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ABSTRACT

‘In this treatise a New Mode1 for hysteretic type II
supercenductors is formulated, based on the fol]ow1nq three
maJor c»ncepts Abr1kosov d.amagnet1sm, pinning of flux by
1mperfect1ons (the critical state), and the existence of an
irreversible surface barrier (or surface pinning). Three

separate distinct experiments are r ported on which explore
| these well documented phenomena '

A transport current is ‘applied to a long ribbon of
superconducting Nb.sta.75 wound into a solencid in order to
create asymmetric boundary conditions accross the ribbon sample's
cross-section. The magnetization arising along the axis of the
windings is studied under this constraiht when a static external
field is applied along this axis, hence transverse to the impressed
current. The critical state picture by itself is found to provide
an adequate description only over a limited range. For a eomplete
understanding of the observed phenomena over the full spectrum of
investigations, our new model must be invoked. We verify this |
assertioh by extracting, from experimental data, information on the
relative contributions and functional dependences of the pertinent

components comprising our synthesized model.



Next, we study the behaviour of‘thé momentsvarising along
the major and two minor axes of a long reétangu]ar strip (semfﬁ
infinite slab) °f'Pb.861";]4 éé currents are induced in the,sémple‘
in the presence of a stgtic field applied along ohe~of the axes.
Curren?s'ére made to flow via an inducing field varied a1qhg one of
the éxes perpendicular.to the static fie]dL With the restriction
that the4direction.of one of the magnetic fields (the inducing or the
constant) be élong the major axis of the ribbon, all possible combi--

. nations were expiored and moments érising both along the transverse
| and loﬁgitudina1 directioqs wére monitored. We clearly demonstrate
that non of the previously proposed models, relying on partial or
incomplete descriptions, can fully account for the observed trends.
The difficult task of a complete analysis in terms of our new model

however, is not provided in 1i§ht of the nature of this thesis.
| . In the third and last set of investigations presented, we
monitor the amount of flux expelled when the temperature of a ribbon

sample (V and PbIn) is lowered through the superconducting transition

A temperature Tc to the helium bath temperature as a function of field
intensity H and angle ¢ that H subtends with the minor axis of the
rectangular slab. Due to the relative simplicity of this configuration ,
the expefimenta1 observations are interpreted quantitatively in terms
of our new composite model. The ensuing ~excellent agreement between
experimental and calculated trends prbvides indisputable - evidence

of the validity of our proposed model.
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CHAPTER I

INTRODUCTION

Preamble

For a full description of the magnetié behaviour and
curfent carrying properties of non fdea] type II superconductors seQera]
distinct physical contributions have been proposed. Previous researchers
have either endeavbured to estab]ish the validity of a particular concept,
pursued detailed features of a specific concept, or considered at.most
a combination of two of the several proposed contributions in their |
analysis of experimental observations. Since in many situatipns one or
two contributions c1éar1y dominate, the models emp]oyed have been
adequate and successful in describing the resu]t; under scrutiny.

| In this treatise a "new" model is developed which combines
the.essential features of the major pertinent concepts proposed to date_
in the literature. Although no new concepts are‘introduced,'fhe mode1

proposed is "new" inasmuch as it systematically intertwines and

synthesizes the prevailing ones into a consistent picture. Further, in

this thesis three separate but related exparimental investigations are
reported_that were conducted to test the validity of the proposed
synthesis. The main features of the present experimental results are
accounted for by this "new" model, but cannot be understood in light
of any of the previous approaches relying on incomplete or partial

descriptions.




Next, the basic concepts exploited for the proposed "new
mode1" shall be briefly reviewed with special attention to the aspects

relevant to the work performed herein.

Reversible Surface Currents (Abrikosov Diamagnetism)

The.magnetic behaviour of reversible (1dea1) type II
superconductors has been exam1ned theoretically, both on a microscopic
and a macroscopic scale, by Abrtkosov]), starting with the Ginzburg-
Landau phenomeno1ogtca] formu1ation of the superconducting statez).-

- Ginzburg-Landau had shown that two types of eupercondqctors vere

possible, depending on whether a parameter x was less than or greater

than 1/ vZ . The parameterkz is referred to as the Ginzburg-Landau

parameter and is approximately given by the relation k = A/g where .
. is the penetration depth and & is the coherence length. These authors

also introduced the concepts of an upper critical field H 2 = /—_ K H

above which bulk superconductivity is destroyed and a lower critical

field Hc] below which the magnetic induction is zero in the body or bulk of

- the superconductor In a type I superconductor H el | Hc.échég ‘ R
<H <H 2 where H 1§ e thermodynam1c

whereas 1n a type II superconductor, cl

cr1t1cal field re]ated to the energy gap and experimentally defined by
the relation HE/Sn = A where A is the area under the reversible magneti-

zation curve.




Microscopically, Abrikosov prediéted that a type II
“ superconductor immersed in a magnetic field H between Hcl and ch
,.would assume a configuration, called the mixed state, consisting
of a uniform and regular array of flux filaments or current vortices
- with thejr.nérma1 cores parallel to the applied field. Furthef,
Abrikosov showed that the enérgy~is minimized when each flux filament
or current vortex contains a single quantum of flux 0o = hc/2e.
Macroscopica11y, Abrikosov derived é'relatioh between
. the equi]ibfium density of vorticgs N_(hence the average'magnetic
induction <B> ) and the applied field H. In this result, <B> = No
is a]wéys less than the applied field H. Physically, this means that a
persistent current IR .1is circu]éting in a diamagnetic (field opposing)
sense in a region of.thickneés =1 at the surface of the superconductor.
" The mégnitudé of this equilibrium surface current is Tinearly proportional |
to H in tﬁe range Olto Hc]’ and is sufficient to reduce B to zero in
the body of the sbperconductor. Further, this reversible diamagnetic
surface current decreases monotonically to zero with incréasihg H
between Hc] and H#Z; Fol]oWing other workers, this surface current is
'réferred to as the reversible or equilibrium, or Abrikosov curfent -
and-ﬁe denote its value pefﬁunft length OfAsurfaCé perpendicu]af to ﬁiﬁy IR‘? :
The magnetic moment due to this current is often referfed to as intrins%c
Abriko;ov diamagnetism. The magnetization per unit volume in the
System of units used in_this thesis is written as 4erA (in gauss) = “IA‘

where u = 47/10 and IA={;_in amperes/cm.



Both the microscopic and macroscopic predictions of
Abrikosov have been extensively verified exper1menta11y3) The
‘essential features of this work which pertain to the present investi-
gatfon(afe the fol]owing:

(i) the presence of a macroscopic current flowing in a diamagnetic
(flﬁx shielding) sense at the surface of a type II superconductor
immersed in a magnetic field,

(i) thé magﬁitude of this surface current as a function of H, ih
particular iR = H/u  when 0<H<H‘]-aﬁd I, = (H -H)/] 16u(2: -1)
with H in the nelghbourhood of H c2° for a stable tr1angu1ar

"~J‘1att1ce of - vortices.'
(iii) the equilibrium density of vortices (hence <B> ) as a function
of the app]iedvfield H. (Note that in this contéxt <B; is an

average over several vortices).

Irreversible Surface Currents.

Several workers4'7) have provided evidence that the
surface fegion of nonideal typelll superconductors can support macroscopic -

6 to

‘persistent irreversible currents of very high density (e;g. 10
: 108 A/cmz)h’“In;cohthast.to the 'yeversible Abrikosov surface current
which flows only in a diamagnetic (field opposing) sense, the irreversi-
ble current can circulate in either a diamagnetic (field opposing) or
parama§netic (fie1d aiding) sense. \%he sense of circulation of this
current depends on whether the previous history of the specimen in the

supefconducting state has called for opposition‘to entry or exit of flux.

/



The maximuﬁ magnitude or critical value IIR of this current depends
on sévéral quantities; superconducting. parameters (hence T/Tc)’ surface
‘conditionsg’g)
With fhe plane of the surface and with the irreversible surface current
density ye;tér*ﬁfR.f7In_the.preSent‘work‘an.attemptvwas~made't6 provide
“some informatioh,on\theﬁlést:thﬁee~aspe¢ts:of;tﬁisnﬁrbb]em.
.. It s noted aSer that the reversible (Abrikosov) surface
current is in equilibrium wifh and is determined by the applied fie]d
seen by the surface. An interestjng duestion thus arises: what is ‘the
effective field at the surface when an irreversible surface current is
flowing 2 Several workers have stipulated  and experiment§ by

10,11)

LeBlanc and his collaborators s seem to confirm that the "true

applied field" in such circumstances is the external field H aided or

' paft{aily “screened by the irreversible surface current, hence (H + “IIR)-“

where fhe.sign depends on whether I;p aids (+) or opposes (-) the external
field H. In this picture, the surface region in which the irreversible
current IIR flows is considered to be separate from, adjaéent.fo and
embracing the "surface" within which the reversible Abrikosov current

~ exists. The work to be presented indicates this viewpoint to be

correct. qusuing'this approach, the dependence of I;pon field intensity
and on its. orientation with respect to the plane of the surface was
éxtracted from approprjate data. |

“It:wi11fbe seen'Eéjbw that the density of vortices and the

Lorentz force both play an'important role in imposing a ceiling on the magni-

~tude of the macroscopic currents which can flow in the bulk of a type 11

- superconductor. It is important to determine what role these quantities

the field intensity H at the surface and the angle A subtends’

e e e

e

[ R R -



play in setting a 1imit on the irreversib]e,surface current. Our
experimental results provide information on this problem but do not

yield unambiguous answers to these questions.

"Pinning and Irreversible Currents in the Bulk.

Cr1t1ca1 State Concept ‘
It s now well establ1shed that physical and chem1ca1

1mperfect1ons contribute to the 1rrevers1b1e behav1our of type II

superconductors]z) The qualitat1ve p1cture of the mechan1sm which g1ves’
.'rlse to the irreversibility is straight forward. In a perfect (1dea1)

type II superconductor, the lattice of flux filaments (vortices) is
cemplete1y free to adjuéf to ambient conditions (H,T). The density of
vortices in equilibrium w%th H is uniform and no macroscopic persistent
currents>fldw in fhe‘body of4the specimen. In ah imperfect (nonideal)

type II seperconductoh, the defects provide sites which can pin '
1nd1v1dual flux filaments, or bundles of these. The most effective
pinning site has geometric dimensions in the order of the coherence length
(the size of the vortex core). The higher the K.va1ue, the smaller the
. coherence length so that the effectiveness of pinning may be reflected
" by the.parameter k. This phenomenon of pinning impedes and opposes
-the estab]ishing.of a uniform distribution of vortices in equilibrium
'with. the applied field. As a consequence, very inhomogeneous configurations
of magnetic induction can exist in the bulk of the materia] and persisfent
macroscopic currents of high density can flow in the body of a nonideal

type II superconductor.
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Bean and Kim et al" "/ were the first workers to
propose that the maximum persistent current density which can be
'sustained in the bulk of a type II superconductor is détermined

by the equilibrium between the Lorentz driving force density J x B
and.the pinning force density“?p. Applying the laws 6f induction to
this situation, these workers stipulated that the currents which are
caused to flow under isothermal conditions must adopt the maximum
value allowed. These two ideas constitute the critical state concept

which can be stated mathematically as:

3& XB = ?b or J=0

The pinning force density can depend on superconducting
parameters (hence on the reduced temperature T/Tc) of the material,
the intensity of the magnetic induction and on the type, humber and
arrangement of the defects. Two complicating features may be
encountered. The distribution and the nature of the defects can

15) and which vary over

lead to pinning forces which are anisotropic
the volume of the sample. Precautions were taken in the perparation
of our samples to ensure homogeneity. It is assumed, for simplicity,
;that pinning is isotropic. The results of the analysis suggest that
this is a valid assumption. |

The sense of circulation or direction of flow of the
mécroscopic currents present in the Bu]k of the specimen is determined

by the previous history of the sample in the superconducting state

using the Faraday-Lenz law of induction. Once the system of coordinates




is éuitaij_Specified, these bulk cufrents can be caused to flow in
gither'a~ﬁositive or negative (clockwise and counterc1ockwise) direction.
Following the prevailing convention, currents f]owing in the bulk are
feferréd to as diamagnetic or paramagnetic, depending on whether the
Lorenfz force the current density vector experiences is directed away

. from or towards the neighbouring syrface of the specimen. As noted
above, the magnitude of the currents flowing in the bulg is determined
by the critical condition 3; XB= ?b. The critical state concept

was originally developed for, and mainly applied to situations where
the current density vector 3 iﬁborthogona1 to the magnetic induction
- vector B. For these circumstances one can write the critical state

condition more simply as jcB = F_since it is then understood that,jc

. is perpendicular to B. Variouspworkers have proposed simple analytic

| functions.for the pinning force density, hence for jc and B, which

lead to an adequate description of the macroscopic behaviour of the
samples under scrutiny. Indeed, a considerable effort has been dedicated
to the determination of the "best" analytic function‘which optimizes the
fit between calculated and observed curvesls? Unfortunately, some of the
"best" analytic fqnctions exploited in the calculation of a set of
results are sometimes found to be %nadequate for, or inconsistent

.with the qualitative interpretation of other important observations on
the same specimen. A simple and physically reasonable analytic
function for Fp was introduced in_our calculations. The emphasis in

the present work, however, has. been to establish whether the model

proposed is valid. The ensuing qualitative analysis and conclusions



are not crucially dependent on the choice of the pinning function

incorporated in. the calculations.

