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ABSTRACT 

Measurements have been made of magnetic dipole 

moments trapped in a superconducting tin sphere by 

transition at constant temperature and at constant 

field. These measurements were made by suspending the 

sphere in a torsion pendulum and observing the inter¬ 

action of the grozen-in moment with a uniform magnetic 

field. The magnetic moment of the sphere was found 

to be the same roughly reproducible function of tem¬ 

perature for both types of transition, and it remained 

constant with time as long as the temperature was not 

changed. However, if the temperature was changed so 

as to make it possible, the moment would decrease 

toward the value given by this measured function. The 

angle between the direction at which the magnetic 

moment was trapped in the sphere and the direction of 

the applied magnetic field as also found to be a 

rough function of the temperature, the angle being 

greatest (about 45°) when the measured moment was 

smallest. The percentage of flux trapped was found 

to be constant (at about .05fo) for low temperatures 

but to rise sharply near the critical temperature. 

Also noted near the critical temperature were some 

sort of electromagnetic losses in the superconducting 

sphere as evidenced by a greatly increased damping 

of the pendulum. 
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I. INTRODUCTION 

It has been known since the time of the basic 

experiments of Meissner and Ochsenfeld1 in 1933 

that a fundamental property of the superconducting 

state is an almost perfect diamagnetism which is 

termed the Meissner effect. Like the property of 

perfect conductivity this condition is destroyed by 

a sufficiently large applied magnetic field the 

value of which depends roughly parabolically on the 

temperature. When the field is removed the super¬ 

conducting state is restored, and the field is 

expelled. This transition is complicated if the 

body has non-zero demagnetizing coefficients. In 

this case there is an interval of values of the 

magnetic field for which a specimen has been found 

to break up into a mixture of superconducting and 

2 
normal regions called the intermediate state which 

with the lowering of the field becomes increasingly 

superconducting until ideally at some non-zero field 

all of the normal state vanishes. In actual prac¬ 

tice, however, it happens that normal channels re¬ 

main even at zero field, and because of the perfect 

conductivity of the surrounding superconducting 

1. Naturwlssenschaften 21, 787 (1933) 

2. For a review of the evidence of the nature of the 
intermediate state see Shoenbarg, chapter IV 
(references listed by author only are completely 
identified at the end of this paper in the 
bibliography) 



2. 
material the quantity of magnetic flux threading 

these channels is fixed and "frozen in." 

The mechanism whereby frozen in moments are 

produced is undoubtedly complex and is understood 

only in a very qualitative way at the present time. 

There has not been very much experimental work 

dealing directly with frozen in flux, and all of 

the facets of this phenomenon are probably not known. 

However, as several related effects such as super¬ 

cooling have been treated fairly adequately by the 

model which will be outlined below, it seems possible 

that flux trapping will present nothing that cannot 

be understood also in terms of these ideas. 

It has been shown that the thermodynamic pro¬ 

perties of the pure superconducting state can be 

accounted for in the main by considering the super¬ 

conducting transition as occurring between a disordered 

and an ordered, lower lying state of the conduction 

electrons. This transition can be described by a 

single order parameter co which is a function of 

the temperature only, and may be supposed to run 

from zero at the critical temperature to unity in 

the completely ordered state at zero degrees. The 

TI (Sorter and casimir; Physica 1, 306 (1934), also 
Bender and Gorter; Physica lH, 597 (1952); see 
accounts in Shoenberg and Lynton. 
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two electron states are assumed to be separated 

by an energy gap the existence of which has been 

4 
well verified experimentally. For any temperature 

below the transition temperature there is an 

equilibrium value of GO, COo) which minimizes the 

free energy density of the superconductor. This 

is found to be approximately given by <jja z i-(
T
/TC )*, 

being the critical temperature. 

This two electron state picture of the super¬ 

conducting state is also a feature of the familiar 

London theory. London divides the total current 

density in a superconductor into a supercurrent and 

71 

a normal current The normal current 

obeys Ohm's law while the supercurrent is linked to 

the electric and magnetic fields by the equations 

-/V ^'s. - £■ 
^ —* 

and where A is depend¬ 

ent upon the temperature and the particular substance. 

The first of these equations leads to infinite con¬ 

ductivity, and the second to perfect diamagnetism 

in the following form. If the equation is combined 

with Maxwell 's equation H - ^TT^ rrcn^{ 

the result in the steady state is the vector Helmholtz 

equation^ (7^/-/ - H The solutions^ to this 

TT Lynton, Chapter X, gives discussion and references. 

5. See page 34 of London for details. 

6. London and Von Laue work out the equations for 
several cases. 



equation have the property of rapid decay away 

from a surface with the characteristic penetration 

depth A -— C^A/47T . This behavior is well 

verified by experiment^, and as A turns out to be 

of the order of 10”^cm, a macroscopic sample should 

exhibit almost perfect diamagnetism. 
O 

As London0 has pointed out, however, a state 

of diamagnetism is not the state of lowest energy 

for a superconductor unless a positive surface 

energy between the normal and superconducting states 

is postulated. That this is so can be seen from the 

facts that while an increase of the order parameter 

from zero tends to lower the free energy, the expulsion 

of flux from the body tends to raise it, and so the 

state of lowest energy would be a mixed state in 

which the order parameter is different from zero 

over many small laminae, but in which the flux is 

not expelled from the body. 

