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GENERAL INTRODUCTION

A type II superconductor below the critical temperature T in an

external magnetic field can be in four different states [1,2] . If the

shape allows to ignore demagnetization effects, the material is said

to be in the Meissner state up to the lower critical field H . and in

the mixed state between H . and the upper critical field H ,. A state

of surface superconductivity between H „ and H „ may occur depending

on the surface conditions before the normal state is attained. In the

Meissner state a superconducting surface current screens off the

external field so that the magnetic induction in the interior (bulk)

vanishes. In the mixed state the field penetrates the sample within

superconducting current vortices or flux lines, each containing one /•

I quantum of magnetic flux, $ =2.07x10 Weber. The lowest free energy

I is obtained if the flux lines form a uniform triangular flux line '\

lattice. This situation is disturbed if the superconductor contains

defects like dislocations, precipitates, etc., which interact with the c

flux lines. As long as the net force of all defects on the flux line

lattice balances the driving force occurring in a current-carrying

superconducting wire in a magnetic field, the flux line lattice does

not move and the wire is without resistance. This phenomenon, called

flux pinning, is therefore extremely important for the technically

interesting type II superconductors with very large upper critical

fields used for the construction of large superconducting magnets.

Because these superconductors are transition metal alloys with a

complicated microstructure, it is very difficult to study the basic

properties of flux pinning on them. A better and more profound com-

prehension has to be obtained from research on much simpler model

sys terns. •••

i '
X In this work flux pinning has been investigated on pure niobium and ,,
\ vanadium samples containing small cavities (voids) created by

|. irradiation with fast neutrons at temperatures between 400 and

X 1000°C [3,4]. These irradiations were carried out at the High Flux

I
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Reactor at Petten. Voids form an appropriate model system for flux

pinning, since their size, shape, and number density can be determined

by transmission electron microscopy. In addition, the superconducting

and normal state properties of purs niobium and vanadium are well-known.

The sample preparation and microscopy were performed at the Netherlands

Energy Research Foundation (ECN) and the Joint Research Centre Euratom,

Petten, and the measurements were done at the Kamerlingh Onnes

Laboratory in Leiden.

In order to understand flux pinning by voids, one has to know the

elementary pinning force exerted by one void on the flux line lattice

[5,6,7], the elastic properties of the flux line lattice Ï8.9] and the

summation of the elementary forces yielding the bulk pinning force per

unit volume [10-13] , which i.<= the quantity experimentally determined.

A brief survey of the most important theoretical contributions is given •

in chapter 1. Of special interest are the recent theoretical develop-

ments on the quasiclassical derivation of the elementary pinning force i

by Thuneberg et al. [6] and oa the summation problem for a dense,

random distribution of pinning centres by Larkin and Ovchinnikov [13] .

Chapter 2 describes the apparatus and the measuring techniques. We

carried out dc magnetization measurements in a slowly ramped field at

several temperatures. In addition, the ac permeability and the magnetic

hysteresis loops were determined from experiments in a small alter-

nating field superimposed on a much larger stationary field.

The sample surface often acts as a strong pinning mechanism that would

add to the contribution of the voids. In chapter 3 we give the result

of a detailed investigation on the suppression of this surface barrier

by an oxidation treatment of the samples [15].

The preparation and the assembly of the samples are dealt with in

chapter 4. Also a survey of the elementary superconducting properties

like I , H ,, etc. is given. In chapter 5 the results of the dc

magnetization experiments are reported. The volume (bulk) pinning

force is determined as a function of field at several temperatures and

compared with the existing theories. Satisfactory agreement is found

for fields just below H „ if we extent Thuneberg1 s [7] expression for

the elementary interaction [16] and assume that the flux line lattice

is highly disordered or amorphous in this field region, so that the
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appropriate expressions of the collective pinning theory [12] may be

applied. For lower fields, it is shown that the flux line lattice is

disordered too,which, we think, is due to plastic deformations of the

flux line lattice, predominantly flux line dislocations [14,16] .

Dislocations considerably decrease the shear strength of the flux line

lattice, an effect that up to now has not been accounted for in the

summation theories. At the end of this chapter a qualitative attempt

is made.

The results of the ac experiments are discussed in the final chapter 6.

In principle, ac experiments provide more detailed information than dc

measurements, but the interpretation is more sensitive to the model

used. Comparing the different possibilities it is concluded that the

most significant results follow from the interpretation of the magnetic

hysteresis loops by means of the uniform pinning model of Campbell [17]

yielding loops of the volume pinning force versus the displacement of

the flux line lattice with respect to the pinning centres. An extension

of this model for our sample geometry (foils of typical dimensions

20x3x0.2 mm) is given in appendix 6B. Appendix 6A deals with a

correction we have to make for small temperature oscillations caused

by the magnetocaloric effect. In appendix 6C some significant proper-

ties of flux line dislocations are surveyed. Magnetic history and

relaxation effects observed with the ac measurements are explained in

{ terms of these dislocations, as, for instance, the fact that the ac

pinning force is up to an order of magnitude smaller than the dc value.

Qualitatively, a striking analogy is found with cyclic stress-strain

behaviour of crystalline solids [18] .

The ac results also indicate the amorphousness of the flux line lattice

below H 2< The agreement with the theoretical predictions in the

amorphous limit is even better than for the dc experiments. It provides

the first experimental evidence for the enhancement of the effective

volume of the voids for pinning as was predicted by Thuneberg et al.

[6] .
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CHAPTER 1

A SURVEY OF FLUX PINNING THEORIES

1.1 Introduction

Flux pinning in type II superconductors originates from the inter-

action between flux lines and extended defects in the crystal lattice,

such as dislocation networks, grain boundaries, precipitates, or

irradiation induced dislocation loops, frenkel pairs, and voids.

Owing to their mutual elastic interaction, the flux lines cannot

freely take the positions at which each individual defect or pinning

centre exerts its maximum elementary pinning force. The experimentally

determinable volume pinning force is therefore smaller than the direct \

sum of the maximum elementary pinning forces in a unit volume. In

fact, for a totally rigid flux line lattice and a random distribution

of the pinning centres, the volume pinning force should average to

zero.

Present theories contain three elements: the elementary pinning force,

the elastic response of the flux line lattice to the pinning centres,

and the summation of the elementary interaction to the volume pinning

force. They will be discussed subsequently in the next sections. As

will be pointed out, plastic deformations, yielding dislocations and

grains in the flux line lattice, should also be taken into account.

1.2 The elementary pinning force for voids

A general review of the derivation of the elementary pinning force for

various defects is provided by Campbell and Evetts [1] and Kronmiiller

[2] . A specific treatment of the elementary interaction with dislo-

cation loops is given by Kramer [3] and by Pande [4] , and for precipi- .

tates by Kerchner et al. [5] and by Kramer and Freyhardt [6] . We #

restrict ourselves to a discussion of the elementary pinning force for •"•

voids, since these are the most important pinning centres in our

samples.
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An expression of the maximum elementary pinning force £ for voids has

been derived by Kramer [7j within the framework of the Ginzburg -

Landau (GL) theory, which is valid just below T . He begins with the

expression of Campbell and Evetts [I] for the GL free energy of the

superconductor per unit volume:

fs = fn + I V ^ H f l * + S2<T)V2|*j2) +jVoh
2 (l.D

with f the free energy of the normal conductor per unit volume in zero

field and £(T) the GL coherence length. For a triangular flux line

lattice the reduced GL order parameter 4> and the local flux density

U h are given for fields just below H „ by [8] :

and ( 1-2>

h = H - H ,{^{2/2ic2 , (1.3)

where a is the lattice parameter, the xy plane is perpendicular to

the external field, and the x axis is chosen along the direction of

closest packing, |ifi| is proportional to the superconducting electron

density, B is the flux density, which is the average of u h over

several flux lines, K is the GL-parameter and H is the thermodynamic

field strength, which in absence of pinning and demagnetization

effects equals the external field strength H . Further,the thermo-

dynamic critical field strength H , the GL coherence length £(T) and

the flux line spacing a are given by:

Jv*a 2 = | ( B - u H j d H , = p . | M

(*O/2TT V>OHC2)S (1 .5)

and

where M i s the reversible magnetization.
rev ^ 2 2 *2 2

Kramer assumes that only the term JM H £ (T)? |I(P| in e q . ( l . l ) i s

important for the determination of the elementary pinning force
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and that its contribution to the free energy can be considered to be

zero within the void and unaffected outside the void. The maximum

elementary pinning force of a void with a diameter d « a is given by

the maximum of the derivative of this term with respect to the coor-

dinates of the void relative to the flux line lattice multiplied by

the volume of the void V •,:
void

fp = • ?
2(T)(|i)3 u oH c

2(. -B/uoHc2)Vvo.d . (1.7)

Although this expression is derived for (T -T)«T and for

(p H „~B)«u H „, it has been applied for all temperatures and flux

densities. Kramer [7] also gives a more complicated expression for

voids of arbitrary size which we do not need to consider here as it

yields the same result as eq.(1.7) for the small voids in our samples

for which d « a is satisfied,v o
•?

Lowing boundary condition for a

superconductor-isolator interface [9]:

The elementary pinning force given by Kramer is probably too small -^ J

because no account is taken of the following boundary condition for a j m

n indicating the direction normal to the boundary.

This condition means that the component of the current density and of

V|I|I| normal to the surface should be zero. It is derived for the case

the radius of curvature of the surface is much larger than £(T), but

also for a smaller radius it is clear that no current can run through

the void and that no gradient in the superconducting electron density

normal to the surface can exist, because of the reflection of the

electrons. This will lead to the suppression of the current density

over some distance in front of and behind the void. Also (vUi) will
2 **

be suppressed near the void, since |i/>| should vary smoothly in the
superconductor over a distance g(T).

Hence, the contribution of the kinetic energy of the supercurrents and

the gradient term of |i|>| in the change of the free energy is under-

estimated by the local approach of Kramer. Thuneberg et al.[10]

pointed out that there will also be a gain in the condensation energy

"*•
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when a void is at the centre of a flux line, since |iji| no longer has

to go to zero,and derived with a quasiclassical theory for small voids

(d « 5 ) an interaction energy with an isolated flux line, which is

for a pure superconductor about a factor 4 /d larger than predicted

by the local theory. Here £ is the BCS coherence length being 39 nm

for niobium [11] and 46 nm for vanadium [12].

Very recently Thuneberg [13] derived the elementary pinning force of

a void for the case of overlapping vortices close to the upper

critical field p H , in the Ginzburg-Landau regime, T -T«T . For

d <<£ and I » ? (1, the electron mean free path) he obtains:

f = 4.36 -5-£ - — — - c-2- (1-t) (1.9)
p ?(T=0) 4ÏÏ 1+B A(2K -1)

with k„ the Boltzmann constant, k_ the Fermi wave vector, a the -j\
ir 2 '

transport cross section of the void (a = 4d for spherical voids),
5(0)=0.74? , B =1.16 for the triangular FLL, and t=T/T . The factor

O A C

(l-B/u H „) expresses the fact that the pinning energy is proportional
O Ci. r\ i

to the average squared order parameter <|ifi| >. V
Using well-known BCS expressions [14], valid for T^T , eq.(1.9) can
be written as : '

A ?T * ? •> 2 K
2 ( l -B /y H , )

f„ " ÏÏ (a /., H OV(T)u H/(T) / - ^ - V f f . (1.10)
P 9 ao ( l JoHc2 ) ° c l+ft (2K

2-1) e f f :
A

Here a (|iH.) denotes the FLL parameter at B=u H ~. For B*n H , this :

o o ei. o M o ei. •.

is Kramer's formula with V .. replaced by an effective void volume

V e f f»0.74a t r£ o. The factor 2 K 2 / ( 1 + Ö A ( 2 K -l))was omitted in eq.(1.7) by

Kramer because for large values of kappa it is nearly one. Our experi-

ments are carried out at temperatures far below T and in a much larger

field range. In absence of a microscopic theory, we propose the j

following extension of eq.(l.lO) as a reasonable estimate of f at all |

temperatures and inductions B > 0 . 5 M H „: f)
O « ; i

£P4
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2
Here, <|i(i| > for weak coupling pure superconductors i s given by
[15] :

T c22H „(T)[H , ( T ) - i - r | = J (1-B/u H . )^2 c 2 2 d T o c 2
p u r e

The energy gap A(T) i s tabulated by Mühlschlegel [16] .For T-*T eq.

(1.12) yields the K-factor in eq.(1 .10) , whereas for T»0 the resu l t

i s 4Kj2(0)/

defined by:

y

i s 4Kj2(0)/[l+eA(2ic2
2(0)-l)] . The Maki parameters Kj(T) and K 2 ( T ) are

c2 ] c ( T ) (1.13a)

OH-H ~2 (K13b)

** H~Hc2 6A(2ic.f (T)-l)

3The factor (2ir/a ) in f was explicitly retained, since the theoreti-

cal expression for the pinning energy is proportional to |vi|/| [17].

It turns out that the temperature dependence of <|i(i| > is important

for the relatively pure, low K materials of our experiments (vanadium

and niobium). Eqs.(I.ll) and (1.12) were used to compute the elementary

pinning force for small voids.

1.3 The elastic behaviour of the flux line lattice

The volume pinning force depends on the degree in which the flux line

lattice can adjust itself to the distribution of the pinning centres.

Linear elasticity theory is used to calculate the deformation being

the displacement u(x,y,z) of the flux lines with respect to their

equilibrium positions. The strain components of the flux line lattice

are :
3u 3u 3u

E

f
[ and e , e , and e _ are defined in a similar way. The stress
r yy yz xz

[. components are cxx, ay^, ayz> axz, o^, o^, o^ and ayz- The sub-

|' scripts indicate the direction of the force and of the normal vector

|' of the plane on which the force is exerted. Because there should be a
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force balance, a^ , azx, and a can be set equal to a , <3^, and

c . The strain component e and the stress component a are notxy zz zz
defined in the flux line lattice, since the z direction is taken

parallel to the flux lines being the direction of the external field.

For the hexagonal symmetry of the flux line lattice the stress and the

strain components are related by the following matrix of elastic

moduli [l] :

yy
fyz

xy

with c]2=cn-2c66.

c
c

0

0

0

11

12

C12
c l l
0

0

0

0
0

C44
0

0

0
0

0

C44
0

0
0

0

0

c66

xx

yy

xy

(1.15)

So three basic elementary moduli can be distin-

guished: c.. the uniaxial compression modulus, c,, the tilt modulus,

and c,, the shear modulus.

By considering the change in free energy resulting from a homogeneous

deformation of a large bundle of flux lines, Labusch [18] derived the

following relation for the uniaxial compression modulus:

C66 (1.16)

and for tilt with respect to the applied field direction:

c.. = BH .44 (1.17)

Expressions for c,g were derived for two limiting cases: for low flux

densities and close to H . The latter satisfies:
cz

c,, = 0.48u H66 ° c
2 2

2 K ( 2 K ~'
(1+B A(2K

2-1))
H -)
c 2

(1.18)

In a series of four papers Brandt [19,20] demonstrated from the

Ginzburg-Landau theory that for a periodic deformation of the

flux line lattice the uniaxial compression modulus and the tilt

modulus strongly depend on the wavevector k of the displacement field.

He derived for c . (ïc) and for c,.(ic) the following relations:
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Cii(2) =B
2(f)TA__ _JL_ (,.,9)

and »
„2 k, B(u H-B)

c (£) = 2L -^-3^ + 2 (1.20)
O K ^i ®

with
o ^ I... I ̂

(1.21)
and

% 2 = kh 2 ( 1 + eA ( 2 k2" I ) ) • °' 2 2 )

For the calculation of A(T), the weak field magnetic penetration depth,

we have used the values of A(T)/X(0) determined from the BCS theory

by Mühlschlegel [17] and A(0)=31.5 nm for niobium [21] and A(0)=37.4nm

for vanadium [12]. Unlike c.. and c,,, the moduli c..(k) and c,, (k)

tend to zero for B-*}J H O. The reason for this is that the magnetic fluxo cz

density B and the amplitude of the order parameter are not determined

by the local deformation of the flux line lattice, but by a kind of

average over respectively the diverging ranges 1/k, and 1/k,.

According to Brandt [22], the shear modulus c,, is nearly independent

of the wavevector k. Its behaviour in several limiting cases was

studied, and an approximate relation for all values of B, T, and K was

given by:

2 L ^ 2
C66 - T

8lc

TT o c 2 o c 2 ^
8lc2 2K2 3 K 2 (1.23)

When the elastic moduli are known, the elastic distortion due to an

elementary pinning force acting at the origin in the x direction can

be calculated. Schmucker and Brandt [23], obtained for the maximum

displacement u(o) at the origin:

k !—
dk [ ^ 5-3+ _.J__^j,

5(T) (1.24)

2 2 1
with k, «(k +k ) . This gives after some simplifications:

± x y
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(1.25)

Here c . and c,, are the elastic moduli of Labusch, and k_ is the

boundary of the first Brillioun zone :

(1.26)

Schmucker and Brandt took k_ and 1/?(T) as integration boundaries
or

because periodic distortions with larRe wavevectors

cannot exist in the flux line lattice. The first term in eq.(1.21)

turns out to be small, and because cgg<<cii aa^ c/4 t ni s expression

reduces to the formula of Labusch [24]

(,.27)

1.4 The summation theories of Labusch and of Campbell

Consider a type II superconductor in the mixed state with a homogeneous

flux distribution and a flux density B. The pinning centres are

randomly distributed with respect to the cores of the flux lines so

that the elementary pinning forces are pointing in all directions and

the volume pinning force averages to zero. When the external field

strength is increased, new flux lines enter the sample at the surface

and the old ones are moved towards the centre. This movement is

counteracted by the pinning centres so that a flux density gradient is

built up leading to a driving force per unit volume given for one

dimension by [25] :

( K 2 8 )

Initially, the volume pinning force increases linearly with the

average displacements of the flux lines. The flux density gradient and

the displacement decay then exponentially with a characteristic

penetration depth \'. For larger displacements, the flux lines break

away from the pinning centres and the volume pinning force levels off
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to a maximum value. This is called the critical state.

If ev^ry pinning centre is able to exert its maximum pinning force and

the number density is n , the direct summation hypothesis [26] simply

gives:

F p = n y f p . (1.29)

In real pinning systems, n and f should be considered as quantities

averaged over the size distribution of the defects. Further, it is

assumed that only one dominant type of defect has to be taken into

account. However, the elastic character of the flux line lattice

causes the volume pinning force to be smaller than given by the direct

summation formula (1.29). Labusch [24] was the first to develop a

statistical theory of flux pinning taking into account the elasticity

of the flux line lattice. The theory holds for a dilute system of

small and randomly distributed pinning centres. Dilute means that the

distortion of the flux line lattice due to one pinning centre is

negligible at the positions of all other pinning centres. Labusch

obtained:

F = n f £(T) u(o) a ~2 (1.30)
p v p o

in which £(T) has been taken as the interaction range perpendicular \ ;

to the driving force, and u(o) is given by (1.27), which can also be ..-'
• i

written as:

u(o) - f /(4IT a„ u . . ) . (1.31)

Here u f f is the effective elastic modulus of the flux line lattice.

' If eq.(1.25) for u(o) is inserted in eq.(1.30), the nonlocal elastic

extention of this theory [23] is obtained. As already stated in the

introduction of this chapter, the volume pinning force for a stiff

: flux line lattice and a random distribution of pinning centres is zero.

: There is only a volume pinning force if the elementary pinning forces

\ are strong enough to produce elastic instabilities so that the defor-

[ mation becomes irreversible with respect to the direction in which the

|- flux line lattice moves. The elementary pinning forces should therefore

I satisfy the threshold criterion for pinning given by:
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which by means of eq.(1.31) can be transformed into

u(o)>a /2TT = U . (1.33)
o t

In deriving eq.(1.30) Labusch assumed a single potential well

describing the elementary interaction. But as a consequence of the

periodicity of the flux line lattice (see eq.(1.2)), this assumption

breaks down above B>0.5p H ,, as Kramer [7] and Campbell [27] pointed

, out. After some simplifications Campbell obtained the relation:
'y

F = n f (K-1)/(K+1) for K> 1 (1.34a)
P v p

F = 0 for K<1 (1.34b)
P

with

KH27TU(0)/ao = u(o)/ut = f /ft . (1.35)

An interesting property of Campbell's formula is that it tends to the

direct summation result for strong pinning (f >>f(.), whereas Labusch's

formula is not restricted.

The threshold criterion, which is a common property of both theories,

gives rise to some serious problems. In the first place, many real

pinning systems yield a clearly measurable volume pinning force,

whereas the theoretical elementary force of the pinning centres

remains far below the threshold so that no volume pinning force is

expected. Secondly, if the threshold criterion would be satisfied

according to equation (1.33) the displacement must be larger than

a /2ir, requiring strains beyond the limits of linear elasticity theory.

Labusch [24] noted that in the cases of strong pinning or small

elastic moduli the lattice is plastically deformed, so that a large

amount of flux line dislocations are created. This means that close

to H o the flux line lattice attains a fluid structure in the words of
C£

Labusch. We will call this the amorphous structure, as will be

discussed in chapter 5 and 6.

Finally, it should be mentioned that in the summation theories the

assumption of a dilute system is made. In practice, however, many



- 23 -

pinning systems must be considered to be dense: i.e. the average

distance between the pinning centres is of the order of a or even

smaller (a =0.1um at B=20 mT).

1.5 The collective pinning theory of Larkin and Ovchinnikov

Labusch and Campbell predicted no volume pinning force for a random

system of sub-threshold pinning centres because they averaged over an

infinite number of pins. Larkin and Ovchinnikov [28], however, pointed

out that the collective effect of weak pins disturbs the long range

order of the flux line lattice. Over a sufficiently long distance the

standard deviation of the flux line lattice displacements becomes

larger than the interaction radius r, of a single pin as will be seen

in eq.(1.38). Since the elementary pinning force depends on the

position of a flux line with respect to a pinning centre, this means

that the correlation in the action of the pinning centres on the flux

lines becomes negligible at this distance. For the calculation of the

volume pinning force Larkin and Ovchinnikov divide the flux line

lattice in correlated regions, which are considered to be pinned

independently. The volume pinning force is then given by the net

pinning force per correlated region, which is determined by the

statistical fluctuations of the sum of the elementary pinning forces

in that region, divided by the volume:

with

F = (n <f >/V ) 5 , (1.36)
p v c

V « R2 L and <?2> « j f2 . (1.37)
c c c Z p

The dimensions of these regions are determined by the condition

<[u(ïtc) - u(o)]
2> = rf

2 , (1.38)

with r-»a /2. Here <fu(r)-u(o)l > is the displacement correlation

function for which Larkin and Ovchinnikov derived the expression:
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2>
C44 C66

+ 2k7ln ( 4 i z - + ? É i ^ r 5 — ) ] (K39)

2kh C (T) °44 k^r(T)
2

with c, ,=B /p . It is seen that the positional disorder in the flux

line lattice increases with distance, and becomes larger for strong

pinning centres or for smaller elastic moduli, as to be expected.
2 2

Setting z=0 or x + y =0, one obtains for the dimensions of the corre-

lated regions in the direction perpendicular or parallel to the field,

respectively:
„ o - 1/2 3/2 _ 2

1 Ö7TC/ y £•££; *•£Rc + IT l n ( W ) = 2 ( K 4 0 )

V
and

(
C44

± in

Several regimes can be distinguished: R »k, , a $E <k, and R «'a

with corresponding expressions for F . In the limiting case in which

the correlated region consists of a section of one flux line with a

length L , Larkin and Ovchinnikov predicted:

(1.42)

with L given by:

~ 2, 4 6 2
TTG K-i 3 IT 1 / *\

L = { 4A " ° f } . (1.43)

This expression should describe the volume pinning force close to H

above the field determined by the condition R «a , which can be
CO
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written as:

8,rc 1/2c 3 / \
44 C66 *h

and close to H , in the case of well-separated flux lines.

