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Abstract

The model of Clem and Hao and others is extended to account for the enhancement
of the Meissner effect observed in single crystals of hysteretic type II superconductors
upon thermal cycling below T, in static applied magnetic fields. Predictions are made
about the features of the final closed thermal hysteresis loop achievable by extensive
cycling and their dependence on the temperature limits T, and T; < T. chosen for the
cycles.

A large variety of observations, by several workers, of a narrow peak of enhanced
Meissner effect near T, in polycrystalline type II superconductors upon slow warming in
static applied fields after fast field cooling, are qualitatively and quantitatively accounted
for by a model where we introduced the scheme developed above for single crystals into
a weak-linked intergranular network (matrix). This “two tier” framework is then extended
to describe the enhancement of the Meissner effect observed by Hyun by thermal cycling
of weak-linked Nb;Sn below T, in a static field.

A simple framework is presented which quantitatively develops the proposal of _
Evetts and Glowacki that the superposition of the applied field H, and the retum field, H,
of the magnetized grains, is the cause of the hysteretic behaviour of I in weak-linked
high T, superconductors and the occurrence of a peak in L versus H, descending and
reascending, after an excursion to various values, denoted H™*, or after field cooling in
different H*™'. Observations by several workers on the dependence, of the position of
four categories of peaks of L, on H** and H™ are reproduced by this model and yield
estimates of the “compression” factor C in the linear dipole approximation, H, = C M;.

We also show that, ratios of the measured plateau values for the position of these peaks,



lendmmesﬁmatefoerhichishﬂepmdanofH-,ﬂlepm:ﬁgpﬁeldhuothe
grains, and of the model chosen to calculate the dependence of the magnetization of the
grains, M;,on H,. -

Instead of the artificial pseudo-Josephson - junction expression generally used by
other workers in the analysis of L. hysteresis phenomena, we develop a family of
formulac based on the critical state concept applied to idealized planar geometry.
Exploiting an especially simple case from this family of formulae we reproduce a
panoply of experimental curves of L versus H, displayed in the literature and exhibiting a
variety of features. Analysis of the extensive data of List et al reveals that our approach
leads to results in accord with observations whereas the Josephson junction format does
not.

We calculate the return field H, along the edge of thin strips and thin disks, for
situations where the countercirculating induced critical current densities are independent
of field strength. These calculations exploit Ampere’s law, the Biot-Savart formula,
expressions developed by Brandt-Indenbom, and an empirical framework. Introducing
these results for H, versus the corresponding M; we reproduce the data curves of
Kwasnitza and Wi.dmer.who found L to be a double-valued function of M, at chosen final
fields Hr and final temperature T. Pursuing our model we make detailed predictions for

the evolution of these double-valued curves as a function of Hy over the entire range from

0 to a large value.
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Chapter 1

Introduction

The major application of superconductors has been in the construction of large
clectromagnets. Each of the thousands of Magnetic Resonance Imaging (MRI)
installations in the world comprises a large coil which embraces the patient. This coil is
wound with NbTi cable which is maintained in the superconducting state at 4.2K by
bathing in liquid helium at atmospheric pressure. The gigantic particle accelerators built
at the Fermi Laboratory (Chicago), CERN (Geneva) and HERA (Hamburg) each
comprises several hundred large clectromagnets to guide and focus the beam of high
energy particles. Again cables of the conventional low T, alloy (NbTi) are used in the
fabrication of these electromagnets operating at 4.2K in liquid helium.

All of these massive installations exploit the classical low T. type II
superconductor NbTi in the fabrication of the electromagnets because of the ability of
this alloy to support large currents without dissipation of energy in intensc magnetic
fields. Not only is this alloy ductile, hence easily fabricated into kilometer length cables
but metallurgists quickly found sequences of heat treatments and cold work which
optimized the current carrying properties.

In contrast, high T materials, aithough superconducting at 77K in plentiful and
inexpensive liquid nitrogen, are brittle. Further the crystallites of these high T. ceramic
copper oxides are very anisotropic. The ab planes of single crystals can support large
current densities in strong magnetic fields even at 77K and orders of magnitude greater at
4.2K. Unfortunately the order parameter is dramatically depressed between the ab planes.

As a consequence the critical current density along the ¢ axis is several orders of
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oriented, the ab planes of one crystal will generally not match the ab planes of the
neighbouring crystals at the surfaces of contacts. Consequently the transport current
flowing along a polycrystalline ribbon or wire will seldom pass directly and smoothly
along their ab planes but will have to detour and percolate at various angles with respect
to these planes. Considerable effort has been and continues to be expended in many
laboratories to find processes which texture polygranular specimens so as to optimize the
pathways. The intricate network comprising the periphery and surfaces of the grains and
the contacts between the grains has been referred to as the weak-linked-network, WLN.
This network will also be denoted the “matrix™ in this thesis. Two basic arrangements of
these flat and thin grains are pictorially referred to as the “brick wall” and the “railway
switch"models.Inthkthe“howeverlwillnotaddrmanyofthedctaikéfhmmlex
intemalstmcnmofthesehiéhhmatuialsbmwillexaminesomeofthcwidevarietyof
magnetothermal and hysteretic critical current phenomena which have been reported in
theﬁwratmmdoccmasaconsequmeeofthelargecmtdmsiﬁsinsidetheyaim
and the weak current den;itis between the links in these polygranular assemblies.

We will see that the dramatic disparity between the large current carrying capacity
of the grains and the small intergranular currents while giving rise to the fascinating
behaviours studied in this thesis also allows crucial simplifications to be introduced in the
analysis of these phenomena.

Firstly, as a consequence, the polygranular superconducting specimens can, to a
first approximation, be regarded as an agglomeration of electrically isolated islands

immersed in the homogeneous applied magnetic field H,. Hence the grains can be viewed
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response of the weak-linked-network to these same disturbances. The retum field of the
grains when they become magnetized will however seriously influence the capacity of the
weak-linked-network (matrix) to support persistent currents and affect its distribution in
the specimen.

The configurations of the return fields are certainly locally highly inhomogeneous
and extremely complicated. In this thesis, and in all published analysis of the
observations, this intractable situation is grossly simplified and the effective return field
controlling the intergranular currents is regarded as uniform in the weak-linked-network
and directed cither paraliel or antiparallel to H,depending on the sign of the
magnetization of the grains. It is certainly amazing that such a crude picture can lead to
good qualitative and semi-quantitative descriptions of the observations.

Many of the experimental observations analysed in this thesis received only
qualitative verbal interpretation by the authors in the articles reporting on their
measurements. These results, although subsequently referenced by the authors or other
workers, have remained without quantitative accounts. In these cases a simple
mathematical model is proposed in this thesis and shown to reproduce their observations
in detail. In some other instances, where although quantitative modeling of their data has
been presented by the researchers, a simpler approach is proposed in this thesis which
achieves comparable, and sometimes, better results. Also, in these circumstances, our
new model, or the published model, is usually extended and broadened to qualitatively
describe features of the published data which had not been accounted for by the authors.

Finally this thesis also predicts in detail a variety of new behaviour which hopefully will
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groups.

The established framework for describing magnetothermal behaviour in isotropic
single crystals of type II superconductors is reviewed in the next chapter. This outline
provides background for extensions of the prevailing concepts to weak-linked granular
materials in the subsequent chapters. In that chapter however we also extend the existing
model and make predictions for new behaviour.

For convenience, the research papers'’ '] reporting on observations or analysis of the
phenomena examined in this thesis and of behaviour related to these phenomena, the
review articles™ *”! and monographs™'™“ containing sections developing background
concepts and presenting information pertaining to these topics, are listed and numbered in
the alphabetic order of the first author in the bibliography hence referenced accordingly
in the text.

In this thesis the pronoun we will be used in presenting the work. The reasons for
this are the following. Clearly it would be presumptuous and perhaps deceitful to pretend
that I have pursued the research by myself and written the thesis without great assistance
from my supervisor. Almost every day of the week for four years Dr. LeBlanc met with
me to guide and assist in the development of the ideas and application of the models
presented in this thesis. The rough drafts of articles jointly prepared for publication and
based on the chapters of this thesis were available to me in writing the thesis. Further my
supervisor made numerous suggestions for changes and improvements as this material

was developed into this thesis.



Chapter 2
Enhancement of the Meissner Effect in Single Crystals of Hysteretic
Type II Superconductors by Thermal Cycling

Abstract

In this chapter we extend the model, first developed by other researchers®>: 34 . 7.
%l to qualitatively and quantitatively reproduce the observations of Hyun!'® of the
evolution and gradual enhancement of the magnitude of the diamagnetic magnetization
M of field cooled single crystals of Nb;Sn during subsequent thermal cycling between T,
and T,, where T, < Tz < T, with the applied field H, < H,(T;) maintained fixed. The
model also predicts that thermal cycling between T, and T, will eventually cause <M>
versus T to trace a final closed hysteretic loop. The structure of this final hysteresis loop
and the sequences of configurations of magnetic flux and persistent currents leading to

and accompanying it are prescribed by the model.

I  Introduction

The response of type II superconductors to variations in temperature while
immersed in static magnetic fields H, < H,, the upper critical field, has been investigated
experimentally and theoretically by several workers!?%- 25 25 32. 1. 55, 6567, 73, 76, 79, 86. %. 107,
109. 136, 149. 161 These measurements provide interesting data on the magnetothermal
behaviour of these materials in the superconducting state. These studies also yield

information on the dependence of the Meissner current Iy, the bulk pinning current



density J. and any surface barriers™" 2 51 7 ™ 8] on temperature and magnetic field.
These observations also shed light on the evolution of the magnetic flux density
configurations and the pattemns of circulation of the induced persistent currents in these
materials in such circumstances. Consequently such experiments inform us on the
interactions of the flux lines with each other, with pinning sites, and with the reversible
field shielding Meissner current as a function of field and temperature.

Several simple and standard procedures have been exploited in these measurements.
We first outline these procedures and the ensuing flux density distributions. A detailed
description of the variety of flux configurations and pattems of persistent current
circulation which are visualized to occur during these procedures will be presented in the
next section. In these investigations it is the evolution of the magnetization which is
observed as the changes in the temperature take place in fixed fields. In our modeling we
ignore any decay of the “persistent™ critical currents by thermal fluctuations, hence
neglect the phenomena of magnetic relaxationf® '6 68 73 £2.84,106, 112, 133, 148, 154, 161, R7]

The procedures are the following:

(1) The specimen, placed in a magnetic field H,, denoted H.,, at a temperature T; >
T., is cooled from the normal state to a selected “final” temperature T; < T.. This
procedure is denoted Field Cooling (FC) and the locus of the magnetization M versus T
descending has sometimes been referred to as the Meissner curve. If the cooling is made
to proceed slowly, so as to ensure that a uniform temperature exists inside the sample
which closely corresponds to the descending ambient temperature, the process is labeled
Slow Field Cooling (SFC). If however the temperature of the specimen is allowed to drop

rapidly from T; to T, (for instance, by plunging a sample with no thermal insulation into



the cold bath) the process is labeled Fast Field Cooling (FFC). In this approach- the
sample is then maintained at the cold temperature for a time sufficiently long so as to
ensure that its entire volume has cooled to T¢ in the selected H, = Hegor.

In the superconducting state just below T, the mutual repulsion of the unpinned flux
lines, and their confinement in the specimen by the Meissner field shielding surface
current, gives rise to the intrinsic reversible Abrikosov diamagnetism, denoted M(T,H).
At a temperature Tiy < T, the appearance of pinning gives rise to opposition to the
expulsion of flux lines from the body of the crystal (see Fig 2.1c). The evolution of the
flux line density in the specimen, hence the resultant magnetization M, is now dictated by
two competing mechanisms. The expulsion of a fraction of the flux lines threading the
specimen is associated with the growth in the magnitude of the intrinsic diamagnetism,
M.y, as the temperature is made to descend. Expulsion of flux lines from the specimen
can however be partially frustrated by the corresponding rise in the strength of the
pinning which opposes their outwards migration to the surfaces. The details of the
evolution of the flux density profiles during slow field cooling will be examined in the
next section.

(ii) After Slow or Fast Field Cooling, the specimen is warmed to T.. This generally
proceeds slowly and is denoted Field Cooled Warming (FCW or SFCW) after the former
case and Fast Field Cooled Warming (FFCW) after the latter. The rise in temperature
from T; causes the effective Meissner field shielding surface current, Iy, to diminish
hence allowing flux to enter the specimen since H, is always present (see Fig 2.1d). The
pinning sites adjacent to the surface are then called upon to oppose the entry of this
invading flux. Meanwhile, the pinning sites located deeper inside the specimen continue
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previous cooling process. Eventually as the rise of T progresses, a temperature T < Tiy <
T, is reached where all of the pinning sites, although now much less effective, are called
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Fig 2.1

Variation of (a) the magnetic flux density and (b) the magnitude of the
diamagnetic magnetization of an ideal type II superconductor at various temperatures as a
function of the magnetic ficld H,. (c) Dependence on T of the boundaries of various

“phases” of the flux line lattice. (d) Dependence of the Meissner current on T when H, <
H.10 (lower solid curve) and H, > H)o (upper solid curve).
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Meissner field opposing current Iy, and of the pinning.

When, during further warming, the temperature Ty > T. is reached, the pinning is
extinguished and subsequently over the range Tix S T S T, ,the specimen exhibits only
the reversible Abrikosov diamagnetism Mi.,.

Hyun'* "), Clem and Hao™! and Cave™ have scparately accounted for the
observations that generally, for a given specimen in the same H,, Msrcw(T)) is larger
than Msrc(T)), until the temperature T, is attained where these two curves meet and
then overlap over the range Ty S TS T..

(iid) The specimen is first cooled from T; > Tc to Tr << T. in zero applied
| magnetic field. Generally the earth’s magnetic field is not screened or cancelled and is
considered negligible. With T maintained fixed at Tr, a magnetic field H, is then slowly
impressed on the superconducting sample thereby causing the field shielding Meissner
surface current Iy to rise. When H, exceeds H.(Ty), the lower critical field at Ty, flux
lines penetrate across the surface of the specimen. Pinning however opposes the advance
of the vortices into the body of the specimen hence gradients in the density of flux lines
arise adjacent to the surfaces. As H, is further increased in strength, the fronts of the flux
density gradients advance into the specimen, and eventually meet at the centre at a first
full penetration field, denoted Ho(T).

The evolution of the field profiles, as the pinning and [M,.,| are made to diminish
when the temperature of the magnetized zero field cooled monolithic sample is slowly
increased from Ty to T, in the chosen static magnetic field H,, is fairly straightforward to |
model. The procedure just described and the locus of M subsequently measured when T



isinctusedtoT,mrefatedtoatheshieldingme,anddenotengoFieldCooled
(ZFC). It is easy to see that generally Mzro(T,H.)| > | Mrcw(T,H,)|. Clem and HaoP*
have shown that the curves of these two quantities meet at T.(H,) < Tir(H,), hence the
temperature where their overlap begins does not correspond to Tiy 2s was previously
assumed by some researchers. These features are illustrated in Fig 2.2.

o To T'r Tg

Fig 2.2 Schematic of the dependence of the diamagnetic magnetization of a single
crystal on temperature in a static magnetic field H, < H.o for procedures described in the
text.
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I Review of the Established Model

A. General Framework

This model describes the evolution of the magnetization M, of an isotropic single
crystal immersed in a static magnetic field H, during slow cooling from the normal state
through the field dependent critical temperature T (H,) to a selected temperature T; <
Te2(H,) and during subsequent warming to the normal state. The model addresses
idealized slab or cylindrical geometry with H, directed along the surfaces situated at the
half thickness +X of the infinite slab or at the radius R of the infinitely long cylinder.

When the temperature of the specimen is made to descend below the transition
tempaumeTamJ,themgneﬁcﬂniniﬁaﬂypamuﬁngthespecimeninthePomal
state acquires the structure of discrete parallel flux lines each containing a quantum of
flux, ®, = h/2e.

The mutual repulsion of the flux lines (vortices) causes some of the magnetic flux to
be expelled from the sample. In the absence of pinning, the spatial distribution of the flux
lines remaining in the specimen will be uniform. The homogeneous flux line density
B(x)=<B >, then adopts a value, Beq(H,), in equilibrium with H, which is determined
by the temperature T < T(H,) and the Ginzburg-Landau parameter K= AE of the
specimen. Here, A and £ denote the penetration depth and the coherence length. In this
“liquid” vortex state, where Hc (T) < H, < Hx(T), the mutual repulsion of the flux lines is
balanced by their interaction with the field shielding diamagnetic Meissner surface

current. The latter can be viewed as confining and imprisoning the flux lines at the

equilibrium density Beg(H,).

11



For simplicity, the penetration depth A(T), which is occupied by the Meissner field
shielding current, is taken to be small compared with X or R. In this context, since the
equilibrium (reversible) Abrikosov diamagnetic magnetization reads,

Ho Mrev(He, T) = Bog (He T) - o H,, 1)
an effective Meissner surface current per unit height of the idealized slab or cylinder can
be written,

IMHoT) =Mev(He,T) 2.2)

As T is made to diminish from Tc2(H,), Mrev, hence Iy, both augment in magnitude
while B, decreases from poH, (see Fig 2.1(a) and (b)). For H, < H.\(Ty), the lower
critical field at the preselected final cold temperature, the growth of [My| hence [Iy,
ceases when a critical temperature, T.;(H,), is attained where B, has descended to zero
near the surfaces. At this juncture,

IM(Te1)l = Mee(Ter)l = Her(Te1) = H, (2.3)

All these quantities then remain fixed at these values during all subsequent
excursions of T below T, in the fixed H, as illustrated in Fig 2.1(d).

Im is frequently written,

el G @G e

where generallyn 2 2.
Consequently, T.i(H,) reads,

H. I/n _ -i I/n _ _ H. 1/m
Tcl(Hu)—Tco(l- I ) ‘Tco( H ) -Teo(l M ) (25)

12
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L = Hc10 = Meev mux denote these quantities at T = 0 in a corresponding H,.

Clearly eqn 2.5 is not valid when H, > H.10. Under these circumstances, B, remains
finite and can span the range, 0 < By, Sp, Hex(T) over the temperature range, 0 < T <
Tex(H,), as sketched in Fig 2.1(a). It is then convenient and realistic to retain eqn 2.4 but
replace the prefactor by,

L {H/Hex(T)) = Meev mmx f{H/Hex(T)) (2.6)
where f{H,/H:x(T)) is a monotonic function of Hy/ Hc(T) descending from 1 when Ha =
Hey(T) to 0 when H, = He(T).

A simple but realistic expression reads,
ng (T) -H
= —t= 2 2.
f(HyH ,(T)) H,(T)-H_(T) 2.7)
where generally,
T -m
ch M= Hcm[l -(T_J J (2.8)

with m = n 2 2. Generally linear near T, but quadratic as T - 0.

At a temperature Ti(H,) < Tco(H,), pinning arises in the body of type Il
superconductors and acts to oppose any tendency of the flux lines to migrate under the
influence of their repulsive interactions. However since the difference between Ti(H,)
and T.2(H,) plays no role in our application and extension of the standard model, we will
let Tir = T, throughout our analysis. Also, for simplicity, the possible existence of any
type of surface barriers to the exit or entry of flux lines is ignored®” 2% 51: 7. 78.81] Ny a6

T descends below Ty = T, the expulsion of flux lines, associated with M(T,H,) and

13
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specimen. However, regardless of the strength of the pinning appearing in the body of the
specimen, and in the absence of surface barriers, B,, the density of flux lines just inside
the surfaces is expected to exist in equilibrium with the external field H,, hence,
B, = B_(T,H,). Therefore the expressions for In(T,H,) = Mre(T.H,), listed above are
taken to apply unaltered by the growth or decline of the bulk pinning.

As T descends below Ty < T, the density of flux lines, B(x) at distances x > A
&omthcanfaes,cmotachimtheeqnﬁh‘bﬁmvﬂue,nq(ﬂﬁn,becampinning
opposes the outwards migration of flux lines required in order that the initially uniform
ﬂmlinedensitypmﬁle,B(X)=uoH.,dixnixﬁshmBqai.,T)<p°H.._Consequmtl_yB(X)
becomes inhomogeneous near the surfaces with flux density gradients + dB/dx arising,
hence flux trapping persistent currents of density J, =+dB/p dx, which circulate in an
expanding annular volume along the periphery of the specimen.

In our analysis and displays we will focus on the right hand half, 0 < x < X, of an
infinite slab of thickness 2X. This framework has the distinct advantage that the
expressions for the current density and flux density profiles can be directly applied to
cylinder geometry simply by replacing x by r and X by R. As a consequence it is a
straightforward exercise to compute the magnetization of the specimen in both
geometries by introducing the identical expression, B(x) = B(r) in the corresponding

definitions,
1% 2
Ho(M+H,) = oj!a(x)dx =27 ojla(r)rdr 2.9)
Maxwell’s eqn, VXH = J , for these idealized geometries reads,

14



di _dH - (2.10)

—=—-=ﬂ

dx dr
The mutual repujsion of the flux lines becomes unbalanced and a net force ensues in

the volume where the density of flux lines is driven inhomogeneous. Flux line pinning
and migration then occur when the inhomogeneity in the field profile causes a Lorentz
like driving force density, F, =JXB to exceed the local pinning force density Fy(B).
Under these circumstances™?), the flux density profile establishes a critical configuration
and the persistent current density J«(B,T) exists in a critical state. Because of thermal
fluctuations these “persistent™ currents are known to decay with time. The simple model
which we exploit ignores this feature and regards J. as truly persistent.
For simplicity, J. is taken independent of the applied field, and is written,

T k
J,(T),=J,°{1-(—) } @.11)
T

The subscript g is now introduced since in this chapter we address the phenomena in an
idealized crystal or grain. In subsequent chapters we will examine magnetothermal
behaviour in weak-linked polycrystalline materials where we will need to also consider
the intergranular Cll!'l'ﬂl;t densities and associated field profiles which we will then
identify by the subscript m for “matrix™.

The field profile, Hy(x,T) encountered in the body of the specimen and associated

with the bulk pinning current densities reads,
X
H,(x,T)=H, + fJ, (x', T)dx’ (2.12)

Frequently in a volume, x_ < x <X, near the surface, J; = J.. Integration of egn 2.12

then leads to the linear expression,
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k
H,(x,T)=H, +J,,{1-(Tl) }(X-x) ) (2.13)

valid over the range, x, Sx <X.
Quite generally it is convenient to define a local magnetization, denoted Mu(x),
which is associated with the field profiles Hy(x,T), and reads,
M, (x,T)=H,(x,T)-H, @.14)
menetlocdmgneﬁnﬁonofthegnin(cryml)isthusreguded&shavingtwo
contributions and reads,

M, (x,T) =My(x,T)- M, H,,T) = H,(x,T)-H,) -, H,,T) (2.15)

B. A Useful Simple Account of Slow Field Cooling
Hyun'*" and Clem and Hao™"! have focused on the special situation where n =k in
eqns 2.4 and 2.11. Under these circumstances, the evolution of Iw(T), Hg(x,T) and
M;(x,T) as the temperature descends from T is quite simple to visualize and is displayed
in Fig 2.3 in two different but equivalent formats. The picture used by Clem and others,
which we will refer to as the Clem picture, focuses on the evolution of M,(x,T) (see Fig
2.3a and b). An alternative approach, especially useful in the description of the behaviour
in weak-linked polycrystalline samples, displays Hy(x,T) and I,,(T) = M, (T) separately
(see Fig 2.3c and d).
In Fig 2.3(a) and (c), Jo(T)X > IM(T), and in (b) and (d) Jo(T)X < In(T). When H, >
H.(Ty), the profiles evolve as shown with descending T until T = T;. If H, < H.1(Ty), the

evolution will also proceed as shown in the displays but [M| will cease to increase when
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Fig 23 Clem picture of the evolution of the magnetic flux demsity, hence the local
magnetization My(x,T) as T descends from T, in a static field H, when I (TUX-x.) = I((T) in
(a) and J(T) X <I(T) in (b). Our representation of My(x,T) in terms of its two components
for the situations where (c) corresponds to (a) and (d) to (b).
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IMeev| = [Im| = H,, hence when T, (H.) is attained (see Fig 2.1d). During further descent
of T below T.i(H,), the profiles remain frozen at the configuration established at T.;,
hence the gradients, dH/dx, and the comresponding J; remain fixed but become
progressively more subcritical.

In the simple situations we first examine here, the flux lines are “frozen” in a fixed
inner volume, 0< x < x_, as shown in Fig 2.3(a) and (c), throughout the descent of T
from T; to Ty. Some of the flux lines in the volume, x, < x < X, are being expelled from
the specimen throughout the descent of T to Ty when H, > H,(Ty) but only until T =
TuHo) whea H, <H,,(T,).

At the interior boundary x, as T descends, AH,, the growth in the magnetic field H,
generated by the flux retaining currents at the critical density Jo(T), over the entire
volume, x. <x <X, is large enough to successfully oppose the concomitant growth of

the intrinsic diamagnetism |AM,,| = |Aly|. Consequently at x., from eqns 2.4 and 2.13,

we obtain
AH kJ ol
s =_+°°(x_xc)'r*"= Al .-.nIL (2.16)
AT Te AT Ts

(X - x;) is labeled the flux trapping length L by Clem and Hao™*). We will examine later
the more complicated situation where x. migrates outwards as the temperature descends.
Here, we pursue the case investigated in detail by Hyun!® and Clem and Hao™®*!, where
Xc is stationary. This behaviour occurs when k = n. Eqn 2.16 then leads to a flux trapping

length L, which is independent of the temperature and reads,

<1 2.17)




Bqn2.l7applieswhen.1,ox.dmotedtheﬂupeneu-aﬁonﬁeld}l.oat»'[ = 0, is larger
than the maximum reversible diamagnetism [Myey rux] = Io = Heio- Clem and Hao™! refer
to the situations where H.o > Iy as the strong pinning case. Fig 2.3(a) and (c) display the
behaviour in the strong pinning case and Fig 2.3(b) and (d) for the “weak” pinning case
where Hoo < Lo

For both the strong and weak pinning cases, the evolution of M, versus T, can
readily be written in closed form when n = k. and reads,

M.(x,nﬂ,,{,-[%)-}“_x)_lo {1-(%)'}
RG]

valid over the entire volume 05%51, when H.o/l < 1, and over the outer volume x. <

(2.18)

x <X, when Heo/lp > 1. In the strong pinning case, My(x,T) = 0 in the inner volume 0 < x
< x., where the flux lines are “frozen”.

Introducing eqn 2.18 in the definition for the “global” magnetization,

M, (T) = %:[M,(x,‘r)dx @.19)
leads to,

M, (T) = -%{1 -[%” (2.20)
when Hoo/To 2 1, and,

—fy _Ho), (1)
M,(T)--(I, ) ){1 (To)} (2.21)
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when Huo/lp S1.
For both strong and weak pinning, when H, < I, = H,jo, the growth of the

diamagnetism ceases when T descends to T (H,). At this juncture, Iy = H, and

introducing eqn 2.4 into eqns 2.20 and 2.21 leads to,

I,
M, (T.(H,) = -5-H, 222)
when Heo/lp 2 1, and,
H,
M.(t.(H.»=—H.{ 'F} (2.23)
when Heo/lp <1.

C. Evolution of M(T, H) upon Warming

We now examine the evolution of the field profiles and of the magnetization during
warming (FCW) to T, after Slow Field Cooling (FCC) in a static H,. The evolution of
the field profiles is illustrated in Figs 2.4.

The diminution of the Meissner field shielding current Iy due to the rise in
temperature now allows flux lines to enter the specimen. The pinning sites adjacent to the
surface respond by opposing this invasion. Consequently the sign of the field gradient
and the direction of flow of the critical current density J,. in this region are now reversed.
This leads to the formation of a valley in the profiles of My(x,T) and Hg(x,T). The
magnitude of the gradients ¥dH(T)/dx = +J, are however consequently diminished

throughout the volume of the specimen by the uniform rise in temperature. Consequently



0 XXy Xe X X 0 X xqg X

Fig 2.4 Sketches of the evolution of (a) and (b) the local magnetization M,(x,T), and,
(c) and (d) Hy(x,T), and the reversible magnetization I(T) = M, (T) upon slow
warming after slow field cooling.
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redistribute because [Joc| hence |dHy/dx] are decreased. Fig 2.4 shows these events using
both pictorial approaches side by side. The mathematical description of the events is, of
course, identical and is now presented.

We let T; and T, denote two stages in the rise of the temperature with T; < T; < Te.
In the calculations T = T, + AT will be incremented in conveniently small steps.

However, for clarity, in the sketches we will exaggerate the magnitude of AT. The local

magnetization at T, reads,

M:(x,T,) = =Ly (T,) - J . (T, XX - x) (224)
for the outer region, x,2 S x <X, and,

M:(X,Tz) = .Iu(Tz)‘J‘(szx-xvz)+J;(szxvz -X)
(2.25)
==L (T;)=J . (T, }{X - 2x,, +x}
for the inner region, xp2 < X < x,,. Here
ME(T,) =0 (2.26)

for the plateau region, 0 < x < x,, if such a structure exists.
Identical expressions are written for T = T, for the previous segments, M (x,T)),
M‘, (x,T,) and M} (x,T,) where the previously calculated valley and plateau positions

are denoted, x.i and x,. With the new values for Jo(T2) and In(T2) specified by the

choice of T; =T, + AT we proceed to solve for the variables x,; and x;; as follows.
The expressions for M;(x,T,) and M(x,T,) are introduced into the definition of

the global magnetization,



| X
M,(T,)= f M, (x,T,)dx/X+ [M3(x,T,)dx/X . @27
Ry2 Ryz

Conservation of the flux which is redistributing in the inner volume, 0 < x < x,»,
leads to,
M, (T,)= fMi(x,T,)dx/X=M‘,(T,)= J)M‘,(x,T,)dx/X (2.28)
2 s

The continuity of the field profile leads to,

=Ly (1) =T (T, XX - x,;)+J (T, Xx,, - X,,) =0 (2.29)
hence,
=2x,, - X - u(T3)
X, =2x,,-X 1_(T,) (2.29)
valid when x,; > 0.

Eqns 2.28 and 2.29 diétate the position of the boundaries x.2 and x,; at T, hence the
limits of the integration in eqn 2.27. Proceeding in this manner as T is made to increment,
we see the plateau region shrink and disappear (if any existed) and the valley x, migrate
inwards. The calculat:on is of course simpler when x, = 0. In these circumstances the
conservation of flux alone (eqn 2.28) determines the inward migration of x, until the
valley front has attained x = 0, the centre of the specimen. Let T.(H,) denote the
corresponding temperature. The evolution, as T is increased from T) =0 to T, = T., is
illustrated semi-quantitatively in Fig 2.5 for the simple case where H,=H. o=, =
Mrev max| =Heo = JgeoX.

The sequence of profiles occurring as T is augmented from T.(H,) to T are

identical to that encountered at the corresponding temperatures and in the same field H,



. [4
L=°LO)
0. "L>'L wox passasour s1 1 se (1%)*W (q) pue (1) = (WM W%H () go UORN[OAD 3y Jo SAYNS  §° Br
X *x 'x 0 X X 0
A _
W 13223000 33335355054s8 Nw N )] $N N Nww NN 999999999948
—< 1303303303000 30000000055 505500000 1333333333
i
W™
| R
. SRR
O e WGMMWS Iﬂ%ﬂ.ﬁﬂ«%ﬁﬁ««‘
(O™ o S BRI et re
H ‘/ RAWMMMW N ffuwmoun““m“m"aooo
o
Lrl
ADV Anv
v
H

amyo1g W)

24



during warming in the zero field cooled case (ZFC). Here, eqn 227 simplifies to,

X X
M, (D) = M} T/ X = -1 (D) - 1, (K- /X =L D=1, D3 230

IIl Extension of the Model to Thermal Cycling below T,

A. Introduction

Hyun'! investigated the evolution of the magnetization of a Nb;Sn powder
specimen, hence a collection of electrically isolated single crystals, during subsequent
thermal cycling between T, and T2 where T) < T; < Teo with H, maintained fixed. He
observed that this procedure caused the diamagnetic moment to progressively grow in
magnitude at both T, and T; until “saturation” values were attained aﬁer some lS_cycls.
Hyun however did not extend the model just descrived so as to account for his
observations. Instead he displays a sketch of the field profiles he visualized to occur at
the lower temperature limit during the subsequent thermal cycling. However the field
profile he proposes is inconsistent with the physical constraints, hence with the
established model. We now proceed to develop the standard model to account for these
observations. As a first step in this enterprise we focus on the behaviour during the first
recooling stage, from various temperatures T, <T,.
B. Enhancement of the Meissaer Effect by Recooling from T < T

The evolution of the flux density configurations where T now descends from some
T2 >T), but less than Ty, is again governed by the increase in the magnitude of In(T) and
the consequent generation of critical field gradients adjacent to the surfaces which
oppose the exit of flux lines as described above in section [IB. We stress that the first



woﬁngeommeedﬁomTzT@.thaefotc&omthewmﬂmewhueg:eﬂudmsity,
B(x) = pu H, , was uniform in the entire volume of the specimen. Now, depending on the
choice of the temperature T; < Teo where the warming is made to ccase and the recooling
beginsmyofthemnmifamﬂndanityconﬁgmnﬁmsﬁomtheseqmedisphyedin
Fig 2.5b can come into play. We now examine the different types of field profiles which -
can be encountered when the temperature has been decreased to T, and how these are
determined by the structure of the field profiles existing when the rise in temperature was
reversed at T; < Teo. Again, for simplicity, in our description of the behaviour we let
T: =0 and Hap = JgoX = Ip = H;10 = Mrev mas.

