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I .  INTRODUCTION

A. Thermopower

A v o lta g e  I s  p roduced  In  a  c i r c u i t  c o n s i s t i n g  o f  

two m e ta ls  when th e  ju n c t io n s  a re  a t  d i f f e r e n t  te m p e ra tu re s .  

U su a lly  th e  " c o ld  ju n c t io n "  I s  h e ld  a t  some c o n s ta n t  tem per­

a tu r e  and  th e  te m p e ra tu re  o f  th e  " h o t  ju n c t io n "  i s  v a r ie d .  

The c i r c u i t ,  o f  c o u rs e ,  I s  c a l l e d  a  therm ocoup le  and th e  

v o l ta g e  I s  th e  th e rm o e le c t r ic  v o l ta g e .  The te m p e ra tu re  

d e r iv a t iv e  o f  t h i s  v o l ta g e  I s  d e f in e d  a s  th e  d i f f e r e n c e  In  

th e rm o e le c t r ic  pow er ( o r  therm opow er) betw een  th e  two s id e s  

o f  th e  th e rm o co u p le . The two s id e s  o f  a  therm ocoup le  do 

n o t  have to  be d i f f e r e n t  m e ta ls ,  b u t  can be two d i f f e r e n t  

s t a t e s  o f  th e  same m e ta l .  The m easurem ents d e s c r ib e d  h e re  

a r e  made on a  therm ocoup le  made o f  one w e ll -a n n e a le d  

aluminum w ire  and one quenched aluminum w ir e .  The quenched 

w ire  d i f f e r s  from  th e  w e ll -a n n e a le d  w ire  In  t h a t  I t  c o n ta in s  

a  much l a r g e r  number o f  v aca n t l a t t i c e  s i t e s  r e f e r r e d  to  as 

v a c a n c ie s .  M easurem ent o f  th e  th e rm o e le c t r ic  v o l ta g e  and 

d e te rm in a tio n  o f  th e  d i f f e r e n c e  In  therm opow er f o r  t h i s  

" th e rm o co u p le"  p ro v id e s  In fo rm a tio n  on th e  e l e c t r o n  s c a t t e r ­

in g  and  on th e  phonon s c a t t e r i n g  from  th e  v acancy .

B. Q uenching

The number o f  th e rm a lly  a c t iv a t e d  d e f e c ts  In  a  s o l i d  

In c r e a s e s  w ith  te m p e ra tu re .  In  aluminum th e se  d e f e c ts  a re



v a c a n c ie s .  "Q uenching" r e f e r s  to  th e  p ro c e s s  o f  f r e e z in g  

th e s e  v a c a n c ie s  i n  th e  s o l i d  by lo w e rin g  th e  te m p e ra tu re  

a t  su ch  a  r a p id  r a t e  t h a t  th e  v a c a n c ie s  do n o t have tim e 

to  a n n e a l o u t .  T h is  i s  u s u a l ly  done by d ro p p in g  th e  

c u r r e n t - h e a te d  w ire  in to  a  l i q u i d  quench medium. In  t h i s  

ex p e rim e n t th e  main quench medium was i c e  w a te r  a lth o u g h  

m ethano l was u sed  in  f iv e  c a s e s .  The quenched w ire  

to g e th e r  w ith  a  w e ll-a n n e a le d  w ire  form  th e  specim en 

" th e rm o co u p le"  on w hich m easurem ents a re  made. To av o id  

a n n e a lin g  th e  quenched d e f e c t s ,  m easurem ents m ust be made 

a t  low  te m p e ra tu re s .

C. P u rp o se  Of T his E xperim ent

The a b s o lu te  therm opower S o f  a  m e ta l c o n s i s t s  

o f  a  c o n t r ib u t io n  S^, a r i s i n g  from  th e  n o n -e q u il ib r iu m  

d i s t r i b u t i o n  o f  th e  c o n d u c tio n  e l e c t r o n s ,  and a  c o n t r ib u ­

t io n  S^, cau sed  by th e  i n t e r a c t i o n  betw een th e  co n d u c tio n  

e l e c t r o n s  and th e  phonons w hich a r e  n o t  i n  e q u i l ib r iu m .

S = +  Sg, (1 )

w here S and S a r e  u s u a l ly  c a l l e d  th e  e l e c t r o n - d i f f u s io n  e g

therm opow er and th e  phonon drag  therm opow er, r e s p e c t iv e l y .

The in t r o d u c t io n  o f  d e f e c ts  in to  a  m e ta l cau ses  

a  change o f  b o th  q u a n t i t i e s ,  and S^. C a ll th e  changes 

AS^ an d A S g , r e s p e c t iv e l y .  The change in  depends o n ly  

On th e  e l e c t r o n  s c a t t e r i n g  p r o p e r t i e s  and on th e  e l e c t r o n i c



band s t r u c t u r e  o f  th e  sy stem . The a b s o lu te  m agn itude o f  

Sg i s  a lw ays red u ce d  b eca u se  th e  a d d i t i o n a l  phonon s c a t t e r ­

in g  by th e  d e f e c ts  re d u c e s  th e  phonon c u r r e n t  s e t  up by 

th e  te m p e ra tu re  g r a d ie n t .  An e x c e p tio n  to  t h i s  was found 

i n  1968 by H uebener^ when he m easured  th e  therm opow er o f  

d i l u t e  a l lo y s  o f  alum inum . H u e b e n e r 's  d a ta  f o r  th e  therm o­

power o f  th e  a l lo y  A1 + 0 .0 3  a t .  % Zn v e rsu s  p u re  aluminum 

i s  shown a s  a  f u n c t io n  o f  te m p e ra tu re  in  F ig . 1 . The 

co n v en tio n  i s  su ch  t h a t  p o s i t i v e  v a lu e s  o f  AS in d i c a t e  a 

r e d u c t io n  in  th e  therm opow er o f  alum inum  due to  th e  im pur­

i t i e s  and n e g a t iv e  v a lu e s  i n d i c a t e  an  enhancem ent. AS i s  

th e  t o t a l  change in  therm opow er due to  im p u r i t i e s  and  can 

be  w r i t t e n  as

AS = AS + AS . (2)
e g

H uebener c a l c u la t e d  AS^ u s in g  th e  th e o r i e s  a v a i l a b l e  in  

1968 and found  i t  to  be p o s i t i v e  a t  a l l  te m p e ra tu re s .

T his l e d  him  to  co n c lu d e  t h a t  a t  low  te m p e ra tu re s  AS^ 

was n e g a t iv e  im p ly in g  t h a t  a l lo y in g  aluminum in c re a s e d  

th e  phonon d rag  component o f  therm opow er. He th en  

dev elo p ed  a  h y p o th e s is  t h a t  t h i s  was p o s s ib le  due to  

a n is o tro p y  o f  th e  e l e c t r o n  s c a t t e r i n g ,  th a t  i s  i f  th e  

r e la x a t io n  tim e  f o r  th e  e l e c t r o n  s c a t t e r i n g  by th e  im pur­

i t i e s  and th e  r e l a x a t io n  tim e  f o r  th e  e l e c t r o n  s c a t t e r i n g  

by phonons v a ry  d i f f e r e n t l y  o v e r  th e  Ferm i s u r f a c e .  T his 

h y p o th e s is  can n o t  be dev elo p ed  in t o  a  q u a n t i t a t i v e  th e o ry



F ig u re  1 . Thermopower Of The A llo y  

A1 +  0 .0 3  a t .  % Zn 

(Taken from  H uebener^)
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a s  y e t  and I n  f a c t  i t s  q u a l i t a t i v e  u se  i s  m a rg in a l a t  b e s t .

From 1968 to  1970 N ie ls e n  and  T a y l o r ^ * d e v e l o p e d  

a  new th e o ry  o f  e l e c t r o n - d i f f u s io n  therm opow er w hich was 

a p p l ie d  to  alum inum  a l lo y s  by D ud en h o effe r and  B o u rassa^ . 

The new th e o ry  p ro v id e d  a  r e l a t i v e l y  s im p le  e x p la n a t io n  f o r  

H u e b e n e r 's  e x p e r im e n ta l d a ta  on alum inum  a l l o y s ,  nam ely 

t h a t  th e  low  te m p e ra tu re  n e g a t iv e  p eak  was due to  AS^ a s  • 

c a l c u la te d  now u s in g  th e  N ie ls e n -T a y lo r  th e o ry  and  t h a t  

th e  h ig h  te m p e ra tu re  p o s i t i v e  p eak  was due to  AS^

The im p o rtan ce  o f  d e te rm in in g  th e  v a l i d i t y  o f  

th e  N ie ls e n -T a y lo r  th e o ry  i s  r e a d i ly  a p p a re n t  when one 

r e a l i z e s  t h a t  a lm o s t a l l  p u b l is h e d  therm opow er work 

in v o lv e s  a s e p a r a t io n  o f  th e  e l e c t r o n - d i f f u s i o n  component 

from  phonon d ra g  com ponent. I f  th e  N ie ls e n -T a y lo r  th e o ry  

i s  v a l i d ,  t h a t  s e p a r a t io n  has  b een  made i n c o r r e c t l y  in  

a l l  work to  d a te .

The m easurem ent in  t h i s  w ork o f  th e  therm opower 

o f  l a t t i c e  v a c a n c ie s  i n  aluminum i s  th e  f i r s t  e x p e r im e n ta l 

a t te m p t to  s o lv e  t h a t  c o n tro v e rs y .

In  a d d i t io n  to  t h i s  c o n t ro v e r s y ,  v a c a n c ie s  in  

aluminum have b een  th e  c e n te r  o f  a n o th e r  c o n tro v e rsy  f o r  

some t im e . T here i s  ev id e n c e  t h a t  d iv a c a n c ie s  p la y  an 

im p o r ta n t  r o l e  in  aluminum a t  h ig h  te m p e ra tu re s .  B o u ra ssa , 

L azaru s  and B lackbu rn^  f in d  an ap p ro x im ate  b in d in g  energ y  

f o r  d iv a c a n c ie s  in  aluminum o f  0 .5  eV.