Finally, it should be mentioned that the way the flux line lattice is

created may give rise to many metastable dislocations or even grain

boundaries in the flux line lattice, which probably reduce the volume

of the correlated regions and therefore increase the volume pinning

force. In chapter 5 in which the dc pinning experiments are analysed,

we will come back to this point and in chapter 6 we will utilize this

picture to explain the history effects encountered in our ac measure-

ments. They indicate that the volume pinning force does not only

depend on the magnetic induction and the temperature, but also on the

dislocation density in the flux line lattice.
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CHAPTER 2

APPARATUS AND MEASURING TECHNIQUES

2.1. The cryostat

The cryostat in which the magnetization and permeability measurements

were carried out, consists of three concentric dewars, the outer one

for nitrogen, the inner two for helium. The superconducting coil in

the middle dewar was operated at a constant temperature of 4.2 K. It

was wound from niobium titanium multifilament wire, Niomax FM A61/33.

The field-current ratio of 41.5 ± 0.1 mT/A was determined by means of

nuclear magnetic resonance; the homogeneity is better than 0.1 per

cent over a length of 70 mm [1] .

The inner dewar, the temperature of which can be varied independently

of that in the coil dewar, contains the measuring coil system and the

sample holder. As shown in fig. 2.1, the coil system consists of two

concentric, oppositely wound primary coils and a similar set of secon-

dary coils. Both form a compensated system, i.e. the number of turns

and their average diameters are chosen in such a way that in the ideal

case the mutual induction with the superconducting magnet is zero.

With the primary copper coils, a sinusoidal ac field can be superimpo-

sed on the stationary dc field. Up to a frequency of 27 Hz the maximum

amplitude is 20 mT at a current of 0.62 A, decreasing gradually for

higher frequencies due to the self-inductance. The boil-off of helium j

is reduced by designing the coils as short as possible, only 50 mm. A

homogeneity better than 2 per cent over the length of the samples

(typically 20 mm) is achieved by making the outer coil 4 mm shorter

than the inner one.

The secondary system consists of 21 600 turns of copper wire with an
2 2

average cross section of 160 mm and 7800 turns of 440 mm for the ,

inner and outer coil, respectively. At 4.2 K the resistance is about I

100 ft. The intrinsic compensation of one part per thousand could be •'

improved electronically by adding with a simple series connection and

a voltage devider part of the signal of a small compensation coil of

200 turns wound on the outer coil.
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2.2 The magnetization measurements

The magnetization signal, fed to the y input of a recorder, is ob-

tained by electronic integration of the induced voltage over the

secondary coils, while ramping the magnetic field with a typical rate

of 0.8 or 1.6 mT/s. The voltage at the x input of the recorder is pro-

portional to the current through the magnet, so that the magnetization

curves in increasing and decreasing field are readily recorded.

In fig. 2.2 the circuit diagram of the integrator is given. The cen-

tral unit (drawn within the broken line) is the Dymec operational

amplifier (type DY-2460A). The potentiometer in the compensation

circuit is suitably adjusted to provide a zero magnetization signal

for all fields when the sample is in the normal state by heating it

above T . A well-known difficulty with the electronic integration

technique is the occurrence of a thermoelectric voltage at the summa-

tion point Z, leading to drift of the output signal. It can only be

eliminated partially by adjusting the zero offset of the amplifier,

which is a not very reliable, time-consuming procedure. Therefore, a

facility was designed to compensate for drift more or less automati-

cally. This is shown in fig. 2.2 as well and works in principal as

follows: after initially discharging the capacitor Cl, another C2

is charged by the amplified drift voltage during exactly 20 seconds,

which is considerably longer than the charging time constant of C2.

The resistance of 1.6 Gil was adapted in order to give the least

possible drift of the integrator when SI is switched to the position

in which C2 discharges to the summation point. The time constant is

chosen sufficiently long to guarantee a constant discharge current

during the measurement of a magnetization curve. At point A the off-

set of the second amplifier can be zeroed; at point 5 a non-stabilized

dc voltage of the Dymec power supply compensates the drift caused by

variations of the mains voltage to the Dymec amplifier.

2.3 The permeability measurements

In fig. 2.3 a blockdiagram of the electronic equipment for the per-

meability measurements is shown.
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t' cm
SS • SS

pp p p

Fig. 2.1 The primary (p) and secondary (s) coil systems.

r

COT* o \-

Fig. 2.2 The integrator circuit including the drift compensation.

S: secondary coils, C: compensation coil, Com: common,

0: output, VA: + 16 V (stabilized), Vfi: + 35 V (non-

stabilized), Z: sunmaticn point.

\
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The signal from the reference oscillator of a PAR 124A lock-in

amplifier is amplified by a HP 6825A bipolar power supply/amplifier

and fed to the primary coils and a series resistor. The voltage over

the resistor is used to measure the amplitude of the ac field. The

secondary coils are connected to the differential preamplifier of

the lock-in. The output signal passes a second amplifier and is

finally phase-sensitively detected. The second amplifier can be used

in the tuned mode, in which the harmonics are suppressed, or in the

flat mode, in which all the harmonics are transmitted.

If the total magnetic field strength is given by

H (t) = H, + H cos cot, (2.1)
e de ac

with H « H , . The magnetic induction, averaged over the cross section
3.C uC

of the specimen and denoted by B, can be written as a Fourier

series [2] :

B(t) = B + ï°°u' pnH cos noot + Z°° p" p n H sin nut. (2.2)
n=l n=l

Its time derivative is proportional to the induced voltage of the

secondary coil system. In spite of a compensation circuit, total com-

pensation can never be accomplished, giving rise to a small spurious

signal with the same frequency as the fundamental, but somewhat out of

phase. Hence, the total signal at the preamplifier input is given by: '

00 CO

V • A | i . H [ £ p' noj s in nait - Z y" ntü cos noit]
U a C n=l n n-1 n

+ A p_ H tot 'u s i n <ut - a"u> cos u t ] (2 .3)
U 3.C

where A is a proportionality constant depending on the sample cross ';

section and the net number of turns of the coil system; a' and a" are J*

constants. j

In the tuned mode, only the fundamental is transmitted, retaining in '••

eq. (2.3) only the terms with a', a", and with the relative permeabi-

lity components u! and p'.' to be determined in the experiment.
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reference

oscillator

output

Fig. 2.3 Blockdiagram of the equipment for the permeability

measurements.

The subscript 1 will further be omitted. If the phase control is pro-

perly set, the in-phase component at the output of the phase sensitive

detector S' is proportional to ïï'w V dt - |21T'U v dt, yielding
J0 Kim

S' + k A uQ Ha(,(u' + a'), (2.4)

where k is a proportionality constant. The quadruature output signal

S:l is given by

S" + k A u0 Hac(y" + a"). (2.5)

Assuming u' and \x" to be zero in the Meissner state and \x' to be one

in the normal state, the following relations are obtained for the

permeability components in the mixed state:

I i ' - ( S ' - S^

l i" - (S" - S"

(2.6)

(2.7)

The subscripts M and n henceforth refer to the Meissner and normal

states, respectively.



- 34 -

In the flat mode all Fourier components are retained. It can be shown

that, in this case, new permeability components can be defined, rela-

ted to the output signals in a similar way as for the tuned mode:

y£ = E°° U1 = <S' - S')/(S' - S'), (2.3)
n=l 2n-I

VF = \ "2n-l " < S"- SM ) / ( Sn- SM>- (2'9>
n=l

As was first pointed out by Campbell [3] , these quantities are related

to the flux densities at different times of the ac field cycle:

û . = {B (2?r«~ln) - B (2™"1 (n + |))}/2y0Hac (2.10)

and

y£ = {B (2irü)"1(n+|>) - B (2iru~I(n+|))}/2u0Hac (2.11)

where n is an integer, B (2irii) n) and B (2irco (n+|)) are the maximum

and the minimum flux density, respectively, and B (2irw (n+J)) and

B (2IHO (n+|)) are the flux densities at the times the alternating

field is equal to zero.

They therefore have a simple physical meaning, as will be further dis-

cussed in chapter 6.

Phase shifts due to the self-inductances and capacities of both coil

systems must be compensated by the phase control of the lock-in

amplifier. A proper way of defining the phase is to require that

S]\ = S", because the quadrature component of the permeability has to
M n

be zero in both the Meissner and the normal states. But one has to be

aware of the magneto-resistance of the copper coils which may yield a

phase shift depending on the magnetic field strength. If the input

resistance of the preamplifier is sufficiently high, and the secondary

coils are well compensated, this effect is small. In our system it

could be neglected.

2.4 Measurements of the hysteresis loops

The permeability and flat mode measurements only give limited informa-

I
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tion about the total hysteris loops, i.e. B(t) versus H (t) as given

by eqs. (2.1) and (2.2). In order to obtain these loops the signal of

the secondary coils has to be recorded as a function of time using

some signal averaging technique. We used a method described by Rollins

et al. [4] employing a PAR TDH-9 waveform eductor, in which a perio-

dic signal is split into 100 equal time intervals. The signal in each

interval is averaged over a sufficient number of periods and stored in

a memory of capacitors. Via an analogdigital converter the stored

signal is put on papertape using a Facit tape puncher. Detailed ana-

lysis of the data were carried out on the computer of the central com-

puter facility of our university.

As in the preceding section, it is necessary to incorporate the measu-

rements in the normal and Meissner states in order to obtain the

proper results for the mixed state:

|| = -k {V(t> - VM(t)}/{Vn(t) - VM(t)}. (2.12)

The hysteresis curves are obtained by numerical integration.
(
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CHAPTER 3

INFLUENCE OF OXYGEN DIFFUSION PROFILES ON THE

SURFACE BARRIER OF SUPERCONDUCTING NIOBIUM

3.1 Introduction

Berndt et al. [1] demonstrated that the irreversibility of the magneti-

zation of annealed pure niobium disappears almost completely after hea-

ting in air for 10 seconds at 400 C. This effect is apparently due to

the presence of oxygen in a thin surface layer. Although the phenomenon

was not generally understood it has been applied successfully by many

authors to suppress the surface barrier, for instance by Sekula and

Kernohan [2] with Nb and V, by Van der Klein et al. [3] with Nb, and

by Clem et al. [4] with NbTa alloys. Van der Klein also showed that

this surface treatment causes the formation of a thin oxide layer,

approximately 0.5 - I pm thick. However, the magnetization curve of a

niobium sample which was oxidized electrolitically at 20 C did not

show any decrease, so that the existence of an oxide layer alone does

not provide an explanation for the breakdown of the surface barrier. t

From the investigations of DeSorbo [5] and of Koch et al. [6] the

influence of interstitial oxygen, up to a concentration of 3.5 at.%, ;

on the superconducting properties of niobium is well-known. A decrease

of T and H ., and an initial increase of H „ are observed with in-

creasing oxygen concentration. Moreover, experiments of Evetts [7] on

a Pb-36 at.% Tl alloy demonstrate that a concentration gradient due to

diffusion, which corresponds to a strong variation of the superconduc- .

ting properties, leads to a strong decrease of the surface hysteresis

if the diffusion depth is of the order of the penetration depth X of

the magnetic field. Hence, the formation of an oxygen diffusion zone

behind the oxide layer at the surface could well provide an explanation

The existence of such a layer was demonstrated by Klopp et al. [8] ~'

after oxidation at 600°C. However, extrapolation of solubility experi- i

ments of oxygen in niobium at temperatures between 750 and 1550 C by '

Gebhardt and Rothenbacher [9] yields a maximum solubility at 400 C of

0.16 at.Z, which seems too small to account for the reduction of the

irreversibility.
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The aim of the present investigations is to determine the profile of

the oxygen diffusion layer after heating niobium in an oxygen atmos-

phere and to show experimentally the correlation between the diffusion

depth, the magnetic penetration depth, and the decrease of the sur-

face hysteresis.

In general diffusion of gases in metals is described by Fick's

diffusion law [10] :

where D is the diffusion coefficient. The solution for constant cs is

c = cs (1 - erf(^f)) (3.2)

where the error function obeys:

fz 2

erf (z) = -£- e~y dy. (3.3)
o-"

Here c is the local concentration at a distance x below the surface

and c is the concentration at the surface.

Local concentrations of oxygen in niobium versus the distance to the

surface were determined by Klopp et al. [8] from microhardness measu-

rements. For our samples the oxygen penetration varies from 1 to 20

microns, so that the resolution of this method is insufficient. For

this reason we developed a new method, based on zero field permeabili-

ty determinations versus the temperature.

According to the observations of DeSorbo [5] and of Koch et al. [6],

mentioned above, a concentration gradient of oxygen near the surface

should lead to a gradient of T . Consequently, there must be a tem-

perature region in which, in zero external field, a surface layer of

the oxidized sample is normal, while the interior is still in the

Meissner state. The thickness of the normal layer x increases when

the temperature approaches T of pure niobium.
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Owing to this phenomenon the (relative) permeability in zero dc

field and ac fields of small amplitudes and low frequency satisfies:

(x
ns W / d (3.4)

This relation is valid for X ,, « d-x , where d is .the half-thick-
eff ns'

ness of the sample and X ,. the effective penetration of the field in

the superconducting region, given by

eff < I h(x)dx (3,5)

Xns(T>

Here H is the external field strength and v h(x) the local flux den-
e o

sity in the superconducting region of the sample. If the relation

between T and the oxygen concentration is known we can derive the

oxygen profiles from the p'(T) measurements.

For the determinations of the oxygen profiles we oxidized pure

annealed niobium specimens for various times at 330 C. The temperature

was chosen somewhat lower than in the case of Berndt et al. in order

to have a better control of the oxidation process. After the oxida-

tion the magnetization curves and the zero field permeability were

determined as functions of temperature. The resulting oxygen profiles

were confirmed independently, but less accurately, by chromatographic

analysis of samples which were oxidized for two days at 330 C and

subsequently electropolished to remove layers of different thickness.

Electron microscopy was carried out on some of these samples.

The criteria for the breakdown of the surface barrier were investi-

gated by performing several successive oxidations on a single niobium

specimen at a still lower temperature: 200 C. This was done in order

to avoid the effect of differences in the properties of the individual

samples. It turned out that the irreversibility in the magnetization

decreased strongly as soon as the oxygen had diffused in the surface

of the specimen over a distance of the magnetic penetration depth, in

agreement with the results of Evetts [7] in the case of metal diffu-

sion. The result can be understood on the basis of the Bean-Livingston

model [11].

I
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3.2 Preparation of the samples and experimental details

The specimens were prepared from Marz-Grade (zone refined) niobium

foil of 250 um, supplied by Material Research Corporation. The foils

were cut into strips of 120 x 12 mm and chemically thinned to 170 pm

in a mixture of one part HF(40%) and three parts HNO,(66%). In order

to remove the oxygen and the nitrogen from the material the strips

were individually annealed in an ultra-high vacuum chamber by means

of Joule heating, using copper electrodes with low oxygen concentra-

tion. Radiation shields of niobium were connected to the electrodes

in order to reduce the heat losses due to radiation, the warming up

of the vacuum chamber and the deposition of niobium on the walls of

the apparatus. First the strips were annealed for 30 minutes at

2100 C, then the chamber was allowed to cool down for 30 minutes in

order to restore the vacuum, and finally the annealing was repeated

for 15 minutes, again at 2100°C. During this procedure the pressure
—7 —8

did not exceed 10 Torr; the final pressure was 3 x 10 Torr. The

residual resistance ratio was larger than 400; the grain size about

1 mm.

After annealing the strips were cut into samples of 30 x 3 mm and

electropolished to a thickness of 155 ym at a voltage of 17 volts in

a mixture of one part HF(40%), one part H„SO,(96%) and two parts

lactic acid. Such samples will be referred to as Nb ,. After the

electropolishing the specimens were mounted in glass tubes for further

heat treatment in an oxygen atmosphere of 760 Torr.

The samples used for the oxygen profile determinations were heated for

10 and 20 minutes and for one and two days in a furnace, kept at

330°C. They will be further referred to as NblOm/330, Nb20m/330,

Nbld/330 and Nb2d/330, respectively.

The sample used for the investigations of the breakdown of the surface

barrier was oxidized nine times in succession at 200 C, in such a way

that the heating times were 10, 20, 35, 50, 65, 80, 95, 125 and 155

minutes. After each oxidation we measured the magnetization curve at

4.2 K. The research program was speeded up appreciably by adding a

small amount of helium exchange gas to the 760 Torr of oxygen, so

avoiding the necessity to open the glass tube between subsequent oxi- -
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dation and magnetization runs.

Because the diffusion coefficient D depends strongly on temperature

we had to correct each oxidation time for a warming up period during

which the sample temperature rises to the furnace temperature. This

correction was derived from the temperature recording of a thermo-

couple heated in a similar experimental configuration as the specimen.

A result is shown in fig. 3,1, together with the corresponding values

of the diffusion coefficient computed from the extrapolation of the

experiments discussed below (see fig. 3.6). From the latter the

effective value of ^5F can be determined by integration. It follows

that the correction for Nb!d/330 and Nb2d/330 is negligible, for

NblOm/330 and Nb20m/330 it is ̂  5 minutes. For the samples heated at

200 C the correction amounts to 4.5 min for the heating-periods of

10 min, and 4.6 min for the periods of 15 min and longer. Another

correction was applied for small temperature deviations of the oven.

200

120

Fig. 3.1 Temperatures measured with a thermocouple, subjected to

the same experimental conditions as a sample during oxida-

tion.

O Temperature versus time.

D Corresponding diffusion coefficient D.
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After the oxidations the increase of weight of the samples demonstra-

ted that only a small fraction of the oxygen in the tubes was absorbed

so that the oxidations took effectively place at constant pressure.

The magnetization measurements were carried out in a superconducting

solenoid with a homogeneity better than 0.01% over the length of the

sample, using the standard integration technique [12] . The permeabili-

ty measurements in zero field between 4.2 K and T were performed

using a phase sensitive amplifier PAR 124 and a two-phase lock-in

amplifier PAR 127. They were made at il4 Hertz and at amplitudes of 1

and 2 mT.

During the magnetization experiments on Nb2d/330 the temperature was

measured with a carbon resistance thermometer. It turned out that

between 4.2 K and T (= 9.27 K, in agreement with Koch's value) H

varied linearly with temperature with sufficient accuracy. So we

decided to use this linear relationship for the temperature determi-

nations of the other samples.

3.3 Determination of the oxygen profiles

3i3i^_Exgerimental_results

In fig. 3.2 the magnetization curves at 4.2 K of the samples oxidized

at 330°C and of the reference sample Nb are shown. As is clear

from fig. 3.2a, the surface treatment reduces the irreversibility

considerably.

The results of NbId/330 and Nb2d/330 demonstrate that oxidation over

an extended period reduces the field of first flux entry appreciably,

whereas a long tail shows up above the p H „ of Nb f (indicated by

dotted vertical lines). However, the positions of the top and of the

steep decrease in the magnetization do not shift much and the kink

remains at 270 mT, the p H „ of Nb .. All these phenomena correspond

to an oxygen-rich surface layer of considerable thickness with super-

conducting properties quite different from the interior, which seems

to be unaffected and behaves like Nb -.

An effective thickness of the surface layer could be roughly estimated

for Nbld/330 and Nb2d/330 from the magnetization curves in increasing
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"i 1 r~

Nb20m/33p_

O1 0.2 " 0.3 0 0.1 0.2 0.3

Fig. 3.2 Magnetization curves of Nb at 4.2 K.

a. Dotted line: reference sample (unoxidized),

full line : sample oxidized for 10 minutes at 330 C.

b. Sample oxidized for 20 minutes at 330 C.

c. Sample oxidized for 1 day at 330 C.

d. Sample oxidized for 2 days at 330°C.

field. We extrapolated the tails linearly back from above ii H , of

Nb , to lower fields, which is reasonable for high-tc materials, and

subtracted them from the measured magnetizations. Comparison of the

maximum values with the maximum of Nb10m/330 yielded 21 pm and 30 pm

for Nbld/330 and Nb2d/330, respectively. The ratio is 1.4 which,

according to eq. (3.2), is the expectation if the layers are produced

by a diffusion process.

Zero-field permeability measurements versus temperature were carried

out for all four samples oxidized at 33O°C. The results for amplitudes

of 1 and 2 mT coincide within the measuring accuracy. Below 4.5 K the

permeability turned out to be independent of temperature. We there-

fore assumed that in this region the whole, sample is in the Meissner

state, leading to p' - \ ff/d as \ f- is independent of temperature

in this low temperature region. Following'the idea elucidated in the

introduction and at first neglecting the dependence of X ., on T, the

relative thickness of the normal layer is simply given by

xng/d = y'(T) - u'(4.2). This quantity is shown for all four samples

I'

i
i'
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in fig. 3.3. We did not correct the results for the occurrence of an

oxide layer at the surface of the sample.

Such a layer could lead to a systematic error in d of at most one ;

per cent. The ac field might create a mixed state layer for which

0 < p * < 1, but it follows from the final results of our experiments

that, for the small amplitudes used, the thickness of such a layer

is negligible. This is confirmed by the agreement between the experi-

ments at 1 and 2 mT amplitude.

For the relation between the oxygen concentration c and T we pre-

ferred to use the more recent results of Koch et al. [6] above those

of DeSorbo [5] since the former determined T from susceptibility

measurements, whereas DeSorbo measured the resistance transition.

Koch's data are plotted in fig. 3.4. Supposing that oxygen is still

homogeneously dissolved up to concentrations of 5 at.%, the linear

extrapolation given by the dashed line seems the most reasonable

extension, regarding the discussion of ref. 6. - 1
"" i

The dependence of c on the distance x from the surface is shown in

fig. 3.5 for all four oxidized samples. The results without and with

the corrections for the dependence of A on T are indicated by j

circles and triangles, respectively. The way in which this correction .'

has been carried out is described in the appendix; it is comparative-

ly small, except for very low concentrations. In order to give an

impression of the magnitude, the computed values of A „ (T = 4.2 K)

are tabulated in table 3.1. on page 49.

The curves drawn in fig. 3.5 are obtained by fitting eq. (3.2) to the

data. The points for concentrations above 3 at.% were disregarded

because precipitation could not be excluded by electron microscopy

for these concentrations. This will be discussed below. For Nbld/330

and Nb2d/330 the effective thicknesses of the surface layers estimated |

from the magnetization curves agree reasonably well with the distance

over which c(x) decreases to zero. The values of the parameters c •;
s *

and/b~fc are collected in table 3.1, the latter are also indicated in *•

the figure. Though the results of Nbld/330 and Nb2d/330 are more $

reliable than the other ones, because the correction for the heating »

up period is negligible (see section 3.2), the mutual agreement be-
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Fig. 3.3 Zero field permeability data at 114 Hz of four samples

oxidized at 330°C.

Lefthand figure: O, NblOm/330, amplitude HQ = 1 mT.

+, NblOm/330, HQ = 2 mT.

•S, Nb20m/330, H Q = 1 mT.

x, Nb20m/330, HQ « 2 mT.

Righthand figure: O, Nbld/330, HQ = 1 mT.

+, Nbld/330, H Q = 2 mT.

O, Nb2d/330, HQ = 1 mT.

x, Nb2d/33O, HQ = 2 mT.
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Fig. 3.4 Transition temperature T versus oxygen concentration, data

of Koch et al.
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tween the results of the four samples is quite satisfactory; they lead

to the values cg • 4.3 + 0.2at.% and D = (2.3 + 0.4) x 10 m s

at the oxidation temperature of 332 + 3°C Another sample was oxidized

for one day at 284 + 3°C, leading to an error function with

c = 4.2 + 0.2 at.% and D • (4.0 + 0.6) x 10~ m s~ .

