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SUMMARY

The penetration of magnetic flux into superconducting
nioﬂium and tantalum films, derosited by sputtering on the inside
of cylindrical substrates, has been monitored under conditions of
an a.c. magnetic field arplied parallel to the film surface. The
energy dissipation associated with irreversible flux motion in the
film has been measured, and an attempt has been made to explain

results on the basis of critical state models..

Niobium and tantalum films were prepared by sputtering
with a d.c. glow discharge in an argon atmocsphere. A cylindrical
geometry was adopted to depcsit films on the inner surface of
cylindrical substrates, and the gettering action of the sputtered
niobium oxr tantalunyyas utilized to obtain a pure deposit at the
substrate. Films up to 1 um thick were deposited on quartz
cylinders, and films from 3 um to 25 pm thick were sputiered onto
copper or stainless steel. To obtain a measure of purity the
critical temperatures of tentalum films have peen obtained, Tc
values indicating a gaseous impurity content of typically 0.2 at.%.
ch has been measured approximately for some thick niobium films,
the results indicating kappa velues of about 5, corresyonding to

about 1 at.% of dissolved gaseous imrurities.
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A 50 Hz a.c. field was applied to one side only of the
film cylinders by means of a solenoid positioned co-axially inside,
the solenoid being shorter than the cylinder to reduce the effects
of field fringing at the ends. Flux penetration into the film was
monitored with a pickup c§il in close proximity to the film
surface in conjunction with a compensation system to remove unwanted
pickup. Losses in the {ilm were measured by means of an electronic
wattmeter technique. HMean power loss and peak flux penetration
for niobium films from 16 um to 25 um thick have been obtained at
4,2 K 2s a function of peak applied field, and comparative
measurements have been made on a thick sputtered tantalum film and
on a srecimen machined from bulk niobium, The results have been

compared with other work on a.c. losses in niobium.

It was found that flux penetration and loss results
cannot be readily explained by any critical state model. More
detailed study of the manner of flux penetration revealed that the
megnetic field renetrates preferentially at localized areas on the
film surface, and that this behaviour dominates to such an extent
that critical state concepts are not apoliceble. Examination of
the films under optical microscope revealed the presence of
relatively large scale defects (macrode’ects) having a size of the
order of severzl microns and being similar in structure to pinholes.
It is concluded that such defects cause localized non-uniform flux
penetraticn by acting as sites for flux line nucleation and

penetraticon into the film,



Causes of macrodefects and means of eliminating them
are discussed, and the work has been related to a possible

practical superconducting a.c. power cable system.
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List of Principal Symbols

In the following list no distinction has been made
between scalar and vector guantities. Many of the symbols are
more fully defined in the text, and any symbols not included in

this list are defined in the text.

b specimen circumference

B magnetic induction

c velocity of light

e electronic charge

e(t) e €, pickup voltage

E electric field

f frequency

Fb Fm Fp force acting on unit length of flux line

h (% =h/2r) Planck's constant

H Bé magnetic field

HC Hco | thermodynamic critical field .
Hcl lower critical field

H@Z H03 upper critical field

AH surface shielding field

J current density

Ie critical current density
kB Boltzmann's constant
1

electronic mean free path

M megnetization
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density of superelectrons

mean power loss per unit surface area
time

temperature

critical temperature

film thickness

energy gap

kappa parameter

penetration depth

coherence length

magnetic flux

peak magnetic flux

magnetic flux quantum
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CHAPTER 1

INTRODUCTICN

Al though the phenomenon of superconductivity was first
discovered nearly seventy years ago, it is only in the past
twenty years that interest in the effect has flourished. Broadly
speaking, there are two aspects of superconductivity which provide
notivation for the very intenSive research which has been, and

still is being, carried out. First is its significance as a

(&3 )
rhysical phenomenon. Apart from superfluidity in liquid helium,
it is the only effect known in which quantization occurs on a
large scale 3 in fact it is macroscopic quantization which gives

rise to the unigue proverties. Superconductivity has therefore been

the subject of much fundamental theoretical and experimental work.

The second reason for the interest in superconductivity is
its practical significance. A material which can carry current
without loss is obviously of great potential in many applications.

A great deal of work has gone into developing the possibilities, to
such effect that sunerconducting solenoids and other devices based
on superconducitivity are now standard equipment in many laboratories,
end commercial uses are rarpidly beccming feasible, Tnis thesis is

chiefly concerned with one aspect of the practical applications,



namely the possibility of developing a suverconducting cable for

a.c. power transmission. I have confined my studies almost entirely

to the a.c. properties of the superconducting material and have not
considered any of the many other important aspects of a superconducting

cable systemn.

The thesis is arranged as follows : In this chapter I shall
introduce some basic properties of superconductors and explain the
reasons for studying particular materials and for carrying out
experiments in a particulzr way. In the next chapter the theory of
superconductivity is developed, particular emphasis being placed on
the aspects which are most relevant to present work. Chapter 3
descrihbes the preparation of specimens in the form of sputtered films,
and experiments to determine some preliminary properties of these are
dealt with in chapter 4. Then follows the main experimental work of
the project, wﬁich i; concerned with field screening by, and magnetic
flux penetration into, the filws when they are subjected to an z.c.
magnetic field applied parallel to the film surface. This part of the
work and the results are presented in chapter 5. Chapter 6 deals
with experiments to determine in more detail the mamnner of magnetic
field penetration into the sputtered layers. Finally, findings are

discussed and conclusions are drawn in the last chapter.

1.1 Some basic nrorerties of surerconductors

This section is a sinrplified account of some superconduciive



phenomena, the theory being developed more fully in chapter 2.
It must be kept in mind that statements made here may be subject
to certain qualifications which wil> become clear later. In
addition to references quoted at the beginning of chapter 2, the

book by Newhouse (1964) provides useful introductory material,

Critical temperature

The resistivity of a normal metal such as copper decrezses
with decreasing temperature, tending to reach a residual value as
tenperature approaches absolute zero. With a superconductor (which
in fact includes the majority of elemental metals) the resistivity
falls abruptly to zero at a temperatare known as the critical

tenperature, Tc’ vhich is typically a few degrees above absolute

zero. If a small magnetic field is applied to a superconductor belcw
TC no magnetic flu¥ penetrates into the body of the specimen, i.e.

it behaves as a perfect diamagnet as well as a perfect ccnductor.
Circulating screening currents flow without loss in a thin surface

layer to screen the interior from the applied field.

Critical field

Now consider a superconductor such as tin, which is known
as a type I superconductor (the significance of this designation
will be explained shortly). It will be assumed thet the specimen
geometry is such 1hat the presence of the superconducting specimen

does not distort za arplied magnetic field and thus ccuse localized



field enhancement, i.e. the demagnetizing factor is zero. An
infinitely long cylinder or infinite slab in a parallel magnetic
field has zero demagnetizing factor, and such a geometry will be
assumed in the discussion that follows. On increasing the msgnetic
field complete flux exclusion persists until at a certain field,

called thecriticsl field, Hc’ superconductivity is destroyed,

normal resistivity is restored and flux penetrates completely into
the specimen. The critical field is a function of temperature.

As illustrated in fig. 1.1 it varies approximately parabolically
with temrerature, thus

H = Hco[l - (T/Tc)?'] (1.1)

Magnetization curve and reversibility

There is no mzgnetic flux inside a superconductor below Hc’
that is, inside the Specimen.E = 0, In the c.g.s. systen magnetic

guantities are related by

B o= E+dénl

Therefore, for the specimen, telow Hc
-4 x g = 5

Since the specimen is diamagnetic IM is negative. A mzgnetization

curve for the tin scmyle with zero deusgnetizing factor can thus te



CRITICAL

NORMAL

SUPERCONDUCTING

Te TEMPERATURE

T

Fig. 1.1 Variation-of critical field with temperature.



drawn either as a B-H curve or as an M-H curve as shown in fig. l.2.
In dealing with superconductivity it is generally more convenient to
plot specimen magnetization M as a function of field as at (b). The

magnetization curve of an ideal specimen is completely reversible,

so that when arplied field is reduced from a level above Hc all flux
in the specimen is abruptly expelled on passing through Hc' This is

called the lieissner effect. It can be shown thermodynamically

(Lynton, 1964) that because the process is reversible the difference
between the Gibbs free energy in the normal state and the Gibbs

free energy at zero field in the superconducting state is equal to
the stored megnetic energy at Hc due to the exclusion of flux from
the specimen. The stored energy per unit volume when the applied
field is equal tc the critical field is given simply by the area
under the mezgnetization curve, i.e.

H
c

’ H
c
6, - G (0) = -fmag = = (1.2)

per unit vol.

Hc is therefore referred to as the thermodynamic critical field.

Penetration denth

When a field less than HC is aprlied to type I material it
is not in fect completely excluded, but penetrates a small distance

into the surface. To be uiore rrecise the field inside a superconductor
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decays exponentially from its value Bo at the surface, i.e.
H(x) = B exp (-x/h) (1.3)

The distance RL is known as the London renetration depth,and in

a type I superconductor well below Tc is typically of the order

of 100 k. The penetration depth is a function of temperature,
tending to infinity as the tenperature approaches Tc. A formla
defining KL in terms of basic quantities is given in section 2.2.
The circulating currents which screen the interior also decay
exponentially with distance in from the surface in the same manner,

being related to field by Ampere's Law.

Type I and tvpe II

All superconductors can be placed in one of two catagories.
Those which exhibif‘behaviour of the kind Jjust described are
designated type I, this class including most of the elemental
superconducting metals. Type I superconductors characteristically
have a rather low critical field, e.g. for tin Hco = 306 QOe. There
is a second class of superconductors, known as tyre II, which inciudes
a great many alloys, and whose nzgnetic properties may differ
radically from those of type I. VWhen subjected to a mzgnetic field

a type 11 superconductor behaves exactly as type I up to a field

Hcl’ called the lower critical field. Above Hcl flux penetrates

into the body of the sreciuen but superconductivity ic not destroyed,



persisting instead until the applied field reaches a value Hc2’

known as the upper critical field. Beyond H02 superconductivity

is destroyed in the bulk of the specimen, but can persist on the

surface to a field HC Like the thermodynamic critical field,

3¢

Hcl’ H02 and Hc vary approximately parabolically with temperature.

5
The upper critical field of some alloys can be very large =— 100,000 Ce

or evern higher,

By suitable metallurgical treatment such alloys can be

made to support very high d.c. current densities within their bulk,

in contrast with the surface currents which flow in type I materials.
Such high-field alloys — sometimes termed '"hard" superconductor -—
are used in the windings of solenoids to generate very high d.c.

fields.

1.2 Superconductivity under time-varying conditions

Hard superconductors can carry very high d.c. currents
without loss, but their dynamic properties are poor. Vhen subjected
to time varying fields or transport currents large losses occur,
the reason for this being their inherent irreversibility, a concept
whick will be dealt with fully in chapter 2. Therefore for a.c.
applicaticns we are limited to areas where superconductive properties
are nore or less reversible, wnich veans tyre I superconductors below
Hc or tyre II below HC

. Below Hc or H . losses nay still occur

1 cl



under a.c. conditions, and it is with the investigation of the

nature of such loss2s that this thesis is concerned.

From a practical point of view it is clearly desireable
to study the metal which has the highest Hc or HCl at the temperature
of interest, which for present purposes will be assumed to be 4.2 K,
the boiling point of liquid helium at atmospheric pressure. The
material which fulfils this criterion is niobium 3 it is type II,

has Tc of 9.2 X and HC of 1400 Oe at 4.2 K. Therefore the majority

1
of studies of a.c. losses in superconductors have been concerned
with niobium. In this work I likewise have concentrated chiefly on
niobium, I have, however, carried out a limited amount of
experimental work on tantalum since it provides useful comparisons,
some of the properties of tantalwa and niobium being very similar,
Tantalum has the advantage that it is easier to deal with from the
point of view of exﬁerimental work. Because its critical temperature
is approximately 4.5 K it is a simple matier to perform experiments
over the whole temperature range from Tc down to about 0.3 Tc in a
liquid helium bath, whereas with niobium the tewperature range
between TC and ~0.5 Tc is only accessible with rather complex low
temperature equipment. It should be notved that tantalum differs

from niobium in one imporiaent respect in that, when pure, it is

a tyve 1 superconductor.



1.3 A.C., superconductive vroperties of niobium

The properties of niobium under a.c. conditions have been
studied extensively. A list of references to work on a.c. losses
in superconductors in general is given by Seebold (1969). As the
superconductive proverties of most metals and alloys, and of niobium
and tantaluu in particular, are very sensitive to metallurgical
structure (Livingston and Schadler, 1964), studies have been mainly
concerned with the relation between structural factors such as purity,
presence of dislocations, etc., and the a.c. loss proverties. Much
of the work on losses in niobium has been on material in the form of
wire with an a.c. transport current. However, as the next section
will show, this is not a very realistic exrerimental technique to
adopt if one wishes to apply results to high capacity a.c. cable
systems. It is more useful to study losses with an aprlied a.c.
field parallel to the specimen surface instead of an arplied transport
current 3 in this way the experimental arrangerent can be made to
resenble niore closely the gecmetry of a cable system. Reports of
loss measurements on niobium under such conditions are rather limited
in number, and much of the work reported uses the technique of

superimposing a relatively small a.c. field on a large d.c. field.

The experimental metrod used here ccnsists of arplying an
a.c. field only, parallel to the surface of sputtered niobium

snecimens.: The work is an extension of investigations cerried out



by Easson and Hlawiczka (1967, 68) on a.c. losses in niobium, and
uses some of the measurement techniques whicﬂ they developed. The
results on sputtered niocbium are compared with results from Easson
and Hlawiczka in chapter 5, and also some limited commarisons are
made with work by Rocher and Septfonds {1967) and Buchhold and

Rhodenizer (1969) whose exreripental methods are sufficiently similar

to enable comparisoens to be drawn.

1.4 Relation to a vractical cable system

Designs for superconducting a.c. transmission cables are
invariably based on a symmeirical arrangement of tubes (Cairns
et al, 1969). A number of different arrangements are possible,
such as a twin tube conductor assembly, or a nulti-tube assembly,
or an arrangenent in which all the conductor tubes are co-axial.
The twin tube system is one of the simplest, and is illustrated by
the cross-sectional diagrem in fig. 1l.3. The superconductor takes
the form of a layer on the outside of each imner phase conductor
tube snd on the inside of each outer tube. The current flows only
on the surface of the superccnducting layers within a depth of the
order of the penetration depth N\, and the associated mzgnetic and
electric fields are confined to the annular space between inner and
outer tubtes. It follows that ihe surerconducting current carrying

layer nced not te inore than a few penetration depths in thickness,

An exrerirentcl arrangement which is ressonably representative
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Fig, 1.3 Twin tube conductor assembly for a superconducting cable.
(From Cairns et al, 196Q)
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of ecnditions in a cable should consist of a thin layer of niobium
vith an a.c. field applied parallel to one side only of the layer,
and without end efrects which would cause unwanied field distortion.
Such a set-up can be achieved by using eithef of the cylindrical
geometries shown in fig. 1l.4. As long as the solenoid is shorter
than the film cylinder the degree of "field fringing round the ends
of the cylinder will be small, and can be arranged not to interfere
with measurements. The system at (b) in the figure was the one
used for work presented in this thesis, the geonetry being dictated
(as will be explained in chapter 3) by the method of film prepartation.
Niobium layers were deposited by sputtering and all investigations

were nade with a.c. field only at 50 Hz.
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CHAPTER 2

TIHEORY OF FLUX PENITRATICN INTC A SUPIRCCHIUCTOR

This chapter deals in some detail with the processes by
which flux penetrates into and moves vithin a superconductor. The
BCS theory is considered briefly, followed by a more detailed
explanation of GLAG theory, which gives an adequate description of
properties of ideal materials. This section follows mainly the books
of de Gennes (1966), Lynton (1964) and reviews by Lowell (1965) and
Livingston and Schadler (1964). A particularly comprehensive recent
work is that edited by Parks (1969) of which chapters 6 and 14 are
relevant to GLAG theory. Very few references have been gquoted in
sections 2.1 and 2.2 as original papers are listed fully in the above
textbooks and reviews. Non-ideal behaviour is dealt with in section
2.4, leading on to critical state models in section 2.5. References
in sections 2.4 and 2.5 are given more fully, although the review by
Livingston and Schadler and chapter 19 from Parks contain very

comprehensive lists of references on non-ideal properties.

2.1 BCS Theory
In 1957 Bardeen, Cooper and Schrieffer developed a

microscopic theory of superconductivity which became known as the
BCS theory. According to this theory the wavefunctions of two

electrons in a superconductor can become coupled via the interaction



of electrons with lattice vibrations (phonons). The coupling of
electron wavefunctions is equivalent to an attractive force which
binds the electrons together in pairs, known as Cooper pairs. To

brezk up a correlated electron rair requires a finite energy, and

there is therefore an energy gap between Cooper pairs (which are said
to be in a condensed energy state) and normal electrons. The electrcons
in a Coorer pair behave as a single perticle which cannot transfer

any energy to the lattice unless it exceeds the binding energy of a
pair. The pair rvst move through the lattice in a loss-free menner,

thus carrying current without resistance.

