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S T E L L I N G E N

1. De vraag of  het  permeabi1i tëTtsgedrag van een type-1 I superge le ider  met een
model voor de k r i t i s c h e  toestand kan worden beschreven,  is  d i r e k t  t e  beant­
woorden aan de hand van een diagram van p" tegen p ' .

Het gedrag van de ve r l i ezen  a l s  funkt ie  van de amplitude van he t  wisse lve ld
geef t  h ierover geen u i t s l u i t s e l .

S.L. Wipf, Proceedings 1968 Summer Study en Superconducting Devices
and Acce le ra tors ;  Brookhaven National Laboratory Report 50155
(e -  55),  1968.

Dit p r o e f s c h r i f t ,  hoofdstukken 5 en 6.

2. De onomkeerbaarheid van de magnetisatiekromme, zoa ls  Brown, Blewi t t  en
Scot t  en ook Kernohan en Sekula die hebben gemeten, wordt zowel veroorzaakt
door een op pe rv la k te bar r i è re  a l s  door f  1 uxverankering in he t k r i s t a l  ro os te r .
Hun experimenten geven dan ook geen goed beeld van he t e f f e k t  van roo s t e r -
defekten,  veroorzaakt  door neutronen b e s t r a l i n g ,  op de magnetische e igen­
schappen van supergeleidend niobium.

B.S. Brown, T.H. Blewi t t  en T. Sc ot t ,  Phys .S ta t  .S o l . (a) J 6 ,  105 (1973).
R.H. Kernohan en S.T. Sekula,  J .  o f  a p p l . Phys. ^8 ,  4904 (1967).

3- Voor he t  in te rp re t e r en  van de kr i t ische-s troommetingen  aan ty pe- l l  super­
ge le ider s  z i j n  gegevens over he t  magnetisch gedrag onmisbaar.

4. Teneinde een be t e r  inz ich t  t e  k r i jgen  in de f luxverankering door puntdefekten,
zouden metingen moeten worden ui tgevoerd aan ty pe - l l  superge le iders  d ie  b i j
zodanig hoge temperatuur met neutronen z i j n  b e s t r a a ld ,  da t "voids" in het
kri s t a l  roos te r  z i j n  gevormd.

5. De metingen van Dubeck en Se tty  aan NbTi z i j n  n i e t  r e p r e s e n t a t i e f  voor het
warmtegeleidingsgedrag van het  materiaal  da t vee lvuldig wordt toegepast  voor
he t  konst rueren van supergeleidende spoelen.  De konklusie die men u i t  hun
re s u l t a te n  zou kunnen t rekken,  dat  d i t  materiaal  n i e t  geschikt  is a l s  t h e r ­
misch i s o l a t o r  met e l e k t r i s c h e  weerstand nul ,  is  o n j u i s t .

L. Dubeck en K.S.L. Se t ty ,  Phys. Le t te rs  27A, 334 (1968) .



6. De bewering van Marchand en S tap le ton ,  da t voor de b e s c h r i jv in g  van de

s p in - ro o s te r  r e la x a t i e t i j d e n  van neodyniumionen in  y t t r i u m e th y ls u l f a a t  een
2 7

H T -Raman proces in rekening moet worden genomen, word t onvoldoende door

hun experim ente le  gegevens beves t igd , en is  in  s t r i j d  met de re s u l ta te n  van *

Van den Broek en Van der Mare i.

-R.L. Marchand en H.J. Stapleton, Rhys. Rev. B£, 14 (197*0 •
J . van den Broek en L.C. van der Mare i, Physica j29 9**8 (1963).

7. U i t  oogpunt van de met r o t a t ie k o e l in g  te  bere iken p ro to n p o la r is a t ie  b ie d t

he t geb ru ik  van y t te rb ium ionen  in  y tt r ium hydroxyde  geen voordelen boven het 5

t o t  nu toe g e b r u ik e l i j k e  systeem van y t te rb ium ionen  in y t t r i u m e th y ls u l f a a t .  1

R.L. L i c h t i  en H .J . S ta p le to n ,  Phys. Rev. B8, 413** (1973)-

K. H. Langiy en C.D. J e f f r i e s ,  Phys. Rev. 152, 358 (1966).

38. De voordelen van he t geb ru ik  van de He smeltkurve a ls  p r im a ire  thermometer 1

in  he t temperatuurgebied tussen 20 en 2 mK z i j n  door S cr ibne r en Adams

ove rscha t .

R.A. S c r ibne r  en E.D. Adams, Temperature j* ,  37 (1971) -

9. Het b ie d t  g ro te  voordelen de supergele idende magneten d ie  in een fu s ie ­

re a c to r  nodig z i j n  voor he t to r o id a le  ve ld  en voor de zogenaamde a x ia a l -

symmetrische “ d i v e r t o r " ,  te  konstrueren met h o l le  g e le id e rs ,  waardoor boven-j

k r i t i s c h e  helium s troom t. Men d ie n t  hiermee b i j  on twerpstud ies e rn s t ig

rekening te  houden.

10. De gemiddelde promotieduur kan worden v e rk o r t  door het "promoveren op

a r t i k e le n "  s te r k e r  te  s t im u le re n .

11. Het in leve ren  van n ie t - g e b r u ik te  m ed ic i jnen  b i j  een s p e c ia le ,  met v e r n i e t i g - ]

ing van s c h a d e l i jk e  s to f fe n  b e la s te ,  in s ta n t ie  d ie n t  van overheidswege te

worden georganiseerd en ges t im u leerd .

12. Gezien he t bedrag dat b i j  afkoop van levensverzekeringen wordt g e re s t i tu e e rd *

is  men l i c h t  geneigd te  concluderen, dat verzekeringsmaatschappijen s le ch te  f

beleggers z i j n .

C.A.M. van der K le in 11 ju n i  197**
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LIST OF SYMBOLS

a0 f lux l a t t i c e  spacing (= 1.07 (<t>»/B)*)

B
B
Bs
B

P
AB
ABs

local magnetic induction
average magnetic induction in the sample
magnetic induction a t  the su r face  of  the sample
maximum average induction due to the peak e f f e c t
ex t r a  induction due to the peak e f f e c t
ex t ra  induction due to the sur face  pinning

b
b

P

: reduced magnetic induct ion (= B/Hro )

c ii e l a s t i c  moduli of  the f lux  l a t t i c e

d : hal f - t h i  ckness of  t'he samples

Fd
F(B)

f(b)

: d r iv ing  force
: a dimensionless func t ion ,  determined by a f lux  d i s t r i b u t i o n

model
: the same, but using reduced q u a n t i t i e s

H

Ha
H*

HA

hci

^c2

Hc3
Hn
Hc
Ho
H

P

AH

magnetic f i e l d  s t rength
value of  the applied f i e l d
appl ied f i e l d  a t  which the induct ion reaches the axis
of  the sample

Abrikosov f i e l d ,  in r e v e r s ib le  e q u i1ibriurn with the
local induction ins ide  the sample
lower c r i t i c a l  f i e l d
upper cr i  t i  cal f i e l d
sur face  c r i t i c a l  f i e l d
f i e l d  of  f i r s t  nuc lea t ion
thermodynamic c r i t i c a l  f i e l d
ampli tude of  the a l t e r n a t i n g  f i e l d
magnetic f i e l d  a t  which the peak e f f e c t  i s  a t  i t s
maximum value
su r face  b a r r i e r
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s h i f t  o f  the upper c r i t i c a )  f i e l d  due to  neutron

i r ra d i  a t io n

(H -  HC1) /H C2

V Hc2
hc1/ hC2
(HC2 -  HC1) /H C2

c r i t i c a l  c u r re n t

su rface c o n t r ib u t io n to the c r i t i c a l c u r re n t
su rface c o n t r i  bu t ion to the c r i t i c a l cu r re n t when the
f l u x  is e n te r in g  the sample

surface c o n t r ib u t io n to the c r i t i c a l c u r re n t when the

f l u x  leaves the sample

: e x t ra  c r i t i c a l  c u r re n t  a t  H = H
P

: p r o p o r t i o n a l i t y  f a c t o r  g iv in g  the f l u x  l a t t i c e  spacing

a t  H = Hp ; uQ -  kaQ

1

: c r ' t e r ' um f ° r l i n e  p inn ing  o r  p o in t  p inn ing

: average m agnet iza t ion  o f  the sample

: m agne t iza t ion  f o r  HC2 < H < Hc ,  due to  su r face  supercon-

d u c t i  v i  ty

: d e fe c t  d e n s i ty

: t o t a l  p inn ing  fo rce  per u n i t  volume

: maximum p inn ing  fo rce  between one v o r te x  and one

p inn ing  cen tre

: the p inn ing  fo rc e  in  the case th a t  the p inn ing  cen tre  is

a p o in t  d e fe c t

: the p inn ing  fo rce  in  the case th a t  the p inn ing  cen tre  is

a l in e  d e fec t

: p inn ing  parameter times the h a l f - th ic k n e s s  o f  the sample



R : r e s i s t a n c e

R300 : r e s i s t a n c e  a t  room t e m p e r a t u r e

r : c u t - o f f  l e n g t h

Tc
T

: c r i t i c a l  t e m p e r a t u r e

: t e m p e r a t u r e

uo : d i s t o r t i o n  o f  a  f l u x  v o r t e x  d u e  t o  a  p i n n i n g  c e n t r e

W : l o s s e s  d u e  t o  an a l t e r n a t i n g  f i e l d

X d i s t a n c e  f r o m  t h e  a x i s  o f  t h e  s a m p l e

a 1 -  2 (IjttMq/ H q )

a i s l o p e  o f  t h e  r e v e r s i b l e  m a g n e t i z a t i o n  c u r v e  n e a r  H „
c 2

“ 2 w i d t h  o f  t h e  p e a k  n e a r  HC 2: (HC2 -  H ) / H C2

e p a r a m e t e r  i n  t h e  e q u a t i o n  g i v i n g  t h e  r e v e r s i b l e  m a g n e t i ­

z a t i o n  c u r v e :  -  HC1) / H CJ

Y p i n n i n g  p a r a m e t e r :  q / d

Y e l e c t r o n  s p e c i f i c  h e a t  c o e f f i c i e n t  o f  no rm al  m e t a l s

6 t h i c k n e s s  o f  t h e  p i n n i n g l e s s  s u r f a c e  l a y e r ,  d i v i d e d  by

t h e  h a l f - t h i c k n e s s  d

c ( d / y AH0 ) ( 3 B / 3 x )

n AH/H0

K1 L a n d a u - G i n z b u r g  p a r a m e t e r :  Hc . / ( / 2 - H  )

K2

K3

L a nd au -G i  n z b u r g  p a r a m e t e r :  = [ 1 . 1 6  (2k2 ”  1 ) ] "

L a n d a u - G i n z b u r g  p a r a m e t e r :  (Hc/ H c . ) 2 / / 2

\ London p e n e t r a t i o n  d e p t h

y A s l o p e  o f  t h e  A b r i k o s o v  c u r v e :  (3B/3H)
r e v
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“c2
U '

p"

slope of  the Abrikosov curve near H,^** 1 + oi..)
in-phase component of  the permeabil i ty
in-quadra ture  component of  the permeabil i ty

€ : coherence length
5 : the reduced d is t ance  from the axis  o f  the sample: (x/d)

P residual  r e s i s t an ce

*0

*P

-7 2
: f lux  quantum: 2 x 1 0  gauss cm
: ex t r a  angle between a f lux l in e  and the sur f ace  of  the

sample due to su r face  pinning

X'
X"

*, ’IXc2

in-phase component of  the s u s c e p t i b i l i t y  (p* = 1 + Airx1)
in-quadrature  component of  the s u s c e p t i b i l i t y  (p" = 4irx")
slope of  the r e v e r s ib l e  magnetizat ion curve near

HC2(1*1TXc2 = °1^
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C H A P T E R  1

GENERAL INTRODUCTION

A type-1  I s u p e rc o n d u c to r ,  u n l i k e  a type -1  s u p e rc o n d u c to r ,  is  c h a r a c te r i z e d

by two b u lk  c r i t i c a l  f i e l d s :  th e  lo w e r  one HCl and th e  upper one Hc For mag­

n e t i c  f i e l d s  s m a l le r  than Hc . a com p le te  M e issne r s t a t e  i s  ob s e rv e d ,  w h ich

means t h a t  a l l  m ag ne t ic  f l u x  i s  exc luded  and so B = 0 in s id e  the  sample. Above

^C2 s u p e r c o n d u c t i v i t y  is  d e s t ro y e d ;  o n ly  a t h i n  s u r fa c e  la y e r  remains

s u p e rc o n d u c t in g  up t o  th e  s u r f a c e - c r i t i c a l  f i e l d  H c j .  A t  f i e l d  va lue s  between Hc

and m agne tic  f l u x  quan ta  ( th e  s o - c a l l e d  f l u x  v o r t i c e s )  can p e n e t r a te  the

sample , fo rm in g  "n o rm a l "  re g io n s  o f  c y l i n d r i c a l  shape w i t h  a ra d iu s  o f  the

o r d e r  o f  the  coherence le n g th  £ .  They a re  embedded in  a p u r e l y  s u p e rc o n d u c t in g

m a t r i x .  T h is  c o n f i g u r a t i o n  is  c a l l e d  the  mixed s t a t e .  In t h i s  t h e s i s  most

a t t e n t i o n  is  devoted to  m agne tic  phenomena in  t h i s  f i e l d  re g io n .

Under th e  i n f l u e n c e  o f  t h e i r  mutua l i n t e r a c t i o n  th e  v o r t i c e s  fo rm  a

t r i a n g u l a r  l a t t i c e ,  w h ich  i s  homogeneous th ro u g h o u t  the  sample in  th e  id e a l

case ,  in  the  absence o f  c r y s t a l  l a t t i c e  d e f e c t s .  The m a g n e t iz a t io n  c u rv e  in

t h i s  s i t u a t i o n  is  r e v e r s i b l e ;  i t  i s  c a l l e d  the  A b r ik o s o v  c u rv e  1) .

Due to  the  i n t e r a c t i o n  w i t h  l a t t i c e  d e fe c ts  the  v o r t e x  l a t t i c e  i s  p inned

to  the  c r y s t a l  l a t t i c e  and i t  is  no lo n g e r  homogeneous. T h is  f e a tu r e  is  c a l l e d

f l u x  p in n in g .  The f l u x - d e n s i t y  g r a d ie n t  t h a t  r e s u l t s ,  leads  t o  a d r i v i n g  f o r c e

on the  v o r te x  l a t t i c e .  A c c o rd in g  t o  F r ie d e l  e t  a l . 2 ) t h i s  d r i v i n g  f o r c e  per

u n i t  volume, in  th e  case o f  a f l a t  sample p a r a l l e l  to  the  f i e l d  is  g iv e n  by:

F — _ B /  9H \ /  9B \
d TiT rev '3x ' ( 1. 1)

3H "  1
in  wh ich  0 ^ )  rey  s tands  f o r  the  s l o p e o f  the  r e v e r s i b l e  A b r ik o s o v  i n d u c t i o n  cu rve

and %x^ f o r  the  a c tu a l  in d u c t io n  g r a d i e n t .  T h is  r e l a t i o n  is  a s p e c ia l  case o f
a more gene ra l  e x p re s s io n ,  d e r iv e d  by E v e t ts  e t  a l .  ^ ) :

B(r)
A “ “ ~ n rx - x -W • (i.2)
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I f  the d r i v in g  fo rce  is  in e q u i l i b r iu m  w i th  the to t a l  p inn ing  fo rce  per u n i t

volume P , F, + P = 0, a s ta b le  s i t u a t io n  is  ob ta ined : the c r i t i c a l  s ta te ,
v d v

Several expressions f o r  the p inn ing  fo rce  have been proposed in o rde r to

descr ibe  the c r i t i c a l  s ta te .  Some o f  them, in f a c t ,  are p u re ly  phenomenological

expressions f o r  3B/3x, o r  are based on simple assumptions about the in te ra c t io n

between one v o r te x  and one "p in n in g  c e n tre "  ^2) ,  but on ly  the more recent

ones, fo l lo w in g  the ideas o f  F ie tz  and Webb ' ^ ) ,  take in to  account the in f luence

o f  the mutual in te r a c t io n  o f  the vo r te x  l in e s  on the e f f i c ie n c y  o f  the p inn ing .

Labusch . ' ^ )  demonstrated th a t  the summation can be performed s t a t i s t i c a l l y ,

and th a t  the mutual in te ra c t io n s  between the v o r t ic e s  can be taken in to  account

by in t ro d u c in g  the e l a s t i c  moduli o f  the vo r te x  l a t t i c e .  These e l a s t i c  moduli

can be expressed as fu n c t io n s  o f  B and H:

„  „  ,B2x ,3H,
C11 *  C66 + ^  3B rev

C44 = 7F Hrev(B)

(1.3)

(1 .4)

C66

C66

9 H/B2>,3H, _ 1
'B it  'SB' rev htt u

He

0 .4 7 5 _______ 2<2 -  1
07T (1 + 1.16 ( 2<2

B(H' ) dH1

c2

f o r  B «  HC2

-  B)2 f o r  B < Hc

(1 .5)

( 1 . 6 )

in which k is  the Ginzburg- Landau parameter. is the compression

modulus o f  the vo r te x  l a t t i c e ,  C.. is  a measure o f  the bending o f  a f l u x  l in e

ou t o f  i t s  e q u i l ib r iu m  p o s i t io n  and C,g is  the shear modulus.

Using these moduli Labusch 1 ) considered a d i l u t e  system o f  p o in t  de fec ts

and de r ived :

P = ^ (-B .)3 /2 { (1 .7 )

V 8^ *0 /C ^ ;

in  which p is  the loca l in te r a c t io n  between one p inn ing  cen tre  and one f l u x
r m 16

l in e  and N is  the d is lo c a t io n  d e n s i ty .  Good and Kramer ) cons ider ing  the case

o f  l i n e  d e fe c ts ,  found:

P
v

0.1 Np
( - M  r 1-  >"{-§(7-^1 ( 1 . 8 )

in  which L is  the length  over which a v o r te x  is  e f f e c t i v e l y  pinned and r is

the c u t - o f f  d is ta n ce ,  re la te d  to  an in te r a c t io n  rad ius o f  a d e fe c t .  A thorough
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review o f  bu lk  p inn ing  in type-1 I superconductors has been g iven by Campbell

and E ve tts  ' ) .

The in v e s t ig a t io n s  on the in f lu e n ce  o f  f l u x  p inn ing  on the magnetic beha­

v io u r  o f  type-11 superconductors a t  Leiden were smarted by Goedemoed In

the present th e s is  the in f lu e n ce  o f  the phys ica l  l a t t i c e  im perfec t ions  on the

p inn ing  phenomenon is  discussed. We cu t rec ta n g u la r  samples from th in

niobium f o i l  ( t y p i c a l l y  20 x 3 x 0.2 mm), in which the fo rm a tion  o f  the de fec t

s t r u c tu re  was accomplished by co ld  r o l l i n g  and successive annea ling  a t  several

d i f f e r e n t  temperatures up to 1600°C o r  by neutron i r r a d i a t i o n  a t  re a c to r  am-
-  20 2b ie n t  temperature w i th  doses up to  1.5 x 10 n/cm . The s t r u c tu re  o f  these

l a t t i c e  im perfec t ions  were s tud ied  by means o f  e le c t ro n  microscopy. We inves­

t ig a te d  the i r r e v e r s ib le  superconducting p ro p e r t ie s  o f  the niobium samples by

s tudy ing  the magnetic behaviour in s ta t io n a r y  magnetic f i e l d s  as w e l l  as in

a l te r n a t in g  f i e l d  superimposed on a s ta t io n a r y  f i e l d ,  both f i e l d s  being p a ra l ­

le l  to  the longest ax is  o f  the sample.

With the dc m agnet iza t ion  curves we could te s t  the c r i t i c a l  s ta te  models

and c o r r e la te  them to  the ac tua l de fec t  s t r u c tu re s .  From the ac p e rm e a b i l i ty

curves we ob ta ined , in the f i r s t  p lace , a p o s s i b i l i t y  to study the surface e f ­

fe c ts  between Hc^ and Hc^. Our expec ta t ion  to  o b ta in  a lso  a much more s e n s i t iv e

te s t  o f  the c r i t i c a l  s ta te  models in the mixed s ta te  was not f u l f i l l e d ,  s ince

we found th a t  the a l t e r n a t in g  f i e l d  in troduced some a d d i t io n a l  e f f e c t s ,  which,

thus f a r ,  are not understood, but which make an exp lana t ion  o f  the p e rm e a b i l i t y

behaviour in terms o f  the c r i t i c a l  s ta te  equation imposs ib le .

The c a lc u la t io n  o f  the m agnet iza t ion  and the p e rm e a b i l i t y  curves from the

th e o re t ic a l  p inn ing  formulae can o n ly  be performed i f  the re v e rs ib le  r e la t i o n

between app l ied  magnetic f i e l d  and the in d u c t ion  is  known. For h igh-K super­

conductors one can e a s i ly  approximate t h i s  r e la t i o n  by s e t t in g  H = B, but f o r

our niobium samples (k s 1.2) t h i s  approx imation  is  too crude. For t h i s  reason

we adopted the phenomenological re v e rs ib le  s ta te  model in troduced by Kes e t  a l .
18) .  They proposed the fo l lo w in g  a n a ly t i c  expression f o r  the re v e rs ib le  mag­

n e t iz a t io n  curve:

-4irM (H) = HC1 {1rev C1 ) 6} (1 .9)

in which B = **^Xc2 ^ C 2  ”  h c i ) /H c , w i th  Attxc,  the s lope o f  the re v e rs ib le  mag­

n e t iz a t io n  curve near H ^ .  The a p p l i c a b i l i t y  o f  (1 .9) to  our samples has been

discussed a lready  by Kes '9 ) .
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This  t h e s i s  i s  a composi t ion  o f  f i v e  s e p a r a t e  pape r s ,  w r i t t e n  in a per iod

o f  se ve r a l  y e a r s .  Th ere fo re  each ch a p te r  has been w r i t t e n  in a s e l f - c o n s i s t i n g

form, wi th  i t s  own i n t r o d u c t i o n ,  d e s c r i p t i o n  and d i s c u s s i o n .  A d i sa dva n t age  o f
t h i s  method i s  t h a t  sometimes r e p e t i t i o n s  a r e  i n e v i t a b l e  and t h a t  the  funda­

mental  d i s c u s s i o n  o f  the  p inn ing  phenomenon in general  i s  sp read  ou t  over  f iv e

c h a p t e r s .  On the  o t h e r  hand each ch a p te r  can be s t u d i e d  independent ly  w i thou t

any knwoledge o f  the  o t h e r  c h a p t e r s .  Another  consequence o f  the  p r e se n t  way o f
p r e s e n t a t i o n  is  t h a t  the  r e s u l t s  and con c lu s i on s  ob ta in ed  in one ch a p t e r  may

not  be taken in to  accoun t  in any o f  the  fo rego ing  ones ,  i l l u s t r a t i n g  the  pro ­
g r e ss  o f  our  under s t a nd ing  o f  the  p inn ing  phenomenon.

20 \In ch a p te r  2 ) we d es c r ib ed  the  in f lu e n ce  o f  phys ica l  l a t t i c e  imperfec­

t i o n s  due to  co ld r o l l i n g  and su c ce ss iv e  ann ea l i ng  on the  dc m ag ne t i za t io n ,

on the  r e s i s t i v e  t r a n s i t i o n  and on the  ac s u s c e p t i b i l i t y .
2i

Chapte r  3 ) d e a l s  wi th  the  in f lu e nc e  o f  l a t t i c e  d e f e c t s  in t roduced by

neut ron  i r r a d i a t i o n  on the  dc ma gn e t i z a t io n  cu rve .  A comparison o f  the r e s u l t s

wi th se ve r a l  p inn ing  models i s  made, l ead ing  to  a d i s c u s s io n  o f  the  c h a r a c t e r
o f  the  p inn ing  c e n t r e s .

22In c h a p t e r  4 ) we g ive a d i s c u s s i o n  o f  the  peak e f f e c t  as obse rved in

the  dc ma g n e t i z a t io n  cu rv e .  Thi s  i s  one o f  the  most pronounced e f f e c t s  induced

by neut ron  i r r a d i a t i o n .  The peak e f f e c t  as obse rved in the  ac pe rm e ab i l i ty
curves  is  d i s c us se d  in c h a p te r  6.

23
In c h a p te r  5 t  t he  p e r m e a b i l i t y  i§ c a l c u l a t e d  f o r  four  s imple pinning

models.  F i r s t  t he  case  o f  s u r f a c e  p inning  on ly ,  then bulk p inn ing wi th  co n s ta n t

3B/3x ( the  s o - c a l l e d  London-Bean model) ,  sub se quen t ly  the  London-Bean model ex­

tended wi th  e x t r a  s u r f a c e  p inn ing  and f i n a l l y  the  London-Bean model extended

wi th  a s u r f a c e  l a y e r  w i th ou t  p in n ing .  The s u s c e p t i b i l i t y  r e s u l t s  o f  c h a p te r  2

a r e  d i s c u ss e d  in view o f  th e se  models.
2kIn c h a p te r  6 ) we d e s c r ib e  the  ac p e r m e a b i l i t y  behaviour  o f  the  neut ron

i r r a d i a t e d  samples .  I t  i s  demonst rat ed  t h a t  an e xp l an a t i o n  in terms o f  any

c r i t i c a l  s t a t e  model i s  imposs ib le  so t h a t  a p p a r e n t l y  under ac co n d i t i o n s

the f lu x  l a t t i c e  cannot  be cons ide red  as being in the  c r i t i c a l  s t a t e .
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C H A P T E R  2

THE EFFECT OF COLD ROLLING AND HEAT TREATMENT ON THE MAGNETIC

BEHAVIOUR IN STATIONARY AND ALTERNATING FIELDS

52.1 Introduction

In a s e r ies  o f  previous a r t i c l e s   ̂ ) Goedemoed e t  a l .  described the

p en e tra t io n  o f  magnetic f lu x  in to  a very impure superconducting niobium sample.

In the experiments reported in th is  chapter we in v es t ig a te d  the in f lu en ce  o f

the physical l a t t i c e  im perfections caused by cold r o l l i n g  and successive

annea ling .

I t  is w ell  known th a t  physical and chemical imperfections in f lu en ce  type

I I  superconductors in d i f f e r e n t  ways. De Sorbo demonstrated th a t  chemical

im p u r it ie s  (e s p e c ia l ly  oxygen) decrease the t r a n s i t io n  temperature T , they

increase the normal s t a t e  r e s i s t i v i t y  p^, they decrease the thermodynamic

c r i t i c a l  f i e l d  H^ and the f i e l d  HCj where the magnetic f lu x  begins to pen etra te

the sample and they increase the f i e l d  H ^  where the bulk o f  the m ater ia l  be­

comes normal. Further the r e v e r s i b i l i t y  o f  the m agnetization  curves is decreased

and the remanent moment is increased.

N a r l ik a r  and Dew-Hughes in v es t ig a te d  the in f lu en ce  o f  p la s t ic  deforma­

t io n  caused by cold r o l l i n g .  I t  fo llowed th a t  Hc  ̂ is not in f luenced . The i r r e ­

v e r s i b i l i t y  o f  the m agnetiza tion  curves and the s iz e  o f  the remanent moment

are increased. They reported th a t  an inhomogeneous d is lo c a t io n  d is t r ib u t io n

causes much stronger pinning than a homogeneous one. Haasen showed th a t

to rs io n  o f  a sample increases the i r r e v e r s i b i l i t y  o f  the m agnetization curve

and the remanent moment.

In our present in v e s t ig a t io n s  a number o f  niobium samples, cut from the

same c o ld - r o l le d  f o i l ,  were heat t re a te d  a t  d i f f e r e n t  temperatures. So they

a l l  had the same chemical p u r i t y ,  but d i f f e r e n t  amounts o f  physical imperfec­

t io n s .  I t  fo llowed th a t  Hr i , Hr „ and p a t  A .2 K were not much in f lu en ced ,  butW1 WZ n
the shapes o f  the m agnetiza tion and s u s c e p t ib i l i t y  curves and o f  the r e s is t iv e

t r a n s i t io n s  were n o t ice ab ly  a l te r e d  by the temperature o f  the heat t reatm ent.
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§2.2 Experim ental d e ta i ls

a.  P r e p a r a t i o n  and co n d i t i o n  o f  the  samples . We ob ta in ed  some h i g h - p u r i t y
niobium from Semi Elements I n c . ,  Saxonburg (Pa ) ,  U.S.A. According to  the  manu­

f a c t u r e r  i t  con ta in ed ,  as ty p ic a l  a n a l y s i s  o f  i n t e r s t i t i a l  and m e t a l l i c  im­

p u r i t i e s :  2.0 ppm oxygen,  0 .3  ppm hydrogen,  A.0 ppm ca rbon,  5 .0 ppm n i t r o g e n ,
0 ppm i ron and 3 ppm molybdenum.

Some im p u r i t i e s  a r e  o f  spe c ia l  r e l e va nc e .  Oxygen, as s t a t e d  above,  in­

f lue nc es  the  c r i t i c a l  q u a n t i t i e s ,  i ron i n t e r f e r e s  by i t s  magnet i c  o r i e n t a t i o n  ° ) ,

and t antalum i s  ty p ic a l  f o r  the  e f f i c i e n c y  o f  the  r e f i n i n g  p r o c e s s .  For t h i s

reason th es e  e l ements  were checked.  Tantalum and i ron  were measured a f t e r  t h e r ­

mal neut ron  a c t i v a t i o n  in the  High Flux Reac to r  a t  P e t t e n  and oxygen was d e t e r ­

mined by chemical  a n a l y s i s  a t  t he  P h i l i p s  Research L a b o r a t o r i e s ,  Eindhoven.

The r e s u l t s  were:  140 ± 30 ppm oxygen,  225 ± 5 ppm tantalum and 2 .5  ± 1 ppm
1 ron.

A s e r i e s  o f  samples o f  g r a d u a l l y  in c re as in g  phys ica l  p e r f e c t i o n  was p r e ­

pared by deformat ion and subsequent  hea t  t r e a tm e n t  in the  r e c r y s t a l l i z a t i o n

reg ion .  A c r y s t a l  wi th  a d iamete r  o f  6 mm was co ld r o l l e d  in to  f o i l  o f  0.15 mm

t h ic k n e s s .  The s u r f a c e  l a y e r  was removed by chemical  p o l i s h i n g  in a mixtu re

o f  one p a r t  o f  co n c en t r a t e d  HF and th r e e  p a r t s  o f  c on c en t ra t e d  HNO . Rectangu la r

samples o f  3 x 30 mm were cu t  in the  r o l l i n g  d i r e c t i o n .  A number o f  them were
i n v e s t i g a t e d  in t h i s  c o n d i t i o n ,  they w i l l  be r e f e r r e d  to  as th e  Pg samples.

The o t h e r s  were h e a t  t r e a t e d  dur ing  one hour in a vacuum b e t t e r  than 2 x 1 0 '

mm Hg us ing  t i t a n iu m  as  a g e t t e r .  The he a t  t r e a tm e n t  took p la ce  a t  the  fo l lowing
temper a t u re s :  1000 ± 5°C, 1180 ± 5°C, 1410 ± 20°C and 1600 ± 30°C. The samples

w i l l  be in d i c a t ed  r e s p e c t i v e l y  by P ^ g ,  P , ^ ,  P ^  and P , ^ .  I t  was found

by chemical  a n a l y s i s  t h a t  the  oxygen co n t en t  was not  s i g n i f i c a n t l y  a l t e r e d  by
the hea t  t r e a tm e n t .

Grain s i z e s  a f t e r  r e c r y s t a l l i z a t i o n  were determined by l i g h t  microscopy;
30p was found f o r  P120Q, 90y f o r  P ^ g g  and 350y f o r  P ^ .

More impor tant  a r e  the  d i s l o c a t i o n s  which were obse rved by t r an sm iss io n
e l e c t r o n  microscopy.  The unannealed P- samples show a dense and ha r d ly  r e s o l ­

vab l e  d i s l o c a t i o n  s t r u c t u r e .  The P jqqq samples show n u c l e a t i o n  o f  g r a i n s .  Low

angle  g r a in  boun dar i e s ,  a r ranged  in the  r o l l i n g  d i r e c t i o n  a r e  predominant ,  next

to  a random po p u l a t io n  o f  d i s l o c a t i o n s .  A f t e r  one hour  a t  1180°C (P^2 ) the

niobium is complete ly  r e c r y s t a l l i z e d ,  the d i s l o c a t i o n s  in the  g r a i n s  a r e  a r r a n ­

ged in networks.  In the  Pj ^ qq samples a low d i s l o c a t i o n  d e n s i t y  s t i l l  p e r s i s t s .
In the  P^£qq samples only a few i s o l a t e d  d i s l o c a t i o n s  a r e  obse rved.  A s e r i e s  o f
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re p re s e n ta t iv e  transm iss ion  e le c t ro n  micrograph is  g iven in f i g .  2 .1 .  They
2 '

show 12y la rge  areas o f  specimen, which have been th inned down by chemical

p o l is h in g  to  about 0 .2y .

The d is lo c a te d  d e n s i t ie s  were counted. The re s u l ts  have been c o l le c te d  in

ta b le  2 .1 .

Table 2.1

M e ta l lo g ra p h ic  observa t ions

Heat trea tm ent

(one hour)

Grain s ize D is lo c a t io n  dens ity

,„11 -2
p0 none “ > 1 0  cm

P1000 1000 ± 5°C n u c le a t io n (4 ± 2) x lO^crn 2

p
1200 1180 ± 5°C 30y (2 ± 1) x 109 cm"2

P1400 1410 ± 20°C 90y (6 ± 3) x 10® cm 2

P1600 1600 ± 30°C 350y
7 -2< 5  x 10' cm

Also the su rface  co n d i t io n s  o f  the samples were inspected using re p l ic a

e le c t ro n  microscopy. The re s u l ts  are shown in  f i g .  2 .2 .  Some sc ra tches , about

4p w ide, were observed in  the case o f  P... They become less pronounced f o r  the

o th e r  samples and in  general the smoothness becomes b e t t e r  the h igher the

temperature o f  the heat t rea tm en t.

b. Magnetic in v e s t ig a t io n s  and r e s i s t i v e  t r a n s i t i o n s . The fo l lo w in g  q u a n t i -

t i e s  were determined in  the experiments:

1. The m agnet iza t ion  M as a fu n c t io n  o f  the magnetic f i e l d  and the temperature.

2. The real and imaginary p a r ts  o f  the ac s u s c e p t i b i l i t y ,  x 1 an<̂  x"> as f unc_
t io n s  o f  the magnetic dc f i e l d ,  the amplitude and frequency o f  the ac f i e l d

and the temperature (x = X1 “ ix " ) •
3. The res is ta n ce  R a t  4 .2  K as a fu n c t io n  o f  the magnetic dc f i e l d  and the

c u r re n t  through the sample.
The magnetic dc f i e l d s  were generated by means o f  a home-made superconduc­

t in g  c o i l .  For the magnetic in v e s t ig a t io n s  two samples were g lued toge the r  w i th
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c e l lu lo s e  laquer, w i th  a constantan w ire  in  between. In some cases a carbon

thermometer was pa in ted  on the o u te r  s u r fa ce .  The combination as a whole was

mounted in a narrow g lass tube which was sealed o f f  a f t e r  a few m i l l im e te rs

o f  helium gas had been adm itted  a t  room temperature ) .

A f t e r  each experiment in  a magnetic f i e l d  a c u r re n t  o f  0.1 A was switched

on through the constantan w ire  f o r  a moment, so th a t  the niobium was heated

w e l l  above and a l l  the res idua l f l u x  was e xp e l le d .  Experiments between 4 .2  K

and T could be performed by con t in u o u s ly  passing a much sm a l le r  c u r re n t .

The sample was mounted in a system o f  c o i l s  as shown in f i g .  2 .3 .  For the

m agnet iza t ion  measurements o n ly  the secondary c o i l s  were used. They were con­

nected to the inpu t o f  an in te g ra t in g  c i r c u i t ,  the o u tp u t  being connected to

the v e r t i c a l  d e f le c t io n  p la te s  o f  a T e k t ro n ix  memory o s c i l lo s c o p e .

The h o r iz o n ta l  d e f le c t io n  p la te s  o f  the o s c i l lo s c o p e  were connected through

another in te g ra to r  (a Newport Instruments gaussmeter type J ) , to  the c o i l  on

the t a i l  o f  the inner dewar, the " f i e l d  measuring c o i l " .

