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UPPER CRITICAL MAGNETIC FIELD OF SUPERCONDUCTING FILMS
WILTH MAGNETIC IMPURITIES '

Thomas Richard Lemberger, Ph.D.
Department of Physics
Unlver51ty of Illinois at Urbana~Champaign, 1978

We have measured the upper critical magnetic fleld H (T), of
In-Mn and Pb :Mn alloy films. ch was determined from the resistance of
the films. 4Thevrééults were compared with the theory of Fulde and Maki.
This theor? aesumes that the electron-phonon coupling is weak, and
that the interection between the inpurity spins and'thefconduction‘
electron spins is weak. fhe theory predicts that-the pair-breaking

effect of the magnetic impurities is temperature-independent, and that

the‘pair—bfeaking effects of the nagnetic impurities and the applied

" magnetic field are additive. Furthermore, it predicts explicitly the

temperature dependence of HC2

The temperature dependence of H for the In—Mn alloy films is

c2
well described By the‘Fulde—Maki theory, despite}the moderatély strong

electron- phonon coupling and the strong interaction between the impurity

spins and . the conduction electron spins. The temperature dependence

~of H., for the Pb-Mn alloy films is not well described by the Fulde--

c2

Maki theory, probably due to the strong electron—phonon coupling in

Pb. However, even without a quantitatively correct theory, one can

.conclude from the Pb-Mn data that the pair-breaking effect of the mag-

netic impurities.is temperature independent, and that the pair-breaking
effects of the magnetic impurities and the.applied magnetic field are

additive.



For some of the Pb-Mn alloy films, there was a region of positive
'curvature in HCZ(T)Vnear'the zero-field transition temperature. This

positive curvature is not understood.



iii
ACKNOWLEDGMENTS

Thg author wishes to thank his advisor, Professor Donald M. Ginsbefg,

for the patience, guidance, and encburagement which he provided.

‘ e is g?ateful to the National Science Foundation for financial
support uﬁdgr Grant DMR476—80159,,and to. the Department of Energy for.
financial subpéft under Grant EY—76-C—02—1198.

He thanks Jeffrey Wiilis, Briag Gibson, and John Przyb&sz‘for many
useful discuséions and experimental assistance;.
Finalij,_he thanks his.wife Ellen and his pafents for_théir constant

S support and encouragement.




TABLE OF CONTENTS
“ _ Page

I.  INTRODUCTION . « + v v o o o o e e et e e e e o1

¢ Ao Overview. . .« ¢ v . 4 e v w e e e e e e e e e 1
B. - Background. . . . . . . . . . 0 o0 . 4

C. Theory. . . T 6

D. 5Prev1ous WOrk e e e e e e e e e e e e e e 16

E. Purpose of ThisExperiment . . . . . . . . . . . . 16

II.. BRIEF DESCRIPTION OF A TYPICAL RUN . . . . . . . . . . 19

IIX. RESULTS AND DISCUSSION . & o v o v o o o v o o v o v . 22

Ac I0MD « v e e e e e e e e e e e e e e e e e 22

B.o "Pb=Mn . . . . . . ¢ ctu e e e e e e e e .. 30

- IV, CONCLUSION . & v v v v v v v v v v o v o a e o o v oo b2

APPENDIX .

A. Detalled Description of a Typical Run « e e . .. 43
‘ 1. Substrate preparation . . . . .o . . . 43

2. Attaching the substrate to the substrate
hOLAEr. « & v v v v v o v o o e e e e e .. b4

" 3. . Closing the cryostat 1
4. Cooling the substrate . . . S ) |
5. Making, rotating, and scr1b1ng ' .
" the sample film . ... . . . « « « « « o . . . 52
,':6. Temperature regulation and measurement. . . . 55
*." - 7. Magnetic field generation and measurement . . 57
B. Detailed Description of the Apparatus,. .« . ... 61
' 1. The CryoStat. : .+ « « « « + o + o « o« o « « . 61
2. The evaporator housing. . . . .-. . . . . . . 64
3. . The substrate holder and support assembly . . 64
_ 4., The sample film-scribing assembly . ... . . . 70

5. The pulley system for rotating and

. : scribing the.sample . . . . . . « « « « « . . 74

C. Data Taking Procedures. . . . . « &« « & « « . « . 76

1. In-Mn data. . .. v e e e e e e e e e e e .. 16

2. Pb-Mn data. ... . . . . S

D. jDiscussxon of the Shape of the ' ‘

- - Resistive Transition. . . . . . v v v o o oo . . 79

1. In-Mn datd: . . «v v v o o o o o o o o o o« o« « 19

2. “Pb-Mn data. . . .« e o o e v o0 e o0 o0 o0oo . 91

E. Tables of Data e e e e e e e e .. 2 109

‘ o _ 1. In-Mn-data. . . « « ¢ ¢ o & e o e e e . . . . 109
v e " 2. Pb=Mn data. . . . 40 ceh e e o i e o .. . 114




Page

F.. . Experimental Uncertaintles T R 1)

' 1. In-Mn . . v ¢ v e e e e e e e e e s . e . o« .+ 130
R L K )
G. Alloy Fabrication Techniques. . . . . e o o« 134
H. CallbraLlon of Cryocal Getrmanium Re51stors. . . . 138

REFERENCES o . v+« v v o v i e v e v o o o e e e e e e oo 149

LG N 1/



Table

I1I.

1v.

VI.
VII.
v . : VIII.

IX.

XI.

XII.

XIII.

LIST OF TABLES

In-Mn sample film characteristics.

Pb-Mn sample film characteristics.,

Heo(T) :data on In-Mn sample 5
compared with the Fulde-Maki theory.

. HCZ(T) data on ‘In-Mh sample 7

compared with the Fulde-Maki theory.

H.(T) data on In-Mn sample 13
compared with the Fulde-Maki theory.

H.o(T) data on In-Mn samﬁle*l9‘

compared with the Fulde-Maki theory. . . . . .

Characteristics of the polynomial fits to

the Pb~Mn data.. . . . « ¢ « ¢ ¢ ¢ ¢ . . .

“HCZ(T)'data on Pb-Mn sample C. -

compared with a polynomial fit . e e e

'H_,(T) data on Pb-Mn sample H

compared with a polynomial fit . . .

HCZ(T) data on Pb-Mn sample D
compared with a polynomial fit . . . . . .

HCZ(T) data on- Pb-Mn sample E

_compared with a polynomial fit . . . . .

H.,(T) data on Pb-Mn sample F
compared with a polynomial fit .

'HCZ(T) data 6h'Pb—Mn sample G

compared with.a polynomial fit .

Page
23

31

. 110
. 111
. 112

. 113

. 115
. 117
. 119
. izo_
. 123
. 125

. 128

vi



vii

LIST OF FIGURES

Figure V o , o Page
- 1. Radial'probability-function for Gd and Mn. . P, 3
2. Plot of'H (T) calculated by using the

Fulde- Maki Lheory. o « ¢ v ¢ ¢ & ¢ ¢ « o 4 e o e+ o« . .13

3. Plot of H Z(T) showing possible deviations .
- from the Fulde—Maki theoTy « ¢« « ¢« v v ¢ ¢ .6 ¢ s o« & « . 15

4, Plot of the experlmental values of » »
c2(T) for In-Mn sample Se v e v v e e e e e e e e e 24

5. Plot of the experimental values of .
HCZ(T) for In-Mn sample 7. . . . . . . . . . . .. . « . 25

6. Piot.df the experimental values of A
HCZ(T) for In-Mn sample 13 . . . . . . . . . « « . < o 26
7. Plot of the experimental -values of

c2(T) for In-Mn sample 19.. . . . . . . . . . ... . ; .27

8. Re51st1ve transitlon of a pure lead fllm,sampleC in a
magnetic field. The graph shows which point
on the transition corresponds to which data set. . . . . 32

9. Plot bf T/ Teo vé; ﬁ-/ncr for the Pb—Mn sampleé. Ce e 34
10. Plot of the experlmental values of HCZ(T)
for the Pb-Mn samples, data set 3. . e V|
11. Plot of the experimental values of D-dH_,/dT |
vs..T/TCO:for the Pb-Mn samples. . . . . . . . . . . . . 40
12. Electrédé and sample geometries used- . . . . . . . . . . 46
13. The Eryostat‘; ; e e e e e .-.i. e e e . . 63
'ld. E Frént viey of the subsfrate'holdérn.', e e e i e e . 66
‘15. Substratg hgldgr-with suppbrt assembly . . . . . . . .- 69
16.  The sample Film-scribing assembly. . « . oo o . . . . . 72
17.  The pulley tube. . . . .+ . . ¢ TS
" 18. Zego—field Eesistive transitién of - |

In-Mn sample 5 . . e e e e e e e e e e e e . e . 81




Figure

-19.

20.

21.

-22.

23.

24,

25.

26.

27,

28.

?9.
30
31..
2.
33.

34.

In~Mn sample 7 . . .

. . .

" Zero-field resistive transition of

Zero—field'resistiye transition of

" in-Mn sample 13. .

In~-Mn sample 19. .

Zerd—fiéld resistance of In-Mn
measured by using two-terminal.

" terminal techniques.

Typical finite-field
of In-Mn sample 5.

Typical finite-field

of In-Mn sample 7. .

Typical finite-field
of In-Mn sample 13 .

Typical finite-field
of 'In-Mn sample 19 .

Zefd—fiéld resistive

of Pb-Mn sample C. .

Zero-field resistive
of Pb-Mn sample H.

;'Zerbffield resistive
- of Pb-Mn sample D.

Zero-field resistive
of Pb-Mn sample E.

'Zero—field resistive

of Pb-Mn sample F. .

Zero-field resistive
of Pb-Mn sample G, .

Typical finite-field
transitions of Pb-Mn

Typical finite-field
transitions of Pb-Mn

. . . . e

resistive

resistive
resistive

resistive

transition
transition

,Zerp—field resistive transitien of

. -8

sample 13
and four-

transition

- .Q . - .

transition

transition

transition

transition = -

transition

trarnsition

‘transition

resistive
sample H.

resistive
sample D,

. . . . .

viii
Page
83
83

84

86
88
88
90
90
93
93
95
95
97
97 .
100

102



Figure

35.

'36.

37.

38.

39 -

 Typical finite-field

transitions of Pb-Mn

. Typical finite-field
transitions of Pb-Mn

Typical finite-field

transitions of Pb-Mn-

Circuit used to make

resistive
sample E. . . . . .

resistive t:ansition

sample F. . . . .

resistive
sample G. . . .- . .

four-terminal d.c.

measurements of the resistance of the
- Cryocal germanium resistors when they

were calibrated. . .

Deviation of the calibration of
resistor #3133 from the Tgg scale.

~ix

Page
. 104

.. 106

108

141

147



1. INTRODUCTION

A.  Overview
This experiment is part of a concerted effort in our research

‘group to uriderstand the effects of magnetic impurities on super-

-10/

conductors.

. The»tﬁetmal condﬁctivities of Pb;Mn,xIn—MhJ and- In-Cr
have already béén measured. Heaf éépacity énd tunheling experiments
.on:phese materials are in progress.

The theory of magnetic impurities in superconduétors explains
the effécté.of fére earth impurities. quite well becaﬁsé the unpaired;
or mégnetic,‘eléctrons are in the 4f shell Qhere they are Qell shielded
ffoﬁ ﬁhe COnducpion electrons.l Hence they interact only weakly with
the gonauétién’électrpns. The theory does nog’eiplain éll of the.
results of measufeménts>on éubertonducﬁors containing transi;ion metal
impurities, whosé.uﬁpaired eiectféﬁs are in the 3d sﬁell. Figuré 1
shows a compérison of the shielding of the'ﬁf sheii iﬁ Gd, a rare
carth, with the shielding of the 3d shell in Mn, a transition element.

. Wé hope that by making several different types“of.measurements on
the same systems we can better define the extent of agreement:betﬁeen
‘theory énd'ekperimenf.

As will be discusséd 1ater,'measurementé of the upper critiéal
" magnetic fiéld;ich, enable one to test some of the bésic coﬁcepts of

the theory, independent of the approximations made .in order to'perform

‘the actual célculations.



Figure 1.

Radial probability function for Gd and Mn}_ P(r) is
the relative probability of finding an electron a
distance r away from the nucleus in gadolinium and
manganese atoms.. These curves were calculated by
Charlotte Froese Fischer by using a Hartree-Fock
method - (unpublished). :
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B. Backgrouna

The study éf magnetic impurities began in the 1950's when it was
discovered that small concentrations of ﬁagnetic impurities depress the
11,12/ The

superconducting transition temperature of the host severely.

fact that the strength of the depression was correlated with the spin

of the impurity,; and not with its magnetic moment,lg/ IaiHerringl;/ to

suggest that the interaction responsible for the effect of the magnetic

impurities was the exchange interaction between the impdrity spins and

/

. : 4
the conduction eléctrons. Abrikosov and Gor 'kov (AG)--];i showed how to
incorpdrate this interaction into calculations of sqpepconducting prop-
erties. The theory was later developed by Skalski et gl,lé/Ambegaokaf
o e 16/ | 17/ . co L
and Griffin,7 -and by others™ Experimental studies of the tunneling
. : .18/
characteristics of Pb-Gd by Woolf and Reif, ™ and of the specific heat

juﬁp in La-Gd by Finnemore gg_éljlgjand other studies;gg/Vérified the

basic correctness of the AGithéory.

However, it was found that the AG theory worked well for rare

earth.impurities but not so well for 34 shell magnetic impurities. This

18/

was shown in measurements of tunneling into In-Fe and.Pb—Mn alloyss
of far infra;réd absorption -in Pb-Mn alloys,g;/ and of thermal conduc-
tivity of In-Mn alloys.;L/ The source of the disagreemeht was thought
fé be thét AG had treated the exchange interaction-as a weak interaction;
they_used the first Born appréximation;

An attempf‘tb treat the exchange interaction to higher order was
made by:Shiba.Eg/ In fact, by assuming that the impurity spins wére

classical spiﬁs, he was able to treat the impurities exactly.



Calculations based on this theory aéreed with the tunneling data on Pb-
Mn,ggizéj but not with'the tunneling data on In—Fe.ji/ Other disagree-
ment between theory énd experiment was discussed by Ginsberg.£;

- Mﬁller—Hértmann and Zittartz (M—HZ)gi/ constructed a theofy in
Iwhich they included the quantum mechdnical ﬁature‘pf the impurity spins.
This thedrx was later extended by Schuh and‘Mﬁller~Hartmann.Z§/ Their
-theori reduced to the AG theory in fhe limit of zero Kondo temperature.
The agreemgn;-§f the M-HZ theory with experiment has recently been
reviewed by fakayanagi and Sugawarggz— |

A calculation of Hc based on the AG theory was performed by Fulde

2

. . 28 . :
and Maki (FM),——/ and a calculation of HC based on the M-BZ theory ‘was

2
first‘performéd by Makigg/ and was later improved by Schuh énd Muller-
Hartmann.gé/: Theée célculations.showed that tﬁe kondo effect could
éauSeAlarge quélitatiVé»differenées in thé ﬁCZ(T) cﬁrve,f;om;the FM
prediction, if the Kondo'température were near the superconducting
transition tempefature of the host.

These tbeories\all assumed that the. impurity spins were randomly
oriented. HoweQer, calculations have been made of somé properties.of
superconductors assuming some order among the impurity spins. In par-
ticular; Fischerég/ calculated the effect of paramagnetic impurit?

31/

spin~alignment,bn the upper critical magnetic fiel&, Hc~ Bennemann—

9t
calculated some of the effects of impurity-impurity interactions..
Since these impurity-impurity interactions typically become important

only when the impurity concentration is high enoughAto-feduce the -

transition temperature of the alloy to below half of the transition



temperature of the puteAhOSt,éL/ we avoided them by keeping the
impurity.concentration low enough that the transition temperature of
the alloyswes greater than half of the transition temperature'of the
pure host.

These theoties are.discussed in more detail in the next section.
But, detaile aeide, these theories provide at least'e qualitative idea

of what the temperature dependence of H , might be. These qualitative

c2

. aspects should be independent of some of the approximatlons of the

theorles, e. g., weak electron- phonon coupllng Even without a quanti-

tatlvely correct theory, it may be possible to dlstlnguish the Kondo

[

effect from impuritylspln alignment, should one of them be present in

‘the data.

C. Theory
This seCtion describes the theories of magnetic‘impuritiesvinAA
superconductore due to Abrikosov and Gor'kov (AG) and to Shiba. It

describes what these theories predicted for the temperature dependence

- of the upper critical magnetic field, HcZ’ in superconductors-containing

magnetic impurities. These theories assumed that the impurity.spins

were classical,'randomly oriented spins, and that the'electron—phonon-'

_coupling was weak. This section also discusses what -effects the quantum

nature of the impurity spins, impurity spin alignment, and strong
electron—phonon coupling might have on the temperature. dependence of
ch.

- The first successful theory of magnetic impurities’ in supercon-

ductors was the AG theory. -‘AG assumed that the impurities-spins were



randomly distribu;ed, randomly orientea, had an infinite lifetime,
and that they interacted weakly with the conduction electrons through

thé’exchange,interatiod
ex e

: ‘ '—>—> ) . .
H = fZJS-s s : (1)

’ > -
where J is the exchange constant, S. is the impurity spin, and S, is

the conduction electron spin. They treated this interaction in the

first Born approximation. Note that the exchange interaction treats

the two members of a Cooper pair differently. Hence it.1s called a
'pair-breaking' interaction.
* They obtained an expression for the dependence of the transition

temperature of a superconductor with magnetic impurities
o,

. g ! |
IT/T) = 8G) - 8G Hg) o )

Here TC is the transition temperéture of the alloy, T _ is the transi-

cO

tion temperature of the pure material, Y is the digammé function,

kg==l, and o, is the spin flip scattering rate from the magnetic

impurities, given by

=

a

. ='ni}rN(o) Pses+n - %)

s
Where‘r'li is the concentration of the magnetic impurities, and N(0) is
the density of electronic states at the Fermi energy for one spin

direction. oy is commonly referred to as a 'pair-breaking' parameter.



Shiba éxtended this théory by-making alllof the assumptions of the
AG thebry plﬁs_aséuming that thé iﬁpﬁrity spins were classical and not
quantum meghaniéal. He was thén able to treat the exchange inter-
action exactlyf"This.theory'necessafily reduced to the.AG'theory in
the limit of wéék exchange coupling. In Shiba's theofy, the dependence

of TC on the magnetic impurity concentration was

o

' BN 1 i | -
Aln(Tc/Téo) = W(E) TW(E + ZHTC) - L (W)
‘where a, is‘giQeﬁ by
_ Sy 2 | : o
ai = ;ﬁzay(l - EQ) . . ) o ) (5)

 €0 could be expressed in terms of other constants in the theory as

- [%'nJSN(O)]Z ,
o - 2 o (6
1 + [51ISN(0)] :

From Equation (6), it is clear that

05505_1; . : (7

when CO approached 1, the Shiba theory reduced to the. AG ;heofy. A
.comparison ofxEquationé'(Z) and (4) ‘shows ‘that the functional dependence

of T on n
c

i was the same in the AG and Shiba theories.

According to the AG and Shiba theories, there was a concentration

- of magnetic impurities which was sufficient to destroy superconductivity



in tﬁe'alloy at all temperatures. This concentration was called the
critical éoncentration, n_,
But what do these theories predict about‘HCZ?
First,'lét‘s look at the effect of a magnetic field on a siper-

conductor without magnetic impurities. The magnetic field interacts

with the conduction electrons through the following terms in the

ﬁamil;onian:
- ez - , 4
. .Hint mc prA o ' (8)
and
H, = .8l - , , &)

 hoth of.ghese inferactions,.like the ékchange'interaétibn, aré pair-
bféaking iﬁteractions hecause théy treét Ehe two members of.a Cooﬁer
péir'differéﬁtly.. The sécond 6f:tﬁése inteféctions will be discussed
iatéé: |

Makigg/Aéalculated the effect which the first of these interactibns

would have on the superconducting state. He showed that in a dirty,

bulk, type 1I superconductor

e L 1 1 GH<T) . o |
In(T/T o) = (3 - WG+ 'ZTT—TC“‘) 4 (10)
4whe;e
_ ‘DeH . (T) - | « .
g = - - (an

Here D is the.diffusion constant, given by



10
N el -
D = 3 vfnﬁ, (12)

v. 1s the Fermi velbcity, and £ is the electron mean free path. Dirty,

f

bulk, type Il superbonductors have the properties:

. g < CO y | | ‘ B .(13)
d>> I, | - | A
: S : : ' : ‘

where d is ghé thickness of the sample, EO is the ideal coherence length,
and k is the.Ginzbufg—Lanaau parameter. Equation (10) has the same form
as:Equa;ioh (2), but with a different pair-breaking parameter corres-
pqnding to a different pair—bfeaking interaction.

Fulde and Maki (FM) then showed iﬁ the AGAthebry that.in difty,

bulk, type Il superconductors containing magnetic impurities, the pair-

breaking effects of the field and of the impurities were additive, i.e.,

PPN TR B TC o
1a(1/T,0) = 0() - b+ 50 | o - Ue

. where

a(T) = a, +a (T . | o o i (17)

A calculation of H. in the Shiba theory has not yet been done.

2

"Presumably such a calculation would also show the property of additive

. pair-breakihg since the result would have to reduce to Equation'(l6)

v

in. the limits Both of weak exchange coupling and of zero impurity

coﬁcentration. If so, the temperature dependence of HC in the Shiba

2

theory should be the same as éalculated by FM in the AG theory.



11

This concept of additiye pair—breaking with a temperature—independent
pairjbreakiﬁg parameter, s is exactly what measurements Of'HC2 can test.
These ﬁests_can bé made independently of some of the approximations made
in theAgxplicit caléulations, as we will explain. Thé'Kéndo-effecf,

_ thch'arises from the quantum mechanical.natUre ofAthe impurity spins,
or 1mpurity spin alignment, may cause deviations from this.simple result.

In prinéiple, Equation (16) can be inverted to give a(T). We can

then write
WM = B, - | o (18)

whefe'f(T)'iS:séme function. Using Equation (17), HCZ(T) can be found:

- (T)'%'C f(T) _c "(lé) ..

c? De De i’

Equation (19) iﬁdicates that if one measured the upper critical magnetic
field of a pure §uperconductor which had a diffusioﬁ constant Dp,'one ‘
would expect”to find
WPy = 2@ o e
c2 pPe . .

e

If one then measured the upper critical magnetic field of the same.
" superconductor but with magnetic impurities and with diffusion constanﬁ

D, one would expect to find ’

: > ,
TR =D P _c . L .
ch(T) = 3 ch(T) e % o | _ | (21)




thétion (20) has been used to obtain Equation (21). Equation (21) is
the central equatién in the analysis of our HCZ(T) data.
Figufe 24illustrates what the FM theory predicted for the tempera-

ture dependence of HC (T). Because ai was independent of temperature

2
in this theory; it affected the-chtT) curves as if it were a constant
 ‘background magnetic field, whose magnitudé was pfoportional to the con-
centration of mégnetic impurities.

