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SUTESLTE N GTE N

De vraag of het permeabiliteitsgedrag van een type-l| supergeleider met een
model voor de kritische toestand kan worden beschreven, is direkt te beant-
woorden aan de hand van een diagram van p'" tegen u'.
Het gedrag van de verliezen als funktie van de amplitude van het wisselveld
geeft hierover geen uitsluitsel.
S.L. Wipf, Proceedings 1968 Summer Study en Superconducting Devices
and Accelerators; Brookhaven National Laboratory Report 50155
(c - 55), 1968.
Dit proefschrift, hoofdstukken 5 en 6.

De onomkeerbaarheid van de magnetisatiekromme, zoals Brown, Blewitt en
Scott en ook Kernohan en Sekula die hebben gemeten, wordt zowel veroorzaakt
door een oppervlaktebarrigre als door fluxverankering in het kristalrooster.
Hun experimenten geven dan ook geen goed beeld van het effekt van rooster-
defekten, veroorzaakt door neutronen bestraling, op de magnetische eigen-
schappen van supergeleidend niobium.

B.S. Brown, T.H. Blewitt en T. Scott, Phys.Stat.Sol.(a) 16, 105 (1973).

R.H. Kernohan en S.T. Sekula, J. of appl. Phys. 38, 4904 (1967).

Voor het interpreteren van de kritische-stroommetingen aan type-I| super-

geleiders zijn gegevens over het magnetisch gedrag onmisbaar.

Teneinde een beter inzicht te krijgen in de fluxverankering door puntdefekten,
zouden metingen moeten worden uitgevoerd aan type-| | supergeleiders die bij
zodanig hoge temperatuur met neutronen zijn bestraald, dat ''voids' in het

kristalrooster zijn gevormd.

De metingen van Dubeck en Setty aan NbTi zijn niet representatief voor het
warmtegeleidingsgedrag van het materiaal dat veelvuldig wordt toegepast voor
het konstrueren van supergeleidende spoelen. De konklusie die men uit hun
resultaten zou kunnen trekken, dat dit materiaal niet geschikt is als ther-
misch isolator met elektrische weerstand nul, is onjuist.

L. Dubeck en K.S.L. Setty, Phys. Letters 27A, 334 (1968).



De bewering van Marchand en Stapleton, dat voor de beschrijving van de
spin-rooster relaxatietijden van neodyniumionen in yttriumethylsulfaat een
H2T7-Raman proces in rekening moet worden genomen, wordt onvoldoende door
hun experimentele gegevens bevestigd, en is in strijd met de resultaten van
Van den Broek en Van der Marel.

R.L. Marchand en H.J. Stapleton, Phys. Rev. B9, 14 (1974).

J. van den Broek en L.C. van der Marel, Physica 29 948 (1963).

Uit oogpunt van de met rotatiekoeling te bereiken protonpolarisatie biedt
het gebruik van ytterbiumionen in yttriumhydroxyde geen voordelen boven het
tot nu toe gebruikelijke systeem van ytterbiumionen in yttriumethylsul faat.
R.L. Lichti en H.J. Stapleton, Phys. Rev. B8, 4134 (1973).
K.H. Langly en C.D. Jeffries, Phys. Rev. 152, 358 (1966).

De voordelen van het gebruik van de 3He smel tkurve als primaire thermometer
in het temperatuurgebied tussen 20 en 2 mK zijn door Scribner en Adams
overschat.

R.A. Scribner en E.D. Adams, Temperature 4, 37 (1971).

Het biedt grote voordelen de supergeleidende magneten die in een fusie-
reactor nodig zijn voor het toroidale veld en voor de zogenaamde axiaal-
symmetrische ''divertor', te konstrueren met holle geleiders, waardoor boven-
kritische helium stroomt. Men dient hiermee bij ontwerpstudies ernstig

rekening te houden.

De gemiddelde promotieduur kan worden verkort door het "promoveren op

artikelen' sterker te stimuleren.

Het inleveren van niet-gebruikte medicijnen bij een speciale, met vernietig-
ing van schadeli jke stoffen belaste, instantie dient van overheidswege te

worden georganiseerd en gestimuleerd.
Gezien het bedrag dat bij afkoop van levensverzekeringen wordt gerestitueerd,
is men licht geneigd te concluderen, dat verzekeringsmaatschappijen slechte

beleggers zijn.

C.A.M. van der Klein 11 juni 1974
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LIST OF SYMBOLS

flux lattice spacing (= 1.07 (;O/B)z)

local magnetic induction

average magnetic induction in the sample
magnetic induction at the surface of the sample
maximum average induction due to the peak effect
extra induction due to the peak effect

extra induction due to the surface pinning

reduced magnetic induction (= B/ch)

B /He,
elastic moduli of the flux lattice
hal f-thickness of the samples

driving force
a dimensionless function, determined by a flux distribution
mode |

the same, but using reduced quantities

magnetic field strength

value of the applied field

applied field at which the induction reaches the axis
of the sample

Abrikosov field, in reversible equilibrium with the
local induction inside the sample

lower critical field

upper critical field

surface critical field

field of first nucleation

thermodynamic critical field

amplitude of the alternating field

magnetic field at which the peak effect is at its
maximum value

surface barrier




shift of the upper critical field due to neutron

irradiation

H = He ) /He,
H, = Hey)/He,

critical current

surface contribution to the critical current

surface contribution to the critical current when the
flux is entering the sample

surface contribution to the critical current when the
flux leaves the sample

extra critical current at H = H

proportionality factor giving the flux lattice spacing
at H = Hp; Ug = kao

(CQQQO/C66B)E; criterium for line pinning or point pinning

average magnetization of the sample

magnetization for H < H < Hg, due to surface supercon-

c2 C3

ductivity
defect density
total pinning force per unit volume

maximum pinning force between one vortex and one

pinning centre

the pinning force in the case that the pinning centre is
a point defect

the pinning force in the case that the pinning centre is

a line defect

pinning parameter times the half-thickness of the sample
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R300

(=23

ol

resistance

resistance at room temperature
cut-off length

critical temperature

temperature
distortion of a flux vortex due to a pinning centre
losses due to an alternating field

distance from the axis of the sample

1 - 2(unM0/HO)

slope of the reversible magnetization curve near ch

width of the peak near HCZ: (Hc2 - Hp)/HCZ

parameter in the equation giving the reversible magneti-

zation curve: u][(HC2 - Hc])/HC]]

pinning parameter: q/d

electron specific heat coefficient of normal metals

thickness of the pinningless surface layer, divided by

the half-thickness d
(d/uAHO)(JB/ax)
AH/H0

Landau-Ginzburg parameter: ch/(/f-Hc)

Landau-Ginzburg parameter: 4, = [l.l6(2a% = 1)]_]

Landau-Ginzburg parameter: (HC/HC')Z//E
London penetration depth

slope of the Abrikosov curve: (3B/aH)rev
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Hey : slope of the Abrikosov curve near H. (= 1 + u1)

€2
H : in-phase component of the permeability

M : in-quadrature component of the permeability

coherence length

£ : the reduced distance from the axis of the sample: (x/d)
0 : residual resistance

b ¢ flux quantum: 2 x 10—7 gauss cm

Y
0
¢p : extra angle between a flux line and the surface of the
sample due to surface pinning
x' : in-phase component of the susceptibility (u' =1 + 4uy')
X" : in-quadrature component of the susceptibility (u'" = 4ny")

slope of the reversible magnetization curve near




CHAPTER 1

GENERAL INTRODUCTION

A type-1| superconductor, unlike a type-| superconductor, is characterized
by two bulk critical fields: the lower one HC‘ and the upper one HCZ' For mag-
netic fields smaller than HCI a complete Meissner state is observed, which
means that all magnetic flux is excluded and so B = 0 inside the sample. Above
ch bulk superconductivity is destroyed; only a thin surface layer remains
superconducting up to the surface-critical field HC3‘At field values between HC1
and HC2 magnetic flux quanta (the so-called flux vortices) can penetrate the
sample, forming '"normal'' regions of cylindrical shape with a radius of the
order of the coherence length £. They are embedded in a purely superconducting
matrix. This configuration is called the mixed state. In this thesis mos t
attention is devoted to magnetic phenomena in this field region.