Here the Clem picture illustrates the message more clearly than our format, hence we
now focus on that representation of the events.

The diagonal dashed-solid line in Fig 2.6 indicates the local magnetization after the
initial cooling from the normal state to T) = 0 and labeled M(x,T;)o. The curves labeled
M;(x,T2): show the local magnetization at different selected temperatures T, < T where
the warming ceased and the recooling begins. The M,(x,T;) curves displayed in Fig 2.6a,
b, ¢ and d, are chosen from the sequence of curves illustrated in Fig 2.5(b). In Fig 2.6 the
curves labeled My(x,T1); display the local magnetization after the recooling to T;. The
shaded area at the top left comers in Fig 2.6 provides a measure of the enhancement in
the Meissner effect which is caused by the first thermal cycle from T, to T; and back to
T\. From inspection of Fig 2.6 we note that the number of flux lines trapped in the
specimen after the recooling from T to T, (the area under the lowermost lines), is smaller

than the number trapped after the initial cooling from T to T, (the area under the
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0

X=X,

Fig 2. 6 Sketches of the sequences of the local magnetization M;(x,T), when T is made to
descend from T, to T, = 0, then raised to T, < T, and then decreased to T, = 0. The subscripts
n=0and 1 denote M,(x,T), after initial cooling from T > T, to T,, first warming to T, <T,,
and first recooling to T, = 0. Depending on the warm temperature T,/T, different sets of the
intermediate and final configurations of M,(x,T), need to be considered.

27



diagonal). Hmanﬂmmtofﬂuxhasbemnlusedasawpfﬂ:ewuming
to Tand the recooling to T,. Thus the magnitude of the diamagnetic magnetization
(the Meissner effect) afer recooling to T;, denoted My(T1)y, is larger than that observed
after the initial cooling from T.o, denoted My(T)o. Note that the subscript 0 or 1 outside
the parentheses indicates the sequence, with 0 denoting the initial cooling and 1 the first
warming and first recooling,

The net release of flux caused by the initial thermal cycle from T, to T to T,, hence
the initial enhancement in the Meissner effect, is controlled and dictated by the following
feature. The flux trapped in the inner volume, 0 < x S x;, after the excursion to T; and the
return to T), possesses a flux density profile governed by the smaller critical current
deasity, J(T2), hence the shallower field gradient, |dH,(x.T:¥AT| = |dM,(x.ToVdT},
existing at the warmer temperature T;. This crucial feature emerges from inspection of all
the segments of the lowermost curves in Fig 2.6. By contrast, the flux trapped after the
initial cooling to T; is controlled by J(T)) > J(T:2) over the entire volume of the
specimen (i.e. the diagonal dashed-solid line).

Fig 2.7(a) illustrates the dependence of the enhancement in the Meissner effect,
AM; at Ty = 0, on two choices of T for the first thermal cycle. Fig 2.7(b) displays these
enhancements, denoted AM(T,,T3), versus T2/Tco for the cases where Hoo/Ip = 0.75, 1.0,
1.5, 2.0.

For weak pinning where Hy < Lo, the recooling from T, 2 T., will simply
reestablish the same flux configuration at T, which existed previously at the end of the
initial cooling to T) as illustrated in Fig 2.8(a). Consequently the recooling from, T. < T;

< Teo will not generate, any enhancement in the Meissner effect at T, since there are no
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Fig 2. 7 (a) Illustrates the evolution of M, versus T predicted by our model for
thermal cycles where T,/T,, = 0.9, 0.95and 1. Heren=k = 2 in eqn 2.18, h., =
H./1, = 1 and H/I, = h. = 1 (b) Predictions of our model for the enhancement of
the Meissner effect at T, = O after a thermal cycle to T,/T_, calculated for
different values of HoyH, o with n=k=2and H/H,,=1.
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Fig 2. 8 (a) Illustrates the configurations of M,(x,T) when T is made to swing
between T. < T, < T, and T, = 0 when H., <L, (b) The thick curves show the
corresponding thermal hysteresis loops for the situations where T. < T, < T4,
hence no enhancement of the Meissener effect is generated on recooling.
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differences in the profiles of the trapped flux at T, after the initial coolit!gﬁom‘l'.,o, and
after the recooling from T;. We note also that subsequent “hysteresis™ loops traced by M,
versus T cycling between T and T. < T2 S Ty will overlap and repeat the curve traced
during the first warming as illustrated by the heavy hysteresis curve in Fig 2.8b.

The condition for no enhancement of the Meissner effect to occur at T, from thermal
cycles extending between T, and T. < T2 < Teo, when Heg < o, can formally be written
from inspection of Fig 2.8(a),

by T+ 1, K+ L, (T) s 1 (T) @31)
where the expressions denote absolute values. Consequently the calculated curve where
Heo/lo = 0.75 in Fig 2.7b displays no enhancement of the Meissner effect at T, = 0, when
T2/Teo > 0.935 = Te/Teo.

C. Progressive Enhancement of the Meissuer Effect by Further Thermal Cycling

We have seen in the previous section how the first recooling from T, < Te to T;
leads to flux configurations at T, which are appreciably different from and more
diamagnetic than that which were established by the first cooling from T > T to T).
Careful inspection of the flux density profiles during subsequent thermal cycling between
the same chosen values for T, and T, < T. reveals that, in many cases, the flux density
configurations encountered upon the first warming to T, and the first recooling to T,
cannot be reestablished during subsequent cycles. Indeed we find that the B(x) profiles
must, in many cases, evolve towards predictable limit configurations dependent on the
choices of T, and T for a given specimen and H,.

We now endeavour to show why further thermal cycling can cause such an

evolution in the B(x) profiles, hence a corresponding progressive enhancement in the
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Fig 2. 9 (a) Configurations of the local magnetization after the 1st waming to T, (uppermost
heavy-dashed-thin lines), after the 1st recooling to T, (inner and outer heavy lines), and after
2nd warming to T, (inner and outer thin lines). Eventually the configurations represented by
the lower dashed-outer thin line occurs at T, and that shown by the lower dashed-outer solid
line occurs at T,

(b) Displays the subsequent evolution of the profiles at T, and T,. Eventually the descent of
the inner profile ceases and now a final closed thermal hysteresis loop is traced whose upper
and lower limits differ by the area enclosed in the right hand triangie.
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Meissner effect at T, and at T, < T«(H,). To illmthisbehaviowv?gselectthccase
illustrated in Fig 2.6(d). In Fig 2.9(a) we reproduce the flux density configuration, hence
the local magnetization, of Fig 2.6(d) encountered after the 1* warming (uppermost thick-
dashed-thin lines) and after the 1" recooling (thick lines). Here the valley bottom x, after
the 1% warming is situsted to the right of x;, the intersection of the inner shallow field
gradient with the outer steep field gradient which existed after 1* recooling. Now as the
temperature is again raised from T, the sequence of events illustrated in Fig 2.5(b) take
place and some flux lines.depinandmigraeﬁnmthe'imuvohme 0<S x <x; towards
the surface. The two areas diagonally shaded in Fig 2.9(a) are sketched equal to illustrate
the operation of the constraint of flux conservation in the interior of the specimen. As a
consequence of this constraint, the B(x) profile after the 2™ warming from T, to T, must
have dropped from the previous level (uppermost solid-dashed curve of Fig 2.9(a)) to a
lower configuration (uppermost solid-solid curve of Fig 2.9(a)). Consequently the
Meissner effect after this second excursion to T; is enhanced with respect to that which
was established after the 1% excursion to T,. This enhancement is schematically
proportional to the uppermost rectangle comprising the diagonally shaded and stipled
areas. We note that the position of x, has now migrated inwards.

Next when the specimen undergoes a 2™ recooling from T, flux is again expelled
and the B(x) profile displayed by the lowermost inner and outer solid lines of Fig 2.9(a)
is established. The flux trapped in the specimen at T; is now seen to have diminished
compared with that trapped after the previous descent to T,. The inner diagonally shaded
area in Fig 2.9(a) provides a measure of this decrease in the total flux threading the

specimen. Because of the drop in the flux density in the inner volume of 0 < x < x_, the
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is seen to have migrated outwards from its previous location after the previous excursion
to T,.

Thus the thermal cycle has caused x, to move inwards and x; to move outwards,
hence to approach each other. Subsequent cycles will eventually cause x; and x, to meet.
This juncture is displayed in the lowermost curve of Fig 2.%(a). The approach and
meeting of x; and x, can be seen to take place via the following processes.

(i) The decrease of the flux trapping current density during the warming part of the
thermal cycle releases flux from the centre of the sample towards the surface.
Consequently less flux is allowed to enter through the surface as the rise in temperature
causes the Meissner field shielding current to diminish. Because of this diminution in the
entry of flux, the diamagnetism at the warm limit T, < T. is stronger than that
encountered after the previous warming to T,.

(ii) During each cooling phase of the thermal cycles, the flux, which had just
previously migrated towards the surface, is now expelled when the Meissner current now
grows in magnitude.

The processes we have just described will continue to operate after x; and x, have
coincided. Because of flux line conservation inside the specimen, the transfer of flux
from the inner volume to the outer volume takes place during the first part of each
warming phase. Concomitantly flux is penetrating into the sample through the surface
(see Fig 2.5(b)). However the outward transfer of flux from the inner to the outer volume
leaves the inner region slightly depleted in trapped flux, hence more diamagnetic, as

illustrated in Fig 2.9(b). Consequently, x, continues to migrate inward at the end of each



warming phase of the thermal cycle. Uponrecooling,thei:ﬂaseetionof_theouﬁeuteep
(cold) field gradient with the inner shallow field gradient of opposite sign now constructs
a summit x, which remains stationary at the position reached earlier when x; and x, met as
illustrated in Fig 2.9(b). Consequently the increment in the magnitude of the
diamagnetism csused by the warmings to T, is “preserved” as T descends to T, and the
Meissner effect expels the flux enclosed in the “triangle™ along the surface.

Typical behaviour generated by our model is displayed in Fig 2.10. The locus of M,
versus the swings in temperature starting from T/T = 1 can be traced by following the
arrows. We next discuss the origin of the closed thermal hysteresis loop at the bottom of
Fig 2.10.

The evolution of My(T) as the thermal cycling is continued leads to progressively
smaller growth in the magnitude of the diamagnetism attained at T; and T;. In our model
this enhancement ceases when the thermal cycling has caused x, to migrate to a final
position, denoted x., which is determined by the choices for T)/Tco, T2/Too and Hy/Ha,
and the functions characterizing the specimen, namely, Iy = Io Fu(T/Ty) and Jeg = Jego
Fi(T/Tco), where Fy and F, denote the dependences on temperature. Now although flux
from the volume between the valley x.r and the summit x,, is transferred to the outer |
volume, x, <x <X, during the initial part of the warming stage, an equal amount of flux
is returned to that volume during the last part of the warming stage. Hence, with x,
remaining fixed at x.s, the diamagnetism at T; will no longer increase in magnitude. Also
because x.r is fixed, the diamagnetism at T, will accordingly grow no further in
magnitude. Consequently now that x, has migrated to a “stable™ final location, the exact

amount of flux that enters through the surfaces during the warming phase is subsequently
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Fig 2.10 Evolution of the magnetization of a single crystal calculated with
our model upon cooling from T = T, to T, = 0 and then subjectd to two
complete thermal cycles between T, and T, = 0.8T,,. The closed thermal
hysteresis loop at the bottom is generated after numerous thermal cycles
between the chosen T, and T,. Heren=k =2 in eqns 2.4 and 2.11. H./H,,,

=1 and H/H =1,
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enclosed by the triangle on the right-hand side of Fig 2.9(b). Now, the “hysteresis” curves
of M; versus T swinging between T; and T will terminate at fixed values, denoted
Mg(T1)r and M(T)r, hence the locus of M, versus T will trace closed loops. An example
of such a closed loop calculated from our model is displayed at the bottom of Fig 2.10.

The measurements of Huyn'*! are reproduced in Fig 2.11(a) and curves generated
byourmodelmdisphyedin(b)forcompuimltisnotclmﬁ'oml-luyn’spaper
whether the data between E and D was taken during warming or cooling after 15 thermal
cycles were traversed.

Huyn'! presented a model, identical to ours, to reproduce the behaviour during
the 1* cooling and 1* warming (i.c the curve from T. to A and then from A to B in Fig
2.11a). The profile of B(x) labeled C, in the inset of Fig 2.11a, displays his suggestion,
which he does not develop, to account for the enhancement of the Meissner effect at C.
This proposal however is inconsistent with the critical state hypothesis since it introduces
a field gradient which is sub-critical to oppose the exit of flux from the sample as T
decreases from B to C and causes the field expelling Meissner current to increase.
Huyn!®! also presents no explanation for his observation that 15 thermal cycles between
5 and 16 K led to the enhanced diamagnetic curve labeled E D in fig 2.11a.

From inspection of the right-hand side triangle in Fig 2.9(b) we can write,

Ly(M,) =1y (T,) = T (T XX = x,)+J (T, XX ~x,) (2.32)

Hence,
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Fig 2.11  (a) Reproduces the observations of Huyn!%! on Nb,Sn powder, hence
electrically isolated single crystals, upon cooling to A, warming to B and recooling to
C. It is not clear from his paper whether the data between E and D was taken during
warming or cooling after 15 thermal cycles. (b) Displays curves generated by our
model for comparison.
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valid when, 0sx, /X <1.

The area embraced by the right-hand side triangle in Fig 2.9(b) therefore corresponds

to the difference between the “final” diamagnetic magnetization, hence the “ultimate”
enhanced Meissner effect at T; and T; which can be achieved by thermal cycling between

(2.33)

these chosen limits in the chosen static field H,. This difference then reads,

AM.(T,,T,)“ = M.(Ta)f -M,(Tz)f

- {’s(rz)”s('f.)xx-x.)’ ' -
X

SRR e
O(H o,y - /T,o)']}

T2 (B, )|2-@ /LY - /L)

2

Various features of the enhancement of the diamagnetism of single crystals by
thermal cycling predicted by our model are displayed in Fig 2.12. The four quantities
selected for exploration are illustrated and labeled in Fig 2.12a. Again for simplicity we
let T; = 0 in these calculations. This choice does not significantly restrict our message
since the initial field cooled Meissner effect curve is quite flat over the low temperature
range of T/Tco even when H, > Ho. The evolution calculated for the four selected
quantities versus T>/T is displayed in Fig 2.12b for the case where Heo/H.;0 = 1, Hy/Hc1o

=1 and n =k = 2. Such curves could provide guidance for the choice of the “optimum”
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Fig 2.12 (a) Displays and labels 2 quantities at the cold limit and 2 at the warm limit
of the thermal cycles whose dependence on T, we have investigated computationally.
Again for simplicity we let T, = 0. The subscripts C and W denote the “cold” and
“warm” limit and the subscripts 1, 2, and f indicate 1st, 2nd and final visit to the
corresponding limit. (b) Dependence of AM(T,),; , AM(T,),, AML(T,),, and
AM,(T>), ; on T,/T, calculated with n =k =2, for H/H,, = 1, HeyyH ;= 1.
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for a specimen hence a good estimate of Hc,o.

The number of thermal cycles required to achieve the “final” enhanced levels of
diamagnetism was found to be quite large by Huyn in his experiment and also very large
computationally. In our calculations to find the final hysteresis loops we circumvent this
obstacle by making an “educated” guess for x., the final position of the valley for the
selected T, and T, limits and the chosen parameters, H.o/lp, n and k. Then we examine
how well a calculated hysteresis loop comes to closing under these circumstances and
whether the deviation from closing at T; was upwards or downwards. Guided by the
initial result we then proceed stepwise to find a satisfactory improved value for x,r which
leads to a thermal hysteresis loop which closes “satisfactorily”.

IV Summary and Conclusion

The established model™ 3 % - %] which describes the locus of the diamagnetic
magnetization of isotropic hysteretic type II superconductors of idealized geometry
during slow cooling from T and subsequent slow warming, has been extended to
account for the enhancement of the Meissner effect observed by Hyun'®! during thermal
cycling between a very low temperature T; and a warmer temperature T near but below
Teo. Exploiting our extension of the existing model we have developed detailed
quantitative and qualitative predictions for the magnitude of the maximum enhancement
which can be achieved by extensive thermal cycling between various pairs of limiting
temperatures T; and T. < T for specimens exhibiting low, intermediate and strong

pinning.
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Chapter 3

Enhancement of the Meissner Effect upon Warming of Weak-
linked Granular High T Superconductors and Thermal Cycling

of a Low T, Polycrystal

Abstract

Several workers'® © 7 ¥l have observed that, after fast field cooling of weak-
linked granular high T. type II superconductors, the diamagnetic magnetization will trace
a narrow valley at a temperature T, near T, during slow warming to the normal state with
H, kept fixed throughout the temperature excursion. Huyn!® also observed this
phenomenon after slow field cooling of a polycrystal of Nb;Sn (a classical low T. type II
superconductor) and found that thermal cycling between T << T, and T, generated
further enhancement in the Meissner effect. In this chapter we extend the simple model

described in the preceding chapter to account for these observations.
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I. Introduction

A. General Framework

In chapter Il we examined the evolution of M,, the magnetization of an isolated
isotropic single crystal (grain) of idealized planar geometry during slow cooling in a
static field H, and during subsequent warming and thermal cycling below T.. Now for
simplicity, weak-linked granular type II superconductors, are first regarded as an
assembly of identical uncoupled idealized isotropic single crystals with their surfaces
parallel to each other and to the applied field H,. Consequently the magnetization of the
agglomeration of uncoupled grains, now denoted <M(T,H,)>, corresponds exactly to that
developed earlier and denoted My(T.H,) for the isolated idealized grain.

Next we visualize that the grains in this assembly are electrically connected by
numerous bridges along their adjacent parallel surfaces and that these links can carry
persistent currents with a critical current density, denoted Jon(T,H), which is very small
compared with the intragranular critical current density J,(T.H). Again, for simplicity,
we take J.m(T,H) independent of H and write,

Sy

where for simplicity we let the intergranular medium possess the same critical
temperature as the grains.

The volume of the entire network through which the intergranular currents are
flowing (i.c. the bridges and the surfaces of the grains), together with the voids between
the grains and the normal state inclusions, will be referred to as the “matrix”. The fraction
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will be taken into account in the modeling by a normalization procedure.

Again for simplicity, we focus on a specimen of idealized slab geometry of
thickness 2X,, with surfaces parallel to H, The analysis, however, can readily be extended
to idealized cylindrical geometry.

B. Field Cooling of a Weak-Linked Polycrystal
() Geaeral Framework
The flux in the voids and normal inclusions is never quantized. Below T, the flux
permeating the weak links is thought to exist in the form of Josephson vortices whose
mutual repulsion is small. Since there are no strong mechanisms for the occurrence of a
Meissner effect in the matrix, the lower critical field, H,,, in this medium is found to be
negligible and will be ignored in our modeling.

In the previous chapter we have examined the growth of the diamagnetic
magnetization Mg(T,H,) of an isolated grain as it expelled flux during cooling below T..
Now in weak-linked granular materials, the grains, as they cool from T.o, expel magnetic |
flux to the outside world through the surface of the specimen and into the “matrix”. By
Faraday’s law of induction, the expulsion of flux from the grains will generate electric
fields hence induce persistent currents to circulate through the intergranular network to
oppose the exit of this flux from the specimen. Let J(x,T) denote a “coarse” local spatial
average of the density of the persistent currents induced to circulate around the specimen

through the intergranular network, and Hm(x,T) denote the “coarse” local average



magnetic field associated with the “coarse™ local persistent current densxty Im(x,T).
Maxwell’s equation for idealized slab and cylinder geometry then reads,

dH,(x,T) _dH.(.T) _
_!dx = _!dr $J_(x,T) (3.2)

where for simplicity we consider Ju(x,T) and Hu(x,T) to describe the current density and
the associated magnetic field as “coarse” local averages over the dimensions of several
gninsandinchldingmevohmeofthegnim.leunIyweignmethedmﬂed
structure of the intricate intergranular current distribution and the complicated magnetic
field configuration on a granular scale in the matrix and describe the macroscopic
magnetic behaviour of the specimen via quasi-microscopic averages for Jm(x,T) and
Hm(x,T). Integration of eqn 3.2 then leads to,

H (x,T)=H, +x]'1_(x',r)dx' (33)

Frequently in a volume, x_, < x SX_, near the surface, J, exists in a critical state
denoted Jom. Under these circumstances, eqns 3.1 and 3.3 lead to,

H,o(x,T)=H, +J (X, -Xx)

NS

valid over the outer volume, x_, <x<Xp,.
Quite generally it is convenient to define a local magnetization associated with the
field profile Hy(x,T) which reads,
M. (x,T)=H_(x,T)-H, (3.5)
Mw.(x,T), the net “coarse™ local magnetization of the specimen can be viewed as
comprising two contributions. (i) The spatially varying “coarse” local magnetization of
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static H,. Consequently we write,

My (x,T) =M, (x,T)-<M,(T,H,) >

={H,(x,T)-H,}-<M,(T.H,)> (3.6a)

Hae<M,(TJ{.)>dmotsthem@eﬁnﬁonoftheg|ﬁnsavmgedoverthemﬁm
volume of the specimen. Altematively the superposition of the two components (i) and
(ii) can read,

My (x,T)=(1-f)M(x,T)~f <M, (T,H,) > (3.6b)
where f'and (1-f) indicate the relative weights of the two contributions to Mwi(x,T). For
simplicity we use eqn 3.6a, where the relative weights are taken into account by the
choice of the relative magnitudes of the pertinent adjustable parameters, mely, Hom =
JemoXm for the matrix, and Heg = Jog0X,, and Hyo for the grains. We thereby avoid
writing (1-f) and f throughout our formulae and diagrams.

(ii) A Useful Simple Account of Slow Field Cooling

We have seen in the previous chapter that the evolution of M;, the magnetization
of an isolated grain during slow cooling from T, can be readily described if the Meissner
current Iy and the intragranular critical current density J.; are assumed to have the same
temperature dependence. Again, the assumption that Jo, has the same temperature
dependence as J;; and Iy, hence the same as <M(T)>, leads to simple expressions for the
evolution of Mwy, the magnetization of the weak-linked granular specimen during slow
field cooling.

Under these circumstances, inside an inner volume, 0 <x <x__, the flux expelled

by the grains is completely trapped inside the matrix by the intergranular persistent



currents induced in the surrounding volume x_, SxsX,, as illustrated in Fig 3.1. Since
thcﬂmiscomavedintheimavolume,thelocﬂmgneﬁnﬁon,MwL(x,T)doesmt
change there and remains zero. Consequently, for this region, we can write,

M, M) =H, x.T)-H, =M, (x,T) 3.7
Hence at the boundary x = x.m,

H,(X@.T)-H, =J o (TXX_ -x) =J_{1-(Tl) }(x_ -xa)=[M,(M) (.8)

where, KM.cr))|=(1o -HT”]{l-(%).} (392)

or, kM, )= 2 Il-( T)-} (3.9)

mwl Teo

depending on whether Hgeo < Lo, o Hgeo > Iy as we have seen in chapter 2 (eqns 2.20 and
2.21).

From inspection of Fig 3.1(a) and 3.1(c) we see that the upper right hand triangle is
proportional to the diamagnetic magnetization of the weak-linked idealized slab specimen
and, depending on whether Hge < Iy, or Hgeo > I we write,

R 1 | O

Mw (== 2X. 21_ (D)X, 2H_.,
T m
1-| —
or M., (T) =-( n )2 { (TcoJ } 3.10b
v 2H,,, 2H_., )
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where Hmeo = JanoXm. Equns 3.10(a) and (b) are valid when 0<x_, <X, .

Also from inspection of Fig 3.1(b) and 3.1(d) we can write,

M (D)= (M, (D) + 2= CXe @1

where, {(M, (T)){ > J o,(T)X,
(iif) A more General Description of Slow Field Cooling
We now examine the more complicated field profiles encountered in field cooling
when the intergranular (matrix) critical current density, Jo(T), and <My(T)>, the
magnetization of the grains, do not exhibit the same temperature dependence. For clarity
in our discussion we focus on specific simple dependences on temperature which
nevertheless illustrate the different features in the evolution of the field profiles which

now occur. For simplicity we let J.n(T) depend linearly on temperature, hence write,

T
Ju(M) = J_,(l-T—) (.12)

c0
We take the diamagnetic magnetization of the grains upon cooling to grow in magnitude

according to the simple prescription,

(M, (T))=(M,o){l-[%J-} (.13)

where, generally, n 2 2. Again, for simplicity, Jomo and <Mgo> are taken independent of
H,. We have seen in chapter 2 that when H, < Hci0, as T descends from Teo, <My(T)>
grows in magnitude until the Meissner screening current In(T) in the grains equals the

static applied field H,. For simplicity in our description we will let Iy(T), hence <My(T)>,
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< Heyo will be straightforward since in these circumstances, In(T), Jo<(T), <My(T)>, and
Jem(T) all cease to evolve at a temperature T (H,) where In(T) = H.((T) = H,.

First we address the situations where the magnetic flux permeating the weak-linked
specimen is seen to diminish throughout its entire volume during cooling until a
temperature T < T is attained. In these cases, as illustrated in Figs 3.2 and 3.3,-at T,
and T; > Te, the rate of flux expulsion from the grains, |[d<M,>/dT|, is greater than
XdJer/dT the rate of the growth of the flux trapping current induced to flow through the
entire intergranular network (matrix), hence greater than dH.(x,T)dT, the increment of
the magnetic field at the centre of the matrix. Consequently we write,

d<M M T
I < lm>l=< l°>n Zxd"-('r):x',ﬂo.uﬂ (3.14)
| dT | T dT T, T,

where we have introduced eqns 3.12 and 3.13. The equality sign applies when T = T,

hence, introducing this in eqn 3.14 leads to,

T H iAn-1) .
L= —= <1 (3.15)
T, \n<My >

Next when T < T, the flux, being expelled by the grains located in an inner volume
0<x<x,(T), is completely trapped in that volume by the growth of the currents
induced to flow in the matrix in the surrounding volume x_ (T)<x < X, Hence now
as illustrated in Fig 3.4, AHnw(Xn(T)), the rise in the magnetic field at the interface,
Xem(T), is equal to, A<M(T))>, the corresponding growth in the magnitude of the

diamagnetism of the grains. Consequently we write,



L@ @-=-=-e-

Fig 3.2. [llustrates the dependence on T of J_(T), the intergranular (matrix) critical
current density and <M,>, the diamagnetism of the grains and their temperature
derivatives. Over the range T, < T < T,, the rate of flux expulsion ld<M,>/dT| is
greater than the ability of the matrix to trap flux.

Fig 3.3 Displays the evolution of H,(x,T), the field profile in the matrix and of <M(T)>,
the magnetization of the grains as the temperature descends from T, to T, where T, and
T, lic in the range T, < T < T.. Here |A<M(T)>| > AH,, at x = 0, consequently J_,(x) is in
a critical state throughout the specimen.
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Fig 3.4. Schematics of the evolution of H,(x,T), the field profiles, and Jem =
|dH,,(x,T)/dT], the current density in the matrix when T is descending from T, to T, in (a)
and from T, to T, in (b). Inside the expanding inner volume, 0 < x < x_,(T), all the flux
expelled by the grains is trapped in the local matrix since, (X-X(T)IdJ(TVAT| =
[d<M(T)>/dT] at the outward advancing boundary x_,(T). Each element of the volume to
the left of x(T) retains the corresponding critical value of J,(T) established there earlier at
the corresponding temperature (e.g. J ., = J(To) 8t x = x(T,;) =0, and Jan=Im(T;) at x =
Xem(T3), and Jop, = J () at X = X (T, etc).
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L0 ix, -xam)

| dar | T, aT
(3.16a)
JmXa ) XM Hueo f; xa(T))
T, X. T, X,
hence,
Xa(T) . B<Mg>(T -
X, | He \r,,) (3.16b)

describes the advance of the boundary x(T) separating the inner zone, 0 <x < x_ (T),
from which flux is not escaping, and the outer region, x ,(T) < x < X, which releases
flux to the outside world as the cooling progresses from T. In the inner zone the flux
expelied by the grains is now all stored in the “overlapping” volume of the matrix. _

Fig 3.4 illustrates the advance of the boundary x.(T) towards the surface as T
descends below T Fig 3.4 also shows schematically the important feature that in the
inner volume 0<x<x_(T), the current density Jn(x,T) spans a “spectrum” of
previously critical but presently subcritical states at the temperature T., “now” existing in
the specimen. The values for Jm(x,T), hence dHe(x, T)/dT, range from Jom(0,T) at x = 0,
the critical value established at the centre of the specimen when T traversed T to the
larger value, Jom(Xm, Tw) at the “present” position of the boundary x = Xcm(T4).

The field profile in the inner volume, 0 < x < x_, (T) then reads,

(T}
H,(xD=H, +J oMK, -xD}- [ (dﬂ_-i‘ﬂ)dx

o o T2 Kz

Introducing,

(3.17)
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1Xs-1)
Tl - {H_-o(l-le_-ﬂ)} . (3.18)

n<M,, > Xa

from eqn 3.16(b) in the last term of eqn 3.17 and integrating leads to,
x TY
H_(x,T)=H, + H_.,(l -f)-(u"{ﬁ)

-(n-l)(M,,){;:‘MA;)( -XL)}

T,

valid over the temperature range, 0<-?—<—",
To To

3.19) -

(M =t
hence in the inner volume, Osxsx,,ax.{ -(_12(.1.J }
H_, (T,

The critical field profile in the outer region, x, < x < X, reads,

i T x
H, (x,T)=H, + H__o{l -(E)}{ --)E.} (3.20)

The magnetization of the weak-linked specimen as it cools from T is calculated in

closed form or numerically from the definition,
) | X
Mun (L) = (M, )+ 3 [ D G21)

where we introduce the appropriate expressions for <M(T)> and Hn(x,T). In pursuing
more general accounts of the slow field cooling of weak-linked specimens, dependences
of Jem and <M;> on T other than the simple expressions given in eqns 3.12 and 3.13, can
readily be exploited and developed in closed form or numerically in the framework we

have outlined in this section.



II First Warming of a Weak-Linked Polycrystal

A. Geaeral Framework

We now examine the evolution of the magnetization Mwi(T,H,) of weak-linked
granular samples during first warming after slow field cooling in a field H, which is
maintained fixed throughout the process.

The rise in the temperature weakens the Meissner field shielding current Iy(T) and
the critical current density J.4(T) in the grains thereby allowing some of the flux expelled
into the matrix during cooling to now reenter into the grains. A universal and crucial
feature of the thermal hysteresis loops, <My(T)> versus T of the grains which is
illustrated in Fig 3.5, now comes into play. We note that in Fig 3.5 the rate of flux entry
into the grains during warming, |d<Mg(T)> /AT |warming, is much smaller than the rate of
flux expulsion during cooling, [d<Mg(T)> /dT|coting, at corresponding temperatures above
and near Tc(H,). It is this difference in the thermomagnetic behaviour of the grains
during first cooling and first warming which is responsible for the generation of peaks!®*
719 in the diamagnetic magnetization Mwy(T) of weak-linked specimens upon 1*
warming after 1" cooling, whether the latter process occurred rapidly or slowly.