This surface energy is introduced into the 

macroscopic theory by means of the concept of 

coherence of superconducting regions. By this is 

meant that at the boundary of a superconducting 

region where the order parameter is varying, a condition 

upon the abruptness of the variation, a condition of 

the sort , applies. Here the 

71 See Shoenberg Chapter V. 

8. London; Proc. Roy. Soc. A152, 650 
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parameter 5 is called the range of coherence, 

and it is found by experiment^ to be at least of 

the order of lCT^cm. 

There is doubt as to the exact way in which 

coherence should be incorporated into the theory; 

however, an example worked out by Pippard^ illus¬ 

trates its effect. The penetration depth has been 

11 
found by experiment to vary with temperature by 

the relation X ~ X0 (t~ (T/Tc) ) ^ . Therefore 

as c00 = , A. varies inversely as 
and this suggests that London’s equation might be 

modified to become (ty): - /-/ , where YY0 

is a constant of the metal, in order to deal with 

situations in which u> changes in space. Pippard 

makes this modification and assumes a form for UJ 

consistent with the idea of coherence. He then cal- 
-4 

culates the spatial variation of . The Casimir 

1? 
and Gorter " expression for free energy is then used 

to find the boundary energy Z\ . The particular 

dependence is sensitive to the models chosen, but 

5. tfhere is quite a lot of work on this. 
Lynton gives references. 

10. Pippard; Phil. Trans. Roy. Soc. A248, 97 (1955) 

11. Daunt, Miller, Pippard and Shoenberg; Phys. 
Rev. 74, 842 (1948) 

12. Gorter and Casimir loc. cit. 
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the result that /S vanishes when 5 ^ X 
is established. 

13 
There is experimental evidence to show that 

5 depends upon impurity concentration in the 

superconductor. This is interpreted as a dependence 

on the normal electron mean free path; a dependence 

which is expected on the basis of the B.C.S. theory, 

and one which requires modification of the London 

theory.11* The significance of this dependence in 

the case of pure superconductors is that the co¬ 

herence length is much decreased in the neighborhoods 

of flaws and strains in the crystal lattice. The 

surface energy, therefore, is reduced at these points 

also, and it can become negative. 

On the basis of this type of model of the super¬ 

conducting state one may attempt to follow the course 

of the transition in a sphere from the normal state at 

Hc to the almost completely superconducting state at 

As the field applied to the specimen is 

lowered the transition usually does not start at H . 

This is due to the difficulty of forming supercon¬ 

ducting nuclei in the normal material, and the effect 

is known as supercooling. Recalling that due to the 

coherence effect a superconducting nucleus does have 

13. Pippard; Physica 19, 765 (1953) 

14. Pippard; Proc. Roy. Soc. A2l6, 547 (1953) 
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a minimum size, the condition for the existence 

of such nuclei becomes very much like that giving 

zero surface energy. The decrease in the free 

energy due to the increase of cU over the nucleus 

must be greater than the increase due to the dis- 

15 
tortion of the field. Actually Pippard has cal¬ 

culated that the condition for spontaneous nuclea- 

tion in an homogeneous superconductor is ^ z l. I X 
which value leaves A slightly positive. It may be 

expected, therefore, that in actual pure supercon¬ 

ductors nuclei form about flaws over which A is 

sufficiently reduced in a volume of characteristic 

dimension J . In extensive studies of super¬ 

cooling in tin and aluminum, Faber^ has determined 

that indeed this seems to be the case, and that these 

nucleating flaws are located at the surface of the 

metal. He further suggests that these flaws are not 

associated with any obvious faults or crystal boun¬ 

daries, but are regions with a high density of dis¬ 

locations . 

Once this nucleus has formed it may grow parallel 

to the field and also expand outward; however, this 

expansion involves the displacement of flux and con¬ 

sequent eddy currents in the surrounding normal 

15. Pippard Phil. Trans. Roy. Soc. A248, 97 (1955) 

16. Faber, T. E.; Proc. Roy. Soc. A214, 39? (1952) 
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material. This creates instabilities in the 

boundary and the superconducting region tends to 

branch in the lateral direction. This will con¬ 

tinue until the specimen becomes a maze of linking 

normal and superconducting regions. Investigations^ 

of the rate of propagation of superconducting regions 

have indicated that the velocities are of the order 

of 20cm/sec., so that the growth of the intermediate 

state from nucleations might take a second or more 

depending on the size and shape of the specimen. 

Once the intermediate state is established 

there is good reason to suppose that further reduction 

of the field tends only to increase the size of the 

superconducting laminae, and not to cause changes in 

1 Q 
their disposition. Aside from the experimentalx 

evidence to support this view, it seems reasonable 

to suppose that superconducting boundaries are attrac¬ 

ted to regions of small Zi , and so boundaries will 

attach themselves to flaws and will remain station¬ 

ary with respect to the lattice. 