Under the influence of their mutual interaction the vortices form a
triangular lattice, which is homogeneous throughout the sample in the ideal
case, in the absence of crystal lattice defects. The magnetization curve in
this situation is reversible; it is called the Abrikosov curve ]).

Due to the interaction with lattice defects the vortex lattice is pinned
to the crystal lattice and it is no longer homogeneous. This feature is called
flux pinning. The flux-density gradient that results, -feads to a driving force
on the vortex lattice. According to Friedel et al. 2) this driving force per

unit volume, in the case of a flat sample parallel to the field is given by:

Fd R é% (%%)rev(gg) (1.1)
in whfch (%%);;v stands for the slope of the reversible Abrikosov induction curve
and 6%%) for the actual induction gradient. This relation is a special case of
a more general expression, derived by Evetts et al. 3):

F, = - 2ir) x Vox H(r) . (1.2)

—d . — i N



|f the driving force is in equilibrium with the total pinning force per unit

volume PV, F, + Pv = (0, a stable situation is obtained: the critical state.

d
Several expressions for the pinning force have been proposed in order to

describe the critical state. Some of them, in fact, are purely phenomenological

expressions for 3B/ox, or are based on simple assumptions about the interaction

W L-12
between one vortex and one ''‘pinning centre' ), but only the more recent

ones, following the ideas of Fietz and Webb ‘3), take into account the influence
of the mutual interaction of the vortex lines on the efficiency of the pinning.
Labusch IA’IS) demonstrated that the summation can be performed statistically,
and that the mutual interactions between the vortices can be taken into account
by introducing the elastic moduli of the vortex lattice. These elastic moduli

can be expressed as functions of B and H:

2
B iH

CI] v C66 x (E?)(Tg)rev (1.3)
Chpoomai el (1.4)
Ly ~ Tw “rev

C, = Bty ] " Bluidant - forBixs (1.5)
66 -~ ‘B’ ‘9B’ rev  hm lHC oF €y -5

1
2
0.475 2c° = 1 20 2 !
Gz = - (Hezis28) for B < H¢ (1.6)
68BN T 16t - 1S 4
in which ¥ is the Ginzburg-Landau parameter. C]‘ = c66 is the compression

modulus of the vortex lattice, Chh is a measure of the bending of a flux line
out of its equilibrium position and C66 is the shear modulus.
Using these moduli Labusch ]“) considered a dilute system of point defects

and derived:

2
Np
pomiat LY e, g b o) (1.7)
N 8/n "0

Cegluy  CunCi

in which P is the local interaction between one pinning centre and one flux
: s = 3 : 16 ’ -
line and N is the dislocation density. Good and Kramer ) considering the case

of line defects, found:

2
0.1Np . y
P — ()} e Ingg ) (1-8)
L 0 66 "0

in which L is the length over which a vortex is effectively pinned and r is

the cut-off distance, related to an interaction radius of a defect. A thorough
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review of bulk pinning in type-|| superconductors has been given by Campbell

17).

and Evetts

The investigations on the influence of flux pinning on the magnetic beha-
viour of type-|| superconductors at Leiden were started by Goedemoed ]]). In
the present thesis the influence of the physical lattice imperfections on the
pinning phenomenon is discussed. We cut rectangular samples from thin
niobium foil (typically 20 x 3 x 0.2 mm), in which the formation of the defect
structure was accomplished by cold rolling and successive annealing at several
different temperatures up to 1600°C or by neutron irradiation at reactor am-

20n/cmz. The structure of these

bient temperature with doses up to 1.5 x 10
lattice imperfections were studied by means of electron microscopy. We inves-
tigated the irreversible superconducting properties of the niobium samples by
studying the magnetic behaviour in stationary magnetic fields as well as in
alternating field superimposed on a stationary field, both fields being paral-
lel to the longest axis of the sample.

With the dc magnetization curves we could test the critical state models
and correlate them to the actual defect structures. From the ac permeability
curves we obtained, in the first place, a possibility to study the surface ef-

fects between H., and HC3' Our expectation to obtain also a much more sensitive

test of the crit?cal state models in the mixed state was not fulfilled, since
we found that the alternating field introduced some additional effects, which,
thus far, are not understood, but which make an explanation of the permeability
behaviour in terms of the critical state equation impossible.

The calculation of the magnetization and the permeability curves from the
theoretical pinning formulae can only be performed if the reversible relation
between applied magnetic field and the induction is known. For high-x super-
conductors one can easily approximate this relation by setting H = B, but for
our niobium samples (k = 1.2) this approximation is too crude. For this reason
wg adopted the phenomenological reversible state model introduced by Kes et al.
1

). They proposed the following analytic expression for the reversible mag-

netization curve:

s HCl 2
=haM__ (H) = He {1 - (——)") (1.9)
rev < He, = Hey
in which g = bnka(ch - Hc‘)/Hcl with u“*cz the slope of the reversible mag-

netization curve near HCZ' The applicability of (1.9) to our samples has been

discussed already by Kes 19).

13



This thesis is a composition of five separate papers, written in a period
of several years. Therefore each chapter has been written in a self-consisting
form, with its own introduction, description and discussion. A disadvantage of
this method is that sometimes repetitions are inevitable and that the funda-
mental discussion of the pinning phenomenon in general is spread out over five
chapters. On the other hand each chapter can be studied independently without
any knwoledge of the other chapters. Another consequence of the present way of
presentation is that the results and conclusions obtained in one chapter may
not be taken into account in any of the foregoing ones, illustrating the pro-
gress of our understanding of the pinning phenomenon.

In chapter 2 20) we described the influence of physical lattice imperfec-
tions due to cold rolling and successive annealing on the dc magnetization,
on the resistive transition and on the ac susceptibility.

Chapter 3 2‘) deals with the influence of lattice defects introduced by
neutron irradiation on the dc magnetijzation curve. A comparison of the results
with several pinning models is made, leading to a discussion of the character
of the pinning centres.

In chapter 4 22) we give a discussion of the peak effect as observed in
the dc magnetization curve. This is one of the most pronounced effects induced
by neutron irradiation. The peak effect as observed in the ac permeability
curves is discussed in chapter 6.

In chapter 5 23) the permeability is calculated for four simple pinning
models. First the case of surface pinning only, then bulk pinning with constant
3B/3x (the so-called London-Bean model), subsequently the London-Bean model ex-
tended with extra surface pinning and finally the London-Bean model extended
with a surface layer without pinning. The susceptibility results of chapter 2
are discussed in view of these models.

In chapter 6 2l‘) we describe the ac permeability behaviour of the neutron
irradiated samples. It is demonstrated that an explanation in terms of any
critical state model is impossible so that apparently under ac conditions

the flux lattice cannot be considered as being in the critical state.
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CHYA R EFR 2

THE EFFECT OF COLD ROLLING AND HEAT TREATMENT ON THE MAGNETIC
BEHAVIOUR IN STATIONARY AND ALTERNATING FIELDS

§2.1 Introduction

In a series of previous articles 1"L*) Goedemoed et al. described the
penetration of magnetic flux into a very impure superconducting niobium sample.
In the experiments reported in this chapter we investigated the influence of
the physical lattice imperfections caused by cold rolling and successive
anneal ing.