S e l f - d i f f u s io n  m easurem ents perfo rm ed  by S eeg ar 

and  M ehrer^ by means o f  r a d io a c t iv e  is o to p e s  s u g g e s t  t h a t  

d i  v a c a n c ie s  and p o s s ib ly  a l s o  l a r g e r  vacancy c l u s t e r s  con­

t r i b u t e  c o n s id e ra b ly  to  th e  h ig h  te m p e ra tu re  e q u i l ib r iu m  

p r o p e r t i e s .  S eeg ar s t a t e s  t h a t  th e  f r a c t io n  o f  v a c a n t 

l a t t i c e  s i t e s  a s s o c ia t e d  i n  d iv a c a n c ie s  a t  th e

m e ltin g  p o in t  was abou t 43%. S eeg ar r e p o r ts  t h a t  th e  

b in d in g  en e rg y  i s  ap p ro x im a te ly  0 .2 5  eV,
Q

B u tc h e r , H u tto  and R uoff have m easured  th e  

a c t i v a t io n  volume f o r  s e l f - d i f f u s i o n  in  A1 and f in d

^ ^ s e l f - d i f f u s i o n  “  Z .Z x lO '^ ^ c m l T his i s  th e  o n ly  

exam ple o f  a  vacancy  a c t iv a t io n  volume w hich i s  g r e a t e r  

th an  an  a to m ic  volum e. R uoff o f f e r s  two p o s s ib le  e x p la n ­

a t io n s  f o r  t h i s  u n u s u a lly  h ig h  volum e: f i r s t ,  t h a t  th e

second  n e a r e s t  n e ig h b o r  l i e s  in  a  re g io n  o f  r e p u ls iv e  fo rc e  

so  t h a t  e x t r a c t i o n  o f  an atom would r e s u l t  in  an  o v e r - a l l  

ex p an s io n  o f  th e  l a t t i c e ;  o r  s e c o n d ly , t h a t  th e  dom inant 

e q u i l ib r iu m  d e f e c t  in  aluminum i s  th e  d iv acan cy .
9

On th e  o th e r  hand Doyama and K oeh le r have  r e p o r te d  

e v id e n c e  o f  two vacancy  d e fe c ts  in  quenched alum inum ; and , 

by assum ing t h a t  th ey  a re  th e  monovacancy and th e  d iv a c a n c y , 

th e y  e s t im a te  t h a t  th e  b in d in g  en erg y  o f a  d iv acan cy  i s  

0 .1 7 ± .0 5  eV. The ex p e rim en ts  o f  Simmons and B a l l u f f i ^ ^ ’ 

m easure o n ly  th e  t o t a l  n e t  d e f e c t  c o n c e n tr a t io n ,  c , and so  

can n o t  d i r e c t l y  d i s t i n g u i s h  betw een ty p es  o f  v a c a n c ie s .



8

A nother p rob lem  r e l a t e d  to  th e  one j u s t  d is c u s s e d

c e n te r s  a ro u n d  th e  i n t r i n s i c  therm opow er o f  a  vacancy  in  A l.

12H uebener h a s  m easured th e  i n t r i n s i c  therm opow er o f  a 

m onovacancy,. C \S /c ) , i n  Au and  found  i t  to  b e  

( ^ ) 2 oo “  -1 .6 7 ± 0 .0 3  yV/°K a t .  %. A s i m i l a r  m easurem ent

has n o t  been  made in  A l. One ex p erim en t^  has in d ic a te d  th a t  

th e  i n t r i n s i c  therm opow er o f  a  v acan cy  in  A l may be a s  h ig h  

a s  +130 yV/°K a t .  %. Such a  h ig h  v a lu e  o f  (AS/c) w ould 

s t r o n g ly  i n d i c a t e  th e  p re s e n c e  o f  d iv a c a n c ie s .  T his work 

does n o t  answ er th e  d iv a can cy  c o n tro v e r s y ,  b u t  i t  does g iv e  

e v id e n c e  th a t  therm opow er m easurem ents a r e  v e ry  s e n s i t i v e  to  

th e  ty p e  o f  d e f e c t  p r e s e n t .

In  t h i s  ex p e rim en t th e  d i f f e r e n c e  in  th e rm o e le c tr ic  

v o l ta g e  betw een  a  w e ll -a n n e a le d  aluminum if i r e  and an aluminum 

w ire  c o n ta in in g  v a c a n c ie s  was m easured  as a fu n c tio n  o f 

te m p e ra tu re  from  4 .2  °K to  150 °K , and th e  d i f f e r e n c e  in  

therm opow er, AS, betw een th e  two w ire s  was d e te rm in e d . These 

r e s u l t s  w i l l  b e  p re s e n te d  in  C h ap te r IV . The a n a ly s i s  o f  th e  

d a ta  c e n te r s  a ro u n d  two th e o r i e s  o f  s e p a r a t io n  o f  th e  d a ta  

in to  th e  e l e c t r o n - d i f f u s io n  com ponent, AS^, and th e  phonon 

d rag  com ponent, AS^. These two s e p a r a t io n  th e o r ie s  a re  

d is c u s s e d  in  C h ap te r I I .



I I .  THEORY

A. Thermopower R e la t io n s h ip s

The . e l e c t r o n - d i f f u s io n  therm opow er o f  a  m e ta l I s

g iv e n  by

- = o f S ^ l  •
L J ç

w ith

w here e  I s  th e  ( n e g a t iv e )  e l e c t r o n i c  c h a rg e , kg I s  

B o ltzm a n n 's  c o n s ta n t ,  T I s  th e  a b s o lu te  te m p e ra tu re ,  e 

I s  th e  h y p o th e t ic a l  h e ig h t  o f  th e  Ferm i l e v e l ,  ç I s  th e  

Ferm i e n e rg y , and  p (e )  i s  th e  e l e c t r i c a l  r e s i s t i v i t y  o f  

th e  m e ta l .

The q u a n t i ty  In  th e  sq u a re  b r a c k e ts  I s  u s u a l ly  ta k en  

to  be  In d ep en d e n t o f  te m p e ra tu re  so  t h a t  a s  a  f i r s t  a p p ro x i­

m ation  th e  e l e c t r o n - d i f f u s io n  therm opow er I s  o f te n  e x p re s s e d  

a s  d i r e c t l y  p r o p o r t io n a l  to  th e  te m p e ra tu re .  T h is  a p p ro x i­

m ation  w i l l  be u sed  a t  one p o in t  in  S e c tio n  B.

C o n sid er a  m e ta l c o n ta in in g  p o in t  d e f e c t s .  I f  th e  

c o n c e n tr a t io n  o f  th e s e  d e f e c ts  I s  sm a ll ( l e s s  th a n  1% o f  

th e  number o f  h o s t -m e ta l  atom s u s u a l l y ) ,  th e  sy stem  I s  

r e f e r r e d  to  as  d i l u t e .  The sy stem  c o n s id e re d  h e re  I s  d i l u t e  

and th e  d e f e c ts  a r e  v a c a n c ie s ,  m is s in g  atom s In  th e  l a t t i c e  

s t r u c t u r e  o f  th e  m e ta l .
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In  d i l u t e  m e ta l l i c  sy stem s th e  d e f e c ts  can be 

t r e a t e d  to  a  good ap p ro x im a tio n  a s  in d e p e n d e n t and  th e  

r e s i s t i v i t y  o f  th e  sy s te m , p ,  i s  g iv e n  by th e  r e s i s t i v i t y  

o f  th e  h o s t  l a t t i c e ,  p ^ , p lu s  th e  r e s i s t i v i t y  o f  th e  d e f e c t s ,  

A p .  T h is  i s  w r i t t e n  as

p "  p^ +  Ap (5)

13an d  i s  known a s  M a tth le s o n 's  r u l e  . The e l e c t r o n - d i f f u s io n  

therm opow er, S^, o f  a  d i l u t e  m e ta l i s  th e n  g iv en  by

Se -  -  So

3&n {p^(e)-»Ap (e )  }

3&ne (6)

I t  fo llo w s  t h a t ,

- 2  s °  +  s i  ,p e p e  * (7 )

w here

S = -  S e  o
3&nAp
3&ne (8)

and

S° = -  S e o

3£np

3£ne (9)

Sg i s  th e  e l e c t r o n - d i f f u s io n  therm opow er o f  th e  p u re  m e ta l ,

a n d  i s  i d e n t i f i e d  as  th e  i n t r i n s i c  e l e c t r o n - d i f f u s io n  e

therm opow er o f  th e  d e f e c t .
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The change AS in  th e  therm opow er o f  a  m e ta l due 

to  d e f e c ts  was g iv e n  in  Eq. (2 ) a s .

AS -  AS + AS , e  g (2)

w here A S and  A S a re  th e  change In  th e  e l e c t r o n - d i f f u s io n  e  g

and  th e  phonon d rag  therm opow er, r e s p e c t iv e l y .

AS I s  d e f in e d  a s  e

AS = S -  S e  e  e (10)

Then from  E qs. ( 6 ) ,  (9 ) and (10)

AS.
(Pg/ Ap)+ 1

(1 /A p) (3A p/3e) ,
(1 /p ^ )  O P g /a e ) (11)

I t  I s  a t  t h i s  p o in t  t h a t  th e  two m ethods o f  e l e c ­

t r o n - d i f f u s i o n  s e p a r a t io n  a r i s e .  In  th e  f i r s t  m ethod to

b e  d is c u s s e d  th e  q u a n t i ty  In  th e  sq u a re  b r a c k e ts  I s

12assum ed to  b e  In d ependen t o f  te m p e ra tu re  . In  th e  second  

m ethod, d ev e lo p ed  by N ie ls e n  and  T a y lo r , a  s i g n i f i c a n t  

te m p e ra tu re  dependence I s  p r e d ic te d .  In  e i t h e r  c a se  th e  

s q u a re  b r a c k e t  can be  w r i t t e n  a s .

