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PREFACE

Experience as a university teacher has firmly convinced me
that the average student finds far more difficulty in ac-
quiring a satisfactory knowledge of magnetism than of any
other branch of physics. In my view this is almost entirely
because the subject is usually treated far too much from a
strict theoretical standpoint and far too little from an experi-
mental one. It is no exaggeration to state that some of the
most important experiments whose results have been used
very many times in theoretical discussions have not been
adequately described in English. An attempt has been made
to remedy this state of affairs by writing this book, in which
prominence is given to the description of fundamental
experiments. At the same time, a strong endeavour has been
made to present an account of modern magnetic theory which,
it is hoped, will be readily understood by students of physics
and also followed without undue difficulty by more general
readers. The opportunity has been taken of including a large
body of experimental work, much of foreign origin, which is
of importance to all interested in industrial applications of
magnetic materials. It is obvious that, in order to keep the
book t0 a reasonable size, I have been compelled to make
an arbitrary selection of material to some extent, but care
has been taken to include accounts of all essential matter
which a student cannot readily find elsewhere. It habeen
thought best, however, to exclude galvanomagnetic antl most
magneto-optic phenomena.

I wish to acknowledge my indebtedness to Stoner’s
Magnetism and Matter and his many research publications,
to Van Vleck’s Electric and Magnetic Susceptibilities and
to Klemm’s Magnetochemie. 1 have also made considerable
use of the theses published by the University of Strasbourg
and the technical publications of the Bell Telephone System.
I desire to express my very warm thanks to all who have
so kindly allowed me to use illustrations from their published
papers, and it is hoped that proper acknowledgement is made
in the text. My thanks are especially due to Dr W. Sucksmith
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PREFACE

with whom I had the pleasure of much happy discussion
in the early stages of the work, to Mr B. Lloyd-Evans and
Mr S.S. Watts who made many drawings for me, to Mr N. Davy
and Mr J. C. Weston who assisted me in checking the manu-
seript and proofs, and, finally, to Mr J. A. Ratcliffe for his
kind interest and advice on behalf of the Cambridge University
Press. In addition, I have to record my debt to the late
Dr A. P. Chattock, who first introduced me to the study
of magnetism, and to whose memory this book is dedicated.

Nottingham L. F. BATES
January, 1939
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CHAPTER I

FUNDAMENTAL CONCEPTIONS IN
MAGNETISM

Fundamental Definitions. It is well known that by arti-
ficial means we can cause certain substances, called ferro-
magnetics, to become more or less permanently magnetised,
i.e. to possess the power of attracting or repelling other
magnetised or magnetisable bodies, and we say that the region
around a magnetised body constitutes a magnetic field. If a
piece of unmagnetised iron be placed in such a region it be-
comes magnetised and is said to exhibit ¢nduced magnetism.
If we place a piece of permanently magnetised material in a
magnetic field, and find that it is not acted upon by trans-
lational forces but only by couples tending to set it in a par-
ticular direction, we say that it is in a wuniform field; it is
assumed that the field is not disturbed by the introduction of
the material and that the latter’s magnetism is not affected.
It can be shown that a uniform field exists in the middle of a
long solenoid or coil of wire wound uniformly upon a cylinder
and carrying a steady current, and for most purposes the
magnetic field due to the earth may be treated as uniform over
large regions.

Now when a long rod of permanently magnetised material,
e.g. a bar magnet, is suspended so that it may rotate freely in a
horizontal plane, it is acted upon by the magnetic field of the
earth, its axis comes to rest roughly along a north-south line,
and we speak of north-seeking and south-seeking ends of the
rod. However it is placed in a uniform field, two systems of
paraldel forces act upon the rod, and the resultants of these
forces always appear to pass through two points or tiny
regions, one near each end of the rod. These points are called
poles and at them we may for purposes of calculation consider
north- and south-seeking magnetism to be located. The line
joining the poles is termed the magnetic axis of the magnet.
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FUNDAMENTAL CONCEPTIONS IN MAGNETISM

It is an experimental fact that like poles repel and unlike
poles attract each other with forces which obey an inverse
square law. This leads to the definition of a unit pole as one
which will repel an equal and similar pole placed 1 cm. away
in vacuo with a force of 1 dyne. The pole strength of the magnet
is therefore measured by the number of unit poles to which
each pole is equivalent. If we could place a unit pole at a fixed
point in a magnetic field n vacuo it would be acted upon by a
force which would be a measure of the strength or magnetic
intensity of the field, and unit magnetic intensity exists at the
point when the force on the unit pole is 1 dyne. The unit of
magnetic intensity is now called the oersted, following the
recommendation of the International Conference on Physics
which met in London in 1934. It was previously termed the
gauss, and although the reasons for the change are certainly
not apparent, the term oersted will be used throughout this
book in an attempt to carry out international obligations.

The work done in taking a unit north-seeking pole from a
fixed point B to a fixed point 4 is known as the potential
difference between the points 4 and B, and when B is located
at infinity the work done in bringing the pole to A is known as
the potential at the point 4, for we may neglect magnetic
forces at points an infinite distance from magnetised bodies.
If 4 and B are separated by a small distance dx along the line
A B, then the work done in taking unit pole from B to 4, which
must be independent of the path, is — F,dx = dV, where F,
is the component of the magnetic intensity along AB at the
point z; the minus sign is introduced because the field intensity
decreases as the distance from a magnetic pole increases.
Hence F, = —dV /dx, or the field intensity is equal to the rate
of decrease of potential with distance. The intensity at a
point r from an isolated pole + m is m/r2, while the potential is
mr. »

The direction in which a single north-seeking pole placed at
a point in a magnetic field would be urged to move is known as
the direction of the line of force at that point. In a uniform field
such lines are parallel. By convention we may state that unit
intensity exists at a point when one line of force passes
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FUNDAMENTAL DEFINITIONS

through unit area placed perpendicular to the lines of force at
that point, and thus we may express the magnetic intensity at
a point in any field in terms of lines of force per sq.cm. Since
at a distance of 1 cm. from a unit pole the intensity is 1 oersted
over a surface of area 4msq. cm., we see that the convention
requires that 4 lines of force leave unit north-seeking pole.
A bundle of lines of force leaving unit north-seeking pole and
ending on a unit south-seeking pole is known as a unit tube of
force, and, on the above convention, consists of 47 lines.

We have seen that when a permanent magnet is placed in
a uniform field it is acted upon by a couple. Referring to
Fig. 1, suppose that the magnet
NS of pole strength m unit poles
is placed in a uniform field of
strength 7 oersteds in the di-
rection shown in the plane of
the paper. If the poles are
located at the points N and S,
then the couple acting on the
magnet is 2mli sinf in the
sense indicated, where 2/ is the
distance between N and S in
cm. The product 2ml = M is
termed the magnetic moment of
the magnet, and is clearly equal
to the maximum couple which  gig, 1. Magnet in uniform field.
can be exerted on the magnet
when it is placed in a uniform field of unit intensity; it is
measured in dyne-cm. per oersted or ergs per oersted. It is
perhaps unfortunate that no practical unit of magnetic
moment has been named, for modern experiments show that
there exists a fundamental unit of magnetic moment, the
Bohr magneton, whose existence is just as real as that of the
charge carried by an electron.

The extent to which a body is magnetised is measured by
its magnetic moment per unit volume or intensity of magnetisa-
tton. This is a vector quantity, since magnetic moment has
both magnitude and direction. If we could take a very long
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FUNDAMENTAL CONCEPTIONS IN MAGNETISM

uniformly magnetised rod, we could imagine the cross-section
at one end to be covered with m north-seeking or positive
unit poles and at the other end with m south-seeking or
negative unit poles. The intensity of magnetisation is, by
definition, equal to 2ml divided by 2la, where a is the area of
cross-section of the rod; hence the intensity of magnetisation
of a uniformly magnetised rod is equal to its pole strength per
unit area of cross-section. In practice, however, the poles-are
neverlocated at the ends of arod, but always at a short distance
from each end; in other words, the magnetic length or equivalent
length of a magnet is always less than its geometrical length.

Magnetic Shell. For many purposes it is helpful to imagine
a thin sheet of material uniformly magnetised in a direction
normal to its surface, one side being north-seeking and the
other south-seeking. Such an arrangement is known as a

Fig. 2

magnetic shell, and the strength of the shell at any point on its
surface is defined as the product of the intensity of magnetisa-
tion and the thickness of the shell at that point; a uniform shell
is one in which this product is the same all over the shell. The
conception is important in discussions of magnetic problems,
as it may be shown that a closed circuit carrying a current of 4
e.m. units is equivalent to a uniform shell of strength ¢ whose
boundary is the circuit. It is sometimes convenient to picture
an electron moving in a closed orbit or a spinning electron as a
magnetic shell. Moreover, the potential at any point near a
uniform shell is equal to the product of its strength and the
solid angle subtended by the boundary of the shell at that
point, the angle being taken as positive when lines radiating
from the point fall first upon the north-seeking surface of the
shell; the shape of the shell has no influence on the value for
potential, the boundary remaining constant.

If we consider an element ds of a wire carrying a current 7,
it is deduced from experiment that the force on a pole of
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MAGNETIC PERMEABILITY

strength m placed at a point P (Fig. 2) is proportional to
.ds . .
mz;gsm 0, an expression due to Laplace. The force acts at

right angles to the line joining the mid-point of the element to
P and to the plane containing the element and this line. Hence
if a wire is bent into a circle of radius r, the force on unit pole
at the centre is proportional to 27i/r, and the electromagnetic
unit of current is accordingly defined as that which, when
flowing in a single complete turn of 1 cm. radius, causes a force
of 277 dynes to act upon unit pole placed at the centre. When
the current circulates in a clockwise direction, as viewed by
an observer, the circuit behaves as a magnetic shell with its
south-seeking face towards the observer.

It is easy to show, either by using Laplace’s rule or the
conception of a magnetic shell, that the work done in taking a
unit pole once round a closed path surrounding a conductor
carrying a current ¢ e.m. units in opposition to the field is
4mi ergs. This result may be extended by taking a unit pole
along the axis of a solenoid, completing the closed path by
returning outside the windings, when the work done is
4nNi ergs, where N is the total number of turns on the
solenoid carrying the current ¢. If the solenoid is uniformly
wound with »n turns per cm. length, then it follows that the
field along its axis is 47rn¢ oersteds.

Permeabrlity. From the definition of unit pole it follows
that the force between two poles of strength m, and m, a
distance d apart in vacuo is m,my/d? dynes. If the poles are
embedded in a medium, the force becomes equal to m,my/ud?,
where x4 is a constant known as the permeability of the medium.
We have at present no means of determining by direct experi-
ment the value of the quantity x used in this particular expres-
sion, and its dimensions are generally considered unknown.
Let us now suppose that we have a long straight solenoid
uniformly wound with » turns per cm. length and carrying a
current ¢ measured in electromagnetic units (1 ampere = {;
e.m. unit). The magnetic field inside the middle portions of
the solenoid and along its axis is uniform and equal to 4mnzt.

5



FUNDAMENTAL CONCEPTIONS IN MAGNETISM

If now a small number of turns N’ of wire are wound upon the
solenoid and joined to a ballistic galvanometer, the quantity
of electricity discharged through the latter when the current
¢ isreversed is 2 N———; 14 (;;m coulombs, where 4 is the mean area
of cross-section of the solenoid and R is the total resistance of
‘the galvanometer circuit in ohms. This quantity of electricity
can be measured directly in terms of the deflection and known
constants of the galvanometer. If, however, the solenoid were
embedded in a medium of permeability x, the quantity of
electricity discharged through the galvanometer would be
times the value observed when the solenoid was in vacuo,
although the galvanometer deflection would be but imper-
ceptibly changed unless the medium were ferromagnetic.
Now, p is here assumed to be the same quantity as that
occurring in the expression for the force between two poles.
We have, however, no means of proving this identity by experi-
ment. Indeed, Abraham* has pointed out that g may be
defined in at least six different ways, and that it is impossible
to prove experimentally that any two of them are the same.
A mathematical formula for # may be obtained as follows.
We consider such a long solenoid that when it is filled with a
cylinder of magnetic material any free poles generated at the
ends of the cylinder will produce no measurable change in the
field acting at the middle portions of the cylinder. Let # be
the field acting in the absence of magnetic material. The field
inside a long narrow tunnel parallel to the axis of the cylinder
will still be 2. If we cut a crevasse in the cylinder, or, rather,
if we cut through the cylinder perpendicular to its axis and
separate the two portions slightly, the field inside this gap will
be augmented by the field arising from the magnetic poles, I per
unit area, on either side of the gap. It is clear that the lines of
force joining these poles must traverse the gap normally, and,
hence, 471 lines of force must pass through each sq.cm. of
the gap cross-section. The total number of lines per unit area
is therefore 5 + 471, a quantity which we call the magnetic
wnduction and denote by B. Hence we see that the ratio of
* H. Abraham, Bull Nat. Res. Coun., Washington, No. 93.
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MAGNETIC SUSCEPTIBILITY

the quantity of electricity discharged through the galvano-
meter is u to 1 or B tos#. Hence

p=1+4nl/¥ = 1+4nk. ...... (1)

We shall assume this expression to be correct for all isotropic
substances. It is incorrect, in general, for crystalline sub-
stances, since in the latter cases I and 2 do not coincide in
direction; we shall return to this matter in Chapter 1v.

We may further imagine that lines of induction analogous
to lines of force pass through a magnetised substance. If we
consider lines of induction passing through an area perpen-
dicular to the lines, then we define the product of the induction
and the area as the normal fluz, usually abbreviated to flux, so
that the induction may be termed the flux density and measured
in lines per sq. cm. In air or in vacuum the flux density is equal
to the field strength (or intensity).

The ratio I/5# or k is termed the magnetic susceptibility, and
acgording to their susceptibilities substances may be roughly
divided into three classes—diamagnetic, paramagnetic and
Jferromagnetic. In general, the susceptibilities of substances in
the first two classes are small, diamagnetic susceptibilities
being negative and paramagnetic susceptibilities positive.
The susceptibility of a ferromagnetic is usually very large,
unless the material is saturated—i.e. magnetised as strongly
as possible in a powerful field—and depends upon the applied
field and the previous magnetic history of the material. The
magnetisation of diamagnetics and paramagnetics dis-
appears when the exciting field is removed, but ferromagnetics
then exhibit residual or permanent magnetisation.

In the English and foreign literatures certain symbols are
commonly used ‘in the description of susceptibility values.
First, the susceptibility per unit volume, or the intensity of
magnetisation per unit field, which is the quantity most
commonly measured directly by experiment, is usually
denoted by k or « or z. Secondly, the susceptibility per unit mass,
a quantity frequently required in theoretical discussions, is
denoted by y, and is equal to k/p, where p is the density of the
substance. Thirdly, the atomic or molar susceptibility x 4 or X s

7
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is respectively equal to the product of y and the atomic or
molecular weight, or to the product of ¥ and the atomic or
molecular volume. Thus, in the case of mercury, we have
k = 2-285 x 10~8e.m.u. per c.c., p = 13-6 gm. per c.c.. and the
atomic weight = 200-6, so that

X =2-285x10"6+13-6 = 0-168 x 10~ e.m.u. per gm.
and
X4 = 0168 x 1076 x 200-6 = 33-7 x 10~¢e.m.u. per gm.atom.

Energy of Magnetisation. There are several ways in which
we may derive an expression for the energy stored in a
magnetised medium, and one of the most satisfactory is the
following. A thin ribbon of metal is wound as a uniform solenoid
upon a very long cylinder of the magnetic material. Let n be
the number of turns per cm. and ! the total length of the
cylinder, whose area of cross-sectionis a. Let R be the resistance
of the winding. Then, the self-inductance L of the winding,
i.e. the total number of lines of force linked with it when upit
current flows, is 47n(nal) u. Hence, on applying an electro-
motive force E to the ends of the solenoid, we have, if 7 is the
current at any instant,

E = Ri+ L.di/dt,
s6 that J Eidt = f Rei2dt + f Lidi.

The second term on the right-hand side of the last equation is
the work done in establishing the magnetic energy associated
with the current ¢ in the solenoid; on integration it gives
)2 2
L% = %(4_7;%@1“% = %/‘% al.

But al is the total volume of the material upon which the
solenoid is wound. Therefore the work done or energy stored
per unit volume is u45#%2/8m. In the case of diamagnetics and
paramagnetics this expression has a definite meaning, but in
the case of ferromagnetics it is practically indeterminate as x
is almost an unknown function of 5#°.

It should be realised that the quantity u5#%/8w also repre-
sents the magnetic potential energy of unit volume of the

8



THEORY OF DIAMAGNETISM

material with respect to the applied magnetic field 5. It
should therefore in this connection be preceded by a minus
sign to indicate that it is negative, for we should have either
to do work to turn the material, without change in magnetisa-
tion, through 180 degrees with respect to the lines of force of
A, or to supply thermal energy in order sufficiently to agitate
the magnetic particles and so demagnetise the material. We
shall see in Chapter 111 how this enables us to determine the
direction in which diamagnetic and paramagnetic bodies
tend to move in a non-uniform field.

Classical Theory of Diamagnetism. In 1854 Weber showed
that all matter should exhibit diamagnetism, on the assump-
tion that Ampérian currents circulated within its molecules,
but it was not until 1905 that Langevin showed that the elec-
tron theory provided a more satisfactory picture. Langevin
examined the behaviour of an electron moving in a circular
orbit of radius r when a magnetic field 5# was slowly established
perpendicular to the plane of the orbit. He found that, unless
the electron moved under an inverse cube-law force, the radius
of the orbit remained unchanged but the velocity of the
electron increased or diminished in accordance with Lenz’s
law, giving a change in magnetic moment of the system equal

2
to AM = _4871,‘%%2' If, therefore, an atom contains a large

number of electrons with their orbits orientated in all possible
directions the total contribution made to the induced magnetic
moment is 2

M(t = "m 2”'2, ...... (2)
where 72 represents the mean of the squares of the radii of the
projections of the orbits on a plane perpendicular to the field.
If we write 72 = 7?+ 5%+ 2%, then 7 = Z%+ 2 = %72, so that
the molar susceptibility is given by

M Ne? __
XM=_N}?¥=_—6—Z/"§. ...... (3)

The last expression may be obtained in a more instructive
manner; for, let us consider an electron describing a circular

9



FUNDAMENTAL CONCEPTIONS IN MAGNETISM

orbit in the plane of the paper with a field #° applied in the
direction shown in Fig. 3a. Then it follows that when the
electron is to the right of the line 4B it experiences a force
pushing it into the plane of the paper, and when to the left of
AB a force pushing it out. Hence we may suppose that a
;4 ’

c

| N
N
oAb

. o’

2

a/

(@) ()
Fig. 3

B

torque acts on the system about the axis AB. The orbit
accordingly precesses about . The angular momentum
associated with the circular orbit is U = mvr = 2ma, where
a is the areal velocity, and the magnetic moment M, equal to
the product of the equivalent current and the area A4 of the

.. 4,6 A . . .
orbit, is AZ =je=ae where ¢ is the time of description of

the orbit. Now the torque I" acting on the orbit is
MH = —eas?,

and if in Fig. 3b, a’b’ represents U at a given instant and a’c’
represents U a short time interval dt later, when the orbit
has precessed through an angle d¢, then b'c’ = Udg = I'dt.
Hence I' = Udg/dt = Uo, where o is the angular velocity of
precession. )

Thus I = —eas = 2maoc or U=_%z'9f' Seend(4)

The change in magnetic moment brought about by this pre-

cession is now equal to
er? e
—_— ——— = 2 .
AM 57 7 (5)

0 77




LARMOR PRECESSION

Taking the general case of an electron orbit inclined at an
angle to the lines of force, we may imagine the whole to precess
about the field with the angular velocity given by (4), so
that the change in magnetic moment is given by (5), where
72 now represents the mean of the squares of the radius upon
a plane perpendicular to the field; in this way expression (3)
for the susceptibility is again obtained.

Larmor first predicted the precession described above as
the result of a general theorem which we shall now consider.
If we take a central field X, Y, Z acting on the electron along
fixed x, y and 2z (left-handed) axes and apply a constant
magnetic field 5# parallel to the z axis, the equations of motion
of the electron are 5 — e 7y + X

mj=—eXc+Y:; .. (6)
mi =27
therefore m(i—% 3/) - X,
m
m(y+?—'}—fx) =7,
m
msi = 2.

If now we treat the electron as free of the magnetic field but
referred to axes rotating about z with a constant angular.
velocity £, its velocities can be written
u=z—yL, v=y+a0, w=32,
and its accelerations
u—vR, v+uf, W
or & —2yQ —x82?, 4+ 2202 —yQ2, Z,
so that the equations of motion are
m(E— 202y — Q%) = X
m(j+208—2%) =Y. ... (7)
mz =Z
Now, if 2 = es#°/2m, the terms in £2? are negligible compared
with those in 2, and the equations (7) referred to the moving

axes without the magnetic field are the same as those of (6)
for fixed axes with the field. In other words, apart from second-

11
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order disturbances, the effect of the field is merely to impress
a rotation of angular velocity 2 = es#/2m about the field as
axis. It should be noted that £ represents a right-handed
motion about 5, whether the undisturbed motion of the
electron is right- or left-handed about #. This givesin a more
precise way expression (3) for the susceptibility.

As in the later expression 72 must always be positive, or as
the precession is always right-handed about s, all matter
must be diamagnetic. The diamagnetism is often not apparent,
since any paramagnetism present may overwhelm it. As the
expression contains no term involving temperature, the
diamagnetism should be temperature independent. This is
the case for bromine, phosphorus and sulphur, but frequently
temperature variations, possibly due to superimposed para-
magnetism, are found; in any case, some slight variation of
273 with temperature is to be expected. When the expression
(3) is used for the evaluation of r, the value found is of the
order 10~8cm., which is in satisfactory agreement with
X-ray measurements. The large temperature variation of the
susceptibility of bismuth is discussed on p. 148.

From the above theory it would be expected that the mole-
cular susceptibility of a diamagnetic compound would be
equal to the sum of the atomic susceptibilities of the atoms of
which it is constituted, or

X =20 X4, e (8)
where x4, is the atomic susceptibility of the n, atoms of the
same kmd denoted by the suffix 1. As a particular case we may
consider the molecular susceptibility x,, of a diamagnetic
compound as made up of the ionic susceptibilities of the anion
and kation which it forms on solution, when

X3 = Xaniont Xkation+ ~ eeeee (9)
Equation (8) is but rarely obeyed and an extensive series
of experiments by Pascal has shown that it should in general
be replaced by the equation

XM = 2”1XA1+A’ ...... (10)
where A is a constant which has been found in a large number
of important cases; e.g. for the benzene ring A = — 1-45 x 108,

12
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Only in the case of the saturated hydrocarbons, i.e. of the
type C,H,, ., is A found to be zero. It is thus clear that A is a
constant which expresses the effect of chemical combination.

Equation (9) appears to be somewhat more rigorously
obeyed. It should be explained, however, that it can only be
tested by making an assumption, either concerning the value
of the ionic susceptibility of H+ or concerning the radii of the
electron orbits in ions which have a rare gas configuration.
By taking the ionic susceptibility of H+ to be zero Frivold*
has shown that equation (9) is obeyed with reasonable
accuracy. For, by assuming this value for H+, the values for
Cl- and Br- were directly obtained from measurements on
solutions of the halogen acids. These values were then used to
calculate the values for metallic ions on the basis of equa-
tion (9), and the two values so obtained for a given ion were
in fair agreement. Joost assumed that the ions possessing
electron configurations similar to rare gas atoms have electron
orbits for which 72 is inversely proportional to the atomic
number of the atom forming the ion. There is not very good
agreement between Frivold’s results and those calculated on
the basis of the Joos assumption. In any case, all the calcula-
tions depend upon the correctness of Wiedemann’s law, which
states that the susceptibility x, of a solution containing m gm.
of salt of susceptibility y, dissolved in M gm. of solvent of
susceptibility y,, is given by

(M4+m)x,=m.x,+M.x,.

Classical Theory of Paramagnetism. Langevin was the
first to give an electron theory of paramagnetism which still
forms a valuable introduction to its study. He considered a
paramagnetic gas in which each particle was endowed with a
permanent magnetic moment u so that when a mass of the gas
was placed in a field each particle tended to set with its mag-
netic axis parallel to it. Now, at ordinary temperatures the
particles are subject to considerable thermal agitation and
would be prevented from taking up anything like exact align-

* 0. E. Frivold, 4vhandlinger ut. av det Norske Videnskaps-Akad. Oslo, No. 9,
1933.
1 J. Joos, Zeit. fir. Phys. 32, 835, 1925,
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ment, but a kind of statistical equilibrium would be set up
with a majority of the particles contributing to a magnetisation
parallel to the field.

If the applied field is 5, then the field which would act
upon an isolated particle placed at the centre of a spherical
hole made in the medium (instead of the crevasse of p. 6) is

F =0+ ;4?:—7 1. Now, the quantity I is so small in the case of a

gas that we may neglect %31 I in comparison with 5#°. Even if

Fig. 4.

we took the paramagnetic gas oxygen and compressed it until
4
its density was unity, as Debye* showed, —3711 would only be

equal to 5x 1045, approximately. However, we cannot
always neglect this term in dealing with liquids and solids at
very low temperatures, but in the case of a gas we can always
suppose that its pressure and density is so low that ¥ = 5# and
there is no question of mutual action between the particles.
The potential energy of a particle whose magnetic axis
makes an angle 6 with the field is — uF cos 0, so that we may
write that the number of particles whose axis make an angle 6
with the field is proportional to e~(—#Fc0sf/kT) Thig is merely
an example of the application of the®M azwell- Boltzmann law,
which states that when we deal with a large number of particles
the number 7, each possessing an energy E, is related to the
number 7, each possessing an energy E, by the equation

* P. Debye, Handbuch der Radiologie, Band 6, 686, 1926.
14



THE LANGEVIN FUNCTION

ny = n,etE1-EIET_ Let us now suppose that we can collect all
the particles in a given mass of gas and place them with their
centres at a point O, Fig. 4, and their axes pointing in the
directions in which they actually pointed before they were
collected. Then the number dn of particles whose axes fall
within the solid angle dw between two hollow cones of semi-
angles 6 and 0+d6 is given by dn = K . erFc080kT ) where
K is a constant, and dw = 27sin6d6. Since the total number
n of particles in the given mass of gas is equal to [dn, then, if
we write a = uF[kT,

n = omK f " gac0s0 gin 0.
0

Putting cos 6 = z, we have

-1 2nK 4 .
n = 27rKf —eardy = 21 (e?—e™?) = —zl—ﬁ—'smh a,
+1 a a

which gives K in terms of n.

Now the dn particles each contribute a component of
magnetic moment pcos6 parallel to the field, while by
symmetry the components perpendicular to the field neutralise
one another. Hence the magnetisation of the given mass of.
gas is equal to

M=f”,ucos0dn
0
=J”/40080.K.3"°5027rsin0d0
0

-1
= —27r,qu x.e**dx
+1

X oo -1
= —2mp [Ez— (1 ——ax):Ll

et e~ 3@
= 2muK 0 g ]
_ 2mun 2 cosha 2sinha
"~ 4msinha a
1
= pun I:coth a-— 5:'
= nﬁ’
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certain discrete values. Secondly, the electron while describing
the orbit could not emit electromagnetic radiation; this meant
the assumption of a number of stationary orbits or states in
which the electron obeyed the classical laws of electrostatics,
but not the requirements of electromagnetic theory. Thirdly,
on passing from one stationary orbit to another nearer the
nucleus, the electron emitted a quantum kv of monochromatic
radiation of frequency v.

Bohr’s first postulate is extremely important in magnetic
theory; for we may write the angular momentum associated
with the orbit Py = nh[2m = majw, ... (12)
where 7 is an integer, a,, is the radius of the nth orbit and
is the angular velocity. Now, the magnetic moment associated
with the moving electron is equal to the area of the orbit
multiplied by the current to which the moving electron is
equivalent, i.e. to

2 2
ﬂa,z,e/-g:nea”w mhe (13)

27 dmm’

where e is measured in electromagnetic units; if e is measured
in electrostatic units the last expression must be divided by c,
the velocity of light. We see, then, that the magnetic moment
of the system is an integral multiple of he/4mm, a quantity
which is therefore regarded as a fundamental unit of magnetic
moment, the Bohr magneton. Its value, taking kA = 6:610 x
10-%7 and e/m = 1-759 x 107, is 0-925 x 10-2 e.m. units and we
shall denote it by uz. Let us note, in passing, that the ratio of
the angular momentum of the system to its magnetic moment
is 2m/e.
If we further write
Ze*  majw*
@z a

n

for the condition that an electron must remain in a circular
orbit under the electrostatic force between the nuclear charge
Ze and the electronic charge e (both in e.s. units) and the centri-
petal force, we have

a, = n2h?/4m*mZe?, ... (15)
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THE BOHR ATOM

assuming that the nucleus is fixed in space. Since the sum
W, of the potential and kinetic energies of the moving
electron is — Ze?/2a,,, then
W= 2m%*m Z%*
" n2h?
This is a minimum when n = 1, when we say that the system is
in its fundamental, ground, or normal state.

According to Bohr’s third postulate the emission of mono-
chromatic radiation occurs when the electron passes from a
stationary orbit n, to another n, when n,>n,. The frequency
is given by omtmZ2t (1 1

TR (52;— ﬁ%)
Expression (17) gives the frequency in vibrations per second,
and in order to avoid the use of extremely large numbers it is
usual to express the frequency in terms of wave numbers, or
v/c. The value of Z for hydrogenis 1, and, when n, is given the
several values 1, 2, 3 and 4 while n, takes integral values in all
cases greater than n,, we find that (17) represents respectively
the Lyman, Balmer, Paschen and Brackett series of lines emitted
by the hydrogen atom. The factor 2m*me?*/ch® is known as
the Rydberg constant for hydrogen, and its value is 109677-76.

The expression (17) is incomplete because the nucleus can-
not be strictly regarded as a fixed point, and when account is
taken of its rotation, the above value of v/c must be multiplied
by a factor M/M +m, where M is the mass of the nucleus.
This fact has been used in calculating the ratio of the mass of
the hydrogen atom to the mass of the electron from the
experimental values of the Rydberg constants for hydrogen
and ionised helium atoms.

The circular orbit is, however, only a special case for the
motion of a point charge under an inverse square law, and
Sommerfeld extended the Bohr theory to cover the general
case of elliptical orbits. He separately quantised the angular
momentum and the radial momentum of the electron, using
the equation

§p¢d¢ = kh and §p,dr =nh. ... (18)
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We need not consider this work further as the net result is
that the number = in equation (16) is merely replaced by
k+mn,, so that the energy of the elliptical orbit is the same as
that of the corresponding circular orbit, although the original
single circular orbit for a total quantum number » is now
replaced by one circular orbit of radius a, and, in addition,
n— 1 elliptical orbits. Sommerfeld also took account of another
important property of a moving body, the variation of its
mass with velocity. The mass m at a velocity v is equal to
mo/«/l —v2/c?, where m, is the mass at velocities small com-
pared with that of light. On account of the variation of
velocity in different parts of the orbit the path of the electron,
instead of being a simple ellipse, becomes complicated and
may best be likened to a rosette. There now result differences
in the energies of orbits with the same total quantum number
n, and the energy is the less the greater the eccentricity of the
simple ellipse which would be described if m were independent
of v. W,, which now has n distinct values differing slightly
from each other, may be written

2m2mZ%* (1 4nm?Z%*(n 3\ 1
R T (e EI
_ 2mmZ%* (1 o of? 3\ 1
=T TR {WZ“ (E_Z)n_“}’

where « is known as the fine structure constant.

The passage of an electron from a state with total quantum
number 7, to another with », would at first sight appear to be
possible in n,n, ways, thus giving a fine structure of n,n, lines
very close together in place of a single spectra line, but many
of these transitions are not found by experiment and a Selec-
tion Rule is used to account for the observed fine structure.
Briefly, the rule is Ak = + 1, or only those transitions are pos-
sible in which the angular momentum increases or decreases
by one unit, 2/27.

Spatial Quantisation. In discussing the behaviour of a
paramagnetic gas it was assumed that the magnetic particles

20



SPATIAL QUANTISATION

could set with their axes at all possible orientations with
respect to an applied magnetic field. Hence, if we could
examine a gas composed of paramagnetic hydrogen atoms,
their electron orbits could, on this view, set with their planes
making all possible angles with the lines of force. It would
then be difficult, however, to account for the sharpness of the
lines emitted by a source of monochromatic light placed in a
magnetic field, and Pauli* concluded that the view was
incorrect and that an electron orbit could only set in certain
discrete positions, viz. with the component of the angular
momentum about the lines of force equal to an integral
multiple of 2/27. As a matter of fact, a similar idea, but of a

Fig. 5

more restricted nature, was put forward earlier by Lenzt to
account for the behaviour of ferromagnetic crystals. So, if we
represent the angular momentum of an orbit of quantum
number 7 by a vector line 04 perpendicular to the plane of the
orbit and nh/27 units long, then the orbit may set only in
such positions that the projection of this vector upon the
direction of the field is an integral multiple of +A/27. This
conception is of profound significance in the theory of magnetic

susceptibility.
Referring to Fig. 5 we see that cosf, = g/n, where ¢ takes
the valuesn, n—1,n—2, ..., —n, and, hence, the component of

magnetic moment along the field is nu g cos 6, since nug is the
maximum magnetic moment which the orbit may exhibit.
Now, the number of electron orbits setting with their magnetic
axes at an angle 6, with a field # must be proportional to

* W, Pauli, Phys. Zeit. 21, 615, 1920.
1 V. Lenz, Phys. Zeit. 21, 613, 1920.
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etnupX cos0/kT g0 that the average magnetic moment 7 of
each particle is given by
npp X cos O, etn#pX coslg/kT

"= X gtnup¥ cosbylkT y e (20)
where cosly=—, —, ..., , .
n n n -——n

For the fields of the moderate intensity obtained in the
laboratory this reduces to

__ H ——— H1(n+1)(2n+1)

= 2 2 —_— 2 = 2 2 ——— e T Lt e e e

M = NPpp 3 m COS o, UL T3 I , (21)
and when n - cowe have, aswe would expect, m =n?uj# |3kT,
the Langevin expression, since so many discrete positions of
the magnetic axis are now permissible that a condition of all
possible orientations is simulated.

The Vector Atom Model. We have already made use of a
vector line to represent in magnitude and direction the
angular momentum of an electron orbit. In addition to the
orbital motion of the electron, it has been found necessary to
endow the electron with a spin in order to explain the occur-
rence of multiplets—doublets, triplets, etc.—in atomicspectra.
This spin may also be represented vectorially, as, too, may be
the spin of the nucleus. The latter produces relatively minute
magnetic effects and we shall neglect it for the present. It is
then found that spectroscopic requirements are satisfied by
attributing four quantum numbers to each electron in an
atom.

(1) The total quantum number n, with values 1, 2, 3, 4, ...,
equivalent to the total quantum number introduced in the
Bohr and Sommerfeld theories, determines the size of the
orbit and the energy level in the atom. Thus, in a heavy atom
there are two electrons in the innermost or K X-ray level with
n = 1, eight electrons in the L X -ray levels with n = 2, eighteen
in the M X-ray levels with n = 3, and so on, the maximum
number of electrons in any level being 2n2.

(2) The orbital angular momentum quantum number 1 is a
measure of the angular momentum of the orbital motion and
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may assume any one of the values 0, 1, 2, 3, ..., (n—1). For
example, if » = 5, Il may have one of the five values 0, 1, 2, 3
and 4. We see that I replaces the older azimuthal quantum
number k& except that I = k—1. By convention, electrons
with [ =0, 1, 2, 3, 4, ... are respectively known as s, p, d,
f> g, ... electrons.

(3) The spin momentum quantum number s, whose value is
always 3, shows that, in addition to the orbital angular
momentum lk/27 units, the electron also possesses sh/2m =h/4m
units of spin momentum, which we may look upon as due to
rotation about its own axis.

(4) The ‘“‘enner’” or total angular momentum quantum
number j is the vector sum of [ and s and can have only half-
integral values. Thus if we have an electron for which I = [,,
s = }, then j can only have the values /, + .

Although the quantum numbers n, [, s and j are sufficient
to explain the behaviour of an electron emitting light in the
absence of a magnetic field, two additional quantum numbers
are required to account for its behaviour in a very strong
magnetic field. It is then necessary to suppose that the
direction of the field forms an axis with respect to which the
spin and orbital momenta are separately quantised. We have
a spin magnetic quantum number m,, representing the pro-
jection of s upon the direction of the field, which may have
only the two values + } and — 4, corresponding to the magnetic
axis of the spinning electron set parallel or antiparallel to the
field. We also have an orbital magnetic quantum number m,,
representing the projection of / upon the direction of the field,
which may take only the valuesl,1—-1,...,0,..., —(I-1), —1.

The Pauli Principle. We now come to a very important
rule or principle which enables us to fix the maximum number
of the electrons which in any atom may have the same total
quantum number n. The principle lays down that only one
electron in a given atom can possess a particular set of values
for the four quantum numbers, #, I, m, and m,. For example,
only one electron in the chromium atom can have these four
numbers respectively equal to 2, 1, 1 and —3}. We have no
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direct proof of the principle; so far, however, experiment has
provided no case in which it breaks down, and, although the
principle is stated with reference to an atom placed in a strong
magnetic field, it must be of more general application, since
there must be some permanent or intrinsic peculiarity of the
electrons which prohibits any two of them from taking the
same values of the four quantum numbers when the field is
applied. Hence, a given number of electrons with fixed n and
l can only assume a definite number of quantum states, inde-
pendent of the applied magnetic field, as the change from a
strong to a weak field must be continuous. The values which
the four quantum numbers may take with n = 1 and n = 2
are given below:

TABLE 1

Atomic | X-.ray
number level n l "y Ty
1 K 1 0 0 +3
2 1 0 0 -3
3 L 2 0 0 -3
4 2 0 0 +3
5 2 1 -1 -3
6 2 1 -1 +3
7 2 1 0 -1
8 2 1 0 +3
9 2 1 +1 -1
10 2 1 +1 +3

In drawing up this table it is assumed that the electrons are
added with quantum numbers arranged in the order shown to
give the lowest energy state of the atom. We see that for
n =1, we can have a K group of 2 = 2 x 12 electrons only,
while for » = 2 a further L group of 8 = 2 x 22 electrons is
added, while it can further be shown that for n = 3 an M
group of 18 = 2 x 32 electrons is added, the possible values of
I now being 0, 1 and 2; in general the maximum number of
electronsin any X-ray levelis 2 x n2. In thisway we may follow
the construction of the electron systems of the various atoms
and so obtain the classification of the periodic table reproduced
on p. 30. We also see from Table I that the vector sums of
m; and m, are zero for a complete electron shell as found in the
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case of a rare gas atom. This means that the projection of the
resultant momentum of the electron system upon the direction
of the field must be zero, since this must be equal to the sum
of Zm; and Zm,. It means, too, that the resultant angular
momentum and, therefore, the resultant magnetic moment
must be zero for a closed electron shell. The latter can, there-
fore, according to the theory given on p. 11, exhibit dia-
magnetism alone. In any atom, then, the magnetic properties
are mainly due to electrons outside the closed electron shells.

Russell-Saunders Coupling. Since an atom consists of a
number of electrons occupying various energy levels, it is
necessary to know how the orbital and spin momenta of the
several electrons are combined or coupled to form the resultant
orbital and spin momenta of the atom as a whole. The most
common type of combination is termed Russell-Saunders*
coupling, in which the several ! vectors combine to form a
resultant L and the s vectors a separate resultant S. The
resultants L and S then combine to form a resultant J which
represents the total angular momentum of the whole electron
system of the atom. It should be emphasised that the Russell-
Saunders coupling holds for an atom in a weak or zero field,
whereas the four quantum members n, I, m, and m, were dis-
cussed in terms of a very strong field acting upon the atom.
Again, although the conception of L, § and J is extremely
helpful, it is not entirely satisfactory, as these quantities may
be represented by matrices. The Russell-Saunders coupling is
the only one which need be considered in magnetism, as it
applies to the iron and rare earth groups, inert gas atoms in
their normal state, and atoms with a single valency electron.

In forming the resultant J, certain quantum rules must be
obeyed: viz. L may only assume the values 0, 1, 2, 3, ... and
S may only assume the values 0, §, 1, 2, 2, ..., determined by
the number of electrons in the atom and the directions of their
orbital and spin vectors. The resultant J takes the values
0,1, 2,3, ... when S is an integer and }, %, §, ... when Sisa
half-integer. Thus, for an atom with only one electron, in the

* H. N. Russell and F. A. Saunders, 4strophys. Journ. 61, 38, 1925.
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normal state, L can only have the value 0, S the value +}
and J the values +}; note that in this case 2J+1 = 2.
Similarly, for an atom with two electrons, one with I = 0 and
the other in an excited state with 7 = 1, we have L = 1, while
8 = 1 or 0 according as the electron spins are parallel or anti-
parallel, so that J = 0, 1 or 2. In Fig. 6a are shown the three
ways in which two electrons each with I = 1 may be coupled
to give a resultant L, while in Figs. 65 and 6¢ are respectively
shown the ways in which the s vectors of four electrons and
five electrons may combine.

-t Dol

=2 L= =0
—_—— §*2 S=5),
G W W —
———— s.' s-s/ —
—_—— - —_—
—— $=0 5"/2 —

(b ()
Fig. 6. Vector model of the atom.

In Figs. 7a and 70 are respectively shown the ways in
which a vector L = 2 may combine with § = 3 or with § = 2.
In each case it will be noted that there are 2.5 + 1 ways in which
L and S may combine; this is a general rule provided that L
is sufficiently large. The number 28+ 1 is the maximum
multvplicity and tells us at once the types of spectra which may
be emitted by the atom. For example, when 28 +1 = 3, the
atom may not emit spectra of higher multiplicity than triplets,
but can, in addition, give singlets. The energy separation
between the outermost components of a multiplet is known
as the overall width.

In the presence of a moderately strong magnetic field we
may picture the resultant L and § vectors precessing rapidly
and independently about the lines of force to give projections
M; and Mg along the direction of the lines, while in a weak
field the Russell-Saunders coupling obtains and the L and S
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‘vectors form a resultant J about which they precess rapidly
while J itself precesses slowly about the lines of force. In the
case of a very intense field the separate L and S couplings
would also be broken down and each ! and s vector orientated
independently with respect to the field, m, and m, giving the
projection of /s(s+ 1) and VI(I+ 1) along the field direction.
Fortunately, we know that the atomic susceptibility is un-
affected by passage from a very strong to a weak magnetic
field; cf. p. 34.

s=% s=3% s=% L=2
J=7 4= 5/ J=3 J= IZJ s=3, (a)
L=2

L=2 L=2

$=2 2 S=2 s=2 L=
J=a J=3 J=2 J'I> J=0||s=2 (b)
=2
L=2 (=2 L=2

Fig. 7. Vector model of the atom.

Terminology. It is necessary to have a convenient short-
hand notation to enable us to write down the electronic
constitution of an atom in a simple manner. We have already
seen that electrons in the K, L, M, N, ... X-ray levels may be
respectively distinguished by the values of the quantum
number n = 1, 2, 3, 4, ..., and we have denoted by the letters
8, p, d, f, ... electrons for which ! = 0, 1, 2, 3, ..., respectively.
By adding numerical superscripts or indices we may indicate
the number of electrons which have a particular value of [;
thus, when we write 1s2 we mean that we are dealing with two
electrons in the K level for which » = 1, and that both are
s electrons with I = 0. The argon atom we may represent by
1s%; 282, 2p8; 382, 3p®, indicating that there are two K electrons
with n = 1 and [ = 0, two L electrons with n =2 and I = 0,
six L electrons with n = 2 and I = 1, two M electrons with
n =3 and ! = 0 and six M electrons with » =3 and [ = 1.
The potassium atom is given by the addition of one N electron
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with » = 4 and [ = 0, represented by 4s! or 4s, as the super-
script in such cases is usually omitted.

The above statements, however, are incomplete, for they do
not tell us the particular energy state in which the atom is
found. This is indicated by the addition of a capital letter
S, P, D, F, G, ..., which means that the resultant orbital
momentum of the whole electron system is 0, 1, 2, 3, 4, ... units.
A prefix to the capital letter represents the maximum multi-
plicity 28+ 1, or the maximum number of ways in which the
resultant vectors L and S may be combined, while a suffix
represents the precise value of J which the atom possesses.
For example, for the normal argon atom L =0 and S =0,
and to the above formula we add 1S,, which is to be read as
“singlet S,”’ and not as ‘“one S,”’. For the normal potassium
atom L = 0 and S = }, and the lowest term is 2S;. As a final
example we may take the lowest term of the trebly ionised
atom of chromium, the Cr+*++ ion, for which is written
1s%; 282, 2p®; 3s2, 3pf, 3d3, 4F,, showing that L = 3, § = % and
J = 3. It is usually unnecessary to write out the complete
shorthand statement of the electron constitution of the atom,
as electrons forming complete shells make no contribution to
the resultants L, S and J. In the case of the normal potassium
atom all that is necessary is given by 4s, 2S,, telling us that the
normal atom has a resultant angular momentum and therefore
a resultant magnetic moment. The latter is due entirely to
electron spin, since L = 0. The energy state of the potassium
atom or the appropriate spectrum term is completely specified
by the 28S,.

Stability Rules. In finding the normal or “ground” state
of an atom or ion use is made of a set of stability rules devised
by Hund* from a study of spectra terms. We already know
that the maximum multiplicity in any system of terms for a
given resultant spin S is 28+ 1, and, consequently, S terms
are always singlets, P terms never more than triplets, D terms
never more than quintets, and so on. Also, in an atom with

* F. Hund, Linienspektren und periodisches System der Elemente, Springer,
Berlin, 1927.
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an even number of electrons, S is always an integer, so that
the systems of terms for such an atom will always have odd
multiplicity, while in an atom with an odd number of electrons
S has half-integer values and we get systems of terms of even
multiplicity. Hence the multiplicities of systems of terms of
successive atoms in the periodic tAble alternate between odd
and even. In addition, Hund’s rules tell us, first, that in the
lowest term the spin momenta combine to give the maximum
values of § consistent with the Pauli principle. Secondly, when
the maximum value of S has been thus determined, the
orbital momenta combine in a like manner to give the maxi-
mum values of L. Thirdly, for an incomplete shell of electrons
the lowest term has J = L — S when the shell is less than half
occupied, and J = L+ 8 when the shell is more than half
occupied.

As examples we quote first the normal Crt+ ion 1s2; 282, 2p€;
3s2, 3pS, 3d3; 4s, with three d electrons and one s electron
-added to the electron configuration of the argon atom, so that
L =2 8=2andJ = 0giving a 3D, term. Secondly, we quote
the Cet++ ion, 1s?; 2s2, 2p8; 3s2, 3pb, 3d10; 4s2, 4pS, 4d10, 4f1;
5s2, 5p8, where the single electron in the incomplete 4f layer
gives S = 4, L =3andJ = L—8 = §,i.e. a?F; term. Further
examples are worked out by Gorter.*

The Periodic Table. In Table 1I are given the electron
constitutions of the elements and the normal state of each
atom as found by the rules discussed above. Those ground
states which are not yet definitely proven by experiment are
enclosed in brackets. Attention is particularly directed to
the electron structures of the elements of the iron group, the
elements of the rare earth group and the elements of the
platinum group. In the elements of the iron group it is seen
that a 3d set of electrons is built up after one or two 4s electrons
have been added to the argon core. In the rare earth group a
4f set of electrons is completed after the addition of one 5d
and two 6s electrons to the xenon core. Finally, in the
platinum group, a set of 5d electrons is completed while in

* See C. J, Gorter, Arch. du Musée Teyler, 7, 183, 1932,
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K L M N 0 P Q Ground xXlO‘
1s{2s 2p|3s 3p 3d|4s 4p 4d 4f| 58 5p 5d| 6s 6p 6d| 78| term

H 1|1 B, | -197
He 2|2 18, | 047
Li 3|21 %, | +050
Be 4|22 18, | -100
B 5l2]2 1 P, | -069
C 6/2]2 2 sp, | -049
N 7(2{2 3 O
0 8|22 4 P, | +1062
F 9/2(2 5 P, —
Nelo|2|2 6 15, | -033
Na 11 1 5, | +0-51
Mg 12 2 1S, | 4055
S1 14 2 2 -013
p 15| Necore 5 4 Sy | -090
S 16 2 4 P, | -049
Cl 17 2 5 P, | - 057
A8l2]2 6|2 6] 15, | -045
K 19 nE _ i, | +052
Ca 20 2 1S, +1:10
Se 21 112 Dy, —_
Ti 22 18 2|2 sg2 +1:25
vV 23 ) 312 WFy | +14
Cr 24 A core 501 S, | +308
Mn 25 52 oS, | +118
Fe 26 6|2 5D, | Ferro.
Co 27 712 1F, .
Ni 28 8|2 *F, ”
Cut 2]2 6’2610 18, )
Cu 29 1 5, | -0:086
Zn 30 2 19, | -0157
Ga 31 21 | -0-24
Ge 32 2 2 2 sy | 012
As 33 Cu* core 2 3 Sy | -031
Se 34 2 4 P, | -032
Br 35 2 5 P, | -0-39
Kr36/2/2 6[2 6 102 6 1S,
Rb 37 1 B | +021
Sr 38 2 18, | -0-20
Y 39 1 2 Dy, | +53
gf, 40 36 2 2 "% -045

41 < 4 1 D, | +L5
Mo 42 Kr core 5 1 8, +0-04
Ma 43 5 2 — —
Rugy4 7 1 5F, | +0:50
Rh45 8 |1 Wy | +111
Pd4g| 2|2 6‘2610‘2610 18, | +54

TABLE II. Electronic configurations of the elements and mass susceptibilities of

30

with the exception



K| L M N 0 P Q | Ground K x 108

15|25 2p |35 3p 3d | 4s 4p 4d 4f | 58 5p 5d |68 6p 6d) 78| term
Ag 47 1 5, | -020
cd 48 2 5 | -018
In 49 46 2 1 | -0l
Sn 50 Pd core 2 2 3P, -025
Sb 51 2 3 S, | -087
Te 52 2 4 P, | -031
I 53 2 5 P, | -036
Xe 54 2‘2 612610[2610! 26[ 1S, -
Cs 55 1 W, | -022
Ba 56 54 2 18, | +049
La 57 Xe core Xe [1]2 Dy | +1:04
Ce 58 1, core | 1 2 *H, +150
Pr 59 2 102 — | +250
Nd 60 3 12 — | +360
1 6l 4 112 — —
Sm 62 6 2 F, —
Eu 63 7] Xe : Wy | +220
Gd 64 7{ core { 1|2 °1), | Ferro.
Th 65 54 8 12 Z —
Dy 66 Xe core 9 12 —
Ho 67 10 12 —
Er 68 11 12 — —
Tu 69 13 2 —
Yb 70 14 2 —
Luv+| 2 | 2 6[2 6 10[2 6 10 14| 2 6’
Lu7l 12 Dy | —
Hf 72 22 T, —
Ta 73 302 (‘Fy) | +0-87
W 74 68 42 s, | +028
Re 75 Lutt+ core 5|2 %S4 —
0s 76 612 6D, | +0:05
Ir 71 9 Dyt | +015
Pt 78 911 D, | +110
Av |22 6\261012610142610 18, —
Au79 1 )N, | =015
Hg 80 2 18, | -0168
Tl 81 8 2 1 Py | -0-24
Pb 82 Aut core 2 2 5p, | -012
Bi 83 2 3 S, | -135

| Po 84 2 4 CP) | —

— 8 2 5 — —
Rn 86 2!2 6'2610!261014261026 IS, —
— 87 1| — -
Ra 88 2] 1§, —
Ac 89 86 Jrlz2| ey | —
Th 90 Ra core 2 2] ¢F) |+01
Pa 91 32| (*Fy) | +26
U 92 42| (D) | —

bulk material. All the ground terms given have been derived from experiment

of those in brackets,
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FUNDAMENTAL CONCEPTIONS IN MAGNETISM

most of these elements two 6s electrons are present. These
details are of importance in a study of the electric and magnetic
properties of the elements and will be discussed later. The
mass susceptibilities are also given in the table.

The Splitting Factor. We have seen that an electron
describing an orbit has associated with it an orbital angular
momentum !/ units and therefore a magnetic moment luy,
while to the electron spin must be apportioned an angular
momentum of } unit. Now, if the spinning electron also
possessed a corresponding magnetic moment } sz, we could at
once write down the total magnetic moment of any atomic

-
GM g T e e e e e

Fig. 8. The splitting factor.

state for which the value of J was known; it would simply be
equal to Jugz. However, it is conclusively proved by experi-
ments on the Zeeman effect, on the magnetic deflection of
atomic beams and on the gyromagnetic effect with para-
magnetic substances, that, in general, the magnetic moment
is given by gJuy, where g is a constant known as the Landé
splitting factor. 1t is found that the introduction of the factor is
satisfactorily explained if we attribute a magnetic moment of
2 x $pp to the spinning electron; hence the splitting factor
for the spinning electron is 2. Consequently, the ratio of the
angular momentum of any electron system to its magnetic

2m .
moment is equal to g}%’ instead of the simple value 2m/e

noted on p. 18,
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THE SPLITTING FACTOR

The vector model is particularly helpful in a discussion of
the g factor. Referring to Fig. 8 let the L and S vectors com-
bine to form the resultant J, represented by OA4. Then J will
precess slowly about an applied field 5# of ordinary intensity.
If the corresponding magnetic moments are represented by
L and 28 magnetons, their resultant magnetic moment x,
may be represented by OA’. Since the L and S momen-
tum vectors precess rapidly about O4, yu, must also precess
rapidly about O4, and thus give rise to a magnetic moment
prcosAd 04’ along 04, while, on account of the rapid precession
there will, on the average, be no component perpendicular to
OA. The atom thus behaves as if it had a magnetic moment

Mr cos AOA’ with its axis along OA. Hence, we have
gJ = pp cos A0A’

= J+S8cos AOB.
But in the A40B,

L? = J24 S2—2J S cos AOB;

J24+ 82— L2
therefore gJ = -——2—:,————+J
J2+S2_L2
or g= l+——2—J—2———. ...... (22)

Expression (22) for ¢ does not, however, wholly explain the
experimental results with the Zeeman effect, and Landé
introduced the empirical expression for g, viz.

J(I+1)+8(8+1)—L(L+1)
2J(J +1) ’
which is known as the Landé splitting factor, and was given a

theoretical basis in wave mechanics. In general, we may say
that the wave mechanics treatment requires that the vectors

L, S and J be replaced by YL(L+1), vS(S+1) and vJ(J +1)
respectively. An interesting point arises in connection with
these substitutions; we ought, strictly speaking, to attribute

a spin of ¥S(S+1) = vi(3+1) = +/3/2 units and a magnetic
moment of gS(S+1)=2+3/2 =43 magnetons to the

BMM 33 3

g=1+




FUNDAMENTAL CONCEPTIONS IN MAGNETISM

spinning electron. It should be noted that, when the atomic
system is exposed to an applied field, the component of the
magnetic moment parallel to the field is gM; and not
gNM (M, +1), where M, =J, J—1,..., —(J—1), —J.

It might appear from earlier considerations that the
observed susceptibility would depend upon whether a strong
or a weak field is used in the measurements, i.e. whether or
not the Russell-Saunders coupling persists. It can be shown
that this is not so, for, in the newer quantum mechanics there
is an important theorem, known as the Principle of Spectro-
scopic Stability,* which states that there is no change in the
susceptibility as we pass from a strong to a weak field. Indeed,
the vector model tends to give an unwarranted definiteness to
spatial quantisation which the latter does not possess in the
newer theory. The individual energy levels may, of course,
be considerably altered by change in field strength, but in
measuring the susceptibility we take a summation over all
possible stationary states and this remains constant. We shall
return to this point on p. 38.

The Zeeman Effect. When a source of monochromatic
light is placed in a strong magnetic field the spectroscopic
appearance of the light depends both on the intensity of the
field and on the direction in which the source is viewed. For
example, if a helium discharge tube is used as source the
appearance of the yellow line in the absence of a magnetic
field may be represented as in Fig. 9a. On exciting the field
and looking along the lines of force towards the north seeking
pole face of the electromagnet, the appearance is as shown in
Fig. 9b. The singlet is now replaced by a doublet whose com-
ponents lie on opposite sides of and separated from the original
line by equal frequency differences 4v. The two components
are circularly polarised in opposite directions, the component
of higher frequency being polarised in the same direction as
the current is required to flow in a coil exciting the magnetic
field. Viewed perpendicularly to the lines of force the source
gives the triplet of Fig. 9¢, whose middle component coincides

* J. H. Van Vleck, Electric and Magnetic Susceptibilities, p. 137, 1932.
34



THE NORMAL ZEEMAN EFFECT

in position with the original line and whose outer components
coincide with those of the doublet. All three components are
plane polarised. The middle component is polarised with
the electric vector parallel to the magnetic field and is known
as a 7 component, while the others are

polarised with their electric vectors (q) l
perpendicular to the field and are ;

known as o components. We speak T T
of the phenomena depicted in Fig. 9b,¢ (¥) _l_Av_,,.Av-l—

as the normal longitudinal and normal
transverse Zeeman effects respectively, g l ‘ .

and the triplet is called the normal oo v:: essing
Lorentz or Zeeman triplet, because in Fig. 9. The Zeeman effect.
1897 Lorentz gave an explanation of

its emission and the correct expression for the separation
of its components on the basis of the classical electron theory .
The effect is quite small, for, a field of 10,000 oersteds produces
a separation 4A of the order of only 0-1A., which may be
contrasted with the 6 A. separation of the D, and D, lines of
sodium.

Normal triplets, however, occur only in special cases; e.g.
in lines of singlet series, and, in general, the appearance of the
transverse Zeeman pattern is much more complex, when it is
termed anomalous. There are two main reasons why the
transverse effect is always studied while the longitudinal effect
is often neglected. First, it is impossible to excite a uniform
field between the pierced pole-tips necessary for longitudinal
observations, and, secondly, the transverse pattern gives more
information, as it exhibits all possible components.

Two rules of great spectroscopic importance assist in the
interpretation of Zeeman effects. Preston’s rule states that
lines of the same spectra series behave in the same manner in a
magnetic field, and that corresponding lines of the same series
in different elements behave in the same manner. Theoretically,
this means that the Zeeman effect is determined solely by the
L, S and J values of electron states and not by the total
quantum number n. Runge’s rule, which is generally but not
always true, states that the wave-number separation of any
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Zeeman component from the original line is a simple multiple
of the normal triplet separation. Hence, in practice, it is
usual to compare observed separations with those of a known
singlet under the same conditions in order to compute the
Runge factors or multiples.

We have seen that monochromatic radiation is emitted
when an electron moves from one stationary state W, to
another W, such that, in wave numbers,

1
v = (W= W)

Now, when a weak magnetic field is applied the energy of each
of these states is altered because of the Larmor precession of
J about . Since the atom in the state W, may then have
a resultant magnetic moment M,g,u, parallel to 5, the
magnetic energy AW, associated with it is — M,g,u 54", where
M, takes the values J,, J,—1,..., —(J,—1), —J,. Hence,
during an electron transition from W, to W; we may also have
changes in magnetic energy AW,—AW,, and, expressed in
wave numbers, these correspond to frequency changes

1
v =, (AW, —AW)

= (M, g, — Myg,) g # [ch
= (Myg,— Myg,) x 466 x 10-55¢, ...... (24)

which satisfactorily account for the Zeeman components.

It is found experimentally that in any electron transition
the magnetic quantum number changes only by AM = 0 or
+ 1. Hence, in the particular case of a singlet source, for which
g1 =9s= 1,weget Av = (Oor +1)4-66 x 1055, or the normal
Lorentz triplet. We may take as a further example of the
calculation of transverse Zeeman patterns those for the D,
and D, lines of sodium, introducing first the polarisation rules,
deduced from classical as well as quantum theory, that
AM = +1 gives rise to o components and 4M = 0 to 7 com-
ponents; in the longitudinal direction A M = + 1givescircularly
polarised components and AM =0 is forbidden. In Fig. 10a, b
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THE ANOMALOUS ZEEMAN EFFECT

are given the appropriate M, g, and M,g, values printed with
equal values of M directly below or above each other. The
vertical arrows indicate the emission of 7 components (4 M = 0)
and the diagonals the emission of o components. Thus the D,
line gives two 77 components with separations 1/3 that of the
normal triplet and four o components with separations 3/3
and 5/3. The D, line gives two 7 components with separations
2/3 and two o components with separations 4/3. The observed
separations agree exactly with calculation and are depicted in
Fig. 10c.

D, vine D, Line
Transition ’P,/—» ’s’/ Transition ’P,/ —*’S,/
2 2 2 ?
-% -% +% +3% M -% +%
M,
" |
- - (Fidn - +1
(@) (2)
: : { H ! 3
bl arcen 1 N D N

| I I [ 0 Components | : i ‘ I

Fig. 10. Anomalous Zeeman effect.

The Paschen-Back Effect. It was observed by Paschen and
Back in 1913 that on the application of a sufficiently strong
magnetic field a complex Zeeman pattern might be replaced
by a triplet very similar to the Lorentz triplet. This Paschen-
Back effect arises when the field is able to break down the L, S
coupling, and, consequently, lines of narrow multiplet series
where this coupling is weak would be expected to show it best.
In a very strong field the L and S vectors set independently, as
described on p. 23, L with components m, =1,, |,-1, ...,
-({-1), -1, giving a resultant M; = 2m,, and S with
components m, = +} or —}, giving a resultant M, = Zm, .
The quantity AW, of the previous section now becomes
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— (M, +2Mg,) ppi¥, since the magnetic moment of a spinning

electron is 2m, u . Hence, for an electron transition W, to W,
we now have changes in magnetic energy giving rise to fre-
quency differences, in wave numbers,

1
Adv = E.h(AWz—AWl)
I 4
ch

={(MLI—ML2)+2(MS1——MSZ)}><4'66>< 10—5%). ..(25)

={(Mp,—Mp)+2(Mg,— Ms,)}

The expressions for AW, and AW, are, however, approxi-
mate only, for, although the coupling between L and § is small
compared with that between L and 2# and between S and #
when J# is very large, yet it is certainly not zero, and terms
involving M, Mg and M, Mg, should be added. Infact, we
may write

Av = {(AMp)+2(AMg)} x 466 x 10734+ 4 . A(M ;, M),
where A is the fine structure constant which occurs in the
expression for the energy of the magnetic interaction of the
orbital and spin momenta, viz.

ANL(L+1)JS(S +1) cos (LS)
= JA{J(J +1)— L(L+1)-8(S+1)};

A is a constant for a given pair of values of L and S, and can
therefore be obtained from the overall multiplet separation in
the absence of a field. If now we assume that AM; = Oor +1
and AMg = 0, that 7 components correspond to AM; = 0 and
o components to AM; = + 1, then

Av = (0, + 1) x 466 x 10~ + A . A(M ; M),

which accounts for the experimental facts so far obtained.
Since the field must be very intense if the above magnetic
energy changes are to be large compared with the differences
in energy responsible for the ordinary multiplet structure, only
very close doublets can be expected to show the Paschen-
Back effect in the laboratory. Paschen and Back used a field
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of 43,000 oersteds to cause the principal series doublet of
lithium, whose separation is only 0-34 cm.=, to give the normal
triplet. We should need much stronger fields than can be
produced at present in order to observe the Paschen-Back
effect with the D, and D, lines. It has already been mentioned
that the transition from the anomalous Zeeman to the Paschen-
Back pattern is not accompanied by a change in magnetic
susceptibility.

The Quantum Theory of Paramagnetism. We have seen
that, when an atomic system with given L, S and J is placed
in a weak magnetic field 5#°, J precesses slowly about 5# and
gives a component of magnetic moment parallel to # equal to
M,;gpuy where M, =J, J—1, ..., —(J—1), —J. The mag-
netic potential energy of the atom is therefore — M ;gup#,
and in a gas the number of atoms (or ions) with a particular
value of M ; will be proportional to eMs91s #/kT gssuming that
Maxwell-Boltzmann law still holds. Hence, if 1 gm. atom
containing N particles is placed in the field 5, the total
magnetic moment M, will be along the lines of force, and

My=J
N X Mygp,eMiora Xkt
M, =" e, (26)
S eMyoug KT
M,=—J

M,=J

Ng/‘BM ; JMJ(I + M ;gup H# [kT)
= M,J 7 "’
S (14 Mguy #JkT)

M,=—J
SrpH (S =1) gppHt
o+( 2 Vors .
= Ngpp 2J +1

_Ng*J(J +1)pf .
.= S, when # is small,

-ng(J+1)3R/f;9f
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_ N J(J+ 1) uf N3
= SET =3pp

whence Xm

Thus by measurement of the atomic susceptibility we may

obtain gx/J (J+1)up, which we may also write equal to
Petr b, Where oy represents the effective magneton number of
the atomic system.

The Magnetic Significance of Multiplet Widths. In de-
ducing equation (27) we have definitely assumed that every
particle is in the same L, 8, J state. This may not be true,
particularly if the particle requires but a small quantity of
energy in order to excite it to a higher energy state. It is
found convenient to distinguish between two cases, viz.
when the energy of transition between two states is respec-
tively very large and very small compared with £7, i.e. when
the multiplets are wide or narrow respectively. Mathematic-
ally, we denote these cases by Av(JJ')> kT and hv(JJ') <KL EkT.
We may further distinguish between the two cases by the
largeness or smallness of the Zeeman separation with respect
to k7.

In the first case, that of wide multiplets, hv(JJ')> kT,
nearly all the particles must be in their lowest state, because
so much energy is required to raise them to higher states. This
is what is found with many ions of the rare earth group.
Equation (27) for the magnetic susceptibility is then strictly
accurate and the Curie law is obeyed.

In the second case, that of narrow multiplets, hv(JJ')<kT,
the particles must exist in a variety of different energy states,
and in the theoretical treatment it is reasonable to assume that
the coupling of L and § is small compared with that of either
L or 8 with 5#. This is equivalent to the assumption that the
atom or ion behaves as when in a strong field, so that the
orbital and spin momenta are separately quantised, with

ML=L’ L"'l, ooy ‘—L; ngl’

Mg=28,8~1, .., —8; gs=2,
40



THE MAGNETIC SIGNIFICANCE OF MULTIPLET WIDTHS

giving for the magnetic moment of 1 gm. atom,

My=L My=L
= N[5 s | 5 e
M,——L M;=—L

Mg=S§ Mg=S
+ ( S 2MgeMsupXT [ % oMy ,l,,x/m')},
Mg=-S Mg=-8
so that, as the exponentials are still small,
My = Npug (3LAL+1) s kT +48(S+1) g # KT},

W
whence Xy = 3pp {L(L+1)+48(S+1)} ... (28)
or Pt = VE(L+ 1) +48(8+1).  woone (29)

We see that the Curie law is again deduced, but the value of
Pege 18 different from that in the case of wide multiplets. It is
found that a modified form of equation (28) represents the
magnetic behaviour of ions of elements of the iron group.

It should be noted that the difference in the expressions for
X ¢ for the two cases does not depend upon whether a weak or
a strong field is used in the measurements. It arises because
in the case of narrow multiplets all the particles are not in the
same state irrespective of the field. As 7' falls the value of kT’
changes and hv(JJ') may become comparable with it. Special
calculations, taking into account peculiarities of the model,
are then necessary; these are instanced by Van Vleck’s* work
on nitric oxide. When hv(JJ’) is comparable with k7', as in
the cases of Sm+++ and Eutt*, the calculations are very
difficult,} the Curie law is not obeyed in such cases, and it
also becomes necessary to take account of the temperature-
independent paramagnetism contribution which a rigorous
wave mechanics treatment shows to be present.

Saturation Phenomena. We have so far assumed that the
field s# and the absolute temperature 7' are such that
a =Jguy# kT <1. We must now consider the case when
a is not small compared with 1, when, writing

= gup K [kT,
* J. H. Van Vleck, Electric and Magnetic Susceptibilities, p. 269, 1932.
+ Ibid. p. 245.
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equation (26) becomes

My=J M,=J
My =Ngup X M;eMsx[ ¥ M=

My=—J My=—J
d M,;=J
= Ng,qu (loge > JeMJ’”)
1=
d eJr(] —e—(@J+Dx
= Ng/‘Bd (IOge —(‘—IT))

d eI+ x _ o~(J+hx
= Vg:qu {loge( 7;;/5: —x/2 )}

_ d sinh (/ + })x
B Ng'qu_x]O “( sinh x/2~)

ZJ+1 2J +1 1 a
= NgJuy, l: 5T t}( -z-j—)a/—-f]coth(éj)]

or /’%:M”/NnguB
2J +1 2J +1 1
=37 th( 57 )a 57 Oth(zj) ...... (30)

The expression on the right side of equation (30) is known as
the Brillouin function.

There are two cases of special interest, viz. when J = } and
when J —o0. When J = } equation (30) reduces to

Alp =tanha =a—-3ad+Fa®—L%a"+ ... ... (31)
When J — o0 equation (30) gives, in the limit,
ifp = cotha—1/a = L(a).

It is found that equation (30) expresses very satisfactorily the
results obtained by Woltjer and Kamerlingh Onnes on the
susceptibility of hydrated gadolinium sulphate, Gd,(SO,);.
8H,0 at liquid helium temperatures. For Gd*+++, J = Z and
the Brillouin function definitely represents the data better
than the Langevin function.

