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SURFACE SUPERCONDUCTIVITY

IN HIGH PURITY NIOBIUM
Jerome Edward Osténson

Under the supervision of D. K. ‘Finnemore
From the Department of Physics
lowa State University of Science and Technology

ABSTRACT
At temperatures very clc;sé to the superconducting critical temperature,
thé nucleation field Hc3 does not agree with the pr'ediction‘s of. Saint Jame_s“
and de Gennes. As T approaches Tc’ the ratio C = Hc3/Hc2 approaches ].0.
rather than the theoretical value of 1.7. Deviation from the theory have

an exponential temperature dependence with a characteristic interval of

about 0.133 K.

"j*USAEC REPORT 15-T-312. This work was porformed under Contract W= 7405-eng-82

N P ——

. with the Atomic Energy Commission. .



vortices become more numerous until at a higher characteristic field, Hc

INTRODUCTION

Since the discovery of superconductjvity by Kammerlingh Onnes] in
1911 a great deal has been learned about the magnetic properties of
superconducting materials. 1In 1933 Meissner and Ochsenfeld2 found that
very puré lead and tin would exhibit perfect diamagnétism, a condition
in which the magnetic induction, B, is identically zero except for a layer
about hOO A thick at the Syrface; This surface layer carries the current
required to insure that B - 0 fnside. If the materials were rather

impure, however, the perfect diamagnetism, or Meissner effect, shown by

the solid line (Fig. 1) did not always occur but the magnetic behavior

" was substantially more complicated. As was first pointed out by Abrikosov3

L . ' s .
and by Goodman , there are really two distinct categories of superconductors

~which can be distinguished by the ratio of the penetration depth, A, to the

coherence distance, £. Metals with A/g < 1 are called type | and show
magnetizat}on curves similar to the solid curve (Fig. 1). Metals with
ME > 1 are called type 11 and show magnetization curves similar to the
dashed curve (Fig. 1). For type Il superconductors there are two distinct
regions with different magnetic behavior. At low fields the sample shows
B= 20 similar to a type | material but at a characteristic field, Hc]’
magnetic flux begins to penetrate the sample in the form of quantized vortex
lines and the average B is greater than zero. As the field increases the
2>
the sample appears to revert to a completely normal state. '
Samples often showed traces of 5upercdnductivity‘above Hc2’ and for

many years this effect was attributed to a lack of homogeneity in the

."samples. In 1963, however Saint James and de GennesS showed that one
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might expect a shéath of supercoﬁductivity-on the - surface of a sample up to
~a field of 1.7 ch. A number of experiments immediately confirmed the
existence of this sheath6,andJ in fact, the value 1.695 Heo is.very close
to many of the experimental results. For type I superconductoré there

are at least three distinct regions, the Meissner region (H < Hcl)’ the

vortex region (HC]_<_H < ch), and the sheath region (ch < H < H Most

3)'
pure materials exhibit type I (\/€ < 1) behévior unless impurities are

added to make them type 1l. 1t has been shown, however, that niobium is

7

one of the few pure metals that is intrinsicaly type 11’. For the case

of Nb, the Fermi velocity, v is very small and the transition tempera-

F}
ture is very high. Hence £ - 0:!8 MVF/kTC is unusually small.

In connection with a stddy of the bulk superéonducting properties of
niobium an attempt was made to look for the superconducting sheath at
,fields.greater thah Hcé7' This surface superconducting state had been
studied by resistive measurements as well as by mutual inductance measure-
ments, but there remained a large number of unapswered questions. In
#he resistivé‘measurements the results were strongly dependent on the
" current through the sample. The results of the mutual inductance measure-

ments seemed to indicate the presence of Hc at 4.2 K, but not at 8.0 K.

3
Difficulties in obtaining reproducible data precluded further studies of
the problem at that time. Hence, further work seemed to be in order.

This study of Hc3

in high purity niobium was begﬁn with special emphasis
being placed on getting good data ncar T and determining ' if, in fact, H

| 3
did disappear, at what temperature this took place.
Several theoretjcal - improvements on the original Saint James-de Gennes -

‘model have recently been pdblished. Calculations by Ebneth and Tewordt8



on the effe;t that impurities have on thg ratio C HCB/HCZ near T

predicted that-in the clean limit

C=1.695 + 1.0k ¢ o R
where € = (TC_T)/TC. More recent calculations by LUders9 give
IR SRS 2 S 5
L bh () : ‘
C = ].695(].*. p_———ZZLI- Q(B) B 60 T (2)
where: . L= ;;12;—;.€ |
A ™= T7cB)
. B ’ _I
€, = 1-695
B = ]-36

and p is a parameter (0 < p < 1) describing the reflective diffusivity
of the surface. p =1 approximates the actual physical situation of high
diffusivity whereas p = 0 cbrfesponds to the case of perfect specular

.. reflection. Recent eXﬁeriments by WebbIO on high purity njobium agree
Ageherally with the form put forth by Ebneth and Tewofdt, but the data are
not sufficiently preciée to clearly distinguish between the tw§ theories.

He finds that his data above t = 0.85 fits the expression

+0. 05
-0.02

C = 1.67 +0.8¢ S (3)
In considering the-measqrement; that have been made one also notfces

that most of the data ends as € — 0.025 and that in this region near T.

the scatter is generally worse than at lower temperatures. Early

~qué]itative measurements made on a}number of different samples of niobium

in fhis laboratory gaveIUS'the impression that C did not come in to a value

of about 1.7 at TC,'as measurements by others had indicated. Instead it

‘seemed to round off and go'toward 1.0 at TC. . The measurements to be



presented here will be considering especially a set of data‘in.the region
0.0028 < ¢ < 0.086, where twelve of the eighteen runs were for ¢ < 0.0253.
We will, in fact, show that C departs from the predicted value of 1.7 and

drops sharply toward 1.0 at Tc' The difference

5h=1.7-Cl) | o )

can be fit very nicely to an expression of the form

8§ h=« eBJ% . | : ' . o - (5)




SAMPLE PREPARATION

The.niébium used in this experiment was obtained originally from the
DuPont Corporation in shot form identified as-Lot No. DH-715. Analysis of
this material indicated tEe tantalum content to be less than 25 ppm. This
shot was arc melted and swaged into a 0.100 inch rod for electro-transport
purification as sample JN-56. During the electro-transport treatment the
sample was heated to a temperature of 1800 C by passing a.d-c current
through it in a vacuum of 5-8 x IO~9 torr for 100 hours. After this
treatment the sample haa a'resistiyity fatio of 1023*; . For the measure-
ments described here the sample was swaged further, down to 0. 025 inches.
in diameter.

A three inch segment of this wfre was spot welded onto a 0.060 inch
tungsten support rod for further degassing (Fig: 2). Around the sample
was'spiraled a filament of -0.010 inch tantalum wire with a pitch of about
two turns per inch. After sealing the sample and filament assembly into
the stainless steel high vacuum system, the system was pumped to a pressure
of less than 10—7 torr with an Ultek ion pump and the filaments were out-
éassed by pés;iﬁg a 5.5 ampere current through them. As the filaments out-

8

- gassed the pressureldropped to I}S x 10 ° torr with the power on and when the

péWer was removed from the filaments the pressure feli to 7.4 x 1079 torr. The

entire vacuum system was then baked at 250 C with an oven and heating tape,

with the pressure remaining below 3 x 10u8 torr at-all times. After

heating and complete cooldown the final pressure in the chamber was 9.6 x

0-]0

1 torr.

KSchmidt, F. R., Ames Lab A.E.C., Ames, lowa. Sample history data.
-Private communication. 1968. ' :
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Fig. 2. ' The sample support assembly for thé'high vacuum degassing system.



The samples'were then ready to be'butéassed. By applying a high
voltage to the sample and passing a current thréugh the filament around
the sample, we have in effect a simple diode type vacuum tube, ana the
sample is heated by electron bombar dment. Sample 0J-4-85 was heated in a
‘vacuum better than -9 x.lO—9 torr with the p&wer level being increased
gradually to 100 watts over a five hour time interval. The pressure in

2 torr but fell

the chamber when the power reached 100 watts was 8:2 x 10
to a final pressuré df 2.4 x 1072 torr as this power léve] was he]d.for
eighteen hours. Aftcer this period the bower level was slowly raised to
110 watts where the lower centimeter of the saﬁp]e meltéd and fell off.
At no time during the heating of the sample was the current in the filément
raised to tHé level used to outgas the filament; Upon completion of the.
-saﬁp]e tréatment all heating power was cut off and the sample cooled to
below redAheat in less than twénty seconds:

Sample OJ54—86 was giQen a éimilar treatment. Initial attempts to
bring dp the power level were frustrated by arcing between the sample
A support and the filament supports. A number of fusés were blown before
the arcing stopped and the heating was continued. With the sample power

9

~at 80 watts and the pressure at 2.6 x 107 torr the power was raised to

101 watts over a four houir perivd and held for twenty hours at which time
the pfessure was at 2.9 x 10_9 torr.,'The power was then raised to 109 watts
and held for an additional seven hours with the pressure less "than 3 x

10_9 torr. During this.period the lower'end of the sample slowly melted
into a bail at the bottom of the sample and remained there as the sample
Qés slowly cooled over an eighteen hour period with the pressure dropping

to a final pressure of 9.7 x ]0-]] torr.