How would‘tﬁe Kondo effect'and impurity spin aiignment affect the

2

Schuh and Mﬁller—Hartmanngg/ calculated H

temperature dependence Qf~Hc ?

including the Kondo
32/

effect. Their‘theofvaas based on an earlier theory by Maki.=—  They

c2’

. found that‘the_pair—breaking parametér which fepresénéed the magnetic
impuritieé was tempérafdfe and ehergy depéndent; fhis theofy reducéd
toAthe FM%theory in the-iiﬁit of zero Kondo temperature. A representé—
ﬁi?é cﬁrVe of'ch(T) from this theory is présented ih Figufgi3.

The impurity sbins may be aligned. This can occur either through
iﬁpurity—impurity~inferactions or alignment.of the imﬁurity spins in
the Applied maénetic field. These aligned spins woﬁld pfoducé a net
exchange field on the conduction electron spins. .Tﬁis intéractioﬁ,
actiﬁg through the-differenee in Pauli paramagnetic'suscéptibiiity:of

'the conduction electrons in the normal and superconducting states, would

12

lower. the free eﬁé:gy of the normal state relative to the superconducting

X Howevéf, the applied mag- .

netic field, interacting with the conduction eleétronlspins as indi-

étate. This would lower the value of Hc

cated in Equation (9), would have the same effect on the free energy
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difference between the normal and superconducting states. The effects

from the net exchange field and the exterhal field could either add or

subtract from each other. This was discussed in detail by Fischer and
0/ |

3 . . ‘ :
Peter.® The result was that these interactioins could be represented

by another pair-breaking parameter

: 2
(gu )"~ ' :
. _ B’ 1) 2 )
o, = " (., +H)", - - (22)
where
= <8 .> ) :
Hs ni:J Sz /guB : ) (23)

was the exchange field due to the aligned magnetic impurities, and

[S(s +. 1) - <s%5]. - - 4
- - .3 z o (24)
T' T 2T " 8(S + 1)
so... so "'s | o

=
=

was a.generaliéed spinforbit sqatfering rate. TheAspiﬁ—orbit scattering
rate came iﬂto this becauseAit affected the Pauli péramagnetic sﬁscepti—
bility of the.electrons in the superconducting state. .Eﬁuation (22)

was expected to be valid when the mean free path be£Wéen spin-orbit

‘ scaftefings, QSO; was much less than the coherence‘iength'in the pure

superconductor, go.

Figure 3.illustrates'what these effects could do to the temperature

dependence of Hé " All of the curves are normalized to have the same

2

slope at‘TC."Curve a shows HCZ(T) for a éuperconductor with magnetic

(1)

impurities, calculated by using the FM theory. Curve b shows HC2

for an alloy - in which. the Kondo temperature is about one tenth of the
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Figure 3ﬁ
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T/ Teq

Plot of H.,(T) showing possible deviations from the
Fulde-Maki theory. The curves are explained in the
text. ' : '
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transition temperature of the pure superconductor. Curves ¢ and d show
the effects of imputity spins aligning with the external field; in c
the exchange field adds to the applied field; in d it subtracts from
the applied field. |

All of the'theories discussed so far assumed that the electron-
phonon coupling was weak. Rainer gt_gl;;/ have shoWn that strong

electron-phonon coupling could change the shape of H _(T). ‘However,

c2
this should only affect H (see Equation (21)), so that the concept

of additive palr-breaklng may still be valid, and we can test this.

D. Previous}ﬁofk-

Measurements of HuZ(T) on supereonductors containing rare earth
impurities Shqwed that additive pair-breaking applies to these systems.
This work was weil reviewed in references 20 and 34. A study of.HCZ(T)
in the Mo-Re-Fe system was made by Barth et al. 22/ Their data were
consistent with the FM theory of additive pair-breaking. However,
their data wete sparse, and the scatter in their data Qas large enough
that they wete only able to test the gross features'of the theory.

The scatter in our data is less than 1/10 of the scatterlin'theirs, and

- we took twice-as many data points on each sample.

>Previeus.measuremnnts of HCZ(T) on quench—condensed films of . pure
37/ '

1nd1umé§/ and pure lead™" have been made: - Our data are consistent’

with these, as will be discussed later.

E. Purpose of This Experiment
- The purpose of this experlment was to see whether the destructive

effects of magnetlc impurities and applled magnetlc fields on the
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sterconduéting statewere additive, with a temperature independént'
pair—breakiﬁg parametér describing the effect of the maghetic impurities,
as-oﬁe woula expect from the FM theory. We hoped to be able‘to identify
‘the cause of any deviatioh from the FM theory from a knowledge of the
qualitétive effects of inter;ctions which were ignored in the theory.

‘For these ﬁurposes, very preciée measuremengs‘df HCZ(T) were needed;
To narrow the width of the field region in which the transitions occurred,
we scribed thé edges bf our samples away from the mi&dle. This technique
of eiiminating edge effects, unlike the tecﬁnique of coating the entire
film with é layeonf a‘paramagnefic metal like Fe,lZ/ does not affect
the properties of the middle of the film, Unfértuhately, to do.this
sgriﬁing, we had ﬁo use an electréde geométry wﬁiéﬁ-did not allowia
Aprecise‘measufément of thé sample reéistivity. Because the fesiétivity
df'thé gold‘éléqtrodés was about the samé as the reéiétivity of the
sample films,~aﬁ& because there may have been éqme COntéct resistance
between ﬁhe eleéffodes and the éample, the curreng fiow pattern in the
samples was very uncertain. Therefore, we could not degermine the dif-~
fusiOnuconstaptvexperimentally, and quantitative coméafison of our -
HCZ(T) data with'phe theoretical values could not be made.

,Iﬁdium'and lead were chosen as the host superconductors because
tHef-haé'transition ;gmperatures which were.easily accessible in a
pumpea 1iquid'He4 cryostét, because they haa low evabqrétion tempera¥
tures,lg/ and because they had smoothly varying densities of states
which should Hét have-beenAaffected much by.either quench—cpndensiﬁg

or alloying with small amounts of manganese.



18

Manganese was chosen as the impurity bécause data on In~Mn and
Pb-Mn alloys indicated that Mn supported a localized moment iﬁ these
quénch—condénsed materials, because Mn was known to have a stroﬁg effect

. . t Lo .
on the value of TC for Inég/ and Pb,ﬁg/ and because it had a low evapora-

38/

tion temperafure.
Bécause'othﬂe low splubility of'ménganese'in bdth indiuﬁ and
1ead, the sampie'films had to be quench—coﬁdensed at 1iquid helium tem-
beratures, or:éise the manganese would p;ecipitate out. Furthermore,
the sgmples hédfto be képt cold while they were rotated and scribed,
and while déta Qere taken. ‘The samples could not be warmed uﬁtil after

all of the data were taken.
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II." BRIEF DESCRIPTION OF A TYPICAL RUN

This section is a general description of the procedures and equip-
ment, used during a typical run. A‘aetailed deséription is presented in
Appendix A. |

At the beginning of each run, a quartz substrate was carefully
cleaned, and gold'electrodes were evaporated.onto it. . Then the sub-
strate was,ciamped to the substrate holdef. A couple of things were done
beforé the substrate holder could be attached to the cryostat. The wires
- used later té maké four-terminal measurements of the samﬁle resistance
were silver-painted to the gold electrodes. A mechanism used to scribe
the edges of tﬁe'sample éwéy from the middle was screwed iﬁto place
where it stféddled thé éﬁbstfate. fhe prepared substrate holder &as
theh attached to the substrate holder support which was already screwed
to the inner liquid heliuﬁ (LHe) reservoir. -

The substra;e was oriented parallel to‘the-floor;‘and the LHe and
liquid nitrogén (LN) temperature heat shields were put into place around
the inner LHe feservoirvand fhe substrate hoider.‘ Then the outef vacuum
jaqket‘aﬁd the evapofator housing were attached to theicryoétat. Pellets
. of the desired alloy éoncentration (see Appendix G). 'were loaded onto a
conveyor belt, and the conveyor belt was inserted through the wéll of
;hé evaporator. housing.

At this poinf, the cryostat was ready to be leak .tested. Aftgr any
leaks were'seéled, the cryostat was cooled dbwn.

Two héurs or more éfter the LHe was put into the inner LHe reser-

voir, a sample film was made. The sample was made by dropping the alloy
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pellets off the conveyor belt, through a chute, and info a hot tungsten

‘boat. Each pellet evaporated in a few seconds. Some of the evaporated

metal passed thréugh holes in the heat shields and condensed 6n the sub-
strate, oveflappihg'the gold electrodeg. When prepafé;ion of the film
was finished,'the substrate holder was rotated 90° so that the sémple
film was perpeﬂdicular to fhe floor and parallél to the magnet's pole
faces. Then the two edges of the sémple which did notvoverlap the gold
eleé¢trodes were mechanically scribed away from the centfal portion of the:
samplgL Scribiﬁg the sample dramatically reduced the width of tﬁe'super—
conducting transition, as is discussed in Appendix DL Finally, shutters
Qéfe closed oVer'the holes in the heat shields. The ér&éstat was.allowed

to thermally equilibrate for 20 minutes or more before any measurements

were made because experience showed that measurements which were taken

during this time were always irreproducible.
The first measurement made on every sample was the resistive transi-

tion in zero magnetic field. If the transition width was small enough;,

the eXperimen; went on. ‘A Hall probe, attached to thé ba¢k of the sub-

strate holder; was calibrated against a rotating coil gaussmeter. Then

the resistance of the film as a function of field strength was measured’

at several tempefatures. The value of the upper critical magnetic field

~at a given temperature was inferred from these resistance versus field

curves, as we describe in Appendix D.
The sample temperature was coarsely obtained and regulated by
pumping on the inner LHe reservoir through a manostat. The temperature'

was finely regulated by an electronic feedback circuit which used a



ferometric method due to Tolansky.é4
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. carbon resistor sensing element attached to one arm of the substrate

holder assembiy. The temperature measurement and regulation procedures

.are described in detaii in Appendix A.

The magnetic field wds generated by an electromagnet with four-inch

' diametér_ﬁolé faces and a four-inch gap spacing. Fields from 0 to 4 kG

Vﬂcould be obtained. The field was measured, as mentioned abbve{ with a

Hall probé._ A detailed descriptioﬁ of the magnet and the Hall probe
circuit are in Appendix A.

.When the desired number of resistance-versus-field curves had been’

takeﬁ;.the Hall probe'calibration was checked, and the position of the

fesistive'transition‘in zero. field was remeasgred. Then the cryostat

‘was allowed to warm up to room temperature slowly over the next day or

" two.

WhenAthé cfy6stat reached'room'température, thé'subétrafe was
remoVed.. A fhid.(?loOOK).iayer of siiveriwas evaporgféd onto the
sample so that the‘sémple thickness could be meaéuredzﬁy.using an iﬁter—
‘ o Y . R
Finally,‘the’tuﬁgsten boat wés-inspected‘for signs of wear, and the
metal QﬁiéﬁAhadlcqndensedlontoithe hgat shieids,’thé saﬁple scribing

assehbly, the "‘conveyor belt, and the,chute,:was cleaned off. Cleaning

was usually a‘combinatién of wiping‘with a Kimwipe soaked with acetone

and -scraping with a metalltweezers or the wooden end of a QQtip.



ITT. RESULTS AND DISCUSSION

A, In-Mn

Characteristics of the four In-Mn samples on which critical field

measurements were made are listed in Table I. Many other samples were

22

- made on which no, critical field data were taken, either because of some .

mechanical failure in the cryostat or because the width of the resistive

transition in zero field was judged to be too large. These will not
be discussed. -

A discussién of the shapes of the resistive transition curves is

given in Appendix D. Three points on the transition curves were chosen

as the critiéal point so there were three different sets of data for
each sample. It turns out that the main conclusions_bﬁ the experiment

are the'same'fét'allithree data sets. Figufes 23-26. show which data

.set’correspoﬁds to which point on the resistive transition curves.

The critiqal field data and.a fit to the theory of Fulde and Maki
afé shéWn‘in,FiQUres 4, 5, 6,1and 7. As described in“Appéndix‘E, the .
ze?ojtemperatgre valﬁe of the critical field, ch(o); aﬁd<the transi-
ﬁion témperaturés of the alioy and of the puré material were used as
fitting parameférs. Tables of the measured-and calculated values-pf
HCZ(T) arg,presented'in Appendix E. The error bérs 6n the data points
would be about the size of the'dafa'pbints (see Appéndix F).

We can uselthe chemically measured ﬁahganesé conCentrétion, the -

measured transition température, and the value. of Tc obtained as is

A 0
described in Appendix .E, together with the AG prediction‘for the

dependence'of Tc/TcO on impurity concentration, to obtain a value for



Table I.F‘Iﬁan sample film characteristics. d is the film thickness, ATc'is.the
10 # - 90 Z»transitibn width, and I is the measuring current in the film.

_ Sample - -

a/o Mn d (A) ST (K) . AT (mK) I (uA)

£5 % +2 % ¢ ¢
5 -0 1880 4.069 3 50
7. 0 1410 4.172 - 4 o 50
13 +0.030 1930 2.745 - 10 S 100
19 0.039 2546 2,222 38 4 93

£c
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Plot of the experimental values of HCZ(I) for In-Mn
sample 5. Data sets 2 and 3 are displaced upward by
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solid curve was calculated by using the Fulde-Maki
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~__ Sample 13: In (0.030 a/0) Mn
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4 Figure'ﬁ. ‘Plot of the éxperimental values of H.o (T) for In-Mn

. sample 13. Data sets 2 and 3 are’ displaced upward
. by 100 and 200 gauss respectlvely for clarity. The
- solid curve was calculated- by using the Fulde—Mak1

theory
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- . sample 19.. Data sets 2 and 3 are displaced upward
by 100 and 200 gauss respectively for clarity. The
solid curve was calculated by using the Fulde-Maki
theory. - '
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nér, the critical conééntration of impurities, for éamples 13 and 19.
Both of thesglsamples indicate that n. = 0.066 + 0.003 a/o, which value
comparés well with the values 0.066 a/o from Opitzgg/.and 0.070 a/o from
Bjerkaas gg_élgj;/

Because of the peculiar electrode geometry which we had to use,
we Qere only_ablg to determine the resistivities of our samples to
+40 %. This éstimatewasbasgd_on models of our samples made with
’ Telédeltosﬁl/ épnducting papef. To within this 4OIZunqértainty, all foﬁr
of the samples‘on which Hc l

36/

data was taken had the same resistivity,
10 uQ-cm. Bergmann®? measured the resistivity of quench condensed

2
indium films and found a resistivity of 5 uQl-cm.
Using thé Goodhan approximatiohﬂl/ to the Gor'kovéé/ relation

- between the resistivity and x,

< = kg + 7.5310°0y 2, S @)

where D“is the résiStivity in Q-cm, and Y is the eleétrénic heat
‘cabaCity,iﬁ eré/éﬁ3K2, wé'can‘vefify thét‘tﬁé samples wefe'typé II
mate;ials.n'Substituting p = 10;"5 Q-ém, én&éél Y = 1.Q§x103 erg/cm3K2,
‘andig/ KO=5O.062,:we find k=2.5. ,Since ¢ > V/1/2, the samples were type.
IT materiéls.  |

The electrop;méan'ffee path iﬁ~tﬁe sample films cén be aeterminea
'bbth'from‘the,resiétibity and from the value of D found by fitting. the
data with the theoregicél curves. . ﬁsing abvalue ofﬁZ/Allloquchfor ol
and.foliowinélsergmaﬁnjzéj a vaiue for \Z of d.97x108{cm/s, the mean'

free path is either
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g = =>2x 65 A . - ' o (26)
or

; ) e a :

g = b—- ~ 111 A - (27)

.Because of the.large uncertaintiés in both p and p&, this agreement is
good. Anderson and'Ginsbergig/ have'discﬁssed the exberimental values
~of pt for indium.

49/

The idéal‘coherence length, &0, can be estimated with the formula

g = —L= ' ¥ 3400 A S (28)

We can now check to see if the ‘samples were 1ndeed dlrty, bulk

f1lms, us1ng relatlons (13) and (14) We find

e < e . T e
d/VEL =~ “. , ‘ R € 1)

fThereforé, thé’égmpléstwere difty, reasonably bulk,:fi;ﬁs.

The tempefaﬁdreAd?pendehcg of Hc2 agrees wiﬁh tﬁe form ca}culéted
by Fulde and Maki for weak electron-phonon coupling sﬁperconductors;
This ié somewhaf surprising since quench-condensed indium is known to
be a moderétely strong—coupling superconductor 294

Bergmannié/ found Lhat(dH /dT)] for hlS quénch;COndehsed indium
films qu.about,ZQO gauss/K. 1In our igglum fllﬁs, ‘we find (dH /dT)l

: ' ' cO

- is about 400 gauss/K. ‘Since our films had aboutgtwicelthe resistivity

of Bergmann'é, and (dH 2/dT)lT is pfoportional to the resistivity, this
o R c o ‘ o _
is good agreement.
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_There is no evidence from our results for either ferromagnetic
alignment of the impurity'spins, or of alignment of the:spins'with the

applied field. There is also no indication of the Kondo effect.

B. Pb-Mn
Table Illlists characteristics of the six Pb-Mn Samples on which
HCz data were taken. -Two other samples were ﬁade on which no_HC2 data
were taken beoause of mechanical failure. These will hot he discussed.
" A discussion of the shapes of.the resistive traqution éurves is
preéented in Appendix b.A Three points on the transitiou curves were
chosen as the critical point, SO there were three'aifferent'sets of

data for each sample. It turns out that the main resu]ts of the experi-

ment are the same for all three data.sets. Figure 8 shows which data

- set corresponds to which point on the transition curveé.

Figure_9 shows the measured values of T /T . plotted versus n,/n__,
‘ R . - 7¢O S 4 i er”
with ncr = 0.310 a/o, and compared to the AG-prediction,‘-The good agree-

ment between the data and the theory 1nd1cates that there were probably

31/

no 1mpur1ty impurity interactions in the samples-—— The value for n..

of 0.310'a/o does not agree well with Barth'sig/ value of 0.236 a/o.

To w1th1n the 4O‘/uncerta1nty dlqcussed earller, fhe resistivities

'of all of our Pb-Mr samples were 22 uQ—cm ‘Using Equation (25), and

37/

a value for Yy oﬁél( 1640 erg/cm KZ ‘and a value for k.. of=~ 0.38, we

0
find k= 7.1 . Using the constancy of the product pl, and an average
. : o - ' ) - ) 7/ o
value for pl‘of 1.'4x10v5 uQ~cm2 (see Koepke and Bergmanné—/ for a dis-

cussion of experimental values of pl), we estimate that the electron mean .

free path is & = 64 A.



Table II. "Pb-Mn sample film characteristics. -d is the film thickness, ATC'is.the
10 2 - 90 % transition width, and I.-is the measuring current in the sample.

- Sample - a/o Mn . d.(gj T (K) ‘ .AT (mK) T (pad)
iSZ 1.2'7; o . ] C ) :

c - o . 1650 7.206 3 56
“H 0o 1815 7.205 2 56
D 0.057 1800 6.339 3 38
. E 0:128 1500 4.804 6. 38
¥ 0.160 1470 4.494 6 38
G . 0.200 11210 3 5 56

.711

T¢
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Pb
T=6.457 K

W

‘Figure 8.

13 15 L7 19 21 23

H(KG)

Resistive transition of a pure lead film, sample C,
in a magnetic field. The graph shows which point on
the transition corresponds to which data set.
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'Figure.Q.

Plot of T./T¢p vs. '“i/ncr for the Pb-Mn samples.
The critical concentration, n.rp, was chosen to .
provide a reasonable fit to the theoretlcal curve

~of Abrlkosov and Gor 'kov.
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The ideal coherence length, &0, calculated using Equation (28), is
. about 960 K. 

"From. these numbers, we find that

Ve s 115, | ey
'd//soz 6 . "' 4 - | _'  (32)

Therefore the samples were dirty, reasonably bulk, type II materials.

The temperature dependence of Hc for thé Pb-Mn samples is quali-

2
ﬁatively different fme the prediction of Fulde and Maki (see Figure 10).
This 1is proﬂébly due in part to fhe strong electfon—phononAcoﬁpling
p?esent infleédt' A calculafion_of-ch(T) incorporating the strong
electronic-phonon coupling wasAdone by Rainer and‘Bergmannég/ using

53/ They concluded that the azF data

-values of aZF from.Knorr and Barth.
were.not good eﬁgqgh to use to obtain reliable,valueé for HC2(T)'because
.ﬁhey-did not give an accurate value for thg zero-field tfahsifion tem-
perature. This éame calculation, done.on_othér,materials; e.g.,

C accurately. reproduced the zero-field tramnsition

: 24
PPo.75%%. 257
'températures--
In order to.apply.thé theory to our data, we différentiated
‘Equation (21) to obtain

. ‘P P
dH_, D" dH,, . do,

dT D dT ~ De dT

(33)

if the,pair—breakiﬁg effect of the magnetic impurities i§ temperature
~ independent, then dai/dT = 0. In this form, the theory could easily

be compared to the data.
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‘Figure 10.

Plot of the experlmental values of H 2(T)
Pb-Mn qamples, data set 3.

for the
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To obtain dHCZ/dT'from the data, we first fitted the data with
pplynomials (see Appendix E), and then differentiated the polynomials.
~Since D could oﬁly be determined reliably to + 40 % experimentally,
,it.was used as a fitting parameter. From Equatioﬁ (35), oné expects
that Dfdﬂcé/dT as calculated from each samplé would all fall on
a smooth curve. Figure il showé that one can éhoose Qalues of D for
eéch sample and data set so that this happens. The actual values of
b Which_were used to obtain Figure 11 are given in Table VII.