It is well known that physical and chemical imperfections influence type
Il superconductors in different ways. De Sorbo 5) demonstrated that chemical
impurities (especially oxygen) decrease the transition temperature T.» they
increase the normal state resistivity Pp? they decrease the thermodynamic

critical field HC and the field H where the magnetic flux begins to penetrate

c

the sample and they increase the field H., where the bulk of the material be-

£2
comes normal. Further the reversibility of the magnetization curves is decreased
and the remanent moment is increased.
: 6y . 2 : .
Narlikar and Dew-Hughes ) investigated the influence of plastic deforma-

tion caused by cold rolling. It followed that H is not influenced. The irre-

c
versibility of the magnetization curves and the iize of the remanent moment
are increased. They reported that an inhomogeneous dislocation distribution
causes much stronger pinning than a homogeneous one. Haasen 7) showed that
torsion of a sample increases the irreversibility of the magnetization curve
and the remanent moment.

In our present investigations a number of niobium samples, cut from the
same cold-rolled foil, were heat treated at different temperatures. So they
all had the same chemical purity, but different amounts of physical imperfec-
tions. It followed that HC]’ ch and hn at 4.2 K were not much influenced, but
the shapes of the magnetization and susceptibility curves and of the resistive

transitions were noticeably altered by the temperature of the heat treatment.
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§2.2 Experimental detarls

a. Preparation and condition of the samples. We obtained some high-purity

niobium from Semi Elements Inc., Saxonburg (Pa), U.S.A. According to the manu-
facturer it contained, as typical analysis of interstitial and metallic im-
purities: 2.0 ppm oxygen, 0.3 ppm hydrogen, 4.0 ppm carbon, 5.0 ppm nitrogen,
0 ppm iron and 3 ppm molybdenum.

Some impurities are of special relevance. Oxygen, as stated above, in-
fluences the critical quantities, iron interferes by its magnetic orientation 8),
and tantalum is typical for the efficiency of the refining process. For this
reason these elements were checked. Tantalum and iron were measured after ther-
mal neutron activation in the High Flux Reactor at Petten and oxygen was deter-
mined by chemical analysis at the Philips Research Laboratories, Eindhoven.

The results were: 140 + 30 ppm oxygen, 225 + 5 ppm tantalum and 2.5 + | ppm
iron.

A series of samples of gradually increasing physical perfection was pre-
pared by deformation and subsequent heat treatment in the recrystallization
region. A crystal with a diameter of 6 mm was cold rolled into foil of 0.15 mm
thickness. The surface layer was removed by chemical polishing in a mixture

of one part of concentrated HF and three parts of concentrated HNO Rectangular

3"
samples of 3 x 30 mm were cut in the rolling direction. A number of them were

investigated in this condition, they will be referred to as the P samples.

0
The others were heat treated during one hour in a vacuum better than 2 x 10 /
mn Hg using titanium as a getter. The heat treatment took place at the following
temperatures: 1000 + 5°C, 1180 + 5°C, 1410 + 20°C and 1600 + 30°C. The samples
will be indicated respectively by PIOOO’ PIZOO’ P]l‘00 and Pl600'
by chemical analysis that the oxygen content was not significantly altered by

It was found

the heat treatment.
Grain sizes after recrystallization were determined by light microscopy;

1200° 90u for PIhOO and 350y for P1600'

More important are the dislocations which were observed by transmission

30u was found for P

electron microscopy. The unannealed P0 samples show a dense and hardly resol-
vable dislocation structure. The PIOOO samples show nucleation of grains. Low
angle grain boundaries, arranged in the rolling direction are predominant, next
to a random population of dislocations. After one hour at 1180°¢C (PIZOO) the
niobium is completely recrystallized, the dislocations in the grains are arran-
ged in networks. In the PlbOO samples a low dislocation density still persists.,

In the P1600 samples only a few isolated dislocations are observed. A series of

17



P1600

Fig. 2.1 DTransmission electron mierographs of the five ntobium samples,

all on the same scale, as indicated on the figure.
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representative transmission electron micrograph is given in fig. 2.1. They

2 : g :
show 12u~ large areas of specimen, which have been thinned down by chemical

polishing to about 0.2y,
The dislocated densities were counted. The results have been collected in
table 2.1.

Table 2.1

Metal lographic observations

Heat treatment Grain size Dislocation density

(one hour)

nucleation
30u

90y

Also the surface conditions of the samples were inspected using replica
electron microscopy. The results are shown in fig. 2.2. Some scratches, about
iy wide, were observed in the case of PO. They become less pronounced for the
other samples and in general the smoothness becomes better the higher the

temperature of the heat treatment.

b. Magnetic investigations and resistive transitions. The following quanti-

ties were determined in the experiments:
] £ The magnetization M as a function of the magnetic field and the temperature.
2o The real and imaginary parts of the ac susceptibility, x' and ', as func-
tions of the magnetic dc field, the amplitude and frequency of the ac field
and the temperature (x = x' = ix'").
3 The resistance R at 4.2 K as a function of the magnetic dc field and the
current through the sample.

The magnetic dc fields were generated by means of a home-made superconduc=

ting coil. For the magnetic investigations two samples were glued together with

20




cellulose laquer, with a constantan wire in between. In some cases a carbon
thermometer was painted on the outer surface. The combination as a whole was
mounted in a narrow glass tube which was sealed off after a few millimeters
of helium gas had been admitted at room temperature 2).

After each experiment in a magnetic field a current of 0.1 A was switched
on through the constantan wire for a moment, so that the niobium was heated
well above Tc and all the residual flux was expelled. Experiments between 4.2 K
and Tc could be performed by continuously passing a much smaller current.

The sample was mounted in a system of coils as shown in fig. 2.3. For the
magnetization measurements only the secondary coils were used. They were con-
nected to the input of an integrating circuit, the output being connected to
the vertical deflection plates of a Tektronix memory osci |l loscope.

The horizontal deflection plates of the oscilloscope were connected through
another integrator (a Newport Instruments gaussmeter type J), to the coil on
the tail of the inner dewar, the ''field measuring coil'.

The magnetization curve was displayed on the oscilloscope screen by vary-
ing the field of the superconducting coil magnet from zero to above HCZ (or
Viee versa).

Immediately after each magnetization curve the experiment was repeated
with the sample heated well above TC. The ''zero curves' obtained in this way
were never straight horizontal lines because, due to flux expulsion from the
winding space of a superconducting magnet coil, the flux pattern varies with
the field strength 9). This correction proved to be the most serious source of
inaccuracies in our magnetization experiments. |t is of particular importance
at temperatures near Tc.

The susceptibility measurements were performed by connecting both the
primary and the secondary coils to a Hartshorn mutual inductance bridge 10)
with a phase-sensitive detector at its output. The amplitudes of the alternating
magnetic field that we used in the primary coils were 0.72 Oe, 2.4] Oe, 4.81 Oe
and 9.52 Oe. The frequency values were 39 Hz, 95 Hz, 216 Hz and 479 Hz.

For the measurements of the resistive transitions two current leads and
two potential leads were spot-welded to the sample which, in this case, was
mounted directly in the liquid helium. A constant current (1 to 10 A) was pas=
sed through the sample and the potential leads were connected to the vertical
deflection plates of the memory oscilloscope with a dc amplifier in between.
The horizontal deflection plates were connected again to the field measuring

coil with the Newport integrator in between.
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The left-hand half of fig. 2.4 shows the magnetization curves of all five
samples at the boiling point of liquid helium. They have been corrected for the

zero lines as mentioned in the foregoing section.

The magnetization curve of the unannealed sample P0 is strongly irrever-
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sible. An enormous flux jump is observed in increasing field and the slope in
decreasing field almost obeys =34nwM/aH = 1, which means that hardly any of the
flux leaves the sample. This indicates strong pinning forces.

