a motor, 175

Chemical relations, 85

Circular current, 153

Circular magnetism, 180

Circular polarization, 134

Closed ring, 59

Closced yoke method, 233, 238

Cobalt, 75

Cocfficient of ageng, 237

Cocfficient of shape, 62

Cocrcivity, 151

Coils, electro-magnetic effect of, 157

Coloration, 81

Compass, 215

Complex filaments, shell, 37, 39

Conditioned magnetism, 265

Constitution of magnets, 35

Constitutive propertics, 77

Contour lines and surfaces, 15

Convection, magnetic effect of, 162

Conversion-point, 108

Copper, 78

Corkscrew rule, 163

Coulomb’s law, 11

Critical angle of incidence, 131

Crnitical point, 96

Critical strength of field, 107

Critical temperature of magnetiz-
ation, 107

Cross-magnetism, 180

Crystallization 1n the magnetic field,
101

Crystals, 45

Crystals, magnetism of, go

Curie’s constant, law, 105, 111, 264

Curl, 42, 249

Damping, 183
Damping method, 223
Declination, 3, 213, 273
Deflecting force of a magnet, 27
Deflection observations, 211
Deflection of the magnetic needle by
a current, 146
Demagnetization, 51
Demagnetizing force, 6o, 68
Density of magnetism, 35
Deviation of the compass, 216
Diamagnetic substances, 71, 119
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Diamagnetism, 8o, 105, 253
Differential apparatus, 223
Direct-current motor, 174
Dispersion, 193

Dissipation of energy, 55, 102, 183
Distribution of magnetism, 60
Disturbance, regions of, 275
Diurnal vanations, 277, 284
Divergence, 42, 251

Double stroke, 7

Duplet, 135

Dynamo machine, 10, 173, 183
Dyne, 16

Earth currents, 279, 286

Earth inductor, 214

Eddy currents, 183

Elasticity and magnetism, 94

Electric current, 7

Electric theory of terrestrial mag-
netism, 285

Electrodynamic balance, 219

Electrodynamic methods, 218, 231

Electromagnet, 8, 197

Electromagnetic constant, 153

Electromagnetic effect, 146

Electromagnetic regulators, 161

Electromagnetic tuning fork, 177

Electromagnetism, 145

Electromotive force of magnetization,
189

Electron, electron theory, 167, 259,
269

Elliptical polarization, 128

Emuission and absorption, 138

Epstein method, 238

Equivalence of currents and magnets,
168

Ettingshausen effect, 188

Eutectic mixture, 73

Ewing’s theory, 255

Faraday cffect, 117, 144, 26, 268

Ferro-magnetic substances, 47, 62,
71, 108

Ferro-magnetism, 47, 71

Field, distnibution of the, 199

Field strength, 45, 247

First principal position, 26

Flames, magnetism of, 81

Flow of a paramagnetic fluid, 101

Fluids, magnetism of, 81, 85

Flux of force, 13

Flux of induction, 190

Force, 16, 19

Free magnetism, 37

Galvanomagnetic effect, 187
Galvanometer, 160, 166
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Gans’ theory, 259

Gases, 81, 85

Gaugain’s galvanometer, 160

Gauss’s magnetometer, 210

Gauss’s theory of terrestrial mag-
netism, 281

Gauss (unit), 273

Generators, 173, 183

Gramme ring, 67, 158

Gravitation, 94

Gumlich’s method, 240

9, 45

Hall constant, 185, 267

Hall effect, 184

Hall effect method, 224
Halogen combinations, 89
Hardening, 72

Heat and magnetism, 55, 102
Helmholtz galvanometer, 160
Heusler alloys, 77
Homogencous field, zo1
Hornzontal intensity, 23, 46, 273
Hydrostatic method, 220, 225
Hysterests, 48, 51, 112
Hysteresis coefficients, 70
Hysteresis loops, 54
Hysteresis loss, 70, 74

3, 35
Ideal magnetization, 56

Inclination, 3, 213, 273

Induction, 63

Induction ellipsoid, 90

Induction methods, 221

Intensity of magnctization, 35, 45,
179

Internal field, 10

Inverse Zeeman cffect, 133

Tons, 167

Iron, 7, 59, 71, 96, 104

Iron filings, magnetic images by
means of, 28, 151

Irreversible magnetism, 49

Isoclinic lines, 273

Isodynamic lines, 273

Isogonal hines, 273

[sonomalous lines, 273

Isotropic bodies, 46

Isthmus method, 234

Kerr constant, 130
Kerr effect, 128, 268
Kundt constant, 120

Lamella magnets, 39, 42
Langevin's theory, 262
Leduc effect, 188
Left-hand rule, 163
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Length, change of due to magnetiz-
ation, 28