Note thatlif_the pgir—Breakiqg effeét of the magnetic impurities
is temperatufe'dépendent, with this‘method of analysis, the dis-
continuit?.invtﬁe deriVative of Hcé which wéuld occur when the impurity
~concentration was changed woﬁld not be seen. vThis is because D has
been chosén to'connécp fhe.derivatives froﬁ'diffefent'sambles sﬁoothly;
However, there'wéuid still be a discontinuoﬁé change in t£eﬂéecond
derivative. A

| Thére is no evidence fdr‘eithér spin-ordering pr-the Kondo effect.
A glance_at FigureYB shows what_featurés would be expeétediiﬁ the
-dHéz/AT curves if these effects yere prgsentf

: Theré ié, ﬁowever, a bump in dHcZ/dT which is evident - in Figure 11

for the pﬁre lead déta (samples C and H), the Pb-Mn sample D data, and
to a lesserlextent'for the Pb-Mn sample F daté. This bﬁmp corresponds
to‘a region of positive cufvature in the HCZ(T) data. This positive -
curvafuré is alsb evident .in. the data ovaqepke and Bérgménn;él/

fhe uncertainty in the shape éf tﬁe'dch/dT curves is about = 1 %
for‘data.sets 2 and 3, and it. is about + 2 7 for détavset 1. _The |

uncertainties -in. the data are discussed in Appendix F,.
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Figure 11.

Plot of the experimental values of D-dH.,/dT vs.
T/T.q for the Pb-Mn samples. dH,.,/dT was calcula-
ted from the data by fitting the data with a poly-

‘nomial and then differentiating the polynomial.

D was a fitting parameter chosen to give the
smoothest composite curves.
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Koepke: and Befgmann found that their quench—céndenéed pure iead
fi%ﬁé had aufésistiyity of about lé uQ—cﬁ, and a yalue of dch/dT of
about 2.9 kgéuss/K.' Ouripufe lead films had resis;ivities of abouf
22 uQ}cm_and'é valué.of'dﬂcz/dT Of abdut 2.2 kgauss/K. Since dHcZ/dT

is proportional to p, this agreement is neither good nor unreasonable,

41
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IV. CONCLUSION

We measured the upper critical magnetic field of quench-condensed .
films of In-Mn and Pb-Mn. These films were dirty type II materials.
They were intermediate between being thin films and being bulk samples.

were

The edge effects common in a resistive measurement of Hc2

eliminatéd by scribing the edges of thevsamples away from the middle.
The critical field.data on pure indium énd lead are consistent‘

with the resulté of Bergmann, and Koepke and Bergmann.

© The péirQBreaking effecté of the magnetic impurities and the
applied magnetic field appear to be additive in Bofh In-Mn and Pb-Mn.
Furthermofe, the pairjbreaking paraméﬁef representing the magnetic
impurities appears to be temperaturé—independent in £oth systems. .
These results sﬁpport the FM theory}

Thé tempefaturé dependence Qf HC for the.Ih—Mn,samples is the

2

same as that expected from the FM theory. The temperatdre'dependence

of H_ for the Pb-Mn samples is different from that expected from the

2
FM_theory, probébly because of strong electron-phonon coupling.

There is a region of positive curvature near Tcyin the HCZ(T)

data. for Pb-Mn. . The cause of this positive curvature is not . known.
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Appendix A.

Detailed Description of a Typical Run

1. Substrate preparation.

The substrdates were optically polished pieces of z-cut quartzii/

" which were 7/8 by 5/8 by 0.04 inches. The substrateé used during the
In-Mn runs wefe-éeleéted_at random from the 5 substrates which we had.
“During the Pb—Mn'funs, the same side of the same substrate was used
- for every samplé. We now describe the procedure used to prepare a
sdbstfate for reuse.

The substra;e was dunked into a small»beaker of toluene to femove
any Apiezonzé/ ﬁ,grease'remaining from the previous run. Then it was
but into a beakef of aqua regia to dissolve the previo;s sample and
'electfodes.biThe.bare SQBstratefwas wéshéd in tap water and dishwashing
liduid,-rinséd with lots of distilled water, and finally swished in
béakefs.of reagent grade adetone,‘tbluene, and isépropyl aleohol. Finally,
it-was put into a hot isopropyl alcohoi vapor degreaser for several hburs.
The degreaser was left on fof seve;ai hours, and then turned off and
allowed to coél’béfore the substrate was removed. The substratetwas
held with a Tefion—tipped tweezeré while it was inspected for dirt. If
it was stiil difty, it was carefully Wiped several times with a Kimwipeél/
séaked with reagent gfade éceﬁone, and the. cleaning procedure was
.repeated, starting with washing with dishwashing liquid. .

The subégrates were inspecﬁed‘for dirt,by-looking at them under an

optical microscope at theglowest magnification,which waé TX. 'The
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substrate was held so that it reflected the microscope light almost

into the lens. It was extremely important to look at the substrate

against a dark background during this inspection} Using this technique, -

we found that the substrates.were more highly polishé&'on one side than
on the other. | |

Once the substrate Qas cleaﬁ, gold électrodes could be evaﬁoréted
onto it. .Thé substrate was placed into .a reéess in a.block of copper,
with the more hiéhly polished.side of the substrate faced away ffom the
block. A mask féf the.eleétrodes was placed over the substrate and
screwedldown; The wﬁolg assgmbly was theﬂ'placéd into a small vacuum

chamber, and the electrodes were evaporated onto the substrate, The

‘pressure in the chamber stayed below l;xlOn4 torr during the evaporation.

The substrate was'léft in the vacuum chamber until it was used.

‘Three different electrode geometries were used during the course

" of this investigation. They are shown in Figure 12.

2.  Attaching the substrate to the substrate holdef-

. The substrate holder (described in detail in Appendix B) had been

prepared to receive the substrate as follows. The recess in the substrate

-holder_which would hold the substrate was cleaned with toluene and acetone.

A small blob of N grease for a thermal link between the substrate and
substrate holder was then put in the middle of the recess. The substrate

holder was heated with a hot air gun until the N greése started to melt.

" The substrate holder was put immediately into .a bell jar which was quickly

evacuated with a mechanical pump. Bubbles of gas in the grease expanded



Figure 12. -

Electrode and sample geometriés used. The symbols

-1 and V indicate where the voltage and current .

leads for the four-terminal measurement of the
sample resistance were attached.

. A. Geometry used for In-Mn samples 5 and 7.

B. Geometry used for In-Mn sample 13.
C. Geometry used for In-Mn sample 19 and for
all of the Pb-Mn samples. . -
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attached to the gold-electrodes with silver paint.
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iﬁ the reduced préssure and burst'out_of thé grease. Wﬂen all éf the
bubples were gone, the substrate holder was removed from the bell jar
and -reheated té remelt the grease. it was ready for the substrate.
Whiie the'gréase was still liquid, the substrate was laid on tbp
of it and positioned in the recess. Phosphor bronze clamps at the ends
of the recess were tightened down on the substrate‘to hold it in place
and to squeeze out the excess Nngrease. The grease flowed easily under
tﬁe subsgtrate, fi;ling the sbace between the substrate and the holder

with a thin layer which provided a good thermal link. The excess grease

.went into the moat around the recess. After the grease had spread, the

" screw holding the clamp on one end of the substrate was loosened, the

end of a phdsphor—brbnze coil sbring was put under the screw head, and
the scre& waé tightened. (The purpose of ﬁhe spfing will be explained
later.) The.four'wiresbuéed to méésure fhé sample fesistance were
. 58/
Next, the Aééembly for scribing the sample édges'away was screwed
into place, straddling the substrate, and the set screwé-holding the

écribing pins were loosened. - The string around the brass.blocks of the

'scriber was‘looped over the dangling end of the coil spring. The brass

blocks were moved into the'correqt positions to mask the substrate- during
the sample film.evéporation. The sqbstréteAhdlder was then ready to be
atgached to the-substrate holder support.

.The axle on the substrate holder was inse%ted into the hole in the
side arm already attached to the cryostat. Then the opher side arm,

which was attached to the substrate holder, was screwed to the substrate
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hblder suppoft. The wires from the Ge resistor, theAHall proBe, and
the sample electrodes were connectéd to the apprbpriate pins in the
‘Teflon'pin holding collar. The substrate holder was rotated by hand
frqm the horizontal to vertical position to be sure that it would
rotate easily during the experiment. Then it was returned to the
horizontal ppsition, At this point, all of‘tﬁe electrical circuits

were checked.
3. Closing thé‘cryosta;

" When the substrate holdér was in position in the cryostat, oriented
paraliel to the f1oor, the cryostat was assembied aroﬁnd it. A
detailed déscription of the cfyostat is given in Appendix B. A small
clamp was clémpéd to the‘end of the scribér string so that the string
would péss tﬁféugh'the hoies in the heat.éhields when.the‘heat shields
'wefé put‘inté plaée. :The.heap shieldé were placed upside down on a
désk;'bne iﬂsidebthe ofher, and a three-foot piece of copper wire was
threaded through the holes in the shields for the rotation string. The
Heat'shields, still éne inside the other, were then held right-side-up
under the iﬁner LHe reservoir, and fhe upper end of the coppér wire was:
tied to the-rotation string. A small clamp was attached to the other
end of Ehe copberlwire to keep some tenéion in the wire. This tension
‘kept the rotation string frqm coming out'of.the pulley which was attached
to the sﬁbsﬁraté hb1der._<The LN.shield was held immobile while the LHe
éhield Qas slid-ub the wire, over the knot and onto the string, and

screwed to the bottom of the outer LHe reservoir. Three nylon 1-72
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screws oriehted'perpendiCular to the axis of the LHe sﬁield.were used
to position the substrate holder over the hole in the shield. If the
élaﬁp on the s¢ri$ing string did not come through the hole in the shield,
it waé fished out with a tweezers.

Next,~t£e LN shield was slid up the,wire, over tﬁe knot and onto
the string, and screwed to the bottom of the LN reéervoir. (Thin pieces
of indium were but between the shields and thé reservoirs to improve the

thermal contact.) The clamp on the sériber string was removed and

clamped to the rotation sﬁring about an inch from the end. Then the

copper wire was detached from the rotation string. Loose overhand knots

were tied in the ends of both strings. Finally, thé'vacuum jacket was

screwed into place around the heat shields.

The next stép was. to attach the pulley tube to the vacuum jacket
aﬁd,cohhect the'stringsAin the tube with the strings hanging from the

substrate holder. As“explained in Appendix B, the pﬁlley tube contained

~pulleys which could be turned from outside of the cryosﬁat. The rotating

and scribing strings were attached to the appropriateé strings in the
pulley tube, and'the stfinés in the pulley tube were wound around the
pulleys in'the.tube, so that one could~pull‘on the rotating and scribing
strings by tﬁrniﬁg the pulleys in the tube.

Fifst, the front section of the pulley tube was attached to the
vacuum jacket.f-Then the strings hanging down from the substrate holder
were tied to the pulley tube strings. Knots which had been tied in the
ends of the pulley tube strings kept the other strings from slipping off.

The pulley tube strings were wrapped around the back pulleys a couple
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of times to put some tension in the elastic. This tension kept the

' strings Erom coming out of the pulleys. When the strings were in place,

the back section of the pulley tube was attached. The axle for the

_sample rotation was engaged with the back pulley. The sample-scribing

pulley assembly was retracted so that it would be out of the way during

the sample evaporation., Finally, the scribing string was put into the

notches in the edges of the holes in the heat shields, and the heat
shield shutters were closed.
The last thing done before the cryostat was evacuated was to load

pellets containing the desired Mn concentration onto the conveyor belt.

A describtion'of the.alloy‘fabricatiOn techniques is in Appendix G.

The_peliets.éame frbm éﬁ ingét with'the‘desired Mn concentration.
The'ingqt wés éhemicaliy analyzed to determine thatiit.waé homogeneous,
ahd'to defefmine the Mn.concéntratioh. Avqhﬁnk.of ﬁetal'(ébout 200 mg),.
was cut from the ingot with a clean razor blade. Then the surface of
the chunk was scraped yith the razor blade to remove any'dxide layer.
The chunk was'weighed and cut up into pellets. During the In-Mn runs
through run 12, the chunk was cut up into about 100 pellets. Iﬁ later
iﬁ—Mn runs, - and dqring all of the Pb—Mn runs, ébout 45 .pellets were
que. This was becauée the smailér pellets had a greater tendency
to stick to thé sides of thé chute which guidea them into the hot tung-

sten boat. Each of the smaller pellets added about 20 R.to the sample

film's thickness, and each of the larger pellets‘added about 40 A.

During‘all of the In-Mn runs, the pellets were cut before the

cryostat was assembled. They were out in the air for the three hours
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it took to assemble the cryostat. Because of the greater oxidizing rate
of.Pb; the Pb-Mn pellefs were cut after the cryostat was assembled. ‘They
were 1n thé air for only about 25 minutes before being inserted into the
cryostat. :Af ghis point, the cryostat was supposed to be vacuum tight.
Tt was rough pumped.ogt with a mechanical pump pumping through a LN-
coéled cold -trap. When the pressﬁre in the cryostat dropped to about
'2_‘5xl_0—3 torr; the line to the roughing pump was closed, and the line to

an oil diffuéioﬂ‘pump (CVS model PMCS—ZC)EQLQQ/

was opened. Then the cryo-
stat was checked for vacuum leaks with a mass spectrometer type leak
detector. Any leaks were -repaired, and the cryostat was left to pump

down to a pressure of about~2x10-5 torr. This usually took a couple of

hours, and when‘it was done, the cryostat was ready to be cooled.
4.  Cooling the substrate

: First; LN;waé pﬁt into the LNireservbir. Whenever thié initial
traﬁsfef was done, the pfeSsure in the cryostat dropped from a little
over lo_s'torr;to a little over 1076 torr ih:é few minutes. - When the
LN resérvoir w§s.full,~LN was transferréd ihto-the'outer_LHe resefvoir
and‘thenJinto the inner LHe reservoir. - The resistance of the carbon
: fesistor in phetemperaturg‘regulating circuit was ménitored duripg_the
transfer into'tﬁé-inner‘LHe reservoir; its résistance rose sharply from
about 160  to about 190 £ as soon as the LN began ﬁo céndense on thé
floor:of.fhe're;erQAir; The LN waé left in the LHe.réservoirs for about
an houf}.,Then,'with'the.LN transfer tubes pushedutthhe bottom of the.

reservoirs, about 5 psi of nitrogen gas was put into the LHe reservoirs.
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This préssuré forced the LN back up through the transfer tubes and out
of the LHe reservoirs. To boil away the residual LN, the LHe reservoirs
were sealed and pumped out with a mechanical pump for about 15 minutes.
Then 6ne atm of helium gas was. put into the LHe resefvoirsf

Then LHe was transferred into the outer and inner LHe reservoirs.
Before the transfer, the transfer tube was cooied by transferring a small
amount of LHe into the room. An electrical resistor probe attached to
the end of a ;hin stainless steel tube was connected as one arm of a
Wheatstone bridéé to enable one to determine when the surface of the LHe
reached the top bf the resefvoirs. After this and all other LHe trans-
fers, no~dqta Qere taken for at least one hour because d#ta which were
taken too 3006 aftér a LHe tfansfer were always foﬁnd to be irreprodu-
cibief It uéually took an hour or twé.affer ghe'fifst t%ansfer for the
Ce resistor.td reach fhermal equilibrium;.the éérboq resistor tdok}
about iS'minutes.

During all runsg the LN reservoir was4filled twice a day. During
the In-Mn runs, the LHe reservoirs were filled once a day; during the

Pb-Mn runs, the outer reservoir was filled once a day, and the inner

" reservoir was filled as needed.

5. Making, rotating, and scribing the sample film

After the first LHe transfer of the run, and after the cryostat had
attained thermal,equilibrium, the sample film was made. 4The inner LHe
feservoir was pumped on to cool the LHe to about 1.5 K. While this

was happening, the valves controlling the water flow to therwater-cooled
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posts holding the tungsten boat, and to the water-cooled chute, were

opened. A current was put through the boat and it was slowly increased
' . . . 61/ .

from 0 to about 50 amps by using a Variac—' wvariable transformer. In

this way the temperature of the boat was raised slowly to about 1400 C,

so that the outgassing boat never caused the pressure in the cryostat

~to rise above »5x10—6 torr. .After the boat had outgassed for several

minutes, the current through the boat was lowered to about 40 amps so

the témperatufe‘of the boat was about 1100 C. The same boat temperature .

-was used for,all runs, both In-Mn and Pb-Mn. The boat glowed bright

: ) . L ] : : 62
orange, and its temperature was measured with a Leeds and Northrup—

'optical pyrometer..

The shutter on the evaporator and the shutters on the heat shields

were 6pened. ;THe‘alloy pellets on the conveyor were dropped, one by

‘one. if possible, into the hot tungsﬁen boat. Each pellét took from 1 to

3 seconds to evaporate. The temperature of the germanium resistor was
ménitored;during the evaporation by watching the voltage across it on

a digital voltmeter. The temperature was ‘typically about 5.5 K before

- the first few'pellets were evaporated. After the first few pellets were

evaporéted, thgvsamble film apparently became'quite-reflective‘becaﬁse
the teméerature'dropped to aboﬁt 4.75 K. As each pellet hit the boat,
the temperature,éf the substrate holder increased by a few tenthévof a
degree..  When ;hé peliet had completely evaporated, the'temperature
suddenly”droppéd baék‘nea;ly to. the original températﬁre.

After all of the pellets had'been evéporated, the current to the

boat was cut off; and the power supply was disconnected. The movable

scriber pulley.rod was pushed into the crYOstat as far,és it would go.
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The‘samplebholder was then rotated until it clicked into place, or,
AFLerva switch was installed,.until the switch indicated tbhat the

sample holder was fully rotated. The scriber pulley Qas engaged, and
the scriber Waslpﬁlled across the sample film. During the In-Mn runs,
the krob whith moved the scriber was turngd until the opposing tension
in the string indicated that the scriber was at tﬁe end of the track.
During the‘Pb—Mn runs, the position of thelscfiberAwas determined by
meaéuring the electrical resistance between the sample and ground with

é Siﬁpsqn megerf_ When the scriBing pins first touched,thevsample, the
resistanqe between the sample and ground went from infinity almost to
zero, fhe scriber knob was turned until the resis#ance went‘back to
infinity. The ;criber knob was then turned back oné turn to put some
slack ih fhe striné. This éiack aliowed the coiliépring on thé substrate
hqlder‘to'pﬁll.thé kpbt.in the scriber sfring up to thé Brasé bloék and
A o?t of the wayidf the shutter on the LHe heat Shiéld{‘.The slack also
alldwed the shutter tp cloée over the string and not be:pried‘BaCk.open
,by‘ténsion in the‘string. After the samplg had been quench-condensed
rotated to a position‘perpendicular to the floor, and scribed} the heat-
shiela shuttérs were - both closed. Helium gas was bled -into the inner
LHe reservoir tp.raise the helium temperature to 4.2 K, and the tempéra—
ture was maintained by pumping on tﬁe LHe through a manostat. If

everything went .successfully up to this point, there was a samplevfilm'

in the cryostat ready to be studied.
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6. Temperature regulation and measurement

The tehperature of the sample was determined- by the four-terminal
d.c. resistance of a CrYocalgg/germaniumresistor,serialnﬁmber 3659.
Thq resistor had beén calibrated against another Cryécal germanium
résistor which had been purchased from Cryocal with a calibration ‘table.
The calibration of the resistor used in this experiment agaiﬁst the
resistor calibrated by Cryocal is describedliﬁ Appendix H. When all of
the In-Mn and Pb-Mn data had been taken, the calibration of the Ge
‘resistor was checked against the 1958 He4 vapor pressufe temﬁerature
scéle, and was found to be unchanged.

The Ge resistor had been covered with N grease and iﬁserted into
a hole in a small copper block. One centimeter of the plastic insula-
tibn-on the leads had been cut éwayVAnd varnished to the copper block
through a 1ayer'of cigarette'paper. The resistance of the Ge resistor
was indepeﬁdentAof.the current in the resistor at all 6perating tempera-—
turés as long as the voltage across it Qas less than 7'millivolts. "The
temﬁéfature of the.samble was.measufed with this resistor to an accuracy
of about £0.1%, and to a précisioﬁ'of:about.i O.SAmK;

Temperaturesvbelow 4.2 K were obtained andlcoarsely regulated by
pumbing on the inner LHe reservoir through a manostat.i.The manostat held
the LHe bath temperature coﬁstant to several millikelvin per hour; Fine
temperature regulatibn was achieved with an eiectroﬁic'feedback'circuit.

Briefly,'ﬁhe feedSack circuit worked like this. An Allen-ﬁradley
cérbon‘resistor with a room temperature tresistance of 150 Q was attached

to.the substrate holder. support. It was the fourth arm of a transformer
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bridge. The arm opposite to it was a decade resistance box. There
was also a 1000 2 heater attached to the substrate holder support.
While the electronic temperature regulator was operating, there was
always a ciurrent ‘in the heater. When the temperaturé of the sample
holdef driftéd away from the desired vaiue, this induced a change in
the resiStahcerf the cérboﬁ resistor away from the resistance value
set on the decade resistor. Thié, in turn, induced an errof signal
froﬁ the bridge. 7This error signal was -amplified, synéhron0us1y recti-
ﬁied by a lock-in amplifier, and added to the cufrent'in the heater so
that thé température.of the substrate holder would éhangé, causing the
resistance of the carbon resistor‘to return to the vaiue set on the
decade reéisgancé box. .Thé bridge waé operaged at 4éOAHz. It could
régulate the temperatufe.fr;m 1.2 Eo 7.2 K té about'2‘parté in 105.

The maghetic field'dependence of_tﬁe carbon resis;or was'chécked
at 2 and 3.6 K. 4ThisAcheék was done by using tﬁe maﬁostat to hold the
temperature of ‘the carbon resistor constant and ‘then measuring the change
in'the-fesistance of the carbon resistor when the appliéd field was
increased from'2 to 4 kgauss. We éséﬁmed that the resistance of the
carbon resistor was quadratic in thg field,ﬁﬁ/ so we multiplied‘the
measured resistance cﬁange by 4/3 to get the change in resistance cor-
responding to a-change in the field of 0 to 4 kgauss;-«Uéing‘this niumber
and the derivative of the .carbon resistor's resistance with respect to
tempetature, we obtained the.change in the resistance corresponding to
a.change in field from 0 te 4 kgauss iﬁ units of millikelvin. The
resulting>va1ues were 0.7 and 0.4 mK at 2 and 3.6 K respectiQely.

Because the effect was so small, no corrections to the data were made.
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A different-procedure was used to obtain and regulate temperatures
above 4.2 K. The manostat was used to hold theliﬁner LHe reservoir at
atmospheric pressure. The heater was used to boil aﬁay the LHe from the
inner reservoir. This was done by putting a constant amount of power,
usually about 1/4 watt, iqto‘the heater, waiting for fhe substrate holder
to come téisteady state, usﬁally at about 5 K, and theﬁ balancing the
temperature-regulation bfidge and waiting soime more. The bridge stayed
baianced until gll of the LHe waslgoﬁe. When the bridgé became uﬁbalanced,
the decade resistance box was set to the desired resistance value. The
heater warméd up the substrate holder to the appropriate temberature,
and‘then'regulated the teﬁperéture there.

