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ABSTRACT

The f lu x o n  p inn ing  behaviour in l i g h t l y  deformed niobium s in g le  

c r y s ta l  specimens is Inves t iga ted  in o rde r  to i d e n t i f y  ( i ) the 

p a r t i c u l a r  fea tu res  o f  the d i s l o c a t i o n  s t r u c t u r e  which are  e f f e c t i v e  

as p inn ing  s i t e s  and ( i  i ) the predominant mechanism o f  i n t e r a c t i o n  

between the f luxon  l a t t i c e  and the p inn ing  s i t e .  For t h i s  purpose 

' p a r e n t 1 c r y s ta l s  were deformed in u n ia x ia l  compression along [ l ' io ]  

t o  produce predominant ly  edge d i s l o c a t i o n  deb r is  along [ l To] in the 

(110) planes. Di sc- specimens (a x ia l  o r i e n t a t i o n  [ l  10]) and small 

square sect ioned rec ta n g u la r  specimens ( long ax is  along [ l l O ]  and 

[OOl] ) were cut from the  deformed pen ent specimens. (Dur ing c u t t i n g  

and p o l i s h in g  o f  these specimens hydrogen is absorbed to  a concentra­

t i o n  o f  about 50 ppm-atomic.) From magnet izat ion measurements made 

on these specimens, a f t e r  va r ious  sub-room temperature ageing pro­

cedures,  the bu lk  p inn ing  fo rc e  dens i ty  is  obta ined as a fu n c t io n  o f  

the deformat ion parameters, the c o n f ig u r a t i o n a l  d i s t r i b u t i o n  o f  the 

i n t e r s t i t i a l  hydrogen and the lo ca l  induc t ion  and temperature in the 

specimen. The resul 1 ?. o f  the exper iments show the ex is tance  o f  two 

d i s t i n c t  c lasses o f  behav iour .  In the f i r s t  c la s s ,  which occurs in 

a l l  the  specimens, the p inn ing  s i t e s  are i d e n t i f i e d  w i th  small reg ions 

o f  tangled d i s l o c a t i o n .  At any p a r t i c u l a r  value  o f  the lo ca l  induc t ion  

B o n ly  those regions which have dimensions (2R), normal to  B, in a 

narrow range cent j red a t  2R 2, 0.7ao » where aQ is  the f lu xon  l a t t i c e  

parameter,  are e f f e c t i v e .  These s i t e s  apparen t ly  p in  by the s o -c a l l e d  

6 k  mechanism i f  they cons is t  o f  tangled edge d i s l o c a t i o n  segments and 

by the so -ca l led  second-order e l a s t i c  mechanism i f  the d i s l o c a t i o n s  are 

o f  screw type a l igned  normal to B. A d e ta i le d  fo rm u la t ion  o f  the



i n t e r a c t i o n  f o rc e  due to the 6 k  mechanism f o r  these s i t e s  and use o f  

the p o in t  f o rc e ,  d i l u t e -1 im i t  l a t t i c e  approx imat ion summation method 

o f  Labusch ( 1969b) makes p re d ic t i o n s  f o r  the  bulk p inn ing  fo rce  

d e n s i t y  which are in e x c e l le n t  q u a l i t a t i v e  agreement w i th  experiment 

in  a l l  respects .  In the second c lass ,  which occurs on ly  where the 

f luxons  are p a r a l l e l  to  the edge d i s l o c a t i o n s  and the d i s lo c a t i o n s  

are s u f f i c i e n t l y  dressed w i th  C o t t r e l l  atmospheres o f  i n t e r s t i t i a l  

hydrogen ( C o t t r e l l ,  1948), the p inn ing  s i t e s  are i d e n t i f i e d  w i th  

s t r a i g h t  segments o f  C o t t r e l l  atmosphere. A model is  fo rmulated 

which is  based on the pos tu la te  o f  Campbell and Evetts  (1972) tha t  

f 1uxon l a t t i c e  d i s lo c a t i o n s  may prov ide s u f f i c i e n t  p l a s t i c i t y  in the 

f luxon  l a t t i c e  to  a l low  f o r  independent f 1uxon p inn ing  and hence the 

s o -c a l l e d  synchronous p inn ing  mechanism. The 6 k  i n t e r a c t i o n  between 

the C o t t r e l l  atmosphere s i t e s  and the f lu xon  l a t t i c e  is shown to  

p rov ide  some o f  the requ i red c o n d i t io n s  f o r  t h i s  mechanism and the 

f i n a l  p r e d i c t i o n s  o f  the model are in good q u a l i t a t i v e  agreement w i th  

exper iment , p a r t i c u l a r l y  in respect o f  the la ck  o f  dependence on the 

ex ten t  o f  deformat ion  in l i g h t l y  deformed specimens. This is a 

consequence o f  the fa c t  t h a t  the p inn ing  i s  due almost e n t i r e l y  to the 

C o t t r e l l  atmospheres and depends l i n e a r l y  on the concen t ra t ion  o f  the 

hydrogen in the  atmospheres which in tu rn  is  in v e rs e ly  p ro p o r t io n a l  to 

the edge d i s l o c a t i o n  d e n s i t y .  As expected ageing o f  the specimen at  

temperatures near 90K, where the m o b i l i t y  o f  the i n t e r s t i t i a l  hydrogen 

is  s i g n i f i c a n t  but the s o l u b i l i t y  in s o l i d  s o lu t i o n  is very  smal l ,  

leads to  p r e c i p i t a t i o n  o f  the hydrogen in the C o t t r e l l  atmospheres i n to  

the d i s l o c a t i o n  cores and consequent disappearance o f  t h i s  c lass  o f  

behaviour .  The model a l lows f o r  the de te rm in a t io n ,  from isochronal  

ageing exper iments,  o f  the d i f f u s i o n  c o e f f i c i e n t  D f o r  hydrogen in 

niobium a t  low tempera tu res . At  90K the determined value is



D(90K)^  u .$ x  10 ^ cm" 2 sec.which agrees favourab ly  w i th  expec ta t ion .

Var ious anomalies and small d e v ia t io n s  o f  the exper imental  

r e s u l t s  f rom the p r e d i c t i o n  o f  the above models are discussed. in 

p a r t i c u l a r  the s c - c a l l e d  1 peak e f f e c t 1 which occurs predominant ly  in 

the  specimens c on ta in in g  hydrogen in s o l i d  s o lu t i o n s  is  found to  be 

in good agreement, in a s e l f  c o n s is te n t  manner f o r  both o f  the above 

classes o f  behav iour ,  w i th  the Pippard model (see Campbell and 

E ve t ts ,  1972).

in a separate se r ies  o f  exper iments on undeformed d is c  shaped 

specimens o f  var ious  ax ia l  r a t i o s ,  in t ransverse  app l ied  magnetic 

f i e l d ,  a p re v io u s ly  unsuspected geometry e f f e c t  is  in v e s t ig a te d .

This e f f e c t  is man ifes t  by a delay in the pene t ra t ion  o f  f luxons  in to  

the  i n t e r i o r  o f  the  specimens to  an app l ied  f i e l d  Hq which is  l a rg e r  

than the va lue p red ic te d  f o r  the insc r ibed  spheroid and by non­

e q u i l i b r i u m  behaviour f o r  Hq $ where is  the f i e l d  f o r  i n i t i a l  

p en e t ra t io n  in an i n f i n i t e l y  long specimen. A model f o r  t h i s  

behaviour is formulated by s e t t i n g  up the boundary cond i t ion s  f o r  the 

superconduct ing specimen e x p l i c i t l y  and then de termin ing the p o s i t i o n  

dependent thermodynamic f i e l d  H^(r)  in the specimen. H^(r)  is found, 

as expected, to be a decreasing f u n c t io n  o f  the rad ia l  d is tance  r 

from the ax is  o f  the d i s c  and consequent ly f lu x o n s ,  a f t e r  e n te r in g  the 

specimen at  i t s  pe r im e te r ,  move rapicMy and d i s s i p a t i v e l y  to  the 

middle  o f  the d isc  where they  form a 'pool  1 which grows in rad ius

w i t h  increas ing  H u n t i l  H =  H . when the pool f i l l s  the d i s c .  The 
3 o o cl r

model makes an accura te  p r e d i c t i o n  f o r  the f i e l d  o f  i n i t i a l  f luxon  

pene t ra t io n  Hq =  as a fu n c t io n  o f  the a x ia l  r a t i o  f o r  d isc  shaped 

specimens and a lso  p r e d i c t s , i n  agreement w i th  e x p e r im e n t ,e q u i l i b r iu m  

b ehav iou r , f o r  s u i t a b l e  ' b a r r e l l e d '  specimens, f o r  a l l  Hq decreasing.



Non-equ i l ib r ium  behaviour occurs when the pool does not  comple te ly  

f i 11 the specimen.

F i n a l l y ,  the p inn ing  and deformat ion  behaviour in d i s c  shaped 

specimens, w i th  t h e i r  axes col l i n e a r  w i th  the <111> d i r e c t i o n ,  which 

a re  1 punched1 to  produce a narrow annu la r  region o f  d e fo rm a t ion , are 

in v e s t i g a te d .  The deformat ion  behaviour is  o f  p a r t i c u l a r  i n t e r e s t  

s ince  i t  c o n v in c in g ly  demonstrates the asymmetry o f  c r o s s - s l i p  

behaviour  on the {211}  planes ; n B.C.C. niobium (Bal l  and Doyle, 

1974).
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CHAPTER 1

1 . 1 n t roduc t  ion

The sub jec t  o f  type I I  s u p e rc o n d u c t i v i t y  has i t s  o r i g i n  in a paper by 

Abr ikosov (195'/) in wh ich,  by a complete an a ly s is  o f  the Glnzburg- 

Landau equat ions (Ginzburg and Landau, 1950), he p re d ic ts  a l l  the 

e s s e n t ia l  fea tu res  o f  Ideal superconductors i n t r i n s i c a l l y  o f  t h i s  

type.  The phenomenon o f  type I I  s u p e rc o n d u c t i v i t y ,  in p a r t i c u l a r  w i th  

regard to  non- idea l  i r r e v e r s i b l e  magnetic p r o p e r t i e s ,  has been 

i n t e n s i v e l y  s tud ied  s ince  the d iscovery  at  the beg inn ing o f  the la s t  

decade o f  superconduct ing m a te r ia ls  capable o f  suppor t ing  very high 

c u r re n t  d e n s i t ie s  in high magnetic f i e l d s  (Kunz ler ,  1961). These 

m a te r i a ls  ( f o r  example Nb-Zr , N b -T i , Nb_Sn and Ho,Re) are o f  g rea t  

techno log ica l  i n t e r e s t  and have found var ious  low temperature device 

a p p l i c a t i o n s .  The a b i l i t y  to ca r ry  la rge t r a n s p o r t  c u r re n t  d e n s i t i e s  

depends, in a manner as ye t  incomp le te ly  understood, on the ex ten t  o f  

c r y s ta l  l a t t i c e  im per fec t ion  in these m a te r ia ls  which are u s u a l l y  

h e a v i l y  cold worked o r  s in te r e d .  The e f fe c t i v e n e s s  o f  va r ious  types 

and c o n f ig u ra t io n s  o f  im per fec t ion  has been in v e s t ig a te d  and in some 

cases the under ly ing  phys ica l  processes have been e lu c id a te d " .  The 

present  in v e s t i g a t io n  is concerned ma in ly  w i th  the processes involved 

in i n t r i n s i c a l l y  type I I  superconduct ing niobium s in g le  c r y s ta l s  which

Exce l le n t  review a r t i c l e s  have been w r i t t e n  by, i n te r  a l i a ;  

L iv in g s to n  and Schadler (1964),  Dew-Hughes (1966, 1972), and 

Campbell and Eve tts  (1972).



CHAPTER 1

1. I n t ro d u c t io n

The sub jec t  o f  type I I  s u p e rc o n d u c t i v i t y  has I t s  o r i g i n  in a paper by 

Abr ikosov  (1957) in wh ich,  by a complete a n a ly s i s  o f  the Ginzburg- 

Landau equat ions (Ginzburg and Landau, 1950), he p re d ic ts  a l l  the 

e s s e n t ia l  fea tu res  o f  ideal superconductors i n t r i n s i c a l l y  o f  t h i s  

type.  The phenomenon o f  type I I  s u p e rc o n d u c t i v i t y ,  in p a r t i c u l a r  w i th  

regard to  non- idea l  i r r e v e r s i b l e  magnetic p r o p e r t i e s ,  has been 

i n t e n s i v e l y  s tud ied  s ince the d iscovery  a t  the beg inn ing o f  the l a s t  

decade o f  superconduct ing m a te r ia ls  capable o f  suppor t ing  very high 

c u r re n t  d e n s i t i e s  in high magnetic f i e l d s  (K u n z le r , 196 l ) .  These 

m a te r ia ls  ( f o r  example Nb-Zr , Nb-Ti , Nb_Sn and Mo^Re) are o f  grea t  

techno log ica l  I n te re s t  and have found var ious  low temperature device 

a p p l i c a t i o n s .  The a b i l i t y  to  ca r ry  la rge  t ra n s p o r t  c u r re n t  d e n s i t i e s  

depends, in a manner as yet  incomp le te ly  understood, on the ex ten t  o f  

c r y s ta l  l a t t i c e  im per fec t ion  in these m a te r ia ls  which are u s ua l l y  

h e a v i l y  co ld  worked o r  s in te re d .  The e f fe c t i v e n e s s  o f  va r ious  types 

and c o n f ig u ra t io n s  o f  im per fec t ion  has been in ve s t ig a te d  and in some 

cases the under ly ing  phys ica l  processes have been e luc id a te d  . The 

present  in v e s t i g a t io n  is concerned main ly  w i th  the processes involved 

in i n t r i n s i c a l l y  type 11 superconduct ing niobium s in g le  c r y s t a l s  which

A Exce l le n t  review a r t i c l e s  have been w r i t t e n  by, i n t e r  a l i a ;  

L i v in g s to n  and Schadler (1964),  Dew-Hughes ( 1966 , 1972),  and 

Campbell and Evetts  (1972).



hove been pre-deformecl to  produce d i l u t e  a r r a / s  o f  edge d i s l o c a t i o n s  |
I

w i t h  a predominant ly  common Burgers v e c to r .  I

The r e l a t i v e  d i v e r s i t y  o f  the con tents  o f  t h i s  thes is  necess i ta tes  !

in t r o d u c to r y  m a te r ia l  a t  the beg inn ing o f  most chapters and t h e r e fo re  .

o n ly  a b r i e f  o u t l i n e  o f  i n t r o d u c to r y  theory  o f  general re levance and j

an o u t l i n e  o f  the scope o f  t h i s  i n v e s t i g a t i o n  w i l l  be given here.  j

1,1 E q u i l i b r iu m  behaviour ?

The M-H phase diagram o f  the bu lk  o f  a type I I superconductor is I

cha rac te r ized  by th ree  temperature dependent c r i t i c a l  f i e l d s  ( f i r s t  j

measured and repor ted by Shubnikov, Khotkev lch,  Shepelev and R la b in ln ,  >

1937 f o r  Pb-TI and Pb-In  a l l o y s )  v i z ;  H^(T),  H^^(T) and (T) where ■

Hc1 (T) < H (T) < Hc2 (T) and is  the condensat ion energy I

d e n s i t y  o f  the superconduct ing e lec t ron s  in zero app l ied  f i e l d .  For 

Ideal type I I specimens w i th  zero demagnet iz ing f a c to r  the magnet izat ion 

behaviour  Is r e v e r s ib le  and has the f o l l o w in g  c h a r a c t e r i s t i c s :  f o r  an

app l ied  magnetic f i e l d  H , in the range HQ < , the Induc t ion  B in

the specimen is zero (B “  Hq + WM and th e re fo re  the magnet izat ion

M a  "H A i r )  and the specimen Is in the s o -c a l l e d  Melssner s t a te  ;

(Meissner and Ochsenfeld, 1933). In the range < Hq < the j
*

specimen is in the Shubnikov o r  mixed s ta te  w i th  H > B > o and B j

Increas ing w i th  HQ u n t i l  Hq H g when B — Hq and the specimen under­

goes a second o rder  t r a n s i t i o n  to  the normal s t a te .  (For HQ > 

s u p e rc o n d u c t i v i t y  p e r s i s t s  near the sur faces  p a r a l l e l  to the app l ied  

f i e l d .  At ^ 3  ** 1.69 t h i s  sur face s u p e rco nduc t iv i t y  

ceases and the specimen Is f u l l y  In the normal s ta te  (Saint  James and 

de Gennes, 1963 ) .  A b r ikosov 's  ( lo c .  c l t . ) s o lu t i o n s  to the Ginzburg”

Landau equat ions ( In  the regime k  > 1 / /2  where k  Is the s o -c a l l e d  j

GinzburcrLandau parameter -  see appendix 1 ( a ) ) ,  c o r r e c t l y  p re d ic ts  t h i s



/

3

behaviour  and a lso  p re d ic ts  th a t  in the mixed s ta te  the magnetic f l u x

in the specimen should be quant ized in mic roscopic  f l u x  tubes o r

supe rcu r ren t  v o r t i c e s  (hence fo r th  r e fe r re d  to as f luxons  in the

present  w o rk ) . Each f lu xon  conta ins  one f l u x  quantum,

~7 2<}>o “  ch / 2e “  2 .0 7  x 10 gauss cm , and in ideal  superconductors the 

f luxons  form a regu la r  two dimensional  a r ray  w i t h  a l i n e  d e n s i t y

) which is a s in g le  valued fu n c t io n  o f  the app l ied  f i e l d  H . The 

s t r u c t u r e  o f  the f luxon  is descr ibed in terms o f  two c h a r a c t e r i s t i c  

lengths g and X. S i s  the coherence d is tance  o f  the supe r -e lec t ron  

condensate and is the c h a r a c t e r i s t i c  range over  which the condensate 

orde r  parameter may vary.  I t  is  e x p l i c i t l y  re la te d  to the coherence 

length  o f  Pippard (1953)• X is the c h a r a c t e r i s t i c  range o f  magnetic 

f i e l d  pene t ra t io n  in to  the superconductor and is  e x p l i c i t l y  r e la te d  

to  the London pene t ra t io n  length  (London and London, 1935). The 

temperature dependences o f  £ and X are known (see f o r  example 

de Gennes, 1966 ) to  be approx im ate ly  the same and th e re fo re  t h e i r  

r a t i o  k — X(T)/C(T) ( the Ginzburg-Landau parameter ) “  is  independent o f  

temperature.  £ and X a lso  have a dependence on the normal e l e c t r o n i c  

mean f r e e  path which is not the same f o r  each so th a t  k depends on the 

r e s i s t i v i t y  o f  the m a te r ia l  in the normal s t a te  (Goodman, 1961).

The f luxon  cons is ts  in essence o f  a c y l i n d r i c a l  region in  which 

s u p e rc o n d u c t i v i t y  is p a r t i a l  l y  suppressed ( the o rder  parameter |i|j|~

(see appendix 1 (a))  - inc reas ing  from zero on the a x is  o f  an i s o la te d  

f luxon to i t s  e q u i l i b r i u m  va lue over the c h a r a c t e r i s t i c  d is tance  5 ) .

*  k > \ / / 2  in the Gi nzburg-Landau equat ions imp l ies  a negat ive

in te r f a c e  energy between the superconduct ing and normal phases.
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Supercur rents  f low  around t h i s  region genera t ing  one quantum (4>o ) o f  

f l u x .  At  la rge  d is tances  ( r )  from the f luxon  a x is  the f i e l d  s t reng th  

h ( r) f a l l s  o f f  as e x p ( - r A ^ )  (London , 1S6l) .  Associated w i th  

the f luxon  is  a l i n e  energy which has th ree  components, v i z ; the 

magnetic energy o f  the enclosed f l u x ,  the k i n e t i c  energy o f  the 

c i r c u l a t i n g  s u p e rc u r re n t , and the loss o f  condensat ion energy in the 

f lu x o n  core.  The l i n e  tens ion o f  a f luxon  is  given (see fo r  example 

de Gennes, 1966) f o r  k >> 1 by

r  =  (#g /4nA^ )^ ( ln  k + e) 1 . 1 (a)

« (<|>0 In k /k  1 . 1 (b)

where e is a small c o r re c t i o n  f o r  the 1 c o re 1 energy o f  the f luxon and 

-n is  o f  o rde r  0,1 .  (According to equat ion 1 .1(b)  the l i n e  tension t

is  a decreasing fu n c t io n  o f  k and a f luxon  w i l l  t h e re fo re  be a t t r a c t e d  

to  regions o f  l o c a l l y  enhanced k . The thermodynamic cons ide ra t ions  

o f  Keesom (1924),  Gorter (1933) and Gorter and Casimir  (1934) on the 

superconduct ing normal t r a n s i t i o n  in d ic a te  th a t  there should be very 

small d i f f e re n c e s  in the c r y s ta l  l a t t i c e  parameter and e l a s t i c  moduli 

between the e s s e n t i a l l y  normal core o f  a f lu xon  and the surrounding 

superconduct ing m a t r i x .  Thus the f lu xon  w i l l  behave as an e l a s t i c  

inhomogenelty and w i l l  t h e re fo re  a ls o  i n t e r a c t  w i t h  va r ious  o the r  

e l a s t i c  tnhomogeneit ies such as d i s lo c a t i o n s  and g ra in  boundar ies In 

the c ry s ta l  l a t t i c e  (see l a t e r ) ) .

The mixed s ta te  o f  an ideal  specimen w i th  zero demagnet izing 

f a c to r  may be explained as f o l l o w s :  In inc reas ing  app l ied  f i e l d  when

Hq ^  H . the l i n e  energy o f  a f luxon  j u s t  equals the reduc t ion  in the 

magnetic energy o f  the specimen due to  the presence, o f  a f lu x o n .

From equat ion 1 . 1 (b) t he re fo re  ( f o r  x »  1)



(*o H^/2^^?r )  In k / k cs ^ / ^ tt

t h a t

Hcl t i  (Hc/ 2 5/2ir) In k / k . 1.2

For app l ied  f i e l d s  in the range < Hq < h‘c 2 , i . e .  in the mixed s t a te ,  

the e q u i l i b r i u m  induc t ion  B[Ho"J may be determined by m in im iz ing  the 

Gibbs fu n c t io n

G =  nL t + i  2  U . . -  nL r|)o Ho/^hr 1.3
• ,J

where n^ =  B/(j>o ( i . e .  the f  1 uxon den s i t y )  and U.^ is the energy o f  

i n t e r a c t i o n  between the i t h  and j t h  f luxons  in the l a t t i c e  (see l a t e r ) .

As the app l ied  f i e l d  approaches the cores o f  the f 1uxon begin 

to  ove r lap  so th a t  e v e n tu a l l y  at  Hq ~  the o rder  parameter is

everywhere zero in the bu lk  o f  the specimen which then undergoes a 

second order  t r a n s i t i o n  to the normal s t a te .  is g iven (e .g .

Sa in t  James, Thomas and Sarma, 1969) by

=  (1/2%%%)^ 1,4

The behaviour o f  a type I I  superconductor as p red ic ted  by Abr ikosov 

and o u t l i n e d  above, is q u a l i t a t i v e l y  c o r re c t  f o r  a l l  k < 1/ /2  and T < Tc 

(where Tc is the c r i t i c a l  t em p e ra tu re ) . However, i t  is q u a n t i t a t i v e l y  

exact  on ly  in the Ginzburg-Landau domain ( i . e .  as T •+ T ) and is 

a n a l y t i c a l l y  t r a c t a b l e  o n ly  f o r  k »  1. Subsequent numerical  c a lc u -

l a t i o n s  and g e n e ra l i z a t io n s  o f  the theory  have extended i t s  range o f  

q u a n t i t a t i v e  a p p l i c a b i l i t y  [ n e a r  i f o r  a l l  k  > 1 / /2  and a l l  

t  =  T/T < 1, near H f o r  k  "  1 and t  1 by numerical  methods

For a complete rev iew see F e t te r  and Hohenberg (1969).
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(e .g .  Harden and Arp,  1963) and f o r  t  4 1 (e .g .  Tewordt,  1964 and 

Neumann and Tewordt,  1966a,b) ] .  In o rde r  to  gen e ra l i se  A b r ikosov 's  

theory  to  a l l  temperatures Maki (1964) introduced th ree  d 1 mens ion!ess 

temperatures dependent parameters ic^(T), (T) and (T) which a l l

converge and become equal to  the G-L parameter k a t  T“ =T . These 

parameters have proved to be very usefu l  in comparing theory  w i th  

exper iment and in c l a s s i f y i n g  var ious  type II behav iour .  [F o r  an

i n t r i n s i c  type II superconductor Kg > > K, (see f o r  example Ser in ,

I 969 and Jacobs, 1971.)] The Maki parameters are de f ined  by the 

f o l 1 owing equat ions:

c , (T )  =  H22(T) / (2*Hc(T))  1.5

[ d M / d H ] u  "  1 / [ 4 i r B ( 2 K 2 ( T )  -  1) ]  1 .6
c2 z

and

=  "c (T )  f ^ M )  1.7

where f ( k ^ )  «  . In  k ^ / (Z^k^) f o r  k »  1 and has been num er ica l ly  

c a lc u la te d  fo r  a r b l t a r y  k  by Harden and Arp ( lo c .  l i t ) .  g Is a 

numerical constant  which depends on the symmetry o f  the f lu xon  l a t t i c e .  

For la rge  k K le in e r ,  Roth and A u t l e r  (1964) and El 1cnberger (1964) 

show th a t  a t r i a n g u la r  f luxon  arrangement Is more favourab le  than the 

square l a t t i c e  o r i g i n a l l y  proposed by Abr ikosov ( lo c .  c i t . ) .  For 

k  •+• 1 / / 2  and B > 0 . 3Hc Kramer ( 1966) f i n d s  the f ree  energy o f  the 

square l a t t i c e  to be lower than th a t  o f  the t r i a n g u la r  l a t t i c e .  This 

is supposed to  be due to an a t t r a c t i v e  I n te r a c t i o n  between f le xon s ,  

r e s u l t i n g  from f lu xon  core o v e r la p ,  which m od if ies  the form o f  the 

normal e lec t rom agnet ic  re p u ls iv e  in t e r a c t i o n  (which gives  on adequate 

d e s c r ip t i o n  in the high k case).  A consequence o f  t h i s  a t t r a c t i v e
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i n t e r a c t i o n  in specimens w i t h  k x  1 and w i th  f i n i t e  demagnet izing 

f a c to r s  is  the occur rence o f  the s o -c a l l e d  m ixed - in te rm ed ia te  s ta te  

(see fo r  example Seeger, 1970 and a ls o  Chapter 6) , A t r i a n g u l a r  

f lu x o n  l a t t i c e  was f i r s t  observed in a superconduct ing niobium 

specimen by C r i b i e r ,  Jac ro t  Rao, Mad hav and Farnoux (1964) using 

neut ron d i f f r a c t i o n  techniques and subsequent ly  by Essmann and 

Traub le  (19 6 7 ) by means o f  an e legant  B i t t e r  pa t te rn  r e p l i c a  techn ique. 

Obst ( 1969) f i n d s , using t h i s  techn ique ,  both t r i a n g u la r  and square 

‘ f lu x o n  l a t t i c e s  in Fb- In  a l lows specimens w i th  f i n i t e  demagnet iz ing 

f a c to r s  and k on ly  j u s t  g re a te r  than 1 / /2 .  He a lso  f in d s  th a t  the 

f lu x o n  l a t t i c e  symmetry in these specimens is in f luenced by the 

c r y s t a l  symmetry.

F i n a l l y ,  a p rope r ty  o f  the f luxon  l a t t i c e  which needs cons ide ra t ion  

because o f  i t s  re levance to  n o n -e q u i l i b r i u m  behaviour is i t s  e l a s t i c i t y .  

E a r l y  c a l c u la t i o n s  o f  the compressive e l a s t i c  constants were made by 

S i 1 cox and R o l l in s  (1963) and by F r le d e l ,  do Gennes and Matr i con 1,1963) • 

More re c e n t l y  Labusch (1968, 1969a), using continuum theo ry ,  has 

de r ived  a l l  the re leva n t  m atr ix  elements o f  the e l a s t i c  modulus In 

terms o f  measurable parameters o f  the r e v e r s ib l e  magnet iza t ion  curve 

and has a lso  der ived the e f f e c t i v e  modul i f o r  var ious  p inn ing  fo rce  

c o n f i g u r a t i o n  (see Chapters 3 and 5 )>

1.2 Non-oqu l11 hriurn behaviour

N on-equ i l ib r ium  behaviour  in the mixed s t a te  o f  a type I I  super­

conduct ing specimen under i so thermal and q u a s i - s t a t i c  c o n d i t io n s  

a r i s e s  from ( i )  ' b u l k  f luxon  p in n in g '  mechanisms, i . e .  f rom 

d i s s i p a t i v e  in te r a c t io n s  between c r y s ta l  l a t t i c e  inhomogcnel t ies and 

f l u x o n s ,  ( i i ) ' sur face  e f f e c t s ' ,  i . e .  d i s s i p a t i v e  p inn ing  i n te r a c t io n s

and /o r  b a r r i e r  e f f e c t s  in the specimen sur face and ( M i )  ' geometry 

e f f e c t s '  in specimens w i th  a f i n i t e  demagnet iz ing fa c to r .



These e f f e c t s  w i l l  now be o u t l i n e d  b r i e f l y  in r e l a t i o n  to  the 

present  i n v e s t i g a t i o n .

Bulk f 1uxon p inn ing  is g en e ra l l y  understood in terms o f  the 

c r i t i c a l  s ta te  model due to  Bean (1962) and Kim, Hempstead and Strnad 

( 1 9 6 2 , 1963) .  E s s e n t i a l l y  the model s ta tes  th a t  any c ' ;nt  in the 

f Iuxon  l a t t i c e  d e n s i t y ,  a r i s i n g  from the ac t ion  o f  p inn ing forces and 

not from some slow ( w . r . t .  the f i  uxon spacing) s p a t i a l l y  va ry ing  

p roper ty  o f  the superconduct ing m a t r i x ,  has some c r i t i c a l  maximum 

value everywhere. Stated another way: the e f f e c t i v e  p inn ing  fo rce

den s i t y  is everywhere equal to  the d r i v i n g  fo rce  dens i ty  wh ich,  f o r  

s t r a i g h t  f lu x o n s ,  is p ro p o r t io n a l  to  the loca l  f 1uxon l a t t i c e  den s i t y  

g ra d ie n t  and t h e r e fo re  to some c u r ren t  which is then def ined as the 

c r i t i c a l  c u r r e n t .

A complete geneia 1 t rea tment  o f  the c r i t i c a l  s ta te  has been given 

by E v e t t s , Campbell and Dew-Hughes (1968) and Campbell and Evetts  

(1972).  Aspects o f  the theory  which are re leva n t  to  the present 

i n v e s t i g a t io n  w i l l  be reviewed in Chapter 3. These w i l l  be used in 

Chapter 5 to determine the bu lk  p inn ing  fo rce  de n s i t y  Py from the 

magnet izat ion curves e x p e r im e n ta l ly  ob ta ined as a func t ion  o f  B,T 

and the m ic ro s t ru c tu re  c o n f ig u r a t i o n  on s p e c ia l l y  prepared niobium 

specimens. These specimens were cut from la rge r  s in g le  c r y s t a l s  o f  

niobium which had been deformed In compression along a <110> d i r e c t i o n  

to produce predominant ly  edge d i s l o c a t i o n  a r r a y s . The f i n a l  specimens 

are o f  m i l l im e t e r  dimensions and as a consequence o f  the c u t t i n g  and 

p o l i s h in g  processes con ta in  i n t e r s t i t i a l '  hydrogen as a concen t ra t ion  

o f  about 50 ppm (a tomic) .  Tne presence o\f the hydrogen proved very 

usefu l  1 s ince by means o f  low temperature ageing procedures i t  was 

found that  the magnitude and form o f  the measured PV (B,T) cou ld  under 

c e r ta in  circumstances be a l te r e d  to a very la rge ex ten t  thus p rov id ing
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In fo rm at ion  about the charac te r  o f  the bas ic  p inn ing s i t e s ,

These exper iments , in f a c t , a l lowed two d i s t i n c t  c lasses o f  

behaviour to  be d i s t i n g u is h e d .  One class ob ta ins  in a l l  the specimens, 

regard less o f  the o r i e n t a t i o n  o f  the f 1uxons w i th  respect to  the 

predominant d i r e c t i o n  o f  the edge d i s l o c a t i o n s ,  when the hydrogen is 

comple te ly  p r e c ip i t a t e d  out  o f  s o lu t i o n  by s u i t a b le  low temperature 

ageing, The o th e r  c lass ob ta ins  on ly  In specimens f o r  which the 

edge d i s l o c a t i o n s  have C o t t r e l l  atmospheres assoc ia ted w i th  them and 

are p a r a l l e l  to the f ) uxons.

The re levan t  theory f o r  the low temperature behaviour o f  

i n t e r s t i t i a l  hydrogen in niobium is given in Chapter 4,

in Chapter 3 a b r i e f  in t r o d u c t i o n  to the theory o f  p inn ing  is 

given and several  p e r t i n e n t  models f o r  poss ib le  bas ic p inn ing  

mechanisms o f  the elementary p inn ing  s i t e s  and also models f o r  the 

o v e r a l l  f luxon  l a t t i c e  response to  arrays o f  bc, r ic p inn ing  s i t e s  

( i . e .  summation models) are reviewed and fo rmula ted .

In the l i g h t  o f  the t h e o r e t i c a l  cons ide ra t ions  o f  chapters 3 and 

4 s p e c i f i c  m u tua l ly  c ons is te n t  proposals are made f o r  the s a l i e n t  

phys ical  processes respons ib le  f o r  the observed p inn ing  behaviour  in 

the two classes mentioned above, S p e c i f i c  models are then formulated 

which are in good agreement w i th  experiment in each c lass .  A p p l i c a ­

t i o n  o f  the model p e r ta in in g  in the former c lass  to exper imenta l  

r e s u l t s  on l i g h t l y  deformed m a te r ia ls ,  as reported by var ious  o ther  

a u th o r s , also gives good agreement and reso lves c e r t a in  problems and 

incons is tenc ies  ,'hich h<**ve p re v io u s ly  been assoc ia ted  w i th  the a p p l i ­

ca t ion  o f  p r e v a i l i n g  t h e o r e t i c a l  ideas to t h i s  p inn ing s i t u a t i o n .

This  agreement:, taken in con junc t ion  w i th  the severe r e s t r i c t i o n s  

r e s u l t i n g  from the requirements o f  mutual cons is tency  In the above
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models, is cons idered to be an unambiguous and u n q u a l i f i e d  a f f i r m a t i o n  

o f  th e  assumed basic  phys ica l  processes in e i t h e r  c lass .  The con­

c lu s ion s  o f  the i n v e s t i g a t i o n  on bu lk  p inn ing  in niobium (k ^  1 ) may 

be summarised as f o l l o w s :

( i )  I so la ted  edge d i s l o c a t i o n  segments, i . e .  w i th  no s i g n i f i c a n t  

s t r a i n  f i e l d  o v e r la p ,  in e i t h e r  pe rpend icu la r  o r  p a r a l l e l  i n t e r a c t i o n  

w i th  the f luxon  l a t t i c e  are not e f f e c t i v e  as p inn ing  s i t e s  and th e re -  

f o re  do not g i v e  r i s e  to  a bu lk  p inn ing  fo rc e .  This Is probably t r u e  

o f  screw d i s l o c a t i o n s  a lso .

( i i )  In l i g h t l y  deformed low to  in te rm ed ia te  k m a te r ia ls  con ta in ing  

' c l e a n '  ( i . e .  f ree  o f  i n f ^ r s t i a l  atmospheres) d i s l o c a t i o n s  the bas ic 

p inn ing  s i t e s  are small regions ( 10^ -  $ . 10^%) o f  t i g h t -  . . - 15 led 

d i s l o c a t i o n  segments, d ipo les  o r  m u l t i  poles o r  o the rw ise  . 1l l o c a t i o n  

p i l e - u p  c o n f ig u r a t i o n s .  These s i t e s  w i l l  be r *  r red to  as ' m u l t i p l e  

d i s l o c a t i o n 1 s i t e s .  In the present  i nvest i gat iv., the former type is  

o p e ra t i v e  and i t s  i n t e r a c t i o n  w i th  the f luxon  l a t t i c e  is  by the 

s o -c a l l e d  6 k  mechanism ( i . e .  due to  a loca l  v a r i a t i o n  in the Ginzburg- 

Landau parameter k ) . For the pe rpend icu la r  i n te r a c t io n  w i th  screw 

d i s l o c a t i o n  tang les (see fo r  example F re y h a rd t , 1967) the s o -ca l led  

second order  e l a s t i c  i n t e r a c t i o n  ob ta in s .  The number den s i t y  o f  the 

m u l t i p l e  d i s l o c a t i o n  s i t e s ,  in the cases considered, is s u f f i c i e n t l y  

low t h a t  they i n t e r a c t  independent ly  w i th  the f luxon  l a t t i c e  and 

theory  in the s o -c a l l e d  d i l u t e  l i m i t  is a p p ro p r ia te .

( i i i )  The p a r a l l e l  i n t e r a c t i o n  between a C o t t r e l l  atmosphere 

( C o t t r e l l ,  19A8 ) o f  hydrogen on an edge d i s l o c a t i o n  segment is e f f e c ­

t i v e ,  by the 6k mechanism, as a p inn ing  s i t e .  These s i t e s  w i l l  be 

c a l l e d  ' C o t t r e l l  atmosphere s i t e s ' .  The i r  h igh den s i t y  in the present  

case is  cons is te n t  w i th  the use o f  concentrated l i m i t  theory .



11

These conc lus ions are compat ib le  w i th  the long he ld ,  but  

incomp le te ly  unders tood, con ten t ion  th a t  f o r  s trong p inn ing  by d i s l o c a ­

t i o n s  h ig h ly  inhomogeneous networks are necessary (see fo r  example 

N a r l i k a r  and Dew-Hughes, 1964, 1966). The experiment a lso  c o n s t i t u t e s  

the f i r s t  c r i t i c a l  assessment o f  Labusch1s th resho ld  c r i t e r i o n  

(Labusch, 1969b) which re q u i re s ,  f o r  p inn ing  due to an a r ray  o f  non­

c o r r e l a t i n g  small s i t e s  ( i . e .  having dimensions small w i th  respect  to  

the f luxon  sepa ra t ion )  a c e r ta in  minimum r a t i o  between the bas ic  

p inn ing  fo rce  and the e f f e c t i v e  e l a s t i c  constant  o f  the f luxon  l a t t i c e .  

For r a t i o s  below t h i s  minimum value the in t e r a c t i o n  is  e l a s t i c ,  i . e .  

non d i s s i p a t i v e ,  and t h e r e fo re  no bu lk  p inn ing  r e s u l t s .  The re s u l t s  

and conc lus ions o f  the present i n v e s t i g a t i o n  are d e f i n i t e l y  in a t  leas t  

q u a l i t a t i v e  agreement w i th  t h i s  p r e d i c t i o n .

P inning and b a r r i e r  e f f e c t s  in sur faces  p a r a l l e l  to  the app l ied  

f i e l d  must a lso  be considered because under c e r ta in  c ircumstances they 

can be la rge  and, in the exper imenta l  s i t u a t i o n ,  must be d is t i n g u is h e d  

from bu lk  e f f e c t s  which they tend to  mask. There are  several  such 

sur face  mechanisms, n o ta b ly ;  ( I )  f luxon  pinning due to an anomalously 

h igh conce n t ra t io n  o f  c r y s ta l  de fec ts  in the specimen sur face 

(Campbell,  1969 , Fournet and M a l l f e r t ,  1970 and M e l v i l l e ,  19? l ) .

( i i )  A sur face b a r r i e r  e f f e c t  f o r  f luxons  which is  due to  the i n t e r ­

a c t io n  between a f luxon and i t s  image in a p a r a l l e l  p lane sur face 

which must be smooth on a sca le  o f  X (Bean and L i v in g s to n ,  1964 and 

de Gennes, 19 6 5 ) ,  This e f f e c t  is  man ifes t  by a de lay ,  in inc reas ing  

app l ied  f i e l d ,  o f  the onset o f  i n i t i a l  f l u x  pene t ra t io n  in to  the 

specimen and by h ys te re t  ic magnetic behaviour in the region 

Hc1 < Ho < Hc ‘ ( I I I )  Surface sheath c u r re n ts  (Sa in t  James and 

de Gennes, 19 6 3 • Fink ,  1966 and Park,  1969) assoc ia ted w i th  sur face
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s u p e rc o n d u c t i v i t y  in app l ied  f i e l d s  Hq < ~  1.69 ^ c 2 '  These

sur face  e f f e c t s  have not been e x p l i c i t l y  s tud ied  in t h i s  in v e s t i g a t io n  

but adequate precau t ions  have been taken to e l im in a te  the former two 

and the l a t t e r  was not found to be s i g n i f i c a n t .

In shor t  c y l i n d r i c a l  specimens a pu re ly  geometr ical  e f f e c t  has 

been found which is a lso  man ifes t  by a delayed onset o f  f luxon  

p en e t ra t io n  above the expected app l ied  f i e l d  f o r  t r a n s i t i o n  to  a mixed 

s t a te ,  v i z :  H H ^ ( l - D )  (where D is the demagnet izing f a c to r  f o r  the

enclosed sphero id) and a lso  by a h y s t e r e t i c  magnet iza t ion  phenomenon.

A t h e o r e t i c a l  model f o r  t h i s  e f f e c t  is  developed in Chapter 6 and the 

p re d i c t i o n s  o f  the model f o r  d isc-shaped specimens (w i th  the app l ied  

f i e l d  along the c y l i n d r i c a l  ax is )  are  compared w i th  exper imental  

r e s u l t s .  In essence the model p re d i c t s  tha t  the magnetic moment o f  

a f luxon  is a decreasing f u n c t io n  o f  i t s  d is tance  from the c y l i n d r i c a l  

ax is  o f  the d i s c .  The negat ive  m agne tos ta t ic  energy o f  the f lu xon  is 

t h e r e fo re  a lso  a decreasing fu n c t io n  o f  t h i s  d is tan ce .  Thus a f t e r  

i n i t i a l  f luxon  pene t ra t io n  a t  an app l ied  f i e l d  Ho "  (R,d) (where

R and d are r e s p e c t i v e l y  the rad ius and th ickness o f  the d isc )  the 

f luxons  move to the middle o f  the disc to form a 'p o o l 'w h ic h  grows 

In rad ius  w i th  inc reas ing  app l ied  f i e l d s  u n t i l  at  i t  f i l l s

the d isc .  In decreasing app l ied  f i e l d  the rad ius  o f  the pool must 

o bv ious ly  remain equal to  the rad ius  o f  the d is c  in o rder  f o r  the 

f luxons  to  escape from the d i s c .  Q u a n t i t a t i v e  p r e d i c t i o n s  are made 

f o r  t h i s  process which are in good agreement w i th  exper iment.
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This  aspect oh the present  i n v e s t i g a t i o n  was i n i t i a t e d  to account” 

f o r  the r e s u l t s  o f  a f luxon  p inn ing  exper iment which was performed on 

s p e c i a l l y  deformed disc-specimcns (Chapter 7)•  These d i s c  specimens 

were l i g h t l y  deformed by 'punch ing '  (as descr ibed in Chapter 7 and in 

appendix Ag) to produce a narrow annular region o f  deformat ion con­

c e n t r i c  w i t h  the c y l i n d r i c a l  ax is  o f  the d isc .  When the c y l i n d r i c a l  

ax is  o f  the s in g le  c r y s ta l  d isc-specimens is along a [111] d i r e c t i o n ,

i . e .  p a r a l l e l  to  the Burgers vec to r  f o r  d i s l o c a t i o n s  in B.C.C. niobium, 

the r e s u l t i n g  deformat ion  on punching is very i n t e r e s t i n g  and has been 

in v e s t ig a te d  in some d e t a i l  (B a l l  and Doyle,  197*1 “  inc luded in 

appendix A 9 ) , The r a t i o n a le  behind these p inn ing  exper iments (which 

preceded the o th e r  p inn ing  exper iments a l ready  ment ioned) in the

>• i tried d i s c s  was to  f i n d  an experiment which would unambiguously show 

L,ie r e l a t i v e  importance o f  va r ious  sur face  and bu lk  e f f e c t s .

The p r e d i c t i o n  o f  the model is however o f  p a r t i c u l a r  relevance 

to  a c lass  o f  exper iments on d isc  samples to  in v e s t ig a te  the 

mixed -  in te rm ed ia te  s t a t e . This w i l l  be discussed in Chapter 6.



CHAPTER 2

2. Apparatus and Experimental  Method

2,1 I in troduct ion 

Several exper imental  methods have been used to determine the p inn ing  

fo rce  dens i ty  Py in type I I  superconductors . These include d i r e c t  

measurement o f  the c r i t i c a l  app l ied  t ra n s p o r t  c u r re n t  d e n s i t y  perpen­

d i c u l a r  to an app l ied  magnetic f i e l d ,  A,C. s u s c e p t i b i l i t y  measurements 

and a ls o  magnet izat ion measurements using b a l l i s t i c ,  to rque,  i n t e g r a t ­

ing o r  v i b r a t i n g  sample magnetometers. Factors governing the cho ice 

o f  method are ,  I n te r  a l i a ,  the s iz e ,  geometry and s u s c e p t i b i l i t y  o f  the 

specimen. Each method has c e r t a in  disadvantages (see f o r  example 

Campbell and Eve t ts ,  1972 and L iv ing s ton  and Schadler,  1964).

The choice o f  method in the present i n v e s t i g a t io n  was d i c ta te d  

by the fo l l o w in g  c ons ide ra t ion s ,  v i z :

(1) s ince the I n v e s t ig a t io n  is  not o f  a s imple e x p lo ra to ry  nature  

the re  is a need f o r  high accuracy and r e p r o d u c i b i l i t y ,

( 1 i ) the s ize  o f  the specimens would n e c e s s a r i l y  be small due to 

the h igh cost of  s in g le  c r y s ta l  m a te r ia l  ( i n  the absence o f  s u i t a b le  

f a c i l i t i e s  to prepare such c r y s t a l s )  and because o f  the na ture  o f  the 

envisaged I n v e s t ig a t io n ,

( H i )  the d e s i r a b i l i t y  o f  i n v e s t i g a t i n g  geometry e f f e c t s , and

( i v )  general a p p l i c a b i l i t y  as a magnetometer f a c i l i t y  of  high 

accuracy,  r e p r o d u c i b i l i t y  and s e n s i t i v i t y .

These cons ide ra t ions  suggest a v i b r a t i n g  sample magnetometer.
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The two main disadvantages o f  t h i s  type o f  magnetometer a re :

( i ) Image e f f e c t s  -  the v i b r a t i n g  magnetic moment o f  the 

magnetized specimen gives r i s e  to  eddy cu r ren ts  in conduct ing m a te r ia ls  

and to  a v i b r a t i n g  image in magnetic m a te r ia ls  in the v i c i n i t y  o f  the 

specimen. These e f f e c t s  g ive  r i s e  t o  a spur ious s igna l  in the 

d e te c t io n  c o i l s  which are placed near the specimen to  de tec t  the  t ime 

v a ry ing  component o f  the f i e l d  due to the v i b r a t i n g  d ipo le .

( i i )  A spur ious  s igna l  w i l l  be induced i f  the de te c t io n  c o i l s  are 

in  an inhomogeneous f i e l d  and any v i b r a t i o n  is  t ran s m i t ted  to  them.

The former e f f e c t  has been considered in d e t a i l  by Stoner and 

Herbert  (1970) f o r  the case o f  a specimen v i b r a t i n g  norma l ly  t o  the 

ax is  o f  the poles o f  an i ron  core electromagnet and f o r  va r ious  

d e te c t io n  c o i l  c o n f ig u r a t i o n s .  In t h i s  case the magnetic image e f f e c t  

predominates over  eddy c u r re n t  e f f e c t s  at  low values o f  the magnetic 

f i e l d  and gives  r i s e  to a spur ious  s ignal  o f  a few per cent which 

goes to  zero as the i ron core o f  the magnet sa tu ra te s .  Stoner and 

Herbert  f i n d  tha t  the magnitude f o r  the f i r s t  order  p a i r  o f  images 

assoc ia ted w i th  the v i b r a t i n g  d ip o le  is p ropo r t ion a l  to  

(u - l ) e (pe 4" 1) where y e =■" dB/dH ( fo r  the pole p ieces ) .  The case 

o f  a magnetized specimen v i b r a t i n g  along the ax is  o i  a superconduct ing 

so leno id  has been in v e s t ig a te d ,  i n t e r  a l i a ,  by Richards,  Edwards, 

C o rn fo r th  and Legvold (1970).  These authors  measure the moment o f  

an Iron sample in a so leno id  const ruc ted o f  Nb.Sn r ibbon wound on a 

non-conduct ing bobbin.  The on ly  e l e c t r i c a l l y  conduct ing c losed loop 

in the v i c i n i t y  o f  the specimen is a th in  brass tube. With de te c t io n  

c o i l s  c lose  to  the specimen they observe o n ly  a 1 per cent change In 

spur ious s igna l  as the f i e l d  Is swept from 10 to 100 k i l o - o e r s te d .

They conclude th a t  the e f f e c t  should be reduced i f  a good e l e c t r i c a l
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conductor is placed between the d e te c t io n  c o i l s  and the so leno id .

The spur ious s igna l  due to  v i b r a t i o n  o f  the  de tec t ion  c o i l s  is 

f a i r l y  e a s i l y  reduced to an i n s i g n i f i c a n t  leve l  by ensur ing tha t  they 

are  r i g i d  r e l a t i v e  to the magnet which should have a high f i e l d  

homogeneity.  Th is  e f f e c t  is In any case p ro p o r t io n a l  t o  the 

magnitude o f  the magnetic f i e l d  and is  th e re fo re  e a s i l y  co r rec ted  f o r .

