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ABSTRACT
FLUCTUATIUN BrRUADENING OF IHa niESISTIVE TnaWSITION TO THE

SUPERCONUUCTING STATE OF Nb 88Ti 12N THIN FILMS

Measurements of resistance of short mean free path

88ri 12N thin films are reported. Evidence for fluctua-

tion cconcuctivity is fcund at temreratures at least twice thne

Nb

11 K transition tesperature. In the uyrer vart of the transi-
ticn, there is sualitative agreement with cthe fluctuation
conductivity (') calculation by aslamasov and Larkin (AL).

5

Resolution was one part in 10” for both the resistance (R)
and temierature (T) measurements. Stray'magnetic and RF. o
4fi¢1ds_were.shieldedAfrom'thé’séhpies. The éiectrostatic
fielcs to whiph the s=zmples were exrosed durine resistance mea-
surements were at.most 2 mV/cm. Some measurements made in -

verrendicular magnetic fields (H) are also reported.

» . . dr
for this material dr was negative above 20 K and 22 was

aT dH
n 5]

nezative aoove 60 X. The normal resistivity was 1.4x10 ohm
cm. Samrple thickness (d) was 15003, about 40 times the zero
temperature coherence length ( $(0)). %(0) was determined
from H (T).

c

2 .

With a linear extrapolaticn of the normal resicstance

(Rn) from'high temreratures and no other free parameters,
the temperature dependence of cr/ agrees with AL from
R/Rn = 0.8 to 1.0. The data is alsc consistent with a

change in teryperature devendence predicted by AL for‘?ﬁgﬁ- = 1.

There is no overall juantitative agreement; ‘3(0) must be




- replaced by 2:&(5) in the AL exyressions to bring the thecry
to within 100% of the;data. The assumed Rn(T) is supported,
though not conclusively, by hish temperature anc high magnetic
field measurements. |

Below R/Rn = 0.8, T/ follows ((T/T;) - 1;5/2 for more
than a decade of sample resistance.' T; is about % K below
the mean field Tc' This two-fold nature of the transition
is distinct in fields up to 2 kOe. At 10 kOe the transition
is referred unambiguously to a single Tc(H)~((rLJ((E—%ET)-l)

A L\t

for almost three decades in R).
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CHAFTER ONE: INIRODUCTION AND TLEORY

Historical Background

The present interest in fluctuation effects in thiﬁ
film superconductors can be understood best by considering
the histérical environment in which it grew. There have
been three areas of activity, not diatinct; which have con-
tributed to this environment. The oldest is concerned with
the use and misusé of mean field theoretical technigues in
the description of phase changes. A second can be described
as a long standing argument over the impru.uability (or pos-
sibility) of crystalline or momentum space long range order
in one and two dimensions. The third area of interest had
its origin in work on critical rhenomena, in particular |
those exhibited by superfluid Heh.‘ An interest in the flow

properties of superfluid Heh was an outgrowth of this work.

‘This in turn led to.interest in decay of persistent cur=-

rents, in both superfluids and superconductors.
The decay of persistent currents has been treated by
s
many theoreticians as a one dimensional problem. As such,

this body of work is not of direct interest to us in the

discussion of the-thin film results to follow below. So

* A samyple with'two of its dimensions smaller than the tem-
perature dependent coherence length $C¥) is one dimensional

(1D). A thin_ film (two dimensional or 2D sample) has its
thickness smaller than J(T) -




»

we will dispense with this background first, w#itk only a
few words, and refer the reader to recent literature forv
details.

Tne theoretical point of view taken.in work‘on per-
sistent current decay has been that transitions are broad=
ened by resistsnce creating'fluctuations. Tris is in con-
trast to the theoretical work on thin films and bulk mate-
rials,. where emphasis is on fluctuations that enhance ﬁhe
conductivity.

The first theoretical work on decay of persistent cur-
rents was due to Langer =and Fisher(l?(l967) who worked out
tte problem for superfluid Heu. Shortly thereafter, en-
couraged by comments by Little(z)(1967), experimental and
similar theoretical efforts found their way into the field
of sugrerconductivity. ExperimentAI work‘was done by Parks
and Groff3)(1967), Hunt and Mercereau(*)(1967), Groff et
al.®)(1967) and by webb anc Warburton(®)(1968). This was
aécompanied by besinnings of a theoretical victure worked-
out by Langer and Ambggaokar(7)(l967).

In the following years, progress was confined to the
theoretical froant. A recent theoretical paper(g)and a sur-

() . o :
vey 7’ can serve as a summary and review of work in this

area.

* Bulk or three dimensicnal (3D) samples are thcse for
which all dimensions exceed !('r‘) .




-

3

It is generally beiieved that long range order is impos-

sible in one and two dimensional systems.(lo)

.There has,
however, been no consensus on what this means in terms of
observable juantities such as the conductivity. Interest in
. . e L2 (11)
one c¢imensicnal superconductors began with Little's
(1964) conjecture that surerconducting effects mizht be
observable in certain long chain organic molecules. The

. o ’ (12)
conjecture did not o unchallenged. The arguments over
this matter were an important factor in maintaining interest
in one dimensicnal systems. Two dimensicnal behavior has
reczntly been commentec on in an article by Mikeska and

(60)

Schmidt. These authors show that the absence of long
rznge order does not prevent a transition into state with
zero resistivity.

From the *historical ﬁoint of view, interest in fluc-
tuation phenomenz can probazbly best be regarded as part of
ihtgrest in phase transitions in general. Phase transitions
have interested physicists since the first days of thermo-
dynamics and statistical mechanics. It has been this in-
terest that has lurec sote of the best minds and most active
contribptors tc this and re;ated fielos. It is <he work
on second orcer rhase transitions, and the thecretical

apraratus that has evolvec to handlé.these vhenotena, that

will concern us here.

(13)

In 1937, Landau introduced a general “heory of

seccnd order rhase transitions. This was a phenomeno-




B &

(10

4

-logical model in which the free enerzy of a system could be

written as a sum of powers and gr:dients of an "order para-

» .
meter'. Tne name "mean field theory'" has attached itselt

to this model because of similarities it bears to a much

(14)

older one for magnetic materials.

It haes turned out that the exyznsicn of a free energy
in terms «f an ordef rarameter indicatea above is probably
not valid for most of the phase transitions for which it
was intended. Indeed, the supercoﬁducting phase transition

may be the only one for which such an expansion can be

made.

(15)

It was in 1950 that L=ndau and Ginzburg introduced

this mean field technigue to the vrcblem of superconductivi-
ty. Pippard(l6)(l950), and later Ginzburg(l7)(l960), made
ectimates of the region of validity, in temrerature, of

tnis formzlism. They fcund that cne coulc¢ come to within

-16

x Tc) of the transition temperétufe before deviations
. ®x %
were expected in the case of pure bulk matsrials. It

appears tnat thece estimates were mistaken ior criteria

* x &
for observability of fluction effects themselves. This

* It should be emprhasized that tnis ex<pansicn was valid below
sore transition ;emperature,Tc. Above Tc the order varameter
vanishea.

** This temperature interval is larger for samples cf res-
tricted dimensionality and for "dirty materials"(i.e. small
mean free path). ”

*** The situation was complicated by.the assurption that s
mean field theory like Landau's was valié above T , Within
this assumption the "order parameter™ wzs reinterpreted as

a probability for sSuperfiuid creating fluctua:zions.




5.
interpretation was reinforced wvhen Cochran(l')(l964) failed
to see fluctuation effects in the specific reat sncmaly at

] .

Tc. There fcllowed a number cf years in which no further

work was cone on fluctuation zffects in superconductors.
o | o | (19)
fhen, rerhars enccuragéc¢ by remarks by Anderson
# : ~ s (20) B ) <.
(1365), Shier and Ginzburg (1356) began work on thin
films of amorphous materials. Although it is nct clear that
they were looking for fluctuation eifects, anc though when
they saw them they olamed them on inhomogenieties and
strains, these wcrkers were the first to see fiuctuation
brcadening of a resistive transition.

This work was taken up b: Ferrel and Schmidt,(al) and

(22)

Glover and others, at the University cof Maryland. Ferrel
and Schmidt suggesfed that fluctuation effects mizht be
observaole, in resistance measurements sizilar to .hose of

3hier and 3inzburg. Tney precicted a Curie-W=ziss Ddehavior

of the "extra ccncuctivity", a'’ , for thin films abcve T :

[y

!~ !

S e (o) /T

0~ =¢ccnductivity enhanced by superconcuctiny fluctuatione

Tn =normal state conouctivity

* No such fluctuation eifects were to be ex-ected for reascns
we will not go into here.




24 '
They also precicted T behavior close to Tc. The data

of Glover was in excellent agreerent with tnese results.
‘ . ; : i (23)
Meanwhile, but inderendently, Aslamasov and Larkin

had arrived at the same Curie-Weiss predicticn for the extra

_ . :

conductivity in thin films, as well as a V¥ 4‘ dependence

for 3D samples. This was done on the basis of a microsccepic

calculaticn.

(24-36)

Experimental work contiﬁued for twc yearg, in
wnich the correct temperature dependence was ccnsistently
verified, with an occasional misgiving abcut the humerical
prefactor, T, , called the width parameter, that should
accompany the ﬂ;d to give the expression for extra concuc-
tivity in two dimensions.‘ The values of ’Tblobtained from
fits with data varied from % to 10 times the value expected
on the pagis of theory.

A grouyp fron the 3ell labs,(Bu)

finding the ubiquitous
difficulty with the prefactor T, , found also that a film

of thickness sufficient to shbw 3D behavior did not show it.

Examining data already published by Glover(aa’au’as)and of
Strongin et él.,(27) they found similar discrepencies be-

tween theory and exveriment. Thus doubt arose concerning
the ability of the Aslamosov-Larkin theory to account for

the temgerature dependences observ.d in these samples.

Meanwhile Gittleman, Cohen and Hanak(29) claimed to see

d See'summary of Aslamasov~-Larkin theory below.




three dimensional behavior in films of tin and Al:SiOZ,
with the eipected transition to two dimensional behaviqr;
values cf the width parameter obtainéd by a steadily

_increasing number of Qorkers still fell on all sides of the
"Aslamasov-Larkin value". Theoreticians watqhing this scene
bégan to consider corrections that would modify the preféctor
to the Aslamagov?Larkin temperatureAdependence. This seemed
often to make matters worse, for where corrections were’
thought to be necessary on theoretical grounds, the experi-
ments were already in good agreemgnt with the unmodified
theory.

| It was in the midst of this uncertain picture that this
present work was begun. Real interest in the samules de-
scribed in this thesis arose when it was found that, with a
reasonable assumption concerning the normal resistance of our
samples, three dimensional behavior was found. Agéin. how- "~
ever, there was trouble with the width parameter.

Since the general theoretical and experimental picture
is still cloudy, we will introduce our findings with a sum-
mary of the theoretical models. Since a comgparison with this
theoretical situation rejuires a;complete knowledge of samgle
parameters and characteristics, this matter is discussed
in as much dgetail as possible; This is d=rne in chapter two

‘Theoretical Survey

Calculations of fluctuation effects in superconductors

are performed on two levels of sophistication. These are



e

callec "mean field theoretical" (MFT) and "microscopic".

To supplement the discussicn of the former method given
above, it is convenient to make. several additional comments

here: 1) MFT techniques are used to account for fluctua-

_tion effects both above and below Tc' The formalism is the

same in each case, but the interpretétion giveh to the ex-
pansion parameter fof the free énergy is not.‘ . The validity
of MFT below Tc has been well eétablishéd exrerimentally.
Calculations performed above Tc are made with the agssump-
tion that this formalism ¢an be extended into_this regime
also. So far as calcul;tions of thermodynamic guantities
is'concerned, the feeling ncw is that this extension of

MFT can be made. 2) It is now understood that MFT cal-
culations are in principle valid up to quite close to Tc; '
This is discussed quantitatively below. 3) Within the
fraﬁework of MFT it is in principle possiblé ﬁo consider
iﬁteractions of arbitrary orde}, but oniy in a single
internal (méan)'field variable.. Above,Tc,'bnly inter-
actions with an external field have been considered.

Below Tc it is evidently necessary to include the self-
interaction of the iield. This has been done by Marcelja(37)
in the Hartree approximation. &) The difficulty with the
MFT arpproach concerns the need of an equation of motion for

the "order parameter'". One must know the time dependence to

* Above T  the order parameter is replaced by an average of
the corresronding fluctuating guantity.



“al

calculate transport prorerties such as the ccrnductivity.
. A ) _— (38)

However, the egquation of motion azsumec to date has .

not been firmly establisned by experiment. Micrecscorpic

(39)

calcuiation'hasyshown, in fact, that the time cepen~
dent general'ization of the Ginzburg-Landau equations mow
used ought tc be valid onl& in very special circumstances.,
In contrast to the éhenomenolpgical apprcach, with a
"micfoscopic" calculation one can treat several interacting

(40)

field wvariaoles. It is possible to tréét self consis-
tently, for example, interactions between the sgperdon-
'dhcting fluctuations and the normal elecirons or "Quasi?
particles".

We can now toint out that a significance of the ex-
rerimental worx in this field rests in its ability to testl
the validity of the time dependent generalizaticns of

MFT. This rroblem is in fact of majcr interest at this

time. There is a term in the expression for the fluctua-

tion current which aprears only in microscoyic calcula-

(41)

tions. This term, the Maki term, is, to first order,

the interaction of fluctuations with the sea of normal
electrons. If this term is important, the equation for

time evolution for the order parameter in the MFT is no

(39)

longer simple, or even tractable. The irportance of

the Maki term is measured by the strength of a depairing
(42)

q - 3 3 [} l" ) . .
interaction, 1ﬂV0Ked( 3 to renormalize a diverzence

due to the Maki term in one and two dimensional gecome-

tries. This i: discussed further below. It seems




i
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worthwhile to emphasize that the cbncern over the ﬁreat—
ment of the depairing interaction, as it affects the
importance of the Maki term, is intimately related to the
validity of the time dependent generalization of MFT used
by most theoreticians.

The choice of b¢undary ;ondition used tc sélve the MFT
equétion of motion, though now also supportec by micro-
sccric calculation,(39) can also be considereé to be on
trial in experimental work such as this.

In calculations of fluctuation effects, a distincfion
is made, principly the basis cf computational ease,
between two regimes of behavior. When the effects of
superconductivity creating fluctuations are small; it turns
out that the lifetimes of supercconducting regions created by
these fluctuations are quite long. This allows calculation

of their effects by essentially non gquantum mechanical means.

Thus there is an interval in reduced'temperature.T', general-

ly charéccex‘ized by the condition 0”<< 0") which has earned

the name "clas;ical regime". Where interactions between
superccnductivity creating fluctuations become important,
the gheoretical situation becomes much more difficult.‘ Any
of a large number of tepms in a rerturvation exransion

for the flﬁctuation current could well ccntribute. Clear-
ly the theoretical proolem is to estiméte the importance
6f‘£hese contribu:ions: This latter régime in reduced

temperature is called the critical one. Theoretical con-
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tributions to sﬁperconducting oehavior at critical tem-
peratures have most often been treatments of a '"'next
term" ziving its temperzture dependence but #ith no hard
estimates of its irportance oeyond an’g posteriori cd;-
rarison with existing data.

| This distinctipn between claséicalland critical be-

havior is a-somewhat artificial one. For instance,
the Maki term is generally considered of importance in the
classical region. The theoretical situation with this
term is cloudy. What can be gathered from the literature
will nevertheless be summarized below.

in the section velow, we will begin the survey.of the
theoretical situation with the pioneering work of Aslamasov
anc Larkin. We then mention the corrections to, and elabora-
tions on that model. The results of several calculations
treating the resistive behavior in the critiéai region are
summarized Aext, followed by a sunmary of.the Qofk that
has been cdone on the region below Tc. A simple way to test
for the commonly predicted power law dependence of extra
conductivity on reducecd temcvasrature, due to Testardi et g;;f34a
is then presented. We comrlete the theoretical survey with
a discussion of the effects of magnetic and electrostatic

fields on surerconducting fluctuaticns.

Fluctuation Effects Above Tc

The first substantial theoretical contributicn to the

effécts cf fluctuations on the resistive transition of a
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superconcuctor was made vy Aslamasov and Larkih(ZB)(AL).
With a microscopic calculation which took into account

the first order contributions in the pair fluctuationg, they

found
, &2 for sample thickness d ‘>3'§(T)
‘_(3 ) 321;‘5107,7.. (Three dimensional or 3D limit)
( e v for d ¢« gq’-)
r (20) = | - .
16h d 1 (Two dimensional or 2D limit)

where Séﬂ is the temperature independent yart of the

coherence length '§Q") = 3(0) / 'T"‘/" ,A and

= (T"Tc.)/Tc. > O, These results were later ob-

- tained within the framework of the Ginzburr-Landau theory

(44) o

by Abrahams and Woo, H. Schmidt, - (46)

(43) and A. Schmid.

Althcugh Abrahams and Woo obtained a factor (1n2) not"
gotten by the other authors,(66) they did point out cor-
rectly that, far from Tc’ T’ should be replaced by

ln(T/Tc).
(34)

Testardi et al. have evaluated the (AL) expres-

sion for @ for films of arbitrary tnickness. Tney get
/ _ “)(1_(’-0> , GC‘T‘) ’ where G(T) can oe written

as

Gery = 3 (1«8 coH\d> :




e

The conditions fer validity of this exvression are

o /(r=1\

On

W
¢ L4 U; : and T OSDS T, =

These zuthors note that failure of the last condition has
the result of renormalizing Tc and of cheznging the theore-
tically precicted value of R(T). The renormalized vslues

* ! - . ..\a . :
oecome: T = Tc(l+A’n ) and R (T) = R(T)(1+A T, ), where A

. L. T\% .
is the coefficient of a (7§) term neglected in the (AL)

. /
excression for ¢ .

Testardi et al. also find that the 2D limit for 0 'is

ootained to within s few ter cent for (d/'S(’l‘))(é and that

the 3D limit for ¢/ is obtained to within a few per cent for

(4/%¢r)) > 2 - The middle of the 2D-3D transition is at

a = E(-rv) .

Tre form of the (AL) result used in coryarison with the

data here is:

6‘/ = ° . l - —d-' CO+I'\ é.
) T

13
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. " n *
and %{o) = 0.85S (i§,>{ -

This contains the modifications suggested bv Abrahams and

Woo.
e consider next the attempts to extend the above

results. These take into consideration: i) effects as-

(47,48)

sociated with the strong ccugling nature of some

superconducting materials, 2) effects associated with de{

(42,43,43,36)

pairing interactions, and 3) corrections aris< -

ing from contributions to o/ nezlected by (AL) such as the

(41)

"Maki term." All of these corrections are in the end
bound together in a way yet to be worked out. In the absence
of this complete theory, we present the modifications as more
or less distinct.

Maki's correction gave an extra conductivity, 074 R
which could be simrly added to the A.L. result. 1In Méki's
originaltéalculafion, however, q];-vdivergéd for'temﬁératures
ébove Tc-for 1D .and 2D geometries.

Somevhat latér, Thompson(gi) introduced a cutoff into
the divergent momentum integrals in the Maki expressions for

¢/ in two dimensione. The cutoff was associated with a

(36)

depairing interaction intrinsic to the czoncuction

- mechanisms at force in a superccnductcr, or due to mag-

+ R is the mean free path for normal ccnducticn electrons,
S0 15 the BCS conerence length. This exyrressicn corre-

sponés to the "dirty limit", A¢ 5, ¢
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netic impurities or an external magnetic fieldé. Thompson
expressed the cutoff in terms of a transition teamperature,
Tco' which coula be.thought of as the transiti;n ;emperature

in the absence of the derairing interaction. The '"Maki-

Thompson' (MT') expressions are given below:

«’ (20 and 3D) = <rA’L (20 ¢ 30)_ + d;: (20 & 30)

4 D) = e’ (‘( + 4 oom
Tar (ZD& ) 3z2d vhl L) i)/

oY o) . (‘(’T’-{'\') * T
/ e = ¢ J 1T
fN\ (ZD & ?>D> = -ET fn {dqi/t g‘“'l" E[o) h{“";ueh(—’r:—)

/ e ] ] + g%.
¢'1_(1D) . J= 2 |- )

" Tr)od LhdT\14 % .
‘ = %
c“L
T () —— ek
me @) < d Se) T

whee TST,. and T = (T-.Tc.>/‘|"c

and T, = (TZO'*T¢> /T::.




Thompeon's calculations were for weak depairing:

¢/ ¢« ¢T_  for the 2D limit,
: {
e ¢ v (T) b or the 3D limit,

and generally for T < o.l

It is not obvious that the (AL) contributions are unchanged,
as indicated abcve, in this weak depairing_limit. The 3D
expression looks particularly suspicious in this respect
since it is inoependeht of the "depairing parameter" 42 e

(50)

Hohenverg has recently extenced some of Thompson's
calculations to situatione +here there ie strong cerpairing.

He finds, among other things, that the (AL) terms are

changed:
| : 'k
(30~ ey (17 (344 0(3)
DT | |
g—'\: (’LD> (no'\' cdcu\o)‘ed)
3 et
v (3D> g3 :ﬂo)'r’k T




N(Ss-?q-) 91

c

324 3Sb) T ‘e

for T>ST aud w1

Trora, (20) ( net Cala,ialfeé) .

dohehberg also verifies the Thompson results; listed above,
in the weak depairing limit.