H (1/A p) O A p/3e) 
(1 /p ^ )  (3 p ^ /3 e ) - 1 ( 12)

Then,

AS
( P g / A p ) + 1

H ( 1 3 )
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B. D e te rm in a tio n  Of The Change In  É le c t ro n -D if fu s io n  

Thermopower: Method I

At h ig h  te m p e ra tu re s  S° and  a r e  assum ed to  

be  n e g l ig ib l e  b ecau se  phonon-phonon c o l l i s i o n s  dom inate 

and  re d u c e  th e  phonon d ra g  therm opow er. T h e re fo re , In  

a  m e ta l w ith o u t I m p u r i t ie s  w here S I s  th e  m easured therm o­

pow er o f  th e  m e ta l .

S° -  -  S , (14)

and

AS^ -  AS . (15)

S° v e rs u s  T can be d e te rm in e d  a s  fo llo w s .  As m en tionede

In  S e c t io n  A, S° can be  ap p ro x im ated  a s ,

S °/T  £ c o n s ta n t  . (16)

At h ig h  te m p e ra tu re s  Eq. (14) h o ld s .  The c o n s ta n t  (S °/T )

can th e n  be e v a lu a te d  u s in g  th e  e x p e r im e n ta l p l o t  o f  S 

v e rs u s  T.

Now u s in g  E qs. (13) and (1 5 ) , to g e th e r  w ith  th e  

e x p e r im e n ta l v a lu e  o f  AS, a  v a lu e  f o r  H can be o b ta in e d  

a t  h ig h  te m p e ra tu re s .

U sing t h i s  v a lu e  o f  H, th e  v a lu e s  o f  AS^ v e rs u s  

te m p e ra tu re  can be  deduced from  Eq. (1 3 ) .

A Sg I s  o b ta in e d  from  Eq. ( 2 ) .  This s e p a r a t io n  

was c a r r i e d  o u t f o r  th e  d a ta  o b ta in e d  in  t h i s  ex p erim en t 

and w i l l  be d is c u s s e d  in  C h ap te rs  IV and V.
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F ig u re  2 , A b so lu te  Thermopower Curve F or 

Aluminum

(Taken from  G rlp sh o v e r , V anZytveld  

and  B ass^*)
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C, D e te rm in a tio n  Of The Change In  E le c t r o n - D lf f u s lo n  

Thermopower: M ethod I I

The N ie ls e n -T a y lo r  th e o ry  g iv e s  an  a l t e r n a t e  

m ethod f o r  d e te rm in a tio n  o f  th e  change i n  th e  e l e c t r o n -  

d i f f u s io n  therm opow er.

2 3 4N ie ls e n  and T a y lo r  * * h av e  a p p l ie d  second  

o r d e r  c o r r e c t io n s  to  th e  T -m a tr ix  f o r  e l e c t r o n  s c a t t e r -  * 

in g  in v o lv in g  in te rm e d ia te  v i r t u a l  phonon s t a t e s .  T h e ir  

r e s u l t s  gave an  a d d i t i o n a l  c o n t r ib u t io n  to  th e  e l e c t r o n -  

d i f f u s io n  thetm opow er o f  a  m e ta l w hich h a s  th e  same 

m agn itude and  g e n e ra l  te m p e ra tu re -d e p e n d e n c e  a s  t h a t  

a t t r i b u t e d  to  phonon d ra g . N ie ls e n  and  T a y lo r  have a l s o  

d e m o n stra te d  th e  im p o rtan ce  o f  t h i s  co n ce p t to  th e  

e l e c t r o n - d i f f u s i o n  therm opow er o f  d i l u t e  a l l o y s .

E x p erim en ts  done in  d i l u t e  aluminum a l lo y s   ̂ show 

t h a t  th e  therm opow er on a l lo y in g  i s  enhanced  r a t h e r  th a n  

red u ce d  in  th e  re g io n  o f  th e  n e g a t iv e  minimum. One e x p e c ts  

a  r e d u c t io n  in  th e  m agn itude  o f  th e  phonon d rag  therm opow er 

w henever any s c a t t e r i n g  c e n te r  i s  in t ro d u c e d  in t o  a  m e ta l .  

T h is i s  b e c a u se  th e  m agn itude  o f  th e  phonon d rag  c o n t r ib u ­

t i o n  to  th e  therm opow er i s  d ep en d e n t upon th e  r e l a t i v e

p r o b a b i l i t y  t h a t  a  phonon w i l l  s c a t t e r  w ith  an e l e c t r o n

14as  opposed  to  a l l  o th e r  s c a t t e r i n g  m echanism s . Adding 

im p u r i t i e s  g iv e s  r i s e  to  th e  p o s s i b i l i t y  o f  phonon im p u r ity  

s c a t t e r i n g  and  th u s  re d u c e s  th e  phonon d ra g  therm opow er.
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Hence th e  aluminum a l lo y  r e s u l t s  i n d i c a t e  t h a t  th e  n e g a t iv e  

minim,m, in  AS may n o t  be due to  phonon d ra g  as  was assum ed 

by  H uebener b u t  may in d e e d  by th e  a d d i t i o n a l  c o n t r ib u t io n  

to  th e  e l e c t r o n - d i f f u s io n  com ponent a s  p r e d ic te d  by N ie ls e n  

an d  T a y lo r .

The N ie ls e n -T a y lo r  th e o ry  h a s  been  u sed  by 

D u d en h o effe r and  B o u rassa  to  c a l c u l a t e  th e  e l e c t r o n - d i f f u s io n  

com ponent in  d i l u t e  alum inum  a l lo y s ^ .  Com parison w ith  e x p e r i ­

m ent showed q u a l i t a t i v e  a g ree m en t. I t  was found t h a t  f o r  

d i l u t e  aluminum a l lo y s  th e  N ie ls e n -T a y lo r  th e o ry  p r e d i c t s  

th e  c o r r e c t  s ig n  and th e  ap p ro x im a te  lo c a t io n  o f  th e  

n e g a t iv e  minimum in  AS.

N ie ls e n  and T a y lo r  u se  a  f r e e  e l e c t r o n  m odel. The 

e l e c t r i c a l  r e s i s t i v i t y  i s  w r i t t e n  a s

p ( e ) ® l / | v ^ ( e ) T ( e ) N ( e ) j  (17)

w here  T (e) i s  th e  e l e c t r o n  r e l a x a t i o n  tim e , v (e )  i s  th e  

e l e c t r o n  v e l o c i t y ,  and N (e) i s  th e  d e n s i ty  o f  s t a t e s .  In  

a  sy s tem  o f  f r e e  e l e c t r o n s ,  b o th  v ( e )  and  N(e ) a r e  p ro p o r -

ht i o n a l  to  e , Thus

-  Y • (18)3£np(e) a & n l/t
d ine 3 ine
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T can  b e  e x p re s s e d  I n  term s o f  th e  r e l a x a t i o n  tim e 

f o r  e l e c t r o n  phonon s c a t t e r i n g  and  th e  r e l a x a t io n  

tim e  f o r  e l e c t r o n  Im p u rity  s c a t t e r i n g  a s

1 / t  ■  1 / T ^  +  I / t ^  .

T h is  I s  a n o th e r  form  o f  M a tth le s o n ’ s  r u l e  and  from  

E q, (17 ) an d  Eq, (18) one can  w r i te

(19)

a n d

(20)

(21)

w here

9 £ n l/ i

3 Une
1 = 1 , 2 (22)

E q, (9 ) an d  Eq, (11) can now be r e w r i t t e n  as

an d

AS =e  p^/Ap+1 I D ^-3/2 -  1

R e a rra n g in g  te rm s In  Eq. (24) and  making u se  o f  

E q, (23) g iv e s

(23)

(24)

(25)
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Ih e  c o n t r ib u t io n  o f  N ie ls e n  and T a y lo r  e n te r s  

a t  t h i s  p o in t  th ro u g h  th e  c a l c u la t io n  o f  and D^. T h e ir  

c a l c u l a t i o n  o f  I s  u n s a t i s f a c to r y  f o r  q u a n t i t a t i v e  

c a l c u l a t i o n s  s in c e  Umklapp s c a t t e r i n g  was n e g le c te d .  

D u d en h o effe r and  B o u rassa  u sed  th e  p u re  m e ta l e x p e rim e n ta l 

d a ta  f o r  S° to  compute v ia  Eq. (23) and  t h a t  m ethod w i l l  

a l s o  be  u sed  In  t h i s  w ork.

The e x p re s s io n  f o r  Dg a s  c a l c u la te d  by N ie ls e n  and 

T a y lo r  I s

2 91ne NL v A4kgT M N

+ I 4Ï̂ kg8) » (2*)

w here 0 I s  th e  Debye te m p e ra tu re , N I s  th e  number o f  Ions 

in  th e  sam p le , N* i s  th e  number o f  e l e c t r o n s  in  th e  sam ple , 

m/M I s  th e  r a t i o  o f  e l e c t r o n i c  to  I o n ic  m asses , ' if '  I s  th e  

p s e u d o p o te n t ia l  o f  th e  h o s t ,  I s  th e  re n o rm a liz e d

Tp s e u d o p o te n t ia l  a p p r o p r ia te  to  th e  d i l u t e  a l lo y ,  and  ¥(—)

2T 2and  bgCg—) a r e  c o m p lic a te d  fu n c tio n s  o f  te m p e ra tu re  .

The p s e u d o p o te n t ia l  K . a p p r o p r ia te  to  th e  d i l u t e

a l l o y  was o b ta in e d  from  th e  e x p re s s io n

.1
n jJ -  = 4 | lj2(z)z^dz , (27)
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w here

z -  q /2 k p  , (28 )

kp b e in g  th e  F erm i r a d iu s  a n d ,

0 ,
U (z) « I P  V g(z) -  V ^(z) . (29)

1

The q u a n t i t i e s  V ^(z) and  V2 (z )  a r e  th e  pseudopo­

t e n t i a l s  o f  th e  h o s t  ^ d  s o l u t e ,  r e s p e c t iv e l y ,  c a l c u la te d

by Anim alu and  H e in e^ ^ , a s  q u o te d  by H a r r is o n ^ ^ ; th e  

q u a n t i t i e s  0^^, and  Og a r e  th e  a to m ic  volum es o f  th e  h o s t

and  th e  s o l u t e ,  r e s p e c t iv e l y .  F o r v a c a n c ie s  i n  alum inum
2

V2 (z )  was s e t  e q u a l to  z e ro .  N ie ls e n  and T a y lo r  d ev e lo p ed
2

th e  e x p re s s io n  f o r  g iv e n  above . However, th e y  to o k  

U (z) to  be  c o n s ta n t  and  e v a lu a te d  i t  a t  z = o . T h is can 

le a d  to  l a r g e  e r r o r s  f o r  some a l l o y s .  The s ig n  o f  1 / ' was 

ta k e n  a s  th e  s ig n  o f  th e  v a lu e s  o f  U (z) w hich make th e  

m ajo r c o n t r ib u t io n  to  1 / .  .