Fig. 3.6 gives a survey of experimental values of D for different

diffusion temperatures as measured and collected from the literature

by Boratto and Reed-Hill [13]. These data were derived from internal

friction measurements, a technique which cannot be applied very well

between 170 and 37O°C. The straight lines represent Arrhenius's rela-

tion D = D exp (-E/k„T), which describes the diffusion of intersti-
O D

tial atoms in metals. E is the activation energy of an interstitial

atom, and D is a proportionality constant. The lower drawn line is

a least square fit to all the data [13]. However, as was demonstrated

by Powers and Doyle [14] in their internal friction measurements at

temperatures between 50 and 140 C, the determination of the coeffi-

cients D and E is influenced by the oxygen concentration. This fact

was not properly accounted for by Boratto and Reed-Hill and may be

the origin of the scattering of the data. The upper drawn line in

fig. 3.6 represents an extrapolation of the results of Powers and

Doyle for sufficiently pure Nb samples (< 0.1 at.% 0). The values

of D, derived from our permeability measurements lie between both >

straight lines and hence agree with the data obtained from internal

friction experiments. The broken line is an extrapolation of our

values to lower temperatures which will be used in the next section.

Additional evidence for the formation of a diffusion layer was

obtained from an independent experiment. From a number of samples

oxidized for two days at 330 C layers of different thicknesses were

removed by first dissolving the oxide surface layer in a HF solution,

and then electropolishing them for different durations in order to

remove part of the diffusion layer. During or after the electropolish-

ing a very thin Nb„O_ layer of about 6 nm is formed at the surface

again as stated by Beranger et al. [15]. The thicknesses of the re-

moved layers Ad were determined by measuring the weight losses. The

accuracy was not better than 10%, mainly limited by irregularities in

the widths of the samples. The oxygen profile measurements of two of
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Nb1d/330

C
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Nb 20m 1330 -

0.5 1.0 1.5

Nb2d/330

30

Fig. 3.5 Oxygen concentration c versus distance x from the sample

surface for four samples oxidized for different times at

330°C. O, Uncorrected data; A, Data corrected for the depen-

dence of A ££on T. Drawn lines: Theoretical curves according

to eq. 3.2. The diffusion depth parameter /St is indicated

for each sample.
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Fig.3.6 Diffusion coefficient

D versus temperature.

O, Data given by Boratto and

Reed-Hill, A, Our data.

Lower drawn line: Least squares

fit through the data of Boratto

and Reed-Hill. Upper drawn

line: Extrapolation of the data

of Powers and Doyle. Dashed

line: Curve used in present

paper.
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these samples are shown in fig. 3.7, together with the profile of a

sample from which no surface layer had been removed. The vertical axes

have been shifted over a distance Ad. All three samples fall on the

same curve, which obeys eq. (3.2) with c » 4.3 at.% and
—16 2 —1 ^

D = 2.1 x 10 m s . Within the experimental accuracy this is in

good agreement with the values obtained from Nb2d/330 in table 3.1

and fig. 3.5.
6r

10 20

x (nm)

Fig. 3.7 Oxygen profiles of some samples, oxidized for two days at

330°C, after removing a surface layer Ad by electropolishing.

O, Ad =0um; •, Ad = 2.6 ym; A, Ad = 8.2 pm.

Fig. 3.8

10 2O
Ad (|im)

Total oxygen content per unit area versus thickness of the

removed surface layer for samples oxidized for two days at

330°C.

Points: data derived from chromatographic analysis.

Curve : data derived from integration of the curve in

fig. 3.5d.
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Table 3.1.

Results of diffusion profile measurements

Sample

NblOm/330

Nb20m/330

Nbld/330

Nb2d/330

Oxidation

temperature

C°c>

332

326

333

332

fa

<um)

0.27

0.41

4.3

6.5

Ceff

(s)

3xlO2

9xlO2

8.61xlO4

1.73xlO5

D

,,n-16 2 -1.(10 m s )

2.4

1.9

2.2

2.4

c
s

(at.2)

4.6

4.7

4.3

4.3

xeff
(T-4.2K)

(pm)

0.24

0.26

0.32

0.28

The total oxygen content was determined for all the samples by a chro-

matographic analysis and from that the oxygen content c, averaged over

the whole sample, could be computed. The product 2dc is proportional ~\

to the oxygen content per unit area. In fig. 3.8 it is compared with i i

the curve given by 2 c(x)dx in a plot versus Ad. Qualitative agree- j I

ment is clearly demonstrated, though the points lay systematically ''< \

above the curve. This may be attributed to the presence of the Nb 0 t

surface layer [15] which contributes to 2dc, but cannot be determined :

from the permeability measurements. A layer of 6 nm corresponds to
20 2 '

3 x 1 0 oxygen atoms per m . This provides a correction of 1 ym at.Z,

leading to a somewhat more satisfactory agreement. It is clear that

these results though less accurate, support the conclusion drawn from

the susceptibility experiments.

3.3.2 Discussion

The oxygen concentrations up to 4 at.%, found in our experiments, are

much larger than the maximum solubility at 330°C, which is estimated

to be 0.1 at.% [9]. Hence formation of precipitates should be expected. i

However, Gebhardt and Rothenbacher already pointed out that supersatu- -t '

rated solutions may well be possible because of the very low rate of J

precipitation; e.g. thermodynamic equilibrium at 800°C between dissol- ':i

ved oxygen and precipitates is only established after 42 days [9] . At I

lower temperatures this time will be even longer. Electron microscopy 't
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on the sample of which 2.6pm had been removed (fig. 3.6) did not show

any precipitation near the surface, which means that up to 3 at.% no

detectable clustering of oxygen occurs. Above this concentration we

cannot exclude some precipetation. McKee and Wallwork [ 16] showed

that Nb oxidized at 400 C for four hours contains precipitates near

the surface (in contradiction to oxidation for much shorter times

as described in refs. 1-3). Such a sample proved to exhibit an

appreciable increase in the irreversibility of the magnetization

curve, in agreement with results of DeSorbo [5] . The magnetization

curve of our sample Nb2d/330 is only slightly more irreversible than

the other ones, so we think, if any precipitation is present, it

must be very little.

We conclude therefore that oxidation in the region of 300 - 400°C for

sufficiently short times leads to a diffusion layer which obeys the

diffusion laws of Fick with a diffusion constant in agreement with the

value derived from the interpolation of internal friction measurements.

In view of the lack of thermodynamic equilibrium we think that the

nucleation and growth rates of oxide phases are too low to disturb the

profile of the dissolved oxygen.

3.4 Breakdown of the surface barrier

The magnetization measurements of fig. 3.2 clearly demonstrate the

decrease of the surface irreversibility of niobium upon oxidation at

330 C. A more detailed investigation concerning the reduction of the

surface barrier requires characteristic distances of oxygen penetration

of the order of the magnetic penetration depth [7] . These small

diffusion depths ("̂  10 to 100 run) could be obtained in feasible times

by oxidation at 200°C, where D is a factor 300 smaller than at 300°C.

Since the oxygen penetrations were too small to derive the profiles

from zero field permeability measurements we decided to calculate D
' —19 2 — 1

from the dashed line in fig. 3.6, yielding 6 x 10 m s , and c
S

| from the extrapolation of our data at 332 and 284 C, leading to a

) value of 4 at.%. The final results of this section turn out to be not

very sensitive to the precise value of c .
S
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The oxidations were applied in succession on a single specimen as

described in section 3.2. After each oxidation the magnetization

curves at 4.2 K were measured in increasing and decreasing fields.

The hysteresis of the magnetization AU QM at four values of B, and

normalized to Ap M of the sample before oxidation is plotted in

fig. 3.9 versus «'St. Owing to the uncertainty in fig. 3.6 we

cannot exclude a possible systematic error of 15% in rOt. The

observed dependence on B is small. For /5t exceeding 13 run the

irreversibility starts to decrease and reaches its lowest value

of 0.3 for -fat > 45 nm. Even for extended oxidation the magnetization

does not become as reversible as after the oxidation at 330 C; the

latter yielded a lowest value of about 0.04.

The decrease of Au M may be attributed to a breakdown of the Bean-

Livingston barrier [11] due to the strongly varying superconducting

parameters in the diffusion layer. In fig. 3.10 those parameters

important for the discussion are presented as functions of

x/'/Ötf at T = 4.2 K and cg = 4 at.%. We determined g and X from the

well-known expressions
I
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Fig. 3.9 Irreversibility of the magnetization curves of samples,

oxidized for various times at 200°C, versus the thickness

of the diffusion layer.

O, B - 103 mT; U, B » 131 mT; A, B - 168 mT; V» B - 206 mT.

+, Comparison of the maximum in the Gibbs potential with

the irreversibility of the magnetization curve.
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and (3.6)

in which the data of ref. 6 were substituted for oxygen-doped niobium

and those of ref. 17 for pure Nb. To obtain the values of u H , we
o cl

used some experimental data of DeSorbo [5] and of Koch [6] ; for the

smallest concentrations we computed them from experimental values of

K and p H [6] using theoretical computations of Pesch and Kramer [18].

It is seen from the figure that X, £, p H . and u H depend strongly

on the distance from the surface in the region x £ 4 vSt". Above l\JÖt

all the quantities have reached their bulk values within a few per

cent.

An approximate description of the breakdown as illustrated in fig. 3.9

can be given by a modification of De Gennes's solution [19] of the

problem of the Gibbs free energy per unit length of a test vortex at

a distance x from the surface in a parallel field H . Assuming £ « A

0 0 0

Fig. 3.10 Superconducting parameters at 4.2 K in the oxygen diffusion

layer (c = 4 at.%) plotted versus the reduced distance
s

from the surface.

O, X; A, 5 ;O, v H ; Q, P H ,.
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he derived:

GL(x) = - Jh(2x)} - exp (-x/A) }] (3.7)

where $ H . is the line energy of an isolated vortex, J*Qh(2x) the in-

teraction energy with the image of the test vortex at -x (the sum of

these two terms will be called furtheron the self-energy of a vortex

near the surface), and $ H exp(-x/X) is the interaction energy with

the screening currents associated with the external field. The func-

tion p h(x) gives the local flux density at a distance x from centre

of an isolated vortex. At the surface the test vortex will be fully

annihilated by its image, leading to the boundary conditions

GL(0) = 0 and £h(0) = H } (* |h(£)). The existence of a surface

barrier at H = H . can be readily understood from eq. (3.7). The

first term, which may be roughly approximated by H .{1 - exp(-2x/A)}

increases faster to H . than the magnetic term, leading to a positive

maximum in G (x), hence to a barrier for flux entry of exit.

De Gennes derived his formula for a London superconductor (K » 1)

at B = 0, whereas in our experiment B ^ 0 and K £ 1 (pure Nb is a

type 11/1 superconductor [20]). Extension of the theory to B > 0, but

still K » 1, by Clem [21] and by Ternovskii and Shekhata [22] shows

that, in spite of a positive term in G. due to the interaction with

the other vortices, the same Bean-Livingston barrier persists for

fields up to u H „. An analysis by Kramer [23], based on the Ginzburg-
O C^

Landau equations, showed that the surface hysteresis exists for all

values of K at B = 0. The field of first flux entry H depends only

weakly on K. Because we present our experimental results by means of

the normalized quantity Ap M/Ap M which, in addition, does not change

much with B, a description in terms of De Gennes's formula seems to

provide at least a qualitative explanation.

The modified expression for G.(x) at H • H . (bulk) of a sample with

a diffusion layer is given by:

GL(x) - f2(x) - Hc](bulk){l - (3.8)

where f(x) = H(x)/H is the solution of the London equation with
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varying X(x). A numerical treatment described in the appendix shows

that f(x) is only slightly larger than exp(-x/X f f ) . The effective pe-

netration depth as a function of v'BF is shown in fig. 3.11 for
2

c = 4 at.%. The term H . (x)f (x) in eq. (3.8) is a rather crude appro-

ximation for the vortex-image interaction in a presence of a ..rying

oxygen concentration. It fullfills at least the requirements that at

x = 0 it is H .(0) and that it approaches zero faster than

H .(x)exp(-x/A f f ) ' It is clear that the self-energy is considerably

reduced in the diffusion layer due to the depression of H

For a qualitative analysis of eq. (3.8) we approximate f(x) by

exp(-x/X f f ) . In the region /at £ 13 nm the hysteresis is not
eff much

affected by the oxidation. Since C * 30 ran (fig. 3.10), we have

kJÖt £ 2£. This means that the superconducting parameters have al-

ready reached their bulk values within a region comparable with the

size of the vortex core. In addition, for these values of the diffu-

sion depth, A £ 4/5F (fig. 3.11), so that the Bean-Livingston

barrier in this situation can be qualitatively better described by

eq. (3.7), but still with X f f inserted in the exponentials. This

explains why the hysteresis does not decrease for the shortest oxida-

tion time.

For 4>/Dt"»2X rf(.^5t) the external field is screened off in the diffu-

sion layer, whereas HcJ(x) and therefore also the self-energy has not

0.15

0.10-

0.05

0.02 0.04 0.06 0.08 0.10

v'Dt'(nm)

Fig. 3.11 Solid curve: Effective penetration depth versus the diffu-

sion depth. Broken line: 4 D̂t" = 2X
eff
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yet reached its bulk value. In this situation the Gibbs potential has

no positive maximum, which means that the vortices can pass the sur-

face of the sample reversibly. For 2X , << x < 4v^t eq. (3.8) sim-

plifies to:

GL(x) - H e ] , (3.9)

which illustrates the entry of flux far below H .(bulk) as was ob-

served in Nbld/330 and Nb2d/330 (fig. 3.2). A sharp criterion for the

total breakdown cannot be given due to the tail of the exponential in

the magnetic term. Since the surface hysteresis vanishes for

Jüt £ 45 nm, it follows from fig. 3.11, that 4*'Dt' £ 2X . , which is

not so unreasonable, because the field at x * 2A ,, is already screened

off for 85%.

A numerical treatment of eq. (3.8) with the actual function maintained

yields the existence of a positive maximum in GT (x) up to VÜF «w 80 nm.

Assuming G - B . (bulk) we may compare G /GT with

Ap M/Au M in fig. 3.9. These data are indicated by the crosses in the
o o o

figure. They qualitatively agree with the hysteresis data.

It is not clear why an appreciable irreversibility remains present

even for the longest oxidation times. May be, oxygen clusters are

formed at this temperature, leading to flux pinning in the surface

layer. Recently, Halbritter et al. proposed the existence of oxygen

clusters with a concentration of ^ 2 at.%, even after oxypolishing

and anodization of Nb at room temperature [24,25]. Pinning by oxygen

clusters should be subtracted, but its contribution as a function of

oxidation time is not known. We think, however, that this will not

influence our results principally.

The conclusion is that oxidation of niobium may considerably reduce

the Bean-Livingston barrier owing to the depression of H . in the

diffusion layer. For a full breakdown of the surface barrier the

temperature and time of oxidation should be suitably chosen in order

to prevent, on the one hand, precipitation and to assure, on the

other hand, a sufficiently large diffusion depth. For instance, in

the case of niobium, the effective oxidation time at 330 C should be

at least 10 seconds.
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Appendix

Owing to the changing oxygen concentration in the diffusion layer the

local magnetic penetration depth A- depends on x. We want to compute,

for each temperature, the effective penetration depth, defined for

our geometry by

00

Aeff = H e 1 J h(x)dx (3A1>
6 Xns ( T )

(see section 3.1). The local flux density p h(x) is determined in the

superconducting region by the London equation

~ U^oc(x) j (x) } = -h(x) (3A2)

and Maxwell's equation

j (x) = | | (3A3)

After elimination of the local current density j(x) and subsequently

integrating both sides from x to » we obtain

w g . . »<*> (3A4)

with

CO

*(x) = uo j h(x)dx (3A5)

x

the flux per unit width. It was assumed that *e£f « <*, and that

j(oo) s o. In order to solve eqs. (3A4) and (3A5) numerically the x axis

for x > x is divided into small (equal) intervals x.+. - x. « X „.

The following approximations may be substituted into eq. (4A4):

*(x£) - UQh(xi) (x - X i ) , x£ < x < xx+, (3A6)

* hi (V-
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In this way we obtain a recursion formula in h and $, which leads to

+ L.it *(x ) (3A7)

where the coefficients are given by

2

1 X < <X> 4 <x> i-0 J J ' 3

L
i+i - V 1 + ~ f J — — } - - r ^ — - { 1 - * Li (xi+rxi )}

^Aloc (xi^ Aloc l xi ; J ° (3A9)

with the boundary conditions

K - 1, L = 0, x = x and h(x ) = H (3A10)
o o o n s o e

In principle they can be computed in first approximation from the un-

corrected oxygen profiles and the requirement the h(x ) = 0 for n

sufficiently large. This provides us with initial values for

<f>(x ) • ~ U h(x )K /L and X ,,. By iteration these values can beo o o n n eri

improved, so that eventually h(x) = H f(x) and X ,, can be computed

from eqs. (3A7) and (3A1) respectively.

In order to compute the coefficients K. and L. one should know
-2 x x

X. (x). This quantity depends on x because both T and X,(0,c), the

London penetration depth at I • 0, depend on the oxygen concentration

c. It was determined from a comparison between the Gorter - Casimir

expression

X(T,c) - XL(0,c) {1-

and the Landau - Ginzbuvg expression

2 *o Hc2(T»c)

(3A12)

using the H „ (4.2, c) and H (4.2,c) data given by Koch et al. [6]
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This procedure is not strictly valid, but we think the estimation is

sufficiently accurate, because the final effect of the correction in

eq. (3.4) turned out to be small. As can be seen in fig. 3.5, it does

not vary strongly with x as well, except at the lower oxygen concen-

trations where T approaches T of pure Nb.

I
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CHAPTER 4

SPECIMEN PREPARATION AND CHARACTERISTICS

4.1 The irradiation of the niobium specimens

Within the framework of an ECN project on irradiation damage of con-

struction materials for fusion reactors we had the opportunity to ir-

radiate our specimens with neutrons at elevated temperatures, so that

voids were created in the material. The fast neutron dose was

4.4 x 1024 m~2 (E > 1 MeV).

The specimens were rectangular niobium foils of 20 x 3 x 0.2 and of

20 x 3 x 0.06 mm. One group was annealed and degassed for 45 minutes

at 2100 C (section 3.2), another group was only annealed for 4 hours

at 1300 C at a pressure below 10 Torr. The residual resistance ratios

r = (p,„, - p, ,)/p, „ measured by the four-probe method were respec- ;

tively about 450 and 50 (table 4.1).

In order to prevent oxygen contamination during the irradiation, the )

specimens were stacked between Nb-1% Zr foils (zirconium captures \

interstitial oxygen inside the niobium) in closely fitting niobium

sample holders which were subsequently sealed within a niobium sheet

by electron beam welding at 10 Torr. The sample holders were placed

in stainless steel containers filled with sodium to minimize tempera-

ture gradients. During the irradiation the samples were heated by reac-

tor gamma heating and the temperature was regulated by adjusting tne

composition of the He-Ne gas mixtures in the gap between the containers

and the water-cooled wall of the irradiation capsule.

The samples were irradiated for 24 days at temperatures between 550

and 1000 C. In all cases voids were created, as could be seen on trans-

mission electron microscope (TEM) pictures. A typical example is given

in fig. 4.1. Other irradiation defects disappear at these temperatures

by annealing, except for a fraction of the dislocation loops. Their 1'

number density, however, is about two orders of magnitude less than *

that of the voids. Because the samples were stacked, their individual

irradiation temperatures were somewhat uncertain. This, however, does

not affect our investigations, in which flux pinning is related to



Specimen

NbINl

NbIN2

NbllN

NbIS

NbIL

NbllS

NbllL

VN

VS

VM

VL

VXL

2d

pm

60

202

200

165

58

63

54

200

184

176

167

167

Tirr
°C

>500

>640

>500

>640

450

535

590

800

P293
p , f,

4.2

390

500

49

310

220

57
106

120

eff
pm

0,4

0.4

1.9

0.6

0.8

0.5

3.5

3.4

5.4

2.5

I
cK

9.278

9.283

9.205

9.269

9.277

9.190

9.174

5.42

5.395

5.220

5.361

5.386

w

mK

3

2

7

17

10

24

36

15

13

25

12

U H „ (4,2)o c/
mT

272(1)

272(1)

313(1)

284(7)

278(2)

326(6)

344(10)

P4.2
nfi'in

0.365

0.284

2.90

0.639

0.902

3.53

1.88

1.66

V H c 2 / A T

mT/K

62.7

64.4

77.5

70.2

67.0

IO

I

Table 4.1 Properties of the specimens. T r̂J.: the irradiation temperature. The numbers

between the brackets behind the values of u0Hc2 denote the width of the

transition at Hc2.
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the void size distribution. After completing the low temperature ex-

periments, each specimen was cut into four equal parts, of which TEM

pictures were taken, yielding the void size distributions. Figure 4.2

displays the averaged results of the four niobium specimens that were

selected for the flux pinning investigations. In all the specimens,

except NbllL, the voids were homogeneously distributed.

The specimen code, used henceforth, has the following meaning: first-

ly, the element is given; I, means purified at 2100 C; II, stands for

annealed at 1300 C. The subsequent symbol can be N for not irradiated

or S, M, L, XL, indicating that the sample is irradiated and contains

voids of respectively small, medium, large or extra large dimensions.

Finally, the numbers 1 or 2 discriminates between the thin and thick

niobium foil.

Fig. 4.1 Electron microscope picture showing voids (white spots) in

sample NblL.
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s
9

3

2

1

O

40

20

0

3

2

1

0
I

40

20

0

NbIL

10

NbIS

10

NbHL

J

10

NblIS

5 10

void diometep (nm)

Fig. 4.2 Void size distribution of the niobium samples; nf is the

fractional number density.

4.2 The preparation of the vanadium specimens

We were able to carry out pinning experiments on a number of vanadium

specimens as well [1]. These became available from an irradiation pro-

ject of the Joint Research Centre Euratom, Petten [2].

The starting material was double electrorefined dentritic vanadium,

obtained from the U.S. Bureau of Mines at Boulder, Colorado, U.S.A.

The dendrites were pressed into rods and purified by electron beam

floating zone refining in a vacuum of about 10 Torr [3]. The resi-

dual resistance ratio of this material was at least 1200. The rods

were subsequently cold rolled to a thickness of 250 um, electrolyti-

cally polished to clean the surface and annealed for 1 hour at 1000 C

in a vacuum of 10 Torr. The final dimensions of the samples were
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15x4x0.2 mm, and their residual resistance ratios.lay between 300 and

600. They were packed into vanadium blocks that closely fitted into

stainless steel capsules. The packing of the samples and the welding

of th, lids on the capsules were performed in an inert gas atmosphere

to avoid impurity pick-up. During the irradiation, nuclear heating

and inert gas between the blocks and the wall of the capsules were

employed to achieve the desired temperatures, which were measured with

two thermocouples on each vanadium block. The fast neutron doses were

22, 3.5, 3.0, and 3.5xlO24 m~2 (E>1 MeV) for the samples VM, VS, VL,

and VXL, respectively. VXL contained only a small number of voids, so

that no reliable size distribution could be determined. For the other

three vanadium samples, the distribution is given in figure 4.3. In

table 4.1 more details are presented.

O 10 20 30 40 50

0.2

0.)

