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LIST OF PRINCIPAL 3YMBOLS

P-3 - - - - pertaining to the orientation of a long cylindri-

P-

1, 09 - -

1, 309 -

cal crystal, indicates that the trigonal axis of
the crystal is parallel to the axis of the
cylinder

pertaining to the orientstion of a long cylindri-
cal crystal, indicates that the trizonal axis is
at right angles to the axis of the cylinder, and
one of the binary axes is parallel to the axis of
the cylinder

seme as above, except that one of the binary axes
is inclined at 30° to the axis of the cylinder
modulus of magnetostriction. It is defined by the
relation = AL/L = :.2L_ n 1%, where AL/L is the

magnetostriction, and H is the magnetic intensity



INTRODUCTION.

The term magnetostriction is commonly used to designate
all the phenomena of strain or stress which occur in certain
substances when the latter are placed in a magnetic field. This
paper, however, is confined to the measurement ana discussion of
only one of these phenomena, viz., the so-called Joule Effect.
This is a change in the length of a long rod when subjected to the
action of a homogeneous magnetic field, the direction of which
coincides with the axis of the rod. The term magnetostriction, as
used throughout this paper will designate the Joule Effect only,
and will be expressed as a strain, i.e., as change in length per
unit length of rod.

The effect was first measured by Joulel) in 1842 on a rod
of iron. ILater investigators extended Joule's work to cobalt and
nickel, and their alloys, as well as to the other ferromagnetic
alloys. As was only natural, even the earliest investigators in
the field became interested in the question of magnetostriction in
diamagnetic substances, and chose bismuth for their experiments, as
the metal which shows diamagnetism to the most marked extent.
Aubelg) in his review of the literature up to 1903 on the subject
of magnetostriction in bismuth quotes the work of Tyndall in 1870,
Bidwell®) in 1888 and 1899, Grimaldil8) in 1889, Aubell®) in 1892,
Knottl7) in 1899, Wills4) in 1902, and calls attention to the fact

that all these experiments gave negative results. Negative results



were later obtained by bebie5) in 1922 and Schulze6) in 1928.
Finally, in 1929 Kapitza7) reported in a letter to Nature that
he had found magnetostriction in single crystals of bismuth,
that it is positive or negative, depending on the crystal orien-
tation, its order of magnitude is 5 x 107° in a field of 300,000
gauss, and it varies approximately as the square of the field.

It became immediately apparent why the earlier investiga-
tions gave negative results. Under ordinary laboratory conditions
it is difficult to obtain fields much in excess of 3000 gauss,
except in narrow air-gaps between iron pole-pieces, which are not
suitable for the measurement of magnetostriction. Now, in a field
of 3,000 gauss the magnetostriction in a single crystal of bismuth
would be of the order of 5 x 1079, Actually, all the earlier
investigations were made on polycrystalline rods, in which the
magnetostriction is about one fifth of that in crystals. Also, in
his early report Kapitza overestimated the effect by a factor of
almost two, so that the magnetostriction which actually occurred in
the early experiments was less than 1 x 10'9, which was well below
the limits of sensitivity of all the apparatus used. The sole
exception is the work of bebie5), who claimed a sensitivity of
3 x 10'12, but used a field of only 12 gauss, so that he also could
not have found the effect.

Barly in 1931 Dr. A. Goetz suggested to the writer that he
attempt to measure magnetostriction in single crystals of pure

bismuth, and bismuth containing small amounts of added impurities,
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using for this purpose the 500 K solenoid at the physical labor-
atory of the Lit. Wilson Observatory.

Subsequent to this, there appeared in 1931 & paper by
Bryan and Heapse) again reporting negative results in their attempt
to measure magnetostriction in single crystals of bismuth.

Finally, in 1932, Kapitzag)

published a detailed account
of successful measurements of magnetostriction in erystals of pure

bismuth.

STATEMENT- OF PROBLEM

The purpose of this investigation was two-fold, viz.:
1) to check as far as possible the work of Kapitza on pure bismuth
crystals and 2) to determine the effect of the addition of impur-
ities on the magnetostriction in bismuth crystals.

The reasons for checking the work of Kapitza are again two-
fold, viz.:
A) Kapitza's measurements are taken in a transient field lasting
only two-hundredth of a second between the instant when the field
starts building up, and the time when the field has decayed com-
pletely. It was thought that the crystal may take some time to
adjust itself to the magnetic‘field, and that this time may be
appreciable compared with one-hundredth of a second. Hence it
would be desirable to determine whether measurements in a steady
field, as obtainable in the It. Wilson solenoid, would not give
results materially different from those taken in a transient field.

B) Kapitza's apparatus is designed for the measurement of the



large strains occurring in fields up to 300,000 gauss, and, hence,
is‘not sensitive enough in the range covered by the 1it. Wilson
solenoid, viz. up to 25,000 gauss. lNeasurements teken in the very
strong fields used by Kepitza are also somewhat questionable, unless
checked in moderate fields, for the reason that the strains produced
in the crystals are so great that they may actually exceed the
elastic limit of the material. This was actually observed by
Kapitza in the case of crystals which were grown with their princi-
pal crystallogrephic aiis inclined at about 45 degrees to the axis
of the rod.

As far as the second, and main part of the investigation is
concerned, the determination of the effect of impurities on the
'magnetostriction of single crystals of bismuth is a logical contin-
vation of the general program of investigations conducted under

Professor Goetz by HergenrotherZI), Fockegz), and Haslerzs)

on the
effect of small emounts of impurities on the various physical prop-
erties of bismuth single crystals. It appears that the study of
the effect of impurities is a powerful tool in the field of crystal
physics. It is hoped that this work will eventually throw a light

on the structure of a real crystal and on the nature of crystal

diamagnetism, both problems being unsolved at this writing.

THE THEORY OF MAGNETOSTRICTION
A satisfactory theory of magnetostriction in a crystal

should deduce the effect of the magnetic field on interatomic bonds,

and hence on the configuration of the crystal. Such a theory does



not exist, possibly because the nature of the interatomic bonds
is not well understood.

With the exception of the most modern theories, applicable
only to ferromagnetic materials, and based on guantum-theoretical
considerations, all the theories of magnetostriction deal with the
subject from the point of view of the first law of thermodynemics.
The theories succeed in deriving a relation between magnetostriction
and the statistical elastic and magnetic properties of a bhody, but
do not gi&e any idea as to the mechanism of the phenomenon. This,
of course, is not to be expected from a thermodynamical treatment.