The m agnet iza t ion  curve was d isp layed  on the o s c i l lo s c o p e  screen by va ry ­

ing the f i e l d  o f  the superconducting c o i l  magnet from zero to  above (or
viae versa) .

Immediately a f t e r  each m agnet iza t ion  curve the experiment was repeated

w ith  the sample heated w e ll  above T . The "ze ro  curves"  ob ta ined  in  th i s  way

were never s t r a ig h t  h o r iz o n ta l  l in e s  because, due to  f l u x  expu ls ion  from the

w ind ing space o f  a superconducting magnet c o i l ,  the f l u x  p a t te rn  v a r ie s  w i th
Q

the f i e l d  s t re n g th  ) .  This c o r re c t io n  proved to  be the most se r ious  source o f

inaccurac ies in  our m agnet iza t ion  experiments. I t  is  o f  p a r t i c u la r  importance
a t  temperatures near T .c

The s u s c e p t i b i l i t y  measurements.were performed by connecting both the

primary and the secondary c o i l s  to  a Hartshorn mutual inductance b r idge

w ith  a phase -se n s i t ive  d e te c to r  a t  i t s  o u tp u t .  The amplitudes o f  the a l te r n a t in g

magnetic f i e l d  th a t  we used in  the primary c o i l s  were 0.72 Oe, 2.41 Oe, 4.81 Oe

and 9.52 Oe. The frequency values were 39 Hz, 95 Hz, 216 Hz and 479 Hz.

For the measurements o f  the r e s i s t i v e  t r a n s i t io n s  two c u r re n t  leads and

two p o te n t ia l  leads were spot-welded to  the sample which, in  th i s  case, was

mounted d i r e c t l y  in  the l i q u i d  he l ium . A constan t c u r re n t  (1 to  10 A) was pas­

sed through the sample and the p o te n t ia l  leads were connected to  the v e r t i c a l

d e f le c t io n  p la te s  o f  the memory o s c i l lo s c o p e  w i th  a dc a m p l i f ie r  in between.

The h o r iz o n ta l  d e f le c t io n  p la te s  were connected again to  the f i e l d  measuring

c o i l  w i th  the Newport i n te g ra to r  in between.
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2.5cm

Fig.  2 .3  The cryostat fo r  the magnetic investigations. A samples,
B constantan wire, C sample tube, D secondary co ils , E primary
co ils , F field-measuring c o il, G superconducting co il magnet.
Both dewars contain liquid helium; the surrounding liquid
nitrogen vessel has been omitted from the drawing.

§2.3 The magnetization curves

The l e f t - h a n d  h a l f  o f  f i g .  2.h shows the  ma gne t i za t ion  curves o f  a l l  f i v e

samples a t  the b o i l i n g  p o in t  o f  l i q u i d  hel ium.  They have been c o r r e c t e d  f o r  the

ze ro l i n e s  as mentioned in the  fo regoing s e c t i o n .
The m ag ne t i z a t ion  curve o f  the  unannealed sample P.  i s  s t r o n g l y  i r r e v e r -
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s ib le .  An enormous f l u x  jump is observed in inc reas ing  f i e l d  and the s lope  in

decreasing f i e l d  almost obeys -34ttM/3H = 1, which means th a t  h a rd ly  any o f  the

f l u x  leaves the sample. This in d ica tes  s trong  p inn ing  fo rc e s .

The i r r e v e r s i b i l i t y  o f  P is  much le s s ,  bu t s t i l l  app re c ia b le .  There

are no f l u x  jumps; a lso  the remanent moment is  sm a l le r .  There is  a region in

decreasing f i e l d  where the m agnet iza t ion  curve is  h o r iz o n ta l ,  which means th a t

the decrease o f  f l u x  d e n s i ty  in s id e  the  sample is  the same as o u ts id e .

In the r e c r y s ta l l i z e d  samples Pjjqq» **1400 anc* **1600 t *ie max' mum near Hc ^
becomes sharper, the r e v e r s i b i l i t y  is  improved. No remanent moment is  observed
any more f o r  P ^  and P , ^ .

The r ig h t-h a nd  h a l f  o f  f i g .  2 .4  shows the m agnet iza t ion  curves a t  our

lowest temperature, 1.05 K. Here the re s u l ts  are s im i l a r  to  those a t  4 .2  K, but

even more pronounced. and H ^  s re  la rg e r  than a t  4.2 K, as should be expec­

ted . There is  more i r r e v e r s i b i l i t y :  the number o f  f l u x  jumps is  la rg e r  and a

remanent moment is  observed even f o r  the pu res t samples.

F ig . 2 .5  shows the m agnet iza t ion  curves f o r  P ^ , the sample w ith  the

sm a l les t amount o f  d i s lo c a t io n s ,  f o r  a la rge  number o f  temperatures, va ry ing

from j u s t  below the t r a n s i t i o n  temperature (Tc = 9-35 K) to  the lowest tempera­

tu re  reached in the experiment. The curves are p lo t te d  d i r e c t l y  (-4irM versus H)

and on a reduced sca le  (both q u a n t i t i e s  d iv id e d  by H . . ) . An almost v e r t i c a l

f a l l  near HC1, as mentioned by Finnemore, Stromberg and Swenson 11) and by

French ) is  not observed. This is  p robably  due to  the f a c t  th a t  in  t h e i r  ex­

periments moving sample techniques were used by which most o f  the i r r e v e r s i b i ­

l i t y  o f  the m agnet iza t ion  curves is  concealed. In our experiments a l l  mechanical

shocks and v ib ra t io n s  o f  the samples were c a r e f u l l y  avoided in  o rde r  to  ge t a
c le a r  idea o f  the i r r e v e r s i b i l i t y .

Table 2.2

C r i t i c a l  f i e l d  values and Landau-Ginzburg parameters a t  4 .2  K

Hc,

(Oe)

Hc2

(Oe)

Hn

(Oe)

^C2^^c; Hn/H c2 H
c

(Oe)
k3 K1 <2

po 1670 4000 7200 2.4 1.8 2180 1.2 1.3 3.0

P1000 1250 3370 6800 2.7 2.0 1690 1.3 1.4 2.1

P1200 1070 3550 7500 3.3 2.1 1560 1.5 1.6 2.2

P1400 1150 3450 6600 3.0 1.9 1610 1.4 1.5 2.3

P1600 1230 3200 8500 2 . 6 ^ ,• ;* ’ 2.7 1670 1.3 1.4 2.4
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In ta b le  2 .2  we have c o l le c te d  some data on the m agnet iza t ion  curves a t

4 .2  K. Here Hr . is  de fined  as the f i e l d  where the f i r s t  d e v ia t io n  from l i n e a r i -

ty  is  observed; Hc .  is  the f i e l d  where the m agnet iza t ion  o f  the bu lk  becomes

zero, see a lso  the next s e c t io n .

I t  tu rns  ou t  th a t  f o r  P1200, PUoo and P ,60(J the p o s i t io n s  o f  HCl

and are not very much d i f f e r e n t .  This is  not s u rp r is in g  s ince they are much

more in f luenced  by chemical than by phys ica l im p e r fe c t io ns ,  as po in ted  ou t in

s e c t io n  2 .1 .  Our values o f  Hc . and are in  good agreement w ith  those o f

De Sorbo ■*) f o r  the same amount o f  oxygen (120 ppm). For Pg the value o f

in  inc reas ing  f i e l d  is  app rec iab ly  h igher than in  decreasing f i e l d ,  which is

p robab ly  due to  the s trong p inn ing  fo rces .  For reasons po in ted  ou t in sec t ion

2.4 we th in k  th a t  the in decreasing f i e l d  is  the c o r re c t  one. Th is value

is  g iven in  Table 2 .2 .

The fa c t  th a t  Hr , and Hr „  are not much in f luenced  by the d e fec t  s t r u c tu re

means th a t  the Landau-Ginzburg parameter is  not much in f luenced . Some numbers

f o r  4 .2  K are g iven in  ta b le  2 .2 .  Since our values o f  Hc . and Hc.  are not very

p re c ise  we made use o f  the s im p les t  r e la t i o n s .  F i r s t  kj  was ca lc u la te d  from

Hc~/Hc . app ly ing  Harden and A rp 's  g raph ica l  s o lu t io n  ^3 ). Next Hc ( the  thermo­

dynamic c r i t i c a l  f i e l d )  was c a lc u la te d  '**) from:

K3 = i / 2(ÏÏ^ )2 ’

and then k . was der ived  from:

/  Hc2
*1 = i /2  T T  •c

The values o f  <2 were ob ta ined  from the f i n a l  s lopes 4irxc2 the m agnet iza t ion

curves, using ' 5 ) ;

1*lrXc2
_____ 1_____
1 16( 2*2 "

but these are less accura te  than and k - s ince  the f i n a l  slopes o f  our mag­

n e t iz a t io n  curves are not very  w e ll  d e f ined .

In inc reas ing  f i e l d  the samples w i th  the lower d is lo c a t io n  d e n s i t ie s  show

a ra th e r  steep decrease in  the m agnet iza t ion  curves j u s t  above Hc . . Th is  takes

place a t  the f i e l d  where thermal e f f e c ts  on m agnet iza t ion  (3Q./3H) are maximum )

and where the magnetic f l u x  reaches the cen tre  o f  the sample. Furtheron th is
X

f i e l d  w i l l  be re fe r re d  to  as H .a
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Table 2.3

Occurrence o f f lu x  jumps

Increasing f ie ld Decreasing f ie ld

po one a t T = 4.25, more fo r  T s 3.05 K T S 3-50 K

P1000 T s 2.69 K T * 3.23 K
p

1200 T i  1.15 K T s 2.18 K

P1400 T s 1.15 K T s 1.67 K

P1600 none fo r T = 1.05 K T S 1.67 K

The number o f f lu x  jumps tha t occur at 1.05 K is appreciably larger than
at 4.2 K. In fac t three d iffe re n t types o f jumps are observed at 1.05 K.
a. The sample PQ shows several large jumps, both in increasing and decreasing
f ie ld s .

b. In the case o f P100Q we have regions in which a large number o f jumps
occur. These jumps are smaller than those o f PQ and the curve between the jumps
is more irre g u la r. There is a flux-jump region in increasing f ie ld  and one in
decreasing f ie ld .  The s itu a tio n  is somewhat analogous to the one we encountered
e a r lie r  w ith a sample o f much lower p u rity  2 ,it) . One or two o f such jumps are
also observed in decreasing f ie ld  fo r  P and P ,

1200 1600 '

c. The samples p12oo’ Pi400 and P1600 show re9ions in which large numbers
of very t in y  flu x  jumps occur. These regions are indicated in f ig .  2.4 by dotted
lines since they could hardly be analysed on the oscilloscope p ictures.
Some data on the occurrence o f f lu x  jumps are collected in table 2.3.

Apart from the flu x  jumps described above the sample P ^ showed, at the
lowest temperature, two very peculiar jumps in decreasing f ie ld s  which even
cross the -4irM = H (or B = 0) lin e . U ntil now we have not understood them. The
experiment was repeated many times and they were always observed.

Close to HC2 the samples P10Q() and P12Q0 (and maybe PQ) show a fa l l  in
the magnetization curve in increasing f ie ld  at 1.05 K. This may correspond-to
the "peak e ffe c t"  observed in c r i t ic a l  current measurements ' ^ ’ ^ '1 ® ) (see
also chapter 4).

From the irre ve rs ib le  magnetization curve we can ca lcu la te  the induction
gradient (3B/3x) in the samples, using the pinning model o f Goedemoed **). We
made these calculations fo r the results obtained at T = 4.2 K and i t  came out
that (3B/3x) is almost independent o f x fo r  our samples. The results are
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1000

6 kOe
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1 4 0 0
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F ig . 2 .4  M a g n e tiza tio n  ou rve8 o f  a l l  f i v e  samples a t  T -  4.25 K

and T = 1.05 K.

p lo t te d  in  f i g .  2 .6  versus the d is lo c a t io n  de n s i ty  as g iven in ta b le  2.1 f o r

two d i f f e r e n t  values o f  the app l ied  f i e l d .  On a double lo g a r i th m ic  sca le  the

re s u l ts  are two s t r a ig h t  l i n e s ,  w i th  a s lope o f  2/3*
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1 .0 5  K
2.2 7 „
3 .49
4 .2  5 „
4 .9 9-4TIM 5.99
7 .0 0  „
8.0  5
8 .7 4
9 . 13  „

4TIM

Fig.  2 .5  M agnetization curves ° f p160o a t  d i f f e r e n t  tem peratures.

§2.4 The s u s c e p t ib i l i t y  measurements

The f i g u r e s  2 . 7  -  2.11 show the  f u r t h e r  measurements which we made a t
4 .2  K w i th ,  s u c c e s s i v e l y ,  the  samples P„,  P . P , and P At

K 0 ’ 1000’ 1200’ 1400 1600'  At
the  top each f i g u r e  shows the  m a gne t i za t io n  cu rve .  These cu rves  a r e  i d e n t i c a l

wi th  those  o f  the  l e f t “hand p a r t  o f  f i g .  2 . 4 .  Below th es e  x"  and x 1 a r e  p l o t t e d

as f un c t io n s  o f  the  e x t e r n a l  magnet i c  f i e l d  f o r  v a r io u s  values  o f  the  ampl i tude

o f  the  a l t e r n a t i n g  f i e l d  HQ. The frequency was 216 Hz f o r  a l l  t he se  exp er im en t s .

The v e r t i c a l  s c a l e  o f  x" i s  a f a c t o r  2 .5  l a r g e r  than t h a t  o f  x ' • At the  bot tom

we g ive  the r e s i s t i v e  t r a n s i t i o n s  f o r  se v e r a l  values  o f  the  c u r r e n t  through

the samples .  They wi l l  be d i s c us se d  in s e c t i o n  2 . 5 .  No t i ce t h a t  M(H), x"(H) ,

X 1(H) and R(H) a r e  a i l  on the  same h o r i z o n t a l  s c a l e .  All the  cu rves  g iven he re

a r e  q u i t e  r e p r o d u c ib l e  from one hel ium run to  an o th e r  and,  as  f a r  as we have
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disl. dens.

F i g . 2 .6  The in d u c tio n  g ra d ie n t

in  the  samples as a fu n c t io n

o f  the  d is lo c a t io n  d e n s ity .

A : H = 2 kOe;  Q : H = 3 k 0 e .

checked, from one sample to  an e q u iv a le n t  one.

For PQ, P1000 and the va,ue o f  X1 is  cons tan t up to  HC2. Nothing

spec ia l  happens a t  Hc . , nor a t  the f l u x  jump o f  Pg. In the neighbourhood o f

Hc the x ‘ begins to decrease and th i s  takes p lace the e a r l i e r  the la rg e r  the

am plitude HQ o f  the a l te r n a t in g  f i e l d .  x ‘ 9oes to  zero a t  a f i e l d  value which

f o r  each sample is  approx im ate ly  independent o f  the value o f  H .. For Pg the

decrease o f  x ‘ begins a t  the Hc,  va lue o f  the m agnet iza t ion  curve in decreasing

f i e l d  and th i s  is  the reason why we cons ider t h i s  va lue as the c o r re c t  one (see

se c t io n  2 .3 ) *
As long as x '  ' s cons tan t (below Hc - )  x "  i s zero f ° r these samples. I t

s t a r t s  to increase a t  the f i e l d  value where x 1 begins to  decrease ( f o r  each

in d iv id u a l  va lue  o f  the amplitude) and, w i t h in  the p re c is io n  o f  the experiments,

i t  becomes zero again when x 1 becomes zero . ( I t  can be demonstrated from the

data in se c t io n  2 .5  th a t  the in f lu e n ce  o f  the normal s ta te  r e s i s t i v i t y  on x "

in  h igh f i e l d s  is  n e g l ig ib le  on the sca le  o f  our f i g u r e s . )

The maxima o f  the X"  curves f o r  PQ, P ^g g  and P120Q co in c id e  very n ic e ly

w i th  the corresponding h a l f - values o f  x 1• assume th a t  the value o f  x '  ' n

low f i e l d s  obeys the r e la t i o n  Airx' = "1 .  Then the x "  values can be computed

from the c a l i b r a t i o n  o f  the Hartshorn mutual in d u c t ion  b r idge  (s e c t io n  2 .2 b ) .
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I t  fo l lo w s  th a t ,  in the case o f  p ig 00, the maximum o f  x "  f o r  the three  h ighes t

values o f  H obeys very n ic e ly  4ttx"  ■ 1 /ir , f o r  the sm a l les t  amplitude the

maximum is  s l i g h t l y  lower. For the sample P. we have the same general trend ,

bu t a l l  the  maxima are s l i g h t l y  lower; f o r  P . . . .  they are app rec iab ly  lower.

The value 4ttx"  = 1 /tt has been ind ica ted  in f i g s .  2 .7  -  2.11 by h o r iz o n ta l
do tted  l in e s .

For sample P^-gg t *le exPe r i ments were repeated a t  d i f f e r e n t  f requenc ies
o f  the a l te r n a t in g  f i e l d ,  vi.z. 39, 95 and 479 Hz. W ith in  the experimental

accuracy the re s u l ts  were the same as f o r  216 Hz. This means th a t  low-frequency

re la x a t io n  e f f e c ts  do not p lay  a ro le  o f  any importance in  our measurements.

Van Engelen, Bots and B la isse  d id  not even f i n d  frequency dependence f o r  tan ­

talum between 7 and 1200 Hz ° )  .

F igs. 2.10 and 2.11 show the susce p t ib i  1 i ty  data f o r  P ^g g  and P ^ , a lso  a t
4 .2  K. Here the p ic tu re  is  e s s e n t ia l l y  d i f f e r e n t .

For P ^g g  b° th  x '  and x "  show a s l i g h t  f l u c tu a t io n  near Hc . . They both

dev ia te  from t h e i r  i n i t i a l  values w e l l  below Hc_, and f i r s t  in the wrong d i r e c ­

t i o n !  For t h i s  f a c t  we have no e xp la n a t io n .  The experiments were performed w i th

two d i f f e r e n t  samples, and in both cases the same r e s u l t  was observed. So the

e f f e c t  seems to  be re a l ,  bu t ra th e r  p u z z l in g .  I t  does not occur f o r  P , ,nn.1600
Apart from t h i s ,  in the case o f  P^gg> X1 begins to  f a l l  and x "  begins to

r i s e  w e l l  below Hc A d i s t i n c t  k in k  is  observed a t  H ^ ,  both in the  x ‘ and x"

curves. For the h igher ac f i e l d  amplitudes the maximum o f  x "  is  a lready reached

before  Hc_. The maximum values o f  4rrx" are w e l l  below 1/ir and they dev ia te

markedly from the h a l f - v a lu e  o f  x ' .

In the case o f  P . , . .  a steep d e v ia t io n  from the i n i t i a l  values s ta r t s

immediately a t  Hc ^. Both x '  and x "  show a sharp k in k  a l i t t l e  above Hc ^ , and

the f i e l d  where i t  occurs co inc ides  w i th  the s teepest p o in t  o f  the m agnet iza t ion

curve, hence w i th  H (see se c t io n  2 .3 ) .a
Another k in k  is  observed, both in  x '  and x " ,  a t  Hc . The maxima o f  the

X11 curves are w e ll  below the value 4irx" = 1 /ir , the value depends s t ro n g ly  on

the amplitude o f  the a l te r n a t in g  f i e l d  and i t  does not co in c id e  w i th  the h a l f ­

value o f  x 1 a t  a l l .  Very l i t t l e  frequency dependence was found in the e x p e r i ­
ments again.

We have i d e n t i f i e d ,  f o r  each o f  the samples, the f i e l d  va lue where x ‘ and

X11 become zero , w i th  the n u c le a t io n  f i e l d  H . The data are g iven in ta b le  2 .2 .

I t  tu rns ou t  th a t  f o r  PQ, P ^ g g ,  P1200 and P ^ g g  Hn/HC2 is  approx im ate ly  equal

to  2, f o r  P ^g g  i t  is  h ig h e r ,  v i z .  2.7 .  One x "  curve o f  P ^ g g  leads to  a s t i l l

h ighe r  value o f  H . Since t h i s  is  not co rrobora ted  by the corresponding x 1
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Fig. 2.7 M a g n e tiza tio n  cu rve , im ag inary  and r e a l  p a r ts  o f  the  suscep­

t i b i l i t y  ( x "  and x ’ ) and r e s is t iv e  t r a n s i t io n  a t  T = 4 .2  K f o r

sample Pq,  p lo t te d  a g a in s t the  e x te rn a l m agnetic f i e l d .  The

am p litudes o f  the  measuring f ie ld s  and the  c u rre n ts  through

the  sample have been in d ic a te d  w ith  the  curves.
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Fig. 2.8 M a g n e tiza tio n  cu rve , im ag inary  and r e a l  p a r ts  o f  the  suscep­

t i b i l i t y  f x "  and x ' ) and r e s is t iv e  t r a n s i t io n  a t  T = 4 .2  K f o r

sample P^OOO3 P i t t e d  a g a in s t the  e x te rn a l m agnetic f i e l d .  The

am p litudes o f  the  measuring f ie ld s  and the  c u rre n ts  through

the sample have been in d ic a te d  w ith  the  curves.
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Fig. 2.9 Magnetization curve, imaginary and rea l parts o f the suscep­
t ib i l i t y  (x" and x ')  and res is tive  trans ition  a t T = 4.2 K fo r
sample P ^, plotted  against the external magnetic f ie ld .  The
amplitudes o f the measuring fie ld s  and the currents through the
sample have been indicated w ith the curves.
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F ig.  2.10 Magnetization curve, imaginary and rea l parts o f the suscep­
t ib i l i t y  (x" and x ')  and res is tive  trans ition  at T = 4.2 K fo r
sample P j400* p lo tted  against the external magnetic f ie ld .  The
amplitudes o f the measuring fie ld s  and the currents through the
sample have been indicated with the curves.
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Fig. 2.11 Magnetization curve, imaginary and real parts o f the suscep­
t ib i l i t y  ( \ "  and x ’ ) and res is tive  trans ition  a t T = 4.2 K fo r
sample P e0o* P^o tted against the external magnetic f ie ld . The
amplitudes o f the measuring fie ld s  and the currents through the
sample have been indicated with the curves.
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curve we do not want to give too much a t t e n t i o n  to th i s  poin t .
Sa int  James and De Gennes 20) introduced a c r i t i c a l  f i e l d  Hc up to which

superconduct ivi ty  should s t i l l  e x i s t  in a th in  layer (of the order  of  the
coherence length £) on the sur face  of  the sample. This f i e l d  obeys Hc /H
= 1.695. 3 ° 2

Several^authors found ind ica t ions  for  superconduct iv i ty  well above

1,695 H«=2 The P o s s i b i l i t y  of  high nuc lea t ion  f i e l d s  has been demonstra-
ted f0 r2very th in  samples whose thickness  is o f  the order  of  the coherence
length ) .  This is  d i s t i n c t l y  not the case fo r  our samples.

Fink and Jo ine r  28) pointed ou t ,  however, t h a t  a nuc lea t ion f i e l d  well
above HC3 may occur f o r  th ic ke r  samples i f  the orde r  parameter increases on
approaching the sur face .  This s i t u a t i o n  may occur i f  the sur face  layer  has a
s l i g h t l y  higher t r a n s i t i o n  temperature than the underlying m a te r i a l .  Fink and
Joine r  demonstrated tha t  cold working of  the sur face  layer increases the nu­
c le a t i o n  f i e l d .  S imila r  r e s u l t s  were obtained by Hi l l ,  Kohr and Rose 29) .

Though, un fo r tu na te ly ,  Fink and J o i n e r ' s  cons i dera t ions  a re  not very ac­
c e s s ib le  for  quanta t ive  d iscuss ion  i t  is well poss ib le  th a t  they f i t  the con­
d i t i o n s  of  our samples. I t  is remarkable,  however, th a t  the sample with the
smal les t  amount of  imperfections ( P , ^ )  has a cons iderably higher value of
Hn/Hc_ than the o th e r  ones.

In f i g s .  2.7 -  2.11 the values of  HC l , HC2 and H have been ind ica ted  by
v e r t i c a l  dot ted l in e s .

For P1200 and Pl400 we made some addi t iona l  experiments a t  T = 1.05 K.
I t  turned out  th a t  for  P12{)0 the s u s c e p t i b i l i t y  curves fo r  4.2 and 1.05 K could
be made to coinc ide by sca l ing  the f i e l d  values by the appropr ia te  f a c t o r .  This
seems to ind ica te th a t  Hn/HC2 is independent o f  temperature.  For P ^  only
the h i g h - f i e l d  regions can be made to co incide ,  but not the f l u c tu a t io n s  near
Hci* This is n° t  su r p r i s in g ,  s ince  although Hn/HC2 may be independent o f  tem­
pera tu re ,  HC2/HCl is d i s t i n c t l y  not.

§2.5 The r e s is t iv e  tra n s itio n s

At the bottom of  f i g s .  2.7 -  2.11 we give the r e s i s t i v e  t r a n s i t i o n s  of  our
samples fo r  various values of  the c u r r e n t .  A cur ren t  o f  1 A corresponds to a
cu r ren t  dens i ty  of  2.2 A/mm2 .

For V  P1000 and P1200 the r e s i s t i v ' t y  is zero un t i l  well above Hc and
the residua l  re s i s t anc e  is only reached a t  f i e l d  values appreciab ly  above the
f i e l d  defined in the foregoing se c t i on  as Hr . These a re  the samples f o r  which
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-4 irx ' = 1 and 4irx" -  O up to  HC2>
For the samples P and Pl6Q() these e f f e c ts  are not observed. The r e s i ­

dual res is tance  is  reached a t  about Hn ( f o r  a l l  the c u r re n t  d e n s i t ie s )  and

the curves show a steep r i s e  a t  HC2> which is  the la rg e r  the h igher the c u r re n t .

The f i e l d  values where res is ta n ce  begins to  occur (HR=Q) and where the

res idua l res is tance  is  reached (HRreg) are l i s t e d  f o r  a l l  our samples in tab le

2 .4 .  They are in d ica ted  in  f i g s .  2 .7  “  2.11 by v e r t i c a l  do tted  l in e s .

Table 2.4

R e s is t iv e  t r a n s i t io n s  a t  4 .2  K

H°2 Hn hr=o
H„R res R / R , nnres 300

(Oe) (Oe) (Oe) (Oe)

P0 4000 7200 5400 9300 0.036

p
1000 3370 6800 4800 9100 0.034

p
1 2 0 0

3550 7500 4100 9200 0.057

P .
f 11*00

3450 6600 3400 6800 0.036

P1600
3200 8500 3200 8800 0.024

I t  tu rns  ou t  th a t  f o r  samples PQ, P10()0 and P ^ qq (w i th  d is lo c a t io n  den­

s i t i e s  above 109cm"2) the re  is  no c o r r e la t io n  between the s u s c e p t i b i l i t y  curves

and the r e s i s t i v e  t r a n s i t i o n s .  For the r e c r y s ta l l i z e d  samples P ^ qq ar,d ^-|go0 ’

w i th  lower d is lo c a t io n  d e n s i t ie s ,  the re  is  a very  d i s t i n c t  c o r r e la t io n .  We come

back to  th is ,  p o in t  in  se c t io n  2 .6 .
The r a t i o  o f  the res idua l res is tance  and the res is tance  a t  room temperature

is  g iven f o r  a l l  the samples in  ta b le  2 .4 .  I t  tu rns  ou t th a t  these ra t io s  are

not too much d i f f e r e n t .  For PQ, P1Q00 and P , ^  they are o f  the o rde r  o f  30

( re c ip ro c a l  o f  the number in  the t a b le ) .  For Pl60Q the r a t i o  is  somewhat h igher

(about 4 0 ) ,  which seems p la u s ib le ;  f o r  P120Q i t  is  lower, about 17. Since we

thought th a t  th i s  sample might have been deformed somewhat dur ing  mounting we

repeated the experiments w i th  two more samples. The r a t io s  found w i th  these

were not much d i f f e r e n t ,  about 20.
These r e s i s t i v i t y  r a t io s  are no t p a r t i c u l a r l y  h igh ) .  Our res idua l re -

s i s t i v i t y  f o r  PQ, P1QOO and Pl4oo is  about 0.55 P« cm; th i s  va lue is  in good

agreement w i th  De Sorbo's  va lue 5) f o r  a sample w i th  the same amount o f  oxygen

con tam ina t ion . So i t  tu rns  ou t  th a t  our res idua l r e s i s t i v i t i e s  are s t i l l
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complete ly  determined by the chemical im p u r i t ie s .

I t  should be re a l iz e d  in general th a t  f o r  a niobium sample w i th  a few

hundred ppm o f  chemical im p u r i t ie s  the res idua l res is tance  is  not a good

c r i te r iu m  f o r  the phys ica l  l a t t i c e  im p e r fe c t io n .

§2.6 Die suasion

Our s u s c e p t i b i l i t y  and res is ta n ce  curves demonstrate th a t  the re  are two

d i s t i n c t l y  d i f f e r e n t  types o f  behav iour, determined by the d e fe c t  s t r u c tu re .

For h igh d i s lo c a t io n  d e n s i t ie s  ( the  samples PQ, P100Q and P120Q) the d e v ia t io n s

from -ItTrx' = 1 and x"  = 0 do no t occur below Hc * .  The res is ta n ce  is  zero u n t i l

w e l l  above Hc , and the res idua l res is tance  is  reached w e l l  above H . For the
L n

samples w i th  low d is lo c a t io n  d e n s i ty  ( P ^ qo and P1600  ̂ the d e v ia t io n s  from
-^ i rx 1 = 1 and x "  = 0 begins a t  lower f i e l d s .  The f i e l d s  Hr i , H* and are

C1 a c2
c le a r l y  observable  from the s u s c e p t i b i l i t y  curves. Resistance begins to  occur

a t  Hco and the res idua l res is tance  is  reached a t  H .
*  n
The two types o f  behav iour are not so c le a r  from the m agnet iza t ion  curves.

Here the v a r ia t io n s  are more gradual from one sample to  another. The r e v e r s i ­

b i l i t y  increases w i th  decreasing amount o f  im p e r fe c t io n s ,  i . e .  g ra in  boundaries

and d is lo c a t io n s .  Beginning w i th  P ^ g g  t *le ma9n e t • z a t io n  curve in decreasing

f i e l d  has a p o s i t i v e  p a r t ,  and beginn ing w i th  P . , . .  the remanent moment a t
4 .2  K is zero.

The two types o f  s u s c e p t i b i l i t y  behaviour are most c l e a r l y  demonstrated

in a diagram which is  very commonly used in paramagnetic re la x a t io n  in v e s t ig a ­

t io n s ,  bu t ve ry  seldom in s u p e rc o n d u c t iv i ty .  I t  is  sometimes c a l le d  the "Argand

diagram" and u s u a l ly  c o n s is ts  o f  a x " ( x ' ) - P 'o t .  F ig .  2.12 shows such a diagram

f o r  a l l  our samples in a s l i g h t l y  m od if ied  form (4ttx"  versus -4 i rx ‘ ) .  For P ,

P j000 and P1200 the Po in ts  f o r  d i f f e r e n t  amplitudes o f  the a l t e r n a t in g  f i e l d
a re , w i t h in  reasonable accuracy, on the same curve and the maximum o f  4wx"

occurs a t  - 4 ttx' = 0 .5 .  For P -^qq and P-j^ qq the re  are pronounced sys tem atica l

d i f fe re n c e s  between the am p l i tudes , the  maxima o f  are in general lower

and occur a t  lower values o f  -4 ttx‘ . So here the curves are s t r o n g ly  asymmetric.

The f u l l y  drawn curves o f  f i g .  2.12 are based on a th e o r e t ic a l  model described

in chapter 5, the do tted  l in e s  represent a s im p l i f i e d  model which was discussed
in our o r i g in a l  paper (see r e f .  21 o f  chap te r 1) .

We be l ie ve  th a t  the s u s c e p t i b i l i t y  behaviour o f  the samples PQ, P100g and

P1200 ' S e s s e n t ia l ' y  due to  surface  e f f e c t s ,  whereas in P ^ g g  and P - a lso
bu lk  e f f e c ts  p lay an e sse n t ia l  r o le .  In the case o f  s trong surface p inn ing  the
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F ig . 2.12 4nx" as a fu n c t io n  o f  -4-nx' f o r  the  d i f f e r e n t  samples. Theore­

t i c a l  curves and expe rim en ta l da ta . A m plitudes o f  the a lte rn a ­

t in g  f i e l d :  □  9.52  Oe, A  4.81 Oe, O 2.41 Oe, O  0.72 Oe.

v a r ia t io n s  o f  the ex te rn a l  f i e l d  are screened o f f  from the bu ik  o f  the sample

by su r face  c u r re n ts .  As long as these cu r re n ts  remain below t h e i r  upper l i m i t

the f l u x  in s id e  the sample remains cons tan t and 3M/3H is  equal to  -1 /4 ir .  Once

the maximum surface  c u r re n t  is  reached the f l u x  p a t te rn  ins ide  the sample

va r ie s  w i th  the f i e l d  and the s u s c e p t i b i l i t y  dev ia tes  from - l / 4 i r .

For the samples P . . - -  and P ^ qq the su rface  p inn ing  is  r e l a t i v e l y  weak

so th a t ,  a lso  below Hc , the f i e l d  v a r ia t io n s  in f lu e nce  the f l u x  p a t te rn ,  and

the more the h igher the am p l i tude . For Pg, Pjqqq and ^-|200 t îe s u r^ace Panning
is  much s tronge r  so th a t  f o r  the h ighes t am plitude the f i e l d  v a r ia t io n s  are
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completely screened o f f ,  u n til a f ie ld  between Hc and H , which is higher the
lower the amplitude. The surface pinning o f and Pl6Q0 may be due to an
increased smoothness o f the surface o f the sample, see f ig .  2.2.

As was already stated in section 2.5, in the case o f the samples PQ,

^1000 anc* **1200 t l̂ere ' s no co rre la tion  between the s u s c e p tib ility  curves and
the re s is tive  tra n s it io n . Here the behaviour o f the s u s c e p tib ility  is e n tire ly
determined by the currents on the surface o f the sample and the s u s c e p tib ility
curves give no information about the bulk properties.

30 ***** ^ ° r t *lese samples the re s is tive  tra n s itio n  is a bulk e ffe c t
) .  The large numbers o f d is locations (section 2.2a) give rise  to strong local

inhomogeneities in the value o f the Landau-Ginzburg parameter, so that there
are regions in the samples w ith much harder superconducting properties than
the ave-cage^At the f ie ld  HC2 o f the sample as a whole they s t i l l  may form an
interconnected structure  which can carry an appreciable current. On the other
hand these regions are so th in  that they do not give rise  to an appreciable
magnetization. The interconnections begin to break up at H. „  o f table 2.4 and

R=0
the s tructure  eventually becomes completely normal at H„ well above H the
r • i _i i_ . Rres n *r ie ld  where the surface layer vanishes.

For the samples P1ij00 and Pl6oo the s itu a tio n  is d if fe re n t.  The number o f
d is locations is smaller, as can be seen from f ig .  2.1, so that there are fewer
regions w ith exceptionally high k ; they are no more strongly interconnected.
Here-the re s is tive  tra n s itio n  curves are determined by the superconducting
surface layer above HC2. The current-carry ing capacity o f th is  layer is rather
lim ited , as fo llows from the jump in the resistance at HC2. The residual res is­
tance is reached at Hn> the f ie ld  where the surface layer vanishes.

Some authors have defined Hn as the f ie ld  where the sample reaches its
residual resistance (see fo r instance the survey given by Serin 31) ) .  We th ink
that our experiments demonstrate tha t i t  is dangerous to draw conclusions about
the surface layer from a Hn value obtained in th is  way. The same conclusion
was reached by Smith and Gatos 30) .