A e N G AT AT S e TR v e e

The samples remained in the hfgh vacuum chamber until they were removed
to be placed in the susceptibility cryostat. At that time the sample was
cut from the support with a pair of side cutters, and the end farthest

from the support was severed from the rest of the sample with a new razor

blade using a piece of clean aluminum as a backing blate. Samples

prepared in this manner were only exposed to the atmosphere for a period
of about ten to fiftgen minutes before being sea]edlin the‘cryos;at wi th
a vacuum or helium gas environment: Subsequent to the susceptibility
measurementé the resistivity ratio was remeasured and fognd to be at

least 800.
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EXPERTMENTAL SYSTEMS

The dewar.system.(Fig. 3) used in this.experiment is a standard
design for work in a magnetic field at temperatufes from 1 to 20 K]].
The helium dewar which was made of brass and 321 stainless steel Has a
capacfty of about four liters of liquid.when the heat leak chamber is én
place. 'Surrounding the tail of the dewar is a sixth order solenoid capable-
of producing 150.9 QOersteds per ampere; This solenoid is powered by a
Spectromagnetic current regulated power supply which can deliver 50 amperes

in a one ohm load with stabllity of E 10"5 over an eight hour period. The

current in the solenoid is determined by the voltage drop across a Rubicon

0.01 ohm, 100 ampere shunt using a Keithley Instruments Model 662

guarded differential voltmeter.

Cancellation.of the horizontal and vertical compoﬁents of the eérth's
field in the sample region of the cryostat is‘madé,-in the absence of any
applied field, by a pair of Helmholtz coils. Thé currents required to
cancel the earth's fieid were determined using a Bell '"120*% gaussmeter which
had a full écale reading of 0.1 gauss. A Power Designs Model 5005R regu-
lated power supply pbwered‘the Helmholtz coifs through a current divider
(Fig. 4) which determined the fraction of the current which passed through
each coil. |

Temperature control in the sample region was accomplished by pumpihg

on the helium bath through a manostat (Fig. 5) for temperatures below

:4.2 K. Before pumping the bath for temperatures below 4.2 K the vacuum

space in the heat leak chamber as well as the heat leak chamber itself were:

subjected to an over'pressure,of helium gas in order to condense liquid

_helium around the sample.  During the pumping operation these regions were °
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kept at the same pressure as the surrounding bath uéing extérné] connections.
When temperatures greéter than 4;2 Klwefe desired the heat leak
chamber vacu;m space was evacuated to a pressure of less than 10—3 torr
and the sample chamber sealed at a pressure of less than 0;5 torrs A
hanganin heater astatically wdund around the outside of the inner bértion
of the heat leak chamber, was used to elevate the temperature. OnAthe bottom
of this same portion of the heat leak chamber was mounted an ordinary
radio resistor to bé used as the tempefaturg control element. The resistance
~of this element was monitored with a'Wheatstone bridge (Fig. 6) with the of f
| balance of the bridge being fed into a Hewlett-Packard Model 419A d-c null
vol tmeter which amplified the signal so that it could be displayed on a
10 millivolt chart recorder for a continuous record of the temperature. On
fﬁe recorder was mounted a cam and MIcroswitch combination which was used
as an increment switch to adjust\the heater (Fig.7) power at a given get
point on the recorder. |
The sample coils (Fig. 8) were designed so that the enfire system
WOu]d be»syhmetric about the sample. When the éample was in the center
of the aﬁplied field it was alsq centered in the large centervpbrtion of
the measuring coils. No special attemptvwas made to make the measuring
coils exactly astatic, bht thé end sections of the secondary were wound
with 2% more turns to partially compensate for the drop off of the measuring
field due to the finite length of the primary coil which Was wound directlyn
beneath the secondary coils. Background runs were made at various tempera-
‘tures to dctcrm?nc:if théfe were any contributiqns to the data due to
chaﬁgiﬁg susceptibility in any of the materials in the afga of.the ﬁéaéuring

fields. At any given tempéraéure where tHe chkground was measured the
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total change in the readings was never more than 0.25% of the total change
in the readings with a sample present going from completely norma] to
completely superconducting.

Witﬁ a sample fn place the output voltages of the measuring coils were
on the order of 500 uv p-p inductive énd 20 puv p-p in phase resistive. A
complete transition fn the sample would cause.a net change in the inductive
vol tage of about 15 puv p-b and a change of 5 uv p-p in the resistive voltage.
Changes in the.outpdt of the measuring ;oi]s due to the sample transition
were measured using a mutual induction comparison bridge (?ig. 9). This
brfdge balances the output of the measuring coils against a fixed mutual
inductance at room temperature using a ratio transformer to divide the
output'of the fixgd'”lump” to exactly balance the inductive component of
the signal from the measuring coils. This only baianced the inductive
component so we must also introduce an in-phase voltage to balance the
voltages due to eddy current losses and non-ideal inductors in the circuit.
This voltage is generated across a one ohm resistor placed in.the detection
portioﬁ of the bridge which is driven by a resistive network directly from
the pfimary loop on the oscillator. The.read out on the resistive network
.is such that the voltage introducéd into the detection circuit is propof?
tidnal‘to l/(llllbOOO;R) where R fs the dial read out.
| ‘A narrow band'amplifier'2 is used to amp]ffy the bridge output so
that it méy be observed on .an oscilloscope-which is used as a phase sensi-
tive detector to insure that both components of the suséeptibi]ity are
Salanced out. The off balaﬁce display on the scope was an inclined ellipse
which could be rotated by adjustiné the ratio tran;former-while the size

of the minor axis was affected by adjusting the resistive network. When
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the system was properly tuned the adjustments were nearly indepéndent of
each other.

A Tong copper rod was used as a sample holder (Fig. 10) to position
~the sample in the measuring coils. At the top end of the holder outside
the measuring coils a germanium resistance thermométer was inserted into a
close fitting hold with some Apiezon;'N' grease to give some thermal contacf
to the sample holderf The leads from the thermomeéer were wrapped around
the holder and held in place with GE No; 7031 insulating varnish to providé
thefma} contact between the leads and the holder: This is important |
since the primary heat path to the germanium element is through the leads.
‘In these measurements where most of the data is near 9 K there should also
be a reasonably good heat path through the case and the exchange gas sur-
rounding the germanium e]ément. The thermometer used in these measurements
was the same thermometer as was used to measﬁre the bulk superconducting
prépertieg of niobium]2 |

in the preiiminaéy runs there was quite a bit of scatter in the value

of T as determined by the extrapolation of the Ho data to H, = 0. It

3 3

was determinedAthat this scatter was primafily a thermometry problem due
to varying amounts of exchange gas around the sample holder. By measuring
HC3 at a given tempgrature.éccording to the thermometer but varying the
amount of exchange gas it was determined that if the pressure was kept

below 0.5 torr in the sample space the scatter became less than .00 K.

At these lower pressures there are no difficulties with convection currents.
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EXPERIMENTAL‘TECHNIQUE

H ;> ch and Hc3 were determined from isothermal a-c susceptibility

cl

measurements from zero field to a field significantly above HC to insure

3

being able to identify .the breakover point at HC At each field setting

3"
the inductance comparison bridge was balanced for both the inductive and
resistive components, x' and y' respectively. For temperatures below about
0.9 Te the bridge could be balanced with a sensitivity of better than 0.2%
of the total change from the completely:superconducting to the completely
normal state. As tHe temperature was raised nearer to Té the output of the-
oscillator had to be reduced to a level which would guarantee that y' was
essenffally constant over a full sweep of the measuring field. The extreme
case was at the highest temperature measured where the measuring field was

about 1.3% of H Various runs at different power levels showed the same

c3’
breaks in the y' vs. H plots as long as the breaks were well defined. If
the power was too high the X' st?ucture completely disappeared, becoming a
“smooth curve. At temperatures above 8.8 K the oscillator output voltage
‘was approximately 1% of that used at lower temperatures and as a result the
’sensitivity dropped to the point where a change of 1% of the superconducfing
to normal change could be detected.

Results from the bulk magnetization measurements'l were uged to determine
the characferistic points on the y' curves to be associated w{th HCl and

H Hcl; the first critical field, was identified as the minimum of the

c2*
first dip on the yx' curve (Fig. 11). This dip dropped from ten to forty
percent of a completely supefconducting value. ch was identified as the

Sharp spike about midway between the completely normal and the completely

superconducting values of y'. The width of this spike was generally less
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Fig. 11. A plot of x' vs reduced field for two séparate runs
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than 2% of the applied field at this point on the curve. Wth £hese defini-
tions of H_; and H_, there is agreement between the bulk magnetization mea=
surements and the a-c susceptibility values over the entire temperature range.
For comparison we plot the ratio Hcl/Hc2 for both methods (#ig. 12) and note
that at temperatures below 0.9 TC the agreement is better than 1%, however
above thfs point the bulk data drops off until at T it lies below the sus-
ceptibility measurements by 6%( It should be noted that in this region
the scatter in the bﬁlk data is on the'ordeerf 4% but the drop'off is still'
easilyAdbservab]e. In this temperatufe range, the determination of Hcl
from bulk data is difficult and the 6% shift is within the error of the
bulk .data. This very good agreement between the different methods of
identifying'HC] and ch gives us confidence that these characteristic points
dn the ! curve are correctly interpreted.

