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Chapter 1

INTRODUCTION

It

The title of this thesis,"fhe Scattering of Electronic
Excitations in Superconductors", is a very broad one and part of
the purpose of this introduction is to set out the particular
aspect of the field which is examined here.

Over the years there has been much interest in the properties
of the Superconducting-normal(S-N) interfaces in a type I
'sﬁperconductor in the intermediate statef In particular the
discovery of the anomalous rise of thermal resistance(Mendelssohn
& 0lsen,1950) and its subseguent interpretation by Andreev(1964)
in terms of quasi-particle reflection at the S-N boundaries have
given an insight into the effects of the boundaries on the electrons.
' However, when the preseht experiments were commenced(it is

convenient to defer discussion of the recently published results

of Landau(1970) until later), measurements of the electrical
resistance in the intermediate state had always been made far from

the transition temperature,Tc, of the superconductoryand revealed

nothing in excess of a linear variation between zero and the full y

* As many books(especially Shoenberg,1952) give good summaries of ‘

the structure and basic properties of the intermediate state, a

general review will not be given here.




nornal state resistance,Bo, just following the variation of the

fraction of normal material present. This was aiso accounted for
by Andreev(l966), in the regime TéKTC, and the significance of this
result is examined in Chapter i.

Many investigators found resistance variations below the linear
(see Shoenberg,1952) but this appears to be due *o inadequate care
in setting up the structure as Walton(1965) showed that the
resistance was always a linear function of field provided that
"fully saturated conditions"(i.e. a suitable field rotation and

-current burst between measurements) were employed. His findings were
broadly confirmed in the present experiments, although there were
detailed differences observed. However Walton did not make
measurements above 0.8 TG(B K in the tin samples used) where the
measuring current,which he had to use in order to get the necessary
aécuracy with conventional potentiometers, approached 1% of the
critical. As the temperature approaches Tc the current must be
reduced if the structure is not to be modified by its passage. This
necessitatgs an iﬁproved voltage measuring technique and fortunately
quantum inferference devices based on fhe Josephson Effect have
rapidly become commonplace in cryogenic laboratories for the
measurement of voltages down to the femtovolt level. The Slug
(Clarke,1966),which is a particularly simple example, was used in

the present experiments. This has ample sensitivity and in practice

the detection limit is set by field instabilities and cryostat




vibrations. It was possible to reduce these to give a noise level

of typically 5 pV in a 200 Gauss field, nearly three orders of
magnitude better than the sens}tivity of conventional galvanometers.
Since measurements had not‘previously been made in the vicinity
of Tc,where thermal excitation is important, this regime was clearly
of considerable interest and its study forms the backbone of this
thesis. The investigations revealed that there was a rise above
the linear, which increased roughly exponentially as Tc wvas
approached from below. This additional resistance was appreciable
'oﬁly above the temperature(=0.8 Tc) where the BCS energy gap A~KkKT
(and,ironically, just where Walton's measurements stopped!). This
was regarded immediately as & strong indication that the excitations
with energies in excess of A were responsible and this idea is
developed in quantitative terms in Chapter 4.
A few wvords of explanation about Chapter 4 are called for
at this point as it is the only part of this thesis which is not
almost entirely original. when the additional resistance in the
intermediate state was first discovered, a theory(originated by
Prof.Pippard) was being developed to account for the observations
made by my colleague J.G.Shepherd on a related system(S=N-S
séndwiches near to the transition temperature of the § material).

It was realised that it would be very satisfactory if a single

theory could explain both sets of measurements and rough calculations

soon showed that this was guite possible. The details were worked




out jointly and a paper(Pippard et al.,1971) was prepared for

(T

publication. Paris a, ¢ and d of Chapter 4 bear a strong resemblance
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o
o
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to sections l(intrcduction) and 4(theoretical model of an S5-N interfa
of that paper. The detailed analysis of the intermediate state case
(sections 4.b, e & £) is however my own, and differs substantially
from the(more general) approach adopted in the paper, which quotes
the results.,

A subsidiary investigation was made of the behavicur of an

D

I

ungymmetrical specimen(one in which the crystal axes formed a large
angle with the specimen axis) as previous work had almost certoinly
been exclusively on symmetrical specimens. The high temperature
behaviour of this specimen showed great similarity to that of
symmetrical specimens but there were differences at low temperatures.
In this regime, for certain angles of the applied field, the specimen
resistance rose above {he linear variation(no other specimen did this)
although in a different way to the boun&ary resistance. Some attempt
has been made to explain this rhenomenon but a fuller investigation

is really required.

A number of other properties of the specimens(magnetoresistance,
temperature dependence etc.) vere also investigated, both for their
own sakes and in order to estimate certain quantities(such as inelastic
mean free path) required for the interpretation of the boundary

resistance measurements.

Chapter 5 is essentially a description of the experimental results




including discussion of the means used to set up the intermediate

state structure and the behaviour of the unsymmetrical specimen(SnIII).

The main discussion of the results at temperatures near to the
transitiqn(boundary resistance) is however deferred until Chapter 6.
In an attempt to provide easy reference all of the numbered

Figures have been bound at the back of +the thesis, as they are

referred to from a number of different points in the text. However

the Tables and Plates are to be found near to the apprcpriate text

as this consideration does not apply.













Chaptexr 2

EXPERIMENTAL DETAILS

2.a The Cryostat

Plate I shows a general view of the outside of the cryostat
and some of the associated apparatus. The cryostat was of composite
construction: the Nitrogen dewar with a narrow tail inserted into
the magnet was made of glass but the Helium vessel itself was
constructed mainly of copper.

. Plate II and Figure 1 show the construction of the working
space,vhich was situated in the Helium interspace in order to
thermally isolate the speciuwen so that thermal conductivity
measurements could be made. A full discussion of the reasons for
this and the size of the specimens(about 10 cm long) is deferred
until chapter 3. However it can be noted here that thermal weak-
linking of the specimen to the bath is in any case the best way
of obtaining a stable tempe?ature(section 2.c).

The specimens were mountedtin a similar way to that described by
Walton(1965) using three lengths of 6 B.A, studding to hold the
lower end of the specimen steady.

* The Slugs and standard resistor(plate III) in their
superconducting can wére glued with Bostik I to a cigarette paper-

covered copper plate which fitted into a re-entrant enclosure in

the bottom of the Helium can. The purpose of this was to keep the
pursg
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field distortion caused by thé superconducting shield down to a
minimum without sacrificing Helium content.

The two superconducting 1?ads from the Slug box to the specimen
consisted of a twisted pair of 0.004" diameter formvar coated
Niobium wires(similar to that used in Slug manufacture). These
were used rather than the ubiquitous tinned twisted Eureka(hereafter
referred to as TTE) because the latter cannot be reliably coated
with an insulating coating thin enough to keep the enclosed pick-up
area down within the necessary limits. Niobium of course has the
' disadvantage that it is not easy to make reliable joints by
soldering. However, after the technique described in section 2.4
was discovered, there was not a single failure. The Niobiunm
potential leads were joined tb a pair of TTE wires(which could be
bent in order to adjust the net pick-up area 1o a minimum) on
insulating(Nylon) posts supported by the brass piece clearly seen
half way up the specimen in plate II. These superconducting wires
were then Jjoined to the spécimen side~armns.

The nether en& of the specimen was soldered into a holder which
was conneéted to the germanium fhermometer by a thick piece of
stranded copper wire. The thermometer was suspended by an
arrangement of threads from the two main support rods in order
to insulate it from ﬁhe bath as well as possible. The leads to

the thermometer were 42 SWG Bureka which, in the length necessary

to reach the main tagboard, conducted away a negligible fraction of
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the heat. The holder had an

ing collar, which could

”“' 'O

.

about the specimen axis and had very thin Pureka wires connecting
it to the three tensioning brass rods.

Electrical current could be fed into the specimen by 36 SWG TTE
which could carry nearly an Amp in a 200 Gauss field while
remaining superconducting. It had previously been found dﬁring

an investigation of the critical current of TTE wire as a function

[ie}

of magnetic field(fig. 2) that 40 SWG was inadequate. The current
left the specimen through the thermal weak link which consisted
of 18 pieces of 24 SWG heavily tinned copper wire each 1% cm long. ﬁ

|
This link had a thermal resistance of about 150 mX/mW and replaced "
an earlier one consisting of a single piece of copper which had {
the same cross-sectional area bubt a measured thermal resistance I
more than an order of magnitude greater(presumably because of ’
thermal resistance at the joints dominating the behaviour).

The sizesof the wires coming rrom the top of the cryostat were
calculated by equating the heat generation with heat conduction
(White 1968). 34 SWG Eureks was extensively used as it is a good
compromise beiween ease of handling and the thermal requirements.
Exceptions to this are: the voltage leads to the Slugs(44 sSWG copper
- low resistance to avoid signal loss). the thermometer voltage
leads (44 SV

. . 3 \
G copper - all coppexr circuit tc suppress thermal emfs)

end the current leads to the specimen(40 SWG copper - higher

current capacity without being excessively ka;cx) s Bureka would be).
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The wires entered the cryostat via the interspace pumping
tube and were then stuck to the outside of the ﬁelium can with
Bostik I in order to provide a certain amount of thermal anchoring.
The main bonding to Helium teﬁ?eratures was however done by a
specially constructed tagboard in which the current flowed along
narrow superconducting strips(O,OOZH thick Pb/Bi foil) which were
sandwiched between cigarette paper-coated copper sheets strongly

bonded to the bath.

In order to make measurements of the pressure actually within

- the Helium bath(for thermometry purposes) a pressure sensing tube

was incorporated in the design of the Helium bottle and this tube
also carried the three 10 Obm Allen-Bradley resistors used as
level detectors.

If a room temperature seal were to be used sz large dianmeter,
poorly conducting tube would be needed to avoid excessive Kitrogen
consumption and freezing of the O-ring. However copper-nickel tube
was not made in the requisite size and stainless steel tube was
ruled out because of difficulties experienced by others in the
laboratorf with leaking joints. Prof..Pippard suggested the use
of a polythene gasket submerged in the liguid Nitrogen and this
gave excellent results. Another advantage of this method was that
the heat input to the Nitrogen was small as the few tubes needed
were of small diameter. The three tubes(pumping,filling and

level detectors/pressure sensing) which went through to the Helium




can were surrounded by small copper shields se¢ that they remained

cooled by Nitrogen until its ievel fell to below the top plate.
Thus the Nitrogen capacity was increased without causing a loss of
cooling(I am indebted to Mr. F.T.Sadler for this idea).