Force-Free or Nearly Force Free Current Flow

The pattern of.current flow and the configuration of the
magnetic induction in the bulk of a nonideaj type II superconductbr can
be established qualitatively and quahtitatiVe1y'by fnvoking the critical
state concept and the Faraday-Lenz law of induction provided that jc -
is perpendicular to B. Important situations are encountered however. ‘
where this condition is not sdtisfied172LeB1anc and his collaborators 18)
have pioneered in the study of such cases. Thése workers have examined
this type of situation using two different techniques which are now descri-
bed. |

a) A transport current is fed from an external supply attached to the
ends of a long‘wire or riBbon specimen placed with its axis along
an externally applied static magnetic field. Even wheh the
magnetic field associated with the current i§ taken into account
it is clear that.the éurrent density vector is not perpendicular .
to'the'hagnetiq induction veétor.

‘b) A ribbon (or wire) specimen is placed with its axis along aﬁ
externally applied static magnetjc field. Now, however, ;he
persistent currents flowing a]ohg'the length of the sample,
hence along the axial magnetic fie]d; are generated by induction,
i.e. by applying a.magnetié field perpendicularly ;o the axis

of the sample. Again 3 is not transverse to B.
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. The cr1t1ca] state condltlon alone 1is 1nadequate in these
c1rcumstances. This can be seen as follows. The Lorentz force JxB
now has at least two components (which may aid or oppose each other).
There is only one constraint available, the critical state condition, -
but there are at least two components of the current'density which
need to be determined in order that J can be specified.

LeBlanc and his co11aboratorslg)

have observed that
under the circumstances described in (a) and (b) above, the current
density vector tends to adopt “spontaneous1y".a pattern‘of’flow such.
that f‘tends to Tie along ﬁ.. This configuration c]early.tends to
reduce the Lerentz force for.given values of J and B. Indeed if‘ﬁtl
is exactly parallel to B, the Lorentz force is zero, This situation

is referred to as force free flow. It is also c1earuthat the Faraday-
| Lenz law is now insufficient to predict the precise direction Of:

. current flow, since the induced (or impressed) current does-not_flow
transverse to the inducing externa] field change

These phenomena were .encountered and exp1ored by LeBlanc

et al in type II superconductors having large Ginzburg-Landau porameter-
k (= 30) and cxhibiting strong pinning, hence capable of supporting
'high current densities in the bulk. This work indicated that the strong ‘
pinning interfered with the tendency of the flux line 1atticeland the'
macroscopic current density to achieve para11e1,'hence force-free
configurations. Indeed, the ang1e‘between 3 and B appeared to remain
quite large. Exploiting the technique described above under (b), these

phenomena were examined in a relatively weak bulk pinning and low '«



11.

material (PbIn). This particular project was also intended to determine
‘whether the irreversible surface currents also tend to adopt a force
free, or nearly force free pattern of circulation. It is unfortunately

difficult to separate bulk and surface contributions to the data.
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The Composite Model for Hysteretic SuperCOndUCfors

. Our new mode] whose constituents have been just discussed
combines Abrikosov diamagnetism; irreversible surface currents and the '
prevai1ing.bﬁ1k.critica1 state concepts into one systematic picture.

We stress that it is new because all thése surface‘g) ind bu]kzo) phenomena
are well documented both experimentally and theoretica11y2]’7), but up

to now no direct rigorous analysis has been performed which involves all
three of these. We neglect force f§ee flow which seems to play a minor

~ role in our results.

22) it is assumed that the

Following Silcox and Rollins
Boundany“yalue of the local magnetic field in the bulk, B;, has the value
<B> = f(H¥) wheré <B> 'is the average-magnetic-induction-predicted by
Abrikosov and H* {s the effective field seen by the bulk. Thus we write

for the boundary of the bulk

By = By(H*)

This means, as also stated earlier, that there is a rever-
sible diamagnetic current‘IR flowing within a thin layer (the dimension of

- A) at the surface 6f the bulk. From this it follows that

ﬁIR = B (H*) - H* = 4, = oy
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where 41rMA is the reversible Abrikosov diamagnetic moment of an.idgal
sample atiﬂf. -

| Within the bulk, currents can flow aé prescribed by the
critical state conditions;‘i.e.; the metallurgical nature of the bulk
determingé the pinning strength, hence the steepness of the B- profiles,
and the previous magnetic history in the Superconductihg state determines
the sense of cfrcuTation of the bulk currents, hence the sign of the slope
of the B- brofiles. We stress again that the boundary for these bulk
currents (hence of the B- profi1e)‘is Bs which is not the applied external
field . '

If, as in the Silcox model, there are no irreversible surface
currents circulating then H* = H. However we take into account in our
model that irreversible currents can flow in a thin sheath (thickness of
the order of A) embracing the surface within which Abrikosov currents flow.
We extract.information on the magn%tude and field dependence of these
surface currents from our experimental observations. In our model then
Hf = Hi_ﬁIIR (where IIR is the magnitude of the irreversible current),
the sign depending on the sense of circulation of I;p, hence on how it
was induced.

In the above descriptioh we have, for simplicity, assumed
geometries where currents and fields are mutually orthogonal. Where this
is not true, our.model stil1 holds but calculations become very difficult.
Nevertheless, some of these obstacles have been successfully overcome

as will be shown in the course of this thesis.
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CHAPTER 11

. '~ SIMULATED:INFINITE-SLAB .OF. NbTa

* ' CONDUCTION AND INDUCED CURRENTS

- Introduction

An infinite slab {mmersed in a uniform applied magnetic
field H parallel to its surfaces and .through which a conduction current
can be caused to flow transQefsé td"the direction of H and with unifofm
density along H constitutes the ideal sitdation for theoretical analysis
of magnetization and conduction curfent phenomena in a type II super-
conductor. ChangZB) has devised a sample design which simu]atés this

| idealbsituation extremely well. Using this arrangement, the transport
and magnetic behaviour of a type II supercdhdbctor‘can be investigated
ﬁith currents introduced into the "{nfinite" slab from an external
sourée and/or by 1nductiqn; Chang pursued extensive measurements on a
"simulated" infinite slab sample made with severely cold-worked Nb3Zr
_ribbon, a material with strong bulk pinning, 1ar§e K parémeter (= 35).
and high ratio of H_,/H 4 (= 160). In this material contributions to
the magnetic phenomena and transport properties due to the surface
cufrents (reversible and irreversible) are smothered by the large
current carrying capacity of the bulk.

Uging a sample construction almost identical to that

developed by Chang we undertook to study a material of smaller «
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eXhibiting ré]ative]y Wéaker bulk p{nning in order to explore the
behayiour in a situation where surface current and the intrinsic
'Abrikosov diamagnetism would not be dominated and their role made
'manifest.l NbTa was selected since this material could be purchased
in ribbon form (at a not too exorbitapt price) and preliminary measure-
" ments indicated that it satisfied the desired. conditioné.

A]though bulk currents play an important ro]e in the
mater1a1 and tend to mask the other contributions, we show that the
data can be consistently interpreted quantitatively and qualitatively
only if we apply the synthetic hode1 we propcse and develop in this

thesis.

Construction of the Sample

The material was obtained from M.R.C. in the form of
severely cold worked ribbon of width and breadth .040" and 015" res-
pectivefy. It was wound on a bakelite former into two concentric
solenoids of equal turns such that for a current I in one ribbon there
is a current -I carried by the one directly.below it. This was achieved

by turning the material back on itself after the de;ired length of the
>first layer was attained; this ensured the continuity of the material
and of the applied transport current. A thin-1ayer,(.001“) of mylar
: séparate§ the two coils. It was found from resistance measurements
in the normal state that the oxide léyer at the surface of the material

“provides complete insulation between the closely wound turns. Transport
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currents therefore always flowhperpendicular.to the axis of the cy]iﬁder.
-k solenoid wduhd from  flat ribbon material sinulates
infinite slab geometry if the curvature is much 1érger than the pitch
of the windings. The ratio of the latter tocthe former in fact was
.04/.8 or 1 in 200. Thus, the plane of each turn is essentially perpen-
dicular to the axis of the solenoid. |
If a magnetic field H 1is app11ed a1ong the axis of the
solenoid, then H is perpendicular to the transport current I and the
boundary conditions for the outer coil are given by H on the outer, and
H + uNI on the inner surface since the magnetic field produced by I is .
effectively zero outside (except for end effects) and has a constant
value of uNI on the inside, where p = 47/10, 1 s in amperes/cm and
N is the number of turns/cm. In the present investigations, extensive
use is made of these boundary conditions. | |
| The type of qonceﬁtrié solenoid iidrrangement»employed in
this construction can be treated as a single solenoid since the two
cof]s or'ﬂiﬁfinite“ slabs are "mirror images" of one another with
Arespect to boundary conditions and configuration of magnetic induction.
*(See schematic diagram A-1). Our arrangement has several practical
advantages on which ‘we now é]dﬁofgte.
| As shown-in Appéndix A, the solenoida]/approximation '
(uNI = HI = cénétant) is much improved chiefly because of -the small gap

(+..002") between the coils. End effects are also greatly reduced since
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' DIAGRAM A-—|
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SAMPLE ARRANGEMENT

(o
Diagram shows schematically the sample arrangement Wﬁich _
consists of two concentric but oppositely wound coils;of
Nb 25Ta 75 ribbon material. A»pickup coil surrounds the

.samp1e and a bucking coil is placed inside d%rect]y below it.
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tﬁe'field'produced by the conduction cufrent reaches v 98% of its
central yaﬂue uNI, 1/10 the way in from the end of fhe solenoid. The
‘total magnetization is doubled, and flux trapped inside the sample is
always.destroyed symmétrféa]]y when the sample is driven normal by
raising the temperature, T,.tbiabove the transition temperature Tc23’24).
This 1atté} is only true if the sample is heated symmétrica]ly from both
sides. For this reason non inductive-heaters of no. 32 manganin wire
were wound directly'beiow'and above the sample, thin mylar separéting
them frqm.the saﬁp]e surface. These also sefve to maintain the sample
at a temperature higher than that.of the helium bath. This is dbné to
insure that'the current is truly limited by the sample and not at fhe
contacts with the current source.
The heaters do not extend over the entire length of the :f
- sample so that the ends canbe:maintgined at a lower temperature than the ]
main body. This has the result of minimizing end effects, where the
direction of the self fie]d-is_perpendicu]ar fo the flat face of the
ribbons the critical fields and currents increase witﬁ decieésing |
temperature. The inner heater had a room température_resistance.of 2.1 ke
and was connected in para]1e1 With the outer.ohe (2.2 k @) for uniform heating.
Another reason for working atﬁe1evated'temperatqres (> 4.2%) is the avoidance

25), as magnetic stabi]ify increases when the

of undesirahle flux juhps :
temperature approaches Tc.

' vPickup coils wound directly be]bw and above the heater coils,
of v44 B & S formvar insulated copper wire, serve to detect changes in the

magnetization of the sample. These were balanced and connected in series
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opposition in such a manner that in the normal state (f >Tc) a field H

- applied along the axis of the solenoidal sample (bara1]e1 to the “infinife
's1ab") produces zero e.m.f. in.the coils. It is shown in’ Append1x E

that as a consequence the ‘integrated voltage produced, when the p1ckup
coil signal is fed into an operational amplifier, is directly proportional
to the magnetization of the superconducting sample.

