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I. FLUX TRAPPING IN A SUPERCONDUCTING INDIUM SPHERE 



INTRODUCTION 

A. Basic Magnetic Properties of the Normal to Superconducting 

Transition 

In 1911* H. Kamerlingh Onnes^ discovered that the elec¬ 

trical resistance of mercury abruptly dropped to zero at 

4.15 degrees Kelvin* thus opening up a new and exciting field 

of physical research. Since that date a large amount of re¬ 

search, both experimental and theoretical* has been directed 

at the problem of "Superconductivity”. Excellent reviews of 

this work and other related low temperature phenomena are to 

be found in such books as: Superconductivity2* by D. 

Schoenberg; Superfluids^* Volumes 1 and 2* by P. London; and 

Low Temperature Physics^* by C, P. Squire, 

The fact that IT = 0 in a superconductor leads to the 
deduction* from Maxwell's equation curl E = -B* that B is a 

constant within a superconducting material. In 1914*5 it was 

discovered that the superconducting state of a material could 

be destroyed by the application of a sufficiently large 

external magnetic field. The character of this magnetic 

field is a function of both the temperature -and the supercon¬ 

ducting material. 

However, it was not until 1933 that the value of~lT 

within the superconducting state was found to be zero by 
f. 

W. Meissner and L. Ochsenfeld. The situation is* that on 

passing into the superconducting state in the presence of a 
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magnetic field, non-dissipative currents are set up around 

the specimen in just such a way as to shield the interior 

of the specimen from the applied field. If the value of 

the applied field is changed, then the value of the non- 

dissipative super currents will change in such a way as to 

keep the magnetic induction in the center of the sphere just 

equal to zero. These supercurrents which flow in a very 

thin layer on the surface of the specimen determine the depth 

to which a magnetic field can penetrate. This skin depth or 

penetration depth is very small being of the order of 10“^ 
O 

to 10“° meters, so that for most purposes a reasonable sized 

specimen can be characterized as not only having li = 0 in the 
superconducting state but B = 0 also. 

The transition between the two states, i.e. normal and 

superconducting, of any superconducting material is not a 

sharp one, but is found to be smeared out or broadened. 

There will exist values of the parameters (temperature and 

magnetic field) for which the material is neither wholly 

superconducting nor wholly normal conducting. Theecauses 

for this smearing out can be divided into two general classes: 

(1) those due to geometrical reasons, and (2) those due to 

physical reasons. 

The first of these, geometrical, is brought about due 

to the demagnetizing factor of a given shaped specimen. For 

example, consider the case of a spherically shaped 
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superconductor in an externally applied magnetic field. Due 

to the expulsion of the flux lines, the magnetic field along 

an equator will be larger than the value of the applied 

field at some distance from the specimen. Therefore, the 

critical field, Hc, will exist at this equator of the 

specimen when the applied field is only -3s- Hc. Thus there 

will exist a state intermediate between the normal and the 

superconducting for values of the applied field less than 

Hc and greater than —- Hc. Figure 1 illustrates this con¬ 

dition for the case of an indium sphere where the region 

between the curves, H = Hc and H = A-HC is the intermediate 

state brought about by the geometry of the specimen. 

Physical reasons which tend to smear out the transition 

are caused by such things as chemical impurities and defects 

in crystal structure. The effect of these conditions is 

to smear out the transition over wider values of the param¬ 

eters. Superconducting alloys, mixtures and compounds tend, 

in general, to have much broader transitions than do the 

elements. But even in very pure single crystal specimens, 

super-heating and super-cooling effects are observed where 

one phase may persist for values of the parameters such that 

only the other phase should be present. 

That this intermediate state consists of an interwoven 

mixture of normal and superconducting regions was beautifully 
» 

confirmed by the experiments of Meshkovsky and Shalnikov.?*® 
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By the use of small bismuth probes they were able to explore 

the region between tvro halves of a tine sphere in the inter¬ 

mediate state and to detect the small normal conducting 

regions containing magnetic flux, 

BV Brief Account of Some of the Theories of Superconductivity 

Several theories of superconductivity have been proposed. 

One of the earliest and most successful in explaining the 

behavior of a superconductor in a magnetic field being that 

of F. and H. London.9 They proposed that the magnetic field 

distribution in the presence of a superconductor obeys a 

system of differential equations in which Ohm's law for the 

electrical current is replaced by the London equations: 

curl \js a -B and The total current density J 

is equal to ^n 4- Js where the normal current obeys Ohm's 

law Jn =■ crE. Actually the supercurrent JQ short circuits 

the metal so that the fields do not act on the normal con¬ 

ducting electrons. The solution of London's equations for a 

given shaped specimen shows that the magnetic field drops 

exponentially to zero just inside the surface of the material. 

Mi von Laue in his book, Theory of Superconductivity,^ has 

solved these equations for a variety of cases. While this 

theory gives a mathematically understandable representation 

of a superconductor in a magnetic field, it does not provide 

any mechanism whereby electrons somehow find themselves in 

energy states where they are superconducting. 
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Recently the theories of Frohlich1-5- and Bardeen,12 in 

which they neglect the effect of electronic interactions 

and consider the interactions of the electrons with the 

lattice vibrations to be of prime importance, have re¬ 

ceived quite a bit of attention. The most notable success 

of this theory has been the successful prediction of an 

isotope effect in shifting the transition temperature of a 

superconductor. The calculation of these interaction per¬ 

turbations is still not conclusive so that as of now no 

completely satisfactory quantum mechanical theory of super¬ 

conductivity is known. 

The thermodynamics of the normal to superconducting 

transition is in much better shape. Bender and Gorter1^ 

have shown that the two-electron fluid model allows one to 

explain the experimental results with only two assumptions: 

(1) there exists an energy gap between the normal 

electron state and the super electron state, (2) the 

fraction -p of super electrons at any temperature T less 

than Tc is given by ■f ■ T) where Ti$ is the number 

^■sCo°K) 
of super electrons per unit volume. The results that they 

obtain for the difference in specific heat between the 

normal and superconducting state is experimentally true 

and was first derived by Gorter and Casimir1^ using 

thermodynamics. 
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Several theories of the intermediate state have been 

proposed, the most recent being that of Pippard1^ which will 

be referred to later. 

C. Motivation of This Investigation 

The exclusion from the interior of a superconductor 

of all magnetic flux on passing into the superconducting 

state in the presence of an external magnetic field is a 

situation which is hard to realize in actual practice. 