The Helium dewar had a capacity of 1.5 litres, its diameter
being restricted by the size of the magnetic field coils. It needed
a little cver 4 litres(and 45 minutes) to fill it because of the
rather large mass of copper. The cryostat was invariably pumped
down to 1.2 K over a period of about an hour before any measurements
- were made. The calculated heat input was 120 mW(no heat to specimen
included) and this agreed with the initial run length of 12 hoursov
Bowever when many measurements were made at elevated temperatures

the length of run decreased to about 7 hours and refilling was
usually carried out(sometimes twice). This was very much quicker
than the initial fill and required less than 2 litres of Helium.
‘The total time necessary to refill and pump to 1.2 K was typically
2 hour.

Although therﬁal bonding of the leads is more difficult with
this type of cryostat(they could in any case be taken,using Stycast

seals, through the Helium bath) it has great advantages over more

conventional designs requiring Helium temperature gaskets ox

large messy soldered joints.




2.,b The Magnetic Field

This section is split into two subsections for convenience:
2.bl deals with the design and construction of the magnetic
‘.:
field coils?whereas
2.b2 is principally concerned with the sources and
reduction of noise,which is naturally a very severe
problem in these sensitive measurements.

However the dividing line is tenuvous and the headings are really

only a guide to the contents of the sub-sections.

2.bl The production of the megnetic field

In order to set up a stable, uniform intermediate state
structure in a cylindrical sample it is necessary to apply a
homogeneous transverse magnetic field which can be rotated about
the specimen axis at up to 30 R.P.M.(Walton,1965). It was decided
+that the design criterion should be for a field homogeneity of 1%
over the specimen, which puts a considerable constraint on the
diameter of the cryostat if the field coils are to be of a
reasonable: size.

2.b1.(i) Coil design

The off-axis field in the central plane of a pair of ideal
coils(i.e. wound of wire of negligible radius) is
conveniently expressed as an integral over current elements

(although the integration is not trivial):
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The effect of non-zero cross~section of the
coils was allowed for by evaluating the CP
: %
"average of the above integral over 25 points E? o
in & 5 X 5 mesh enclosed by the coil section. a

At this stage in the calculation it became necessary to
make a decision about the means of rotation of the field, as a
rather attractive possibility was to have two stationary
‘Helmholtz pairs at right angles fed in quadrature with alternating
current(probably produced by motor driven sine-cosine potentiometers
controlling.the outputs of {wo matched current supplies). It
was clear from thé outset that the coils were going to be massive,
and the prospect of rotating them at 30 R.P.M. was a little
daunting. Another factor considered was the provision of
electric current(and possibly cooling water) to the rotating
magnet. However there are concomitant difficulties(as with all

good ideas!):

(a) Two more coils are necessary.




.

(b) There is the physical difficulty of fitting two pairs at

right angles - at least one pair would have to be very

large indeed.

3

_ v ; ;
(c¢) As we shall see later the requirements on the power supply

are strict and a

i

vair of bilateral current supplies
delivering 300 W each would be expensive and not easy to
design.

Semi-empiricel calculations indicated that water cooling would

be unnecessary, especially as the resistance rise would have a

. negligible effect on the current delivered by the high output

impedance supplies available. Accordingly the four coil idea
abandoned and the approprishte calculations were carried out for
a single pair ;to be mechanically rotated.

1t was found that spacing the coils slightly closer than

Helmholtz(b = 2a in the above notaticn) gave a field within

preseribed limits over & larger volume, at the expense of

introducing small maxima away from the centre.

2.b1l.(ii) Construction and mounting of the coils

The odil formers simply consisted of a short piece of tube to
each end of which was fixed an annular‘cheek. Initially brass
was used, since the right size of tube was readily available, but
it proved impossible to prevent buckling after the cheeks were

hard soldered in place. aAccordingly duralumin was used for the

actual formers(this had the slight disadvantage that the tube




had to be rolled first) and the cheeks were Argon arc-welded to

the tube giving a very light and strong structure.
The formers were then lined with {thin paxolin sheet in oxrder
IS
to ensure that any chafing of the insulation of the wire during

-

winding would be minimised. They were consecutively mounted in

a lathe and were wound by hand, great care being taken to ensure

that adequate tension was maintained on the rectangular section
wire. When the last turn had been completed, the windings were

secured in place by soldering the last two together, whilst still

. under tension.

The physical dimensions of the windings in each coil are
listed in Table 1, together with some details of the pair as
nounted together.

A rotating mounting for the coils was designed after a
discussion with Prof. Pippard had prcduced much food for thought.

The coils were mounted on the outside of a brass tube having an

Qu

0.d. egual to the reguired coil separation and an i.d. a little

larger than the Nitrogen dewar. This tube was then padded around
its upper end to support the dewar at the top of its tail. The
base plate at the foot of the tube had at its centre a Delrin

11
insert which rested on a & stainless steel half-ball in a plate

fixed to the floor(thereby allowing the tube to pivot about the

centre of its base). At the upper end of the tube the driving

V-belt pulled the tube back against two rollers in order to




Details of PMagnet Coils

Minimum Diameter

Maximum Diameter

Mass (including former)
Dimensions of Wire
Wumber of Turns

Length of Wire

Mean Separation

Cleaxr Gap

Inductance

Resistance (20°C)

Field Strength per Unit Current
Thermél Conductance

Constant Current for Thermal Runaway

and power input lineaxrly proportional to

a constant current of 10 A was passed.

|
i
!
|
V
!

28.2 cm

4%.2 cnm
5.8 cm

42 Kg

.160 x 180 "

486

551 m

Note : The last two entries were calculated (assuming heat loss
the excess temperature)

from measurement of the rate of rise of the coil resistance when
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provide complete location. The tube base-plate(which was madevof
an insulator - bakelite) had attached to it two brass rings which
dipped into mercury troughs in order to supply current to the
rotating magnet. To the authorrs surprise(and relief) these
were fqupd to be safe to 100 A for at least a few seconds when

he magnet supply was turned on after it had been left at full
output by the previous user!

Since there was little clearance between the rotating glass

dewar(which was not quite circular) and the stationary outer can

.of the Helium dewary,rather accurate alignment was required. This

was accomplished by sliding the floor plate into the correct
position before bolting it down and then adjusting the upper part
of the tube by sliding the two roller supports appropriately. The
cryostat itself could also be adjusted by means of the three
supporting rods.

The main advantage of this method of coil mounting, apart
from its obvious kinematic Features, is that the iiitrogen dewar
does not need a separate support.

The whole assembly was rotated by a compound wound d.c. motor

driving through V-belts and a 50 to 1 reduction gear. The drive

train was mounted separately from the cryostat to reduce vibration.

The overall speed reduction ratio could be selected by slipping

the first V-belt over the appropriate pulley pair and had three

values: 50, 140 & 250. The speed of the motor was controlled by




two rheostats:one of which shunted its armature, and the other

reduced the voltage applied to its terminals(from 220 V). By
these means the magnet could be rotated at any rate between

1 and 30 R.P.M.

2.b1.(iii) Supply of current to the magnet

According to a Bell (Hall probe) Gaussmeter,the magnet gave
25.1 G/A, less than 3% away from the calculated figure. All
megnetic fields quoted in this thesis were calculated using this
calibration constant.

Up to about 8 A the magnet current was usually supplied by
a Hewlett-Packard 62864 power supply, which could be set to give
a constant-current output irrespective of the magnet resistance.
For currents larger than this(necessary below ZOK) the current
was provided by a Newport Instruments €905 20KW motor-generator
set. This had a transistor regulator built into the control
console which reduced the ripple from the commutator of the
generator. As the €905 oontfol congole was located in the next
room from the preéent experiments,and could not be easily moved,
it was necessary to control its output remotely. This was done
guite convehiently by applying a voltage,derived from a Hallory
cell and Helipot, to the appropriate terminals on the console.

The residuval instabilities in this supply were a few times more

troublesome than those of the 62864, presumably because of the low

inductance of the coils(lower than that of the Newport magnet).

<




2.b2 Heduction of the noise due to the magmetic field

The great magnitude of this problem is shown by the following

rule of thumb:

Magnetically induced p.d. = 6 X 10 0

Volts(mm)—ZGaussﬁlenl

There are four main sources of this noise to be considered here:
(a) Drift in the magnet current due to resistance change of the
magnet or inherent drift of the current supply.
(b) Vibrations of the cryostat zelative to the magnetic field
(¢c) Ripple on the magnet current.
(d) stray a.c. fields.

For both the supplies used the output impedance was very lar

0]

ge and
effects of type (a) were negligible. One of the main ways of
reducing the other types of noise is screening of the whole apparatus.
2.b2.(i) Screening

Most noise can be eliminated in experiments not requiring the
application of large magnetic fields by enclosing the working
space of the cryostat by superconductor. The next best thing is
to allow only the'd.c. component of the magnetic field +to
penetrate the region around the speciﬁen, with the remainder of
the circuit shielded by superconducting material. This was done by
Wade(1969) who used a 1 em thick high purity Aluminium can
around the specimen space. The field ripple at 50 Hz was cut by

an estimated 60 dB by this means., Wade also used a Pb/Bi eutectic

m

can around the Slugs.and standard resistors to screen that part of
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the circuit. However the present experiments require a rotated
field and therefore such a thick screen must be ruled out because
of the torque and heat produced. Nevertheless superconducting
.
screening of the Slugs is not ruled out and a can was constructed
for the .5lugs. This was designed to give much less than 1%
distortion of the field over the whole of the specimen volume.
Calculation of the eddy currents for the transverse geometry

is not easy, but experimental tests revealed that the copper

radiation shield which surrounded the cryostat working space was

" the right thickness, as the Helium boil-off rate was increased by

25% when a 300 Gauss field was rotated at 3 R.P.M..
Incidently, while these tests were being carried out, the
following rather interesting effect was observed. The temperature

L

of the copper shield fell by about 40 mK when the coils were

iotaﬁed with no current passing through them. This was eventually
ascribed to superheating of the Hitrogen(this apparently occurs
very readily), which of coufse was stirred by rotation of the
dewar(calqulation‘revealed that the Reynold's number was about

4 000). To produce the observed temperature change it was
estimated that a 1° K lowvering of the iwitrogen would be needed -

a not unreasonable figure.

