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THE EFFECT OF SWALL AMOUNIS OF IMPURITIES ON [HE MAGNETIC

SUSCEPTIBILITY OF SINGLE CRYSTALS OF BISMUTH

One of the most fundamental problems in the study of the
structure of matter is the origim of diamagnetism. The phenomenon
was first observed by Brugmansl) who noticed that metallic bismuth
was repelled from the pole pieces of a magnet. It was Faradayz),
however, who first made a systematic investigation of a large number
of materials, and found that bismuth was not & singular case, but that
the diamagnetic behavior was common to many other substances in a
greater or less degree.

In 1852 veber gave a theorstical explanation of this effect,
based on the supposition that the molecules of a diamagnetic substance
contain resistanceless circuits, in which an electric current may be
set up when the material is placéd in a magnetic field. Since this is
an induced current, by Lenﬁz's law its direction would be such that its
magnetic field would oppose the impressed field. 1In this way, the mag-
netic intensity within the substance would be reduced, and the diamag-
netic property would result.

If the area of such a molecular circuit is A, and its coeffi-
cient of self induction is L, then the current produced by a field of
strength H, which is at an angle © with the normal to the plane of the
circuit, is given by
- _ HA

- 22 cos 6
L

i

The megnetic moment of such a current is
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and the component of this parallel to H is

2
). cos e = - Eﬁ cos ©
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Now if there are N such molecular circuits per unit volume, with their

axes distributed at random, the number of axes lying between © and

8 + de will be
N .
7 sin @ dae

Hence the resultant magnetization per unit volume will be given by

A
I= f— NHA® 0820 sin © do
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whence the diamagnetic susceptibility per unit volume is

Eéz
2

1
T k= - ¥

s I

VWieber further postulated that if, instead of resistanceless
circuits, the molecules coﬁtained currents which were already flowing,
the material would be paramagnetic instead of diamagnetic. Iaxwell
combined the two ideas, assuming that there might be both; primitive
currents, and resistanceless circuits in which no current flowed ini-
tially. In this case, the molecular current in a magnetic field would
be

i=iy - Eﬁ cos ©

&

where i, represents the initial molecular current. The magnetic
moment would then be

2
P= iA = i A - %?;.cos e

and the component parallel to H



Jp cos @ =1iA cos 8(1 - Eéi cos ©)
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Thus this one theory would yield both paramegnetism end dia-
megnetism, the only determining factor being the iy. If i, were small,
the second term would predominate, and the substance would be diamag-
netic, while if i, were large, only the first term would give any appre-
ciable contribution, and the material would be paramegnetic.

At the time this theory was developed, the idea of such molecu-
lar currents was considered extremely artificial and difficult to
believe. The discovery of the electron, however, provided a possible
mechanism for such & conception, and in 1905, Langevin5) worked out his
femous theory of magnetism. His primary assumption was that every atom
consists of positive and negative electrical charges, which rotate in
fixed orbits. EBach of these circulating cherges would thus have a
magnetic field associated with it, and so could be treated as a maegnetic
dipole or a "magneton". The magnetic properties of the atom would then
depend upon the relative orientations and directions of the axes of these
magnetons. Working from this stendpoint, Lengevin found thet if an atom
possessed a resultant magnetic moment, it was paramegnetic, and its
maegnetic susceptibility followed the law k = I, g%T where kK is the volume
suscepbibility, I the maximum value of the intensity of magnetization, p
the maegnetic moment of the atoms or molecules, K, Boltzmenn's constent,
and T, the absolute temperature. This law agrees with the @mpirical law
that was established by Curied) that the paramegnetic susceptibility
should be inversely propbrtional to the absolute temperature.

If, however, the magnetic moment of the atom or molecule is zero
then Langevin showed that the material would be diamagnetic, and its

susceptibility would be given by k;:_iﬁ?é.rz, where N is the number of
me



electrons per unit volume, e, the charge of the electron, m its mass,

¢ the velocity of light, and r the radius of gyration of the mean con-
figuration of the electrons in the atom or molecule, with respect to

en axis through their centroid. In this case, k is found to be independ-
ent of the absolute temperature, which is again in agreement with Curie's
@nmpirical law for diamegnetism.