The irreversibility of PlODO is much less, but still appreciable. There
are no flux jumps; also the remanent moment is smaller. There is a region in
decreasing field where the magnetization curve is horizontal, which means that
the decrease of flux density inside the sample is the same as outside.
and P

In the recrystallized samples P the maximum near H

1200* P1400 1600 <y
becomes sharper, the reversibility is improved. No remanent moment is observed

any more for P and P

1400 1600°

The right-hand half of fig. 2.4 shows the magnetization curves at our
lowest temperature, 1.05 K. Here the results are similar to those at 4,2 K, but
even more pronounced. Hc] and HC2 are larger than at 4.2 K, as should be expec-
ted. There is more irreversibility: the number of flux jumps is larger and a
remanent moment is observed even for the purest samples.

Fig. 2.5 shows the magnetization curves for P the sample with the

1600’
smallest amount of dislocations, for a large number of temperatures, varying

from just below the transition temperature (TC = 9.35 K) to the lowest tempera-
ture reached in the experiment. The curves are plotted directly (-47M versus H)

and on a reduced scale (both quantities divided by H.,). An almost vertical

€2
fall near HC]’ as mentioned by Finnemore, Stromberg and Swenson ]]) and by
French 12) is not observed. This is probably due to the fact that in their ex-

periments moving sample techniques were used by which most of the irreversibi=
lity of the magnetization curves is concealed. In our experiments all mechanical
shocks and vibrations of the samples were carefully avoided in order to get a

clear idea of the irreversibility.

Table 2.2

Critical field values and Landau-Ginzburg parameters at 4.2 K

T
ey | ez | T [MeafMeq | MMy | ML | Ry [k |y

(0e) (0e) (0e) (Oe)
Py 1670 | 4000 | 7200 2.4 1.8 | 2180 | 1.2 : 1.3 | 3.0
Prooo | 1250 | 3370 | 6800 2.7 2.0 1690 | 1.3 | 1.4 | 2.1
Pigoo | 1070 | 3550 | 7500 3.3 2.1 1560 | 1.5 | 1.6 | 2.2
Piygo | 1150 | 3450 | 6600 3.0 1.9 1610 | 1.4 | 1.5 | 2.3
Preoo | 1230 | 3200 | 8500 2.6\ 2.7 1670 1.3 | 1.4 [2.4
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In table 2.2 we have collected some data on the magnetization curves at

4.2 K. Here H is defined as the field where the first deviation from lineari-

€1

ty is observed; H is the field where the magnetization of the bulk becomes

c2
zero, see also the next section.

It turns out that for P and P the positions of H

1000’ P1200' PIQOO 1600 €1

and H., are not very much different. This is not surprising since they are much

€2
more influenced by chemical than by physical imperfections, as pointed out in

section 2.1. Our values of H and H are in good agreement with those of

<1 C2

De Sorbo 5) for the same amount of oxygen (120 ppm). For P0 the value of HC2

in increasing field is appreciably higher than in decreasing field, which is
probably due to the strong pinning forces. For reasons pointed out in section

2.4 we think that the H in decreasing field is the correct one. This value

2
is given in Table 2.2.

The fact that HCI and H are not much influenced by the defect structure

<2
means that the Landau-Ginzburg parameter is not much influenced. Some numbers

for 4.2 K are given in table 2.2, Since our values of Hc1 and H., are not very

2
precise we made use of the simplest relations. First k3 was calculated from
ch/Hc] applying Harden and Arp's graphical solution 13) . Next HC (the thermo-
dynamic critical field) was calculated H‘) from:

H

/ C
P s 00 I SR
3 = 2

2

and then K was derived from:

H
W = 1 ‘/2 CZ
1 % TT— .
c
The values of k were obtained from the final slopes “"\cz of the magnetization

curves, using 15):

“WACZ =

1.16(2¢. = 1)

2
but these are less accurate than < and <3 since the final slopes of our mag-
netization curves are not very well defined.

In increasing field the samples with the lower dislocation densities show
a rather steep decrease in the magnetization curves just above Hc1- This takes
place at the field where thermal effects on magnetization (3Q/3H) are maximum

and where the magnetic flux reaches the centre of the sample. Furtheron this

field will be referred to as H;.
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Table 2.3

Occurrence of flux jumps

Increasing field Decreasing field
P0 one at T = 4.25, more for T s 3.05 K T < 3.50 K
P]000 T s 2.69 K T % :3.23 K
P1200 T $elx15: K T < 2.18 K
PIAOO T S bal5 K T <£1.67 K
P1600 none for T=1.05 K T's 1:67:K

The number of flux jumps that occur at 1.05 K is appreciably larger than

at 4.2 K. In fact three different types of jumps are observed at 1.05 K.

a. The sample P0 shows several large jumps, both in increasing and decreasing
fields.
b. In the case of PIOOO we have regions in which a large number of jumps

occur. These jumps are smaller than those of P0 and the curve between the jumps
is more irregular. There is a flux=-jump region in increasing field and one in
decreasing field. The situation is somewhat analogous to the one we encountered

2,4)

earlier with a sample of much lower purity . One or two of such jumps are

also observed in decreasing field for P]200 and P1600'

ci The samples PIZOO' PIHOO and P1600 show regions in which large numbers

of very tiny flux jumps occur. These regions are indicated in fig. 2.4 by dotted
lines since they could hardly be analysed on the oscilloscope pictures.

Some data on the occurrence of flux jumps are collected in table 2.3.

Apart from the flux jumps described above the sample P showed, at the

1600
lowest temperature, two very peculiar jumps in decreasing fields which even
cross the -4vM = H (or B = 0) line. Until now we have not understood them. The
experiment was repeated many times and they were always observed.

Close to ch the samples P]000 and PIZOO (and maybe P_.) show a fall in

the magnetization curve in increasing field at 1.05 K. Thig may correspond :to
the "peak effect'' observed in critical current measurements 16’]7'18) (see
also chapter 4).

From the irreversible magnetization curve we can calculate the induction
gradient (3B/3x) in the samples, using the pinning model of Goedemoed “). We
made these calculations for the results obtained at T = 4.2 K and it came out

that (8B/8x) is almost independent of x for our samples. The results are
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plotted in fig. 2.6 versus the dislocation density as given in table 2.1 for
two different values of the applied field. On a double logarithmic scale the

results are two straight lines, with a slope of 2/3.
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Fig. 2.5 Magnetization curves of P’GQO at different temperatures.
1
§2.4 The susceptibility medsurements
The figures 2.7 - 2.11 show the further measurements which we made at
4.2 K with, successively, the samples PO’ PlOOO' P1200' P“‘00 and Pl600' At

the top each figure shows the magnetization curve. These curves are identical
with those of the left-hand part of fig. 2.4. Below these x'" and x' are plotted
as functions of the external magnetic field for various values of the amplitude

of the alternating field H_.. The frequency was 216 Hz for all these experiments.

The vertical scale of y" ig a factor 2.5 larger than that of x'. At the bottom
we give the resistive transitions for several values of the current through
the samples. They will be discussed in section 2.5. Notice that M(H), x''(H),
x'(H) and R(H) are all on the same horizontal scale. All the curves given here

are quite reproducible from one helium run to another and, as far as we have
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checked, from one sample to an equivalent one.

For P and P the value of x' is constant up to H.

0’ PIOOO 1200
special happens at H nor at the flux jump of P

5 Nothing
c1? 0° In the neighbourhood of
HC2 the x' begins to decrease and this takes place the earlier the larger the

amplitude H. of the alternating field. x' goes to zero at a field value which

0

for each sample is approximately independent of the value of HO' For P0 the

decrease of yx' begins at the HC2 value of the magnetization curve in decreasing
field and this is the reason why we consider this value as the correct one (see
section 2.3).

As long as x' is constant (below Hc2) x'' is zero for these samples. It
starts to increase at the field value where yx' begins to decrease (for each
individual value of the amplitude) and, within the precision of the experiments,
it becomes zero again when x' becomes zero. (It can be demonstrated from the
data in section 2.5 that the influence of the normal state resistivity on x"
in high fields is negligible on the scale of our figures.)