A secondary method of stabilisation of the specimen 1ield used

(o)
(Va)

by Wade(l1969) was a superconducting coil incorporating a

superconducting switch wound on a sphericzl former. When the

{




"main support frame, which had been inherited from a previous

‘The residual contribution appeared to be due to the boiling of the

20

¢

desired external field was reached the superconducting switch was
closed and the small coil then screened out changing uniform
nagnetic fields(e.g. that due to ripple on the current supply).

v
However, because of the large épecimens to be used, this must be

ruled out on account of its enormous size.

2.b2.(ii) Reduction of cryostat vibrations

t was somewhat amusing to find that the closing of a door
about 20 yds away on the next floor could be detected by the Slug!

In order to minimise this kind of vibration the free standing

experiment, was progressively stiffened. The frame was bolted to
the wall after the surprising discovery that it was a smaller
source of vibration than the floor. The main Helium pump-line,

which had a number of bellows on it, was not at all troublesome.

Nitrogen, since for about an hour after filling the cryostat with
Helium the Nitrogen did not’boil and the noise level was lower.

In oxrder to réfrigerate the Nitrogen and thereby stop its
boiling, a narrow cupro-niciel tube, partially closed at its
lower end,was lowered to the bottom of the glass dewar. When this
tube was pumped on, liguid entered the lower end, boiled under
reduced pressure, and cooled the rest of the liguid by

conduction through the walls of the tube. This sucessfully

prevented boiling of the [Hitrogen when there was no cryostat




inserted in the outer dewar,and in fact lowered its temperature

to about 70 K(measured using a copper wire thermometer(Dauphinée
& Preston—Thomas,l954)). However it had insufficient refrigeration
R

capacity when the cryostat waslinserted, and it proved impossible
to adjust the small orifice to exactly the right size: too large
and the pump could not lower the pressure enough and the Nitrogen
was excessive; too small and the refrigeration rate was not great
enough. It was discovered about this time that ripple on the C905

supply(which had been used exclusively up to this time) was the

‘largest source of noise anyway, and so experiments with the

de~bubbler were discontinued.

2.b2,(iii) Reduction of pick-up area

It is possible to reduce all forms of magnetic noise by making
the effective area enclosed by the superoonducting Slug circuit
as small as possible. The transverse geometry makes this a rather
difficult task. Walton tackled the problem in two ways:
(a) A proportion of the éignal picked up in auxilliary coils
arpund thé outside of the dewar was fed into the circuit
to cancel the noise. In the present experiments this was

L.

not possible as the Slug circuit has to be superconducting.
A good deal of thought was put into ways of adjusting

a signal injected in antiphase into the low temperature

circuit(by superconducting switches or mechanical linkages)

but no practicable nethod could bé devised.
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(b) The side-arms were put on opposite sides of the specimen

so that the pick-up areas were nearly equal, and the field
was stopped parallel tp the side-arms when measurements
were taken. However arranging exact cancellation of the
"two loops(each 4 cm X 0.5 cm) was not at all easy: a

5% inequality gives 10 (mm)2 of effective pick-up area

in the transverse direction. A few of the present
meagsurements were made with the field far from parallel

to the side-arms and,as expected, the noise level was much
worse.

2.b2.(iv) Electrical interference

In practice the most troublesome form of noise(because it was
irregular in time and difficult to track down) was that produced
by other apparatus on the same mains circuit. Furnaces with
Thyristor-controlled current regulators are especisglly bad in this

respect: two in the Fhysics department and cne in ketallurgy were

tracked down with & small transistor radio and suppressed by

o

a simple L-~C filter in their mains leads.
Night cryostiat runs were obligatory in oxder to reduce the noise
level by typically a factor of 10 to 100. The value depended a little
on magnetic field andrso was probably due to vibrations of the
building es well as to electrical pick-up. It was particularly
annoying to find that some people operated noisy equipment at night,

5

ort to disturb as few people as possible

H

apparently in en ef
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2.b2.(v) Estimation of noise voltage

It is not inappropriate to point out at this stage that the

noise voltage, V_, referred to the Slug circuit,is I S(where I is
n . © : o o

the minimum detectable current flowing into the current leads of

the standard resistor S). This is not quite so trivial as it appear
q j9Y

(ot (.

. TN
I )
[ S—. Ge—
S i R
n L

at first sight; for R may be very smallyin which case virtually

o

the whole of Io flows through R instead of S. However when one

bears in mind that the Slug senses current and not voltage the

" statement becomes clear once more.

ug in the absence

=

Let Iqo be the current flowing through the S

of noise and let In be the circulating noise current due to the

noise voltage, Vn:

& I = 1L « B & I = Vn
so o) — n
R+S R+S
but we have chosen 1 such that I 3 T
o) S n




2.c Thermometry and Temperature Stabilisation

The accurate measurement and maintenance of temperatures
within a few tens of millidegrees of the transition point turns
out to be an important aspect of these éxperimentsa Furthermore
the techniques used to achieve this aim are of very general
application., It is for these reasons that it is worthwhile
examining them in some detail.

2.c.(i) The need for a good thermometer

Close to the transition temperature(To) the intermediate

state resistance at fixed field is rapid function of temperature.

W

This is illustrated by the following approximate calculation:

0o

R=2Rr)E -}
H
c
H 3
& H~2 o{T - ‘1‘} (near T )
C - [&] C
I
c
| ar _2RrE 3] Solle
m N T m 2
OT OT|H HO(TC-l)
but H ~ H
(&
R
. AR _ 2% i.e. AR 2 AT
oT (T _-T) R (T,-T)

1

Hence the relative error in R is approximately double the relative

error in the difference of the temperature from To'




The highest temperature at which measurements were repeatedly

made was 20 mK below the transition, where a 1% change of
resistance is produced by onlx‘a 100 wX change in temperature.

The minimum requirements fér a thermometer for these
experiments may thus be stated as follows:

(2) Sensitivity - 100 uX

(b) Differential accuracy of calibration(i.e. the slope of the

residual error curve) - 1%
(c) Reproducibility - Undexr thermal cycling from 4 XK to room

temperature - 1 nmK

(d) Accuracy unaffected by magnetic field(within the above limits).

Absolute accuracy of the calibration is relatively unimportant
as the tin transition (in zero field)can be used as a reference

point; this is convenient as absolute accuracy is often much

‘more difficult to obtain than relative accuracy. Reproducibility

is very convenient, but not strictly essential.

It was decided that a gérmanium resistance thermometer would
be the most suitable device, with certain reservations about
its magnetic field dependence. However tests revealed that the
resistance did not change by more than 0.1% in a field of 400 Gauvss,
corresponding to a temperature error of less than 2 mK at all

temperatures in the He range. Furthermore, as TC is approached from

below, the maximum magnetic field applied becomes progressively

smaller as the temperature is required more and more accurately.




2.c.(ii) Measurement of thermometer resistance

The thermometer current was provided by the stable current
supply described by Rumbo(1969) which consists of a 10 V supply
feeding through high stabilitybmetal film resistors of values-
1 M, 3.3 M, 10 M, 30 Hﬂ(according to the range selected). the

current is monitored by dividing the 10 V rail by p{about 10) and

comparing against a Weston standard cell with a digital volimeter

0 M
(D.V.M.) as shown below.@_nzvmxr_
lqw?
410 7 P =
. - o SSRGS _}
10(p-1)K !
1 !
6——AAAXR—J :g_u__@
e B 71
10 K
-fr'Vé :i“””“@
1
0V X
Yo U .

The necessary}calibration of each range was done at intervals by
measuring the voltage developed across a 1 KOhm standard resistor,
with the same Tinsley‘Thermo-electric free Potentiometer used to
measure the thermometer voltage., This calibration was found to change

by only about 0.2% over two years, due to ageing of the metal film

resistors. It is of course necessary to allow for the finite output

impedance of the supply in order to calculate the thermometer resistance;

the equation used being:




1

- 1
Vi, Ry eV 4+ V) -V

S 1

]
V., p(AV + Vq) = ¥

! 1

3 . . =3 - . . 1 . .
(the dashed quantities being obtained in the calibration run)

This method of checking the current is much more convenient
operationally than switching the potentiometer to measure the
ﬁhe voltage developed across a standard resistor. It is just as
accurate since p is chosen so that AV is less than 20 mV and the
. most sensitive range of the D.V.M. can be used. The only
disadventage is that the device used to measure the voltage must
be accurate as well as linear.

In order to minimise self heating of the thermometer, the p.d.
across it was limited teo 10 mV,where tripling the current had a
negligible effect.

2.c.(iii) Thermometer calibration

Over the temperature range 4.25 to 13 K thermometer no.462 was
calibrated against another Cryocal germanium thermometer(no.718),
which wasAblaimed by its manufacturers +to be accurate to + 5 mX.
The holders of the two resistors were mounted on a specially
constructed h.c. copper block and their.leads werz heat sunk
by Jjoining them to lengths of eureka wire wrapped around the

block and secured by Bostik I. The elevated temperatures were

obtained by weak linking the block to the He bath and using a
5 8

(=]
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(since there is no head correction below the A-point) the

to a head of 15 cm of Helium, consistent with estimates based !

heater to provide a few mW of power,

In the He temperature range the laboratory possessed no
standardised resistance thermo?eters and so it was calibrated
against the vapour pressure of Helium. Because the Helium can
of the oryostat was made of copper it was not possible to make
the hydrostatic head correction by the usual technique of
measuring the liquid level. Even if the level could be determined
easily the correction is still reduced by an uncertain amount

because of the good conduciivity of the cryostat walls. Accordingly

correction (20 mK) at 2.174 K was estimated by observing the
apparent discontinuity in temperature (measured by vapour pressure)
which occurs at this point in the thermometer calibration

residual error curve. The magnitude of this correction corresponds

on can dimensions, boil-off rate etc.. Similarly at 4.25 X there h
was a discontinuity(where tge vapour pressure measurements met #
those using the standardised thermometer) amounting to some 26 mK. |
The hydrostatic head in the cryostat could have an upper limit of

only 7 mK at 4.2 K and so there remained a rather large discrepancy ‘
at this end of the range. Unfortunately thermometer no.718 was |
not available for cheéking directly against Helium for a |
considerable time, but as the discrepancy amounted to an error in |

~

e . ) 7 - -3 0
temperature difference of less than 1% (26 - 7) x 10 ¢ it was

(4.2 - 2.174)
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decided that the temperatures would be corrected by adding an
amount linearly interpolated between 20 mK at the A=point gnd
26 mK at 4.25 X.
¢

When the standard thermomefer next became available it was found
that it indicated a temperature about 17 mX too high, both when
mounted as no.462 hagd been,and also when placed directly in contact
with liquid Helium in a storage dewar. This confirmed that it was
indeed the calibrated thermometer which was incorrect and not,tor
example, spurious heat input to the thermometer in the calibration
rig. Thus the mystery was resolved,unfortunately too late for
nmany measurements had already been taken. However, as already noted,
the error was negligibly small and it was decided not to alter the
calibration parameters. This explains why the tin transition
temperature is later quoted as 3,731 K instead of the accepted
value (3.722 K). When allowance is made for the wrong correction

(and the earth's field) the agreement with the accepted value is

+

perfect. The transition point of the specimens also provided a good

&

check on the stability of the thermometer, which was found to be
good to better than 1 mK over a period of a year and 40 cyclings
between room temperature ang 4 degrees(Fig. 17).