Lines of force, 13, 16, 29, 165

Lines of induction, 195

Lodestone, 3, 75, 91

longitudmal effect, 188

Loongitudinal Hall cffect, 187

Longitudinal magnetism, 180

Longitudinal Zeem..n effect, 134

Magnetic after-effect, 52
attractive force, 202
axes, 5
axis of the carth, 282
balance, 235
brake, 204
contour lines, 273
disturbances, 279
double refraction, 144
equator, 275
field, 10, 13, 197
,» of the carth, 2, 27
filaments, 36
1nactive solutions, 88
induction, 44
influence, 44
moment, 22, 35
Vs of the carth, 282
needle, 3
permeability, 67
pole of the earth, 274, 281
resistance, 191
rotation of dispersion, 121
. ,,» the plane of dispersion,
110
saturation, 48
sequence of materals, 83
shells, 39
standards, 222, 226
storms, 279
waves, 205
Magnetism of the sun, 288
Magnetizability, 61
Magnctization, 35
Magnctization by clectric current, 8,
178
Magnetization curves, 46, 67
Magnetizing force, 45
Magneto-clastic hysteresis, 97
Magneto-electric effect, 162
Magnetograph, 219
Magnetometer, 209, 228
Magnetometric methods, 209, 228
Magnetomotive force, 192
Magneton, 34, 226
Magneto-optics, 116, 253
Magnetostriction, 100
Magnets, forms of, 197
Manganese, 75, 79, 84
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Manganese bronze, 79

Maxwell equations, 249

Maxwell theory, 247

Measurement of the field, 218
Mecasurements, mcthods of, 206, 237
Molecular currents, 257

Molecular magnetism, 35

Molecular magnets, 33, 255
Molecular rotation, 118

Moving coil galvanometer, 166

Ncef hammer, 177
Nickel, nickel steel, 76
North Pole, 5

Null curve, 51

Observatories, 274

Ohm'’s law for magnetism, 189
Open field, 31

Optical methods, 226, 236
Oscillograph, 244

Pairs of poles, 17

Panmagnctism, 9, 71

Paramagnetic substances, 46, 71, 79,
105, 118

Peltier effect, 187

Periodic system, 85

Permancnt magnetism, 5

Permanent magnetism of the earth,
287

Permanent magnets, 192

Permeability, 67, 74, 191

Pohl’s apparatus, 171

Poisson’s hypothesis, 254

Polar distance, 36

Polar expedition, 174

Polar lights, 280

Polar reflection, 129

Polanty, law of, 11

Pole, 5, 10, 17

Pole strength, 37

Ponderomotive effect, 8, 20

Potential, 14

Potential of a circular current, 155

Potential of a uniform magnet, 43

Potential of shells and filaments, 39

Potential of the earth, 281

Preliminary thermal treatment, 72,
115

Principal axes of magnetization, go

Principal positions, 23, 211

Propagation of magnetism, 204

Quadruplet, 136
Quast-1sotropic, 92

Rays, magnetic deflection of, 167
Regular crystals, 92
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Reis’ telephone, 98