As the field is4in¢réased above ch the y' readings continue to decrease
but at a slower rate than in the:region just below ch. Between H.o and
' Hc3’ x' is linear to abqut 2% until Hc3_where it becomes toﬁstant to 1%
for nearly alr the runs. HC3 is defined by the éxtrapo]ation of x' above
and below the break or that-value where y' becomes constant. [If the results
differed, both values were used. The lower temperature rﬁns-were the only
runs to exhibit more thaﬁ 1% change»in y' above Hc3 where, at these tempera-
tureé,‘there seemed to be a slight slope in y', but this was always so much
les§ than the slope between HC2 and HC3 that the loggtion of HC3 was still
reasonably well defined. fheAbreakéver in x' at HC3 became slightly rounded
as thé power was ch to éhable us;td take data very near to Tc'

‘As one looks at :the .phase diagram of a superconductor (Fié. 13) it is

easily seen that the curves could be generatéduby changing the temperature
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and Holding the field éonétant as well as changi;g the field while keeping
the tehpéfature constant. A few early runs were made at constant fie]d.before 
all the various temperature control problems were solved. Qualitatively
these curves were similar to isothermal curves and could be evaluated in a
similar manner. Unfoftunate]y temperature control was poor and, the
results for the vérious critical -fields were off by about 10% This is not

unreasonable considering the condition of the systems at the time. No

further runs of ‘this type were made because the isothermal measurements were

much easier to obtain cxperimentally.

Plots of 4! as a funcfion of field also show characteristic breaks at
almost -the same.location as the breaks in the x' curves. Data from.some of
the preliminary runs showed that the break at Hcé always occurred at a |
slightly lower field on the f‘ plot than on the y! plot‘with the difference
never being more than 5% In fhe case of H_, and Hc3 however there was no

definite pattern of this type. Differences of less than 2% were observed

in the location of Hcl between the y!' and ¥' plots. For HC3,_there was

some uncertainty in the definition of HC3 so the differences were larger

and on the order of 8% between the different curves. In all of the following
discussion all of the critical fields will be those determined from the

X' vs. H curves.
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RESULTS AND DISCUSSION

Plots of X; vs. H (Figs. 14-17) at di fferent temperatures show
essentially the same shape so it is convenient fo'consider the data in terms
of the reduced variables H/HC2 and t = T/TC. As the temperature is increased
toward Tc the ratio Hcl/ch increases ménotonical]y from 0.550 at 4.2 K
to 0.892 at}TC in agreement with bulk measurements'(Fig.»]Z).

C has the same shape as.predicted.by Hu and Korenman (H K)]3 for~
temperatures less than t = 0,9 but lies about 6% below the predicted value.
Above this température the theory does not drdb nearlylas fast as -the

data. The H K expression

C = 1.695(1+0.61k -0.577¢3/2) N ()
approaches 1.695 as T goes tb TC but the data appear to approach I;O as T
goes to T_. H K was expected to be valid in the-region 0.1 S € > 0.0 but
this is céftainly not thc case.
Several'precautions have been taken to establish that these results

are true equilibrium measurements of ch and HC As was mentioned

3°
earlier there is a definite washing out of the information in the signal

if the mgasuring field is too lafge. Measurements maae $ubseqﬁent to these
presentea here using more sensitive techniques indicate that the power level
can be reduced by a factor of 100 with no change in Heg oF ch{ The
méasurements presented here were repeated one.month later on the same
sample‘and the results were essent%ally the éame. fhere was about a 5%
reduction of C at all tehperaturés but the shape of the curve was uﬁchanged.

Another sample which was prepared in a similar manner over five years ago

from a different lot of puEe niobium shows essentially the same behavior

© ‘as Nb-0J-L4-86 except that TC was 0.050 K lower, and the values of C were a
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few % less at each reduced temperature. This older sample was one of the
samples which was used in the determination of the bulk properties of
niobium]]. Slight shifts which were observed between these samples can

probably be attrlibuted to mean free path effects.

10

Precautions were also taken with regard to field alignment. Webb ~ has

reported that if the samples are not perfectly aligned with the field the. !
value of C could be reduced by a few percent. To détermine if this was a
factor in the results, a field perpendicular to the maiﬁ field was applied
to simulate'misa]ignments up to 2°. As this field was r&tated around thé
main field, measurements of x' and y' were made in the usual manner in the
neighborhood of the critical poin£s. There was a shift in the magnitude
of the susceptibility values in a sinusoidal manner bﬁt to within the error
of the measurements the breaks indicating the critical fields did not shift.
In a preliminary publication”+ of this work it was suggested that the
large difference betweén the data and present predictions arose from criti-
cal fluctuations but this is certainly not the only possibility. There may

be an .inhomogeneity in the order parameter as suggested by Clem” and by
Hu]3 or there méy be a'fundamental.defect iﬁ the effective potential used
in the Ginzburg-Landau equation. At this time these proposals are still
in~the speculative stage.

In an attempt to sért out these possibilifies, the data are presented
in several waYs in an effort to determine if there might be some reasonable
empirical form whfch fits the data or the deviations of the data from the

theories. As an initial look at the data we plot An.H_; vs gne (i =1, 2, 3)

to determine that the data is well behaved in the region of interest.

~"‘Clem, J. R., Department of Physics, lowa State University of Science
and Technology, Ames, lowa. Inhomogeneous superconductors. Private
communication. 11969. :
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Very good fits are obtained with the scatter being about I%; 2%, and 5%
for Hcl’ Hops and Hc3 respectively (Figs. 18 - 20). . From these plots we

can write expressions for the critical fields.

Table 1. Critical field fit equations.

Sample H. . H., H

cl c2 c3
- |  2360:0-866 Cs000e1102% 1o, goge 1+ 08
0J-4-86 . | 3000¢ 0 956 11 00c 0 990 8200 |+ 074

The scatter in"HC3 of 5% will be the qominant error in the‘analysis which
is to follow. In further measurements thi§ uncertainty will have to be the
first problém to be investigated. An expanded'view of the.critical fields
near TC is shown in Fjg}‘ZI.

..Over most the femperature range, t < 0.9, the theory describes the
results fairly well. Hence it would seem reasonable to present the resul ts
iﬁ terms of deviations from thisltheory'given by §h = 1.695 - C. Plotting
4N C vs {n e (Fig. 22) showsvthat the data will probably fit some powér
series expansion in € while Lﬁ §h vs tn € (Fig. 23) gives a smooth fit in
€, but the cﬁrvature'indiéates that s&me changes are still required for a
‘good fit. Nt is reasonable to determine an ekpression for sh as this would
simply be a ébrrection term to add to the pfesent e*pressions wHich give ¢ as
a constant or no more than a slowly:varying function of €.~ Presehting €
-énd Eglin a semi log fofmét (Figsﬁ-24-25) we find. that gn € vs EE approaches
a»st?aight line for both samples;Abut the scétter is more than'IZ%. When

we plot 4n EF vs € the scatter is cut down conside%ably, however some
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éurvature stili reméiné.

[f we plot in sh vs'Ve (Fig. 26) fhe cgrvatﬁre disappeéré and the
scatter is on the order of 5% which is determined primarily by the 5%
scatter ih the HC data. This would then seem to be the best fit to the

3

data which has been obtained. A least square fit of the data in the

region 0.910 <« t < 0.997 gives .
'é? = 0. 696 e"\‘€/0- 014 ] ' ' (7)

We were pleasantly surprised to find that this expression extrapolates

to C=1.0 ate = 0. This difference between the Saint James—de‘Gennes
calculation, aé well as'other'ca]cu}ations, and the data is huge compared to
the experimental uncertainties and must be attributed to some real phenomena.

in Fig. 27 we have presented the values for the reduced order parameter

g/go and also a.curve of.the reduced penetration depth A/x. It is readily
seen that these parameters:arglchanging very rapidly in the same region where
c deviate; frbh a simplé slowly varying function. At fields between-HCZ
and Hc3 the bulk of the specimen is in the normal state with only a small
surfaéé sheath being superconducting. The dimension of this sheath is
on the order of a coherence distance gs, so in this temperature interval
the free enérgy density can be changing as g-]. ;Within the Ginzburg--

Landau (G L)]S theory the coherence distance g may be expressed as

g=g ¢ /2 | (8)

]/2. If there now are small

. . ) . . +
thus the free energy density would vary as ¢
fluctuations in the temperature we can consider that the ground state
- (superconducting) electrons could be excited into the normal state with the

probability of this transition being exponential in the free energy density.