' The bakelite former, cylindrical in shape, was supplied with
shoulders of appropriate thickness to fit snugly into a superconduct1ng
solenoid wound of NbZr wire which provided a field H a]ong,the axis of
the sample. _(H'was.llso gauss/ahp).

The two ends of the sample wire were carefully cleaned of
the oxide layer and then sandwiched between clean copper b1bcks attached
to the bakelite former. Indium foil placed in between the blocks, on top
and underneath the sample, ensure a uniform & 1nt1mate electrical contact. -
Relatively high pressure for this electrical contact was provided by
bolts clamping the top and bottom blocks together. |

This technique of making electrical contact is used since
~ NbTa does not solder, ‘and any we1ding.is difficult and undesirable, as it
Jmay partia]iy‘anneal the materia]s (VeTtage_probes aftached to the copper
blocks and sample indicate a haximum of ~ 40u2 contact resistance under
such circumstances). Thus now a transport cufrent.I can be fed into the
sample. A copper shunt of .22 was placed acrOSS‘the blocks since currents _
of the order of 100 amps were to be passed through the samp]e until it
was dr1ven normal 1in wh1ch case it has a res1stance of approximately 79

at 4.29K. Thus the initial dissipation 12R may be very h1gh without a shunt,
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whereas the shunt will not divert any current from the sample when it is
superconducting. Finally, voltage probes were attached directly to
the superconducting sample material to detect the onset of resistance

in the sample.

Experimental Results

In the following, the pertinent measuremente taken on the
sample are briefly described.

A. The major hysteresis loop of the saﬁp]e was Hetermined, that is,
the magnetization was measured as a function of an externally applied
magnetic field H in the range H=0toH= ch in all four quadrants.
This was done at several temperatures T where T is greater than the
‘helium bath temperature of 4.20K but Tess than T . A particular "working"
temperature was chosen such that the critical eurrent we§ definitely
determined by the warm region of the sampie and the measurable moments
were optimized. (See figure A-2). This serves as a general reference
with respect to other measurements to be reported later in this chapter.

B. The critical current Ic was measured as a funetion of an externatlu
app1ied‘f1e1d H. Ic is defined here as the maximum value of the appjied
transport curreat, with H“and T constant, that the Superconducting sample
can sustain before the onset of resistance. (The reason for this definition
will become obvious).

To‘eliminate ahy‘ persietent currents‘(magnetic‘history) .

present due to previous measurements, the sample was cooled through the
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~ transition temperature T to the final temperature‘ Tf in the presehée of
a chosen static field H for each measurement of I . ‘

' Slnce the actual temperature was not measured, the cr1t1ca1
current in zero field denoted I, Was used to establish the same elevated
temperature for. the sample from 6ne‘run to another. Diagram A-2 also shows
I as a function of heater current. |

| C. Simultaneously with the measurements of I (H) the magnet1zat1on at
the critical current was monitored, hence under identical conditions.

'D. Hysteresis loops of the magnetization as the transport current .l

is cycled between positive and négative values were traced for several
externally applied fields. Again, previous history was "erased" priof

to such cycling of I by cooling from Tc to Tf in the chosen H.

Here the sign of the current denotes whether the field

‘produced by the current aids or opposes the externally applied ;tatic
magnetic field H in which the sample cooled.

E. The incomplete Meissner effect or imperfect Abrikosov diamagnetjsm

. was determined as a funct1on of H. This is the diamagnetic moment devéloped

when a hysteret1c type II superconductor cools through its tran51t10n

‘temperature Tc to a final temperature T in the presence of a'static magnetic

field H. This quantity serves as a gauge of the reversibility of the
material, since if can‘be'comparéd with the ideal éurve expected for a
material of gomparabIe Hc1’ Hcé and" Ko The degree of f]ﬁi expulsion
ih'any field is'considerably reduced in a hysteretic sample. This is the

case for our NbTa sample.
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Discussion
The design of the simulated infinite slab sample allows
‘us to intfoduce supercurrent; in two ways: (i) by applying a transport

-current, and (i) by induction, i.e. by applying (or removing) a magnetic

field along the axis of the cylinder in the superconducting state; according -

to prevailing views the magnetic behaviour observed should be completely
‘consistent regardless of the "origin" of the currents present.

Another way of stating this {s that flux can be introduced
into the sample in two differenf ways. However, applying a field H>Hc]
introduces flux into the samp]e-syhmetrical]y,-whereas the application of
a current introduces flux into the sample from‘the inner surface only
since the self field produced by the solenoid samp]é is identica]]y zero

on the outer surface.

(i) Check on Boundary Conditions. |

From considerations.qf symmetry and boundary conditions only,
one expects the average field introduced by the two methods to obey the '
following relationship until flux has penetrated to the midplane of the’

infinite slabs.
’ <B>I

roj—

<B>H
‘where <B>H is the average magnetic inductionlinsidg the samp]é produced by
~an externally appjied field H (in gauss) and <B>; is the average magnetic
induction inside the sample produced by a current I flowing ip the ribbon.
Hére HI(in gausé) = ﬁNI with 1 in‘ampérés, ﬁ = 47/10 and N is the number

of turns/cm. The experimenta11y observed <B>I and <B>H are shown

T T A T
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in figure A-3. The observed ratio of 1/2 verifies that the boundary conditions
Hy = NI inside (zero outside) are correct (see Appendix A) and thus paves
the way..for postulating identical flux profiles with and added degree of

certainty whether the currents are fed into or induced in the samples.

A(ii) Estimate of « . | |

From the main magnétization curve (Diagram A-2) the critical
fields Hc] and ch can be estimated and a value for « for our samp]e can be
calculated. It should be pointed out that ca]cuiationg of « from magnetization
curves are approximate'on1y,when highly hysteretic sémp]es are involved. '
If H,, 1s taken to be that value of H where the magnetization curve breaks
away from the perfect.diamagnet%c slope (that is, where flux penetration first
occurs) then the value of H , at 4.2 is 165 + 25 gausé, estimating Heo® 5200

gauss yields a value of k = 6.

' ‘111) I, vs H. » : } , .

It is clear that using an external current source to feed a
current into the sample, two'chofces,of polarity or direction of'cdrrent
" flow are possible. Because of the desigh of the §amp1e, the magnetic field
produced by the current afds the externa]1y applied field for one sense of
flow and opposés it for the other sense of flow. Figure B-1 shows I.» the
~ maximum lossless conduction current the sahp]e can support, vs H for the
‘tWO possibilities. The»main features of these two curves can be readily
undérstood on the basis that the'density of both irreversible surface and
: bulk currents flowing ] to a maghetic induction decreases as B incfease;il

For I aiding H, both contribute to increasing the magnetic

induction, hence the monotonic decrease of the pritical'current with H f

is'expected. For the case where I opposes H, a large péak in Ic is expected
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‘ GRAPH OF I, vs. H
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FIGURE B—2 -

H- I-"N lemax

a,
a) This shows that |H- UNI |-2H when the critical curve passes through the center

of the specimen. It 1s easy to see that if 4B .0 for increasing B as it must,

dx
the above defined value of Ic is Ic nax’ The dotted lines show cases to
. either sides of this maximum.

i
- N :
L - - fL k:o 3

-
< |
L
¢
¢
b

b) This demonstrates that the remanent magnetization (area under solid curve)
can be obtained either by half cycling I in H = 0 (dashed curve) or by

reducing H from a high value to zero (1 be1ng kept zero)

SCHEMATIC  lcmax



- - note that, as expected, these curves reflect and indeed emphasize the main
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before the monotonic decline. The reason why this behaviour is expected

is presented schematfca11y in Figure B-2, Fufther, so1e1y from considerations
of symmetry, of the appropriate boundary conditions and of the decrease of

bulk current den51ty with B, we can obtain the re1at1onsh1p (see Flgure B- 2)

2By =™ NI ey ' - - 28]

where Hmax is the externally applied field in which tbe samp]e can support

the largest cr1t1ca1 current Ic max" We note however, that introducing
the observeq yalues for Ho.« and I ..o >1n equat1on28‘1y1e1ds a value-
for uN = 7.6 whereas we know from construction of the sample (we have
checked by the measurements described in (i) above that no error occured)
that N = 12.3. MWe shall return to this disturbihg result later.

(iv) 4mM at Ic vs H

Figure C-1 presents the measurements of the magnetization

of the sample when the conduction current flowing in it attains the

~ s n

values of + I as a function of the externally app11ed field H. We

feature of the correspond1ng I vs H curves (see figure B 1).

SN T S S S

From inspection of the magnet1zat1on curves as H is swept
up to and down from H.,. (see Figure A-2) and from the observation that
scarcely any flux is expelled from the samp]e durlng cooling from T
static H we may conc1ude that pinning in the bulk, hence macroscop1c bulk
currents, p]ay a maaor role in the behaviour of our sample. Accordingly,
as a first step, we have applied the critical state concept alone to the

analysis of our results for AiM at FI,vs. H In other words we calculate
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GRAPH OF 47M AT I vs. H

x- axperimental

=~ calculated
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47M at :_Ic assuming that the irreversible and reversible surface currents
do not exist and the intrinsic Abrikosov diamagnetism can be completely

~ignored. In this calculation we used the pinning function

Fp = aB" o 30-1

where we determine the pinning coefficient u_=.6.6x104(having arbitrarily

~chosen n = 0.5) from the measured 47M at Ic when H=0,
The pertinent equation used in this calculation is derived
in appendix A and reproduced here |
3-n_,3-n 2-n_,2-n
B,*-H (B -H"T)

SR ¢ L ¢y v ~ o 30-2

where

B

s Hi uNI,

Thé solid curves in Figure C-1 show the results of this
calculation. We emphasize that the critical currents * I, introduced
in this calculation serve only to establish the boundary condition
H i.uNIc. _ .

Since the calculated curves reproduce the main features

of the data qualitatively and semi-quantitatively, we may conclude that

our basic assumption that bulk pinning plays a significant role is correct.

Further, we have explored other choices of n in this calculation and note
that choices of n >0.5 definitely lead to less satisfactory results.

At present we cannot prov{de any physical explanation of the
second, peak occurring in the‘curve of 4wM vs H with I opposing H (upper.

~curve in Figure C-1)
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(v) Meaning of Measured I

The distance of penetration of the conductlon current into

the thickness of the infinite slab is given by the express1on

2-n ,2=n
Bs -H

.0 ‘(?-n)'aL

Calculations of this quantity reveal that . X, is appreciably
smatler than the thickness L of the ribbon- In other words, the conduct1on
- current does not fill the cross-sectlon of the entire sample when I
attajned. This result indicates that Ic is determined by a pert1cu]ar;
length of the sample whose current carrying capacity is significant1y
lower than the rest of the sample.
. Further we note that the remarent megnetization generated
by innuctien (i.e. by reducing .H-from Heo to 0) at the chosen temperature
is several times greater (= 6.5) than the remanent nagnetization generated |
by cycting I to near I and back to zero in H =0, 'If the conductfen
current I were to truly fill the entire sample at I we expect, 1ndependent1y
of any particular model chosen, these two remanent moments be equal. The
ratio of = 6.5 encountered substantiateslthe conclusion that the onset
of resistance is determined by a region (a weak spot) with a current
carnying.capacify considerabiy Tower than the rest of the sample. The
presence of lengths of dlfferent current carrying capacity in a co]d-roI]ed
r1bbon of severa] feet is not surprising and it is unfortunately the weakest
1ength,or weakest spot which will set the ce111ng on I hence determine the

observed Icz It is dlsturb1ng and annoying that this weakest spot

e e N L
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is so much weaker than the rest (or the average) of the specimen. Indeed

using the model and the quantities given above we calculate that the
ribbon should support a maximum current of 120 amperes when H = 0.

We can however, infef from the-observed behaviour of
I vs H shdwn in Figure B-1 that the weakest region has effectively the

same geometry as the rest of the ribbon sample. Indeed we are led to

suspect from this data, that the length of the ribbon which is respons1b1e

for limiting the conductlon current is a section, effectively or actually
‘significantly thinner than the rest of the ribbon, which is part of the
“inner coil of the sample and hence placed with its outer surface recessed
with respect to the outer surface of that coil. The total field "seen"
by that surface of the "weakest" link would then be a constant fracticn
of H + uNI. | |
| An observation of interest and which is consistent with
'our diagnosis of thé nature of the weakest section is the fo]iowing. Our
calculations of X, the actua} depth- filled by the conduction current at
' 'Ic’ versus H for the case aiding and opposing reveal that X is qpproxir
" mately constant. This conclusion is confirmed by another observation
whlch we will d1scuss later.