An unknown f a c t o r ,  a t  the t ime o f  choosing a v i b r a t i n g  sample 

magnetometer, was the e f f e c t  t h a t  the v i b r a t i o n  o f  the superconduct ing 

specimen would have on the f luxon  l a t t i c e  dynamics, and in p a r t i c u l a r ,  

in reducing the e f f i c a c y  o f  the p inn ing  s i t e s .  This was l a t e r  shown 

to be i n s i g n l f I  cant ,

An importan t advantage, o f  t h i s  type o f  magnetometer is t h a t  i t  

a l lo w s ,  w i th  s u i t a b l e  design , convenient and f a s t  removal and rep lace ­

ment o f  the specimen a t  a l l  t imes. This pe rm i t ted  quenching o f  the 

specimen from room temperature to  4K and low temperature anneal ing 

exper iments which would o the rw ise  have been long and expensive ( i n  

terms o f  l i q u i d  h e l l  urn).

The design c r i t e r i a  f o r  the superconduct ing so leno id  included 

high  f i e l d  homogeneity,  and a moderate ly high maximum f i e l d  s t re n g th  

(above 40 k i 1o-oers ted)  to a l lo w  f o r  general use. Th is  l a t t e r  

c r i t e r i o n  has the, s l i g h t  d isadvantage tha t  the magnet tends to 1 t r a p 1 

a small amount o f  f l u x  when cycled to f i e l d s  in excess o f  about 3 

k i 1o -oers ted  a t  a temperature o f  4K, This was however r a re l y  

necessary in the experiments on the niobium specimens.

Specimen temperature in the range T < 30K is  measured by means o f  

germanium res is tance  thermometer, and in  the ren te  30 < T < 400K by a 

g o ld - i r o n  chrome1 thermocouple.
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In t h i s  chapter  the apparatus w i l l  be considered in terms o f  the 

separa te  components and as an in teg ra ted  assembly. The general 

d e s c r i p t i o n  o f  the p r i n c i p l e s  o f  o p e ra t io n ,  s p e c i f i c a t i o n s  and modus 

operandi  w i l l  be g iven b r i e f l y .  D e ta i led  design c o n s id e ra t io n s ,  

c i r c u i t s  and se t -up  procedures w i l l  be given in appendices.

2.2 D esc r ip t ion  o f  the apparatus

2.2.1 The magnetometer

The f i r s t  pub l ished design o f  a v i b r a t i n g  sample magnetometer is  

due t o  Foner ( 1959) whose name is now always assoc ia ted w i th  t h i s  type 

o f  magnetometer. The present design is s i m i l a r  in p r i n c i p l e  but 

d i f f e r s  in a number o f  respects f rom Foner1s o r i g i n a l  des ign.

The ope ra t ion  o f  the magnetometer depends on the d e te c t io n  o f  the 

t ime va ry ing  component o f  the d i p o le  (or 1 in e a r l y  superimposed 

m u l t i p o le )  f i e l d  o f  an harm on ica l ly  v i b r a t i n g  sample by the s ignal

induced in a set  o f  s t a t i o n a r y  c o i l s  in the v i c i n i t y  o f  the sample.

Th is  s igna l  is  p ro p o r t io n a l  to the magnetic moment o f  the sample and 

a ls o  to  I t s  ampl i tude and frequency o f  v i b r a t i o n .  A s u i t a b le  n u l l  

method o f  s igna l  d e te c t io n  is t h e re fo re  requ i red  in o rder  to e l im in a te  

these l a t t e r  dependences. Foner (1959) discusses some o f  the poss ib le  

methods. The method o f f e r i n g  the  g rea tes t  v e r s a t i l i t y ,  convenience 

and dynamic range, invo lves the genera t ion  o f  a synchronous re fe rence 

s igna l  b) means o f  a v i b r a t i n g  p l a te  c a p a c i to r  which is coupled 

mechan ica l ly  to  the v i b r a t i n g  specimen. Th is  re fe rence s igna l  is used 

to  cance l ,  e i t h e r  manual ly or a u t o m a t i c a l l y ,  the s igna l  f rom the 

d e te c t io n  c o i l s .

The mechanical design o f  the present  magnetometer is shown in 

f i g u r e  2.1.  I t  cons is ts  in essence o f  an e lec tro -mechan ica l  

t r a n s d u c e r , the v i b r a t i n g  p la te  c a p a c i to r  re fe rence system and the
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r c f c r e n r ,  c n p a c l i o r ,  de te c t io n  c o l l s  and the temperature 
com rol  led ' c a l o r i m e t e r ' ,
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s igna l  d e te c t io n  system. The t ransducer  assembly cons is ts  o f  a 

m od i f ied  loudspeaker magnet M through which a hole has been d r i l l e d  

t o  accommodate the |  inch diameter t h i n  wa l l  s t a in le s s  s tee l  support  

tube STO. This  tube is clamped to the t ransducer  e x c i t a t i o n  c o i l  

former  EC which, f o r  the sake o f  keeping reac t ion  forces as low as 

p o s s ib le ,  is made o f  epoxy re s in  w i th  aluminium clamping r ings  

secured to  i t .  The e x c i t a t i o n  c o l l  is  wound onto  the epoxy former.  

Below the magnet the tube STO is clamped to the c o l l a r  CO which is also 

made o f  a luminium. STO, EC and CO are  e l a s t i c a l l y  suspended and 

a x i a l l y  centered by means o f  two copper -bery l  1 i urn ' s p i d e r '  sp r ings  S.

The c a p a c i to r  assembly cons is ts  o f  two moving annular p la tes  PV 

and two s ta t i o n a r y  annula r  p la te s  PS: a l l  o f  which are f a b r i c a te d  from

aluminium and are p la ted  w i th  g o l d . The p la tes  PV are clamped to  

the  support  tube STO by means o f  e l e c t r i c a l l y  i n s u la t i n g  ( t u f n o l ) 

r i n g s .  The s t a t i o n a r y  p la tes  PS are suspended from the magnet on 

I n s u la t i n g  supports which are not shown in f i g u r e  2.1 but which may be 

seen In the photographs o f  f i g u r e  2 .2 ,  which are  two pe rspec t i ve  views 

of the  in teg ra ted  t ran sdu c e r -e a p a c i to r  assembly.  When in s i t u  in the 

magnetometer t h i s  assembly is clamped onto  th ree  v e r t i c a l  posts which 

f i t  i n to  the holes on the lower s ide o f  the magnet. These, posts are 

not shown in f i g u r e  2 .1 .  F i n a l l y  the suppor t  tube STO has a threaded 

c o l l a r  at i t s  upper end onto  which the cap o f  the specimen tube ST may 

be screwed and locked against the lock  nut LN. The e n t i r e  v i b r a t i n g  

assembly,  in c lu d in g  the specimen Lube and specimen ho lde r ,  is designed 

to  have a very  low mass in o rde r  to minimize reac t ion  fo rces  which may 

be t ra n s m i t te d  to the d e te c t io n  c o i l s .

The d e te c t io n  system is s i tu a te d  in the ' t a i l '  o f  the magnetometer 

which is designed to  f i t  in to  the superconduct ing  so leno id .  With



Ffgure 2 .2 .  Two vfews o f  the t ransducer -v ibra t ing  capac i tor
in teg ra l  assembly.
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re fe rence  to f i g u r e  2.1 t h i s  cons is ts  o f  the de te c t io n  c o i l s  DC which 

are  two coax ia l  windings o f  about 18 ,000 tu rns  each connected in 

se r ies  o p p o s i t io n .  The c o i l s  are wound on a copper ' c a l o r im e t e r '  

onto which a germanium res is tance  thermometer GRT, a carbon res is tance  

thermometer CRT and a very small n o n - in d u c t iv e  manganin heater  MH are 

th e rm a l ly  a t ta c h e d . Good thermal contact  between the thermometers 

and the c a lo r im e te r  is made by press ing the thermometer, a f t e r  a p p l i c a ­

t i o n  o f  s i l l  cone vacuum grease, in to  c lose f i t t i n g  holes in the 

c a lo r im e te r .  The f i n e  leads f o r  the thermometers and the heater are 

a lso  thermal 1y anchored to  the c a lo r im e te r  in the usual manner and 

f i x e d  w i th  G,E,C,7031 va rn is h .  A photograph o f  the t a i l  s ec t ion  w i th  

o u te r  tube removed is  shown in f i g u r e  2.3.

The copper ca lo r im e te r  Is f i x e d  to  the end o f  s guide tube which 

c ons is ts  o f  a length  o f  t h in  wa l l  s ta in le s s  stee l  tube,  a length  o f  

copper tube and f i n a l l y  a sh o r t  length  o f  t u fn o l  tube as Ind ica ted  in 

f i g u r e  2 .1 .  The t u fn o l  tube thermal 1y I s o la te s  the c a lo r im e te r  from 

h igher  sec t ions  o f  the guide tube. The copper tube acts  as a thermal 

anchor f o r  the e l e c t r i c a l  leads and a lso  v ia  hel ium gas (as an exchange 

medium) f o r  the specimen tube. The screened lead from the de tec t ion  

c o i l s  is ducted up a t h in  w a l l  s ta in le s s  s tee l  (& inch diameter)  tube 

o u ts id e  the guide tube (and is  not shown in the f i g u r e ) .

F i n a l l y ,  the o u te r  casing o f  the magnetometer, c o n s i s t i n g  o f  the 

removable l i d  A, the removable sec t ion  B, the base C and the removable 

t a i l  E, comprises a vacuum t i g h t  system which may be pumped u t i l i z i n g  

the f lange D. (The c a lo r im e te r  is cons t ra ined to be coax ia l  w i t h  the 

o u te r  t a i l  tube E by t e f l o n  r ings  which arc s l o t t e d  to a l lo w  evacuat ion.  

The guide tube a lso  has severa l  holes d r i l l e d  through i t  f o r  the same 

purpose.^
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Figure 2.3.  View of  t a i l  sec t ion  w i th  ou te r  tube rejnoyed.
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The e n t i r e  magnetometer assembly is  s e l f  conta ined and is f i x e d

onto  a f lange  a t  the top o f  the c r y o s ta t  (descr ibed l a t e r ) .

With re fe rence t o  f i g u r e  2.4 the p r i n c i p l e  o f  ope ra t ion  o f  the 

magnetometer is as f o l l o w s :

The t ransducer  TR is  d r iven  by the o s c i l l a t o r  OSC and the power 

a m p l i f i e r  A6 a t  f i x e d  frequency (approx imate ly  82Hz) . This  causes 

the capa c i to r  p la tes  PV, the specimen tube ST, and t h e re fo re  a lso  the 

specimen to v i b r a t e  synchronous!y . The v i b r a t i o n  ampl i tude is small 

(approx imate ly  0 . 1 - 0 . 3mm). The c a p a c i to r  p la te  assembly Is 

ac c u ra te ly  se t  to  be symmetr ical  by means o f  a small DC cu r re n t  which 

Is app l ied  to  the t ransduce! TR and ad jus ted  by means o f  the p o t e n t i o ­

meter P.

The t ime vary ing  component o f  the f i e l d  due to  the specimen 

v i b r a t i n g  in the magnetic f i e l d  (generated by the so leno id  SM) induces 

a s ig n a l ,  in the d e te c t io n  c o i l s  DC, given (see appendix A2) by

v s ”  ctavM cos (2irvt  + A )  2.1

where a is  a constant  r e l a t i n g  to  the c o i l s  DC,

a is  the v i b r a t i o n  ampl i tude,

v is  the v i b r a t i o n  f requency,

M is  the magnetic moment o f  the specimen, 

and <j)s is  the phase o f  the s igna l  r e l a t i v e  to the o s c i l l a t o r  OSC.

Thus v "  CONST. x M o n ly  i f  the product av is a cons tant .

In p r a c t i c e  the v i b r a t i o n  ampl i tude (a) cannot be kept e x a c t l y  

c o n s ta n t . Th is  problem is overcome by means o f  the nu l l  method wh.ch 

w i l l  now be descr ibed.

- I f  a DC p o te n t ia l  V is placed on the v i b r a t i n g  p la tes  / ) a 

s igna l  w i l l  be generated on each o f  the two s t a t i o n a r y  p la tes  (PS) o f  

the c a p a c i to r  which w i l l  be given approx im ate ly  (see appendix A2) by
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VR =  ±BavV cos (2irvt + (j)R) 2.2

r e s p e c t i v e l y  where 3 is a constant r e l a t i n g  to  the c a p a c i to r  geometry 

and <j>̂ is  the phase r e l a t i v e  to the o s c i l l a t o r  OSC. Again 

Vp — CONST. x V o n l y  i f  the product av is  a constant .

The re fe rence s igna l  v R is passed through a se r ie s  o f  a m p l i f i e r s  

and an a t te n u a to r  (A1, A2 and AT r e s p e c t i v e l y )  and i t s  phase is 

ad jus ted  (by means o f  the sw i tch SW and the phase s h i f t e r  RSI) to  be 

i d e n t i c a l  w i th  t h a t  o f  the s ignal  v<, from the de tec t ion  c o i l s .  I t  is 

then mixed w i th  the s igna l  in the pr imary  winding o f  t rans fo rmer  T, 

The 1 e r r o r 1 s igna l  v^ appear ing across the secondary wind ing o f  the 

t rans fo rm er  T is then given by

where is  the o v e r a l l  gain o f  the re fe rence channel (compr is ing A1, 

RSI, A2 and AT). I f  v^ is  set  to  zero by s u i t a b le  adjustment o f  the 

D.C. p o te n t ia l  V on the v i b r a t i n g  p la tes  PV (equation 2 .2)  then from 

equat ions  2.3 ,  2.2 and 2.1 the magnetic moment is given by

where A 3/a is a constant  o f  the system. ( A c tu a l l y  Ĝ  is made

v a r ia b le  in decade steps by means o f  the a t te n u a to r  AT to  g ive the 

magnetometer a wide dynamic range ) . The n u l l  method t h e re fo re  gives 

the magnetic moment d i r e c t l y  In terms o f  the D.C. p o te n t ia l  V 

independent ly  o f  the product av. V may be ad jus ted e i t h e r  manual ly ,  

o r  a u to m a t ic a l l y  by a servo system, which w i l l  be descr ibed.  Both 

op t io ns  have been b u i l t  i n to  the ac tua l  design. For automat ic 

ope ra t ion  and e r r o r  s igna l  v £ must be non zero but may be made 

a r b i t r a r i l y  smal l .  This w i l l  be discussed l a t e r . Thus w i th  re fe rence  

to  f i g u r e  2 . 4 : the e r r o r  s igna l  is  a m p l i f i e d  in the low no ise a m p l i f i e r

2.3

M =  AV 2.4
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A3 and the tuned a m p l i f i e r  A4. I t  is then synchronous!y r e c t i f i e d  

in  the phase s e n s i t i v e  d e te c to r  PSD which is  d r i v e n  by the master 

o s c i l l a t o r  OSC and the a m p l i f i e r  A5. The D,C. ou tpu t  o f  the phase 

s e n s i t i v e  de tec to r  is p ro p o r t io n a l  to  Vg cos0 where 0 is  the phase 

d i f f e r e n c e  between the s igna l  and re fe rence inputs  to the phase 

s e n s i t i v e  d e te c to r .  [ 9  is adjus ted by means o f  the phase s h i f t e r  

PS2 to  be zero f o r  > G^V^.] This D,C, ou tpu t  s igna l  is then 

fed through an a d jus tab le  low pass f i l t e r  F which determines the band 

w id th  o r  t ime constant  o f  the system and hence a lso  the s igna l  to  

no ise  r a t i o  (see appendix A 2 ) , The D.C. s igna l  Is then a m p l i f i e d  in 

th e  a m p l i f i e r s  A7 and A8 and f i n a l l y  app l ied  to  the v i b r a t i n g  p la tes  

PV. The output  vo l tag e  o f  a m p l i f i e r  A8 is in the range 

"30 < V < +30 v o l t s .  (This b i - p o l a r  ou tpu t  is o f  great advantage 

s ince  i t  a l lows the magnetic moment o f  the specimen to change p o l a r i t y  

w i th o u t  the necess i t y  o f  changing the phase o f  by -  using the 

sw i tch  SW).

From the fo rego ing  V«|v^.| and the system is in e q u i l i b r i u m  when

V *= y |  (v<, “ G ^ V p j j x  s i g n ( v s -  G^V^) 2 . 5

where y is  the ga in  o f  the de tec t ion  system ( i . e .  through T ^ » A^ , A^ , 

PSD, F, Ay and A g ) , and are in phase w i th  each o th e r  as

discussed p re v io u s ly .  S u b s t i t u t i n g  from equat ions 2.1 and 2.2 f o r  

v$ and re s p e c t i v e l y  i n to  equat ion 2 .5  gives

V =  y[ciavM -  P avV j

== [Y a a v / ( l  + G^yBav)]  M 2.6(a)

In the l i m i t  G^yBav >> 1,M is given by

' M =  V ( g G /a )  2 .6 (b )

which is independent o f  the product av as expected. (See also
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equat ion 2 . 4 ) .  I t  is e a s i l y  shown by s u b s t i t u t i o n  th a t  the product 

G^Y^av is equal to  v ^ /v^  which may be de f ined  as the ' l oop  g a i n 1 o f  

the system. In p r a c t i c e  t h i s  loop gain is  set  to  be 50 o r  100 and is 

kept constant when is  var ied  (a t te n u a to r  AT) by s im u l taneous ly  

va ry ing  y (by a l t e r i n g  the gain o f  a m p l i f i e r  A 4 ) . On the most

s e n s i t i v e  range the lower loop gain is used. The a t te n u a ■or  ' T covers 

a range o f  10^:1 in f i v e  decade steps.

F i n a l l y  the D.C. p o te n t ia l  V (which is p ropo r t ion a l  to  the 

magnetic moment M) is app l ied  to the Y ax is  o f  an X-Y recorder  and to 

a m u l t i - channe l  d i g i t a l  vo l tm e te r  data a c q u i s i t i o n  system w i th  v isua l  

and paper tape o u t p u t .

D e ta i led  c i r c u i t  diagrams and the se t -up  procedure f o r  the 

magnetometer e l e c t r o n i c s  are given in appendix A2 The u l t im a te

s e n s i t i v i t y  and noise f i g u r e  f o r  the system depend on the design o f  

the d e te c t io n  c o i l s  and t h i s  is a lso  discussed in appendix A2.

The o v e r a l l  s p e c i f i c a t i o n s  o f  the magnetometer are as f o l l o w s :  

Dynamic Range: ,

1:10^ In decade steps.

D i f f e r e n t i a l  S e n s i t i v i t y :

The system Is capable, under ideal  c o n d i t io n s ,  o f  de te c t in g  a change 

in specimen magnetic moment o f  less  than 10 \ m u .

Once set up: i f  the specimen is  not d is tu rbe d  the s t a b i l i t y  is  b e t te r

than 1 per cent over a 6 hour per iod ,

Reprodue i b l l i t y :

Under the same c o n d i t io n s  as above; b e t t e r  than 1 per cent .

Accuracy :

Under the same c o n d i t io n s  as above; b e t t e r  than 2 per cent.
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Maximum specimen s i z e :

6mm d iameter sphere,

2 .2 .2  Temperature measurement and con t ro l  

Under working c o n d i t io n ^  the t a i l  o f  the magnetometer (see 

f i g u r e  2 .1)  is immersed over  more than one t h i r d  o f  i t s  length in 

l i q u i d  he l ium. Thermal contac t  between the specimen and the hel ium

bath is achieved by means o f  hel ium gas, a t  reduced pressure

(approx imate ly  1mm Hg) which acts as an exchange medium. The gas 

Is admit ted  v ia  f lange  D ( f i g u r e  2 .1)  a f t e r  the magnetometer has been 

thorough ly  evacuated and purged w i th  hel ium gas several t imes before 

the system is  cooled down, Thermal contact  between the ou te r  

s t a in l e s s  s tee l  tube E (when immersed in l i q u i d  hel ium) and the copper 

' c a l o r i m e t e r 1 is r e l a t i v e l y  poor (oven w i th  exchange gas in the system) 

because o f  the c o i l s  o f  f i n e  w i re  wound onto i t  and a lso  because most 

o f  i t s  leng th  is covered w i t h  several  layers o f  t e f l o n  tape f o r  t h i s  

purpose and a lso to  p ro te c t  the d e l i c a t e  c o l l  w ind ings .  The

c a lo r im e te r  is  also thermal1y i s o la te d  from the guide tube by the

leng th  o f  i n s u la t i n g  tu fno l  tub ing  which supports i t .  Thus by means 

o f  the small heater MH ( f i g u r e  2 .1) the temperature o f  the c a lo r im e te r  

may be ra ised  r a p id l y  to temperature we l l  above the hel ium bath 

temperature ( 4 . 05K) w i thou t  undue loss  o f  heat to  the l i q u i d  hel ium.

In p r a c t i c e  the calor im eter  is  not raised above. 30K. [ D i r e c t  heating  

o f  the specimen is used a t  h igher  tempera tu res . ]  The c a lo r im e te r  

almost comple te ly  surrounds the specimen which is supported a t  the end 

o f  a th e rm a l ly  Insu la t ing  specimen rod (see appendix A2),  For the 

small power d is s ip a t io n  in the specimen, due to  magnetic h y s te re s is ,  

and in the specimen holder,  due to f r i c t i o n  o f  i t s  t e f l o n  guide r in y  

on the in s ide  of  the c a lo r im e te r ,  the thermal contact  between the
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specimen and the c a lo r im e te r  v ia  the exchange gas is s u f f i c i e n t  to  

keep the specimen temperature almost i d e n t i c a l  to  the ca lo r im e te r  

temperature .  This was thorough ly  checked as w i l l  be explained in a 

l a t e r  sec t ion .  The temperature o f  the c a lo r im e te r ,  and t h e re fo re  

o f  the specimen a ls o ,  is  /measured by means o f  the germanium 

res is tance  thermometer. T' is  thermometer and several  o the rs  were 

s im u l taneous ly  c a l i b r a t e d  (J=C. Brock,  J .L .  Crawford and the author )  

aga ins t  two secondary standard germanium thermometers which were 

c a l i b r a t e d  by the cour tesy  o f  Pro fessor  N.E. P h i l l i p s  o f  the Depart­

ment o f  Chemistry,  U n iv e r s i t y  o f  C a l i f o r n i a ,  Berk ley ,  U.S.A.

D e ta i l s  are given in appendix A4 toge the r  w i th  c i r c u i t s  and measuring 

techniques.

The s p e c i f i c a t i o n s  o f  temperature  measurement are as f o l l o w s :  

Accuracy:

A b s o lu te : depends on the c a l i b r a t i o n  o f  secondary standard (see

Appendix f \ k ) , and on c a l i b r a t i o n  aga ins t  t h i s  standard,  Should be 

w i t h i n  ±5mK o f  the secondary standard.

R e la t i v e :

+2ml< (a t  4 l ( ) , l im i t e d  by the r e s o lu t i o n  and d r i f t  o f  the D.V.M. used 

to measure the res is tance  o f  the thermometer.

Germanium res is tance  thermometers have a s i g n i f i c a n t  magneto- 

res is tance  and th e re fo re  a l l  temperature measurements were made in 

zero app l ied  magnetic f i e l d .

Two separate systems were used f o r  cont inuous automat ic r e g u la t io n  

o f  the specimen temperature,  v iz :

( I )  For temperatures below obout 30K ( i . e .  fo r  a l l  magnet izat ion  

measurements on niobium specimens: the carbon res is tance  thermometer

CRT ( f i g u r e  2.1) and the small mai.ganin heater  MH toge the r  w i th  a
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s p e c ia l l y  designed A.C. res is tance  b r idge  which w i l l  be descr ibed.

The carbon res is tanc e  thermometer cons is ts  o f  a carbon r e s i s t o r  

(A l l e n  Bradley 47ohm & wa t t  w i th  most o f  i t s  ou te r  i n s u la t i n g  ja c k e t  

removed) which has an i n s i g n i f i c a n t  magneto- res is tance f o r  H < 10 Koe. 

(See f o r  example White,  1959 and appendix A4).  I t  is t h e re fo re  

s u i t a b le  as a sensor f o r  cont inuous temperature c o n t ro l  in vary ing 

magnetic f i e l d s .  The w e l l  known disadvantage o f  a carbon res is tance  

thermometer, n a m e ly  i t s  i r r e p r o d u c i b i 1 I t y  w i th  temperature c y c l i n g  

between 300K and 4K, is  obv ious ly  not importan t in t h i s  a p p l i c a t i o n .

( i  i )  For specimen temperatures In the range 30 < T < 400K ( in  

the  present i n v e s t i g a t i o n  used o n ly  f o r  in s i t u  ageing o f  the specimen) 

a thermometer and heater are In in t im a te  contact  w i t h  a spec ia l  

specimen stage (see f i g u r e  A 2 .7 ) . In t h i s  case the thermometer is 

a f i n e  (Au-Q.3 per cent Fe)-chrome1 thermocouple w i t h  the 1 h o t 1 

j u n c t i o n  a t  room temperature,  Tne heater is a very small non- 

i n d u c t i v e l y  wound u l t r a - f i n e  manganin w i re  c o i l  ( re s is ta n c e  50ohms), 

D e ta i l s  o f  the thermo-couple and a c a l i b r a t i o n  curve ,  are given in 

appendix A4. When t h i s  system is used the hel ium exchange gas is 

pumped f  ,m the magnetometer in o rder  to reduce the power requirements 

o f  the heater .  [ W i t h  the specimen stage maintained a t  a temperature 

o f  300K the hel ium hoi 1- o f f  ra te  is less than one l i t r e  per hour . ]

In t h i s  case the thermo-couple p o te n t ia l  is  used both f o r  m on i to r ing  

and f o r  c o n t r o l l i n g  the specimen temperature .

The two systems w i l l  now bo cons idered in d e t a i l .

( i ) Temperature r e g u la t io n  using the carbon resis tance thermometer 

The p ro p e r t ie s  o f  the carbon r e s i s t o r  as a low temperature thermo­

meter are discussed in appendix A4.

The design o f  the A.C. b r idge  c o n t r o l l e r  is based on long
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e s ta b l is h e d  techniques ( f o r  example, White lo c ,  c i t . ) •  The present 

design however is p a r t i c u l a r l y  successfu l  and i t  is t he re fo re  

included here in .

With re fe rence to f i g u r e  2.5 the p r i n c i p l e  o f  ope ra t ion  is as 

f o 11ows:

The carbon res is tance  thermometer R(CRT) forms one arm o f  the 

Wheatstone br idge WB. Compensation f o r  v a r i a t i o n s  due to  thermal 

e f f e c t s  in the long leads to  the thermometer in the c r y o s ta t  is made 

by using the th ree  lead system as shown. [ I n  p ra c t i c e  the th ree  

leads are  tw is ted  toge the r  so that  any temperature f l u c t u a t i o n  a 1ong 

t h e i r  leng th  a f f e c t s  a l l  th ree  leads e q u a l l y . ]  The b r idge  is d r iven  

v ia  the i s o l a t i o n  t rans fo rmer  T a t  a f i x e d  frequency o f  about 300Hz 

by the o s c i l l a t o r  OSC and the a m p l i f i e r  A3. The e r ro r  s igna l  from

the b r idge  ( | | « | R ~ R ( C R T )  near balance) is a m p l i f i e d  in the low 

no ise a m p l i f i e r  A1 and the tuned a m p l i f i e r  A2. I t  is then synchronously 

r e c t i f i e d  in the phase s e n s i t i v e  d e te c to r  PSD which is d r iven  by the 

o s c i l l a t o r  OSC and the a m p l i f i e r  A3 and l \ k . The phase d i f f e r e n c e

between the s igna l  and re fe rence inputs  to  the phase s e n s i t i v e

de te c to r  is set  to zero by means o f  the phase s h i f t  network PS1. (The

ou tpu t  o f  the phase s e n s i t i v e  d e te c to r  is con t inuous ly  monitored at  

p o in t  5 on a C. R.0 , ) •  The r e c t i f i e d  ou tput  o f  PSD Is then passed 

through the low pass f i l t e r  F and u n ip o la r  a m p l i f i e r  A5. The ou tpu t  

o f  AS is app l ied  to the heater MH and is e i t h e r  p ropo r t ion a l  to  the 

e r r o r  s igna l  from the b r idge  or zero depending on the phase o f  the 

e r r o r  s igna l  from the b r idge .  The carbon res is tance  thermometer CRT

has a negat ive  temperature c o e f f i c i e n t  so tha t  the swi tch SW >s set to 

g ive  an ou tpu t  from A5 on ly  when R(CRT)>R. The ope ra t ion  o f  the 

system w i l l  be cons idered in d e ta i l  in  appendix A3 where c i r c u i t
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Figure 2 ,5- Schematic diagram o f  the e l e c t r o n i c  la you t  f o r  the A.C, 
b r idge  temperature r e g u la to r ,
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d e t a i l s  and the se t -up  procedures are a lso  g i v e n , In p r a c t i c e  the 

c u r re n t  in the b r idg  ‘'and th e re fo re  a lso  the A.C. gain o f  the 

system) is determined by the maximum a l lo w a b le  power d i s s ip a t i o n  in 

the re s is tance  thermometer, Th is  cu r ren t  is a d ju s ta b le  by means o f  

the po ten t iometer  VR. The D.C. gain is  then increased ( a m p l i f i e r  A5) 

and the band w id th  ad jus ted  (F) to g ive  optimum performance w i t h i n  the 

area o f  s t a b i l i t y  o f  the system.

The o v e r a l l  s p e c i f i c a t i o n s  fo r  the system are as f o l l o w s ;  

O s c i l l a t i o n  f requency ;

Nomina11y 300Hz,

Br id g e  c u r r e n t :

0 -1OOyA approx imate ly .

Output;

4 .5  wat ts  (15 v o l t s  i n to  50 onms).

Temperature s t a b i l i t y  o f  system:

(Sensor 4"/ohm A l le n  Br-joley & wa tt  r e s i s t o r ) .

Short  term: 

tfclmK a t  4%.

( i t )  Temperature r e g u la t i o n  using the, thermo-couple 

At temperatures above 30K measurement to an accuracy o f  +2K is  

cons idered to  be adequate f o r  the present  purposes. For t h i s  reason 

no spec ia l  care was taken to se lec t  1 good' lengths o f  tnermo-couple w i re  

and the 1 h o t 1 j u n c t i o n  is a t  room temperature.  The g o ld - i r o n  chrome! 

thermo-couple has a h!&,i s e n s i t i v i t y  (averaging about 15yV/K between 

4K and 3001<-see appendix A4) so th a t  the r e s o lu t i o n  o f  a temperature 

d i f f e r e n c e  o f  IK In 300K is r e l a t i v e l y  easy to ach ieve. The mal, 

source o f  e r r o r  is due to temperature v a r i a t i o n s  in the 1 h o t 1 J unc t io n .
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The thermo-coup!e p o te n t ia l  is  monitored on a Hewlet t  Packard 

3*f2QB D.C. d i f f e r e n t i a l  Vo l tm e te r /R a t iom ete r .  The vo l tm e te r  has a 

r e s o lu t i o n  o f  1pV and gives  an ou tpu t  s igna l  which is p ro p o r t io n a l  to 

the e r r o r  v o l tag e  when ope ra t ing  in the d i f f e r e n t i a l  mode. This  

ou tpu t  is fed to  a power a m p l i f i e r  which d r i v e s  the heater on the 

sample stage. The p r i n c i p l e  o f  ope ra t ion  is then s im i l a r  to  t h a t  c f  

the A.C. b r idge  c o n t r o l l e r .  in opera t ion  the des i red thermo-couple 

p o te n t ia l  is  programmed on the d i f f e r e n t i a l  v o l tm e te r  and the vo l tm e te r  

gain (or e r r o r  s igna l  r e s o lu t i o n )  is increased w h i le  the baud w id th  

o f  the power a m p l i f i e r  is  s im u l taneous ly  ad jus ted  u n t i l  optimum 

performance is  obta ined.

Further d e t a i l s  and c i r c u i t s  are given in appendix A3.

The s p e c i f i c a t i o n s  on measurement and con t ro l  are as f o l l o w s :  

Accuracy o f  measurement:

B e t te r  than ±2K.

Temperature s t a b i l i t y :

Short term : ± 0 , 5K.

Long term : Depends on temperature s t a b i l i t y  o f  the hot j u n c t i o n .  

Output power:

4 .5  wa t ts  (15 v o l t s  i n to  50 ohms).

2 .2 .3  The superconduct ing so leno id  magnet 

The so leno id  was designed according  to  the f o l l o w in g  c r i t e r i a ,  v i z

( i )  a maximum f i e l d  o f  about 40 k i 1o-oers ted  r e q u i r i n g  a maximum 

c u r re n t  o f  about 30 amperes (which is the manufacturers expected 

c r i t i c a l  c u r re n t  for the type o f  w i re  and magnetic f i e l d  p roposed) ,

( i i )  h igh f i e l d  homogeneity, p a r t i c u l a r l y  a x i a l ,  ( M i )  a c le a r  

access bore d iam e te r .o f  about 2cm.

The design formulae and the computer program (J .L .  Crawford and 

the author )  f o r  f i g u r i n g  the magnet to o b ta in  high a x ia l  homoenei t y
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are given in appendix A5. The f i n a l  design is shown in f i g u r e  2.6 

and a photograph o f  the magnet and i t s  power leads and support  assembly 

is shown in f i g u r e  2.7.  The main c o i l  and the compensation windings 

were wound from a s in g le  leng th  (approx imate ly  5*000 fe e t )  o f  

Supercon A25 (Nb -  25 per cent Zr) w i re  (diameter  0.0100" + 0.0002" 

plus 0.001"  pure e l e c t r o l y t i c  copper on the radius  plus 0.001"  nylon 

on the rad ius)  supp l ied by Supercon D iv is io n  o f  Nat ional  Research 

Corpora t ion ,  Massachusetts, U.S.A. Between each la ye r  is  an 0.001" 

t h i c k  nylon f i l m  which was cut ex t ra  wide to a l l o w  f o r  take up dur ing 

the wind ing o f  the c o i l s  which was done a t  a tens ion  o f  approx imate ly  

5 pounds fo rc e .  A l l  f l y i n g  leads between c o i l s  and c u r re n t  te rm ina ls  

are ducted through g e n t le  c u rves , grooved o r  cu t  in to  the former 

m a t e r i a l , and are f i x e d  in place w i th  an epoxy re s in  having a low 

thermal expansion c o e f f i c i e n t .  The c u r re n t  te rm in a ls  c ons is t  o f  

grooved copper b locks .  The magnet leads,  having been s t r ipped  o f  

t h e i r  nylon in s u la to r  and t inned w i th  indium, are pressed in to  the 

grooves in the copper blocks (which are a lso  f i l l e d  w i th  indium) as 

ind ica ted  in f i g u r e  2.6.

The magnet c a l i b r a t i o n  and homogeneity were checked aga ins t  the

nuc lear  magnetic resonance (N.M.R.) l i n e  in aluminium. The specimen

used f o r  t h i s  purpose was a moulded p e l l e t  o f  powdered aluminium in an 

epoxy res in  m a t r i x .  The specimen and t r a n s m i t t i n g  and re c e iv in g  c o i l  

assembly were designed t o  a l lo w  f o r  accurate  p o s i t i o n i n g ,  along the 

ax is  o f  the s o leno id ,  f rom the ou ts id e  o f  the c r y o s ta t .  r ' 'M s  o f  

the N.M.R. set  up are given in appendix A5. The ax ia l  f ' p r o f i l e

obtained from these r e s u l t s  is shown in f i g u r e  2.8.

The s p e c i f i c a t i o n s  f o r  the magnet are as fo l l o w s :

Bore diameter :

17mm c le a r .
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threaded holes 
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Figure 2 .6 .  The superconduct ing so leno id  magnet.



Figure 2.7 View o f  the superconduct ing solenoid and 
support assembly.
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Maximum f i e l d :

Greater than 40 k i 1o-oers ted  a t  4.Q5K (Actual maximum has not been 

de te rm ined ) .

Cal i  b ra t  i o n :

1.385 amperes per k i l o - o e r s t e d  (see a lso  appendix A 5 ) .

Homogenei t y :

A x i a l :  B e t te r  than 1:10^ over 2cm (see f i g u r e  2 .8 ) .

Rad ia l :  (design) 1 : 10^ over  1 cm.

2 . 2 . 4  F ie ld  c on t ro l  and measurement

The power f o r  the superconduct ing magnet is  supp l ied  by an Oxford 

Instruments Superconduct ing Magnet Power Supply (Q~40amps) which is 

programmed by an ex te rna l  v a r ia b le  speed m o to r -d r iven  po ten t iom e te r .

The magnet curren t ,  and th e re fo re  the f i e l d ,  is measured by m on i to r ing  

the  vo l tage  across a p re c is io n  0.01 ohm 10 wa t t  r e s i s t o r  ( in  se r ies  w i th  

the  magnet) at  h igh cu r ren ts  and across a 0.1 ohm 5 watt  r e s i s t o r  at  

low cu r re n ts .  This vo l tage  is app l ied  to the X ax is  o f  the X-Y recorder  

and also to  the .Data A c q u i s i t i o n  system.

C i r c u i t  d e t a i l s  f o r  the programmer and m on i to r ing  u n i t s  together  

w i t h  d e t a i l s  o f  a general purpose Ha l l  probe a t  the lower end o f  the 

so leno id  are given in appendix A5.

Speci f i c a t  ions:

Power supp l y  : Long term s t a b i l i t y  : b e t t e r  than 1 : l o \

2 .2 .5  The magnetometer c r y o s ta t

The bas ic  dewar system is an a l l  metal B r i t i s h  Oxygen Company 

Cryoproducts Model SCM 5 . A d e ta i l e d  drawing o f  the e n t i r e  c r y o s ta t  

assembly is  given in f igu re .  2 ,9 .  The magnetometer is shown cross 

hatched and in o u t l i n e  on ly  and may be removed simply  by removing 

b o l t s  under the 1 top f l a n g e 1 and then l i f t i n g  i t  ou t .  This leaves the
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Hg u ro  2 ,9 .  The magnetometer c r y o s to t  assembly showing the magneto
m e te r , superconduct ing magnet and magnet support  system.
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magnet f a c i l i t y  f re e  f o r  o the r  a p p l i c a t i o n s .  ( A l t e r n a t i v e l y  o ther  

exper iments could be done in the temperature regu la ted c a lo r im e te r  

o f  the magnetometer,) The diagram is s e l f  exp lana to ry  but there 

are several omissions and d e t a i l s  which w i l l  now be given. The 

c u r re n t  leads fo r  the magnet are two 21 S.W.G. formvar insu la ted  copper 

w i re s .  These are soldered in to  the magnet te rm in a ls  and then pass 

through thermal heat s inks In a r a d ia t i o n  b a f f l e s  up to  the ' n i t r o g e n '  

can around which they are wound several t imes before being connected 

to  feed- th rough te rm ina ls  in the base f lang e .  The w i re  gauge was 

chosen to  minimize thermal conduct ion and d i s s i p a t i o n  in to  the hel ium 

bath at  cu r ren ts  below about 10 amperes, Also not  shown is  the hel ium 

depth gauge, This is a cont inuous reading device and is descr ibed in 

appendix A6,

Thermal-acoust ic  o s c i l l a t i o n s  which w i l l  occur in the annular 

space between the magnetometer t a i l  and the magnet support  tube were 

damped by means o f  a se r ies  o f  t e f l o n  r ings  (not shown) unevenly 

spaces along the, t a i l  in the annu la r  space.

A f t e r  an ove rn igh t  pre-coo l  ( l i q u i d  n i t r o g e n  in the ou te r  dewar) 

about 2-3 l i t r e s  o f  l i q u i d  hel ium are requ i red  before t r a n s fe r  com­

mences and the b o i l - o f f  ra te  is loss than 3/4 l i t r e  per hour under 

normal working c o n d i t io n s ,

2 . 2 , 6  R e s i s t i v i t y  mensurements

A v a r ia b le  temperature c r y o s t a l ,  f o r  the range 4K < T < 300K 

has been designed to  measure r e s i s t i v i t y  by the eddy c u r ren t  decay 

method descr ibed by Dean, Do Glo is  and N e s b i t t  (1351) using the 

e l e c t r o n i c  c i r c u i M ;  o f  Clarke and Mordlko ( l  966).  A b r i e f  o u t l i n e  

o f  the method and the theory is g iven in appendix A7. The method is 

best su i teu  to  specimens o f  awkward geometry o r  when i t  is inconven ient  

to connect leads to the specimen.
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The c r y o s ta t  is  shown in f i g u r e  2.10. I t  c ons is ts  in essence o f  

an ou te r  l i q u i d  n i t roge n  dewar ( g la s s ) ,  a vacuum j a c k e t , an Inner 

l i q u i d  hel ium vessel and the specimen chamber and guide tu b e . The 

specimen chamber is a ho l low  c y l i n d e r  (made o f  a p l a s t i c  o f  low thermal 

c o e f f i c i e n t  o f  expansion) on to  which the pr imary  and secondary c o l l s  

f o r  the r e s i s t i v i t y  measurement are wound, A rod o f  pure s i l i c o n  

which has a high thermal c o n d u c t i v i t y  between 4K and room temperature 

is  f i x e d  in to  the c y l i n d e r  w i th  epoxy res in  as shown in the f i g u r e .

The c y l i n d e r  is f ixed  to the lower end o f  the specimen guide tube and 

the specimen chamber and guide tube are vacuum t i g h t .  The s i l i c o n  rod 

is  connected thermal l y  to the hel ium can by means o f  a t h i n  copper w i re .  

This thermal l i n k  is adequate to  keep the s i l i c o n  rod at  about 5K 

under normal c ond i t ion s  w i t h  no power supp l ied to the heater on the 

s i l i c o n  rod (see l a t e r ) ,  The temperature o f  the rod is monitored by 

two f i n e  g o ld - i r o n  chrome I thermo-couples w i t h  ' c o l d 1 ju n c t i o n s  a t  4l< 

and 77K r e s p e c t i v e l y .  Several inches o f  the thermo-couple leads 

are wound onto the rod to ensure good thermal contact  o f  the ju n c t i o n  

w i th  the r o d , To ensure th a t  the specimen temperature is approx im ate ly  

the same as tha t  o f  the s i l i c o n  rod the specimen is l i g h t l y  smeared w i th  

s i l i c o n e  grease and pressed aga ins t  the s i l i c o n  rod which is mainta ined 

a t  a temperature o f  about 300K dur ing t h i s  process. The lower end o f  

the specimen rod is made o f  perspex which is  a poor thermal conductor 

f o r  a l l  temperatures and the, a fo re  the. thermal in pu t  to the specimen 

is very smal1.

Temperature r e g u la t io n  is achieved using the re g u la to r  which has 

a l ready been descr ibed.  A schematic diagram o f  the system is shown 

in f i g u r e  2.11. R1, R2, R3 In the f i g u r e  are small carbon r e s i s t o r s  

which are used fo r  m on i to r ing  the depth o f  l i q u i d  hel ium in the hel ium
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Figure 2,10,  The v a r ia b le  temperature e ry o s ta t  f o r  r e s i s t i v i t y  
measurements.
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can. TL represents the thermal l i n k ,  PC the pr imary c o i l ,  SC the 

secondary c o i l s ,  S the specimen, H the heater and DC1 and DC2 the 

thermo-coupi  es.

Again w i th  re ference to  f i g u r e  2.10 specimen removal is e f fe c te d  

by hea t ing  the specimen to about ZOOK when the s i l i c o n e  grease so f tens .  

The specimen is then p u l le d  up in to  the 'vacuum l o c k 1, the ' s l i d i n g  

d iac  v a l v e 1 is c losed and the ' removable cap1 is l i f t e d  o f f  w i t h  the 

sample, To rep lace the sample the ' removable cap' Is rep laced,  the 

lock  is evacuated, the s l i d i n g  va lve  is  opened and sample is f i n a l l y  

pushed to  the bottom o f  the c r y o s ta t .

The copper w i re  thermal 1 Ink is  not very s a t i s f a c t o r y  but 

s u f f i c e s  f o r  short exper iments where a high l i q u i d  he l ium b o i l - o f f  

ra te  can be t o le r a t e d .  For long exper iments the ' a n c i l l a r y  t u b e 1 has 

been provided so tha t  one o f  the many v a r i a b le  conduct ion thermal~1Ink 

methods may bo used. The lower end o f  the vacuum can is  s o f t  soldered 

In to  place and may th e re fo re  be removed f o r  easy access to  the 

specimen chamber area.

S p e c i f i c a t i o n s  f o r  the  system and t h e  o p e r a t i n g  methods f o r  

r e s i s t i v i t y  measurements a r e  g iv e n  in a p p e n d i x  A?.

2.3 System layout

The o v e r a l l  plumbing arrangement f o r  vncuum, hel ium b o i l - o f f  

recovery and hel ium purg ing is shown In f i g u r e  2 ,12 ,  VI to  V16 are 

vacuum va lves ,  V I 2 ( s the s l i d i n g  va lve  on the r e s i s t i v i t y  c r y o s ta t  

and V6, V8 and V I 3 are f r e e - f l o w  type valves.  MV1 is  a so leno id  

vacuum valve which is remotely opera ted. RP1, RP2 and RP3 are 

ro ta ry  vacuum pumps and DP Is an o i l  d i f f u s i o n  pump w i t h  a l i q u i d  

n i t rogen  co ld  t rap .  G1 and G2 are Bourdon vacuum and pressure 

gauges re s p e c t iv e ly ,  G3 Is a cold cathode Io n iza t io n  gauge and G4,
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can. TL represents  the thermal l i n k ,  PC the pr imary c o i l ,  SC the 

secondary c o i l s ,  S the specimen, H the heater and DC1 and DC2 the 

thermo-couples .

Agair  w th re fe rence to  f i g u r e  2.10 specimen removal is  e f fe c te d  

by heat ing the specimen to  about 200K when the s i l i c o n e  grease s o f te n s . 

The specimen is then p u l le d  up i n to  the 1 vacuum l o c k ' ,  the ' s l i d i n g  

d isc  v a lv e '  is c losed and the 'removable cap ' is l i f t e d  o f f  w i t h  the 

sample. To rep lace the sample the ' removable cap ' is rep laced,  the 

lock is  evacuated, the s l i d i n g  va lve  is opened and sample is f i n a l l y  

pushed t o  the bottom o f  the c r y o s t a t .

The copper w i re  thermal l i n k  is  not ve ry  s a t i s f a c t o r y  but 

s u f f i c e s  f o r  sh o r t  experiments where a high l i q u i d  hel ium b o i l - o f f  

ra te  can be t o le r a t e d .  For long experiments the ' a n c i l l a r y  tube '  has 

been provided so tha t  one o f  the many v a r ia b le  conduct ion t h e r m a l - l i n k  

methods may be used. The lower end o f  the vacuum can is s o f t  soldered 

in to  place and may th e re fo re  be removed f o r  easy access to  the 

specimen chamber area.

S p e c i f i c a t i o n s  f o r  the system and the ope ra t ing  methods f o r  

r e s i s t i v i t y  measurements are  given in appendix A7.

2.3 System layout

The o v e ra l l  plumbing arrangement f o r  vacuum, hel ium b o i l - o f f  

recovery and hel ium purging is shown in f i g u r e  2.12. VI to  V16 are 

vacuum va lves .  V I2 is  the s l i d i n g  va lve on the r e s i s t i v i t y  c r y o s ta t  

and V6 , V8 and V I 3 are  f r e e - f l o w  type va lves .  MV1 is  a so leno id  

vacuum va lve  which is remotely ope ra ted . RP1, RP2 and RP3 are 

r o ta ry  vacuum pumps and DP is an o i l  d i f f u s i o n  pump w i th  a l i q u i d  

n i t roge n  cold t ra p .  G1 and G2 are Bourdon vacuum and pressure 

gauges r e s p e c t i v e l y .  G3 is  a cold cathode i o n iz a t i o n  gauge and G4,
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G5 and G6 a re  thermo-couple vacuum gauges, The heavy l i n e  represents 

he l ium recovery and o the r  hel ium gas l i n e s .

The pump RP1 is  used fo r  purging  and f o r  pumping on the hel ium 

bath when des i red .

In normal use w i th  the magnetometer the d i f f u s i o n  pump DP is 

not used. Valves V I 6 and V I 3 are kept closed and valves V I5 and V I4 

and V8 open. The va lve  MV1 is then used t o  evacuate the magneto­

meter to  the c o r re c t  exchange gas pressure 1mm Hg) and va lve  MS to  

f lo o d  the magnetometer w i th  hel ium gas ( f rom the hel ium c y l i n d e r )  to  

a pressure s l i g h t l y  in excess o f  atmospher ic so t h a t  the magnetometer 

l i d  may be removed w i th o u t  admission o f  a i r .  [  Even small q u a n t i t i e s  

o f  f rozen a i r  in the magnetometer t a i l  are s u f f i c i e n t  to cause b ind ing  

o f  the specimen ho ld e r . ]

The d i f f u s i o n  pump is used when a hard vacuum is requ i red - f o r  

example when specimen temperatures above 30K are used.

The o v e r a l l  e l e c t r i c a l  layou t  f o r  the magnetometer and a n c i l l a r y  

equipment is shown schem a t ica l ly  in f i g u r e  2.13. The diagram is 

s e l f  exp lana to ry  i f  re fe rence is made to  f ig u re s  2.1  and 2 . 9  and to 

the appendices ind ica ted  f o r  the var ious  components.

A l l  h igh impedance and A.C. l i n e s  are  screened cab les.