The development of the Bohr theory of the atom gave further
grounds for the existence of electrical charges in orbital motion,
limiting these motions, however, to the extra-nuclear negative charges
only. This at once gave a good explanation for the existence of the
magnetons, but also showed that it should be expected that a monovalent
atom of the alkali type should be paramagnetic, due to the resultant
magnetic moment of the valence electron. This discrepancy was overcome
by Pauli4), by considering the Lamor precession effect that would be pro-
duced, in the case of an atom possessing both a large mechanical moment
of momentum and a magnetic moment, when this atom was placed in a magne-
tic field.

Ehrenfest5) attempted to explain the large value of the diamag-
netic susceptibility of bismuth by postulating that it was due to elec-
trons moving in orbits about two atoms. That is, in the crystalline
phase, the valence electrons were no longer considered to be bound to
one atom, but should be thought to be shared by two neighboring atoms.

In order to understand the relative positions of the atoms, between
which the interchange was assumed to take place, a photograph, Figure
(1), of a model of the bismuth lattice, was taken in the plane normal
to the principle axis. This shows that in this direction, the crystal
consists of a system, in which a pair of planes are close together, and

are separated from the next pair by a much larger distance.



Figure 1. Model of the bismuth lattice.
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The assumption, made by Ehrenfest, was that the interéhange of
electrons should take place between atoms in the close pair of planes
only. This was in agreement with the prevailing ideas gathered from
chemistry, as well as the fact that such interchanges are much more pro-
bable, the closer the atoms are together. The distance between two
neighboring atoms, in a direction parallel to the planes, is much greater
than the distance between the planes. Thus the area of the electron
orbits must possess a larger projection in a direction normal to the
principle axis of the erystal than parallel to it. This would result
in the production of the maximum diamagnetism parallel to the main axis.
Through some misunderstanding, Ehrenfest states this to be the result
found experimentally by Tyndall, thus strengthening his theory. In fact
however, Tyndalls) reported the ratio of the susceptibility parallel to
the principle axis, to that normal to it, as 70:100, which is just the
inverse of that which FEhrenfest's theory would give. Thus although this
theory indicates the possibility of electronic orbits of more than one
atomic diameter, it cannot be considered as the explanation of the large
diemagnetism of bismuth.

Drude's theory, explaining electrical condudtion in a metal as
due to the existence of a free electron gas, led Schrodinger7) and
Wilsone) to calculate the diamagnetic properties of such a gas. Their
investigations led them to the same conclusion, that if A  is the mean

free path of a free electron, the volume susceptibility of‘a gas con-

2 Ne“A.*

sisting of such electrons, is given by the expression k = T

All the other letters have the same meaning as in the Langevin formula.
At first, this theory seemed successful, as it was the only cne
by which a large enough value could be obtained to satisfy the experi-

mental results in the particular case of bismuth. However, in this



theory, one very important condition was neglected. This was the
effect of the boundary upon the motion of the electrons. In his dis-
sertation, Bohr3) has shown that if the electrons obey Maxwell's Law
of distribution of velocities, the behavior of the electrons at the
boundaries produces an equal but ovpposite effect to that of the elec-
trons in the interior. This may be most simply illustrated by the

following diagram.

O
@

Q

If the electrons in the interior of a body are moving under the in-
fluence of a magnetic field, as indicated by the paths 1 and 2, an
electroﬁ that happens to collide with the boundary will have some such
path as 3. It will be seen at once fhat a path such as 3 results in
an apparent current flowing around the boundary, in a direction just
opposite to the direction of rotation of the electrons in the intérior.