Paramagnetism Independent of Temperature. It has already
been mentioned on p. 41 that a rigorous wave mechanics

42



PARAMAGNETISM INDEPENDENT OF TEMPERATURE

treatment shows that to the expression for magnetic suscepti-
bility deduced with the vector model of the atom a constant
term, due to what is called a non-diagonal element in the
vector matrix, must be added. This term may be somewhat
inadequately pictured as arising from the different rates at
which L and § precess about .J. For, if the coupling between
L and 8 is not infinitely great, irregularities in the precession
about J must set in when a magnetic field is applied, resulting '
in a component of magnetisation parallel to and proportional
to #°. Referring to Fig. 8 we may suppose that pu, precesses
regularly around J/ in the absence of a field, hut when ./ is itself
caused to precess about a field #°, the precession of uj, is no
longer symmetrical and a small increment in magnetisation
parallel to .# is produced. Since this increase for a given
L, 8, J state is independent of the temperature, we have an
example of paramagnetism independent of the temperature.
Its contribution to the atomic magnetisation is generally
negligible, but with rise in temperature, it becomes relatively
more important because the normal paramagnetism is de-
creasing, and it is not negligible when the L and S coupling is
very weak, asin the case of Eut++. Van Vleck* has shown that
it should be particularly important in the middle of a period,
where L and S are antiparallel, making the coupling between
successive energy levels very great. Itis observed with strongly
coloured ions with 'S, terms, such as the permanganate ion,
and the ions of the yellow cobaltamines.

The Stark Effect. We shall see later that the effects of the
internal electric fields or crystalline fields in solids are very
important in magnetic theory, and we must now discuss the
effect of an applied electric field upon an atomic system. We
find that if we take an electric field in a given direction, the
orbital motion of each electron is affected while the spin is not.
In a weak field the L, S coupling is unaffected and the L and S
vectors precess about the resultant J; the latter then precesses
about the direction of the electric field as axis with 2J +1
discrete settings such that the projection M ; along the field

* J. H. Van Vleck, Phys. Rev. 31, 587, 1928.
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is given by M; =J, J—1,..., —(J—1), J. However, as the
same energy is now associated with equal and opposite values
of M ; we obtain only J + } or J + 1 energy states instead of the
2J +1 associated with an applied magnetic field. Hence we
get a splitting of the lines emitted by the atomic system, known
as the Stark effect.

In an electric field sufficiently strong to break down the
L, 8 coupling, only the L vector precesses about the field,
giving a projection M; upon it, where M; = L, L—1, ..., — L.
Again, the energy is the same for equal and opposite values of
M,. Now, while the spin is unaffected by the electric field,
S must precess about the magnetic field associated with L,
and so must precess about the field; hence we get a projection
Mg along the field, where Mg = S, S—1, ..., S.

The Magnetic Properties of Free Molecules. Attention has
so far been confined to electron states in single atoms and ions,
and we must now consider the electron levels in free molecules,
because of their importance in connection with the magnetic
properties of the diatomic gases oxygen and nitric oxide.
Now, whereas the electric field in an atom may be assumed
spherically symmetrical, the field in a non-rotating diatomic
molecule is symmetrical about an axis joining the two nuclei,
and to a first approximation may be treated as a strong axial
field superimposed upon the spherical field which would result
if the two nuclei coalesced to form the single core of an
“united atom’’. Hence, the electron states of the molecule
are similar to those of an atom in a strong electric field,
described above.

It is sometimes helpful to compare the electron sub-groups
in a molecule with those in an atom possessing anequal number
and same type of valency electrons. Thus we may compare
NO and Al as follows:

NO (1s0)? (2po)? (2s0)? (3po)? (3do)? (2pm)* (3dm), 1T,
Al 1s2 22 2p® 3s2 3p, 2P,
In such statements the symbols o, 7, 4, ... indicate that A,

the resolved angular momentum of the individual electron
along the nuclear axis, is 0, 1, 2, ....
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VECTOR MODEL OF THE MOLECULE

In the case of a molecule the symbols 4, 2 and Q2 are used
to denote the values of M;, My and their resultant projection
M corresponding to a given multiplet level. Thus

A=M,=0,1,2,..,L, Z=My=28,8-1,.., +8,
and Q=M=A+Z=A+8,A+8-1, ..., 4-8.

The energy states in the molecule are accordingly characterised
by the values of 4 and S. States with 4 =0, 1, 2, 3, ... are
termed 2, I1, A, @, ..., corresponding to atomic S, P, D, F, ...
states; states with S = 0, 1, 1, ... are singlet, doublet, triplet, ...
states, while 4+2 corresponds to M, in the atomic case.
The energy state of a molecule is specified by 2514 ;. (Con-
fusion between the general symbol 2 and the symbol 2 repre-
senting the value S = 0 must be avoided.)

VS(S+D)

N}

(@) (6)
Fig. 11. Vector model of the molecule.
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We must now consider what happens when the molecule is
no longer fixed, but rotates about an axis perpendicular to
the line of nuclei with a nuclear angular momentum specified
by a quantum number N. A magnetic field then exists parallel
to the axis of rotation, i.e. to the vector representing N, and
an outer electron in the molecule is exposed to a resultant
magnetic field due to L and to N, as well as to the electric field.
Hence, the angular momentum of the pair of nuclei and that
of the orbital and spin motions interact magnetically, and of
the ways in which these angular momenta may be coupled,
two, designated case () and case (b) byHund, are of importance
in magnetic theory.

In case (a) the coupling between S and A is much stronger
than that between § and N and the resultant Q = |4+ X|
compounds vectorially with N to form a resultant J, with
v/ (J + 1) h/2m units of angular momentum, about which the
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FUNDAMENTAL CONCEPTIONS IN MAGNETISM

vectors N and £ precess, as shown in Fig. 11a. J takes the
values 2, 2+1, 2+2, ..., and for each of the 28+ 1 values
of 2 there is a set of rotational energy sub-levels denoted by
a set of J values beginning with the lowest value of J = £.
From the figure it follows that N2 = J(J + 1) —02.

In case (b) the coupling between S and A is small compared
with the effects of molecular rotation and X disappears. A and
N interact to form a resultant K vector, with values A4, A+ 1,
A+2, .... Now, the magnetic field parallel to K causes the K
and S vectors to form a resultant J in a fixed direction about
which they precess, as shown in Fig. 115, and J takes the
28+1 values, | K+ 8|, | K+8|-1, ..., | K—8|, and we
have, in general, 25+ 1 component rotational levels differing
in J values for each value of K.

Van Vleck* has calculated the magnetic susceptibility for
a diatomic molecule with multiplet intervals small compared
with £, and finds that, both for case () and case (b),

Yo = P OE= A = B (4584 1)+ 22)

3RT
+a small correction for diamagnetism and for para-
magnetism independent of the temperature. ...... (32)

When, however, the multiplet interval is large compared to
kT, when case (a) generally obtains, the susceptibility is
given by

2,,2

Xur = év R’;’,’ (A+23)2, (33)
since 2’ now takes only that value which gives the lowest
energy, and the component of the magnetic moment along
the nuclear axis takes the place of 4 in equation (11) of p. 16.

Now, the oxygen molecule normally exists in a 3X state
(the subscript 0 is usually omitted), while most other diatomic
gas molecules exist in a diamagnetic 12 state. Hence, on
substituting § = 1 and /4 = 0 in equation (32), we get

_8N%E 0993
AM= 3RT TT
* J. H. Van Vleck, Electric and Magnetic Susceptibilities, p. 265, 1934.
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This gives an effective magneton number of 2-83 and agrees
with the experimental result that the susceptibility follows
the Curie law, the calculated value of y,, at 20°C. being
3390 x 10~%, while the experimental value is about 3420 x 10-%
c.g.s. units per gm. mol.

The nitric oxide molecule normally exists in a 2I7; state at
low temperatures and in a 2/1; state at high temperatures, the
relevant multiplet width being 120-9cm.—! and, therefore,
comparable with k7" at low values of 7'. The effective magneton
number at high temperatures, obtained by substituting
S = }and A = 1in equation (32), is 2, while that for very low
temperatures obtained by substituting 2= —} and 4 = 1in
equation (33) would be zero. Hence, nitric oxide does not
follow the Curie law. Van Vleck has deduced an expression for
the molar susceptibility at intermediate temperatures which
gives very satisfactory agreement with experiment over the
range from room temperature to that of the liquefied gas.

Magnetic Properties of Matter in Bulk. The calculation of
susceptibility has hitherto been based upon the conception
of a paramagnetic gas in which all the particles are unin-
fluenced by the electric or magnetic fields of their neighbours.
The purely magnetic forces between neighbouring atoms are
indeed very small and may be neglected, but the phenomenon
of ferromagnetism, which is now attributed to an interchange
interaction between electron spins, shows that in solids the
orbital momenta may be quenched and only the spins left
free. This is a state of affairs common to most salts of the iron
group. Van Vleck has shown that if strong asymmetrical
electrostatic fields acted inside these salts, they could quench
the orbital momenta of the 3d electrons, even if they were too
weak to change the Russell-Saunders coupling of the atom
appreciably, as long as they were strong enough to change the
spatial quantisation of the atoms. By quenching of the orbital
momenta, we mean that on the application of an external field
the orbital momenta remain fixed under the influence of the
internal field and do not orientate with respect to the external
one. The spin momenta are not affected by internal (electro-
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static) fields, except those of the exchange interaction type
between paramagnetic atoms or ions which give rise to
ferromagnetism as described on p. 239. We should therefore
expect equation (29) to be replaced by

Per = VAS(S+1) .. (34)

when the orbital moments are completely quenched. Hence,
in the general case, where quenching is incomplete, the value
Of pegr should lie between VaS(S+1)and VL(L + 1) + 4S(S +1).

This quenching does not occur in salts of the rare earths,
because the 4f electrons, which determine their magnetic
properties, are deep-seated within the atom and are practically
unaffected by neighbouring atoms, a statement which is
supported by the sharpness of the absorption lines in rare
earth salts. On the whole, very little effect of concentration
upon the molar susceptibilities of salts in the crystalline state
or in solution in different solvents is found, although in the
latter case electrostatic fields depending on the dipole con-
stitution of the solvent are present. This is undoubtedly
because the orbital momenta are completely quenched and
not merely altered in some indeterminate manner.

In the case of diamagnetic salts Hoare and Brindley* have
examined the experimental data and find that values of the
molar susceptibility calculated from measurements with
solutions differ from the values obtained for the same salts in
the crystalline state. They find a definite effect of the ions
upon the susceptibility of the surrounding water molecules,
and consider that small univalent ions and all bivalent ions
have smaller molar susceptibilities in solution than in
crystalline form because of the high electric fields at the
boundaries of the ions. Large univalent ions have larger molar
susceptibilities in solution than in crystalline form, mainly
owing to the change in the number of water molecules attached
to each ion. As one would expect, the molar susceptibilities of
hydrated salts are more nearly equal to the values obtained
with solutions than with anhydrous salts.

* F. E. Hoare and G. W. Brindley, Phys. Soc. Proc. 49, 619, 1937.
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The theoretical treatment of the effects of crystalline fields
is very difficult, and, as we shall see later, more experimental
data for single crystals at different temperatures are desirable
in order to assist the development of the theory; a summary of
recent work has been given by Schlapp and Penney.* If it is
supposed that an internal electric field acts upon an atomic
system, then a kind of Stark effect takes place and the field
causes a splitting of the atomic levels. Now, if in the absence of
an electric field a large number of atoms are all in a particular
J energy state and a magnetic field is applied to them, then
2J + 1 energy states are established and the average magnetic
susceptibility is determined by the distribution of the atoms
in the several states. In the presence of an asymmetrical
internal electric field strong enough to split the energy level, or
remove the degeneracy of the level, the level splits into 2.J + 1
states. The separation of these states naturally depends on
the magnitude of the internal field, and the latter may be
considered strong or weak according as the splitting is large
or small compared with the multiplet separation. There thus
results a redistribution of the magnetic moment which may
markedly affect the temperature variation of the susceptibility,
especially at low temperatures.

The symmetry type of the internal field is of great import-
ance, and, of course, it need not necessarily have the symmetry
of the crystal. Excellent agreement between experiment and
theory has been obtained in the case of the hydrated sulphates
of Pr and Nd on the assumption that the crystal field has cubic
symmetry and can be represented by a potential of the form
D(x*+y*+2%). Fields of a monoclinic or triclinic character
may be obtained by superimposing cubic and rhombic fields
with different axes, and other fields may similarly be built up.
The magnetic behaviour of Nit+ and Co+* in hydrated
sulphates has satisfactorily been explained by a crystalline
field of rhombic symmetry but with the departures from cubic
symmetry relatively small.

The clearest indication that internal crystalline fields play
a part in susceptibility values is given when the Curie law,

* R. Schlapp and W. G, Penney, Rep. on Progress in Physics, 2, 60, 1935.
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Xu = C/T, is not obeyed, and is replaced by the Curie-Weiss
law, x;; = C/T —6. The latter is deduced on p. 234 for the
special case of a ferromagnetic substance at high temperatures,
and 6 is there shown to be a parameter which is a direct
measure of the intensity of the internal field, and, by analogy,
we always attach this significance to 6 whenever a Curie-
Weiss law is found. In practice ¢ takes negative as well as
positive values for different materials, so that it is presumed
that internal fields may on occasion cause spins to set anti-
parallel and reduce the susceptibility. 1t is perhaps well to
point out that the determination of ¢ is not always easy, since
allowances have to be made for diamagnetism and tempera-
ture-constant paramagnetism which are important when 0 is
very large.

Magnetic Properties of Free Electrons. It is clear that, in
the case of a normal (non-ferromagnetic) metal, the atoms may
be treated as diamagnetic cores while the valency electrons
outside the cores may be treated as free or conduction electrons.
In a way, then, the orbital momenta of the atoms are reduced
to zero, and, apart from the diamagnetic cores, the properties
of the metal are decided by the spin of the conduction electrons.
The latter obey the Fermi-Dirac statistics, and when a
magnetic field is applied can only set parallel or antiparallel to
the field. Now, when a spin sets parallel to the field the energy
is decreased, so that more electrons tend to set with parallel
than with antiparallel spin, and the former must accordingly
occupy higher quantum states, the energy being obtained
from the field. In this way we get another type of temperature-
constant paramagnetism, because the Fermi-Dirac distribu-
tion is so little affected by change in temperature.

At the same time, however, the free electrons exhibit a
temperature-constant diamagnetism. The effect of a magnetic
field upon moving electrons is of course merely to cause them
to move in spiral paths, and on classical theory there is no
change of energy except that already described in connection
with the spin, and hence there is no diamagnetism. On the
quantum theory, the projections of the spiral paths upon a
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plane perpendicular to the lines of force represent circular
periodic motions which must satisfy quantum conditions.
These result in the electron changing its energy when the field
is excited. As the energy increases, a diamagnetic effect is
produced, and it can be shown that this is almost exactly one-
third the paramagnetic effect just described, provided that
L < kT.

Stoner* has shown that for ordinary temperatures, where
& > kT, the respective paramagnetic and diamagnetic
susceptibilities per electron, yp and y,, are given by

3/4%{ e (kT)2 1 (/43%)2 }
=-"S4l+ =) -3 B 35
XP ~ 9 go + 12 go 6 go ’ ( )
Ry’ m (kT\2 1 (pupst\?
XD——EEB{I—I—2*<E) +F)(~-€—O‘—) ...}, ...... (36)
where £, is the maximum electron energy at absolute zero and is
h? (3N \} . .
equal to 5 (m) , N being the number of free electrons in a

volume V. The resultant paramagnetism, obtained by adding
(35) and (36), is practically independent of the temperature as
the term in 7" is so small. Now, Sucksmitht{ found that the
alkali metals show an increase in paramagnetic susceptibility
with rise in temperature. This Stoner attributes to a change
in £, brought about by thermal expansion, an explanation
which also appears to hold for the observed decrease of the
diamagnetic susceptibility of mercury} with rise in tempera-
ture.

The Quantum Theory of Diamagnetism. Onthe Bohr theory
the value of 72 to be inserted in the Langevin expression for the
diamagnetic susceptibility of a hydrogen-like atom is

n? .
3 1 e — 342,
2
vhich gives y, = —0-79 x 10-6%5 (5n2—3k%, ... (37)

E. C. Stoner, Roy. Soc. Proc. A, 152, 672, 1935.
W. Sucksmith, Phil. Mag. 2, 21, 1926.
L. F. Bates and C. J. W. Baker, Phys. Soc. Pror. 50, 409, 1938.
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a,, the radius of an hydrogen atom in its normal state, being
0-528 x 10-8 cm. The more exact theory of Van Vleck replaces
this expression by

2

Xa=—079x 10“62—2 {gnz—%;) i}} .
Now, we cannot expect to test this result by experiments on
isolated atoms, since each hydrogen atom in a 2S; state possesses
a permanent magnetic moment of lu, which completely
swamps its diamagnetism. However, it is interesting to note
that the value of y,, for molecular hydrogen is — 4-00 x 1078,
while from (38) we have

Xor = 2x4 = 2[—0-T9x 10-8{8 4 0+ 1}] = — 4:74 x 1075,

which is in satisfactory agreement with experiment, while the

value
Xu = 2[—0T9x 1075 —3}] = —1-6x 10-°

from (37) is not.

Equation (38) may be extended to atoms with many
electrons if we use appropriate screening constants to allow
for the shielding of the nuclear charge by the electrons in the
various rings or levels. Then, following Pauling,* the contri-
bution of an individual electron in a more complicated atom
to the atomic susceptibility may be written

Xy = —0-79x 106

n? {? pr SFD+1 }
(Z—o)2|2 2 ’
where the value of the screening constant o is approximately
calculated for the electrons in each sub-group. On substituting
the appropriate values of o in (39) we may calculate y 4 =2,
but the method, although useful, is not very precise.

Stonert has succegsfully applied the results of the Hartree
self-consistent field calculations to the evaluation of 272 The
Hartree method consists in substituting a trial value of the
electric field, based on an assumed electron density in the

* L. Pauling, Roy. Soc. Proc. A, 114, 181, 1927.
t E. C. Stoner, Magnetism and Matter, p. 258, 1934.
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atom, in the Schrédinger equation. From the solutions to this
equation for the several electrons the field may be calculated;
this is compared with the trial value previously assumed, and
if the two agree, or are self-consistent, then the assumed value
and electron density may be taken as correct. With much
labour the electronic distributions have been found for a
number of atoms, and Stoner uses the following expression:

X4 =—283x 10'10JO0 7‘2(3@—7) dr, ... (40)
0 dr

where dN /dr is the charge in electron units in a spherical shell
of unit thickness around the nucleus; the integral may be
evaluated numerically or graphically. Thus, Stoner gives
X4 = — 1:86 x 10~ for helium, while the experimental value
is —1-906 x 10~ (Havens).*

On the basis of approximate wave functions Slater,} Angus]
and others have given the useful working expression

e )P+ (0 +1
X =—079%10 6§" ((Z_za)(zn ),

where ' is a computed effective quantum number and (Z — o)
the effective nuclear charge. It is arranged that »” and o have
values which give satisfactory agreement between calculated
and experimental values of the energy levels, and the following
n’ replace the corresponding n values:

n 1 2 3 4 5 6
n’' 1 2 3 3-7 4-0 4-2

Fundamental Atomic Constants. The values of the funda-
mental atomic constants have recently been subjected§ to
much critical examination and it appears that the most ac-
ceptable values are those given below, where the + terms are
estimates of reasonable limits of error and not probable errors.

* (. Havens, Phys. Rev. 43, 999, 1933.

+ J. C. Slater, Phys. Rev. 36, 57, 1930.

1+ W. R. Angus, Roy. Soc. Proc. A, 136, 569, 1932.

§ S. von Friessen, Roy. Soc. Proc. A, 160, 424, 1937; and R. Millikan, Ann.
der Phys. 32, 34, 1938.
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Specific charge of the electron 1-7585 + 0-002 x 107 e.m.u./gm.

Electronic charge 4:800 + 0-005 x 10710 e.s.u.
Planck’s constant 6-610 + 0:015 x 10~%7 erg. sec.
Avogadro’s number 6:028 + 0-008 x 1023

Mass of the hydrogen atom 1673 + 0-003 x 10—24 gm.

From these data the value of the Bohr magneton is 5580 c.g.s.
units per gm. atom. Now, most books of reference give values
around 5563 and 5565. As the differences between the most
recent and the older values are small, the value 5565 will be
retained in the following chapters in order to facilitate com-
parison with other works.
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CHAPTER II

THE PRODUCTION AND MEASUREMENT
OF MAGNETIC FIELDS

The Solenoid. While a solenoid is extremely valuable for
producing uniform fields it is seldom used for the production
of fields greater than 1000 oersteds. In determinations* of the
ratio e/m from measurements of the Zeeman effect a solenoid
80 cm. long wound with 18 layers of No. 4 square, cotton-
covered, copper wire was used. The successive layers were
separated by fibre spacers and cooled oil circulated between
them. With a current of 200 amperes at 270 volts a field of
7300 oersteds was continuously maintained over a 6cm.
length along the axis occupied by a source of light. The field of
this main solenoid was calibrated by placing inside it a standard
solenoid carrying a current /, and mounting a search coil in
the middle of both solenoids. When the two fields were in
opposition and I, suitably adjusted there was no deflection of
a galvanometer in series with the search coil when the latter
was rotated. The required field was then 5, 1/1,, where I was
the current in the main solenoid and 5, the field produced per
unit current in the standard.

Gerloff and Lowet have described the construction of
solenoids for producing large uniform fields, and Kiinze} in a
study of cosmic ray tracks produced a field of 18,000 oersteds
over the region occupied by a Wilson chamber, with a coil
carrying a current of 1000 amperes at 500 volts. On account of
the large heating effects the current could be maintained for
about 50 sec. only, after which the coil required a day in which
to cool. The stray field is considerable and loose pieces of iron
can be sent hurtling through the air when the current is
switched on.

* J. S. Campbell and W. V. Houston, Phys. Rev. 39, 601, 1932; L. I5. Kinsler
and W. V. Houston, Phys. Rev. 45, 104, 1934.

1 G. Gerloff and E. Lowe, Zeit. fir Phys. 98, 559, 1936.
1 P. Kiinze, Zeit. fur Phys. 79, 203, 1932; 80, 559, 1933
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The Properties of Ferromagnetics: Ballistic Investigations.
For the production of fields greater than 1000 oersteds
ferromagnetic materials in the form of permanent or electro-
magnets are normally used, and we must now discuss the
special magnetic properties of these materials. These are most
satisfactorily examined when the material can be obtained in
the form of an anchor ring of fairly large diameter and moderate
area of cross-section a. A primary coil of N complete turns
wound uniformly upon the ring and carrying a current 5 e.m.
units produces a magnetic field 47Ni/2rR = 2Ni/R, which

Fig. 12. Ballistic method for B, # curves.

may be regarded as uniform if R is sufficiently large. Any
uncertainty due to lack of uniformity of the field over the
cross-section is far outweighed by the absence of demagnetisa-
tion effects, since there are no free poles.

Referring to Fig. 12, the primary winding P is joined in
series with a set of fixed resistances ), an ammeter, adjustable
resistance and commutator. Each of the resistances in ¢ is
provided with a separate switch which allows it to be short-
circuited; these resistances are previously chosen by trial and
decrease in magnitude from numbers 1 to 8. On the ring is
further wound a secondary coil S of » turns, which need not be
uniformly spaced. § is permanently joined in series with the
secondary coil of a standard mutual inductance and a sensitive
ballistic galvanometer, preferably of the moving magnet type.
The primary of the mutual inductance is connected to a
battery, ammeter, rheostat and commutator as shown.
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Let us suppose that we start with the specimen in the virgin
or completely unmagnetised state, previously brought about
by heating the specimen to a high temperature, or, more
conveniently, by exposing it to an alternating field of slowly
diminishing intensity, e.g. by gradually reducing an alternating
current supplied to the coil P. Then, on closing the switch K a
small current i, e.m. units flows in the coil P, and a ballistic
deflection 6, is recorded by the galvanometer. This deflection
corresponds to a change nad B, in the number of lines of induc-
tion linked with the secondary coil S. A small correction, due
to the fact that the primary winding is not infinitely thin and
therefore some additional lines of force are collected by S, is
usually disregarded. The deflection 6, is later calibrated by
finding the current I, whose reversal in the primary of the
mutual inductance would produce the same deflection; then
2M1, = nad B, We may therefore consider that each galvano-
meter deflection corresponds to a known change in the induc-
tion of the specimen.

On closing the switch 1, the largest of the resistances in @ is
shortcircuited, a further increment of current ¢, passes through
the primary and a galvanometer deflection 6, indicates a
further increment of induction dB,. Proceeding in this way

we may successively close the switches 2, 3, ..., 8 and measure
the corresponding increments of current and induction. Then,
2N

writing ¢ = 29+, +..., # = R and B=XdBy+dB,+...,

we may tabulate a series of values of ¢ and B and plot a graph
of B against # asin Fig. 13, when the
procedure so far described gives the
initial portion Oa of the curve. The
upper portion of Oa should, generally,
run almost parallel to the S axis; the -
material is then said to be saturated
(in a technical, as distinct from a theo- A
retical sense). Itis found that the purer 4
the metal the higher is the value of
B.x, the saturation induction. The
slope of the tangent to the curve at O gives the nitial per-
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meability, while the steepest slope of Oa gives the maximum
permeability. "The initial susceptibility for very weak fields
obeys a law of the form k=a+ b5, known as the Rayleigh
lawf.

On reopening the switches in the order 8, 7, ..., 1, and,
finally, reopening K, the portion ab of the graph is obtained,
the values of B being obtained by subtracting the measured
changes from the value at a. The specimen is now no longer
exposed to a magnetic field, but it still retains a considerable
intensity of magnetisation, equal to Ob/4m, which is termed the
retentivity of the material and is a measure of the ability to
retain magnetism when not subjected to adverse treatment. Some
authorities, e.g. Ewing, term the residual induction Ob the
retentiveness.

The commutator C, is now changed over so that the
magnetic field will be reversed and the key K and the switches
1, ..., 8 closed in order. In this way, data for the portion bed
of the graph are obtained, the successive values of B being
obtained by subtraction of the changes in induction from the
value at b. The graph cuts the # axis at the point ¢, which
means that when a demagnetising field Oc is applied the
specimen loses the magnetisation previously acquired in the
field at the point @. We speak of Oc as the coercivity, and it
measures the ability to retain magnetism in spite of adverse
treatment; the force which would act on a unit pole placed in the
field Oc is known as the coercive force.

The portion de of the graph may be obtained by reopening
the switches 8, ..., 1 in order and reopening K ; and, on further
reversing the commutator C;, closing K and the switches
1, ..., 8 in order, the portion ea may be found. It is found that
the magnetisation always lags behind the applied field, a
phenomenon which is termed hysteresis, the complete curve
abcdea being a hysteresis cycle. The curveshould be symmetrical
about O, although to reach this state it may be necessary to
take the ring through about a dozen complete cycles before
starting to obtain readings from the point @, when the material
is said to be in a cyclic state.

The area enclosed by the curve abcdea is a measure of the
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energy wasted in taking unit volume of the material through a
complete cycle. Following the procedure on p. 8 we see that
the work done in establishing a current 7 in the primary P is

J " Lidt = f "2V Ny idi,
i o B

“2N2 ... Roa (52Ni(2Nu ,.
= J;l —R—/wwdz = —2—1; —R—‘(——R dl),

1

_ 2w Ra
T 47

L2
f H#dB for a volume 27 Ra,
#y
1 [
= —~J A d B per unit volume,
47 >,

&
= f # d1 per unit volume,

E

as the limits of integration are the same.

Magnetometer Investigations. When the specimen cannot
be obtained in the form of a solid anchor ring, it is sometimes
possible to use a composite ring or frame of stampings or a core
of metal tape closely wound to give a ring of rectangular
section, with which ballistic measurements may be made; it
is necessary, of course, to know the effective cross-section and
volume of the metal in the ring. If, however, the material can
be obtained only in the form of rods or bars, at least two other
methods of investigation are possible.

The specimen may be placed inside a solenoid—preferably
with its axis vertical—which is appreciably longer than the
specimen, and the magnetic moment induced by the action of
a series of applied fields may be measured with a mirror
magnetometer. Two difficulties arise; first, free poles are set
up at the ends of the specimen and produce demagnetising
effects which must be taken into account, and secondly, there
is much uncertainty as to the exact location of these poles.
Further, elementary considerations show that the intensity
of magnetisation is greatest at the middle of the rod. Conse-
quently, if an induction helix were wound upon the middle
portion of the rod and connected to a ballistic galvanometer,
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we might measure by the ballistic method changes in induction,
but they would be greater than the average over the whole rod.

Referring to Fig. 14a, it is advisable to place the specimen
vertical and to raise or lower it until the pole at one end is level
with the magnetometer needle M. Then, if the intensity of
magnetisation is / and the horizontal component of the earth’s
field H, the magnetometer deflection 6 is given by

1 14, 11
— 2 = —— =)= e 2
Ia(d% pr dz) Tad, (d? dg) Htand (42)

Fig. 14 a. Magnctometer method for I, .# curve.
Fig. 14 b. Correction of I, # curve.

Hence, I is known and the applied field #° is known from the
solenoid current and constant. In this case an accurate
knowledge of d, is much more important than an accurate
knowledge of d,. The coil C'is a compensating coil to neutralise
the effect of the solenoid upon the magnetometer. A coil
wound upon the solenoid and supplied with current from a
separate battery, not shown in the figure, is used to neutralise
the vertical component of the earth’s magnetic field; this is
imperative when alloys of high initial permeability are being
used. From equation (42) it follows that H must be accurately
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THE DEMAGNETISATION FACTOR

known. This, however, may be avoided by using a null method
described by Bates,* or by passing a known current through
the coil C or a similar coil and noting the deflection 0" of the
magnetometer produced by the known field of the coil. The
applied field may be varied continuously by the sliding rheostat
R, which is often supplemented with an electrolytic resistance
for fine, continuous adjustment.

The free poles at the ends produce a demagnetising effect
which is assumed equal to D/, where D is a constant known as
the demagnetisation factor. Unfortunately, we can calculate D
with accuracy only in the case of an ellipsoidal specimen placed
with its long axis parallel to the field; for an ellipsoid of
revolution Maxwell found

a1} (2 lj_e_)
I)—47r(;2 1)(2e]0g1—e I,’

where the semi-axes are ¢ = b = 41 —e2 c. Using thisresult the
values of D corresponding to a series of values of c/a may be
calculated. In the case of a long rod of narrow cross-section
the ratio of the length to the diameter of the rod may be taken
equal to the ratio c/a. A series of values of D for ellipsoids and
rods are given in Table III.

Hence, if we plot the values of I found experimentally and
using equation (42) against the corresponding values of #’
calculated from the solenoid current, we obtain a curve like
Oabc of Fig. 14b. Now, on account of the demagnetisation the
plotted values of # are too large, and each must be decreased
by an appropriate quantity DI. This may be done by drawing
the line # = DI. Considering the point P, the effective field
producing the magnetisation OP” is not P"P but

P'P—P"P' = P'P.

We see, then, that the curve Oabc is sheared with respect to the
I axis, and should be corrected by plotting values of OP”
against the corresponding values of P'P. Now, the angle
P"OP’ is clearly the greater the shorter and thicker the

* L. F. Bates, Journ. Sci. Instr. 8, 376, 1931.
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specimen. When the specimen is very short and thick the
magnetisation it may acquire is limited, for the demagnetising
field balances the applied field over a wide range of values of
the latter, and we then have I = 5 /D irrespective of the true
value of the initial permeability of the material.

The magnetometer method has special advantages when we
wish to measure the permeability under different physical con-
ditions, e.g. under torsional or other stress, and when time
effects are under investigation. Itis, of course, possible to wind
an induction helix upon a rod specimen and to measure the
induction ballistically, but in this case the demagnetisation
factor is slightly less than that appropriate to the magneto-
meter method, because the induction helix is wound in a
region where the effect of the free poles is a minimum. It is
found that the demagnetisation factor is constant only below
B = 10,000 in the case of iron. A method of estimating the
value of D for a very short specimen is described on p. 260.

TABLE IIl. VALUES OF D

Rod

Rates c/a Ellipsoids

or l/d (calculated) |Magnetometer*| — Ballistict Ballistic]
measurements | measurements | measurements
20 0-0848 0-0898 0-0672 0-0675
25 0-0587 0-0628 0-0464 0-0476
30 0-0432 0-0460 0-0344 0-0364
40 0:0266 0-0274 0-0211 0-0223
50 0-0181 0-0183 0-0144 0-0153
100 0-0054 — — —
200 0-0016 —_ — —
400 0-0004 — —_ —

* Mann’s measurements quoted by J. Wurschmidt, Zeit. fur Phys. 19, 388,
1923.

+ C. L. B. Shuddemagen, Phys. Rev. 31, 165, 1910, d =06 to 2:0 cm. The
factors for d = 0-36 cm. are some 10 per cent higher.

t J. Wiirschmids, loc. cit. The rod was systematically tapped during these
measurements. The data in the last two columns refer to rods approximately
0-6 cm. in diameter.

Magnetic Viscosity. Ewing and Rayleigh showed that
when long wires of soft iron are placed inside a solenoid in
which a current is either gradually or suddenly changed there
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occurs a distinct, slow change of induction as manifested by
a magnetometer deflection, for some time after the current
has reached a steady value, especially when weak magnetising
fields are used. Hence, it may happen that ballistic measure-
ments of magnetic induction give results slightly lower than
magnetometer measurements. The difference, which does not
normally exceed 1 or 2 per cent, is attributed to magnetic
viscosity. When a ferromagnetic is exposed to an alternating
field, losses due to hysteresis, eddy currents and viscosity
must arise, and, on account of their importance in telephony
the latter have recently been studied. Carbonyl-iron in the
form of tape exhibits magnetic viscosity to an extraordinary
extent when recrystallised by heating for 2 hours in a stream
of commercial hydrogen at 1000° C., and Richter* showed
that the viscosity and ordinary hysteresis effects are not
clearly related. Schulzet by a neat power loss method dis-
covered that the magnetic viscosity of the material could be
divided into two parts, one of which was a function of the
frequency and varied with the temperature of the iron; he
explained this phenomenon on the assumption that the an-
nealed material contained parallel, threadlike Weiss domains,
p. 238, magnetised in parallel and antiparallel directions only.
As the threads increase in length the energy associated with
the demagnetisation effects decreases while that associated
with their surfaces of separation increases, so that at each
temperature there must be a stable state with a definite
degree of thread formation.

The Magnetic Potentiometer. To understand another
method of investigating the ferromagnetic properties of a bar
or sheet of material we must first discuss the use of the
magnetic potentiometer, a device invented by Chattock} and
reinvented by Rogowski, § while Wolman || designed the form
described below. Suppose that a rod of insulating material of

* G. Richter, Ann. der Phys. 29, 605, 1937.

t H. Schulze, Wissen. Veroff. aus den Siemens-Werken, 17, 151, 1938.
} A. P. Chattock, Phil. Mag. 24, 94, 1887.

§ W. Rogowski and W. Steinhaus, Arch. fur Elektrotechnik, 1, 141, 1912.
|| W. Wolman, Arch. fir Elektrotechnik, 19, 385, 1928,
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circular or rectangular cross-section is uniformly wound with
a very large number of turns of thin insulated wire. Further,
let it now be bent into a semicircle so that the two ends of the
rod will now rest upon the same plane with the ends of the
winding flush with the ends of the rod. Consider it placed in a
magnetic field as shown in Fig. 15a, then the total number of
lines of force linked with the winding will be

4 4
f nH,ods = omf H,ds = anV,p
B B

—an#l, . (43)

when 4 Bis parallel to a uniform field. In the above expressions
a is the mean area of cross-section of the potentiometer, n the
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Fig. 15 a. Magnetic potentiometer.
Fig. 15 b. Use of magnetic potentiometer.

number of turns per cm., /#; the field normal to ds and V, is
the difference in magnetic potential between the points 4 and
B, which are at the mid-points of the potentiometer ends and
a distance ! apart. Hence, on joining the potentiometer to a
ballistic galvanometer and suddenly removing the potentio-
meter from the field we should get a deflection proportional to
#’. The instrument may therefore be calibrated by placing
it inside a standard solenoid and reversing a known current ¢,
when the galvanometer deflection should be proportional to
8mns.

Turning now to Fig. 155, the bar specimen BB is clamped
to a yoke which may be excited by a current in the coil P.
A winding § upon the bar can be connected to a ballistic
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galvanometer, which permits the measurement of changes
in the induction in the bar. The potentiometer is placed upon
the bar, with its ends outside S, and may also be connected to
a ballistic galvanometer to measure the effective field acting
upon the bar in the region where the induction is measured.
Hence the actual field producing a measured induction is
found. The main difficulty lies in winding the potentiometer,
with, say 3000 turns, sufficiently uniform to enable it to be
used in non-uniform fields. Small potentiometers with
AB = 3cm. approximately and about 500 turns have been
used by Bates* and Lloyd-Evans to investigate the field in
the neighbourhood of the pole tips of electromagnets.

Measurements with Short Specimens. The investigation of
the magnetic properties of very short specimens of ferro-
magnetics is described in Chapter 1v. Commercial specimens
in the form of short bars or stampings are investigated by
means of a testing instrument called a permeameter. Thus, if
the bar BB of Fig. 15b were replaced by a standard bar of the
same dimensions, we could compare the inductions for known
currents in the coil P by the corresponding deflections of the
galvanometer when joined to the coils §. We might then refer
to the apparatus as a permeammeter. The reader will find a
full account of such instruments elsewhere.}

Reversible and Incremental Permeability. Let us suppose
that we are taking a specimen of material through a hysteresis
cycle, and that we reach a point P on Oa or ea of Fig. 13. Then,
if instead of proceeding to higher field values we reduce the
field by a small quantity 45#, the magnetisation falls by a small
quantity 47 and the induction by a small quantity 4B. If
these changes are sufficiently small they are reversible, i.e.
unaccompanied by hysteresis. The ratios 41/4# and A B/A#
are then known as the reversible susceptibility and the reversible
permeability for the material in the state represented by the

* L. F. Bates and B. Lloyd-Evans, Phys. Soc. Proc. 45, 425, 1933.

1 T. Spooner, Properties and Testing of Magnetic Materials, London, 1927,
See also R. L. Sanford, Congr. Intern. d’Electricité, 3, 395, 1932, and Bur. of
Stds. Journ. of Research,16, 563, 1936.
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point P. Gans* has shown that if k, is the initial susceptibility
at the origin, k, the reversible susceptibility at P, I, the
saturation intensity of magnetisation and I the intensity at
a point P on Oa, then k. /k, = f(I/1,). Gans has given an
expression for f(I/1,) but a theoretical basis for this expres-
sion has only recentlyt been found.

In modern alternating current practice the core of a trans-
former is often exposed to a steady field upon which an
alternating field is superimposed, so that an unsymmetrical
hysteresis cycle is continuously described. If the difference
between the extreme values of the induction is divided by the
difference between the extreme values of the field the quotient
is termed the incremental permeability, and, in the limit, for
very small differences reduces to the reversible permeability
defined above. The symbols used by communications
engineers are now being standardised.f Specimens on which
alternating field tests are made must be laminated to reduce
eddy current losses, and reference may be made to the work of
Sims and Greig for details of modern technique.§

The Steinmetz Coefficient. A relation between the energy
Wy, lost per unit volume per cycle and the maximum induction
B .x attained during the cycle was deduced empirically by
Steinmetz.|| It takes the form

We=9B%,, ... (44)

max?

where 7 is a constant, depending on the material, known as
the Steinmetz coefficient, and x is also a constant, depending on
the material, approximately equal to 1-6. Equation (44) is
not entirely reliable but may be used to compare the hysteresis
properties of different materials.

Special Ferromagnetic Materials. Ferromagnetic materials
may for practical purposes be divided roughly into three

* R. Gans, Phys. Zeit. 12, 1053, 1911, and Ann. der Phys. 61, 379, 1920.

t W. F. Brown, Jr, Phys. Rev. 54, 279, 1938.

1 B. A. Report, Nottingham Meeting, 1937, Section G.

§ L. G. A. Sims, Engineering, 143, 23, 1937 and 144, 387, 1937, and J. Greig,
Engineering, 144, 439, 1937.

|| W. Steinmetz. Cf. Bur. of Stds. Circular No. 17 on Magnetic Testing, and
J. D. Ball, Gen. Elect. Rev. 19, 369, 1916.

66



FERROMAGNETIC ALLOYS

classes, viz. those with high values of the maximum induction
in moderate fields, those with high initial and maximum
permeabilities and those with pronounced hysteresis and high
coercive forces. The first class is suitable for the construction of
electromagnets, the second for the transformers, loading coils,
etc. of the communications engineer, and the third for the
manufacture of permanent magnets; the latter materials will
be discussed in a subsequent section.

It has long been known that the purer the iron the more
suitable it is for the construction of electromagnets. Weiss
showed, however, that the addition of 50 per cent commercial
cobalt to the iron gave an alloy with a maximum induction of
over 23,000 instead of 20,000 for pure iron. This material is
brittle and difficult to work, and it is usual to add about
2 per cent vanadium to make it easier to work; and, incidentally,
the vanadium increases the electrical resistivity more than
three-fold without affecting the magnetic properties to a
marked extent. A useful alloy for pole tips, etc. is D.C.I.
alloy,* consisting of 38 per cent cobalt and 62 per cent iron,
which gives a maximum induction of over 24,000 and can be
worked without undue difficulty.

Pure iron has an initial permeability of about 250, which
may be increased to about 400 by the addition of some 4 per
cent silicon, which also raises the resistivity five-fold. The
initial and maximum permeabilities of an iron wire may be
enormously increased by heating it in an atmosphere of moist
hydrogent at 1400° to 1500°C. for about 18 hours and
subsequently annealing it at a temperature just below 910° C.,
care being taken to let it cool slowly over the range 910° to
890° where the y to « phase change occurs.

Nickel and iron combine to form alloys, called permalloys,
with extremely high initial permeabilities, provided that the
appropriate heat treatment is given. Elmenf kept his prepara-
tions at about 900° for an hour, cooled them slowly to room
temperature, reheated them to 600°C. and subsequently

* Made by Darwins, Ltd., Sheffield.

t P. P. Coiffi, Phys. Rev. 45, 742, 1932.

1 G.W. Elmen, Journ. Franklin Inst. 297, 583, 1929. For other references see
J. C. Chaston, Elect. Communication, 15, 38, 1936.
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cooled them to room temperature on a copper plate in the
open air. This process he calls “air quenching”, and it is
particularly effective in the case of a permalloy containing
785 per cent nickel and 21-5 per cent iron. The heat treatment
is most important and its effects may be increased by the
judicious application of a magnetic field during the treatment.
For example, Bozorth and Dillinger* applied a field of only
10 oersteds to a 65 per cent nickel permalloy as it cooled some
200° from a temperature just above its Curie point, and found
that the maximum permeability was thereby increased fifty-
fold. It is supposed that strains set up by magnetisation are
released by heat treatment, so that, after cooling, the material
may be more easily magnetised.

It is an interesting fact that the addition of traces of certain
metals, in particular, chromium, manganese, molybdenum,
silicon, and, especially, copper to nickel iron alloys increases
their initial permeability in an extraordinary manner. This
is presumably the secret of the high initial permeability of
mu-metal, which is 10,000 to 30,000, while its maximum
permeability is 60,000 to 100,000 for fields of the order
0-025 to 0-04 oersted. The resistivity of these alloys is also
high and this makes them particularly valuable for use in
small transformers, etc.

A group of materials with strange magnetic properties are
the perminvars, alloys containing 10 to 40 per cent iron, 10 to
80 per cent nickel and 10 to 80 per cent cobalt. They are
characterised by low hysteresis losses, and specimens baked at
400° C. exhibit constant permeability in weak fields. Moreover,
specimens which have been air quenched give hysteresis cycles
of peculiar shape, each with a “waist’’ in the region of the
origin, a phenomenon which Auwers and Kiihlewein{ have
examined in detail.

The Magnetic Circuit. We now turn to a conception which
is particularly useful in practical work, as it enables us to
make speedy, if only approximate, calculations of the magnet-
ising currents necessary to produce stated fields with particular

* R. Bozorth and J. Dillinger, Physics, 6, 279, 1935.
1 O. v. Auwers and H. Kiihlewein, Ann. der Phys. 17, 107, 1933.
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arrangements of magnets, solenoids, etc. Suppose we have a
coil of N turns carrying a current ¢ amperes and that we
take a unit pole once around a closed path threading through
the coil. Then, if we move in opposition to the field we do a

. 4
quantity of work i%N C ergs. The work done in taking the

unit pole over a short distance dl is # dl and the total work
over the complete path, [5#°dl, is known as the line integral
of magnetic force or the magnetomotive force (M.M.F.), and is
expressed in gilberts.

Hence f]f dl = ‘]L%NC. ...... (45)

Field intensities are sometimes defined in terms of gilberts per
cm. The product NC is known as the ampere-turns linked with
the circutt, and, in general, when several coils are used the
complete statement is

MMF, = f Hdl - %TZNC. ...... (46)

In the same way that we picture the E.M.F. of a battery as
responsible for the passage of electricity through an electric
circuit, so we may picture the Mm.M.¥. of the coil system of an
electromagnet as responsible for the flux of magnetism through
the magnetic circuit. Now, the quantity # dl may be re-

written as follows:
B Ba d¢
U= 0= fajal ™ juajdv
where d¢ is the flux through a small area a. Hence
d¢ = dlfdljpa = H dljdZ,

where dZ is termed the magnetic reluctance of an element of
the circuit of length dl and area of cross-section a, and is
analogous to resistance R = p.dl/a in the electrical case; the
reciprocal, 1/Z, is known as the magnetic conductance. The
total flux ¢ through the circuit is given by

= qus - fx’dz/ﬁzz SMME (47)
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To take a straightforward example, consider an iron anchor
ring of large mean radius R and radius of cross-section r,
in which a small gap of thickness g is cut. Then the total
27rR—;g+_g_2, since the perme-

pmr mr
ability of air is unity; it is here assumed that there is no
magnetic leakage, i.e. that lines of force are not found outside
the gap. Hence the M.M.F. required to give a total flux ¢ across

the gap is equal to ¢ {@j + _g_} in these circumstances.

magnetic reluctance Z is

Two points require comment; first, the value of x depends
upon the M.M.F. used, and, secondly, the term g/nr? may be
extremely large compared with the other term when x is large,
showing that most of the reluctance is in the air gap.

If we consider an electromagnet of the form shown on p. 71,
the total reluctance consists of the reluctance of the yoke plus
the reluctances of the pole pieces and pole tips, plus the reluct-
ance of the air gap, there being as many terms in the expression
for the total reluctance as there are components in the magnetic
circuit. In each portion of the circuit leakage occurs; e.g. all
lines of force from the coils do not enter the iron. In general,
we must write

l l l
= (M.M.F.) + L. 2 8 48
¢ = ( Q1”1a1 Q2'u2a2 43#3% (48)
where ¢q,, ¢,, ... are leakage factors which must be known,

either from theoretical considerations or from direct experi-
ment,

Electromagnet Design. For ordinary laboratory purposes
the design of an electromagnet usually follows the lines shown
in Fig. 16. The yoke BC is a forging of dead mild carbon steel
which is magnetically as soft as possible. The pole pieces, cores
orlimbs A4’ and D’D are also made of soft iron or of dead mild
steel. Pole tips of special shape and material may be affixed at
A and A’ by steel rods which pass through the pole pieces, and
their distance apart is adjusted by the handwheelsat 4 and 4'.
The pole tips are usually truncated cones with an angle of
120°. '
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",_ For, referring to Fig. 17, suppose we have a cone of angle 26
with a uniform intensity of magnetisation I, then the density
of free magnetism at any point P upon the slant surface of a
ring between sections of radii » and r + dr is M =1 sin 6. This
magnetism produces a field at O parallel to the axis equal to

M 0Q Mz
oPop= i =l (49)

Now fis a maximum when
M 3Ma?

df jdx = (a2t (rPra?)i 0,
i.e. when r24+x2—3x2 =0 or x=r7/,2,
i.e. when tanf = /2 or 0 =54°44".

Fig. 16. Construction of an electromagnet. Fig. 17. Design of a pole tip.

Substituting in (49) for M and putting OP = r/sin6, the
field at O due to the whole ring is

. 27rdr\ (sin26
Iysind (m) (T

Hence for a truncated cone of base b and gap face a the total
field F is given by

b
F = 27rIosin20c'osl9j ﬂ
af

) cos ) = 2wl sin% 0 cos O dr/r.

Remembering that there are two pole tips, the gap field is
2F and equal to 4771,sin%0 cos O log, b/a.

Now, in practice the pole pieces are not completely saturated
and it is necessary to make 6 somewhat greater, and 60° is
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usually chosen, for which the value of the gap field for cobalt
steel pole tips with I, = 1900, is
47(1900) 3 2-:303 log,ob/a = 2:07 x 10*1log, b/a.

If 6 is made greater than 60° the field in the gap is reduced
because the flux falls off too slowly; if much less than 60° the
field is much too intense near the pole faces and the pole tips
become saturated.

For the condition of most uniform field between the pole
faces we have from (49) the condition

d*f  9Mw 15 M3

dz? (r2+a)t (r24a?)t
whence z = 7,2 or tan0 = /2, ie. 0 =39°14', which for
cobalt steel pole tips gives a gap field of

47(1900) (0-6324)2 (0-7745) 2-303log;ob/a = 1-71 x 10¢1og,,b/a.

Returning to Fig. 16 the magnet is excited by a current
supplied to the coils X and Y, a good working value being
10 to 20 amperes from a 220 volt supply. The coils are wound
with thick cotton-covered wire and may be oil cooled. When
heavier currents are employed, the coils are wound with bare
copper strip or tubing which must be cooled either by forcing
air or oil through the windings or passing water through the
tubing. It isimpossible to construct a powerful electromagnet
without using a substantial quantity of iron, although by
increasing the weight of a magnét we do not very markedly
increase the maximum field beyond a certain value, but we
do increase the area of the gap over which that field may be
maintained.

About 90 per cent of the magnetic reluctance is located in
the air gap and pole tips, and, consequently, the field which
acts upon the yoke is really quite small, being of the order of a
few oersteds only, as is self-evident when the huge demagnet-
ising effect of the strong poles of the magnet is remembered.
Hence, the yoke must be magnetically as soft as possible to
give a high magnetisation in a small applied field. To avoid
leakage losses the cores should be as short as possible and they
must not be saturated, and, as the number of stray lines
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DESIGN OF LARGE MAGNETS

increases as we move away from the gap, the cores of large
magnets should be not cylindrical but conical to ensure that
saturation is never attained.
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Fig. 18. Design of large magnet at Upsala. (Dreyfus.)

Comprehensive calculations for the design of large magnets
have been given by Dreyfus,* and incorporated in the con-
struction of the large magnet at Upsala University,f of which
a diagram is given in Fig. 18. The magnet housing consists ofa
cylindrical body of cast steel to which is bolted a cast steel end
block, while a similar block slides in an axial direction. The

* L. Dreyfus, Arch. fir Elektrotechnik, 25, 392, 1931.
t L. Dreyfus, Asea. Journ. 12, 8, 1935.
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main wrought-iron pole cores are mounted on these blocks;
they are 34 cm. long and taper from a diameter of 112 cm. to
one of 59 cm., and through each runs a 20 cm. hole carrying
an inner core whose position is adjusted by the handwheels.
A conical pole piece of wrought iron is fitted to the main core
and the pole tips are of cobalt steel. The magnet coils are
wound with rectangular copper tube, 21 x 23 mm.2, with a
10 mm. diameter hole which carries the cooling water. With
a current of a little over 4 amperes per sq. mm. of conducting
surface of the tube and 150 turns on each of the two coils, the
available ampere turns are about 500,000. This magnet,
although smaller than that described by Héder* at Leyden,
and still smaller than that described by Cotton and Mabboux
at the Academie des Sciences, is perhaps the most efficient in
the world.

In using a magnet precautions must be taken against the
danger of accidental failure of the current supply, when the
large self-inductance of the magnet might cause a breakdown
of the coil insulation. Thus, Dupouy] uses an electrolytic cell
consisting of an aluminium anode and a gas carbon cathode
immersed in a 10 per cent solution of tartaric acid, connected
in parallel with the magnet coils, so that practically no current
passes through the cell when the magnet is working. When the
electricity supply is cut off the induced current in the coils can
flow through the cell, as the carbon now becomes the positive
pole, and the magnetic field falls off less suddenly. Copper-
oxide rectifiers could be used for the same purpose. Even
with smaller magnets when such devices are not employed,
field-breaking switches, which automatically place a resistance
in parallel with the coils before breaking the circuit, should be
used. It is also advisable after using a magnet to demagnetise
the pole pieces by reversing a safe current through the coils
several times while gradually reducing the current to zero.

Magnets for Special Purposes. Special magnets have
recently been built for investigators in nuclear physics. Thus,

* G. Hader. Siemens Zeit. 10, 481, 1930.
t A. Cotton and G. Mabboux, Recherches et Inventions, Dec. 1929.
1 M. G. Dupouy, Ann. de Phys. 16, 495, 1931.
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while Rosenblum* used the large magnet at the Academie des
Sciences with pole faces 35 cm. in diameter for the examination
of a-particles of long range emitted by radioactive elements, a
special magnet for the purpose was constructed by Cockcroft.t
It consists of a main cylindrical casting A4, Fig. 19, of high
permeability steel, over whose central core the exciting coils C
are placed. The upper cylindrical pole piece 4’ is then slipped
over the central core and mounted accurately in position by
means of a carefully ground ring R. The annular gap across
which the field is maintained is seen at E. It is 80 cm. in mean

Fig. 19. Electromagnet for a-ray investigations. (Cockeroft.)

diameter, 5cm. in radial width and 1cm. across. Fields of
18,000 oersteds, constant to 1 part in 1000 over the gap, are
obtained when 2-2kilowatts are supplied to the coils, but as
most of the fields required can be produced with 0-3 kilowatt
or less, a battery can be used as a constant source of current.
A group of a-rays of a fixed velocity, emitted from a source
inserted through one of the holes F', can be bent by an appro-
priate field and brought to a focus on a detector inserted
through the other hole F, not shown in the above figure. By
adjustment of the field groups of rays of different velocity can
in turn be focused on the detector; a high vacuum must be
maintained in the gap or the a-rays will be absorbed before
reaching the detector.

* S. Rosenblum, Compt. Rend. 188, 1401, 1929.
1 J. D. Cockeroft, Journ. Sci. Instr. 10, 71, 1933.

75



PRODUCTION OF MAGNETIC FIELDS

Lawrence and Livingston* used a magnet with pole faces
27-5in. in diameter in the more recent form of their cyclotron
apparatus for the multiple acceleration of ions to very high
speeds. The ions, formed near the centre of the diametrical
region between semicircular, hollow, accelerating electrodes,
are caused to describe ever-widening but approximately
semicircular paths under the action of a powerful high-
frequency oscillating field between the electrodes and the
magnetic field perpendicular to the plane in ‘which the ions
move. The frequency of the oscillations is so adjusted that
the ions cross the gap between the electrodes in synchronism
with the oscillations, and thus gain an increase of energy at
each passage, finally emerging with the very high velocity
corresponding to about 5 million volts or more. The total
weight of iron in the magnetic circuit is about 65 tons and the
weight of the exciting coils about 9 tons.

Permanent Magnets. When constant fields of a few
thousand oersteds are required in air gaps of large volume for
long periods of time, permanent magnets of cobalt steel may
be used with advantage. The theory of their construction is
essentially that given by Evershed.{ Let us suppose that we
have a simple form of permanent magnet consisting of a cobalt
steel yoke with an air gap between plane faces—the split
anchor ring of p. 70 may be pictured. Then, because the
M.M.F. in the circuit is zero,

f Hdl, + f Hdl, =0, (50)

where 5, and S, represent the fields within the air gap and
steel and [, and [, denote the magnetic paths in air and steel
respectively. For a stable state of the magnet we may assume
that 5, and 57, are constant, and, integrating (50), we have

Kl =Hlye e (51)
* E. O. Lawrence and M. S. Livingston, Phys. Rev. 45, 608, 1934. See also
M. C. Henderson and M. G. White, Rev. Sci. Instr. 9, 19, 1938.
t S. Evershed, Journ. Inst. Elect. Eng. 58, 780, 1920; 63, 725, 1925.
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Now, the flux through the magnet must be constant, so that
B A,=q#, A, .. (52)

where B, is the induction in the steel and 4, and 4 are the
respective areas of cross-section of the gap faces and steel,
while ¢ is a leakage factor, since lines of force are found outside
the gap. The two relations (51) and (52) enable us to calculate
the minimum volume of steel required to produce a stated
field over a particular gap, for, the volume of steel is

2
A1, = qﬁz%’, ...... (53)
and, when ¢, 5,, A, and [, are specified, the expression is a
minimum when B J# is a maximum.

It is useful to have a criterion of the magnetic quality of
permanent magnet steel. Suppose that, after being strongly
magnetised, a steel has a ressdual i nduction or remanence B, and
we proceed to demagnetise it by applying magnetic fields of
increasing intensity. Then we may record the values of the
induction B and the applied demagnetising field 5, and obtain
values of the product B#'. The latter starts from zero, passes
through a maximum, (BJ# )max, and ends at zero when the
coercive field 5 is reached. As a criterion of magnetic quality
Evershed takes (BJ#)max, since this is the maximum amount
of the external magnetic energy per unit volume of the material
that can be supported by a given steel. Scott* has shown by
direct experiment on several steels that the product B, is
directly proportional to (B# )max. This means that in order
to assess the magnetic quality of a series of magnet steels we
need only find their values of (B, ) instead of measuring the
complete demagnetisation curve to get (B )max.

Permanent magnets with large pole faces are used for - and
p-ray spectroscopy. Thus, Briggst uses a magnet giving a
field of 5300 oersteds between poles 26 x 17-8 cm. and 1-19 cm.
apart, and Surugue] uses one with pole faces 33 x 45 cm. giving
fields up to 1430 oersteds for f-ray work. The magnet

* K. L. Scott, Bell Sys. Tech. Journ. 11, 383, 1932.
1 G. H. Briggs, Journ. Sci. Instr. 9, 5, 1932.
1 J. Surugue, Journ. de Phys. 6, 94, 1935.
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designed by Cockeroft, Ellis and Kershaw* consists of a rigid
U-shaped yoke of soft iron from which are supported two
horizontal arms, each consisting of twenty-three laminated
plates of cobalt steel bolted together and fitted with pole pieces
of high permeability steel. The cobalt steel contains 35 to 36
per cent cobalt. The pole pieces have plane faces 500sq. cm. in
area and when 5-5cm. apart can give a maximum field of
2300 oersteds. Field coils are placed on the horizontal arms,
and the field can easily be changed and set to new “ permanent”’
values by the passage for a few moments of suitable exciting
currents. The field is but little affected by small changes in
temperature.

Materials for Permanent Magnets.t Nearly all commonly
used permanent magnet steels are practically carbon steels to
which quantities of other elements have been added. Such
steels must be heat-treated; they are first hardened by heating
and quenching from some critical temperature, so that they
may have the most suitable crystalline structure. Quenching
is usually done in oil or water, and, unfortunately, #; and B,
vary with the quenching temperature in different ways. Thus
for a high content chromium steel the higher the quenching
temperature the greater 5, and the lower B,, so that some
compromise in choosing the quenching temperature is neces-
sary. The effect of adding chromium to a steel is to raise 5,
and also to permit it to be quenched in oil instead of water,
thus avoiding quenching cracks; J#, is raised from 40 to
70 oersteds by the addition of 1 to 4 per cent chromium.

An early tungsten steel consisting of 6 to 8 per cent tungsten,
0-7 to 0-9 per cent carbon and the remainder iron had a
coercive force of 60 to 80 oersteds for a dimension ratio, i.e.
length divided by diameter of the specimen, of 15. K.S.
magnet steel, discovered by Honda, is composed of 0-7 to
1-0 per cent carbon, 6 to 8 per cent tungsten, 1 to 4 per cent

* J. D. Cockeroft, C. D. Ellis and H. Kershaw, Roy. Soc. Proc. A, 135, 628,
1932.

t A valuable review and record of magnetic materials is given by C. Webb,
Journ. Inst. Elect. Eng. 82, 303, 1938. See also D. A. Oliver, Magnetism, p. 71,
Inst. Physics, 1938.
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chromium, 15 to 36 per cent cobalt and the remainder iron, and
has a coercive force of 200 to 250 oersteds, while its residual
induction for small dimension ratios is about 2} times as great
as that of the earlier tungsten steels.

Korster in 1931 produced an alloy containing iron, cobalt
and molybdenum with a coercive force of 100 to 350 oersteds
and a residual induction of 12,000 to 6700 for very high
dimension ratios. About the same time Mishima invented
M.K. steel, consisting of about 30 per cent nickel, 12 per cent
aluminium, somewhat less than 20 per cent cobalt and the
remainder iron, whose coercive force is between 200 and
700 oersteds with residual induction between 11,000 and 7500
for very high dimension ratios, but its general properties
cause its use to be restricted. The new K.S. magnetic alloy
discovered by Honda, Masumoto and Shirakawa* contains
15 to 36 per cent cobalt, 10 to 25 per cent nickel, 8 to 25 per
cent titanium and the remainder iron. When cast into a metal
mould and annealed at about 660° C. it gives a coercive force
of' about 800 to 900 with a residual induction of about 7500 for
very large dimension ratios, and is specially suitable for short
magnets. This alloy is difficult to forge and a magnet must
first be cast and afterwards shaped by grinding. Jellinghaust
finds that an alloy of 50 per cent cobalt and platinum possesses
a value of 5, = 4000 oersteds and B, = 3000 gauss.

Now, whereas substances of high initial permeability must
be as free as possible from internal strains, permanent magnet
materials must be heavily strained. This is borne out by
Bozorth’s experiments on a precipitation hardened iron-nickel-
aluminium alloy. Precipitation hardening can be applied
when the alloy can exist at room temperature in a stable con-
dition consisting of two phases and when at a higher tempera-
ture one phase dissolves completely in the other to form a solid
solution. In making a precipitation-hardened magnet, the
material is quenched rapidly from a high temperature, and
then reheated to an intermediate temperature at which the

* K. Honda, H. Masumoto and Y. Shirakawa, Sci. Rep. Tok. Univ. 23, 365,
1934.
1 W. Jellinghaus, Zeit. tech. Phys. 17, 33, 1936.
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second phase precipitates slowly in a very finely divided form.
When the optimum amount has precipitated the material is
cooled to room temperature and no more marked changes occur,
but each submicroscopic precipitated particle forms a centre
of strain. The strains produced by quenching are ordinarily
regarded as sufficient, and further heat treatment is avoided
except for ‘‘ageing” purposes. Bradley and Taylor* have
shown by X-ray examination that in the Fe,NiAl lattice there
are tiny regions of iron rich #-phase on the point of separating
out. In their equilibrium state these should have lattice
dimensions 0-3 per cent greater than the parent lattice, but
as this is not permitted, they exist in a state of enormous
strain.

Extremely Intense Fields. The most intense magnetic
fields so far recorded have been produced by means of coils
carrying an enormous current for such a short interval of time
that the coil is not unduly heated. Thus, in shortcircuiting
what was virtually an accumulator pile through a coil of very
low resistance Kapitzat produced fields of the order of 100,000
oersteds; a similar method was used by Wall. Kapitza obtained
still more intense fields by shortcircuiting a special generator
similar to a single phase alternating turbogenerator. The
armature of the generator is sufficiently robust to permit it to
be shortcircuited for one-hundredth of a second, even when
running at a very high speed. Moreover, as only a half-wave
of the current is used, the current may be broken by means of a
synchronously adjusted break. Employing impulses of 50,000
kilowatts, Kapitzal obtained momentary fields of 300,000
oersteds over a small region.

As such fields cannot be maintained for more than a few
thousandths of a second, a special switch is used to keep the
current on for about one-hundredth of a second, and is so
designed that the time required to make or break the current
is only a few ten-thousandths of a second. The coil used to

* A, J. Bradley and A. Taylor, Nature, 140, 1012, 1937, and “Magnetism,”

Inst. Phys., 1938.
t P. Kapitza, Roy. Soc. Proc. A, 105, 693, 1924,
1 P. Kapitza, Phys. Soc. Proc. 42, 425, 1930.
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produce the field is subjected to huge electrodynamical
forces and is of special design. The generator is placed at such
a distance from the coil that the mechanical disturbances
caused by shortcircuiting the machine only reach the coil after
the field has vanished and any experiment is over.

Measurement of Strong Fields. The most direct laboratory
method of measuring the intensity of the field between the
poles of an electromagnet is to use a search coil in series with
the secondary coil of a standard mutual inductance and a
ballistic galvanometer. The search coil should consist of a
number of turns of fine insulated wire wound upon a non-
condweting frame, whose area of cross-section is accurately
known. The search coil is placed with its plane perpendicular
to the field, and on suddenly removing it from the field the
galvanometer is deflected. An equal deflection of the galvano-
meter is now obtained by the reversal of a steady current in the
primary coil of the inductance. If the mutual inductance is
M henries, I the steady current in amperes, n the number of
turns each of effective area a on the search coil and 5# the field

in oersteds, then
oMI = nadfj108. ... (54)

By effective area is meant the area which actually embraces
lines of force; it is therefore for a coil of one layer equal ta
the area of a circle whose radius is that of the former + the
diameter of the wire + one thickness of the insulation layer on
the wire. The effective area of a coil of several layers may be
found experimentally by placing it inside a standard solenoid
and measuring the mutual inductance between the coil and
the solenoid by balancing it against an inductometer.

If instead of removing the coil from the magnetic field, we
turn it through 180° about an axis perpendicular to the lines
of force, equation (54) becomes 2M I = 2nas#’/10%. It is also
possible to remove the coil and to reverse the current in the
primary of the mutual inductance at the same time, and by
proper adjustment of the current to obtain zero deflection of
the galvanometer, when equation (54) is satisfied.
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The Fluxmeter. In practice the ballistic galvanometer is
replaced by a fluxmeter which is virtually a moving coil
ballistic galvanometer in which torsional control is extremely
small and heavy damping is produced almost entirely by the
electromagnetic couples due to currents
induced in the coil by its motion. It con-
sists of a rectangular coil of wire C, Fig. 20,
wound on a non-conducting former and
suspended by a fine silk fibre F—often
attached to a flat spiral spring to avoid
damage from mechanical shocks—between
the poles of a strong permanent magnet.
The ends of the coil are connected through
spirals of thin silver strip to the terminals
TT, to which the ends of the search coil
are joined.

On removing the search coil from the magnetic field a
quantity of electricity @ coulombs flows through the fluxmeter,

where Q =na# /108 R, ... (55)

when the total resistance in the fluxmeter circuit is R ohms.
The coil receives an impulse and moves through a definite angle
6, which is practically independent of the rate at which the
search coil is removed from the field. If the total effective
area of the coil is N4 and it moves in a radial field H, then
a rotation through an angle 6 would cause a quantity of
electricity @' = NAHG/108 R to flow through the circuit.
Now, if electromagnetic damping alone occurs, then ¢ must

Fig, 20. Construction
of fluxmeter.

equal @', i.e. na# = NAHO, ... (56)
or H = 1%{_] 6 = constant x 6.

The above theory is adequate provided that negligible
torsion control and no air damping exist; the following theory
covers the general case.

The equation of motion of the fluxmeter coil is

dax ., do

Iﬁt—2'+k%+oe=NAH?/, ...... (57)
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where I is the moment of inertia of the coil system, & the
coefficient of mechanical damping, C' the torsion constant of
the fibre, and 7 is the momentary current in the coil during the
removal of the search coil. Now, assuming that the self-
inductances of the search coil and fluxmeter coil are L, and L,
respectively,

. 1/d o ds di
@=R( nadt - NAHZ+ 1,5 - L%), ..(58)
whence
dz0 (NAH)? d0 _ NAH d di di
...... (59)

Integrating the last equation,

t ]2 2 [ t
IJ @dt+(l»+(NAH) )j d0+0f Gdt
0 0

ar
0 0
J%fifd(na;fo lei—f Lydi. ...(60)
0 0

If the search coil is withdrawn suddenly, i.e. ¢ is very short,
then 6 remains very small and the second and third terms on
the left side of equation (60) can be neglected, the last two
terms on the right side disappear, and

NAH
Tog= =% (na), ... (61) .

where Iw, is the total angular momentum imparted to the
fluxmeter coil. If the torsion constant of the fluxmeter is zero
the equation of the motion of the coil which ensues is given by

dzo (NAH)*\db
Id_tz+(k —R—)%_o. ...... (62)
2
Solving this equation and writing (k + (N';H) ) = K, we have

6= Cy+ C,e K,
Now, when ¢ = 0, § = 0 and therefore C,+ C, = 0; so that
0=Cy(l—e&in, L. (63)
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Differentiating (63),
40 _ o K _xur
Et' - 00 T [ e« seesss
To find C,we haved@/dt = w, when ¢ = 0; therefore wy= C,K/I.
Hence from (63)

(NAH) (nast’) _KyI
0 = — %K (1—eEUT), ... (65)
Now, 6 is a maximum when ¢ is very great ; therefore
_ (NAH) (nat’)
emax = W o eeeees (66)
e+ AT

When £ is negligible the last equation reduces to that already

obtained, viz.
Hmax = M/.NAH. ...... (67)

From equation (66) it follows that if we plot 1/0max against
R we should get a straight line whose intercept on the R axis is
a measure of k.