2 . k Modus operand! (magnetometer)

The hel ium vessel o f  the c r y o s ta t  and the magnetometer are 

i n i t i a l l y  tho rough ly  purged w i th  hel ium gas by a l t e r n a t i v e l y  pumping 

and f l u s i n g  and are f i n a l l y  l e f t  a t  atmospher ic pressure.  The system 

is then precooled by f i l l i n g  the l i q u i d  n i t rogen  space and then 

leav ing  fo r  approx im ate ly  16 hou rs . Helium is t r a n s fe r re d  and the 

system is al lowed to  s e t t l e  w h i le  the e le c t r o n ic s  are  s imu l taneous ly  

warmed up f o r  a per iod o f  about 30 minutes.  The t ransducer  d r i v e
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a m p l i f i e r  is  then switched o f f .  The hel ium gas pressure in the 

magnetometer is ra ised above atmospher ic,  the l i d  removed and the 

specimen rod is  lowered in to  place and screwed down aga ins t  the 

lock ing  nu t .  (The p o s i t i o n  o f  the lock ing  nu t  must p re v io u s ly  have 

been ad jus ted  so t h a t  the specimen w i l l  be in the saddle po in t  o f  the 

d e te c t io n  system (see appendix A2) .)  The l i d  is  then rep laced,  the 

hel ium gas pressure is reduced to ^  1mm Hg and the magnetometer is 

i s o la te d .  The transducer  d r i v e  a m p l i f i e r  is switched on again and 

the set -up procedure descr ibed in appendix A2 is  fo l low e d .  (For 

subsequent removal and replacements o f  specimens the se t -u p  procedure 

need not be rep e a te d . ) The c a lo r im e te r  o r  specimen temperature is 

ad jus ted  to  the des i red  va lue .us ing  one o r  the o the r  o f  the temperature 

regu la torS)and a s u i t a b le  sweep-rate is chosen on the magnet power 

supply programmer. The magnetic f i e l d  may now be swept up o r  down, 

in e i t h e r  sense, and a p lo t  o f  magnetic moment versus magnetic f i e l d  

can now be obta ined on the X-Y recorder  and s im u l taneous ly ,  toge ther  

w i t h  the temperature parameters for  the GRT, in  d i g i t i a l  form on 

paper tape using the Data A c q u is i t i o n  System.

The s e n s i t i v i t y  o f  the magnetometer may be a l te r e d  in decade 

s teps ,  as p re v io u s ly  descr ibed ,  but f i n e r  steps are o b ta in a b le  by 

a l t e r i n g  the s e n s i t i v i t y  o f  the Y ax is  o f  the X-Y reco rde r ,  which a lso 

a l lows a 1000% b a c k - o f f ,  so tha t  small reg ions o f  the magnet iza t ion  

curve can be expanded.

F i n a l l y ,  when record ing magnetic h y s te re s is  loops f o r  type I I  

superconductors ,  i t  is  des i ra b le  to re tu rn  the specimen to  the Meissner 

s t a te ,  a f t e r  each loop,  by r a i s i n g  the sample, temperature above i t s  

c r i t i c a l  va lue T^ in zero app l ied  magnetic f i e l d .  For t h i s  purpose 

the A.C. b r idge  temperature re g u la to r  is designed to supp ly  power to
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the heater (MH) , w i th ou t  a l t e r a t i o n  o f  i t s  set  p o i n t ,  merely by 

c lo s in g  a spr ing  loaded push button  sw i tch  f o r  a s u i t a b le  shor t  

per iod  o f  t ime.



CHAPTER 3

3. Theory o f  FIuxon P inn ing

3.1 I n t ro d u c t io n  

The sub jec t  o f  f 1uxon p inn ing  has re c e n t l y  been reviewed in e x c e l l e n t  

a r t i c l e s  by Campbell and Evetts  (1972) and less s p e c i f i c a l l y  by Dew- 

Hughes (1972),  In t h i s  chapter  o n ly  the cons ide ra t ion s  impor tant  f o r

the present work w i l l  be d e a l t  w i t h .  Special a t t e n t i o n  w i l l  be given

to the theory  o f  p inn ing  due to  d i s l o c a t i o n s  in the c r y s ta l  l a t t i c e ,  

and to areas o f  u n c e r t a in t y  where the presen t i n v e s t i g a t io n  has 

relevance.

Models f o r  the p inn ing  behaviour in type I I  superconductors are 

g e n e ra l l y  based on the concept o f  the c r i t i c a l  s ta te  which was f i r s t  

in troduced by Bean (19&2), Bean and Doyle ( 1962 ) ,  Kim, Hempstead and 

Strnad (1962), London (1963),  and Bean (1964).  Thus s p a t ia l  

v a r i a t i o n s  in the f luxon  l a t t i c e  d e n s i t y ,  due to p inn ing  i n t e r a c t io n s  

between f luxons  and im per fec t ions  in the c r y s ta l  l a t t i c e ,  g iv e  r i s e  to 

a Lorentz d r i v i n g  force d e n s i t y  Pi which acts in the oppos i te  d i r e c t i o n  

to  the loca l  p inn ing  force d e n s i t y  and is given (see f o r  example

E v e t t s , Campbell and Dew-Hughes, 1968) by

P|_(B) = - ( 1 / 4 % ) ^  x 9 x H 

- ( 1 / c ) B  x J'

where B and H are  local  values f o r  the induc t ion  and f i e l d  r e s p e c t i v e l y  

and J is a macroscopic c u r re n t  d e n s i t y .  In the c r i t i c a l  s ta te  model 

the l o r e n t z  fo rce  den s i t y  approaches the p inn ing  force d en s i t y  

Py ( B ) , i . e .  P,(B) P^(B) ;  as the f 1uxon l a t t i c e  approaches some
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s t a t i c  e q u i l i b r i u m  c o n d i t io n  w i th  no f luxon  movement, This cond i t ion  

cannot be f u l l y  re a l i z e d  in p r a c t i c e  because o f  the s o -c a l le d  

phenomenon o f  f 1ux-crecp which r e s u l t s  from thermal a c t i v a t i o n  o f  

'bund les '  o f  f luxons over p inn ing  b a r r i e r s  (Anderson, 1962 and 

developed by Anderson and Kim, 1964). in the usual exper imental  

s i t u a t i o n  however, the du ra t io n  t ime f o r  the experiment is s u f f i c i e n t l y  

sho r t  tha t  the e f f e c t  o f  f l u x - c r e c p  may be neg lected but is s t i l l  

s u f f i c i e n t l y  long th a t  the f luxon  l a t t i c e  may be considered to  be in 

q u a s i - s t a t i c  e q u i l i b r i u m .  In magnet iza t ion exper iments the cu r re n t  

d e n s i t y  J is thus e i t h e r  zero o r  some c r i t i c a l  value (B) everywhere 

in  the superconductor and can be determined from the above expressions 

(see a lso  appendix 1 ( e ) ) .  This model has been amply v e r i f i e d  e x p e r i ­

m en ta l l y  and the dependence o f  Jc on B has been found to vary cons ide r ­

ab ly  f o r  d i f f e r e n t  f luxon  p inn ing  s i t u a t i o n s .

The fundamental problem Is then to p r e d i c t  the dependence o f

on the induc t ion  B and on the temperature T f o r  any p a r t i c u l a r  p inn ing

s i t u a t i o n .  This invo lves the problem o f  r e l a t i n g  the p inn ing  force

den s i t y  to  the in t e r a c t i o n  between a l a t t i c e  o f  s e l f  i n t e r a c t i n g

f luxons  and a d i s t r i b u t i o n  o f  p inn ing  s i t e s  in the superconductor .

The s o lu t i o n  w i l l  depend on the volume d e n s i t y ,  d i s t r i b u t i o n  and

geometry o f  the p inn ing  s i t e s ,  t h e i r  bas ic  i n t e r a c t i o n  mechanism w i th

the f lu x o n s ,  co -ope ra t ive  e f f e c t s  between p inn ing  s i t e s  and f i n a l l y  

on the e l a s t i c  p ro p e r t ie s  o f  the f 1uxon l a t t i c e .

I t  is  usual to  t r e a t  the problem o f  f o rm u la t in g  a model f o r  the 

p r e d i c t i o n  o f  PV(B,T) as two separate problems, v i z :  ( I ) t ha t  o f

e s ta b l i s h i n g  the bas ic  p inn ing  mechanism at an elementary p inn ing  

s i t e  and o b ta in in g  an e x p l i c i t  express ion and ( 11) the de te rm ina t ion  

o f  the o v e r a l l  f lu xon  l a t t i c e  response to the elementary p inn ing s i t e  

a r r a y , i . e .  the method o f  summing the elementary p inn ing forces to
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o b ta in  the bu lk  p inn ing  fo rce  d e n s i t y  P .

In the case o f  f 1uxon p inn ing  in l i g h t l y  deformed m a te r ia ls  how­

ever ,  the elementary p inn ing s i t e s  which are associated w i th  the 

d i s l o c a t i o n s  have not p re v io u s ly  been d e f i n i t e l y  i d e n t i f i e d .  (The 

reason f o r  t h i s  w i l l  become apparent l a t e r . ) Th is  p a r t i c u l a r  p inn ing  

s i t u a t i o n  is appa ren t ly  ra th e r  compl icated and most o f  the in s ig h t  to 

date  can be a t t r i b u t e d  to the r igo rous  s t a t i s t i c a l  t rea tment  o f  

Labusch (Labusch, 1969b). Th is  t rea tment  w i l l  be b r i e f l y  reviewed 

l a t e r .  For the moment however, i t  w i l l  be useful  to  o u t l i n e  a few 

conc lus ions o f  Labusch1s c a l c u l a t i o n .  Thus; I t  Is necessary f i r s t  

to  d i s t i n g u i s h  between s o-c a l led  ‘ d i l u t e 1 and 1 conc e n t ra te d 1 a r rays  o f  

randomly d i s t r i b u t e d  p inn ing  s i t e s .  In essence f o r  the former case 

the fo rce  f i e l d s  o f  the p inn ing  s i t e ;  do not ove r lap  so th a t  the 

d i s t o r t i o n  o f  the f 1uxon l a t t i c e  due to  a p a r t i c u l a r  s i t e  is n e g l i g i b l y  

small a t  an ad jacen t  s i t e .  In the d i l u t e  U n i t  -  ' l a t t i c e  approxima­

t i o n '  (see l a t e r )  Labusch p re d i c t s  r. t h resho ld  requirement f o r  the 

s t ren g th  o f  a p o i n t - l i k e  p inn ing  s i t e ,  r e l a t i v e  to a c e r t a in  f u n c t io n  

o f  the e l a s t i c  constants  o f  the f 1uxon l a t t i c e ,  f o r  which the p inn ing  

s i t e  is e f f e c t i v e .  I t  is w e l l  known (and l a t e r  demonstrated) however, 

t h a t  a screw or  edge d i s l o c a t i o n  segment at  any o r i e n t a t i o n  w i th  

respect to the f 1uxon l a t t i c e  appa ren t ly  does not s a t i s f y  t h i s  

th resho ld  requ irement.  In accordance w i th  Labusch1s model i t  must 

th e re fo re  be concluded tha t  d i s l o c a t i o n s  can on ly  pin f luxons  e i t h e r  

by a d i f f u s e  c o -ope ra t iv e  i n t e r a c t i o n  ( i . e .  in the concentrated l i m i t )  

o r  o therw ise  the p inn ing  s i te s  must c o n s t i t u t e  small d i s c r e t e  regions 

o f  r e l a t i v e l y  high lo ca l  d i s l o c a t i o n  de n s i t y  (due to s t a t i s t i c a l  

f l u c t u a t i o n s  -  see f o r  example Labusch ( 1969b) and F le tz  and Webb,

1969, or  d i s l o c a t i o n  tang les)  which f o r  l i g h t l y  deformed m a te r ia ls  may
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then s a t i s f y  the d i l u t e  l i m i t  c r i t e r i o n  (see l a t e r ) .  Labusch 

in d ica tes  how, in genera l ,  the concentrated l i m i t  may be t re a te d  but 

gives an e x p l i c i t  express ion f o r  o n ly  in the d i l u t e  l i m i t  - 

' l a t t i c e  a p p ro x im a t ion1. i t  w i l l  become apparent l a t e r  th a t  some con­

fu s io n  as to  the bas ic  p inn ing  s i t e s  in l i g h t l y  deformed m a te r ia ls  has 

resu l ted  through the use o f  t h i s  express ion ou ts id e  i t s  range o f  

v a l i d i t y  and through s u b s t i t u t i o n  o f  in c o r re c t  express ions  f o r  the 

bas ic  p inn ing  fo rce  a t  an elementary f 1uxo n -s i te  i n t e r a c t i o n .

Various o the r  d l l u t e - 1 i m i t  summation methods which should be 

ment ioned, but w i l l  not  be requ i red in t h i s  i n v e s t i g a t i o n ,  include 

the s t a t i s t i c a l  model o f  Lowell (1972) and the s o -c a l l e d  dynamical 

models o f  Yamafuj i and I r i e  (1967), Lowell (1970) and Good and Kramer 

(1970).  In t h i s  l a t t e r  model the f r i c t i o n a l  fo rce  due to  p inn ing 

i n t e r a c t i o n s  ( i n t e r a c t i o n  energy Eg) is ob ta ined by assuming tha t  a 

un i fo rm  f 1uxon l a t t i c e  v e l o c i t y  <v> w i l l  r e s u l t  f rom a steady app l ied  

pressure P on the f luxon  l a t t i c e .  The work done (Pv per u n i t  volume) 

is  then equated to the power d i s s ip a te d  as the f luxons  are released 

from t h e i r  p inn ing  s i t e s .  Thus P<v>/N^ =  2Ec<v>, a where N. is the 

d e n s i t y  o f  s 1tes per u n i t  area and a is the f luxon  l a t t i c e  parameter.

The re le v a n t  aspects o f  the problem o u t l i n e d  above w i l l  now be 

t rea ted  sepa ra te ly  and in d e t a i l .

3.2 The bas ic  i n t e r a c t i o n  mechanisms

As discussed in Chapter 1 the f luxon  cons is ts  o f  a core  region 

( rad ius  5 ) ,  in which the order  parameter is depressed, and a

magnetic region ( rad ius  X) in which the magnetic f i e l d  is  f i n i t e .  

Currents  c i r c u l a t i n g  in t h i s  region suppor t  the ra d ia l  g ra d ie n t  in 

the magnetic f i e l d .

Assoc iated w i th  the depressed o rde r  parameter in the f luxon  is 

a c r y s ta l  l a t t i c e  d i l a t i o n  6e . j  and a lso  a change In the c r y s ta l  l a t t i c e



55

e l a s t i c  modul i  <50.^ r e l a t i v e  t o  th e  s u r r o u n d i n g  s u p e r c o n d u c t in g  

m a t r i x .  The m a g n e t i c  f i e l d  in the  f l u x o n  a l s o  g i v e s  r i s e  t o  a smal l  

l o c a l  m a g n e t o - s t r i c t  ion in the  c r y s t a l  l a t t i c e .

A f l u x o n  may t h e r e f o r e  i n t e r a c t  w i t h  d i s l o c a t i o n s  by t h e  f o l l o w i n g  

m echanism s:

( i )  The  stress f i e l d  a s s o c i a t e d  w i t h  a d i s l o c a t i o n  i n t e r a c t s  

w i t h  th e  s t r a i n  f i e l d  o f  th e  f l u x o n .  ( I t  i s  however m a t h e m a t i c a l l y  

more t r a c t a b l e  to  c a l c u l a t e  t h e  i n t e r a c t i o n  between t h e  s t r a i n  f i e l d  

o f  th e  d i s l o c a t i o n  and t h e  s t r e s s  f i e l d  o f  t h e  f l u x o n  (Kramer and 

B a u e r , 1 9 6 7 ) . )  The. I n t e r a c t i o n  is  l i n e a r  in  the  s t r a i n  o f  t h e  

d i s l o c a t i o n  and i t  is  t h e r e f o r e  known as the  f i r s t - o r d e r  e l a s t i c  

i n t e r a c t I o n .

(11 )  The  s t r e s s  o r  s t r a i n  f i e l d  o f  a d i s l o c a t i o n  i n t e r a c t s  w i t h  

t h e  changed e l a s t i c  modul i  a s s o c i a t e d  w i t h  t h e  f l u x o n .  T h i s  i n t e r ­

a c t i o n  e n e r g y  is  q u a d r a t i c  In  the  s t r a in  o f  t h e  d i s l o c a t i o n  and i s 

t h e r e f o r e  known as t h e  s e c o n d - o r d e r  e l a s t i c  i n t e r a c t i o n .

( i i i )  S t r a i n  g r a d i e n t s  and the  p r e s e n c e  o f  atmo sphe res  o f  an 

i m p u r i t y  s o l u t e  (w h ic h  re d uc e  the  a s s o c i a t e d  s t r e s s e s )  In  t h e  v i c i n i t y  

o f  the d i s l o c a t i o n s  l o c a l l y  reduce  the  mean f r e e  p a th  o f  normal  

e l e c t r o n s .  T h i s  le a d s  t o  an i n c r e a s e  in  k and (see  c h a p t e r  4 ) ,  

and t h e r e f o r e  to  change in t h e  l o c a l  l i n e  t e n s i o n  o f  a f l u x o n  

( e q u a t i o n  1 . 1 ) .

V a r i o u s  o t h e r  c o n t r i b u t i o n s  due t o  s t r a i n  g r a d i e n t  and n o n - l i n e a r  

e l a s t i c ,  e f f e c t s  have a l s o  been c o n s i d e r e d  ( S e eg er  and Kronmul 1 o r ,

1968 and KronmulI  or and S e e g v r t 1 9 6 9 ) .  F Iuxons  may also bo p in ned  

by m a g n e t i c  image e f f e c t s  a c r o s s  t h e  boundary s e p a r a t i n g  two r e g i o n s  

o f  d i f f e r e n t  k, H o r  H ^ .

Order  o f  m a g n i tu d e  c a l c u l a t i o n s  have been made (see  l a t e r )  o f  t h e  

a b s o l u t e  m a g n i tu d es  o f  t h e  v a r i o u s  p i n n i n g  i n t e r a c t i o n  c o n t r i b u t i o n s
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f o r  va r ious  d i s l o c a t i o n  -  f luxon  l a t t i c e  in t e r a c t i o n  c o n f ig u r a t i o n s ,  

For an i s o la te d  d i s l o c a t i o n  however, a t  any o r i e n t a t i o n  w i t h  respect 

to  the f luxon  l a t t i c e ,  these i n t e r a c t i o n  c o n t r i b u t i o n s  appa ren t ly  a l l  

f a i l  by more than an o rder  o f  magnitude to  s a t i s f y  Labusch1s 

th resho ld  c o n d i t i o n .  The bas ic  p inn ing  s i t e  may the re fo re  invo lve  

c o -o p e ra t i v e  e f f e c t s  between several d i s l o c a t i o n  segments. For a 

random o r  non-uni form d i s l o c a t i o n  d i s t r i b u t i o n  a comprehensive t r e a t ­

ment o f  the basic  p inn ing  in t e r a c t i o n  in c lud ing  a l l  o f  the in t e r a c t i o n  

mechanisms is  p r o h i b i t i v e l y  and unnecessar i l y  complex. The usual 

p r a c t i c e  has th e re fo re  been to  at tempt to  e s ta b l i s h  the predominant 

mechanism. Th is  w i l l  depend on the d i s l o c a t i o n  type and c o n f ig u r a ­

t i o n  and a lso  on the Ginzburg-Landou parameter k f o r  the superconductor .  

Al though i t  is  o f te n  p o s s ib le  f rom theory to e s t a b l i s h  the approximate 

r e l a t i v e  importance between the f i r s t  and second-order e l a s t i c  I n t e r ­

a c t io n  mechanisms the r e l a t i v e  c o n t r i b u t i o n  o f  these l a t t e r  mechanisms 

compared w i th  the c o n t r i b u t i o n  due to loca l  v a r i a t i o n s  in k and 

Hc2 *n non-un i fo rm d i s l o c a t i o n  d i s t r i b u t i o n s  has not p r e v io u s ly  been 

e s tab l ished  w i th  any c e r t a i n t y ,  Previous exper imental  evidence in 

t h i s  regard Is a ls o  inconc lus ive  (sec the I n t r o d u c t io n  to chapter  5 ) .  

Th is  l a t t e r  problem should however be e a s i l y  reso lvab le  by exper iment 

s ince  the temperature and f i e l d  dependences o f  the e l a s t i c  and the 

6k o r  5Hc9 mechanisms are not  the same (sec l a t e r ) .

The most comprehensive approach to the basic In te r a c t io n  problem 

has been through the Glnzburg-Landou theory .  A b r i e f  o u t l i n e  o f  t h i s  

approach w i l l  now be g iven :  Thus i t  is convenient to separate the

problem in to  two p a r ts ,  v i z :

( I )  The c a l c u l a t i o n  o f  the v a r i a t i o n  in the f re e  energy o f  the 

mixed s ta te  due to a local  per turbat ion  in the parameters k ,  Hc and/or
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Hc2 o n l y ,  i . e ,  n e g le c t in g  a l l  changes in the e l a s t i c  energy assoc ia ted 

w i t h  the de fec ts  g i v i n g  r i s e  to  the changes these parameters and

( i i )  the c a l c u la t i o n  o f  changes in the e l a s t i c  energy.

The f re e  energy v a r i a t i o n ,  to  f i r s t  o rd e r ,  due to the former is  

g iven (Campbell and E v e t t s , 1972 and see appendix Ala) by

where tji is  the  unperturbed r e l a t i v e  o rder  parameter o r  wave fu n c t io n  

and the i n te g ra t i o n  is  taken over  a l l  space. The f ree  energy v a r i a ­

t i o n  due to the l a t  o r  is  determined from the f u l l  s t r a i n  dependent 

Ginzburg-Landau theory .  The t rea tment  o u t l i n e d  below is due to

Labusch (196 8 ) (see a l s o  Miyahara,  I r i e  and Yamafu j i ,  1969). Thus 

the Ginzburg-tandau express ion (see appendix Ala) f o r  the f ree  energy 

is  extended to  inc lude  the s t r a i n  dependences to  second-order in terms 

o f  a s t r a i n  tensor  e . . which is  def ined to  be zero in an unconst ra ined

p e r fe c t  c r y s ta l  in the normal s t a te .  V a r i a t i o n a l  methods are then 

used to  ob ta in  the s o - c a l l e d  mod i f ied  Gi zburg-Landau equat ions f o r  the 

vector  p o te n t ia l  A and wave fu n c t io n  ip and a lso  the mod if ied  e l a s t i c i t y  

equat ions ,  (From these l a t t e r  equat ions Labusch der ives  useful  

equat ions  which r e l a t e  the changes in the e l a s t i c i t y  constants  and 

the  d i l a t i o n  o f  the m a t e r i a l , which occur  a t  the superconduct ing-normal 

t r a n s i t i o n ,  to  e x p e r im e n ta l l y  de te rm inab le  parameters - see l a t e r . )

To determine the in t e r a c t i o n  between f luxons  and the s t r a i n  f i e l d  o f  a

mod i f ied  Ginzburg-Landau and the mod if ied  e l a s t i c i t y  equat ions.  From 

the changes in the boundary c ond i t ion s  f o r  the e l a s t i c i t y  equat ions,  

which r e s u l t  w i th  the in t r o d u c t i o n  o f  a de fec t  ( s t r a i n  q . .  in the

normal s ta te )  new equat ions f o r  A and tf> are obta ined by s u b s t i t u t i o n

SE =  ( l /At r)  /  H ( 3.1

|J

d e fec t  the exact s o lu t i o n s  tj>o , Aq and are f i r s t  ob ta ined f o r  the

o 1J
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o f  e . . =  e . .  + n •■ in to  the modif ied Ginzburg-Landau equat ions .
U  o i j  i j

The terms con ta in in g  n - -  are then t rea ted  as p e r tu rb a t io n s  and the 

s o lu t i o n s  o f  these equat ions are given in terms o f  p e r tu rb a t io n  se r ies
CO CO

o f  the form ^ ^ + *> <|> and A — A + '*>"! « where ^ and a
°  rT'i n °  n—1 n n

are p ro p o r t io n a l  to  the nth power o f  q . j .  These new s o lu t i o n s  f o r

if) and A and e . . =  e . .  + n . .  are then s u b s t i t u t e d  back in to  the 
i j  o i j  ' ij

expression  f o r  G which now includes terms in powers o f  n. The f i r s t  

and second-order c o n t r i b u t i o n s  to  the Gibbs f re e  energy in terms o f  

n a re  then obta ined from t h i s  express ion. The f i r s t - o r d e r  i n t e r a c t i o n  

is given (using the E in s te in  n o ta t ion  f o r  summation over  repeated 

ind ices )  by

6E1 -  I no i j [ Ci1j k e 6;o k l  " -  1  b i j l < ,<,|1' ] ] d3r 3 .2

where p . .  has been replaced by n • . (s ince  n ?? c* n? ;) > is the
I J  O I J  O I J  I J  I J  KX/

e l a s t i c  constant  tensor  in the normal s t a te ,

a. . =  (1/H 0)3H 9/ 3 e ; . and b . . =  ( l / x 2)3 k2/ 3 £ . ..
I J  C Z  CZ I J  I J  I J

The two terms in the square brackets  o f  equat ion 3-2 are o f  the  same 

o rde r .  The f i r s t  term is the s t ress  a r i s i n g  s o l e l y  f rom the imposed 

s t r a i n  and the second term c o r re c ts  f o r  the spontaneous re la x a t i o n  

o f  the c r y s ta l  l a t t i c e .  In the absence o f  any ex terna l  or  defec t  

s t r a i n  t h e re fo re  1

CU U  4 "  -  1  b , .  I * / ] .  3.3

The express ion f o r  the second-order i n t e r a c t i o n  is very compl i ­

cated and invo lves  the p e r tu rb a t io n  parameters <p and a which are very 

d i f f i c u l t  to  o b ta in .  However, f o r  the spec ia l  case o f  a de fec t  

s t r a i n  f i e l d  n - j  which has o n ly  shear components the terms con ta in in g
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<j> and a vanish  and Labusch g ives f o r  the second order  i n t e r a t i o n  in 

t h i s  case

6E2 -  J ' n . j  nkJJ[ “ (Hc / 8») [  a i j k), h 0 ! " 2 b i j k t l * o l  1 d r

Where a i j k t  -  ( , /H c2)a2"c2/3E i j 8ekJ and bi j k t  “  ( V k 2)a2K2/ 3 Eij.3ek|,

For a q u a n t i t a t i v e  comparison o f  the above express ions f o r  the

f i r s t  and second-order e l a s t i c  i n t e r a c t io n s  w i th  experiment the values

o f  the c o e f f i c i e n t s  a . . ,  b . . ,  a . . , „  and b . . .  . are requi red . Labusch
i j  i j  i j k £  i j k £  ^

gives these c o e f f i c i e n t s  in terms o f  expe r im e n ta l ly  measurable 

parameters but because a . j  and b . j  and a . ^ ^  and b . j ^ ^  are u s u a l l y  not 

measured sepa ra te ly  and are moreover very small there  is s t i l l  some 

doubt about t h e i r  abso lu te  magnitudes and temperature dependences.

(The w i l l  be discussed in i . . . ,e  d e t a i l  l a t e r  and fo r  a complete review 

see Campbell and E v e t t s , 1972).

The in t e r a c t i o n  fo rce  between a p inn ing  de fec t  and the f luxon  

l a t t i c e  is  found by eva lua t in g  6E (from the p e r t i n e n t  equat ions) as a 

f u n c t io n  o f  the p o s i t i o n  o f  the f luxons  r e l a t i v e  to  the d e f e c t . The 

p inn ing  fo rce  is then given by the g rad ien t  in 6E at the p o in t  o f  

e l a s t i c  i n s t a b i l i t y  ( i . e .  where the th resho ld  c o n d i t io n  is  s a t i s f i e d  -  

see l a t e r ) .

Iri the f o l l o w in g  two sec t ions  approximate expressions f o r  the 

5 k  and the e l a s t i c  p inn ing mechanisms w i l l  be der ived ( from the two 

parameter Ginzburg-Landau t rea tment  o u t l i n e d  above) in o rder  to  

e s ta b l i s h  t h e i r  approximate abso lu te  magnitudes and dependences on 

f i e l d  and temperature.

3.2.1 The 5k  bas ic  i n t e r a c t io n  

For an is o la te d  d i s l o c a t i o n  the 5 k  i n t e r a c t i o n  is e a s i l y  shown 

to  be i n s i g n i f i c a n t .  However f o r  d i s l o c a t i o n  b ra ids ,  tan g le s ,  f o r
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c e l l  wa l l s  and f o r  d i s lo c a t i o n s  w i th  associated atmospheres o f  s o lu te  

atoms the e l a s t i c  o r  s t re s s  dependent i n t e r a c t i o n s  w i l l  be mod if ied  

and augmented by the s o - c a l l e d  s t ress  independent i n te r a c t io n s  which 

may predominate. These l a t t e r  i n t e r a c t i o n s  r e s u l t  from loca l  

v a r i a t i o n s  in the e l e c t r o n i c  mean f ree  path and t h e re fo re  in k  and 

Hc 2 o r  from loca l  v a r i a t i o n s  in the d e n s i t y  o f  e l e c t r o n i c  s ta tes  and 

th e re fo re  in and Hc (see chapter  k ) .

The v a r i e t y  and number o f  pub l ished express ions f o r  the p inn ing  

fo rc e  due to i n t e r a c t i o n s  o f  t h i s  type a re  man ifo ld  (see f o r  example 

the rev iew a r t i c l e s  c i t e d  p r e v io u s ly ) .  For the presen t purposes 

however on ly  i n t e r a c t i o n s  due to  v a r i a t i o n s  in 6 k  need be considered 

( t h i s  w i l l  be j u s t i f i e d  in chapter  5)• The pub l ished expressions f o r  

t h i s  case are v a l i d  o n ly  in the l i m i t  as the reduced induc t ion  

b =  B /8^2 1 and u s u a l l y  on ly  f o r  h igh k  m a te r ia ls .  They are

th e re fo re  not considered t o  be adequate and a more d e ta i l e d  t rea tment  

w i l l  be formula ted here.

Thus cons ider  equat ion 3•1 f o r  the d i f f e r e n c e  in the loca l  

Helmholtz f re e  energy (exc lud ing  e l a s t i c  c o n t r i b u t i o n s )  between the 

mixed and normal s ta te s  t o  f i r s t - o r d e r  in  the p e r tu rb a t io n s  in the 

mate r ia l -dependent  c o e f f i c i e n t s  a and g in the Ginzburg-Landau theory  

(see appendix l a ) .  In the d e r i v a t i o n  o f  t h i s  express ion i t  was 

assumed tha t  Hc is not per turbed by the v a r i a t i o n s  in the m ate r ia l  

p ro p e r t ie s .  (This w i l l  be j u s t i f i e d  f o r  the present  p inn ing  s i t e s  

l a t e r . )  Now s ince (T) '= /2  k^Hc (T),  ^  ^c2 anc* assuming th a t  

6 k ^ ( T ) / k ^ ( T )  ,</k  : 6 E(from equat ion 3.1) may be expressed as:

This assumption is probably  f a i r  but  is  d i f f i c u l t  to  j u s t i f y .  

For d iscuss ion  o f  k  ̂ and i t s  r e la t i o n s h ip  to  k  see f o r  example 

Tewordt (1965),  Neumann and Tewordt 1966a, 1966b, E i 1enberger 

(1967) and Jacobs (1971a and 1971b).
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(6k/ k ) [  |^ |  2 -  |i|> ] d^r  3-5

where t  = T / T ^  is the reduced temperature.  [  In prev ious treatments

i t  has e f f e c t i v e l y  been assumed th a t  | i j i |2 >> and t h a t  t h e re fo re

the term in |t|j | ** may be neg lec ted.  This is v a l i d  as b ->• 1 but i t

w i l l  become apparent th a t  i t  is  a ve ry  poor approx imat ion f o r  a la rge

range o f  b a t  a l l  values o f  k > 1 / / 2  .]

The s p a t ia l  v a r i a t i o n  o f  [  | i|i | 2 -  | i|j | ^ ]  w i l l  now be determined as

a fu n c t io n  o f  the reduced induc t ion  b. A t  low values o f  b the

numerical c a l c u la t i o n s  o f  Neumann and Tewordt (1966) f o r  the rad ia l

dependence o f  the zero o rder  Ginzburg-Landau s o lu t i o n  f o r  the normal ized

o rde r  parameter f  about an i so la ted  f lu xon  w i l l  be used. These

c a l c u la t i o n s  have been made f o r  va r ious  values o f  k  and the r e s u l t s

f o r  f 0 ( r /X ^ )  a t  k — 1 are reproduced in f i g u r e  3-1.  Also shown in

the f i g u r e  are the der ived curves f o r  | i|j | 2 — f Q2 and |t|) | 2 - |ijj | ^ as a
2

fu n c t io n  o f  r/X, . As expected | \ji | -  |^ |  a t  the cen t re  o f  the f luxon

and a ls o  at  la rge  d is tances from an is o la te d  f luxon  is z e r o , Thus 

v a r i a t i o n s  o f  k  near the cen t re  o f  a f lu x o n  and a ls o ,  f o r  low values 

o f  b, in the regions f a r  from any f luxon  cause no v a r i a t i o n  in the 

f ree  energy (equat ion 3 .5 ) .  The e q u i l i b r i u m  p o s i t i o n  f o r  a 

s u f f i c i e n t l y  small region w i th  6k > 0 is a t  r /X^  £* 1 in the present 

case. I t  is a lso  apparent from these r e s u l t s  t h a t  s i g n i f i c a n t  

f lu xon  core ove r lap  does not occur u n t i l  the reduced f luxon  separa t ion  

aQ/X^ £ 2 r / X ^ ~  4 .5 .  The cor responding va lue  f o r  the reduced induc t ion  

b is  e a s i l y  o b t e . nable in terms o f  aQ/X^ from the f o l l o w in g  express ions,  

v i z :

' a ^ ( t )  =  ( 2 / / 3 ) * .  ( ^ / B ^ f t ) ) * ,  B^g = * q / ( 2 n S 2) and K =  X/%,

and is  given by

b ( t )  ( 2 . 6 8 x ( t ) / K a Q ( t ) ) 2 3 . 6
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1.1. The v a r i a t i o n  o f  iJj, ill I ^ and ,4 (from

Neumann and Tewordt , 1966) f o r  an iso la ted  f luxon  as 

a func t ion  o f  the reduced d is tance  r /X^ from the f lu> 

a x is .  X. is  the London pen e t ra t io n  length .
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P u t t i n g  aQ/X^  =  4.5 and k == 3 gives b — 0.35. [  For k — 5 the

value o f  a0 /^|_ f o r  s i g n i f i c a n t  core over lap*  est imated d i r e c t l y  from 

the r e s u l t s  o f  Neumann and Teword ( lo c ,  c i t . )  is  approx im ate ly  0.8 

g i v in g  b — 0 . 4 5 . ]

For low values o f  b i t  may be assumed th a t  the s p a t ia l  v a r i a t i o n  

o f  [  ~ |i|>| * ]  can be obta ined from the t o t a l  depression in the

o rde r  parameter ( i . e .  1 -  ) ^ j ^ )  a t  a p a r t i c u l a r  p o in t  by l i n e a r l y  

summing the c o n t r i b u t i o n s  to  t h i s  depress ion due to  each o f  the

surrounding nearest  f 1uxons. Thus w i th  reference to  f i g u r e  3.2 the 

value  o f  1 -  at  a d is tance  y /a  along the y ax is  is given by

<1 -  l * l ^ > ( y / a  ) ™ A l ( y / a o )  + A ^ ( /3 /2  " 7 / ^ 0 )

+2A ^ ( l /4  + ( / 3 / 2  -

+2A,(1 + ( y / a o ) ^ ) *  3 . ;

where (x) — (1 -  f o r  an i s o la ted  f luxon .

2 h
The v a r i a t i o n  o f  ( |tj/| -  |$| ) a long the y ax is  can then be

determined from the express ion

[  1 * 1 ^  -  | * | ^ ]  y /a ^  =  < 1  -  k l \ / a ^ [  1 -  < 1  -  I f l ^ y / a q ]  3 . 8

Using the r e s u l t s  o f  f i g u r e  3*1 and equat ions  3 .6 ,  3-7 and 3.8

[  -  I ' l ' j ^ ]  v / a has been determined f o r  various values o f  the
>'  o

reduced induc t ion  in the range 0 < b < 0 .6 .  These r e s u l t s  are shown

by the s o l i d  curves in f i g u r e  3.3- (The dashed curves show the

behaviour [  - | i|j j^ ]  along the x a x i s . )

A t  la rge r  values o f  b , |$| va r ie s  approx im ate ly  s i n u s o i d a l l y

through the f lu x o n  l a t t i c e  and may be approximated by i t s  f i r s t  harmonic.
2

Saint  James, Sarma and Thomas (1969 ) have c a lc u la te d  |ijj| in t h is  

approximat ion and t h e i r  r e s u l t  ( i n  ca r te s ia n  co -o rd ina tes  -  see f i g u r e  

3.2) may be expressed as
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I
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Figure 3.2 ,  The c o -o rd in a te  system f o r  the d e s c r ip t i o n  

o f  the f luxon  l a t t i c e .
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0 . 2 5

zSM 0•10

0 - 3

0 , 0 5

0 60 2

y / Q o

Figure 3-3-  The v a r ia t io n  o f  versus the reduced

d is tance along the y axis o f  f igure  3.2 fo r  

va r ious  values o f  the reduced Induc t ion  

b-B/Bg. ( f u l l  c u r v e s ) . The po in ts  have been 

obtained from equat ions 3.8 and 3•9 w i th  

b 0 ,6 ,  The dashed curves show the 

v a r i a t i o n  along the x a x is .
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=  (1 - b ) [  1 - 1 /3  [  c o s ( 2i r ( x + y / / 3 ) / a J  + cos (Ztr.2y / / 3aQ)

cos (2 7 r (x -y / /3 ) /a o ) J J 3*9

The r e s u l t s  f o r  [  j t j j |^ - 1iji|^]  as determined from t h i s  equat ion at  

b == 0 , 6  (see a lso  equat ion 3 , 6 ) are shown by the po in ts  in f i g u r e  3 . 3 .

[  In t h i s  approximat ion i f [ | t f ' | ^  -  i 'H*<] r / a ' s s u b s t i t u t e d  in to

equat ion 3*5 and the i n t e g r a t i o n  taken over  u n i t  volume the f ree  

energy d e n s i t y  change 6E due to  a change 6k in k over the e n t i r e  

volume is g iven approx imate ly  by

6EV r v  ( B c 2 ( t ) / K ^ ( t )  ( 6 k / k )  [  (1 -  b )  “  (1 -  b ) ?' ]

The f re e  energy change per u n i t  length  o f  f iuxon  is t h e re fo re  given by

6Ef  =  6Ev (<|>o /B) rw ( B c 2 ( t ) / K ^ ( t ) )  ( 6 k / k )  (1 -  b)

Th is  is s u b s t a n t i a l l y  the same as the r e s u l t  obta ined by Hampshire 

and Tay lo r  (19/2)  using the high k ,  high f i e l d  express ion o f  Goodman

( 1966) f o r  the f ree  energy d i f f e r e n c e  between the mixed and the normal 

s ta tes  and i t  w i l l  become apparent t h a t  I t s  v a l i d i t y  is r e s t r i c t e d  to  

t h i s  regime. ]

The i n t e r a c t i o n  fo rc e  between a f iu xon  and a region o f  d i f f e r e n t  

k is given by the g rad ien t  in the i n te r a c t io n  energy.  For e f f e c t i v e  

p inn ing ,  i . e .  d i s s i p a t i o n ,  an e l a s t i c  i n s t a b i l i t y  Is requ i red  however

and the exact de te rm ina t ion  o f  the e f f e c t i v e  p inn ing  force is not

g e n e ra l l y  poss ib le  w i th o u t  a d e ta i l e d  knowledge o f  the shape of the 

p inn ing  p o t e n t i a l .  This obv ious ly  invo lves the c h a r a c t e r i s t i c s  o f  the 

p inn ing  s i t e .  However, an express ion fo r  the maximum p inn ing  fo rce  

should be o b ta in a b le  w i th  s u f f i c i e n t  accuracy,  g iven an approximate 

knowledge o f  the p inn ing  s i t e  c h a r a c t e r i s t i c s ,  to expe r im e n ta l ly  test  

models f o r  the bu lk  p inn ing  fo rce  d e n s i t y  and to permit  obse rva t ions
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concern ing Labusch1s th resho ld  c r i t e r i o n  ( i . e .  f o r  the e l a s t i c  

i n s t a b i l i t y  (see sec t ion  3 -3 ) ) •

In t h i s  approx imat ion the p inn ing  fo rce  due to  a region o f  

d is p a ra te  k is g iven ( f rom equat ion 3.5) by

Pm( b , t )  « = [ d E / d r ] mQX “  " [ b ^ ( t ) / 8 i r K ^ ( t ) ]  [  d / d r (  J ( 6 k / k ) | * | 2 - d ^ r ) ] ^

3.10

where the In te g ra t i o n  is  taken over  the volume o f  the r e g io n . For 

small reg ions ,  i . e .  having dimensions, normal to the d i r e c t i o n  o f  the 

f 1uxon <R> <<aQ t h i s  express ion f o r  pm may be s im p l i f i e d  to  f a i r  

a p p r o x i i t i o n ,  thus :  *

Pn, ( M )  ~ "  [  BC2 ( t ) / 8 i rK2 ( t )  ]  [  Sk/ k ]  [  d /d r  ( | ^ | 2 -  | ^ | ^ ) ]  3.11

where V is the volume o f  the reg ion ,  [ is the mean e f f e c t i v e  

va lue  in the region (see chapter  4) and Z •••= [ d / d r  ( | ^ | 2 ~ 1^1^ ) ]max

the g rad ien t  a t  the s p a t ia l  po in t  where i t  is  a maximum. This po in t  

is  r e l a t i v e l y  c lose to the ax is  o f  the f 1uxon (see f i g u r e  3 . 3a) in the 

region where |ijj|  ̂ is app rox im ate ly  c y l i n d r i c a l  ly symmetric about the 

f l u x o n .

In f i g u r e  3.4 values o f  Za obta ined d i r e c t l y  f rom f i g u r e  3*3 

(p o in ts )  and by d i f f e r e n t i a t i o n  o f  equat ion 3 . 8  on s u b s t i t u t i o n  fo r  

|t|>|y from equat ion 3• 9 ( c i r c l e s )  have been p lo t t e d  aga ins t  b. The 

s o l i d  curve shows the o v e r a l l  behav iour .  From t h i s  re s u l t  

Z(<j>Q/B)^  " Z a  is p l o t t e d  and tabu la ted  aga ins t  f, in f i g u r e  3.5.
i yi>

The s o l i d  curve (a) i n . t h e  f i g u r e  is a p lo t  o'" Z ^c tB  C ( t )  and curve 

(b) is ?■ c l o t  o f  Z *•- 0 "b) where « and g are cons tan ts .  The

t r a n s i t i o n  from the former to the l a t t e r  behaviour occurs a t  b ^  0,4.

Thus f i n a l l y ,  on s u b s t i t u t i o n  f o r  Z in to  equat ion 3 , 1 1 , the basic
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3 - 5
from figure 3 - 3  

from  equation 3 - 8

3.0

3  2 , 5

2.0

0 5

0*8 1.00

b

Figure 3.4.  From the r e s u l t s  o f  f i g u r e  3*3 and equat ions  3.8 

and 3*9 the maximum g rad ien t  In [ | ' |<|^~| t | j |^]a0 

along the y axis is shown ( s o l i d  curve) as a 

f u n c t io n  o f  the reduced induc t ion .
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•  from figure 
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Figure 3•5- The v a r i a t i o n  in the maximum g rad ien t  in

*] along the y ax is  as a 

fu n c t io n  o f  the reduced induc t ion ,
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p inn ing  fo rc e  behaves as f o l l o w s :

f o r  b £ 0.4

3.12a

and f o r  b ^  0.4

P m ( b , t )  « [  Bc25 /  ( t ) / K 1 ( t )  ]  . b J ( l  -  b ) [  6 k / i c ]  e f f <  V g j g b

3 .2 .2  The s t ress  dependent ( e l a s t i c )  bas ic  p inn ing  

i n te ra c t  ions

(a) The f i r s t - o r d e r  i n t e r a c t i o n

For the cub ic  i s o t r o p i c  case the f i r s t - o r d e r  e l a s t i c  i n t e r a c t i o n  

energy (equat ion  3.2) may be expressed (Labusch, 1968 ) as

(1967) from the exact  analogy o f  the thermal s t ress  due to  a 

c y l i n d r i c a l 1 y  symmetric temperature g ra d ie n t  in an i n f i n i t e  i s o to p ic  

c y l i n d e r .  Thus the  d i l a t i o n  a t  a ra d ia l  d is tance  r f rom the ax is  o f  

a f lu xon  is assumed t o  be given by

where 6 is the r e l a t i v e  d i l a t i o n  between the normal and the super­

conduct ing  s ta tes  in zero f i e l d  and in the analogy corresponds to  the

parameter corresponding in the analogy to the temperature change. 

Kramer and Bauer use the reasonable very low f i e l d  or  i s o la te d  f luxon  

assumption v i z :

•f
where a . j  is  the n e t t  unperturbed s t ress  f i e l d  o f  the f luxons  ( c o r re s ­

ponding to the term in the square brackets  o f  equat ion 3 .2 ) .

On the assumption th a t  b . j  ( in  equat ion 3.2) is n e g l i g i b l y  small
■f*

o . j  has been determined f o r  an is o la te d  f lu xon  by Kramer and Bauer

6ev ( r )  “  6evo.m(r) 3 . 1 4

volume c o e f f i c i e n t  o f  thermal expansion. m(r)  is a d is o rd e r
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uj(r) == 1 - [  1 -  e x p ( - r 2/ § 2) ] r > C

and ob ta in .e x p re s s io n s  ( w i t h in  the analogy -  from Timoshenko and
f

Goodier,  1951) , f o r  the s t resses  o . j .  These are given ( i n  c y l i n d r i c a l  

co -o rd in a te s )  by

A fS ^ / r ^ )  [  1 -  e x p f - r ^ / s ^ ) ]
r r

68
A [ ( 2  + E^ / r ^ )  e x p t - r ^ / s ^ )  _ ( ^ / r ^ ) ]2 ,_2 , 3 . 16

and azz  =  2A e x p ( - r Z/E^)

where A =  “ 6eoy ( l  + v ) / 3 (1 ~ v) and y and v are the shear modulus 

and Po isson 's  r a t i o  r e s p e c t i v e l y .

The corresponding s t re s s  tensor  o’ c o n s is ts  o f  the f o l l o w in g  

components ( i n  ca r tes ian  c o - o r d in a te s ) :

°xx  axy o

o a yx yy o

zz

3.17

where the z c o -o rd in a te  is  col  l i n e a r  w i th  the ax is  o f  the f lu x o n .  

(Formulae r e l a t i n g  these c a r te s ia n  components to  the stresses 

in c y l i n d r i c a l  co -o rd ina tes  ( i . e .  c r ^ ,  aQQ and c rQ) are der ived in 

appendix A 1 (b ) .

Kramer and Bauer ( lo c .  c i t . )  determine the i n t e r a c t i o n  fo rc e  

between the s t ress  tensor a and the s t r a i n  f i e l d  o f  a d i s l o c a t i o n  ( f o r  

va r iou s  in t e r a c t i o n  c o n f ig u r a t i o n s  o f  both edge and screw d i s l o c a t i o n )  

using the wel l  known Peach -  Koehler equa t ion ,  v i z :

a,  h x t  o 3 . 1 8

where bQ is the Burgers vec to r  f o r  the d i s l o c a t i o n  and "t is a u n i t  

ve c to r  col l i n e a r  w i th  the d i s l o c a t i o n  l i n e .
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w(r )  =  1 - [  1 -  e x p ( - r 2/C2) ]  r > £

and ob ta in ,e x p re s s io n s  ( w i t h in  the analogy -  from Timoshenko and
■j:

Goodier , 1951) , f o r  the s t resses  o . j .  These are  given ( in  c y l i n d r i c a l  

co -o rd in a te s )  by

=  A(g2/ r 2 ) [  1 -  e x p ( - r 2/C2 ) ]r r

006 [ (%  + S^/r%) e x p t - r ^ / E 2) -  (S ^ / r ^ )  ]

and 0^^ =  2A e x p ( - r 2/ g 2)

3 . 16

where A =  -6eQy ( l  + v ) / 3 ( l  " v) and p and v are  the shear modulus 

and Po i sson! s r a t i o  r e s p e c t i v e l y .

The corresponding s t ress  tensor  o' c ons is ts  o f  the f o l l o w in g  

components ( i n  ca r te s ian  c o - o r d in a te s ) :

°xy

°yx  *yy

2Z

3 . 17

where the z c o -o rd in a te  is col l i n e a r  w i th  the ax is  o f  the f lu x o n .  

(Formulae r e l a t i n g  these c a r te s ia n  components to  the s tresses 

in c y l i n d r i c a l  co -o rd ina tes  ( i . e .  aQQ and o _) are der ived in

appendix A 1 (b ) .