This leads to an expression
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which is just the expression which gave the best fit to our data.
In summary there is an extremely large deviation of HC3 from the
St. James-de Gennes5 prediction of 1.695 HC2 as well as from other

13

expressions such as H K ° which take into effect more terms of the G L
equations and the effgct of real surfaces on the boundary conditions. This
difference between theory and experiment is very large compared to the
exﬁerfmenta] uncertainty and must be ascribed to some req] phenomena. It
has been observed in different samples under various experimental conditions. -
The most plausible conclusion at this time seems to associate these results
wi th temperature fluétuations. ‘These fluctﬁations are éeneral]y held to be

the dominant source of all types of special characteristics which appear

near critical points in many different types of critical phenomena]
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APPENDI X

Presented here ié the data in its originél forﬁ. The appi?ed magnetic

vfield is given by. | |
H = 150.9 (iIsoL) | . ‘ (10)

x' and y' were determ}ned from the readéut of the ratio transformer (M) and
the resistive network (R). x' is directly proportional to M in arbitrary
units. The maximum value of M corresponds to the complefe]y superconducting
state while the minimum value indicates the completely normal condition.
' in arbitrary units is proportional to 1/(11110000-R). R is a minimum
in the superdonducting s£ate and the maximum in R appears either at ch or

when the sample is in the completely normal state.

W Pt anprrac ey v m————
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Table 2. Original data.

Sample Nb-0J-4-85 Run No. 55 T = 6.304K
ISOL M R
0.000 52959 11053362

0,000 52356 11053448
1.000 52955 11053455
2,000 52955 11053460
3,000 52955 11053460
4.000 52953 11053502
4,500 - 52952 11053458
5.000 52950 11053545
5.000 52949 11053630
5.500 52937 11053814
6.000 52872 11055380
65.250 52785 11057342
6.500 52629 11062630
6.750 52832 11056645
7000 52825 11056925
7.500 52764 11058888
8,000 52732 11060000
8.500 52694 110610764
9.000 52646 11063244
9,250 526048 11065430
G.500. 52511 11048772
3.750 52334 11072395

10.000 52108 11074716

- 10.000 52108 11074670

10.250 51730 11075967

10.500 - 51711 11074197

10,750 51686 11074255

11.000 51672 11074330

11.000 51670 11074284

11.500 . 51640 11074311

12.000 51613 11074393

13.000 51563 11074356

14.000 51522 11074320

15.000 51490 11074264

16.000 51451 11074200

17.000 51438 11074142

18.000 51417 11074110

19.000 51405 11074054

20.000 51396 11274062

23.000 .. 51375 11074180

26.000 51357 11074254

30.000 51333 11074435

AA DR D120 St e+ Toorail S L2 20 e s e L e e et s et e i i
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Table 2. Continued.
Sample Nb-0J-4-85 Run No. 56 T = 7.016K
1soL M R 1SOL M R
0.000 52957 11053464 7.090 52500 11069495
1 0.000 52955 11053407 7.000 52492 11069694
0.500 52954 11053407 7.100 52395 11071825
1.000 52954 11053407 7.200 52232 11073490
1.500 52954 11053407 7.300 52150 11074803
2.000 52954 11053420 7.400 52019 11075807
2.500 52954 11053436 7500 51745 11076805
" 3,009 52953 11053450 7.590 51735 11076810
3.500 2951 11053510 . 7.700 51711 11074228
4.000 52946 11053641 7.900 51688 11074292
4,300 52937 11053925 8.000 51678 11074310
4.500 52917 11054335 8,500 51637 11074350
4.600 52903 11054783 9.000 51602 11074322
4,800 52827 11056452 9.500 51570 11074290
5,000 52611 11061874 10,000 51541 11074240
5.G00 52605 11062130 10.500 51517 11074190
5.200 52721 11059575 11.000 51498 11074138
5.400 52903 11057694 11.500 51478 11074069
5.500 52800 110578C0 12.009 51462 11074034
5.600 52791 11058122 12.500 51449 11073980
5.800 52763 11059010 13.000 51437 11073930
6,000 52732 11060109 13.500 51426 11073880
5.500 52666 11062575 14.000 51422 11073865
6.690 52651 11063255 15.000 51416 11073913
54300 17.000 51404

52603

11065592

11073352
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Table 2. (Continued. %
Sample Nb-0J-4-85 Run No. 57 T = 7.824K
1SOL . M. R 1SOL M R
0.000 52962 11053585 4,800 51685 11074365
1.000 52961 11053612 4,900 51670 11074370
2.000 52959 11053682 5.000 51656 11074382
3.000 52603 1105502¢C 5.000 51653 11074290
3.000 52885 11055504 5.100 51642 11074381
3,100 52858 11056096 5,200 51631 11074380,
3.200 52783 11057780 . 5.300 51620 . 11074366
3.300 52624 11062394 . 5.400 51610 11074370
3.400 52440 11068459 5.500 515600 11074355
3.500 52735 11060362 5.600 51590 11074345
3.600 52764 11059904 5,700 51578 11074332
3.700 52746 11060528 5.800 51569 11074310
3.800 52720 110615635 5.900 51559 11074287
3.900 52696 11062570 5,000 51551 11074269
4,000 52691 11063059 6.000 51551 11074305
4.000 52659 11063778 7.000 51485 11074980
4,100 52634 11065348 8.000 51447 11073874
44200 52565 11068240 8.000 51446 11073825
4.300 52442 11072137 9,000 51440 11073870
4,400 52243 11075400 10,000 51436 11073842
4.500 51992 11077410 10.000 51435 11073885
4,600 51649 11076370  12.000 51429 110738890
4.700 SL705 11074336 15.000 51417 11073956




Table é-‘ Continued.

53

Sample Nb-0J-4-85 Run No. 58A T=28.216 K

- 1S0L M R 1S0L M R
0.000 52962 11053645 C 3,440 51688 11074540
0.500 52962 11053645 2,460 51686 11074462
1.000 52961 11053675 "3.480 51681 11074450
1.500 52960 11053752 3,500 51676 11074440
1.800 52953 11053895 3,500 51676 11074425
2.000 52942 11054165 3.520 51672 11074435
2.100 52932 11054448 34540 51667 11074425
2.200 52912 11054964 3,600 51655 11074416
2.300 52370 11056012 3.700 51636 11074418
2.400 52794 11057926 3,800 51621 11074412
2.500 52622 11062625 3.900 51607 11074403
2.600 52185 11074172 4.000 51594 11074372
2.700 52696 11062483 4.300 51556 11074303
2.800 52720 11062157 4.600 - 51523 11074192
2.900 52687 11063419 4.900 51498 11074080
3.000 52645 11065567 5.300 51471 11073940
3.100 52560 11069234 5,600 51457 11073852
3.200 52351 11074782 5.900 51449 11073800
3.300 52016 11078158 6.200 51447 11073806
3,300 52075 11077769 6.500 51446 11073803
3,320 | 51994 11078283 6.800 51445 11073810
3.340 51900 11078763 7.100 5144% 11073819
3.360 51726 11079532 7.600 51442 11073808
3.380 51632 11079317 8.000 51441 11073816
3.400 51660 11075340 9.000 51438 11073828
3.400 51613 11076815 . 10009 51435 11073852
3.420 51664 S

11075124




Table 2.. Continued,

54

Sample Nb-0J-4-85 Run No. 59 T=8.726 K
i I1soL M R ISoL M R

0.000 52954 11053648 1+430 52321 11076665
0.400 52954 11053648 10440 52274 11077299
0.600 52953 11053700 1.450 52213 11078012
0.700 52952 11053760 1.450 52201 11078142
0.800 52948 11053845 1.460 52145 11078638
- 0.920 52942 11054035 1.470 52063 11079350
1.000 529238 11054392 1480 52024 11079625
1.000 52926 11054515 1.490 518561 11080512
1.050 52913 11054823 1.500 51576 11081113
1.080 52897 11055255 1.500 51547 11080653
1.100 52873 11055905 1.510 51520 11079595
1.110 52870 11055960 1.520 51536 11077758
1.130 52848 11056540 1530 51585 11076142
1.150 52819 11057370 1.540 - 51627 11075100
1.170 52777 11058478 1.550 51633 11074846
1.120 52721 11060038 1.550 51634 11074845
1.200 52658 11062035 1.575 51625 11074690
1.210 52634 11062792 1600 51616 11074615
1.220 52572 11064826 1.650 51601 11074520
1.230 - 52506 11067152 1.700 51582 11074463
1.240- 52449 11069675 1.750 51566 11074400
1.250 52399 11071927 1.800 51554 11074361
1.260 52378 11073100 1.850 51538 . 11074310
1.270 52433 11072140 1.900 51526 11074255
1.280 52470 11071506 1.950 51513 11074192
1.290 - 52522 11070451 2.000 51506 11074155
1.390 52535 11070283 2.000 51505 11074125
1.300 52569 11069550 2.100 51486 11074029
1.310 52540 11070360 2.200 51472 11073935
1.320 52543 11070700 2.300 51460 11073855
1.330 52551 11070814 2.400 51451 11073779
1.340 52541 11071182 2.500 51446 11073750
1.350 52535 11071460 2.600 51445 11073742
1.350 - 52527 11071819 2.700 51445 11073754
1.360 52507 11072390 2.800 51444 11073748
1.370 . 52486 11073122 3,000 51443 11073740
1.3890 52470 11073574 3,000 5144% 11073770
1.390 52449 11074122 3.250 51442 11073750
1.400 52431 11074680 3.500 51441 110737490
1.400 52429 11074726 3.750 51441 11073740
I.410 52394 11075524 4.000 51441 11073740
52361 11076076 4.000 51441 11073765

1.420

N Ayt o
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Table 2. Continued.
Sample Nb-0J-4-85 Run No. 60 T=8.934 K
1SOL M R 1 SOL M R