( > . (z ) 2 4 , /9 z  \ ,z csch(^r—)d z

r (30 )

z * c sc h (^ 2 _ )d z

%w here z^  = 2 ^  , b e in g  th e  Debye c u t o f f .  T h is e x p re s s io n

2was d ev e lo p ed  by N ie ls e n  and  T a y lo r  , a lth o u g h  th e y  a g a in  

to o k  V j(z )  a s  a  c o n s ta n t  and  removed i t  from  th e  i n t e g r a l .
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The change In  cherm opower, AS^, c a l c u la te d  u s in g

NTth e  N ie ls e n -T a y lo r  th e o ry  w i l l  be  d en o ted  a s  AS . The

NTd e te rm in a t io n  o f  AS^ was c a r r i e d  o u t and  i s  p r e s e n te d  ,

i n  C h a p te r  IV . The v a lu e s  o f  AS w ere th e n  d e te rm in e d  

NTby s u b t r a c t in g  AS^ from  th e  t o t a l  m easured  AS. These 

r e s u l t s  a r e  d is c u s s e d  i n  C h ap te r  V.

D. E s tim a tio n  Of The R a y le ig h  S c a t te r in g  P a ra m e te r  F o r 

Phonon S c a t t e r in g  From V acan cies

In  th e  1 9 th  c e n tu ry .  Lord R ay le ig h  in v e s t ig a t e d

th e  s c a t t e r i n g  o f  l i g h t  w aves by a  p a r t i c l e  much s m a l le r

17th a n  t h e i r  w av e le n g th  . He found t h a t  th e  s c a t t e r e d  

wave a m p litu d e  s h o u ld  be p r o p o r t io n a l  d i r e c t l y  to  th e  

volume o f  th e  p a r t i c l e  and  in v e r s e ly  to  th e  sq u a re  o f  

th e  w a v e le n g th . The s c a t t e r e d  i n t e n s i t y  i s  th u s  p ro p o r­

t i o n a l  t o  th e  in v e r s e  f o u r th  pow er o f  th e  w a v e le n g th .

R ay le ig h  s c a t t e r i n g  i s  a l s o  th e  p ro c e s s  re sp o n ­

s i b l e  f o r  th e  X -ray  s c a t t e r i n g  by atom s u sed  i n  X -ray 

c r y s ta l lo g r a p h y .  I f  th e  w av e le n g th  i s  a p p re c ia b ly  g r e a t e r  

th a n  th e  d im en sio n s  o f  th e  atom , th e  atom  a c t s  i n  th e  same 

way a s  R a y le ig h 's  sm a ll p a r t i c l e .  Each o f  th e  e x t r a - n u c le a r  

e l e c t r o n s  o c i l l a t e s  i n  th e  e le c tro m a g n e tic  f i e l d  o f  th e  

in c id e n t  wave and  r e - r a d i a t e s  i t .

18In  a  s o l i d  a  d e f e c t  o f  a to m ic  d im ensions , such  a s  

a  v a c a n t l a t t i c e  s i t e ,  w i l l  u p s e t  th e  r e g u l a r i t y  o f  th e
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c r y s t a l  l a t t i c e .  A t low  te m p e ra tu re s  t h i s  i r r e g u l a r i t y

w i l l  be  v e ry  much s m a l le r  th a n  th e  phonon w av e len g th  and

th e  s c a t t e r i n g  w hich  i t  p ro d u ces  i s  a n a lo g o u s  t o  th e

R a y le ig h  s c a t t e r i n g  o f  o p t i c s  and a to m ic  p h y s ic s  d is c u s s e d

above . R a y le ig h 's  t r e a tm e n t th u s  may b e  u sed  and  th i s

g iv e s  a  s c a t t e r i n g  p r o b a b i l i t y  w hich  i s  p r o p o r t i o n a l  to

th e  f o u r th  pow er o f  th e  phonon wave v e c to r  q .  A d é r i v a - "

t i o n  o f  t h i s  f o u r th  pow er r e l a t i o n s h i p  betw een th e  c ro s s

19s e c t io n  and  wave v e c to r  q was g iv e n  by L ord  R a y le ig h  .

I t  can  be  shown t h a t  t h i s  i s  e q u iv a le n t  to  an  in v e r s e

f o u r th  pow er r e l a t i o n s h i p  betw een th e  phonon r e la x a t io n

20t im e , an d  th e  f re q u e n c y  w . The c o n s ta n t  o f  p ro ­

p o r t i o n a l i t y  i s  c a l l e d  th e  R ay le ig h  s c a t t e r i n g  p a ra m e te r ,  

a .  The a c t u a l  m agnitude o f  th e  s c a t t e r i n g  w i l l  be 

d e te rm in e d  by  th e  d i f f e r e n c e  i n  d e n s i ty  and i n  e l a s t i c  

c o n s ta n t  w hich  a r e  cau sed  by th e  s c a t t e r i n g  c e n t e r  in  

th e  l a t t i c e .

The R ay le ig h  s c a t t e r i n g  p a ra m e te r ,  a ,  ap p ea rs  in  

t h e o r e t i c a l  e x p re s s io n s  f o r  p h o n o n - re la x a t io n  t im e , t ^ , 

w hich  i n  t u r n  a p p e a rs  i n  e x p re s s io n s  f o r  e l e c t r i c a l  

r e s i s t a n c e ,  therm opow er, th e rm o c o n d u c tiv ity  and  o th e r  

t r a n s p o r t  p r o p e r t i e s .  Thus i t  i s  im p o r ta n t t h a t  th e  

e x p e r im e n ta l v a lu e  o f  a  be known.

In  t h i s  S e c t io n  an e x p re s s io n  f o r  th e  change in  

phonon d ra g  therm opow er, AS^, i n  term s o f  th e  R ay le ig h
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s c a t t e r i n g  p a ra m e te r ,  a ,  w i l l  be d ev e lo p ed . This 

e x p re s s io n  w i l l  be  u sed  in  C h ap te r IV to  show t h a t  th e  

b ro a d  maximum in  th e  therm opow er .c u rv e s  found above 80 

i s  due to  phonon d ra g . The a n a l y s i s  w i l l  be p re s e n te d  

i n  d e t a i l  i n  C h ap te r IV , b u t  i t  i s  p e rh a p s  a p p r o p r ia te  a t  

t h i s  p o in t  t o  b r i e f l y  d e s c r ib e  th e  p ro c e d u re  t h a t  w i l l  be 

u se d .

U sing  th e  e x p e r im e n ta l v a lu e  o f  AS a t  100 a  

v a lu e  o f  th e  s c a t t e r i n g  p a ra m e te r ,  a ,  w i l l  b e  d e te rm in ed  

f o r  b o th  M ethod I  and M ethod I I .  These v a lu e s  w i l l  be

com pared to  t h e o r e t i c a l  v a lu e s  t h a t  w i l l  be developed

21 22 u s in g  th e  t h e o r i e s  o f  Klemens and  C a rru th e rs  w hich

a r e  d e s c r ib e d  be low . The s c a t t e r i n g  p a ra m e te rs  o b ta in e d

by  M ethod I  and Method I I  w i l l  be  u se d  to  c a l c u la te  th e

te m p e ra tu re  dependence o f  AS^ and t h i s  p r e d ic t io n  w i l l  be

com pared to  th e  e x p e r im e n ta l d a ta .

The phonon d rag  conponent o f  th e  therm opower o f  a

p u re  m e ta l ,  S ° , can be e x p re s se d  a s  a  s u p e rp o s i t io n  o f

c o n t r ib u t io n s  from  each  phonon p r e s e n t  in  th e  m e ta l and

can  be  w r i t t e n  a s

=g . (31)

w here i s  th e  phonon wave v e c to r ,  j  th e  p o l a r i z a t i o n  o f  

th e  phonon, and  S g ( £ , j )  i s  th e  phonon d rag  therm opower 

a s s o c ia t e d  w ith  th e  phonons £ , j .
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The change o f  th e  phonon d rag  therm opow er due

to  phonon s c a t t e r i n g  by l a t t i c e  d e f e c ts  I s  g iv en  by

^  .  12 
H uebener a s ,

AS E S  -  S -  ^  E, 
8 g g j

q

i+ T ^ (a .j)/T o(q ,j)  '
(32)

w here j )  i s  th e  r e l a x a t io n  tim e  f o r  phonon s c a t t e r i n g

b y  th e  d e f e c ts  and T ^ ( q , j )  i s  th e  r e l a x a t io n  tim e  f o r

phonon s c a t t e r i n g  in  th e  p u re  m a te r i a l .

I t  was n e c e s s a ry  to  o b ta in  e x p re s s io n s  f o r  and

8 .  T i s  in c lu d e d  in  th e  t h e o r e t i c a l  e x p re s s io n  f o r  th e  
g  o

l a t t i c e  th e rm a l c o n d u c t iv i ty  K^. From th e  Debye th e o ry

23an d  e le m e n ta ry  k i n e t i c  th e o ry  i s  g iv e n  b y .

^  V
9/T 4 z T z e

dz (33)

w here  v^ i s  th e  sound  v e l o c i ty  in  th e  c r y s t a l .

h w (^ ,j)
z = (34)

an d  u i s  th e  phonon f re q u e n c y . The e x p re s s io n  u sed  f o r

24i s  o f  th e  form  dev elo p ed  by P oh l and W alker ;

T - l  .  . (35)
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The two c o n s ta n t s ,  b and  6 have  been  d e te rm in e d  by 

p u t t i n g  In  th e  e x p e r im e n ta l v a lu e  f o r  and o b ta in in g  

th e  b e s t  f i t .