Kramer and Bauer ( lo c ,  c i t . )  determine the i n t e r a c t i o n  fo rc e  

between the s t ress  tensor a and the s t r a i n  f i e l d  o f  a d i s l o c a t i o n  ( f o r  

va r ious  i n t e r a c t i o n  c o n f ig u ra t i o n s  o f  both edge and screw d i s l o c a t i o n )  

using the wel l  known Peach -  Koehler equa t ion ,  v i z :

o. b x t 3.18

where b is the Burgers v ec to r  f o r  the d i s l o c a t i o n  and "t is a u n i t  

v ec to r  col l i n e a r  w i th  the d i s l o c a t i o n  l i n e .
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The most s i g n i f i c a n t  and impor tant  f i r s t - o r d e r  i n t e r a c t i o n  r e s u l t s

when an edge d i s l o c a t i o n  is p a r a l l e l  to  the f lu x on .  For t h i s  case

( f o l l o w in g  the scheme o f  Kramer and Bauer -  see f i g u r e  3 .6 ) ,  d e f in in g

or thogonal  u n i t  vec to rs  i , j  and k to  be col l i n e a r  to the x,  y and z

axes r e s p e c t i v e l y ,  the edge d i s l o c a t i o n  is cha ra c te r iz e d  by

bo =  - bo i and t  =  k, the  f 1uxon is p a r a l l e l  to  k a t  x== y — o

and the ra d ia l  d is tance  between the d i s l o c a t i o n  and the f luxon  is  r"o

where i . r o — r^Gcos . The in t e r a c t i o n  fo rc e  per u n i t  length  is then 

given using equat ion 3 . 18 , by

p* -  -  bD

I
Q

X X ^xy 0 -1 0

^yx ^yy 0
0 X 0

0 0 azz 0 1

-  bo “ xy i 0xx J ’]

s u b s t i t u t i n g  f o r  a and a f rom appendix A1(b) givesxy xx

"p* “  ~bo [ ' ^ a 0O “ O ^ ) c o s 0s in e ) l  + ( - o r r  -  (a0O -  a r r ) c o s 2e ) T ]  •

I f  the r e l a t i v e  movement between the f luxon  and the d i s l o c a t i o n  is  on ly  

along the y ax is  (0 =  i r / 2 , 3^/2)  then

P* =  ±bo Opr ^

S u b s t i t u t i n g  f o r  a r r  from equat ion 3-16 gives

+bQA [  (gZ/ r 2) (1 -  exp(-  r 2/ g 2) ) ]  j

For r $ g/2 and ™ i t/ 2, ' i r / 2  the magnitude |p^|  has i t s  maximum 

a t t a i n a b le  va lue ,  v i z :

and is r e p u ls iv e  f o r  0  =  t t / 2  and a t t r a c t i v e  f o r  0  j r r / 2 .

\



73

Figure 3 .6 .  The forces due to  the i n t e r a c t io n  between an 

edge d i s l o c a t i o n  at  r  w i th  a Burgers vec to r

in the  nega t ive  x d i r e c t i o n  and a f ’ 'ixon 

col l i n e a r  w i t h  the r=0 ax is .

E(y) x

/  f
E1(y)*E2(y) /  /

/
/  / 4 

, . ^ .\

0® cm/e'-g

w
\ \
\ \
\  \
\ N
\ \  ^ E2(W\ '

\  \
\ \

4 3 2 1 °

- 2-

-41

 ̂ Vi "2 **3 •* -4 
X \

Figure 3<7• The in t e r a c t i o n  energy , a t  4.2K in niobium, between 

a f luxon  col l i n e a r  w i t h  the z ax is  and a p a r a l l e l  

edge d i s l o c a t i o n  as a fu n c t io n  o f  i t s  p o s i t i o n  on the 

y a x i s .  The f i r s t  o rde r  (E^) ,  second o rder  (Ep) and 

combined (E^ + E^) i n t e r a c t i o n  energ ies are shown. 

(From Kramer and Bauer, 1967.)
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For r e l a t i v e  movement along the x a x is  (0 = 0 ,  rr)

—& , ~T
P Oes'J

and ==.At>o f o r  r < C/2 3-22

0
These r e s u l t s  f o r  p are v a l i d  on ly  f o r  an i s o la te d  f lu xon  or  at1 m ’

low b. At moderate to  high induc t ions  ( i . e .  b % 0.4) when the f luxon  

cores ove r lap  i t  is  necessary to  cons ider  the s t ress  f i e l d  o f  the 

f luxon  l a t t i c e  ra th e r  than th a t  o f  an i s o la te d  f lu x o n .  Using the 

h igh f i e l d  approx imat ion f o r  |t{i|^ g iven by equat ion 3 .9  (and see 

f i g u r e  3.2) Campbell and Eve tts  (1972) d e r iv e  the s t re s s  fu n c t io n  <f> 

f rom the thermal analogy and ob ta in

<f> =  (A/2) ( l~b)  (•--•)2 [  cos [  ~  (x+y / /3 )  ]  + cos [  -—  . ]  +

cos[ pL  (x -  y ) / 3 ) ]  ]  3.23
o

The s t resses  are then given by

0xx “  (A/18) ( l " b )  [  cos [  (x-t-y//3) ]  + 4 c os [  •—• ]  +

cos [  “  (x -  y / / 3 ) ]  ]
o

of a  (A/2) (1 -b)  [  c o s [ - ~  (x + y ) / / 3 )  ]  + cos [  — ■ (x -  y / ^ ) ] ]  3-24
yy o o

a (A /2 /3 )  (1 -  b) [  cos [  ~  (x -  y / / 3 ) ] “  cos [  ~~ (x + y / / 3  ] ]
' 0 0

=  0 f o r  x 0 o r  y c- 0

For an edge d i s l o c a t i o n  w i th  b «=* b , and t  =  k (using previous
0 o . j

d e f i n i t i o n s )  the Peach-Koehlor formula gives

» ”  i  “ y y  1 +  ° x y j  j  b=

and th e re fo re

p8, «  “  ±b0 A(1 -  b) i 3.25
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f o r  x ci 0 and x =  3^ /2  r e s p e c t i v e l y  and y =  0. This p re d i c t i o n  

d i f f e r s  in magnitude from th a t  o f  equat ion 3.21 f o r  the low f i e l d  l i m i t  

o n l y  by a f a c to r  o f  (1- b ) .

For niobium at b . 2K, s u b s t i t u t i n g  f o r  A f rom equat ion 3.16 i n to  

equat ion 3.25 w i th  6evo ^  3 x 1 0 — 3 x 1 0 ^  dynes cm \  

bQ =  3 x 10 ®cm, v “  1/3 and b = 0 . 5  g ives

SL ™* s  —  *j
Pm =  10 dynes cm .

The f i r s t - o r d e r  e l a s t i c  i n t e r a c t i o n  due to c r y s ta l  de fec ts  o ther  than 

i s o la te d  d i s l o c a t i o n s ,  where the Peach-Koehler formula cannot be used 

d i r e c t l y ,  r e s u l t s  in a maximum p inn ing  fo rc e  (see equat ion 3.13 and 

prev ious sec t ion )  given by

pn, “  [  ( f a / a x  + Ta /ay )  J „ o|jQ. J  d3r ]  max 3 .26

Expanding the term under the in te g ra l  and d isca rd ing  components which 

are  zero or  i r r e le v a n t  g ives f i n a l l y  ( i n  the c o -o rd in a te  system used 

above)

00 CO 03

Pm ™ [ ( I 9 / 3 X  + JB/ay)  f  f  J [  nyOyf + Oxy(n% + n )]dxdydz] 2 2y
% O o max

where nv is the t race  o f  the de fec t  s t r a i n  tensor  (ny =  AV/V) and

f
ay is the t race  o f  the f lu xon  or  f luxon  l a t t i c e  s t ress  tensor .  Thus 

from equat ion 3.16:

f o r  b < 0.4:

°v  ™ (*xx  + ^yy + * z z )  ™ ^  e xp t - rS /E ^ )  3,280

and f o r  b > 0.4 from equat ion 3.24:
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°v  "  i  A (1 -b )  [ 5 cos{  (x -  y / / 3 ) ]  + 2 cos [ •—  . ]
o o

+ r  c o s [  pL (x + y / / 3 ) ] ]  3.28b
o

The s t r a i n  tensors r i j j  f o r  coherent and non-coherent  p r e c i p i t a t e s  and 

f o r  var ious  d i s l o c a t i o n  networks are o b ta in a b le  f rom the l i t e r a t u r e .

For coherent  pr i c i p i  bates which have dimensions ( x q  < aQ> y < a^, z ) 

( i . e .  e i t h e r  small spheres o r  needle shaped) the c a l c u la t i o n  o f  p from 

equat ion 3.27 is  r e l a t i v e l y  s t r a i g h t - f o r w a r d .  Also f o r  small 

spher ica l  p r e c i p i t a t e s  the s t ress  tensor  may be conv e n ie n t l y  expressed 

in terms o f  a m i s f i t  parameter a  (Kramer and Bauer, 1967)• In t h i s  

case the p inn ing  fo rc e  is given by

p =  [ ( i 3 / a x  + j3 /9y)V,c ta  ]  3.29
max

where V is  the volume o f  the spher ica l  p r e c i p i t a t e .

F i n a l l y ,  to complete the present d e s c r ip t i o n  o f  the f i r s t - o r d e r  

i n t e r a c t i o n  i t  i s  necessary to  s p e c i f y  the magnitude and the tempera­

t u re  dependence o f  6c . This  is  somewhat prob lemat ica l  (see the 

rev iew by Campbell and E ve t t s ,  1972). 6cVQ is  known (Labusch, 1968) 

to be given by

6evo «  3(H^( t) /4%)  [ 3-30

The temperature v a r i a t i o n  o f  SH^/aP Is slow and has been found to  be

?given approx imate ly  by ( c + d t ' l  where c and d are p o s i t i v e  constants  

w i th  c > d. (White,  1962, Andres, 01 son and Rohrer, 1962).

[Acco rd ing  to  White ( lo c .  c i t . )  (3H c /B P )^_  =  -  (1,210,3)  x 0e

dyne 1 cm2 and ( B H c / O P ) ^  «  -  ( 1 ,2 ± 0 ,1) x i o " ^  Oe. dyno“  ̂ cm2 . ]

S u b s t i t u t i n g  f o r  [  3Hc/3P]y ^ in equat ion 3,30 and m u l t i p l y i n g  by 

Hc(0) =  1,95 x 103 oers ted  gives
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6 s v g ( t ) =  5.5 x 10" ' .  3.31

n e g le c t in g  the apparen t ly  small temperature dependence o f  0H^/9P.

3 .2 .2  (b) The second-order e l a s t i c  i n t e r a c t i o n

Equat ion 3 .4 f o r  the second-order i n t e r a c t i o n  is  v a l i d  on ly  f o r  

de fec ts  having no d i l a t i o n  s t r a i n  components. According to  Labusch 

t h i s  equat ion becomes i d e n t i c a l  w i t h  the usual c la s s i c a l  equat ion f o r  

a de fec t  in a m a te r ia l  w i t h  lo ca l  v a r i a t i o n s  5 C j j ^ ^ ( r )  o f  the 

e l a s t i c  constants  I f  the p e r t u rb a t i o n  o r  the wave fu n c t io n  ib in the 

mod if ied  e l a s t i c i t y  equat ions is neg lected (see sec t ion  3 ,2 ) .  In 

t h i s  case <SC Is given by

5C i j k i a - (K=2 / ' " l ) i = i J u l i -0 l 2 -  i  h n A l ' 1 ]  3 - 32

Webb (1963) and Toth and P r a t t  (1964), in t h e i r  c a l c u la t i o n s  f o r  the 

in t e r a c t i o n  between an i s o la te d  f lu xon  and re s p e c t i v e l y  a screw 

d i s l o c a t i o n  and the shear s t r a i n  due to a coherent p r e c i p i t a t e ,  

e f f e c t i v e l y  use t h i s  model w i th  the a d d i t i o n a l  assumption th a t  

b , j | ^  “  0. This  l a t t e r  assumption has no real  j u s t i f i c a t i o n  In 

general but is apparent 1y reasonable in the case o f  some lead- ind ium 

a l l o y s  (see Labusch ( lo c .  c i t . )  where values f o r  a . and are

g iven from measurements by A 1 e rs ) , Nabarro and Q u in tan i lha  (1970) 

t and Q u in tan i lha  (1972) in t h e i r  f o rm u la t io n  o f  the f i r s t  and second” 

o rder  i n t e r a c t i o n s  use the usual express ions  from e l a s t i c i t y  theory 

( i . e .  neg lec t in g  the p e r tu rb a t io n s  to  t(i due to the imposed s t r a i n )  

and then use p e r t u rb a t i o n  techniques on the t o ta l  f r e e  energy to  

de termine the f i r s t  and second-ordor  i n te r a c t io n s  in the perturbed 

approx imat ion .  They conclude tha t  the unperturbed approx imat ion is  

probably  v a l i d  f o r  t < 0.9 .  Th is  ir. c e r t a i n ! y  In agreement w i th  

Labusch (1968 ) f o r  the f i r s t - o r d e r  i n t e r a c t i o n  but may not be f o r  

the second-order.
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For the p re s e n t , in t h i s  i n v e s t i g a t i o n ,  the second-order i n t e r ­

a c t io n  w i l l  be considered on ly  in the unperturbed approx imat ion .  [  In 

chapter  5 exper imenta l  r e s u l t s  w i l l  be in ves t iga ted  to  e s ta b l i s h  

whether any anomalous behaviour occurs fo r  t  > 0.9.  The p e r tu rb a t io n  

Is expected to  enhance the in t e r a c t i o n  (Q u in tan !1 ha, 1972). ]

In t h i s  approx imat ion

6%2 d^ r  3,33

where the tensor  n o ta t io n  o f  equat ions  3-4 and 3•32 has been replaced 

by the m a t r i x  n o ta t io n  so t h a t  the ind ices I and j  now run from 1 to 6.

For a cub ic  m a te r ia l  (e .g .  niobium) the on ly  non-van ish ing e l a s t i c  

constants  Cjj are ^  and C^. . These have been measured

f o r  niobium in the superconduct ing and normal s ta tes  by A le rs  and 

Waldorf  (1962) and t h e i r  temperature dependence In the superconduct ing 

s t a te  Is apparen t ly  s im i l a r  to  tha t  f o r  6g (see previous  sec t ion )  

excep t th a t  there are  no d i s c o n t i n u i t i e s  in the shear cons tants  a t  

t  1 (P ippard , 1955 and f o r  f u r t h e r  d iscuss ion  see Campbell and 

E ve t ts ,  1972) .

In accordance w i t h  the above c ons ide ra t ion s  the, sp a t ia l  and 

temperature dependences o f  6C y  w i l l  be assumed w i th  some conf idence 

to  be given by

6 C " j ( t )  = 6 C " j ( t  " 0 ) ,  [ H ; ( t ) / H g ( 0 )  ] 3 '34

f F o r  convenience the e l a s t i c  constants  are u s u a l l y  expressed in terms 

o f  the combinat ions C ^ ,  C  "  ( C ^ - C ^ ) / %  and Cg "  (C ^  -I* 2C12) /3  which 

g iv e  r e s p e c t i v e ly  the res is tance  to deformat ion  by shear across a 

{100} plane In the <010> d i r e c t i o n ,  across a {110} plane in the <110> 

d i r e c t i o n  and by un i fo rm h y d r o s t a t i c  pressure .  The changes which 

occur  in these constants  at  the normal-superconduct ing t r a n s i t i o n  in 

zero magnetic f i e l d  are i n fe r r e d  by Quintan! Iha (1972),  from the
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exper imenta l  re s u l t s  o f  Armstrong, Dickenson and Brown (1966) and 

A le rs  and Waldor f  ( 1962 ) ,  to be 6Cg(t  ^  0 ) « 2.3 x 10^ dynes cm ^ , 

6 C g ( l ) at 1.7 x 10^ dynes cm ^ , 6C (0) — 1.1 x 10^ dynes cm 2 ,

6C1 (1) *= 0, «  4.0 x 10^ dynes cm 2 and 6 C ^ ( 1 ) =• 0. ]

F i n a l l y  s u b s t i t u t i n g  f o r  6 u . j ( t )  from equat ion 3.34 in to  equat ion 

3-33 and expanding gives ( ig n o r in g  van ish ing terms) f o r  the second- 

o rde r  i n t e r a c t i o n

SEg =  + rig) (60,1 + 260,%) + (n* + ng + n ^ c c ^ ]  I V i l V r

3 . 3 5

Revert ing to  usual n o ta t io n ,  making app ro p r ia te  s u b s t i t u t i o n s  and 

d i f f e r e n t i a t i n g  w i th  respect to 7 ^  x + y gives the maximum second- 

o rde r  p inn ing  fo rce  as

i C ^ V 0 ) ]  l * o l 2 < | 3 r ]  3 . 3 6
max

where |i|/Q|^  is given approx imate ly  by equat ion 3 «9 in Ch« high f i e l d  

regime (b > 0.4)  and by equat ions  3-7 or  3 .15 a t  low f i e l d s . The 

second-order i n t e r a c t i o n  is always re p u ls iv e  sI nee i t  Is q ua d ra t i c  in 

the s t r a i n  and 6Cj j  ^  C?j "  c f j  > 0.

The I n te r a c t i o n  energy SE^ f o r  an I so la ted  f 1uxon and a p a r a l l e l  

edge d i s l o c a t i o n  has been determined in the above unperturbed a p p ro x i - 

mat I on by Kramer and Bauer (1967).  For |$| they use the r e s u l t  o f  

equat ion 3-15 which is  due to them. For t i l l s  case Kramer and Bauer 

g i v e  a f i g u r e  which comparer, S l ip  6Eg and 6E^ h> GE. along the y ax is  

(see f i g u r e  3 «6) and which is reproduced hero in f i g u r e  3 . 7 .  As 

expected 6Eg f a l l s  o f f  f a r  more r a p id l y  than GE,, In accordance w i th  

prev ious c ons ide ra t ion s  i t  is  expected th a t  the re s u l t a n t  p inn ing  fo rce
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due to  the combined i n t e r a c t i o n . ( i . e .  5E^ + SE^) w i l l  have a p p ro x i ­

mate ly (except as t  -> 1) the same temperature dependence as the 

f i r s t - o r d e r  p inn ing  fo rc e ,  v i z ;  approx imate ly  as H^( t )  (equat ions 

3.21 and 3 .31 ) .  I t  is moreover obvious from f i g u r e  3.7 even a l low ing  

f o r  some u n c e r t a in t y  in the magnitude o f  SE^ tha t  the f i r s t  and 

second-order p inn ing  fo rces  are o f  the same magnitude.

The model o f  Webb (1963) f o r  the second-order i n t e r a c t i o n  

between an i s o la te d  f luxon  and a perpend icu la r  screw d i s l o c a t i o n  

p r e d i c t s  a temperature dependence' f o r  the p inn ing  fo rce  which is  the 

same as t h a t  obta ined above. With the except ion o f  F ie tz  and Webb
•3 / 0

( 1969) ,  who s ta te  t h a t  i t  should vary as i t  has g e n e ra l l y  been

assumed th e re fo re  t h a t  f o r  the e l a s t i c  i n te r a c t io n s  p ( t )  « H ( t ) ,r m c

This  assumption is  not j u s t i f i e d  however, as i t  is based on i n t e r a c t io n s  

between i so la ted  f 1uxons and d i s l o c a t i o n s .  Thus cons ider  the case o f  

the pe rpend icu la r  i n t e r a c t i o n  mentioned above : Even a t  moderate f luxon  

d e n s i t i e s  a s in g le  segment o f  screw d i s l o c a t i o n  may i n t e r a c t  w i th  

more than one f l u x o n .  The t o t a l  i n t e r a c t i o n  fo rce  w i l l  t h e re fo re  

increase in p ropo r t ion  to a ^  zn [  b.Bc2 (t)/<j>o ]  ^ . To i l l u s t r a t e  t h i s  

the p inn ing  fo rce  per u n i t  length  o f  screw d i s l o c a t i o n  is der ived in 

appendix A1(c) f rom equat ion 3.36 f o r  the regime b > 0 .4 .  The f i n a l  

r e s u l t  (equat ion C6a) gives

P * ( b , t )  =  (1 /3 /3 )  [ c ^ b ^ ] 2 [ / 2  H ^ ( t ) / c , ( t )  H^tO)]  SC^(O) x

(1 -  3 .37

*  This r e s u l t  is in r e a l i t y  q u i t e  t r i v i a l  and p re d ic ts  s imply  tha t  the 

pinn ing  fo rce  increases in p ropo r t ion  to  the number o f  f luxon  i n t e r ­

ac t ions  along the length  o f  the d i s l o c a t i o n  segment. However, i f  

t h i s  length  is o f  o rder  aQ t h i s  r e s u l t  is  probably b e t te r  used in 

the regime b > 0.4 than the r e s u l t  o f  Webb ( loc .  ci t . ) .
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o r

p ! ( M )  =  B c 2 3 / 2 ( t ) / K l ( t ) . b * ( l  -  b)' 3 .38m

As another example, cons ider  the case o f  a small region (dimensions 

<R> < aQ) o f  t i g h t l y  tangled d i s l o c a t i o n  c o n s is t i n g  o f  d i s l o c a t i o n  

d ip o le s  o r  m u l t i p o le s .  The long range s t r a i n  f i e l d  f o r  such a region 

Is very  smal l .  W i th in  the region the f i r s t - o r d e r  i n t e r a c t i o n  c o n t r i ­

bu t ions  w i l l  tend to  cancel w h i le  the second-order c o n t r i b u t i o n  may be 

ve ry  la rge .  To a f i r s t  approx imat ion the in t e r a c t i o n  energy in t h i s

case may be expressed as

^ 6
62% % [  < n v ' 6Cg> + % ;  < n ; . 6C ^ > ]  v  3 . 3 9

i=4

where the q u a n t i t i e s  between the bras and k e t t s  are the average values 

o f  the parameters over  the volume V o f  the  reg ion.  In the range 

b < Q.h:  s ince  6C%|^| the c h a r a c t e r i s t i c  d is tance  over which 6C w i l l

vary  is  5 =  ( ^ /Z t tH ^ ) 2 and the maximum p inn ing  fo rce  w i l l  be

p ^ ( b , t ) =  dEg/S " H c ( t ) H ^ ( t )  = H ^ ^ ( t ) / K , ( t )  3.40a

In the range b > 0 .4 :  the c h a r a c t e r i s t i c  d is tance  w i l l  be

aQ =  ( ^ / b B ^ ) ^  and again (see equat ion 3 . 3 7 )

Pm « [ H c 2 3 / 2 ( t ) / K , ( t ) ]  b * ( l  -  b) 3.40b

This  case w i l l  be considered in more d e t a i l  in chapter 5* From

prev ious cons ide ra t ions  however i t  w i l l  be noted th a t  t h i s  type o f  

s i t e  w i l l  a lso  g ive  r i s e  to  a 6 k  i n t e r a c t i o n  which w i l l  be a t t r a c t i v e  

(see l a t e r ) .

In conc lus ion i t  should be res ta ted  t h a t  the above d iscuss ion  o f  

the var ious  p inn ing  in te r a c t io n s  is not exhaust ive .  However, a l l  tb 

s a l i e n t  fea tu res  are included and var ious o ther  poss ib le  mechanisms, 

some o f  which are c e r t a i n l y  not a p p l i c a b le  in the present i n v e s t i g a t i o n ,
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are discussed in the e x c e l le n t  rev iew a r t i c l e s  p re v io u s ly  ment ioned,

3.3 The summation problem

Consider a specimen con ta in ing  a volume d e n s i t y  o f  randomly 

d i s t r i b u t e d  d i s c r e t e  p inn ing  s i t e s  which may be p o i n t - l i k e  o r  shor t  

l i n e  segments and which have dimensions, normal to  the f lu x o n s ,  which 

are sm a l le r  than the f 1uxon spacing aQ. A l low  each p inn ing  s i t e  to  

be capable o f  e x e r t i n g ,  under ideal  c o n d i t io n s ,  a maximum p inn ing  fo rce  

Pm on a f 1uxon. An obv ious way to  express the expected p inn ing  fo rce

d e n s i t y  (see f o r  example F ie tz  and Webb, 19 6 9 ) is  then

where v is some e f f i c i e n c y  f a c to r  which must be determined f o r  each 

p inn ing  s i t u a t i o n .  In general v w i l l  depend e x p l i c i t l y  on p^,  on the 

geometry o f  the p inn ing  s i t e s  and on the f 1uxon l a t t i c e  e l a s t i c  

moduli and i m p l i c i t l y  on the p inn ing  s i t e  d e n s i t y ,  N^.

In the d i l u t e  l i m i t  v can be determined from the model o f  Labusch 

( 1969b) (see f o r  example Fi etz and Webb, ( loc.  c i t . )  Campbell and Evetts  

1972, Sect ion 3 .3 '1  and chapter  5 ) .  In the concentra ted l i m i t  .the 

de te rm ina t ion  o f  v is ve ry  d i f f i c u l t  except in some very spec ia l  cases 

which w i l l  be discussed in sec t ion  3 .3 .2 .

The c r i t e r i o n  f o r  the d i l u t e  l i m i t  in the case o f  a random 

d i s t r i b u t i o n  o f  small ( r e l a t i v e  to  aQ) p o i n t - l i k e  p inn ing  s i t e s ,  accord 

ing to  Campbell and Eve tts  (1972),  is tha t  the mean p inn ing  s i t e  

separa t ion  is such tha t  the d is tance  between two s i t e s  which may 

opera te  s imu l taneous ly  is  lOa^, so that

where d is  the e f f e c t i v e  p inn ing  range o f  the p inn ing  s i t e .  (For

3.41

N < 7 x l o “ 5/a  d2 v o 3.42

niobium a t  B == 2Kgauss tak ing  d =* aQ c* 10 "’em gives < lO ^cm  \ )
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are discussed in the e x c e l le n t  review a r t i c l e s  p re v io u s ly  ment ioned.

3.3 The summation problem

Consider a specimen con ta in in g  a volume de n s i t y  o f  randomly 

d i s t r i b u t e d  d i s c r e t e  p inn ing  s i t e s  which may be p o i n t - l i k e  o r  shor t  

l i n e  segments and which' have dimensions, normal to  the f lu x o n s ,  which 

are sm a l le r  than the f luxon  spacing aQ. A l low  each p inn ing  s i t e  to 

be capable o f  e x e r t i n g ,  under ideal  c o n d i t i o n s ,  a,maximum p inn ing  fo rce  

Pm on a f lu x o n .  An obvious way to  express the expected p inn ing  fo rce  

d e n s i t y  (see f o r  example F ie tz  and Webb, 1369) is then

Pv - N v Pm v . 3.41

where v is  some e f f i c i e n c y  f a c to r  which must be determined f o r  each 

p inn ing  s i t u a t i o n .  In general v w i l l  depend e x p l i c i t l y  on p^,  on the 

geometry o f  the p inn ing  s i t e s  and on the f luxon  l a t t i c e  e l a s t i c  

modul i and i m p l i c i t l y  on the p inn ing  s i t e  d e n s i t y ,  N^.

In the d i l u t e  l i m i t  v can be determined from the model o f  Labusch 

(1969b) (see fo r  example F ie tz  and Webb, ( loc.  c i t . )  Campbell and Eve t ts ,  

1972, Sect ion 3.3-1 and chapter  5 ) .  In the concentra ted l i m i t . t h e  

de te rm ina t ion  o f  v is  very  d i f f i c u l t  except in some very spec ia l  cases 

which w i l l  be discussed in sec t ion  3 . 3 -2 .

The c r i t e r i o n  f o r  the d i l u t e  l i m i t  in the case o f  a random 

d i s t r i b u t i o n  o f  small ( r e l a t i v e  to  aQ) p o i n t - l i k e  p inn ing  s i t e s ,  accord­

ing to  Campbell and Evetts  (1972), is  tha t  the mean p inn ing  s i t e  

separa t ion  is such tha t  the d is tance  between two s i t e s  which may 

opera te  s im u l taneous ly  is lOa^, so tha t

lNv < 7 x 10_5/ a od2 3.42

where d is the e f f e c t i v e  p inn ing  range o f  the p inn ing  s i t e .  (For 

niobium a t  B =  2Kgauss tak ing  d t* aQ c* 10 "’ em gives Nv 5 iQ ^cm  ^ . )
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3.3*1 The d i 1ute l i m i t

As p re v io u s ly  mentioned the re  are two approaches which have been 

Used to  o b ta in  expressions f o r  the bu lk  p inn ing  fo rce  d e n s i t y  in

t h i s  l i m i t ,  v i z :  the s t a t i s t i c a l  and the dynamical methods. In t h i s

sec t ion  on ly  the s t a t i s t i c a l  method w i l l  be discussed since the f i n a l  

r e s u l t  does not depend on the method i f  the assumptions, which are 

u s u a l l y  made concerning the geometry and d i s t r i b u t i o n  o f  the bas ic  

p inn ing  s i t e s ,  are used (see Campbell and Eve t ts ,  1972). These 

assumptions may be summarized as f o l l o w s :

( i )  The s i t e s  behave as po in t  fo rces .

( i i ) The i n t e r a c t i o n  range d o f  a s i t e  is much less than the 

f 1uxon l a t t i c e  parameter ( i . e .  d «  aQ) .

( i i ; )  The s i t e  s a t i s f i e s  the th resho ld  c r i t e r i o n  (see l a t e r ) .

( i v )  The s i t e s  are s u f f i c i e n t l y  weak and/or  wel l  separated th a t  

t h e i r  fo rce  f i e l d s  do not o v e r la p ,  i . e .  they are in the d i l u t e  l i m i t .

I t  w i l l  be argued in chap te r  5 however tha t  assumption ( i I ) i s ,  

in p r a c t i c e ,  not tenab le  in low k m a te r ia ls  and is o f  o n ly  l im i te d  

a p p l i c a b i l i t y  in high k m a te r i a ls  nnd t h a t  t h i s  has res u l ted  in 

in cons is ten c ies  in the a p p l i c a t i o n  o f  the above models to  c e r ta in  

exper imental  s i t u a t i o n s .  For the present however the usual expression 

f o r  Pv as p red ic ted  by the s t a t i s t i c a l  node! w i th  a l l  o f  the above 

assumptions w i l l  be der ived and var ious  o ther  cons ide ra t ion s  w i l l  

be discussed l a t e r  in chapter 5.

The bas is  f o r  the s t a t i s t i c a l  model may be understood from the 

f o l l o w in g  argument: Consider a random th ree dimensional  a r ray  o f  po in t  -

f o rc e  p inn ing  s i t e s  in a r i g i d  regu la r  f 1uxon l a t t i c e .  On average i f  

each i n t e r a c t i o n  fo rc e  between a s , t e  -id a f Iuxon is  summed v e c t o r i a l l y  

the n e t t  r e s u l t  w i l l  be zero and the bu lk  p inn ing  fo rce  w i l l  t h e re fo re
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a lso  be zero .  Thus in order  to  ob ta in  a f i n i t e  i t  i s  necessary

f o r  the f lu xon  l a t t i c e  to  d i s t o r t  inhomogeneously in response to  the

bas ic  i n t e r a c t i o n  fo rces  due to  the p inn ing  s i t e s .  This concept and

i t s  f o rm u la t i o n ,  an a ly s is  and s o l u t i o n  are  due to  Labusch ( 1969b) .

I t  is  too long and complex f o r  more than a very b r i e f  summary. Thus

in essence, Labusch c a lc u la te s  a response fu n c t io n  G'(0) which is  the

displacement o f  a f lu x o n  ( s t a b i l i s e d  in i t s  e q u i l i b r i u m  p o s i t i o n  by a

pa rab o l i c  p o te n t ia l  due to the sur rounding f luxons )  in response to  a

p o in t  fo rce  a c t i n g  a t  the cent re  o f  the f lu x o n .  G1( 0) is  ca lcu la ted

f o r  th ree  regimes o f  a parameter a which is def ined as the mean value 
0

o f  V u over  a l l  the f luxons  where u is the i n t e r a c t i o n  p o te n t ia l  per 

u n i t  length  between the  p inn ing  s i t e s  and the f luxons .  For a small 

(compared w i t h  the f luxon  l a t t i c e  shear constant  C ^ )  the i n t e r a c t io n  

w i t h  the p inn ing  s i t e s  does not s i g n i f i c a n t l y  e f f e c t  the t r i a n g u l a r  

symmetry o f  the f luxon  l a t t i c e  and the so c a l le d  ' l a t t i c e  approxima­

t i o n '  o b ta in s .  For h igher  values o f  a the so c a l le d  ' f l u i d '  and 

' s i n g l e  f l u x o n '  approximat ions o b ta in .  These l a t t e r  are not considered 

to  be importan t except a t  very  low f luxon  d e n s i t i e s ,  i . e .  near H  ̂ and 

c l  so near where decreases q ua d ra t i ca l  l y  to  zero (see Appendix 

A1 ( d ) ) .  For the  l a t t i c e  approx imat ion ( a / C ^  «  1) Labusch gives

G'(0) -  (V'br1)(B/*0)1 [ (C^C,,)"1 + (C^C^)"1] 3.43

which is independent o f  <%.

A complex s t a t i s t i c a l  an a ly s is  is then done to determine a 

fu n c t io n

p U)  P0 Ds t ( l  + G1 (0)v2B(5))  3.44

which is the d i s t r i b u t i o n  f u n c t io n  f o r  f lu x o n  e ’ ements, a f t e r  the 

i n t e r a c t i o n  has been switched on, a t  a d is tance  § from a p inn ing  s i t e ,
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fo r  which the den s i t y  is p and the p inn ing fo rce  is

+00

u(c)dz
- 0 0

where z is col l i n e a r  w i th  the f Iuxons  .

The c r i t i c a l  s t a te ,  i . e .  when the bu lk  p inn ing  fo rce  is  equal to  the 

d r i v i n g  fo rce ,  is  now obta ined by summing over  p o s i t i v e  values o f  

p (?) w i th  the d r i v i n g  fo rce  inc reas ing  u n t i l  a maximum value pc is 

reached. The bu lk  p inn ing  fo rce  d e n s i t y  P is  then given by

c a r r i e d  out on ly  to f i r s t - o r d e r  in the de fec t  dens i ty  pQ(§) .

Labusch po in ts  out  t h a t  as the de fec t  concen t ra t ion  increases higher  

o rde r  func t ions  are requ i red  so t h a t , f o r  example, a second-order 

c a l c u la t i o n  would requ i re  the a u x i l i a r y  f u n c t io n  p , Gg) which is  the 

p r o b a b i l i t y  tha t  p inn ing  s i t e s  w i l l  be found s imu l taneous ly  a t  

d is tances  and ^  from the f lu xon  e lement . ] ,

F i n a l l y ,  in o rde r  to  o b ta in  an e x p l i c i t  a n a l y t i c  express ion fo r  

the bu lk  p inn ing  fo rce ,  Labusch chooses a convenient form f o r  the 

p inn ing  p o te n t ia l  v i z :

where d c ha rac te r ises  the w id th  o f  the s i t e .

The f i n a l  r e s u l t  is shown g r a p h i c a l l y  in f i g u r e  3 . 8  (mod if ied

pv G  ( G / t o ^ P c  "  J  V e ( 5 ) p c ( 5 ) d §  3 . 4 5

[T h is  express ion is  v a l i d  o n ly  in the d i l u t e  l i m i t  s ince  i t  has been

e(G) -  eg[ 1 -  ( 2 / 3 ) ( S ^ / d * )  + ( l / 9 ) ( s ' * / d \ ]  fo r  S/d < /3

and e(c) “  0 f o r  C/d > / 3 , 3.46

from Labusch, 1969b) .  [  ?.N d ^  pQ is the dens i ty  o f  s i te s  per u n i t

area.  ]

Thus according  to the model; f o r  G ' (o )p^ /d  4  2 /3 ;  P^ == 0, i . e .
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X

ECL

2 / 3 8 / 3

G'(0)pm/ d

F igure  3 .8 .  The v a r i a t i o n  in the reduced bu lk  p inn ing  force  d e n s i t y ,  due to  an

elementary p inn ing  s i t e ,  as a fu n c t io n  o f  the reduced displacement o f  

a f iu x o n .  For small d isp lacements ,  I . e .  small pm o r  d the p inn ing  

s i t e s  become I n e f f e c t i v e  and the bu lk  p inn ing  fo rce  dens i ty  f a l l s  

to zero,  (From Labusch, 1969b) .
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the re  is  no e l a s t i c  i n s t a b i l i t y  ind consequent ly  no d i s s i p a t i o n ,  and 

f o r  G1 (0)pm/d  8 /3 :  Py is given by

Pv - - 2 Nvd Pm2G' ( 0 , / a =2

S u b s t i t u t i n g  f o r  G1(0) from equat ion 3.43 and a' =  /bB g) gives

Pv -  ( V 2 , h N vd P ^ b B c 2 / * o ) 3 / 2  [ ( c 1|1(c n ) - i  + ( C ^ f i ]  3 .4 7

The e f f i c i e n c y  f a c t o r  v (see prev ious  sec t ion  3.3* equat ion 3.41) can 

e a s i l y  be seen to  be given in t h i s  case by

v G ' ( 0 ) d / a ^

caZUgd/aqZ 3 ,48

where uq =  p^G'(o) is  the average displacement o f  a f lu x o n  in

response to  a p inn ing  s i t e .  Th is  expression  f o r  v can be in te rp re te d

p h y s i c a l l y  (see a l . o F ie tz  and Webb ( lo c .  c i t . )  and Webb, 1971) In the

fo l l o w in g  ra th e r  o v e r - s im p l i f i e d  manner. Thus: the p r o b a b i l i t y

t h a t  a s i t e  is  w i t h i n  i n t e r a c t i o n  d is tance  d o f  a f luxon  is  approx*~ 
o 2

mate ly  d / a  ( I t  w i l l  be re c a l l e d  tha t  the l a t t i c e  approximat ion 

o b ta ins )  and the remaining f a c t o r , I . e .  uQ/ d , is  re la te d  to the th resho ld  

c o n d i t i o n  which requ i res  a c e r t a in  minimum r e l a t i v e  d i s t o r t i o n  o f  the 

f luxon  fo r  an i n e l a s t i c  i n t e r a c t i o n ,  From f i g u r e  3,8 the th resho ld  

c o n d i t io n  Is seen to be given approx im ate ly  by

G '(0 )  p y d  % 2 /3  o r  u / d  & 2 /3

and the c r i t i c a l  p inn ing  fo rce  p is t h e r e fo re  g iven ,  s u b s t i t u t i n g  f o r  

G1(0) from equat ion 3.43, by

PBC » ( 8 , ^ / 3 ) d V O c z ) 4 [ ( c4,,Cn ) - *  + ( C , , , , ^ ) ' 4 ] 3.49a

or  us ing the approx imat ion o f  appendix A1(d)

Pmc > O ' Id  ] b ^ t l  -  b) 3.49b
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S u b s t i t u t i n g  d sa aQ/ 5  — b =  0 , 5  and f o r  niobium at

T — 4.2K (see chapter  5 ) ;  B^^ =  2.7 x 1O^gauss and “  1*73« gives

-6
Pmc ^  x 10 dynes

which is a f a c to r  o f  app rox im ate ly  4 x 10 la rg e r  than Webb's ( I 963 )

p r e d i c t i o n  f o r  the pe rpend icu la r  f 1uxon-screw d i s l o c a t i o n  i n t e r a c t i o n .

Also on the very crude approx imat ion t h a t  the c r i t i c a l  p inn ing  fo rce
0

per u n i t  leng th  o f  l i n e  fo rce  pmc f o r  a l i n e  o f  e f f e c t i v e  leng th  

10 ^cm Is then a  4 .3  x 10 2 dynes cm ^ » which is  a f a c t o r  o f  

app rox im ate ly  50 l a rg e r  than the p r e d i c t i o n  f o r  the p a r a l l e l  f l u x o n -  

edge d i s l o c a t i o n  in t e r a c t i o n  (equat ion 3 , 25 ) .

The model o u t l i n e d  above may be m od i f ied ,  under c e r t a in  cond i ­

t i o n s ,  to  trake p r e d i c t i o n s  f o r  the p inn ing  fo rce  den s i t y  due to  an 

a r ra y  o f  1 1ne - fo rc e  p inn ing  s i t e s  which are long r e l a t i v e  to  aQ.

The displacement u o f  an i s o t r o p i c  continuum a t  the po in t  o f  a p p l i c a -
0

t i o n  o f  a l i n e  fo rce  pm per u n i t  length  is w e l l  known and is  given by

Ug =  [ (3 -  v )p *  l n ( R / r )  ] /Bnpe 3 ,50

where u is the a p p ro p r ia te  e l a s t i c  modulus and R and r are 

re s p e c t i v e ly  the o u te r  and inner c u t - o f f  r a d i i  o f  the fo rce  f i e l d .

For a l i n o  fo rce  pe rpend icu la r  to  the f luxon  l a t t i c e  yQ is given (see 

f o r  example Campbell and Evebts , 1972) by

W* «  ( 5 / 4 ) 0 , ,  3,51

For the p a r a l l e l  case y is given (Good and Kramer, 1970) by
0

>'e | |  =  t  p J  / c 66 3 ' 52

where R Is taken to  be. h a l f  the d is tance  between the l i n e  fo rces  and 

is the shear modulus (see appendix A (d ) ) .  Good and Kramer ( lo c ,



c i t . ) ,  using the dynamic approach, o b ta in  an express ion f o r  the 

p inn ing  fo rc e  dens i ty  f o r  t h i s  case (assuming the l i n e  fo rces  are 

d i s l o c a t i o n s )  which they g ive  as

Pv “  [  0.1 p t p y . W * , /  ln (R /a0) ]  /C66 3-53

M 0
where p is the d i s l o c a t i o n  d e n s i t y  (cm ) .  However, f o r  niobium 

w i t h  b % 0 .4 ,  Cg£«( l-*b)2 (appendix Aid)  and p(]) « (1 -b )  (sec t ion  3.2) 

equat ion 3.53 p re d ic ts  Pv « b^ in (R b i )  i . e .  monotonical1y  in c reas ­

ing w i th  b f o r  a l l  b. This has not been observed e x pe r im e n ta l ly  under 

any circumstances and emphasizes two aspects which should be con­

s ide red ,  v i z :

( i )  The lo g a r i t h m ic  dependence o f  uq on R (equat ions 3.52 and 3.53) 

im p l ies  th a t  the fo rce  f i e l d s  o f  the p inn ing  s i t e s  ove r lap  even a t  

moderate l i n e  dens i ty  thus p rec lud ing  the use o f  a d i l u t e  l i m i t  model. 

( i 1) D is lo c a t ions  a re  r a r e l y  s t r a i g h t  and p a r a l l e l  a long d is tances  

o f  more than 10 ** to  10 ^ cm so th a t  a proper l i n e  fo rce  response is  

not l i k e l y  to  occur .  However, a f k ix o n  may I n te r a c t  w i t h  many s ho r t  

segments o f  l i n e  p inn ing  s i t e s  ( f o r  example d i s l o c a t i o n s )  along i t s  

le ng th  and the response o f  the f luxon  l a t t i c e  may then be in te rm ed ia te  

between the po in t  and l i n e  fo rce  p re d i c t i o n s .  Synchronous p inn ing  

e f f e c t s  may a lso  occur  in t h i s  case, Th is  w i l l  be discussed in the 

next sec t ion .

3.3*2 The concentra ted l i m i t

Campbell and Evetts  (1972) discuss t h i s  l i m i t  and the re la ted  

s o -c a l l e d  'match ng1 and 'synchronous e f f e c t s '  in some d e t a i l .  Except 

f o r  these l a t t e r  two cases the problem o f  the concentra ted l i m i t  is 

ex tremely compl ica ted .  An in d ic a t i o n  o f  how f o r  the general case, the 

problem may be approached has been given by Labusch ( 1969b) .  The 

m a jo r i t y  o f  models which have been developed fo r  t h i s  l i m i t  however



s i m p l i f y  the problem by ignor ing,  the f luxon  l a t t i c e  r i g i d i t y  ( i . e .  

e f f e c t i v e l y  p u t t i n g  v 1=2 1 in equat ion 3 .41 ) .  Exceptions to  t h i s  are 

the models o f  Nabarro and Quintan! 1 ha (1970) and t . i t a n i l h a  (1972) 

and a lso  o f  Kramer (1973)• These w i l l  be discussed l a t e r .

Hatch ing e f f e c t s  occur  when the d i s t r i b u t i o n  or  phys ica l  s ize  o f  

the p inn ing  s i t e s  is approx imate !y  un i fo rm and a lso  scales w i t h  an 

in te g e r  m u l t i p l e  o f  the f luxon  l a t t i c e  parameter a . This e f f e c t  

was not expected o r  observed in the present i n v e s t i g a t i o n  and w i l l  

t h e re fo re  not be considered f u r t h e r .

Synchronous p inn ing  may r e s u l t  when the s t reng th  o r  d e n s i t y  o f  

the p inn ing  s i t e s  is  very  la rge  o r  when one o r  more o f  the e l a s t i c  

modul i o f  the f luxon  l a t t i c e  becomes very smal l .  The shear modulus 

is  small r e l a t i v e  to  and and moreover decreases quadra t i~  

c a l l y  w i th  b f o r  b > 0.4 (see appendix 1A(d)) .  Synchronous p inn ing  

is t h e re fo re  l i k e l y  to  occur when the p inn ing  s i t e s  are l i n e  forces 

(or  segments o f  l i n e  forces along in d iv id u a l  f luxons)  a l igned  p a r a l l e l  

to  the f 1uxons since the f luxon  l a t t i c e  response 1n t h i s  case is 

I n v e r s l y  p ropo r t ion a l  to  C,g (equat ion 3 .52 ) .  Pippard (1969) suggests 

t h a t  the  s o -c a l l e d  'peak e f f e c t 1, which occurs f o r  b 1 i s  due to 

t h i s  mechanism.

Genera l ly  synchronous p inn ing  occurs when i t  is  favourab le  f o r  the 

e n t i r e  f luxon  l a t t i c e  to re lax  onto  the a v a i l a b le  p inn ing  s i t e s  in such 

a manner tha t  the p inn ing  s i t e s  r e a l i z e  t h e i r  maximum e f fe c t ive n e ss  

( i . e .  v ■> 1 in equat ion 3.41) so tha t

V - V n ,  3.511

This w i l l  be discussed f u r t h e r  in chapter  5,

A few o f  the more re levant  models f o r  the p r e d i c t i o n  o f  the 

bu lk  p inn ing  fo rce  den s i t y  Pv ( t i , t )  due to  high den s i t y  ar rays  o d i s -
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lo c a t i o n  w i l l  now be o u t l i n e d  b r i e f l y .

Coffey ( l 9 6 7 ) c a l c u la te s  the p inn ing  fo rce  d e n s i t y  on the 

assumption th a t  a l l  p inn ing  s i t e s  are a c t i v e  and th a t  the bas ic  p inn ing  

Is due to  e le c t r o n  k i n e t i c  energy e f f e c t s .  He ob ta ins

P y ( b , t )  =  8^ ( 8 ^ 3 / 2  ( t ) / K 2 ( t ) ) . b * ( l ~ b )  3 .5 5

where B is  the induc t ion  a t  which the f 1uxon d e n s i t y  is equal to  the 
P

p inn ing  s i t e  d e n s i t y  per u n i t  a re a . However, when the p inn ing  s i t e  

den s i t y  is g re a te r  than the f 1uxon d e n s i t y , m u s t  be replaced by B 

and then

Py(b,t)  = b3/ 2 (i _ b) 3.56

Baramidze and Sara l idze  (1970) c a l c u la te  the p inn ing  f o rc e  

d e n s i t y  due to  the  f i r s t - o r d e r  e l a s t i c  i n t e r a c t i o n  r e s u l t i n g  from a 

high d e n s i t y  o f  randomly d i s t r i b u t e d  edge d i s l o c a t i o n s  a l igned  

p a r a l l e l  to  the  f luxons .  The d i l a t i o n  in the c r y s ta l  l a t t i c e  due 

to the  d i s l o c a t i o n s  expressed in terms o f  a p r o b a b i l i t y  d e n s i t y  

f u n c t io n  and the p inn ing  fo rce  de n s i t y  is  obta ined by d i r e c t  

summation i . e .  ignor ing  the f 1uxon l a t t i c e  r i g i d i t y  (v — 1 in

equat ion 3 ,41 ) .  The i r  f i n a l  r e s u l t  may be expressed as

P v ( b , t )  =  ( A V / V ) K b ^ . ( b . B ^ 2/ * Q )  f ( x )  3 . 5 7

where aV/V is  the r e l a t i v e  change in the volume o f  a u n i t  c e l l  at  the 

superconduct ing -  normal phase t r a n s i t i o n ,  k is the bulk modulus, bQ 

is the Burgers vec to r  and f ( x )  is the p r o b a b i l i t y  dens i ty  f u n c t io n  

where x ~ (gp) ^ and p is  the d i s l o c a t i o n  d e n s i t y .  Now 

AV/V =  Sev «(Hc2 ( t ) / i c 1 ( t ) )  (1-b) (sec t ion  3.2) and f o r  k »  1 the 

p inn ing  fo rce  dens i ty  dependences on b and t  are given approx imate ly  

by

Pv ( b , t )  ec(Bc2 ( t ) / K 1 ( t ) )  , b ( l - b )  3 .5 8
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The model p re d ic ts  a maximum in i n t e r a c t i o n  energy per f luxon  o f  

""8 ™* 1approx imate ly  10 ergs cm when the average separa t ion  between the 

f luxons  is  1.75. This l a t t e r  r e s u l t  is impor tant  and r e f l e c t s  the 

f a c t  t h a t  the p inn ing  fo rces  cannot vary over d is tance  sma l le r  than 

5 s ince  any v a r i a t i o n  in the superconduct ing parameters (due to  s t ress  

o r  o therw ise)  over  such d is tances  w i l l  be e f f e c t i v e l y  smoothed ou t  by 

the coherence e f f e c t s .

f iabarro and Quintan i I ha (1970) c a l c u la te  the f i r s t  and second- 

o rde r  i n te r a c t io n s  f o r  a un i fo rm a r ra y  o f  edge d i s l o c a t i o n s  (a l igned  

p a r a l l e l  w i t h  the f luxons )  which is assumed to  produce a p e r io d ic  

s t r a i n  f i e l d  in an xy plane given by

ed ^  (s in  kx + s in  ky) -3.59
2

where k = p  is  the d i s l o c a t i o n  d e n s i t y .