In section I B (ii) of this chapter we have explored various cases where the expulsion
of flux by the grains, during cooling from T, caused the intergranular current density,
Jem(x,T) induced in the matrix, to exist in critical states in the volume x_, <x<Xp
adjacent to the surface and, in some instances, throughout the specimen. This state of
affairs came about because the rate of flux expulsion by the grains, [d<M(T)> /dT],

during cooling exceeded the rate of growth of the trapping field in the matrix,

dHm(X,TVAT = |AJmc/dTXm-Xcm), Over the range, x, < x < Xm which may have

55



‘("H)"’ L s1ea1put sjop sy,
“H s *H > 0 spjoy onels snouea uy Suruuem mojs wuanbasqns pue 1, woy Sujoos Suunp Jojonpuoassdns

11 3df) ® jJo misk1d 9jBuis ® jo uoneznouSew ap ‘CH'L)'W Jo uonnjoss [eaidsy sajensnjj]  ‘g'g Sy

0o
(1} 80 90 vo A 00
T v T v T Y T v T v |
o — - °.°l
o
IIH
N o e - m.Oc
. §L0= I/ H .
= L Q.Ql
o8 Bw
G0=IlH -
- 1¢0- ©
=3 - N.ol
o8
- GZ'0=1I1/H 1
- 110
N 1 N 1 N 1 00

b= HP% 2=u 1= G



mmdedovertheenﬁrespecimm.Nmethnﬂ,ﬂ)Lthecdﬁcdmdmﬁtyinme
matrix, and, |dJ(T)/dT, its rate of the change with T, are single-valued functions of T.
Consequenﬂyﬂ:edpacityforﬂwmmixmnpormmlmeﬂmmﬁmﬂ:eme,n
the same temperatures, on cooling or warming. In contrast however the response of the
grains is very different during warming than during cooling as illustrated in Fig 3.5. Now
over a wide range of the rise in temperature, |[<My(T)>| is diminishing very slowly,
indicaﬁngthﬂthegninsmacceptonlyamﬂﬁuﬁonoftheﬂuxrelmedbythe
matrix. Consequently, the specimen is compelled to release much of this flux to the
outside world. This is illustrated for different types of matrix profiles in Fig 3.6. The
escape of flux, previously trapped in the matrix during cooling but now made to exit from
the specimen by warming, is responsible for the diamagnetic valley observed by Huyn!*®),
Jung et al™), Ishida and Ggldfarb[”] and Wang and Joiner"*”! upon slow warming in
their weak-linked low and high T granular samples.
WhenTapproachesT,o,themcatwhichthegizinscanabsorbﬂuxisincre&sing
appreciably as can be scen from inspection of the curves displayed in Fig 3.5.
Consequently, the matrix can no longer release trapped flux at a rate sufficient to meet
the growing demand of the grains for flux. Now flux must enter from outside to help fill
this growing need of the grains for flux. By Faraday’s law of induction, the entry of
flux through the surface induces persistent critical current densities Jo(T) in the matrix
which oppose this penetration. Consequently the scenarios we have described in detail in
chapter 2 during warming of the isolated grains are now duplicated in the matrix of the
weak-linked granular specimen. The sequences of events are shown schematically in Fig

3.7.
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Inthenextsecﬁonweeompmexpaimenulmesobnined”bmeg_md
Joiner"*” and Jung et al™! with curves generated by our model. Inspection shows that
our simple model reproduces their observations quite successfully both qualitatively and

semi-quantitatively.

B. Comparison of Observations with Theoretical Curves

() Modeling of the Data of Dr. W. C. H. Joiner
Dr. W. C. H. Joiner of the Physics Dept at the University of Cincinnati provided
us with an extensive compilation of measurements of the evolution of the magnetization
of a weak-linked YBCO polycrystal during slow warming after fast field cooling which
include and complement the results reported in the article with J. P. Wang!'“’l. This
family of data curves spans a broad range of static applied magnetic fields. The set of
observations are displayed in Figs 3.8, 3.9, and 3.10 and are grouped to show the
behaviour in weak, intermediate and strong magnetic fields. In each figure we also
display for direct qualitative and quantitative comparison, a corresponding family of
curves calculated with oyr model.
In these calculations, for simplicity, and for computational convenience we let
Je(T), In(T) and Jm(T) all have the same dependence on temperature, namely,
f(T)= {l-(‘l‘/'l‘eo)'} and chose n = 5 for these calculations. The theoretical curves are
not very sensitive to the choice of n over a modest range (3-7). The effect of a change in
the choice of n on the structure of the calculated curves is also illustrated in this section.
To account for the observations of Dr. Joiner over the large range of fields used in

his measurements we have found it necessary to introduce dependences of the critical



current densities Jo, and Jo on the applied magnetic field H,. H_owcver, in the
calculations of the complicated evolution of the field profiles in the grains and in the
matrix during cooling and warming in a chosen fixed field H,, we have, for
computational simplicity, ignored the functional dependence on H, and taken Jo; and Jen
mbedaaminedbytheseleaedm.lhiswuchhsbemﬁequmﬂyexploitedby
workers in similar situations and is valid provided that the varistions of the field profiles
in a chosen H, are significantly smaller than the increments in the values of H,. This
criterion is fully satisfied in all our calculations. Fig 3.11 displays the dependences of
Heg/Hc10 and Hew/H10 on H, which we have introduced in these calculations. We achieve

a good fit to the data using,
J x H H /s
h ;L=_".2.5(_ﬂ°) (3.22)
.' Helo Helo Hn

whenH.>H¢|o,andletting, Ho'=2.5H¢|o ovettherangeOSH.s Hci0 with Hejo = 40
Gauss.

In the low field range of the measurements, namely, 0.025<H, /H_,, <1.25, we

obtain a good fit using,
1/2
h,, = JemoX e ~Ha = 0. Ha (3.23)
Hclo Hclo HI

No simple expressions describe the dependence of Her, on H, in the high field range
above 1.25H.o (see Fig 3.11(b)).
We recall that when H, < Hcio, the field profiles in the grains and the matrix cease to

change when the temperature descends below,



/s ‘
T _L®H,)_ {1 _(H_)} . (3.24)
Tto Hﬂo

The profiles then remain “frozen™ in the configurations established at T.;(H,) during
subsequent excursions of T below T.(H,) in the chosen static H,. Since in our modeling
for Figs 3.8, 3.9 and 3.10 we exploited identical temperatures dependences for Jog, Jom and
I, it follows that,

Jqﬂgl)_’-(]}.)_lg(lh)_&_ - k )

when H/H,yo < 1. Consequanlyllthonghdwvaluesforl{....lﬂdodisplayedinl’ig
3.11(b) are appreciable ﬁwtiomwha:H.<Helo,themﬁlesmthemmixmgovuned
by the much smaller critical current density established when T = T,(H,), hence,

J-(T,.)=J..o(::—') (3.26)
¢l0

Therefore, the maximum variation which the field profile of the matrix can exhibit is

then,
H log_ [Be
Ja(T)X, = (J,,X(H—m) = H._o( o ) (3.27a)
or
Jen(Tcl)x- _H_o-o & = Hl
I'Iclo - Hclo (Hclo) h.-o(HcloJ (3.27b)

when the quantities are normalized to Ho.

Inspection of Fig 3.8, 3.9 and 3.10 shows that our crude model quite successfully
generates the prominent features and trends of the measured curves. The main feature,
which intrigued the researchers who first encountered this phenomenon, is the occurrence
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Fig 3.8 (a) Unpublished observations by Dr. W. C. H. Joiner on a polycrystalline YBCO
specimen during slow warming after fast field cooling in weak static applied fields, H, <<
H,)o- The data was provided in arbitrary (emu) units. (b) Curves calculated with our model
taking n = 5 in eqn 3.25 with H., independent of H, and using H.; = 2.5H, o The dependence
of H.,,, on H, is shown in the insert to Fig 3.11(b). To convert the theoretical applied fields H,
to that in the measurements we let H,,, = 40G throughout the calculations in this and in the

next figures.

63



0.000 v T - r ‘ r v Y
0.005 | 10G 4
5 " 14 1
&
~ go10} 19 -
A p
§ | 25
0015}F 30 i
0.020/[ 4° i
" ' o q " J 1 . '] "
@ 0 20 40 60 80 100
a
T(K°)
0.00 M T ¥ v M T M T o
0.25 10G ]
005} 0.35 14G -
e 0.475 19G
I [ J
S
é 0.10 | 0.625 25G -
v g 4
0.75 306
015} J
HM_ 21— 406
R ] 1 1 Il

00 02 04 o6 08 1o
®) T,

Fig 3.9. Continuation of the previous figure to the range of intermediate applied
fields, H, < H,j,. Here in the calculated curves H., is again taken independent of
H, with H.; = 2.5H,(. The dependence of H.,, on H, is displayed in the insert to
Fig 3.11b.



<M> (emu)

®) @

Fig 3.10. (a) Observations of Dr. W. C. H. Joiner in the high field range H, >

H,jo. (b) The dependences of the parameters H., and H.,, on H, introduced in
the calculations are displayed in Fig 3.11.
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Fig 3.11. Displays the dependence of Hy, = JoX; and Hepy = J 00X, on H,
introduced in the model calculations in order to reproduce the evolution of the
experimental curves of Dr. Joiner as the behaviour is explored over a large range of
static applied fields. The dots indicate the actual numerical values which were used
for these parameters to optimize the fit of the theoretical curves to the corresponding
measured curves. The continuous curves in (a) and (b) and in the inset display the
simple functions H. /H,\, = 2.5 (H,¢/H,), and, H.o/H, o = 0.3 (H,o/H,)? which fit
these chosen values. Thus fitting of the data with our model provides information of
the dependence of J , and J,,,, on H,.
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Fig 3.12. [Illustrates the effect on the theoretical curves of a different choice
for the power n in {T) = {1-(T/T4)"} for the dependence of Jn(T), J, (T) and

I\(T) on temperature. (a) Should be compared with Fig 3.8(b) and (b) with
Fig 3.9(b). Clearly, the model is not very sensitive to the choice of this

exponent.

67



of a valley or dip, hence a sharp enhancement of the Meissner effect, in-t‘hediamagneﬁc
magnetization of polycrystals just below T, during warming. The depth and breadth

of this valley are seen to evolve as a function of the static field H, and our model also
reproduces this behaviour as we will demonstrate.

In our modeling, when H, <H_,, the valley commences when T increasing attains
Tai(H,). At this juncture, the onset in the diminution of Jon(T), J5(T) and Ix(T), causes
the field profiles, (“frozen” when T descending traversed Tai(Ha)), to start changing.
Howevcr,thechangeintheyains,isiniﬁaﬂymomgndualthmthatintbemaﬂix,sim
in the grains the rise in temperature is mainly causing an internal distribution of flux (see
FigZ.Sinthepmedingcbaptu)mdwmequmﬂygmonlyamﬂldimhuﬁonof
 the dismagnetism of the grains (see Fig 3.5). As a consequence only a small fraction of
the flux being released by the decrease of the field trapping current density Jo(T) in the
matxixcanbeaecommodatedbythegmins. The rest of this flux therefore escapes from
the sample, thereby causing the diamagnetism to increase.

The bottom of the valley is traced when the rate of release of the flux by the matrix
becomes equal to the grpwing “need” for flux by the grains. This need for flux occurs
because the Meissner field shielding current Iy(T) is decreasing in the grains. Next, on
the right hand side of the valley, the matrix, while continuing to release flux into the
grains, is also compelled to oppose entry of flux across the surface of the specimen as
illustrated in Fig 3.7a. Eventually the entire matrix is participating in the opposition to
entry of flux into the specimen (see Fig 3.7b).

Thus in our model the temperature for the onset of the valley reads,

T =T,H,) (3.28)



whaxH.<H¢.o,andT_.,.=0whwl-].>l-lcm.1'hetelnpennneTvg,v{hmthevalley
bottom occurs is controlled by,

d(Ml) warming d y dx
—pe !H_(x,‘l‘); (3.29)

which applies until the intergranular current density Jomo is destroyed by the strong
magnetic field H,, hence when Hem = 0. The sample then consists of an assembly of
decoupled grains and our model genentes no valley in these circumstances.

Although it may not be evident from inspection of Fig 3.10a, all of these
measured curves trace a shallow valley which is masked however by the background
magnitude of the magnetization and the thickness of the lines. Here Tvs ranges from 69K
atH.=SOGto40KatH.=7006.Itisofinteresttonotethatomconesponding
theomﬁcalcmvesdmhceacompmblebmadmdshaﬂowvaﬂeysinceHmmhough
very small at these fields is still finite in our calculations (see Fig 3.11b).

The depth of the valley is not sensitive to the choice of the exponent n for the
temperature dependence of Jem(T), J(T) and In(T). This feature is illustrated by
comparing the calculated curves displayed in Fig 3.12 with the corresponding theoretical
curves of Fig 3.8b and 3.9b. However, as expected, the breadth of the valleys is seen to
increase as n is chosen smaller Since Tone: = Te1(H,) is dependent on the exponent n (see
eqn 3.25). For the families of curves in Fig 3.12, the exponent n is chosen equal to 3
whereasn =5 in Figs 3.8b and 3.9b. All other quantities are as shown in Fig 3.11a

and b.



(ii) Modeling of Data of Jung et al after Fast Field Cooling

Fig 3.13 compares the observations of Jung et al™l, during slow warming of a
4.5mm diameter, 3.5mm length cylinder of YBCO after fast cooling, with a
corresponding family of curves generated by our model. Again in the calculations we
chose identical temperature dependences of the form RT) = {1-(T/T)"} with n = 4 for
the three quantities, Jog(T), In(T) and Ju(T). We take Hego/Hc 10 = 3.2 constant over the
range of the modeling and allowed Heng to vary slowly and nearly linearly as a function
of H, as tabulated in the caption to Fig 3.13b. We took po Hejo = 10mT .

In Fig 3.14 we compare the measured and calculated values for the temperatures
where the diamagnetic valley begins, denoted Tonger, a0d Where the bottom of this valley
is attained, denoted Tvg. There is no ambiguity in identifying Tonse: in our model (s;eeqn
3.24) where the theoretical T__ /T, =T, (H, )T, ={i-(H, /H_,)}'"". The theoretical
Tvs does not emerge clearly from the shallow valleys displayed in Fig 3.13 but the
accurate numerical values indicate the minimum unambiguously. There is appreciable
uncertainty however in identifying Tonse: and Tvp in the experimental curves.

Jung et al™! visualize that the intergrain flux depinning commences When Tong; is
attained. This picture is in harmony with our model where the field profiles in the matrix
and in the grains are regarded immobile (frozen) when T < T.) (H,) = Tonser and migration
of flux from the matrix into the grains and out of the specimen begins when T exceeds
T,(H,)=T,,, . Jung et al™! refer to Tvp as the temperature where the intergrain flux
depinning reaches completion. What is meant by “completion™ is not defined. In our

scenario, flux depinning in the grains and in the matrix are both occurring at Tvg and the
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Fig 3.13. (a) Evolution of the diamagnetism observed by Jung et al™ for a

polycrystalline YBCO specimen upon slow warming to T, after fast field cooling in
the static applied magnetic fields indicated. (b) Corresponding theoretical curves
generated by our model with n = 4 in ft) = {1(T/T,)"} for the temperature

dependence of J_(T), J(T)

and I(T). Here H./H,,, = 3.2, and H. /H_,, = 0.162,

0.18, 0.126, 0.103, 0.0845 and 0.057 for the sequence of h, = H,/H_,, = 0.1, 0.2,.....,
0.7. Consequently Hep, = J X, is seen to diminish approximately linearly versus H,.
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inuiweintaphyofthesetwomemmmﬂywiththedecmpftheMdmer
current in the grains leads to dMwy/dT = 0. These events have been described in some
detail in section IIA of this chapter.

(iii) Effect of Slow and Fast Field cooling on the Magnetization of Polycrystals

Jung et al™), Wang and Joiner"*! and others'® %! have observed that the amount of
flux expelied from polycrystals during slow field cooling (SFC) is appreciably larger than
that released by fast field cooling (FFC) to the same final temperature T; in the same
static applied field H,. This behaviour is illustrated in fig 3.15 which is reproduced from
Jung et al™. Generally, no valley or only a shallow valley appears during warming after
slow field cooling. The measurements of Jung et al™ and Wang and Joiner™ also
indicate that the flux expelled when the valley in the magnetization of weak-linked
polycrystals is traced during warming after fast field cooling corresponds closely to

AMw, (Ty). Here,

AM,, (T;) =My, (SFC) ~ M., (FFC) (330)
is the difference in the diamagnetic magnetizations observed at T; after slow and fast field
cooling (see Fig 3.15). In this section we present an explanation for these features and
extend our simple model to account for the data of Jung et al™ displayed in Fig 3.15
which compares the effect of the two modes of cooling over an appreciable range of H,.

It is well established that intergranular currents (Jo) decay quite rapidly especially at
temperatures close to T, ® # K- M!l Thig phenomenon has been referred to as giant
flux creep™”). Intragrain currents (Jo;) are also observed to decay but at rates appreciably

slower than the former at corresponding temperatures and applied magnetic fields™”). The
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Fig 3.15. Reproduced from the article by Jung et al™! reporting on the same
specimen examined in the 2 previous figures. The data curves labeled by =
were measured after fast cooling from T, in the static applied fields indicated.
The diamagnetism observed at 10K after fast field cooling is clearly smaller
than that measured after slow field cooling shown by the data curves labeled
<. Warming after fast field cooling is seen to generate a valley in the data
curves whose depth corresponds to the difference between each pair of data
curves.
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Fig 3.16 (a), (b) and (c) display theoretical curves generated by our model for
comparison with the corresponding observations displayed in (a), (b) and (c) of Fig
3.15.In viewofthclargerangeofH,weagainletHw=J,,‘,XmandH.'o=Jqu'
depend on H,, thus H./H,,, = 3.5, 1.8 and 1.2 for H,/H,, = 0.04, 0.1, and 1. The
intergranular current densities are chosen larger after fast field cooling than that for
slow cooling cases since negligible decay took place during the fast cooling. Hence
Hepg/Heyo = 0.4 (0.175), 0.22 (0.14), 0.152 (0.12) for H,/H,,, = 0.04, 0.1 and 1 where
the values in the parentheses indicate the parameter for the slow cooling curves.
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reversible (equilibrium) Meissner currents appear to be truly persistent. Smce the decline
of Jem can be appreciable over the duration of the slow field cooling process we will focus
on this property to account for the observed AMw; .

First however we note that Mw (T) traces horizontal curves during slow cooling and
also during slow warming over the range 0 < T < Tc;(H,) (see Fig 3.15). These plateaus
exhibited by Mwi(T) versus T ascending or descending show that the decay of the
persistent currents is negligible when T < Te,(H.). Consequently the decay of the
intergranular currents during slow field cooling seems to occur during the time eclapsed
while the sample cools from T to Ty (H,). The time required for the sample to descend
through the temperature range AT, = Teo — Ter(H,) can be made shorter by fast cooling
the specimen to temperatures which are far below T.i(H,). Jung et al™! have shown that
the samples expel less flux, hence AMwy (Ty) increases as AT, = T. — Ty is made larger
thereby effectively augmenting the rate of the cooling through the critical range
AT = Teo — Ta(H,).

To model the observations of Jung et al' ! displayed in Fig 3.15 we first address
the curves measured during warming after fast cooling. Here we proceed as in the two
preceding sections where we assumed, for simplicity, that no decay occurred for the
intergranular and intragranular currents during the fast field cooling. Again, for
computational convenience, we take Jom(T), J(T) and I(T) to possess the same
exponent n in the temperature dependence, f(T) = {l-(T/Teo)'} . Since the data spans a
wide range of static applied fields (4, 10, 100 G), it is necessary to take into account that
Jem and J;; diminish with H,. Consequently we select an appropriate value for the

adjustable parameters H_., =J X, and H o, =J X, for each value of H,. Also we
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considerJa.odemasconminthepmcasof&neooling.henceig_muanydecay
of these currents in the short time elapsed when cooling occurred rapidly. We take H, ;o =
100 G for the specimen. The results of this exercise for Mwy versus T during the
subsequent warming after fast field cooling are displayed in Fig 3.16 where the arrows
indicate the direction of the sweep in temperature.

Now to model the curves measured during slow cooling we take into account a
feature we neglected until now since it did not need to be addressed in our analysis of
observations. We now take into consideration that the intergranular currents can
experience significant decay when the time elapsed during the slow cooling is
appreciable. To “mimic” in a simple empirical but physically plausible way any decay of
Jem which occurs because of the duration of the slow cooling process we introduce values
for Hemo = JemoXm in the calculation which are smaller. The curves labeled « in Fig 3.16

display the results of these calculations.

I Enhancement of the Meissner Effect of Polycrystals Nb;Sn by

Thermal Cycling.

We have seen that weak-linked granular high T. superconductors exhibit a
diamagnetic valley during slow warming after fast field cooling. This is thought to occur
because the fast field cooling minimizes the opportunity for the intergranular currents to
decay. The thermomagnetic hysteresis in the reentry of flux into the grains upon warming
causes the flux trapped in the matrix during the cooling to be initially mainly released to
the outside world thereby augmenting the Meissner effect. Hyun'®! investigated the
magnetothermal behaviour of polycrystals of Nb;Sn and found that these also exhibit a



deep valley in the diamagnetic magnetization during slow wmmngaﬁcr slow field
cooling. His measurements are reproduced in Fig 3.17 (a). Specimens of powdered
Nb;Sn, hence electrically decoupled grains, did not manifest such a feature.

It is well established that the electrical contacts (links) between the grains of
conventional polycrystalline type II superconductors can support current densities much
larger than that in bulk high T. materials. More crucial for the present context, -these
intergranular currents exhibit negligible decay rate. Consequently Hyun!®! emphasizes
that the behaviour of the NbsSn polycrystal during warming after slow field cooling is
very similar to that of fast field cooled high T. weak-linked granular samples since in
both cases the field profiles in the specimens have suffered negligible relaxation during
the field cooling.

It is consequently a straightforward exercise to apply our model, which neglects any
time decay of the induced currents, to describe the observations by Hyun!*! of a deep
diamagnetic valley in the magnetization of a strong-linked polycrystal of Nb;Sn during
warming after siow field cooling. Let Mg; (T) now denote the magnetization of such a
strong-linked specimen. The calculated curves generated by our model during 1% cooling |
and 1" warming are displayed in Fig 3.17b.

Hyun'®! also measured the magnetization of the Nb:Sn polycrystal during
recooling from T just below Tvg, the temperature where the bottom of the diamagnetic
valley occurs, and found that this caused further enhancement of the diamagnetism (see
Fig 3.17a). Since we have seen in chapter 2, that the Meissner effect in grains of type II
superconductors is enhanced by recooling from any temperature below T. < T, we

attribute this behaviour to the grains of the polycrystal. The introduction of the evolution
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Fig 3.17. (a) Reproduced from the paper by Hyun!%!. Displays the evolution of the
magnetization of a compacted polycrystalline sample of Nb,Sn during slow-field
cooling from T, in a static field u,H, = 10mT and during subsequent warming and
cooling cycles. Also shown is the steep disappearance of p M during warming after
applying p H, = 10mT to the sample at SK (denoted Zero Field Cooled curve).
(b) Curves generated by our model for comparison with the experimental
observations of Hyun. Here H/H,,, = 1 and n = 5§ in f{T) = {1«(T/T)"}, the
dependence of J,, J; and I, on temperature.
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of <M(T)>, the magnetization of the grains during 1* recooling which is generated by
owmodeLhnoammixwhaeJadosmtdmywidxﬁmeismt;rq)mducethis
feature. This is illustrated by the 1® recooling curve of Mg, displayed in Fig 3.17b.

Hyun also examined the evolution of Mg (T) in the polycrystal of Nb;Sn during
another thermal cycle between Tr and T S Tvp. His data and our corresponding theoretical
curves can be compared from inspection of Fig 3.17(a) and (b). Both sets of curves show
that this thermal processing leads to further enhancement of the Meissner effect. In our
development of these phenomena for a polycrystal we simply introduced our model for
the evolution of the magnetization of a grain, <My(T)>, during thermal cycles. Our model
thmsixnplypmestheeﬂ‘ectofthecycﬁcalchmgesof«.(TPonHm(x,D,theﬁeld
profiles in the matrix, which are then dictated by, (i) Faraday’s law of induction, (ii)
conservation of flux inside type II superconductors and (jii) the temperature dependence
of the intergranular ctiticalcﬁxmtdmsity Je(T).

IV Summary and Conclusion

The model developed in chapter 2 enabled us to calculate the evolution of M(T),
the magnetization of isotropic single crystals of idealized geometry during slow sweeps
of the temperature below T. in fixed fields H,. Mg(T), now denoted <M,(T)> to represent
an assembly of identical grains, is then introduced into a medium (matrix) wherein
temperature dependent critical currents, identified as intergranular currents of density
denoted Jon(T), are induced by changes of <M(T)>. Pursuing Faraday’s law of
induction, the critical state concept and conservation of flux inside the grain-intergrain

medium, we map out the evolution of Hn(x,T), the field profiles associated with the



pauansofcimnaﬁonoflacr)whichmindwed.schmgaofw“
<Mg(T)> to evolve.

Exploiting this simple framework, which ignores any decay or relaxation with time
of <M,(T)>md1,(r),weaeeoumformyobcavationsreponedbmegand
Joiner"*”) and Jung et al™ of diamagnetic valleys in Mwy, the magnetization of the ,
weak-linked polycrystals of YBCO during warming after fast field cooling. Our model is
successful in reproducing these data since fast field cooling ensures that 3 minimum
decay of the hysteretic persistent currents takes place. Also since negligible decay of the
intergranular currents occurs in polycrystals of conventional low T. type II
superconductors, our model is successful in accounting for the observations of Hyun on a
compacted sample of Nb;Sn crystals during warming after glow field cooling.

Since Hyun also investigated the behaviour of the Nb;Sn polycrystal when subjected
to thermal cycles extending between 4.2K and 17K (just below Tvp) we introduced our
model for the behaviour of <My(T)> under these circumstances to account for his
measurements.

In closing we recall that our model for Mg(T) in chapter 2 predicts that extensive
thermal cycling between various appropriate limits T; and T, < T, will cause M(T) to
cventually trace closed thermal hysteresis loops exhibiting strongly enhanced
diamagnetism. Consequently our model can predict similar behaviour for strong-linked

polycrystals. However we do not pursue this prediction computationally in this thesis.



Chapter 4
I. Hysteresis in High T, Superconductors: Dependence of the

Position of Peaks in I, versus H, on Previous H — T History

Abstract

The critical conduction current I. which weak-linked granular high T.
superconductors can support is not uniquely determined by the temperature T and the
applied magnetic field H, but depends dramatically on the prior magnetothermal (H-T)
history of the specimen in the superconducting state. When the applied field H, is
descending from large values, I. becomes appreciably larger than that observed at the
same temperature Tr < T, and at the corresponding H, which existed during the prior
application of H, to the virgin specimen. L is now seen to trace a peak versus H,
descending whose location, denoted HT*, depends onHZ", the magnitude of the
excursion of H,. Another peak of L is observed when H, is then impressed again from
zero in the same direction as previously. The position of this peak, denoted HTY*, also
depends on HZY, but now HT* <HY™ for the same HZY. The curve of I versus H,
descending after cooling of the specimen from T to Ty in a field, denoted H*, also
traces a peak whose location, denoted H®}", depends on H™. Again another peak of L. is
traced, when H, is then reimpressed from zero, whose position, denoted H77, depends

on H. Evetts and Glowacki**! proposed that these behaviours, labeled I, hysteresis,



are due to the superposition of the retumn field H, of the magnetized grains and the applied
field H, in the weak links of these granular ceramics.

In this chapter we pursue the superposition proposal of Evetts and Glowacki and
develop a simple framework which qualitatively and quantitatively describes the

dependence of H™™ and H™™ on H™*, and of H=" and H=* on H™.
» ot » pt

I Introduction

Soon after the discovery of high T. superconductors, researchers found that the
ability of a sample of these ceramic materials to carry a lossless conduction current L,
was not uniquely determined by the temperature T and the applied magnetic field H,** ™
14,24, 30, 31, 35, 36, 40, 46, 49, 52-54, 57, 59, 70, 72, 8285, 91, 93, 97-102, 108, 116121, 134, 135, 143, 145, 151, lss-n;'l. 160]
Indeed I for a given specimen was observed to be a multiple-valued function controlled
by the path travelled by the variables T and H, once the superconducting state was
established, hence with H, < H.x(T) and T < T.(H,). Fig 4.1 schematically illustrates the
typical behaviour encountered in measurements of I versus H, with T < T.(H,) kept
constant.

In Fig 4.1 the curve labeled ZFCV (Zero Field Cooled Virgin) is obtained when the
sample is first cooled from Teo to Ty in zero field (the earth’s field), then H, is impressed
and kept fixed at a selected value denoted H¢ while the conduction current I is introduced
and gradually increased until I is attained. The appearance of a detectable voltage along
the tape, ribbon or wire provides the criterion for establishing L. In this series of
measurements, Lo denotes L. observed when no magnetic field has yet been applied,

hence H, = 0. Subsequent measurements of L. are performed after an increment AH, is
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made to the applied magnetic field. Consequently, H, =3 AH, , follows a continuous
stepwise progression in magnitude where the size of the increments is determined by the
patience of the researchers to obtain a smooth and accurate data curve.

In Fig 4.1, the curve labeled ZFCD (Zero Field Cooled Descending) is determined
by measuring I for a sequence of fixed values of H, where H, is now decreased from
Heax t0 zero in steps of arbitrary convenient magnitude. As we shall see, many factors
will play a role in the choice of Hugx << He3(T) where the augmentations of H, ceased.

It is evident from a glance at Fig 4.1 that L. is a multiple-valued function of H, for a
ﬁxedtcmpemme.InpnﬁculuwenotethnuchcmeofL(ZFCD)tmcesapeaklying
above I(ZFCV) and that H,, the value of H, where the peak appears, depends on Hps.

II The Model of Evetts and Glowacki

() Introduction to the model

Evetts and Glowacki!**) showed that, the superposition of H,, the return field of the
magnetized grains, and H,, the applied magnetic field, qualitatively accounts for the
variety of behaviour displayed in Fig 4.1. We now give a brief outline of their model in a
framework which we will exploit in this and subsequent chapters of this thesis.

In weak-linked granular high T, superconductors, the intergranular critical current
density Jcm declines rapidly as the strength of the magnetic field is augmented. Further Jn,
is orders of magnitude weaker than the intragranular current density Jeg. As a
consequence the applied magnetic field H, enters or leaves the intergranular medium (the
“matrix™) with little opposition by the weak J.. Entry or exit of magnetic flux into or out
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of&egﬁngkhowwa,myymmmofmemmm
pinning, these processes induce large current densities J.; and steep flux density gradients
in the grains, hence large grain magnetizations. The insets in Fig 4.1 schematically
displaythempapodtionofthemﬁeld}l,ofamagneﬁzedglinmdtheappliedﬁeld
H..In(a)theappﬁaﬁmofmhasindwedmwcﬁunmcbckwiseinthegninsm
oppose the entry of H, hence generated a diamagnetic magnetization and a return field
which aids H,. In (b) the diminution of H, from a large value, has induced currents to
cimulatecoumtaclockwiseinthegninsinordertouapthemagnetic field thereby
gma:ﬁngapmagneﬁcmagneﬁnﬁonwhoumﬁeldﬂ,thenopposes}l..
Consequently the superpositions of the two fields, H, =H_, +H,and H,, =H,, -H,,
mvexydiﬂ'mtwhenl-l.isascending,thendmotedﬂ.fthmforll.desccndingin
magnitude, then denoted H,y.

Since the intergranular current density J.n, is controlled by the intergranular field
strength H,, and Jom diminishes with H; increasing, and the critical conduction current I,
is the sum of the currents across the weak-links, we can readily see why the curve of
I(ZFCV) descends precipitously as H, is impressed since here H,=H, +H,. Also we
see why I(ZFCD) can lie above the curve for I.(ZFCV) since when H, descends from
Hemax, denoted HZF, the return field of the magnetized grains reverses polarity and now
H,, =H, -H, . Also we then expect a peak to occur in the curve of I.(ZFCD) versus
H,, when H,, = 0, hence H,y = H.. Fig 4.1 also illustrates the feature that the position of

the peak of I versus H,, , denoted H |, depends on HZ*. This is also expected since

M,, the magnetization of the grains, hence H,, both depend on HZ* -H,, as H,



descends from H‘::.Clenrlythaxtodeacn’bethedepmda:eeofﬂ"on_ﬂ.,,weneedto

address the evolution of M,, hence H,, as a function of H,.

(if) First Application of H, to a Grasular Type II Superconductor

For simplicity we regard the grains as identical circular disks with their axis // to H,
and focus on the response of one isolated grain to the applied field.