In  o r d e r  to  d e te rm in e  s ^ ,  a n o th e r  e x p re s s io n  f o r  

S° was n e c e s s a ry .  H uebener^^ d ev e lo p ed  an  e x p re s s io n  g iv e n  

by

re /T

dz . (36)
( e = - i ) 2

The c o n s ta n t  A was found  by f i t t i n g  th e  e x p re s s io n  

on th e  r i g h t  in  Eq, (36) to  th e  a p p r o p r ia te  e x p e r im e n ta l

v a lu e  o f  S °.
g

U sing  Eq. (31) and  Eq. (3 6 ) ,  th e  e x p re s s io n  f o r

s  was i d e n t i f i e d  a s .

„  i3  Rv \ z

SgW • (37)

Then assum ing  a  p u re  R ay le ig h  s c a t t e r i n g  m echanism , i t  fo llo w s  

from  e a r l i e r  c o n s id e r a t io n s  t h a t .

= aw^ , (38)

w here a  i s  th e  s c a t t e r i n g  p a ra m e te r  and  w i s  th e  phonon 

fre q u e n c y .
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U sing  th e  e x p re s s io n s  f o r  s ^ ,  and in  

Eq. ( 3 2 ) ,  one o b ta in s

;0 /T

AS
8

-Ae 8/T 1+ bn^e-e/T
-1

dz . (39)

By f i t t i n g  th e  r i g h t  hand s id e  o f  Eq. (39) to  th e  

e x p e r im e n ta l ly  d e te rm in e d  v a lu e  f o r  AS^, a  v a lu e  f o r  th e  

s c a t t e r i n g  p a ra m e te r ,  a ,  h a s  been  o b ta in e d .

The v a lu e  o f  th e  s c a t t e r i n g  p a ra m e te r  a  o b ta in e d  in  

t h i s  way i s  to  b e  com pared w ith  th e  v a lu e s  o f  a  p r e d ic te d  by 

K lem en 's  th e o ry  and  C a r r u th e r s ' th e o ry .

U sing seco n d  o r d e r  p e r tu r b a t io n  th e o ry ,  Klemens 

o b ta in e d  an  e x p re s s io n  f o r  a :

3nc* ,2 (4 0 )

w h e re .

L  =  T ?
1
12

— — 2
AM 4-

M

- i 2
1 AF

( | )  Qy f (41)

an d  fi i s  th e  a to m ic  volum e o f  th e  c r y s t a l ,  c* i s  th e  mole 

f r a c t i o n  o f  th e  p o in t  d e f e c t s ,  y i s  th e  G rU neisen c o n s ta n t ,  

M i s  th e  a to m ic  mass o f  th e  c r y s t a l ,  F i s  th e  f o r c e  c o n s ta n t
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o f  a  l i n k a g e ,  R i s  th e  n e a r e s t  n e ig h b o r  d is ta n c e .  AM, 

AF, AR a r e  changes in  th e s e  q u a n t i t i e s  a t  th e  l o c a t io n  

o f  th e  p o in t  d e f e c ts  and  Q i s  th e  c o n t r ib u t io n  to  th e  

s c a t t e r i n g  m a tr ix  from  s t r a i n  o u ts id e  th e  s i x  n e a r e s t  

n e ig h b o rs .

F o r s t r a i n  f i e l d  s c a t t e r i n g  C a r ru th e rs  o b ta in e d

th e  same Eq. (40) a s  d id  K lem ens, b u t  h i s  e x p re s s io n  f o r

2L d i f f e r e d .  C a r r u th e r s ’ e x p re s s io n  f o r  L w as.

E. P o in t  D e fe c ts  I n  M e ta ls  : Q uenching T echn iques

P o in t  d e f e c t s  can  b e  in t ro d u c e d  i n t o  th e  h o s t  

m a te r i a l  by  a l lo y in g ,  by c o ld w o rk in g , by i r r a d i a t i o n ,  by 

io n  im p la n ta t io n ,  by p r e s s u r e  and by q u en ch in g . T here 

a r e  many ty p e s  o f  p o in t  d e f e c ts  t h a t  o c c u r  i n  m e ta ls .

They a r e  im p u r ity  a to m s, v a c a n c ie s ,  i n t e r s t i t i a l s ,  vacancy  

c l u s t e r s ,  lo o p s  and v o id s .  I n  t h i s  w ork th e  p rim ary  i n t e r e s t  

i s  v a c a n c ie s  and t h e i r  e f f e c t  on th e  therm opow er o f  alum inum . 

The quench ing  te c h n iq u e  can  in t r o d u c e  v a c a n c ie s  in to  a  m e ta l 

a lm o s t e x c lu s iv e ly  o f  o th e r  d e f e c t s .

When a  m e ta l i s  s u f f i c i e n t l y  h e a te d ,  v a c a n c ie s  a re  

form ed from  th e  s u p p l ie d  th e rm a l e n e rg y . The th e rm a l
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e q u i l ib r iu m  c o n c e n t r a t io n ,  c ,  o f  v a c a n c ie s  i n  th e  m e ta l 

a t  te m p e ra tu re  T i s  g iv e n  by

c -  c^e * ^  , (43)

w here c^ i s  th e  n u n te r  o f  l a t t i c e  s i t e s  i n  th e  m e ta l ,  and 

Eg i s  th e  fo rm a tio n  en e rg y  o f  a  v aca n cy . The maximum v a lu e  

o f  c /c ^  o c c u rs  a t  th e  m e lt in g  p o in t  and i s  g iv e n  by Simmons 

and  B a l lu f f i^ ^ * ^ ^  in  t h e i r  e q u i l ib r iu m  m easurem ent as
—A —A

7x10 f o r  g o ld  and 9 .4x10  f o r  aluminum .

A c tu a l ly  more th a n  one ty p e  o f  vacancy  e x i s t s  in  

th e rm a l e q u i l ib r iu m  a t  e l e v a te d  te m p e ra tu re s  so  t h a t  a  more 

g e n e ra l  e x p re s s io n  i s  r e q u i r e d .

+ ,  (44)

w here th e  c a r e  th e  c o n c e n tr a t io n s  a s s o c ia te d  w ith  each  nv

ty p e  o f  v acan cy . However, o n ly  c^ ^ , th e  mono vacancy  con­

c e n t r a t i o n  and  Cg^, th e  d iv acan cy  c o n c e n tr a t io n ,  w i l l  be 

c o n s id e re d . I t  i s  e x p e c te d  t h a t  C2 ^  «  c^^  f o r  m ost 

s i t u a t i o n s .

In  th e  e x p re s s io n  f o r  c ^ , th e r e  i s  to  d a te  no 

e x p e r im e n ta l way in  w hich to  m easure th e  r e l a t i v e  c o n t r ib u ­

t i o n s  o f  th e  Cgy, i  = l . . . n ,  to  th e  t o t a l  vacancy  c o n c e n tra ­

t i o n  c ^ . T h is  i s  m ost d i s t r e s s i n g  a s  i t  i s  im p o ss ib le  a t
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p r e s e n t  to  c a t e g o r i c a l l y  sa y  w hat th e  e f f e c t  o f  each  

vacan cy  com ponent i s  on a  p a r t i c u l a r  t r a n s p o r t  p r o p e r ty .

When th e  m e ta l sp ec im en , u s u a l ly  In  w ire  form  o r  

a s  a  th i n  f o i l .  I s  quenched th e  v a c a n c ie s  t h a t  a r e  In  

th e rm a l e q u i l ib r iu m  a t  e le v a te d  te m p e ra tu re s  a r e  " f r o z e n -  

I n " ,  t h a t  I s  th e y  become Im m o b ilized , due t o  th e  r a p id  

d ro p p in g  o f  te m p e ra tu re  o f  th e  m e ta l h o s t .  T his r a p id  

drop  I s  a c h ie v e d  by Im m ersing th e  specim en I n to  a  l i q u i d  

o r  gas  w hich I s  a t  a  much lo w e r te m p e ra tu re .  I f  th e  

qu ench ing  sp eed  I s  r a p id  th e  d i s t r i b u t i o n  o f  p o in t  d e f e c ts  

a f t e r  th e  quench ap p ro x im ate s  th e  d i s t r i b u t i o n  b e fo r e  th e  

quench .

I t  I s  b e l ie v e d  t h a t  th e  e q u i l ib r iu m  d i s t r i b u t i o n  

sh o u ld  be p r im a r i ly  mono v a c a n c ie s  o r  m onovacancies and  

d lv a c a n c ie s  a t  th e  h ig h e r  te m p e ra tu re s .  D uring th e  quench 

m onovacancies and d lv a c a n c le s  can a n n e a l o u t  to  th e  l i n e  

d i s lo c a t io n s  g r a in  b o u n d r le s  o r  o th e r  s in k s  w hich may be 

p r e s e n t .  D lv aca n c le s  can  b re a k  up In to  mono va can d e s . 

D lv a c a n c le s  can  I n t e r a c t  w ith  o th e r  d lv a c a n c le s  o r  mono­

v a c a n c ie s  and form  c l u s t e r s .  Thus n u c lé a t io n  o r  grow th 

o f  c l u s t e r s  can o c c u r . T h is th e n  means t h a t  th e  o r i g i n a l  

p o in t  d e f e c t  d i s t r i b u t i o n  p r e s e n t  i n  th e rm a l e q u i l ib r iu m  

b e fo re  th e  quench h as  b een  changed and th e  d i s t r i b u t i o n  

w hich e x i s t s  a t  th e  low te m p e ra tu re s  i s  somewhat d i f f e r e n t .

Thus th e re  may be  some lo s s e s  d u r in g  quench ing  as 

w e ll  a s  a  r e d i s t r i b u t i o n  o f  m onovacancies and d lv a c a n c le s .
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I d e a l l y ,  one t r i e s  to  r e t a i n  th e  e q u i l ib r iu m  d i s t r i b u t i o n .

