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PREFACE

The first sectlion of this theslis reports the results of

experiments performed to measure the frozen magnetic moment in

a solld tin sphere in the superconducting state. The pure tin

sphere was hung by a fiber to form a torsion pendulum such

that perlod measurements gave the magnetic moment.

(1)

(2)

(3)

(4)

We have shown the following results:

When the superconducting state is entered at constant
temperature, the frozen moment is very nearly a quadratic
function of the orltical field B,.

When the superconducting state i1s entered at constant

fileld, the frozen moment ls not a ¥smooth!" function of

the forming field. 1In the region near zero field the
moment increases very rapidly with increasing forming
fields. The change in the moment is virtually discontinu-
ous.

The percentage of the forming fleld that was frozen into
the sample was less than 1% in most cases. In one con-
stant temperature case only 1/6 of 1% of the critical
field B, was frozen into the sample,

The damping action of the frozen moment was so small that
at first 1t remained undetected.

The second sectlion reports an experiment on the gyromag-

netic effect in a superconductor. The gyromagnetic ratio of

e superconducting tin sphere was measured by the Einstein-De

Haas method. The result is approximately that to be expected

i



on the picture of perfectly free gsuperconducting electrens and

1s in agreement with the work of Kikoln and Gubar.

11



PART I, INTRODUCTION1

The Historical Experimentg of Onnes & lMelssner

In 1911, only three years after the first liquifaction
of helium, superconductivity was discovered by H. X. Onnes.2
Onnes was concerned wlth the study of electrical resistance
of the metaliic elements, and chose to work with a sample of
mercury because of the relative ease of preparing a pure
specimen. He then observed that the resistance of his mer-
cury virtually dlsappeared when the temperature of the sample
wasg reduced below 4.10 Kelvin, The choice of mercury metal
wag a particularly fortunate one, as most common metéls will
not exhiblt this spectacular property.

The first evidence of the peculiar magnetic properties
of superconductors appeared a few years later, when it was
learned that a superconducting metal can be made to have an
ohmic reslstance if the magnetic fleld is raised above some
critical value which is a function of temperature,3 It is
now known that this critical field for mercury varies from
about 400 gauss near the absolute zero of temperature to a
vanishingly small field at 4.1° X. For superconducting tin
the corregponding filgures are 300 gauss and 3.70 K. The
superconducting state can then be represented by an area in
H - T space that is bounded by a curve of nearly parabolic
shape. H and T refer respectlively to the magnetic fieldmin—
tengity and the temperature. The plot of this eritical field

function for tin is shown in figure 5.

(1)



A better understandlng of the magnetic properties of
gsuperconductors became possible after the historic experiments
of Meissner and Oschenfeld.u These workers found that a super-
conductor can be described as being perfectly diamagnetic;
that is, the flux of magnetic induection B inside of super-
conducting material is always zero, regardless of Whether_the
superconducting state 1ls entered by changing the magnetic
field or by changing the temperature. It is interesting to
. note why this excluslon of flux, or Melssner effect as it is
now called, was not discovered before 1933. There is now a—
bundant experimental evidence that the appearance of a Melss-
ner~effect is extremely dependent on metallic purity. Conm-
mercial grade metals show practically no Melssner effect, and
even some chemically pure metals show only a 1little effect.
However, for "spectroscopically pure! metals, this exclusion
of the flux may be over 99% complete. We now regard the Melss-
ner effect to be a necessary part of the description of an
"idegl" superconductor; that 1s, superconductors that are
completely free from chemical contaminaticn and irregular

crystal structure.

Perfect Conductivity and Superconductlvity

In order to understand better the importance of the Meiss~
ner effect, it is worthwhile to consider the consequences of
the assumption that superconductors are perfect conductors
and nothing more. For a perfect conductor the electric field
intensgity E must everywhere vanish if we are to avoid having

(2)



infinite current denslities. From Maxwell'g equation é = -
curl E, it follows that é = Q0. Hence a superconductor would
have the property of perfect shielding, and the induction B at
any point would always be equal to the value it had when the
specimen last entered the superconducting state. This resulst

ig clearly in conflict with.the Meissner effect. As we shall

see, though, diamagnetism in this case does not imply the ex-
: istence of magnetization on the atomlc level, but rather the
| existence of current loops of gross size. If we confined our
attention to simply connected bodies either point of view
would be acceptable, but the current loop picture is the only
\ : one that explains the experimental results with multiply con-
nected bodies such as a torus or a sphere with a diametrical

hole cut in it.

Hysteresis Effects on Simply Connected Bodies

If the perfect Meissner effect were observed, any transi-
tions between the normal end the superconducting staftes would
be reversible. However, experiments show only an agpproxima-
tion to this ideal condition. Two types of experiments that
demonstrate the existence of magnetic hysteresis will be men-
tioned here; (1) experiments at congtant temperature in which
elther the magnetization I or induction B; inside the super-
conductor 1is measured as a function of the externally applied
field Hy (for example, in figure 5, H, follows the path F e D
C B A and reverses A BCD e F), and (2) experiments with a

constant external field in which I or Bi ls measured as a func-

(3)




tion of temperature (in figure 5 the temperature follows the
path £ e d ¢ b a and reverses a b c d e f). Considerable work
has been done only with the first of these two types of experi-
ments, and so most of the attention here is directed to a dig-
cussion of a few hysteresis experiments of this type. First,
though, it will be best to see how far the hypothesis of per—
fecf diamagnetism would enable one to predict the results of
experiments on spherical bodies.

A solild permeable sphere in a uniform magnetic field will
distort the field at its surface. Let the local field inside
.the sphere be Hy and the external field at a distance from
the sphere be HO. Then, according to the results of the well
known magnetoA statics boundary value problem, H; = (3//A+ 2>H@.
For the case of a simply connected superconductor,/u= 0, and
so Hy -~ 3/2 H,. If we call the critical field for the des-
truction of superconductivity H,, then if HO<( 2/3 Hc the bail
is entirely superconducting. Then we have these unique results:
Hy = 3/2 Hy, By = 0, and 417 I = - 3/2 Hy. I, of course, re-
presents the magnetization or magnetic moment per unit volume.
For the gfeater fields, if H, > H,, the ball is a normal con-
ductor leading to the obvious resulis: Hy = Hy, By = Hi, and
LI = 0. For the intermediate fields 2/3 H < H, < H,, the
effective permeabllity is changing in some manner between the
value O and the value 1, and from the consideration of these

magnetic equations alone no unique solution can be deduced.

* From thermodynamic4considerations, Peierls7 predicted cor-
rectly that in the intermediate state, I varies linearly with
Hol

(4)



In this regilon of Tields the sphere is szld to be in the inter-
mediste state because it clearly cannot be wholly in the super-
conducting state or wholly in the normal state. The results
of the theory are shown on the graphs'in figure 1 along with
6

the exberimental results of Shoenberg5 and de Haas~ whose ex-
periments are described here.

Shoenberg measured the magnetization of a lead sphere by
the common method of observing the force exerted on the sample
by a slightly non-uniform field. Measurements were made for
a large number of field intensities increasing from Hy = O in
the superconducting state to H > H, in the normal state. Then
hysteresis was demonstrated by repeating the measurements with
decreasing fields that approached zero and then were run in

the opposite direction. Thres points of interest are parti-

cularly to be noted: (1) With increasing flelds, the results

“agree with the theory outlined here, and I is a linear func-

tion of Ho in the intermediate state azs predicted by Peierls;7
(2) With decreasing fields, hysteresis effects begin to appear
at about Hy = 0.7l Hg (point e); (3) The interpolated value .
corresponding to Hy = 0 shows a finite positive value for I,
Corresponding to this remanent magnetization the "frozen fileld
of induction® is 3% of B,. It is also interesting to note
that the method used by Shoenberg does not enable one to draw
a distinction between induced and permanent magnetization, where
permanent magnetization 1s regarded as staying fixed in the

ball, even if the ball 1s rotated with respect to the field.
(5)
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Naturally we expect that the magnetization represented by the
ordinate &t Ho = 0 is such a permanent magnetization; but for
any other value of Hj such a distinction cannot be made. It
is true that in the particular curve drawn here the line f g h
is parallel to the virgin curve a b, lezding one to expect that
the magnetization represented by the ordinate a g would be per—
manent. This, in fact, probably is the case for this pure
sample used 1n Shoenberg's work; but in general hysteresis
loops do not have this simplifying character. The original
measurements reported later in this thesls are unambiguous in
this respect. |