We emphas1ze that although the conduction current does not

fi11 the volume of the samp]e at the observed Ios this feature does not

in any way invalidate any of our experimental resuTts. Our analysis -

of magnetization data is not affected either since the conduction current

enters only as a boundary condition in the interpretqtion, Hence it is
not important whether I is truly sub-critical or critical. The presehce

of a weak 1link however does mean that we cannot analyse.the Ic vs H

FesASEE S R BT
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curves to provide an additional check of the validity of any model
proposed'for.the interpretation of the magnetization data.

(vi) Magnetization Loops “Generated by Cyeling I

Graphs (Dfl) through (D-4)-present hysteresis loops of the
magnetization as I is cyc1ed fn the presence of various applied fields H
frozen into the sample (i.e. H is present when the sample cools from T').
Clearly we may vary I between any convenient extreme va]ues 1ess than + I,
for .the given H. In one set of measurements we varied I between its
maximum positive andAnegatlve values 1fe. tetween + Ic and - c' In a
second set of measurements the aﬁp]itude of + I was chosen equal to the
amp]itude of - I and we picked Ic aiding for the amplitude. .The different
sets of hysteresis loops will be referred to as asymmetric and symmetric for
obvious eeasons. In figures D1-D4 we present some of the experimental loops
obtained in low, intermediate and high fields H. The calculations wefe )
based on the critical state concept onTy. In other words, the possible
existence of any surface current Qas {gnored as a first approximatibn. The.
power of B was chosen to be n = 5 wh1le a = 6. 6x104, was chosen from
the magn1tude of the magnet1zat1on at I in zero app11ed f1e1d On any model
where Xy the distance of penetration of the currents in-the bulk is the same
for +1 as-for -1 the asymmetric'curves are expected to.form a closed loop after
- one comp1ete cyc]e This indeed is foﬁnd*experimenta11y (see Figures D1-D2)
and thus provides ev1dence that the flux profiles penetrate the sample to the:

same depth Xo in both Ic aiding and IC opposing directions for a chosen

value of H.
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The behaviour of the symmetric curves is more comp]icated.
If the initial d1rect1on of I opposes H, fully closed loops are expected
-after one and one quarter cyc]e. If the 1n1t1a1 d1rection of I a1ds H
then a closed repeating loop is only expected after two and one quarter
cycles: (See Appendix A). This indeed is what is experimentally observed
(Fig. D-3). It is pafticu]arIy these details that fortify the critical
state concept. For low values of H qualitative and quantitative agreement.

- between the approximations and experiment is reasonable. However when H

becomes large the crude model cannot predict the experimental results either

qualitatively or quantitatively. - From Figure C1, 4™ at Ic vs H, we can
see that the o chosen for the magnetization loops as I is cycled (fromt
. the flrst point of C1) will not account for the magn1tude of the magnet1-
zation in high fields as I is raised near + 1. .

One particular loop, that of H = 690 gauss (Fig. D4) is chosen
to explore what reasonable ‘amendments should be made. (For Figure D4 we
have used o = 3.2x]04 chosgn from 4mM at‘Ic aiding in H = 690 gauss in
order to emphasize the qualitativeudifferences between experiment and cal-
cu]ation).

The first thing we note is that experimenta1]y the magnitude
of Ic4is approximately the same both for the a1d1ng and opposing directions.
Our simplistic model pred1cts that therefore the moment at I. aiding should
be somewhat larger than at I _opposing H as long as n<l. Exper1menta1
results of Fig. D4 show just the opposite; indeed, 4rM at I opposing is

twice as large as 4nM at I, aiding-




~Here H = 690 gauss (~ 4Hc1) while  |aH]
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' The first phyéica}ly obvious correction seems to be the
introduction of a reversible Surféce'current. 'Then, if the external
boundary at x =L is H + uNI then just within the surface it is B = H +pNI 6R
which represents the boundary magnetic induction of the bulk.

The.SImp1est choice is to p1ck-6l{to be a constant whose
magnitudg we have estimated by close inspection of the eXperimental curve
of 4M vs I. Assuming GR to be a constant is a good approkimétion since the
variation in <B> is small over the cycle compared to H and H is appreciably -
greater than Hc]. This follows from the following considerations.

When H>>H (See for}eXamp]e the book by de Gennes 26))

the Abrikosov diamagnetic moment is given by

H.-H,
4‘"MA = ——‘—'z‘—c_z—
g(2«® - 1)

where B is a fluxoid lattice constant (& 1.69 for a triangular array)
then ‘ |
IA(4“MA)[' _laH]

s(znzi- 1)

max " ~ 300 gauss A reasonable

minimum value of s(2n2 - 1) is ~ 100 which gives the maximum variation of

lA(4nMA)|= lA6R| =~:%%%- = 3 gauss




‘ " . 40.
FIGURE D—5

0

a,

Graph a shows schematically 47M as I is at either maxima for.

high value of H assuming H+ uNI to be the true boundary condition

'H"'I-LN'- | ‘,;
| H+pNI-3 | o
b H-pNI
H—pNI-3
0

b,
Graph b shows the jnclusion of a constant Abrikosov-like surface step.

SCHEME,. FOR INCLUDING SURFACE STEP ' . \
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Choosing 4p to be 25 gauss the dssumption of it being constant over the

range considered is correct within t 6%.
' Consideration of diég?&m D-5 may assist the reader in
seeing why the introduction of 6 leads to improved agreement with observation.
Graph D-6 compares the agreement between the exper1menta1 Toop
and the one calculated using the improved model above described. o= 3.2x'lO4
was determined by fitting 4=Mat I, aiding for this particular value of H = 690
gauss. ‘ |
It is .important to note that this value of o corresponds more
closely to the ohe derived from the remanent moment'of the main magnetization
curve. (See table D). |
| ‘As we shall see in more detail in the next section, if &,
the correct surféée current‘is introduced, it is then possible with one. adjus-
fab]e parameter &, selected once and for all from ggx_experimenta1

information, to obtain excellent agreement between calculations and observation.

(vii) The Field Dependence of the Irreversible Current

In this f1na1 section we apply our composite model to arrive f
at the variation with magnetlc field of S1re the irreversible surface current,

from experimental observation. First &, the net effective surface current

must be determined.

In 1ight of its re]atlve success the choice of the pinning
function to be used for this analysis vemains aB"z. We choose the adjustable
parameter o = 3.2x10 (amp-gauss1/ /cm ) obtained in the prev1ous section

where a constant reversible surface current was 1ntroduced and lead. to an
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excellent account of the magnetization loop as 1 is cycled in a static field

H= 690 gduss. Né wish'tO'point out that Once these two parameters (n = 1/2,

the power law of the p1nn1ng function and u, the strength of plnnlng) are

Spec1f1ed, a measured magnetic moment c0mb1ned w1th a’ current f]ow1ng in the

sample (thls defines a boundary condition) un1que1y determines the tota] net

surface current § = uI .

To obtain & equation 30-2 of this chapter must be solved
for the unknown quantity Bs,_the magnetic induction at the surface of the
bulk. |

This equation is obtained from equation 7 of appendix A
by removing the restriction that the applied external boundary represent the

field experienced by the bulk.

Although some difficult cases are encountered, equation 30-2

was solved numerically for Bs‘ We note that § is just the difference
between the experimenta]]y‘imposed.boundary H i‘ﬁNI and the corresponding

computed value for Bs‘

& = (H£uNI) - Bg

Accordingly & was calculated using the data obtained for
the magnetization at the maxlmum applied current I (See section iv of
this chapter). Figure D-8 shows & Vversus the appropriate boundary f1e1d

(Bs + §/2) or (Bé + &) depending on which s more}su1tab]e.
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Schematic Boundary Conditions
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In accordance W1th our mode], irreversible currents may flow
at’ the surface of the Spec1men in a reglon different from and embrac1ng the
reversible Abrikosov surface current. As was seen, the sense of circulation
of the irreversible surface current may aid or oppose the Abrikosov current

which is always diamagnetic with respect to the eiterna1‘fie1d with which it

;-')

is in equilibrium.

=,-|6R|. sl I‘S'IRl

Whether the Trrevereib]e'current ItR is paramagnetic -
(opposes IR) or diamagnetic (aids I ) depends on the magnetic history of
the samp1e in the superconducting state. The possible flux profiles thus
arising are deplcted in. the schemat1c drawings of figure D- 9.

Although not r1gorous1y correct, it is a good approximation; '
for high va]ues of the boundary f1e1d to combine & for the cases of &pp
- aiding and opposing Sp, thereby obtaining the high field dependence of &
and GIR The error 1ntroduced by this approach is less than 5% within the
range where this approximation was applied. The curve'obtained for &p in
this manner from experlmenta] values was then extrapo]ated to Hé], which
was taken to be 200'gauss. F1gure D-8 shows,.oR as a function of the
boundary field. ,

| | Since for each remaining experimental point § is known and
Sp has heen estimated, §IR can now be readily ‘deduced using the equation |
given above.. On figure D-8 SIR is plotted as a function of Hoyy - 8ip/2

where H, . is the external boundary field.
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summarizing this briefly within the framework of our model -
we have poﬁtu]ated a pinning funcfion FP = éBn. Having fixed the parameters
o and n, we have determined the boundary field of the bulk B 5* and hence §
from the data on the magnetization at I " The well documented Abrikosov 1
surface current &p was then extracted from this information. The irreversfb]e
surface current GIR is then the excess surface current (paramagnetic or diar'
magnetic) in & not accounted for by SR In this manner we find a curve of
61R of reasonable magnitude which varies monotonically with boundary field.
Similar results have been reported by other worker527) in the 11terature

In conclusion we wish to assert that, of existing models,
only our new model is capab]e of accounting for the'magnetizafion curves of
the NbTa sample when a conduction current is present. we find that the bulk
critical state by itself can account only for a small part of the data, in
fact for the particular magnetic moments discussed in section vi, 1t predicts
relative magnitudes'tﬁat are opposite to that. experimentally observed!

.The Silcox model, we find, seems to account for this parti- -
cular feature. Th1s, however, is fdrtuitohs since for high values of H'the
irreversible current turns out to be neg11glb1e, the Silcox model is
1ncapab]e of explaining the results for 4wM at Ic at low fields. But our
composite model, correctly synthesizing the three well documented mechanisms
" introduced for understanding the behaviour of type IT superconductors,.does
explain, systematically, all the essential experimenﬁa] features encpuntered

in our investigations.’
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CHAPTER 111

PbIn Ribbon Samp]eilnduced Currents

‘Introduct1on

It is now well established that the pinning force density
in the bulk or body of strong pinning type II superconduetohs.exhibits
a resonance form of dependence on magnetic inductionzs). The maximum of
the oinning occurs when B/'H.c2 lies inAthe range between 0.3 to 0.7.
Ttmms and LeB]anczg) have shown that, as a direct consequence of this fact,
the peak magnetic moments induced in a ribbon (or wire) of a nonideal type
II superconductor, when and external field is applied perpendicular to the
sample axis and var1ed between +H 2’ can be dramatically increased b& a
factor of -3 when a statlc magnetic field -0.5H 2 is also present and
directed along the r1bbon axis. Further, these workers have shown that
the persistent currents induced by the vary1ng transverse field adopt

a "tilted" pattern of c1rcu1at10n and tend to flow a1ong the Tines of total

magnetic induction. '

Exploiting the critical state'conceptrand a simple "resonant"
pinning function, these workers quantltatlvely accounted for the dramatically
enhanced moments they observed These authors applied the laws of induction

to'this problem complemented by the postulate that the pattern of currents
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generated in the specimen will tend to flow so as 10 reduce the net
Lorenti.force. In this way they also accounted qualitativgly'for the -
main features of the evolution of magnetic moments along the static
fleld directed parallel to the axis of the ribbon as the transverse
field component was cyc]ed between + Heo

. Since in the sample these workers studied plnnlng in
the bulk swamped any role played by reversible and irreversible surface
currents. their results are relatively uncomplicated. In their case
the concept of bulk pinning ‘and the tendency for nearly force free flow
of currents in the bulk sufficed to account for their observations.
For these same reasons, however, their work could not shed 1ight on
“several important basic questioné* |

i) Does the magn1tude of irreversible surface currents

also exhibit a resonance type dependence on magnetic 1nduct10n?
Stated differently: are the concepts of a critical state with a dr1v1ng
Lorentz force opposed by surface pinning applicable to cons1derat1ons of
the limit or ceiling for irreversible surface currents?