Q u in ta n !1 ha (1972) discusses the model in more d e t a i l  and 

extends the c a l c u la t i o n  to  inc lude  the pe rpend icu la r  f 1uxon -d is loca -  

t i o n  i n t e r a c t i o n  ( I . e .  f luxons  along X 'o r  y ) . The e l a s t i c i t y  o f  the 

f luxon  l a t t i c e  is i m p l i c i t l y  inc luded In the model and p e r tu rb a t io n  

e f f e c t s  due to  the s t r a i n  f i e l d  on the c u r re n t  contours around the 

f lu x o n  are  a lso  considered and are  found to  be impor tant  on ly  f o r  

t  > 0.99- The f i n a l  expressions f o r  the p inn ing  fo rc e  d e n s i t y  in 

these works are In terms o f  s p e c i a l l y  de f ined parameters and t h e re ­

f o r e  f o r  the present purpose the express ions have been reduced to  show 

the dependences o f  Pv on B g f t ) ,  K , ( t ) ,  b and p. Thus:

For smal1

P ( b , t )  « P ( b , t )  a p^B „ ( t )K ,  ( t )  b fo r  t b x ( l - b )  f o r  b > 0J;  
v j j v | cz, 1 C r 1

3.60a

and P ( b , t )  K P ( b , t )  = P ^ 2B o(t)  f o r  b < b x ( l - b ) 2 f o r  b > 0.4 
1 j JL
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For la rge :

P ( b , t )  « P (b»t )  cc p 2B ^ 2 ( t )K ,  ( t )  f o r  b < b v , |  c2 1 cr

3 . bOb

and P ( b , t )  « P ( b , t )  « p _ ^ ( t )  f o r  b > b
I I  JL

x ( 1 " b ) 2 b > 0.4

where is some c r i t i c a l  va lue  o f  b which depends on temperature 

and on the o r i e n t a t i o n  o f  the f 1uxons w i th  respect to  the d i s lo c a t i o n s  

and is t y p i c a l l y  between 0.1 and 0,4 .  Also P > P and the f i r s t -
*11 VjL

order  i n f r a c t i o n  predominates, Quint  i ni 1 ha ( l o c .  c i  t . ) f i n d s  a

maximum in P when the wavelength o f  the s t r a i n  f i e l d  is  app ro x i -  
11

mate!y 3.4£. Th is  is in c lose  agreement w i th  the  r e s u l t  o f  Baramidze 

and Sara l idze  ( l o c .  ci t . ) .

A fe a tu re  o f  the  m a jo r i t y  o f  the models f o r  Py considered so f a r  

is tha t  they make p r e d i c t i o n s  o f  the form

Py(b> t )  « G.g(b) [  B^2 ( t ) / K m( t )  ]  3.61

where G is some fu n c t io n  o f  the m ic ro s t ru c tu re  respons ib le  f o r  the 

bas ic  p inn ing  in t e r a c t i o n .

g(b) is a f u n c t io n  of  b =  B / B ^  which f o r  high k m a te r ia ls  is 

u s u a l l y  o f  the form bx (1 -b )^  where x and y have in tege r  o r  h a l f - i n t e g e r  

values. k =  k.j o r  or  some fu n c t io n  o f  k 1 and K_. For high k 

m a te r ia ls  the temperature dependence o f  and K, is  r e l a t i v e l y  small 

and is  usua l l y  not considered when comparisons w i th  experiment are 

made. However f o r  niobium t h i s  cannot be considered to  be the case 

(see chapter  5) .

F ie tz  and Webb (1969) were the f i r s t  to e s t a b l i s h  th a t  the p inn ing  

fo rce  de n s i t y  in some hea v i l y  cold-worked niobium a l l o y s  appear to  obey
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a s c a l i n g  law o f  the form given by equat ion 3.61. This behaviour has 

subsequent ly been conf i rmed in many in v e s t i g a t i o n s ,  in p a r t i c u l a r ,  on 

hard o r  high k  m a te r i a l s .  There is  however a fundamental problem 

assoc ia ted  w i th  the sca l ing  law o f  equat ion 3-61, Thus: the form

o f  g(b) found f o r  the va r ious  t h e o r e t i c a l  p inn ing  models p r e c i c t s ,  as 

expec ted , a maximum in P^(b) a t  some b — b^ and tha t  

Pv (b *= 0) ss‘ P (b == 1) — 0. However the p re c is e  form o f  g(b)  and, in 

p a r t i c u l a r , t h e  va lue  o f  b^ is found from experiment to  depend on 

v a r i a t i o n s  in the c r y s ta l  m ic ro s t ru c tu re  ( res p o n s ib le  f o r  the f luxon  

p inn ing )  in a manner which appa ren t ly  cannot be r e a d i l y  accounted f o r  

by these models. Kramer (1973) discusses t h i s  problem in some d e ta i l  

and fo rmula tes  a model which is in  appa ren t ly  good agreement w i th  a 

number o f  exper imental  in v e s t i g a t io n s  on hard superconductors .  The 

model w i l l  be b r i e f l y  discussed here because a l though i t  is  p r im a r i l y  

fo rmula ted  f o r  h igh tc m a te r ia ls  the re  is no apparent aspect o f  i t  

which precludes i t s  q u a l i t a t i v e  v a l i d i t y  in low k m a te r i a l s .

Thus Kramer ( lo c .  c i t . )  demonstrates t h a t  f o r  the high pinn ing 

s i t e  d e n s i t i e s  normal ly  assoc ia ted w i th  hard superconductors the 

response o f  the f lu x o n  l a t t i c e  tends to a l i n e  fo rce  l i m i t .  [  The 

c r i t e r i o n  is given by

w 1 << [  C #  ,V C6 6 B ]  ^

~1where w is the  p inn ing  s i t e  separa t ion d i s ta n c e , ]  I t  is  now

argued th a t  f o r  b «  b^ f luxon  motion occurs as f luxons  break away

from the  weaker o f  these l i n e  fo rces  and f o r  b >> b the motion
P

occurs by a synchronous shear ing process o f  the f luxon  l a t t i c e  around 

the l i n e  forces which are too s t rong to  be broken. The p inn ing  fo rce  

d e n s i t i e s  f o r  these two regimes are c a lc u la ted  and then summed 

assuming a s t a t i s t i c a l  d i s t r i b u t i o n  f o r  the s t ren g th  o f  the bas ic
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i n t e r a c t i o n  fo rce  per p inn ing  s i t e .  So lu t ions  f o r  Pv ( b , t )  are 

ob ta ined  f o r  Gaussian, Poisson and d o u b l e - P o t s s o n  d i s t r i b u t i o n  

fu n c t io n s .  The r e s u l t  f o r  the Poisson d i s t r i b u t i o n ,  which is  

q u a n t i t a t i v e l y  s im i l a r  to  the r e s u l t  f o r  the  Gaussian d i s t r i b u t i o n , i s  

given as

P y ( b , t )  =  <K ( t ) > b * ( l - f c / [  1“  [  1 + U p m( t ) / < K  ( t ) > )  ]

x exp (" K ( t ) / < k p ( t ) > ) ]  4 Ks ( t ) b 5 ( l - b )

x exp( -  k ( t ) / < K  ( t ) > )  3-62

where <K > is the ave age va lue o f  K and K and K are the f i e l d  
P P P s

independent components o f  the  p inn ing  fo rce  de n s i t y  f o r  b «  b and

b »  b r e s p e c t i v e l y  and K is de f ined  by K m — K (1 - b ) \  Physical  l y  p r  pm / pm s '  '

K represents  a b o r d e r l i n e  p inn ing  den s i t y  ( i . e .  between low b and

high  b ) .

Kp is  determined, using the dynamical approach, f o r  a de n s i t y  p

o f  i n i t i a l l y  s t rong  l i n e  p inn ing  fo rces  which are assumed to have a 

s t reng th

f p  =  3a)(Hc 2 ( t ) / K 1 ( t )  ) 2 (1-b) 3.63

where 0 is  a cons tant .  Kp is given as:

** 3in dynes cm , wher -. P is approx im ate ly  a c o n s ta n t . Kramer a l lows

th a t  f o r  d i f f e r e n t  types o f  de fec t  the dependence o f  fp  on and % 

may be d i f f e r e n t  ^rom th a t  given in equat ion 3.63 (see l a t e r ) .

K is determined from the maximum shear s t ress  o f  the f iu xon

l a t t i c e  and is given as

K j t )  =  Cg 3 ,65

where is a fu n c t io n  o f  p and the f  1 uxor, l a t t i c e  parameter a and
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v a r ie s  between 0 . 14 f o r  small p and 0.56 f o r  the la rg e s t  value o f  p

which is c ons is te n t  w i th  the model used to  fo rm u la te  K^. This C_. is

o n l y  weakly dependent on p 'nn ing  s i t e  de n s i t y  and the f i e l d .  A lso

5/2 2Kg and both sca le  w i th  temperature as ( t ) / K ^ ( t )  (but  see l a t e r  

comment^' .

The c h a r a c t e r i s t i c  behaviour o f  equat ion 3.62 f o r  Pv ( b , t )  can now 

be descr ibed as f o l l o w s :

( i ) The equat ion obeys a s c a l ing  law o f  the same form as 

equat ion 3.61 f o r  a l l  0 < b < 1.

( i i ) The term in <K > Is an inc reas ing  func t ion  o f  b and is  a

s e n s i t i v e  fu n c t io n  o f  the de n s i t y  and s t re n g th  o f  the p inn ing  s i t e s .

( i i i )  The term in  Kg is  a decreasing fu n c t io n  o f  b f o r  b % 0,2

and depends on ly  weakly on the de n s i t y  o f  the p inn ing  s i t e s  and not at  

a l l  on t h e i r  s t re n g th .

( i v )  Equat ion 3.62 th e re fo re  p re d ic ts  a maximum in P^(b) .  This 

occurs a t  a value o f  b given by

b .  =* 1 -  ( < K > / K J ^ 4  3.66P R S

which is t h e re fo re  ( from ( i i ) and ( i l l ) )  a s e n s i t i v e  fu n c t io n  o f  the

dens i ty  and s t ren g th  o f  the p inn ing  s i t e s .  Weak o r  w id e ly  spaced

p inn ing  s i t e s  r e s u l t  in a small peak in Py a t  h igh b and st rong c lo s e ly

spaced p inn ing  s i t e s  g ive  r i s e  to  a la rge  peak in Pv a t  low b. The

form o f  Py (b) f o r  b > bp is s im i l a r  in both cases.

Kramer po in ts  ou t  t h a t  s ince bp depends on the 1 / k  power o f  the

r a t i o  Kp/Kg the p o s i t i o n  o f  the peak does not depend s e n s i t i v e l y  on the

temperature dependence o f  K /K  and th e re fo re  o ther  forms f o r  fp s p

(equat ion 3.63) may be used w i th ou t  s i g n i f i c a n t l y  in f l u e n c in g  the model.

Also i f  Kp 06 Hcp ^ ( t )  and Kg « H ^ 5 ( t )  then the exponent tha t  would be

obta ined from an exper imenta l  log P ( t )  versus log H „ ( t )  p l o t  w i l l
max
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be approx imate ly  &(p + s ) .

This  model is appa ren t ly  in good agreement w i th  several  e x p e r i ­

ments and a lso  accounts f o r  the s o -c a l l e d  1 peak e f f e c t 1 in hard 

superconductors , The la ck  o f  s e n s i t i v i t y  o f  P ^ ( b , t )  on the exponent 

p however suggests th a t  an unambiguous i d e n t i f i c a t i o n  o f  the bas ic 

p inn ing  s i t e  i n t e r a c t i o n  mechanism ( i . e .  e l a s t i c  o r  6 k )  is not  

e a s i l y  obta ined from exper imenta l  r e s u l t s .

3 . k Conclus ions

The theory  o u t l i n e d  in the preceding sec t ions  makes d e f i n i t e  

p r e d i c t i o n s  f o r  the p inn ing  fo rce  d e n s i t y  on ly  f o r  c e r ta in  id ea l ized  

p inn ing  s i t u a t i o n s .  In real  m a t e r i a l s , e s p e c ia l l y  when the p inn ing  

is due to  co ld  work,  the p inn ing  s i t e  geometry may be very compl icated 

and several p inn ing  mechanisms may opera te  s im u l taneous ly .  Fur ther  

compl ica t ions  are assoc ia ted w i th  low k  superconduct ing m a te r ia ls  

( f o r  example niobium),  This w i l l  be discussed f u r t h e r  in chap te r  5 

where exper imental  r e s u l t s  on f luxon  p inn ing  in s p e c ia l l y  deformed 

niobium specimens are repor ted and compared w i th  models based on the 

c ons ide ra t ion s  o f  t h i s  chap te r  and chap te r  4,



CHAPTER k

4. The In f luence  o f  I n t e r s t i t i a l  Hydrogen on the Bulk 

Superconduct ing P rope r t ie s  o f  Niobium

4,1 In t roduc t  ion 

I t  is  we l l  known t h a t  the presence o f  an i n t e r s t i t i a l  s o lu te  in a 

type I I  superconductor a l t e r s  the Ginzburg-Landau parameter k and 

a l s o  the c r i t i c a l  temperature  T^ o f  the host l a t i c e  ( L iv in g s to n  and 

Schadler,  1964 and Dew-Hughes, 1972). For a d i l u t e ,  random d i s t r i b u ­

t i o n  o f  i n t e r s t i t i a l  s o lu te  the change in k  r e s u l t s  from a reduc t ion  

in the mean f re e  path o f  the normal e lec t ron s  and the change in Tc 

f rom changes in the superconduct ing  energy gap which depends on the 

d e n s i t y  o f  s ta tes  f o r  the supe r -e le c t ro n  Cooper pa i rs *

Local changes in k and /o r  Tc o r  H^ due to p r e c i p i t a t e s  and o the r  

ordered and sub-ordered i n t e r s t i t i a l  phases, w i l l ,  under c e r t a in  

c i rcumstances,  cause f luxon  p inn ing ,  (See f o r  example Campbell and 

Ev e t t s ,  1972 and a lso chapter  3 . )  I t  is  g en e ra l l y  found th a t  the 

p inn ing  is  s t ronges t  when the f luxons  are p a r a l l e l  to  the h a b i t  planes o f  

p r e c ip i t a t e s  o r  o the rw ise  to  c r y s ta l  planes which fav ur c l u s t e r i n g  o f  

the s o lu te .  The p inn ing  e f fe c t i v e n e s s  o f  ordered o r  sub-ordered 

phases o f  oxygen in niobium and n i t roge n  In vanadium has been i n v e s t i ­

gated,  i n t e r  a l i a ,  by Rose and Jones ( 1969) and Mi lne and Gibbons 

(1972) r e s p e c t i v e l y .  In both cases maxima in the c r i t i c a l  c u r re n t  

d e n s i t y  (and th e re fo re  in the bu lk  p inn ing  fo rce  d e n s i t y  P ) were 

found when the app l ied  f i e l d  Ho was p a r a l l e l  to  the <110> and <001> 

d i r e c t i o n s  in the {110} planes.  Rose and Jones a lso f i n d  a much
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l a r g e r  maximum in Jc f o r  a long <210> and conclude th a t  pinn ing 

occurs when the f luxons  are p a r a l l e l  to  in te rn a l  an t i -phase  boundar ies 

which are then supposed to be p a r a l l e l  to the {100} and {210} planes 

in agreement w i th  the e lec t ron -m ic roscope  s tud ies  o f  Van Landuyt , 

Gevers and Amel inckx (1966).  (These authors a c t u a l l y  f i n d  th a t  the 

h a b i t  plane f o r  the oxygen p r e c i p i t a t e  is {310} which is  c lose to  

the  {210} p lane and a lso  tha t  the boundary between ad jacen t  domains 

is  the {001}  p lane . )  M i lne and Gibbons i n t e r p r e t  t h e i r  r e s u l t s  by 

no t in g  tha t  the e l a s t i c  a n is o t ro py  in vanadium (and a lso  niobium) is 

le ss  than one so th a t  the <111> d i r e c t i o n  in these elements is ' s o f t ' .  

Thus i f  t he re  is a tendency f o r  s o lu t i o n  demixing the s o lu te  w i l l  

segregate such tha t  composi t ion f l u c t u a t i o n s  w i l l  occur on planes 

normal to  these e l a s t i c a l l y  1 s o f t 1 d i r e c t i o n s .  These composi t ions 

modu la t ions are  then man ifes t  as s o lu te  enr iched p lanes . For 

demixing along <11l> d i r e c t i o n s  so lu te  enr ichment occurs on {111} 

planes which in te r s e c t  along <110> d i r e c t i o n s  to  produce a th re e -  

dimensional  a r ray  o f  rods and the p inn ing  fo rce  de n s i t y  is  t h e re fo re  

a maximum when the app l ied  f i e l d  is  p a r a l l e l  to  <110>.

The o n l y  e x p l i c i t  mention in the l i t e r a t u r e ,  o f  the in f luenc e  o f  

hydrogen on f luxon  p inn ing  is  t h a t  due to  Essmann (1971) who suggests 

t h a t  p inn ing  he observes,  by means o f  h is  f lu xon  decora t ion  techn ique,  

in a niobium disc~spec!men is  due to p r e c i p i t a t e s  o f  hydr ide .

(Essmann supposes th a t  the presence o f  hydrogen in h is  specimen is due 

to  e l e c t r o - p o l i s h i n g . )

The presence o f  an i n t e r s t i t i a l  s o lu te  a lso  imp l ies  the poss ib le  

ex is tence  o f  so lu te  atmospheres on d i s l o c a t i o n s  (see l a t e r )  and t h i s  

should In f luence  the i n t r i n s i c  p inn ing  p ro p e r t ie s  o f  the d i s lo c a t i o n s .  

(Kramer and Bauer, \ % ‘l  anH’Tedmon, Rose and W u l f f  1964, 1965.) No



100

mechanism f o r  t h i s  process has p rev io us ly  been publ ished however and 

i t  w i l l  t h e re fo re  be considered in chap te r  5 using theory  which w i l l  

be reviewed and developed in t h i s  c h a p te r .

The s o l u b i l i t y  and m o b i l i t y ,  a t  sub-ambient tempera tu res , o f  

i n t e r s t i t i a l  oxygen and n i t roge n  in niobium are n e g l i g i b l y  small 

(see f o r  example F as t , 1971) • Consequent ly even slow quenching from 

room temperatures to  4K w i l l  cause v i r t u a l l y  no c o n f ig u r a t i o n a l  change 

o f  these i n t e r s t i t i a l s  in the host l a t t i c e .  The case o f  i n t e r s t i t i a l  

hydrogen in niobium is  very d i f f i c u l t  however. The s o l u b i l i t y  and 

m o b i l i t y  are r e l a t i v e l y  high a t  sub-ambient tempera tu res . Quenching 

to  4K from room temperature w i l l  t h e r e fo re  g ive  r i s e  to  la rge  con­

f i g u r a t i o n a l  changes o f  the i n t e r s t i t i a l  hydrogen in the host l a t t i c e  

and the ra te  o f  c o o l in g  w i l l  in f lu e n c e  the s ize  and d i s t r i b u t i o n  o f  

hydr ide  p r e c i p i t a t e s ,  ordered and sub-ordered phases and a lso  the 

ex ten t  o f  development o f  i n t e r s t i t i a l  atmospheres around d i s l o c a t i o n s .  

This l a t t e r  e f f e c t  is found , in the present  i n v e s t i g a t i o n ,  to have a 

la rge  e f f e c t  on the f lu x o n  p inn ing  behaviour.  For a concen t ra t ion  o f  

hydrogen in niobium o f  approx im ate ly  50 ppm (atomic) almost an o rde r  

o f  magnitude change in the p inn ing  fo rc e  d e n s i t y  can be induced by 

c e r t a in  low temperature  ageing procedures (see chapter  5 ) .

The abso rp t ion  o f  hydrogen in to  niobium takes p lace,  a t  room 

temperature and even in very low p a r t i a l  pressures o f  hydrogen, i f  a 

su r face  o f  the niobium specimen Is f reed  o f  i t s  usual s ta b le  ox ide 

l a y e r .  Such c o n d i t io n s  should ob ta in  dur ing  spark -e ros ion  machining 

under l i q u i d  p a r a f f i n , dur ing chemical and e l e c t r o - p o l i s h i n g  (Westlake 

and Gray, 1966) and even a f t e r  u l t r a  high vacuum ou tgass ing in o i l -  

d i f f u s i o n  pumped systems w i th  cold t raps  (C h r is t ia n  and Tay lo r  1967* 

Hananda, Suganuma and Kimura, 1972 and Faber and Schu l tz ,  1972).
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Hanada e t  a l . (1oc. c i t , ) f i n d  a hydrogen concen t ra t ion  o f  50 ppm

(atomic) in tanta lum samples a f t e r  U.H.V. outgass ing ,

i t  Is poss ib le  tha t  a number o f  p rev io us ly  reported exper imental  

r e s u l t s  on p inn ing  in B.C.C. superconductors, e s p e c ia l l y  when cold 

worked, are spur ious  as a r e s u l t  o f  e f f e c t s  due to  i n t e r s t i t i a l  

hydrogen. The r e s u l t s  o f  t h i s  i n v e s t i g a t io n  lead to m u tua l ly  con­

s i s t e n t  models f o r  the f lu xon  p inn ing  behaviour and f o r  the low 

temperature behaviour o f  hydrogen in niobium. Al though the l a t t e r  

behaviour  is  f a i r l y  w e l l  understood c e r t a in  usefu l  q u a n t i t a t i v e  

deduct ions and p r e d i c t i o n s  can be made from the r e s u l t s  o f  the p inn ing  

exper iments descr ibed in chapter  5- A b r i e f  review o f  the re leva n t  

aspects o f  the  sub jec t  is  t h e r e fo re  given here,  (general r e fe re n c e s ,

Fast ,  1971 and Nabarro,  1967).

4 .2  The phase diagram

The phase diagram f o r  hydrogen in niobium from Walter  and Chandler

(1965) Is shown in f igure 4.1a. The hydrogen is  g e n e ra l l y  thought to 

occupy te t rahed ra l  i n t e r s t i t i a l  s i t e s  in the B.C.C. l a t t i c e  o f  n iobium. 

[R e c e n t l y  however, K i s t n e r , Rubin and Sosnowska, 1971 have found evidence 

from neutron s c a t t e r i n g  exper iments th a t  n e i th e r  the te t ra h e d ra l  nor 

oc tahedra l  i n t e r s t i t i a l  s i t e s  are apparen t ly  favoured . ]  In the a phase 

the jump frequency v f o r  the hydrogen i n t e r s t i t i a l s  is ve ry  high (at  

room temperature v =  1 0 ^  -  lO ^ s e c  ^ ) and consequent ly the i n t e r s t i t i a l s  

may be considered to  behave l i k e  a gas in the host l a t t i c e .  The po in t  

A a t  T «■ 1720 C ( f i g u r c  4.1a) Is the  c r i t i c a l  p o in t  o f  the m i s c i b i ) i t y  

gap and may be in te rp re te d  as the c r i t i c a l  po in t  f o r  a g a s - l i q u i d  phase 

t r a n s i t i o n  ( A le fe l d ,  1969). In the a (gas) phase and the more hydrogen 

r i c h  « ' ( l i q u i d )  phase tne hydrogen is randomly d i s t r i b u t e d  among the 

a v a i l a b le  s i t e s  and the o v e r a l l  average d i s t o r t i o n  o f  the niobium
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l a t t i c e  is therefore ,  i s o t r o p i c .  The 0 ( s o l i d )  phase is a t ru e  

p r e c i p i t a t e  w i t h  a composi t ion in the range (0.2 to  0 . 8 ) H/Nb 

(Walter  and Chandler,  1965) w i th  an or thorhombic  s t r u c t u r e  (Gorsky, 

1935). The jump frequency in the 0 phase is  lower by a f a c to r  o f  40 

r e l a t i v e  to  the a 1 phase. The \> phase is  not  re levan t  in the present 

i n v e s t i g a t i o n  and w i l l  not  be considered f u r t h e r .

The s o l u b i l i t y  l i m i t ,  i . e .  the phase boundary between the a and 

a + 0 phases has been determined e x p e r im e n ta l ly  by var ious methods.

The r e s u l t s  o f  some o f  these exper iments are summarized in f i g u r e  4.1b 

which has been taken from the paper by Buck, Thompson and Wert (1971).

The phase diagram has not  been es tab l ished  w i th  c e r t a i n t y .

There is evidence (see f o r  example Hardie and M cIn ty re ,  1972) t h a t  the 

hydr ide phase forms by an athermal m a r te n s ! t i c  or  o r d e r -d i s o r d e r  

t ra n s fo rm a t io n .  Hardie and McIn ty re  in v e s t i g a te  niobium con ta in in g  

less  than 250 ppm hydrogen a t  sub-ambient temperatures and c la im  th a t  

t h e i r  r e s u l t s ,  ob ta ined by va r ious  methods, a re  c o n s is te n t  w i th  a 

m a r te n s ! t i c  t ran s fo rm a t io n  r e q u i r i n g  some d i f f u s i o n  o rde r ing  be fore  

p r e c i p i t a t i o n .  The p r e c i p i t a t e  was found to  have a b .c .  t r i g o n a l  

s t r u c tu r e  and not the expected or thoromb ic  type.  They suggest th a t  

the former s t r u c t u r e  may be a precursor  f o r  the l a t t e r  and is  s ta b le  

a t  low hydrogen conce n t ra t io ns .

4.3 Low temperature d i f f u s i o n

The m ic roscop ic  jump model (see f o r  example Fas t , 1971) f o r  the 

d i f f u s i v i t y  o f  i n t e r s t i t i a l s  in the i s o t r o p i c  case ( f o r  example in 

B.C.C.)  g ives f o r  the d i f f u s i o n  c o e f f i c i e n t  D

D 4.1

where f  is  a constant  which depends on the c o -o rd in a t i o n  o f  the 

favoured i n t e r s t i t i a l  s i t e s ,  X is the jump d is tance  between these
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s i t e s  and v is  the jump frequency which is  a s t r o n g ly  inc reas ing  

f u n c t io n  o f  temperature.  I t  is t h e re fo re  usual to  make the 

subs t i t u t  ion

D =  Do e x p H H /R T )  4.2

where conta ins  the f requency f a c t o r  and AH is an a c t i v a t i o n

en tha lpy .  Both Dq and AH depend o n l y  weakly on the conce n t ra t io n  o f  

the s o lu te .  The Arrhen ius p l o t  o f  f i g u r e  4.2  ( taken from the paper 

by C a n te l1 i , Mazzola 1 and Nuovo, 1969) shows th a t  the exper imental  

r e s u l t s  f o r  D dev ia te  from the p re d i c t i o n s  o f  equat ion 4,2  a t  

temperatures below about 235K.

The two most common and s t r a i g h t f o r w a r d  methods o f  measuring 0 

invo lve  the Gorsky and Snoek e f f e c t s ,

The Gorsky e f f e c t  (Gorsky, 1935) has i t s  o r i g i n  in the s t r a i n

d i l a t i o n  o f  the host l a t t i c e  due to  the so lu te  atoms. Thus, i f  a

sample c o n ta in in g ,  f o r  example, a mobi le  i n t e r s t i t i a l  s o lu te  is 

s tressed inhomogeneously, the s o lu te  atoms w i l l  m ig ra te ,  under the 

in f luence  o f  in te rn a l  s t r a i n  g rad ien ts  a r i s i n g  from the app l ied  s t re s s ,  

t o  regions o f  l a rg e r  l a t t i c e  parameters and so tend to  r e l i e v e  the 

in te rn a l  s t re s s .  In these reg ions  the so lu te  atoms u s u a l l y  g ive  r i s e  

t o  an a d d i t i o n a l  o r  a n e la s t t c  s t r a i n  which is known as the  d i f f u s i o n  

a f t e r - e f f e c t .  On removal o f  the app l ied  s t ress  t h i s  a n e la s t i c  s t r a i n  

disappears a t  a ra te  which p ro p o r t io n a l  to  the d i f f u s i o n  c o e f f i c i e n t .  

The r e la x a t io n  t ime f o r  long-range d i f f u s i o n  over some c h a r a c t e r i s t i c  

length  d is  given by

T =  (d / r r )2 D 1 4.3

For hydrogen in niobium w i t h  d <=> 1mm T =  ISO seconds a t  T =  290K.

The r e la x a t i o n  s t re n g th  is p ro p o r t io n a l  to the i n t e r s t i t i a l  concern-
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Figure 4 .2 ,  Arrhen ius  p l o t  o f  the d i f f u s i o n  c o e f f i c i e n t  

f o r  hydrogen in niobium showing the d e v ia t io n  

o f  the exper imental  r e s u l t s  from simple expo­

n e n t ia l  behaviour ( f rom Can te l  1i , Kazzolai  and 

Nuovo, I 9 6 9 ) .
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t r a t i o n  (1 per cent hydrogen gives a 1.6 per cent a f t e r - e f f e c t  s t r a i n  -  

see f o r  example Walte r  and Chandler,  1965 and Buck, Thompson and Wert,

1971).

Westlake (1972) po in ts  ou t  t h a t  measurements o f  D using the 

Gorsky e f f e c t  and equat ion 4.3 may be in e r r o r  a t  temperatures below 

s o l u b i l i t y  l i m i t  because r e o r i e n ta t i o n  o f  Nb-H p l a t e l e t s  due to  a 

Cyc l ing  app l ied  s t ress  g ives r i s e  to o r i e n t a t i o n  a f t e r - e f f e c t s  (which 

may in vo lve  a d i f f e r e n t  -  e .g .  s u r f a c e - d i f f u s i o n  c o e f f i c i e n t )  

S imultaneously  w i th  the d i f f u s i o n  a f t e r  e f f e c t s .

The Snoek e f f e c t  has i t s  o r i g i n  in the p r e f e r e n t i a l  o rde r in g  o f  

i n t e r s t i t i a l  s o lu te  atoms in to  a p a r t i c u l a r  class o f  i n t e r s t i t i a l  s i t e  

thereby  producing a l a t t i c e  d i s t o r t i o n  o f  lower symmetry (e .g .  t r i g o n a l ) 

than tha t  o f  the host l a t t i c e  (e .g .  B .C .C . ) .  Un iax ia l  o r  shear s t r a i n  

may th e re fo re  be re l ie v e d  by t h i s  mechanism. Thus r e la x a t i o n  

phenomena occur in a v i b r a t i n g  specimen when the frequency o f  an 

a p p l ied  u n ia x ia l  stress  corresponds to  the  inverse r e la x a t i o n  t ime 

f o r  p r e f e r e n t i a l  o rde r ing  o f  the i n t e r s t i t i a l s .  In t h i s  case the 

i n t e r s t i t i a l s  are requ i red  t o  hop on ly  between ad jacent  s i t e s  in the 

u n i t  l a t t i c e  c e l l  (see Nabarro,  196 7 )« The r e la x a t i o n  t ime t  Is given 

by

=  (a2/36)D~1 4 .4P

where a is the l a t t i c e  parameter .

Measurements o f  Dq and AH using t h i s  method are a lso  sub jec t  to  

e r r o r .  Thus i f  some o f  the hydrogen i n t e r s t i t i a l s  are assoc ia ted 

w i th  o the r  i n s t e r s t i t i a l s  (e.g .  H -  H or  H -  0) then the r e s u l t i n g  

r e la x a t i o n  parameters,  as e xpe r im e n ta l ly  de termined , w i l l  be modif ied 

(Powers and Doyle,  1959).



-  107  -

4.4 I n t e r s t i t i a l  atmospheres on d i s l o c a t i o n s

Nabarro (196?) reviews t h i s  sub jec t  in some d e t a i l .  The f i r s t  

c a l c u la t i o n s  o f  the i n t e r a c t i o n  between s o lu te  atoms and d i s l o c a t i o n s  

is due to C o t t r e l l  (1948) who c a lc u la te s  the p o te n t ia l  V(R,a) o f  a 

s o lu te  atom in the h y d r o s t a t i c  s t ress  f i e l d  o f  un edge d i s l o c a t i o n  and 

o b ta in s  (see f i g u r e  4 .3)

V(R»a) ^  (4 /3) [  y e r ^ X /R ] - | y - ~ -~ y s in  a 4 ,5

where y is the shear modulus,  e -= AV/V ( i . e .  the l a t t i c e  d i l a t i o n  due 

to  an i n t e r s t i t i a l  a tom) , X is the s l i p  d is ta n c e ,  v is Po isson 's  r a t i o  

and r  is  the rad ius  o f  the s o lu te  atom. S u b s t i t u t i n g  a =  t r /2,  

v *=* 1/3 and X ™ r  ^  b ( the Burgers v e c to r )  i n to  equat ion 4.5  gives

V(R,a =» tt/ 2 )  e  (8 /3 ) (yebg^/R)  4.6

The c o n d i t io n s  requ i red f o r  the fo rmat ion  o f  an atmosphere ( C o t t r e l l )

a re :

( i ) an adequate conce n t ra t io n  o f  s o l u te .  [  The number o f  a v a i l ­

ab le  so lu te  atoms per d i s l o c a t i o n  per atomic  plane is  given by

n *= c/pd^ 4.7

where c is the atomic conce n t ra t io n  o f  the s o lu te ,  p is the d i s l o c a t i o n

"5d e n s i t y  and d is  the in te ra to m ic  d is tan ce .  S u b s t i t u t i n g  c ^ 5  x 10 ,

9 - 2  -8 *i
p =  10 cm and d =  3 x 10 cm gives n =  50 .J

( i i ) a s u f f i c i e n t  t ime. [  This depends on the d i f f u s i o n  c o e f f i c i e n t

and th e re fo re  on the tempera tu re .J

( i l l )  tha t  V kT. [  Equat ing V(R, ir /2)  (equat ion 4.6) to kT gives

the e f f e c t i v e  s ize  R^ o f  the C o t t r e l l  atmosphere (see f i g u r e  4 .3) as

Rc &  4yeb0V k T  4,8
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Figure 4-3 .  A schematic rep resen ta t ion  f o r  the

d e s c r ip t i o n  o f  the h y d r o s ta t i c  s t ress  

f i e l d  o f  an edge d i s l o c a t i o n .  In 

i s o t r o p i c  e l a s t i c  continuum theory  l i n e s  

o f  constant  s t ress  are c i r c l e s  as shown,
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—•11 — "j
S u b s t i t u t i n g  n =  3 x 10 dynes cm , and bQ =  3 x 10 (niobium) and

e =  5 x 10“ 2 (H in Nb) and T »  TOOK gives L  35oS. For R > R^ the

c o nc e n t ra t io n  o f  s o lu te  decreases approx im ate ly  as C «  Cq exp( -V/kT)  .] 

Schoeck and Seeger (1959) make a s im i l a r  c a l c u la t i o n  fo r

i n t e r s t i t i a l  s o lu te  assoc ia ted w i th  the shear s tresses on and about

the g l i d e  plane o f  an edge d i s l o c a t i o n  and o b ta in

V(R)  ca gb^y/JsirR 4 . 9

and th e re fo re  d e f in in g  R® as be fore  gives

B b g \ / W k T  a  uR^/ l6ne 4.10

where p f i s  the shear s t r a i n  due to  the Snoek o rde r in g  o f  an atomic 

f r a c t i o n  f  o f  the s o lu te .  [  Recent ly B o c k r I s , Beck, Genshaw, 

Subramanyan and W il l iams (1971) have der ived a more exact formula fo r

the conce n t ra t io n  o f  i n t e r s t i t i a l s  in a C o t t r e l l  atmosphere. They

9  2c a l c u la te  th a t  in I ron con ta in in g  about 10 d i s l o c a t i o n s  per cm the

ex is tence  o f  C o t t r e l l  atmospheres should Increase the s o l u b i l i t y  o f  

hydrogen by a f a c to r  o f  about 76 a t  room temperature . ]

The ra te  o f  fo rmat ion  o f  a C o t t r e l l  atmosphere on an i s o la te d  

edge d i s l o c a t i o n  in a region o f  i n i t i a l l y  d ispersed s o lu te  has been 

ca lc u la te d  by C o t t r e l l  and Bi 1 by (1949).  They assume th a t  the  d r i f t  

v e l o c i t y  o f  the s o lu te  a toms/ ions in the s t re s s  f i e l d  o f  the d i s l o c a ­

t i o n  is g re a te r  than the d IF fus ion a l  d r i f t  v e l o c i t y  due to the so lu te  

conce n t ra t io n  g rad ien ts  which are set  up by the s t ress  f i e l d s .  ! t  is 

a ls o  assumed th a t  the s t ress  f i e l d  o f  the d i s l o c a t i o n  is  not a f fe c te d  

by the accumulat ion o f  the atmosphere. (This l a t t e r  assumption is 

p a te n t l y  not v a l i d  but o the r  cons ide ra t ions  compensate to  a l low  t h i s  

assumpt ion. )  The f i n a l  r e s u l t  f o r  the f r a c t i o n  f  o f  the o r i g i n a l  

s o lu te  which segregates to  a d i s l o c a t i o n  in a t ime t  when the 

d i s l o c a t i o n  d e n s i t y  is p is given by



110

f ( t )  =  3 W 2 ) *  p [A d t /k T ]  2 /3 4.11

where A ^  V(R, i r /2 ) .  R and t h e r e fo re  from equat ion 4.6 

A cz kucbj*. 4.12

Equat ion 4.11 is  o n l y  expected to  be v a l i d  in the very e a r l y  stages 

o f  ageing. A sem i-em p i r ica l  equat ion has been proposed by Harper 

(1951),  as an ex tens ion  o f  equat ion 4 .11 ,  which is intended to  take 

i n t o  account the e f f e c t  o f  compet ing d i s l o c a t i o n s  and extend the 

v a l i d i t y  to  longer  t imes.  The formula is  given as

where B »  3 ( i r /2 ) *p (A D /k T )Z /3

Harper (1oc. c i t , )  ob ta ins  good agreement w i th  experiment f o r  carbon 

in i ron  and equat ion 4.13 has a lso  been found to  g ive  reasonable 

agreement w i t h  experiment in a v a r i e t y  o f  systems. The re f ined  

c ons ide ra t ion  o f  Ham (1959) and Bui lough and Newman (1959> 1961, 1962) 

however show th a t  Harper 's  reasoning is  un tenable .  However f o r  

s i t u a t i o n s  where t h e  e l a s t i c  b ind ing  energy o f  the s o lu te  to  the 

d i s l o c a t i o n  cores is  la rge  Harper 's  formula is  f o r t u i t o u s l y  in agree­

ment wi th  the numerical c a l c u la t i o n s  o f  Bui lough and Newman ( lo c .  c i t . ) .

F i n a l l y  s o lu te ,  which is  'pumped' i n to  the d i s l o c a t i o n  cores by 

the Cot I: re 11 -Bi  1 by mechanism, d i f f u s e s  along these cores and e v e n tu a l l y  

forms d i s c r e t e  or  rod l i k e  p r e c i p i t a t e s  along them. According to  the 

above model the volume o f  these p r e c ip i t a t e s  should increase w i t h  t ime 

t  as t  . This  has been conf i rmed by Dol l  ins and Wert ( 1969) f o r  

n i t roge n  in niobium. These authors a lso  f i n d  that  f o r  d i s c re te  

p r e c i p i t a t e s ,  not  assoc ia ted w i t h  d i s l o c a t i o n s ,  the volume increases 

1 in e a r l y  wi th t ,

f ( t )  — 1 ~ e x p ( "B t2/^ ) 4.13
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4.5 E f f e c t s  o f  i n t e r s t i t i a l  s o lu te  on p^ , k , T _ and H_

The e f f e c t  o f  a random d i s t r i b u t i o n  o f  So lu te  is to  d i s t u r b  the 

re g u la r  p e r io d ic  p o te n t ia l  f o r  e le c t ro n s  moving in the host l a t t i c e .  

S u b s t i t u t i o n a l  s o lu te ,  e s p e c ia l l y  when i t  has a va lency d i f f e r e n t  

f rom th a t  o f  the  h o s t , modulates both the magnitude and wavelength o f  

t h i s  p o t e n t i a l . I n t e r s t i t i a l  hydrogen is  thought (Pryde and Tsong, 

1971 and Hoffman and Cohen, 1973) to  a f f e c t  on ly  the wavelength 

l o c a l l y .  The charge s t a te  o f  i n t e r s t i t i a l  hydrogen in niobium is  in 

any event not known (see Fast,  1971)• The e f f e c t  o f  the d is tu rbed  

p o t e n t i a l  is to  s c a t te r  e lec t ron s  thus reducing t h e i r  mean f r e e  path 

i  and in c reas ing  the normal s ta te  r e s i s t i v i t y  which is  in v e rs e ly  

p ro p o r t io n a l  t o  I .

Pryde and Tsong ( lo c .  c i t . )  using Nordheim1s model f o r  the 

temperature independent change in  the r e s i s t i v i t y  (6p^) due to a 

c oncen t ra t ion  C o f  s o lu te  obvain

(Sp̂ j «= k N^C(l -  C/m) 4,14

where k is a constant  which depends, i n t e r  a l i a ,  on the d i f f e r e n c e

in p o te n t ia l  between the f i l l e d  and empty i n t e r s t i t i a l  s i t e s .  

is  the number o f  metal atmos per u n i t  volume and m is  the r a t i o  o f  

the number o f  i n t e r s t i t i a l  s i t e s  to the number o f  metal s i t e s  per 

u n i t  volume f o r  the nearest  s ta b le  phase.

For small C, 6p^ is p ro p o r t io n a l  to  C and f o r  a concen t ra t ion  

o f  1 atomic per cent hydrogen in niobium Sp^ has been measured in the 

ot phase to be about 0.8 micro-ohm cm (see f o r  examp 1 n Pryde and 

Ti tcomb, 1969), The dependence o f  the GInzburg-Landau parameter 

K on p|. is g iven (Goodman, 1961) by

c =  + 7.5 x 10% 4.15

where Is In mlcro-ohm cm, » 0 , 9 6 A L ( 0 ) / S  and y Is the
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c o e f f i c i e n t  o f  the s p e c i f i c  heat o f  the e lec t ron s  per u n i t  volume in

S u b s t i t u t i n g  f o r  y and =  0.8C^ micro-ohm cm in to  equat ion 4,15 

g ives

where is  the conce n t ra t io n  o f  the so lu te  in atomic percen t .  This 

equat ion w i l l  not  be v a l i d  however i f  app l ied  to  a reg ion ,  con ta in in g  

an excess o f  s o lu te ,  I f  i t  has a minimum l i n e a r  dimension which is 

sma l le r  than the loca l  value o f  E . In t h i s  case coherence e f f e c t s  

w i l l  tend to  average k over  a region o f  rad ius  g. The e f f e c t i v e  

value  o f  K In the C o t t r e l l  atmosphere, f o r  which R < w i l l  be given

The e f f e c t  o f  an I n t e r s t i t i a l  s o lu te  on the c r i t i c a l  temperature 

Tc in niobium has been e x p e r im e n ta l ly  i n v e s t ig a te d ,  i n t e r  a l i a ,  by 

Wiseman (1966) who ob ta ins  q u a l i t a t i v e  agreement w i th  the t h e o r e t i c a l  

express ion o f  C la iborne (1963) f o r  low concen t ra t ion  o f  s o lu te  

( i . e .  < one atomic per c e n t ) . Th is  express ion gives the change in 

T , r e s u l t i n g  from a change in the superconduct ing energy gap due to 

the s t r a i n  f i e l d s  o f  s o lu te  atom i o n , and is  given (C la ibo rne ,

19&3) by

where k is a c o n s ta n t , e Is the average s t r a i n  due to the i n t e r s t i t i a l  

s o lu te  i o n , r Is the d is tance  over which the s t r a i n  extends, a is a 

constant  o f  o rder  u n i t y  and C is the concen t ra t ion  o f  the so lu te .

The exponent ia l  term approaches u n i t y  as the so lu te  concen t ra t ion

-3  -2
the  normal s ta te  in ergs cm K . FInnemore, Stromberg and Swenson

(1966) f i n d  fo r  pure niobium K 6=5 0.78 and y  =  7*3 x 10^ erg cm ^ K 2 .

6 k  0 . 5 1 C 4.16

by

* * e f f 4.1?

4 .1 8
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approaches one atomic per c e n t . For h igher  concen t ra t ions  Wiseman, 

in agreement w i t h  Morel (1959) ob ta ins  a change in which is  given

by

6 T C *  Tc ( * v / v ) 4.19

where 6V/V is  the average r e l a t i v e  change in the volume o f  the host 

l a t t i c e  u n i t  c e l l  due to  the presence o f  the i n t e r s t i t i a l s .

Wiseman's exper imenta l  r e s u l t s  are reproduced in f i g u r e  4 .4 .

The thermodynamic c r i t i c a l  f i e l d  Hc a t  t  Q T/T ™ 0 is  given 

(M uh lsch lege l , 1959) by 

H^CO) = 2 , 4 4 ? *  

and th e re fo re

6Hg(0) « 2 . 4 4 ? * 6 T  + 1.22Y*Tg6? 4 .20

For small regions  o f  mod i f ied  H p ro x im i t y  and coherence e f f e c t s  must 

be taken in to  account.  Th is  is  a lso p rob lem at ica l  but need not be 

considered in t h i s  i n v e s t i g a t i o n  as even w i thou t  c o r r e c t i o n ,  in the 

case o f  C o t t r e l l  atmospheres, 6Hc (0 ) /Hc (0) «  [Sk / k] ^  (see 

chapter  5 ) .
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Figure 4 .4 .  V a r i a t i o n  in the c r i t i c a l  temperature as a

fu n c t io n  o f  d i l a t i o n  o f  the u n i t  c e l l  in the 

niobium l a t t i c e  and a lso  o f  the. hydrogen con­

c e n t r a t i o n  in the nloboim l a t t i c e  ( from 
Wiseman, 1'366).



CHAPTER 5

5. The F Iuxon -D is lo ca t ion  In te ra c t io n  in Niobium

5.1 In t roduc t  ion 

In p r i n c i p l e  many o f  the t h e o r e t i c a l  cons ide ra t ions  o f  chapter  3 

have some exper imental  s u p p o r t . For p inn ing  due to d i s l o c a t i o n s  

however t he re  are areas o f  u n c e r t a in ty  in the t h e o ry . These inc lude 

the r e l a t i v e  importance o f  the var ious bas ic  p inn ing  s i t e  mechanisms, 

the method o f  summation and the re la ted  problem o f  the s i g n i f i c a r c e  

and v a l i d i t y  o f  Labusch's (1969b) th resho ld  c r i t e r i o n , .

The r e s u l t s  o f  prev ious exper iments on p inn ing  due to  var ious  

d i s l o c a t i o n  c o n f ig u ra t io n s  have been reviewed by Campbell and Evetts  

(1972) and by Dew-Hughes (1972).  A b r i e f  o u t l i n e  o f  the e x p e r i ­

ments o f  p a r t i c u l a r  re levance to  t h i s  i n v e s t i g a t io n  w i l l  be given in 

t h i s  in t r o d u c t i o n .  Other important  r e s u l t s  w i l l  be r e fe r re d  to 

when a p p ro p r ia te  in the t e x t ,

Ear ly  measurements o f  the bu lk  p inn ing  fo rce  dens i ty  in cold 

worked niobium specimens ( N a r l i k a r  and Dew-Hughes, 1964) ind ica ted  

t h a t  an inhomogeneous d i s l o c a t i o n  d i s t r i b u t i o n  ( i . e .  b r a id in g ,  tang les  

o r  c e l l  fo rmat ion)  was necessary f o r  s t rong f luxon  p inn ing .  These 

a u t h o r s , Dew-Hughes (1966) and subsequent ly var ious  o the r  authors 

suggest th a t  the bas ic  p inn ing  mechanism in cold worked m a te r ia ls  is 

due to  v a r i a t i o n s  in t< between regions o f  tangled d i s lo c a t i o n s  and 

regions r e l a t i v e l y  f ree  o f  d i s lo c a t i o n s .  Moreover s ince  in d iv id u a l  

d i s l o c a t i o n s  in a un i fo rm d i s t r i b u t i o n  are known (see chapter  3) to  

i n t e r a c t  w i th  f luxons  by a v a r i e t y  o f  mechanisms the increase in
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p inn ing  observed w i th  the onset  o f  d i s l o c a t i o n  ta n g l in g  is  not 

i n c o n s is te n t  w i th  the concept o f  the th resho ld  c r i t e r i o n .  Enhance­

ment o f  f 1uxon p inn ing  has a lso  been found, a f t e r  s u i t a b le  high 

temperature ageing t re a tm e n t , in cold worked m a te r ia ls  con ta in in g  

i n t e r s t i t i a l  im p u r i t i e s  (see f o r  example Tedmon, Rose and W u l f f ,  1965 ) .

Nembach (1966) and Freyhardt  (19 6 7 > 1969, 1971) in troduce screw 

d i s l o c a t i o n s  in to  pure niobium s in g le  c r y s t a l s ,  by to rs io n a l  

de fo rmat ion abo ,c a <111> c r y s ta l  a x i s ,  and in v e s t i g a t e ,  from the 

magnet izat ion behaviour o f  these c r y s t a l s ,  the i n t e r a c t i o n  between 

f 1uxons and a pe rpend icu la r  screw d i s l o c a t i o n s ,  Freyhardt  ( lo c .  c i t . )  

measures  the p inn ing  fo rce  d e n s i t y  as a fu n c t io n  o f  the induc t ion  B 

and temperature T f o r  va r ious  degrees o f  t o rs io n a l  de format ion,

[The exper imental  method used, v i z ;  de termin ing  the g rad ien t  dB /d r  in 

the specimen from the areas o f  minor h y s te re s is  loops,  e l im ina tes  

pos s ib le  e r r o r  due to sur face  p inn ing  c o n t r i b u t i o n s . ]

Apparent agreement is found between the exper imenta l  r e s u l t s  and 

a model which uses Webb's (1963 and see a lso  chapter  3 ) second-order 

e l a s t i c  i n t e r a c t i o n  model and a summation procedure based on Labusch1s 

d i l u t e - 1  im i t  p o i n t - f o r c e  approx im at ion .  The bas ic  i n t e r a c t i o n  

apparen t ly  decreases w i th  the reduced induc t ion  b =  B / " \ a s  (1 -  b) 

as expected. However in F re y h a rd t1s more h e a v i l y  d e ‘ ormed specimens 

the d i s l o c a t i o n  d i s t r i b u t i o n  is c e r t a i n l y  h ig h ly  inhomogeneous and 

o th e r  bas ic  p inn ing  i n t e r a c t i o n s ,  f o r  example 6 k , could be importan t 

(but see l a t e r ) . Moreover in t h i s  case, i f  the p inn ing  is due to 

i n d iv i d u a l  d i s 1 o c a t i o n - f ! uxon i n t e r a c t i o n s ,  the dens i ty  o f  the p inn ing  

s i t e s  is  too la rge  f o r  the d i l u t e  l i m i t  theory to app ly  (Campbell and 

Eve t ts ,  1972).