The binding energy, or energy gap, A , 1is given by
A = 3,52 kT o Gor'kov (1959) has showvn that the energy gap is
proportional to the G-~L order parameter W , introduced below. The
distance of seraration between two electrons in a Cooper pair can be
quite large, of the Qrder of several hundred atomic spacings, this

distence being termed the coherence length. The BCS coherence length

is given by

E = (2.1)

where VO is mean electron velocity at the Fermi level.

This thesis is concerned chiefly with the megnetic properties
of superconductors for which the BCS thecry does not provide a
convenient arproach., We will therefore rnot pursue the BCS theory

further, tut tum our sttention instezd to a simzler theory which still



gives an adequate description of all the important properties of

ideal superconductors.

2.2

GLAG Theory

In 1950 Ginzburg and Landau introduced a phenomenological

theory which allowed for spatizl varistions in the order parameter

or superconducting electron density. Gor'kov (1959) has shown that

the G-L theory can be derived from BCS theory, (it is therefore no

longer strictly phenomenological), and in 1957 Abrikosov determined

the detailed form of flux penetration in a type II superconductor

from analysis of the G-L equations. The Ginzburg-Landau-Abrikosov~

Gor'kov theory will be outlined briefly.

G-L equotions

According to G-L theory the free energy of a superconductor

close to Tc is given.by

F =

where

2 B 1 el ° h°
F +alw]® o+ 2|l[J| +§'m‘;(-j hy - C)W * o (2.2)

F is free energy in the normal state,

W(r) is the complex order parameter, which has the

physical significunce that when normalised
2 . ] .
qu = s the density of superconducting electrons,

e is the effective charge, equal to 2e,
n is the microscopic maznetic field,

¥ . .
a, B end n zre vhenomenological constonts.



Any system tends to adopt a state of minimum free energy ; we
therefore minimize the above expression for free energy with respect
to the spatial distribution of order parameter and magnetic field.

On so doing we obtain the conditions

i

o 1 2&5;2
ay  + BY|Y + o~ (-jﬁy, - = Y 0 (2.3)

i

4e2

n*c

J = = :Je%:(w*y,w - yyvr) - WA (2.4)

These are the fundamental G-L equaticns. The first gives the order
paraneter or superconducting electron density, and the second gives

the current or magnetic field, as a function of position.

Characteristic lengths

On solution of equations 2.3 and 2.4 we find each has associated
with it a characteristic length. The characteristic length associated

with equation 2.3 is called the coherence length, £ , and defines

the distance over which the orcer parameter decays from the boundary

of a superconducting region., It is also the typical separation of

the two electrons in a Cooper pair. In a pure metal at zerotemperature
the G~L coherence length equals the BCS value, being given in terms

>f basic parameters by

0,188V
E. = T (2.5)

K
Bc



is of the order of 50-1000 &.

Similarly upon solution of equation 2.4 we find a characteristic

length which defines the distance from a N-S boundary over which

magnetic field decays to zero. This distance, called the penetration

depth, is the same as the distance of field penetration into a type 1

superconductor according to London's theory. The London penetration

depth at 0 X is

L

o
n(0) = [ﬁg)—;] (2.6)

Both & and AN are temperature derendent, but their ratio is

approximately temperature independent. This ratio defines a

dimengsionless quantity known as the G-L kappa parameter,

(2.7)

=
1
Y

Superconducting - Normal interfsace

Consider now the boundary between a superconducting and a

normal vhzse within some materisl. In the superconducting region the

order parameter or density of superelectrons will have some finite

value

n and the field will be zero, while in the normal region the

order parameter will be zero and the magnetic field will equel the

thermodynanic critical field HC. Fig. 2.1 shows the variastion of order

paraneter and field along = line perpendicular to the phase boundary

for the case of U<l arnd W>1. There is a certain gsurface ener~y




21

BOUNDARY
] NORMAL SUPERCONDUCTING
or d
H He —
AKLE
n«i
0 X
A
< E >
(Y
or
H n
Hc NS 1 /% s
i !
' pV A E
! H oo (6 5
n 4 | n»
! [
' )
| !
0 x
N3
) A

Fig, 2.1 Variation of field and order parameter at a

superconducting-normal phase boundary.
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associated with the phase boundary. Both magnetic field and
superelectron pairs in the boundary region contribute to this energy,
the contribution from each being given roughly by the area under the
field curve within the boundary region, as indicated by broken lines
in the figure. In the case WK 1l the surface energy is AIEHE2/8ﬂ

per unit area, and is pouitive 3 for WU > 1 the surface energy is
4

~ A H02/8ﬂ per unit areaz, and is negstive. Whether the S-N boundary
energy is positive or negative is critical in determining how the

material behaves.

Let us first look at the situation when W& 1l. Because the
boundary energy is positive it is energetically unfavourable for there
to be a S-N interface within the bulk of the material at any field
below H, (zero demagnetizing factor being assumed), therefore comrlete
flux exclusion occurs rignt up to Hc’ The material is driven completely
normzl when the applied field exceeds Hc° This is type I behaviour,
However, wnen K » 1 the boundary energy is negative. In this case
the free energy is minimized by flux entering the bulk of the materiel
when epplied ficld exceeds a critical value which is lower than Hco
This is type II behaviour., It is found that the precise value of %

which determines the change-over from type I to type II behaviour is

N = l/Jé. Hence

" < lﬂ/é - type 1

1
w> /g, o tee I
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For the moment I shall only discuss type 11 superconductivity.

Jdeal type II superccnductivity

A detailed solution of the G-L equations in the case W> l/Mé
was first carried out by Abrikosov(1957). He shows that the magnetization
curve for an ideal type 11 superconductor is as shown by the solid
curve in fig. 2.2. At low applied fields there is complete flux
exclusion, the material behaving as type I. At s;ﬁe field Hcl’ the
lower critical field, it becomes energetically favourable for flux
to penetrate the bulk in order to establish S~N interfaces within
the material. Flux penetration takes place in the form of flux lines
or vortices which are threads or tubes of normal phase with their
axes parallel to the field and surrounded by circulating screening
currents. Superconductivity is not destroyed at HCl but persists to

an upper critical field HC which is greszter than HC. The region

2

where vortices are present is known as the mixed

between H and H
c c

1 2
state. The area under the curve defines the thermodynamic critical

field Hc as the critical field of a type I M-H curve having the same

area, as shown by broken lines, i.e.

H °
B - " i g (2.8)

Flux lines
A flux line or vortex consists of a core of normal material with
a radius of the order of ihe coherence length, surrounded by circuvlating

currents whicn screen the rest of the superconductor from the field
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in the core. The field or screcning current extends to a radius of

the order of the pecnetration depth. Fig. 2.3 illustrates the variaticn
of order pzrameter and field along a diameter of a flux line; In order
that the free cnergy is minimized the system of flux lines will tend

to maximize the S-N surface area, hence each line will carry the
minimum possible amount of flux. lNow it is known from theory and

experiment that the flux enclosed by & superconducting ring must take

on discrete values ﬁ = n ¢o’ where n is an integer and ¢0 is given
by
g = b 231077 Maxwell.
o] 2e

So each flux line carries one quantum of flux, ¢o.

At low applied fields, Jjust zbove Hcl’ the flux lines are
widely spaced, the spacing decreasing as field is increuzsed. The upper

critical field HC is determined by the point at which vortices are so

2
close together that the cores begin to overlap. Under equilibrium

conditions in the mixed state flux lines arrange themselves in a unifcr-

triangular lattice,

some formulae definin:s: the magnetizaticn curve

The lower critical field, the upper critical field and the

slope of the II-H curve at Hc can all te expressed, for an ideal

2

specinien, in terms of M &nd HC as follows
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5, = Zx (Inyn -+ 0.08) (only for w>>1) (2.9)
B, = JzuHC (2.10)
aM 1 |
4n [a‘ﬁ] T 1.6 - 1) (2.11)
H=H
c2

The G-L theory outlined zbove is applicable only near the criticel
tenperature. If the theory is extended to take into account slight
vzriation of M with tenrerature it is found that the velues of
defined by the above thrce ecquations are not in general identical.
It is therefore necessary to introcduce three kappa parameters (known
as Maki parameters), 'nl,'ng, ‘K3, all of which are functions of
temperature. (Maki, 1964,66). These are defined respectively by

equations 2.10, 2.117and 2.9. At the critical temperature

A(0)

K1=K2=KS=‘K= 0.96 go

In chapter 4 measured valuss of H ., for sputtered niobium and tantzlun

c2
will be used in conjunction with the a2bove eguations (equation 249

being modified to allow for low kappa) to derive values of Hcl°

The effect of clectironic reen free path

The propertiesz of all tyie II superconductors are criticzlly

denendent on metallurgicol structure, both macroccopic and nicroscceric,.



Some of the effects of microstructure are expressed through the
mean free path, 1, of electrons in the normal state. The effect of
n.f.p. is taken into account by considering how it influences the
coherence length, the penetration depth and thus the karpa value,
Reducing m.f.p. results in decreased { , in increased A\, and there-
fore in increased W (Livingston and Schadler, 1964). This can be

expressed quantitatively in the limit of 1 K go thus

e
]

V(E 1) (2.12)

>
"

M A E /L) (2.13)

X
I

w1 (2.14)

where ®  is the value for 1>» go
For a given material reducing the m.f.p., e.g8. by introducing
scattering centres in some form, results in increased W and thus in

a lower value of Hc As will be explainced more fully in chapter 4

1.
it is particularly iﬁportant to consider this when dealing with
niobium. Note that scattering centres which limit m.f.p. should not

be confused with the flux line pinning centres which will be discussed

below. A material with short m.f.p. can show ideal type II behszviour.

Surface suncrconductivity

The G-L equations 2.% and 2.4 take no account of boundary
conditions which may be present at the surface of a superconductor,
Solutions of the G-L equations whicn allowed for special conditions
at the surface were first derived by St.-James and de Gennes (1965),

wio showed thet surpurconcuctivity should persist on a tnin surfzce
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layer for applied field in excess of 102. They {ound that
superconductivity should persist on a surface parallel to the
applied field up to a field HO3 where H05 = 1,69 ch. Hc3 depends

on the angle between field and surface, falling from 1.69 ch for

field parallel to surface, to ch wher field is at right angles to
the surfzce. The superconducting layer above ch, termed a surface
sheath, hazs a thickness of the order of the coherence length and can
carry aprrecieble transport current. The surface sheath may also be
present in the mixed state when it can have a significant effect on

the hysteretic behaviour of non-ideszl naterial. Surface superconduct-

ivity is destroyed when a superconductor is plated with a normal metal.

243 Numerical velues of some versmeters

To put the above theory into perspective I have listed in
Teble 2.1 numerical values of the basic parameters for pure, defect-
free niobiunm and taﬁ£alum. The figures for niobium are from experiment-
al work by French (1968) and those for tantalum are based on experiments
by McEvoy et al (1969), except for the value of H  which is from

Budnick (19€0).

o} co

liobiun (type II) 9,20 390 330 0.82 1980

Tentelum (type I) 4,482 925 330 0.34 830

Teble 2,1
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Mso, from French (1968) for niobium at 4.14 K:

Ho, = 1460 Ce, H_ = 1550 Oe, H_, = 2670 Ce, H

2 = 4520 Oe.

cl

2.4 Non-ideal type I1 sunerconductivity

The GLAG theory is based on the minimization of free energy,
which means that the superconducting system must alwayé be in a state
of equilibrium. This implies that magnetization curves are reversible
and that there is no energy dissipaticn associated with sny process ;
materiels vhich behave this wey are descrited as ideal superconductors,
I shall now consider non-idesl properties. Non-equilibrium behaviour
can manifest itself in two ways : (a) An ideal superconductor can
show non-ideal properties if there is not sufficient time for it to
attzin its equilibrium state. In this case energy dissipation occurs
due to the viscous motion of flux lines or S-N phase boundaries through
the specimen. (b) A superconductor will be non-ideal if
inhomogeneities are“present which have a size of the order of or larger
than the coherence length. ©Such inhomogeneities may act as '"pinning
centres" which inhibit the motion of flux lines, thus enabling a flux
line gradient to be cstablished. These two effects will first be
discussed separately, although in general they both contribute to

non-ideszl behaviour,

Viscous flow of flux lines

Many theories of flux motion in idesl type I1 materisl have
been developed with verying cegrees of success. Awong scome of thie

movre useful studies sre those of ven Vijfeijken and Niessen (1965),
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Bardeen and Stephen (1965) and Tinkham (1964). These, and other
work on flux line motion, are reviewed in a paper by Vinen and
Warren (1967).

Consider an ideal type II sugerconductor in the mixed state
and subjected to a steadily increasing applied field. As flux lines
penetrate from the surface they set up a flux line gradient or
magnetic pressure due to the finite speed at which they move. The
magnetic pressure tends to push further in flux lines which are already
in the bulk., A line will experience a fcrce which is proportional
to the gradient of flux line density. Friedel et al (196%) has shown

that the force acting on one flux line is

{

Bo= - g2 Sﬁ— H(B) per unit length (2.15)

This equation applies to a simple slab geometry where x is distance
normzl to the slab surface and field is in the Z-direction. H(B) is
the applied extermal field which would produce induction B under
equilibrium conditions. According to Bardeen =nd Stephen (1965) the
vortex motion which the fielda gradient causes is accompanied by an
electric field which is large in the region of the normal core and
gives rise to é normal current through the core. Therefore when a
flux line moves dissipation cccurs and the line experiences a force

tending to oppose its motion. This force is a visccus force, being

proporticnsl to the vortex velocity (Tinkham, 1964) ; the line will
therefore tend to reach o velocity such thatl visccus drzg balances

-

the driving force F defincd above., Dissipation in the nixed state cf
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an ideal material is clearly dependent on rate of change of field.

It is helpful to look at the effect of viscous flow of
vortices on an ideal type II M-H curve (fig. 2.4 a). The solid line
is the ideal magnetization curve which is followed when rate of
change of ficld is very low. If the arplied field is swept up and
down at a constant rate wnhich is comparable with or greater than
the relaxation time associazted with viscous vortex flow, then
magnetization will follow a path something like that shown by broken
lines, i.e. hysteresis arpears. As with all hysteretic processes
the energy dissipated in one cycle is given by loop area, regardless
of the actual mechanism of dissipation.

The presence of a flux line density gradient implies the
existence of a macroscopic current density in accordénce with

Ampere's Law :
i J = V-.x H in c.g.s. units,.
~ ~ ~
For the one dimensional case of a slab

1
J(X) = .an_ . -g—i—{l- (2016)

The converse also applies, nemely, an ideal superconductor in the
mixed state cannot carry e bulk transport current without dissipation,
sincc the presence of a current requires a flux line gradient, hence
visccus flux line motion and enersy loss. It should be noted that

the motion of a B-N phase boundary in a type I material is subject to

similer viscous flow, which in this case can be pictured as due to

eddy currents in the ncrmel thuse,
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Flux pinning

So far it hes been assumed that flux lines can move
relatively freely through a specimen. In the vast mejority of
practical type II superconductors {his is not so. Structural defects,
through local changes in superconducting parameters, produce
localized areas where flux lines may have higher or lower free enexrgy,
and so can cazuse flux lines to become "pinned'" at the defect. When
a flux line is pinned it is in a local free energy minimum. Among
defects which may cause pinning are lattice vacancies, interstitial
impurities, dislocations and grain boundaries. The effectiveness of
a defect as a pinning centre devends, among other fectors, on its
spatial extent, and in this respect is should be noted that defects
which cause superconducting jparameter fluctuations on a scale much
smaller than a coherence length will not act as pinning sites
(Livingston and Schadler, 1964). The most significant defects are
dislocations, especially in groups, and large clusters of a second
rhase, The degree of cold work of a srecimen is thus critical in
determining its behaviour in the mixed state. This is illustrated
in fig. 2.4(b) vhich shows the effects of cold work on the
magnetization curve of an originally defect free specimen. The
non~ideal curves B and C in this case are static M-H loops. Again
loop zrean gives the lons per cycle.

A great deal of work has been reported in the literature

on different types of pirning centres with the associeted rarasmeter

varizgtions and pinning forces. iHecent theories by Japancse groups




(Irie snd Yamafuji 1967 , Kussyanagi and Ysmafuji 1969, and others)
are possibly the most comprehensive and useful studies to date.
Nevertheless, the mechanism of flux pinning is still not properly

understood.

Flux crcep and the critical state

As mentioned above, when a gradient of flux line density
is established in the mixed state between Hcl and ch then a flux
thread experiences a force given by Friedel's equation (2.15).
Suppose now that the flux line is pinned. At absolute zero the line
cannot be unpinned until the force Fm is sufficient to overcome the

pinning force Fp 3 therefore the condition Fm = Fp defines a static

criticesl flux gradient

S wmyl - Ax _ An
e H(B)' = 5; F o= EFP (2.17)

Fp is pinning force ;er unit length of one line. If a time varying
field is arplied flux lines will move in such a way as to maintain
the critical gradient everywhere within the specimen.