How w e ll  t h i s  aim  i s  a c h ie v e d  w i l l  hav e  to  a w a it d i r e c t

e v id e n c e  from  p o s s ib le  f u tu r e  f i e l d - i o n  m easurem ents.

However, i t  i s  p r e s e n t ly  known th ro u g h  e l e c t r o n  m ic ro -

26scope  m easurem ents by M esh ii t h a t  l a r g e  lo o p s  and 

c l u s t e r s  a r e  n o t  in t ro d u c e d  in  th e  specim en  due to  th e  

q uench ing  te c h n iq u e  a s  o u t l in e d .

The v a c a n c ie s  in t ro d u c e d  i n t o  th e  m e ta l ,  i n  t h i s  

c a se  by q u en ch in g , have a  s i g n i f i c a n t  e f f e c t  on i t s  t r a n s ­

p o r t  p r o p e r t i e s ,  in  p a r t i c u l a r  on th e  r e s i s t a n c e  and  th e  

therm opow er. The in c r e a s e  in  e l e c t r i c a l  r e s i s t i v i t y  

commonly c a l l e d  th e  q u en ch e d -in  r e s i s t i v i t y  Ap can be 

e x p re s s e d  a s .

-E  /k  T
Ap = Ae . (45)

E q u a tio n  (13) can be w r i t t e n  a s .

AS = S° ^  H . (46 )e e p

S in ce  i t  i s  known from  ex p erim en t t h a t  Ap i s  in d e p e n d e n t 

o f  te m p e ra tu re  th e  a ssu m p tio n s  t h a t  H i s  in d e p e n d e n t o f  

te m p e ra tu re  and t h a t  b o th  S° and p a re  l i n e a r  in  tem per­

a tu r e  r e s u l t  in  th e  fo llo w in g  r e l a t i o n :

AS^ = c o n s ta n t  x  Ap . (47)
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T h is  e q u a t io n  sh o u ld  h o ld  a t  a l l  te m p e ra tu re s  a c c o rd in g  to  

M ethod I ,  b u t  sh o u ld  o n ly  h o ld  a t  h ig h  ten q > era tu res  a c c o rd ­

in g  to  M ethod I I  s in c e  th e  te m p e ra tu re  dependence o f  AS^ 

p r e d ic te d  by  N ie ls e n  and T ay lo r^  d e c re a s e s  above 30 °K.

U sing  E qs. (45) and  (4 7 ) ,  th e  e l e c t r o n - d l f f u s io n  

therm opow er can b e  w r i t t e n  a s ,

-E  /k  T
ASg = A 'e  . (48)

The quench r a t e  i s  an Im p o rta n t p a ra m e te r  in  

quench ing  e x p e r im e n ts . T his i s  p o in te d  up in  th e  r e s u l t s
27

o f  c a l c u l a t i o n s  o f  a  quench model u sed  by Doyama .

D i f f e r e n t  q u ench ing  m edia g iv e  d i f f e r e n t  quench r a t e s .

T y p ic a l q u ench ing  m edia u sed  a r e  i c e  and  w a te r ,  b r in e ,

w a te r  and c a lc iu m  c h lo r id e ,  m e thano l and  d ry  i c e ,  l i q u i d

28n i t r o g e n ,  and  a i r .  B ass h a s  m easured  quench r a t e s  in  

aluminum f o r  d i f f e r e n t  m edia and  found  quench tim e s  w hich 

ran g e  from  10 m i l l i s e c o n d s  to  2 .0  seco n d s  f o r  t y p i c a l  

quench te m p e ra tu re s .

The c o n v e n tio n a l  way o f  m easu rin g  th e  vacancy  

c o n c e n tr a t io n  i s  to  m easure th e  q u e n c h e d -in  r e s i s t i v i t y  

a t  l i q u i d  h e liu m  te m p e ra tu re s .  Simmons and B a l lu f f i^ ^ * ^ ^ ’ ^^ 

hav e  d e te rm in e d  th e  c o n c e n tr a t io n  o f  a  vacancy  in  g o ld  and  in  

aluminum by m easu rin g  th e  change in  th e  l a t t i c e  c o n s ta n t  and 

th e  change in  volume o f  th e  m e ta l a s  a  fu n c t io n  o f  te m p e ra tu re .

U sing  t h e i r  v a lu e  and th e  m easured  v a lu e  o f  th e  

q u e n c h e d -in  r e s i s t i v i t y ,  th e  vacancy  c o n c e n tr a t io n  can be
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d ed u ced . H ie assu isp c lo n  I s  made t h a t  th e  q u en ch in g  

c o n d i t io n s  a r e  su ch  t h a t  o n ly  one ty p e  o f  p o in t  d e f e c t  

i s  p r e s e n t ,  nam ely  th e  m onovacancy.

T here  h a s  b e e n  a  v a s t  amount o f  work, done on 

27a n n e a l in g  e x p e r im e n ts  . The q u e n c h e d -in  r e s i s t i v i t y  i s  

a l lo w e d  to  a n n e a l o u t a t  some p a r t i c u l a r  a n n e a lin g  tem per­

a t u r e  and  th e  r e s i s t i v i t y  r a t i o ,  i . e .  th e  i n i t i a l  r e s i s ­

t i v i t y  t o  th e  r e s i s t i v i t y  a t  some l a t e r  tim e  i s  m easu red . 

TVo b a s i c  ty p e s  o f  a n n e a lin g  e x p e rim e n ts  a r e  (1 ) is o th e rm a l  

e x p e r im e n ts  i n  w hich th e  a n n e a lin g  te m p e ra tu re  i s  k e p t 

c o n s ta n t  w i th  tim e and  (2 ) is o c h ro n a l  e x p e r im e n ts  in  w hich 

th e  a n n e a l in g  te m p e ra tu re  i s  in c re a s e d  i n  c o n s ta n t  i n t e r ­

v a l s  o f  t im e .

T hese expeirim ents g iv e  in fo rm a tio n  on fo rm a tio n  

e n e rg y  E^, m ig ra t io n  en e rg y  E^, and o th e r  p a ra m e te rs  as  

w e l l .  The is o c h ro n a l  cu rv es  a re  im p o r ta n t  b e c a u se  th e y  

g iv e  th e  a p p ro x im a te  te m p e ra tu re  above w hich  th e  s u p e r ­

s a t u r a t e d  v a c a n c ie s  c ea se  to  be im m obile and can move 

s u f f i c i e n t l y  r a p id ly  to  a n n e a l o u t .  T h is  te m p e ra tu re  i s  

0 f o r  g o ld  b u t  i s  -6 0  °C f o r  aluminum f o r  a  quench 

te m p e ra tu re  o f  a b o u t 500 These te m p e ra tu re s  become

ev en  lo w e r a s  th e  quench  te m p e ra tu re  i s  in c r e a s e d .  Thus 

f o r  th e  c a s e  o f  alum inum  th e  w ire  te n p e r a tu r e  m ust n o t  

e x c e e d  -1 0 0  °C  in  o r d e r  to  be c e r t a in  t h a t  e s s e n t i a l l y  no 

s u p e r s a tu r a t e d  v a c a n c ie s  b e g in  to  a n n e a l o u t i n  th e  tim e
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p e r io d  In v o lv e d  i n  th e  e x p e rim e n t.

Many quench ing  e x p e rim e n ts  in  w hich  o n ly  th e  

r e s i s t a n c e  was m easured  have been  done. Many ex p erim en ts  

w h ich  have  m easured  th e  therm opow er change due to  d i l u t e  

a l l o y in g  have been  done. Only a  v e ry  few ex p e rim en ts  have 

b e e n  done w hich have m easured  th e  therm opow er o f  v a c a n c ie s  

i n  p u re  m e ta ls ,  nam ely one ex p e rim en t on g o ld  and one on 

p la t in u m . R e te n tio n  o f  v a c a n c ie s  i n  alum inum  p r e s e n ts  

a  much more d i f f i c u l t  p rob lem .



I I I .  EXPERIMENTAL APPARATUS AND PROŒDURES

A. E lem en ts Of The A p p ara tu s

The a p p a ra tu s  was composed o f  a  spec im en , sam ple 

h o ld e r ,  co p p er cian, c o n n e c tin g  vacuum p l a t e ,  u pper in n e r  

a ssem b ly , th e  c r y o s t a t  and  th e  m easu rin g  in s t ru m e n ts .

The sam ple h o ld e r ,  c o n n e c tin g  vacuum p l a t e  and  copper 

can form ed th e  lo w er in n e r  a ssem b ly . See F ig .  3.

B. Specim en Make-Up

Aluminum w ire  o f  6 9 's  p u r i t y  was p ro c u re d  from  

Cominco, Spokane, W ash ing ton . In  o r d e r  to  s p o t-w e ld  

aluminum i t  was n e c e s s a ry  to  a c id  e t c h  th e  w ire s  f o r  

fo u r  m in u te s  in  an  8% h y d r o f lu o r ic  a c id  s o l u t i o n ,  r i n s e  

o f f  th e  a c id  in  d i s t i l l e d  w a te r  and  th e n  r i n s e  a g a in  in  

m e th an o l. An Ewald w e ld e r . Model WHDSA, was u sed  to  p e r ­

form  th e  s p o t-w e ld s .  The specim en w ire s  w ere 0 .0 1 0  in .  

i n  d ia m e te r ,  th e  h o ld e r  w ire s  w ere .0 1 8  in .  i n  d ia m e te r , 

and th e  w ire  fo rm ing  th e  ju n c t io n s  w ere  ,005  i n .  in  

d ia m e te r . F ig .  4 shows th e  a rran g em en t o f  th e  w ire s  in  

th e  spec im en .

C. Sample H o ld e r

1 . E lem ents o f  th e  h o ld e r ;  The d e s ig n  o f  th e

12sam ple h o ld e r  was p a t te r n e d  a f t e r  t h a t  o f  H uebener’ s . 