A further argument against a resultant diamagnetic behavior of
free electrons has arisen with the need to postulate that an electron
spins. The result of such an assumption would be to make the electron
itself a magnetén which, if it were free to move, would be definitely
paramagnetic. In a paper immediately £ollowing his article on the
diamegnetism of a monatomic ges, Pauli?) calculated this paramagnetic
property of a free electron, and found it to be

1y e2
<= L



9

liore recently, BitterlO) attacked the problem of the diamag-
netism of a free electron by using the method of quantum mechanics,
and although he found an apparent diamagnetism, it possessed a smaller
value than the paramagnetism found by Pauli. Thus, it seems that the
free electron cannot be considered as contributing any diamagnetism,
and of the foregoing theories, the only ones which yield a resultant
diamagnetism, are those which treat the phenomenozfintrinsicaily atomic
in nature. There are, however, several rather strong objections to
explaining all the observed diamagnetic facts in this way.

The first of these is the discontinuity of magnetic properties
in a number of metals when they pass through a change of phase. It is
found in general that the phase which is stable at lower temperatures,
is more diamagnetic than the higher temperature phese. This effect is
showm very wedl in the work of Hondall) and Endol2), Figure 2 shows
the results of the latter. In some instances, notably the cases of
antimony and bismuth, the solid may be as much as fifteen to twenty
times as diamagnetic as the 1i;uid. The exact correspondence of this
change in the susceptibility, with the change of phase, has been shown
quite definitely by Websterls), who investigated the effect in the case
of bismuth, and found that the magnetic change and the phase change took
place at the same temperature, within a limit of one-hundredth of one
degree.

Thus it appears that the diamagnetic susceptibility of an
element is not alone a function of the atom itself, but also the parti-
cular configuration in which the atoms are arranged. A further striking
exemple of this is found in the case of the element carbon, which can be

obtained in three forms: amorphous, diamond and graphite. IHere it is

found that in the first two forms, carbon has a specific susceptibility
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Figure 2. Change of susceptibility at the melting point.
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0f=0.49 x 10-6 while in the form of graphite, its value is more than
twelve times &s large, or about-6.0 x 1076,

A second serious objection to the atomic explanation is to be
found in the recent work of Lowance and Constant14), who investigated
the effect of cold working on the susceptibility of various metals.
Figure 3 gives some of their results, showing that the metals become
considerably less diamagnetic when subjected to any form of cold work-
ing, even if the metal was paramagnetic in the beginning. They found
further that annealing restored the metals to their original and normal
states.

A third, and perhaps the most striking published set of exper-

"erystal

iments that rather definitely point toward the necessity of a
dismegnetism", that is, one which depends on the configuration of the
atoms rather than on the atoms alone, is the work done in India during
the past two yeers by Vaidyanathan15), Raol6), Mathur and Varma17), and
Paramasivanls). In these papers, é study has been made of the depend-
ence of susceptibility upon the size of grains of the substance under
observation. The elements used were antimony, bismuth and graphite.
As would be empected, the susceptibility was found to be independent
of the particle size, as long as the particles were larger than two
microns.. When they became smaller than this, however, it was found
that the diamagnetism decreased rapidly to approximetely the value for
the liquid or amorphous matefial, as shown in Figure 4.

The correspondence of this particle size with the dimensions of
the secondary structures in bismuth as measured by Goetz19) leads to
the further possible assumption that the large crystal diamagnetism of

these elements may be very closely connected with the secondayy struc-

ture in the crystals.
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PURFOSE OF THIS INVESTIGATION

The purpose of the present investigation is to extend the
knowledge of the fectors governing crystal diamegnetism to the influ-
ence of smell amounts of impurities on the susceptibility of single
crystals of bismuth.

The element bismuth was chosen as the basis of this work for
severel reasons. In the fiirst place, it has an unusually 1arg§ crystal
diamagnetism. In the second place, there had been considerable work
done with bismuth at this Institute by Goetz19) 20), Goetz and
Hasler2l) 22), Hergenrother23) and Goetz and Focke?%). The methods for
producing and handling bismuth single crystals had already been well
develcped. In the third place, the results of Endol2) 25) in investi-
gating the magnetic characteristics of several series of binary alloys,
showed that the alloys of bismuth with small amounts of antimony, tellur-
ium, lead, and tin, should be of considsrable interest. His results for
these four alloy series are shown in Figure 5 and Figure 6. These dia~-
gramé give the phase equilibrium diagram, the magnetic susceptibility
of the solid alloys at room temperature, and the magnetic susceptibility
of the liquid alloys at temperatures considerably above their melting
points.