0

VL

0 10 20 30 40 50

void diameter (nm)

Fig. 4.3 Void size distribution of the vanadium samples.
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4.3 The assembly of the specimens

Each specimen was mounted in a glass tube of 5 mm inner diameter. The

tube was pumped to a vacuum of about 10 Torr and sealed. A detailed

view of the tube's insert is shown in figure 4.4. The sample was

glued with General Electric varnish on a piece of copper foil (5) to

improve the thermal contact with the two insulated copper wires (1).

These wires of 0.3 mm diameter' served as current leads to the manganin

heater (2), but also formed the thermal resistance between the sample

8 8 8

5 |lcm

8

Fig. 4.4 The insert of the glass tube for the sample mounting.

1, copper wires; 2, manganin heater; 3, manganin leads;

4, ground-off Allen-Bradley carbon thermometer; 5, specimen

and copper foil; 6, niobium reference sample; 7, perspex

spacer; 8, platinum feed-throughs.
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and the helium bath. On the other hand, they provide a good thermal

contact between the sample, the carbon thermometer (4), and the niobium

reference sample (6), whose transition temperature served as a fixed

point in the temperature calibration procedure. Two manganin wires (3)

were connected to the thermometer, an Allen-Bradly resistor, which was

ground off. The lower one of these wires, together with the copper

wires and the perspex spacer (7), formed the mpchanical support of

the sample.

The Allen Bradley thermometer could not be mounted on top of the

sample. The reason is that the manufacturer uses small dots of Fb to

connect the carbon to the electrical leads. Of course, the presence of

Pb close to the sample would give rise to spurious signals during the

magnetization or permeability measurements. In stead, the thermometer

was mounted on top of the reference sample about four cm below the

specimen. The heat leak through the lower manganin wire may cause a

small temperature gradient between the specimen and the thermometer.

It was calculated to be less than 2 mK for the case that the specimen

was at 10 K and the helium bath at 4.2 K. For the heat conductivities

of manganin and copper, the values at 10 K were used: 2 and 800 W. K .

m respectively [4]. In order to avoid temperature gradients due to

heat radiation, the tubes were painted black. The influence of resi-

dual helium gas and of Joule heating by the thermometer current can be

neglected.

Experimentally, the sensitivity to temperature gradients was checked

by measuring the transition temperatures of the samples with the bath

temperature both at 1.0 and 4.2 K (see section 4.5, fig. 4.5b}. No

difference could be detected within 2 mK.

4.4 The carbon thermometer calibration

We calibrated the thermometers of our specimens on the provisional tem-

perature scale of 1976 [5] , employing the vapour pressure of helium

and the transition temperature of the reference sample. As some of

the specimens were rather radioactive, we did not use liquid hydro-

gen for savety reasons. The reference samples were cut from the same

strip as specimen NblNl. The thermometry group of our laboratory de-

termined the transition temperature of this specimen to be
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(9.2769 ± 0.0003) K [61 . The transition width was 1.4 mK, so we

assumed the transition temperature of the reference sample to be

(9.277+ 0.001) K. The temperatures between 4.2 and 9.3 K were computed

from the interpolation formula of Kes et al. [7] :

I^lV = A(lnR)2 + B lnR + C, (4.1)

with 0.5 < o < 1.0. R. is the resistance of the thermometer, A, B, C,

and a are parameters to be adapted to give the best least squares fit

to the calibration data.

In order to estimate the accuracy of the interpolation formula, the

thermometer of NblNl was calibrated in the same run against the vapour

pressures of hydrogen as well. The critical temperature T of the spe-

cimen was computed from three adaptions using: i) the helium data plus

the fixed point (T of the reference sample), or ii) the helium and

the hydrogen data without, or iii) with the fixed point. The values of

T turned out to be respectively: 9.280, 9.275 and 9.276 K. Because

this temperature lies half-way between 4.2 and 14.5 K, it is conclud-

ed that the accuracy of the thermometer calibration between 4.2 and

9.3 K is better than 5 mK.

4.5 The phase transition in zero field

To suppress surface pinning, all specimens except NblNl and VN were

oxidized: the niobium samples for 10 minutes at 330 ± 20°C, the vana-

dium samples for 3 minutes at 460 ± 30 C. The properties of the sur-

face layer were investigated by measuring the permeability in an ac

field of 0.J mT at a frequency of 27 Hz as a function of temperature.

As an example for the vanadium samples, the experimental results for

VS are shown in figure 4.5a from 1.0 to 5.3 K. In chapter 3, it was

extensively discussed for the case of niobium, how the diffusion pro-

files and the effective oxygen penetration depth could be determined

from the permeability data.

In the case of vanadium, however, systematic data about the variation

of the superconductive properties with oxygen concentrations is not

available. For high oxygen concentrations only one point is reported

by DeSorbo [8], which reveals a 65% decrease of T to 1.9 K for a
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solid solution of 2.5 at.% 0. Therefore, we assumed a linear relation

between T and the oxygen concentration. Additionally, we neglected

the influence of the magnetic penetration depth and supposed the dif-

fusion law eq. (3.1) to hold. Now it can be easily shown that the

thickness of the normal surface layer x is given by

ns
u'd .2)

0.10

0.05 -

0 1 2 3 4 5 6 7

1.0

(b)

5.30 535

-Iw

54-0 545

Fig. 4.5a and b

Zero field permeability of sample VS as a function of tem-

perature. Frequency, 27 Hz; amplitude, O.I mT; O, bath tem-

perature at 1.0 K; P, bath temperature at 4.2 K.

a) The permeability variation due to the oxygen diffusion

layer, drawn curve: eq.(4.2) with T * 1.3 K and x ff/d

adjusted for the best fit.

b) The superconductivity to normal state transition of the

bulk. T c and w, as defined in the text, are indicated.
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Here d is the half thickness of the sample, erf (z) is the Gaussian

error function, x ., is the effective oxygen penetration depth

(x -. = 2 J5t, D the diffusion coefficient, t the oxidation time), T c

is the critical temperature of the bulk material, and T is defined as

the temperature below which the permeability does not change with

temperature within experimental accuracy.

For vanadium T is found to be 1.3 K, for niobium it is 5 K (chapter 3)

which shows that in the diffusion layer, for both elements, the de-

crease of T with increasing oxygen concentration amounts to about 4K.

The curve drawn in fig. 4.5a obeys eq. (4.2), with the value of x £C

eii

adjusted for the best fit to the data. The agreement is satisfactory,

and supports the assumptions made. In table 4.1, the values of x „.

for all the specimens are listed.

Continuing the permeability measurements to higher temperatures, the

transition temperature of the bulk of the samples can be determined,

as well as the width of the transition. In figure 4.5b, the results

for VS are displayed. In the temperature region above 5.35 K, the

permeability can no longer be associated with the thickness of a

normal surface layer, mainly because of other inhomogeneities in the

samples. We defined the transition temperature as the temperature

where n' = 0.5. The transition width, which may be regarded as a

measure of the homogeneity of the bulk, is sometimes defined as the

difference between the temperatures corresponding to u' = 0.1 and

0.9 [9]. For some of our specimens, this quantity is affected by the

surface oxidation, so that we prefered a different definition:

w = [̂ rl (4.3)
du y' = 0.5

The values of T and w determined in this way are given in table 4.1.

4.6 Discussion of some characteristic properties of the samples

Table 4.1 is completed with the addition of some characteristic data:

p. _ was computed from the ratio poo,/p, o, using Mathiessen's rule

and the values P093 " '^2 and 197.5 nf2»m for the pure elements Nb and

V, respectively [10,11]. The upper critical field at 4.2 K, u H ,(4.2),

was determined from the magnetization curves to be described in
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chapter 5. The numbers between brackets in the same column denote the

transition widths at H „. For the case of vanadium, a more suitable

quantity than p H . is u AH O/AT = p H O(4.2)/(T -4.2) because T is
O Ci O Ci O C/ C C

so close to 4.2 K.

From the table it follows that the small changes in the properties of

the different samples are correlated, e.q. if X decreases, an in-

crease is observed for p. _, p H „ or p AH „/AT, and the transition
<+.£ O C/ O C<2

widths of the critical temperature and field. Some of these correla-

tions have a simple qualitative explanation. A larger residual resis-

tance gives rise to an enhancement of the Ginzburg-Landau parameter,

and consequently, of p H o or p AH ./AT. An enlargement of p, „is
O Ci O C/ 4.Z

often accompanied by a larger inhomogeneity which accounts for the

observed increases of the transition widths. This, however, does not

reveal the reason of the changes, that might be of importance for the

flux pinning behaviour to be studied. Obviously, we should distinguish

in the following discussion the mutual differences of the unirradiated

niobium samples from the changes after irradiation.

In contrast to NblNl and 2, the sample NbllN was not degassed. Inter-

stitial oxygen is thought of as the reason for the shifts of the data,

because of it.5 remarkable effect on the properties of niobium, as

known from the work of DeSorbo [8] and of Koch et al. [12] . Several

of Koch's results can be summerized in a graph of I , p, „>

u H „(4.2), and p H (4.2) versus the oxygen concentration, shown in

fig. 4.6. For the lowest concentrations, which are relevant for com-

{

150
mT
100

UO|HC

O

i.5

T

1O

50 O.5

150
nflm
1OO

T

15
K
10

! 1
-

i
o

I
1 2 3

c (at %>o)

Fig. 4.6 The quantities PoHc(4.2), poHc2(4.2), p^ 2 > and T c for Nb

versus the oxygen concentration, as measured by Koch et

al. [12].
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parison with our data, the same correlations are observed as were

mentioned above. Also for later purposes, we carried out the compari-

son in a slightly different way by plotting in fig. 4.7 u H „ versus

T . The straight line was drawn through the results of our samples

and displayed a satisfactory agreement with the measurements of Koch

et al. Since the relation between the y H _ and the T shifts are
o c2 c

unique for oxygen, we concluded that in our unirradiated niobium

samples some interstitial oxygen is present. From the values of P, -

we determined the oxygen content for NbIN and NbllN to be respectively

65 and 580 at.ppm.

After the irradiations additional shifts of T and H „ were observed
c cz

both for the Nbl and Nbll samples. Especially the shift of T is

remarkable, since the experiments of Berndt and Sernetz [13] on pure

niobium demonstrated, that the damage caused by neutron irradiation

at temperatures above 200 K, should not give rise to T shifts of more

than a few millikelvin. Therefore we think again of oxygen contamina-

tion as the reason for the shifts, also because the diffusion depth

•'Dt at the irradiation temperature of 600°C and the irradiation time

of 3x10 s is about 1 mm, much larger than the sample thickness. A

quantitative estimation of the enhancement from the increase of T

400

200,

Fig. 4.7 The critical field v H 2 at I = 4.2 K versus the critical

temperature T for our niobium samples.

•, NblNl; A, NbIS; V, NblL;^, NbllN; O, NbllS;

<>» NbIIL;#, Koch's data [12]. The bars denote the transi-

tion widths.
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yields an increase of 10-70 at.ppm for the Nbl samples, whereas it

turns out to be 100-200 at.ppm for the Nbll specimens. The origin of

the oxygen is not yet clear. It might have been present as an adsorbed

layer on the sample surfaces, or just as a residual gas in the cap-

sules.

When plotted in fig. 4.7 as well, the data showed a somewhat larger

increase of v H „ than to be expected for oxygen contamination alone.

Voids and other, minor irradiation defects may be responsible, since

they contribute to the enhancement of p, „ and consequently of p H „.

The horizontal and vertical bars in fig. 4.7 display the transition

widths in temperature and field. Their mutual relation indicates an

inhomogeneous distribution of the oxygen concentration over the length

of the irradiated samples.

A decrease of T is also displayed by the vanadium samples after irra-

diation. Although DeSorbo's result [8] (see § 4.5) showed the large

sensitivity of T to interstitial oxygen, in vanadium the capture of
C 51

thermal neutrons plays an important role, too. It converses V into
52

Cr after B-decay with a decay time of 3.76 min [14] (the decay time
94 4

of Nb is 2x10 year), and a solid solution of Cr in V causes a de-

crease of T of 0.3 K/at.% [15]. Considering the sample with the

largest neutron dose VM, the irradiation data (thermal neutron dose
24 —2

^15x10 m , cross section =14 barn [14] provide us with a Cr con-

tent of 0.7 at.Z yielding a decrease of about 200 mK in T • For the

other samples it turns out to be about 30 mK. These values account

rather well for the measured shifts in T .

In conclusion we can say that the mutual differences we observed in

some characteristic properties of the specimens may be attributed to

oxygen contamination for the case of Nb, and to conversion into Cr by

thermal neutron capture for the case of V. We think, these contamina-

tions do not influence the pinning properties largely, because their

concentrations are too low to give rise to the formation of precipi-

tates.
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CHAPTER 5

ANALYSIS OF THE MAGNETIZATION CURVES

5.1 Introduction

In this chapter we present and analyse the dc magnetization curves

measured with the method described in chapter 2. From these curves the

volume pinning force F is determined as a function of the flux densi-

ty. This F is compared with the results of several theories.

The chapter is organized as follows. In section 5.2 the almost rever-

sible magnetization curves of the samples NbIN2, NbllN, and VXL are

analysed. Section 5.3 describes a method to determine F from the irre-

versible magnetization curves of the irradiated samples. The obtained

values of F are compared in section 5.4 with the results of other

authors [1,2,3] and with the predictions of several summation theories

[4,5,6,7]. To do this the elementary pinning force was calculated with

the Kramer formula [8] and the extended Thuneberg formula [9,10] given

in section 1.2. The summation theories predict values of F which are

either zero or several orders of magnitude too small. In section 5.5

we discuss the various possible causes of the failure of the theory.

Probably, the effect of flux line dislocations should be taken into

account. In section 5.6 it is assumed that the flux line lattice be-

comes amorphous above the flux density at maximum pinning B . For such

a lattice the Larkin-Ovchinnikov [7] theory and the theory of Thuneberg

et al. predict values of F which agree reasonably well with the expe- '

rimental results. In section 5.7 the Larkin-Ovchinnikov theory for a

nonamorphous flux line lattice is adapted for flux line dislocations

to get an impression of the discorder at flux densities below B . It is

found that the results of the expressions for an amorphous and for a

nonamorphous lattice are consistent. •

5.2 The reversible magnetization curves 'i

Before analysing the influence of voids on the hysteresis of the mag- ^

netization curves, we will first consider some properties of the most .'"'

reversible specimens NbIN2, NbllN, and VXL. As a representative example



- 76 -

the magnetization curves of NbIN2 at 2.00 and 5.04 K are given in

fig. 5.1. For specimens with weak hysteresis, such as NbIN2 at 2.0 K,

the reversible magnetization was determined by taking the average of

the magnetization in increasing and decreasing fields. Without hyste-

resis or demagnetization effects niobium of this purity shows an ideal

type 11,1 behaviour [11,12] with a first order transition at H ., most

clearly demonstrated for T = 5.04 K. The type 11,1 behaviour is as-

cribed to an attractive force between the flux lines at large inter-

spacings. In the magnetization curve of NblN2 it shows up as a long

linaar section just above H . with a slope dM/dH *» 20, which passes

abruptly into a curve with a much smaller slope. Finnemore et al. [13]

and Wollan et al. [11] reported approximately the same values of 20,

whereas French [14] observed a dM/dH * 200. For fields above H the
6 C1

reversible magnetization curve turns out to be well described by the

expression:

100 -

2
o

i

400

Fig. 5.1 Magnetization curves of specimen NbIN2 at 2.00 and 5.04 K.

Drawn curves represent the experimental results; circles,

the reversible curve according to the formula of Kes et al.

[15]; crosses, the reversible curve according to eq. (5.1)

with the parameters obtained with the least squares fit

procedure.
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H-H H-H
- M

rev ] .
cl

(5.1)

This is an improvement of the formula proposed by Kes et al. [15],

which deviated below T = 0.5 T . The values of a and g are obtained by

a least squares fit; the results are denoted by the crosses in fig.

5.1.

The formula deviated slightly at H because it cannot describe a first

order transition. In fig. 5.2a and b the critical fields H , and H „,
cl c2

and the parameters a and 6 of the three most reversible samples are

given as functions of the reduced temperature t = T/T . The curves
c

represent adapted polynomials of the fourth degree in t and of the

third degree for the parameters a and 6. The coefficients of the linear

terms must be taken zero for consistency with the Nernst theorem.

200 -

• (

Fig. 5.2 Parameters of eq. (5.1) versus the reduced temperature as

determined from the reversible magnetization curves of

specimens NbI2, NbllN and VXL.

(a) open symbols, u H j; dark symbols u H „; curves fourth

degree polynomial fits.

(b) open symbols, -a; dark symbols, 6; curves, third degree

polynomial fits.
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The Maki parameters K.(t) and K.(t) [16] were determined from the com-

puted curves and the well-known relations:

2 f c2

* "o Hc = " Uo J MrevdHe' (5.2a)

H „ = K./2 Hc2 1 c (5.2b)

and

3M
E

()
3H H =H „ 1.16(2K2.-1)
e e c2 2

(5.2c)

In fig. 5.3a and b they are plotted versus the reduced temperature. It

is seen that the data of NbIN2 nearly coincide with the results of

Finnemore et al. [13] as represented by the plusses and the crosses.

Fig. 5.3 The Maki parameters K and K_ as functions of the reduced

temperatures.

(a) o, • NbIN2j O, • NbllN; x, + data of Finnemore et al.

[13] on pure niobium.

(b) A, A VXL; x, + data of Sekula and Kernohan [22] on pure

vanadium.

The curves are smoothly drawn through our data in order to

determine K - ic. (1) * tCjd).
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These were obtained from a number of niobium samples with residual

resistance ratios ranging from 1200-2000. The K (t) and <„(t) of NbllN

appear to be shifted upwards. Extrapolating to t=l we find for the

Ginzburg-Landau parameter K = K.(1) = < 2^^
 = 0.96 ± 0.03. The value

for pure niobium K. was obtained from the Gorkov theory [17] using

the relations:

Pdx(pd) = 2.78 x 1O
6(Y/Vm)* P 4 2 / K (5.3a)

with

X(P.) = 0.95 r (5.3b)
a n=0 (2n+l)2(2n+l+p,)

a
and

K0 = K * C fV

-3 -1
where p, is the dimensionless dirt oarameter, r= 7.8 x 10 J mole
—7 — 6
K [18], the molar volume V = 10.8 x 10 m'/mole, the resistance

ratio is given in table 4.1, and the resistivity of pure niobium at

293 K is 142 nftn [19] .

The respective values K Q = 0.76 and 0.77 + 0.02 for NbIN2 and NbllN

compare favourably with K_ = 0.75, 0.77, 0.81 and 0.70 determined by

several authors [20,13,14,21],

For our vanadium sample VXL, K..(t) and ic,(t) are compared in fig. 5.3b

with the results reported by Sekula and Kernohan [22]. The value of K

is 0.98 + 0.03. With y « 9,8 x 10~3 J mole"1 K~ [23], a molar volume

of 8.5 x 1O~ m3 mole" , a resistance ratio of 120 and p «197.5 nfim

for pure vanadium [24], we find K- = 0.84 ± 0.03, which can be com-

pared with K 0 - 0.82 [22] and 0.85 [23].

5.3 The irreversible magnetization curves

! Most of the magnetization curves of the irradiated samples show

\. considerable hysteresis. Since the samples are surface-oxidized, we

!, assume that the hysteresis is not caused by a surface barrier, but
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150

100 -

100

-50 -

-100.
100 200 300

Fig. 5.4 Magnetization curves of irreversible samples. Drawn curves,

experimental results; o, average magnetization; +, calcula-

ted reversible magnetization; dashed curves, reversible

magnetization curves according to eq. (5.1) with the para-

meters obtained with the least squares fit procedure,

(a) NbllL at 4.2 K, (b) VM at 2.51 K.
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mainly by a gradient of the flux density 3B/3x due to pinning of the

flux lines by voids. The driving force F, resulting from this gradient

is given for our geometry by the formula of Friedel et al. [25]:

F = -B(f!)-' » (5.4)
d 3H j, ax

In equilibrium this force is balanced by the volume pinning force

Fp = ~Fd * (5<5)

In principle it is possible to determine the critical value of F, as

well as the reversible magnetization curve from the irreversible mag-

netization curves by an itterative procedure [15]. However, one should

know H . and H „ beforehand. It is not appropriate to use the results

of the reversible samples, because of the contamination during the

irradiations. As was discussed in chapter 4, this slightly changed the

superconducting parameters of the samples. In fig. 5.4a it is shown

how H , and H „ were defined for the niobium samples: H ^ by extra-

polating the steep part of the upper magnetization curve to the

Meissner curve B = 0, H _ by extending the tangent at the inflection

point to the line M = 0. Both phase transitions show a.«transitional

region, probably caused by an inhomogeneous distribution of the oxygen

contamination, which is also reflected by the transition width at T

(chapter 4).

The magnetization curves of the vanadium samples, however, are so irre-

versible that the determination of H . is significantly affected by

the hysteresis as shown in fig. 5.4b. We therefore applied a quite

different procedure described by Kes et al. [26], using theoretical

computations of H ./(dH /dt) . by Pesch and Kramer [27]. As a check

the same procedure is utilized for the nearly reversible sample VXL.

The calculated values of H . are only 6 per cent larger than the ex-

perimental values.

The expressions frisa which F and the reversible magnetization can be

determined, were obtained [15] from a simple Taylor series expansion

of the flux density profiles 8(x), while it was assumed that the mag-

netization at the surface is equal to the reversible magnetization
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and that the pinning force is a function of the magnetic induction and

temperature only. This gives:

»0Mrev - * 7T
dX S

and

3

<U> = i Vn(M
+ - M") - jy d3 £ 4 )3 x s ° lZ 3xJ s

(5.6)

(5.7)

4 -

150 -

Fig. 5.5 The volume pinning force as a function of the reduced flux

density. Experimental results: (a) •, NbIS; •, NbIL; T,

NbllS;*, NBIIL. (b) A, VS; ?, VM; •, VL. The curves are

obtained with the Larkin-Ovchinnikov expressions for an

amorphous flux line lattice eqs. (1.42) and (1.43) and with

the extended Thuneberg formula eq. (1.11) with the effecti-

ve void volume V „ adapted at B = (B + u H „)/2 with B

elt p o c/ p
the flux density at which the volume pinning force reaches

its maximum.
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where M and M are the magnetizations of the upper and lower Hystere-

sis curves at the same field. The subscript s denotes the values

at the surface. First M and (3B/3x) are calculated as function of
rev

the external field H neglecting the higher order terms at the right

hand side of each formula. Then the correction term is obtained with

the following relation based on the chain rule:

<—> <—> — C^r> <5-8>
3x 3B t 3H 8x s

where i=l or 2 and where the thermodynamic field strength H at the

surface of the specimen is set equal to H . These terms contribute in

the case of niobium only at the lower reduced temperatures close to

H ?, but is important for all fields in the case of the vanadium

samples VM and VL. In fig. 5.4 these features are shown together with

the curves we obtained by fitting eq. (5.1) to the final data.

Knowing B, (3B/3H) and 3B/3x we computed the volume pinning force

from eq. (5.A). In fig. 5.5a and b the results are presented as func-

tions of the reduced magnetic induction B/ii.H ^ at I = 4.2 K for all :

the irradiated samples except VXL. For the inductions at which F can ,

be computed, the results are not sensitive to deviations in the rever- '

sible curve, nor to the value of H .. Owing to the inhomogeneity of ! .

the more irreversible samples F has not yet vanished at H „. The

curves in fig. 5.5 will be discussed in section 5.6.