For the intermediate case of Tz ~ 1 ) er T, o~

the general behavior of GJ

.is nct known. Hchenber
TorAL , g

givem only the expression for 0"(30):
, M

. .
0._/4(30\ - € .; c 4
" BRI | o _ .
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It shoulc be emphasized that -he status of these |
feéults is uncertain. The major guestion concefns the impor-
tance of higher ordér terms, of which the Maki ternm is‘the
rirst. 'An estimate of smallness of these terms; made'by

(43) (30)

and used with hesitation by Hchenberg,

(51)

Thompson
is by n§ means universally acéepted.
We leave this topié to discuss a modification to (AL)"
that fares only a little better.
The Aslamasov~-Larkin results are based on the weak

(52)

coupling B.C.S. theory of éuperconductivity. One might

expect different results for a strong coupling(“7) guper-~

(48)

conductor. Fulde éﬁd Maki have shown tliat in the ab=-
sence of a depairing interaction, the effects of strong
coupling‘are simply a remormalization of the relaxation"‘
frequeﬁcy;(BS)l'(Tﬁ » of superconducting fluctuations.
rtrﬁ is increased by a factor, ol 2| , called the strong
courling parameter. oL =1 for a B.C.S. superconducth. Thus
q-’ is reducedvby"/d. . When_there is depairing, Maki
and Fulde comment only that the situaticn is complicated.
Eilenberger and Ambegéokar$53) offer an expression with
which the strong coupling constant can be estimated. Because
of the material parameters which enter fhis expression. the
use of it is a bit messy. So we make this estimate in the
next chapter ;nd pass on to a discussicn of the critical
region; |
The Critical Region

In the critical rezion, a number of different terms




'\

19

contribﬁting te rf have been treated by difrerent authors,
eéch with its generally distinct tem;%rature dependehce.
rhere iz Ao unanimity as to which is the dominant confriA.
bution beyonc assurances by each author that his ;esui£s

zive the leading corrections, only, as T approaches Tc;

(21)

Early in thisz z2me(1967) Ferrel and Schmidt used

-3,
/2. depencdence for a

(54)

écaling law arguments to arrive at a T
2D sample. A yéar later, Tzusuki and Kawasaki fouhd
terms in a’ going like ’T'-|/3 for 3D and like 0 for
2D.

(55)

Tzusuki, in a later more detailed Calculation'of
o . ~f o
the dynamic concuctivity, confirmec the T dependence
in three cdimensions in the static limit, but found terms
diverzent in frequency in both the classical and critical
regions ip 2D. The divergent terms arose from the Maki
contributions to the conductivity mentioned above. Dis-
regardinz these terms in the 2D case onAexpérimental
grcounds, Tzusuki found the same 'T-‘ dependence in 2D
in the cricical rezion as in the classical. The two 2D.

exvressions for o/ differ oniy in their rprefactor:

. ¢/(20>Cfi+llcax ‘ {
<’J&())c;lmzsn'caf o4y

e

where he estimates: Yy = 0.8
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If one were to introduce a cutoff, We .+ into the
Tzusuki 2L exyressions , one finds contributions waich go

like:

A | ko Xd ole
243G hw,

(/5
¢ (ZD‘)(‘&"{%U\R —

As e
We

/ ~{ 8
o(2D _ v =T
( >cAa ssicad — ' ™

>¥

Lstimates of the extent of :the critical region agpgear
in most oi 'the papers mentioned in the above paragraphs.
With the exception of Ferrel and Schmict, they agree with Fr

the results which we use here, which are due to Hurault

(56)

and Maki:
-1

(k*2%3) & 3D

)4

Teritical -1

(€4d)" = 2D

He

For convenience we pause here to estimate thzze numbers:

> [ m°K v 3D

Tk —
(Tetica T"B x 2wk fo 2D

We have used (see next chapter):

ke x (A A=38 3, % LeoR |




21l
Hurault and Maki also estimate the effects of cri-
tical fluctuati;ns on the conductiyity'in the claésiéal:
region. These effects appear as % renormélization of Tc.
If T; is obtained by fitting a "ci;SSical" expression to
data'from the classical regime, anq Tc phe ﬁactualﬁ Tc,
the find: |
*
T m T = @ (Y ) (4 da)
in the 2D limit. Using this we expect to find T; =
Tc - 50m°K for our samples. In the 3D limit we aséumé the

: . ‘ (20) (30)
same expression holds with the replacement of 1;ﬁ+ by T‘rf

* ' o
There T =T - 80m K.
c c .

The Conductivity Below Tc

Contributions to the extra conductivity below Tc

have been calculated by Marcelja et al.,(37'32)by Schmid(57)

'#nd by Sdhmidt.(ss)

In the Marcelja papers and explicit result is written
down only for the 2D limit. An'expressiqn is given from
wnich the 3D behavior couid be obtained numerically, but

this calculation has not been done. The 2D result has the

limiting form:

/ e'L _
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for T << T.. Unfortunately this condition prcbably does
not allow us to use this exrression. More detailed cal-
culations‘generélizing this last exrression fcor use near

(59)

Tc are still in progress. The expression from which

3D behavior can be calculated is:

¢/<3D) - _i.__ ( E__
| 324 3b0) \ 3lo)

Where | = Ez(a+LkBTQ(I"M> (A)

3 2y U TGR

(15)
)

In terms of the Gin'sburg-Land.au parameters

R = (4/ (ask Cl¥im)) >
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Q is a momentum cutoff ~o | /sﬁﬂ . The above authcrs note
that a + b {I¥Y}{2> is nonzero ( and thus 0"(30) finite)
only for temperatures above a '"new" critical temperatgre

L)
T , analogous to the Bose-Einstein conaensation tempera-

' * . *
ture. To find T they set 1/R = 0 and T =T 1in (4) to

.obtain

b kBT’EQ
2md*

gz(ra«-) =0

With an assumption regarding E?(Tﬁ for T £ T, which is
2

difficult to understandy they obtaih(cbrrecting:some

ﬁisprinfs):

ke Te

c

2w U 33@)

N

% One must assume either ’S‘(T) /’{'[o) { O or 7 > T,

for this exrresszion to hold.
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Marcelja's calculations have recently been criticized

(60)

by rikeska znc Schmidt, who poinf out that“Marcelja has
sﬁe'oréer parameter relax tc zero averaze va;de Sélow Tg.

This may‘be related to iarcelja's second T‘ and the .odd
témpeféture deﬁendence of '§¢r\ he must assume fgr‘ |

T"< ’f<( Tc. but the connection is not clear. The cri-
terion for 2D and 3D behavior ought also to be mentioned.

It is not clear in Marcelja's calculation whether 'SCT).Or

the leggth R (mentioned above) is the imnortant»parameter in
this rezard. Mikeska and Schmidt claim’:hat two dimensional
behavior of @/ is to be expected for (e/d) &1 for T &£ Te

where d = sanple thickness and e = an unspecified distznce

in the fiim plane.

Test For rower Law Derendence on.(T-Tc)/T¢

(34) have pointed cut that if d'/ has

4Testardi et al.
a power'law devencence on ‘T acove Tc‘ then there is a method
of ahalysis of the data that tests for tanis temperafuré de-
pendence, gives the power of T and is insensitiie to the
choice of Tc. A slight modification of this result is neces-

sary for our use, where the normal resistance has a tempera-

ture derendence.
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Supﬁose that d‘é"’) = 0-/(',) :-(-‘n . i\‘lhit"iplying
by the normal resistivity €hCJ“ , we get: -
CRu(r) = RT) o v\ R,G&)
m¢ = 0"(4)6 Y

R(T) X/ Ar

I

Difierentiatins with resvect to T and rultiplying oy l/Rn(T),'

we get:

L de
R* 4T
SR g™ [ e
R\R dT | X \R.7TdT T
@(‘ - L R+
_ b de, < 4a, n y W\~
R.R T ~ Rr dT +?{éﬂ(”‘)d2-;> B
L n4l

* a,w, and x are sample thickness, width anc length re-
spectively. The quantity R,\w/x = (Dh/d is cu:lled sample
recistance per sauare.
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If the fractional change in Rh(T) is small in the temgpera-

K2

. ' . R . . . -
ture interval over which V oehavior exists, then a pliot

Ly (D) w hg (@)

- Lode 1o,
R,(T) — R(T)
aud @( -

produces a straight line of slope (r+l)/r. The.coefficient

Nl
of AN can be evaluated at a conventient pair of values

(p, Bk).

Tne above analysis coes not indicate whether one might
expect other then power law devendence on T from straight
line behavior- on loz-log tlots. To answer this juestion

we must integrate the cifferential equation:
ol
D~ e®R

where o{ is the slope of the cata on the loz-log rlot. For
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E 3

simplicity, we will assume that Rn(T) = const.

: I dR e T
Above T 9 -—’. ———— = and - ,"z—-——vl
S T

lead to 1
a8 _ ~RT. e B

rr

If o =1, znd if ¢/ is finite at Tc, then

RT BT

(T = G'/(o) e 1f ol #Z | , then

R VA CST I
g’(_‘r) = <6"(v)l'—iépn‘r; (E&) T’.U-"‘H‘*> ‘

1f 451, 1et 1} /(A=1)=A>0 . Then

A tERa?AY

RnTe 7 Iz n

r'(r) = v, PRole + (— )"
R ¢’ (o) .

* Withodt this assuwption, the soluticn to the resulting
3ernculli equation is substantially more comvlicatec. The
behavior is, however, the same as that obtained above to a
very goocC approximation in the temperature range of intereat.




If furt;hei'moré’. T"(T')diverges at Tc’ then

n n

BRaT

(v = ™

in agreement with the results of Testardi et al.

If L <ty let 1/(1-&) =S >0 . Then

RAY

0‘/[4"‘) - ( /(0» T S>. ‘Here eithé"z" -

S [
/ / B *
r'=eQ or ¢° has nonphysical 4° dependence.
It will be useful to look into the interpretation .of

straight line segments of data below an assumed Tc on a
plot of log(D) vs. log( ). If we define 7/ as 1-(1/T_),

such linear portions of déta, with slope & , are. equivalent

d& -

d 1’/

to

R.‘T‘c @ @( . 4 0If oL =1}, in‘tegra'tion
. 2'\-‘-(; P ~ /
gives 0'/('7") = ¢/(o) @

for finite
0'/(0) . If oLl7# ), we obtain

t~ol
/() = (o) + BRT (1) 7

|—w;>'24“”¥4

* T’decreases as the temperature decreases.
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#hen o), we can set l/(l~°() = s >0 . Either -

r./(’r’> is infinite or finite below T . If 0"'/(0) 'is Tinite,
we find

S

T

(v = (v/(é)'/s-l- eRale 77 %5
S

Cn tne other hand, if the sioype of the data, o , is greater
than one, we cefine l/(d—;):f{,)O to find

Tn ‘//7-' A RnTe T4
(o) -t

(T/(fl”) = T

- . / . . . /,
Here again, O'/(T) has a ncocnphysicszl 1—/ dspendence, ( 0’(’(")
decreases as the temterature decreases).

WWe gather from the observations above that on plots of

log(D) vs. log(@(_) that a_slore of less than one is not con-

sistent .ith the assurnption that the data aith this slope

lies above Tc_._ Similarly, sloges greater than one are incon-

siztent with the assumptions thnat the data is below I‘C_._

For later convenience we write the exyression for the
’ /
prefactor G;L/(l) in G"’(’T) = a’n_(|> /'Y”L in terms
of the constants @ﬂ/ which can be gotten frow the data on a

log-log plot cf

) /e

D ﬂ(ﬁﬁf :
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n ya"

e T R,

" “here the data on the log-log analysié shéws.Slépé_one
o | | -/
wnere T, = t/ (@Tc(‘zn).

The results of this section will be uszec in <the anélysis
oI the c¢ata in caaxter 4;

Fluctuation Effects in a Maznetic Field

Because of éxperimentél difficultiesvassociated with
measurements in magnetié fieldz oriented parallel to the
sample, only results concerning perrendicular fieids will
be discuscsed. o

Expressions describing the magnetic field behavior cf
fluctuations in ;he classzical regime have appeared in the

(23,4104:3’61) We here.

earliest theoretical literature.
juote only the most recent results, w-ich are consistent
with earlier literature.

We nave chosen to comntare our data witn the calcula-
tiens of magnetic fielo behavior aiove Tc made by Abrahams,
‘ . (02) . o . .
Frange an.: Steyrhens. The expression which they give

for tne eofiect of macnetic fields in the 2D lir.it of the

ciasgical regime is:

¢ (20) = ¢/ (20) 8x1(“]-’(§+’<) - ‘P(“"Q +—2,x>




(9

i

3D 1limit is:

5

4’ = dijamma -Foucﬁo;\ ; x = T /(z'h) )
T P I

H

]

maghetic [letd

This exrression is derived within the context of'the'Gingburg-

Landau formaliem, anc so does not contair ihe contribution

due to the saki term. The corresronding exvression for the

(63}

'(3D) = 9‘,(]_(30); S N

| Yy, S ( l 2

(X) = A—K 2 — - = + ey - -

S L % V-t ex Vmtdex  Vmdx )
% defined as dloo\)e .

(64)

These calculations have also been made by Usadel.:

This author cbtains the same results except that 9 is re-

placed by 1n(I),
T
Expressions also exist fecr the extra concductivicty in

ooth raraiiel and reriencicular magnetic fields whaich con-

tain tne effect of the Maki term with cutoff.( 5) Since

assunptions regarding :the deypairing parameter make -hese

results inapriicaocie to cur samples, they will not be

rerrocuced here.,

Nonohmic Behavior of the Extra Conductivity

The calculations discussed up to this point have been
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made with the assumption that the electric field, £ , used
in the measurement oi the resistance, is small enough not

to perturb the fluctuation lifetimé. For E suftficiently

"large, electrons within a rezion of fluctuation supercon-

dﬁcfivity can be accelerated to the Critical velociﬁy befcre
tney can traverse the'superfluid portion of the samrle.

Such events contribute to the sbacalled nonlinear, or
nonoﬁmic, behavior of the samvle -resistance in the tran-
sition region.

r.( . / ] _
Hurault(oo) has calculated W'(E) due to such effects,

uging tne time dependent Gingburg-Landau equation. He

found for T >-Tc, a critical value of E:

e 3C) ®©

| ke o 4VE

below which the Aslamasov-Larkin value of q*’ ’ O;G_ is

recovered. For E DD Ec(T)’ Hurault finds:

)

3 A
/ - E.a)
G—uurauli- <3D? TAL _(3D> (2 \/—‘2)

E

| | >\
‘ru:mu,(z’p) B ‘1: (2‘7 iy (2‘13> ]

/
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If we take, for our samyles, a coherence length ot 352

and Tc = ll- K, we find EC(T) =4(7 x 103volts/cm)' Q'BAL
- {7V/cm )for I‘—Tc =0.1 K
- 7mV/cm'for T-Tc = 1m K
Tsuzuki,(67'68) with a microscoypic calcalation whiéh

disregards the Maki term ( anc¢ is valid only above the criti-

cal region), found the more zeneral expressions:

y | n (Cn l) 2h

o/(30) = 39) < X eccr)}
2

d“’(ZD> ’(zo) b+ 2 a ,)“ (3‘"> g(;,-y

for E E_(T), and

v/(30) = rﬂlutauﬂ_(_-sv)'( Lt ’g3 éE))

‘/ . o9 (-)" r(&-’l E. (/T') VZ"/S.
ISBCE> ~ Z ‘»T!‘(ziw) r(;jé,) ( € >

0‘/(29) = q.b:urau(’r(ZD)'( L+ 57-> .
) (-n" %) Jen \*
S( 7 5—'(0\“7’. rf%) (ET> 3

h=|
for E » E (T). The quantities & .(T) and U',/ are
c c Horavlt
those which appear in the Hurault results, above.
(69)

Gor 'kov, also with a microscovic calculation (no



. "
Maki term), presents explicit results only for 2D behavior.
These agree with the exyressions gotten by Hurault for 2D
and’T:>'Tc. Gor'kov, however, appears to claim validity of
the results for temreratures below Tc as well. He also ob-

taine a weak field (?) expression:

. T EG)
V3 E
T3 E )

—

c*/@)) - o;(L[a,D)rr- 2 e )¢

We proceed now to the important discussion of the
samble parameters which appear in all the theories outlined
above, and which must be known to the accuracy with which we
want to maxe comparison with the models.

Sample Parggeter'Assumptions

Certain sample pzrameters appear in all expressions for
the extra conductivity due to fiuctdations. It will be neces-
sary to make assumptions about these parameters in order to
compare the above models with our data. Aside from the fgir-
ly trivial matters of geometry, the important numbers are
the normal resistance, R (T), the coherence length,‘g(ﬁn.
the depairing parameter 12 and the strong coupling con-
stant o . The most serious rroblem is ussociated with the
noreal resistance.

For most materials on which experimental work has

been done, fhe normal resistance has been directly meas--
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urable. Easlly obtainable mavnetic fields have bYecen suf-
ficient to quench the superconductingz fluctuations in
these materials. We dc not have this advantagze. Attempts
have been msce to realize the normal resistance in our
samﬁles in fields up to 100 kOe; put these were unsuc-

(70)

cessful. RKecent work has shown that the critical

field H_ , for our material is at least 180 kOe. Cther

(71)

measurements on very high resistivity films such as
ours suggest in fact that even these fields might not bve
enough to quench the fluctuation conductivity nezr the
zero field transition temperature.

e have little alternative but to extrapolate the
normal resistance from high temperatures. As discuscsed
in the next chapter, our samrles have a negative tempera-
ture coefficient of resistance at high te&peratures. Even
thcugh the relative Cchenge in resistance with temperzture is
about 0.1%/ K, the extrapolation leads to an inevitable
ambizuity. So we choose as a first approximation that
extrapolated Rn(T) which produces the largest region of
'correct" temperature dependence (some power law in T )
in the "log-log" analysis and which is reasonable as an
extrapolation. Beyond this we treat Rn(T) as a free

rarameter.

Although the present inability to measure Rn(T)
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directly is certainly unsatisfactory, a fundamental question

would still remain even if it were measurable. That is,

meas,

would the measured normal conductivity, o be the
same as the @ whicn appears in c'/ ?
. »
OQur material is polycrystalline, not amorrthous. A

crystallite will have some characteristic resistivity (1(T\.
One could associate a different ebcr) to a grain boundary .
between twc crystallites since this at least acts as a
scatterer. It could be that in a normal conduction pro-
cess these two contributions to sample resistivity are aver-
aged over in a way different from that in force in :he‘super;
conducting state.

The averaging process in the superconducting state
itself reguires clcser examination. It may be (although
it seems unlikely) that the resistiv%éy contributiohs of
crystallites anc gréin boundaries are averazed over dif-
ferentiy’depending on whether ECT) is azreater thaﬁ‘of less
than an average crystallite size. It seems most likely
that this sort of ccnsideration would regl;y become impor-
tant only in the event the coherence length were less thani
some effective wicth of a grain boundary.

These proolems have been discussed by Abeles, Cohen

(72)

ano Stowell. The results of their analysis suzgest

*See discussion in next chapter.




37

that, so longz as gﬁrﬁ N grain size, it is pcssible to assign
a single effective mean free path to processes involving
fiuctuation conductivity. We will assume, on the basis of
their results, that we are justitiec in incorvporating the
granular nature of our samples into our expression for 'SCT\,
so long as §(1—)> grain size.

To surmarize, we must make the following assumftions
about the normal resistancé: 1) It is opbtainable as a reas
sonable linear extrapolation from high temperatures. 2) The
averaging process which yields the normal resistance at high
temperatures is the same as the one which would give the
normal conductivity in the theoretical exrreésions for U’/ .

There is a similar problem with the value of the co-
herence length itself. 1In this analysis, we will assume
that S(T‘) is given by the exrression M(z(r‘) ?40/(211"22(7))
which is essentially a mean field (Ginzbufg4Landau) result.v

A measurement of S(o) ‘is tantamount to a measurement
of the mean free path. Again the important question is:
AAre the processes which limit conduction the same where

fluctuation effects are small as they are near or below TC
where, presumably, 3(0) is measured? We shall tentatively
assuxne tnat ‘they are.

Almost nothing 1is known,'é priori, about the éepairing
‘parameter. It is known that Tc for bulk NbN is about 18 K.
So we might not be surprised if Tco were near this number.

Only gjualitative informaticn is kncwn abcout - the source
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»
of the deyruiring interacticn in our samgles. So T will
r g 3 c

be treated essentially as a free parameter.
There are many assumptions necessary to estimate the
strong coupling parameter. It is most appropriate tc discuss

these in the next chapter.

* This is discussec¢ in szome detail i: the next chapter.
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CHAPTER TWO: SAMPLE DaSC«IPTION

Condidering the difficulty in preparipg and charaéter-
izing disordered thin metallic films, it is imvortant to
describe our.samples in some detail. We will discuss below
the following topics: samyple preparation and chemistry, |
sample selection, mounting and geometry, sampie histories,
andé finally, microscoric and general experimental character-
istics. This will be followed by several sections de?oted
to sample parameters that must be known or estimated before
a comparison with theory can be made. This will include a -
discussion of the strong coupling nature 6f our material
and a description of measurements leading to a number for
the coherence length. This chapter ends with a table of
characteristics of our samples.
Sample Preparation and Chemistry

Tﬁe samples used in this study were thin films of
ﬁb.ésTiolaN. 'Ali samrles were fabricated by f. M. Shy of
the Metallurgy Department of the University of Minnesota.
The films were prepared by a reactive sputtering téchnique
using separate targzets of Nb and Ti in an atmosphere of
nitrogen and argon.. Details of the sputtering process by
which these and other similar samples were prepared are

(73) (74)

described in Shy's thesis and elsewhere.
The chemical composition of the samples was determined

by choice of parameters involved in their preparation
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and oy Huger spectrographic analysis.
Shy has made eStimates(73) that indicate the Nb:Ti ratio
cin vary as much as 1% across the width of our samtles.

Tris 1is due to asymmetrical rositioning of substrates with
restect to the svutterings source.(75) 3ut the variaticn of
Tc with concentration of NbN vs. TiN is néarly minimum at
the comrosition of -hese samiles (see figure 1). So the
estinated stread inr Tc due to these ncnhcmogenietiss can be

estiratec to be only a few millidegrees.

Samrle Selection

In preliminary stucies, in which ancther worker, Jon
Zbauznik, played a substantial and most helpful role, larze
classes of samples‘prepared oy Shy were eli:inatec from candi-
dacy for careful study. These samtlesz, and the reasons for
nct examininzs therm in detail, deserve‘soﬁe ccmment. Some of
cne discarded films were mechanically =oft, adhered voorly to
the substrates &nd showed mechanical damage on microscoric
examination. Ancther group cf films, all those derositied on
single cryastal Mg, showed a broad resistsnce tail at low
temveratures. 5hj estaolished that these films were nearly
discontinucus at cleavage steps, which were abcut lOO}Lapart,
on thiz substrate. Ancther group of samrles lacked a charac-
teriztic negative temrerature coefficient of resistince above
liquid nitrogen temperatures. These had veen deposited on

ubstrates at elevated temperatures (about 00 K), or had

M

been annealecd at that temyperature. Samples examinec with
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Figure 1, Transition Temperatures of Sputtered Thin Films of
S (73)
Nb Ti _ N vs. Nb:Ti Ratio. From Y. ¥. Shy's Thesis. '0
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these characteristics hsc¢ resistive transitions‘with a stair-
ster share indicating regions of different transition temgpera-
ture. Witn this process of elimination, we were lzft with two
samples which we felt worth extensive studv. It is inter—‘
esting to note that these two samples had a resistivity well
in excess of those elirinated. This can be noted if one com-
pares our resistivities (about 1400 microohm cm.) with that

of the samprles of similar comvegition which Zbasnik et al.F7o)
useé in thaeir critical field studies (about 207 microohm cm.).
The two samples for which we present data here were numbered
"G2A" and ."92D” by Shy. One of these samrles, "92D," was
heated excessively in the process of preraring it for high
magnetic field measurements in a svrecial cryosiat. This pro-
duced a small but noticeaole change in the shacve of its tran--
gition. Data taken on this sample after this mistreatment

is treated separately here and is identified by means of an-

other label: "Gg2X".