Reluctance, 191

Remanence, 7, 48, 50, 60, 89, 96

Reversible magnetism, 50, 252

Right-hand rule, 147

Ring magnet, 10, b1

Rontgen effect, 162

Rotating hysteresis, 56

Rotation apparatus, 170

Rotation coefficient, 122, 185

Rotation hypothests, 254

Rotation of dispersion, 122

Rotation of the plane of polarization,
110

Rowland effect, 162

Saturation, 48, 69

Schmndt’s theory of terrestrial mag-
netism, 283

Second conversion-point, 109

Secular changes, 275, 284

Series motor, 173

Series theory, 1338

Shape, effect of, o1

Shielding effect, 195

Ship’s compass, 216

Silicon, 75

Simple filament, 30

Simple shells, 39

Single stroke, 7

Simnk, 13

Slotted ring, 11, 59

Soap-bubble method, 81

Solenoid, 40

Solenoidal magnet, 39,

Solutions, 87

Source, 13, 17, 42

Space density ot magnetism, 42

Specific flux of force, 16

Specific magnetic resistance, 191

Specific magnetism, 85

Speafic rotation, 125

Spedtfic total loss, 70

Spontancous magnetization, 53, 204

Static hysteresis, 50

Steinmetz coefficient, 70

Stormer’s theory of terrestnal mag-
netism, 288

Storms, 279

Strength of the earth’s field, 273

Suction effect, 158

Sun, 287

Sunspots, 279

Surface density of magnetism, 42

2, 6y
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Surfaces of equal potential, 15
Susceptibility, 61, 63, 67, 85

Tangent galvanometer, 160

Telephone, 182

Temperature coefficient, 108, 113

Temperature, cffect of, 104, 210

Temperature hysteress, 114

Temperature, nise of through mag-
netism, 104

Terrestrial magnetism, 23, 272

Test couls, 222

Theores of magnetism, 247

Theories of terrestrial magnetism, 285

Thermal conductivity 1in magnetic
field, 187

Thermomagnetic effect, 187

Topography of the field, 13, 199

Torswon, 98

Total loss, 70

Total magnetism, 37

Tractive force, 202

Tractive force methods, 235

Transverse cffect, 187

Triplet, 137

Tuning fork mnterrupter, 177

Turming force, 19

Turning moment, 22

Umaxial crystals, go
Uniform tield, 2

1 niform filament, 36
Uniform magnetism, 42
Umpolar field, 17, 27

Van't Hoff’s triangle, 78

Varnation of terresirial magnetism,
275

Verdcet's law, constant, 120

Vertical intensity, 272

Vibration apparatus, 170

Vibration, effect of, 101

Villar etfect, critical point, 90

Wagner's hammer, 181
Waltenhofen’s pendulum, 193
Wiedemann effect, g9
Wiedemann'’s rule, 87

Work and heat, 53

Work of magnetization, 54

Zceman effect, 132
Zeeman effect 1n the sun, 136
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RaiNBow CAT. EIGHT LITILE PLAYS
FOR CHILDREN. FORTY GOOD-NIGHT
TALS. FAIRIES AND FRIENDS THE
ADVINTURE CLUB. Each 3s. 6d. net.
A SMALL CRUSE, 4s. 6d. net. 'THE ROSE
FyLEMAN Fairy Book. Illustrated.
Crown 4to. 1os. 6d. net.
Gibbon (Edward)}

1'nie DECLINE AND FALL OF THE ROMAN
EMmpIRE. With Notes, Appendixes, and

Maps, by J. B. Bury. Illustrated.
Seven volumes. Demy Bvo. 18s. net
each volume. Also, unillustrated,

Crown 8vo. 7s. 6d. net each volume.
Glover (T. R))

THE CONFLICT OF RELIGIONS IN THB

EarLY ROMAN EMPIRE. POETS AND

PuriTANS. FROM PERICLES TO PHILIP,

VIRGIL. Each 10s. 6d. net.

Gotch (J. A.)
OLp ENGLISH Houses. Illustrated.
Demy 8vo. 16s. net. Also an edition
limited to so copies, £2 2s. net.
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Graham (Harry)
THE WORLD WE LAUGH IN: More
Deportmental Ditties. Illustraied by
“FIsH” Fifth Edwtion. Fcap 8ro.
58, met.

Grahame (Kenneth)
THE WIND IN THF WILLOWS. Seven-
teenth Edition Crown 8vo 7s. 6d.
net. Also, Illustrated by NaNcY
BARNHART. Small 4to. 10s. 6d. net.

Hadfleld (J. A.)
PSYCHOLOGY AND MORALS.  Fifth
Edition. Croun 8vo. 6s. net.

Hall (H. R.)
THE ANCIENT HISTORY OF THE NEAR
EAsT. Sixth Edition, Retised. Demy
8to. L1 1s. met.

Hamer (Sir W. H.), and Hutt (C. W.)
A MaNuaL OF HYGIENE. [llustrated.
Demy 8to. L1 ss. net.

Hind (A. M.)
A CATALOGUE OF REMBRANDT’S ETCH-
INGS. Two Vols. Profusely Illus.
trated. Wide Royal 8vo. L1 15s. net.