However, this account is an over-simplification. The
critical flux gradient is not, in fact, static, except perhzps at
zero ternperature. At a finite temperature thermal activation nay
unpin a flux line when F“<: Fp by raising it above the local energ:
barrier. This phenomenorn, terned flux creep, was first proposed,
analysed und studied experimentally by Anderson (1962), Andersecn and
Kim (19£4), Kim et o) (1262, ©3, 64, 65). These suthors show, first,

that loczl perturbztions of flux line density are very unfavourcole
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energetically and that lines therefore become pinned and move as
groups having a size of the order of the penetration depth, such

a group being described as a "flux bundle'". Fig. 2.5, from Kim

et al (1963b)i11ustrates how thermal activation can unpin a flux
bundle. The figure shows the spatial variation of free energy with
flux bundles situated at minima associated with pinning centres, and
subjected to a flux density gredient. A flux bundle will move if
thernal activaticn is sufficient to overcome the barrier Fb. ‘Fb is

directly related to Fp - Fm, and it can be shown by statistical

analysis that the rate of motion of flux is proportional to
exp (_Fb/kBT)°

According to flux creep theory the flux gradient will
decay logarithmically with time, and this has in fact been observed
by Kim et 21 (1963). The term "flux creep" is generally used to
describe the very sl9w decay of gradient which continues once a more-~
or-less stable gradient has been esteblished. As long as the tinme
scale of the process being studied is short compared with the rate
of decay due to flux creep (as is certainly the case at 50 Hz), we

are justified in assuming the gradient to be critical.

The current flow which mainteins a critical flux gradient

is called the criticzl current, Jc' A superconductor in which flux

gradients and currents within the bulk are maintained by the

nechinism ¢f flux pinning is said to be in the critical state,
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illustrating flux creep.



2.5 Critical state models

The critical stzte can be a very useful concept for
anzlysing the behaviour of "hard" superconductors, a hard superconductor
being one in which flux pinning causes extreme irreversibility. For
this purpose it must be embodied in a critical state model. It is

irst necessary to define the effective pinning force Fp and its
variation with magnetic field ; Fp is taken to be the pinring force
which maintains the flux gradient after flux creep haslreached a
stage where it is negligivle. 1In all that follows the geometry is
that of a semi-infinite superconductor with surface on the y - 2z plane
at x = 0, and field parsllel 1o the surface in the z-direction.
Therefore current flows in the y-dircction, pinning forces act in the
x-direction and quantities vary only in the x-direction.

Now in general tihe pinning force is a function of the local
magnetic field, i.e. Fp = f(H). From equation 2.17 flux gradient is

related to pinning force by

9 i -
3% H(B)l = a; ¥

H(B) is the applied field which causes induction B under equilibrium
conditions. We now make the approximation that local field gradient
dH(x)/ox equals @H(B)Ax; the difference is a factor 9H{B)/dB, so the
approximsilion is valid except near Hcl (Friedel et al, 1963). By
Ampére's law the local field is related to local current density by

ol

3y And



F
Hence |J| = 52 = Eégl . (2.18)
0 o

So the critical current density anrnd pinning force are both related

to local field in the same manner. Defining critical current density,
Jc’ s a furction of field is equivalent to defining the variction

of Fp with field.

In all criticzl state models to date no serious attenpt has
béen rmade to relate the variation of Fp with field to forces which
pin a flux line, since the mechanism of pinning is not yet sufficiently
well understood. Rather, the various prorosecc functions Fp(H) (or
JC(H)) are purely empirical in that they are chosen to give models
wnich agree with experiments. Once a form has been chosen for JC(H)
one can precced to evaluate the distribution of flux and its density
gradient within the specimen, and the total flux penetraticn and
assoclated energy dissigation.

One of the first models was proposed by London (1963) and
Bean (1964) who assume JC to be independent of field, The Bean-
London meodel therefore gives constent {lux.gradient within the
superconductor. The Kim -Anderson model (Kim ¢t al 1962, 63a,
Anderson 1962) assumes a relaticnship J, = a/(H + HO) where a and
Ho are constants. A generalized critical state model wes then
provosed by Green and Hliwiczke (l957)_in whicn crivical current is

defined by the more generzl expression

aHIP where 4 1s a consiant,

Cy
u
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This model has the advantage that it embodies both the Bean-London
model ( n = O) and a simplified version of the Kim -Anderson model
(n = -1). Fig. 2.6(a, b)shows the form of flux distribution inside
the superconductor for n = 0 and n = ~1 when a field Ho is applied

at the surface.

Effect of Hﬁl and surface sheath
o

These models have the serious shortcoming that they take no
account of the lower critical field and of surface screening currents
which flow in the surface sheath. Neglecting Hcl limits the
experimental situations to which a model can be applied since it is
a valid approximation only for arplied fields mich greater than Hcl'
The presence of a surface sheath is important because it can have
conciderable effect on hysteretic properties through flux trapping.
An extension of the generalized model, allowing for both Hol and
surface screening, AH, has recently been proposed by Dunn and
Hlawiczka (1968). Fig. 2.6(c)illustrates the predicted form of
flux penetration. Their model is based on a hysteresis loop of the
form shown in fig. 2.7. At turning points of the applied field
( > Hcl) surface sheath currents screen the bulk and cause flux to
be completely trapped as H decreases over a range 2AH. For applied
fields roughly in the range - Hcl<: H< Hcl complete flux traspping
also tskes place. Screening currents on the surface layer cause the
effective applied ficld seen by the bulk of the material to be

diffcrent from the externclly crrlied field,
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H
H,— (a) Bean-London model,
n = Oo
x
H
Ho— (b) Kim-Anderson model,
n-= "'1.
x
H
H,
AH
T (¢) Model of Dunn and
H Hlawiczka, including
“ effect of H ) and AR.

Fig. 2.6 Flux distributicn inside a surerconductor accordirg to

various critical state nmodels.



Fig,

2,

Form of hysteresis loop assumed as a basis of the
generalized critical state model. (From Dunn and
Hlawiczka, 1968.)
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Dunn and Hlawiczka analysed in detail the flux distribution
and losses predicted by their model when the applied field is
sinusoidal with peak value Hm' Their criticsl state model has been
used by Easson and Hlawiczka (1967, 68) for analysis of and compariscn
with extensive experimental results on bulk niobium; For their
experiments Easson and Hlawiczka used a flat slab geometry with
parallel a.c. field applied to both sides of the slab, an
arransement which permits direct comparison of results with predictions
of the model. Measured -values of {lux penetration and losses in
sputtered niobiun films will be compared with the results of Easson
and Hlawiczka in chapter 5., For this reason, snd because the model

of Dunn and Hlawiczka allows for HC and AH, it is the most useful

1

description of the critical state in the context of present work.

Effect of viscous flow

The mechanism of viscous flux flow outlined above implies that
a finite amount of time is required for a criticsl state to be
establiched, i.e. for flux notion to proceed to a stage where the
effect of flux flow is negligible. If the rate of change of applied
field is great enough flux line density gradients steeper than the
critical state gradient sy be established within the specimen,
resulting in dissipation by viscous flow (Kim et al 1964, 65). This
can be tested experimentalilly by observing hysteresis as a function of
frequency of applicd a.c. field, an experiment which rermits separaticr

of dissivation due to unimreded flux flow from dissitation due tc flux
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flow between pinning sites. Easson (1967) points out that there is
ample exrerimental evidence that loss per cycle is independent of
frequency for many meterials, including niobium, in the range 20 Hz
to 40 kHz ; so viscous flow effects are not present. From this point

of view the assumption of a critical state is valid.

A criticism of the criticzal state concept

On the other hsnd, in a series of paper by Schweitzer (1967,68),
Schweitzer and Bertman (1966 a,b,c) and Schweitzer and Garber (1967 a,b)
the concept of critical state is called in question. These papers
describe a series of exreriments on high and low kappa hysteretic
superconductors which yielded many results that were incompatible
with the Eean-London and Kim-Anderson models being used at the time.
Schweitzer and Garber (1967 b) conclude that critical state and
pinning concepts do not explain hysteresis in low karpa type II
superconductors, but that surfece currents play the major role in

determining hysteresis. Their experiments show, further, that surface
currents do not originate from pinning properties of a thin outer
shell, It seems that we must conclude that the surface sheath plays =
major role in hysteretic behaviour although, as Bertman et al (1966)
point out, there is in general no necessary or unique correspondance
between the St.-James-de Gennes surface currents and hysteresis. At
the time of publication of the papers by Scweitzer et al no critical
state model took surface superconductivity into zccount. As the

mcdel since rrocozed by Dune and Hlawiczka does allow for a surface

sheath, it is perhsps not cubject to the above criticisms.



Initial flux penetration

From the point of view of this thesis we are particularly
interested in the initial stages of flux penetration into a relatlively
low kappa material ; so we would like to know what kind of behaviour
to expect near Hcl’ The lower critical field HCl is the field at
vhich the presence of a flux thread in the bulk becomes energeticaliy

favourable. But in order to penetrate, the external field must

overcome a surface enerzy barrier (Bean and Livingston, 1964) which

resists flux penetration or escape, with the result that penetration
may be delayed until the applied field is considerably in excess of

H Now the critical state model of Dunn and Hlzwiczka does in fzsct

cl®
predict that there is no flux penetration until Hﬁ = Hcl + AH, thus
allowing for surface barrier,

The most important point, however, is that the nature of flux
line nucleation and gntry is strongly dependent on surface topograrhy
(De Blois and De Sorbo 1964, Joseph and Tomasch 1964). Surface defects,
such as scratches, are expected to provide spots of easy flux entry.
In this case initial flux penetration will not occur uniformly over
the whole surface areas of the superconducting slab, but will instead
begin to penetrate at '"pstches'" where the barrier is weakened by
surface defects, Clearly no critical state model can be applied to
such a situation. This point, the possibility of non-uniform initizl
renctrztion of flux intc a type II supercorducting slab, is central

to the thesis, and I shall return to it in chapter 6. A detailed

discussion of vericus efiects associated specifically with the surface
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is given in chapter 7, where the problems of surface rhenomena and
non-uniform flux penetration are dealt with in the context of

experimental results,



CHAPTER 3

FILM PREPARATICN

In order to be able to apply field to one side of the film
only, and to eliminate end effects completely, niobium and tantalun
films are required in cylindrical form. Since we are mainly interested
in the initial stages of flux penetration it appears that it should
not be necessary to investigate films more thzn several penetration
depths in thickness, i.e. up to about 3 um thick. However, as we shall
see, I required in practice to perform experiments on films much
thicker than this, up to 25 um thick in fact. The problem therefore
was to deposit niobium and tantalum films up to 25 um thick on

cylindrical substrates.

3.1 Possible me@pods of film preperation

Various methods of preparing metal films are reviewed in an
article by Campbell (19%6) in which is summarized the applicability
of each method to the uses for which the film is intended. According
to Campbell supercenducting films are best prepared by evaporation or
by deposition from a compound in the vapour phase ; but his
conclusions are only intended to apply to "soft" (type I) superconductors
such as tin, lead, or aluninium which are not difficult to prepare in
pure form. On the otlher haend the preparation of both niobium and

tentalum films is difficlut for two reasons: (a) Both metals have a

very sirong alfinity for oxygen, nitrozen and hydrogen, thus films
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become contaminated very readily on deposition. (b) The
superconducting properties of both metals are very strongly dependent
on their purity.

Partly because of the difticulties a great deal of work hsas
been done on the deposition of niobium and tantalum films, tantalum
having been the subject of particularly intensive study (Berry et al
1968). The techniques used hzve been chiefly high vacuum evaporaticn
and sputtering. It was thercfore decided to try both these methods
to prepare cylindrical {ilus 3 the evaporation and sputtering metnocs
are described in sections 3.2 and 3.3 respectively. It should be
menticned at this point that more recently electrolytic derosition
has been used to produce extremely high quality niobium films which
could be of considerable technological importance (Mellors and
Senderoff 1965, Meyerhoff 1969). Due to lack of time I have not been
able to do any work on electrodeposition for this thesis. I shall
refer to the work of Mellors et al again in the concluding chapter,

when its significance will be more apparent,

502 Deposition of tantalum films by evaporation

Evaporation of refractory metals is usually carried out uncer
ultra high vacuum by electron~beam melting a small area in a pilece of
the netal to be deposited, as used for exarple by Asada and Nose (1545

Neugebauer and Ekvell (1964) prepured tantelum films by this method

acvicn of the derosiied metel 1o reduce the partizl pressure of
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contaminating gases. Niobium films have been produced by London anz
Clarke (1964) by evaporation under ultra high vacuum from an

electrically heated niobium wire.

It was decided to try to prepare tantalum films by a
combination of these two methods — evaporation from a heated wire in
a conventional vacuum unit while utilising the gettering action of
tantalum to ensure a pure deposit on the substrate. Just below its
melting point of BOOOOC, the rate of evaporation of tantalum from
the solid phase is guite high. For example, at 29OOOC the rate of

> 2 571 (uiller, 1959). This fact

evaporation is 2.8 x 10 “g cm
suggests the possibility of preparing cylindrical films by

evaporation from a resistively heated Ta wire placed axially insice
the substrate cylinder. It was expected that the gettering action

of the continuously deposited tanitalum film at the ends of the

substrate cylinder would resvlt in a pure film at the centre.

The evarporation unit

Considerable effort was spent on developing this possibility,
the arrangement which was finally arrived at being illustrzated in
fig. 3.1. The apparatus, constructed as far as possible of stainless
steel, is under high vacuum in a conventional Edwards 1253 coating
unit., OSuch a unit uses zn oil diffusion rump with liquid nitrogen
cold trzv, btaocked by a rotary punp, snd is capable of en ultimate

-5
vacuvnm of 5 x 10 torr without bakeout. The tantalum wire, 1.8 mm
dismeter, is hirh surity ocoterial (99.7°) suprlied by Inperial lMetal

. 'e) . . .
Irdustries, At a tcamrerature 100 C7 below its ielting point, where
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the evaporation rate has the value quoted above, and assuming a
substralie inside dismeter of 24 mm, the rzte of derosition will

o}
be 12.5 A/s. The flexible tantzlum strip connection to the upper
end of the wire allows expansion to take place freely. To
maintain a wire 1.8 rmm diameter at 29OOOC under high vacuum requires
a current of about 135 amps, this current being druwn from a welding
transformer with Variauc control in the primary circuit. The
tantalwi wire is 18 cm long, the voltzge drop across this length
when carrying 135 amps being 135 volts, so that during evaporation
about 1.7 kW is dissivated as heat insicde the vazcuum cheamber. The

substrate cylincer is fused quartz,

Bvovoraticn nrocedure

To deposit a film the following procedure was used. The
substrate cylinder and tantalum wire were carefully cleaned and
nounted in the vacuun chanber which was then pumped down to an

: -6 ,
ultimate vacuum of zbcut 5 x 10 torr. The current through the
wire was slowly increcsed to the required level, the exact current
for a given evarporation rete having been previously determined by

trial and error. After about 2 minutes it was no longer possible

to see the white-hot wire through the quartz substrate, this serving

2

25 on indicaticn that a filim was being depocsited, and when evaporzticn
had zaken tlece for a cufricient lenztn of time the current was

switcned off =znd the appoaratus leit to cool under high vacuum. In
tnls woy seversl tontoelum [ilus were deposited insice fused gquurtz

cylinders of verious disncters.
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Disadventaces of evaporation method

In spite of its apparent simplicity the method suffers from
severzl serious drazwbacks.

(a) As evaroration proceeds the wire becomes thinner, so that to
rmaintain the correct evaporation rate current nust be
reduced; therefore, control of evaporation rate by
controlling the current is very difficult. To overcome
this problem the temperature of the wire could be mecasured
with an opticzl pyrometer. This, however, would not be
very satisfactory cs it could only indicate the wire
temperature near one end and not at the centre of the
substrzte cylinder vhere thermal ccnditions are different.

(b) Dissipation of 1.7% kW in the vacuwn chamber during
evaporation causes the zpparatus to become hot, the
substrate in -particulsr reaching a high temperature.

As a result, outgassing causes the pressure to rise to

between lO_5 and 10-4

torr during deposition, leading to
high iumpurity concentration in the film. Gettering action
at the cylirder ends is not effective enough to handle
such contaminstion. To iuprove the vacuum during
deposition it would be necesszry to use a bzkeable unit,
voesibly canrsble of ultra hizgh vacuum and having fest
paaping sneed at low pressures. Lven this might not

solve the prerier of film contamir-ticn by subsirate

LS,

outgassing.
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(c) Because of the high substrate temperature during deposition
the evaporated films are very granular, They also have
many macroscopic defects in the form of "pinholes"
which could be seen during deposition.

.Because of these difficulties, preparation of films by evaporation

was abandoned in favour of the sputtering method.

343 Deposition of niobium znd tantalum films by sputtering

Sputtering is very widely employed to prepare thin films of
nearly all materizls (Berry et al 1968, Maissel 1966). The basic
principle of sputtering is as follows. Wnen a glow discharge is
established between a pair of electrodes the cathode is subjected to
bombardinent by positively charged particles created by the ionization
of gas nolecules in the space beiween the electrodes. This
bombardment causes atoms of cathode material to be ejected from the
surface and diffuse-away f{rom the cathode. Such sputtered atoms
can deposit to form a film on a suitably placed substrate. A
complete account of the theory of the sputtering mechanism is given
in a review by Maiscsel (1966), where he also discusses sputtering
technology and applications.

The simplest svuttering system consists of a d.c. glow
discharge in an inert atmnosthere with the anode at earth potential
and the substrzte placed on or nezr the anode. There are many
variztions of the basic system, such as asymmetric a.c. sputtering,

d.c. srultering with a biased substrate, radio frecuency sputtering,

and special methous for sputterins at very low pressures. The



purpose of these differeﬁt systems is to reduce film contamination
or achieve faster deposition rate or both. Simple d.c. sputtering
has been used to prepare tantalum films by Altman (1962) and

Maissel (1962) and for nicbium films by Sosnizk and Hull (1967),
who also used substrate bias sputtering (Sosniak, 1968). Asymmetric
a.c. sputtering and r.f. sputtering have been used by Vratny and
Harrington (1965) and Vratny (1967) for tantalum films.