Characteristics of Samrles Selected_ for Study

The films used in this study were zenerally guite hard
and brittlie, adhered to the substrate remzrkably well, were
visibly of uniform appearance‘down to the scale cf length
accessable to an optical microscove, and haao a notably high
resistivicy. In simple terms, a stainless steel razof
would not scratch the films until camaze was done to the
substrate bereath the film. The resistivity of the films

) . 5 .
was +the order of 10° microohm cn.




43

In acdition, tne fol'!oviing general behravicr was noted |
during resistance méasurements on the samplés selected for
study: 1) A1l had a negativé temrerature coefficient of
resistance at high temreratures. They exhioited a definite
maximum in resistance at about 20 X, about ten desrees avove
their approximate trznsition temperature. This behavior is
illustrated in figures 2 through 4. 2) All samrles exhibited
a zenerally small and complicated nonohmic behavior at all
temveratures and evidently at all current censities. This
is discussed in gfeater éetail in Chagter 5. 3) A nonotoni-
cally cdownward snift in transition temperature with time and
repeated thermal cyciinz which accumulated to about a milli-v
degiee was also notec. 4) The samples apcrear to show a
negative marnetoresistance above 50 K.

(73)

Finally, Shy's work cn samyles similar to tnese indi-
cates they can be characterized microscovically as grahular
on the scale of 2003, with insulating grain bcundariés proba-
bly ccntaining paramagnetic oxygzen impurities. These general
characteristics will ncw be ciscussed in more detail.

[he vhenomenon of negstive temrerature cocefficients of
resistance in thin films is well known and has been associ-

(75)

ated with films of granular structure,. Electron micro-
. . (73] . < N .

score examiration cf films similar to the ones studied

here show ours tc be similarly granular in structure with

an ‘average grain size of 200%. A tyrical electron micro-

grarh is shown in figure 5. Fresumably this microscoric
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Fizures 2 through 4.

High Temperature Behavior of Samples Showing Linear
Extrapolations to Approximate the Normal Kesistance in

the Trsnsition Region.
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structure is averaged over in the superconducting transition
region as discussed in Chapter 1 (pages 35 and 37). We here
- want to relate this zranular structﬁre to the negative tem-
rerature coefficient of resistance and to an impurity to be
discussed in the next paragraph.
Auger spectrographic studies on films sputtered in

atmospheres icdentical to those used for our samples have in-
dicated oxygen impurities in these films. A typical Auger

(73)

spectrum is shown in figure 6. Shy has made the following
observations which relate this impurity to the microscopic
granular structure.v rilms sputterea 1u au otmosphere from
which oxygen had been preferentially removed by vpresputtering
with Ti did not have the nezative temperature coefficient of
resistance at high temperatures. Their resistive transitiéns
were quite narrow. On the.other hand, films devosited, as
ours were, where oxygen contamination was allowed.all showed

a negative temperature coefficient of resistanée. They

also had at least an order of magnitude higher resistivity

and a rounded resistive transition depressed by a few degrees.
Annealing of these films at temperatures above 800°¢ zenerally
resulted in these films assuming the properties of those
deposited in. the absence of oxygzen. These observations led

Shy to associate the oxygen content of the films with the

grain boundaries and the grain boundaries with the negative

temperature coefficient of resistance. This author concurs in




Figure 5.

Electron Diffraction Pattern and Electron Micrograph of

Nb 9Ti le on MgO Substrate. After Shy.(73)

49




Electron diffraction pattern and corresponding electron
micrographs for a sputter deposited Nb ,Ti Nx film

(Substrate - MgO, thickness-1500 4) G

(a) NaCl pattern on (100) plane; traces of the diffractions
from precipitates are shown,

(b) Electron micrographs corresponding to (a). The
dislocation structure is obscure.
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Figure 6,' Auger Spéctfun Bhoving‘Oxygen.Content,Typical of

. . A )
the Sputtered Films Used in This Study. After Shy.(73
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this interpretatiorn. The scdditional assuwrtion inherent ip
= this stucdy is that this zrain ztructure is averasged ovsr so
- lonr as (T) is larger thar this grain structure (Chapter 1,
pagzes 36 and 37).

e now discuss the magnetoresiétance. ’his was noticed

during an attempt to guench conjecturéd high temperature
superconducting effects with high magnetic fields. During
these measurements, increases in resistance at fixed tempera-
tures up to 30 n were noticed in 100 kCe fieldg. The
increases were small enough, hcwever, to be a magnetoresistive
effect in the normal samgle. Measurements at even higher
temreratures showed in fact a change in resistance in the
ovposite cirection in high fields. This is the nega:ive mag-
‘netoresist :nce spoken of aoove. Although magnetoresistance
in the temperacure controlling thermometer -as a cause of this
observed behavior cannct be ruled out entirely, it is highly
unlikely. The observed thermometer magnetoresistance at 4.2 K
is too small(see Charter 3). Also chanzes in heater quiescent
current were suspiciously unnecessary if this were to have

=
been thermometer magnetoresistance. It has been vointed

ot (77)

that a negative magnetoresistancs, aside from beingzg

* Suppose a thermometer with finite magnetorezistance is
used to con:trol sample temverature. 4f a mazn:tic field is
turned on and if one waits for effects of eddy current heat-
ing tc ciszprear, the temverature at which the thermometer
holds the samrle will chanse, A new value of s:mrle heater
juiescent current will be necessary to maintain the sample
at this new temverature. Maznetoresistance in the heater
wil: have no effect so lonz as the dyramic range cf heater
current above juiescent value is sufficient to offset the

- resistive change in heater vower.
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unusual, has veen acsociated with magnetic impurities such
as paramagnetic cxygen, when it has been observed.

This all leads to.the conclusiﬁn that the 200% gréins
of which our samgles are composed are separated by thin in-
sulating grain boundaries comvosed probably of nonstochio-
metric TiO. Thus electrical conduction at high temperature
is viewed as a thermal activation process with the grain
ooundaries dcminatinz the normal resistance at temreratures
below 100 K.

The existence 6f the unpaired electrcons of thé oxygen

(42)

atoms in the grain boundary will have a depairing effect
on the superconductivity of the grains or of %the sample as a
wh:le. Tne net effect of the raramagnetic impurity on the
supercenducting behavicr of the samples wculd be a reduc-
tion o: the transition temperature., The observation by other
el (78) . .

yorkers that an increased oxygen content of films of

NbN and NbTiN results in drastic decreases in transition

temverature supports this hypothesis.

Samile Geometry and Mounting

Sample thickness was determined by sruttering rates
and times. Thickness ceterminaticns were checksd ano cali-
brate¢ with a juartz crystal oscillator rthickness monitor

»

and with multiple beam interferometric measurements.

* Varian ﬂ—scope multivle beam interferometer, model
980-4000.
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Sample thickness is presumed known to :2%.

Indium was used .to solder the electrical leads to'thé
‘samples. With some patience and clesnliness, contacts |
could be made which withstood indefinite numbers ofAthermal'
cyclings. In the high fieldfmeasurements, in fact, where
abrupt tﬁermalAcycling was ﬁecessary, the leads failed in an
epoxy feed throﬁgh while the contacts remained intact. The
care necessary to get the indium to wet the samples preclﬁd-
ed the use of narrow contacts. Thus the sample length, X,
is only arproximately known. In the classical Aslamasov-
Larkin regime, waére resistivity of the samrle exceeds that
of the contacts, X is the minimum distance between the con-
tacts. Where the resistivity of the sample is less than tnat
of the indium, X is taken to be the distance between the
points where the voltage lead wires made contact with tﬁe
indium. The uncertainty in X is fS%.

Samples wéré trimmed along their edges with a Giamond
scrioe to avoid edge effects. The ﬁnavbidable roughness
of the trimmec ecges produced an uncertainty in samgple width
of ¥s5%.

Sample Historiea

Sample history. yrarticularly between runs was evidently
of importance. The most importént item of samrle treatment
was probably the heating necessary to make the indium con-
tacts to the sample. The temperaﬁure used for this purpoée

Zenerally did not exceed 200°¢c. This heating. however was
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done in air. Sinqe the samtles used in this study were
hcated at least as severely as this in air ﬁrior.to our
acquiring them, no care beyund that menticnecd above was
taken in making contacts.

T~e hizh magnetic field measurements required samyples
of smaller lenzgth than that used in the zero field measure-
zents. The alurina substrates coula not be scribed andg
broken without danger of comuletely snattering them. The
samj les were instead shcrtened by abrading them manually
against coafée erery varer. Even when this was done slowly,
quite a bit of heat was generated. To avoid tnis it was
necessary to do the grinding under water. The samples

were covered with siliccne grease when in contact with the

wzter.,

Sample Parameters

-

The Energy Gap

Quasiparticle tunneling junctions were made with samgple
“92A". Phe junction barrier was grown con the Nb.88Ti.12N
film by heating it in air tec 250°C for 2 hours. The film
edzes were covered with a thin layer of G3.E.7031 varnish.

A lOOOX iayer of aluminum was evsporsted over:this to pro-
cuce a junction cf l(mm)2 area. Tﬂe most distinct current
voltage claracteristic obtained froﬁ such a junction is

shown on figure 7. All junctions shcwed the excessive

-_y—

* Tre exverimental worx recvcrted in this parazgraph was dcne
by James Solinsky.




FIGURE 7 56
QUASIPARTICLE TUNNELING CURRENT - VOLTAGE CHARACTERISTIC OF A

JUNCTION FORMED* WITH SAMPLE 92A & (NORMAL) ALUMINUM FILM

T=4,2K

VERTICAL SCALE IS 10 A/cm.

HORIZONTAL SCALE IS 1 mV/cm.

* The junction was fabricated and I-V characteristic obtained
by James Solinsky.
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leakage curr:snt anc rounded features exnibited in the above
phectcgraph. These made estimates of tae enérgy gap difficult.
However all I-V characteristics obtained were consistent with

2D = 4.2 meV. This correstonds to Z.A/Cka—rc> =4, .

The Strodg Courling Parameter

In view of the imvortance of the fossible strong coupl-

ing nature of Nb 88Ti N to any comparison between theory

.12
and exyreriment, some estimates of ti:is quantity must be made.
Measurements, rhenomenological estimates, and theoretical

calculations suggest, but not consistently, that Nb 88Ti 12N

is a strong coupling superconductor. The measurements are

those of the ratio éf?,and of C_ for NbN. A phenomenological
. © .

2A

estimate of "= for Nb 88Ti lZN can be obtained from an

c
empirical relationship between this ratio and Op noted by

(79)

Laibowitz, Sadagopan, and Seiden, A direct estimate of

thes strong coupling parameter, o , can also 2e made.

(80)

Komenou, Yamashita and Onodera oxidized a thin film
of HbN c¢f uncertain stochiometry anc¢ cvercoated it with a
layer of Fb to form a quasiparticle tunnelinz junction. Es-

timating the ernergy gap for taeir NbN from current-voltage

characteristics, they arrive at 2 A = 4.53meV and %fé = 4.08.
. Te

They point out that this .is very close to the corresyonding
value for lead.

Jeballe t al. (bl).report measurements of specific
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heat on bulk NDbN and NbLN 84,which show the same deviaticns

91

from weak cougling B3.C.S. behavior that lead does. Their ob-
servations led them to tneir occcasionally quoted statement
that NbK behaves like ''stiff lead". Differences in composi-
tion azide, in contrast to cur samyiles, the work above was
done on bulk NbN : and need nct reflect thin fil= behzvior.

(82)

dowever other svecific neat mexsurements on both micron

thick films and bulk NbN indicate there may be no great
difference in the behavior of these two geometries so far

ag deviations from B.C.S. behavior is concerned.

Laibowitz, Sadagopan and Seiden(79) prorose the empirical

relationship: 2A/kBTc= 3.5(1+b exp(cTc/Od)) where b and c
are determinec by fitting this expression to their tunnel-

ing data cn Nbel_x
superconductors. -Ueingvthe values for OD for Nbi obtained
(51), and the Tc's'of,our samples, we ob-

and to some data on other (elemental)

by Gébalie, et al.
tain Zzﬁ/lch between 3.5 and 3.7, not at all likeAlead.
It should ve nctec however;.ch;t the data of Komenou et g;4(8o)
does not fall on the above empirical curve. {

The most direct exyression relating the sfrong courling

constant to material properties is cue to Eilenberger and

Ambegoakar(S})(EA):

2
Dacs zbq

oA = _—

D ops. )T T,




EA observe that if A\(T) has B.S.C. behavior, then

Aoks. \. ~ [ Ak,

——

Awes T=T, Y AVYY T =0

Komenou finds that A(T) for his films follows the B.C.S.
curve clcsely. Assuming that our films behave in the same
way, we cun use the above expression with the observed

quantities 24 = 4.2meV, Tc= 10.5°K for sample "32A" to

obtain:
[ Dobs, . Debs (o) .3
Ages /T 2T, (1.76) g T
This number, for lead, turns ouE'to be 1.52.
To estimate the ratio (H;b‘ /“ECS>T—ST we observe
. < .
that:
obs 'LL
obs B éH‘ obs C obs |
H, ~ | 4T /, s o~ | G — Cy
: = dHc_ =
H BCS — : CBCS C
c T5Te dr -T—5TL 5 N /TT,

The adbove relaticns bec.me egualities as'T—%’Pd. We recall
that Geballe fcunc tne same deviations from B.C.S. in the ste-
cific heat of bulk NbN as in lead. ‘e recall &l-o0 tnat the
Westinghouse group noted the same specific heat behavior in
bulk and riicron film NoN. If we assume “hat our material

behaves like NbN in this resrect, and if we assume that there
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is little change in going from bulk to thin films, then we
' s
can aprroximate the ratio (1L: /df¥s>13§1a for our films by

that of lead. :EA' find this ratio to be 1.36 for lead.

“ ' When we put these numbers together, we find for our films
O“ = l'l .
EA obtain o = 1,2 for lead. This latter num-

ber, however is inccnsistent with other experimentally de-

(53)

termined properties of lead.

The Coherence_ length
Th tit (0) = .85¢( ) 1 i central
| e quantity 3 = .85 &“30 plays a centra
role in any model of fluctuatione in sugerconductors as the
characteristic distance over which nonhomogenieties are aver-
aged in a sample. e made early attempts to obtain this

quantity using the mean field exyression

¢
. Mc.‘(ﬂ')= /ZW' 32(7") in the form

- | (o) = &,/(z*r‘Tc. [;—WFQ]T) .

Tc was arsociated with scme fixed sample resistance and the
siope (dH/dT)R was measured up to fields of 10KOe. The initial
results were ccnfusing because this slope derended on the

magnitude of field exceyrt for one particular value of

* ,1(* is an effective mean free path (see discussion at
end of chnapter 1). 5, is the B3.C.S. coherence length.
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fixed sample resistance. Furthermore, near H=0, it depended
~on the value chosén'for saﬁple resistznce. This behavior
was assumed due to fiuctuation effects on the shape of the
resistive transition in the relativeiy small fields used.

The necessity of obtaining a value for the normal resis-
tance of our samples in the zero field transitionAregion»led
us to use the 100 KOe magnet available at the U.S.A.E.C.
laboratory &t the University of Iowa at Ames. Together with
the éttempted measurements of normal resistance, described
in anoiher chapter, measureménts were made of (dH/dT)R at
R=half the maximum sample resistance. Unlike the relatively
lower fiela measurements, these higher field measurements
gave a slope independent of magnetic field at R=(%)Rmax.

It is interesting that the slope obtainec¢ in higher fields,
'éviéently uncomplicated by fluctuation effects, coincided
with the slopé obtainec in lower fields at the one fixed
value of sample resistance which prodeced the linear behavior
of (dH/dT)R.,

The data obtained for (dH/dT)R vs. H are. shown in figure

8. The corresponding values for E(o) are:

S 1 dH
ample (ﬁ)}hm S(D\ T,
max

(assumed)

92D 2.40:.05x1gl+ 34,5448 11.55%.05°%K

(92DX) Oe/ K

92A 2.68‘!’..05x104 34 4% 48 10.42%.02%
Oe/°K '

A measurement of 3(0)can be interpreted as a weasurement

(72)

of the effective mean free path 1(# if one kneows the
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B.C.S. value of the coherence length, §°~ . If one takes as
: S, the value suggested by Haak:e‘,(s}) for NbN, 3o = 5602,

then ,Q;q_ - 38.
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e end this chapter with a.;able of‘properties of our
samples which are useful in inferpreting<and analyzing
Zhe data to ve presented. In this table, Rmax is the resis-
tance at the resistance maximum (at 19-21 K). Resistivities

have been calculated using R .
. , max
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TABLE OK®

FENERAL SAMPLE PRCPERTIZS

SAMPLE © SAMPLE SAMPLE
92D 924 921X

Geometfv: A

Tength(cm.) 0.0 (1.1)* 0e7 (0.,9)* 0e7 (0s9)*

‘fidth( cm.) 0.2 0.2 0.2

tmckness(i) 1500 1500 1500
Resistances:

2m, Tempe** 315,53 229,57 248,553

(ohms) '

Rpa*¥(ohme) 422,320 325,863 239,060

resistivity 1400, 1400. 1400.
(zicroom cm.)

rT'em)ﬂra:tures

NR=SRpay) 11.471 10, 374 11,218

( K) _
'r(q = .‘mmx) 11,564 10, 420 11,453
(°k

g'(RQ Rmx) 20,9 18,9 20,8
(dH/dT),_ R 24,0% .5 26,85 24,0%,5

) B [ ] 2y max

{ k0¢" K)

306) (%) 24,5k 4 3h4E 4 34,5+

* Jee discussion of sample geometry in chapter two.

** Thig is a typical pair of resistances at these two
temperatures for a given run., These rssistances occasionally
: changed proportionats=ly by about 1:107 on cycling, This is
. ‘ . thousht to have b=en caused by small changes in sample
2lectrical contacts,
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CaabTex 3: MWTHOD.

Our primary interest, experimentally spéaking, is in
resistince measurements. Since these measurements are to be
probes of fluctuation effects, we want the depairing effects
of curreﬂt, ambient magnetic and R.F. fields kept at a mini-
mum. Resistagce meésufements in magnetic fields are of addi-
tional interest. These latter measurements require some
care in tne thermometry..

“Phe apparatus and methods used in taking these measure-
ments will now be discussed in some detail.

Stray Maznetic and R.F. Electromagnetic Fields

Efforis were made to minimize effects of stray radio
frequency signals and to shiela the samples froﬁ the earth's
magnetic field.

All measurements except those performed at the Ames
laboratory were done in‘an R.F.I. shielced environment.‘
Electrical signals betwéen 14kHz ard 1CCCMHz wére attenuated
oy at least 100 decibels. Several tests were made for sen-
sitivity of samule resistance to the izprobable cqupling
of radio frequency signals to the szmyle. No such effects
were detected.

-Measurements done before the date 1/10/70 were rerform-

ea with the cryostat shielded. from the earth's magznetic

* An "R.F.I. Solid Metal Shielced snclosure'" manufactured
by Ace Zngineering snc Machine Co., Inc., Huntington, Fa..
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*
field with a single mu metal shield. A maximum field of

10 mCe coulc be measured at the position of the sample with

*w .
a flux gate magnetometer. A pair of magnetic shields cf

LR R

Moly Pérmalloy were used during the measurements on and
~after the date 1/10/70. This shield pairAreduced.stray
fielcs to less than Qi}mOe. No magnetic shielding was avail-

able at the pAmes laboratory, where the larze magnetic field

work was done.

Cryostat for "Zero Field" and Small Magnetic Field Measurements

The cryostat used for most measurements of the resistive

transitions of the samples is.shown in fizures 9 through 12.

The coprer sample block was provided with sloﬁs for sam-
ples and a hole for the,bryoCal thermometer. A 150 ohm heat-
‘er wes wound noninductively around the bottom of the samrgle
block. The elements mcunted in the sample block were greased
to rrovide optimum thermal contact. Electrical leads were
wound noninductively around the Samnle block té avoid heat
leaks from the elements in the block.

The sample block was enclosed in an inner pot called

the exchange gas can. This pot was furnished with its own

* Magnetic Radiation Lab Inc., Cihicago, Ill.

** Magnetometer Frobe Model 3529A used with Milliammeter
Model 4268, Hewlett rackard Co., Loveland, Cocloraco

***® Williams Manufacturing Corp., San Jose, Calif.
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Figure 9. Cross-section of the "Business End" of the Cryostat

Used for '"Zero" and Small Magnetic Field Measurements

EXCHANGE GAS CAN

PUMPING LINE\

EXCHANGE GAS CAN
SUPPORTS

HOLE FOR
FEED THROUGH

SAMPLE BLOCK
SUPPORT

SAMPLE BLOCK

TRANSFER TUBE
GUIDE - -

ACUUM CAN
PUMPING LINE

OUTER POT
ASSEMBLY

INNER POT
ASSEMBLY

MAGNET COLLAR

BOTTOM OF CRYOSTAT
ASSEMBLED EXCEPT FOR MAGNET
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Figure 10 9

BOTTOM OF CRYOSTAT FOR MEASUREMENTS IN SMALL MAGNETIC FIELDS WITH
VACUUM CAN AND EXCHANGE GAS CAN REMOVED
(The leads and cryogenic capacitors are held in place above the

sample block with nylon twine and masking tape.)
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Figure 11

BOTTOM OF CRYOSTAT FOR MEASUREMENTS IN SMALL MAGNETIC FIELDS WITH

VACUUM CAN REMOVED




Figure 12

CrRIOSTALD AND BOLY GUARD
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iSO;ohm heater, carbon resistor thermometer and temperature
fegulatdr. 100 microns of helium in the exchange gas can
was found to provide optimal thermal time constant (1 sec.)
for smooth temperature regulation of the sample bloék. The
sample block was supported mechanically inside the exchange
gas can by a nylon member of minimal cross;sectional area,
attached to the top of the can.