In order to complete from this point the process 

of flux trapping it is necessary that two or more of 

these superconducting regions should coalesce to 

T7T Faber; Proc. Roy. Soc. A223, 174 (1954) 

18. See descriptions of the work of Meshkovski 
and Shalinkov (1947) in Shoenburg and also 
the remarkable photographs at the front of 
Lynton. 
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form a ring. It has not been possible to calculate 

conditions for this coalescence; however, it is a 

process that is similar to nucleation and it seems 

likely that the same sort of effects are seen. 

Probably a low surface energy should encourage 

coalescence. Most of the largest flaws, however, 

will have served as nucleation centers, and so 

coalescence will for the most part occur as the field 

reaches 2/3 Hc and the normal regions vanish. 

Once surrounded by superconducting material, 

flux must maintain a constant value. There does not 

seem to be any reason, however, why this flux does 

not migrate to the edge of the superconductor, enter 

the normal penetration layer, and escape. In fact 

one would expect that this would be energetically 

favorable considering the tendency of magnetic lines 

to contract. Although the reasons are not clear, 

this does not happen, and indeed frozen in flux is 
19 remarkably firmly held. One can only suppose that 

the flux is held in a complex of normal channels 

which are attracted with sufficient force to the dis¬ 

locations in the lattice to give the observed effect. 

T9. ^Ippard, loc. cit. 
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II. PURPOSE OF THE INVESTIGATION 

The sum of experimental knowledge of the 

properties of frozen-in flux is presented in two 

studies on tin, one by Pippard and another by 

Teasdale both in 1955, and one on indium by Briscoe 

in 1956.^0 Pippard measured the flux trapped in rods 

of tin with small amounts of indium impurity, and 

Teasdale and Briscoe used pure, spherical samples. 

This information may be briefly summarized as follows: 

First, that the trapped flux in a homogeneous 

superconductor is a reproducible function of tempera¬ 

ture for a given sample. Actually this statement 

should be qualified by the remark that Pippard finds 

reproducibility to about 5% for pure samples and 

better for impure. Also, Teasdale's points show about 

15% of spread, but on the average the results give 

a smooth function. 

Second, that the variation of trapped flux 

with temperature is in general as indicated in Fig. I. 

20. Pippard, loc. cit. 
Teasdale, T. S.; Phys. Rev. 99.2, 1248 
(1955) and Rice doctoral thesis Permanent 
Magnetic Moments of a Superconducting Sphere 
Briscoe, C. V.; Rice Master's thesis7 Flux 
Trapped in a Superconducting Indium Sphere 
(195b) (unpublished) 
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Schematic variation of trapped flux with temperature 

Teasdale's and Briscoe's spheres were poly¬ 

crystalline and so showed the peak near the tran¬ 

sition temperature; however, Pippard was able to 

follow the change in the curve from one form to the 

other by alternately annealing and measuring a sample. 

Third, that Pippard finds that the rate at which 

the field is lowered from the critical value during 

constant temperature magnetization makes a difference 

of as much as a factor of two in the amount of flux 

trapped in pure tin at temperatures near the critical 

temperature and about 20$ at lower temperatures. 

Teasdale and Briscoe, however, find no such effect. 
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Fourth, that there is some dependence of 

trapped flux on the orientation of the sample, but 

the exact nature of this is not known. 

Fifth, that there is a rather strong dependence 

of the amount of trapped flux on surface preparation 

of the sample. Mechanically polished or etched sur¬ 

faces give more trapping than electropolished surfaces. 

Sixth, that trapped flux is tightly held and 

persists undiminished for long periods. However, if 

a large amount of flux is trapped at either high or 

low temperatures and then the temperature changed so 

as to bring the specimen to a point above the curve 

of Fig. X, flux escapes irreversibly. 

The work to be described in what follows is the 

first part of a continuing project to study flux 

trapping in various superconductors. It was decided 

to begin with a series of measurements on tin because 

its behavior is already somewhat familiar; but also 

because much of the previous work has been done on 

polycrystalline specimens, and it seemed desirable 

to check, at least, the behavior of a good crystal 

with respect to the information listed above. More¬ 

over, most of the previous work has studied flux 

trapping in transitions made at constant temperature 

by lowering the field. It is also desirable to 

measure the flux trapped by transitions at constant 

field by lowering the temperature in order that 



13. 
comparisons might be made. A considerable portion 

of this program of measurement has been undertaken 

here. 





14 

III. APPARATUS 

The experimental apparatus is illustrated 

in Fig. II more or less in a scale of 1:1.5. 

Essentially it consists of the spherical sample 

suspended in a torsion pendulum in a magnetic field, 

and the additional equipment simply provides means 

for controlling its environment and observing its 

motion. Because the measuring field is uniform, 

the interaction that is measured by means of the 

torsion pendulum is due only to the magnetic dipole 

moment of the sphere, and it is therefore necessary 

to make the assumption that the dipole moment is an 

accurate measure of the frozen-in flux. 