It was decided that the best method for cylindrical films
would be a d.c. glow discharge in a cylindriceal geometry with
substrate at anode (earth) potential. From the point of view of
simplicity in performing the experiments to be described in later
chapters it wculd be best to have the film on the outside of the
substrate cylinder. However, attempts to deposit sputtered films on
the outside of cylinders met with very little success ; the
deposition rate was low and the apparatus unreliable in operation.
So it was decided fé use a sputtering geometry which deposited a
film on the inside of cylinders, this being the system used
successfully by Hlawiczka and Ross (1968) to prepare niobium film
cylinders. There is the advantage that it can easily be arranged
to utilize gettering action to achieve a pure deposit on the substrate,
hence ultra hign vecuum is not necessary. Getter sputtering, as

it is called, was originaily developed by Theuerer and Hauser (1964).

The sputiering unit

A sectional view of the ssuttering unit is given in fig. 3.2.

It is used in the vacuun chenber of arn Edwards 12E% coating unit, 211
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parts shown hatched in fig. 3.2 are stainless steel. The stainless
steel c¢ylincer and the tantalum or niobium rod act as anode and
cathode respectively for a glow discharge which is set uz in the

long annular space between them. The anode is earthed, the rod

being raised to a high negative potential. The substrate cylinder
(copper or stainless steel) is positioned as shown at the centre

of the glow discharge region to receive itantalun or niobium sputtered
from the rod. Sputtering takes place in an atmosphere of high

purity argon (impurity content not more than 15 p.p.m. ) at a pressure
which gives suitable glow discharge conditions, typically 0.4 torr.
Any impurity gas entering the sputtering unit will tend to be

removed by the gettering action of the continuously deposited film
near the ends of the glow discharge region. This is shown more
clearly in fig. 3.4(s)which is a simplified diagram indicating the
glow discharge and gettering regions. The sputtered film will,
therefore, be impuré at the ends and pure at the centre where the
substrate is placed. A shield, shown half raised in fig. %.2 is
provided to prevent an initiazl deposit of impure film when sputtering
is started. The photograrh in fig. 3.3 shows the complete sputtering
unit mounted on its vacuum chamber baseplazte. The base:rlate is

3% cm in ciameter.

In the ueposition of thin films it is poszible to define a
"sticking coefficient" (Berry et al 1968, Neugebauer and zkvall

1964) as the weron lensth of tine for vhich on aton or rmolecule of tre

materizl bein deposited remains on the surfuce of the substrate
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FIG, 3»3 SPUTTERING UNIT MOUNTED ON
VACUUM CHAMBER BASEPLATE.
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before becoming detached again, assuming it is not buried by
subsequent incident particles in thé interval. The ratio of the
sticking coefficients of tantalum or niobium to the sticking
coefficients of impurity gases, such as oxygen, nitrogen and
hydrogsen, will determine the film purity 3 the higher this ratio,

the purer the film. The sticking coelficient of impurity gases is

a function of temperzture, decreasing as the temperature is increased
to about 6OOOC, wﬁereas the sticking coefficient of tantaium or
niobiun is arproximately constant up to such temperatures ; therefore
purer {ilms will be obtained if the substrate is heated (Sosniak,
1968). As shown in fig. 3.2 a heater winding is used to do this. A
platinum/ 105 rhodiuvm-platinum thermocouple in the heater winding

former serves to indicate temperature.

The sputtering unit is 17.5 cm long, the anode cylinder having
an effective inside-dianeter of 20.6 mm. The cathode rdd is 2.5 mn.
diameter initially although, of course, its diameter decresses
gradually as it is used. Tantalum and nicbium rods are supplied by
Murex lietals Limited. The tantalua is 99.9225% pure maierial, the
chief impurity being niobium, of concentration 0.0jﬂ, followed by
nitrogen and carbon. The niobium cathode rod is 99.57% pure, the

major impurity in this case being 0.31% of tantalum.

Sputtering vrocedure

Before dervositing a film the substrate cylinder was subjected

to a rigorous clecning yprocess vhich included ulirascnic agitation



in a proprietary de-contaminant sclution and prolonged rinsing in a
continuous flow of hot de-ionised water, After substrate cleaning
the sputtering unit was assembled in the vacuum chamber, precautionrs
generally used {or high vacuum work being observed, for example
vacuun chamber parts were handled with tweezers or polythene gloves.
The chamber was then pumped out. Using the heater shown in fig. 3.2
the unit was heated until the temrerature, as indicated by a
thermocouple in the heater winding former, stabilized at 68000. This
served to bzke out the whole vacuum chamber, the system being left

to bazke out for 4 hours, after whisnh time pressure as indicated by

a gauge head in the punmpirng menifold had fallen to ~ 4 x lO_6 torr.
The chamber was then flushed out with high purity argon by closing the
pumping valve and admitting esrgon through a needle valve until
atniospheric pressure was reached. The chaﬁber was then pumped down
to a pressure of 5 x.10-6 torr, flushed out a second time with argon

and pumped down once more. Heater current was then reduced until

the thermocouple tenperature statilized at 57500.

When this stage hzd been reached the needle valve was opened
carefully to admit argon, the pumping valve being kept fully open,
until a state of dynamic eguilibrium was reached with an argon pressure
in the chanber of 0.4 torr., The H., 7. supply, full-wave rectified
unsmoothed, was switched on and increzsed to establish the glow
. The H,T. surply and srion pressure were adjusted until a
mean discharge current of 50 mA at a mean voltage of 2.5 kV was obtained.

After 10 ninutes the shield wus raised tc exvose the substrate and film



deposition began. Cnce conditions had been established it was not
difficult to deposit a film over a period of several hours if desirec.

Typical deposition par:meters were :

Discharge voltage - 2.5 kV
Discharge current 50 mA
Temperature (by thermocouple)  575°¢
Argon pressure 0.4 torr
Deposition rate - tantalum 11 X/s

- niobium 9.5 X/s

The devositicn rate was calculated from film thickness, measured as
described in chapter 4. When the required length of time had elapseq,
determined by previous knowledge of deposition rate, the H.T. was
switched off, the argon inlet needle valve closed, and the unit left

to cool under vacuumn.

Effectiveness of gettering

A simple experiment was carried out to check that getterirz
action was effective in reducing contamination at the substrate. A
copper cylinder was prepared in the form of four short portions which
were placed in the gettering region in the sputtering unit as shown
in fig. 3.4{(a). A substrate cylinder 55 mm long occupied the centre

region as il normally would and the shield was removed. A tantalum iz

anove,  wow, au will te cuplainzd in the next chapter the criticel

tempecature of tantalunm can be releted directly to the interstitisl
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gaseous inmpurity content. Therefore Tc for the {ilm deposited on each
portion of cylinder was measured by methods to be described in

chapter 4, the value so obtained being used to estimate the percentage
of gaseous impurity in esch part. The results are shown in fig. 3.4(b)
where impurity content has been plotted as a function of distance from
centre of sputtering region. It appcars that gettering action plays

a part in improving film purity. It should be noted, however, that
the film will tend to be purer at the centre in any case because the

temperature is higher near the centrally placed heater winding.

3.4 Choice of substrate mrterial

For reasons given above the substrate is heated to about
680°C before depcsition, and to 575°C during deposition. We are
therefore limited in choice of substrate to mzterials which can
withstand such temperatures without decomposing or outgassing severely,
and which have a suitable coefficient of expansion. If the latter
condition is not satisfied then upon cooling the substrate with its
film to room temperature and subseouently to liguid helium temperature,
the differential coefficient of expansion between film and substrate
may cauce high stresses in the film., Table 3.1 lists the melting
point, maximum working temperature and coefficient of expansion fof
tantalum, niobium and four possiltle substrale. materials, two ceramic

and two netallic.
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Melting | Approximate | Linear coeffic.
Material point |max. working |of expansion*
oC temp. % b'e 106 per c®

Niobium 2470 - Teb6
Tantalum 3000 - 6.6
Fused silica
glass, S5i0 1730 1500 0.5
(quartz)
Alumina, Al,0, 2030 1900 7.7
(Degussit A123)
Copper 1080 900 20
Stainless
steel ~1460 1000 13

*
Approximate mean value over temrerature range 20 - 600°cC.

Table ol

substrate materials.

Properties of tantalum, niobium and
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Quartz: Fused silica gluss (quartz) was used as a substrate for all
the earlicr atteupts to prepsre films. It has a very low
coefficient of expansion, so that when it cools after
deposition the niobium or tantalunm film contracts more than
the substrate. Films on quartz are therefore under tensile
stress at room temperature. If the film is greater than
about 1 um thick the stress causes it to craze and even
peel off the substrate altogether, as shown in fig 3.5.
Fused quartz is therefore unsuitable as a substrate for

thick films.

Alunina: The coefficient of expansion of sintered aluminium oxide is &
close match to that of niobium or tantalum so in this respect
alumina-is ideal. It suffers from the serious drawback,
however, that it must be glazed to give a smooth enough
surface. Because of the glazing process tubular substrates
cannot be made to a sufficiently close tolerance on the
inside diameter. In addition the manufacture of alumina

tubes glazed on the inside is difficult and costly.

Metallic substratess The possibility of using a normal metal. as

substrate was not considered at first because it was thought
that the substrate would interfere with measurements of thne
superconductive properties of the film. However, the

experiments described in chapters 5 and 6 are concerned with

flux penetriticn from one side of the film only, and cen ve
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CM mm

FIG, 3 5 7'3 fiin thick sputtered Ta film on

QUARTZ, ILLUSTRATING PEELING OF A
THICK FILM WHEN DEPOSITED ON QUARTZ
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so arranged thst measurements are not affected by a metallic
substrate. Copper and stainless steel are the most likely
candidates, their relevant properties being given in the
table. In both cases the coefficient of expansion is
considerably larger than for niobium and tantalum. When the
‘substrate with its film cools te room temperature the
substrate contracts more than the film, placing the film
under compressive stress which does not cause the film to
peel off or break up in any way. Copper and stainless steel
substrates have, therefore, been used successfully for all
work on thick films. It should be noted that the compression
of the film on ccoling mst inevitably result in a degree of
cold working, a factor which I shall discuss more fully in

chapter 4.

Substrate surface finish and its effect on the film is
discussed in the next chapter. It is sufficient to mention here that
it is difficult to put a very smooth finish on copper substrates as
copper, being relatively soft, is difficult to polish. Stainless steel
is more satisfactory because it is hard and can be polished easily.

For this reason stainless steel has been used as substrate for most

of the thick films.



CHAPTER 4

SOME rROVERTIZS OF THE FILMS

.This chapter is concerned with those properties of the films
which have been studied and which are most conveniently ccnsidered
separately from the flux penetration experiments in chapters 5 and 6.
I have exenmined films under an opticel microscope to assess macroscopic
structure, studied the surface topography, and msde measurements of
critical temperature and upper critical field in order to get some
idea of the effecils of impurities. HMeasured and calculated parameters
for a number of films are summarized for convenience in table 4.1.
During earlier stages of the work many films were prepared on quartz
substrates, such films being of little use because of peeling or
crazing. Therefore only some films, those deposited on metallic
substrates when the sputtering technique had been perfected, are
listed in the table j; nearly all the experimental work presénted in

chapters 5 and 6 relates to these specimens.

To provide a ccmparison with sputtered niobium films most
of the experiments have also been performed on a cylinder machined
from bulk niobiwa supplied by lfurex Metals Ltd. (impurity content
0.4 wt)b of which 0,3 wt is tantalum). The cylinder is 55 mm long

and 27 1 inside dizaeter, these diunensions being the same as for
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tantalum and niobium filiis and machined niobiunm

cylinder,

Fe

Scue {igures Tor the rure neials are included for
conparison.

. o . Tmpurity
Film [|Substrate | Thick- Tc content Hc2 %y
no. ness (from T )
c’'lat O.BTc
um K at.% Oe
43 Cu 4,1 4.3%2 0.22 - -
44 Cu 8.2 4,37 0.14 900 2.1
48 S.S. 23.6 4.32 0.22 1020 2.4
Pure Ta - = 4. 482 0 Hc=300 ‘Ko=00 34
(a) Tantalum
. s ks | TRPUTity
F;im Substrate 12222 content HC2 Ml KB Hcl
(from HCZ) at O.45Tc at 0.45lb
pm at.% Oe Oe
45 Cu 6.5 1.4 12900 5.9 6.8 410
49 SeSe 10.3 0.8 8200 5075 403 540
50 5.8, 16.1 1.2 11400 5.2 | 6.0 450
41 | s.s. [19.4 0.9 9400 4.3 4.95 500
51 SeS. 24,7 1.0 10200 4,65 5.35 480
machined
Puare Nb - - 0 2670 1 . 22 - 1460
!
(b) Niobium
Table 4.1 Measured and calculated paraneters for sputtered
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films, and has a wall thickness of 0.25 mm, this being the

minimum thickness that cculd be achieved with conventionzl machining.
The cylinder was in the as-machined state for all measurements.
Results for the bulk cylinder will be presented and compared with
the films when appropriate. Some parameters are included in

table 4.1 (b).

4.1 Film thickness

The thicknesses of all films have been determined by
weighing substrates before and after deposition, the difference being
the weight of film derposited. In calculating thickness it is
assumed that the film has the density of bulk material and that it
is deposited uniformly over the length of the substrate cylinder,

A check on thickness wvas mede on film 44 — an 8.2 um thick (by weight)
tantalum film on an as-machined copper substrate -— in the manner
illustrated in fig. 4.1. The substrate cylinder carrying film 44

was cut at 2° to the axis as indicated by line AA. One extremity

of the ellipse-shaped section was polished and a microphoto taken,
the result being as shown in the figure. The arparent thickness x

of the film at the extremity of the ellipse, when multiplied by sin 20,
gives the actual thickness. Thickness determined in this way is

9.8 pm, compared with 8.2 um by weight. The discrepancy can be
accounted for by the difficulty of determing ¢ accurately, the film

surface and filn-subsirszte interface being blurred by mzchiring
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FIG. 4* 1 METHOD OF MEASURING THICKNESS
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grooves, and by the fact that the 2° bevel angle is only approximate.
Furthermore, the assumptions on density mey not be correct. 1In

this respect it should be noted that Hlawiczka and Ross (1968) have
made Talysurf thickness measurements on sputtered niobium films
which also indicated that films were thicker than would be expected

from the weight of niobium deposited.

4,2 Macrodefects and grain size

The term "macrodefects" in the context of the thesis is
used to describe impcrfections in films other than impurities and
dislocations, and which are of a size much greater than the coherence
length., The defedts to be described are of the order cf microns
in size, i.e. comparable with film thickness. Preliminary examinaticn
under optical microscepe of tantalum films on quartz revealed the
presence of holes in the films. Fig. 4.2 (a) is a photograph of what
can be described as a "pinhole" about 8 um diameter in a 1 pm thick
film. VWhen such defects were first found it was decided to undertake
a detailed study of the nzture and number, if any, of similar defects
in the much thicker films which had been sputtered onto metallic

substrates,

To locate holes which go right through a film it is necessary
to use illuminatiorn from the back, which means thzat a film on copper

or stainless steel must be removed from its substrate. Preferential

etching was employed to dissolve away the copper or stainless steel
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from small pieces cut out of film cylinders. For copper substrates

the etch consisted simply of dilute nitric acid, which could remove

all of the substrate in about 30 min. To dissolve stainless steel

a mixture of 1 part conc. HNO3 plus 3 parts conc. HC1 plus 3 parts

water was used, an etch which required about 20 hours to completely
dissolve the substrate. Great care was taken to avoid as far as possitle
introducing flaws while etching and handling the pieces of film. The
etchants were of such a strength that the reaction proceeded slowly,

"~ without bubbling which could have damaged the film. Neither tantalum

nor niobium are themselves affected by the above etchants (Miller,

1959)

Microscope photogravhs

Sputtered films from 3 ym to 18 pm thick have been
examined under optiéal microscope with illumination on both front and
back. Intense lighting from the back, with little or no front
illumination , revealed whether or not there were holes through the
film in the area under examination. Thus the presence or absence of
pinhole defects could be established beyond doubt. Defects in
various sizes and numbers were found in all specimens examined. In
fig. 4.2 (b) to (e) are photographs showing macroscopic imperfections
in sone of the films ; they zre in order of increasing thickness.
The rhotographs were taken with simultaneous illumination on back and

front, the light frcm the back revealing holes right through as sin2ll

wvhite areas, and front illumination showing the general nature of the
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(a)  1liIW To. FILM

(b) 6x5/<rn Nb FILM (c) 82mm To. film

(d)10:3yJh Nb FiLm (e) 181mum Nb FiLM

FIG. 4“2, MICROSCOPEPHOTOGRAPHS OF IMPERFECTIONS IN

SOME SPUTTERED FILMS. . .
ALL FRAMES: 1cm = 14-ykM.



film surface.