The best method to be followed appears to be that of varia-
tions. We consider a long diamagnetic rod of length L and sectional
area A, with its axis along the magnetic lines of a homogeneous
field. The length, L, of the rod is supposed to be large compared
with the diameter. The distortion of the field produced by the rod
is disregarded. The magnetic energy per unit volume is E in the

rod, and E; in the air, where

1 B 1
= B o s
E 4WfPHdH’ i &r = Im H dH

If V= AL is the volume of the rod, and V, is the volume
of air in some arbitrary surface enclosing the rod,.but so described
that it does not come near the rod at any point, then the total

magnetic energy inside the surface is
Mg = W B o g By

If the rod is now subjected to a virtual elongation [Iq the change



in the magnetic energy is

_2Eny, _ 2V oVi . . . DE 2 E
e note that 2V . -2—V'—l- = A(L1 - 20)

21 7L

where (’ is Poisson's ratio. Also

2 _ 1 [0 y
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If p = longitudinal stress in the rod
Y = Young's modulus,
then -J;-Q-I-‘-=-:-L- , and
LJp
2p_Y2n
2L L?27
Hence
2E_. 1 [y2pyaxn
2L 471 oD
and _?El =0
v o L

Substituting in (1):

B = 41 - 1 _a sdn |,
Ep = A1 20’)51'{:}-,; }quH Z-,TFIHGH}+ v LR Hanm

Putting )1 = 1 + 47x, where x is the susceptibility

§Em=A5L {x(l—2o')+Y%—%j H ad

The change in elastic energy produced by the variation 51, is

Ee=pA5L

Since the system is in equilibrium, the first-order variation in



the potential energy is zero. Hence

05y + e = 0

Substituting the values obtained above, we obtain

p=_j{y.32%+x(1-zr)} H aH

Since p = YAL/L

AL _ 1 ?x+ _
T——Yj{Y?P =f1 2?)3}1@}1

If Y is independent of H

AL _ _ 00X . Xpq _
AL _ J‘{ + Z(1 20’)}}1@}1

L PR

The identical result is obtained by Leducl6)

by a somewhat differ-
ent reasoning.
In the case of bismuth at room temperature the suscepti-

bility, x, is independent of H. Hence 919/21>is independent of

H, so that the integration can be performed. The formula reduces

2
AL _ H 2 x X
T—‘T{ﬁ*‘?(l - 20)}

AI/L is the longitudinel magnetostriction, expressed as a strain,

to

and is proportional to the square of the field. The term in the
parenthesis can be used conveniently to describe magnetostriction,
since the field then does not have to be specified. Ve shall
designate this term by "m", and shall call it the "modulus of

magnetostriction”. By definition, then, the experimental value of

mis



m=2 AL/EL

We shall now show that, in the case of bismuth, the
second term in the theoretical expression for m is negligible
compared with the first. The maximun value of x/Y is obtained
when the magnetic intensity is parallel to the principal axis of

the crystal. Then, at room temperature,

-1.04 x 1076 x 9.8 10)

X

11)

1/Y = 1.62 x 10712

The approximate value of @ is 1/4. A simple calculation shows
that the second term in the expression for m is about 8 x 10'18.
Since the experimental value of m is about 6 x 10'16, the term

just calculated can be neglected, and we can write the eqﬁation

for magnetostriction as

AL _ 7 dx
1 2 97

It should be remembered that this is based on the assump-
tion that Y is not & function of H. There is no experimental
justification for the latter assumption. lLioreover, in view of the
fact that the elastic forces are of electrical nature, it is very
likely that Y does vary with H. Hence, it would not be surprising
if experiments on magnetostriction in bismuth did not confirm the

variation of A L/L with the second power of H.

METHODS OF LEZASURING MAGNETOSTRICTION

All methods of measuring magnetostriction involve the



construction of some form of extensometer which will magnify the
small changes in length which are to be measured. The,exténso—
meters described in the literature fall into four general classes,
viz.:

(A) mechanical

(B) optical

(C) electrical

(D) special methods

(4) liechanical Zxtensometers. This is the earliest type,

since it was used by Joulel) in his original investigations on
magnetostriction. It is also the type which was employed most
widely. It consists of some combhination of mechanical levers with
an optical lever. Theoretically this method will yield any magni-
fication desired. The practical difficulties lie in the elimina-
tion of lost motion, prevention of vibrations, and prevention of
spurious deflections caused by thermal expansion of the mechanical
sy stemni.

(B) Optical Methods. These methods employ some form of

interferometer. The great advantage of the method lies in the fact
that the calibration of the apparatus is extremely simple. It
would be difficult to make this method sufficiently sensitive for
the measurement of magnetostriction in bismuth, as can be seen
from the fact that the total strain in this experiment is only
about 2.5 x 10'7. With a sample 10 cm long the total change in

length is then only 2.5 x 1076 cm, which is equivalent to a shift
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of one-tenth of a fringe. The shift of one-tenth of a fringe would
then have to be measured with an accuracy depending on the accuracy
desired in the final result.

(C) Zlectrical Methods. These consist of some modifica-

tion of the Whiddington ultremicrometer. The sensitivity attain-
able is very high, but the measurements take a fairly long time,
since a large number of beats must be counted in order to obtain
accuracy. Where the sample tested for magnetostriction is under-
going & continuous thermal expansion, which is comparable in magni-
tude with the magnetostriction, the ultramicrometer method appears
to be at a disadvantage.

{D) Special Methods. McKeehanlz) at the Bell Telephone

Laboratory devised a very ingeneous method consisting of a simple
optical lever, which converts the extension of the rod tested into
the motion of a spot of light, and a photo-electric cell with which
the position of the spot of light can be measured accurately. This
method appears to be superior to all the preceding, since the
mechanical system is very simple, the attainable sensitivity is
high, and the speed with which readings can be taken depends only

on the period of the galvanometer attached to the photo-electric cell.

THE METHOD OF THIS INVESTIGATION.
The measurement of magnetostriction in bismuth presents
difficulties far exceeding those encountered in the case of ferro-

megnetic substances, because the effect under investigation is of an
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entirely different order of magnitude. '"Whereas in the ordinary
laboratory solenoid, producing a field of about 3,000 gauss, the
magnetostriction in a ferro-magnetic substance is usually several
times 10'5, the bismuth crystal under the same circumstances will
show an effect of about 3 x 10”9, This much was known from the
preliminary report of Kapitza7). Zyen in the 500 X solenoid of

the Llt. Wilson Iaboratory the magnetostriction in bismuth is still
only about 2.5 x 10~7. Thus, by resorting to the large solenoid,
the megnetostriction could be increased almost one-hundred times,
but it was still only about one-hundredth of that shown by a ferro-
magnetic material in a moderate field. It must also be realized
that an increase in the magnetic field intensity does not make the
measurement as much easier as a simple comparison of the figures
migcht indicate, for, at the same time, the disturbance on the appar-
atus, produced by the masnetic field, is increased to a marked
extent, be it through heating, transient currents induced by the
field, vibration of the necessary rotating machinery, etc. Thus the
development of proper apparatus is much more difficult than in the
case of experiments on ferro-magnetic substances.

The method adopted in this investigation presents certain
similarities to that of McKﬁehanlz), described in the last paragraph
of the preceding section. The change in length of the crystal is
converted into the rotation of a small mirror by a very simple
mechanical arrangement, in which little attempt is made at magnifi-

cation. A beam of light coming from a fixed slit is reflected by
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the mirror onto a loll Thermo-Relay manufactured by the firm of
Kipp 5n¢ Zoneﬁ. This is an instrument which was designed for
the purpose of magnifying the deflection of a galvanometer. It
consists of a differentiel thermo-couple mounted in a vacuum, with
the junctions at a distance of about 1 cm from each other. %hen a
spot df light falls on the point exactly half-way between the
Junctions; both junctions are heated uniformly, and no current flows
in the external circuit. Vhen the spot of light is moved toward
one or the other of the junctions that junction is heated more than
the cher,'and a current flows in the external circuit. This
current is measured with a galvanometer. The instrument has a
linear calibration over such a wide range that in practice it is
not necessary to start with the spot of light exactly half-way
between the thermo-couple junctions. The sensitivity of the de-
vice depends, of course, on the intensity of the spot of light, and
on the sensitivity of the galvanometer. As used in this experiment
a galvanometer deflection of 1 mm corresponded to a motion of the
spot of light of about 0.0007 mm, a magnification of about 1400
times. The great advantage of the instrument lies in the fact that
the spot of light need not be sharp. In this experiment the spot
was from two to three millimeters in diameter. This width is actually
necessary, since the sensitivity depends on the total energy of the
light falling on the device.