De Haas and Guinau6 mede use of the magnetoresistance of
a small bismuth wire in order to meke direct field measurements
on the surface and inside & sphere. In thelr case, the tin
sample actually consisted of two hemispheres separated by only
0.3 millimeter. The plane of the cut was perpendiculsr to the
direction of the external field. Four bismuth &ire probes
were placed at different positions between the edge of the
sphere and the center. The results of this experiment were
wholly in accord with those of Shoenberg except for a few data
polints corregponding to measurements made at the center of the
sphere. The induction By was a linear function of H, in the
intermediate state. The description of the occurrence of hys-
teresis is not given in thls paper as it was by Shoenberg.
These two experiments indicate that in the intermediate state,
the spheres act very nearly as 1f the effective permeability

(6)



were varying linearly with Hj. The fact that the four probes
in de Haas' experiment 4id not give exactly the same results
serves as evidence that the field penetration is not strictly
uniform. This is the fact, and this point wlll be treated in
detall later.
Some informetion about the second kind of hysteresis (i.e.,
constant external fleld with varylng temperature) can be found

6 and in another

in the previously mentioned paper by de Haas
by Mendelssohn.8 De Haas worked with two hemisgpheres and a
bismuth probe. IMendelssohn worked with a long ellipsoid of
mercury and a slip coll to measure the fleld. One poinf,can
be made from these experiments. The critical fleld curve can
be used to relate the varying temperature to a varying value
of H,. In figure 5, for example, point b corresponds to
the condition Ho/H, = 0.95; and at point d Hy/Hy = 0.73.
In this way, the constant external field Ho.corresponds to a
varying value of the ratio Ho/ﬁc. If this is done, the process
of changing the magnetizatlon by increasing the temperature
gseems to be roughiy similar to the process alfeady described
of changing the magnetization by changing the value of H, at
congstant temperature. A marked hysteresis occurred in both
experiments leading to a frozen flux of induction when the
temperature was again reduced. The experiments do not suggest
any systematic interpretation of the nature of the two dif-
ferent ways of producing a frozen magnetic moment.

' The preceding paragraphs outline what i1s known about hys-

teresis effects in transitions between the superconducting

(7)



and normal states in simply connected bodies. It 1s now neces-
sary to survey what is known about the detailed manner in which
the flux of induction penetrates such bodies as the intermedi-
ate state is entered.

The Gradual Penetration of the Fleld
in the Intermediafe Stete

The remarkable work of Mesghkovsky and Shalnikov9 gives a
rather good picture of the detailed process of penetration of
a field into a sphere. These workers used the bismuth probe
method with hemispheres of over one inch diameter. Their paper
summarizes the results of seventeen experiments in which de-~
tailed congsideration was given to such points as the slit width
separating the hemispheres and the physical size of the bis-
muth wire. Using bismuth wires only .005 m.m. thick and 2 m.m,
long, they found that in the transition at constant temperatufe
from the superconducting to the normal state, the flux of in-
duction By 4id not appear at the center of the sphére when
Hy = 2/3 He, but only after H, was raised to about 3/4 Hg.
Measurements made with a larger size wire showed only a homo-
geneous field in the slit. Clearly, the conclusion to be drawn
is that the average value of the induction and magnetizatioﬁ
inside the sphere is jJust what Shoenberg's earlier experiments
indicated. However, the spatial distribution is not uniform;
the flux tends to penetrate 1n bunches forming lamina or threads
of normal conducting metal in the bddy of the metal which is

otherwise superconducting.

(&)



In further experiments with a moveable probe these results
are obtained: The actual variations in field strength are
measured and nearly a hundred sharp peaks and valleys appear
in the field function és the probe moves across a diameter.
When the}infermédiate state i1s entered at constant temperature,
these peaks are relatively broad and unevenly spaced. In this
case, the fleld penetrates into the center only for values of
Hy which approach 0.70 to O0.75 He. None of the curves show
the remanent magnetization present after reducing the field.
When the intermediate state 1s entered at constant field strength
by varying the temperature, the peaks ana valleys are narrow,
sharp, ahd evenly spaced. In this case the frozen field lines
are also shown and seem to be distributed evenly across the
diameter as well as one can tell from only a few bundles of
flux. Apparently, these two different ways of dutting across
the intermediate state and forming a frozen field are differ-
ent in detail and do not permit any close comparison.

These results of lleshkovsky and Shalnikov are in general
agreement with a theory of the intermediate state proposed by
Landau}o According to this theory, the microscopic field at
any point in a superconductor in the intermediate state is
either zero or Bc with the average value of the induction as-
suming some intermediate value which 1s consistent with the
earlier findings of Shoenberg. Also if the superconductor is
close to the normal state (point ¢ or C in figure 5), there

are a few scattered threads of superconducting material in

(9)



the body of normally conducting metal. Conversely, 1f the
metal is close 'to the superconducting boundary (point & or D
in figure 5), only a few threads of normally conducting material
run through the body. Although Landau's theory does not speci-
fically make predictions about the nature of the formation of
frozen flux, 1t seems natural to expect that on crossing into
the'superoonducth@;state, the last few threads of normal con-
ducting material do not vanlsh but remain locked in the lattice.
The survey of experimental work given so far has dealt
only with simply connected bodies. For these bodies the ideal
behavior could be predicted by making the assumption u = O,
and then solving the problem by the methods of ordinary magneto-
statics. Also, the hypothesis of 1deal behavior would never
lead to the result of a frozen moment. In the following para-~
graphs, the experimental evidence dealing with muitiply cone-

nected bodles will be treated.

Hysteresls Effects in Multiply Connected Bodies

De Haas and Guinaull performed an experiment on a tin
sphere using the bismuth probe technique. The sphere was
drilled along a diametér making a small cylindrical hole or
canal, as they called it. The experiment consisted of measur-
ing the field of induction in the canal as a function of the
external fileld, H,» which was parallel to the canal. The
‘results are shown in figure 2.

The interesting features of the experimental results are
these. (1) The field does not appear in the canal at H0 -

(10)
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2/3 H, but only after H, has been raised to about 3/ H,. This
ig in general agreement with the experiments of Meshkovsky9
with the double hemispheres. (2) The induction B in the canal
changeé from zero to the critical value in a very short range
of the variable Hj. (3) With decreasing fields the induction
in the canal never falls below the critical value. In this
case we have a result with pure metal that can be seen in sim-‘
ply connected bodies only when the metal 1is quite impure.

The same method was used to explore the transition into
the superconducting state when the external field was kept con-
stant and the temperature lowered. In this case, the field in
the canal sgpontaneously increased as the temperature was lowered,
acting as if it were at all times trying to keep up with the |
constantly increasing critical field. The fleld, however, does
not reach its final maximum value when the temperature is
lowered enough to cross the 2/3 B, line, the critereon one
would ordinarily set for the transition from the intermediate
to the superconducting state. The fleld instead continues to
increase at a slower rate as the temperature drops another one
or two tenths of a degree: No explanation 1s offefed and there
is no evidence that the authorg recognized a problem to exist.
This may be evidence of a supercooling effect.

A second experilment of particular interest 1is reported by
.Shoenberg.5 In connection with his group of experiments re-—
ported earlier on lead spheres, he also made one measurement

of the hysteresis loop I vs. H

o of a toroidal lead ring.

Many of the features of the hysteresis loop were simllar to

(11)



those of an impure lead sphere. All of the magnetization ob-
served in this éase was not fixed in the torus. When the direc-
tion of the field was moved through 900 relative to the torus
and then brought back to the original position, the moment was
not the same.