The phase diagram for the bismuth-antimony series, Figure 5,
shows that these two metals form a simple solid solution. In agreement
with existing theories of diamagnetism, the susceptibility is a linear
function of the amount of antimony present in the bismuth. Thus a
simple atomic theory would explain this case, if it could give a suffi-
ciently high value for bismuth. Such a theory would also explain all
cases of suéceptibilities of the liquid alloys. The reason for the

deviation from a straight line in the case of bismuth-tellurium liquid



15

*sureI33 TP 9seud °*C oanIIJ

) [ _ _ [ _ I _ . _ P _ [ _ [ _
21706 08 of qo ps oy og o0z o1 | 95706 08 0. 09 05 0% 02 0% OT
l T8 T~ E
o I:—L
3
| &
— ﬁvlﬁ.-ﬂ (@]
(o1}
= | (]
20T~ o
— HE
o°1- o
— —&
8° 0~ o)
— —{&
9°0- Mw
@OH XX QO.H XY
— — - pPINbIT x07 X -
H«VoOl OoO
‘oL~ 1€ *qg=*1d
PITOS I0J X
" 200~ ] Z°0 7
PTMbIT 103 X
\\\\ /
I _ l | | l l _ I | | | _ _ | | | _

08¢ 0S% 0gg 0S8 0sT 0s

0039



16

*sureIdeTp O8evyd °Q oInITa

l | |
08 0o 0%

oz &

&t

PITOs I0J

PINDIT 103 X

*qd-*tg

0S¥ 0S¢ 053 08t 08

D, 088

u570

nv.

T
08

04

09 0S8 0%

0og

8

[

b=

8* 0~

9°0~
0T X X
* 0~

PITOS I0J

0GT

PINDbIT J03 X

® HHmwnu ® ﬂ

g

(0}¢

0S¥ 0sge 0sg

3 0S8




17

*suBIFe TP oseyud °/4 eIn3dITyg

or T\Nﬁwm 0

|
00T
[

002

00% 008
f ]

008
I

009
|

8

04

O

S o_uv Omw ow o—m

004

D° 006

008
|
e
N~

‘eg=-*1d

089 0gs 0S¥ 0sg 0gz 0ST 08

0S4

0,058



18

alloys, is that the compound BigTlez decomposes to a certain extent at
the temperature at which the measurements were made.

This is as far as a simple atomic theory could go in explaining
these curves, since the susceptibility of the alloys falls off very
rapidly with increasing percentages of the impurity, in the range of
limited solid solutions of tellurium, lead or +tin in bismuth.

In view of the fact that the crystal structure of a pure metal
is maintained through a region of solid solution, it appears that it
would be possible to investigate - this most interesting region of these
diagrams by thé_study of single crystals of these alloys. Through this
study, more accurate information could be sought concerning the mechanism
by which the magnetic susceptibility is so greatly changed by compara-

tively small amounts of foreign atoms.
EXPERIMENTAL PROCEDURE IN THIS INVESTIGATION

The bismuth used in this investigation was manufactured by the
lMerk Chemical Company, and was of commercial grade. This particular
kind was used because a spectroscopic analysis, performid by Mr. Hasler,
proved that this grade of bismuth was freer from impurities than several
so-called chemically pure grades from various sourees. The following
teble gives the percentages of impurities for all the samples tested.
The capitel letters A, B, C, etc. refer to the samples of bismuth.