The magnification obtained in the optical lever, which con-

verts the change in length of the crystal into a motion of the spot
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of light, was about 300 times. Yence the total magnification

was about 400,000 times, i.e., a deflection of 1 mm on the galvan-
ometer scale corresponded to a change in length of the crystal of
2.5 x 10”%m. Since the crystals used were about 100 mm long,

one millimeter on the galvanometer scale corresponded to a strain
of one part in forty-million.

This method offers the same advantage as that of licKeehan's
which was described above, since the sensitivity is high, readings
can be taken quickly, and the absence of mechanical masnifying
levers makes the apparatus comparetively insensitive to external
vibrations. This last feature is of extreme importance in the
present instance, since the solenoid was supplied with direct-
current from a 600 XKW motor-generator set located in the same room

and producing a great deal of vibration.

DESCRIPTION OF APPARATUS.

The essential part of the apparatus is the frame-work in
which the crystal is mounted, and the arrangement whereby the
change in length of the crystal is transformed into the rotation
of a mirror. This part of the epparatus, in its proper place in
the solenoid, is shown in Fig. 1.

A brass block (1) is held rigidly in the wooden piece (2),
which in turn is bolted to an outside wooden frame-work, not shown
in Fig. 1. Two fused quartz tubes (3) are cemented in the brass
block. Aluminum discs (4 to 10) are cemented Qn the quartz tubes,

forming a rigid frame. The disc designated (9) holds a copper
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cup (11) in which one end of the crystal tested (12) is fixed
with Wood's lletal. The other end &f the crystal is fixed simil-
arly in a covper cup (13), cemented in turn to the fused quartz
tube (14), which extends to the right, passing freely through the
brass block (1). The left end of tube (14) is held in a brass
ring (15), which has soldered to it radially four thin bronze
wires (16), which in turn are soldered to the heads of four pins
(17) screwed into the aluminum disc (4). This feature of the
apparatus is best seen in the section in the lower center of Fig.l.
It is seen that the left end of tube (14) is free to move through
small distances to the right or left. The right end of this tube
carries a small brass block (18). To the right face of this block
is clamped a very thin bronze strip (19). The upper end of this
strip is clamped to the face of a brass block (20), cemented onto
the quartz tubes (3) which form the main frame-work. The vertical
clearance between (18) and (20), which is also the free length of
the bronze strip (19) is 3 mm. Along the center of the free part
of the bronze strip (19) is soldered a copper wire (21), which
carries a 5/8—inch galvanometer mirror (22). This part of the
apparatus is shown best in the section in the lower right of Fig.l.
It is seen that the central quartz tube (14) is constrained
to a small horizontal motion, which, however, is amply sufficient.
to permit the crystal under test to expand and contract freely.

This matter will be discussed more fully later. It can be readily

seen that a change in the length of the crystal results in a hori-
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zontal motion of the brass block (18) relative to (20), and that
the bronze strip transforms this motion into the rotation of the
mirror (22) around a horizontal axis. The movement is entirely
free from friction and there is no possibility of lost motion.

For purposes of calibration it was necessary to be able
to raise the temperature of the crystal by about 0.2 deg.C. This
could be accomplished by means of a heating coil made of tungsten
wire wound on a thin glass tube. This coil (23) was as long as
the crystal, and was placed along the crystal, running through
holes in the aluminum discs. Holes (24) on the opposite side of
the.crystal hold insulating bushings, which carry the leads of a
platinum resistance thermometer wound concentrically with the crys-
tal on four mica frames (25), attached to the aluminum discs (5,6,7,8).
A section showing the mica frames can be seen on the lower left of
Fig. 1. The platinum thermometer is spread out over the full length
of the crystal, so as to obtain an average of temperature, in case
of a temperature gradient. The thermometer also is needed for pur-
poses of calibration, which will be discussed later. The wire used
in the thermometer is 0.05 mm in diameter and about one meter long;
its resistance is 60 ohm at 25 deg.C, and changes by 0,196 ohm for
eaéh degree centigrade.

The apparatus described above forms a distinct unit, which
does not come in direct contact with the solenoid. It is protected
on the right by a water-jacket (26, with a glass window (27; in

front of the moving mirror. On the left the apparatus is covered
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by a gzlass tube (28, closed with a cork (29). Between the above
unit and the solenoid is interposed a water-jacket (30), intended
to maintain the crystal at a uniform temperature. The outer shell
of the solenoid (31), and the position of the coils (32), are indi-
cated in thé Tigure.

The complete assembly of the avparatus is best seen in the
photographé (Figs. 2 and 3) and & diagram of the optical system is
shown in Fig., 4. The externel part of the unit described above is
shown at (H) in Fig. 3. The unit is bolted to a stiff wooden frame-
work (J), which holds also & brass optical bench (L). The optical
bench carries a series—street-lightiing lamp (A), which is the
source of energy for operating the thermo-relay (G). The optical
system consists of a horizontal slit (C), two convex lenses (B,D),
and a cylindrical lens (I'), shown in Fig. 4, but not on the photo-
graphs. This lens is placed just in front of the thermo-relay (G).
Its axis is vertical, so that it increases the intensity of the
lizht falling on the thermo-relay, without changing the length of
the optical arm,

The current in the thermo-reley circuit is measured with a
Leeds and Northrup high-sensitivity galvanometer, critically damped,
and not shown in the figures. The zalvanometer has a period of
15 sec., a resistance of 500 ohms, and a critical damping resis-
tance of 6000 ohms. The deflection of the galvanometer is recorded
on a moving strip of photographic paper, driven by clock-work (Li).

A timing device makes a mark on the paper at intervals of 15 seconds.
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The solenoid is shown at (X) in Fig. 2 and 3. It consists
of two coils, one inside the other, connected in parallel. Both
coils have approximately the same resistance, so that the total
current is split almost evenly between the coils. The specifica-

tions of the solenoid are as follows:

Inner diam. of winding 2-3/8 1in,
Quter " " B 8-5/16 in.
Length of winding 5 41,
No. of turns in inner coil 126

on " " oute% & 84
Conductor - copper tape 5/8 X 1/16 in.
llax. current - both coils 4000 amp.

" voltage | 125 volt

" power - both coils _ 500 K7

The coils of the solenoid are enclosed in a brass shell,
having a central opening 2 inches in diameter. Cooling is
effected by means of transformer oil pumped through the coils and
through a system of pipes immersed in a large water tank. The

power is supplied by a 600 X motor-generator set, which can be
seen in the left background of Fig. 2.

The calibration of the solenoid was carried out with a
Grassot Fluxmeter, made by the Cambridge Scientific Instrument Co.
The field at the centre of the solenoid was 28,300 gesuss with

4,000 amps. The field decreased symmetrically on both sides, as

shown in Fig. 5. The root-mean-square field averaged over a cen-



trally placed crystal, 11 cm long, was 915 of the field at the
centre, i.e., 25,750 gauss with 4,000 amps.

In the course of the work parts of the solenoid became
gradually short-circuited, so that the field for e given current
became less. Since it was not safe to increase the current be-
yond 4,000 amps, the measurements had to be carried out in a
weaker field., The final field at the center of the solenoid was
23,400 gauss with 4,000 amps, and the r.m.s. field over 11 cm was

20,400 gauss.