0.000 52955 . 11053708 0.975 51534 110743456
0.200 - 52955 11053708 1.000 51522 11074275
0.300 52954 11053745 1.000 51509 11074182

- 0.500. - 52946 11054009 1.050 51503 11074146
0.500 52943 " 11054080 1.100 51485 11074020
0.525 523242 11054120 1.100 51475 11073960
0.550 52936 11054204 1,150 51471 11073650
0.575 52926 11054592 1.200 51462 11073874
0.600 052910 11055100 1.200 51462 11073868
0.600 52884 11055758 1.200 51455 11073803
0.625 52873 11056060 1.225 51458 11073837
"0.5650 52804 11057982 1.250 51454 11273815
0.675 52633 11063094 1.250 51454 11073809
0.700 52406 11072261 1.275 51452 11073784
0.700 52474 11074850 1.200 51450 11073768
0.725 52510 11074668 1.300 51448 11073772
0.750 524456 11076980 1.350 51449 11073761
0.775 52248 11079574 1.400 51448 11073767
0.800 51998 11081242 1.400 51446 11073770
0.800 51483 11081166 1.450 51448 11073765
0.825 51481 11080804 1.500 51447 11073760
0.850 51562 11075798 1.500 51445 11073760
0.875 51582 11074856 1.500 51445 11073760
0.900 51569 11074660 1.800 51443 11073752
0.900 51554 11074500 2.000 51442 11073758
0.925 51557 11074519 3.000 51441 11073758
0.950 515456 11074424 ., o -
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Table 2. Continued.
Sample Nb-0J-4-85 Run No. 65 T = 8.994 K

1SOL M R 1SOL M R
0.000 52953 11053631 0.580 52362 11079222
C.100 52953 11053531 0.580 52327 11079332
0.200 52953 11053677 0.585 52313 11079838
0.300 52959 11053750 0.590 52251 11080340
0.350 52945 11053882 0.595 52190 11080873
0.350. 52947 11053800  0.690 ©.52099 11081513

" 0.400 52936 11054151 - 0.600 52062 11081863
0.410 52939 11054047 0.605 52010 11081984
0.430 52933 11054190 0.610 51951 11082229
0.4%0 52924 11054475 ~0.615 51920 11982379
0.450 52906 11055100 0.629 51800 11082950
0.470 52904 11054976 0.620 51900 11022653
0.480 52890 11055445 0.625 51757 11082864
0.490 52863 11056100 0.630 51492 11082873
0.495 52849 11056508 0.5635 51431 11081860
0.500 52830 11057030 0.640 51409 11080499
0.500" 52723 11060053 C.0649 51433 11073802
0.505% 52803 11057772 0.645 514173 11079440
0.510 52763 11058978 0.650 51423 11078265
0.515 52715 11060404 04555 51456 11077203
0.520 52654 110562311 0.6560 51493 11076145
0.520 52516 11066765 0560 51537 11075700
0.525 . 52592 11364364 D665 51521. 11075372
0.530 52530 11066683 0.670 51538 11074970
0.535 52451 11069498 0.675 515298 11074837
0.540 52413 11071363 0.680 51555 11074832
0.540 52293 11075156 0.5680 51536 110747356
0.545 52375 11973692 0.685 . 51534 11074680
0.5%D 52480 11074760 ND.655. . . 51531 11074613
0.550 52356 11075572 7.695 51529 11074563
0.555 52367 11076578 0.700 51527 11074529
0.560 52496 11077042 N0.700 51545 11074639
0.560 523467 11077545 ND.729 51534 11074461
D.565 52376 119078170 0.740 51523 11074345
D.579 52373 11078380 0.760 51512 - 11074265
J.570 52463 11078400 0.730 51502 11074170
0.575 52316 0 1178850 J.800 51491

110741935
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Sample Nb-0J=-4-85 Run No. 65 T = 8.994 K
ISoL M R
0.820 51483 11074034
0.840 51475 11073975
0.860 51469 11073934
0.880 51463 11073885
0.909 51460 11073847
.0.920 51455 11073823 .
0,940 51451 110737399
0.960 51449 11073765
0.980 51447 11073742
1.000 51447 11073742
1.020 - 51446 11073740
1.060 51445 11073740
1,100 51445 11073740
1.300 51442 11073744
1.500 51441 11073725




Table 2; Continued.
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Sample Nb-0J-L4-85 Run No. 66 T = 7.665 K
jsoL M R 1SOL M R
0.000 52961 11053766 5.150 51658 11077562
0.500 52961 110537656 5.200 51696 11074800
1.000 52961 110537066 5.250 51708 11074366
1.500 529560 11053801 5300 51700 11074401
2.000 52958 11053820 50350 51691 11074405
2.500 52955 11053908 5.400 51683 11074401
2.700 52951 11054000 5.500 51670 11074422
2.909 52944 11054173 5.600 51657 11074417
3. 100 52930 11054542 5,700 51646 11074426
3.300 52887 11055596 5,800 51636 11074429
3,400 52844 11056604 5.900 51626 11074424
3.500 52777 11058273 6.000 51617 11074446
3.600 52640 11061828 60100 51608 11074429
3.650 52680 11060518 6,200 51600 11074426
3.700 52464 11067108 6.300 51591 11074401
3.700 52310 11071400 6.400 51582 11074401
3,750 52377 11069903 . 6.500 51573 11074379
3.800 52511 11065672 6.500 51543 11074213
3.850 52696 11061358 6.600 51538 11074213
3.900 52760 11059875 6700 51533 11074200
3,950 52771 11059660 6.800 51528 11074200
4,000 52770. 11059800 5.900 51523 11074180
4,050 52764 11059975 7.000 51518 11074177
4.100 52754 11060114 7.000 51534 11074274
4,150 52750 11060420 7.200 51521 11074250
4,200 52736 11061000 7.400 51510 11074215
44250 52726 11061410 7,600 51500 11074160
4.300 52714 11061914 7.800 51490 11074111
4.350 52705 11062320 8.000 Y1480 110740569
4,400 52696 11062760 84200 51472 11074042
4,450 52685 11063224 8.300 51468 11074036
4,500 52676 110563712 8.400 51465 11074025
4,550 52661 11064407 8.590 51462 11074000
4,600 52645 11065180 8,600 51458 110739823
4,660 52622 11066321 8.300 51453 11073953
4,709 52600 11067404 8.790 51455 11073972
4,750 52560 11069030 8.900 51450 11073932
4.800 52494 11071184 . 3,000 51447 11073922
4.850 52415 11072954 9.250 51444 11073900
4,900 52327 11074465 9.400 51443 11073905
4,950 52230 11075635 9.600 51441 11073892
5.000 52125 11076564 9.800 51441 11073900
5.050 52016 11077265 19.000 51441 11073900
. 5.100 51782 11078324 11.000 - 51435 11073900
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T =i§26] K

Sample Nb-0J-4-85 Run No. 67
1SOL M R I SOL M R

0.000 52962 112053795 3.350 ° 51631 11074449
0.500 52962 11053795 3.400 51623 11074441
1.000 52962 11053795 3.500 51607 11074420
1.500 52559 11053897 3,600 51592 11074410
1.800 . 52950 11054157 3,700 51577 11074387
. 2.000 52925 11054830 3.800 51563 11074343
2.200 52809 11057708 3,900 51551 11074312
2.300 52609 11063674 4,000 51538 110742509
2.350 52411 11070293 4,100 51527 11074211
2.400 52549 11067055 4,200 51516 11074182
2.450 - 52651 11064516 4,300 51507 11074132
2.500 52683 11063800 44400 51500 11074090
2.550 52689 11063810 4,500 51491 11074049
2.520 52660 11065037 4.500 " 51483 11074010
2.650 52634 11066095 44,700 51477 11073980
2.700 52620 11067140 4,800 51471 11073930
2.750 52573 11068907 4.900 51465 11072891
2.200 52510 11071396 5.000 S1461 11073870
2.850 52400 11074330 5.100 51456 11073837
2.9900 52235 11076715 5,200 51453 11073804
2.950- 52033 11078310 5.300 51453 11073814
3.000 51726 11079882 54400 51453 11073816
3.050 51662 11075424 5.509 51452 11073816
03100 51691 11074534 5.600 51452 11073816
34150 51675 11074490 6.000 51450 11073830
3.200. 51662 11074467 6.500 51448 11073842
3.250 51651 11074451 7.000 S1445 11073042
51641 11074455 8,000 51444 11073865