It should be mentioned that the pinning force may not be a function

of B and T only. For instance, critical current measurements on j

niobium by Steingart et al. [28] reveal history effects, which means «

that the pinning force depends on the way B and T are reached. The

pinning forces presented here should therefore be regarded as average

values of the actual forces in increasing and decreasing applied .

fields. i\

5.4 Comparison with summation theories |

The summation theories which assume a dilute system of independently

acting pinning centres predict a volume pinning force F proporcional

to the number density n of the pinning centres. Using this property
V
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10-

Fig. 5.6 The effective elementary pinning force F /n as a function

of the maximum elementary pinning force f given by the

Kramer formula eq. (1.7) (symbols without bars) and by the

extended Thuneberg formula eq. (1.11) (symbols with bars)

for niobium samples at 4.2 K.

Experimental results: », if, NbIS; • , t» NbIL; T, f, NbllS;

+ > ̂ , NbllL. The summation curve K introduced by Kramer

[29] and drawn through the data of Koch et al. [2] for

voids (o), and of Freyhardt [1 ] f or voids (o)» and of Agra-

wal et al. [3] for dislocation loops 0->).

Results of the summation models: straight line, direct

summation; drawn line L, Labush model [4]; dashed curve C,

Campbell model [6] ; dashsd-dotted line Schmucker and Brandt

model [5] .

(a) B - 0.7 UoHc2- (b) B « 0.9 VQ\2-
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Kramer 129J suggested a plot of F /n versus the maximum elementary

pinning force f to be a useful way of comparing the pinning effect

of different kinds and/or sizes of pinning centres in the same material

(niobium) under the same measuring conditions. Such a plot for niobium

and vanadium at T = 4.2 K and B/u H „ = 0.7 and 0.9 is given in the

figs. 5.6 and 5.7. The values of f obtained from the local expression

of Kramer [29] (see section 1.2 eq. (1.7)) for voids and eq. (28) of

Kramer [30] for dislocation loops have been used for the symbols with-

out bars. The (irrealistic) direct summation limit in which each

pinning centre contribute maximally to F is given by a straight line

d. The phenomenological sin,nation curve K of Kramer in fig. 5.6 goes

smoothly through the data for voids of Freyhardt [1] (diamonds) and

Koch et al. [2] (circles) and the data for dislocation loops of

Agrawal et al. [3] (squares). Our results (dark'symbols) lie somewhat

above the data for voids [ 1,2], probably, because of a different sample

preparation and measuring technique.

Kramer concluded that the true summation theory would have to predict

the shape of his curve K, irrespective the number density, the size

(as long as this doe's not exceed ̂  a /2), and the kind of pinning

centres. There are two reasons known by now, why this conclusion is

questionable. In the first place, if f for voids is computed by means

of the nonlocal quasi.classical theory of Thuneberg et al. [9,10]

(section 1.2 eqs. (1.11) and (1.12)), the data for voids will shift

to the right over a factor ^£ /d , roughly a factor 10. This is demon-

strated for our results by the dark symbols with bars in the figs.

5.6 and 5.7. The dislocation loop data (squares in fig. 5.6) will not

shift, since this pinning mechanism essentially has a local character.

Now, it will be hard to draw one smooth curve through «11 the data.

Secondly, the proportionality of F with n is questionable since it

is based on the assumption that the pinning centres act independently.

This is hard to believe for the large experimental values of n

(often n a »1). The failure of the diluteness assumption is clearly

\

The numerous data of Greager [ 39] on niobium samples with

neon bubbles are not displayed in fig. 5.6 for clarity.

They lie somewhat below the data of Freyhardt [1].
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demonstrated by the positions of the vertical sections of the curves

L, C and S in the figs. 5.6 and 5.7. The line L represents the result

of the theory of Labusch [4] , the lines C and S are refinements of

this theory by Campbell [6] and Schmucker and Brandt [5] . The

vertical sections around f = 10 N display the threshold criterion

saying that for a randomly distributed, dilute system of pinning

centres F vanishes by the averaging over the individual contributions,

unless f is large enough to introduce elastic instabilities in the

flux line lattice (section 1.4). In fact, pinning is observed far belovr

this threshold, demonstrating the diluteness assumption is not valid.

Fig. 5.7 The effective elementary pinning force F /n as a function
P v

of the maximum elementary pinning force f given by the

Kramer formula eq. (1.7) (symbols without bars) and by the

extended Thuneberg formula eq. (1.11) (symbols with bars)

for vanadium samples at 4.2 K.

Experimental results: A, ̂ , VS;T, |, VM; •, j, VL. Results

of the summation models: see fig. 5.6

(a) B - 0.7 u H . (b) B = 0.9 u H ..
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For large densities, the pinning centres act collectively. Because

this breaks down the long range order of the flux line lattice, Larkin

and Ovchinnikov's theory for collective pinning [7] does not predict a
3/2threshold, nor is F proportional to n , but approximately to n

In section 1.5 this theory has been discussed. Using eqs. (1.36),
(1.37), (1.40), and (1.41) and the nonlocal f of eq. (1.11) we com-
puted F at T = 4.2 K and B/u H - = 0.7 and 0.9. In table 5.1 the

p o cz

results F , are compared with our experimental data. It follows that

the collective pinning theory predicts values which are between two

and six orders of magnitude too small. In the next section three

possible options are discussed to overcome this discrepancy.

5.5 Discrepancy between collective pinning theory and experiment

The first possibility one can think of to obtain larger computed

values for F is a still larger f than given by the ad hoc extension

of the Thuneberg expression. Computer computations by Thuneberg (row

in progress), or refinements from band structure effects may still

change f , but it is very unlikely that this provides the enhancement
P

by an order of magnitude needed to get agreement between computed and
measured values of F .

P
A second possibility is that a refinement of the computations of

Brandt [32,33] of the elastic moduli may lead to a further decrease

of the tilt modulus c (k) (section 1.3). For instance, noncontinuum
44

elastic theory may yield a smaller value, but probably not the two

orders of magnitude one needs to obtain better agreement with experi-

ment.

The third and most promising possibility is the effect of topological

defects, e.g. flux line dislocations, on the correlation lengths R

and L determining the size of the correlated regions. As follows from

eq. (1.36) a decrease of the correlated volume V leads to an increase

of F . The Larkin-Ovchinnikov theory ignores this possibility by only

considering elastic deformations which leads to very large values of

R and L , comparable to the size of the samples. For instance, for

NblL at 4.2 K and B/uQHc2 » 0.7,Rc - 94 pm and L£ - 2 ran (34]. Hence,

to account for tha discrepancy, R and L must be reduced by several

orders of magnitude.

I



Table 5.1 Characteristics of the irradiated samples

Sample NbIS NbIL NbllS

Data at 4.2 K.

NbllL VS VM

Data obtained from < and K_ using Gorkov's theory.

VL

<nv>(10
z m J)

<d3>'/3(nm)

V oH c 2(mT)
+

% Hc2 ( l n T ) + ,
-duoHc2/dT(mTK ') +

K2
p293/p4.2

PD

Fp(0.7)(10
6Nm"3)+

Fth(0.7)(I0
3Nm"3) +

Fp(0.9)(10
6Nm~V

Fth(0.9)(10
3Nrn"3)+

Veff,ad/Veff,th+

Lc / ao +

9.6

3.6

159

284

55

0.83

2.0

150*

0.32*

0.1*

15

0.58

21

1.6

2.2

150

1.8

7.0

159

278

54

0.78

1.9

380*

0.83*

0.05*

55

2.9

77

8.2

3.6

120

15

3.5

157

326

61

1.01

2.1

40*

0.09*

0.4*

38

1.4

43

3.8

2.4

140

2.3

7.5

155

344

64

1.10

2.2

28*

0.06*

0.6*

153

4.2

112

15

2.5

100

4.8

4.5

51

77

67

0.98

1.3

220

0.39

0.1

0.41

0.01

0.87

0.01

3.0

230

0.65

18

44

79

80

1.15

1.4

57

0.10

0.4

3.8

5.2

2.6

16

1.0

70

0.09

27

50

82

72

1.05

1.4

106

0.18

0.2

2.9

1.9

2.3

5.3

1.1

82

• i

8 ]
i
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Direct experimental evidence for topological defects has been provided

by Trauble and Essmarm [35] and by Herring [36] with a decoration

technique. High dislocation densities up to the amorphous limit has

been observed at low flux densities. These authors relate this to

the vanishing shear modulus c,, if B goes to zero. Since c., also
DO OD

vanishes at 11 B ^ it is not unlikely that an amorphous flux line

lattice also occurs just below y H ,. The consequences of this

assumption are discussed in the next section. More indirect experimen-

tal evidence of the important role of flux line dislocations follows

from the thermal and magnetic history dependence of F [28,37] . These

effects, also observed in our experiments, will be discussed in

chapter 6, which also deals with the possible origin of flux line dis-

location. For more information about the specific properties of flux

line dislocations we refer to appendix C of that chapter.

Topological defects will clearly reduce the positional order in the

flux line lattice. Since their influence is not accounted for in the

collective pinning theory, we consider the correlated volume as a

quantity to be obtained from the experimental value of F by means of

eq. (1.36):

V « i « f 2/F 2 (5.9)
c 2 v p p

An attempt to obtain estimates for R and L using eq. (5.9) is

described in section 5.7.

5.6 Amorphous flux line lattice

We assume that the flux line lattice is amorphous above the flux

density B at which F is maximal. This was also suggested by Larkin

and Ovchinnikov (see also Refs. 38 and 39), but instead of a typical

value B » 0.995 ( H , that follows from their prediction eq. (1.44),

it is seen in fig. 5.5 that F already attains its maximum at about

0.84 u H „• We ignore this discrepancy and ascribe it to the enhance-

ment of the disorder by the flux line dislocations, which are frozen

in in a metastable configuration of the flux line lattice.

For an amorphous flux line lattice R * a so that F and L can ber c o p e
computed from eqs. (1.42) and (1.43). In this way we obtained the
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curves in fig. 5.5 using eqs. (1.11) and (1.12) for f , adapting the

effective volume of a void for pinning at B »(B + u H 2)/2, denoted

by V „ ,. The qualitative agreement between theory and experiment is

good above B . In table 5.1 the ratio of the adapted and theoretical
P 2

V ff's are listed (V ,f h = 0.74(ir/4)d £ ). From the average value

of about two, we conclude that the quantitative agreement is also

satisfactory, since the expressions of the collective pinning theory

are only accurate up to a factor of order one. A more extensive com-

parison is postponed to section 6.9 and fig. 6.17 where the results

of the ac experiments are considered too. An impression of the dis-

order along the field direction is obtained from the values of L /a
c o

at B/y H * 1, also listed in table 5.1. We note that the
o cz

F (B/y H „) curves in fig. 5.5 have a dome-like appearance when L /a
p O Ci CO

is smaller than 100. A more pronounced peak is observed when

L /a £ 100. In Ref. [34] it is shown that in

line lattice is amorphous for all values of B.

L /a £ 100. In Ref. [34] it is shown that in the first case the flux

5.7 A highly disordered flux line lattice

It is well-known that dislocations in a crystal reduce the shear

strength, that is the stress at which the lattice starts to deform

plastically [40,41]. It seems likely that dislocations in a flux line

lattice also reduce the shear strength. Kerchner [42] suggested that

owing to this limited shear strength, the correlated regions (flux

bundles) cannot contain less than a few hundred flux lines. This con-

straint would lead to the observed linear decrease in the volume pin-

ning force near Hc2- However a quantitive discrepancy of several

orders of magnitude remains. The idea of Kerchner would be correct if

the shear stress in the flux line lattice were homogeneous over the

widths of the flux bundles he considers. However, the randomly dis-

tributed pinning centres will cause fluctuations in the net pinning ,

forces on individual flux lines inducing shear stresses of short /

wavelengths which may exceed the reduced shear strength locally

leading to plastic deformations at numerous sites. This will break up

the flux bundles into smaller correlated regions, ultimately down to

the size of a single flux line.
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We want to estimate R and L for the nonamorphous flux line lattice

and try to take into account the reduced shear strength by assuming

that this reduction leads to a smaller effective shear modulus repre-

sented by nc,, with a parameter n<l• Actually, we only consider the

effect of edge dislocations, whereas in reality there may be long,

_ j I J l _

NbIL

2-

1 -

(o) I
, \ I I i l l
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Fig. 5.8 Results of a comparison of our experimental data for NbIL

and VS at 4.2 K with the Larkin-Ovchinnikov expressions for

a nonamorphous flux line lattice (eqs. (1.36), (1.37),

(1.40) and (1.41)) assuming that the shear modulus c,, can

be replaced by an adaptable parameter nc,, to account for

flux line dislocations. Circles, relative transversal corre-

lation length R /a. and squares, relative longitudinal cor-

relation length L /a. as functions of the reduced flux

density. Drawn and dashed curves are respectively the R /a.

and L /a. which follow from a comparison with the Larkin-

Ovchinnikov expressions for an amorphous flux line lattice

(eqs. 1.42) and (1.43)).

(a) Results for NblL. (b) Results for VS.
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narrow dislocation loops. The smaller TIC,, will give rise to a larger

disorder in the xy plane causing also larger disorder along the field

direction. We now also assume that the correlation lengths are given

by the expressions of the Larkin-Ovchinnikov theory but with C & 6 re-

placed by nC,6. The values of n, R and L than follow implicitely

from eqs. (1.40), (1.41), and (5.9).

For NbIL and VS the results of such an analysis is shown in the figs.

5.8 and 5.9. We pursued the computations beyond the field B ,
-1 "

since we were able to show that for Rc»a « k elimination of Cg6

from eqs. (1.49) and (1.41) yields eqs. (1.43) for the Lc of an

amorphous flux line lattice within a factor of almost one. In order to

guarantee R *» a in this regime, the values of f were computed from

eq. (1.11) with the V ^ obtained in the preceding section, fhe

0 0.5 06 07 08 09 10

Fig. 5.9 Results of a comparison of our experimental data for NbIL

and VS at 4.2 K with the Larkin-Ovchinnikov expressions

for a nonamorphous flux line lattice assuming that the

shear modulus c,g can be replaced by an adaptable parameter

to account for flux line line dislocations. Adaptionnc66
factor n as a function of the reduced flux density for

NbIL(o), and for VS(A).
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following features are observed in fig. 5.8:

1. At the lower inductions, R (circles) does not exceed ~ 3a , which
c o

means that the disorder in the samples that show a sharp peak in

F (B) is also considerable below the peak.

2. L (squares) is always roughly a factor 50 larger than R . This is

because the flux line lattice is much more susceptible for shear

disortions than for tilt, which is expressed by nC-, « C,,(k).

3. Above B /p H „ both R and L tend, indeed, to the values for the
p o c2' c c

amorphous flux line lattice indicated by the drawn and dashed

lines.

In fig. 5.9 it is seen that the value of n can be much smaller than

one. So, the reduction of the shear strength by the dislocations

seems to play an essential role. One may expect that it becomes less

important for a higher degree of disorder because of the increasing

interactions between the dislocations. This is indeed observed since

n rises when the amorphous limit is approached at B /u H ,•

5.8 Conclusions

It is shown that the present pinning theories [4,5,6,7,42] predict

volume pinning forces that are either zero or several orders of mag-

nitude smaller that the experimental results.

Only, if it is assumed that the flux line lattice is amorphous above

the field of maximum pinning, the collective pinning theory of Larkin

and Ovchinnikov [7] combined with the elementary pinning force of

Thuneberg et al. [9,10] gives satisfactory agreement with experiment.

However, the amorphousness criterion of Larkin and Ovchinnikov eq. (1.33)

is not fulfilled. We think this criterion does not apply if flux line

dislocations are present. These defects reduce the stress at which

the lattice becomes plastically deformed. In order to get an impres-

sion of the disorder in the flux line lattice below the field of

maximum pinning, we have replaced c,, in the expressions for the non-

amorphous flux line lattice by a parameter nc,,. The value of r\ was

adapted to get agreement between the theoretical and the experimental

volume pinning forces. This procedure leads to the conclusion that

the flux line lattice is highly disordered for all flux densities.
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CHAPTER 6

FLUX PINNING BY VOIDS IN ALTERNATING MAGNETIC FIELDS

6.1. Introduction j

In this chapter we discuss the behaviour of our samples in a weak al-

ternating field superimposed on a strong stationary field, so that the

field strength at the surface of the specimen is given by:

H (t) - H. + H cos2itvt (6.1)
e de ac

with H « H , and usually a frequency v of 27 Hz. These experiments

show that the flux line lattice behaves quite differently under these

conditions than in a stationary field alone as described in the preced-

ing chapter. The volume pinning force turns out to be much smaller and

to depend on the amplitude of the alternating field. Interesting his- ' I

tory effects and relaxation effects are observed as well as a magneto- !

caloric measuring effect that till now has been ignored in the litera- 1

ture. Most of these effects can be explained in a qualitative way by

taking into account the role flux line lattice defects (mainly disloca- t

tions) play in flux pinning. This may be important for the technical

applications of superconductors. i

Owing to electronic averaging techniques, measurements in alternating

fields can be carried out with a much higher sensitivity than in quasi-

stationary fields. In addition, new and more detailed information can i

be obtained, since the amplitude can be used as a variable. A drawback,

however, is the less direct way in which the experimental data provide t

the desired information, like the volume pinning force and the flux

distribution inside the sample. For this analysis one has to assume a

certain model, which means that the results depend on the model which 1

is chosen. Moreover, it is not always possible to check the validity of

the assumptions independently.

To introduce the kind of assumptions made to describe the ac behaviour,

we first present in section 6.2 the simple London-Bean model [1,2].

Subsequently, we give in section 6.3 a survey of the effects that were

I
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observed and go beyond the scope of this model.

The Influence of the magnetocalorlc effect is illustrated by means of

the model of Rollins et al. [3], which is more general than the London-

Bean model. A detailed analysis to correct the data for the magnetoca-

loric effect is presented in appendix 6A.

The most advanced model is the uniform pinning model of Campbell [4].

It is treated in section 6.5. It shows us how the volume pinning force

depends on the displacement of the flux lines in the alternating field.

The way the data of thin flat samples were elaborated with the computer

is given in appendix 66. The results are discussed in section 6.6.

Relaxation effects and magnetic and thermal history effects are studieo

in further detail using permeability measurements. The results are

given in section 6.7 and analysed in section 6.8.

Finally, we compare the experimental volume pinning forces for both the

ac and dc experiments with the Larkin-Ovchinnikov theory for collective

pinning in an amorphous flux line lattice [7] using the elementary

pinning force of Thuneberg et al. [5,6].

6.2. The London-Bean model

The London-Bean model [l,2] assumes that the flux density gradient

|3B/3x| is constant within the range of the alternating field and that

the magnetic flux density at the surface is equal to the reversible

flux density:

Bs(t) - B(He(t» (6.2)

In figure 6»1 several flux density profiles are drawn, which - as a

consequence of these assumptions - are expected to occur during a cycle

of the alternating field. At t » nv (n is an integer) the maximum

field strength H. + H (with H , + H « H. « H „ - H > is at- i
dc ac cl ac dc _, cZ ac *

tained and the flux density decreases from B (nv ) at the surface to »
B (nv~ ) - d |dB/9x| at the central plane of the sample. After a small i

f
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field reduction the flux profile is caved in as shown by the drawn

lines. The flux density increases linearly from B (t) at the surface
_i s

until the profile of t » nv is reached at a distance x from the

surface, which we call the penetration distance of the alternating

field. At x , the slope abruptly changes sign and the old profile is

pursued up to the central plane. If the field strength is decreased

further, so that B (t) becomes smaller than B (nv ) -2d J3B/3x|, the

old profile has vanished and the flux density is expected to increase

from B (t) at the surface to B (t) + d|3B/3x| at the central plane.
s s • '

When the field strength increases after reaching its minimum, the flux

density profile is built up again as shown by the dashed lines in

fig. 6.1, and the process proceeds analogously.

De Klerk et al. [7] derived relations between u', y", and |3B/3x| for

this model, so that in principle J3B/3x | can be obtained from perme-

ability measurements. However, y1 and y" often yield different values

for |3B/3x|, and measurements carried out for various amplitudes of the

alternating field strength lead also to inconsistent results. It must

therefore be concluded that the assumptions of the London-Bean model

are inadequate to describe the magnetic behaviour of the samples in

alternating field.

!(

Bs(nv"
1)

Fig. 6.1 Flux density profiles at various times during an ac cycle

according to the London-Bean model [1,2].

The thick drawn lines represent the upper and lower profi-

les; the thin drawn lines and the dashed lines the profiles

for decreasing and increasing field, respectively. The

dashed-dotted line marks the central plane.
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6.3. Magnetic hysteresis loops and the homogenlzatioa procedure

Measurements of the average magnetic flux density as a function of time

described in chapter 2 can be converted into hysteresis loops in which

the increment of the average flux density B(t) is plotted versus the

change In u H (t). The London-Bean model predicts that a hysteresis

loop starts with a zero slope and follows a parabola that passes into a

straight line, when the alternating field is large enough to penetrate

the sample up to the central plane. Experimental hysteresis loops may

demonstrate several deviating features of which some are elucidated by

fig. 6.2, which shows a number of hysteresis loops measured for NbIL at

4.2 K and B(Hdc) - 0.49 Mo
H
c2

:

1. For samples with a homogeneous surface barrier the magnetic flux

density at the surface is not equal to the reversible flux density

B(H ). After the alternating field has reached its minimum or maxi-

Fig. 6.2 Hysteresis loops of NbIL at 4.2 K for B(H, ) = 0.49 y.H
dc 0 c2

yOHac * 1 > 2 a n d m T a n d v * 2 7 Hz- T h e d a s h ed and drawn

lines are the experimental results for the critical and ho-

mogeneous state, respectively.
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mum the average flux density remains constant until the surface

barrier is exceeded [8]. In our samples we have suppressed this bar-

rier by surface oxidation at elevated temperatures (chapter 3, 4).

Only near H , and at temperatures below 4.2 K, the hysteresis loops

show some features of this barrier.

2. The hysteresis loops of fig. 6.2 start with a non-zero slope. This

can be due to a pinningless surface layer [8,9]. However, the origin

of such a layer is not clear. It is more likely that the flux densi-

ty gradient changes smoothly instead of abruptly, when the flux

density profile is caved in. This is because the flux lines initialy

move back reversibly over a finite distance, when the driving force

is released and subsequently inverted. This penomenom has been ex-

tensively discussed by Campbell [4,10,11].

3. At fields above the peak in the dc pinning force (chapter 5), the

hysteresis loops are not symmetric, which indicates that the assump-

tion that |3B/3x| can be considered to be constant within the range

of the alternating field is not justified. A procedure to correct

for this feature is given in section 6.4. j

4. According to some authors the behaviour of the flux line lattice is t

also affected by viscous flow [12] and by thermally activated creep

effects [l3], which give rise to phase shifts of the order of one

degree, which is about the measuring accuracy. As is shown in appen-

dix 6A phase shifts may also be produced by the magnetocaloric ef-

fect.

5. The hysteresis loops can depend on the magnetic and thermal history,

i.e. on the way the measuring conditions T, H, and H are estab-

lised [3,14,15,16,17].

The dashed loops in figure 6.2 are measured in a time interval of

about two minutes after the specimen was brought into the critical

state by heating it for a short time above T in zero applied field

to repell the remnant flux, and by subsequently applying the sta- i

tionary and alternating fields. These hysteresis loops were not i

stable, but varied slowly as a function of tlae. Therefore they were

not suitable for the determination of the volume pinning force. In '
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order to get stable loops as indicated by the drawn lines, we have

in addition increased the amplitude to a sufficiently high value

(20 mT), and than reduced it slowly to zero before applying the

desired measuring amplitude. We call this the homogenization proce-

dure because not only all flux lines are thoroughly shaken, but also

the flux density gradient formed when applying the stationary field,

is removed. This is illustrated in fig. 6.3. The magnetization of

specimen NbIL at 2.7 K for fields increased from zero of decreased

from H _ become almost equal after the homogenization procedure as
c2

displayed by the coincidence of the circles and the crosses repre-

senting the ultimate value of the respective magnetizations.