(v)

(c)

(a)

4

6.5 um niobium filnm on copper. There is one
hole about Qum diameter plus several smaller
holes close together and surrounded by a dark
area about 25um.in diameter. The dark area
is most probably a depression or hollow in
the film surface, with holes right through

at the centre where the film is thinnest.

shows two defects in a 8.2 pm tantalum film
on coprer. The regular lines across the

film are due to replication of machining
narks on the substrate, which in this case are
rather pronounced. (The machining marks on
this film can also be seen clearly in

fig. 4.1 ). The larger dark circular area
again seems to be a hollow about 28 um
diameter with a number of pinholes at the
centre., However, no holes through the film

could be detected in the smaller datk area.

10.3 wm thick niobium film on polished stainless
steel. The photograprh is of one defect,

consisting of a pinhole about 2um diameter
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at the centre of a depression which is

roughly 1llum across.

(e) The final photograph is an imperfection on the
surface of an 18.1 um niobium film deposited
on copper ; it again appears to be a hollow
about 15um diameter. However, there are
no holes at the centre of the hollow. In
fact, no holes going right through could be

located in this film.

For the sake of clarity the most obvious flaws have been
selected for thotographs. In general the depressions and pinholes
varied widely in size, many being much smaller than those in
fig. 4.2. Note that holes will appear larger than they actually
are because of diffraction at the edges of light coming through the
hole. The number of such defects was found tco be very roughly of
the order of 3 per cm2, tending to increase with thinner films,

Not all defects have associated with them holes right through the
film, but holes right through were found in all specimens except

the thickest (18,1 pnm)

The origin of macrodefects

In view of vrecautions taken in handling films it is most
unlikely that flaws were introduced after deposition ; therefore

pinhole type defects must be formed during film growth. The fact
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that defects occur in a film deposited on a polished substrate

to more or less the same extent as in a film on a machined
substrate is evidence that machining marks and other irregularities
in the shape of substrate surface play no part. Pinholes have
always been a problem in thin film manufacture (Scharnhorst, 1969),
but explanations for their occurrence are few. The concensus of
opinion with respect to films prepared above room temperature is
that these holes are caused by minute particles electrostatically

bound to the substrate surface-(Holland 1956, Jorgenson and Wehner

1963).

Fig. 4.3 illustrates how such surface contamination can
cause the formation of defects like those described above. Suprose
an airborne particle of contaminating material lands on the
substrate at (a) while the substrate is being dried after final
cleaning, or while it is being mounted. When the substrate is pre-
heated the particle may spread out, resulting in a roughly circular
dirty area as at (b) which could be several microns in diameter.,
During film growth this area may tend to repel tantalum or niobium
atoms so that nucleation does not occur there, with the consequence
that a hole is left in the film, (c¢). Fig. 4.3 (d), (e) and (f)
illustrate the developrnent of the defect as the film grows thicker.
Eventuaily, when thick enough, the hole is bridge by thc growing

film as at (g). Although purely speculative, this explanation is
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Fig. 4.3 Stages in the growth of a film, illustrating how

contanination of the substrate may cause a defect.
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reasonable in that defects observed are of the form suggested by
fig. 4.3, 4d.e. hollows in the film surface with holes right through

at the centre, the holes being absent in the thickest film.

The first step in preventing formation of pinhole defects
is to exercise greater care in keering the substrate clean before
deposition. However, it is doubtful if contamination by airborne
matter can be completely eliminated (Jorgenson and Wehner, 1963).

A further clcaning process is possible after the substrate is mounted
in the vacuum chamber by subjecting it to ionic bombardment in a

glow discharge (Holland, 1956), a method which could be quite readily
adopted with the unit described in chapter 3 by making the outer
earthed cylinder the cathode. A similar cleaning effect is achieved
with some of the more sophisticated sputtering methods mentioned in
chepter 3, such as agymmetric a.c. sputtering or using a system with
biassed substrate. Technicues like these would perhaps remove
residual substrate contamination. Even if the substrate is perfectly
clean pinholes ray still be formed. Scharnhorst (1969) has studied
pinholes in tin films, the formation of which seems to be unrelated

to particulate matter on the surface.

I have dealt with the subject of macroderects at some
length beczuse, as will become evident later, their presence profoundly
affects the manner of flux penetration into films. Of particular

significance is the fact tliat holec becone filled over if the film
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is allowed to grow to a thickness of between 10 and 18 pm. The
effect of defects on flux penetration »roperties will be discussed

in chapter 6.

Grain size

Grain size of thick sputtered films is just large enough
to be visible by optical microscope. Tke granular structure on the
surface ¢an be seen in all pholographs in fig. 4.2 except (a), and is
clearest in the 18,1 um film (e) where individual grains are visible.
They indicate a grain size of the order of 1 pm. Similar grain size
was observed in all thick tantalum and niobium films on metallic
substrates., M.J. Witcomb (private communication) has examined some
niobium filus by electron microscopy. His investigaticns indicate a
somewhat smaller grain size within the {film — in the range 0.05 um

to 0.3 um dianeter.

4.3 Surface topogravhy

In acdition to the effect of macroscopic imperfections, the
shape and structure of the film surface over the relatively large areas
where there are no defects can be a factor which determines the manner
of flux renetration. To obtain a quantitativevmeasure of surface
roughness, surface profile traces have been tzken on some of the
specimens using a Talysurf wmachine at the University of Strathclyde.
Talysurf traces are reproduced in fig. «.4. All trzces were taxen

lnanaxial directicn on the inside surfaces of cylinders.,
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Profile (a) is from a stainless steel substrate Qith the
surface polished to nearly a mirrorfinish ; (b) is the surface of
a 16.1 pm thick film deposited on a substrate similar to (a). The
filmlsurface is rougher than the substrate by very approximately
Ce3 um reak-to-peak, due presumably to the granular nature of the
film. Trace (c) is the surface of a 19.4 um film on a stainless steel
substrate which had a smooth surface, but not highly polished. _The
microstructure is as in trace (b), but superimposed on this is a
larger scale roughness which must be a reflection of the poorer
substrate surface finish. The traces show no sign of the pinhole
type defects of section 4.2, This is not surprising — as there are
only about three such defects per cm2 the chances of the Talysurf

probe passing over one are smell.

Finally at (d) is a Talysurf profile of the as-mechined
niobium cylinder. The surface is very much rougher than any of the
sputtered films, being aprroximately 10 um peak-to-peak. (Note the
change of vertical aznd horizontal scales in (d)). The effect of

surface roughness on losses will be discussed in chapter 5.

4.4 Impurities and cold work

Superconductive prorerties of both tantalum ard niobium are
influenced strongly by microstructure. In this section I shall
consider the effects of impurities and cold work, and their

relationship to neasured valucs of Tb and ch
.
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Tantalum

Serarhim et al (1961) have studied the effects of
imperfections (microscopic) on the critical temrerature of tantalum.
Their results show that interstitial oxygen, nitrogen and hydrogen
all affeqt Tc in the same manner, namely Tc decrezses avnproximately
linearly with increasing interstitial content, the constant of
proportionality being ~0.45 K per at.%. Seraphim et al interpret
this as a mean free path effect. But they show that cold work, even
to the extent of decreasing m.f.p. by a factor of ten, has negligible
effect on Tc' Results of Seraphim et al will be used to estimate

inpurity content in tantalum films from 'I‘c values,

Niobium

The effects of dissolved gases in niobium have been studied
in some detail by De Sorbo (1963), whose findings can be summarized

as follows :

(a) Below the solubility limit —
Interstitial oxygen solute decreases Tc linearly
by ~0.93 K per at.%;
Interstitial nitrogen solute decrezses Tc linearly
by ~0.45 K per at.5o
Both oxygen and nitrogen intersfitials increase

the kappa value (V.l N HC2/\/2 H, ) linecarly by/
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linearly by 3.2 per at.% at 4.2 K;
The M-H curve remains nealy reversible,

(v) Above the solubility limit —
The solubility limit for oxygen is~3.8 at.%

" and for nitrogen is ~0.33 at.%.

When the solubility limit is exceeded the
impurities precipitate as oxides or nitrides,
Tc starts to increase and the M-H curve
becomes very irreversible; The kappa

value continues to increase,

(c) Hydrogen impurity has little effect on T .

Cold work in niobium

The effects in niobium of deformation by cold working have
been studied by Narliker and Dew-Hughes (1966). Their experiments
show that a moderate degree of deformation results in irreversibility

but has little effect on Hc To apply their findings to the niobium

X
films we require tc estimate the amount of deformation, which is

introduced by reason of the differential contraction between film and
substrate. Using the figures in table 3.1, and arplying them to the
temperature range 600°C down to 100 K (below about 100 K coefficients
of thermal expansion tend rapidly to zero — Rose-Innes, 1964), the

differential contrezcticn results in at most ~1% deformation when the

substrate is copper and ~ 0.5/ when the substrate is steinless steel.
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The article by Narlikar and Dew-Hughes indicates that 1% deformation
will have negligible effect on ch — and hence on® — and will
introduce only a small degree of irreversibility. So it is not
unreasonable to assume that measured Tc and ch values for niobium
must be explained purely by the presence of impurities. This is

supported by the fact that electron microscope investigations indicate

the presence of vexry few dislocations in the sputtered niobium.

Before going on to measurement itechniques to determine Tc

and ch for films, the low temperature eqguipment will be described
briefly.
4.4.1 Cryogenic system

A standard silvered double glass dewar assembly is used
with liquid nitrogen in the space between inrer and outer dewars to
act as a heat shieldl Most of the experiments on niobium were
performed at 4.2 K, but for work on tantalum the tenperature had to
be lowered by reducing helium vapour pressure in the dewar. A large
rotary pump was used in conjunction with a mechanical pressure controlier,
The pressure controller, whose construction and operation are describec
in detail by Easson (1967), is capable of maintaining constant
bath temperature to within + 5 mK for periods of an hour or more, and
gives very fine control over bath temperature. Pressure is measured
with a precisicn dial manomcter calitroted direétly in Kelvins and

catable of teurersture irdiceticn tc within + 1 mll above 3,5 K and

+ 5 mK above 2.0 K,
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4eg,2 Measurement of critical temperature

Tantalunm films

Two pairs of clips with gold contacts bearing on the film
are positioned on the cylinder as shown in fig. 4.5 (inset), the
film cylinder being immersed in liquid helium. One pair act as
terminals for a d.c. transport current of 100 mA and the voltage drop
is measured écross the other pair with a d.c. microvoltueter. When
fully normal nealy all the transport current flows in the.substrate,
resulting in a very smnall voltage drop, typically 0.4 pv for 100 mA
in a copper substrate. To make it easier to observe such a small
voltage on top of drifting thermal e.m.f.s the current is switched
in direction at roughly two second intervals, To obtain temperatures
above 4,2 K the dewar is sealed and pressure allowed to rise to the
required level, a small heater being used to bring the liquid helium

to boiling point before mecsurements are made.

Typical resitive transition curves are given in fig. 4.5;
Tc is tasken as the temperature at which R/Rn = 0,5, Using findings of
Serarhim et al (1961) the total content of interstitial gaseous
impurities has been estimated for tantalum films. Results for Tc
and impurity content are given in table 4.1(&). As we are primarily
interested in niobiun the effects of impurities in tantalum will not

be considered further,
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Niobium films

Critical temperature measurements on niobiun films Tequire
the cylinder to be placed in the cold gas above the heliwna bath, under
which conditions thermal e.m.f.s at voltage contacts become so
unpredictable that the above system cannot be used. 'I'c valves of
niobium films are obtained instead by measuring the temperature
dapendence of a.c. susceptibility of the cylinder as a whole to a very
small a.c. field. The arrangement is illustrated in fig. 4.6. The
a.c. solenoid is & single turn of wire carrying 20 mA r.n.s. at 50 Hz
(the r.in.s. current in the film when sugperconducting is therefore
~ 20 mA). The signal from the pickup coil is a meximum when the £ilm
is completely normal, and zero when it is sufficiently superconducting
to screen the a.c. field completely. Temperature is measured with a
calibrated germanium resistance thermoneter positioned inside the
cylinder as shown in the figure. The thermometer is mounted in a
copper block in close contact with the film surface in an attempt to
ensure thermal equilibrium with the film. Temperature is varied by
moving the arrangement up or down very slowly in the cold gas in the

dewar,

Transition curves have been obtained for the as-machined
cylinder and for the two thickest niobium films (nos. 47 and 51). The
a.c. susceptibility trensition curves are quite reproducible, but

unfortunately the valueg of T; which they yield are not easily explained.
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Both films have a measured Tc about 0.5 K in excess of ‘I‘c for the
as-machined niobium. According to De Sorbo (1963) a T, in excess
of the value for pure niobium indicates the presence of a second
phase, i.e. precipitates of oxides or nitrides. Now the electron
microscope studies undertaken by M.J.Witcomb (private commnication)
do not reveal the presence of precipitates in sputtered nicbium,
i,e. they suggest that geseous impurities remain in solid solution,

a fact vhich cannot be reconciled with Tc results.

The only obvious explanation is that the film and
germanium thermometer were not in thermal equilibrium, in spite of
the precautions taken., If this was so, it is clearly not possible to
derive any information about impurity content. Since critical
temperature mezsurements on niobium films did not yield the desired
information they were not pursued further, attention being given.
instead to measuremeﬁ%s of upper critical field. However, it should
be noted that Ross (1968) measured T, for his sputtered niobium films
on quartz and found values consistently lower than Tc for the pure

metal,

4.4.3% Measurerent of upper critical field

The methcd of measuring Tc for niobium films is also used

to obtain a neasure of HC The film cylinder with single turn

2.
solencid cutside and pickup coil inside is immersed in a d.c. field

produced by & superconducting solencid. The solencid is wound with
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Nb-Zr wire in a rectanglular cross-section wirding, has a length of
78 mm and bore diameter of 41 mm, and can generate a field of up

to 14 kOe at the centre of the bore. To measure Hc the a.c.

2
susceptibility was again observed, this time as a function of d.c.
field. The following technique was used : D.Co field was increzsed
until the film cylinder was driven completely normal, then decreased
slowly while monitoring the pickup coil signal. ch was taken as

that d.c. field level at which the very first sign of screening of

the a.c. field appeared on the pickup signal.

Let us consider cérefully just what is being measured. It
should be noted first that the film will probably have a higher than
averege impurity content at the surface next to the substrate, where
deposition begins, due to diffusion of impurities out of the substrate.
The film layer next to the substrate may have a relatively high ch
in which case it wiil be this layer that will first cause screening
in a decreasing field. On the other hand, surface screening currents
due to a surface sheath could flow on the inner film surface (they
cannot flow on the surface next to the metallic substrate) up to a
field H03 greater than ch, in which case the inner surface layer
may {irst cause screening in decreasing field. In either case it
seems probable that the measure of critical field will be somewhat
in excess of the value of ch for the bulk of the film. The method

has been used, nonetheless, to give a rough measure of H02 for

nicbiwm filns at 4.2 K and for tantalum filws at 0.8 Tc‘
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Table 4.1 (a) gives results of ch measurements for two

of the tantalum films, and the corresponding ®, values, HE being

1
assumed equal to the value for pure material (included in the table
for comparison). %y values are appreciably greater than for pure

tantalum ; in fact the sputtered films are type II whereas pure

tantalum is type I.

The results for niobium are utilised more fully as follows:

(a) First 'I‘0 and Hc are assumed to have the values of
pure bulk metal, namely 9.20 K and 1550 Oe at
0.45 T, (French, 1968).

(b) Using equation 2.10, values of parameter w, are
calculated.

(¢) From theoretical papers by Maki (1964, 66) which
give the ratiOS‘nl/ﬁ_ and nB/u as function of
temperatur;, values of 'KB are calculated. The
agsumption is made that the theory can be applied
to non-ideal materisl.

(d) Equation 2.9 definesx3 in terms of the lower
critical field Hcl' This equation only applies
for ®»1 and short m.f.p. ( go/_l_ >1); to

obtain HC we therefore use a modified expression

1

derived by Tewordt and Newmann (1966) which defines

HCl as a function oi“u3 for low values of U .
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(e) Finally De Sorbo (1963) gives interstitial oxygen
and nitrogen content in solution as a function of

H His results are utilized to estimate impurity

c2®

content of niobium films,

Experimental Hc values and derivedﬁwl,'KB, Hcl and impurity

2

contents for sputtered niobium and the machined cylinder are listed
in table 4.1 (b). Also included, for purposes of comparison, are
some parareters for pure defect free niobium (from French, 1968).

As explained above measured values of Hc are probably rather high.