I t  should be noticed that the defect s tructure  o f P takes an in te r­
mediate pos ition : i t  is ju s t  completely rec rys ta llized  w ith  a very small grain
size and a rather high d is location  density pe rs is ts . This change-over between
recovery and re c ry s ta lliz a tio n  is re flected in i ts  behaviour. The maximum o f
4*x "  is d is t in c t ly  lower than PQ and P100(), but i t  does not depend very much
on the amplitude o f the a lte rna ting  f ie ld .  The x 'H x 1) curve is , at least fo r
the lower amplitudes, somewhat more asymmetric than fo r P and P but less

0 1000 ’  u u l -

than fo r P1Z(00 and Pl60Q. Moreover, the distance between HR=Q and HC2, as well
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as the  d i s t a n c e  between H^rgs and H , i s  nonzero but  n o t i c e a b ly  sm a l l e r  than

in the  ca se s  o f  Pg and Pjqqq* F i n a l l y  th e r e  i s  a tendency in the  1 A curve  of

P1200 to  s t a r t  r a t ^e r  s t e e p l y  a t  5 kOe, to  co n t inu e  l e s s  s t e e p l y  nea r  6 kOe and
s t e e p e r  aga in nea r  6 .5  kOe. This  is s i m i l a r  to  the  behaviour  o f  So both

the  r e s i s t i v e  t r a n s i t i o n  and the  s u s c e p t i b i l i t y  g i ve  an i n d i c a t i o n  o f  such an

in te r m ed ia te  p o s i t i o n .  N ev er t he l es s  P ^ g g  resembles the  Pg and P^ggg samples

more.
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C H A P T E R  3

THE EFFECT OF NEUTRON IRRADIATION DAMAGE ON THE MAGNETIC
BEHAVIOUR IN STATIONARY FIELDS

§3-1 In tro d u c tio n

Neutron i r ra d ia t io n  provides a way to study the in te ra c t io n  between f lu x
vo rt ices  and w e ll-de f ined  l a t t i c e  defects ra ther sys tem a tica l ly ,  by varying

the i r r a d ia t io n  dose. The l a t t i c e  defects can be studied w ith  an e lectron
microscope.

In th is  chapter we w i l l  discuss the d .c .  magnetization in long itud ina l
magnetic f ie ld s  before and a f te r  i r r a d ia t io n .  A discussion o f  the perm eab il i ty
behaviour o f  the same samples w i l l  be given in chapter 6.

Surface e f fe c ts ,  which are o f ten  the main source o f  the i r re v e rs ib le  mag­
n e t ic  behaviour are removed by ox ida t ion  o f  the samples ' j .

§3.2 The samples

Rectangular samples o f  high p u r i t y  niobium (Material Research Corporation,
Marz-grade) w ith  a s ize o f  20 x 3 x 0.2 mm are annealed during one hour a t
1600°C in a vacuum b e t te r  than 10 ^ to r r  (see chapter 2 ) .  Subsequently they

are i r ra d ia te d  a t  reactor ambient temperatures (hO -  80°C) in the High Flux
Reactor o f  the Reactor Centrum Nederland, Petten. Before i r ra d ia t io n  the

samples are referred to as N-0, a f te r  the i r r a d ia t io n  as N-317, N-318, N-319
and N-320 (see tab le  3 .1 ) .  The fa s t  neutron doses are defined according to the

equiva lent f is s io n  spectrum. In order to remove the surface e f fe c ts ,  some o f

the samples are heat treated during a few minutes in a pure oxygen atmosphere
a t 400 C. These samples w i l l  be referred to as NO-O (u n ir ra d ia te d ) ,  NO-317,
NO-318, NO-319 and NO-320.

Information about the defect s truc tu re  is obtained from e lec tron  micro­
scope, p ic tu res  as shown in f i g .  3.1 ( a - f ) . As is known from the l i t e r a tu r e  ^ ’ ^)
fa s t  neutron i r r a d ia t io n  a t  room temperature introduces c lus te rs  o f  in te r -
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Table 3.1

Sample
Average

f a s t  f l u x

1ntegra ted

fa s t  f l u x

Average

thermal f l u x

1 ntegra ted

thermal f l u x

N-317
iJi -2  -1

0.82x10 cm s 17 -23.7 x10 'em
,  - 1014 - 2 - 13.1x10 cm s 1.4 x10l8 cm"2

N-318 0.83x10 c m ^ s ” 1 3.75x10 cm-2 ,  , i n r4 -2  - i3.1x10 cm s 1.4 x10l 9 cm~2

N-319
1L -2  -1

0.78x10 cm s
19 -2

3.65x10 * cm
,  f i n l4  -2 -13.1x10 cm s 1.4 x1020cm"2

N-320 n , n l4  -2  -10.73x10 cm s 1.5 x1020cm” 2 0 c i n l4  -2  -12.5x10 cm s
?1 -2

0 . 52x 10 cm

s t i t i a l s  in the form o f  loops. I t  can be seen from f i g .  3.1 th a t  the number
18 19 2

o f  c lu s te rs  increases s te e p ly  between a dose o f  3-10 and o f  3.10 n/cm .

In sample N-317 ( f i g .  3.1b) no c lu s te r s  are found, in  N-318 ( f i g .  3.1c) the

f i r s t  c lu s te r  fo rm a tion  can be observed, w h i le  in  N-319 ( f i 9• 3-1d) the number
o

o f  c lu s te r s  is  cons ide rab le .  The average c lu s te r  s ize  is  about 100 A, and the

spacing between the c lu s te rs  is  o f  the o rde r  o f  a few hundred angstroms. In

sample N-320 ( f i g .  3.1e) a s im i l a r  spacing is  found, but the s ize  o f  the

c lu s te r s  has increased due to  secondary c lu s te r in g  o f  the loops. I t  has been

po in ted  ou t by B r im ha ll  and Mastel and by Elen e t  a l .  ) t h a t ,  in o rde r to

m inim ize the e l a s t i c  de form ation  energy, c lu s te rs  p re fe r  to  s e t t l e  c lose  to

each o th e r ,  forming " r a f t s " .  From p ic tu r e  3•1 f  i t  can be seen th a t  the s ize  o f
o

these extended de fec ts  in  N-320 is  o f  the o rde r  o f  800 A.
Annealing o f  the samples a t  400 C appears not to  a f f e c t  the c lu s te r  pa t-

te rn ,  in  agreement w i th  e a r l i e r  i n v e s t ig a t io n s ,  e .g .  those on molybdenum re -

viewed by Eyre 9) .
With the he lp  o f  the t ransm iss ion  e le c t ro n  microscope and a scanning m ic ro ­

scope we made some m e ta l lu rg ic a l  in v e s t ig a t io n s  about the su r face  la ye r  o f  our

o x id ize d  samples. I t  came ou t th a t  f o r  o x id a t io n  a t  temperatures below 500 C

Nb02 is  formed, above 500°C N b ^ .  The ox ide  la ye r  is  extremely th in  (about

1 -  0 .5  pm), but very w e ll  a ttached to  the sample. In the bu lk  o f  the sample

no e f f e c ts  o f  the o x id a t io n  (such as oxygen c lu s te r s ,  p r e c ip i t a te s )  could be

detected ) .
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Fig. 3.1 Electron microscope pictures o f the irradiation damage.
a. unirradiated.
b. a fter a dose o f 3.7 x 10^^n/an? ; no cluster formation.

18 2c. 3.75 x 10 n/cm ; shewing small clusters.
19 2d. 3.65 x 10 n/am j showing increased number and size o f

the clusters.
20 2e. 1.5 x 10 n/am ; showing increased size o f the clusters.

20 2f .  1 x 10 n/am ; showing ra fts.
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§3-3 The experimental re su lts

The magnet izat ion curves a re  measured in the way described in chapter  2,
but some modi f ica t ions were made to increase the accuracy.  A new superconduc­
t ing  coi l  was used, wound from mu l t i f i l am en t  Nb-Ti wire (IMI, A61/33), with
a f i e l d  homogeneity b e t t e r  than 0.05% over a d i s tance  of  7 cm. This coi l  has
been c a l i b r a t e d  in several  d i f f e r e n t  ways with an accuracy of  0.1%. The measu­
ring c o i l s  were placed c o n c e n t r i c a l l y .  These modi f ica t ions  produced s t r a i g h t
"zero l in e s "  (see sec t ion  2.2b) within the measuring accuracy.  The magnetiza­
t ion  curves were d i r e c t l y  p l o t te d  on an X-Y recorder with su i t ab ly  adjusted
sens iv i  t i e s .

Temperatures up to 10 K were measured with a ground-off  A1len-Bradley
carbon thermometer, which was glued on the sample using "General E l e c t r i c -
va rn ish" .  The r e s i s t o r  was c a l i b r a t e d  aga ins t  the vapour pressure  of  both
l iqu id  He and using the i n te rp o la t i o n  formula:

^JnRja = A( , n R)2 + B , n R + c with o.5 < a < 1.

For the de te rmina tion of  the parameters a ,  A, B and C we followed the proce­
dure described in r e f .  6,  in which a more d e ta i l e d  d i scuss ion is given.

3.3-1 The unirradiated sample. Fig.  3.2 shows the magnetizat ion curves of
the un i r r ad ia te d  sample before as well as a f t e r  sur face  oxidat ion  (N-0 and NO-O
re s p e c t i v e l y ) ,  a t  T = 4.2 K. From such curves a t  various temperatures i t  is
found th a t  for  the u n i r r ad ia te d  samples the oxidat ion does not a f f e c t  the values
of Hc _, but  i t  reduces s t rongly  the magnetic i r r e v e r s i b i l i t y .  As the ox ida t ion
process a t  400°C is not l i k e ly  to change the bulk p rope r t i es  ( the sample was
heat  t r e a te d  a t  1600°C before)  we a sc r ib e  the decrease of  i r r e v e r s i b i l i t y  to a
reduc tion of  the sur face  b a r r i e r  for  f lux  pe ne t r a t io n .  This conclusion is  sup­
ported by the f a c t  t h a t  before ox ida t ion  (N-0) the maxima of the magnetizat ion
(-4irM) in increasing and decreasing f i e l d s  a re  a t  d i f f e r e n t  f i e l d  values,
H+ and H , whereas a f t e r  ox ida t ion  (NO-0) these maxima occur a t  p r a c t i c a l l ymax max
the same f i e l d .  As is shown in f i g .  3-3 Hc . (as defined by the f i e l d  value
a t  the maximum of -4irM of  sample NO-0) and i(H + H ) o f  sample N-0 are on2 max max
the same s t r a i g h t  l i n e ,  i f  p lo t te d  versus T .

In conclusion we can say t h a t  sur face  e f f e c t s ,  which, before i r r a d i a t i o n
are  the main source of  the i r r e v e r s i b i l i t y ,  can be removed almost completely
by oxida t ion  of  the sample. We wi l l  d i scuss  the sur face  e f f e c t s  of  these
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Fig. 3.2 Magnetization o f  N-0 ( f u l l  l in e ) and NO-O (dotted  lin e)
a t  T = 4.2 K.

1 5 0 0

1000

Fig. 3-3 Hqj versus the square o f  the temperature fo r  NO-O (9)  and
N-0 (O).
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Fig.  3 . k Magnetization o f  the irra d ia ted  samples a t T = 4.2 K before
( f u l l  lin es) and a f te r  (dotted  lin es) oxidation.

17 18 2a. a f te r  a dose o f  3.7 x  10 j b. 3.75 x  10 n/am ;
o. 3.65 x  1019n/am2; d. 1.5 x  1020n/cm2.
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samples in se c t ion  3*4.1.

3*3.2 The irradiated, samples. In f i g .  3.4 (a-d) the magnet izat ion curves
a t  T = 4.2 K for  the i r r a d i a t e d  samples a r e  shown, as measured before and
a f t e r  ox ida t ion .  From the f ig ure  the fol lowing f ea tur es  appear.
i .  HC2 is  increased by the i r r a d i a t i o n .  This increase i s  almost completely
removed upon oxida t ion a t  a temperature of  400°C.

i i .  A peak in the magnet izat ion curve appears j u s t  below HC2> which is not
much af fe c t ed  by the oxida t ion process .  This so -c a l le d  peak-e f f ec t  wi l l  be d i s ­
cussed in chapter  4.

Ii i • The overa l l  i r r e v e r s i b i 1i t y  of  the magnet izat ion increases upon i r r a d i a t i o n .
Except for  the sample i r r a d i a t e d  with the h ighes t  dose, N-320, t h i s  i r r e v e r ­
s i b i l i t y  is g r e a t l y  removed again by oxida t ion  of  the samples.

We a l so  found a s l i g h t  increase of  the c r i t i c a l  temperature T , before
as well as a f t e r  the samples were ox id ized.  This increase is the la rg e s t  for
the h ighes t  dose, fo r  the sample N-320 i t  is  of  the order  of  100 mK.

In the fol lowing sub-sec t ions  these fe a tu re s  wil l  be t r ea te d  se pa ra te ly
in more d e t a i l .

a * The e f f e c t  o f  o x i d a t i o n . In order  to in ve s t i ga te  the e f f e c t s  o f  oxida t ion
we have to d i s t i n g u is h  bètween the inf luence  of  the heat  t reatment  a t  400°C and
of  the actual  formation of  an oxide layer  on the sur face  of  the sample. The
e f f e c t s  due to the hea t  t reatment  were s tud ied  by anneal ing a sample, which was
i r r a d ia te d  with a dose of  3 x 1019 n/cm2 , a t  400°C in high vacuum. This sample
wil l  be r e f e r red  to as N(400)-319. In f i g .  3-5 we p lo t te d  the magnet izat ion of
the samples NO-319, N-319 and N(400)-319 versus the ex te rnal  magnetic f i e l d
H ( fu l l  l i n e s ) .  For a b e t t e r  comparison the r e s u l t  fo r  N-319 is a l so  shown
versus the externa l  f i e l d  reduced by a sca l ing  f a c t o r  a ( d o t s ) . This f a c to r  is
the HC2 value of  the sample NO-319 divided by the value for  N-319. The magneti­
za t ion  curves of  NO-319 and N(400)-319 are  independent of  the anneal ing time,
no d i f f e r ence  has been found between an anneal ing time of  5 and of  30 minutes.
As can be seen from the f i gure  the HC2 decrease is the same for  NO-319 and
N(400)-319. However, anneal ing a t  400°C in high vacuum does not reduce the i r ­
r e v e r s i b i l i t y  s t rongl y ,  only annealing in an oxygen atmosphere does. Af te r
annealing in oxygen atmosphere the f i e l d  value a t  which the maximum of  the
magnetizat ion occurs is the same in increasing and decreasing f i e l d ,  a f t e r
annealing in vacuum these f i e l d s  d i f f e r  as much as before anneal ing.

We wi l l  di scuss  these observa t ions in sec t ion  3 . 4 . 2 ( a ) .

49



N (40 0) 319
N -  319
NO-  319

1 aH
_________i
kOe 5

F ig .  3-5 M a g n e tiza tio n  curve o f  the  sample i r r a d ia te d  w ith  a dose o f

3.65 x  1019n/arn , b e fo re  and a f t e r  su rfa ce  trea tm en ts  a t

T = 4 .2  K. F u l l  l in e s ;  a = 1; O : N-319: a = Ha^ (H -3 1 9 )/

Ha2(NO-319).

b. The Hr „  s h i f t . The increase o f  Hc2 due to  the i r r a d ia t i o n  is  shown in

f i g .  3 .6 ,  in  which HC2 o f  the samples be fore  o x id a t io n  is  p lo t te d  as a fu n c t io n

o f  temperature. A lso  the s l i g h t  increase o f  Tc can be seen from the f ig u r e .

In f i g .  3.7 we show HCz a t  T = 4 .2  K, be fore  and a f t e r  o x id a t io n ,  as a

fu n c t io n  o f  the i r r a d i a t i o n  dose. I t  appears th a t  heat t rea tm ent a t  400 C,

whether i t  is c a r r ie d  ou t in  a pure oxygen atmosphere o r  in high vacuum, re ­

moves the s h i f t  in HC2 almost com p le te ly .  The do tted  h o r iz o n ta l  l i n e  represents

Hc fo r  the u n i r ra d ia te d  samples. (The ra th e r  la rge  d e v ia t io n  from th i s  value

fo r  NO-319 and NO-320 proved to  be rep roduc ib le  f o r  a l l  the samples i r r a d ia te d

a t  these doses.) S im i la r  r e s u l ts  were ob ta ined by Brown, B le w i t t  and S co t t  ) ,

who found th a t  the  HC2 increase, induced by low temperature i r r a d ia t i o n  in some

niobium samples, d isappeared when the samples were annealed a t  a temperature

o f  about 300°C. The d i f fe r e n c e  between HC2 before and a f t e r  t rea tm en t,  re fe r re d

to  as A'HC2, is  p lo t te d  aga ins t  the i r r a d ia t i o n  dose in f i g .  3 -8 , both on

lo g a r i th m ic  sca les . The data o f  Brown e t  a l .  7) f o r  low temperature i r r a d ia t i o n
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8i

F ig . 3.6 Has versus tem perature f o r  N-0 ( A ) ,  N-317 ( O ) ,  N-318 ( V ) 3

N—319 ( O  )  and N-320 ( O ) .

and the re s u l ts  o f  Kernohan and Sekula ®) f o r  room temperature i r r a d ia t i o n s

are a lso  g iven in th i s  f i g u r e .  As can be seen the increase o f  Hc due to low

temperature i r r a d i a t i o n  is much fa s te r  than th a t  due to  I r r a d ia t i o n  a t  room

temperature. The slope o f  the l in e s ,  in d ic a t in g  the re s u l ts  o f  Brown e t  a l . ,
is 1, w h i le  f o r  ou r  re s u l ts  the s lope Is 0.35.

We w i l l  d iscuss these re s u l ts  in se c t io n  3 .4 .2 (b ) .

C> The increased i r r e v e r s i b i l i t y .  As can be seen from f i g .  3.4 most o f  the

i r r e v e r s i b i l i t y  is  due to  su r face  e f f e c t s .  Only f o r  the sample N0-320 a p ro ­

nounced increase o f  the i r r e v e r s i b i l i t y  due to  bu lk  p inn ing  is  observed. In

f i g .  3.9 the m agnet iza t ion  curves a t  T = 1 K are g iven f o r  the sample N-320,
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Fig.

5 0 0 0

4 0 0 0

n/cm 2 10‘dose

3.7 flc versus the irra d ia tio n  dose a t  T -  4.2 K, before ( □
and a fte r  ( O ) surface oxidation.

)

T=1.0 K
1000

T=4.2K

T=4.2K£/<>/ T=6.8K

O /  /  /

f/f/- /X. / /
/  ' /  /

T=7.5K

T=4.2K

dose

Fig. 3.8 27ze increase o f  Ha2 versus the irra d ia tio n  dose fo r  three d i f ­
fe re n t temperatures on log—log sca le. A lso ind ica ted  are other
re su lts  knoun from lite ra tu re .
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4  kO<2

Fig. 3-9 M agnetization o f  N-320 ( — ) ,  NO-320 (-----■), N-0 (xxx) and
NO-O ( • • • • )  a t  T = 1 K.

NO-320, N-0 and NO-O. Comparison of  th i s  f ig ur e  with f igu re s  3.2 and 3.4d shows
tha t  the i r r e v e r s i b i l i t y  is more pronounced a t  the lower temperatures ,  while
a t  these  temperatures a l so  a la rge  f lux  jump region appears.

As a measure of  the  i r r e v e r s i b i l i t y  we p l o t t ed  in f i g .  3 .10 the remanent
moment R a t  H = 0 of  the oxidized samples as a funct ion of  the i r r a d i a t i o n
dose, both on logari thmic  s c a l e s .  Kernohan and Sekula 8) found a l s o  a s t r a i g h t
l in e  on a log-log s ca l e ,  but they observed a much f a s t e r  increase of  R than we
did.  At a dose of  10 8 they found a s a tu r a t i o n  for  R = 1300 Sr a t  T = 4.2 K.
The remanent moment a f t e r  low temperature i r r a d i a t i o n  (Brown e t  a l . 7))  s a t u ­
ra tes  a lready a t  a dose of  3* 1 0 ^  n/cm^, but a t  th i s  dose R is  found to be as
high as 1600 G a t  T = 6.8 K.
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T= 2 .5 0  K
T= 3 .5 0  K -1000
T= 4-.25 K

dose

Fig. 3.10 The increase o f  the remanent moment fo r  oxidized samples versus
the irradiation dose a t three d ifferen t temperatures.

-4TIM

Fig. 3-11 Magnetization o f  NO-O versus H a t T = 5.45 K, compared with the
theoretical reversible curve (dots).



§3.4 d iaouaa ion

3.4.1  The u n ir ra d ia te d  sample. In f i g .  3.11 the m agnet iza t ion  curves f o r

NO-O and N-0 a t  T = 5.45 K are shown. For NO-O we c a lc u la te d  the  re v e rs ib le

curve using the phenomenological r e la t i o n  (eq. 1.9) proposed by Kes e t  a ) .  ' ) .

On account o f  the r e v e r s i b i l i t y  o f  NO-O near HC2, 4irXc2 equals the s lope o f

the experimental curve . As can be seen from the f i g u r e  the dots» rep resen t ing

th is  ca lc u la te d  curve , f i t  the experimenta l curve very w e l l .  For lower temper­

a tu res  the agreement is  a lso  good, except f o r  a region j u s t  above Hc . From

th is  f i t  we conclude th a t  we may use eq. (1 .9 ) a lso  f o r  the c a lc u la t io n  o f

the re v e rs ib le  curves o f  the o th e r  samples a t  th i s  temperature.

The i r r e v e r s i b i l i t y  be fo re  o x id a t io n ,  as s ta te d  above, is main ly  due to

surface  e f f e c t s .  I t  is more pronounced in inc reas ing  than in decreasing f i e l d .

This is in  agreement w i th  the re s u l ts  known from l i t e r a t u r e  In f i g .  3.12

we p lo t te d  the d i f fe re n c e  |ABs | between the in te rn a l  magnetic in d u c t ion  a t  a

g iven H be fo re  and a f t e r  o x id a t io n ,  as a fu n c t io n  o f  the reduced f i e l d  H/Hc .

The fa c t  th a t  |ABs | is  much la rg e r  in inc reas ing  f i e l d  means th a t  the su rface

c o n t r ib u t io n  to  the c r i t i c a l  c u r r e n t ,  Jc , which is  p ro p o r t io n a l  to  AB , is

f a r  more e f f e c t i v e  when the f l u x  is  e n te r in g  the sample ( j£  ) than when the

f l u x  is  leav ing  i t  ( J g ^ ) . In the  f i g u r e  data f o r  s i x  d i f f e r e n t  temperatures

(2 .5  -  6 .5  K) is  g iven , showing th a t  JCs is  a un ive rsa l  fu n c t io n  o f  the reduced

ex te rna l f i e l d ,  i . e :  J ^ °  = f ' * ° ( H / H C2) .  Th is a t  f i r s t  s ig h t  ra th e r  p e c u l ia r

p ro p e r ty  in d ica tes  th a t  in our sample, a t  le a s t  in the temperature reg ion con­

s ide red ,  the decrease o f  JCs due to  an increase o f  the temperature is  compen­

sated by the increase o f  Jc due to  the corresponding decrease o f  H when H/Hr
. 3 c2
is cons tan t.

The asymmetry o f  the su r face  c o n t r ib u t io n  to  J in inc reas ing  and decreas­

ing f i e l d  could be due to  the asymmetric B ean-L iv ings ton  11) b a r r i e r .  Lowell ^)

ca lc u la te d  f o r  th i s  case th a t  in the low f i e l d  reg ion :

Jcs = (Hs "  H) + 2B exp(-J l/x )  ,

J<-s = H -  {8HsB exp(-£ /A )

in which Hg is  the f i e l d  o f  the f i r s t  f l u x  p e n e t ra t io n ,  I  is the th ickness  o f

the su r face  la ye r  and X is  the London p e n e tra t io n  depth. In s p i te  o f  the r e s t r i c ­

ted v a l i d i t y  o f  these formulae Lowell found a q u a l i t a t i v e  agreement w i th  much

o f  the experimental da ta . Our experimental r e s u l t s ,  however, cannot be exp la ined
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Fig.  3 .12 Surface c o n tr ib u tio n  o f  the  c r i t i c a l  curren t in  in crea sin g
(open symbols) and decreasing f i e l d  (b lack symbols) versus the
the reduced magnetic f i e l d  fo r  some d i f fe r e n t  tem peratures. The
d o tte d  l in e s  rep resen t a hyperbola and i t s  v e r t ic a l  asym ptote.
+ : T = 6 .5  K; , 0 :  T = S. 5 K; V : T = 5 .0  K; O : T = 4 .2  Kj

x : T = 3 .5  K and i  □ :  T = 2 .7  K.

by t h i s  model,  not  even q u a l i t a t i v e l y ,  not  on ly  because they do not  f i t  the
ind iv idua l  curves  f o r  each t emper a t u re ,  but  a l s o  because they cannot  match the

tempera tu re  dependence we found.
Another  ex p l a n a t i o n  o f  the  asymmetry o f  J c was g iven by Kramer and

Das Gupta 2) who poin ted  o u t  t h a t  enhanced p inn ing o f  the  f lu x  l i n e s  should

occur  in a s u r f a c e  l a y e r .  Due to  the  f a c t  t h a t  in the  s u r f a c e  region the  sh ea r

c o n s ta n t  o f  the  f lu x  l a t t i c e ,  C ( s e e  eqs .  1.5 and 1.6) becomes sm al l ,  t he

p inning  by the  d e f e c t s  becomes more e f f e c t i v e .  I f  Ĉ  a c t u a l l y  van i shes  in the

s u r f a c e  l a y e r  the  f lu x  l i n e s  become independent  o f  each o t h e r  in the  pinn ing

pr oc e ss .  Under th es e  co n d i t i o n s  i t  is  p o s s i b l e  to  c a l c u l a t e  an ang l e  y over

which one f lu x  l i n e  is t i l t e d  ou t  o f  the  f i e l d  d i r e c t i o n .  The f a c t  t h a t  i s

not  r e a l l y  ze ro can be taken in to  account  by assuming t h a t  e f f e c t i v e l y  a number

o f  f lu x  l i n e s  n, su r rounding the  pinned one,  is ben t  over  the  same an g l e  4 .
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In t h i s  way Kramer and Das Gupta ob ta in ed  the  r e l a t i o n :

2
■ i ,o x s ^m / B ' i  t
cs “ > ( /  l5 ' " ^  + 4 ^ 1

(3.1)

in which x is  the  volume f r a c t i o n  o f  the  sample covered by the  s u r f a c e  r eg ion ,

N is  the d e f e c t  d e n s i t y ,  p i s  the  maximum p inn ing  fo rc e  o f  one d e f e c t  on one

v o r te x ,  i s  the  e l a s t i c  modulus f o r  t i l t i n g  o f  a f l ux  l i n e  o u t  o f  the  f i e l d

d i r e c t i o n ,  t  i s  an ave rage  d i s t a n c e  between the  p inning c e n t r e s  and the  s u r f a c e ,

$ is the  ang l e  between the  s u r f a c e  o f  the  sample and the  magnet i c  f i e l d  and the

T s i g n  in the  argument o f  the  s i n e  r e f e r s  to  the  case  o f  f l u x  e n t e r i n g  and

leav ing the  sample r e s p e c t i v e l y .  In view o f  t h i s  formula no d i f f e r e n c e  should

be expected  between J ^ s and J ° s in our  exper imen t s ,  where the  f i e l d  was p a r a l ­

le l  to  the  s u r f a c e  o f  the  sample (<fi = 0 ) .
In a second paper  ®) Das Gupta and Kramer added an e x t r a  ang l e  £ to  the

argument o f  the  s i n e ,  in o r d e r  to  ex p l a in  t h e i r  exper imenta l  r e s u l t s  on th e  <p
dependence o f  J ^ ’0 , which they thought  could be due to  a r e f r a c t i o n  o f  the

unpinned f l u x  l i n e  a t  the s u r f a c e  o f  the  samples by the  Bean-Liv ingston b a r r i e r

^ ) . In our  op in i on  C can a l s o  be r e l a t e d  to  the  roughness o f  the  s u r f a c e .  Due

to  t h i s  roughness the  ang l e  between a f l u x  l i n e  and some p a r t  o f  the  s u r f a c e

may not  be ze ro ,  in s p i t e  o f  the  f a c t  t h a t  th e  f i e l d  i s  p a r a l l e l .  So the  ave rage

va lue o f  ip equa l s  z e r o ,  whereas the  ave rage  o f  sin(cj) + «fî ) j* s i n ( +  ‘t’p) • This
may be accounted fo r ,  in p r a c t i c e ,  by the  in t r o d u c t i o n  o f  an e x t r a  angle  £.  Now

a d i f f e r e n c e  between j]-s and J °  can be expe c t ed ,  even f o r  <p =  0.

U nfo r t una te l y  we cannot  compare our  exper imenta l  r e s u l t s  wi th  formula

( 3 . 1 ) ,  f i r s t l y  because we have not  v a r i e d  <t> and secondly because the  f i e l d  and

tempera tu re  dependence o f  J c in t h i s  formula i s  u n c e r t a i n ,  mainly due to  the

f a c t o r  n. On the  o t h e r  hand,  the  shape o f  the cu rves in f i g .  3.12 g ive s  some

i n d i c a t i o n  t h a t  the  s u r f a c e  c o n t r i b u t i o n  o f  J i s  indeed mainly due to  an en-c 7
hanced p inning  in the  s u r f a c e  r eg ion ,  as the  shape o f  t h i s  curve is  very s i m i l a r

to those  p r e d ic te d  by d i f f e r e n t  models f o r  bulk p in n ing  ( see  s e c t i o n  3 . 4 . 2 ( c ) ,

f i g .  3*20) r a t h e r  than the one p r e d i c t e d  by the  Bean-Livingston b a r r i e r .  The

d o t t e d  l i n e s  in the  f i g u r e  r e p r e s e n t  a hyperbo la  and i t s  v e r t i c a l  asymptote a t

H' /Hc The hyperbola was f i t t e d  to  our  exper imenta l  r e s u l t s  by dete rmin ing  H‘
^  -  -J

and a 1 from a (AB^) ve r sus  H/HC2 p l o t .  From f i g .  3-12 we conc lude t h a t  our
experimental  r e s u l t s  can be approximated reasonab ly  well  by the  hyperbola :

J Cs(H - H1) = a ' H C2 (3.2)
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In increasing field H 1/Hc„ is found to be equal to HC1/HC2> averaged over the
temperature region considered. (The variation of is indicated by the
horizontal bar in the figure.) This rather crude approximation, similar to the
critical state model of Kim et al . '’), can be useful in order to compare the
pinning in the surface before and after irradiation, as it provides us with a
measure of the effectiveness of this pinning, a 1.

3.4.2 The irradiated samples.

a. The surface effects after irradiation. From the results described in
section 3.3.2(a) (see fig. 3.5) we concluded that heat treatment at 400°C in an
oxygen atmosphere leads to a much more reversible magnetization curve, but an­
nealing in high vacuum does not influence the irreversibility. We conclude that,
just as in the case of the unirradiated samples, the oxidation removes the
irreversible surface barrier, while the pinning centres are not influenced.
This is in agreement with the electron microscope pictures, which show no dif­
ference in the defect structure. Unfortunately, due to the HC2 shift, we cannot
investigate the surface barrier simply by comparing the magnetization curves
before and after oxidation. We can only discuss the surface effects after ir­
radiation by comparing the samples N(400)-319 and NO-319, which were both ir­
radiated with a dose of 3.101^ n/cm2 but were annealed, respectively in vacuum
and in an oxygen atmosphere.

The magnetization curves for these samples are shown in fig. 3-5. We found
that, also for these samples, the surface barrier, which, due to the peak ef­
fect, can only be discussed in the low field region, is asymmetric with respect
to the direction of motion of the flux lines. In fig. 3.13 we plotted the sur­
face barrier in increasing field for three temperatures versus the reduced ex­
ternal field. As can be seen the same temperature dependence as for the unirra­
diated samples is found. The full line in the figure represents the experimental
data of fig. 3.12, so it gives the results for the unirradiated samples. The
shift between the two curves is partly due to the difference in the average
value of HC./HC2 (as can be seen from fig. 3-7 the HC2 value for NO-319 is
somewhat lower than for NO-O), but it is also due to an increased pinning. From
a (AB )‘1 versus H/HC2 plot we derived a value for the constant a' in formula
(3.2), which is only 20% higher than the one obtained for NO-O. In comparing
this to the increase of the bulk pinning, which is considerably larger, we con­
clude that the surface barrier is not much affected by the irradiation.

This result seems to be in contradiction with the idea that the surface
contribution to J is due to pinning. But it appears that no cluster formation

c
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Fig. 3*13 Surface c o n tr ib u tio n  o f  the  c r i t i c a l  om w ent in  in c rea s in g  f i e l d
j  fo r  N—O ( f u l l  l in e )  and N(400)-319 (d o tte d  l in e ) .  O  •  T -  3.25 K;

□ r  T = 3.75 K; O : T = 4 .2  K.

takes p la ce  in the sur face  layer .  This is  i l l u s t r a t e d  by an e le c t r o n  microscope
p ic tu re  of  N-319 given in f i g .  3.1A, which shows a gra in  boundary. I t  is  c le a r
th a t ,  near the boundary, there  is a region in which no c l u s t e r s  a re  observed.
The reason is  th a t  in t h i s  so -ca l l ed  "denuded zone" the i n t e r s t i t i a l s ,  formed
during the i r r a d i a t i o n ,  a re  absorbed by the gra in  boundary before they can
c l u s t e r .  This is because the gra in  boundary can be cons idered,  e n e r g e t i c a l l y ,
as a sink for  the i n t e r s t i t i a l s .  I t  is p l a u s ib le  th a t  such a denuded zone is
a l so  formed a t  the surface  of  the sample and t h i s  explains  why the i r r a d i a t i o n
does not a f f e c t  the sur face  b a r r i e r  too s t rong ly .

A r a the r  accura te  method fo r  in v es t ig a t in g  the surface  b a r r i e r  o f  the
i r r a d i a t e d  samples is  the measurement of  the permeabi l i ty  in a l t e r n a t i n g  f i e l d s .
We wi l l  d iscuss  th i s  in chapter  6.

b. The HC2_ s h i f t .  We discussed in sec t ion  3 .3 .2(b) t h a t  due to the i r r a d i a t i o n
HC2 is increased.  Heat t reatment  a t  A00°C in an oxygen atmosphere as well as in
high vacuum reduces HCz again to i t s  o r ig in a l  va lue.  So, in s p i t e  o f  the f ac t
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Fig. 3.14 Electron microscope p ic tu re  o f  N-319, shouing a denuded zone.

that the pinning centres are not influenced Hc2 is strongly affected by heat
treatment. We can explain this by assuming that annealing at 400 C influences
small irradiation defects (small clusters, perhaps in te rs titia ls  and vacancies,
the so-called Frenkel pairs). As these defects reduce the electron mean free
path and thereby increase the residual resistance p,  the Ginzburg-Landau para-
r 1 Ik
meter k is increased according to the relation given by Goodman ):

1
k = k .  + Cy*p ,

in which y is the electronic specific heat coefficient and C is a numerical
constant. Since HC2 = /2 kHc> A'Hc2 should be proportional to the increase of
the residual resistance. We measured p and i t  appears that indeed the resistance
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increases due to  the i r r a d i a t i o n ,  bu t a f t e r  annealing a t  400°C decreases

again to  a value which is more o r  less the value before  the i r r a d i a t i o n .  The

d i f fe re n c e  between the value before  and a f t e r  annealing is  re fe r re d  to  as i p .

In f i g .  3*15 we p lo t te d  A'HC2 versus i p .  I t  can be seen th a t  i 'H j - -  is p ropo r­

t io n a l  to  ip  as was expected. Th is a lso  exp la in s  why the Hro increase is  much
7 cz

fa s te r  f o r  samples i r r a d ia te d  a t  lower temperature ' ) ,  because the Frenkel

p a i r s ,  which are induced by the i r r a d i a t i o n ,  w i l l  not c lu s te r  a t  low tempera­

tu re s .  There fore  the e le c t r o n ic  mean f re e  path is  in f luenced  much more, which

g ives r i s e  to  a much fa s t e r  increase o f  the res idua l res is tance  and consequent­

ly  o f  Hc2 .

From the cons ide ra t ions  g iven above we can a lso  conclude th a t  f o r  our

samples p is h a rd ly  in f luenced  by the la rge  c lu s te r s ,  so in general p is  not a

good measure o f  the p inn ing  o f  a sample (see a lso  chap te r 1 ) .

c. I r r e v e r s ib le  e f f e c ts  due to  bu lk  p in n in g . In t h i s  s e c t io n  we w i l l  r e s t r i c t

ourse lves  to  a d iscuss ion  o f  the i r r e v e r s i b i l i t y  o f  the o x id ize d  samples, in

which on ly  bu lk  e f f e c t s  p lay  a p a r t .  A thorough review o f  bu lk  p inn ing  in  type

I I  superconductors has been g iven by Campbell and Evetts  ^ )  .