DESCRIPTION OF CRYSTALS

The crystals used in this investigation were grown in the
shape of rods 2 to 3 mm in diameter and at least 12 cm long. Two
principal orientations were studied, The crystals designated as
P-1 had the principal (trigonal; axis at risght angles to the axis
to the rod. Hence the axis of the rod was in the principal cleavage
plane, and magnetostriction was measured at right angles to the
principal sxis. These crystals fall into two groups, viz.:

1) one of the binary axes along the axis of the rod

2) one of the binary axes inclined at 30 deg. to the

axis of the rod.

The first group is designated as P-1, O°, the second as P-1, 30°,
Only one crystal of the latter group was tested.

The second class of crystals, designated as P-3, had the

principal (trigonal) axis along the axis of the rod, and the prin-

cipal cleavage plane at rieght angles to the axis of the rod.
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Hence magnetostriction was measured parallel to the principal
axis. This last orientation is more difficult to produce. The
actuel crystals had the principal axis inclined at about 4 deg.
to the axis of the rod.

The bismuth used was of “commercial” grade,>obtained
from the Merck Chemical Company. Two separate lots were used,
designated here as Bismuth H, and Bismuth J. These lots were not
analysed for impurities. It was found, however, that the magnetic
anisotrophy of crystals grown from Bismuth H and J was the same as
that for crystals grown from lots designated as H and T, which
were obtained previously from the same source. Since the magnetic
anisotropy of bismuth crystals is very sensitive to impurities,
there is every reason %o believe that lots H and J are substantially
&s pure as lots ¥ and F. A spectroscopic analysis of the latter,
made by lir. Hasler, gave the following results:

No. of foreign atoms per

100 atoms of bismuth
(atomic percentage)

Bismuth B F

Copper 0.007 0.001
Silver 0+913 0.006
Tellurium 0.000 0.000
Thallium 0.000 0.000
lead 0.014 0.002
Total 0.034 0.009

The reason for using the Ilerck "commercial® bhismuth is
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that it was found to be purer than "chemically pure' and "elec-

trolytic" bismuth obtained from other sources.

TECHEINIUE OF THE EXPRRINENT
The experimental procedure is divided into three steps,
viz.t
(A) Production of crystals
(B) Calivration of apparatus

(C) Magnetostriction test

(4) Production of crystals.

The crystals were grown by the method developed by Goetzls)
following exactly the somewhat simplified procedure described in

detail by TockelO).

There is no need to repeat the description in
this place.

The P-1 crystals were grown at the rate of about 6 mm per
minute. This is fast enough to prevent the accumulation of impur-
ities at one of the ends.

A great deal of difficulty was experienced in growing the
P-3 crystals. This was finally solved by growing them at the rate
of only 1 mm per minute, or slightly less. In the case of crystals
with added impurity this leads, according to Focke, to an accumula-
tion of the impurity at one of the ends. 1o tests were made on
this effect. It is believed, however, that the irregularit& in the

magnetostriction results on P-3 crystals containing lead, may be

caused by this factor. WWevertheless, the effect of impurities on
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the magnetostriction in the P-3 crystals is not so great that
serious errors could arise from the above cause. The guestion
of the distribution of impurities is discussed at greater length

later.

(B) Calibration of apparatus.

The calibration of the apparatus cannot be calculated
accurately from its dimensions, because of the manner in which the
change in length of the crystal is transformed into the rotation
of a mirror. An experimental determination is required. The.
menner in which this is accomplished is as follows:

The crystal to be tested for magnetostriction is mounted
in the apparatus and everything is put in its final test position.
The position of the thermo-relay is adjusted so that the reading
of the galvanometer connected to it is near zero. The temperature
of the crystal is then changed by about 0.2 deg.C, and the corres-
ponding deflection of the thermo-relay galvanometer is noted. Now,
if

A - - - coeff. of thermal expansion of crystal

By = " " " u L éhe frame in which

crystal is mounted

AT - - change in temperature

S - - - sensitivity, expressed as strain (l%&) per unit

deflection of galvenometer , D .

L - - - length of the crystal

then
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AL iar
also l%& =380D
Hence S = AQT

D

The above would be true if the frame holding the crystal
had a zero coefficient of thermal expansion. Actually it has a
coefficient (Al) different from zero, though small. This neces-

sitates a correction in S, viz.:

- A1)+ AT
- D

The sensitivity, S, depends on the intensity of the spot of light
falling on the thermo-relay. Now, in practice, the calibretion

was performed with the thermo-relay lamp connected to the.lighting
circuit, whereas during the magnetostriction test the lamp was
operated by a battery. Hence it was desirable to obtain a quantity
expressing the sensitivity without reference to the intensity of
the light. To do this we must determine the intensity of the beam
of light. By means of a micrometer screw we now displace the thermo-
relay vertically through unit distance, and note the deflection of
the galvanometer, say Dq. Ve call Dy the calibration of the lamp.
It was found convenient to use as unit displacement of the thermo-
v relay a distance of 1/36 mm, corresponding to ten degrees on the
micrometer screw.

-

We now define a "sensitivity factor"™ ¥ by the relation
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D
F=SDp =5 (- 41) AT
If the lamp calibration during the magnetostriction test is found

to be Dy, the actual sensitivity is

Sy = F/Dy = 5 D1/D,

The sensitivity factor, F, would be a comnstant of the
apparatus, determinable once for all, if it were not for the fact
that the mechanical magnification is very sensitive to the exact
shape assumed by the bronze strip (19, Fig. 1) which converts the
change in length of the crystal into the rotation of the mirror
(22, Tig. 1). The shape of this strip depends on the relative
position of the two brass blocks to which the strip is clamped, and
therefore changes slightly every time a new crystal is mounted.

For this reason a separate calibration was conducted for each crys-
tal, just before or after the magnetostriction test. The value of
T for each crystal is given in the tables of results.

It still remains to describe the determination of the
coefficients &, A; and AT in the expression for F.

The coefficients of thermal expansion of bismuth crystals,
&, were teken from the yet unpublished work of lir. T. L. Ho, at
this Institute, who measured these factors for the two principal
orientations of crystals containing various amounts of impurities.
The values used can be found in the tables of results.

The coefficient of thermal expansion of the frame, A7, would

be the coefficient for fused quartz (0.4 x 10"6, Int. Crit. Tables,



vol. 4, p. 21), if it were not for the thermal expansion of the
aluminum discs cemented to the quartz tubes and the copner cups
in which the crystal is mounted. The effect of these metal parts
was determined experimentally by mounting in the apparatus a
fused quartz rod in place of the bismuth crystal, and conducting
a2 regular calibration. In this case the thermel expansion is

caused entirely by the above metal parts. Fence
F= AT (& - A7) D1/D =AT A, Dy/D

where A, i1s the required correction. Since A, is small it can be
determined with sufficient accuracy by inserting in the formula an
approximate value for F, and calculating 4&,. In this wey the proper

value of A, was found to be 0.2 x 10’6. Hence
5 = 0.4 x 107 + 0.2 x 107 = 0.6 x 1076

Since the thermal coefficient of expansion of bismuth crys-
tals is about 12 x 107% and 16 x lO"6 for the two principal orien-
_tations, the correction 4y is not very appreciable, éo that it does
not have to be known very accurately.