Holdsworth (W. S.)
A HisTorY OF ENGLISH LAw. Eight
Volumes. Demy 8vo. L1 ss. net each

Hudson (W. H.)
A SHEPHERD’S LiFe. Illustrated. Demy
8vo. 10s. 6d net. Also, unillustrated,
Feap. 8vo. 3s. 6d. net.

Hutton (Edward)
MiLaN AND LoMmBARDY. THE CITIES
OF ROMAGNA AND THE MARCHFS

1

SIENA AND SOUTHERN TUSCANY. VEN- |

ICE AND VENETIA.
SPAIN. NAPLES AND SOUTHERN ITALY.

'FHE CITIFS OF

Illustrated. Each, 8s. 6d. net. A Way- '

UNKNOWN TuscaNy. 'TH:
CiTies OF UMBRIA. COUNTRY WALKS
ABOUT FLORENCF. ROME. FLORENCI
AND NORTHERN TuscANY. Illustrated.
Each, 7s. 6d. net.

Imms (A.D.)
A GENERAL TEXTBOOK OF ENroMoLoGY.
Illustrated. Royal 8vo. L1 16s. net.

Inge (W. R.), D.D., Dean of St. Paul’s
CHRISTIAN MYSTICISM.  (The Bampton
Lectures of 1899.) Crown 8vo. 73, 6d.
net.

FARLR IN

MESSRS. METHUEN’S PUBLICATIONS

Jenhs (Edward)
AN OvurLINg oF ENGiisH LocaL
GOVERNMENT. Sixth Edition, Crown
810 s5s. met A SHORT HISIORY OF
FNGLISH LAw.  Thwd Edstion, Revised
to 19194 (Demy 8vo. 125. 6d. net.

Kipling (Rudyard)
BARRACK-ROOM BALLADS.
sand.

THE SEVEN SEAS.
‘THE FIVE NATIONS.

DEPARTMENTAL DITTIES.
sand.

'L H. YrARs BETWiEN. osth Thousand
Four Editions of these famous volumes
of poems are now published, viz, :—
Croun8to DBuckram, 7s. 6d net. Feap.
8vo Cloth,6s. net. Leather, 7s. 6d net.
Service Edition. T'wo volumes each
book. Square Fcap. 8vo. 3s. net each
volume

A Kip1 ING ANTHOLOGY—Verse. Fcap
8to. Cloth, 6s. net. Leather, 7s. 6d.
net.

TwENTY Porvs kROM RuDYARD Kie-

233rd Thou-

172nd Thousand.
138th Thousand
111th Thou-

LING. 408th Thousand. Feap. 8ro
15. net

A CHOICE OF SONGS Second Edition.
Feap. 8vo. 25. met.

Lamb (Charles and Mary)

I'HF  COMPLETE WoORKS., Edited by
E V. Lucas A New and Revised
Ldition 1n Six Volumes. With Frontis-
pieces  Fuap. 8vo. 6s net each

The volumes are: I MisCriLANEOUS
Prosk.  Il. Lria AND roL Lasr Essays
ot ELia 1l Books »orR CHILDREN.
IV Prays anp Poums. V. and VI
Lel1ERS,

SrLECTED LETTIRS.
by G.’T' CrapioN
net

A CHARLES 1.AMB DAY Book  Compiled
by E V.LucAs Fcap. bro. 6s net,

Lankester (Sir Ray)

SCILNCE FROM AN EASY CHAIR.  SCIFNCE
FROM AN EAsy CHAIR: Second Series.
IDIVERSIONS OF A NATURALIST. GREAT
AND  SMAIL  THINGs. Illustrated
Crown 8vo. 75 06d, met. SECREIS OF
EARTH AND SEeA. lllustrated. Crown
8vo. 8s. 6d. net.

