
RICE UNIVERSITY 

Flux Quantization and Interference 
Effects in Superconducting Niobium 

by 

John Tatum Carter 

A THESIS SUBMITTED 
IN PARTIAL FULFILLMENT OF THE 
REQUIREMENTS FOR THE DEGREE OF 

MASTER OF ARTS 

Thesis Director’s Signature: 

Houston, Texas 

May, 1966 



ABSTRACT 

Flux Quantization and Interference 
Effects in Superconducting Niobium 

The current through a circuit constructed by 

touching two pieces of superconducting Nb together 

was found to vary periodically with the applied 

magnetic field* This is attributed to the quanti¬ 

zation of the flux enclosed in the circuit. The 

results are in agreement with those reported by 

Zimmerman and Silver (Phys. Rev. Letters 10, 47(1964-)). 
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INTRODUCTION 

One of the aspects of superconductivity is that it 

offers an opportunity to study quantum mechanical effects 

on a macroscopic scale. About thirty years ago London^ 

suggested that the superconducting electron state would 

be a state of long range phase coherence. That is, the 

wave functions of the superconducting electrons would 

extend throughout the superconducting material. Thus 

the wave function at a given point would be related to 

the wave function at any other point in the material, de¬ 

fining a unique phase difference between any two arbitrary 

points. This would imply that it would be possible to 

observe interference between two supercurrents. This 

supercurrent interference is analagous to the interference 

observed when an optical interferometer is used to split 

a beam of light and then bring it back together again. 

The observation of interference effects in a superconduc¬ 

tor is the object of this research and will be discussed 

at length later. 

' 2 In London's macroscopic theory of superconductivity 

he introduces a momentum field ps for the supercurrent, 

which is given by (in the non-relativistic approximation): 
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where A is the electromagnetic vector potential. He 

shows5 that ps can be written as the gradient of a scalar 

quantity X, called the superpotential: 

—» 
/j ” r a- <i 

X is defined only in the superconductor and need not be 

a single-valued function in a multiply connected super¬ 

conductor. However, quantum mechanics requires that , 

the wave function of the superconducting electrons, be 

single-valued. If one considers a ring-shaped supercon¬ 

ductor, then the wave function with a magnetic flux pass¬ 

ing through the ring is: 

2Tr t 
f-= % e^~ 

* (e) 

provided the function %(») is such that 

%(&) - & (& + Zfr) = < - n A 

( is the wave function in the absence of flux, & is 

the coordinate of a point on the ring, and the modulus of 

is the increase in ~)£. as one goes around the ring). 

London has also shown that if one defines the fluxoid ft 

ft-ffb js ■+ 

such that: 



then, 

<f ~ J> Ps ' d I ~ f $ ^ ’ d l = (, % ) 

(In the definition of fluxoid b is the magnetic field, 

TV. is the .London "penetration depth", and j is the 

supercurrent density.) Then, equating the two values for 

the modulus of X: 

<j>0 s As: ~ ‘f • /O”7 Cj<X.iA^?S - C rr? 

where <f>0 is the fluxoid quantum. For a thick ring the 

fluxoid will be approximately the total magnetic flux 

passing through the ring. Flux quantisation was veri¬ 

fied experimentally by Deaver and Fairbank and Doll and 

Nabauer , but the flux quantum was found to be one-half 

that predicted by London. However, in the BOS theory 

of superconductivity the supercurrent is due to pairs of 

electrons. These pairs are condensed into a single 

quantum state in which all the pairs have identical momen¬ 

tum; 

ft ' /\ 

Then the flux quantum has the value: 
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5 
In 1962 B. D. Josephson predicted that there could 

be a coherent tunneling of the electron pairs from one 

superconductor to another across a thin (10-20 A) insu¬ 

lating barrier with no potential drop. The tunneling 

6 was subsequently observed by Anderson and Rowell , and 

the "Josephson junction" has become a useful tool for 

studying properties of the superconducting wave function 

and flux quantization. It was also found by Anderson 

and Rowell that the Josephson current through a junction 

was a periodic function of the flux <j>j ; enclosed in the 

effective area of the junction. (The effective area 

includes the oxide layer and that part of the supercon¬ 

ductor into which the magnetic field penetrates.) The 
7 

maximum current through a single junction has been shown 

to be: 