A vacuum feed-through for the electrical leads into the
exchange gés can was of copper and a one inch length of 1/8
inch diameter stainless steel. A stycast 28%0 GT epoxy‘
seal for the wires was made at one end of the stainless sfeei
tube. The assembly could be soldered into place with low
temperature ﬁelting solder’. by_means of a copper bushingA
at the eﬁd opposite the epoxy seal.

The Qlectrical leads outside the inner pot were wrapped
around the pot in a manner to compensate for magnetic .pickup
for some 10" of length. Miniature electrical connectors
allowed the pot to be removed cémpletely from the cryostat
duringAsample mounting. The conhectors were heat sﬁnk fo
the outer shield by means qf'silicone grease. |

The inner.pot was houéed in a vacuum can with the inten-
tion of keeping the inner pot as close in temperature as
possible to the sample block. Mechanical support for the

inner pot was provided by four lengths of 12 mil wall by

* Emerson & Cuming, Inc., Gardena, Calif.
** Indalloy #13 M.P. 125 degrees C.
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3/8" diameter by 2.7 cm - length stainless steel tubes. It
was found that this also furnished a thermal connection to
the 4.2.K bath of such a size that no adcditional exchange
gas was necessary in the "vacuum c&n',

Access to the inner pot was provideé¢ by a length of
1/8" diameter stainless steel tube between inner pot and
outer pot, and by 3/8" diameter stainless steel tube fron
outer bot to a2 manifolé on the cryostat top.( The maﬁifold
allowed simultaneous measurement of, and change of, exchange
gas pressure dﬁring a run.

Access to the vacuum can was rnrovided by a 1/2" stain-
less steel tube sealed at the cryostat top by a 1/2" Circle
Seal valve. A solenoid capable of producing 10 KOe, fit
over the vacuum can. The whole cryostat was so designed
tnat it fit into a 2'" dewar.

Feed throughs between top of the cryostat and vacuum.
can were of a desizn due to Stephen Kral. They amounted to
lengths of 1/8'" stainless steel tube with 1/4" cylinders
of Hughes #22 epoxy at each eand. A fraction of the tube
voiume ﬁas fillec with oi1l. Bushings were providea along the
tubing length'for solder or o-ring seals at the vacuum can
- top and cryostat top. |

Samrle anc Thermometer Resistance Measurements

The resistance of both the thermometer ané¢ sample

were measured with a four terminal method. A.C. bridgzes of

pasic design aue to Kierstead(&h) were used. These bridges
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used ratio trahsfcrmers tc compare the urkno«n resistances
with resistance standards. The standard resisters were 5 ppm
General Resistance Corp. "Econisters'". The bridge circuit
diagramg are shown in figures 13 and 1l4.

| The characteristics oé'the l:lltransformers used t§
couple the sample voltage to the de§eétor made ecessary the
use of a detector preamplifier of.lO megohm input resistance

3

and required the use of frequencies above 107 Hez. A fre-

3

Hz. was chosen for the samrle bridge. The

3

quency of 1.5x10
thermometer bridge was orerated at 1.0x10” Hz.

A lock-in amplifie; was used for the detector to obtain
the nanovolt seﬁsitivity neceséary to resolve a few-millidhms
at a sample current of a microamp. -The noise figure of the
lock-in amglifier plus'preamplifier,at the frequenqies used,
leads to a minimum detectable signal of 5 nanovolts at 6 db
rolloff for the largest sample resistances measured.

When working with these nanovolt level signals'it was
found necessary to make the ground connections shown with
care, and to make all connections to the bridge in such a
way that ground loops weré avoided. Pickup was reduced to a-
roint -where a 1 sec . intesration time for 10 microamp sample
current, (or 10 sec. for 1 microamp) sufficed to resolve the

minimum detectable sigral menticned above.

Since manganin leads were used, lead resistance pre-

. .
The lockin amplifier was the model HRS (with tvpe C pre-
amp) of Frinceton Applied Research Corp., Princeton, N.J.
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Figure 13. Sample A. C. Resistance Bridge

?Rs cv

Trvvwvwyw

D=PHASE SENSITIVE DETECTOR: PRINCETON APPLIED RESEARCH HRS
' LOCKIN AMPLIFIER WITH TYPE A 10 Meg &I INPUT IMPEDANCE PREAMP

T,=RATIO TRANSFORMERZ GERTSCH MODEL 011

T,=1:I TRANSFORMER: TYPE NA I II7-2.000-30 3Q27

T,=6:1 TRANSFORMER: TRIAD TYPE G-59 TF 10X I6YY

AO= AUDIO OSCILLATOR: INTERNAL OSCILLATOR OF HRS

Ry * SAMPLE RESISTANCE

Rg = STANDARD RESISTOR |

R = LEAD RESISTANCE : 68 Q/LEAD AT CRYOGENIC TEMPERATURES

Ry *RESISTANCE OF SAMPLE BETWEEN CURRENT 8 VOLTAGE
CONTACTS: <20 &

C= CAPACITANCE ACROSS SAMPLE IN CRYOSTAT:.0l05uf SILVER

MICA
Cv=DECADE CAPACITOR




.Figure 14. Thermometer A. C. Resistance Bridge
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D=PHASE SENSITIVE DETECTOR: PRINCETON APPLIED RESEARCH HR8
LOCKIN AMPLIFIER WITH TYPE A I0 Meg INPUT IMPEDANCE PREAMP

“T;= RATIO TRANSFORMER . DEKATRON TYPE DT 72A
T,=1:| TRANSFORMER NORTH ATLANTIC T-i09
T,= 6.1 TRANSFORMER . JANES 83i4

AO = AUDIO OSCILLATOR : INTERNAL OSCILLATOR HR8

Ry = THERMOMETER RESISTANCE

Rg = STANDARD RESISTOR

R_=LEAD RESISTANCE :68 Q/LEAD AT CRYOGENIC TEMPERATURES

R; =RESISTANCE OF THERMOMETER BETWEEN CURRENT AND VOLTAGE
LEADS

C= CAPACITANCE ACROSS THERMOMETER IN CRYOSTAT: TRW .0l wt
MYLAR '

' CV=DECADE CAPACITOR
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sented a probled in the use of the bridges. The capacitance
of tae 1:1 trensformer was about 1000 pf. This reactance
could draw enouzh current through the samgle voltage leads

3

to produce an error signal of 2R = 10 °. 1In addition,

1*C1:1
at frequencies above about 400 hertz, additional capacitance
must be piaced across the sample to reactively balance the

ratio transformer interwinding capacitance. This would make

matters even worse. It was therefcre necessary to put sub-

stantial capacitance across the voltage leads of tne resis-

_tance unknown in the cryostat. Having done this, it was

rossible to put across the standard re%istor a decade capaci;
tor with which a,re;ctive baiénce could be made at each fe-
sistance measurement.

The method for achieving bridge balance needs.some dis-
cussion. For reascns of simplicity, the "in-phase" balance
Qas made at that.relative phase setting (via the phase shift-
er in the HR8) at which null was least sensitive to changes
in capacitance placed across the standard resistor. Analysis
of the bridge equations show that with this criterion for
balanée, reactive terms enter into the "in phase'" balance
equations. Thué a caiibration of the bridge was founc to be
necessary leading to a '"'bridge factor" that could be used,

to suitable accuracy, to adjust the value of the standard

so that the ratio read on the ratio transformer gavé the

correct resistance.

The bridges were calibrated by a substitution method.




78
A small box ﬁas made reproducing tne lead resistances,
samplg resistaice and cryostat capécitor. Stancdard resis-
tc;s were put in place.of the sam;le resistance. For fixed
bridze standard resistance, corrections to the ratio trans-
former reacding were noted for various values of sample re-
sistance. The error in ratio transfermer reading was linear
in trzasformer ratio to 3;104. This corresponds to 1 xlO"l
ohm for largest sample rééistancesf and to 1. millidegree
error at 1ofx. Although these numbers are relatively large,
they represent accumulated errors over a substantial pért‘of
tne resistive transition, e.g. O.1,ohm oveb-a 300 ohm inter-
val or 0.00l1 degree over a 10 degree intérval.

Measurement of small resisiances rresented sone ¢if-
ficulty. For sample resist:nces about 10 ohms or less, the
Salance is so insernsitive to reactive comgponents that a
phase settingz for minimum sensitivity to changes in them is
irpossiole to determine. It was found, however, using a
supsticution ;ircuit for t2e crycstat envirornment of the
sample, that for all but one relative tphase setting, a finite
ratio transformer setting was necessary to produce a null
gi<nal for OS5 milliohm) resistance in thze éubstitution
circuit. Ianat pnase setting was chosen for fhese lovw re-
sistance ueasurements which allowed zero ra.io trznsfcrmer
setting to produce a null signal. This results in a zero
(resistance)‘érror of 5 milliohms. Thus a residual re-

sistance of 10 milliohm could have fpersisted below the tran-
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sition.undetected.‘
Temperature Control

The off-null signal from the thermometer resistancé
measurement was usually used to control the temperature of
the samile tlock. Wheh %-g% of the samtle exceeded thaf of
the trnermometer, the sample resistance then servoed the tem-
perature. With the fhermomete: cﬁrrents used (see below)
temperature changes of 10 microdegrees could be resolved in
tﬁe vicinity of the samples' resistive transition.

'The error signal from the detector §f the tnermometer
bridge was fed to two operational aﬁplifiers in a buffer
and summing configuration siown in figure 15. This circuit
and the thermometer bridge was built by John T. Anderson.

The temperature regulator for the exchange gas can
was a ﬁheatstone bridge with a phése sensitive detec-
tor. This teﬁperature regulator was capable of résolving a
100 microdegree temrerature change. A simple calculation
shows however that there is a 10 millidegree teasperature
drop across the exchange gas can in a typical runhing situa-
tion. This is due to heater rower necesszary tc make it func-
tion as a heat shield. The function of a heat shield in
this case is, of course, to prevent such a temperature
drop across a sample block.

The output of the phase seinsitive detector for the

. *
Wheatstore bridge went to a pair of Kepco operational amp-

* These were "Operation FPower Suprlies OPS 40-0.5(C) and
PBX 40-0.5(C) of Kep o, Inc., Flushing, N.Y. '




TEMPERATURE CONTROL POWER SUPPLY |
+15V

" GT 8andtyg

POTIS I0 TURN |
'LM20I COMPENSATED WITH 30pf, SUPPLIED WITH %15V BY
POWER TRAN SUPPLY MM-I5

ALL RESISTORS ARE 1% UNLESS OTHERWISE NOTED

09
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lifiers in a summing configuration. These provided sufficient
current to bring the temperature of fheAexchange gas can from
4.2 K to 30 K within a haif hour. Typical heater currents at
10 K were 5 to 6 milliamps. The Wheatstone bridge was operat-

3

ed at 1 x107hertsz.
Electrical leads to the exchsngze gas can were isolated
frcm those to the ssmple block. Sevgral tests showed there

was no cross talk between these two sets of leads.

Cryostat Performance

During preliminary runs, a sample was used as a thermo-
meter to determine optimum values for heater currents, éx-”
change gas pressures and wait times for thermal equilibrium.
A point was chosem on the samgle resistance vs.'temperature~
curve wnere the slore amounted to l.3m€KAfL. Changes in
power fed to the various elements in the cryostaf pfoduced
the foliowing changes in temperature difference between
;ample and thermometer:

Elementl : Current jnduced change in

sample-thermometer tempera-
ture serxaraticn

sample (R=2005)) 0 -BIU?K/(IMA)Z
Thermometer (R=100.0L) , O.%/fK/(/LA)Z
Sample Heater(R=150f)L) 1 mK/(mA)2

A choice of arpropriate sample current was complicated

- by nonohmic behavior of samples. Despite this difficulty,

samrle currents of generally &}/&A RMS were used, since

- this permitted resolution of samrle resi:stance chaniges of a
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few millionms in.reasonableAtimeé. Nonohmic behavior produc-
ed resistance cnaanges of upito several tens of‘milliohms.
This effect was noted in such a way that corrections can be
made for it if necessary..‘The skability of the sample cﬁr—
rent scurce wa$ better than 0.1%.

The CryoGal thermometer was used at constaﬁt powér. lThe
valug of 1/4watt is that reccmmended by the manufacturer and
used here. Over the poréion of the samples' resistive transi-
cion where resistance changes most rapidly (a few tenths of
a‘degree wide) constant current was used fof tﬁe thermometer.
At this temyperature the thermoheter is about 100 ohas. The
iOO microamp thermbmeter current used here produces a milii-
degree temperature difference between itself and the sample.
Thus it Qas neéesséry to use a 0.1% power supply for the
thermometer current also.

A sample block heater current of 300 microamps was the
smallest current consistent with reasonable time between
data pcints. Enough resistance was put in éeries with the
sample block servo signal source to limit the heater cﬁrrent
excursions to ten microampé. Monitoring and holding this
heater current to the nominal 300 microamus at each data
peint insurec thzt relative temperature errors were at
most a microdegree due to this cause.

Methoc of Takinx Data

For each data point, the temperature controlling bridge

was set tc tie cesired resistance. The exchanze gzs can




heater current anc other bricge wss adjusted tc bring the
s;mple heater cﬁrrent to 300 microaamps.

The time necessary for thermal eqﬁilibrium for tempera-
ture steps of 5 millidegrees was a few minutes. This wés
about the time necessary.to check reactive balance and es-
timate changes in gquiescent currents and bridge settings for
the next data poinf.‘ Therﬁél equilibfium wa@;judged to:have
been estabvlished when no further changes in bricgé settirgs
were necessary ror fixec values of quiescent current.

.Fcr temrerature changes larger than 5 millidezrees,
éorrespdndingly longer waits were necessary. In fact, aiter
the initial transfer of 1liquid helium, a thrée hour wait was
necessary 1or thermal equilibrium even with quiescept cur-
~rents preset to desired values.

Wico thiz sort of care, reproducibility within a given
run, cycling between 4.2 K and 90 K, was better fhan 0.01 ohm
or 10 micfodegrees on the most sensitive part of the transi-

tion.

Ihermometry
»

A precalibrated CryoCal germanium resistance -thermometer’
was used to determine the temperature of the sample. The
calibration is traceable to the National Bureau of Standards
Provisional Scale of 1965 with an accuracy of 0.01 K in the

temprerature rangze 5 K to 20 K. In the range from 20 K to

*CryoCal, Inc., Riviera Beach, Fla, unit #825.




&L
90 K the calibration is traceable to the Bureau of Standards
Provisional Scale of 1955 with an accuracy of 0.04 K from

' *

20 K to 40 K,and of 0.1 K form 40 K to 90 K. Interpolation

was done with the expression

ThR =3 A (BR)"

It was found that a reasonable fit to the calibration points
could only be made in sections of_the thermometer resistance
vs. temperéture curve and using foﬁr terms in the above
series. These fitted secticns of curves failed to coincide
by at most 3 milliaegrees at the high temperature end. This
ciscrepancy is not significant in this work since it occurs
at temperatures where the sample resistance is only weakly
temperature dependent.

The CryoCal thermometer was used for measurements in
magnetic fields up to 10 - kOe except for those measurements
dateé 1/10/70. When the Cryoéal was used, adjustuents were
made for its magnetoresistance using data furnishéd by Cryo-
Cal, Incﬂ A check of this magnetoresistance data using the
National Carbon Co. thermistor (discussed velow) later
showed the corrections to be in error by +11 %. This amounts
to an essentially constant error in the data presented, of
1l m K for the 10 kCe data rresented in the fourth chapter

and an essentially constant error of O.4m X for the 2 kOQe

* The coefficients in this expression ayppear in the subroutine
for calculation of temveratures from thermometer resiestances
listed in agppendix I.
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déta. The lisfed temperatures for the adbove mentioned aata
are too high by the stated amounts. Magnetic field data
takeﬂ on 1/10/7leere taken with a thermistor.

A National Carbon Co., Inc. thermistqr was used as a
thermometer in the measuréments that involved fields up
to 100kOe. Use cf this thermistorkfor these measurements

(85)

was suggested by Schlosser and Munnings » wWho repbrtéd
at most a O.2%vchange in its resistance at 4.2 K in a field
of 19kOe. We checked this measurement with our own unit

in fields up to 10k0e and fcuné no chrange in a resisianceA
of 81 kilohms at 4.2 K within 50 milliohms. This amounts

to a temperature error of less than 10 microdegrees. This

was téken as evidence that the fherhistor was a derendable

thermoﬁeter in high magnetic fields so long as the CryoCal
was used as a transfer standard in zero field.

In some of the high fieslo measurements it was.not ros-
siBle to mount the Cryo8al in the sample block with the
thermistor. “Thus tests had to be made to determine the
cyclability of the fhermistor. Comparison of the thermistor
with the CryoCal over five cyclings between room ahé liquid
helium temperatures over a five month yeriod showea a shift
in the thermistor's resistance vs. temperature curve of 1.2
millidegree toward lower temperatures.

The tﬁermistor was calibrated in zero field with the
CryoCal as transfer standard. The calibration is shown in
appendix II. Interjpclation was done with the seme fitting

program used for the CryoCal.
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Magnetic Field Measurements

Magnetié fields up to 1(kOe were avaiiable.mith the
cryostat cescribed above. They were produced by a solienoid
wound with 3 mil core Supercon- T48B coppér clad and formvar
coated wire. Solenoid geometry was: mean Winding diameters=
1.835"; wincing length= 3.65". With 9218 turns, the solenoid
formula givés 1.117 k Oe/ampere. This number w;s roughly
verified with room temperature measurements usiﬁg a flux-
gate magnetometer. The solenoid wés wound by Bcb Riess.

The éamples were centered geometrically with respect
to the solenoid to within a few millimeters. Uniformity
of the maznetic field over the samples is estimated to have
been 1%. Because the sample blodk-support was.not rigid,
sarmple aiignments were to within a few degrees of arc.
Because of this alignment problem, magﬁetic fiel&s were only
arplied perpendicular to the samples.

A seconc cryostat (figure 16) was necessary for the mea-
surements made in conjuncticn with the 100 kOe maznet at
University of Iowa at Ames, Iowa. The inner diameter of the
100 kOe magnet did not allow room for a temperature shield
between the vacuum can and sample block. The electrical
leads to thne sample block in this case passed through the
4,2 dezree bath and were wound around the sample block.

Sample and thermometer resistances were measured as des-

* Supercon division of National iesearch Corporation,
Natick, Mass.
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Figure 16

BOTTOM OF CRYOSTAT FOR MEASUREMENTS IN 100KOe FIELDS WITH VACUUM
CAN REMOVED
(The sample block is supported with a threaded nylon rod. Connectors

are heat sunk to copper holders near the flange.)
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cribed above. Sample resistance measurements were of the

‘same accuracy as those gotten with the small field cryostat.

‘Thermometry was less precise. It is estimated that a 0.1 K

error could have accumulated over the te:perature range
coye}ed in these measurements(4.2 K to 60¥K).

. Hizh field heasurements were made at the U.S.A.E.C.
Laboratory, University of Iowa, Ames, Iowa. The 100 kOe.
magnet there was made évailable to us through the courtesy
of Frofs. Samuel Legvold and Douglas Fennemore of that
laboratory.

The magnet was a 1'" bore NbBSn ribbon-wound 100 kOQe
solenoid manufactured‘by RCA with serial<#§M2804. Solenoids
wbund with Nb3Sn ribbon show considerable hyéferisis and long
term relaxation effects in their magnetib field vs. magnet
current chafacteristics. It was theréfore nécessary to
measure'mégnetic field directly. This was done with a .
magneforesiétanbe probe, astatically wound, of #36 thermo-
courle grade‘Cu wiré. The probe was secured rigidiy to the
bore of the ;olenoid and communi;ated difectly with the |
4,2 K bath. 'Calibration of the probe was done against a
smaller probe of 99.999%pureCu wire calibrated with an NMR
Gaussmeter in a high homogeniety 60 . kilogauss field.

The writer woulcd like to express sincere gratitude to
Prcfessors Douglas Finnemore, Helmut Gartner and to Albert

Harvey for their help in the use of this magnet.




CHAPTER 4. DATA

We rresent in this chapter the data taken on the three
samplés described in the preQious chapter. At the heading
of each page are the samvle name, date of run, sample measur-

ing current (Is, measured peak to peak), and type of messure-

ment (R(T) means resistance vs. temperzture at constant

.magnetic fiela and R(H) means resistance vs. maznetic field

at constant temperﬁture).

Printed above listihgs of resistance ve. temprerature are,
in acditionythe magnetic field and maximum sample resistance.
The data listed in this case is the CryoCal thermometer resies-
tance in ohams (corrected for the bridge factor and for any
magnetic fiéld), sample resistance in ohms (corrected for
bridge faétor, but not adjusted for any nonohmic gffecfs),
sample resistance normalized to maximum sampile reéistance,
ang temrerature,

The maximum samplé resistance was found to ciffer by a
few tenths of an ohm from run té run for each sample. o
such chénges were noted so long as the sample was kept at
liquid nitrogen temgperatures. So this is cthuught to be due
to small changes in the contacts on cyclinz.

Magnetic field duta at constant temperature on samgle
320 wes tuken at equally spaced intervals of samyle regis-
tance: R/R = 0.2, O.4,...., 0.8. The cdata on 32A was taken

max

at several fixed temreratures in the regicn where Aslamasov
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Larkin behavior was observed. The initial value of magnetic
fizld listecd for each temgerature is a "fake"i;alue for compu-
tational purposes. This number is supposed to correspond to

zero applied magnetic field (see first part of chapter three).
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Larkin behavior was observed. The initial value of magnetic
field listed for each temgerature is a ''fake" value for compu-

tational purposes. This number is supposed to correspond to

zero applied magnetic field (see first part of chapter three).