Referring to Figure 1, it is found in general, that, when 

a transition from the normal to the superconducting state 

is made along either path 1 or path 2, a part of the mag¬ 

netic flux which existed in the specimen in the normal state 

is retained or trapped within the specimen. It was just 

this non-ideal behavior which prevented the Meissner 

effect from being discovered sooner. Thus the only way 

the complete Meissner effect can be realized is to cool 

the specimen from a temperature above Tc to one below Tc in 

zero magnetic field. 

Systematic investigations of this non-ideal behavior 

of a superconductor have been few and rather hard to cor¬ 

relate due largely to the fact that the behavior pf a 

specimen in trapping flux depends on so many hard to re¬ 

produce variables, such as, past history of specimen, 

chemical purity, crystal structure, etc. 

However, some very thorough investigations have been 
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conducted, notably that of Pippard on alloys of tin and 

Indium and Teasdale on a pure tin specimen. In view of the 

results obtained by Teasdale^ here at The Rice Institute 

concerning such things as the effect on flux trapping due 

to temperature, magnetic induction, speed of the transition, 

specimen orientation, etc., it was deemed worthwhile to 

apply his methods of investigation to some other supercon¬ 

ducting metal. The purpose being to see whether or not 

any radical differences in behavior might be due mainly to 

the type of material used. Indium was chosen as being a 

well behaved superconductor, exhibiting rather sharp 

transitions, obtainable in a very pure form and single 

crystal specimens being relatively easy to produce. 

The results of these studies were reported at the 

National Science Foundation Conference on low Temperature 

Physics, Baton Rouge, December 1955, (I*. S. U,). 
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EXPERIMENTAL APPARATUS 

A. Flux Measuring Equipment 

Figure 2.1 is an over-all view of the experimental 

apparatus showing the Helmholtz coils in place. A close 

up of the flip coils, used in measuring flux content, which 

were designed and first used by Dr. Tom S. Teasdale,1^ is 

shorn in Figure 2,2. 

A cross section of the experimental equipment is 

shown in Figure 3.1 with the sphere C in place, surrounded 

by the measuring coils* 

A cross section (actual size) of the sphere and coil 

arrangement is seen in Figure 3.2. The sphere was supported 

by the aluminum stand D which rested on the textolite plate P. 

The aluminum coil forms K, which fitted closely around the 

sphere, were mounted on an aluminum strip 0 so that the coils 

could be rotated about a central axis which passed through 

the center of the sphere. There were three sets of two de¬ 

tection coils each. The coils marked L, M, and S in Figure 

3.2 had mean diameters of 1.022, .9820, and ,9590 inches 

respectively. The coils were wound with No. 48 formex in¬ 

sulated copper wire and each of coils L, M, and S had 225, 

254, and 375 turns respectively. 

Leads from each coil were brought out of the dewar and 

attached to a multiple switch s shown in Figure 3.3, in such 

a way that any one of the 6 coils or any one of the three 
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sets L* M* and S could be connected to the ballistic gal¬ 

vanometer G. The resistances R^ and R2 were used to shunt 

the galvanometer for various sensitivities and still keep 

it critically damped for maximum speed in recording data. 

The Wheatstone bridge was used to test for shorts in the 

coils and to keep track of the temperature while pre¬ 

cooling and transferring liquid helium into the apparatus. 

Referring back to Figure 3.1* the stand 0 on which the 

coil forms were mounted was attached to a textolite rod I 

joined on to a steel rod G* which passed out of the helium 

dewar J through a stuffing box E mounted on the brass top 

plate F. An arm A was attached to the steel rod so that 

the coils could be rotated through an angle of 180 degrees 

from outside the dewar. B and H were supports which served 

to hold the sphere and coil forms rigidly in place. The 

helium dewar was joined to the top plate by an "0" ring 

seal so that the experimental space was vacuum tight. A 

nitrogen dewar R was placed outside of the helium dewar 

and surrounded by the Helmholtz coils W used to produce 

horizontal fields. The design and construction of the 

Helmholtz coils* which were capable of producing fields 

well in excess of 100 gauss* has been discussed previously 

by Dr. Nils L. Meunch,^® and so will not be reviewed again. 

The brass top plate F also contained openings for pumping 

and manometer lines, transferring liquid helium into the 



Figure 2.1 

View of the Helmholtz coils showing 
helium dewar in place. Auxiliary 
equipment such as pumping lines and 
current leads had been removed. 



Figure 2.2 

A close up of the flux measuring 
coils K with the sphere C in place. 
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helium dewar, and suitable outlets for leads to the measur¬ 

ing coils. 

B. Auxiliary Equipment 

Auxiliary equipment Included a mercury manometer and 

cathatometer so that the vapor pressure above the helium 

bath could be measured to within an accuracy of t. .005 cm. 

of mercury* The 19^8 Agreed Vapor Pressure Tables compiled 

under the direction of Professor D. Schoenberg, Cambridge, 

England were used in determining the actual temperature 

from the measured vapor pressures. Control of the vapor 

pressure was accomplished by means of an automatic regu¬ 

lating device vihich adjusted the pumping speed to compensate 

for changes in pressure due to various factors. The regu¬ 

lating device was designed and constructed by Dr. H. E. 

Rorschach, Jr, of The Rice Institute and consisted 

essentially of a parallel pumping line, one arm of which 

contained a solenoid operated valve. The solenoid was 

activated by means of leadB placed in one arm of a mercury 

differential manometer, so that, for instance, a lowering 

of the vapor pressure above the bath resulted in a contact 

being made and the valve closing, which meant a decrease in 

the pumping rate and hence a rise in the vapor pressure. 

With this control, temperatures could easily be maintained 

constant to within t 2 milli-degrees and with care an ac¬ 

curacy of ± 1 milli-degree can be obtained, if such is 
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necessary* 

Small currents for the Helmholtz coils were obtained 

from Edison wet cells while larger currents (of the order 

of several amperes) were available from a D. C, generator, 

C, Specimens 

The indium specimens were molded in the shape of 

spheres from 99.97 plus percent pure indium obtained from 

The Indium Corporation of America, A cross section of the 

apparatus used in fashioning the spheres is shown in 

Figure 4, The plaster mold M was cast from Hydroperm** 

provided through the courtesy of the United States Gypsum 

Company* using a stainless steel bearing one inch in dia¬ 

meter as the form. It was made In two sections so that it 

could be held together by joining the steel plates P with 

long bolts. The plates were spring loaded so that the 

mold was firmly held together throughout the molding pro¬ 

cess even though thermal contraction was taking place. A 

small hole was drilled in the mold providing access to the 

metal which was placed in the glass funnel F in the form of 

small lumps preparatory to sealing off the large glass 

tube G, 

After; suspending the mold assembly from the textolite 

plate T* which was used to make the glass tube vacuum tight, 

* Hydroperra is a trademark owned by the United States Gypsum 
Company and is a permeable metal casting plaster used to 
east non-ferroees metals. 
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the system was evacuated to a good vacuum for several hours 

The temperature was then raised slowly by means of a cylin¬ 

drical oven placed around the glass tube until the metal 

melted and filled the mold. It was then allowed to out 

gas for a couple of hours after which the oven was slowly 

raised from around the tube at the rate of about 6 centi¬ 

meters per hour. In this manner spheres were obtained 

with smooth surfaces and excellent crystal structure as 

evidenced by the large crystal planes visible to the eye. 