In o rde r  to  descr ibe  the i r r e v e r s i b i l i t y  o f  a superconductor we not on ly

have to  know the loca l p inn ing  fo rce  p^ o f  one p inn ing  cen tre  on one v o r te x

but a lso  how the loca l p inn ing  fo rces  add up, g iv in g  a bu lk  p inn ing  fo rce  den­

s i t y  P . In o rde r  to  ca r ry  ou t th i s  summation the in f lu e n ce  o f  the mutual in ­

te ra c t io n s  between the v o r t ic e s  on the e f f i c i e n c y  o f  the p inn ing  has to  be

taken in to  account. This problem was discussed e x te n s iv e ly  by F ie tz  and Webb

) and solved in  p r i n c ip l e  by Labusch ^ ) . He in troduced the e l a s t i c  moduli

o f  the f l u x  l a t t i c e  and (eqs. 1.3 -  1.6) demonstrated th a t  they can be deduced

from the re v e rs ib le  m agne t iza t ion  curve .

We ca lc u la te d  C.. f o r  NO-320 a t  T = 5-1*9 K, using the experimental mag­

n e t iz a t io n  curve (shown in  f i g .  3.18) and the re v e rs ib le  curve , which was

ob ta ined using the method proposed by Kes e t  a l .  ) (eq. 1.9) by app ly ing  eqs.

28(a) and (b) and method ( i i )  o f  t h e i r  paper. The re s u l ts  are g iven in  f i g .

3.16.

By s t a t i s t i c a l  summation Labusch ^) found th a t  f o r  a d i l u t e  system o f

p o in t  de fec ts  the p inn ing  fo rce  per u n i t  volume is  g iven by eq. (1 .7 ) .  Good
-| Q

and Kramer found th a t  f o r  l i n e  de fec ts  the p inn ing  fo rce  per u n i t  volume

is  g iven by eq. ( 1 .8 ) .

In móst samples both p inn ing  due to  p o in t  de fec ts  and due to  l i n e  de fec ts

w i l l  o ccu r.  There fore  i t  must be expected th a t  most i r r e v e r s ib le  m agnet iza t ion
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Fig. 3-15 The increase o f Ha^ due to the irra d ia tio n  versus the increasé
o f the residual resistance.

Fig. 3*16 E lastic  moduli , C ^ and fo r  NO-320 versus the average
in te rna l induction. The dots represent the results obtained
from eq. 3.3.
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curves  can only be des c r i bed  by a combinat ion o f  the formulae (1 .7)  and ( 1 . 8 ) .

This  idea Ls co r r o b o ra te d  by the  f a c t  t h a t  some em pi r i ca l  c r i t i c a l  s t a t e  models
20 21’ ) ,  which a r e  not  d i r e c t l y  r e l a t e d  to  one o f  the  above formulae ,  g iv e ,  in

many ca s e s ,  a r a t h e r  good d e s c r i p t i o n  o f  the  i r r e v e r s i b l e  m a gn e t i za t ion  curves

’ ) .
22, *Kramer } de f ine d  a c r i t i c a l  l eng th  1 g iven by:

I* -
C66B

He sugges ted  t h a t  i f  t he  spacing  o f  the  d e f e c t s  i s  much sm a l l e r  than ) they

can be t r e a t e d  as l i n e  d e f e c t s ,  i f  t he  spac ing  is  much l a r g e r  the  p inn ing  can
be con s ide red  as being due to  p o in t  d e f e c t s .

In o r d e r  to  i n v e s t i g a t e  whethe r  the  d e f e c t  s t r u c t u r e  in our  samples must

be con s ide red  as p o i n t  o r  as l i n e  d e f e c t s  we c a l c u l a t e d  1 f o r  NO-320 a t

T = 5.A9 K and ( f o r  high f i e l d s  only)  a t  T = 3.25  K, and a l s o  f o r  NO-319 a t

T = A.20 K. The r e s u l t s  a r e  g iven in f i g .  3 .17 as a f u n c t i o n  o f  B/Bc . The
ho r iz o n t a l  d o t t e d  l i n e  r e p r e s e n t s  the  spacing o f  the  d e f e c t s ,  as ob ta ine d

is
from the  e l e c t r o n  microscope p i c t u r e s .  As can be seen from the  f i g u r e  1 in-

JU

c r e a se s  very r a p id l y  when Hc2 is  approached .  In the  neighbourhood o f  Hc« 1 is

much l a r g e r  than the  c l u s t e r  spa c i n g ,  so we b e l i e v e  t h a t  in t h i s  f i e l d  reg ion

on ly  l i n e  p inn ing p lays  a r o l e .  Thi s  i s  a l s o  in agreement  wi th  the  occ ur ren ce

o f  the  peak e f f e c t  which can on ly  be exp la in e d  by p inn ing due to  l i n e  d e f e c t s

')^_We w i l l  d i s c u s s  the  peak e f f e c t  in r e l a t i o n  to  p inn ing  due to  both l i n e

and p o i n t  d e f e c t s  in ch a p te r  A. Near Hc  ̂ 1■ a l s o  in c re a se s  bu t  a t  i n t e r m e d ia te

f i e l d s  one could expe c t  a combinat ion o f  l i n e  and p o i n t  p in n in g .  Ther e fo r e  we

dec ided to  c a l c u l a t e  the m a gn e t i za t ion  cu rves  wi th  both formulae (1.7)  and ( 1 . 8 ) .

The c a l c u l a t i o n  o f  the  i r r e v e r s i b l e  magn e t i za t ion  cu rves  can be c a r r i e d
ou t  in the  way de sc r i be d  by Kes e t  a l .  ) ,  bu t  on ly  i f  an a n a l y t i c  ex pr e ss io n

f o r  v a l i d  in the  whole f i e l d  r eg ion ,  i s  a v a i l a b l e .  In o r d e r  to  o b t a i n  such
an ex pr es s io n  we t e n t a t i v e l y  assumed:

H -  H Hc

C66 “  HC2 -  HC1 H C66 (3,3)

which,  as i s  shown in f i g .  3 .16 by the  c i r c l e s ,  g ives  a r ea son ab l e  f i t  nea r  HC1
23, '

as well  as nea r  Hc „.  Kes J ) used eq.  (3-3) f o r  the  sample NO-O and found an
eq u a l l y  good agreement ,  u sing as  given in eq.  (16) .

Using eq s .  (1 .A),  (1.6)  and (3-3) and s e t t i n g  pm p ro p o r t i o n a l  to  (HC2 - B)
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K - T  = 5 .4 9 K

T = 4 .2 0  K

T = 3 .2 5 K

O B /B ,

F ig . 3.17 The parameter I  versus B/Ba f o r  the sample NO-320 ( f u l l  l in e s )

a t T = 5.49 K and T = 3.25 K, and f o r  NO-319 (do tted  l in e )  a t

T = 4.20 K. The h o r iz o n ta l do tted  lin e  represents the defeat

spaaing in  NO-320 and NO-319 as derived  from the e lea tron

microscope p ic tu re s .

in  the whole f i e l d  reg ion ^> ^ > 2 0 ,2 1 ,2  j  eq. (1 .7 ) reduces to :

J =c
Pv Hc2 -  B
—  % ---------------------------------------- T

B [H (B )  -  HC1 ] *rev t l

(3 .4)

Here the term (C1|2jCn ) ’ i  o f  eq. (1 .7) has been neglected because is  much

la rg e r  than C,6 (see f i g .  3 .1 6 ) .  N eg lec t ing  the loga r i thm  in  eq. (1 .8 ) t h i s

equation  reduces to :

J 'vc

H (B )______ rev

[H (B )  -  H j - J B 4rev

(3.5)

A lso  from these formulae i t  is immediately c le a r  th a t ,  i f  indeed both types

o f  p inn ing  are p resen t , the l in e  p inn ing  becomes dominant near Hc
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Fig. 3.18 C alculated m agnetization  curve compared w ith  the experim ental
one fo r  NO-320 a t  T = 5.49 K. The adapta tion  i s  made a t  H =
1700 Oe. □  : Good and Kramer's formula fo r  pinning due to  lin e
d e fe c ts ; O : Labusch 's formulae fo r  pinning due to  p o in t d e fe c ts

In f i g s .  3.18 and 3-19 we p lo t t e d  the experimental magnetizat ion curves
of  the sample NO-320 a t  T = 5-49 K and of  NO-319 a t  T = 4.20 K r e s pe c t iv e ly ,
toge ther with the curves derived from Labusch's formula for  point  pinning
eq. (3.4) and fo r  Good and Kramer's formula for  l in e  pinning (eq. 3 . 5) .  The
adapta t ions were made a t  H = 1700 Oe ( f i g .  3.18) and a t  H = 2200 Oe ( f i g .
3 .19) .  From these  r e s u l t s  i t  appears th a t  in the lower f i e l d  region none of
the models descr ibe  the experimental curves exac t l y ,  al though the d i f f e r ences
do not seem to be very dramatic.  In the higher  f i e l d  region up to the beginning
of  the peak e f f e c t  both models f i t  the experimental curve.

For a more prec ise  ana lys i s  we p lo t te d  (3B/3x) as a func tion  of  the mag­
ne t ic  f i e l d  in f ig .  3.20 for  NO-319 a t  T * 4.20 K. The points  have been
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Fig. 3.19 Calculated, magnetization curve compared with the experimental
one for NO-319 at T = 4.20 K. The adaptation is made at H =

2200 Oe. □  : Good and Kramer's formula for pinning due to line
defects; O  •• Labusch's formula for pinning due to point defects.

directly computed from eqs. (3.A) and (3-5)■ The adaptation was made at H =
2200 Oe. The experimental curve (full line) is obtained from the difference
4irAM of the magnetization curve in increasing and decreasing field ). As
can be seen in the higher field region the line pinning formula gives the
best description. Close to HC2 the deviation between the experimental curve
and the calculated results is due to the peak effect, which is caused by a
more effective pinning and therefore not reflected in the theoretical curves

(see chapter A).
We conclude that in the higher field region line pinning dominates,

whereas at lower fields a combination of point and line pinning occurs.
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Fig. 3.20 The induction gradient derived from the experimental curve
( fu l l  line) fo r  the sample NO-319 a t T = 4.20 K, compared
With the theoretical models. □ : line pinning models
O : point pinning model.
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C H A P T E R  4

THE PEAK EFFECT DUE TO IRRADIATION DAMAGE

§4.1 In tro d u c tio n

A sharp  inc re as e  o f  the  c r i t i c a ]  c u r r e n t  de n s i t y  J in f i e l d s  nea r  Hr
c i _ i <; c2 ’

the  s o - c a l l e d  peak e f f e c t ,  has been obse rved by many au th or s  " ° ) . The most

pronounced peaks have been ob ta in ed  wi th  niobium a l l o y s ,  p a r t i c u l a r l y  i f  doped

wi th  i n t e r s t i t i a l  e l ement s  ) .  Kernohan and Sekula  "*) gen er a te d  the  peak e f f e c t

in the  magn e t i za t io n  curve o f  niobium by neu t ron  i r r a d i a t i o n .  K e l l e r  e t  a l .  °)

found a peak e f f e c t  nea r  Hc2 in d e u t e r o n - i r r a d i a t e d  Nb-25%Zr. F or a  more d e t a i l e d
review we r e f e r  to a paper  by Campbell and E ve t t s  ' ) .

In o r d e r  to  ex p l a in  th es e  e f f e c t s  se ve r a l  t h e o r i e s  a r e  proposed.  Some

au th or s  ) ,  fo l lowing the  sugg es t io n  by Anderson and Kim ®), a s c r ib e d  the  peak

e f f e c t  to  an inc reased  f lu x  l a t t i c e  r i g i d i t y  o c c u r r i n g  nea r  Hc .  due to  mutual

f l u x o id  i n t e r a c t i o n .  But P ippard ) po in ted  ou t  t h a t ,  on the  c o n t r a r y ,  due to
a dec rea se  o f  the l a t t i c e  r i g i d i t y  nea r  Hc^, f lu x  v o r t i c e s  conform more r e a d i l y

to the c r y s t a l  d e f e c t  p a t t e r n .  Indeed,  Uabusch 10) c a l c u l a t e d  t h a t  nea r  Hc the

sh ea r  modulus C66 o f  the  f lu x  l a t t i c e  (see eq.  1. 6) f a l l s  to  ze ro p r o p o r t i o n a l -
ly to (HC2 - B) . The P ippard c a l c u l a t i o n s  were somewhat extended by Campbell

and Ev e t t s  ) on ly  f o r  the case  t h a t  p inn ing in the sample is due to l in e
d e f e c t s .

We observed a peak e f f e c t  in the  m ag ne t i z a t ion  curve  o f  niobium samples
a f t e r  i r r a d i a t i o n  wi th  f a s t  ne u t r o n s .  Although the  o v e r a l l  i r r e v e r s i b i l i t y  due

to  the i r r a d i a t i o n  does not  i n c re as e  very much, a l a rg e  peak e f f e c t  occ urs  f o r
an i r r a d i a t e d  dose o f  10^ n / c m ^  ( see  c h a p te r  3) .

§4.2 Experim ental r e s u l ts

A d e s c r i p t i o n  o f  the  samples has been g iven in c h a p te r  3. In the  p r e s e n t
ch a p t e r  we pay sp e c i a l  a t t e n t i o n  to  the  samples NO-318, NO-319 and NO-320. These

samples were i r r a d i a t e d  in the High Flux Reac tor  o f  the  Reactor  Centrum
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Nederland, Pe tten , w i th  f a s t  neutron doses (e q u iv a le n t  f i s s io n  spectrum) o f

3.75 x 10^ , 3 -6 5 x 1 0 ^  and 1.5 x 1 0 ^  n/cm^ re s p e c t iv e ly  (see ta b le  3 -1 )•

A f t e r  i r r a d i a t i o n  the samples were heat t re a te d  dur ing  a few minutes in an

oxygen atmosphere a t  **00 C in o rde r to  remove surface  e f f e c t s .

The experimenta l se t-up  f o r  measuring the dc m agnet iza t ion  curves has been

described in chapters 2 and 3*

F igure 4.1 shows the m agnet iza t ion  curves in lo n g i tu d in a l  f i e l d s  a t  d i f ­

fe re n t  temperatures f o r  NO-320, in increas ing  and, p a r t i a l l y ,  in decreasing

-4TTM

F ig . 4.1 M agnetization curves in  increasing  and, p a r t ia l ly ,  in  decreasing

f ie ld s j  fo r  NO-320 a t  d if fe re n t  temperatures ( f u l ly  drawn lin e s ).

The points represent th e o re tic a l re s u lts  (see te x t)  V  : T =.

5.49 K;  O : T = 4.20 K;  O  : T = 3.25 K;  □  : T = 1.77 K.

f i e l d  ( f u l l y  drawn l in e s ) .  The dots represent ca lc u la te d  values o f  the magneti­

z a t io n  using the c r i t i c a l  s ta te  model f o r  f l u x  p inn ing  proposed by Goedemoed,

Kes, Jacobs and De K le rk  ) combined w i th  the re v e rs ib le  s ta te  model proposed
12.

by Kes e t  a l .  ) .  From the i r r e v e r s ib le  curves, using eqs. 28a and b toge ther

w i th  method ( i i )  g iven by Kes e t  a l .  (page 781) we obta ined the re v e rs ib le

m agnet iza t ion  curve and a lso  the p inn ing  parameter yd , from which the i r r e v e r ­

s ib le  curve can be c a lc u la te d .  The adap ta t ion  is made a t  a f i e l d  value not too f a r

below the f i e l d  a t  which the peak e f f e c t  shows up.

S u b tra c t in g  these th e o r e t ic a l  values from the experimental curves we o b ta in
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the dec rea se  o f  the average in te rn a ]  induc t ion  due to  the  peak e f f e c t .  F ig.
4 .2  shows the  r e s u l t s  f o r  se ve ra l  t empera tu res  ver sus  reduced e x t e r n a l  f i e l d .

This dec rea se  AB i s  p ro p o r t i o n a l  to  the  in c re a se  o f  the  induc t ion  g r a d i e n t
3B/3x and so p r o p o r t i o n a l  to  the in c re as e  o f  the  c r i t i c a l  c u r r e n t  d e n s i t y .

Under the assumpt ion o f  the London-Bean model (3B/3x i s  co n s ta n t  th roughout

the  sample) AJc = 4AB/d, in which d is  the  h a l f - t h i c k n e s s  o f  the  sample.  There ­
fo re  AB is comparable wi th  the  exper imen tal  r e s u l t s  o f  Lubel1 and Kroeger

and o f  Osbornp ^ ) . The a r e a s  below the  cu rves  in f i g .  4 .2  a r e  p r o p o r t i o n a l  to

the  e x t r a  p inn ing energy which co r responds  to  the  peak e f f e c t .

Gauss

'/ /  /

H/H(. 0.6

Fig.  4 . 2  The decrease o f  the average in te rn a l induction  due to  the peak
e f f e c t  versus reduced ex tern a l f i e l d  a t  d if f e r e n t  tem peratures
fo r  NO-320.

As can a l s o  be seen from f i g .  4 .2  the reduced f i e l d  value  a t  which the

maximum o f  the  peak e f f e c t  occur s  (hp = Hp/HC2) as  wel l  as the  h e ig h t  o f  the

peak ( AB ) depend on t emper a t u re .  In f i g .  4 . 3  we can see t h a t  AB is
^  n
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9 9 _p r op o r t i on a l  to  ( cQ -  t  ) in which c Q = 0 . 6 ,  which means t h a t  the  peak e f f e c t

van i shes  in a reg ion  j u s t  below T^. For NO-319 we found AB a l s o  p ro po r t i o n a l

to  ( c .  -  t 2 ) 2 , in which now c Q = 0 .5-  Lubei l  and Kroeger 3) found c Q -  1 as

was p r e d i c t e d  by Bychkov, Vereshchagin ,  Zuev, Karas ik ,  Kurganov and M a l ' t s e v

13) f o r  the  r i g i d  l a t t i c e  mode) o f  Anderson and Kim ) .  From th es e  r e s u l t s  we

b e l i e v e  t h a t  an ex p l a n a t i o n  o f  the  peak e f f e c t  in terms o f  the  (reduced)  tem­

p e r a t u r e  w i l l  be f a t h e r  d i f f i c u l t .  I t  w i l l  come ou t  in s e c t i o n  A.3 t h a t  the

peak e f f e c t  can be exp l a in ed  in terms o f  the  ave rage  f lu x  d e n s i t y  a t  the  peak

f i e l d .

F ig.  A.3 The square roo t o f  the maximum decrease o f  the in te rn a l
average induction  o f  the sample NO—320 as a function  o f  the

square o f  the reduced tem perature.

For NO-318 and NO-319 the  f i e l d  and t empera tu re  dependences o f  the  peak

e f f e c t  have been de r ived  in the  same way as  de sc r i be d  above.  Figure A.A shows

AB versus  reduced f i e l d  f o r  a l l  t h r e e  samples a t  T = A.2 K. As can be seen from

t h i s  f i g u r e  th e r e  i s  a s t e e p  i n c re as e  o f  the  he ig h t  o f  the  peak e f f e c t  f o r  the

h i g h e s t  dose .  This  sudden i n c re as e  i s  due to  the  m e t a l l u r g i c a l  c h a r a c t e r  o f  the

i r r a d i a t i o n  damage.
In fo rmat ion  about  th e  d e f e c t  s t r u c t u r e  i s  g iven by e l e c t r o n  microscope

p i c t u r e s  shown in f i g .  3-1 ( c , d , e , f ) .  As s t a t e d  in c h a p te r  3 the  ave rage  c l u s t e r
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Gauss
NO-320

NO-319

NO-318

Fig.  k.k  The decrease o f  the average in te rn a l induction  due to  the
peak e f f e c t  versus reduced ex tern a l f i e l d  fo r  3 d if fe r e n t
samples a t  T = 4 .2  K.

s i z e  in NO-318 and NO-319 i s  about  100 A, wh i l e  in NO-320 the  s i z e  o f  the

c l u s t e r s  i s  inc reased  due to  secondary  c l u s t e r i n g  o f  the  loops .  I t  has been

po in ted  o u t  by Brimhall  and Mastel 1i|) and by Elen e t  a l .  15) t h a t ,  in o r d e r

to  minimize the  e l a s t i c  defo rmat ion ene rgy ,  c l u s t e r s  p r e f e r  to  s e t t l e  c l o s e  to

each o t h e r ,  forming " r a f t s " .  The s i z e  o f  th e se  extended d e f e c t s  in NO-320 is
o f  the  o r d e r  o f  800 A.

From th es e  o b s e r v a t i o n s  we can e x p l a in  the  d i f f e r e n c e  in magnitude o f  the

peak e f f e c t  f o r  the  samples NO-318 and NO-319 on the  one hand and f o r  NO-320

on the  o t h e r .  As f o r  the  f i r s t  ones th e  c l u s t e r s  a r e  o f  a s i z e  sm a l l e r  than the

coherence l eng th  (?) and t h e r e f o r e  they cannot  pin the  v o r t i c e s  very e f f e c t i v e ­

ly ,  on ly  the more ex tended r a f t s  lead to  an e f f e c t i v e  p inning and thus  to  a
l a rg e  peak e f f e c t .
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In section 4.3 we w il l  re s tr ic t  ourselves to the sample NO-320.

§4.3 Viacusa'Lon

Pippard °) assumed that the structural energy due to the r ig id i ty  of the
2

flux la t t ic e  fa l ls  to zero at Hc_ as (HC2 “ H) , while the pinning energy fa l ls
to zero as (HC2 '  H). Therefore at some f ie ld  the flux la tt ic e  conforms to the
pinning sites in order to minimize the free energy. This f ie ld  can be found by
equating the structural energy and the pinning energy. In this model the value
of the c r i t ic a l  current at this peak f ie ld  is given by:

2„3/2
a 1a 2BC2

' CP 60<{>1/2

in which a. is the slope of the reversible magnetization curve near HC2
(a = [1 .16 (2 k2 -  1)] ' )  and <*2 is the re lative  width of the peak (HC2 — H ) /
Hr „. We deduced a, from the calculated magnetization curves (see section 4 .2 ) .

2 1 3/2 2In order to test the Pippard model we plotted AB/h£2 versus a^o2 ( f ig .
4 .5 ) .  As can be seen from the figure the f i t  is better than found by Osborne )̂
but not too promising. The dotted line in the figure has only been given to
stress the deviation from the linear behaviour which is expected from the
model ) .

One of the objections against Pippard's model is that i t  suggests that
the peak effec t should occur more often than is actually found ^B) .

In order to overcome this d i f f ic u l ty  a more precise analysis of the equi­
librium between flux la t t ic e  r ig id i ty  on the one hand and the local pinning
forces on the other is necessary. Campbell and Evetts ^) pointed out that this
can be done by calculating the pinning energy using the e lastic  constants of
the flux la t t ic e .  They also mentioned that a sharp peak effect should only be
expected in the case that the pinning is due to line defects parallel to the
vortices, rather than i f  i t  is due to point defects. We can i l lu s tra te  this
by comparing the formulae for distortion of one vortex due to a point defect
with that for distortion by a line defect.

According to Labusch °) the distortion due to a point defect, near Hc
obeys the relation:

) A slight improvement can be obtained i f  (HC2 -  H )/HC2 is replaced by

(Hc2 -  Bp)/Hcr
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Fig.  4.5 Graph showing the disagreement with Pippard's theory.

u0
PP

— T  ( • f ) i  --------- ! t

M. *0 <Ĉ C66>i
(4.1)

in which pP is the maximum pinning force of  one poin t  d ef ec t ,  C . . is the e l a s ­
t i c  cons tant  co r r e la te d  to the local bending of  a f lux l in e  and C,g is the  shear
modulus of  the f lux  l a t t i c e  (see eqs.  1.4 and 1 .6) .  Since is  propor t iona l
to hb(= HB/HC2) ,  the shear  modulus C66 to (1 -  b )2 and pm to (1 -  b ) , the
d i s t o r t i o n  does not vary much as HC2 is reached. The pinning energy,  which is
propor tiona l to pmu0 f a l l s  to zero a t  HCz as (1 -  b ) , in agreement with P ippard ' s
assumption.

In the case of  pinning by l in e  de fec ts  p a ra l l e l  to the vo r t ic e s  the d i s ­
t o r t i o n ,  according to Good and Kramer 17) obeys:

c *5pm
U0 = 16ttC66 , n ( r / a Q> (4.2)
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in which is  the p inn ing  f o r ce  per  u n i t  l eng th of  one l i n e  d e f e c t  on one
vo r te x ,  the f l u x  l a t t i c e  spacing (= 1 .07 (d> q / B  ) ^),  and r i s  the d i s t a n c e  to

the  f i xed  boundary o f  the  sample.  In view o f  the loga ri thm the  r e s u l t s  a r e  not

very s e n s i t i v e  to the  ex a c t  c r i t e r i a  chosen fo r  t h i s  c u t - o f f  d i s t a n c e .  Uq can

become very l a rg e  as Hc is approached.  P h y s ic a l l y  t h i s  means t h a t  the  p inning

energy remains c o n s t a n t ,  so t h a t  now a more d r a s t i c  p inning  e f f e c t  can be ex*

pec ted  nea r  Hc„.
In view o f  our  e l e c t r o n  microscope p i c t u r e s  ( f i g .  3-1) we dec ided to  check

our  exper imenta l  r e s u l t s  f o r  the case  o f  p inn ing by po in t  d e f e c t s .  Our d e r iv a -

t io n  is  ana logous  to  t h a t  given by Campbell and E ve t t s  ) f o r  l i n e  d e f e c t s .

Making the  assumption t h a t  a l l  p inn ing  c e n t r e s  a long a f l u x  l i n e  o p e r a te  in ­

dependent ly  the  t o t a l  p inning f o r ce  per  u n i t  volume i s  given by:

Pv J -Bc ( f >  .
*0 dn

(4.3)

in which d i s  the ave rage d i s t a n c e  between the  p inn ing c e n t r e s  along a vor t ex ,
n

S u b s t i t u t i n g  from eg.  (4 .1)  and assuming t h a t  f o r  sy n c hr o n i z a t io n  o f  the

f lu x  l a t t i c e  to  the inhomogenei t ie s  p a t t e r n  a d i s t o r t i o n  uQ = kaQ i s  r equ i red

we der ived :

CP

3.5ka*HCz
(1 + o , ) d n

(1 -  b )

in which b i s  the  average ind uc t ion  a t  the  peak f i e l d  d iv ided  by HC2. In f i g .

4 .6  we p l o t t e d  AB/H^2 ver sus  (1 -  b ) c^ / 2 / (1 + a ^ H ^ .  As can be seen from the

f i g u r e  our  r e s u l t s  cannot  be exp la in e d  by t h i s  model.  We have to  conc lude t h a t

the  as sumption o f  eq.  (4.3)  t h a t  the  p inning  c e n t r e s  along a f lu x  l i n e  o p e r a te

independent ly  is too c rude .
The e l e c t r o n  microscope p i c t u r e s  ( f i g .  3 - l e  and f) show t h a t  the s i z e  of

the ex tended p o in t  d e f e c t s  i s  o f  the same o r d e r  o f  magnitude as t h e i r  mutual

spa c ing ,  which,  in our  sample,  i s  comparable wi th  the  coherence length  This

makes i t  r a t h e r  u n l i k e l y  indeed t h a t  they a c t u a l l y  o p e r a t e  as independent  pin

ning c e n t r e s .  A b e t t e r  assumption seems to  be t h a t  e f f e c t i v e l y  a v or t ex  i s  p in ­

ned over  i t s  whole l eng th w i th ou t  i n t e r r u p t i o n s ,  so t h a t  the  d i s t o r t i o n  can be

b e t t e r  de sc r i b ed  on the  b a s i s  o f  l in e  d e f e c t s  (eq.  (4 .2 ) )  than o f  po in t  d e f e c t s

(eq.  ( 4 . 1 ) ) .  In o t h e r  words the d i s t o r t i o n  does not  depend on the  local  bending

parameter  any more,  bu t  on the  she a r  modulus o n ly .  The' same idea has

a l s o  been proposed very r e c e n t l y  by Kramer ). The f a c t  t h a t  h i s  c r i t i c a l  length

1* ( see  s e c t i o n  3 . 4 .2 c )  in c re as e s  s t r o n g l y  f o r  Ha approaching HCz co r r o b o ra te s
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1x10 G

F ig . 4 .6  Graph showing the disagreem ent w ith  the theo ry  based on p in n in g

..due to  p o in t  d e fe a ts .

the idea th a t  the peak e f f e c t  is  due to  l i n e  p in n in g .  As s ta ted  in chap te r 3

a lso  the dc m agnet iza t ion  curve near HC2 can be described b e t t e r  by a c r i t i c a l

state^model based on l in e  p inn ing  than by one based on p o in t  p in n in g ,  see f i g .

3.20. The d e r iv a t io n  based on p inn ing  by l in e  de fec ts  p a r a l le l  to  a v o r te x  has

been g iven by Campbell and E vetts  ' )  f o r  h igh k m a te r ia ls ,  but i t  can e a s i ly
be genera l ized  f o r  a l l  < ‘ s.

Making the assumption th a t  a l l  v o r t ic e s  are pinned the to t a l  p inn ing  fo rce

per u n i t  volume is given by the number o f  f l u x  l in e s  per u n i t  area times the

p inn ing  fo rce  per u n i t  length  o f  one l in e  de fec t  on one v o r te x ,  so:

Pv
/ B , i

V p- (4.4)

Now the peak c r i t i c a l  c u r re n t  is g iven by:

JcP

2kH ^2

1 n ( r / a Q)

ai (1 - y 2
(1 + a . ) ¥

1 P
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which,  a p a r t  from the  c o e f f i c i e n t ,  d i f f e r s  from the  ex p re ss i on  der ived  by
i

Campbell and E v e t t s  by a f a c t o r  b*.  But near  t h i s  f a c t o r  approaches  1. In

f i g .  A . 7 we p l o t t e d  AB/h| ^ 2 ve r su s  a  (1 -  b ) 2/ (1  + a , ) 2bi . As can be seen from
L 1 P 1 p

the  f i g u r e  our  exper imenta l  r e s u l t s  f i t  r a t h e r  w e l l .  The agreement  i s  obv ious ­
ly b e t t e r  than wi th  the o r i g i n a l  theory o f  P ippard ( see  f i g .  A.5 ) .

VtTpfo+i)2'
Fig.  A.7 Graph shewing the agreement w ith  the theory based on pinning

due to  Vine d e fe a ts .

S e t t i n g  f o r  J Cp = AAB^/d ( see  s e c t i o n  A.2) we de r ive d  from the  s lo pe  o f
the  d o t t e d  l i n e  in the  f i g u r e :

■t—/■ k.— r  *= 5-6 x 1 0 '3 .l n ( r / a Q)

With the  assumption r  s 10a- t h i s  co r responds  very well  w i th  the  value  o f  k o f

the  o r d e r  o f  0.01 mentioned by Campbell and E v e t t s .  N eve r the les s  t h i s  l eads to

a d i s t o r t i o n  u.  which seems r a t h e r  sma l l .  But the  assumpt ion f o r  eq.  (A.A) was

t h a t  a l l  t he  v o r t i c e s  a r e  p inned.  I f  only a f r a c t i o n  is  p inned ,  k w i l l  i nc rea se

pr o p o r t i o n a l  to  t h i s  f r a c t i o n  and the  d i s t o r t i o n  inc re as e s  as  w e l l .  There fo re

we th in k  t h i s  theory e x p l a in s  the  o r d e r  o f  magnitude o f  the  peak e f f e c t  r a t h e r
w e l l .
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In conclusion we can say th a t  the general model given by Pippard is  es ­
s e n t i a l l y  c o r r e c t ,  but too simple.  The magnitude of  the peak e f f e c t  depends
s t rongly  on the  type of  the defect  s t r u c t u r e .  The local  pinning force as well
as the d i s t r i b u t i o n  of  the pinning cen t res  must be taken into account.  This
may expla in why the peak e f f e c t  does not occur so of ten  as should be expected
from the Pippard model.
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C H A P T E R  5

CALCULATIONS ON THE PERMEABILITY BASED ON THE LONDON-BEAN MODEL

§5.1 Introduction

In c h a p t e r  2 we d e s c r i b e d  a s e r i e s  o f  e x p e r i m e n t s  on t h e  i n f l u e n c e  o f

p h y s i c a l  i m p u r i t i e s  on t h e  m ag ne t i c  b e h a v io u r  o f  s u p e r c o n d u c t i n g  n iob ium.

M a t e r i a l  o f  h ig h  chemica l  p u r i t y  was c o l d  r o l l e d  and c u t  i n t o  r e c t a n g u l a r

s amp le s  o f  30 x 3 x 0 .1 5  mm. The d i s l o c a t i o n  d e n s i t y  was v a r i e d  by h e a t  t r e a t ­

ment a t  d i f f e r e n t  t e m p e r a t u r e s .  A g r a d ua l  i n c r e a s e  in  r e v e r s i b i l i t y  w i t h  t h e

h e a t  t r e a t m e n t  was o b s e r v e d  f o r  t h e  ma gn e t i c  moment; two d i f f e r e n t  t y p es  o f

b e h a v io u r  were  found ,  howeve r,  f o r  t h e  s u s c e p t i b i l i t y .  For  s amp le s  w i t h  a h igh

d i s l o c a t i o n  d e n s i t y  ( l a r g e r  t h an  a b o u t  109 cm"2 ) t h e  who le  v a r i a t i o n  o f  t he

s u s c e p t i b i 1 i t y  t ook  p l a c e  in t h e  r e g i o n  between t h e  upper  c r i t i c a l  f i e l d  H

and t h e  n u c l e a t i o n  f i e l d  Hn (which p roved  t o  be n o t i c e a b l y  h i g h e r  t h an  t h e

f i e l d  HC3 in t r o d u c e d  by S a i n t  James and de Gennes 1) . + For  s amp le s  w i t h  lower

d i s l o c a t i o n  d e n s i t i e s  t h e  v a r i a t i o n  o f  t h e  s u s c e p t i b i l i t y  s t a r t e d  a l r e a d y  a t
t h e  l ower  c r i t i c a l  f i e l d  Hr « .61

The aim o f  t h e  p r e s e n t  p ap e r  i s  t o  g i v e  models  f o r  bo th  t y p es  o f  b e h a v i o u r ,

and s i n c e  t hey  were  o b se r v ed  in t h e  mos t  p ronounced  way f o r  t h e  s amp le s  h e a t

t r e a t e d  a t  1000°C (P1Q00) and 1600°C (P i6 q o ) .  we w i l l  r e s t r i c t  o u r s e l v e s  t o

th e  d i s c u s s i o n  o f  t h e s e  s a m p le s ,  f i g s .  2 . 8  and 2.11 r e s p e c t i v e l y .

Many e x p e r i m e n t s  and c a l c u l a t i o n s  have  been c a r r i e d  o u t  in t h e  p a s t  on t h e

i n f l u e n c e  o f  v a r y i n g  m a g ne t i c  f i e l d s  on t ype-1  I s u p e r c o n d u c t o r s .  A d e t a i l e d  l i s t

o f  r e f e r e n c e s  i s  g ive n  in  a su rv ey  a r t i c l e  by Wipf 2) . In g e n e r a l ,  two a p p r o a c h ­

es  have  been a p p l i e d .  Some i n v e s t i g a t o r s  used l a r g e  a m p l i t u d e s  3" 6 ) , t h e  f i e l d

go ing  up and down from a v a l u e  somewhere be tween HCl and Hn t o  minus t h e  same

v a l u e .  In o t h e r  e x p e r i m e n t s  7" 17) a c o n s t a n t  f i e l d  H was a p p l i e d  on which  an

a l t e r n a t i n g  f i e l d  o f  smal l  a m p l i t u d e  HQ was sup e r im po se d .  The l a t t e r  was a l s o

) Resonance  i n v e s t i g a t i o n s  on one  o f  o u r  s amp le s  by P .L .  I ndov ina  ( I s t i t u t o

S u p e r i o r  di S a n i t a ,  Rome) c o r r o b o r a t e d  o u r  Hn v a l u e s  ( p r i v a t e  communica t i on)
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our approach. Both H and the alternating field were parallel to the sample; the
field H could be adjusted at any value (Hg) between zero and well above H^; the
amplitude Hq was varied between 0.72 and 9*52 Oe.