Good and Kramer (1970) deform a pure s in g le  c r y s ta l  c y l i n d e r  o f  

niobium (ax ia l  o r i e n t a t i o n  <110>) in tens ion  to  4 per cent s t r a i n
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a f t e r  (U.H.V. outgass i ng) to produce ar rays o f  edge d i s l o c a t i o n s  on 

the cross sec t ion  {110} planes o f  the c r y s t a l .  The p inn ing  fo rce  

d e n s i t y  is  then determined as a fu n c t io n  o f  B a t  T ~  h ,2 K  by 

measuring the c r i t i c a l  t r a n s p o r t  cu r ren t  d e n s i t y  J c a long the [HO]  

ax is  o f  the c r y s ta l  specimen w i th  the app l ied  f i e l d  in the ( 110) 

p lane.  [ j  i s  de f ined  by the appearance o f  a p o t e n t i a l  drop o f  2.00 

nanovol ts  w i th  Jc held constant  and Hq increas ing  from z e ro . ]  By 

r o t a t i n g  Hq in the ( 110) p lane P^CB) is measured f o r  va r ious  o r i e n t a ­

t i o n s  o f  the d i s l o c a t i o n s  w i th  respect to the f ] uxon l a t t i c e .  A 

maximum in J c and hence in Pv (B) f o r  Hq along [ l 10] ( i . e .  a long the 

d i r e c t i o n  o f  the  edge d i s lo c a t i o n s )  and a s l i g h t l y  sma l le r  broad 

maximum along [OOl] are found. This l a t t e r  maximum is found to 

e x h i b i t  r e c t i f i c a t i o n  e f f e c t s  and is ascr ibed to  p inn ing  o f  f luxons  

a t  the po in ts  o f  emergence o f  the d i s lo c a t i o n s  in the specimen sur face 

near the 110 po les.

A d e ta i l e d  comparison o f  the r e s u l t s  o f  Good and Kramer w i th  

theory  is not poss ib le  due to the lack  o f  measurements on the 

temperature dependence o f  P . I t  is however s i g n i f i c a n t  t h a t  the 

dependence o f  P^ on b =  B/B .  is  apparen t ly  ( I )  i n v a r i a n t  w i t h  the 

o r i e n t a t i o n  o f  Hq w i th  respect to  the d i s lo c a t i o n s  and ( i i )  is con­

s i s t e n t  w i th  a d i l u t e - 1 i m i t  po in t  p inn ing  fo rce  model f o r  which Good 

and Kramer d e r iv e  an express ion using the dynamical summation approach 

(see chapter  3) •  The bas ic  p inn ing  s i t e s  are assumed to be assoc ia ted  

w i th  regions o f  d i s l o c a t i o n  b ra id in g  (which are ev iden t  in the e le c t ro n  

micrographs o f  Good and Kramer ( lo c .  ci t , ) )  and to  comprise main ly  

po in t  l i k e  s i t e s  poss ib ly  ac t in g  c o o p e ra t i v e ly .  I t  is  a lso  suggested 

tha t  some edge d i s l o c a t i o n s  segments are s u f f i c i e n t l y  long and s t r a i g h t  

to  ac t  as l i n e  p inn ing  s i t e s ,  No d e f i n i t e  conc lus ion  is  reached
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regard ing  the p inn ing  s i t e  mechanism however.

In the present i n v e s t i g a t i o n  the d i s l o c a t i o n  s t r u c t u r e  is s im i l a r  

to  t h a t  o f  Good and Kramer (but see sec t ion  5 . 2 . 2 ) .  The presence 

o f  i n t e r s t i t i a l  hydrogen in the niobium combined w i t h  measurements o f  

the temperature dependence o f  the bu lk  p inn ing  fo rce  d e n s i t y  however 

perm its  a much more d e t a i l e d  in v e s t i g a t io n  in the present case. In 

p a r t i c u l a r  I t  w i l l  be demonstrated th a t  i s o la te d  ' c l e a n 1 edge d i s l o c a ­

t i o n s  ( i . e .  d i s l o c a t i o n s  f ree  o f  i n t e r s t i t i a l  atmospheres) are 

apparen t ly  not e f f e c t i v e  as p inn ing  s i t e s  in agreement w i th  the 

expec ta t ion  o f  Labusch's th resho ld  c r i t e r i o n .  For the deformat ion 

s t r u c t u r e  o b ta in in g  in the present case the resu l ts  suggest tha t  f o r  

' c l e a n 1 d i s lo c a t i o n s  on ly  regions o f  dense d i s l o c a t i o n  ta n g l in g  ac t  as 

the bas ic  p inn ing  s i t e s .  However i f  the d i s l o c a t i o n s  have assoc ia ted 

C o t t r e l l  atmospheres they become e f f e c t i v e  when p a r a l l e l  t o  the f luxon  

l a t t i c e  and g ive  r i s e  to an o v e r a l l  p inn ing  behaviour which is  s im i l a r  

to t h a t  which is  normal ly  on ly  ob ta ined in much more h e a v i l y  deformed 

specimens (see f o r  example Campbell and Eve t ts ,  1972).

5.2 Exper imental

5.2.1 Sample p repa ra t ion

The s t a r t i n g  mate r ia l  used in t h i s  i n v e s t i g a t i o n  was s in g le  c r y s ta l  

niobium as supp l ied  by the Metals Research Corpora t ion ,  New York,  U.S.A. 

I n t e r s t i t i a l  and s u b s t i t u t i o n a l  Im pu r i ty  concen t ra t ions  are s p e c i f i e d  

to  be less  than 50 ppm (by we igh t)  each, w i th  the except ion o f  tantalum 

which is given as about 200 ppm. The c r y s ta l  was in the form o f  a 

1A  inch diameter rod w i th  the c y l i n d r i c a l  ax is  a l igned  w i t h i n  one 

degree o f  a <110> o r i e n t a t i o n .  The measured res idua l  r e s i s t i v i t y  

r a t i o  R300/R10 o f  the s t a r t i n g  m a te r ia l  was approx imate ly  850.
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From t h i s  c r y s ta l  three specimens were prepared f o r  deformat ion 

as f o l l o w s :  By spark eros ion (Servome-t Spark machine) , w i th  g r a d u a l l y

decreasing spark i n t e n s i t y *  the c r y s ta l  rod was machined to  be 

u n i fo rm ly  c y l i n d r i c a l  a long most o f  i t s  2 inch le ng th .  The f i n a l  

d iameter o f  the c y l i n d e r  was then approx imate ly  6mm. The c en t ra l  

region o f  the c r y s ta l  was then sect ioned (again by means o f  spark 

e ros ion)  i n to  th ree  v i r t u a l l y  i d e n t i c a l  c y l i n d e r s ,  each 12mm lo n g , and 

two d iscs  each 1.2mm t h i c k .  The ends o f  the 12mm c r y s t a l s  were then 

planed, by spark e ros io n ,  to  be f l a t , p a r a l l e l  and normal to  the 

c y l i n d r i c a l  ax is  o f  the c r y s t a l s .

Surface damage due t o  spark eros ion was minimized by using the 

f i n e s t  c u t t i n g  ranges f o r  most# and in p a r t i c u l a r ,  the l a t t e r  pa r ts  o f  

the machining. This damage was subsequent ly removed by a l i g h t  

chemical p o l i s h  in a s o l u t i o n  o f  55 per cent HF and fuming HNCy ( r a t i o  

by volume 30:70) ,  A f t e r  p o l i s h in g ,  the three c r y s ta l s  were deformed 

in u n ia x ia l  cororess ion  to  nominal s t r a i n s  o f  1 per c e n t , 2 per cent 

and 4 per cent r e s p e c t i v e l y .  Th is  was accompl ished by means o f  a 

spec ia l  compression j i g  which was designed f o r  use w i t h  the a v a i l a b le  

tensometer.  The po l ished  s ta in le s s  s tee l  a n v i l s  o f  the j i g  were not 

l u b r i c a te d  p r i o r  to  the compression procedures as t h i s  has been shown 

p re v io u s ly  to g ive  the best r e s u l t s  (Tay lo r  and C h r i s t i a n ,  1967) .

The tensometer is  a screw d r iv en  Polyani  type machine which was 

cons t ruc ted  by E, J . H, Vessels and P.J ,  Jackson (ex t h i s  depar tm ent ) , 

w i th  some m o d i f i c a t i o n s ,  from a design by Basinsky (see White,  1959). 

The l i n e a r i t y  and c a l i b r a t i o n  o f  the tensometer were checked by hanging 

known weights from the load c e l l .  For deformat ion  o f  the present 

specimens the cross-head v e l o c i t y  was set t o  be 2 . 5  x 10"^mm sec "1.

The actua l  deformat ion  r a te  was somewhat lower due to the 1 s o f tn e s s 1
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o f  tne tensometer . This was es tab l ished  to be approx im ate ly  

6 x 1 0  cm Kgm . The : t r e s s - s t r a i n  curve ( a f t e r  c o r re c t i o n  f o r  

machine sof tness -  but not resolved onto  the ope ra t ing  s l i p  systems) 

f o r  the specimens is shown in f i g u r e  5 .1 .  The arrows in the f i g u r e  

in d ic a te  the  ac tua l  f i n a l  s t r a i n  (along [ l l O ] )  f o r  each specimen.

The absence o f  any y i e l d  p o in t  phenomenon in the curve is  expected 

but is  not s i g n i f i c a n t  because o f  the machine so f tness .  These 

r e s u l t s  are s im i l a r  to those obta ined elsewhere under s i m i l a r  deforma­

t i o n  cond i t ion s  (see f o r  example Bowen, C h r i s t i a n  and T a y lo r ,  1967).

A f t e r  de fo rmat ion the c r y s t a l s  were s l i g h t l y  e l l i p t i c a l  In 

cross sec t ion  and they were again machined to be u n i fo rm ly  c y l i n d r i c a l  

over  a reg ion o f  several  m i l l im e t e r s  near t h e i r  equators .  From 

t h i s  reg ion ,  in each case, th ree  d iscs  were cut ( th ickness  > 1 mm) 

normal to the c y l i n d r i c a l  a x i s .  These d i s c s ,  toge ther  w i th  the two 

1 . 2mm t h i c k  d iscs o f  undeformed c r y s ta l  mentioned e a r l i e r ,  were then 

planed,  using the f i n e s t  range a v a i la b le  on the Servomet, on both 

faces to be un i fo rm ly  1mm t h i c k .

Two d iscs  o f  each set ( i . e .  f o r  the 0 per cen t ,  1 per cen t ,  2 per 

cent and k per cent (nominal)  deformed c r y s ta l s )  were then a l igned by 

X-ray  methods so t h a t  rods (1 x 1 x 6mm) could be cu t  from the d iscs  

w i t h  t h e i r  long axes along [110] and [OOI] d i r e c t i o n s  re s p e c t i v e l y  

f o r  each se t .  Thus, f o r  each deformat ion  case, rec tangu la r  rods 

were obta ined w i th  edge d i s l o c a t i o n  deb r is  l y i n g  predominant ly along 

o r  a t  r i g h t  angles to t h e i r  long axes (see sec t ion  5 -2 . 2 ) ,

The rods and remaining d iscs  were then chem ica l ly  po l ished f o r  

two minutes to remove sur face damage. The t ime requ i red  to remove a l l  

spark damage was determined in a separate experiment where the 

magnetic hy s te res is  in undeformed specimens was measured as a fu n c t io n  

o f  p o l i s h in g  t ime.
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s in g le  c r y s ta l s  in compression along <110> a t  

235K* The arrows in d ic a te  the term ina l  s t r a in

f o r  each c r y s t a l ,
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5 .2 .2  Deformat ion and the d i s l o c a t i o n  c o n f ig u r a t i o n  

For u n ia x ia l  s t ress  along the [ l lO ]  d i r e c t i o n  in niobium i t  is  

known ( Foxa i1, Duesbery and H i rsch ,  19 6 7 , Bowen, C h r i s t i a n  and 

T a y lo r ,  1 9 6 7» and Tay lor  and C h r i s t i a n ,  1967a, b) tha t  de fo rmat ion 

occurs by double g l i d e  on the [ i l l ]  (112) and [ i l l ]  (112) systems 

which are sym m et r ica l ly  disposed t o  the [ l 10] t e n s i l e  a x i s .  For 

de fo rmat ion in tension any small imbalance in the Schmid fa c to r s  on 

these two systems gives r i s e  to a tendency f o r  the t e n s i l e  ax is  to 

r o ta te  back to the [ l lO ]  a x i s .  In compression t h i s  tendency w i l l  be 

reversed, but in p ra c t i c e  the t e n s i l e  ax is  is  s ta b le  p ro v id in g  i t  is  

I n i t i a l l y  w i t h i n  a few degrees o f  [ l 10] (C h r is t ia n  and T a y lo r ,  1967a ) .

The d i s l o c a t i o n  deb r is  r e s u l t i n g  from t h i s  type o f  de fo rmat ion a t  

room temperature is predominant ly  edge in cha rac te r  w i th  the d i s ­

lo c a t io n s  a l igned  along the [ l T o ]  d i r e c t i o n  in the ( 1 1 0 )  p lane.

The Burgers Vector  Is b =  ?  [ i l l ]  (see f o r  example Ta y lo r ,  1966, Bowen, 

C h r i s t i a n  and T a y lo r ,  1966 and Ta y lo r  and C h r i s t i a n ,  1967b ) .

According to Foxa11, Duesbery and Hi rsch ( lo c .  c i t ,) 80 per cent o f  

the d i s l o c a t i o n  segments l ie w i t h i n  10 degrees o f  pure edge and about 

0.5 per cent l i e  w i t h i n  10 degrees o f  pure screw o r i e n t a t i o n .  There 

is  a s t rong tendency in t h i s  type o f  deformat ion  f o r  the fo rmat ion  o f  

loose d i s l o c a t i o n  bra ids (see f o r  example Tay lo r  and C h r i s t i a n ,

1967b) which extend fo r  r e l a t i v e l y  long d is tances  along the [ l lO ]  

d i r e c t i o n .  Th is  tendency i s  apparen t ly  loss marked in specimens 

deformed in compression than in tens ion .

A general  f ea tu re  o f  do format ion in niobium is the existence, o f  

small regions o f  t i g h t l y  tangled d i s lo c a t i o n s  ( t y p i c a l l y  0 .0 5  to  0 .5  

microns in diameter)  which apparen t ly  cons is t  predominantly o f  edge 

d ipo les  o r  mul t  I poles.
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F i n a l l y  the d i s l o c a t i o n  d e n s i t y  in niobium specimens deformed 

4 per cent in t h i s  manner has been measured (Good and Kramer, 1970) 

as 1 . 5  x ID'* cm

5 .2 .3  The magnet izat ion measurements

The magnetometer and a bas ic  o u t l i n e  o f  the method o f  ope ra t ion  

have been descr ibed in chapter  2 .

P re l im in a ry  magnet iza t ion  measurements on the rec tangu la r  rod 

specimens ind ica ted  an appa ren t ly  i r r e p r o d u c ib le  behaviour which was 

re la te d  to  the manner in which the temperature, o f  the specimen had 

been cyc led between 300K, 80K and 4K. Var ious cons ide ra t ions  and 

exper iments es tab l ishe d  th a t  t h i s  i r r e p r o d u c ib le  behaviour  was 

assoc ia ted  w i th  c o n f ig u r a t i o n a l  changes o f  i n t e r s t i t i a l  hydrogen s o lu te  

in the specimens a t  sub-ambient temperatures.  The low temperature 

behaviour o f  i n t e r s t i t i a l  hydrogen has been discussed in chapter  4 

where i t  was demonstrated that the m o b i l i t y  o f  I n t e r s t i t i a l  hydrogen 

in niobium is  v i r t u a l l y  zero a t  temperatures below 20K. Consequent ly 

rap id  and rep roduc ib le  quenching from room temperature to  4K should 

r e s u l t  In a u n i fo rm ly  dispersed hydrogen c o n f i g u r a t i o n ,  w i t h  p a r t i a l l y  

formed C o t t r e l l  atmospheres 1 f ro z e n '  onto  the d i s l o c a t i o n s ,  and 

th e re fo re  to  rep roduc ib le  h y s t o r e t l c  behaviour.  in p ra c t i c e  t h i s  was 

found to  be the case. The specimens were th e re fo re  always quenched 

to 4K In the same manner. The method o f  quenching has been descr ibed 

in chapter  2 and in f i g u r e  5 . 2  the h ig h l y  rep roduc ib le  c o o l in g - t im e  

c h a r a c t e r i s t i c  f o r  t h i s  quenching process is  shown . Also shown in

*  The quench t ime from 300K to  4K is l im i t e d  to a minimum o f

approx imate ly  150 seconds by the r e l a t i v e l y  low thermal c o n d u c t i v i t y  

between the. c a lo r im e te r  and the hel ium bath.



t  (heating) (secs)
0  2 0 0  4 0 0  6 0 0  8 0 0

3 0 0

200 -

1 0 0 -

0  5 0  1 0 0  1 50
t (cool ing) (secs)

Figure 5 .2 .  Heat ing- t im e and c o o l in g - t im e

c h a r a c t e r i s t i c s  f o r  the temperature 

c o n t r o l l e d  specimen stage (see t e x t ) .
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the f i g u r e  is the hea t ing - t im e  c h a r a c t e r i s t i c .  These c h a r a c t e r i s t i c s  

were ob ta ined using the spec ia l  temperature regu la ted specimen stage 

(see appendix A2 and A3) which was used in the ageing exper iments 

(which w i l l  be descr ibed l a t e r ) . The s l i g h t l y  1< s** thermal mass

o f  t h i s  stage compared w i t h  the usual specimen hold'.,- is  not expected 

to  a f f e c t  the ra te  o f  co o l in g  (as ind ica ted  in f i g u r e  5.2) by more than 

a few per cent .

Thus magnet iza t ion  (M) measurements were made on the rod-specimens 

in the as-quenched s ta t~  as descr ibed above (and i n i t i a l l y  in the 

Meissner s t a t e ) , w i th  the app l ied  f i e l d  (HQ) p a r a l l e l  t o  t h e i r  long 

axes , f o r  inc reas ing  and decreasing H and a t  var ious  temperatures fo r  

a la rge  number o f  i n t e r v a l s  in the range 4K < T < 9-3K. Al though 

temperatures a:  low as 2.2K could be obta ined by pumping on the hel ium 

bath i t  was not cons idered wo r thwh i le  to  extend the measurements 

t h i s  temperature.

Magnet iza t ion measurements on the disc-specimens were made on ly  

-at k . 05K w i th  the app l ied  H In the plane o f  the d iscs  f o r  va r ious  

o r i e n t a t i o n s  o f  w i th  respect to the [ l 10] d i r e c t i o n ,  A f t e r  each 

m agnet iza t ion  measurement on the d 1sc-speclmens I t  was necessary to 

remove the specimen from the c r y o s t a t , r e o r ie n ta te  i t ,  and then to 

quench i t  back to T = 4 . Z K  again f o r  the next  measurement. The 

specimen ho lder  and j i g  f o r  a l i g n in g  these specimens are descr ibed in 

appendix A2,

To determine the e f f e c t s  o f  the c o n f ig u r a t i o n a l  d i s t r i b u t i o n  o f  

the i n t e r s t i t i a l  hydrogen on f 1uxon p inn ing  in a sys temat ic  manner 

isochrona l  ageing exper iments were conducted on the rod-specimens at  

ageing temperatures TQ at  equal In te rv a ls  in the, range kK < T < 300K. 

Th is  was done as f o l l o w s :  The rod specimen was mounted in the



136

temperature regu la ted  specimen stage and quenched to  T 4 . OSK.

A magnet iza t ion  loop was then recorded. The hel ium exchange gas 

was then pumped From the specimen chamber and the temperature o f  

the specimen stage was ra ised  t o ,  and mainta ined a t ,  some le ve l  T  ̂

f o r  10 minutes.  Helium gas was then r a p id l y  re -adm i t ted  in to  the 

specimen chamber, r e s to r i n g  the pressure to a tmospher ic ,  and the 

hea te r  on the stage was s im u l taneous ly  switched o f f .  When the 

specimen had quenched to  A.0?K a magnet iza t ion  loop was again 

recorded . This process was repeated a t  an ageing temperature 

T 0 > T , and so on f o r  ageing temperatures up to T «  300K. A
C IA  u  i  c l

s im i l a r  set  o f  isochronal  ageing exper iments was then conducted at  a 

constant  temperature (Tq “  90K) f o r  several  per iods  o f  15 minutes 

d u ra t io n ,

The hydrogen concen t ra t ion  in the rod specimens was subsequent ly 

determined by Hr R<P. Badenhorst o f  the South A f r i c a n  Iron and Steel 

Corpora t ion  (P re to r ia )  to  be approx imate ly  50ppm (a tom ic ) .  The small 

s i z e  o f  the specimens precluded an exact de te rm ina t ion ,  For t h i s  

hydrogen c o n c e n t r a t i o n , e s p e c ia l l y  as the hydrogen is most ly  

assoc ia ted  w i th  the d i s l o c a t i o n s  at  low tempera tu res, the e f f e c t  on the 

bu lk  p ro p e r t ie s  o f  niobium are very small (see chapter k ) .

Attempts to measure the oxygen and n i t ro g e n  concen t ra t ions  In the 

specimens by neutron a c t i v a t i o n  an a ly s i s  (a lso  a t  the  South Afr ican  I ron 

and Steel Corpora t ion)  y ie lde d  inconc lus ive  r e s u l t s  but  suggested on ly  

a few ppm in eavh case.

5.3 Experimental  r e s u l t s

A few re p re s e n ta t iv e  magnet iza t ion  curves fo r  the, v a r io u s ly  

deformed rod-specimens (as-quenched) a t  va r ious  measuring temperatures 

are shown in f ig u re s  5.3a to  5.3d. The curves f o r  a l l  the rod-
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F i g u r e  5 , 3 a .  M a g n e t i z a t i o n  c u r v e s  f o r  t h e  [ 0 0 1 ]  u n d e f o r m e d
n i o b i u m  r o d  s p e c i m e n  a n d  a f e w  o f  t h e  t e m p e r a u u r e s
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N b  r o d  s p e c i m e n s  
a s  q u e n c h e d  
!•/» d e f o r m e d

[001]

i ‘ 5 "

Hn  K o e

F i g u r e  5 . 3 b .  M a g n e t i z a t i o n  c u r v e s  f o r  t h e  [ i To]  and  [ O O l ]
1 p e r  c e n t  ( n o m i n a l )  d e f o r m e d  r o d  s p e c i m e n s .
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specimens show cons iderab le  h y s te re s is  f o r  b „< 0.35. This hy s te res is  

is  due predominant ly  to  the sharp corners  o f  the r e c ta n tu la r  

specimens (see chapter  6 ) .  Since however, in low k m a te r i a l s ,  la rge  

u n c e r t a i n t i e s  e x i s t  in the theory  o f  p inn ing  fo r  b < 0.4 (see f o r  

example Campbell and E v e t t s , 1972) the ted ious  and po s s ib ly  hazardous 

procedure o f  a t tempt ing  to  remove the corners was not considered 

w o r thw h i le .  For b % 0.35 the magnet iza t ion  behaviour is  almost 

r e v e r s ib l e  in the undeformed specimens ( f i g u r e  5 . 3a) and the ana lys is  

o f  the p inn ing  fo rc e  d e n s i t y  in the deformed specimens w i l l  t h e re fo re  

be conf ined to  the region b > 0.35. The r e v e r s ib le  behaviour o f  

the undeformed specimens and var ious  o the r  cons ide ra t ion s  which w i l l  

become apparent a lso  in d ic a te  th a t  the var ious  sur face p inn ing  e f f e c t s  

(see chapter  1) are not  s i g n i f i c a n t  in the present  specimens in t h i s  

regime.

In f i g u r e  5.4 ( T ) , H^(T) and (T) f o r  the [OOl] unde formed

(as-quenched) rod-specimen are shown as fu n c t io n s  o f  T. [ H ^ C f )  and 

Hc | (T )  are  obta ined from the magne t iza t ion  curves by e x t r a p o la t i o n  as 

shown in f i g u r e  5 .3 a . ]

E x t ra p o la t i n g  the c r i t i c a l  f i e l d  curves in the region H 4  h % to 

H =  0 (see f i g u r e  5 .4) g ives ,  f o r  the c r i t i c a l  temperature,

T ,  «= 9.25 ± 0 .01K. Also shown in f i g u r e  5.4 are the r e s u l t s  f o r  

Hc2 (T) f o r  the [001] 4 per cent deformed , rod-spec I men. The increase 

in Hc2 (T) due to  the deformat ion is appa ren t ly  not s i g n i f i c a n t ,  In 

f i g u r e  5.5 the r e s u l t s  o f  f i g u r e  5.4 are r e p lo t t e d  aga ins t  t  , where 

t  is the reduced temperature T/T . E x t ra p o la t i n g  the 

curves to  t ^  0  0 gives (0) “  4.00 x 10^ o e r s t e d , (0) 1.67  x 1 O'*

oers ted  and Hc (0) &  1 ,96  x 1 O’* oe rs ted .
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The Maki parameters ( t )  and ^ ( t )  have been determined as a

fu n c t io n s  o f  t  from the magnet iza t ion  curves fo r  the [OOI] undeformed

specimen using equat ions 1.5 and 1.6.  In the in s e t  o f  f i g u r e  5.6

( t )  and i c ^ t )  are p l o t t e d  aga ins t  t 2, in the v i c i n i t y  o f  t  — 1 in

order  to  determine the Ginzburg-Landau parameter k which is  given by

k == ( t  *=1) => Kg(t  1=3 1).  According to  t h i s  p l o t  k — 0 . 785-

Using t h i s  va lue f o r  k the reduced Maki parameters k^ /k  and k ^ / k were
o

then c a lc u la te d  and are p l o t t e d  aga ins t  t  in f i g u r e  5-6. These r e s u l t s  

are very s i m i l a r  to  those obta ined elsewhere by o th e r  authors  (see 

f o r  example Finnemore, Stromberg and Swenson, 1966).

The method f o r  the de te rm ina t ion  o f  the c r i t i c a l  c u r re n t  d e n s i t y  

JC(B) and hence the bu lk  p inn ing  fo rc e  d e n s i t y  PV(B) from the 

magnet izat ion loops is given in appendix A l ( e ) , The dependences o f  

Jc on the reduced induc t ion  b f o r  the var ious  deformed spec!men-rods 

a t  va r ious  temperatures is  shown in f ig u r e s  5-7 to  5.12. In f ig u re s  

5.13 to  5.16 the dependence o f  on b is s i m i l a r l y  shown. « Figure 

5.17 shows q u a l i t a t i v e l y  the an ’ sot ropy in the magnitude o f  

Pv (b “ “ 0 .6) in the (110) plane f o r  the 1 per c e n t , 2 per cent and 

4 per cent  deformed d isc  specimens ( s o l i d  curves) and P^(b == 0.8) fo r  

the 4 per cent deformed d is c  specimen (po in ts )  w i th  the app l ied  

f i e l d  in the plane o f  the d iscs ,  The small asymmetry is  presumably 

due to  a s l i g h t  m is -a l ignment  o f  the d isc  axes from [ l 1o ] . [The 

geometry o f  the disc-specimens precludes a q u a n t i t a t i v e  de te rm ina t ion  

o f  Pv] . The an iso t ropy  o f  (T ™ 4.05) in the (110) plane is 

shown in f i g u r e  5 ,1 8.
According to  f i g u r e  5.17 Py (b =  0,6) is s t r o n g ly  peaked ( i n  the 

as-quenched specimen) when the app l ied  f i e l d  is in the [ l T o ]
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d i r e c t i o n ,  i . e .  when the f luxons  are p a r a l l e l  to  the d i s l o c a t i o n s .  

There is a lso  some suggest ion o f  a maximum in P (b =  0.6) near the 

[OOl] and [OOI] d i r e c t i o n s .  Th is  r e s u l t  is  s i g n i f i c a n t l y  d i f f e r e n t  

from th a t  o f  Good and Kramer (1970) as descr ibed in sec t ion  5 .1 .  

However, the r e s u l t s  o f  the isochronal  ageing exper iments ,  which w i l l  

now be discussed,  show t h a t  t h i s  d isc repancy  is p r i n c i p a l l y  a con­

sequence o f  the i n t e r s t i t i a l  hydrogen in the present specimens.

in f i g u r e  5.19 Pv (b — 0.6) f o r  the undeformed and 4 per cent 

deformed j_1 TO] and [001J specimens is p l o t t e d  aga ins t  ageing 

temperature T in the range 4K < T < 300K. With inc reas ing  ageing

temperature P (b ~  0.6) remains constant up to  T — 40K. P (b =  0.6) v r a v

then shows a narrow maximum centred a t  T — 70K. With f u r t h e r
3

increase in the ageing temperature P (b — 0.6) decreases r a p id l y

to  e x h i b i t  a broad minimum cen t red  a t  T =  200K. When T reachesa a

300K Py (b =  0.6) is aga in ,  as expected, back to  i t s  as-quenched 

value. The o v e r a l l  magnitude o f  the ageing e f f e c t s  on P^ i n c r e a s e s  

on deformat ion and is much l a r g e r  in the [ l i o ]  than in the T)0f j  

deformed specimens. Prolonged ageing a t  temperatures in the range 

8oK < T < 140K causes a f u r t h e r  decrease in P w i th  a t ime constant
3  V

o f  about 5 minutes.  In f i g u r e  5.20 the e f f e c t  o f  the 10 minute 

isochronal  ageing exper iments on the b dependence o f  P^ in the [iToJ 

4 per cent deformed specimen is shown f o r  va r ious  inc reas ing  ageing 

temperatures and a lso  f o r  a 20 hour anneal a t  T =  90K. Figure 5.21 

shows the r e s u l t s  ob ta ined ,  f o r  repeated 15 minute ageing exper iments 

a t  Tg "  90K, on the same, specimen ar eludes the r e s u l t  f o r  the 20 

hour age. This l a t t e r  r e s u l t  cannc e mod if ied  by any f u r t h e r  ageing 

a t  temperatures below approx imate ly  |40K. [These r e s u l t s  are con­

s i s t e n t  (see chapter  4) w i th  the expec ta t ion  t h a t  the c o n f ig u r a t i o n a l
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d i s t r i b u t i o n  o f  i n t e r s t i t i a l  hydrogen in f luences  the p inn ing  e f f e c t i v e ­

ness o f  the deformat ion induced m ic r o s t r u c tu r e .  Prolonged ageing a t  

a s u i t a b le  temperature,  i . e .  20 hours a t  T =  90K, causes a l l  the 

a v a i l a b le  hydrogen to be pumped (by the C o t t r e l 1- B i 1 by mechanism) in to  

the d i s l o c a t i o n  cores where i t  p r e c ip i t a t e s  as small 3 phase hydr ide 

p a r t i c l e s .  For a hydrogen concen t ra t ion  o f  50ppm, these d i s c re te  

p a r t i c l e s  must n e c e s s a r i l y  be very small and wel l  separated and t h e i r  

i n f lu e n c e  on P is expected to  be i n s i g n i f i c a n t .  The d i s lo c a t i o n s  in 

t h i s  c o n d i t io n  are considered to  be ' c l e a n 1, i . e .  f r e e  o f  C o t t r e l l  

atmospheres.]

The e f f e c t  o f  long ageing on Py (b) f o r  the [001] h per cent 

deformed specimens is shown in f i g u r e  5.22 (compare curve c, which Is 

the as-quenched r e s u l t ,  w i t h  curve b , which is the r e s u l t  ob ta ined 

a f t e r  ageing f o r  20 hours a t  T =  90K) . The ageing process in t h i s  

case apparen t ly  has a r e l a t i v e l y  small e f f e c t  on the P (b) dependence 

and magnitude compared w i th  the case f o r  the [ iTo]  specimen. Also 

shown f o r  comparison in f i g u r e  5.22 are  the r e s u l t s  f o r  the s a tu ra t io n  

aged [ l lO ]  k per cent deformed specimen (curve a) and the r e s u l t s  o f  

Good and Kramer (1970) f o r  an approx im ate ly  equ iva len t  m ic ro s t ru c tu re  

s i t u a t i o n  (curve d) (but see sec t ions  5-1 and 5 .22) .  Comparison o f  

the former r e s u l t  (curve a) w i th  the r e s u l t  f o r  the s a tu ra t io n  aged 

[001] specimen (cu ive  b) shows in e i t h e r  case an almost id e n t i c a l  

dependence o f  Py on t ,  w i t h  P y ( b ) [ l i e ]  on ly  20 per cent  la rge r  than 

P(b) [001] on average. The r e s u l t  o f  Good and Kramer (curve d) has a 

dependence which is  s i m i l a r  to the above (neg lec t ing  the small 1 peak1 

e f f e c t  a t  b m 0 . 9 ) ,  but  is  about 40 per cent lower on average than 

curve a. This l a t t e r  d iscrepancy is  not considered to be ser ious 

because o f  the d i f f e r e n c e  in the s t a r t i n g  m a t e r i a l , de fo rmat ion procedure
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Figure 5-22. The v a r i a t i o n  o f  the bulk p inn ing  fo rce  dens i ty  

w i th  reduced induc t ion  in c lass  ( i )  (see 

t e x t ) .
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and measuring techn ique employed in the two i n v e s t i g a t i o n s .

In f i g u r e  5.23  Pv versus b curves are given fo r  the 1 per c e n t ,

2 per c e n t , and k per cent nomina l l y  deformed specimens in  the 

as-quenched c o n d i t io n  a t  T =  4.5K. Py(b) f o r  the [ iTo ]  specimens 

is  appa ren t ly  almost independent o f  the ex ten t  o f  de format ion.  In 

c o n t ra s t  the [OOI] specimens show a more o r  less l i n e a r  dependence 

o f  Pv (b) on the actual  percentage s t r a i n  ( v i z :  8:24:36 -  see f i g u r e

5 . 1 ) .

N eg le c t ing ,  fo r  the moment, a few small anomalies which w i l l  be 

discussed l a t e r  i t  is  obvious from the fo rego ing  tha t  the p inn ing  

behaviour found in the va r ious  specimens may be d iv ided  i n t o  two 

d i s t i n c t  c lasses,  These are manifested r e s p e c t i v e ly  by ( i )  the 

[0Q1] deformed specimens as-quenched o r  aged and the [110] deformed 

specimens a f t e r  s a tu r a t i o n  ageing and ( i i ) the [ l i o ]  deformed 

specimens as-quenched and a lso in the i n i t i a l  stages o f  ageing,

in accordance w i th  the t h e o r e t i c a l  cons ide ra t ions  o f  chapter  3 

and w i t h  usual p ra c t i c e  the r e s u l t s  ob ta ined f o r  P ( b , t )  from e x p e r i ­

ment in these two c lasses w i l l  now be examined to  e s ta b l i s h  whether 

they sca le  in the manner p red ic ted  by equat ion 3.61, v i z :

P y ( b , t )  = G g(b) b£2 ( t ) / i c m( t )  3.61

I t  is apparent from f i g u r e  5.23 t h a t  changes i . the ex ten t  o f  

deformat ion  (and hence in G) w i t h i n  each c lass  (shown re s p e c t i v e l y  by 

curves aa ,bb ,cc  and curves a ,b , c )  do not s i g n i f i c a n t l y  in f luence  the 

dependence o f  Py on b a t  constant  temperature,  In e i t h e r  case t h e re ­

fo re  G is apparen t ly  independent o f  b, In the former case (c lass ( i ) - 

curves aa , bb and cc) G is apparen t ly  approx im ate ly  p ropo r t ion a l  to  the 

ex ten t  o f  deformat ion and in the l a t t e r  case (c lass  ( i i ) )  there is  no 

s i g n i f i c a n t  dependence. Moreover f o r  the exper imental  r e s u l t s  to  be
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a t  T r-- *1.5K showing the d i f f e r e n c e  in behaviour 

between the [ iTo ]  (c lass  ( 1 1 ) )  and the [OQl] 

(c lass  ( i ) )  as-quenched specimens.



160

c o n s is te n t  w i th  the form o f  equat ion 3.61 the dependence o f  P on the 

m ic ro s t r u c tu r e  and on b must a lso  be temperature in v a r i a n t  f o r  a l l  b. 

[ F a i l u r e  in t h i s  respect would in d ic a te  the need f o r  a f a i r l y  e labo ra te  

t h e o r e t i c a l  t rea tment  unless i t  could be accounted f o r  by some 

r e l a t i v e l y  s t r a ig h t fo rw a r d  e f f e c t  such as the matching e f f e c t  (see 

chap te r  3 ) o r  by the ex is tence  o f  two o r  more p inn ing  mechanisms 

w i t h  d i f f e r e n t  s c a l in g  laws a c t in g  s im u l tan eous ly . ]

In f i g u r e s  5.2*13 and 5.24b,  t h e re fo re  Pv (b,T) ( f rom f ig u re s  5.16 

and 5-13 f o r  the 4 per cent [OOl] and [1 To] as-quenched specimens 

r e s p e c t i v e l y )  have been normal ized a t  b == 0.4 and b — 0 . 6  r e s p e c t i v e l y  

and the r e s u l t s  are shown f o r  a few reduced temperatures in both cases.

I t  is  apparent from these f i g u r e s  th a t  f o r  b 3 0.6 the r e s u l t s  scale 

w i t h  t  in bo th 'cases .  For b > 0.6 however the re  is a r e l a t i v e l y  small 

o v e r a l l  depar tu re  from the sc a l in g  law which is  apparen t ly  associated 

w i t h  a small anomaly centred a t  b 0 .8 . Th is  anomaly w i l l  be 

considered l a t e r .  S im i la r  r e s u l t s  are  obta ined f o r  the as-quenched 

2 per cent and 1 per cent [ 110 ] deformed specimens as shown' in f ig u re s  

5.25a and 5.25b. The l a t t e r  f i g u r e  however shows a f u r t h e r  anomaly 

(see the curve f o r  t  =  0 .8 9 7 )•

Thus i t  has been e s ta b l is h e d ,  i f  the anomaly a t  b — 0.8 is 

neglected f o r  the moment, t h a t  some fu n c t io n  G g(b) can be found from 

the  experimental  r e s u l t s  in each c lass  which does not depend s i g n i f i c a n t l y  

on temperature.

A l l  t h a t  now remains f o r  an exper imental  f i t  to  equat ion 3.61 is 

to  v e r i f y  tha t  PV(T) can be expressed in terms o f  ( t )K m( t )  f o r  each 

c lass  o f  behaviour.

P rev ious ly  i t  has been the p r a c t i c e  to  neg lec t  the r e l a t i v e l y  

small temperature dependence o f  k and t o  determine the exponent n ( in
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equat ion 3.61) from the e x p e r im e n ta l ly  determined temperature 

dependence o f  and • In low k m a te r ia ls  ( f o r  example niobium) 

the temperature v a r i a t i o n  o f  k w i th  respect to  t h a t  o f  is  not 

i n s i g n i f i c a n t  however and such a de te rm ina t ion  o f  n w i l l  no t  be 

s u f f i c i e n t l y  accurate  but  may neverthe less be useful  in the fo rm u la ­

t i o n  o f  a model f o r  P ( b , t ) .  I f  the model p re d ic ts  an equat ion o f  

the  form o f  equat ion 3-61 w i t h  ( t ) / k ( t )  g iven e x p l i c i t l y  i t

should then be poss ib le  to  o b ta in  an exper imenta l  v e r i f i c a t i o n  o f  

t h i s  express ion fo r  the temperature dependence.

In f i g u r e  5.26 t h e r e fo re  log[P ( b , t ) ]  has been p lo t t e d  aga ins t  

iog f o r  the va r ious  specimens a t  va r ious  values o f  b. In

every case an approx imate ly  l i n e a r  r e l a t i o n s h i p  is  found . The 

exponents n, which are given by the s lope o f  the p l o t  in each case, 

are  tabu la ted  in f i g u r e  5.26 and l i e  in the range 2.3 < n < 2.8.

Thus f i n a l l y :  i t  has been es tab l ished  th a t  the exper imental

r e s u l t s  show two classes o f  behaviour  which each approx im ate ly ,  

ne g le c t in g  the k  dependence, obey a s c a l in g  law l i k e  equat ion 3-61 and 

a lso  show an anomaly centered a t  b s 0.8 which is s im i la r  in both 

c lasses.  Since, however, the temperature dependence o f  P^ In each 

c lass  is very s im i l a r  (see f i g u r e  5.26) any admixture o f  one class o f  

behav iour  w i th  the o the r  w i l l  s t i l l  r e s u l t  in an o v e ra l l  Pv ( b , t )  

behaviour which scales approx im ate ly  w i th  t  f o r  a l l  b. I t  is  t h e r e ­

fo r e  not poss ib le ,  except in c e r t a in  c i rcumstances, to s t a te  a p r i o r i  

f rom the exper imental  r e s u l t s  the t rue  behaviour o f  the fu n c t io n  g(b) 

f o r  the p inn ing  mechanism poss ib le  f o r  each c lass  o f  behaviour.

The problem w i l l  be discussed in more d e t a i l  in the next sec t ion  

where the exper imental  r e s u l t s  w i l l  be considered in r e l a t i o n  to the 

d i s l o c a t i o n  debr is  due to  deformat ion  and the e f f e c t s  o f  the  ageing
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Figure 5-26. ) og - log  p l o t s  o f  the bulk p inn ing  fo rce  dens i ty  a t

b = 0 . 6  versus the upper c r i t i c a l  f i e l d  ( in d u c t io n  
fo r  var ious specimens and a lso  at  b -= 0.8 f o r  the 
[OOl] 4% deformed specimen. From these p lo t s  the 
temperature dependences o f  the bu lk  p inn ing  fo rce  
dens i ty  have been obta ined approx im ate ly  in terms o f  
an exponent n , i . e .  P ( t )  ( t ) , which is given in
the f i g u r e  f o r  the var ious p l o t s .
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.procedures on the c o n f ig u r a t i o n a l  d i s t r i b u t i o n  o f  the i n t e r s t i t i a l  

hydrogen in the specimens. I t  w i l l  then be pos s ib le  to  summarize the 

exper imental  r e s u l t s  in two complete ly  d i s t i n c t  c lasses o f  behaviour  and 

t o  pos tu la te  models f o r  the p inn ing  mechanisms involved in each case .

5•4 The o re t i ca l  cons ide ra t ions

5.4 ,1  The bas ic  p inn ing  s i t e s

The r e s u l t s  o f  the preceding sec t ion  show t h a t  both c lasses o f  

p inn ing  behaviour  depend on the  presence o f  d i s l o c a t i o n  deb r is  ( i t  w i l l  

become apparent l a t e r  t h a t  p o in t  de fec ts  and p o in t  de fec t  c lu s te r s  

r e s u l t i n g  from the deformat ion need not be considered in the exp lana t ion  

o f  the  observed p inn ing  b e h a v io u r ) . The d i s l o c a t i o n  d i s t r i b u t i o n  

r e s u l t i n g  f rom the p a r t i c u l a r  mode o f  deformat ion  used in the present  

in v e s t i g a t i o n  has been descr ibed in sec t ion  5 .2 .2 .  In essence i t  con­

s i s t s  o f  edge d i s l o c a t i o n s  a l igned  predominant ly  along the  [ l i o ]  

d i r e c t i o n  w i t h  some b r a id in g  and i s o la te d  small (5 - 10^ -  5 . 10% )  regions 

o f  t i g h t l y  tangled d i s l o c a t i o n  d ipo les  and/or  m u l t i  p o l e s . '  From the 

cons ide ra t ion s  o f  chapter 3 i t  would appear t h e r e fo re  th a t  the deforma­

t i o n  produces two p r in c i p a l  types o f  p inn ing  s i t e ,  v i z : ( i ) p a r a l l e l

segments o f  edge d i s l o c a t i o n s  ( l i n e  fo rces )  f o r  which on ly  the p a r a l l e l  

i n t e r a c t i o n  w i t h  a f lu xon  is app rec iab le  and ( i i ) the regions o f  

t i g h t l y  tangled d i s l o c a t i o n  ( p o i n t - l i k e  f o rc e s ) .  Another poss ib le  s i t e  

might comprise regions (w i th  dimensions much la rg e r  than the f luxon  

l a t t i c e  parameter a ) in which the loca l  d i s l o c a t i o n  d e n s i t y  is 

r e l a t i v e l y  high (see f o r  example F ie tz  and Webb, 1969) .  In t h i s  l a t t e r  

case i t  is assum’d tha t  the  p inn ing  forces due to  the in d iv id u a l  

d i s l o c a t i o n  segments in the reg ion may be summed l i n e a r l y  to g ive  the 

n e t t  basic p inn ing  fo rce  per s i t e .  The very elongated regions o f  loose 

b ra id  presumed to  be present in the deformed specimens (see sec t ion  

5 .2 .2 )  would appear to  meet the requirement o f  t h i s  type o f  s i t e .  How-
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ever ,  the absence o f  a la rge  a n is o t ro p y  (but see l a t e r )  in Pv f o r  c lass 

( i )  behaviour  suggests t h a t ,  f o r  c lean d i s l o c a t i o n s ,  t h i s  type o f  s i t e  

may not be o p e ra t i v e  in the present  ins tance.  This w i l l  be discussed 

in more d e ta i l  in sec t ion  5 . 5 . 2 ( b ) .

I t  has a lso  been shown in the preceding sec t ion  tha t  the measured 

p inn ing  fo rce  den s i t y  is  in f luenced by low temperature ageing (and 

th e re fo re  by the c o n f ig u r a t i o n a l  d i s t r i b u t i o n  o f  the i n t e r s t i t i a l  

hydrogen) in a manner which depends on the presence o f  d i s lo c a t i o n s  

(which are edge type in the present i n v e s t i g a t i o n  -  see sec t ion  5 .2 .2 )  

and t h e i r  o r i e n t a t i o n  w i th  respect to  the f luxons .

The two c lasses  o f  p inn ing  behaviour which were found, v i z :  c lass  

( i )  and c lass ( i i ) obey d i f f e r e n t  s c a l in g  laws and occur  re s p e c t i v e ly  

in ( i ) a l l  specimens when the hydrogen has been comple te ly  p r e c ip i t a t e d  

ou t  o f  s o lu t i o n  o r  o therw ise  when the d i s l o c a t i o n s  are f a r  from p a r a l l e l  

i n t e r a c t i o n  w i th  the f luxons  and ( i i ) in the [ lTOj specimens (d i s l o c a ­

t i o n s  p a r a l l e l  to  B) as-quenched and in the  i n i t i a l  stages o f  ageing.

In c lass  ( i ) the p inn ing  fo rce  d e n s i t y  is on ly  moderately 

a n i s o t r o p i c  w i t h  a maximum when B is  p a r a l l e l  to  the [110] d i r e c t i o n .

*  Class ( I ) was on ly  measured w i t h  Hq a long the [OQl] and [110]

d i r e c t i o n s .  The existence o f  maxima f o r  both these o r i e n t a t i o n s  is

poss ib le  and th e re fo re  the ac tua l  an iso t ropy  near the [ lTo ]  d i r e c t i o n  

may be la rg e r  than the 20 per cent d i f f e r e n c e  between the [ l 10] and

[001] d i r e c t i o n s  quoted in the previous  s ec t ion .  Good and Kramer 

(1970) (see a lso  sec t ion  5.1)  do indeed f i n d  such maxima but t h e i r  

maximum along the [001] d i r e c t i o n  is apparen t ly  associa ted w i th  a 

s t rong su r face  p inn ing  mechanism which does not seem to be present 

in t h i s  i n v e s t i g a t i o n  (see f i g u r e  5 .17 ) .  In any event i t  w i l l  

become apparent ,  a f t e r  the p inn ing  s i t e s  respons ib le  f o r  c lass ( I ) 

a re  i d e n t i f i e d ,  t h a t  some an iso t ropy  is  i n e v i t a b l e .
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Class ( i  i ) behaviour however is s t r o n g ly  a n i s o t ro p ic  w i th  Py reduced 

by a f a c t o r  o f  two w i t h in  approx im ate ly  ±20 degrees o f  the [110] 

d i r e c t i o n  (see f i g u r e  5 . 17) •

On the reasonable assumption th a t  the summation procedure (see 

chap te r  3) w i l l  not  in f luenc e  the argument the above c ons ide ra t ion s  are 

c o n s i s te n t  w i th  the f o l l o w in g  t e n t a t i v e  proposals f o r  the bas ic  p inn ing  

s i t e s  respons ib le  f o r  e i t h e r  c l a s s :

For c lass  ( i ) :  the p inn ing  s i t e s  are assoc ia ted w i th  the small

regions  o f  tangled d i s l o c a t i o n .  There is no a p r i o r i  reason to  

suppose th a t  the whole o f  such a reg ion  o r  o n ly  a small ex t ra  h ig h l y  

s t ra in e d  p o r t io n  o f  the region acts as the e f f e c t i v e  p inn ing  s i t e .  The 

apparent low an iso t ropy  o f  and a lso  the r e l a t i v e l y  small i n f luenc e  

o f  the d i s t r i b u t i o n  o f  the hydrogen on in c lass ( i )  suggests th a t  

such regions i n t e r a c t  w i th  the f luxons  e i t h e r  by i s o t r o p i c  s t ress  

independent (e.g .  6 k ) p inn ing  mechanisms or  by the second-order

e l a s t i c  i n t e r a c t i o n  (see chapter  3) •  This type o f  s i t e  w i l l  be ca l led  

the 'm u l t i p l e  d i s l o c a t i o n  s i t e 1 and i t  is not in c o n s is te n t  w i t h  the 

c ons ide ra t ion s  o f  o the r  au thors  (see f o r  example Campbell and E v e t t s , 

1972 ) .  I t  i s  probable th a t  t h i s  type o f  s i t e  w i l l  be somewhat 

elongated p a r a l l e l  to  the d i s l o c a t i o n  l i n e s  o f  the predominant 

d i s l o c a t i o n  system and t h a t , in consequence, the p inn ing  fo rce  de n s i t y  

w i l l  be a n i s o t r o p i c .  For c lass ( i I ) :  the p inn ing  is assoc ia ted

w i t h  edge d i s l o c a t i o n  segments ( i s o l a te d  or  in bra ids  and a l ign ed  

predominant ly  along the [ l 10] d i r e c t i o n )  o r ,  more p r e c i s e l y ,  w i t h  the 

C o t t r e l l  atmospheres assoc ia ted w i th  them. The exper imental  1y 

observed p inn ing  behaviour in c lass ( i I ) however is due to  the e f f e c t i v e  

ope ra t io n  o f  both the ' C o t t r e l l  atmosphere1 s i t e s  and, to a le sse r  

e x t e n t , the m u l t i p l e  d i s l o c a t i o n  s i t e s  which w i l l  always be e f f e c t i v e
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Class ( i i )  behaviour however is s t ro n g ly  a n i s o t ro p ic  w i t h  reduced 

by a fa c to r  o f  two w i t h i n  approx im ate ly  ±20 degrees o f  the [ iTo]  

d i r e c t i o n  (see f i g u r e  5 .17) .