When the torsion constant cannot be neglected, the equa-
tion of motion following the removal of the search coil is

1‘;0 Kd +CH=0. ... (68)

The roots of the auxiliary equation are

-5

and, since C is bound to be small, these reduce to

iy or t ( I—{+—q and —g—
21 ( ) TY\TT K) K

Hence, we may write
0 = Ae~CUK 4 Be(CIE-KIDL,

Whent = 0,6 =0and 4+ B = 0; therefore 4 = — B.

K 20)

do
When ¢ =0, — T %)

dt=woandwo=A(
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_ K(NAH) (nat) . _cux _ cix—-xint
Therefore 6 = ——m210) [e —e ], ...... (69)
which reduces to (65) when C = 0.
Again, since C' must be small, K2> IC; then
_ (NAH) (nadt) . _cyx _ om-xin
0 — ——‘R—‘K-‘—‘— [e e ]a ...... (70)

@ is therefore a maximum when
d - _ouk_ (CIR—KID!
LTt[e— /. _e(/—/)]=0,

o __KI | K>-IC
=lmex = 57970 %8I0

Writing « = IC/K? and substituting for {max in (70), we have,
following Surugue,*

(NAH) (nas¥) [(1 - a) all-2x ( o )(1—a>/1—2a:|‘
o

i.e. when

0max = Fa
(N4 H)? a 1—
R(k TR ) ...... (71)
The last expression for 6 max is important only when R is

2
k+(Ni4RIjl) does not explain the
smallness of the deflection which is observed. In practice
conditions are nearly always such that equation (67) ade-
quately represents the behaviour of the instrument and the
makers generally specify an upper limit to the value of R,
beyond which equation (66) must be used; equation (71) need
be invoked only when this limiting resistance is enormously
exceeded.

The fluxmeter can be constructed so that a pointer moves
over a circular scale on which each division corresponds to a
known change of linkages, or known number of maxwell-turns.
Instead of a pointer and scale, a lamp and mirror system
may be used. Provided that the motion is heavily damped
electromagnetically the resistance in the circuit may vary, as
we have seen above, over fairly wide limits, and a number of
search coils of different effective areas may be used to measure

* J, Surugue, Journ. de Phys. 6, 486, 1935.
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a wide range of fields. The accuracy of the instrument is, of
course, limited by the accuracy with which the deflection may
be read, and, in general, there is a zero drift of which account
must be taken. In fact, it takes a little time to acquire skill in
using a fluxmeter for accurate work. The scale can be calibrated
by measuring a known change of linkages by means of a
standard mutual inductance.

The Bismuth Spiral. When the use of a search coil is not
convenient, a bismuth spiral may be used for field measure-
ment. The resistance of a metal is increased when it is placed
in a strong magnetic field, as described on p. 292, and in the
case of bismuth the change is pronounced. The bismuth is
mounted as a flat non-inductively wound spiral between thin
insulators and provided with flat copper leads. The resistance
R, in zero field and the resistance R, in a series of known fields
. are measured and a calibration curve of R, /R,against 5’
obtained, the plane of the spiral being perpendicular to the
lines of force. This method is very suitable for the measure-
ment of strong fields, but precautions must be taken to avoid
sudden changes in the temperature of the spiral.

The Electromagnetic Balance. When extensive uniform
fields are to be measured an electromagnetic balance, devised
by Cotton,* is useful. In its simplest form it consists of a long
narrow rectangle of copper wire wound on a non-conducting
former and suspended from one arm of a balance. The rectangle
hangs with the long sides vertical with one short side in and
perpendicular to the lines of the field to be measured, while the
other is in a region of no appreciable field. On passing a current
1 through the rectangle a vertical force ##Ini acts upon the
short side of » turns each of length /, and can be measured with
a sensitive balance. Horizontal forces acting on the vertical
sides sometimes produce disturbances, but they may be avoided
by winding the wire upon a former such that the long sides are
arcs of circles and the short sides are directed along radii of
circles with a common centre on the axis about which the

* A. Cotton, Journ. de Phys. 9, 383, 1900 and A. Cotton and G. Dupouy,
Congr. Intern. d’Electricité, 3, 207, 1932.
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balance turns. An accuracy of about 0-5 to 1 part in 1000 is
claimed.

Briggs and Harper* have described a simple form of
electromagnetic balance for use with permanent magnets of
the type mentioned on p. 77. In general, with such balances,
it is essential to make measurements with the current first in
one direction and then in the other through the coil, in order
to eliminate the effects of convection currents, magnetic
impurities in the coil, distortion of the former due to lateral
forces, and the induction or image effect between the coil and
magnet.

Dupouyt has designed a direct-reading instrument, called
a gaussmeler, which depends for its action upon the large
couples which act upon crystals like siderose and oligiste
when placed in a uniform magnetic field. In the case of
siderose the two principal susceptibilities differ by 47-9 x 10—6
e.m. units per c.c. at room temperature, so that an appreciable
couple directly proportional to the field tends to set the
crystal section with the axis of greater susceptibility parallel
to the field, and explained on p. 138. The crystal is mounted
on one end of a light tube supported on horizontal pivots. At
the other end of the tube is a light spiral spring and pointer.
The crystal is placed in the magnetic field with the lines of
force perpendicular to the tube. The rotation of the tube is
resisted by the spiral spring and the pointer takes up an equi-
librium position on a circular scale, the field being read
directly in oersteds. The range of the instrument is determined
by the constant of the spring. For accuracy, the temperature
of the crystal must be kept constant, as the susceptibility of a
paramagnetic crystal varies considerably with temperature.

Field Control and Stabilisation. In many experiments it is
necessary to maintain a magnetic field strictly constant over
long periods of time. When the temperature of the apparatus
in the gap can be kept constant to 0-01 to 0-1° C. the field may
be controlled by a bismuth spiral. A bismuth spiral with a

* G. H. Briggs and A. F. A. Harper, Journ. Sci. Instr. 13, 119, 1936.
1 G. Dupouy, Ann. de Phys. 14, 549, 1931.
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resistance of the order of 10 ohms has its resistance increased
by about 0-5 ohm in a field of 1000 oersteds. This large change
can be measured accurately by a bridge and sensitive galvano-
meter. Now a change in temperature of the spiral by + 0-025°C.
would give a change of only 0000075 ohm, which is less than
the change for a field change of + 1 oersted. Consequently,
this method is very suitable under the above conditions; and
there seems to be no reason why the light reflected from
the galvanometer lamp should not be used to work an auto-
matic temperature control somewhat on the lines described
below.

A fluxmeter may be used to control and measure accurately
changes of magnetic field, as described by Rutherford, Wynn-
Williams, Lewis and Bowden* in connection with the annular
magnet described on p. 75. Two large search coils are fixed
in the field gap and joined in series with the fluxmeter and a
magnetic comparator. The latter consists of a permanent
magnet which can be rotated in the region between the two
Helmholtz coils connected in the fluxmeter circuit, so that a
motion of the magnet will produce a change of flux through
the circuit and bring the fluxmeter coil to any desired position.
A vernier scale attached to the magnet permits small changes
to be made. A spot of light reflected from the fluxmeter is kept
as nearly as possible in a zero position, and a change of flux of
1 part in 100,000 in the annular magnet field is said to be
detectable. A spiral groove cut in a wooden disc and filled
with mercury forms a small resistance for fine adjustments in
the field circuit. Small changes in the annular field can be
measured by the magnetic comparator, which can be cali-
brated in terms of the annular field. Large controlled changes
can be measured by joining the secondary of a mutual induct-
ance in series opposition to the search coils in the fluxmeter
circuit, and allowing a known fraction of the magnetising
current to flow through the primary, so that there occurs only
a small deflection of the fluxmeter and this can be measured
by the comparator.

* Lord Rutherford, C. E. Wynn-Williams, W. B. Lewis and B. V. Bowden,
Roy. Soc. Proc. A, 139, 617, 1933.
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The above fluxmeter method of control suffers from the
disadvantage that it cannot deal with a slow continuous
change of the magnetic field such as may be produced by a
gradual change in temperature of the iron core and yoke. It
has, however, been used by Wynn-Williams* in the construc-
tion of an automatic field stabiliser of great sensitivity designed
to work with the system just described. A narrow rectangular
spot of light reflected from the fluxmeter mirror falls upon a
double cathode photoelectric cell, so that both cathodes are
partly covered when the spot is in its zero position. Each
cathode is connected through a simple valve and thyratron

Mains or Battery

R ST

Cs

() ST —
\y Magnet Coils

Fig. 21. Circuit for maintaining a steady current.

circuit, entirely worked from the A.c. mains, to a system of
relays. Motion of the spot of light causes one relay system or
the other to function and to actuate a series motor which
operates a movable contact in a mercury resistance and thus
alters the magnetic field current by the amount necessary to
restore the fluxmeter spot to its equilibrium position. It is
arranged that when the field has the required magnitude both
thyratrons are alight, one going out when the field is too low
and the other when the field is too high, and both are out when
the field changes by such a large amount that the fluxmeter
spot moves completely off the photoelectric cell, the direction
of the change being indicated by the order in which the
thyratrons extinguish. Arrangements are made to prevent

* C. E. Wynn-Williams, Roy. Soc. Proc. A, 145, 250, 1934.
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over-correction and to provide protection against failure of the
current supplies or of the lamp.

For many purposes it is sufficient to maintain the magnet
current constant and this may be accomplished by a simple
battery circuit described by Potter.* The magnet current
drawn from the town supply or a main laboratory battery is
stabilised by a small compensating current from a bank of
accumulators of small capacity, connected as in Fig. 21. The
slider S, regulates the magnet current (5, while S, is so ad-
justed that practically no current flows through the heavily
shunted microammeter 4,. If the mains voltage changes by
AE,, then the magnet current changes by the very small
amount R,

40, =
®" RyR,+R,R;+ Ry R,
where R, is the very small resistance of the arm S,D via 4,,
R, the resistance of S,D via E,, and R, the resistance of S, D

via the magnet coils. Hence, if R, is made very small, we
have R,

4Cs = B3 R,

The control is automatic, and will easily eliminate 90 per cent
of the mains fluctuations if R, is made sufficiently small.
The device would also safeguard against the dangers of a
sudden breakdown in the mains supply.

AE,, ... (72)

AE,. ... (73)

* H. H. Potter, Journ. Sci. Instr. 11, 95, 1934.
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CHAPTER III

SUSCEPTIBILITY MEASUREMENTS WITH
ISOTROPIC SUBSTANCES

Introduction. In this chapter will be discussed the experi-
mental methods and technique for the determination of the
magnetic susceptibilities of isotropic substances. Now, while
gases and liquids have susceptibilities independent of the
direction of the applied field in which they are measured,
crystalline materials in general do not. Hence the measure-
ments described in this chapter will be confined to polycrystal-
line solids or to finely powdered specimens. The information
obtained in the case of a solid is of restricted use when such
materials are used, although it becomes much more important
when supplemented by the knowledge that the susceptibility
follows the Curie law, for then it may safely be deduced that
the internal crystalline fields are symmetrical and that the
mass susceptibility of a powdered specimen is the same as
that in any direction in a single crystal. Consequently, in the
case of solids temperature investigations are usually much
more important than in the cases of gases and liquids.

It is helpful to survey very briefly the magnetic behaviour
of the materials most frequently handled. The magnetic
susceptibilities of the elements have already been given in
Table I1, pp. 30-31, and will be further discussed on p. 124. All
common gases, with the outstanding exceptions of oxygen,
nitric oxide and nitrogen peroxide, are diamagnetic. The
atoms of the rare gases with their closed electron shells clearly
have no permanent magnetic moments, and it follows that all
atoms and ions whose electron configurations are of the rare
gas type are diamagnetic. Now, from Table II it is observed
that many metals, e.g. copper and silver, which certainly
possess electrons outside the closed electron shells or cores, are
diamagnetic. It is therefore concluded that the individual
atomsin the lattices of these metals are doubly ionised. Indeed,
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magnetic measurements on matter in bulk may help very
much in elucidating problems in valency.

It is to be expected that all ions with incomplete electron
shells possess permanent magnetic moments, and conspicuous
examples are provided by many atoms and ions of the transi-
tion and rare earth series. In general, molecules are diamag-
netic, although certain exceptions have* been noted above.
Thus, nearly all organic substances are diamagnetic, but
there are a few rare exceptions to this rule, viz. where the
total number of electrons in the molecule is odd and we have
a free radicle; some of these special cases have been examined
by Sugden* and Klemm.} Meta-phosphoric acid provides an
interesting example. If its chemical formula is H,PO, the
molecule has an odd number of electrons and would presum-
ably be paramagnetic, whereas if written H,P,04 the number
of electrons is even and the molecule ought to be diamagnetic;
as experiment shows the substance to be diamagnetic it is
concluded that the latter formula is correct.

It is important to emphasise at this point that it is exceed-
ingly difficult to obtain metals free of traces of ferromagnetic
impurity. For example, pure copper is undoubtedly dia-
magnetic, but the author doubts strongly whether anyone
has yet possessed a specimen which would be repelled from a
strong to a weak magnetic field. Most of
the common materials used as containers /
in experimental work are diamagnetic, but _,//
their diamagnetism cannot be taken for @
granted and they must be assumed to \
contain ferromagnetic impurity unless 7\
proved to be free therefrom. All glasses, »
in particular, must be tested; pyrex is mjz. 22. Forces on a
diamagnetic but many glasses are para- body in a non-uniform
magnetic. field.

Forces acting on a Body in a Magnetic Field. Before we
pass to the experimental measurement of the susceptibilities

of weakly magnetic substa we must first examine the
* 8. Sugden, T'rans. Soc. 30, 18, 1936.
1 W. Klemm, Mag e, p. 167, 1936.
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forces which act upon such bodies when they are placed in a
magnetic field. In Fig. 22 let the unbroken lines represent the
lines of force of a magnetic field and the broken line a direc-
tion along which the small body O, of permeability u, and
volume v, is free to move. If the region around the body is
evacuated, i.e. it is in a region of permeability unity, then its
potential energy, sbe p. 8, is — %2“——_8711)f2
the body is situated in a medium of permeability u,, it dis-
places a volume of the medium whose potential energy was
_m -1
8m

from the introduction of the body is therefore —-'L—ng_;rﬂ—lf 2y,

v. If, however,

v. The change in potential energy which results

and the force which tends to move the body along the direction
x is given by

F=--2 (___/‘2“‘1)%%

87
_ e @A
87 dx

= (ky—1Ty) (% i, | 7,9 ux‘”f)

since p, = 1+4mky, py = 1+4mk, and H#?2 = H24+H2+ 472,

where S, #, and #, are the components of the field along x
and any two mutually perpendicular axes y and z.

There are, of course, similar expressions to (74) for the

forces respectively parallel to y and z. These may be written

d#, e d#,
Fy=(k2—kl)(9ﬁ, Rj’+9fd~+%’ &y ) ...... (75)
s, s, i,
and F,=(k2—k1)< s P+, 2 T Jﬁ,—(—l;’-’)v. ...... (76)

The expression (74) for F, is correct only when the field ;# is
not appreciably distorted by the introduction of the body.
This means that we must be able to neglect all surface forces
and any changes in the field, which we may do because of the
low values of k, and &, with which we deal. The surface forces
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are proportional to (k,—Fk,)? and are therefore extremely
small. It follows that the direction in which a body tends to
move along , i.e. in the direction of increasing or decreasing
#, will depend on the quantity (k,—Fk,). If this is positive
then the body will move in the direction of increasing 5#° and
so behave as a paramagnetic body. On the other hand, if £, is
greater than k, the quantity (k,—k,) will be negative and the
body will behave as a diamagnetic body although it may
actually be paramagnetic.

This effect of the surrounding medium may be shown by the
following lecture experiment. The ends of a horizontal fibre
of soft glass are bent downwards and provided with small
spheres of the glass 4 and B. The fibre is suspended by a
thread of unspun silk with the sphere 4 between the poles of
an electromagnet, one pole tip being pointed or wedge-shaped
and the otherflat. Soft glassis usually much more paramagnetic
than air, and, on exciting the field, the sphere 4 moves away
from the flat pole tip. A beaker containing a strongly para-
magnetic solution of a salt of the iron group is then placed
round A. The latter will now move towards the flat pole tip.
On replacing the soft glass apparatus by one of pyrex (dia-
magnetic) the sphere 4 will move towards the flat pole tip
in both cases.

Returning to equation (74), it is clear that the experimental
arrangements are much simplified and the measurements more
dx’: dA? and d#? o

dx ’ dx dx
be neglected. This is invariably done in practice, but it must
be emphasised that the small components are always present
to some extent, and, though they need not be considered in any
calculations, they may cause slight disturbances which make
the experimental procedure more difficult.

A point which has seldom been discussed since Kelvin*
first raised it concerns the behaviour of freely suspended
diamagnetic or paramagnetic cylinders when placed in an
ideally uniform field. Surprising as it may seem a priori, we

an

satisfactory if two of the three terms

* Lord Kelvin, Papers on Electrostatics and Magnetism, Section 691. See also
E. C. Stoner, Phil. Mag. 23, 854, 1937.
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may prove that both types set with their long axes parallel to
the lines of force. For, on p. 93 we saw that the potential
(w—1)#2
e S,
8m

This expression assumes that the fields inside and outside the
body are identical. For the present purpose, however, the last
expression must be replaced by

energy of a small body in a field 5 is given by —

el el R e
{ o O 1)1)} = — 5 (1=kDpA?,

where D is the demagnetising factor of the cylinder which has
its minimum value when the axis of the cylinder is parallel to
the lines of force. Hence, as in the final expression for the
energy we must write L positive and k£ negative for para-
magnetic and diamagnetic cylinders respectively, the potential
energy is least in both cases when D is a minimum, i.e. when the
cylinders set with their long axes parallel to the lines of force.

Survey of Experimental Methods. So many different
experimental arrangements have been used for the measure-
ment of the susceptibilities of liquids and solids that one might
almost think that variety had been the main object in the
minds of many of the workers in this field. However, when we
analyse the work we find that for ordinary purposes we need
consider only two main methods for the measurement of these
susceptibilities. Provided that an adequate quantity, say
10c.c., of the material under investigation is available, the
Gouy method described in the following section is, in the
writer’s view, always to be preferred, since it permits absolute
measurements of a high order of accuracy to be made with the
ordinary equipment of a university laboratory, and permits
comparison measurements to be made with ease. Moreover,
with special apparatus the method can be used for measure-
ments on gases. Absolute and comparison determinations of
the susceptibilities of liquids are often made by a method, de-
vised by Quincke, of which the theory is essentially the same
as that of the Gouy method. Both require the provision of
magnetic fields from 5 to 20,000 oersteds sensibly constant
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over a reasonable volume between flat pole faces of an electro-
magnet. ‘

When only small quantities of a substance are available or
measurements have to be made at very high temperatures the
Curie method is always to be recommended. It requires the
provision of a strong field which varies rapidly over a short
distance, so that special precautions have usually to be taken
to ensure that the specimen under investigation is always
placed in a standard position, although in a modification of the
method, described on p. 104, such precautions are not neces-
sary. Absolute measurements are impossible by this method,
but it has proved particularly valuable in conjunction with
the Sucksmith ring balance for measurements at very low
temperatures. It has been used with sensitive torsion or
electrodynamometer balances in several important surveys of
the magnetic properties of the elements.

In the methods so far mentioned the specimen can only be
placed in a suitable mount; it cannot be exposed to stresses,
etc. while the magnetic observations are being made. If we
wish to make experiments on the magnetic behaviour of a
substance under tension or pressure, etc., we must use one
of the methods designed by Kapitza and Webster and by
Rankine, which are described on pp. 108 and 110 respectively.
For extending susceptibility measurements to fields much
more powerful than those produced by electromagnets,
Kapitza has designed a special technique for which the ap-
propriate balance is described on p. 112. Finally, modern
developments require a knowledge of the magnetic behaviour
of substances when exposed to fields of radio frequencies, and
the special methods used for obtaining this information will
be briefly described. In nearly all measurements with solids
the effects of ferromagnetic impurities can be very large,
and in a special section we shall discuss how-these may be
eliminated.

On account of the special difficulties peculiar to measure-
ments with gases and vapours the experiments on them will be
described separately. We need only mention here that the
Gouy method can be used for the absolute determination of the
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susceptibility of a gas like oxygen and a variety of methods
used for comparing the susceptibilities of other gases with that
of oxygen. The experimental data in the case of vapours is very
scanty. ‘

»The Gouy Method. The Gouy* method was first used ex-
tensively by Pascal.t The substance to be investigated must
be provided in the form of a rod of uniform cross-section, or
as a solution or very finely ground powder which can be placed
inside a glass tube of uniform cross-section. The specimen or its
container is suspended with its axis vertical from one arm of a
sensitive balance, so that its lower end is near the mid-point of
the field between two flat pole tips, while its upper end is in a
region well outside the gap, as shown in Fig. 23a. The lower
end is thus in a strong uniform field 5# while the upper end is
in a very much weaker field #;,. Hence the specimen must be
some 10 to 15 cm. long. Now, the magnetic force acting on
an element of a solid specimen of length dx and volume dv is

equal to ky—F, (déff_i_défyz_*_d.}?f o
2 dx dx dx ’

where k, and k, are the respective susceptibilities of the speci-
men and the surrounding medium, usually air, and 5%, etc.
are the components of the field in the region lying between x
and z+dx. From considerations of symmetry it is seen that
Az z

iz " d

force acting on the element dx is equal to

ky—ky dHZ . ky—ky A
5 aw W 5 de 20

where « is the area of cross-section of the specimen. Therefore
the total downward magnetic force acting on the whole
specimen is given by
ky— kla Hy=H d,}fz k
2 Hy=3Ho dx

a[H2— AP, ...... (78)

* L. G. Gouy, Compt. Rend. 109, 935, 1889.
+ P. Pascal, Compt. Rend. 150, 1054, 1910.
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In practice 5, the field in the gap, is usually of the order of
10,000 oersteds while 57, the field at the end of the specimen,
is usually less than 100 oersteds, so that 57 may be neglected.

On making an experiment the specimen is weighed when the
electromagnet is not excited and again when the current is
switched on. The difference in weight, m gm., represents the
magnetic pull on the specimen. Hence

]_Cg_;ﬁ aH#? = mg dynes. ... (79)

As an example, suppose that a rod of sulphur 1sq.cm. in
cross-section is suspended with its lower end in a field of
10,000 oersteds and its upper end in a field of 100 oersteds.
Then the values of k, and k; being respectively — 1-00 and
+0-03 x 10~%e.m. units per c.c., the magnetic force on the
cylinder is

1(—1:00—0-03) x 10~ x (108— 10%) = — 51-5 dynes.

Hence there is an apparent decrease in weight of 0-0525 gm.
Now, the field between two flat pole faces is not uniform over
an appreciable portion of the gap

unless the latter is small and the g !k L
pole faces large, and, accordingly, #
forces given by the expressions 7-<d2- JT%,,

(75) and (76) of p. 93 are present.
These cannot contribute to the

downward pull on the specimen -
but they may cause a paramag- . % NEP Y BB NEp N e

netic specimen to be displaced

sideways. The amount of lateral %
displacement will, to some extent,

depend on the length of the sus- N #
pension connecting the specimen -
to the balance, and it must be @ @ @ (@

avoided, particularly when the  Fig. 23. The Gouy method of

. . . . measuring susceptibilities.
specimen is mounted inside a
narrow furnace or a draught-proof case. It may be reduced by
suspending the specimen with its upper end in the strong field
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and its lower end in the region of weak field. It is, of course,
enormously increased by the presence of ferromagnetic im-
purities in the specimen.

In the measurement of the susceptibilities of liquids and of
powders the containing vessel may be a simple tube (c), or a
tube divided as shown in Fig. 235, into two compartments, the
upper containing the specimen. Pyrex glass should be used for
temperatures up to 500° C. and quartz up to 1200° C., provided
that the material does not attack the quartz tube, which must
in general be evacuated and sealed. Under these conditions
the quantity m in (79) is the difference in the apparent mass
of the container and specimen and that of the empty container
when the field is on in both cases. The tube may also be pro-
vided with hooks, as shown in Fig. 234, so that a similar but
empty tube may be attached by means of a thin copper wire;
when both tubes are evacuated no correction should be
necessary for the presence of the surrounding medium, i.e. k,
disappears from the expression for the force acting on the
specimen. Further, no allowance should be necessary for pull
on the container, since the upward force on the diamagnetic
container should be balanced by an equal downward pull on
the attached tube. In any case, the specimen can be removed
and the container again evacuated and sealed, and any
necessary correction obtained by again finding the apparent
change in weight when the electromagnet is excited. The
susceptibility of a liquid may also be found* by noting the
magnetic pull exerted upon a quartz cylinder immersed in it.

Provided that the field 5# can be measured accurately, the
Gouy method gives the value of the susceptibility in absolute
measure. It is, however, always advisable to check the field
measurement at intervals by using a standard substance as
specimen, e.g. water, or a solution of nickel chloride of known
concentration or powdered crystals of manganese sulphate,
MnSO, .4H,0. The method can be used at very low tempera-
tures, but at temperatures above 400° to 500° C., depending
on the apparatus, convection currents produce serious dis-
turbances and the method is not then reliable. The order of

* G. Dupouy and C. Haenny, Compt. Rend. 199, 781 and 843, 1934.
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accuracy is limited by the correctness of the value of « and the
value of k,, but relative measurements with an accuracy of
1 part in 1000 are usually attained. In the case of powders the
order of accuracy of an absolute determination depends upon
the uniformity of packing in the container and is usually of the
order of 1 part in 100; relative measurements with the same
specimen are, of course, of higher order of accuracy. The
method requires that at least some 10 c.c. of material is
available in the case of substances of small susceptibility.

The Quincke Method. The Quincke method for the measure-
ment of the susceptibility of a liquid has been extensively used
in many forms. The liquid under investigation is placed in a
vessel which is practically a vertical U-tube of which one
limb is of narrow but very uniform cross-section, while the
other is very wide. The narrow limb is placed between the
poles of an electromagnet so that the surface of the liquid lies
close to the line of centres of the pole pieces when the field is
off. On exciting the magnet, a strong uniform field is established
at the upper surface of the narrow column of liquid, while the
lower portion of the column is in a region of comparatively
weak field. As in the Gouy method, a force will act upon the
column, and, if paramagnetic, the liquid will rise. Owing to
the disparity in the cross-sections of the two limbs there will be
no appreciable change in the level of the liquid in the wider
limb.

The total upward magnetic force on the surface of the
liquid is

ko—ky .0 _
5 aX? = (p—o)gha = pa, ...... (80)

where k, and k, are respectively the susceptibilities of the
liquid and the air above its surface, and p and o are respectively
the densities of the liquid and air; % is the observed rise in level
of the liquid, and (p—0o)gh is consequently the change in
hydrostatic pressure to which the rise corresponds. Thus, by
observing & the value of k,— &k, may be found. It is clear that
the air above the liquid may with advantage be replaced by a
weakly diamagnetic gas such as hydrogen or carbon dioxide;
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allowance may be made for the susceptibility of the vapour
of the liquid. Alternatively, if k,—k, is known, 5 may be
calculated; the method thus provides a satisfactory means of
finding the intensity of a strong magnetic field in a narrow gap,
when a standard liquid is available. In this method, of course,
lateral forces can play no part.

The bore of the narrow limb must be strictly uniform if
surface tension changes are to be avoided, although such
effects are greatly diminished by the use of alcoholic or other
solutions of low surface tension. If the bore is very narrow the
surface of the liquid may be deformed when the field is applied
and the column may not rise or fall. Accurately bored tubes
are now readily obtainable, and it would appear that measure-
ments could be made with containers in which the two limbs
haveidentical cross-sections. Therise inlevel in one limb would
be accompanied by a corresponding fall in the other. The
surface remote from the magnetic field might therefore be
observed by means of a reading microscope and the change
in level noted when the field is applied, the quantity A in
equation (80) then being twice the magnitude of the observed
change. This method does not appear to have been used in
research, although it can easily be adapted as a routine
laboratory experiment.

The prevailing practice is to restore the liquid to its original
level in the tube between the pole pieces either by raising or
lowering the remote limb, or by adjusting the level of the liquid
therein. The latter method has been extensively used by
Piccard.* The method of raising the remote limb has been
used by Fahlenbrach,t who used a flexible glass connection
between the two limbs, taking care that the volume of the
flexible portion was small compared with the non-flexible
portion of his apparatus, in order to avoid distortion effects. -

Auer’s Experiments. An excellent example of the use of the
Quincke method is provided by the work of Auer,} whose

* A, Piccard, Arch. des Sci. Phys. et Nat.13, 343, 1913; 2, 455, 1920; see also
S. Koch, Avhandlinger ut. av det Norske Videnskaps. Akad. Oslo, 7, 1, 1932.

1 H. Fahlenbrach, Ann. der Phys. 13, 265, 1932.
1 H. Auer, Ann. der Phys. 18, 593, 1933.
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apparatus, primarily designed for the absolute measurement
of the susceptibility of water, is shown in Fig. 24. 7 represents
a stout rectangular brass tube which can be rotated about a
horizontal axis passing through two agate supports L, by
turning the screw 4. The liquid under examination is con-
tained in the tripartite Jena glass tube GK M, which is rigidly
clamped to 7'; there is therefore no question of serious de-
formation when 7' is rotated about L. The liquid surface in
M lies between the pole pieces, while the remote surface is in

]

Fig. 24. Auer’s apparatus for the susceptibility of water.

the tube K to which the microscope X is rigidly attached. On
exciting the magnet the liquid (water) level in M falls and that
in K rises. The level is restored to its original position in M by
turning the screw 4 until the meniscus viewed in % returns to
its former position on the cross-wires; this meniscus is illumi-
nated by a point source of light and the microscope setting is
exact. The distance through which the tube K is thus raised
is read by means of a microscope, not shown, focused upon the
glass scale S, whose divisions are the same distance from the
axis of rotation as is the meniscus in K. The glass system UU is
provided to enable the air above the liquid to be replaced by a
diamagnetic gas. The tube G is used as a reservoir and is shut
off from the rest of the apparatus during the measurements.
Certain portions of the apparatus are water jacketed as
shown, in order that the-temperature of the liquid in the field-
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column and in the inclined tube shall be at a constant tem-
perature. This is most important. For, in order to restore the
level in M the inclination of the slant tube KM to the hori-
zontal is altered and the change in hydrostatic pressure thus
brought about is equal to the product of the change in height
measured on the scale S and the density of the liquid in K M.
Let o be the density of the gas, and p, and p, the densities of
the liquids in the slant column KM and the vertical column M
respectively. Then if 4 is the measured change in level

2q9h(p,— o
bk = 020,

ke 2gh {pl a}+k1
X = oy T AT Py o) pa
It is clearly very desirable that p, should be equal to p,, and
this is obtained by the use of the water jacket. The main
difference between the methods adopted by Piccard and
others and that adopted by Auer is that in the former the
density to be used in the calculations is that of the liquid
in the reservoir, while in the latter the density is that of the
liquid actually in the field.

Auer used relatively wide tubes, 10mm. in internal diameter,
in order to work quickly and to avoid
““creeping "’ errors, i.e. errors brought
about by an asymptotic approach
to the required surface level in M.
With this apparatus he found the
diamagnetic susceptibility of water
at 16-3°C. to be 0-72145 + 0-00048
x 10-% e.m. units per gm., with a
temperature coefficient between 15°
and 20°C. of 1-45 x 10~* deg.~.

whence

The Curie Method. Suppose that
the two pole pieces of an electromag-  wig. 25. The Curie method.
net have flat surfaces and are set in
the somewhat exaggerated positions shown in Fig. 25, so that
the lines of force are represented by the curved lines. Then
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a small spherical body placed at O will tend to move along
the direction x under a force

kb, (A2 AKHD AKAD
F= 2 v(dx+dx+dx)
d,
= (kz—kl)”%d“xy:

since, on account of symmetry, the quantities d5#2/dx and
d #?2/dx are very small, and can be neglected. In the figure the
quantities 5, d3#, /dx and 5, dH#, /dx are all plotted against
x. Usually &, and d5#,/dx are of the order of 10* oersteds and
5 x 103 oersteds per cm. respectively. At first sight it might
appear that the method would be less sensitive than the
Gouy method, but its advantage lies in the fact that ¥, may
be measured with a delicate torsion balance, e.g. with a torsion
constant of less than 1 dyne cm. per radian. The use of a
sensitive torsion balance does not, of course, necessarily mean
increased accuracy, for the three-dimensional freedom of the
specimen makes precise replacement exceedingly difficult,
since there is usually no strong constraint to avoid the effects
of lateral forces.

The method requires that the curve of ds#}?/dx against
shall exhibit a reasonably flat or extended maximum, so that
the value is fairly constant over a short distance; otherwise, in
addition to difficulties of stability, serious errors may arise
through failure to maintain the body in a standard position.
This defect may be avoided by using pole tips of special design
so that the force is fairly constant over distances of as much as
1 to 2 cm. Such pole tips have been designed by Fereday;* one
pole face is convex and the other is bigger and concave with
a smaller radius of curvature, and constant values of #d+# /dx
of the order of 108 over a distance of about 1-5 cm. are obtained.

The extensive use of the Curie method for comparison
measurements has resulted in the construction of a large
number of torsion balances or translation balances of varied
design, and some of the more important will now be described.

* R. A. Fereday, Phys. Soc. Proc. 43, 383, 1931.
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«The Sucksmith Ring Balance. For rapid determinations
of susceptibilities which are not small the neat ring balance
designed by Sucksmith* may be used. It consists of a ring,
shown in Fig. 26, made of phosphor bronze strip, whose width
and thickness depend on the sensitivity required, contained in
a thick brass box to maintain a uniform temperature. It is
rigidly fixed at O with its plane vertical and carries a light
scale pan P, mica damping vane E and hook F all attached to
a copper wire soldered to the lowest portion of the ring. Light
from a distant straight filament lamp passes through the lens
L to be reflected from the plane
mirrors B and C as shown, to form
an image upon a scale S. The speci-
men is placed in a small spherical
glass phial suspended in a non-
uniform magnetic field, e.g. as indi-
cated in the figure.t When the field
isexcited the specimen movesthrough
a very small distance in which

H, dH, |dx -6
3 : _ Fig. 26. Sucksmith ring
is constant to a high degree of ap balnco.

proximation, while the deformation
of the ring produced by the displacement is sufficient to
give an appreciable vertical displacement of the image.

For, when a force F, is applied vertically, causing the phial
to move up or down, the radial displacement » at any point
on the ring is given by
_F,r3
Y
where 7 is the radius of the ring, I the moment of inertia of the
cross-section, ¥ Young’s modulus, and 6 the angle between the
radius through the point and the horizontal. When 6 = 90°,
then the displacement of the lowest point of the ring relative
to O is F,r®(m 4) 0-298F,r8

= 2‘@7{1‘;} “2El
* W. Sucksmith, Phil. Mag. 8, 158, 1929.
1 Cf. also D. Shoenberg, Roy. Soc. Proc. A, 155, 712, 1936.
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The angle turned through by the tangent to the ring is, to a
first approximation, given by

6= ;Z’; £ ’I(acoso)
which is a maximum at about 49°, when
_0-561F,r®
Pap = 1Bl

Now the displacement v, on a vertical scale D cm. away from
the mirror C is given by

v = Pgo(4D + 2d),
where 2d is the distance between the mirrors, so that finally
(4D +2d) 0-561F,1*

b= 4B g
and o, = 0943 (47D+ 2d)

so that the sensitivity is inversely proportional to r. With
r = 2-5cm. and D = 100 cm. the ratio v,/u, is about 150, or a
1 mm. motion of the body results in a 15 cm. displacement of
the image, which can be read to 0-01 mm. when the scale is
replaced by a microscope; this corresponds to a 0-000007 cm.
displacement of the specimen. Of course, the mirrors B and
C need not be mounted accurately at ¢ = 49°. The displace-
ment, then, is strictly proportional to the load, and may be
calibrated by placing known weights on the pan. It is so small,
less than 0-1 mm., that the force must be uniform over it,and
on account of the linear relation between force and displace-
ment there is no necessity to restore the specimen to some
standard position.

By changing the weights on the pan the specimen may be set
in a suitable position in the field. Lateral motion may be pre-
vented either by the use of a single horizontal fibre of unspun
silk mounted inside the brass box parallel to the line of centres
of the pole pieces, or by using two weak metal spirals attached
to the copper wire, as described on p. 263 and shown in Fig. 76.
The use of these spirals also permits the whole arrangement to
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be inverted, and so to be used at high temperatures without
the serious consequences of convection currents which would
affect the form of apparatus shown in Fig. 26. The accuracy
is about 0-5 per cent.

The Foex and Forrer Balance. In Fig. 27 is given a diagram
of a translation balance designed by Féex and Forrer* which
is probably the best of its type hitherto designed. At one end
of a light metal rod the specimen S is attached and a coil C' is
attached to the other. The rod is suspended by five threads, of
which four are shown in the diagram, so that it can move only

N ™

& Y
m s
¢ SN

Fig. 27. Foex and Forrer translation balance.

in one direction parallel to the rod. The specimen is placed
as shown between shaped pole pieces, and when the field is
excited the specimen moves in the direction perpendicular to
the lines of force. It can be restored to its former position by
passing a current through the coil C, which lies in the gap of a
permanent magnet system, like the coil of a loud-speaker.
The restoring force is therefore approximately directly pro-
portional to the current in the coil. A special form of Kelvin
double suspension mirror M is used to indicate the position
of the coil. An accuracy of about 1 part in 750 is claimed for
a measurement in which only 0-35 gm. of a substance of
susceptibility 0-55x 10~8e.m. units per c.c. was used, the
measured force being less than 3 dynes. The apparatus is,

* G. Foex et R. Forrer, Journ. de Phys. 7, 180, 1926.
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however, rather elaborate and bulky, and the stray field of the
electromagnet may cause errors. These could no doubt be
avoided by replacing the permanent magnet by a fixed coil
and supplying alternating current to the coil C and the fixed
coilin series, a method used by Gans in measurements in which
such high sensitivity was not claimed.

The Curie-Chéneveau Balance. Rapid measurements at
fixed temperatures may be made by a form of torsion balance
designed by Chéneveau* and improved by Gray and Far-
quharson.t A vertical tube is suitably counterpoised and
suspended from a long torsion fibre so that the lower end of the
tube lies in a non-uniform portion of the field of a permanent
horse-shoe magnet, mounted with the longer edge of the gap
parallel to the axis of the tube. On placing a specimen in the
tube a deflection occurs and the angle of re-torsion necessary
to restore the tube to its original position is determined. The
instrument is calibrated by placing water in the tube. It is
clearly unreliable when the specimen contains a ferromagnetic
impurity, for practically no variation of the experimental
conditions is possible.

The Method of Kapitza and Webster. As already mentioned,
a method of measuring magnetic susceptibilities, which is
particularly valuable when the specimen is subjected to
deformation or other interference while the magnetic measure-
ments are in progress, has been devised by Kapitza and
Webster. It requires the production of a strong, constant,
magnetic field, #, uniform to 1 part in 1000 over an extended
region. Such a field may be obtained with some difficulty
between two large flat and accurately parallel pole pieces. A
small spherical body placed in this field will not tend to move
perpendicularly to the lines of force unless the field is artificially
distorted. Distortion may be produced by placing a short iron
rod with its axis parallel to the lines of force, as shown in
Fig. 28.

* C. Chéneveau, Phil. Mag. 20, 357, 1910.

t F. W. Gray and J. Farquharson, Journ. Sci. Instr. 9, 1, 1932.
1 P. Kapitza and W. L. Webster, Roy. Soc. Proc. A, 132, 442, 1931.
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It is readily seen that the magnetisation of the rod produces
a disturbing field H with a gradient dH/dz in the neighbour-

hood of the body B, and a force &(#" + H) %v will act on the

latter, tending to make it move towards or away from the rod,
and may be measured if B is suitably
mounted on a torsion balance. The force
acting on the iron rod due to the presence i
of B must be equal and opposite to ‘i
that acting on B, and, therefore, instead
of mounting the latter on the torsion Fig. 28. Kapitza and Web-
balance it is fixed in position while the :r;i:;?fggﬁ?ez_fme“umg
iron rod is free to move. Now, it is ob-

viously impossible to produce such a strictly uniform field

o

that the force M At
dx
the magnetic moment M of the rod, is zero, but Kapitza
and Webster state that this force can adequately be com-
pensated by gravitational or other controls. It is essential
that ds#/dx shall not vary appreciably during the period in
which the experiments are made with the iron attached to the
balance. Kapitza and Webster have designed a special form of
balance in which the iron rod is suspended from a horizontal
torsion fibre, and this has been used by Webster in an investi-
gation of the magnetic properties of bismuth exposed to stress.
The disturbances produced by ferromagnetic impurity in the
metal system used to clamp B must, of course, be taken into
account.

Difficulties occurred because of unavoidable changes of
zero due to fluctuations in 5#. The latter were reduced to a
minimum, by compensating for high frequency eddy current
effects, by using an automatic field current regulator to
prevent sudden changes, and by bracing the pole tips to
prevent mechanical distortion when the temperature of the
magnet rose.

Potter* has used the method in his measurements of the
saturation intensity of magnetisation possessed by an iron

* H. H. Potter, Roy. Soc. Proc. A, 146, 362, 1934.
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sphere at high temperatures, as described on p. 262; in this
case the iron sphere is fixed and the body B replaced by a
movable coil of wire carrying a current.

*The Rankine Method. A simple, but extraordinarily sensi-
tive method of dealing with the properties of weakly magnetic
substances has been devised by Rankine.*

Instead of fixing the magnet and allowing K
the specimen to move, Rankine fixes the speci-
men and allows the magnet to move. The
apparatus, shown diagrammatically in Fig. 29,
consists of a light horizontal cross-bar suspended
from a torsion head by a vertical metal strip of
very low torsion constant. From one end of the ¢
cross-bar a vertical cobalt-steel magnet SN is
suspended by a fine silk fibre, while a brassrod B
of equal mass is similarly suspended from the S
other end. The magnet is about 5 cm. long and
weighs about 8 gm. Such a system takes up an B 4
equilibrium position which is practically inde-
pendent of the earth’s magnetic field, although
no special mounting devices appear necessary
to ensure this most desirable independence. On
bringing a cylinder of a weakly magnetic sub-
stance parallel to and close to the magnet, it is
attracted or repelled by both poles, and the
magnet moves. In practice the cylinder is so
placed that only the upper pole of the magnet is ¥ig. 29. Ran-
really effective. In the figure C, C represent kine'sapparatus.
glass containers in which specimens may be placed. A hollow
copper cylinder, not shown, is placed round the lower pole to
provide electromagnetic damping and thus render the motion
of the magnet almost dead-beat.

Suppose that the couple acting on the magnet is I', then
the angle of restitution, ¢, through which the torsion head K
must be turned to restore the magnet to its original position, is
given by I'/r +71’, where 7 and 7’ are respectively the torsion

* A. O. Rankine, Phys. Soc. Proc. 46, 391, 1934. .
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constants of the metal and silk suspensions; 7 is usually much
greater than 7'. Itis, however, not necessary to turn the torsion
head, for a suitable restoring couple may be provided by
passing a current of the order of a few milliamperes through
a single long straight wire running horizontally, directly below
the axis of the magnet and parallel to the cross-bar. It is
not possible mathematically to calculate the couple produced
between the magnet and specimen. Temple* has calculated
the couple in the case of a horizontal magnet and a spherical
specimen. He has also shown that a small error arises because
of the magnetisation of the specimen by the earth’s field. In
general, then, the apparatus must be calibrated by placing a
liquid of known susceptibility in one of the containers.

A serious difficulty is encountered in the construction of the
instrument, namely, the elimination of iron from all portions
of the apparatus. If a little free iron is present the spurious
couples acting on the magnet may exert much greater control
upon the motion of the magnet than the torsion of the metal
suspension. Consequently, all metal parts should be iron free,
and, if possible, made of aluminium; copper should always be
substituted for brass when aluminium cannot be used. Special
care is also necessary in the choice of specimens, although it
would appear possible to devise a form of correction similar
to that used by Owen and Honda, described on p. 115. The
method should, however, be particularly valuable in the study
of gases and vapours, changes of state and changes accom-
panying strain. The efficient use of the apparatus really
necessitates the provision of a special ‘“magnetic’’ laboratory
in which the vertical gradient of the earth’s field is small. A
satisfactory form of the apparatust has been used for a com-
parison of the susceptibilities of H,0, HDO and D,0.

Measurements in Very Intense Frields. A special balance is
obviously necessary for the measurement of the considerable
forces which are exerted upon a body when placed in a very
intense field. In these circumstances 5# d# /dx may be as

* G. Temple, Phys. Soc. Proc. 48, 393, 1936.
+ H. P. Iskenderian, Phys. Rev. 51, 1092, 1937.
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large as 1019, when the corresponding force on unit volume of a
weakly magnetic substance is of the order of 10gm. As such
a force persists only for about 0-01 sec., it must be measured
ballistically by a balance with a very short period of oscillation,
high sensitivity, and fairly low inertia. Moreover, the balance
must be critically damped, itself be unaffected by the field,
and provide a large linear magnification of any displacement
of the magnetised body.

v ‘\\\\f
= ATI g
M D ﬁ AN

()

Fig. 30. Kapitza’s magnetic balance.

An instrument designed by Kapitza* is represented
diagrammatically in Fig. 30. The specimen is placed in the
container 4 attached to a glass rod, and so placed in the
magnetising coil, mentioned on p. 81, that it is pulled down-
wards when the field is established and depresses the con-
stantan diaphragm D. The latter forms the floor of an oil-
filled chamber communicating through a small outlet P with
an outer vessel V, also oil-filled. The exterior end of P is
partially closed by a small mirror M, only 0-9 by 0-7mm.,
cemented to a horizontal glass fibre supported between two
vertical constantan strips. The mirror could thus swing, as

* P. Kapitza, Roy. Soc. Proc. A 131, 224, 1931.
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depicted in the enlargement, Fig. 30a, to open and close the
hole. When the diaphragm D is suddenly depressed, oil must
find its way into the inner chamber, and, in so doing, cause the
mirror to tilt. In this way an achromatic spot of light may be
deflected on a horizontally moving photographic plate. The
linear magnification so obtained depends on the ratio of the
area of the constantan diaphragm to that of the outlet, and
on the distance between the mirror and the plate; the final
magnification is arranged to be of the order 105. Measurements
are conducted in such a manner that an oscillograph gives a
record of the value of the field current on the same photo-
graphic plate as the record of the tilted mirror. Satisfactory
determinations of susceptibility can be made in fields between
85,000 and 200,000 oersteds. The balance can be calibrated by
applying weights suddenly by an electromagnetic device; so
far it has been used for comparison measurements only.

The balance is free from thermal disturbances, since these
can produce merely slow motion of the oil in the outlet. A
surprisingly steady zero is obtained, although the instrument
is found to act as a delicate seismograph when a weight is
attached to D. Effects due to static friction and to gravita-
tional control do not appear to arise. Certain errors are inci-
dental to the use of the very intense fields, namely, those
produced by eddy currents and by adiabatic magnetisation.
The first produce an apparent diamagnetism of the specimen
when the field is increasing, and an apparent paramagnetism
when decreasing, so that some idea of their relative importance
can always be obtained from the magnetisation record. The
second produce thermal changes which may alter the tempera-
ture of the specimen, particularly during low-temperature
determinations. When a ferromagnetic or paramagnetic sub-
stance is suddenly placed in a magnetic field its temperature
rises, while the temperature of a diamagnetic substance does
not change, unless its diamagnetism is a function of the
temperature. Fortunately, the maximum changes of tem-
perature due to these magnetocaloric effects, which are dis-
cussed in detail in Chapter 1x, are only about 1° or 2° C. and
can usually be neglected in susceptibility determinations,
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although these changes are much greater than those observed
in measurements with electromagnets.

Radiofrequency Measurements. If we place a paramagnetic
within a coil forming part of an oscillatory circuit, there results
a frequency change which can be measured by the heterodyne
beat method. The change in beat note is directly proportional
to the susceptibility, when due account is taken of diamagnet-
ism corrections and capacity changes caused by placing the
substance inside the coil; such allowances may be found by
repeating the measurements with a diamagnetic of similar
chemical constitution. Gorter* made experiments on para-
magnetic alums at liquid hydrogen and nitrogen temperatures
with frequencies of about 2 megacycles per sec. The suscep-
tibility was found to decrease by about 75 per cent with iron
and chrome alums when a steady field of about 2000 oersteds
was applied parallel to the axis of the coil and by 20 per cent
in the case of vanadium alum.

When an alternating field is applied to a paramagnetic the
carriers follow it completely when the frequency is low, but if
the frequency is too high they are unable to do so. With inter-
mediate frequencies there is a phase difference between the
applied field and the magnetisation, so that energy is lost and
heat is dissipated in the paramagnetic. This heat is found to
be markedly reduced in the above cases when the strong steady
field is maintained, and the following explanation fits the facts.
The steady field produces Zeeman separations much larger
than the interaction energy between the spins so that changes
in the distribution of the carriers in the various Zeeman levels
cannot be supplied at the expense of the coupling between the
carriers. Moreover, the weak coupling between the carriers and
the crystal lattice cannot provide the necessary energy unless
the frequency is sufficiently low, and apparently this is not the
case.

Correction for Ferromagnetic Impurity. In measurements
described above the possibility of the introduction of ferro-

* C. J. Gorter, Physica, 3, 503, 998 and 1006, 1936; 4, 579 and 667, 1937.
Cf. 1. Waller, Zeit. fur Phys.'79, 370, 1932 for theory. See also A. H. Cooke and
R. A. Hull, Proc. Roy. Soc. A, 162, 404, 1937.
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magnetic impurity into the specimen or its container has
frequently been emphasised. Such impurity is often very
difficult to remove and the elimination of the effects to which
it gives rise must now be considered. Little is known of the
precise way in which ferromagnetic impurities behave when
they are finely divided and spread throughout the body of a
specimen. It is often stated that a small amount of iron
introduced into copper or even a large amount into aluminium
will not exhibit ferromagnetic character. In the case of liquid
mercury iron amalgams, the iron appears to exist in a colloidal
form and rises to the top of the fluid. A drop containing nearly
all the iron can be removed from the surface in a magnetic field.
In frozen mercury-iron amalgams the ferromagnetism of the
iron is definite enough even in concentrations of 10~4gm. iron
in 100 gm. mercury.

If the quantity of ferromagnetic impurity is not too large
the magnetic effects can be eliminated by a method due to
Honda* and Owen. It is assumed that in strong non-uniform
fields while the diamagnetic or paramagnetic constituents of
a specimen experience forces proportional to S d# [dx, the
ferromagnetic impurity is saturated and experiences a force
proportional to ds# /dx. Thus, when measurements are made
by the Curie or Faraday methods the apparent susceptibility
ky of a substance in a field /# is connected with the true
susceptibility £, in an extremely high field by the equation

ko =ky—0,0, e (81)

where o, is the saturation intensity of magnetisation of the
ferromagnetic impurity. The value of k., may therefore be
found by plotting values of k, against the corresponding
values of 1/5#, and finding the intercept at 1/5#" = 0.

Equation (81) does not correctly express the results obtained
by the Gouy method. As Vogtt showed, in this case the ex-
pression on p. 97 may be written

r dH,
mg=a| o' —=Ydx, ... 82
g fo dz 0% (82)
* K. Honda, Ann. der Phys.32, 1048, 1910; M. Owen, Ann. der Phys. 37, 657,
1912. t E. Vogt, Ann. der Phys. 14, 1, 1932.

115 8-2



SUSCEPTIBILITY MEASUREMENTS

where o' is the intensity of magnetisation of the material
lying between x and « + dx of Fig. 23a. The quantity o’ contains
a paramagnetic or diamagnetic contribution which we may
separate from the ferromagnetic, thus

ko > >
mg = a?[‘;f;L +ocfx odH, ... (83)

where o is the intensity of magnetisation of the impurity in the
field 7.

.
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Fig. 31. Behaviour of ferromagnetic impurity.

Referring now to Fig. 31, where the curve OB is supposed
to represent the o, 5# curve for the ferromagnetic impurity, it
is seen that the last equation may be rewritten

to >
mg = o {-2- [:e%’”uz:l +area O'B'BC} .
#o
But, since the area O'B'BC = area O'A’'BC—-B'A’'B
= 0O, (‘}f - ‘%) - Q7
and 2mg/o(#?— H#{) is the apparent susceptibility £, in a

field 5#, we have
20’8(‘%0—’%0) 2Q

ky =ko+ HE_AE A (84)
and when 5 is small,
20, 2Q
k.,?:koo‘l‘?_%. ...... (85)

In general 5# is so large that the last term in (85) may be
neglected, and the equation reduces to the form (81) except
that 20, replaces o,. The equation

20,

]Cx = km"l'?
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appears adequate for most purposes when the Gouy method
is used, and Bates and Illsley* have used it as a means of
finding how o, varies with the concentration of iron in a series
of mercury-iron amalgams.

Temperature Control. It is often necessary to determine
the susceptibility of a substance over a wide range of tempera-
ture, and electric furnaces designed for this purpose must fit
into the relatively narrow space between the pole pieces of a
magnet. Such furnaces have been described by Foex and
Forrer. They consist of a silver tube closed at one end and
covered with a layer of mica on which is wound, non-induc-
tively, two or more layers of nichrome strip or platinum wire.
These are held in position by a dried paste of kaolin and water.
The whole is covered with layers of mica and slipped inside
a cooling jacket consisting of two concentric tubes of brass
through which water is circulated; the function of the cooling
jacket is, of course, to prevent heat from reaching the pole
pieces, thus causing fluctuations of the magnetic field, and to
prevent convection currents in the measuring apparatus. The
temperature distribution in such a furnace must be known,
and when used with its closed end uppermost, it is customary
to fit a metal thimble inside the upper end of the furnace to
assist in providing a uniform temperature distribution. The
latter may also be attained by winding the furnace in sections
and supplying different currents to the several sections.

For temperatures up to 400° C., a thick copper tube on
which is a layer of China clay, or of asbestos coated with
“Purimachos” cement, and wound non-inductively with
layers of nichrome strip embedded in the same cement, may
be used. The whole is wound with asbestos cord and placed
inside a cooling jacket; a satisfactory form of jacket which
can be detached and used with different furnaces has been
described by Bates and Baqi.t When a long furnace such as is
necessary for Gouy measurements is used with the open end of
the tube uppermost, uniformity of temperature distribution
is assisted by placing a short tube of copper foil inside the

* L. F. Bates and P. F. Illsley, Phys. Soc. Proc. 49, 611, 1937,
+ L. F. Bates and A. Bagqi, Phys. Soc. Proc. 48, 781, 1936.
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upper portion of the furnace and allowing it to project for a
short distance. Very satisfactory furnaces* for use up to
600° C. can be made by coating thick copper tubes, inside and
out, with “Insalute” cement, the windings being directly
embedded in this cement, layers of mica being unnecessary.
For very high temperatures ‘“alundum’ tubes wound with
molybdenum, embedded for convenience in magnesia, must be
used. It is important to note that, in using the Kapitza and
Webster distorted field method of measuring magnetic
susceptibilities, particular care must be taken in selecting
non-ferromagnetic furnace materials, and the furnace should
be heated by alternating current. The stabilisation of a
furnace current is always important, and a method used by
Potter with direct current is described on p. 89. Arrange-
ments for low-temperature measurements are described in
detail in the following chapter.

~Susceptibilities of Gases. 1In measuring the susceptibility of
a gas two main difficulties are encountered. First, while volume
susceptibilities ranging from 10-% to 10~3e.m. units per c.c.
are usual in the cases of solids and liquids, values of the order
of 10-10 are found for many gases at N.T.P.; it is true that a
gas can be compressed and its volume susceptibility pro-
portionately increased, but there is a limit to the degree of
compression and a limit to the dimensions of the containers
which can be used in magnetic measurements. Secondly,
whereas oxygen is strongly paramagnetic with a volume sus-
ceptibility of 0-162x 10-6 e.m. units per c.c. at N.T.p., the
majority of gases are weakly diamagnetic. Consequently, a
minute trace of oxygen present as an impurity may profoundly
affect the value obtained for the susceptibility of a gas. For
example, the presence of 0-01 per cent of oxygen in hydrogen
would mean a possible error of about 9 per cent in the deter-
mination of the susceptibility of the latter. Hence, the
purification of the gas is a matter of great importance. It
follows that in dealing with gases relative measurements are
the rule, and we shall now consider some of the experiments.
19;6L' F. Bates, R. E. Gibbs and D. V, Reddi-Pantulu, Phys. Soc. Proc. 48, 665,
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Soné* used the Gouy method with a particularly sensitive
balance, which was well damped and provided with a Kelvin
mirror system to indicate its equilibrium position. Because of
its high susceptibility, air was confined under pressure in the
upper portion of a tube divided like that shown in Fig. 235 on
p. 98, the lower portion being evacuated,
and the magnetic pull found in the usual
way. The magnetic susceptibility of the air
was measured in terms of the susceptibility
of water, with which the upper portion of
the tube was later filled. The susceptibility
of the air being known, it was now confined
under atmospheric or slightly higher pressure
in che upper portion and the magnetic pull
compared with that found when the air was
replaced by a gas under pressure. The
.method gives valuable rfasults, partlcula,’rly Fig. 32. Stossel’s
in the case of a gas like oxygen, which apparatus for gases.
can be used as a standard in comparison
measurements.

= J

-Stossel’s Experiments. A modified form of the Gouy
method was also used by Stosselt in a study of the magnetic
susceptibility of nitric oxide, NO, which is of considerable
theoretical interest. Stossel’s apparatus is shown diagram-
matically in Fig. 32. From the left-hand side of the special
balance is suspended an evacuated quartz tube @, and from the
right-hand side a glass tube E containing erbium oxide, which
is strongly paramagnetic. The balance chamber and the tubes
surrounding the suspensions can be evacuated. The lower
portion of the quartz tube hangs in the field of an electro-
magnet. If the apparatus is evacuated, then @ is pushed
upwards when the field is excited, and it can be restored to its
original position by passing a suitable current through the
solenoid § in order to pull the tube E upwards. The solenoid
current is thus a direct measure of the force on the quartz
tube. The necessary arrangements for the initial adjustment

* T. Soné, Phil. Mag. 39, 305, 1930.
t R. Stossel, Ann. der Phys. 10, 393, 1931.

119



SUSCEPTIBILITY MEASUREMENTS

of the balance are not shown in the diagram. After a gas has
been admitted to the apparatus a different current in the
solenoid will be required to give equilibrium when the field is
on, and the difference in the two currents is a direct measure of
the susceptibility of the gas. The apparatus is calibrated by
using oxygen as standard.

The mirror M is used to magnify the motion of the balance,
and the sensitivity is necessarily very high. The main interest
in the study of nitric oxide is the variation of its susceptibility
with temperature, for at low temperatures Van Vleck’s theory
requires that its susceptibility be zero rising to a high value at
higher temperatures, as described on p. 47. Hence the con-
taining tube C is immersed in liquid oxygen for low-tempera-
ture determinations. It is imperative that the susceptibility
of the erbium oxide be maintained constant, and the container
is water-cooled by means of the jacket J.J. Solid NO has been
found by Lips* to possess a weak paramagnetism independent
of the temperature.

Modern Forms of Faraday’s Method. Most of the modern
methods for comparing the susceptibilities of different gases
are really elaborations of a method originally designed by
Faraday for comparing the susceptibilities of different sub-
stances in the form of rods. Each rod was suspended in turn
from the same torsion fibre to hang horizontally between the
poles of an electromagnet; uniform or non-uniform fields may
be used. The magnitude and direction of the rotation was
observed when the field was excited.

For example, Glaser,t in his measurements on the sus-
ceptibilities of diamagnetic gases, used a small composite glass
rod or test body, which he suspended from a long fibre so that
in the absence of field it set at an angle of 45° with the line of
centres of a pair of conical pole pieces. It was only slightly
paramagnetic and made by attaching a strip of paramagnetic
glass to a rod of diamagnetic glass. When the field was
established the rod tended to set along the line of centres and
was restored to its original position by turning the torsion head.

* E. Lips, Helv. Phys. Acta, 8, 247, 1935.
+ A. Glaser, Ann. der Phys. 75, 459, 1924.

120



MEASUREMENTS WITH GASES

The magnitude of the torsion couple depends on the nature of
the gas surrounding the test body. If 6, is the angle of torsion
when the test body is ¢n vacuo and 6; when in hydrogen at
known pressure and temperature, then 6, — ¢, is proportional
to the susceptibility of hydrogen under these conditions, and
the apparatus may thus be calibrated in terms of hydrogen.

Serious errors may arise in such measurements through
radiometric action, unless the walls of the vessel containing
the gas are kept at a uniform temperature. This requirement
means that the pole gap must not be too narrow and the poles
must be kept cool. Temperature control is also necessary,
since the paramagnetism of the test body is a function of
temperature, which must therefore be kept constant to within
0-01° C. The evacuation and refilling of the container may pro-
duce electrostatic charges upon the body which the fibre, if of
quartz, will not conduct away. Finally, the field must be kept
constant, e.g. by means of a bismuth spiral, as described on
p. 86.

In connection with Glaser’s work brief mention must be
made of what is known as the Glaser anomaly. He found
that the volume susceptibility of a diamagnetic gas was not
a linear function of its pressure. This result has not been
verified by other workers, and various suggestions have been
made to account for it. It has been shown that Glaser’s results
can be reproduced by the presence of moisture, but no satis-
factory explanation of the mode of action of the moisture
has been given. The anomaly is not found with pure and
efficiently dried gases.

Special Test Bodies. The accuracy which may be attained
in measurements by the method just described has been con-
siderably improved by Bitter,* by Hammart and others, by
the use of specially designed test bodies. The special design
used by Bitter is shown in Fig. 33a; it consists of a cylindrical
vessel of pyrex glass (diamagnetic) divided into four equal
chambers or quadrants and mounted on the stout glass fibre
RR. Onepairof opposite chambers 4 4 are open, the other pair

* T. Bitter, Phys. Rev. 35, 1572, 1930.
1t G. W. Hammar, Nat. Acad. Sci. Proc. 12, 597, 1926.
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BB are evacuated and sealed. Round the apparatus a single
turn of copper wire is placed to provide electromagnetic
damping. The system is suspended from a quartz fibre so that
the cylinder lies between the poles of an electromagnet. The
small glass rod D, fixed with a tungsten spring, is so mani-
pulated that, when the containing vessel, and, hence, A4, are
evacuated, the system sets as shown in Fig. 335, whether the
field is off or on. When gas is admitted it enters A4 and upsets
the magnetic equilibrium, so that a deflection results when the

Fig. 33. Test body for gases. (Bitter.) Fig. 34. Test body for gases. (Havens.)

magnet is excited. If the gas is paramagnetic the system tends
to turn anticlockwise, as seen in Fig. 33b, and clockwise if the
gas is diamagnetic. The angle through which the torsion head
is turned to restore the cylinder to its original position in the
absence of the field is therefore a direct measure of the sus-
ceptibility of the gas under the observed conditions of pressure
and temperature.

Havens* has made a careful study of the behaviour of
test bodies of different designs, that finally preferred being
shown in Fig. 34. It consists of two evacuated spherical bulbs
of quartz connected together and compensated by a small
quartz rod. The whole system weighs only 0-1 gm., and is
coated with gold so that it can be earthed to remove electro-

* G. Havens, Phys. Rev. 41, 337, 1932; 43, 992, 1933.
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static charges from its surface. Indeed, Havens coated the
whole of his apparatus with gold to avoid electrostatic disturb-
ances. He paid much attention to the accurate centering of
the fibre with respect to the torsion head. Extremely high
sensitivity was attained; e.g. with oxygen at a pressure of
18:3 cm. of mercury the twist of the fibre was 454-65 complete
revolutions for a field of 7500 oersteds, and it seems clear that
these results are the most accurate so far obtained.

Measurements with Vapours. Very few experiments have
been made with vapours mainly because of the lack of know-
ledge of vapour densities and because in many cases they
attack the walls of the containing vessel. Measurements on
paramagnetic vapours have been made by the Curie method by
Lallemand* and Néel.t The liquid whose vapour is to be
investigated is sealed inside an evacuated bulb, less than 1 c.c.
in internal volume, with stout walls. The bulb is attached to a
translation balance like that described on p. 107, and the
temperature of the bulb is raised until all the liquid is converted
into vapour, when magnetic measurements are commenced.

The main difficulties of experiment are at once apparent.
The small quantity of the liquid, some few mg., must be weighed
accurately before the bulb is sealed. The walls of the bulb are
so thick that the necessary corrections are large. Moreover, in
all cases the experimenter is dependent upon data for the
dissociation phenomena exhibited by the vapour, which are
often unreliable and inadequate. For example, Néel in working
with sulphur vapour had to allow for the presence of Sgand Sq
molecules. He found from three concordant sets of observa-
tions that sulphur vapour is paramagnetic, the susceptibility
decreasing more rapidly than the Curie law predicts and giving
Pegr 8t 600° C. equal to 2-3. Lallemand used iron perchloride
FeCl, and found that its molar susceptibility decreased from
9:98 x 10-3 at 125° C. to 4-59 x 10-3 units at 327° C., where all
the material was in the form of vapour; from 327° to 430°C.
the susceptibility was constant at 4-59 x 10~3, after which it
again decreased with rise in temperature.

* A. Lallemand, Compt. Rend, 194, 1726, 1932.
T L. Néel, Compt. Rend. 194, 2035, 1932.
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Apparently the above data can only be supplemented by
some observations on the behaviour of potassium vapour
between 300° and 500° C. obtained by a circulation method
devised by Lehrer.* In principle the method is easy to follow,
but its experimental working must be very difficult. Over the
above range of temperature giving potassium vapour pressures
of 0-5 to 30 mm. of mercury, Lehrer found the atomic suscepti-
bility to be 33:6 x 10-¢ with C = 0-38, with an accuracy of
about 10 per cent. It would appear that the Rankine method
described on p. 110 would be most useful for the investigation
of vapours.

Discussion of Experimental Data. From the theoretical
considerations of Chapter 1 it is clear that measurements of
susceptibility in the case of weakly magnetic materials are
generally of restricted use unless they are made over a
sufficient range of temperature and at different field strengths
to eliminate the effects of ferro-magnetic impurity, if necessary,
and to see that the susceptibility is not a function of the field.
The experimental values of the mass susceptibilities of the
elements are reproduced in Table IT.

A few interesting points may be brought out by marking
the distribution of the diamagnetic and paramagnetic elements
on a curve of atomic volume plotted against atomic number.
In general, the peaks of the curve are occupied by diamagnetic
elements of the alkali metal group, while in the troughs the
paramagnetics are arranged on the sides of lower atomic
number and the diamagnetics on the sides of higher atomic
number. Some interesting features are also brought out when
the logarithms of the atomic susceptibilities of the diamagnetic
elements are plotted against their atomic numbers, for many
of the elements in each vertical column of the periodic table
lie accurately upon one of a series of straight lines.

Much of the theoretical discussion in Chapter 1 was devoted
to the significance of the spectroscopic states of atoms and
ions, and we must now see how the effective magneton number
of a paramagnetic ion of any element may be obtained from

* E. Lehrer, Ann. der Phys. 81, 229, 1927; cf. W. Gerlach, Rep. of the Internat.
Congress of Physics, Como, 1937 and K. E. Mann, Zeit. fur Phys. 98, 548, 1936.
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experimental measurements. The importance of these
measurements in physics and chemistry lies in the fact that
they are made upon atoms and ions in the normal and not in
an excited state, although, of course, the influence of neigh-
bouring particles may produce disturbances, while spectro-
scopic measurements can only be made on particles which are
in an excited state.

There are two methods of attack. First, we may make
measurements on hydrated salts containing the metallic ion
in question, in which case, cf. p. 48, it is supposed that the
molecules of the water of crystallisation have little effect on
the magnetic properties. The measurements must be made at
a series of known temperatures to determine whether the Curie
law is obeyed after correction has been made for the diamag-
netism of the non-metallic ion, water of crystallisation and the
core of the metallic ion; fortunately, the corrections are usually
small. The corrected values of the molar susceptibility are
then plotted against the reciprocals of the corresponding
absolute temperatures, or, the reciprocals of the corrected
molar susceptibilities are plotted against the temperatures.
The former method of plotting has the advantages that any
errors in correcting for the diamagnetic contributions are less
important and any errors in the individual measurements are
less likely to be misinterpreted. Special features of various
methods of plotting have been discussed in detail by Klemm*
and Vogt.t

If the Curie law is obeyed, then from either graph the Curie
constant C can be deduced and inserted in the equation

(Xa)+ = O/T = pg wi(N?/3RT),
corresponding to equation (11) of p. 16, where pg, is the

effective number of Bohr magnetons to which the magnetic
moment of the ion is equivalent. Hence

Pett = N3RC|Nuy = ABRC/5565 = 2:8394C. ...... (86)
In the literature results are frequently stated in terms of
Weiss magnetons, in which case the effective number of Weiss

* W. Klemm, Magnetochemie, p. 113, 1936.
1 E. Vogt, Ann. der Phys. 29, 358, 1937.
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magnetons, py, to which the magnetic moment of the ion is
equivalent is given by

Pw = N3RC|Nuy = V3RC/1125:6 = 14-054/C,  ...(87)
but, as the Weiss unit has no theoretical significance, we shall

not employ it.
If a Curie-Weiss law is obeyed, then

(Xa)s = C/T =0

_ \BR(xy) (T=0)
petf - 5565

The second method of attack involves measurements with
aqueous solutions of different concentrations of the ion in
question at a fixed temperature, say 20°C. The molar
susceptibility of the dissolved salt may then be calculated,
assuming Wiedemann’s law, p. 13. Ifit is found that the molar
susceptibility of the salt is independent of its concentration,
then it is further assumed that the paramagnetic ion obeys
Curie’s law. Let () be the molar susceptibility of thesalt in
solution. Then (x,); = (Xa7) — (Xa)— (the value of (x,,)_being
negative since the non-metallic ion is diamagnetic), and we

and

= 2:8394(xp) (T—0). ...(88)

may write (Xa)+ = C/293,
so that J
3R 203 -
Doyt = ———%"5—”&%—‘ = 2:-8394/293 (Xp1)se -oeee- (89)

However, few experiments have been made with solutions
over a sufficient temperature interval to justify the assumption
that Curie’s law holds generally, and those of Liquier-Milward*
with solutions of cerium chloride over the range 7° to 70° C.
give (xar), (T +6) = 0-762, where 6 varies from 45 to 63 over a
range of concentration of 8 to 37-5 per cent of the anhydrous
salt. Here, assuming Curie’s law to hold, p, would vary in
this range of concentration from 2:31 to 2-27, but, when the
above Curie-Weiss law is assumed, the value of p, is inde-
pendent of concentration and temperature and equal to 2-50.