SAMPLE 92D 10/29/69 I, = 14 microamps P.P.
R(T) H=0 Ryax = 422.320 ohms
HIGH TEMPERATURE DATA?'ABOVE RESISTANCE MAXIMUM
(PART 1)
THERMOM 4R SAMPLE ® SAMPR/RM TEMP,
© 2060999 421.4000 «997822 29,7486
19.5974 421.2794 « 997536 30,2438
19,0949 - 421,1637 0997252 308447
18,4919 420.9924 «996857 31,5523
17 .R]89 420 .8219 « 996453 32,3033
17.4HA9 420 .HH62 «996131) 3248299
170849 420.5454 0995738 33.3790
16,6829 420 ,3745 995393 . 33,9524
1662809 | 42¢.2186 0995024 34,5518
158789 420).0624 0994655 35,1794
154759 419.84%14 0994227 3544372
1960749 419,6857 e9937A2 36,5278
14,6729 419,4096 993251 37,2539
142709 419,2433 «992715 38,0184
13,8649 418,987 992108 35,3246
13.4669 418,7155 + 991465 39,67%9
13.0649 418,4289 « 390756 4G45763
12629  418,1122 Q90037 4145299
12.2609 417.7855 «9B9263 42,5173
1146573 417,2224 « 987930 64,1629
113564  416,9057 WORTIRO 45,0527
11.r569  416.5538 f986346 45,9919
1067530 41,1667 9856430  4b,98647
10,4519 415,7790 0984513 48,0361
Je TGRS 414.7339 «982037 SU.74499
9.,4470  414,206] $980737  Bc,n62?
9,246 413,829 « 979895 52,9535
9en450N 4)13.431%9 « 978954 53.9084
Bekban 413,045 977942 Se.910é4
| Hehd3D 412.5572 e 976883 55,9638
? Reat2q 4)12.0746 «975740 5T en732
Be2610 4)) 5467 ¢e974490  Sb,2640
hd * This data was taken during initial cooldown while

temperature was drifting slowly downward.
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SAMPLE 92D

R(T)

10/29/69

H=20

32

I = 14 . microamps P.P.

S

Rpax = 422.320 ohms

HIGH TEMPERATURE DATA? ABOVE RESISTANCE MAXIMUM

(PART 25

~ THERMOM.R

T R,N400
783990
Te63R10
Teald7(
702369
71395
70350
fe9345
648340
6.7335
6.6330
645325
6.43?0
66,3315
he2310
61305
6e0300
£.9295
Helt291)
547285
5.628n
5.%5275
Be437(
S5e34A6
Se22610
541395
5-”“51
4,9245
448347
4,733%
446431
446431

* This data was taken during initial cooldown while

SAMPLE R

410,9937
4103504
409.7419
409.1487
4nH 3393
407.992%
40705903

407,1529

406,7005
406,2124
405,7252
4“502175
40“00795
406,0u63
403.5082
4ng.B791
4N2.2117
401,5074
400.783%
399,979
399,1597
398,.139¢
397,2493
396,369
395,.,0876
394,0319
392.,9004
391.267¢C
3IH9 ., 9599
388,4015
386,5917
386,5917

SAMPR/RM
°973181
«971729
979217
«968812
e 966496
0966074
2968122
.Q64ﬂ36
«963015
961860
e 960706
«959513
«958230
« 956825
e 9854456
e95396H
e952345
0950718
e 949004
0947100
« 945159
0942743
«940636
« 938553
e935517
933037
«930339
« 926470
«82337%
e 9196H5
«91%400
¢915400

. TEMP.

59, 4u23
IPRA LY
62¢190%
63,6776
65,2072
6661043
66,9719
ol.n719
HhB8,RnNE3
A TT7T76
17875
71.339¢4
71291359
T4NROY
7542756
ThebH2nY
T763%3

A0 0497
8241652
8307608
15,4430
B7.0373
BH, 7137
')1.”882
3249830
4 ,9845
173353
10061237

102,8315 .

10544330
10544330

temperature was drifting slowly downward.




SAMPLE 92D

R(T)

11/3/69

H=0

Ig = 14 microamps .

Rmax

= 422.586 ohms

HIGH TEMPERATURE DATA? NEAR RESISTANCE MAXIMUM

(PART 1)

THERMOM (R
19:.5974
20,0999
20.A026

21,1069

2160746
22,1099

22.6124 .

23.1149
2441199
251249
25.h274
2641299
27413649
27,6374
28.1399

PHebh4D4

' 29014“9

22.6474

30,1499
30.6523
31,1548
31.6573
3P.]598

376623

33.1648
33,6673
34,1698
3445723
350]7“3
35,6773
3A.1798
36.6823
37.1948
37.6R73
3R,1898
38,4923
39,1948
39,6973
401993

* This data was taken during initial cooldown while

SAMPLE R
421.3397
4?21,4503
42145559
421.65146
421 ,7469
421.8374
421 .917R
42) .,9882
422.1139
422.2245
422 .,2647
422.3099
422 ,3853
422.,4205%
422.64457

422,475H

422,495%
422.516]
42245311
422 .546°2
422,5613
427 .5663
422.5704
4225814
422 .5H64
422 ,5H14
427 .5864
4225764
42205764
422,5714
427 .5563
422-5462
4272 .5367
422.5211
427.5064
422 .,49909
422 ,.46T0H
422.6507
422682055

SAMPR/RM
« 997051

397312
997562
«Q977H8
'09980]4
« 998228
« 998419
«998585

« 998883

e999])44
+999240
0999347
+999525
«9996(8
¢999668
«939739
e 999787
+ 9998346
0999870

999906

e 999942
999953
e 999977
« 999939
14000001
e 399949
16000001
0999977
«999977
« 999965
¢9999390
¢999306
999882
«999846
«999811
«999775
0999727
+99968(
¢ 99968

TEMP,

3047R3H
29,7484
29.2362
2B, T4%6
28,2751
27.4235
27,3098
26,9728

. 2641958

2544565
25,1119
244 (R3D
24.1528
23,4536
23.5042
23e2H4?

23,7131

22¢7%05

2244960

2202493
22,0100
21,7777
2145523
213333
2l.1205
20,9138
20071?7
2905172
2043269
2041417
199613
19.7857
17,6146
1764478

19.2253

19,1267
14,9721
188213
13.074)

temperature was drifting slowly downward.

93




SAMPLE 92D 11/3/69 I, = l4. microamps
R(T) H=0 Roax = 422.586 ohms

HIGH TEMPERATURE DATA? NEAR RESISTANCE MAXIMUM

* This data was taken during initial cooldown while

(PART 2)

THERMOM. R SAMPLE R SAMPR/RM TEMP.
07923  6427.405% 999573 185304
4] ,2048 422 ,3%03 «999513 18,3901
42472098  422.315%0 +999359 1841193
43e2]4R 422.2546 «999216 178608
44.2198 422.25%4h 0999216 17.6139
45,2248 422,1139 s 998BH3 17,3778
46 e 2298 422.03346 «998692 17415138
LT e2348 42149430 ¢ 998478 ° 16,9355
4R+ 2398 421 .857% «998276 16.728

T 49,2648 4721,756%9 «998038 16,9310
80e2497 42) 6463 © +997776 154 3387
51e2547  421.5454 #997538 19,1539
522597 421,4302 e997265 129760
53.2547 421,3095% e 996979 19,8047
5442697 421,1784% 996670 15.6396
58,2747 421,06431 0996349 19,4506
5642797 420,9023 « 996016 153267
87,2847 420,791% 0995659 15,1783
56,2497 420,6007 « 995302 15,0349
59,2947 420.,4699 0994945 14,5961
A0 e2997 420,2739 $ 994529 14,7619
6143067 420,098¢ 4994112 14,6319
6203097 419,9069 993669 14,5059
63,3147 419,7159 2993208 16,3438
64,3197  419,5043 0992709 14,2683
65,3247  4)9,3087 2992245 14,1506
6h 3297 419,0674 «991674 14,0387
6Te3347 41,8111 «99111% 13.9303
68,3307 418 ,989H «990543 13,R248
69,3447 41H,3234 «9R89913 13.72213
7063496 IR «9B9247 13.6226
71.3546 417.7553 «98R8569 13,5255

temperature was drifting slowly downward.

I




SAMPLE 92D

R(T)

10/22/69

H=0

R X'= 422.320 ohms

ma

95

I = 14 microamps P.P.

UPPER HALF OF RESISTIVE TRANSITION

(PART 1)

THERMOM R
102.3587
102.1075
1019567
1017055
10) 5547
101,4040
10147532
1011925
10n.9517
1008010
100.,65n2
100,4999
10043488
100198D
100en473
99.,8B9A%
99, 74%8
9905950
90944443
99,2935
99,1428
9869920

98 H413

9Ke690%
9R,.53913
GR 63899
98,2383
QR,NHTS
97,9360
97.7860
97.6353
57,4R45
97.333H

SAMPLE R
166,9935
175.6¢252
180,6977
189,4148
194,9247
200,4847
206,0649
211.7557

© 21746375

223.3987
229,1699
23%,.47a60
241.9239
248B,7207
255,.60630
2629455
269 .,6n87
2775215
284 ,5994
294,307«
30442160
314.,3207
323.465)
33].3H88)
33K ,9992
345,31 44
350,9] 34
355.8%04
360,2089
363,944
367,262
3706194
372.9177

SAMPR/RM
«295419
0415858
0427859
448510
0461557
e 474722
487936
e501411
«515338
«H289H80
0562645
«957873
05728“S
«588939
«AN5235
eh21674
638399
657136
«673896
696882
0720345
744271
e 1659724
« 784685
«B02707
«R1T7670
«830919
«842608
« 8852929
+ 861773
eH696730
«AT765H72
«883022

TEMP,

11.,40R3
11,4208
11.4283
1100409

1144484

11,4560
11,4636
1147172
11.478Y
11,4869
11,6942
11,5019
11.509%
1165174
11.5%289]
1185329
11,5407
119485
1145564
11,5667
115721
11.5800
11,5880
1105959
11,6139
11.6119
11e6199
1145279
11,6360
11e6460
116521
11.6603

11.5684



SAMPLE 92D
R(T)
UPPER HALF

(PART 2)

THERMOM.R

97.1324

96,9318
960680%
9A4.3793
950977”
9% 44745
Y4eHT715
9441178
93,n62%
91,4555
RO 44446
BA 4296
72,3596
58,2897
47.2348
34,1698
33.1048
20.(‘999
19,0949
17,0849

10/22/69

H=0

SAMPLE R

" 376.0547

378,7497
381.,71%3
3384,731h
388.0194
391.2821

. 394.373H

397437248
400,4366
403,418¢
406.8614
410.0634
413.462]
417.1m72
420.3393
@2) ,6866
42243200
42237200
421.20%90
420,997»
420,3795

96

I, = 14 .. microamps P.P.

ma

OF RESISTIVE TRANSITION

SAMPR/RM

. «B90459

«R9RH3n
«903853
«®10995
AR-NA)!
e926546
«933827
" +940R14
e 948183

355385

963396
«9T0834
e 379029
«98TB4A
¢995319
998500
1000000
1000000
0997369
«9961774
«998405

R .y = 422.320 ohms

TEMP.

17,6793

116902
117039
11,7205
117427
11.7707
11e8n46
11eR476
11,9087
11,9923
12,1282
1243237
1267806
13,4309
15,0349

1649355

2ve7127

2le1206

29.7484
39,8442
33,3790




SAMPLE 92D

R(T) -

12/12/69

H=0

S

Ro.x = 422.586 ohms

ma

LOWER PORTION OF TRANSITION

_ (PART 1)

THERMOM R
9n.,8h14
9R, 8925
GR,RIAAY
QR L9789
Q99,0523
99,1277
9G,.,2n31
99201} 1)
99,2774
99,357H
99,4433
99,5357
99,6342
99,.73R7
99,1463
99,5578

100.0684

100.1819

100.7975

100.4181

1005457
1006754
1004080

100,9407

101073

1012080
101.3647

1n) 4834

1016231

1n]1,7668

101.9125

10200603

102.2100

SampPF R
323,75%17
321.,7408
321.740HK
316,713¢-
311.6864
306,6597

301.6320

30).6320

296 ,6044

291.5775
2B6,5504
28} ,523¢
276,4960n
271 46088
266,440
261.414“

. 256,3872

251.3600
246,.3325
241.,3056
236.,2784
231.251°2
22642240
221,1968
216,1696
211.142¢
2n06.1152
201.088n
196.,060%
191,0336
186.006“
180.9792
175,9520

SAMPR/RM
1661720
e 761362
e 76)367

0749465

« 737569
725673
« 713777
e 713777
«T018BR(
«6BO0HL
678088
666191
e6S54295
5h42399
e63050n3

«eH18B60H

«606710
59484
«58p2918H
571021
e 559125
e547229
«953%5337
«D23436
511540
e 499644
«4BTT4T
e 4T7585)
e 463955
2452059
.“40162
4282066
616370

TEMP,

11.5869
11.5R53
115850
11.5409
1105769

11,5729

1169690
11.569)
11.5651
115409
115064
11,5516
11e546%
11e%411)
1149355
110%297
11,9240
11.5182
11,5123
11,5061
1164995
11,4929
11.4H62
11,6794
1160727
1164659
11.4%90
1104520
11.4450
11,4378
114430%
11,423)
11,4157

97

I_ = 14. microamps P.P.




SAMPLE 92D

R(T)

LOWER PORTION OF TRANSITION

(PART 2)

THERMOM.R

102.3597
102+508%
10206552
10247989
102.9376
1030723

103.2009

103.3245
103.444)
103.5%97
1035597
103g5607
10306733

103.7828

103.890¢
103.9969
104,1024
10442069
10443125
10444210
104.,5335
104.6541
104.7878

10449355

106449406
1049406
104.9446
105.1044
10542762
1054602
10546612
105.8823
10641194
10643717
10646400
106.9325

12/12/69 .

H=0 "

SAMPLE R .

170,9248
165.8976 |
160.8704
1558432
145,7R88 -

140.7616
135,7344
130.7072

125,6800°
125.7353‘
125.,6750

120,648

115.621¢
© 110.5940

105.567¢
100,5400

95,5130

90,4860

85,4590 -
80.4320

75,4050

70.3780‘

65,3510
65.3%10
65.4908
65,3601
60.3324

553047

50,2770

45,2493 .

40.2216
35,1939

3n.1662

2541385
20,1108

S

:I = 14 microamps P.P.

R = 422.586

max
 SAMPR/RM TEMP.
T 0404473 1i,4083
0392577  1l.4009
- +38068] 113937
¢368785  ]11.3866
.356888 11,3798
0344992 113732
0333096 113669
321199  11.3»09
- ¢309303 11.3550
0297407 11,3496
«297538 11,3494
297395 113494
_ +285499 113439
2273603 1]1.3386
261708 113336
0249812 11.3283
0237916 11,3232
0226020 - 11,3182
214124 11.313)
0202229 11.3079
0190333 11.3025
178437 11,2964
2166541 112904
0154645 112834
7 2154645 11.283)
- ¢154976- 11,2831
. 2154667 11,2839
0142770 11,2754
- 130872 11,2673
- +118975 11.2586
" e107077 11.2491
0095180 - 11.2388
«nB32832 11.2277
n0071385 11,2160
«0159487 11.2036
2 N4T590

11,1901

98




SAMPLE 92D

R(T)

LOWER PORTION OF TRANSITION

(PART 3)

THERMOM.R

106,9325

10649335
10702681
S 107.6902
107.6902
107.9827
1n8,2872
10R.5716
108,.,8038
10809“35
109.1133
109.2168
10903354
109.4852
1096947
109.6942
1097171
109.6684
1100311
1103928
10,7219
1109714
11143235
111.6663
117.7314%
11441129
1156477
1170443
117.7476
118.3505
119,2187

12/12/69 I, = 14, microamps P.P.
H=0 R = 422.586
max
SAMPLE R SAMPR/RM TEMP.
20,1428 0647666 11.1901
20.1227 047618 - 11.1901
1%.092n 035713 111747
10.0614 "« 023809 111555
10,0674 e N23KR23 11,1555
10,0715 023833 11,1555
7.5536 «01787% 1141623 -
5.5393 013108 111285
64,0286 009533 11,1158
3,021% «N07150 11,1054
2.5179 e N05958 11.0992
2.,0143 0064767 11.1916
17625 «004171 1140870
1.5107 «00357% 11.0818
1.2589 002979 11.0752
10073 002383 110659
1,0071 002383 11,0659
10071 ¢« 002383 110649
1.0575 002502 11.0671
. 7554 001787 11e0512
5539 0001311 1100354
4029 0000953 11,0211
3021 «0N0NT15 11,0103
22016 000477 1069951
15811 000357 10,9805
b1007 0000238 10.9365
0755 « 000179 10.879)
e 0554 «000131 10.8167
0403 «N0009% 107611
«0307 «N00071 10,7335
0201 eN00048 10,7101
.0101 ' .000024  10.683

99




100

SAMPLE 92A 12/28/69 I. = 12. microamps P.,P,

s
R(T) H=0 RmaX = 325.863 ohms

UPPER PART OF RESISTIVE TRANSITION

THERMNM4 R SAMPILF R SAMPR/RM TEMP,
125.,4868 251.30600 771367 10.4465
125.,2733 256,3872 e T8AT94 10,4541
125.0296 261.4144 802222 10,4627
124,7%83 266 ,46106 817643 10,4723
124.4318 271.4658 833076 104840
12440525 276.4960 «848504 1064975
123,5978 281,5232 «R63931 10,5139
123.4101 286,4247 «B78B9T3. 10,5352
1224674 290.2957 « 89882 1)e5557
1218270 293.,7896 +901574 109786
1211990 296,655 e910367 196019
120.5710, 299,068] e917773 10,6254
119.8174 30,2801 0924561 10,6538
118.8127 303.8942 «932583 1066922
117.5567 306.257¢ ¢939834 1ue7410
116606496 308,5193 966776 1068006
113.7889% 311.0329 «e95449) 10,8925
11n.5234 313.6973 e 962666 110297
105,4996 316.4120 e 970997 11,2567

96,9592 319,4283 0980253 11,6887
B4,.3243 322.0927 « 988430 1264677
62481272 324 ,6566 «996298 144644
39,29R”3 325.863) 1000000 18,9417
2841991 325.2%98 «998149 23."B1A
2041641 324,103A 0994601 29,6817
18,4498 323.3994 «e99244) 316033
13.6792  320,5845 «983802 39,2205
11.2818 318,3223 « 9376859 45,2804
GeT7251 316.,0601 «969917 5068477
He7950 314.2000 « 964209 53.1620
7e945R 311.9378 «987267 60,0874
7.2584 309,.7258 950479 65,0843
be6617 307,0111 « 942148 T0.6977
6.1151 303,6429 931811 16,1224
“,.,4286 299,4703 2919007 87,1491




SAMPLE 92A

R(T)

12/24/69

H=0

101

I =12 mwmicroamps P.P.

S

R oax = 325.863 ohms

ma

MIDDLE OF RESISTIVE TRANSITION

THERMOM R
123.7792
124410156
124.,4064
12447340
125.n156
125.2672

125.4747'

125.6802
125,83593
126.0n23)
12601743
126,3132
126.4643
1269674
126,AR35
12647940
’12603977
1269974
127.09324
127.1841
127.2720

127.3576

127.,4410
127,521
127.,6018
127.6794
1277570
12718342
127.9125
127.9911
128,0720
12841574
12R+ 2456
12R.3408
128e440H

SAMPLFE R
279.1001
276.4960
271.64688
26b.,4410
261.64144
256,3872
251.3600
246,332k
241.305¢
236.2784
231.2512
226,224
22)1.196%
216.,1696
211,.,1424
206.115%2
201,088
196.060GH
191,0336
186,0064
180.9792
179.9520
170.,9748
165,8976
160.,B704
195,8437
15n.8160
145,7888
140,7616
13%,7344
130,7072
125.6800
120.652¢
11%,6256
1105944

SAMPR/RM.

« 856495
«RGBS04
833076
«B17649
B02222
« 186794
« 7171367
« 7155940
« 740512
« 725085
« 709658
0694230
«6T78803
663376
V647948
632521
«h17094
}601666
« 586239
«570812
555384
¢ 539957
524530
«509102
« 493675
«478248
e 462820
«447393
«843196A
«416538
401111
e 3JBS6HG
370256
354829
e33944y2

TemMp,

10,5074
1U.498R9
10,4869
10,4732
1044632
10,4543
10,6470
10,4397
1u,4335
10e6277
10,4224
10.4)76
106130
1044087
10,4047
10.‘009
10,3973
10,3934
10,3906
10,3874
1043844
10,3414
1V,3786
10,3758
10,3730
10,3704
1063677
1036571
19,3624

10,3597

10,3570
104354]
1Ve3511
10,3478
10e¢3444




SAMPLE 92A 2/28/70
R(T) H=0
Rmax = 325.863 ohms

n nwn

Lan S Bl o ML
o non

/2]

LOWER PART OF RESISTIVE TRANSITION

(PART 1)

THERMOM R
127.806%
127.8103
127.8110
1783026
12843993
128.5011
1285083
128.6191
128,7372
128.,7322
128.,8578
128,.9884
128.9984
129.6813
129.2245%
129,3677
12945209
129.679)
12944525
130.0308
1302217
13064327
13006437
13“0Q62?
131.0933
1313295
1319857
1315894
131.568]
13).7439
131,9348
1320755
1322312

SAMPLE R
150.8160
150.8160
150,.,8) 640
12”06528
115.6256
110.5984
110,6094
105,5817
100,.,5540
100,5540
95,5263
90,4986
94986
85,4709
80,4432
75,4155
Toe3R78
65.3601
60.3374
5%.3047
02770
45,2493
402216
35.1939
30,1662
29.1385
2041108
2041108
2041227
17.1043
14,0859
12.0736
10.0614

SAMPR/RM
462820
« 462820
462820
«370256
+ 354829
«339402
¢339435
e 324006
«308578
+30R857R
0293149
277720
277720
262291
246862
e”231433
«216004
«200575
« 185147
e169718
e 154289
0138860
e123431)
«108002
092573
0771404
061716
+N61716
e N61752
« 052489
e N43226
« 037051
«030876

TEMP,
1063660
1043659

1063659

103491
1003458
1036424
1043421
1¢.3384
10,3344
10.3346
103303
10,3259
1643256
l1ue3228
10,3180
10,3132
103080
Loe3027
10,2969
10,2910
10.2Ra67
1002777
102707

102035 .