ﬁedepthofthepm:ﬁonoftheappﬁedmmeﬁcﬂuxinwthegrﬁnincrmas
ELisimpreued,hmceanmuhrtegionoccupiedbyﬁeldshieldingcmtsofdensity
Jeg concomitantly expands inwards. Eventually some value of H,t, denoted H,,, is
reached where the entire volume of the grain is filled with induced currents and its
magnetization attains a saturation level denoted M.,.

At t!m;mcture it is useful to recall that an element of current dI circulating along
the periphery of a circle of radius r generates a magnetic moment, du =nrid.
Consequently a grain in the form of a disk of radius R and thickness Z occupied by

persistent currents of uniform density J; in an annular region I, Sr <R produces a

magnetic moment of maénitude,
R RZ 3_ g3
My = fdn, = [ridl= [[rr*(1 drdz)= anZ£R—3r‘—) @.1)
5 50

Hence the magnetization of this grain reads
J H r, }
M.(ri)=u' /,tkzz:ﬁ(kl_l?’):ﬁ{l—(iJ } 4.2)

The boundary r; migrates inwards as H, is impressed and the saturation value,
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J,R H,

M,(0)=M,, -.-L:;._-.-T 4.3)

is attained when r; = 0. For simplicity we take H,t = He; when 1; = 0, and regard M., to
remain constant as H,t is increased beyond H.,. This is consistent with idealized cylinder
geometry and the assumption that J; is insensitive to the strength of the magnetic field.
Thesignofu,,hmofM,depmdsonthemeofcircuhﬁonoqu.Reguding
H, to be impressed along the + 2 axis, the induced persistent current density J, opposing

its entry into the disk reads J =—@J, hence here M, is diamagnetic and reads

- @) I,M;and H* versus H,,(ZFCD)
Subsequently when H, is decreased from HZ*, the currents circulating in an
annular zone, r; <r, Sr <R, reverse their sense of circulation in order to oppose the exit
ofmagneticﬂux&omthegnin.Consequcntlythcgninisnowoccupiedbytwo
concentric annular zones filled with counter circulating current densities tJg. This is

illustrated schematically by the inserts in Fig 4.2. The magnetization now reads,

M,G5) = 25 r -1 R =T°-{ -) -( )-1} “.4)

and the magnetization vanishes when,

_R’+r)

> 4.5)

“-‘u

Hence M; = 0 when r/R = 0.794 as H, descends from a value of H™™ which was

sufficiently large to have caused the penetration of r; to the centre of the disk. M,, and



hmceimmﬁdd&thmbothmdpupmﬁm@uﬁmof}u.
Consequently when H,,is still greater than zero, the return field -H, will cancel
H,, hence the resultant field H,, =H,, -H, =0.

For simplicity we assume that, the advance of the flux front r; into the disk when H,
is first applied, and the advance of the boundary r, of the zone of reversed current
circulation when H, is subsequently decreased from HZ™, can be described by the
evolution of these boundaries which is encountered in the case of idealized cylindrical
geometry. In the latter situation, Maxwell’s equation, VXH =Jand the critical state
concept that J = £ Jo,, lead to dH/dr = ], , hence for H, first ascending, integration of

dH/dr = £J_ leads to,
H,()=H,-],R-n=H,, -H.'(l-i) 4.6)

At the inner boundary r; of the zone of the field shielding currents, hence at the flux

front, H1(r;) = 0 when H,t < H.,, eqn 4.6 leads to,

i:]-& @.7
R- H,
with r; =0 when H,t / Hog 2 1.
When H, is descending from H,+ = H2S*, integration of dH/dr = -J; leads to,
H,()=H,, +J (R-r)=H,, +H.,(l-%) 4.8)

where H, <H (r)SHZ*.
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Asiﬂmdbytheinwtsinﬁg42,atthehnafwer,ofdletwqmuhrms
ﬁﬂedwithmum«circuhﬁngcmeonﬁnuityofthemgneﬁcﬁeldreqmm
H;(r,)=H1(r,).Ha:cethetwomesdam’bedbyeqns&émd&Bmeetnr,,themfom

we write,
H™ -H -'-')=H +H(-’—') (4.92)
= "L R) % USU R )
hence,
ocke _ g
Loy ) He -H, (4.9b)
R 2| H,

with r, = 0 when (HZ' — Hyi) 22 Ha,.

Evetts and Glowacki and other researchers have implicitly or explicitly regarded the
eﬁ'ecﬁvemﬁeld}htobepmpoﬁomltothemagneﬁzaﬁonofthegnins.Inthis
framework they write,

H =-CM; (1) (4.10)
where the coefficient C is regarded as representing the compression of the return field of
adjacent grains in the small volume of the weak link between them. Consequently C is a
parameter determined by the geometry, size, orientation and packing of the grains.

Since, in the Evetts and Glowacki model, the position of the peak in each of the
ZFCD curves of Fig 4.1 is thought to correspond to the situations where the descending

field H,. and the evolving return field H(H.,.) cancel each other, we can then write,

H7* =H,, =H, =-CM,(r,.r,)

8 - A~ Y 5D
-t (e -

91



wbaewehaveimroducedeqns4.7and4.9bilnoeqn4.4.Notethat.ox_nherighthand

side, the second term vanishes when HZ"/ H. 2 1 and the 1® term vanishes when

(HZ* -H,,) 2 2 H,, . Consequently when (HZ™*- H,,) 2 2 Ho,,

H
HY“=H, =H =C2 4.12)

Hence the location of the peak becomes independent of H™*, and the maximum value is

denoted HYT'C_ . The value of HZ5r when this onset of the independence begins is given
by

HZ' =H, +2H, =H7™ +2H, =(§+2)1-[,, (4.13)

The uppermost curve in Fig 4.2 displays HY ™ versus HZ* predicted by eqn 4.11.
Note that H7™ asymptotically rises to a plateau whose height is given by

HY_, /H,, = C/3 and which begins when HZ* /H., = {(C/3)+2}.

The critical current at the peaks, denoted I pea, is observed to be much smaller than I
measured with the specimen in the virgin (ZFC) state at H, = 0. This behaviour is not
surprising since the numerous different weak links in the “real” inhomogeneous granular
samplemcxpectedtobatheinaspecmmofvalmofﬂrwhenH.J,mthetopofthc
peak of the measured curve of L. versus H,,. By contrast, only the weak self-field Hm(x)
generated by the small conduction current L, and the feeble attendant return field of the
grains magnetized by Hm(x), will play a role when L is measured in H, = 0 after zero

field cooling. We will examine these features in a later chapter.
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The critical current L, denoted lg"',mnedwhmﬂ.m_tpzuolﬁam
excursion to HZ", is expected and observed to diminish monotonically and then trace a
plateau as a function of HZY. This occurs because the magnitude of the return field at
H,, =0 is determined by the amount of flux trapped in the grains, hence by their
remanent magnetization which grows and saturates as a function of H™*. The

dependence of I7™ on HZ¥ will be discussed in the next chapter.

@v) I.,M;and H:’,‘* versus H, Reasceading (ZFCreAs) after ZFCD.

L is also observed to trace a peak when H, is made to reascend from zero after the
excursion to HZ* has bem completed. This feature is displayed schematically in Fig 4.3
by the curve labeled ZFCreAs. Let Hott denote H, under these circumstances and, H7,
the position of the summit of the peak. The reascent-of H, will induce field shielding
persistent currents of density Jo; in an annular zone, I, Sr<R, and leave the pattern of
circulating currents undisturbed in the volume, 0<r <1, in our idealized model. This is
illustrated schematically by the inserts in Fig 4.3. Again applying expressions valid for
idealized cylindrical geometry, eqn 4.6 is seen to describe H(r), now denoted Ht1(r),

which then reads,
Hy () =H,,, -H,, (1- %) (4.14a)

in the annular zone, r, <r <R,
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I-Idr):H..( -%) S (4.14b)

in the annular zone, r, <r <r,, and as before,

H,(r)=H_ -H.,(l -%) (4.14c)

in the annular zone, r, err,.Hat,asbefom,sineel-If(r.-)=OwhenH..,<H.,,

=1-’:I_— (4.15a)

s

|

valid when Hmex S Hop. Afterwards r; = 0.

Since H(r,) =H,(r,), eqns 4.14b and ¢ lead to,

r H
L =]-——= (4.15b)
R 2H.'

and since Hep(r,)=H,(r,), cqns 4.14a and b lead to,

Loy-Ha (4.15¢)
R 2H,

The definition of the magnetic moment of the disk (grain) and its magnetization

(eqns 4.1 and 4.2) now leads to,

M'(ri’rf’ro) ‘M.(H.ﬁer)
J
=3R_~,{n’ -2r} 4200 -1} (4.16)

3 cycle 3 cycle 3
=H_" 1-2 1-&1*. +2 I_HA - 1-H-=
3 2H,, 2H,, H,

where the 2™ term vanishes when H,t+ 2 2H.,, the 3" term vanishes when HZ*> 2H.,,

and the 4" term vanishes when H™ > H.,.
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Fig 4.4a displays the evolution of H, =-CM, generated by the model of a
magnetized disk as described above when H, is first applied to the virgin sample, then is
reduced to zero from various values HZ*, then is reapplied from zero afier these
excursions. It is convenient to display a diagonal line showing H, in the lower quadrant
sincethenthcintenectionsofthislineWiththcun'vesofH.idaltiﬁrthevaluesofH.
where the peaks in the measurements of I are encountered when H, descends from
vuiomvduesofﬂ_,mdmboequmﬂymmdsﬁomm.ﬂatfmeinﬁg&“m

intersections labeled O and e indicate Hf,"'md H"{*relpectively. It is clear from
inspection that HX*< HY ™ for the comesponding H™™* in qualitative agreement with
the observations of all researchers.

The behaviour obtained from introducing eqn 4.16 in the Evetts and Glowacki
proposal that peaks of I occur when H, =-CM, =H,,, is displayed by the lowermost
curve in Fig 4.2. This model predicts that H7™*and H™ increase monotonically with
HZL' until each traces a plateau. Also the values for the relative height of the two
plateaus and for their onsets are predicted by the model. Consequently, in the framework
of the model of Evetts and Glowacki, the measurements of H7™ and H7™ provide
quantitative information on the effective return field of the magnetized grains in weak-
linked granular low and high T, type II superconductors.

Fig 4.4b displays the evolution of H; = - C M; calculated with the disk model when
the specimen is first cooled from T, to Ty in a static field denoted H™. The field is then

reduced to zero and then made to reascend. Again the intersections of the H, line with the

H«(H,) curves, labeled ¢ and Oindicate the location of the peaks observed in the curves of
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Fig 4.4. Displays the evolution of H(H,) = -C M,(H,) calculated for an idealized
disk for the various H — T histories exploited in laboratories in the measurements
of 1. hysteresis behaviour. The intersections of the curves of H, and the diagonal
line for H, identify their values when the peaks in the curves of I versus H, are
encountered.HeteC=2,andI-I,andI-I.mnormalizedwithrespecttoH..=Jc‘R
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L versus H, when H, descends and reascends after field cooling. We will develop the
corresponding expressions for H(H,) and for the location of the peaks in the next section.

") I.M; H and HZY' versus H, Descending (FCD) and Reascending (FCreAs)

after Field Cooling
For completeness in our development of the model of Evetts and Glowacki we now

address the behaviour of L. after the specimen has cooled from T, to Ty in a static applied
field H,, then denoted H*™'. Again, for simplicity, we ignore the Meissner current hence

take He1(T) = 0. The field profile in the disk after field cooling in H™ is consequently
taken to be uniform with H(r) = H*. Flux trapping persistent currents are induced to
circulate in an annular zone adjacent to the surface when H,, denoted H, , descends from

H™, hence as illustrated by sketches (a) and (c) in Fig 4.5,
H,(=H, +J,(R-1)=H, +H.,(l—é) 4.17)
in the volume, r, <r<R. Since, H,(r,) = H™, then

(4.18)

_Jq 3 J_H‘l _(HN'HJ,
r)-3—R(R -r,)-—3-[l-{l Y, (4.19)
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Fig 4.5. Upper figure illustrates the behaviour of I, versus H, descending from a static
value denoted, H™ where the sample was made to cool from T, to T,. L. then measured at
H*' and T; is denoted I.F°V. The curve of I, where H, is subsequently diminished is
denoted FCD. When H, returns to 0, L is denoted I, The curve of I, measured when H,
is then reapplied is denoted FCreAs. Sketches of the magnetic field configurations in the
idealized grain when H, descends after field cooling in H™ ((a) and (b)), and then
reascends from zero ((b) and (c)). H°°°'<H..in(a)and(b),andH°°°'>H.'in(c)and(d).



which spplies until 1, = 0 hence until, (H** ~H, )= H., . If as illustrated in Fig 4.5c,
H, >0 when r; has migrated to the centre, M, remains equal to My(r, = 0) = H.,/3 as
the descent of H, continues to zero. A peak is traced by the curve of I versus H,
whose summit occurs when, H, = C My(r,) = H, and is denoted H" . The curve labeled
FCD in Fig 4.5 schematically illustrates this behaviour.

When H,, now denoted H,, is made to reascend from zero, field shielding currents
are induced to circulate in an outer zone adjacent to the surface where the sense of
circulation is reversed from that existing there when the descent to zero terminated. Let r,
denote the inner boundary of this zone, hence,

H,(r)=H, —Ju(R—r)=H,—H,.(1--;—) ' (4.20)

in the volume, r, Sr<R. Since, as illustrated by sketch (b) in Fig 4.5, H,(r,)=H,(1,),
then eqn 4.17, where H, =0, and eqn 4.20 lead to,

L - H,

R 2H,

“4.21)

valid until r, = r, From eqn 418, r,/R=1-(H™'/H,) when H,=0 and

(H™/H,,)<1. The definition of M, then leads to,

3 3
M'(r,,r°)=;;;{—k’+2r:—r:}=HT"l:-l+2{l-;:; } -{ -I:I:}J 4.22)
by § s

valid over the range, 0 <H™ /H,, <1, and, 0<H, S2H™ S2H, .



As illustrated in Fig 4.5b if H™ /H,, <1, then r, = 1,, when H, =2H™ and the
zone occupied by the field trapping currents has then vanished. Subsequently as H™
continues (o increase, the grains are occupied only by field shielding currents in an

annular zone r, STSR as illustrated by the uppermost curve in Fig 4.5b. In these

situations, at r;, eqn 4.20 reads,
H,(r,) =H™ =H,-H.,( -%) (4.23)
L _._ H, -H™
hence =1 (——H” ) (4.24)
The definition of M, then leads to
3 (H?"Hu) ’
M, ()= {-R sp)emaf_py e oHT) (4.25)
3 H,,

valid until r; = 0, hence H, - H™ = H,, . Subsequently, M = -H.,/3.
No plateau region exists in the field profiles when H™ has descended to zero from
H™ > H,,, as illustrated in Fig 4.5c. In these situations, when H, reascends from zero,

as illustrated in Fig 4.5d, eqn 4.21 applies and the definition of M, leads to
J H H
M@)==tR’+2r’}=—21_1 -—’ 4.26
() 3R{- + r,} 3 [ +2{ H,, (4.26)
valid until r, =0, hence H, = 2H,, . Subsequently, M, =-H., /3.

A peak is traced by the curve of I versus H, whose summit occurs when,

101



H, =-CM,(H,,H™) = H, and is denoted, H'}".

Figs 4.6 a, b and c display the predicted dependence of the location of the peaks,
HJ and HY", on H™*, and of the peaks H™ and HY™ on HZ. The effect of the
“compression” parameter C on the position of the peaks as well as on the onset and
height of the plateaus can be assessed by comparing the three sets of displays where C is
made to vary from 0.2 to 1 to 5. Here we exploited idealized disk geometry for the
magnetization of the grains. We will examine later in this chapter the influence of

different grain geometries on such predictions.

- II Measurements of H, versus H™*and H™ and Model Curves

Figs 4.7 and 4.8 display measured values for the positions of the peaks observed in
curves of L(H,) as a function of HZ* and H™. The sets of data displayed in these
figures present the most complete systematic investigations we have found in the
literature on the dependence of the position of the peaks of I on the previous magnetic
field-temperature history of specimens in the superconducting state. These sets of
measurements were performed in three different labs at different temperatures and on two
different high T. superconductors. It is gratifying therefore to note that the data display
features and trends which our simple model can reproduce satisfactorily.

In order to achieve a good qualitative and quantitative fit to a data set we need to
select the two parameters which appear in the model, namely, (i) H.,, the full penetration

field into the grains, and (ii) the coefficient C in the Evetts-Glowacki relationship
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Fig 4.6. (a), (b) and (c) display the theoretical predictions for the dependence on
He>' and H* of the position of the peaks for the four “categories” of curves of I,
versus H, which have been explored by researchers. The effect of the compression
coefficient C on the evolution of these four types of peaks emerges from
comparison of the three families of curves. The calculations used idealized disk
grain where, M., = H,;/3 = J _R/3. These normalized curves remain unchanged by
letting, C,,,, = 2/3 C;, where C,,; denotes the values listed in these figures, since
for idealized slab geometry, M, ** = M, /2 =] _X/2.
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Fig 4.7. Compares all of the data obtained by List et all®! for the position of the peaks
in I, versus H, for the FCD and ZFCD processes at different temperatures, with
theoretical curves where we take C =1, hence independent of temperature. The

calculations used idealized disk geometry and the values chosen for HHeg(T) are
indicated along the curves and displayed in the insert. ZFCD data was taken at the four

chosen temperatures and are indicated by @ at 25 and 55K, and 88 at 40 and 77K. FCD
measurements only at 25K and 77K and are indicated by A. Where data points overlap,

they are aiso displayed again separately along the tail of an arrow.
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Fig 4.8. (a) Compares the data of Milller and Matthews!''¢) at 77K on an YBCO sample,
with calculated curves for H, for the FCD (®) and ZFCD (W) processes. Here we display the
differences in the behaviour of these theoretical curves for the evolution of the peaks when
idealized disk (—), slab (- -) and the Brandt function (----) are exploited to calculate the
evolution of the magnetization My(H,) of the grains. We let C = 0.22 and HoHeg = 15, 10 and
5 mT for the three descriptions of My(H,). (b) Compares the data of McHenry et alllol gt 4, 2K
on an YBCO sample for H,, for FCD and FCreAs processes with model curves for idealized
disks. For completeness we also display calculated curves for the ZFCD and ZFCreAs
histories. The large difference in the values for C for these two YBCO samples measured at
77K and 4.2K is discussed in detail in the text.
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H,(H,,T)=-CM,(H,,T), between H,, the effective return field of the magnetized
grains which threads the intergranular links and depends on the magnetic field-
temperature history. The coefficient C is often referred to as the “enhancement” or
“compression” parameter since it can be viewed as resulting from the funneling of the
applied magnetic flux through the contact spaces across which the intergrain current
flows from a cluster of grains to adjacent grains.

Heg(T) can be determined from separate measurements of the magnetization of the
specimen, denoted <M,>, and generally associated with the grains™ %' 1% 411 Tpe
contribution of the induced intergranular (matrix) currents to <M,> is generally negligible
8ince Jem << Joq, and if necessary the small contribution of Joy, can be identified via a
variety of simple schemes in the performance of the measurements of <M,>.
Unfortunately, among the sets of data we display, only McHenry et al’™®"! report on
magnetization measurements of their specimen. List et al”®"! and Milller and Mathews!"'®!
do not report any magnetization measurements hence provide no direct information on
H.,.

The parameter C is the crucial and novel physical quantity which emerges from
measurements of H;, versus HZ* and H™ in the framework of the Evetts-Glowacki
concept. We expect this parameter to be determined by, (i) the granular structure of the
specimen, i.c. the size distribution, orientation, geometry and packing of the grains, and
(1) the geometry of the specimen, the orientation of its surfaces, and of the ab planes of
the grains with respect to H, (¢g. H, L or // to the surfaces of a rectangular ribbon or tape
specimen). Consequently we may anticipate C to be insensitive to the temperature. This
expectation is confirmed by the good fit we obtain introducing a common value C =1 in
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the modeling of the measurements of List et al™! at four different temperatures on a
specimen of (Tlo.sPbo.s)(SrosBag.2)2Ca;Cu30; (sbbreviated to Tl 1223). However in this
exercise we had to select values for poH.g(T) for the 4 different temperatures, since none
were reported. The variation of these chosen values for pH.g (309, 158, 76 and 45mT)
versus the temperatures of the measurements (25, 40, 55 and 77K) is displayed in the
insert to Fig 4.7b and is seen to be typical for high T. grains. We will show in the next
chapter that measurements of List et al®®"! of I, at different temperatures with H, = 0, after
the sample has been subjected to H™™ excursions sufficiently large to ensure that a
unmﬁonmomtofﬂuxhnbealmppedinthegnins,dsoindicatethnCisnwly
independent of T.

The observation of the location of the peaks of 1. for various previoug H-T histories
on samples of YBCO at 77K by Miuller and Mathews!''%), and at 4.2K by McHenry et
all"™! gre displayed by the data points in Fig 4.8. The curves displayed in the figure are
calculated using our modeling of the Evetts-Glowacki concept. For brevity in our
discussion we will refer to features in Fig 4.8a (4.8b) with the labels 77K (4.2K) and also
omit the symbol = in front of estimates of quantities in the data or in the calculations.

In our view it is clear from inspection that the calculated curves lead to a good fit
to the data points. As noted above, to fit data we need to assume an idealized geometry
for the grains, then select values for both H.g(T) and the crucial new parameter C. Our
analysis of the data of List et al®® supports the assumption that C is insensitive to
temperature. In Fig 4.8a and b we are confronted with the dramatic feature that for one
YBCO specimen we take C = 0.22 to fit the 77K data and for the other YBCO sample we
take C=14to fit the 4.2K results. Evidently we must first address this discrepancy.
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Fig 4.9. Figures (a) and (c) on the left are reproduced from Milller and Matthews(!16],
and those on the right are Fig 1 from McHenry et all'®!), Comparison shows that the
values for the current densities J, of the two YBCO specimens and their dependence
on applied fields H, are quite similar aithough the measurements were made at 77 and
4.2K respectively. We speculate that much larger return fields arise in the McHenry et
al specimen at 4.2K which dramatically weaken the intergranular current carrying
capacity. In the model these large H, values are generated by a large M,, hence H.,, and
a large compression factor C.
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UnfonmaelyneithupaperpmvidesinfmmaﬁonontheintanﬂMOftheir
specimen. Also both papers only outline the general standard procedure they followed in
the sample preparation. We note that they indicate slightly different sequences in the
temperature annealing treatment of the samples. No magnetization measurements
accompany the 77K data hence H.g at that temperature is not known. The 4.2K paper
estimates p, Hog » 150mT at 7K from measurements of the applied field for the onset of
the maximum diamagnetism upon first application of H,. This procedure however tends
to overestimate H.; since it reflects the response of the largest grains and includes the
shielding against the applied field by the Meissner currents (i.c. H;) and by surface
barriers of various kinds (eg. image force, surface pinning, geometric?” 3- 5. 7 ™8 81}y
However this possible overestimate of H.; does not resolve the problem of our large
value for C for the 77K sample. To shed light on this feature we now compare the J,
versus H, data presented in the two papers and reproduce this pertinent information in
Fig4.9.

Inspection shows that the critical current density J. descends from 175 A/cm? (350
A/cm’) at H, = 5 mT (15 mT) for the 77K (4.2K) results. Therefore the properties of the
4.2K sample appear enhanced by a factor of 2 relative to that exhibited by the 77K
specimen. Such data curves for the sgme YBCO specimen typically scale by 2 orders of
magnitude upon lowering T from 77 to 42K. Clearly then the cumrent carrying
performance of the 4.2K sample is pathetic relative to that of the 77K sample. The
difference in the geometry and orientation of the two samples with respect to H, can
account for some and perhaps all of the difference in the relative performance of the two

samples. The 4.2K sample is a “cube” of 0.03cm’ cross section with H, directed along



oneoftheedges.The77l(isaslabofd|icknasd=0.5mm,widthw=2.§mmmdlength
L = 13mm, with H, directed along the width. Itiswenmbﬁshe;lmntheﬂnaﬂ
demagnetization factor of the slab with H, directed along its width can enhance J. by a
factor of = 2 with respect to the “cube™ geometry™®). More importantly however may be
the feature that pressing of the powders will cause the ab planes of the grains to align
along the plane // to the width-length of the slab. Hence, in the 77K specimen, H, will be
preferentially directed along the ab planes of the grains. Since the grains are platelets flat
and wide along the ab plane and thin along the ¢ axis, their magnetization along the
planes and their return field will consequently be minimized. The orientation of the
crystals in the “cube” with respect to H, is unknown since no mention is made regarding
this aspect in the cutting of the cube from the original piece cold-pressed to 50000psi (3.4
kbar). It emerges from the foregoing that no definite conclusion can be drawn regarding
any clear link between the values of C assigned to these two YBCO samples and the
temperature of the measurements. It is regrettable also that we can only present
conjectures about the physical reason for the large difference in the parameter C for these
two YBCO samples. The observations and our analysis in the Evetts-Glowacki
framework indicate unambiguously however that the parameter C can span a very wide
range.

It is important to note that the large values for C which emerge in quantitatively
modeling the 4.2K data were anticipated by McHenry et all'®"! from inspection of their
observations. These considerations led these workers to make the following statements in
the final paragraph of their paper. “The field-cooled results presented here reveal new
features not previously observed in ZFC studies™. “These new systematics are difficult to
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reconcile with the Evetts-Glowacki model, whichisbueduponavectqﬁnladdiﬁonof
the applied field and dipolar fields proportional to the magnetic moment of the grains”
We will examine the dipolar fields picture in a different perspective later in this thesis.

IV Various Observations on our Model of the Position of I; Peaks.

() General Remarks
Pmnﬁngthepmponlofﬁmdelowacki,thatpuksincmesovamusm
are encountered in weak-linked type II superconductors when the return field H, of the
mgneﬁudgnimmeektheappﬁedﬁeldm,wehavepmtedashnplefomaﬁmfot
quantitatively relating the position of four categories of such peaks to specific prior
values of the applied fields in the previous field-temperature history of the specimen. The
reader will note that this formalism does not invoke any knowledge whatsoever on the
actual or postulated dependence of the intergranular current density J.n on the magnetic
field and temperature. We have not found in the literature any such systematic
development of the Evetts-Glowacki concept regarding the ficld-temperature dependence
of the position of the various types of peaks. Several qualitative descriptions of the
relative positions of the I. peaks for ZFCD and ZFCreAs procedures have been
published. Mller and Mathews!"'! appear to be the only researchers who have explicitly
and quantitatively addressed the evolution of the location of these two peaks. Their model
however is based upon and incorporates the hypothesis, that the links between the grains

are Joscphson junctions, in the development of expressions for the dependence of

position of the L. peaks on H™™* and H*.



In analyzing various features of the phenomenon of L hysteresis workers have
exploited idealized slab geometry to describe the magnetic behaviour of the grains in the
context of the critical state concept. For variety and for comparison with previous work
we have used idealized cylinder geometry to describe the magnetization of the grains
visualized as circular disks. For completeness appendix 4.A presents the expressions for
M,; versus H, for idealized slab geometry for the various field-temperature histories
addressed in section II sbove. Again J; is assumed independent of H. The dash-dash
curves in Fig 4.8a display the fit achieved by our model when these expressions are
introduced in the calculations for the location of the L. peaks. The difference between the
theoretical curves using these two different idealized geometries appears unimportant
compared with the deviations (although small) of the calculated curves with the data
points. An important feature however which enters into the fitting is that for slab
geometry we need to choose poH.; smaller than for a cylinder (disk geometry) by a
“geometrical” factor of 2/3, hence now puH., = 10 mT instead of 15 mT. This
appreciable difference indicates the importance of separately measuring H., for the
specimen in order to cvaluate the parameter C more reliably with our detailed
development of the Evetts-Glowacki proposal.

(ii) Plateaus in the Positions of the I, Peaks.

We now focus on the relative heights of the various plateaus in Figs 4.6 and 4.8b.
Here we are looking at the position of the peaks of L. encountered when the magnetic
field, H"* or H™ in the prehistory, was sufficiently large so that the position of the I
peaks remained fixed regardless of any increase in H™* or H*®. This behaviour is also
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illustrated by the extremal D@ intersections displayed in Fig 4.4. Let the location of the L
peaks given by the height of the platesus be denoted HZD., HID, HIo" and HISM,
and the threshold values of H”* or H™ where the plateaus begin be denoted by HZ,
HZ, HS and HI™. We will develop expressions for the latter four quantities in
appendix 4.C.

Firstly we note, in the theoretical results shown in Fig 4.6, that HI, = HZX and,
Hoo =HI2** . The first of these simple predictions of our model is confirmed by the
25K and 77K data presented in Fig 4.7a and b and by the data displayed in fig 4.8a.
Unfortunately these are the only pertinent data sets we have found in the literature. The

model developed by Miller and Mathews!"'® also generates this behaviour. No
measurements were found however to enable us to ascertain whether the second of these

straightforward predictions is correct, namely H/Ct= HZoms

Next and more importantly we note from inspection of Fig 4.6 that the model predicts
a relationship between the compression factor C and the ratio HZX, /HZo™ | denoted
Ry, and that the model predicts this ratio to be the same as the ratio H:&/I{ﬁ'_" for a

given sample at the same temperature. In our model it is a straightforward exercise to

develop the expressions for these ratios.
Firstly we note from eqn 4.12 and as illustrated in Fig 4.4, that,

H'® = HED - gn, 427

From eqn 4.16, where the 3" and 4™ terms have vanished (since to generate I, peaks

along the plateau, HZ' 2 2H,, ) we write,
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We see that eqn 4.26 (page 101) leads, as expected from inspection of Fig 4.4, to the
identical expression for H o', namely,

HOm H O 3 HZOnAs
2N o) PPN P ] O L= 4.29a
H.' 3 ZH.. H.'

Let 2x = HZDM /H,, = HIGoA' /H,, . Then we obtain,
2x? - 6x? +6x[l+%]—l=0 4.2%

Let R denote the ratio of the positions of the two I. peaks obtained for cylindrical
(disk) geometry from eqn 4.27 to the positions of the two peaks obtained from solving

eqn 4.29, namely,

ZFCD FCD
Rcyl = Hh = Hh
P ZFCmAs FCrAs
H’- H’_

4.30

We see that RY' does not depend on Heg but only the compression parameter C.
This dependence is displayed by the thin curve in Fig 4.10. Consequently we note that a
determination of C can be obtained from two judiciously chosen sets of measurements,
namely, “tracing” the position of the I peak ensuing from the zero field cooled procedure
when H, is descending from a large HZ established to be greater than 2H.,, and then
cause H, to reascend from H = 0 until the second peak in I is observed. The estimate
of C from the ratio of the position of these two peaks can then be confirmed and a

prediction of our model verified by also measuring the position of the two I. peaks
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Fig 4.10. Our model predicts that the ratio Hima /HIS =H{2 /HIZM o1y
that this provides an unambiguous measure of the compression factor C, and
thatthisvalueisindependentofthecalculatedvalueofH.‘ for the specimen,
and the choice made between the very different idealized geometries for the
grains, eg. cylinder, slab or ribbon (Brandt-Indenbom equations). The four
quantities appearing in these two ratios denote the values of H, when the
conupondingpeaksinlccmesmobservedwhenH"*>2H.'andH“'>
H.,. The researcher however need not measure H,, but simply ensure that it is
exceeded by two simple magnetization measurements.
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ensuing from the field cooled procedure where H™® is chosen greater than Heg and H,
reascends from H = 0 until the corresponding peak is established. |
From appendix 4.A we note that for grains of idealized slab geometry,
CH

HIZ =HZ, == 431

and that,
Hm HM 2 Hm Hm 2
= o PUIY SO O S 1-2{1 - = 4.32
These identical quadratic eqns can readily be soived and lead to,
Hzrc.u Hm 2 -
Mo _ e (1+-1-)-J(l+l) -0.5 4.33
H,, H, C C
We then note that the ratios,
ZFCD FCD
O ¢ 434

=S

are independent of He; and depend only on the parameter C. This dependence or function
of C is displayed by the @@® curve in Fig 4.10. We stress that it nearly overlaps with the

curve for R versus C. This result reveals that the ratios are not only independent of He,
but are also independent of which of the two idealized geometries we have exploited to

describe the magnetization of the grains.
In Appendix 4.B we present expressions developed by Brandt and Indenbom!'”
to describe the magnetization of a slab of width W = 2a, thickness d << W, and infinite

length L, taking j; independent of the flux density, and with ﬁ,directed//tothesumll
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extended to describe the evolution of the magnetization for the ZFCD, ZFCreAs, FCD
and FCreAs situations we have addressed in this chapter.
metheeeexptessionswenotemmemagnimdeofthemgnetinﬁons
appmachH.,symptoﬁcaﬂywhantheﬁmcﬁonsdethe[]btuketslppmhunity,

consequently, [H,|__ =C,H,, , hence,

HD =HD =CH, 4.35
and,
Hzrc-m Hm \
P - -c,[l-rmn[c, — 4.36a
H, H, )
Hm Hm ]
== =, [l - unh(C, — J 4.36b
H‘l g H'l J

Solving eqn 4.36 numerically for arbitrary values of C, and C: and introducing

these results and eqn 4.35 into the definition,

Hm HFCD

Baad _ planss ““piswse
Rv = HZCnAs = HFOmAs 4.37
e— ploma

we find that Rf""isalsoindependmtofﬂ-,mddependsonlyonthepmetercl
when the coefficient C; = 1. The variation of R)™* as a function of C, is displayed by
the topmost line in Fig 4.10 and is seen to coincide closely with the curves for R and

R;"" , indicating that these measured ratios are independent of the magnitude of the full

penetration field Heg and of the idealized geometries assumed for the grains.
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magnetized grains inside the specimen, hence the L. hysteresis vanishes and the unique
maximum for L. for the various H-T histories is encountered at H, = 0.