2

If so, derived results for'nl,‘u and impurity content will be

3
higher, and Hcl lower, than the actuzl values for most of the film.
It can, nevertheless, be concluded that due to the reduction of

mean free path by impurities the kappa values of sputtered films

are soucvhat in excess of the pure niobium value, and critical field
Hcl is lower than for pure nicbium. The machined niobium cylinder
has a higher measured unper critical field than any of the films.
The apparen% content of gaseous interstitials (based on De Sorbo's

relationship between H_, and impurity) is corresrondingly high,

2
although the bulk niobium rust, in fact, be purer than the sputtered

films. The high value of Hc must in this case be the result of very

2

severe cold work introduced by machining.
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CHtPTER 5

FLUX PENITRATION AND LOSSES

In this and the next chapter I shall describe the maiﬁ
experimental work and related results on the nature of flux
penetration and dissipation. Chapter 5 is concerned mainly with
experiments to measure flux penetration into film cylinders when
an a.c, magnetic field is applied parallel to the film surface, and
the average power dissipation associated with the process of penetration.
The results are discussed and some comparisons made with other work

on a.c. losses in niobium,

51 Preliminarv neasurements of screening field of short

tantalum cvlinders

First I shall deal briefly with some early work on the
screening field of tantalum films sputtered onto the inside of short
cylinders of qusrtz (i.d. 23 mm, length 12 mm). Such films could not
be made more than ~1 pm thick. Screening field is measured with the
arrangement shown in fig. 5.1(a), and is similar to the method used by
London and Clarke (1964). A copper solenoid co-axial with the
superconducting solencid provides an a.c. field (50 Hz) superimposed
on a d.c. field. A pickup coil is placed inside the thin film ring

ag.

to measure the rate of changc of flux E%i inside the ring. The coil
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voltage is integrated in a simple RC circuit, enabling one to displey
the instantaneous a.c. component of flux ¢i as the vertical deflecticz
on an oscilloscope. The oscilloscope horizontal deflection is
proportional to the a.c. solenoid current, and thus to the a.c.
component of applied field. In this manner a hysteresis loop for

the ring is displayed.

Typicél lopps are given in fig. 5.l(b). The screening
field associated with the cylinder can be mezasured from such loops anc
plotted as a function of d.c. field as at 5.1(c)s At low d.c. field
levels where screening field tends to be large, flux penetrztes into
the cylinder bore in large jumps, which can be seen in the upper
hysteresis loop. Thnis is the manner of flux penetration from A to B
on the grarh, the curve between A and B being the size of flux jump
envelope as a function of d.c. field. At higher d.c. field levels,
above B, flux penetrates smoothly through the film as shown by the
lower loop, and hysteresis decreases with increasing field until it

becomes zero, in the case illustrated at 1600 Oe,

Similar results have been obtained for other thin tantalum
films on quartz which did not peel or craze., Such behaviour in thin
film superconducting cylinders has been observed by others, for exarxz:e
Hlowiczka 2nd Ross (1968), London and Clarke (1964), McEvoy (1964).

It had been hoped to relaile screening properties to a critical state
nmodel, But this is not [fczsible because firstly only very thin

(~1 wn) films csa be detosited on guartz and even thesc do not behewve
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consistently, and secondly the inevitable large degree of fringing
end field distortion at the cylinder ends makes it impossible to

be sure of the manner in which flux penetrates through the film,

When it became possible to deposit thick films on long metallic
substrate cylinders these experiments were not pursued further,
However, they served as é useful introduction to the kind of problercs
involved in attempting to measure flux penetration into a film in a

parallel field.

5.2 Flux penetration and losses — experimental methods

The techniques to be described in the remainder of this
chapter and the next apply to the relatively thick sputtered niobium
and tantalum cylinders listed in table 4.1 and to the as-machined
niobium cylinder. As explained in the introduction, in order to
approximate to conditions in a co-axial a.c. cable systen, it is
necessary to apply an a.c. field to one side of the film only ( the
side away from the substrate) and to eliminate and effects. The
arrangenent used is illustrated in fig. 5.2. The photographs in
fig. 5.3 show details of ccnstruction of solencid and pickup coils ani

their positions relative to each other and the film cylinder.

Th2 a.c. solenoid

A solenocid of pure niobium wire is placed co-axially inside

the cylinder. As long as the film screens the field ccmpletely the
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field return path is confined to the annular space hetween solenoid

and film, and since the solencid is shorter than the cylinder end
effects are not present. An experiment described in chapter 6 verifies
that flux penetration is confined to the central region of the
cylinder. The niobium solenoid can generate a peak a.c. field of

1330 Oe pbefore going normal.

It is fed from 50 Hz mains via a variac, step~-down transformer,
ammeter and series L-C circuit tuned to 50 Hz. The tuned circuit,
consisting of a bank of capacitors and a large liquid nitrogen cooled
solenoid, gives an overall Q-factor of 19, and serves to reduce
harmonics from the mains which would otherwise interfere with the
observation and proper compensation of flux penetration waveforms.

The solenoid was calibrated by placing a pickup coil with accurately
known dimensions and iurns in the annular space and observing the
output when the a.c: field was sufficiently low that no flux
penetration into the film occurred. The calibration factor determined
in this way is 760 Oe peak in annular space per amp r.m.s. solenoid

current.

Pickup coils

To monitor flux penetration inio the film a system is used
which is basically similar to that employed by Easson and Hlawiczka

(1967). A pickup coil, referred to as the signal coil and consisting

of a single layer of about 180 turns, is placed as shown in the figure



100

very close to the film surface in the middle of the region where
field is applied. Thé voltage from the signal coil consists of two
components ; there is a sinusoidal component in phase with field cue
to the finite thickness of the pickup coil wire and the small gap

between coil and film — this will be termed the direct nickup volizze ;

there is a non-sinusoidal component due to flux penetration into the

film itself — this is termed the penetration voltage. To observe the

waveform of flux penetration into the film a compensation systen

(Easson and Hlawiczka 1967, Buchhold 1963) must be used to eliminate

the direct pickup voltage.

Compensation coils are placed in the annular space as shown
in the diagram, and are positioned some distance from the film surfece
as compared with the signal coil so that the compensaticn voltage is
a true replica of applied field waveform. The main compensation coil
is put in series opﬁbsition with the signal coil and is wound witn
sufficient turns to cancel most of the direct pickup voltage. The
nearly-compensated signal is put in series with the voltage from
the auxiliary compensation coil which has first been passed through a
simple variable attenuation and phase shift circuit. This is shown
more clearly in the block diesgram in fig. 5.4. By adjusting
attenuatioﬁ and phase settings of the compensation circuit the smell
remaining direct pickup component can be eliminated, leaving only
the flux penetration signal. One would expect only the amplitude

of the suxiliux, comvenzziion Lo recuire adjustment since it shouid
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be in phase with the direct pickup voltage. But in practice small
phase shifts do occur, presﬁmably due to leads and circuitry, so that
slight phase adjustment is necessary. The criteria adopted to
determine when the signal is properly compensated are discussed in
section 5.4, Finally, a pickup coil is placed round the outside of
the film cylinder to detect the onset of flux penetration right

through to the outside,

503 The loss measuring svstem

First, a note on notation. The sinusoidal 50 Hz field in

the annular space will be referred to as H, with peak value Hm. i.e.

H = H(t) = H sin ot (5¢1)

The peak field at which non-linear flux penetration into the film

is first detected will be called Hml

penetration right through the film to tne outside occurs will be Hm

s and the field at which flux

5
The total flux which has penetrated irreversibly (that is, excluding
flux penetration to the London penetration depth) into the film is
termed ﬁ(t), or simply ﬁ, and has peak value ¢m° The voltage from

the signal pickupr coil, el(t), when properly compensated is proportionzl

to df/dt, thus

e (t) = ~nd (5.2)

dt

where n is number of turns on signal coil. The instantaneous energy
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dissipation in the film is P(t), the mean value per unit area of film

surface being represented by P.

Kow, the instantaneous rate of flow of energy into the
specimen cen be derived from Poynting's energy flow vector (Easson

and Hlawiczka 1967). The rate of energy flow at any instant is given

by

aw
= Z% (Ex H) in c.g.s. units per unit surface area

of sample,

vhere E x H is the Poynting vector. 1In the simple slab geometry with

E and H mutually perpendicular

aw 1
Idt = mE

The electric field E is caused by the rate of change of flux at the

sample surface, thus

1. 4¢
E = - 33t

where b is the length of the perimeter of the sample, in this case the

circunference of the inside of the film. Hence

a5 inb dt

ldw’ A
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The powexr loss in one cycle is obtained by integrating over a cycle,

1 [

P (one cycle) = s H = dt
1
- rpoHag . (5.3)

This is equivalent to saying that the area of the ¢ versus H hystersis
loop gives power loss per cycle. The mean dissipation at frequency

f is then

s . L L ag(t) ;
P = i H(t) 5T dt per unit area (5.4)
The quantities H(t) and d@(t)/dt are directly observable as applied

field and compensated pickup voltage respectively. Mean dissipaticn
can be measured directly by taking the time average of the product

of these two quantities.

Electronic wattmeter

The system used to perform this function is shown in block
diagram form in fig. 5.4. The compensated voltage from signal pickup
coil e is first fed to a Tekironix type RM 122 pre-amplifier which
has noise level of 5 pv r.m.s. (referred to input) and gain G of 100
or 1000. The amplified signal is applied to the input of a switched-
gain amplifier. A signal provortional to H(t) is taken from across

2 0.5 ohm resistor in series with the solenoid and applied to a seccnd
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switched-gain amplifier. This signal, referred to as ez(t), should

be in phase with H(t) and therefore in the correct phase relationship
with el(t); in practice it is found that, as with the compensation
system, a phase shift network is required in the e, channel. Outputs
from the switched-gain amplifiers are taken to a Fenlow type MC 101
analogue rultiplier whose output is monitored on a d.c. millivoltmeter.
In use the gains of the amplifiers preceding the multiplier are
switched to settings which give maximum signal levels at the
miltiplier inputs without exceeding saturation limits. The frequency

response of the e, channel is linited at the low end by the pre-

1l
amplifier to 0.2 Hz, and a2t the high end by the multirlier to 30 kHz.

The d.c. millivoltmeter has a time constant much longer than
20 ms. Hence it gives a reading E which is proportional to the time-

average of the product Gele i.e.

F « { e e, dt

But el(t) ==-n %ﬂ- and ez(t) o H(t)

2.

F o {h(t) 3P(t) oy

Thus from equation 5.4, Eoc-ls 3 the voltmeter reading is a direct
measure of mean energy dissipation in the film. Other quantities can
also be observed by displaying on an oscilloscope signals at appropriate
points in the system, as shown in the blcck diegram. The pre-amplifier

output is the d@/dt signal, which can be integrated in a simple R-C
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circuit with time constant of 0.2 seconds to give the @ wavefornm.
¢-H loops are displayed by using the ¢ gignal as vertical deflection
and a signal from the e, channel as horizontal deflection on an

2

oscilloscope.

Calibration, sensitivity and accuracy

The electronic wattmeter was calibrated by rassing a known
50 Hz current through the solenoid series resistor and applying a

known 50 Hz voltage to the e, channel at the input to the switched-

1
gain amplifier, and adjusting their relative phase to give a maximux
d.c. voltage resding E; wvhich occurred when they were in phase. By
taking into account the signal coil turns n, the pre-amplifier gain G,
the inside circumference of the film b, the solenoid calibration

factor and the settings of the switched-gain amplifiers, an overall

calibration factor was determined.

If the flux venetration waveform is properly compensated the
system sensetivity should depend only on n, b and the low frequency
noise level at the pre-amplifier input. In practice, however, it wes
found that lack of accuracy limited the sensetivity through
uncertainty about the precise degree of compensation required. On
approaching the more sensetive settings of the wattmeter the reading
beczrie increasingly affected by very small changes in the degree of
conpensation, the limit being determined by the point at which the

rower lozs rezding was of the same oruer as the reading due to
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uncertainty in adjusting compensation., This limit was found to
correspond to a P reading of about 0.0l pw/cmz, and loss measurements
below 0.1 pW/bmz were of doubtful accuracy ; they only served to

indicate general trends,

Accuracy was checked at high dissipation levels by comparing
readings on the wattmeter with measured areas of corresponding ¢-H
loops as displayed on an oscilloscope. Above 0.2 pchmz, measured
losses by the two methods were within + 25%, with agreement improving
at higher loss levels. + 25% may seem rather poor, but it should be
noted that losses are measured over more thén three orders of
magnitude and vary steeply with arplied field, so greater accuracy

is not necessary.

5.4 Penetration waveforms and comrensation

Typical coﬁbensated d¢/dt waveforus, ¢ waveforms and ¢
versus H hysteresis loops for flux penetration into some thick
sputtered tantelum and niobium films are jillustrated by the photographs
of oscillosccpe displays in fig. 5.6. For these photographs Hh<:Hm2’

i.e. there is no flux penetration through the film to the outside.

Compensaticn vrocedure

An explanztion will now be given for the criteria used to

deternine the precise dezree of cormpensation reguired to remove the

direct pickup from the output of the signal coil so that waveforms
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displayed are due only to flux penetration into the film. From
detailed analysis of critical state models FEasson and Hlawiczka

(1967) show that at the turning points of a@plied magnetic field,

ice. + H, dg/at = 0 and d2¢/dt2 = 0. This is illustrated in fig. 5.5,
which is reproduced from their article. It shows waveforms for ¢(t)
and df/dt derived from a simple Bean-London critical state model,

and their relationship in time to the sinusoidal applied magnetic field.
If it is assumed that experimental waveforms also possess these
properties, then the two conditions can be used to determine correct
compensation. The magnitude and phase of the sinusoidal signal from
the auxiliary compensation coil are adjusted in the compensation
circuit until the displeyed df/dt waveform satisfies the above conditions.
Fig. 5.6(a) illuétrates one half-cycle of a correctly compensated

dg/dt waveform ; the points at which @' and g" are both zero are

easily located by sharp kinks which occur at the peaks of applied field.

The conditions @#' = @" = 0 apply not only to critical state
models, but to any model of flux penetration in which flux trapping
occurs at i_Hm. If sheath currents are present and there is a surface
screening field such that no flux leaves the specimen until applied
field is reduced from Hm to Hm-AIL then d@/dt will remain equal to
zero during this time. This feature, which can be seen in waveform (a),

lends support to the coupensation criteria.

But when we study the experimental waveforms for some of the

other films difficulties arise. Consider the half-cycle df/dt waveforms
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H (t)}\

Waveforms derived from the Bean-Londcn critical state

Fig,

(From Easson and Hlawiczka, 1967.)

model,

(a)

Applied field sinewave

(b) @(t) waveform

(c) dg/dt waveform



FILM 48 To 2.3-6 yrn

(cx) d$/dt WAVEFORM ( MORIZ 2mS/oiv)
AT 0-6 Tc, H, = 34-0 Oe.

(b) 4>-H LooP
AT 0-4-5TC) HTn= 500 Oe.

FILM 47 Nb 194" Mw = 980 Oe.

(¢) &t>/dt WAVEFORMS (horiz 2.W/MDv.")
SHOV/ING TWO POSSIBLE
COMPENSATION SETTINGS.

FILM 50 Nb 16-1 fiir. Hw = 980 Oe.

/ N (d) d<>/dt WAVEFORM (woRiz 5-ms/Dtv.")
(e) X WAVEFORM (HOPIZ-s5ws/div.)

(f) &-H LOOP.

FILM 51 Nb 24-7

(g9) d$/dt WAVEFORM (HCRIZ; 2 Trs/Div.)

WAVE FORM

FIG. 5-6 SOME flux PENETRATION WAVEFORMS AND HYSTERESIS
LOOPS FOR SPUTTERED To AND Nb FILMS.
( ALL Nb FfiLms ar 4 2 K).
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in fig. 5.6(c) for a 19.4 ym niobium film. If tge criteria above are
adopted for compensation the waveform appears as in the upper trace;
this is an impossible situation in that it implies that dg/dt
becomes negative (i.e. flux leaves the specimen) in an increasing
applied field, and vice-versa. In this case it seems more correct
to adjust compensation until the waveform is as in the lower trace;
dﬂ/dt is now positive or zero when H is increasing, negative or zero
when H is decreasing, but implies that flux trapping does not occur
at + H . When these difficulties arose it was decided to adopt

another compensation procedure as follows : The applied field was

increased to just below (just below the point at which flux

Hn
penetration could be detected) and, with vertical sensetivity at a
maximum, the compensation adjusted until the ¢-H display appeared as
a horizontal straight line. Agpplied field was then increased to the
desired level and waveforms or loops observed without further
compensation adjustment. The remaining photographs in fig. 5.6, (b)

and (d) to (j), were taken using this compensation method, as were

all measurements of power loss.

Flux penetration into thinner films

Attempts have been made to observe flux penetration into and
measure losses in most of the specimens listed in table 4.1. No
results were obtained for any film thinzer than 16 um. When an a.c.

field is arplied to the inner surface of such film cylinders it is

found that no flux penetration into the film can be detected before
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the occurrence of penetration through the film to the outside, i.e.
Hm2 is equal to Hml' Experimental values of Hml and Hm2 are listed
in table 5.1. For purposes of later comparisons Hcl values as derived

in chapter 4 are included.

There is little point in taking results beyond the stage at
which magnetic flux in the film renetrates through to the outside, as
we then have no knowledge of the manner of flux distribution within
the film. Therefore measurements of flux penetration and losses have
been confined to the 23,6 um thick tantalum film, the three thickest
niobium films (16.1, 19.4, 24.7 pum) and the as-machined niobium
cylinder. Regarding the niobium cylinder machined from bulk, flux
penetration into the specimen was found to begin at very low applied

field, even at field levels aprroaching zero. Hmo was in excess of

L

the solenoid maximum field. Comments on the significence of Hﬁl’ Hm2’
flux penetration waveforms and hysteresis loops are recerved until

section 5.6,

5.5 Results of loss and flux penetration measurements

Using the electronic wattmeter with the compensation procedure
described above, measurements of mean power loss P as a function of
peax applicd field Hm have been made on the three thickest niobium
films, the machined niobium cylinder and the thickest tantalum film.