On the reasonable assumption tha t  the summation procedure (see 

chap te r  3) w i l l  not in f luenc e  the argument the above c ons ide ra t ion s  are 

c o n s is te n t  w i th  the f o l l o w in g  t e n t a t i v e  proposals f o r  the bas ic  pinn ing 

s i t e s  respons ib le  f o r  e i t h e r  c la s s :

For c lass  ( i ) :  the p inn ing  s i t e s  are assoc ia ted w i t h  the small

reg ions o f  tangled d i s l o c a t i o n .  There is no a p r i o r i  reason tc 

suppose th a t  the whole o f  such a region or  on ly  a small e x t ra  h ig h ly  

s t ra in e d  p o r t i o n  o f  the region acts  as the e f f e c t i v e  p inn ing  s i t e .  The 

apparent low an iso t ropy  o f  Pv and a lso the r e l a t i v e l y  small in f luence  

o f  the d i s t r i b u t i o n  o f  the hydrogen on in c lass  ( i )  suggests t h a t  

such regions i n t e r a c t  w i th  the f 1uxons e i t h e r  by i s o t r o p i c  s t ress  

independent (e .g .  5 k ) p inn ing  mechanisms or  by the second-order

e l a s t i c  i n t e r a c t i o n  (see chapter  3 ) .  This  type o f  s i t e  w i l l  be ca l led  

the 'm u l t i p l e  d i s l o c a t i o n  s i t e 1 and i t  is not in c o n s is te n t  w i th  the 

c ons ide ra t ion s  o f  o th e r  authors (see f o r  example Campbell and E v e t t s , 

1972).  I t  i s  probable tha t  t h i s  type o f  s i t e  w i l l  be somewhat 

elongated p a r a l l e l  to  the d i s l o c a t i o n  l i n e s  o f  the predominant 

d i s l o c a t i o n  system and t h a t , in consequence, the p inn ing  fo rce  den s i t y  

w i l l  be a n i s o t ro p ic ,  For c lass  ( i i ) :  the p inn ing  is assoc ia ted

w i t h  edge d i s l o c a t i o n  segments ( i s o la te d  o r  in b ra ids  and a l igned  

predominant ly  along the [ l 10] d i r e c t i o n )  o r ,  more p r e c i s e l y ,  w i th  the 

C o t t r e l l  atmospheres assoc ia ted w i th  them. The expe r im e n ta l ly  

observed p inn ing  behaviour  in c lass  ( i i )  however is  due to  the e f f e c t i v e  

ope ra t io n  o f  both the ' C o t t r e l l  atmosphere1 s i t e s  and, to a lesser  

e x t e n t , the mu lt ip le ,  d i s l o c a t i o n  s i t e s  which w i l l  always be e f f e c t i v e



168

regard less o f  the hydrogen d i s t r i b u t i o n .  Thus, in agreement w i th  

exper iment,  complete p r e c i p i t a t i o n  o f  the hydrogen in s o lu t i o n  ( i .e . ,  

in the C o t t r e l l  atmospheres) by s u i t a b l y  ageing should e l im in a te  

c la ss  ( i i ) and res to re  c lass  ( i ) behav iour .  The mechanism o f  

i n t e r a c t i o n  between the C o t t r e l l  atmosphere s i t e  and a f lu xon  w i l l  be 

discussed l a t e r  but i t  is obvious t h a t  the p inn ing  fo rce  due to  t h i s  

type  o f  s i t e  w i l l  be app rec iab le  o n ly  when B is  p a r a l l e l  to  the 

d i s l o c a t i o n  segments ( i . e .  to  the [ l 10] d i r e c t i o n ) .

These t e n t a t i v e  proposals f o r  the bas ic  p inn ing  s i t e s  are remark­

a b le  in s o fa r  as clean i s o la te d  d i s l o c a t i o n  segments ( i . e .  f ree  from 

C o t t r e l l  a tmospheres), e i t h e r  p a r a l l e l  or  perpend icu la r  to  B, have 

been excluded as e f f e c t i v e  p inn ing  s i t e s  in e i t h e r  c l a s s . I t  i s  

moreover d i f f i c u l t  to  f i n d  a p roposa l ,  compat ib le  w i th  the exper imental  

r e s u l t s ,  which would a l lo w  f o r  t h e i r  i n c lu s io n .  This is in accordance 

w i t h  Labusch1s th resho ld  c r i t e r i o n  (see sec t ion  3•3) and w i th  the 

f i n d i n g s  o f  several  au thors (see sec t ion  5.1) t h a t  inhomogeneous 

d i s l o c a t i o n  networks are necessary f o r  s t rong f luxon  p inn ing .

The f i n a l  j u s t i f i c a t i o n  o f  the presen t  choice o f  p inn ing  s i t e s  

depends i n t e r  a l i a  (see l a t e r )  on an unambiguous choice o f  an 

a p p ro p r ia te  summation mode? and thus e v e n tu a l l y  to  the fo rm u la t io n  o f  

a s c a l in g  law which c o r r e c t l y  p re d ic ts  the expe r im e n ta l ly  obta ined 

p inn ing  behaviour  in each c lass .  For c lass  ( i ) t h i s  should be 

r e l a t i v e l y  s t r a ig h t fo rw a r d  because the p inn ing  s i t e s  are more o r  less 

homogeneous in cha rac te r  and the d i l u t e  l i m i t  summation approximat ion 

is  expected to  be a p p l i c a b le  (see l a t e r ) .  However in c lass  ( i  i ) the 

summation problem is ,  in p r i n c i p l e ,  expected to  be complex because two 

d i f f e r e n t  types o f  p inn ing  s i t e  are ope ra t ing  s imu l taneous ly .  This  

problem was a l luded to  in the previous s ec t ion .  Thus, depending on
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the r e l a t i v e  s t reng ths  and d e n s i t ie s  o f  the two types o f  p inn ing  

s i t e ,  the o v e r a l l  response o f  the f luxon l a t t i c e  and t h e r e fo re  the 

product G.g(b) in the s c a l in g  1 aw (equat ion 3.61) w i l l  be in te rm ed ia te  

between the  l i m i t i n g  cases o b ta in in g  when the p inmng  s i t e s  are 

e i t h e r  o f  one type o r  the o the r .  The p inn ing  behaviour  assoc ia ted  

w i th  these l i m i t i n g  cases w i l l  now be de f ined  i n to  two new c lasses ,  

v i z : Class I which is  e qu iva len t  to  the o ld  c lass  (1) and is  f o r  the

m u l t i p l e  d i s l o c a t i o n  s i t e s  on ly  and c lass  I I f o r  the C o t t r e l l

atmosphere s i t e s  o n ly .  Class ( i i )  is t h e r e fo re  some complex combina­

t i o n  o f  Class I and c lass  II behaviour.  Since however the c o n f ig u r a ­

t i o n a l  d i s t r i b u t i o n  o f  the hydrogen a f f e c t s  c lass  I and, a l b e i t  much 

more s t r o n g l y ,  c lass  11 and s ince  both c lasses apparen t ly  ( from the 

exper imental  r e s u l t s )  have approx imate ly  the same temperature 

dependence i t  is  not in general poss ib le  to  determine a p r i o r i  the 

r e l a t i v e  c o n t r i b u t i o n s  due to  each c lass  f rom the exper imenta l  r e s u l t s .  

Fo r tuna te ly  however, in the present  ins tance,  i t  can be shown th a t

the fu n c t io n  G.g(b) found fo r  c lass  ( i i )  is c lose to  some l i m i t i n g

form which is  most probably  tha t  app ro p r ia te  f o r  c lass  I I .  This may 

be in fe r re d  from the f o l l o w i n g :  Consider f ig u re s  5.20 and 5.21: w i th

p rogress ive  ageing c lass  ( i i )  becomes less prominent u n t i l  e v e n tu a l l y  

o n ly  c lass ( i ) behaviour remains.  The dashed curve in f i g u r e  5.21 

i l l u s t r a t e s  the  tendency o f  g(b) (or more p r e c is e ly  the va lue o f  b f o r  

which Pv (b) is  a maximum) to  reach a l i m i t i n g  va lue a t  s ho r t  ageing 

t imes and i t  is apparent t h a t  the as-quenched r e s u l t  is  very  c lose 

to  t h i s  l i m i t i n g  va lue .  I t  has also been expe r im en ta l ly  es tab l ished  

(see f i g u r e  5.23) th a t  in  c lass ( i i )  the magnitude o f  P (b) and the 

fu n c t io n  g(b) are not  s i g n i f i c a n t l y  dependent on the ex ten t  o f  

de format ion .  This imp l ies  tha t  the product  G.g(b) is approx imate ly
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i n v a r i a n t  w i t h  de format ion.  Var ious models may be pos tu la ted  to  

account fo r  t h i s  r e s u l t  but  o n ly  one model is  e n t i r e l y  c o n s is te n t  w i th  

the o v e ra l l  observed behav iour,  v i z ; tha t  the f 1uxon l a t t i c e  response 

is determined s o le l y  by the C o t t r e l l  atmosphere s i t e s  ( i . e .  c le to  ! l )  

and th a t  G is p ropo r t ion a l  to  the product o f  the t o ta l  i i s i o c a t i o n  

leng th  and the concen t ra t ion  o f  the i n t e r s t i t i a l  hydrogen in the 

C o t t r e l l  atmospheres. I t  w i l l  be argued l a t e r  tha t  t h i s  product is 

a constant  in the present specimens. Thus the fu n c t io n a l  dependence 

o f  G.g(b) on d i s l o c a t i o n  d e n s i t y  (or de format ion)  and on b , as 

determined exper imenta l  1y in c lass  ( i i ) ,  is expected to  be s im i l a r  to 

t h a t  p e r t a in in g  in c la s s  11. However w h i le  t h i s  is apparen t ly  a good 

work ing hypothes is  in the l i m i t  o f  the as-quenched [ l 10] specimens i t  

is  s t i l l  not  poss ib le  t o  make an a p r i o r i  p r e d i c t i o n  o f  the behav iour ,  

in te rm ed ia te  between c lass  I I  and c lass  I ,  which occurs w i th  specimen 

ag e in g . Such a p r e d i c t i o n  is d e s i r a b le  s ince i t  makes poss ib le  an 

independent t e s t  o f  s e l f - c o i s i s t e n c y  between the C o t t r e l l  atmosphere 

s i t e ,  the summation method which depends on the bas ic p inn ing  fo rce  as 

approx imate ly  p^ or  pm in the d i l u t e  or  concentrated l i m i t  r e s p e c t i v e ly  

and the e f f e c t  o f  the ageing procedures on the C o t t r e l l  atmosphere 

development. A n t i c i p a t i n g  l a t e r  r e s u l t s  i t  is  supposed, f o r  the 

present  purposes, th a t  the in te rm ed ia te  behaviour may be approximated 

by a l i n e a r  combinat ion o f  c lass  I and c lass  I I  and, moreover, th a t  

the r e l a t i v e l y  small dependence o f  c lass  I on ageing may be neglected 

f o r  the purpose. Thus the es t imated c lass  I I  behaviour a f t e r  va r ious  

ageing treatments  is shown, in t h i s  approx im at ion ,  in f ig u re s  5 .2 7  and 

5.28 which have been obta ined by s u b t ra c t in g  the curve f o r  P (b) a f t e r  

20 hours ageing a t  Tg ==> 90K ( i . e .  c lass  I) from each o f  the o ther  

curves f o r  Py (b) in f ig u r e s  5.20 and 5.21 r e s p e c t i v e ly .
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ageing f o r  15 minute per iods at  an ageing 

temperature To a  90K.
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I t  is  now pos s ib le  to examine the r e l a t i o n s h i p  between the

p inn ing  fo rce  d e n s i t y  in c lass I I and the amount o f  hydrogen s o lu te  

a v a i l a b l e  f o r  C o t t r e l l  atmosphere fo rmat ion  o r ,  s p e c i f i c a l l y ,  the 

f r a c t i o n  (1- f )  where f  is the f r a c t i o n  o f  s o lu te  which has segregated

in to  the d i s l o c a t i o n  cores in a t ime t  in accordance w i th  Harper 's

formula (equat ion  4 .1 3 ) .  [On the bas is  o f  prev ious  cons ide ra t ion s  

regard ing  the low concen t ra t ion  o f  hydrogen in the specimens i t  may 

be assumed th a t  a l l  the hydrogen is assoc ia ted w i th  the C o t t r e l l  

atmospheres. ]  There is however a minor com p l ica t ion  which is 

obvious on examinat ion o f  the Pv (b) curves o f  f i g u r e  5*28, v i z :  the

curves do no t  scale e x a c t l y  w i th  ageing t ime. This is due in p a r t  to 

the approx imat ion used in o b ta in in g  these curves but there  may a ls o  be 

phys ica l  reasons. Th is  w i l l  be considered in more d e t a i l  l a t e r .

The r e s u l t s  are d i s t i n c t l y  suspect f o r  b a  0.45 but sca le  wel l  f o r

b 0.7* The r e l a t i o n s h i p  between Pv (b) and ( l - f )  w i l l  t h e r e fo re  be

in v e s t ig a te d  a t  b == 0 .5 ,  0.6 and 0,7* In f i g u r e  5*29  t h e r e fo re  

l n [ P v ( t ) / P v ( t  «  0)] ( from the r e s u l t s  o f  f i g u r e  5*28) f o r  each o f  the 

above values o f  b has been p lo t t e d  aga ins t  t  . [Pv ( t  =  0) in each 

case was determined from a separate p l o t  (not  shown) o f  P ^ ( t )  versus t  

tak ing  the as-quenched value  o f  t  to  be 60 seconds and e x t r a p o la t i n g  

the curves to t  — 0 . ]  In each case a l i n e a r  p l o t  is  ob ta ined and 

consequent ly  i f  Harper 's  formula is v a l i d  in t h i s  case i t  may be 

asser ted (s ince  the slopes o f  the p lo ts  are not excess ive ly  d i f f e r e n t  )

*  The slopes o f  the p lo ts  in f i g u r e  5*29 f a l l  in the range 0.783-0.25* 

The f a c t  tha t  a s in g le  p l o t  is not obtained fo r  the th ree  values o f

b may be a consequence o f  the Inadequacy o f  Hie assumption th a t

c lass ( 1 i ) is a l i n e a r  combinat ion o f  c lass I and c lass  I I  behaviour 

o r  th a t  the b dependence o f  P in c lass I I var ies  s l i g h t l y  w i t h  the 

concen t ra t ion  o f  hydrogen in the C o t t r e l l  atmospheres,
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th a t

P ( t ) /P  (0) ^  [ l - f ] p 5.1

where 3 is a constant  which w i l l  be shown l a t e r  to be u n i t y .  This 

r e s u l t  is c ons is te n t  w i th  the p o s tu la te  o f  the C o t t r e l l  atmosphere 

s i t e .

I t  is  now poss ib le  to  c a l c u la te  the  d i f f u s i o n  c o e f f i c i e n t  D f o r

hydrogen i , niobium a t  T =  90K. Thus from equat ions 4.13 and 5.1

the g rad ien t  S o f  the p l o t  o f  ln [P ( t ) / P  ( t  — 0 ) ]  versus t ' ^  is

e a s i l y  seen to  be given by

S =  d [ l n ( P y ( t ) / P 2 ( 0 ) ) ] / d [ t 2 / 3 ]  =  -gB

= - 3(n/2)*p(AD/kT)2/3p.

Rearrangement gives f o r  D: '

D =  [ k T / A ] [ -S / (3 (n /2 ) * p g ) ]3 /2  b . i

S u b s t i t u t i n g  S =  -0.783±0.25 sec 2/'^ ( f rom f i g u r e  5 .29 ) ,  p — 10'3cm 2 ,

T == 90K, A/kT =  R c! 35oR at 90K (see equat ions 4.8 and 4.12)  and

3 — 1 gives D % 0 . 9±0.5 10 ^cm2 sec  ̂ (T — 90K) which compares

favourab ly  w i th  the va lue p red ic ted  by e x t r a p o la t i o n  o f  the l i n e a r

“ 2p o r t i o n  o f  the Arrhen ius  p l o t  o f  f i g u r e  4 .2  to  i / T  ,.11 x 10 ,

v i z :  1.5 x 10 ^cm2 sec

5 .4 .2  The d e ta i l e d  low temperature behaviour o f  the 

i n t e r s t i t i a l  hydrogen 

From the  cons ide ra t ions  o f  chapter 4 and the previous two sec t ions

the i n t e r s t i t i a l  hydrogen is thought to  behave as f o l l o w s :

At room temperature the m o b i l i t y  o f  the hydrogen is  very high and 

the. concen t ra t ion  ( i . e .  approx imate ly  SOppirratomi c) is below the 

s o l u b i l i t y  l i m i t .  Consequent ly a c e r t a in  f r a c t i o n  o f  the hydrogen is 

un i fo rm ly  d i s t r i b u t e d  among the d i s lo c a t i o n s  in s t ress  r e l i e v i n g
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atmospheres and the remaining f r a c t i o n  is  in s o l i d  s o lu t i o n  (a phase) 

between the d i s l o c a t i o n s .

At 4K both the s o l u b i l i t y  and the m o b i l i t y  o f  the hydrogen are 

v i r t u a l l y  zero and consequent ly  a s u f f i c i e n t l y  slow quench from room 

tempera ture  should cause complete p r e c i p i t a t i o n  o f  the hydrogen, v ia  

the C o t t r e l l - B i l b y  mechanism, i n to  the d i s l o c a t i o n  cores along which, 

by p ipe d i f f u s i o n ,  3 phase hydr ide  p a r t i c l e s  would then form. The 

quench ra te  o b ta in in g  in the presen t case ( i . e .  300K to 4K is 

approx im ate ly  150 seconds -  see f i g u r e  5 . 2 ) ,  is  too rapid to  a l low  

s i g n i f i c a n t  f3 phase p r e c i p i t a t i o n .  As the specimen cools however the 

c r i t i c a l  r a d i i  o f  the C o t t r e l l  and Schoek-Seeger atmospheres (see

equat ions 4.8 and 4.10) increase and a g rea te r  f r a c t i o n  o f  the a v a i l a b le  

hydrogen becomes associated w i t h  them. With f u r t h e r  c o o l in g  the 

mobi ’ : t y  becomes too low f o r  f u r t h e r  m ig ra t io n  and on ly  s ho r t  range 

(e .g .  Snoek) o rde r in g  o f  the hydrogen is now poss ib le .  The hydrogen 

in the  atmospheres tends to a d ju s t  f o r  optimum s t ress  r e l i e f  and some 

martens i t  i c t ra n s fo rm a t io n  is a ls o  poss ib le .  Eventual 1y the m o b i l i t y  

becomes v i r t u a l l y  zero and the atmospheres are e f f e c t i v e l y  1 f r o z e n 1 

onto  the d i s l o c a t i o n s .

(The p a r a l l e l  i n t e r a c t i o n  between a s u f f i c i e n t l y  lo n g , s t r a i g h t  

edge d i s l o c a t i o n  segment and t h i s  f roze n - i n atmosphere ( i . e .  the 

C o t t r e l l  atmosphere s i t e )  is appa ren t ly  e f f e c t i v e  f o r  p inn ing  ( i . e .  

d i s s i p a t i v e )  whereas the i n t e r a c t i o n  w i th  a c lean d i s l o c a t i o n  segment 

appa ren t ly  is  n o t . )

Consider now the r e s u l t s  o f  the isochronal  ageing exper iments as 

shown in f i g u r e  5.19:

Curve (a) shows the  magnitude o f  Py (b -  0.6) f o r  the [ l i o ]  4 per 

cent deformed specimen as a fu n c t io n  o f  ageing temperature T , w i th  T
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i nc reas ing  from 4K, and ageing per iods  o f  10 minutes.  Ageing a t  

temperatures Tg < 40K has no e f f e c t  on in d i c a t i n g  tha t  the 

m o b i l i t y  o f  the hydrogen is  v i r t u a l l y  zero a t  these tempera tu res .

At Tg =  70K however shows a sharp maximum which is presumed to  be 

due to  an ex tens ion o f  the sho r t - range  o rde r in g  process (p re v io u s ly  

a l luded t o ) ,  which must f u r t h e r  reduce the e l a s t i c  s t ress  energy o f  

the d i s l o c a t i o n s .  Th is  e f f e c t  apparen t ly  increases t h e i r  s c a t te r i n g  

c ro ss -se c t  ion f o r  normal e le c t r o n s .  [Hoffman and Cohen (1373) 

measure the r e s i s t i v i t y  o f  i ron-carbon m ar tens i tes  a f t e r  isochronal  

annea l ing  and f i n d  an anomalous increase in the r e s i s t i v i t y  when the 

anneal ing temperature is  increased to  a va lue which is  j u s t  s u f f i c i e n t  

to  a l l o w  shor t - range  o rd e r in g  o f  the carbon i n t e r s t i t i a l s .  They 

fo rm u la te  a model f o r  t h i s  e f f e c t  which shows th a t  the i n t e r s t i t i a l  

s o lu te  i n e v i t a b l y  r e d i s t r i b u t e s  so as to  increase,  on average, the 

s t a t i c  displacement o f  the host l a t t i c e  atoms thereby inc reas ing  the 

r e s i s t i v i t y ' . ]  Ageing in the range 80K < T < 140K causes 

p r e c i p i t a t i o n  o f  the hydrogen in the atmospheres in to  the d i s l o c a t i o n  

cores (as 0 phase p a r t i c l e s )  in accordance w i th  Harper 's formula f o r  

the  C o t t r e l 1- B i 1 by mechanism. The q u a n t i t y  o f  hydrogen in the

atmospheres decreases w i th  ageing t ime and t h e i r  p inn ing  e f fe c t i v e n e s s  

t h e r e fo re  a lso  decreases. A c a l c u la t i o n  o f  the e f f e c t i v e  rad ius  o f  

the  C o t t r e l l  (or Schoek-Seeger) atmospheres is  prob lemat ica l  s ince the

*  Professor  Nabarro p o in ts  out  t h a t  the c u r re n t  is c a r r i e d  by 

e lec t ron s  in the S band which i f  on ly  p a r t i a l l y  f i l l e d  impl ies 

tha t  dEp/dkp and t h e re fo re  the k i n e t i c  energy o f  the

e lec t ron s  a t  the Fermi sur face is  smal l .  For app rec iab le  

e le c t r o n  s c a t te r  under these c o n d i t io n s  la rge  regions o f  

coherent s t r a i n  are requ i red .
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rad ius  w i l l  n o t , in genera l ,  be given by equat ions 4.8 (or 4.10) on 

s u b s t i t u t i o n  o f  the a p p ro p r ia te  ageing temperature unless the 

quenching ra te  from each ageing temperature and the remaining a v a i l ­

ab le  so lu te  are  s u f f i c i e n t l y  high (see sec t ion  4 4 ) .

Ageing a t  Tg > 14OK leads to a p rogress ive  re s o rp t io n  o f  the 

hydrogen, f rom the p phase p r e c i p i t a t e s  along the d i s l o c a t i o n s ,  back 

in t o  the C o t t r e l l  atmospheres w i th  a consequent increase in t h e i r  

p inn ing  e f fe c t i v e n e s s .  F i n a l l y  ageing a t  room temperature res to res 

the hydrogen to  i t s  o r i g i n a l  c o n f ig u r a t i o n .

The s i m i l a r ,  though much sm a l le r ,  e f f e c t  o f  ageing on the [OOl]

4 per  cent deformed specimen (c lass  ( i )  -  curve b -  f i g u r e  5.12) is 

presumably due to a small enhancement o f  the e f fe c t i v e n e s s  o f  the 

m u l t i p l e  d i s l o c a t i o n  s i t e s  due to  assoc ia ted i n t e r s t i t i a l  atmospheres.

5 .4 .3  Summary

The bas ic  p inn ing  s i t e s  respons ib le  f o r  c lass  I and c lass  I I 

behaviour ( i . e .  the m u l t i p l e  d i s l o c a t i o n  and the C o t t r e l l  atmosphere 

r e s p e c t i v e l y )  have been es tab l ished  w i th  some conf idence.  From the  

cons ide ra t ions  o f  charac te rs  3 and 4 i t  should in p r i n c i p l e  be poss ib le  

to  make q u a n t i t a t i v e  p r e d i c t i o n s  f o r  the magnitudes o f  the bas ic  

p inn ing  fo rces  due to  the va r ious  poss ib le  i n t e r a c t i o n  mechanisms ( i . e .  

6k o r  e l a s t i c )  in each case. In p ra c t i c e  however, because o f  

u n c e r t a i n t i e s  in the p rec ise  d e t a i l s  o f  the p inn ing  s i t e s  and to  some 

ex ten t  in the theo ry ,  such p r e d i c t i o n s  would not p rov ide an adequate 

bas is  f o r  an a p r i o r i  dec is ion  concerning the predominant i n t e r a c t i o n  

mechanisms. Furthermore i t  w i l l  become apparent l a t e r  t h a t  such an 

ex e rc ise  i s ,  under c e r t a in  c i rcumstances, somewhat a r t i f i c i a l . The 

predominant i n t e r a c t i o n  mechanism must t h e re fo re  be determined from 

the  temperature and f i e l d  dependences which are requ i red f o r  the bas ic
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p inn ing  fo rce  pm in o rde r  to ob ta in  a s e l f - c o n s i s t e n t  agreement 

between a s u i t a b le  summation model and the expe r im en ta l ly  determined 

s c a l ing  1 aw in each c lass  o f  behav iour .  By im p l i c a t i o n ,  in the 

above s ta tem en t , the in ter-dependence between the bas ic  p inn ing  s i t e s  

and the summation model has been re -s ta te d  and w i th o u t  an adequate 

knowledge o f  the den s i t y  and geometry o f  the p inn ing  s i t e s  no a 

p r i o r i  assumption should be made about the summation model e i t h e r .

This  problem w i l l  be d e a l t  w i th  in the f o l l o w in g  sec t ions .

5.5 Models fo r  the bu lk  p inn ing  fo rce  and comparison w i th  

experiment

5-5.1 In t ro d u c t io n  

In t h i s  sec t ion  c lass  I behaviour,  c lass  11 behaviour and the 

'anomalous' depar tu res  from the e x pe r im e n ta l ly  determined sca l ing  

laws in each c lass  w i l l  be t rea ted  s epa ra te ly .  The t reatment w i l l  

be n e i t h e r  exhaust ive  nor r igorous  but w i l l  c o n s t i t u t e  an at tempt to 

e s t a b l i s h  the s a l i e n t  phys ical  processes invo lved in each case. I t  

should a lso be s ta ted  here th a t  the methods and conc lus ions o f  t h i s  

s e c t io n  are a l o g ic a l  ex tens ion on ly  o f  the t h e o r e t i c a l  cons ide ra t ion s  

and deduct ions o f  the previous sec t ions  and chap te rs .  Various o the r  

conce ivab le  and pub l ished mechanisms which have not been mentioned 

here in  have been omit ted  on the basis e i t h e r  o f  t r i a l  or  o f  f e a s i b i l i t y  

in the present exper imenta l  s i t u a t i o n .

F i n a l l y  the  conc lus ions o f  t h i s  s ec t ion  w i l l ,  where p o s s ib le ,  be 

examined f o r  c o m p a t i b i l i t y  w i th  p e r t i n e n t  exper imenta l  r e s u l t s  which 

have been repor ted  elsewhere.

5 -5 .2  Class i behaviour

(a) The m u l t i p l e  d i s l o c a t i o n  s i t e  

The m u l t i p l e  d i s l o c a t i o n  s i t e  has been i d e n t i f i e d  w i th  regions o f  

t i g h t l y  tangled d i s l o c a t i o n s  which ( from the e lec t ron -m ic rographs
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re fe r re d  to in sec t ion  5 .2 .2 )  have o v e r a l l  dimensions (<R>) in a 

range between approx im ate ly  5 x 10^% and 5 x 10^% ( f o r  comparison: 

a v a r ie s  between approx im ate ly  10^% at B =  2Kgauss and 1Q^% a t  

B =  20 gauss) and may have between 5 and 20 d i s l o c a t i o n  segments

assoc ia ted  w i th  them. This imp l ies  a local  d i s lo c a t i o n  d e n s i t y  o f

10 11 ~2 2 
o rde r  10 -  10 cm which is a f a c to r  o f  10 - 10 la rg e r  than the

average d i s l o c a t i o n  d e n s i t y  in the c r y s t a l .  These reg ions,  which

should be d i s t i n g u is h e d  from regions o f  d i s lo c a t i o n  b r a id in g ,

app a ren t ly  cons is t  l a r g e l y  o f  edge d i s l o c a t i o n  d ipo les  and m u l t i p o le s .

Such regions are expected, from prev ious  c o n s id e ra t io n s ,  to  i n t e r a c t

w i t h  f luxons e i t h e r  by the 6 k  or  the second-order e l a s t i c  i n t e r a c t i o n s .

For the former i n t e r a c t i o n  the a n a ly s i s  o f  sec t ion  3 .2 .2  should be

a p p ro p r ia te  s ince  i t  is  we l l  known (see f o r  example L i v in g s to n  and

Schad ler,  1964) tha t  severe cold work does not in f luenc e  Hc

s i g n i f i c a n t l y .  This f a c to r  a lso  precludes the s o -c a l l e d  1 core

i n te r a c t i o n  mechanism' (see f o r  example Campbell and Eve t ts ,  1972).

The f i r s t - o r d e r  i n t e r a c t i o n  mechanism is  u n l i k e l y  in t h i s  case because:

( i ) t h i s  type o f  s i t e  w i l l  not g iv e  r i s e  to  long range s t ress  or

s t r a i n  f i e l d s  ( i i ) w i t h i n  the s i t e  the s t r a i n  changes sign several

t imes w i t h i n  one coherence length  and ( H i )  there is  an apparent

absence o f  a s t rong an iso t ro py  in c lass  ( i ) (but see foo tno te  on

page 166).

Presumably f o r  a s i g n i f i c a n t  f i r s t - o r d e r  i n te r a c t io n  a d i s l o c a t i o n  

p i l e - u p  is requ i red .  The loca l  and long-range s t ress  f i e l d s  due to 

va r ious  p i l e - u p  c o n f ig u ra t io n s  have been ca lcu la ted  by Hazzeldine and 

Hi rsch (1967) and can be very la rge  e s p e c ia l l y  (Nabarro,  1967 ) when 

two p i le - u p s  run in to  each o the r  on two in te r s e c t in g  g l i d e  planes. 

However, a l though the ex is tence  o f  d i s l o c a t i o n  p i le -u p s  is i n e v i t i b l e  

a f t e r  deformat ion t h e i r  concen t ra t ion  is apparen t ly  smal l ,
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Expressions f o r  the bas ic  p inn ing  fo rc e ,  fine to the 6k and the 

second-order  e l a s t i c  mechanisms, which may be used o r  adapted f o r  use 

w i t h  the m u l t i p l e  d i s l o c a t i o n  s i t e ,  have been given in chapter  3•

(b) The summation problem

As discussed in chapter  3 the method o f  summation depends on the

s t re n g th  p^,  the geometry,  the volume d e n s i t y  and the d i s t r i b u t i o n  

o f  the p inn ing  s i  t e s .

The m u l t i p l e  d i s l o c a t i o n  s i t e s ,  in the present case, may be 

assumed to  be randomly d i s t r i b u t e d .  However, an es t im a te  f o r  the 

volume den s i t y  o f  these s i t e s  is p rob lem at ica l  on account o f  the 

r e l a t i v e  pauc i t y  o f  pub l ished e lec tron -m ic rog raphs  (see sec t ion  5 .2 .2 )  

f o r  equ iva len t  deformat ion  c o n d i t io n s  and a ls o  because the minimum 

s iz e  and /o r  d i s l o c a t i o n  content  f o r  a s i t e  to s a t i s f y  the th resho ld  

c r i t e r i o n  (see chap te r  3 and l a t e r )  is  not w e l l  known. I t  w i l l  be 

assumed however, t h a t  in l i g h t l y  deformed m a te r ia ls  s a t i s f i e s  the 

d i l u t e - 1 i m i t  c r i t e r i o n  (equat ion 3 .42 ) .  Thus i f  i t  may a lso be 

assumed th a t  the m u l t i p l e  d i s l o c a t i o n  s i t e  behaves l i k e  an ideal  

po in t -1  ike p inn ing  s i t e ,  v i s - a - v i s  the f lu xon  l a t t i c e  response, then 

the d i l u t e - ! i m i t  p o i n t - p in n i n g  s i t e  theo r ie s  o f  chapter  3 should be 

a p p ro p r ia te .

The theory o f  Labusch ( 1969b) y i e ld s  th ree  express ions f o r  the 

in t e r a c t i o n  fo rce  which are ap p ro p r ia te  f o r  va r ious  regimes o f  a 

parameter a which is  a measure o f  the r a t i o  o f  the i n t e r a c t i o n  fo rce  

and the f luxon  l a t t i c e  r i g i d i t y .  With inc reas ing  a the expressions 

g ive  the p inn ing  f o rc e  in the s o -c a l le d  ' l a t t i c e ' ,  ' f l u i d '  and ' s i n g l e  

f l u x o n '  approx imat ions.  The 1a t t i c e -a p p ro x im a t io n  is  normal ly  con­

s idered to be ap p ro p r ia te  and was reviewed in chapter  3. Equat ion

3.47 gives  the f i n a l  r e s u l t  f o r  the bu lk  p inn ing  fo rce  den s i t y  f o r  a 

p a r t i c u l a r  form o f  the p inn ing  p o te n t ia l  due to a p o in t  p inn ing  s i t e ,
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The dynamical summation method in the d i l u t e - 1 i m i t  p re d ic ts  a r e s u l t  

which is  s im i l a r  to  or  i d e n t i c a l  w i th  equat ion 3,4? w i th ou t  s p e c i f y ­

ing the form o f  the p inn ing  p o te n t ia l  however (see fo r  instance 

Campbell and E v e t t s , 1972). Experimental  r e s u l t s  f o r  a v a r i e t y  o f  

p inn ing  s i t u a t i o n s  have been compared by var ious  a u th o rs , w i th  more o r  

less apparent success, aga ins t  some or  a l l  o f  the p re d ic t i o n s  o f  

equat ion 3-47. In l i g h t l y  deformed m a te r i a l s  (see F reyha rd t , 1967, 

1969» 1971 (screw d i s l o c a t i o n s  in n iob ium) ,  Good and Kramer, 1970 

(edge d i s l o c a t i o n s  in niobium) and Coote, 1970 (predominant ly  edge 

d i s lo c a t i o n s  in Nb - 50 per cent T a ) ) the d i l u t e - 1 i m i t  p o i n t - s l t e  

models appear to  have some v a l i d i t y  al though c e r t a in  in cons is ten c ies  

are apparent which have not p re v io u s ly  been reso lved .  The bas is  o f  

these incons is tenc ies  is appa ren t ly  assoc ia ted w i th  Labusch’ s 

th resho ld  c r i t e r i o n .  Thus an importan t assumption o f  both the 

s t a t i s t i c a l  model, and the dynamical models Is th a t  the bas ic  p inn ing  

s i t e  is  a p o in t  o r  shor t  l i n e  fo rce  w i th  a p inn ing  p o te n t ia l  w id th  d 

such th a t  d << aQ. Th is  c o n d i t i o n  is reasonably s a t i s f i e d  by 

segments o f  d i s l o c a t i o n .  However, as p re v io u s ly  mentioned and demon­

s t ra te d  in chapter 3, t h e o r e t i c a l  est imates suggest th a t  the bas ic  

p inn ing  fo rce  due to i s o la te d  segments o f  d i s l o c a t i o n  is a t  leas t  an 

o rder  o f  magnitude lower than the  th resho ld  value  requ i red f o r  

e f f e c t i v e  p inn in g .  Th is  problem has p re v io u s ly  been e i t h e r  ignored 

o r  reso lved by assuming tha t  the bas ic  p inn ing  s i t e  cons is ts  o f  

reg ions o f  l o c a l , r e l a t i v e l y  high den s i t y  c l u s te r s  o f  p o i n t - ] i k e  

p inn ing  s i t e s  ( .ae f o r  example F ie tz  and Webb, 1969, Webb, 1971)•

These c lu s te r s  are u s u a l l y  considered to a r i s e  through s t a t i s t i c a l  

v a r i a t i o n s  in the de fec t  dens i ty  and the bas ic  p inn ing  fo rce  (P ) o f  

the c l u s t e r  is  assumed to be given by P •= mf where m Is the number o f
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i n d iv id u a l  s u b -s i t e s  in the c l u s t e r  and f  is  the bas ic  p inn ing  fo rce  

due to  each o f  these s u b -s i t e s .  I t  is not  obvious th a t  equat ion 3.47 

should s t i l l  be v a l i d  f o r  t h i s  type o f  c l u s t e r  however (see a lso  

Nabarro,  1972). Such s i t e s  are  in any event not compat ib le  w i t h  the 

presen t exper imenta l  r e s u l t s .

I t  has a lso  been suggested t h a t  d i s l o c a t i o n  p i le -u p s  and tang les 

(which th e re fo re  inc ludes  the m u l t i p l e  d i s l o c a t i o n  s i t e  proposed here) 

may be the bas ic  p inn ing  s i t e s .  In t h i s  case, as in the case con­

s idered above, however the re  are d i f f i c u l t i e s  assoc ia ted w i th  the 

assumption in the models, v i z :  t h a t  d «  a. To date no adequate

proposals  have been made to  reso lve  t h i s  problem (see a lso Campbell 

and E v e t t s , 1972).

Before proceeding to  a d iscuss ion  o f  the im p l i c a t io n s  o f  using 

Labusch1s model in the case o f  a d i l u t e  random ar ray  o f  m u l t i p l e  d i s ­

lo c a t io n  s i t e s  i t  w i l l  be usefu l  to  t e s t  the p re d ic t i o n s  o f  equat ion

3.47 aga ins t  the var ious re levan t  exper imenta l  r e s u l t s .  To f a c i l i t a t e  

d iscuss ion  and comparison o f  the expe r im e n ta l ly  ob ta ined sca l ing  laws 

w i th  the p r e d i c t i o n s  o f  equat ion 3.47 the approximate form f o r  the 

e l a s t i c  constant  from equat ion A.d .5  w i l l  be s u b s t i t u te d  in to  t h i s  

equat ion .  This g ives ,  to  a f a i r  app rox im a t ion , f o r  b > 0 .4 :

The exper imenta l  s c a l ing  law in l i g h t l y  deformed m a te r ia ls  (e .g.  

in the above mentioned cases and a lso  in c lass  I ) ,  cons ide r ing  on ly  

the regime b > 0.4 and n eg lec t in g  the peak e f f e c t  anomaly a t  b < 1 

and, f o r  the moment, the K . ( t )  and K.Ct)  dependences, may be expressed 

approx imate ly  as

p j ( b , t )  *  Ny p ^ ( b , t )  .b*K2 ( t ) /  B j j ( t ) ( l - b ) 5.3

P ^ ( b , t )  « Bc2 ( t ) b m( l - b ) 5.4
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where m va r ie s  between 0 and 0.5 and n var ies  over  a w ide r  range as 

w i l l  be discussed in the f o l l o w in g  paragraphs.

Thus Freyhardt  ( lo c .  c i t . )  measures in niobium f o r  screw 

d i s l o c a t i o n s  in normal inc idence w i th  the f  ’ l a t t i c e  and f in d s  

n =  1 in l i g h t l y  deformed specimens and n "= 1,5 a t  h igher  de format ions.  

He concludes th e re fo re  from the exact model (but see a ls o  equat ions

5.3 and 5 .4) tha t  pm( b , t )  *  ( 0  ( l - b )  in agreement w i t h  Webb's

( 1963 ) model f o r  the I n te r a c t i o n  between an i s o la te d  f lu xon  and a 

pe rpe nd icu la r  screw d i s l o c a t i o n .

Good and Kramer ( lo c .  c i t . )  measure In niobium as a fu n c t io n

o f  the o r i e n t a t i o n  o f  the f luxons  w i th  respect to  an a r ra y  o f  edge

d i s lo c a t i o n s  in t h e i r  g l i d e  plane. They do not  measure the tempera™

t u r e  dependence o f  however and o b ta in  « (1-b) f o r  b > 0.4 a t

T “  4.2R. Using the dynamical summation method they o b ta in  an 

T
expression f o r  P which d i f f e r s  from equat ion 3-47 by a f a c t o r  o f  

aQ/d  t i l / d C B ^ . b ) ^ .  According to  t h e i r  model th e re fo re  

Pm( b , t )  c ( 1 - b ) .

Coote (1970) ob ta ins  n « 3 and m «  0 fo r  b > 0.4 in a l i g h t l y  

deformed Nb-50 per cent Ta specimen, [Transmission e le c t r o n  m ic ro ­

graphs by Coote ( lo c .  c i t , )  and see a lso  Campbell and E ve t t s ,  1972, 

show regions o f  d i s l o c a t i o n  t a n g l in g  which are apparen t ly  s im i l a r  to 

the m u l t i p l e  d i s l o c a t i o n  s i t e s  proposed in the present i n v e s t i g a t i o n . ]  

Comparison w i th  equat ion 5-3 gives pm( b , t )  « ( O b 1^  (1-b) [o r

i f  Good and Kramers model i? used p ^ . ( l - b ) ] ,  I f  t h i s  r e s u l t  is 

considered to adequately I n d ic a te  the second-order e l a s t i c  in te r a c t io n  

then i t  becomes very d i f f i c u l t  o r  impossible to  account f o r  F reyhard t 's  

r e s u l t .

In the present i n v e s t i g a t i o n  the sca l ing  law f o r  c lass  I behaviour 

gives m 2.5 and n > 0. According to  the models th e re fo re ,
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p ( b , ( t ) ( l -  b) o r  p , The remark made in the
ni cz m cz

prev ious case app l ies  equa l l y  in t h i s  case. The small d i f f e r e n c e  in 

the exponent n on B „ ( t )  in these l a t t e r  two cases ( i . e .  Coote and
C< t *

c lass  I) w i l l  l a t e r  be seen to  be a consequence o f  the temperature 

dependence o f  the Maki parameters ( t )  and ( t )  which w i l l  appear in 

the f i n a l  expression f o r  P ( b , t ) .  (This temperature dependence is  

much la rg e r  in the low k n iobium specimens than in the l a rg e r  k Nb-50 

per cent Ta specimens o f  Coote.) The r e l a t i v e l y  l a rg e r  d i f fe re n c e  

in the exponent n, and t h e re fo re  in the temperature dependence o f  P , 

between the l a t t e r  two cases and th a t  o f  Freyhardt  is  s i g n i f i c a n t  

however. I f  the geometry o f  the  basic p inn ing  s i t e s  is  s i m i l a r  in 

both cases t h i s  d i f f e r e n c e  may be i n d i c a t i v e  th a t  d i f f e r e n t  basic 

p inn ing  mechanisms are op e ra t i v e  in each case, v i z ; the second-order 

e l a s t i c  i n t e r a c t i o n  in the case o f  the screw d is lo c a t i o n s  o r  screw 

d i s l o c a t i o n  tang les in Freyhardts specimens and the 5k mechanism in 

the case o f  the m u l t i p l e  d i s l o c a t i o n  s i t e  which cons is ts  o f  edge 

d i s l o c a t i o n s .  A d e ta i l e d  comparison o f  expe r im en t , in each o f  the 

above cases, w i th  equat ion 5.3 us ing the bas ic  p inn ing  fo rc e  expres­

sions f o r  the m u l t i p l e  d i s l o c a t i o n  s i t e ,  i . e .  equat ion 3.40b f o r  the 

second-order e l a s t i c  i n t e r a c t i o n  and equat ion 3 * 12b f o r  the 6 k  

i n t e r a c t i o n ,  shows t h i s  t rend but is  g e n e ra l l y  not guod, Thus

equat ion 5.3 c o n s i s t e n t l y  p re d ic ts  a bulk p inn ing  fo rc e  d e n s i t y  which
3/2

depends too s t ro n g ly  on B by a f a c t o r  o f  B , Now i t  can be argued 

th a t  t h i s  discrepancy is  due in p a r t  to an o v e r s i m p l i f i c a t i o n  in the

*  In t h i s  case i t  w i l l  be r e c a l l e d  tha t  the  screw d i s l o c a t i o n s  are 

in pe rpend icu la r  i n t e r a c t io n  w i t h  the f lu x o n s .  The p a r a l l e l  

i n t e r a c t i o n  case w i l l  be cons idered, « l b e i t  on ly  f o r  b < 0 .3 ,  in 

chapter  7«
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d e r i v a t i o n  and use o f  the above mentioned express ions f o r  p . Thus, 

as mentioned in chapter  3, these expressions are v a l i d  on ly  f o r  

s i t e s ,  o f  l o c a l i z e d  p o t e n t i a l ,  which have dimensions, normal to the 

f lu x o n s ,  which are small r e l a t i v e  to  the in t e r a c t i o n  range d. For 

such s i t e s  d is determined by the range o f  v a r i a t i o n  in the o rder  

parameter j ^ | ^  and is t h e re fo re  given approx imate ly  by £ ( t )  a t  low 

f lu xon  l a t t i c e  d e n s i t ie s  and by a^ /2  a t  h igher  f luxon  l a t t i c e  

d e n s i t i e s  a f t e r  core over lap  has begun. As mentioned in the prev ious  

s ec t ion  however, the m u l t i p l e  d i s l o c a t i o n  s i t e s  which have been 

proposed as the  bas ic  p inn ing  s i t e s  in c lass  ! apparen t ly  have dimen­

s ions  which are comparab'3 w i th  a . ( i t  is a ls o  poss ib le  tha t  many 

o f  the  s o -c a l l e d  m u l t i p l e  di s l o c a t i  " .as  are too small p h y s i c a l l y  

and th e re fo re  po s s ib ly  too weak to s . t i s f y  Labusch1 s th resho ld  

c r i t e r i o n  ( ie e  chapter  3 ) •  ̂ I t  is  t h e re fo re  necessary to  fo rmula te  

express ions f o r  p^ due to m u .c ip le  s i t e s  which have dimensions o f  the 

o rde r  o f  aQ. In appendix A1h a c a l c u la t i o n  has been done to 

determine the e f f e c t  o f  s i t e  dimensions, r e l a t i v e  to  aQ, on the 

maximum p inn ing  fo rce  p^ due to  spher ica l  and c y l i n d r i c a l  s i t e s  on the 

assumptions th a t  ( i )  the p o te n t ia l  dens i ty  ft, f o r  a given value o f  

is un i fo rm ins ide  the s i t e  and decays r a p id l y  to ze r  > ou ts ide  

the s i t e ,  ( i i ) t h a t  the f luxon l a t t i c e  is  r i g i d  so tha t  the r e s u l t  

is  v a l i d  in the l a t t i c e  approximat ion on ly  and ( i i i )  t h a t  the in teg ra ted  

p o t e n t i a l , i . e .  the i n te r a c t io n  energy,  is a s imple f i r s t  harmonic 

p e r io d ic  f u n c t io n  o f  the f luxon  l a t t i c e  parameter ao and the p o s i t i o n  

o f  the s i t e  r e l a t i v e  to the l a t t i c e .  The c a l c u la t i o n  is t h e re fo re  on ly  

expected to be v a l i d  in the regime b > 0 .4 ,  i . e .  a f t e r  f luxon  core 

ove r lap  has begun, in the present case. The r e s u l t s  o f  the c a l c u la t i o n  

(see f i g u r e  A1.5) show, f o r  a sphe r ica l  o r  c y l i n d r i c a l  s i t e  ( p a r a l l e l  to
*

the f luxons)  o f  radius  R and constant  un i fo rm p o te n t ia l  dens i ty  fi in s ide
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the s i t e ,  tha t  the p inn ing  fo rce  has a very la rge  maximum when 

I K / a ^ c d  0.7 and drops to  h a l f  i t s  maximum value a t  2R/.io 0.25 and a t  

2R/ao cz 1,3.  This r e s u l t  has some impor tant  im p l i c a t io n s  , v i z :

( i ) A random a r ray  o f  nea r ly  i d e n t i c a l  p inn ing  s i t e s ,  w i th  a 

r e l a t i v e l y  narrow d i s t r i b u t i o n  in t h e i r  dimension 2R (normal to  B) 

could g ive r i s e  to  very  rap id  changes in the bu lk  p inn ing  fo rce  

d e n s i t y  w i th  changes in B«(ao ) ^ . Thus , according  to  f i g u r e  A1 .5,

i f  2R/a — 1.75 i n i t i a l l y  and 2R/a =- 1 f i n a l l y  «p ‘m F
y

would
max

increase by a f a c to r  o f  10 w i th  a corresponding decrease in B o f  on ly  

a f a c to r  o f  3- For changes in 2R/a() in the regime 2R/aQ < 0,5 Pm is 

an inc reas ing  fu n c t io n  o f  B, but the  v a r i a t i o n  is s lower.  This type 

o f  behaviour  is analogous to  the s o -c a l le d  matching e f f e c t  which was 

mentioned in chap te r  3.