The torsion fiber itself is of 0.001 inch 

diameter annealed tungsten wire about 70 centi¬ 

meters long. This fiber is fastened at both ends 

into holes, of 0.015 inch diameter, in the ends of 

short metal rods by means of Eastman 910 brand ad¬ 

hesive, which are in turn set by means of setscrews 

at the top into a brass rod which moves only vertically 

through an 0-ring seal, and at the bottom into the 

pendulum. The holes in these end rods were drilled 

just off center and about 1/4 inch deep, the tungsten 

doubled over and cemented to the side of the hole so 

that it centered in the rod. The use of adhesive in 

this manner was found to be the most satisfactory one 
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of a good many methods of attachment. Soft solder 

will not bond to tungsten and hard solder causes 

brittleness. Spot welding and clamping were also 

tried, but these methods cause weak spots in the 

fiber at the joints. This size fiber has a breaking 

strength of nearly 200 grams, but it behaves properly 

as a torsion element only if it is very lightly loaded. 

The pendulum and sample in this case weigh about 20 

grams. 

The pendulum consists of 2 millimeter glass tubing 

with a nylon sphere holder at the bottom, a mirror 

holder of acrylic plastic with four 1/2 inch diameter 

front silvered mirrors about 12 centimeters from the 

top, and the stopping flange of the same plastic 

material, the overall length being about 110 centi¬ 

meters. Nylon was chosen for the sphere holder because 

it has a comparatively small thermal expansion coef¬ 

ficient. The holder is made so that the sphere is 

not distorted by the nylon. 

When the pendulum is lowered from the top suf¬ 

ficiently, the stopping flange rests and allows the 

fiber to go slack. The entire top of the apparatus 

including the surface upon which the flange rests may 

be rotated by means of the wheel and worm indicated 

in the figure so that the pendulum can be turned without 

twisting the fiber. The sphere holder has a small 

rod on the bottom which centers in an acrylic sleeve 



when the pendulum is down. 

16. 

The torsion pendulum system is enclosed in a 

vacuum tight tube entirely separate from the 

helium bath. It is found that at pressures much 

above 20 centimeters in this inner chamber the 

pendulum is disturbed by convection. 

Also because of convection it is necessary to 

use a telescope rather than a light beam to view 

the oscillations of the pendulum. This telescope 

is focused from the mirror on a flat chart which is 

120 inches long, graduated in inches and tenths, and 

112.8 inches on the normal radius from the axis of 

the pendulum. Another telescope and mirror is also 

provided to measure rotations of the top of the 

apparatus. 

The rest of the cryostat system is standard. 

The pressure above the liquid helium bath is regulated 

by a Wallace and Tiernan air-leak manostat which will 

maintain to about 1/2 millimeter with occasional 

manual adjustments. With 20 centimeters of helium 

gas in the inner chamber the temperature of the sample 

reaches 3.7°K. about one minute after the temperature 

of the bath when pumping rapidly down from an equilib¬ 

rium state at 4.2°K. Therefore there seems to be good 

thermal contact between the sphere and the bath, and 

it is estimated that the temperature of the sample 

is measured and is constant to 0.01°K. Not shown 
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in the drawing is a 600 ohm carbon resistor with 

A.W.G. #40 leads located at the bottom of the 

helium Dewar with which the bath can be stirred 

and warmed. 

The magnetizing and measuring fields are pro¬ 

duced by a Helmholtz pair21 producing 11.1 gauss per 

ampere with a uniformity of about one part in a 

thousand over the volume of the sample. The mag¬ 

netizing currents are supplied up to about 18 amperes 

by a D. C. motor-generator and battery and the measur¬ 

ing currents up to 1-1/2 amperes by either an Edison 

cell or a transistor regulated current power supply. 

These currents are measured by means of a Leeds and 

Northrop model K-2 potentiometer and 0.1 ohm manganin 

shunt, which arrangement, taking into account the 

standard cell and the specifications of the instruments, 

can be counted on to give measurements accurate to 

0.05$. The measuring current is rarely found to drift 

more than 0.2$ during the course of a measurement, 

and the magnetizing currents can be controlled to about 

1$ depending on size. 

The period of oscillation of the pendulum is 

measured by means of an electric stop-clock reading 

in seconds and tenths. The measurements are usually 

2l. These coils are described with details and 
calculations by Muench, Rice Master's thesis 
Torsion Pendulum Studies on a Superconducting 
Sphere (1950) (unpublished) 
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made over 10 periods, and the degree of repro¬ 
ducibility of a series of such values indicates 

that an accuracy of better than 0.1$ is to be expected. 
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IV. PREPARATION OF THE SAMPLES 

The first sample to be used was prepared by 

machining from a single crystal, electropolishing, 

and then annealing at 206°C. for 30 days. This sphere 

was .394 inches (1 centimeter) in diameter accurate 

to ±.001 inches. It did not seem to show the peak 

in the curve of figure 1 characteristic of strains, 

and its trapped flux varied with temperature roughly 

parabolically. Unfortunately this sample was spoiled 

by transition to grey tin before sufficient work could 

be done on it. 

