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INTRODUCTION 

Although the phenomenon of superconductivity has been known 

for more than 4o years#, It Is still one of the fields of physios 

in which research effort seeks adequately to integrate the ex¬ 

perimental facts with fundamental theory. One is often faced 

with apparently anomalous experimental results which must he 

checked before the nature of superconductivity can be understood. 

One such of these reports is the "paramagnetic effect" in super-, 

conductors. Professor W. Meissner has reported that a solid#, 

cylindrical superconductor which (a) has a large current flow¬ 

ing through It# (b.) is situated In an external magnetic field,, 

and,, (e) is at a temperature Just greater than the transition 

temperature, will exhibit an increased magnetic induction com¬ 

ponent in the longitudinal direction of the cylinder. This re¬ 

sult is interpreted as an increase In the magnetic susceptibi¬ 

lity of the metal, although# below the transition temperature, 

the metal shows the apparent perfect diamagnetism characteris¬ 

tic of superconductors. 

Professor Meissner's experiments, indicating that the mag¬ 

netic permeability increases before the metal becomes supercon¬ 

ductive, would appear to contradict the present concepts of 

superconductivity. However, these induction measurements were 

made by changing one of the external parameters (the magnetic 

field). Professor K, Mendelssohn has suggested that the ob¬ 

served increase in induction is an apparent increase, because 

the induction in only one direction is measured. The increase 

(1) 



might correspond to a rearrangement of the flux* caused by super- 

ourrents being induced in the specimen during the time of change 

of the magnetic field. 

In light of these circumstanoes* it seemed desirable to 

make induction measurements for equilibrium states of the sample* 

at constant values of the temperature, current, and magnetic 

field, fhus, one could determine whether this ''paramagnetism” 

is an intrinsic property of a superconductor in a stable state, 

or, whether it is caused by the particular measuring technique, 

fhis thesis is a report of such an experiment. We shall show 

that, at least for the magnitudes of the variables used in our 

experiment, tin shows no steady state corresponding to an in¬ 

crease of the magnetic susceptibility. We conclude that the 

observed paramagnetism is a transient effect caused by the dy¬ 

namic nature of the measuring method. 

(2) 



PHENOMENOLOGICAL BACKGROUND 

A. Infinite Conductivity 
(l) 

In 1911 * H. fC* Onnes observed that at a temperature of 

about 4-.25° K. the electrical resistance of mercury virtually 

vanished. Many other metals and alloys have since been shown 

to exhibit this phenomenon of “superconductivity.* Even with 

the most sensitive instruments available today* the resistance 

of superconductors is Indistinguishable from zero. 

H. K. Onnes also found that the resistance of the sample 

could be restored by placing the specimen in a suitably large 

external magnetic field. The magnitude of this critical field* 

above which the metal does not exist in the superconductive 

state# increases as the temperature is lowered. The critical 

field, as a function of temperature, Is a characteristic for 

a given superconductor. 

It was also discovered that the superconductivity of the 

sample could be destroyed by sending a large enough our rent 

through the specimen. Sllsbee postulated that the critical 

current Is just that Current which produces, at the surfaoe of 

the sample* the critical magnetic field. This principle seems 

now to be completely confirmed by experiment. 

The magnitudes of the critical fields and currents vary 

greatly with the particular shapes of samples. This dependence 

on geometry is* for large bodies at least, just due to the do* 

magnetizing factor. If a cylindrical sample with longitudinal 

fields and currents is studied, then the demagnetizing factor 

1. H, K, Onnes* Leiden Comm,, 124- b* 124- c (1911). 

(3) 



Is unity* 

One may construct a sort of phase space for superconducti¬ 

vity (figure 1), using the current density, J, the surface mag¬ 

netic induction, Bs, and the temperature, T, as dependent vari¬ 

ables* The volume Inside the surface of figure 1 represents 

values of the parameters for which the cylindrical sample is 

in the superconductive state, and the outside corresponds to 

the metal in the normal state. 