* Jeanne Liquier-Milward, Phys. Soc. Proc. 47, 559, 1935. See also G. Dupouy
and G. Haenny, Compt. Rend. 199, 843, 1934.
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Ions of the Rare Earth Group. Itisunfortunate thatsome of
the most interesting materials from a magnetic standpoint are
the rare earth salts of which many are very expensive and
difficult to prepare in a pure state. The paramagnetic properties
of the ions arise from the 4f electrons which are situated well
inside the atom. The experimental data have been thoroughly

TABLE IV. MAGNETIC AND SPECTROSCOPIC DATA
FOR IONS OF THE RARE EARTHS*

No. of N 1 ] _
elec- Ton s(::lt;lil;loa L siJ epxl;), gvJ(J+1) Vunp §}Tleck
trons

H4 Lat++ 13, 0 0 dia. 0 0

55 | Cett+Prestt | Wy | 3 | 3 | 3 fgg} 054 256

56 Pr+++ 3H, 5 1 4 3-61 3-58 3-62

57 Nd+t+ 4y 6 3 3 3-64 3-62 3-68

58 II+++ 8, 6 2 4 — 2-68 2-83

59 | Sm+r SHy | 5 | ¢ | ¢ | 1512| o084 155
1-65

60 Eut+t F, 3 3 0 3-63? 0-00 3-40
3-51

+++ 8S z 7 o

61 | Gd o0 R I S I X1 7.04

62 Thtt+ "Fe 3 3 6 9-65 9-70 9-70

63 Dy+++ SHy 5 H 7% | 10-50 10-60 10-60

64 Hot++ Jg 6 2 8 10-50 10-60 10-60

65 Er+++ Jg 6 3 7% 955 | 9-60 9-60

66 Tut++ 3H, 5 1 6 7-27 7-60 7-60

67 Yb+++ 2Fy 3 3 e 4-55 4-50 4-50

68 | Cp++ w0 | 0| 0| da. 000 000

* Values of the Curie constant for Dy+++, Ho+++ and Er+++ for the powdered
oxides have been given recently by M. B. Cabrera (Compt. Rend. 205, 400, 1937)
and for Dy+++, Ert++and Yb+*++ for the octahydrated sulphates by L. C. Jackson
(Phys. Soc. Proc. 48, 741, 1936). Dr Jackson has kindly drawn my attention to
the unsatisfactory state of our knowledge concerning Nd+++ and to work at
present in progress on this ion.

sifted by Gortert and by Van Vleck,{ and the final weighted
mean values of pey, are given in Table IV, together with the
relevant spectroscopic data and the values of p,, calculated

from the expression g+/J (J+1) of p. 40. In the final column

t C. J. Gorter, Arch. du Musée Teyler, Série 111, 7, 183, 1932.
1 J. H. Van Vleck, Electric and Magnetic Susceptibilities, p- 243, 1932,
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are given the values of p.y calculated from the more complete
Van Vleck theory. The experimental and theoretical values are
plotted in Fig. 35. They show that the values of p, calculated
from equation (27) of p. 40, derived for the case of wide
multiplets, agree well with experiment except in the cases of
Sm+*++ and Eut++t, where special conditions obtain. Here, the
values of L and 8 are such that when they are antiparallel the
value of L— 8§ is small and the energy difference between the

I4(

0o

(0]

Magnetic moment peft

N

54 57 60 63 66 69

Number of electrons in ion

Fig. 35. Calculated and observed magnetic moments.

1 pett=gVJ(J+]1).
2 ---- pept calc. Van Vleck.

The thick lines represent the range of observed values. (Gorter.)

states of an ion for the two lowest values of J is small, because
it is proportional to the difference in the values of J(J +1),
even though the overall multiplet width, i.e. the difference in
energy between the states with the highest and with the lowest
value of J, is large. Moreover, the temperature-independent
paramagnetism of p. 43 is important in these cases. In
Table IV the two separate values for p,, calculated by Van
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Vleck for Sm+++ and Eu+++ differ in the values assumed for the
screening coefficients, representing the effect of the electrons
surrounding the nucleus in reducing the action of the nuclear
charge upon the 4f electrons, which is used in calculating the
term separations.

The expression for the susceptibility which must be used
in the cases of Eut++ and Sm*++is

N X {[u3g3J(J +1)/3kT]+a(J)} (2] + 1) e~ kT
J

X= S (2 + 1) e "okt ’
J

where the temperature-independent term a(J) is given by

(s ) [ L1 A2
62J+ )b/ vs g5 Vora

where f(J) = J7U(S + L+ 1)2— J2] [J2— (S — L2,

and the smallness of the frequency intervals v; ;. ; and
Vy.1,s make a(J) appreciable. The experimental data have
been discussed in detail by Frank,* and the agreement between
experiment and theory is as good as can be expected, the theory
in the case of Sm+++ predicting a minimum value of ) in the
region of 120°C., which has been observed. In the case of
Eut++ the theory indicates that y should become constant at
low temperatures, but experimental data to test this are not
yet available.

The effect of crystalline fields, p. 49, is very marked in the
case of certain ions of the rare earth group. Penney and
Schlappt considered the behaviour of Prt+ and Nd+*+ in their
hydrated sulphates and showed that good agreement between
experiment and theory is obtained on the assumption that the
crystal field has cubic symmetry. Both ions obey a Curie-
Weiss law over an extensive range of temperature above
—150° C., but whereas the curve of (1/x, 7') for Pr+++ turns
upwards at very low temperatures that for Nd*+++ turns
downwards apparently to run through the origin,

* Amelia Frank, Phys. Rev. 39, 119, 1932.
+ W. G. Penney and R. Schlapp, Phys. Rev. 41, 194, 1932.

BMM 129 9



SUSCEPTIBILITY MEASUREMENTS

Ions of the Iron Group. The experimental data for ions of
the iron group have also been examined by Gorter* and the
main experimental results are given in Table V, together with

TABLE V. MAGNETIC AND SPECTROSCOPIC DATA
FOR IONS OF THE IRON GROUP

?of
oleo- Ton Nommall | s |y | et owagsnp Ml | VisETD

18 | KVttt 5, 0 0|0 dia | 0 0 0

19[S TitkVeess | oy (9| 1| 3| 113 155 301 113

20 | TirVeer o, |3 1]2] 28 163 449 283

21 V++Cr+++Mn++++ IFQ 3 :j: g 382 070 521 387

22 | Cr++Mnt+ Dy | 22048l 0-00 550 491

28 | Mo+Fer++ Sy |0 38| 5 593 594 592

% |Fett D, | 2] 2|4 552t | 67 550 491
522

25 |Cot+ By | 3] 2|9 | 52t | 663 521 387
4431

2 | Nir+ F, [ 3| 1|4]38 559 449 283

21 | Cut+ Wy | 2| L] 5] 2020 | 355 301 173
181

1 The value for Co*+ has been shown by Chatillon (Ann. de Phys. 9, 187,
1928) to depend on the mode of preparation and history of the material.

the relevantspectroscopic data and the values of p,y calculated

from the expression gy.J(J + 1). It is clear that these calculated
values in no wise represent the experimental results. It is
likewise seen that the values of p, calculated from

VI(L+1)+48(8+1),
i.e. assuming narrow multiplets, are also unsatisfactory. Now,
in these ions the paramagnetism arises from the 3d electrons
which are not deep-seated in the atom, and Stonert suggested
that interaction between neighbouring atoms caused the
orbital moments to be completely quenched, leaving only the
spins effective, as described on p. 47. Hence, as on p. 48,

We may write pey = v&S(S+1), and then the values given
in Table V show that agreement between experiment and
theory is much more satisfactory, although in many cases it is
obvious that the quenching of the orbital moments is by no

* Gorter, loc. cit.
t E. C. Stoner, Phil. Mag. 8, 250, 1929.

130



IONS OF THE IRON GROUP

means complete. It should be pointed out that the experi-
mental values for p,, differ widely according to the material
used and the results of different observers do not always agree.
An indication of the extent of experimental variations is
shown in the curve of Fig. 36, and it would seem that more
measurements by absolute methods are desirable.
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Number of Electrons in lon
Fig. 36. Calculated and observed magnetic moments.
1 petr="V4S(S +1).
2o petr=g VJ(J +1).
3 —— pett="VLIL+1)+ 458 +1).
The thick lines represent the range of observed values. (Gorter.)

We have seen that in salts of the iron group the orbital
momenta are quenched, and it is pertinent to enquire whether
a strong crystalline field can do even more. It can be shown,
if it disrupts the Russell-Saunders coupling, that the lowest
energy state of the ion becomes one of smallest spin, instead of
one of maximum spin under the Hund rule. Van Vleck* has
shown that this accounts for the low values of the suscepti-
bilities of iron cyanides and certain cobaltamines. The com-
plex ions such as Fe(CN),t+++ are diamagnetic when the total
number of electrons is even, and complex ions like Fe(CN)gt++
with an odd number of electrons give susceptibilities corre-
sponding to 8§ = 1, L = 0, while the Hund rule would require

* J. H. Van Vleck, Journ. of Chem. Phys. 3, 807, 1935.
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susceptibilities corresponding to S states. For instance,
Howard* found that K Fe(CN)g gave a susceptibility corre-
sponding to one electron spin only, plus a contribution from
unquenched orbital momentum which practically doubled this
value except at low temperatures, and showed large aniso-
tropy which could be explained by the superposition of a
small rhombic field upon a cubic one. The magnitude of the
crystalline field in the hydrated sulphate is not sufficient to
break down the Russell-Saunders coupling.

Useful Magnetic Data. Thefollowing data aregiven because
of their importance in experimental determinations. The
units of susceptibility are e.m. units per gm.

Substance Mass susceptibility x 108

Watert - 0-72145 4-0-00048
—(0-000108) (¢ —20) at t° C.

Mercury -0-168 at 18° C.

Manganese sulphate, MnSO, . 4H,0 (solid)]  65-20 at 17° C.

Ferrous ammonium sulphate, 32-6 at 17-2° C.

FeSO,(NH,),S0,.6H,0 (solid)
Potassium Chloride (in solution) -0-528

Apparent (Ionic) Susceptibilities of Ions in Aqueous Solution
(Hoare and Brindley)i

Molar suscepti-
Ton bility x 10°
H+ + 38
Nat - 56
K+ -14-0
Cl- -25-1
NH,+ -16-0
S0,—- -43-0

Corrections for Diamagnetism of Atomic Cores are given by
Van Vleck, Electric and Magnetic Susceptibilities, p. 225, 1932,
and by Sofnmerfeld and Bethe, Geiger-Scheel Handbuch der
Physik, 24, Part 11, 278.

* J. B. Howard, Journ. Chem. Phys. 3, 813, 1935.

t Cf. H. Auer, Ann. der Phys. 18, 593, 1933, and S. Seely, Phys. Rev. 49, 812,
1936; cf. also P. Séve, Congr. Intern. d’Electricité, 3, 231, 1932 for résumé and
survey of measurements to 1932.

I F. E. Hoare and G. W. Brindley, T'rans. Farad. Soc. 33, 268, 1937, and
Phys. Soc. Proc. 49, 619, 1937
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CHAPTER IV
THE MAGNETIC PROPERTIES OF CRYSTALS

Theoretical Considerations. Measurements of the suscepti-
bilities of isotropic or polycrystalline solids have been described
in the preceding chapter, where it was assumed that the direc-
tion of magnetisation always coincides with the direction of
the applied field. When, however, a small single crystal of a
weakly magnetic substance is placed in a magnetic field, in
general the direction of magnetisation does not coincide with
the direction of the applied field. In other words, there are
usually directions of maximum and minimum susceptibility
in the crystal, which is then said to be magnetically anisotropic.
In all cases to be dealt with in this chapter it will be assumed,
unless otherwise stated, that the induced magnetisation is not
sufficient to produce marked distortion of the applied field.

The simple energy equation of a crystalline substance in a
magnetic field in an evacuated space is

B = — 3 [kyy A7+ kog 7+ kgg A7+ 2k, H, 5,
+ gy K, H 4 P H A ) o, ... (90)

where k,,, ks, etc. represent the susceptibilities of the crystal
referred to the system of coordinates z, y, z, and the integral is
to be taken over the whole volume of the crystal whose shape is
not yet specified. When the system of coordinates is so chosen
that the direction of the applied field coincides with the z axis,
then 5, = #, = 0 and equation (90) is simplified, giving
E=—-}[k,o#*dv, ... (91)

where the value of k., the susceptibility of the crystal in the
x direction, clearly depends on the direction of 5.

Now, the magnetic potential energy cannot be changed

merely by manipulation of the axes of reference; hence, it
follows that

by B2+ F 2k K+ A =k KR,
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or,ifl;, m, and n, are the direction cosines of 5# referred to the
system of coordinates x, y, 2,

kyy I3 4 kggm? + kgani 4 2ky5lymy + 2kggmyny + 2kgy ny 1y = Ky,

an equation which gives the relation between the suscepti-
bilities k,,, etc. and the effective value k, observed in the
direction of the applied field, #.

Equation (93) may be simplified by introducing the experi-
mental fact that there exist in the crystal three mutually
perpendicular axes, the principal magnetic axes, which are
defined by the relations k,, = kgy = ky; = 0 and ky; = &,
koo = ko, kqy = ks, where k,, k, and k,; are termed the principal
susceptibilities along these axes. If the field # makes angles
with these axes whose direction cosines are I, m and n, then

Byl2+hgm2+kgn® = kpp. ... (94)

Corresponding to k,, k, and k; we have mass susceptibilities
X1> Xe and x;, and we may note that measurements with
powdered crystals give us (k; +k,+k3)/3 or (x; + X2+ Xs)/3.

The Significance of Measurements on Single Crystals. In
earlier chapters the importance of susceptibility measurements
on single crystal specimens has been indicated to some extent,
but it is now desirable to consider in detail the nature of the
information which they may be expected to provide. It is
convenient to treat diamagnetic compounds, paramagnetic
compounds and metallic single crystals separately, as the
information we obtain is quite different in the three cases.

Diamagnetic anisotropy, which is in general small, must be
conditioned by the structure of the individual molecules and
their arrangement in the crystal lattice. Consequently, if, for
example, in the case of an organic compound there exist
adequate X-ray data to decide how the molecules in the crystal
are arranged, then a knowledge of the susceptibilities along
chosen directions in the crystal ought to be sufficient to deter-
mine the magnetic properties of the individual molecules. In
this way, the principal susceptibilities of naphthalene and
anthracene molecules may be found. Alternatively, a know-
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ledge of the magnetic properties of the individual molecules
derived from other measurements, such as the magnetic double
refraction of the molecules in the liquid state, may be used to
suggest the arrangement of the molecules in the crystal, and so
to supplement the results of X-ray analysis. Indeed, the help
which can be thus obtained from magnetic measurements is
very considerable.

Paramagnetic anisotropy, which may be very large, must
arise from entirely different causes. The hypothesis of the
existence of crystalline fields of definite symmetry has been
discussed on p. 47, where it was explained that they would
account for the quenching of orbital momenta in the case of
salts of the iron group. If these fields are not symmetrical
then the crystal must possess definite directional properties.
Obviously, the directional properties of representative para-
magnetic crystals must be known before the nature of the
crystalline fields which would account for them can be decided.
The changes in these directional properties with temperature
must also be determined, for it may happen that by the super-
position of two fields, for example, a cubic field with one set of
axes and a thombic field with a different set of axes, the princi-
pal axes of the susceptibility change with temperature. While
the presence of marked magnetic anisotropy may thus be taken
to give definite information concerning the nature of the
crystalline fields, the presence of weak magnetic anisotropy
may also give interesting information. Thus, the magnetic
anisotropy of the Mn*+ ion in manganese ammonium sulphate
is exceedingly small—practically of the order of diamagnetic
anisotropy—showing that the ion is in an S state.

The magnetic anisotropy of metallic single crystals has
recently become of considerable interest in connection with
the electron theory of metals and with modern work on
atomic order and disorder. A knowledge of the anisotropy
properties of single crystals of ferromagnetic metals enables
us to account for many phenomena of technical importance,
such as, forinstance, why certain alloys of ferromagnetic metals
are markedly sensitive to strain and to special types of heat
treatment. In the following sections we shall discuss the
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experimental procedure for the determination of the magnetic
anisotropy of crystals, beginning first with experiments on
diamagnetic and paramagnetic compounds.

Jackson’s Experiments. It follows from equation (94) that
if the directions of the principal magnetic axes in a crystal are
known, then we may apply a field with a gradient parallel to
each in turn and measure each principal susceptibility directly,
provided that the shape of the crystal does not produce
spurious volume effects; the latter can be avoided if necessary
by cutting the crystal to a spherical shape. This direct method
was used by Jackson* in an investigation of the principal
susceptibilities down to liquid-air temperatures. His apparatus
is shown in Fig. 37.

The small crystal C was attached with non-magnetic cement
to the quartz frame carrier with a standard face of the crystal
vertical and perpendicular to the horizontal field of an electro-
magnet. The frame was attached to a Sucksmith ring balance
R which measured the vertical forces. The weights w could
be adjusted without opening the case surrounding R, and the
motion was damped by a ring r dipping in oil. Sideway motion
of the suspended system was prevented by a flat phosphor
bronze spiral s. The apparatus was calibrated by replacing '
by powdered salt of known susceptibility.

The crystal was hung inside a thick copper tube, to promote
uniformity of temperature; this was sealed to an upper tube
of thin nickel silver supported as shown. The temperature of the
crystal was measured by the platinum resistance thermometer
Th. The Dewar flask was joined to the upper portion of the
apparatus by the wired-on rubber ring RR, and the ground
glass joint @ enabled the upper portion of the apparatus to be
removed when a crystal had to be replaced. This portion could
be evacuated through 7' and then filled with hydrogen. The
lowest temperatures were obtained by boiling liquid oxygen
under reduced pressure in V, the evaporated liquid leaving via
F. Measurements were also made at room temperature, with
a mixture of solid CO, and alcohol, and with liquid ethylene.

* L. C. Jackson, Roy. Soc. Proc. A, 140, 695, 1933.
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17

//

- c

——Th

Fig. 37. Jackson’s apparatus for measuring the
susceptibilities of crystals.
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On exciting the magnet the crystal was pulled downwards
and the decrease in weight ém required to restore it to its
original position could be found. We then have

om = kA vds¥ [dx,

where k = k, or k, or k,, the volume susceptibility parallel to
the field.

Experiments with Monoclinic Crystals. It often happens
that in the case of a monoclinic crystal the direction of only
one principal magnetic axis, k,, is known. Now, if the crystal
is mounted with the k, axis parallel to the z axis and per-
pendicular to 2, then n =0 and

2+ kym? =ky
or kycos?d+kysin?g =ky, .. (95)

where ¢ is the angle between the k, axisand 5#. Hence a couple,

equal to the rate of change of potential energy with angle of
displacement, % (&), will act upon the crystal. Now
d d 0
d_¢(E) = (w—%(kx%p )v

i = {k, cos @ sin¢ — kysin @ cos ¢} A% v
= Mk, —ky)sin2¢9#2%v. ... (96)

Hence, when a circular disc of the crystal is cut with the plane
of the disc perpendicular to the known axis and suspended with
this plane horizontal and parallel to a uniform field #, the
disc will be acted upon by a couple given by (96), which is a
maximum when ¢ = 45°. Thus, by finding the position of the
disc in which the maximum couple is exerted, the directions of
k, and k, are fixed and their difference can also be measured.
The two methods described above can, of course, be combined,
when the measurements give the ratio k,/k, and the difference
k,—k,. This procedure was adopted by Dupouy,* who made
use of the pronounced magnetic anisotropy of siderose
(FeCO,) in constructing a gaussmeter.

* M. G. Dupouy, Ann. de Phys. 15, 495, 1931.
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Sometimes, however, couples cannot readily be measured
and only translational forces can be utilised. The determina-
tion of k, and k, then becomes much more complicated, since
measurements of the forces in a given direction for at least
three different positions of the disc with respect to # are
required. This procedure was adopted by Jackson* in his
earlier work on paramagnetic crystals down to liquid hydrogen
temperatures. A cylindrical section of the crystal with its
axis vertical was attached to a small horizontal aluminium
disc suspended by a long quartz fibre from one side of a
Petterssont quartz microbalance. The requisite non-homo-
geneous magnetic field was produced by a water-cooled coil.
A coil was used because the cryogenic arrangements were
rather large. #°ds# /dx was therefore small, but it was
accurately known. The results are somewhat laborious to
work out.

Immersion Experiments. The effecis of any surrounding
medium have been omitted from the preceding discussion, but,
clearly, when the surrounding medium has & volume suscepti-
bility equal to k,, say, then no translational force can act on
the crystal when the lines of force are parallel to the k, axis.
Hence, if the crystal be immersed in a solu‘ion whose con-
centration can be adjusted until the force parallel to the k, axis
vanishes, k&, must then be equal to the known susceptibility of
the solution. This method was devised by Rabi} and possesses
the advantage that the crystal need not be very accurately
shaped or as accurately mounted in the magnetic field as in
other methods.

Rabi suspended the crystal vertically from a long glass
fibre as shown in Fig. 38, so that it was situated in a non-
homogeneous field of a strong electromagnet. The fibre was
sufficiently strong to prevent rotation of the crystal under the
influence of couples described above, and it could be turned
about the vertical axis to orientate the crystal. Hence, the

* L. C. Jackson, Roy. Soc. Phil. Trans. A, 226, 107, 1926.
+ H. Pettersson, Phys. Soc. Proc. 32, 209, 1920.
1 I I. Rabi, Phys. Rev. 29, 174, 1927.
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crystal was only free to move laterally under the influence of
the field. It was immersed in an aqueous solution whose sus-
ceptibility could be varied over the range of the principal
susceptibilities. The solution was saturated with the crystal
material so that the specimen did not dissolve during the
measurements. The susceptibility of the solution was increased
by adding similarly saturated manganese chloride solution or
decreased by adding potassium iodide solution.

Lateral motion of the fibre was observed by a microscope M.
In general, it occurred both parallel and
perpendicular to the axis of the pole tips.
The fibre was turned until the former
motion along the z axis no longer occurred.
The remaining motion was nullified by ad-
justing the susceptibility of the solution,
which was later measured separately by
the Gouy method. Surface tension effects
occurred where the fibre broke the surface

of the solution, and differences in suscep- KI/
tibility much less than 10~% could not be e
detected. A systematic error arose because dh

the fibre had a different susceptibility from gy, 35, Rabi's ap-
that of the crystal. Rabi was able, however, paratus for suscep-
to give values of the principal susceptibili- tibilities of & rystal.
ties of many crystals belonging to the monoclinic double
sulphate hexahydrate isomorphous series, denoted by the
formula MSO,R,S0O,.6H,0.

Oscillation Experiments. Let us suppose that a crystal is
suspended by a torsion fibre parallel to the k; axis and oscillates
with a period T'y. If, now,a uniform field #, is applied parallel
to the %, axis, then from (96), on rotating the crystal through
an angle dp about the axis of the fibre, a restoring couple
{C + (ky— ko) #2v} 8¢ acts upon the crystal, instead of the
couple C d¢ in the absence of the field, where C is the torsion
constant of the fibre, and a new period of oscillation T, is
observed.

Hence CT% = {C+ (ky—ky) %0} T, ... (97)
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2__ 2
so that by — g = .TiT%_T! ;ﬁz;ﬁ ...... (98)
T3 -T2 C 1
or Xl—xz:%ﬁ;@’ ...... (99)

where m is the mass of the crystal.

This method of finding k, — k, was first used by Stenger and
by Konig and has been extensively used by Krishnan, Guha
and Banerjee* in their study of diamagnetic crystals. They
attached each crystal to the lower end of a very short piece of
glass fibre suspended by a vertical quartz fibre from a torsion
head, and by finding the periods of oscillation required in
equation (98) k; — k, was found. It was assumed that no com-
plications arose from the shape of the specimen, and special
attention was paid to the uniformity of the field. The value of
the greatest principal susceptibility was found by the Rabi
immersion method, a quartz fibre being used, as motion along
the x axis (Fig. 38) did not occur when the greatest suscepti-
bility was being measured. The solution used was weak
manganese chloride.

The oscillation method is not satisfactory when the
magnetic anisotropy is so small that effects of asymmetry
of shape cannot be neglected. Krishnan, Chakravorty
and Banerjeet then immerse the crystal in a liquid whose
volume susceptibility is equal to that of the powdered crystal,
and measure the couples acting upon it in a uniform field.
This procedure was very satisfactory, for example, in the
case of MnSO,(NH,),S0, . 6H,0, where y; —x, = 11-4 x 1076,
X1— X3=6-8x 10-8, while 1/3(x; + xo+ x3)= 13,830 x 10~¢e.m.
units per gm. molecule. Krishnan and Banerjeef have also
developed two methods for dealing with very small crystals
which will not be described here.

Experimental Results. Among the more important results
may be noted those of Jackson for crystals containing ions

* K. S. Krishnan, B. C. Guha and S. Banerjee, Roy. Soc. Phil. Trans. A, 231,
235, 1933.

1 K. 8. Krishnan, N. C. Chakravorty and 8. Banerjee, Roy. Soc. Phil. Trans.
A, 232, 99, 1933.

1 K. S. Krishnan and S. Banerjee, Roy. Soc. Phil. Trans. A, 234, 267, 1935.
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in which only electron spins effectively contribute to the
magnetic moment, of which salts of the iron group are excellent
examples. For instance, the following results were obtained
with NiSO,. 7H,0at 15°C., y; = 1666 x 105, x,=16-53 x 10~8
and x; = 1663 x 10-%e.m. units per gm., illustrating the
general rule that these crystals are magnetically isotropic to
within about 1 per cent. The principal susceptibilities of
NiSO, . 7TH,0 followed a Curie-Weiss law down to temperatures
not lower than 160° K., the Curie constant being the same for
all three. Schlapp and Penney have shown that a crystalline
field practically cubic with a small superimposed rhombic field
with the same axes accounts satisfactorily for these results.
With cobalt ammonium sulphate, CoSO,(NH,),S0,.6H,0,
this statement was true for temperatures down to that of liquid
nitrogen. Cobalt sulphate, CoSO,.7H,0 is peculiar in that
the curves of 1/y,, etc. against temperature are linear but not
parallel, and potassium ferricyanide, K;[Fe(CN),], shows a
complicated behaviour. Dupouy found that the principal
susceptibilities of siderose, FeCO,, and dialogite, MnCOj,, obey
Curie-Weiss laws, but oligist, Fe,0y,, is peculiar in that y; and
X both increase with temperature to a maximum in the
neighbourhood of 60° C. and then decrease with further rise in
temperature.

Van Vleck* has examined in detail the paramagnetic
anisotropy of different salts of the iron group. Taking the
ammonosulphates of Mn, Co, Niand Cu he points out that their
anisotropies are respectively 1, 30, 1-5 and 20 per cent approxi-
mately. The nearly perfect isotropy of the manganous salt is
readily explained if the normal Mn*+ ion is in a ¢S state, for
here, if the Russell-Saunders coupling is intact there is no
orbital moment to play a part. The great difference in the
behaviour of the Co*tt+ and Nit+* ions, both in F states, can,
surprisingly enough, be explained if the crystalline field has
only rhombic symmetry but with relatively small departure
from cubic symmetry, because in the Stark spectrum of the
d8 3F state of Nit* the single level is lowest, while in the
d? 4F state of Cot++ the triple level is lowest. In the case of the

* J. H. Van Vleck, Phys. Rev. 41, 208, 1932.
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Cu salts the directions of the principal magnetic axes change
with temperature.* Jordahlf has shown that this can be
explained to some extent by a monoclinic field, made up mainly
of a cubic field with a superimposed rhombic field having only
one of its axes coincident with one of the former.

Crystallographic and magnetic data for rare earth salts are
at present very meagre. The absorption spectra in these salts
consist of sharp lines and it should be possible to correlate them
with the magnetic data. However, while Spedding} and his
collaborators conclude from optical data that the crystalline
fields of the sulphate have cubic symmetry, Krishnan and
Mookerji§ find marked magnetic anisotropy.

For a discussion of the relation between the magnetic
properties of crystals and X-ray data reference should be
made to the works quoted above and to the papers by Krishnan
and Lonsdale;|| only a few examples can be briefly mentioned
here.q] For example, it is found that a number of crystalline
nitrates, carbonates, etc. show marked diamagnetic aniso-
tropy, which, it must be concluded, arises from the non-
metallic ions in the crystal lattice, since the metallic ion is
bound to be more or less magnetically isotropic. Thus, sodium
and potassium nitrates, in which the three oxygen atoms are
distributed symmetrically about the N atom as centre with all
of them in the same plane, exhibit a greater susceptibility in a
direction perpendicular to this plane than in the plane itself.
The difference in susceptibility in the two directions is the
same for the two crystals. The magnitude of the observed
anisotropy, if attributed entirely to the NOj ion, can be
correlated with the observed magnetic double refraction of
NOg7 in nitric acid solutions.

Again, on the basis of published X-ray data, Krishnan
calculated the principal susceptibilities of naphthalene and

* B. W. Bartlett, Phys. Rev. 41, 818, 1932; 44, 687, 1933.

t 0. M. Jordahl, Phys. Rev. 45, 87, 1934.

t F. H. Spedding, Journ. of Chem. Phys. 5, 191, 316 and 416, 1937.

§ K. S. Krishnan and A. Mookerji, Nature, 140, 549, 1937.

|| K. 8. Krishnan and Kathleen Lonsdale, Roy. Soc. Proc. A, 156, 597, 1936;
A, 159, 149, 1937.

€ See also R. Schlapp and W. G. Penney, Reports on Prog. in Phys. 3, 64, 1937,
and Kathleen Lonsdale, ibid. 4, 332, 1938.
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anthracene molecules. Two of the magnetic axes of the mole-
cules lie in the plane of the benzene rings and the other lies
perpendicular thereto. It is found that as one proceeds from
benzene to naphthalene and from the latter to anthracene
the increase in diamagnetic susceptibility takes place almost
entirely perpendicular to the plane of the rings. Proceeding
further, from the fact that in 1, 3, 5 triphenylbenzene the
increase in diamagnetic susceptibility of the molecule along
the normal to the (001) plane of the crystal is not as great as it
would be if the benzene rings were all in this plane, it may be
concluded that the rings are inclined to the plane at an angle
whose magnitude can be calculated from the magnetic data.
Following a theory due to Pauling,* since elaborated by
London,} Lonsdale} has shown that the magnetic behaviour
of these aromatic compounds can be explained on the hypo-
thesis that three of the valency (s) electrons of each aromatic
carbon atom are perfectly normal and precess to give the
usual diamagnetic contributions expected on Larmor’s theory,
p- 11, while the fourth () electron is free to precess only in its
own plane. The 7 electrons may be pictured as describing or,
rather, contributing to a large plane, not necessarily circular,
orbit in the plane of the atomic nuclei. The electron attached
to the hydrogen atom in each CH group behaves normally.
The radius of the m-electron orbit in the case of benzene
appears to be somewhat greater than that of the ring of carbon
atoms in the benzene molecule.

Metallic Single Crystals. The rapid development of the
technique for the production of metallic single crystals§ during
recent years has made possible the preparation of long rods
of material each formed of a single crystal. In general a crystal-
line axis does not coincide with the long axis of the rod, but it
will be assumed, for the moment, that such coincidence is
obtained. The crystal can then be mounted with the long axis

* L. Pauling, Journ. of Chem. Phys. &, 673, 1936.

+ F. London, Journ. de Phys. et le Radium, 8, 397, 1937.

1 Kathleen Lonsdale, Roy. Soc. Proc. A, 159, 149, 1937.

§ For an account of methods of preparation see P. W. Bridgman, Proc. Amer.

Acad. Arts and Sci. 60, 305, 1925; E. N. da C. Andradc and R. Roscoe, Proc. Phys.
Soc. 49, 152, 1937; and E. N. da C. Andrade, Proc. Roy. Soc. A, 163, 16, 1937.
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perpendicular to the lines of force of a magnetic field and
measurements of the susceptibility
parallel to the lines of force can be v [
made by the Gouy method. It is
therefore necessary to know how the =7
remaining axes of the crystal are 3 fS=‘

orientated with respect to the field.
Let these two axes be those of k,

and k,. Then, referring to Fig. 39, it S'ee_w

follows that the force acting upon T

any element of the rod of length dx @ I\D EJ_ y

is given by

dH
ak‘#%%——dx, ® N g -kl-.

S lw

where a is the area of cross-section ks

and k, is the susceptibility of the Fig. 39. Focke’s apparatus for
rod in the direction parallel to the susceptibilities of metal single
line of centres of the pole pieces. But,

by equation (95) of p. 138, it follows that

ky = kycos20+ kysin?6
= ky+ (ky—k,) cos?0,
so that the total magnetic pull is given by

F, = {key+ (ky — kp) cos? e}gfz

o
= {Xo+ (X1 — Xa) OS2 G} 5 p 2, ... (100)

where p is the density of the metal, assuming the field at the
upper end of the rod to be extremely small. Equation (100)
shows that the magnetic pull on the crystal will vary as the
crystal is rotated about its long axis, and a series of measure-
ments can be made for different values of 6 when £k, differs
from k,. For this purpose the flexible suspension normally
employed with the Gouy method must be replaced by a rigid
connection in which a small aluminium turn-table or divided
torsion head is inserted, as shown in Fig. 39. The latter repre-
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sents the arrangement used by Focke* and later by Goetz and
Focket in an important series of experiments on the effects
of added impurities on the magnetic anisotropy of metallic
single crystals. Hogel used a similar method in the case of
single crystals of tin, but as the volume susceptibility of white
(tetragonal) tin is so small a sensitive microbalance was
employed.

Focke’s Experiments. In his experiments on single crystals,
of bismuth Focke used rods in which the principal axis of the
crystal was either parallel to or perpendicular to the long axis
of the rod. In the first case there is no difference between the
values of x, and y, to be inserted in equation (100), and a
constant magnetic force is obtained whatever the value of 6,
corresponding to a constant value of y,, = y, = —1-482 x 10-¢
for the susceptibility in a plane perpendicular to the principal
axis. In the second case, the magnetic force varies con-
siderably with the angle 6, so that, when the lines of force are
parallel to the principal axis the force is a minimum, corre-
sponding to a value of y, = x, = —1:053 x 10~%, and when
the lines of force are perpendicular to the principal axis the
magnetic force is a maximum, with y, = y, = —1-482 x 10-6.
The ratio of the last two values y,/x,, known as the magnetic
anisotropy, is in this case 1-425; this quantity changes con-
siderably when certain impurities are present in the crystal.
The mean value of the susceptibility of pure bismuth obtained
from these measurements is

—1(2x1-482+1-053)10¢ = —1-339+ 0-013 x 108,

a value in very good agreement with the mean value obtained
from experiments on polycrystalline material.

In making absolute measurements the main difficulty lies
in the determination of the area of cross-section, for, owing to
its method of preparation, the shape of the rod is peculiar, and
as Focke computed a by determining the weight, length and
density of his specimens, an error of about 1 per cent was

* A. B. Focke, Phys. Rev. 36, 319, 1930.

t A. Goetz and A. B. Focke, Phys. Rev. 45, 170, 1934.
I H. J. Hoge, Phys. Rev. 48, 615, 1935.
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possible. Since it is now clear that we have only two principal
susceptibilities to deal with, we may carry out the experiments
asfollows. In Fig. 40let the single crystal rod have its principal
crystalline axis along the direction OP making an angle ¢
with the long axis. Then the susceptibility along O is
X, 8in?¢ + x, cos?¢, and that along OR is y,, so that the
observed susceptibility y, is given by

(x,8in%@ + x, cos?@) cos? O+ x, sin?6. ...... (101)

Consequently, if the magnetic force is now
measured for different values of 6 we again
get a cos? curve, i.e. a sine curve with a
period of 180°. The peak values of ), will
be obtained at 8 = 0° and @ = 90°; that at
6 = 90° gives x, alone, while that at § = 0°
gives x,8in?¢ + y, cos?¢, so that ¢ must be
obtained from separate determinations of
the orientation of the principal axis.

When the positions of the axes are not Fig. 40. Directional
known, then the angle 6 is known only in E“’Pe"ﬁ” ofa single

rystal rod.

terms of arbitrary settings of the torsion
head, and, consequently, as the experimental curve does
not tell us which values of y, correspond to 6 = 0° and
6 = 90° respectively, we cannot determine the values of y,
and y, unless experiments are made with a number of crystals
each with a different value of @, the angle between the principal
axis and the long axis. Focke’s experiments with trigonal
bismuth crystals represent the ideal method of procedure. It
is pertinent to remark that we should expect k,, k, and k; to
have the same value in the case of a cubic single crystal;
Montgomery* found this to be the case for diamagnetic
crystals of copper to within 1 per cent. The same statement
does not, of course, hold for cubic crystals of ferromagnetic
metals.

Vogt’s Experiments. 1In his study of the properties of single
crystals of mercury at liquid air temperatures Vogtt used the

* C. Montgomery, Phys. Rev. 36, 498 and 1661, 1930.
t E. Vogt, Ann. der Phys. 21, 791, 1934.
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above method. In addition to the complications due to lack of
knowledge of the orientations, Vogt had to make allowance
for the slight magnetic effects of the mercury container;
cf. Fig. 23, p. 98. These effects cannot be ignored, for in the
case of mercury y, is —0-121 x 10~% and y, = —0-112 x 105,
It would appear possible to use a third equation, viz.

Xmean = %(2X.L + Xu)’ ------ ( 102)

in addition to those given above, in cases where y, and x;
differ considerably; this is, naturally, not the case with
mercury.

Frequently the position of the principal axis may readily be
found by breaking the end of the rod, as in the case of bismuth
and zine,* which break easily along the basal plane. To prevent
deformation of soft crystals they may be dipped in liquid air
before fracture. In other cases the Bridgmant procedure can
be followed. The crystal is threaded through a sphere and
rotated in a beam of light until the latter is reflected. A mirror
is then held in such a position that it also reflects the light. If
the back of the mirror is wetted with printer’s ink and touched
on the sphere the position of a crystal face is thus determined.

The de Haas-van Alphen Effect. Shoenberg and Uddinf
made very small spherical single crystals of bismuth and its
alloys merely by allowing a tiny bead, containing about 0-3 gm.
of themoltenmetal, to cool very slowly under electrical control
through its melting point, in the absence of mechanical
disturbances. The position of the trigonal axis was readily
found by etching and the bead was attached to a Sucksmith
ring balance as in Jackson’s arrangement shown on p. 137,
with its axis making a known angle with a horizontal field of
suitable vertical gradient. As the crystal was very small the
field was considered constant throughout the volume occupied
by the crystal. This is an important point, for, below 50° K.,
it was found that y, depended upon the field strength. More-

* J. C. McLennan, R. Ruedy and E. Cohen, Roy. Soc. Proc. A, 121, 9, 1928.
t P. W. Bridgman, Proc. Amer. Acad. Arts and Sci. 60, 305, 1925; see also
B. Chalmers, Proc. Phys. Soc. 47, 732, 1935 and Phil. Mayg. 14, 612, 1932.

1 D. Shoenberg and M. Z. Uddin, Roy. Soc. Proc. A, 156, 687, 1936; Camb.
Phil. Soc. Proc. 32, 500, 1936.
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over, it was found that y, and y, varied linearly with tempera-
ture over a wide range, the linear relation in the case of y,
ceasing somewhat sharply below 75°K., and rather more
gradually below 200°K.in the case of iy ,, the linear temperature
coefficients being

dyx, /dT = 19-8x 1071 and dy,/dT = 7-1 x 10-19;

i.e. the diamagnetism decreases with rise in temperature. A
similar linear variation with temperature of y,, but not of
X1, is found in the case of antimony. It is difficult to explain
on theoretical grounds.

The fact that at low temperatures the susceptibility of
bismuth is not independent of field strength is known as the
de Haas and van Alphen effect in honour of its discoverers.*
It has been studied in great detail by Shoenberg and Uddin,}
who have also shown that it does not exist in antimony, at any
rate above 4° K. In the case of single crystals of bismuth it is
fortunate that y, is also independent of 5# down to 4° K., but
the value of y, changes as the crystal is rotated about its
trigonal axis in a field applied perpendicular thereto, being a
maximum when the field is parallel to the binary axis. The
dependence on the field is of a very complicated nature and
follows a power series which converges very slowly, and
measurements have therefore been confined to settings of
the binary axis parallel and perpendicular to the field. On
plotting the susceptibilities for these two settings at a chosen
temperature as a function of 5, a pair of curves of irregular
form (something like distorted sine curves) is obtained. They
intersect, forming a series of loops whose areas increase with ¢
The singularities or points of intersection are more pronounced,
and those for lower fields more prominent, at lower tempera-
tures, although the values of ## at which they occur jre
practically the same.

Effects of Alloying on Crystal Diamagnetism. On account
of its great magnetic anisotropy an extensive series of
measurements have been made on the effects of impurity

* H. de Haas and van Alphen, Comm. Phys. Lab. Leiden, No. 212a, 1930;
220 d, 1932.
+ D. Shoenberg and M. Z. Uddin, Roy. Soc. Proc. A, 156, 701, 1937.
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added to bismuth. Such measurements are important because
from them we hope to deduce the reasons for the temperature
variation of the diamagnetism of bismuth. Goetz and Focke
showed that when the impurity dissolved in the bismuth very
pronounced changes were caused, the magnetic anisotropy
being increased when the impurity is electropositive with
respect to bismuth and decreased when electronegative.
Shoenberg and Uddin have made similar measurements but
over a more extended temperature range, and, contrary to the
finding of Goetz and Focke, they report that the reciprocal of
the anisotropy, x,/x . is not a linear function of the tempera-
ture. Shoenberg and Uddin emphasise the importance of low-
temperature measurements, for here temperature complica-
tions are less and the effects of alloying more pronounced.

The de Haas-van Alphen effect is very much affected by
alloying, the singularities moving to higher fields when
tellurium, with one electron more than bismuth, and to lower
fields when lead, with one electron less, is added. The singu-
larities disappear when the amounts of lead and tellurium
respectively exceed 0-08 and 0-009 per cent. Peierls* has given
a theory, based on the assumption that there are only a few
electrons in the highest energy band in bismuth, which
explains these results qualitatively but not quantitatively, and
Jonest has discussed the results in terms of the formation of
Brillouin zones.

Collected Results. Table VI (p. 151) gives the principal
atomic susceptibilities so far obtained with single metal
crystals.

Ferromagnetic Crystals. Up to 1918 nearly all the published
work on the properties of ferromagnetic substances was
restricted to polycrystalline specimens. Experiments with
single crystals had indeed been made, but they were confined
to pyrrhotite and magnetite, of which relatively large crystals
can be obtained in the natural state. In the case of a
polycrystalline material, the induction or macroscopic field

* R. Peierls, Zeit. fiir Phys. 81, 186, 1933.
t+ H. Jones, Roy. Soc. Proc. A, 147, 396, 1934,
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TABLE VI. SINGLE CRYSTAL ATOMIC

SUSCEPTIBILITIES

Tem- Difference Aniso-

Metal perature |—(x,) 4% 108 —(x,) 4 x 10% (x.)4 = (x:) 4 tropy
°C. x 108 xu/xu

Antimony 17 170-6 66-1 +104-5 0-387
Bismuth 17 219:0 308-0 - 890 1-405
Cadmium 17 29-4 180 + 114 0-612
Mercury -183 22-5 24-3 - 18 1-080
Thallium (o) 30 842 337 + 505 0-406
Tin 17 20-9 23-4 - 25 1-120
Zinc 17 12:4 95 + 29 0-766

tntensity, B, which may be defined as the average value of the
field intensity taken throughout a small volume of the sub-
stance, is considered to be made up of two parts according to

the statement B=#+4nl. ... (103)

In general, however, 5 is itself made up of two parts, or,
H=H-HK ... (104)

where 57, represents the intensity of the external field pro-
duced outside the specimen, and J#; represents the de-
magnetising field. As mentioned on p. 61 5, is mainly
dependent on the shape and slightly on the imperfections in
the specimen. We may therefore write

B=s—H+4nl, .. (105)

an equation in which all four quantities are vectors. When
conditions of homogeneity obtain, S is a linear vector func-
tion of I, and there are three mutually perpendicular axes
along which the relations between I and 5, are

Hy, =m 1, Hy,=mny,I, and Hy = nyl,, ......(106)

where n,, n, and n, are demagnetisation factors which remain
constant as long as the body is homogeneously magnetised.
Now, in a ferromagnetic crystal-all five vectors B, 5, 5, 5%,
and I can, and generally do, lie along different directions,
although we naturally try to arrange the experimental con-
ditions so that they coincide in direction. Fortunately, in
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every cubic crystal there are always three mutually perpendi-
cular axes along which I is parallel to #, when we may write

I, = ky#, I,=ky#, and I, = kyH,, ......(107)

where k,, k, and k, are termed the principal ferromagnetic
susceptibilities, and we thus get a model in which I is always
a radius vector of an ellipsoid—which may degenerate into a
spheroid or a sphere—while J# is a radius vector of a sphere.
In what follows, then, we have to discuss the experimental in-
vestigation of #° and I, bearing in mind the three-dimensional
nature of the problems and the existence of #; and ;.

Ezxperimental Procedure. From an experimental point of
view a discussion of the investigation of the magnetic
properties of pyrrhotite is a very convenient mode of approach
to the whole subject, for this crystal behaves in a relatively
simple manner. It consists of iron and sulphur in quantities
which vary from specimen to specimen, and it may contain
traces of nickel; its chemical constitution may best be denoted
by the formula n(FeS) + FeS,. It belongs to the rhombohedral
class of crystals, and if it is brought into a magnetic field in
such a manner that the plane of its hexagonal base is perpen-
dicular to the lines of force, it is scarcely affected by the field,
whereas it becomes strongly magnetised when introduced in
any other position. This shows that along one direction in the
crystal magnetisation is almost impossible, while in a plane
perpendicular to this direction, termed the plane of easy
magnetisation, the substance can be strongly magnetised.
Moreover, in this plane there are two directions at right
angles; parallel to one magnetisation is obtained with ease,
but along the other with some difficulty; these directions are
therefore respectively known as the directions of easy and of
difficult magnetisation.

Weiss’ Experiments. In his pioneer investigations of these
properties Weiss* used two methods which have frequently
been used by later workers, namely, a ballistic method and a

* P. Weiss, Journ. de Phys. 3, 194, 1904; 4, 469 and 829, 1905 and Arch. des
8ci. Phys. et Nat. 19, 537, 1905; 20, 213, 1905.
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torsion balance method. The latter method, being the more
sénsitive, may be used for the investigation of small specimens,
but its use entails considerable uncertainty and possible error
in the cases of materials other than pyrrhotite. As depicted in
Fig. 41 a stirrup of non-magnetic material is suspended by a
torsion fibre from a graduated torsion head 7' between the
poles of an electromagnet. A disc of pyrrhotite about 1 to 2 cm.
in diameter and about 0-5 mm. thick cut parallel to the base is
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Fig. 41. Weiss torsion ap- Fig. 42. Directional properties of crystal discs.
paratus for Iy, 5 measure-
ments.

placed in the stirrup; the latter is connected by a long wire to a
damping-vane system immersed in oil. In fact, Fig. 41 also
represents the apparatus used by Beck* in his pioneer experi-
ments on iron crystals.

Let us first suppose that the plane of the disc is horizontal
and that the torsion head is set so that the crystal occupies a
known position in the absence of a magnetic field. On exciting
a magnetic field 5%, suppose that the crystal acquires an
intensity of magnetisation I along the direction O P, Fig. 42a,

* K. Beck, V. Juhr. Sch. der Nat. Ges. in Zurich, 63, 116, 1918,
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which makes an angle § with the direction of the lines of force.
Then, a couple equal to 5#; I sin6 = 5, I, per unit volume,
will act upon the crystal, where I, thus represents the
intensity of magnetisation normal to the external field. The
couple may be balanced by turning the torsion head through an

angle ¢, such that H,Iy=0¢, ... (108)

where C is the torsion constant of the fibre. This method
readily permits the study of I, and for pyrrhotite I is found
to be a periodic function which repeats itself every 180°. In
such experiments some instability in azimuth must occur
unless the constant C' is large, so that ¢, being generally small
compared with 6, may be measured by a telescope and scale.
The angle 6 may be varied either by turning 7' or by rotating
the whole magnet about a vertical axis; the latter method is
preferable, the wire connecting the stirrup to the damping-
vanes passing through a hole in the magnet yoke.

To obtain the component of magnetisation I parallel to
the applied field, the disc may be placed in the stirrup, with
its plane vertical and turned through a small angle a, say
3° or 4°, with respect to the lines of force. The state of affairs
may then be represented by Figs. 425, ¢, whence it follows that
the couple is now given by

HIpsina =C¢’, ... (109)

where ¢’ is now the angle of deflection or torsion. The be-
haviour of I, with 6 can thus be studied by rotating the disc
in the vertical plane, and again a curve which repeats itself
every 180° is obtained. In this treatment it is assumed that
the angle a is so small that the deflections of the suspended
system measured by a telescope and scale or by an angle of
torsion are a measure of I p, although the lines of force are not
parallel to the plane of the disc. While this is quite accurate in
the case of pyrrhotite, it is not reliable for other substances,
and its use with a material which does not possess a direction
in which it is almost impossible to magnetise it has been
severely condemned by some workers.*

19;8W. Sucksmith, H. H. Potter and L. Broadway, Roy. Soc. Proc. A, 117, 471,
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In the ballistic method used by Weiss the field ., was pro-
duced by a solenoid inside which was a coaxial coil joined in
series with a ballistic galvanometer. The pyrrhotite disc was
suddenly placed inside the coil with its plane parallel to the
lines of force of the field 5#;. The resulting deflection of the
ballistic galvanometer measured the change of flux associated
only with the component of magnetisation I, parallel to the
lines of force. This method is much more satisfactory than the
torsion method, in spite of its apparent lesser sensitivity, and
can clearly be adapted to measure I, as well as I p.

Now, & enters into equations (108) and (109), and we really
wish to know how I and I, vary with 5#, but in order to find
A we must know 5#,. The latter is equal to nlp, and for a

2
disc of radius @ and thickness 2c we may take n = za_c with

sufficient accuracy.* We then have ¢ =, — %26 Ip. It is
well to remember, however, that the demagnetisation factor is
rarely known with certainty, and that in the interpretation of
many experimental results there is a tendency to overlook this
lack of certainty. Curves showing how Ipand I vary with 8
in the case of nickel crystals are shown on p. 159.

Ezxperiments with Iron Crystals. Experiments with ferro-
magnetic crystals other than pyrrhotite differ from those on
the latter because the specimens available are generally
smaller with correspondingly larger demagnetisation factors,
and, as there is no direction in which it is practically impossible
to magnetise the metal, special precautions have to be taken
to keep the vectors I and 5 in the same plane. The latter is
often done by using thin discs of the metal, but, while I, can
then be safely found by the torsion method, it is essential that
I be found by an induction method. Moreover, experiments
cannot be confined to a single plane, but must be made in at
least three planes.

These points are well brought out in Beck’st pioneer work

* J. Clerk Maxwell, A Treatise on Electricity and Magnetism, 2, arts. 437438,

1892.
1+ K. Beck, loc. cit.
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on single crystals of iron. At room temperatures, iron has a
body-centered cubic structure, and he cut discs 0-06 to 0-1 mm.
thick parallel to the (100), (110) and (111) planes. Beck’s
torsion apparatus for the study of I, as a function of ¢ in a
constant #7 has already been described, and asimilar apparatus
was used by Webster.*

Honda and Kayat prepared large iron crystals by the strain-
anneal process, and, by careful sawing and filing, prepared
from them three oblate spheroids with their diametrical
planes respectively parallel to the (100), (110) and (111)
planes; the diameter 2a was about 2 em., and 2¢ about 0-045 cm.
Their properties were studied by the special apparatus repre-
sented in Fig. 43.

Solenoid

Spec-'rnen
Coils Spec..men Conls
Pulley  Belt -
@;_-’{_v:g e _s _iw Tt _ (T Tabe
N ) 4 T
End View Side View

Fig. 43. Honda and Kaya’s apparatus for investigating
single crystals of ferromagnetics.

A circular brass disc forms a table which is mounted on a
spindle coaxial with and attached to the pulley B, which can
rotate as indicated at the one end of a stout brass plate P. At
the other end of P is a pulley B’ identical with B, and the two
are connected by a belt urider tension. P is mounted on a rigid
stand and can be moved so that the table lies in the middle of
a magnetising solenoid. The specimen is cemented to the table
with canada balsam and on turning the head 7' by a known
amount, B and the specimen rotate through a known angle.
Two similar parallel coils CC, each of 1000 turns, are placed
only 1-5mm. apart on opposite sides of the centre of the
specimen. They are attached to a small table, not shown, and
can be turned about the axis of B, so that they can be placed
parallel or perpendicular to the field of the solenoid.

When the I, component is to be measured the coils are
placed perpendicular to the field, the specimen is initially

* W. L. Webster, Roy. Soc. Proc. A, 109, 570, 1925.
1t K. Honda and S. Kaya, Sci. Rep. T6hoku, 17, 1157, 1928.
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placed with a known direction parallel to the field. B’ is then
turned suddenly so that the principal axis of the crystal
coincides with the direction of the field. The deflection of a
ballistic galvanometer to which CC are joined in series
measures the change in the parallel component of magnetisa-
tion with respect to that along the principal axis. In measuring
the I, component the coils are placed parallel to the field, and
the crystal placed with a known direction parallel to the field.

1200

800

Intensity of magnetisation

% > [iod)

fidl Y[l

400,

o 1 1 1
(0] 200 400 600

Effective field in oersteds

Fig. 44. Magnetisation curves for iron.

B’ is then suddenly rotated until the principal axis coincides
with the field, when the galvanometer deflection is a direct
measure of 7, since Iy = 0 when the principal axis is parallel
to the field. The results obtained by these methods differ
somewhat from those described earlier, presumably because
the hysteresis changes are different.

Fig. 44 shows the I,5# curves obtained when J# is applied
parallel to the (110) plane along the three axes; the relevant
crystal structure is also shown in the figure. It is clear that the
[100] direction is one of easy magnetisation. The initial rapid
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increase of I with 5# along the direction of easy magnetisation
is a characteristic feature of single crystals, the more perfect
the crystal, the more rapid the initial rise, and many workers
hold that a perfect crystal would have an infinitely large initial
permeability. The kinks in the curves for 5# parallel to the
[110] and [111] directions arise because the magnetic axes of
the elementary particles change from one cubic axis to another,
and the changes should theoretically become apparent at
I = 1/,/2 and 1/,/3 of the saturation intensity respectively and
this we see is approximately the case. In addition to the sharp
kinks shown in the figure, some workers have found other kinks,
which will not be discussed here, in ‘‘suspicious abundance .

Williams* has recently avoided the uncertainties of the
demagnetisation factor by using hollow parallelogram or
““picture-frame” specimens of single crystals of silicon iron,
each side of a parallelogram being parallel to one of the three
crystallographic directions—it should be noted that a single
crystal ring specimen would not be satisfactory. He thus
found the initial portions of the I, #° curve with considerable
accuracy, for only small effects of the corners of the specimens
could influence the measurements. The initial portions of the
1,5 curve were not linear, but the observed anisotropy at low
magnetisations can, however, be readily explained, because
when a field is applied along, say, the [110] direction it has
a component parallel to the [100] direction and results in a
magnetisation parallel to the latter whose projection on the
[110] gives a contribution to the observed magnetisation. The
curves of Fig. 44 are similar to those obtained by Williams
after allowing for this effect. The maximum permeability
along the [100] direction found in these experiments was
1,380,000,

It is generally held that the more perfect the crystal, the
lower its coercivity, but Coiffi, Williams and Bozortht found
a high coercivity with a very pure crystal of iron. Kayaf has
made a special study of the retentivity of single crystals of iron.

* H. J. Williams, Phys. Rev. 52, 747, 1937.
1 P. P. Coiffi, H. J. Williams and R. M. Bozorth, Phys. Rev. 51, 1009, 1937.
1 S. Kaya, Ann. der Phys. 84, 705, 1933.
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He defines the true retentivity I, as that value of I at which the
sudden, almost rectangular kink, cf. p. 324, is found with
decreasing field in the neighbourhood of #; = 0. Such kinks
only occur when the specimen has not been tempered or aged
for some time at about 130° C. With the above definition,
Kaya finds that the true retentivity in any direction is given

by the relation I.=1,/l+m+n, ... (110)

where I, is the saturation intensity of magnetisation, and
l, m and n the direction cosines of J#; with respect to the axes
of the crystal cube; this relation appears to warrant fuller

investigation. ‘ oo
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or field, rotated in opposite direc- ]
tions, to eliminate the marked effects
of rotational hysteresis observed
with these crystals. In the case of
nickel the [111] direction is that of
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* W. Sucksmith, H. H. Potter and L. Broadway, Roy. Soc. Proc. A, 117, 471,
1928.
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above, have been investigated by Honda and his collaborators.
Kaya* cut discs about 0-45 cm. in diameter and 0-028 cm. thick
parallel to the (1000) and (0001) planes; these are not equivalent
as the six-fold axis is unique. He found the base plane of the
hexagonal prism to be a plane of difficult magnetisation, and
that the hexagonal axis along the [0001] direction was the
only direction of easy magnetisation. Along the [1010] and
[1020] directions the approach to saturation is very gradual;
and this readily explains the difficulty of producing saturation
in polycrystalline cobalt. I, # curves at higher temperatures
have been obtained by Honda and Masumoto} with the
ballistic method.

Single Crystals of Alloys. Shih} has studied the properties
of single crystals of iron-cobalt alloys, using a pendulum
magnetometer § designed by McKeehan, who has also written
a valuable account|| of the work on single crystals. In these
body-centred cubic lattices the direction of easiest magnetisa-
tion was found to change from the [100] to the [111] direction
as the percentage of cobalt increased. This indicates that the
direction of easiest magnetisation does not depend on the
crystal structure alone, but also on the type of atom of which
it is formed.

Theoretical Aspects of Ferromagnetic Anisotropy. The
results obtained with single crystals of ferromagnetics can be
conveniently discussed in terms of the theory developed by
Akulov, Becker, Heisenberg, Bozorth and others. This gives
a conception of the way in which the magnetic vectors are
rotated from a direction of easy magnetisation to lie along the
direction of an applied field. Let us picture within the cubic
crystal a limited region, or a Weiss domain, described on
p. 238, in which all the magnetic vectors of the magnetic
* 8. Kaya, Sci. Rep. T'éhoku, 17, 1157, 1928.

+ K. Honda and H. Masumoto, Sci. Rep. T'6hoku, 20, 323, 1931.
t J. W. Shih, Phys. Rev. 46, 139, 1935.
§ L. W. McKeehan, Rev. Sci. Instr. 5, 265, 1934.
|| L. W. McKeehan, “Ferromagnetism in Metallic Crystals”, Tech. Publ.
Amer. Inst. Mining Eng. No. 554, 1934.

€ R. M. Bozorth, Phys. Rev. 50, 1076, 1936; Journ. App. Phys. 8, 575, 1937.
References to work of others will be found in these papers.

160



ANISOTROPY CONSTANTS

carriers point in the same direction. Then with an intensity of
magnetisation /, of this domain there is assumed to exist a
magnetic potential energy  per unit volume whose magnitude
depends upon the direction of the magnetisation. If the latter
makes angles whose direction cosines are a,, a,, a; with respect
to the axes of the crystal, we write

E = Ky+ K, (a}a}+akal+alal)+ Ky(adadal), ...(111)

neglecting all terms of lower power on account of the symmetry
of the cubic crystal. Suppose now that a field # is applied at
an angle 6 with respect to I, then the additional energy stored
in unit volume of the domain will be —3#'I;cos®, and the
direction of magnetisation will then take up the position of
minimum energy. Let a and «, be the angles between the
axis of easy magnetisation in the plane of /, and # and the
directions of I, and J# respectively, then « is fixed by the
condition

d

—(H - =0. ... 12

da(E H'I,cos0) =0 (112)
Writing ay—a =0, then da= —d0, so that

_ dE/da dE/da

T Ipsin0  Iysin(ap—o)’
and the magnetisation parallel to 5 is given by
I = I,cos (cty—ct).

Consequently the I, # curve can be constructed if the
anisotropy constants, K,, K,, ..., are known,

Thus if we take.#” in the (100) plane along the [110] direction
in a crystal of iron, in which the [100] direction is that of easy
magnetisation, then

ay = 45°, a; =cosa, a,=sina, oy3=0,
dE K, .
in =2 sin 4a,

H = K sind4a/2];sin(45—a) and I = I, cos(45—a).

It will be noted that for the [110] direction # and I are inde-
pendent of K,.

BMM 161 II
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From equation (111) it follows that the potential energies
E for the principal directions are

E.p =K, l
By = Ko+ K, 4 e, (114)
Ei = Ko+ K, /3 + K,/27 J

from which it is seen that the directions of easiest inter-
mediate and most difficult magnetisation are determined by
the magnitudes and signs of K, and K,. This accounts for the
difference between iron and nickel in which the orders of ease
of magnetisation are [100], [110], [111] and [111], [110] and
[100] respectively, and for changes in the order which occur
in alloy series in which K, changes sign, and for changes in
nickel or ferromagnetic alloys at high temperatures when K,
approaches zero.*

On p. 59 an expression for the energy of magnetisation was
derived and from this it is seen that the energies given in

1,
equations (114)areequal to the valuesof f S dl,wheres# and
0

I are measured along the appropriate directions. Hence

1,
Eig0 =f0 Hioo@ L1005 s eeeeen (115)

so that the anisotropy constants can be found from the areas
on the three I, 3¢ graphs, for

Ky = By '
K, = 4(Ey 10— E,q) J ...... (116)
Kz = 27(1'7111 - Emo) - 36(E110“’ Eloo)

K, can also be measured by a special torque magnetometer.t
From a survey of the chemical composition and crystal struc-
ture of iron-cobalt-nickel alloys McKeehant concluded that
there is no striking change in K; when the crystal structure
changes from face-centred to body-centred cubic or when the

* Cf. K. Honda, H. Masumoto and S. Kaya, Sci. Rep. Téhoku, 17, 111, 1928
and N. S. Akulov, Zeit. fir Phys. 100, 202, 1936.

N.
t H. J. Williams, Rev. Sci. Instr. 8, 56, 1937.
1 L. W. McKeehan, Phys. Rev. 51, 137, 1937.
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specimens are worked or annealed; in other words, K, is not
very structure-sensitive. Both K, and K, change considerably
with rise in temperature and this provides an explanation for
thestriking variation in permeability with a weak field observed
by Hopkinson.

In the case of cobalt crystals, which are hexagonal at room
temperature, equation (111) becomes

E=Ky+K,a}+ .., ... (117)

where a,; is the direction cosine of I with respect to the
hexagonal axis; higher terms appear to be unnecessary in
(117). It follows that there is little or no anisotropy in the
plane perpendicular to this axis, and that

Ko = E1000!
Kl = Eoom" Emoo'

Further reference to the above theory will be made in
Chapter x.
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CHAPTER V
EXPERIMENTS WITH SINGLE PARTICLES

Theoretical Considerations. We have seen on p. 21 that
according to the theory of spatial quantisation, the magnetic
axis of a free atom or molecule may occupy only one of a
certain number of discrete positions with respect to the lines
of force of a magnetic field. In this chapter an account will be
given of the experiments which have been performed in investi-
gating this phenomenon and which give us direct information
concerning the magnetic behaviour of isolated particles.

Fig. 46. Principle of Stern and Gerlach experiment.

The experimental procedure is based on the theory given by
Stern* and first adopted by Stern and Gerlach. A strong non-
uniform magnetic field is established between the poles of an
electromagnet; we may suppose one pole tip to be plane and
the other wedge-shaped as shown in Fig. 46. Let a single
uncharged magnetic particle start to move from O with
velocity v parallel to the edge of the wedge; then it must move
with its magnetic axis orientated in one of a limited number of
positions with respect to the lines of force. The most simple
case is that of an alkali metal atom with a magnetic moment
of one Bohr magneton, when only two positions are possible,
viz. with the magnetic axis parallel or anti-parallel to the field.

At any point in its path the particle will accordingly be
acted upon by a force + upds#/dx parallel to the x direction

* Q. Stern, Zeit. fur Phys. 7, 249, 1921.
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shown in the figure, d# /dx being the gradient of the field along
this direction, which is parallel to the line of centres of the pole
tips. If the mass of the atom is M it will experience an
acceleration f= +'I;fdf and if the atom moves through a
distance [ parallel to the edge of the wedge in a time ¢, it will
finally be displaced through a distance s parallel to z given by

1 dx#t
2 —
s=4ftt=+ SI B Gy (v) ...... (118)

Now, in practice, the atom is separated from a cloud of
vapour at a temperature T, and, therefore, we may assume as
a basis for discussion that the most probable value of v is v,
given by the kinetic theory equation,

o kT RT
2 = u P
va =257 = 2 N1
where N is Avogadro’s constant and R is the gas constant for
one gram atom. Hence, the most probable deflection
Nugd# ,
Sa—imz{;l. ...... (119)
But Nuj = 5565c.g.s. units, and, consequently, a narrow
beam of atoms entering the field at O should be split into two
narrow beams separated at the other side of the field by a

distance 5565 At

28, =2 pm g B e (120)
Thus, taking 7' = 600°K., I = 10cm. and d5#/dz = 25,000
units per cm., 2s, should be approximately equal to 0-14 cm.
If the path in the magnetic field is  but the receiver is placed at
an additional distance I, outside the field, then the above
expression for 2s, must be multiplied by (1 + 2/,/I).

The early experiments of Stern and Gerlach showed con-
clusively that such separated beams are formed, and thus
proved that the individual atoms of metals, such as silver,
possess magnetic moments associated with angular momenta
which are spatially quantised in a magnetic field.
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Experimental Aspects. A simple diagram of the experi-
mental arrangements used by Stern and Gerlach is shown in
Fig. 47, where O represents an oven in which a metal is
vaporised and the vapour atoms raised to a temperature 7,
so that a fine beam passes through the narrow slit S, into an
evacuated space. A slit S, limits the beam, which is further
limited by a collimator slit, S3, placed immediately before
the gap between the special pole tips, which are of the type
shown. Finally, the separated beams of atoms fall upon a
receiver R, a cold glass plate, to form a deposit of the shape I
in the simple case considered above. It is to be emphasised
that the atoms must not suffer collisions with their neighbours

S, S . :
B 22 -
L | \vw> VN -

S

Fig. 47. Diagram of Stern-Gerlach apparatus.

in the beam, or with other atoms in their passage through the
field; consequently, the apparatus must be mounted in a
chamber, or series of chambers, which can be thoroughly
evacuated.

Now, in the light of the foregoing theory certain necessary
experimental conditions for the accurate measurement of the
final separation of the beams can readily be laid down.*
Obviously, the parent beam has to be very narrow, i.e. it must
issue from an oven slit whose jaws are very close together.
From this it might appear that the beam would be very weak
and a deposit therefore obtained after an unduly prolonged
exposure, during which the magnetic field would have to be
maintained constant. However, by keeping constant the
product of the vapour pressure of the atoms in O and the
width of the slit S;, it is possible to obtain an intense but very
fine beam, whose fineness is limited by the mechanical
difficulties of slit construction.

* See 0. Stern, Zeit. fir Phys. 39, 751, 1926.
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Since s is proportional to [2, it is necessary that [ be made
as long as possible, and, finally, d# /dx must be as large as
possible, so that pole tips of a wedge and trough design are
used. This raises the question concerning the region over which
di# Jdx may be treated as constant, a question which can only
be answered by direct experiment, by measuring # and
HdH [dx at various points,

Exact alignment of the slits S;, S, and S, is of great im-
portance, and for this purpose S, and S; must be mounted on
the same support as 8,, the support being sufficiently robust
to withstand the large stresses set up by the attraction of the
pole pieces. Knauer and Stern* were the first to use the atomic
beam itself in aligning the slits, by arranging a prism and
microscope system to view deposits made by mercury atoms
on a silvered plate receiver.

The receiver R of Fig. 47, in the early experiments, was a
glass plate cooled on the far side by liquid air, and the im-
pinging atoms stuck to the glass. The exposures then lasted
many hours and the deposits had to be intensified by washing
the plate with a special solution consisting of 1 per cent
hydrokinone developer, a small amount of silver nitrate and a
fair amount of gum arabic. It is now possible with the better
alignment in later technique directly to obtain visible deposits
with exposures of some few minutes. The visible deposits have
more or less the same appearance in the cases of different
metals. At first they are bright brown, becoming darker and
then black with long times of exposure, finally taking on a
bluish and metallic appearance. Other, and more effective,
ways of detecting the separated beams have latterly been
developed, and these are described as occasion warrants in the
following sections.