The h o ld e r  and  i t s  specim en  c o n s is te d  o f  a  h o t  ju n c t io n ,

33
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F ig u re  3 . In n e r. Assem bly S chem atic

1 .  E l e c t r i c a l  T erm in a ls

2 . Upper In n e r  Assem bly

3. C onnecting  Vacuum P la t e

4 . Sample H o ld er

5 . Vacuum Can

6 . Lower Assem bly

7» Lower Indium  0-R ing  S ea l

8 . Upper Indium  0 -R in g  S e a l

9 . E l e c t r i c a l  Leads
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F ig u re  4 . A. SPECIMEN

1 . .005  I n .  J u n c t io n  W ire

2 . E xpansion  Loop

3 . Specim en W ire

4 . H o ld e r W ires

5 . Lower J u n c t io n  (H ot, V a r ia b le )

6 . We1 1 -A nnealed  Lead

7. Upper J u n c t io n  (C o ld , F ix ed )

B, SAMPLE HOLDER

8 . T erm in a ls  B lock

9 . H ea t S in k

10 . Thin  W all S t a i n l e s s  S te e l  T ubing

11 . Therm ocouple

12. H e a te r

Specim en And Sample H o ld e r Shown 

S e p a ra te ly  F o r C la r i ty
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a  c o ld  ju n c t io n ,  a  h e a t e r ,  a  h e a t  s in k  and  te rm in a l  b lo c k s . 

One o f  th e  re q u ire m e n ts  was t h a t  th e re  be good th e rm a l 

c o n d u c t iv i ty  b u t  h ig h  e l e c t r i c a l  i n s u l a t i o n  be tw een  th e  

alum inum  w ire s  o f  th e  specim en and  v a r io u s  p a r t s  o f  th e  

sam ple  h o ld e r .  G en e ra l E l e c t r i c  7031 a d h e s iv e  and  i n s u l ­

a t i n g  v a r n is h  h a s  th e s e  p r o p e r t i e s  and was u sed  i n  o u r  

e a r l y  e x p e r im e n ts . In  l a t e r  ex p e rim en ts  u s in g  m e thano l 

e i t h e r  a s  a  quench medium o r  i n  th e  q u ench ing  p ro c e d u re , 

i t  became n e c e s s a ry  to  f i n d  some o th e r  m a te r ia l  f o r  th e  

i n s u l a t i v e ,  h ig h  th e rm a l co nductance  c o a t in g s  s in c e  

v a r n is h  i s  a t t a c k e d  by m e th a n o l. Emerson and Cuming 2850 

6 1  s t y c a s t  was u sed  to  make th e s e  c o a t in g s  s in c e  i t  met 

th e  re q u ire m e n ts  and  y e t  was n o t  a t ta c k e d  by m e th an o l. 

A piezon  N g re a s e  o r  Dow-Com ing h ig h  vacuum g re a s e  

f u r t h e r  im proved th e  th e rm a l c o n d u c t iv i ty  and  was u sed  

o n  a l l  c lam ping  s u r f a c e s .  S ta in le s s  s t e e l  tu b in g  h a v in g  

a  0 .0 1 0  i n .  w a l l  th ic k n e s s  was u sed  in  th e  fram e p ro v id in g  

s t r u c t u r a l  s t r e n g t h  and low  th e rm a l c o n d u c t iv i ty .

The h e a t e r  c o n s is te d  o f  a  sm a ll co p p er b lo c k  

a ro u n d  w hich f i f t e e n  tu rn s  o f  0 .0 0 3  i n .  d ia m e te r  Evanohm 

i n s u l a t e d  w ire  was wound. The r e s i s t a n c e  o f  th e  w in d in g  

w as 1000 ohms and th e  maximum c u r r e n t  n eed ed  to  p roduce  

th e  r e q u i r e d  te m p e ra tu re  g r a d ie n ts  was 30 m illia m p s .

2 . P r e s s u re  J u n c t io n s :  I t  was n o t  d e s i r a b l e  to

s p o t-w e ld  a f t e r  q u en ch in g  s in c e  q u en ch e d -in  v a c a n c ie s
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In  aluminum r a p id ly  d is a p p e a r  a t  room te m p e ra tu re s  when 

com pared t o ,  s a y , v a c a n c ie s  in  g o ld . I n s te a d  a  p re s s u re  

ju n c t io n  was form ed by clam ping  in  a  low te m p e ra tu re  

l i q u i d  medium. H uebener u sed  t h i s  m ethod in  h i s  a l lo y  

w ork in  aluminum^.

I t  was n e c e s s a ry  to  a n n e a l th e  specim en and 

p o t e n t i a l  le a d  w ire  w ith o u t h a v in g  th e  h o t  o r  co ld  

ju n c t io n  clam ped so t h a t  th e  te m p e ra tu re  was un ifo rm  

a lo n g  th e  w ire  betw een th e  two ju n c t io n s .  Clamping w ould 

su p p ly  l a r g e  h e a t  s in k s  to  th e  w ire  d e s tro y in g  th e  u n i­

form  te m p e ra tu re  a lo n g  th e  w ir e .  S in ce  i t  was n e c e s s a ry  

to  d e te rm in e  th e  a n n e a lin g  te n ç e r a tu r e  o f  th e  w ire  s p e c i­

men, .005  i n .  w ire s  sp o t-w e ld e d  a t  th e  two ju n c t io n s  

b e fo re  quench ing  p ro v id e d  e l e c t r i c a l  c o n ta c t  f o r  t h i s  

m easurem ent w ith o u t c r e a t in g  a  s i g n i f i c a n t  h e a t  s in k .

D. C onnecting  Vacuum P la te

1 . P u rp o se : T h is u n i t  was an  i n t e r f a c e  d e v ic e .

I t  i n t e r f a c e d  w ith  th e  sam ple h o ld e r ,  u p p e r in n e r  a ssem b ly , 

and  th e  vacuum can . I t  was u se d  to  form  a s e a l  w ith  a 

co p p er can and  so p ro v id e d  a  v a c u u m -tig h t e n c lo s u re  f o r  

th e  spec im en . I t  a l s o  ro u te d  th e  e l e c t r i c a l  l e a d s ,  by 

means o f  low  te m p e ra tu re  e l e c t r i c a l  f e e d - th ro u g h s , from 

in s id e  a h ig h  vacuum re g io n  to  an  u n p re s s u r iz e d  r e g io n ;  

t h i s  was done a t  c ry o g e n ic  te m p e ra tu re s  and in  a  l i q u i d
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h e liu m  b a th .  T h is  u n i t  a l s o  form ed a  vacuum s e a l  f o r  a 

ptmq> l i n e  n e c e s s a ry  to  e v a c u a te  th e  c o p p e r can . N ote 

t h a t  th e  c o p p e r can  s e a l  and e l e c t r i c a l  f e e d - th ro u g h  s e a l  

w ere  s p a t i a l l y  d is p la c e d  from  th e  pump l i n e  s e a l .

In  a d d i t io n  t h i s  p l a t e  s u p p o r te d  th e  sam ple 

h o ld e r  and  p ro v id e d  a  h e a t  s in k  f o r  th e  u p p e r ju n c t io n  

o f  th e  spec im en . The th e rm a l co n d u c tan ce  betw een th e  

h e a t  s in k  and  th e  l i q u i d  h e liu m  b a th  i n  w hich one s id e  

o f  th e  b r a s s  p l a t e  was im m ersed was v e ry  h ig h  so t h a t  

th e  te m p e ra tu re  o f  th e  upper j u n c t io n  was h e ld  betw een  

4 .2  °K and 5 .2  °K.

2 . Low T em peratu re  E l e c t r i c a l  F eed -T h ro u g h s:

TWo fe e d - th ro u g h s  w ere f a b r i c a t e d  fo llo w in g  th e  d e s ig n  

29o f  A. C. A nderson . In  th e  l a t e s t  d e s ig n  m o d if ic a t io n  

one fe e d - th ro u g h  c o n s is te d  o f  sev en  w ire s  and  th e  o th e r  

o f  e i g h t .  The m e ta ls  u sed  f o r  th e  w ire s  w ere co p p e r , 

alum inum , g o ld  and ch rom el. The w ire  d ia m e te rs  ran g ed  

from  .010  in .  to  .035  i n .  The .0 3 5  i n .  w ire s  w ere u sed  

to  c a r r y  6 am peres o f  a n n e a lin g  c u r r e n t .  Extrem e c a r e  

was r e q u i r e d  i n  f a b r i c a t i o n .  These s e a l s  w ere s t i l l  

f u n c t io n in g  s a t i s f a c t o r i l y  a f t e r  b e in g  th e rm a lly  c y c le d  

many tim e s  and  s u b je c te d  to  th e rm a l sh o ck . N ote t h a t  th e  

p a r t  o f  th e  w ire  id iich  was i n  c o n ta c t  w ith  th e  s t y c a s t  

s e a l i n g  compound was s t r i p p e d  o f  th e  i n s u l a t i v e  v a rn is h  

to  in s u r e  a  b e t t e r  s e a l .
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E. l ÿ p e r  In n e r  Assem bly

T h is  u n i t  r o u te d  e l e c t r i c a l  le a d s  from  th e  lo w er 

a ssem b ly . I . e .  from  th e  sam ple  h o ld e r  to  th e  le a d s  com ing 

from  th e  m easu rin g  in s t ru m e n ts .  T h is  u n i t  a l s o  p ro v id e d  

a  pump l i n e  down to  th e  lo w er a ssem b ly , form ed a  dem ount- 

a b o u t c ry o g e n ic  vacuum s e a l  w ith  I t ,  and m e c h a n ic a lly  

s u p p o r te d  th e  lo w er a ssem b ly . The u p p er In n e r  assem bly  ’ 

was a l s o  u sed  to  p o s i t i o n  th e  specim en in  th e  c r y o s t a t  

a t  th e  p ro p e r  d e p th . Vacuum s e a l s  w ere made w ith  Indium  

0 - r l n g s .