The curve representing the Intersection of the phase boun¬ 

dary surface with the J * 0 plane is Just the curve of critical 

B versus T for zero (external) current. This curve is essenti- s 

ally parabolic for most superconductors, and may be approxi¬ 

mated by 

•**[>-(&] a> 
where Bs is the critical surface Induction, B is the (extrapo¬ 

lated) critical induction at 0° K,, and T0 is the transition 

temperature for zero induction. 

Prom the fact that there is no measurable potential dif¬ 

ference between different points of a superconductor, one may 

Infer that, inside a superconductive body 

£ = - ~ O (2) 

Since electromagnetic field theory makes no essential assump¬ 

tions as to the nature of physical matter, it would certainly 

be expected that Maxwell*s equations would yield a complete des¬ 

cription of the field distributions in the neighborhood of su¬ 

perconductors. Thus, from equation (2) 
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for any point within a superconductor. 

Prom figure 1, it is clear that we may approach the phase 

boundary with an arbitrary value of B in the specimen. After 

crossing into the superconductive state, the external parameters 

may be changed so that the sample is at any point of the phase 

space. But, from equation (3)# B depends only on the conditions 

existing when the superconductivity was established. This im¬ 

plies that, for any given values of the external parameters, we 

have possible an infinite number of stable states of the system. 

This situation is clearly unpleasant from a thermodynamic 

point of view. Since IT in the sample Is not a single valued 
function of the temperature and external field, it is difficult 

to see how one oould formulate an equation of state for the 

system. Also, since it seemed obvious that currents holding*B 

constant would produce Joule heating when the resistivity of 

the sample was restored, the transitions in external field are 

Irreversible. 

B. Meissner Effect 

For many years, the assumption of infinite conductivity 

for superoonduotors seemed to yield a satisfactory interpreta¬ 

tion of most of the experimental data, despite the theoretical 

difficulties of such a hypothesis. In 1933# Meissner and ochaen- 

(1) 
feld observed that if a single orystal of tin is made super- 

1. W. Meissner and R. Oehsenfeld, Maturwissenschaften, V. 21 
7S7 (1933). — 



conductive. In the presence of an external magnetic field, then 

nearly all of the flux is forced out of the metal. That Is, 

the magnetic induction inside of a superconductor Is zero, re¬ 

gardless of what Induction exists in the body at the time of 

the transition from normal to superconductivity. 

The discovery that IT is zero in a superconductor had the 

immediate consequence of putting the thermodynamic treatment 

on a firm foundation. Since the internal? is a single valued 

function of the external field {the inverse is not true), an 

equation of state can, in principle, he formulated. Also, since 

B is zero regardless of the path of transition between the states 

the transition in the presence of external fields is reversible* 

G, Thermodynamic Functions 

The important thermodynamic functions for superconductors 

may be obtained by considering the Helmholtz potential, A,? For 

isothermal magnetizations, the free energy is a function of the 

temperature, <j> (T), plus the magnetic field energy 
r& 

A = f(T) + J H-de <4) 

In order to change the independent variables from T and B to T 

and H, we may add - {^J) B , and obtain a "magnetic Gibbs potent 

tiaX" p H 

$ (T, H) = ^(T) - j E-d'H (5) 
■ ' t> ' 

If we define 

4>,lT) = i-(T) ~ (T)]^ (6) 

where H0(T) is the orltloal surface field for the temperature T, 

(6) 



and note that, from Meissner's experiment 

then 

& = o IHl <HC 

I =JUH iHl > He 

ds - b IT) - i- H* 
S* = 4.(T) - £ H*- 

(7) 

(8) 

where the subscripts a and n refer to the superconductive and nor¬ 

mal states# respectively* The difference of entropy between the 

phases is 

This means that the phase change is a first order transition, 

except at the zero field transition temperature and at absolute 

zero. Also, the entropy difference is independent of the exter¬ 

nal field. 

For some time, it was believed that postulating infinite 

conductivity and zero magnetic permeability would give an ade¬ 

quate account of the electrodynamlo behavior of superconductors. 

However, It was found to be possible to •'freeze11 a magnetic field 

in the hole of a doughnut-shaped superconducting ring. If we 

consider the line integral of H along a path through the hole, 

and encircling the ring# then we find that there must be a true 

current in the superconductor, not a magnetization current as' 

implied by zero permeability. 