The maxima of the x' curves for Po, PIOOO and P]200 coincide very nicely
with the corresponding half-values of x'. We assume that the value of ' in
low fields obeys the relation 4my' = =1. Then the x' values can be computed

from the calibration of the Hartshorn mutual induction bridge (section 2.2b).
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It follows that, in the case of PIOOO’ the maximum of y'' for the three highest

values of HO obeys very nicely b4uyx'' = 1/n, for the smallest amplitude the

maximum is slightly lower. For the sample P0 we have the same general trend,

but all the maxima are slightly lower; for P they are appreciably lower.

1200
The value bny' = 1/ has been indicated in figs. 2.7 = 2.11 by horizontal
dotted lines.

For sample P the experiments were repeated at different frequencies

of the alternatinézggeld, viz. 39, 95 and 479 Hz. Within the experimental
accuracy the results were the same as for 216 Hz. This means that low-frequency
relaxation effects do not play a role of any importance in our measurements.
Van Engelen, Bots and Blaisse did not even find frequency dependence for tan-
talum between 7 and 1200 Hz 19).

and P

Figs. 2.10 and 2.11 show the susceptibility data for P , also at

1400 1600

4.2 K. Here the picture is essentially different.
For PIQOO both x' and x'' show a slight fluctuation near Hc,- They both
deviate from their initial values well below HCZ' and first in the wrong direc-
tion: For this fact we have no explanation. The experiments were performed with

two different samples, and in both cases the same result was observed. So the
effect seems to be real, but rather puzzling. It does not occur for P

1600°

Apart from this, in the case of P begins to fall and y'' begins to

o
1400 X

rise well below HCZ' A distinct kink is observed at H both in the x' and y"

Cos
curves. For the higher ac field amplitudes the maximumzof x'' is already reached
before Hey The maximum values of 4ny'' are well below 1/7 and they deviate
markedly from the half-value of y'.

In the case of P|600 a steep deviation from the initial values starts
immediately at HC]. Both x' and yx'' show a sharp kink a little above HCI’ and
the field where it occurs coincides with the steepest point of the magnetization
curve, hence with H: (see section 2.3).

Another kink is observed, both in x' and %', at H The maxima of the

c2*

"' curves are well below the value Umy'' = 1/7, the value depends strongly on

X
the amplitude of the alternating field and it does not coincide with the half-
value of x' at all. Very little frequency dependence was found in the experi=
ments again.

We have identified, for each of the samples, the field value where x' and
x'' become zero, with the nucleation field Hn. The data are given in table 2.2.
It turns out that for PO’ PIOOO’ P1200 and P”’00 Hn/HCZ is approximately equal

to 2, for P1600 it is higher, vZz. 2.7. One %' curve of P leads to a still

1600
higher value of Hn. Since this is not corroborated by the corresponding x'
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curve we do not want to give too much attention to this point.

Saint James and De Gennes 20) introduced a critical field HC3 up to which
superconductivity should still exist in a thin layer (of the order of the
coherence length &) on the surface of the sample. This field obeys He 3/H =
= 1.695.

Several authors found indications for superconductivity well above
1.695 HCZZI-ZQ)

ted for very thin samples whose thickness is of the order of the coherence
25-27)

. The possibility of high nucleation fields has been demonstra-
length This zs dustcnctly not the case for our samples.

Fink and Joiner ) pointed out, however, that a nucleation field well
above Hc3 may occur for thicker samples if the order parameter increases on
approaching the surface. This situation may occur if the surface layer has a
slightly higher transition temperature than the underlying material. Fink and
Joiner demonstrated that cold working of the surface layer increases the nu=
cleation field. Similar resul ts were obtained by Hill, Kohr and Rose 29).

Though, unfortunately, Fink and Joiner's considerations are not very ac-
cessible for quantative discussion it is well possible that they fit the con-
ditions of our samples. It is remarkable, however, that the sample with the
smallest amount of imperfections (P1600) has a considerably higher value of
Hn/HC2 than the other ones.

In figs. 2.7 = 2.11 the values of Hc]» ch and Hn have been indicated by
vertical dotted lines.

For PIZOO and P”‘00 we made some additional experiments at T = 1.05 K.

It turned out that for P1200 the susceptibility curves for 4,2 and 1.05 K could
be made to coincide by scaling the field values by the appropriate factor. This
seems to indicate that Hn/HC2 is independent of temperature. For PIhOO only

the high-field regions can be made to coincide, but not the fluctuations near
HCI This is not surprising, since although H /ch may be independent of tem-
perature, ch/Hc] is distinctly not.

§2.5 The resistive transitions

At the bottom of figs. 2.7 - 2.11 we give the resistive transitions of our
samples for various values of the current. A current of 1 A corresponds to a
current density of 2.2 A/mmz.

For PO’ P]000 and P]200 the resistivity is zero until well above H. 2
the residual resistance is only reached at field values appreciably above the

field defined in the foregoing section as Hn' These are the samples for which
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-4rx' = 1 and b4my'' = 0 up to ch.
For the samples P‘,+00 and P1600 these effects are not observed. The resi-
dual resistance is reached at about Hn (for all the current densities) and
the curves show a steep rise at HCZ’ which is the larger the higher the current.
The field values where resistance begins to occur (HR=0) and where the
residual resistance is reached (HRres) are listed for all our samples in table

2.4, They are indicated in figs. 2.7 - 2.11 by vertical dotted lines.

Table 2.4

Resistive transitions

Hep i Hr=0

(0e) (0e) (oe)

4000 5400
3370 4800
3550 4100
3450 3400
3200 3200

It turns o;t E;at for samples PO, P1000 and P]200 (with dislocation den-
sities above 107cm ©) there is no correlation between the susceptibility curves
and the resistive transitions. For the recrystallized samples PIAOO and P1600’
with lower dislocation densities, there is a very distinct correlation. We come
back to this point in section 2.6.

The ratio of the residual resistance and the resistance at room temperature
is given for all the samples in table 2.4. It turns out that these ratios are
not too much different. For Po, PIOOO and P”‘00 they are of the order of 30
(reciprocal of the number in the table). For P1600 the ratio is somewhat higher
(about 40), which seems plausible; for P]200 it is lower, about 17. Since we
thought that this sample might have been deformed somewhat during mounting we
repeated the experiments with two more samples. The ratios found with these

were not much different, about 20.

These resistivity ratios are not particularly high ]]). Our residual re-

sistivity for PO’ P‘000 and PIQOO is about 0.55 uf cm; this value is in good
agreement with De Sorbo's value ?) for a sample with the same amount of oxygen

contamination. So it turns out that our residual resistivities are still
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completely determined by the chemical impurities.
It should be realized in general that for a niobium sample with a few
hundred ppm of chemical impurities the residual resistance is not a good

criterium for the physical lattice imperfection.
§2.6 Discussion

Our susceptibility and resistance curves demonstrate that there are two
distinctly different types of behaviour, determined by the defect structure.

0 P1000 and P1200> the deviations

from -4mx' =1 and ¥" = 0 do not occur below H.... The resistance is zero until
X X ¢y

well above ch, and the residual resistance is reached well above Hn. For the

For high dislocation densities (the samples P

samples with low dislocation density (PM00 and PI600) the deviations from
=huy' = 1 and x'" = 0 begins at lower fields. The fields HCI’ H; and HCZ are
clearly observable from the susceptibility curves. Resistance begins to occur
at HC2 and the residual resistance is reached at Hn'

The two types of behaviour are not so clear from the magnetization curves.
Here the variations are more gradual from one sample to another. The reversi-
bility increases with decreasing amount of imperfections, 7.e. grain boundaries
and dislocations. Beginning with P1200 the magnetization curve in decreasing

field has a positive part, and beginning with P the remanent moment at

1400
4.2 K is zero.