2.c.(iv) The fitting of the germanium resistor

It soon became clear fronm reading the references given by

White(1968) that there is no simple formula analogous to that of

Clement & @uinnell(1952)(for carbon resistors}which fits the




variation of germanium resistors at all well. lMany of the references

cited did not have small error curves and furthermore they gave

R(T) rather than T(R). This point is not really a serious drawback,

&
1]

as T can be obtained from R by iteration, but it does contribute
to unnecessary complication,

It was realised that one could probably achieve a significant [
improvement in accuracy by fitting an exponential first to remove
the gross variation, and R = A Exp(B/T) was tried. About this time a
fortunate slight misinterpretation of a semiconductors lecture
suggested it might be worth trying iﬁstead R = A Exp(B/T%). This |
proved to be very successfulj;giving an rms deviation of 0.2 K over.

the range 1.2 to 13 K , an improvement by a factor of three over
€1

the straight exponential fit. The e expression(hereafter called
the initial fit) is easily invertible and leaves an error curve
which was found to be approximately parabolic in log R,indicating

the use of the following full expression:

4 M

B i-1

. : X, (log R
log R - log A ¢
i=1

where the Yi are determined by a least squares fit to the initial \
residual error curve.
Before using the full expression it was necessary to estimate

the magnitude of the corrections to be applied at 2.2 K and 4.2 K

by plotting the error curve from the initial fit. When this had




been done it was found that the fit to the 52 calibration points

with ten polynomial parameters(M=10) was excellent: rms deviation
2 mK with a peak deviation of § mK. That the residuals left

by the full fit were the resulf of random scatter in the data was
evidenced by the fact that the error curve crossed zero 19 times
in the range, whereas with =5 there were only 5 zeroes. The
initial fit could of course be used alone if desired,to give a
quickly calculated estimate of the temperature to within 4% using

just two parameters.

2.c.(v) Temperature control

As noted earlier it is necessary to maintain the temperature
of the specimen to within about 0.1 mK (when measuring near TC)
over the hour or so needed to take a set of readings. This
presents a formidable problem for the designer of a temperature

stabiliser (though no doubt it could be done). Since the Helium

bath was pumped hard below the A-point,it was reasoned that there

would be a very stable environment for the specimen and so
passing a constant current into a heater should give a stable
excess temperature,which might be as good as one could get with
a stabiliser. The constant current source used was a standard
design using a stable variable voltage reference with an
operational amplifier (709) to give a high output impedance and

very low drift with room temperature. The temperature variation

of the specimen (monitored by the potentiometer as the D.V.H.




ew

(2

had inadequate sensitivity) amounted to about 0.1 mX over a

minutes after a short settling time had elapsed. This temperature
drift corresponds to a current change of only 20 ppm and was
shown to be due to flnctuatioﬁs in room temperature during one
particular run on a hot summer evening: the specimen temperature
was drifting very badly(a few mK in seconds) until the fan used
to blow cool air over the experimenter was turned off. This had
been circulating air over the current supply circuit, thereby
increasing the thermal fluctuations and shortening their +time
cbnsﬁantl

In general this method of temperature control proved very
adequate,although somewhat tedious and large external heat inputs
had to be avoided where possible. It was certainly superior to
the various stabilisers in use in the laboratory, by about an

order of magnitude,

The excess temperature of the specimen stage was found to vary

approximately linearly with heater current, as shown in Fig. 14.
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Eventually the possibility of using feedback was abandoned
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Following Umﬁe(igoy) and Rumbo (1966

(instead of sinusoidal) with D.C. bias was used to

to the Slug junction. The purpose oi

which is sometimes observed on the reverse transition(¥ to §) of

the Slug. The potential across the junction was by a
transformer-coupled(15:1 ratio) differential pre-amplifier(Rumbo,
e N L

output
stages was similar in principle {0 previcus designs used in the Lab..

except for the use of integrated

(LM709C). The means by which an outp

in I is produced and the design of the d.c. amplifier are discussed
in Appendix A.

o afa:s
2.4(iii)

resistance with its room temp

a standard resistor in the Slu

by measuring the voltage across it with a

(Keithley 148 milli-microveolitmeter) whilst passing a current

CA—
(o]
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about an Amp; the room temperature resistance of

nmegeured in the same way. In order to ANG
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In the present experiments the typical noise level was about

0.02 mA into the 0.33 uQstandard resistor) in a

of magnitude inprovement in usable sensitivity over conventional
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However it is well known that by cleaning the

well and plunging it into a molten solder blob a reliable joint can
often be made. What is not so well known is that the gocdnegs of

the joint can be

sistance. With

by passing 10 mA around the Slug circuit, which had been broken at

and testing the voltage across the joints with a probe
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a short-circuit is
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>annot be neglected. Howeve

as the resistance of the short-circuit

consider the following circuit in which

X is a hypothesised short(~1 u

[—-»mv'x/\fx/ v
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It will be recalled that the

thermal link was coated with Sn/In

-
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a temperature
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Thermal we:
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partially

the magnetic

explanation, and
was found(one of

by the radiation chield and t

LYy normal,depending on the
field applied(~7 xQ when fully
resistances involved revealed
when the cryostat was opened

the wires to the specimen had becone

1

gradient along it; hence it was
temperature of the

that this

1¢ Teflon sleeving had becen pierced!)
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surface: the threshold field range

i from 0.64 to 0.76 H , dependir

W

Ie)

9

on temperature and field orientation(Figs. 15 & 16). None of the
electropolished crystals showed any significant departure from the
figure of 0.52 Hc expected(Andrew,1948) from their diameter and the
interphase surface energy in tin.

5:b Materials

measured to provide a guide to selection of materials, However,
because the RR of tin is 25% anisovropic, this was not always a
reliable guide. This is the reason why there is a rather large
gap in RR between specimens Sn 7 and Sn24: The material for Sn24
had a RR of less than 19 000 when cﬁt from the ingot, but nearly
24 000 when cast! (in spite»of the fact that the grains in the
ingot‘were a few mm across).

To provide the lower purity materials a master alloy of 1% In

in Sn was first produced and then appropriately diluted with more

e}

3
ly

tin. The purpose of this is twofold: it gives a more even distribution
of the In iﬁ Sneand it is difficult to measure accurately the very
small quantity of In needed to produce 40 gm of 35 ppm alloy.
Inspection of various references revealed that:

RR =~ 0.19 /(In content) a8 M(ﬁ\ ')5 W“ﬂ‘\"

p=?

this was confirmed by a number of test samples which were

2

a1«

dipped inteo a storage dewaxr,
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Characteristics

ER = lieax

Numbex £ Material 3(2950K) R(293) | Diameter fr?z

P —— pat

deg. R(4.2°k)| no cm cm

3) Sn33 5 c 3% 200 4.91 0.173 |0.024
5)78nad 0 v 23 900 4,51 0.181 0.017
6) Sn 7 0 V + 3%5ppm Inl 7 120 4.58 C.180 0.0051
4) Sn 1 O |V +170ppm In{ 1 380 4437 0,185 |0,0010
7) SnIII 69 C 22 500 3.28 0.181 0.022

Materials - C Cominco 692 grade tin, batches HPM 2725 & 387

V. Vulcan Spectrographic grade tin, batch VS 1795P
V¥ - fngle between specimen axis and [EOIJ‘ The axis of SnIII lay
sind - 50
about 2° from [111].
The diameter was calculated from the resistance; in each case
this agrecd with micrometer measurements(to +0.001 cm),
m 3 == £on s oo Teulated 3 s /Q’_ - “'11 . 2
The mean free path was calculated using pl= 10 Q(cn

(Chambers 1952)
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4.f Evaluation of the Additional Resistance

In view of the apparent complexity of the expiession for the
additional resistance(Equn.(4.21), also referred to as the "exact"
expression) it is worthwhile examining its behaviour in fwo limiting
cases:

i) i&mg diffusion length(or "clean") limit: a<< ), Tanh(a/2)\)~ a/2)

i1) Short diffusion length(or "dirty") limit: a>> ), Tanh(a/23)~1
Examination of a graph of Tanh(x) soon shows that the great majority
of specimens will fall close to either one or the other of these
cases, Calculations(and experimental résults -~ see Chapter 6) show
that the dividing lire between (i) and (ii) comes at a RR of about
25 000 in tin.

However even when these approximations are made the integrals
cannot be evaluated analytically because of the form of the Andreev
reflection coefficient(Equn.(B.1)). Hence we further approximate
by using the "Square Model" for R{Fig. 9):-

a = () D < A
{ (4.22)
0 e >A,

(from now on A, without subscript, will be used to denoie the value

“in the bulk of $). As we shall see this simplifies the integrands

so much that their integration becomes trivial.