The Rabi Method of Separation. The magnetic separation
of the beam may also be produced by a method due to Rabi.¥
The deflection of a beam of spatially quantised atoms in the
Stern and Gerlach experiment may be likened to the gradual
deviation of a ray of monochromatic light as it passes through

* F. Knauer and O. Stern, Zeit. fur Phys. 39, 764, 1926.
1 I. I. Rabi, Zeit. fur Phys. 54, 190, 1928.
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a medium whose refractive index varies continuously in a
direction perpendicular to the path of the rays. The rate of
change of refractive index is analogous to the gradient of the
magnetic field. Now, when a ray of light passes suddenly from
one medium into a thin layer of another medium, then the
total bending is practically independent of the way in which
the refractive index varies within the second medium, and it is
this picture which is to be borne in mind in discussing the Rabi
method of separation.

@ o
Fig. 48. Rabi’s method of separating spatially quantised beams.

Suppose, then, that a beam of atoms, each of magnetic
moment, 145, of velocity v, and kinetic energy Z, is travelling
in the equatorial plane of the gap between two flat, rectangular,
pole pieces as depicted in Fig. 48a, b. The path of the beam is
always perpendicular to the lines of force, and, in the simple
case under discussion, the atomic moments set parallel or anti-
parallel to the field. Now, the force on each atom in a direction
parallel to PP’ is zero, consequently the components of the
atomic velocity parallel to PP’ before entering and after
entering the gap must be equal. Yet, the kinetic energy of an
atom before entering and after entering must differ by an
amount + u,#, because of the change in magnetic potential
energy of the atom. There will therefore result two sets of
atoms with velocities vy equal either to A/ (% (E+pupt )) or to

2
J (-M(E' - /LB%)) according as the atoms set with their

magnetic axes respectively parallel or antiparallel to the field.
The conservation of momentum parallel to PP’ therefore
requires, as seen from Fig. 48b, that
v, 8inf = vgsin (6 7 9),
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whence 2K
sinfcosd ¥ cosfsind vy, M
o =2 = .
s vz A/ (M (E + /tB.%”))

Since & is small, we may now write

6= itanﬁ{l—l/A/(liﬂBEjf)},

and when uz#|E < 1, then

_ s
0=+ oF tan 0.

Consequently, when the atoms have travelled a distance !
within the field, the separation of the two component beams is

25 = 216 =" I;}f Itan @, thus being directly proportional to the

strength of the field 7.

In practice, however, errors must arise because the transition
from zero field to field #" does not take place in a very restricted
region close to the edges of pole pieces as is postulated in the
theory. Moreover, the finite length of the slits through which
the atoms enter the field do not permit all atoms to travel in the
equatorial plane. Hence, as Meissner and Scheffers* found, this
method of separation, while quite suitable for comparison
measurements, is not suitable for absolute or precision
measurements.

Modern Technique. We now turn to a consideration of the
more important refinements in experimental technique which
finally culminated in precision measurements of the magnetic
moments of individual atoms. Most of them are described in
a paper by Leu,T whose apparatus is shown diagrammatically
in Fig. 49. The oven O consisted of a copper block mounted
in a water-cooled constantan tube C, heated by a platinum
filament. The metal to be vaporised was placed in the small
metal chamber M communicating with O, so that the evapor-
ated metal was at a lower temperature than that of the oven,

* W. Meissner and H. Scheffers, Phys. Zeit. 3%, 48 and 245, 1933.
1 A. Leu, Zeit. fur Phys. 41, 551, 1927.
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and, consequently, no condensation occurred in the oven and
upon the slit S;. The latter was 4 mm. across and less than
0-02mm. wide. A thermo-junction placed inside O served to
measure the temperature of the vapour.

Having passed through 8, the atoms traversed a distance of
some 6 cm. and then passed through a slightly wider collimating
slit S, parallel to §; and mounted rigidly in the end of C. The
whole of the arrangements so far described were contained in
a glass bulb which communicated by a narrow glass tube 7"

4 to Pump

Side Tube for J

Thermo Junction
Leads

Wn:r Jucket Thermo-Junction

...........

Fig. 49. Leu’s apparatus for atomic beams.

with a second glass bulb in which was mounted the cooled
glass plate receiver E. The surface of R was usually chemically
silvered and polished, and could be viewed by means of a
prism arrangement, not shown. Both bulbs were highly
evacuated. A copper tube ran through 7" and was cooled by
conduction of heat along a metal strip M’ which made contact
with a metal attachment on the receiver R. 7" lay between
the wedge and trough pole tips.

With this arrangement, excellent visible deposits were
obtained with times of exposure varying from 5 minutes to
2 hours. Fig. 50 shows a typical result for sodium. If the
separation as shown in Fig. 50 is measured, the magnetic
moment of the sodium atom can be calculated from
equation (120). The accuracy of the result depends mainly on
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the evaluation of d#/dx, and is said to be of the order of
2 per cent, but there remains for consideration the manner in
which the true separation 2s, should be computed from the
somewhat diffuse traces of Fig. 50.

This point has been discussed
in detail by Stern,* who has shown
how to take account of the density
distribution in the deposits. In
deriving the expression for 2s,, it
was virtually assumed that v, was
the same for every atom in the
initial beam. Actually, the atoms
must possess velocities more or less
in accord with a Maxwell distribu-
tion, and hence the deposits must
be wide. The evaluation of s, is
of great importance in precision
measurements and is fully dis-

cussed in connection with those of (@) ®)
Meissner and Scheffers, below. Fig. 50. Leu’s result for sodium.
. (a) undeflected beam;
Experimental Results. The ex- (b) deflected beams.

perimental results so far obtained
are given in Table VII, where the relevant spectroscopic data
are also given.

TABLE VIIL

Atoms Normal state 2J +1 w/pg exp.
H, Li, Na, K 254 2 1
Cu, Ag, Au 284 2 1
7n, Cd, Hg 1S, 0 0
Sn, Pb 3P, 0 0
Tl Py 2 )
Bi 454 4 0-72
Fe 5D, 9 Traces?
Co iy 10 Traces
Ni ¥, 9 Traces

The results in the first five rows of this table prove that
atoms like silver possess magnetic moments and give results in

* 0. Stern, Zeit. fiir Phys. 41, 563, 1927.
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complete agreement with the theory of spatial quantisation.
Now we saw on p. 21 that when an atom of known L, S
and J is placed in a magnetic field, the components of the
magnetic moment parallel to the lines of force were not given
by gNM,(M,+1) but by gM,, where M, =J, J—1, ...,
—(J—1), —J. This means that the separation of the two
outermost of the 2J + 1 traces observed in a Stern-Gerlach

experiment should not be proportional to g\/J (J+1)pp but
to gJug. This is definitely proved to be the case, for in the
case of the silver atom, whose normal state is 2S;, we have
gGNT (T + 1) piyy = 2M4. 3y =173 py and gJug = 2.3u5, and
experiment gives 1y, in agreement with the latter. The case
of thallium is still more interesting, for the normal state is
2P,. We find, as expected, two traces in the Stern-Gerlach
experiment, but they correspond to an atomic moment of
141y. Now, for thallium

gNI (T + 1) iy = 3T s = 058 o,
while gJpp = 2.} up = L up; here again we have very striking
agreement between experiment and theory.

In the case of bismuth, Leu and Fraser had to use a very hot
oven to ensure the absence of Bi, molecules from the initial
beam and they then obtained two traces, corresponding to
4= 2072 0rtog = 1-45. Now, it happens that the normal
state of the Bi atom is 4S;, but the coupling in the atom is
not the normal Russell-Saunders type, for which g = 2, but
rather of the complex jj type, for which g = 4. As we get by
experiment a value for ¢ which lies between the above two
theoretical values we may consider that agreement between
theory and experiment is satisfactory. The apparent lack of
agreement between experiment and theory in the case of the
iron group metals is attributed to experimental defects,
and particularly to overlapping of the several traces.

Precision Measurement of the Bohr Magneton. The numeri-
cal value of the Bohr magneton was measured with con-
siderable accuracy by Meissner and Scheffers,* and will be

* W. Meissner and H. Scheffers, Phys. Zeit. 34, 48 and 245, 1933.
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considered in some detail as an excellent example of modern
technique. The success of the work is due to the efficient
manner in which the conditions prescribed by Leu for the
production of very narrow but intense beams of atomic rays
were applied, and to the method, first devised by Taylor,*
employed in their detection. The apparatus is shown dia-
grammatically in Fig. 51. It consisted of two brass compart-
ments C' and K. The first contained the oven O in which
potassium or lithium was evaporated, and it was joined to R
by the brass tube 7'7'. The whole apparatus was very efficiently
evacuated, and water-cooled blocks WW condensed stray

To punp
and gaug

Th St

Fig. 51. Apparatus for precision measurement of the Bohr
magneton. (Meissner and Scheffers.)

alkali atoms. The evaporated atoms passed through the
narrow oven slit, through the fine, 0-03 mm., collimating slit S
and on to the receiver N, being exposed to the action of a non-
uniform field of the Stern-Gerlach type during their passage
through 7'7. Inside N was a stretched tungsten filament
0-02mm. in diameter, so mounted that it could be moved
across the incident beams of atomic rays, parallel to the slits.
It was heated electrically, and alkali metal atoms falling upon
it lost electrons and could leave the surface as positive ions,
the resulting ionisation current between the filament and a
collecting electrode or plate being a measure of the number of
atoms received in unit time.

Special precautions were taken to avoid fluctuations of the
oven temperature, and the gradient of the non-uniform field
was carefully mapped by means of a tiny search coil mounted
on a brass tube, fitted to a cathetometer with horizontal and

* J. B. Taylor, Zeut. fur Phys. 57, 242, 1929.
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vertical movements. The initial beam of alkali metal atoms
was split into two by the action of the field, the distributions
of the atoms in the deflected and undeflected beams being
evaluated from the ionisation current measurements, while
the separation of two beams into which an infinitely thin initial
beam of single velocity atoms would be split was computed on
the basis of the theoretical treatment given by Stern.*

Stern supposes that in the absence of the field 1, ds, atoms
pass through each element of width ds, of the collimating slit
placed immediately before the pole tips. The original intensity

0l ek

I —_ - L
™~ T
// /_—.;.— R
- N
[ 5 C o
— Oisplacement
Q)

Fig. 52. Intensity distribution in atomic ray beams.

distribution in the beam entering the gap between the pole
tips may therefore be represented by the dotted rectangle in
Fig. 52a, and the intensity distribution in the beam falling on
the receiver by the trapezium in that figure. The change in the
intensity distribution from that represented by the rectangle
to that represented by the trapezium is, of course, occasioned
by the slight spreading of the undeflected beam, and can be
calculated from the geometry of the apparatus.

Now, when the field is excited, owing to the Maxwell
velocity distribution of the atoms the very narrow undeflected
beam is replaced in the case of alkali metal atoms by two wide

* 0. Stern, Zeit. fur Phys. 41, 563, 1927.
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and rather diffuse beams, in which the intensity distribution of
the one will now be represented by a continuous curve like that
of Fig.52a. Let us consider what happens to the group of atoms
which pass through an element ds, at a distance s, from the
centre of the undeflected beam when the field is excited. Those
atoms in this group which possess velocities between v, and
v, +dv, will be displaced to a distance s to pass through a strip
of the deflected beam ds wide. The separation of the elements
ds and ds, is therefore s —s,. Hence, as from equation (118),
p- 165, the displacement is inversely proportional to the
square of the velocity, s —s,oc 1/v3. But the most probable
deflection s, oc 1/v2, so that
?)2
§—8y =8, -

2
and ds = d(s—s,) = —2saf73dv1. ...... (122)
1

Now the number of atoms in the group I,ds, whose velocities
lie between v, and v, +dv, is, from kinetic theory, given by

2
1,ds, - e dde;; L. (123)
consequently, the number of such atoms per unit width in the
deflected beam at s is equal to
,U(li 6—1712/ v2

———, from (122),

a

= 11, ds,

+1,ds, o
2
S

L2 3 e—8als—sy

(8 —8)
Hence, the total intensity I, at a point in the displaced beam
distant s from the centre is given by

L=, [ Cesasn =g 2
=1 —Sq/8—8 a

=1 Of—ae s (124)
K

— —— __[e—Salsta —8ql8—a (¢
and I, 2(a—b)[e (s+a)+es (s—a)

—e~5al5th (s b) —e~falSD (s —b)], ...... (125)

for an initial distribution represented by the trapezium in
Fig. 526, where [, is a function of s, between s,=b and s,=a.
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The type of ionisation current-displacement curve for the
undeflected ray obtained by Meissner and Scheffers when the
magnetic field is off is shown in Fig. 52, where the full line
represents the experimental results and the trapezium an
assumed intensity in order to make use of equation (125). The
“feet” on the experimental curve, which lie outside the
trapezium, are due to scattered atoms produced mainly in the
neighbourhood of the hot filament and, hence, are of little
consequence in a discussion of the intensity distribution when
the field is applied, as they would be outside its range. The peak
of the curve also departs from the trapezium configuration,
and this departure also is relatively unimportant, for with
large values of s, the precise shape of the undeflected beam is
not of great importance.

The type of ionisation current-displacement curve for the
deflected beams is shown in Fig. 52¢ where the small “hump”’
in the undisplaced position is attributed to undeflected
particles. There are, clearly, two methods by which s, may be
evaluated from Fig. 526, c. First, it may be calculated from
the positions s,, of maximum intensity in the deflected beams,
for, by differentiating (125) and putting s = s,,, we obtain the
equation
s

) + e~SalsSm—a (1 + a )
Sp—Q

Sa —salsm=b [ 1 Sa
+b)+e alSm +3m_b s

from which s, may be found. Secondly, two positions s, and s,
of equal intensity in each deflected beam may be found and
inserted directly in equation (125). In this way an approximate
formula, used by Leu, can be derived for s,. The first method is
the more satisfactory, provided that sufficient points lie in the
regions of the maxima of the ionisation current-displacement
curves, since no correction need be applied for the presence of
undeflected particles.

The final values obtained for the Bohr magneton from four
sets of determinations with potassium and five sets with
lithium were 0-916 + 0-:005 and 0-916 + 0-003 x 10—2° respec-
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MEASUREMENTS WITH ATOMIC HYDROGEN

tively, the mean being 0-916 x 10~20¢.g.s. units, correct to
5 parts in 1000. These values were calculated on the basis of
Millikan’s value of e, 4774 x 10~1° e.s.u.; using the revised
value 4-800 x 1071%, given on p. 54, they become 0-921 x 10~2.

Measurements with Atomic Hydrogen. Attention has so far
been confined to experiments in which metallic atoms have
been used, and it might seem a priori that gases would be
particularly easy to employ in Stern-Gerlach experiments.
However, the only monatomic gas which possesses a magnetic
moment is atomic hydrogen, and great difficulties are en-
countered when the few paramagnetic diatomic gases are used
because of the thermal rotation of the molecules.

Experiments with atomic hydrogen were made by Wrede*
and by Phipps and Taylor,t and both sets of experiments
showed the isolated hydrogen atom to possess a magnetic
moment of 14, . Phipps and Taylor prepared atomic hydrogen
by Bonhoeffer’s} method in a Wood § discharge tube and by
Langmuir’s|| method of evaporation from a hot wire. The
stream of atoms passed through a special pyrex slit system,
traversed a non-uniform field and fell upon a glass receiver
coated with a fine yellow-white deposit of molybdenum oxide,
MoO,, formed from the white smoke obtained by burning a
piece of molybdenum in an oxygen-gas flame. The impinging
atoms reacted with the MoO, to give a blue deposit, which
usually reached its maximum density after about four hours’
exposure.

Experiments with Diatomic Gases. The special difficulties
encountered when experiments are made with diatomic gases
may be appreciated by considering the behaviour of oxygen.
The oxygen molecule, as we saw on p. 46, normally exists in
a 3 state with 4 = 0, S = 1 and J = 1. The molecule rotates
rapidly about N, Fig. 11, and there is a strong coupling between
the spin and the rotation. A reasonable value to take for the

* . Wrede, Zeit. fur Phys. 41, 569, 1927.
1 T. E. Phipps and J. B. Taylor, Phys. Rev. 29, 309, 1927,
1 K. F. Bonhoeffer, Zest. fiir Phys. Chem. 113, 199, 1934.

§ R. W. Wood, Phil. Mag. 42, 729, 1921.
|| 1. Langmuir, Journ. Amer. Chem. Soc. 38, 2021, 1916.

BMM 177 12
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most probable value of N is 9, and this would give rise to

2 (28+1)(2N +1) = 136 beams in a Stern-Gerlach experi-
N

ment, assuming that odd values of N alone are effective. In
other words, so many discrete positions are possible that
classical conditions of an infinite number of orientations in the
field would be simulated; consequently, the pattern would
be a broad band and very difficult to interpret. Such a band
was obtained by Shaw and Phipps* and was considered to pro-
vide proof that the non-rotating sulphur molecule possessed
a magnetic moment of two Bohr magnetons corresponding
to a 32 state.

‘Cas

Pump

Fig. 53. Apparatus for molecular ray beams. (Schnurmann.)

A comprehensive series of experiments on O, and NO
molecular beams have been made by Schnurmannt using an
arrangement very similar to that designed by Knauer and
Sterni for measurements with light gases, and shown in
Fig. 53. The gas entered an evacuated chamber 4 through the
fine slit @, its temperature being measured by a thermocouple,
and some molecules passed through the fine slits 8, and S, to
form the molecular beam which passed through a non-uniform
field of the Rabi type between pole tips P. The broadened beam
then fell upon a receiving slit R and part of it entered the tube
M. R was parallel to the other slits, and could be moved across
the beam. M communicated with a chamber containing a
Pirani hot wire manometer and the molecules passing through

* . J. Shaw and T. E. Phipps, Phys. Rev. 38, 174, 1931.
+ R. Schnurmann, Zeit. far Phys. 85, 213, 1933 and Journ. de Phys. 6,99, 1935.
1 F. Knauer and O. Stern, Zest. fir Phys. 53, 766, 1929.
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R caused the pressure to rise therein until the number of
molecules entering was equal to the number leaving; thus the
Pirani gauge measured the relative numbers of molecules in the
various portions of the beam, while a compensating gauge
attached to M’ eliminated fluctuations due to changes in the
pressure of gas in the chamber C. The pattern or distribution
of molecules in the beam varied greatly with the Rabi field
and the temperature of the beam. Curve Iin Fig. 54 shows the
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Fig. 54. Schnurmann’s results for oxygen.

pattern obtained with zero field and Curve II the pattern
obtained with an initial beam of oxygen molecules of section
BB passing as shown above the pole tips NS, the temperature
being 300° K. The strong asymmetry of curve II is due to the
non-uniformity of the field, for while the undeflected molecules
moved in this case in a field of 6800 oersteds, those corre-
sponding to the left-hand portion moved in a stronger field
than those corresponding to the right-hand portion, so that
the degrees of coupling of electronic and molecular spins were
different. Following a procedure due to Einaudi,* the pattern
to be expected on the assumption of fixed values of S and N

* R. Einaudi, R.C. Acad. Lincet, 16, 132, 1932.
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with the type of Rabi field actually used was calculated and
compared with the experimental pattern. The agreement
between experiment and theory with the above values of 8
and N is good.

The rotational effects are even more complicated in the
case of the NO molecule. The normal state of the molecule is
21, where the spin and orbital momenta are antiparallel and
the molecule is non-magnetic. At high temperatures many
molecules pass into the 2[I; state, which exhibits a magnetic
moment of two Bohr magnetons. Molecules in this state should
give rise to five beams in a Stern-Gerlach or Rabi experiment
if rotational effects are absent. Actually, on account of these
effects it is advisable to use strong fields in which decoupling
occurs and X2(2J +1) magnetically deflected and one un-
deflected beam of non-magnetic molecules should be obtained,
the most probable value of J being 12. So many components
could not possibly be unravelled, but a relatively simple
procedure is possible both for O, and NO. As before, the
molecule is assumed to have a specified magnetic moment and
known partition of the rotational states. The shape of the beam
pattern curve is obtained from the Pirani gauge readings in
the absence of a magnetic field, and the intensity of the un-
displaced component is calculated for known conditions of the
magnetic field and compared with that obtained by experi-
ment. For example, in the case of oxygen the experimental
value for I/1, was 0-287, whilst calculation based on N = 1,
to 15 gave 0-299. On the whole, agreement between experi-
ment and theory is as good as can be expected.
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CHAPTER VI

NUCLEAR SPINS AND MAGNETIC
MOMENTS

Introduction. In the experiments described in Chapter v
we have confined attention to the magnetic moment of the
electron system of the atom or molecule, and we must now
consider what information the method of molecular rays can
give concerning the magnetic properties of the nucleus. It is
known that certain hyperfine structures of spectral lines or
components of the individual multiplets, which are less than
one wave number apart, arise from a spin of the nucleus of the
atom by which they are emitted. With this nuclear spin there
must, in general, be associated a magnetic moment.

Now, the mass of an atomic nucleus is great in comparison
with that of the electron, so that its magnetic moment must be
quite small even when the angular momentum associated with
the spinislarge. Itis therefore found convenient to express the
values of nuclear magnetic moments in terms of a quantity
equal to 1555 p, called the unit of nuclear magnetic moment or
nuclear magneton, and denoted by x,, while the spin is still
measured in terms of the unit 2/27. Hence, in the case of an
alkali atom the nuclear magnetic moment can only be a very
small fraction of the magnetic moment of the atom, and is
thought to play no appreciable part in the precision deter-
mination of uz by the method of Meissner and Scheffers. It also
follows that it is impossible to determine by direct deflection
methods the magnetic moment of the nucleus of an atom whose
electron system possesses a moment of the order of a Bohr
magneton. Direct measurements are only possible with atoms
or molecules where the magnetic moment arising from external
electron configurations is practically zero. Such a case is
provided by the orthohydrogen molecule, but here, of course,
the determination of the nuclear moment is complicated by
the presence of molecular rotations.
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Fortunately, there generally exists a weak coupling between
the nuclear spin and the spin of the external electron system of
an atom which may be profoundly modified by the application
of relatively small external magnetic fields. In the strong
fields employed in all the experiments described in the previous
chapter, this coupling is broken down and the nuclear and
electron spins are orientated independently of each other—in
fact, the behaviour of the spins is analogous to that of spin and
orbital momenta in the Paschen-Back effect—and the particle
behaves practically as if it possessed no nuclear spin. In weak
fields, however, the coupling plays an important role, and was
shown by Breit and Rabi* and by Cohen and Rabit to provide
a method for the measurement of nuclear spins.

In the theory underlying the Stern-Gerlach experiments it
was assumed that an atom whose electron system possessed a
total angular momentum of JA/27 units could set in 2J +1
positions with respect to the lines of force of an applied field.
If, in addition, the atomic nucleus possesses I units of spin
momentum, the two being normally coupled to give F = I + J
and the field not sufficiently strong to decouple the nuclear
and electron spins, then (2J+1)(21+ 1) positions become
possible. We get 2(J+1)+1 states with total angular
momentum quantum number J+ 1, 2(J+1—1)+1 states
with total angular momentum quantum number J+17-1,
and so on to 2(J — I) + 1 states with total angular momentum
quantum number J — I, and it is easily seen that the number
of states adds up to (2J +1) (21 +1).

Now, in the state with total angular momentum quantum
number J + I we do not know a priori whether the axes of
magnetic moment of the nucleus and the electron system are
set parallel or antiparallel, or, we may say, whether the magnetic
moment of the nucleus is posttive or negative. We must therefore
realise at the outset that the energy of each of these states when
a magnetic field is applied depends on whether the nuclear
magnetic moment is positive or negative. Thus, in a magnetic

* G. Breit and L. I. Rabi, Phys. Rev. 38, 2082, 1931. See also H. Kopfermann,
Ergeb. der exakt. Wissen. 15, 242, 1936.
1 V. W. Cohen and I. I. Rabi, Phys. Rev. 43, 582, 1933.
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field ## the energy of a given state with the component of F
parallel tos#, M = I+ J, where I takesthe values I, I—1,...,

—1I, and J the values J, J—1,..., —J, is changed by an
amount
_ AE AE 2M o\
E+.?V'_ —mi—z'(l+my+y) ...... (126)
or by
AE _AE 2M .\
.E__,f—+2——*(21+1)+—2—( —-I-;%yﬂl), ------ (127)

according as the nuclear magnetic moment is positive or
negative. The upper sign applies to M = I +J and the lower
to M = I —J. In equations (126) and (127)
y =gupH /AL,

where AF is the energy difference, hcAv, corresponding to a
separation 4v wave numbers between the hyperfine structure
components of the multiplet line, or the difference in the energy
levels when the nuclear and electron angular momenta are set
parallel and antiparallel respectively, and g is the Landé
splitting factor for the electron system.

The force which acts upon an atom along the z axis due to the
presence of a non-homogeneous field is, therefore, either

p o _Edy d¥
e dy dH# dx
oM
ST £ Y 3
: 4 VITB
2
(1+2I+1y+y)
ax#
,Lb_*_e“%, ...... (128)
y 2M
2I+1 ax
or F, =z+1% Yy : 1918
(1 2I+1y+y)
dA#
- Iu__e"T:l';, ...... (129)

with the same sign convention as before.
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In other words, the atom appears to possess a series of
effective magnetic moments u err O fi_ert, according as the
nuclear magnetic moment is positive or negative, whose
values depend on the magnitude of #°. The experiments now
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Fig. 55. Hyperfine structure of atomic rays.
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to be described deal with the measurement of this effective
magnetic moment and lead to a knowledge of M and AE,
whence, assuming that J is known, the value of 1 can be found.
Moreover, the sign of the nuclear magnetic moment can be
directly deduced from these experiments, but its magnitude
can be calculated from the experimental value of 4E only on
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the basis of wave-mechanics formulae derived by Goudsmit
and others, with which we shall not deal.

Let us now take the particular case of an hydrogen atom
with I =}, J = } and g = 2. Then whether we assume the
nuclear magnetic moment positive or negative we get the same
four values of gen, corresponding to M =1, 0, 0 and —1,
namely,

and —1lup.

Y -y
1/"B’ (1+y2),}///B’ (1+y2)§ﬂB’

Hence by deflections of the atoms in a strong Stern-Gerlach
field alone we cannot distinguish between positive and negative
nuclear magnetic moments.

Two of the above values contain y and are, consequently,
functions of #°, as shown in Fig. 58. In a weak field, which may
be said to correspond to y < 0-1, a beam of atoms after passage
through the field should therefore give four lines or traces on
a receiving surface, two deflected and two so little deflected
that the pattern should practically consist of three traces.
As the energy differences between the various positions in the
field are so small, the four positions are almost equally
probable, and, consequently, the central trace should have
twice the intensity of either of the displaced ones. In a strong
field, say, where y > 3, the coupling is destroyed, and only two
traces should be observed. In fields of intermediate strength,
say, where y = 1, four separate traces should be found.

Turning to equations (128) and (129) we see that for certain
values of y,i.e. of S, s ety = 0, oran atom with total magnetic
number M willappear to possess zero magnetic moment. Taking
the appropriate values of M and plotting the values of the
effective magnetic moment against the corresponding values
of y, we obtain a set of curves which illustrates this behaviour
in a striking manner, and shows how the several traces arise.
Thus, if we take / = Zand J = }, the appropriate values of M/
are 3, 1,0, 0, —4, —32, and these give the set of curves of
Fig. 55a, showing that a pattern of six lines corresponding to
(2x2+1)(2x$+1) = 6 is possible in moderate fields, and
these close together to form a two component pattern in
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strong fields. Similarly, for I = £ the curves of Fig. 55b are
obtained, giving a pattern of eight lines in moderate fields.
Sets of curves for I =$§ and I = % are likewise shown in
Fig. 55¢ and d respectively.

Experiments of Rabi and Cohen. The above sets of curves
show that the determinations of nuclear spins may be made by
two distinet methods. In one method, of which the experi-
mental arrangements are shown in Fig. 56, a beam of sodium
atoms passed through the vertical slit S; of a nickel furnace.
The beam then passed through the slit S, to pass some 6 cm.

ﬂ
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B i i s [

R i
B NS NDs U”

Fig. 56. Rabi and Cohen’s apparatus for nuclear spins.

within a strong Stern-Gerlach field which spread it into two
deflected beams. The slit S; allowed atoms of approximately
the same velocity from one of these beams to pass through two
more non-uniform fields. The first was a weak analysing field
B, between pole tips 18 cm. long in which the nuclear and
electron spins were no longer decoupled and the atoms were
sorted into (27 + 1) components. The second was a stronger
field C between pole tips 18 cm. long; it acted to about the
same extent on all the components separated by B, displacing
them more or less equally towards the position occupied by
the original undisplaced beam. C thus produced a focusing
effect and removed any scattered atoms.

A tungsten filament was moved across the final beam and
was allowed to collect atoms, on account of their small
number, for a known interval of time, whereupon the filament
was then suddenly heated by the passage of a current and the
positive ion emission to the plate P was measured by a valve
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amplifier and ballistic galvanometer. In this way four well-
defined peaks were obtained in the curve showing the number
of atoms received per second by the filament plotted against
the position of the filament as it was moved across the final
beam by turning the ground joint @. Since the beam consisted
of four branches, then 2/ +1 = 4, or I = 3. The experiment,
of course, gives no direct information concerning the magnetic
moment of the nucleus.

The Method of Zero Moments. In the second method of
measuring nuclear spins by the use of weak fields, a beam of
atoms of approximately the same velocity is separated by a
strong field and allowed to pass through a weak non-uniform
field, whose strength may be continuously varied as required,
to fall upon a fixed receiver placed to collect the maximum
number of atoms when the field is not excited. Then, starting
with a very weak field and increasing it gradually, the number
of atoms collected by the receiver should decrease at first but
later rise to a maximum, and with continued increase in the
field successive maxima corresponding to the points 4, Band '
should be obtained in the cases of atoms represented by the
curves of Fig. 55¢ or 55d. This is because those atoms for
which pesr = 0 are not deflected by the field and hence at
every value of the field for which a particular set of atoms
possesses zero effective magnetic moment a maximum number
must in general be collected by the receiver. In the case repre-
sented by Fig. 55¢ we see that, if a maximum number is
recorded for a value of the field H,, successive maxima should
also occur at values 3H, and 5H, only, i.e. the three successive
maxima should be unequally spaced. Similarly, in the case
represented by Fig. 55d, the maxima should be equally spaced
at H), 2H; and 3H; only. The number of successive maximaand
their spacing is therefore sufficient to fix the value of I uniquely,
provided that I is large enough to give two or more maxima.
This was the method used by Cohen* in the determination of
the nuclear spin of caesium, by Millmant for the nuclear spin

* V. W. Cohen, Phys. Rev. 46, 713, 1934.
1 S. Millman, Phys. Rev. 47, 739, 1935.
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of potassium and by Fox and Rabi* for the nuclear spins of
lithium, potassium and sodium.

Cohen used the same apparatus as that used by Rabi and
Cohen for sodium, except that in order to deal with caesium
8, was made rather wider, S, narrower and S; was made a
fine collimator slit. The deflecting field was provided by B
alone. The intensity of the beam was measured for different
values of the current in the field coils of B, with the receiver
placed in the positionin which it received the maximum number
of atoms when this field was not excited. The experimental
curve, after allowance for an estimated background of atoms
with finite moment, showed the existence of three equally
spaced maxima, i.e. the experiment showed directly that I was
equal to Z and not §. It was unnecessary to know the value
of the field B in absolute measure—only the proportional
change of the field with magnetising current was required and
this was found by simple search-coil measurements. The main
source of uncertainty would appear to be in the estimation of
the background of atoms with finite moment, but this should
have little effect on the final conclusion concerning the value
of I

The resolution obtained in measurements by the method of
zero moments depends directly upon the length of the path of
the atoms in the weak field B. This length is of course severely
restricted when wedge and trough pole pieces are used. Rabi
and his collaborators have shown, however, that a weak non-
uniform magnetic field may readily be produced by using a
system of two (or four) long parallel wires carrying the same
current in opposite directions. The cross-sections of two
water-cooled conducting tubes used for the passage of heavy
currents are shown in Fig. 57a, where the position of the beam
with respect to the conductors is indicated by the line BB.
The conductors were rigidly mounted in a duralumin block
and insulated by mica. With this arrangement the field and its
gradient along the z axis can be calculated from the geometry
of the system, and the need for field measurements disappears.

Let 2a be the distance between the centres of the two tubes

* M. Fox and I. I. Rabi, Phys. Rev. 48, 746, 1935.
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and r; and r, the distances from the two centres of a point in
BB distant 1-2a from the line of centres as shown in the figure;
then the field at this point is

H = 203& ,
17Ty
a# 2a
e e e
and i 207‘?72 (r2+72) 2,

where (' is the current in absolute units and z is the distance of
the point from the plane containing the axes of the two tubes.

N

141 em,

(h) G
Ihg. 57. Millman’s apparatus for nuclear spins.

For a value of z = 1:2a both the field and its gradient are
reasonably constant over the region from y = —0-7¢ to
+ 0-7a, the region occupied by BB in the figure.

Such a system was incorporated in the apparatus used by
Millman in the determination of the nuclear spin of potassium,
shown diagrammatically in Fig. 57b. The ovenslit S; wasabout
0-013mm. wide, S, about 0-2mm. wide, 85 about 0-15mm.
wide, and the collimating slit S; about 0-02mm. wide. All
these slits were of course parallel to the plane containing the
axes of the wires or tubes. Currents up to 200 amperes were
passed in a system of four water-cooled tubes £ used in pro-
ducing the field, the diameter of the conductors being 0-248 cm.
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This dimension is of some importance, for Fox and Rabi using
the same apparatus in a later examination of lithium, potas-
sium and sodium obtained greater precision by the use of
conductors of twice this diameter. If Az is the error in
measuring the distance between the atomic beam and the
conductors, then
dA |dz Az = aH
H A

and hence precision is increased by reducing the ratio of the
gradient to the field. To counteract the decrease in resolution
Fox and Rabi used narrower beams.

Although Millman’s curve showing how the number of
atoms collected by the receiver depended on the current in the
tubes bore remarkable similarity to that deduced theoretically
on the assumption that for K3° I = 3, it did not permit a
definite statement to this effect, since curves for I = 3 and
I = 2 both give single maxima for fields greater than zero.
It was, however, possible to decide definitely in favour of
I = 2 by fixing the value of the field current at that value
at which the maximum number of atoms was collected, and
then obtaining the intensity distribution of the atoms in the
beam under these conditions by displacing the detector D by
rotating the ground-glass joint (. The experimental curve
was then compared with curves calculated for the two values
of I. An irregularity in the curve of the number of atoms
against current in the wires was attributed to the presence
of K4 atoms, and under conditions of high resolution this
irregularity was found to give a clear maximum from which
Manley* deduced that the nuclear spin of K% was 3.

The Determination of the Hyperfine-Structure Separation.
The hyperfine-structure separation 4E is contained in the
parameter y of (126) and (127) and can be determined from the
experiments of Millman and of Fox and Rabi provided that
I and the values of # and d.#,/dz, where #, is a value of the
deflecting field for which perr = 0, are accurately known,
since AE = 2up H#,yly = 2ug 5#,/(2M /21 + 1). This requires an

* J. H. Manley, Phys. Rev. 49, 921, 1936.
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accurate knowledge of the position of the beam with respect
to the field wires, and is best obtained by a special method
adopted by Fox and Rabi. In their work the intensity of the
atomic beam in the absence of the deflecting field was first
found as a function of the position of the receiver, to provide
a comparison curve. The end of the block supporting the field
wires was then gradually raised until a fine wire, or stopping
filament, mounted on the receiver end of the block parallel to,
and at a known small distance above the surface of the wires,
blocked out the middle portion of the atomic beam, or rather,
produced a minimum intensity in the shadow cast by the
filament with a maximum on either side. Now, the collimating
slit S; was previously set by means of a telescope parallel to
the wires and at a measured distance from their surface; since
the middle of the atomic beam passed through both that of S,
and of the stopping filament, the position of the beam with
respect to the wires was accurately known.

The stopping filament could now be removed either by
burning it out by the passage of a heavy current, or, the
collimating slit could be moved a known distance either to-
wards or away from the surface of the wires until the stopping
filament no longer blocked the beam. The second method was
obviously the more desirable. The apparatus was re-set many
times in order to avoid systematic errors in the measurement
of the position of the beam. The velocity of the selected set of
atoms had to be maintained constant and the oven was
accordingly kept at a steady temperature for some hours before
measurements were commenced. The effect of stray magnetic
fields on the value of J# was eliminated by taking the mean
value for the field current in opposite directions. Allowance
was made for end effects of the field wires. The main experi-
mental error, of course, lay in the measurement of z, and Fox
and Rabi estimated it to be of the order of 1 per cent.

The values obtained for the hyperfine separations 4v of
alkali atoms are given in the table on p. 199, the values being
expressed in cm.™!, using the relation Av = A E/hc; the values
of the nuclear magnetic moment calculated therefrom are also
given.
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The Magnetic Moment of the Proton. Experiments with
Molecular Hydrogen. It has already been remarked that a
direct determination of a nuclear magnetic moment is possible
only when the permanent magnetic moment of the electron
system is zero. Now, molecular hydrogen is diamagnetic, and,
therefore, the molecule possesses no permanent moment, so
that direct measurements of the magnetic moment of the
nuclear system of the hydrogen molecule should be possible.
Direct determinations by the molecular ray method have been
made by Frisch and Stern* and by Estermann and Stern,} and
the magnetic moment of the proton deduced from them. An
apparatus very similar to that shown in Fig. 53 was used, with
a Stern-Gerlach instead of a Rabi type of field for producing the
magnetic deflections.

Unfortunately, ordinary hydrogen is a mixture of para-
hydrogen, in which the two protons are set with their spins
antiparallel, and orthohydrogen, in which they are set with
their spins paralle]l with an associated magnetic moment of
2p,, or 2 nuclear magnetons (1 nuclear magneton = 1/1840
Bohr magneton). At very low temperatures, about 99 per cent
of the parahydrogen molecules possess no rotational energy,
but the orthohydrogen molecule possesses at least one h/27
unit of momentum even at liquid air temperatures, although
the coupling between the rotation and nuclear spins is very
small and is readily destroyed in a Stern-Gerlach field. The
pattern for a beam of orthohydrogen molecules should there-
fore, theoretically, consist of two deflected and one undeflected
beam, each beam consisting of three components corresponding
to the magnetic moment due to the molecular rotation being
aligned parallel or perpendicular or antiparallel to that due to
nuclear spin. The determination of the magnetic moment of
the proton thus requires the determination of the magnetic
moments of the orthohydrogen molecule and the magnetic
moment lu, due to the molecular rotation, the difference be-
tween them being twice the value of the magnetic moment of
the proton. The quantity uj is determined from experiments

* R. Frisch and O. Stern, Zeit. fiir Phys. 85, 4, 1933.
1 I. Estermann and O. Stern, Zeit. fur Phys. 85, 17, 1933.
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on pure parahydrogen, for at 90° K. this consists of 98-3 per
cent of molecules in the state I = 0 and 1-7 per cent in the
state | = 2. The relative numbers of molecules in the various
quantum states can be calculated at higher temperatures from
Boltzmann’s formula. The maximum intensity of the undis-
placed pattern when the field is applied can be compared with
the value calculated from an assumed value of u; and the
distribution in the several quantum states at the temperature
of the experiment and a satisfactory estimate thus made.
Fortunately, the value of u,, is relatively unimportant. A
similar experiment is then performed with ordinary hydrogen
and the maximum intensity of the undisplaced beam when the
field is applied is compared with that calculated on the assump-
tions that the relative percentage of ortho- and para-hydrogen
molecules are known, that the orthohydrogen molecules
possess a magnetic moment n’u,, where n’ is an integer,
and that the distribution of rotational states in the beam is
known. In this manner x5 was found equal to 0-9x,, a value
agreeing with that calculated by Wick,* and the nuclear
magnetic moment of the orthohydrogen molecule equal to
5u,, whence that of the proton was 2-5u,,, correct to about
10 per cent.

These experiments have been continued with practically the
same apparatus by Estermann, Simpson and Sternt using
beams of normal H, and HD. The latter molecule gives no
ortho and para states and at 90° K., 55 per cent of the mole-
cules are in the state I = 0,40in ] = 1 and 4 in [ = 2, so that
neglecting particles in the latter state, a fairly simple pattern
for the deflected beams in a Stern-Gerlach field is obtained. In
this pattern there is a conspicuous absence of an undeflected
component, so that there is a pronounced minimum in the
middle of the pattern, in strong contrast to the H, pattern,
where there is a maximum. Fortunately the theoretical pattern
is not much affected by the value chosen for the magnetic
moment of the deuteron, ;. At room temperatures, however,
HD behaves less satisfactorily.

* G. C. Wick, Zeut. fur Phys. 85, 25, 1933.
+ L Estermann, O. C. Simpson and O. Stern, Phys. Rev. 52, 535, 1937.
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From the ratio of the intensities I and I, at the centre of
the undeflected beam observed when the field was on and off
respectively, the deflection of a H, or HD molecule of the most
probable velocity at 90° K. with a magnetic moment of xp
was calculated, and by substitution in the formula (120) of
p. 165, up could be found. In the calculations it was assumed
that the separations Sy and S, of the triplet components due
respectively to the rotation of H, and to the magnetic moment
of the deuteron were each equal to 1S, where Sp is the
separation due to the magnetic moment of the proton.

Frere
My
1-0 pa—

05

/)1& (h)

- =]

(1)
Fig. 58. Molecular moment of hydrogen atom.

Special methods were used to measure the inhomogeneity
of the field, an ingenious double search coil being used to find
d#’/dx directly. Corrections were applied to allow for
departures from the Maxwell distribution of velocities caused
by traces of gas in the apparatus, for the finite width of the
receiver slit and tube or canal and for the residual field of the
magnet. The final result was up = 2-464,, and the overall
inaccuracy was estimated less than 3 per cent, of which about
1 to 2 per cent was due to uncertainty in the value of #° d.#° /dz.

Experiments with Atomic Hydrogen. In the case of the
neutral hydrogen atom it is known that I = } and J = }, and,
consequently, in weak fields a four-component pattern must
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be produced. This is shown in Fig. 58a, the four components
corresponding to
= 4
ﬂeﬂ = + /I’B or + mﬂ]’"
where Yy = 2/LB%”/AE — 2/1«1;%/}&6[111,

Av being the separation in wave numbers of the hyperfine-
structure levels corresponding to the electron spin and nuclear
spin set parallel and antiparallel respectively. Now, while it is
thought that the magnetic moment of the proton up is equal
to Ar/0-0169, there is no optical data from which Av can be
calculated ; but it may be obtained if we determine the value
of y for a known field 5 from atomic ray experiments now to
be described.

In the experiments of Rabi, Kellogg and Zacharias* a beam
of neutral hydrogen atoms was produced in a Wood discharge
tube D, Fig. 58b, and allowed to pass through a glass slit S;
into the antechamber A4 of the atomic ray apparatus, whence
they passed through a steel limiting slit S, to traverse a highly
evacuated chamber to a collimating slit S;. On leaving S, the
atoms passed over a wire system, producing the weak non-
uniform magnetic field, mounted inside the still more highly
evacuated chamber B, to fall upon the receiver P. The latter
was a glass plate coated with a layer of molybdenum oxide
soot, carried on a slide which could be moved across the beam
by a magnetic control. The correct alignment of the limiting
slit S, was very important and was made by setting it with
the aid of a trace made on a detecting plate placed between
8, and 8,; alignment by the usual optical method was not
adequate. A deposit suitable for measurement was obtained
on P with exposures of some few hours’ duration. The pattern
consisted of two traces or bands.

Now, no velocity selector was used in the apparatus. Con-
sequently, each set of atoms with a particular value of uerr had
a Maxwellian distribution of velocities. The faster atoms were
deflected less than the slower atoms and hence each set of
atoms was spread out into a band. The two experimental

* 1. I. Rabi, J. M. B. Kellogg and J. R. Zacharias, Phys. Rev. 46, 157, 1934.
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traces were therefore formed of the superimposed deposits of

atoms with gert = + pgand + ——— ) Hp, and with prerr = —pup

(1 +
and — (T«lfly_z)* Ug, respectively, and to the measurements with
these deposits the theory given on p. 175 was applied.

For the deposits corresponding to gerr = + sgequation (124)
was (after integration) rewritten in the form

(Ls)y, = Lof(s, 84), weeien (130)

where I, is the intensity of the trace at a point with displace-
ment s and s, is the most probable displacement of an atom
with getr = + up, and could at once be calculated from a
knowledge of the field gradient and the geometry of the
apparatus. For the deposits corresponding to

Yy
Mett = —(1+y )}”B
in like manner could be written
(I = Iof(s,84), e (131)

where s, the most probable deflection of anatom with gerr = u’,
had to be found from the experimental measurements. I,
occurs in the two equations (130) and (131) as all four values
of petr are equally probable.

Now, when the separation 2s; of the inside edges of the
traces and the separation 2s, of their outer edges were
measured by a microscope with micrometer eyepiece, this was
equivalent to finding four regions of equal intensity on the
traces. Hence these values could be substituted in equations
(130) and (131), thus giving, for the total intensity at either
of the four points,

(Isl)/:u"' (Isl)p’ = ( 82)/1 + (Isz>;¢’;
Whence f('gla sazo) +f(31’ 8a’) = f(82’ ao +f(827 Sa’)' reeee (132)
In (132) all quantities except s,. were known, so that the latter
could be calculated. By substituting s,. in equation (124) of

p. 175 the value of 1’ and, hence, y and 4v were found. Cor-
rection was, of course, made for the fact that the whole path
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of the atoms did not lie in the magnetic field. The final value
so obtained for up was 3-25 + 0-3 u,,.

The Magnetic Moment of the Deuteron. Rabi, Kellogg and
Zacharias* also used the apparatus just described to determine
the magnetic moment of the deuteron, by sending through it a
beam of neutral deuterium atoms from a Wood discharge tube.
The deuteron has a spin of £ unit and therefore gives a
pattern with six components. The value of Av for the deuteron
was found in the same way as the corresponding value for the
proton, and the magnetic moment of the deuteron uj, calcu-
lated from the theoretical result u, = Ar/0-0127.

The experiments were, however, more difficult, because of
the three superimposed deposits in each recorded trace, the
smaller value of Av and the magnetic moment, and because of
the difficulty of freeing deuterium from traces of hydrogen.
The value of g, was finally found to be 0-75 + 0-2 u,,. Another
determination will be discussed in the next section.

The Process of Spatial Quantisation. A very interesting
problem was first studied theoretically by Giittinger and later
by Majorana and put to experimental test by Phipps and
Sternt and by Frisch and Segré.} Let us suppose that a beam
of neutral potassium atoms traverses a strong Stern-Gerlach
field, and that by means of a selector slit one of the two beams
into which it resolves is isolated. The selected beam is now
allowed to enter a field which varies rapidly in magnitude and
direction as the beam proceeds on its way. From the stand-
point of an atom this would be equivalent to exposing a
stationary atom to a field which varied in the same manner
with time. The beam then enters a strong Stern-Gerlach
analysing field parallel to the first, and the problem is to
determine how many atoms have remained with their magnetic
axes set as when they passed the selector slit.

In Frisch and Segré’s apparatus the two strong Stern-
Gerlach fields were produced by the same electromagnet and

1. Rabi, J. M. B. Kellogg and J. R. Zacharias, Phys. Rev. 46, 163, 1934.

* I
+ T. E. Phipps and O. Stern, Zeit. fiur Phys. 73, 183, 1931,
1 R. Frisch and E. Segre, Zeit. fur Phys. 80, 610, 1933.
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between them lay a region, which was heavily shielded from
magnetic fields by permalloy and iron shields, in which a
weak field was produced by a current flowing in a wire. Now, the
theoretical discussions lead to the view that, when the angular
velocity of rotation of the field was small compared to the
frequency of the Larmor precession produced by the field, the
atom should always adjust itself non-adiabatically to the field,
e.g. maintain its magnetic axis either parallel or antiparallel to
the field at any instant. If the field changes were more rapid,
abrupt changes or reversals, adiabatic processes, might occur,
and on entering the analysing field any changes in space
quantisation should be detected.

The above experiments were inconclusive, and Rabi*
showed that effects of nuclear spin were considerable and
also that properly conducted experiments would give in-
formation both of the magnitude of the spin and the sign of the
nuclear magnetic moment. Let us examine the particular case
of hydrogen. Referring to equations (128) and (129) and to
Fig. 58a we see that a weak Stern-Gerlach field will resolve a
beam of neutral hydrogen atoms into four groups a, b, c, d.
Groups a, ¢ and d all correspond to values of the total angular
momentum quantum number F = 1+, while group b
corresponds to /' = L —1 = 0, since for the H atom [ = } and

= }, assuming the nuclear magnetic moment to be positive.

If by means of a slit we let through the beam b, then no
change can be registered in the analysing field, as transitions to
another state are impossible; but if we let through beam a into
a properly chosen rotating field, then transitions from the
angular momentum state }+} to } — % are possible; some of
these states will have moments of opposite sign in the analysing
field and give two beams therein. If we let the beams ¢ and d
through the selector slit we should again get two beams in the
analyser. Now the position of the beam & with respect to the
field before the selector slit is important; if it is in the ““stronger
field half”’ or the field nearer the wedge pole piece, then the
nuclear magnetic moment is positive, if in the ““weaker field
half” it is negative.

* 1. I. Rabi, Phys. Rev. 49, 324, 1935.

198
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When the experiment was performed, Kellogg, Rabi and
Zacharias} found a single trace for beam b in the analyser,
hence the proton moment is positive; it was equal to 2-85
+0-15,,. In like manner they found the deuteron moment
positive and equal to 0-85 + 0-03 ,,, while Torrey§ found the
nuclear magnetic moments of Na? and K3? to be positive.

Values of the nuclear spins, magnetic moments and hyper-
fine separations so far obtained by the atomic-ray method are
given below with corresponding values from spectroscopic
determinations. In the case of Ne and A, Kellogg and Ramsey
showed that the nuclear moments are <0-05u,, .

TABLE VIIT

! Av Av Sia

Atom I (m# ) from a.r. | from h.f.s. ' ;"’n
s (in em.™Y) 1 (in em. ) ote
H 3 2-85% 0-048 — +
2-461*

D 1 0-85% 0-011 -— +
Li¢ 1 0-85 0-0077 — +
Li? 3 3-20 0-027 -
Na?23 2 2-10 0-060 0-059 +
K3? 3 0-40 0-0154 0-015 +
Ku 3 0-22 0-0085 —_ +
Rbss 3 1-44 0-102 0-101
Rb#7 3 2-92 0-229 0-228
Initd M 6-40 ' 0-381 _
('gl33 It 2-80 0-307 0-306

* Measured directly.
T Value given by Estermann, Simpson and Stern.

In addition to the values for the magnetic moment of the
proton given in the above table, a valuable check is provided
by the measurements of Lasarew and Schubnikow]| on the
susceptibility of solid hydrogen which give up = 2-3u,, + 10 per
cent. Itisto be hoped that the accuracy of these check measure-
ments will be increased and so settle the discrepancy between
the values given in the table.

1 J. M. B. Kellogg, 1. I. Rabi and J. R. Zacharias, Phys. Rev. 49, 421, 1936.

§ H. C. Torrey, Phys. Rev. 51, 501, 1937.

|| B. G. Lasarew and L. W. Schubnikow, Phys. Zeit. der Sowjetunion, 10, 117,
1936 and 11, 445, 1937.
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As a sound working rule* it appears that the magnetic and
mechanical moments of a nucleus are entirely to be attributed
to the last odd particle, neutron or proton to be added in the
formation of the nucleus; e.g. the properties of ,Li? are decided
by the last proton, while those of ;,Zn®% are decided by the
last neutron.

The Magnetic Moment of the Neutron. We have just seen
that the magnetic moments of the proton and deuteron are
respectively 2-46 and 0-85 4,,, with I = and I=2%. Hence, ifa
neutron and a proton combine to form a deuteron, it would be
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Fig. 59. Magnetic moment of the neutron.

expected that the magnetic moment of the neutron would be
—1-8u,, since the nuclear spins would have to be oppositely
directed. Now the neutron has a mass 1-009 units (O = 16) and
possesses no electric charge, and, consequently, it is hardly
affected by the electric fields of the atoms of substances
through which it passes.

It occurred to Blocht that the magnetic field of the neutron
might interact with the magnetic fields of ferromagnetics
through whichit passed. Halpern and Johnson}havesuggested
a similar interaction between the neutron and atoms of para-
magnetic substances. Several experiments based on Bloch’s
ideas have already been carried out, and although they are
exceedingly difficult to interpret, they certainly indicate that
the neutron possesses a magnetic moment.

* Th. Schmidt, Zeit. fiir Phys. 106, 358, 1937.

1 F. Bloch, Phys. Rev. 50, 259, 1936.
1 O. Halpern and M. H. Johnson, Phys. Rev. 51, 992, 1937.
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Thus Hoffman, Livingston and Bethe* produced a beam of
slow neutrons, i.e. neutrons absorbed by cadmium, from a
beryllium-radon source S of approximately 500 millicuries,
collimated it by apertures in cadmium shields and allowed it
to pass through two magnetised iron bars, as shown in Fig. 59,
atright anglesto the magnetisation, whereupon the unscattered
neutrons were registered by an automatic counter filled with
BF,. According to Bloch’s theory the number of neutrons
scattered should depend on whether the spin of the atom is
parallel or antiparallel to that of the neutron. The first iron
bar acts as a polariser and the second as an analyser, and the
number of neutrons transmitted should be larger when the
magnetisations of polariser and analyser are parallel than
when antiparallel. This was found to be the case experi-
mentally, but the difference in numbers of the particles for
parallel and antiparallel magnetisations was only of the order
of 1-8 + 0-54 per cent. This was, however, three times as great
as the estimated experimental error, and can be taken to be
in agreement with Bloch’s theory, which predicts a difference
of some 2-3 per cent. The magnetic moment of the neutron
was also shown to be < 2-0x, by Frisch, Halban and Kocht.

* J. G. Hoffman, M. S. Livingston and H. A. Bethe, Phys. Rev. 51, 214, 1937.
1 O. R. Frisch, H. von Halban, Jr., and J. Koch, Phys. Rev. 53, 719, 1938.
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CHAPTER VII
GYROMAGNETIC EFFECTS

Introduction. Indescribing the more elementary properties
of magnetic substances the individual magnetic particle is
usually pictured as a magnetic doublet or dipole. We have
seen in earlier chapters that this picture isinadequate and that
the particle possesses the properties of a gyrostat. As early as
1861 Clerk Maxwell* devised an experiment in which he
sought to detect the inertia of the Ampérian currents which
the molecules of a permanent magnet were then thought to
contain. The experiment failed, and we know now that the
effect sought is too small to be detected, even with modern
equipment. In 1890, Perryt suggested that the elementary
magnetic particle might be a tiny gyrostat and unsuccessfully
tried to magnetise an iron bar by rotating it about its axis, but
the first published recognition of the gyrostatic properties of
the electron is due to O. W. Richardson,} whose paper in 1908
started a train of experiments which will now be described.

The Properties of the Gyroscope. In outlining these experi-
ments it is helpful to consider the behaviour of a simple gyro-
scope, as illustrated in Fig. 60a. The rod A B is pivoted at
O’ so that it can turn about the axis XY. The flywheel I is
pivoted at a and b, so that it may rotate about the axis 4 B,
and is counterpoised by the weight W. The whole system is
also free to turn in a collar about the vertical axis of support.
Now, two important and fundamental experiments may be
carried out by means of this apparatus, assuming frictional
effects to be very small.

First, the flywheel is set into rapid rotation about its axis in
a clockwise direction as viewed from A4, when W is sufficient to
keep the axis 4 B horizontal. The system is then slowly turned

* J. Clerk Maxwell, Electricity and Magnetism, § 575.
1 J. Perry, Spinning Tops, p. 112, 1890.
1 O. W. Richardson, Phys. Rev. 26, 248, 1908.
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about the vertical axis in a clockwise direction when viewed
from above. Thus, if in Fig. 60b, PQ represents the angular
momentum of the wheel in magnitude and direction at the
start, then after a short time the axis 4B will have turned
through an angle §0 about the vertical axis and the line P@’
will then represent the angular momentum in magnitude and
direction. Hence there has occurred a change in angular
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Fig. 60. Theory of the gyroscope.

momentum represented in magnitude and direction by Q@’,
i.e. about the axis X Y, so that an increase in the angle ¢ must
have taken place. In other words, as the system is forced to
rotate clockwise the flywheel must tend to dip downwards.
When the direction of rotation about the vertical axis is
reversed, other conditions remaining unchanged, then the
wheel must tend to rise.

Secondly, while the wheel is rotating about ab the angle ¢
may be increased or diminished by respectively decreasing or
increasing the weight W by an amount AW. It is then found
that the system as a whole rotates about the vertical axis, for,
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referring to Fig. 60b, it follows that @@’ now represents in
magnitude and direction the product of the applied couple
and the time for which it acts, and it represents the change in
angular momentum which is equal to Iwdf. The couple is
thus equal to 1 wl(zg, equal to the moment of AW about XY,
where I is the moment of inertia of the flywheel about ab, w is
its constant angular velocity and d¢ is the time in which the
change df occurs. Hence the whole system must tend to turn,
or to precess, about the vertical axis with an angular velocity
do/ds.

Types of Qyromagnetic Experiments. With these two fun-
damental experiments in mind the theoretical basis of the
magnetic experiments described in this chapter can readily
be appreciated. In general it is sufficient to describe four
different types of experiment which have been carried out,
although, as Auwers* has shown, it is possible to tabulate some
eight different types. To describe the first type, consider the
rod AB, Fig. 60c, which is permanently magnetised in the
direction of its long axis. This we may suppose to correspond
to the rotation of the majority of the elementary gyrostats in
the same sense about axes parallel to 4B. Hence, if the rod
AB were turned about the axis XY, then the elementary
gyrostatsshould turnin anendeavour to counteract this change,
and should thus cause the whole bar to turn about an axis
perpendicular to AB and to XY. This was the unsuccessful
experiment devised by Maxwell.

In the second type of experiment, imagine the rod 4 B to
be initially unmagnetised, i.e. the elementary gyrostats have
their axes orientated in all possible directions. Hence on
rotating the rod about the axis 4 B the gyrostats will tend to
set with their axes in the same sense and parallel to 4B, even
in the absence of an external magnetic field. This may be
directly deduced from the second fundamental experiment
described above. It therefore follows that the rod will be
magnetised parallel to the axis 4B, and the phenomenon is

* Q. v. Auwers, Naturwissen. 13, 202, 1935.
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referred to as magnetisation by rotation and sometimes as the
Barnett effect.

To explain the third type of experiment suppose that the
rod is unmagnetised and suspended with the axis 4 B vertical.
Then by means of an external applied field the rod may be
magnetised parallel to this axis, i.e. the elementary gyrostats
made to set with their axes of rotation parallel to A B. There
will thus be a change in the angular momentum about 4 B to
which there must be an equal and opposite reaction. If it is
assumed that this reaction is experienced only by the rod—
without making any conjectures as to the mechanism by which
the reaction is communicated to it—then the whole rod must
rotate about the axis 4B in the opposite direction to that in
which the majority of the gyrostats finally spin. Referring to
Fig. 60q it is seen that if the angle ¢ were suddenly decreased
then the system would receive an equal and opposite impulse
which would cause it to precess round the vertical axis in
an anticlockwise direction when viewed from above. Thus
rotation should accompany magnetisation, a phenomenon
known on the continent as the Einstein-de Haas effect and in
England as the Richardson effect. It permits the most satis-
factory investigation of the gyromagnetic aspects of magneti-
sation; for, if we suddenly magnetise the rod so that 4 be-
comes north-seeking, then the rod must rotate clockwise or
anticlockwise about its axis as viewed from the right ac-
cording as the magnetic particles are positively or negatively
charged.

Experiments of the fourth type involve the use of a rotating
magnetic field whose lines of force are always perpendicular
totheaxis 4 B. Theeffect of such a field in making the magnetic
particle turn should correspond to that produced by a couple
in turning the system of Fig. 60a about the vertical axis,
resulting in an increase or decrease of the angle ¢, thus
causing a change of angular momentum about that vertical
axis. In other words, the transverse rotating magnetic field
should produce a longitudinal magnetisation.

In order to estimate the magnitude of the mechanical
effects accompanying magnetisation we must know the relation
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between the angular momentum U and the magnetic moment
4 of the elementary magnetic gyrostat, the ratio U/u
being termed the gyromagnetic ratio and denoted by p. We
saw in Chapter 1 that, for an electron describing a circular
orbit p = 2m/e, for a spinning electron p = m/e, and for an
electron system for which g is the Landé splitting factor

12 . .
p=- =, By means of gyromagnetic experiments, then, we

g e
12 .
measure ?]77”, and if we find that g = 2 we know that the

elementary magnetic particle owes its properties to electron
spin alone, whereas if we find that g lies between 0 and 2 we
know that orbital as well as electron spin motion is involved.
Since 2m/e = 1-137 x 1077, it is clear that the angular momen-
tum accompanying change of magnetisation is always quite
small; to facilitate comparison with other works the value in
this chapter has been taken to be 1-13 x 10~7.

Barnett’s Experiments on Magnetisation by Rotation. Let
us suppose that the magnetic properties of the bar in Fig. 60¢
are due to electron systems each of angular momentum U,
and that the bar is set rotating with angular velocity o about
the axis 4 B. Each electron system will therefore be acted
upon by a couple Uo tending to turn its axis of angular
momentum parallel to 4 B, causing an increase in magnetisa-
tion of the bar parallel to AB. Now, whether the gyrostats
are turned by the application of an appropriate magnetic field
S parallel to AB or by rotation of the bar, the result is the
same, so that #u =—Uo or #" = —oU/u = — po = — 2mnp,
where n is the frequency of rotation of the bar; we may
call # the equivalent magnetic field, the negative sign merely
indicating reaction.

The experiment gives no information at all concerning the
process of magnetisation. Indeed, we might suppose that the
impressed angular velocity o corresponds to the Larmor
precession produced by a field #, in which case, cf. p. 11,

o= —';% for orbital motion, giving#° = — 27np for the general

case.
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It thus follows that if #° and » are determined then p can be
found, but it is impossible to measure the magnetic effects of
small fields like # except in the case of ferromagnetic sub-
stances. The experimental procedure consists in rotating a
bar of ferromagnetic material in a field-free space and com-
paring the intensity of magnetisation it thus acquires with
that produced by the application of a known external field.
Two different experimental arrangements have been used by
Barnett *; in the first the magnetisation was detected by an
induction method, in the second by
a magnctometer method. With the , — ==7
first arrangement large iron rods ap- Lo Comeemester T
proximately 1 m. long and 7 cm. in
diameter were used. Two identical (ﬁ

-

)

rods were mounted parallel to each
other and with their long axes in the

. . q. . . b TR
magnetic meridian in a region over :LF Rotor
which the total intensity of the EZerid

earth’s magnetic field was neutral- Fig. 61. Measurement of mag-
ised by means of coils carrying ;‘l‘:;‘:ﬁ't‘;’; produced by rotation.
currents. The arrangement is shown

diagrammatically in Fig. 61. One of the rods, the rotor, could
be rapidly rotated while the other, the stator or compensator,
was at rest.

Identical coils were wound on formers placed as shown over
the two rods and the change of flux produced by stopping the
rotor was compared with the change of flux produced by the
application of a known external field. Let 6,, be the fluxmeter
deflection corresponding to the reversal of the direction of
rotation of the rotor at a frequency =, and 0, that corre-
sponding to the reversal of a known field #°. Then assuming
magnetisation to be proportional to field, 0, oc 27np and
0 5 oc H#, whence # 0

The complete neutralisation of the earth’s magnetic field
was necessary to avoid direct magnetisation of the rods and

* 8. J. Barnett, Reviews of Modern Physics, 7, 136, 1935; Phys. Rev. 6, 239,
1915.
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also to avoid the production of eddy currents. The direction of
rotation of the rotor could be reversed in order to eliminate
disturbing effects from change of dimensions due to stresses
set up by rotation and by temperature variations. The rotor
was driven from one end, and, to counteract torsional dis-
turbance of the magnetisation it could be reversed in its
bearings. Spurious changes of induction due to variations
of the earth’s field were automatically eliminated by con-
necting the induction coils in series opposition.

__qr
(’C‘T L Y o)

D

M

Nems SEN sy’
NEFN

OR I R

—_— N\ —> 10

Fig. 62. Measurement of magnetisation produced by rotation. (Barnett.)

The second experimental arrangement used by Barnett*
was much more sensitive, and possessed the advantage that
large rods were not needed, a point of some importance when
cobalt was used, but it was subject to much greater dlS-
turbances from fluctuations of the earth’s field.

The necessary details are shown in Fig. 62. A light vertical
rod of aluminium carried two groups of very small horizontal
magnets N8, forming an accurately adjusted astatic system.
A damping vane D and mirror M were attached and the whole
suspended from a torsion head, 7', by a delicate quartz fibre

* S, J. Barnett, Phys. Rev. 10, 7, 1917; 17, 404, 1921; 20, 90,'1922 and more
particularly Proc. Amer. Acad. Arts and Sci. 60, 125, 1925.
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inside a draught-proof case, containing a little uranium salt
to get rid of electrostatic disturbances. Two small control
magnets ns and n’s’ respectively produced fields parallel and
perpendicular to the upper magnet of the astatic system and
permitted the zero to be controlled.

The rotor R was mounted with its axis perpendicular to the
magnetic meridian and usually below the lower set of magnets,
while the compensator C' was mounted parallel to the rotor and
about the same distance above the upper set, but, for con-
venience, displaced a little north or south. The earth’s field
was neutralised as before. The magnetisation acquired by
rotation was compared with that acquired when the rotor was
magnetised by a standard solenoid placed over it.

The experimental accuracy was limited by the minute
intensity of magnetisation which is acquired at frequencies of
revolution which are mechanically possible; e.g. for a fre-
quency of 100 revolutions per second the equivalent field 5# is
10-% oersted. The mean values of p obtained by Barnett*,
considered correct to 2 per cent, arc given in the following
table:

TABLE IX. MAGNETISATION BY ROTATION

Material Armco iron Steel Nickel Cobalt
p xejm [ 1024 1-049 1-021 1-091

Experiments on Rotation by Magnetisation. The experi-
mental measurements of the rotation which accompanies
magnetisation of ferromagnetics fall into three groups. First,
there is a direct method in which the mechanical impulse
accompanying a sudden change of the magnetisation of a
vertical cylinder causes it to turn against the torque of a
delicate fibre by which it is suspended. Secondly, there is
a resonance method in which the angle of twist is greatly
increased by repeating the impulse at intervals of time equal
to the period of the suspended cylinder. Finally, there is a
null method in which the amplitude of the resonance oscilla-
tions produced by the timed impulses is reduced to zero by

* 8. J. Barnett, Reviews of Modern Physics, 7, 145, 1935.
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applying an opposing set of timed impulses of known magni-
tud
The Direct Method. Measurements of the gyromagnetic

ratio by the direct method will now be described; they are
important in that they show directly that electrons are

S
Hth @\g U‘
g E

(a) ®)
Fig. 63. Apparatus for direct determination of the gyromagnetic
ratio. (Chattock and Bates.)

responsible for ferromagnetism and they avoid certain sources
of error which are sometimes thought to influence the deter-
minations by other methods. The arrangements used by Chat-
tock and Bates,* which are shown in Fig. 63a, incorporated

* A. P. Chattock and L. F. Bates, Roy. Soc. Phil. Trans. A, 223, 257, 1923.
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many features first used by Stewart.* The specimen of ferro-
magnetic material § was a thin cylinder of wire about 10 cm.
long and about 0-35mm. in diameter suspended by a fine
quartz fibre from the torsion head K, the details of the sus-
pension being shown in Fig. 636. K turned in a brass tube
which was mounted coaxially inside the vertical solenoid H
wound on a brass tube whose axis could be made vertical by
the lateral adjustment of sets of horizontal brass screws, not
shown, pressing against the projecting ends of the solenoid
tube. The brass rod N, mounted excentrically in K, was pro-
vided merely for the easy transport of the suspended system
when being removed for adjustment.

The magnetisation of the specimen was suddenly reversed
by passing a current through H for a time short in comparison
with the period of torsional oscillation of the system. This was
done by releasing a stop W, thus allowing the heavy bar ¢@,
pivoted at ¢, to fall and make electrical contact between
platinum surfaces at P and ¢. A current then passed through
the solenoid via the spring strip at O until the bar p P, pivoted
at p and supported by a spring, was depressed beyond a certain
limit. The time of contact was thus determined by the height
from which ¢@) was allowed to fall and by the stiffness of the
several springs. In this process the magnetic moment M of
the specimen was reversed or changed by an amount 2/, and
an amount of angular momentum Iw was delivered to the
specimen. The specimen therefore turned through an angle ¢
until its kinetic energy was converted into potential energy of
the twisted fibre, i.e.

1Iw? = 100

whence ) U=Iw=0\/I—O=0127?
o1rcC
and p = m, ...... (133)

where C is the torsion constant of the fibre and 7 is the period
of torsional oscillation of the system. It was therefore necessary
to measure the quantities 6, 7', C'and M.

* J. Q. Stewart, Phys. Rev. 11, 100, 1918.
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To obtain the deflection 6 the values ¢, and 6, for the initial
deflections to either side of zero following the passage of the
solenoid current were measured by means of the telescope 7',
and scale S, , the light reflected from the mirror attached to the
specimen being brought to and from the latter by the two
45 degree mirrors M, M,; actually, for convenience two small
mirrors were cemented back to back on the specimen. Now,
the motion of the specimen was heavily damped, and the
value of 0 to be inserted in equation (133) was obtained from

the expression 1
o— ot 71t oo BT
=0\, .