The two types of susceptibility behaviour are most clearly demonstrated
in a diagram which is very commonly used in paramagnetic relaxation investiga-
tions, but very seldom in superconductivity. It is sometimes called the "Argand
diagram' and usually consists of a y''(x')-plot. Fig. 2.12 shows such a diagram
for all our samples in a slightly modified form (4my'' versus ~bny'). For PO’
PIOOO and P]200 the points for different amplitudes of the alternating field
are, within reasonable accuracy, on the same curve and the maximum of by
occurs at -b4ny' = 0.5. For PlhOO and P1600 there are pronounced systematical
differences between the amplitudes, the maxima of bny'" are in general lower
and occur at lower values of =hny'. So here the curves are strongly asymmetric.
The fully drawn curves of fig. 2.12 are based on a theoretical model described
in chapter 5, the dotted lines represent a simplified model which was discussed
in our original paper (see ref. 21 of chapter 1).

We believe that the susceptibility behaviour of the samples PO’ P1000 and

1400 and P1600 also
bulk effects play an essential role. In the case of strong surface pinning the
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Fig. 2.12 4ny" as a function of —4mnx' for the dif]

\

ferent samples. Theore—
tical curves and experimental data. Amplitudes of the alterna-

sy FaolAds Qg £9 No 1 17 0 8 D 11 [ Y 79 Oa
ting field: O 9.52 Oe, A 4.81 Oe, O 2.41 Oe, O 0.72 Oe.

variations of the external field are screened off from the bulk of the sample
by surface currents. As long as these currents remain below their upper limit
the flux inside the sample remains constant and 3M/3H is equal to -1/4w. Once
the maximum surface current is reached the flux pattern inside the sample
varies with the field and the susceptibility deviates from =1/4n.

and P

For the samples P the surface pinning is relatively weak

1400 1600

so that, also below H the field variations influence the flux pattern, and

c2?
the more the higher the amplitude. For PO’ P1000 and P]200 the surface pinning

is much stronger so that for the highest amplitude the field variations are
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completely screened off, until a field between HC2 and H Py which is higher the
lower the amplitude. The surface pinning of PIMOO and P1600 may be due to an
increased smoothness of the surface of the sample, see fig. 2.2.

As was already stated in section 2.5, in the case of the samples P
IOOO and P]200 there is no correlation between the susceptibility curves and
the resistive transition. Here the behaviour of the susceptibility is entirely
determined by the currents on the surface of the sample and the susceptibility
curves give no information about the bulk properties.

We think that for these samples the resistive transition is a bulk effect
30). The large numbers of dislocations (section 2.2a) give rise to strong local
inhomogeneities in the value of the Landau-Ginzburg parameter, so that there
are regions in the samples with much harder superconducting properties than
the average. At the field HC2 of the sample as a whole they still may form an
interconnected structure which can carry an appreciable current. On the other
hand these regions are so thin that they do not give rise to an appreciable
magnetization. The interconnections begin to break up at H of table 2.4 and

R=0
, well above H , the
Rres n

the structure eventually becomes completely normal at H
field where the surface layer vanishes.

For the samples PIQOO and Pl600 the situation is different. The number of
dislocations is smaller, as can be seen from fig. 2.1, so that there are fewer
regions with exceptionally high «x; they are no more strongly interconnected.
Here the resistive transition curves are determined by the superconducting
surface layer above HC2 The current-carrying capacity of this layer is rather
limited, as follows from the jump in the resistance at HCZ The residual resis-
tance is reached at H e the field where the surface layer vanishes.

Some authors have defined Hn as the field where the sample reaches its
residual resistance (see for instance the survey given by Serin 3])). We think
that our experiments demonstrate that it is dangerous to draw conclusions about
the surface layer from a Hn value obtained in this way. The same conclusion
was reached by Smith and Gatos 30).

I't should be noticed that the defect structure of P]200 takes an inter-
mediate position: it is just completely recrystallized with a very small grain
size and a rather high dislocation density persists. This change-over between
recovery and recrystallization is reflected in its behaviour. The maximum of
brx' is distinctly lower than P0 and PIOOO’ but it does not depend very much
on the amplitude of the alternating field. The x''(x') curve is, at least for

the lower amplitudes, somewhat more asymmetric than for P_. and P but less

0 1000’
than for P1400 and Pl600' Moreover, the distance between HR=0 and HCZ' as well
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as the distance between HRres and Hn’ is nonzero but noticeably smaller than

in the cases of P0 and PIOOO'

P1200 to start rather steeply at 5 kOe, to continue less steeply near 6 kOe and

steeper again near 6.5 kOe. This is similar to the behaviour of P

Finally there is a tendency in the 1 A curve of

1600° So both

the resistive transition and the susceptibility give an indication of such an

intermediate position. Nevertheless P]200 resembles the P0 and PIOOO samples

more.
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CHAPTER 3

THE EFFECT OF NEUTRON |RRADIATION DAMAGE ON THE MAGNETIC
BEHAVIOUR IN STATIONARY FIELDS

§3.1 Introduction

Neutron irradiation provides a way to study the interaction between flux
vortices and well-defined lattice defects rather systematically, by varying
the irradiation dose. The lattice defects can be studied with an electron
microscope.

In this chapter we will discuss the d.c. magnetization in longitudinal
magnetic fields before and after irradiation. A discussion of the permeability
behaviour of the same samples will be given in chapter 6.

Surface effects, which are often the main source of the irreversible mag-

~ % . ’ 1
netic behaviour are removed by oxidation of the samples ').
§3.2 The samples

Rectangular samples of high purity niobium (Material Research Corporation,
Marz-grade) with a size of 20 x 3 x 0.2 mm are annealed during one hour at
1600°C in a vacuum better than I0-7 torr (see chapter 2). Subsequently they
are irradiated at reactor ambient temperatures (40 - 80°C) in the High Flux
Reactor of the Reactor Centrum Nederland, Petten. Before irradiation the
samples are referred to as N-0, after the irradiation as N-317, N-318, N=-319
and N-320 (see table 3.1). The fast neutron doses are defined according to the
equivalent fission spectrum. In order to remove the surface effects, some of
the samples are heat treated during a few minutes in a pure oxygen atmosphere
at 400°¢. These samples will be referred to as NO-0 (unirradiated) , NO-317,
NO-318, N0-319 and NO-320.

Information about the defect structure is obtained from electron micro-
scope pictures as shown in fig. 3.1 (a=-f). As is known from the literature 2’3)

fast neutron irradiation at room temperature introduces clusters of inter-
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Table 3.1

ISampIe Average Integrated Average Integrated
Fast_flux fast flux thermal flux thermal flux
=317 | 0.82x10Men 27" | 3.7 x10Mem? | 3.1x10"en 27! | 1.4 x10'8cm
N-318 | 0.83x10 M em 27" | 3.75x10"8cn 2 | 3.1x10™en™2s™! | 1.4 x10'%cn2
N-319 | 0.78x10"em 25" | 3.65x10"%em™2 | 3.1x10"em 257! | 1.4 x10%0cnm 2
N-320 | 0.73x10Men 26”1 | 1.5 x102%m 2 | 2.5x10" em 2™ | 0.52x102"cn 2

stitials in the form of loops. |t can be seen from fig. 3.1 that the number

18 19

of clusters increases steeply between a dose of 3.10 = and of 3.10 n/cmz.

In sample N=317 (fig. 3.1b) no clusters are found, in N-318 (fig. 3.1c) the
first cluster formation can be observed, while in N-319 (fig. 3.1d) the number
of clusters is considerable. The average cluster size is about 100 g, and the
spacing between the clusters is of the order of a few hundred angstrdms. In
sample N-320 (fig. 3.1e) a similar spacing is found, but the size of the
clusters has increased due to secondary clustering of the loops. |t has been
pointed out by Brimhall and Mastel “) and by Elen et al. 2) that, in order to
minimize the elastic deformation energy, clusters prefer to settle close to
each other, forming "rafts'. From picture 3.1f it can be seen that the size of
these extended defects in N-320 is of the order of 800 g.