) , ii) Do irreversible . surface currents also exh1b1t the
capacity to adjust their pattérn of circu]ation so as to reduce the lorentz
force they experiencé? _Or again stated in another way: will irreversible

" surface currents also flow along field lines, hence in nearly force free
configurations? |
| iii) What role, if any; does the intrinsic Abrikosov

diamagnetism play in determining the pattern of current flow and the
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magn1tude or ceiling of macroscopic persistent currents in the bulk?

To provide information on these questions we undertook
an extensive investigation of PbIn along the llnes followed by Timms
and LeBlanc on NbTa,Aand'Mattes and LeBlanc on NbéZr and NbTi. This
material has a low parameter, and preliminary studies by ourse]f'and
others3o)iindicated that the pinning in the bulk was sufficiently weak
50 as not to overwhelm the contributions of irreversible surface currents
and- intrinsic Abrikesov diamagnetism to the magngtic behaviour. Further,
the m&*imum reversible and irreversible surface currents appear to be
comparable. A -

In this chapter we present some typical results of this
extensive series of measurements. Data was taken with the static field
directed along the ripbon axis and the transverse varying (current induéing)
field along the.flat face of the ribbon and vice versa since these two

‘situations are physically equivalent. As shown in the next chapter, the -
capacity of the surface to support irreversible currents is practically
quenched when a magnetic fie]d'pjerces the flat face of the ribbon. For
this reason, we have also taken measurements with the static fie}d directed
into the flat face and the axial field cycled betwéen tHo ( and vice versa).
Unfortunatly, significant demagnetization effects in this case also appear
with a magnetic field dlrected into the plane of the rectangu]ar slab sample
and complicate the interpretation of the data.'

An analysis of the main features and the details of our .

observations on this material is intrinsically eitreme1y difficult.
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To start with, we are exploring a completely unchartered area of
physical phenomena. ‘Fufther, the challenge undertaken is by its very
nature formidable since the role played by the several contributions
(bulk pinning, nearly force free current flow, intrinsic Abrikosov
diamagnetism and jrreversible surface currents) are all of comparabie
jmportance. Neverthe]éss such an. analysis by the author is in progress
and the prospects of success are encouraging. The analysis when completed
wi]i be presented in a seperate treatiée and for publication.

In this chapter of my M.Sc. thesis I propose to confiné
myself to a presentation of the extensive data and a discussion -of various
features of the results which are more easiiy amenable to iﬁterpretation

using only one or two of the basic pertinent concepts.
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Experimental Arrangement

| The PbIn sample (13.92.at % In) was rolled from a wire

of .25 cm diameter into a slab of dimensions .36 x .05 x 5.7 cm. A bifilar
heater of formwar insulated no. 38 manganin wire was wound around a sandwich
| of the soft PbIn ribbon and thin sheets of mica. Hairpin heaters of the
same manganin wire on the large face of the slab were included within the
sandwich. The sample assembly was embedded within a bakelite holder
designed for accurate aligning of the major axis of the slab a1ong the axis
of the solenoid wound of superconducting (NbTi) wire. The sample holder was
also equipped with positive location in the transverse direction where a |
pair of Helmholtz coils, wound with the same superconducting,wire (NbTH)
produces a magnetic field perpendicu]ar to the direction of the solenoid.
"The bakelite holder can be rotated about its major axis in such a way that
the field produced by the Helmholtz pair is either perpend1cu1ar to or is

in the face df the slab. The solenoid and Helmholtz pair produce 134 and 121
gauss/amp. respectively. | | |

A pickup coil of no. 42 formvar coated copper wire wound

cylindrically around a bakelite former embraces the entire length of the sample.

Bucking coils at both ends of the former were wound of the same wire material
and ﬁere_connected in series opposition to the pickyp coil in such a manner
that when the magnetieationlof the sample is zero, the integrated signa1

Als also zero when a magnetlc f1e1d H// aTong the axis of the sample is

changed by aH. That 1s, the co11 arrangement must satisfy the requirement



55.

l] vl = I iy * T = ) -

[

where A is the cross—sectiona1 area of the former, Ng, and Np, are the
number of turns of the two bucking coils and Np is the numbef of turns .
of the pickup coil.

when the magnetization of the sample, seen only by the

pickup coil is non zero then

|J wtl = R - Oy i) sl (@)

which combined with (1) gives
|I~th| = [N aldni)|

that is, the integrated signal thus developed is directly proportional
to the magnetic moment developed along the major axis of the sample.

. In a similar manner, rectangular pickup aﬁd bucking
coils of.no. 52 formwar insulated copper wire, with the appropriate turn-
area relationship were constructed to detect changes in the magnetization
of the sample in the transverse direction (i.e. along the axis of the
Helmholtz pair). TheAanalysislgiven above also holds hgre. The pickup
coils and sample holder 6héé;assemb1ed together were fitted snugly and

rigidly inside the pair of superconducting magnets.
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- The main feature of our experimental arrangement is that
magnetic flelds can be applied independently along the major and mlnor axes
of the rectangular slab mater1a1, while moments developed along the respect1ve -

axes, as fields are swept,can be monitored.

Experimental'Resuifs

The type of eiperimenta] arrangement discussed in the
previous section, enables us to study the pattern of flow of currents that
circulate in the surface and within the bulk of a superconducting r1bbon
sample in the presence of a static magnetic field. We point out that
cufrents are induced in the sample via the varying field, so that the
changing.mbments subsequently observed yield 1nformapion on the changing
flow pattern and the forces that arise as a result of the interaction of
fields and currents. By judiciously altering the magnetic and geomefric
configuration~of~our'specimen'it is possible to separate the three distinct
critical currents that compfise the effective behaviour of the sample.
Accordingly, the following measurements were taken.

(The subscript // shall be reserved for the direction
aiong the solenoid and therefore along the major axis of our rectanguiar

slab, and the subscript L for the direction of the field produced by the

Helmholtz coils, thus along either the width or breadth of our sample.)
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A complete set of measurements was taken with H_L
and the flat faces of the ribbon alternately.

the corresponding representative families of curves obtai

57.

The superconducting sample is allowed to cool through T, in a

constant H// and

i) H is varied while &M, is monitored (.e., along the field

inducing the currents)

i) Hy is varied whi1ev4nM// is monitored (i.e., along the static

field)

The sample is cooled through T, in a constant H} and

i) Hy/ is varied while 4nM// is monitored (i.e. along the field
inducing the currents) '
i) H// is varied while'4wM1. is monitored (i.e., along the static

field)

oriented into the narrow
Figures (E-1) to (E-8) show

ned.
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Explanatory notes to Fiéures E and F.

The ribbon geometry of the sample employed in these
sections are schematically sketched on the graphs showing the
experimentally observed curves.

A1l arrows placed on this refer to applied or'resultant
magnet1c quant1t1es, in the appropriate directions.

More precisely, the straight arrow represents the d1rect1on of the
‘ﬁpp1iédﬁs£atic field, the wiggly arrow represents the field being
varied while the solid wide arrow on one face of the ribbon represents

the direction in which the magnetization is monitored.

Hstatic - Hyarying _4“Mmonitohed
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Discussion

| A detailed app1ication‘of the composite model deveioped ‘
in this thesis to the interpretation of the variety of complex behaviour
encountered in ourinIn.sample‘is beyond the scope of an M.Sc. thesis.
This analysis presents a formidable task because the several constituents
of the model make comnarab1e contribution to the observed phenomena.
A necessary initial step for the analysis of the resnlts consists of
assess1ng the evidence that each component must be taken into account
and of est1mat1ng their relative lmportance. Accordingly, in th1s
section we consider those features of our data which reveal the presence
of bulk pinning, intrinsic Abrikosov diamagnetism and irreversible |

surface currents.
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{) Bulk Pinning - | - o

| -Both pinning in the bulk and irreversible surface currents
contribute to trapping of magnetic;flui in type II superconductors. In
pamticular, the remanent flui, {.e.; the f1ui'trapped in zero field after
'an excursion to a high value of the field, is an easily measured quantity
and ie frequently used to evaluate the degree of irreversibi1ity or
hysteresis of a specimen. Slnce, however, either or both bulk pinning
and irreversible surface currents may be responSIble for flux trapplng and
the remanent magnetization, this piece of 1nformatjon a]one is amb1guous.

There: is, fortunately, a simple procedure for sorting

out the relative importance of these two mechanisms to flux tfapping. This
consists of separately measuring and then comparing the remanent maghetizatiqm
along the length, width and thickness of thevmibbon sample. These results |
enable us to distinguish between these fwo contributions for the following
reasons. | t '
| o | The remament-magnefization~due to irreversible surface
currents S1R (amp/cm) is linearly proportlona1 to this quantity. This can
' be seen from con51der1ng that the magnetic moment My = I (AL) where A 1is
the area embraced by the current and L is the dimension through which it
flows, whereas the mégnetizatlon {s the magnetlc moment per unit volume,
hence - mM/AL ) It then follows that the magnetlzation due to surfacev |

currents is size 1ndependent and thus the same whether measured along the.
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length, w1dth or breadth of the. samp1e.

_The remanent magnet1zat10n due to perslstent currents
flowlng in the bulk (hence assoc1ated W1th bu1k p1nn1ng) by contrast is
size dependent.} In this case,=the magnetlc-moment increases more rapidly

than linearly with the area filled by these currents. The reason for

this is that Uy is now an integral over the concentric areas embraced by the

1nd1v1dua1 elements of currents It follows that changlng the “effectlve_
cross-section w1]1 cause the remanent magnetization due to bulk p1nn1ng
to change. _ '
A,éomparison'Offfiggres-E], E3 and E5 shows the following;
_ a) the sample traps only 2% of Heo along the major |
axis of the ribbon. This indicates that the specimen is not highly
hysteretic; the bﬁ]k}pinning is nbt very strong and the irreversible
surface currents are not considerable. |
b) the sample also traps only NZZ of Hp along the
width of the ribbon. This indicates that the cépacity of the surface and
bulk to support 1rrevers1b1e currents is fa1r1y 1sotrop1c |
| c) the remanent magnet1zat10n along the th1ckness 1s
apprec1ab1y ]arger than a]ong the other two dimensions. This observation .
a]ong with the foregoing enables us to deduce that it is mainly the bulk
which contributes to the remanent-magnetization, and thus to estimate the
strength of the bulk plnnlng ' ’ ; _
It is important to 1nd1cate here that the data presented

in Figures E5 and E6 have not been adJusted for demagnetization effects.
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cOrrectlons to the hor1zonta1 sca1e are non linear since they depend on the

magnetlzat1on, and are rlgorously appllcab1e on]y when the’ magnetlzat1on is

uniform. Ne know however that the magnetization in fact is very 1nnomogeneous

except over the part of the curve where H is increased from zero to H ¢l

with the sample in the virgin state. Fortunatejy, 1t is a straight forward .

matter to correct the vertical scale. It is sufficient'in,this instance to

multiply the "raw" data by the appropriate demagnetizetioh coefficient D,

wh1ch can be estimated from geometric con51derat1ons as well as from our data.
Cons1der1ng the ribbon as an oblate spheroid and taking

m, the ratio of the major and minor axes to be given by the ratio of the

width to the thickness of the slab, D can be calcu]ated from the fol]oW1ng

express{on given in the literature 3]).
1-1/D=1/2 [—-g-——-—~ ]
(m )3/ me-1

Th1s computation gives D = 4. 7.