Chosen and Edited
Feap 8to  3s.6d.
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Lodge (Sir Oliver)
MAN AND THE UNIVERSF (Twentieth Edi-
tion)  'THE SURVIVAL OF MAN (Setenth
Fdition),  Each Croun 8vo 7s. 6d.
net RAYMOND  (Twelfth Edition)
Demv 8vo  10s. 6d net. RAYMOND
Rivisin, Croun 810 6s met ReLa-
TIVITY (Second Edition) Fcap. 810 15 net
Lucas (E. V,)
T LIFE OF CHARLES LAMB
L1 1s net,

2 Vols
EDWIN AUSTIN ABBIY,
RA 2 Vols. [6 6s. net Vermurp
©f DE, T, 1os. 6d net. A WANDLR:
5 HorraNp. A WANDERER IN LON-
DON  LONDON RLVISITED—1925 A
WANDERER IN PAr'S A WANDERFR
FLORENCE. A WANDERER IN VENICE.
Each 10s. 6d.net A WANDLRER AMONG
PICTURES 8s. 64 net. THE OPEN ROAD.
6s. net. Also, lllustrated 10s 6d net.
Also, India Paper. Leather, 7s 6d net
I'HL FRIENDLY TOWN. FIRFSIDE AND
SUNSHINE. CHARACTER AND COMiDY.
Each 6s net., 'THE GFNTLEST ART. bs 6d.
net  And THE SECOND PosT 6s net Also,
together 1n one volume 7s. 6d net. Hir
INFINITE VARIETY. GOOD COMPANY.
ONE DAy AND ANOTHER. OLD LaAmps
FOR  NEW. LOITERER'S  HARVEST,
CLOUD AND SILVER. A BOSWELL OF
BAGHDAD. "TwixT EAGLE AND DOVE
‘| HE PHANTOM JOURNAL., GIVING AND
RicCLIVING, Luck OF THE YEAR. EN-
COUNTERS AND  DIVERSIONs Z1G-
ZAGS  IN FRANCE.  Each 6s.  met.
SPICIALLY  SFLECTED, URBANI I ILs.
Each, illustrated by G. L. StamPa,
7s. 6d. net, You KNow WHAT PLOPLE
Agre. Illustrated by GEORGE MORROW.
ss net. THE SAME STAR : A Comedy
in Three Acts. 35 64 net. THE BRITISH
SCHOOL. 6s. met. LITTLE BOOKS ON
GRrAT MAsTeRs. Each 5s net  Rov-
ING Eas1 AND ROVING WEST. 55 met.
INIRODUCING I[.ONDON 25 6d met
PLAYTIME AND COMPANY 7s. 6d met
Sce also Dolls’ House (The Queen's),

Lynd (Robert)
it Bitr LioN  THE PEAL OF BrLLs
‘I'NL MONLY Box  Each Fcap. 8vo.
by net

McDougall (William)
AN I\ IRODUCTION TO SOCIAL PSYCHO-
10Uy (Nineteenth Edstion), 8s. 6d. net.
NAIIONAL  WLLFARE AND NATIONAL
Decay. 6s. net. AN OUTLINE OF
PsYCHOLOGY. 125, met. BoDY AND

MiIND (Fifth Edition). 12s. 6d net
ETHICS AND SOME MODERN WORLD

PROBLEMS. 75 6d net.

Maeterlinck (Maurice)
THE BLUE BIRD. 6s. net Also, 1llus-
trated by F. Caviry ROBINSON.
ros. 6d. net. MARY MAGDALENE. 5s.
net. DEATH. 3s. 6d. met, OUR LIER-
NITY, 6s, net. THE UNKNOWN GUEST.
Gs. net. POEeMS, 55, met. THE WRACK
OF THE STORM. 6s net. 'THE MIRACLE
OF ST. ANTHONY. 3s. 6d net. THE
BURGOMASTER OF STILEMONDE. 5s. nel.
‘I'HE BETROTHAL. 6s, met, MOUNTAIN
PATHS. 65. net. THE STORY OF TYLTYL.
£1 15 net. THE GREAT SECRET. 7s 6d.
net.  ‘T'tir CLoup THAT L1Ften and THE
POWER OF THF DEAD. 7s. 6d. net.

Masefield (John)
ON THE SPANISH MAIN. 8s. 6d. net. A
SAILOR’S GARLAND. 6s. net, SeA LIFE
IN NELSON's T'IME. 5s. net.

Methuen (Sir A.)
AN ANTHOLOGY OF MODERN VERSE.
82nd Tlousand.
SHAKESPFARE 10 HARDY : An Anthol-
ogy of English Lyrics. x5tk Thousand.

Each Fcap. 8vo. Cloth, 6s. net.
Leather, 7s. 6d. net.

Milne (A. A))
NOT 1HAT IT MATTERS. IF I Mav.