One of the most important observations that is to be made
of these experiments with multiply connected bodies is the
fact that the important features can be predicted on the basis
of the theory of ideal superconductivity. In the case of the
simply connected bodies, the theory would not predict any of
the hysteresis effects that were observed. As mentioned before,
the appropriate theory for multiply connected bodlies is not so
simple that the single assumptlon 4 = O is sufficient. The
Londonl theory combines in a single electrodynamic eduation
the phyéical description of an effective diamagnetism due to
current loops, and also the physical description of perfect
conductivity. This theory applies equally well to simply con-
nected and multiply connected bodies. When applied to the
problem'of the torus by de Launay12 the results are in close
agreement with Shoenberg's measurements. The suggestlon that
one might take from these facts 1s that gome properly chosen
multiply connected body can serve as a rough model of a body
with a frozen moment. For ekample, the sphere with a small
hole drilled through it might appréximate closely the behavior
of another sphere with a fairly large frozen moment caused by
impurities.

(12)



PART II. FROZEN MAGNETIC MOMENTS

In the first part, a discussion is given of the background
of superconductivity with special attention to the problem of
the intermediate state. It appeared that the existence of a

frozen moment in a superconductor was evidence of a failure

to realize experimentally the condition of thermodynamic reversi-

bility that "ideally" should exist. Actually, though, we do
not really know just what the realization of this:"ideal" de-
mands. We do not know in detall what physical prﬁcesses lead
to a greater or smaller frozen moment. It is necessary to see
just how much 1is known on the basis of present experimental
knowledge. The importance of metallic purity is well estab¥
lished. We also know that the smallest frozen moments appear
when the test body approaches in shape a perfect sphere or el-
lipsoid.

Shoenberg5

collected some evidence of the effect of metal-
lic impurities. He made an alloy of 1.5% bismuth in lead,
carried out a magnetization experiment of the same kind men-
tioned in the last section. The result was a very large frozen
field and virtually no lMeissner effect. Since the war more
complete studies of alloys with varylng percentages of non-
superconducting materials have been made. There is clear evi-
dence that the gradual addition of impurities quickly destroys
the appearance of a Meissner effect. The impurities seem %o

effectively change the simply connected body into a body with

Moleghin it. Such bodies have frozen moments the direction

(13)



of which 1s determined by the location of the normal conduct-

ing - superconducting interfaces. Frozen moments exist pro-

viding the superconducting state was not entered at zero field.

13

ShoenbergB’ has found evidence that the existence of
a frozen moment is an essential topological feature of the
sample being tested. He found that a cast spherical single
erystal of lead had twice the frozen moment of another multi-
crystal sphere. This result 1s clearly in conflict with the
idea that single crystals have a more complete Meissner ef-
fect. The single crystal, however, due to the method of cast-
ing, had a less nearly perfect spherical shape. In another
experiment he observed that the large frozen moment that ap-
peared in a short cylinder was greatly reduced when the sharp
edges of the cylinder were rounded off. Considering this ex-
perimeﬁtal evidence, and the theoretical investigation of
Peierls,7 Shoenberg considered it likely that only an ellip-
gsoid or sphere could ever show a complete Melssner effect.
Before Tinally accepting this interpretatlon, it Would be
well to consider one question. Does the greater frozen moment
occur in the short cylinder because of its non-ellipsoidal
shape, or only because the local field H; near the sharp edges
in such a body is so very much greater than 1s the uniform
field in the inscribed ellipsoid?

Our present knowledge of frozen moments has come malnly
as a by-product of investigations directed primarily to more
fundamental problems of the intermediate state. Much more.

can be learned if experiments are designed and performed with

(1h)



the specific purpose in mind of clarifying these problems that
have appeared concerning the nature of frozen moments. To
gatisfy this need a torsion pendulum measurement technique
has been employed that permits one to measure both the magni-
tude and direction of a frozen moment. It also permits one

to separate fixed moments from induced moments and to observe
irreversible processes that occur when the body is rotated in

a magnetic field.

(15)



PART III. THE EXPERIMENTAL EQUIPMENT

The torsion pendulum and Helmholtz field coll are shown
in a schematic dlegram figure 3. The solenoid shown was not
used in the frozen moment experiments. The test piece which
serves as the largest part of the moment of inertis of the
system 1s a tin sphere with a dlameter 1.0000 ¥ ,0002 inches.
The tin sphere 1s enclosed in a luclte holder resting on a
conieal seat. ‘The differential contraction between the tin
and luclite doeg not permit the use of & tight holder without
putting severe stréins on the tin sphere, and so for this
reason the holder with the conlcal seat is made intentionally
loose. This assembly, which is at liquid helium temperature,
ig connected to a glass tube which extends to the top of the
dewar flask at room temperature. The connection between thig
glass tube and the torsion fibpe 1s made by a two plece lucite
cylinder. The lower plece ls a threaded nut which compregses
two O-rings to make a detachable connection between the glass
rod and the cylindrical blocks, The upper cylinder has an
octagonal cross-sectlon on whlich eight mirrors are attached,
each with an area of one square centimeter. The mirrors are
good quallty front surface mirrors which, together with the
optical glass windows form a good system for measuring the og-
cillations of the system.

The torsion flbre is 75 centimeters long, and made of
tungsten wire .003 inches in diameter. This fibre has a tor-
sion congtant of only 7 dyne cm. torque per radian of angular

displacement which makes it exceedingly sensitive to the small
(16)
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torques that were to be measured. The tungsten wire is soldered
to a vertical brass rod which passes through a vacuum tight
stuffing box to the outside. A set screw and rotating plate
arrangement permits one to make small angular rotations of the
upper suspension. Good control is possible for rotations of
sbout 102 radians. Not shown in the diagram is 2 mirror at-
tached to this brass rod which enables one to measure the angu-
lar position of the upper support.

The Helmholtz coll has been described in considerable de-
tail elsewhére.llL It produces a field of 11l.1 gauss per ampere
which i1s non-uniform by only a few parts in a thousand over
the volume of the sphere. The coll assenbly can easily produce
fields of over 100 gauss without overheating. For short periods
of time almost double this field can be produced, and in these
experiments the largest fields are needed for only about two
minutes. The colls are fed with current from a direct current
generatorvwith very low ripple. The generator can supply 17
to 18 amperes to the coils which, together with the lead wires,
have a resistance of about & ohms. As shown in the circuit
diagram figure 4, the current supply lines are shunted by a
24 volt lead cell battery which is used to reduce the effect
of the generator fluctuatlons at the coils. The control clir-
cuit shows separate controls for high and low currents, the
24 volt battery being disconnected when large currents are
used. The large currents areﬂused to freeze in the moment,
and precise control of fluctuatlons is not needed. Only twol

amperes or less are used for the moment measuring flelds, and

(17)



for this purpose the 2L volt battery provides fairly good stabi-
lity.

The pumping line for controlling the helium vapor pres-
gsure i1s completely orthodox and is not diagrammed. A large
bore rubber tube passes from the top plate of the dewar flask
assembly through a manostat to an ordinary vacuum pump. The
manostat is a commercially made air leak device which automati-
cally controls the pressure to a pre-set level. This device
has distinct disadvantages for laboratory uses of this type,
but is safe as long as the helium vapor pressure is not in-
creasing. Unless the pumping line is pinched off upward. ad-
justments in the pressure cannot be made without leaking atmos-
pheric air through the manostat into the dewar flask.

The mercury manometer which 1is used Go measure the vapor
pressure is connected to a separate outlet on the brass plate.
A safety device used was a mercury bubbler taken off of the
pumping line. This automatically vented any over-pressure of
helium gas after the hoses were connected, and never permitted
the entry of .atmospheric air. Another small device not shown
in the diagram is a 600 ohm radio resistor, which was placed
in the helium bath and connected to the outside by means of
no. 40 wires and Kovar seals in the brass plate. External
registances permitted 110 volts A.C. to be used in feeding
current to the resistor. When it dissipated 1 watt, the helium
boiled slowly, and could be brought from a few milllmeters
vepor pressure up to atmospheric pressure in a few minutes:
time. |

(18)



As the diagram shows, the ftorsion pendulum is in contact
only with helium vapor. A group of three lucite washers
serve as a baffle to reduce any turbulence of helium vapor.
As a result of these precautions the pendulum is very steady
and 1s not noticeably disturbed by the action of punping off

the helium vapor,

(19)



PART IV, EXPERIMENTAL PROCEDURE

Dynamical Behavior of a Ball with a Frozen Moment

The behavior of a superconducting ball with a frozen moment
can be predicted on the basis of a simple model. This model
is a dlamagnetic ellipsoid which 1s in stable equilibrium in
the field B when its preferred axis E is parallel to B. In
this ellipsoid there is a permanent magnetic moment M which
2lso tends to allign itself parallel to B. For convenlence the
moment vector M is used to define the position of the ball rela-
tive to the vector B in the laboratory. When B = 0, the posi-
tion of the ball is controlled by the torsion fibre and M
aligns itself parallel with the axis denoted by € = 0.

is the field of magnetic induc-

tion fixed in the laboratory.
M 1s the magnetic moment fixed in
e . the ball.