(9) 

(7) 



D, The London _____  

In 1935* and H. London ' proposed that the electro¬ 

dynamics of superconductors could be described by assuming that 

the currents may be divided into two parts, (1) a normal cur¬ 

rent, jn, and (2) a superourrent, j s 

J = L <10> 

The normal current is related to the electric field by Ohm*s law 

^ ^ ^ (ID 

The superourrent, however* is coupled with the electric and mag¬ 

netic fields by the London equations 

Ujs) = -6 (12) 

St (k js) “ £ (13) 
P 

where <A - m/ne and n is the number of Msuperelectrons” per unit 

volume. 

Many theoretical attempts, none wholly satisfactory, have 
\ 

been made to derive equations (12) and (13). One simple deri¬ 

vation considers the supereleotrons as being acted on only by 

the accelerating force of the electric field. Thus 

d Vs 
F - c£ - ** 

_ dJs 
~ -^e Zf 

^ ^ J =■ E 

E - fa 

(12) 

1. F. London and H* London, Physical ¥. 2, 3*1-1 (1935). 
2. F. London, Superfluids, J. Wiley & Sons, Hew York, 1950. 

(S) 



(13) js) = -0 
if we assume Jg 

s 0 when B * 0. 

The most generally accepted concept of superconductivity 

is that E * 0 does not mean that the "conductivity" of the metal 

is infinite. As far as the normal electrons are concerned, the 

interactions producing resistance are not significantly affected 

at the transition to superconductivity. Bather, Ts is zero in 

the metal means that the supereleetrons, which are free from any 

dissipative effects, effectively short circuit the volume of the 

metal, similarly* the Meissner effect is not believed to be 

oaused by a large soale diamagnetism, or a magnetization. It is 

believed that B is zero in a superconductor because the super- 

electrons are coupled with the fields by equations (12) and (13). 

The superourrents arc so distributed that they produce an H_ 

which just cancels the externally produced H throughout the vol¬ 

ume of the body, 

E# The Anomalous Paramagnetism 

The Important concept of the transition to superconducti¬ 

vity is that of a new energy state in which electrons are free 

from dissipative interactions. It is difficult to believe that 

there actually are gross changes taking place in the conducti¬ 

vity and permeability (as we usually think of them). Therefore, 

the reports of "paramagnetic effects" in superconductors seemed 

to be quite anomalous. 

Steiner and schoeneck,^ and more recently, Meissner* 

1, K. Steiner and H. Schoeneck* Phyg. Z,, V, 44, 346 (1943). 

(9) 



Sohmelasner, and Meissner, ^ reported experiments which indi¬ 

cated an increase in the magnetic susceptibility of a metal un¬ 

der special conditions. This paramagnetic effect occurs 4ust 

above the transition temperature, but only when the sample car¬ 

ries a large current in the presence of an external magnetic 

field* The observed Increase in susceptibility increases with 

increasing current* 

Meissner and his collaborators worked with cylindrical 

samples of tin and mercury. The cylinders were mounted so that 

they were in a longitudinal magnetic field* Also, large cur¬ 

rents could be sent through the samples. . 

An induction coll (connected to a galvanometer) was wrapped 

around the specimen. Ohanges of total flux through the ooll 

could be measured by observing the ballistic throw of the gal¬ 

vanometer, 

Meissner and co-workers made measurements at fixed values 

of the temperature and current. Each measurement consisted of 

reversing the external magnetic field (reversing the current 

in the soleroid producing the field) and recording the throw 

of the galvanometer. Their curve of galvanometer deflection 

plotted against temperature (for several different currents in 

the tin) Is shown in figure 2. 

The curves of figure 2 may be Interpreted as follows: when 

no current is flowing in the tin, and the sample is in the nor¬ 

mal state, a certain deflection ( o(0 ) is obtained when the 

field is commuted. This deflection remains constant, as the 

1. W. Meissner, F. Schmeissner, and H. Meissner, Zelt. fU r Phys 
521-52S (195D- , ' 

(10) 
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temperature is lowered, until the transition temperature is 

reached. When the tin becomes superconductive, the flux is ex¬ 

cluded from the volume of the tin. Thus, only small deflec¬ 

tions ( oie0 ) are obtained when the tin is superconducting, o(00 

corresponds to a leakage flux between the coll and the sample, 

and should be a correction Independent of temperature and cur¬ 

rent. 