Each 35 6d net. 'WIEN WE WERE VERY
YoUNG  Ilustrated by E. H. SHrPARD.
Ninth Edition. 7s. 6d. net. Leather,
105 6d net FOR rHE LUNCHEON INILR~
VAL *  CRICKET AND OTHER VERSES.
1s 6d net.

Milne (A. A.) and Fraser-Simson (H.)
FOURTIEN SONGS FROM ‘‘ WIIEEN WR
WERE VERY YOUNG,” Words by A. A.
Milne. Music by H. Fraser-Simson.
Fourth Edition. Rayal 4to. 7s. 6d. net.
THE KING’S BREAKFAST. Crown 4to.
3s 6d net.

Newman (Tom)
low 10 PLAY BiLLIARDS. Illustrated,
Crown 8vo. 8s. 6d. net. BILLIARD
Do’s AND DONT’s. 2s. bd. nmet.

Oman (Sir Charles)

A HISTORY OF THE ART OF WAR IN THR

MIDDLE AGLS, A D. 378-1485. Second
Edition, Revised and Enlarged. 2 Vols.
Ilustrated. Demy 8vo. L1 16s. net,

Oxenham (John)
BEES IN AMBER. Small Pott 8vo. as
net, ALL’S WELL. 'THE KiNG’s HIGH-
WAY. THE VISION SPLENDID. THE
FIErY CRosS. HIGH ALTARS. HEARTS
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ALL CLEarR! Each
Paper, 15, 3d. net.

COURAGEOUS.
Small Pott 8vo.
Cloth, 2s. net.
25. net,

Perry (W. J.)
THE ORIGIN OF MAGIC AND RELIGION
THE GROWTH OF CIVILIZATION. wcach
6s. met. ‘THE CHILDRIN OF THE SUN.
18s. net.

Petrie (Sir Flinders)
A HISTORY OF EGYPT.

Vol. I. Frow THE Ist TO THE XVITH
DvyNAsTY. Eleventh Edstion, Retised.
12s. net.

Vol. II. THE XVIITH aNp XVIIIrn
DYNASTIES. Seventh Edition, Retised.
os. net

Vol. III  XIXTH 1O XXXTH DYNAS-
TIES. Thard Laition, 125, met.

Vol. IV. EG\PT UNDIR THE PTOLE-

In 6 Volumes

MAIC DyNxasty  J. P, MAHARY.
Second Edition. 9s. net.
Vol. V. EGYPT UNDER ROMAN RULE.

J. G. MILNE. Third Edition, Reuised.
125. met

Vol. VI. EGYPFT IN THE MIDDLE AGES.
STANLEY LANE POOLE. Fourth Edition.
108, net.

Raleigh (Sir Walter)
THE LFTTERS OF SIR WALTER RALEIGH
Edited by LADY RALEICH. Two Vols
Demy 8vo. L1 10s. net.

Rice-Oxley (L.)
OXFORD RENOWNED,
Demy 8vo. 18s. net.

Rutter (Owen)
THE NEW BALTIC STATES AND THFIR
FUTURE : AN ACCOUNT OF LITHUANIA,
LaTtviA  AND EsTONIA. Illustrated
Demy 8vo. 15s. net.

Smith (Adam)
THE WEALTH OF NATIONS.
EpwIN CANNAN. 2 Vols.
£1 58, net.

8mith (C. Fox)
SAILOR TowN DAYS. SEA SONGS AND
BALLADS. A Book OF FAMOUS SHips.
SHIP ALLEY. FULL SAIL. Each, illus-
trated, 6s. net. THE RFTURN OF THE
“ CuTTY SARK.” Illustrated. 3s. 6d. met.

Illustrated

Edited by
Demy 8vo.

WINDS OF THE DAWN, -

Sommerfeld (Arnold)
ATOMIC STRUCTURE AND SPFCTRAL
LINES. Demy 8vo. L1 12s. net.

Stevens (F. E.)
Tue New Forest Brautirur. Illus-
trated. Crown 8vo. 8s. 6d. net.

Stevenson (R. L)
THe Lrrries. Edited by Sir SioNry
CoLVIN. 4 Vols. Fcap. 8vo. Each
6s. net.

Stratton (F. J. M.)
ASTRONOMICAL PHysICS. Demy 8vo.
1SS net.