Our final results were presented in a diagram (fig. 2.13) in which the
imaginary component of the susceptibility x" was plotted against the real part
X 1 (actually we plotted 4irx" against -i*irx'). This is standard^practice in inves­
tigations on paramagnetic relaxation, and we think that also in the case of
type-11 superconductors such diagrams are very useful because they give much
sharper criteria for the validity of possible theoretical models than the
usual plots of the a.c. losses against the amplitude of the alternating field
(see also chapter 6).

For both our samples P.qqq and P ^ qq it was found that the directly
measured values of x 1 and x" for different values of the steady field, Ha were,
within the limits of the experimental accuracy, independent of the frequency
of the alternating field, but strongly dependent on the amplitude. In the
Airx" vs. -4irx' diagram, however, a universal curve was found for the sample
P which was almost symmetrical with respect to the line -4irx' = 0.5 (see
fig. 2.12). Totally different results were obtained with P.^-... Different
curves were found for different amplitudes of the alternating field. The maxima
were lower than in the case of P,qqq and they were lower the smaller the am­
plitude. Moreover, the curves were strongly asymmetrical.

These results are shown again in fig. 5.1, but in a slightly modified way.
Instead of plotting 4ttx" against -l»irx' we plotted the permeability component
p" (= l*irx") as a function of p 1 (= 1 + !*irx')- This was done because the formulae
derived in the subsequent sections become simpler if they are expressed in terms
of permeabilities. It only means that the left- and right-hand sides of the
diagrams are reversed.

In view of the complete absence of any frequency dependence in our experi­
ments it seems justified to discuss the results with the help of hysteresis
models only, neglecting all relaxation effects.

In section 5.2 of this paper we will introduce and justify the different
theoretical models used in our calculations, in section 5-3 the models will be
treated mathematically, and in section 5-̂ * the results will be discussed.

55.2 The theoretical models

5.2.1 The influence of surface screening above Ra .̂ For the sample P1000
the whole variation of p 1 and p" takes place between HCz and H . In this region
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Fig. 5.1 Diagram o f  the r e a l and imaginary components o f  the magnetic
perm ea b ility  o f  the samples Pig0Q and Pjegg fo r  d if fe r e n t
am plitudes Hg o f  the a lte rn a tin g  f i e ld :  □  ,  H. -  9.52  Oe;
A ,  Hg = 4.81 Oe; O ,  Hg = 2.41 Oe; O  ,  Hg = 0 .72 Oe.

Fully drawn curves: th e o re tic a l curve o f  se c tio n s  5 .2 .1  and

5 .3 .2 ;  d o tte d  l i  rie: th e o r e tic a l curve o f  se c tio n s  5 .2 .2  and 5.3. 3.

the bulk of  the sample is in the normal s t a t e ,  only a layer of  the order  of
the coherence length £ remaining superconducting *) .  P e r s i s t i n g  cu r ren ts  may
occur in t h i s  l ayer  which screen o f f  p a r t  of  the v a r i a t io n s  of  the externa l
f i e l d  from the core.  The c r i t i c a l  cu r r en t  densi ty  gives r i s e  to a maximum d i f ­
ference AH between the in ternal  induction and the exte rna l  f i e l d ,

I f  the t o ta l  v a r i a t i o n  due to the a l t e r n a t i n g  f i e l d  is l ess  than 2AH the
induct ion inside  the sample is  cons tant  over the whole cyc le .  I f  i t  i s  l a rger
than 2AH we find a hy s te r e s i s  loop in the shape of  a paral le logram.  The two
cases a re  sketched in the r ight -hand  p a r t  of  f i g .  5 . 4 .

Hys te res is  loops very s im i l a r  to such paral lelograms have a c tu a l ly  been
measured by Roll ins  and Si lcox 12) .

Fourier  ana lys i s  o f  the hy s te r e s i s  loop leads to expressions for  both p 1
and p" as funct ions  of  only one dimensionless parameter (which i s ,  o f  course,
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d i r e c t l y  r e l a t e d  to  AH). E l im in a t io n  o f  the  paramete r  l eads  to  a r e l a t i o n

between y 1 and y" .  In the  case  t h a t  the  t o t a l  f i e l d  v a r i a t i o n  is  l e s s  than 2AH

we on ly  f in d  y 1 = y" = 0; in the  o t h e r  case  the  r e l a t i o n  is  r ep>esented by the

drawn l i n e  in each o f  the  diagrams o f  f i g .  5 . 1 .
The exper imenta l  p o in t s  f o r  P-jqqq a r e  r eason ab le  agreement  wi th  t h i s

t h e o r e t i c a l  cu r ve ,  though f o r  small  va lues  o f  y 1 they a r e  somewhat low.

Formulae a r e  g iven in s e c t i o n  5*3.2 .  I t  w i l l  t u r n  o u t  t h a t ,  in a way, t h i s
model may be con s i de r ed  as a l i m i t i n g  case  o f  one o f  the  models d i s c us se d  l a t e r .

5 . 2 . 2  The London-Bean model in  the  reg ion  below Bc^. For P-j^ qq t h e r e  i s  no

agreement  between the  exper imenta l  p o in t s  o f  f i g .  5.1» and the  t h e o r e t i c a l

cu rve  o f  the  fo rego ing  s e c t i o n .  This  i s  not  s u r p r i s i n g  because the  t h e o r e t i c a l

curve  i s  based on s u r f a c e  sc re en in g  a l o n e ,  whereas f o r  P»^gn a big p a r t  o f  the
v a r i a t i o n  o f  y 1 and y" t akes  p la ce  below H ^ ,  where bu lk  p inning must p lay an

impor tant  r o l e .  From now on we w i l l  c o n c e n t r a t e  our  a t t e n t i o n  to  the  reg ion

below Hc _.
The occ ur ren ce  o f  bu lk  p inn ing  leads to  an inhomogeneous f l u x - d e n s i t y

d i s t r i b u t i o n  i n s i d e  the  sample.  The pe rm e a b i l i t y  behaviour  can be de r ived  in a

s t r a i g h t f o r w a r d  way from t h e  v a r i a t i o n s  o f  the  induc t ion  p a t t e r n ,  as caused by

the  v a r i a t i o n s  o f  the  e x t e r n a l  f i e l d .
The s im p le s t  model f o r  the  indu c t ion  p a t t e r n  a v a i l a b l e  in the l i t e r a t u r e

is  the  London-Bean model ^ ’ ) .  I t  n e g l e c t s  a l l  i r r e v e r s i b l e  s u r f a c e  e f f e c t s

and i t  assumes a c o n s ta n t  f l u x - d e n s i t y  g r a d i e n t  3B/3x throughout  the  sample.

So i f  t he  f i e l d  i s  inc rea se d  monoton ica l ly  from ze ro  to  a value  somewhere

between Hc , and H „  the  f l u x  d e n s i t y  in s i d e  the  sample f a l l s  l i n e a r l y  from the
'■ 'I

s u r f a c e  va l ue  (B ) to  a value  (B ) -  d(3B/3x) a t  the  c e n t r e ,  where d i ss max s max
the h a l f - t h i c k n e s s  o f  the  sample.  This  i s  i l l u s t r a t e d  in f i g .  5.5>

I f  the reupon the  e x t e r n a l  f i e l d  i s  dec reased somewhat the  s u r f a c e  induc t ion

de c re as es  to  a value  B^ and the  i n s i d e  f lu x  d e n s i t y  inc re as e s  l i n e a r l y  from the

s u r f a c e  u n t i l  i t  i n t e r s e c t s  the  l i n e  o r i g i n a l l y  belonging to  (B ) . From th e re

on i t  f u r t h e r  fo l lows  t h i s  l i n e .
On f u r t h e r  d ec rea se  o f  the  e x t e r n a l  f i e l d  t h i s  f l u x  d i s t r i b u t i o n  behaviour

p e r s i s t s  in such a way t h a t  the  i n t e r s e c t i o n  wi th  the  o r i g i n a l  (B ) l i n e

moves g r a d u a l l y  towards the  c e n t r e .  When B reaches  va lu es  below (®s) max ”
2d(3B/3x) the  f lu x  d e n s i t y  inc re as e s  a l l  t he  way from the  s u r f a c e  to  the  c e n t r e

o f  the  sample.
The d e t a i l e d  c o n s i d e r a t i o n s  wi l l  be g iven in s e c t i o n  5 . 3 -3  t o g e th e r  wi th

the  formulae .  I t  t u rn s  o u t  t h a t  two ca ses  must be d i s t i n g u i s h e d .  I f  t he  ex t e r n a l
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f i e l d  va r ies  pe r i o d ic a l l y  in such a way tha t

(Bs ) max '<Bs>.nln < 2d(3B/3x)

the v a r i a t i o n s  in the induction p a t t e r n  do not reach the cen t r e  of  the sample
and a hy s te re s i s  loop is found cons is t in g  of  two parabolas .  In the case

(Bs }max - (Bs }min > 2d(3B/3x)

the v a r i a t i o n s  pene t ra te  throughout the sample and the h y s te r e s i s  loop cons is t s
of  two parabolas and two l in e a r  p a r t s .  The two cases a re  i l l u s t r a t e d  in the
r ight-hand ha l f  o f  f ig .  5 . 6 . They wil l  be fu r t h e r  re fe r red  to as the cases of
"small ampli tude" and " la rg e  ampli tude".  I t  turns out  th a t  for  samples with
weak pinning the case of  " l a rg e  ampli tude" cannot be neglec ted ,  not even for
r e l a t i v e l y  small amplitudes of  the a l t e r n a t i n g  f i e l d .

London demonstrated 3) th a t  in the f i r s t  case the energy losses in the
sample a r e  propor tiona l to the th i r d  power of  the ampli tude;  in the second
they c on s i s t  of  a cons tan t  and a l in e a r  term.

10 Oe 10 Oe

H,= 3.00 kOe

Fig. 5.2 Energy lo sses  v s . the amplitude HQ o f  the a lte rn a tin g  f i e l d
fo r  d if fe r e n t  values o f  the ex tern a l f i e l d  fo r  the sample P
The lin e s  represen t th ir d  pouers o f  H., D 3 H = 9 .5 2  Oe;
A ,  HQ = 4.81 Oe; O ,  HQ = 2.41 Oe; O ,  EQ = 0.72 Oe.
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Figure 5-2 shows logari thmic diagrams of  the  energy losses  ( in erg-cm 3-

cyc le  ) vs.  the amplitude for  the sample P ^ qq» as derived from the experimen­
tal  y" data for  a number of  values of  the exte rna l  f i e l d .  The f u l l y  drawn
poin ts  represen t  the cases of  "smal l"  ampl itude,  the dot ted ones those of
" la rg e"  amplitude ( t h i s  wil l  be fu r t h e r  e luc ida ted  l a t e r ) .  The l ines  in the
f igure  a re  t h i r d  powers of  the  ampli tude;  each l i ne  has been drawn through the
lowest experimental po in t .  I t  turns out  th a t  for  the fu l l y  drawn points  the
3

Hq law is  approximately f u l f i l l e d ;  in f a c t ,  the power is somewhat h igher,  about
3 .3 .  The dot ted points  a re  lower, as should be expected.

As a f i r s t  at tempt  we decided to neglec t  the d i f fe rence  between the powers
3 and 3.3 and to assume the London-Bean model as c o r r e c t .  Fourier  ana lys i s  of
the h y s te r e s i s  loops ( sec t ion  5-3.3) demonstrates th a t  i t  is  impossible to
express y 1 and y" as funct ions of  only one dimensionless parameter.  I t  is pos­
s i b l e  to do so,  however, fo r  the q u a n t i t i e s  y ' / y ^  and y" /y^ ,  where y.  is the
slope of  the re v e r s ib le  Abrikosov curve (3B/3H)^, which is a funct ion of  the
steady externa l  f i e l d  H only.  The dimensionless parameter is d i r e c t l y  re la ted
to 3B/3x. The r e la t i o n  between y ' / y .  and y " /y .  ' s r epresented by the lower l in e
of f i g .  5*3 and for  the special  case y . = 1 by the dot ted l ine  of  f i g .  5 .1 .

^

Fig. 5-3 P erm eability  diagram fo r  s l̂0b}'̂ n3 vVl*^ us. y ' / y ^  fo r  the
same values o f  the ex tern a l f i e l d  and the same am plitudes Hg
o f  the a lte rn a tin g  f i e l d  as in  f i g . 5.2.  For each H~ the p o in t
c lo s e s t  to  the o r ig in  represen ts the sm a lle s t value o f  H . The

curves rep resen t the cases o f  se c tio n s  5 .2.1  and 5 .2 .2 .
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The l i n e a r  par t  re fe rs  to "small" ampli tude,  the curved pa r t  to " la rge"
ampli tude.

For f ig .  5.3 we have read y 1 and y" from the curves of  f i g .  2.11 a t  the
external  f i e l d  values of  f i g .  5.2  ( a l l  below HC2) . For each poin t  they were
divided by the appropr ia te  value of  y^,  which was obtained by graphical  d i f f e r ­
e n t i a t i o n  of  an Abrikosov curve th a t  was cons t ruc ted  with the help of  the ex­
perimental  magnet izat ion curve of  f i g s .  2.k  and 2.11 (Some values for  y are
given a t  the bottom of  f i g .  5.13. )  This brings the points  c lo se r  to the o r ig in
than in f i g .  5*1•

I t  follows t h a t ,  a f t e r  th i s  procedure,  the grea t  major i ty  of  the points
f a l l s  below the th eo re t i ca l  curve instead of  on i t .  This means th a t  the London-
Bean model does not account in the proper way fo r  the ampli tude dependence found
in our experiments.  So the f a c t  th a t  the ac losses a re  in reasonable agreement
with th i s  model apparent ly  does not mean th a t  i t  gives a s a t i s f a c t o r y  de sc r ip ­
t ion of  the permeabi l i ty  behaviour as a whole.

On the o th er  hand i t  is c le a r  th a t  the London-Bean curve is in b e t t e r
agreement with the experimental data than the upper curve,  which was derived
for  the region above HC2. I t  is asymmetric and i t  has the c o r r e c t  general  shape.

5 .2 .3  The ex tension  o f  the London-Bean model w ith  an ir r e v e r s ib le  surface
jump. I t  was shown in s ec t io n  5 .2 .2  th a t  the London-Bean model for

the f lu x -d ens i ty  d i s t r i b u t i o n  does not give a s a t i s f a c t o r y  explana tion of  the
permeabi l i ty behaviour of  a type-11 superconductor between HCl and H— . Since,
however, i t  is a much b e t t e r  approximation than the model introduced in sec t ion
5.2.1 we decided to make an a ttempt  to re f i ne  i t  in order  to ob ta in  b e t t e r
agreement with the experimental da ta.

In 1966 Ullmaier ” ) introduced a model which, in a way, is a combination
of  the models of  sec t ions  5.2.1 and 5 .2 .2 .  He assumed a constant  f l ux- de ns i t y
grad ien t  3B/3x in the i n t e r i o r  o f  the sample and an i r r e v e r s i b l e  jump AH a t  the
sur face .  Considering only the case t h a t  the f lu x -d en s i ty  v a r ia t i o n s  do not per -
pene t ra te  to the cen t r e  of  the sample ( the case of  "smal l"  amplitude introduced
in s ec t io n  5 .2 .2)  he derived th a t  the a l t e r n a t i n g  f i e l d  losses a r e  propor t iona l
to (HQ - AH) . This r e s u l t s  into a logar i thmic diagram o f  the losses aga ins t
the ampli tude which is s t eepe r  than Hj*. (Notice th a t  our d e f i n i t i o n  of  AH is a
f a c to r  two d i f f e r e n t  from U l lm a ie r ' s . )

o
Wipf ) gave a thorough d iscuss ion of  Ul lmaier ' s  model. He made an ana lys i s

of  nearly 20 d i f f e r e n t  in v es t i ga t io ns  on niobium, by many d i f f e r e n t  au thors ,
and found th a t  a l l  t h e i r  poin ts  f e l l  ins ide  a (not too narrow) band of  a
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l o g a r i th m ic  diagram.  The s lo pe  o f  the  band was l a r g e r  than t h r e e .  This  led him

to the  con c l u s i o n  t h a t  t h i s  model g ive s  the  c o r r e c t  d e s c r i p t i o n .
18Sekula  and B a r r e t t  ) demonstrated t h a t  the  a l t e r n a t i n g  f i e l d  lo ss es  in

3 oU l l m a i e r ' s  model a r e  not  p r o po r t i on a l  to  (Hg - AH)J but  to  (Hg -  AH) (Hg + 2AH)

(see  a l s o  s e c t i o n  5 . 3 . 4 ) .  Also f o r  t h i s  ex p r e s s io n ,  however,  t he  loss  curve in

a lo ga r i th m ic  diagram is  s t e e p e r  than Hg, though the  d i f f e r e n c e  in s lo p e  is

smal l e r .
3 2In f i g .  5 .2  we expressed our  lo s s e s  in erg/cm • c y c le .  Wipf used J/cm of

the  s u r f a c e  o f  the  sample per  cy c le  (which i s  meaningful  in the  case  o f  " smal l "

am pl i tu de ) .  I f  we reduce our  va lues  to  h i s  u n i t s  i t  appea rs  t h a t  they a r e  a

f a c t o r  100 l e f t  o f  h i s  da ta  band. This  is p robably not  too s u r p r i s i n g  because

Wipf on ly  cons id e red  cases  in which the  ex t e r n a l  f i e l d  was v a r i e d  from a high

p o s i t i v e  value  through ze ro to  the  o p p o s i t e  value  ( t h e  remarkable p o in t  i s  t h a t

f o r  samples wi th  r e a l l y  s t r o n g  p inn ing t h i s  may s t i l l  be the  case  o f  " smal l "

a m p l i tu d e ) ,  whereas in our  exper iment s  a small  a l t e r n a t i n g  f i e l d  was superim­

posed on a l a rg e  s t eady  f i e l d  ( see  s e c t i o n  5 . 1 ) .
S ince  in our  diagram o f  f i g .  5 .2  the  lo ss es  were somewhat s t e e p e r  than

Hg we thought  t h a t  the  i n t r o d u c t i o n  o f  an i r r e v e r s i b l e  s u r f a c e  jump AH in to  the

London-Bean model might  lead to  b e t t e r  agreement  between the  theory and the

exper imenta l  da ta  f o r  P.^gg.
I f  in t h i s  model the  ex t e r n a l  f i e l d  is in c reased  from ze ro to  a value  Hmgx

the  ind uc t ion  a t  the  s u r f a c e  o f  the  sample r eaches a value  (Bs ) max> and in the
i n t e r i o r  i t  de c re as es  l i n e a r l y  u n t i l  t he  va lue (Bs ) max “ d (3B/3x) a t  the  c e n t r e .

I f ,  now, the  f i e l d  i s  dec reased  no th ing happens to  the  i n te r n a l  f l u x  p a t t e r n

u n t i l  t he  va l ue  H -  2AH i s  reached .  On f u r t h e r  dec rea se  o f  the  ex te rn a lmax
f i e l d  the  f lu x  p a t t e r n  behaves in e x a c t l y  the  same way as in the  pure London-

Bean model,  d es c r ib ed  in s e c t i o n  5 . 2 . 2 .  As long as the  s u r f a c e  induc t ion  is

l a r g e r  than (B ) -  2d(3B/3x) the  f lu x  d e n s i t y  f i r s t  i nc re as e s  from thea s max
s u r f a c e  and then d e c r e a s e s ;  f o r  Bs s m a l l e r  than (Bs ) |nax ” 2d(3B/3x) i t  i n c reases

a l l  t he  way from the  s u r f a c e  to  the c e n t r e .
Now we must d i s t i n g u i s h  th r e e  cases  f o r  the  h y s t e r e s i s  loop.  I f  t he  t o t a l

v a r i a t i o n  due to  the  a l t e r n a t i n g  f i e l d  i s  l e s s  than 2AH the  induc t ion  p a t t e r n

i n s i d e  the  sample i s  c o n s ta n t  over  the  whole c y c le .  I f  i t  i s  l a r g e r  than 2AH

but  s t i l l  so small t h a t  the  v a r i a t i o n s  o f  the  ind uc t ion  p a t t e r n  do not  reach

the  c e n t r e  o f  the  sample a h y s t e r e s i s  loop is  observed which c o n s i s t s  o f  two
h o r iz o n t a l  l i n e s  and two p a r a b o la s .  I f  t he  t o t a l  v a r i a t i o n  o f  the  ex t e r n a l  f i e l d

is so l a rg e  t h a t  the  v a r i a t i o n s  o f  the  induc t ion  p a t t e r n  do reach the  c e n t r e  o f

the  sample the  h y s t e r e s i s  loop c o n s i s t s  o f  two h o r i z o n t a l  l i n e s ,  two p a r a b o la s ,
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and two p a r a l le l  s t r a ig h t  l in e s  w i th  f i n i t e  s lope .  The th ree  cases are 111 us-

t r a te d  in  the r i g h t - hand p a r t  o f  f i g .  5 -8 .

F o u r ie r  a n a lys is  o f  the h y s te re s is  loops shows th a t  in  the f i r s t  case we

o n ly  o b ta in  the p o in t  p '  = p " = 0 f o r  the p e rm e a b i l i t y .  In the o th e r  cases we

can d e r iv e  expressions f o r  p ' / pa and p" / pa as fu n c t io n s  o f  two d imensionless

parameters, one o f  which is  re la te d  to  AH and the o th e r  to  3B/3x. For the

d e ta i l s  we re fe r  to  se c t io n  5 -3 -4 .

I f  the two parameters take a l l  po ss ib le  values i t  tu rns  ou t  th a t  any

P1, p" combination in  f i g .  5-3 can occur between th e  two drawn cu rves, and

th e re fo re  between the th e o re t ic a l  curves o f  sec t ions  5.2 .1  and 5 .2 .2 .  Since

the g rea t  m a jo r i t y  o f  the experimental p o in ts  o f  f i g .  5 .3  is  below the lower

curve i t  fo l lo w s  th a t  the ex tens ion  o f  the London~Bean model w i th  an i r r e v e r -

s ib le  su r face  jump does not e xp la in  our experiments w i th  the sample P . , „  .
1600

Of course th i s  does not mean th a t  no samples could be found f o r  which the

model would a p p ly ;  i t  o n ly  means th a t  i t  has no general v a l i d i t y ,  as was claimed
by W ip f.

In a way we can even th in k  th a t  the sample P , f o r  which the po in ts

near the o r i g i n  o f  f i g .  5.1 are somewhat low, obeys t h i s  model. We w i l l  come
back to  th i s  p o in t  l a t e r .

5 . 2 . 4 -  The e x te n s io n  o f  the  London-Bean model w ith  a su rfa ce  la y e r

w ith o u t p in n in g .  As was shown in  se c t io n  5 -2 .3  the ex tens ion  o f  the

London-Bean model w i th  an i r r e v e r s ib le  su r face  jump AH does no t e x p la in  the

p e rm e a b i l i ty  behaviour o f  ou r  sample Pl6 o o - The c o r r e c t io n  to  the pure London-
Bean model goes in  the wrong d i r e c t io n .

For t h i s  reason we thought th a t  a c o r re c t io n  in the oppos ite  sense might

lead to  a more s a t i s f a c t o r y  d e s c r ip t io n .  So instead o f  in t ro d u c in g  a surface

b a r r ie r  AH we assumed a su rface  la ye r  in  which the p in n in g  e f f e c t  is  weaker

than in  the core o f  the sample. The s im p les t  (and a lso  the c rudes t)  p o s s i b i l i t y

is  th a t  3B/3x is com ple te ly  zero in  th i s  la ye r  and cons tan t in  the remainder
o f  the volume.

The phys ica l  background o f  th i s  model is  not d i r e c t l y  c le a r .  I t  appears

th a t  the  th ickness  o f  the su rface  la y e r  is  no t o f  the o rd e r  o f  the coherence

leng th ;  i t  is a n o t ice a b le  f r a c t i o n  6 o f  the h a l f - th ic k n e s s  d o f  the sample.

The model should be considered as a f i r s t - o r d e r  approx im ation  o f  the case th a t

3B/3x is not cons tan t th roughout the sample. We come back to  t h i s  p o in t  in

se c t io n  5-4 and a lso  in  chap te r 6.

In th is  model the f l u x  d e n s i ty  in  the su r face  la ye r  is  equal to  the surface
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in d u c t ion  Bg . In the core the p a t te rn  is  s im i la r  to  th a t  o f  the pure London-

Bean model o f  se c t io n  5 -2 .2 .  This means th a t  as long as the v a r ia t io n s  in  the

in d u c t io n  p a t te rn  do not reach the cen tre  o f  the sample ("sm all  am p litude")

the ac losses are the same as in the London-Bean model. No work is  done aga ins t

any p inn ing  fo rces  in  the su r face  la y e r ,  and in  the core the energy d is s ip a t io n

is  the same as in the London-Bean model. Th is means th a t ,  as in se c t io n  5 -2 .2 ,
3 3 3we n eg lec t  the d i f fe re n c e  between HjJ and HjJ .

The in d u c t ion  p a t te rn s  are represented in  f i g .  5-9- I f  the ex te rna l  f i e l d

is  increased m ono ton ica l ly  from zero to  H the f l u x  d e n s i ty  in  the surface

la ye r  becomes equal to  (B ) , and in  the core i t  f a l l s  l i n e a r l y  to  the value'  ^ s max '

(B ) -  (1 -  6 )d(3B/3x) a t  the cen tre ,s max '
I f  thereupon the ex te rna l  f i e l d  is  decreased somewhat the in d u c t ion  in  the

surface  la y e r  decreases to  a value Bs and the f l u x  d e n s i ty  in the core increases

l i n e a r l y  from th i s  va lue  u n t i l  i t  in te rs e c ts  the l in e  o r i g i n a l l y  belong ing to

(B ) . From there  on i t  f u r t h e r  fo l lo w s  th i s  l i n e ,s max
This p a t te rn  is  main ta ined u n t i l  the f l u x  d e n s i ty  in  the su r face  laye r

reaches values below (B ) -  2(1 -  6 )d (3 B /3 x ) .  From there  on the induc t ions max
in  the core increases a i l  the way to  the cen tre  o f  the sample.

The d e ta i le d  con s id e ra t io n s  w i l l  be g iven in se c t io n  5 .3 -5 .  For the hys­

te r e s is  loop we must d is t in g u is h  two cases aga in . I f  the ex te rna l  f i e l d  va r ies

p e r i o d ic a l l y  in  such a way th a t

(B ) -  (B ) . < 2 ( 1  -  6 )d(3B/3x)s max s min

the v a r ia t io n s  o f  the in d u c t io n  p a t te rn  do no t reach the cen tre  o f  the sample.

Th is must be considered now as the case o f  " s m a l l "  am p l i tude . The h y s te re s is

loop co n s is ts  o f  two parabo las . In the case

(B ) -  (B ) . > 2(1 -  6)d(3B/3x)s max s 'm in

which is  now the case o f  " la r g e "  am p l i tude , the v a r ia t io n s  are observed through­

ou t the sample and the h y s te re s is  loop co n s is ts  o f  two parabolas and two l in e a r

p a r ts .

The two cases are i l l u s t r a t e d  in the r igh t-hand  p a r t  o f  f i g .  5 .10 . The

d i f fe re n c e  w i th  f i g .  5.6 ( the  case o f  the pure London-Bean model o f  sec t ion

5 .2 .2 )  is  th a t  the re  the parabolas s ta r te d  w i th  h o r iz o n ta l  tangen ts , whereas

here they s t a r t  w i th  f i n i t e  s lopes.

F o u r ie r  a n a ly s is  o f  the h y s te re s is  loops y ie ld s  expressions f o r  and
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v 'y^A  as fu n c t io n s  o f  two d imensionless parameters. One o f  them is  the f r a c t i o n

6 o f  the th ickness  o f  the sample w i th  zero p inn ing  (see above); the o th e r  is

d i r e c t l y  re la te d  to  3B/3x in  the core . This is  fu r t h e r  exp la ined  in  sec t ion

5 -3 .5 ,  where the formulae are d e r ived .

I f  the two parameters take a l l  the poss ib le  values i t  appears th a t  any

U , p combination in f i g .  5-3 can occur below the  low er th e o r e t ic a l  cu rve .

Since a l l  the experimental p o in ts  f o r  P ^ qq, w i th  o n ly  few excep t ions , are in

th i s  reg ion  we b e l ie v e  th a t  f o r  t h i s  sample the ex tens ion  o f  the London-Bean

model w i th  a su rface  laye r  w i th o u t  p inn ing  is  a b e t te r  approx im ation  o f  the

tru e  f l u x  p a t te rn  than the ex tens ion  w i th  an i r r e v e r s ib le  su r face  jump as
discussed by U l lm a ie r  ' ' )  and Wipf 2) .

The d e ta i le d  numerical d iscuss ion  o f  our  experimental re s u l ts  w i l l  be
given in  se c t io n  5 . ^ .2 .

§5-3 D e r iv a t io n  o f  the  fo rm ulae

5*3.1 In t ro d u c t io n .  I f  the f i e l d  H goes up and down p e r i o d ic a l l y  between

^max an(  ̂ ^min we can in troduce  the steady component

H ™ i(H  + H . )a max m1n

and the am plitude o f  the a l t e r n a t in g  component

H- “ i(H  *  H . )0 max min

We o n ly  cons ider the case H„ «  H .
0 a

I f  the to t a l  f i e l d  is

H = Ha + H0C° S ait ( 5 . 1)

the measured in d u c t io n ,  hence fo r th  re fe r re d  to  as Ï ,  can be developed in to  a
F o u r ie r  s e r ie s :

B = Bo + 1 ^nH0cos nwt + 1 tJnHosin nwt (5 .2 )
n n

Here, p j  = 1 + in rx1 and P, “  W  a r« the p e rm e a b i l i t y  components as determined

in  the experiment. The ind ices  w i l l  f u r t h e r  be o m i t te d .  So p ‘ and p "  fo l lo w
from
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(•2ir/ii)

O
IIOi b>B cos u t  dt (5.3a)

(•2-ir/u

’ V "  -  J 0 biB s in  nit dt (5.3b)

The a l t e r n a t i n g  f i e l d  losses per un i t  volume and per cycle a re  given by

W = TjL t  HdB = i  H*p" (5.4)

In view of  our experimental condi t ions  we always cons ider ,  in our de r iva­
t i o n s ,  the case of  a f l a t  shee t  o f  superconducting material  p a ra l l e l  to the
f i e l d .  The thickness  of  the  shee t ,  2d, is supposed to be much smal ler  than the
length and width of  the  sample, so th a t  demagnetizing e f f e c t s  may be neglected.
The ac losses per un i t  area of  the sample (which a r e  considered by most authors)
a re  in t h i s  case equal to

Ws = 4 H*dp"

5 . 3 .2  The influence o f  surface screening on the perm eability. This is the
case introduced in sec t ion  5-2 .1 ,  where only sur face  screening occurs (no bulk
pi nni ng) .

I f  the exte rna l  f i e l d  is increased from zero to a value H between Hcomax l
and H the induction ins ide  the sample reaches a value B (homogeneous overn max
the volume) which is lower than H :max

B = H -  AHmax max

where AH is  caused by the c r i t i c a l  sur face  cu r ren t  J Cs> which per un i t  length
is  given by

AH = 4irJCs

I f  the externa l  f i e l d  decreases ,  the screening cur ren t  decreases ,  i t  re ­
verses sign when H = B , and i t  reaches the value - J Co when3 max s

H = B - AH = H -  2AHmax max
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Over th is  f ie ld  in terva l B inside the sample is constant and equal to Bmax
On fu rth e r decrease o f the f ie ld  to a value H . the surface currentmin

density remains equal to Jc , so that from now on

B = H + AH

I f  a fte r  th is  the f ie ld  is increased again B remains constant and equal to
B^.^ u n til H = H . + 2AH. A fte r th is  B increases again according to

B = H - AH

Now, i f  H is small as compared to H -  Hc_ we may consider AH asNicisx n z
constant between H and H . . This assumption is ce rta in ly  ju s t i f ie d  in ourmax min
experiments where HQ is less than 10 Oe.

In the fu rthe r ca lcu la tions we must consider two cases:

H -  H . = 2H_ < 2AHmax min 0

H - H . = 2Hn > 2AHmax min 0

I f  we introduce a parameter

n =» AH/HQ (5. 5)

these cases are n > 1 and n < 1.
In the case n > 1 the induction inside the sample is constant during the

whoiè cycle o f the a lte rna ting  f ie ld :

B -  H - nHn (5.6)max 0

In the case n < 1 the induction in decreasing f ie ld  is

Hmax "  H > Hmax ‘  B = Hmax '  " H0 <5-7«)

Hmax ’  2nH0 > H > Hmin: B = H + " H0 (5.7b)

and in increasing f ie ld
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(5.7c)H . < H < H . + 2nH„: B = H . + nH„min min O min O

H . + 2nH. < H < H : B = H -  nH_ (5.7d)min O max O '

So n is the f r a c t i o n  o f  the a l t e r n a t in g  f i e l d  over which B is  cons tan t .  I t  is

the d imensionless parameter re fe r re d  to  in  s e c t io n  5 .2 .1 .  The cases q > 1 and

n < 1 are i l l u s t r a t e d  in  the upper and lower halves o f  f i g .  5 .^ .

Making use o f  these expressions we can compute p 1 and p "  using (5 -3 a ) ,

(5.3b) and ( 5 .1 ) .  The case n > 1 leads to

p ’ -  0 ( 5 . 8a)

p" = 0 (5.8b)

which is  represented by the o r i g i n  o f  the p " ( p ' )  diagram a lone. In the case

n < 1 the F o u r ie r  in te g ra ls  c o n s is t  each o f  fo u r  i n t e r v a ls .  The f i r s t  two are

in te rconnected  a t  H = H -  2nH_, corresponding to  a t ime t .  which is g iven

by

cos u t .  = 1 -  2n

The p e rm e a b i l i t y  components in  t h i s  case are equal to

irp1 “ ir -  2(2n ■ 1 ) / n (1 -  n) -  a rc  cqs(1 -  2n) (5-9a)

up" -  4n(1 -  n) (5.9b)

This r e s u l t  is  represented by the f u l l y  drawn l in e s  in  f i g .  5 .1 .

The a l t e r n a t in g  c u r re n t  losses per u n i t  volume, in  case n > 1, are

given by

W = i  H2p "  = 0 (5.10)

In the case n < 1 they are equal to

H2
w = — -n(1 -  n) -  —  (Hn -  ah) (5 . 11)

n  11 0

hence l in e a r  w i th  the am p l i tude .

Formally  we can a lso  cons ider a model in which the re  is  su r face  screening
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^min ^max ^

Fig. 5. A Induction patterns and h ysteresis  loops in  the case when the
magnetic behaviour vs determtned by surface screening only
(sections 5 .2 .1  and 5 .3 .2 ) . Upper p a rt3 n > 1 j  lower p a rt,
n < 2. The left-hand parts  o f  the induction patterns re fe r
to decreasing f i e ld  and the right-hand parts to  increasing
fie ld y  as indica ted  by the arrows.

and no bulk pinning in the region between HCl and HC2. The model corresponds
to the somewhat hypothe tic  case of  a pure Abrikosov superconductor with sur face
contaminat ion.  In th a t  case we have a re v er s i b le  sur face  jump which is d e t e r ­
mined by the Abrikosov curve, on which the i r r e v e r s i b l e  jump AH is superimposed.
I t  appears th a t  th i s  i s  a l im i t in g  case of  the London-Bean model with AH ex­
tens ion discussed in sec t ion  5 . 3 . A.

The case can be t r ea te d  most e a s i l y  by introducing a f i e l d  H , the
"Abrikosov f i e l d "  which is in re v er s i b le  e q u i1ibriurn with the induct ion ins ide
the sample. I f  the f i e l d  v a r i a t i o n s  a re  small as compared to HC2 -  HC1 we may
cons ider  PA> the slope  of  the Abrikosov curve (3B/3H)A ( introduced in sec t ion
5 . 2 . 2 ) ,  as a cons tan t .  In th a t  case we have the re la t i o n s

Bmax * W m a x  -  V (5.12a)

B '  Bmin “ *A[HA - < V m i n ]

35
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Above HC2 » o b v io u s ly ,  y^  = 1.