<) E 1s the ellipsoidal axis fixed
V B ]

E W

in the ball.
= 0 axig 1s fixed relative to
; , the upprer end of the torsion
E fibre.

& is positive as drawn. © and (> are negative.

The torque on the ball is given by the equation:
2

T (6) = - K8 - EB sin 2f - MB sina& where K is the torsion
constant of the fibre. When the ball is at rest in the field

B, =0, K=o, B=B., and T(6) = 0. From the theory of

e’
harmonic oscillators it follows that for small oscillations,

this equation is satisfied: w?] = - “46 T[Q) at Oz Oe

(20)



In this equation w. and I are respectively the angular fre-
quency and the moment of inertia of the system. In this case,
the angle © differs from each £ and @ by a constant and so
the indicated differentiation gives the following result:
w2l = K+R2ER ¢c0os2Be + MB ¢0S Ao For the limit-
ing case of zero field this reduces to the famillar equation
wel =K . Eliminating I from these last two equations

gives the convenient relationship:

A set of equaetions of this kind with e and (& varying
with the different field values B would be exceedingly diffi-
cult to solve. In the limiting case of small values for «£.e
and B¢ a solution could be reasonably well worked out. How=—
ever, it occurs that @e. willl not generally be & small angle
even though<ig, usually is. An easy way out of the difficulty
exists if L« and @ﬂ—are kept constant throughout any set
of measurements. This is done very simply by twisting the
brass rod which forms the point of suspension for the torsion
fibre. In this way, the angle Ou is changed so that the con-
ditioh of static equilibrium 1is satisfiled for the same values
of g and (3,9_ , even though the field B changes. With this
precaution taken when the frequencies are measured, 1t 1is easy

to solve for Mcos oo . and 2Eeos 2fe as unknowns. In all

k
of the measurements made, oo is less than 4° so that CoSole
is sensibly unity. Hence 1t is not necessary to make further
measurements every time if all one wants to know 1s the abso-

(21)



lute value of the moment M. However, it 1s necessary in at
least part of the measurements to make complete measurements
to get each of the four unknowns E, M, e , and @n. , because
only if this is done can the validity of the model be proved.
Two ways exist to make a practical determination of the other
unknowns. The first is to make further use of the dynamical
equation for W (B). The second is to make use of the static
equation for T(8). These two methods will be described in
that order.

(1) For a given fixed pair of values for Ko and (e
it ‘i1s only necessary to make a measurement of the angular
frequency (or period of oscillation) for two different values
of B and then the two unknowns E eos 202 anda McosLe  can
be evaluated. The way in which one determines that e and
(.)m. are constant i1s to observe the light beam reflected from
any one of the eight mirrors attached to the torsion systemn.
The eight mirrors are spaced at known angular intervals of
about 45°, and this mekes it particularly easy to rotate the
ball to a new angular position and repeat the measurements
after {2 and (31 heve been changed by a known fixed amount.
In this way it is possible to calculate E cos 2(@,;“/5")
Meos (Xe+ 45°) and so forth. Thus all four of the un-
knowng are separated.

(2) Independent cross checks on the calculations can

be made using the edquation of static equilibrium:
T(9)=0 = KOe + EB*sin 2B2 + MB sihde

(22)



In the measurements already described e and ﬁe were kept
constant with varying B, only by changingfge. These changes

in Be are measured by observing a light beam which is reflected
from a mirror attached to the upper brass rod. The torques

K ©2 can then be written as a sum of a part linear in B and
one quadratic in B. The quantities E s/ Z(ZL and M 5=
are then found independently.

The experimental equipment is built in such a manner that
exceedingly accurate measurements of W are possible. Hence,
the first of the two methods is the one used to get the most
precise data. The optical system uged to measure the changes
in @< does not permit these changes to be measured with such
a small percentege inaccuracy as ls possible in the measure-
ments of @' . For this reason, these static measurements are
used only as a cross check, or as a method of independently
eveluating o{e and Pa when too 1ittle data was teken by the
other method to get a separation of the two unknowns in each

of the products Meos Lo and 2 £ cos Zﬂe .

Preparations to Teke Data

The torsion pendulum system including the inner dewar
flask which holds the liquld helium is a portable assembly.
On the day preceding an experiment, the pendulum system and
its mechanical supports are adjusted so that the oscillations
take place freely without danger of hitting any obstructions.
The tin sphere 1s exactly centered in the field of the Helm~

holtz colls. The collg in turn are adjusted to produce a

(23)



field that is parallel to the field of the earth. With these
adjustments made, 1t 1s then possible to remove the entire
assembly with a sure knowledge that it can be replaced a day
1ater and still have its proper geometric alignment.

. On the morning of the experiment, the inner dewar flask
1e pre-cooled to the liquid nitrogen temperature while the
helium liguifier is preparing the liquid helium refrigerant.
This pre-cooling is done by moving the experimental inner de-
war flask from its experimental station between the fleld coils
to another position where 1% 1s placed inside a pre-cooling
outer dewar. Lidquid nitrogen 1s placed in the outer dewar.

A small amount of dry alr is introduced into the vacuum wall
of the inner dewar. After two or three hours the inner dewar
is near the temperature of liquid nitrogen. The dry air 1is
pumped out of the vacuum wall, and the inner dewar is then
ready to receive the 1liquid helium refrigerant.

The experimental dewar is then taeken to the helium liqui-
fier. The 1iquid helium is forced out of the helium liqui-
fier under its own vapor pressure. With an over pressure of
only 0.5 pounds per square inch the liquid helium 1s forced
out of the liguifier, through a double walled vacuum transfer
tube, into the experimental dewar flask. The dewar flask 1is
then taken to the experimental station and placed inside the
outer dewar which is then filled with liquid nitrogen. With
the hose connections from the dewar flagk to the manometer

and vacuum pump connected, experimentation can then proceed.

(2%)



Taking the Data

The tin ball on the end of the pendulum actually behaves
1ike an ellipsoild because of the variation of U4 parts in 10,000
on the diameter. The experimental evidence with the ball nor-
mally conducting at 4.2° K. is very easy to interpret. If a
magnetic field 1is suddenly applied or removed, transient eddy
currents sre formed in the ball., Because the normal conducti-
vity is very great, the eddy currents produce a sizeable tran-
sient magnetic moment. Corresponding to this magnetic moment
there is usually an impulsive torque on the ball. If the ball
is rotated through 3600, two positions of stable equilibrium
are found, and two positions of unstable equilibrium are found.
At the latter positions a slight angular displacement of the
ball results in a torque which tends to move the ball farther
away from the position of unstable equilibrium. Before a
moment is frozen in the ball, 1t is placed in its position of
stable equilibrium. in this way the effect of the ellipsoidai
shape of the ball will be minimlzed in the experimentation to
follow.