The second sample was prepared by casting into 

a split mold with a spherical cavity and then crys¬ 

tallizing the tin by lowering the mold slowly through 

pp 
an evacuated furnace. The tin used in this operation 

was of spectroscopic purity and the mold of highly 

purified graphite. The crystal thus obtained had the 

shape of a sphere with a rod and a small cone attached 

diametrically. Although no x-ray studies have been 

made, it is believed to have been a single crystal 

because when etched with hydrogen chloride, it 

showed no crystal boundaries at the surface and the 

22. For a discussion of this technique of producing 
metallic single crystals, see Modern Research 
Techniques in Physical Metallurgy, a symposium 
published by the A.S.M., articles by Parker and 
V'ashburn on the "split'mold process." 
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characteristic dependence of reflectivity upon 

angle. 

The appendages were removed by hand, and the 

sphere electropolished,2^ sealed in an evacuated glass 

tube, and annealed for three days only at 211°C. 

The resulting sample is .369 Inches in diameter 

accurate to about i.002 inches. The surface has a 

very high polish but is less perfect than that of 

the machined sphere; however, this does not seem to 

affect materially the flux trapping which is on the 

average only about ,05$» a factor of five less than 

that of this first sphere. 

23. fey the method of Jacquet; see bulletin 90 of 
the International Tin Research and Development 
Council (1959). This method employs a bath of 
806 parts acetic anhydride (98$) and 194 parts 
of perchloric acid (specific gravity 1.6l) by 
volume mixed and used on ice with a tin cathode 
and a current density of .10 to .15 amperes per 
square centimeter. 
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V. PROCEDURE 

The torque about the fixed axis of a dia¬ 

magnetic ellipsoid with a magnetic dipole moment M 

suspended by a fiber of torsion constant K in an 

initially uniform, external magnetic field B is 

given by 

T = -K( C<+9) - 1/2 B2 sin Z( p +<*+©) + MB sin{j -oc-9) 

(1) 

where the angles are as shown below. 

Black is the fixed system; red is the rota¬ 

ting system (pendulum). T points out of the page. 

Here one is considering a special case in which M 

and B are in the plane perpendicular to T. The 

equilibrium position in zero field is at c< = 0 

which is adjusted to zero on the telescope scale 
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indicated in the figure as P. The equilibrium 

in field B is at oC = oC from which value 9 

represents a small departure. When o< = 0 the 

"ellipticity axis" E, which is the projection of 

the direction of the major axis of the ellipsoid 

upon the plane of B and M, and the magnitude of 

which is measured by the "ellipticity" <T , makes 

an angle Z3 with B. The quantity S could ideally be 
oh 

calculated ' from the dimensions and orientation of 

the ellipsoid; however, since the actual sample 

probably approximates ellipsoidal shape only slightly 

more accurately than it does spherical, £ must be 

magnetization of the sample, the pendulum is adjusted 

between the magnetizing field and the resultant 

moment. 

Expanding T as a Taylor series about 9=0, one 

may write the equation of motion for the pendulum 

of moment of inertia I, neglecting damping, in the 

form 

2TI See, for example, Stratton, J. S., Electromag¬ 
netic Theory; McGraw-Hill, 19^1: First edition, 
section 3.2$. 

as unknown. During the 

to <K - 0. The angle is the angle 

16 
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A solution of this equation may be obtained by a 

perturbation calculation yielding successive approxi¬ 

mations in powers of the amplitude of the oscillation 

A for 9 in the form 9 * A cos t + f^(9) + ••• with 

the exact value of cu obtained also in the form 

CO = (xJQ + (JL)\ + * * •. Including the first two terms 

25 
of each series, this solution has the form 

where 

- 3 \ Je Jffzo 

For typical values of M, , j3 and S' and B about 

5 gauss, these become 

(0-61,) - Asmooi - 'A 

CO = .I4(l-t .tfi'-) 

Since A is usually of the order of .1 radian, one 

can see that the motion of the pendulum is fairly 

accurately simple harmonic. However, the anharmonic 

terms increase quite rapidly with the measuring field, 

and so an upper limit of about 5 gauss must be placed 

25• See, for example, Landau and Lifshitz, Mechanics; 
Addison-Wesley, Reading, Mass., i960: paragraph 
28. 
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upon B depending on the value of M. 

Including the effect of damping in these 

harmonic oscillator equations only involves writing 

-t /t 
(9 _ Q ) = Ae cosocJt (2) 

o 

aJ2
 =af0 

+ V-fc 2 (3) 

where is a relaxation time directly proportional 

to I and inversely proportional to the damping 

constant of the system. 

For a given measuring field, the quantities 

measured are a series of end points of the oscillation 

and its period. By fitting equation (2) above to 

the end points, values can be found for "t" and for 

QC , the equilibrium position. From the period, 

can be calculated from equation (3). Because the 

equations linking oC and (JOQ with M, namely from the 

definition of cO 

,and the equilibrium equation 

KX Y '/L - M 13*4^1 (7j- 

contain four unknowns, it is necessary to make at 

least two measurements for each value of M. This 
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might be done, for example, by measuring at 

different values of B or by rotating the pendulum 

through a known angle between measurements; but for 

by freezing in zero moment by cooling in zero field 

and then using the above equations with M set to 

zero. The magnetic moment of the sample can then 

be determined from a single measurement of oc and 6c)Q. 