The pip formed at the hole where the metal entered 

the mold, and any other small irregularities, were removed 

by rotating the sphere manually in a hemispherically 

shaped brass cup having a diameter of one inch. This 

method of obtaining a spherical specimen was used in pref¬ 

erence to some form of machining in order to avoid the 

polycrystalline surface layers resulting from the cutting 

and scraping action of lathe tools. Also of consideration 

was the fact that indium would have been very hard to 

machine due to its soft mechanical structure. Geometri¬ 

cal accuracy of roughly one order of magnitude was sacri¬ 

ficed in using this manual method, the diameter of the 

spheres being accurate only to about five thousandths of 

an inch. However, in the type of problem studied this 

was unimportant. 
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D. Experimental Procedure 

The axes of the Helmholtz coils were aligned parallel 

to the horizontal component of the earth’s magnetic field 

so that its effect could be cancelled out if necessary. 

The sphere and measuring coils were then assembled in the 

helium dewar with the axes of the coils parallel to that 

of the Helmholtz coils so that a rotation of the coils 

through 180 degrees in the presence of a field resulted 

in a maximum deflection of the galvanometer. Next the 

outer nitrogen dewar was placed around, the helium dewar to 

serve as a means of thermal insulation and also protection 

against radiation from the surrounding areas which were, of 

course, at room temperature. The helium dewar was then 

pumped out and flushed with helium gas, one atmosphere of 

gas being left in the dewar to serve as an exchange gas in 

the cooling down process and also to insure the absence of 

undesirable water vapor which might condense on the equip¬ 

ment and cause failure at low temperatures. Following this, 

the vacuum jacket of the helium dewar was pumped out and a 

few centimeters of dry air or nitrogen gas admitted to 

serve as a medium of heat exchange between the liquid 

nitrogen, which was then placed in the outer dewar, and the 

helium exchange gas in the inner dewar. In this manner the 

gear could be cooled to the temperature of liquid nitrogen 

in about two hours, as evidenced by the change in resistance 
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of the measuring coils. Liquid helium was then transferred 

into the helium dewar from a 25 liter storage vessel. 

After this, before each run, it was necessary to cali¬ 

brate the measuring coils at the temperature of liquid 

helium under atmospheric pressure since the sensitivity of 

the system varied slightly from run to run. A typical 

calibration curve is shown in Figure 5, where the numbers* 

7, 8, and 9 indicate the L, M, and S coils respectively. 

From this calibration we see that the maximum sensitivity 

is about equal to 2 X 10"^ webers per square meter per meter 

of deflection, so that a field of 0,2 X 10“^ webers per 

square meter can be measured with an accuracy of one percent. 

Measurements on frozen in flux were then made in the 

following manner. The temperature was lowered in zero mag¬ 

netic field to some temperature below the critical tempera¬ 

ture so that the sphere was in the superconducting state 

and contained no frozen in flux. By increasing the mag¬ 

netic field to a value in excess of the critical field 

at the given temperature and then lowering it back to zero, 

flux was trapped in the sphere as it made the transition 

from the normal to the superconducting state. Then in zero 

external magnetic field measurements were made on the resi¬ 

dual or trapped flux contained in the sphere by rotating -the 

measuring coils through 180 degrees and noting the de¬ 

flection of the ballistic galvanometer. Measurements can 
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also be made by holding the field constant and lowering 

the temperature until the sphere Is In the superconducting 

state* They were found to not be very reproducible* proba¬ 

bly due to super-cooling and super-heating effects* so 

the measurements reported In this thesis are all taken by 

the constant temperature » varying field method* Also 

constant field measurements are much more laborious and 

time consuming to make* 



EXPERIMENTAL RESULTS 

A. Stability of Trapped Flux 

The experimental studies of the flux retained by 

indium spheres on passing into the superconducting state 

in the presence of a magnetic field showed that the flux 

frozen In tsas quite constant in magnitude and direction with 

changes in time so long as the sphere remained superconducting. 

In one case, the longest tried, the amount of flux frozen in 

remained constant over a period of one hour and fifteen 

minutes. This is in agreement with several sources.^6,17,19 

Also the amount of flux frozen in was constant with 

changes of the temperature within the superconducting state 

in opposition to the work of Teasdale,1^ who found that in 

general the amount of flux trapped in decreased as the tem¬ 

perature was lowered. This indicates a migration of flux 

from near the surface to the surface where it can escape and 

might have been due in the case of the work on tin by Teasdale 

to the polyerystalline surface layer produced when the speci¬ 

men was machined. Such a layer would tend to trap rather 

large amounts of flux at some temperatures, but It might not 

be too firmly fixed In the specimen, thus making it easier 

for it to escape tinder unstable conditions such as are pro¬ 

duced by temperature changes. Since indium, however, retained 

only very small amounts of flux at any temperature, and this 

tightly fixed in the specimen as other tests which will be 
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described later show, one would not expect It to migrate 

very easily as a result of temperature changes within the 

superconducting state, 

In addition, attempts were made to note the effect on 

the amount of flux frozen in at a given temperature due to 

varying the speed with which the transition from normal to 

superconducting state was made, but no appreciable effects 

could be noted. Transition speeds which ranged from approxi¬ 

mately 10*3 seconds to several seconds were tried. From this 

we can conclude that the speed with which the rearrangement 

processes take place in the intermediate state is at least 

as fast as 10 J seconds. This is in accord i*Lth the work 

of Teasdale*^ who could find no change in the amount of 

flux frozen by varying the transition speed. Pippard,16 

however, found some changes in very pure tin, but they are 

rather inconclusive. Pippard1^ has pointed out that the 

speed of any process such as this which Is limited by eddy 

currents should vary as cr so if any effect can be noted, 

it should be seen In very pure metals* 

B. Migration of Trapped Flux 

The application of a field in the direction opposite 

to the field used to freeze the flux in the specimen would 

be expected to greatly aid the migration of flux to the 

surface of the specimen as can be seen by considering the 
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drawing in Figure 6. Here we see that the effect of applying 

a reverse field C, indicated by the broken line* is to en¬ 

hance the field at B and to reduce it at A. The superconduc¬ 

ting region is indicated by cross-hatching. 