V  Summary and Conclusion

Evetts and Glowacki proposed that a simple superposition of H,, the retum field of
the magnetized grains and the applied field H, accounted for the large hysteresis of the
critical transport current I in polycrystalline high T. superconductors. The return fields
are determined by previous magnetic field-temperature history of the specimen in the
superconducting state. In this framework, the dramatic peaks, observed in the behaviour
of L versus H, descending to 2ero and then reascending after previous histories labeled
zero field cooled (ZFC) or field cooled (FC) are attributed to the situations where H, is
caused to cancel H,. In the modeling of the phenomenon of I hysteresis, workers have
regarded the return field to be proportional to M,, the magnetization of the grains, hence
write H; = -C M;. We have pursued this framework to quantitatively examine the
migration of the position of four “categories” of peaks generated in the curves of L. versus
H, for ZFC and FC prior histories. Experimental studies show that the migration of the

peaks ceases when the magnitude of the initial magnetic fields, denoted H™™ and H™',

exceed threshold values, denoted HZY, HZCT™*, HI® and HIO™M

We stress that Jon(H) the detailed dependence of the intergranular transport critical
current density Jem on the total magnetic field Huoa: plays no role in the modeling of the
location of the peaks of I.. Consequently, in this chapter we ignored the detailed structure

and the quantitative behaviour of the hysteretic curves of I versus Hyq.
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lnmdawdﬂelopqumﬁuﬁvemdqnaﬁnﬁvemmspdacnbethe
dq)mdmeeofH.onH,wehavemmedtheinu:muhrammtda:sitquwbe
independent of the magnetic flux density and visualized an assembly of identical grains.
Further, for simplicity we addressed idealized geometries in our calculations of the
magnetization of the grains, namely disks (cylinders) and slabs with the wide surfaces //
and 1 to H,. We find that these various cases lead to only small differences in the shape
of the curves for the evolution of the position of the I. peaks as a function of H™*or
H™. Consequently these differences may not warrant the long and tedious experimental
effort demanded for verification.

Experimental studies of the migration of the peaks have shown that their
displacements cease when the fields HZ* and H™ exceed threshold values. Again we
have developed expressions for these threshold fields which depend on the
“compression” parameter C, the field for full penetration of the grains, Heg and the
geometry introduced in describing the magnetization of the grains. Since the approach to
the threshold values is asymptotic, the experimental determination of these thresholds is
also problematic.

The determination of the position of the four peaks, encountered when HY™and
H™ exceed the onset values, denoted HZD, ,HZ, H® and H'S™™, demand a
minimum of only four measurements of I. versus H, for a chosen specimen and
temperature. Our model predicts that H = HIco, and Hao " =HS under these
circumstances. No measurements were found however to enable us to ascertain whether

the second of these straightforward predictions is correct, namely Higma'= HZC™M.
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Hmceourmodelpredictsthatthetwontiosoftlmepairsofplatausyillbethesame.
More importantly, our model reveals that these two ratios, namely HZD / HZS™,
HD /HIS™, are not only equal but are uniquely dictated by the compression
parameter C. Hence these ratios are independent of the three idealized grain geometries
we have exploited in the development of these ratios. These ratios are also independent of
Heg, the penetration field into the grains. Fig 4.10, which displays the variation ofﬁxm
ratios versus C, presents the central message emerging from our systematic and formal
pursuit of the Evetts-Glowacki concept. Since H, is appreciable relative to He\(T) for the
grains when these peaks of L are traced, we expect that the neglect of H,, in our analysis
will not significantly affect this message.
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Chapter 5

I. Hysteresis: A Critical State Model

Abstract

We develop a simple critical state model to describe the critical transport current L
mpponedbywak—linkedgrmulntypenmpamndutorsofiduliudslabgmmy
where the intergranular (matrix) critical curent density is dictated by
Ja = H {H, +Hy ', T =T ™™ o J_=J H!/fH]+H.,}, where
H,u =H, £H,. The model is exploited to examine the dependence of L at a final field
Hr = 0 after zero field cooling excursions to various H™* ( ZFCD), and after field
cooling in various H™ (FCD). The model is also exploited to reproduce various
hysteretic L. versus H, curves reported in the literature. In particular the model can
generate the valley observed by several researchers in the curve of I, versus H, ascending

after zero field cooling (ZFCV).

I Introduction

Soon after the discovery of high T. superconductors Ekin and co-workers*®
suggested that the very low critical transport current densities J., of bulk sintered
samples and the rapid decrease of the total transport current L. at low magnetic fields
result from the feature that contacts at the grain boundaries are Josephson junctions.
Consequently to describe the hysteretic behaviour of L. versus the magnetic field -
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tmpammﬁmofﬂwﬁwimmahnoﬂaﬂmhave.inmdwdme
Josephson junction Fraunhofer diffraction pattern ™ 1. 52.91. 116, 118.120)

L=l Sin(xH_, /H, 51
aH_, /H,

Here the characteristic magnetic field, H, =®,/pu (t+2A)L, where p, is the
permesbility of free space, @, = h/2e = 2(10"'%) Tesla-m’, is the quantum of flux, A is the
London penetration depth, t is the thickness of the junction barrier, L is the width of the
junction whose height h, // to Huw, is taken large relative to L, and Hyw = H,  H,, the
superposition of the applied field H,, and the retumn field H; of the magnetized grains.

Workers however retain only the initial segment of the sophisticated Fraunhofer
pattern over the range,

0sHow/H,; s % 52
and assume simple Kim-like behaviour, namely,

I

I =7 ®—01 5.3a
(rH_,/H,)
when Hypa/H) 2 14, hencg when
I
I—‘ <0.637 5.3b

It is instructive to set aside the arbitrary constraints imposed by the above
equations. In this chapter we develop expressions for L. in the critical state framework

and display their usefulness in describing many features of I. hysteretic behaviour.
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II Expressions for L. versus Hy.
We assume that the intergranular (matrix) transport critical current density Jon(H,T)
can be described by the well known empirical critical state equations of the form,

Miller et al'''®! have developed equations for I.(H,T) based on the following
expressions for Jon(H,T), but have not applied their formulae to account for hysteretic L
phenomena,

H;

-l FeRD

Ju =T e/t J 5.4b, 5.4c

In these expressions H, is an adjustable scaling magnetic field, H, serves as a
convenient temperature dependent parameter and avoids infinite current densities when
Hypai = 0. Hyal, which we will abbreviate to H,, reads,

Ho.=H, =H, +H, +H_(x) 55
where H, is the applied magnetic field, H, is the “effective” retum field of the magnetized
grains which are assumed uniform in size, shape and orientation, hence H, is regarded as
uniform in the contact volume between grains. Simple expressions for H, versus previous
field-temperature history have been presented in the preceding chapter. Ho(x) is the self-
field generated by the intergranular current and represents a local average over several
contacts, hence several grains.

To develop simple expressions for L. versus H, we address idealized planar geometry
for the specimen. Consequently we consider a slab of infinite height along the Z axis,

infinite length along the yaxis, and of width W along % with surfaces located at x = 0
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and x = W. The conduction current flows along the -y directionm(.l.lcdmotes,the
current traversing a cross-section of unit height Z = 1 meter, and width W. The applied
magnetic field H,, the effective return field H, of the grains magnetized by the application
and changes of H,, and the self-field Hn(x) are all directed along the +Zaxis. The
application and changes of H, will induce field shielding or flux trapping intergranular
currents. These induced currents circulating in the intergranular medium (matrix) will all
be replaced by conduction currents flowing in the direction of the impressed I. when L is
attained. Since Jon is orders of magnitude weaker than the critical current density J;
circulating inside the magnetized grains, the effect of the self-field generated by L. on the
magnetization of the grains, hence on their return field is regarded as negligible.

For a specimen of idealized slab geometry, Maxwell’s eqn, VXH = J , and the critical

state concept that, J =+J__(x,H, ), leads to,

dH_ (x) tJ_H'
— = = — 0 5.6
dx Hea () {H +H, +H_(x)}"

where,

H, =H, tH, 5.7

denotes the superposition of the applied and return fields. To fix ideas we have focused

on Jem of the form given by eqn 5.4a. In appendices SA and 5B we develop formulae
based on eqns 5.4b and c. The integral formulation of eqn 5.6 reads,

H.«‘lf/z)

{H, +H, +H_ (x)} dH . (x) =] _H} [dx 5.8

H,~(1 /2)
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wha'ethelimitsofintegntionfollowﬁomthefunmthathe“homogqgous”ﬁeldﬂ.is
enhanced or opposed by the self-field, +1./2, of the intergranular conduction current I,
at the boundaries x = 0, x = W, of the slab.
Wenotethatsinceﬂ..H"henceH.,de,.mindq»endmtofx,wecmwrite,
dH_(x)=d{H, +H, +H_(x)} 59
inside the left hand side integral.
First we consider the case where H, > L/2, illustrated in Fig S.1a. Here eqn 5.8,
where we have introduced eqn 5.9, leads to,

el nel
(H, +H, +I?‘) -(H, +H, -I?‘) =(n+1)J WH; =K**! 5.10

When, H, <172, it is useful to first identify a plane, denoted x, where H, +Ho(x) = 0
as illustrated in Fig 5.1b. Then integrating eqn 5.8 from x, to W leads to,

ael
(H, +H, +I?‘) -H" =(a+1)J__(W-x_)H' S5.11a

Integrating eqn 5.8 from x = 0 to x, and noting that J, is dictated by the absolute

value of the magnetic field, leads to,
I ael
(H, -H, +?‘) -H =(n+1)J__Hx, 5.11b
Combining eqn 5.11a and b to eliminate x, leads to,
Ic sl Ic nel o o
H°+H,+? + HO—H,+? -2H" =K 5.12

It is convenient and useful to pursue the computations with the equations in

normalized form. We have elected to normalize the physical quantities H,,, H,, H, (hence
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H#*L% H,+(1/2)
H,- (/2 0 /
0 0 -{a/2)-H,) 4
0 X w 0
(a)
H+ Hy(x) | Hyet (I0/2)
y B P H,
(./2)
v 0 0
0 X W
(©)
Fig 5.1.

H+ Hy(

H+(1/2)

Xo

®)

o

Illustrates the configuration of the total magnetic field H, = H,+H, (x)

permeating an infinite slab of thickness W along the x-axis with the critical
conduction current I. directed out of the page, and H,, directed upwards, is the
superposition of the applied field H,, and the retumn field H,. H,(x) is the self-field
generated by I inside the slab. In (a), H, >1/2, and in (b)) 0<H,< /2. In(c) H, = 1.2
and the quantities are then denoted H,. and L..
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l-l.=l-l.iH.)andeithrespecttoupeciﬁcvalueforl¢dmotedL..'l'hgeonﬁgnntion
of the self-field Hn(x) and the boundary conditions where L = L., and H, denoted H,., are
displayed in Fig S.1c. Here, Hye + (Ie/2) = Lo at x = W, and H,. - (I./2) = 0 at x = 0. The
nmmﬂizedfmmulaefmthiswamiomgivaxinlppendixs.c.Aspecidadvmhgeof
this procedure is that al] the curves of I versus H, exhibit L./ L = ico = | when H,o/ Lo =
bye = 0.5 for all choices of n > 0 in eqn 5.4a. Consequently the relative quantitative and
qualitaﬁvediﬂ'ereneesinthemuncofthevuietyofmetheoreﬁcalcmescanmadily
be displayed and compared.

Several workers!'’#-70.102.113.115] p.yye gescribed the dependence of L. on <B>, the
spaﬁalamgeofmemgnedcﬂmdanitypemnﬁngaspecimenofidealizzd slab
geometry and directed // to the broad surfaces. These researchers exploit critical current
expressions for L. such as,

I_B!

= ——— S.13 b,c
‘ Bl+<B>" &

B  §
I =l |—2—]| , L =] e<®" ,
€ ”(B,+<B>J ¢ = ®

These are similar to eqns 5.4(a) (b), and (c) which explicitly address the dependence
of the critical current density Jom, on the “local” magnetic field inside the specimen.
However, eqns 5.13a, b and ¢ as well as eqns 5.1 and 5.3, ignore any effect of the
configuration and magnitude of the self-field of I on itself. Clearly the self-field, Hm(x),
plays a significant role on the dependence of L. on H, = H,+H, in the range where H, =~ 0

hence when the peaks of L. are encountered.
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III Applications of our Model for I, versus H,

In the preceding chapter we accounted for many aspects of the relative position and
migration of peaks in the curves of L. versus H, for a variety of magnetic field-
temperature histories (eg. ZFCV, ZFCD, ZFCreAs, FCD, FCreAs) without introducing
any specific model and formulae to describe the actual detailed dependence of I. on
H, =H, £H,(H,). In this chapter we exploit our basic prescriptions, namely eqns, 5.10
and 5.12, to reproduce some of the variety of features in L. hysteresis curves which have
been reported in the literature.

(1) Butterfly Wing Curves of L. versas H,.

Fig 5.2 displays the typical hysteretic locus of I. when the applied field H, is made
to swing slowly back and forth between + and —Hpe:. The experimental curve is
reproduced from the 1997 paper by Fukami!*! and shows the behaviour of a BSCCO thin
ﬁlmwhetcH.isdirected.Ltothewidemrfacmofthe;hinﬁlmand//tothcc-axisofthe
grains. Since the dimensions of the specimen are not given we cannot estimate the
magnitude of the self field, hence we cannot compare the magnitudes of I observed (Fig
5.2a) with that calculated (Fig 5.2b). The similarity of the two sets of butterfly wing

curves is quite evident.

In Fig 52b we have taken n=l, H/L. = 6.2, and introduced H{(H,) =
CIM‘ =ClIcOFB(C2H| /Hp)) With CI = l, C2 = l- The l'atio Hm/Hp = 20 for the
calculation was chosen to correspond to the experimental ratio of |poHmax| = 2 Tesla with

respect to the location of the peak |u,H,|=0.l Tesla. Fg(C:H,/H,) denotes the
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Fig 5.2. Displays (a) a typical measured, and (b) a theoretical, symmetric
major I hysteresis loop where H,, after the initial increase to a large maximum
value, denoted H,,,, is then made to vary through a full cycle between +H,_,
and -H,,,. The experimental results are reproduced from Fukamil*! and were
observed on a BSCCO thin film with H, directed L to the wide surfaces and //
to c-axis of the grains. The theoretical curves were calculated using egns 5.10
and 5.12 withn=1 and H/I. = 6.2. Here H, = -C M, = C, L.Fy(C,H/1.) with
C, = C; =1 and Fg denotes the Brandt-Indenbom formulae (Appendix 4.B). I,
H,, H, are normalized to I, = 2H,. illustrated in Fig 5.1(c).
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Btmdt-hdmbomfmmuluforthemgnﬁaﬁmoﬂhegxﬁmpquinlppmdix43.
Here the evolution of Fp is determined by H, with respect to the appropriate parameter
for the grains, hence can be regarded to be independent of H,. = L../2.

For completeness in Fig 5.2b we have also displayed the calculated zero field
woledvirginme(l?CV)dtboughthewnupondhngMcwveismtmtedinthe _
article by Fukami. We note that the ZFCV curve joins the bottom envelope of the
butte:ﬂywingwhml-l.lﬂ..-zasexpectedsimehacthegninshaveeﬂ'ectivelyrwhed

saturation magnetization when H, = 2 Hy = 2 L. = 4 H.,.

(ii) Mimor Hysteresis Loops of I, versus H,.

In section (i) above we have examined the behaviour of a symmetric major hysteresis
loopovams}Lwhael-I.swingsbetwemvduesfortﬂmwhichmsuﬁciently
largetoensmthat,overmostofthesweepofﬂ.,tbemumﬁeldtﬂ,cxistsathe
“saturation” level where the grains are completely magnetized, hence filled with induced
currents circulating in the same sense.

Fig 5.3 displays traversals of I. versus H, between two segments of the upper and
lower envelope of an asymmetric major hysteresis curve of L versus H,. Any pair of the
oppositely directed traversals between the envelopes trace a minor hysteresis loop of I
versus H,. The experimental curves are reproduced from an article by Grasso et al®®”).
Since the authors do not indicate the thickness and width of their ribbon specimen we
cannot calculate L. per unit meter for comparison with calculations. The theoretical curves
are displayed with I normalized to L.. However from the current I, and current density
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Fig 5.3. (a) Experimental curves reproduced from Grasso et all*% of
traversals of . versus B, over the range 8 < B < 10 Tesla, between two
segments of the upper and lower envelopes of an asymmetric major
hysteresis curve of I, versus B. (b) Curves calculated using eqn 5.10 with
n =1, H, = 0 to compare with the experimental curves in (a). The return
field of the grains has been calculated using the Brandt-Indenbom
formulae for M,(H,), hence H(H,) = -CiM;(H,) was calculated using

M, = L.Fy(C;H/L) with C, = 1, C; = 4.
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Jeo which are reported we can establish that the area A = Lo/ Jo = 150 A/1.80(10%) A/m’ =
8.33 (10*) m’. Consequently Ampere’s law, B, =1, /2R , leads to an estimate of a
maximum self-field B, ~0.184 T when we regard the specimen as a circular wire, hence
write A = xR’. We note that the range, 8 <H, /I, <10, selected for the excursions in the
theoretical curves, is chosen proportional to the magnitude of the swings in the
measurements. Also, in the calculations, the position of the minor hysteresis loop along
the horizontal axis was chosen to correspond ratiowise with the experimental case.

(iii) Effect of Trapped Flux on I, at H, = 0.
A. Introduction
Several workers™ 4 7 14 70.8.91. 116, 156} pgye jnvestigated the effect of flux trapped in
the specimen, hence in the grains, on the critical current in zero applied field (the earth’s
field). Generally the flux is trapped and the measurement of I. made by following two
simple but different procedures.

a) The sample is cooled from T. to a chosen temperature T; < T, in zero field. H.isthén ,
applied and brought to a chosen value denoted H,y.,, and removed. I, denoted L rem,
is then measured. We stress that in this procedure it is pot necessary to cool the
specimen from T, to Ty in zero field before each measurement, provided that each
value chosen for Hcy. in the sequence of the measurements is greater than the
previous one. Of course the sequence of values of Hy, is immaterial if the specimen

is zero field cooled before each measurement.
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b) ThesunpleiscooledfmmTcto’l‘finastaticappliedﬁeldﬂ.,nowdegotedﬂw.The
field Heoo is then removed and L, also denoted I yem, is then measured. Here the
sequence of the values chosen for Ho is arbitrary.

L rem is then plotted versus Heyie or Hooo. It is always found that L. o descends
muchmoresteeplyvethm.MVMIL#’Ahodlworkasobmeﬂm,(i)for
large Heycie a0d Hooot, L rem traces plateau values which overlap, and, (ii) Heoo for the
onset of the plateau of L rem is always much smaller than the threshold value found for
Hc,d..Inbothcasesthelppmachof!e..totheplnauleveldepmdsasymptoticallyon
Eﬂmdﬁau,hmtbaeﬂnuholdvﬂues,whichmpmvideammoftheﬁm
pmmﬁmﬁeldﬂ.,inmtbegnim,cmtrudﬂybedemminedaccmatelyﬁomthse
data.

The curves of L rem versus Heyse and Heom have been successfully described
qualitatively and semi-quantitatively exploiting the framework of eqns 5.1, 5.2 and 5.3.
Here the weak links between the grains are regarded as acting like Josephson junctions
when the trapped flux, ®rem = Brem A, threading the effective area, A = (t+2A)L, of the
junction is less than /2 = 10"'° T-m’. i.c. less than half a quantum of flux. When @, >
®o/2, hence L rem/leo < 0.637, the Josephson junction is now arbitrarily taken to obey a
simple Kim critical state formula,

,d, I,

[ ==

= 5.14
"= a0 aB_(t+2A)L

Taking the length of the contact between two grains L = 1 micron, and A = 0.2 micron

yields Brem = poHrem = 5 mT when @ = ®,/2, hence leads to satisfactory agreement

with the observations of List et al”'). Eqn 5.14 however is equivalent to our critical state
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model(ean.lO)wheten=l.Itisthueforeinﬁucﬁvetopmowmgdeltoexmine
the behaviour of L nm for the entire range of Heyse and Heoo, hence including the
situations where 0.637 o <Icrem <l and 0<B,__ <5mT.

In the 2 following subsections we apply our critical state model to sets of data of
L rem versus Heycse and Heon published by two different groups.

B. Application to data of Miller and Matthews.

Fig 5.4a reproduces measurements of L. rem versus Heoot (FCD) and Heye (ZFCD) of
Miiller and Matthews!''! and the theoretical curves they obtained. The specimen is a thin
slab of polycrystalline YBCO of thickness W = 0.5mm, width Z = 2.5mm and length Y =
13mm, immersed in liquid N; at 77K. H, is directed along the width Z. The preferred
orientation of the grains with respect to the plane of the slab is not indicated.

The solid curves in Fig 5.4a display their theoretical calculations of I, ry exploiting
eqns 5.1, 5.2 and 5.3, hence a Josephson junction framework. The magnetization M; of
the grains is calculated using idealized slab geometry and the Bean approximation where
Jeg is independent o( the field strength. They introduce a lower critical field
H.H,,, =5mT in the calculation of M, and take the full penetration field HH, =1ImT.
Instead of writing Hr = C M, they introduce a demagnetization factor ng in their
development of M. More importantly they visualize that I, =Y Al , hence arises

from a summation of paralle] elements of currents (“percolation paths™) each of which is
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Fig 5.4. (a) Open and closed circles display measurements of I ., versus H_,
(FCD) and H,,, (ZFCD) reproduced from Miller and Matthews!!!s]. The
specimen is a slab of YBCO of thickness W = 0.5mm, width Z = 2.5mm and
length Y = 13mm. The solid curves display their theoretical calculations of I .,
exploiting eqns 5.1, 5.2 and 5.3. The insert displays N(n,), the distribution of
demagnetization factor (n,), for the grains. (b) Open and closed circles again
display the above data of Miller and Matthews, the solid and dashed curves
display the calculated I, ., versus H,, and H,,., exploiting eqns 5.10 and 5.12
with n =1 and H,, = 0. The retum field H, = -CM,; is calculated using Brandt-
Indenbom expressions, M, = L. F3(C,H,/1.), whereC=1.5,C,=18.
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determined by a different demagnetization factor n, for the grains. N(n,), the spectrum of
distribution of demagnetization factors ng is displayed in the insert to Fig 5.4a. The
current density for the specimen is chosen to correspond to the measured value, J, = 218
Aem’.

Fig 5.4b again displays the data points of Milller and Matthews. Here the theoretical
curves are calculated exploiting our critical state model for I. (eqns 5.10 and 5.12) where
we use only one component (percolation path) where H, = 0 and n = 1. The retum fields
H; were calculated using Hy/l. = C, Fo(C; H,/Hge) where Fp is given in appendix 4C with
Ci = 1.5, C; = 1.8. The adjustable parameters, L., C; and C; are chosen to fit the data. L
however is a factor of = 5 smaller than that observed.

Clearly both theoretical schemes lead to excellent qualitative and semi-quantitative
descriptions of the observations. In both cases the quantitative agreement is achieved by
appropriate choices for the a;ijustable parameters. We stress that when J/J., < 2/3, both
approaches are exploiting the same functional dependence for J. versus the trapped flux
density Brem, namely J; < 1/Brem. Although we neglect H.); in our modeling we
nevertheless achieve a good fit at low fields. The role played by the intricate distribution
of demagnetization factors (see insert of Fig 5.4a) in the summation calculations of
Miiller and Matthews is unclear. The good fit we obtain using only one percolation path
supports our view that a summation procedure (i.e. superposition of parallel paths) is not
needed to describe the behaviour of I m versus previous field-temperature histories

(Heooh Hcy:leo etc)'
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C. Application to the Data of List et al. )

List et al”®) measured L rem Versus Hey and Hooo at several temperatures for a Tl
1223 (i.e. (Tlo.sPbo.s)SrosBa02);Ca2Cu;0;) polycrystalline slab of thickness W = 40 um,
width Y = 0.6 cm, length 1 = 5§ cm embedded in 40 um thick silver cladding. Typical
grain sizes ranged from 1 to 10 um. The authors give no indication on the preferred
orientation of the grains. H, was directed // to the thickness W, hence pierced the flat
faces.

Their data curves are reproduced in Fig 5.5a and b. The solid curves are not theoretical
curves but guides to the eye. The salient features of these measurements is that L. rem is
clearly independent of the temperature when Heoo and Heyese cause the trapped flux in the
grains to reach saturation levels for each chosen temperature. The authors address this
special behaviour in the framework that L. is determined by Josephson junctions hence by
eqns 5.1, 5.2 and 5.3. They then conclude that Jon(T) and Jg(T), hence Hen(T) and He,,
must possess the same temperature dependence.

We now present their approach to this conclusion. In all cases in their experiment
L rem eat < 0.637 Leo(T), when L rem(T) has descended to the plateau values L rem ud(T) = 8.6
A. Along the plateaus, Brem(T), the trapped flux density in the grains, has attained
saturation values Brem g(T).

Consequently in their Josephson junction model they are applying eqn 5.3a in the
form,

l&a)@o 5 . l 4
%B, . (T), 2M(T)L)

I o (T) =
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intheirmﬂy:is.Sineeﬂxeyexpedlﬂ)bbenenlycMmthenge
25 to 77K < T, = 116K of their specimen, they conclude that [(T) and Brem so(T) must
have the same temperature dependence. However,
Bremest(T) o Meg(T) o Hog(T)  Jopo(T) 5.15

Consequently, they conclude that the intergranular and intragranular current densities of
their specimen have the same temperature dependence.

We now apply our critical state model in its simplest form to the description of their
observations. The results of these calculations are displayed in Fig 5.5¢c and 5.5d. Here
we have used eqns 5.10 and 5.12 in the following simple form withn=1and H, =0 .

LY .Y
(n_+?=) -(H_-?) =2H_I =K? =2J__WH, 5.16

valid when, Hyem > /2, and,

2
(ons) fbon) ofS) vaneks s
. I
valid when, 05H_,<?‘.
Since L. = I, when Hyem, = 0, then eqn 5.17 leads to,

Ki(T)= IZ(T) =I2(T) 5.18

Introducing eqn 5.18 into eqn 5.16 and focusing again on the situations where H, = 0
but the magnetization of the grains is saturated hence the return field exists at the
saturation level, B (T)/pn, =H . (T) and L rem(T) = L remuar(T) leads to,

__KM __BEM _JMWHT_ LI
I""'(T)-Z —(T) 4H___ (T) 2H,.  4CM,(T) 5193
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Fig$5.5. (a) Displays measurements of List et all®!! for I rem versus H, on T1 1223
slabofthicknessW=40um,widthY=0.6um,lengthl=5cmembeddedin40um
thick silver cladding at 25, 40, 55, 64 and 77.3K. H, was directed // to the thickness
W. (b) Displays L., versus Ho for this sample at 25 and 77.3K. (c). Displays I .,
versus H,,, using eqns 5.16 and 5.17 and the Brandt-Indenbom formulac for
H, = -C,M(C,H,1.), where C, = 1.53, 1.375, 1.155, 1, 0.775, and C, = 0.6, 0.74,
1.06, 1.4, 2.3 from top to bottom curves.(d) Displays I, .., versus H_, with
corresponding parameters as in (c).
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Therefore in our critical state model which is similar in form to the popular
Josephson junction framework (eqn 5.14) when we taken=landl-l,=;0,we see that
L remene(T) will be independent of temperature if, I7,(T)/2=1J__ (T)H,(T)W, has the
same temperature dependence a5 Hremmd(T) x C Meg(T) « C'H,, (T). Consequently, the
intergranular and intragranular critical current densities will display the same temperature
dependence only if the reference field Hy(T) in eqn 5.16 is taken independent of the
temperature or if the product of the compression factor C and the grain magnetization has
the same temperature dependence as the square of the conduction current of the virgin
sample in zero field. The crucial difference between the Josephson junction and the
critical state model arises from the important feature that the former introduces the ratio
of the temperature independent flux quantum @, with respect to A(T), the penetration
depth of the grains. However A(T) is nearly constant when T/T. is fractionally smaller
than unity.

Table 5.1 lists the values for poHreme(T) introduced in the calculation of the model
curves displayed in Fig 5.5c and d. The values for L(T) are experimental. To describe
the variation of Hrem(T,H) versus T, and the variations of H, and Heycies we have
exploited the Brandt-Indenbom function Fp(H./Heg), (see apendix 4C) hence write, Hem =
Ci M(T) = CiHeg(T)Fp(C:Ho/Heg(T)) With C, = 1,Cy = 1.

Table 5.1
TK Io(T) A HeHremead(T) mT
25 38.25 8.29
40 334 6.8
55 28 4.78
64 24.33 3.61
77.3 18.84 2.17
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Since the specimen has a width = 0.6 cm, hence a “geometric™ factor_(i=100/0.6cm
is introduced, thus the critical currents per meter read,
I anersticnl = I measrnd G = L aseed / 0-6(107%) 5.20
In table 5.1, poHremen: is calculated using the experimental L, and I reme = 8.6A, hence
eqn5.19a now reads,

pJIL (MG 5'1%
4l e (D)} '

The dependences on temperature of the measured L(T) and of Hiemee: (calculated
from eqn 5.19b and listed in table 5.1) are displayed in Fig 5.6. The solid and dashed

BoH e (T) =

3/4 3/2
curves show‘l,,(‘l‘)=l,,,{ -Tl} and H_('r)=u._,{ -Tl} where we let the

= o
critical transition temperature for the matrix, Tem = 110K, and for the grains, T,; = 110
K. Here Lo denotes I, at T = 0, and Hey, denotes Heg at T = 0. It is interesting and
gratifying to note that the temperature dependence of He; for the grains which emerges
from this analysis is similar to that calculated in chapter 4 from the position of the peaks
of L for this specimen at the corresponding temperatures (see insert to Fig 4.7).

However, the magnitudes of u H,__,, the return field of the saturated trapped flux
calculated using eqn 5.19 are smaller by an order of magnitude when compared with the
saturation return fields obtained from the position of the peaks of L in chapter 4. This
discrepancy ensues because we introduce the self-field of an idealized slab in our critical
state model for L. The self-fields, based on the measured intergranular critical current

densities Jom(H,T), are generally too small relative to the large applied fields in the
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Fig 5.6. Open circles, o, display the experimental values for I_(T), and
the solid curve shows [ (T) = I {1-(T/T,)}¥4, where the transition
temperature for the matrix reads T, = 110K. Open squares, O, display
the values for p H, ., (right hand scale) obtained by applying eqn 5.19b
from our critical state model. The dashed curve displays H, . (T) =
Hago{1(T/T,p)}3? = H.(T) where the transition temperature for the
grains reads T; = 110K = T,. This curve displays the same convex
downward structure as our results for H.,(T), shown in the insert of Fig
4.7, obtained from the position of the peaks in the I, versus H, curves.
From their observations that I, .. = 8.6 A at the five different
temperatures of their measurements, and application of their Josephson
junction based model, List et al conclude that I (T) and He(T)
H emea(T) display identical temperature dependences.
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experiments. The quantitative situation however is not improved, but indeed is worse, for
the Josephson junction model since here List et al have to estimate A(T) to be two orders
of magnitude smaller than generally observed to achieve agreement with their data of
Fig5.5.