The r e la t io n s  between H. and H ( the  ac tua l ex te rna l  f i e l d )  are the same

as those between B and H in  the case discussed above. So in  decreasing f i e l d

we o b ta i  n

H > H > H -  2nH„: H. = (H.) = H -  nH„;max max 0 A A max max 0

B = B (5.13a)max

H -  2nHn > H > H . : H. = H + nHn ;max 0 min A 0

B = B -  (H -  H -  2nHn) y .  (5.13b)max max 0 A

In inc reas ing  f i e l d  we have the re la t io n s

H . < H < H . + 2nH„: H. = (H.) . = H . + nH„;min min 0 A ' A m i n  min 0

B = Bmin
(5.13c)

H . + 2nH. < H < H : H. = H -  nH„;min 0 max A 0

B = B . + ( H - H .  -  2nHn) y .min min 0 A
(5.13d)

Here
B -  B . = (H -  H . -  2nHn) y .max min max min 0 A

(5 . 1*0

In the case n > 1 the in d u c t io n  in s id e  the sample is cons tan t over the

whole cyc le  o f  the a l t e r n a t in g  f i e l d .  In the case n < 1 we have a h y s te re s is

loop in  the shape o f  a p a ra l le lo g ra m , but the d i f fe r e n c e  w i th  f i g .  5.1* is  th a t

the s ides w i th  f i n i t e  s lope are a fa c to r  y .  s teeper now.

In the  case n > 1 F o u r ie r  a n a ly s is  leads again to  the re la t io n s

y ’ -  0

y "  = 0

(5.15a)

(5.15b)

In the case n < 1 (5.9a) and (5-9b) are replaced by
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"n"(u1 / v»a  ̂ “ ïï " 2(2n -  1) / i ( l  -  n) * a re cos (1 -  2q) (5 . 16a)

ir(y"/uA) -  M n  - 1) (5 .16b)

leading to  the upper curve o f  f i g .  5 . 3 .

The ac losses in the case n > 1 are zero aga in . For n < 1 they are

w “  ~ r  AH(Ho ' AH) (5.17)

5-3 .3  The Loncbn-Bean m odel. This is  the case o f  se c t io n  5 .2 .2  where no

surface  screening occurs and on ly  b u lk  p inn ing  p lays a ro le .

The absence o f  su r face  screening means th a t  the re  is  re v e rs ib le  e q u i l ib r iu m

between the ex te rna l f i e l d  H and the su rface  in d u c t ion  determined by the

Abrikosov curve . I f  we assume again th a t  H -  H . is  small as compared tomax min
HC2 ”  Hc j » we may cons ider p^, the s lope o f  the Abrikosov curve, as a cons tan t .
This leads to  the re la t io n s

(B ) -  B = p„(H -  H)s max s mA ' max ' (5.18a)

Bc -  (B ) . = p (H -  H . )s s min HA min (5 . 18b)

which are s im p l i f i c a t i o n s  o f  (5.12a) and (5 .12b ) .  I t  should be no t iced  th a t

the fa c to r  p^ was neglected in  the o r i g in a l  papers o f  London ^) and Bean **) .

In th is  respect ou r  trea tm ent is  more complete.

The in d u c t ion  p a t te rn  ins ide  the sample is  com ple te ly  determined by the

bu lk  p in n in g .  Under our assumption th a t  H -  H . is much sm a l le r  thanmax min
HC2 "  Hc, we may cons ider 3B/3x, no t o n ly  as a constant throughout the sample

(as requ ired  by the London-Bean model, see se c t io n  5 .2 . 2 ) ,  but a lso  as indepen­

dent o f  H. This leads to  the in d u c t ion  pa t te rns  sketched in  f i g .  5 .5 .

I f  the ex te rna l f i e l d  is  increased from zero to  H the in d u c t ion  f a l l s
t max

l in e a r l y  from (B,.)max a t  the su r face  to  (Bs) mgx -  d(3B/3x) a t  the cen tre  o f

the sample. I f  the ex te rna l  f i e l d  is  decreased to  a value H the sur face  induc­

tance B^ adapts i t s e l f  to  the Abrikosov va lue , and B in s id e  the sample increases

as a fu n c t io n  o f  the d is tance  from the sur face  u n t i l  i t  in te rs e c ts  the l in e

which o r i g i n a l l y  belonged to  (Bs) max; from the re  on i t  f u r t h e r  fo l lo w s  th i s

l in e .  For Bg sm a l le r  than (Bs) mgx -  2d(3B/3x) the f l u x  d e n s i ty  increases
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max

___H

F ig .  5.5 Induction patterns fo r  the London-Bean model (sections 5.2.2
and 5.3.3) fo r various values o f the external f ie ld . The le f t -
hand h a lf o f the figure  refers to decreasing f ie ld  and the
right-hand h a lf to increasing f ie ld 3 as indicated by the arrows.
The same values o f the external f ie ld  were chosen fo r both
halves o f the figure.

l i n e a r l y  from the su r face  to  the cen tre .

I f  Bg increases again from (Bs ) min w® have f i r s t  a reg ion between (Bs) mjn

and (B ) . + 2d(3B/3x) where B in s id e  the sample f i r s t  decreases and thens min
increases w i th  d is ta n ce .  In the reg ion between ( Bs ) _ j n + 2d(3B/3x) and (Bs) fflax

the f l u x  d e n s i ty  decreases l i n e a r l y  u n t i l  the cen tre  o f  the sample.

For the computation o f  the average f l u x  d e n s i ty  B ( the  q u a n t i t y  determined

in the experiment) from the in d u c t ion  p a t te rn  we must d is t in g u is h  two cases:

(B ) -  (B ) . < 2 d ( |^ )'  s'max s min 3x

(B ) -  (8 ) , > 2d (~ )s max s min 3x

which, accord ing  to  ( 5 . 18a) and (5 .18b) are e q u iva le n t  to

H -  H . < —  ( |£ )max min y .  3x
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H -  H . >max min y.  3x

I f  we int roduce a parameter

c -  _ Ë _ ( Ü )
paHq ' 3x; (5.19)

the cases a r e  £ > 1 and ? < 1.

In the case £ > 1 the va r i a t i o n s  of  the exte rna l  f i e l d  only inf luence the
induction p a t t e rn  in an o u t e r  l ayer  of  the sample. In decreas ing f i e l d  the
r e l a t i o n  between the measured induct ion B and the sur face  induct ion B can be
e a s i l y  ca lcu la t ed  from the sum of  the a reas  of  two t r apezoids ;  in increasing
f i e l d  i t  follows from the sum of  the a reas  of  th ree  t rapezoids  (see f i g .  5.5
and the upper h a l f  o f  f i g .  5 . 6) .  (This is only t rue  i f  we consider a f l a t  sheet
of  superconducting m a te r i a l ,  as was assumed in s ec t io n  5 .3 .1 ;  in the case of  a
cy l in dr ic a l  sample the c a ic u l a i io ns  become somewhat more compl icated.)

In the case £ < 1 the v a r i a t i o n s  of  the exte rna l  f i e l d  inf luence the f lux
d i s t r i b u t i o n  throughout the sample. In decreas ing f i e l d  the  r e l a t i o n  between
B and Bg can be ca lc u la ted :  for  the region > H > -  2? V  from the

®s^max i B
® m a xBS

j c Bs

® s U x -2« j f / /  =
B»

I ^ 1 ;! 1 !

Bs
® m i n — A t S j b  \ ! ,  d aB

HmaxH

Fig. 5.6 In d u c tio n  p a tte rn s  and h y s te r e s is  loops fo r  the  London-Bean
model (se c tio n s  5 ,2 ,2  and 5 ,3 ,3 ) ,  Upper p a r t9 £ > l j
lower p a r t9 £ < l .
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sum o f  the areas o f  two t ra p e zo id s ;  f o r  the reg ion H -  2cHn > H > H , , frommax u m in
the area o f  one trapezo id  (see the lower h a l f  o f  f i g .  5 -6 ) .  In inc reas ing  f i e l d

the phenomena are analogous.

A l l  these c a lc u la t io n s  have been c a r r ie d  o u t .  The r e s u l t  is  th a t  the hys­

te r e s is  loop which represents B as a fu n c t io n  o f  H c o n s is ts ,  in  the  case £ > 1,

o f  two parabo las . In the case c < 1 i t  co n s is ts  o f  two parabolas and two

l in e a r  p a r t s .  This is  i l l u s t r a t e d  in  the r igh t-hand  p a r t  o f  f i g .  5*6.

The formulae a re :

C > 1, decreasing f i e l d :

B = B -  r   ̂ u [(B ) -  B ] 2 = B -  i y [H -  H] ( 5 .20a)max s max s max AeHg max

5 > 1, inc reas ing  f i e l d :

B = Bmi n % 5H0
[B - ( B )  . ] 2 = B .s s min min

[H - "min1 (5 ' 2°bl

wi th

B -  B .max min [(Bs>max -  ‘ V m l n ’ 2 ^  <Hmax '  "m in1 ̂

(5 . 21)

5 < 1, decreasing f ie ld :

(B ) > B > (B ) -  2p.cHn :1 s max s s'max ’Vv’ 0

B = B -  t— - r r  [ ( B )  -  B J 2max Ap.cHg 1 s max s'

(B ) -  2u ,rH „ > B > (B ) . :'s 'm a x  0 s s min

1  -  ¥  + u . tH .  - [ ( B )  -  B ]max HA’  0 1 s max s

5 < 1, increasing f i e ld :

(B ) . < B < (B ) . + 2pacHn :'  s'min s s min A’  0

B = B . + t— —  [B - ( B )  . ] 2min Ap.^Hg s s min

-  Bmax
^A H)2 (5.22a)

= B -  p .(H  -  H -  cHn)max A max 0
(5.22b)

Bmi n (H H . ) 2 (5.22c)mi n
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“ . ’ . I n  *  2V " o  *  e,  ‘  < 's>„»x ;

1  '  ' . In  '  V o  *  I ' .  * ( ' . ’ . In ’ -  S. | „  *  »,<" ‘  " , |„  ‘  e"0>
(5.22d)

wi th

Bmax Bmin = ^ Bs^max "  ^s^m in ^  "  PA?H0 "  yA^Hmax ”  Hmin ctV

(5.23)

I t  is  obvious th a t yftc is  the f r a c t io n  o f  Bg ove r which ¥  v a r ie s  q u a d ra t ic a l ly ,

and th a t C is  the f r a c t io n  o f  H over which th is  happens; c is  the  d im ension­

less parameter re fe rre d  to  in  s e c tio n  5 . 2 . 2 .

In these form ulae we can in s e r t  (5 -1 ) fo r  H and then compute the  permeabi­

l i t y  components from (5 .3a) and (5 .3 b ) . For c > 1 each F o u rie r in te g ra l co n s is ts
o f  two in te r v a ls .  The re s u lt  can be w r it te n

>
*1

“- II

s
i- (5 .24a)

i r u "  2

yA "  3«
(5.24b)

For ? < 1 the  F o u rie r in te g ra ls  c o n s is t o f  fo u r  in te r v a ls .  The f i r s t  and second

are in te rconnec ted  a t  H = Hmax -  2cHQ, co rrespond ing  to  a tim e t  which is
g iven  by

COS (Dtg - 1 - 2 5

The p e rm e a b ility  components in  th is  case fo l lo w  from

ir (y '/yA) = tt -  (1/c) [1 - j  c(1 -  C)]/?(1 -  ?)

-  [1 -  ( 1/ 2e ) ]a rc  cos (1 -  2c) ( 5 . 25a)

»(v"/liA) -2«(1 -  I  c) (5.25b)

The re la t io n  between y ' / y A and y " / y A is  represented by the lower curve

o f  f i g .  5 . 3 . The l in e a r  p a r t o f  the curve  re fe rs  to  (5 .24a) and (5 .2 4 b ), the
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curved p a r t  to  (5.25a)  and (5 .2 5b ) .  The two p a r t s  a r e  in t e rco n n ec te d  wi th

equal s lo pe s  a t  u ' / y .  = £ ,  Vi"/y. » 2 / (3 i r ) .  The maximum occu rs  a t  y ' / p .  = 0 .641,

u ' 7 » , - 3 / ( W .  ' ’ .
The a l t e r n a t i n g  f i e l d  lo ss es  pe r  u n i t  volume per  cy c l e  fo l low from ( 5 . 4 ) .

For the  case  5 > 1 we o b t a i n

W
2

1 WA ,3Bv- 1h3
d W  % ( 5 . 26)

For c < 1 the  r e s u l t  i s

W 2d ,3B\,

3V o  3x J
(5.27)

3 3 Bwhich is  the  same as London's  r e s u l t  3) i f  y^ i s  taken un i t y  and —  is  r eplaced
by 4irJc ( see  s e c t i o n  5*2 .2 ) .

5 . 3 . 4  The London-Bean model w ith  an ir r e v e r s ib le  su rface  jump. The case t h a t

both bulk p inn ing  and s u r f a c e  sc r e en in g  occur  ( s e c t i o n  5 .2 .3 )  can be t r e a t e d  by

in t r odu c i ng  an "Abr ikosov f i e l d "  H .  So the  p rocedure  i s  somewhat simi l a r  to  t h a t  o f

the  second h a l f  o f  s e c t i o n  5.3*2.  Th is  t ime we must d i s t i n g u i s h  four  induc t ion  and

f i e l d  q u a n t i t i e s :  t he  ave rage  induc tan ce B,  determinèd in the  exper iment ;  the  su r fa c e

induc tance Bs ; the  Abrikosov f i e l d  H^, which is  in r e v e r s i b l e  e q u i 1ib r iu rnwi th  B
and the  e x t e r n a l  f i e l d  H.

The f l  ux p a t t e r n  in s i d e  the  sample i s  the  same as in the  pure London-Bean model ,

so t h a t  the  r e l a t i o n  between B and Bs can be expressed aga in  in terms o f  the  parameter
C, d e f i ne d  by (5 .1 9 ) .  For the  case  £ > 1 i t  i s  r e p r e se n te d  by the  f i r s t  two members

o f  e qu a t i on s  (5<20a) , (5.20b)  and ( 5 . 2 1 ) ;  f o r  5 < 1 i t  i s  r ep res en ted  by the  f i r s t
two members o f  ( 5 .2 2 a ) ,  ( 5 .2 2 b ) ,  ( 5 .2 2 c ) ,  ( 5 . 22d) and (5 . 23) .

The r e l a t i o n  between and Bg is  determined by the  s lo pe  o f  the  Abrikosov
curve  p . .  We o b ta in

(B ) -  Bs max s -  V̂ Vmax " V (5.28a)

B -  (B ) .s s min = V HA " V̂min̂ (5.28b)

s i m i l a r  to  (5.12a)  and (5 .1 2b) .

The r e l a t i o n  between H and H. i s  determined by the  i r r e v e r s i b l e  su r fa c e

Jump AH. I t  can be expressed  in terms o f  the parameter  q ,  de f ined  by (5*5) .  In

the  case  q > 1 we have ,  th roughout  the  a l t e r n a t i n g  f i e l d  c y c le ,
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Hfl = (H J  = H -  nHA A max max 0 (5.29)

'which is  s im i l a r  to  (5. 6) ;  in the case n < 1 we have, in  decreasing f i e l d ,

H > H > H -  2nH„:max max 0 HA “  Hmax "  nH0 (5.30a)

H v ‘  2llHn > H > H . :max 0 min HA "  H + ^Ho (5.30b)

and, in inc reas ing  f i e l d ,

" . I n  * "  * *  Z" V HA = Hmin + nH0 (5.30c)

" . I n  ♦ 2""<l * H * » „„> HA "  H " *H0 (5.30d)

s im iTa r to  ( 5 . 7a), ( 5 .7b ),  ( 5 .7c) and (5 .7 d ) .  The r e la t io n s  between H, HA> B ,

and the in te rn a l  f l u x  p a t te rn  are i l l u s t r a t e d  in  f i g .  5. 7. For a l l  these f o r ­

mulae the assumption has been made th a t  H -  H . is  small compared tomax min r
*X2 “  Hc j * so th a t  y . ,  £ and n can be considered as cons tan ts .

E l im in a t in g  and Bg from these expressions we can o b ta in  re la t io n s

between B and H. For the c a lc u la t io n  o f  the h y s te re s is  loop we must now
d is t in g u is h  th ree  cases:

'min ”  "max ’  2AH o r n > 1

max 2AH > Hmin > "max "  2AH
2d ,3B.

"  •‘A 3x
o r n < 1 < n + e

I -  2AH -  — ( | ^ )  > H .max Ua 'Ox '  min o r n + c < 1

In the case n > 1 we have th roughout the m agnet iza t ion  cyc le

3 "max (5.31)

The h y s te re s is  loop c o n s is ts  o f  a h o r iz o n ta l  l i n e .  Th is case is  i l l u s t r a t e d
in  the upper p a r t  o f  f i g .  5. 8 .

In the case n < 1 < n + C the loop c o n s is ts  o f  two h o r iz o n ta l  l in e s  and

two parabo las, as shown in  the m iddle p a r t  o f  f i g .  5 . 8 . The formulae a re , in
decreasing f i e l d ,
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Fig. 5-7 Induction patterns for the London-Bean model with a surface
barrier (sections 5.2.3 and 5.3.4) for various values o f the
external fie ld . The left-hand ha lf o f the figure refers to
decreasing fie ld  and the right-hand ha lf to increasing fie ld ,
as indicated by the arrows. The same values o f the external
fie ld  were chosen for both halves o f the figure.

H > H > Hmax max 2nH0 : B -  Bmax (5.32a)

H - 2nHft > H >max 0 Hmin: B = B -max '(H -  Hmax -  2r|H0>2 (5.32b)

increasing f i e ld  we have

H . < H < H . +min min 2nH0 : B -  B .min (5.32c)

Hmi n + 2rlH0 < H * H :max ¥  = ¥  . +mi n (H - H .min - 2nH0) 2 (5-32d)
^ H0

wi th _  _  ,
B - B . = 7—  (H - H . - 2nHnr  (5-33)max min 4?Hg max min 0

In the  case n + C < 1 the loop co n s is ts  o f  two horizon ta l  l in e s ,  two
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parabo las, and two s t r a ig h t  l in e s  w i th  f i n i t e  s lope, as in d ica ted  in  the lower
p a r t  o f  f i g .  5 . 8 . The formulae, in decreasing f i e l d ,

H > H > H -  2nH :max max 1 0

B Bmax (5.34a)

Hmax -  2r>H0 ”  H > Hmax '  2^ 0  “  2^ 0 :

B = Bmax '  (Hmax "  H "  2rlHo>2 ( 5 -34b)

Hmax -  2" H0 -  2«H0 *  H > Hmin :

8 = Bmax '  pA (Hmax "  H '  2nH0 '  « V  (5.34c)

in  inc reas ing  f i e l d  we have

H . < H < H . + 2nH :min min 1 0

8 *  Bmin (5.34d)

Hmin + 2riH0 "  H < Hmi n + 2r>H0 + 2?H0 :

¥ =  Bmin + i ^  <H -  Hmin -  2nHQ) 2 (5-34e)

Hmin + 2r>H0 + 2?H0 < H < Hmax :

B = Bmin + uA (H '  Hmin '  2nH0 "  ?H0} <5 -3 * f)

wi th

Bmax Bmin "  ^A^max Hmin ”  2t,H0 "  (5-35)

Now n is  the f r a c t i o n  o f  the va ry ing  f i e l d  over which B is  cons tan t ,  ? is  the

f r a c t i o n  over which i t  v a r ie s  q u a d r a t ! c a l ly ,  and 1 -  n -  c is  the l in e a r  f r a c ­
t i o n .

In a l l  these cases we can c a lc u la te  y ' and p "  from (5.3a) and (5.3b) a f t e r
in s e r t in g  (5 .1) f o r  H. In the case n > 1 we o b ta in ,  s im p ly ,
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^m in ^m ax H

1 ots 7 a i
\Jva

F ig .  5.8 In du c tion  pa tte rns  and hys te res is  loops fo r  the London-Bean

model w ith  a surface b a r r ie r  (sections 5 .2 .3  and 5 .3 .4 ).

Upper p a r t ,  n > 1; m iddle p a r t ,  r\ < 1 < r\ + z,; lower pa rt,,

n + z, < 1.

u'/uA = 0 (5.36a)

y"/u A = 0 (5.36b)

In the case n < 1 < n + C each F o u r ie r  in te g ra l  co n s is ts  o f  fo u r  i n te r v a ls .

The f i r s t  and second are connected a t  H = H -  2r|Hn , corresponding to  a timemax 0
t A obeying

cos u t A = 1 -  2n
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The p e rm e a b i l i ty  components are

» ( v ' / u A) -  d / 2s ) { 2 [ l  -  - j  n ( l  -  n)]/n (l  -  n)

+ (1 -  2n )a rc  cos (2n -  1) }  ( 5 . 37a)

w(v,,/uA) = (2/3c) (1 -  n)2(i + 2n) (5.37b)

In the case n + C < 1 each F o u r ie r  in te g ra l  co n s is ts  o f  s i x  in te r v a ls .  The

f i r s t  and second are connected a t  H -  -  2nHQ corresponding again to

C0S w tA = ' ’  M  The second and t h i r d  are connected a t  H -  H -  2nH -  2rH
max 0 ^ 0

corresponding to  t „  which obeys

cos wt_ = 1 -  2n -  2?

The p e rm e a b i l i t y  components are

* ( p ' / u A) = w -  ( l / 2 ; ) { 2[1 -  A ( n + ?) (1 -  n -  C) ] ^ " n + ?) (1 -  n -  c)

- 2[1 - j  n(l -  n ) ] / i (1  -  n)

-  (1 -  2n -  2? )a rc  cos (1 -  2n -  2c)

+ (1 -  2n)a rc  co s ( l  -  2n) }  ( 5 . 38a)

*(y"/uA) = 2c(1 c) + M l  " n -  c) (5.38b)

For n = 0 eqs. (5.37a) and ( 5 . 37b) become e q u iv a le n t  w i th  (5.24a) and

(5 .24b ),  whereas (5.38a) and (5.38b) become e q u iv a le n t  w i th  (5.25a) and (5.25b)

Th is  leads again to  the London-Bean curve o f  f i g .  5 . 3 . I f  we take c -  0 in

(5.38a) and (5.38b) the 1 'Hop i t a 1 l i m i t  g ives (5.16a) and (5 .16 b ) , hence the

upper curve o f  f i g .  5 -3 , the l i m i t  re fe r re d  to  in se c t io n  5 . 3 . 2 .

A r b i t r a r y  combinations o f  n and c g ive  p o in ts  in  the p ' / ^ ,  u " /p  diagram

between these two curves. The general case w i l l  be discussed in d e ta i l  in
sec t ion  5 . 4 . 1.

The a l t e r n a t in g  f i e l d  losses per u n i t  volume and per cyc le  are obta ined

by s u b s t i t u t in g  x "  in  ( 5 .4 ) .  For q > 1 the losses are zero . For n < 1 < n + C
we obta i n
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(5.39)w - r a <ë , '‘ 1(Ho ’ AH)2(Mo + 2AH)

which is  equiva len t  with the expression of  Sekuia and B ar re t t  ) (see sec t ion
5 . 2 . 3 ) .  The case n + 5 < 1 leads to

18

w - ■£ < V *
A 3>*A

+ ~(§§)AH + 2 (AH)2}
UA 3x

2d ,3Bx2n

(5.40)

which is l i n e a r  in ampli tude.

5 .3 .5  The London-Bean model extended with a surface layer without 'pinning.
In the case of  a sur face  layer  of  thickness  6d in which 3B/3x = 0 and a

core with constant  3B/3x ( the case of  se c t io n  5.2 .4)  the r e l a t i o n  between the
externa l  f i e l d  H and the sur face  induct ion Bs is  determined by the re ve rs ib le
Abrikosov curve.  This means th a t ,  i f  H - H . is so small th a t  p.  can bemax mm A
considered as a cons tan t ,  the r e l a t io n s  (5.18a) and (5.18b) remain va l id .

The induct ion in the surface  layer  obeys

B = Bs

and the f lux  p a t te rn  in the core i s  analogous to th a t  of  the pure London-Bean
model of  sec t ion  5-3.3.  This is  i l l u s t r a t e d  in f i g .  5-9.

I f  the f i e l d  is increased from zero to H the induction in the coremax
decreases l i n e a r l y  towards the ax is .  If  the f i e l d  decreases  again the induction
in the surface  layer  adapts i t s e l f  to the  Abrikosov value and, as long as

Bs > <Bs>nw, -  2(1 -  6)d(f )

the induction in the core f i r s t  increases  and then decreases ;  in the region

B < (B ) - 2(1 -  6 )d( |£)s s max 3x

i t  increases  a i l  the way unt i l  the cen t re  of  the sample ( see,  a l s o ,  sec t ion
5 . 2 . 4 ) .

In increasing f i e l d  the phenomena a re  analogous.
For the computation of  the average f lux  densi ty  B we must now d i s t in gu is h

108



between the cases

<Bs > - x ‘  (V » l n  < 2{1 -  6)d <S> or <1 -  > 1

(Bs) roax '  (Bs) min > 2(1 '  * )d('S ) or (1 '  6) 5 < 1

where C is  de fined again by (5 - 19) .

In the case (1 -  6)5 > 1 in decreasing f i e l d  the r e la t i o n  between B and

Bs is  ca lc u la te d  from the sum o f  the areas o f  a rec tang le  and two t rapezo ids ;

in  inc reas ing  f i e l d  i t  fo l lo w s  from the sum o f  the areas o f  a rec tang le  and

th ree  t rapezo ids .  Th is is  i l l u s t r a t e d  in  the upper h a l f  o f  f i g .  5 .10 .

In the case (1 -  6)5 < 1 in  decreasing f i e l d  the r e la t i o n  between B and

B is d e r ive d ,  in the reg ion (B ) > B > (B ) -  2(1 -  6 )d (3 B /3 x ) ,  froms s max s s max '  *
the areas o f  a rec tang le  and two t rapezo ids  and in the reqion (B )

s max
-  2(1 -  6 )d(3B/3x) > Bs > (B g)  . from the areas o f  a rec tang le  and one t ra p e zo id .

In increas ing  f i e l d  the phenomena are analogous (see the lower h a l f  o f  f i g .
5 - 10) .

The re s u l ts  a re , a f t e r  i n s e r t io n  o f  (5.18a) and (5 .1 8b) f o r  B ,

(1 -  6)? > 1, decreasing f i e l d

__ __ P a  9
B « B -  p 6 (H -  H) -  t— (H -  H) (5.41 a)max KA max 4cH. max '  VP '

(1 -  6)5 > 1, inc reas ing  f i e l d

“  ' “ . I n  *  " a S(H • ^  <H • H. l „ > 2 IS -4 ' »

“ .a x  '  “ min *  V ' " m a x  "  " . I n 1 *  ("r»ax "  H. l n )2  .

(1 -  6)c  < 1, decreasing f i e l d

(B ) > B > (B ) -  2(1 -  6 )p« tH „ :s max s '  s'max '  0

_  mm V* A  O

B = B -  p.6 (H -  H) -  (H -  H) (5.43a)max A max max '  w

(‘ s>.ax -  2(1 -  8 )»A£"o > “ a *

1  '  “ »ax *  <’ -  5>2»a“ H0 ‘  uA^"max *  ">
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-- H,

__ H

2(1 -ó)d

H___ __ H

Fig. 5*9 Induction patterns for the London-Bean model with a surface
layer without pinning (sections 5.2.4 and 5.3.5). The le f t-
hand ha lf o f the figure refers to decreasing f ie ld  and the
right-hand ha lf to increasing fie ld , as indicated by the arrows.
The same values for the external f ie ld  were chosen for both
halves o f the figure.

(1 -  6 ) c < 1, increas ing f i e l d

(B ) . < B < (B ) . + 2(1 -  6 )yAcH„:s min s s min 0

__ __ n
B = B . + u.ó(H - H . ) + t- 2 -  (H - H . ) (5.43c)min '  min' 4cH- 1 min

(Bs>min + 2(1 ■ 6V H0 < Bs < <B, W

B = Bmi n - (1 ’  «> V H0 + V H ’  "min* <3«*3d)
wi th

B - Ï  . = yA[H - H . -  (1 -  6 )2CH„] (5-44)max min A max min ’  0

The hy s te r e s i s  loop which represents  B as a func tion  of  H c o n s i s t s ,  in
the case (1 - 6)t; > 1, o f  two parabolas.  In the  case (1 -  ó)c < 1 i t  cons is t s
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'max

U m a x

F ig . 5.10 In d u c t io n  p a tte rn s  and h y s te re s is  loops f o r  the London-Bean

model w ith  a su rfa ce  la y e r  w ith o u t p in n in g  (s e c tio n s  5 .2 .4

and 5 .3 .5 ) .  Upper p a r t ,  (1 -  SJ? > J ;  low er p a r t ,  (1 -  &)$ < 1.

o f  two parabolas and two l in e a r  pa rts  (see the r ig h t-h a nd  p a r t  o f  f i g .  5 . 10) .

The d i f fe re n c e  w i th  the pure London-Bean model o f  f i g .  5 .6  is  th a t  the re  the

parabolas s ta r te d  w i th  h o r iz o n ta l  tangen ts , now they s t a r t  w i th  f i n i t e  s lopes.

In these formulae we can in s e r t  (5 .1 ) f o r  H and then c a lc u la te  y 1 and y "

from (5-3a) and (5 .3 b ) .  For (1 -  6)5 > 1 each F o u r ie r  in te g ra l  co n s is ts  o f  two
in te r v a ls .  The r e s u l t  can be w r i t t e n

6 + ■—2e (5.45a)

(5.45b)

For (1 -  6)5 < 1 each F o u r ie r  in te g ra l  c o n s is ts  o f  fo u r  in te r v a ls .  The f i r s t

two are in te rconnected  a t  H = Hmgx -  2(1 -  ó)eHQ, corresponding to  tg ,  which
obeys

cos u)t„ = 1 -  2(1 -  6) 5

The r e s u l t  is
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" ( y ' / u A) -  H -  (1/c) [1 -  4(1 -  6 )c(l -  (1 -  6 )c ) ] /(1  -  6) c[1 - (1 - 6)?]

-  [1 -  6 -  ( 1/ 2c ) ] a r c  c o s [1 -  2(1 -  6) e ]  (5 .46a)

Tr(ii'7uA) = 2(1 -  6 )2c [1 - | ( 1  -  «)?] (5 .46b)

For 6 = 0  th e  e x p re s s io n s  ( 5 * 4 5 a ) ,  ( 5 .4 5 b ) ,  (5 .46a )  and (5 .46b)  become id en ­

t i c a l  w i t h  ( 5 .2 4 a ) ,  ( 5 .2 4 b ) ,  (5 .25 a )  and ( 5 .2 5 b ) ,  th e  c u rve  o f  th e  pure  London-

Bean model (see f i g .  5 . 3 ) .  The case 6 = 1 co r responds  t o  the  p o in t  y 1 / t*A = 1»

y M/ | i  = o o n ly .  For 0 < 6 < 1 and a r b i t r a r y  va lue s  o f  5 we o b t a in  p o in ts  in  the

y ' / y A> y " / y  d iagram  below the  London-Bean c u rv e .  The ge ne ra l  case is  d iscussed

in  s e c t io n  5 * 4 .2 .

The a l t e r n a t i n g  f i e l d  lo sses  p e r  u n i t  volume and per c y c le  a re  o b ta in e d

by i n s e r t i n g  th e  e x p re s s io n s  f o r  y "  i n t o  ( 5 - 4 ) .  For (1 -  6)5  > 1 ,  the  case t h a t

th e  v a r i a t i o n s  o f  th e  i n d u c t i o n  p a t t e r n  do n o t  reach th e  c e n t re  o f  the  sample ,

we o b ta in

W

2
PA /3Br 1H3

TïdW  0 (5.47)

i d e n t i c a l  w i t h  ( 5 . 2 6 ) ,  the  case o f  th e  pure London-Bean model (see ,  a l s o ,

s e c t io n  5 . 2 . 4 ) .  For (1 -  6)5  < 1 we o b t a in  the  r e l a t i o n

W VÜ” 1 -

2d (1 -  6) <3B\ -I
3uAn0 (5 .48 )

somewhat s i m i l a r  t o  ( 5 . 2 7 ) .

§5 .4  D iscuss ion  o f  the  models

5 .4 .1  The p e rm e a b ility  d iagram . The f u l l  p e r m e a b i l i t y  d iagram  w h ich  shows

yn/ u A as a f u n c t i o n  o f  y ' / y A i s  g iv e n  in  f i g .  5 -1 1 .

A t  the  top  i t  is  bounded by th e  c u rv e  o f  s e c t io n  5 .3 * 2 ,  wh ich  rep re s e n ts

eqs. (5 .16a )  and ( 5 .1 6 b ) . The pa ram ete r  n obeys ( 5 * 5 ) .  The c u rv e ,  he re  r e fe r r e d

to  as c = 0 , is  i d e n t i c a l  w i t h  th e  upper one o f  f i g .  5 -3  and i t  d e s c r ib e s  th e

case when o n ly  s u r fa c e  s c re e n in g  occu rs  and no b u lk  p in n in g .

The re g io n  enc lo sed  by t h i s  c u rv e  is  d i v id e d  i n t o  two s e p a ra te  p a r t s  by

the London-Bean c u rv e .  I t  is  th e  heavy l i n e  in  f i g .  5 -1 1 ,  and i t  is  i d e n t i c a l

w i t h  the  low er l i n e  o f  f i g .  5 .3 .  Here i t  is  r e f e r r e d  t o  by bo th  n  =  0 and
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Fig. 5.11 Tne permeability diagram shewing v"/vA vs. y '/uA- The heavy line
in  the middle is  the London-Bean aurve n -  O, 6 = 0. y 1 y " com­
binations in  the regiem cibove i t  lead to  n., C combinations from
which AH and dB/2x can be derived [eqs. (5.5) and (5.19)]. y
y" combinations in  the region below i t  lead to 5, ? combinations
from which the thickness o f  the surface layer without pinning
(6d) and 3B/3x [eq. (5.19)] can be derived.
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6 = 0. I t  describes the case that homogeneous bulk pinning occurs (constant
3B/3x throughout the sample) and no surface screening. The linear part of this
curve represents eqs. (5.24a) and (5.24b), where ? is given by (5.19); the
curved part represents (5.25a) and (5-26a).

The regions above and below the London-Bean curve w il l  be discussed
separately.

The upper region is the one where the formulae of section 5.3-4 are valid.
They represent the case when the London-Bean model is extended with an irrever­
sible surface jump. The region is divided into two parts by the heavily dotted
line . This curve represent the equation

n + C = 1

and i t  appears that i t  can be obtained by mirroring the curved part of the
London-Bean curve with respect to the line p '/PA = 0.5.

Below the dotted line is the region n < 1 < 1 1  + ?, corresponding to the
case that the variations of the flux pattern due to the external f ie ld  do not
reach the centre of the sample. Here, u ' /p .  and p" / pa are expressed by (5.37a)
and (5.37b). At the other side we have n + C < 1. Here the variations of the
flux pattern are observed throughout the sample and P '/P . and p" / pa are given
by (5.38a) and (5 . 38b). Lines of constant n and ? are represented in these
regions of f ig .  5.11•

In the region n < 1 < n + C the curves of constant n are straight lines
through the orig in . The lines of constant ? s tart  from the origin with vertical
tangents. For ? 2 1 they reach the line n = 0 with zero slope. For ? < 1 they
cross the curve n + ? = 1 with f in i t e  slopes.

In the region n + C < 1 the curves of constant n jo in the linear parts of
the region n < 1 < n + S with equal slopes. At the ir other ends they touch the
line ? = 0 .  The lines of constant ? in this region are symmetrical with respect
to p ' / pa ■ 0.5. At the ir left-hand ends they f i t  to the corresponding lines

with C < 1 in the region n < 1 < n + ?•
Through each point of f ig .  5.11 between the lines ? = 0 and n = 0 there

is one curve of constant n and one of cpnstant ?. So, for a measured combina­
tion ji1, p" in this region we can read the corresponding values of n and ? from
the diagram. From n we can calculate the surface jump AH using (5 -5 ) , from ?

we obtain 3B/3x applying (5.19).
The part of f ig .  5.11 below the London-Bean curve is the region where the

relations of section 5.3.5  are valid . They represent the case that the sample
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has a surface fraction 6 without pinning and a core fraction 1 - & where the
London-Bean mode) is va lid . Also, th is region of the permeability diagram is
divided into two parts. The heavily dotted line here represents the equation

(1 -  6) ?  = 1

and i t  is obtained by mirroring the linear part of the London-Bean curve with
respect to the line p '/p . = 0.5.