One can also consider the situation with two Josephson 

junctions in parallel (Figure 1). Due to the long range 

coherence of the wave function it is possible for the 

supercurrents through the two junctions to interfere 

when they come together (analogous to the optical inter¬ 

ferometer) . Interference occurs when the phase shifts 

in the two branches of the par allel circuit are not iden- 
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tical. For two identical junctions, the maximum current 

through the pair is given by: 

I„ = 2 I„ I- I C0S tr/A) 3) 

where $T is the flux enclosed in the parallel junction 

circuit (Figure 1). Then, if one were to plot , versus 

an applied magnetic field, one would expect to observe 

two periodicities. One pattern would be the single 

junction pattern of equation 1, with a relatively large 

periodicity (around one gauss); and the other would be a 

small periodicity due to the cos (»VT/A ) term. Such 

8 periodicity has been observed by Jaklevic, et,al. 

Since the area enclosed in the parallel junction circuit 

p 
was as much as 0,1 mm , the results show that the wave 

functions are coherent over relatively long distances. 

The phenomena of flux quantization and long-range 

9 10 
phase coherence have also been observed * by using 

"weak contacts" or "weak links", other than the Josephson 

9 type junctions. In the experiment of Lambe, et.al. , a 

continuous metal film was cut in two places such that only 

a narrow "bridge" of metal was left at the two spots. The 

two bridges were 20^ long and 20^ wide, and the circuit 

2 
enclosed an area of up to 2 mm , Microwave techniques 

were then used to investigate the properties of the cir¬ 

cuit. In another experiment by Zimmerman and Silver^ 
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bulk samples (wires and ribbons) of various typo II 

sperconductors (Mb, Ta, V) were touched together to make 

a "weak contact.” The exact nature of the "weak contact” 

is not known, but it may be like the model shown in 

Figure lb, with the width of the link of the order of the 

penetration depth. In both experiments periodic behavior 

(indicating flux quantisation and long-range phase co¬ 

herence) was observed. (The periodic behavior may be 

12 
related to the observations by Parks and Little of a 

periodic dependence of the transition temperature of 

thin-walled cylinders on the axial magnetic field.) The 

major difference between the "weak contacts” and Josephson 

junctions is that the former do not exhibit the damped 

(sin x/x) behavior of a single Josephson junction (Bqua- 

10 
tion 1). Zimmerman and Silver observed no attenuation 

of the superconducting current out to 3000 gauss with 

niobium samples, and obtained periodicities of the current 

as low 25 microgauss. 

The object of this research is to investigate the 

properties of "weak contacts" between niobium samples by 

using methods similar to those of Zimmerman .and Silver, 

and to study the possibility of developing a magnetometer 

for the microgauss field region. 
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THEORY 

We will assume that the physical situation lead¬ 

ing to the observed interference effects is that of 

Figure la (a superconducting loop broken by two junc¬ 

tions). As mentioned previously, many of the properties 

of such a circuit have been explained theoretically 

where the junctions are "Josephson junctions." However, 

the periodic behavior (of the current through the .junc¬ 

tions with the magnetic field) which was observed by 

Zimmerman and Silver, and by the author, did not show the 

"diffraction-like" behavior due to a single Josephson 

junction. For this reason an attempt was made to devise 

a model for a junction which would yield the observed 

behavior. Even though the attempt has thus far been 

unsuccessful, the author would like to suggest a possible 

model and theoretical approach. 

One could consider the junction to consist of a 

thin "bridge" of superconductor between two large pieces 

(Figure lb). Although in the large pieces the current 

would effectively be a surface current, the "bridge" 

might be thought so small that the current density 

v/ould be essentially constant throughout its cross- 

section. Thus in calculating the phase integral around 



8 

a loop containing two such junctions, one would obtain 

contributions due to the current density at the junc¬ 

tions. (In the large pieces one can choose a path of 

integration deep enough in the superconductor so that 

the current density is zero.) The phase integral would 

be 

= — / (/+ 

= + 

where <fT is the total flux through the circuit, and 
J refer to the integrals through the two bridges. 