Annealing of the samples at bOOOC appears not to affect the cluster pat-
tern, in agreement with earlier investigations, e.g. those on molybdenum re=
viewed by Eyre 3).

With the help of the transmission electron microscope and a scanning micro-
scope we made some metallurgical investigations about the surface layer of our
oxidized samples. |t came out that for oxidation at temperatures below SOOOC
NbO2 is formed, above SOOOC Nb205.
1 - 0.5 uym), but very well attached to the sample. In the bulk of the sample

The oxide layer is extremely thin (about

no effects of the oxidation (such as oxygen clusters, precipitates) could be

%)..

detected
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f
Electron microscope pictures of the irradiation damage.
a. unirradiated.
o a0 17 2 = .
b. after a dose of 3.7 x 10" “n/em”; no cluster formation.

% 18 2 -
e, 3.76 & 107 "nf/em”; showing small clusters.

A 119 2 . . ; 2 . .
8.656 x 10" "n/em”; showing increased number and size of
the clusters.

420 2 3 3 sl .
1.5 @ 10" " n/em”; showing increased size of the clusters.

1'% 1020n/cm2; showing rafts.
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§3.3 The eaperimental results

The magnetization curves are measured in the way described in chapter 2,
but some modifications were made to increase the accuracy. A new superconduc-
ting coil was used, wound from multifilament Nb=Ti wire (IMI, A61/33), with
a field homogeneity better than 0.05% over a distance of 7 cm. This coil has
been calibrated in several different ways with an accuracy of 0.1%. The measu-
ring coils were placed concentrically. These modifications produced straight
"'zero lines' (see section 2.2b) within the measuring accuracy. The magnetiza-
tion curves were directly plotted on an X-Y recorder with suitably adjusted
sensivities.

Temperatures up to 10 K were measured with a ground-off Allen-Bradley
carbon thermometer, which was glued on the sample using ''General Electric-
varnish'. The resistor was calibrated against the vapour pressure of both

liquid He and H, using the interpolation formula:

2

(ln R 2

T )% = A(In R)

+BInR+C with 0.5 < a < 1.
For the determination of the parameters o, A, B and C we followed the proce-

dure described in ref. 6, in which a more detailed discussion is given.

3.3.1 The unirradiated sample. Fig. 3.2 shows the magnetization curves of
the unirradiated sample before as well as after surface oxidation (N-0 and NO-0
respectively), at T = 4.2 K. From such curves at various temperatures it is
found that for the unirradiated samples the oxidation does not affect the values
of HCZ' but it reduces strongly the magnetic irreversibility. As the oxidation
process at 400°C is not likely to change the bulk properties (the sample was
heat treated at 1600°C before) we ascribe the decrease of irreversibility to a
reduction of the surface barrier for flux penetration. This conclusion is sup=
ported by the fact that before oxidation (N-0) the maxima of the magnetization
(=47M) in increasing and decreasing fields are at different field values,

H;ax and H;ax’ whereas after oxidation (NO-0) these maxima occur at practically
the same field. As is shown in fig. 3.3 Hc] (as defined by the field value

at the maximum of -47M of sample NO-0) and i(H+

5 Mmax
the same straight line, if plotted versus T".

+ H___) of sample N-0 are on
max

In conclusion we can say that surface effects, which, before irradiation
are the main source of the irreversibility, can be removed almost completely

by oxidation of the sample. We will discuss the surface effects of these
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samples in section 3.4.1.

3.3.2 The irradiated samplee. In fig. 3.4 (a-d) the magnetization curves
at T = 4.2 K for the irradiated samples are shown, as measured before and
after oxidation. From the figure the following features appear.
ks ch is increased by the irradiation. This increase is almost completely
removed upon oxidation at a temperature of 400°C.
ii. A peak in the magnetization curve appears just below HCZ’ which is not
much affected by the oxidation process. This so-called peak-effect will be dis-
cussed in chapter 4.
iii. The overall irreversibility of the magnetization increases upon irradiation.
Except for the sample irradiated with the highest dose, N-320, this irrever-
sibility is greatly removed again by oxidation of the samples.

We also found a slight increase of the critical temperature Tc’ before
as well as after the samples were oxidized. This increase is the largest for
the highest dose, for the sample N-320 it is of the order of 100 mK.

In the following sub-sections these features will be treated separately

in more detail.

a. The effect of oxidation. In order to investigate the effects of oxidation

we have to distinguish between the influence of the heat treatment at 400°C and
of the actual formation of an oxide layer on the surface of the sample. The
effects due to the heat treatment were studied by annealing a sample, which was
irradiated with a dose of 3 x 10‘9 n/cmz, at MOOOC in high vacuum. This sample
will be referred to as N(400)-319. In fig. 3.5 we plotted the magnetization of
the samples NO-319, N-319 and N(400)-319 versus the external magnetic field

H (full lines). For a better comparison the result for N-319 is also shown
versus the external field reduced by a scaling factor o (dots). This factor is
the ch value of the sample NO-319 divided by the value for N-319. The magneti-
zation curves of N0O-319 and N(400)-319 are independent of the annealing time,
no difference has been found between an annealing time of 5 and of 30 minutes.
As can be seen from the figure the HCZ decrease is the same for N0O-319 and
N(400)-319. However, annealing at 400°C in high vacuum does not reduce the ir-
reversibility strongly, only annealing in an oxygen atmosphere does. After
annealing in oxygen atmosphere the field value at which the maximum of the
magnetization occurs is the same in increasing and decreasing field, after
annealing in vacuum these fields differ as much as before annealing.

We will discuss these observations in section 3.4.2(a).
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Fig. 3.5 Magnetization curve of the sample trradiated With a dose
« D i "/ ':_. «,.' & na aj eurya AT 3
= A 50) -319: a = -31¢
b. The ch shift. The increase of ch due to the irradiation is shown
fig. 3.6, in which HC2 of the samples before oxidation is plotted as a
of temperature. Also the slight increase of TC can be seen from the figure.

In fig. 3.7 we show HCZ at T =
function of the
whether it is carried out in a pure oxygen atmosphere or
in HCz

Hey for the unirradiated samples.

moves the shift

for NO-319 and N0O-320 proved to be reproducible for all the samples
at these doses.) Similar results were obtained by Brown,

who found that the H increase, induced by low temperature
c2 b P

in high vacuum,

Blewitt and Scott

irradiation

4.2 K, before and after oxidation, as a

. . . (o]
irradiation dose. |t appears that heat treatment at Loo'c,

re=

almost completely. The dotted horizontal line represents
(The rather large deviation from this value

irradiated

7

’

in some

niobium samples, disappeared when the samples were annealed at a temperature

: (o) N " _
of about 300 C. The difference between HC2 before and after treatment,

to as l'HCZ, :
logarithmic scales. The data of Brown et al. ") for low temperature
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N-319 (O /J ana N

and the results of Kernohan and Sekula 8) for room temperature irradiations
are also given in this figure. As can be seen the increase of HC2 due to low
temperature irradiation is much faster than that due to irradiation at room
temperature. The slope of the lines, indicating the results of Brown et al.,
is 1, while for our results the slope is 0.35,

We will discuss these results in section 3.4.2(b).

C» The increased irreversibility. As can be seen from fig. 3.4 most of the

irreversibility is due to surface effects. Only for the sample NO-320 a pro-
nounced increase of the irreversibility due to bulk pinning is observed. In

fig. 3.9 the magnetization curves at T =1 K are given for the sample N-320,
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NO-320, N-0 and NO-0. Comparison of this figure with figures 3.2 and 3.4d shows
that the irreversibility is more pronounced at the lower temperatures, while
at these temperatures also a large flux jump region appears.