The moment of inertia of the pendulum, I, which 

appears in the above equations is measured by timing 

the oscillation in zero measuring field. I is then 

given by the relation I = K/cO where ^00 this 

measured frequency. The value of K, the torsion 

constant of the fiber, was measured by changing the 

moment of inertia of the system by a known amount 

and then comparing the resulting frequency with uu 

in the above equation. This change was effected by 

exchanging the spherical sample for a ring of the 

same mass, both of which bodies have an easily cal¬ 

culable moment of inertia. For the one mil fiber, 

K is .0912 dyne cm./radian, plus or minus about 1/2$. 

This value remained constant to the limit of accuracy 

in the six month period of measurement. 

The Helmholtz pair producing the measuring 

fields are placed antiparallel to the horizontal 

component of the earth’s field. In order to correct 

dispatch it was decided to measure separately 

00 
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values of the field determined from the coil 

current, this component was measured by freezing 

as large a magnetic moment as possible into the 

sample and then adjusting the coil current until 

the oscillation again had the frequency <^00* 
The 

value thus obtained is .204 gauss plus or minus about 

1$. 
Employing the method outlined above, a typical 

set of measurements is made in the following way: 

after the helium is transferred and the pressure in 

the inner chamber adjusted to about 20 cm., the 

pendulum is allowed to come to rest and set to zero 

on the scale. The free period is measured to find 

COQQI and then the specimen is cooled into the 

superconducting region with the horizontal component 

of the earth's field cancelled, a measuring field of 

4 or 5 gauss applied, and measurement of a series of 

end points and a period made to determine S and ^ . 

The pendulum is lowered on the stop and rotated to 

zero on the scale and then magnetized either at 

constant field or constant temperature. The measure¬ 

ment of the resulting moment is made by raising the 

pendulum, returning the rotating top of the apparatus 

to its original position by means of a second mirror 

and telescope, and again applying a measuring field 

and measuring end points and the period of the 

oscillation. It is usually possible to get 10 or 12 
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such magnetizations and moment measurements on 

one transfer of helium. Another measurement of 

5 and y£3 and of OJQ0 is usually made after the 

moment measurements have been completed, and then it 

is necessary to warm the sample to room temperature 

rapidly to avoid the grey tin transition during a 

long warming period. 

The reduction of the data by means of the 

equations given above and the calculation of M and 

is an extremely tedious process, and one which 

allows much room for errors. All of the results given 

below were calculated with the help of a desk cal¬ 

culating machine. However, now a program has been 

written for an I.B.M. model 1620 data processor 

which does all of this work, and it has been possible 

to check much of the hand calculation. 
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VI. RESULTS 

Figure III shows the superconducting phase 

26 
diagram for a tin sphere. Also shown are the 

paths of a constant temperature transition and a 

constant field transition which are the two that 

have been Investigated here. 

Transitions at constant temperature were made 

as follows: The temperature was set at the desired 

value, the pendulum let down on the stop and zeroed, 

and an induction applied sufficient to carry the 

sample well into the normal region. The field was 

then decreased to a point a few gauss above the 

critical field, and after a few minutes pause, 

lowered to zero by switching off the current in the 

coils. 

The solid curve and points in figure IV represent 

the magnetic moments frozen in in this way as a 

function of temperature. Moments indicated by circles 

on the dotted segment of the curve were also frozen 

in at constant temperature, however these measurements 

were made about four months after those for the solid 

curve. 

In connection with the rate at which the field 

was removed during these transitions, a series of 

5b. Critical field data from Shaw, Mapother and 
Hopkins; Phys. Rev. 120, 88 (i960) 
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measurements was made at several temperatures in 

which the field was switched off and also lowered 

gradually over periods of 100 seconds. No dependence 

of the frozen in moment upon this rate was discern- 

able in the rather large scatter in M, and so it was 

decided to use only switching thereafter. Because 

the temperature information was somewhat uncertain 

for much of this data, none of it could be included 

here. Therefore all of the constant temperature 

transitions in figure IV were made by switching. 

The constant field transitions were made by 

cooling the sample in a constant magnetic field 

through the intermediate state to a point just within 

the superconducting region, that is, to the tempera¬ 

ture at which the applied field just equalled two- 

thirds of the critical field, and then removing the 

field keeping the temperature constant. The dashed 

curve and the points marked with x represent the 

magnetic moments trapped in this way plotted as a 

function of the final temperature. 

Figure V gives the percentage of frozen in flux 

for the curves in figure IV. This fraction c< is 

usually defined as the ratio of the magnetization 

of the sample to the largest magnetization possible 

at the temperature under consideration. This maximum 

is -He/kyr , and so in terms of the total magnetic 

moment of a spherical sample oC = 3M/R^Hc where R 
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is the radius of the sphere. 