In view of the fact that our ribbon is nearly rectangular,
. this is probab]y a. crude estlmate. _ | _

An estimate of D from our magnetlzatlon data dlrectly'is
Probably more reliable. ThIS is done 1n the following way. Clear]y,{the
demaghetization coefficient along the ]ength is negllglble, therefore it is
reasonable to take Hc1 obtained in this direction to be the true valoe of
the maferial. Now, since this quantity is a property of the material

independent of geometry; it follows that the demagnetization factor

o £ S




should be

€. .

where the subscr1pts 1ndlcate the direction of the app11ed magnet1c field
with respect to the ribbon axis. Unfortunately, the onset of the mixed
state, (H ]),IS not always unamlguously manifested in magnetlzat1on curves.
Here we take H cl to be the value of the app11ed f1e1d where the. maximum
diamagnetic moment occurs as H is app11ed from zero to a virgin sample.

We are justified in this choice since this maximum va]ue is sharply defined
within a sma]] range of H. In this manner D turns out to be 3.3 + .1

The remament magnetization in figure E5 can now be

~ corrected accordingly and is seen to be 260 gauss or ~ 10% ch. We are

now in a position to quant1tat1ve1y assess the contribution of-bulk pinning
and trapped f]ux to the remanent magnet1zat1on | |

If we assume that surface currents play no rb]e then it
follows from the critical .state concept, using pinning funct1ons of the

form Fp = oB" , that the ratio of the remanent magnet1zat1ons is glven by

- (see appendix A)

My =~_(51-’-) Zn c (@)
{Ian' . Ll ' , :

where L// is the thickness and L is the width of the ribbon. Note that

the ratio is 1ndependent of ‘the plnnlng coeff1c1ent a, Taking n = 1,}

.

e e —— T T
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or in other words assuming constant flux gradients

'...541rME! =.':ﬂ. 02" =.l
My Ly SLE

The exper1menta11y observed ratic (using 4«M correcfed by the demagnetization
coefficient) is ~ 1/6. 5 We therefore conclude that the starting assumption
| i{s valid and that surface currents contribute negligibly to the remanent
' magnotization. In view of -this we can next est1mate the bulk pinning with
some degree of confidence using the remanent magnet1zat10n. A

| EmpToying this estimate and from inspection of the magneti-
zation enve1ope§ (Figures El,. ~ E3) in fields above H ) ve infer that bulk
pinning does not play a ‘dominant role in th1s reglon and for these orientations.
Unfortunately, however, it is 51gn1f1cant enough that it cannot be'completely

neglected.

ii) Abrlkosov Diamaginetism

Hhen a magnetic field applied to a type 11 suoerconduétor
is raised beyond a cr1t1ca1 value, flux enters the specimen in form of
quantized filaments. . At this point, if there are few or no p1nn1ng centers
'within'fhe bulk to impede the migration of fluxoids towards the center of
the superconductor, a sudden drop in the absolute value of the diamagnetic
moment occurs as predicted by Abrlkosov S n theory, and fivst observed
by Shubnikov32). A modest increase in H beyond this value produces a rapid

diminution. of the diamagnetic ioment (more vortices in the bulk) until the




73 .

: den51ty of f]ux tubes becomes large enough for these to exper1ence appreciable.

mutual repu151on at which stage the diamagnetic moment becomes a slowly
varying functlon of appllgd field, decreasing monotonically to zero as
The qualitative behaviour of the initial diamagnetic “moment

obta1ned for our PbIn s1ab in all three ‘orientations corresponds to that

described above. For this reason it is instructive to calculate families of
curyés expected for an ideal Rbrikosov specimen subjected to the external
- conditions in effeét in our investigations.

We consider an infinite slab in an external field oriented
along the surfaces of the slab. S1nce the material of the slab 1is taken to
be 1dea1“(hénce-revers1b1e) the magnetization is un1que1y determined by the
magnifude of the external field H and the pert1nent parameters (Hc],
HCZ’B’K) _ | | - ‘
4 Abrikosov diamagnetism can be represented by the following equation(lg).

for values of total field'H?Hc]

i = 0 - g ) o S m

: ch

where y is a constant're]ated to the fluxoid lattice constants 8 and the
K of the materlal ' ' | |
If H is to be applled in two orthogonal directions (denoted 1 andA//)

then the moments developed along the respect1ve axes are
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. H '
X_U - ) cos ®

4wM . | - :
c2 _ . | 2)

1

4nM// ~(Q -ErZ.) sin ©

where 6 {is the angle between H and the perpendicular direction, then

cps‘é = 'Hl/H =H /M4 H;, - « (3)

sin 6 =

[l
p= ~4
~
~
~
- .
+
fee =
~
~

" so that (2) becomes o ‘ .
: 1 // ) AL DR | (4)

4an = (1 -

v 'H.L"'P'l”//” ) Hyy
c2 Y H3‘+ H?,

1
-
~—
et
]

417"// =

For the sake of argument H// is considered constant and H; variable.
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Families of curves ca1cu1ated for a slab of ideal Abrikosov
material are shown in figures E9 and E10." The corresponding measured
curves in flgures E1 through E8 are those where H is increased from zero
for a fvirginf sample. (The comparison is then. to be made between these
'fmnilteslof curves in'figures'E1, E3, E5, E7 witn figure E9 and figures
E2,.E4, E6, E8 with fi'gure E]O " It emerges from this comparison that the
ideal Abrlkosov slab exh1b1ts genera] features and - “trends of behaviour
vhich correspond closely to that encountered in our specimen. We can thus
conclude that the reversible component of our specimen in these c1rcumstances
plays the domlnant role and the contribution of bulk p1nn1ng and 1rrevers1b1e

currents are not appreciable when H is applied from zero to a virgin samp]e.

111) Irreversible Surface Currents

Irrevers1b1e surface currents olay a s1gn1f1cant role in the

hysteret1c behav1our encountered in our PbIn ribbon particularly when H
is swept from a high field through zero to a high field of opposite polarity.
We now present three sets of observat1ons which provide evidence for the
existence of these currents and yield information on their magnitude :in the
PbIn sample. | |

. a) The maln features of the magnetlzatlon curve of a type I
superconductor with weak pinning as H is swept fromIO to Ho and back to 0
can be readlly established u51ng the <i1¢oi mode]. The result is shown in
Fig. E- 11 If this material can also’ support a modest irreversible surface

. current, it is also fairly stra1ght forward to predict its behaviour using
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our three-component composite model. This'is'a1so shown in Fig. E-11.
From inspéction we’nbte‘immediatg]y the two main differences between
the sets of curves | | | -
(i)“ the shift in the relative poéition.of the peaks along the
field axis. - o : ‘

(1i) the increased'vertiéa] separation between the upper and 16wef
curves: Now from inspectioh'of the corresponding curves for our}samp1e
(Figé. E-1 and.E—3i we readily fengnize these two features. We may then

“conclude that a modest (relative to Hc]) frreversib1e_$urface current
flows in our ribbon under these conditions.

b) The onset of entry of f1ux in an increasing field 1nd1cates
that the capac1ty of the surface to support an irreversible current is
" attained. Here the current is flowing in a flux shielding or diamagnetic
sense. If now the field is decreased until exit of flux just commences,
the capacit} of the surface to sustain an irreversible current is again
on the verge of being exceeded. In this case the current is flowing in a
flux retaining or paramagnétic sense. Accordingly, the total range over
which the external field can be varied between onset of flux entry and onset
of flux exit provides a measure of the sum of the two currents. .Several
wdrkers33)4 ‘have exploited this viewpoint to determine critical surface
cufrents‘using various techniques to monitor the onset of flux entry and

exit. We have performed similar experiments. Sub—]oops of the magnetization

envelope were traced after the PbIn ribbon was cooled through T, to the Helium
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Figure E-i2
PbIn
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surface behaviour
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bath temperature in the presence of a static field H which was subsequent]y
cycled between H +t AHf. Here. AHf is an arbitrarily chosen value. A typical
resul tant sub- loop is dlsplayed on Fig. E12. For this part1cu1ar curve
(H = 600 gauss) we deduce from AH, the change 1n f1e1d necessary to br1ng ‘the
irreversible surface current from cr1t1ca1 diamagnetic to cr1t1ca1 paramagnetlc
(and vica versa), an order of magnitude for 81 IR of 10-20 gauss wh1ch is in
agreement with other observatlons on this materlal to be presented in chapter 1v.

c) LeBlanc and his co-workers 10) have a]so reported the
enhancement of the Meissner effect in non-ideal type II superconductors by
raising the temperature of the surface only towards T.. This phenomena
is seen to arise as a result of the destruction of the irreversib]e, paramagnetic'
surface current induced mhen the sample immersed in a static magnetic field is
cooled through T We have performed similar experiments on our Pbin slab
preferentially heating the sampIe surface by discharging a capacitor through
the hairpin heaters. The enhancement observed is again a man1festat1on of
the presence of 1rrever51b1e surface currents. Typical results are shown on
figure E13. It is noted that the degree of enhancement achieved for our
sample is considerably smaller than that reported by the above authors We
next show this feature to be cons1stent with the observation that the pinning
strength is weaker in our sample. |

If we for simplicity assume linear flux gradtentS»then a decrease
in the irreversible surface current by Al IR (via heat flashing the surface)

produces an increase in the magnetic moment which is proportional to (AIIR)
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when the bulk pinning is sufficient]y strong.. On the other hand, if the °
sample, due to weak pinning, is near 1dea1 within the bulk, the change

in magnetization is roughly proportional to AIIR only. (This is the case
for our samp]e) Furthermore, as is the case in the work.of these authors,
if the critical irreversible current is 1arge the unenhanced moment w111 be
small and the relative enhancement large. For our sample the critical
irreversible current seems to be smaller thus a1low1ng a. greater fraction

of flux to leave on initial cooling. The proportional 1ncrease in flux
expulsion is consequently reduced when the irreversible current is destroyed

by suitable heat flashing.
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CHAPTER, 1V

Introduction

_ Timms and LeBlanc34) have studied flux expu]slon ina
vibbon sample of NbTa allowed to cool from T in different weak stat1c
magnetic fields oriented at various engTes with respect to the flat |
face of the specimen. fhese workers discovered that the amount of flux
'.mhich the specimen expe1s is 1argest when the external field H is -H cl

and is oriented at an angle of ™ 45%. Further, they noted that it is

the component of the magnetic field a1ong the axis of the r1bbon which R

is preferentially expelled.

We have pursued similar studies in a ribbon of Vanadium

and find that in this material, the enhancement in flux expulsion at the

optimum field level and orientation is even greater than that encountered
in NbTa. We have a]so'investigated this phenomena in the ribbon of PbIn
for which other measurements were reported in chapter 111. In this material
~ the optimum enhancement in flux expu151on is not appreciable. ‘
| In this chapter we show that our composite model ~can
account for all of these observations: the remarkable enhancement
encountered in V and NbTa as well as the weak enhancement found in PbIn.

Further, in this chapter we show that this model qualitatively and
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quantitatively reproduces the complicated families of curves of flux
_ekpu]sion measured eiperimentallyﬁfor the three samples studied to date.
This success of the composite model constitutes the strongest eyidence

yet availab]efthat it  i's essentially correct and complete.

EXperimental:Prdeeddre

A sample of pure Vanadium received in a wire form of .20 cm
in diameter was cold rolled into a 1ong ‘thin slab of dlmen51ons .038°'x .325 x
- 6.25 cm.  As Vanadlum IS harder than PbIn, it was possible to wind a b1f1]ar
heater of no. 38 formvar coated manganin wire along the entire length of
the specimen. This a11ows faster heating with less current through the
heater coils compared with the type of arrangement used for the softer PbIn
§lab that was sandwiched between sheets of m1ca. Also, paramagnet1c 1mpur1t1es
encountered in mica are avoided. The Vanadium slab was then placed in the

sampie holder previously housing the PbIn ribbon.

Resu1ts and D1scuss1on

The experlmental observation consists of determining the’
Meissner‘womeqt 4nM//m arising along ehe 1ength of the sample, denoted as
~ the parallel direction. By the Meissner effect we mean the expulsion of
flux, hence the appearance of a diamagnetic moment as 2 superconductlng
sample cools from T, in the presence of a static magnetic field. This
moment was alsoAmonitored in the'perpend1cu1ar direction and was found to

be neafly independent of field orientation.
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In figures Fl- F2 we present fam111es of curves of 4nM// as a function of'
// in various perpendlcuIar fields H applied into the flat face of the
‘ rlbbon. We notice a spectacu1ar enhancement of a small (ﬁ 2 gauss) ;moment

“when Hl = 0 by a factor of nearly twenty (to ~ 40 gauss) when H has the

v magn1tude of about H., and is oriented approx1mate1y 45% with respect to
the sample. |
Our cold rol]ed sample is highly irreversible as can be seen
by inspection of the magnetlzat1on curves in 1ncrea51ng and decreas1ng
fields shown in figure F3. In particular the remanent magnet1zat1on is found
to be ~ 50% H 2 This large amount of trapped flux 1is ev1dence of strong
pinning in the bulk of the specimen. This indicates that large defeets-
(v order of thecnherence]ength) are present in the bulk since the Ginzburg 0
Landau parameter x is small. We estimate K to be 2.5 W1th 20% uncertainty.