10,2559
102481
1¢2398
102396
10,2403
10,2346
10,2284
16,2238

102

0.5x10_6A to 20 >hms
1. x10 A to 7.5 ohms
5.x10"%A to 0.02 ohms
50 x10-%A to 1 milli

ohm

102188 ~




SAMPLE 924
R(T)
Rpayx = 325

2/28/70

H=20

.863 ohms

nomnon

o

LOWER PART OF RESISTIVE TRANSITION

(PART 2)

THERMOM.R

132.,2262
1324573
132.706¢C
13?c9597
133.2109
133639567
133.645¢%
133.7911
1339996
134.724588
134,5020
134.7T78R3
135.0219
13%,263)
135,4992
135,7002
135,9438
13641247
13603080
136,5843
136.,9913
13744911
13840036
138.3050
138,R953
139.,121¢
1391214
139.38%)
139,.5107
139,5936

SAMPLE R

10,1722

7.5536
5.5393
4,0286
3.021%
29179
Z2e0143
17625

1-5]07.

1.25%89
1.0071
e 71554
«55%39
« 4029
.3021
2518
2014
e1763
1511
01259
e1007
. 0755
« 0554
« 0403
« 07201
«0)01
0111
«005%
<003¢C
L0016

SAMPR/RM
.031216
023180
0016999
en12363

«009272 -

.n07727
«00h1N1
0005409
e 04636
003863
003091
«002318
001700
0001236
«NN0927
« 000773
«000618
« 000541
« 000464
«N0O386
«e0N00309
000232
0000170
«N00124
000062
«000031
+000034
«N000V 7
000009
000003

' TEMP.

10,2189
102115
10e2034

103

1.x10~% to 7.50hms
5.x10"0A4 to 0.020hms
50.x107%A to 1 milli-

ohm

131953

101872
1001813
101734
1061687
1001621
10015“3
lu,14672
101375

1041299

10,1226
10,1150
1001097
1061012
12.0956

10,0499

10,0016
10,06R9

1040537

100381
100290

10,0113

100065
100065
9,9966
Y.9929
$,9904




SAMPLE 92DX

R(f)

33.7259
33.80¢63
33,8717
34,0175
B6e)18)
91,3339
Q64,5740
96,2584
97,1016
97,5162
97,9337
980193C
98,4091
‘9H8.6]13)
GR,HI41
99,0011
89,2010
99,2774
99.40%]
99,/267
99,8543
1000875
1003196
1005548
10007970
1010512
16131846
101.5959
101.8806
10241728
102.6592
10727406
1030079
103.2552
103.492¢
1n3,7285
1039067
10402059
1nN4e4532
104e7064
10469597
105,7129
105,4672
1057116
IGSQQSQH

5/23/70

H=0

SAMPLE R
338.959])
339.009¢
339,0%96
334,8083
331,7702
326,743¢0
321.7158
36,6886
311.6614
306,6347
301.,6070
296,5794
291.5526
286,5254
281,4987
276,4710
271.4438
269,5837
26b.4166
261 ,3894
256 ,3622
251.335%5¢
246.3H75
2641 .2806
236,2534
231.2262
226,1990
221.1718
21b,1460
211.1174
206.,0902
201.063(
196.03548
191.0086
185,9114
180,9542
17S9.9273
170.8998
165.866n
1608390
155,81 20
150,78584
145,7580
140,731
135,7040

104

I_ = 2. microamps P.P.

s

R = 339.081 ohms.

max

FULL TRANSITION UP TO RESISTANCE MAXIMUM (PART 1)

SAMPR/RM
099964 ()
« 999749
e 999937
¢ 999196
e 978439
«963613
« 948787
«933962
919136
«904310
« 889484
« 874658
« 859832

845006

«830180
815356
800528
0 7950472
0785702
«770876
« 756050
o T41224%
e 726398
e 111972
eh96746
«6B1920
«H6T7094
e 652268
«6374472
2622616
607790
«592965
578139
563313
eH4R4KT
333661
«518835
«504009
e4HB9163
e4 74338
e4595) 3
P H446MT
,4298672
0415037
400211

TEMP,

2V 8G90
20,8576
20,8313
20,7731

12.482)°

12,0117
11.421%
11,7271
116810
11.6532
11,6361)
116223
11.6108
116000

1145899

11,5796

AlloSbgl

114565)
1]1e5%8¢4
1145469
11.,53%0
1145231

115111

11.6991
11,4867
11,4738
114603
114464
11,4321
11.4176
11,4034
11, 3IK95
1163764
11e3642
11,3527
11,3412
113297
11.3182
11e3n64
112944
11.2822
11,2702
11,2%483
1l.2468
11.2352




SAMPLE 92DX

R(T)

FULL TRANSITION UP TO RESISTANCE MAXIMUM (PART 2)

THERMOM.R

"106,1998
10604471
10647134
1n6HT12
107.068)
1n7.252)
1070437ﬁ
1078309
1076279
10R.1n571
108,293
1n8.5596
108,H4A0
109.,1344
109.4138
109.6681
109.8992
110,1123
110,3113
11044972
1107319
11n,976R
111,318¢4

1115081 -

1117161}
111,9313
11715R7
112.,4099
117.F425
1125585
1124947
113.1207
113,7915
1135553
1123.7060
113,8H43
11“@9325
1162008
114,396H4
114.63564
119.0247
117.6647

5/23/70

H=20

SAMPLE R

136,6770

125.6500
120,6230
115,596¢0
110.569¢
109.542¢0
100.5290
9¢ . 4736
95.5”13
B5,4459
7%.390%
70.3602H
65,3351
0,310 Ta
58,2797
50.2600
45,2315
40,2030
35,1745
30,1460
25,1175
20,0891
17.5747
15,0605
12,5462
1ﬂ.046b
" T.5286
5.5143
4.00n36
2.9964
2,6929
19893
Je737%
1,6H57
1.2339
LS

o 1300

e H2HG

« 3779
2771

Ls

= 2. microamps P.P,

R = 339.081 ohms

max

SAMPR/RM

» 385356
«370560
«355735
«340910
+ 3260084
¢311259

e 2966475

266820
281647
251963
«237165
222338
« 207510
«192643
e1778%5%
163028
0148224
133394
« 118565
«103735
o 0BH99S
+ 074075
«N59245
(051831
4646
« 037001
0029629
e 022293
e NY1EZHI
116263
«011807
«N0BBIT
007352
eNQS8AT
0005124
«N04372
003639
0002897
002154
« 001500
«001114a
e0Q0B1L7

TEMP.

T 11,2240

11.2125
112002
11,1929
111439
1141785
111670
11.149)
11.1583

11,1389
- 11l.1280

111163
111035
11,0907
11.n783

1le067)

11.0569
11,0676
11.n389
11.0308
11e0207
11.0101
10,9956
109QHT2
109784

19,9692 .

JUeI60H
1Ue9500
1Ug340)
1069395
1069296
1649202
10,9131
10.9021

10.8959

10 HBUED
10eHH24
1U.B755
10,R875
1068577
10.R6109

lie7368

105




SAMPLE 92DX

 R(T)

5/22/70

H=0

maXx

LOW RESISTANCE PORTION OF R(T)

THERMOM, R
112,2545
11245191
112.7733
113.0117
1132260

113.3692

113.5633
113.6814
113.8196
113,9628
114.1261
1143044
114.4828
114656
114.,8069
- 11449048
114.9777
115.1711
115,2816
1154600
11549549
117.20%9
117{9621
118.,5575
119,4518
12041150
1226171

SAMPLE R

10,0746

5.5353

4,0246
3,0174
245139

240103
1.7585
1.5067

1.2549.

1.0031
971514
- 9499

¢ 3989

2981
2478

 $1974
1723
1471
.1219
<0967
0715
« 0514

.0363

,0161

00061
w0010

"SAMPR/RM
+N29711

022286
«016324
0011869
0008899
e007414
«005929
005186
0004444
« 003701
s 002958
002216
001622
001176
«N00879
0000731
s 000582
« 000508
000434
0000359
000285

0000211

9000152
0000107
«000048
«N00018

4000003

R = 339.081 ohms

TEMP,
10,9565

10.9454’

10,9347

10,9267
10,9158

109098

.‘10‘9018
10,8969

10,8912

10,8653

10,8786
108713

1086410

108569
10,8507
10(8“68
10.R438
10.8360
10,8315
10,8243
108044

10,7547

10.7252
10,7021
10,6677
10.6426
10,5495

106




SAMPLE 92D

R(T)

MAGNETIC FIELD PERPENDICULAR TO SAMPLE

THERMOM (R

72.8809
83.81R2
B4 3825
92,5006
94,4494
95,5467
96,3792

96,9872 -

97,4769
97.8702
98.2096
9845007
9847631

98,9942

99,2113
99,4126
99,5946
99,7686
99,9297
10041001

100.2527 -

10043985
100.,5499
10006902

100.8268 .-

100,9477
10140920
1012255

101.3492f

101.4704

101039
110147261

1018545

101.9780
102.1065

102.2319

1023594 -
102+4869

1026163
1027408

1028703 -

10249997

10341273

103.2657

11/10/69

H= 2 kOe

s .

R - = 422,586 ohms
max

SAMPLE R~ SAMPR/RM

417.2576
- 412.,23046

407.2032
402,1760

397,1488

392.1216

. 387,0946

382,0672
377.0400

© 372.0128
 366.9856
361.,9584

356,9312

35149040
346,8768

341,8496

336,.8224 .
331,7952

326,7680

321.7408
316.7136

311.6864
306,6592
301,.6320
296,6048

291,577¢
. 286,5504
281.5232
276,4960 -
271,4688

266,6416

261 .4164

256.3872
251.3600
246,3328
241,3056
236.2784
231.2512
226.2240
221.1968
216.1696
211,1624

.20611152
201.0880

- e987391

0975495
2963598
951702
0939806
,927910
916013
0904117
892221

eRBn324

«868428
+856532

" oB44636

+832739
+820843

. «80R947T

0797051

¢ 785156
«773258
- +761362

07649465
q737$69
« 7125673

. «T13777
. +701880

«589984

0678068
. +666191
1654295

«h62399
«630503
0618606
606710
e594814
582918
571021
559125
e547229

" ¢535332
«523436
511540

4699664
487747

- 447585]

TEMP,

13,3828
12.5033
12,4636

11,9418

11,8286
11.7666

1107205

11,6872
11.6607
11,5395
116214
11.6059
115921
11.5799
11.568%
11,5580

- 115486

11,5395
11.5312

‘11.5224

1145146
11.5071
11,4993
11,4922
11,4852
11,479)

11,6718

11,4650
11,4588
11,4527
114660

11.4398
114334

11,4272
1104208
11,4146
1144083
11.4020
11436956
11.3895
1143831

1143767

113705

1143637

107

I, =12, microamps P.P.

TEMPERATURE CORRECTED FOR THERMOMETER MAGNETORESISTANCE™

_ * Seevchapter three for diécussionvof this COrreétion.
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11/10/69 I. = 12: microamps P.P,

SAMPLE 92D s

= 2 KO -
R(T) H = 2.k0Ce Roax = 422.586 ohms
MAGNETIC FIELD PERPENDICULAR TO SAMPLE

TEMPERATURE CORRECTED FOR THERMOMETER MAGNETORESISTANCE*

THERMOM.R
103.400°7
1035365
103.+732
103.82107
103,94R1
1040896
10442333
104,3768
1N4,5203
106.6352
104,K234
104,9691
10%.1174
10%.2548
105,4275
1055801
10507406
16548992
106.0598
106.,1813
10he3TBRA
106.5484
1N6,719]
IN6ERI88
107.0801
1072717
1070686
1n7eA711
1n7,889R
10R, 1165
10842099
10Re6262
108,9¢51
10902038
JQQ.GSBI
109,976]
110.486H
110+ARB%

112.72683

SAMPLE R

196.,060R

191.0336
186,0064
180,979,
175,9529
170.924HK
165,8B976
160,8704
155,.8437
150,8160
145, THBR
14,7616
135.7344
130.7“72
125,6H00
120.652K
115.6256
110.5G84
105,571¢
100.5%49
95,5263
90,4986
85,4709
Bo.4432
T5.415%
7036874
65.36¢01
60.3324
55.3047
50,2770
45,2493
40,2216
35,1939
30.1¢662
2%.1389
20.1108
15,0831
100554

500&77

SAMPR/RM

T e 6639%5

0452059
ebanl6?
c2RPE6
e416370
e404473
« 392577
«3806¢H]
«36RT705H
«3568H8
¢ 3644992
333046
321199
«e309373
0297407
+ 285511
273614
261718
e 249bc?
0237949
0226052
214154
0202257
0190359
0178462
e 166564
0154667
142770
130872
«118975%
e107077
«N951H0
s(B32L2
eNT7)3KHS
e N594H7
eNGT5%0
e (135692
e N2379%
11897

TEMP.
11.3%72

113506

113439
11.3373
11.3306
11.3238
11,3169
11.3100
113032
1162977
11,2887
11,2818
112748
11,2683

11,2601

112530
11.2454
11e23F0
1123065
1142249
11.2158
11,2078
11,2000
1161917
11.1K34
11.]1746
1141656
1le1564
11.1465
11,1362
11.1320
Jle.1134
1le1009
11.0876
1100719
110836
11,0313
11.022%
10,9559

* . . . .
See chapter three for discussion of this correction.
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11/10/69 I_ = 12. microamps P.P.

SAMPLE 92D s

R(T) H'= 10 .kOe R, = 422.586 ohms

MAGNETIC FIELD PERPENDICULAR TO SAMPLE

TEMPERATURE CORRECTED FOR THERMOMETER MAGNETORES ISTANCE*

THERMOM ¢ R SAMPLE R SAMPR/FM TEMP,
32.,TR4 422,5663 e 999953 21,3264
72.457 417.257¢ e 9873Y] 13.4219
B4 ,539°2 412.,2304 e 975495 12,46%27
93,9821 4p2.1760 951712 118556
96,2403 397.1488 «9398(6 11.728)
.97 ,H001 392.1216 « 927910 11,6433
9R,9649 387.0944 +916013 115818
99,8000 382.0672 904117 11.58379
106,2139 296,.6048 s T01BHD 11,2233
10943957 211.014% 04993461 110791
109,931°72 19509420 0463674 11.0858%
107,964A 251.3600 «594814 11,143)
113.72n13 110.5314 . 261500 10,9168
11443788 85,4799 0202257 10REBZ
1172400 4n.2216 e N951560 107536
121.4635 10,0544 0023793 109920
127,.,5537 1,0054 002379 16,3747
134,0095 1008 2000238 16,1618
140.600C «0101 e 0N002% 99,9607

* See chapter three for discussion of this correction.




SAMPLE 92D

10/22/69

;"ZOe)

o223E=)2
324
116
3206
110
337,
684,

H (0e)

.223E=02
2+66
12,0
34,6
112+
337.
682q

4 (08)

q223E-02
3080
12,4
22.7
112
223
. 769

SMALL PERPENDICULAR MAGNETIC FIELDS AT CONSTANT TEMPERATURE

I,= 14 microamps P.P.

T ( K)

11,6103
116103
116103
1106097
1106097
11,6095
11,6089

T (X
11,5663
115665
11,5667
11.5667
115666
1105668
1105668

T ( K)

11,5256
11525}
11,5246
11,5246
11524
11524)
115228

RS EXP
(ohms)

344,263
344122
3449052
3460122
3440926
347,761
351693

RS EXP
(ohms)

298.214
298.726
300.149
302361
307026

315+5587

324767

RS EXP
(ohms)

255.256
255784
256,799
257.729
2644431
2709488
2884963

110
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SAMPLE 92D

SMALL PERPENDICULAR MAGNETIC FIELDS AT CONSTANT TRMPERATURE

10/22/69 I, = l4.microsmps P.P,

H (0e) T (K R? EXP
' . : ohms)
0223E=02 11,4758 2144677
478 11+4758 215+280
1043 11e4758 2164+933
117 1104758 215+994
3445 '11+4758 217778
H (0e) T(K . RS EXP
- . (ohms)
0223E=02 11,4758 2144822
302 1}1}4?58 215+19%4
22+3 1104758 2184552
152 11+4758 224+314
689, 1144750 246+398
H(oe) T (K RS EXP
: (otms)
0223E=02 11,4684 1950166
599 1104482 195784
1009 1104482 196¢17]
33.5 114689 1974735
116¢ 1104479 201958
335 11+4479 210°906
677 1124473 223565
- H (0e) T(K |
H (0e) T (R R$ EXR
0223E~02 11,3414 116+530
3493 11036416 116782
12¢5 1103412 1174435
35.0 1193413 . 1190245
112 11349 123579
335, 1103405 1329175
677, ‘11,3398 -

143,235




SAMPLE 92A

1/10/70

;4.(0e)

«223E-02
0200E*04
401E+04
e601E*04
+BOOE+ 04
e101E+ 05

H (0e)

+223E=02
*100E*0¢
e200E*04
« 399E+ 04
«602E*04
oﬁooE°04

56E*

1E*

H (Ce)

e223E-02
¢«100E*04
201E+04
e 299E* 04
¢4 00E+04
SO1E+06
«601E*DG
e 69TE* V4
+B800Ee Q06
+901E+04

PEZRPENDICULAR MAGNETIC FIELDS AT CONSTANT TEMPZRATURE

= M microamps P,P,

T( K)

11.1376

111376
11,1376
11.1376

111376

11,1376

T (K

10,8424
108424
10.8“24
10,8424
10.8424
1086424
1808424

8424

T (K

10,5614
105614
10,5614
10,5614
10.56)4
10,5614
10.5614
10.5614
10,5614
10.56)4

RS EXP

(oMms)
315.205
315205
315.306
315¢457
3150708
315,960

RS EXP
(orms)
309.927
309927
309.927
310.329
3104681
311184
311536
311.737

RS EXP
(orms)

291+578

2924080

293,287
2944544
296002
297.409
298.666
2990772
300,828
301.934

112
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SAMPLE 924

SAMPLE REISISTANIE VS, PERPENDICULAR MAGNETIC FIZLD AT HIH
CONSTANT TEMPERATURES

Rmax= 14‘48.725 ohms IS = 12 mir\_v-oamps o, P,
MAGNETIC SANPLE TEMPERATURE
FISLD RESIZTAWCE (‘K)
(koe) (ohms)

0 448,725 19,097
2'9.65 448. 790 !'
610 55 ’ L'l"80957 "
81,00 440,077 "
o4, 45 449,148 n

0 445,810 30, 506
39465 45,774 "
61,55 445,720 . L
81,00 ' 5,674 "
94045 445.644 i

0 4 , 305 41,050
30,65 4l ,285 L
60,55 441,270 "
81,00 Ly ,215 "
Oho 45 441,195 !

0 55496
39465 431,864 i
81,00 431,834 "

oL, 45 431,784 0



max

)

TRMISTOR

627.646
699.298&
£00.769

= 556. 628 ohms

SAMPLE 921X

TEMPERATURE

( X

19.93%
9,762
9.173
&.757
§.554

- 8.537
&.247
&.069

REZSISTANCT VS, TEMPERATURE IN A PERPENDICULAR MAGNETIC FIZLD
OF 69.30 KOs,

12 microamps P.P.

SAMPLA
RESI3TANCE

(ohms)

336.859
321.718&
301.611
251.342
201.074
150.805
100.537

30.268




TSMPERATURE VS. MAGNETIC FIELD AT CONSTANT SAMPLE RESISTANCE

R/Rpyax = 05

THERMIS TOR
RESISTANCE
(ohms)

SANPLE 92DX

133,849
160. 527
175.542
191.742
210.731
234,330
291.430
370.547
458 241
603,216
§36.661

SAMPLE 92A

198,530
233,813
287.278
452,501
439,181
564,511
242,961

I, = 12 microamps P,P,
TEMPER ATURE MAGNETIC
( K FIET.D
( koe)

SAMPLE RESISTANCE =

11,385
10.961
10.754
10.557
10.351
10.126
9.687
9.257
&.877
8.L54
§.014

168,314 ~hms

0

9.725
14.55
19.78
24 .41
30.13
4o.65
51.40
59.80
63.30
79.15

SAMPLE RESTSTANCE = 224,192 olms

10,481
10.131
9.71%
9,329
&.946
8.550
5.166

0

8.26
19.57
50.19
ko.75
50.7
61.65

116



117
SAMPLE 924

RESISTANCE VS, TEMPERATURE AT A PERPENDICULAR MAGNETIC F‘IE’LD'

OF 94,95 kQe

Ig = 12. microamps P.P,

. THERMISTOR . TEMPERATURE _ SAMPLRE
RESISTANCE ( X) RESISTANCE
(otms) ' (ohms)

15.186 19.097 448,807
614,275 §.428 437,3%5

1006. 365 7.791 423,210

1343.079 7.472 402,147
1608.933 7.285 377.013
1819.154 7.161 351.879

2149,746 6.99% 301.611

2440 ,815 6.870 2%1., 342

3037.361 6.653 150.805%
3425,386 6.533 100.537

4025 ,.734 6.371 80.268

4203.036 6.327 40,200

L4l7,178 6.269 30.150

4792,778 6.193 20.100

5388.52 6.074 10.050

6023.09 5.360 4 5.025%

6342.18 5.908 3.517

63517.01 5.821 2.010
7648 .83 5.722 1.008%

eh2s, 5.529 .502




118

SANPLZ RISISTANCE VS, PERPENDICULAR MAGNETIC FIE1D AT THE
TEMPERATURE FO2 MAXIMUM RESISTANCE IN ZERO FIELD

SAMPLE

I, = 12 -microamps P.P.

)

MAGNETIC FIRLD
(kOe)

0.

14.35
13.78
19.935
30.13%
45,65
51.40
59.8C
69. 30
79.1%

0
.26
15.186
30.19
40.75
50.7 -
" 61.65
79.8
k.95

SAMPLE

RESI3TANCE

(ohms)
336,628
336,648
326,653
336,568
336,688
326,728
326,773
336,414
336,889
336,914

L4§. 354
448,584
bl . 3¢ b
448,430
L48.480
448.550
448 .606
LLE.716
448,807

TEMPERATURE
( K

19,955

"
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Voltage Dependence of Resistance for Sample 92D

Terperature

- (K)

10.037

11.067

Samgple
Resistance
(ohms)

.10072
.10072
.10575
.11179
.12086
.13868

1.0072
1.0243
1.0681
1.1275
1.2265
1.5115

Sample
Current

(/4A rms)

4.95
9.90
24,7
49.5
99.0
247

b.95
9.90
24,7
49.5
99.0
2k7

‘Sample
Voltage
(/LV rms).