The determination of the last term in the sensitivity
formula, AT, presents the greatest difficulty, since the platinum
resistance thermometer measures the temperature of the air surround-
ing the crystal, rather than the temperature of the crystal. The
obvious method would be to allow the crystal to come to a temperature

equilibrium, then to change the amount of power supplied by the heat-
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4o}

coil (23, Pig. 1), and again wait for temperature equilibrium.
The time required for this was found to be of the order of one
hour. In this time, however,.the gradual distortions which ¢o
on in other parts of thé appreratus introduce a drift in the read-
ings of the thermo-relay galvanometer, so that a difference in
its readings taken one hour apart, cannot Be internreted as due
entirely to temperature expansion of the crystal. The remedy lies
in shortening the tiﬁe required for the calibration.

This was accomplished by changing the power supplied by
the heating coil, back and forth at intervals of from 6 to 10 min-
utes. The resulting temperature variation of the air is somewhat
as shown in Fig. 6, where curve A shows the air-temperature recorded
against time. The temperature of the crystal, as reflected by the
record of the thermo—relay galvanometer, is shown by curve B.
Naturally the variation in the temperature of the crystal lags
behind the variation of the a%r-temperature. The temperature of
the crystal, however, is now known at any of the peaks, Cq, C,, etec.,
since at the point where the temperature drift of the crystal
changes sign, the crystal temperature must equal the air temperature.
Hence the galvanometer deflection D corresponds to a change in
temperature AT, as shown in the figure.

If a drift occurs owing to deformations of the apparatus,
thie can be recognized immediately, since in that casevalternate
peaks Cy, Cg, Csg, etc. do not occur at the same temperature. 4

proper correction can then be applied, since the time-drifts, as
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found, were always unidirectional, and their rate was practically
constant for any given calibration. The great advantage of the
method is found in its speed, which permits one to obtain a
number of points on the calibration curve in such a short time
that an external distortion-drift can be corrected for. In most
calibrations about 12 points were used.

Typical graphs of thermo-relay galvanometer deflections
(Cl’ Cz, ete.) against the resistance of the platinum thermometer
are shown in ¥igs. 7 and 8. Tig. 7 shows & case of no distortion-
drift between points No., 1 and MNo. 8, and a small drift between
points No. 8 and No, 13. Fig. 8 shows a rather extreme case of
drift.

It should be noted that the method of calibration described
above does not involve the measurement of the length of the crystal,
which is one of the serious sources of error in most investigations

of magnetostriction, particularly those made on short samples.

(C) Liagnetostriction Test.

The magnetostriction tests were carried out on a time-
schedule, with a timing device marking 15-second intervals on the
records of the thermo-relay galvanometer, so that the points where
the field was thrown on and off could be piaced accurately on the
records. Figs. 9, 10 and 11 show typical records of magnetostric-
tion. The marks &t the top indicate the l1lH-second intervals. The
time-axis runs from left to richt. The line in the centre is a

record made by the thermo-relay galvanometer. DJeflections downward



S
Fig. 9.

T AR

—ll!lllllllll'l,llllllu SRR § A g

b concoo o oo

Flg. 1l.



32

indicate an expansion of the crystal tested, deflections upward
indicate contraction. Points A mark the time when the solenoid
circuit was closed with a knife-switch on a current of about 2,000
amp. During the next 10 to 1% seconds the current was increased
by means of a rheostat in the generator field to about 4,000 amp.
The current was maintained at this strenszth for about 30 seconds.
Points B indicate the time at which the breaking of the current was
started, first with the field rheostat, and then with a series:
circuit-breaker. The time interval between points A and B was
exactly 45 seconds. The above procedure was gone throush four or
five times for each crystal tested. The +time between successive
tests was governed by the heating of the solenoid.

The two sets of large deflections, extending almost across
the records are the calibration of the lamp intensity, D,, required
for the determination of the sensitivity. These were teken just
beforé and just after each magnetostriction test. On the records
shown in the figures the deflections were produced by a.vertical
back and forth displacement of the thermo-relay of 1/18 mm (20 deg.
of micrometer screw).

The magnetostriction in Fig., 9 is an expansion of 34 x 10-8,
This was the’largest effect observed in any of the tests. ¥Fig. 10
shows an expansion of.l9 x 1078, ¥ig. 11 shows a contraction of
22.5 x 1078, 4 fairly rapid thermal expansion of the crystal can

be seen in Fig. 10. In order that the line should not drift off

the paper, the thermo-relay was displaced at the point marked C.
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Immediately after each test of the type described above
a mirror was attached with wax to the face of the glass window
(27, Fig. 1) in front of the rotating mirror (282, Fig. 1), and
the ideﬁtical procedure was gone throush again. It is clear that
this is equivalent to conducting the test with the rotating mirror
effectively locked. Any deflection of the thermo-relay galvano-
meter obtained in this way is ascribable to a deformation in some
part of the apparatus outside the solenoid, and should be sub-
tracted from the deflection observed in fhe magnetostriction test.
Such effects were actually found. Their magnitude varied from
zero to about 1 m, i.e., they were equivalent to a magnetostriction
of from zero to 2.5 x 1078, The proﬁable cause of this stray
efféct will be discussed later.

A second correction which was reguired was for a shift of
the zero-reading of the thermo-relay galvanometer. The zero-read-
ing was shifted from 0.9 to 1.0 mm by the vibration under full load
of thé motor-generator set operating the solenoid. To measure the
zero-shift the thermo-relay lamp was turned out, so that the thermo-
relay begame inoperative, and the current in the solenoid was built
up in the usuval manner. The zero-shift correction was not variable
but, nevertheless, it was determined anew for each magnetostriction
test.

The two corrections discussed above had ovposite sizns in

most instances, so that they practically nullified each other. The

thermo-relay galvanometer did not show any transient effect ascrib-



able to the stray field of the solenoid.

DISCUSSION OF CORRECTIONS AND ERRORS

(4) ZImperfections in Crystals

There is little question as to the perfection of the
crystels used in this investigation, so long as only crystals of
pure bismuth are concerned. The only departure occurred in the
case of the P-3 crystals, the pnrincipal axes of which should have
been parallel to the axis of the rod, but were actually inclined
at an angle of about 4 degrees. The work of Kapitzag) shows thet
this introduced an error of about 0.37%, which is entirely negli-
cible in the present instance.

In considering crystals which contain impurities purposely
added to the bismuth, it must be pointed out that the amount of
impurity as stated in the table of results, is merely the amount
added to the melt from which the crystal was grown. It is known,
however, from the work of Straumanis24), that there is little
tendency for the separation of the impurity in the process of
crystallization as long as the limits of solid solubility are not
exceeded. The limit of solubility is higher in single crystals
than in polycrystals. Its exact value is not known, but no diffi-
culty was experienced in growing the crystals for this investiga-
tion, so that there is reason to believe that the limit of solid
solubility was not transgressed.

As far as the distribution of the impurity along the axis

of the rod is concerned, it is known that the impurity does not



travel along the axis of the rod in the process of crystalliza-
tion, provided the solidification is fast enough, or the amount
of impurity does not exceed certain limits. Dr. A. Goetz made

a study of this subject on bismuth crystals by means of a micro-
scopic examination of cleavage planes under polarised light.
This work is not published yet. Straumanis®®) studied the
guestion in zinc crystals. HNumerical data cen be obtained from
the work of Fockelo) on the susceptibility of bismuth crystals.
Focke found that in a crystal of bismuth containing 27 (atomic)
of lead, grown at the rate of 6 mm per minute, the magnetic
anisotropy of both ends was practically the same, indicating
that the same amount of impurity was contained in both emnds. If
the crystal, however, was grown at the rate of only 1 nm per
minute, the end which crystallized first showed a magnetic ani-
sotropy corresponding to only 17 of lead, while the end which
crystallized last showed an anisotropy corresponding to 3% of
lead.