Bach letter denotes a separate consignment of the metal.
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Impurity At.Wt. A B c D E F

Copper 63.57  0.002 0.011 0.006 0.003 0.007 0.001
Silver 107.88  0.017 0.028 0.012 0.046 0.013 0.006
Tellurium  127.5 0.000 0.001 0.000 0.004 0.000 0.000
Thelium  204.4 0.000 0.002 0.000 0.005 0.000 0.000
Lead 207.2 0.025 0.061 0.012 0.020 0.014 0.002
TOTAL 0.044 0.103 0.037 0.078 0.034 0.009

A Baker Corporation Chemically pure

B Hartmann Braun Chemically pure

C Hartﬁann Bragn Electrolytic

D  Karlbaum Chemically pure

B Merk Commercisal

P lerk Commercial
Table 1.

Subsequent to the spectroscopic determination, two more lots
of Merk bismuth were obtained, for which no analyses were made. These
are designated by the letters G and H. Their magnetic properties agree
perfectly with bismuth E, and éo may be considered as containing approx-
imately equivalent amounts of impurity.

The other metals used in making up the alloy samples were of
chemical reagent quality. UNo special precautions were taken to insure
their great purity, as all the alloys were limited to small percentages
of the added metal.

Two methods were used in determining the amounts of impurities
added to the bismuth. The first, used in meking up the first series of

silver and lead alloys, was the preparation of a base solution contain-
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ing ten percent of the impurity, which was subsequently diluted to the
desired strength. The object in using this method, was the avoidance
of relatively large inaccuracies, in weighing the very small smounts
of the impurilty metals used in the most dilute solutions. However,
the uniformity of the ten percent alloys was uncertain, and as there
was an apperent loss of lead each time an alloy containing it was melted
this method was abandoned in favor of direct weighing.

It was by means of the latter procedure that all the later
alloys were made. In all cases, the amounts of impurities were calcu-~
lated in atomic percentages, in order to facilitate the comparison of

the changes produced by different foreign atoms.
PRODUCTION OF THE CRYSTALS

In a general way, the procedure used in growing the single
crystals followed that developed by Goetzao), but as there were seweral
changes, it would be well to outline the method used. The first step,
after the desired amounts of metals were weighed, was to melt the bis-
muth in & pyrex crucible, under an atmosphere of purified hydrogen.
After being heated to about 500° C., to rdducé any oxidé present, the
bismuth was cooled to about 350° C., and the impurity was added. This
procedure was used in an effort to reduce the amount of chemical combin=-
ation of the impurity with either the hydrogen or the glass crucible.

It seemed to be satisfactory for all the alloys except lead éﬁd tin. In
these cases, it was found that there was always some reaction with the
glass, resulting in the loss of a part of the impurity. As this would
cause considerable error in the estimated amount of impurity present

in the finished crystal, crucibles made of quartz were used for these

two metals and no further difficulty was encountered.
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After the impurity metal was melted into the bismuth, the
mixture was thoroughly stirred and then drawn into pyrex tubing, which
had an inside diameter of two to three milimeters. The furnace des-
cribed by Goet220) in his method was not used because it was desired
to cool the bismﬁth alloy as rapidly as possible, to further prevent
an excessive loss of the impurity by reaction with the glass. Quartz
was not used here, as it was necessary to break the tubing to get the
metal rod out, and it was felt that if the alloy were cooled quickly,
the loss of known impurity would not be great enough to warrant the
expense involved in destroying the necessary amount of quartz tubing.

Considerable trouble was found, due to the tendency of the
alloys to stick to the glass tubing, and various methods were used to
prevent this. The method suggested by Bridg?man26> was tried. It con-
sisted of coating the inner surface of the tubing with oil, and then
heating it until only a very light deposit of carbon remained. Although
it was found to be successful in general, it did not work at all for the
tellurium and selgnium alloys. For these cases, a very simple procedure
solved the problem. The tube used was cleaned before the alloy was
drawn up, and after solidification of the alloy, the tube was immersed
in water, and the glass cracked off while still wet. The capillary
action of the weter in the cracks formed in breaking the glass, seemed
to admit a film of water between glass and metal, so that the glass
came off with ease. After removal from the glass, the metal rods were
straightened, and cut to lengths of about twelve centimeters.