4.£(i) The clean limit{(i>>a)

In the limit Tanh(a/2)) ~ a/ZX the g€y Js and q functions

become linear, as illustrated in Fig. 10, and Equn.(4.21) becomes:




SR, _I_
"o T (4.25)
where 5 %/ -fo dx
(1 =)™ 4 (ane/2L,)

In the Square model(Equn.(4.22)) the integrand vanishes for e < A

and is equal to -(1 - q)dfo for e > A,

I =~ 2 (1 - 1) £(a)

(4.24)
and so SR 2 @ - ) £,(8)

R 1-2(1 - q)fO(A)

(The factor of 1wo arises from integration over both electron and hole

branches of the excitation spectrum). The behaviour of Equn. (4.24)
over a wide temperature range is shown in Fig. 11.

Ancther important feature of this equation is that it is valid
for any reflection coefficient in the limit ﬂ6>> a. This fact
undoﬁbtedly contributes to its zood agreement with the results for
the purest specimen, Sn33,(and made it unnecessary to grow a purexr
one - see Chapter '3) in spite of both the apparent crudeness of the
Square model and also the absence of ad justable parameters(in fact
the value of A is open to a certain ‘amount of discussion because of
ivs anisotropy in tin)., It is interesting to observe that because
A>2a, so that the excitations can pass right through the

S regions,

the additiornal resistance is independent of the period, a, of the

intermediate state structure(i.e, independent of the number of




boundaries). There is therefore no necessity to make estimates of

the domain sizes, which are open to considerable doubt(as discussed
further in Chapter 6).

Since a is iafinite for e<A the effect of using a better estimate
'for’u(haying a positive non-zero value in the supergap region, & > A)
is to reduce I, and hence(since I lies between 0 and 1) the additional
resistance, of any specimen not pure enough to be fully in the clean
limit. The consequence of using the exact expression (4.21) instead
of the clean limit expression (4.24) is to reduce the maximum
value of 6R/R° in specimen Sn33 by only about 10%(see Figs. 25 a & d,
which also show separately the effects of doubling the domein size
and increasing A), bringing it inte rather better agreement with the
experimental points.

4.£(ii) The dirty limit(\<<a)

In the limit Tanh(a/2)) ~ 1 the excitations injected into S decay

away so quickly that the boundaries become completely decoupled,
Thus we expect that the additional resistance will be propoxrtional
to the number of bbundaries(i.e, inversely proportional to a) and

indeed this is the case:

3 2 I

a l -1

Q

j=7]

(o]

(4.25)

vhere I

a€

- f' de
Q
/2+ (ar/L) !

that this expression only depends on n through the

It will be noted




variation of the domain reriod, a, since I is now independent of 7.

*
In the Square model I simply reduces to the fermi function:

I =~ fo(A)

(4.26)
end so o, o2, %W n e
R a 1-f (a) a g {olean
0 o olo n=3

-

clean
(where |0 n=% |means Equn.(4.24) evaluated at 7 = 3).

Once again if a is not identically zero in the supergapr region
the effect is to reduce I and BR/RG, although this time by the same
factor for all 7, Equn.(4.26) leads us to believe that measurements
of impure specimens may give information about the scale of the
structure(Fig. 12 shows some possible theoretical variations). However
the theory given above may not be valid and so it is better to try
to check it by using the theoretical domain size variation(Lifshitz
et al.,1951 as modified by Pippard,1955). This is discussed in more

detail in the next two chapters.

* Or l<<1ﬁ6; which is unphysical,because,ﬁ2 is much larger than Eb for

the cases where A<< a. This points to the addiiional resistance in the

dirty limit being sensitive to the true variation of a as well as a.




Chapter 5

EXPERIMENTAL RESULT

1)

5.2 General Remarks

In almost all the intermediate state results shown ln thc Figures
the resistance of the specimen is scaled in terms of its value, RO,
obtained by linear extrapolation back to the critical field, Hcy
from two points just above HQ(Figa 5)e The critical field itself
was calculated using the relation given by Lock et al.(1951), with
Ho = 306 G and Tc = 3,731 K(the zero field transitions of the specimens
are shown in Fige. l?), and this calculated value was consistent with
the curves for all the specimens in spite of the fact that the
specimen was not screened from the earth's field: This produces only
a small effect even at a temperature as high as O. BTC because it
forms a large angle with the horizontal applied field. The purpose
of the extrapolation was to make scme allowance for magnetoresistance,
since it is unlikely that the resistance would be measured exactly at
Hc’ and great care was taken to ensure that thers were always two
pcints above He close enough to make the error in this process very
small indeed. The threshold field, ch, was consistent with the
expected value(O.52Hc) for all the electropclished specimens(see p. 42).

Figure 13 shows examples of the noise level(referred to the Slug

circuit) with superposed square waves for calibration purposes

produced by reversing a measured current through the standard resistor.
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These traces are not entirely representative for two re

O
b
G

(a) The chart recorder used introduced a certain amount of
interference and this is probably the main source of noise

in the upper traces(zero field).,

(b) Almost the first observation nade of the intermediate

es]

tate

@

was that there was more noise than with the specimen in the
superconducting state. Furthermore the noise level was often
actually 1ess_when the applied field exceeded Ec" Domain
motion(e.g. Sharvin,1965, and Shikina et al.,1968) may be
responsible for this extra noise.

In order to estimate the amount of gcattering produced by phonons
the resistences of the specimens were measured as az furction of

3 B
temperature(e.g. Fig. 18 for Sn33) and plotted against T7(Fig. 19).

This investigation shows that the ideal resistance ratio of tin

5 I
between 293 X and TC is about 2 X 10)‘ The linear variatiors do not ‘

= a

Qth@ lie parallel to the results of Aleksandrov et ala(l962) cn very
pure material(or to each other for that mabter), most probably
because of the breakdown of Mattiesson's Hule when the two scattering
mechanisms occur in comparable amounts.

Because of the strong temperature dependence of the resistence it
is essential to weasure the resistance ratio of the specimens between
the same two definite temperatures, if comparison of behaviour is

to be meaningful. Accordingly foxr all the RR's quoted the low

) [
temperature value was obtained by interpolation of the R v. T’ curves.

@




1 |

It is important to bear this in ming when comparing the resistance

< L

ratios of the specimens with those of other workers e.g._ Landau
: $ e

£ % A B S 57 w & . - . .

(1970) quotes R(300)/R(0) for his In specimen(Sn33 quoted in the

same way would give 45 000). The anisoiropy of RR(26% greater for

3

the tetrad direction) accounts for that of SnIII being much lower
than that of Sn33, which was made from essentially the same material.
These figures show just how anisotropic the normal staie scattering
brocesses actually are.

The anisotropy of resistance in a magnetic field is shown for
Sn33 in Pig. 20. The magnetoresistance of all gpecimens was fortunataly
close to a maximum when the field lay parallel to the side-armns(Q = OO);
so that any small errors in the positioning of the field had =
negligible effect on the results without having to stop the field in
a direction where the pick-up arsa was larger. Figure 20 also shows
the effect of temperature on the nagnetoresistance: as the temperature
is réised'the zero field resistance increases directly because of
phonon scattering, but at high enough fields it decreases because
of the reducsicn of W, T by the phonons.

The effect of impurities on the nagnetoresistance of the three
purest symmetrical specimens(Sn33, Sn24 & Sn 7) is illustirated in

Figure 21, which may be called a Kohler plot. Kohler's Rule is an

o

pproximation which states that (p(H) - p(0))/p(0) is a function of

H/p(O) only, i.e. it is not dependent on the specimen purity. Any

departures from this simple rule are evidence that the different




———— e

cattering mechanisms have diffe

carriers. For specimens of the same orientation there is little

deviation shown in Fig. 21(although closer examination of the points
near to the origin does reveal some significant differences), but

changing the fiela orientation(Figs. 20 & 59) does reveal a large

change in the amount of magnetoresistance. Furthermore it appears
that the lower the magnetoresistance

ariatioan with magnetic field.

5¢b Conditions

emnloyedoin

Sebefd) A brisf review of pre

When the present investigation was conmenced all published

measurements had been confined to the regime below about 0.8 T and

C

probably until the work of Waltou(l965) nobody had succeeded in

measuring the electrical resistance of a stacked structure of disc

shaped domains. Since & Narrow superconducting "bridge' can easily

remove the effect of a th

£

ick normal region one would expect that it

would be more difficult to obtain reproducible electrical results

vhan to obtain similar thermal neasurements (where the superconductor

does not constitute a short circuit). Also we might expect that the
resistance would lie below rather than above the linear variation.

These exrectations are borne out by the lack of ¢

I consistency
between the results of early investigations(de Haas et al.,193%4 }
(=] 9

Migener,1938, Andrew,1948, etc.) which shared the common feature

that the resistance lay below linear and increased with measurin

o
L&

erent effects on different groups of




came to be known as

resistance vas first
somevhat a % Hc(in fact
diameter wire used).

The more recent investigations of Walton(1964,

domain struecture, hav

current. These measurements had also revealed a phenomenon which

Effect"(see e.g. Shoenberg,19
\ &) o9

o
<
W

b

in a cylindrical wire

about 0.58 Hc for the particular

—

1

7 =

particular attention was paid to the setting up of a reprodu

revealed that the use of a large current and

field rotation beitween measuring points both increase the

resistance of the intermediate state region towards the expected

linear variation at low tempertures, Because of the lack of

50 mA had to he used(this value is actually marked as I =

sensitivity of conventional galvanometers(Walton used much thicker

specimens than the earlier workers) a measuring current of at least

S

both the paper and thesis) and this was rather close to the

of the electrical current needed to

thermal behaviour(between about 100

saturation value.

produce "saturation" of

FPurthermore in the case of the purest snecimens readings could not

be obtained with sufficient accuracy with a current less than the

ast for symmetrical specimens) it was

5.b.(ii) The present work far below the transition temperature

Since the ideal behaviour in this regime is well established(at

-

he present investigations. Measurements on an early

T

965), in which

electrical

& 250 mA according to specimen).

decided that it should



non-electropolished specime

/-\
r=i
;_.l.
]
\n

S
ny
Q
<

Sﬁ-

already been briefly

referred to in connection with the value of its threshold field(p. 41)

but they are mentioned a

gain because they show the firgt manifestatio
of a phenomencn which was to cause considerable trouble and is still
net fully understood. This specimen had been measured using a statiec

field when quite irreversible results were obtained but field

rotation had caused the behaviour to become reversible and reproducible

except just below Hc’ In this regime the noise level was especially

bad and it proved impossible to

yet reproducible results. Since
Walton(1965 ~ figs. 13 & 14) had shown that there were "steps" in
the thermal resistance Just below F where it decreased rapidiy, it

was concluded that the different values token by the electrical

resistance perhaps corresponded to the thermal resigstance levels.
L k

This will be discussed further in connection with the results on

Sn 1, which shows quite definitely that the resistance in this

region can take on a number of guite different values which depend
[&] i

on the particular conditions employed

In Figure 22 we compare the resistance of Sn}i(measured with

very small current ) under two different con ons(hereafter the words

"boost current” refer to the current of about 0.5 A passed through

the specimen between measurement points te remove superconducting

bridges across the normal domains):

26A : 6 rotations @ 8 sec/rev with no boost current
28 : 3 rotations @ 20 sec/rev with a 10 sec boost current.