Now, all the P-1 crystals used in this investigation
were grown‘at speeds of about 6 mm per minute, so that there is
no reason to question.the uniformity of distribution of the im-
purity. The P-3 crystals, however, were grown at a speed of
only 1 mm per minute., hile it is not safe to extend to the
P-3 crystals the results obtained by Focke on P-1 crystals,

" there is considerable reason to suspect that in these crystals

the impurities are not distributed uniformly along the rod.
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There is a mitigating factor, for the crystals used in this
work were grown somewhat longer than necessary, and only the
central portion was used, where the amount of impurity is more
nearly correct., Of this central 11 cm actually used in the
test, the central half contributes 60% to the magnetostriction,
bécause of inhomogeneity of the masnetic field.

The net result of the above is, thet, in the case of
magnetostrictién parallel to the principel axis (P-3 crystals),
the curves showing the effect of impurities are drawn from points
which represent the average magnetostriction for a certain range
of impurity, rather than the magnetostriction for a specific
emount of impurity. If the exact distribution of impurity in

the crystal were known these curves could be corrected by a step

by step method.

(B) Errors in calibration

(1) Sensitivity. The sensitivitycalibration depends on

a knowledge of the coefficients of thermal expansion of the crys-

certainty of about 1% in all the measurements results from this
source.

The calibration can also be in error if the platinum
resistance thermometer does not take a representative average
of the air-temperature within the apparatus. This is not likely
since the thermometer wire surrounds the crystal, and extends

over its entire length. A more serious error may be introduced
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by the fact that, because of greater heat capacity, the copper
cups in which the crystal is soldered may be at an appreciably
different temperature from the major portion of the crystal.
This might introduce a heat-sink at the ends of the crystal, so
that at the times when the thermal gradient of the crystal
changes sign (Fig. 4), the average temperature of the crystal
may be different from the average air temperasture. It is 4diffi-
cult to meke any estimate as to the magnitude of such an effect.
It may be pointed out, however, that this would be a systematic
error, which would not affect the curves showing the effect of
impurities on magnetostriction, since magnetostriction in that
case is expressed as a percentage of the magnetostriction in
pure bismuth.

(2) Magnetic field. During the latter part of the in-

vestigation the solenoid became graduvually short-circuited, so
that the field intensity for a given current decreased in each
succeediné test. Between celibrations of the solenoid the field
intensity was calculated by interpolation in accordance with the
voltage across the solenoid required to pass a given current.
This leads to an uncertainty as to the magnetic intensity of the
order of 2%. Since magnetostriction depends on the sguare of

the field, the resulting error mey be of the order of 4%.

(C) Errors in magnetostriction measurement

(1) Stray “ffects. As already mentioned, when a mirror

was attached firmly to the glass window (27, Fig. 1) in front of
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the rotating mirror (22, Fig. 1), the application of the mag-
netic field produced a variable effect, equivalent to a magne-
tostriction of as much as 2.5 x 1078, It seems likely that
the cause of this was a deflection of the filament in the
thermo-relay lamp. This lanp was supplied with direct current
and, hence, the filament might be deflected by the stray field
of the solenoid. It is true that, in order to prevent this
very effect, the lamp filament was focussed on & slit smaller
than the imege of the filement, rather than directly on the
thermo-relay. MNevertheless, because of assymetrical distribu-
tion of intensity in the image of the filament a shift of the
filament would result in a shift of the intensity distribution
of the slit, and would be equivalent to a motion of the slit.
It was actually observed that this effect could be decreased
by a careful adjustment of the filament image on the slit.

A stray effect which was more serious than the above,
because it could not be corrected for, was an aperiodic motion
of the thermo-relay galvanometer, reaching an amplitude as
large as 1 mm, which existed independently of whether the beam
of light was thrown on the thermo-relay by reflection from the
rotating mirror, or from a fixed mirror. It is this back-
ground of motion which set the actual limit to the magnification
used in this experiment. The motion can be seen on the records
shown in Figs. 9, 10 and 11. The disturbance was at least three

times as large hefore it was discovered that it could be reduced
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by having a fan blow a stream of air across the path of the beam
of light. The effectiveness of the fan is attributed to the
breaking up of slowly varying temperature gradients in the air,
which cause irregular diffraction of the lizht in air.

The effect described above results in a definite uncer-
tainty in the measurement of magnetostriction records. Its
effect is estimated at about 0.5 mm, equivalent to an uncerteinty
of about 1.3 x 1078 in the magnetostriction. In the case of pure
bismuth crystals tested in a field of 26,000 gauss, this intro-
duces an error of about 5%. The percentage error is, of course,
increased, if measurements are made in a field of lower intensity,

or if the impurity decreases the magnetostriction.

(2) Megnetostriction of the frame. It is clear that the

apparatus used in this investization does not meesure the absolute
magnetostriction, but rather the difference between the magneto-
striction of bismuth, and that of the quartz frame in which thg
crystal is mounted. Now, the magnetic susceptibility of quartz is
so small that an appreciable magnetostriction is not to be expected.
To check this, however, & magnetostriction test was made on a poly-
crystélline rod of copper. :Io measurable effect was obtained,
showing that either the magnetostriction in quartz and copper is

the same, which is not likely, or' that neither of the two materials

shows a magnetostriction measurable with the apparatus used.

(3) liechanical stress in the crystal. In describing the




apparatus it was pointed out that the central quartz tube (14,

-

ie. 1), which forms an extension of the crystal, is held in

;

place by four bronze wires attached to it radially. This
method of mounting produces a stress in the crystal whenever the
latter changes its length. It is the purpose of this section to
determine whether this stress can produce a serious deformation of
the crystal.

The force required to move the central quartz tube
against the resistance of the four bronze wires was found to be
1 gr for a deflection of 2 x 1079 cm, and was proportional to the
deflection for a range at least eichty times as great. 3Since, in
the megnetostriction test, the length of the crystal changes by
about 3 x 106 cm, the force on the crystal is about 0.15 gr.
Such a force, applied to a crystal with a section area of 4 sq.nm,
would produce a strain of 0.5 x 10“8, which is within the limits
of sensitivity, though not within the limits of accuracy of the
apparatus. No correction is needed under any circumstances, since
an identical strain is applied in calibratinc the apparatus by &
temperature variation. The sbove effect is corrected automatically

in the calibration.

(4) Effect of inhomogeneity of the field. 1In this investi-

s

zation magnetostriction was measured in a magnetic field far from
homogeneous (Fig. 5), while the usual meaning of the term magneto-

striction means magnetostriction in a homogeneous field. Ilow,

Kapitzag) has shown that within the range of magnetic intensity
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used in this experiment the magnetostriction is proportional to
the square of the field. Hence, if we specify the field by its
root-mean-square value taken along the crystal the magnetostric-
tion has its usual siznificance.