3.300
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Table 2. Continued.
Sample Nb-0J-4-85 Run No. 68 T = 8.549 K
1S0L M R 1SOL. M R
0.000 52962 11053745 2.025 51662 11074749
0.500 52962 11053770 2,050 51654 11074670
1.000 52958 11058884 2.075 51644 11074595
1,200 52950 11054141 2.100 51636 11074555
1.400 52912 11055214 2.150 51622 11074500
1.500 52823 11057324 2.200 51608 11074470
1.525 52787 11058426 2.250 51595 11074441
1,550 52731 - 11059915 2.300 51583 11074401
1.575 52649 11062547 2.350 ‘51572 11074381
1.600 52504 11067454 2.400 51562 11074367
1.625 52402 11071843 2.450 51551 11074318
1.650 52433 11070410 2.500 51541 11074290
1.675 52571 11068640 2.550 51532 11074255
1.700 52597 11068010 2.600 51523 11074220
1.725 52604 - 11067877 2,650 51514 11074166
1.750. 52602 11068247 2.700 51508 11074132
1.775 52573 11069426  2.800 51494 11074070
1.800 52543 11070567 . 2.900 51481 11073978
1.825 52513 © 11071855  3.000 51472 11073925
1.850 52460 11073670 - 3.100 51464 11073880
1.875 52371 11075603 © 3,200 51457 11073822
1.900 52263 11077155 3.300 51453 11073780
1.925 52110 11078660 3.400 51453 11073797
1.950 51880 11080075 . 3.500" 51452 11073797
. 1.975 51562 11079710 3.790 51451 11073797
. 2.000 51623 11075771 4.000 51450 11073797
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Table 2. Continued.
Sample No. Nb-0J-4-85 Run No. 69 T = 9.001 K
1SoL M R IsoL M R

0.000 52954 11053770 0.540 51450 11080755
0.050 52954 11053770 0.545 51470 11078808
0.100 52954 11053795 © 0.550 51490 11077690
0.150 52954 11053803 0.555 51520 11076646
0.200 52653 11053844 0.560 51549 11075669
0250 52951 11053920 0.565 51565 11075288 -
0.300 52946 11054064 - 0.570 51565 11075141
0.350 52932 11054520 "0.575 51563 11075046
0.360 52626 11054706 0.580 51560 11074957
0.370 52916 11055000 0.585 51557 11074900
0.380 52902 11055495 0.590 51553 11074790
0.390 52877 11056230 0.595 51547 11074710
0.395 52865 11056472 ‘0,600 51544 11074686
0.400 52842 11057100 0.610 51535 110745990
0.405 52822 11057645 0.620 51523 11074500
0.410 52797 11058251 0.630 51521 11074421
0,415 52754 11059478 0.640 51514 11074350
0.420 52712 11061010 0.650 51507 11074295
0.425 52656 11062700 0.660 51502 11074240
0.430 52611 11064301 0.670 51495 11074184
0.435 " 52525 11066997 0.680 51490 11074152
0.440 52465 11069426 0.690 51484 11074105
0.445 52402 . 11071933 0.700 51479 110740683
0.450 52357 11074003 0.710 51475 11074035
0.455 52359 11075570 0.720 51472 11074000
0.460 52378 11077033 0.730 51470 11073980
0.465 52352 11078358 0.740 51466 11073955
04470 52421 11078642 0.750 " 51464 11073932
0.475 52435 11079101 0.760 51461 11073905
0.480 52392 11079910 0.770 51459 11073892
0.438 52318 11080635 0.730 51457 11073869
0.490 52249 11981200 0.790 51455 11073856
0.495 52194 11081662 0.800 51455 11073835
0.500 52137 11082019 0.810 51454 11073835
0.505 52052 11082585 0.820 51453 11073830
0.510 51987 11082816 0.830 . 51453 11073830
0.515 51949 11083280 0.840 51452 11073830
0.520 51860 11083521 T0.850 7 7 51452 11073830
G.525 51685 11083635 0.375 ‘51452 11073830
0.530 51550 11083208 0.509 51452 11073330
N.535 51490 11282312 ' ) '




»
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Sample No. Nb-0J-4-86 Run No. 135 T = 8.416 K

1SOL M R 1SOL M R
0.000 52829 1107295Q 2.470 52268 11030100
0.100 52829 11072950 2.475 52297 11079660
0.209 52829 11072950 2.480 52319 1311079230
0.300 ° 52829 11072950 2,485 52319 11079265
0.500 52829 11072950 2.490 52319 11079279
0.300 52829 11072950 2.495 52319 11079145
0.900 - 52829 11072950 2.500 52312 11079240
1.001 52825 11072890 2.505 52311 11079410
1.683 52804 11073220 2.510 52311 11079258
1.765 52766 11073600 2:515 52311 11079335
1.796 52742 11073650 2.520 52310 11079340
1.833 52706 11074130 2.525 52309 11079384
1.847 52684 11074380 2.530 52305 110794990
1.884% 52624 11075062 2.540 "52301 11079397
1.900 52614 11075062 2.551 52301 11079474
1.320 525398 11075108 2.577 52293 11079550
1.940 52580 11075542 2.597 52292 11079558
1.960 525390 .11075308 2.617 52276 11079611
1.930 52646 11074715 2.5649 52270 11079743
2.000 52726 11073820 2.579 52253 11079849
2.020 52766 11073565 2.790 52242 1107%820
2.040 52780 11073310 2.751 52222 11079932
2.060 52730 11073310 2.800 52214 11080014
2.080 52780 11073310 2.930 52182 11080275
2.100 52785 11073310 3,000 52143 11080448
2.120 527389 11073310 3.100 52110 11080562
2.149 52780 1107331Q 3.200 52060 11080359
2.160 52774 11073405 3.303 52018 11080995
2.250 52734 11072787 3.400 51972 11081145
2.374 526464 11074802 3.500 51922 11081208
2.400 52614 11076373 3.600 518468 11081449
2.442 52507 11078232 3.700 51818 11081535
2.460 52307 110890000 3.800 51743 110814930
2.490 52310 110739241 3.905 51701 11081606
2.440 52490 11073555 4,000 51644 11931473
2.4645 - 52440 11078951 4.100 51614 112081333
2.450 52400 11079495 4,204 51614 11081333
2.455 52370 11079685 44400 S1614 11981333
2.460 52330 11079956 5.000 51614 11081333
2,465 52292 11080206 '




63

Table 2. Continued.
Sample No. Nb-0J-L4-86 Run No. 136" T = 8.526.K
1soL M R IsoL M R

0.100 52830 11072835 2,040 52560 11077356
1.100 52830 11072839 2.050 52400 11079470
1.300 52830 11072839 2.060 52300 11080010
14500 52790 11973165 2.070 52260 11079923
"1.550 52770 11073578 2.080 52310 11079360 -
1.600 52728 11073708 2,090 52310 11079360
1.650 52643 11074822 2.100 52300 11079330
1.670 52623 11074975 2.150 52280 11079589
1.700 52723 11073920 2.200 52260 11079865
1.720 52743 11073730 2,310 52210 11080156
1.735 52773 1107348} 2,420 52160 110803990
1.770 52773 11073481 2.604 52070 11080740
1.800 52773 11073481 2.800 51971 11081300
1.850 52773 11073481 3,000 51851 11081638
1.870 52773 11073810 3,100 51781 11081638
1.890 52663 11074500 3.200 51711 11081740
1.927 52733 11074010 3.300 51641 11081569
1.947 52723 11074195 3.350 51631 11031569
1.960 52703 © 11074235 3,400 51621 11081480
1.980 52687 11074525 3.600 51621 110814380
?2.000 52660 11075060 "3,800 51621 11081480
2.020 52640 11075742 S -




Table 2.

6l

Continued.
Sample No. Nb-0J-L4~-86 Run No. 137 T = 8.626 K
1S0L M R SOL M R
0.000 52821 11072950 1.726 52290 11079400
0.300 52821 11072950 1.730 52292 11079652
0.600 52821 11072950 1.735 52291 11079380
0.900 52821 11072950 1.740 52291 11079492
1.200 52821 11072950 1.750 52281 11079492
14300 52774 11073270 1.773 52266 11079494 -
1.400 52634 11074850 -1.800 52249 11079732
1.450 52716 11073954 ‘1.852 52219 11079970
1.500 52773 11073464 . 1.900 52196 11080166
1.551 52763 11073617  2.003 52136 11080369
1.602 52723 11074018 ; 2.100 52089 11080580
1.653 52667 11074837 2.200 52035 11080867
1.670 52645 11075405 2.300 51964 11081142
1.673 52597 11076376 2.400 51900 11081428
1.676 52599 11076540 2.500 51815 11081475
1.679 . 52605 11076273 2.600 51724 11081448
1.686 52571 11076704 2.651 51690 11081520
1.690 52543 11077463 2.700 51650 11081478
1.696 52494 11078323 2.750 51630 11081370
1.700 52400 11079508 2.800 51613 11081369
1.705 52397 11080240 2.850 . 51611 11081239
1.710 52237 11080845 2.900 ,.21611 11081230
1.716 52229 11080415 3.050 51611 11081230
1.720 52270 11079838 3.200 51611 11081230
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Table 2. Continued.