Data were taken for 8 to 12 houfs while there was no LHé in the inner
:reserQOir beforé a small amount of LHe waé transferred into~che inner
reserﬁoir to cool it dowﬁ again. Note that when this émall.amopnt of
LLHe was put into the inner‘reservdir, the tip oflthe‘traﬁsfer»tube was
not inserted thrdugh the constrictionAabove'the resefvdir. Rather, the
LHe was put in above the conétriction and allowed to run down into the
reservoir. This-way, the higher temperature helium gas that preceded

the liquid helium .did not'go into the'reservoir and heéf it up.
7. Mégnetic field generation and measurement

The magneticfieldforthisexperimentwasgenerataibya Varianéé/V4004
electromagnet. The magnet waswater-cooled, and had its own power supply and
current regulator. Thewhole systemgenerated a field whichwas rated to be

stable to 0.1 % against line voltage changes or'load resistance changes
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of 10 %. The maximum ripple in the field was supposéd to be less than
" 0.01 % of thé>field. The magnet was used with fogr—inch diameter pole
faces and a fouf-inch pole gap spacing. The maximum current output of
the power supply was four amps; this produced a field of four kgauss.
The'field wasAsupposed to be homogeneous to 1 7 in a one-inch diameter
‘sphere cenﬁered betweén tﬁelpole faces.
The magnet was mounted on an aluminum cart which moved on tracks.
It was mounted sideWays so thét the long vertical cryostat would fit
between the polg faqésAwithout hitting the magnet's base. Stops at the
end>§f the track-allowed the magnet to be accurately répositionéd._:
fhe.magnetié'field ya; measured with a bismﬁtﬁ~fi1m Hall probe
manufactﬁred:by American Aerospace Controls.éé/ The féference output
of é PfincéﬁoﬁAApplied Résearchéz/modellZOlock—inamplifierinseries
’with a standérd resistor and anvédjustable résisﬁor was used to pfovide
the current in the Hall prbbéL  The lock-in was opefated at 1 kHz. The
- same lock-in was uséd to measure the amplitudes of the voltage across
~ the stahdard-resistor and the transverse voltage aérbss‘the probe. The
lock4ip output waé read from.a digitél voltmeter. To reduce noise, the
binput signals to the lock-in were aﬁﬁlified by a PAR'liB preaﬁplifier
in the differeﬁtial'mode. The phase of the lock-in was adjusted so that
‘there was noAdetectéd signal across the standard resistor at a phése |
90f away. .The bestAvalué for the lock—in time.constant was 1 second.
Up.through'Iﬁ?Mn run l3,_;helcurrent in the probe was 200 uA; there-
after the cdrféﬁt was 400 PA. The sensitivity of . the probe was abpréxi—

mately 0.02 uV/G or 0.04 uV/G respectively.
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The Hall probe was calibrated twice during each fun, before and
after taking all of the sample resistance versus magnetic field curves.
The probe was'célibrated against a Rawson—LusH 929-M2g§/‘rotating-coil
gaussmeter which had been calibrated against ar NMR probe. For fields
less than lkgaﬁss,and for temperatures less than 4.2 K, the calibration
gf the Hall préBe was indépendent of £emperature to better than 1 gauss.
Hence, for the In-Mn runs, the probe was calibrated at only one tempera-

ture, 4.2 K. For the Pb-Mn runs, where fields up to 4 kG were used,

and temperatures of up to 7.2 K were reached, the probe had to be cali-

brated at three ot four temperatures. The calibration changed by about

1. % per degree Kelvin at a field of 3 kgauss and a temperature of

about 7 K. The température dependence decreased with decreasing fields

and tgﬁperatures; vThe field value assignéd.td a value.of Hall voltage,

H

the values indicated by the calibration data at tempefétures immediately

V.., measured at temperature T, was determined by interpolating between

aBove and be;ow I. - The calibration data were fit.with_polynoﬁials; and
the polynomia;s were used to determine H ffom VH frbm a particular set
of c;libration data.

‘The Halllpfobe was calibrated by measuring the field at the éenter
of the volume»betwéep.the mégnet pole faces with the gaussmeter, and.then
rélling the magnet up to the-cryostat and measuring thg fieldbwith the
Hall probe. A étyréfoam block with‘a éylindriqalAhole Bored.through it.
wés uéed.to poéition the.gaussmetef bétween the pole faqes. The gauss-
meter was movéd‘and rotated in the hole to -achieve tﬁé ﬁékimum field

reading. -
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The samé’“all probe was used in all runs, and it apbarently‘deteri—
. orated with time and use. During run H, it was quite erratic‘in fields
greater than éAkgaués. Therefore, the high-field data from run H was
discarded. |
" After all of the In-Mn and Pb-Mn data had been ﬁaken, the rotating
" coil gaussmeter calibration was checked against an NMR probe, and found

to still be accurate.
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Appendix B.

" ‘Detailed Description of the Apparatus
1. The cryostat

The cryostat (see Figuré 13) was a pumped HeAlcryostat. If was
constructed almost completely of brass and copper to avoid disfortion
of the magﬁe;ic field which would result from using magnetic materials
like stainless steel. The region of the éryostat within six inches of
the sample was ﬁade completely frqm'nop—magnetic materials. Hard solder
was'used in tﬁe construction qf the LHe réservoiré ana heat shields
‘becaqse soft sqlder would become sﬁper;onducting and distort the mag-
netic field.

The innef LHe resefvoif was surrounded by é heat shield which was
screwed to the bottom ofthe outer'LHe rese?Qoir. VBothudf thém wefe
surroundéd byla heat shield which was screwed to the bottom of the LN
feservoir. lﬂin 'piécés of indium were uséd"between'thé heat shieldé
aﬁd the resérvoifs for better thermal contact. There were one—inch
’ diameter<holes.in.the bottoms.of thelheat'shields through which the
sample film could be evaperated onto the substrate. 'Movéble shutters
covered these holes.

Tiny holes,in fhg heat shields allowed tﬁe string for the sample
‘rotation to passutﬁrough.. Slots cut perpendicular tb the edgeS‘of the
oné—inqh diametérsholes in the heat shields héld the string for the
sample scribing mechanism so that the shutieré éould Becléséd'and

opened before the sample evaporation without binding on the string.
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(After Lhe sample was evaporated, the scribing string hung straight down
through the center of the hole, bu; since there was no tension in the

. string, the shutters could be simply closed over it.) The inside of

the LHe heat shield from the bottom tq a point above the Teflon collar
on the inner LHe reservoir was lined loosely with 10 mil Mylar to both
thermally apd electrically isolate the leads betweeq the sample holder
and the Teflon collar from the heat shield.

The éryostgt.was evacuated with a diffusion pump backed by a Welcﬁ
1402§2/ mechanical pump. A Bendix-GPH—3ZOZQ/ Penning Gauge in the line
between the diffuéion pump and tbe cryostat indicated an ultimate pres-
sure of about 2x10_7 tofr. In the sample &hamber, which was at about
4 K, the pressure was prébably an order'of magnitude or more lower.

: fhe electfical leads éonnectiﬁg the'piﬁs in the hermétic seal in
the cryostat vaéuﬁm sheath to the‘pids in the Teflon ﬁin holder were
made of eight féet of #36 insulated constantan wire. There wefe 40
wires all together. Bundles of 10, 10, 8, 8, and 4 wires were separately
covered'with_wovén fiberglass sleeving to keep them apart and so to mini-
mize cross talk. 'The wires were wrapped around the LN shield once.and
then were varnished to it with Gé 7031 varnishz;/thréuéhcigarettepaper;
Théy wereAwrapped.around the outer LHe reservoir twice and theﬁ also
varnished to it through cigaretté paper. Finally, they were wrapped
akopnd the inner LHe reservoir. three timeSzaha then varnished to it
throﬁgh cigare;te paper.. Electrical connection pins were Cd-Bi solderéd
to‘ﬁhe ends of the wires and placed into holés in the Teflon pin holding
cdl}ar._ The -collar kept fhé pins from touching each other and the

surrounding heat shield.
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| Figure 13.

The cryostat



2. The evaporator housing-

The evaporator hqusing (see.Figure 13) was attached to the bottom
of the cryostat vacuum jacket. Two water-cooled copper posts,'which
were electrically insulated from the housing, passed through the bottom
of the housing. A boat made from 1 mil tungsten shéet was clamped t6
these posts.' Thére was a conveyor belt and a Q;ter~cooled chute just
abdve and to the side of the boat. The belt itself was made from 1 mil
Mylar. It was used to drop pellets of metal through the chute into the
boat. There was a Pyrex window opposite the conveYor belt. A screw-
driver which céuid bé raised, lowered, and rotated ffom outside ;he
cryostat was built into the bottom.of the evéporatéruhousing."This
sérewdriver opgnéd aﬁd closed shutteré on tﬁe top.of-tﬁe evaporafor

housing and on -the bottoms of the LN aﬁd LHe heat shieldé.
3; The substrate holder and support assembly

" The substrate holder was made from a solid piece of copper which
was subsequently gold plated ‘to incréase'thermal'contact between itself
and other piecés screwed to it and to -reduce lightvabsorption'(see
Figure 14). The substrate rested in a recessed area on'the front of
the substrate holder. This area, combose& of é-flat areé'surréunded
by é moat, was slightly larger tﬁan the substrate, and the flat area
was recessed by.an amount which was slightly less than the thickness of
the substrate. Akles (B) on which the substrate holder.éould'rbtate

Qere silyer—soldered to the copper block. B
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Figure 14,
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-Front view of the substrate holder.

Gold-plated, solid copper block.

Round axles silver-soldered to A.

Recessed area for holding the substrate.

Moat for excess N grease.

Screw holes for the thermal links to the
brass blocks in the sample-scribing assembly.
Notches in which the sample resistance wires
were varnished to part A. :

“Four screw holes for the scribing assembly.

Substrate.

Gold electrode.

Silver paint.

Voltage leads.

Current leads. »

Nylon 1-72 screw.

Phosphor-bronze clamp varnished on the side.
against the substrate.

The scriblng pins rested here after scribing

" the sample.

The scribing plns rested here before scrlblng

" the sample.

Phosphor-bronze coil spring.




 Without With
.-~ Substrate -~ Substrate

. Front View of _thevSubsfrdte Holder
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'Two—phosphor bronze clamps (N) pressed the substrate against the
holder. The side of the clamps which was against ﬁhe substrate was |
covered with‘varnish (Ge 7031) and cigarette paper to insulate it. The
clamps were held down with nylon 1-72 screws (M). Tﬂe'electrical leads
to the sample (K and L) were bent so that they maintained eléctrical
contact with the electrodes without help, and then fhéy wére silver =
painted to the electrodes. The leads were thermallylgrounded to ghe
' .substrate ﬁdlder with varnish and cigarette paper in phe canals (F).

The two holes (E) and the four holes (G) and the coil spring (Q)
were parté of ;hé sample scribing assembly. See Section 4 in this
éppendix; for a deééription of the sampleéscribing.assembly.

' Figure'15 sho@é thé substrate holder and fhé subsérate holder sup-
porg; .fhe subéffafe:holder'axlés fitted'ihfo ﬁubs kA),i; thé two support
'lérms; The left support arm had‘a slotn(B) for thé eleétfical leads to
paés through.‘.This arm Qas thérhaily connected to the substrate holder
positioning piece (E) with a bundle of 16 #30 copper wires, ébOUt 3
cengiméters lqhg; Cd-Bi soldered at each end. ' This arﬁ was always left
connected to the substrate holder. To remove the substrate holder from
the cryostat, oﬁly-the screws holding the arm to the rest of ‘the éupport,
~and the screw hdlding the rotation pulley (I) on to thé axle, were
loosened. 'The:right support arm cqntained an Allen-Bradiey carbén
resistor which was used in fhe temperature contr§1 circuit. This arm -
was silver-soldered to.phé piece to wﬁich the heater:(O):was attached.

- The support assembly was screwed to the LHe reservoir (C) with a

brass washer coated with N grease in between them .to act as a thermal




Figure 15.

Substrate holder with support assembly.
some parts are shown in the side view which are not
shown in the back view, and vice versa.
Hub. v

-‘Slot for electrical leads.

‘Inner liquid helium reservoir.

OO0 wW >

RaHIDO

THLEIO YO ZRC

Brass washer used as a weak thermal link.
Substrate holder positioning track.

Thermal link from substrate holder to side
support- arm: Sixteen #30 copper wires, each

3 cm long, were Cd-Bi soldered at both ends.

Substrate holder,

Copper sheet holding the Hall probep
Pulley for rotating the substrate holder.
Copper block holding the Ge resistor..

50 2Allen-Bradley carbon resistor used to
regulate the sample temperature. :
Heat. sink made of cigarette paper and varnish.
Electrical connection pins.

. . Teflon pin holder.

1000 2 heater.
Phosphor~-bronze leaf spring.
Roller to position the substrate holder

- “Tunnel for electrical leads.

Axle.

~Set screw to hold the Teflon pin holder in
_'place :

For clarity,
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weak link. This weak link allowed the temperature of the assembly to
he controlled with a minimum of heat dissipation and LHe boil off. A

heater (0) made of 1000 ohms of 0.005 mil diameter manganin wire,

“bifilarly wound on and varnished to a copper form, was screwed to the

support assembly with N grease in between. The heater was used for
temperature regulation.

A small copper block (J) containing a Ge resistor was screwed to

" the back of the substrate holder. The leads from the resistor were

thérmaily grounded to the small block with varnish and gigarette paper.
A l/32—inchvthick piece of édpper (H) with a Hall probe varnished to
it'wag aﬁtached'tofthé backlof the sgbstraté holder also. The electri-
cal léads fromAtﬁe samplé, the Ge thermometer, and the Hall probe all.
passed-throuéh a tunnel (R) in paft (E),'ﬁhe slot (E); and theﬁ went

up to the Teflon pin‘holdér (N).-'

The side vieQ'in Figure 15 shows how the roller (Q) was spring
loaded.with'a.phésphof—bronée leaf spring (P). It sﬁows the roller in
the notch holding the substrate holder in the position whicﬁ it had
after the rotétion.-‘The'roller was aétuglly attached to the side
of a bioqk of‘éqpper, which was attached to the leaf séring.

The side.viéw also shows the Teflon pin ﬁolding cpllar (N). XN
grease was but’between the céllar ana the LHe reservoif~(C), and a set

screw (T) held the collar in place.
4.  The sample film—scribing assembly

The sample'film—scfibing assembly is shown in Figure 16. Two brass

blocks (B and E) moved in a channel cut into two pieces.of Teflon (H).



71

Tigure 16.

o O

”Knot

. The sample film-scribing assembly
. Scribing pins.

Brass block. : A . ’ .
Phosphor-bronze leaf spr1ng
A single #36 copper wire, 3 cm long, for

. ‘thermal grounding, Cd-Bi soldered to the

brass block and to a small washer.

. Brass block.
- Canal for the stopping peg.

Fifteen 1b. test braided Nyldn fishing line.
Teflon tracks. :
Stopping pegs.

. Phosphor-bronze leaf spring to hold the

Teflon track down.




~ Sample Film-Scribing Assembly
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The'Teflon'piecés were screwed to the front of the substrate holder
(Figure 14)1 Because the Teflon conﬁracted much more than the brass
_screws whic% wefe:uéed'to hold it dowﬂ, it was necessary to have phos-
phor—hronzé 1eéf.springs between the 3créw heads and the Teflon blocks
to keep the Teflon.pressed agéinst the substrate holdervat low tem-—.

ﬁeratures._ The stoppér €9) moved in the channel (f),

AThé brass blocks (B and E) were thermally and electrically grounded
“with wires (D) Cd-Bi éoidered to washers which were screwed down to the
.subsgrate'holder. Two berylliummcopper pins (A) were inserted iﬁto holes
in paré (B). When the scriber was not atgached to theisubstrate holder,

the ﬁins were held in ﬁlacé with set screws. .The set screws are not
visihle in-thefFigufe. 'Whenvthe sériberAWas put’iﬁto éosition ovéf fhe
substrate, the éet scfews were l§oéeﬁed, and the phosﬁﬁor—bronze leaf}
spring (C) was screwed down oﬁto thé piné to hold:ﬁhém‘against the sub-
strate. Thebfrigtidn of the pins ;gainst the substrate kept the scriber
from moving Qhen-tension‘was'put into the sffing'(C). The btass blocks
also masked'the'substratg during the sample film evéporation;

- The string<(C)‘was actually a piece of bréided Nylon. fishing line.
1t ran around ‘hoth brass blocks. On the back side of part (B), the
-éﬁring looped'q§er a coil épfing (part.Q in Figure 14). After the film
" was scribed,»somé<slack was put into thevstfihg, and the coil spring .
pﬁlled ghe knét (K) up agéinsf piece (E). This was necéséary to keép

the knot (K) from blocking the shutter on the LHe heét-shield.
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5. The pulley system for rotating and scribing the sample

Figure 13 shows how the pulley tube was attaéhed to the cryostat
vacuum jacket. It also shows how the strings in the systems for
rotating and scribing tﬁe sample passed through the heat shields. A
detailéd sketch of the pulley tube is shown in Figure 17.

The upﬁer set of bulleys was used to rotate the é;mple. It was
rigidly attached to the pilley tube at the flange which was attached

to the vacuum jacket. The lower pulley system was used to scribe the

" gsample. It was moved by sliding the movable rod through a quick connect.

It is shown in bositionljuét befdre scribing the sampleévthe stop is up
against the flange. |

Both st;ings were wrapped around the pulleys and faétened down the
same way. Thé'étring from the substrate holder caﬁe down around the
first pulléy; and wasttied to the string from the pulley tube. The string
from the pulley tube had a knot in its end to keep the other stfiﬁg from
slipping off quer tension: The pulley tube string waS'wfapped'once
dround the back.ﬁulley, then it éame:out throﬁgh‘a notch in the pulley
and Went'under.a.screwiwhicﬁ'clamped the string.to the pulley. From
there it went back through'the notch, and ﬁés wrapped around the pulley
enough times to stretch the elastic. The elastic kept temnsion in the
strings so that they did not come out of the pulleys.

The.baék pulléy in fhe sample-rotating system was engaged as soon
as the pulley tube was compietely attached to the cfyostat vacuum -jacket.
The back pulley in the sample scribing system could not be engaged until
after Lhe sample fllm had been evaporated and rotated The window facili-

tated engaging the pulleys.
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Appendix C.

Data Taking Procedures

In this Appendix‘we discuss the procedures used to measure the
resistance of the sample as a function of temperature in zero magnetic
field and as a function of magnetic field at a constant temperature.
Since the procedgres used'dufing'the Pb=Mn ruﬂs differed somewhat from
th0se used during the In-Mn runs, they are described separately. The
resistive'tranéition curves obtained by using these précedures are dis-

cussed in Appendix D.
1. In-Mn data

The,fipst»measurement made.on.évery saﬁpie was of‘the resistive
tfansitibh in zéro mégﬁetic fiéld. The manostat Qaé adjusted tolhold
Athe inner LHe béthAtemperagure just beloh'the transitiéh témperature;
The temperature tegulétofAWas used to step the sampié,tempefature
thrbugh-the transition. At appropriate témperature iétervéls, the
sample was,ailowea;to come to thermal équilibrium,Aand'ghen its resis-—
tance was measured.: The sample temperature was obtained from the
tesistance of the Ge resistor.‘

The éamplevresistance was measured by using a four—ferminal d.c.
method. The current was pfovided.by two pangllel 1.3 volt mercury cells
which were in seties with’énAadjustable resistor ana al$ standafd
resistor. Fifty to one hundred'uA»wefe Qsed. The vbltage across the
sample.wés meésuréd with a-digital voltmeter to a pfecision of + 0.5 uv.
- : The current in the sample was determined by measuring éhe voltage across

the‘standard resistor with a digital .voltmeter.



After the zero-field transition had been observed, if the sample
seemed good, measurements of the resistive transitiqn in a magnetic
field wgre.made. Each of these measurements was made at a constant
temperature.

The temperature~waslmeasqred befpre the magnetic‘fieldAwaé turned

‘on. Thé témﬁeratufe regulator‘was uséd to keep the temperature con-
stant. 4Then the magnetic field was slowly stepped through the transi-
tion. At appropriate field intervals, the sample resistance and the

~ voltage across the Hall probg were measured. When the field was above
the transition fieid; tﬁé sémple was he;ted to about 1 K above its
tranéition temperature‘iﬁ zéro field to be sure that it‘Qas éompletely
normal. Then the sample was allowed tb-cool Back to the original tem-
peraturé;.and the‘field was stepped back down.through the transitiomn.
This Qéé én‘agtempt té find out whether there was any_hysteresis in the

transition. Ndne was ever found.‘
2. Pb-Mn data

The zero fieidvreéistive transition in the Pb-Mn runs was measured
jus; as in tﬁe In;Mh funs;

The‘procedgre’ﬁsed té'obtain the-resisténce—versusffield curves
differedvfrom'tﬁe.method used in the In-Mn rums. At gé&h tempergtufe,
about 12 data points were taken using the method described in the In-Mn
section abové. These data points weré concentrated>in‘the region whefe
the sample reéiétance was increasing rapidly‘with'thejincreasing mag—

netic field. A continuous resistance-versus-field curve was obtained
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By amplifying‘thé'voltage across the sample with a Keithley Nanovolt-

meter,zg/ and putting the amplified signal irto the Y-axis of a Moseley
X—Y_chart_reébrder.li/A The amplified Hall voltage was put into the

Xfaiis of the chart recorder. As the magnetic field was increased

| slqﬁly (about 1 gauss/sec to avoid joule heating caused by the changing
. field), thrdugh the tranSition, the chart recorder plotted the sample

‘resistance as a function of Hall voltage. The discrete data points were

used to quantitatively determine the Hall voltage at the transition.



Appendix D.

' Disc@bsion of the Shape of the Resistive Transition

Tﬂere'were two primary factors which determined the shape of the
 resistive trahsition. These were the geometry of the sample and
eleetrodes and (probebly) microseopic inhomogeneities.. .Since the In-Mn
'trensition cerves'differed from the Pb-Mn curves, they are discussed

separately.
1. In-Mn data

A commpn:problem in resistive measurements of the superconducting
transition in thin films is that the edges of the film have different
properties from the middle of the film. Therefore;~the edges of the
samples which did not overlap the electrodes were scrlbed away. The
resistive trans1trons ef a pure 1nd1um f11m before. and after scrlblng
‘are shownAin’Figure_IB; Scriblng.caused the transition temperature to
move'down byfseveral tehths of a degree, and sharpened:the width of

the transition by a factor of about 60. This indicated that the edges .
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“had a higher transition temperature than the rest of the film. The zero-

.field resistive transitions of.samplee 5, 7, 13 and 19 are shown in’
Fiéures 18, 19, 20, - and 21. |

| Tt is important to remember that the edges of the -film overlapping
the electrodes.were not scribed- These edges‘should have had a much

: greater ‘eritical field at every temperature than the mlddle of the film
'betauqe they.apparently had a higher transition temperature and because

HCZ increaeeb with decrea31ng mean free path.- No ev1dence of the. edges



Figure 18. -Zero-field resistive transition of In-Mn sample 5.
The transition is shown both before and after the
sample was scribed. .
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Figure 19§ 'Zerpefieid resistive trarisition of In-Mn sample- 7. .