The results of such an experiment are shown in Figure 7* 

The procedure was to freeze in a certain amount of flux at 

some temperature and then to apply a reverse field by 

reversing the direction of the current in the Helmholtz 

colls. This was done stepwise, increasing the field each 

step, then cutting it to zero and measuring the flux remain¬ 

ing in the specimen. In Figure 7 we have plotted the ratio 

of the flux frozen in in zero field to the amount remaining 

after the application of a reverse field against the ratio 

of the reverse field to the critical field. The lines joining 

the points do not represent the state existing between the 

points, merely the sequence in which the points were taken. 

From the diagram we see that the magnitude of the flux 

frozen in decreases very little, until a value of Ho is 

reached for the reverse field, being 80 percent of the initial 

value at that point* After reverse field values of greater 

than the measured magnitude of the flux frozen in is 

seen to decrease sharply due to the cancelling out effect 

produced by flux frozen in in opposition to the initial 

direction of flux in the specimen. This is due to the method 

of measurement, and anyway we are not greatly concerned with 
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what happens for reverse field values greater than i=- H«. 
3 w 

From these results we see that the flux trapped in indium 

is somehow fixed quite rigidly in position and is not 

greatly influenced by the application of fields as long as 

the specimen remains in the superconducting state. 

booking again at Figure 7* we note that the per¬ 

centage change in flux with reverse field is very nearly 

a straight line from zero to HQ and are led to believe 

that an extrapolation backward to - £ H0 would be valid. 

If this is done, it Is found that the flux retained by the 

specimen in zero field is 83$ of the amount present in the 

sphere when the field used to freeze it in was~f Ho ao- 

cording to our adopted convention of sign. This can be 

taken as evidence for the belief that the mechanism of flux 

trapping occurs almost entirely In the intermediate state 

and very little flux escapes from the specimen after it 

becomes completely superconducting, i.e. the value of the 

field falls below He for the case of a sphere. 

C. Temperature Dependence of Trapped Flux 

The usual method of specifying the completeness of 

the Meissner effect is to give the "percent" of the trapped 

flux, i.e. 100 X the ratio of the amount frozen in at a 

given temperature to the critical field for said temperature 

Thus we have a quantity which is Indicative of the effective 

ness of a specimen in retaining flux. 
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The results for indium of varying the temperature at 

which flux was trapped are shown in Figure 8, Here we 

B 
have plotted 100 X -H— versus the temperature in degrees 

Kelvin. Bc is the critical field for the given tempera¬ 

ture and Bs is the induction remaining in the sphere after 

the field had been removed. Tc is the critical temperature 

for zero applied field. 

First of all we see from the figure that indium ex¬ 

hibits a very good Meissner effect at any temperature, 

the maximum “percent” of flux retained being less than 

1 percent. Also the “percent” of flux frozen in has a pro¬ 

nounced minimum at about two to three tenths of a degree 

below the zero field transition temperature and rises on 

approaching the transition. This type of temperature be¬ 

havior has been reported for tin by Teasdale.1? Pippard1^ 

has also reported similar results on tin alloyed with 

indium. However, for very pure tin specimens he reports 

that the rise near Tc has disappeared after sufficient 

annealing. This might be the case for indium too, but, 

since the main features of the investigation were not to 

eliminate frozen flux entirely, but to study its behavior, 

prolonged annealing was not tried. 
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DISCUSSION OP RESULTS 

A. Mechanism of Flux Trapping 

To consider the mechanism whereby flux is trapped in 

a superconductor, let us follow it through a transition 

from the normal to the superconducting state along such 

a line as path 1 in Figure 1. As the field reaches a value 

less than He, superconducting channels will start to pene¬ 

trate the specimen.7*These will grow in size until, at 

values of the field less than Hc for the case of a 

sphere, they fill the entire volume of the specimen in the 

ideal case. As these superconducting channels penetrate 

the specimen and increase in size, the movement of flux to 

the surface of the material results in eddy currents being 

Induced in the normal conducting regions. This causes an 

increase in the interphase surface energy between the 

normal and the superconducting phase which tends to oppose 

the expansion of the superconducting channels, thus slowing 

down the speed with which the rearrangement processes occur 

in the intermediate state» Pippard1^ has shovra that the 

speed of a process such as this which is limited by eddy 

currents should vary as or A, Taking the value of cr for 

indium given by Bedard and Meissner,we find that 

cr'* = n.x x I o'*. 
Since the fastest transition times used were of the 

order of 10**3 seconds, no change in the amount of flux 
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trapped is to be expected on decreasing the speed of 

transition. This is in agreement with the experimental 

results. 

Returning to the problem of trapping flux, we note that 

in order for flux to exist in the superconducting state, 

the specimen must still contain some regions which are 

normal conducting. 

Experiments performed by Pippard1^ on the migration 

of flux within the superconducting state and the results 

stated in the section dealing with the effect of a reverse 

field in aiding migration lead us to assert that most of 

the mechanism responsible for flux trapping occurs while 

the specimen is in the intermediate state. So for normal 

conducting regions to be trapped within a specimen, it is 

necessary that they be surrounded by superconducting 

regions during the transition, thus preventing their escape 

to the surface. For this to happen superconducting channels, 

as they penetrate the material, must come together and Join 

or coalesce in the form of rings around normal conducting 

material, which, of course, contains magnetic flux. 

At first glance the coalescing or joining of two super¬ 

conducting regions to form rings does not seem like a very 

probable process. As two superconducting regions approach 

each other, they experience a force of repulsion due to 

the bunching of flux lines in the intervening normal conducting 
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region, which causes an increase in the interphase surface 

energy. Therefore, coalescence and hence flux trapping 

are not very likely to occur unless there are mechanisms 

present whereby the interphase surface energy may be small 

in some regions of the specimen. 

Such centers of low interphase surface energy are 

provided by chemical impurities and flaws in the crystal 

structure. Since the specimens used were of a high degree 

of chemical purity, we will consider only the effects of 

crystal flaws in enhancing flux trapping. 