&

According to Walton(1964) both ;

been slow enough to Produce saturation. The 264 results st

characteristic droop below linear(although rather more thar

(8]
have been expected from the behaviour of Walton's purest s
but in addition there ig the marked tende
drop when approaching H and in fact the resistance in thi

sometimes was only 75% of tha

=)

pecimen)

8 region

effects are removed by the pass age of the boost current and the

results show a linear variation in both increasing and dec
field, excep: just above H
a few superconducting bridges left.,

It was shortly discovered that the rotation dig not mal

Teasin

naxe a

significant improvement in 1inearity; for example the 32C res

1
a4 L

otation rates used here should have
ow the

.
ign

.t shown in Figure 22, However both these

th where it appears that there are gtill
L

(Fig. 25(L)) were obtained with a static magnetic field and boos

current between points. Figure 23 shows the most impure spacimen,S
under similar conditions and once again the variation is very clo

to linear iIn both increasing and decreasing field(it is to be note

that the difference in behaviour between thenm near H%h was

very reproducible although this is not understood).

The linearity of this curve(without field rotation) is

<48

the only point of disagreement with Walton's results (1965 - fig. 9D)

since his measuring current was probably always large enough to

elininate the behaviour found in the present experiments

and ales above the saturation value for the

28t specinen

near

. Purther

to

~

[

7

-

0

H




evidence supporting the conclusion that rotation is not strictly

necessaxy, providing that a boost current or large measuriug current
is employed, is seen in Figure 30(a) for sn 1. Howvever as this is

at elevated temperatures g full discussion of it is postponed until

e

the next section,
In spite of the fact that the regime near Hc is inherently rather
unstable(the thérmal resistance results show that the number of
boundaries is falling rapialy) it is difficult to see why the rascage
of the boost current should remove the tendency for the resistance
to decrease, since this is the regime where the S domainsg have almost
disappeared anyway. Perhaps if there are superconducting filaments
left when the S domains become very thin a thread-like structure would
have lower en ergy than an erray of thin discs, because of the larger
surface area of the discs. If, on the other hand, the Superconducting
bridges are removed by a boosgt current(or large measuring current)
there couid well be a large energy barrier to the re-arrangemnent of
the structure from laminar(high resistance) to filamentary(low
resistance). This is really only speculation but the free energies
of quite different models difler very 1ittl e(&mdr@w 1948). It 1

interesting also to note

C'*"‘
g
E_\_]
[N
=]
H
[0]
(93]

ults discussed later it is shown

that a boost current was certs 2inly not required above 0.7 H in ordcre

LI
e

to eliminate the irregularities Jjust below H
A

5,ug(111) The present work in the vicinity of the transition poi

As the transition temperature is approzched from below the

i
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requirement on the Specimen current becomes brogressively more

str;wueni if the structure ig not to be modifie

field. In igure 24 we show the effect of increasing the measu :
current, when the Specimen temperature wag only 21 mK below T ¢ after

[sE=R 10X

increasing the field a boost current was passed before any readings
wvere taken. The upper limit of +the measuring current (100 mA) would
give a field at the semple surface of 0,2 ¢ - about 7% of the crit

Because of +the sensitivity of the electrical resista ance to change

in the structure this is rea asonably consistent with the observation

of Shalnik QVKPAS{) that a current or about 15% Ic was necessary io
produce vigible changes in the powder patterns on the surface of
& tin cylinder, However it”does suggest that there could be gome
rather smaller sﬁpe:conduoting regions deep in the material, which
would have a higher field at their surface when carrying
similar to those observed by Meshkovsk (1949) =

(1947) in tin spheres, These could shrink as

is increased and; because the I~V characteristic of the specimen
was reversible, grow agein when the current is reduced.
Although it ig not well shown in Figure 24, because ol the

overlapping curves near the origin, the Specimen resistance wasg

.
*%

Non-linearities like this can arise spuriously because heating of
the lub(e g« by the large standard resistor currenu) causes its

characteristic to alter. The linearity of the variation in the normal

state hovever shows that this was not the case in this experiment.,
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about 15 mA throughout the whole of the interme ediate

te region - showing that the 10 mA measuring current us wally

employed had a negligible effect on the resistance of the structure
At this temperature there is a considerable additional resistance

(about 35% in Sn33) due. to boundary scattering and so there are

other possible explanations of the non-lingarity. However the theoxry

presented in Chapter 4 could not account for this as it is clearly

linear in the current. It ie also reasonably independent of the

n

domain size(for a gpecimen of this purity) and so a change in the

domain structure would not be expected to chang

e the contribution

0o

made by the boundaries to the resistance of the whole.

As noted earlier it was found uhnecsssary to rotate the fielg
at low temperatures in ordér to obtain linear behaviour, provided
that a boost current was passed through the specimen between points,
However, when very close to TC ana H s the paséage of a large current
can cause the material to becone Tfully normal(both by the slight
heating produced ang also the magnetic field) and then to remain in

the normal state(i.e. supercool) when the boost current is turne

o7

N

£

Q

@

This can be seen in Fi gure ZD(b)(nlbhOL&h it would be more easily
seen in an R v. h plot) wherc there is a rather sudden jump in the
resistance up to its normal state value at n = 0.85. Because thie

also coincides with the theoretical variation it looks at first

sight as though the Specimen suddenly Jumps to a new structur

is perhaps more nearly "ideal., However this should be regarded as

®




=
(o2}

the theoretic

B with h is very nearly flat itself. In order to prevent
the ocecurence of this phenomenon it was decided +o try only passing

the boost current between points just above the threshold(up to about

= 0.7) since this should still ade quately remove the superconducti

threads. As already noted this was successful in removing the flatness
at Hc as well as not allowing the re introducticn of the irregularitie
Just below,

The plots in Figures 25, 26

8—;
N
O

showing the behaviour of the

additional resistance as 2 funetion of temperature, will be more fully

s3]
i
et
i_h
w

discussed in the next chapter. However we should observe

stage that they were all set up with a statie field(with the excepvion

I

of Fig. 25(c) results 30B) with a current boost between points(a

o

summary of the conditions used is to be found in Table

ed to take a set of meacurements

)
jah

e

jay]

Decause of the length of time ne

-

(see Pe 34) no detailed investigation of the decreasing field

variation was made, igures 27 & 28 show that sometimes very odd
things can happen: a boost current was only used in increasing field

to about h = 0.7 and when MC nad been exceeded the field was reduced
statically with no current boost(as it might have been expected that

es to be eliminated - the

there would be no supercond
behaviour is a little more evidence for a filamentary. structure

existing under certain circumstanc ces). This behaviour however does

one superposes +th




plot the resulting curve looks very similar to the

decreasing field plot of Pigure 28. Also results 30B(Fig. 25(c)) show

- (=

that when rotation and current boost are

quite reversible.

We now come to deal with the results on the "awkward" specimen

& - b
Sn 1. Figure 31 summarises most of the neasurementc
sample - however we hasten to add that

chaotic as they appear in that diagram as it was

produce a particular resistance state
conditions,
but it appears

The range of varistion

regimes

oo

I : h=0.5 to h=0.62 where

oe

of the conditions. This
II : h=0.62 to h=0.8 where the vari
other of two pat he(Pig, 32)
IIT : h=0.8 to h=0. 95 where it appea
happen.

Since the specimen resist

that of the standaxd resistor(about 0,3 Q) the boost

almost entirely through the Slugs and

preference to the specimen. This was

that it was produced by

may be divided inte the following three

the behaviour is

ance was hi

variasticon is

®
(0]
8
=
| -}
o
<
(6]
o
-
jo
(@]

made on this
not quite so
found possible o

by the appropriate choice of

The behaviour of thig specimen is not ful 1ly understood

a variety of circumstances.

will not be discussed at any length.

ation follows one or the

rs thet almest anything can

h(about 3 pQ) compared with

l

current went

the standard resistor in

particular rly bad as it was later
L «
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!
1

found that Walton had needed as much as + A to ensure satur

)
N

his most impure specimen, Sn0.3. Since the superconducting current

leads could not be made to carry much more current easily and as it

9

was not convenient to change the standard resistor for a larger one,

a resistance of about a microOhm was inserted into the specimen

voltage leads(this als

(@]

such a large specimen resistance the full sensitivity is not needed),

The results 42(rig. 31) show a marked improvement over 40B, 41A & 41C,

@
H

but there is s+till much unreproducibility in regin IT.

For measurements 43 the Slug circuit was disconnected and «
(o]

Keithley model 148 millimicroVoltmeter was used to measure the P.G.

{

across the specimen when an 80 mji current was passed. Fven with an
all corper circuit Rany readings had +o be averaged at each field
value(incidently the measurements above Tc gave a good check on the
value of the standard resistor). A static field vas employed with
a boost éurrent(which this time went only through the specimen) and
the measurements showed no sign of any irregularity, even in region
I1I. However Figure 24 shows that the measuring current was almost

certainly enough to raise the specimen resistance significantly and
J =3 & v

Y

pe

this may explain why these results lie rather above the others(Fig.
31).
After this investigation the Slug circuit was reconnected with
<) o

about 2 microOhm in the voltage leads to the specimen., The results
o &

44B(Fig. 32) were obtained - again with static field and current

reducas the sensitivity of course -~ but with




boost to h=0.7. This was repeated in 44C except that the fi

rotated four ti mes (@ 10 sec/rev) between points, with the boost
current being turned off after the first two field rotations. It was

very apparent that in region II there were two quite separate

variations of resistance which one could select by the conditions:
at a fixed field turning the boost current off after the second
rotation always gave the same higher resistance, whilgt four rotati
with boost current invariably rroduced the lowver curve, However at
h=0.87 the resistance dro opped once again and the four points

were obuiained in the order shown by the arrows with four fiela
rotations(two with current boost) between each.