In like manner the value of 7' was obtained from the observed
time of oscillation 7', by means of the equation

7= T/( log"' 1/0 ) ...... (134)

The torsion constant C of the fibre was found by removing the
system from the torsion head and suspending it upside down
from the hook K. A brass cylinder of calculated moment of
inertia was then attached to the hook 4 of Fig. 630 and the
constant C calculated from the period of oscillation of the
disc. This avoids distorting the specimen.

The magnetic moment M was measured by means of a small
magnetometer which was really a small Helmholtz galvano-
meter with coils UU and a small control magnet at V. The
magnetometer was placed in turn on special supports in the four
positions 4, B, ¢ and D, so that its needle system lay upon
one of the two dotted lines shown passing through the centre
of the specimen at 45 degrees to the vertical; in these positions
the horizontal couple on the needle due to the specimen is
a maximum. The mean deflection & thus produced was sub-
stituted in the following equation:

Md M

(d2 _ %lz)z 2(d2 + %lZ)é
where d is the distance between the centre of the specimen and
that of the needle and 2/ is the magneticlength of the specimen.
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On passing a known current ¢ through the coils UU, whose
constant I” was accurately found in a subsidiary experiment,
a deflection ¢ was obtained, given by

Ii=ktang. ... (136)

The value of M was then found from equations (135) and (136).
The necessary experiments were however much affected by
fluctuations of the earth’s magnetic field and could only be
made at night when the local trams were stopped.

The neutralisation of the horizontal component of the
carth’s field over the region occupied by the specimen was
important, because the magnetic axis of the specimen was, in
general, not strictly vertical, and the horizontal component
of the earth’s field acting upon the horizontal component of the
specimen’s magnetism could produce much larger rotations of
the specimen than those due to the gyromagnetic effect. A
large rectangular coil was therefore mounted in a vertical
plane perpendicular to the meridian and with its centre
coincident with that of the specimen. It carried the compensa-
tion current and fine adjustments were made by slight dis-
tortion of the sides of the coil.

The effects of any uncompensated portion of the horizontal
component of the earth’s field were greatly reduced by
mounting the specimen so that it possessed no appreciable
horizontal magnetic moment. For this purpose a little paraffin
wax on the joint D of Fig. 635 was melted and the joint mani-
pulated until the horizontal magnetic moment was very small,
a special apparatus termed a ““ gallows’’ being used to facilitate
the process. The presence of horizontal magnetic moment and
the lack of compensation of the horizontal component of the
earth’s field was manifested by a change of zero after reversal
of magnetisation. By artificial adjustments of the com-
pensating field a series of values of 6, could be obtained for
different changes of zero, and, hence, the value corresponding
to no change of zero could be found by extrapolation.

In general, the field of the magnetising solenoid was not
strictly vertical, so that it possessed a horizontal component
which acted upon the horizontal magnetic moment of the

213



GYROMAGNETIC EFFECTS

specimen. Any impulses so produced were, however, always
in the same direction, as long as the magnetisation was
reversed with reversal of the solenoid current, and could
therefore be eliminated by taking the mean value of 6, for
equal and opposite changes in magnetisation. The effects of
permanent magnetisation of the specimen always assisted or
opposed the true gyromagnetic rotation, and they were
eliminated by turning the torsion head K through 180 degrees,
repeating the determination of ¢, and taking the mean of all
the values of ¢,. Elimination of these effects was also carried
out by noting the rotations which occurred when the magnet-
ising current was switched on and off without reversal in
direction. These were added to or subtracted from the observed
values of 6,. Permanent magnetism might have been present
to some small extent in these experiments as it was not con-
sidered desirable or necessary to neutralise the vertical com-
ponent of the earth’s field. In all cases a linear relation between
angular momentum and change in magnetic moment was
found.
The final values for p are shown in the following table:

TABLE X
Material Soft iron Steel Nickel
p xefm 1-014 1-002 1-010

Simple Resonance Methods. We now turn to resonance
methods for measuring the gyromagnetic ratio. A simple
resonance method was first used by Einstein and de Haas* but
they failed to obtain the correct experimental value of p.
Later, the method was successfully used by Beckt who
suspended a ferromagnetic rod by a single or a double German
silver wire suspension inside a vertical solenoid. The latter
was supplied with alternating current whose frequency v
could be varied over narrow limits about », the natural
frequency of torsional oscillation of the suspended system.

* A. Einstein and W. de Haas, Ver. der d. Phys. Ges. 17, 152, 1915.
1 G. Beck, Ann. der Phys. 60, 109, 1919.
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Let the field in the solenoid at any instant be proportional to
cos 27rvt, when the magnetic moment of the specimen is given
by M cos 2mvt, where M is the maximum value of the magnetic
moment of the specimen produced by the maximum current
in the solenoid. Then the rate at which angular momentum is
delivered to the system owing to the gyromagnetic effect is
— p(2m Mvsin 2mvt). Hence the equation of motion of the system
is 2

I%g+k%?+ Cl = —p(2nMv)sin 27vt, ...... (137)
where I is the moment of inertia of the system, k& the damping
factor and C the torsion constant of the suspension.

This equation is of standard form and the solution for a
steady state is

pM .
\/kz - (%TTC/"}W— sin 27t + @), ...... (138)

where cot ¢ = 2mvl — s ¢l 27")

If & is small and resonance is established, then v = v,
2mvl — C/2mv = 0, ¢ = m/2, 0 is in phase with the field, and
the amplitude is oM

k-~

Now, k is the damping factor and is equal to 4/Ay,, where A is
the logarithmic decrement. Hence

p =4I 0, /M. ... (140)

Beck made many measurements in which I, A, v,, M and
0,r were separately determined and found p by substituting
in equation (140).

It is possible to avoid the direct measurement by measuring
the amplitudes corresponding to a series of values of v in the
region of v,, provided that % is strictly constant. For, let
b0, be the amplitude at frequency v, then

2 2 k*
(b03)* = O k24 (2mvI — C/2mv)?” 7T

2mvyl = C/[2my,,
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and, remembering that v ~ }(v+v,), we find that
b2
k= 4ﬂ(V—V0)IA/m—2 ...... (142)

_4m(v—vy) 1 b?
P=""n 152

The frequency difference (v — v,) must, however, be accurately
found, and Beck used aspecial frequency meter for the purpose.

The motion of the specimen was recorded photographically
on a moving drum, and the damping factor obtained from the
measured record. As the light passed to and from a mirror on
the specimen through a gap in the solenoid, disturbances due
to non-uniformity of field must have been introduced. Beck
showed conclusively that the resonance oscillations were in
phase with the solenoid current, except for a slight phase
difference due to hysteresis, i.e. the magnetic effects were due
to the rotation of negative electricity. The values of p.e/m
thus obtained were 1-06 and 1-14 + 5 per cent for iron and nickel
respectively. The errors to which such measurements are
liable will be discussed in the following section.

A resonance method in which the substances used were in
powder form and were packed inside thin glass tubes was also
used by Ray-Chaudhuri,* but few details are available.

Modified Resonance Methods. The principle of the modified
resonance methods may be followed by reference to Fig. 64,
which shows the arrangement used by Sucksmith and Bates.¥
A thin ferromagnetic rod L was suspended vertically by a
German silver wire S from the torsion head 7', along the axis
of the vertical magnetising solenoid H. The latter was wound
on an insulating tube and supplied with current from an a.c.
generator at frequencies between 24 and 80 cycles per second
maintained with the aid of a stroboscope. A rigid aluminium
wire D was attached to the lower end of the rod and carried
the small mirrors M and a number of short magnetised needles
N mounted parallel to one another on a mica vane. The needles

0 -

and

* D. P. Ray-Chaudhuri, Nature, 130, 891, 1932.
1 W. Sucksmith and L. F. Bates, Roy. Soc. Proc. A, 104, 499, 1923.
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were situated midway between a pair of small Helmholtz coils
BB. A helix J, coaxial with L, was fixed inside H; it was
wound upon a glass tube, and, occasionally, directly upon L.
A similar helix, not shown, was
placed close to and parallel to J
and was connected to it in series
opposition so that the mutual
inductance of H and the two
helices in the absence of L was
zero. The coils BB were con-
nected in series with a non-
inductive resistance S, a com-
mutator ¢ and the induction
helices. By means of the switch
K a known current measured by
the milliammeter 4 could be
passed through BB. The whole
system was kept taut by a weight
W, immersed in oil, attached to
the aluminium wire by a fine silk
thread which was practically
without effect on the torsion
control of the system. The whole Fig. 64. Null method of measurement
was mounted inside a coil system of the gyromagnetic ratio. (Sucksmith
. . . and Bates.)

for the neutralisation of the hori-

zontal component of the earth’s field.

Let us suppose that alternating current of appropriate
frequency sets the specimen into resonance gyromagnetic
oscillation. Since both the gyromagnetic effect and the
current induced in J by the changes in magnetisation are
directly proportional to the rate of change of the magnetisation,
they will be in the same phase, provided the inductance of the
circuit containing J is negligible. The induced current in J
flows through the coils BB and by adjusting the resistance it
may be arranged that the momentum delivered to the system
by the action of the current on the magnet needles V is equal
and opposite to that arising from the gyromagnetic effect; in
other words, the resonance oscillation can be reduced to zero.
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Let N,, be the number of lines of force due to the specimen’s
magnetism linked with the solenoid J when the magnetic
moment changes by M, then

Ny = dn(M/l)nl = 4mMn,  ...... (143)

where n is the number of turns per cm. on J, which is of the
same length [ as the specimen. Let I” be the couple acting on
the magnets N when unit current flows in the coil BB, then
the angular momentum delivered to the magnets corre-
sponding to the change M is

ffzdt FJI dN"dt NM,

where S’ is the total resistance in the induction circuit. Hence,
if the value of 8’ when the resonance oscillations are reduced
to zero is S, then the total angular momentum corresponding
to M is given by r

-5 Ny (144)

I" may be obtained by passing a steady current 7, through
BB via the switch K to produce a small deflection ¢ given by

= Cg, oo (145)

where C is the torsion constant of the suspension. Eliminating
I’ and N,,, we have

UM = p = 4nnCSyi. ... (146)

The ratio can therefore be found from a knowledge of n, C, ¢,
8y and ¢, all of which can be measured with precision.

The great advantage of the null-resonance method lies in
the fact that the final expression for p does not contain the
frequency of the alternating current, and, consequently, does
not require its determination or its accurate maintenance.
Measurements of the amplitude of resonance oscillations are
not required, and if exact resonance is not attained the
measurements suffer only through decrease in sensitivity and
not through the introduction of error. Other advantages are
that the magnetic moment and moment of inertia of the system
need not be found.
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Errors in Resonance Measurements. We shall not discuss in
detail the various sources of error which occur in resonance
measurements; many have already been discussed in the
description of the direct method. It is very important to make
the magnetic axis of the specimen exactly vertical. If, however,
this is not done and the specimen possesses a permanent hori-
zontal magnetic moment as well as one which changes with
the current, it can easily be shown that the earth’s horizontal
field and that of the magnetising solenoid give rise to couples
in quadrature with the gyromagnetic effect, and thereby cause
a spurious increase in the resonance amplitude. The effects
are eliminated by adjusting the compensating current for the
earth’s field until minimum resonance amplitude is observed.
The field of the magnetising solenoid also gives rise to a couple
in phase with the gyromagnetic effect which is eliminated by
turning the torsion head through 180 degrees and repeating
the measurement of §;. If a steady displacement of zero is
observed it means that the magnetic axis is by no means
vertical and must be adjusted.

The effects of stray fields on the needles N and on BB can
readily be compensated. Correction should be made for
leakage from the induction helix; Barnett avoided it either by
winding the magnetising solenoid directly upon the specimen
and surrounding the whole by an induction helix or by placing
the magnetising solenoid coaxially within a long induction
helix. Barnett considers that magnetostriction effects give
rise to vertical motions of the specimen which through
asymmetry are in part transformed into axial rotations. If
the vertical component of the earth’s field is not compensated
the magnetostriction effects are bound to be asymmetrical.
As the phase relation of these disturbances with respect to the
gyromagnetic ratio is unknown, they ought to disappear from
the mean of a series of results over a wide range of frequencies;
in any case, they could not arise in the direct method, and the
results from direct and resonance methods agree.

Controlled Resonance Methods. In the preceding discussion
of resonance methods the gyromagnetic couple has been
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denoted by an expression of the form @ cos(wt— ), so that
the various disturbances in quadrature might be written equal
to X sin (wt— ). The resultant couple would be of the form
R cos (wt — o —7), i.e. the oscillations are given a phase dis-
placement y with respect to the gyromagnetic effect. If the
damping is very small the amplitude of the oscillations is given
by an equation 6 = @,sin (wt —a — ), with a phase difference y
with respect to the magnetism of the specimen, disappearing
when the disturbances vanish. Coeterier and Scherrer* there-
fore concluded that if by artificial means y could be made zero,
then the presence of the quadrature disturbances would be
immaterial, because they would be unable to affect the motion
of the specimen. They saw that this could be done by using
a “flat-topped” alternating current reversed exactly at the
moment when the specimen was passing through its equili-
brium position.

The specimen was suspended by a quartz fibre and carried a
mirror which reflected a narrow beam of light upon a horizontal
scale in which was cut a narrow slit coinciding with the
equilibrium position of the reflected beam. Light passing
through the slit fell upon a photoelectric cell and activated a
system of relays which reversed the current supplied to the
magnetising solenoid from a battery of accumulators. The
inertia of the oscillating system was small and its period was
about 5sec., while the reversal of the current took place in
about 5 x 10~ sec.

This arrangement allowed much sharper resonance oscilla-
tions to be used than were possible in other work. It would
seem, however, that the artificial elimination of y results
only in a first-order reduction of the effects of the quadrature
disturbances, for the effect of the small phase difference a
is not considered.

The method was mainly designed for measurements with
pyrrhotite, and, to some extent, results with iron powder
obtained in the course of the work were not regarded as
important; the value for p . ¢/m was 1-01. Theiron or pyrrhotite

* F. Coeterier and P. Scherrer, Helv. Phys. Acta, 5, 217, 1932; F. Coeterier,
ibid. 6, 483, 1933.
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powder was packed in a fine glass tube and suspended by a
quartz fibre inside a highly evacuated vessel to keep damping
and radiometric effects low. Many of the experimental
details are similar to those used earlier by Sucksmith with
paramagnetics and described on p. 223. The mean value of
p .e/m obtained with pyrrhotite was 3-17, giving g = 0-63.
Inglis* has shown on the basis of a simple model in which the
orbital momenta of the 3d electrons responsible for ferro-
magnetism are orientated antiparallel to their spins, so that
each M, is —} and each M, is 2, that

9= (2M,+M)/(M,+M) =3 = 0-67.

In view of the peculiar magnetic behaviour of pyrrhotite,
discussed on p. 152, the agreement between experiment and
theory is very close, and better could not be expected with
powdered material.

Spin and Orbital Effects. In the following table are col-
lected the mean values of the gyromagnetic ratio for iron or
substances containing iron as obtained by several workers.

TABLE XI. COLLECTED VALUES OF p.e/m FOR IRON

Authors Ratio Substance Method

Chattock and Bates 1-00 419, Iron Direct rotation by mag-
netisation

Sucksmith and Bates | 1-00 +19, Iron Modified resonance

Coeterier 1-00 +(19?) | Iron Controlled resonance

Ray-Chaudhun 1-004+19, Iron oxides | Resonance

Barnett 1-06 429, Iron Magnetisation by rota-
tion

Barnett 1-:034+0-39, | Iron Modified resonance

Cocterier 3174159, | Pyrrhotite | Controlled resonance

From a theoretical point of view it would be expected that
the ratio would be greater than 1, i.e. the value of g would lie
between 2 and 1, if ferromagnetism were not entirely due to
electron spin, but partly to spin and partly to orbital motion.
The above data leave little doubt upon this point, but to
obtain further information Sucksmitht measured the ratio for

* D. R. Inglis, Phys. Kev. 45, 118, 1934.
t W. Sucksmith, Helv. Phys. Acta, 8, 205, 1935.
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a series of nickel-copper alloys with low: Curie points at
temperatures above the latter, using the method described in
the following section. Owing to iron impurities the effects of
permanent magnetism in the specimens were considerable
and difficult to eliminate, and experiments had to be confined
to specimens with susceptibilities less than 180 x 10-, so that
the gyromagnetic effect was always quite small. The value of
g was found to be 1-9 + 0-1, or 2 within the limits of experimental
error. We may thus safely conclude that even above the Curie
point the magnetic properties of these alloys are due to spin
and not to orbital motion.

Values of the ratio for other ferromagnetics are given in the
following table:

TABLE XII. COLLECTED VALUES OF p.e/m FOR FERRO-
MAGNETICS OTHER THAN IRON

Material Ratio Authors Method

Nickel 1-:002 +0-004 | Sucksmith and Bates | Modified resonance
1:05 4 <0-01 | Barnett .
Heusler alloy | 1-002 4-0-006 Sucksmith and Bates .
Cobalt 1-030 4+-0-064 Sucksmith »
1-:096 +0-002 Barnett 5
Magnetite 0-990 +0-048 | Sucksmith '
Pyrrhotite 3-17 Coeterier Controlled resonance

Discrepancy exists between the results of Barnett and the
English workers. In particular the values for cobalt invite
comment. Sucksmith found no special difficulty in the deter-
mination of p for cobalt, although, as he used powder, the
accuracy was not as high as usual, whereas Barnett en-
countered difficulties with torques believed to be of magneto-
strictive origin. The difference of some 7 per cent between the
iron and cobalt values is well outside the limits of experimental
error. The high value for cobalt would mean that the orbital
electron moment is not completely quenched. Thereisevidence
of this with cobalt salts, of course, but it would seem strange
that orbital motion should play such a prominent part in the
metal.

Sucksmith’s Ezxperiments with Paramagnetics. The dis-
cussion of gyromagnetic experiments with ferromagnetic
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substances has shown that even in the most favoutable circum-
stances the angular momentum to be measured is very small.
The difficulties of measurement are enormously increased
when paramagnetic substances are used, but Sucksmith*
managed to make a series of very interesting determinations
with oxides of the rare earths using the simple resonance
method with special technique. His apparatus is shown in
Fig. 656. The material under investigation was tightly packed
in a very thin-walled glass tube, CD in Fig. 654, about 0-5 to

D
(a)

Fig. 65. Apparatus for gyromagnetic measurements with
paramagnetics. (Sucksmith.)

0-6mm. in internal diameter and about 8cm. long, and
plugged in position with a spicule of non-magnetic shellac.
A small plane mirror was cemented at D and loops of glass
fibre were used to attach the tube to a quartz fibre suspension,
great care being taken to obtain as low a value of the moment
of inertia as possible.

This system was mounted from the ground-glass joint &
inside an evacuated glass vessel, and its motion was followed
by light which passed to and from D via the lens L and mirror
L’. The solenoid S was supplied with square wave current of

* W. Sucksmith, Roy. Soc. Proc. A,128, 276, 1930; A, 133, 179, 1931; A, 135,
276, 1932.
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constant frequency, producing a maximum magnetic field of
about 600 oersteds, by means of a battery of accumulators and
a special reversing switch. The latter was controlled by an
adjustible clock pendulum P’, which was synchronised with
the vibrations of the tube CD by projecting an image of P’ on
to the same scale as that which received the light reflected
from D. The clock activated a series of relays which finally
caused a commutator to reverse the current in the solenoid.
On account of the heavy inductive load the commutator con-
sisted of two deep channels of mercury and the wires on the
rocker were cross-connected, the whole being immersed in
paraffin oil to prevent fouling of the mercury surface by spark-
ing. The resistances R; and R, regulated the time interval
between ‘“make’ and “break’, which was the same irre-
spective of the direction of the commutator.

In addition to the precautions already described earlier, it
was necessary to avoid the effects of electrostatic charges
produced on the walls of the specimen and the container during
evacuation and retained on the specimen by the quartz fibre.
Such charges were exposed to the alternating electrostatic
fields of the solenoid. The suspended system was therefore
screened by platinising the inner surface of the containing
vessel and earthing it through the platinum wire p; in addition,
screens of metal foil were placed on the former of the magnet-
ising solenoid. Again, it was imperative to avoid mechanical
disturbances by working at night, and metal supports were
not used on account of the mechanical effects produced by eddy
currents. By far the worse difficulties were those caused by
traces of ferromagnetic impurity, which endowed the specimen
with a horizontal magnetic moment whose magnitude varied
with the hysteresis of the impurity. This horizontal moment
was acted upon by any horizontal field of the solenoid and
gave a couple, 90 degrees out of phase with the gyromagnetic
effect, whose magnitude could be enormous in comparison
with that of the latter. Extreme care was therefore exercised
in handling and preparing the specimen and in the selection of
shellac and mirror, the latter being cut with agate. Moreover,
changes of temperature produced variations in the moment of
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inertia of the specimen, probably due to strains at the shellac
joints; after a steady state was reached, the temperature was
kept constant to within 0-25° C.

The special technique employed by Sucksmith depended
upon the maintenance of the amplitude of the oscillating
system with the correct phase, and a more complete mathe-
matical discussion of the resonance method must now be
given. In the case of a paramagnetic substance of mass m,
and mass susceptibility y placed in a field & the value of M is
myx . Now, 5 is produced by a battery current which is
periodically reversed so quickly that the time taken to reverse
it may be considered negligible. The magnetising current is
therefore equivalent to an alternating current of square wave
form. The magnetising field may therefore be written

Jf

m

coswt cos3wt cosbwt
1 3 5

from Fourier’s theorem, taking the integration limits from
+7/2 to +m, where w/m is equal to the number of times the
field is reversed per second. Hence, neglecting the terms of
higher frequency, equation (137) of p. 215 becomes

dz0 d 12m

Idt2 CO:‘(;‘;)X’”O H,, wsin wi. ...... (147)

Now, to the right-hand side of equation (147) must be added a
term on account of disturbances in phase with 5#; let this term
be D cos wt. Then the equation may be rewritten

dax . do _ 2m 4ymy .
Iw+ka—?+00-Dcoswt——e— H,, wsin wt,
2
o as ((litf+ 2Kd0+p26 bsin wt+d cos wt
= bsin (wt+7y)/cosy, ...... (148)
vhere 2K =k/1, )=—8—mw,
e mgl

d=D/I and tany =d/b.
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The solution of (148) is

_ bsind
" 2Kwcosy

where tand = 2Kw/(p?— w?), v’ = Vp?—K? and a and ¢ are
constants. The second term on the right-hand side represents
the growth of the amplitude in the early stages of the motion,
and, therefore, when the oscillations have been properly es-
tablished ¢ may be considered infinitely great and the term be
disregarded. Moreover, if perfect resonance is attained and no
disturbing effects are present y = 0 and tané = oo, so that

sin (wt+ 7y — &) + ae~K'sin (w't +€), ...... (149)

—bcos wt
- = —b/2Kw.
0 kg 08 wt and 0Oy b/2Kw
1f, when disturbing effects are present, it is arranged that the
phase of the oscillation is the same as that which would obtain

at perfect resonance and D = 0, then
sin (0t +7y—0) = sin (wt—7/2), or & = m/2+,
whence

b sin ( 7r/2+'y) _ b ]
"~ 2Kwcosy (wt 2)__21{(1)0%(”’

which is the relation used in the simple resonance method. In
other words, the true amplitude for perfect resonance may be
measured even when disturbing effects are present if the
oscillation is maintained in phase with the first harmonic of
the magnetising current. The double amplitude 20,, and g are
given by the relations

0=

2b 2m 2xmy T A,
2W0n =55 20 9= ”X;n\owM ’

since K = 2A/T, where A is the logarithmic decrement and 7'
the period. We have already discussed how the phase difference
v was avoided in Coeterier’s measurements, and we shall now
describe Sucksmith’s arrangements for getting rid of y and §.

The phases of the several effects treated above are shown in
Fig. 66a, where in addition is shown the phase of the oscillations
of a bifilar galvanometer connected to the secondary of a small
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anchor ring transformer whose primary was in series with the
magnetising solenoid. With a period equal to about 2sec. the
gyromagnetic amplitude lagged some 16 degrees behind the
magnetising current. The galvanometer mirror projected
light on to the same scale as that used by the vibrating system
and the pendulum controlling the magnetising current.

X 74 ﬁ Magnetising current X' 3¢, cos nwt with
M?A M fundamental 4/m 5, cos wt.

— Oscillation of galvanometer.

Gyromagnetic effect =b sin wt, d=0.

Disturbing effects =d cos wt.
Sum of gyromagnetic and disturbing

/\'\ freots= ° sin (et
f%\/ effee s_cosysm (wt+y).
4 Amplitude

i bsind |

@ I / OZEKLJZ—(E,SIH ((l)l+'y—6),
R where y = (3’—6)
D

® G M

Fig. 66. Phase diagram. (Sucksmith.)

Assuming that the time of response of the various relays is
exceedingly small, then the pendulum is exactly in phase with
the gyromagnetic amplitude, but if disturbing effects in
quadrature are present then they will produce a marked phase
change before a change in amplitude becomes perceptible.
Thus, in Fig. 665, GM and D respectively represent the gyro-
magnetic and disturbing effects, and it is clear that while
their resultant R may not be appreciably different from G M,
the angle @ may be considerable. The galvanometer was used
to provide the correct phase, the compensating current for the
horizontal component of the earth’s field being adjusted until
the phase of the specimen’s oscillation was the same as that of
the galvanometer. The value 26,, was then measured. Even
when slight permanent magnetism due to impurity was
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present, its effects could be eliminated by using an incorrect
value of the compensating current, which then introduced an
effect equal and opposite to the effects of permanent magnet-
ism. This was not possible when the accidental ferromagnetism
of the specimen was large, and, therefore, variable, during the
course of an experiment.

In the case of a tube containing dysprosium oxide Dy,0,
the value of 20,, was between 2 and 4 mm. on a scale 60 cm.
distant. In the expression for g the values of 7' and A were
found directly, and y was determined in separate susceptibility
measurements. I was found by the method of added inertia,
rings cut from copper foil being used for the purpose. The limits
of experimental error varied from 3 to 10 per cent.

In the last column of the following table are given some
of the values of g obtained by Sucksmith, together with values
of the splitting factor in the fourth column; thelatter are calcu-
lated on the assumption that the state of the ion responsible
for the paramagnetism is that given in the third column.
The agreement between experiment and theory, in view of the
great experimental difficulties, is extremely satisfactory.

TABLE XIII. g-VALUES FROM GYROMAGNETIC
EXPERIMENTS.—SUCKSMITH

Para- Nor- oretical g ex-
. Subs.tance magnetic | mal ¢ theoret peri-
investigated ion state (1) (2) 3) (4) mental
Iron group:
CrCly Cr+ ‘Fy 040 200 1-38 — 1-95
MnS0, Mnt+ S 2-00 2-:00 2-00 — 1-98
MnCO, 4 =
FeSO, Fet+ 5D, 1-50 2-00 1-67 —_ 1-89
CoS0, N, 4 . . . _ .5
CoCl, Co++ Fy 1-33 2-00 1-67 1-54
Rare earth
group:
Nd,0,4 Nd+++ i1 0-73 — — 0-76 0-78
Eu,0,4 Eut++ Fo — s — 6-56 |>45
Gd;0, Gd+++ 85z 2-00 — — 2-00 2:12
Dy.0, Dy+++ ¢Hy 1-33 — — 1-33 1-36

Under the theoretical values of g in section (1) are given the
values calculated from the Landé splitting factor, while those
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under (2) are calculated on the view that the orbital momenta
are completely quenched, when g must have the value for
electron spin alone. The values under (3) are calculated on the
assumption that the multiplet intervals are small, i.e. that L
and § are independently quantised, when, as shown on p. 41,

Pett = N4S(8+ 1)+ L(L +1). Now, the experimental value of
the magnetic moment per particle in unit field expressed in

terms of the Bohr magneton is -3;%,1—,{48(8 +1)+ L(L+ 1)} pgp

while the corresponding value of the angular momentum is
N h

W{ZS(S + 1)+ L(L + 1)}57—7, so that
_48(S+1)+ L(L+1)

9= 28(8+1)+ L(L+1)"

The experimental values for ions of the iron group suggest that
the orbital moments are entirely quenched in the case of Crt++
and Mn*+, but are only partly effected by the crystalline field
in the case of Fet+ and Cot*. In the rare earth group the
agreement with the Landé values under (1) is fairly satis-
factory, but better agreement is given with the values under
(4) from the more rigorous calculations of Van Vleck,* par-
ticularly in the case of Eut++. The main point is that there is
a contribution to the magnetic moment provided by the
temperature-constant paramagnetism described on p. 43,
which is very important in the case of Eut++ and Sm+++, but
there is no contribution to the measured angular momentum;
hence the high value of g.

Experiments with Rotating Magnetic Fields. We have seen
on p. 205 that when a bar of ferromagnetic material is placed
in a transverse magnetic field which rotates about the axis of
the bar, then the latter should show evidence of longitudinal
magnetisation. This should be in the direction in which a left-
handed screw would progress when rotated in the same sense
as the transverse field, assuming that the motion of negative
electricity is responsible for the magnetic changes. A priori it

* J. H. Van Vleck, Electric and Magnetic Susceptibilities, p. 255, 1932.
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would be expected that such longitudinal magnetisation would
be easily detected, for, assuming that the transverse field
causes each elementary magnetic particle in the bar to precess

with angular velocity £, then magnetisation equal to that
2m

acquired on the application of an external field #” = ~e—Q
should result in the case of orbital motion of the electrons.
Accordingly, when the susceptibility of the magnetic material
is k, the average value of the longitudinal magnetisation should

be ggLQk, or, more generally, %—?Qk, when spin and orbital

motions of the electrons are involved. So, by the use of modern
high frequency technique and modern materials for which &
is large, the magnetisation would be expected to reach high
values. Unfortunately, the estimate just made is based on the
assumption of perfectly free rotation of the magnetic carriers

and must be reduced* by a factor of at least _ 3 I] ,where I,is the

transverse magnetisation of the bar, and 7, is the saturation

value; J,is very nearly equal to (7 ; i) ';7) or to ;{; where

is the strength “of the applied transverse field. Hence, even

under most favourable circumstances, the observed longi-
tudinal magnetisation should not exceed ge ™ 0k j 2,7? , which
is at most only a few per cent of the first estimate.

It was found by Fisher,t who was the first to carry out such
experiments, and confirmed by Barnett,  that the longitudinal
magnetisation was extremely small and often in the opposite
direction to that predicted by the theory. Fisher used bars
consisting of powdered iron or powdered magnetite pressed
into glass tubes, while Barnett used bars built up from small
dises of compressed permalloy dust or iron dust, to avoid the
disturbing effects of eddy currents at the high frequencies

employed.

* See S. J. Barnett, Proc. Amer. Acad. Arts and Sci. 68, 230, 1933.
+ J. W. Fisher, Phys. Soc. Proc. 34, 177, 1922; Roy. Soc. Proc. A,109, 7, 1925.
1 S. J. Barnett, Proc. Amer. Acad. Arts and Sei. 68, 229, 1933.
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The general experimental arrangements are as follows. A
sensitive magnetometer, preferably of an astatic type with
upper and lower needle systems at 4 and B, is encased in a
series of concentric copper tubes to protect the needles from
the action of high-frequency magnetic fields, while to avoid
thermal effects the whole system is encased in felt. Two
similar magnetic bars X and Y are mounted respectively east
and west, with their centres equidistant from the lower needle
system, and their axes horizontal and perpendicular to the
meridian. Test coils are wound upon the bars, and flat
magnetising coil systems L, and L, are used respectively to
supply horizontal and vertical fields of equal intensity with a
phase difference of 77/2 at the near end of each bar and per-
pendicular to its axis. The change in the magnetometer
deflection which occurs on reversing the direction of rotation
of the resultant field is noted. Coils are used for testing the
sensitivity of the magnetometer and control magnets. Errors
due to permanent magnetism are eliminated by repeating the
measurements with the bars interchanged and their directions
reversed.

Fisher produced fields of the order of 100 oersteds rotating
with frequencies of 2 to 5x 10* cycles per second, using a
valve oscillator, while Barnett used fields of about 15 oersteds
at frequencies of 14,650 and 21,000 cycles per second. Barnett
found a definite though small negative effect for permalloy in
these fields. The negative results, however, do not in any way
weaken the evidence for the view that the elementary magnetic
particleis to be treated as a small gyrostat, for they can readily
be explained, as Auwers* has shown on the basis of sugges-
tions put forward by Bloch and Becker. The Weiss theory of
ferromagnetism, p. 238, treatsa piece of ferromagnetic material
as made up of a large number of tiny regions or domains which
are individually magnetised almost to saturation but whose
magnetisation vectors are randomly orientated. Magnetisation
of an external field is supposed to cause rotation of these
vectors, but the conception of the rotation of whole regions in
the substance in weak fields is not supported by experiment,

* 0. v. Auwers, Naturwissen, 23, 202, 1935.
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for in very weak fields Barkhausen effects, p. 323, are not
observed.

Bloch and Becker therefore suggested that changes in
direction of the magnetisation vector can only take place at
the boundary between two such domains, so that the domain
whose vector is more or less in alignment with the applied field
grows at the expense of its less well-aligned neighbour. The
directions of such changes will be determined by the strong
internal fields in the vicinity of the saturated domains, and
need not directly follow the rotation of the applied field. The
net contribution to the longitudinal magnetisation under these
circumstances is practically zero; in other words, the Fisher
experiment cannot succeed with weak fields, and the absence of
longitudinal magnetisation can really be taken to lend support
to the gyrostat conception, provided that the Bloch and
Becker postulates concerning the process of magnetisation are
correct. If, however, it were possible to carry out the experi-
ment with fields of about 10,000 oersteds, and so overcome
the huge transverse demagnetisation effect, the Fisher experi-
ment should yield a positive result.
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CHAPTER VIII

MAGNETIC SATURATION AND EQUATION
OF STATE

Introduction to Theory of Ferromagnetism. In describing
Langevin’s theory of the magnetic behaviour of a substance
which could be treated as a paramagnetic gas, we saw that if
each gm. of the substance contains z elementary magnetic
particles each of moment x, then, when.the substance is
exposed to a magnetic field of intensity F, each particle be-
haves as if it possessed an average magnetic moment 7
given by

= cotha—é =L@ ... (151)

=13

_ (1 _ ad + a’®

T3 45 3780 7
where a=ulFlkT.
Now, Weiss extended the theory to ferromagnetic substances

by postulating the existence of an internal field, often termed
the Weiss molecular field, vozm, where v is a constant and p is

+...,

the density of the substance, so that instead of 5#° +4?ﬂpzin'
we write

F =3¢ +vpzm, ... (152)
where 5 is the applied or external field acting on the ferro-
magnetic, after allowance has been made for demagnetisation

effects.
From equations (151) and (152) it follows that

m _ kT a H
p vzt vpzu
Now, two cases are of special interest. First, we note that
for high values of 7' equation (151) reduces to

ad
3’

m_
Iz
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8o that, eliminating @ from (153) and (154), we have

/l/ - 3]0 (szﬂﬁ) - 3]6 T__B, ------ (155)
Sl

where the parameter 0 = vpzu?/3k is termed the Curie point,
or, more precisely, the paramagnetic Curie point, to which
further reference is made on p. 256.

()

m
72
I-0

/-LF/kT =

Fig. 67. Theory of ferromagnetism.

Since the molecular susceptibility of the material is given by
N .m/#, we have from (155)
N2 1 (O
Xv=Spp_0=T—0

in other words, the substance obeys a Curie-Weiss law at
temperatures above ¢. By measuring the susceptibility over a
range of temperatures 7' > 6, we may therefore determine C
and 0, which enables us to compute the values of x and vp.
We may also consider this case graphically. In Fig. 67
curve (a) represents the Langevin function and the straight
line (b) represents equation (153) when 7 is large. It is clear
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that the point of intersection of (¢) and (b) changes its position
considerably with the value of 5, and that when 5 = 0, (a)
and (b) intersect only at the origin where 7 /u = 0, which
shows that the substance is not magnetised in the absence of
an applied field at high temperatures.

The second case arises when 7T is low, when, for example,
(c) represents equation (153). The value of m/x at the point
of intersection P now varies but little with the value of #, or,
at any rate, with such values of #° as we can produce in the
laboratory, and a considerable degree of magnetisation is
acquired which depends markedly upon the slope of (¢), i.e.
upon 7'. The special case when#” = 0is of the greatest interest,
for, in this case the point of intersection P’ shows that even
when the applied field is removed magnetisation of the sub-
stance persists. It may be thought a priori that, as there is now
a point of intersection at O as well, the latter represents the
true state of affairs and the specimen is really unmagnetised.
It is easy to show, however, that the point P’ represents a
stable condition whereas O does not. For, if we imagine that
the magnetisation is decreased to the value at x, then this
corresponds to a field appropriate to the point Z on curve (a);
but we have a field corresponding to the point Y available,
and therefore the magnetisation must go on increasing until
the point P’ is reached. In like manner we can see that if
the magnetisation is supposed greater than that at P, it must
decrease to the point P’; by a similar argument we can show
that the point O represents an unstable condition. Of course,
when the line OP’ is tangential to curve (a) P’ coincides with
O, which is then the only stable point.

We see further that when 5# = 0 equations (153) and (155)
show that when T = vpzu?/3k, (b) is tangential to (a) at the
origin, so that we may say that ferromagnetism disappears at
the ferromagnetic Curie point, 6,. According to the present
theory the ferromagnetic and paramagnetic Curie points
coincide; we shall see on p. 256 that in practice they do not.

It follows, then, that in the second case the substance is
spontaneously magnetised even when ## = 0. We denote the
intrinsic specific magnetisation or the magnetic moment per gm.
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which the substance possesses in the state required by P’ by
o, 7> and the value of the specific magnetisation correspond-
ing to P by o 5, while the saturation specific magnetisation
at absolute zero, or the magnetic moment per gm. which the
substance would possess in an infinitely strong field at absolute
zero, when all the magnetic particles would be completely
aligned, is denoted by o, ,. Equation (151) may now be
rewritten when # = 0 as

m_ -——'———cotha,—-l, ...... (157)
P a

and by a graphical method the relation between o, , and 7'
can be found. It is clear that the ratio oy 5/0, o must depend
only upon the ratio 7'/6, for the slope of the line O P’ is, from
(153), given by w _]la 155)
il A ;
We can thus either choose suitable values for the slope of
OP’ and hence draw up a table of 7'/ against the corre-
sponding values of m/u found by the intersection of the
several lines with curve (a), or we can choose a particular value
of @ and by substitution in (157) we can find the corresponding
value of 7/u which together with the value of a can be sub-
stituted in (158) to obtain 7'/f. Since the parameter a is thus
eliminated the ratio oy ;/05, o is a function of 7'/0 alone, and
the relation between them should be the same for all ferro-
magnetic substances, a statement which is sometimes termed
the law of corresponding states. The experimental values of
0o, 7/0w,0 and T/6 are reproduced in Fig. 78, where the
curve (1) represents the relation deduced from the above
theory. The agreement between experiment and this theory is
not good, particularly at low temperatures where 7' < 6.
Now, the Langevin theory assumes that the magnetic
particles may set with their axes in an infinite number of
orientations with respect to the field, whereas the quantum
theory permits certain discrete positions only. The right-hand
side of equation (157) must therefore be replaced by an ap-
propriate quantum expression, and when the total angular
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momentum of the particle is J and the splitting factor g, it
follows from p. 42 that

o 1 +J
To,7 _ E e,uBMaF/kT Mgy / 3" e#sMoFILT
w0 JIup= -J

}I S omariryy [Songiornr, (159)
-J -J

where M = J,J~1,..., —(J—1), —J,and F = vpo, 1,

2J +1 2J+1 1 1
=37 coth( 57 )a—gjcoth(ﬁ)a. ...... (160)

When a <€ 1 we may expand the last expression, and

”£_J+1 _J+12J2+2J+1 3
Al VAl v SR Ty R (161)

The slope of the tangent at the origin of the (0 /0w, ¢, @)
curve is thus equal to (J+1)/3J, whence we deduce that
spontaneous magnetisation is possible only when 7'>6,

where Tl
0= ("5 Tomw %

For the special case J = 4, g = 2, Jg = 1, or the case when
the magnetic carriers can set parallel or antiparallel to the
field, equation (160) reduces to

O, 1/0w, o = tanh (a) = % a,
2
YOy (162)

since 0= T e

The values of o /0., o obtained from the intersection of
0y, 7/0w, o = tanh (a) and o p/0, o = (T'/0)a when plotted
against 71'/6 give the line (2) of Fig. 78. The agreement between
experiment and theory is now much more satisfactory,
although there are obvious discrepancies at low temperatures.
There are other discrepancies at high temperatures which are
discussed on p. 278.
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Three points require emphasis. First, we have postulated
that v, or more strictly the product vp, is a definite constant
which is unchanged by rise in temperature, and we have put
forward no experimental proof for this somewhat unlikely
suggestion. Secondly, the value of v is of the order of 104,
whereas the field which would act upon an isolated magnetic
pole inside a small spherical cavity within a ferromagnetic

. . 4w
magnetised to an intensity of magnetisation / is #" + 3 I.In

other words, the molecular field is some thousands of times as
great as the field which can arise from forces of purely magnetic
origin. It was therefore long ago concluded that the molecular
field must be electrostatic in nature.

Thirdly, if a ferromagnetic is always spontaneously magnet-
ised at room temperatures, why is it possible to demagnetise a
piece of iron at these temperatures? The answer is that the
Weiss theory really assumes that a ferromagnetic body is
made up of a very large number of elementary domains or
regions which are strongly magnetised even in the absence of
an applied field. Therefore, at any temperature below 770° C.
a piece of unmagnetised iron consists of such domains and fails
to exhibit external magnetic effects, e.g. to influence a compass
needle, merely because the magnetic vectors of the individual
domains are so arranged or disorganised that the resultant
moment of the spontaneous magnetisation vanishes. At low
tem r____};_vgra,j;m'es the effect of an applied field on a ferromagnetic
specimen is s1mply to align the moments of the domains, but
at higher temperatures, where g, , is considerably less than
O, 05 ., the effect of the field is two-fold. It first produces an
apparent increase in the bulk magnetisation of the specimen by
reversal and turning processes described on p. 294 and then
produces a real increase in the magnetisation of each domain.
The latter increase in magnetisation is strictly reversible, and
has nothing to do with the irreversible type of magnetisation
associated with technical hysteresis phenomena observed in
low fields. The Weiss theory provides a fairly reasonable
explanation of technical hysteresis processes, but we shall not
consider this aspect of the theory here.
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Heisenberg’s Theory of Ferromagnetism. The modern ex-
planation of the large value of v was provided by Heisenber'g,*
who discovered what are known as the interchange interaction
forces or exchange forces of electrons in atoms, which depend
upon the alignment of the electron spins in the atoms of a
ferromagnetic, although the forces between the spins them-
selves are not responsible for v. In the language of wave
mechanics, the probability that an electron 1 in an atom a
will exchange places with an electron 2 in an atom b, or the
exchange integral, is given by

1 1 1 1 ‘

J"ﬁb(”'h(% (;——7 oty ) V(1) ¥, (2)drydr,.

ab ay by 12
In thisintegral yr, (1) is the characteristic function of electron 1
when it is in atom a, ¥, (2) the characteristic function of
electron (2) in atom b, ¥, (1) that when electron 1 is in atom b
and so on; r , is the distance apart of the electrons and 7,,, 7,
the distance between the nucleus of atom a and electron 2 and
between the nucleus of atom b and electron 1. In general, this
integral is negative, since the attractions between the nuclei
and the electrons (1/r,,+1/r, ) is greater than the repulsion
between the nuclei and between the electrons (1/r,,+1/r,)
1t is, however, positive when there exists a certain ratio of the
distance D between neighbouring atoms in the metal crystal to
the radius r of the energy shell in which the electron spins are
uncompensated, a state of affairs found in the rare earths and
in metals of the iron group. Slatert gives the following data:

' Metal Fe Co Ni

Ratio D/r 3-26 3-64

Cr ’ Mn

3:94 2-60 2-94

and concludes that for ferromagnetism to exist D/r must be

greater than 1-5 but not much greater. This raises the

interesting point that atoms with uncompensated electron

spins which do not in the pure state exhibit ferromagnetism,

because the value for D/r is not suitable, may combine with
* W. Heisenberg, Zeit. fiir Phys. 49, 619, 1928.

t J. C. Slater, Phys. Rev. 36, 57, 1930. See also N. F. Mott, Magnetwm, p- 11,
1938, Inst. Physics.
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other non-ferromagnetic elements to form crystals whose
lattice constant or distance between neighbouring atoms
permits a suitable value of D/r and thus give a ferromagnetic
compound. In this way it is supposed that we may account for
the ferromagnetism of compounds containing Mn, such as the
Heusler alloys (CuAlMn), and MnAs, compounds of Cr* with
H and Te, and AgF,.t We also gain the impression that
ferromagnetism should be exhibited by far more substances
than are known at present to show it.

Stoner} has given a very simple derivation of the equation
for oy, 1/0 . o based on the Heisenberg theory. For the ex-
change integral to be positive the spins must be directed
parallel, and as the exchange forces fall off very rapidly with
distance, account need only be taken of the interaction be-
tween neighbouring atoms. Let a particular atom be sur-
rounded by z, neighbours, e.g. 8 for a body-centred and 12 for
a face-centred cubic crystal. The spins will either be parallel
or antiparallel. Let x be the number of parallel pairs formed
with the electron of the central atom and y the number of
antiparallel pairs. For each parallel pair let the energy of the
system be decreased by an amount E, and increased by E, for
each antiparallel pair. Hence, when the energy is measured
from the state in which z = y the net contribution is

AE = —zEy+yEy= —Ey(x—y). ...... (163)

Now the maximum moment due to the z, electrons is z,up,
and, if x, is the resultant magnetic moment of the system,

br _*7Y _ %01

1B %1 Tw,0
when we treat the whole crystal. Since in each atom the
electron spin must be either parallel or antiparallel to the
direction of magnetisation, the exchange energy associated
with any particular atom in the crystal will be either + 4%
or —}AE, because AE refers to the energy of a number of
pairs of atoms each including the specified atom. Therefore, if

* L. F. Bates and A. Bagqi, Phys. Soc. Proc. 48, 781, 1936.

1 W. Klemm, Naturwissen. %, 59, 1937.
1 E. C. Stoner, Proc. Leeds Phil. Soc. 11, 56, 1930.
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we write ¢ = 2 By, 1 , then the number of parallel electron
2kT 045 ¢
spins per gm. of crystal is Cet? and the number of antiparallel

spins Ce~¢, where C is a constant. Hence
oo, p = Cleti—e "y,
while w0 = Clett+e G up,
8o that Oy, r/0x,0 = tanhg. ... (164)
Now, on p. 237 we saw that the Weiss theory of the mole-
cular field in conjunction with the Brillovin function for a
paramagnetic gas gave equation (162):

or — tanh "2E _ tanp 001
oo = tanha = tanh 57 = tanh TopE . ... (165)

Hence for agreement between (164) and (165) we must have

= qa or nl
1 2 lyo0,p _ VPO 1

%T o, , kI P

2 E, 1
o) = 20
or (vP)T w0 = ZITEI;". ...... (166)

The quantity (vp) has been bracketed to emphasise that p is
the density of the crystal at 7" and not at absolute zero. The
expression on the right-hand side of (166) represents the
maximum value of the internal field.

We see, therefore, that in the case of a ferromagnetic we
require to know the value of o, , and 6, and how the ratio
0o, 7/7, o depends upon the value of 7'/0, whether agreement
exists between the experimental results and the foregoing
theories, and how far the law of corresponding states holds for
the several ferromagnetics known to us. In the following
sections will be described the experiments which have given
us this information, and we will first discuss the measurement
of oy, ¢

The Approach to Saturation. In order to determine the
quantity o, o, and hence the atomic magnetic moment of any
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ferromagnetic substance, two sets of experiments are in
general necessary. First, the way in which the specific
magnetisation o, pin applied field #° varies with #°, when 7'
is constant, must be found. For high fields and low tempera-
tures a relation of the form

T, =0w,T(1—3%) ...... (167)*

is obeyed. In equation (167),5# is the resultant of the applied
external field and the demagnetising field of the specimen used
in the investigation, a is termed the coefficient of magnetic
hardness and is usually a function of the temperature, and
0, pis the specific magnetisation at 7'° K. which the specimen
would acquire in an infinitely strong field. We see, then, that
at least two measurements with different fields at a known
temperature 7' are required in order to find o, 5.

Secondly, as we cannot make experiments at temperatures
very close to absolute zero—perhaps it would be better to say,
as such measurements have not yet been made—the quantity
0, o must be found by extrapolation. Hence we need a series
of values of o, , over a satisfactory range of temperatures as
near to absolute zero as possible. It is found that

Oﬂx,T=0‘X,0(1'—AT2"BT4—...), ...... (168)

whence, for the particular case where @ is not a function of the
temperature, and, neglecting as usual terms of higher order
than 7'2, we obtain
O p=0q(1—-A4AT%. ... (169)

When, however, this simplification is not possible, we must
obtain a set of values of o . for a series of different tempera-
tures 7' and fixed values of 5, e.g. J,, /5, ..., and obtain by
extrapolation a series of values of 0 o, €.2. Ty . Top, s s
which, when plotted against 1/5#, give a graph whose intercept
at 1/# = 0 is the required value of o, ,. )

Now, on the basis of the Helsenberg exchange theory of
ferromagnetism Blocht derived the equation

Oo,1 = 0w o{l=C(TH}. ... (170)

* Cf. W. Steinhaus, A. Kussmann and E. Schoen, Phys. Zeit. 38, 777, 1937.
1 F. Bloch, Zeit. fiir Phys. 61, 206, 1930.
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It is clear that equation (170) is much more comprehensive
than the others, and it is interesting that it is found particularly
useful at low temperatures.

Accurate determinations of o, , for iron and nickel were
first carried out by Weiss and Forrer,* and have recently
been extended to lower temperatures by Fallott in his work
on the mean atomic moment of the iron atom in iron alloys.
Cobalt was investigated by Allen and Constant.{ In all cases
an ellipsoid of the material under investigation was suddenly
removed from an induction solenoid mounted between the
pole pieces of an electromagnet, and the deflection of a ballistic
galvanometer to which the solenoid was connected provided a
measure of the intensity of magnetisation of the specimen.

Experiments of Weiss and Forrer. The arrangements used
by Weiss and Forrer are shown in Fig. 68, where the specimen
S is immersed in pentane P inside a copper vessel ¥, mounted
inside a U-shaped Dewar flask. The arm of the flask outside the
field was used to introduce liquid air to cool the copper vessel
and its contents. A thermojunction 7' was placed close to the
specimen. The latter was fixed in an ivory clamp on the handle
t, provided with a spring—not shown—so that on releasing
a catch the specimen was jerked upwards and out of the
magnetic field. When, because of evaporation, the level of the
liquid air fell below the lower extremity of V, the temperature
of the pentane commenced to rise slowly. Series of magnetic
measurements and thermocouple readings were made as the
temperature rose, the rate of rise being increased if required by
electrical heating.

The magnetic moment of the specimen was measured by
means of two pairs of coils C; and C, wound as shown and con-
nected in series opposition to a ballistic galvanometer. Each
inner coil consisted of 600 turns and the outer of 200 turns.
Their effective areas were arranged to be approximately equal
so that the flux linked with each coil due to the above field was
the same, although the total flux due to the specimen linked

* P. Weiss and R. Forrer, Ann. de Phys. 12, 297, 1929,
1t M. Fallot, Thése, Strasbourg, 1935.
1 R. I. Allen and F. W. Constant, Phys. Rev. 44, 232, 1932.
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with each coil was different; but spurious deflections of the
galvanometer due to fluctuations in the magnet field were
avoided. More complete elimination of such disturbances was
obtained by rotating a movable coil which was also in series
with C, and C,.

y

4

Fig. 68. Apparatus for low temperature measurement on ferromagnetics.
(Weiss and Forrer.)

To standardise the galvanometer deflections a known
current was reversed in a small water-cooled coil placed be-
tween the induction coils ¢/; and C,; this corresponded to
measuring the deflection for a known change of magnetic
moment, equal to twice that of the magnetic shell to which the
calibrating coil was equivalent. Unfortunately, this was small
compared with the magnetic moment of the specimen if coil
and specimen had approximately the same dimensions. The
standardisation was checked by measuring the magnetic
moment acquired by a known quantity of manganese pyro-
phosphate contained in a thin-walled glass sphere of known
susceptibility. The field was measured by a standardised
search coil; the quantity /# in the above equations is, of course,
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the resultant field obtained from the latter measurement after
correction for the known demagnetisation of the ellipsoid.

Weiss and Forrer found the values given in the following
table for the quantity a of equation (167) and for the specific
magnetisation in a field of 17,000 oersteds for a specimen of
vacuum-smelted electrolytic iron.

TABLE XIV
T a 17,000, 7
288° K. 6-3 217-72
200 59 219-73
100 59 221-14
0 5-6% 221-23%

* Extrapolated.

At the same time the mean value of o, /7, 545 Was found
to be 1-0183, and the mean value of o, 44 for several deter-
minations 217-79. Hence o, , was equal to 217-79 x 1-0183
= 221-74e.m. units per gm., and the saturated magnetic
moment per gm. atom at 0° absolute was 12382 e.m. units.

Fallot’s Experiments. Fallot extended the Weiss and
Forrer measurements to liquid hydrogen temperatures using
the apparatus shown in Fig. 69a, based on Ruhemann’st idea
of liquefying hydrogen in the actual apparatus it is desired to
cool. This idea has recently been extensively employed, as
described in Chapter 1x. To the ends of a pair of long annular
spiral tubes §’, forming a heat exchanger, was joined the
chamber 4, shown on a larger scale in Fig. 695, in which
hydrogen was liquefied. Hydrogen under pressure entered the
apparatus through the tube 7', and passed through a spiral
copper tube immersed in a vessel V containing liquid air. It
proceeded through the inner portion of S’ and entered 4
through a narrow opening O, where it suddenly expanded and
liquefied. The unliquefied gas passed through the outer portion
of 8’ and was evacuated through the german silver tube 7',
and a gas meter.

The chamber D, in which the specimen of ferromagnetic was
placed, was soldered to the floor of A. A brass cone C was

1 M. Ruhemann, Zeit. fur Phys. 65, 67, 1930.
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attached to V and formed a ground metal joint with a brass
block attached to the outer brass container B. The cone C
carried a side piece F which permitted the whole apparatus to
be rotated rapidly through some 30 degrees about a horizontal
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Fig. 69. Apparatus for low temperature measurements on
ferromagnetics. (Fallot.)

axis X, and so to remove the specimen from the field between
the pole tips NS. A brass pin e, fitting in a thin ivory disc
attached to an ebonite support, prevented displacement of
the inner components of the apparatus during the rotation.
Through an orifice G in the block attached to C the space
between V and A4 and the container B was highly evacuated.
The leads of a thermojunction soldered to 4 passed through
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*

the tube ¢ in which they were waxed, and allowed the tempera-
ture of 4 to be measured directly on a galvanometer. Enough
liquid hydrogen could be stored in 4 to keep its temperature
constant for three-quarters of an hour when a Dewar flask
surrounded B. The temperature rose quite slowly when the
hydrogen evaporated and measurements of the magnetic
moment and the temperature were simultaneously made as in
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Fig. 70. Fallot’s results for iron, 0 » p as function of T2 and T4.

the Weiss and Forrer measurements. A number of very
important and interesting corrections have to be applied to
the measurements; these are discussed in the following
section.

Representative results obtained by Fallot for iron are given
in Fig. 70, in which the experimental values for o, , are
plotted as functions of 7% and 7'2, with the stated values of 5.
The graphs show clearly that the 7' law more satisfactorily
represents the results at the lower temperatures, but that if
O, 0 i8 to be found by extrapolation from results obtained
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at the higher temperatures only, then the 72 law is the more
reliable; this was very clearly the case with nickel. This is an
important point in measurements with alloys, for, when they
have high Curie points Fallot uses the 7' law, but when they
have low Curie points, say between 100° and 500° C., he uses
the 72 law; when the Curie point is very low he uses the 7'
law and extrapolates from measurements over a somewhat
restricted temperature range; the measurements with alloys
are discussed on p. 252. Fallot found that o, ¢/0«, 253 Was equal
to 1-0196 in the case of iron. In the case of nickel his value for
O, 0/T o, 288 WaS 1:0570.

Image Effects. One of the most important corrections to
be applied to the above measurements arises because of the
existence of magneticimages. The magnetised specimen induces
magnetic charges or images, analogous to those envisaged by
Kelvin in dealing with electrostatic problems, in the pole
tips between which it is placed. For example, if the perme-
ability of the pole tips were infinite then the images would be
equivalent to multiple “optical”” images of the specimen’s
magnetism. Consequently, the deflection of the ballistic
galvanometer is increased because of the additional lines of
force between the specimen and its images. The deflection
still measures the intensity of magnetisation of the specimen,
of course, but the constant of proportionality is changed.
Naturally, the effects produced are the greater the more
permeable or less saturated the pole tips.

The effects were investigated by Weiss and Forrer who
replaced the specimen by a special coil of many turns with the
same volume as the specimen. The coil was wound on a copper
former which was water cooled to enable it to carry a heavy
current. The coil was then equivalent to a magnet and
produced images in the pole tips. On reversing the current a
galvanometer deflection was obtained; in the absence of
image effects this would be independent of the field due to the
electromagnet itself, i.e. of the saturation of the pole tips.
With pole tips of high permeability producing fields up to
6000 oersteds, the correction to be applied for change in the
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factor of proportionality was very small and could be obtained
with some precision with fields between 6000 and 11,000
oersteds, when the factor had to be increased by some few per
cent. For fields above 11,000 oersteds it was large and un-
certain, and with magnetically soft pole tips it is wise to limit
intensity measurements to fields below 10,000 gauss. Allen
and Constant found the image effect to be very large in their
measurements on cobalt. Corrections for residual magnetism
of the specimen producing effects after it has been removed
from the field, and for the paramagnetism of the container
used in Fallot’s experiment, are also to be applied; they are,
however, small compared with the image effect.

Domain Size Effect. An error to which practically no
attention has been paid by any experimenter is bound to arise
when a ferromagnetic contains a relatively small number of
domains much smaller in volume than the average. Experi-
ments on the Barkhausen effect, of. p. 323, by Bozorth and
Dillinger* showed that the discontinuities on the steeper parts
of the ordinary technical hysteresis curve nearly all corre-
spond to reversals of magnetisation in domains about 10-8 to
10-%c.c. in volume and containing about 10'% to 104 atoms
in the ferromagnetic materials examined. However, domains
containing much smaller numbers of atoms must exist.
Stonert first drew attention to some important magnetic
effects which must arise if only a small fraction of a ferro-
magnetic is in the form of domains containing merely some
103 or 104 atoms, for these small domains will act as a trace of
an impurity of extremely high magnetic moment. Stoner’s
argument, on account of the importance of the effect, will now
be given in extenso.

Let oy be the intrinsic specific magnetisation, u,; the
magnetic moment of a domain containing n,; atoms, and o ;-
the apparent intrinsic magnetisation which we measure by
experiment. Let 4 be the atomic weight and N the number of
atoms in 1 gm. atom, then

fqg =00 pAng/N, ... (171)
R. Bozorth and J. Dillinger, Phys. Rev. 34, 772, 1929 and 35, 733, 1930.
E. C. Stoner, Roy. Soc. Phil. Trans. A, 235, 165, 1936.
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whence, for nickel at room temperature we find
Mg =53x10"2n, ... (172)

When n, is large so many orientations of 4, in an applied field
will be possible that the Langevin expression may be used to
calculate the average moment ji; resolved parallel to the field,

ie. Rqltg = cotha’—1/a’, ... (173)
. am
where a’ = (ua/kT) (f+—3-pa f.T) Nf—%f

~39x10~5n,.5¢ /T, ... (174)
. 4 . . . .
since _571 po’ 5, p may be neglected in comparison with 5 in the

present discussion.
When a’ > 1, equation (173) reduces to
7 1
Fa_y_ 1 _%wr (175)

/td a, 0‘_0, s T
where o, ;is the mean specific magnetisation corresponding
to 4, so that from (174) we deduce that

T K T
"= 39 x 1054 d—/’id)>3-9>< 10-35¢° (176)

whence for 7' = 300°K. and 2# = 104, n;>10%. Now, if f,;
represents o', /0, p, then the differential susceptibility due
to the domain size effect is given by

ao'JgT 0'0 Taa
a% %(fda'x T) fd(a 28”

as long as (176) is true. Therefore, from (171) and (176)

fd~0'o, r/a'3,

oo’
8.;; ~ fa0o, v BT [(0g p AngH?)
~ 14X 105, T)(n %), ... (177)
80', 7 5
Hence, for = 10—
714<1-4>< o117 178
fd T, ...... ( )
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which shows that when n, is large f; will be comparatively
small, and the larger domains will make no appreciable con-
tribution to 90’ ;/0#, except for a real increase in the
specific magnetisation, when 5 is large. Taking now the
maximum possible value, namely f; = 1, we find for 7’ = 300°K.
that 00’ /0 must be less than 10-¢if we choose n,; > 107 and
S = 10%; in like manner 00”4 /0 will again be less than
10-¢ if we choose n,;>10° and 5# =10%. On the other hand, if
we take the experimental value of 20’ ,,/0# for nickel at
T = 300°K. and o = 104 to be 1-5 x 105, then the whole of
the differential susceptibility would be accounted for with
fi:=001 and n; = 3 x 103.

Turning then to equation (167), 0, =0y p(1—a/H#),
we see that the domain size effect has an important bearing.
So far, no experiments, with the possible exception of those of
Gerloff, have been carried out with the domain size effect in
mind. Until a method of eliminating this effect has been
worked out, estimations of the way in which the specific
magnetisation of a ferromagnetic varies with the applied field
are bound to be subject to considerable error, although it is
unlikely that extrapolated values of o, ,, obtained by pro-
ducing back the graph of o ;- for high values of 5# to cut the
axis of ordinates, will be seriously incorrect.

Parasitic Magnetism. A kind of anomalous magnetisation
whose origin is not fully understood has been recorded in the
case of certain specimens of nickel and equation (167) of p. 242
has to be replaced by another of the form

GX‘T=Gw,T(l—%+b%) ...... (179)

in which, for ordinary temperatures a = 20, b = 0-2 x 108,
The term b represents a magnetisation, due to some para-
magnetic phenomenon, which is termed parasitic magnetism
(atmantation parasite). Equation (179) can be true only over
limited temperature ranges. The effect is important only when
S > 20,000 oersteds, but Fallot allowed for it in obtaining
0o, o for nickel. When we plot o, , as a function of 1/5#,
equation (179) gives a hyperbola to which equation (167) forms
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an asymptote; hence by drawing the asymptote to the experi-
mental curve of o , 1/ the intercept o, , can be obtained
without serious error. This procedure was also necessary
with all the nickel alloys investigated by Sadron.* Fortunately,
the parasitic magnetisation decreases rapidly with tempera-
ture (yet it is supposed to be of paramagnetic origin!), and
hence extrapolation to o , effectively takes account of the
whole ferromagnetic moment of the specimen. In view, how-
ever, of the difficulty with which many alloys can be saturated,
it is unwise to attach too much importance to the phenomenon
at present.

Ferromagnetic Gadolinium. Metallic gadolinium has recently
been isolatedf from its chloride, some 0-12 gm. with an im-
purity, mainly silicon, of 0-73 per cent being available. The
ferromagnetic Curie point of this specimen has been found
to be 16° C. Its specific magnetisation obeys equation (167)
with a value of a greater than 1250, a value 200 times as great
as that for iron. Yet in spite of its great magnetic hardness,
gadolinium exhibits a greater specific magnetisation than iron
in high fields. It also obeys equation (169), p. 242, the value of
O, being 253-5e.m. units per gm.; hence its mean atomic
moment is 3-2 times as great as that of iron. The differences
between the gadolinium o, ,, .# curves and those of other
pure ferromagnetics are considerable and will, no doubt,
receive further consideration. Between 90° and 360° C. it
follows a Curie-Weiss law with 6 = 29-5° C.

Experiments with Ferromagnetic Alloys. Experiments on
the saturation of alloys at absolute zero may be considered as
attempts to answer two questions, viz., whether the internal
field in a ferromagnetic acts upon an atom of another metal
dissolved in it in such a way that it exhibits a magnetic
moment characteristic of the dissolved atom, and whether
the atomic moment of a ferromagnetic is in any way affected
by the presence of foreign atoms dissolved in it.

* C. Sadron, Theése, Strasbourg, 1932.
1 F. Trombe, Compt. Rend. 200, 459, 1935; 201, 656, 1935.
1 G. Urbain, P. Weiss and F. Trombe, Compt. Rend. 200, 2132, 1935.
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The first question was tackled by Sadron* and the second by
Fallot, using the methods already described. Sadron first found
the mean atomic moment of an element dissolved in either
nickel or cobalt, for series of elements in the same column of
the periodic table, using the 7% law of approach to saturation.
Thus he found the mean atomic moments for a series of alloys
of different concentrations of chromium, molybdenum and
tungsten dissolved in nickel; his results for the chromium

© Atomic Moments

& Curie Ponts

N

\\- 200

N

Atomic moment 1n up

[} 5% 10% 15% Cr

Fig. 71. Results with nickel-chromium alloys.

alloys are shown in Fig. 71. By producing the line 4 B until
it cut the ordinate at a concentration of 100 per cent chromium
he deduced that the chromium atom in this state possessed an
atomic moment of — (3-8 +0-14) Bohr magnetons. In like
manner he deduced that molybdenum and tungsten possessed
+ 3-8 Bohr magnetons within the limits of experimental error.
Again, copper dissolved in nickel, and gold in cobalt, as if
both non-ferromagnetic atoms possessed 0-4 Bohr magnetons;
silicon dissolved in cobalt and tin in nickel with 3-6; vanadium
and antimony in nickel with 4-6 and 4-9 respectively, values
which were considered equal within the limits of experimental
error. The case of manganese was interesting, for it dissolved
in cobalt with a negative moment of — 3 magnetons, in nickel

* (. Sadron, Ann. de Phys. 17, 371, 1932; Thése, Strasbourg, 1932.
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with + 3, and, apparently, in iron with +0-2. The positive
and negative signs attached to the moments of chromium and
manganese were taken to show that these atoms set either
parallel or antiparallel to the atomic field in the ferromagnetic.
From these and other results was deduced the rule that the
atomic moments of metals, in the same column of the periodic
table, are equal when dissolved in nickel and cobalt.

Sadron also investigated the behaviour of dissolved elements
belonging to the same horizontal row of the periodic table as
nickel and cobalt, and his results are shown in Fig. 72, from

& Fe” & Mn @ Moments of Metais
: hN; S © Moments of lons

5 ‘pCoco
A Cr %L
IR N -
I P e e
I',’, /4 \Ql »\‘\‘\

SN Yoy

2Lt e
oV 4 \\
Zn/ \Q

o Deduced

Atomic moment in pg

\Nl
I
21

g 20 21 22 23 24 25 26 27
Atomic number

Fig. 72. Sadron’s results for atomic moments of metals
dissolved in Co and Ni.

which it is seen that the atomic moments of the dissolved
metals vary from element to element in a manner very similar
to that in which the moments of the corresponding ions in
aqueous solutions vary. The four results shown by the dots
were deduced on the basis of the first rule. In discussing the
validity of these rules it must be pointed out that the necessary
extrapolations are often made with very dilute solutions of the
metals, and it is easy to show that the smaller the concentra-
tion the greater is the uncertainty in the calculated value of
the atomic moment.

Now,iron wasfound unsuitable asasolvent metalin Sadron’s
work, but it was used by Fallot in his examination of the second
question. He measured the values of o, , for a series of iron
alloys, using the 72 or T law according to the Curie point
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found for the alloy. The mean atomic moments for a series of
silicon-iron alloys are shown in Fig. 73, together with their
Curie points. When the line 4B is produced, it cuts the
ordinate at 100 per cent silicon at zero atomic moment, thus
showing that silicon combines with iron in the range 0 to 6
atoms per cent as if it possessed zero magnetic moment. Now,
from the more rapid slopes of the portions BC, CD, etc. of the
graph, it appears that the silicon atom possesses the property
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Fig. 73. Results with silicon-iron alloys. (Fallot.)

of reducing the magnetic effect of the iron atom in these
alloys. Similar statements hold for aluminium and chromium,
whereas gold and tin appear to increase the magnetic effect of
the iron atom. Fallot considers that superstructures, such as
Fe,Si, Fe,Si and Fe,;Si, occurring respectively at D, C' and B,
are easily made manifest on the curve of the ferromagnetic
Curie point 6, plotted against concentration, which is also
shown in the figure. (u is expressed in Weiss magnetons.)