With a current flowing through the sample, and for high 

enough temperatures, the same deflection as before ( o(6 ) is 

found. It might be expected that one would obtain the same 

curve, of deflection versus temperature, that was obtained for 

zero current. An axial current would not affect the magnetic 

field in that direction and would serve only to lower the transi¬ 

tion temperature slightly. Meissner, Sohraeissner, and Meiss¬ 

ner find, however, that as the transition temperature is ap¬ 

proached the deflections become much greater than oic. Below 

the transition temperature, the deflections fall off to the 

constant value °(o«. 

The increase in deflections means that the Integral changes 

of longitudinal flux in the sample increase as the transition 

temperature is neared. When the sample becomes superconductive, 

however, it still exhibits the apparent perfect diamagnetism 

characteristic of superconductors. 

The Increase in the flux changes might be construed as an 

increase in the magnetic susceptibility of the metal* It is 

clear, however, that these measurements are made under varying 

(11) 



conditions of the state of the sample. One of the parameters Is 

changed in order to make the measurement. At relatively high 

temperatures the tin is in the normal state during the entire 

time of a measurement. Near the transition temperature the metal 

may spend part of the measurement time in the superconductive 

phase. - 

F. The Experiment of this Thesis 

Kf Mendelssohn^ has suggested that the apparent increase 

in susceptibility might be caused by the transient state of the 

system. The increase In longitudinal flux changes might corres¬ 

pond only to a rearrangement of the currents* as the sample be- 

oomes superconductive in an external field. The Increased de¬ 

flections would not necessarily mean an increased total flux in 

the sample. 

To investigate the situation, it was decided to measure 

the Induction for constant values of all three variables of 

state. One might then determine whether there actually exist 

equilibrium states* for which, the longitudinal induction In 

a cylindrical superconductor carrying a ourrent is greater than 

for one carrying no ourrent. We proposed to do this experi¬ 

ment by using a kind of "flip coll,» so that measurements could 

be made at constant values of the field. 

An experiment which compares the flux in a sample of tin 

with the flux in a superconducting sample (lead, of the same 

dimensions and under the same external conditions as the tin) 

has been carried but. Each measurement is made for an equlll- 

1. K. Mendelssohn, Hep. Prog. Phya., V. 10, 35E (1946); 

(12) 



brlum state which is represented as a point in the phase space 

of figure 1. From these measurements* we conclude that the ob¬ 

served increases in susceptibility are not an equilibrium prop¬ 

erty of superconductors. The apparent increase In Induction 

must be caused by transient effects introduced by the particu¬ 

lar measuring method. 

(13) 



EXPERIMENTAL ARRANGEMENT 

The experimental apparatus consists of oopper, tin, and 

lead cylinders, placed end to end in series. A small induction 

coil is placed around the cylinders, such that the coll may he 

rapidly moved from one cylinder to another. The coll is con¬ 

nected to a ballistic galvanometer so that the changes of total 

flux through the coll may he measured. 

The arrangement is such that an external magnetic field 

may he applied in the longitudinal direction of the cylinders. 

At the same time, a large current may be seat through the cyl¬ 

inders. The temperature of the samples is controlled by plac¬ 

ing the specimen in a hath of liquid helium. A measurement 

consists of moving the coll from the tin to the lead cylinder, 

at a constant value of the temperature, current, and magnetic 

field.. 

A schematic cross section of the apparatus (not to scale) 

is shown in figure 3• fhe specimen, s, consists of copper, tin, 

and lead cylinders (each approximately S cm. long and 2.g mm. 

in diameter) soldered together in series, and packed into a 

thin German Silver tube. This rod is mounted vertically, with 

the upper end (copper) held in a textolite block, B« 

The sample holder, B, is suspended from the main plate, P, 

by steel and textolite tubes, P^ and Pg, respectively. In series 

The sample holder has a slot out in it so that one of the cur¬ 

rent leads, K, may be attached to the upper end of the oopper 

cylinder. 