Although bulk pinn1ng is strong it is not sufficient to

account for tne small Meissner effect observed. Ca]cu]at1ons using the
bulk pinning deduced from the maximum remanent moment. and.a reversible
surface current (the Silcox model) are d1sp1ayed on figure F4 We note’
that the Meissner effect calculated ‘with this model is a factor of 25
greater than measured when H is along the samp]e_akis and the maximum
attainable moment is monotonlca11y decreasing with increasing perpendicular
field. Once again we are lead to be11eve that irreversible surface currents

play a major role; therefore our new model nust be applied.
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_ In figures F5-F6 we present families of curves.of f]ux
expulsion calculated using our composite modei.' A comparison of these
figures with the measured ones displayed on figures F1-F2 revea1s an
exce11ent agreement We now describe the appllcatlon of the composxte.
model to this SItuat1on and the procedure folloved in the calculations.

As the ambient temperature falls just below T, super- '
onduct1v1ty arises in the bulk. At this juncture the homogeneous
conf1gurat1on of flux in the bu1k 1s modified and a redistribution into
quantized flux filaments takes place. As T further decreases, migration
of these fluxoids towards the surface occurs when the net outward force |
they experience exceeds the p1nn1ng strength. The laws of induction .
- require that a paramagnet1c current sxmu]taneous]y arise in therultipTy

connected surface layer to 20ppose exit of f1ux35).

Th1s paramagnetic
(irreversib]e) surface current will grow until it- atta1ns some max1mum
value or until the}outward forces: experienced by the,flux filaments are
ba1anced ‘The deve1opement of a diamagnetic moment as T decreases indicates
" that this balance occurs after the surface current has attained a critical
state andAexcesskf1ux has been expelled, and that the reversible currents -
exceed the irreversible (paramagnetic) current. ’

The schematic diagrams of figure F7 may may assist the
reader in vieualizing the final flux profiles that ensue from this
sequence of events according to our mode1

The funct1ona1 dependence of the rever51b1e current GR

is the well known Abrikosov d1amagnet1sm. In our work for simplicity
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: 22 . N e
we employ a trlangu]ar ) apprqxlmatlon.to the Abrikosov diamagnetic
curve. Also for simplicity we assume a Jinear dependence of §;p on
- field intensity H namely '

smm)ssmd-n) - O

which also 1mp11es that 61R+0 as HH . Although this 1atter is probably
incorrect it is not 'significant in our analysis since the enhanced
Meissner effect phenomenon 1svconf1ned to low fields only (v Hey) The
measured value of the Meissner morment ét Hep Was QsedAto detérminé the
parameter s once a va]ue for o was obta1ned Heref& is the pinning
strength in the bulk cr1t1ca1 state equat1on which, again for simplicity

is assumed to be
F = oB o (2)

and is calculated from the maximum remanent, moment. |
| Next, it is necessary to quess at the angu]ar var1at1on |
of d;p | |
' = * - : . 3
s pltne) = Sp(Hl* Fle) @

Physically this means the weakening or total destructlon of the irreversib]e .

surface barrier by the flux piercing the surface. ¢ s def1ned as the
angle W subtends with the direction normal to the face of the slab. Me
~ expect that a field piefcing the surface at small angles will have 2

) . . 36 .
~ pronounced effect on the surface barrier. Tinkham ) proposed an angular

A A o ok
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' dependence of cr1t1ca1 currents in the surface 1ayer WIth magnetlc field
orientation wlth_respect to the. surface, 1nvo]v1ng sinusoidal functions.

"To yle\d satlsfactory results. our requlrement for the angu]ar dependence

is a rapidly’ varying function van1sh1ng at ¢ = 0. In fact 61R§H,¢) must

become negligibly sma11 when H - ey since the Sllcox model seems sufficient

to reproduce the quantitative behav1our of the Meissner effect for perpen-

dicular fields greater than Hc1. It is thought to be quite s1gn1f1cant that

an angular dependence of this nature was derived by Saint James and.de Genne§3z

for the critical field at which a superconduct1ng surface sheath can exist
above H.o- | .
With all the parameters fixed and the functional dependence
of 8;p on H judiciously chosen (these are summarized in table F) the scheme
. of calculation is as follows. For a given value of H and its orientation

(¢), & 1s defined‘by equation {1). Now, since H+ 8p is the effective

fleld seen by the boundary of the bulk, 8R is determined us1ng the triangular

approximation for the Abrikosov diamagnetism and this effect1ye field

H+ 8pe The magnetic induction at the surface of the bulk Bg is then
specified since

By together with the assumed fluivprofile then determines the resulting

Meissner moment (See figure F7).

In 1ight of the success of the composite model in explaining

the Meissner Effect phenomena for Vanadlum, we applied the same aneTysis to

FReRatey

s

R ENTRT

s AR I



- 97,

TABLE F
Specimen' 'Paraineters _
Vanadium 400 |- 1800 2.6+20% | .9 176
PbIn 200 2700 4.1420% | .033 | .043

EE——— S S
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resu1ts obtalned for the Pbln rlbbon which is shown in figure F8. As
can be seen, due to a dlfferent value ‘of the Ginzburg Landau parameter
x, and a different metallurgical cond1t10n, PbIn exhibits a strikingly
dtssimi1ar family of curves to the one observed in Vanadium for the ..o
parallel ﬂeissner effect in perpendicular fields. Table F lists the
parameters and functional dependences for both PbIn and Vanadium, while
the calculated curves shown on figure F9 indicate that the model we are
proposing is just as excellent for PbIn as for Vanadium. |

, In c]ostng it i{s gratifying to note that the Meissner effect
vesults of Timms and LeBlanc on NbTa, which are very similar to our ‘
results for the Vanadium sample, are also well accounted for by our
synthesized model. Mork is presently under way on reflnements to the
approx1mat1ons employed in this analysis, however, these are expected to

improve only s1ightly on some qualitative aspects since the major features

of our experiments have already been well explained.

IS
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"CONCLUSIONS

In the introduction we.have.outlineujthe essential concepts
deve]oped in the 1iterature for the undersfend{ng of macroscopic behaviour
of non ideal type It superconductors bulk pinning, intrinsic Abrikosov
diamagnetism, and 1rrever51b1e,surface currents. Each of these concepts
has been well documented experimentally and explored theoretically by
“numerous workers and form the corner stones or building blocks of the new
compos1te model we propose and deve]op in this thesxs. Our model is a
carefu] synthesis irto a consistent picture of these three basic concepts.

Much of the work in the literature has been focussed on the
. bulk pinning property since this is the major feature in the highly
hysteretic materials used for superconduct1ng magnets. Following the lead
of Silcox and Rollins, the concept that thermodynamic equilibrium could
apply in non-ideal type I1 superconductors (intrinsic PAbrikosov diamagnetism)
evolved slowly and rarely exp]ic1t1y. Indeed, to this day the concept
seems not. to have been applied r1gorously to describe phenomena encountered
in low fields (below H ]) Several authors '40) have also previously

p01nted out the necessity of including a surface barrier in devising a

model adequate to exp1ain all hysteretlc phenomena 1n type I1 superconductors.

To our knowledge, however, this is the first time that a systematic approach
has been taken to mould all the pertinent concepts into a single unified

scheme.
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- investigations on three dxfferent samples and report on these in separate
chapters of this thesis.: In each case, existing modelé were applied to
»the interpretation and analysis of the data. In all three cases the
complete set of observat1ons cannot be accounted for by these models

| although they are adequate 1n describing some features of the behaV1our
over limited ranges of field and under special sets of conditions. We
~ show ‘that, however, in two of the three cases the complex spectrum of
phenomena are fu11y exp]alned qua11tative1y and quantitative]y.by
employing our compos1te moqel. In the thard case (chapter III on Pbln)
we have not applied the model systematically because.qf the intrinsic
difficulty of the program, and have confined ourselves to setting the
stage (defining the parameters) fo% such an undertaking.

1n summary, we have measured and accounted for the behaviour
of the magnetization>at the 1imiting tfansport current in a simulated
infinite slab, constructed.w{th NbTa ribbon, over thg full range of applied
. magnetic fields. We have also extracted data on thé'dependence of the
surface currents in this material on magnetic field. A

In Vanadium and Pbln r1bbons we have iﬁvestigated a new phenomenon
recently discovered by -Timms and LeBlanc; this is the considerable increase
in flux expulsion along the axis of the ribbon when the ambiant field is
oriented at an angle to the axis of the ribbon. Exp101t1ng our composite
model we have reproduced the main features of the full variety of exper1menta1

curves in detail.
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Fina]]y, we mention a further recent success of our model, not

repqrted in the text of this thes\s as it was achieved during its preparation.

We have applied our model and successfully accounted for a substantial part -
of the Jast assortment of magnetic behaVIOur encountered in non-ideal type II
superconductors in the range of‘low positive and negative fields (2 Hc]) as
the external field is swept from Heo through zero to -ch. These phenomena:
hitherto remained unexplained-in the literature. Indeed most workers have
previously limited their analysis to fie1ds outside this region. We‘be1ieve

that we have pierced much of the mwstery enveloping this nforbidden” domain.
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Appendix A

Ca]culétion of 4"M as I is varied

It was earlier extablished that, from geometrical considerations
equation A(1) can be put in the following form
dB o
‘a;- = GB“ _ i - (1)
The magnetization in general is defined as the average

magnetic induction inside the superconductor, minus the external

field, so that

A - = B> -H (2)

L .
Now B> = H Bdx (3)
Jq o

where L is the width of the infinite slab considered here.

Equation (3) can be written in the following form with the

use of equation (1)

B(L)
@ - a{-[ 20 @ (4)
B(o)

which can be solved if the boundary conditions B(o) and B(L) are known.




If only one boundary conditions is known exactly,

the other may be calculated by integrating equation (1) whence

(5)

g2 =+ (2-n)x  + const.

With the aid of (4) and (5) it is possible to compute the

magnetization for any sequence of profiles.

Consider a cycle of 4 vs I with the initial direction of

I aiding H. From Figure AA-1.

B(L) .
<B> =31L-J B2 dx + —H -
B(xo)
X
IR B v E o Ll
(3-n)oL

and X, can be found from (5)

. H+uND L
2-n \ = (2-n) ex \

B
H Xy

<
(H + uNI)z'n W = (2-n)ot (0 - —%)

s
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or )
X
0 1 . Cary2=n 2-n
— =1- E(H + uNI - H 6
L (2-n)alL ) ] ( )
whence
4t = <B>-H
B B A
(3'n)aL
- ey [+ NS G T (7)

Note that (7) can be used for calculating 47 M at I_ where 1 is
repiaced by Ic; however, it is generally assumed that, on this

picture the critical profile occurs when X, = 0 . In that case

g = L [ w3 - (8)
(3-n)ol '

And although this is not strictly true as mentioned in the main

text, it is_ true for the weak‘cross section.