It is of interest to point out that the initial flat segment in the calculated curves of L rem
versus Hey in Fig 5.5¢, which correspond to the nearly horizontal initial part of the
measured curves in Fig 5.5a, occur even though, we have not introduced H.,(T) in the
description of the magnetic response of the grains to Hcyeie in our modeling. Workers
generally attribute the initial horizontal segments to the exclusion of the applied field H,
from the grains by the Meissner shielding current I(T) = H, when 0<H, <H_(T). In
our model the flat segments arise because the critical current density due to the pinning in
theyﬁmisvajlrgewbqﬁ.is<l-l,.,hemevetylittleﬂuxcanpenetnteintothe
grains, and thus only a very small amount of flux remains trapped in the grains when
Heyele < He) is removed.

Yang, Beduz and Ashworth [ have measured J; rem and J., at two different
temperatures on two samples of YBCO fabricated differently. The values they obtain for |
Jc remaar(T), after field cooling in Heoo sufficiently large to ensure that its removal causes
the grains to contain a saturation amount of trapped flux, are listed in Table 5.2 together
with the measured J.o(T).

Table 5.2 Yang, Beduz and Ashworth!'*!
TE) | Jevment (A/m’) | Jeo (/)

Sample#1 | 80 6 125
65 15 80
Sample#2 |65 70 240

4.2 136 1500
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WemtethatYmg.BeduzmdAshwonhﬁndJe._winawelppl:eciablyinboth
specimens when their temperature is decreased, in sharp contrast with the behaviour
encountered by List et al in their T1 1223 sample where L remex is found independent of
the temperature.

mmcvﬁlmglosephmjmﬁonmodeltodeacﬁbethcbehaviomofthek
conduction current in granular superconductors arbitrarily takes . « 1/H when
I. <0.6371,. In the sbove spplications of our critical state model to the L rm data of
Milller and Matthews and List et al we have focused on the case where n = 1 and H, = 0
ineqns.lo,heneelccl/!l.inotdertoeogpmappleswithapplessotospeak.l’or
completeness we now indicate that different choices of n in our eqn 5.10, hence different
dependences of the intergranular critical current density Jo, on H will lead to
correspondingly different relationships between L. rempa(T), Lo(T) and Heemead(T). To
illusu'atethisaspectwenowfocusontheﬁequentlyencountaedcaseintheamlysisof
experiments where n = %; and H, = 0. Eqn 5.10 now leads to,

I 372 I 3/2 I 372
H il N -1H . % = 2 5.21
( -t J ( -T2 ) 2(2)

valid when, (I; rem /2) < Hrem. Since in these experiments, L rem/2 Hem < 1 We can exploit
the expansion of (1+x)*? and (1-x)*? where X = L ren/2 Hrem. This leads to,

V2 15X
Lm(T) = TH:,-_z(T; 5.22

It is instructive to compare this simple result with eqns 5.14 and 5.19(a).
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D. Application to the Data of Kwasnitza and Widmer .

Kwasnitza and Widmer™) measured the evolution of the critical current of slab
specimens of YBCO at 4.2K in zero field as the amount of net trapped flux in the grains
is made to diminish from a saturation value of a chosen polarity, go through zero, and
then augment to the saturation magnitude in the opposite direction. The locus of the
measured magnetization curves of the specimen corresponding to the magnetic field-
temperature histories which precede their measurements of L. rem at H, = 0, are reproduced
in Fig 5.7a. Fig 5.7b illustrates the variety of flux density profiles B(r) trapped in a grain,
of idealized cylinder or slab geometry, at B, = 0 after the applied field sweeps displayed
in Fig 5.7a to different values of B,. These are denoted B,;, By, B, and B,.. For
completeness and comparison, in Fig 5.7b, ¢ and d, we have also sketched the trapped
ﬂuxdensitypmﬁleswhichmvimﬂiudmoccmaﬁutheﬁc,*md}lewpmedmes
examined in the previous section.

L rm versus the magnitude of the reversal field, denoted B,, observed by
Kwasnitza and Widmer, is displayed in Fig 5.8a. Kwasnitza and Widmer have not
published any modeling of their experimental curves (Fig 5.7a or 5.8a). The theoretical
curve we calculated for L rem versus H, = B,/j, is displayed in Fig 5.8b. Here we used eqn
5.10 and 5.12 with H, = 0 and n = 1, hence the simple form given by eqn 5.16 and 5.17.
The evolution of the magnetization of the grains and the associated return fields are again
assumed to be described by the Brandt-Indenbom expressions listed in appendix 4C
hence we write, H; = C Me; = C HoFp(C;Hy/Heg), and take C; =1, C; =2, and let

H-. = Lee.
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Fig 5.7. (a) Reproduced from Kwasnitza and Widmer®], and displays their
measurements of the locus of the magnetization M, of their YBCO slab specimen at
4.2K, when, with M initially tracing the envelopes of the major hysteresis loop, the
direction of the sweep of the applied magnetic field is reversed at values, denoted B,,
and “descends” in magnitude to zero. (b) Illustrates the flux density profiles in an
idealized grain at different values of B, along the major hysteresis envelope (solid-
dashed lines), and after B, is removed (solid-solid lines). Note that when |B,] is small
(eg. B,)), the trapped flux at B, = 0 comprises two regions of opposite polarity. (c) and
(d) Display again for comparison and completeness the variety of field profiles
encountered at H,.,,., and H,, and after their removal.
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Fig 5.8. (a) Reproduced from Kwasnitza and Widmer®®), and displays
their measurements of I at B, = 0 after a reversal of the applied magnetic
field at B, and its removal as shown in Fig 5.7(a). (b) Displays I/I.
calculated using eqns 5.10 and 5.12 with n = 1, H, = 0 and the Brandt-
Indenbom expressions for the magnetization with C, = 1.25 and C, = 1.1.
Here B, = p H, is normalized to p . and divided by 7 to “match” the
numbers from the applied field in the experiments.
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Clarly,thcmodelgmﬂesagoodqmﬁuﬁvedmﬁpﬁmoftheqhsavedkvems
B; data curves. The quantitative fit however is far from satisfactory since the measured
critical current and corresponding critical current density, Jemo = 10° A/m?, leads to a self-
field which is some three orders of magnitude smaller than that envisaged for the
idealized infinite slab specimen.

(iv) Valley in ZFCV Curves of I versus H, Asceading
A. Introduction

Many workers?s: 40 0. 3. 102, 156) pyve gbserved that the curves of I. versus the first
applicationofl-l.aﬁerzaoﬁeldcooling.hmeLdmotedZFCV,mcavalley. Some
examples of this type of behaviour are reproduced in Fig 5.9A. In many other
measurements L. versus H, (ZFCV) displays an inflection “point” instead of a valley. This
feature is displayed in Fig 5.9B (e.f).

Fisher et al™ developed a mathematically complicated model which, in effect,
attributes the occurrence of the valley, and the peak which follows it, to the retum field
associated with the re_vcrsﬂ:le diamagnetic Meissner response of the grains to H,.
Consequently in their model the bottom of the valley appears when H, = H.; hence
log(H,/Hc1) = 0. The curves of Fig 5.9B(g) are reproduced from their paper and display
the predictions of their model for different values of H.,. These curves are intended to
reproduce their data curves for I. (ZFCV) Fig 5.9A(a) and (b). The valley bottom
however appears in their measurements when p,H, = 10 mT , and T = 77K hence at
values somewhat larger than H,, at that temperature. Further we note that, along ZFCV
curves of L, the magnetic field experienced by the grains, H; = H, + H,, will be

148



appreciablysumgathmﬂ.inthemgeo<n.<m..dneehaetheh{ldmm&ce
shielding currents will be most effective in generating retum fields apprecisbly enhancing
H,.

B. Generation of the Valley ia I, (ZFCV) Curves.

We now apply our critical state model to the description of this valley phenomenon.
The results of this exercise are displayed in Fig 5.10A and B for direct sequential
comparison with the corresponding family of experimental curves presented in Fig 5.9A
and B. We now describe the modification and extension of our critical state model which
leads to these results. Our approach is similar to and broadens the model developed by
Mishra at all'®!

Untilnowinthisthesiswehave,forsixnplicity,dum’bedthemagx:eﬁnﬁonofthe
grains, My(H,), using the Bean approximation for the intragranular current .density, hence
taken J to be independent of H,.

We believe that the valley in the intergranular critical current . (ZFCV) curves
arises because in some specimens the intragranular current density J,; diminishes as a
function of the flux density inside the grains. We now address these situations.
Expressions for the sequences of critical state flux density profiles
B, (r)=p H, (1), for idealized slab and cylinder geometry, as H, is impressed to virgin
(zero field cooled) grains and subsequently removed, are developed in appendix 5.D for
Kim-like dependences of Jc; on H where J,, =J_H! /(H, +H ).
The behaviour of the magnetization My(H,) which ensues from these expressions

for various values of p, where for simplicity H, = 0, are displayed in Fig 5.11a. The
superpositions of H; = H, + H(H,) = H,+ CMy(H,) displayed in Fig 5.11b clearly can
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Fig 5.9A. Displays measurements of j. versus H,, both on logarithmic
scales, where in (a), (b) and (c) a deep valley and in (d) a shallow valley or
an inflection point are evident in the ZFCV curves. (a) and (b) are
reproduced from Fisher et al’*®! where H, L and // to j_ in (a) and (b). (c) Is
reproduced from Uri Dai et al*8 and (d) from Yang et all'*l,
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Fig 5.9B. (e) Reproduced from Uri
Dai et al*S], Displays an inflection
point in a ZFCV curve at 77K in
YBCO. (f) Reproduced from Grasso
et al’). Upper (lower) o data points
display ZFCV, and o display FCV
curves at 4.2 (20)K in YBCO. (g)
Theoretical curves reproduced from
and generated by the H_,(T) based
model of Fisher et all® to account
for their ZFCV curves displayed in
our Fig 5.9A (a) and (b).
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Figs 5.10A and B. display theoretical curves generated by our model for
comparison with the corresponding (a), (b), (c), (d), (¢), and (f) of Fig 5.9A and
B. Eqns 5.10 and 5.12 are used for I_ with H, = 0 in all cases. The value for n is
indicated below. The intergrain critical current densities are also described by
Kim-like expressions, namely Jog = JepoH\P/(H,+H)P where we write p to avoid

confusion with the exponent n for the matrix current density.
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Fig 5.11. (a) DisplaysH,=CM,(H,/H‘.) versus H/H,. for various values
ofp,withC=l,whenM,(H,/H..)iscalculatedusinng=
J ot P/(H+HYP (seeappendixS.D).H,andM,mnormnlizedwith respect
toM‘.,themngnctiuﬁonofanidulizedslaborcylindcrwhenH,=H‘..
Consequently all the curves for slab and cylinder geometry intersect at
=1 when H/H,. = 1. (b) Displays H, = H,+H,(H,) with C = 1 where
H, from (a) is introduced. Here all the curves for slab and cylinder
geometryintersectatH,/M,.*thmH.=H‘..
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genaateavuietyofmesovam!l.wbentheintergxmular(maﬂix) critical
current density is taken as previously also of the form J_ == 1/(H, +H )', wheren > 1.

For completeness and comparison in Fig 5.10A(d) we have also shown an L. versus
H, curve predicted to be encountered when the specimen is field cooled in the chosen
mticH.befomenchmmmtofL.‘I'hesecmvesaredenotedﬁeldcooledvirgin
curves(FCV).InomcalcuhﬁonoftheFCchvewehaveregudedthegminsaénot
magnetized, hence taken H, = 0, and write H, = H,+H; = H,. This approximation is
Justified since, during field cooling, the strong flux pinning in the grains opposes the
Meissner expulsion of the flux. Hence the resulting diamagnetic magnetization of the
grains is much smaller than the idealized Abrikosov reversible value Mtev. Our approach
is self consistent since we have also neglected any contribution of M, in our calculations

of M, for the ZFCV and ZFCD curves.

(v) Width of the peaks in I, versus H, curves
All published observations of the low field peaks in the I, versus H, curves show

common features and trends which we now enumerate.

a) The peaks of I for ZFCD curves are wider than the peaks for the corresponding
ZFCreAs curves.

b) The peaks of L. for FCD curves are wider than the peaks for the corresponding
FCreAs curves.

¢) The width of the all four types of peaks increases to a maximum as Heye or Heoo are
chosen larger. The maximum widths are attained when Heye and Heoo have reached
threshold “plateau” values where the migration of the location of the peaks ceases.
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d) The ratio of the width of the I, pakoftheZFCD(FCD)mestqghewidthofthc
corresponding peak in the ZFCreAs (FCreAs) curves increases to a maximum as
Heyte (Heoot) increases to the threshold value.

Some of these features are illustrated schematically, via theoretical I versus H,

curves in Figs 5.12 and 5.13.

The curves of H, versus H, in Fig 5.12 and 5.13 are displayed below the
corresponding I versus H, curves to help in showing why the behaviours listed above are
adirectcmsequmeeoftheEm-GlowackimqnthnH“thesupaposiﬁmofﬂ:e
retun field H, of the magnetized grains with the applied field H,, controls the
intergranular critical current L. In these figures, L, H, and H, are normalized to the same
qnmﬁtyLo,deL=CM,wascalculatedforidediudcyﬁndﬁcalgminswithC=l.We
letn =1 and H, = 0 in the expressions for L.

Wemtethatthediﬂ'mebetweenH.md}Lformypairofintasecﬁngcmes
displays H, = H, - H, versus H,. We stress that it is the magnitude of H, which
detcminslc(l-l.),andthatLh‘acsapeakwhenﬂi.stmdd]sIL=0henceH.=H,.
Careful examination of the range of variation of [H,|, spanning the intersections of the H,
and H, curves, hence the locations where H, = 0, over corresponding ranges of H, as
Heyce or Heoot are chosen larger together with inspection of the width of the
corresponding peaks of I will show that the trends and features enumerated above are

indeed qualitatively predicted by the Evetts - Glowacki model.
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Fig 5.12. (a) and (b) illustrate the observed feature that the width of the peak of the
ZFCD curve is greater than that of the corresponding ZFCreAs curve and also that
as the reversal field H** is made larger, both these peaks get fatter. The widening
ceases when H® exceeds a threshold value (see appendix 4C). (a) and (d)
illustrate why the above behaviour occurs. Since H, = 0 at the intersections of the
curves, the changes here of H,, indicated by the height of the shaded triangles, is
clearly greater for the ZFCreAs case than for the ZFCD case hence the former peak
in L is sharper than the latter. The narrowness of the peaks is then quantitatively
determined by the sensitivity of I, on H,
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behaviour of the peaks of I versus H, for the FCD and FCreAs situations
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(vi) Determination of H, from Hysteretic I, Curves _

H,(!L,T),theeﬂ'ecﬁvereﬂnnﬁehofthemagneﬁzedgmimistheimpoﬁmtnew
quantity which can be extracted from measurements of I. hysteresis curves by exploiting
the Evetts - Glowacki concept that the superposition of H, and H(H,.T) dictate L.(H,,T).
First we review the schemes which have been exploited by various workers then we
present a framework embracing and extending these methods.

(a) Review of Methods Used.

In section M(iii) of this chapter we examined the relationship between I rem, the
critical current in H, = 0 and Hrem, the return field of the residual magnetization of the
grains. Although}L,ndq)mdsonthemagzﬁmdesofH,,*oer,expaimmtsshow
M!memdmotedm,isindepmdmtofm,*orMWhenthem
quantities exceed the temperature dependent threshold values. Consequently we can
obtain an estimate of H.,....('l') from the measurements of the threshold value for Heyeie OF
Heon- However, the asymptotic dependence of L rem On Heycie and Heo introduces large
uncertainty in the determination of these threshold values. Further the link between
Hremsa: and the threshold values for Heycie and Heoor is dependent on the choice for the
function J4(H) and the éeometry of the grains.

Wehaveseeninchapter4thatthelocaﬁonofthepeaksovaersusH.dscending
(ZFCD or FCD) provides a direct and unambiguous measurement of H, since the centre
of a peak indicates that here H, = H,. Therefore from the measurements of the sequences
ofpuksasaﬁmctionoch,,koeratachosentunpmnmwecanmapoutthe
evolution of H/(H,,T) from H; = 0 t0 H; = Hiyy pen, the retumn field for the saturation
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paramagnetic magnetization of the grains. However this spproach ludstgonlyonevalue
fmﬂummely,theplaanvduewehavediscusedinchaptedwhm,
H,pu (T.H,)=H, =HZD =H, 5.23
Othametbodsmusttbmbepmwdtodetamineﬂ,--.aﬂ.)overthemﬁre
range of H, both above and below the plateau value. Also it is of interest to determine
H.(IJ{.)vm}LfortheﬁlﬂrmgeofH.forthesiunﬁonswhaethem:m
diamagnetically magnetized to saturation, which we denote as H; g 6ia(T,H.,).

Yang, Beduz and Ashworth!"*! devised and exploited a direct and unambiguous
method formmningﬂ,&(ﬂ.n,thereumﬁeldfordimapeﬁcaﬂymmeﬁzedgnins,
asaﬁmcﬁmofmmmding(ZFCD).Thismhcmdmdﬂamine&ma(TlL).
thesanmﬁonvaluevmﬁ.de.Thisschanemrudﬂybemderstood.ﬁom
consideration of Fig 5.14a. Here, the central dot on the cross indicates a critical current,
denoted L, measured after field cooling in H,, denoted H,. Since the magnetization of
the grains is negligible after field cooling, the return field H,; is also negligible, then H,,
=H; + Hrz = H,. The dot on the left of the cross indicates a critical current I, = L, on the
ZFCV curve in an applied field denoted H,. Since these two data points have the same [,
the superposition field, H,, = H; + Hp(H;) should be the same as H,; = H, regardless of
the functional dependence of L. on H,. Consequently we can write,

Hy=H, +H,H))=H,,=H, 5.24a
hence, HnH,,T)=H;-H, 5.24b
Pursuing this scheme, Yang Beduz and Ashworth!"*! obtained the results reproduced in
our Fig 5.15a from their data curves displayed in our Fig 5.9d. Presumably the grains are
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diamagnetically magnetized to saturation over the range of large applied magnetic fields
hence here,
He = H, + H ot gia(Ho, T) 5.25

Itisevidmtﬁ'ominspecﬁonoftheirdm(}'igS.ISa)thattheymusmveryhrge
valuesford:euﬁoofthelocalﬁeld,ﬂ.sH.+H.,withtupecttoH.,hencelarge
compression factors, C = H/My(H,) ~ H/H,.

Exploiting an AC susceptibility technique to measure the penetration of an
dtamﬁngmagneﬁcﬁeldintothemﬁx,mdiﬁothemins,aﬁuﬁeldcooﬁngmdum
field cooling, Yang, Beduz and Scurlock'*”! determined B; = pH,, the effective field in
theintugxmuhrmedinmvmﬂ.avuioustanpmjustbelowTcinanYBCO
specimen. Their results are reproduced in Fig 5.15b. Note that the ratios By/uH, are = 10,
hence the compression ratios are correspondingly large, and saturate at the same value in

the temperature range examined.
Jones et al™ extended the approach of Yang, Beduz and Ashworth!"*®! and measured

L versus H, (ZFCV, FCV and ZFCD) curves for an YBCO bar of dimensions 1X4X12
mm’, supporting Jo, = 1.5(10°) A/m’ at 77K. They studied three arrangements for the
orientation of H, with respect to the surfaces of the ribbon and the current.

(i) H//to L and along the length Y = 12 mm,

(ii) H 1 to I and along the width Z = 4 mm, and

(iii) H 1 to L and along the thickness X = 1 mm, hence piercing the flat YZ surfaces of
the slab. Further they measured the magnetization of the ribbon with H, directed along its
length Y as H, is applied to the virgin specimen (ZFCV) and then removed (ZFCD), and
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Fig 5.14. Displays two different approaches to extracting values for H, from the
family of curves of I, versus H,. (a) Any chosen I, (eg. I, indicated by three
horizontal dots) is encountered at three different fields, H, along ZFCV, H, along
FCV and H, along ZFCD. Assuming a negligible Meissner effect for the grains
upon field cooling, H,; = H, along FCV, H,, = H,+H,, along ZFCV, and H,; = H,
— H,; along ZFCD. (b) Ilustrates that the sets of three “horizontal” and “vertical”
data points used for determinations of H,(H,) can be selected at any place along
the major symmetric I, hysteretic butterfly wings. Hence the saturation
diamagnetic and paramagnetic values for H, can be determined since along these
envelopes, M (H,) exists with the induced currents all circulating in the same +
or — sense in the grains.
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Fig 5.15. (a) Reproduced from Yang, Beduz and Ashworth{!%), Displays the
values they obtained for the intergranular magnetic field, denoted B, = p H,, from
their data presented in Fig 5.9A(d), which shows I versus u H, measured along
the ZFCV and FCV curves, and from their application of eqn 5.24. (0) data points
at 65K, and (@) at 80K. (b) Reproduced from Yang, Beduz and Scurlock!!*").
Displays the intergranular magnetic field, B, = p H,, versus u H,, obtained by
applying eqn 5.24 to the measurements of the real part of the AC Susceptibility
versus H, for the ZFCV and FCV procedures at various temperatures near T.. Note
the large ratios By/u,H, hence large compression factors C in both figures.
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alsoaﬁaﬁeldeooling(FCV)ovutheeonapondingmgesofH..Since}heﬁeldeooled
magnetization was observed to be appreciable relative to the hysteretic contribution to the
magnetization measured during the cycle of H,, the simplification exploited by Yang et
all'* 1571 (eqn 5.24) could not be applied to their data. Jones et al ascribe the relatively
large flux expulsion they observed on field cooling to the small size of the grains
(1.8X1.3 pm), insufficient annealing, and the weak intergrain J,.

Wenowdelcnbetheirmetbodtodetumineﬂ(H.)=-CM,(}L)ﬁomtheirdata.
For any choice of L, labeled L, in Fig 5.15a, the superposition field H, can be written,

H, =H,+H, =H, +CM,, 5.26a
H,=H,+H,, =H, +CM_, 5.26b
H, =H,+H, =H,+CM_, 5.26¢

for the ZFCV, FCV and ZFCD curves respectively. Here all the symbols denote absolute
values since the magnetizations they observed for the ZFCV, FCV and ZFCD curves
were diamagnetic except when H, descended to very small values along the ZFCD curve
where M, switches to the paramagnetic quadrant. Applying the Evetts-Glowacki concept
that H, controls L, we write H;, = H,; = Hys for any set of data points exhibiting the same
L. Consequently eqns 5.26a, b and ¢ lead to,

C= HZ-Hl = Ha‘Hz - HJ-HI 5.27
M,-M,, M_,-M, M, -M_,

Jones et al then display the values they obtained for C versus I. from their
measurements listed under (i), (ii) and (iii) above. However, for the denominators in eqn
5.27 they always introduce the values of M, they measured when H, was applied along

the length of the ribbon. Since M is very sensitive to the orientation of the magnetic field
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with respect to the surfaces of the ribbon, it is not surprising that they obtain large
variations and changes of sign for C in case (iii) where H, pierces the wide surfaces of the
specimen. However, for the case (i), where their magnetization data applies, they find
“well-behaved” compression factors ranging from » 0.5 to 1.

The measurements of Kwasitza and Widmer of L hysteresis and the
corresponding magnetization curves™! show unambiguously that H, is not a linear
ﬁmctionofM..Consequmﬂy,thcexp:ua’onsonﬂ:efarﬁghtofeqnss.za,bmdc,
hence eqns 5.27 are not generally valid. We will address this important matter in the next
chapter.

Mishra et al'® measured 1. versus H, (ZFCV) and (FCV) curves for an YBCO bar
of dimensions 0.5X0.5X9 mm’, where J, = 5(10%) A/m’ at 77K. They compare the ratios
for IT™ (H,)/17%Y (H, ) obtained from their data with the corresponding ratios obtained
ﬁomtheirmodel.ThispmcedmisillusmtedbythecenmlmdlowstdotsinFigS.l4a.
In their model they write,

I =1 ™" 5.28
with, H, = H, + C Mg(H,), and calculate My(H,) for slab geometry using J,, =Je™"*,
with, pJ W =40mT, p H, =20mT,and p H, =42mT.

Fig 5.16 reproduces the three pertinent figures from their paper. Note that Fig

5.16c is very similar to our Fig 5.11b. This is expected since they illustrate the same
concept using different but equivalent formulae.

This method of extracting retumn fields from the measured L. curves is clearly
more complicated than the previous ones since it involves, first a model for L. versus H,,
then a model for My, hence H, versus H,.
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Fig 5.16. Reproduced from Mishra et all'®l, (a) Displays their measurements of I
versus H, at 77K on an YBCO bar. Open circles (o) display data for field cooled
virgin and filled circles (o) data for zero field cooling virgin procedure. (b) Data
points display the ratios for IFCV(H,)VI.ZV(H,) versus H, obtained from the data in
(a). The solid curve is calculated with their model. (c) The solid curve displays the
theoretical intergranular magnetic field, denoted B.o(H,), which they introduced in
their calculation of the solid curve displayed in (b). Dashed curve shows By(H,) =

K H, after field cooling.
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(®) Pwmhlhﬁyhzmnmclmofuemsm

Figure 5.14b displays the complete family of curves of I. versus H, which
experimental researchers should measure in order to obtain reliable and detailed
information on the saturated return fields, H a aa(H,,T), and H; ot pen(He.T), of their
specimens for the entire range of H, from 0 t0 Hpgy, the highest value accessible with
their apparatus.

The reader will readily recognize the butterfly wing curves already addressed in
wcﬁonma)ofthischaptu,mddmdthesymmeuickhysteedsloop.muppa
velopeofthe'wings”isobninedwhm.aﬂerzemﬁeldcooling,H.isdescendingﬁ’om
averylargevalne.Thesamecmvewillbetncedwhenl[-l.lisdescmdingaﬁerﬁeld
cooling in a very large value. Here, however an initial decrement |AH,| will be required in
ordertocauseLtouansitﬁumtheF.C.V.cm'vetothetopmvelopeofthewings.

In principle it should not be necessary to measure both, the right and left wings of
thebutterﬂy,northeFCVcwvesforboththe+and—H.,since,intheabscnceofsu'ong
bias fields in the laboratory and apparatus, + and -H, should be equivalent. However, in
order to trace the low field segment of the lower envelope of the wings, it is necessary
that H, be made to change sign after descending to 2610 from [Hyp,|. This lower segment
isseentointersectandthenmu'gewiththeZFCVcwveasillustratedbythe.... curve in
the +quadrant in Fig 5.14b. This juncture presumably occurs when H:; 4, along the ZFCV
curves has attained the first saturation value H, g, gis(H,. T).

Next we strongly recommend that ZFCV, FCV and ZFCD magnetization curves be
measured with H, applied in the same direction with respect to the flat surfaces of the
specimen that is used for the L. hysteresis family of curves. Here, one of the purposes of

167



thesemusuranmtsistodetaminethetehﬁvemgnimdeofthehysta‘jtjc (pinning) and
reversible (Meissner) contributions to the magnetization of the grain. This information is
needed in order to ascertain the validity of taking H(H,,T) ~ 0 when I lies along the
F.C.V. curve. If |<M>gcv| is small compared to [<M>zcy| and |[<M>pcp), then the
following equations,

H,-H,=H,H, T)=H,_, H,T) 5.28a

H,-H,=H,H,,T)=H,,,.H,T) 5.28b
may be applied with some confidence to any set of three data points with the same I
along the butterfly wing curves and should yield reliable values for H,(H,,T).

We shall show in the next chapter that H, is a multiple valued function of M,,
when M; lies along traversals between the envelopes of the major hysteresis loops.
Consequently the experimental magnetization data along such traversals should not be
used in the determination of compression factors. However, eqn 5.27 is valid when
saturation (i.e envelope) value, M o 6ia(H,) and My sat pars(Ho,) are exploited.

Westressthat,ifinthelightofthemagneﬁzaﬁondata.ﬂ,canbeconsidere'd :
negligible along the L.(FCV) curve, it is then not an arduous task to establish a simple
expression which approximately reproduces the observed behaviour of I(FCV) versus
H,.

Now for any field, denoted Hz, we can calculate the experimental ratios
L(ZFCDY1(FCV) and L(FCV)IL(ZFCV) along the butterfly wings (illustrated by points
on vertical parts of crosses in Fig 5.14). Exploiting these ratios and a mathematical

formula (or table) for L.(FCV) versus H, one can readily calculate H, (H,,T)and

H, pipen (H;,T). Since MeW(H,) is a single-valued function of H, at a chosen T, its



conm'butiontoH.ﬂi.),isdwmefamyﬂnee“vaﬁal”d&points(i.g;ttheme&).
Consequently in this procedure it is not required that M,.., hence its contribution to
H{(H,) be negligible.
Thevduesofﬂ,exmdbymiswmewhatediousexacisemthmbeoompued
for consistency with that obtained from the application of eqn 5.28. Altemnatively, the
values of H, from the application of eqn 5.28 can be introduced in the formula or table
fabﬁcaedtoteptodwetheL(FCV)vaLme.Themﬁngcmesmthenbe
compared with the corresponding measured curves as a test of the merits of the results.

IV Summary and Conclusion

In chapter 4 we showed that simple considerations of the evolution of H,, the return
ﬁeldofmagneﬁzedgnins,vmsmdwwdingmdmadingaﬁeerField
Cooling and Field Cooling, accurately described the evolution of the position of the peaks
of L, ifaspmposedbyEvettsdelowacki,thecentreofthesepeakscoincided with
situations where H; = -H,. This analysis required no knowledge of the actual dependence
of L. on H,, hence needed no information on the detailed structure of the hysteretic I
curves.

In this chapter we focused on the immense variety of critical current curves
encountered in the study of the L hysteresis phenomenon. We developed simple formulae
for L versus H, for idealized slab geometry exploiting simple critical state expressions for
the dependence of the intergranular critical current density J., on the magnetic field.
Then, again pursuing the Evetts-Glowacki idea that H, = H, + H,(H,), and using various
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convaﬁmtmdshnpleexprusionsforﬂ,(ﬁ.)wetq:mdweda!qgevuiﬂyof
observations on the behaviour of L. hysteresis curves reported by several workers.

In the analysis of the effect of the trapped flux on L in H, = 0 we show that the
popular Josephson junction formalism exploited by many workers to describe the
behaviour of the intergranular critical current is not only artificial and restrictive but leads
to incorrect predictions. Finally we indicate that the simple magnetic dipole picture for
mcmﬁewofmemmmmwemeﬁnwmhﬁmsﬁp,m=wm.
need to be modified. In the next chapter we pursue this important feature.
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Chapter 6
I. Hysteresis: Double-Valued Dependence of 1. on M,:
A Simple Model

Abstract

In the analysis of I hysteresis phenomena, all researchers have assumed that the
return field H(H,,T) obeys a linear relationship, H, = C My(H,.T) where C is a parameter
of the specimen which may depend on T, and M, is the magnetization of the grains.
Kwasnitza and Widmer™"! measured both I, and M, at a chosen temperature after various
magnetic field cycles terminating at the same chosen final field Hy. They found L to be an
inuicnedouble-ﬂuedﬁmetimofM.mdtbnth:twodiﬁ'amtm&aeodbyL
versus M; changed their structure as a function of H;. These results show unambiguously
thntheomaeonﬁgmtﬁonsofmeinducedcmmtschculaﬁnginthegminsexena
strong influence on H,. We apply the textbook definition M =(1/2) _[(fxi)dwv:&
calculate the magnetization M,, and Ampere’s law, or the Biot-Savart equation to
estimate the return field along the edges of thin ribbons and thin disks containing two
concenﬁic zones of countercirculating induced persistent currents of demsity Jo
independent of H. Then exploiting our critical state expressions for L. and the Evetts-
Glowacki superposition concept we reproduce all the observations of Kwasnitza and
Widmer, and make predictions on the evolution of the double-valued curves of I.(Hy)
versus My(Hy) as a function of Hr over a wide range extending from 0 to high fields.
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1 Introduction

We noted in chapter 5 that Jones et al”! measured both M, and L versus H, for
their YBCO specimen. Focusing on pairs of data points with the same L. along the family
of measured ZFCV, FCV and ZFCD curves, hence where, according to the Evetts-
Glowacki proposal, H, the superposition of the applied field H, and the return field H, =
C M, should be equal, they wrote,

Ha=Hu+CMg=Ho=Ho+CMp 6.1
Introducing the measured H,;, Hy2, My and My, into eqn 6.1 they calculated C versus L.
They found that C was far from constant but varied dramatically. They speculated that
the different configurations of induced currents circulsting in the grains near their
contacts with their grains might account for these anomalies but do not seem to have
pursued this idea.