495
+990
2.62
5.53
11.96
34.3

4.99
10.14
26.4
55.9

121.4
374
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Voltage Dependence of Resistance for Sample 924

Temperature . Sample ‘ Samgle Samvple

( X) Resistance Current Voltage
(ohms) (/LA rms) (/bV rms)
10.146 1.0072 172 .173
. 9064 «339 .308
.8259 - ,862 .712
.8158 1.72 - 1.40
.8259 3.39 2.803
.8661 8.62 ?2.47
L9145 17.2 15.7
10.219 10,0715 2173 1.73
9.9309 «339 3.39
9.9506 .862 8.58
10.0161 1.72 17.21
10.1823 3.39 : C 34,6
10.6083 8.62 " 91.5
11.0847 17.2 191
10.335 - 100.272 .182 18.3
100.172 «357 35.8
100.162 <913 91.4
100.320 1.82 183
100.715 3.57 360
101.730 9.13 - 928,
102.907 18&.2 1874
10,368 150.866 172 25.9
150.816 «339 51.2
150.731 .862 130
150.751 1.72 259
150.871 3.39 512
151.304 8.62 1305
10.397 201.038 .172 34,5
200.937 +339 68.2
200.862 .862 173
200.862 1.72 345
200.897 3.39 682 .
201.063 8.62 1735 -

201.359 48.6 3460




Voltage Dependence of Resistance for Sample 3924

Temperature

( K)

10.654

31.603

76.72

296

Sample
Resistance
(ohms)

300.978
300.878
300.803
300.797

300.772
300.774

323.450
323.350
323,249
323.229
323,214
323,204
323.202

303.844
303.643
303.593
303.578
303.542
303.517
303.500

234,469
234,368
234,268
234,182
234,167
234,147

234,137

Sample
Current

(/pA rms)

172

«339

0862
1.72
3.39
8.62

17.2

.172
¢339
.862
1.72
3.39
8.62
17.2

.172
«339
.862
1.72
3.39
8.62
17.2

.172

«339

.862
1.72

3.39
8.62

17.2

Sample
Voltage
( Iuv rms)

51.7
102
259
517

1021
2600
5170

55.6
109.7
279

555
1097
2790
5550 .

-52.2
103
262
522
1030
2620
5220

4o.3

79.5
202
4o2
795
2020
4o23

121
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CaAPLuR 5: ANALYSIS CF DaTA

In this chapter, we will compare the cata with some of
the models for fluétuation broadeningz of resistive transitions
summarized in chapter 1. We will begin with the '"zero magnetic
field" data. In this czse, the Aslamascv-Larkin (AL) temrera-.
ture dependence of GJ is obtained in the upper portion of the
transition for an extrapolated normal resistance suggested by
hizh temgerature and magnetic field daté. There is, however,
no guantitative agreement bétweén our data and this model.

The material parameters such as strength c¢f depairing interac-
tion and strong ccupling nature cf cur samples . will be invok=-
ed to imﬁrove tnis situation. ‘These parameters will thus be
introducedlas ad justable constants. As will be discuésed be-
low, the normal resistance will also svpear as a parameter,
adjustéble; however, only within rather narrow limits. We
will also find interesting behavicr in the lower part cof thé
transition which suggests a second T'c.

Data taken in magnetic fields will be used to suprort
our assumptions‘on the normal resistance. A model of fluc-
tuacion effscts in magnetic fields is still lacking for three
dimensional samypies with intermediate or strong depairing.

For this reason, our magnetic field data will be presented
unanzlyzed except for a phenomenologicél search for power law

dependence.
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Analysis of "Zero Magnetic Field", 5étg

It waé noted in chapter 1 that for broad ranges of
sample parameters tne theoretical picture is'incomplete.
In spite of this, there appear to be limits in these sample
parameters for vwhich the conductivity due to fluctuation ef-
fects, a’ ’ éught to obey a power iaw.in the reduced tempera;
ture,T. We will see below that the most reasonable assump-
tion for normal resistance leads to extensive regions of
power law behavior.

(34)

We choose the method of Testardi et al, ciscussed
in chapter 1 to exhibit the vower law behavior (O'/N"F"m).
We call this method the "log-log" analysis. An outline of
it follows in the next paragraphs.

We saw in chapter' 1 that if data is plotted as log (D)

vs. log(@c). where

then power law (™) or exponential (eq.) dependence of o’
will aprear as straight line segments of the data. Sliopes,
oL, of the data zreater than or equal to one are associated
with data avove Tc. In the analysis to foliow in the sections

below, we will interpret ob=>!as the arproach to Tc'

Aoove Tc' straight line portions of Gata on a.plot of

log(D) vs. log(&) are equivalent to D = @& '




124"

Slope ol = | corresponds to

. | : g | ~-BRTT
: c’'(*) = oo)e ¢

Slopes o D) correspond:to

n (o)

0”("!‘" = d’h

where 71 = (e&-’l)
The "log-log" analysn.s tells us nothing about Tw /a-l<°) .
so we will assume it to be zero consistent with thg models
- of extra conductivity discﬁssedliﬁ chapter 1.

Zero Magnetic Eielg Data Above zc

“ For all reasonable values of R (T), we find o> in
the logflog énalysis in-the_high resistance portion of the
transition. 1In this regipn, the iog—log analysis is'most
sensitive to errors in‘Rn(T). Expressed as an error in the

- exponent of 4, this sensitivity to Rn(T) can be estimated to

be:

B . ‘_g_'f { Ra ( above TC)

1
SRR

for our samples.

Aé discussed at'£he edd of chépter 1, we cannot measure
R (T). In spite of ‘this, it still turns out to be possible
to make rather atrohg statements regarding compa:isoh of our
-data to power iaw'dependence of GJ'on'T.. | |

We began early in our use of the "log-log" analysis
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by trying linear extrapolations for'Rn(T) froﬁ above the main
portion of the tfansition. It became clear, however, that
only tﬁo linear extrapolations producec¢ any power law béhavior
at all, as exhionited on a "log-log" plot. Surprisingly, one
choice, frp@ bélow.tﬁe peak in measured R(T), produced !
behavior.'-Phe otler, from well above the peék, produced»bdth

T:vzand '?4. . Furthermore, changes in RA(T) from these
optimum- extrapolations had the effect of reducing the region
of data on the "log-log'" rlots that showec any power law‘be-
havior at all.

The extrapolation for Rn(T) which procuced O'LJQ;‘ has

(86)

been discuséed elsewhere. The linear extrapolations

-/,

which prdduce o'~ *are shown in figures 2,3,and4 (chapter

2). Figures 3 and 17 illustrate the optimum naturé of the

-}
% behavior.

choice of Rn(T) thch produces T
Further considerations make one of these choices of
Rn(T) by far the more reasonable one. The extrapolation that
gives r=1 implies that there is a peak in the normal resis-
tance at about 16 X to 20 K.- We do not know how to account
for such nonmonotonic behavior of Rn(T). In addition, if
one were to believe the AL temperature devendence of al,
then this choice of Rn(T) is inconsistent with wnat we. know

of sample thickness and coherence length. AL predict that

r=1 if sample thickness, d, is less than SCTﬁ. For our
samples, d=15008%, but 3(0) =35%. oOn the other hand, the

-l
choice of Rn('I‘) which produces T /a behavior of 0'/ corres-
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Figure 17
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Log~Log Piot of Data for Samnle 924 Showing Effects of Various
Choices of Extrapclated Rn(T). (Extrapolations are Shown on
Figure 3.)
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ponds to the aesthetically more <leasing extrapolation from

- temperatures well above the pezk in measured R(T). (See
.figures 3 and 17.)

- Besides prcducing a power law consistent with what we
know of sample geometry, this choice 'is furfher supportec by
magnetic field data., Measurements in large magnetic fieldsl
indicate that there is fluctuation concuctivity above ﬁhe
peak in measured R(T). -At the maximum yalue of sample_resis-
tance in zero field (20 K), both samples show an increszse in

- resist.nce of a few tenths of an ohm in 2 field of &0kOe.
At higher tenmveratures, resistance decreases by a few éenths
. of an ohm in these fields. Moreover, the position of the
resistance maximum is displaced downward in temperature by
one degree in 80 koé.
The extrarolation for Rn(T)' which p}oduced .
’ ' is ussd in the analysis to follow below. It should be

noted that for each sample it was neceesary to aajust this

Rn(f) oy a factor (within 1:10-4 of unity) corresponding to

small changes in R__ . (See comments beginninz chapter 4.)

Figures 1&, 19 and 20 show the "log-log" plots corres-
ponciny to tzis choice of'Rn(T). The regions of the data
corresyondinz to r=% (slove 3) and r=1 (slope 2) are listed

in table 2 and illustrated in figure 21.

The tewperature intervals over which the two power laws
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: Figure 18
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Figure 19
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Figure 20
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Table 2, ~

" Extent of Regions of Power Law 3éhavior Found in the Upper

Portion of the Resistive Transition

Temperature Interval
Over Which There Is:

Sample -
+

Behavior

16.936 X
to 11.679 K
( T=5.26 K)

32D

14444 K
to 10.514 K
( T=3%.393 K)

924

l2.482 K

92DX to 11.662 K

T"

Behavior

11.636 K
to 11.596 K
( T:hO:mK)

10.514 K
to 10.440 K
( T:?h.mK)

111.662 K

to 11.636 K

( T=.846

K) ( T=26:MK)'

Interval in (R/R )

. max
Over Which There Is:
Sample ,T_- '[L ,\l_,- (
Behavior Behavior
32D 0.999 0.853%
to 0.890 . to 0.785
924  0.996 0.864
to 0.864 to 0.756
92DX 0.978 0.889’
to 0.889

to 0.875

-

Sample Resistance Interval
Over Which There Is:

vk !
Behavior Behavior
421.691). 260.21 €L
o 376.05Q to 331.39 L
324,66 281.52f}
to 281.524). to 246.33()
331.770L 301.61fLs
to 301.618} to 295.5&{L*

‘Interval in @c
Over “hich There Is:
- ~f
'k ok
Behavior ~ Behavior

0.2 to 0.3

0.02 to 0.15
0,03 to 0.19

0,03 to 0.14

0.19 to 0.36

0.14" to 0.16

* These numbers correspond to oniy two data points on the "log-

. log" plot.
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are ooserved can be compared witnhn fhe correspcnding temypera-
ture ranges for which three dimensionzl (32D) and twc dimen-
sional (2D) beﬁavior is predic¢ted by AL. We recall that 2D
benavior is expected'when.d/gff)<,L, where d = sample thick-
ness. 3D behavior is expected when d >-§(T) > J‘ s where
Jf= length asscociated with granular structure of the films.
We list these temperature intervals below. We have used.
d:lBOOR, (r :2008, 3(0):352, Tc;ll.O K and the approximate
relation: 3(0)/ 5(T)= ']'%. '

'i‘emperature Interval Temperature Interval
Cver Which 2D Behavior - Over Which 3D Behavior
Is Predicted ~Is Predicted

d .
0< <1 o< g 05 £Csm<d

6 mK 1.5mK 0.34 K
We see from table 2 that f:he experimental temperature
intervéls are larger than the predictions of AL. The em-
pirical ooservaticn can be made’ap this point_,that the re-

placement of X (T) with 2 E(T) improves the situation:

Predicted 2D Temperature Predicted 3D Temperature
Interval Using 2 X (T) ' Interval Using 23 (T)

0« d/zg(—r)< J. 0< d/zg(-,—)<0,5 - §< 2‘§<T)<d

24 mK 6 mK 1.4 K
. it
We list next the values for the prefactors of 4 imrli-

ed by our data. If we write

AR OVEY |




we recall from chapter 1 that

o = e/ (zme.e)”

where ek is defined by

(A+1)/n

D z‘@n—@(

Table 3 lists the relevant information.
The numb:srs, @h , were obtained by drawing straiszht
lines of avpropriate slcpe through cdata points. An error

analysis szows that @%— is most sensitive to Rn, and that

b6

4
i~ é{: at the upper portion of the resistive transi-
("}

2
ticn. The greatest source of error in fﬁ(h) is Wa =normal

conductivity, because sample geometry enters here. The esti-
mats oI errors sihown in table 3 is conservative: 5% for both
R ana T .
n . c
The prefactcrs in table 3 can be comparéd'with the models
outlinec¢ in chapter 1 which predict power law behavior. Ac-

corcinz to AL we should have

V}_/C*) = eq/(szrugm) = 22 /Q cun (tt‘],)

OV - ekd) = U /Lew (£370.)

The 2D expression asrees with cur data, but the 3D prefactor
seems to oe off by a factor cf two. Ve note that if we were
tc regplace 360) oy ZSQ), the situation wculd be imrrovec.

In the weak depairing sodification of AL due to Maki and



Table 3

Experimental Coefficients, U#CA) , of W:n' for Power Law

’Sample
92D
924
92DX

error

Behavior of Fluctuation Conductivity

Tc
(°K)
1l.5
10.4

11.5

5%

Data Used

R
(0

432

335

343
5%

| .
to Obtain @5 ()

TN
(fewm)™

(ﬁ'ﬁ&)"

0.57
0.51
1.4
5%

/
Prefactors gia) From the Data

Sampl
92D
92A
92DX

error

¢i6q
© (Sltu)-‘
9

12
7
10%

JONS
(.n.ow)"
1.5

2.2
0.9)
15%

6

(2 %Y
0.096 “
0.097
(0.19)"

5%

* Correspond to only two data points, probably not meaning-
ful numbers.
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Thompson.

(1) = €%/ (32 % 3(")

]

o, /S cun (:tl‘?;)
W) = ) e/ (kd) |

A — | /&‘ T + T
e(r) Vo (Tel) *z ( T

c L4
Referring to the extent of "t behavior above, it is clear

that there ére problems in estimating T . The inaccuracy
associated with our guess at I‘c exceeds in size the region
over which we see slope 2. If we locate 'I‘c at the low end
of the ”(""l region, we get N = (0's . If we associate Tc
with the center of tne region in which the slope is less than
1, we get T = (0Y, These numbers shculd be compared with
.= 7 >> 1 gotten from T = 18 K, the transition tem-:
perature of bulk NbN. The Maki-Thompson éxpreséion is in-
tended fpr T>>12:' We are not surprised to find the Maki-

Thompson preciction C('T)’_:_‘lo for both choices of Tc, in

"disagreement with our data.

In the strong depairing limit we have only the prediction

rl () = (388)mer/ (324 1))
for the 3D region. [laking again 7 & ,7 we find %(,) =(,

* 24 K

If we take (JT/,/|);-{0 as representative of our data, T(,
: 3
If we introduce the strong coupling parameter, oL , the

apbove results are recuced by a factor .8 (if o(=1.2). 1In

the absence oi any correctior to AL due to ‘depairin,c_g, our 3D
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data would indicate oL =2, .but our data, ol =1.

Witn the assum:ition of sirong deypairing ané strcng

cuupling, our data implies ﬁg/éc =1.1. If Tco = 189K,

&< 1. If oL o= 1.2, T = 26°K (intermediate depairing).-
All this is summarized in table 4. The theoretical preQ
factors listed ihere are all calculafed for o = 1.
ol = 3 would decrease the preiactors to 1/3 the listed values.
A least squares fitting program was usec cn a CDC 6600
to extend coxpzrison of data witn the models describeo in
éhapter 1 beycac the searcn for powgai‘ law dependenc"e." There
are only two comrlete expressionskfor a*@r) which differ from
simple ™ Gerendence. One is the AL interpolaticn formula

(34)

given by Testardi et al.,

a2 4+ ¢ d
At ma4d A(I) Ser) - ga)

The other is :the weak devairing correctici o1 L due  to Maki

(43)

and Thompson

Tar = Tan * O,
o . £ ﬁn[sﬁ?\- '55‘1‘\-———-——“'”"“) 4o o THT
M 2Td T 30) z Te

* As noted on p.21, the Marcelj: 2D expression for o’ is in-
appropriate for our samrles. 2D resistances calculatec¢ with

this expression were in error by more than 100% for any Hco'
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Table &

-n
Experimental and Theoretical Prefactors of 7

: | . "
The Prefactor'o'él(‘) y in G;z/('r) = 0-‘_:16«) /’!“ fa ’ (_Q,e,uq>

Sample Experimental : Theoretical (ol = 1)

apt@) mr () Hon ()
32D 9 1. C 22 110 6.
924 .12t 22 110. 6
92DX 7t 22 110 6

| A\ =1
The Prefactor 0',/(') , in 0"_I('|") = 0‘,/(!)/’]‘ , (_Q.,Cm)

Sample Experimental Thecretical (el = 1)
| ar(® wp P Hon(©)
92D 1.520.2 1 10 -
924 2.2%os3 . 1 10. -
92DX 0.3t 0.1 1 10 -
a) AL = Aslamasov Larkin Formula (no devairing)
b) M = weak cepairing Maki Thompson formula (T o> 18 K in 2D)
c) Hoh = strong cerairing Hohenberg expression t Tco= 18 X)
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Ve used both of these formulas, even thaugh all evidence indi-
cates that our material is an intermediate or strcng depair-
ing superconductor.

The iFaki-Tho:'pson expression fared by far the worst of
the two interpclatioﬁ formulas in ccmparison with the dzta.
Hence extensive use was made only of the AL exrression, which
we discuss first.

The AL.interpolaticn formula has more troubls accocunting
for the data which appears as slope 2 on the log-log analysis,
than it does with the ¢ata that exhibits slope 3. These two
sections Jf data were therefore treated separately in the
computer fits.

To attempt to bring the AL formula into coincidence Qith
these two sections cf data, Rn(T), Tc and SZa) were allowed
to assume fit-optimizing values in various combinations. Final-
ly a multigplicative fudge factor was introduced to the AL ex-
pression and allowed to vary. The coherence lenzth was dé—

termined self cénsistently with thé relétionship:
7
° y A
/7
2wT. H

I

()

ZH
g-r Rn%?ww‘

in computer prcgrams wnere it was held fixed b»ut Tc varied.

H =

r
That is, the slope H was usec¢ as input rather than g(o)



in the fitting program were:

R (T) (ohms)
n,‘

43707 - OOL*“?T
340.5 - 0.474T

347.4 - 0.352T

analysis.

proaching Tc'

to 1020L below Rexp in the 2D region,

arbitrarily good.

values listed above.

timum values are fouwund.

The begirning values of the rarameters w-ich were varied

TC(K)

'11.5
10.4

11.5

These were the same numbers that were used in ‘the "log-log"
If these are usec to calculate the sample resis-
s then this quantity falls off too rzpidly ap-

is 10fL too low in the 3D region, falling

results of the computer fits can now be summarized.

1) If Rn(T) aione is allowed to vary, it assumes a value
of aprroximately 1kfl for the data which showed slove 2 in the
"log-log" analysis. Rn(T) likes a value 30f) to 40f) atove
the beginning‘Rn(T) for the "slope 3 data. AFér the righf

functional form of R (T), of course, the fit can be made

The goodness of fit is insensitive to T
c

alore is varied, it is reduced by about 0.1 K from those valu

"If J(0) is leit free, the AL interpolation formula

accounts for the data to better than 4%. The following op-

X(0) (‘X)

for all samples.



slore 3 data . slope 2 data

Samyle

optimum goodness ' optimum  goodness
of fit of fit

798 . | 498 4%
628 408 3%
492 3%

The numoers labeled "goodnesslofxfiﬁ" are RMS averages of

(RAL - R

. Goodness of fit should be compared with the corresponding

exp.)/Rexp. over all data points (times 100).

values of

@g = (Rk"’R)/R y

* where 0.03 <&( 0.15 for "slope 3 data" and 0.2 {fR ¢ 0.3
for"slope 2 data".
4) If the fudge factor alone is allowed to vary, agree-

ment with slore 3 data is better than 1%. The situation is

rather poor régarding the slope 2 data?




slope 3 data

Sample
optimum goodness
fudge factor of fit
92D 0.35  0.5%
928 0.7 0.7%

92DX 0.28  0.03%
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s§lope 2 data

optimum goodness
fudge factor of fit

0.29 5%
0.23 - 30%
0.18 ' 15%

The attempts to fit the weak depairing Maki-Thompson

formulas to our data were unsuccessful. The "best" yalue of

co

T was generally about 20 mK above Tc. With this, and the

Rn(T)'s used in the '"log-log" analysis, calculated values

of sample resistance were 0.5 to O.1 that measured. Rn = 100 kL

and T, = 5 K, or (o) > 105 % were necessary to improve the

fit to near 10%,

To summarize, we found that the data in the high tempera-

ture end of the transition exhibits power law dependence'of

o/ on " for the most elementary choice of Rn(T)' If we

restrict ourselves to the prominent T 2r'egion of data,.

quantitative comparison with models predicting power law

indicate either effectively weak coupling and Tco up to 25 K, or

. &= 2 and no depairing correction. The 1r-°data agrees well

with the original AL expression in the 2D 1imit (except for
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the fact that the.temperature randge is too largg).

The simplest modification of AL which would produce
quantitative agreement for all our data in the upper vor-
tion of the transition is the ad hoc substitution of,ZEib)fér

§(0) . Computer fits of the AL interpolation formula are’

consistent with this latter observation.

Zero Maznetic Field Data Below the Mean Field Transition

Temperature
: Figurés 18 to 20 show that as one proceeds to lower
temperatures, from the rggion of the transition where 'th&
~and 1f{ behavior are observed, *the sﬁepe of the data, o , :
in the log-log analysis tends to a value less than one. With-
in the context of this aralysis, the assumption of power law
depéndenc;e of 0 on T forces us to associateol 1 with T$ T;:'
and L 1 with T & Tc(see rage 29). The temperature that -
corresfonds to o€ = 1 is identified with the mean field

transition temperaturé(TcMF)

If we:cbntinue the log-log analysis below TCMF,'hoﬁéver,
weAfind that o begins to increase, rising again to a

value greater than 1; which then remains ccnstant for more
than a decade of sample resistance. This is illustrated in
figures 22 to 24. ol > 1, here, implies T > Tc’ yet log-
log analysis of the data from the uprer ﬁortion of the
transition(discussed in the last varagraph) indicates these

MF). If the fit to power law

temperatures are below Tc(Tc
is not fortuitous, two transition temreratures are necessary to

parametrize the complete transition. The lower transition
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Figure 22
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Figure 23
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Fizure 24
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*
temperature will be called Tc.