( i  i ) In a random a r ray  o f  s i t e s  which has a broad d i s t r i b u t i o n  

in s i z e  R but a un i fo rm  va lue f o r  t h e i r  i n t r i n s i c  p o te n t ia l  dens i ty  (1 

o n ly  those s i t e s  f o r  which 2R/ao r* 0.7 w i l l  c o n t r i b u te  s i g n i f i c a n t l y  

t o  Pv (B) at  any p a r t i c u l a r  value o f  B. According to  the ana lys is  o f  

appendix Alh the maximum in te r a c t i o n  fo rce  f o r  a spher ica l  s i t e  is

given by p^= F
L v

*2
a 3R ft x ( c o r re c t io n  f a c to r )  where B depends on the

max

bas ic  i n t e r a c t i o n  mechanism as def ined in the appendix and the c o r re c ­

t i o n  f a c to r  is a f u n c t io n  .of R/aQ and is the requ i red  f a c to r  f o r  

g e n e ra l i z in g  equat ions  3.11 and 3•39 f o r  s i t e s  w i th  R «  a^ /2  to 

a r b i t r a r y  R/a^. For 2R/aQix 0.7 the re s u l t s  o f  f i g u r e  A1.5 g ive to  

good approx imat ion ( c o r re c t io n  f a c t o r )  «(a /R )^ .

*  The f o l l o w in g  d iscuss ion  is  p e r t i n e n t  on ly  i f  R ^  aQ. For R »  aQ 

o th e r  e f f e c t s  must be considered s ince  the bas ic  p inn ing  i n t e r ­

ac t io n  is d i f f e r e n t  and the f luxon  l a t t i c e  ins ide  R is  in local  

e q u i1ib r ium.
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( i i i )  For a random a r ray  o f  s i t e s  which has broad d i s t r i b u t i o n s  in 

both R and fi i t  is  obvious th a t  s i t e s  in a cor respond ing ly  broad range 

o f  R/aQ w i l l  make a s i g n i f i c a n t  c o n t r i b u t i o n  to  Pv (B) a t  any B. Some 

average c o r re c t i o n  f a c t o r  is  now requ i red and inspec t ion  o f  f i g u r e  

A1.5 suggests t h a t  ( c o r re c t io n  f a c to r )  «(a /R)^ is  s t i l l  a f a i r  

approx im at ion .

Thus since  the m u l t i p l e  d i s l o c a t i o n  s i t e  a r ray  probably  c o n s t i t u te s  

an a r ra y  o f  the type under e i t h e r  (11) o r  ( i i i )  above i t  is  concluded 

t h a t  in o rde r  f o r  the p inn ing  fo rc e  express ions 3 . 1 1 - f o r  the 6 k  i n t e r ­

a c t io n  and 3 .39 - f o r  the second o rder  e l a s t i c  i n t e r a c t i o n  to  be
2

a p p l i c a b le  here they must be scaled in p ropo r t ion  to  (a^/R) . Before 

these modif ied express ions are inser ted  in to  the Labusch express ion f o r  

P y ( b , t )  i t  is  necessary to  cons ider  the e f f e c t  in Labusch1s model o f  

inc reas ing  the p inn ing  range from d «  aQ to  d c: a ^ /2 .  According to  

Campbell and Evetts  (1972) t h i s  w i l l  on ly  change the number o f  e f f e c t i v e  

i n t e r a c t i o n s ,  or  a l t e r n a t i v e l y  the p r o b a b i l i t y  th a t  a p a r t i c u l a r  super­

th resho ld  s i t e ,  is  e f f e c t i v e  a t  any i n s ta n t ,  by a constant  f a c to r .

The e f f e c t  on the response fu n c t io n  G1(0) in the model (see chapter 3) 

is  expected to  be small because fHp d i s t o r t i o n  o f  the f 1uxon l a t t i c e ,  

in the l a t t i c e - a p p r o x im a t i o n ,  extends over d is tances which are  la rge 

compared w i th  aQ and t h e r e fo re  a lso  w i th  d. i t  seems reasonable 

th e re fo re  to suppose tha t  Labusch1s model (see equat ion 3-^7) w i l l  s t i l l  

g ive  good q u a l i t a t i v e  r e s u l t s ,  in the regime d cm aQ/ 2 ,  p ro v id ing  tha t  

d in the model is  replaced by £ or  aQ/2  which, as p re v io u s ly  s ta ted ,  

a re  the maximum "anges over  which the in t e r a c t i o n  is assumed to  occur ,  

f o r  the type o f  s i t e s  under c o n s id e ra t io n ,  in the low and high regimes 

o f  b re s p e c t i v e ly .

Thus f i n a l l y ,  i f  the above cons ide ra t ions  fo r  the m u l t i p l e  d i s l o c a ­

t i o n  s i t e  are taken in to  account,  the Labusch express ion (equat ion 3.4?) '



]8g

i s  now g iven ,  f o r  b > 0.4 and 2d =  aQ, by

P .  =  ( l / 2 T r i ) N y ( b B ^ / ^ ) 3 / 2 + (C,,LC66)"*' W 6 6 '

n p 2 (a /R )2 .a y 2
5 . 5 a

P '44^66^ / r 5 . 5b

which on s u b s t i t u t i o n  f o r  the e f f e c t i v e  e l a s t i c  modulus term in the 

square brackets from equat ion Ad5 gives

Pv ( b , t )  = nNvPm( b , t ) K 2 ( t ) ■1 5.5c

where n is  some fu n c t io n  o f  the p inn ing  s i t e  s ize  d i s t r i b u t i o n  which 

may have some dependence on a^ i f  the d i s t r i b u t i o n  is narrow or  

o the rw ise  is  not p a r t i c u l a r l y  smooth", is  the volume d e n s i t y  o f  

m u l t i p l e  d i s l o c a t i o n  s i t e s  and is re la te d  to  n and p^ is the product 

o f  the maximum a t t a in a b le  p inn ing  fo rc e  f o r  a s i t e  o f  un i fo rm 

p o te n t ia l  den s i t y  fi w i t h i n  i t s  volume in the 1 im i t  R -> 0 and the 

ac tua l  volume 4wR /3  o f  the s i t e .  i t  is t h e re fo re  given by the 

a p p ro p r ia te  expressions o f  chapter  3 (see appendix A lh ) .

Now s u b s t i t u t i n g  fo r  p^ from equat ion 3.40b, f o r  the second o rder  

e l a s t i c  i n t e r a c t i o n  due to a m u l t i p l e  d i s l o c a t i o n  s i t e ,  i n to  equat ion 

5 . 5c g i v e s , f o r  b > 0 .4 :

Pv (b , t )  = (1-b) Bc 2 ( t ) K 2 ( t ) / K 1( t ) 5 , 6

in good agreement w i th  the r e s u l t s  o f  Freyhardt  ( lo c .  c i  t . ) .  Sub-

In the present i n v e s t i g a t io n  the o v e r a l l  v a r i a t i o n  in 

aQ oi (bBc2/<j>0 ) ^ w i th  b and t  is  less than a f a c to r  o f  5 and w i th  

b on ly  a f a c to r  o f  1.6.  Consider ing the apparen t ly  wide d i s t r i ­

but ion f o r  the s ize  o f  the m u l t i p l e  d i s l o c a t i o n  s i t e s  i t  is  

reasonable to expect tha t  n is approx im at ly  a constant  (but see 

sec t ion  5 .5 -4 ) .
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s t 1 t u t  i ng f o r  p f rom e q u a t i o n  3 . 1 2 b ,  f o r  t h e  6 k i n t e r a c t i o n ,  g i v e s ,

f o r  b > 0 .4 :

Py ( b , t )  « ( l - b ) B c2 ( t ) K 2 ( t ) / K ^ ( t )  5*7

in good agreement w i th  the r e s u l t s  o f  Coote ( lo c .  c i t . )  s in c e ,  as 

p re v io u s ly  discussed, the v a r i a t i o n  o f  K. and k2 w i th  t  f o r  Nb-50 per 

cent Ta is slow. For pure niobium th i s  v a r i a t i o n  is more rap id  and 

i f  ignored is expected to  r e s u l t  in a measured exponent on ( t )  

which is sm a l le r  than the actual  exponent. In c lass  I o f  the  present
c / y

i n v e s t i g a t i o n  Pv ( t ) ( t )  approx imate ly  and to  compare t h i s  tempera­

t u re  dependence w i th  the p r e d i c t i o n  o f  equat ion 5 . 7  i t  is convenient 

t o  express t h i s  equat ion in the form

(Pv ( t ) K 2 ( t ) ) / ( B c^ ( t ) K^ ( t ) )  =  F(G,b)

where F(G,b) is  a f u n c t io n  o f  the p inn ing  m ic ro s t ru c tu re  and reduced

induc t ion  but is  independent o f  t . The l e f t  hand side o f  t h i s  equat ion

can now be eva luated f o r  a s p e c i f i c  specimen and va lue o f  b and fo r

va r ious values o f  t  from the exper imental  r e s u l t s  o f  sec t ion  5 .3 .  This

has been done f o r  the [ 0 0 l ]  4 per cent deformed specimens (as-quenched

and a f t e r  ageing -  Class I) choosing b =  0.6- and using the r e s u l t s  o f

f ig u re s  5 .16,  5-5 and 5 . 6 . The f i n a l  r e s u l t s  have been p l o t t e d  aga ins t  
2

t  in f i g u r e  5 - 3 0  where the maximum depar tu re  from the expected t 

independent behaviour is  shown to  be less than 15 per cent in the range 

0.2 3  t ^  3  O.8 5 . (The behaviour f o r  t  > 0 .85  w i l l  be discussed in 

sec t ion  5 . 5 . 4 . )

I t  may be concluded th e re fo re  t h a t  the model is at  le as t  in 

approx imate ly  q u a l i t a t i v e  agreement w i th  a v a r i e t y  o f  p inn ing  s i t u a t i o n s  

For a more p re c is e  and q u a n t i t a t i v e  assessment o f  the model i t  w i l l  be 

necessary to make a more d e ta i l e d  comparison o f  the p re d i c t i o n s  o f  

equat ion 5.5a (w i th  pm f o r  the 6 k  mechanism - equat ion 3 • 1 1 ) w i th  the
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Figure 5-30. A p l o t  o f  the temperature in v a r i a n t  component o f  the bu lk  p inn ing  fo rc e  d e n s i t y  ( in  

accordance w i th  the model f o r  c lass  I ) ,  aga ins t  t  showing a maximum r e l a t i v e  

d e v ia t io n  from theory  o f  approx im at ly  10% (except near t  = 1 ) .



192

sc a l in g  law obta ined in c lass  I. This is not  a l to g e th e r  poss ib le  

however as n e i t h e r  6 k  nor the  product f o r  the m u l t i p l e  d i s l o c a t i o n  

s i t e s  can be determined w i t h  any accuracy . For the present t h e r e ­

f o re  i t  w i l l  on ly  be p o s s ib le  to make an accurate  q u a l i t a t i v e  compari­

son w i th  the model. The complete e x p l i c i t  express ion f o r  the 

p inn ing  fo rce  d e n s i t y ,  as p red ic ted  by the model (see above) is  given 

f o r  b > 0 . 4  (c lass  I - 5 k  mechanism) by:

Py(b,t) e Ny(n/32(2n)5/2R2)(B^(t)/K4(t))[6K/K]Z V%
e f f

2

max t V l l 1" 1 + ( V 6 6 r i 5.8

In f i g u r e  5•31 Pv (c lass I )  f o r  b == 0 .5 ,  0.6 and 0.7 ( from f i g u r e  

5.23) has been p l o t t e d  a g a in s t  e ( i . e .  the maximum s t r a i n  to which 

the parent c r y s ta l  specimens were s t ra ined  in compression) on the 

assumption tha t  « e . An approximate ly  l i n e a r  r e s u l t  is ob ta ined 

w i th  a res idua l  va lue f o r  Pv (e =  0) o f  approx imate ly  10** dynes cm ^ . 

The temperature dependence o f  P^ in equat ion 5-8 is expected to  be 

id e n t i c a l  w i th  the p r e d i c t i o n  o f  the approximate express ion,  v i z :  

equat ion 5.5c and t h e re fo re  need not be reconsidered . F i n a l l y  the 

p red ic ted  b dependence o f  P^ which is  given on ly  approx imate ly  in 

equat ion 5 .5c  has been obta ined ex a c t ly  (but see appendix A1h) 

f o r  b > 0 .4 ,  from equat ion 5 .8 ,  using the r e s u l t s  o f  f i g u r e  3 . 8  and 

ta b le  A1, and is compared q u a l i t a t i v e l y  w i th  experiment ( [OOI] 4 per

*  I t  has been es tab l ished  th a t  the average diameter 2R f o r  the

e f f e c t i v e  m u l t i p l e  d i s l o c a t i o n  s i t e s  is approx imate ly  0.7a . Now 

0 .7 ( ao/ 5 ) “  D .7 (2 i f ) * /b  c* 1 . 75/ b  and t h e re fo re  2R>£ f o r  a l l  b and 

' t  (except as t  •* 1) and i t  is t h e re fo re  reasonable to  expect (see 

sec t ion  4.5 and Goodmans express ion,  i . e .  equat ion 4.15) tha t

I 5k / k I e f f ”  5k / k ar|8 is temperature in v a r i a n t .
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cent deformed, as-quenched and sa tu ra t ion -aged )  In f i g u r e  5•32, Also 

shown in the f i g u r e  are the r e s u l t s  o f  Good and Kramer (1970; (4 per 

cent  deformed, Hq p a r a l l e l  to the [OOI] d i r e c t i o n ) .  (The var ious 

exper imenta l  r e s u l t s  f o r  Pv (b) have been normalized a t  b “ 0 . 6 ) .  For

b in the range 0.5 < b < 0.9 the q u a l i t a t i v e  agreement between the

model and the r e s u l t s  f o r  the f u l l y  aged specimen is e x c e l l e n t .  The 

as-quenched specimen and Good and Kramer's specimen show peak e f f e c t  

anomalies a t  b 0.8 and b > 0.9 r e s p e c t i v e l y .  For b < 0.5 the;

small p o s i t i v e  d e v ia t io n  o f  a l l  the exper imental  r e s u l t s  from the

p r e d i c t i o n  o f  the model is  probably due to  f a i l u r e  o f  the high f i e l d  

expression  f o r  the shear modulus (see appendix A i d ) . Thus the 

low f i e l d  express ion f o r  (equat ion  Ad3(a)) p re d ic ts  a lower value 

f o r  in t h i s  regime and a lso  th a t  -> 0 as b -> 0. S u b s t i t u t i o n  

o f  from equat ion Ad3(a) i n to  equat ion 5.8 would not p rov ide  a 

mode] f o r  P^(b) which is v a l i d  as b ->■ 0, s ince o the r  f a c to rs  would 

need c o n s id e ra t io n ,  but would improve the v a l i d i t y  in the regime 

b < 0.5 and, in p a r t i c u l a r ,  p r e d i c t  a l a rg e r  value f o r  Py (b < 0.5) in 

q u a l i t a t i v e  agreement w i th  exper iment .

F i n a l l y ,  fo.  m u l t i p l e  d i s l o c a t i o n  s i t e s  which i n t e r a c t  w i t h  the 

f luxon  l a t t i c e  predominant ly  by the second-order e l a s t i c  mechanism, 

s u b s t i t u t i o n  o f  pm from equat ion 3.40b in to  equat ion 5.5a leads to 

p r e d i c t i o n s  f o r  Py ( b , t )  which are in very good agreement w i th  the 

r e s u l t s  o f  Freyhardt  ( lo c ,  c i t . )  in specimens con ta in ing  predominant ly 

screw d i s lo c a t i o n s .

I t  is  t h e re fo re  concludedj  in agreement w i th  the expec ta t ion  tha t  

i s o la te d  clean d i s l o c a t i o n  segments f a i l  t o  s a t i s f y  the th resho ld  con­

d i t i o n  under any cond i t ion s  (see chapter  3)> tha t  the p inn ing  centres 

in l i g h t l y  deformed m a te r ia ls  are small regions o f  tangled d i s l o c a t i o n  

which have on ly  a l o c a l i z e d  p inn ing  p o te n t ia l  and have been ca l led
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Figure 5.32. Comparison o f  the p red ic te d  b dependence o f

the bu lk  p inn ing  fo rce  d e n s i t y ,  from the modei 

f o r  c lass I , w i th  experiment on the as-quenched 

and aged [OOl] 4% deformed specimen (c lass  ( i ) )  

and a lso  w i t h  the exper imental  r e s u l t s  o f  Good 

and Kramer a t  t  ~  0.48.
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m u l t i p l e  d i s l o c a t i o n  s i t e s  in the present i n v e s t i g a t i o n .  Moreover, 

s ince  at  any p a r t i c u l a r  value o f  the induc t ion  B on ly  those s i t e s  

f o r  which 2R «  0.7a^ have a s i g n i f i c a n t  p inn ing  fo rce  on the f 1uxon 

l a t t i c e ,  the d i l u t e - ] i m i t  l a t t i c e - a p p ro x im a t i o n  model f o r  p o i n t - l i k e  

p inn ing  s i t e s  o f  Labusch ( 1969b) Is s t i l l  v a l i d  ; n t h i s  case. The 

r e l a t i v e l y  small an iso t ropy  o f  p inn ing  found in c lass  ( i ) and by 

Good and Kramer (1970) is a lso  r e a d i l y  accounted f o r  by the above 

model i f  the m u l t i p l e  d i s l o c a t i o n  s i t e s  are s l i g h t l y  elongated along

[110] i . e .  along the d i r e c t i o n  o f  the edge d i s l o c a t i o n .

5 .5 .3  Cl ass 11 behaviour

(a) The C o t t r e l l  atmosphere s i t e

The C o t t r e l l  atmosphere s i t e s ,  which apparen t ly  g ive  r i s e  to 

c lass  I I  behaviour in the present specimens, c o n s is t  o f  atmospheres o f

i n t e r s t i t i a l  hydrogen on segments o f  edge d i s l o c a t i o n  (see sec t ion

5 . 2 . 2 )  extended along the [ iTo]  d i r e c t i o n .  According to  chapter 4 

the  C o t t r e l l  atmospheres should have a diameter <2R> =  R 350R.

The e f f e c t i v e  length o f  a C o t t r e l l  atmosphere s i t e ,  i . e .  the mean 

leng th  over which the s i t e s  may be considered to  be s t r a i g h t  and 

p a r a l l e l  w i t h  the f luxons ,  i . e .  along [ l T o ] , is not  e a s i l y  determined 

but is  est imated from inspec t ion  o f  the e lec t ron  micrographs re fe r re d  

to  in sec t ion  5-2,2 to  be o f  the order  o f  10^R. This quest ion  w i l l  

be discussed in more d e ta i l  l a t e r .

The s t rong an iso t ropy  which ob ta ins  in c lass  I I Is obv ious ly  due 

to  the geometry o f  the C o t t r e l l  atmosphere s i t e  and need not 

n e c e s s a r i l y  have any r e l a t i o n  to  the i n t e r a c t i o n  mechanism which may 

t h e r e f o r ' poss ib ly  be due to the 6k and/or  an enhancement o f  the f i r s t  

o r  second-order e l a s t i c  i n te r a c t io n  f o r  a clean d i s l o c a t i o n .  I t  is  

reasonable to  assume however t h a t  the p inn ing  e f fe c t i v e n e s s  o f  the 

C o t t r e l l  atmosphere is l o c a l l y  much la rg e r  than tha t  due to  the
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d is lo c a t i o n  alone. The e f f e c t i v e  p inn ing  mechanism w i l l  t he re fo re  

be assumed to  be e n t i r e l y  due to the atmosphere.

(b) The summation problem 

The p rec ise  manner in which the bas ic  p inn ing  forces sum to  give 

the bu lk  p inn ing  force dens i ty  in c lass 5 1 would appear to  be f a i r l y  

complex, Thus the C o t t r e l l  atmosphere s i t e s  may not be s u f f i c i e n t l y  

long to  promote a proper 1in e - f o r c e  response in the f luxon  l a t t i c e  

and t h e i r  d i s t r i b u t i o n  i s  non-uni form ra the r  than random because o f  

the tendency o f  the d i s l o c a t i o n  to form b ra ids  in the present 

specimens. A lso ,  from the  cons ide ra t ions  o f  chapter  3. i t  is  poss ib le  

t h a t  the volume dens i ty  o f  the C o t t r e l l  atmosphere s i t e s  l y i n g  c lose 

to  the [ n o ]  d i r e c t i o n  may be s u f f i c i e n t l y  la rg e ,  e s p e c ia l l y  in the 

regions o f  b r a id in g ,  t h a t  some c o n c e n t r a te d - l im i t  summation model may 

be app rop r ia te ,

The exper imental  1y determined sca l ing  law f o r  c lass  II behaviour 

may be summarized (see s ec t ion  5*3) approximate ly  as f o l l o w s :

f o r  b < 0.3

Py a 0

f o r  0.3 < b < 0.6

P / B 5 / % ( t ) ( b - 0 . 3 )  5 . 9

f o r  0.6 < b .-5 1

Also Pv <x(1 - f ) 8 (see sec t ion  5 .4 ,1 )  where ( 1 - f )  is  the  f r a c t i o n  o f  the 

i n t e r s t i t i a l  hydrogen assoc ia ted  w i th  the C o t t r e l l  atmospheres and |3 

Is a constant  which has not yet  been determined. Py was a lso  found 

to  be approx imate ly  indonendcnt o f  the deformat ion  and the re fo re  

presumably o f  the d i s l o c a t i o n  de n s i t y  p. [This p inn ing  behaviour  is 

remarkable and to  t h is  a u th o r ' s  knowledge has not p re v io u s ly  been
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repo r te d . ]

The problem o f  a non-uni form s i t e  d i s t r i b u t i o n  in the concen­

t r a te d  l i m i t  has not been p re v io u s ly  solved. Campbell and Evetts 

(1972) and Appleyard ,  Evetts  and Campbell (197*0 have made numerical 

c a l c u la t i o n s  on computer models o f  random one-dimensional  ar rays o f  

p inn ing  s i t e s  in the concentra ted l i m i t  and in d ic a te  th a t  they are 

extend ing t h e i r  c a l c u la t i o n s  to two-dimensional  a r rays .  The i r  method 

should be equ a l l y  a p p l i c a b le  to non-uni form two-dimensiona l  ar rays 

and probably  o f f e r s  the most useful  approach to the problem. The 

model o f  Nabarro and Q u in tan i lha  (1970) and Quintan 11 ha (1972) (see 

a lso  chapter 3) is f o r  a un i form two dimensional  p inn ing  p o te n t ia l  and 

presupposes the e l a s t i c  i n t e r a c t i o n  mechanisms. I t  is poss ib le  that

t h i s  mvdel may have a l im i t e d  v a l i d i t y  in c lass I I  ( f o r  b > 0.6) in
4. .

the regime where £p is in te rm ed ia te  between the low and high l i m i t s  

f o r  which e x p l i c i t  express ions f o r  are given (see equat ions 3.60a 

and 3 • 6Qb). i t  is not  apparent how e i t h e r  o f  the  above approaches

can exp la in  the low b behaviour in c lass I I  however.

The model o f  Kramer (1973) (see a lso  chapter 3) is based on an 

assumed p inn ing  s i t e  geometry which may be adequately s i m i l a r  to  t h a t  

o b ta in in g  in c lass I I o f  the present  i n v e s t i g a t i o n .  Al though t h i s  

model has been formulated in the high k l i m i t ,  where i t  makes good 

p r e d ic t i o n s  f o r  P ( b , t )  in c e r t a in  experimental  s i t u a t i o n s ,  i t  should 

neverthe less be poss ib le  to assess the q u a l i t a t i v e  v a l i d i t y  o f  the 

bas ic  premises o f  the mod in c lass I I . The model is conven ien t ly  

formulated and may e a s i l y  be genera l i zed to  inc lude the low k l i m i t  

and a lso d i f f e r e n t  basic p inn ing  mechanisms. Such an assessment is 

necessary,  and w i l l  be u s e f u l , s ince  the model makes p re d ic t i o n s  f o r  

P ( b , t )  which are s u p e r f i c i a l l y  in approximate agreement w i th  the 

exper imental  r e s u l t s  f o r  c lass  ( H )  o r  c lass I I (see equat ions 5.9
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r /o *
and f o l l o w i n g ) .  Thus the model p re d ic ts  Pv ( t )'x^ c 2 ( t )  and f o r  

<kp > a  0.3 < ks > (see sec t ion  3 .3*2 )  a P^(b) dependence which com­

pares not un favourab ly  w i th  exper iment (see f i g u r e  5*3*0 • There are 

however ser ious d isc repanc ies  between the model and the c lass  II which 

are assoc ia ted w i th  the p red ic ted  dependence o f  on the defec t

m ic ro s t r u c tu r e  parameters. Thus the model p re d ic ts  t h a t  the low
"71

f i e l d  behaviour,  the value o f  b f o r  which P^(b) is  a maximum and the 

magnitude o f  Py (b) a t  the maximum are a l l  s t ro n g ly  va ry ing  func t ions  

o f  the m ic ro s t ru c tu re  parameters and in p a r t i c u l a r ,  o f  the dens i ty  o f  

e f f e c t i v e  p inn ing  s i t e s  which are assumed to  be l i n e  f o r c e s . This 

cannot be reconc i led  w i th  c lass I I behaviour  even i f  p l a u s ib le  

assumptions are made f o r  var ious  poss ib le  e f f e c t s  due to  the i n t e r ­

s t i t i a l  hydrogen. I t  is  concluded t h e r e fo r e ,  in s p i t e  o f  the f a i r  

p r e d i c t i o n s  which are made f o r  the b and t  dependences o f  P , th a t  the 

model is  not a p p ro p r ia te  in c lass I I .

F i n a l l y  the ,i i 1 u t e - l  imi t  dynamical model o f  Good and Kramer (1970) 

(equat ion 3 . 5 3 ) - f o r  l i n e  fo rces  p a r a l l e l  t o  the f luxons  is a lso  com­

p l e t e l y  at  var iance w i th  the observa t ions  in c lass ( l i ) .

A cons ide ra t ion  o f  reasons f o r  the i n a p p l i c a b i l i t y  o f  the above 

models in c lass I I  leads to the conc lus ion  tha t  the exper imenta l  obser ­

va t ion s  can on ly  be compat ib le w i th  a model ( i )  in which Py depends 

l i n e a r l y  on p^ and ( i i )  which invo lves an e x p l i c i t  mechanism to 

account f o r  the rap id  increase in the value o f  Pv ( b ) , from zero or  

some very small va lue ,  which occurs a t  b «  0.4 .  I t  w i l l  be rec a l le d  

from chapter 3 tha t  the so -ca l led  matching and synchronous mechanisms 

may p o t e n t i a l l y  s a t i s f y  these requi rements.  The former mechan’ sm 

is obv ious ly  not a p p l i c a b le  here s ince i t  p re d ic ts  a maximum in 

f o r  a c e r ta in  val <e o f  aQ and th e re fo re  o f  B. The synchronous 

mechanism, which invo lves a spontaneous r e la x a t io n  o f  the f luxon



200

l a t t i c e  in the fo rce  f i e l d  o f  the p inn ing  s u b -s t ru c tu re  ( p re fe ra b ly  

l i n e  forces p a r a l l e l  to the f luxons)  over a c e r ta in  range o f  b -  t h e r e ­

f o re  producing a s i g n i f i c a n t  increase in over  the range, is obv ious ly  

p o t e n t i a l l y  a p p l i c a b le  in Class I I .  The c o n v e n t ! a l l y  accepted mechanism 

f o r  the onset o f  synchronous p inn ing  requ i res  th a t  e i t h e r  the p inn ing  

s t re n g th  o f  the s i t e s  increases o r  the r i g i d i t y  o f  the f luxon l a t t i c e  

decreases so th a t  e i t h e r  the  th resho ld  c r i t e r i o n  is s a t i s f i e d  o r  

o the rw ise  c ond i t ions  become favourab le  f o r  independent f luxon p inn ing .

As s ta ted  p re v io u s ly  in chapter 3 an example o f  t h i s  is  the Pippard 

mechanism f o r  the peak e f f e c t  (see l a t e r )  which depends on the 

q u a d ra t i c  decrease o f  the f luxon  l a t t i c e  shear modulus w i t h  b 

near . This mechanism im p l ies  an increase in the Labusch parameter 

a, (Labusch, 1969b -  o r  see chapter 3) and t h e re fo re  the p o s s i b i l i t y  

t h a t  the f l u i d  approx imat ion should be app ro p r ia te  in t h i s  case. For 

f u l l  s ynchron iza t ion  i t  is  obvious th a t  the f luxon  l a t t i c e  should be 

s u f f i c i e n t l y  d i s to r t e d  so th a t  the f luxons  are  able to  i n t e r a c t  

independent ly  w i th  the p inn ing  s i t e s .

I t  w i l l  become apparent l a t e r  t h a t  i f  the C o t t r e l l  atmosphere 

s i t e s  o f  c lass  I I  i n t e r a c t  w i th  the f luxons  predominant ly by the 6 k  

mechanism a rapid increase in t h e i r  p inn ing  e f fe c t i v e n e s s  is expected 

f o r  b % 0.3 which is approx imate ly  the regime o f  the la rge  increase in 

Py(b) .  However, the maximum fo rce  which a C o t t r e l l  atmosphere s i t e  

can exe r t  on a f luxon under ideal c o n d i t io n s  is  expected to  be not very 

much g rea te r  than th a t  due to  a c lean d i s l o c a t i o n  and t h e r e fo re  on ly  

to be o f  the ore1 >r o f  the th resho ld  value . I t  is th e re fo re  reasonable 

to suppose tha t  the s i t e s  w i l l  not  be able to d i s t o r t  the f luxon  l a t t i c e  

s u f f i c i e n t l y  to cause f l u i d  behaviour  and th e re fo re  independent f luxon  

p inn ing  and poss ib le  synchronous behaviour.
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Campbell and Evetts  (1972) suggest however tha t  mob i le f luxon  

l a t t i c e  de fec ts  (e .g ,  edge d i s l o c a t i o n s )  may prov ide the necessary 

f luxon  l a t t i c e  p l a s t i c i t y  to  a l low  the f luxon  l a t t i c e  to  re lax  

synchronous 1y in the fo rce  f i e l d  o f  an a r ray  o f  l i n e  fo rces  which are 

p a r a l l e l  t o  B. According to  Essmann and Trauble  (1967) (but see 

a lso  Campbell and E v e t t s , lo c .  c i t . )  any s i g n i f i c a n t  g rad ien t  in the 

f luxon  l a t t i c e  due to  f luxon  pinn ing can be accounted f o r  by the 

presence o f  a s u i t a b le  d i s t r i b u t i o n  o f  f luxon  l a t t i c e  d i s l o c a t i o n s .  

Thus i f  p inn ing  s i t e s  begin to  be e f f e c t i v e ,  so th a t  a g rad ien t  in 

the f luxon l a t t i c e  o c c u r s , f luxon  l a t t i c e  d i s lo c a t i o n s  must be created 

s im u l taneous ly .  I t  seems reasonable to  p o s tu la te ,  in accordance w i th  

c la s s ic a l  second-order p e r tu rb a t io n  theory  (see fo r  example Nabarro,  

1972), t h a t  i f  these d i s l o c a t i o n s  are s u f f i c i e n t l y  mob i le t h e i r  con­

f i g u r a t i o n a l  d i s t r i b u t i o n  w i l l  c o n t i n u a l l y  a d jus t  to  reduce the t o ta l  

energy o f  the system thereby causing a t  le a s t  some o f  the f luxons  to 

r e la x  in to  a v a i l a b le  p o te n t ia l  w e l l s .  This w i l l  a l low  an increased 

f luxon  g rad ien t  and th e re fo re  more f luxon  l a t t i c e  de fec ts  and so on 

leading to  e i t h e r  matching o r  synchronous behaviour.

On the basis o f  t h i s  p o s tu la te  and on the assumption t h a t  a 

s i g n i f i c a n t  p ropo r t ion  o f  the t o t a l  C o t t r e l l  atmosphere length  is 

p a r a l l e l  to  the f luxons  and i n te r a c t s  w i th  the f luxons predominant ly  

by the 6k mechanism a model can be formula ted f o r  c lass  I I  which is in 

q u a l i t a t i v e  agreement w i th  experiment in every respect.

Thus, in accordance w i t h  the c o ns ide ra t ion s  o f  the prev ious 

s ec t ion ,  the C o t t r e l l  atmosphere s i t e s  are considered to behave as l i n e  

fo rces ,  p a r a l l e l  to  B, o f  s u f f i c i e n t  length  to  s a t i s f y ,  under ideal 

c o n d i t io n s ,  such th resho ld  requirements as o b ta in .  Under these con­

d i t i o n s  the p ropo r t ion  o f  the t o ta l  length  o f  the edge d i s l o c a t i o n ,  and 

th e re fo re  the C o t t r e l l  atmosphere, which is p o t e n t i a l l y  e f f e c t i v e  f o r
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p inn ing  w i l l  be def ined as F. [The sum t o ta l  length  o f  e f f e c t i v e

o f  edge d i s l o c a t i o n  per u n i t  volume.] I t  is pos tu la ted  th a t  F w i l l  

not  depend on the e l a s t i c  p ro p e r t ie s  o f  the f lu xon  l a t t i c e .  The under 

l y i n g  assumption in t h i s  p o s tu la te  is th a t  the C o t t r e l l  atmospheres, 

which are apparen t ly  too weak to  promote much loca l  shear in the 

l a t t i c e ,  can th e re fo re  promote even less lo ca l  bending since and 

f o r  the f luxon  l a t t i c e  are both very much la rg e r  than C ^ .  The 

f luxons  are t h e r e fo re  unable to  bend and accommodate s i g n i f i c a n t l y  to 

bends and d e v ia t i o n s , f r o m  the d i r e c t i o n  o f  J3, i n the C o t t r e l l  atmos- 

atmospheres. The ac tua l  phys ica l  d iameter o f  a C o t t r e l l  atmosphere 

s i t e  (kc ~ 350&) is always less than or  o f  the o rde r  o f  the coherence 

length  £ ( t )  in tne present  i n v e s t i g a t i o n .  (g (T) =  (c^ /Z i rH ^  (T) so

e l e c t r o n i c  p ro p e r t ie s  o f  the s i t e  over a range £ ( t )  the e f f e c t i v e  

diameter 2R f o r  the C o t t r e l l  atmosphere w i l l  t h e re fo re  be g ( t )  and

s i t e  w i l l  be assumed to  be un i fo rm w i t h i n  t h i s  diameter and zero 

ou ts ide .

The bu lk  p inn ing  fo rce  de n s i t y  due to the above s i t e s  may now be 

expressed conven ien t ly  in the form

and v-j is  the product o f  the p r o b a b i l i t y  and e f f i c i e n c y  f o r  an e f f e c t i v e  

p inn ing  event a t  any in s ta n t .

Now i t  is  reasonable to assume th a t  F w i l l  not  have a s t rong depen­

dence on the f luxon  l a t t i c e  parameter and th e re fo re  the rap id  increase

s i t e  is then F'' per u n i t  volume where p (cm ^ . crn^) is  the t o t a l  length

th a t  a t  T =  *}K £ ( ^ ( 2 . 0 7 . 10"7/ 2 x  2 . 7 5 . 103) ^ 3 5 0 f t  and a t  

T =  8K ^ (8 ) -74o f t ) .  Since coherence e f f e c t s  w i l l  average the

the p inn ing  p o te n t ia l  dens i ty  f o r  a p a r t i c u l a r  va lue o f  in the

e f f
£

where p is  the fo rce  per u n i t  length  o f  C o t t r e l l  atmosphere s i t e
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in Pv ( b ) , which occurs a t  b ^ 0 . 4  in c lass I I ,  must be assoc ia ted w i th  

a concomitant increase in and /o r  . Such a la rge  increase is

compat ib le  on ly  w i th  a synchronous p inn ing  mechanism however. As

depend on mobi le f luxon  l a t t i c e  de fec ts  and the exi stance o f  p o te n t ia l  

w e l l s .  The va lue  o f  b a t  which synch ron iza t ion  begins may be 

expected to  depend on the depth o f  these p o te n t ia l  w e l l s ,  i . e .  on the 

p inn ing  s i t e  i n t e r a c t i o n  energy. In c lass  I I  however, t h i s  va lue o f  

b is found to  vary by on ly  a r e l a t i v e l y  small amount w h i le  the i n t e r ­

a c t io n  energy is made to vary over a very much la rg e r  range by 

specimen ageing (see f ig u re s  5.27 and 5 . 2 8 ) .  I t  must be concluded, 

t h e r e fo re ,  i f  the above cons ide ra t ions  are  v a l i d ,  t h a t  in the absence 

o f  the synchronous mechanism the bas ic i n t e r a c t i o n  energy f o r  the s i t e
'k

would s t i l l  be a r a p id l y  inc reas ing  fu n c t io n  o f  b in t h i s  regime .

This  immediately excludes the e l a s t i c  i n te r a c t io n s  as the predominant 

mechanism f o r  the C o t t r e l l  atmospheres in c lass  I I  and suggests the 6 k  

i n t e r a c t i o n  which w i l l  now be shown to be a s t ro n g ly  inc reas ing  

fu n c t io n  o f  b in t h i s  regime.

Thus: the in te r a c t io n  energy due to  the  6 k  mechanism is  propor

apparent,  from cons ide ra t ion  o f  f i g u r e  3 • 3a ( f o r  b < 0.6) and equat ions  

3 .7 ,  3.8  and 3•9 ( f o r  b > 0 . 6 ) ,  t h a t  th ree  d i s t i n c t  regimes o f  behaviour  

f o r  the in t e r a c t i o n  energy o f  a C o t t r e l l  atmosphere s i t e  (d iameter g ( t ) )  

which is  not p e r f e c t l y  s t r a i g h t  o r  p a r a l l e l  w i t h  may be d i s t i n g u i s h e d ,  

v i z :

* These cons ide ra t ions  may e x p la in  the d i f f e r e n t  slopes which were 

ob ta ined f o r  ln [ (P  (b, t im c ) ) / P v (b ,0 ) ]  versus ( t im e ) 2^ '1 in 

f i g u r e  5.29.

discussed p re v io u s ly  t h i s  mechanism is pos tu la ted  in t h i s  case to

t  ional Now i t  is
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0 )  For b < 0 .3 :  where is la rge  o n ly  in a narrow

annul us (w id th  approx imate ly  £) around each f lu x o n .  The magnitude o f  

the maximum i n te r a c t i o n  energy over the  length  o f  i n t e r a c t i o n  along

( i  ?) For 0.3 < b < 0 .6 :  where the w id th  o f  t h i s  annular region

and th e re fo re  the magnitude o f  the i n t e r a c t i o n  energy increases r a p id l y

simple p e r io d ic  f u n c t io n  w i t h  minima a t  the f 1uxons and maxima in the 

m idd le  o f  the f luxon  t r i a n g u la r  c e l l s  and w i th  an ampl i tude which now 

decreases w i t h  b as (1- b ) .

Thus the 6k mechanism, in the range 0,3 < b < 0.6 apparen t ly  p ro­

v ides  the r a p id l y  inc reas ing  a t t r a c t i v e  in t e r a c t i o n  which is  a 

requirement f o r  a synchronous pinning mechanism o f  the type pos tu la ted  

here.  For b > 0,6 the synchronous mode, having been e s ta b l i s h e d ,  may 

s t i l l  proceed but w i l l  be weaker because the magnitude o f  the i n t e r ­

a c t io n  is  now a decreasing fu n c t io n  o f  b. The p inn ing  fo rce  d e n s i t y  

Pv (b) is  t h e re fo re  a lso  expected to  Increase r a p id l y  f o r  some b in the 

range 0.3 < b < 0.6 and reach a maximum in the region o f  b «  0 .6 ,

Th is  p r e d i c t i o n  is  in good agreement w i t h  exper iment (see f i g u r e  5.27 

or 5 .2 8 ) .

F i n a l l y  i f  the synchronous mode does extend i n to  the regime 

b > 0.6 an express ion can be formula ted fo r  P (b) In t h i s  regime since

Thus the e f f e c t i v e  diameter o f  the C o t t r e l l  atmosphere s i t e  is 

C ( t )  and i t  is  reasonable to assume f o r  the 6k mechanism th a t  the 

p inn ing  p o te n t ia l  dens i ty  0 (see appendix A i ( h ) ) is  un i fo rm ins ide  the 

s i t e  and decays to  an i n s i g n i f i c a n t  va lue ,  w i t h i n  a range which is  less 

than a ^ / 2 , ou ts id e  the s i t e .  The cons ide ra t ion s  o f  appendix A l (h )  are

the s i t e  is  t h e re fo re  smal l .  <> IfV

w i th  b.

0
p and v. In equat ion 5.10 can now be determined w i th  some conf idence.
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t h e re fo re  a p p l i c a b le  In the fo rm u la t ion  o f  an express ion fo r  p^.

Thus f o r  the C o t t r e l l  atmosphere s i t e  2R/ao =  § ( t ) / a Q( t )

^ = b / ( 2 n ) ^  which is Independent o f  temperature.  

In the  range 0.6 < b < 1 2R/aQ th e re fo re  va r ies  between approx imate ly

0.24 and 0 .4 .  According to  f i g u r e  A1.5,  the c o r re c t i o n  f a c t o r , f o r  

g e n e ra l i z in g  the express ions o f  chapter  3, f o r  pm> which are s t r i c t l y  

v a l i d  on ly  f o r  R -> 0, va r ie s  to good approx imat ion as (a /2R) =  (a ^ /g )  

in t h i s  regime and is given approx im ate ly  by 0 .2(a  /C) .  The use o f  

t h i s  c o r re c t i o n  f a c t o r  and the re leva n t  express ion f o r  p^ from chapter  

3 Ss v a l i d  on ly  f o r  a C o t t r e l l  atmosphere s i t e  which is p e r f e c t l y  

s t r a i g h t  and p a r a l l e l  t o  the f luxons  however. In real  specimens i t  

Is probably reasonable to  assume tha t  a p inn ing  s i t e  is a segment o f  

C o t t r e l l  atmosphere which is s u f f i c i e n t l y  s t r a i g h t  to  be ab le  to  pin 

a p a r t i c u l a r  f lu xon  along almost the e n t i r e  length  o f  the s i t e .

S l i g h t  waviness in the s i t e ,  along i t s  le ng th ,  w i l l  r e s u l t  in a 

reduc t ion  in the p inn ing  fo rce  r e l a t i v e  to tha t  f o r  a s t r a i g h t  s i t e  o f  

the same le ng th .  I t  i s  reasonable to assume th a t  the fo rce  per u n i t  

length  w i l l  be reduced by a f a c to r  o f  o rde r  (o'/d) where is the 

rad ius  o f  a hypo the t i ca l  c y l i n d e r  over which the p inn ing  e f f e c t  o f  

the C o t t r e l l  atmosphere o f  a p a r t i c u l a r  s i t e  can be considered t o  be 

averaged in consequence o f  I t s  wav I ness and d aQ/2  is the range o f  

the p inn ing fo rc e  in t h i s  case ( i . e .  f o r  b > 0.6 and a p inn ing  

p o te n t ia l  den s i t y  o f  the form given in appendix A 1 (h ) ) .  The lower 

l i m i t  on the va lue  o f  a Is obv ious ly  § ( t )  and the upper l i m i t  Is 

expected to  be o f  o rder  a ( t ) / 2  since the p inn ing  force w i l l  obv ious ly  

begin to  decrease r a p id l y  I f  cr exceeds t h i s  va lue.  The average value

<o> f o r  a l l  the C o t t r e l l  atmosphere s i t e s  should th e re fo re  have the same 

temperature dependence as £ and a^,  i . e .  as B ^ | ( t ) , and a dependence 

on b which w i l l  be s lower than b ^ and may th e re fo re  be neg lec ted.  Thus
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i t  is  reasonably assumed t h a t  <a>a ^ ( t )  and tha t  the above reduct ion 

f a c t o r ,  averaged over  a l l  the C o t t r e l l  atmosphere s i t e s ,  is  o f  order
n 9

(2g /aQ) a  (“ ) , b « b .  The f i n a l  express ion f o r  the e f f e c t i v e  p inn ing 

f o rc e  f o r  an average C o t t r e l l  atmosphere s i t e  is t h e re fo re  g iven ,  

n e g le c t in g  a l l  the fa c to r s  o f  o rder  u n i t y ,  by

<L> -yp^(a / £ ; ) . b \ < L > R ; p \ b  5*11
e f f  0 m

where <L> is the average length  o f  a s i t e  and is pos tu la ted  to  be a 

constant  o f  the d i s l o c a t i o n  s t r u c t u r e  and to  be independent o f  the 

d i s l o c a t i o n  de n s i t y  p a t  low d e n s i t ie s  (so t h a t  the sum t o t a l  o f  <L> 

f o r  a l l  the e f f e c t i v e  C o t t r e l l  atmosphere is p r )  and p^ is the product 

o f  p inn ing  fo rce  per u n i t  length  in the l i m i t  R ->• 0 and the volume 

o f  the s i t e  per u n i t  le ng th .

The de t i ' -m ina t ion  o f  the f a c to r  , in equat ion 5*10 is  r e l a t i v e l y  

s t r a i g h t f o r w a r d .  Thus, f o r  synchronous p inn ing ,  the p r o b a b i l i t y  o f  

a p inn ing  in t e r a c t i o n  is expected to  be u n i t y  (see Campbell and Evetts 

1972 or  chapter  3)> but is more l i k e l y  to have some va lue 0 < w < 1 

in  the present case because the f lu x o n  l a t t i c e  is not f l u i d  but only 

somewhat p l a s t i c ,  Again i t  Is pos tu la ted  t h a t  w w i l l  depend o n ly  on 

the  average d i s l o c a t i o n  s t r u c t u r e  and not on p.

The e f f i c i e n c y  o f  the average i n t e r a c t i o n  is expected (see chapter 

3) to be given by <u >/d = 2<uo> /aQ, i . e .  the average displacement f 

the  pinned f luxon d iv ided  by the range o f  i n t e r a c t i o n .  For 

synchronous p inn ing  uQ is apparen t ly  independent o f  the bas ic pinn ing 

force p because o f  the requirement o f  independent f luxon  p inn ing  and 

t h e r e fo re  a f l u i d  or  p l a s t i c  f luxon  l a t t i c e ,  According to Campbell 

and Evetts  (1972) uQ «  a and u0 may also be assumed to be independent 

o f  aQ in t h i s  case. The e f f i c i e n c y  f a c to r  is t h e re fo re  assumed to be
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given by k /a^  where k «  aQ is a constant w i th  dimensions o f  leng th .  

C o l l e c t i n g  the fa c to rs  in toge the r  t h e re fo re  gives

^  koj/ao m  kw(bBc2/(j)o ) ^  , 5.12

Thus f i n a l l y ,  s u b s t i t u t i n g  from equat ion 5.11 and 5-12 in to  equat ion 

5.10 g i v e s , f o r  b > 0.6 -  c lass  I ! ;

P ^ ( b , t )  a  k w rpp *b ~1 (B ^ , / *^ ) *  5.13c2 vo

I  .The express ion to be used here f o r  p ' is  g iven by equat ion 3.11 w i t h  

V replaced by A, i . e .  the phys ica l  cross sec t iona l  area o f  the s i t e ,  

thus:

6 k / k • A.
< e f f

5,14
max

For the  C o t t r e l l  atmosphere s i t e :  s ince £ > R,, the e f f e c t i v e  cross

5.15

sec t ion a l  area is A =  -iri; /4 and from equat ion 4 .17 ;

Wcl 0,51C.(R2/g2(t))/K
L Jef f  1 c

Now s ince the t o ta l  c o nc e n t ra t io n  C^ o f  the hydrogen in the specimens 

is very  small (approx imate ly  50ppm-atomic) i t  may be assumed th a t  a t  

low temperatures t h i s  hydrogen is  e n t i r e l y  associated w i th  the 

d i s l o c a t i o n s ,  i . e .  w i t h i n  the C o t t r e l l  atmospheres and p r e c ip i t a t e d  

in to  the cores o f  the d i s l o c a t i o n .  I f  the  f r a c t i o n  In the atmospheres 

’ s ( 1 - f )  then the conce n t ra t io n  o f  the hydrogen in the atmospheres 

w i l '( be given by

C. = 4  x  1 0 * (l-f)cyirRgp 5.16

where p is the d ’ s lo c a t io n  d e n s i t y  o r  the t o ta l  length  o f  edge d i s ­

lo c a t io n  per u n i t  volume as be fo re .  S u b s t i t u t i n g  f o r  f rom t h i s  

express ion in to  the above express ion fo r  [(Sk/ k] ^  gives

[6K/i<]e f f «  2,04 x 102 [ ( l - f ) C T/7rpf;2 ( t ) ] / K 5.17
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