McHenry et all'®! observed that, after zero field cooling, the magnetization of
theirYBCOspecimmruchesasamntionvalue,M,.,,foramgeofappliedAH(M,)z
150 mT. In contrast, the traversal of L, from the FCV curve in large Heoo to a peak
value, required a change in applied field AH (L) = Heoot — Hpeat = 25 mT. This large
discrepancy between these two ranges led them to conjecture that the induced currents
near the edges of the grains played a major role in goveming the intergranular currents.
These workers however did not publish any follow up on this proposal.

Kwasnitza and Widmer™! systematically measured both <M,> and I, versus H, for
corresponding field-temperature histories for their YBCO sample. They focused on the
behaviour generated by a specific but basic family of magnetic field cycles. Their results
show that along traversals between the envelopes of the hysteresis curves of M and I,
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theﬁneumgneﬁcdipoleammpﬁonﬂnﬂﬂ,sCM.ismlyinvaﬁd:Theyﬁndtha
L(Hy) in a chosen final field H; is a double-valued function of My(Hy). Consequently, in
the framework of the Evetts-Glowacki concept, H,MH,)=H,+H (H,)=

H, +CM,(H,), and H{(Hy) are double-valued functions of Mg(Hy).

In the next section we describe the procedures followed in their measurements of
L and M,,, then present their fascinating results and outline our explanation. Then in the
following section we develop simple equivalent models which account for their
observations.

II Observations of Kwasnitza & Widmer

A. Observations of I versus My(H) in a Final Field p H, = 0.8T.
Itisweﬂimownthatinhystactictypeﬂsupaeonductors,amngnetinﬁon
M;(H;,Ty) of a chosen magnitude and sign, in a chosen final magnetic field Hy and chosen
final temperature T; can be generated by numerous different field-temperature histories. It
is less well known however that the configurations of induced persistent currents
associated with these identical Mg(H,Ty) for the chosen specimen can be dramatically
different. Kwasnitza and Widmer exploited simple and convenient paths in the H-T plane
to generate identical pairs of values for My(H;Ty). Three pairs of such paths are
illustrated in fig 6.1a. For the three paths labeled (1) in that figure, the locus of M, versus
H, traveling along the upper envelope of the major hysteresis curve is made to reverse
direction at some chosen value Hyev < Hy. Then the sweep of H, ceases when H, attains
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Fig 6.1 (a) Paths (1) and (2) illustrate that a magnetization M (H)) of a chosen
magnimdcandsigncanbegenemdbytwooppositeappmachestoﬂfﬁomthe
envelopes of the major hysteresis curves. (b) Paths (1) and (2) illustrate that a critical
current I (H) of a chosen magnitude can be observed after tracing two opposite
approaches to H,; from the envelopes of the I, versus H, curves. (c) Hlustrates the
single-valued prediction for the behaviour of I.(H,) versus M;(H, from the idealized

dipole assumption that H, (H,) =CM,(H).
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Hy. At this juncture I is measured. Fig 6.1b illustrates the family of paths which L versus
mkwwmifkwmmanednmuﬂpointsmupondingmthe&mﬂy
in Fig 6.1a of M, versus H, curves terminating at Hy.

The linear magnetic dipole relationship, H, = C M,, and the Evetts-Glowacki
superposition proposal predicts that (Hy) versus My(H) display a single-valued curve as
sketched in Fig 6.1c. Here the extreme +M, values correspond to the saturation
pumagneﬁcmddimgneﬁcmgneﬁuﬁomnﬂfdongtheuppamdlowerenvelopes
of the major magnetic hysteresis loop. The extreme values for L. correspond to that at H,
alongthetnppamdloweravelopesofthekhyﬂauismes.Fig6.2:reprodwesthe
observations of Kwasnitza and Widmer where poHy = 0.8 Tesla (T; = 4.2K). The labels
(1) and (2), along the data points indicate the corresponding families of paths followed in
tracing the M versus H, and L. versus H, families of curves sketched in Fig 6.1a.
Especially noteworthy is the large difference in the two values measured for I. when
M;(Hy) = 0 is generated following the opposing M, versus H, paths labeled 1 and 2. The
solid curves in Fig 6.2b display the theoretical curves, corresponding to that shown in Fig
6.2a, generated by the model we now describe. The dashed curve shows the behaviour

predicted by taking H, =CM,.

B. Qualitative Explanation of the Observations in Large H;.

Figure 6.3 illustrates the configuration of the magnetic flux density B(r) and
persistent current density J.4(r) that are visualized to exist in our idealized disk at H, after
paths 1 and 2 have been traced in the M — H, history. Here the sketches on the left hand
(right hand) side correspond to the paths labeled 1 (2).
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Fig 6.2. (a) Reproduced from Kwasnitza and Widmer**! and shows their data for an
YBCO strip at 4.2K for I (H,) versus M,(H) at a final field p H; = 0.8T after
following paths (1) and (2) of Fig 6.1 where the reversal field, denoted B, is <0.8T for
data (1) and > 0.8T for data (2). The solid lines are guides to the eye. (b) The solid
lines display the corresponding theoretical curves generated by our models. Here we
exploited an empirical expression for H, versus M, which is described later in this
chapter. The dashed line is calculated using H, =C M.
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Fig 6.3. Sketches on the left (right) hand sides of the figure illustrate the configurations
of the flux density and critical current density for situations where the magnetization M, =
0 after following paths (1) and (2) displayed in Fig 6.1. Here (c), (d), (g) and (h) show that
reversal of the direction of the circulation of currents, although letting M, remain small
and constant in magnitude, will cause the large return field H, to change sign since it is
generated mainly by the currents near the edges of the disks or plates.
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InFigs6.3weu'ytoﬂlumatethefuun'ethntthindisksmdplue§_whichhavenet
magnetic moments u ~ 0, hence a resultant magnetization M; = w/'V « 0, can nevertheless
generate retumn fields H, (r')along their edges which are not only very large but also
change direction when the pattemns of circulation of the persistent induced currents are
reversed. The physical reason for this is that the dominant contributions to the retum field

H, (r') along the edges arises from the elements of current Al =] _ArZ flowing near the

edges. Here Z is the height of the disk or plate. This result follows from consideration and

application of Ampere’s law in the form,
‘ Al Al
AH = = 6.2a
) 2rAr'  2n(r'-r1)

where r’ denotes the location of the return field outside the disk or plate but close to the
edge, and r denotes the locat?onofthc element of current. Clearly AH, can be very large
along the edges due to the elements of current adjacent to the edges. In section III of this
chapter we develop simple expressions for H; for disk and slab geometry exploiting the
Ampere and Biot-Savart laws.

However we can readily see without calculations and as illustrated in Fig 6.3 that the

return field H(r’') will aid Hr when path 1 has been followed to generate M, = 0 at Hy,
whereas H{(r') will oppose H; when path 2 has been followed. Consequently L. after
following path 1 to H will be smaller than L after the corresponding path 2 to H; also
leading to M; = 0.

Pursuing these considerations and sketches we can see that, in Fig 6.2b, L. will rise

from L, and L, the two different values at M;=0,t0 acommon maximum L e When
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M,=M.m,..,themnﬁonpumagneﬁcvaluenﬂf.ConvetnlngseethaL
wiﬂdiminishﬁomL.mdl,ztotbememinimumL,,:.whmM,=M,m¢.,the
saturation diamagnetic value for the chosen Hy.

C. Observations of L, versus H,v, and My(H) in H;=0

Kwasnitza and Widmer also measured L(Hy) versus My(H() where the final field
H, =0.ha|eeasaﬁmcﬁonofthcr=nmanmppedﬂux.mepahsmedintheM.-m
plmebefmmhmmunmtofkmiﬂumdinﬁgahmdb. The configurations
oftbeﬂuxdensitypmﬁlesvimﬂizedtoexinforthenppedﬂuxatH;=0maketched
in Fig 6.4c and d for different fields H,, where the reversal of the field sweep occurs. Fig
6.4a is reproduced from the paper by Kwasnitza and Widmer. Fig 6.4b is a representation
oftheconespondingbehaviowwhichwomdbemmtemdwhenﬁwoccminthe
fourth quarter.

We stress that, when the earth’s weak ambient magnetic field can be ignored, which
is the case in the data of Kwasnitza and Widmer, the measured upper envelope of the
Ssymmetric major magnetization hysteresis curve displayed in the quadrants 1 and 2,
should be reproduced, within experimental accuracy, in quadrants 3 and 4, unless bias
background fields existing in the laboratory and in the apparatus make a significant
contribution to the observations. For these reasons Kwasnitza and Widmer and other
workers do not carry out again the redundant duplicate measurements which, for
“pedagogical” purposes, we display in Fig 6.4b. The reader should also note that Fig 6.4d

is a rotation of fig 6.4c by 180° about an axis vertical to the page.
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Fig 6.4. (a) Reproduced from Kwasnitza and Widmer®)]. Displays their measurements of the
locus of M for an YBCO strip at 4.2K when H, reverses direction at values denoted B, and
descends to H, = 0 thereby causing M to migrate from the envelope of the major hysteresis
curve to final values M;(H, = 0) where I is then measured. As in Fig 6.1a we let path (1)
denote the situations where M and H, migrate from left to right. (b) Same as (a) but here H,
reverses direction in the 4™ quadrant, hence M and H, migrate from right to left. This situation
is denoted path (2) as in Fig 6.1a. (c) and (d) Sketches of the flux density profiles at various
values of H, in quadrant 2 (4), displayed by solid-dashed lines, and after the removal of H,
(displayed by solid-solid lines). The heavy lines in (c) and (d) display flux configurations at H,
= 0 where the values of M, comresponding to the “net” dashed areas, are nearly the same in
magnitude and sign. The return field at the edge of the grains after path (2) is, however,
considerably stronger in magnitude and perhaps, opposite in sign than that after path (1) since
the effect of the currents near the surface in (c) cancel each other.
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Fig 6.5a illustrates the behaviour which our model predicts that Kwasnitza and
Widmer would have observed for L. versus H, if these tedious measurements had been
carried out in conjunction with their measurements of M; versus H, shown in Fig 6.4a.

The mirror image of these curves across the vertical line at Hy = 0 would be generated
if the measurements were repeated but with the reversals at the various values of Hye
taking place in the first quadrant. Fig 6.5a is presented to illustrate the feature that the
cmvesovam}LtamimﬁngaHf=0winintmectaslﬂmlischosmhrget.
Consequently, the values of L. at H = 0, are seen to, (i) start from I. minimum when Hye
= Hr = 0 and the remanent magnetization Mg rem| is a2 maximum (see Fig 6.4a), (ii)
increase to I maximum at a value of Hev which would lead to [M,,..|=0 if H, = C M,
mdthcn,(iii)deecendtokminimmnagainwhmtheexcutsiontoalargelﬂmlhas
caused [M; rem| to grow to a maximum of opposite polarity (see Fig 6.4a). Fig 6.5b
displays the measurements of Kwasnitza and Widmer™" of I.. at H; = 0 versus the reversal
fields Hev(denoted B,). Fig 6.5c shows a theoretical curve where we introduced the
simple magnetic dipole linear approximation H, = C M,.

The peak of L in tlie theoretical curve (Fig 6.5c) occurs when the descent to Hy = 0
starts from a value for [Hw|, denoted H’%" which leads to Mg = 0 at H = 0. However, the
peak of L in the data curve does not correspond to a descent from a value of [Hye| which
leaves the specimen with M; = 0 but from a value H?* which leaves the specimen with

an appreciable net magnetization. This feature is evident in Fig 6.6a where the data curve

labeled(1) is reproduced from Kwasnitza and Widmer®! and displays their measurements
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Fig 6.5. (a) Sketches of curves of I versus H, which are expected to be measured
when the magnetization M of the specimen is concomitantly made to evolve along
the paths displayed in Fig 6.4 (a). Note that as [He is chosen larger, I at H = 0
Mﬁaﬂyincmsegruchesapak.mdthendiminishesmtheiniﬁﬂvduewhmﬂw
was 0 hence, where H_, = H, = 0. (b) Displays the data of Kwasnitza and Widmer{®*!
for I, at H; = 0 versus the reversal fields, denoted B,. (c) Shows a theoretical curve
generated by the model described in chapter 5 where we let H, = C M,. Therefore,
when [ is displayed versus the reversal fields, the double-valuedness of the data
curve does not reveal that H, is a double-valued function of M,
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Fig 6.6 (a) Data curve labeled (1) is reproduced from Kwasnitza and Widmer(®, Curve
labeled (2) is the mirror image of the data curve (1) constructed by us to emphasize the
feature that values of <M> of the same magnitude and sign lead to two different values
for I.. These data curves display I, at H; = 0 versus <M>, the magnetization of the
specimen at H; = 0. See Fig 6.4(a) and (b) for a description of paths (1) and (2) in the
<M> versus H, plane. The solid line are guides for the eye. (b) Displays theoretical
curves for I at H; = 0 versus M; at H; = 0. The dashed curve is symmetric since here H,
= C M, is assumed, hence the peak occurs when M, = 0. The solid curves are generated
using one of the four approaches described in the text. In each of these schemes, H, is
calculated along the edge of the specimen, and lead to very similar results. Note that
when H; = 0, I, for path (1) is the mirror image of I_ for path (2) and that two very
different values for I are obtained for two values +<M> of the same magnitude (® ) and
of -<M> of the same magnitude (O).
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of 1. at H = 0 versus My(H, = 0). Figs 6.5b and 6.6a complement each other, the former
showing L. at Hr = O versus the reversal fields B,, and the latter also showing I at Hr= 0
but versus M; at Hy = 0. In their paper, Kwasnitza and Widmer present only the data
curve labeled 1 in our Fig 6.6a. They considered the repetition of these measurements
with Hr =0 following the paths labeled 2 in Fig 6.4b as redundant since here the family 2
of paths is physically identical to family 1. However for symmetry, completeness, and
pedagogical reasons, we have constructed the “mirror image™ data curve labeled 2 in Fig
6.6a from the data labeled (1).

The important message of the data displayed in Fig 6.6a is that the peaks of I. do
not correspond to <M> = 0. Here, since Hr = 0, only H; the retumn field of the magnetized
grains will dictate I.. Consequently, at the peaks of L, [H/| must possess a minimum,
although <M> is seen to be appreciable. Further, H, must be significant when M = 0 since
herelcismuchsxnauetthanitspeakvalues.

The dashed curve in Fig 6.6b displays the predictions of our critical state model for
L versus M; when the linear approximation H, = C M; is exploited in the calculations. As
expected, this theoretical curve is symmetric with respect to M; = 0 since there H, = 0
when M; = 0. The solid curves in Fig 6.6b are obtained exploiting a simple model, which
we describe in the next section, where the return field is calculated along the edges of
magnetized thin plates and disks using Ampere and Biot-Savart laws. However we can
see intuitively or pictorially without any calculations that two very different

configurations of currents circulating in a thin plate or disk which, although generating
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edges of the specimens. The heavy lines in Fig 6.4c and d schematically display two
internal fields where, at Hr = 0, the spatial average of the flux densitics <B>ps 1 ®
<B>pet 2, hence My(path 1) = My(path 2) in magnitude and sign. Noting again that the
creation of the return field just outside the edge of the specimen is dominated by the .
currents circulating near the edge we can visualize that, for the left hand case, H, will be
small since here the effect of the adjacent countercirculating currents will tend to cancel
cach other. By contrast, for the right hand case, all currents near the surface combine to
create a large retumn field. As a consequence, for any chosen value for M,, very different
values are encountered for L. as shown by the pairs of dots and squares in Fig 6.6b.

I Models for H, when H,  C M,

We have calculated the return field H, outside but near the narrow edge of thin
ribbons and thin disks, magnetized L to their flat surfaces, exploiting various approaches
which we now describe. In all cases H; is a double-valued function of the corresponding
M;, which we also calculate, since two configurations of induced persistent currents in
the specimen comprising two concentric zones of countercirculating currents can
generate the same magnitude and sign for M;. Such patterns of current circulation are
encountered when the direction of the sweep of the applied magnetic field is reversed
thereby causing the locus of the magnetization to migrate from one envelope of the major
hysteresis curve towards the opposite envelope. We now describe the four models we

have exploited in these calculations.



A. Thin Ribbon. Application of Ampere’s Law

We consider a thin ribbon of thickness AZ, width 2X, and infinite length along Y,
carrying induced currents of uniform density +J; flowing in the +Y directions, (see
accompanying sketch). The edges of the ribbon are situated at +X. We calculate the
retumn field at X' outside the right edge and along the mid plane of the ribbon. To fix
ideas we let an outer zone of the induced currents circulating clockwise embrace an inner
zone filled with induced currents circulating counterclockwise as viewed from a +Z
location. Let +x; denote the boundaries between the two zones. Applying Ampere’s law,

g’ﬁ-dT=A1,mdmumemmmﬁemn,ax',whichisgmed byan element

of current Al = J.; AZ Ax located at x, leads to,

_ 1 AZAx

, = 6.2b
2r(X' - x)

hence, the integral,

6.3
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leads to,

2n X' -x, (X' +x,) d+1-x,)d+1+x",)
- ] ] = B it ¥ 4 il ¥4 .4‘
T AZ H, h{(X')’(X’-XXX'+X)} 2'"{ (d+1)Jd@d+2) 6
hence, M, |=H, Inj—S*l_ 6.4b

= T Jad+2)
where, H, = J;AZ/x, d = (X'-XV/X, and x'; = x/X. Note that H, = 0 when
172
,-i=@+l+-__m} 63
d+1)

The corresponding magnetization Mg(x';) can readily be calculated from the concept
MammeﬁcmomentAuisconshuctedbyammt.Al*Je,AZ'Ax,mbncingm
area A = 2xY, hence A =(Al) A, consequently,

x; 2

M'=%=”E[Yi&=%[!xdx-jxdx]=%{xf--’%}:H,{(’;—‘J -%} 6.6

where He=JgX.
Fig 6.7A(a) displays H{(x;VH:max versus Mg(xi}/Mgmax for various values of
d=(X"-X)/X. Generally the contact between grains are regarded to be =1 nanometers
hence for a grain of half width X = 5 microns, d = 2(10). It is of interest to compare the

maximum magnitudes of the return field and the magnetization. This occurs when x/X =

0 or 1 hence eqn 6.4 and 6.6 lead to,

Hywe | _AZ d+1
= = I = f % 025 6.7
M,m| =X |Jd@+2)]

where we take AZ = luym
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GninsonBCOandBSCCOexhibitamemdauiﬁuindnabphpewhichmin
the range of 10"' t0 10> A/m’ at 42K, hence oM, uu in the range of Teslas have been
observed for grains. Indeed the estimate of return fields in the range of a Tesla from eqn
6.7 is consistent with the observations of Kwasnitza and Widmer of p,M; of a Tesla or

more for their specimen.

B. Thin Disk: Application of Biot-Savart Law
We calculate the return field along the edge of a thin disk of thickness AZ and radius
R filled with induced persistent currents of uniform density J.; circulating clockwise in an

outer zone r; S r S R, and counterclockwise in the inner zone 0 <r S1,. To fix ideas we

write the Biot-Savart law
Aﬁ' = £ & 6.8
4n’ R,

for an elemental ring, of width Ar and height AZ, situated in the outer zone. The element

of current reads Al = J; Ar AZ and the element of length reads,
dl = ¢rdé = r{Xsin ¢ - ycos¢)dé 6.9
We calculate AH, at a position R’ along the +x axis with R’ > R. The vector R directed

from dI to the position R’ then reads,

R, =k(R'-rcosé)- jrsin¢ 6.10a
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Fig 6.7A. Displays calculated dependences of the return field H/H, .., on the
magnetization M;/M; ., at different distances from the edge of the specimen.
(a) Ampere’s law is applied to an infinitely long thin strip of half width X. Here
d = (X’-X)/X. (b) The law of Biot-Savart is applied to a disk of radius R. Here d
=R’ -R)/R.‘I‘hedxskwasdmdedmtoZOconcenmcnngsofeqnalwudth Jgis
taken independent of field in both cases. Quantities are normalized to theu'

respective maxima.
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hence its magnitude reads,
R, =f* +R" -2R"cosd} 6.106
The ring then generates a contribution AH{R’,1) to the total return fields H{(R’) of the

disk, which reads,

r
AZAr r % (F'”“}“ 611
< 2 (R:)zal r 2 . 3/2 .

The disk is divided into N = R/Ar rings and the calculations are performed

ZAH, (R',1)=2J

numeﬁaﬂyasthebomdnynbetweenﬂneonoamicmesofcommimuaﬁng
currents is made to migrate fromr=Rtor=0.
The corresponding magnetization of the disk is calculated from,

_JaR 5)’-
M,@r)=-5 {2(R 1} 6.12

obtained by applying the definition

. % [ v 6.13
where V = nR?AZ.

Fig 6.7A(b) displays H(ri)/Hr max Versus Mg(r;/M; mx for comparison with the
curves displayed in Fig 6.7A(a).

C. Thin Ribbon: Application of Formuise of Brandt-Indenbom
Brandt and Indenbom!'! developed expressions describing the magnetization and
the return field at the edge of thin infinitely long strips magnetized by a magnetic field
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applied L to the flat surfaces. The current density J is taken independent of H. The

crucial feature in their result is that concentric zones occur where the induced (and

mm)mtddﬁﬁsmmcmgeoslslg,hmewhaelismbaiﬁcd.

The expressions which we develop from their central formula for the return field

are the following where H, = Jo; AZ/x.
- ]
Hr(x') - -} nnh(ﬂl /He) _El_
—p - 1 7 | E 6.142
{l'[(X'/X)eosh(H. /H, )) } J

which applies when H, is first impressed after zero field cooling. Then when H, reverses

direction we write,
- -
H;l(x')-.-m-l m@= /H:) - — _zm-l
¢ 1
{l-((X'/X)cosh(H_/H‘)J } ]
_H,
H,

1

==

e

2 172

6.14b

which applies when H, is descending from Hmax. Then when H, attains a value H,,,

where the direction of the swing is again reversed we write,
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Hiqm:"""" tnh(H,, /H,) —|-20mh"
| _{"((X'/X)codl-(n_m‘))} J
S . - B

2 1V?

==

6.14c

The corresponding expressions for the evolution of the magnetization are listed in

appendix 4.B.

Fig 6.7B(c) displays H{X'.H,)/H; max Versus M(H.)/M; max for various values
of X'/X for comparison with the curves shown in the preceding figure. In all these figures

the diagonal shows H; versus Mj at a point along X very distant from the specimen hence

corresponds to the linear approximation H, = C M.
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Fig 6.7B. Displays calculated dependences of the return field H/H, ,,, on the
magnetization M,/M, ., at different distances from the edge of the specimen.
(c) The formulae of Brandt-Indenbom are applied to an infinitely long thin strip
of half width X. Here d = (X ’ -X)/X and although Jgis mdcpendent of H, zones
exist where J, is subcritical. (d) Simple empirical cxpresslons described in the
text for the retum field of either a thin disk or an infinitely long thin strip are
applied in these calculations. Here the exponent n is linked to the distance from
the specimen where H, is calculated but there is no explicit relationship.
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D. Thin Ribbon and Disks: Empirical Expressioas for H,.

Since the return field and the magnetization are dictated mainly by the induced
currents near the edges of the grains we have examined the behaviour generated by
simple expressions for H, which are analogous to that which describe the corresponding
magnetization of thin ribbons and disks. Consequently in analogy with the formulae
already encountered for Mg which read, for strip and disk geometries, |

h: (”(‘) = [ fdx- jxdx] 6.15

h: (;)-l:,[j *dr - jr’dr] 6.15b

we write, for the retum field for strip and disk geometries,

X
H,(xi)= E .jxloldx_jxkldx 6.16a
I X x| .

0. [l ] cio

wheren 2 0.

These expressions lead to,

22 a3
H,(x)__C z(x_) al, H@__C z('_) -1} 617ab
J.X n+2|\X JqR  n+3[ AR

which reduce to the linear magnetic dipole relation, H, = C M,, whenn = 0.

Fig 6.7B(d) displays H{(x;VH, mx versus Mg(x;)M; mx calculated with various
values for n using eqns 6.15 and 6.16. Comparison of these curves with that calculated
using the three previous approaches and displayed in Fig 6.7(a), (b) and (c) reveals that
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this simple empirical model yields results very similar to those obtained exploiting well
known basic laws. Indeed all four schemes provide equally good descriptions of the
observations of Kwasnitza and Widmer reproduced in Fig 6.2a and 6.6a. Hence all four
schemes provide information on the magnitudes of the return fields threading the contacts
between the grains and the dependence of H, on the configuration of the induced

magnetization currents near the contact edges of the grains.

IV Predictions of the Model
A. Evolution of the curves of I, versus M, as a Functioa of H;.

Kwasnitza and Widmer™ measured 1.(Hj) versus H, at Hr = 0 and at a large final
field, namely poH, = 0.8 Tesla. The four models we have developed to calculate H, for
the circumstances employed in their experiment all quite satisfactorily reproduce the two
sets of observations these researchers reported. The experimental and theoretical curves
were compared in Fig 62 and 6.6. The theoretical models also make predictions
regarding the behaviour of I.(Hy) versus M(H) at intermediate fields between H; = 0
and Hy “large” as well as beyond H; “large”. Fig 6.8 displays such a sequence of
predicted behaviour for the evolution as a function of Hr of the curves of I.(Hy) versus
M,(H) for paths 1 and 2.

We stress that the four models described in the preceding section predict essentially
the same evolution in the curves of I(Hy) versus My(Hy) as a function of Hj, as displayed
in Fig 6.8. This is expected since the four models generate very similar curves for H,
versus My as illustrated in Fig 6.7A and B. The dashed curves in Fig 6.8 display the
behaviour predicted by the linear dipole (single valued) approximation H, = C M;.
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Fig 6.8. Kwasnitza and Widmer™! measured the dependence of I, on the
magnetization M, at p H; = 0.8 Tesla, hence at a “large” field, and at H; = 0. Figs
6.2 and 6.6 display their data at these two “extremes™ and corresponding theoretical
curves. The latter are reproduced in (a) and (f) above. The sequences of (a), (b), (c),
(d), (¢) and (f) illustrate the evolution of the double-valued I_ versus M, curves as a
function of H; predicted by our models for H, along the edge of the specimen. The
dashed curves display the behaviour for H, = C M,
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The theoretical curves of Fig 6.8 were calculated using the simple Kim
approximation, Jem = Jeo(Hi/H), for the intergranular critical current density. Qualitatively
similar behaviours are generated using Jon = Joo(H/H)'2. Here, as expected from the
weaker dependence of Jem on H, the spreads in the varistions of 1. are narrower than that
encountered for the Kim case.

B. Evolution of the Curves of I versus H,,, as a Function of Hy.

In Fig 6.5b we displayed the data of Kwasnitza and Widmer on the behaviour of I
at Hr= 0 as a function of the remanent trapped flux produced by reversal of the sweep of
H, at various values, denoted B, = pHy., along the envelope of the major symmetric
hysteresis curve (see Fig 6.4a). In the discussion in section IIC we noted that, barring
strong bias magnetic fields, the image of their I, versus H,, curve would be observed if
path 2 had been traced prior to the measurements of L. at H, = 0. In Fig 6.5¢ we displayed
our modeling of their experimental curve shown in Fig 6.5b. Now in Fig 6.9a we
reproduce again this calculated curve and also display its theoretical mirror image. The
labeling of the families of paths corresponds to that of Fig 6.4a and b.

The evolution of the curves of L. versus He., as a function of the final H; ranging
from O to large values, which our model predicts is displayed in fig 6.9. Again, these
curves are insensitive to the choice among our four models for H, versus M,. Indeed a
similar family of curves is obtained using the linear approximation H, = C M;(H,). The
curves in Fig 6.9 were calculated assuming the Kim approximation Jem = Joo(Hi/H).

Again, qualitatively similar behaviours are obtained using, Jom = Joo(H)/H)'2. Here, as
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Fig 6.9. Displays the evolution of the dependence on H, of the curves of I versus
the reversal fields H,,, which is predicted by our four models for H, near the edge of
the specimens and also taking H, = C M,.These curves are insensitive to the
approach exploited in calculating H,. Unfortunately the only measurements
available in the literature to compare with these predictions are those of Kwasnitza
and Widmer{® at H, = 0 reproduced in Fig 6.5(b).
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narrower than that encountered for the Kim case.

It is unfortunate that Kwasnitza and Widmer did not tabulate the reversal fields
associated with their measurements of L. versus M; at u Hy = 0.8 Tesla by paths 1 and 2.
As a consequence we have no comresponding data to compare with the high field
theoretical curves of Fig 6.9.

V  Comparison of H; gpe and H, o4 versus H,

As we conclude this chapter which studies the behaviour of I in circumstances
where H; is clearly a double-valued function of M,, the reader can quite correctly
question the validity of the messages developed in the two preceding chapters where we
focused on and applied the simple linear approximation H.(H,) = C My(H,) to describe
several features of I hysteresis phenomena. It is therefore important that we comment on
this dichotomy. '

In chapters 4 and 5 we focused on experimental observations of I. hysteresis
behaviour where the measurements were carried out and reported as a function of H, for a
variety of “standard” H, - T histories (eg. ZFCV, ZFCD, FCV, FCD, ZFCreAs, FCreAs).
To pursue this analysis we exploited simple well known schemes to describe the
evolution of M(H,,T) for this variety of H, -T histories. Then to describe the associated
retum fields as a function of these H, - T histories we introduced the universally accepted
simple magnetic dipole picture where H{(H,) = C My(H,).

In this chapter however, we have focussed on the return field H,(H,,T) along the
edges of the grains. We estimated these return fields and their relationship with the
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corresponding evolution of My(H,.T) and found H,, hence L, to be double-valued
functions of M, for opposite pairs of paths in the M ~ H, plane terminating at the same
Hy¢, and the same M; in magnitude and sign. Note that the double-valued feature of H,
comes into play in the situations where M, is made to migrate from one envelope of a
major or minor hysteresis curve towards the opposite.

To place these two different ways of estimating H, in perspective it is useful to
compare the curves for the behaviour of Mg(H,) {denoted H; gipoie(Ha) = C My(H,)} with
the corresponding curves for H/(H,) calculated along the edge of the grains, denoted
H; ctge(t). Such comparisons are displayed in Fig 6.10. Here we show Mg(HoVM;
and H; cgse/Hr edge max fOr the basic H, — T histories, hence the basic L. hysteresis curves
pursued in experiments (ZFC, ZFCD, ZFC reAS, FCD, FCreAs).

The reader will note that corresponding curves are qualitatively similar but that
the H, edq: curves rise and descend more steeply than the related M; curves. Consequently
the curves for the evolution towards plateaus and other behaviour as a function of H,
which we have examined in chapters 4 and S are only slightly different if H: edge is
introduced in the modeling. We have seen already however that the different models for
M;(H,) lead to curves which differ from each other semi-quantitatively. Consequently,
the detailed descriptions of the evolutions of various features can be viewed as qualitative
only. Indeed, because of the inevitable inaccuracies in the measurements of L, the data
curves generally only provide a qualitative picture of the evolution towards “plateaus”.
Consequently we finally focused on “plateau™ values, hence saturation states for the
magnetization where Hy oqq: is single valued, to obtain reliable quantitative information on

the retumn fields. At these “plateaus™, M; lies along the envelopes of the hysteresis curves.
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Ha/H®
Fig 6.10. Illustrates and compares the evolution versus H, for My/M; ;.
hence H, 4, = C M,, (dashed curves), and, H, 4/H, ,, (solid curves)
for the ZFCV, ZFCD, ZFCreAs, FCD and FCreAs procedures. The curves
for H, move towards (away from) the corresponding curve for M, as d is
made larger (smaller) in (a) and (b) and n chosen larger (smaller) in (c).
(a) Calculation for thin infinite slab at d = 0.05 using Ampere’s law.
(b) Calculations at d = 0.02 using the Brandt-Indenbom formulae.
(c) Calculation for a slab using empirical formulae with n = 3.
Calculations for a disk using Biot-Savart are very time consuming and
were not pursued.
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single — valued, and thus H; wg = H; gipoie- Therefore the central messages of chapters 4
and 5 are not modified if we now introduce the models for H; o4 in the calculations.
Since the observations discussed and analyzed in chapter 4 and 5 are not sensitive to, and
do not discriminate between, the choice of a single-valued H; gigoke, OF a double-valued
function Hr ese: We elected there, for simplicity, to apply the “traditional” linear dipole
approximation H, = C M,

VI Summary and Conclusion

Kwasnitza and Widmer investigated the dependence of the critical current L. in
gxmmarsuipsonBCOonM,,themagneﬁuﬁonofthegninsinaﬁnalﬁeld,l-lf=0,
and a large final field poHr = 0.8 Tesla. In both cases they observed that, magnetizations
ofthesamemagnitudcmdpohﬁty,butgenentedbyoppositepathsintth,-H.plane,
led to very different values forLinthesameébosenH;.Theseresults indicate
unambiguously that H,, the return field of the magnetized grains is a double-valued
function of the magnetization when M, is migrating from an envelope of a hysteresis
curve towards the opposite. Under these circumstances two concentric zones of
countercirculating currents are generated in the grains. In these situations the ideal dipole
linear approximation H; = C M; is not correct.