Sample No. Nb-0J-L-86 Run No. 138 T=28.712 K
i SOL . M R
0.000 52815 11072985
0,300 52815 11072985
0.600 52815 11072985
0.900 52815 11072985
1.100 52815 11072985
.1.200 52745 11073708 .
1.300 52600 11075282
1.400 52758 11073460
L.500 52656 11075028
1.512 52638 11075768
1.521 52566 11076730
1.533 52407 11079205
1.543 52200 - 11081000
1.552 52269 11079482
1.572 52269 11079430
1.582 52269 11079605
1.593 52253 11079431
1.600 52242 11079610
1.700 52182 11079924
1.800 52132 11080340
1.900 52070 11080524
2.000 52010 11080840
2.100 51930 11081288
2.200 51850 11081465
2.300 51743 11081567
2.350 51695 11081440
2.400 51655 11081385
2.450 - 51634 11081375
2.509 51604 11081280
2.550 51604 11081280

3.000 : 51604 11081280
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Sample No. Nb-0J-4-86 Run No. 139 T =8.797 K
IsoL M R '

0.000 " 52816 11072810
C.300 52816 11072810
0.600 52816 11072810
0.900 52816 11072810
0.960 52800 11073145
0.983 52773 11073314
1.003 52762 11073450
1.023 52725 11073750
1.043 52686 11074340
1.063 . 52620 11074909

1.080 52630 11074740 -
1.100 52710 11073920
1.120 52761 11073408
1.141 52771 11073325
l1.161 52770 11073460
1,180 52743 11073635
1.200 52713 11074097
1.220 52659 11074713
1.240 52619 11075961
1.260 52439 11078360
“1.270 52180 11080955
1.281 52270 11079465
. 1.291 52263 11079466
1.360 52204 11079878
1.400 52174 11080095
1.500 52104 11080482
1.620" 52024 11080830
1.790 51944 11081313
1.800 51834 11081540
1.850 51774 11081621
1.900 51717 11081620
1.950 51667 11081523
1.970 51647 11081500
1.930 51637 11081468
1.990 51637 11081468
2.000 51629 11081468
2.290 51610 11081468
2.100 51610 11081468
2.050 51610 11081468
2.030 51615 11931350
11081350

" 2.020

51623




Table 2.

Continued.

67

Sample No. Nb-0J-4-86 Run No. 140 T=8.911 K
1 SOL M R

0200 52823 11072781
0.600 52823 11072781
0.700 52813 11072991
0.760 52710 11073815
0.790 52650 11074709
0.800 52670 11074201
0.810 ° 52735 11073660
0V.825 52777 11073350
0.85% 52767 11073411
0.870 52737 11073841
0.830 52627 11075775
0.895 52597 11076405
0.900 52557 11076941
0.905 52447 11078669
0.910 52290 1108069¢C
0.912 52200 11081445
0.914 52180 11081085
0.916 52190 11080750
0.918 52220 11080000
0,920 52242 11079621
0.930 527255 11079550
0.950 52217 11079770
1.000 52157 11080222
1.010 52144 11080222
1.100 52054 11080705
1.200 51934 11081450
1.250 51850 11081682
1.300 51750 11081683
1.350 51684 11081552
1.400 51634 11081442
1.450 51615 11081380
1.500 51515 110813890
1.600 51615 11081380
1.430 51617 11081380
1.420 51621 11381380
1.410 51627 11081380
1.400 51634

11081380
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Table 2. Continued.
Sample No. Nb-0J-L4-86 Run No. 141 T = 9.025 K
SOL - M R IsoL M R
0.000 . 52814 11072925 0,640 52064 11080870
0.200 52814 11072925 0.660 52027 11981215
0.400 52814 11072925 0.630 51907 11081300
Ca470 52744 11073605 0.700 51867 11081530
0.480 52680 11074395 0.720 51867 11081530
0.485 52670 11074444  0.740 51787 110815565
0490 52675 11074444  0.750 51737 11081565
0.495 52730 11073810 0.780 51692 11081565
0.500 52760 11073415  0.800 51652 11081565
0.505 52770 11073419  0.820 51632 11081390
0.510 52780 11073380 0.840 51623 11081375
0.515 52783 11073380 0,860 51623 11081375
0.520 52773 11073380  0.900 51623 11081375
0.530 52753 11073625 0,830 51628 11081375 -
0.535 52653 11075435  0.680 51908 11081370
0.540 52613 11076250 0.660 51938 11081162
0.545 52453 11078769  0.640 51991 - 11080940
0.546 52423 11079130  0.520 52014 11080840
0.548 52340 11080120 0.5600. 52044 110807083
0.550 52223 11081482  0.580 52084 11080532
0.552 52203 11081220 0.560 52134 11080120
0.354 ° 52210 11080500 0.555 52144 11080231
0.556 152230 11079890  0.550 52114 11081890
0.558 52240 11079575 0,552 52134 . 11081000
0.560 52260 11079621 0.544 52164 11080000
0.555 52230 11079631 0.550 52110 11081920
0.580" 52194 11079920 0.548 52084 11682555
0.520 52173 11080070  0.5456 52174 11081730
0.600 52142 11080250 0.680 51958 11081390
52102, 11080500 :

Ne620
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Sample No. Nb~-0J-L4-86 Run No. 142 T =9.037 K
1SOL M R
0.000 52820 11072440
0,100 52820 11072440
0.200 52820 11072440
0.300 52820 11072440
0.400 52820 11072440
0.420 52798, 11072455
0.436 52763 11072995
0.446 52713 11072675
0.450 52670 11074164
0.457 52681 11073877
0.463 52704 11074930
0.470 52747 11073085
0.480 52779 11072860
0.490 52779 11072860
0.501 52739 11073573
0.506 52619 11076119
0.511 . 52410 11078800
0.513 52307 11079839
0.515 52238 11080827
D.518 52200 11080756
0.520 052232 110797338
0.522 52239 11079045
0.524 52242 11079205
0.526 52235 11079195
0.530 52222 11079290
0.540 52205 11079544
0.562 52151 11079935
0.580 52107 11080382
0.600 .5206) 11080429
- 0.640 51953 11081263
0.680 51826 11081228
0.721 51720 11081140
- 0.740 51670 11081152
0.750 51651 11081011
0.760 51637 11030937
0.770 '51617 11080910
N.781 51617 . 11080910
0.800 51617 11080910
0.900 11080910

51617
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Table 2. Continued.

Sample No. Nb-0J-4~86 Run No. 143 T = 9.064 K

} SOL Mo R
0.000 52810 110724590
0.100 52810 11072450
0.200 52813 11972450
0,300 52810 11072450
0.366 52767 11072969
0.375 52715 11073495
0.380 - 52675 11074030
0.385 52683 11071947
0.390 52710 11073610
0.400 - . 52784 11072832
0.410 52784 11072832

. 06421 52756 11073466
0.425 525756 11076735
L 0.427 52482 11078365
0.429 52362 11079814
0.431 52280 11080540
0.433 52199 11081525
0.434% 52201 11081005
00435 : 52233 11080095
0.437. | 52251 11079410
06440 52243 11079242
0.460 "52173 11079750
0. 489 52110 11080315
0.523 51982 11081065
0.560 51833 11081282
0.580 51762 11081242
0.590 51730 11081125
0,600 . 51700 11081120
0.510 S1672 11081005
0.621 51654 11080950
"0.631 51626 11080950
0.6356 51626 11080952
0.6%6 51626 11080950

0.656 51626 11080950
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Sample No. Nb-0J-4-86 Run No. 14k T =9.078 K
1SOL M "R
0.000 52810 11072402
0.100 52810 11072402
0.200 52810 11072402
0.300 52780 11072530
0.338 52690 11073534 -
N.348 52680 11074065
0.258 52747 11073175
0.370 52777 11072962
0.380 52767 11073135
"0.387 52507 11077847 .
0.388 52387 11079569
0.389 52347 11079889
0.390 52279 11080709
0.391 52259 11081020
0.392 52219 11081512
0.393 52180 11081268
D394 52189 11081396
0.395 52213 11080485
0.395 52230 11079782
0.397 52240 11079564
0.398 52243 11079479
0.400 52243 11079232
0.403 52213 11079232
0.410 52193 11079630
0.430 52113 11080289
0.450 52043 11080705
D47l 51966 11081170
0¢493 .51890 11081170
0.510 51810 11081295
0.520 51764 11081194
0530 51724 11081185
0.540 51700 11081212
0.550 51660 11081103
0.555 51653 11081025
0.560 51653 11680905
0.513 51613 11080915
0.600 51629 110804915
0.599 51629 11080389
0.580. 51629. 11080387
0.563 51633 11080825
0.560 51635 11080825

0550 51670

11081052




Table 2. Continued.

72

Sample No. Nb-0J-4-86 Run No. 145 T=09.105K
1SOL M R
0.000 52810 11072768
0,100 52810. 11072768
0.200 52810 11072768
N.274 52670 11074492
0.250 52800 11072912
0.255 52790 11072827
0.260. 52780 11073060
0.267 52740 11073400
0.272 52690 11074425
0.277 52690 11074332
0.282 52730 11073609
- 04287 52777 11073045
0,295 | 52777 11073200
0.300 52755 11073619
0.305 52475 11079100
0.3056 52368 11080435
0.307 52318 11080834
0.308 52298 11081153
0.,3098 52210 11082065
0.311 52170 11081970
0.312 52203 11080953
0.313 - 52205 11080827
0.314 52205 11080029
0.317 52210 11080030
0.320 52202 11979778
0.326 52169 11080106
0.340 52101 - 11080700
0.361 - 51988 11081295
0.371 51930 11081495
0.380 51879 11081505
0.390 51834 11081532
0.400 51784 11081460
D2.410 51756 11031296
0.420 51706 11081467
0.430 51676 11081415
0.435 51646 11081060
0.440 51646 11081173
0.445 51638 11081135
D456 51638 11081135
0.480 51638 11081135
0.509 51631 11081110

0.600 51631

11081110




Tab]e 2. Continued.