If two superconducting regions, as they approach each 

other are separated by one of these centers of low inter- 

phase surface energy, the mechanism of coalescence is much 

more likely since the force of repulsion between them would 

be lessened. 

Therefore, in a chemically pure specimen the amount 

of flux frozen in should be directly proportional to the 

number of flaws in the crystal structure. So for our 

carefully prepared indium specimens, in which every effort 

to eliminate defects in crystal structure had been made, 

the number of flaws should be relatively few. The results 

obtained show that this must have been the case since the 

specimens studied were very inefficient in retaining flux. 

If flaws in the crystal struct tire are to account 

solely for the amount of flux trapped, then one would expect 
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the temperature dependence of the "percent" of flux trapped 

to vary as follows. Wear Tc the specimen should trap in a 

relatively larger percent of flux than at lower tempera¬ 

tures, because as the temperature is lower the movement of 

grain boundaries due to annealing would result in fewer 

flaws being available for coalescence. While the specimens 

studied did freeze in a higher percentage of flux at 

temperatures near to Tc than at slightly lower temperatures, 

the curve for "percent" frozen in vs. temperature does not 

continue to decrease but rises again as the temperature is 

lowered. 

From this we conclude that there are other factors 

which influence flux trapping such as small amounts of im¬ 

purities, surface conditions, etc.5 and that the temperature 

dependance of flux trapping is due to a combination of all 

of these* For this reason a quantitative description would 

be very complicated indeed. It would depend on much more 

information than we were able to obtain from the experiment. 

In making the preceeding remarks concerning the 

mechanism of flux trapping, we have drawn heavily on the 

work of Dr. A. B. Pippard.1*^1^ 



25 

CONCLUSIONS 

From the experimental results we can make several 

statements concerning the behavior of flux trapping in 

rather large spherical indium specimens. The temperature 

dependance of the "percent" of flux frozen in exhibits 

a minimum a few tenths of a degree below the zero field 

transition temperature and rises on approaching Tc, The 

reason for this cannot be entirely explained, but such 

behavior seems to be typical. 

The flux trapped is very stable with respect to 

changes of time and temperature within the superconducting 

state. Also remarkable stability is shown against migra¬ 

tion due to the application of a reverse field. Thus 

indium is seen to exhibit the same general flux trapping 

features as tin, The only difference being the relative 

magnitude which is much less in the case of indium. 
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INTRODUCTION 

The so called "ultrasonic pulse technique" has been 

used by a large number of investigators in recent years 

in measuring the velocity and attenuation of sound in 
1 

various media. Pellam and Galt have investigated liquid 

nitrogen, oxygen and hydrogen in this respect, and Pellam 

and Squire2 have measured these quantities in liquid 

helium. In solid media, experiments have been conducted 

on single crystals of NaCl, KC1, LiP and KBr at room 

temperature by Huntington.3 Galt^ has conducted such 

investigations on KBr from room temperature to 4.2 degrees 

Kelvin. Overton and Swim^ have used this method to obtain 

the elastic constants of NaCl from room temperature down 

to about 60 degrees Kelvin. Measurements have also been 

made on the velocity and attenuation of sound in some 

superconductors, such as, on tin by Squire^ and by 

Mackinnon^, and on lead by Bommel.® 

This is only a representative list of the work done 

in this field, and is by no means complete. An excellent 

and very complete review of Ultrasonics is given by Dr. Ludwig 

Bergmann in his book, Ultrasonics and Their Scientific and 

Technical Applications.9 

In the investigation reported in this thesis, the 

ultrasonic pulse technique was used to measure the velocity 
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of sound as a function of temperature in a single crystal 

specimen of LiP. Prom the measurements of the propagation 

of these high frequency sound waves, the elastic constants, 

as a function of temperature, have been calculated* The 

elastic constants are the proportionality factors in the 

expression of the generalized form of Hookers law relating 

stress and strain in an elastic continuum. Prom a know¬ 

ledge of these elastic constants, calculations of the 

specific heat can be made. The specific heat of LiP has 

been measured as a function of temperature down to about 

18 degrees Kelvin by Clusius, Goldman, and Perlick.1° The 

characteristic Debye temperature, , computed from these 

specific heat measurements gradually decreases as the 

temperature is lowered until a value of about 60 degrees 

Kelvin is reached, where it rises very steeply to a value 

somewhat in excess of that obtained at room temperature. 

The work of Clusius, et al, on the specific heat of 

NaCl also shows a rise in the value of the at low 

temperatures. Overton and Swira^ have used the ultrasonic 

pulse technique to obtain the elastic constants of NaCl as 

a function of temperature, and the calculated from 

their work shows no such rise at low temperatures. This 

indicates a possible deficiency in the method of calculat¬ 

ing the specific heat from the elastic constants and shows 

that more measurements of elastic constants down to low 



28 

temperatures are needed. Measurements such as these, as 

well as providing a check for the existing theory, might 

also accentuate the need for more theoretical considerations. 
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EXPERIMENTAL APPARATUS 

In Figure 1 is seen an over-all view of the experi¬ 

mental equipment.showing the components of the ultrasonic 

pulse technique and the low temperature apparatus. 

A. Ultrasonic Equipment 

The operation of the ultrasonic pulse technique is 

best described by referring to the block diagram in 

Figure 2 and the waveforms shown in Figures 3.1 to 3.4. 

A crystal controlled oscillator in the 256-3) oscilloscope 

simultaneously triggers the time base sweep of the scope 

and a pulse former. The trigger pulse from the oscilloscope 

is seen in Figure 3.1. The purpose of the pulse former is 

to provide a means of amplifying and lengthening the pulse 

so that operation of the 10 megacycle R. F. oscillator can 

be realized. An amplified and expanded pulse from the pulse 

former is seen in Figure 3.2. This pulse triggers the 

R. F. oscillator so that the signal going to the matching 

network and hence to the quartz crystal transducer Is a 

very short burst of 10 megacycle frequency. Pulses which 

give good results are about 2 ^ sec. in duration, one of 

which is seen In Figure 3.3. This initial pulse also 

travels to the 10 megacycle wide band receiver where the 

envelope of the pulse is connected to the video input of 

the 256-D oscilloscope. This envelope Is seen in Figure 3,4, 
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The part of the pulse which went to the quarts electro¬ 