Mott’s Explanation of the Magnetic Properties of Alloys.
The above results on alloys have recently been explained by
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Mott* on the basis of a simple model in which is postulated a
band of energy states corresponding to the 3d and another
band corresponding to the 4s states of the atom. In the nickel
atom these bands overlap so that there may be p electrons per
atom in the s band and p gaps in the d band, where p is about
0-6 per atom. For cobalt and iron p is 0-7 and 0-2 respectively.
Mott considers that the maximum binding energy is obtained
in these alloys when the number of electrons in the 4s band
is likewise about 0-6 per atom, and that if extra electrons
are introduced by the addition of an atom of copper, zinc,
aluminium or tin they must go into the 3d band as long as there
is room for them. Here they can only take up states with spins
oppositely directed to the direction of magnetisation, pro-
ducing a diminution of the magnetic moment by 1, 2, 3 or 4
Bohr magnetons for the above metals respectively, in complete
agreement with Sadron’s results and some early work of Alder
on copper-nickel alloys. Now, since the manganese atom has
three less electrons than nickel, the addition of a manganese
atom will decrease the number of electrons in the 3d band by
3 and so produce an increase of 3 magnetons in the magnetic
moment. No explanation can however be given for the
decrease found with cobalt, but the experimental results are
meagre and it is not certain that the alloy specimens so far used
have been solid solutions. Again, no change in the saturation
moment occurs when palladium is added to nickel, pre-
sumably because both atoms have about 0-6 electron per atom
in the s band.

Determination of Curie Points. The term Curie point is
frequently not sufficiently precise,t and in practice we dis-
tinguish between the ferromagnetic Curie point, 6;, and the
paramagnetic Curie point, 0, of a substance; there is also
some evidence that another temperature, ¢,, the temperature
at which the coercive force of a ferromagnetic becomes zero,
may be of importance; but it is not yet proven whether ¢ and
6,do or do not coincide. The ferromagnetic Curie point is that

* N. F. Mott, Phys. Soc. Proc. 47, 571, 1935.

t Cf. R. Forrer, Journ. de Phys. 1, 49, 1930 and L. F. Bates, Phys. Soc. Proc.
43, 87, 1931.
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temperature at which the substance loses its spontaneous
magnetisation or more precisely the point where the of 5, T
curve cuts the temperature axis, while the paramagnetic Curie
pomt is the temperature, or parameter, which occurs in the
Curie-Weiss equation representing the behaviour of the
substance at temperatures well above 0,; there is generally a
difference of some 10° or 15° C. between the two points. 6 is of
course determined from susceptibility-temperature measure-
ments of the kind described in Chapter 111. The same apparatus,
though in rather less sensitive form, may be used for the
determination of ¢,, of which a knowledge is most important,
as we have already seen. Thus Sadron, in his experiments on
ferromagnetic alloys, employed the translation balance devised
by Féex and Forrer with a non-uniform but feeble field of about
50 oersteds, obtaining the values of ¢, with an accuracy of about
+4°C.; the mean of the temperatures at which the ferro-
magnetism disappeared and reappeared was taken as the
correct value of 6,.

In computing 6 it must be assumed that the graph of 1/y
against 7' is linear. This is usually not the case unless 7'>0,.
For example, the graph for nickel is concave towards the 1/y
axis below 500° C., but is linear between 500 and 850° C.,
giving 0=377, according to Sucksmith and Pearce*. These
workers also found that iron 99-97 per cent pure, to which a
little vanadium had been added to inhibit the formation of
a y phase between 920 and 1390° C., gave a linear graph above
900° C. with 6=2828°C. Cobalt 99-8 per cent pure gave a
linear graph over the range 1230 to 1450° C. with 6 lying be-
tween 1130 and 1155° C. according to the degree of annealing
to which the specimen had been exposed. The relevant values
of u calculated for iron, nickel and cobalt from the slopes of
these linear graphs were 3-15, 1-61 and 3-15 ;. These mag-
neton numbers are considerably greater than those found in
low temperature measurements and shown in Table XV, but
the discrepancy has been neatly explained by Stoner* on the

* W. Sucksmith and R. R. Pearce, Nature, 140, 970, 1937.
1 E. C. Stoner, Roy. Soc. Proc. A, 165, 372, 1938; and Leeds Philos. Soc. Proc.
3, 457, 1938.
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basis of a collective electron treatment of ferromagnetism
using Fermi-Dirac statistics.

In general, the remanent magnetism possessed by a ferro-
magnetic which has been placed in a strong field is sufficient
to give satisfactory deflections of a sensitive astatic magneto-
meter system. The specimen can then be placed inside a copper
block furnace heated by alternating current. The sudden
changes in the magnetometer deflection when the temperature
of the specimen is in the neighbourhood of ¢, are sufficient to
enable the point to be fixed within 2° to 5° C. Ochsenfeld* used
such an arrangement in his study of ferromagnetic alloys of
chromium and tellurium and of compounds of manganese and
nitrogen, and Forrert used it in a study of the magnetic
properties of specially treated nickel wires. The method has
the disadvantage that only the temperature at which the
magnetism disappears can be recorded, for, in the absence of a
magnetic field, permanent magnetism does not reappear until
the temperature has fallen well below ¢, in many cases. An
astatic magnetometer is essential, as the measurements are
usually made in institutions where electromagnets are likely to
be in continual operation. It is, however, desirable to bear in
mind that remanence is not necessarily to be associated with
spontaneous magnetism, for a single crystal exhibits very little,
and the last method may not be reliable. Its reliability must
also come into question when the Curie point is so high that
thermal diffusion occurs.

Bates, Gibbs and Reddi Pantulu} have described a simple
oscillation method which gives results correct to + 2°C. The
specimen is fixed in an evacuated pyrex tube and suspended
with its axis horizontal from a glass fibre attached to a fine
phosphor bronze suspension, and allowed to oscillate in a field
of some 120 oersteds. The period ¢ is obtained for a series of
different temperatures, and as 1/t is almost directly pro-
portional to the magnetic moment of the specimen, marked
changes in 1/t? occur at 0,.

* R. Ochsenfeld, Ann. der Phys. 12, 353, 1932.

1 R. Forrer, Journ. de Phys. 10, 251, 1929. See also Chapter x, p. 324.

t L. F. Bates, R. E. Gibbs and D. Reddi Pantulu, Phys. Soc. Proc. 48, 663,
1936.
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With many alloys the ferromagnetism falls very rapidly at
first but “tails off” before it completely disappears. This
behaviour, see p. 279, is far more general than is commonly
believed, even in the case of pure metals. The value of 6, is
then computed by producing the rapidly descending portion
of the curve of magnetisation with temperature to cut the
temperature axis; in fact, the procedure followed is like that
used in finding the range of a group of a-particles in air.

All alloys used in magnetic work should be produced by
fusing the necessary constituents together in wacuo in an
induction furnace,* when, because of the convection currents
set up in the molten material, the preparations are usually
homogeneous. Anexamination of the 6, of any alloy provides a
fairly conclusive test of its homogeneity, for the presence of
foreign or uncombined constituents is characterised by the
occurrence of more than one 0, for a specimen. Alloys should
always be sealed in an evacuated tube and annealed for some
hours in an ordinary furnace.

Magnetisation at High Temperatures. The experiments we
have so far considered have given information concerning the
behaviour of oy , in low temperature ranges, from 20° to
about 300°K., and we must now discuss measurements at
higher temperatures where 7' approaches 6,. Such experiments
have only been made with the elements iron and nickel.
Weiss and Forrert measured the intensity of magnetisation of a
nickel sphere by the ballistic method, but instead of displacing
it laterally from the gap of an electromagnet, they pulled the
specimen and the furnace containing it through a hole into one
of the pole pieces. Their apparatus is shown diagrammatically
in Fig. 74. The magnet had large truncated pole tips pierced
axially with holes 15 cm. in diameter. Yet, with a gap
2-5cm. wide it was considered that the field over the whole
region occupied by the nickel sphere was uniform to within
1 or 2 per cent.

The sphere Ni was heated in an electric furnace of special-

* See G.E.C. Journ. 7, No. 2, 1936.

t P. Weiss and R. Forrer, Ann. de Phys. 5, 153, 1926. Sec also W. W, Stifler,
Phys. Rev. 33, 268, 1911.
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design, made of meerschaum, wound with a non-inductive
spiral of platinum wire, and water-jacketed. The brass tubes L
and L’ carried the heating current and through L’ emerged the
insulated wires of the thermocouple of which one junction was
formed by forcing a silver and a constantan wire into conical
holes in the nickel and soldering them in position. The whole
furnace was pulled to the right by a cord attached to L’ when
it was desired to remove the specimen from the gap, and was
restored to its normal position by a spring.
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Fig. 74. Weiss and Forrer’s apparatus for high temperature
measurements.

The intensity of magnetiéation was measured at different
field strengths with the induction coils B and B’ arranged as
described on p. 243, the sensitivity of the ballistic galvano-
meter being varied over a wide range to permit accurate
measurements as the magnetisation became progressively
smaller at high temperatures. The relative accuracy of the
measurements was about 1 part in 1000, but the absolute
values might be wrong by as much as 1 per cent, owing to
differences in the purity and thermal history of the specimens.

As the nickel specimen was not truly spherical the de-
magnetisation factor was found experimentally, using the
knowledge that for very weak intensities of magnetisation
the field inside the specimen was zero. With a pure specimen
the uncorrected I, # curve was a straight line even up to
half saturation values of I, and its slope was equal to the
demagnetisation factor. Corrections were applied for the
magnetic properties of the furnace and the image effect.

In this way Weiss and Forrer determined the isotherms of
nickel, i.e. the o, ;,.# curves for a series of known tempera-
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tures between 20° and 630-4° C. Some of these isotherms are
given in Fig. 75. There is no question of hysteresis effects in
these experiments, for hysteresis phenomena are confined to
such small field values that the hysteresis curves would
practically coincide with the axis of ordinates. At the lower
temperatures it is seen that o, 5 increases proportionally to
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Fig. 75. O, 7, # curves for nickel. (Weiss and Forrer.)

the field when the latter is strong. The curves show how
difficult it is to determine the values of o, ,» with any certainty
at temperatures in the neighbourhood of the Curie point, or,
indeed, to discover from them the value of 6, with an accuracy
greater than 2°C. It may be argued that the isotherm at
346-90° C. shows the existence of spontaneous magnetisation
as measured by extrapolation along the dotted line, while
that at 356-27° C., being continuously curved, exhibits very
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much less, but this distinction is not sufficiently definite and
really depends on preconceived ideas as to how o, ;- ought to
vary with 5. In fact, we conclude that the determination of
oo r from o, ; curves is unreliable at temperatures much
higher than 0-96,, and we shall see in the next chapter how
reliable values can be obtained. As Weiss and Forrer showed,

=k
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Fig. 76. Potter’s apparatus for measuring 0 .

a series of S, T curves for constant magnetisation can be ob-
tained from the isothermals of Fig. 75, and, by extrapolation
the temperature at which o , has a specified value can be
found ; this no doubt provides more reliable o, ., 7' data.

Potter’s Experiments. The method of Weiss and Forrer
could hardly be used with iron on account of the increased
size of the furnace which would be necessitated by the high
6,, but Potter has measured the o, 5 curves for iron by an
ingenious adaptation of the principle of the Kapitza and
Webster method of measuring susceptibilities, p. 108, and the
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use of a Sucksmith ring balance. The experimental arrange-
ments are shown in Figs. 76 and 77. The iron sphere 4 was
mounted in a tube 7" inside a non-magnetic furnace between
the plane pole tips of the electromagnet so that it distorted
what would otherwise be a very uniform magnetic field. A
coil B of about 150 turns was wound in three layers on an
ivory former and suspended by a quartz tube 7' from a
Sucksmith ring balance. B was placed with its axis strictly
parallel to the field, and when a current passed through it, the
force of attraction or repulsion between 4 and B was a direct
measure of the magnetic moment of the former. The force was

To pump

f
55\/\ I } i (A) T
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Fig. 77. Method of holding specimen in position. (Potter.)

measured by the displacement of an image in the tele-
microscope M when the current in B was reversed, the
sensitivity being determined by the current in B and the
distance between 4 and B. Lateral motion of B relative to the
case C was prevented by the two flat phosphor bronze springs
S, and S, mounted so that they turned in opposite directions.
The axis of B was carefully set by lateral and vertical motion of
C and by turning C about a vertical axis in the cone bearing D,
for, unless the axis of B was strictly parallel to the field a
torque was produced resulting in a big downward displacement
of B.

The method of holding 4 rigidly in position is shown in
Fig. 77. The sphere was mounted by a tiny set-screw §; on a
tapered tungsten pin sealed into the quartz tube ¢. The latter
was mounted rigidly in the head of the ground-quartz joint,
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and it was curved as shown, with its end resting on two pro-
jections of which one is shown, so that the sphere was rigidly
clamped against the tube 7". A 40 per cent palladium in gold
—10 per cent rhodium in platinum thermojunction was
inserted into the sphere.

Allowance was made for the pull of the field upon B, for it
was impossible to make the field absolutely homogeneous;
there was, however, little doubt about the accuracy of the
correction. Allowance was also made for magnetic effects
produced by the furnace, and for image effects. The Weiss
and Forrer coil method was found inaccurate with Potter’s
apparatus, and the sphere was therefore replaced by an iron
single crystal whose magnetisation showed an increase of
about 0-5 per cent as the field rose from 7000 to 12,800
oersteds. Now, single crystals saturate in effective fields of a
few hundred oersteds, hence the above increase could safely be
attributed to the image effect and the corresponding correction
applied to the results. The demagnetising field was taken to
be 47m1/3, the absolute value of I being obtained on the
assumption that I, ,9 was 1705 c.g.s. units per c.c.

The values of ¢, , obtained from these experiments were
not directly used for the extrapolation of oy r by plotting
0, 7 against #, although they are probably more reliable for
the purpose than others so used. Their use will be fully dis-
cussed in the next chapter.

Discussion of Results. Itis convenient here to deal with the
dataforo, ;/o, obtained by the experiments so fardescribed,
but restricting our discussion to temperatures below 0-96,.
Tyler* has analysed the data, obtained by Weiss and Forrer
for nickel, by Curiet for iron and by Bloch] for cobalt, and
the values are shown plotted in Fig. 78. The data for iron and
cobalt certainly require revision, although they are sufficiently
accurate for our present purposes; Hegg’s§ values for iron lie
above those plotted in the figure and Allen and Constant’s
values for cobalt lie below.

* F. Tyler, Phil. Mag. 11, 596, 1931.

+ P. Curie, Ann. de Phys. and Chem. 5, 289, 1895.
1 0. Bloch, Thése, Ziirich, 1912.

§ T. Hegg, Thése, Ziirich, 1910.
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In the figure curves (1), (2) and (3) respectively represent the
theoretical variation of o /0, o With T'/6, on the classical
Langevin theory, and on the quantum theory of p. 237 with
J = land J = }. Ignoring the data near 7'/6, = 1, we see that
the curve for J = } fits the facts far better than the curve for
J = 1, and as the curves for J = 2, 3, etc. would lie between
curves (1) and (2), we could not expect better agreement
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Fig. 78. Intrinsic magnetisation curves: (1) Classical curve (Langevin);
(2) Quantum curve, J=1; (3) Quantum curve, J=4. ©® ©@ @ iron,
x x x cobalt, A A A nickel. (§=86;, theorctically.)

between experiment and the present quantum theory. We
conclude then that each magnetic carrier has a moment of
15, which we attribute to spin. In order to avoid confusion
it is necessary to note that in many works the ordinates of
Fig. 78 are labelled 0, 1/0w, ¢, 0, 7 being defined by equation
(167). In these pages o, ;- denotes the intrinsic magnetisation
of a Weiss domain in the absence of an applied field. Of course,
0, p does not differ from o , at low temperatures, but in
view of experiments on the magnetocaloric effect it is de-
sirable to distinguish between them at higher temperatures.
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TABLE XV
Satura-
Atomic T w,0 tion o, 6
Metal weight | e units | 44omic °C. °C.
Per gm. | moment
Fe 55-84 221-8 2:221 770 828*
Co 58-97 163-9 1-716 1115 1138
Ni 58-68 57-6 0-606 358 376
Gd 157-30 253-5 7-10 16-0 29-5

* Value obtained by Sucksmith and Pearce.

Turning to the above table, in which are collected data of
the values of o, , for the ferromagnetic elements, we see that
each iron atom supplies 2-2 carriers on the average, while the
gadolinium atom supplies over 7, and so on; we must therefore
conclude that the electron spins in neighbouring atoms align
themselves in a strong magnetic field independently of their
neighbours. It is interesting that no metal atom possesses a
whole number of Bohr magnetons.

This feature has been diseussed by Mott* and Slatert, who
explain it by reference to the number of vacant places in
the 3d shells of electrons. In the ferromagnetic metals the
energy bands of the 3d and 4s electrons overlap. Now, the 4s
electrons are mainly responsible for the binding and lattice
spacing in the metal crystals and for the electrical conduc-
tivity, while the 3d electrons are responsible for ferro-
magnetism. In general, there is on the average a fractional
number of electrons in each band. For example, in the case of
nickel, 10 electrons may be distributed among them, and we
find, on the average, that 9-4 electrons are in the 3d band and
0-6 in the 4s band. Cobalt has 9 available electrons, 8-3 going
to the 3d band and 0-7 to the 4s. Iron with 8 available
electrons supplies 7-5 to the 3d and 0-5 to the 4s, the division
being in all cases approximate only.

Now, if the 3d band contained a full complement of
10 electrons, then 5 would have their spins parallel and 5 anti-

* N. F. Mott, Phys. Soc. Proc. 47, 571, 1935; N. F. Mott and H. Jones,
Properties of Metals and Alloys, 222, 1936.
1 J. C. Slater, Journ. of Applied Phys. 8, 385, 1937.
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parallel to an applied field. In the partially filled band we may
still have 5 spins set parallel to the field when saturation is
attained, but the remainder must set antiparallel. Thus the
nickel atom gives us a net parallel spin of 5 —4-4 = 0-6, cobalt
gives 5—3-3 = 17, and iron gives 5— 25 = 2-5. We may
further explain the behaviour of iron-cobalt alloys, where the
combination results in the average number of electrons per
atom of iron or cobalt lying between 7-3 and 8-3, the exact
value depending on the composition. Infact Slater, by plotting
the saturation magnetic moment against the average number
of vacant spaces in the 3d shells, shows that the values for
Ni-Cu, Ni-Zn, Ni-Co, Fe-Ni, Fe-Co, Fe-V and Fe-Cr alloys
lie on a smooth curve, supporting the general rule that the
saturation atomic moment is very nearly equal to the number
of empty spaces in the 3d shell.
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CHAPTER IX

ENERGY CHANGES ASSOCIATED WITH
REVERSIBLE MAGNETISATION

The Specific Heat of a Ferromagnetic. We have seen that
the Weiss theory postulates the existence of a molecular field
of magnitude vpo inside a ferromagnetic. Consequently, the
magnetic energy associated with 1 c.c. of the material is

I - 2
—J‘ Fdl = -—J pva'(pda—) = _p2f)g_ ,
0 0 2

. . . vo?
or the energy associated with lgm. is — p 5, oOr, more

precisely ~l—)2l—) o3 7 at a temperature 7'° absolute and in the

absence of an external field. The minus sign merely indicates
that we have to supply heat in order to destroy the intrinsic
magnetisation; in other words, the specific heat of a ferro-
magnetic is greater than that which would be exhibited by a
normal metal under the same physical conditions. Hence the
specific heat of a ferromagnetic may be written
2
Cp= Cpt Oy = on-%@%d, ...... (150)

where C,, is the specific heat of a normal metal at the same
temperature 7', and J is the mechanical equivalent of heat.
The last term in equation (180) is negative because o, n
decreases with rise in temperature. Moreover, since o, p
changes very rapidly in the neighbourhood of the ferromag-
netic Curie point, the last term in equation (180) practically
vanishes above 6,. According to the simple Weiss theory, then,
C, should rise to a sharp maximum at ¢,, and a sudden drop
in C, should occur as the temperature rises above ;. If, how-
ever, we suppose that oy ,» does not fall sharply to zero at ¢,
but ‘“tails off”’, then C, will rise to a maximum at the tem-
perature where do} ,/dT is a maximum, a temperature which
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is sometimes termed the ferromagnetic critical point,* and there
will not be such a marked discontinuity in the specific heat.
The investigation of equation (180) requires the simultaneous
measurement of the specific heat and oy ; of the same specimen
at many temperatures over a wide range. The early experi-
ments of Weiss and his collaborators were made by the
method of mixtures, using a platinum coated iron cylinder.
The method was unsuitable for a proper test, for it gave only
average values of the specific heat over large temperature
intervals, and did not permit magnetic and thermal data to be
obtained at the same time.

Electrical methods, which give the differential specific heat,
i.e. the average value of C, over a very restricted temperature
interval, have therefore been used by later workers. Thus,
Sucksmith and Potter{ used a nickel cylinder of which the
middle portion was removed and replaced by a plug of the same
sample. The plug had a screw thread in which a double-silk
covered platinum wire was non-inductively wbund and
cemented, and the system formed a kind of Nernst calorimeter,
the platinum being used both for supplying heat and for
measuring the temperature of the specimen. The cylinder
was suspended within an evacuated vessel surrounded by a
furnace, mounted inside a solenoid provided with a secondary
coil. The furnace and its contents were maintained at a steady
temperature for some time, after which a known quantity of
electrical energy was quickly supplied to the platinum wire.
The rise in temperature of the cylinder was measured, correc-
tion being made for the temperature lag in the wire. The
value of o, ,, was found by ballistic measurement with the
solenoid.

Klinkhardtf employed a novel electron bombardment
method for measuring the specific heat of iron at temperatures
between 100° and 1000° C. Bates§ devised an electrical method
for dealing with the specific heats of powdered ferromagnetics

* L. F. Bates, Phys. Soc. Proc. 42, 441, 1930.

1t W. Sucksmith and H. H. Potter, Roy. Soc. Proc. A, 112, 157, 1926.

1 H. Klinkhardt, Ann. der Phys. 84, 167, 1927.

§ L. F. Bates, Roy. Soc. Proc. A, 112, 157, 1926, and B. G. Whitmore, Phil.
Mag. 7, 125, 1929.
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with low Curie points; this was used with manganese arsenide,
MnAs, which has a ferromagnetic critical point at 42-2°C.,
and whose specific heat rises from about 0-1 cal. per gm. per
deg. C. at 25° C. to a maximum of nearly 0-9 at 42-2° C., where-
upon it falls almost to 0-1 again at about 45°C. There is no
doubt that the maximum value of C; occurs when do§ 7/dT is
a maximum.

Pure nickel spécimens in rods or wires
some 2mm. in diameter were used by
Lapp* and by Grew,{ the latter using
metal 99-97 per cent pure. Grew followed
Lapp’s experimental arrangements fairly
closely, except that he measured both the
current supplied and the resistance of the
nickel, while Lapp used a special type of
wattmeter to measure the electrical energy
supplied. Grew’s arrangement is shown in
Fig. 79, the nickel being mounted in an
evacuated pyrex tube, and the electrical
energy being supplied through the leads
L, L'. The leads R, R’, which were of the
same material as the specimen, enabled
the resistance of the portion between r
and 7’ to be measured, while the tempera-
ture was measured by a thermocouple
spot welded at a. The pyrex tube was
enclosed in a furnace and the specific
heat at cnosen temperatures found as
described above. The results obtained for v
pure nickel are shown in Fig. 80 and
include those of Rodebush and Michaleck.} Fig.79. Grew’sapparatus
Magnetic data were in all cases obtained forspeafic heat of mekel.
from separate experiments.

In a theoretical discussion it is convenient to regard the
observed specific heat as made up of several terms, viz.

* Mme. Lapp, Ann. de Phys. 12, 455, 1929.

+ K. E. Grew, Roy. Soc. Proc. A, 145, 509, 1934.

1 W.H. Rodebush and J. C. Michaleck, Journ. Amer. Chem. Soc. 47, 2117,
1925,
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Observed Specific Heat = C,+ (C),— C,) + C,+ C,, where C, is
the specific heat at constant volume of a normal metal given
by the Debye theory, C, represents the excess of the experi-
mental value for a normal metal like copper over the Debye
value, €}, — C, is the correction for thermal expansion and may
be important near 0,, and finally C, includes all the effects
associated with ferromagnetism and any not separately
mentioned in this analysis. A single determination of the
specific heat at liquid-air temperatures gives the data for the
calculation of C, at that temperature, due allowance being
made for the small magnetic and expansion contributions
here. Hence the Debye characteristic temperature 6, for the
metal is known, and as C, is a known function of 7'/¢,, it can
readily be calculated for any value of 7. We also have

T o2
Jpy’
where a and y are the coefficients of cubical expansion and
isothermal compressibility respectively. The quantity C, is
taken to be the same for nickel as for copper. Finally, the

(Op_ Cv) =

quantity C; = — %vp‘z

2
Z;T can be calculated, vp being found
from measurements in the paramagnetic state which give
6 = C|/pv, where C is the Curie constant; it is assumed that vp
is the same above and below 6.

In Fig. 80 the curve () represents the obrcerved specific
heat less (C,+ C,,— C,+ C,), while O] represents - }pv igi—,z
There is obviously a difference between (', and C; which is of
unknown origin. Moreover, the changes in specific heat are
spread over a wider range of temperature around ¢, than the
Weiss theory predicts, a feature confirmed by Ahrens,* who
measured the differential specific heat of nickel by a comparison
method. The differences between the results of the several
experimenters are in part, and, perhaps, wholly due to
differences in purity and mechanical treatment, for Grew

* E. Ahrens, Ann. der Phys. 21, 169, 1934. See also C. Sykes and H. Wilkinson,
Proc. Phys. Soc. 50, 834, 1938.
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found that by adding copper to nickel ¢, is lowered, while the
magnitude of the specific heat changes is reduced and they are
extended over a wider temperature range. Zuithoff* con-
siders that some irregularities in the specific heat of pure iron
arise from the presence of occluded hydrogen.

0-17

0-15
Cy
0-13

0-09 0-04

1#’,‘ )
0-07 / : 0-02
0-05 i - 0
00

-100 0 100 200 300 400 500
Temperature, “C

-2

Fig. 80. Specific heat curves for pure nickel. Cgy, —O— Grew’s values of specific
heat; — x— Lapp’s values; —¥ — Rodebush and Michaleck’s values.
C, excess specific heat; 'y magnetic specific heat.

The Magnetocaloric Effect. We have seen in the previous
chapter that we cannot obtain accurate values of o , from
the curves of o, 5 against # when T is close to 0,, and we
shall now discuss experiments which enable us to obtain them.
Let us suppose that a nickel sphere is suddenly introduced
into a strong magnetic field, e.g. by the method of Weiss and
Forrer described on p. 260, then the magnetisation of the
sphere is increased. We shall neglect all hysteresis phenomena
and consider solely the strictly reversible change in the
magnetisation of the domains or true magnetisation of the
nickel. An increase in this magnetisation means that the
potential energy associated with the ferromagnetic domains is

* A, J. Zuithoff, K. Akad. Amster. Proc. 41, 264, 1938.
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decreased, and, if the energy thus set free cannot leave the
sphere, a rise in temperature of the nickel must result. In like
manner, if we suddenly remove the sphere from a strong
magnetic field an adiabatic fall in temperature must result.
This phenomenon is known as the magnetocaloric effect, and it
is not apparent in the weak fields which are used for the
investigation of hysteresis phenomena.

It is often helpful in all thermodynamical discussions in
magnetism to consider #° analogous to P and o to V in the more
familiar theory. We may calculate the observed changes in
temperature as follows: Let U be the internal energy and §
the entropy of 1gm. of a ferromagnetic at a temperature 7,
and let o , be the real or true specific magnetisation in an
applied field .#"; then, if dU is the change in internal energy,
dQ is the quantity of heat absorbed, and dW the magnetic
work done on the substance,

dU = JdQ+dW = TdS+H do 4 .
Hence,

AU — (K A0 g+ g g dH)
— d(U—H Oy ) = TAS— 0 pdH.

But d(U —# o 1) is an exact differential, and, therefore,

oT\ _ 00 s,
(1) - () s

Now, (88) 5 = JC, 0T /T, where C is the specific heat of
the substance in a field %, and C,, AT is the heat supplied in
establishing a field #°. Finally, onsubstituting the above value
for 28 in (181) we have, treating small finite changes, and
assuming C, constant,

T (00, p\AH
AT—_’O—;( aT )T- ...... (182)
When A3 is positive, AT is also positive, since 00, 7/07 is

negative.
We may, however, proceed in a different way, writing

JdQ =dU—-dW = (JCUdT—fidO'f,T)-—e%”da'x’T,
BMM 273 18
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where C,, is the specific heat of the substance when the magneti-
sation is constant, 5#] is the internal field and J# the applied
or external field. We may even look upon the last equation as
a definition of #;. On the Weiss theory, ] = vpo, 1, s0

that
JdQ = JOUdT—(%/‘l"Vpo-#'T)dO’x‘j ........ (183)
For an adiabatic change, d@ = 0, and

.92’+V o
Jg Tl dry pe e (184)

d

Equation (184) can be integrated if vp is independent of both
temperature and magnetisation. This is the assumption made
in the Weiss theory, and it is inadequate without experimental
proof. On the Heisenberg theory vp depends both on tempera-
ture and magnetisation, but experiment also shows the
Heisenberg factor, p. 241, to be inadequate.

On the Weiss assumption, then, we write.

AT = 2J0 (0% =08 1) e (185)

where C is now expressed in cal. per gm. per deg. and S has
been neglected in comparison with the much greater internal
field. Equation (185) should therefore be valid at temperatures
below or even slightly above 0,. At temperatures well above 0,
we have 0, , = 3, and if y is independent of /7, on inte-
gration equation (185) becomes

AT = (vp+ 1/y) 221 _ A%

2J0 SiGe (186)

where the constant A varies with 7' since y decreases with rise
in T.

Equation (185) may be obtained by a simple argument. Let
the curves (1) and (2) of Fig. 81a respectively represent the
variation of o, and of 0, 5 for a known value of 5, with
temperature. Let a specimen be initially in the state repre-
sented by the point 4 on curve (1) and let the field # be
switched on so that the temperature rises to that of B on
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curve (2). As magnetocaloric changes are reversible we must
get the same result if we proceed from 4 to B via C, i.e. if we
first increase the temperature while keeping the magnetisation
constant until C'is reached and then increase the magnetisation
while keeping the temperature constant from C' to B.
Neglecting the work done by the external field and assuming
an adiabatic change from A to B, we have

JAQ = 0 = work done in going from 4 to C+ work done in
going from C to B = JC, AT —4pv(c%, r—03 1)

AT| T Constant

()

0-37 T 0-?,7(',7‘
(a) ()

Fig. 81. Magnetocaloric phenomena.

Hence, on rearranging the terms we have equation (185). We
see, then, that on plotting A7 againsto?, , fora chosen value of
T we must obtain a straight line such as (1) in Fig. 815, whose
intercept on the magnetisation axis gives o3 . In practice,
however, we find graphs with “flat feet”’, indicated by the
dotted line, the reasons for which we shall discuss later.

It follows that we may carry out two sets of experiments.
First, we may place a ferromagnetic substance in a strong
magnetic field and verify equation (182). Secondly, we may
measure the changes in temperature corresponding to the
establishment of measured values of 0 , and find vp graphic-
ally by using equation (185).

Experimental Investigation of the Magnetocaloric E ffect.
Equation (182) has been confirmed with nickel by Weiss and
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Forrer,* and with iron by Potter.t Weiss and Forrer used the
apparatus described on p. 260. A galvanometer in the thermo-
couple circuit was initially balanced on a potentiometer and
its deflection was observed when the furnace containing the
nickel was pulled aside into a pole piece; this deflection was
a measure of the adiabatic change in temperature. Rapid
determinations were made by using a critically damped
galvanometer of short period. The way in which 47 for a series
of known fields 4.#° depends upon the temperature is shown
in Fig. 82.

ca2”
el e k
0 e

o 100 200 300 400 500

c

Fig. 82. Magnetocaloric effect in nickel.

Potter used the apparatus described on p. 262 with similar
galvanometer arrangements for measuring the changes in
temperature of the specimen, except that, as the field had to
be switched on and off, a galvanometer of somewhat longer
period was needed. By taking readings both when the field
is switched on and switched off, eddy current effects may be
eliminated, although these are small in any case. For, on
exciting the field we observe +A47, = +47T +A47T,, and on
switching off we observe —AT, = — AT +A7T,. Thus a series
of values of A7 for known changes A" can be obtained at
chosen temperatures. On the whole, we may say that experi-
ment proves a linear relation to exist between 47" and 45 in
temperature regions where relation (182) would be expected
to hold, and any slight concavity towards the 4 axis of the
lines for the higher temperatures is explained by the known
decrease of do, /0T with increase in J#, and a slight con-
vexity of the lines for the lower temperatures by error in the
value of the demagnetising factor used in calculating the
effective value of A4

* P. Weiss and R. Forrer, Ann. de Phys. 5, 153, 1926.
1 H. H. Potter, Roy. Soc. Proc. A, 146, 362, 1934,
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Now from the slopes of these lines of AT against A5# taken
at the origin we obtain 45 /AT for # = 0, which, combined
with the appropriate values of 9o, ,/0T', obtained as described
below, enables us to calculate C, by substitution in equa-
tion (182). The values of C . so obtained agree as well as could
be expected with those from direct determinations, in view of
the fact that the calculated values depend on the slopes of two
separate graphs. The calculated values of C,,, as we realise
from Fig. 82, show a sharp maximum as 0, is approached.

AT
110
120}
AT 100
A
2 50¢ % 'L\;
2:00 5
150
4
100r Tgp 3, & L 5
050 AR 5
L/ L N7 AN A n»."/UlllQ—"
0 10 A A0 50 60 0 80 90

Fig. 83. Rise of temperature as a function of 02 p. (Potter.)

Magnetocaloric Determinations of the Weiss Constant. We
have seen that in Weiss and Forrer’s experiments the magneto-
caloric change in temperature AT and the value of o, , were
measured at the same time, when the specimen of nickel was
pulled inside a pole piece. In Potter’s experiments, when a
field 5# was switched on, AT was measured as described above,
and the value o, , was found as indicated on p. 262, except
that when 7' was greater than 0, the values of o, , had to be
measured separately, to determine by extrapolation the true
value of o4 o to which a known rise in temperature AT
corresponded.

The curves obtained were in good agreement with theory.
Some of Potter’s curves showing 47 as a function of 6% , are
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reproduced in Fig. 83. Apart from the distinet “flat feet”,
there is no doubt that at temperatures below 6§, and with
strong fields we get a series of parallel lines, whose common
slope should give vp/2JC,. At temperatures above but close

1
to 6, the slope of the individual line should be 570 (vp+1/x)

and the lines should remain almost parallel. The lines showed
increasing slope with increase in (7' — 0,), but, as we sh all see on
p. 282, this does not necessarily mean that these experiments
prove that yp is a function of temperature when 7' > 0,.

The “flat feet” of the curves of Fig. 83 can be explained if
the true value of & , 7 18 NOL measured in all circamstances,
or if in weaker fields the domain vectors are not accurately
aligned parallel to 5, so that a magnetocaloric temperature
change is recorded before the apparent magnetisation of the
specimen has reached the value o, ;. In a way, this is merely
another mode of stating that hysteresis effects are playing a
small part.

The Law of Corresponding States. From the data given by
curves such as those of Fig. 83 and a knowledge of o7, , We may
tabulate the values of 0y 1/0., o With the corresponding values
of 7'/8, for a number of ferromagnetics and so obtain further
information of the correctness of the law of corresponding
states, p. 236. The new data are particularly important when
T approaches 6, for we saw on p. 261 that in this region the
values of o, , obtained by extrapolation from o . , are some-
what uncertain. The collected results are shown in Fig. 84,
where the broken curve represents the theoretical curve,
already discussed on p. 265, for magnetic carriers with J = $.

If the experimental results are correct, then it is clear that
the law of corresponding states is not obeyed, since there is
such a large difference between the curves for iron and nickel.
It is doubtful, however, whether on the present data we are
justified in forming this conclusion; it would appear desirable
to repeat the measurements with a nickel single crystal using
Potter’s method. The discrepancy between the experimenta
results and theory is now somewhat greater than was repre-
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sented on p. 265. In particular, the enlarged picture of the
behaviourof o, /0, ointhe region of , given in Fig. 845 shows
that the experimental curve does not cut the temperature
axis at a definite angle as predicted by the modified Weiss
theory, but approaches it gradually. The “foot”’ so formed
varies from specimen to specimen, but as one is found even
with a single iron crystal, we may conclude that it is not due
to impurities, or to the several domains possessing slightly
different Curie points. There is, however, one point which has
never been mentioned in this work, as far as the author is
aware, and that is whether any part is played by temperature

10
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/6,
Fig. 84. Law of corresponding states. - - - theoretical; © nickel, Weiss and
Forrer; O Heraeus electrolytic iron, ® single crystal iron, + Armco iron,

Potter.

hysteresis, i.e. the ferromagnetic loses its ferromagnetism at
0; on heating and regains it at a temperature below 6, on
cooling, a phenomenon which occurs in some ferromagnetic
compounds to a very marked degree. A very slight tempera-
ture hysteresis in the neighbourhood of 6, would have a pro-
found effect on the measurements of A7.

The Weiss Constant and Domain Size. We have seen on
p. 251 that by direct experiment we cannot measure the
true specific magnetisation o4 5 of each domain but only
some apparent value, which we will now denote by o7 ;,
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because of the effects of domain size. We have seen, too, that
although ¢’ , is taken to be an exact measure of o, 1 when
S is greater than 5000 oersteds, we have no proof that this
assumption is correct; indeed, we shall shortly review evidence
which shows that it is sometimes seriously in error. Values of
o, r are obtained from o7, , curves by extrapolation to the
value of the specific magnetisation in infinitely small fields
when 7' is well below the Curie point; again, we have no direct
proof that o , = 0 y. At higher'temperatures, values of
o, 7 are obtained from magnetocaloric measurements, definite
extrapolations being made from values of 0’} , obtained in
strong fields. Measurements of the specific heat of a ferro-
magnetic should, of course, give

vp d
ABAT =~ 5 25 (00, 2%

which should be free of the domain size effect.
The last statement shows that vp may be defined as

J (0
-+ (&)

where the suffix 0, 7' is dropped for convenience. Now, it is
known that the quantity vp can be determined from four
different sets of measurements, and, as Stoner* pointed out,
the several values ought to agree. The value of vp for nickel
obtained from measurements of the paramagnetic suscepti-
bility above 6,, based on equation (155), p. 234, was 11-7 x 104,
that from specific heat measurements was 11-5 x 104, that from
magnetocaloric data varied from 4-3 to 9-8 x 10% over a wide
temperature range, while the value from saturation atomic
moment data was 16 x 104,

Stoner discussed in considerable detail the thermodynamical
formulae which enable = (g—ﬁ) to be calculated from the
T

various sets of experimental data. In particular, he showed

* E. C. Stoner, Roy. Soc. Phil. Trans. A, 235, 165, 1936.
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that this quantity can be calculated from the magnetisation
data of Weiss and Forrer by the use of the equation

o oo oo

(3, =7+ 7(zz), /).,
The results of his calculations are shown in curves 1a and 1b of
Fig. 85 which are based on the o’ ; data of Weiss and Forrer
for # = 15,000 and # = 7000 respectively. A very marked
variation of vp with temperature appears to exist, the value
for vp increasing up to temperatures well above the Curie
point.

Now, Potter first remarked that a variation of vp with
temperature appeared to be indicated from Weiss and Forrer’s
magnetocaloric measurements on nickel, and from the same
data Stoner obtained curves 2a and 2b, which again refer to
M = 15,000 and # = 7000 respectively. The two sets of
curves are clearly of the same general shape, and while the
magnetocaloric values of vp appear definitely the lower, after
correction for an error due to the thermal capacity of the
thermocouple, the values from the two sets of data agree quite
closely. In both cases, however, the values of vp are greater
for the higher fields.

In curve 3 of Fig. 85 are reproduced the values of vp calcu-
lated from the specific heat data of Lapp and Grew; these
values depend only upon the rate of change of the spontaneous
magnetisation d(c,, 5)/d7, whereas the values of curves 1 and 2
depend directly or indirectly upon the quantity 9(c%, 7)/0#’,
and the greater this quantity the smaller the calculated value
of vp. The specific heat results are considerably greater over
the range 300° to 350° C. than those for #” = 15,000 in curves 1
and 2. The conclusions to be drawn from these facts are that
even in fields as high as 15,000 oersteds the apparent magnetisa-
tion must differ from the true magnetisation and that the
discrepancies between the three sets of curves will disappear if
the change in apparent magnetisation is greater than the
change in the true magnetisation. This behaviour is precisely
that which would be expected if a small fraction of the ferro-
magnetic consisted of relatively small domains containing only
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103 or 10% atoms, which would behave as a small impurity of
high atomic moment embedded in the substance; this has been
discussed on p. 250. The effect is unimportant in the deter-
mination of o’ ; with 5# between 5000 and 20,000. The
direct estimates of o, ;» from o/ , curves are not likely to be
seriously in error, although (do”'/0#) may differ considerably
from (20/03¢), the difference between them being the larger
the smaller the field 5#, and relatively smaller the higher the
temperature 7. It is important to realise that, although the
quantity (90/0#") has now been proved to be so important, no
experiments, with the possible exception of those of Gerloff,*
have been made with the set purpose of recording this parti-
cular quantity. We still have therefore little precise informa-
tion concerning the variation of vp with temperature.

The Magnetocaloric Effect with Paramagnetics. By evapor-
ating liquid helium under reduced pressure, temperatures
down to 0-7° K. may be obtained, but if we wish to produce
still lower temperatures a new method and a new technique
must be used. Debyet and Giauque} pointed out that this
might be provided by the magnetocaloric effect with a para-
magnetic as working substance, and such remarkable progress
has recently been made that it is now possible to use it in
lecture-room demonstrations of superconductivity pheno-
mena.§

Turning to equation (182) of p. 273 we have, since o 4, 5 for
a paramagnetic is equal to C#°/T, where C is the Curie con-
stant,

ap_ T d(a%‘_) At _ O HdH
o’

—_——  —— - = + — e —
Cpdl \' T J CT J
for the rise or fall in temperature d7' of a paramagnetic
suddenly placed in or removed from a field #°. Now, it is
obvious that when 7T is very small C, will be a function of
T, and from an experimental point of view it is sometimes
preferable to measure the quantity of heat which has to be
* G. Gerloff, Zeit. fur Phys. 99, 585, 1936.
t P. Debye, Ann. der Phys. 81, 1154, 1926.

t W. ¥. Giauque, Journ. Amer. Chem. Soc. 49, 1864, 1927.
§ F. Simon, Royal Institution Proc. 1935, Feb. 1st Meeting.

283



ENERGY CHANGES

absorbed to enable an adiabatically cooled substance to regain
its original temperature. This is given by

“oar= "L waw
[ eear= [ gporaxn,

or, if we prefer to consider changes in entropy, we have
x> * (0, # O O (H#\2
[as] == [ Grar == [ gqwrar ==5(7)

representing the entropy which 1 gm. of substance loses if the
field & is established while 7' remains constant.

Now, no substance strictly obeys the Curie law at all
temperatures; for, in the absence of an external magnetic field
the carriers would have to set with their axes randomly
orientated in all directions, and so, even at the absolute zero of
temperature would still be in a state of disorder, i.e. still
possess entropy; this is contrary to the Nernst heat theorem.
Thus, the Gd+++ ion in gadolinium sulphate, being in a
8S; state, would possess a zero point entropy of

Rlog, (2J + 1) = Rlog,8.ergs per gm.-ion.

Moreover, there must always be some tendency of the carriers
to set in definite directions because of the interaction between
neighbouring carriers. If the interaction energy is denoted by
U, then, in the region of a characteristic temperature 0,
defined by k6,, = U, deviations from the simple Curie law
would be expected. Kiirti and Simon* emphasise the im-
portance of 8, for, the lower the value of 6,,, the lower is the
temperature obtainable by the magnetocaloric method. 6,
must be lower than 1° K. for the substance to be of practical
use. Fortunately, its value can be found from specific heat
measurements made at temperatures above 0,,.

Simon and Kiirti made the tentative assumption that in a
field 5# the normal (2 + 1) positions of the ion are separated by
equal energy increments gups#’, so that, bearing in mind the

* N. Kiirti and F. Simon, Roy. Soc. Proc. A, 149, 152, 1935.
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Boltzmann expression, the distribution of the ions in the
different levels is a function of guz# /kT; only, as long as the
initial temperature 7; > 6,, and uz# > k6,,. On the removal
of the field #” we may assume that the levels are separated by
k0,, and the distribution of the ions in these levels is then a
function of k0,,/kT; alone, where 7T} is the final temperature
reached by the adiabatically cooled substance. Hence,

TIT, = kb, Jgup#. ... (188)

Taking g = 2 for salts of the iron group, 7} = 7-50,,T,/5#, so
that the final temperature is directly proportional to 0,, and
is the lower the lower the initial temperature and the greater
A

In applying this simple expression it must be remembered
that the lattice vibrations are important at low temperatures,
and that in cases where it is desired to cool non-paramagnetic
substances by mixing them with paramagnetic ones, the
entropy of the added substance may be important, particu-
larly when high fields and very low temperatures are employed.
The specific heat of the paramagnetic substance is also im-
portant, since it practically determines the rate at which the
temperature will rise after cooling. In the region of 6, the
specific heat shows a marked anomaly because of the energy
required to transfer the ions to the higher energy levels. Thus
for iron ammonium alum it is calculated that 6,, = 0-061 and
the maximum value of the specific heat is 1-7 cal. per gm.-ion
per deg. in the region of 0-08°K. Hence, 1c.c., containing
1/258 gm.-ion of this alum at about 0-05°K., has a thermal
capacity of 0-006 cal. per deg., which is about equal to that of
16 tons of lead at the same temperature or that of 2 kilograms
of lead at 1°K. Such an enormous thermal capacity means
that the rate of rise of temperature after cooling must be small,
and shows how essential it is to choose as paramagnetic sub-
stance one whose 6, lies in the actual temperature region in
which experiments are to be made.

Experimental Details. The design of apparatus is greatly
conditioned by the size of the magnet used to produce the field
A, and by the method by which the very low temperature of
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the paramagnetic substance is measured. For example, when
the magnetic susceptibility is measured for the latter purpose,
the design is much simplified. Now, the working substance
must first be cooled by contact with liquid helium, in such a
manner that the contact may readily be removed. These con-
ditions are well satisfied when the cooling is done by sur-
rounding the substance with helium gas. For, if we start with
a substance at a temperature of 1° K. and cool it adiabatically
to 0-3°K., the pressure of the helium vapour in contact with
it falls from 0-15 to 7 x 10~ mm., and the gas therefore con-
denses on the surface of the substance and so isolates it; the
substance thus acts very efficiently as its own pump. In spite
of direct contact between the loosely packed substance and
its container, it is found that the latter does not cool, so that it
may be kept in permanent contact with liquid helium. (Soft
solder is superconducting at these temperatures and must not
be used.)

Kiirti* found that equation (187) was obeyed in the case of
gadolinium sulphate 6ver ranges of temperature starting from
4-4° and 2-6° K. and with fields up to 10,000 oersteds, and
he found its specific heat over the range 1-6° to 20° K. The
apparatus used was similar to that of Ruhemann and its
modus operandi has been described on p. 246. A thin german-
silver calorimeter containing about 0-5gm. of gadolinium
sulphate was suspended by a thin-walled capillary tube inside
an evacuated chamber surrounded by liquid helium. The
calorimeter contained helium gas and acted as its own gas
thermometer, the capillary tube being connected to a mem-
brane manometer.t It was also provided with a manganin
heating coil. The whole of the above apparatus was contained
in an evacuated vessel and surrounded by liquid air. The
magnetic field was provided by a coil system S immersed in
the liquid air. The magnetocaloric changes in temperature
produced by switching the field on and off were measured by
the manometer. The corresponding changes in entropy were
found by measuring the thermal capacity of the calorimeter

* N. Kurti, Zeit. fir Phys. Chem. 20 B, 305, 1933.
t+ G. Kornfeld and K. Klinger, Zeit. fur Phys. Chem. & B, 37, 1929.
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system over the same range of temperature using the heating
coil as in a Nernst calorimeter experiment. In addition to
verifying equation (187) Kiirti measured the specific heat in a
field of 1800 oersteds and showed that it obeyed the relation
1 (0(H 0y, T)) K (?@Zéﬁ’l)

( # *

Owr=Cor=73 oT J\ or
__* Q:?f) _+€({fi)2
~TJoer\r ), TJ\T)’

and the results agreed with the as- Phe

sumption that 0, = 0-26° K. and
showed that the specific heat did not
obey the Debye 7' law at these low
temperatures, but, after reaching a | -
minimum at 5° K., increased rapidly
with further decrease in temperature.

The Production of Very Low Tempe- G-
ratures. The magneto-caloric effects
have been used by many workers for
the production of very low tempera-
tures. The relevant portions of the
apparatus used by Kiirti and Simon*
are shown in Fig. 86. The tempera-
ture of the liquid helium container V'
is lowered to 1-6° K. by reducing the
pressure above the liquid. Liquid
helium is also condensed in the thin-
walled german-silver container C by
means of the tube (. The metal
shield § is soldered to V, so that heat
losses from C are so small that its
temperature can be reduced to 1° K. Fig. 86. Apparatus for low tem-
by connecting a diffusion pump to G. Eggats‘gj;;‘;esagatmns‘ (Kirti
About 0-3 to 1 gm. of the paramag-
netic is loosely packed in the vessel B which is attached to C

Z

N
~

1
i
Il

Liguid helium

n

£} hydmge n

* N. Kiirti and F. Simon, Roy. Soc. Proc. A, 149, 152, 1935. See also Very
Low Temperatures, Book Three, Science Museum, 1937.
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by ground-metal surfaces smeared with tap grease, and helium
gas added to it via the tube R. The portions of the apparatus
so far described are enclosed in the evacuated vessel 4 and
surrounded by liquid hydrogen.

The susceptibility of the paramagnetic is measured by a
mutual inductance method. The primary and secondary of one
pair of coils are wound on the brass bobbin ¥ and these are
respectively joined in series with the primary and secondary
coils of a compensating mutual inductance. The deflection of a
ballistic galvanometer in the secondary circuit when a current
is sent through the primary measures the susceptibility, which
at these low temperatures is high. When the susceptibility as a
function of temperature is known, low temperatures can easily
be read from a graph. Such temperatures are denoted by 7'*
to indicate that they are not referred to the absolute scale of
temperature.

To produce a lower temperature, the electromagnet is first
switched on; there results a considerable rise in temperature of
the substance, but the heat is speedily carried away by the
release of condensed gas, which may take a few seconds to
complete. The magnet is then switched off, the substance
cools, and, as explained on p. 286, the thermal insulation
becomes extremely good.

With the arrangements of de Haas, Wiersma and Kramers,
thermal insulation was much less satisfactory because of the
weighing method used for measuring the change in suscepti-
bility. They placed the finely powdered paramagnetic in a
vessel suspended by a quartz fibre from one arm of a vacuum
balance with electromagnetic control. The susceptibility was
measured by the magnetic pull of a non-uniform field in which
the substance was placed. Thus with a sample of CeF,
weighing 90-4 mgm. the magnetic pull in a non-uniform field of
2250 oersteds was 41-1units at the final temperature of 0-19°K..,
caused by a reduction of the field from 27,600 oersteds, and
11-9 units when the initial temperature 1-3° K. was regained.

The following table gives a few of the results of measure-
ments so far recorded with various paramagnetics:

t W. J. de Haas, E. C. Wiersma and H. A. Kramers, Physica, 13, 175, 1933.
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TABLE XVI
Mean .
Substance i H, H, | T} 0, Experimenters
Fe.NH,(50,),.12H,0 1-23 | 14.100 0 | 0-038 0061 | Kiirti and Simon
MnSO,(NH,),.S0,.6H,0 | 1-23 | 8,000 | 0 | 0-09 | 0-11 N
Gd.S80,.8H,0 1115 | 5,400 0035 021 ”
” 1-50 1 8,000 01]02 | — | Giauque and
MacDougall
K.Cr(S0,),.12H,0 114 5500 | 0016|0095 | Kurti and Simon
" 1:30 | 19,500 | 350 | 0-05 — | de Haas and
Wiersma
CeF, 130 | 27,600 | 850 | 013 | — ”

Applications of Magnetic Cooling. As applications of the
method of magnetic cooling are likely to be of importance in
the near future, some description of work already performed
is advisable here. For example, the arrangements and tech-
nique of Kiirti and Simon have been used in the search for new
superconducting metals. By using a pill of powdered salt and
powdered metal both are cooled by demagnetising the salt,
and tests for superconductivity can be applied. The contri-
bution of the metal to the magnetic susceptibility of the pill is
negligible until a superconducting state is established, when
the persistent currents induced in the metal cause it to behave
as a strongly diamagnetic substance, producing a change in the
susceptibility of the pill from a positive to a negative value.

Now, when a superconducting metal is heated the tempera-
ture at which its distinctive properties disappear is determined
by the magnitude of the field. At every temperature there is
a certain minimum or threshold value of the magnetic field
which renders superconduction impossible. Hence, two sepa-
rate sets of experiments are carried out with the pill. First, the
temperature of the cooled pill is allowed to rise while magnetic
measurements are made with a moderate field, and, secondly,
the procedure is repeated with a weak field. In the latter case
superconductivity is free to show itself and is detected by the
change in susceptibility. Unfortunately, the thermal effects
associated with the passage of the metal from one conductivity
state to the other, and the existence of a somewhat indeter-
minate field owing to the presence of the salt in the pill, make
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quantitative measurements uncertain. However, use can be
made of the residual magnetic moment which persists in a
superconductor on removal of a field greater than the threshold
value, for it vanishes at the normal transition point at which
superconduction ceases in zero field. When a small known
field is switched on, the galvanometer deflection depends upon
whether or no the field coincides in direction with the residual
moment, so that galvanometer deflections obtained by a first
and a sccond switching on of the field differ at temperatures
below the transition point. In the last experiments a packed
tube rather than a pill should be used, as very pure super-
conductors do not retain residual moments when in a highly
compact form. By such means cadmium, zirconium and
hafnium were found to be superconductors.

Another important application consists in the measurement.
of the energy changes associated with radioactive transforma-
tions, which, on account of their minuteness, have been
measured directly in but few cases. The apparatus of Kiirti
and Simon provides an extremely sensitive calorimeter. For
example, the thermal capacity of a calorimeter made of
tungsten, whose Debye characteristic temperature is above
330° K., is about 30,000 times less at 1-3° K. than its value at
room temperature, and its thermal insulation at still lower
temperatures is ideal. Hence it should be possible to use a
composite pill of paramagnetic salt and tungsten when cooled
by the magnetocaloric method to measure the energy of
y-rays received from a radon source of strength 0-1 millicurie
placed 3cm. from the pill. Alternatively, the energy of the
absorbed y-rays could be used to examine the variation of
the specific heat of a substance at low temperatures. So far,
experiments have only been made with the working substance,
iron-ammonium sulphate, without the addition of other
material like tungsten.

The Temperature Scale below 1° K. We have seen how
values of low temperatures computed on the assumption that
the Curie law holds below 1° K. are denoted by 7'*, because
the law cannot be expected to hold in this region; for, the
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splitting produced by the crystalline field is here of the same
magnitude as k7', and, in addition, the purely magnetic
coupling of the ions plays an important part. The expression

H +i;£1 for the field within a spherical cavity is inadequate

when we consider magnetic dipoles, and Onsagert and Van
Vleck] have shown that it must be replaced by a more com-
plicated expression. When a dipole is placed in the spherical
cavity it polarises the surrounding medium, and sets up a
reaction field parallel to the dipole axis and not, in general,
parallel to the lines of induction outside. Hebb and Purcell§
distinguish between three types of salts: viz. (1) salts like
Gd (CgH4NO,.850;);. TH,0 and Gd (PMo,,0,,) . 30H,0 in which
the magnetic jons are so far apart that only splitting due to
crystalline fields need be considered ; (2) salts like Cs Ti(SO,),.
12H,0 where crystalline splitting is very small, as the Tit+++ion
is in a 28 state with no orbital angular momentum upon which
the field can act, so that only magnetic or spin-spin coupling
need be considered; (3) salts like Gd, (SO,);.8H,0 in which
the ions are close enough to require both crystalline splitting
and magnetic coupling to be considered. Hebb and Purcell
examined all these cases and calculated the departures from
the Curie law at temperatures below 1° K., and compared the
T* temperatures with the Kelvin scale.

The experimental data are at present very meagre. Kiirti,
Lainé and Simon|| worked with Fe.NH,(8NO,),.12H,0 and
measured the rate of change of its entropy and the rate of
change of its total heat @ with respect to T'* using y-rays as a
source of heat, as described on the opposite page. This enabled
them to determine the absolute temperature from the equa-
tion T = (0Q/0T*),, /(08/eT*) . They found, in addition to the
specific heat anomaly described on p. 285, that a much sharper
maximum of 20 cal. per gm. ion per deg. occurred at 0-03°K.
The former anomaly is attributed to crystalline splitting and
the latter to magnetic coupling, and it is suggested that it

1 L. Onsager, Journ. Amer. Chem. Soc. 58, 1486, 1936.

1 J. H. Van Vleck, Journ. Chem. Phys. 5, 320, 1938.

§ M. L. Hebb and E. M. Purcell, Journ. Chem. Phys. 5, 338, 1938.

|| N. Kurti, P. Lainé and F. Simon, Compt. Rend. 204, 675 and 754, 1938.
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portrays a kind of ferromagnetism. Giauque and MacDougall
found the susceptibility of Gd(PMo,,0,,).30H,0 by several
methods, notably by self-inductance measurements with an
Anderson bridge, and considered that their 7'* value was only
some 0-03° less than the absolute value at 0-15° K. The re-
sults so far obtained do not agree with the theoretical deduc-
tions and it is clear that the last word on the relation between
T and T* has not been said. The lowest temperature on record
is T*=0-0043 or T'=0-0034, obtained] with a mixture of
potassium chrome alum and potassium aluminium alum.

The Electrical Resistance of a Ferromagnetic. The changes
of resistance which a normal metal exhibits when placed in a
magnetic field, usually with the direction of the current in the
metal parallel to the field, have been very thoroughly investi-
gated by several workers with fields up to 50,000 oersteds, and
by Kapitza§ with fields up to 300,000. Leaving aside abnormal
metals, bismuth, antimony, arsenic and the ferromagnetic
metals, the results for different elements are very similar. If
R is the resistance of the metal in zero field at a given tempera-
ture and AR the increase caused by the application of a
magnetic field 5, it is found that the ratio 4R/R increases
proportionally to #72 for comparatively low values, but pro-
portionally to 5#” for high values of the field. Sometimes the
ratio 4 B/ R, is used, where R, is the resistance in zero field at
0° C., for some workers consider that the latter ratio is less
dependent upon the purity of the metal specimen than the
former.

Now it has been known for some years that the resistance of
nickel in the absence of a magnetic field increases in a peculiar
manner with rise in temperature. Thus, Cabrera and Torrojaj|
and, later, Gerlach and Schneiderhan¥] showed that in addition
to the change which comprises the more or less linear increase
of resistance of a normal metal with rise in temperature there is

t W. F. Giauque and D. P. MacDougall, Journ. Amer. Chem. Soc. 60, 376,
lggsw. J. de Haas and E. C. Wiersma, Physica, 2, 335 and 438, 1935.
§ P. Kapitza, Roy. Soc. Proc. A, 119, 358 and 401, 1928; 123, 292, 1929.

|| B. Cabrera and J. Torroja, Ann. de la Soc. Espan. 11, 443 and 525, 1913.
¢ W. Gerlach and K. Schneiderhan, Ann. der Phys. 6, 772, 1930.
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a change which is occasioned by the magnetic state of the
nickel, i.e. by its spontaneous magnetisation. For example,
at very high and very low temperatures where the rate of
change of the spontaneous magnetisation with temperature is
small, there is almost a normal linear change of resistance with
temperature, but, in the neighbourhood of the ferromagnetic
Curie point, where the spontaneous magnetisation varies
rapidly, marked changes occur. Borelius* has shown that these
changes may be represented by the equation

Ry = (Ry)p+c(I% 0—T§ 1)

where R, is the observed value of the resistivity at T°K.,
(Ry)p the resistance of a normal metal at that temperature,
I, oand I, , the spontaneous magnetisation (per c.c.) at 0 and
T° K. respectively, and ¢ is a constant. It follows that the
temperature coefficient of resistance of a ferromagnetic may
be considered as made up of the normal temperature coefficient
and a coefficient proportional to the rate of change of the
energy of spontaneous magnetisation per c.c., but other
effects depending on the presence of impurities will un-
doubtedly complicate matters.

As I, 5 is increased when the ferromagnetic is placed in a
strong magnetic field, particularly in the region of the ferro-
magnetic Curie point, we should expect corresponding changes
of resistance. This phenomenon has been investigated by
Gerlach, Englert,t Potter,{ Scharff§ and others. Iron and
nickel at room temperatures are found to show an increase in
resistance in a longitudinal field and a decrease in a transverse
field. In the neighbourhood of the ferromagnetic Curie point
decreases are observed in both longitudinal and transverse
fields. Heusler alloy shows decreases in both fields even at
room temperature. Gerlach explains the difference in be-
haviour at high and low temperatures of iron and nickel on
the assumption that two distinct processes contribute to the
change in I, 5 caused by the field, namely reversals and

* G. Borelius, Ann. der Phys. 8, 262, 1931.

E. Englert, Ann. der Phys. 14, 589, 1932.

T
1 H. H. Potter, Roy. Soc. Proc. A, 132, 560, 1931; Phil. Mag. 13, 233, 1932.
§ Gertrud Scharff, Zeit. fir Phys. 97, 73, 1935.

293



ENERGY CHANGES

orientation processes. A contribution produced by reversal of
the magnetic vector in a magnetic domain through 180° is
comparatively small and causes a decrease, while the effect
of orientation or turning of the vector (or extension of its
boundary on the Becker hypothesis) is rather large and causes
an increase in resistance in longitudinal fields. Orientation pro-
cesses are very important at low temperatures. Fortunately,
the phenomena are much simplified at temperatures in the
immediate vicinity of the ferromagnetic Curie point, where,
for the substances so far investigated, the same decrease in
resistance is obtained for a given field applied longitudinally
or transversely.

Potter first recognised that the resistance changes near the
Curie point could be correlated with magnetocaloric effects,
and he measured the ratio (4 R/R); and the quantity of heat
C,p AT corresponding to the establishment or removal of a
field 5 for iron, nickel and Heusler alloy. The wire was wound
on a thin quartz sheet and its free ends used as potential leads,
while current was supplied through two stout copper leads
pinched on to the wire; these leads also acted as supports. A
calibrated thermojunction was used to measure the tempera-
ture of the wire system, which, to prevent oxidation and main-
tain steady conditions was placed inside an evacuated quartz
tube. The latter was mounted inside a long electric furnace
with thick copper core, and set vertically between the poles of
an electromagnet. A ground joint in the tube allowed the wire
system to be adjusted with the wire parallel or perpendicular
to the field.

Clearly, the whole of the wire in such a winding cannot be
set parallel to the field, but correction can readily be applied
for those portions perpendicular thereto, and, in any case,
with experiments at temperatures near 6, it can be neglected.
The main source of error lies in the value assumed for the
demagnetisation factor of the specimen, for the effect is
considerable even at temperatures near 6,. The magneto-
caloric changes 47" were not measured with the wire specimen
but with a solid specimen; this is unfortunate, for the purity of
the individual specimens has great effect on the results. The
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values of C, were obtained from Klinkhardt’s work, p. 269.
On plotting AR/R and C, AT against the corresponding
values of T'/6, for a field of 7000 oersteds, the two curves being
made to coincide at their maxima, very good agreement
between the resistance and magnetocaloric curves was
obtained over the range 7'/0,= 0-99 to 1-07 in the case of iron
and Heusler alloy, and over an even wider range in the case of
nickel. The maximum values of AR/R, C, AT and their ratios
with J# = 7000 for iron, nickel and Heusler alloy are given in
the following table. The ratio differs considerably for the three
substances, but it increases as 0, increases.

TABLE XVII
- Cyp AT o
Metal 100 AR/R 0‘”9 AT IOOW 0, C.
Iron 0-76 0-50 0-66 767
Nickel 1-04 0-10 0-096 358
Heusler alloy >1-12 0-08 <0-071 275

An interesting point arises when a very close study of the
resistance changes in pure nickel with rise in temperature is
made in zero field. Svensson* has shown that at 6, a very sharp
discontinuity is recorded in the resistance with temperature
curve, a finding confirmed by Potter.t Yet we know from
specific-heat mecasurements that the energy associated with
ferromagnetism does not suddenly disappear at 6, but “tails
off ’. This can readily be explained as another domain size
effect. The mean frec path of an electron at the Curie point is
about 20 times the interatomic distance, so that with a break-
down of the larger domains, the resistance which depends on
long-distance order or superlattice structure of the atoms shows
a sudden change. If, when the larger domains have broken
down, spin interaction still persists in the smaller domains or
regions of short-distance order, then magnetic energy still
remains and we get the ‘“tail’’ shown in specific-heat and
0o, 7> T/0, curves. Bragg and Williams] in their studies of

* B. Svensson, 4nn. der Phys. 22, 97, 1935.

t H. H. Potter, Nature, 139, 411, 1937.

I W. L. Bragg and E. J. Williams, Roy. Soc. Proc. 145, 699, 1934; 151, 540,
1935; 162, 231, 1935.
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atomic arrangement in alloys emphasise that the average
orientation of electron spins in a ferromagnetic corresponds to
the degree of ordered arrangement in an alloy, and that the
critical temperature above which the atoms in an alloy are
arranged in a completely random manner, and below which
order or superlattice exists, corresponds to 0.

The Thermoeleciric Properties of Ferromagnelics. It has
long been known that the thermoelectric properties of some
ferromagnetics exhibit anomalies in the regions of their
ferromagnetic Curie points, and they excited much interest
when Dorfman and Jaanus* suggested that the variation of
the Thomson coefficient of a ferromagnetic represented the
behaviour of its specific heat in zero external field, provided
that the ferromagnetism was mainly, if not entirely, due to
free or conduction electrons. This view, however, cannot now
be maintained. Dorfman and Jaanus measured the thermo-
electric power of nickel between 0 and 400° C., and found that
in the neighbourhood of 0, there was a sudden change in the
value of e7'(d2E [dT?). The latter expression represents the heat
absorbed when an electron with charge e is taken from one
point in the metal to another at a temperature 1° higher; the
expression 7 (d2£/dT?) represents, of course, the Thomson
coefficient.

The observed effects were shown to be of the order of
magnitude predicted by the theory, but they were opposite in
sign. A similar result was obtainedt in the case of iron, and
Bates} showed that in the case of manganese arsenide the sign
of the observed effect depended on the amount of free arsenic
or impurity present, and that pure specimens appeared to give
the sign required by theory. The experimental procedure con-
sisted in measuring the thermoelectric E.M.F., 4E, between
two ends of a metal rod or wire which were maintained at
temperatures 7' and T+ AT respectively, a neutral metal
such as copper being used to complete the thermoelectric

* J. Dorfman and R. Jaanus, Zeit. fiir Phys. 54, 277, 1929.

+ J. Dorfman, R. Jaanus, K. Grigorow and M. Czernichowski, Zeit. fir Phys.
70, 796, 1931.

t L. F. Bates, Phil. Mag. 13, 393, 1932.
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circuit. In this way were obtained data for the graph of
AE|AT against T, from which values of T (d2E/dT?) could be
found. In view, however, of the fact that such experiments
have not, so far, given results of theoretical importance, and
appear to be markedly influenced by secondary phenomena,
further details will not be given here. An example of secondary
phenomena is provided by Foster’s* measurements of the
thermoelectric power of nickel and of two alloys of nickel
containing 1 and 2 per cent of chromium. The Curie point
changes in the Thomson coefficient shown by these alloys are
respectively 30 and 10 per cent of those exhibited by pure
nickel.
* A. W. Foster, Phil. Mag. 18, 470, 1934.
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CHAPTER X
MAGNETOSTRICTION

Introduction. 1t has long been known that ferromagnetics
exhibit magnetostriction or changes in dimensions when exposed
to a magnetic field, but real progress in the interpretation of
the experimental data has only been made within the last few
years. The more important phenomena are usually, for con-
venience, treated under two headings, viz. the production
of mechanical strains by magnetic fields and the production
of magnetic changes by mechanical stresses. Under the first
heading we treat the longitudinal and transverse Joule effects
or the changes in the linear dimensions of a ferromagnetic
which result when a magnetic field is applied along a specified
direction, e.g. along the axis of a rod. We also treat the
Guillemin effect, or the bending which a ferromagnetic exhibits
when exposed to a magnetic field. In addition, we have the
twisting of a ferromagnetic under the combined action of
circular and longitudinal fields, known as the Wiedemann
effect, and, further, the volume changes and the changes in
Young's modulus and in the rigidity and bulk moduli which
accompany magnetisation.

Under the second heading we deal with the changes in
magnetic induction caused by longitudinal and transverse
mechanical stresses of mechanical origin, known respectively
as the longitudinal and transverse Villare cffects. Here, too,
we consider the changes in magnetic induction produced by
bending, torsion or hydrostatic pressure. Besides the phe-
nomena listed under the above headings there are others which
must be studied in conjunction with them, as, for example,
the discontinuous changes in magnetisation known as the
Barkhausen effect.

The Joule Effect. It is well to realise at the outset that
Pprecision measurements in magnetostriction are only possible
with pure materials, carefully annealed and free from the
effects of cold working. The maximum changes of length which
accompany technical saturation of ferromagnetics are merely
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some 5 x 105 times the originallength, and, consequently, can
only be measured if adequately magnified by mechanical or
optical devices. Special difficultics accompany the measure-
ments, and these may be appreciated by considering the
interferometer method of measurement used by Lochner* and
by Stevenst for the longitudinal Joule effect.

Fig. 87. Measurement of longitudinal Joule effect by
Michelson interferometer.