The induction coil, 0, Is hung from a mlcarta rod, R, by 



FIGURE 3. SCHEMATIC CROSS SECTION 

OF EXPERIMENTAL APPARATUS 



means of two German Silver capillary tubes* T. The drive' rod, 

R, passes up through the tubes P-j_ and Pg, and extends on through 

the plate and brass tube* D* Above the brass tube the rod is 

fastened to a cylindrical block of iron, I. A glass vacuum 

cover* G, is waxed around the brass tube* The coil may be raised 

and lowered by moving the iron with a small solenoid which 

slides outside the vacuum Jar* 

Since it was necessary to pass large currents through the 

sample, most of the current leads were of #12 copper wire. To 

reduce heat leaks oaused by this large wire* a can for liquid 

nitrogen, N* was suspended from the upper plate by two monel 

tubes, M. Two #12 wires extend downward from the plate and these 

wires are thermally connected with the nitrogen can. From the 

can to just above the sample holder, the current leads are of 

#26 wire wound in a helix (to inorease the length). Below the 

sample holder, #12 wire is again used for the current leads. 

The sample was shielded from the magnetic field caused by the 

return current by placing a superconductive lead tube, i., around 

the return current lead. This technique of wiring seemed quite 

effective, as we had little difficulty making the liquid helium 

last for rather long periods of time. 

The apparatus shown in figure 3 is surrounded by a flask 

for liquid helium, H« Around H, and not shown, is placed an 

outer dewar flask for liquid nitrogen. The solenoid for pro¬ 

ducing the external magnetic field Is mounted outside the nitro¬ 

gen flask. The field of the solenoid was known to be homogenous, 

to within one percent, over the volume of the tin. The tempera- 

(15) 



ture was controlled and measured by the vapor pressure of the 

helium bath, and the bath could be stirred by moving the ooll up 

and down. 

The leads from the Induction ooll (of #4o copper wire) were 

brought out through a wax seal in the upper plate. The ooll 

leads were connected to a galvanometer (figure 4a) so that bal¬ 

listic deflections could be observed. The currents for the 

sample and the field solenoid were supplied by a D.C, generator 

(figure 4b) in parallel with a set of batteries. A separate set 

of batteries provided the current for the small solenoid used 

to move the ooll. 

The experimental procedure was as follows! the parameters 

were adjusted so that the sample was at any desired point of the 

phase space of figure 1. The coll would then be dropped from 

the middle of the tin cylinder to the middle of the lead. The 

lead was superconductive* so that B was zero inside the lead 

cylinder. Thus* the change in flux through the coll is a meas¬ 

ure of the longitudinal flux in the tin. One of the parameters 

was then changed (the point representing the system was shifted 

parallel to one of the axes in figure 1) and the system allowed 

to come to equilibrium, The flux change for this new state was 

then measured. This process was continued for a series of 

points in the neighborhood of the phase boundary surface. 

(16) 
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RESULTS 

The experimental data are given In tables 1# 2* and 3# with 
the results given graphically in figures 5, 6, and 7* Each of 

these sets of data Is a series of measurements with two of the 

variables held constant throughout. The third parameter was 

©hanged in small steps. In figures 4# 5> and 6* the absissa 

is the variable which was changed, while the ordinate is the 

ballistic throw of the galvanometer when the coll was dropped 

from the tin to the lead cylinder* 

The superconductivity of the tin could be destroyed by 

(1) high temperatures# (2) large currents# or (3) large exter¬ 

nal fields. When the sample was in the normal state a large 

deflection was obtained# since the field penetrated the tin but 

was excluded from the superconductive lead* By decreasing one 

of the parameters, the superconductive state could be entered 

(along a line parallel to one of the three axes of figure 1). 

When the tin became superconductive# the deflections were re¬ 

duced to zero# since B was then zero in both the tin and the 

lead. An increased longitudinal induction at any point would 

correspond to an increased throw of the galvanometer for that 

point. 