mechanical transducer produces a sound wave of 10 megacycle 

frequency which travels down the length of the Specimen, 

hits the opposite face, and is reflected back. On arrival 

back at the quartz transducer, the sound eeho produces an 

R. P. signal which travels back through the matching net¬ 

work, Since the R. F. oscillator is cut off, it provides 

a high impedance to the signal and hence most of it goes 

to the 10 megacycle receiver, where it is detected and 

consequently displayed on the oscilloscope* This echo is 

seen on the scope delayed by just the amount of time it 

took for the sound pulse to traverse the length of the 

specimen and back* Therefore, there will be displayed on 

the oscilloscope a series of echos which will continue until 

attenuation due to various effects results in the amplitude 

of successive echos being diminished so much as to be un¬ 

detectable. An oscillogram showing the initial pulse and 

a series of echos obtained using longitudinal waves and a 

LIP specimen is seen in Figure 4, 

A complete discussion of the operation of the indi¬ 

vidual components will not be given since such has previously 

been done by Overton, by Swim,12 and by Clossman.^ 

B* Low Temperature Apparatus 

A schematic diagram of the low temperature cryostat 
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Figure 1 

Over-all view of the ultrasonic pulse technique 
equipment, showing both the electronic gear and 
the low temperature apparatus. 

A. Gauge for Constant Volume Gas Thermometer 
B. Mercury Manometer 
C. 10 Megacycle Receiver 
D. 256-D Oscilloscope 
E. Helium Dewar containing Specimen 
F. Pulse Former 
G. R. F. Oscillator 
H. Type K Potentiometer used to measure 

Thermocouple Voltage 



FIGURE 2 BLOCK DIAGRAM OF THE 

ULTRASONIC PULSE TECHNIQUE 



Figure 3.1 

Trigger Pulse from 256-D Oscilloscope 

Figure 3.2 

Pulse after amplification and 
lengthening by Pulse Former 



Figure 3.3 

R. F. Pulse after Oscillator and R. F. Amplifier 

Figure 3.4 

Pulse Form after 10 Megacycle Receiver 



FIGURE 4 

Echos of 10 megacycle longitudinal waves in LiF 
Oscilloscope sweep length is 100 micro-seconds. 
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is seen in Figure 5* The gas tight experimental space is 

bounded by the helium dewar E and the brass top plate B. 

An n0n ring seal between the glass dewar and the metal plate 

provides the necessary vacuum seal. The specimen I rests 

on a sylphon bellows 3 which is contained in a brass can L. 

The brass can is suspended from the top plate by means of 

& inch stainless steel tubes D. The R. F. signal is 

coupled to the quartz transducer H by means of a spring 

loaded contact 6 connected to a coaxil line C. The coaxil 

line enters the dewar through the top plate B. A rubber 

sleeve M permits raising and lowering of the rigid coaxil 

line so that contact pressure could be varied to suit the 

experimental conditions. The temperature of the specimen 

was measured by means of a copper constantan thermocouple K 

attached directly to the sample by means of masking tape. 

Temperature measurements could also be made using the 

constant volume gas thermometer A. The helium dewar i*as 

surrounded by the nitrogen dewar F. 

A more detailed schematic of the specimen holder and 

contact mechanism is seen in Figure 6. The specimen I 

supported by the sylphon bellows J is held in place by 

phosphor bronze springs N. A sheet of soft cardboard 0 

was placed between the specimen and the bellows. The brass 

can L-containing the specimen was held rigidly in place by 

a framework of supports P, The coaxil tube C leading 
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dovm to the spring loaded contact 6 was made by stringing 

glass beads on a copper wire and placing it inside a 

■4 inch stainless steel tube. Contact was made to the 

bottom, side of the quartz transducer H by means of the 

brass cylinder R containing the central contact G. The 

textolite core S provided insulation between the contacts. 

The quartz transducer was silvered completely on one 

face. A small ring was left bare on the other face so 

that the central contact could be made to the center of 

that side. The contact around the edges completed the 

connections to the opposite face of the crystal. IC is 

again the thermocouple leads. 



FIGURE 5 

o
<
i
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FIGURE 6 
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EXPERIMENTAL PROCEDURE 

It has been experimentally determined that for 

intelligible echos to be received on the oscilloscope 

the quartz transducer must be physically attached to the 

specimen. This can be accomplished using some sort of 

material as a binder between the two. At room temperature 

this is no problem. Waxes such as beeswax, ceresin wax, 

and even paraffin will work very well. However, as the 

temperature of the system is lowered, differential thermal 

contraction between the specimen, the binder, and the 

quartz crystal can result in a loss of the energy coupling 

making the transmission and receiving of signals impossible. 

In most cases the binder simply breaks away from the specimen 

or the transducer since it seems to be the weakest of the 

three, In some cases, however, specimens have been known 

to split as a result of this differential contraction. 

A fair number of binding materials have been used by 

different investigators with varying degrees of success. 

Previous workers here at The Rice Institute have found that 

ordinary stopcock grease serves very well down to about 

160 degrees Kelvin, where it breaks away. E.P.A.,1^ a 

mixture of ether, isopentane, and ethyl alcohol, has been 

found to give good results from 120 degrees Kelvin down to 

4.2 degrees Kelvin in the case of a beryllium specimen and 
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down to about 60 degrees Kelvin in the case of a NaCl specimen. 

McSkimin-3-^ found that Dow Corning 200 fluid worked very well 

all the way down to 4.2 degrees Kelvin on specimens of 

silica and germanium. Since then this silicone fluid has 

been successfully used by other investigators* such as Squire,^ 

by Bommel,® and by Maekinnon.? 

In the experimental work reported on in this thesis* 

stopcock grease was found to work very well down to about 

160 degrees Kelvin where signals ceased to be transmitted. 

Dow Corning 200 fluid was tried, but broke away at approxi¬ 

mately 195 degrees Kelvin. The best results were obtained 

using Dow Coming silicone compound Xc-270 after the manner 

of Classman.^ Using this as a binder, measurements on 

transverse wave velocity were obtained down to 4.2 degrees 

Kelvin and on longitudinal wave velocity down to 90 degrees 

Kelvin. 

The actual experimental procedure was relatively simple. 

The quartz transducer was first placed on the specimen using 

a very small amount of the binding material. After assem¬ 

bling the specimen in the experimental cryostat, dry nitrogen 

gas was let into the helium dewar to serve as a medium of 

heat exchange between the specimen and the cooling agent 

to be placed in the outer dewar. This also minimized the 

danger of having water vapor collect on the binder which 

would cause trouble. The vacuum jacket of the helium dewar 



35 

was then pumped out and liquid nitrogen placed in the outer 

dewar, The rate of cooling could be varied by letting 

exchange gas into the vacuum jacket or pumping it out 

to a very high vacuum. As the apparatus cooled down, measure 

ments of the temperature were made at frequent intervals 

so that readings of velocity could be correlated with the 

temperature. 