Figures VI and VII give the , which is 

directly proportional to the damping constant of 

the system, and the y , the angle between the 

moment and the field direction, that go with the 

moments in figure IV. The circles on these graphs 

are for constant field and the points for constant 

temperature transitions. 

In addition to the above, there are a few more 

things to be mentioned. Several observations were 

made to determine the behavior of moments under 

change of temperature. This indicated that frozen-in 

moments tend to decrease toward the curve of figure 

IV when the temperature changes as to make this 

possible. For example, a moment of 5.62 x 10”^ 

dyne.cm./gauss was trapped at a constant temperature 

of 2.23°K., and then the temperature was raised to 

3.10°K. Over a period of about two hours, this moment 

was observed to fall to 3.85 x 10”^ dyne•cm./gauss. 

The same thing occurred with moments frozen in at 

constant field, and also with moments that had been 

frozen in near Tc when the temperature was lowered. 

These last, however, fell quite rapidly at first, 

more rapidly than could be followed by measurement, 

and then after fifteen minutes or so the decrease 

slowed. In none of these measurements was y observed 

to change or a magnetic moment to increase in value. 
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It was also found that when a small moment was 

trapped near 3.3°K. and the sample warmed, not only the 

moment, but also the damping constant of the system 

remained essentially constant until the sample entered 

the intermediate state. This is in contrast to the 

situation in figure VI which the damping with large 

frozen-in moment increases rapidly near Tc. 

When the temperature was held constant, however, 

the trapped moment was found to be quite constant in 

both magnitude and direction. With the exception of 

some very small changes in magnitude which were some¬ 

times noticed in the first five or ten minutes after 

transitions near Tc, no variation of moment with time 

was observed. 
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VII. DISCUSSION 

At this point it would be well to try to 

estimate the accuracy of the above measurements. 

Since the shapes of these curves are of more interest 

than the absolute magnitudes of the quantities 

measured, systematic errors need not be considered too 

closely. The sources of this error are to be found 

In the values for the earth's magnetic field, the 

torsion constant of the fiber, the length of the 

optical lever, and the calibration of the magnetic 

field in terms of current in the coils. Although the 

accuracy of this last number Is not known, all of the 

rest of these have been measured carefully, and it is 

unlikely that a systematic error in M of more than a 

few percent could be expected. 

However, statistical errors occur In the measure¬ 

ment of the end-points of the pendulum swing, periods, 

and measuring fields. Also small random variations 

of the zero field equilibrium position of the pendulum 

were sometimes noticed. These had magnitudes of about 

.004 rad. or 4$ of a usual value of c< , the equilibrium 

position with the measuring field, which turns out to 

be the dominating uncertainty in this number. In 

addition, the calculations for each series of measure- 

which vary respectively 4% and 2% over the 10 sets of 

ments were made using Its own values of 
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measurements, rather than the average. All of 

these uncertainties are found, by performing the 

calculations with various values of the several 

measured quantities, to produce a statistical error 

in M of less than 3% and in nj of 15-20$. The error 

in •£• is somewhat more difficult to assess because 

it depends upon fitting a straight line to a set of 

points by eye; but in most cases this was easily done, 

and the error in ‘Zf accordingly is small, probably 

no more than 2$. 

Prom the foregoing it is clear that error is 

quite insufficient to account for the spread in values 

of the C.T. moments in figure IV. A certain amount 

of variation is not surprising if indeed the amount of 

flux trapped depends upon coalescence at a relatively 

small number of flaws in the crystal. However, the 

C,P. moments seem to exhibit a much smaller spread. 

The reason for this might be in the slower speed of 

transition in the constant field case, or it might be 

due to a difference in the structure of the inter¬ 

mediate state brought about by temperature inequali¬ 

ties in the sample. An insufficient number of slow 

constant temperature transitions were measured to 

shed any light on this situation. 

While on the subject of C .F. transitions, it 
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might be remarked that the similarity^7 of the 

constant temperature and constant field curves both 

in shape and in magnitude supports Pippard's con¬ 

tention that most of the flux trapping occurs very- 

near the 2/3 He curve where the two transition paths 

intersect (in figure III). He suggests that most of 

the larger flaws are centers of nucleation and are 

included in the superconducting phase so that coales¬ 

cence occurs only when the normal laminae have become 

thin enough for the weaker flaws to have effect. 

One now comes to a major problem which no model 

mechanism of flux trapping has been quite successful 

in solving. It is that of the interpretation of the 

shape of the curves of figure IV, or more specifically 

that of the interpretation of the great rise near Tc 

2Q 
of the percentage curve, figure V. Pippard’s ' idea 

on this subject is that just as a few flaws at low 

temperatures cause coalescence and so create super¬ 

conducting rings of characteristic area which trap a 

characteristic percentage of flux, many weaker flaws 

brought into action in some undetermined way only at 

temperatures near Tc cause the trapping of a larger 

percentage of flux. 