The "second generation" of the crystals, as described by
Goetzzo), was omitted in all the samples used in this investigation.
This was done because it was found that if the density of the lmpurity

metal was considersbly different from that of bismuth, there was a
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definite tendency toward separation. There was also a tendency to
form gaseous hydrides, in the cases of tellurium, selenium and anti-
mony. Due to these facts, it was thought best to make the single
crystals in as few operations as possible.

The "third generation' was carried out in exactly the manner
described by Goetz. It was found necessary to grow the crystals at
the greatest possible spedd, to assure a uniform distribution of the
impurity metal along the whole length of the crystal. To test the
necessity of this, several crystals were grown at one-sixth the normal
speed, or about one millimeter a minute. It was found that in the case
of very pure bismuth, there was no difference between the magnetic pro=-
perties of the two ends of the crystal so grown. A rod originally con-
taining 2 percent lead, when grown at one-sixth the normal speed, was
found to have the magnetic properties of 2 normal 1% crystal at the end
which crystallized first, and of a normal 3% crystal at the other. It
was found, on the other hand, that a crystal grown at normal speed had

the same characteristic magnetic properties throughout its entire length.
METHOD OF MBASUREMENT

There are two principle methods of measuring the megnetic sus~
ceptibility of a solid body: the Faraday or Curie method, and the Gouy
method.l) In the Faraday method, the sample to be tested must be
placed in a region of o magnetic field, where both the field strength
and the field gradient are known. The product of the two must be con-
stant throughout the whole sample. Because of this last requirement
it is necessary that the sample be small, as it is difficult to obtain

a region of any considerable size in which the product H %% is a con-
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-

stant. This restriction of the size of the sample would be a serious
objection if the method were to be used for the measurement of single
crystals of bismuth, because it is impossible to cut or cleave a bis-
muth crystal without causing the formation of some twinning lammellae.
These twinning lammellae are in reality regions in which the orienta-
tion of the crystal has changed by an angle of sixty degrees. Thus, if
small samples were cut from a bismuth crystal for megnetic measurement
by the Faraday method, the resultent sample would no longer be a single
crystal, but a composite of several different crystals. This is with-
out doubt, one reason for Nusbaum's27) failure to obtain the correct
values for the principle susceptibilities of bismuth by this method.

Therefore the Gouy method was chosen for meking all the deter-
minations in the present investigation. The principle requirement of
this method is that the samples have a uniform cross~section over the
entire part in which the field gradient is appreciable. The condition
of the extreme ends is not important, as they are both located in uni-
form fields. Both of these facts were advantageous, because the crys-
tals grown by the method described above may be of almost any desired
length, and are of quite uniform area, while the unavoidable twinned
areas due to cleaving would be in such a position as to have no effect
upon the results.

One disadvantage of the Gouy method is thet no quantitative
measurement can be made of the dependence of susceptibility on field
strength. TFurthermore, if the susceptibility of the sample should
depend on the strength of field, the result obtained would be the
everage velue for alls fields, from zero to the strongest used. Due to

these facts, several tests were mede at field strengths renging from
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2500 gauss to 22,500 gauss. In this region, no change of suscepti-
bility with field strength wes found, so it is unlikely that any
errors have been introduced from this cause.

The principle factors limiting the accuracy of the measurements
were: 1) the determination of the area of the cross-section of the cry-
stals, 2) the sensitivity of the balance, and 3) the measurement of the
strength of the magnetic field. Due to the irregular shape of the cry-
stals, the cross=-sectional area could not be measured directly, but had
to be calculated from the weight, length and density of a portion of
each crystal. That part in which the most of the field gradient occurred
was used for this measurement. All forces were measured with an accuracy
of one-tenth of a milligram, which was in general less than one-half of
one percent of the total force. The field strength was measured with a
Grassot fluxmeter, with an accuracy of one percente.

The arrangement of the apparatus is shown in Figure 8.