6.4. The Model of Rollins, Kttpfer, and Gey

The model of Rollins et al. [3,18] allows for a dependence of the vol-

ume pinning force on the distance from the surface. Although there is

no reason to expect any significant position dependence we will consid-

15

-100

Fig. 6.3 Magnetization curve of NbIL at 2.7 K and the magnetizations

measured after the homogenization procedure is applied when

first jjQHdc is decreased from zero (circles) or decreased

from uQH 2 (plusses),
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er this model here because It reveals some Interesting new aspects.

The principles of the Rollins model are displayed in fig. 6.4 where:

b(x,t) - B(x,t) - (6.3)

is given as a funtion of x, and

b (t) - B(0,t) - B(H. ) (6.4)

In the time interval between t and t-Wt the flux density in the speci-

men is assumed to change according to:

6b(x) - 6b - b (t-hSt) - b (t)
s s s

(6.5)

for values of x smaller than the penetration distance

Üs 2 . . f
3B(HdA dH

xt " 6b * dt ' <• 3H JT dt
s

(6.6)

where $ is the measured flux per unit width for each side of the sam-
s

Fig. 6.4 Sketch of the flux density profiles according to the model

of Rollins et al. [3] (b=B-B(H, )). The thick drawn lines
ac

are the upper and lower profiles; the thin drawn lines the

profiles at the times t and t+öt; x is the distance over

which the ac field has penetrated. The dashed-dotted line

marks the central plane of the specimen.
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pie. The flux density profile is assumed to be symmetric so that

b(xt,t) bs(t))/2

for decreasing field and

b(x..,t) - (b(n+l/2)v"1) + bg(t))/2

(6.7a)

(6.7b)

for increasing field. Plotting b(xt>t) as a function of xt gives the

flux density profiles. However, this assumption requires the hysteresis

loops to be symmetric, which is not the case near H c 2 where |3B/3x|

strongly depends on B. The procedure of Kes et al. [19] corrects for

this and leads to flux density profiles in which |3B/3x| not only de-

pends on x, but also on b. In this thesis we do not use this procedure,

but instead bypass the problem by making the following replacement for

I-

0.5

xt/d

1.0 0 0.5

xt/d

1.0

Fig. 6.5 The upper flux density profiles obtained with the model of

Rollins et al. [3]. The dashed and drawn curves are the

results with and without the correction for temperature os-

cillations, respectively. The dashed-dotted line of the left

represents the boundary of the pinningless surface layer,

and the one on the right the central plane,

(a) Results for NbIL at 4.2 K, B(Hjc) - 0.49 U Q H ^ ,

0 a c m T ' a n d v " 2 7 H z'
(b) Results for VS at 4.2 K, B(Hjc) - 0.53

U0Hac
l

U-H - 4 mT, and v - 27 Hz.
0 3.C
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ij>g(t) in eqs. (6.6), (6A2), (6A3), and (6B16):

4> (t) * U (t) - * (t+v"1/2))/2 (6.8)

As representative examples the flux density profiles or specimen NblL '

at 4.2 K for B(H ) - 0.49 u_H 2 and ii„H » 4 mT, and of specimen VS

at 4.2 K for B(H ) • 0.53 p H and u,_H « 3 BT are given by the
dc 0 c2 0 ac

drawn curves in fig. 6.5. (The measurements were carried out after the

homogenization procedure.) In terms of this model the reversible effect

(the non-zero initial slopes of the hysteresis loops in figure 6.2)

shows up as a pinningless layer between the surface and the dashed-

dotted line on the left. This layer is about 4 times as thick as the

oxygen diffusion layer (chapter 4) and increases as a function of H
dc r •-.

and T. We therefore think that such a layer doeB not really exist, but
is just an artifact of the model of Rollins et al. The drop of the flux

density at x - 0.7 d indicates that the alternating field has reached

the central plane of the specimen. Of course, this should have to occur \_

at x " d. Fart of this inconsistency is removed, when account is taken js'

of the magnetocaloric effect [20] associated with the periodic creation

and annihilation of flux lines at the surface of the specimen. This
Ï

causes temperature oscillations, since the experimental conditions I >
t

require a reasonably thermally isolated sample and a sufficiently high

frequency to provide enough accuracy. Details of this effect are dis-

cussed in appendix 6A, where also a correction is presented for the

case the measurements are carried out at a high frequency in the adia-

batic limit. Accounting for the magnetocaloric correction leads to the

dashed curves. The central plane is now reached for VS, but not yet for i

NblL. The same behaviour is observed at all other values of the sta-

tionary field. At 4.2 K the other samples also display a tendency of

the flux density to drop before the central plane. At higher tempera-

tures, however, the deviation becomes smaller. The remaining inconsis-

tency cannnot be blamed fully to the experimental inaccuracy in

(3B/3H) or the parameters used to correct for the temperature oscilla- •
? •

tions. We think that it should be attributed to a continuous increase :

of the volume pinning force and the flux density gradient as a function I

of the displacement of the flux lines by the alternating field. This j

leads to a monotonously decreasing 6b(x) < 6b , instead of the constant I

t
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6b(x) - 6b as given in eq. 6.5. Therefore, as can be seen from figure

6.4, x should be larger than according to eq. 6.6 to give the sane

measured &$ . In the next section we show that accounting for this
s

effect leads to a flux density profile, which not only reaches the
central plane, but which also has a quite different appearance.

6.5. The uniform pinning model

Campbell [4] considers a specimen in a longitudinal field with a homo-

geneous flux density B(H ). The field is increased by a small amount

so that flux lines are pushed into the sample. The displacement u of

the flux lines is a function of x. In the uniform pinning model It is

assumed that the volume driving force F (in equilibrium with the vol-

ume pinning force F ) is a single function F(u) at any position in the

specimen. The essential difference with the preceding models [1,2,3] is

that F(u) is not a step function. Instead, it increases monotonously

over a finite u owing to the reversible displacement of the flux line

lattice in the pinning potential [4]. This is schematically displayed

by the drawn curve OP in fig. 6.6. As will be discussed in the follow-

ing sections the experiments show that the dc volume pinning force Fdc

Fdc

Fd(u)

1 y

umax

Fig. 6.6 Sketch of the volume driving force as a function of the dis-

placement according to the uniform pinnxng model of Campbell

[4]. The drawn curve shows F(u) for a homogeneous initial

flux distribution and the dashed loop F,(u) for the flux

distribution in an alternating field. The dashed-dotted

lines represent the upper and lower limits.
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is not attained when the flux line motion is reversed periodically by

the alternating field. The relation of the Fd(u) loop QRPQ and F(u) is

assumed to be given by a simple scaling argument [4]:

Fd(u) - F^u,^} - 2F((umax-u)/2) for n < vt < n+1/2 (6.9a)

and

F_,(u) - FJ(u J ) - 2F((u-u , )/2) for n+1/2 < vt < n+1 (6.9b)
d d min min

where u . and u are the minimum and maximum displacements at Q and
min max

P. Campbell [4] showed for an infinitely thick sample that the dis-

placement at the surface, us, is related to Fd by:

, , r ' IT <6'10)

with

u - u + (ij> -4> )/B for n < vt < n+1/2 (6.11)

s s,max s T!3,max

In the decreasing field cycle, for n+1/2 < vt < n+1, the subscript max

must be replaced by min. These formulas are adapted in appendix 6B for

flat samples of arbitrary thickness. Obviously, the uniform pinning

model requires a homogeneous distribution of the pinning centres and a

suppression of the surface barrier.

Some experimental results are given in the figs. 6.7 and 6.8 for NbIL

and VS at 4.2 K for two amplitudes and for dc fields far below, just

below, and just above the field of maximum pinning as determined by

fig. 5.5. The samples were first brought in the homogeneous state. The

measurements were corrected for the temperature oscillations as des-

cribed in appendix 6A. Instead of F (u) we plotted F(u), so that the

results for different amplitudes can be compared more conveniently.

Typically, two sections may be distinguished in the figures 6.7 and

6.8: a steep linear section for u « a , followed by a more gradual

increase which eventually seems to level off for u » a . The small
o

peaks at the end of the linear sections were mainly observed at the

lowest temperatures. Th2 corresponding straight sections in the hyster-
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0 200 400 600 800 O 100 200 300 400
u(nm)

O 100 200 300 400

Fig. 6.7 The volume driving force as a function of the displacement
for NfalL at 4.2 K for y.H = 2 mT (n) and for p„H = 4 mT
(o) , v = 27 Hz. The la t t i ce parameter aQ i s indicated by the
?rrow.

(a) B(Hdc) = 0.49 u ^ , , . ( b ) B(Hdc) - 0.75 u ^ .
(c) B(Hdc) ^ 0.91 uQHc2.

- 0.2

- 0.1

o o o o o o

goaooooOQ)

(b)

0 2 4 6 8 1 2 3 4 5
u(um)

1 2 3 4

Fig. 6.8 The volume driving force as a function of the displacement

for VS at 4.2 K for u.H - 1.5 mT (o) and for p„H - 3 mT

(o), v - 27 Hz. The la t t i ce parameter a. i s indicated by

the arrow.

(a) B(Hdc) - 0.53

(c) B(Hdc) - 0.96
(b) B(Hdc) - 0.75
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esls loops Indicate that this effect is caused by the remnants of a

surface barrier. Its small influence was ignored. The linear sections

are related with the initial reversible displacement of the flux line

lattice upon reversal of the flux movement. More remarkable is the

continuous increase of F(u) for displacements larger than aQ. This

effect cannot be explained by an anharmonic pinning potential [25] nor

by a force distribution of the pinning centres [4], since it persists

HI r

100

0.6 08
Bd(>OHC2

Fig. 6.9 The volume pinning force as a function of the reduced flux

density for the niobium samples at 4.2 K. The drawn curves

represent F, determined from the magnetization curves, the

circles and triangles F(aQ) determined from the F(u) curves

and the squares Ffl, the amplitude of the volume driving

force determined with eq. (6.17) from the slopes of the

F, (u) curves. The dashed curves are obtained with the theory
d

of Thuneberg et al. [5] combined with the Larkin-Ovchinnikov

theory [7] for the amorphous limit: F ^.

(a) NbIS for u-H - 2 mT (A), 4 mT (o), and v = 27 Hz.
U 3C

(b) NbIL for unH - 2 mT (A), 4 mT (o), and v = 27 Hz.
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for u » a . We think it is caused by slip of flux line dislocations as
o

will be discussed in detail in section 6.0.3.

From the figs. 6.7 and 6.8 it follows that the ac volume pinning force,

which we define as F = F(u-a ), depends on the amplitude of the ac
ac o

field. Typically, F increases for larger anplitudes. Exceptions, like

in fig. 6.7c, that occur occasionally are ascribed to a measuring er-

ror. A more systematic survey of the results for all samples is given.
in the figs. 6.9 and 6.10 where all F data at 4.2 K are plotted ver-

ac
sus B/u H .. They can be compared with F. of chapter 5 represented byo a «c
the drawn lines. Especially for the Nb samples it is seen that
F « F, . A qualitative explanation will be given in section 6.6.5.
ac dc

For the sake of completeness, we also show for NbIL the results obtain-

ed by means of the Rollins model (plusses in figure 6.9b). The data

agree reasonably well with F in spite of the imperfection of this

100 200 f

Fig. 6.9 Continued.

(c) NbllS

(d) NbUL for

(c) NbllS for vuH
U c

= 4 mT (o), and v = 27 Hz.

= 4 mT (o), and v = 27 Hz.
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model like the unphysical flux density profile with a pinningless sur-

face layer and a drop at x - 0.8 d shown in fig. 6.5. More realistic

profiles are obtained by means of the uniform pinning model. An example

is given in fig. 6.11 for NblL. A remarkable feature in this figure is

the Increase of the flux density gradient towards the surface. This

corresponds to the gradual increase of the F(u) curves in figs. 6.7 and

6.8.

Fig. 6.10 The volume pinning force as a function of the reduced flux

density for the vanadium samples at 4.2 K. The drawn curves

represent F, determined from the magnetization curves, the

circles and triangles F(a.) determined from the F(u) curves

and the squares F_, the amplitude of the volume driving

force determined with eq. (6.17) from the slopes of the

F,(u) curves. The dashed curves are obtained with the
d
theory of Thuneberg et al. [5] and with the larkin-

Ovchinnikov theory [7] for the amorphous limit: F ^.

(a) VS for vJl = 1.5 mT (A), 3.0 mT (o) and v = 27 Hz.

(b) VM for pnH = 2.0 mT (A), A.O mT (o) and v = 27 Hz.

4
• I
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Fig. 6.10 Continued. I
(c) VL for uQHac = 5.0 mT (o) and v = 27 Hz.

0 ' • •••
0.5
x/d

1.0

Fig. 6.11 Flux density profile of NbIL at 4.2 K for B(Hdc> - 0.49 mT,

Vrfl - 4 mT and v = 27 Hz obtained with the extended uni-u ac
form pinning model. The dashed-dotted line marks the cen-

tral plane.

I
I
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6.6. Discussion of the volume pinning force

6.6.1. Introduction

In chapter 5 we have suggested that flux line dislocations may reduce

the volume of the correlated regions drastically and thus increase the

volume pinning force to the measured values. Unfortunately, we cannot

present a theory that describes their effect on flux pinning quantita-

tively. In this discussion we will show qualitatively that flux line

dislocations can explain the phenomena observed in the ac experiments,

although they loose their meaning to some extend as soon as the flux

line lattice becomes amorphous. In order to support this discussion, we

have described some general properties of flux line dislocations in

appendix 6C.

The volume pinning force, which can be considered as a probe to deter-

mine the volume of the correlated regions and the disorder in the flux

line lattice, indicates that flux line dislocations should be very

numerous. Probably, defects are generated when in increasing field flux

lines are created at the surface, which is very rough on the scale of

the lattice parameter. In addition, the shear modulus is zero both for

B » 0 and B •• uQH ,•
 W e expect that the pinning centres stabilize the

dislocations and that they may even create new dislocations, when the

flux line lattice is driven past them. The Frank-Read source [2l] is a

possible, but rather complicated mechanism for this. It seems to us

more likely that new dislocations are created when the flux line lat-

tice flows around some strongly pinned flux lines. (See appendix 6C4.) i

The theories of Labusch, and Schmucker and Brandt (chapter 1) predict '

that the pinnlag centres in our samples are too weak for this to hap- 1

pen.

However, these theories consider the deformation of a perfect lattice

by a single pinning centre, whereas the lattice may be very disordered, ,. '•

so that the fluctuations in the collective effect of the pinning een- :

tres Is largely enhanced.

6.6.2. The relation between dislocations and the dimensions of

i
The volume of correlated regions is determined by flux line disloca-
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tions in the following way. Edge dislocations reduce R , the width of a

correlated region, because the flux lines on either side of the slip

plane will move over some distance with respect to each other, when the

dislocation slips. (See appendix 6C2.)

Thus, to some extend, the flux lines can adjust their positions to the

distribution of the pinning centres, which increases the pinning. Of

course, some stress is needed to move a dislocation and the surrounding

flux lines. However, this will be much smaller than the stress required

to move the flux lines without dislocations. Dislocations probably act

as weak springs as suggested by Kramer [22].

To get a rough estimate of n , the number of edge dislocations per unit

area, we made the following consideration. Only the flux lines in a

small volume around the dislocation will be significantly displaced,

when a dislocation slips. In analogy to the free path length model for

molecules in a gas, we use the following relation for the transversal

correlation length: -,s

1
c wnd

where w is the effective width of a dislocation along its slip plane.

This will be of the order of a . For R » 3a (see fig. 5.9) one ob-

taines a density n^ «• 0.3ag .

The longitudinal dimension of a correlated region is predicted by the
1/2 —1

Larkin-Ovchinnikov theory to be L - (c-./c,,) R for R » k. . and
,/2 c 44 66 c c h

L * ^C44/'C66^ Mi(T)a at the peak where R « a. due to the large

density of edge dislocations. In order to correct for the reduction of

the shear strength, we have proposed in chapter 5 to replace c,, by
bb

Tie,,, where the correction factor n is of the order of 0.1. We thereby
disregarded pure screw dislocations, which may further reduce L . (See

c
appendix 6C3.)

, For the discussion of the F(u) curves in figs. 6.7 and 6.8 we return to '':'

I the original F.(u) loops as sketched in fig. 6.6. We introduce the
i d

i following model to explain the features of this loop. Suppose there are
| correlated regions of average volume V . They contain N » n V pinning - -&
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centres. The positions of the pinning centres are indicated by the

coordinates x and y , and the position of a particular flux line at

the centre of the correlated region by x and y. The latter suffices to

define the positions of the flux lines in the correlated region because

there exists short-range order. Each pinning centre exerts a force on

the flux line lattice, which is proportional to the derivative of the

1411 given in eq. (1.2), but with a different phase. The x axis is

taken along the direction of closest packing. The net force excerted by

all the pins in the correlated region is balanced by a driving force

with the following x component:

N 2it y y 2* y
fcx " f P £ I

8ina^ <x"*i + 7T " 7J> + s±\ (x~xi " 75
(6.13)

This expression can be written as:

2 * y 2ir
fcx " fP lhsi

y y
fcx " f

P l h s i \ (x"xp + 73> + A2si\ (X"X
P * 73

(6.14)

where (x ,y ) can be considered as the average position of the pinning j.
p p *'

centres in a correlated region. The amplitudes A and A are functions f.

of x and y with i - 1,2,..,N . Averaging the squares of these func-

tions over all the positions (x ,y ) within a primitive cell leads

to:

<k\> - <k\> - N c (6.15) j

1/2
Therefore, we make the approximation A^ - A2 * N^ for an average

correlated region, so that the volume driving force for y » y be-

comes: i

Fd (x-xp, 0) - Fosin|^ (x-xp) (6.16)

0

2 1/2
with FQ - (nyfb /Vc) . This function is shown in fig. 6.12a. The

amplitude F is a factor /2 larger than the volume pinning force of

Larkln and Ovchinnlkov given in eq. (1.36). This discrepancy is proba-

bly due to some simplifications.
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Now we compare the F (u) loops of fig. 6.6 with the curve of
a

fig. 6.12a. It can be seen that the almost linear sections PS and QR of

the loop correspond to P„S. and Q2
Ri °f t h e curve Q.Ri» when we inden-

tify Au with Ax, and assume that x remains constant for these sec-
P

tions. This assumption means that the correlated regions initially

remain unaltered after a reversal of the flux movement. F can be ob-

tained from the slopes of the Fd(u) loops with:

F -fofd
0 2v du

(6.17)

The values of F are compared in the figs. 6.9 and 6.10 with the ac

volume pinning force F . F could not be determined very accurately

and in case of NbllS and NbllL they are too high because of surface

effects. In general, however, F is not much larger than
2 1/2

F » (n f /V ) we conclude from this result that the volume of the
ac v p c

correlated regions does not change much either during the rest of the

ac field cycle.

In order to explain the behaviour of the F,(u) loops beyond R (or S) it

is necessary to consider the shear stresses in the flux line lattice

Fig. 6.12a Volume driving force as a function of x-x according to the
P

model introduced (eq. (6.16)), where x and x are the x
p

coordinates of the core of a flux line in a correlated

region and the average position of the pinning centres in

such a region, respectively. The meaning of P., P , Q , Q ,

Rj and Sj is given in the text.
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containing flux line dislocations. To simplify the discussion tilt

stresses are Ignored. The compression stresses are related to the vol-

ume driving force, but do not play an essential role in the explanation

given here. The shear stress field consists of two components, one

originating from the collective action of the pinning centres on the J

flux lines, and the other from the strain fields of the dislocations.

We can therefore write the stress field experienced by a particular

dislocation at position r as o' (r) » c'(r) + o'.(r) where o' is due to

the pinning centres and a' due to the strain field of other disloca-

tions (eq. (6C1)). The stresses at each dislocation will be different;

the averages 0* and a\ over all dislocations will be approximately

zero. During the reversible displacement from Q to R (or F to S) the

mutual positions of the flux lines and the flux line dislocations are

expected to be unaltered, so that a' hardly changes. However, since the
a ..

flux line motion has been reversed in Q (or F) the shear stresses a'
P

due to the pinning centres will initially relax, so that o' decreases. ;

Continuing the displacement of the flux lines, o' will increase again.

Usually it is assumed that at R (or S) only unpinning of the flux lines

takes place [4]. Because this model does not explain the increase of ]

F,(u) beyond R, we suppose that at R (or S) plastic deformation of the

flux line lattice occurs by slip of those dislocations at which la'+o'l
• p a '

exceeds the shear strength o • Below R (or S) this may happen occasion-
c

ally for a few dislocations, but we assume that at R much more disloca-

tions are involved, so <|a'+o'l> will be roughly o . The possible de-
• p a' c

pendence of <|a'+a'|> on the displacement from Q to P is sketched in
i p <JI

fig. 6.12b where o is assumed to be constant. The behaviour between R

and P (or S and Q) is hard to describe. Most likely, slip of disloca-

tions will initially lead to some ordening of the flux line lattice and

perhaps to annihilation or recombination of some flux line disloca-

tions. The redistribution of the dislocations will certainly alter the

correlated regions both in size and in position. The first means in

terms of eq. (6.16) that V and F will change, the latter that x will
C 0 P !

vary in such a way that (x-x ) remains almost constant. So, Au - Ax-Ax >
P P <

for u < u <u , whereas Au - Ax, Ax » 0 for u < u <u (and similar j

{ for P to S to Q). The net displacement of the flux lines is such that .J

t the net pinning force on the redistributed correlated regions is in :

I equilibrium with the driving force given by eq. (6.16) with slowly

f



- 118 -

increasing values of F and (x-x ) accounting for the increase of the

F(u) loop beyond R. For displacements larger than a., we think that the

number of dislocations and the related disorder of the flux line lat-

tice increases again [l4j. The gradual increase of F.(u) over many

lattice parameters indicates that this disordering process proceeds

slowly. Eventually, the disorder in P is equal to that in Q. However,

the actual distribution of the flux lines and dislocations will be

different.

The subdivision of the F,(u) loops in reversible elastic and irrevers-
a

ible plastic sections is similar as in the explanation of cyclic defor-

mation experiments in crystals [23,24]. The resemblance between the

F,(u) loops and the stress-strain loops supports this view, when o is

identified with jf (x)dx and e with du /dx. For metals in the plastic

regime the stress increases gradually with the strain because the slip

of dislocations is hindered by the interaction with other dislocations

pinned by grain boundaries, precipitates, etcetera. For the flux line

lattice the pinning centres provide the mechanism to stop the slip of

dislocations. The essential peculiarity is that the dislocation distri-

bution itself predominantly determines the size of the correlated re-

gions and the resulting volume pinning force.

+
-a.
b_
V

Fig. 6.12b Sketch of the average modulus of the shear stress

<|o' + a'|> excerted on a flux line dislocation by the col-

lective action of the pinning centres and by the other flux

line dislocations when the flux line lattice is displaced

from Q to P during the ac measurements.
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6i61_4i_The_am2litude_degendence_of_Fa

The increase of F as a function of the amplitude of the ac field
ac

found in figs. 6.7 - 6.10 can be described with the present model.

Figs. 6.7 and 6.8 show that in the slip region F(u) does not change

much; F is mainly determined by the slope of the initial linear sec-

tion and the displacement before slip occurs. For larger amplitudes,

one can expect more disorder [17] and smaller correlated regions at the
1/2 1/2

turning points P and Q, so that FQ « ny fp/Vc and the Initial slope

becomes larger. The displacement corresponding to the linear section

will hardly be affected because in a smaller correlated region the

force exerted by less pinning centres will be distributed over less

flux line dislocations (see eq. 6.12), so that slip will occur after

about the same displacement. The larger slope will lead to an Increase

of F for larger amplitudes of the ac field, when the displacement
aC

remains the same.