A further investigation(Fig, 53) revealed 2 number of 1n+6“%u+1gq
features. At fixed field value "A" the first point gradually drifteq
down to about 80% of the value shown. Accordingly four " rotations
were used to increase the resistance to point no. 2. When a current
boo#t was then passed this was reduced to the same value as no. 1;
two further sets of rotations increased this through 3 +to 4. At the
field marked "B" & gimilar effect of the boost current vias found;
point no. % followed a passage of the becost current and the later
points(4,5 & 6) show the effect of subsequent sets of rotations,

At field value "G" the first three voints were obtained with

5

rotation alone and then s boost

pacsed which drastically

reduced the resist ance(to point no. 7). It had been noted before

& L. N O e 4+ o % il T T 1 . . . o . i
that the passage of the boost current caused the specimen temperature
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boost to h=0.,7. This was repeated in 44C except

T
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sec/rev) between oints, with the boost

after the first two

region II there were two quite separate

vaxriations of resistance which one could select by the conditions

the boost current off g

rotation always gave the same highew resistance, whilst four rotations
o o 3

with boost current invariably produced the lower curve. However

b=0.87 the resistance dropped once again and the four points

were obuvained in the order shown by the arrows with four field

ﬁ

rotations(two with current boost) between each.

A further investigation(Fig, 33) revealed a number of

A

features. At fixed field value "A" the first roint gradually dri

L

down to about 80% of the value shown. Accordingly four rotations

(0]
ot

were used to increase the resistance to point no. 2. When a curr
boost was then passed this was reduced to the same value as no.

two further sets of rotations increased this through 3 to 4. At

at

ent

13

the

field marked "B" a similar effect of the boost current was found:

peint no. 3 followed a passage of the beost current and the later

points (4,5 & 6) show the effect of subsequent sets of rotations.
At field value "C" the first three noints were obtained with

rotation alone and then a boost wasg pacsed which drastically

reduced the resistance(to point no. 7). It had been noted be

of the boost current caused the specimen temper

ature




a9

Ca

-ue before making a measurement and it was not suspected

that this small tempe

=

18,701

f-d

re rise could be g source of trouble.

{

However the difference between points 8 and 9 is solely due to

heating the specimen by a few mk and restoring it to

Juto

ts previous
value befors making the measurements. Points 10, 11 angd 12 show

the effect of reducing and restoring the temperature - again by less

than 10 aK. Two finail sets of rotation were used before each of points

13 and 14.

It appears that temperature control
LE

f~a

- 18 an exceedingly important
fector in the behaviour of the intermediate state under the
conditions employed here ~ even more important than the simple
calculation of section 2ec. (1) would suggest. It is comforting

=

however to observe that there is little difference between results

Fy

N

43 and the highest obtained under other conditions at the same value
of magnetic field. There seem to be two possible reasons for the
differences in behaviour:
(a) The boost current was not large enough to achieve saturation
in the Slug measurements(Walton's impure specimen needed
250 mA but even this might not be enough at our higher
temperature).

(b) The measuring current used in results 4% vas probably encu

to affect the structure and keep it in only one of its

possible states in regime IIT, where the free energy of




different structures in the absence of the magnetic field

duve to the measuring current is probably very small.

megsurements on other specimens
that a measuring currenﬁ of 2 mA should give identical results to
those obtained with 10 mA.

The strong dependence of the resistance on the lemperature histos:
of the specimen is puzzling, not particularly because of its
existence, but because of its sign and magnitude: heating(and cooling
to the measuring temperature) of the specimen reduces its resistance,
often by almoct a factor of three. This would tend to indicate
that new superconducting bridges were forming - which seems highly
unlikely. The interphase surface energy is a rapidly increasing

functicn of

ure and this, together with the fact that this
is likely to be the most inhomogeneous s specimen(because of its In
content), may account for the fact that the "ideal" beha wwiour

appears to have been drastically upset. One thing is clear: the

(]

intermediate state resistance of Sn 1 is not as clearly a defined
function of magnetic field just below E, es is the behaviour of the
(o4

purer specimens Sn 7, Sn24 and Sn33,

5.¢ The unsymmetrical specimen, SnIII

In this context we mean by "unsymmetrical" a specimen in which

'
-y

the awis is far from a principal crystallog graphic direction. Pigure

35 shows a standard stereographic projection of the main features

n
8
&

of Snlll. It is to be noted that, although the specimen axis was




’ ¢ =D . ) # - ;
determined to about 1°, the dircotions of the gide-arms(i.e. the
’ o ~O A . o
direction © = 0~ of the magnetic field) are subject to an error of

0 . , . P
about 10~ because their short length made alignment about the

specimen axis difficult. This is believed to be responsible for the
i ” . " 5 =0 .0 s .
minimum magnetoresistance direction{® = 115"+ 5 ) lying not quite

e

at the closest point of the field trajectory to [OOX].

The vehaviour of this specimen at high temperatures(Fig., 34 -
static field at © = O? with current boost between points to about
h = 0,7) appears to be about as expected: the calculated curves
have not been changed in any way to allow for the different
orientation of this specimen.

However the main interest focussed on the low temperature
benaviour, especially asa.funétioﬁ of field angle, ©®. Figures 36, 37(a)
and 40 show the difference between measurements near to the maximun
(0 = 0°) and at the ninimum(® = 115%) of the magnetoresistance, The
behaviour at © = 1150 attracts particular interest:

(a) No other results show a decrease in resistance actually at

the critical field.

(v) Ho other low temporature variations show any marked rise

above linear, especially in the region near Hc.

The results 51(Fig. 38) were intended to ascertain the behaviour
of the specimen in the normal state in order to find the position

o

of minimum magnetoresistance and consequently little care was taken

=5

»J]

deal of scatter

with the intermediate state points which show a goo




o

8

and 1i

o+

tle correlation with the normal state variation. Since the

more careful invectigations 50D and 52(Figs. 36 & 37(a)) of the

N = 0.4(the current boost was used until OQY) it seems reasonable to
conclude that this is true for all orientations of the field(but
only in a scaled resistance plot - see also Fige. 40). Figure 40
shows that the variation at © = 1150 is quite linear above h = .75,
but with a gradient about 15% larger than one would exnect,

This type of additional linearity has not been reported before ait
all. This is slmost certainly because the specimens used previously
have all been oriented near to s principal axis -~ either deliberately
ag in Walton's case, or an unseeded crystal has grown near a 110>
(seeding is virtually obligatory to obtain a “random" +tin crystal
as noted on p. 43 and for example Pippard,1955, reports results in
which about two dozen unseeded tin crystals had an angle of 80 +to
90O between @Ol] and the specimen axis). A further factor must
surely be fhat the present measurements were made at o lower

temperature (where Hc is larger) with quite a pure specimen, sc that

-

)

magnetoresistance and its anisotropy are near to the maximum possiblie
in the intermediate state of tin.

it is possible that the effect could be due to the boundazry
condition imnosed on the electromagnetic equations by the S-N

interfaces. As a simple exanple consider a uniform stack of discs,

alternately S and N, forming 2 cylinder analogous to the intermediate
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The purpose of this chapter is to apply the theory develoned

in Chapter 4 to the experimental results obtained in the vicinity

R

of the transition temperature on the additional resistance of the

intermediate state due to boundary reflection of electronic

excitations. Firstly estimates are made of the parameters required

v

n

for the full theoretical fit(shown by the solid lines in the Figures

<

csistance on the

(‘)

The dependence of the calculated additional re

o

various parameters is then discussed with reference to the other

.

theoretical variations shown in some of the Figures. Lastly the
recent paper of Landau(1970) on the subject of res ance due to

interface reflection is briefly discussed.

2d. in the full theoretical fit

The analysis of the liwiting cases given in section 4.f shows
that the daq4t¢07 .1 resistance given by our model is rather
insensitive to many of the quentities in the full expression(Equn.
4‘21), especially when the specimen is reasonably pure. Lowever we
have as yet not made a practical estimate of the position expected
for the dividing line between the Clean and Dirty limits in tin.

and diffusion lengths,

To do this we must firs

Y + Lo 1.1 T
occeurs at X~ a., Since there was




no provision made for measuring the domain cize directly in the

The various theories of the variation of domain size, a, with

the fraction of normal material, n, invariably minimise the free

energy of a flat plate of thic ckness d with respect to a parameter

]

related to the domain size; such as the ¢ of Lifshits et al.(1951)
- based on the model of L,uddu(j)”” o It is usually ascumed that

this is equally applicable %o a ¢

o

‘linder of diameter of the order of

d; it is here that our first approximation comes in, we shall

investigate this further in due course. Lifshitz et al.(1951)
obtained the following value for a(we use ¢ for the interphase

surfuce energy parameter instead of the more usual A in order to

avoid confusion):

fas]
it
D
ﬂ

Figure 12 shows the variation of ¢ s together with the modification
derived empirically by Pippard (1S 55)y in vhich in both increasine

(=]

and decreasing field when the domain period reaches its ninimum

..J
('\N—‘

ue($ ® = 6.6) it remains there for the rest of the variation of e
This modified variation is compatible with thé results of Walton
(1965) as the constancy of the number of boundaries above n = 0,4

accounted for the rather flat top of the additional thermal

resistance and the sudden decrease just below HCQ The measurements of




energy parame

<cm>2

whera p is the residual

: . . N . .
et al.(1959) that x. is equal ¢o Q but this gives us no
/ q &

1 ° 1
e

information about the inelastic mean free rath. Fortunately the

. . P ) o i . . (N (S
theoretical variation is not sensitive to the values oi.Q; and Lg
“ “
i \‘j“
= Prs TN p— o e s = S e A3 andnr s *
for pure specimens and varies only as (X,)® in the dirty limit,