An aluminum suspension, S, was designed to teke the place of
one of the regular pans of & sensitive analytical balance, B. It was
fitted with a torsion head T, so thet the crystal could be rotated
about a vertical axis. The lower end of the suspension was seven centi-
meters above the pole pieces P, of the magnet. This distance was great
enough so that the suspension was but little affected by the megnetic
field, the greater part of the gradient being quite well confined to
the first centimeter from the edge of the pole pieces. These were flat
faced, and ten centimeters in diameter, giving a very uniform field
betWeén them, with comparatively little stray field. The crystals, C,
ranged from nine to twelve centimeters in length, thus placing the lower
end well within the uniform region of the field, while the upper end was

in 2 field of negligible intensity.
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The problem of determining the dependence on temperature of
the magnetic properties of the crystals, required the construction of
a furnace which would give a uniform temperature over the entire length
of the crystal. The principle difficulty encountered was that the
lower half of the furnace was clamped between the pole pieces of the
magnet, thus greatly increasing the conduction of heat away from this
part. To overcome this, the spacing between the heating coils was
made considerably smaller in this region. In addition to this, the
amount of insulation material applied to the outside of the furnace
was varied from point to point, until the temperature was found to be
uniform in the interior of the furnace. To further equalize the temper-
ature, the furnace was lined with sheet aluminum. Care was taken to
wind the furnace non-inductively, and it was found that no correction
had to be applied to ﬁhe field measurements because of the presence of
the furnace.

For measurements at liguid air temperatures, a small flask was
designed so that the crystal could be brought to this temperature with-
out coming in actual contact with the liquid air. Figure 9 is a photo-
graph of the finished flask and a second incpmplete flask showing the
inner construction. The crystal hangs in the inner tube. This tube 1is
open at the top only, and is completely surrounded by liquid air. The
liquid aif chamber is further surrounded by an evacuated compartment.
The upper part of the flask is provided as o storage space for liquid
air, to insure the complete surrounding of the crystal chamber. This
flask was found to be satisfactory, the only trouble encountered being
the formetion of liquid oxygen in the crystal tube when the liquid air

was fresh.
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Figure 9., Liquid air flask,

Figure 10. cooling jacket.
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For a few measurements taken at temperatures between =~1850(C
and 22°C, a cooling jacket similar to that used by KapitzaZS) was
employed. This is shown in Figure 10. Liquid air was boiled by means
of an electric fugnace, and the cold gas was passed through the cooling
jacket. The temperature of the crystal could be varied by changing the
rate of boiling of the liquid air. This control was found to be very
good, but due to the arrangement of the apparatus, it was not possible
to meke the cooler efficient, and so it was not used to any great extent.
The balance, suspension, crystal, and the ends of the pole
pieces were enclosed in a cabinet to prevent air currents from the warm

coils disturbing the balance.
THEORY OF THE METHOD

Let a crystal with principle susceptibilities kj, ko, kz be

placed in a magnetic field as in Figure 1l.

zZ,

XY H S Hs

—

Take a set of axes parallel to the principle magnetic axis of
the crystal with origin at its lower end. ILet Z be parallel to the
length of the crystal, and let X meke an angle © with the megnetic lines

of force. The boundary conditions will then be
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Hy = H cos 9, Hy:Hsin e, H; =0

VH, _DH, DH -\Hy _dE,  dm, T,
D x ")y —3y TDx ox —5y Y

if the diameter of the crystal is small in comparison to that of the

pole pieces.
The equation for the energy of a magnetic field in an aniso-

tropic medium is given as

) i :
E, = = (pxHx? + pyly? + pyHy2)

where Px = L4 ATk, u, =14 4Tky, pg = 1+ 4Tk,
Thus

% = 1 . : 1.