Surtees (R. S.)
HANDLEY  CROSS.
SPORTING TOUR

MR. SPONGF’S
Ask Maymva. Mr
Faccy RoMrorp’s HOUNDS  PLAIN OR
RiNGLETS ? HILLINGDON HALL.  Each,
sllustrated, %s. 6d  net. JORROUKS'S
JAUNTS AND  JoLLITIES. HAWBU(h
GRANGE. Each, illustrated, 6s. net.

Thomson (J. Arthur)

WHAT IS MAN ?  6s. 6d. met. SCILNCF
AND RELIGION. 7%s. 6d net.

Tilden (W. T.)
Tur ArT OF LAWN TEMNIS. SINGLYS

aAND DouBLes. Each illustrated, 65
net. THE COMMON SENSE OF LAWN
'TENNIS. Illustrated. ss net.

Tileston (Mary W.)
DALY STRENGTH FOR DALY Nreps.
31st Edition. 39, 6d. net. India Paper,
Leather, 6s. net.

Underhill (Evelyn)
MysTicisM (Tenth Edition). 15s. net
THE LIFE OF THE SPIRIT AND THE LitE

OF '[0-DAY (Swxth Editton). 7s. 6d
net.

Vardon (Harry)
How TO PLAY GoLr. Illustrated.

18th Edition. Crown 8vo. §s. net.

Waterhouse (Elizabeth)
A 1aTTLE BOOK OF LIFE AND DEATH
22nd Edition. Small Pott 8vo. as. 6d.
net.,
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Wilde (Oscar).
THE WORKS.
net.

In 16 Vols. Each 6s. 6d.

I. LLoRD ARTHUK SAvVITE’S CRIME AND
THE PORTRAIT OF MR. W. . II. Tue
Ducuess oF Panva. 111, Poems. 1V.
Lapy WiNDeRVILRE'S FAN. V. A
WoMAN oF No IMPORTANCE. VI. AN
IpeaL Huspanp., VII. Tug IMPOR-

PART IL

The Antiquary’s Books
Fach, llustrated, Demy 8vo. 10s. 6d net.
A series of volumes dealing with various
branches of Lknghsh Antiquiues, com-
prechensive and popular, as well as
accurate and scholarly.

The Arden Shakespecare

Edited by W. J. CraiG and R. H Cask.
Each, wide Demy 8vo. 6s. net.

The Ideal Library Edition, in single
plays, each edited with a tull Introduc-
tion, Textual Notes and a Commentary
at the foot of the page. Now complcte
in 39 Vols.

Classics of Art
Edited by ] H. W, LAaiNG.  Each, pro-
fusely illustrated, wide Royal Svo. 15s.
net to £3 3s. net.
A Library of Art dealing with Great
Artists and with branches of Art.

The ** Complete ** Serles

Demy 8vo. Fully illustrated.

AIRMAN, 16s. net., AMATEUR DBOXER.
10s. 6d. met. ATHLLTIC TRAINER.
10s. 6d. net. BILLIARD PLAYIR 10s 6d.
net. COOK. 10s, 6d. net. FOXHUNTER.
16s. net. GOLFER. 125, 6d. net. I10CKEY
PLAYER. 105, 6d. net. HORSEMAN. 158,
net. JUunTsuAN (Cr. 8vo.). §s. met.
LAWN ‘TENNIS PLAYER. 128. 6d. net.
MOT1ORIST. 105. 6d. met. MOUNTAIN-
FER. 185, met. OARSMAN. 125. 6d. met.
PHOTOGRAPHER. 12¢. 6d. net. RUGBY
FOOTBALLER, ON THE NEW ZEALAND
SYSIEM. 12§. 6d. net. SHOTI. 10s. net.
SWIMMER, 105, 6d, net. YACHTSMAN.
153. net.

TANCE OF BriNnG EarNest. VIII, A
House or POMrGRANATES. IX. IN-
rENTIONS. X. DE PROFUNDIS AND
PrisoN  LETiERs. XI. Essavs. XII.
SALOME, A FLORENTINE TRAGEDY, and
I.A SAINTE Couriisane. XIIL A
CRriric IN PALL MaLL. XIV. SELECTED
PROSE OF OSCAR WILDE. XV. ART AND
DEecORATION. XVI. FoR LOVE OF THE
KING. 55 net,

A SEILLECTION OF SERIES

The Connoisseur’s Library
Wath  numerous  Illustrations. Wide
Roval 8to L1 115. 6d. net each vol.
ENar 1sH Co1 oureD Books.  ETCHINGS.
EuropFaN  ENAMELS. FINE  BOOKS.
Grass  GOIDSMITHS® AND  SILVER-
sM118s’ WORK. ILLUMINATED MANU-
SCRIPTS. IVORIES. JEWELLERY. MEZZO-
TINTS, MINIATURES PORCELAIN.
Srars. Woob SCULPTURR.