Using this approach both the author and an associate have 

been unable to obtain a relation between the maximum 

current through the junction and the flux in the cir¬ 

cuit. However, it is quite possible that the bridge 

model does not accurately portray the actual physical 

situation. 

Any theory for these "weak oaatacts" should also 

note that the observed periodic behavior occurs with a 

voltage drop across the junctions (the junctions are no 

longer totally superconducting, but are showing a resis¬ 

tance). Yet, fron the periodic behavior one implies 

that there is a long range phase coherence of the wave 



function, 

through a 

9. 
Thus the phase coherence apparently extends 

"normal" portion of the sample. 
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EXPERIMENTAL METHODS AND APPARATUS 

The property of long-range phase coherence had 

been demonstrated for type I superconductors by Jaklevic, 

et. al.using Josephson junctions. This property 

was extended to type II superconductors (Mb, Ta, and V) 

by Zimmerman and Silver, using "weak contacts." The 

author's research, a description of which follows, is 

an attempt to continue the work of Zimmerman and Silver 

and to investigate further the properties of the "weak 

contacts ^" 

The junction support and one of the attempted con¬ 

figurations are shown in Figure 2. The assembly is sup¬ 

ported by a single thin-walled stainless steel tube. Con¬ 

centric with it is a smaller thin-walled tube which has 

attached to its lower end a threaded nylon shaft. This 

shaft is the means by which mechanical motion is trans¬ 

mitted to the junction assembly. In the event that ad¬ 

justments possible by this mechanical link were insuf¬ 

ficient, the entire junction assembly could be removed, 

altered, and then reinserted into the He-bath. 

The first type of junction assembly attempted was 

that of the "crossed wires." A small Al disk was attached 

to the threaded screw, and a five mil Mb wire was sus- 
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pended vertically from this disc, which could be rotated. 

Another five mil Nb wire was fastened horizontally such 

that the vertical wire could be rotated against it. By 

rotating the A1 disc one could thus vary the force hold¬ 

ing the two v/ires together and obtain various contacts 

between them. Some of the properties of these contacts 

could then be studied by means which will be described 

later. Using this assembly there was no difficulty in ob¬ 

taining results similar to those of Zimmerman and Silver. 

After this early success, a number of attempts were made 

to obtain geometries similar to that of Figure la, where 

p 
the enclosed area of the circuit would be about 0.1 mm .. 

The first method attempted is shown in Figure 3a. 

Two pieces of 20 mil lib sheet were cut in the shapes shown 

(Figure 3a), and they were placed in a groove 1.2 cm wide 

cut in a nylon disc one inch in diameter. The object 

was for the "finger-like" projection on the one piece to 

make contact with the two sides of the "V" cut into the 

other piece. The "V" was 2.5 mm wide and 2.,5 mm deep, 

and the "finger" was 0.5 mm wide. Assuming perfectly 

sharp machining, one would have an enclosed area of ap- 

proximately 0.12 mm when the finger was touching both 

sides of the "V". Practically, it is difficult to work 

with Nb, and the expected enclosed area would be less than 
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0.1 ima . By rotating the A1 disc (Figure 2) one could 

move the "finger'1 and thus adjust the contact Between 

the two pieces. The two electrical contacts to each 

piece of Nb were made by springy pieces of phosphor- 

bronze, which also served to hold the Kb in the groove. 

This particular method only yielded the desired behavior 

once, so various other methods were tried. 

In one variation, the above "finger" piece was 

mounted vertically such that the "finger" passed through 

a loop of 5 mil Nb wire (Figure 2). The "finger" was 

attached to the nylon screw slightly off center; and it 

?/as hoped that by rotation of the screw, two corners of 

the "finger" would make contact with the circular loop. 

Such a contact was never observed. 

The final method tried was actually quite similar 

to the first one described. A piece of 5 mil Hb sheet 

was cut into the shape of the above described "finger" 

piece, and then the "finger" itself was bent to form a 

hook. This piece was attached to a small nylon sled such 

that the hook was caught in a "V" formed from 5 mil Nb 

wire which was attached to another nylon sled (see Fig¬ 

ure 3b), These tv/o sleds were in a groove cut in a one 

inch diameter nylon disc. The sled holding the hook could 

be moved in the groove, and it was hoped that the two 
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sides of the hook would touch the two sides of the "V". 