Bo = (e? ¥ E2Z 4 1,2) + 502 + k2 + 1 H,2)

Now if we consider the case of a crystal hanging in air where P = Ly
the force experienced by the crystal in the direction parallel to the
axes, due to the megnetic field, will be

p. . DB DBa Iy BEE )
TN TSE Tz vx Y3owr t

dx

T R Ty AR TR AT
Sy vy 2 Dy 2 By 2 Vy

¥y :}Ec By . E}szi— k—y—BHyz-(-EE)sz
>z Xz T2 oz 2 Sz 2 Dz

or

- Z
= - X x ?x
H B DH
Py =l B O8x L xom Oy 1w, 2 M
d Y N By
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Substituting the boundary conditions, these equations reduce to

Fe =0
Fyro

Fo = kg wa Hx
XA

T
+ Xy Hy iy
Sz

Z

Y

2 +k sinZe HT_

or F, = k, cos?0 F?[,3

F, =| ky (kg - ky) cosZQI H

Now if H = H when Z = 0, and H = Hy when 2 = 2, and the expression for
F; is integrated over the volume of the crystal, the total force acting

is given by

F :sz dv -.-.fkv +(ky - ky) COSZQ] dx dy dz H 45
1% A d

Z

2 2
¥ = [ky * (kg - ky) cosze] H ;Ho A

so k [(k - k) cos28|- 2F
TH(%  ) cou’d] (7 = Ho2) &

if F is given in grems, and if H, ({ H, this becomes

2gkF

which, if expressed in terms of the specific susceptibility instead

of the volume susceptibility, becomes

~2gF
X & (Xg - Xy) cos29_?ﬁg.}{.2.

Now if we choose Y to be parallel to the principle crystallographic

axis, the final expression will be

-t & B

Ipt (X.L -~ X4 ) cos26 Sl
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Thus it is shown that if the magnetic field is parallel to
the principle axis of the crystal, that is, © = 900, we get
Xu:ZgFll
dA H
and if the field is normel to the principle axis, © =00, the expression

becomes

Also the susceptibility of the crystal should follow a cos?@
law between the maximum and minimum values.

Since the bismuth crystallizes in e hemihedral form of the
hexagonal system, it should be isotropic with respect to all directions
normal to the principle axis. If this were found to be correct, the
problem of investigating the magnetic properties would be greatly
simplified, as all the necessary data could be obtained with one crystal.
By using a crystal in which the principle axis is normal to the length
of the rod, the entire variation of susceptibility.with direction, can
be obtained by burning the crystal about the axis of the rod. This
degree of freedom was provided for, 2s stated in the description of

the apparatus.
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TABLE OF ABBREVIATIONS USED IN DATA

AB,C,D,E,F,G,H --—

G 0.026%hg ===m=mmm-

indicate the source of the bismuth used in the
crystal.

shows that the crystal is made of G bismuth, to
which 0.025 atomic percent of silver has been added.
as all measurements are made by the counter balance
method, this symbol indicates the weight added to
the crystal pan to bring about a balance with no
field acting.

gives the weight added with the magnetic field
normal to the principle axis of the crystal.
gives the ﬁeight added when the field is parallel
to the principle axis.

indicates the added weight when the field makes
an angle 8 with the principle axis.

gives the difference between W, and the W with

a field. The subscript of F corresponds to that
of W.

is the ratio X4 /X,

gives the strength of the magnetic field.

gives the temperature in degrees Centigrade.
indicates that the principle axis of the crystal
is normal to the length of the rod; unless other-

wise indicated, the crystals are of the P; type.

indicates that the principle axis of the crystal

is parallel to the length of the rod.
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gives the angular position of the crystal as
shown on divided torsion head.

gives the angle between the principle axis of
the crystal and the direction of the magnetic
field.

indicates specific susceptibility parallel +to
the principle axis of the crystal.

indicates specific susceptibility perpendicular
to the principle axis of the crystal.

is the constant by which F is multiplied in the
calculation of the susceptibility, and is deter-

mined by the equation

c= 28 _ 2gdl

where g 1s the acceleration of gravity, d, 1,
and W, the density, length and weight of that
section of the crystal in which the greater part
of the fiseld gradient occurred in the magnetic

measurements.
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