With the ball in its proper angular position, the ftorsion
system is lowered one or two millimeters by pushing down the
upper brass rod. The ball ls then at rest because the ball
and gless rod is resting on a stop. A sultable current 1is
put in the field coils and the vacuum pumps are started. This
is the process of freezing in a moment indicated by the line

2

abecdef in figure 5. When the vapor pressure and corres-—

ponding temperature are low enough (point £, figure 5), the
(25)



field is then reduced and the torsion system lifted free to
oscillate.
There are two mirror systems used to take the data. The
lower mirrors are numbered 1 through & and are attached to
the ball. The single upper mirror 1s attached to the upper
rod and is used to locate the angular position of the upper
support of the torsion fibre. The following data is tabulated.
(1) The angular displacements of the osclillating system are |
measured. This 1s done by observing the image of a hair
1ine that is reflected from one of the mirrors, numbered
1 through 8. This also locates the center of oscillation.
(2) The time is measured for either 10 or 20 oscillations.
On a few occasions 50 swings were measured in order to
get better damping measurements as in step (1).
(3) The position of the light beam reflected from the upper
mirror is marked on a scale.
These steps (1) through (3) are then repeated for several dif-
ferent values of the current in the Helmholtz coils. This
current is precisely measured and tabulated. Before each period
measuréments is made the upper support ig twisted in order to
make the center of oscillation the same as it was on the pre-
ceding measurement. These processes give one data in a form
which 1s easily used to make the calculations that are described
at the beginning of part IV.
When one magnetic moment has been measured in this.way
a second moment can be frozen in. The oscillating ball 1s set
on its rest position a éecond time. It may be desired to

(26)



freeze in a mement at a constant value of the temperature. In

this case the fleld 1is carried through the path F e D C B A

and then reversed A B C D e Fo The fileld 1s reduced agaln

end measurements of the period and damping proceed as before.
When it is desired to freeze in a moment again by the con-

stant field method this procedure is followed. The pumping

line 1s pinched off. The radic resistor heater 1s used to

bring the vapor pressure back to the atmospheric pressure.

The desired current is put in the field coils. The pumping

line is opened and the vapor pressure ls agaln reduced. Meas~

urements proceed as before.

(27)



PART V. THE EXPERIMENTAL RESULTS

Validity of the Model

It is particularly important to establish the validity

of the model that was proposed in the beginning of Part IV.

According to this model, three functional relationships exist

that can readily be tested. These three relationships are

(1)

(2)

(3)

proven to be true by the data in table 1, part of which is
graphed in figure 9.

For a fixed position of the ball, we(B) s a second degree
equation. The term. linear in B is proportional to the
fixed moment M, and the term quadratic in B is proportion-
al to the "ellipsold coefficlent” E. In table 1, it is
demonstréted that M and E are calculated to be the same
number regardless of what group of data points are used

in the calculatioq. The values of E show a little scatter
which is to be expected from the uncertainty of the fre-
quency measurements, w.

For a given frozen moment, the measured component of U

is a cosine function of the angle « . The experimental
fit asvseen by the tabulated data is very clogse., The er-
rors are too small to show on the graph.

For a given frozen moment, the measured component of the
#ellipsold coefficient" E varies with the angle (3’ as
the function cos 28 . The errors here are large enough
to show on the graph, but the uncertalnty of the measure-
ments of w 1s enough to account for the errors. A given

abgolute error in the value of w2 leads to a Tixed abso-
(28)



lute error in E. Hence, for small values of E, w must be
measured with unusual accuracy to avoid the percentage

uncertainty in the values of E that is shown.

The Magnetic Moment as & Function of the Field Used to Form It

In this section the dilscusslon is confined to data on those
magnetlc moments that were formed by the constant field method.
The first experimentael runs that were made 4id not give quanti-
tatively preclse data because of experimental diffilculties.

These trials were useful in showing that the moments formed in

" fields of 1l gauss and 22 gauss were about the same. The indi-

cation was that a saturation effect occurred. With the experi-
mental difficultles removed a run was then made to test this
hypothesis. These results are shown on the graph figure 6.
This graph shows the component of M that 1s parallel to B plot—v
ted as a function of the field 1n the Helmholz colls. The nega-
tive values of the field oppose the horizontal component of
the earth's field. The vertical component of the earthts field
is always present. |

The results show that for a small range of field & satura-
tion effect does occur. The frozen moment makes what l1s vir-
tually a discontinuous jump, and then levels off. Thls striking
pecullarity has never been reported in the literature as far as
ﬁe know. |

This pecullar effect was also shown by data taken during
a later run and displayed graphically in figure &, The graph
corresponding to the constant field method shows that the mag-

(29) |
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TABLE 1 (continued)

Sample calculation to get the results
M cos £ = 1407
Ecogs2h = 8.1x lO"u‘

} sequence no. 6
The equation 1is

-2

=%
o -

Tngert the numerical values from the table, expressing B in
gauss, and K = 7 dyne-cm. radian~l. % ~2 may be left in the
units shown. We then get these three equations correspond-
ing respectively to 6a, b, end c:

(a) 2382 ~:«;z r = (Meos %)[4,7 X . aat//) N
To +@E cos 2[-")(‘/9& .oo'ﬂ)

-2
(b) 2_9_'32__;__, 7
+-

[(27132+49) 004 Mcos «
+T(2732 +49) ooHi]*2Eces2p

Yo O +[(—27’7’6 +A/9),009/JL,2.500521£

We have 3 equations and 3 unknowns and the solution follows
immedlately. I_r_lepractice it is best to mske an approximate
solution for % as it must be very close to the figure
2382 above. TRen the equations (b) & (c) are solved. This
is much faster, and a number of checks showed that it 1s per-
fectly safe.

2
K= (M cosx )B *+ (2E cos 2§ )B



Time
Sequence
Number

* M sing

Helmholftz
Coil Fileld
gauss

0.22

"00 13
"‘Oo 18

-0.23

TABLE 2

M cos X
dyne-cn.,
gauss

059 +_
059 +

.006 +

-0.010 +

.002

.002

. 002

.002

. 002

178
degrees

%*
See note

E cos 2@

dyne-cn,

gaugs? X 10t

-207 i 100

is apparently less than 0.003 dyne cm. gauss-l.



Time
Sequence

Time T

TABLE 3
(Feb. 21)
Congtant Field lMethod

Forming M cose# X
Fileld dyne-cm. degrees
Gauss gauss

11.3 .0791 1 .0015 0.8+0.2

Constant Temperature Method

2/3 Bg M cosot 23

Sequence %X gauss

6 3.25 44

5 3.23 46

4 3,08 B9

3 2.3% 110

1407+ 0008

"'306_'_"_-005*
-3.8 ¥1
.1526+ .0015 -4.0t1.0
.1515 + . 0008
.236 +.002 =3.3+0.6
. 227+ .001
645+ ,002 -2.4+0.4

E cos 20
dyne-cm.

gausste X

8.4 +3
9.2+ 0.7

15+53
12 +7

13+5

11.5+ 0.5

843

¢

104 degrees

12+ k4
943

¥
18 +
12+ 6
6t3

9+3

The indicated errors in M cosxX and E cos 2 (3 are basgsed on
the uncertalnty of the period measurements alone.

%
Based on period measurements (See figure 9).

of L & (@ are calculated from static torque data.

All other values



Time
Sequence

1l

~N W U

Time
Sequence

2
12

13

Constant Fleld Method

TABLE 4

(Mar. 15)

Forming
Fleld

Gauss

0.2

16
25
39
57
90

T
K

3.4
3.30
3.29
3.28

3.09

2.71

M cos X
dyne~cnm.
gauss

.057
057
075
-099
L1143
<273

X

degrees

E cosg 2@
dyne-cm.

m
gaus S+ 2 x10

2.6+ 0.7
2.9 0,7
1.240.7
-0.8+0.7
1.54 0.7

Constant Temperature Method

2/3B¢

gauss
25
39
4o

43
58

91

M cos

.058
.099"
.101
«101
178

466

0.7

—20 7**

1.6

E cos 2

0,2 To.1

1.24 0.7

1.1+0.7

§

degrees

-2t 12

*Before reducing the field, the field was raised only until Hy
was equal to about &7 or 88% of H,.

**Based on period measurements.
are calculated from statlec torque data.

All other values of « and

@
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netic moment remains constant for all values of the forming
field between 0.2 gauss and 16 gauss. It may remain constant
for greater fields that approach 25 gauss, but this upper

1imit cannot be determined from the small number of data points.
For still greater fields the moment is seen to increase again,
and the manner in which it increases is irregular. It is not
possible to draw a smooth curve to fit these data points. For
this reason, the data points on the graph are connected by
vstraight lines. Interpolation on this graph is clearly unsafe.
It may be noticed that the constant moment that exists for the
fields below 15 or 20 gauss ls not exactly the same for experi-~
ments performed on different days. Thils apparently happens
‘because the tin ball did not sit in its holder in exactly the
same geometrical position on the different days. This is known
because milling marks on the ball allow one to check for changes

in the position of the ball.