The reak totsl flux ﬁm versus Hm has also been neasured for these
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Film

Thickness

H

cl ml me
(from ch.4)
pm Oe Oe Oe

43 Ta 4,1 - 260 = Eml
48 Ta 23,6 - 160 380
45 Nb 6.5 410 250 = Hml
49 Xb 10.3 540 840 = Hml
50 Nb 16.1 450 530 1130
47 Nb 19.4 500 550 1060
51 TN 24.7 480 640 1090
As-machined

Nb ~ 250 400 see text > 1330

Table 5,1 Measured values of Hml and th.

Ta films, at 0.6 Tc; Nb films, at 4.2 K.
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specimens. Measurements on niobium were at 4.2 K (corresponding

to 0,45 T  if T  is assumed to be 9.2 K) and for the tantalum film
the temperature was 1.97 K, again equal to 0.45 Tc. Niobium
specimens will be discussed first. The results are presented in
fige 5.7. It will be noticed that P and ﬁm graphs for niobium films

have been extended into the region above Hm where flux penetrates

2
to the outside of the eylinder for part of each cycle. Only the
19.4 pm thick film displays a change in behaviour at Hm2 s as this

is one isolated result it may be co-incidental.

P versus Hm results will now be compared with Easson and
Hlawiczka (1968), Rocher and Septfonds (1967) and Buchhold and
Rhodenizer (1969), whose work, as mentioned in chapter 1, is

sufficiently similar to enable comparisons to be drawn.

Comparison with Easson end Hlawiczka (1968)

Easson and Hlawiczka have measured losses in niobium slabs
in a parallel a.c. field using an electronic waltmeler system
similar to the above. They obtéined P as a function of Hm at 4,2 K
in a 50 Hz field on specinens machined from bulk and on rolled foils;,
both materials having been subjected to various surface treatments.
Their results are compared with present work in fig. 5.8(a). Easson
and. Iilawiczka measured surface profile of their srecimens with a

Talysurf and found the following for average peak-to-peak surface

roughness s
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As-machined niobium ~ 5 um
As-machined or as-rolled, then electropolished ~5 um
" Mechanically polished ~0e3 um
As-rolled ~Q0¢3 pm

The Talysurf traces presented in chapter 4 indicate that sputtered
niobium films have a surface finish comparable with mechanically
polished or as-rolled material. However, in the range where results
overlap, losses in the films occur at a lower field thaA in as-rolled
or mechanically polished niobium. They are comparable with
electropolished material, in spite of the much smoother surface

of the films.

The work of Easson and Hlawiczka would seem to indicate that
the smoother the surface, the higher the field at which losses begin
and the more rapidly losses increase with field. The present studies
seem to support this view. The 16.1 pm and 24.7 um films were
deposited on highly polished substrates (see fig. 4.4(a), (b)) while
the 19.4 um thick film was deposited on a smooth but unpolished
substrate (fig. 4.4(c)). Losses in the 19.4 um film begin at a lower
field and increase, at least initially, less steevly than the other
two films. PFurthermore, the as-machined niobium cylinder has a
rougher surface than the as-machined niobium studied by Easson and

Hlawiczka (fig. 4.4(d)); on comraring these two it can be seen that

losses in therougher syecimen begin et a very low field and increase
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less steeply.

So far, the macrodefects discussed in section 4.2 have not
been taken into consideration. It will become apparent from
experiments to be described in chapter 6 that, as far as the initial
stages of penetration and losses are concerned, pinhole type defects

play a more significant part than overall surface roughness.,

Jomparison with Rocher and Septfonds (1967)

They measured losses in outgassed and electropolished niobium
with resistance ratio of about 1000 at 4.2 K in a 1lkHz field. They
found that losses depended strongly on d.c. bias field and on any
field present when the specimen was cooled — even the Earth's field
being of significance in this respect. Comparisons have been made
with their results on a specimen cooled in zero field and subjected
to en a.c. field only. Fig. 5.8(b) shows how their results compare
with the niobium cylinder machined from bulk. Note that results of
Rocher and Septfonds have been adjusted by a factor of 20 to give
equivalent losses at 50 Hz (they found mean dissipation to be
linear with frequency). Rocher and Septfonds give no quantitative
information on their specimen surfaces, but do conclude that surface
roughness and trapped flux arpear to be the main factors responsible

for losses,
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Comparison with Buchhold and Rhodenizer (1969)

Their loss measurements were performed on niobium samples
with mechanically polished surfaces at 4.2 K in a 300 Hz field.
They found losses to te very dependent on the rate of specimen
cooling — when cooled slowly to helium temperature losses begin at
a low field j; when cooled rapidly to 4.2 K losses begin at a much
higher epplied field and increase steeply with field. Buchhold and
Rhodenizer explain this effect by metallurgical changes in the cold
worked surface as the specimen is cooled 3 slow ccoling introduces
surface deformation. In fig. 5.8(b) is reproduced their P versus H
curve (again corrected to 50 Hz) fér a specimen which was cooled to
4.2 X in 30 minutes. This curve is comparable with the sputtered

films,

All these results lead to one conclusion — that at low
aprlied fields (near Hcl) surface topography and surface structure
are most important, pcssibly even the only factor, in determining
the onset of losses in niobium under a.c. conditions and the rate
at which losses increase with increasing arplied field. For this
reason it is difficult to compare one set of results with another
without detziled knowledge of the specimen surface conditions in
each case. Nevertheless the comcariscns made above are useful in

that they confirm that sputtered niobium behaves basically in the

same manner as bulk meterizl. A more detailed discussion of surface



120

effects is included in chapter T.

Losses in tantalum

The P versus H curve for the 23,6 pm tantalum film is
given in fig. 5.9. On the same grarh are reproduced results from
W. I. Dunn (privete cormmnication) on an as-machined tantalum
specimen at 2.5 K in a 50 Hz field. As with niobium the sputtered
material displays behaviour which is qualitatively similar to
bulk tantalum. The work on tantalum films was not pursued beyond
this stage ; the remainder of this thesis is concerned with niobiun

only.

5.6 Discussion of results

Having discussed loss nmeasurements let us now consider in
more detail the significaiace of other recults, particularly the
manner of flux penetration into films. First a comment on the lower
critical field. Values of HCl as derived in chapter 4 are given alorz
with H , in table 5.1. Except for the 6.45 um thick film and the

as-machined cylinder, Hcl is less than th. As explained earlier

Hcl results are expected to be lower than the actual value of Hcl
for most of the sputtered layer. Again it will emerge shortly
that the lower critical field is not necessarily the wmain factor

which determines the toint of initiation of flux penetration into

a srtecimen.
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Comparisons with critical state model

I shall attempt to interpret results on the basis of the
generalized critical state model of Dunn and Hlawiczké (1968).
Their model is based on a hysteresis loop of the form shown in
fig. 2.7. Two important features are the flat portions around the
middle of the applied field cycle and the flat portions at the peaks
of applied field. These are caused by flux trapping due to the |
lower critical field Hcl’ and the presence of surface sheath currents
which result in flux trapping over the range 2AH at + Hm' The
experimental ¢ - H loops reproduced in fig. 5.6 show, to varying
degrees, more-or-less flat regions in the middle which suggest flux
trapping for applied field roughly in the range -Hcf< H<:Hcl. But
the experimental loops do not have the flat portions at i'Hm’ which
suggests that flux . .trepping due to surface sheath currents is not

present, or at lezst not fully effective.

A quantitative comparison

Consider now the total flux ¢$ which has pepetrated into a
film cylinder when the magnetic field is at a peak. The peak flux
wvhich has penetrated when applied field is Hm2 will be designated
¢m2° ¢m2 is therefore total flux in the film when the flux

distribution is such that some flux has just started tc penetrate

through to the outside., According to the generslized critical state
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model the flux distribution within the thickness of the film will

59 of the form shown in fig. 5.10. The effective applied field

at the surface, H_, on an increasing half cycle equels H - (Hc1+ AH).
The screening field AH will be ignored and Hcl will be assumed

Hml‘
is therefore equal to Hh2 - Hml'

equal to The peak effective applied field at the surface Hﬁe
The further assumptions will be
made that within the film the flux gradient is constant (Bean-London
model) and that flux is distributed uniformly round the circumference
of the film cylinder. Having made these assumptions, and using
measured values of Hm2’ Hml and film thickness, it is possible to
calculate the total flux ¢52 which the critical state model predicts
should be present within the film., Total flux in the film is

directly proportional to area A and is given simply by

where Hme is in QOersted and w and b are film thickness and cylinder
circumference respectively, in centimetres. In the table below
are given calculated and experimental values of ¢m2 for the three

thickest niobium films.

Film Hpe Area Calculated | Experimental
thicSpess (= Ho = Hml) A ¢m2 ¢m2

pm Qe Gauss-um Maxwells Maxwells

16.1 600 4830 365 0.55

19.4 510 4950 3.5 0.14

24.7 450 5500 4.0 0.35
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Fig, 5.10 Distributicn of flux in film according to critical
state model.
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Measured results are lower than those calculated on the
critical state basis by a factor of roughly ten. In defining the
critical current as a function of field (see section 2.5) it is
generally accepted that Jc is constant or a decreasing function of
field ;3 hence the flux density gradient must be constant or
increasing with distance in from the surface. So it is extremely
unlikely that flux would distribute itself within the film in a
manner such as shown by the brokeﬁ line in fig. 5.10. Furtheruore,
Hme is not likely to be much less than Hm2 - Hml’ certainly Hme
is unlikely to be low enough to reduce area A by a factor of ten.
Only one conclusion it seems can be drawn, namely that the
assumption of uniform flux distribution in the film with respect
to the circumferential direction is not correct. The calculations
suggest that flux penetrates into only about 1C: or less of the

area of the film being monitored, that is the area uncer the signal

pickup coil.

If the conclusion is correct that flux does not penetrate
uniformly over the specimen surface when subjected to a uniform
applied field, it clearly has very important implications atout the
nature of flux penetration. It is especially important to the present
work which is concerned with the initial stages of penetration and
dissipation. Therefore when this point was reacked it was decided to
perform soue expreriments to clarify the processes of flux penetration
into snd throug

<

h sputtered cylinders,
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CHAPTER 6

TOCALIZED FLUX PENETRATICN

Calculaticns at the end of the previous chapter suggest
that flux does not penetrate evenly into the film surface, although
the applied field is uniform. It was decided to carry out experiments
to throw light on the large scale spatial distribution of flux
penetration. The experiments consisted of placing pickup coils at
various positions rouvnd the outside of the film cylinder, applying an

a.c. field on the inside, and monitoring the signal from each coil.

The experimental findings presented here are only possible
because magnetic field is applied to one side of a thin superconductirg
layer. The cylinder geometry can be contrasted with the more usual
specimen arrangement of a rod in a parallel field, or the slab geometry
used by Easson and Hlawiczka (1967) with field epplied on both sides
of the slab. With rod or slab geometry it would be very diffiéult
to perform experiments to investigate the spatizl variation of flux
distribution, particularly if penetration is nearly all confined to

a thin surface layer.

6.1 Varistion of flux penetration with resvect to axial directicn

A test wzs first carried out to determine how penetration

varied with position in an axial direction. This was done chiefly to
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verify that flux penetraticn at the cylinder ends due to field
fringing did not induce a signal in the signal pickup coil which
was placed close to the film surface at the middle of the cylinder
(sce section 5.2). Two pickup coils are situated round the outside
of the cylinder, one at the middle, the other near one end, as

in fig. 6.1, aﬁd an a.c. nagnetic field is applied to the inside
using the niobium solencid described in chapter 5. The pickup coil

voltages are nmonitored siimltaneously.

The experiment was carried out on film 44 (Ta, 8.2 um). On
increzsing a.c. field inside the cylinder it was found that invariably
a signal was obtained first from pickup coil A, there being an output
from coil B only upon further increasing the field. This indicates
that magnetic field penetration right through initiates at the centre
of the cylinder, and not at 'the ends ; it is reasonable to assume that
initiation of flux penetration into the film occurs in the same manner.
It can thus be ccncluded that field fringing at cylinder ends does not
interfere with the observation of penetration at the centre. This
does not mean that fringing does not occur, but simply that the
fringing field is weak enough to be trapred near the ends of the

cylinder,

6,2 Variztion of flux venetration with respect to circumferentisl

direction

For this part of the investigation four small identical pickup
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penetration with respect to axial direction,
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coils were wound, removed from their formers, flattened and curved
sligzhtly, end placed round the outside of a film cylinder at the
centre position as shown in fig. 6.2. Each.coil monitors flux
venetrating to the outside over roughly one quadrant of the cylinder.
An a.c. field is applied to the inside with the niobium solenoid as

in yrevicus experiments. The menner of penetration through to the
outside was investigated at 4.2 K on three sputtered niobium cylinders,

nos. 45, 49, and 47 (6.5, 10.3, 19.4 um thick respectively).

Results for film 45 will be discussed in detail. Upon
incressing the a.c. magnetic field inside the cylinder, a signal was
first detected from pickup coil B at Hm = 257 Oe, and upon further
increasing field a signal was obtained from coil A at Hm = 290 OQe,
from coil C at Hm = 310 Oe and from coil D at Hm = 372 Oe. The
situation is made clearer by fig. 6.3, an oscilloscope photograrh
of the signal fronm éach coil at Hm = 406 Oe. Traces at more
gsensitive settings have a 50 Hz sinewave superimposed upon them ; this
is due simply to fringing round the cylinder ends and should be
ignored — we are only concerned with the non-sinusoidal peaks which
indicate flux penetration through the film at the peaks of each
cycle of field inside. The largest signal is from coil B, indicating .
that most of the flux reaching the outside penetrates through at a
region beneath or near coil B. The reaxs from coils A and C are
much weaker but occupy the sane porticns of each cycle as coil B pezks,

which ou; cests tnat signals from A and C are caused by flux
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"spreading out" upon penetrating through the region under coil B.
It should be noted that the onset of a signal from A or C was not
clearly defined, whereas the signal from B first appeared as a
sharp peak at a well defined value of Hm' The output from coil D
has the form of sharp peaks which also appeared at a well defined
field level, implying the initiation of a second region of flux

penetration.

The node of penetrztion of magnetic field through the film
is therefore as follows : On increasing field no penetration occurs
until Hm = 297 Oe, at which point flux begins to come through at the
pecks of each cycle over a region near pickup coil B, As Hm is
increased further flux continues to penetrate near B but over an
increasing portion of each half-cycle, and is sufficient to produce
a signal in coils A and C also. When Hm = 372 Oe a new area of flux
penetration appears near coil_D. It will again be assumed that the
way in which flux penetrates %hroggh the film is a true indication of
the manner of penetiration into the film. The other two niobium films
behaved in a similar fashion, although the Hh at which penetration
signals appeared were different.

The above results confirm that it is incorrect to assume
uniform flux renetration under conditions of uniform applied field.
would seenm, rather, that nagnetic flux must enter the specinen

rreferentially at locel '"wesk spots" or '"patches'" on the surface,

It
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as shown by the contours of constant flux density in fig. 6.4. The
diagram is not meant to portray the actual size or shape of areas of

penetration, it is purely to illustrate the concept.

6.3 Non-uniform penetration and macrodefects

At the end of chapter 2 the concept of a surface energy
barrier was introduced. Bean and Livingston (1964) have shown
theoretically that when a uniform parallel field is applied to a
perfectly smooth surface of type II superconductor, flux penetratiocn
into the surface and the associated nucleation of flux lines may
be delayed until a field HS considerably in excess of Hcl' But
surface irregularities may create local fields equal to HS when
average applied field is relatively low. It has been verified
experimentally by De Blois and De Sorbo (1964) that a plane smooth
surface dves 1Iindeed act as a nucleation barrier, and that

roughening the surface permits flux penetration near Hcl'

The pinholes and similar large scale defects described in
chapter 4 will almost certainly act as irregularities at which
localized flux penetration may take place. It is not that the surface
barrier is necessarily wezkened or absent at defects, but that their
geonetrical shape causes local field enhancement. If macroscopic
imperfections in the films are of the form suggested in chapter 4

thien aryplied field will be enhanced at the edges of the holes or

depressions, and penetration will first occur there. A possible
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illustrating initiation of flux penetration.
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manner of flux penetration at a defect is illustrated by fig. 6.5.
Once flux lines have nucleated they will move according to the
mechanisms described in chapter 2 until they become pinned, either
within the body of the film or at the surface where they emerge.
From the point of view of the experimental work it is possible that
only very few of the defects dominate flux penetration behaviour
of the whole cylinder ; e.g. the total measured flux ¢m which has

entered a film cylinder could be due to penetration at one defect.