The interfaces forced us to introduce inelastic scattering in

i

order to restowe equilibriuw(pn 54); this scattering has little

cr

effect on the elec:

rical conductivity of normal metals but the

present situation, with S~N boundaries

conductivity oblem in a neormal metal where the small angle phonon

=¥e|

equilibriun and the Wiedemann-Franz law

C')

scattering also restor

breaks down. The results of Guenault(1260)

e,

[ =3

of tin enable an estimate of the mean free path required for the
interface problem to be made, but only rather approximately. It
was decided to use the ideal resistance ratiof(2 X 105 at T.),

substituted into the formu

y

of Chambers(1952), to estimate the

inelastic mean free path: this will be an over-estimat

'

reascns outlined above but because in the dirty limit the domain

N

S S .
Equn. 4.26), and in the

always oceurs with A in the denonmir

s is more akin to the thermal

the thermal conductivity




is independent of A and very

shall allow for this error by

the full theoretical fit(especially
since there are doubts about the domain size anyvay). Quite
arbitrarily we take the inelastic mean free paths to be the seme in

both N and S.

josy
@

Ve are now in a position to estimate +}

LV}
a0

between clean and dirty in tin, where X ~ a

1
koo
N W LT

3

(The factor of 3 arises from diffusion in three dim@nsions)» The use

of the various estimates derived above gives RR.g 2 X 10

changeover point; we shall see that this is borne out by the

n

experimental results,

The variation of the energy gap parameter, A, with temperature
was taken to be BCS-like(Muhlschlegel;1959 - fitted by Equn. B.5)
which is known to be well obeyed in tin. The energy gap is however
known to be anisotropic(e.g. ultrasonic attenuation measarements
of Meorse et angga959 and Bezugli et al,,1959) and we wake sgome
estimate of the effect of this later.

In the absence of any more realistic calculations of the

interface reflection coefficient the variation due to Andreev(1964)

for a sharp step(which gives the maximum value of R and a) wag used
k \ \ ©

position of the division




The theoretical

a
L]
Q

Figures 25, 26, theoretical curves and

)
o)
he
L2

experimental poin

addit t@nSW intermediate

order 1O sSave UNNecessary

are coded as below
(2) es————=  Pull theoretical fit(section 6.d)
(b) ev*+***+  Square model - clean limit(Bqun. 4.24)
(e) ~s=smem bs (2) but AO/kTC increased to 2,15 from 1.76,

preserving the BCS temperature variation(section 6.e.(i)).

(d) ===mewe=  As (&) but with double domain thickness(section
beeol(ii))e
6.d Discussion of the full theoretical fit

In view of the sweeping approximations made in the develcopment
of the theory and in the estimation of the parameters involved the

fit to the experimental results is surpriecingly good, especiall

=
Q
®
<t
g
0]
}._

for the purest specimens Sn%3% and Sn24., Sin ean limit Square

£ o

model(Equn. 4.24) for these specimens is not altered drastically

) 3

by the effects of a finite diffusion length this good agreement is

O
o
3
2N

he other hand the clean limit Sguare

to some extent

]

model contains no adjustable paraneters and so this gives confidernce
&

that the physical basis of the theory is sound.




93
Because of the difficulties encountered with the most impure
specimen Sn 1 recounted in the last chapter we hesitate to attach

much importance o the

et
|
ff

()

i 4 T NS T 4 4+
«75); however it

qualitatively correct:

ot
k_,‘

than that of purer

increasing and decrea

way .
The behaviour of SnIII({the curves have not been corrected for

also gces aceording to plan, excent for

Figure 34(a). The discrepancy here is alwost certainly due to lack

of care with the temperature control as the main purpose of this
specimen was to give information at low temperatures,

thet virtually all the theoretical curves are

over-estimates and so we go on in the next section to examine the

(1‘

effect of varying some of the paramet

6.e Discussion of the _mod

Extensive celculations were carried out on two modified medels

in order to agcertain separately the effects of the energy gap and

demain size/diffusion length.

6.e.(i) Effect of a larger energy gap

Since the knowvn to be anisot

pic we should
consider what effect a change in A has on the additional resistance.
If the energy gap is widened fewer excitations will be able %o

penetrate into S and be scatiered there

s 80 that the size of the




istance will be reduced.

This was investigated by preserving the
but raising the absolute zero value, A , to
measured. in ultrasonic attenuation work on
to be the "correct® value, but it does serve to show that the
theoretical dependence on A is quite small in spite of the fact that

& appears in the argument of an sxponential in the integrand(BEqun.

2

4,24 etce); The curves show that even this large change in A is
unable to account for the results, especially those on Sn Ty and so

we conclude that we must look elsewhere for the explanation.

6313‘

the domain size
As we sawv before(p. 90) chenging the domain size is almost

equivalent to correcting our estimate for the diffusion length

because of the way in vhich the equations depend on a/x « The curv
(==m==-) show the additional resistance %o be expected when o is
quadrupled(i.e. a doubled or X halved)., 4 comparison of Figures 25(a)
and 29(b) shows that the effect of changing A is purity independen®,

whereas changing the domain size gives a much larger reduction for

Sn 7 than for Sn33%3. This is because in Sn 7 the veriation is more

nearly proportional to the number of boundaries present, i.e. it
ig closer to the dirty limit with decoupled boundaries.

Although the domain size is uncertain because it was no

w0

measured in the present experiments(and because the theory o

gomaln size really
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resistance of the intermediate state of

investigated many times and it is interesting

poret
e
o
0
o’
w
@
g
~
=

3

sigtance due to the S8-N interfaces

tly. There are a nunber of factors

problems of accurate

“"I

which spring to mind: lack of

prepaced to tolerate
likely explanation is that no additional resistance was ever Iound
up to the largest temperatures examined, where tenperature control i
becomes progressively more troublesome; in addition there seemed
1ittle reason to expect that the behaviour closer to the transition
would be much diffex
The work of Aﬁdreev(1964) vndoubtedly s%imulatti interest in the

-

. - - ' . R il A& A g - -
problem but a later pape:(Andree ,1966) daid little mox

D

S=I7 boundasi

than put ontc a more mathematical basis what had been generally

accepted for many years. that far from the transition the resistance




The work near the transition point,

however 4if

with a common theoxry

to use(one can say this in

i ves rather more

the accurate measurement

which forms the backbone of

.L

5, was made much more coherent by the theory of boundary

set out in Chapter 4. This had its origins in a parallel

fered considerably in technical mattezrs, could be united

to the belief that the basis that the
resistance arises from the scattering of supergap

additional

excitations

The
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nake ra

However the

ther

in the superconduciing regicns.
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are many points in the theory where it was necessary to

®

o
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bic assumptions in order to sinplify the analysis

)

results presented here show that the theory is surprisingly

te

accurate in. predicting. the behaviour of the intermediate state

resistance,

It would appear in particuler that the assumption of an

exactly periodic stacked array of domains is not so restrictive as
eve inferred from the fre nergy '
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addition one mig

£ the energy gap
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would invalidate

we have shown its good

results of any one dimensional model,

18 congls

]

dependence on the value of A

ange of purity enabling

of diffusion length o be investigated. It is

]

however that the RR of Sn24 turned out larger

the results show(and rough calculations indicate) that the borderline

between Clean and Dirty limits occurs somewhere between this specin

and Sn7. A closer

this intervening region would

probably provide a further check on the details of the theory,

2lthough the results might be difficul

many contributing factors.

In addition a further investigation of specimens similar to Sn 1

might have revealed whether for instance inhomogeneities

were responsible for its tendency toward different resistance

it is not possible to

0]
H

at the same value of field. Howev

electrical resistance results on an unknown sitruciuvre uni

because of the zero resistance of the S regions and an iavesti

of the structure is better carried out by other means. Th

brobably thermal conductivity, since dir
o J 7

w

these methods 1

observation of the structure with magnetoresistive probes,

t to interpret because of

in the crvstal

states

internret

OU/;'ly

e best of
ect

powdexr

patterns or magneto-coptic glasses give only information about the

urface. Because the additional thermal
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structure at the

3 a¥ay
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is small near @} where the electrical resistance is large,; parallel

gation




qeasuremenwys

feet the electrical resistance

truecture enough -

drastically. In any case

only con ute a small

resistance: unlike the electrical case the ad

We now turn to the subsidiary study made of the unsymmetrical

specimen SnlIII at low temperatures where the use of direct domain

observation could have ied the hypothesis of field tilting made

xcesg resistance observed at the angle of
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minimum magnetoresistance. It could however not fully disprove the
hypothesis because internal changes in the structure need net

be manifested on the surface. The thermal boundary resistance at

o]

this temperature is very large and theve should be little problen
-~ J [ ) p

with the heat current disturbing the structure so the

e

2t thernma

0]

measurements could provide sensitive in ation about any internal
domain rearrangement. However one would have to chocse a temperature

1d give information about

- 3+ -
same way as the
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The integral in Equn. (4.21b) is over excitation energies

in the normal state. In this appendix € and E are synonymous

and mean the excitation energy.
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where

The int ation was

1pson's Rule, but mo:

counting squares) for one general case.
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\PFENDIX C

T5¢

stigated in

fe

REST

O 'nT\ ’ T,'(/ {'\\;\1

following

the

crys talline

specimen axis

Resolving along the

and zimilarly for J.

0
i

p %

J?, 3 . —

Case 1:

gpecimen axe

The measured resistance along o is

- B,

i3

o°
w2 e

Sin

\../\/

(e,
0 (o

JG Cos(0)

Since J}’_ = 0 we

thus:

]
Yt
]

two dimensional

sy
axeg

(c.1)

(c.2)
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In this E =0
X
E =)
(8
e oo
¢ < b_ =

Summary

e Pt A

The ratio of the two resistances is:

) s
- = ———— s ( G)S:'w_g (a) + 1

It will be noted that this exprecosion ig at least:

of resistivity.
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< F oA S I ; U s ed el
axes to avoid unnec 23 repetition.
the a

divided into units of 0.1 with the

s 3

the horizontal(n) exis, which is also divided into tenths.
b) Unless otherwise stated:

= 10 mA.

the key for the theoretical variations shown is as follows

co

i esE el Square model
ii) ———  Full theoretical fit
iii) =-w.-.=  As (ii) but with an increased value(2.15) for 4 .

iv) ===-===  As (ii) but with doubled domain thicknesses.
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All points were taken in increasing field except where marked by |.

2

(1 is used for increasing field points in these circumstances).
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