' The Magnetic Moment as a Function of the Temperature
at Which it was Formed

The question arises whether or not it is possible to cor-
relate the results described for the constant fleld case with
the results that would be obtained 1f the moment were frozen
in at congtant temperature. Two hypotheses come to mind inm-
medliately. One is that the magnetic ﬁoment i1g determined by
the value of the critical fleld B, when the intermediate state is
entered. The second is that the moment is determined by the
value of 2/3 Be when the ball passes from the intermediate

state into the superconducting state. According to the second

(30)



hypothesls, the same moment would result for the temperature
change a b ¢ 4 e £ and the fleld change A B C D e F 1in figure
5. The test results shown in figure & prove that neither hy-
pothesis 1s valid.

In figures 7 and 8, the constant temperature data has been
plotted with 2/3 Bc instead of the temperature taken as the
abscisgsa. In both cases the experimental points can be fitted
to a smooth curve. One interesting questlon 1s whether or not
the fvirtual discontinuity® in the moment function exists in
this case. The smooth curves conme octing the data points have
been drawn as if it 4id not exist. None of the data points
correspond to values of 2/3% Bo that are small enough to decide
the questlon.

The results of Shoenberg's experiments which are graphed
in figure 1 show that with decreasing values of the external
field, hysteresis effects begin to appear at H, = 0.71 H,. The
suggestion teken from this is that in our experiments it is
not necessary to take the ball entirely out of the intermediate
into the normal state before reducing the fleld to freeze in a
moment. Only one test was made. In table 4, the moment cor-
responding to time sequence no. 12 was made by reduclng the
field after it had been raised to only about 88% of H,. Com-
parison with the data in the same table for sequénce number g
13 and 6 shows that the moment is the same in the three cases

within 2 percentum.
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Run

. bag
Ub
e

Ta
70
Tc

kg
N
he

TABLE §
(Mar. 15)

Damping Calculatlons

Moment Field
dyne-cH. gaugs
gauss

0. 466 0.2
11.6

-11.2

22.9

0.273 0.2
11.4
-11.0

(Feb. 21)

0.235 0.2
5.8

24,0

=54

Logarithmic
sec.
x 10

3.39
3,24
4,32
3.50

3.3k
3.24

3.59

3.79
4,11
.32
4,39

decrement
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Damplng Measurements

At temperatures below 4.2° K. the tin ball in the normal
state wlll be greétly damped by fields as small as 0.1 gaués.
This eddy current damplng has been shown to vanish in the
superconducting state.lu The question arises whether or not
the normally conducting threads that exist in a body with a
frozen moment will have any effect on the damping rate. The
most useful data that bears on this questlion is tabulated in
table 5.

Thisg table compares the logarithmic decrement of the ball
with frozen moments, when osclllating in the earth's field and
when oscillating in larger fields of 5 to 20 gauss. In two
cases the measured effect of increasing the field 1s to reduce
the logarithmic decrement 3% and 5% below what 1t was for the
oscillation in the earth's field. These results plainly are
not correct. A steady fleld 1s not feedling energy to the os-
e¢illator as it would have to do to explailn these two resuits.

In six cases, increasing the field causes the logarithmic
decrement to increase by amounts that vary from 3% to 30% over
the value of the decrement of the ball with the same moment
when osclllating in the earth's fileld. The damping effect of

the frozen moments ls clearly quite small.

Discuagslion of the Regults on Frozen Moments

Since a smooth curve does f1t the data taken by the con-
stant temperature method, another questlon comes to mind, Is

(32)



it possible to write a simple emperical equatlon to describe
the function M(2/3B)? Three simple forms for a function were
tried. A curve of the form M = che fails to satisfy for the
gmaller values of M. A second form is made by adding a linear
term: M = aB024- bB,. This 1s not wholly satisfactory either.
Some points will still mlss the best curve by 4 or 5 gauss.

A third form is made by omitting the linear term and adding

a constant term: M = chzﬁ— c. Using this algebraic form, it
is possible to write equations that fit each of the experimen-
tal curves with no points off by more than about 2 gauss. The
eritical field curve itself is in doubt by this much. However,
this apparent f£it may be partly fortultous. There are only
four sensibly different points on each of the constant tempera-
ture graphs in figures 7 and 8. In each case two of the data
points can be forced to fit a function of the form postulated,
and so a good fit on two other data points is scanty evidence
on which to base a definite conclusion as to the best functional
form to assume. It does seem sure that a quadratic term ln B,
is needed.

The question of fitting a simple emperical formula to the
data is an important one. Simple models can be lnvented that
would account for the results. For example, the term in the
M function that is quadratic in Bc can be explained by assum~
ing that a number of normal conducting "holes" are formed that
is proportional to Bg; or it could be sald that the cross sec-
tion area of a fixed number of "holes" expands linearly with

Bc. The results of de Haas' experlment with a ball with a
(33) '



canal cut in it suggests that in either case the total frozen
flux would vary as BCE.

In any case this question wlll have to wait for more com-
plete data. This additional data should be for small values
of Bc. Although the present data does not settle this ques-
tion, the smooth curves that are obtalned suggest that a simple
explanation of the magnitude of the moments may exist.

The numerical values of the frozen moments that are glven
here can be interpreted in another interesting way. We may
calculate the value of the frozen field of induction that cor-
responds to the moments tabulated. Most intermediate magnetlsm
textbooks work out the rroblem of the magnetization inslde a

sphere placed in a uniform fleld. The result for this magneti-

_ alec~t) H -
zation 1s L= 3m in gaussian units or
T= .3:-“-(5‘45::!1 B/o in MKS units. For u = o, 1t follows limmedl-

ately that the total magnetic moment M = Volume x I = - %rBH
gaussian units. For the ball used, the radius r = 1l.27 cm.,
and in the case of 100% frozen moment, M = 1.024 Hy gauss cm.3
For all of the moments that were made in fields of 15 gauss

or more the amount of the field that is frozen in is less than
% of 1% of the forming fleld.

Discussion of the Angular Position of the lMoment Vector

The experiments show that the magnetic moments frozen 1nto
the ball were not quite parallel to the external forming field.
Data tables 3 and 4 show that the angle was always less than

5° for thosge moments thet are frozen in with forming fields
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of 0.2 gauss or more. The value of this angle apparently 1is
ndt dependent on the magnitude of the frozen moment. It does
appear that a functional relationship might exist between the
value of the aungle and the process used to freeze the moment.
If this 1s so0, 1% emphasizes in another way that these two ways
of freezing in a moment are distinctly difrerent in nature.

The angle X that is given in thne data tables is the angle
between the moment vector and the measuring field. When the
ball is lifted off.its rest position after tne moment is frozen
in, it undergoes a siight angular displacement. Hence, the
angle between the moment vector and the forming field will 4if-
fer slightly from the angle & . This error isg always less
than 1°, and is probably less than 1% or 1/3° in most cases.

This is judged to be the case because of observations made of

the light beam reflected from one of the mirrors when the ball

ig lowered to Aits rest position. Thigs error could be reduced

if it were considered important to do so.

- Discussion of the Ellipticity Effect

Those forques operating on the osclllating system which
vary quadratlcsally wlth the measuring fleld are considered to
be caused by the ellipsoldal character of the ball. For the
measuring fields used in this work, these torques are a hun-
dred to many thousands of times smaller than the torques opera-
ting on the frozen moments. The exlatence of this ellipticity
effect was originally expected because the ball has variations

in its diameter of about U4 parts in 10,000, There are reasons

(35)



to doubt that this explanation 1s satisfactory for the ellip-
tlcity effects observed in this experiment. These reasons
are dlscussed in the paragraphs that follow.