The rod specimen A lies wholly within the magnetising
solenoid S, Fig. 87, brass extension pieces BB’ enabling the
system to be clamped at O and supported at C'y. The mirror M
of the Michelson interferometer is mounted at the end of B’,
so that when 4 is magnetised and it expands or contracts, the
interference fringe system moves across the field of view and
the change in dimensions is thus known from the fringe shift.
The specimen must be in a uniform field and the demagnetising
factor must be small; hence S should be as long as possible.
The temperature of the specimen and extension pieces must be
kept constant, and S must therefore be wound on a water-
cooled former. 1f 4 is not placed symmetrically with respect
to the solenoid field, magnetic forces will tend to displace it
parallel to the axis and thus cause it to be strained. If the
horizontal component of the earth’s field is not neutralised
S must be set perpendicular to the magnetic meridian.

Optical levers} are frequently employed in conjunction with
mechanical levers. In a form used by Williams,§ shown in
Fig. 88, the specimen is mounted vertically, and as it expands

* 8. J. Lochner, Phil. Mag. 36, 498, 1893.

1 J. S. Stevens, Phys. Rev.7, 19, 1898.

1 See A. F. Pollard, Journ. Scient. Instr. 15, 37, 1938.
§ S. R. Williams, Journ. Opt. Soc. Amer. 14, 385, 1927.
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or contracts it causes a lever L to fall or rise respectively. To
the far end of L is attached a fine phosphor bronze strip, which
is wound upon a narrow roller and weighted. The longer L and
the narrower the roller, the greater
is the motion of the strip and the g § E
greater the rotation of the mirror

m. When levers are employed they 1 <
should be arranged, as in the above
example, perpendicular to the axis ,m

of the specimen, so that errors due th
to temperature fluctuations in the
lever system are a minimum. Allow- _ © .

) . Fig. 88. Optical lever for Joule
ance has to be made in these experi- effect. (Williams.)
ments for demagnetisation due to
free poles. This can of course be avoided by using a ring
specimen and measuring the magnetostrictive change in
diameter of the ring by an optical lever system.*

Lloydt has described a high frequency method of measure-
ment which has given satisfactory results with short poly-
crystalline materials, and which could clearly be used with
single crystals. Handley} has adapted the method for use with
cold drawn wires, and Fricke§ has used a similar method for
measurements of the transverse effect. The magnetostriction
change of dimensions is used to produce a change in the
capacity of a parallel plate condenser forming part of an
oscillatory circuit, as in the Whiddington|| ultramicrometer.
The combination note formed with a standard oscillator whose
frequency can be accurately adjusted is picked up by an
amplifier-detector unit and compared with the frequency of a
valve-maintained tuning-fork. Changes in capacity in the first
circuit can thus be readily detected and measured accurately,
the calibration being made by displacing one condenser plate
through a known distance.

S — —J

T

* (f. Shelford Bidwell, Roy. Soc. Phil. Trans. A, p. 205, 1888.

+ H. Lloyd, Journ. Scient. Instr. 6, 81, 1929. See also W. Alexander and J.
Swaffield, Beama Journ. 41, 99, 1937.

t J. H. Handley, Journ. Scient. Instr. 6, 84, 1929.

§ W. Fricke, Zeit. fur Phys. 80, 324, 1933.

|| R. Whiddington, Phil. Mag. 40, 634, 1920.
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MEASUREMENTS WITH SINGLE CRYSTALS

The Joule Effect with Single Crystals. Measurements with
single crystals are complicated by the smallness of the
specimens normally available. The apparatus used by Honda
and Masiyama* is shown in Fig. 89a, b, dealing respectively
with the longitudinal and the transverse effects. In the former
the ellipsoidal-shaped crystal C is placed upon a support A
and placed inside a solenoid S. A quartz tube 7 passes over a
roller R, and to its ends are connected the metal attachments

(3% L) T @m
A [BEFE——=i—nn |

Ms

(@) 1]
S H
?‘ 5 LT ) M
ST I —;{O:
(0 —

, Fig. 89. Honda and Masiyama's apparatus for Joule effects
with single crystals.

M, and M,, and two springs S8, cause M, to press the crystal
against its support. Between M, and the metal surface M, is
a very narrow roller to which the mirror m is attached. As C
expands or contracts, m rotates and deflects a beam of light
whose displacement is measured with a micrometer eyepiece.
In investigating transverse effects, i.e. the changes in dimen-
sions which take place at right angles to the applied magnetic
field, a spring at P presses a brass attachment H against the
crystal C. When the latter expands or contracts laterally, H
is forced outwards and the metal block B moves sideways,
causing a fine roller carrying the mirror m to rotate.

The variation of the longitudinal Joule effects of typical
polycrystalline specimens with the applied field is shown in
Fig. 90, while typical results for single crystal specimens of
iron are shown in Fig. 91. The effect is termed positive when

* K. Honda and Y. Masiyama, Sci. Reports T6hoku, 15, 755, 1926 and 20,
574, 1931. '
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MEASUREMENTS WITH BISMUTH

an increase in dimensions results on the application of the field.
In the latter cases, the longitudinal strains (4L/L), and the
transverse strains (4.L/L), are of considerable interest in dis-
cussing the changes of volume produced by magnetisation,
p- 308. With single crystals of nickel (4 L/ L), is negative along
all directions, the contraction being greatest along the [100]
and least along the [111] directions, while (4.L/L), is always
positive, being greatest in the [100] and least along the [111]
directions.

The Joule Effect with Non-ferromagnetics. The existence
of a Joule effect in non-ferromagnetic substances was first
proved by Kapitza* using the magnetic balance described on
p- 112 with intense magnetic fields. The diaphragm of the
balance was attached by means of a quartz connecting rod to
the top of the metal specimen under examination. The lower
end of the specimen was attached by a quartz tube sur-
rounding the quartz rod to a massive ring piston which moved
with considerable friction in 0il. Consequently, slow changes of
temperature did not produce serious distortions of the balance
diaphragm, and yet the rapidity with which the magnetic
ficld was applied meant that the lower end of the specimen was
rigidly fixed for the purposes of the experiment. The extenso-
meter so constructed was capable of measuring changes in
length down to 10~7 em. in a short interval of time; it had to be
calibrated by a special method. Kapitza definitely established
the Joule effect in bismuth, antimony, graphite and gallium
and considered that it probably existed in the cases of tin and
tungsten.

Wolf and Goetzt were able to make measurements with pure
and alloyed bismuth crystals, using a steady magnetic field of
28,000 oersteds produced by a 500 K-watt solenoid consisting
of two coaxial coils of heavy copper tape. The actual apparatus
was of complicated design, but the simple principle upon which
it worked may be seen from Fig. 92. The bismuth crystal Bi
changed its length relatively to that of a neutral material N
and so rotated the mirror M, causing a beam of light to fall

* P, Kapitza, Roy. Soc. Proc. A, 135, 556, 1932.
Tt A. Wolf and A. Goetz, Phys. Rev. 46, 1095, 1934.
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upon a Moll thermo-relay Th, which is a differential thermo-
couple of constantan C between copper ribbons Cu of low
thermal capacity, mounted inside an evacuated glass bulb.
The bulb was mounted on a micrometer stage and adjusted so
that in the zero position the light from M heated each junction
equally and no current flowed through the galvanometer G
but when M was rotated slightly the junctions were unequally
heated and a current flowed. A motion of the spot of light by

Fig. 92. Apparatus of Wolf and Goetz for Joule effect in bismuth.

about 0-0007mm. gave a galvanometer deflection of 1 mm.
The deflections were recorded photographically, and were
calibrated by raising the temperature of the crystal about
0-2° C.

The need for such large magnification arises because the
magnetostriction of bismuth in a field of 25,000 oersteds is
still about 100 times smaller than that of nickel in a moderate
field. Wolf and Goetz obtained results in good agreement with
those obtained by Kapitza for pure crystals of bismuth. It was
found that the magnetostriction was positive in a direction
parallel to the trigonal axis of bismuth and negative at right
angles thereto, the magnetostriction equations being respec-
tively (41/l) = const. x#*® and (41/l) = const. x H#?3, the
constant depending on the crystal orientation. The effects of
certain impurities were considerable; e.g. about 0-4 per cent
of tin or 2 per cent of lead reduced the magnetostriction per-
pendicular to the trigonal axis to zero, and greater quantities
of these substances reversed its sign.
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Becker’s Theory of Magnetostriction Processes. Becker*
has given an interesting picture of the behaviour of a ferro-
magnetic in the region of technical saturation. He supposes
that the Weiss domains are magnetised almost to saturation
when 7' <€ 6. Then, assuming the total energy associated with
a distorted dipole lattice in the presence of an applied field to
be made up of the internal magnetic energy of the lattice, the
energy stored in the elastic deformation and the potential
energy of the domains in the applied field, the 7, #" curve can
be obtained from the condition that the total energy shall be a
minimum, and fairly satisfactory, though qualitative, pictures
of technical hysteresis and saturation processes are thus
provided. Certain aspects of the theory were considered in
Chapter 1v.

From the fact that when a nickel wire is magnetised
longitudinally it invariably shortens, Becker deduced that
under the simultaneousinfluence of a severe longitudinal stress
F and a longitudinal field /# it should be magnetised with the
magnetic vectors making an angle of average value ¢ with the
axis of the wire given by

_ Is /4 q
cos( = »3—/10—’;742’, ...... (189)
where I, is the technical saturation intensity of magnetisation
and A, , is the experimental value of the contraction per unit
length when saturated. Under these conditions the intensity of
magnetisation parallel to the axis of the wire is

I H

Il|=3/‘1(;:s—1(_‘,%=07, """ (

where C is a constant. It follows from (189) that under very
severe tension a nickel wire must be magnetised perpendi-
cularly to its axis since cos 0 = 0, and from (190) that technical
saturation should be obtained in a field

8

H, =

* R. Becker, Zeut. fur Phys. 62, 253, 1930; 64, 660, 1930.
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Becker and Kersten investigated the magnetisation of a
nickel wire under tension by a method used by Preisach.* The
wire was mounted vertically inside a long solenoid. Tts middle
portion was surrounded by an induction solenoid connected to
a ballistic galvanometer. The ends of the wire were held in
brass clamps, one being directly attached to a strong aluminium
frame, and the other attached via a calibrated spring balance
to the usual spindle and nut stretching device. The longi-
tudinal magnetisation was measured by the ballistic method,
and equation (190) was verified.

Kirchnert investigated the effects of tension, pressure and
torsion on the longitudinal magnetostriction of a nickel wire
using a comparative ultramicrometer method. He proved
that for nickel the magnetostrictive contraction per unit
length under a tension #, and in fields of sufficient intensity,
Ag obeyed a law of the form Ay, = C'(12—1%), where C is a
constant. Under increasing pressure the magnetostriction of
nickel decreased slowly towards zero; and under increasing
torsion it reached a limiting value of about 0-72 A, , and, again,
for large torques obeyed a law A, = C"(1%2— 12).

From the experimental verification of equation (190) it
follows from thermodynamic arguments that the saturation
magnetostrictive contraction A, ; of a nickel wire under
longitudinal tension F and field 4, is given by

Aps= CHE2F. ... (191)

Equation (191) may be rewritten as C = I2/2A; .. Now,
Becker and Kersten found that C' = 1%/3), ,; hence it follows
that A, ¢ = 34, ,, or, the saturation magnetostrictive contrac-
tion of a nickel wire under severe tension is exactly 50 per cent
greater than that of an unstretched wire, a prediction,
verified by Becker and Kersten and by Kirchner, which it
would be difficult to comprehend except in terms of the Weiss
domain theory.

We see that for the unmagnetised, unstretched wire

cos?0, = 1, since the magnetic vectors are orientated in all
* F. Preisach, Ann. der Phys. 3, 737, 1929.
1 H. Kirchner, Ann. der Phys. 27, 49, 1936.
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possible directions, while for saturation cos?0, = 1. Now,
from Kirchner’s experimental results, Ap, , is proportional to
(I%—1%), and we have

Ap, s = a(cos?f;—cos?Op) = a(1-0) = a,

Ag, s = a(cos® O, —cos?0y) = a(l1—-3) = 3a,
where « is a constant, so that therefore A5 /A, ; = £, and we
have a ready interpretation of the relation deduced by Becker,
much on the lines of the explanation of the changes of resist-
ance of nickel in a magnetic field. In the case of torsion we

must assume that the vectors set at an angle of 45° to the axis,
so that cos20, = §; we have then

Ay s = a(cos?l;—cos?0,) = a(1—1) = /2,
Ay, s = 3,

whence A, , = $A, ,, while 0-72}, ; is found by experiment.
Under heavy pressure we have A, ; = a(cos?f;—cos?0) = 0,
i.e. the magnetostriction disappears.

Effects of Shape on Magnetostriction. It has hitherto been
assumed that magnetostriction effects are independent of the
shape of the specimen, but this is not correct. Becker* and
Hayasit have shown that shape is important. It is found, for
example, that the longitudinal Joule effect for an ellipsoid
should theoretically be greater by a term proportional to
12. D than for an infinitely long and thin rod, where I is the
intensity of magnetisation and D the demagnetising factor of
the ellipsoid. Moreover, the volume effect and the transverse
Joule effect should each be greater for the ellipsoid by a term
proportional to 12. D.

Kornetzkii made measurements with a series of iron ellip-
soids to check these predictions in the case of the longitudinal
effect. Disturbances due to translational forces in non-uniform
fields were difficult to avoid, and fields of 10,000 oersteds were
produced by currents of short duration in a solenoid which
was not water-cooled. The limits of experimental error were

* R. Becker, Zeit. fur Phys. 87, 547, 1933.

1 T. Hayasi, Zeit. fur Phys. 72, 177, 1931.
1 M. Kornetzki, Zeit. fur Phys. 87, 560, 1933
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rather large but the theoretical predictions could be regarded
as confirmed, the value of (4l/l), being —3-15x 1076+ 5 per
cent for a sphere instead of — 7 x 10~¢ as found for an infinitely
long rod.

More comprehensive theoretical discussion shows that in
weak fields, where, as we saw on p. 62, I = /D, the volume
magnetostriction w = (0V/V) is equal to }#2/k’'D, where k' is
the compressibility of the material, which is a parabolic
relation between w and 5, while in high fields w becomes a
linear function of 5#'. There is, of course, a transition region in
the w, 5 curve between these two cases for fields of moderate
intensity.

Volume Changes tn Magnetostriction. Volume changes
accompanying magnetisation have been measured by Honda
and Nagaoka,* Masiyamat and Kornetzki.f The specimen
was in all cases an ellipsoid and was mounted inside a dilato-
meter containing boiled water; the changes in volume of the
ellipsoid were manifested by the motion of the meniscus in a
capillary tube. The dilatometer was placed within a magnet-
ising solenoid provided with an internal water jacket, and in
some cases was also surrounded by a copper tube.

Kornetzki’s work showed that the w, # curve fell into three
parts—an initial parabolic portion depending only upon the
shape of the specimen, a linear portion for fields above that
required for technical saturation, and a transition portion
between them. With a small value of D, » may appear to
decrease with " at first, but with a large value of D, w always
increased with #’, in the case of iron specimens.

Auwers§ investigated the w, # curves of single crystals of
iron-nickel alloys and of polycrystalline specimens of iron-
nickel-cobalt alloys. In the case of the single crystals there was
practically no change in volume until technical saturation was
exceeded when a linear increase in volume occurred, the value
of dw/ds# being independent of the orientation of the crystal

* K. Honda and Nagaoka, Phil. Mag. &, 56, 1902.

1 Y. Masiyama, Sci. Rep. T'6hoku, 22, 338, 1933.

1 M. Kornetzki, Zeit. fur Phys. 87, 560, 1933; 98, 289, 1935.
§ O. von Auwers, Phys. Zeit. 34, 824, 1934.
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lattice with respect to the field, although the intercept which
the w, # curve, when produced, made with the 5 axis be-
came smaller as the direction of easiest magnetisation was
approached. The value of dw/d# however depended con-
siderably on the constitution of the crystal.

The Weiss Constant and Magnetostriction. It is clear that a
ferromagnetic substance which exhibits volume magnetostric-
tion must change its magnetisation when it is compressed in
the presence of an applied field, and that this change must be
related to the change in volume or in lattice constant produced
by the compression. The question therefore arises as to what
effect a change in volume may have on the quantity vp of the
Weiss theory of ferromagnetism. If the product vpis dependent
upon the distance apart of the carriers in a material, i.e. upon
the density p, then the spontaneous magnetisation at a given
temperature must depend upon the volume, and, consequently,

2
the paramagnetic Curie point, defined by 6 = V—p;k'u—', must
change with pressure. Indeed, Kornetzki suggests that this
explains Steinberger’s* observation that a 30 per cent nickel-
iron alloy loses its ferromagnetic properties when exposed to a
pressure of 10,000 atmospheres at room temperature.

Now, in Chapter v the Curie point 6, of a substance was
always measured under atmospheric pressure and no attempt
was made to maintain the test specimen at constant volume.
If, however, we deliberately keep the volume of a specimen
constant at some chosen value, say V;, the volume normally
found under atmospheric pressure at a temperature 7', the
substance would be expected to lose its ferromagnetism at a
different temperature to 0,, say (6),, . As we are interested in
vp it will be more convenient to speak of (6),- and (0)y, for

obvious theoretical reasons. We may write

1 a(VP)VT_ 1 (80)V7_2a 1 (0)y,
o)y, oT *(B)V,. or (G)V,. 0w

H

* R. L. Steinberger, Physics, 4, 153, 1933.
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which Kornetzki* deduces is equal to

ow 1

3 s
T dw 1°
ao’x,T/aT—3a.W.7c';

very approximately, where « is the coefficient of linear expan-
sion and k' is the compressibility. All the quantities in the last
expression can be measured and we can therefore find how

1 8(vp)
vp oT
w, S curves for different values of 7'.

Kornetzki carried out measurements of the volume magneto-
striction of several ellipsoids of iron and iron-nickel alloys over
a temperature range 20° to 95° C. The dilatometer was placed
inside an electrical furnace within a Dewar flask enclosed by
the magnetising solenoid, elaborate temperature control being
avoided by the use of an automatic recording apparatus which
simultaneously recorded the volume changes and the applied
fields. The experimental error was of the order of 10 per cent,

but in the case of iron ——-l— Py,

(vply, oT
independent of the temperature and equal to 5x 10—¢ per
degree, which means that the Curie point would be about
400° C. if the iron were demagnetised under the pressure
necessary to maintain the volume at 400° C. the same as that
under atmospheric pressure at room temperature; unfor-
tunately the necessary 60,000 atmospheres is not obtainable.

varies with temperature if we determine a series of

was found practically

The Villari Effect. We have seen that when a ferromagnetic
body is magnetised it is strained. Matteuccit showed that,
conversely, when a magnetised bar is strained its magnetisa-
tion is changed. Thus, when a weakly magnetised iron bar is
stretched the magnetisation increases. Villarif later showed
that the magnetisation of a strongly magnetised iron bar is
decreased by tension, and showed that for a certain intensity

* M. Kornetzki, Zeit. fur Phys. 98, 289, 1935.
1 C. Matteucci, Compt. Rend. 24, 301, 1847.
1 E. Villari, Ann. der Phys. 126, 87, 1865.
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of magnetisation of the iron there is no change on applying
tension. The change in magnetisation or, more exactly,
magnetic induction, which accompanies longitudinal stress is
known as the Villari effect and the reversal of the sign of the
effect is termed the Villari reversal, the point on the I, # curve
where the application of longitudinal stress does not change I
being called the Villari reversal point. The effects were studied
by Kelvin* and Ewingt.

It is very instructive to discuss the reciprocal relation which
exists between the longitudinal Joule and Villari effects. We
may define the constant A of the former by the equation
p = A.3¥, where p is the magnetostrictive stress (in dynes per
sq. cm.) produced by a field #°. The mechanical energy stored
in the material is then p?/2F ergs per c.c., where £ is Young’s
modulus. Now this is balanced by the change in magnetic
energy B?/8mu. Therefore

B8mu = p2|2F = X2#*2E =

consequently,

A2BA
2ukE

2

Bl4m = %}i‘f = Ap/2E = A x (extension per
unit length produced by p),

or B = 47mA x (extension per unit length produced by p).

We see then that the change in induction B which accom-
panies a given longitudinal stress is connected with the strain
by the same constant A which connects the stress with the
applied field 5#°. We shall make use of this result on p. 316.

The Wiedemann Effect. When a longitudinal and a cir-
cular magnetic field are simultaneously applied to a long rod
of ferromagnetic material, the resultant lines of force form
helices about the axis of the rod, and any change in dimensions
of the material along the helices causes the rod to twist; this
phenomenon is called the Wiedemann effect. Wiedemanni
suspended a vertical iron wire and caused it to be acted upon
by a small vertical magnetic field while at the same time an

* Lord Kelvin, Published Papers, 11, 332.
1 J. A. Ewing, Magnetic Induction in Iron and other Metals, p. 197, 1910.
1 W. Wiedemann, Elektrizitat, 3, 680, 1883.
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electric current passed along the wire. He found that the free
end of the iron wire twisted in a clockwise direction when
viewed by an observer looking along the wire in the direction of
the current flow and in the direction of the lines of force of the
solenoid; the twist was then said to be positive. On reversal of
either the current or the longitudinal field the direction of the
twist was reversed. He further found that if the longitudinal
field was gradually increased while the current in the wire was
maintained constant the twist reached a maximum value in
fields of some 15 to 36 oersteds, and gradually decreased in
stronger fields until the twist became zero and eventually
changed sign.

Clearly, the use of a wire or rod is open to the objection that
the circular magnetic field produced by the current at any point
in it varies directly as the distance of the point from the axis of
the specimen, so that it becomes difficult to compare experi-
mental results with those expected on theoretical grounds.
Williams* surmounted this difficulty to some extent by using
tubular specimens, but it is not always possible to obtain

omagnetic specimens in this form. The apparatus used by
Pidgeont is shown in Fig. 93.

The solenoid S was attached
to a rigid beam P, and the speci-
men WW with its extension
pieces was suspended on knife-
edge supports from a similar but
independent beam. The vertical
component of the earth’s mag-
netic field was compensated by
an additional solenoid wound on
S, and the specimen was sur-

rounded by a water-jacket J. be
Electrical connections were made
th h the mercury cups V; and )
roug e me y cups iy Fig. 93. Pidgeon’s apparatus for

¥, and the wire specimen was kept the Wiedemann effect.
taut by the weight F immersed in

* §. R. Williams, Amer. Journ. Sci. 36, 555, 1913.
+ H. A. Pidgeon, Phys. Rev. 13, 209, 1919.
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oil. The optical arrangements are also shown in Fig. 93 5.
Light from a Nernst filament N fell upon the collimator C, in
whose slit a fine glass fibre was mounted lengthwise, virtually
to form a double slit. The parallel beam issuing from the
collimator was reflected by a plane mirror M. The reflected
beam was viewed in the travelling microscope 7', and the
diffraction pattern produced by the double slit served to
provide accuracy in setting.
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Fig. 94. Pidgeon’s results for the Wiedemann effect;
circular field constant.

Some of Pidgeon’s results are shown in Fig. 94; they have
been corrected for any slight residual twist observed when,
after careful demagnetisation, either a longitudinal or a
circular field alone was applied. Errors may arise due to im-
perfect initial demagnetisation, changes in temperature pro-
duced by the heating effects of the current, and lack of homo-
geneity in the specimen. In addition to the curves shown,
otherinstructive sets may be obtained by plotting the observed
twist against the current in the specimen for a series of fixed
values of the longitudinal field.

Initial Permeability and Magnetostriciion. We saw on
p. 79 that satisfactory permanent magnet materials were
those in which severe internal strains were present, and that
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substances of high permeability had to be as strain-free as
possible. Now, if a substance exhibits magnetostriction, then
it is bound to be strained when placed in a magnetic field and
the strain will tend to oppose the magnetisation, i.e. the initial
permeability of the material will be lowered. While thorough
annealing will relieve strains produced by working, phase
changes, etc., it will not relieve magnetostriction strains. In
many cases, however, these can be relieved by annealing
while the material is in a magnetic field. Thus Bozorth and
Dillinger* showed that when a 65 per cent nickel iron alloy
was anncaled at 650° C. in a field of only 10 oersteds, the
maximum permeability was increased from 20,000 to over
600,000.

Kerstent has obtained a relation between the initial
permeability s, I, the technical saturation intensity, the
saturation Joule magnetostriction (dl/l); and the average
value of the internal stress p;, viz.

_ 001812
= Y6 (difl), p;”

When the annealing has been perfectly carried out and only
magnetostriction strains remain, then
0-018 I2

P = Bl and gy = yos i

which gives us a theoretical upper limit for the value of z;. It
is an important fact that the permalloy of highest initial
permeability is also that for which the magnetostriction is
zero, or practically zero, and for which p; is theoretically
infinite or extremely large.

Magnetostriction Oscillators. Since the application of a
magnetic field causes changes in the dimensions of ferro-
magnetic bodies, it is easy to see that, by applying an alter-
nating magnetic field of appropriate frequency, a rod of ferro-
magnetic material may be set into longitudinal vibration in

* Joy Dillinger and R. M. Bozorth, Physics, 6, 279 and 285, 1935 and R. M.

Bozorth, Bell Syst. Tech. Journ. 15, 63, 1936.
1 M. Kersten, Zeit, fur tech. Phys. 12, 665, 1931.
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unison with the current producing the field when resonance
magnetostriction oscillations of considerable amplitude may
be produced. Magnetostriction oscillators were first studied
by Pierce,* who investigated their possibilities as standards
of frequency. The oscillatorst were generally in the form of
thin rods. Each rod was coupled to an electrical circuit by
placing it in a solenoid carrying a small alternating current
superimposed on a steady magnetising current, the rod being
set into longitudinal resonant vibration in its fundamental
mode with a node at its centre and antinodes at its ends. In
addition to the demagnetising effects of the poles induced in
such oscillators, disturbing effects arise because the mechanical
stress is greatest at the centre of a rod and zero at its ends.
Hence, the modern oscillator now takes the form of a closed
circular ring wound with a uniform toroidal winding. As the
ring vibrates, all parts of it move radially with the same
amplitude and phase, and when the vibration is excited by the
passage of an alternating current of suitable frequency, the
magnetisation and the mechanical stress do not vary along
the circumference, although these quantities must vary over
the cross-section of the ring, because of eddy currents induced
in it.

Let us suppose that a ring oscillator is rigidly clamped so
that no motion is possible and that a current of pulsatance w is
supplied to the winding. Then a mechanical stress

p = A.H,sin ot

will be set up, where A is a constant representing the dynamical
Joule magnetostriction effect. If we now allow the ring to
vibrate, this stress may be treated as a motive force and the
equation of motion takes the conventional form for a system
vibrating with one degree of freedom. If the ring is of mean
density p, area of cross-section 4 and of material whose
Young’s modulus is £, then the radial force on an element
subtending an angle 80 at the centre of the ring is A4, sin wt §6.
Hence, the circumferential stress due to magnetostriction is

* G. W. Pierce, Proc. Amer. Acad. Arts and Sci, 63, 1, 1928.
t L. H. Vincent, Proc. Phys. Soc. 41, 476, 1929 and 43, 157, 1931.
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equivalent to a total force tending to expand the ring equal to
2m AN, sin wi, and the equation of motion is

2mr Ap& + k& + 2mA Bxjr = 2mAAH ysin ok, ...... (192)

where %, 2 and z respectively represent the radial acceleration,
velocity and displacement at any instant ¢, k is a damping
constant and the last term on the left-hand side represents
the effect of resistance to extension. For steady vibration the
solution of equation (192) is

2
x=?1’£’_‘ﬁ{1/A/k§+(2mpr—?fg) }sin(wt—G),

w

and when resonance sets in at w = w,, then ¢ = 0 and

2nAE
2mrApwy = oot
1l — 1
or )y =—T-«/E’/p =;Vs, ...... (194)
i.e. 2mrng =V,

where V, is the velocity of sound in the ring, and », is the
frequency of the alternating current for resonance.

By differentiating (193) we see that the maximum radial
velocity #, at resonance is 2mAAH#,/k,. Now the electro-
motive force ¢ induced in the winding of N turns by the Villari
effect is equal to

dB d (4mAx d (Ax
from the relation between I and x discussed on p. 311. Hence
e=—4nNAL>
_ _47TNAA (2mAN) cos (wt— €) .
2mAE\?
K2+ (2777pr - ——»—~)

wr
...... (195)
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so that at resonance the maximum e.m.f. is

_ _SmANAA A,  8mENAA? 2Ni0)
r r k, rky r
1672N24202 . 2N,
B — 19, since ;= t

where 7, is the maximum value of the current supplied to the
coil.

Now from equation (142), p. 216, we see that the maximum
displacement will be half that at resonance at two frequencies
9 0w, where k,=2.0w.prAN13. ... (196)
Hence, when the resonance is very sharp, we may make a series
of determinations of the reactance and resistance of the system
over a range of known frequencies and so determine dw and e,,
whence A can be found.

Smith* measured the reactance of a ring oscillator consisting
of stampings of 40 per cent nickel-iron alloy, coated with
paraffin wax and separated by paper rings to prevent eddy
currents. The ring rested in a wooden channel over which two
toroidal coils were wound, one to carry a direct current and
the other to form the arm X of a Wheatstone bridge system.
Alternating current of adjustable frequency was supplied by a
valve oscillator, the detector was a sensitive thermionic volt-
meter connected to the bridge through a tuned transformer,
and a variable inductance L and resistance R were used to
obtain balance. dw was found to correspond to about 25 cycles
per sec. for a resonance frequency of about 15,100 cycles per
sec.

In the above theory eddy current and hysteresis effects have
been ignored. These, however, play an important part, and
the reader is referred to a paper by Butterworth and Smith+
for further information. The more complete theory shows that
a high degree of resonance may be obtained with a ring
showing small magnetostriction changes provided that the
permeability and resistivity of the material are large.

* F. D. Smith, Phys. Soc. Proc. 42, 181, 1930.
1 S. Butterworth and F. D. Smith, Phys. Soc. Proc. 43, 166, 1931.
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The Magnetostriction Echo Depth Recorder. Wood, Smith
and McGeachy*haverecently used magnetostriction oscillators
in marine echo-sounding devices or depth recorders. The
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Fig. 95. Echo-sounding device. (Wood, Smith and McGeachy.)

general arrangement is shown in Fig. 95. Two magneto-
striction oscillators, a transmitter and a receiver are fitted
inside reflectors in separate compartments quite close to one
* A. B. Wood, F. D. Smith and J. A. McGeachy, Journ. Inst. Elect. Eng. 76,
550, 1935.
318



THE ECHO DEPTH RECORDER

another in a ship. Theoretically, the same oscillator could
be used as transmitter and receiver, but there are obvious
advantages in using separate oscillators for the two purposes.
The magnetostriction oscillations of the transmitter are com-
municated by the reflector to the water in the transmitting
compartment and pass through the hull of the ship to the sea-
bed in the form of longitudinal compressional waves, whence
they are reflected and are picked up by the receiver. The
changes in pressure caused by their impact on the receiver
produce changes in the magnetisation of the ferromagnetic;
these are amplified, and a rectified current is fed to a chemical
recorder as shown in the figure.

The chemical recorder is worked by a spiral drive, and the
commencement of the motion is synchronised with the trans-
mission of a signal, a small current causing the stylus to make
a mark on the sensitised paper. A straight line or band corre-
sponding to the series of transmission signals is traced on the
paper as shown on the left of the diagram. The reflected signal
is received when the stylus has moved some short distance
across the paper, and a mark is produced as before. Hence for
each passage of the stylus a mark is made corresponding to the
reception of the reflected signal. In this way is traced the wavy
band shown in the figure, and the distance between the two
bands is a measure of the depth of the sea-bed beneath the
ship at the time of record; this distance depends, of course, on
the known rate at which the stylus is made to traverse the
paper. A relatively simple type of damped impulse high-
frequency transmission can be used, as indicated in the figure,
or continuous-wave transmission can be employed. In the
figure is also shown an auxiliary commutator which produces
a series of equidistant dots in the paper, representing known
depth intervals.

The magnetostriction oscillator most frequently used in
these devices is made of nickel of ordinary commercial purity,
chosen because of the large magnetostriction changes in
relatively weak magnetic fields, simple composition and good
mechanical properties, resistance to corrosion by water, and
because it can be obtained in the form of suitable stampings.
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A ringismade of stampingsinsulated from each other by films of
oxide or of insulating varnish to oppose the formation of eddy
currents. The ring is magnetised by current supplied to a
toroidal winding. A nickel ring of mean diameter 10cm.,
weighing about 3K gm., gives a frequency of about 15,900
cycles per sec. The mean diameter fixes the frequency, and the
radiation damping is settled by the thickness of the oscillator.
The receiver should possess some permanent magnetism
and this is easily impressed by a large steady current of short
duration, The method of mounting the transmitter is shown
in the figure, which also shows the type of reflector used to
impress directional properties upon the radiation. On account
of the high frequencies employed diffraction effects are quite
small, the transmitter and receiver require no elaborate
screening and can be fitted quite close together on the ship,
giving the great advantage that soundings can be taken directly
beneath the ship. The form described above is capable of
recording depths of 0 to 30 fathoms, which are the depths really
important in navigation, correct to about 1 ft. of water.

Surface Fields on Ferromagnetics. Perhapsthe moststriking
evidence for the domain theory of ferromagnetism is provided
by the deposits formed by magnetic powders on the polished
surface of a ferromagnetic. Suspensions of rouge, (Fe,Oj),
particles about 1x in diameter in ethyl acetate were used by
Bitter,* who obtained the first pictures of the complicated
patterns into which the particles settled upon the ferro-
magnetic surface, whether it was magnetised or unmagnetised.
Akulov and Degtiart obtained very clear patterns with an
alcohol suspension of Fe,O,, while Becker and Freundlich}
used an almost colloidal suspension in propyl alcohol.
McKeehan and Elmore§ and Soller|| used true sols of Fe,Og in
very weak KOH solution; these sols did not precipitate on
iron, but swarms of particles collected in regions where the

* F. Bitter, Phys. Rev. 41, 507, 1932.

+ N. Akulov and M. Degtiar, Ann. der Phys. 15, 750, 1932,

1 R. Becker and H. F. W. Freundlich, Zeit. fur Phys. 80, 202, 1932.
§ L. W. McKeehan and W. C. Elmore, Phys. Rev. 46, 226, 1934.

|| Th. Soller, Zeit. fir Phys. 106, 485, 1937.
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field was non-uniform and enabled sharp micro-photographs
to be made with about 1 min. exposure.

The patterns are not formed on non-ferromagnetics and they
show conclusively that there exist stray magnetic fields between
adjacent elements of the surface, with lines of force coming out
of one element and entering another. McKeehan and Elmore
used a single crystal silicon iron disc which they magnetised
perpendicularly to the surface, and their results supported the
view that the surface was made up of roughly cubical blocks,
of edge about 2x, magnetised parallel to the surface either
along a [100] or along a [110] direction, giving place to lines
4y apart when the field is on. Other workers, who used fields
parallel to the ferromagnetic surface, obtained lines with
spacings of the order of 40 to 100u. The spacing appears to be
more or less accidental. Elmore* sprinkled iron filings on a
simple model of hardened steel cubes packed close together to
form a square surface and showed that a typical maze pattern
was obtained. Polishing appears to play an important part
in determining the pattern, for unpolished strips of iron give
straight-line patterns. Soller showed that these lines appear
when a specimen originally magnetised parallel to its surface
is stretched in a direction perpendicular to the magnetisation
and simultaneously exposed to a field perpendicular to the
surface.

The Barkhausen Effect. Further direct evidence supporting
the Weiss domain theory of ferromagnetism has been obtained
from the experiments now to be described. In Fig. 96 A B
represents a ferromagnetic wire which may be magnetised by
the solenoid S. Upon the wire is mounted an induction helix or
search coil s, consisting of a very large number of turns, say,
10,000, which is joined in series opposition with an identical coil
85, which does not surround the wire and placed some distance
from s,, and an amplifier and telephone receiver. The coil s,
acts as a compensator for the lines of force through s, from the
magnetising field alone, and could be replaced by the secondary
of a mutual inductance whose primary is in the magnetising
current circuit. .

* W. C. Elmore, Phys. Rev. 51, 982, 1937.
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If the changes in the magnetisation of the rod were con-
tinuous and there were no disturbing effects, there would be no
sounds heard in the telephone when the magnetising current
changed slowly. As, however, the magnetisation processes are
discontinuous and independent of each other, a series of
“clicks” or ‘‘noises’’ corresponding to abrupt changes in
different parts of the wire are heard. Sometimes the dis-
continuities are so pronounced that the noises are heard when
the coils s, and s, are joined direct to the telephone. Such noises

C T “Ja 6-7 sug:

Resistance
3 -capacity
e
‘=-L Coupled AN
S Amplifier )

- ) | o 2

S

A B

L AAAKAN—
Fig. 96. Apparatus for investigation of individual
longitudinal Barkhausen effects.

were first investigated by Barkhausen* and the phenomenon
is known as the Barkhausen effect. It has been described as
the magnetic analogue of the “‘cry of tin ", and it is intimately
connected with magnetostriction processes.

The effect has been studied quantitatively by Bozorth and
Dillinger,; Pfaffenberger§ and Preisach.|| In many cases the
specimen wire was 60 cm. long and 1 mm. or less in diameter.
Bozorth and Dillinger replaced the telephone of Fig. 96 by a
transformer in whose secondary was a thermojunction con-
nected to a critically damped Moll galvanometer. The
galvanometer deflections were recorded photographically and
provided a measure of the average value of the square of the
current through the secondary. Preisach connected s, and the
secondary of a mutual inductance direct to a ballistic galvano-
meter to obtain the hysteresis cycle of the wire, and to a string

* H. Barkhausen, Phys. Zeit. 20, 401, 1919.
t Cf. E. N. da C. Andrade and B. Chalmers, Nature, 29, 650, 1932.
1 R. M. Bozorth and Joy Dillinger, Phys. Rev. 35, 733, 1930.

§ J. Pfaffenberger, Ann. der Phys. 87, 737, 1928.
|| F. Preisach, Ann. der Phys. 3, 737, 1929.
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galvanometer when the Barkhausen discontinuities were
investigated. It must be emphasised that s, and s, must be
some distance apart or the induction in the wire in s, may
produce a flux in s,; they may then both surround the wire,
since the Barkhausen changes are random in magnitude and
time of occurrence. Mechanical vibrations must, of course, be
avoided.

Nature of the Barkhausen Discontinuities. It is clear from
the above experiments that if we plotted the I, 5# curve for a
ferromagnetic on an extremely large scale, we should find it
made up of a series of steps. Van der Pol* examined the
magnitude of these steps in theseveral portions of the hysteresis
cycle, and found that they were pronounced only in the steep
portions of the curve, where I changes rapidly, and were
extremely small in the region of saturation. Preisach con-
cluded that the total contribution of the discontinuous induc-
tion processes depended on the type of hysteresis cycle, but
that there was no simple relation between the slope of the I,#
curve and the Barkhausen effects. Moreover, he found that the
magnitude of the individual steps varied over a wide range and
could be given no precise physical significance. Barkhausen
effects are certainly found in the region of saturation but high
amplification is necessary for their detection.

Estimates of the size of the Barkhausen domains, or of the
number of atoms involved in a discontinuity, have been made
by van der Pol,* Tyndallf and Bozorth and Dillinger.f The
estimate of the latter workers appears to be the most reliable,
but it is based upon a series of rather complicated experiments,
to say nothing of theoretical assumptions, and it will not be
outlined here. They found that the average volume of the
ferromagnetic in which the magnetisation changed as a unit
was about 108 to 10~?c.c. in the case of vacuum-annealed
armco iron, iron single crystals, vacuum-annealed nickel and
permalloys of different compositions and thermal treatment,
and the extreme values were 1:2x10-%c.c. for iron and
van der Pol, Proc. Amsterdam Acad. 23, 637, 1920.

P. Tyndall, Phys. Rev. 24, 439, 1924.
M. Bozorth and Joy Dillinger, Phys. Rev. 35, 733, 1930.
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45 x 10~° c.c. for a 50 per cent nickel-iron alloy. These volumes
are much greater than the volumes of the individual crystals
found, for example, in a specimen of hard worked iron, and the
average domain thus appears to contain about 1015 atoms. It
may safely be assumed that Barkhausen discontinuities are
independent of crystal size and lattice, and that the number
and sizes of the discontinuitiesin a given specimen are constant.

It is possible to make very large Barkhausen discon-
tinuities by using a wire with positive magnetostriction under
sufficient tension to ensure that all the domain vectors are
aligned parallel to its axis. This means that the hysteresis
cycle can virtually be made a rectangle, as Forrer* first
proved.

Time of Duration of a Barkhausen Reversal. Barkhausent
attempted to find the average time of duration of a dis-
continuity by making use of the principle that an oscillatory
circuit can only be vigorously excited by an impulse which
lasts for less than half the period of one oscillation, and with
his amplifier he showed that the duration was less than
3-3 x 10-¢sec. Preisach used a receiver consisting of two high-
frequency and one low-frequency stages, and found the Bark-
hausen effects to persist even with the shortest waves possible
with the arrangement, 200m. He accordingly extended his
work by using nickel-iron specimens whose hysteresis cycles
were practically rectangles and whose Barkhausen impulses
amounted to single impulses only. By exposing such a
specimen to an alternating field the impulses could be repeated
regularly and made to give a periodic current in a high-
frequency circuit. For, if the hysteresis cycle has the approxi-
mate shape of a parallelogram, the flux ¢ changes sign in a
short interval of time 7 and then remains constant for a time
T — 7 if the frequency of the applied field is 1/7". The Fourier
expansion for the induced E.M.F. is given by

£ - 8¢ § sin (kw 7/2) sin ko,
T k=1

* R. Forrer, Journ. de Phys. 1, 109, 1926.
1 H. Barkhausen, Zeit. fiir tech. Phys. 5, 518, 1924.
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the appropriate expression for a series of sharply defined
potentials,  being the pulsatance of the magnetising current.
The amplitude of the kth harmonic is therefore equal to

_ 8¢sin (kn7/T)
T kT

Hence the potential curve will contain a considerable number
of equally pronounced harmonics as long as their time of
duration is large compared with the duration of the dis-
continuous change, or 7'/k > 7, in which case

sin (kn1/T) 1
knr/T

Thus the amplitude only decreases to a marked degree in the
neighbourhood of a frequency whose half period is equal to
that of the duration of the discontinuous process, or when
T/k~ 27.

On coupling the helix s; and its compensator s, of Fig. 96
directly to the antenna coil of a short-wave receiver which was
made to oscillate, the high-frequency components supplied by
the coil s, produced combination frequencies with that of the
receiver. The frequency of the magnetising current was
6000 cycles per sec., and when the condenser in the oscillatory
circuit of the receiver was gradually rotated a succession of
beat notes was generated as one after another the successive
harmonics supplied by s, came into combination with the
fundamental frequency of the receiver. In this way harmonics
with wave-lengths down to 30 m. were recognised, but with
shorter wave-lengths the combination tone gradually faded
away. Hence the average time of duration of a Barkhausen
process must have been less than 10~ sec.

The Transverse Barkhausen Effect. Bozorth and Dillinger*
suggested that, as the magnetic vectors of domains would not
all be set parallel to the direction of the applied field during the
investigation of the longitudinal effects, transverse effects
would be registered in coils set with their axes at right angles

B,

* R. M. Bozorth and Joy Dillinger, Phys. Rev. 38, 192, 1931; 39, 353, 1932;
41, 345, 1932.

325 21-3



MAGNETOSTRICTION

to the field. They used tubular specimens 60 cm. long and
about 5 mm. in diameter. By passing a heavy current through
a copper wire along the axis of the tube the specimen was
magnetised transversely while a current in a solenoid S
surrounding it produced longitudinal magnetisation. Two
search coils s, and s, were wound on the tube and joined in
series opposition to the amplifier and thermocouple detector
described on p. 322. The magnetisation perpendicular to the
specimen’s axis was measured by a few turns of wire threaded
along the axis and down the outside of the tube and connected
to a ballistic galvanometer; the search coil so formed could
also be connected to an amplifier and thermocouple detector
to record the longitudinal discontinuities, and it was arranged
that both transverse and longitudinal discontinuities were
recorded on the same drum. The deflection of the string
galvanometer for longitudinal changes was invariably in the
same direction, but the transverse changes gave deflections
half in one direction and half in the other, proving that the
average change in magnetisation perpendicular to the field
was zero.

On measuring the ratio of average transverse to the average
longitudinal effect as a function of the induction B, it was found
that it was less than unity until B exceeded 15,000 after which
it rose rapidly, values obtained from the virgin B, # and the
hysteresis loop curves falling on the same graph of the ratio
against B. The results definitely support the view that in low
fields on the average all the magnetic vectors change by very
nearly 180°, whereas in high fields rotation of the vectors
through 90° is common.

Velocity of Propagation of Barkhausen Discontinuities. We
have seen on p. 324 how Preisach made use of the large dis-
continuities which are observed in the magnetisation of
highly strained wires. It is difficult to account for the sudden
reversal of magnetisation in the whole length of the wire unless,
as Langmuir first suggested, the magnetisation is initially
reversed in a limited region or nucleus in the wire, from which
the discontinuity spreads outwards with a finite velocity.
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Experiments will now be described which prove the correct-
ness of this suggestion and tell us how the velocity of propaga-
tion depends upon the applied magnetic field and upon the
elastic strain which the wire undergoes.

In the arrangement used by Sixtus and Tonks* shown in
Fig. 97 the initial discontinuity or nucleus in the nickel-iron
wire A B was produced by passing a current through the small
coil @, whilst the wire as a whole was magnetised to a chosen
extent by a current in the main magnetising coil S. The short

Balil. Galv.

SearchCoit
Circuit

a s. Wi re under
ﬂ n Stress ?
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Fig. 97. Sixtus a,nd Tonks’s apparatus for investigation of
velocity of Barkhausen discontinuities.

5000 turn search coils s; and s, were connected to amplifiers
and thyratron circuits in order to measure the time a dis-
continuity took to pass from s, to s,. The wire 4 B was sub-
jected to tension, or torsion, or both. To protect the wire, and
to permit adjustment of the positions of s; and s,, it was
enclosed in a glass capillary tube. In most cases the distance
between s; and s, was 20 cm., the centre of each being 10 cm.
from the mid-point of 4 B, the coil a being placed 24 cm. from
the mid-point.

The time of passage was measured by an amplifier circuit
devised by Turner,t thyratrons being used to give constant

* K. J. Sixtus and L. Tonks, Phys. Rev. 37, 930, 1931.
1 L. B. Turner, Radio Rev. 1, 317, 1920.
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impulses to a timing circuit whatever the voltages induced in
8, and s,. The effect was to send a current through a ballistic
galvanometer for the short time between the impulse delivered
by s, and that from s,. For a fixed value of the tension the
velocity was, in general, a linear function of the main magnet-
ising field 57, of the form v = A(o#° — 5#,), where A4 is a constant
of the order of magnitude 25,000 cm. per sec. per oersted, and
H#, may be considered to be that limiting field in which the
velocity of propagation would be zero. 5, decreases with
increase in tension, and depends on the previous history of the
wire. A appears to increase with rise in temperature.

- If discontinuities are started when the field in a restricted
region exceeds a certain limiting value, then it should be
possible to arrest the propagation of the discontinuity by
establishing a restricted region of very low field in its path.
Sixtus and Tonks* therefore placed a stopping coil b between
s, and s, and adjusted the stopping current therein until s,
recorded no changes in flux. They then found that a demagnet-
ising field was set up over the major portion of the wire inside b
which exactly neutralised the excess of the applied field over
the limiting field. .

Sixtust found it possible to adjust the magnitude or dura-
tion of a single impulse supplied to @ until propagation started
and to impart a succession of ““flat-topped”’ impulses of equal
magnitude and duration for this purpose. In both cases he
found ¢ x (, — H#,) = constant, where ¢ was the total time the
added field 5, lasted. From this he concluded that for propa-
gation a nucleus had to grow to sufficient size. By moving a
short search coil along the wire a flux distribution curve was
obtained, whose height measured the size of the nucleus; there
was a definite relation between the height of this curve and the
main field in which the nucleus could start propagation.
Assuming the value of the demagnetisation constant of the
nucleusand knowing itslength, its diameter could be estimated.
The length of a nucleus was found in the case of a 15 per cent
nickel-iron wire to be a few mm. and its diameter about 10—% to

* K. J. Sixtus and L. Tonks, Phys. Rev. 43, 931, 1933.
+ K. J. Sixtus, Phys. Rev. 48, 425, 1935.
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10-3cm., giving a volume of about 10-8c.c. for the size of a
Barkhausen domain.

Sixtus and Tonks have given a theory of propagation of
Barkhausen effects based on the suppositions that the penetra-
tion of a discontinuity into the wire is determined by eddy
currents in the material, while the propagation along the wire
depends on surface conditions. They consider that the pro-
pagation into the wire requires a time 8¢ which they call the
penetration time, and they calculate this time on the basis
that magnetisation is reversed at any point in the discontinuity
where the total effective field #,, exceeds the critical field 75,
and that reversal occurs so rapidly that the eddy currents
generated reduce #,, to S, at every instant. In this way

they find
0t = 3-94 x 10-8a2 Al /p(H — H,),

where a is the radius of the wire, 41 the change in intensity
of magnetisation associated with the discontinuity, p the
resistivity and 5# the superimposed main magnetising field.
Unfortunately, to obtain agreement with the experimental
results it is necessary to multiply the right-hand side of the
above equation by a numerical factor, 0-035, of unknown
significance. An interesting feature, however, of this work is
that it appears to account satisfactorily for large discon-
tinuities, over 100 cm. long, found experimentally.

Déring* has given a new theory of propagation in which
account is taken of the energy in the transition layert be-
tween two Weiss domains. He pictures a small nucleus in the
wire as growing by displacing its boundary, and likens the
process to the growth of drops within a supersaturated vapour.
He thus shows that the experiments on large Barkhausen dis-
continuities lead to a value for the energy stored in each
square cm. of the transition boundary of 2-7 ergs, which is in
satisfactory agreement with theory.

* W. Doring, Zeit. fiir Phys. 108, 137, 1938; and Probleme der tecknischen

Magnetisierungskurve, p. 26, 1938.
1 F. Bloch, Zeit. fur Phys. T4, 295, 1932.
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Acid, meta-phosphoric, 92
Action, constant of, 17, 54
Alkali metals, 51, 124, 164 et seq.
Alloying, effect on crystal diamagnet-
ism, 149
Alloys, experiments with ferromag-
netic, 252
Heusler, 240, 293
iron-aluminium, 255
iron-cobalt, 160
iron-nickel, 67, 309
iron-nickel-aluminium-cobalt, 79
iron-nickel-cobalt, 78, 162
K.S., 78
lattice dimensions of, 80
magnetic properties of, 252 et seq.
nickel-chromium, 253, 297
nickel-copper, 254
nickel-molybdenum, 253
nickel-tungsten, 253
preparation of, 259
silicon-iron, 255
single crystals of, 160
Alum, aluminium, 292
chrome, 114, 292
iron, 114
vanadium, 114
Aluminium, 115, 255

Amalgams, 115, 117
nisotropy, diama; ic, I«
€rrom

magnetic, 133, 146 et seq.
of metallic single crystals,
144 et seq.
paramagnetic, 135
Anisotropy constants, 161
Annealing, magnetic effects of, 314
Anomaly, Glaser, 121
Anthacene, 134, 144
Antimony, single crystal, 149, 151
Atom, Bohr theory of, 17 et seq.
electron states of, 30, 31
energy states of, 28
magnetic data for, 171
vector model of, 22 et seq.
Atomic constants, 54
Atomic cores, correction for dia-
magnetism of, 132
Atomic magnetic moment, saturation,
236, 266

135,

Atomic number, 30, 31, 124

Atomic order, 135, 295

Atomic susceptibility, definition of, 7
Atomic volume, 124

Avogadro’s number, 54

Axis, principal magnetic, 134 et seq.

Balance, Briggs and Harper, 87
Cotton, 86
Curie-Chéneveau, 108
Féex and Forrer, 107
Kapitza, 112
Kapitza and Webster, 109
Sucksmith ring, 96, 105, 136, 263
Barkhausen discontinuities, 321 et seq.
duration of, 324
nature of, 323
size of, 323
theories of propagation of, 329
velocity of, 326
Barkhausen effect, 232, 321 et seq.
Barnett effect, 205 et seq.
Beams, atomic ray, 164 et seq.
molecular ray, 177 et seq.

Benzene, 144
Bismuth, atomic
with, 172
magnetostriction of, 303

single crystals of, 146 et seq.
Bismuth spiral, 86, 121
Brillouin function, 42, 237
Brillouin zones, 150

ray experiments

Cadmium, single crystals of, 151
Caesium, nuclear spin of, 188, 199
Carbonates, crystalline, 143
Cerium chloride, solutions of, 126
Chromium, 255
doubly ionised, 29, 130
ferromagnetic compounds of, 240
trebly ionised, 130, 228 et seq.
Circuit, magnetic, 68
Jobalt, alloys of, 79, 160, 162
crystals of, 159, 163
directional properties of, 160
doubly ionised, 49, 130, 142, 228 et
seq.
Cobalt ammonium sulphate, 142
Cobalt steel, 78
Cobalt sulphate, 142
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Cobaltamines, yellow, 43
Coercive force, definition of, 58
Coercivity, definition of, 58
materials of high, 78
Comparator, magnetic, 88
Compounds, diamagnetic, 12, 144
ferromagnetic, 240
Conductance, magnetic, 69
Constant, fine structure, 20
Constant of action, 17, 54
Cooling, magnetic, 272 et seq.
Copper, 92, 115
Copper ammonium sulphate, 142
Coupling, jj, 172
Russell-Saunders, 25 et seq., 131,
172
Critical point, ferromagnetic, 269
Crystallisation, water of, 125
Crystals, determination of face of, 148
diamagnetic, 141 et seq.
directional properties of, 133 et seq.
ferromagnetic, 150 et seq.
metallic single, 144 et seq.
paramagnetic, 142 et seq.
principal magnetic axis of, 134
principal susceptibilities of, 134 et
seq., 151
pyrrhotite, 150
very small, 141
Curie constant, 16, 125, 234
Curie law, 16, 41, 49, 91, 125, 142
Curie point, determination of, 256
effect of pressure on, 309
ferromagnetic, 235, 256, 266
paramagnetic, 234, 235
Curie-Weiss law, 17, 50, 126, 142, 234,
257
Current, electromagnetic unit of, 5
Cyclotron, 76

Data, useful magnetic, 130
X-ray, 80
de Haas-van Alphen effect, 148, 150
Demagnetisation factor, 61, 155, 158,
264, 307
Deuteron, magnetic moment of, 193,
197, 199
Diamagnetic compounds, 12; 144
Diamagnetic salts, 48
Diamagnetism, classical theory of, 9
independent of temperature, 50
of atomic cores, 132
of closed electron shells, 50
of free electrons, 51
quantum theory of, 51

Domains, effects at boundaries of, 232
size effects of, 249 et seq., 279
surface effects of, 320
threadlike, 63
Weiss, definition of, 238

Dysprosium oxide, gyromagnetic ratio

of, 228

Eddy currents, effects of, 113, 276
Einstein-de Haas effect, 205 et seg.
Electromagnet, condition for maxi-
mum field of, 71
condition for uniform field of, 72
design of, 70
for special purposes, 74
reluctance of, 69
Electron, charge on, 54
magnetic properties of free, 50
specific charge of, 54
Electron energy bands, 150, 266
Electron spin, 23
Electron states of atom, 24
Electron states of molecule, 44
Elements, diamagnetic, 124
ferromagnetic, 266
paramagnetic, 124
susceptibilities of, 30, 31
Entropy. zero point, 284
Erbium oxide, use of, 119
Furopeum, trebly ionised, 41, 43,
128 et seq., 228, 229
Exchange forces, 239
Exchange integral, 239

Ferromagnetics, ballistic investigation
of, 56
for special purposes, 66
magnetometer investigations of, 59
properties of, 56 et seq.
resistance of, 292 et seq.
saturation of, 57, 237 et seq., 241,
305
specific heat of, 268 et seq.
surface fields on, 320
thermoelectric properties of, 296
Ferromagnetism, collective electron
treatment of, 257
condition for existence of, 239
correction for, 114
definition of, 1, 235
Heisenberg’s theory of, 239, 242 et

seq.
Weiss theory of, 231, 233 et seq.
Ferrous ammonium sulphate,
289

132,
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Field, crystalline, 49, 129, 135, 143
electrostatic, magnetic effects of, 49
in crevasse, 6
in solenoid, 5
in spherical cavity, 233, 291
intense, 80, 113
measurement of, 81 et seq.
molecular, 233 et seq., 268 et seq.
self-consistent, 52
stabilisation of, 87 et seq.
symmetry, 49
uniform, definition of, 3
Weiss internal, 233 ef seq., 268 et seq.

Flux density, definition of, 7

Fluxmeter, 82 ef seq.

Force, line of, definition of, 2
tube of, definition of, 2

Furnaces, 117

Gadolinium, ferromagnetic, 252
trebly ionised, 127, 284
Gadolinium phosphomolybdate, 291
Gadolinium sulphate, 17, 42, 286, 289
specific heat of. 286
y-rays, use of, 290
Gas, paramagnetic, theory of, 14 e seq.
Gases, diatomic, experiments with,
177 et seq.
susceptibilities of, 118 et seq.
test bodies for, 122
Gauss, 2
Gaussmeter, 87, 138
Gilbert, definition of, 69
Glasses, magnetic properties of, 92
Guillemin effect, 298
Gyromagnetic effects, 204 et seq.
Gyromagnetic measurements,
trolled resonance, 219
direct, 210
errors in, 213, 219
modified resonance, 216
simple resonance, 214
with paramagnetics, 222
Gyromagnetic ratio, collected results
for, 209, 221, 222
definition of, 206
spin and orbital effects on, 206, 221
Gyroscope, properties of, 202 ef segq.

con-

Hafnium, 290
Hardening, precipitation, 79
Hardness, magnetic, 242, 245
Heusler alloy, 240

resistance of, 293
Hund rules, 55 ef seq.

Hydrogen, atomic mass of, 54
atomic susceptibility of, 52
experiments with atomic, 177, 194
experiments with molecular, 192
solid, susceptibility of, 199

Hyperfine, separation, 190, 199
structure, 190, 195

Hysteresis, magnetic,

losses due to, 59
temperature, 279

57; energy

Images, magnetic, 248
Induction, magnetic, definition of, 6
lines of, 7
residual, 58
Intensity, magnetic, definition of, 2
of magnetisation, definition of, 3
Interaction, of orbital and spin
momenta, 25
Ions, diamagnetic, 13, 30, 31
large univalent, 48
of iron group, 130
of rare earth group, 127 et seq., 228,
229
paramagnetic, 30, 31, 128, 228, 229
Iron, carbonyl, 63
doubly ionised, 130, 228
ferromagnetic Curie point of, 235 et
seq.
paramagnetic Curie point of, 266
pure, 62, 67
resistance of, 293
saturation atomic moment of, 266
thermoelectric power of, 296
Iron alloys, 66, 78, 255 et seq.
Iron amalgams, 115, 117
Iron ammonium sulphate, 132,289, 291
Iron cyanide, 131
Iron group, elements of, 29
magnetic and spectroscopic data
for, 127 et seq., 130 et seq.
Iron perchloride, 123
Iron single crystals, 155
magnetic properties of, 247
magnetocaloric effect of, 276
magnetostriction of, 302, 310
specific maguetisation of, 245 et seq.

Joule effect, dynamical, 315
longitudinal, 298
transverse, 298
with non-ferromagnetics, 303, 304
with single crystals, 301

Langevin function, 16, 233
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Langevin theory, of diamagnetism, 9
of paramagnetic gas, 13, 233
Laplace expression, 5
Law, Maxwell-Boltzman, 14
of Corresponding States, 236, 278
Lead, 150
Leakage, factor, 70
Length, magnetic, definition of, 4
Levels, atomic energy, 18 et seq.
molecular energy, 44
X-ray, 22, 24, 26
Levers, mechanical, 299
optical, 299, 300
Lithium, nuclear spin of, 188, 199
Lorentz triplet, 35 et seq.
Loschmidt number, 54

Magnetisation, adiabatic, 113
apparent, 249
at high temperatures, 233, 259
at low temperatures, 241 ef seq.
by rotation, 206 et seq.
direction of easy, 157, 159, 162
energy of, 8, 161, 268
parasitic, 251
plane of difficult, 162
plane of casy, 152
specific intrinsic, 236
specific saturation, 235
spontaneous, 235, 238, 293
true, 272
Magnetism, induced, 1
permanent, 1
Magnetite, 150
Magnetocaloric effect, applications of,
287 et seq.
definition of, 273
with ferromagnetics, 276 et seg.
with paramagnetics, 113, 283
Magnetometer, 60
torque, 162
Magnctomotive force, 69
Magneton, Bohr, 3, 18, 199; deter-
mination of, 172; numerical value
of, 18, 54, 176
nuclear, 181
Weiss, 125
Magneton number, definition of, 23
Magnetostriction, 298 et seq.
and initial permeability, 313
and the Weiss constant, 309
Becker’s theory of, 305 et seq.
echo depth finder, 318
effects of shape on, 307
effects of tension on, 306

Magnetostriction, longitudinal, 298 et
8eq.
transverse, 298 et seq.
volume, 308 et seq.
Magnetostriction oscillator, 314 et seq.
Magnets, permanent, 76 et seq.
dimension ratio of, 78
Evershed criterion for, 77
materials for, 78 et seq.
with large pole faces, 77
Manganese, doubly ionised, 130, 135,
141, 228
ferromagnetic compounds of, 240
magnetic effects of, 68
Manganese arsenide, specific heat of,
270
thermoclectric power of, 296
Manganese ammonium sulphate, 135,
142, 289
Manganese chloride, solution of, 140
Manganese sulphate, 99, 132
Manometer, hot wire, 178
membrane, 286
Maxwell turn, definition of, 85
Mercury, 8, 51, 132, 147, 151
Mercury amalgams, 115, 117
Molybdenum, magnetic effects of, 68
Moment, magnetic, definition of, 3
nuclear, see Nucleus
Multiplets, magnetic significance of, 40
narrow, 40
overall width of, 26
wide, 40, 138
Multipheity, 26
Mu-metal, 68

Naphthalene, 144
Neodymium, trebly ionised, 127 et seq.
Neodymium sulphate, 49
Neutron, mass of, 200
magnetic moment of, 200
Nickel, alloys of, 67, 78, 79, 162, 253,
297
doubly ionised, 49, 142
ferromagnetic Curie point of, 257,266
gyromagnetic ratio of, 209, 214, 222
magnetostriction of, 302, 303
paramagnetic Curie point of, 257,
266
resistance of, 292 et seq.
single crystals of, 155, 159, 162, 303
specific heat of, 270 et seq.
thermoelectric power of, 296
Nickel ammonium sulphate, 142
chloride, solution of, 99
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Nickel sulphate, 142

Nitrates, crystalline, 143

Nitric oxide, 16, 44, 47, 119
solid, 120

Nitric oxide molecule, 44, 178 et seq.,

180

Nucleus, components of, 200
magnetic moment of, 181 et seg.
spin of, 181

Number, azimuthal quantum, 23
effective magneton, 40, 124
orbital magnetic quantum, 23
orbital momentum quantum, 22
rotational quantum, 45
spin quantum, 23
total quantum, 22

Qersted, definition of, 2

Oligist, 87, 142

Order, long distance, 255, 296

Orthohydrogen, 192 et seq.

Oscillators, magnetostriction, 314 et
seq.

Oxygen, 16, 46, 118, 177

Parahydrogen, 192
Paramagnetics, gyromagnetic ratio
for, 222 et seq.
Paramagnetism, classical theory of, 13
of free electrons, 50
quantum theory of, 39
temperature independent of, 42 et
seq., 129, 229
Particles, experiments with single,
164 et seq., 181 et seq.
Paschen-Back effect, 37, 182
Pauli principle, 23 et seq.
Permalloy, 67, 314
Permanganate ion, 43
Permeability, and magnetostriction,
314
constant, 68
definition of, 5
in a weak field, 163
incremental, 65
initial, 67
maximum, 67
reversible, 65
Permeammeter, 65
Perminvar, 68
Planck’s constant, 17, 54
Pole, magnetic, definition of, 2
unit, 2
Pole strength, definition of, 2
Pole tips, cobalt steel, 67

Potassium aluminium alum, 292
Potassium atom, 28, 188
normal state of, 30
nuclear spin of, 188 et ‘seq., 199
Potassium chrome alum, 289, 292
Potassium ferricyanide, 131, 142
Potassium nitrate, 143
Potassium vapour,susceptibility of, 124
Potential, magnetic, definition of, 2
near shell, 4
Potentiometer, magnetic, 63
Prascodymium, sulphate of, 49
trebly ionised, 127 et seq.
Precession, Larmor, 11, 198, 206
of gyroscope, 204
Preston’s rule, 35
Properties, magnetic, of matter in
bulk, 47
Proton, magnetic moment of, 192
Pyrex, 92, 99
Pyrrhotite, constitution of, 152
direction of difficult magnetisation
of, 152
gyromagnetic experiments with, 221
gyromagnetic ratio for, 221, 222
plane of easy magnetisation of, 152

Quality, magnetic, criterion of, 77
Quantisation, spatial, 20, 164 e seq.
process of, 197
Quantum number, see Number
Quenching, of alloys, 68
of orbital momenta, 46, 130, 135,
222, 229
of steels, 78

Rare earths, 29, 49, 127 et seq., 143,
228, 284 et seq.

Rayleigh law, 58

Rectifier, copper oxide, 74
electrolytic, 74

Remanence, 258

Retentiveness, 58

Retentivity, 58

Richardson effect, 205

Rotation, by magnetisation, 209 et seq.

Runge’s rule, 35

Rydberg constant, 19

Salts, diamagnetic, 12 et seq., 124
seq.
hydrated, 48
of iron group, 47
of rare earth group, 48
paramagnetic, 16, 124 et seq.
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Samarium, trebly ionised, 41, 127 et
seq., 228
Saturation, approach to, 241
at low temperatures, 234
definition of, 236
phenomena, with paramagnetics, 41
technical, 57, 305
Schrodinger’s equation, 53
Screening constant, 52
Selection rule, 20
Shell, magnetic, 4
strength of, 4
Siderose, 138, 142
Silicon, 68
Silicon-iron, single crystals of, 158
Silver, atomic rays of, 165, 171
magnetic moment of atom of, 172
splitting factor of, 172
Sodium, atomic rays of, 164 et seq.
magnetic moment of atom of, 164,
171, 172 et seq.
nuclear spin of, 188, 199
Sodium nitrate, 143
Solenoid, construction for large fields,
55
field in, 55
Spectra, series, 19, 28
Spin, nuclear, 181 et segq.
Splitting factor, definition of, 32
values from atomic ray experiments,
171, 172
values from gyromagnetic experi-
ments, 228
Stability, principle of spectroscopic, 34
Stability rules, 28
Stark cffect, 43 et seq.
States, atomic, 27 et seq.
law of corresponding, 236, 278
Statistics, Fermi-Dirac, 50, 258
Steel, chromium, 78
cobalt, 74
K.8., 78
M.K., 79
tungsten, 78
Steinmetz coefficient, 66
Sulphur, molecule of, 178
solid, 93
vapour, 123, 178
Superconductivity, 289
Superlattice structure, 255, 295
Susceptibility, atomic, 7
collected results of, 30, 132
definition of, 7
ionic, 12
mass, 7, 30, 132

Susceptibility, molecular, 7
of compounds, 12
of diamagnetic salts, 48
of diatomic molecules, 46
of hydrated sulphates, 129
of 10n8 in aqueous solution, 127 et
seq.
principal, 152
reversible, 65
volume, 7
Susceptibility, methods of measure-
ment of, Curie, 96, 103, 115
Faraday, 120 et seq.
Gouy, 95, 97 et segq., 115, 119
Kapitza and Webster, 108
Quincke, 100 et seq.
radio frequency, 114
Rankine, 110, 124
survey of, 95
with 1ntense fields, 111

Table, periodic, 30, 124
Tellurium, 150
Temperature, control of, 117
stabilisation of, 88
Temperature scale, Curie, 288, 291
comparison of Curie and Kelvin, 291
Temperatures, production of low
287 et seq.
below 1° K., 290
Terminology, 27
Thallium, atom of, 171, 172
single crystal of, 151
splitting factor of, 172
Thermorelay, Moll, 304
Thomson coefficient, 296
and ferromagnetism, 296
Tin, “cry” of, 322
single crystals of, 151
Tracks, cosmic ray, 55
Transformations, y-ray, use of, 290
Triphenylbenzene, 144
Tube, umt, definition of, 3
Tungsten, 290
Tungsten steel, 78

Ultramicrometer, 300

Vanadium, special effects of, 67, 257
multiply 1onised, 130

Vapours, susceptibihty of, 123
potassium, 124
sulphur, 123

Villari effect, 298, 311
relation to Joule effect, 311
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Villari reversal, 311 Ytterbium, trebly ionised, 127

Viscosity, magnetic, 62
Zeeman effect, anomalous, 35 et seq.

Water, susceptibility of, 101, 132 normal, 34
Weiss constant, 233 ef seq. polarisation rules, 36
and magnetostriction, 309 Preston’s rule, 35
variation with pressure, 309 Runge’s rule, 35
variation with temperature, 268, separations, 37
279 et seq. Zinc, single crystals of, 151
Wiedemann effect, 298, 311 Zirconium, 290
Wiedemann’s law, 13, 126 Zone, Brillouin, 150
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