5 \C;\\'\ ‘_ \’

MAGNETIC PROPERTIES OF TYPE-IT SUPERCONDUCTORS

THESIS ’ -
5

SUBMITTED FCR THE AWARD OF THE -
Ph.D. DEGREE IN SCIENCE
{Applied Mathematics)

BY

ADEL GHALY SAIF

DEPARTHENT OF APPLIRD MATHEMATICS
FACULYY OF SCIENCE 403 o“; l
AIN SHAMS UNIVERSITY, CAIRO

APRIL 1983

Central Library - Ain Shams University



i

CURRICULUM VITABER

NAME Adel Ghaly Saif
DATE OF BIRTH 3 26/7/1951 - assiut, Egypt
NATIONALITY

Bgyptian

OFFICIAL AUDRESS Atomic Energy Establisument,
Department of Mathematics and
Theoretical Physics,

Atomic Energy Post Office 13759,

Cairo - EGYPT

POSITIONS : (a) Demonstrator (1972-1979)

(b) Assistant Lecturer (1979 - now)

DEGREES (a) B.Sc. Degree in Pure and Applied

Matheamatics, Fasulty of Science ,
Assiut University (1972),
Assiut - Egypt

(b} M.5c. Degree in Applied Matbeamatics,
Faculty of Science,
Ain Shams University (1979),

Cairo, Bgypt.

Central Library - Ain Shams University



m
/‘- -
.
ST

::L% 1 :éf %
-— = [ i
,f:EE = 5::_'::

L ‘\ |

Central Library - Ain Shams University



MAGNETIC PROPERTIES OF TYPE-II SUPERCONDUCTORS

Thesls Advisors

. S S S S — i S S

% Prof. Dr. F.I. Mikhsil

Prof. emeritus of Applied
Hathematics,

Faculty of Science,

4in Shams University,
Cairo -~ Egypt.

Dr, L.N. Shehata

Asgistant Prof.

Dept. ¢f Mathematlcs and
Theoretical Physics,

Atomic Energy Establishment,
Cairo - Egypt.

Approved

——— — — — o -

B - S

Central Library - Ain Shams University



ACKNOWLEDGEMENTS

The author wishes to express his gratitude to
Prof, Dr. F,I. Mikhail, Professor emeritus of Applied
Mathematics, Faculty of Science, Ain~Shams University,
for his careful reading of the manuscript, sponsoring
and continuousencouragement throughout the research
work,

The author directs his sincere thanks to

Dr. L.N. Shehata, Asgssistant Professor, Department of
Mathematics and Theoretlcal Physics, Atomic Bnergy
Establishment, for suggesting the problems included
in this thesis, kind supervision during the course of
the work, stimulating discugsions, valuable comnments,
encouragement, reading the manuscript, and useful
criticism.

— o iy g

Central Library - Ain Shams University



ABSTRACT

CONTENTS

CHAPTER -~ I INTRODUCTION s st e e

-

PAGE
¢ @ i
“ . 1
. e 11
' 11

CHAPTER =-II A GENERAL THEORY OF PINNING BY
MACROSCOPIC INCLUSIONS IN  TYPE-II
SUPERCONDUCTORS e v e o s e

2,1 Introduction .+ . . . . + & + +

2.2 The Modified Local Model of a Superconductor 13

2.3 N=-Straight Flux Lines and an Ellipsoidal
Inclusion « « ¢« ¢ o o o ¢ o o o o

2.4 A Straight Flux Line and an Ellipscidal
Inclusion . . v « o v o & o o« o+ &

2.5 N=Straight Plux Lines and M-=Ellipscidal
Inclugions .+ . .« « ¢ & o v o o &

2.6 N-Curved Flux Lines and ap Ellipsoidal
Inclusion . .« . « &+ « ¢« o ¢ ¢ o &

2.7 N=Straight Flux Lines and a Spherical
Inclusion « « + o & o « ¢ o o o &

2.8 A Straight Flux Line and a Sphericsl
Inclusion o« ¢« ¢ ¢ v « o ¢« s o »

2.9 ~Straight Flux Lines and M-Spherical

InclusicNs « o s o s & s = « »

Central Library - Ain Shams University

.. 17
.- 28
. - 30
. 39
. 49
.. 52
.. 54



PAGE

2.10 N-Curved Flux Lines and a Spherical
Inclusion +« 4 o » & o = & s o 2 s o & » o 55
2.1l HN-~Straight Flux Lines and Ml-Ellipsoidal
Inclusions with M2~Spherica1 Inclusions . . 56