The Do’s and Dont’s Series
Feap. 8to. 25 6d. net each.
This series, although only in its in-
fancv, 1s alteady famous.  In due course
1t will comprise clear, crisp, informative
volumes on all the activities of lfe.
Write for full hist

The Library of Devotion
Handy editions of the great Devotional
books, well edited. Small Pott 8vo.
35, net and 3s. 6d. net.

Little Books on Art

Well Illustrated. Demy 16mo. Each
5s. net.

Modern Masterpieces
In sets of six, Fcap. Svo. 3s. 6d. each

volume.

Pocketable Editions of Works by A. A.
MiILNF, JoscPH CONRAD, ARNOLD
BENNerT, G K. CHESTERTON, E. V.
Lucas and HILAIRE BELLOC.

Sport Serles
Mostly [llustrated. Fecap Svo. 2s. net
o ss. net each.
Handy books on all branches of sport by
experts.
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Methuen'’s Half-Crown Library
Croun 8to and Fcap Sto

Methuen's Two Shilling Library
Feap 8vo.
Two series of cheap editions of popular
books.
Write for complete lists

Small Pott 8vo.

BEDFORDSHIRE AND FILNTINGLUNSHIRE

BIRKSHIRE

BRITTANY

BUCRINGHANSHIRY

CAMBRIDGF A\ COLILGES

(CAMBRIDGISHIR!

CATHEDRAL (ITIES OF ENGLAND AND
WALES 6s net

CHANNIL ISLANDS 35, net

CHESHIRE §S. net

CORNWALL

CUMBERLAND AND WESTMORLAND 65 net

DERBYSHIRE

DrLvoN

DORSET §s. 6d net

) DtrdAM

LNGLISH LAKES 65 net

IS 4

;101 CISTERSHIRI

HAMD~IURE

T{ERLEORTNHIRF 45 6d net

1'FRIFORDSHIRE

I.Le OF MAN 65 nct.

IsLk OF WIGHT

RENT §s. niet

ILRRY

LANCA:HIRE 0s. net

LI ICTSTFRSIIIRE AND RT TLAND §5 net

LLINCOLNSHIRE 6s. net

LINCOLN’S INN AND GRAY'S INN 4. net

L.ONDON

MALVERN COUNTRY

i
I MeruvenN & Co. Lrp., 36 Essex Street, Loxnvon, W.C.2.
825

Mzes~rs. METHUEN'S PUBLICATIONS

THE LITTLE GUIDES

Illustrated and with Maps
4. net mostly
THE 62 VOLUMFS IN

| The Westminster Commentaries
Demy 8vo. 8s. 6d. net to 16s. net.
Editec¢ by W, Lock, D.D. Theobject
| of these commentaries is primanly
. to iterpret the author’s meaning to the
| present generation, taking the Enghish
| text in the Revised Version as their
% basis.

THE SCRIES ARE .—

Mivbii~iy

MONMOUIHSHIRE

NORFOLK §% net

NORMANDY §¢ nct

NORTH AMP FTONSHIRF
NORTHUMBLRLAND 7t 6d nct
NORTH WALES 6s. net
NOTTINGHAVISHIRF

QOxrorn AND COI1FGES
()XFORD>SHIRE

ROMF §s net t
ST. PAUL'S CATHFDRAL
SHAKTSPLARE'S COUN FRY
SHROPSHIRE

SIciLy !
SNOWDONIA 6s. net :
SOMERSE]

SoutH WaLLS
STAFFORDSHIRE 58 net
SUFFOLK

SURREY

SUSSFX .
TrveLe ,
\WARW ILCRSHIRE §¢ nect ,
WISTMINSTER ABBIY |
WILTSHIRE

WORCESTI RSHIRF 6t net

YORKsHIRE Ilasr RIDING §5 net
YORKSHIRF NORTH Ribine.
YORKSHIRE WEST RIDING 75. 6d nct
YORK 65 net
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