At the left-hand side o f the dotted line we have the region (1 - s )  z  > 1»
where the variations of«the induction pattern do not reach the centre of the
sample. Here, eqs. (5.A5a) and (5.45b) are va lid . At the right-hand side of the
dotted line we have (1 - S)  z  < 1. Here the variations of the flux  pattern pene­
tra te  to the centre o f the sample, and (5.46a) and (5.46b) are va lid . In these
regions o f f ig .  5.11 we have drawn lines o f constant z and 6*

In the region (1 - & ) z  > 1 the lines of constant z are lines of constant
PM/p^, so they are parallel to the p '/p^  axis. At the ir left-hand ends they
f i t  smoothly to the corresponding lines fo r ? > 1 in the region over the curve
6 = 0 .  Lines of constant 6 are stra ight lines paralle l to the linear part of
6 = 0 .

In the region (1 - 6)? < 1 the lines of constant z can be obtained by
mirroring the corresponding curves in the region n < 1 < n + z (at the other
side of the London-Bean curve) with respect to p '/p . = 0.5. So they s ta rt at
the ir right-hand ends with vertica l tangents. At the ir other ends they f i t  with
constant slopes to the corresponding curves in the regions (1 - & ) z  > 1 (for
the case z > 1) and n + C < 1 (fo r the case z < 1). The lines of constant 6 in
th is region also s ta rt at the ir right-hand ends with vertica l tangents, but
with larger curvatures than the lines o f constant z ■ They pass through maxima
and at (1 - 6)? = 1 they smoothly jo in  the stra ight lines of the region
(1 -  5)e > 1.

Through each point of f ig .  5*11 in the regign below the London-Bean curve
there is one curve of constant z and one qf egq§tant 6. So from each measured
combination p1, p" in this regiqq w§ can d ire c tly  read the corresponding values
of z and 6. From 6 we can gg|cuiq|e the thickness 6d of the surface layer w ith­
out pinning; from g we pqp derive the flux  density gradient 3B/3x in the core,
usiqg (5j.19) .

The very s t r ic t  d ivision of the permeability diagram into two separate
regions by the London-Bean curve (with d iffe ren t parameters at each side of the
curve) is due to the lack of f le x ib i l i t y  o f our models. We e ither introduce
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an i r r e v e r s i b le  su r face  jump o r  a su r face  la ye r  w i th o u t  p in n in g .  I t  is  poss ib le

to  perform c a lc u la t io n s  on a model' in  which they both occur s im u ltaneous ly .  In

th a t  case no such s t r i c t  d i v is io n  is  found.

The d isadvantage o f  th a t  model i s ,  however, th a t  we o b ta in  th ree  adaptable

parameters s im u ltaneous ly  (c ,  n and 6 ) ,  and in  general a th ree-param eter model

is app re c ia b ly  less c r i t i c a l  f o r  the d iscuss ion  o f  experimental r e s u l ts  than a

two-parameter model. Moreover, the n ice  p ro p e r ty  o f  the diagram o f  f i g .  5-11»

th a t  the parameters can immediately be read o f f  f o r  each measured combination

p ' ,  p " ,  is  g iven up in the case o f  a three-param eter model.

5 .4 .2  The re s u lts  o b ta in e d  w ith  the  sample PjBOO' ^as been statec* >n
se c t io n  5.2.1 (see f i g .  5.1) the experimental re s u l ts  f o r  P^qqq are very w e ll

in  agreement w i th  the th e o r e t i c a l  ones obta ined from the c a lc u la t io n s  on the

su r face  b a r r i e r  above Hc „ .  We w i l l  r e s t r i c t  ourse lves now to  a d iscuss ion  on

the sample Pjggg*
F igure 5.3 shows the p ' / p . ,  p " /p A data f o r  the sample P ^g g  fo r  fo u r

d i f f e r e n t  amplitudes o f  the a l te r n a t in g  f i e l d  H. and var ious  values o f  the

steady f i e l d  Hg . In s e c t io n  5 .2 .2  we po in ted  ou t how th i s  diagram was ob ta ined .

Since almost a l l  the experimental p o in ts  are below the London-Bean curve

we based our f u r t h e r  c a lc u la t io n s  on the model o f  se c t io n  5 .2 .4  and on the

formulae o f  se c t io n  5 .3 -5 •  From the comparison o f  f i g s .  5-3 and 5-1 we obta ined

values f o r  the parameters 6 and c, and from these we der ived the th ickness  o f

the su r face  la ye r  6d and the f l u x - d e n s i t y  g ra d ie n t  3B/3x [eq.' (5-19) ] -

The re s u l ts  are shown in f i g .  5 .12 . The le f t - h a n d  p a r t  shows 6d in  microns

a ga ins t  the ex te rn a l  f i e l d  H-. The two do tted  po in ts  a t  the bottom correspond

to  the p o in ts  above the London-Bean curve , f o r  which we took 6 = 0 .  The m iddle

p a r t  shows 3B/3x and the r ig h t-h a nd  p a r t  g ives the c r i t i c a l  c u r re n t  de n s i ty  as

computed from the averaged 3B/3x values accord ing to

-L (»)
V 3x

I t  tu rns  ou t  th a t ,  apa r t  from the two do tted  p o in ts  f o r  6d, a l l  the values

ob ta ined  w i th  d i f f e r e n t  amplitudes o f  the a l t e r n a t in g  f i e l d  are in  mutual agree­

ment w i t h in  a fa c t o r  o f  two, and th a t  there  are no sys tem atica l  d i f fe re n c e s

between the values ob ta ined  w i th  the d i f f e r e n t  am p litudes . In view o f  the crude­

ness o f  ou r  model and o f  the l im i te d  p re c is io n  o f  ou r  experimental data (small

ac losses in the c i r c u i t s  o f  the Hartshorn b r idge ,  u n c e r ta in t ie s  in the zero

l in e s  o f  the s u s c e p t i b i l i t y  measurements and in the g raph ica l  d i f f e r e n t i a t i o n
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Fig. 5.12 R esu lts fo r  the sample P1600• Left-hand p a r t , th ickness o f  the
surface la yer  w ith ou t pinning v s . the ex tern a l f i e l d  H; middle
p a r t, f lu x -d e n s ity  g rad ien t dB/dxj righ t-h an d p a r t , bulk
c r i t i c a l  curren t d en sity  Jq . □  ,  HQ = 9.52 Oe; A ,  H = 4 . 8 1  Oe;
O ,  Hq = 2.41 Oe; O  ,  H = 0.72 Oe.

of  the Abrikosov curve may lead to sys tematic  e r r o r s  which a r e  hard to est imate)
we think th a t  th i s  r e s u l t  is s a t i s f a c t o r y .  Also,  the C r i t i c a l  cu r r en t  d e n s i t i e s
of  f ig .  5.12 a re  of  a reasonable order  of  magnitude fo r  a sample with weak
pinning.

Never the less,  i t  seemed important to repeat  the experiments with improved
prec is ion  and with a la rger  number of  ampli tudes of  the a l t e r n a t i n g  f i e l d .  Such
in ves t i ga t io ns  were ca r r ie d  out  on the i r r a d i a t e d  samples (see chapter  6 ) .

The pa t te rns  of  the f l ux- de ns i t y  v a r ia t i o n s  for  a l l  four  ampli tudes and
for  the externa l  f i e l d  values of  f i g s .  5.2 and 5-12 have been sketched in
f i g .  5-13. I t  follows th a t  up to 2 kOe, even with the  h ighes t  amplitude of
9.52 Oe, the cen t re  of  the sample is  not reached. At 3 kOe the cen t r e  i s  a lready
reached with an ampli tude of  A.8l Oe.

The p o s s i b i l i t y  e x i s t s  t h a t  a model in which both a su r face  jump and a
su r face  layer  without  pinning occur would lead to b e t t e r  agreement with the
experimental r e s u l t s .  The fa c t s  th a t  our ac lo sse s ,  shown in f I g 1 5 . 2 , are
propor tiona l to  ins tead of  and th a t  some of the r e s u l t s  fo r  the h ighes t
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Ht *2 .00k0e H** 2.25 kOe H e  250 kOe Ht *275k0e Hft=300k0e

B,=174kG B# = 2 07kG B0=2 38kG B»=2.69kG B0=298 kG

Ha =1.35 HA«U 5 HA.1-21 HA«1.17 HA«1.10

F ig . 5.13 F lu x -density va ria tio n s  fo r  the same values o f  the ex terna l

f i e ld  Ha and the same amplitudes Hq o f  the a lte rn a tin g  f i e ld  as

in  f ig s .  5 .2  and 5 .12 . The to ta l  v a ria tio n  o f  the surface in ­

duction in  each case is  equal to 2]x̂ Hq. The q uan tity  p lo tte d

alona the v e r t ic a l axes is  B -  k(B -  B . ) .°  max mvn

amplitude in  f i g .  5-3 are a t  the wrong s ide  o f  the London-Bean curve may be

in d ic a t io n s  th a t  a small su r face  jump a c tu a l l y  e x i s t s .  A t the end o f  sec t ion

5.1*. 1 we po in ted  o u t ,  however, t h a t  such a model has a lso  some ser ious  d i s ­

advantages .

The fa c t  th a t  f o r  the sample Pjggg the p "  values near the o r i g in  are

somewhat low (see f i g .  5*1) can now e a s i ly  be exp la ined  w i th  the assumption

th a t  in the region j u s t  above Hc ,  the re  is  s t i l l  a very small 3B/3x, so th a t

the corners o f  the h y s te re s is  loop are s l i g h t l y  rounded o f f ,  l i k e  in the lower
1 O.

p a r t  o f  f i g .  5 -8 . Experiments by R o l l in s  and S i lc o x  ) seem to  in d ic a te  th a t

th is  phenomenon may a c tu a l l y  occu r.  We made some c a lc u la t io n s  based on the

models o f  sec t ions  5 -2 .3  and 5-3-1* which gave 3B/3x values an o rde r o f  magni­

tude sm a l le r  than those found f o r  sample Pjggg-

5-1*.3 Other models. A l l  the formulae der ived  and discussed above were based

on the London-Bean model w i th  extensions in one d i r e c t io n  o r  the o th e r .  I t  is

the very s im p le s t  model a v a i la b le  in the l i t e r a t u r e .

In the course o f  time several more s o p h is t ic a te d  models f o r  the f l u x -
19-32.d e n s i ty  d i s t r i b u t i o n  have been proposed ) .  A survey o f  most o f  them was

g iven by Urban * ) .  Some o f  them have as many as th ree  adaptab le  parameters,
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apart  from the p o s s i b i l i t y  o f  an a d d i t io n a l  i r r e v e r s ib le  su r face  jump.

For a l l  o f  them 3B/3x decreases w i th  increas ing  f l u x  d e n s i ty .  Th is means

th a t  in increas ing  f i e l d  3B/3x is  the la rg e r  the fu r t h e r  we are away from the

surface o f  the sample and i t  is  obvious th a t  our model o f  se c t io n  5 .2 .4  w i th  a

surface  la ye r  w i th o u t  p inn ing  can be considered as a f i r s t  approx im ation  o f

such d i s t r i b u t i o n s .  In decreasing f i e l d ,  however, 3B/3x is  la rg e s t  a t  the s u r ­

face and such p a t te rn s  cannot be approximated by means o f  a su rface  la ye r  w i t h ­

ou t  p in n in g .  This is p robably  the main o b je c t io n  aga ins t  our model. On the

o th e r  hand i t  is  s u rp r is in g  th a t  t h i s  s imple  model leads to  such a good des­
c r i p t i o n  o f  the p e rm e a b i l i t y  behav iour.

^ n  chapter 6 we c a r ry  ou t c a lc u la t io n s  using the models o f  Goedemoed e t

a l .  ) ,  Campbell e t  a l .  ) ,  Labusch and Good and Kramer ^ )  .
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C H A P T E R  6

THE EFFECT OF NEUTRON IRRADIATION DAMAGE ON THE MAGNETIC
BEHAVIOUR IN ALTERNATING FIELDS

§6.1 In troduction

In chapter 3 we discussed the influence o f physical la t t ic e  defects,
caused by neutron irra d ia tio n  at reactor ambient temperatures, on the magnetic
behaviour o f superconducting niobium samples in sta tionary f ie ld s . In th is
chapter we w i l l  discuss the magnetic behaviour o f the same neutron irrad ia ted
samples when an a lte rna ting  f ie ld ,  w ith amplitude between 0.5 and 100 Oe is
superimposed on the sta tionary f ie ld .  Both ac and dc fie ld s  were pa ra lle l to
the axis o f the samples. As in the experiments discussed in chapter 2 the results
were strongly dependent on the amplitude o f the a lte rna ting  f ie ld ,  but no fre ­
quency dependence was observed between 40 and 420 Hz.

The m eta llurg ica l character o f the samples has been discussed in chapter 3,
section 3-1» while the irra d ia tio n  data are given in table 3.1; Electron micro­
scope pictures are given in f ig .  3-1.

§6.2 Theoretical considerations

The magnetic perm eability y determined in the experiments is d ire c tly
related to the varia tions o f the f lu x  d is tr ib u tio n  in the sample caused by the
ac f ie ld .  The components y ‘ and y" can be obtained from a simple Fourier trans­
formation o f the measured induction B. In chapter 5 these ca lcu la tions were
performed fo r  four simple models, always under the assumption that the super­
conductor is in the c r i t ic a l  state at any moment during the hysteresis cycle.
The results can be. represented very n ice ly  in a p lo t o f y "/y  versus y '/ y fl
( f ig .  5-11).

S im ilar computations can obviously be carried out fo r any other flu x  d is ­
tr ib u tio n  pattern. For simple cases the formulae can be derived a n a ly tic a lly ,
fo r more complicated cases numerical computer ca lcu la tions are necessary.

122



Let us w r i t e  the to t a l  p inn ing  fo rce  per u n i t  volume o f  the sample as ' ) :

Pv “  yF (hc2 "  B)

where F(B) is  a d imensionless fu n c t io n  which is  determined by the f l u x  d i s t r i ­

bu t ion  model under c o n s id e ra t io n .  F u rthe r y is  a parameter c h a ra c te r iz in g  the

p inn ing  p ro p e r t ie s  o f  the sample. I t  has the dimension o f  a re c ip ro c a l  length

and f o r  a g iven model i t  can be der ived  d i r e c t l y  from the s t a t i c  m agnet iza t ion

curve. The d r i v in g  fo rce  per u n i t  volume is  g iven by formula (1 .1 ) o f  F r ie d e l ,

De Gennes and M atr icon 2) . In the c r i t i c a l  s ta te ,  Fd + P = 0, the r e s u l t  can
be w r i t t e n  as:

^ r e v l l i x l  = yF 1 <B> <Hc2 " B) (6.1)

which is  v a l id  both in  inc reas ing  and decreasing f i e l d s .  In these formulae H

is  the f i e l d  in re v e rs ib le  e q u i1ib r ium  w i th  the lo ca l  in d u c t io n .  For the re­

la t i o n  between B(x) and H(x) we adopt the e m p ir ica l  formulae (1 .7 )  o f  Kes,
van der K le in  and De K le rk  ’ ) .

Introducing the reduced quantities:

ha “  <Ha -  Hc , ) / H c2

h -  (H -  HC1) /H C2

b -  B/Hc2

ho - V Hc * r

h, -  Hc , /H C2

h2 -  (Hc2 -  HC1) /H C2

e -  x /d

f (b)*> F(B)

q ■ yd

where d is the ha 1f - th ic k n e s s  o f  the sample, the c r i t i c a l  s ta te  equation  (6 .1 )
becomes:

i f j r l  = qf  1 (b) (1 -  b)

and the r e la t i o n  (6 .A) between B and H:

(6.1a)
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(6 . 2)t>U) = h(e) + - ±  hB(c) .

h2
Now we can c a lc u la te  the loca l in d u c t ion  as a fu n c t io n  o f  the d is tance

from the sample su r face  (where 5 = 1 ) .  In increas ing  f i e l d  we o b ta in :

b+ (5) = 1 -  q”  f ( b )  3h/3? (6.3a)

and in decreasing f i e l d :

b" (5) = 1 + q ^ fO O a h /B ? (6.3b)

The parameter q can be ob ta ined  from the m agnet iza t ion  curve using

equations (6.1a) and (6 .2 ) and equations (28a) and (28b) o f  r e f .  1:

AirM (H ) = i(AirM + AirM )rev a '

-  ( • ^ ‘ ) h ■ (AitM+ -  AirM )

( 6 .Aa)

(6 .Ab)

Higher o rd e r  terms are neg lec ted , which is  j u s t i f i e d  i f  the ex te rna l  f i e l d  is
&

s u f f i c i e n t l y  h igh ,  i . e .  w e l l  above H where the ce n tra l  core w i th  B = 0 d is —
3 aappears J) .

The average f l u x  d e n s i ty  B in the  sample a t  each moment o f  the a l te r n a t in g

f i e l d  per iod  can be obta ined w i th  the he lp  o f  expressions (6.3a) and (6 .3 b ) ,

fo l lo w in g  the same general p r in c ip le s  as in chapter 5, S u b s t i tu t in g  Ü in (5.3a)

and (5-3b) we can compute p 1 and p " .  Two d i f f e r e n t  cases must be d is t in g u is h e d

again. I f  the v a r ia t io n s  in the f i e l d  p a t te rn  do no t reach the mid-p lane o f  the

sample ( le f t - h a n d  p a r t  o f  f i g .  6 .1 ) we o b ta in :

" V d u t{

h (5 t )

fdh -

h(5 T /2 '

hg+hgcosut

fdh }cosu t

h ( 5 t )

+ i
q

2tt

dwt{
fh(St )

h(5i

■ha+hgcosut

fdh - fdh}cosi»)t (6.5a)

h (5 t )

1 2 A



■iïh0n "
rh (e t )

d u t{ fdh  -

h(5

hg+hgcosut

fd h }s  i nu t

T /2 ' h (5 t )

+  —
q

2tt

d u t{

TT

rh (? t ) •ha+hgcosut

fdh -

h (5T /2 )

fd h }s  i nut (6 .5b)
h ( 5 t )

In  the v a r ia t io n s  in  the f i e ld  p a tte rn  do reach the  m id -p lane  (r ig h t-h a n d
p a r t o f  f i g .  6 .1 ) :

i-utA

■ V

rh(C.
d u t{ fdh -

+ i
q

+ i
q

nr

d u t{

“ tA

r u tB

d u t{

ir

■2ir

d u t{

u t B

bmA

hg+hgcosut

ha+hgcosut

fd h }co su t

h (5 .

fd h jc o s u t

h ( 5 t )

fdh  -

hmB

hg+hgcosut

ha+hQC0sut

fd h jc o s u t

h (e t )

fd h jc o s u t (6 .6a)

ith -p "  --------0 q

fwtA rh(5t )
d u t{ fdh -

hg+hgcosut

fd h js  i nut

h ( 5 t )

1
+  —

q
d u t{

“ t  A

hg+hocosut

fd h js in u t

♦  i
•Utg rh (5 t }

d u t{ fd h  -

'  ir ^mB

•2ir ■ha+hoc ° s u t

d u t{ fc

J u t B J bmt

hg+hgcosut

fd h js  i nut

h (€ t )

(6 .6b)
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The d e f i n i t i o n s  o f  C*. CT /2 , h(Ct ) .  h(?T /2 ) ,  t A . t B, h ^ ,  hmB and hmt fo l lo w

from f i g .  6.1» which is  somewhat s im i l a r  to  f i g .  5 .6 .  These q u a n t i t ie s  can be

determined w i th  the he lp  o f  (6 . 1a ) ;  f o r  ins tance 5 f o r  0 U  < t ,  fo l lo w s
from:

q(1 -  et )
•ha+h0

• h (5 t )
in which h(E ) is  found from:

fdh
1 -  b(h)

rha+h0
fdh

1 -  b(h)
h(?t )

f ha+h0
fdh

T -  b(h)
h a + h Q C O s o ) t

h0cosu>t
ho*hocosw tA

ha 'ho  V y o w r t

F ig . 6.1 Definitions o f the quantities occurring in the integration
lim its o f equations (6.7a), (6.7b), (6.8a) and (6,8b). The
left-hand figure is the oase that the variations in  the flux
density pattern, due to the variations in  the external f ie ld ,
do not reach the mid-plane o f the sample; the right-hand figure
is the oase that the variations reach the mid-plane. The le f t
h a lf o f each figure refers to decreasing f ie ld , the right h a lf
to increasing fie ld .

A f t e r  the proper chqjce f o r  f  a l l  the computations may be c a r r ie d  o u t ,

making use o f  the va lue  9 f  q der ived  from the s t a t i c  m agne t iza t ion  curve , see

above. In t h i s  way we can o b ta in  p 1 and p "  as fu n c t io n s  o f  Hg and Hq f o r  any

c r i t i c a l  s ta te  model.
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We made c a lcu la tio n s  based on four d if fe re n t  c r i t ic a l  s ta te  models. The
model o f Labusch ) ,  o r ig in a l ly  derived fo r  the case o f  p inning by a d ilu te

system o f p o in t de fects , fo llo w in g  the in te rp o la tio n  method o f  chapter 3,
section  3 .A.2c, leads to :

P 'V Y
V

(Hc2 -  B)

/H -  HCl

_B_

4 tt

The model o f  Good and Kramer ,
same in te rp o la tio n  method:

, f  = /h (6.7a)

derived fo r  p inning by lin e  de fec ts , using the

P -vv
/B
Ttir

,  h(1 -  b )/b
f  “  h + h,

The em pirica l model o f  Goedemoed e t a l.  *>).

(6.7b)

Pv *  y («c2 (6.7c)

The em pirica l model o f Campbell e t a l .  7 ) :

Pv *  Y(HC2 -  B) £  , f - f i (6 .7d)

Our ca lcu la tio n s  were ca rr ie d  out w ith  HC l, HC2> 3 and q adapted to the
s ta t ic  magnetization curve a t 5-5 K o f our sample NO-320, the one w ith  the

strongest p inn ing . F ig . 6.2 shows the values o f y '/ y A and p "/u A obtained in th is
way fo r  amplitudes ranging from 1 to 100 Oe a t fou r d if fe re n t  values o f the

externa l f ie ld  (Hg -1000 , 1300, 1700 and 2000 Oe). I t  turns out th a t a l l  four
models p ra c t ic a lly  co inc ide  w ith  the London-Bean curve o f f ig .  5.11. This is
not too s u rp r is in g , since the pinning in  th is  sample is  s t i l l  r e la t iv e ly  weak,
so th a t, except perhaps fo r  very low induction  values, 3B/3x must be almost a
constant throughout the sample. Obviously the curvature  o f the B(x) pattern
becomes the less re levan t the sm aller the am plitude, so any c r i t ic a l  s ta te  model
should approach the London-Bean curve fo r  approaching zero, even fo r  low
values o f Hg . Hence i f  the experiments do not co inc ide  w ith  the London-Bean
curve, not even fo r  small am plitudes, i t  fo llow s  th a t the re su lts  cannot be
described w ith  any c r i t ic a l  s ta te  model, a t leas t not w itho u t amendments. We

repeated the ca lcu la tio n s  w ith  a f i f t y  times higher value o f q, and s t i l l  the
dev ia tions from the London-Bean curve o f f ig .  6.2 remained very sm all.

I f ,  however, the experimental data are in  agreement w ith  the London-Bean
curve, th is  kind o f diagram is  not s u ita b le  to d is t in g u is h  between d if fe re n t
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Fig.  6 .2  P lot o f  y ' / y ^  versus yw/ y ^ j  calculated from four theoretica l
models fo r sample NO-320 a t 5.5 K. a: Labusch model, b: Good
and Kramer model, a: Goedemoed model, d: Campbell model.
A : applied f i e ld  Ha -  1100 Oe, O : Ha = 1300 Oe, □ .• H =
1700 Oe, O Ha = 2000 Oe.

c r i t i c a l  s t a t e  models.  This  can b e t t e r  be de r ived  from the  s e p a r a t e  p l o t s  o f

y 1 and y" ve r su s  Hg o r  H-,  shown in f i g s .  6 .3  and 6 . A f o r  NO-320. The do t t e d

l i n e s  a r e  the  d i f f e r e n t  t h e o r e t i c a l  p r e d i c t i o n s ,  the  drawn curves r e p r e se n t

the  exper imen tal  r e s u l t s ,  which wi l l  be d i s c u sse d  in s e c t i o n  6.5* The a d a p t a ­

t i o n s  o f  q to  the  s t a t i c  ma gn e t i z a t io n  curve  were made a t  1700 Oe, so he re  the
four  curves  o f  f i g .  6 .3  i n t e r s e c t  and those  o f  f i g .  6 .4  co i n c id e .  F ig s .  6 .5  and
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Fig. 6.3 P lo t o f  p' (upper h a lf  o f  the f ig u re ) and y" fZower fcaZ/; versus
the applied sta tionary f ie ld  Hq (d ivided by H ) fo r  sample
N0-320. Fu lly  dram  curves: experimental re su lts ;  dotted lin e s :
theo re tica l models. L: Labusch model; G,K: Good and Kramer model;
G. Goedemoed model; C: Campbell model. L e ft:  amplitude a t the
ac f ie ld :  UQ = 10.1 Oe; r ig h t :  B' -  76.3 Oe.
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o =5. n

Fig. 6.4 P lot o f  y ' (upper h a lf  o f  the fig u re) and y" (lower h a lf)  versus
the amplitude o f  the a ltern a tin g  f i e l d  Hg fo r  sample NO-320.
Fully drawn curves: experimental r e s u lts ; do tted  lin es: theore­
t ic a l  models; dashed parts: amplitudes fo r  which the varia tions
in  the induction pa ttern  do not reach the mid-plane o f  the sample.
L: Labusch model; G,K: Good and Kramer; G: Goedemoed model;
C: Campbell model. From l e f t  to  r ig h t: applied sta tionary f i e ld
H =1000, 1300, 1700 and 2000 Oe.
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Fig. 6.5 PZót o /  p ' (upper h a l f  o f  the fig u re ) and p" (lower h a lf) versus
the applied sta tionary f i e l d  üa (divided by Hq ) fo r  sample
NO-O. Fully drawn curves: experimental r e s u lts ; do tted  lin es:
th eo re tica l models. L: Labusch model; G,K: Good and Kramer model;
G: Goedemoed model; C: Campbell model. L e ft:  amplitude o f  the
ac f ie ld :  Hq -  10.1 Oe; r ig h t: Hq a  76.3 Qe.
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Fig. 6.6 P lo t o f  y ' (upper h a l f  o f  the fig u re ) and y" (lower h a lf)  versus
the amplitude o f  the a ltern a tin g  f i e l d  Hq fo r  sample NO-O.
Fully drawn curves: experimental re su lts ;  do tted  lin es: theore­
t ic a l  models; dashed parts: amplitudes fo r  which the varia tions
in  the induction pattern  do not reach the mid-plane o f  the sample.
L: Labusch model; G,K: Good and Kramer model; G: Goedemoed model;
C: Campbell model. From l e f t  to  r ig h t: applied sta tionary f i e ld
H =1000. 1300, 1700 and 2000 Oe.a
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6.6 give the corresponding results fo r sample NO-O. Here the adaptations o f
q were made at 2000 Oe.

§6.3 Experimental d e ta ils

The experimental set- up fo r measuring the perm eability components is shown
schematically in f ig .  6.7. The dc f ie ld  was produced by a home-made supercon­
ducting c o il which was homogeneous w ith in  0.05 per cent over a distance o f
7 cm ) .  The ac f ie ld  was generated in two concentric primary c o ils ,  wound in
such a way that the coupling w ith  the superconducting c o il was neg lig ib le . The
perm eability values were derived from the voltage over two equal but opposite ly
connected secondary c o ils  o f which one contained the sample. The detecting sys­
tem consisted o f a pre- and se lective  a m p lifie r (PAR model 120) and o f a two
phase lock-in  a m p lifie r (PAR model 127). The two phases o f the lock-in  a m p lifie r
were mutually perpendicular w ith in  0.1%. The phase adjustment was based on the
supposition that in the purely superconducting state p1 = p" = 0 , whereas in
the normal state p ‘ = 1 and p" = 0. So the phase se tting  is correct i f  no d i f ­
ference is observed in the measured values o f p" in zero f ie ld  below T and well
above Tc> I t  should be emphasized that in our experimental geometry ( th in  f la t
Nb samples) the influence o f the normal state losses (skin e ffe c t)  on p" was
neg lig ib le .

A ll p' and p" measurements were carried  out a t constant amplitude o f the
ac f ie ld  fo r about 100 values o f the applied sta tionary f ie ld .  In order to study
also the amplitude dependence a t constant Hg, th is  has been done fo r 23 ampli­
tudes, varying from 0.1 to 100 Oe.

The p1 and p" signals, together w ith  the Hg values derived from a shunt
connected in series w ith the superconducting c o i l ,  were fed in to  a two-pen
*• y> y recorder and simultaneously in to  a home-made ana log -d ig it converter
which was connected to a Facit band puncher. The data on the punch bands were
treated d ire c tly  a t the U n ive rs ity 's  Computer Centre.

A ll the experiments described in th is  paper were carried out at about 5.5 K,
because at th is  temperature the reversib le magnetization curves o f our samples
could s t i l l  be described very well w ith the model o f Kes e t a l.  1) .  Since no
frequency dependence was observed (see section 6.1) the experiments were usually
carried out a t 111* Hz. The temperature o f the sample was measured w ith a ground-
o f f  Allen-Bradley carbon thermometer, glued to the sample w ith  General E le c tr ic
varnish. The ca lib ra tio n  procedure has been described e a r lie r  ®). (See also
chapter 3, section 3-3 . )  The temperature o f the samples was s ta b ilize d  w ith in
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10 mK with the help of  a home-made lock- in amp l i f ie r .

§6.4 The experim ental r e s u lts

In f i g .  6 .8 we p lo t te d  p 1 and p"  versus H/HC2 for  samples N-0 ( l e f t )  and
NO-O ( r i g h t ) .  The inf luence of  the surface  b a r r i e r  is  obvious.  For N-0 an ac
f i e l d  with small amplitude ('v 1.0 Oe) is screened o f f  almost completely by th i s
b a r r i e r  up to HCz ( p 1 and p" being both small in th i s  f i e l d  reg ion) ,  whereas
between HC2 and Hc^ i t  gradua lly  pe ne t r a te s  through the sur face  layer  •*). For
NO-O, on the o th er  hand, the ac f i e l d  pene t ra tes  immediately a t  H- and no
screening is observed any more above HC2> where p* = 1 and p" = 0. For high
amplitudes (above 50 Oe) the su r face  layer ,  both above and below Hc , is pene­
t r a te d  a l s o  for  N-0. For both samples the whole v a r i a t i o n  of  p ‘ takes now place
between HCl and HC2 and p "  (so the energy d i s s ip a t io n )  shows a maximum in th i s
region.  Obviously for  N-0 the ac losses a r e  mainly due to i r r e v e r s i b i l i t y  in
the surface  layer ,  fo r  NO-O they a re  caused by bulk pinning.  The s u s c e p t i b i l i t y
curves for  N-0 a t  an amplitude of  1 0 'Oe have a somewhat intermediate ch a ra c t e r ,
ac losses being observed both above and below H,. .

c2
- F o r  NO-O the p 1 curves a t  the higher ampli tudes a re  very s i m i l a r  to  the

de r iv a t iv e  of  the r eve rs ib le  Abrikosov curve.  The p" curves,  so a l so  the energy
losse s ,  a re  low except  near HCl . This is in q u a l i t a t i v e  agreement with the
measured magnet izat ion curve,  which is  almost re v e r s ib l e  over the whole f i e l d
region,  except  near HCl (see chapter  3) .

In the le f t -hand  s ides  of  f i g s .  6 .9 ,  6.10,  6.11 and 6.12 we give the
permeabi1i ty  data (again a t  5*5 K) of  N-0 samples a f t e r  neutron i r r a d i a t i o n  a t
d i f f e r e n t  doses (N-317 to N-320). At the r i g h t  these f igures  show the re s u l t s
of  the same samples a f t e r  sur face  ox ida t io n .  The general p i c tu re  is  the same as
for  f i g .  6 .8 ,  but e s p e c ia l l y  the p '  curves become the lower the higher the dose.
For a l l  our samples the r a t i o  HC3/HC2 is  very well in agreement with the theore­
t i c a l  value 1.7 ° ) .

Fig. 6.13 shows the r e s u l t s  fo r  a l l  our samples a t  one value of  the ampli­
tude of the ac f i e l d :  5 0e. Apart from some anomalies near HC2, discussed below,
the d i f fe re nces  a re  not too b ig,  only fo r  NO-320 the curve is much lower than
fo r  the o the r  samples. Also p" is r a th e r  low for  t h i s  sample. Pronounced d i f ­
ferences between N0-320 and the o th e r  ox idized samples were a l so  observed in the
peak e f f e c t  (see chapter  A) and in the magnet izat ion curves (see chapter  3 ).
Probably a l l  these d i f f e r ences  a re  c o r r e la te d  with the f a s t  increase  of  the
s i ze s  of  the c l u s t e r s  o f  point  de fec ts  ( " r a f t  formation") upon neutron
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Fig. 6.8 Plot o f  u ' (upper h a lf o f  the figure) and u" (lower ha lf) versus
the applied stationary f ie ld  divided by Ha ; experimental
re su lts . Left: sample N-0; right: sample NO-O. a: amplitude
HQ = 1.01 OeJ b: HQ = 10.1 Oe3 a: HQ = 50.2 Oey d: SQ x  75.3 Oe>
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6.9 Plot o f  u '  (upper ha lf o f the figure) and. y" (lower half) versus
the applied stationary f ie ld  divided by experimental
results. Left: sample N-317; right: sample NO-317, a: amplitude
Hq = 1.01 Oe, b: HQ = 10.1 Oe, o: H = SO. 2 Oe, d: H. *  75.3 Oe.
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Fig. 6.10 Plot o f  u ' (upper ha lf o f the figure) and \i" (lower half) versus
the applied stationary fie ld  divided by Ha experimental
results. Left: sample N-318; right: sample NO-318, a: amplitude
tiQ -  1.01 Oe, b: HQ = 10.1 Oe, a : tiQ = 50.2 Oe, d: HQ = 75.3 Oe.
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Fig. 6.11 Plot o f »> (upper ha lf o f the figure) and v" (lower half) versus
the applied stationary f ie ld  divided by H ^; experimental
results. Left: sample N-319; right: sample NO-319, a: amplitude
H0 ~ 1' 01 0e> b: H0 -  10-1 0e> «  HQ = 50.2 Oe, d: HQ = 75.3 Oe.
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Fig. 6.12 Plot o f  y'  (upper h a lf o f  the figure) and u" (lower half) versus
the applied stationary f ie ld  Ü divided by Ha^j experimental
resu lts . Left: sample R-320; right: sample NO-320, a: amplitude
HQ = 1.01 Oe, b: ÜQ = 10.1 Oe, o: RQ = 50.2 Oe, d: Bg = 75.3 Oe.
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Fig.  6 .13 Plot o f  y ' (upper ha lf o f the figure) and y"  (lower half) versus
the applied stationary fie ld  (divided by Ha ) for a ll our samples;
experimental resu lts • Amplitude o f the alternating fie ld : H —
5 Oe. Left ha lf o f the figure: curve A: sample N-0; B: N-317;
C. N—318; D: N—219; E: N—320. Right half o f the figure: curve A:
sample NO-O, B: NO-317; C: NO-318; D: NO-319; E: NO-320.
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20 "2i r r a d i a t i o n  wi th  a dose above 10 n-cm .

The in f lu e n ce  o f  the  i r r a d i a t i o n  on the  s u r f a c e  sc ree n in g  is  r a t h e r  sma l l ,

as fo l lows  from the  r e s u l t s  f o r  the  unoxidized samples ( f i g .  6 . 13 ,  l e f t - h a n d

s i d e ) .  The p" curve f o r  N-319 even c o in c i d e s  p r a c t i c a l l y  wi th  the  one f o r  N-318.
The small  d i f f e r e n c e s  a r e  probably not  too s u r p r i s i n g  in view o f  the  f a c t ,  d i s ­

cussed in c h a p t e r  3, s e c t i o n  3. A.2a ,  t h a t  a "denuded zone",  in which no c l u s t e r

fo rmat ion t a kes  p l a c e ,  occu rs  a t  the s u r f a c e  o f  the  sample.