CHAPTER-III  DISTORTED VORTICES NEAR SURFACES OF

TYPE-II SUPERCONDUCTORS . . &+ « o + o & 60
3.1 Introduction .« .« ¢« & ¢ ¢ ¢« = o ¢ « o o o 60
3.2 The Superconducting Quarter-Space . . . . .« 64
3¢3 The Superconducting Slab .« . + « &+ « & + & 83
3.4 The Superconducting Bllipsoid « + « + + o & 95
3.5 The Superconducting Sphere ., . + . + « + & 107

CHAPTER-IV SURFACE EFFECTS IN TYPE-II SUPERCONDUC-
TORS AND FORCE FREE CONFIGURATION . . . 112
4.1 Introduction . . + & « &+ o & o o o s o s 112
4.2 The Local kodel of a Type~lI Superconducting
Wedge o ¢« v ¢ 4 4 o ¢ 4 o s s o s & s = & s 113
4.3 Force Free Magnetic Fields in a Type-II

Supercoiducting Ellipsoid . . . + « &« « o . 121
CHAPTER-~ ¥V DISCUSSION AWD CONCLUSICHS . . . + 134
5.1 Pinning by macroscopic inclusions « . . . . 136

Central Library - Ain Shams University



PAGE

5.2 The Properties of the Distorted Flux Line
Lattice Near the Surfaces of the

SupercondUctor v . . 4 v 4 e 0 s s e v b s 139

53 Surface Hysterisis in Type-II Superconduc-

tors L - L] - L ] » L] - - - L L ] L] L L] L L L] L 142

5.4 The Force-Free Configuration of the Super-

conducting Ellipsoid . . & 4 ¢ ¢« o o = & &« 145
APPENDIX=A~ FPLUX LINES PIELD . & 4 o 2 s o o o 147
APPENDIX~B- THE FIELD OF ELLIPTIC PLUX LINE . . . 155
APPENDIX~C~ LONDON'S PENETRATING FIELD IN SUPER-

CONDUCTING QUARTER-SPACE . . . . + « . 158

APPEIDIX=D=- LONDOW'S P=UETRATION riILLD I SUPER=~
CONDUCTING SLAB . .+ v v v & v 5 & 161
APPENDIXwE~ LONDON'S PLUETRATION FIELD AND FLUX

LINE PIELDS IN A SUPZRCCNDUCTING

‘HEDGE - e . s » « = - . = . . » . 164-
R E F E R E Iq c E S . . . . . . . . . . . . . * . = = 166
}1R;&BIG ST\{I\!?VI Q_HY - - . . . . - . . + . . . . . + . . . -

Central Library - Ain Shams University



ABSTRACT

The present work deals with the atudy of magnetic
properties of type-~II superconductora. The thesis con-
sists of five chapters., In the first chapter, a brief
introduction of the history and the difficulties encoun-
tered by this study through its evolution, is given. In
the second chapter a general theory of pinning of flux
lines by macroscopic inclusions in a type-II superccnduc-
tor 1is considered. By using the generalized spherical
function (GSP) method, a modified local model of sn iso-
lated flux line (not necessarily straight) has been used
to calculate the energy of a system of flux lines and a
macrogcopic ellipsoidal and/or spherical inclusions
inside the superconductor. It is shown that one possible
cause of the pinning is that an attractive image force
exists at the inclusions boundery. This idea agrees with
the general theory of flux pinning in type-II supercon-
ductors.

The properties of the distorted flux lines neaxr the
surfaces having difterent shapes, of type~II superconductors
are conzsidered in chapter-III. The different shapes con-
sidered are: guarter-—gspace with two plane surfacesg, a slab
bounded with three plane surfaces, ellipsoidal and spherical
s0lids. The distribution of the magnetic field and the
current density inside and outside the supercanductor are
determined. The force on the different elements of a
flux line 1s completely deternined in terms of the total
current density at the position under consideration. The
Gibbs free energy of the system is glso calculated and was
put in a simple form giving rise to same conclusions of
physical interest.
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In chapter-IV +two problems related to surface
hysteresis in type-II superconductors were congidered.
The first problem concerns the surface effects due to
a type~II superconducting wedge. The balance beiween
the attractive image forces and the repulgive effect of
the fluxoid, gives rise to a potential barrier near the
gurfaces. It is shown that far from the edge of the
wedge the barrier disappears when the external field is
greater than the superheating critical field. The maxi-
num force per unit length of the flux line at the surface
is calculated., The second problem deals with the sol-
utions of force-free configuration fields for supercon-
ducting ellipsoid. The driving force in this configu-
ration will be zero and transport currents can he carried
without pinning,

Some discussion =and conclusions, which are, of
physical interest are given in chgpter-V,

The thesis is concluded by five appendices, which
we think useful, dealing in more details with the var-
ious mathematical problems involved in the chapters.