27. The dotted branch of the G.T. curve was made at 
approximately the same time as the C.F. measure¬ 
ments . 

28. Pippard; loc. cit., p. 124 

29. Ibid., p. 125 and following 
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There Is, In addition, another approach which 

is suggested in a paper by Jurisson and Oakes 

They begin by remarking that in a flawed lattice 

it is possible to have multiply-connected regions 

of high surface energy surrounding simply-connected 

regions of low or negative surface energy, and that 

this arrangement would trap flux since the region of 

high surface energy has a higher critical field. 

Now this is certainly in error since regions of low 

or negative surface energy have higher critical 

fields, and serve to nucleate the superconducting 

phase. However, their argument can be carried through 

considering instead a ring of material of low surface 

energy surrounding material of high surface energy, 

that Is, a ring of flaws or a dislocation loop. One 

can see that nucleated at some point on this ring, the 

superconducting phase will first propagate around 

and finally coalesce to trap some of the flux originally 

within It. 

Continuing with the argument of the paper, the 

authors say that in the simplest possible approxima¬ 

tion, the amount of flux trapped in the loop described 

above is proportional to S + A - 5 where $ is a 

characteristic dimension of the loop, X is the pene¬ 

tration depth and 5 is the coherence length. A and 

5 are both functions of temperature and £ is assumed 

30. Jurisson and Oakes; Physics Letters 2, l8? (1962) 
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constant, so the percentage of flux trapped as a 

function of temperature may be written in the form 

P(t) . P(0) 
£+ Mt) - S(t) 
$* Mo) - 5(o) 

Into this expression are then substituted the experi¬ 

mentally determined functional forms for /\(t) and 

1- (t) for tin and the results plotted for £ = A(0) 
and various values of ^(0)/ A(°)• For 5(°)/ A(o) 
.1, P(t) is very similar in shape to figure V. Further 

more, for ^-(0)/ A(0) = the F(t) curve falls near 

Tc rather than rises, so that this system exhibits 

the same qualitative dependence upon electron mean 

free path as tin. 

However, one should not become too pleased with 

this because although most of these speculative 

models show how flux can freeze into a sample, they 

do not show how it can get out again when the tem¬ 

perature is changed. The release from the crystal 

lattice and migration of part of the trapped flux 

does not seem to be explainable within the spirit of 

the usual models of flux trapping. 

Figure VI shows a most remarkable effect. Not 

only do the magnetic moments all freeze in at large 

angles to the magnetizing field, but the actual values 

of the angle depend upon the temperature. It looks 

at first as though the angle of trapping might be in 

some inverse way related to the value of the magnetic 
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moment; however, a plot of these quantities shows 

no regularity. 

This might be accounted for by the strong 

anisotropy of all of the properties of tin. The 

surface energy, electrical resistivity, coefficients 

of thermal conductivity and expansion, and 

magnetoresistivity are all quite anisotropic, and 

because of the direction of growth of the crystal, 

it is suspected that the axis of highest symmetry 

(4 fold) lies in the horizontal plane. 

This also may be interpreted in terms of Pippard's 

model of flux trapping sketched above. At higher tem¬ 

peratures, there are many more flaws taking part in 

the trapping of the moment, so one would expect a net 

moment more or less in the direction of the applied 

field. At low temperatures, however, there are just 

relatively a few such flaws, and their disposition 

in the crystal might be such as to cause the moments 

to tend in one direction. On the other hand, Jurisson 

and Oakes' model does not seem capable of a moment 

the average direction of which changes with temperature. 

In order to decide between these various alterna¬ 

tives, more data and a crystollographic examination 

of the sample will be necessary. It would also be 

useful to have measurements on a sample that crys¬ 

tallizes in the cubic system. 

Also remarkable is the behavior of the damping 
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of the system as shown in figure VII. The low, 

constant value at the lower temperature is just the 

natural damping due to losses in the fiber. The rise 

near Tc can only be attributed to electromagnetic losses 

in the sample. One will recall that it was found that 

this anomalously large damping is not present when 

there is no magnetic moment frozen in. This suggests 

a relationship between l/-£- and oc considering the 

similarity of the curves in figures V and VII; however, 

this was not found to be the case. For example, a 

plot of ccf against temperature varies by a factor 

of three between 5.33°K. and 3.65°K. but is constant 

below 3.33°K. 

The actual magnitudes of the energy losses may 

be computed as follows: The energy of a torsion 

pendulum is given by the relation 

, 2 
E = 1/2 K 9 

where 9 is the amplitude of the motion. From this one 

sees that the average power loss is 

IPl - / * Zv I r VP K(t- tf. Z 

For this case the fiber damping loss 

(1 /'t = 1.5 x 10”3 sec-"'') works out to 

P = 1.26 x 10 ^ watts 

for the average amplitude of .1 rad.; and for 
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l/2r = 15 x lO-3 sec- , one gets 

P = 7.41 x 15-1^ watts 

for the same circumstances. 

Unfortunately there has been no work on A-C 

losses in tin with which to compare these numbers, 

and no measurements of the dependence of the loss 

on frequency or field have been made. Until some¬ 

thing, at least, is known about this, the nature and 

source of this effect cannot really be determined. 
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