The minimum in p '  and th e  anomal ies  in p"  nea r  Hc can be a s c r i b e d  to  the
1 0 \  /  \  ^peak e f f e c t  ) ( ch a p t e r  A) which,  owing to  the  dec rea se  o f  the  l a t t i c e  r i g i d i t y ,

leads to  an inc rea se d  p in n ing .  Thi s  means t h a t ,  nea r  H ^ ,  the  induc t ion  g r a d i e n t

3B/3x in c re a se s  aga in  when the  e x t e r n a l  f i e l d  in c re a s e s .  We w i l l  co n s id e r  the

consequences o f  t h i s  behav iour  f o r  both components o f  the  p e r m e a b i l i t y ,  using

the  t h e o r e t i c a l  p " / p A versus  p ' / P A curves  o f  f i g .  5 .1 1 .  Taking the  London-Bean

curve  as the s i m p l e s t  example (which is  a l s o  approx imate ly  in agreement  wi th

our  c r i t i c a l  s t a t e  models ,  s ee f i g .  6 .2)  i t  fo l lows  t h a t  each po in t  o f  t h i s

curve  cor responds  to  a value  o f  the  paramete r  £,  eq.  5<19- For c o n s ta n t  Hg,

3B/3x is  the  sm a l l e r  the  h igh er  p 1. This  means,  g e n e r a l l y  speak ing ,  t h a t  f o r

in c re a s i n g  e x t e r n a l  f i e l d  the  ( p 1, p" ) - com bi na t ion  obse rved in the  experiment

fo l lows  the  curve  from the  l e f t  to  the  r i g h t .  The temporary inc re as e  o f  3B/3x

due to  the  peak e f f e c t  cor responds  to  a temporary r e ve r sa l  o f  the  movement o f

the  ( p ‘ , p" ) - com bi na t ion  to  the  l e f t ,  and a f t e r  the  peak the movement to  the

r i g h t  is resumed. This  behav iour  obv iou s l y  co r responds  to  a dip in the  measured

values  o f  p 1 as obse rved in many o f  our  exper iment s  ( f i g s .  6 .8  -  6 . 1 2 ) .

The cor respond ing  behaviour  o f  p" i s  more compl ica ted .  The po in t  on the
London-Bean curve ,  where the  r e v e r sa l  cor respond ing  wi th  the  beg inning  o f  the

peak e f f e c t  t a ke s  p la c e ,  depends on the  ampl i tude  H. o f  the  a l t e r n a t i n g  f i e l d .

According to  eq.  (5.19)  i t  i s  loc a te d  the  more to  the  r i g h t  the  h ighe r  Hg. This
means t h a t  f o r  small  ampl i tudes  i t  may be lo ca t ed  a t  the  l e f t  o f  the  maximum

o f  the  London-Bean cur ve ,  f o r  l a r g e  ampl i tudes  i t  may be a t  the  r i g h t .  So f o r

small  ampl i tudes  (wi th the  r ev e r s a l  a t  the  l e f t  o f  the  maximum) the  minimum in

p 1 cor responds  to  a minimum in p" .  For l a rg e  ampl i tudes  ( r e v e r s a l  well  a t  the
r i g h t  o f  the  maximum) i t  co r responds  to  a maximum in p" .  For in t e r m ed ia te  am­

p l i t u d e s  the  s i t u a t i o n  may occur  t h a t  the r e v e r sa l  t akes  p lace  j u s t  somewhat

to  the  r i g h t  o f  the  maximum and then the  p"(Ha ) curve may show a minimum between
two maxima. In co n c lu s i o n ,  th e re  a r e  th r e e  p o s s i b i l i t i e s  f o r  the  behaviour  o f

p" a t  the  peak e f f e c t  and a i l  . t h r ee  have been obse rved ,  a t  l e a s t  q u a l i t a t i v e l y ,

in our  expe r i men t s ,  s ee f i g s .  6 .9  -  6 .12.

In c h a p te r s  2 and 5 a s a t i s f a c t o r y  ex p l a n a t i o n  was r eached f o r  the
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permeabi l i ty  behaviour due to the sur face layer  between Hr .  and Hc . In the
d iscuss ion of  the next sec t ion  sur face  screening wil l  not be considered any
more and we wi l l  r e s t r i c t  ourse lves  to the oxidized samples.

§6.5 Discussion

In sec t ion  6 .2 we pointed out  th a t  the c ruc ia l  t e s t  whether the experimen­
tal  permeabil i ty values can be descr ibed by a c r i t i c a l  s t a t e  model or  not is
a p lo t  of  y /y^  versus y ' / y ^ .  Fig.  6.14a shows such a diagram for  sample NO-320
a t  5-5 K for  four d i f f e r e n t  ex te rn a l  f i e l d  values and many ampli tudes,  varying

A /  &

Fig. 6.11» Plot o f u"/vA versus y VvA as a function o f the amplitude o f the
alternating fie ld . Experimental data for sample NO-320 (upper
half) and NO-O (lower half).  A : applied fie ld  H -  1100 Oe,

°  Ha = 1300 0e1 D  11 a = WOO Oe, O Ha = 2000 Oe.
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from 0.5 to  100 Oe. The f u l l  l i n e  is  the London-Bean curve o f  f i g .  6 .2  w ith

which our fo u r  c r i t i c a l  s ta te  models o f  se c t io n  6 .2  p r a c t i c a l l y  co in c id e .  I t

fo l lo w s  th a t  the experimenta l data do not co in c id e  w i th  th i s  curve , and th a t

i t  is  no t even approached f o r  small amplitudes (which are a t  the l e f t  s ide  o f

the d iagram). The data f o r  sample NO-O ( f i g .  6 .1 4b) show even la rg e r  d e v ia t io n s .

In f ig u re s  6.3 and 6.4  we p lo t te d  p 1 and p "  f o r  NO-320 as obta ined from

our fo u r  c r i t i c a l  s ta te  models, both versus the ex te rna l  f i e l d  H (d iv id e d  by

H j^) and versus the am plitude Hg o f  the a l t e r n a t in g  f i e l d .  In both f ig u re s

the f u l l y  drawn curves show the experimental re s u l ts  and they demonstrate again

th a t  the re  is  no agreement, n e i th e r  f o r  p 1, nor f o r  p " .  I t  fo l lo w s  from f i g .

6.4 th a t  f o r  a l l  our th e o r e t i c a l  models both p 1 and p "  are p r a c t i c a l l y  l in e a r

w i th  Hg as long as the v a r ia t io n s  in the f l u x  p a t te rn  do not reach the m id-p lane

o f  the sample (dashed p a r ts  o f  the c u rve s ) ,  but even th i s  behaviour is  not

susta ined by the experimental curves. S im i la r  conc lus ions apply f o r  sample

NO-O ( f ig u r e s  6 ,5  and 6 .6 ) .  A l l  t h i s  demonstrates th a t  our p e rm e a b i l i t y  re s u l ts

cannot be exp la ined  by means o f  a c r i t i c a l  s ta te  model o n ly .

In chap te r 5 we po in ted  ou t th a t  experimental p o in ts  below the London-Bean

curve o f  the p " /p ^  versus p ' / p .  diagram can be exp la ined  by a somewhat a r t i ­

f i c i a l  two-parameter model, c o n s is t in g  o f  a core in which the London-Bean

model is  v a l i d ,  and a su r face  la ye r  w i th o u t  p inn ing  (so model (4) o f  sec t ion

6 .2 ) .  I t  proved to  be po ss ib le  to  d e r iv e ,  from a g iven (p 1, p " ) -co m b in a t io n ,

both the 3B /3x-va lue  in the core and the th ickness  6d o f  the su rface  laye r

(d the ha 1f - th ic k n e s s  o f  the sample aga in , and 6 a dimensionless parameter

between 0 and 1 ) .  I f  t h i s  model is  p h y s ic a l l y  r e a l i s t i c  one should expect, fo r

g iven values o f  the ex te rn a l  f i e l d ,  values o f  3B/3x and 6d independent o f  the

ampli tude.

The re s u l ts  f o r  NO-320 are shown in f i g s .  6.15 and 6.16 . I t  tu rns  ou t th a t

3B/3x is  the sm a l le r  the h igher the ex te rn a l  f i e l d  (as should be expected) but

i t  increases l in e a r l y  w i th  the am plitude o f  the a l te r n a t in g  f i e l d .  The th i c k ­

ness o f  the sur face  la ye r  6d is  the la rg e r  the h igher the ex te rna l f i e l d .  I t

r is e s  more o r  less l i n e a r l y  w i th  the am p l i tude , however, in the region where

the v a r ia t io n s  o f  the in d u c t ion  p a t te rn  have reached the m id-p lane o f  the sample

(b lack  symbols in f i g s .  6.15 and 6.16) and decreases s te e p ly  f o r  small am p l i-

tudes ^ ) .
+)

In chap te r 5 we used amplitudes o n ly  up to  10 Oe and a much sm a l le r  ex­

perimenta l accuracy. Here the measured v a r ia t io n s  in  both 3B/3x and 6d

were o f  the o rd e r  o f  a f a c t o r  2, which is  not c o n t ra d ic to ry  to  the present

r e s u l t s .



100 Oe

Fig. 6.15 Plot o f the flux-density gradient 3B/3x versus the amplitude o f
the alternating fie ld  HQ for sample N0-320. A : applied f ie ld
Ha ~ 1100 °e, O t H^= 1300 Oe, O : IT = 1700 Oe, O  : Ha = 2000 0e.
Open symbols: amplitudes for which the variations in the flux-
density pattern do not reach the mid-plane o f the sample.
Blaak symbols: amplitudes for which the variations in the flux-
density pattern reach the mid-plane. Horizontal dotted lines:
3B/3a: values derived from the s ta tic  magnetization curve (the
value for Ha = 1100 Oe is  not given, since here eq. 6. 6b cannot
be app lied any more).

' The steep varia tion  of both 3B/3x and 6d with the amplitude H seems to
indicate already that  the model of a London-Bean core with a surface layer
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100 Or

Fig. 6.16 Plot o f the thickness o f the pinning-free surface layer Sd versus
the amplitude o f the alternating f ie ld  for sample NO-320.
A : applied f ie ld  = 1100 Oe, O : Ha = 1300 Oe, □  H =
1700 Oe, C) : Ra = 2000 Oe. Open symbols: amplitudes for which
the variations in the flux-density pattern do not reach the mid-
plane o f the sample. Black symbols: amplitudes for which the
variations in the flux-density pattern reach the mid-plane.

without any pinning as such should not be considered as r e a l i s t i c ,  but an eveh
more convincing proof for  t h i s  conclusion is  the s u rp r i s in g ly  high value of  6d..
The h a l f - t h ic k n e s s  of  our sample was 109 microns,  so th a t  a t  H = 2000 Oe and
Hq = 100 Oe more than h a l f  the sample was without  pinning.  Even more extreme
values were found for  the sample NO-O where, under these condi t ions ,  the pin-
n in g- f r ee  region proved to be almost n ine ty per cen t  o f  the sample. Also the

1A6



corresponding values found for  3B/3x, which a re  ra the r  high as compared to
those found from the dc magnetizat ion (dot ted hor izontal  l ines  in f ig .  6.15)
show th a t  the model is not r e a l i s t i c .  In f a c t ,  the model cannot even be con­
sidered as a f i r s t  approximation of  a curved B (x ) - r e l a t i o n ,  as was suggested
in chapter  5*

On the o t h e r  hand, in sec t ion  4 we succeeded to give a q u a l i t a t i v e  expla­
nat ion of  the observed permeabil i ty  behaviour in the region of  the peak e f f e c t
in terms of  the London-Bean curve.  This behaviour is shown even more c le a r ly
in f ig .  6.17,  where the data for  sample N0-320^given in f i g .  6.12,  a re  r e p l o t ­
ted in a p"/pA versus p ' / p A diagram for  th ree  d i f f e r e n t  ampli tudes as funct ion
of the ex te rnaf  f i e l d .  The f i r s t  t r a j e c t o r y  of  each curve from l e f t  to r i g h t  is
the region before the peak e f f e c t ,  the ensuing loop represen ts  the region of
the peak e f f e c t  i t s e l f  (which, by the way, is very sharply defined in t h i s  kind
of diagram).  Since the curves in th i s  region a r e  not c losed ,  i . e .  the loops
do not co incide  with the f i r s t  t r a j e c t o r i e s ,  i t  follows t h a t ,  though the general
trend pred ic ted  from the c r i t i c a l  s t a t e  model is  fol lowed,  i t  cannot be va l id
in every d e t a i 1.

0  |i'(ia 0.2

Fig. 6.17 P lo t o f  u"/uA versus v '/u A as a function o f  the applied f ie ld .
Experimental data fo r  sample NO-320. a: amplitude H = 5 Oe;
b: HQ = 10 Oe; a: Hg = SO Oe.
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In view o f  these arguments i t  seems necessary, in  o rd e r  to  g ive  a compre­

hensive d e s c r ip t io n  o f  the ac and dc behaviour o f  type I I  superconductors , to

cons ider 6d and 3B/3x (as determined from our two-parameter model) as e f f e c t i v e

q u a n t i t i e s  which are not unambiguously determined by the app l ied  s ta t io n a ry

f i e l d  o n ly .  I f  such a " q u a s i - c r i t i c a l  s ta t e "  a c tu a l l y  corresponds w i th  p in n in g -

f re e  regions they may a r is e  in two d i f f e r e n t  ways.

In the f i r s t  p lace they may be d i r e c t l y  re la te d  to  the d e fec t  s t r u c tu re

o f  the sample. The ex is tence  o f  these regions would have no consequence fo r

the d e s c r ip t io n  o f  the dc m agnet iza t ion  curves in view o f  the adaptable p inn ing

parameter y (eqs. 6 .7 ) -  However, from the am plitude dependence found f o r  6d we

have to  re a l iz e  th a t  then the e f fe c t iv e n e s s  o f  these p in n in g - f re e  regions must

depend s t i l l  in some way on the ac tua l f l u x  d i s t r i b u t i o n .

In the second place p in n in g - f r e e  regions may a r is e  due to  loca l de -p inn ing

o f  the v o r t ic e s  by the ac f i e l d  ) .  For ins tance , one might th in k  o f  small

normal reg ions , crea ted  by excessive loca l heating  due to  the f l u x  motion,

a lthough th i s  p o s s i b i l i t y  is  u n l i k e l y  s ince  no frequency dependence was obser­

ved. The absence o f  frequency dependence seems to  in d ic a te  th a t  even a reversa l

o f  the s ign  o f  3H/3t in general should be s u f f i c i e n t  to  cause such a d e -p inn ing .
12 1 3 »Gitt lem an and Rosenblum ) and a lso  Campbell J ) po in ted  ou t a lready th a t

c r i t i c a l  s ta te  models must be extended in  the case o f  an a l te r n a t in g  cu r re n t

through the superconductor. T h e ir  con s id e ra t io n s  e q u a l ly  apply to  a sample in

an a l te r n a t in g  magnetic f i e l d .  They s ta te d  th a t  the v o r t ic e s  are more o r  less

f re e  to  move in s id e  t h e i r  p inn ing  areas, so th a t  they can change t h e i r  p o s i t io n

f r e e ly  once, a t  the moment th a t  3B/3x changes sign a t  t h e i r  lo c a t io n s .  Lowell

cons ide r ing  on ly  one f l u x  l i n e ,  found th a t  f o r  h is  Pbln sample these areas
o

should have dimensions o f  the o rde r  o f  1000 A. I f  the mutual in te ra c t io n s  be­

tween the  f l u x  l in e s  are taken in to  account (which means, i n c id e n t a l l y ,  th a t

the d iscon t inuous  change in 3B/3x, so the reversa l in Jcs a t  in f i g .  6.1

is  smeared ou t  over a f i n i t e  reg ion) these dimensions could  become much la rg e r ,

bu t i t  seems h a rd ly  poss ib le  to  account f o r  our 6d values o f  the o rde r o f

50 m icrons.

In f a c t  i t  should be re a l iz e d  th a t  the la rge  values o f  6d as found from

our experiments can never be exp la ined by cons ide r ing  them as the l in e a r  ad­

d i t i o n  o f  a la rge  number (n) o f  is o la te d  small regions in which the v o r t ic e s

can move f r e e ly .  I t  is  obvious from f i g .  6.18 th a t  f o r  la rge  n th i s  p a t te rn

approaches the London-Bean d i s t r i b u t i o n  again w i th  a sm a l le r  va lue o f  3B/3x,

and th a t  such regions c o n t r ib u te  the less e f f e c t i v e l y  to  the v a r ia t io n s  o f  the

in d u c t ion  p a t te rn  the la rg e r  t h e i r  d is tance  to  the su r face .  So in  o rd e r  to

11(8



a t t a i n  a c e r t a i n  e f f e c t i v e  value  o f  6d the  sum o f  the  d iamete r s  o f  the  p in n ing-

f r e e  r egions  should exceed t h i s  6d the  more,  the  l a r g e r  n.  Ther e fo r e  we do not
b e l i e v e  th a t  i t  w i l l  be p o s s i b l e  to  ex p l a in  our  6d values  in terms o f  the
behaviour  o f  independent  f lu x  l i n e s .

Fig.  6.18 F lux-density  p a tte rn  in  the oase o f  a p in n in g-free  surface
la yer  (upper curve) and o f  sm all p in n in g-free  regions d i s t r i ­
bu ted over the sample ( lo v e r  curve). The shaded area shews the
f lu x  d ifferen ce  between the two cases.

We th in k  t h a t  c o l l e c t i v e  e f f e c t s ,  i nvo lving  l a rg e  bund les  o f  f l u x  l i n e s ,

coupled by the  e l a s t i c i t y  o f  the  v or t e x  l a t t i c e  ^ ) ,  a r e  r e s p o n s i b l e  f o r  the

obse rved phenomena. In t h a t  case  a l s o  the  d e f e c t s  canno t  be con s i de r ed  as  in ­
dependen t .  They can on ly  pin the  f lu x  bundles  e f f e c t i v e l y  by c o l l e c t i v e

a c t i o n s  ) .  An i n d i c a t i o n  f o r  t h i s  behaviour  might  be prov ided by th e  f a c t
t h a t  f o r  the  sample wi th  the  lowest  p inn ing  (NO-O) 6d is  a p p r e c ia b ly  l a r g e r
than f o r  N0-320.
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S A M E N V A T T I N G

In d i t  p r o e f s c h r i f t  is  de invloed van ro o s te r  defecten veroorzaakt door
walsen en vervolgens door g loeien  by v e rsch i l len d e  temperaturen ( to t  maximaal
1600 C) en van defecten  veroorzaakt door neutronen b e s t r a l in g  met v e rsch i l len d e
doses ( to t  maximaal 1,5 x 1020 n/cm2) op de i r r e v e r s ib e le  eigenschappen van
supergeleidend niobium beschreven. Zowel de magnetisatie-kromme in s t a t i o n a i r e
velden a l s  de permeabi1i t e i t s  kurven in w isse lvelden  gesuperponeerd op het
s t a t i o n a i r e  magneetveld z i jn  bepaald. Speciaal de ve rsch i jn se len  b i j  magneet­
veld waarden tussen HCl en HC2 en in mindere mate ook die  voor waarden tussen
HC2 en HCj  z i jn  onderzocht.

Uit de m agnetisa t ie  experimenten uitgevoerd aan de gewalste prepara ten
kunnen we concluderen dat de onomkeerbaarheid en dus de indu c t ieg rad ien t  toe­
neemt b i j  toenemen van de d i s lo c a t i e  d ich th e id .  De indu c t ieg rad ien t  is  evenredig
met de d i s lo c a t i e  d ich the id  to t  de macht 2/3.

Uit de m agnetisa t ie  experimenten uitgevoerd aan de b e s t ra a ld e  prepara ten
kunnen we concluderen dat een groot deel van de i r r e v e r s i b i 1i t e i t  een gevolg Is
van oppervlakte  verankering. De oppervlakte  b a r r i è r e  kan door het aanbrengen
van een zeer  dunne oxyde laag verwijderd worden. Daarna z i jn  nog d r ie  e f fe c ten
ten gevolge van de s t ra l in g ssc h a d e  te  onderscheiden:
a. een toename van de onomkeerbaarheid,

b. een maximum in de magnetisatiekromme in de buurt van Hc ( p i e k - e f f e c t ) ,
c. een toename van Hc .

De e e r s t e  twee e f fe c ten  z i j n ,  behalve voor het p repa raa t  dat met de hoogste
dosis  b e s t ra a ld  I s ,  tam eli jk  k le in .  Dit is  in overeenstemming met de r e s u l ta te n
van de e lec tronen  microscoop-onderzoekingen, w aaruit  b l i j k t  dat a l le e n  voor het
p reparaa t  dat met de hoogste dosis  b e s t ra a ld  i s ,  de gemiddelde afmeting van de
defecten  (in d i t  geval zogenaamde „ r a f t s " )  g ro te r  is dan de co h e ren t ie len g te  $ ,
zodat inderdaad a l le e n  voor d i t  p reparaa t  een a a n z ie n l i jk e  toename van de p in ­
kracht verwacht mag worden. De toename van HC2 hangt n i e t  samen met de toenam»
van de verankertngskrach t,  maar is een gevolg van g ro te  a a n ta l le n  k le in e ,  me ,̂
de e lec tronen  microscoop n ie t  waarneembare, puntdefec ten , d ie  tengevolge van de
afname van de e le c t r o n e n -v r i j e  weglengte, ook een toename van de restweerstarxd
veroorzaken'. Het paekeffec t  i s  een gevolg van h e t  f e i t  d a t  in  de duurt Van Ne
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de g l i jd ingsmodulus Ĉ  van het f l u x l i j n e n  ro o s te r  s n e l le r  afneemt dar» de

lo c a le  ve ran ke r in g sk ra ch t .  Ind ien we aannemen dat de roos te rde fec ten  z ich

gedragen a ls  l i j n d e fe c te n ,  hetgeen goed geargumenteerd kan worden, vinden we

een u i ts te ke n d e  overeenstemming tussen th e o r ie  en experimenten. De onomkeerbare

magneti satiekromme kan in de buu rt  van Hc . beschreven worden met de op puntdefecten

gebaseerde th e o r ie  van Labusch en met de op l i jn d e fe c te n  gebaseerde th e o r ie  van

Good en Kramer. D i t  betekent dat we in d i t  gebied een combinatie  hebben van

veranker ing  ten gevolge van pun tfou ten  en van l i j n f o u t e n .  In de buurt van Hr _

wordt de magnetisatiekromme het best beschreven met de th e o r ie  van Good en

Kramer, hetgeen in overeenstemming is  met de v e rk la r in g  van het p i e k - e f f e c t .

Concluderend kunnen we zeggen, dat tengevolge van hun onde r l inge  s p a t ië r in g ,

de s t r a l in g s d e fe c te n  z ich  kunnen gedragen a ls  pun t fou ten ,  l i j n f o u t e n  o f  a ls
een com binatie  van beide.

B i j  de experimenten met w is se lve ld e n  ( b i j  de gewalste preparaten met

am p l ituden  tussen 0,7  en 10 Oe; b i j  de bes traa lde  preparaten tussen 0,1 en

100 Oe) z i j n  beide componenten van de p e r m e a b i l i t e i t  (y '  en y " )  gemeten.

Het perm eabl1i te l ts g e d ra g  tussen HC2 en HCj  la a t  z ich  u i ts te ke n d  besch r i jven

met een hysterese model dat gebaseerd is  op een oppe rv lak te  b a r r iè re .

Het is  m o g e l i j k ,  u itgaande van de m agne t isa t ie  gegevens, het gedrag van

y '  en y "  tussen Hc  ̂ en H,^ voor de v e rs c h i l le n d e  veranker ingsmodellen te

berekenen onder de aanname dat de supe rge le ide r  z ich  op e lk  moment in  de k r i ­

t i s c h e  toestand b e v in d t .  Voor de v e rs c h i l le n d e  modellen vinden we dan v e r s c h i l ­

lende kurven a ls  we y '  o f  y "  u i t z e t t e n  tegen het u itw endig  ve ld  o f  tegen de

am plitude  van het w is s e lv e ld ;  y "  u i tg e z e t  tegen y '  g e e f t  voor a l l e  modellen

e ch te r  deze lfde  kromme! De experim ente le  re s u l ta te n  l iggen  daarentegen n ie t

op deze u n iv e rs e le  kromme, zodat we moeten concluderen d a t ,  b i j  aanwezigheid

van een w is s e lv e ld ,  de supe rge le ide r  z ich  n ie t  te  a l le n  t i j d e  in de k r i t i s c h e

toestand b e v in d t .

Een quanti  t a t  ieve v e rk la r in g  voor d i t  a fw i jkend  permeabi1i te i ts g e d ra g  kunnen

we nog n ie t  geven. Een m o g e l i jkh e id  is  da t c o l le c t ie v e  e f fe c te n ,  w aa rb i j  een

g roo t  aanta l f l u x l i j n e n  betrokken i s ,  o n d e r l in g  gekoppeld door de e l a s t i c i t e i t

van he t f l u x l i j n e n  ro o s te r ,  v e ra n tw o o rd e l i jk  z i j n  voor het waargenomen permeabi-

1i te i t s g e d ra g .  In da t geval moeten we ook de defecten in het k r i s t a l  roos te r

a ls  o n d e r l in g  a fh a n k e l i j k  beschouwen.’
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Z U S A M M E N F A S S U N G

In dieseF D issertation wird der E infiuss von Versetzungen im K ris ta l I-
g i t te r ,  verursacht durch ein Walzen und anschl iessend durch ein GliJhen bei

verschiedenen Temperaturen (b is maxima! 1600°C) und von Versetzungen, verurs*Qht

durch Neutronenbestrahlung m it verschiedenen Dosen (b is maximal 1 , 5  x 1 0 2 0 n/cm2)

auf die irreve rs ib len  Eigenschaften von supraleitendem Niobium beschrieben.

Sowohl die Magnetisierungskurve in stationaren Feldern a ls auch die Per-
meabilitatskurven in sta tiona r Felder überlagerten Wechselstromfeldern sind
bestimmt. Insbesondere die Phanomene bei Magnetfeldwerten zwischen HCl und Hc2
und in geringerem Masse auch die f i i r  Werte zwischen HC2 und Hc sind untersucht
worden.

Aus den Magnetisierungs-Experimenten, durchgeführt an den gewalzten Prepa­
raten, kSnnen w ir schliessen dass bei zunehmender Versetzungsdichte die Irreve r-
s ib i l r tS t  und damit der Induktionsgradient grosser w ird . Der Induktionsgradient
is proportional zur 2/3 Potenz der Versetzungsdichte.

Aus den Magnetisierungs-Experimenten durchgeführt an den bestrahlten Prapa-
raten kSnnen w ir sghliessen dass ein grosser Te il der I r re v e rs ib i1i ta t die Folge
einer Oberflachenverankerung is t .

Die OberfIScheneffekte können durch das Anbringen einer sehr dunnen Oxyd-
schicht en tfe rn t werden. Danach sind noch drei Effekte in fo lge des Strahlungs-
schadens zu unterscheiden:
A. eine Zunahme der I rre v e rs ib i1i t§ t ,

B. ein Maximum in der Magnetisierungskurve in der N3he vom HC2 („P eake ffec t"),
C. eine Zunahme des H '.c2
Die erste zwei Effekte sind, ausser fü r das PrSparat das m it der hochsten Dosis
bestrah it worden is t ,  ziem lich k le in . Dies steht im Einklang m it den Resultaten
der Elektronenmikroskop-Untersuchunge.n aus denen hervorgeht, dass nur fü r  das
Pra'parat das m it der höchsten Dosis bestrah it worden is t ,  die m itt le re  Abmessung
der Versetzungen (in  diesem Falie sogenannte „R afts") grösser is t  a ls die
Koharenzlünge, sodass ta tsachlich nur fü r dieses Praparat eine betrSchtliche
Zunahme der H a ftk ra ft erwartet werden dü rfte .

Die Zunahme des HC2 ha’ngt n ich t zusammen m it der Zunahme der Verankerungs-
k ra ft ,  sondern is t  die Folge einer grossen Anzahl von kleinen, m it dem Elek-
tronenmikroskop n ich t wahrnehmbaren Punktversetzungen, die wegen der Abnahme der
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fre ien  Weglange der Elektronen auch eine Zunahme des Restwiderstandes verur-
sachen.

Der „Peakeffect" is t  eine Folge der Tatsache dass in der NMhe des Hr der
c2

Schermodul des F lussfadengitters schneller abnimmt als die lokale Veran-
kerungskraft.

Wenn w ir annehmen dass sich die Versetzungen im K r is ta l lg it te r  wie L in ien­
versetzungen betragen, welches sehrwohl angenommen werden kann, f  indenwi r eine
hervorragende Ubereinstimmung zwischen Theorie und Experimenten. Die irre ve r­
s ib le  Magnetisierungskurve kann in der N3he des HCl m it der auf Punktversetzungen
basierten Theorie von Labusch und m it der auf Linienversetzungen basierten Theorie
von Good und Kramer beschrieben werden.
Dies bedeutet, dass w ir in diesem Gebiet m it einer Kombination von Verankerung
in fo lge Punkt-  und Linienversetzungen rechnen mussen.

In der N3he des Hc wird die Magnetisierungskurve am besten beschrieben
mit der Theorie von Good und Kramer, welches m it der ErklSrung des „Peakeffectes"
übereinstimmt.

Hieraus können w ir fo lgern , dass die Strahlungsversetzungen sich info lge
ih re r gegenseitigen Abstanden wie Punktversetzungen, Linienversetzungen oder wie
eine Kombination der beiden verhalten können.

Bei den Experimenten mit Wechselstromfeldern (bei den gewalzten PrSparaten
mit einer Amplitude zwischen 0,7 und 10 Oe; bei den bestrahlten Praparaten
zwischen 0,1 und 100 Oe) sind beide Komponenten der Permeabi 1 i tS t (y1 und y")
gemessen worden.

Das Permeabi1ita tsverha lten  zwischen HC2 und Hc- IMsst sich ausgezeichnet
m it einem Hysterese-Model1 beschreiben, das auf einer Oberflöchenbarriere basiert
is t .  Es is t  möglich, ausgehend von den Magnetisierungsdaten, das Verhalten von
y ' und y" zwischen Hc  ̂ und Hc„ fü r die verschiedenen VerankerungsmodelIe zu be-
rechnen, wenn mann annimmt dass der Supra le ite r sich zu jedem Moment im kritischen
Zustand befindet. Für die verschiedenen Modelle finden w ir dann verschiedene
Kurven, wenn w ir y ' oder y" aufzeichnen als Funktion vom ausseren Feld order als
Funktion von der Amplitude des Wechselstromfeldes; dagegen g ib t y " , aufgezeichnet
als Funktion von y 1, fü r a lle  Modelle die gleiche Kurvel Die experimentellen
Resultate liegen hingegen n ich t auf dieser universellen Kurve, sodass w ir daraus
schliessen mussen dass bei Anwesenheit eines Wechselstromfeldes der Supraleiter
sich n ich t wahrend der ganzen Ze it im kritischen  Zustand befindet.

Eine Q uantitative Erklarung fü r dieses abweichende Permeabi1ita tsverha lten
können w ir noch n icht geben.

Eine Möglichkeit ware, dass kol le k t ive E ffekte, an. denen eine grosse Anzahl



Flussfaden b e t e i l i g t  i s t ,  un te re inander verbunden durch d ie  E la s t i z i t S t  des

F lu s s fa d e n g i t te rs ,  f ü r  das wahrgenommene P e rm e a b i l i tS ts v e rh a lte n  v e ra n tw o r t l ic h

s ind . In diesem F a l ie  mussen w i r  auch d ie  Versetzungen im K r i s t a l l g i t t e r  a ls
un te re inander abhangig be trach ten .
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STUD IEOVERZICHT

Na het behalen van het eindexamen HBS-B aan het S in t -F ra n c iscu sco l le g e

te  Rotterdam, waar m i jn  ee rs te  b e la n g s te l l in g  voor de natuurkunde t i j d e n s  de

boeiende lessen van Dr. J. Schweers gewekt werd, v ing  i k  in 1963 m i jn  s tu d ie

aan de R i j k s u n i v e r s i t e i t  van Leiden aan. In j u n i  1967 legde ik  het kand idaats­

examen d' (n a tu u r-  en wiskunde met b i jv a k  scheikunde) a f ,  waarna ik  in augustus

m i jn  e e rs te  werkzaamheden op het Kamerl ingh Onnes Laboratorium v e r r r i c h t t e  en

wei in  de werkgroep „s te rk e  magneetvelden en s u p e rg e le id in g "  d ie  onder le id in g

s ta a t  van Dr. D. de K le rk .  A an va n ke l i jk  ass is te e rd e  ik  Dr, P.H. Kes b i j  z i j n

onderzoek naar de warm tege ie id ing  in supergele idend niobium en Drs. F.Th.A.

Jacobs b i j  het onderzoek naar de magnetische eigenschappen. Na het v e r t re k  van

Drs. Jacobs in j u l i  1968 nam ik  z i j n  onderzoek over.  Na het behalen van het

doc to raa l examen experimente le  natuurkunde in a p r i l  1970, werkte  ik  een dag per

week a ls  gastmedewerker op he t Reactor Centrum Nederland (RCN) te  P e tten . Daar

werden de preparaten ve rvaa rd igd ,  de g lo e i in g e n  en neutronen b e s t ra l in g e n  u i t ­

gevoerd en het m e ta l lu rg is c h  ka ra k te r  van de roos te r  defecten m .b .v .  l i c h t ­

en e lec tronen  microscoop bestudeerd.

Op 1 ja n u a r i  197^ v e r l i e t  i k  he t Kamerlingh Onnes Laboratorium om, in

d ie n s t  van het RCN, b i j  het Max Planck I n s t i t u t  f u r  Plasmaphysik te  Garching

(West D u its land ) te  gaan werken.

M i jn  onde rw i js ta a k  ve rvu lde  i k  van september 1969 t o t  ja n u a r i  197*t a ls

a s s is te n t  op het e e rs te -  en tweedejaars pract icum voor hoofdvakstudenten.

Het t o t  stand komen van d i t  p r o e f s c h r i f t  is m o g e l i jk  geworden dankz i j  de

b i jd ra g e n  van ve len . Drs. R. Wolf en de heer G.P. van der Mey hebben m i j  ge­

a s s is te e rd  b i j  de experimenten en het u itwerken van de m ee tresu lta ten . De d i r e k t i e

van he t RCN en vooral de s ta f  van de a fd e l in g  Materiaa lkunde ben ik  e r k e n t e l i j k

voor de genoten g a s t v r i j h e id  en voor he t verlenen van de b e s t r a l i n g s f a c i1i t e i t e n .

B i j  het RCN werden de preparaten vervaard igd  door de heren J.M. Jacobs en D.S.

d 'H u ls t ,  de metal lo g ra f is c h e  onderzoekingen werden v e r r i c h t  door de heren

A. Mastenbroek en G. Hamburg. De samenwerking en d iscuss ies  met Drs. J .D . El en

van de a fd e l in g  Materiaa lkunde van het RCN, d ie  in 1968 reeds voo rs te ld e  het

e f f e c t  van s t r a l  ingsschade op de supergele idende eigenschappen van niobium te

onderzoeken, heb ik  b i jz o n d e r  op p r i j s  g es te ld .

De nauwe en p l e z i e r i g e  samenwerking met Dr. P.H. Kes is  voo r  m i j  a l t i j d

een g r o te  s t im u la n s  geweest.  De v e le  d is c u s s ie s  met hem, met m i j n  p ro m o to r  en
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met Dr. H. van Beelen z i j n  bepalend geweest voor een groot  deel van de inhoud
van d i t  p r o e f s c h r i f t .

Een van de b e la n g r i j k s t e  technische  handelingen b i j  mijn onderzoek was
het  zorgvuldig insmelten van de prepara ten .  De heren C.J.  van Klink en L. van As,
d ie  ook het  overige  glaswerk verzorgden, hebben da t  iedere keer weer met gro te
bere idw i l l igh e id  gedaan. Een aanta l  e lek t r on ische  appara ten,  zoals  de tempera-
t u u r s t a b i 1i s a t o r ,  werden door de heer J .  van der Zeeuw vervaardigd.  De heer
T.P.M. van der Burg zorgde voor he t  technische  gedee l te  van de o p s t e l l i n g .  De
dames mevr. S. Kranenburg-Ginjaar en mej. R. Beyk hebben de manuscripten van
de versch i l l ende  a r t i k e l e n  ge typt ,  t e rw i j l  he t typewerk voor d i t  p r o e f s c h r i f t
verzorgd is door mevr. E. de Haas-Walraven. De heren W.F. Tege laar ,  W.J.
Brokaar en L. Gijsman vervaardigden de tekeningen.  De samenvatting is in
he t  du i t s  ver taa ld  door mevr. E. van Kessel.
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