73

Sample No. Nb-0J-4-86 Run No. 146 T=9.133 K
1SOL M R
0.012 52824 119072884
0.1560 52824 11072884
0,193 52754 11073440
0.198 52700 11074222
0.201 52661 11074752
0.204 52650 11074890
0.207 52714 11073937
0.210 52764 11073534
0.213 52781 11073262
0,216 52781 11073332
0.218 52755 110736390
0.220 52715 11074752
0.222 52529 - 11078970
C.223 52449 11080078
0.224 52343 11981522
D.225 52253 110823490
0.226 52202 110832905
0.227 52152 11083100
0.228 52145 11082600
0.229 52159 11082455
0.230 52165 110810190
0.231 52166 11080662
0.233 52155 11080600
0.235 52141 11080720
0.243 52081 11080710 -
0.251 52031 11031090
0,260 51940 11081365
0.270 51870 11081475
0,277 51830 11081552
0.283 51780 11081536
"(.289 51746 11081320
0.295 51716 11081313
0.302 51686 11081200
0.307 51656 11081245
0.314% 51640 11081120
‘0a319 51640 11081120
0.333 51640 110381120
" Q.400 51643 11081224




Table 2.

Continued.

74

T=09.147.K

Sample No.Nb-0J-4-86 Run No. 147
| SOL M -R
0,000 52819 11072750
0.130 52819 11072750
0.150 52789 11073038
0.157 52729 11073761
0. 1562 52669 11074600
0.164 526389 11975505
0.166 52639 11075200
0.168 52662 11074975
0.171 52732 11073960
0.173 52742 11073770
0.175 52772 . 11073530
0177 52750 11074080
0.180 52600 11078065
0.182 52420 11080380
0.183 52330 11081625
0.184 52220 1108175C
0,184 52270 11082320
0.185 52200 11083345
) 0.186 52140 11083500
0.187 52120 11083704
0.188 52140 11083195
0.189 52140 11082914
0.190 52110 11081545
0.195 52100 11981100
0.200 52050 11081150
0.210 51950 11081372
0.220 51860 11081492
0.230 51780 11081515
0.235 51749 11081531
0.240 51700 11081458
0.245 51680 11081280
0.250 51660 11081125
0.255 51645 110811138
" 0.260 51645 11081118
0.270 51645 11081113
. 0.300 . 51645 11081118




Table 2. Continued.

75

Sample No. Nb-0J-4-86 Run No. 148 T =9.158 K
1S0L M R 1soL M R

0.000 52830 11072650 0.156 52077 11081470
0.100 52820 11072805 0.157 52047 11981463
0.122 52800 11073035 0.158 52057 11081240
0.129 52772 11073692 0.161 5203% 11081243
0.133 52572 11075455 0,165 51973 11081242
0.135 52572 11076527 0.170 51920 11081500
"0.137 52612 11076220 0.175 51860 11081405
0.1329 52682 11075235 0.180 51814 11081510,
0.141 52704 11074655 0,185 51759 11081287
0.143 52708 11074565 0.187 51749 110813290
0.146 52650 11076560 0,189 51730 11081340
0.1475 52470 11079915 0.191 51716 11081225
0.148 52410 11080675 0.193 51705 11081104
0.1485 52370 11082512 0.195 51700 11081145
0.149 52310 11082100 0.197 51673 110981182
" 0.1495 52300 11082300 0.199 51673 11081206
0.150 52220 11083791 0.223 51644 11081035
0.1505 52150 11084005 0.217 51644 11081020
Ne151 52100 - 11084350 0.212 51654 11081070
0.1515 52120 11084352 . 0.206 51662 11081085
0.152 . 52105 11084445 0.201 51671 11081138
0.1525 52078 11084280 0.196 51685 11081105
04153 - 52064 11084085 0.191 51712 11081275
0.1535 52100 11083925 0.186 51752 11081207
0.154 52080 11084070 0.245 . 51635 11080952
0.1545 52070 110283760 0.260 51632 11081015
0.155 52070 ' ’

11082550




Table 2. Continued.

76

Sample No. Nb-0J-4-86 Run No. 149 T=29.172 K
I SOL M - R
0,000 52834 11072403
0.031 52814 11072405
0.050 52516 11072405
0.060 52814 11072405
0.070 52814 11072405
0.080 52813 11072320
0.090 52796 11072690
0.095%. 52726 11074044
0.096 526890 11074554
0.097 52660 11074802
0.098 52650 11075026
0,099 52650 11075115
0.101 52630 11075700
0.102 52530 11076740
0,103 52521 11077232
0.104 52471 11078803
D.1056 52350 11081334
0.106 522560 11082509
0.1CT. 52120 11084115
0.108 52010 11084949
0.102 51920 11085209
0.110 51874 11085030
0,111 51848 11084095
0.112 51849. 110831835
0.113 51859 11081996
0.115 51739 11081590
0.117 51869 11081421
0.119 51840 11081200
0.122 51830 11081172
N.151 51530 11080480
0.150" 51630 11280650
0.140 51665 110880655
0.130 51737 110380870
0.120 51824% 11080833
0.110 51884 11084482
0.180 51630 11080730

ND.170 51630 11080730

0.15% 51532 110807890

0.149 " 51640 11080530

O0.144 51650 110804658
51690

0137

11080725




77

Table 2. Continued.
Sample No. Nb-0J-4-86 Run No. 150 T=9176 K
ISoL M R ISOL M R

0.011 52870 - 11071730  0.098 52090 11083272
0.086 52640 11074913 0,099 52070 11082245
0.087 52660 11074915 0.100 52090 11080525
0.088 52670 11074915 0.101 52090 11080585
0.090 52650 11075320 - 0.102 52070 11080355
0.080 52800 11071919 0.103 52030 11080300
0.081 52790 11072210 . 0.104 52010 11080395
0.082 52755 11072685 0.105 52000 11080407
0.083 52715 11073062 0.106 52000 11080327
0.084 52705 11073452 0.107 51910 11080415
0,085 52647 11074037 0.108 1907 11080418
0.086 52677 11074363 D.111 51857 11080252
0.087 52650 11074530 0.113" 51837 11080389
0.088 52650 11074452  0.115 51790 11080320
0.089 52630 11074868 0.117 51784 11080420
0.090 52710 11074938 . 0.119 51734 11080246
0.091 52650 11076740 - 0.121 51723 11080248
0.092 52540 11078135  0.123 51725 11080292
0.093 52450 11080055 0.125 51724 11080162
0.094 52310 11081660 0.127 51706 11080206
0.095 52250 11083025 0.129 51728 11080222
0.096 52160 11083822  0.140 51718 11080500
0.097 52140 11083779 - -




Table 2. Continued.

78

Sample No. Nb-0J-4-86 Run No. 151 T=9.18] K
1SOL M R

" 0.000 52870 11071360
0.022 52860 11071509
0.030 52860 11071509
0.040 52860 11071509
0.050 52860 11071509
0.060 52860 11071509
0.064 52842 11071718
0,065 52822 11072042
N.068 52762 11072163
0.070 52679 11073808
0.072 52624 11075035
. 0.073 52602 11075452
0.07% 52605 11075572

0.075 52595 11076093
0.076 52530 11076568
0.077 52552 11978178
0.078 52522 11079032
0.079 52355 11081132
0.080 52280 11082600
0.031 52121 11083960
0,082 52077 11084088
0.083 52026 11083575
0.03% 52000 11082632
0.0835 52005 110804690
0.090 51900 11080095
0.09% 51790 11080015
0.191 51740 11080192
0.1956 51700 . 11080176

0.111 51694 11079940 -
0.119 51696 11079900

51696 11080390 °

0.130




Table 2. Continued.

79

Sample No. Nb-0J-L4-86 Run No. 153 T =8.974 K
1soL: M R 1soL M R
0.000 52815 11072100 0,729 52243 11079025
0.100 "52811 11072154 . 0.731 52238 11079045
0.200 52811 11071899 - 0,733 . 52238 11079018
0.300 52811 11071899 ND.735 52238 11073978
.. 04400 52814 11072385 0,746 52214 11079184
0.456 52822 11072708 "0.756 52193 11979416
0.578 52790 . 11072870 ° 0.777 52157 11079710
0.600 52740 11072988 0,799 52125 11079887
0.615 52680 11073778 0.829 52100 11080098
0.626 52629 11074342 0.841 52070 11080135
0.637 52649 11074219 0.8563 52040 11080262
0.648 52732 11072944 0.380 - 52014 11080574%
0.659 52771 11072725 2,300 51987 11080722
0.671 52771 11072600 5.929 51945 ° 11080899
0.682 52771 11072810 0.941 51605 11081038
0.687 52764 11072935 0,961 51859 11081162
0.692 52749 11072900 0.930 “51827 11081192
0.697 52728 . 11073195 1.2901 51780 11081090
0.702 52663 11074518 1.020 51734 11081045
0.707 52624 - 11075617  1.0490 51696 11081110
0.712 52554 11075803 1.060 51663 11081005
0.714% 52366 11079142 1.080 51626° 11080910
0.721 52250 11080269 . 1.100 51620 11081135
0.723 52157 11080723 1.121 51620 11080900
.0.725 52208 11079580 l.151 51620 11086820
0.727 52234

110792990

L P93

51617

11030915