_.Figure 20.. Zero-field resistive transition of In-Mn saﬁple 13.
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. _Figure 21.

' Zero-field resistive transition of In-Mn sample 19.-
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hecomingnd;ﬁélduring measurement of a resistive transition in a magnetic
,field was observed during the In-Mn runs. However, a measurement of

both the foﬁf—terminal and two-terminal resistarnce of.eample 13 as a

‘ function of temperature in zero field was made. The results are |
shownAin Figure 22. WhenAthe edges of the film became superconducting,
the current patterh in the film chaﬁged.v Tﬁis change lowered the two-
terminal resistance but raised the four-terminal resistance. That. this
should heppen has beed verified using Teledeltesﬁg/,conducting paper to
model tHe sample.

The widfﬁ‘éf the transitions in zero field was probably due to
1nﬁoﬁogeneities'in ;he eample; TheseAinhomogeheities‘werevreéions of
diffefent disorder'and/or differeneiMn concentration. Since ehe transi-
tien cemperature of indium depends etrodgly on both the amount of .
dieorder andlthe amount of Mn, such fegions weuld have had different
transition témperatures and hence broadened the transiﬁion.

SaﬁpleVIQ seemed to have an extraord1nar11y broad transition (see
Figure 21) " However, two other samples were made w1thethe same Mn con-

,centretien, and they also had brdad transitions.

In aimagnetic ﬁield, the resistive trensition of all four samples
(qee Figures 23 24 25, and 26), showed three distinct regioﬁs:v a foot,
‘a linear regjon, and a slow.rise to the normal state. re31stance "The
resistance in the foot was "independent of ‘the measuring current, but the
resistance in.the other two regions was not (see Figure 26). The‘current
dependence was probably due to both joule heating and to filaments with

a higher critical field than the rest of ‘the film carrying most of the

current.
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Figurg‘23. Typical-finite-field resistive transition of In-Mn
sample 5. The points on the curve which correspond
.. to da;a sets 1, 2, and 3 are indicated.

: _Figure‘24L~ Typical finite-field resistive transition of In-Mn
sample 7. - Thé points on the curve which corres-
pond to data sets 1, 2, and 3 are indicated.




R/R,

b=

R/R,

1

- Sample 5t In
T=3.25K.

375
- H(gauss)

400

S

Sample 7:1In -
T=275K

H(gauss)

800

850

88



THIS PAGE
WAS INTENTIONALLY.
LEFT BLANK

{______.*

ok



Figure 25.

"Figure 26.

“Pypical finite-field resistive transition of' In-Mn
The points on the curve which corres-.
pond to data sets 1, 2, and 3 are indicated.

"sample 13...

Typical finite-field resistive transition of In-Mn

The points on the curve which corres-

sample 19.
Curves

pond to data sets 1, 2, and 3 are.indicated.
are shown for three different values of the measuring

current in the sample.
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ASince'che‘extrapoiations of the linear part of the curve to R=0

and R'=Rn and the position of the knee were almost independent of the
measuring current, they were selected as being representative of the

position of H (The point where the sample resistance became non-

c2”
zero was not used because it was too poorly defined.) These three
points'eorfeépond to data sets 1, 2, and 3.

Previous work on this problem has been done by Capelﬁ/ and by

15/

Miller and Cody Cape worked with chromium-plated foils and found

that ch corresponded to the knee in the transition curve. Miller and

Cody worked wi;h scribed films and found that H

2 corresponded to the

point where.the‘sample resistance first became non-zero.
2.. Pb-Mn data

Figure 2§.sdowe the effect of scribing alpure‘lead film. It ie
evidentithet tﬁe'edgés of the film had very nearly the same transition
‘temperature aslthe rest of it. .

Thefshapes of'the zero—-field transitions'id Pb-Mn were probdbly
deeermined'by,brbadening'due‘to inhomogeneities, just as in ‘the In—Mn
'eamples.. However,'because'the transitidn temperature did not depend so
strongly on the degree of disorder in the film, the tran31t10ns in Pb—
Mn were sharper thad those in In—Mn.. Figures 27 - 32 show ‘the zero-

- field tfansitidﬁs of the Pb-Mn samples.

The edges of the film which overlapped the eleétrodes*wererun:scribed.

They had the same zero-field transition temperature as the rest of the

film;'but'theydpresumably had a criticel'field which was about'8‘%
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Figure 27. Zero-field resistive ﬁransition of Pb-Mn sample C.
~Data which were taken both before and after the
.sample film was scribed are shown.

Figure 28f Zero-field resiétive.transitiOn of Pb-Mn sample H. -
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Figure 29. Zero-field resistive transition of»Pb-Mn-éample D.

Figureh30; Zér64field resistive transition of Pb-Mn sample E.
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Figure 31. Zero-field resistive transition. of Pb-Mn samﬁle F.

. Figure.32. Zero-field resistive transition of thMn sample G. A -
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highgr. Théréfcré, the edges went normal at a field value which was
only sxightly larger than the critical field value for the rest of

- the film. This is the ca#sg of the bump in the R(H) curves shown in
Figures 33_4 37,‘,Note that this bump is qualitatively the same as
thé bump in tﬁe{four—términai resistance iﬁ Figure 22. Except for
sample F, the size of the'bump decreases with increaéing manganese
c0ncentfatian. This is not understood.

Dbublingvahd halving the measﬁring current héd no effect on the
frapsition cﬁryes.

Three pdiﬁté were selected és being appropriatg piaces to assign
the(tritiéal fiéid. Tﬁese poinfs WereAwhere theA§émp1e fesistance
bééame non—ééfo, where the linéaf part of ;he curvé eﬁtrapolated to O
and where it cxtrapolatea to the maximum résistaﬁée (see Figufe 8).

‘These three points correspond to data sets 1, 2, and 3 respectively.

98



, .THIS -PAGE
| ‘WAS INTENTIONALLY
- K .. LEFT. BLANK .




99

.Figure 33. Typical finite—field'resistive tyansitibné‘of Pb-Mn
sample H. The curves for Pb-Mn sample C were quite
similar to these, and they are not shown in a figure.
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Figure 34. Typical finite;field-resistive transitions of Pb-Mn
sample D. ‘
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Figure 35. Typical finite-field resistive transitions of Pb-Mn
' sample E. ' '
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,Figure 36, Typical finite-field resistive transitions of Pb-Mn
sample F. . ' : :
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o Figure 37. ‘Typical finite-field resistive transitions of Pb-Mn
. : sample G. ‘ :
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Appendix E.

Tables of Data

1. In-Mn data

cO

HCZ(O) were used as fitting parameters. (Note that this is equivalent

To fit the Fulde-Maki theory to the In—Mn data, TC, T ,jénd

to usihé TC,-TCO,.and D as fitting parameters.) To fit -the data on pure

N 3 T
indium, 0

a feasdnable.fit was obtained. The theory fitted the,Sample'S data quite

was set equal to Tc’ and then Tc and HCZ(O) were varied until

well;_the rms deviation of the finitg—field data frdm the fit agreed:
witﬁ an éstihaté qf the exéectea sdagter in the data,fZ gauss (see
'Aépendix F). :fhe only discfepancy between the theory and the data
was that thglgurve which fitted the finite-field data did not extrap-
olate very wéll toithe zero;field data point in.dafé seﬁs-l and 2,

The FM théory did not fit the sample 7’dat5\as well as.the‘saﬁple
5 data, but ﬁhe fit was still reasonable. .The theory fitted the high—
field.data; But.héd difficulty with the lbw—field poiﬁts. However,
tﬁe rms deviation of the data from the theory, excluding the 1ow¢st
fieid dgta poiﬁt, was comparable té the estimated ééatter in-the data,
2:gauss. Sample 7 was fhe only sample for which the fit to- one data
set.ﬁas signifiéantly.better than the fit to the .other two.

The‘databfor samplesll3 and 19 were fit in a -slightly different way,

because in theselsémples Tc was not equal to TC To determine TC

0’ 0

self-consistently. for -each data set for each éample, we assumed that

TcO was inversely proportional.to D, as the values of D and TcO from

the fits.to the data on pure indium indicated. Then, for example, in
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Table III. H,,(T) data on In-Mn sample 5 compared with the Fulde—Maki

theory.
Sample S¢ In
Data Set 1.

TEMP ) HCREXr HC2THE DEV %* DEV
1.500 - 1022.3 1025.9 3. 0.35
1.72%0 40,2 . ?244.9 -0.3 -0.03
2.000 ’ 8L9.4 358.2 -1.2 -0.14
2.250 768.7 766.5 - =22 =029
2.500 473.3 670.3 -3.0 -0.45
2,750 - '570.2 570.2 -0.0 | ~-0.,01
3,000 . Abb.O A66.5 0.5 0.11
3,250 T 360.2 35947 -0.,5 - ~0.14
3,500 ' 249.46 250.0 0.4 0.15
3,750 . 137.3 137.6 0.3 . : 0,21
4,046 : 0.0 ~7.9 =79 KOk kK &K

RMS DEVIATION = 1.7 GAUSS.
FIT PARAMETERSG: TC = 4.049 Ks TCO = 4.049.Ky HC2(0) = 13046, GAUSS,
DIFFUSION CONSTANT D = 23.56 CMXCM/SEC.

Data Set 2.

TEMF HC2EXF HC2THE LEV % DEV
1.500 1041.0 1044.4 3.4 T 04,32
1,750 960.3 ‘963.5 3.2 0.33
2.000 . 877.8 876.8 -1.0 -0.12
2,250 787.9 785.0 -2.9 -0.37
2.500 691.4 688.3 -2.6 -0.,38
2,750 586.6 Lva8.6 2.0 0,34
3.000 a04.4 184.8 0.4 0.09
3,250 377.8 377.9 0.1 0,03
3,500 2674 268.1 0.7 . 0.25
3,750 196.2 155.9 ~0.7 -0,43
4,069 0.0 8.4 8.4

kKR KX

RMS DFVIATION = 2 ’
FIT FARAMETCRS: TC = 4.087 Ky TCO = 4,087 K» HC2(0) = 1324, GAUSS.»
DIFFUSTON CONSTANT D = 23,446 CMXCM/SEC, ' '

Data Set 3.

TEMF  ~ HC2EXFP HC2THE DEV % DEV
1.500 ©103%.2 1034.9 1.7 0.16
1.750 o 943.5 955.7 2,2 0.23
2.000 870.1 B68.4 -1.5 -0.17
2.2%0 778.3 776.4 -1.9 -0.24
2,500 4B, 679.9 -2.4 ~-0.36
2,750 577.3 579,38 2.0 0.3%5
3.000 A73.9 AT5.2 1.3 0.28
3,250 © 3449 © - 367.9 1.0 0.27
1,500 D55.6 -Q57.7 2.1 0.81
3.750 "144.0 144.8 -1.2 ~0,03
4,049 . . 0.0 -2.8 -2.8 KKH KKK

S RMG DEVIATION = 1.0 GALLS. .
FIT FARAHETIRGS TE = 4,063 Ky TCO = 4,063 Ky HC2C0) = 1318. GAUSLS,
DIFFUSTON CONGTANT 0= 23,43 CHACH/CEC, :



Table IV. ‘H¢3(T) data on In-Mn sample 7 compared with the Fulde;Maki~111

theory. _ .
- Sample 73 1In
Data Set t.
TIZMF HEDEXF CONCRTHE neEv Z DEY
A i.271 1414,2 1413.5 -0.7. ~0.0%
: 1,500 ° 1327.7 13268,7 1.0 0,08
1,750 ' 5 B e jol: S 0.6 0,05
2.000 112041 -1.4 -0.12
2,250 1005.8 -1.5 ~0.15
2,500 © aB6.0 -0.6 . =0.07
2,7%0 761.2 0.2 0.02
- 3,000 631.9 2,1 0,34
3,249 499,2 1,2 .24
3.500 361.7 -0.0 . -0.00
- 3,750 221.4 -1.2 -0.,54
4,000 78.0 7.5 : -8.73
‘4,167 "7 . -19.3 -19.3 T IITT
RMS DEVIATION = 1.1 GAUSS.
CFIT FARAMETCY 1C = 4,134 Ko TCO = 4.134 K» HC2(0) = 1676. GAUSS.
DIFFUSTON CONSTANT [ = 18.7%5 CHACM/SEC.
S . Data Set 2.
T TEMP © HC2EXP: HC2THE DEV % DEV
1.271 1439.7 1437.2 -2.5 ~0.17
: 1.500 . 1354.6 1352.3 T =2.3 ~0.17
b . 1.750° 1252.9 1251.3 -1.6 ~0,12
\ : . 2,000 1144.9 114341 -1.8 -0.16
2,250 1032.9 S 1028.4 ~4,5 -0.,43
2.500 - 904.8 . 908,22 -0.6 .=0.07
2,750 ©780.9 783.0 2,1 ‘ 0,26
3.000 . 450,0 653,2 3.2 0.50.
3.249 515.0 -520,0 5.0 0.97
3.500 370.9° 302.,0 3.1 0.81
3,750 : 244,46 41,1 ~3.5 1,42
4,000 100.7 - 97.2 -3.5 -3.,49
4,173 0.0 -4.1 -4.1 kK ok
RMS DEVTATION = 3.0 GAUSS. ‘ "
FIT FARAMFTERGS - TC = 4,166 K, TCO = 4,186 Ky HC2(0) = 1700, GAUSS,
DIFFUSION GCOMSTANT D= 18.42 CH¥CM/SEC. ’ o
Data Set 3.
TEMP HCPEXF HEC2THE . DEV % DEV
1435.6 1432.6 -3,0 -0.2
1348, 1 1347.5 ~0.4 ~0.,04
1249, 4 1246.5 . =0,9 - -0.23
11368.7 1158.0 -0.7 -0.06
10045,7 1003, 2 -2.5 -0.24
90,2 - 907.8 0.6 0.07
7754 777.4 2.0 T 0.26
. 643.4 4475 4.1 0.64
S 50%,0 514.1 Sl - 1.00
- 37641 C375.7 -0.2 -0.00
28706 234.9 -2.7 -1,13
101.3 90.3 =105 “10.36h

0.0 ~10.4 ~10.4 R KK

MG DCVIATEON = D07 GO1GS, )
FUTOPARANL LSt TG 2 408D Ry TCO o ALUG Ky HE2COY = 16924, GAUSS . |
L . NUEUGTON CoRsranl b 10,0470 [SER AL VA H R M . o
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Table V. H;p(T) data on In-Mn sample 13 compared with-the Fulde-Maki
theory.
Sample 131 In(0,030 a/o)Nn
) " Data Set 1.
TEMF . HC2EXP HC2THE DEV % DEV
1,211 590.2 . 589.2 -3.0 _ -0.51
1.390 - S31q1 - 532.4 - 1.3 0.24
1,546 A76.9 4795 2.6 0.55
1.4690 N KT ©428.2 1.7 0,40
1,845 369.2 370.5 1.3 0.35
2,001 -310.3 310.1 -0.2 -0.08
2.151 . 2%0.3 249.9 -0.4 -0,17
2.300 190.3 168.3 -2.0 -1.07
2.460 121.3 120.2 -1.1 -0.88
2.403 57.1 57.9 0.8 1.35

2,737 0.0 -1.8 -~ -1.8 KKK
RHS DEVIATION = 1.7 GAUSS. -

FIT FARAMETERS: TC = 2.733 K» TCO = 4.090 K» HC2(0) = B804. GAUSS,
DIFFUSION CONSTANT DI = 21,25 CMXCM/SEC.

Data Set 2.

TEMP "HC2EXF HC2THE DEV % DEV
1,211 614.3 611.5 -2.8 ~0.46
1.390 551.0 553.3 2.3 0.42
1.546 4961 499.2 3.1 0.63
1.690 445.4 446,7 1.3 0.28
1.845S 386.5 T3n7.6 1.1 0.27
2,00t 305.8 CO325.6 -0.2 ~0.09
2.151 264.6 264.0 -0.6 -0.,24
2:300 . 201.9 200.8 -1.1 -0.53
2.4460 131.1 131.1 -0.0 -0.00
2,603 T b6l 67,2 1.1 1.62
2.746 .+ 0.0 1.8 1.8 KKKRKKXK

RMS DEVIATION = t.7 GAUSS,
FIT PARAMETERSE TC = 2,750 Ko TCO = 4,130 Ky HC2¢(0) = 831. GAUSS,
DIFFUSION CONGTANT It = -20,6% CMKCM/SEC, :

Data Set 3.

TEMF HC2EXT HC2THE DEV % DEV
1.211 T 611.5 607.4 ~4,1 -0.46
1.390 547.8 - 549, 9 2.1 0.38
1.546 ~ ° 493.8 496.3 2,5 0.51
1,490 . 443.0 444,3 1.3 W29
1.845 I8N 6 i05.8 1.2 0.31
2.001 305,38 324,95 -0.8 -0,25
2.151 264,64 263.5 -1.1 -0.43
2,300 2035.4 201.0 -2.4 -1.18
2,460 133.7 132.0 -1.7 -1.28
2,403 6641 68,7 (2.6 4.00
2,744 - 0.0 4,1 4.1 ERKKKK

RMS DEVIATION = 2.2 0AUSS,
FIT PARAMITTL TC = 2,707 TCO = 4.110 Ko HC2(0) = 825, GAUSS.
DIFFUSGTION CONGIANT It = 20,91 ChiCM/SEC,
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Tabl o - : . .
ble VI HCZ(T) data on In-Mn sample 19 compared with the Fulde-Maki
- : theory
sample 191 In(0.039 a/o)Mn
<+
) Data Set f.
TEMP HCDEXF W2 THE - DEV % DEV
1.250 3301 . 330.8. -1.3 -0.38
1,316 . 314.4 313.2 -1.2 -0.38
1.428 S 278.4 277.9 -0.5 -0.17
1.540 39,6 - 241.1 1.5 0.64
1,649 ~ 202.8 203.,9 1.1 - 0.54
1.764 163.5 163.4 -0.1 -0,08
1.874 123.0 123.3 0.3 0.78
1.987. - 01.8 81.1 -0.7 -0.89
2,100 . 38.0 © 3747 -0.3 -0.86
2.212 0.0 . -6.3 -6 WAEXKK
RMS DEVIATION = 0.9 GAUSS. _ : 7
FIT PARNMETERS: TC = 2,196 K» TCO = 4.080 Ky HC2(0) = 552. GAUSS .,
DIFFUSION CONSTANT D = 22,07 CMXCM/SEC.
- -
. ’ Data Set 2.
TEMP HC2EXP HC2THE DEV % LEV
1.258. | 346.0 344.7 -1.3 -0.30
1.316 3261 326.7 0.6 0.18
1.428 290.7 290.7 -0.0 -0.00
1.540 252.5 253.1 0.6 0.25
1.649 214,0 215.2 1.2 0.55
1.764 T 173,02 173.,7 0.5 0.32
1.874 133.3 132.9 -0.4 -0.32
1.987 90.4 89.7 -0.9 -0.99
2,100 47,0 45,4 —1.4 ~3.45
2,227 0.0 T -5.7 —5.7. . KRRkkK
RMS DEVIATION = 0.9 GAUSE.
FIT FARANETERSS TC = 2.213 Ky TCO = 4.120 K» HC2(0) = 570. GAUSS.
DIFFUSION CONGTANT D = 21.51 CHACH/SEC.
. Data Set 3.
TEMP HCREXP HC2THE PEV % DRV
1.258 343.4 -1.6 -0.47
1.316 . 2%, 325.5 -0.1 -0.03
1,428 24192 289.8 0.6 0.21
1.540 251,72 252.4 0.9 0.34
1.649 C213.7 214,9 1.2 - 0.57
1.764 173.2 1739 0.7 0.38
1.874 © 133,95 133.3 -0.2 -0,13
1.987 91.1 90.5 -0.6 -0.43
: 2,100 47.5 2.4 0.9 -1.92
- 2,227 0.0 -4.0 -4.0 HKKAKK

‘RMS WEVIATION = 0.9 GAUSS, . ’ '
FIT FARAETLES: TC = 2,217 Ky TCO = 4.100 Ky HUZLO0) = 567, GAUSS.
RIFFUSTON CUNSTANT 0 = 21,735 CHXCHM/GEC,



‘any value of'TC. from TC up to about 4.4 K, values of T, and HC
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data set 1, sample 13, the value of TC was determined with the formula

0
a1, 21,13 1,7 | |
1,13 _ 1,7 o213 _pb 1,7 1,5

Teo Tl T TS L7 K [%co - Tco:} (34)

21.25 - 18.75

4.134 K - 53 56 = 18.75

x [4.134 - 4.049) K

4.090 K .

Although this rather elaborate procedure was uéed to determine

T the fit was quite insensitive to the actual value of Tc . For

0
by + 40 mK

c0’

instance, holding T_ and H_ (0
instance, holding chand HC2(O) constant and varying TCO

did not appreciably change the goodness of the fit. Furthermore, for

(0)

0 2

‘could be found which resulted in fits as good as the ones shown in

Tabhles V and VI. N
In Tables III through VI, TEMP and HC2EXP are the experimentally
(T)

measured values}df T and HC (T). HC2THE is a theoretical value of HC

2 2

calculated by‘using-the FM theory and the fit parameters indicated.
2.  Pb-Mn data

" . The .Pb-Mn data were not well described by the FM theory. In order
to analyze the data,.we needed the derivative dHcZ/dT" To obtain
dHCZ/dT from the data, we fitted the data with polynomials, and then dif-

ferentiated the polynomials. Table VII shows characteristics of the poly-

nomial fits, The Téble,gives the number of coefficients in the;polynomial,

the rms deviation of the data from the polynomial, and .the values of D

used to obtain Figure 11.