The theoretical problem of the torques operating on a
diamagnetlic ellipsold ls dliscussed in a paper by Laufer.l5
He shows that in general the torques observed are the sum of
torques which are caused by a uniform field and torques which
are caused by a non-uniform field. The first of these torques
has been calculated for the amount of ellipticity indicated
by the micrometer meaéurements on the ball. The ecalculated
values are a thousand tlmes smaller than most of the torques
observed experimentally. For those tdrqueé caused by the non-
uniformity of the field, the theoretical problem is more 4if-
ficult. The 1ntegral expressing this torque cannot be evalu-
ated in terms of tabulated functions, and the problem has not
been worked out.

If the ellipticity effect is caused by the machining of
the ball alone, the coefficient E should not change as long as
the ball does not move in 1ts holder. The evidence on this
point, as shown in tables 3 and 4, 1s not wholly conclusive.
The changes in the value of E are at the greatest only 2 or 3
times greater than the predicted uncertainty in the measure-
ments of E. _

The angular position of the ellipsold axis appears to
vary, and in some cases it 1s 20° or more from the position
of the forming field B. The transient magnetizaﬁion that exists
when the field B 1s changed in the normal conducting ball wés

(36)



_uged to find the elllpsoidal axis in the normal state. This
axis was then placed parallel to the field B at the start of
the experiments. These data on the angulér position of the
ellipsoidal axls E appear to be completely in conflict with
the idea that the observed ellipsoidal effect 1s simply the
result of imperfect machining.

In consldering other causes for the ellipticlity effect,
two possibilities come to mind. One explanation 1s that the
normsl conducting "holes" that are formed in the ball change
the shape of the remalning part which is effectively dlamagne-
tic. The second is that the effect may be gpurioug and caused
" by solid air or some other contaminant in the dewar flask.

In the experimental data published here, there was no vislble
evidence of any solld air within about 35 cm. of the ball --

and very little anywhere. Another experiment, which 4i1d not

yield useable data because of solid alr, also showed an un- -~
usually large ellipticity effect. This effect becomes great-
er as the quantity of solid air in the flask increases.

The ellipticity effect in any case i1s a secondary effect,
and not the one with which we are mainly concerned. If 1t 1s
known that this effect does not‘interfere with the measure-
ménts on frozen moments, 1t can be ignored if desired. Con-
gidering its very small magnitude, clearly the ellipticlty

effect does not disturb the frozen moment measurementa.
ERRORS

For the larger moments that are shown in figures 7 and
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g, there 1s sensibly no error problem at all. For the small
magnetic moments shown in figure 6 and for all of the ellip-
goidal effect and damping measurements the error is important.

In figure 6 it is noticed that the measured component of
the moment vanished when the Helmholz coil field was -0.18
gauss. The horizontal component.of the earth's field should
be neutralized at -0.20 gauss. It 1s not possible to analyze
this discrepancy properly, because the vertical compqnent of
the earth's field was no%b neutralized. This neutralization
should be accomplished if precise measurements are to be made
for these very small moments.

Accurate measurements of the ellipsoidal effect are best
made when the ball osclllates 1n filelds of 20 gauss or more.
This is so because these torques vary quadratically with the
field. The current regulation in the fleld coils for these
large fields is not satlsfactory for preclse measurements.

Thig same lack of current regulation mekes the damping measure-

.mentg worse.,

In most cases, the angles X and @ are found by using
the upper mirror and the associated light source to get static
equilibrium data. M sing and E sin 2 @ are calculated from
static data. The quantities WM cos« and E cos 2 (3 are known
from the perlod measurements and from this &L and @' are found.
The equipment and technlques used for the static equilibrium
data do not permit one to measure these statlic torques with
the small relative errors that are found in the dynamic tor-

que measurements.
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The condition that o« and f? must be kept constant was
not preclsely satisfied, the error being less than 1072 pa-
dian. The angular rotation of the upper mirror that was made
between period measurements was sometimes only three or four
times greater than the change in <K and [ . This results
in part of the uncertainty in the calculated values of o and
ﬁ which is indicated in the data tables. Preclse calcula-
tiong would be possible if the angular posltions of both mir-
rors were controlled and read to 10‘4 radians or less. This
could be done if the accuracy gained were worth the time re-
quired in the shop and during the experiment.

The effects of mechanical dlsturbances of the pendulum
system are most serious for these angle measurements, as they
are always made immediately after the upper suspension of the
torsion fibre has been handled. These same mechanical dis-
turbances, except where most severe, have no observable effect

on the period measurements.
CONCLUSIONS

As applled to spectroscopically pure samples, the follow-
ing concluslonsg may be.drawn from the work reported here:

(1) The constant temperature process and the constant field
process of freezing in a moment are fundamentally 4if-
ferent. This conclusion follows first, from the experi-
ments of MeshKOVSky9; second, from our magnetic moment

functions plotted in figure 8; and third, from the angle
date tabulated in tables 3 and 4.
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(2)

(3)

(%)

(5)

When the moment is frozen in by the constant temperature
method, the moment 1s not even roughly a linear function
of the critical field B,, as hag been often supposed.
The moment is mﬁre nearly a quadratic function of Bc’
See figures 7 and &.

Frozen momehts generally are not exactly parallel to the
external forming fleld. The difference 1is always less
than 5° for any moments formed in fields of 0.2 gauss

or more. See tables 3 and 4.

When the moments are frozen in by the constant field
method, the moment increases very sharply with lncreas-
ing forming fields in the region between O and 0.2 gauss
as shown in figure 6. For values below 0.2 gsuss, the
percentage of the forming fileld that 1s frozen in is
very much higher than it is for any of the moments frozen
in with fields of 15 to 90 gauss. 1In figure 8, for ex-
ample, at 0.2 gauss the percentage of the forming field
that 1s frozen in is 75 times greater than it is at 15
gauss. This conslderation and the angle data of topile

3 above are important in considering the experlmental
difficulty of eliminating frozen moments in experimen-
tal work.

There is only a very small increase in the damping rate
when the field in which the osclllations occur 1is in-
creaged, If the fleld is changed from 0.2 gauss to 20
gauss, the percentage increase in the logarithmic decre-

ment, although not accurately defermined, must be less
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(6}

(7)

than 30%.

For most of the frozen moments, the percentage of frozen
field is 1/6 to 1/2 of 1% of B,» No other case is known
in which less than about 3% has been reported.5 Other
workers have not used specimens of so nearly perfect
spherical shape. This may be the princilpal reason for
the small percentage of frozen fleld.

The ellipsoldal effect is not wholly explalnable in terms
of the lack of perfect machining of the ball.
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THE GYROMAGNETIC EFFECT IN A SUPERCONDUCTOR
PART I. INTRODUCTION

For pure solid superconducting materlals, Melssner and
Ochsenfeld.4 have shown that the magnetlic induction B inside
the metal 1s zero. This implies either perfect diamagnetism
or large surface currents in the presence of a magnetic fleld.
In either case, the gyromagnetic effect for a superconductor
should be observable.

The gyromagnetic effect has been most satisfactorily ob-
served by the Einstein-DeHaas method. This method uses a
torsion pendulum made of the magnetic material and such that
s change of magnetization causes a torque and a change in
angular momentum.

Kikoin and Gubarl6 carried out Just such an experiment
on a small superconducting lead sphere. They drove their
torsion pendulum with the impulses produced by reversing a
vertical magnetic fleld at the resonant frequency. They cal-
culated the magnitude of these angular lmpulses from the re-
sulting steady state amplitude of the system; and in turn
they determined that the ratlo of the magnetic moment to the
mechanical moment of the superconductor was the same as 1%
would be in ordinary diamagnetic materials with a magnetiza-
tion arising from orbital electron motlons alone.

As has been shown by Meissner,17 the model of perfect
diamagnetism used by Kikoin and Gubar gives the same gyro-
magnetic effect as the plcture of surface currents given by

(42)



the London theory. According to the London picture,1

the
changing magnetic fleld acts on the posltive charge which re-
mains when the superconducting electrons are disregarded.
The experiment then serves to measure the product of this posi-
tive charge density and the square of the penetration depth.
The report of Kikoin and Gubar did not meke completlely
clear the directlon of the effect. Since the electrons go in
one direction, and the material sphere, which is observed, goes
4in the opposite directlon rather than being dragged along by
the electrons, 1t is important that this direction be unambi-
guous. We heve therefore repeated thelr gyromagnetic experi-
meht with a superconducting sphere to demonstrate agailn both

the magnitude and the direction of the effect.