A correction overlooked in the above is caused by the
fact that a diamagnetic substance exposed to a non-homogeneous
field is acted on by a force which tends to move 1t out of the
field. In the case of a crystal mounted symmetrically in the field,
as in this experiment, there is no resultant force, but the crystal
experiences s tension, and a corresponding elongation. 'le proceed
to calculate this strain:

The general expression for the force per unit volume on

e egubstance which has no permanent magnetisation is

3

__E p, 22, 0p
F=-&3y *over o7

where I' = force per unit volume in the y-direction
H = magnetic field intensity
R = permeability

7 = density

Since%?% = 0, and = 497x, where x is the atomic susceptibility,

2 ()

B =

SR VIS
ol Sk

e put the origin at the center of the crystal, and measure y
along the crystal. Also let L be the half-length of the crystal,

and Y the modulus of elasticity. Then the strain at any point y is
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where H is a function of y, and Hy is the intensity at the end
of the crystael. The average strain is obtained by integrating

over the crystal, viz.:

L L
AL _ 1 aL % R XT R 2
el — s — e o= d = e e -
L I Y | | Ly = -5y & - H)
[0} o]

where H is the r.m.s. field intensity.
The effect is & maximum when the principal axis of the

crystal coincides with the axis of the rod. Then

x=- 1,04 x 10-6 10)

]

1/Y 1.62 x 10-12 11)

The other constants are: H = 26,000 gauss, Hy = 17,000 gauss,

7 = 9.8. Hence
AL/L = 3 x 10710

This effect is of the order of 0.15% of the magnetostriction, and

is totally negligible.

(5) Thermal Effects. Despite the water-jacket surround-

ing the apparatus it was found impossible to maintain the crystal
at & uniform temperature during a macnetostriction test. This is
not surprising, since the outside temperature of the solenoid in-

creased during the test from 25 deg.C to about 50 deg.C. So long
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however, as the temperature drift of +the crystal remained uni-
form, no error was introduced into the measurement, since the
temperature drift resulted only in an inclination of the bhase-
line from which magnetostriction was meagsured. This can be seen
on the records in Figs. 2, 10 and 11.
If, while the field is on, a change takes place in the
rate of change of temperature, this can be recognized on the
record by the fact that the inclin&tion of the base-line is differ-
ent before and after the field is established. A4 correction, how-
ever, cannot be made in any formal manner, but rather by & judi-
cious interpretation of the record. Since at least four tests are
made on each crystal, no serious error can arise from this source.
The temperature of the crystal is increased also when the
magnetic field is established or destroyed, because of induction
currents in the crystal. The energy developed per unit volume of
a cylindrical conductor, in which a field H is established parallel

to the axis of the cylinder is

where r is the radius of the cylinder, and..f is the resistivity.
If we assume that the field intensity increases uniformly with time,

the energy per unit volume is then

m 2/
E = (r H) /Bfto y

where t, is the time required to establish the field H.

In this experiment t5 is about 10 seconds, but the field



does not increase linearly with time., We shall certainly over-
estimate the correction if we put ty = 1 in the formula above.
In this case the energy developed in a bismuth crystal, 3 nm in
diameter, when a field of 26,000 gauss is established, is only
16 ergs per cc. The resultant rise in temperature is 10-6 deg.C,
and the corresponding elongation per unit length is 2 x 10"11,
which is entirely negligible.

A more important thermal effect, first pointed out by

Langevinl4)

, 1s the chenge in the temperature of a substance on

magnetisation, on the assumption of an adiabatic process. Tle

shall calculate this effect in the manner outlined by Houstounl5).
e regard the state of the crystal as a function of its

temperature, T, and megnetic field H., If T and H are changed by

infinitesimal amounts, the heat, q, of the body changes by

dq C dT + a 4H.

It

Fence as = (¢/T)ar + (a/T)aH,

where S is the entropy. If B is the magnetic induction, the work

done on the crystal per unit volume is
dw = H aB/4r
Hence, 1f U be the internal energy,
dU = dq + H aB/4m

Ixpressing dq and dB in terms of dT and dH,
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_ _H 9B /. _H 9?28
au (C bf"ﬁ)dT + (Q+Eﬁ)d}1

Since dS and dU are complete differentials, we obtain by means

of the reciprocity relations the two eguations
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i TdH ToT T¢
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™

£ =g 2x
T 4n 9 "2T

where x is the susceptibility. Ve substitute the value of a

from the above equation in the original expression for dq:

4
=
A S
o
H

dg = C 4T +

2

3

If the process is adiabatic dg is zero. Hence

o
H
1
e
ol
ﬂw
F3} 5

du

From this equation one can calculate the change in temperature on
adiabatic magnetisation, provided the law of the variation of x
with T is known., low, Kapitzal7) has found that in the case of

bismuth crystals the variation of x with T obeys the law

X =X%X5(l = T),

where xo and & are independent of the temperature.
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Therefore aT/dH = T H x &/C

and T="7 H?xod/BC

It can be seen from the originel equation for dg that C is
approximately the specific heat. If C is expressed in ergs
per gram per deg.C, the other quantities in the equation can be
expressed in absolute units.

If we use Xapitza's values of x, and & , and assume &
‘magnetic field of 26,000 gauss, the change in length of a bismuth
crystal, resulting from the ahove change in temperature, is as

given below:

Parallel to trigonal axis (P-3 crystals):-—'AI/L ~1.8 x 1o~9

atl

8l 1072

n

Perpend. 1 B (P-1 L J:—=B8L/L

These figures pertain to an adiabatic process, so they
represent the upper limit of the thermal elongation. In any case,
even the greater of the two values is barely on the border of sen-
sitivity of the appsratus used, since it is equivalent to a gal-
vanometer deflection of 0.1 mm. The correction is therefore

neglected.

(D) Sumary

Reviewineg the sources of error, we find that in the case
of a_crystal of pure bismuth, tested in a field of 26,000 gauss,
the brobable error arising from the uncertainty in the thermal
coefficient of expansion is 17, the uncertainty caused by the

calibration of the field is about 4%, the error of reading the
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records is about 5%. The final result is in doubt by perhaps
10%, which is amply accurate enoush for an experiment of this
kind.

In the case of crystals tested in weaker fields, or in
cases Wherg the magnetostriction is reduced by the addition of
impurities to the bismuth, the percentage error is, of course,
greater. The first two sources of error still result in an un-
certainty of about 5%, but the error of reading the galvanometer
records is fixed in magnitude, and, hence, expressed in per cent,

it is inversely proportional to the magnetostriction.
MAGNETOSPRICTION IN SINGLE CRYSTALS OF PURE BISIUTH

In the case of pure bhismuth magnetostriction tests were
made on five crystals. The results are given in Table I, which
is self-explanatory. The most striking fact about the results
is thgt maznetostriction is positive (increase in length) parallel
to the trigonal axis (P-3 crystals), and negative at rizht angles
to the trizonal axis (P-1 crystals).

Since it was not possible to check all crystals with exactly
the same field intensities, the best comparison between the crys-
tals is obtained from the moduli of magnetostriction, m. The
agreement between each pair of crvstals of like orientation is
extremely close. The difference between the moduli of the two
P-3 crystals is only 1%; the difference between the two P-1, 0o,

crystals is 7%.
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The modulus of the P-1, 300, crystal is within the
limits of experimental error of the moduli of the P-1, OO,
crystals. The accurecy of the present investigation is not
sufficient to distinguish bhetween the two subsidiary orienta-
tions. VYence no further tests were made on crystals of the P-1
SOO, orientation.