_Table VII1. Characteristics of the polynomial fits to the Pb-Mn déta.'
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Data

Sample # of rms ’ D
‘Set coef's dev (gagss)
C 1. 1. 4ok 1.114
2 2 1.7 C1.116
-2 3 2.3 14116
3. 3 2.8 --1.140
H 1 3 2.9 1.105
-2 3 1.5 - 1.101
3 2 2.1 1.107
D 1 2 6.3. 1.005
' 2 2 1.6 1.005 -
2 3 2.4 1.005
3 2 1.6 1.029
3 3 2.3 1.029
E 1 2 6.3 1.005°
2. 2 2.2 1.027
3 2 3.6 1.033
F 1 2 6.0 1.041
‘ 1 2 5.0 1.041
2 2 3.4 1.063
2 3 1.6 1.063
3 2 3.4 1.062
3 4 2.0 1.062°
G 1 3 4.4 1,224
S 2. 3 1.9 1.279
3 3 S2.2 1

.271
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Tables VIII through X1II show the experimental values of.HC (T)

2

éompared with ﬁplynomial fits to the data. The polynomials were fitted

to the data by using a least-squares criterion; the quantity defined in‘Equat‘ioﬁ
(35) was minimizgq. The computér program which did.the,fittingWase;modiQ

fied verSionAdfvaprogram wriftentanrian Charles Gisson of our.research group.
In.these tabiéé, TEXP and HC2EXP are phe experimentally measufed values of

T and Hc (T)."HCZCAL is the value of HCZ(T) calculated from the polynomial

2
fit. Note that TC was choéen to give the best fit.
» RMS'DEV_(CORRECTED FOR DEGREES OF FREEDOM)_is equal tolé/

RMS DEV x Yp_
/p-c

y : _ ' ‘ - (35)

where p is thé number of data points in the fit, and c is the nﬁmber
of épefficientsfin'the fitting polynomial.

The dété on:saﬁples C;AD, and F were not well fit by a single poly-
nomial. Tﬁese-data were therefore broken into two o?erlapping groups,
'and each group:wasAfitteguwith a differént‘polynoﬁial.

An aste;iékﬁin thé column next to the_ZDEV'columﬁ means that the
data pointAin that row was not included in the set of data pqipts which
' the program fitted. _Two types of data points were excluded from the
fits: dafa poinps.which were several standard deviationé away from
the polynomiai thch'fitted the other data points, and.the zero-field
déta.poiﬁts. Theée lattef points were excluded because they deviated
so far from‘thé'fits to the finite—field data in dafa.sets 1 and 2 fqr
all of the ;ambiesi Henée,‘even though ﬁhe fits to the‘fiﬁite—field
“dafa in data éet~3extrapolated well to the zérp-field data points,

it did not seem consistent to include the zero-field points in the fit.
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Table VIII. Héz(T) data on Pb-Mn sample C compared with a polynomial fit.

SARPLE € DATA SET L.

HEDCAL = L0LL001104 G (TC-T/RK) ¥¥ L

TC= 7,148 K,

’ . ' TEXF TC-T HCREXFP HC20AL HERCAL-ICREXE  ZDEV
.3580 1.7900 3769.3 3794.9 25.6 0468 X
4510 16270 - B ET AN~ B 3597.7 5.5 0.15
50 5520 1.5960 3307.10 3303.6 -3.9 ~0.10
5.,6340 320720 3RO T . 2.5 0.08
5.7160 30264 303%5.9 9.5 . .0.31
5.0200 20211 2815.4 - 5.7 . -0.20
5.9070 26351 2631.0 -4.1 —0.16
6,0010 . na432.7 - 2431.7 ~-1.0 -0,04
6.0930 1.0550 2014,0 2036.6 -7.4 -0.33
6.,1870 0.9610 203641 2037.4 . 1.3 0.06
4,2790 0.8670 1841,2 1042.3 1.1 0.04
6.3690 0.7790 - . 165844 1651.5 -6.9 | -0.42
6.46%0 0. 6830 1449,9 1448.0 . -1.9 -0.13
5005 0.5930 1254.,3 o 1257.2 2.9 0.23
C b 6500 0.4980 1053.2 1055, 2.6 . 0.25
"4.7410 0.4070 . . 943.4 862.9 ~0.5 -0.04
6.8310 0.3170 67041 6721 2,0 0.29
. 6,92320 0,2060 473.3 479,14 5.8 ©1,23
- 7.0150 0.1330 281.3 282.,0 0.7 0.24
7.,1040 0.0440 127.9 93.3 ~34.6 EEE 3T I
7.1770  -0,0290 0.0 ’ -61.5 -61.5 KKKKK K
© RMS, ICUTATION IN HE2CAL= 4.4 GAUSS,
RMS DEV(CORRECTED FOR DEGREES OF FREEDOM)= 4.5 GAUSS.
" SAMFLLE C» DATA SET 3.
ME2CAL =  0.2051704+04° G (TC-T/K)%*1
+ 0 0.630181102 G (TC-~T/K) %2
T4 ~0.45725E401 6 (TC-T/K) %3 .
YC= 7.205 K.
" TEXF TC-T HC2EXP HC2CAL HC2CAL-HC2EXF . %DEV
S.34500 1.8470 3900.3 ' 3908.9 0.6 ~o.02
S.4510 1.7540 3720.7 371941 -1.6 -0.04
S.5520 1.6530 3507.7 3509.4 1.7 0.05
5.6340 1.5710 3339.5 : 2.5 -0.08
5.7160 1.4490 - - 3158.3 4,7 " 0.15
5.0200 11,3850 © 29441 -3.4 -0.12
5.9070 1. 2900 ~-3.1 .- =0.11
4.,0010 1.:1040 4.6 0.18
65,0930 111220 2.5 S0.11
6.1870° 1.0160 ~-3.0 © . -0.14
6.2790 0,9260 -1,9 -0.10
63690 0. 8360 1758.0 -2.2 <0.13
4.4650 0.7400 - - 1552,2 1.5 0.10
645550 0.4500 1340.0 4.5 0.33
646500 0., 1550 1158.1 . -0,5 -0,04
4.7410 . 0.4640 - 965.6 - =0.2 -0.,02
4.00810 0.3740 77642 1.7 : 0.22
- 6.9220 0.7830 RS, 7 -4.3 -0.,72
7.01%0 0,1900 392.1 -1.8 C-0.45
7.1040 0.1010 207.,9 : © 2.3 . 1.11
7.2060 -0.0030 6.2 -6.2° *kkkk X

L EMS DEUTATION TN HE2CALE 2.8 GAUGS.
RHS DEVCGUFRECTED KO DCGRLES OF PRELDOM) = 3.0 GAUSS.
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CHER2CAL =

SAMPLE G

+ -0.830%
TC= 7,174 K

TC-T

1.0160

1.6220
“1.35400
1.,4500
1.3540
1.2670
1.1730
r.o010
0.9870
-0.,02%0

bATH GET 2.

0L D1MGER0A 13 (TE-T/K)¥%1
/400 G

(TC-T/K)X&35

"HC2EXF

3134.2
3646.2
3431.1
3260.7.
3006.8
20860.5
263247
24848.3
2293.3
209246
0.0

RMS DEVIATION IM NC2CAL= 1.7 GAUSS.
(MG DEV(CORKECTED FOR DEGREES OF FREENOM)= 1.9 GAUSS.

TEXP

 5.9070
6.0010
6.0930
6.1870
6.2790
63690
b.A640
Heuo
64,6000
6.7410
6.0:310
&.9200
7.01%50
7.1040
7.2030

SAMFLE  Co»

= 0.197071404 G
+ 0235603 G

DATA SET 2.

(TC-T/K)%%x1
(TC~-T/RK)%k2

+ -0,103/7E403 G (TC-T/K)*¥%3

TC= 7.183 K.

TC-T

HC2EXF
1.2760 2482.7
1.1820 . 2489.3
1.0%00 2293.3
0.9760 . 2092.6
0.%040 1894.4
0.11140 1705, 4
0.7140 1500.%

1306.6
10986
912.6

0. 1480
0,070
-0, 0200

RHS DEVIATION TH HEDCAL: 2

RMS TEVCORKECTED FUR DFGRELS OF FREZLOM) =

3 6NAUSS.

(cont.)
HC2CAL HC2CAL-HC2EXF
38363 2.1
3642,8 ~-3.4
3431.8 0.7
3259.9 -0.8
3087.7 0.9
2848.8 0.3
2605.,2 2.5
2486.7 ~-1.6
2292.1 -1.2
2093.2 0.6
-61.5 -61.5

HC2CAL

26826
2487.1
2293.46
2094.0
1697.4
1704.3°
1498.0
1304.0
1101.6
908.1
718.4
528.6
337.2
157.1
~39.3

2.6 GALIGS,

HC2CAL-HC2EXF

t

ZDEV

0.05
-0.,09
0.02

© ~0.02

0.03
10,01

0.09
-0.06
-0,05

0.03 -

RKKKK

ZDEY

. =0.00

-0.05
0.01
0.07
0.16

-0.07
=0419

-0.14
0.27

-0.49

0.54
0.26
-0.22
j0«31
KKK
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Table IX. H_,(T) data on Pb-Mn sample H compared with a polynomial fit.

SAMITE O BATA SET 1.

+ 00170091408 G (TC=-T/R) 442
b0 6A0LLE 0 G (TE-T/R)XAS

HUCAL = 0. 7038104 G (TE-T/K)¥%1

TC= 7,849 K.

TEXF TC-T TOHCDEXP HC2CAL HU2CAL-HC2EXF  ZDEV
6,100 1.0450. LNR78,5 2078.6 0.1 0.01
642980 0210 1874, 4 1974,2 -0.2 " -0.01
6.4C00 0.7690 145207 : 1652,1 -0.6 -0.03
4.5000 0.b8% ‘ 1433.5 T 1431.9 ~lib - ~0.11
&,400 0.,5670 1200.6 1206.9 6.3 0.52
4.7090 . 0.4400 - . 927.3 . . 972.1 . ~5¢2 -0.53
6.79H0 - 0.3710 760.3 7278,7 10.4 2,42 X%
&4.8990 L3700 - HA0.2 © 56241 1.9 0.34
6.9980 0.1710 : 353.0 -1.4 -0.39
7.1020 0.0670 137.1 0.9 0.64

7.1910  -0.0220 -44.7 -44.,7 Cokkkkk X

.9 GAUSS. -
GREES OF FREELIOM)= 3.4 GAUSS.

KMS DEVIATION IN HC2CAL=
RMS DEV(CORKRECTED FOR DK

SAMFLEE: Hy DATA SET 2,

HC2CAL = W20006E104 6 (TC-T/K) %%1
+ 0.22684E403 5 (TC-T/N) X2
+ -0.BOSOZEIO0? G (TC-T/K)*%4

TC= 7.189 K.

TEXF TC-T HEREXF HE20AL HC2CAL~HC2EXF  ZDEV
64,1040 1.0050 2317.5 2317.2 ~0.3 -0.,01
6.2980 0.0910 ) 1507.3 1908,6 1.3 0.07
6.4000 0.7090° 1688.2 1687.0 ~1.2 -0.07
6.5000 0. 6820 1468.0 1467.5 ~-0.5 -0.03
&.6020 0.5870 1241.4 .o1243.2 ) 1.8 0.14
6.7090 0.4800 1011.9 1008.8 -3.1 -0.30
6.:7980 0.3910 ' B813.,9 815.6 1.7 0.21
6.8990 0.2900 $98.2 599.2 ’ 1.0 0.17
4.9980 0.,1910 391.8 3%0.7 -1.1 ~0.29
7.1020 0.00170 - 175.5 175.9 0.4 0.25
7.2030 -0.0140 . 0.0 ~-28.0 L -28.0 EST T I

RMS DEVINATION IMN HCDCAL=
{MS "DEV(CORRECTED FOR DEG

GAUSS .
S 0OF FREEDOM)= 1.8 GAUSS.

SAMFLE Hy DATA SET 3.

HE20ALL = O.21AIZER0A G (TC-T/RK) ¥ ¥1
0. 769FH02 G CTC-T/RY ¥k
TC= 74198 K,

JEXF TH-T - HC?KXF HEC2CAHL, HC20AL~-HC2EXF ZDEV

6. 1040 11,0940, : 2WrH6.7 ) 2377.2 0.5 0.02
6. 280 0.,2000 19%1.0 1951.0 -0.0 ~-0.00
644000 0,7980 172647 17277 1.0 0,06
6405600 0. 6700 1511.4 1509.3 ~-2.3 -0.15
644000 0.5960 17109.5 120741 ~2.4 ~0.18
b 7090 0, U0 [ 10%4.7 ~0.5 ~0.0%
b, 2900 0.4000 Bh b R461.0 5.2 0.40
61100 0. 920 ) 64840 L. 643,4 0.3 0.04
I 0,000 : 350.2 A0, 8 ~0.4 -0.09
7,100 0.0%60 207,40 204.0 : -t1.8 . -0.8%
72000 00,0070 0.0 ~135.0 -13,0 COKkkKEK X

RKMS DTN TaRE T HEDOAL s D01 BAUSS .
RMG DUVOEN CTED O GIREES DF FREEDIONY = 2.3 Ghlss.
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with a polynomial fit.

SAMFLE D» DATA SET 1,
HE20AL = 0.23752E+404 G (TC-T/K)*¥1
+ =0.35432E402 G (TC~T/K)%%2

TC= 6.2846 K.

TEXF . TC~-T . HC2EXF HC2CAL - MCRCAL-HC2EXF  ° ZDEV

) 4.6420 1.6440 : 3817.8 3806.3 . -11.5 . -0.30
4.7250 1.5610 3603, 4 , 3618.9 15.5 0,43
4.8090 1.4770 - 3425.0 3428.7 3.7 . 0.1
A.8950 1.3910° 3245.7 3233.4 -12.3 -0.38 .
4.9000 1.3060. 3039.0 3039.9 . 0.9 . 0.03
5.,0670 1.2190 . 2839.3 2841,2 1.9 0.07
. 1,1380 2644,4 2655.8 11.4 . 0.43
C1,04530 2448.5 : 2460.7 -7.8 ~0.32

0.9440 2253.3 - 2255.8- 2.5 0.11

0.8030 - 2067.0 2068.9 1.9 0.09

0.7950 - 1872.8 1865.2 746 -0.40

0.7120 . 1672.5 1672.7 0.2 . 0.01

0.6260 1474.2 o 1472.6 1.6 . =0.11

0.5400 1274.1 1272,0 -2.1 . =0.17

0.45680 1081.0 1080.2 -0.8 . -0.07

0.3710 Bbb .4 ' 876.2 9.8 1.13

0.20160 ) 6833 676.3 -7.0 -1.02

0.2000 L 468.8 - A73.6 : 4.8 ’ 1.02

0.1170 278.1 - 277.4 . =0.7 -0.25

0.0290 107.8 68.8 ~39.0 REE ST B 3

-0.0360 0.0. -85.4 -85.4 CORRRAR X

RMS DEUIATIhN IN HCRCAL= 7.2 GAUSS.
RHS DEV(CORKECTED FOR DEGREES OF FREEDOM) = 7.6 GAUSS.
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Table X. (éont.)

2 SAMILE. D DaTA SET 2.

THEDRCAL = 0L,P370RCE04 G (TC-T/K) Kk

S 4 =0.3LY6GE 102 6. (TC-T/K)Xk2

. TC= 4.310 K. )

TEXF rc-T1 “HCREXF HCACAL - . HC2CAL-HC2EXFP . XDEV S
4,640 1.64600 . 3PL7.9 - : T 3865.6 0 . - =2.3 - =0.06 -
4,700 1,580 36753 34677.5° . 2.2 "0.06
4.80%0 1,5010 3851 3486.6 1.5 . 0.04
4,890 1.4150 3293.7 3090.7 -3.0 -0.09
4.9400 1.3300 - 3095.8 3098.7 0.9 . 0.03
S.04670 1.2430 48948, 1 . 2897.6 1.5 0,05
5. 1400 1.1620 - 2710.0 i 2711.7 . T 1.7 0.06
5.2330 1.0770 25162 2516.3 0.1 0.00
5,320 0.9000 2312.8 2311.2 -1.6 -0.07

~ : B 5.4080 ©  0.9070 2125.1 2124.0 ~1.1 -0.05

5.4910 0.68190 " 1920.0 1920.3 -0.5 . —-0.03
5.5740 0.7360 1727.2 . 1727.6 0.4 . 0.02
55,6600 06500 1579.1 1527.5 e O T] - -0.10
S.7460 0.5640 | 1325.2 1327.0 1.8 0.13
6.3360  -0.,0260 0.0 _=61.7 . =61.7 *RKEE K

TRHS DCVTATION TN HOCZCAL= 1.4 GAUSS. _
RHS NEV(CORKECTED FOR DEGKEES OF FREEDOM)= 1.7 GAUSS.

SAMFLE Dy .DATA SET 2.

. HCR2CAL = 0. 2LSB7IN 104 G (TC-T/K) k&1
+ 0.36AUALIOS 6 (TC-T/RKY¥K2
+ j0.22914E+03‘G (IC-T/KI%%3

TC= 6:324 K.

TEXF oTC-T HC2EXF HC2CAL HE2CAL-HCREXF ZDEV
H,4910 0.£1330 1920.8. - 1920.1 -0.7 . . ~0.04
58740 0./.00 1727.2 1728.6 : 1.4 . 0.08
1.6600 0.6440 1529.1 1527.9 -1,2 -0.,08
5.72440 0,57030 1325.2 1326.,0 . 0.8 0.06
5.000 0.499460 1132.5 1132.9 0.4 0.04
H.2000 0. 4070 T 907B.6 1.9 o2
620000 03R40 730.1 =G.7 -0.77
b eOra0 0,23800 © 531,59 1.2 ' 0.22
He 1690 0. 1550 342.6 3.8 o 1.11
6 0570 00670 146.2 -1.6 -1.07

-25.9 -25.9 kkaokk K

Ay 3540 =0,0120

Fedss VI ATTON TH e DEAL
MG DEVCCORKLE TR | Ok DL

RELS OF FREEDUM)Y: 2.9 GAUSS.
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Table X. (cont.)

1
> '
GAMPLE - Ly DATA SET 34
HCHCAL = 0.03190404° G (TEST/K kL 7 T R ’ : ;
4. =0,.8I504100 G (TC-T/K)XXS
TG+ 6.391 K. '
TEXP TC-T HEREXF HC2CAL . HG2CAL-HCREXP  ZDEV
4,46420 1.6990 3947.5 3949, 4 1.9 - 0.05
4.7250 1.6160- - A759.3 3758.6 -0.7 -0.02
4.8090 1,5370 356647 3565.0 -1.7 -0.05 .
A.895 1.4440 %360,1 3364.3 -1.8 -0.,05
4,9000 1.3410 3169.5 © 3149.6 0.1 0.00
5.0670 1.2740 29491 2967.9 -1.2 - ~-0.,04
5.1480. 1.1930 .. 2775.4 - 2779.8 . 4,2 © 0415
. 5,2330 1.1080 2581.0 . 2502,3 1.3 0.05
5, 3200 1.0190 - 2375.1 2375.2 0.1 0.01
5.4030 0.,93H0 - ' 2188.8 2186.7 S-2.1 -0.10
5.4910 0.8500 . 1982.3 19681.7 T -0.4 . -0,03
5.5740 0.7670 1788.7 1708.3 T -0.4 -0.02
5,4600 0.46810 1587.7 1587,9 0.2 0.01
. 5.74460 0.5950 1386.3 1387.4 1.1 . 0.08
. 4.3390  0,0020 . 0.0 : 4,7 4,7 RREKK X
RMS DEVIATION IH HCOCAL= 1.6 GAUSS.
RHS ULV(CORRECTED FOR DEGREES OF ¢FREENOM)= 1.8 GAUSS.,
SAMFLE Dy DATA SET 3,
HEDCAL = 0.722720+404 G (TC-T/R)*X1
+ 0.26617 CTC-T/K) k2
+ 0177046403 6 (TC-T/K)¥¥3
TC= 4.343 K. )
TEXF TC-T HC2EXP HC2CAL HO2CAL-HC2EXF  ZDEV
5.4910 0.0530 ¢ 1982.,3 1901.3 ~1,0 ~0.05
G.5740 0.7490 1788.7 1789.6¢ 0.9 0.05
55,6600 0. 6830 1587.7 1589.0 1.3 0.08
55,7440 Y70 13R4.3 1304.8 0.5 0.04
5,800 0.5150 1194.2 1193.4 ~0.8 -0.06
$.91050 0.A7H0 992,9 . 9es.1 ~-4.8 -0.48
6.0000 0.3430 785.3 . 789.1 2.8 © 0,36
6.0860 . 0.0970 1 R 5067.0 3.3 0.56 .
61690 0.1740 - 397.3 394.7 2.4 . ~0.66
6, 2670 0.01460 . 190.9 193,49 0.5 T 0426
6,3390 - 0.0040 0.0 8.9 8.9 kKKK %
RMS DEVIATION IN HEDGALE 2.7 GAUSS. .

. ’ KUS DEVCORREUTED, FOR DS EES OF FRECDOMY= 2.7 GAUSS.
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Table XI. ch(T) data on Pb-Mn sample E compared with a polynomial fit.

SAMPLE e DATA SET L.