PART II, EXPERIMENTAL APPARATUS AND PROCEDURE

Figure 3 shows the detalls of the experimental equilpment
which has already been described.

The switching of the solenoid current was controlled by
a phototube and two stage directly coupled D.C. Ampl;fier
which actuated a mechanical relay. A separate contact on the
relay was used to shunt out, on alternate half cycles, a part
of the plate resistance of the phototube, in order to compen-
gate for the difference between the pull current and release
current of the relay. This arrangement minimized the errors
in switching time which otherwise would have occﬁrred. The
time for complete field reversal was less than 3 x 10~3 geconds

corresponding to less than one six-thousandths of the period
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of the pendulum.

The earth's field was neutralized and the solenold fileld
made vertical by adjustments similar to those outlined by Kikoin
and Gubar. Precision was obtained by using a torsion pendulum
with a one inch magnetized iron sphere of known magnetic mom-
ent.

The amplitude and period of the osclllatlons were measured
by observing a hairline focused on a scale 12.5 meters from
the torsion pendulum.

When cooling the tin sphere through the transition tem-
perature the earth's fleld was neutrallized and the sphere was
set into oscillation with a large amplitude. Thls osclllation

tended to further minimize any possible frozen in moment.18

PART IITI. EXPERIMENTAL RESULTS

The results of the experiment confirm those of Kikoln
and Gubar. The directions of the angular impulses are the
same as one would observe if the effect were that of Faraday
induction operating on a sphere composed of-positive lons.
Referring to Figure 3, when the sphere 1s rotating 1ln the
clockwise direction as viewed from above, the fleld shifts
£rom the down direction to the up directlon as the oscillator
passes through center. Under these switchling conditlons,
Figure 10 shows the approach to the steady state condition
with driving fields of 100 gauss or 102 webers/sq.m (curve
A) and 51 gauss or 0.51 x 10~2 webers/sq.m (curve B). dJust

below these curves the zero field case (curve C) is plotted.
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Curve D shows the effect of reversing the cyeling of the switech-
ing in the case of the larger field. Also, for the larger
field, the approadh to the asymptote was made from the low am-
plitude side, as shown by curve E. Curve F relates to the er-
ror problem and 1s dlscussed later.

The experimental curves show an asymptotic approach to an
amplitude of O.48 cm. at .51 x 10"2 webers/sq.m and 0.83 cm.

with 1072

webers/sq.m.

The observed value may'Be compared ﬁith‘the results of a
simple calculation based on consideration of the impulse and
momentum change of the damped oscillator.

In the steady state the system behaves like a damped os-
cillator for 3 cycle. It then receives an angular impulse
which just mekes up for the frictional loss of the absolute
value of the momentum, This frictional loss of momentum 1s
equated to the angular impulse glven the osclllator because
of the magnetic field change from B to the value -B. The
equation of motion for 4 period 1s
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with momentum: I 6 = -I A (we coswt )
where the moment of inertia, I = 69.U4 x 107 xg. m
and the measured value of £ = 2.67 x 107% gec.”l .
The loss in momentum in”one half period occurs in the time
interval - /2w to 4 T/2w so that the momentum change 1s:
aAlp| = -I 6,8 4+ small terms
Further detalled analysis shows that the steady state 1is

approached exponentlally and that the maximum amplitude of the
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n'th oscillation 6, 1s given by
-2 n S /w

&y =6 + A e
In the magnetic fleld B the sphere has a magnetic moment1

M = o R B
Mo

so that switching the field from B to -B causes a change of

'magnetic moment 4'"'R3 B . Then the change of angular mom-

entum must be _garg 4/‘:1933 B if 2m/e 1is tasken to be the ratio
between the angular méggntum and the magnetic moment.

Equating the frictional loss of momentum to the gain from
the field change we get a steady state angular amplitude.

&, = 2n hfn‘Rj B 1 = 3,87 x 1072 B redians, where
e Mo I8

B is expressed in webers/ sq.m.

This angular momentum is that of the superconducting
electrong, but since the total angular momentum around the
vertical axis does not change, the angular momentum of the posi-
tive ionsg and remaining electrons composing the sphere must
change in just the opposlte sense and by the same amount. It
ig this latter change that i1s observed.

Another way of looking at this phenomenon was suggested
by Meissner.17 The magnetic field penetrates only a short
distance below the surface of the sphere, but as it changes,
an electric field is present, which acts both on the super-
conducting electrons and on the remalning posltive lons. Since
the superconducting electrons do not drag the ions with them,
the two systems move independently with equal and opposite
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angular momenta. The motion of the positive lons 1s the one

obgerved by the experimental arrangement used.
PART IV. DISCUSSION OF ERRORS

In preparaticn for the actual experimental process of
driving the osclllator, error effects}were noticed. The angu-
jar rest position of the ball assumed different values with
different fields in the solenoid. When a steady upward ver-
tical field of 1072 webers/meter2 was applied, the zero point
ghifted 0.3 m.m. corresponding to 1.2 x 10”2 radians of angle.
With a steady downward vertical field of the same amount, the
zero point shifted 0.9 m.m. %o the right. These facts gilve
clear evidencelof the operation of a horizontal field compon-
ent on a ball with both a small frozen moment and a small el-
1lipsoidal effect. The existence of a horizontal component of
f1eld is to be expected for two reasons. First, a solenoid
with the physical dimensions as small as ours might be ex-
pected to be a little non-uniform throughout the volume of the
ball. Second, if the solenold 1s tilted by an angle as small
ag 20 seconds it is quite likely that the resulting horizontal
component would cause an observable effect.

Accurate measurements of these very small dlgplacements
are rather difficult to accomplish. Another way exists to
meagure the torques that operate on the frozen moment. It
happens that when the solenoid is alternately swltchlng up
and down as the ball passes through its center, the measured

period is a functlon of the egmplitude. This is readlly under-
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gtood in terms of the dlagram shown here.

Displacement¢

The solid line shows the displacemenﬁ as a function of time
relative to the zero position D. The dotted line shows the
digplacement function relative to another zero position 4.
The displacement D 4 in this case 1is O.6km.m. The ball starts
to follow the dotted line, but on reaching the point b the
switch is thrown and the ball is then at point B following the
solid line. The time represented by b B ls the time gained,
and the measgured period 1s correspondingly shortened. The
gmaller the amplitude is, the shorter the period becomes, be-
cause of the way in which the glopes change in the regions
abecand ABC. |

The amount the period changes 1is not very much affected
- by the timing of the switching operation. This 1ls plalnly so,
because the times represented by a A and by b B are so very
nearly the same. A calculation based on this model exactly
predicted the changes in perlod with amplitude that actually
existed during the experiment. The occurrence of this perilod
change is a measure of the torque that operates on the frozen
moment. It is not a measure of the frozen moment itself.

Minimizing this torque is not only the'way to improve
the experiment. The most important single place to attack

| | (48)



the error provlem l1ls the timing of the switching circuit.
During the experiment the compensatlion for the difference be-
tween the pull current and release current of the relay was
not perfectly set. Because of overcompensation the switch
was always operating a little too early. The experimental
processes indicated by curves A, B, D, and E in Figure 10
all were performed'this way.

The effect of the relay timing is also shown. Curves E
and F show two processes which are the same in all respects
except the timing. Curves A and E are approaching the same
asymtote with the same early timing. After completing process
E, the timing compensation was dellberately removed so that
the timing would be very late. Curve F 1ls approaching an
asymtote that is much too large. Curve E was approaching one
that 1s slightly too small. These results clearly emphaslze

the importance of preclse switching.
PART V. CONCLUSION

The experiments gave rough agreement wilth the theory as
to the magnitude of the effect. The result was 15% loﬁ for
the 107° weber/m2 driving field and 4% low fér the 0.51 x 1072
weber/m2 driving field. The direction of driving torque was
such as to produce an angular lmpulse on the superconducting
sphere just as 1f the Faraday induction were operatlng on the

positive'ion lattice.
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