Again, the desired behavior was only observed once. 

The "desired behavior" mentioned above refers to the 

dependence of the current passing through the pair of 

contacts on the magnetic flux enclosed in the circuit. 

Thus one needs a way of producing and measuring magnetic 

fields. The sample assembly is centered in a 1.1 inch 

I.D, brass cylinder, around which iswwound the field 

producing solenoid. It consists of an eight inch long, 

two layer winding of number 32 copper wire, and produces 

92 gauss/amp. The solenoid power supply is either a 

Harrison Lab Model 6204A or 6226A Power Supply. Por 

measurement of magnetic fields the Hewlett Packard 428B 

magnetometer was used with a modified probe. The probe 

modification consisted of removing the standard plastic 

casing (which would crack at liquid He temperatures) 

and placing the probe in a K inch I.D. brass tube. The 

additional space in the tube was filled with aluminum 

filled epoxy. The magnetometer could detect field changes 
mm 

on the order of 10 ' gauss, though its absolute accuracy 

was only about a milligauss. The probe was centered in 

the brass cylinder on which the solenoid was wou^d. 

To shield the sample from external magnetic field 

variations, a hollow lead cylinder was placed around the 
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brass cylinder. 'This lead cylinder was twelve inches 

long, had an inner diameter of 1 3/4 inches and a wall 

thickness of 1/8 inch. During an experiment the lead 

vrould be superconducting and would shield the sample. 

The shield, magnetic probe, and solenoid are shown in 

Figure 4. Outside the entire dewar system was a 29 inch 

long end-corrected solenoid which was used to null the 

vertical component of the earth's magnetic field. The 

nulling was done prior to the He transfer so that, to 

within several milligauss, zero field was trapped in 

the lead cylinder when it became superconducting. The 

magnitude of this solenoid field was 17.55+ .01 gauss 

11 
per amp (Muench ), 

The block diagrams in Figures 9 and 10 show the two 

phases of an experimental run. To determine whether a 

given junction configuration was of interest, its I-V 

curve was plotted (Figure 9). If this curve had the 

desired shape (i.£., something like Figure 5)» then the 

current through the junctions was set such that a small 

voltage appeared across the junctions. The junction 

current supply was a PAR Voltage/Current Reference Source 

(Model # TC-602 CR). The magnetic field through the 

junction circuit was then varied to see if the voltage 

across the junction appeared to vary. If it did, the 
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wiring was changed to that of Figure 10, and plots of 

the voltage across the junctions versus the magnetic 

field were made. For - small fields the outj>ut of the 

magnetometer could be used for the field axis, but for 

fields greater than ten gauss the voltage drop across 

a standard resistor was used. From the voltage/field 

curves the periodicity of the field could be determined. 

—7 2 
Then assuming the value of 2.10 ' gauss—cm for the flux 

quantum, tile area enclosed by the junction circuit could 

be found. 



RESULTS 

In general, the results can he divided into two 

groups corresponding to two supposedly different types 

of junctions. The first type of junction is that ex¬ 

pected from the "crossed-wires" experiment, although 

similar behavior was observed for junctions obtained 

using the other configurations. Zimmerman and Silver 

referred to this behavior as "single-contact" periodi¬ 

city, but they commented that it was "probably due to 

discrete multiple connections over the contacting area." 

Such junctions were characterized by a large periodi¬ 

city (0.2-15 gauss) of the voltage across the junction 

with the applied magnetic field. The second type of 

junction is that corresponding to small periodicities 

(about 10 milligauss). 

The I-V curves for the junctions exhibiting the 

"large" periodicities varied considerably quantitatively, 

but the basic shape of the curve followed a general 

pattern (Figures 5a and 5b). First there is a zero 

resistance region up to a current value of from 0.1 to 

1,2 milliamp. Then there is a transition, the sharpness 

of which depends on the particular junction, followed by 
\ 

a linear region with a slope corresponding to a resis- 



17. 
tance of 2-6 ohms* In general., the sharpness of the 

transition appears to increase as the maximum zero 

resistance current increases. In Figure 5a the average 

slope of the transition region of the I-V curve is 

11 ohms, while in Figure 5b the average slope is greater 

than 4-0 ohms. The transition occurs at 0.2 ma for 5a 

and at 1*2 ma for 5b. Having taken the I-V curve by- 

increasing the current to some,value on the linear por¬ 

tion, the current was then decreased back to zero. In 

every case it was found that there was almost no hys¬ 

teresis (the curve retraced itself almost exactly). 