HC2CAL = 0220730404 G CIC-T/K) %L

) F S0 AS0A0K 102 G CTU=T/K) ki3
TC= 4,747 K.
TEXF Tc-T HE2EXF HE2CAL . HC2GAL-HCZ2EXF  ADEV
2,9010 1.8460 39037.6 ' 3988.9 ' 1,1 0.03
3.0010 1, 780460 . 3000.7 . 3793.6 . -7.1 - =0.19
3.1000 1.6470 3595.0 : 359647 1.7 - 10,05
3.2070 1.5450 -~ 33061.0 3390.6 9.6 0.28
3.2990 1.4480 3171.8 391,46 -0.2 . -0.01
3.4010 1.3460 . i it} 2979.5 G.7 0.19
3.5010 1.2460 . 2732, 4 27683.8 36,4 1,33 X
3.5990 1.,1480 2 9 2559.9 o -12.0 ~0,47 :
3.6990 1.0430 2 ] 3344.5 -747 -0.33
3,0000 0.9470 1.0 2124.9 ~3.1 -0,15
3.8910 0.8490° 1905.4 ' . 19099 ) 1.5 . . 0.24
4,0000 . 0.7470 168%5.0 "1684.5 -1.3 -0.08
4.0990 - 0.6480 t441.7 . L 1464.2 22,5 . 1.56 X
: 4,2000 0.5470 L 1234.1 1238.2 : 4.1 ©.0.33
. . A4.3000 0.4470 1009.1 1013.3 . 4.2 0.41
- 4.4000 0.3470 774.4 787.5 13.1 1.69
4.4990 0.2480 85,5 563.3 -2,2 -0.,39
4,6010 0.1460 337.2 331.8 . -5.4 T -1,60
4.7010 0,0460 1101 104.46 -5.5 ~5,02
L4,7720 - -0.0250 0.0 - -56.8 -56.8 KEKKK K
. ] RMS DEVIATEION IN-1HC2CAL: 6.3 GAUSS.
kM3 DEV(GURRECTED FOR DEGREES OF FREEDOM)= 6.8 GAUSS.
SAMFLE - €+ DATA SET 2.
- HC2CAL = 0.72310E4+04 G (TC-T/K)kx1
+ -0.11306E402 G (TLC-T/K)%*%4
TC= 4,783 K.
TEXP YCc-7 HC2EXP HC2CAL HC2CAL~HC2EXF  XDEV
2,9010 1.8820 4059.0 4058.3 -0.7 - . -0.02"
3,0010 1.7820 3064.64 3843.0 -1.6 -0.04
3.1000 1.6850 . 3464.1 36465.3 1.2 . 0.03
3.2020 1.5610 34%54,3 3457.8 K 3.5 . 0.10
3.29790 .1.4040 3058.9 3257.1 -1.8 -0.06
3.4010 1.3020 3041,2 3043.0 ‘1.8 0.06
3.5010 1.2020 28291 2830.6 T 1.5 0.05
3.5990 1.1840 2622.8 2620.2 ~2.6. T -0.10
3.4990 1.0840 24061 2403.6 -2.5 -0.10
3.0000 0,9830 2183.4 2183.3 . =01 -0.01
3,8980 0.00%50 1966.2 . 1968.2 2,0 0.10
14,0000 0.7830 1744.6 1743.2 -1.4 -0.08
4.0990 0.6040 . . 1527.9 1524.0 ~3.9 -0.25
4.2000 0.510:40 1297.9 . 1299.8 1.9 0.15
. . 4.3000 0.4030 1078.4 1077.3 -1.1 ~0.10
. 4.4000 0.3330 52,5 054.5 2,0 .24
4,4990 0.21440 6291 . 633.7 4,6 0.74
4,46010 0.18720 405.,2 406.2 1.0 0.24
4,7010 0.,0420 . 184.0 103.0 -1.0 -0.54
4.8010 -0.01110 0.0 ~40,2 -40,2 AXkkE X

RHS DEVIATION TH HE20ALs 2.7 GAUSS.
M3 l_lF'U(I'lel\'l\'IE('Z'I'[ noFOR CDCGREES OF° FREENOM)Y = 2,3 GNAUSS,
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Table XI. (cont.)

SAMFLE E» DATA SET 3.

HC2CAL = 0.22823E404 G (TC-T/K)xxkl
+ ~0.,29817E4+02 G (TC-T/K)*¥%3

TC= 4,804 K.

"TEXP 1C-T HC2EXP HC2CAL ' HC2CAL-HC2EXP ZDEV

2.9010 1.9030 4135.2 4137.46 2.4 0.06
3,0010 1.8030 39244.6 3940.1 -4:5 - -0.11
3.1000 1.7040 3745.7 3741.4 ’ -4.5 -0.12
3.,2020 . 1.4020 : 353043 3533.6 3.3 0.09
3.2990 1.5050 7 333G.3 ©3333.1 -2.2 ~0.06
3,4010 1.4030 31164.0 3119.7 3.7 0.12
3.5010 1.3030 ’ 2901.3 2907.8 . 6.5 . - 0.22
3.59%0 1.2050 2694.3 2697.9 3.6 0.14
3.6790 1.1050 2401.8 2481.7 -0.1 "=0.01
3.68000 1.0040 2261.4 2261.2 -0.2 . =0.01
3.0980 0.90460 : 2048.9 2045.5 ~-3.4 ~0.16
4.0000 0.,8040 1818.7 1819.4 0.7 0.04
4,0970 0.70%50 - 1603.4 1598.5 ) -4.,9 -0.30
4,2000 0.6040 1379.5 1371.9 -7.6 -0.,55
4.3000 0.5040 ’ 1144.9 11446.4 1.5 0.13
*4.4000 0.4040 920.7 920.1 ~0.6 -0.07
4.4790 .0,3050 ) 692.8 695.2 ' 2.4 0.35
4.6010 0.2030 4462,0 4463.0 1.0 . «23
4,7010 0.1030 o 232.1 - 235.0 2.9 1.27
4. 8050 -0,0010 . . 0.0 -2.3 -2,3 ) Xkkkk X

RMS DEVIATION IN HC2CAL= 3.6 GAUSS. .
© RMS NEVICORKFCTED FOR DEGREES OF FREEDOM)= 3.8 GAUSS.



Table XII'_‘HCZ(i) data on Pb-Mn sample F compared with a polynomial fit.
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SAMFLE F» DATA SET 1.

Y . HC2CAL = '0.2184LE+04 G (TC-T/K) k%1
’ ’ + -0.06711EH0R G (TC-T/R) %2

TC= 4,449 K.

TEXP TC-T HC2EXP HC2CAL HEC2CAL~HC2EXF
2.5000 1.9490 ' 3927.5 3929,3 1.8
2,6000 1.8990 37474 3743.6 -3.8
2,7000 1.7490 3559.7 35562 ~3.5
2.8000 1.64%0 ° 3370.2 336741 -3.1
2,9000 1.5490 T 3171.5 317463 4.8 -

T 2.9990 . 1.4%00 2971.3 . 298%.7 - 14,4
3,1000 1.3490 - 2789.6 2789.4 -0.,2
3,2000 1.2490 2593.9 2593.4 -0.5
3.3000 1.1490 2404.9 2395.7° : -9.,2
3.4000 1.0490 2205.0 2196.2 : -8.8
3.5000 0.9490 - 198%.4 1995.1 5.7
3.6000 0.8490 1793.3 17921 -1.2
3,7000 0.74%0 ‘ 1584.1 . 1587.5 3.4
4.4660 ~0,0170 0.0 -37.2 -37.2

RMS DEVIATION TN HU2CAL= 6.0 GAUSS.
KMS DEV(CORKECTED . FOR DEGREES OF FREEDOMY= 6.6 GAUSS.

. SAMFILE F+ DATA SET 1.

HC2CAL = J21390E 404 G (TC-T/K) k41
b o-0.22207E 402 G (TC-T/K) k%A

TC=' 4,442 K.

TEXF TC-T HC2EXP HC2CAL "HC2CAL-HC2EXF

3.3000 1.1420 2404.9 2404.9 -0.,0
3.4000 1.,0420 = 2205.0 . 2202.6 . =2.4
3.5000 0.7420 1989.4 1997 .4 o 8.0
3.,4000 0.8420 1793.3 1789.9 -3.4
3.7000, 0,7420 - 1584.1 1580.4 =3.7
3.8000 0.6470 1374.7 13469.5 -5.2
3.9010 050 1154.5 1155,3 0.8
4,0000 0,440 : 941.,0 944,46 : 3.6
4,1000 0..3420 S 731.3 731.2 -0.1
4,2010 0.2410 504.6 515.4 10,8
4.3000 0.1420 - 307.0 303.,7 ~-3.3
4.3990 0.GA30 - 96.0 92,0 ) -6.0

4,46460 =0.0240 0.0 -91.3 -31.3

RMS DEVIATION Ti HﬁéﬂhLﬁ $.0 GAUSS,
RMG DEVACORKECILD FOR DIGREES OF FREFDOM) = 5.5 GAUSS.,

ZDEV

0.05
-0.10

- ~0.10

-0.0?
c0.15

0.48
-0.01

. ~0.,02

-0.38
~0.40
0.28

=0.,06

0,22

iy

KKKRKK

ZLEV

. ~0.00

-0.11
0.40
-0.19

. =-0.,23

~0.38
0.07
0.38
-0.01
2,15

-1.06

T -6.14

KKK NK



Table XII. (cont.)

" SAMELE  Fo

pAlA SET 2.

CICRCALT F 0.224331:404 6 (TCHT/RK)I Rk
. + ~0.10271E103 G (TC-T/KYKk2

TEXE

2.5000
2,4000
2.7000.
2,8000
2,9000
2.9790
3.1000
3.2000
3.3000
3.4000
3.75000
" . 3.4000
3.7000
4,480

RMS UEUIATION IN:HCQtnL”

TC= 4,456 K.,

TC-T

1.,0560

HE2EXF

3991.2
3IB12.5
3628.8
3429.2
3244,0
3047.8
2B53.9
2451 .6
2454,3
2257.6
2051.5
1849.2
1633.8
0.0

3.4 GAUSS.

. HC2CAL

39935.0
3809.8
3422.6
3433.3
3242.0

- 3050.5

a853.1
2655.6
2456.0
2254, 4
2050.8
1845.0
1637.3
-71.,9

RMS HEQ(CORRECTED FOR DEGREES OF FREEDOM)= 3.7 GAUSS.

HC2CAL

TEXP
3.3000
3.4000
3.5000
3.6000

" 3.7000
3.8000
3.9010
4.0000
4.1000
4.2010
4,3000

T A3990
4,4U00

RMS DEVINTT

SAMFLE F»

= L205SEH0
+ 0.15360E10
+--0.11612E+0

“fC= 4.481 K.
TC-T

1.1010
1.0310
0.2810
0.8810
0.7810
0.4810
0,800
0010
0.,30310 -
0. 2000
0.1010°
0.0820
~0.0070

ON IN HEDCAL=

374.3

DATA SET 2,

A6 (TC-T/K)Yk%1
36 (TE-T/KI K3
36 (TC-T/K)I*X4

HC2EXP

2454.3
2257.6
2051.5
1849,2
1633.8
1422.4
1208.9

998,75

791.2

576.5

1677 .
0.0

y BGNLISS .

RMS DEV(CORRECTEL TOR DEGREES OF FRECIOM) =

HC2CAL

2454.3
2257.2

2053.6

1.8 GAUSS.

HC2CAL~HCREXP

3.8
=247
-6.2

4.1
-2.0

2.7
-0.8

4.0
1.7
-3.2
-0.7
~-4.2

3.5

=71.9

HC2CAL~-HCZEXF

SOVUR OO

] .
LO=»NOO
o e o

-
[

%DEY -

0.10

1 =0.07

-0,17
0.12
-0.06
0.09
210.03
0.15
0.07
-0.14
-0.04
-0.23
0.21
HRAKK

ZLEV

"0.00

-=0.02

0.10

-0.19

0.08
0,035
-0.00
0.09
-0.27
0,28
~-0.41
0,54
KKK KK
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HE2CAL =

TEXF

2.35000
2.6000
2,7000
2.8000
2,9000
2,9990
3.1000
3.2000
3.2000
3,4000
3.5000
2.4000
4,7000
4,4940

SAMPLE. Ty

TC= 4,492

1C-T

1.9920
1.089:20
1.7920
1.6920
1.5920
1.4730

0,990
08220
0.7920
~0.0020

0,22%7710
+ =0.94776F

DATA SET 3.
104 G (TC-T/K) 4%t
+02 G (TC-T/N) K2
K.

HC2EXF

4076.3
3n97.2

1KMS DEVINTION IN HC2CAL: 3.4 GAUGS.

KMS DEV(CORRECTER FOR DEGREES OF FREENOM)=

HUD2CAL =

TEXP

3.3000
3.1000
1.5000
3.6000
3.7000
5.0000
3.7010
4.0000
4,1000
4.2010
4.3000
4,4990
T A, 4740

SAMFLE Fo»

0.2017/9%¢
+  0.94B531

DATA SET 3.

+04 G (TC-T/K)*¥%1
+03 G (TC-T/K)%%2

+ —0.446851E403 G (TC-T/K)%%3

+  0.13446%3K

TC= 4,498
TC-T

1.17280
1.,0700
0.7vY00
0.,8280
0.7700

- 0.69200

WEPT70
04910
0. 3230
0.2970
0.1980
G Ov00
00,0040

s DEVIATTON TN HC2CAL=
HWHS BEVCCORRECTER Ko DL GKREFS OF FREEDOM) =

+03 G (TC-T/7K)%x4

K

1711.5
1499,7
1289.0
1046.2
345.8
69,4
41745
204,75
0.0

2.0 0GAUSS,

HC2CAL HC2CAL-HEREXP  ZDEV
4081.4 5.1 - 0,13
3894.,5 - . - ~2.7
V6 - RS T -

3, :

~3.7

0.6

0.7

7.2 -
2532,7 . - -0.8 -0.03
2330.6 : -0.9 ~0.04
2126.5 ~0.5 ~0.02
1920.4 -3.0 ~0.15
1712.8 1.3 0.08

4.5 -4.5 XKKRKK
3.7 GAUSS.
HC2CAL HC2CAL-HC2EXF - %NOEV
2533.0 -0.5 ~0.02
2331,9 0.4 0.02
2128.5 1.5 0.07
1922,14 -1.5 -0.08 -
1712, 0.9 0.0%
1499,7 -0.0 ~0.00
1282.0 -3.0 -0.2
10466.6 0.4 0,04
8403.0 2.2 0.26
627.7 3.3 0.52
413.7 ~-3.8 -0.91
2038.7 -0.8 -0.38
8.1 8.1 KKK K

2.4 GAUSS.




Table XIII. Héz (T) dataon Pb-Mn sample G compared with a polynomial fit.

HECCN,

TEXF

T1LL.0B%0
1.3000
1,4000
1.5000
1.6010
1.7000
1. 8000
1.9000
2.0000
2,1030
2.2000
3000
2,4000
2.%000
2,4000 -
2.7000
2.4000
2.9000
3.0000
3.1000
3.,71000
. 3.3000
3.4000
3.45000
3.45990
3.46030

RMS DEVIATION TN HC2CAL= 4.4 GAUSS.
RMS DEVCCORRECTED FOR UDEGRCES OF I'REEDOM) =

w

HE2CAL = 0 0 162000 F0A 6 (TC-T/K) k%1
: + ~0.ALHYRIH0D 6
+ 0.4/743211401 6

TEXF

1.0890
1.3000
1.4000
1.59060
1.46010
1.7000
1,64500
1.9000
2.0000
2.1000
LDL2000
D.3000
2,4000 -
2,5000
D.4600
2,7000
2.0000
2L000
3.0009
370000
32000
A.8000
3,4060
3.5000
b IHDT
3.7070

RMS DEviartan 1 Hale 1.9 .l‘h\ll"i!:. .
RHS 0 VCLBREEC T D 1 OR BEGREES (0 FIIDOM)Y s 200 GAlG,

BTN S

O L0109 6
LR ¢ IO AR N B S SO
LR VY BAE AR B (A

talA GET 1,

T 30644 N,

L0430
1.72140
{0940
1.7440
1.469%90
t.35440
Le4440
1.3440
1.2440
1., 1440
1.0440
0.71440
0.8440

10,7440 .

0.46440
0.0430
0.4440
0.3490
0.2440
" 0.1490
0.0450

~0.03%0

SAMFILE G» DATA GET 2.

TC: 3,696 K.

TC-T

2.6070
203260
203VED
201940
D 09L0
L9250

1.0940

1.7940
16960

10960 7

1.a%49
1, 3940
1.2940
11940
1,6760
0.99260
0.1 0
0./7960
0.69460

[NV A

0.17460
082400
Q00
Q1940
00770
~0.0110

HEDMEXF

I8T0.0
3401.5
3191.%
3185.8
J3079,0
2901.4
203%.9

XVA.D

20807
2449,7
2819.7
2189.2
2032.6
187238.2
1737.8
1589.2
1410.3
1277.46
11t1.2

. ?248.6

770.8
4£04,1
440.7
257.8
10241

0.0

HC2FXF

34462.8
3434,2
3331.8
3220.8
3109.4
2991.3
37220.9
2749 064
A
A3 6
DAA0,9

D000.2
2079.0

1931,
1/80.0
Tadi.2
1477.0
10191
1158,9

2977

0l

héh 2

SOOI
537,38
164,20

0.0

CTE-T/7R)Y Xkl
CLE-TZINY kK2
(TG T/R) %k 8

(TC--T/K)KX3
CTE-T/N) k%4

HC2CAL

34603, 4
3391, 64
3wa.a
3186.8
30/78.5

2950.4

2838.3

3714,2
2506, 2
24%54.5
2319.1
2180.2
2037.6
1891.4
1742,
1582.6
1433.7
1274,7
1112.6
947.5
779.4
508.5
434,9
258.5
" H1.4
-70.9

4.7 GNUSS.

HC2CAL

34644.,9
3435.3
3330.6
" 3222.1

3108.8

13172.0

1152,9
9977
034,95
bh7 .6
LWO0L.
351.9
164.4
~i8.7

HE2CAL-ICEXF

HC2CAL-HC2EXF

=17.9 "
-0.?
-1.2
1.3
~0.6
2.8
1.5
1.3
=0.5
-1l.1
-3.1
-0.0
~1.0
0.9
-1.4
0.6
0.2
0.7
1.0
0.0
1.2
1.4
~0.5
RNER
0.2
=111,7

ZOEV

-0.73
-0.09
0.10
0.00
-0.18
0.23
0.08
-0.07
-0.10
0.20
-0.02
~0.41
0.25
-0.08
0.26 -
0.03
~0.46

-0.23

0.12
~0.12
1.12
0.73
-1.32
-0.49
KKKk K
Xk KAk

ZNEV

-0.49
-0.03
-0.04
0.04
-0.02
0.09
0.05
0.05
=0.02
-0.04
-0.13
~0.04
~0.07
0.04
-0.08,
0.04
0.01
0.05
0.09
0.00
0.51
0.1
-0.10
=Ll.h0
0.14
*RH KK
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HE2CAL

TEXF

1.0890
1.3000
1,4000 "
1.5000
1.6010
1,7000
1.8000
1,9000
2.0000
27,1000
2,2000
2.3000
2.4000
2.55000
2.4000
2.7000
2,3000
2.9000
3.0000
L3.1000
3.2000
S 3.3600
3040060
13,5000
3.5990
3.7110

TRMG TEVIATTION TH HE20AL
Res DEVCCORKLEG LD FOR TFEGRLU-S OF 1)

SAMILE G

+

4140
3140
2.2140
2.1130

-2,0140

1.9140
I.8140
1.7140
1.46140
1.5140
1.4140
1.3140
L2140
1.1140
1,0t40
0.91L40
0.8140
0.7140
0.6140
0.5140
0,410 ¢
0.3140
0.72140,
0.11050
0.0040

= 0.172731404 G (TC-

16!

naTA SET 3.

(TC

HCREXF

3714.9

3985, 6

3302.2

31563
3044,8

L9347

PY UL
0473.3
25401
2411.4
71,9
2131.9
1984.95.
1837.8
5.7
15728, 4
1371.5
1204.2
1044,2
976.%
710.4
Ga1.1
369.7
190.8
0.0

D GAlSS.

T/K) &1
T/K)&%¥3
CIC~T/R) %%4

HC2TAL

3700.6 .
30064
3X00.6
APV
3158.1
3043.5
2724,7
2001,2
26745
2544,0
2409.0
2271.8
2130.1
19894.8
1835, 9
1683,7
1530,2
124697
1208, 3
1044, 4
B7H.2
710.0
540.1
68,9
190.5

S.2

= 2.3 GAUSS.

HC2CAL -HEREXF

-14.3
0.0
...1.6
-0.6
1.¢
-1.3
-0.5
1.6
1.2
1.9
-1.6
-0.1
-1.8
0.3
~-1.9
-2.0
1.8
-1.8
a.1
0.2
C03
-0.4
~-1.0
-0.8
7.7

5.2

ZDEV

_~0.39 X

0.02
-0.05
-0.,02

0.06
-0.04
-0.02

0.06

0.05

- 0.08
~0.07

-0.00
-0,08
0.01
~0.10
-0.12
0.12
~0.13
0.34
0.02
-0,03
-0.06
~-0.18
-0.21
4,05
KRAKK K
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Appendix F.

Experimental Uncertainties

In this'séCtion we discuss the sources and magnitudes of the

' uncertainties.in Fhe HCZ(T)'data. Thefe were two types of uncertainties:
_random and sysfematic. The sources of random uncertainties in the data, .
which were resboﬁsible for scatter in the data, were different in the |
In~Mn samples from the Pb-Mn samples because of the different data-

' taking techniqueé used. The sources of random uncertainties are dis-
cuésed sebaraﬁely for the two alloy systems. The sources of systematic
Aunéertéinties were the same in the In-Mn and Pb%Mn.daté. These are

~ discussed after the random uncertainties.
1. In-Mn

. These were the sources and magnitudes of the random uncertainties
in the H _(T).data taken -on In-Mn:
. c 2 .
, S . 1
a. The .sample temperature was measured to a precision of i'i mK.

The uncertainty introduced into Hc by .assuming the temperature to be

2

correct was roughly

. dH : ) : T : '
1 c2 .1 1 kgauss _ 1 .
i 2 mK % 37 ° + 2 mK x 2 X i gauss (36)

b. The line drawn through the linear part of the resistive
~ transition was one of many which would have fit equally well. The

was estimated to be + 1 gauss.

uncertainty this introduced into Hc

2
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c. Thé uncertainty in the posiﬁion of the knee in the resistive
transition curves was about t+ 1 gauss.
d; The estimated\qncertainty in converting Hall voltages into
-‘ﬁagneticlfieid values was about + 1.5 gauss.
- -These esgimafes indicate that the scatter in-the‘daté should be
about | |

- 1/2 | -
12 .2 2 , -
() +1° + 1.5°] % 2 gauss. o (37)

This compares well with the scatter actually observed in the data (see

Appendix E).

2. Pb—Mn

N

These were the sources and magnitudes of the fandom uncertainties

in the H_, data on Pb-Mn ailoySE

“ C e s ‘ 1
a. The sample temperature was measured to a precision of % E-mK.

The uncer;ainty'introducéd into Héz was roughly

i . dHcZ ‘ ’ ‘
+ = ~ . . . ) .
t 5 MK X — 1 gauss | 3 | ) :‘(38)
b. VThe point on the resistive transition where the sample

resistance became non-zero was only defined to + 7 gauss; This
. appiied to data set 1 only.

'-_c; The “uncertainty in the line through the lineér“part of the
résiétive tr;nsﬁtion infroduéedAan uncertainty into HC2 of about i.3

gauss. This applied to dafa_sets.Z and 3 only.
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d. Tﬂe_uﬁcertaiﬁﬁy‘in placing the continuous plot of the
.reSistive trahsi;ion over the discrete data pointé was about + 2 gauss.

e. The‘uﬁcértainﬁy in reading exactly where the line'through the
linear’ﬁart éf the reéisﬁive tfansition curvé intersected the R=0 and
R;Rhax Iines w§s ébnﬁt + 1 gauss.

f. :The'uncertainty in convérting the measured Héll voltages into
magnetic field values was estimated to be + 2 gauss.

These estimates indicate that the scatter in thé data should be

about_'.