The velocity was determined by placing the echos on 

the 25 1 scale of the 256-D oscilloscope and reading the 

arrival time of the leading edge of successive echos on the 

sweep delay dial. Thus knowing the length of the specimen, 

it was possible to calculate the velocity. Since the sweep 

delay dial can be read to about 2 parts in 1000 and the 

length of the specimen was known to at least 4 significant 

figures, the majority of the error comes in setting the sweep 

delay dial on the leading edge of the echo. This is not 

always easy, since sometimes the echos do not rise sharply 

out of the noise from the circuit, ' 
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RESULTS 

The experimental values for the velocity of sound in 

LiP were obtained by using a single crystal purchased from 

the Harshaw Chemical Company, The specimen was of approxi¬ 

mate dimensions, 1" X 1" X 3". The end faces were parallel 

to the (0,0,1) plane where the integers 0 and 1 are the 

well known Miller indices. In order to make accurate de¬ 

terminations of the velocity using the round trip travel 

time, it is necessary that the end faces of the specimen 

be both flat and parallel to each other. This condition was 

realized by carefully polishing the ends until they were 

parallel to within one ten thousandth of an inch. The 

polishing was done by Mr, Prank Newman of the Shell Develop¬ 

ment and Research Company, to whom we are very grateful. 

The theory of elasticity of a solid body allows one 

to calculate the elastic constants from the values of the 

velocity of elastic disturbances in the medium. This theory 

Can be found in such books as Mathematical Theory of 

Elasticity by Love1? and Introduction to Solid State Physics 

*1 ft 
by Kittel, There are only three independent non zero elas¬ 

tic constants for LiP due to the reflectional and rotational 

symmetry of a cubic crystal. These constants are Cn, C44, 

and 0^2* an(* ^ay be calculated from the following relations, 

v/here C is the wave velocity in cm/sec. and is the 
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density in gm/era^: 

(l) Longitudinal graves normal to the (0,0,1) plane, 

(2) Transverse waves normal to the (0,0,1) plane, 

P c " cw 

(3) Longitudinal waves normal to the (0,1,1) plane, 

It is quite obvious from these relationships that it is 

necessary to know both the density and length of LiF as 

a function of temperature. 

Since no data could be found on the coefficient of 

thermal expansion, a room temperature value was deduced from 

the work of Slater on compressibility. The temperature 

dependance was calculated from the relationship between 

<=< (the linear coefficient of thermal expansion) and 

TO 
Cp given by Gruneisen. He pointed out that the ratio 

c*/cp is nearly independent of temperature for several solids. 

Using this relationship and the specific heat data obtained 

experimentally by Clusius, Goldman and Perlick,10 as a 

function of temperature was calculated. The method of 

computation used to obtain the length of LiF as a function 

of temperature was by numerical integration of 

assuming a unit length at 273.16 degrees Kelvin. 
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As has been stated, in order to obtain the elastic 

constants as a function of temperature, it is also necessary 

to know the variation of the density with temperature. This 

was calculated assuming a unit cube at 273.16 degrees Kelvin. 

The experimental results which follow immediately in 

the form of tables and graphs of the wave velocities and 

the elastic constants have been obtained from smoothed values 

of the raw data. The procedure was to draw a smooth curve 

through the experimental points for the velocity as a function 

of temperature and to pick values off the curves at 10 degree 

intervals. These values of the transverse and longitudinal 

waves are seen in Tables 1 and 2. From these values of 

the velocity, the elastic constants C-Q a-nd. were cal¬ 

culated and are shown in Table 3 and Figures 9 and 10. 



TABLE I 

Velocity of 10 Megacycle 

Longitudinal Waves Normal to the (0,0,1) Plane 

T°K Meters-seconds-1 

4.2 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 
110 
120 
130 
140 
150 
l60 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 

6886 
6885 
6882 
6877 
6871 
6864 
6856 
6847 
6838 
6829 
6818 
6807 
6796 
6784 
6770 
6756 
6740 
6724 
6707 
6690 
6673 
6655 
6637 
6620 
6602 
6584 
6567 
6549 
6531 
6512 
6493 



TABLE II 

Velocity of 10 Megacycle 

Transverse Waves Normal to (0,0,1) Plane 

T°K Meters-seconds -1 

4*2 4959 
10 4959 
20 4959 
30 4958 
40 4958 
50 4958 
60 4958 
70 4957 
80 4956 
90 4956 

100 4955 
110 4955 
120 4954 
130 4953 
140 4952 
150 4951 
160 4950 
170 4949 
180 4947 
190 4945 
200 4944 
210 4942 
220 4939 
230 4937 
240 4935 
250 4934 
260 4931 
270 4928 
280 4926 
290 4924 
300 4921 



TABLE III 

Elastic Constants of Lithium Fluoride 

T K C1;L X 10
11 dyi 

4.2 12.38 
10 12.38 
20 12.36 
30 12,35 
40 12.33 
50 12.31 
60 12.28 
70 12.25 
80 12,21 
90 12,18 

100 12.14 
110 12.10 
120 12.05 
130 12,00 
140 11.95 
150 11.90 
160 11,85 
170 11.79 
180 11.74 
190 11.68 
200 11.62 
210 11.55 
220 11,49 
230 11.53 
240 11.36 
250 11.29 
260 11.23 
270 11,16 
280 11.10 
290 11.03 
300 10.97 

C44 X 1011 dynes-em“2 

6.422 
6.422 
6.422 
6.421 
6.421 
6.420 
6.419 
6.418 
6,417 
6.415 
6.413 
6.410 
6.407 
6.404 
6.400 
6.395 
6.391 
6.386 
6.381 
6.376 
6.37? 
6.364 
6,358 
6.351 
6.344 
6.337 
6.330 
6.323 
6.315 
6.307 
6.298 
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DISCUSSION OP RESULTS^ 

Comparing the results obtained for the elastic constants 

C-Q and C44 with other workers, we find that the agreement 

is quite good. Huntington^ has used the ultrasonic pulse 

technique to measure the velocity of sound in LiP at room 

temperature, and the results of his work give a value for 

C11 of 9*75 x 1011 dynes/cm2 and for C44 of 5.56 X 1011 dynes/cm2. 