Applying Ampere’s law to a thin infinitely long strip and the Biot-Savart egnto a
thin disk we develop expressions for H, cormresponding to the magnetizations which
comprise two concentric zones of oppositely circulating persistent currents. Formulae
developed by Brandt and Indenbom for thin infinitely long strips are extended to describe
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expressions for H; analogous to the well known formulae for the magnetization of thin
strips and thin disks sustaining countercirculating patterns of induced currents. All of
these simple prescriptions successfully describe the dramatic observations of Kwasnitza
and Widmer for the double-valued behaviour of curves of I versus M, at Hy=0 and at a
large H. Consequently we pursue our model to make predictions for the behaviour of
curves of I. versus M; at intermediate values for Hi. We also make predictions on the
behaviour as a function of Hy of the curves of L. versus the reversal fields H,, in the field
cyclesleadingtotheﬁnﬂmgneﬁnﬁons.ﬂaehoweverﬂ)eonlydmwaihblefor
compuisonwithomﬁmﬂyoftheoteﬁcalcmvesmthemiquemmmemsof

Kwasnitza and Widmer at H;= 0.
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Chapter 7
General Concluding Remarks

A. Research Reported in this Thesis
In this closing chapter, as we summarize the main message of this thesis, we
endeavour to delineate clearly the ideas which already exist in the literature and our new
original contributions to the understanding of magnetothermal and critical current
behaviour of weakly-linked granular type II superconductors.
Themonotonicexpld:ionmdrealnyofmagneﬁcﬂudmingslowcoolingﬁom
Tcmdrewuminngcofsinglecrysnlsoftypepraconducmrsinsuﬁcappﬁed
magnetic fields has been examined theoretically by several workers™: 3 6. 67. %] The
models these workers present to account for the observations are conceptually identical
and the mathematical formulations very similar. For completeness and clarity we have
presented this standard background picture and a simple mathematical framework in
some detail. The enhancement of the flux expulsion, hence of the Meissner effect, upon
recooling from T below T has not been previously accounted for in the literature.
Explanation of this behaviour and the observed subsequent growth of the diamagnetism
to a final “stable” thermal hysteresis curve are novel developments by us of existing
ideas. Consequently the various detailed qualitative and quantitative predictions we
generate with our model regarding specific features of the “ultimate” diamagnetic
hysteretic magnetothermal curves are entirely new and could stimulate experimental

study.



The observation by several workers' ™ '] of 3 strong and sharp enhancement of
the diamagnetism of weak-linked granular type II superconductors near T, upon slow
rewarming after fast cooling in static applied fields, has not previously been formally
modeled either qualitatively or quantitatively. The researchers who have reported on this
phenomenon have discussed possible explanations for this behaviour but no detailed
physical and mathematical model were put forward. The simple framework we develop
mathematically, which incorporates, our extension of the established model for the
magneto-thermal behaviour of single crystals in static applied magnetic fields, into a
weak-linked medium (matrix), is new and original. We show that this simple model
successfully reproduces a panoply of experimental curves and a variety of features and
trends exhibited by these measured curves.

This model also accounts for the progressive growth of the diamagnetism of weak-
linked granular specimens subjected to thermal cycling below T. reported but not
explained by Hyun!®! or by other workers. Further we indicate that the model predicts the
generation of “ultimate” stable thermal hysteresis loops after extensive cycling.
Publication of details of guch predictions may encourage experimental verification.

All workers examining the phenomenon of L. hysteresis in weak-linked high T
superconductors have pursued the Evetts-Glowacki concept'*®! in the framework that the
return field H; of the grains is linked to the evolution of their magnetization via the linear
dipole approximation where H{(H,) = C M(H,). In chapter 4 we apply this simple picture
and show how a pictorial display of the curves of H,, hence M,, versus H,, and the
intersection of these curves with the -H,, line readily accounts qualitatively and

quantitatively for a large variety of features in the evolution of the position of the peaks
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pedagogically useful. Most importantly however, we find that measurements of the
location of the peaks of L, when threshold values for H™™ and H™ are exceeded,
unambiguously lead to determination of the compression coefficient C. This is obtained
quite simply by taking the ratio of HLZ, /Hoow'® which is predicted to be the same as
the ratio HD | /H(3A°. Unfortunately we find that only one measurement of the latter
ratio has been published in the literature. We hope that publication of our theoretical
analysis will serve as a guide to future experimental work.

All theoretical examinations of the structure and evolution of the peaks of L. versus
H,, except the analysis of Mishra et al'®!, exploited the same crude formulae distantly
and artificially related to the Josephson junction Fraunhofer diffraction pattern. In chapter
5 we apply the critical state current density concept to develop simple formulae to
describe the dependence of 1. on H, for an idealized slab specimen.

Families of formulae for L. versus H,, are then developed using different generic
empirical expressions for J((H,). Focussing on one especially simple member of this
panoply of critical state equations we show that this framework readily reproduces a vast .
assortment of experimental observations on the structure of and behaviour of hysteretic I.
curves: 40. 0. 52. 59, 8, 91 102, 116, 156, 15T) 1 sarticuiar we show that the “Josephson™
approach applied by List et al’®!! in their analysis of their measurements of the effect of
trapped flux on L. leads to conclusions regarding the temperature dependence of the
grains and junctions which are in disagreement with other data!"*! and with the results of

our critical state model.
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versus M;. Their plots of L. versus M; revealed that two appreciably different values for
L(H;) were encountered for values of My(H) of the same magnitude and sign lying
between the limits of hysteresis loops. This shows most dramatically and unambiguously
that the linear dipole assumption, H, = C M,, is not exact when M, is made to migrate
away from the hysteresis envelopes. This failure of the dipole approximation remains
hidden however when data are plotted versus H,, eg. H”™™, H™, H,cver, €tc.

In chapter 6 we introduce four simple methods for calculating the return field at the
edge of thin strips and thin disks as a function of their magnetization. We show that the
curves of He edge versus H,, and of the corresponding H; gpoie = C M, versus H,, are very
similar (although the ascents and descents are always initially much steeper in the
former). As a consequence of the similarity of these curves, analysis of L. hysteresic
behaviours as a function of H, does not discriminate between these two approaches.

We find that, all of the four approaches we have explored to estimate H; o4 as a
function of M,, are equally successful in reproducing the double-valued I. versus M,
curves measured by Kwasnitza and Widmer at Hy = 0 and H¢ large. Consequently we |
make detailed predictions on the evolution of these double-valued curves at intermediate
values of Hy. We also make predictions for the corresponding behaviour of the curves of
L versus the reversal fields Hry over the range of Hy from O to large values. Again,
hopefully such predictions may invite experimental investigation.

Kwasnitza and Widmer did not present an analysis or model for their observations
and none has subsequently appeared in the literature. Consequently the account we

present in chapter 6 is completely new work.



B. Published Research in which I Participated.

Research 1 have pursued in collaboration with other graduate students under the
supervision of Dr. Marcel LeBlanc is not included nor referred to in this thesis, hence I
mention this work here and the role I played.

(1) “Generation of quasi-reversibility in a commercial Bi:2223/A, tape by vortex shaking
with varying orthogonal magnetic fields” M. A. R. LeBlanc, S.Celebi and M. Rezeg,
Physica C 361, 251-259 (2001). This paper reports on novel experimental results and
discusses their meaning. I assisted in all of the measurements.

(i) Comment on “Angle dependence of magnetization in a single-domain YBa;Cu;O,
sphere” M. A. R. LeBlanc, Moh’d Rezeq, Daniel S. M. Cameron and David LeBlanc,
Phys. Rev. B 61, 3745 — 47 (2000). | )

A group from the University of Cincinnati and Brookhaven National Laboratory,
B. A. Tent, D. Qu, Donglu Shi, W. J. Bresser, P. Boolchand and Zhi - Xiong Cai,
Phys. Rev. B 58, 11761-67 (1998) reported on their extensive measurements and
presented a detailed model for their results. The formulae which the authors
developed from their model contained errors which led to strange extra features in
their calculated curves. The correct expressions were developed by Dr. LeBlanc and
the families of curves calculated with these reproduced the data. Dr. LeBlanc, placed
my name second on this paper in recognition of the major role I played in the analysis

and computations.



C. Research Completed but not Reported in this Thesis

The concepts and framework we have presented in this thesis have been extended and
adapted to model observations of the behaviour of weak-linked granular type II
superconductors in a variety of other situations. This analysis and the computations are
essentially completed. Dr. LeBlanc however decided that I didn’t need to include this
work in this already long thesis, and recommended however that I should briefly describe
their nature.

() Stracture of <M>p, versus H™™ and H™ procedures.

Many workers™% ™ 102 104 105, 107) pove ohserved that <M>em the remanent
magnetization of weak-linked granular type II superconductors, whether low or high T,
displays sometimes quite dramatic peaks just before tracing common plateaus as a
function of H™ and H™. By contrast single crystals exhibit monotonic rises to
common plateaus. The pelk.strucm is attributed to the effect of the retumn field of the
magnetized grains on the currents induced to circulate through the intergranular network.
Our simple model based on this idea reproduces the extensive variety of observations.

(ii) Peaks in dl/dt versas <M>qq.

Altshuler et al”® have found that the critical current in high T, polycrystalline ribbons
permeated with trapped flux increases with time. dL/dt, the time rate of increase, exhibits
a sharp peak as a function of <M>em, the remanent magnetization. These workers present
a mathematically complicated model with several ingredients to account for this
behaviour. As a consequence the physics of the phenomenon remains unexplained.

Exploiting a simple critical state expression for I. for an idealized slab and
introducing the standard description of <M>em versus H*™ and H”* we reproduce their



observations and present predictions for a variety of related behaviour. In our model it is
quite clear how the magnitude of <M>pm affects the configuration of the intergranular
current density in the specimen and thereby dictates its rate of change with time.

(iiif) Expulision of Flux by Hollow Cylinders Cooling from T, in Static H//

Workers have measured the fraction of the magnetic flux, initially threading the
wall of a hollow cylinder of a polycrystalline type II superconductors immersed in a static
field H/ directed along the axis, which is expelled into the cavity and to the outside
world as the specimen cools from T.. Exploiting a simple extension of our model
presented in chapter 3 we can successfully reproduce the published observations and
make predictions of a variety of behaviour expected as the relative magnitudes of the
parameters In(T), J(T) and J o (T) are modified.

(iv) Summation of Parallel Al,

Pursuing the simplified percolation picture exploited by several workers!™ '*- 16 118.
1191201 where the total critical current L is a non-linear summation of contributions, AL,
flowing along parallel paths each affected by a different return field, we have accounted
for the intricate spectrum of FCD and FCreAs peaks in I. versus H observed by
McHenry et all'®]. Here the observed spectrum of FCD peaks descend dramatically in
height and increases in width whereas the FCreAs peaks exhibit the same height and
width as a function of H*™ over a broad range extending from 50 to 3000 Gauss.
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D. Abstracts of posters presented at CAP Conferences
(i) CAP Coagress, June 2-5, 2002, Laval University, Quebec, QC

1- Effect of Trappes ical Curre ak-Linke nul;
Superconductors. Moh’d and M. A. R. LeBlanc, Physics Dept, U. of Ottawa, ON
KIN 6NS5- Several researchers{1-6] have studied the dependence of I yem, the critical
current in zero field of weak-linked high T. superconductors, on the remanent flux
density <Brem trapped in the grains of the specimen by H, = Heye in the zevo field
cooled (ZFC) and H, = Heon in the field cooled (FC) procedures. <Brw> trapped in the
grains by these procedures has the polarity of Heyeie a0d Heoot. Kwasnitza and Widmer(5),
after ZFC, followed a field cycling procedure which leaves the grains filled with two

concentric zones of countercirculating persistent currents, hence generating
configurations where a zone with +Bren(r) embraces one with -B.en(r). A simple critical
state model for L rem versus <Brem> based on the Evetts-Glowacki concept{6) reproduces
the published results.

1. A. J. Batista-Leyva, R. Cobas, E. Estévez-Rams, M. T. D. Orlando, C. Noda and E.
Altshuler, Physica C 331, 57 (2000).

2.F. A. List, D. M. Kroeger, V. Selvamanickam, Physica C 275, 220 (1997)

3.K. -H. Milller and D. N. Matthews, Physica C 206, 275 (1993)

4. E. Altshuler, S. Garcia, J. Barroso, Physica C 177, 61 (1991)

5. K. Kwasnitza and Ch. Widmer, IEEE Trans. Magn. 27, 1202 (1991)

6.J. E. Evetts, B. A. Glowacki, Cryogenics 28, 641-649 (1988)

. - REIGY " o 1 " LAl ! A =1 ! L]
Superconductors. M. A. R. LeBlanc and Moh’d Rezeq. Physics Dept, U. of Ottawa, ON,
KIN 6NS- Several workers [1-6] have reported that the critical conduction current I
sustained by granular high T. specimens during the first application of the magnetic field
H, after zero field cooling (denoted ZFCV curves) traces a valley then a broad summit.
An claborate model by Fisher et al[1] attributes the valley to the effect of the reversible
magnetization of the grains on the intergranular current density J.,,. Valley bottoms
however occur at values of H, larger than H,(T). We present a simple critical state model
for L. where Jom < 1/(H,+H,)", n > 0, where H; is the return field of the grains magnetized
by H,. The magnetization of the grains, My(H,) is calculated for idealized slab and
cylinder geometry with the intragranular current density i <1/u with p > 0. This model
exploiting the Evetts-Glowacki concept[6] reproduces the published resulits.

1. L. M. Fisher, N. V. II'in, N. A. Podlevskikh and S. 1. Zakharchenko, Sol. St. Comm.
73, 687-690 (1990)

2. Uri Dai, Guy Deutsher, C. Lacour, F. Laher-Lacour, P. MocaZr and M. Lagués, Appl.
Phys. Lett 56, 1284-1286 (1990).

3. Y. Yang, C. Beduz, and S. P. Ashworth, Cryogenics 30, 618-625 (1990)

4. M. Majoros, M. Polak, V. Strbik, S. Benaka, S. Chromik, F. Hanic and V. Plechacek,
Supercond. Sci. Technol,, 3, 227 (1990)
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5. P. K. Mishra, G. Ravikumar, P. Chaddah, S. Kumar and B. A. Dassnnacharya, Jap. J.
Appl. Phys. 29, L1612-1614 (1990) :
6.J. E. Evetts, B. A. Glowacki, Cryogenics 28, 641-649 (1988)

(ii) CAP Congress, June 17-21, 2001, University of Victoria, Victoris, BC.

Immwm;% oh’d Rezeq and M. A. R. LeBlanc, U. of
Ortawa, - The model of Clem and Hao""! and of Hyun'!, which describes the evolution of
the diamagnetic magnetization <M> of hysteretic isotropic single crystals of type II
superconductors during slow cooling from T, and the subsequent behaviour during slow
warming in various static magnetic fields H< H,, ,H> H,; and H< H., H> H., the full
penetration field, has been extended to account for the observation of <M> vs T for
weak-linked granular high and low T. materials in these circumstances (Jung et al*land
Wang and Joiner'”). The model also explains the appearance of a deep diamagnetic
valley in the locus of <M> vs T during warming after slow and fast cooling which they
report.

[1]J. R .Clem and Z. Hao, Phys. Rev. B48, 13774 (1993)

[2] O.B. Hyun, Phys. Rev. B48, 1244 (1993)

(3] J. Jung , M. A - K . Mohamed, L. Issac and L. Friedrich, Phys. Rev. B49, 12188
(1994)

(4] ). P. Wang and W. C. H. Joiner, Phys. Rev. B50, 1253 (1994)

2- Return Field of th _ rains in L. Hysteresi Polycrystallin

i M. A. R. LeBlanc and Moh’d Rezeq, U. of Ottawa - The effect of the
magnetization <M> on the critical transport current (I. hysteresis) of weak-linked
granular YBCO plate-like samples at 4.2K was studied by Kwasnitza and Widmer!'!.
They observed two very different values for L in the same final applied field B, after two
different field-temperature histories where both led to zero net magnetization before I
was introduced. A simple model which implements the proposal of Evetts and
Glowacki®! that the superposition of the return field of the magnetized grains and the
applied field B, is responsible for the hysteresis in I, is shown, to account for the above
apparently paradoxical observations.
[1] K. Kwasnitza and Ch. Widmer, IEEE Trans. MAGN. 27, 1202 (1991)
[2] J. E. Evetts and B. Glowacki, Cryogenics 28, 641 (1988)
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Appendix 4.A

Maguetization Curves for an Idealized Siab with Surfaces // to H,

For completeness we present the expressions for the magnetization M, for a grain with
idealized slab (planar) geometry with H, directed parallel to the surfaces situated at
x =X and taking J.; independent of the flux density. The boundaries of segments of the
field profiles H(x), are now labeled x;, x,, X, instead of r;, 1, and r,. The magnetization can
be calculated by focusing on the magnetic moment u of a volume of height Z along H,,

length Y along Jo5 1 to H, and thickness X, and writing,

T3 qu 'XHX)
M=s—e—-== = = = A-1
= XYz x!"d" H",’(x X A
For all the temperature-field histories the profiles of the magnetic flux density are
identical to that encountered for idalizedcyﬁndageo;newy.

H
valid for, 0< —t' <1, then M =-T°'when H,2H,.
s

For ZFCD situations where HX® 2 H.,,

el -

valid over the range, (HZ* - H,, )< 2H,,. If HZ*22H,_, the 2™ term vanishes when

(Hq: -H, )= 2H,,.

213



For cases where HZ <H.,,

w245 3]

= HT"[l-z{l-(H::H_j‘u)}z . {1- % }2] A4

For H, reascending from 0 after the ZFC descent from HZ" <H,,,
H ) (xY (xY
MEIAs B9 Ze =L -] =i
. 2{ ’(X) ”(X) (x)
H H 2 o 2 o 2 A5
S — 1-2{1-_-L} +2{1__-_} _{ __—.}
2 2H,, 2H,, H,
The 4™ term vanishes if HZ" 2 H,, , and the 3" term vanishes if HZ* > 2H,, .

For H, descending after field cooling in H*,

] .

H
valid until (H™ - H, )= H,,, then M, =t

When H,, denoted H, , is reascending after a descent to zero from H™ 2 H,_,

S]] .

H
valid until Hy = 2H.,, then M, =-—%.

When H, is reascending after a descent to zero from H™ < H

”!
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[ 2 2
H b ¢ X
Mo __Bl1-2 == 2
¢ T {x) "(X)J
i 2 2
H csol
. 1_2{ -&} +{ -5_}
2 2H,_ H,
valid until H, = 2H™. As H, continues to reascend beyond H, =2H" <2H,,,
2
H x| H H, -H™
Mromas _ __ 8 1-(_') Prp. X § P § T Pt e, A-9
' 2[ X 2 ",

valid until x; = 0, hence (H, ~H™ )= H,,. As H, continues to reascend M, = -H., /2.

Appendix 4.B

Magnetization Curves for Ribbon with Surfaces L to H,

Brandt and Indenbom!"®! have developed expressions for the magnetization of a slab
of thickness d, width 2X and infinite length L where d << 2X. The critical current density
Jcg is independent of the flux density and the magnetic field is directed / to the thickness
d, hence 1 to the XL plane. We adapt these expressions to describe the magnetization of
an idealized grain for the various field-temperature histories we have addressed in chapter
4.

For H, increasing after zero field cooling
M = '[Hn tlnh(C,H., /Hy )] B-1

When H, is decreasing after an excursion to Hupgy,
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M =-H, [anr{c, %]-zmh[‘;—’——(ni:}l“ ))] . B-2
= T

- v 2tamh {(;z { n_,};:i_- )}

M;RHAS =_H

d

where H,, denoted H ;is reascending after descending t0 Hma, and
-HZ' <H_, <H_,. In our application of eqn B-3 we have focused on the special case
where Hpin = 0.

For H,, denoted H, , descending from any arbitrary value of H*,

cool _ . .
M;® =-H,, mh{C,(H—H—-]} B-4
H'l

For H,, denoted H , reascending after a descent to Hyin from H™,

S e e Rt

where -H* <H__ <H™. In our application of eqn B-5 we have focussed on the

special case where Hpin = 0.
Again we introduce the magnetic dipole framework to describe the return field and

write,

H, =-CM,(H,) B-6
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Appendix 4.C

Onset of Piateaus in Curves of Peaks of I, versus H™ or H™

For completeness we present expressions for the minimum values of H™* and H™
required to generate the peaks of I versus H, for ZFCD, ZFCreAs, FCD and FCreAs
procedures. The edge of the piateaus of the various curves illustrated in Fig 4.6 display
the applied magnetic field present when the summit of these peaks of I, are encountered.

Since for idealized cylinder geometry the maximum magnitude of the return field
H™ =CH,, /3 and for the siab H™ =CH,, /2 we see from inspection that the lowest
intersection, labeled o in Fig 4.4a, is generated by a prior excursion to a field

HZZ* denoted HZ®, which reads,
cycle ZFCD [ C
He =Hee =H™ +2H,, = (—3 + Z)H_. C-1

for cylinder geometry, and

HXX =HID =H™ +2H,, =(£2:—+2)H.‘ C-2 .

for slab geometry.

In these expressions, the first term states that the peak of I. occurs when
H?™ =H, = C Hey/3, or C Heg/2. The second term arises because in the critical state
model for idealized cylinder and slab geometry, when J is taken independent of H, a
descent of H, over a range 2H., is required to cause M, to swing from the maximum

diamagnetism at HZ* = HZZ to the saturation paramagnetism.
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The lowest intersection labeled by a data point 8 in Fig 4.4a indicates the onset of
H2SsM . To cause the locus of H; to travel to this intersection requires that the remanent
magnetization at H, = 0 be generated by an excursion of HZ" to a minimum strength
= 2H,, for both idealized cylinder and siab geometry. Consequently, we write,

HZS =HZ'=2H,_ C-3

The lowest intersection, indicated by a e in Fig 4.4b shows that the descent of H, in

the FCD procedure begins from a minimum value of H* which reads,

HIZ <H™ <H, +H™ =H, +H, Cc4
for cylinder geometry and,

HS =H,, +£2:-H,. | (oX
for slab geometry.

Note that a decrease of H, by an amount not less than H. is required in both of these
geometries to generate the maximum trapped flux in the specimen.

The lowest intersections labeled by a O in Fig 4.4b indicates the threshold for
Hio'. To cause the locus of H; to travel to this intersection requires that the remanent

magnetization at H, = 0 correspond to the saturation amount, and a descent of H, after
field cooling in a minimum field,

H™ =HE™ = H,, C-6

is required to achieve this resuit in both idealized geometries.
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We note that the Brandt function for My(H,) increases monotonically to a platesu
over the entire range 0 <H, /H,, <= , hence no precise onset values can be identified
in this case. |

Since for idealized cylinder, slab and Brandt-Indenbom geometries the values for
the position of the peaks in the I; curves approach the plateaus asymptotically, we do not
expect that experimental researchers will devote much effort to studying these onset
values in the behaviour of L. hysteresis. Consequently this appendix is perhaps of
“academic™ interest only.
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Appendix S.A

I versus H,: Modified Kim J.(H)
Milller et al"''7) addressed infinite slab geometry with H, // to the large surfaces at x =
0,and x = W, and L to the critical current L, taking Hyw = H, + Hn(x), they write,

JemeHy

J = — - A-1
* H'+(H,+H_(x))

The critical state concept and Maxwell’s eqn, dHun(x)/dx = + J.m leads to the integral

formula,
H,+lJ2 w
HH: +H, +H, (M) ]!H.(x) = H} fdx A-2
H,-L /2 °
When H, > [/2, the integral leads to,
I ol l ael
(n + )HZI, +(H, + ?‘) -(H, - ?‘) =] WHI W(n+1) A-3

When H, < /2, it is convenient to introduce a boundary x, where (H,+Hn(x)) =0 as
illustrated in Fig 5.1. Integrating eqn A-2 from x, to W leads to,

(n+1)H;(H,+17°) +(H,+I?‘) =]  HI(@+1I(W-x,) A4

Integrating from x = 0 to x, and taking into account that J., depends on the
absolute value of Hyal, leads to,

(n+l)H;(I?°-H,J +(£2°—-H,) =] L Hi(n+1)x, A-5

where H; < L./2.
Combining eqns A-4 and A-5 leads to,



(n+l)H;I,+(H,+I?‘) +(I?°-H,) =J LH (n+ YW A-6

When H, = 0, eqn A-1 is identical to eqn 5.6 for all n, hence eqn A-3 and A6 are
identical to eqn 5.10 and 5.12.

When Ho 2 0and n =1, eqn A-3 is identical to eqns 5.10 and eqn A-6 to eqn 5.12.

Workers have found that eqns A-3 and A-6 describe the behaviour of L for
Josephson junctions in weak fields when n » 3724,

It is useful and convenient to normalize eqns A-3 and A-6 with respect to the
situation where L/2 = H,, then denoted L and H,..

Under these circumstances eqns A-3 and A-6 lead to,

@+DHI, +I% =K*™' =J _ WH"(n +1) A-7

ael
k™' = (15) =(@+1h2 +1 A8

where we write h, = Hy/1s.

Consequently eqn A-3 reads,

(m+Dh3(, -1)+(h, +’3) -(h, -'—2-J =1 A9

where ic = L/Lcs, hs = Hy/L+. Eqn A-9 applies when b, > i./2.

Eqn A-6 now reads,
i ael i nel
(@ +1Dh2(i, -l)+(h, +—°) +(-5-- .) =1 A-10
2 2
which applies when h; < i./2.
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Appendix 5.B

I versus H,: Exponential J.(H)

Milller et al!!!”) exploit eqn 5.4b and write

H.(x) _ +J _(H,) =] e Furtall8,

dx
The integral formulation reads,
H,+(1,/2) v
}c“"""‘“"’ ll'tl!-l_(x) =%J Idx
Hy~(1,/2) °
The case where H, > 1./2 leads to,

e /YA, _ RO /DYH, _ W
H,

which can be written,

Smh(—l-‘—) = (iﬂ_-ﬂ}-“-’ H,
2H, 2H,
Let L. denote I, when H;, = L/2, then eqn B-3a leads to,

I W

I.=H n{l+=—
=B nf1+ 2=V

When O0<H, <I_/2, it is again useful to identify a plane, denoted x,, where

B-1

B-2

] B-3a

B-3b

B4

H, + H_(x) = 0, and perform the integration in two steps. The integration from x, to W

leads to,

Lt | Jm(W-x,)
H,

B-5a



Since Jom depends on the absolute value of H,+Hn(x), the integration over the

volume 0 < x < x_, leads to,

L) Tex, B-Sb
H,
Combining eqns B-5a and b leads to,
‘k ] L 1 ]
K NC L SITe B6a
H,
which can be written,
1+J""'w
e;l'"T— 2H, B-6b
Cosh(H, /H,)
Let L. denote L. when H, = 0, then eqn B-6a reads,
J W
I.=2H, In{]1+—== B-7
=T {+ 2H, }

L, JomoW, H; (hence H, and H,) in eqn B-3a through B-7 are normalized with respect to
H, which controls the exponential rate of descent of J., versus H. It is again useful to
renormalize the calculated curves with respect to I/2 = H,. since in this format the
structure of the various curves of ic = I/I.» with different J.n,W and H, intersect at h; =
0.5 wheni, =1.

Appendix 5.C

I versus H,: Kim J, in Normalized Form
In the computations it is useful to exploit eqns 5.10 and 5.12 in normalized form. It
is convenient to normalize the quantities H,, H; (hence H; = H,+H,), . and K to the value

of L. denoted L in the situation where, for idealized planar geometry, the self field Hm(x)
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=0atx =0 and L = L. at x = W. The boundary conditions under these circumstances
then dictate (see Fig 5.1c) that, H,, denoted H,e, is equal to L./2. Welet.h°=HJI¢o,b.=
Ho/les, by = Hl/leo, by = Hy/lco, k = K/, ic = L/Lc» hence, ice = Lo/Iee = 1. Introducing these
normalized quantities into eqn 5.10 and 5.12 and noting the important feature that,

H 1./2 1 .
h, =—f=t " =— wheni_=1 C-1
T 1, 2l |

hence at the “boundary” where both eqns 5.10 and 5.12 are valid, we see that both eqns

lead to
(h' +l)-ol _h:d = klﬂ C.2
Consequently eqn 5.10 normalized reads,
i s+l i ael
(h. +h, + 3‘) + (h. -h, + ?‘) =(h, +1)*" +h> C-3

valid when i, 21 and b, < 1/2.

Eqn 5.12 normalized reads,
i nel i el )
(bo+b sl (b, 0m, - = e -ne o

valid when 0<i_ <1 and h; > 172.
A very useful advantage of these two formulae is that the critical state curves of i
versus h, with different values for h, and n all intersect at i = 1 and h; = 0.5, hence their

qualitative behaviour can readily be compared.
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Appeadix 5.D

Field Profiles and M, versus H,: Kim J(H)

For idealized slab and cylinder geometry, Maxwell’s eqn VXH = J and the critical

J _H?
i J=4] =S
state assumption that, - (H+H,)'
leads to,
dH J 1}
&r ** "(H+H)
and the integral form,
R
ll}(H +H,J'dH = +J_H [dr
Hg(r) r
Hence, when H, is first ascending,

1An+l)
H. (r)l =[(H. +H° )‘ﬂ _(n+1)JmR(l-~;-)H:] —H°

which applies over the range r, <r <R as illustrated in Fig 5.17a, where,

(l_r_.,)= (H, +H, )" -H;"
R (n+1)J RH}

When H, descends from Humex, €qn D-3 leads to,

1Anel)
H, (1), =[(H, +H, )™ +(n+l)JmR(l-é)H,‘] -H,

which applies over the range r; <r <R as illustrated in Fig 5.17b.
The continuity of Hy(r) requires that,
Hg(r) = He(ri)2

D-1

D-2

D-3

D-5

D-7



Hence introducing eqn D-4 where H, = Hou, and eqn D-6 into eqn D-7 leads to,

H(), Home

Fig 5.17. Displays the field profiles Hg(r) for idealized cylinder and slab
geometry. (a) Sequence of Hy(r) when H, is impressed to a virgin (zero
field cooled) specimen. Hye denotes H, when r, attains 0. (b) .... curves
show sequence of Hy(r) as H, increases beyond H, = Hgee where Hy(r), =
Hge at 1, = 0. Dashed curves, labeled Hy(r); display sequences of profiles
when H, is made to descend from various Hye, values. Note that with
Hrmax > Hgee, then when H, descends to zero, Hy(r); = Hpe at r = 0. 1;
denotes the intersections of the flux trapping induced currents with the
previously generated field shielding induced currents
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(e

Let Hye denote the full penetration field H, for the situation where, Hy(r); =0, atr=r,
= 0. Then eqn D-4 leads to,
H,. =[n+ DI RH? + H™]*™" g, D-9
Let Hyee denote the “double” penetration field H, for the situation where
H,(r), =H_, at,r=0. Then eqn D-4 leads to,

H.= kH,. +H, " +(n+ l)J'RH,']K”" - D-10
=R@+ 1y _RrE? + B ] _g,

where in the 2™ line, we have introduced eqn D-9 for Hye + H, appearing in the 1* line.

The variety of flux profiles are displayed in Fig 5.17 where the quantities Hge and
Hges are also identified. The grains are diamagnetically magnetized to saturation when H,
ascends beyond H,—.Inordettomagnetizcthegninstouumtionwhenﬁ.isdscending
from Humex requires that previously H, ascending, hence Humex €xceeded Hgeo.

The magnetization of a grain visualized as an infinite slab or cylinder is

calculated using the definitions,

,%:j (xpx-H, = f“ ()i - H, D-11
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