Fig. 12 shows the magnetostriction values from Table. T,
plotted‘against the magnetic field, =nd compered with the recent
results of Kapitzag), elthourh the latter's work is not accurate
in the range‘of magnetic fields here represented. It is seen
that there is zood agreement. A comparison of the two investiga-
tions can also bhe made on the basis of the moduli of magneto-

striction, as shown by the table below:

WODULI OF LAGIETOSTRICTICH IN PURE BISIUTH

25 deg.C., 25,000 gauss

Crystal orientation P-1, 0° P-3
lodulus ™u" - this exp. -7.05 x 10-16 5,7 x 10-16
" - Zapitza B 6.5 )

Difference 3.5% 11.5%

The agreement is seen to be quite good when one considers
that the present work does not claim an accuracy of over 107, and
Kapitza considers his limitinz error as about 8% in his strong

fields, and probably less in the range which is here represented.
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In order to check the theoretical expression for magne-
tostriction as a function of the magnetic field, the data of
Table I were plotted on a logarithmic scale in Fig. 13. It is
seen that the points lie practically on straight lines. ¥From

the inclination of the lines one obtains the equation

AL/L = k HR
where n = 2,3 for P-1 crystals (perp. to trig. axis)
A= l.6 " P=53 i (parallel to trig. axis)
k = constant, dependent on crystal orientation

This appears to be valid between 15 and 25 Xilogauss.

Kapitzag) obtained n = 2, valid at least up to 100 ¥Kilo-
gauss. The present work, however, does not actually contradict
Kapitza's, since the accuracy of both investigations drops so
rapldly with decreasing magnetic intensity, that a definite deter-

mination of the exponent of H is not possible in weak fields.

1

THE

FFFACT OF IMPURITIES ON MAGNETOSTRICTION IN BISHUTH

k=

In order to determine the effect of foreisn atoms én the
magnetostriction of a bismuth crystal; tests were made on 22
crystals of bismuth containing various amounts of tin, lead or
tellurium. These particular elements were selected, since they
56 into solid solution in bismuth, and their atoms differ from
bhismuth only by one valency electron (Pb), or by both a complete

electron shell and a valency electron. The effect of these ele-
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ments on the susceptibility of bismuth is known from the work
of Fockelo). The results of the magnetostriction tests are
given in detail in Table II.

The crystals were tested only in the maximum available
magnetic field. Since this was not always the seme, the effect
of the impurities can be obtained only from a comparison of the
moduli of magznetostriction, which are listed in the second column
from the end in Table II. The last column of the table gives the
"ver cent magnetostriction™, which is obtained hy dividing the
actual modulus of & crystal by the modulus of the crystal of the
same orientation, but containinzg no impurity. The "per cent mag-
netostriction™ is plotted against the impurity in Fig. 14, The
amount of the impurity is expressed in atomic percentage, i.e., as
the number of foreign atons per hundred atoms of bismuth.

An exemination of iz, 14 will show that lead and tin
exercise a particularly striking influence on maznetostriction
perpendicular to the trigonal exis (P-1 crystals). Aibout 0.4% of
tin, or about 2% of lead reduce the mernetostriction to zero, and
greater amounts of these elements actuslly reverse the sign of the
effect. It should also be pointed out that the curves for lead
and tin are identical except for the horizontal scale.. It requires
almost exactly five times as much lead as tin to change the magne-
tostriction perpendicular to the trigonal axis by a given amount.
The same relation between lead and tin was found by Fockelo) in his

measurements of susceptibility.
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The effect of lead and tin on magnetostriction parallel
to the trisonal axis (P-3 crystals) is much smaller than in the
preceding direction, and more complicated in chearacter. The
influence of lead is still much smaller than that of tin, but
the effect here is so smell that a definite conclusion cannot be
reached as to the ratio of the effects of the two elements.

The influence of the electro-negative element tellurium
is different in character from that of lead and tin, since no
reversal tekes place in the sign of magnetostriction perpendicu-
lar To the trigonal axis, and the effect is quite 1arge parallel

to the trigonal axis.

THE LMODULUS OF LAGITETOSTRICTION IN Tix LIGHT OF THE THIERLMODYNAIMIC

THEORY.

As shown in the section on the thermodynamic theory of
magnetostriction, the modulus of magnetostriction in bismuth is
practically ecual to the rate of change of susceptibility with

stress, 1.8.,

m=9x/dp,

where the susceptibility must be measured in the same:direction
as the stress. If the crystal is subjected to a stress p, the

corresponding change in susceptibility is

Ax = 2= gp = m ap.

\

Kapitzag) has shown that in bismuth m is »nractically independent



of p. Hence

Ax =mp

and the percentage chenge in x is 100 mp/x.

The elastic limit of a bismuth crystal is greatest
along the trigonal axis, where its value is about 3.5 x 107
dynes per sq.cm. The maximum of the ratio m/x obtains also in
the direction parallel to the principal axis, where
x = -1.05 x 107® x 9.8, and m = 5.7 x 10-16, The percentage
change in susceptibility is then about 0.2%. Ixperiments in
that direction would be of interest, if only to check the theory
of magnetostriction. It is seen, however, that to measure
accurately a 0.2% change in susceptibility under a heavy loading
would be extremely difficult, so that the measurement of magne-
tostriction still presents the best method of studying the effect

of stress on susceptibility.
CONCLUSION

The experiments described in this paper furnish a close
check on some of the work of Kapitza on magnetostriction in bis-
muth. This is of some importance, since the validity of ‘apitza's
results might be guestioned, principally on the ground that they
were obtained in rapidly verying fields.

The influence of impurities on magnetostriction in bismuth
is studied in some detail. It is shown that small amounts of

certain impurities produce a very large effect, since, at righ



angles to the trigonal axis, one atom of tellurium per two-
thousand of bismuth reduces the megnetostriction to one-half,
and one atom of tin per hundred of bismuth completely reverses
the magnetostriction.

spart from its intrinsic interest, the work on magneto-
striction may be of fundamental value, since the moduli of magne-
tostriction represent the variation of susceptibility with stress,
or with its equivalent distortion of the crystal lattice. A
study of the variation of magnetostriction with impurities is
egquivalent to the study of the influence of impurities on the
manner in which a distortion of the crystal lattice affects its
magnetisation. 3Since an adequate theory of crystal diamagnetism
must proceed from the properties of the crystal lattice, it is
evident that a knowledge of the effect of a distortion on the mag-
netic properties of the lattice is apt to be of use in the formu-
lation of a theory.

In conclusion I wish to express my thanks to Professor
A. Goetz for suggesting this investigation and for his advice
durinz the progress of the work, to Dr. A. S. Xing for the per-
mission to use the solenoid at the 1t. Wilson Laboratory, and to
Dr, Tocke and Ir. Darlington for the preparation of a great part

of the crystals used in this work.
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The paper describes the measurements of longitudinal

magnetostriction in single crystals of pure bismuth, and bismuth



containing known amounts of impurities. The measurements were
made in a field of about 25,000 gauss. If a modulus of magneto-

striction ™a" is defined by the equation A L/L = %.nﬁf, the
“~

values of ™m" for pure bismuth are found to be +5.7 x 10-16
parallel to the triconsl axis, and -7.0 x 10-16 perpendiculer to
the trizonal axis. These figures are in good agreement with
results of Kepitza.

The influence of the addition of lead, tin and tellurium
to the bismuth crystels is studied in detail. The addition of
tin or lead is found to produce the greatest effect at right
angles to the trigonal axis, where 0.4% of tin, or 2% of lead
reduce the magnetostriction to zero, and greater amounts actually
reverse the sigsn of the magnetostriction. Tin and lead have a
much smaller effect on the magnetostriction parallel to the tri-
gonal axis. In general, one atom of tin produces the same effect
as Tive atoms of lead.

The influence of tellurium is different in character from
that of lead-and tin, and much smaller amounts of the impurity
produce large changes in magnetostriction. No reversal of the
sign of magnetostriction is found. The order of magnitude of the
effect of tellurium on megnetostriction is the same in the two

principal crystal orientations.
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