(12 + 72 4 22 4 22 41/2

2

~ 8 gauss (data set 1) (39)

+ 12 + 224]1/2 ~ 4 gauss (data sets (40)

[12f+'32 + 2
: 2 and 3)
These estima;éS'are‘lafggr than thé séatter obsérve&_in thévdata;(éée A
Appendi* E). | |
The sourcésﬂof’systematic unceftainties in the'daté were éhe same
in both the In-Mn and Pb-Mn truns. - They were:
a. .The_magnetic»field was homogeneous over the sample to' + 0.1 %.

h. If the temperature given by the Ce resistor, T, , were pro-

Ge

portional to, but not equal to, the thermodynamic temperature, Tth’ then

would be proportional to the uncertainty in the

the Uncertainty in Hc2

temperature, according to the formula

A "gdnz dH, o o
AHCZ~ = "a‘%—' x AT = —'a'%" x (1-b)T, ) : (41)
where
T = bT . . B | D L 2)

Ge. - th
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We estimate that b = 1 + 0.001; dHCZ/dT,was about 0.5 gauss/mK
for In-Mn, and 2 géUSs/mK for Pb-Mn. Note that this source of error
9 very much.

quthermore,4it would affect all of the critical field data in the same

in ch would not affect the temperature dependence of Hc

Qay. Therefore, it would not provide evidence against additive pair-
breaking.

T c. Smooth oscillations of T

about Tth would cause smooth

Ge

oscillations of the measured HC data relative to the correct values .of

2
\ﬁ02° An amplitﬁde énd period.forbthege osgi}la%iqnsjéf,lkwgvgnd l'K
wduld introduce oscillations of'éﬁoﬁf + %-gaﬁss ihto the £§fM;;da£é,
and about‘i 2 gauss iﬁtq the Pﬁ-Mn data.' The oécillgtions of dHcZ/dT
for‘the Pb;Mn sambles would bé aboﬁt + 1 % over a temperature range of
0.5 KY. Tﬁese.oséillétioné Qould depend only on T,Agﬁd not onAwhich
sample was in the cryostat. Henée, they would not-provide evidencé
agaihst additi?é pair-breaking. Note that the estimated size of these

oscillations would not be large enough to explain the pbsitiVe curvature

region in the Pb-Mn data:
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Appendix G.

Alloy Fabrication Techniques

" This appendix was for the most part taken directly from John
Przybyszfs'thésisgzzj Some modifications have been made concerning
the chemical analysis and concerning which alloys were used in the

experiment.

Severai different metallurgical-techniques were used to produce the
iﬁgot'mixtUres of Pb-Mn and In-Mn. The techniques fhat,were used to
p;@duce'the éafly:samples wére later abandoned inlfévbr of1dther methods
'whiéh fesulted in méré predictabie;impuri;y'concentrationé. For each
alloy system, a master miiﬁure waslprepared and chemicaily analyzed.
Dilute alloys were made by.combining‘pieces of the master allof with
horé QfAthe hpéc'superconducting metal. |

The lead-manganese master alloy mixture was made.iﬁ a radio-
freque;cy furnace using a tantalum crucible. The phase.diagram of Pb-Mn1§/
_indicéted ;h;t ali»the Mn should dissolve ‘above 800f C. fUpon»cboling,
the lead and ménganese phases-should'separate. Turbulence in. the liquid,
cau;gd'byvthé rf fields, should mix tﬂe phases. - |

A piece.éf tantalum foil was cut - to fit as a.iid'for the crucible.
The crucible and.lid‘weré outgassed at 825° C for ten mintues atA5x10_4
Torr. Pieces of 99.99 % pure lead and 99.99 Z,pqre,manganése were put
in the crucible to make a 39.1 g, 2.00 at. % Mn éllo&. The crucible

was placgd in a bell jar, and the jar was evacuated. to 5x10_6 Torr.

The rf futnacé'heated the crucible above 900° C.for five minutes. Metal
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vapors streamipg out under the lid caused considerable arcing from the
furnace,coilsAfo‘the crucible and made it impossible to sustain larger
Jﬁeating power. JThe melt was cooled by blowing a stream of helium gas'
" past the éfucible. The amount of material lost through evéporation
.énd»spillage was'7.3‘g. |

An ingotAweighing 26.9 é was finally.cut free of the t;ntalum
cruciblé. Affgr it was etched in nitric acid, it weighed-26;8 g. dc
.arc emission spectroscoby (ES) showed that the top éf the ingot con-
tained 60 times more Mn than the bottom. |

To make~;he_ipgo£ homogeneous, it‘was rolled and folded about
Zb times bétWeen'sheets of tantalum. ES énaiysis éftfive pieces showed
. théﬁ the ingot Qas homogeneous. and free of tantalum aﬁd ofher impurities.
‘Flame emissionlépectroscopy (FE) showed that the mixture contained
2.04 at. % Ma.

Dilute alloys were made by'encapsulating approﬁriate quantities
of '99.999 % pure lead and the master ailoy in»quarté tubes, and melting
the mixtﬁre ih a resistance-heated fqrnace. Six allo&s were made in
this way froﬁ constituent parts intended to yield 0.048, 0.096, 0.144,
_02183, 0.240;.and'0.288.at; % Mn, for dilute alloys #1.through #6,
respectively,  ‘

Each alloy was sealed in a capSulé madé from quértz tubing with
'ah inéidé diéﬁéter of 12 mm. The tubing was first heated and outgassed
by a mechénical pump. Then the pieces of Pb and mastef alloy were
inserggd in fhe tube; The tube was.constricted;-pumpedvto 2—3x10_5

Torr, and sealed with a torch.
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The capsule was heated to a temperature high enough to dissolve
all the mangapese—-usually 900° C. Then it was put in a furnace just
above<the‘meltlng point of lead. It was taken out with tongs, shaken :
vigorously, and then quenched in a bucket of water. The sample seemed
to solidify ln:less than flve seconds.

After ES analysis showed that alloys #1 and #2 were inhomogeneous,
they were encapselated again, melted, shaken, and quenched. The top of
the quattz capsule containing alloy #1 broke off during the last shaking.

The alloys were mechanically mixed to make them homogenepus by
presslng and tolding them betweenlsteel bloeks Each alloy received
between l5 add 20 folds.l ES analysis showed that they d1d not pick up
any iron 1mpurit1es from the blocks, and no other transition metal
impurities were detected. |

The‘alloys Qere dissolved in nitrlc aeid for the flame emission
analysls.' Alloys #2 and #4 were analyzed twice. Detected concentrations
of Mn for alloys #1 to #6 were 0.012, 0.056 and 0.058, 0.102, 0.124
and 0.132, O.l6;’and 0.20 -at. %, respectively. The Mn concentrations
in the alloys.were consistently belpw the intended value by about 0.05
at. %Z. Either Mn was lost in the prOcess or it reacted to form an oxide
which is insoluble in nitric acid.

Pb-Mn alloys #2; -#4, #5, and #6 were used to make samples D, E, F,
and G respectlvely. Samples C and H were made from 99. 999 % pure lead.

The indium—manganese master alloy was made by melt1ng 99.999 %
pure In and 99.99 % pure Mn 1n-a Vycor capsule The constituents should

have yielded a 60.3 g ingot of 0.107 at. %. After melting, shaking,
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~and quenching.in water, the ingot was mechanically mixed by pressing
.and‘folding about 20 timés. The sample was sandwiched between sheets
of ten mil Mylar to keep the iﬁdium from sticking to‘the steel blocks.
FE analysis showed that the resulting master alloy contained 0.116 at.
Z Mn.

A Four dilﬁfe alloys were made by mechanically mixing'99.999 % pure
indiuh with a piece of the master alloy. The expected concenfrationé
of Mn in the In-Mn alloys #1 to #4 were 0.0214, 0.0325, 0.0396, and
0.0466 at. %. The measured goncentrations wereJO.OZO, 0.030, 0.039,
anq 0.047 at. %. The measurements»ﬁere done: spectrophotometrically,
-and the estimated accuracy was + 5 2.~ ES analysié showed that the
sémpieslwere homogeneous. |

éamples S'and 7 were made from 99.999 ¥ pﬁre indium. Sampies 13

and 19 were made from In-Mn alloys #2 and #3.
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Appendix H.
.Calibration of Cryocal Germanium ReSiétors
#3133, #3659, #2246, #2243
Tnﬁroduction .

' Threé Cryocal germanium resistors, serial no. 2243, 2246, and
3659, wé;e calibrated aéainst a fourth Cryocal germanium resistor
serial no. 3133. Resistor #3133 came from Cryocal with calibration
data from 1.5 K to 20 K. 1In 1973, H. R. Kerchner, another graduate
student in thiS<group, made a table of reSistgnce vs. temperature for
#3133 from Crchal's'data. We checked'Kerchner's table against the '
He4 vapor—preésure temperature,’Tss, to see that resistor #3133 was
still calibrated. Résistance—ys.—temperature data for all four
rééistorS‘were ;aken first in‘a glass dewar cryostat and then in a
metal cryostat;4.This waé done'bécauée the glass dewar cryostét could
only obtaiﬁ'temperatures less than 4.é‘K. 'Thé metal cryostat was uéed
to obtain temperatures from 1.2 K to 8.3 K. The resisﬁancé—vs.—
temperature data obtained for resistors #2243, #2246, and #3659 were
fitted wigh functions of. the form:. |

N

In(T) = % G, 1n(R)~
i=0 & -

i

By ﬁsing Brian Gibson's éomputer program GIBORTH. Tables of R vs. T
were generated for these fesistors by using 9th order fits to the data
taken in the metal cryostat. The cryocal data on #3133, with an addi-

tional point at 1.23 K taken by calibrating:#3133 with T__, were fitted

58

with a 12th order polynomial, and a table of R vs. T was generated.
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The precision of the calibration was ~ .0l %. The accuracy was limited

by the éccqracy of the calibration of #3133, and was ~ .1 Z%.

(tlass Dewar Cryostat Calibration

The glass dewar cryostat consisted of a metal insert designed by

R. A. Anderson, a

glass dewar which

former member of this group, in a vacuum-insulated

sat inside a larger dewar. The outer dewar was for

liquid nitrogén (LN), and the inner dewar was for liquid helium (LHe).,

The bottom of a brass cryostat head was attached to, and made a vacuum

seal with, the inner dewar. The side of the cryostat head had a port,

through which to pump on the LHe bath. . As usual,:fhe insulating vacuum

jacket around the

LHe dewar wés‘not“sealed off}vthere was a nozzle on

it through which»it could be'pumped out. The insert which contained

the resistdrs to be calibrated made a vacuum seal with the top of the

cryostat head: The insert had a port, throdgh which a fransfer tube

or pressure probe

could be placed into the LHe dewar.

The resistors were. soldered to copper wires which were thermally

grounded to the bottom of a thick copper disk on the lower end of the

insert. Around the resistors were two cylindrical brass cans, one

inside the other,’whichlboth made vacuum- seals with the bottom.of the -

copper disk.. ' The
with;l atmosphere

between :the brass

wvere submerged-in

i been .glued to the

‘regulator.

inner can contained the resistors, and was filled

of He gas at 300 K for heat exchange. The space

cans was evacuated. The outer canand copper disk

the LHe bath. A heater and a carbon resistor had

copper disk to use with an electronic temperature
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Resls;ance measurements were four-terminal d.c. measurements, made

2 | ' with the c¢ircuit sketched in Figure 38. The voltage across the 10 k{2
standard resistor indicated the current fhrough the germanium resistor.
This‘voltage and.the voltage across the germaniUm resistor were read
with a éix;digit Dana Digital Multimeter (DMM),ZB/ which had a sensi-
tivity of 1uV; The dotted lines iﬁ Figure 38 show where the circuit
was éfoundedIWhen the DMM was making one of these meaéurements.

A problem with the circuit arose at the beginning of thé‘dafa taking.
When the currenp:was reversed or the position of the DMM in the circuit
was changéd, the reading on thevDMM jumped.to some pumber, and ghen
drifted épbroximately exponentialiy to the correct reading; it fook
'abodgjs minutes Lo setflé AOWQ so@etiﬁes,Aéﬁd up t;-twentQVQinﬁtes
jotheritihés;w The problem was.traced to a cofrodéd iﬁsulator in thé:
battery clip. This'apﬁérently“introduced an érratié effective capaci-
tance and resistance in series to ground from the hegative end of the
battery. This: is indicated by tﬁe dashed line in Figure 38. When‘
the current was Feversed 6r the position of the DMM:in.the'circuit was
changed, thisLCapacitor would charge.or discharge as nétessafy thfough part
of thé qircuiti. Insulatiﬁg'tﬁe battéry clip from groupd solved the prob-
lem. The corréct reading was obtained in about 5_seéonds after switching.

The vapbq,pressufe'above the LHe bath waé‘measured:with a Hg
manometér.when fhe bath ﬁemperature was abo?e the lambda temperature
(TA~= 2.18 K), and with an oilhmanometér-when the bath was below T -
The ménométers ?onsisted of Hg and oil in U-tubes. One side of each

tube was connected to a mechanical vacuum pump and pumped down to ~1 W.




':,Figuré 38.

141

Circuit used to make four-terminal d.c. measurements
of the resistance of the Cryocal germanium resistors

" when they were calibrated.

Ry Current regulating resistor; 12 values from

0 to 10 M .

"Ry = Cryocal germanium resistor.
Ry =10 k§? standard resistor.

v Two 1.35 volt Hg batteries in series.
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The other éiderf the U-tube was connected to the pressure probe in the

Lo

4

and its tip was from 1 c¢m to 15 cm above the LHe surface. . The height

space above the LHe bath. The pressure probe was a diameter tube,

of thg Hg or o0il in the tubes was measured with a Cathetometer to~1/50
4mm. This uncertainty caused uncertainties in the vapor pressure tem~
perature of <.2 ﬁK.

This wag‘fhe'procedure used to cool the cryostat from 300 K to
4.2 K. The LHe Qacﬁum jacket was flushed with air to.get rid of any
,4He gas, and theﬁ pgmped out to 5 to?r. .The residual.gas in the jacket
heiped the LN.bafh cool the LHe dé&a%, When the LHe dewar was filled
with LHe fhis:feéiduai gas froze, lea;iné an insuléting'Qacuum in the
jaéket. The air was pumped out of the ﬁHe dewér énd feplacéd withidry
-NzAgas. Tbe LN -dewar was then filled slowly with LN (about 0.5 psi
pushing the LNliﬁto thé dewar). Then a small aﬁounp of 'LN was put into
thévLHe dewar to_tool it and the insert. (Care was taken to try to
not put in so much LN that some remained when the dewar reached 77 K,
for tﬁen it took hours for the rest of the LN to evaporate.) After
| this, even wi;h a,pﬁddle of LN rémaining,'the LHe déwat was evacua;ed_
qnd then filied with He gas. Any residual LN, if'itsilével waé below
the bottom of the insért,.caused.no problem becausevi; froze when the
LHe dewar was evécuated ;nd remained frozen until the LHe was trans-
ferred; The LHe‘transfér tube waé'coéled and inserted into the LHe
dewar, and the He~récovery line waslopeﬁed. The LHe was transferred
slowly (at about 0.2 psi) to minimize boil off. Four to five liters

were‘normally required to initially f1ill the cryostat. Two liters
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were sufficiéntvtq refill the cold cryostat. After the transfer, the
transfer tube port was plugged, and the cryostat was‘éliowed at least
45 minutes to thermally equilibrate. (Data taken too soon after LHe
t?ansfer were always bad.) Then the pressure tubé was inserted.
Finally theAHQercovery-line was closed off, the ﬁanostat waé opened.
to the LHe bafh, and data taking was begun. The LN dewar was refilled
evéfy 4 hours, and the LHe dewar was refilled every 12 hours.

The temperature was regulated by themanostat. The stability of
tlie temperature was moﬁitored by connecting the carbon resistor in the
cbpper‘disk to -the eleétronic temperature regulating dircuig and
watéhing the;output of ‘the a.c. bridge on an oécilloScope. Temperature
flugfuations'Qefe sma&ier thanlo.l mK. During a run'the tempefature
was.lerred‘in O;ZS‘K.Steps by opening the needle valve between the
ballast tank in the manostat and thé pump liné; When_the voltage
~across resistor #3133 indicated the desired temperature, the vélve was
closed. It took about 15 mintues to change the tehpe?ature and start
taking'data‘égain;. |

‘Da;a taken at each temperature included the voltages acrbss the
germanium and 10 k2 standard resistors for botﬁ curfeqt directions, the
yapdr preSsufe above ghe LHe bath, the height of the LHe surface above
the joint between the brass cans and the copper disk‘(fér T>TA only),
and room temperature.

The resistance of the germanium resistors was determined as

S o D |    (43)

+ . -
T+
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where + refets to the current direction. This separate averaging of -V
'end 1 eliminated d;c. thermal emf's. The temperature of the resistors
was determined‘from the resistance of #3133 by using a table of R vs. T
for that resietor, calcilated by Kerchner from the»data supplied by
Crydcal. | | |

80/
58 scale.

The T58 table in reference 80 gives temperature vs.' pressure in mm of

The Vépof pressure temperature was determined from the T

Hg at 20° C with g = 980.665 cm/sz. Hence the pressure data, taken at
room temperature hereinlkbanawheregl/g==980 139 cm/sz, were corrected.
Above TA the addltional pressure of the LHe above the copper disk had

to be added to- the vapor pressure to obtain the temperature of the disk.

The pressure of the LHe in mm of Hg was calculated to be:

PLre™  980.139
yg (20°C) 980.665 - °

Prie = Mie

(44)

whete~p He - (density of LHe at T, See reference82), p (20°C) = 13.546

gm/cm3, and h (depth of LHe). This pressure was added-to the vapof

pressure, and. the corresponding temperature was found in T58' )

Below Txvthe 0il manometer was used. The density of the o0il was
measured relative to the density of Hg, and was found>to be poil(25°C)
= pHg(209C)/14;873 + .01 . The thermal expansion coefficient of the

oil was .00078 + .OOOl°C_1. The pressure P__, measured in mm of oil

RT
at room temperature, was converted to pressure P20 exptessed in mm Hg
at 20°.C and. g = 980.665 cm/szz ‘
1 980.139

20 = Pry [1- *0.00078(25°C-T ' )1 777875 X 980 6cs

sl
|

(45)
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This pressure was used to find T from the T58 table. There was no

pressure cortect;on of P for the weight of the LHe below TA because

20
of the high-thérmal conductiyity of superfluid LHe.

A graphof (T3133 - TSS) VSs. T5

expectedﬁg/ form above 2K. The resistor had been calibrated against

8 is shown in Figure 39.. It has the

T58beloy25,‘so (T313.3 - T58) was expected to be Ot ?he rgsults showed
that resistor #3133 was still calibrated.. The other three resistors

were then calibrated against resistor #3133. The R-vs.- data for

T
3133
these three resistors were then taken to use later in checking the

data taken in the metal cryostat.

Metal Cryostat,Calibfationf

Since we could not qbtéin temperatures above 4.2 K in the glass
éryosta;, the resistors were all recalibrated\in tﬁe same metal cryostat
which was used for taking the critical field data. The resistors #2243,
#2246, and #3659 were célibrated‘against registor #3133 from 1;2 K to

8.3 K. Resistor #3133 was rechecked against T from 1.2 K to 3.6 K.

58
 The resisfor leads were éplderéd to #36 Formvar-insulated copper
Qires.. TheseAwireslhad beeﬁ'thermally grounded by Qaf;ishing them
through cigéretfe papér to a coppér heat sink. The resistor éaéings
.were inserted-into individual holes infthe copper. Also attached to
the copper wefe.a heater and'é,carbon.resistor, whiéh_were used for
electronic temperature regulation. To kgep the thermpme;er ledds from
touching the surrounding 4 K heat .shield, tﬂe shieldlwas.loosely lined

with 5-mil Mylar. A pressure sensing tube was built of a 29 inch long

piece of %“' diameter tubing ending with a 1-1/2" piéce of 1/16"



146

diameter tubing; This was inserted into the LHe reservoir through the
LHe transfer port. The same electronics were used as for the calibra-
tion in the glass dewar cryostat.

Since thé m5nostat would only regulate the température bélow 3.6 K,

resistor #3133 was checked against T from 1.2 K to 3.6 K. The copper

58
walis of the.LHe rese;voir made temperature correctiqns due td the
additional pressure of the LHe negligible. The resuits are shown in
Figure 39. They confirm the~caiibration of resistor #3133. Note that
T3133 was dete%mineé fr?m Kerchner's table.

| The calibration of resistors #2243, #2246, and #3659 was done from
1.2 K to 8.3 K. ﬁata below 4.2 K were taken by lowefing the temperature
in 0.25 K s;eps'wifh the manosgat, and then regulating the temperature
electronicailY{: The quaiit&rof data‘detéfiofated with'increésihg heater
powér;‘ That is;, when the:eleéﬁfonié temperaﬁure regulétor maiﬁtainéd
;hé carbbh resistor at temperature T, and the manosfat‘maintained‘tﬁe
LHe‘béth‘at TQAT,lthe'resistancés of the germanium résistors increased
with increasihg-AT. This was caused by insﬁfficient thermal grouﬁding
of the-resistér léads to the copper heat sipk. .

The resistance of each resistor was calculated from the data as.

'déscribed.above. In doing this, the temperature T313j was not taken

from Kerchner'é table;. instead, a 13th order fit to Cryocal's data
(with an additional pdinthat l.23 K takeﬁ from the check,of #3133
against T58)’was madé. A table of R-vs.-T, generated from this fit,

) N . - .. . . f :'. o f .
YQSAUSEd to Qetermine T3133 f?om R3133 or the cal%b?atlon of resistors
#2246, #2243, and #3659. The R-vs.-T data for these three resistors

were fitted with a 9th order polynomial of the form:
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16 —

14 +—

12 |
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AT = T3133 - Tsg in mK
L 2

. @ = Data taken in the metal cryostat.

All other data were taken in the glass cryostat.

o+
90

L S|

1.0 L5

2.0 2.5 3.0 3.5

. T58 in Kelvin

4.0

" Figure 39. Deviation of the calibration of resistor #3133 from the Tsg
S scale. Kerchner's table was used to obtain Tjj33 from

R3133-
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In(m) =% ¢, @® . | (46)
 4=0

" Tables of R-vs.-T were generated froﬁ 1.2 K to 8.4 K. The data taken

in the glass dewar cryostat were checked against these tables and were

found to be.consistent. The orders of all fits were determined to be

Py e . 1/2 . .
Athe.one which m;nimized ORMS/[M (N+1)] where Oemg 1S the RMS devia
tion of the data from the fit, M is the number of data points, and N
‘ 76/

is the order of the fit.—
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