Below what we interpret to be TCMF, all three szmples
exhibit a substantial region of straight line behavior on Fpe
plots of log(l) ) vs log(@&). In e;cﬁvégse, a line of sloye
7/5 coincides well with the data. ﬁTa?ieAS describes the ex-
tent of this slove 7/5 behavior. - |

We begin discussion oi these observa:iénsﬁby noting that
the log-log analysis here is less sensitivédtoi§;f extrapola-
zion of Rn(T) than it was above TCMF. Using the‘fact that

(E;_j> 1, below TCMF. we find that.phe lgrgest centriobution
to error is stilil Rn(T): DEC :

b v ¥ y T e T

ol R R

Sizce it is unlikely that Rn(T) is in error by 4o%
(1504)) we can say that a power law provides at least a pheno-
menological fitkto the data in this region c¢f the transition.

There is strong evidence tha:t the two Tc's are not arti-
facts due to sampie ncnhomogereities. Presumably the non-
homogeneity is two-fold. If the two components combine elec-
trically in series, R/Rmax locatingikhejﬁeginﬁing of the
transition of lower Tc is not likely;ibicgéngé in.a'magngﬁiq

field. This R/Rmax in zero field for sample 92D would be
0.6 £ 0.15. There is no evidencélof&strﬁctufe in the transi-

el
ticn at tais R/Rmax for 32D in 10kOQe. The two components

* The 10kCe datz has two power law rexzions. The sloye is

always greater than cne. The transiticn between the two

power law regicns occurs at R/R__ = 0.85 X 0.05. See the
. . . ax .

next section, on ma:netic field behavicr.
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. Table S

Extent oi Regions OfISlOpe 7/5 on Plots of Log(D) vs Log(q&)

32DX . 0.623 to 0.012 - . 0.63 to &5

Samngple Illustrated Temperature Sample Resistance |
in figure # - Range Range
o : |
32D 22 ' 11.42 K 176 (1 to 10 S}
' to 11.16 K |
+267K) |
- 924 23 10.30 K 65 L to 5 QO
; to 10.20 K
" .10 X)
- 92DX 24 11.42 K 216 ) to 3 (1 -
to 10.93 K
.49 K) :
Sample _Rangevln R/Rmax - Range in- 6%( -
32D " 0.416 to 0.024 1.46 to 42
J2A -0.20 to 0.023 b.1 to 43
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cannot be in parallel, either. The pdrtion which causes
sample resistance to change the most is the portion wifh-low-
est Tc(see table 5). The part with higher Tc should, however,
short out the lower Tc.porticn. So far as graded or distribut-
ed nonuniformities are concerned, it seems uhlikely'that thesé'
would procuce such an unusual and extensive power law behaviér,*
the same in soth samples. We cannot, howeQer, entirely ékcludev
any of these possibilities.

We will assume that 0‘?«? in our samyples follows power
law in 7T, and that one transitiqn'temperature, TCM s governs

tze temperature dependence of ¢ (W) for T)TCMF, and that

»
is dominated by Tc when TcMF> T.

We list in table 6 the ranges over which data in the log-
log analysis has slope & < 1. This interpretati_on is consis-
tent witn tbhe ranges oif power law behavior exygected or;‘t’;he
basis of AL. A detailed error analysis shows, howevef, that

in this region of the transition (8‘21)

N L
n B )‘M& Tm

MF

So in tabie 6 we will asscciate Tc with the center of the

region in which o{ £ 1, and use the extent oi this regiocn to
. . . MF
assign an estimate of error to Tc .
TC‘MI_‘ can also be zgotten by fitting portions of the data
to the appropriate power laws. This has not yet been done

with a computer. Esti-ates made with recvresentaiive yairs

of data points from both 2D and 3D regions yield the same
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TCMF as is listed in table 6 for each sample.

If we assume that the temperature dependence cf our data

. he : MF
is zoverned by TG below Tc , then

£ _— _F
<=7 foe T > T > T
K
R / B/z i T—1e
= (™) = m ) /)T whae - '
z T:fy !

5
z

- 5 \
3y using 0'5/61) = \/2 ésT Q‘, ) and ¢/=¢n@\<

* »
we can estimate Tc:

e - (1) (4R 8

The numbers taken frcm our data which lead to our estimates of
t 3

Tc' and the estimates, are listec in table 7. Listed there

'
also are the coefficients (% 0)_that zo0 with the -5/2 power
2

law.

Forcing the dats with slope 7/5 to the corresponding

E

rower law provides another means of estimating Tc' These esti-
mates agree with those listed in table 7.

N . i . / ; o MF, -

siarcelja's expression for V%D below T, (see pages

4

22-23%) leads to a second transition temgerature Tc < TCMF.

which depends on Hco' Although the reasoning leading to the
expression for T; rests on an inconsistency, we might still

see what it zives for Hco' The numnbers in table 7 and
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Extent of Regions on Flots of Log(D) vs Log(&&) of Slore

Less Than QOne

Saﬁple Temserature Range in R/R
. max

Range

92D 11.41 K 7. 0.42 to 0.74
to 11.58 K ‘

924 10.326 & 0.28 to 0.45
to 10.365 K Lo

92DX 11.42 K 0.62 to 0.83
to 11.59 K o

Sample Estimated T_'"F

92D 11.5 ¥ 0.1k

324 10.35 ¥ 0.02K

92DX 12.5 ¥ 0.1k

Range in 6;¢
0.4 to 1.5
1.3

0.18 to .63

Location of T MFv

in R/Rmax
. 0.6 ¥ 0.1
0.35 % 0.1

0.7 ¥ 0.1




-
Estimate of T, From vata Below:Tc-

Samrle

92D
92A

32DX

Sample

92D
92A

92DX

Table 7

MF With Coefficient

Tl N L ) B .
Power Law Calculated From Tcy

8 (%)

1.3 x 10~

3,1 x 10~

1.5 x 10~

'*A10.8‘t 0.3

R, x,

: Pc ( K)r
2 ~ + ’ .
11.5 = 0.1 0.8 = 9.5 -
2 . 10.35 £0.02 1.8%0.6 oO.
11,5 to0.1 0.4 fo.2 0.
I o -
11.0 T 0.4, 0.22 £ 0.02

10.16 * 0.06 0.052 % 0.004

0.23 £0.02
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¥(0)~35R lead to H__ = 600 06’ .

The appearance of a second TC turns out‘to be what we would
expéct in the rresence of a magnetic field. It is interesting
to conjecture thét depairingAintrinsic to our samples produces
the same effect as a mégnetic field in this respect. The tem-
perature dependences are not right, thouzh, as we will. see in
the next section, where Wé will discuss magnetiq field effects.
e will return to this conjecture in the conélﬁding section of
this chapter;

Data in Perpendicular Magnetic Fields

The qualitative behavior enccuntered in large fields when
trying to quench superconductivity hae been discussed in chap-
ter 1 (pages 61-62), chapter 2 (page 52) and in this chapter -
(vage 128). e will discuss here dafa taken in smaller fields.

The theoretical expressions cnosen for comparison with
the data were thosejof Stevens and -Abraham, Prange, and Stevens
(hereafter APS; see bages 30-31). These eXpresSions give
- 4 0‘/(34)1‘) in terms of f/(O)T) . Thus the datz at constant
temperature, where a measurement of R(H:Q) is taken with every
set of R(H) data, is most.appropriate fgr géﬁgrél éompafison
with theory. Ihe data atncqnstantineld is used in a search
for power law behavior prééiéggd by APS.ih.certain liﬁits. We
will ciscuss the searc;'fof nge;tlaw.begaQiér first.

Log-log plots o1 the ﬁagnetic fieid dép;{taken i; con-
stant fielcs are shown in figures 25 and éé;a Data of this

v sort was only taxen on sample 92D. The normai resistance
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26: Log-Log Plot Of Data Teken In A 10kOe Perpendicular
Magnetic Field, . '
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used in tnis analysis was the same linear extrapolafion»from
hizh temgperatures usea in the zero field énalysis.

Looking first at the 2k Oe data, we see that the slope of
the log-log rlot is not mohotonic, reminiscent of the twofold
behavior in zero field, &However the slove is nowhere less than
one. There is a suggestion of power law cerendence with a pe-
culiar exponent, in the low resistance end of the transition.
~he cdata looks otherwise uninteresting.

The 1Ok Oe data looks entirely ditferent. There is no

evidence of the twofold behavior seen in smaller fields. In

fact, the entire transition seems to follow some power law or

another. :.ost interestingly; there is a region of slope 3 with-

in the same region of sample resistance that shcwed this be=-

havior in zero field. The lower portion of the transition fol-
b :

lows a different power law (one correspondinz to.4* ), and

coes so for nearly four decades of sample resistance. This,

together with the zero field behavior, strongly suggests sample

uniformity.

Table 8 shows the extents of the constant slope portions
of the data. The corresponding power laws are indicated there

also.

The limiting forms of the APS expressions which are appli-

cable here, for

T =T o) 2 H ¥ 0)
X = ( / ( ?o

T.0)

where TC(O) is the transition temperature in zero field, are:
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Extent of Regzions of Power Law 3ehavior in Ferpendicular Magnetic

Fields For Sample 92D

H = 2kOe

Temperature Interval
Over Wwhich There Is
Approximate T =4
Behavior
11.324 K to 11.031 K

Sample Resistance
Interval Over Which
There Is Aprroximate
*#Behavior
170.924L to 20.114L

Interval In 6§¢

Over Which There

Is Approximate
T%Behavior
1.5 to 21

H

0]

10kOe

Temperature Interval QOver
Which There Is:

Interval InAR/Rm

Over Which There

Is épproximate
% Benavior
0.404 to 0.048

ax

Sample Resistance Interval
Over Which There Is:

7% Benavior T Behavior 7% Benavior ¥ ° Behavior
13.42 K to 11.536 K to 417.26 to 362.07 to
11.538 K 10.16 K ‘ 382.07 0.1

Interval in R/R Cver Which
max

Interval in &Over Which

" =b . )
1—/’- Behavior T Behavior

Th :
There Is: ere Is
) : -
_],2; Behavior "r" Behavior
0.967 to 0.904 to

0.0002

0.035 to 0.13 to 4310
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, —_—
crxocu“r) ~ above TC(O), (x >> 1),

0‘/0{\1') > ¢ICo,o) b — 0 (x near T (0),

(for |x|<<1, both 2D and 3D)

and ai;a(,-r) o~ T - —C_CH) near T (H), (x= -%).
Te (u)

The peower laws we do see are not entirely consistent with

these predictions. Ve do see the -)% power, but it skould be
easier to see in the smaller field, where it is absent. 1In
the 10kOe data, where there two power laws, there is not the
clear evidence that they are referred to different transition
temperatures taat there was in zero field. Estimates of Tc
obtainéd by 1orcing representative pairs of points to apgro-
priate power laws show, however, that the two power laws go
with different transition temperatures separated mcre than
pefore. The transition temperatures, together with power law
coeffecients calculated from them, are listed in table 9.

i‘he prefactor to the fr-%- extra conductivity should be
the scmé as that obtained in zero 1ield according to APS.

/

Referring to page 139, we see that it is, tut it again 03(4)
k4
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Table 9

Transition Texzperatures And Cogfficients of q:“ Determined From

Power Law Portions Of Data Takeh?Ianagnetic Fields (Sample §2D)

. [¢]
Frena ( o) Beponent (-0 B (a4) T
2 - 3.83 1.43 x 1072 10.78

10 0.5 5.1 x 10‘“1 11.40

10 6 1.35 x 107° 10.66
Error . 5% 5%
Power Law _ Prefactors ' . Error
Expénen§-(ir? | _ C#CQ (}lcm)"
3.83 E - | 1.22 x 1072 20%
0.5 o | 9.7 _ 10%

4

6 . 1 5.6 x 10~ 20%
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does not agrée with anonf the zero field predictions.

Atcempts:to it the APS exgreééions to the data at con-
stant field were in;generai unsuccessful. Giving the avail-
zole parameters (Rn‘ T, and ¥lo)l ) the values listed on page
141, APS overestimates the increase in sample resistance due
to magnetic field byzaoout 20%. Varying Rn doesn't improve
the fit; instead, RnAseeks an "optimum" value less taan the
measurgd R(Hmax) at each fixed temperature. The fit is im-
provec only by nonphys'i:..vcal‘ 'I‘c's and 'S(o) '5 , di-fferent for each
iixec temperaturé. ol

To summarize the behavior we found in'magnetic fields, we
note trat the -% power law we tound in zero field disappears
in 24«0e , then returns in 10 kOe. It returns to the same por-
tion of the transition, with cthe same power law prefactor.
Again this prefactor would azreé‘w1thlmean field theory pre-
dictions only 1f i(o\—bn_’i(o\ In the 10 kOe data we find
difierent porticns oi the transition referred to different
transition temperatures, as suggested by APS. We observed this
in zero field dzta too, out in lokdé the "L&Tc" is 6.7k come
pared‘with 0.5K in zero fields. If we calculaﬁe AH/AT for

the two portions of the transition, the'S(b) that we obtain

irom the upper part is half S&ﬁ 3 from the lower part,
g 100 kQe
roughly twice §b§ “(See dlacusswon in middle of page
100 kOe
61.)

In the lower portion oif the transition, where we found

- -

. . ¢ .o~ . }
T in zero field, we find T in 2 kQe ang- in 10 kOQe.
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 This reflects a broadening transition in increasing field where

T4 !. None of these power laws are predicted (at least in an

obvious way) by any of the mean field theories.

"Voltage Dependence of Sample Resistance

The data on the.nonohyic behavior of our samxles is com-
plicated. and incomp;ete} ﬁe note immediately that the voltgge
dependence of resisfanqe is not generally monotonic, not the
same for both éamplés and alsoApersiSts up to room tempéra-
ture. The effect is, at least, small, except for the lowest
registances. |

Che@ks performed with the sample replaced by v;rious
resistors confirmed that the effect is not instruméntal. Heat-
iﬁg dde to measuring curreﬂt could not produce what we see,
since it does not change when the slope of sample R(T)
changes. |

In general, the respbnée in our‘samples to incrgasing
Qoltagé is first a decrease, then, with sufficient yoltage,
an increase in resistances The voltage at which this cﬁahge
occurg decreases when temperature decreases.

The decreasing contribution to R(V) is probably unre-
lated to supercohductivity;.sincgfiyﬂexists even at room tem-
perature. For thiS‘reaéén, and since all three moéels'for
nonohmic behavior discuésed in éhapter~l predict ihqreasing
R(V), we will disregard data dominated by the dgcréasing
¢ontribution to'R(V). ‘

Bxcept at the lowest resistances, OJbV) changes ao'élowly

that a comparison with theory requires a computer. This has
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not yet been done. We outline below a few rouzh comparisons
that have been méde where the effect is most pronounced.

The models discussed in cnapter 1 (pages 32-34)'can be
written, for our purposes, |

[ 2 'i for 3D
¢ (v v '

0'7‘(0\ vaeN, Ve ¢ & 2D

|

!

GZZV\ - -\E " du.ﬂ\enswvml‘a}/
\Y

Ve = [Txw® v..us)x -

Since our sample'&oltages are almost certaihly less than
Vc' we try the first éxpression. According to this .expression,
RO ~ R (o)

R\

ought to be linear in VZ for small resistances.

[

A plot of our data wﬁuid:sﬁowlthis is rot tﬁéiégse. This ex-
pression underestimates R(V),yiglding‘g Vc(exp.) at least an
orcer of magnitude toc low. o o b »

Gor'kov's formula (page“34) %redictshlggkﬁ(o)/R(V)) approx-
imately linear in 1/V for small'R. Here ' again the data is not
like this, the model under es:imatés R(V),by £hé same amount

as above.
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The fo;mula appropriat; }or V>> VC predicts loz(R(V))
linear in léé(V) :or small K. This is not so ei:ther. R(V)
in this casé?is overeetimatéd.. The data does aprrecach the ap-
propriate slopegfor 3D behaviof, at the highesf voltages, in

tai

tn

snalysis, but that part of the data is fit wich Vc = .2mV.
Attempts to fit the mocels for nonohmic behavior to our

cata have been entirely unsuccessful.
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Conclusion

lhe resistive transition in these szmples seems to divide
itzel: naturally intc two vortiorns. 1In the:u¢rer part, we find
agreerent orly with Aslamasoy and Larkin, agd cuzen only ii our
measursa §(8Y is reyplaced bs 2 %(0) . I‘hisi rests on an assum-
ed norwail resiétance‘sugge.teé bv hizh tmereraure and high
rarnetic ii«lc data. The lower part of the transition, insen-
sitive to Rn(T). can oe fit to a vcwer law, but one referred
tc a lower Tc than that erncountered above tais -~exicen.

Perhaps the ozt striking outcore of this analvsis is the
suggestion of fluctuatic' condactivity above 20K Iz fact,
resistance increases in very .high ficlos could bes detected
at 20 K. ‘ )

In the upper‘pcftiOt of tne transi-ion, the theoretical
ticturse ié far from cecr lete. A weak devairing exypression

cannot accc.nt for cur data there. The only strong depairing

exvressicn (one for 3D) incicates 12A;, T | (i.e., intermedi-

ate cderairing, for which there is =0 mocel).

The behavior cuservedé in the lower rart of the transition

is inconsistent with anything éxcept the 7most exctic sort of

:. graded nonuniformitv. There are clear evicences of nonunifor-

miles:=t the very lowest resistances. There, in each samnle,

.

ore sees ueveral s-ifts to lcwer and lower Tc's, each preserv-
ing the sume rower law (-5/2) (fizures 22-24). The bulx of the

eviceuce s.oeas vo weigh, though nct conclusively, azainst sam-

rle nonuniformity causing the other behavior we see.




L

»

o

165

“he aprearance ol the whole transition in zero field is
reminiscent of what mean iielc tnecry predicts in 'a magnetic
field. [he exponents of the'power laws are not right , but
the reierence to two trunsition temperatures and probabie in-
triﬁsic depairing in our samples make this an interesting con-
jeccure; There are some difficulties Qith tais conjecture:

1) An extensive region of power law behavior seen in zero and
10 kOe is absent in a 2 kOe field. 2) TCMF-T: in zero field
indicates an efiective field of 13 kQOe; this is inconsistent
with the ooserved changes in Tc's with magnetic field. 3}
TEMF-T; corresponds to weak éepairing, wnhile there has been no
success in attemrpts to fit the aki-Thompson expressicns to
cur cata.

These reservations are less sericus in the light of the
fact that expféssions for the extra conductivity have not yet
been worked out in the case of strong coupiing and intermediate
or strong depairing. The model by which we scught to determine
the strocng coupliing nature of cur material is not even on firm

ground. A mcre complete anc perhaps satisfactory analysis of

this data awaits these theoretical results.
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APFENUIX T

The subroutine for computer calculation of temperatures
from thermometer resistances is reproduced here. This illus-
trates the use of the interpolation formula for thermometer
calibration ir sections covering different ihermometer resis-

tances (RT).




[=1

17

j ]

21

‘;"h

SUBROUTINE FOR CALCULATION OF TEMPERATURES”

FROM CRYOCAL THERMOMETER RESISTANCES (FOR H = 0)
RT = CRYOCAL RESISTANCE |

STATEMENT 40 IS THE EXIT FROM THE ROUTINE

R(1al)=]103809158409 & B(le2)==85,148811859
#(1e3)230.51294929 F B(l14)==4,07444/789
R(241)=179,53A3792 % B(2+2)==193,31902103
H(243)= RZeNTINAALS  $RB(244)==12426693539
(3411=79,15 3641) $8(34¢2) ==12.1941895
Bl343) ==2h,99587197 $8(344)=9,6509259
R{441)==1n024_ 131R227TR §B(4,2)=46512,15502088
H(443)==T76401.185264543 1B (444) =5991.,8571574]
H(445)=22415,04N062550 3B (496)=388,4H24407]
H(De1)=411.36742626 FH(5,2)==1244,9R37086¢
H(D43)=1709,16)44%999 PR (Se4)==1089,089K8545]
H(B345)=2¢263.274%4694

READ 20 9RRT9yRRS«RTBRGyRSHREG

FORMAT (2Xe4F1040)

RIZRRT#RTAERG

HS=RROWRSHRNR

T(l)=t.

IF(RT«LE 400} B0 TO 40

IF(RT«LFE12,3) GO TO 2)

IF(RTJLEL2H,) (O TO 19

IF(RTeLE49,) N TN 17

K=l

[_:Q

(0 T 29

K=¢

L=4

50 TO =25

K=3

L=

GU T 25

K=4

l-=n

GO T 2%

K=

Lso

Ul 2h M=140L

TOE)=T (L) 48 (Kem)# ({(ALOGLIO(RT) ) (M=)

* See chapter three for discussion.



AFPLNDIX II

Cazlibration of Naticnal Carbon Co., Inc. thermistor
(designated by manufacturer as unit #4) in zero magnetic

field. See chaptér %3 for further ciscussion.

168




¢ 169
THERMISTOR CALIBRATION DATA
THERMISTOR UNIT #4  THERMISTOR POWER = 1 Watt at 1.5 Kiz
PRECISION: RESISTANCE: +3 in last &igit or better

TEMPERATURE: See section on Cryoal calibration in
o chapter three. '

TEMPERATURE THERMISTOR s _TEMPERATURE THERMISTOR

( K) RESISTANCE (B RESTSTANCE
L Gomme) o (ohms)
4.5 43055, oL 17.0 23.160
4.75 - 28530 | a 18.0 18.892
5.00 A:17:f .19435 ‘ ©19.0 15.732
5.5 10580 h 20.0 13.357
6.0 fﬁ:f5743.2 : 22.0 10.080
6.5 54jff .33z4.1 L 24.0 8.0154
70 20382 - - 26.0 6.6720
7.5 1301.0 28.0 5.7900
8.0 . . 872.69 130.0 5.2538
8.5 612.86° - 32,0 4. 7764
9.0 638360 3.0 4.2248
9.5 328.23";1“' o 36.0 3.7378
10.0 w70 - 38.0 3.3270
11.0 : 151.75 . 40.0 2.9807
120 . .99.31 45.0 | 2.3282
13.0 . 68.725 55.0 1.5826
14.0 49.750
15.0 37.392

16.0 - 29.044
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