This dependence of the F(u) loops on the amplitude disagrees with the

assumptions of the uniform pinning model. It can be shown that a cor-

rection for this effect will lead to a slight increase of the slope of

the F(u) curves at large displacements in figs. 6.7 and 6.8. We can

therefore not be sure of the saturation observed in most F(u) curves.

(

6.6.5. Comparison between the ac and dc_volume_pinning force

The observation that F, is much larger than F (figs. 6.9 and 6.10)
ac ac

can also be ascribed to a smaller volume of the correlated regions in

the dc case. For dc magnetization measurements, the unidirectional

displacement is many times the lattice constant. Therefore we expect a

maximum disorder, the smallest correlated regions, and thus an optimal

volume pinning force. The ac volume force F is determined after the
ac

homogenization procedure in which flux lines are moved back and forth

over a decreasing distance, erasing part of the disorder of the criti-

cal state. The rearrangement of the flux line dislocations and possibly

also the reduction of the dislocation density will lead to larger cor-

related regions and a pinning force F < F, . In the following sec-

tions we present and discuss measurements that give further information

on the transition from the critical state to the homogeneous state.
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6.7. Relaxation effects in permeability measurements

As we have mentioned in section 6.3, the hysteresis loops are not sta-

ble when the specimen is in the critical state [25,26]. In order to

study this relaxation behaviour, we have measured the flat-mode perme-

ability |i' with a phase-sensitive detector and a broad-band pre-ampli-
F

fier (section 2.3). It is given by the relation:

ac
(6.18)

where B(t) is the average flux density and n the number of completed

cycles. In fig. 6.4 u' is proportional to the area between the upper

and lower flux density profiles.

The time dependence of u' is shown in fig. 6.13 for three amplitudes of
F

the ac field at the same three dc fields as in fig. 6.7: one far below

the peak, one just below, and one just above the peak. The drawn and

the dashed curves respectively represent the permeabilities for the

homogeneous state and for the critical state. The gradual initial rise

i.0
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Fig. 6.I3 In-phase flat-mode permeability as a function of time for

NbIL at 4.2 K for UQH = 1,2 and 4 mT and v = 27 Hz.

Dashed and drawn curves show the results for the critical

and homogeneous state, respectively.

0.49 V0
H
c2»

 dasned~dotted line represents u'

2 mT.u ac
0.75 u~H „. (c) BfH. •> - 0.91 u H „.

(a) B(Hdc)

after 30 minutes for u_H
0 ac(b) B(Hdc)
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is due to the finite response time of the phase-sensitive detector and

can be ignored. Thus, the permeability does not display a time depen-

dence for the homogeneous state, whereas for the critical state a rath-

er complicated behaviour is found. At B(H. ) » 0.91 uQH „ (and actually

any flux densities between the peak and y.H .) only a decay of ]i' is

found for all three amplitudes, although the effect is less pronounced

for the largest amplitude of 4 mT. At fields below the peak initially a

similar decay of the critical state permeability is detected for the

amplitudes of 1 and 2 mT only. As will become clear later this decrease

is not observed for 4 mT, because the ac field has reached the central

plane of the specimen, which can be estimated from the value of uZ

using the London-Bean model.

We have observed that during the decrease of the permeability, the dc

magnetization decays towards the reversible magnetization with about

the same relaxation time. The amount of the decay points to the erasure

of the flux density gradient of the critical state over the penetration

distance of the alternating field (xt m a x in fig. 6.4).

Below the peak the critical state permeability also displays a much

slower increase. It took for instance 24 minutes before the u' for 2 mT

reached the value indicated by the dashed-dotted line in fig. 6.13a.

At that time the rate of increase was less than 0.002 per minute. We

did not carry out the measurements any longer so that it is not clear

whether the permeability eventually attains the homogeneous state val-

ue. For larger amplitudes the relaxation rate is higher. This property

is used in the homogenization procedure to stabilize the permeability

and the magnetization within a reasonable time.

We have also investigated the relaxation above the peak as a function

of the frequency. In fig. 6.14 the difference between JI' for the criti-
r

cal and the homogeneous state is plotted semi-logarithmically as a
function of the number of cycles for v » 27 Hz at B(H. ) » 0.91 u_H „

dc U cZ
and for v » 54 Hz at B(H, ) • 0.92 mT. As is also found for other sta-

dc

tionary fields, the curves more or less coincide, so that the relaxa-

tion process appears to be determined by the number of cycles rather

than the time [25,26]. An estimation of the relaxation times after 150

periods gives 4.8 and 1.9 s for 27 and 54 Hz, respectively. This ratio

is slightly larger than two. Considering the strong field dependence of
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F we think this nay be caused by the small difference in B. The curva-

ture of the lines in fig. 6.14 shows that the decay cannot be described

with a single relaxation tine. We think, this is because the relaxation

rate depends on the amplitude of the displacement of the flux line

lattice, which is smaller deeper in the sample. The relaxation process

has therefore terminated near the surface, while it is still acting

deeper in the specimen.

6.8. Discussion of the relaxation effects

6.8.1. The critical_state and_the honogenization_procedure

The ac measurements start with the application of the stationary field.

After this step the flux line lattice is in the critical state, which

has two important features. Firstly, a flux density gradient has devel-

oped, since the flux lines have been counteracted by the pinning cen-

tres in their movements from the surface towards the central plane of

the specimen. Secondly, the flux line lattice is probably very disor-

dered because flux line dislocations may be formed at the surface,

O.OI 200 400

n (cycii)

Fig. 6.14 Difference between the critical state and the homogeneous

state permeability of NbIL at 4.2 K as a function of the

number of cycles of the ac field for u H » 2 mT. Drawn

and dashed curves are the experimental results for

v = 27 Hz and B(Hjc) - 0.91 U Q H ^ , and for v = 54 Hz and

B(Hjc) = 0.92 P0Hc2, respectively.
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which is very rough on the scale of the lattice parameter a . In addi-

tion, new dislocations may be pulled into the lattice while the flux

lines are pushed in one direction past the pinning centres over long

distances compared to ag-

After the specimen is brought into the critical state the permeability

can be measured either immediately or after the homogenization proce-

dure» In this procedure a large ac field with an amplitude of 20 mT is

applied, which is slowly decreased to the value desired for the mea-

surements. The ac field may also be fully turned down and subsequently

raised to the desired value without the results being affected. During

this procedure the flux density gradient between the surface and the

maximum penetration distance x is periodically reversed by the ac
t ,max

t field. This causes the flux density gradient of the critical state to
> disappear, while x slowly decreases. We therefore think that the

vv ' t.max

homogenization procedure leads to partial ordering of the flux line

lattice. The ac pinning force is therefore much smaller than the dc

pinning force.

When the permeability measurements are carried out without the homoge-

nization procedure, the homogenization process will only take place in
the region where the flux lines are moved back and forth. i-

f

6.8.2. The decrease_of_the Permeability

We have observed that the critical state permeability starts with a

decrease. Similar effects have been reported by Rogalla and Heiden .

[26]. In fig. 6.15 some flux density profiles are sketched, which il- j

lustrate the process we think takes place. The dashed curve represent

the profiles at the maximum and minimum f-eld just after the alterna-

ting field is applied. The asymmetry with respect to the line b - 0,
: indicates that part of the flux density gradient of the critical state •

: is still present in the region where the ac field penetrates and the '

flux lines move. For the case the decay of |i' has almost come to an I

i f
end, the profiles are given by the drawn curves. The area between these i

y *

! curves is drawn smaller because it is proportional to the decreased u'. i'

The shift of the upper profile to higher b values indicates that a net -

amount of flux has been pumped into the specimen. The flux density

gradient of the critical state has almost disappeared up to x^
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xt,max d

Fig. 6.15 Sketch of the upper and lower flux density profiles for

the critical state just after and a long time after

(t » lOOv ) the application of the ac field (dashed and

drawn curves, respectively). The dashed-dotted line marks

the central plane.

F

Z—/— "•"

dc A o

'7'Yf
Bn

-F,de

Fig. 6.16 Sketch of the volume driving force as a function of the

displacement starting form the critical state at t«0

(dashed curve A . B A B ) and for t » lOOv"1 (dashed-dotted

loop A B A ) ,
n n n
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' Near the maximum penetration distance the displacement of the flux

: lines will be so small that it takes many cycles before the equilibrium

configuration is reached. This explains the slow relaxation of the

' permeability at small amplitudes. If the ac field penetrates up to the

central plane, no relaxation is observed as for the amplitude of 4 mT

in figs. 6.13a and b.

The corresponding force-displacement curves are sketched in fig. 6.16.

The turning points are in principle determined by the slopes of the

sketched profiles and the area between them. A. represents the initial

critical state at t • 0, Bn the state at t • v" /2 when the ac field
-1

first reaches its minimum, Aft and Bn are attained at t • nv and

(n+l/2)v with n > 100 at the time the decay has almost come to. an

end. Above the peak this is nearly the final state, below the peak a

much slower process persists, which will be discussed later. While the

flux density gradient of the critical state is erased the driving force

averaged over a cycle tends slowly to zero. The loops move to the

right, because flux is pumped into the specimen. The decrease of the

area between the upper and lower profiles in fig. 6.16 corresponds to a

decrease of the displacement amplitude. The difference between the

; slopes of the profile will become larger corresponding to an increase

'• of the volume pinning force. So the shape of the loops will change.

• This means that the uniform pinning hypothesis of Campbell expressed by

eq. (6.9) is violated, at least during the time that u'F changes.

The actual shape of the dashed loop could not be determined experimen-

tally. We can think of two ways in which it deviates from the drawn !".

; loop, both explaining the observations. Firstly, in the initial criti- '

i cal state the flux lines are optimally pinned, so that point A. may

correspond to a point close to P, in fig. 6.12a for which x-x » a./4.
1 p 0

(See section 6.6.3.) The sections A.B. would then start with a much
i 0 0
< smaller slope than A B . Secondly, because the correlated regions are

n n

I smaller in the critical state, the tendency to rearrange must be larg- '

er. However, as was argued in section 6.6.4., this will probably not ji

j lead to a deflection of F(u) after a smaller displacement. Therefore, 1

I the first possibility seems aore likely to us.
The observation that the decay of the permeability occurs at fields
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below as well as above the peak becomes now obvious, since it is relat-

ed to the erasure of the flux density gradient of the critical state,

which occurs in both regions.

6.8.3. The increase of the permeability

The critical state permeability displays also an increase at fields

below the peak. We ascribe this to a slow growth of the correlated

regions, so that the volume pinning force decreases. We have the fol-

lowing mechanism in mind. The pinning centres stabilize the disloca-

tions by holding them apart. When, however, the flux line lattice is

shaken, dislocations are released and slip under influence of their

mutual Interaction, so that they can neet and annihilate or combine.

The transversal dimension of a correlated region thus increases in the

region below the peak. Also the longitudinal dimension may increase due

to straightening of the flux lines. ;

Above the peak the amorphous state is stable. Thus the transversal

dimension cannot grow and we do not observe an increase of the critical

state permeability. The ac pinning force being smaller than the dc

pinning force indicates, however, that the longitudinal dimension has

grown. Apparently this process is so fast and the effect so small that

it cannot be detected seperately from the decay.

6.9. Collective pinning near H and the effective volume of a void for

pinning

In chapter 5 it is shown that the pinning theories yield values of F

which are either zero or several orders of magnitude smaller than the

experimental results. Only, If the elementary pinning force is calcu-

lated with the theory of Thuneberg et al. [5] (eq. (1.11)) and suomed

with the Larkin-Ovchinnikov theory [7] for an amorphous flux line lat-

tice (eqs. (1.42) and (1.43)), reasonable values of F are obtained.

In this section we shall further investigate the results of both theo-

ries. The dashed curves in the figs. 6.9 and 6.10 represent the predic-

ted F's (denoted by F . ) as functions of the reduced flux density. For

the calculations we have used the data listed in the tables 4.1 and

5.1. In the region above the peak the flux line lattice is expected to
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be amorphous. As is seen the functional dependence in this region cor-

responds well to that of F, and F . The deviation below the peak will
dc ac

be due to some ordering of the flux line lattice.

In order to investigate the quantitative agreement in the region above

the peak systematically we have plotted the ratio of the experimental

and the theoretical F for various temperatures at (B + U 0
H c 2 ^ 2 i n

fig. 6.17. For the ac measurements (solid symbols) the agreement is

better than for the dc measurements (open symbols). This is to be ex-

pected since Larkin and Ovchinnikov considered the pinning force on a

configuration of flux lines with a minimum free energy. We think that

such a configuration is more closely realized after the homogenization

procedure carried out before the ac measurements. With the dc measure-

-̂c 4
s:

\ ' I ' I • I '

(a)

• V
»_

' : t .

pi i I i I i I i I i I I • I • I i I i I t I
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

(b)

Fig. 6.17 Ratio of the experimental and theoretical volume pinning

forces as a function of the reduced temperature for

B ( Hdc ) = (Bp + y0 Hc2 ) / 2- (Bp i s t h e f l u x density at which

the pinning is maximal). Fth is obtained from the extended

theory of Thuneberg et al. [5], combined with the Larkin-

Ovchinnikov theory f7] for the amorphous limit. The open

symbols give the results of the dc experiment, the solid

symbols of the ac experiment.

(a) NbIS (o), NbIL (o), NbllS (V), NbllL (0).

(b) VS (A), VM (V), VL (o).

•*•>
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ments, however, the flux line lattice Is moved over a large distance In

one direction, so that the pinning centres may create extra disorder in

the lattice and increase the free energy. For an amorphous lattice this

means that the longitudinal correlation length L is smaller than pre-

dicted. The quantitative agreement between the theoretical and the

experimental ac volume pinning forces is good considering the approxi-

mations made in the Larkin-Ovchinnikov theory. The uncertainty in the

average number densities and the average diameters of the voids yield a

statistical error of about 20 per cent in the final results for the

samples NbIS, NbllL, VM, and VS, and of about 60 per cent for the sam-

ples NbIL, NbXIS, and VL.

For the niobium samples the ratio is approximately temperature indepen-

dent confirming the prediction of Thuneberg et al. that the effective
2

volume is proportional to d £Q. For the vanadium samples the ratio

seems to increase as a function of temperature. This Is surprising

since only for voids much larger (d » CQ) than in our samples the

Ginzburg-Landau theory may predict an effective volume proportional to
2
d ?(T) (chapter 1). In sample VS pinning by voids is weak, so that

perhaps surface pinning and pinning by other defects may not be ne-

glected. For the samples VM and VL It is difficult to determine the

experimental volume pinning force, ic, and H at low temperatures because
^ c

the flux density gradients in these samples are so large.

Although there remain some questions about the temperature dependence

of F for the vanadium samples, the general quantitative agreement

between theory and experiment for the region above the peak is better

than found thus far in studies of flux pinning. Below the peak the

theory should take into account the effect of flux line dislocations.

6.10. Conclusions

In this chapter we have shown that the volume pinning force is not a

single-valued function of the flux density. It strongly depends on the

thermal and magnetic history of the sample and may vary as a function

of time as well. We have introduced the homogenization procedure to

obtain stable values of the ac volume pinning force, and found that

especially for fields below the peak they are amplitude dependent and

much smaller than the dc volume pinning force. We ascribe these find-
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Ings to flux line dislocations of which the distribution and number

density are history dependent. They are expected to reduce the volume

of the correlated regions introduced by Larkin and Ovchinnikov [7] and

thus to increase the volume pinning force.

We have analysed the ac measurements with the uniform pinning model of

Campbell [4]. It is found that the ar volume pinning force depends on

the displacement of the flux lines. In order to explain the initial

linear response, the more gradual increase, and the saturation of the

volume force with displacement, we have introduced a model for the

calculation of the pinning force for an average correlated region. At

first the correlated region slides back reversibly in the pinning po-

tential. Then, when it rises on the opposite slope of this potential,

the flux line dislocations start to slip under.influence of their mutu-

al interaction and the stresses built up between the correlated re-

gions. The boundaries of these regions move, so that other pinning

centres contribute to the average pinning potential. The volume pinning

force therefore deviates from the sinusoidal response and finally satu-

rates when no new configurations of flux lines are formed with a larger

pinning force.

Relaxation effects were found when a small ac field is applied, while

the sample is in the critical state. For all dc fields the permeability

initially decreases, probably related to the removal of the flux densi-

ty gradient of the critical state in the region of the specimen where

the flux lines move. At fields below the peak we have also observed

that this decrease is followed by a much slower increase. We ascribe

this to an annihilation of some of the flux line dislocations original-

ly determining the critical state properties, so that the volumes of

the correlated regions increase and the volume pinning force decreases.

Above the peak the ac and dc volume pinning forces were compared with

the theory of Thuneberg et al. [5,6] on the elementary interaction of a

void, combined with the collective pinning theory of Larkin and

Ovchinnikov [7] for an amorphous fiux line lattice. The agreement is

better than a factor two, which is within the uncertainty range of the

collective pinning theory.

In this thesis, 1c is shown qualitively that flux line dislocations nay

play an important role in flux pinning. We therefore consider it neces-
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sary for the understanding of this subject that a pinning theory is

developed which incorporates these features. In cyclic stress-strain

experiments similar effects are observed [24], so that it might be

fruitful to look in this extensive field of investigation for explana-

tions which can be used to describe flux pinning quantitatively.
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APPENDIX 6A The correction for the magnetocaloric effect

During ac measurements at a frequency of 1.1 Hz, the carbon thermometer

detected temperature oscillations of the same frequency» They affect

the flux profiles, since the relative flux density at the surface also

depends on the temperature according to:

bs ( t ) " ©T Hac C O 8 2 w V t + ( f f W ^ <6A1>
The temperature oscillations originate from the magnetocaloric effect

[20] caused by the periodic annihilation and creation of flux lines at

the surface. In addition, hysteresis produces heat during both the

increasing and the decreasing part of the field cycle leading to tem-

perature oscillations with a frequency twice that of the alternating

field, so that they contribute to the asymmetry of the hysteresis loops

alone. Since, we are only interested In the symmetric part as Is ex-

pressed by eq. (6.8), this effect can be neglected. For higher frequen-

cies the temperature oscillations become harder to detect, because of

the smaller decay length of the thermal waves in the copper wires be-

tween the sample and the thermometer. (See fig. 4.4.)

The correction for the temperature oscillations can be derived for the

adiabatic high frequency limit. The temperature oscillations of a ther-

mally isolated sample satisfy:

ATad(t> " •s(t>[d(!fy~1 <6A2>

where S is the entropy per mole and (3B/3T) refers to the reversible
S

magnetic behaviour. The parameter (3B/3T) is negative, so that the

sample cools down with increasing flux density. Inserting AT in

eq. (6A1) we obtain the symmetric variation of the flux density at the

surface. Because the parameters (3B/3H) and (3B/3T) are positive, the
T H

amplitude of b is reduced by the magnetocaloric effect. Using this

expression the penetration distance, as given by eq. 6.6 for the model

of Rollins et al. [3], can now be expressed as:
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*t,ad (6A3)

Together with eq. (6AL), this gives the flux profiles for the adiabatic

limit as shown in fig. 6.5. The parameter (3B/3T)., was obtained from

the temperature dependence of the reversible magnetization curves (sec-

tions S.I and 5.2), whereas (3B/3T) was determined from these curves

and the specific heat of the normal metal using eq. (6A10), which was

obtained with the following derivation:

3T (6A4)

with:

f 3H\ r3S\
3TJS • 'wiH (6A5)

An expression for (3S/3H)<j> is given by the Maxwell relation

—1 v r

0Vm I 3T
r e v1 (6A6)

where Vm is the molar volume. The entropy satisfies:

dG
S - -

+
 IT (6A7)

where G and G are the Gibbs energies for the normal and the nixedn m
state, respectively. From the well-known relation [26]:

3_
3H "0VmMr,ev

(6A8)

and the condition Gn » Gm at one 8 e t s

as a2 c2

- V . -2 / MrevdH2 revd (6A9)

where C is the molar heat capacity of the normal metal. Therefore, we

finally arrive at:
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a B a B a B 3Mrev _, C S2
 Hc2

fQ^I m f SU] + (£i1 r rey-> -1 r " _ £ r JJ ĵji (6A1O)
MO m 31 H

This quantity could be determined from the reversible magnetization

curves and the heat capacity of the normal metal, which satisfies:

Cn - YT + AT
3 (6A11)

2 4
where y - 7.9 and 9.8 mJ/mole K and A - 0.10 and 0.035 mJ/mole K for
niobium [28] and vanadium [29], respectively.

As an example we give here some calculated quantities for specimen NbIL

at 4.2 K for B(Hdc) - 0.49 VQ^c2 and U0Hac - 4 mT. The amplitude of

ATad is 35 mK, (3B/3H)T -1.8 vQ, (3B/3T)H - 0.019 T/K, (3B/3T)g =

-0.11 T/K. However, these results are not very accurate because near

V c l the p r ° C

less reliable. -
.'- 1

In the derivation above, temperature gradients over the thickness of i

the specimen are neglected. A typical heat conductivity K - 100 mW/K cm , ,

[30] and a typical volume heat capacity C/V - 5 mJ/cm K for niobium at <
l / o •• '

about 4.2 K, yields a decay length for heat waves (KV /2*vC) of t
m ,

3 mm, which is much larger than the thickness of the specimen, so that

the temperature gradient will be small. The same holds for vanadium.

The correction for the temperature oscillations may be somewhat too ;

large because no account is taken of the heat capacity of the copper

foil and the G.E. varnish directly underneath the specimen. Perraeabil- .

ity measurements as a function of the frequency further indicate that j

at 27 Hz there is still some thermal coupling of the sample with the i

rest of the sample holder and with the helium bath. This probably

causes the phase shifts of about 1 uegree in the hysteresis loops as

mentioned in section 6.3. Owing to the thermal coupling the extremum in : ;

AT(t) occurs before the extremum in H(t). Since the temperature cor- v

rection is negative, b (t) and also ^ (t) lack behind in phase with i

respect to H(t). I

U~H the procedure to determine the reversible magnetization curves is
0 cl



- 134 -

Comparison of the measured decrease of the permeability as a function

of frequency with the adiabatic correction indicates that the latter is

less than a factor of 1.5 too large. This is of minor importance, since

the correction itself is always less than 15 per cent.
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APPENDIX 6B Determination of the driving force as a function of the

displacement for a flat sample of arbitrary thickness

In this appendix we extend the method of Campbell to determine the

volume pinning force as a function of the displacement, so that it can

be applied to samples of arbitrary thickness. We first consider the

case in which is started with a homogeneous flux distribution at the

field K, . Then, the field is continuously increased. According to the
QC

uniform pinning model the volume force is determined at any position in

the sample by the same function F(u), where u - u(x,t) is the displace-

ment of the flux line lattice. Flux conservation relates the displace-

ment to S<J>(x,t), the increment of the flux per unit width between x and

the central plane at d by:

u(x,t) - «4>(x,t)/B - 6(j)(x,t)/B(Hdc) (6B1)

for |B(Hdc)-B|« B(Hdc)

with:

d
S^Cx.T) - ƒ b (x'.t)dx' (6B2)

where b(x,t) Is the increment of the local flux density with respect to

B(H, ). (See fig. 6B1.) As u(x,t) is proportional to 5$(x,t), the driv-
dc

ing force given by eq. (1.28) can be written as:

F(u) » B (ff)^1^6*) (°B3>

with:

2
f(64>) - ~ U - *-§*• (6B4)

! In this differential equation, f (6$) is an unknown function. We only

.' know the values of 6$ (t.) - 0<|>(0,t.) and b (t ) - b(O,t ) from the
i. s J J 8 J J
; measurements with the waveform eductor at times t. > t ,t ,....,t with

;(
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Fig. 6B1 Sketch of the increment of the flux density b(x,t) as a

function of the position. The dashed-dotted line narks the

central plane of the specimen.

j6»s(tg)

6*

Fig. 6B2 Sketch of the approximation of the function f(6<(>) (eq.(6B3))

by straight lines f.(6<j>), which are defined between the

increments of the flux 6$ (t. .) and 6$ (t.).
S 1™1 S i

Ws(t

Fig. 6B3 Sketch of the approximation of &t(x,t.) by the functions

<|>..(x), which are defined between the positions x.. and

x. . .. The dashed-dotted line marks the central plane of

the specimen.
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n • 45. A plot of 64 (t ) versus b (t ) resembles the ascending part of
s j s j

the hysteresis loop shown In figure 6.2. The aim is to determine the

function f(<54>) from it and eventually F(u). We solve this problem by

approximating the function f (6$) for each Interval

*4>s(t4_i) < H < 6<|>s(t.) by a straight line element described by:

(6B5)

The constants k. and y. have to be determined in such a way that the
J J

straight line elements form a continuous function, as shown in figure

6B2. This leads to the following recursion formula:

(6B6)

which can be used to express y >«»»Y. in k ,..,k.. Because at t • t

the flux density is homogeneous, we have £4» (t.) « 0 and f.(0) » 0, so

that Yi • 0.