There is no direct evidence that flux penetrates preferentially
at the defects of section 4.2, However, there is no other obvious
explanation for observed behaviour, and there is one piece of
indirect evidence. Of films examined, those 10.3 um thick or less
had pinholes going right through, and in all films 10.3 um thick
or less penetration right through the cylinder to the outside takes
place as scon as penetration into the film begins (i.e. Hm2 = ml)'
On the other hand, no holes could be found in the 18.1 pm film
(i.e. the film was continuous, although there were macrcdefects on
the surface), and for all filmslgreater than 16,1 um thick flux does
not appear at the outer surface until peak field is increased above
the level which causes penetration into the film (i.e. H :> H )

It would be desireable if this correlation could be confirmed by
stud;ing more specimens 3 nevertheless it does lend support to the

proposition that the defects are the point of initiation of flux

penetration,
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The relevance of these findings on the detailed manner

of megnetic field venetration will be discussed in the next chapter.
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CHAPTER T

DISCUSSION AND COLCILUSICNS

It has been demonstrated that magnetic flux penetrates non-
uniformly into the film surface, most probably because of macroscopic
defects in the film. The effect must obviously dominate the field
screening properties of the sputtered cylinders, and the implications
of localized flux penetration must be borne in mind when considering
results presented in chapter 5. One thing is quite clear -— that
critical state models cannot be used to explain properties of films
with macrodefects. In view of the manner of flux penefration a

qualitative approach only is possible,

T.1 Effect of surface on penetration and losses

Before discussing the sputtered films it will be helpful to
consider various effects which can take place at the surface of a
superconductor, and which influence magnetization. Broadly speaking,
three surface effects can be distinguished, although it is probable
that in an sctual specimen any serarately identifiable surface

phenonmena are in fect inter-related.

(a) Energy barrier

First, there is the surf=zce energy barrier of Bean and Livingston
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(1964), De Blois and De Sorbo (1964) and others. This has been
dealt with already in section 2.5, vhere it was explained that
flux line nucleation and penetration into a type II superconductor

may be delayed until the applied field is increased to a level Hs

in excess of H ..
cl

(b)  Surface torogzrarhy

The second factor which must be considered is the detailed
surface shape, i.e. surface topography or roughness. The geometrical
shape of a rougnh surface can cause localized field enhancerent, so
that at peaks on the surface the effective field is greater than the
average ayplied field. A rough surface would thus be expected to
reduce the field for initiation of flux penetration below the above
mentioned value HS, and may even rermit some penetration below Hcl'
Unless the material is almost completely free of microdefects it is

likely that flux travping will occur on or near a rough surface.

Flippen (1667) has performed experiments on niobium which demonstratie
that magnetic behaviour associated with the surface is explained by
flux trapping at defects on or near the surface, which results in
hysteresis. There has been very little work on the quantitative
relationship between surface topography and flux penetration. It is
probable that both the actual and relative values of vertical and

horizontal components of roughness and their "spatial bandwidth" are

of significance.
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(¢) Surface microstructure

The third factor which will influence behaviour at the surface
is microscopic structure of the surfuce itself and the layer
immediately below. The amount of impurities and deformation and
their distribution with respect to distance perpendicular to the
surface will affect specimen magnetization. Consider the effect of
heavily cold working a surface, by polishing for instance. The high
dislocation density will reduce mean free path and hence Hcl at

the surface, permitting flux penetration into the surface layer to

begin at a lower field. But by reason of the deformation the surface

layer can now support a high criticzal surface current which may screen

the bulk of the specimen to a field level in excess of the bulk H ..

The magnetization curves in fig. 7.l explain this effect more
clearly. The diagram shows the reversible M-H curve for a defect
free type 11 Specime;, and the virgin curve after the surface has been
heavily deformed. The series of parers by Schweitzer, Bertman and
Garber referred to in section 2.5 present experimental work on hysteresis
in type II superconductors in which results are explained by critical
surface currents. Theoretical and experimental studies by Fink and
Barnes (1965) and Barmes and Fink (1966) have also shown that persistent
purrents can be induced in a multiply connected surface sheath, and

that the msgnitude of critical sheath current is extremely sensetive to

surfece state of the specimen.
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Now the region of the magnetization curve below Hcl in
a type II superconductor (or below Hc in type I) is called the

Meissner State. Screening of the bulk of a specimen by induced

surface currents, so that flux does not enter the bulk until a
field in excess of Hcl (or Hc in the case of type I), has been
termed by Seebold (1969) the enhanced Meissner State. Seebold has
discussed the possibility of utilizing the effect in superconductors
for a.c. applications. Although dissipation must occur in the very
irreversible surface layer, it is possible that losses at a given
field level, such as at HmA in fig. 7.1, may be lower in a specinen

with a severely cold worked surface than in one which is relatively

pure and strain free throughout.

The three surface phenomena described above have the
common feature that flux trapping occurs at or near the surface, with
conseguent hysteresis in mognetization and power dissipztion. The
surface effects (b) and (c¢) can be illustrated from the loss
measurements of Essson and Hlawiczka (1968) which are included in
fig. 5.8 (a). First, for as-machined niobium losses begin at a low
applied field and increase relatively slowly with increasing Hm'
Electropolishing does not improve surface roughness much (see section
5.5), but presumably does remove the cold worked materisl introduced
by machining. Losses now begin at higher Hm and increase nore
rapidly with field, so that at higher field levels they exceed losses

in as-machined material.
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Mechanically polished and as-rolled specimens have much
improved surface smoothness with an associated heavily cold worked
layer (although as-rolled foils will be cold worked right through).
The enhanced Meissner effect now comes into play. Although
penetration into the surface must begin at a relatively low arplied
field, losses are below the detection limit (which for measurements
of Easson and Hlawiczka was 1 pW/cmz) uptil an Hm level arpreciably
in excess of that for electropolished material ; losses then increase
very steeply with field. Since the as-machined specimen has a cold
worked surface layer it might also be expected to exhibit the
enhanced lieissner effect ; presumably in this case surface roughness
doninates as far as penetration and losses are concerned. These
comments help to make the point that the degree of surface deformatiocn,
the surface topograrhy, and their inter-relation, affect the onset of

losses and the manner in which they increase with peak applied field.

Te2 Surface effects and sputtered films

What is the significance of the surface rhenomena discussed
above as regards nmagnetization properties of sputtered niobium films 7
The surface energy barrier (a) msy be of significance as far as filcs
are concerned ; there is no way of determining from results presenied
in this thesis whether or not it is an important factor. As the films
have teen subjected to at most 1% deformztion, the effects of cold

work on the surface layer will be negligible (see section 4.4).
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Therefore (c), the enhanced Meissner effect, probably plays no part
in determining the menner of flux penetration into the films.
It is most iikely that surface topography, discussed under
(b), is the factor which to a large extent determines behaviour of
the sputtered films. As has been explained in section 6.3 pinholes and
similer large scale defects will act as irregularities at which
localized flux penetraticn may take place, the process being illustirzted
in fig. 6.5. The macrodefects behave as local "rough" areas on the
surface which, by reason of their shape, cause localized field
enhancement. Hence the applied field for initial penetration is less
than HS (if there is a surface energy barrier effect), and possibly
less than Hél‘
Now macrodefects are present to the extent of arproximatiely
3 per cm2 3 there must therefore be relatively large areas of film
between defects where the surface is relatively smooth, as shown by
the Talysurf traces of fig. 4.4. It is reasoncble to assume that
at such areas the applied field does not enter irreversibly, but rather
penetrates reversibly to the London depth only. In chanter 5 results
of loss measurements are presented as mean dissipztion per unit area
of film surface. However, since on the above assumption irreversible
penetration occurs only over a small fraction of the surface — perhzps
something like 1% to 10 of the film area to which field is applied —
loss results can e considered to apply only to such a fraction. Then

loss per unit area where power is actually dissipated will be greater

by one or two orders of megnitude than the P values indicated by
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fig. 5.7 (2).

In section 6.3 I touched on the actual mechanism of power
dissipation., When flux lines have nucleated and entered at 2 defect
they will move in accordance with the mechanisms of vortex motion
described in section 2.4 until they beccme pinned, either within the
body of the film or at the points where they emerge from the surface.
As explzined in section 2.4 pinning is caused by microscopic structural
defects which, through loczl changes in superconducting parameters,
produce localized regions where flux lines may have higher or lower
free energy. A flux line will be pinned at a local free energy
minimum. DInergy loss as heat results from viscous flow of flux lines
between pinning centres.

If the explanations of film behaviour in this section are
valid it appears that mecrodefects (pinholes and depressions) provide
regions of easy flux line nucleation and penetration, anc microdefects
(dislocations, impurities, etc.) act as pinning sites for fiux vortices

once they have nucleated.

It is clear from the foregoing discussicn that nagnetic
beheviour of the sputtered films is dominated by the relatively large
pinhole defects and depressions described in section 4.2. To improve
the field screening proyperties the most important step is to eliminate

macrodefects. Means of schieving this have been considered in chapter 4.
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It should be noted that if there were no pinholes there would be

no need to make the films more than a few penetration depths in
thickness, say ~1 pm. If macroscopic defects could be eliminated
what remaining surface finish would be required ? It is very
unlikely that a practical system would be designed to operate in

the surface energy barricr region above Hcl as this region is
unstable ; so the surface would only have to be smooth enough to
prevent arpreciable penetration below Hcl' Although Easson and
Hlawiczka (1968) do relate the onset of losses to the surface finish,
their results are qualitati?e, and are somewhat confused by the
effects of cold work which are also present. So just what constitutes
an acceptable surface is not at all clear —— further experimentall

work on this point would be desireable.

If large scale aefects are eliminated and the surface is
sufficiently smooth the films should be loss free up +to Hcl’ or

Just telow Hol' To attain high HC the niobium deposit must be

1
as puré and strain free as possible., This, however, raises the
possibility of utilizing the enhanced Meissner State as described

in section 7.1l. It is probably impracticable to do so, since an
extreme degree of deformaticn would be required, more than could

be readily introducea into the surface of & sputtered deposit.

Thus the statement thzt the aim is as pure and strain free a niobiunm

film as possible is still valid. Inprovements in film preparation

which could help in achieving this aim are discussed in section 7.4.
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7.3 Relation of resulis to a practical cable system

To put the work on sputtered niobium into perspective,
I shail briefly ccnsider its significance from the viewpoint of
a superccnducting a.c. power transmission cable. Numerous
feasibility studies of csble systems have been undertaken (Cairns
et al, 1969, lists a number of references), and a certain amount
of experimental work on conductors for superconducting cables has
been carried out (Rogers et al, 1969). In the introductory chapter
it was explained that a przctical arranzement would ccnsist of a
twin tube conductor assembly, or a multi-tube assembly, or an all
coaxial conductor assembly. Whichever is used, the field is
present on only one side of the superconducting layer. I shall
confine my remarks to the twin coaxial tube assembly shown in

fig. 1.3, and assume operation at 4.2 K.

It is obviously most important to attain as high a
surface screening current density as possible in the conductor tubes,
and maximum screening current density depends on the field Hﬁ at
which losses become significent. A significant loss level must
therefore be defined. Power loss in a superconducting cable under
normal operating conditions of 1 pW/cm2 or less is rreferred, while
10 uW/cmz is considered to be an upper limit (Taylor, 1969). 1If
PR cm2 is taken zs an acceptable loss level, the two thickest

stuitered niobium films (19.4 um and 24.7 um thick) could be used
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with peak surface field Hm of just over 1000 Oe at 4.2 K.

Now there are indications that a 2000 MVA superconducting
cable could be competitive with conventional undergroundcables, and
that such a cable could be operated at an interphase voltage of
3% kY (Tgylor, 1969). The currént per phase is then 35 kA r.m.s.
or 50 kA peak, so the peak current carried by one inner conductor
tube is 25 kA. If the current carrying layers were to consist of
sputtered niobium having loss behaviour similar to the thickest
filwus prevared as described in chapter 3, then as shown above the
maximum surface field would be ~10C0 Oe peak. The corresponding
surface current is 80 A/mm, which gives an inner conductor diameter
of 100 mm, If the niobium film was pure and defect free the cable
could be operated at a peak surface field of 1400 Oe, Jjust below Hcl
for pure material, wnich would require an inner conductor diameter

of only 71 mm.

Te4 Suggestions for further work

Future studies glong theé lines of work presented here should
have the following aims:
To eliminzte pinholes and associzted large scale defects;

To study effects of surface topography on flux penetration

and losses ;
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To determine the applicability or otherwise of
critical state models in predicting the manner

of flux penetration ;

To prepare films of higher purity =— either by

sputtering or by other methods.

Suggestions for avoiding the occurence of macrodefects have
been given in section 4.2, where the point was made that it is most
important to exclude as far as possible narticulate matter such as
dust from the sputtering system. Clean room facilities would no
doubt help in this respect. It was also suggsested thet ion
bombardment of the substrate — either tefore deposition or, by
using a moce sovhisticated sputtering technique, during depositicn —
would perhaps reuove any remaining contaminating matter. As has
been mentivned, if macrodefects can be eliminated it should not be
necessary to make the niobiwnm deposit morelthan a few penetration

depths in thickness.,

If films can be prepared which are.free of iacroscepic
defects it will then be possible to investigate the effect of surface
roughness on the onset of flux penetration and losses and their
field devendence. It should be possible to determine what is an
acceptable surface finish for a given arplication. When defects
which provide points of flux line nucleation and penetration have been

couinletely eliuineted, then ucson incressing arplied field =zbove Hc1



150

the magnetic field should penetrate uniformly into the sputtered
layer. Under such conditions it should be possible to determine
whether or not the manner of flux penetration can be explained by

a critical state model. Specifically, one could measure the total
flux which has penetrated into the film when the flux distribution
is such that it has just reached the outer surface of the film
cylinder, as shown in fig. 5.10. As explained in section 5.6 this
quantity is designated ¢m2’ and the associated peak applied field is
Hm2' By determining ¢m2 and Hm2 as a function of film thickness it

should be possible to derive the shazpe of the flux density profile

within the film,

It is clearly desireable to attempt to improve film purity

so that the lower critical field Hc approaches the value for pure,

1
defect free niobium., The precautions suggested in section 4.2 to
eliminate dust particles will to a certain extent reduce contamination
from gases such as oxygen, nitrogen and hydrogen. Additional steps

that could be taken to reduce the qguantity of gaseous interstitial

impurities in the niobium deposit are —
use a vacuun system capable of a lower ultimate pressure ;

bake out the system at a higher temperature and deposit

the film with the substrste at a higher temperature ;
use purer argon for the sputter: ng atmosthere ;

alter sputtering conditicns to give a factor depositicn

rate,
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It would be worth investigating these possibilities in the course

of any future work.

Finally, there are two methods of pfeparing niobium deposits
other than sputtering which could be considered. The first has been
used by Karasik et al (1968) and consists of precipitating niobium
from Nb015 in the vapour phase. Karasik et al used extremely pure
NbCls. and subjected the deposit to prolonged outgassing near the
melting point at a pressure of 5 x 10-11 torr. They obtained very pure
niobium which exhibited ideal type II behaviour. The second method
is the electrolytic deposition technique of Mellors and Senderoff
(1965) which was mentioned in chapter 3. They have obtained coherent,
dense deposits of niobium by electrolysis of niobium salts dissolved
in a bath of molten alkali fluorides. Meyerhoff (1969) claims that
subsequent vacuum outgassing of the electroplated niobium for 100 hours
at about 2100 °C and at a pressure of lO-8 torr results in an

extremely pure product which shows almcst complete magnetic reversibility
and which also has a very smocth surface finish. The electroplating
and heat treatment process has the advantage that it apvears to have

been developed to an advanced stage, having in fact already been used

in some arplications.
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SUMMARY

The penetration of magnetic flux into superconducting
niobium and tantalum films, deposited by sputtering on the inside
of cylindrical substrates, has been nonitored under conditions of
an a.c. magnetic field arplied parallel to the film surface. The
energy dissipation associated with irreversible flux motion in the
film has been meaéured, and an attempt has been imade to explain

results on the basis of critical state models,

Niobium and tantalum films were prepared by sputtering
with a d.c. glow discharge in an argon atmosphere. A cylindrical
geometry was adopted to deposit films on the inner surface of
cylindrical substrates, and thé’gettering action of the sruttered
niobium or tantalum was utilized to obtain a pure deposit at the
substrate. Films up to 1 pm thick were deposited on quartz
cylinders, and films from 3 um #o 25 um thick were sputtered onto
copper or stainless steel. To obtain a measure of purity the
critical temperatures of tentalum films have been obtained, Tc
values indicating g éaseous impurity content of typically 0.2 at.?&
Hc2 has been measured approximately for some thick niobium films,
the results indicating kappa values of about 5, corresponding to

about 1 at.s of dissolved gaseous imrurities.
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A 50 Hz a.c. field was applied to one side only of the
filnm cylinders by meens of a solenoid positicned co-axizlly inside,
the soleﬂoid being shorter than the cylinder to reduce the effects
of field fringing at the ends. Flux penetration into the film was
monitored with a pickup coil in close proximity to the film
surface in conjunction with a compensation system to remove unwanted
pickup. Losses in the film were measured by means of an electronic
wattmeter technigque. Hean power loés and peak flux penetration
for niobium films from 16 pm to 25 um thick have been obtained at
4.2 K 2s a function of peak applied field, and comparative
measurements have been made on a thick sputtered tantalwin film and
on a specimen machined from bulk niobium. The results have been

compared with other work on a.c. losses in niobiun.

It was found that flux penetration and loss results
cannot be readily explained by any critical state model. More
detailed study of the manner of flux penetration revealed that the
magnetic field penetrates preferentially at localized areas on the
film surface, and that this behaviour dominates to such an extent
that critical state concepts are not applicable. Examination of
the films under optical microscope revealed the presence of
relatively large scale defects (macrodefects) having a size of the
order of several microns and being similar in structure to pinholes.
It is concluded that such defects cause localized non-uniform flux
penetration by acting as sites for flux line nucleation and

penetration into the film.
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vii

Causes of mecrodefects and means of eliminating then
are discussed, ond the work has been related to a possible

yractical superccenducting a.c. power cable system.
a r