From AA2 one can next deduce that

P N R R R I R AL

X
- - 2w ()




" where B(xA) is the intersection of the critical curves with
1nit1a1 cond1t1ons H + uNI - ml and a pos1t1ve gradient, where I ml
is the max1mum va]ue of the current in the initial direction, and
- H + uNI with a negative gradient; X

I=1

ol is the value of Xo when

ml

"Thus‘from (55
(H+ uNI, )Z-n - B();A)Z';" =  (2-n) o (L = XA) .' i)
(e D) 2N B(x )2 =(2n) (L= xy) 1)

adding these one obtains .
- A
Mﬁ)={1nun+m%ﬂﬁm(u+mn”ﬁ}2“

From (6)

ol _ )Z-n

1 | 2-n
= LR D

Combining these with (9) the value of 4 =M is

3-n

- : 2-n 2-n, 2-n
4mM = m uL [2“/2[H + uNI -l) + (H + uNI) 1

o+ ) . 1———7—1[(H + um"ﬂ)2 n_y2- -1 (10)




When I goes negative so that H - uNI< H as shown in figure PA 3B

the ca1éu1ation is as foilows

%b=($%a nmﬁﬁm-m-mn}“-ﬁml

Ty 0Ly (11)

since equal areas below and above the line H= 0 cancel. AA3-C
-ghows that this value of <B> 1is valid even when the effective

area is below the line for then

= (Rl [EER R TR s P 1

= (éél._ﬁ)ul_ [ZB(XA)3-h- H3-n._ lH _ ],INI‘ 3-n ]

Thus it remains to find B(xpg

From (5) as before

- N2 = (2 - n) el - %) i)

-(2-n )a (&A - XC) ii)

B(XA)Z'n

(L ol )2 - BUR)ZT = (2 (LK) 3D

Adding i, and ii, and substracting iii,  one obtains:

T L TR i




2-n 2-
28(x, )2 - (0 + WNI) "y H - uNIlz .o

| A
. _ - 2_ -
B(Xy) = (1/2[H + wNI ) - 12y 2

Whence ‘combining with (11)

3-
(--j-ﬁL[z 2 [(H + NI )2 N _IH - uNIlz'"]TZ£}

- IH - uNI|3-n N H3-n]

- (——-)-L [(H + uNI )Z-n - Hz".‘] | | (]2)

Figure 3D shows the possibility that B(X01)> H in which case
B(XD]) = H is of the only interest whence 4

-n 3- : n
M = '('3'171') oL [H3 I(H - )| " - (1 __L_ : {

From (5) B - i
| Xoq _ X -
KM = (2-n) ol (_Ql___L_QJ-—)

. X
|H - WNIEM = (2n)e L (1 - C‘

2-0 4 |y - |2
1 - XO'I -
LLEN (2-n) ol
=

|

;
3
g
i
LH
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" Whence Véé
4t = .(J;-H)QL[HS'“- i - w317 - 11*2-_—“-)QL[H2'“ + |6 - WN1|2]
| (13) .
Next on the sequence of profiles is figure 4A or 4B depending lé
on whether 3C or 3D was reached by H - uNI .
. For 4A |
anh = i [-2 (B(xg)™ - IH - W3+ i
. | : B i
3-n Ly | ﬁ
- [0 - NPT - (- XgpH
[
= Balt - WL+ 1 - 280" )

H | 2-n' B 2-n
= T2-n) aL[H + [H - uNIle ]

Since XO{ is now a éonstant determined by Imé'in(IS).

For B(XB) from (5)

B(xsz’“ o W= w2 = (2-n)al (- Xp)
T B

I - WL 2" - B(xg)2™" = (2-n) oL (1 - %)

L

Blxy)?™" = ‘7 [H - N2+ I - “Nlmzlz-n]
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Thus ) ’
1 i 2 2 e
_ - ) -n -Nq, 2-N
4 =3 0)el [265 [t - uNI|E +[H - wNL [T
e wnnP -8
H 2-n ~12-n
- (Zm)a L [H + |1 - WL, | (14)

For the case 4B the magnetization is slightly more complicated.

To (14) the term

2 3-n 3-n
must be added where B(XO1) is found from (12) whence,
30
4 = -(33-:“)“ 2 {d (I - G uNImzlz'“]Z‘“
3-n
2- 2-ny+2-n
¢ I3 (e N 1570 - 8- W17
- 3H 3-n]
H 2-n .. _ 2-n 15
- réfn)al.[“ + [0 - WL 5|7 (15)




When H - uNI is again greater than zero as depicted in Figure 4C

B(XB) must be redéfined again from (5)

T e e

(H - N2 = (2on) oL (1 - f%g ) i)

\

B(xB)z'“ = (2-n)al (Yoo -XB) i)
| L

2-n -
2-n _ %
H - wNI - B(x,) = (2-n)aL (1-ZB
H - WL (33 (2-n) -( T) iii)

Combining the three find

2- 2-n 2-n
Blxg) =| %- [IH -uNI o |“™" = (H -uND) 11
Whence for the case corrésponding to 4A
’ - 2-n; 2-n
hmjgmﬁm%[m-M%ﬂzn-m-mn | 2
- lH -]_[NI ‘3"" - H3"n]
- - 2-n .
-y D [T (16)
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And for the case cprrésponding to 4B i
oM = L 1) | . ' A.é;ﬂ
= el [2lL [IH -, 2T - (o) E] 2-n
1 2 \ 2 -
+ 2l LK + NI 12 - [ - | -nq(2n L 3t
H 2-n 2-n '
= T2-n)el [HET + (W -l | (17)

Figure D-4 depicts the situation when B(Xg) > 0.
Here ‘ ' B _—
- D2 - B(xg)?M = (2-n)el (1 - X)

) ' : . L

2-n _ (o_ | _
|4 - uNImzl = (2-n) oL (1 ng)
L

2-n ' ,
B(XB) = (2-n)al (XOO'XB)

oo L '
Combining the three gives the same equation for B(XB) namely

| 1
Bltg) = I [0 - wn)®" - (4 - W )2 |
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and

S 3- - -
b = oy 5 - 280515 + (- )T - (=X

3
N IR ST oL NPYR PPN ) S L MY TR, i,
T3=n)el 7 WNI)®- [H-uNI o™
__H 2-n C 2-n ‘
)l + [0 L, 77T (18)

for case corresponding to 4A

: 3-n
30 4 (0 -un1)¥ 213 (D)2 = [Hewn 20 2

r

21
4 = Tzn) aL[H

~3-n
|2-n) -n _ 3H3-n]

1 2-n
+ 2[2 (IH+ uN.Im]l - [H-uNI_,

g Wm0

for the case corresponding to 4B

Now 16 or 17, or 18 or 19 can be used . tiTl I changes‘sign until

it again reaches its maximum value Iml'

e




15,

One more distinct case must be considered, that of initial
direcfion'l opposing H

For Figure 5A

I = 3- o 2- L fony
ah = iy - KNI Gy (W 1 SNI[2" (20)

i
i
-
b

and for 5B

| - U Ui L= N - gl o T I 27 (21)

as these are analogous to 11 and 13 respectively.
whence at 1 ..o the formula 20 or 21 gives 4mM at I opposing-

‘ When+! is again decreased (in magnitude) the formulas are given by

4A and its ensuing cases, that.is'by equations 14, 16, 18.

SEIREE CETRS T T e e ot A e AR )

%
T
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Appendix B

" uConcentric Solenoids"

The vector potential % for a straight wire of 1ength 2b

at a distance

dh.
R

IR

For 2 wires carrying opposite'signs of currents

Ia =.-.Ib

A,

p<<L. from the wire can be found from the equat1on ‘

16.

wl Sﬂi
It v
AJ? . if 1l is assumed to be.along the z axis
P S o T A
m e 4n - p2 +9‘?.
-L ‘L
I L
%—- !,n[2.+(p2+2.2) ]L
1% & 2
0 4L
w [1+ = 1
P
ha - Ao
wl 2 .l 2
0 4L o~ 4L
r!,n('|+;§—) e (1+ -—gg)
.l 2
-E-Q-T—r-ln('l'*'q'léx 12
Pa ].|..4;l:._




ST,

Vecior Poteniial X for a single Wire

_..Carryiﬂg Curvent 1

oy

|
l
Ty

Vecior Potontial ror Paivof Wires |
Carrying Opposiie Curvenis | q

)



Cross section of infinite sheet of pairs of infinite wires carrying

equal and opposite currents.

WA

e B

NP\

T

N~

Samplé cross section; A << R, R is the radius of the so;énoidai samglg

.

~of .length L.

18.

0

i

4
N

i




.

' 2 2 2
T Bl
o 2 4 42
pa b .
. pg :
A= g M
°b

whence one can compute B component wise

3A. . A

B, = —— . B, = -t B, =0
X 3y Y N oz
again
w1
A, = 19;- an £ + (4 5 y)_ ) where A s the separation
k x -|-y .
_of the wires
I
- Yo Ay L
By= 7 (772 pz)
b a
oLkl x L 2 - boly 1% '°b)(° )
y 2 pg ‘ pg e (p ) pb

When Py " pb i.e. Pa " Pb +0 By =0 as is the case

in these concentric so1eno1ds.
One is 1eft W1th Bx Essent1a11y one has N pairs of "wires"

' NI
as above,so that, as each carries a current element dI = T dx 1f it

is quasi continuous (see diagram on page 18).

>
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20.
then
T S A
b Pa
p NI
) A-y X
o (5 + ) &
pb Pa
L 1is the length of the solenoid
L/2
u NI
B, = - 2 I 0F + ) &
VA
L2 e,
Consider the integral I, =j Ay dx = [ LY, &
-L/2 Pb bW
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L/2 E
TV ey
Ay 1 e
= =2 -1 X
ay @ ay |2
- fan”) L/2 Ry}
() - iy
1 L/2
1, = [ dx = n- X
2 e X2 4y° (y) !L/Z
= tan (L/2y) - tan ( L/2y) |
Therefore '
u NI i i
B, = 2 tan ](L/ZI A-y) - tan ](-LlfﬁA—y))
2ql " ,
-1, L -1 L
+ tan ( iy) - tan (-2y ﬁ
Now of interesty has a max. value of A and L/2 >> A
so that | |
- uONI ul i T T
By ~ ZoL L+ 3+7*zl

= N/L is the turhs/unit 1ength.

= gl  wheren

That is Bx in the center.




2.

One can write a general expression for B(x) from p.(ziv), |

I.| and 12
Yo NI « a1 x .
B(X) = o (tan”! 3ostan ot c) o (7))
when W NI A
x =0, B(x) = _gff" S C=n

(i.e. if the integration js between 0, L)

Furthermore since A 1S small ( Aoy = .01") and Y., = &
Ymin = 0 we shall use the special position y = A/2, that is in
the center of the gap. Note that (17-1 ) sort of “averages“ the

value of B overy.
. _ uoM =1 2X
B{x) = % (2 tan (-—A‘ + @)}

Now consider B(.1L) that is B,1/10 of the way from the end
(L- 2") |

|
|
E
|
\

u NI "1
B(.1L) = -———-— (2 tan ( ) + 7)
Now tan (.48 ) ~ 15

Substituting this above

NI NI
B(L/10) 2 2 (1960 - o (.98)
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So that within 1/10 of the 1ength of the solenoid B attains more

Nl
than 98% of its value approximated by L = uonI

¢

From ( 17-1) One can also see that B is uniform across the gap

: uNI 1
. -1/x Ty
B at the surface on the left 1s iﬁ?"(ta (Zﬂ +c+ EJ- BL

i

-1 (%0) on the right

1]

NI
—-2—1?["(— + ¢ + tan

u NI . |
= -1 (2L :
c - T2l (c+2tan () in the center

od
!

and since for all approximations tan'1(%0 n tan_1(g%) =

B is uniform across.



Appendix € * INTEGRATED SIGNALS

ItAshall be briefly demonstrated that the integrﬁted
signal produced by the pickup coils, as shown in schematic
diagram.(A-l), is directly proportional to the magnetizatibn
of the sample.

Letting Ny, A;» and N, Aj be the number of turns and the
area seen by the inner and outer pickup coils, from Faraday's

induction law one can write ' S

|Jth | = |- J NAGB| = [NA; - NAJ[SB )
The turn areas are so chosen that when aM =0, IIthl = 0, that
is AB = aH
(NA; = NoAG) 4B = (N,A, - NA) aH =0 (2)
If the magnetization of the sample is non zero, then since 6n1y

the outer coil sees the samp]e)(l) is written as

[Jth | = INOAO 0B - NiAiAHI - (3)

Whence combining with (2) one gets

- IIthl = lNéAo A(B-H)| = INoAbA (anh) | (4)

24,
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If the pickup coi1Aba1anceJis not ideal, (2) is written as 2

(NA, - MiAj) 80 = £ 8
(5)
NiAH' = NOAO. + §/AH
So thatA(4) becomes.
IJthl = | NA, (4n) | +8 ' - (8)

From (5) it is clear that & depends only on H and is 1inear'with H,
| consequently it can be easily eliminated electronically by .feeding
a signal directly proportional to the solenoid burrent I-= E%"
'equalzand'of:opposite sign to ¢, intoAthe integrat?r until

condition (2) is satisfied.
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