A flux density profile b(x,t.) as is depicted in figure 6B1 gives rise

to a flux profile 6<|>(x,t.) as shown in figure 6B3. It is clear from

this figure that each flux Interval 6<|> ̂ Ci_i^ * <KX>C.) < s<t> (t±)
 w i t h

i < j defines a position interval x. . . < x < x in which 6<(i(x,t.) is

given approximately by the solution of the differential equation (6B4)
2

with f ^ H ) - ^(Óiji-Yp inserted. We call this solution $ „ for which

we can thus write down the following relations:

W " 6*s(ti) <6B7)

and

(x) ,
ÏJ k'(* (x) - y ) (6B9)

for x < x < x . with i - 1,2,...,j and j - l,2,...,n.
ij 1~i»J

The solution of eq. (6B9) is:
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k x
1

-k x
e (6B10)

In addition to eqs. (6B7) and (6B8), the following boundary conditions

can be obtained by inspection of figure 6B3:

dx dx
(6B11)

2,3,...fj

(6B12)

(6B13)

x.. - 0 (6B1A)

These conditions together with the recursion formula eq. (6B6) imply

that «^.(x) with i - l,2,...,j and its fi

continuous» The requirement that (db/dx)

that (j>. .(x) with i - l,2,...,j and its first and second derivatives are

, » 0 is fulfilled because y.

was set equal to zero. Substitution of eq. (6B10) into the set of six

boundary conditions yields for each value of j, 3j+2 equations with

3j+2 unknown constants A.., B.., x.. and k.. Solving these sets of

equations for j » 1,2,...,n gives k ,k ,...,k , which determine f{6$).

In order to avoid the problem of solving these large sets of equations

with an initial condition x,
0j

d, and a f i n a l c o n d i t i o n x . . » 0 , we

have made an estimation of x . and omitted x » 0 as a constraint.

Now, the equations can easily be solved with the computer for

i " l,2,..«,j, but because of the estimation of x.., the final condi-

)tions d$ (x )/dx - -b (tj and •..(x..) -
jj jj s j Jj 33

(t.) do not yield the
jj jj j j

desired solution x « 0. We finally achieve this solution by replac-

))
ing (b (t

S3
(t )) by an appropriate point (b (t'), 6> (t')) lying on

sj s j s j3 j j j

the curve through the measured data (b ( t ) , <5<J> (t, )) with
S K. S K.

k - 0,1,...,n. In this way a good approximation of f(6$) can be obtain-

ed.

In practice, the homogeneous flux distribution is not the initial con-

dition for the ac measurements. Therefore, some replacements have to be

f
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made in order to apply the procedure described above on the symmetrized

data 6<f> (t.) and b (t,). We choose the displacements and the flux dis-
s J 8 J _ i

tribution corresponding to the field H, -H at t„ • <n+l/2)v as the
ac ac V

initial condition and considered the increments with respect to these.
The condition |b I « B(H ) is supposed to be valid for the entire ac

' s' dc
field cycle. The following replacements are made:

b <t J + b (t.) - b ( O (6B15)
s j s j s 0

«• <t.) • 6* (t ) - «* (t.) (6B16)
s j s j s u

u • u - u (6B17)
min

and

F<u) * Fd(u) - Fd(u

By means of eq. (6.9), the final result F(u) can be determined. ' ,\
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APPENDIX 6C General properties of flux line dislocations

Dislocations in a flux line lattice have a clear resemblance to dislo-

cations in a crystal lattice. The books of Cottrell [23] and of Friedel

[2l] on the latter subject prove therefore to be very useful. Labusch

[3l] noted, however, the following restrictions for a flux line lat-

tice:

1. flux lines (taken along the z axis) cannot end inside the material;

2. flux lines cannot be cut and reconnected to other flux lines (accor-

ding to Brandt [32] flux cutting can take place, but we think that

this is not relevant for our experiments);

3. There is no lattice structure in the z direction.

Thus, many configurations which occur in the crystal lattice are not

allowed in a flux line lattice. Additionally, the elastic moduli of

both lattices have a quite different magnitude.

Although Trauble and Essmann [33] observed besides dislocations various

other defects in the flux line lattice, we shall direct our attention

mainly on edge and screw dislocations.

An edge dislocation in the flux line lattice is sketched in fig. 6C1.

The dots indicate the positions of the cores of the flux lines in the

xy plane. In order to find the displacement due to the dislocation we

have drawn a Burgers circuit ABCDEFGA along the succesive lattice

points. The orientation of this circuit is chosen in such a way that it

corresponds to a dislocation line coming out of the paper at the symbol

1. In a perfect lattice this circuit would not end in A, but in B.

Thus, the Burgers vector, the displacement vector due to the disloca-

tion, is b"BA. Because of condition 3 in section 6C1, the Burgers vec-

tors should always be perpendicular to the field direction. If the x j
I

axis is taken parallel to the direction of closest packing, the six j

shortest Burgers vectors will be + (a ,0,0), *.<t

+ (~ao/2, ao/372,O), + (-aQ/2, - ao/5/2, 0). £
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If on the lattice shown in fig. 6C1 a shear stress a' is applied which

tends to push the upper half to the right and to pull the lower half to

the left, the flux line at P may be pushed over the flux line at Ï'.

The dislocation thus slips towards the right in the slip plane through

the dashed line and parallel to the z axis. The stress at which this

occurs is called the shear strength. In general slip planes should be

parallel to the z axis and one of the mentioned Burgers vectors. The

force exerted on a dislocation line segment 1 is given by the Peach-

Koehler formula [21,23]:

(6C1)

where a' is the tensor of the applied stress:

1 a1 a'
xx xy xz
1 a' a'
yx yy yz
1 a' a'
zx zy zz

<6C2)

The Peierls potential is the line energy of an edge dislocation as a

function of its position along the slip plane. It has a period a_. The

shear strength is smaller than indicated by the Peierls potential, as

only part of a dislocation needs to be pushed over the potential barri-

er. The rest will then follow automatically by slip along the z direc-

tion.

6C3 Screw dislocations and dislocation loops

In figure 6C2 a sketch is given of a screw dislocation. The dashed-

dotted line between the two layers of curved flux lines and along the

Burgers vector b represents the dislocation line. The two sets of tri-

angles illustrate the triangular distribution of the flux lines in the

planes perpendicular to the field direction. In contrast with an edge

dislocation, a screw dislocation does not have a Peierls potential.

A dislocation line that forns a closed loop is called a dislocation f

loop. It has a single Burgers vector and lies in a single slip plane. I

The latter, because otherwise flux lines will be cut. There are two |

sections parallel to the flux lines. They are edge dislocations with
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V- —• •— •-!-•— •- - i — •

ö\ J-P' 7G

Fig. 6C1

Fig. 6C2

Sketch of an edge dislocation in a flux line lattice. The

dots represent the cores of the flux lines, the symbol 1

the dislocation line coming out of the plane of the figure

and the dashed line the slip plane of the dislocation. The

Burgers vector t follows from the Burgers circuit ABCDEFGA.

Sketch of a screw dislocation in a flux line lattice. The

drawn and the dashed curves represent the flux lines in two

planes parallel to the field direction. The dashed-dotted

line indicates the dislocation line, which is parallel to

the Burgers vector b.

i

•A

is

f
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opposite orientations, but with the same Burgers vector. The sections

perpendicular to the flux lines are screw dislocations.

6C4 Changes of tha dislocation density

Here we shall enumerate several ways in which the dislocation density

in a flux line lattice can increase. A decrease will occur, when the

processes are reversed.

1. The simplest way in which dislocations can be created is that one

flux line or a flux bundle is pinned, while other flux lines are

pushed around it. Strictly speaking vacancies and interstitials are

created, but they can be regarded as dislocation loops.

2. If a shear stress o' is applied on a screw component of a disloca-

tion loop, it can be seen with the Peach-Koehler formula that the

screw component will move in the z direction. A dislocation loop

thus becomes longer, leading to a higher density of edge disloca-

tions.

3. A well-known source of dislocation loops is the Frank-Read source

described by Milne [34]. However, it requires an almost homogeneous

shear stress, whereas the range of the shear stresses in a supercon-

ductor with pinning centres will be of the order of R , the diameter

of a correlated region.

4. When a stress a' is applied on an edge dislocation with a Burgers

vector b. « (aR,0,0), the dislocation will experience a Peach-

Koehler force (0,-a.o' 1,0) which is perpendicular to the slip

plane, so that the dislocation will not move. However, when the

stress c' is large the dislocation possibly splits into two dislo-
xx +

cations with Burgers vectors b, » (ao/2,aQ/T/2,O) and

^3 * (ao/2,-ao/T/2,O) satisfying:

Sj - S2 + £j (6C3)

These dislocations will experience a force along their slip planes.
i
| When they move the flux line lattice extends in the x direction. This

Jj splitting of dislocations may be enhanced by thermal activation and a

; high dislocation density.
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SUMMARY

This thesis describes a study of flux pinning by small voids (roughly

10 nm) in the type II superconductors niobium and vanadium. These

voids were created in rectangular foils (with typical dimensions

of 30x3x0.2 mm) during an irradiation with fast neutrons in the High

Flux Reactor at Petten at temperatures between 400 and 1C00 C. The

pinning force per unit volume is determined from the magnetic

properties of the superconducting samples. The experiments were carried

out in a slowly ramped magnetic field, as well as in a combination of

a static and a much smaller alternating field.

Chapter 1 gives a theoretical survey. First, the force excerted by one

void on the flux line lattice (the elementary pinning force) is consi-

dered, then the elastic properties of the flux line lattice and finally

the summation of the elementary pinning forces.These contribute to

the volume pinning force, the quantity to be experimentally determined.

Chapter 2 gives a description of the apparatus and the measuring

techniques, and chapter 3 deals with the Bean-Livingstone barrier which

impedes the creation and annihilation of the flux lines at the surface

of the sample. Just as with voids this barrier leads to magnetic

hysteresis. It is extensively discussed how this barrier can be

suppressed by an oxidation treatment that leads to the formation of

an oxygen diffusion profile.

Chapter 4 describes the preparation and the assembly of the samples.

The void size distributions determined with transmission electron

microscopy are given. Further, the effect of the irradiation on some

fundamental superconducting parameters is discussed. The niobium

samples were slightly contaminated with oxygen, while in the vanadium

samples some conversion into chromium occurred.

The magnetization measurements are analysed in chapter 5. The volume

pinning force is compared with several theories. The threshold

criterion for a system of indej. -ndent acting pinning centres is clearly j

not satisfied and the predictions of the collective pinning theory are ^

much too small. Ue ascribe the latter to the occurrence of flux ''

line dislocations, which reduce the shear strength of the flux line

lattice. This would lead to much smaller correlated regions than
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predicted by theory. The collective pinning theory does give reason-

able results, if it is assumed that the flux line lattice is amorphous

above the field where the pinning is maxima». Also below this field

the volume pinning force remains large indicating that only a slight

ordering in the flux line lattice may have occurred.

In chapter 6 it is discussed how the measurements in an alternating

field can be analysed to give the volume pinning force as a function

of the displacement of the flux line lattice with respect to the

voids. The results depend on the magnetic history of the sample. For

instance, the hysteresis loops often yield a much smaller volume

pinning force than the magnetization curves. A number of relaxation

effects are studied using differential permeability measurements.

There is a considerable resemblance with the phenomena observed in

cyclic deformation experiments on crystalline solids. This confirms

the assumption that flux line dislocations play a predominant part

in the flux line lattice.

The ac measurements also indicate that the flux line lattice is

amorphous near H „ and that the elementary pinning force is well-

described by the nonlocal theory of Thunebergr Kurkijarvi, and

Rainer. Thus, they present, together with the magnetization measure-

ments, the first confirmation of the prediction that this force is

considerably larger than assumed before. This increase can be ascribed

to the nonlocal character of the electron scattering at the surface

of the voids, which leads to a considerable enlargement of the inter-

action volume of the voids in the flux line lattice. The experimental

results near H „ also confirms the expressions of the collective

pinning theory for an amorphous flux line lattice. Probably, the

occurrence of large disorder in the flux line lattice will also

be important for the understanding of the pinning properties of tech-

nical superconductors, which are applied in large magnets.

T
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SAMENVATTING

Dit proefschrift beschrijft een studie van fluxverankering door

kleine holten (ruwweg 10 nm) in de type H-supergeleiders niobium

en vanadium. Deze holten zijn gevormd in stripvormige preparaten

tijdens een bestraling met snelle neutronen in de Hoge Flux Reactor

te Petten bij temperaturen tussen de 400 en 1000 C. Uit de magnetische

eigenschappen van deze preparaten is de verankeringskracht per volume-

eenheid bepaald. De experimenten werden bij verschillende temperaturen

uitgevoerd in zowel een quasi-statisch magneetveld als in een combina-

tie van een statisch en een veel kleiner wisselveld.

Hoofdstuk 1 geeft een theoretisch overzicht. In de eerste plaats wordt

de kracht beschreven die één holte uitoefent op het fluxdradenrooster

(de elementaire verankeringskracht), in de tweede plaats de elastische

eigenschappen van het fluxdradenrooster en in de derde plaats de som-

matie van de elementaire verankeringskrachten. Samen leiden ze tot de . \

verankeringskraciit per volume-eenheid, welke de experimenteel te bepalen

grootheid is.

De apparatuur en de meettechnieken zijn in hoofdstuk 2 behandeld.

Een probleem vormt de Bean-Livingstonebarrière, die de fluxdraden

hindert bij hun ontstaan en verdwijnen aan het oppervlak. Dit geeft

evenals de holten aanleiding tot hystereseverschijnselen. In hoofd-

stuk 3 is uitgebreid beschreven en verklaard hoe deze barrière onder-

drukt is door het oppervlak van de preparaten een speciale oxydatie-

behandeling te geven.

Hoofdstuk 4 behandelt de vervaardiging en de montage van de prepara-

ten. De grootte van de holten en het aantal per volume-eenheid werden

bepaald door middel van electronenmicroscopie. De invloed van de

bestraling op enkele fundamentele parameters wordt besproken. Bij

de niobiumpreparaten is er sprake van een geringe contaminatie met

zuurstof, terwijl er bij de vanadium preparaten enige omzetting in

chroom heeft plaatsgevonden.

In hoofdstuk 5 zijn de magnetisatii;metingen geanalyseerd. De ver-

ankeringskracht per volume-eenheid is vergeleken met de verschillende

theorieën. Er wordt duidelijk niet voldaan aan het drempelcriterium
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voor onafhankelijk opererende verankeringscentra. De voorspellingen

van de collectieve verankeringstheorie blijken veel te klein te zijn.

We schrijven dit laatste toe aan het optreden van fluxlijndislocaties

die de schuifsterkte van het fluxdradenrooster reduceren, wat aan-

leiding geeft tot veel kleinere gecorreleerde gebieden dan uit de

theorie volgt. Kanneer wordt aangenomen dat het fluxdradenrooster

amorf is boven het veld waar de volumeverankeringskracht maximaal is,

vinden we echter wel een redelijke overeenstemming met de theorie

voor collectieve fluxverankering. Hoewel beneden dit veld enige

ordening zal optreden, wijst de grote experimentele verankerings-

kracht erop dat de wanorde toch nog aanzienlijk moet zijn.

In hoofdstuk 6 is besproken hoe uit de wisselveldmetingen de voluuKt-

verankeringskracht werd bepaald als functie van de verplaatsing van

het fluxdradenrooster ten opzichte van de holten. De resultaten zijn

afhankelijk van de magnetische voorgeschiedenis. Zo volgt bijvoor-

beeld uit de hystereselussen vaak een veel kleinere volumever-

ankeringskracht dan uit de magnetisatiekrommen. Sen aantal tijds-

afhankelijke effecten zijn bestudeerd met behulp van differentiële

permeabiliteitsmetingen. Er blijkt een grote overeenkomst te zijn

met de verschijnselen die bij cyclische belasting van kristallijne

stoffen gevonden, worden. Dit bevestigt de veronderstelling dat -

dislocaties in het fluxdradenrooster een belangrijke rol spelen.

De wisselveldsmetingen wijzen er ook op dat het fluxdradenrooster

amorf is nabij H „ en dat de elementaire verankeringskracht door

de theorie van Thuneberg, Kurkijarvi en Rainer goed wordt beschreven.

Derhalve verschaffen ze samen met de magnetisatiemetingen

de eerste experimentele bevestiging van de voorspelling

dat deze kracht aanmerkelijk groter is dan tot voor kort werd aange-

nomen. Dit is toe te schrijven aan het niet-locale karakter van de

electronenverstrooiing door holten. Dit leidt tot een belangrijke

toename van het effectieve interactievolume van een holte bij

verankering. Verder bevestigen de experimentele resultaten de

uitdrukkingen van de collectieve verankeringstheorie voor een aaorf

fluxdradenrooster. Het optreden van grote wanorde in het fluxdraden-

rooster zal ook van belang zijn voor de verklaring van het gedrag

van technische supergeleiders welke veelvuldig worden toegepast bij

de vervaardiging van grote magneten.
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uit en de heer H. Scheurer van Euratom ontwierp de bestralingscapsule,

die bij de Centrale Werkplaats van het ECN werd vervaardigd. De heer
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paraten alsmede aan de met zorg vervaardigde vanadiumpreparaten die
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STELLINGEN

1. De verdwijning van de oppervlaktebarrière van supergeleidend nio-

bium en vanadium na een oxydatiebehandeling is het gevolg van een

geleidelijke verandering van de supergeleidende eigenschappen door

de in het metaal opgeloste zuurstof.

Dit •proefschrift, hoofdstuk 3.

2. De opvatting van Ho, Maartense en Williams dat de verschillen in

de experimentele gegevens voor het magnetisch fasediagrant van PdMn

in het spinglasgebied een gevolg is van experimentele onnauwkeurig-

heid, is onjuist.

S.C. Ho, I. Maartense, and G. Williams, Phys Rev. B 24_

(1981) 5174.

A.F.J. Morgownik, G.J. Nieuwehuys, C. van Dijk, eend

J.A. Mydosh, te publiceren in J.Phys. F.

3. De dikte van een elektronenmicroscooppreparaat kan goed bepaald

worden met de parallaxmethode nadat aan beide zijden van het pre-

paraat gouddeeltjes zijn opgedampt in een argon-atmosfeer bij een

druk van 0.2 mbar.

Dit proefschrift, hoofdstuk 4.

i

4. De hoekafhankelijkheid van de lijnverbreding van aan vloeibare

kristallen verstrooid laserlicht is door Van Eek en Westera ver-

keerd geïnterpreteerd.

D.C. van Eek and W. Westera, Mol. Cryst. Liq. Cryst. 38_

(1977) 319.

J.P. van der Meuten, Proefschrift Utrecht, 1983.

5. De bewering van Kerchner dat een fluxbundel in een type II-super-

geleider niet kleiner kan worden dan ongeveer tweehonderd fluxdra-

den, is onjuist.

H.R. Kerchner, J. Low Temp. Phys. S0_ (1983) 337.

Dit proefschrift, hoofdstuk 5.

0



6. Het verdient aanbeveling het karakter van de quadrupolaire ordening

in Cs0NaHoF. te onderzoeken door middel van soortelijkewarmtemetin-

gen in een uitwendig magneetveld.

E.J. Veenedaal, H.B. Brom, and W.J. Huiskamp, Physiaa

121B (1983) 1.

7. Ce verankeringskracht die per volume-eenheid ondervonden wordt door

een fluxdradenrooster in een type H-supergeleider met kleine hol-

ten kan tussen het veld van maximale verankering en het tweede kri-

tische veld redelijk goed beschreven worden met de theorie van Thu-

neberg, Kurkijarvi en Rainer voor de elementaire verankeringskracht

en de collectieve verankeringstheorie van Larkin en Ovchinnikov,

indien verondersteld wordt dat het fluxdradenrooster in dat veld-

gebied amorf is.

E.V. Thuneberg, J. Kurkig'Srvi, and D. Rainer, Phys. Rev.

Lett. 48_ (1982) 1853.

A.I. Larkin and ïu. Ovchinnikov, J. Low Temp. Phys. 34_

(1979) 409.

Dit proefschrift, hoofdstukken 5 en 6.

8. Flapper, Vertogen en Leenhouts concluderen aan de hand van een aan-

passingsprocedure dat de door Van der Meer en Vertogen afgeleide

uitdrukkingen voor de temperatuurafhankelijkheid van de elastici-

teitsconstanten van nematica niet experimenteel ondersteund worden.

Deze conclusie dient ernstig te worden betwijfeld.

S.D.C. Flapper, G. Vertogen, and F. Leenhouts, J. Physi-

que 42_ (1981) 1647.

B.W. van der Meer and G. Vertogen, Phys. Lett. 71A

(1979) 486.

9. Voor de bepaling van spinglas-anisotropie-energieën door middel

van elektronspinresonantie is het gewenst te beschikken over een

ESR-spectrometer waarvan de frequentie gevarieerd kan worden over

een groot gebied (bijvoorbeeld van 0,1 tot 10 Güz).

F.R.- Hoekstra, proefschrift Leiden, 1984.
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10. Er bestaat een grote overeenkomst tussen het gedrag van het flux-

dradenrooster in een magnetisch wisselveld en het gedrag van een

vaste stof die cyclisch vervormd wordt.

Dit proefschrift, hoofdstuk 6.

11, Niet alleen bij het verstuiven van clusters maar ook bij het ver-

stuiven van meeratomige moleculen (in het bijzonder bij de desorp-

tie van organische moleculen door een bombardement met atomen) moet

in de kinetische-energieverdeling van de verstoven deeltjes een
„-2 dieasymptotisch gedrag worden verwacht dat steiler is dan de E

geldt voor verstoven atomen.

G.P. Können, A. Tip, and A.E. de Vries 3 Rad. E ff. 21_

(1974) 269, 26 (1975) 23.

12. De FIT zou de gebruikersvriendelijkheid van een brievenbus kunnen

verhogen door er blijvend een beknopte lijst met posttarieven aan

te bevestigen.

G.P. van der Meij. Leiden, 16 mei 1984.
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