However, he used a value of 2.295 gm/ce forthe density, which 

is wrong, the correct value being 2.601 gn\/cc. Making this 

correction, we find that his values are C^ = 11.02 X lO-^ 

dynes/cm2 and C44 z 6.28 X 1011 dynes/cm2. Referring to 

Table III, we see that at 300 degrees Kelvin C^i = 10,97 X 

1011 dynes/cm2 and C44 = 6.298 X 1011 dynes/cm2, which is a 

difference of roughly five parts in 1000 for cn and eighteen 

parts in 1000 for C44. Bergmann in his book, Ultrasonics 

and Their Scientific and Technical Applications^, reports 

a value of 12,00 X 1011 dynes/cm2 for C^ and 6,4 X 1011 

p 
dynes/cm for 044, These were obtained using an optical 

interference method. Here the agreement is not nearly as 

good, being off by approximately 10$. Measurements of C-^g* 

the remaining independent non-zero elastic constant, have not 

been made as of now, due to the fact that the crystal must be 

cut in order to have a face parallel to the (0,^1) plane. 

Measurements of velocity normal to this face will yield C^g. 
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Looking at the graphs of Figures 9 and 10 for the 

elastic constants, we note that the slopes become essentially 

0 as T —* 0, This is to be expected as the following con¬ 

sideration will show. 

For an adiabatic change of state from an unstrained to 

a strained state, the internal energy can be written as 

X. so, 4v -v- ^ 

where W is the strain energy function,c-y the elastic con¬ 

stants, the components of strain, and V is the volume 

of the specimen. The term (t) represents the internal 

energy in a state of zero strain, i.e,, that due to thermal 

motions, etc. Differentiating this expression we have 

l^x\ - 
ft 

ej|4v -V 

^ dp - TOV 

Since both C.^ and are known to vanish as T 

the above expression must approach 0 as T 0. If the 

strain components become independent of temperature as 

T —> 0 and each term in the equation for is positive, 

AT 

then must vanish as T 0, which seems reasonable. 

4T 

It is also probable that <4^ will become zero at some temper¬ 
ed *v 

ature greater than 0 but not necessarily at the same temperature 

for each elastic constant . From the graphs we see that 
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Cn is essentially constant below 10 degrees Kelvin and 

is constant below about 20 degrees Kelvin, 

In the theory of specific heat by Peter Debye1**, he 

assumed that a solid could be treated like an elastic 

continuum. With this assumption the distribution function 

for the number of frequencies is proportional to ])*' and also 

there exists a "cut-off frequency", , as an upper limit 

of V in the crystal. The actual form of the distribution 

function turns out to be 

4V - f-k + -V a 4V v' i V 
VC? ' C.? C-r* 

where <^(>0 gives the number of modes of motion in the 

interval between V andy + dv . The velocities of propaga¬ 

tion of three waves (one longitudinal and two transverse) 

are here given by <CW , CT> and cT^and V is the volume under 

consideration. The "cut-off frequency" is determined by 

setting ^ =• S s K) where N is the number of mole- 
O 

cules in the volume V and s is the number of atoms per 

molecule. Prom this we find that 

k - s tvJo [ + 1,-t 1 

4 
3' ^^ 

where now N « Avagadro*s number and V is the molecular volume. 

The heat capacity per mole comes out to be 

r 
<iv - W. k — 

T -fep/T 
e 
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where ^ -K. and is given by 

3 

If the direction of propagation of the three waves is 

normal to the (0*0,1) plane in a cubic crystal, then h-r. d_ 
M 

expression a was calculated as a function of tempera¬ 

ture for LiP. The results are seen in Table 4. In Figure 11, 

the values of taken from the work of Clusius, et al, have 

been compared with the values obtained from the velocities 

of sound, and we see that the agreement at high temperatures 

is not good. However, at low temperatures j the 

value obtained from specific heat work does seem to be ap¬ 

proaching that obtained here. This is reasonable since the 

Debye picture of a continuum and the resulting T^ law is 

known to be more nearly accurate only at very low temperatures. 

The specific heat was calculated using our values of 

<3 D and is seen in Figure 12. As to be expected, the fit 

to the specific heat work of Clusius, et al, is not very 

good at higher temperatures, but does seem to agree at low 

temperatures. 

It was thought that perhaps a better agreement could 

be realized by computing a "cut-off frequency” for each of 

the two wave velocities, longitudinal and transverse, where 

and 



TABLE IV 

Debye Characteristic Temperature 

T° K 

4.2 789.6 
10 789.6 
20 789.5 
30 789.5 
40 789.4 
5° 789.2 
60 789.0 
TO 788.8 
80 788.6 
90 788.3 

100 788.0 
110 787.7 
120 787.3 
130 786.8 
140 786.4 
150 785.9 
160 785.4 
170 784.9 
180 784.3 
190 783.7 
200 783.1 
210 782.4 
220 781.8 
230 781.1 
240 780.4 
250 779.7 
260 778.9 
270 778.1 
280 777.4 
290 776.6 
300 775.9 



TABLE V 

Debye Characteristic Temperatures 

Computed From Longitudinal and Transverse Wave Velocities 

T*K e- Wv(^ u 

4.2 1013 730 
L. 

10 1013 730 
20 1013 730 

.0286 30 1012 730 
40 1011 730 .0616 
5° 1010 730 .1182 
60 1009 730 .2012 
70 1007 729 .3213 
80 1006 729 .469 
90 1005 729 .640 

100 1003 729 ' .838 
110 1002 729 I.063 
120 1000 729 1.270 
130 998 729 1.509 
140 996 729 1.740 
150 994 728 1.946 
160 992 728 2.160 
170 989 728 2.390 
180 % 728 2.616 
190 728 2.807 
200 982 727 2.997 
210 979 727 3.114 
220 
230 

977 
974 

727 
726 

3.303 
3.440 

240 971 726 3.603 
250 969 726 3.730 
260 966 726 3.856 
270 964 725 3.953 
286 961 725 

725 
4.087 

290 958 4.177 
300 955 724 4.277 
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the maximum frequencies are given by the following expressions: 

The specific heat obtained from this method of computation 

is also shown in Figure 12, As can be seen, the agreement 

is no better, in fact, it is slightly worse. From this brief 

consideration of the methods of computing the specific heat 

from the velocities of sound waves in a solid, we can 

conclude that more work of both a theoretical and experi¬ 

mental nature in this field would be desirable. 

From this treatment we get that 
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