The contents of chapters-II, III & IV are heing
prepared for publication in three papers,
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CHAPTER I

INTRODUCTION

The phenomenon of superconductivity was discovered
by the Dutch physicist Ramerling Onnes in 1911(1). The
classification into type-l1 and type-IIl superconductors
was Iirst suggested fourty years later by Abrikosov in
1952(2). This classification is conveuaiently characteri-
zed by the Ginzburg-Landau (GL) parameter € = A/ % ,
where A is the penetration depth of the mnagnetic field

and & is the coherence length.

Type-1 {or ordinary) superconductors are found to be
pure metals such as Sn and In having p¢<1 /v2 . In
the superconducting state, tnese wetals exhibit perfect
diamagnetism. This means that, if a magnetic field is
applied to a type-l superconductor, curremts circulate on
its surface and the magnetic fielid is completely screened
from its intverior {(ueissner effect(5)). This exclusion
of the externul field, raises tne rree energy of the systenm
and subseguently a surficiently large magnetic field causes
vae wetal to lose its supercouductivity reverting it to its
norepal state. Toe crisical rield beyond waich supercongucs
tivity disappears 1s ccnoced by HC. The magnetization curve

of type=I superconductors is shown in Fig.l.
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F1g.(1)The induction {or flux/ cmz) penetration
behavior in type-I superconductors.
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It #¢ > 1 /v 2 we have type-II superconductors
which include many superconducting alloys and niobium
metal. In type-11 superconductors M€issner effect is
also observed when the value of the applied magnetic field
is lower than the first critical field ﬂcl(see Fig. 2).
Increasing the magnetic field superconductivity is conserved
but Miessner effect does not hold. The magnetic induction
increases and when the external magnetic field reacnes the
value of the second critical field Hca, the induction
becomes egual to the external field. In the same time the

superconductor is reverted to the normal state.

When the applied field strength Ho satisifies the
ineguality Hc << Ho << .Hc the type~I1l guperconductor
1 2
is said to be in tone mixed state as was suggested by

Abrikosov(4).

The wain diiference between type-l and type~I1l
superconductors is that type-l1 materials exnibit the so-
called intermediave state(s’e) waereas type-l1I1 wmaterials
exuibit the mixed state‘~7).  In the intermediate state
the normal regions are reiatively thick, parallel laninar
whereas in toe wixed stute tuwy are vortex lines. AS it
was proposed by Abrikosoviq) the structure of tue wixed
stabe consists of a 2-dimensional periodic lattice(usually

hexagonal) of rlux lines.
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Fig.{2) The induction { or flux/ cm?)
penetration behavior in type ~ II

superconductors .
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The magnetic benaviour of type-I1 superconductors
was firat studied by Abrikosov in 1957(4). 1t was
shown that if a type~l1l superconductor is placed in a
sufficiently strong magnetic field, flux penetrates the
superconductor in the form or flux lines{or current
vortices, fluxoins,... etc). A flux line may be re-~
garded, rougbly, as a thin non-superconducting cylindrical
core of radius & 3 around this normal core and out to a
distance ~ A circulate undamped superconducting currents.
The magnetic field is maximum in the core but falls away to zero
outside ( Fig.3) . Each flux line lies parallel to the
applied field and carries one flux yuanta &, = (the/e)s=

2

2.07 x 10_? gauss cm“, where h is Planck's coastant

divided by 2 ¥ , e is tne electron charge and ¢ is the

velocity of light.

The vortices may be regarded as independent objects

and one has to take into account tneir interaction with one
(8,9) y ‘ (10-20)
another™™? and/or with the surfaces of tae superccoanductor

and/or with the innomogeneities(lé’al),

In describing tne mixed state juantitatively 1% is
convenient to divide tane fleld range between Hc and HC into
1 2
two reglons: the rirst regiou H, < k&>6< Hc is described
(22)71 2
by the sco=called London moael (or apprroximation) whereas,
the second region Ho —~ Hc is described by the GL-tneory(25).
2
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