Figures 6a -and 6b show a plot of the voltage across 

the junction versus magnetic field for the junctions 

corresponding to the I-IT curves of Figures 5a and 5b* 

The first curve appears to be the result of the super¬ 

position of two periodicities of 0*8 gauss and 4*0 gauss* 

Zimmerman and Silver have reported similar results. The 

second V-B curve looks almost like a square wave, with 

abrupt voltage changes of 1.0 mv, which correspond to 

the one millivolt transition in the I-V curve. Other 

V-B curves were obtained which showed smooth sinusoidal 

variations of V with B and periods fnom 0.2 gauss to 10 

gauss. 

The I-V curves corresponding to the two small period 
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junctions are shown in Figures 7a and 7b. They have 

several notable features when compared to the previously 

discussed I-? curves. The first feature is the low 

value for the maximum aero resistance current (0,2 ma and 

0.05 ma). Secondly, the transition to the linear portion 

of the curve is so smooth that it is difficult to define 

a maximum zero resistance current. Finally, the slopes 

of the linear portions are 1.6 and 6.0 ohms, which are 

the minimum and maximum slopes observed. More results 

would be required before attempting to attach signifi¬ 

cance to any of these observations. 

Both of the small period junctions yielded smooth 

sinusoidal V-B-curves. A set of V-B curves for the junc¬ 

tion corresponding to the I-V curve of Figure 7b is 

given in Figure 8, where the different curves correspond 

to different initial values of the voltage across the 

junction. The periodic behavior was observed for initial 

voltages of from 0,07 to 0.5 volts. The period was about 

9 milligauss, with a maximum oscillation of 0.15 milli¬ 

volts. The other junction had a period<of about 16 milli¬ 

gauss, with approximately the same oscillation. 

The 16 mgauss periodicity was obtained using the 

geometry shown in Figure 5a. Assuming the periodis due 

to the changing magnetic flux" through the circuit with 
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/ —7 2 
a flux quantum <po - 2.10 ' gauss-cm , then the enclosed 

-3 2 
area containing the flux would be about 10 mm . But, 

2 
from the geometry, one would expect the area to be 0.1 ram . 

p 
This factor of 10 difference would imply that the double 

contact v/as not made as planned. It is thought that due 

to rough spots on the "finger'', a double contact of a 

small area was made on one side of the "V". 

The nine milligauss periodicity was obtained using 

the geometry in Figure 3b, and would imply an enclosed 

—3 2 
area of about 2 x 10 mm . The "finger" was about 0.25 mm 

wide, and, assuming the section of the v/ire "V" the 

"finger" touched was an arc of a circle of 1 mm diameter, 
_2 2 

the enclosed area would be about 2 x 10 mm . This 

still leaves a factor of ten discrepancy, but one is 

tempted to explain that by saying that the bend of the 

"V" was not as tight as assumed. The assignment of the 

1 mm diameter was somewhat arbitrary, and the relative 

positions of parts of the apparatus could change at liquid 

He temperatures, so the area could have been a factor of 

ten smaller than planned. 



20. 
CONCLUSION 

By making "weak contacts” between two pieces of 

a type II superconductor (Nb), the author observed 

periodic behavior of the current through the contacts 

with an applied magnetic field. These results were 

consistent with those reported by Zimmerman and Silver^. 

Assuming a geometry like that of Figure la, the periodic 

behavior implies a quantization of magnetic flux en¬ 

closed in the circuit, and a long range phase coherence 

for the superconducting electron which extends through 

the "weak contacts". 

A secondary objective of the author’s research was 

to develop a magnetometer for the microgauss field region. 

However, no stable junction pairs were obtained with 

periods less than nine milligauss. (The smallest period 

reported by Zimmerman and Silver was 25 microgauss.) 

So, at present, the magnetometer application does not 

appear feasible. 
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Figure lb 

Suggested "weak link" model 
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