There is a rather large scatter of the points in figures 

5, 6, and 7* This scatter may be attributed to two main sources: 

(1) the galvanometer deflections were so rapid that it was not 

possible to make readings accurate to less than one or txvo mil¬ 

limeters uncertainty; (2) current fluxuatlons in the solenoid# 

(17) 



TABLE I 

H = 27.5 gauss T = 3.513 ^ K* 

I 
(Amps.) 

Initial 
Reading 

Pinal 
Reading 

Deflection 
(cm.) 

I. 10.0 29.7 1.8 -27.9 

2, 10.0 29.8 1.7 -28.1 

3. 9,0 29.8 1.1 -28.7 

if.. 9.0 29.7 1.7 -28.0 

5. 8,0 29.5 14 -28.1 

6. 7.0 29.5 1.2 -28.3 

7. 6.0 29.5 30.3 0.8 

8. 7.0 29.3 2.ij. -26.9 

9. 6.8 30,2 21,1 -9.1 

10. 6.7 29.8 21.0 — 8*8 

II. 6.5 29.9 2l{.,0 - 5.9 

12. 6.5 29.6 25.7 -3.9 

13. 6.3 29.5 30.0 0.5 

Ilf. 6.3 29.6 30*2 . 0.6 

15. 6.2 29.5 29.5 0.0 

16. 6.2 29.5 29.7 0.2 
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TABLE 2 

H = 16 gauss I =9*9 ita>s* 

T nu Initial 
Heading 

Pinal. 
Reading 

Deflection 
(cm,) 

I* 3*82? 28,9 10.5 *■*1814 

2* 3*859 28,9 II. 7 -17*2 

3. 3.810 28.5 li.3 -17 i 2 

4* 3*797 28,6 10.-8 §17.8 

5* 3*790 29.2 II.8 -17.4 

6* 3.771 29.I II.8 -17.3 

7* 3*726 29.1 11*6 -17.5 

8. 3.718 29,0 II. 7 •17*3 

9. 3*686 29.2 II. 2 -18.0 

10. 3.637 29.1 10,1|. “18.7 

ii. 3*598 29.I 11.6 -17*5 

12. 3.589 29.6 14.5 -15.1 

13* 3.536 28.7 29.2 .0*5 

Il|.. 3.531 29.2 28.8 

- O
 f 

9 





TABLE 3 

I ■= 10 Amps. 

H 
(gauss) 

Initial 
Beading 

I. 35.0 23.5 

2* 32.5 2i{..0 

3« 32.5 26.0 

4. 30.0 25.0 

27.5 24.5 

6. 27.5 25.0 

7. 25.0 24.0. 

8* . 25.0 ' 2l[..2 

9. . 22.5 24.5' 

10. 22.5 24.3 ■ 

T = 3.501 • K. 

Pinal Deflection 
Reading {era.} 

4.5 -19,0 

6.5 -17.5 

7.5 **18.5 

7.8 -17.4 

21.5 -3.0 

21.8 -3.2 

23.1 -0*9 

22.9 -1.3 

23*0 -1*5 

22*7 —1*6 





and small uncontrolled movements of the coll, caused zero shifts 

of the order of several millimeters. It is believed that these 

uncertainties would certainly not mask an effect of the sizes re¬ 

ported by Meissner, sohmelsaner, and Meissner. 

It Is clear that our results do not indicate an Increase 

in the longitudinal flux In the tin for any point of the region 

which we investigated. 



CONCLUSIONS 

The results Indicate that, for the range of values used 

in our experiment at least, there exists no stable state cor¬ 

responding to paramagnetism of the metal spec&mfifL*. This re¬ 

sult is not necessarily in conflict with the work of Dr* Meiss¬ 

ner and co-workers, since they m©amp?e& a quantity different 

from the one measured by us* Our measurements were for equili¬ 

brium conditions* We must conclude, therefore, that the para¬ 

magnetic effects which have been observed are to be attributed 

to the particular method of measurement* Such effects do not 

represent an intrinsic property of a superconductor In an equi¬ 

librium state* 

'(19) 
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