As a measure of the irreversibility we plotted in fig. 3.10 the remanent

moment R at H = 0 of the oxidized samples as a function of the irradiation

dose, both on logarithmic scales. Kernohan and Sekula 8) found also a straight

line on a log-log scale, but they observed a much faster increase of R than we
did. At a dose of 10'2 they found a saturation for R = 1300 G.at T = 4.2 K.
The remanent moment after low temperature irradiation (Brown et al. 7)) satu-
rates already at a dose of 3.10]7 n/cmz, but at this dose R is found to be as
high as 1600 G at T = 6.8 K.
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§3.4 Discussion

3.4.1 The untirradiated sample. In fig. 3.11 the magnetization curves for
NO-0 and N-0 at T = 5.45 K are shown. For NO-0 we calculated the reversible

h.

curve using the phenomenological relation (eq. 1.9) proposed by Kes et al.
On account of the reversibility of NO-0 near HCZ’ uﬁKcz equals the slope of

the experimental curve. As can be seen from the figure the dots, representing
this calculated curve, fit the experimental curve very well. For lower temper-
atures the agreement is also good, except for a region just above HCI' From
this fit we conclude that we may use eq. (1.9) also for the calculation of

the reversible curves of the other samples at this temperature.

The irreversibility before oxidation, as stated above, is mainly due to
surface effects. It is more pronounced in increasing than in decreasing field.
This is in agreement with the results known from literature 9’10). In fig. 3.12
we plotted the difference [LB$] between the internal magnetic induction at a
given H before and after oxidation, as a function of the reduced field H/ch.
The fact that [LBS: is much larger in increasing field means that the surface
contribution to the critical current, JCS, which is proporFional to LBS, is
far more effective when the flux is entering the sample (Jés) than when the
flux is leaving it (Jgs). In the figure data for six different temperatures
(2.5 - 6.5 K) is given: showi?g that JCS is a universal function of the reduced
external field, i.e. Jé;o = f"o(H/HCZ). This at first sight rather peculiar
property indicates that in our sample, at least in the temperature region con-
sidered, the decrease of JCs due to an increase of the temperature is compen-
sated by the increase of J(-.S due to the corresponding decrease of H when H/HC2
is constant,

The asymmetry of the surface contribution to J in increasing and decreas-
ing field could be due to the asymmetric Bean-Livingston H) barrier. Lowell 9)

calculated for this case that in the low field region:

Jeg = (HS - H) + 2B exp(-2/1) ,

I

JCS =H - {BHSB exp(=2/1)}%

in which HS is the field of the first flux penetration, £ is the thickness of
the surface layer and A is the London penetration depth. In spite of the restric-
ted validity of these formulae Lowell found a qualitative agreement with much

of the experimental data. Our experimental results, however, cannot be explained
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by this model, not even qualitatively, not only because they do not fit the
individual curves for each temperature, but also because they cannot match the
temperature dependence we found.

Another explanation of the asymmetry of Joo was given by Kramer and
Das Gupta l2) who pointed out that enhanced pinning of the flux lines should
occur in a surface layer. Due to the fact that in the surface region the shear
constant of the flux lattice, c66' (see eqs. 1.5 and 1.6) becomes small, the
pinning by the defects becomes more effective. |f C66 actually vanishes in the
surface layer the flux lines become independent of each other in the pinning
process. Under these conditions it is possible to calculate an angle y over
which one flux line is tilted out of the field direction. The fact that C66 is

not really zero can be taken into account by assuming that effectively a number

of flux lines n, surrounding the pinned one, is bent over the same angle @p.
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In this way Kramer and Das Gupta obtained the relation:

x N 2
g0 s Pm (11)5 t (3.1)
Cs “Cu4¢o %9 sin(¢ rd ¢p5

in which X, is the volume fraction of the sample covered by the surface region,
N is the defect density, P is the maximum pinning force of one defect on one
vortex, Ch“ is the elastic modulus for tilting of a flux line out of the field
direction, t is an average distance between the pinning centres and the surface,
¢ is the angle between the surface of the sample and the magnetic field and the
F sign in the argument of the sine refers to the case of flux entering and
leaving the sample respectively. In view of this formula no difference should
be expected between Jés and Jgs in our experiments, where the field was paral-
lel to the surface of the sample (¢ = 0).

In a second paper IO) Das Gupta and Kramer added an extra angle £ to the
argument of the sine, in order to explain their experimental results on the ¢
dependence of Jé;o, which they thought could be due to a refraction of the
unpinned flux line at the surface of the samples by the Bean-Livingston barrier
I]). In our opinion ¢ can also be related to the roughness of the surface. Due
to this roughness the angle between a flux line and some part of the surface
may not be zero, in spite of the fact that the field is parallel. So the average
value of ¢ equals zero, whereas the average of sin(¢ I ¢p) # sin(3 ﬁp). This
may be accounted for, in practice, by the introduction of an extra angle z. Now
a difference between Jis and Jgs can be expected, even for ¢ = 0,

Unfortunately we cannot compare our experimental results with formula
(3.1), firstly because we have not varied ¢ and secondly because the field and
temperature dependence of JCs in this formula is uncertain, mainly due to the
factor n. On the other hand, the shape of the curves in fig. 3.12 gives some
indication that the surface contribution of JC is indeed mainly due to an en-
hanced pinning in the surface region, as the shape of this curve is very similar
to those predicted by different models for bulk pinning (see section 3.4.2(c),
fig. 3.20) rather than the one predicted by the Bean-Livingston barrier. The
dotted lines in the figure represent a hyperbola and its vertical asymptote at
H'/HCZ. The hyperbola was fitted to our experimental results by determining H'
and o' from a (ABS)-l versus H/Hc2 plot. From fig. 3.12 we conclude that our

experimental results can be approximated reasonably well by the hyperbola:

Jeg (H = H') = a'He, (3.2)
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In increasing field H'/Hc2 is found to be equal to Hcl/ch' averaged over the
temperature region considered. (The variation of Hcl/ch is indicated by the
horizontal bar in the figure.) This rather crude approximation, similar to the

ks

critical state model of Kim et al. can be useful in order to compare the
pinning in the surface before and after irradiation, as it provides us with a

measure of the effectiveness of this pinning, a'

4 L ey el e
3.4.2 The zirradiated samples.

a. The surface effects after irradiation. From the results described in

section 3.3.2(a) (see fig. 3.5) we concluded that heat treatment at 400°¢C in an
oxygen atmosphere leads to a much more reversible magnetization curve, but an-
nealing in high vacuum does not influence the irreversibility. We conclude that,
just as in the case of the unirradiated samples, the oxidation removes the
irreversible surface barrier, while the pinning centres are not influenced.

This is in agreement with the electron microscope pictures, which show no dif=-
ference in the defect structure. Unfortunately, due to the HCZ shift, we cannot
investigate the surface barrier simply by comparing the magnetization curves
before and after oxidation. We can only discuss the surface effects after ir-
radiation by comparing the samples N(400)-319 and NO-319, which were both ir=-

19

radiated with a dose of 3.10 n/cm2 but were annealed, respectively in vacuum
and in an oxygen atmosphere.

The magnetization curves for these samples are shown in fig. 3.5. We found
that, also for these samples, the surface barrier, which, due to the peak ef-
fect, can only be discussed in the low field region, is asymmetric with respect
to the direction of motion of the flux lines. In fig. 3.13 we plotted the sur=
face barrier in increasing field for three temperatures versus the reduced ex-
ternal field. As can be seen the same temperature dependence as for the unirra-
diated samples is found. The full line in the figure represents the experimental
data of fig. 3.12, so it gives the results for the unirradiated samples. The
shift between the two curves is partly due to the difference in the average
value of HC‘/HCZ (as can be seen from fig. 3.7 the HC2 value for NO-319 is
somewhat lower than for NO-0), but it is also due to an increased pinning. From

'informula

" (th)-] e H/ch plot we derived a value for the constant o

(3.2), which is only 20% higher than the one obtained for NO-0. In comparing
this to the increase of the bulk pinning, which is considera