F . C ry o s ta t

R e fe r  to  F ig . 5 . The c r y o s t a t  was c o n s tr u c te d  

from  two l a r g e  dew ars m a n u fa c tu re d  by S c i e n t i f i c  G la ss  

B low ing C o ., I n c .  o f  H o uston , T exas; one dew ar was 

p o s i t io n e d  in s id e  th e  o th e r  c o n c e n t r i c a l ly  ab o u t th e  

v e r t i c a l  a x i s .  The in n e r  dewar was s e a le d  a t  th e  to p  

by means o f  a  co p p er c o l l a r .  Thus th e  in n e r  cham ber 

c o u ld  b e  e v a c u a te d  and b a c k - f i l l e d  w ith  h e liu m  o r  n i t r o ­

gen g a s .  The in n e r  dewar had  a  v a lv e d  j a c k e t  so t h a t  th e  

j a c k e t  co u ld  be e v a c u a te d  o r  b a c k - f i l l e d  w ith  n i t r o g e n  

g a s . The sy stem  was d e s ig n e d  to  a c h ie v e  te m p e ra tu re s  a s  

low  a s  4 .2  °K. The c r y o s t a t  u sed  e i t h e r  a  l i q u i d  h e liu m  

b a th  o r  a  l i q u i d  n i t r o g e n  b a th  i n  th e  in n e r  cham ber.
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F ig u re  5 . C ry o s ta t  S e c t io n

1 . Copper C o l la r

2 . F ix e d  S u rfa c e

3 . Dewar M ounting F lan g e

4 . J a c k e t  V alve

5 . I n n e r  Dewar Chamber

6 . I n n e r  Dewar J a c k e t

7 . O u te r Dewar Chamber

8 . 3 .3 5  I n .  I .D .

9 . 5 .7  I n .  I .D .

1 0 . 118 In c h e s

1 1 . I n n e r  Chamber Pump C oupling

1 2 . Vacuum Can Pump C oupling
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F ig u re  6 . M easuring  In s tru m e n ts

Â. T h e rm o e le c tr ic  V o lta g e  M easurem ent 

B. T em perature  V o lta g e  M easurem ent



45

A.

A.C. line

Constant
Voltage

Transformer

Guildline 
Secondary 

Galvanometer 
9461 A

Guildline Nanovolt 
Potentiometer 

9 1 7 6 - G

Guildline Nanovolt 
Amplifier 
9 4 6 0  A

Thermoelectric voltage 
leads from cryostat

B.

Potentiometer

L B N  9834 
D C. Null 
Detector

Temperature leads 
from cryostat
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G. M easurem ent In s tru m e n ts

A G u i ld l in e  9176-G n a n o v o l t  p o te n t io m e te r  was u sed

to  m easure  th e  v e ry  sm a ll  th e rm o v o lta g e s  o f  t h i s  w ork . I t

-9h a s  t h e o r e t i c a l  s e n s i t i v i t y  o f  10 v o l t s  and in  t h i s  

a p p l i c a t i o n  h a s  g iv e n  s t a b l e  r e a d in g s  o f  5x10 ^ v o l t s .  

D uring  m easurem ent th e  g a lv an o m e te r  was r e v e r s e d .  This 

e l im in a te d  from  th e  re a d in g  th e  e f f e c t s  o f  th e rm a l emfs 

i n  th e  g a lv an o m ete r  and g a lv a n o m e te r  l e a d s .  A G u ild l in e  

9461-A g a lv an o m e te r and  a  G u i ld l in e  9460-A p h o to e l e c t r i c  

n a n o v o l t  a m p l i f i e r  w ere a s s o c ia t e d  w ith  t h i s  in s tru m e n t.

A Leeds and N o rth ro p  Type K-4 p o te n t io m e te r  

to g e th e r  w i th  a  Leeds and  N o rth ru p  D. C. n u l l  d e te c to r  

w ere  u sed  to  m easure th e  h o t  ju n c t io n  th e rm ocoup le  v o l t ­

a g e s .  The s e n s i t i v i t y  o f  t h i s  in s tru m e n t  i s  10 ^ v o l t s .  

The K-4 in s tru m e n t was a l s o  u sed  to  m o n ito r  th e  h e a t  s in k  

te m p e ra tu re .  The c i r c u i t r i e s  u sed  f o r  m easurem ent a re  

shown in  F ig . 6 .

In  th e  s in g l e  g r a d ie n t  e x p e rim e n t d e s c r ib e d  in  

S e c t io n  I ,  a  c o n tin u o u s  r e c o rd  o f  therm o v o l ta g e  w ith  tim e 

was r e q u i r e d .  In  o rd e r  to  p ro v id e  th e  n e c e s s a ry  l i n e a r  

s ig n a l  f o r  r e c o rd in g ,  th e  o u tp u t o f  th e  G u ild l in e  nano­

v o l tm e te r  was co n n ec ted  to  a  K e ith ly  147 n a n o v o lt  n u l l  

d e t e c to r  w hich a m p lif ie d  th e  s ig n a l .  T hat a m p lif ie d  

v o l ta g e  was th e n  re c o rd e d  w ith  a  H e w le tt P ackard  7034-A 

X-Y r e c o r d e r .
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H. A n n ea lin g  And Q uenching P ro ced u re

1 . 0 . C. A n n ea lin g  T echn ique: The Specim en and

th e  two p o t e n t i a l  le a d  w ire s  w ere a n n e a le d  by p a s s in g

a  d . c .  c u r r e n t  th ro u g h  them . I t  I s  e s t im a te d  t h a t  th e  

te m p e ra tu re  a lo n g  th e  le n g th  o f  th e  w ire  was u n ifo rm  to  

±5%. The p o t e n t i a l  l e a d  w ire s  w ere h e a te d  a t  more th a n  

525 °C f o r  1*5 h o u r s .  The te m p e ra tu re  was red u ce d  con­

t in u o u s ly  o v e r  a  p e r io d  o f  20 m inu tes  t o  a p p ro x im a te ly  

150 °C . The p o t e n t i a l  le a d  w ire s  w ere th e n  a i r  quenched 

to  room te m p e ra tu re  to  p re v e n t v o id  fo rm a tio n . The s p e c i­

men w ire  was s i m i l a r l y  h e a t  t r e a t e d  and was th e n  a n n e a le d  

a t  th e  p a r t i c u l a r  te m p e ra tu re  o f  I n t e r e s t  f o r  1*5 h o u rs

b e fo re  q u en ch in g . T h is  h e a t  t r e a tm e n t  fo llo w s  t h a t  used  

28by Bass

2 . D e te rm in a tio n  Of Room T em peratu re  R e s is ta n c e :  

The r e s i s t a n c e  o f  th e  specim en  w ire  was d e te rm in e d  by 

m easu rin g  th e  v o l ta g e  a c ro s s  th e  specim en when a  known 

c u r r e n t  p a s s e s  th ro u g h  I t .  The c u r r e n t  was d e te rm in e d

by m easu rin g  th e  v o l ta g e  a c ro s s  a  Leeds and  N o rth ru p  1 ohm 

s ta n d a rd  r e s i s t a n c e .  The v a lu e  o f  c u r r e n t  u sed  was nomin­

a l l y  27 m lll la m p s . The r e s i s t a n c e  o f  th e  w e ll -a n n e a le d  

w ire  was a ls o  m easu red . T his In fo rm a tio n  was u sed  to  

compute th e  q u en ch e d -In  r e s i s t i v i t y  and th e  a n n e a lin g  

te m p e ra tu re  p r i o r  to  quench , T^. The room te m p e ra tu re  I s  

a l s o  r e c o rd e d . The same c i r c u i t r y  and  te c h n iq u e  I s  u sed
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F ig u re  7. A. Room T em peratu re  R e s is ta n c e  

M easurem ent

B. A n nealing  T em peratu re  R e s is ta n c e  

M easurem ent
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to  m easure th e  r e s i s t a n c e  o f  th e  specim en  w ire  and  

w e ll -a n n e a le d  w ire  a t  4 .2  °K.

3 . E v a lu a tio n  Of The A n n ea lin g  T em p era tu re :

The r e s i s t i v i t y  o f  th e  specim en  a t  th e  a n n e a lin g  tem per­

a t u r e  was d e te rm in e d  and com pared to  th e  r e s i s t i v i t y  

v e r s u s  te m p e ra tu re  d a ta  o f  Simmons and  B a l lu f f l ^ ^ .  The 

maximum v a lu e  o f  c u r r e n t  u sed  In  a n n e a lin g  was a b o u t 6 

am peres. The a n n e a lin g  c u r r e n t  v a lu e  was o b ta in e d  by 

m easu rin g  th e  v o l ta g e  a c ro s s  a  L eeds and  N o rth ru p  0 .0 1 0  

s ta n d a rd  r e s i s t a n c e  w hich  was Im m ersed in  a  s t i r r e d  o i l  

b a th .

4 . Q uenching P r in c i p l e s  And T ech n iq u e : In

q u en ch in g  i t  i s  im p o r ta n t t h a t  a l l  p a r t s  o f  th e  w ire

e n t e r  s im u lta n e o u s ly  and  t h a t  th e  w ire  rem ain  in  m otion

30w h ile  th e  w ire  i s  c o o lin g  to  e n su re  a  r a p id  quench , 

S t r a i n  in t ro d u c e d  in  th e  w ire  d u r in g  th e  quench can be 

m in im ized  by m aking th e  d is ta n c e  o f  th e  specim en  w ire  

from  th e  quench  s u r f a c e  a s  sm a ll as p o s s i b l e ,  ab o u t 1 to  

2 c e n t im e te r s .  I t  was fou n d  t h a t  e x p a n s io n  lo o p s  ( s e e  

F ig . 4 ) re d u c e  specim en d i s t o r t i o n  d u r in g  a n n e a lin g .

The w ire  was quenched by th ro w in g  a  sw itc h  w hich 

th e n  a c t iv a t e d  a  s o le n o id  w hich  r e le a s e d  th e  specim en so 

t h a t  i t  f e l l  u n d er th e  a c t io n  o f  g r a v i ty  in t o  th e  quench 

medium. Im m ed ia te ly  a f t e r  th e  specim en  was im m ersed, 

th e  c u r r e n t  f lo w in g  th ro u g h  th e  w ire  was in t e r r u p te d  by
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m an u ally  o p en in g  a  s w itc h .  From quench  r a t e  m easurem ents 

in  a  d i s t i l l e d  i c e  and  w a te r  medium, i t  was e v id e n t  t h a t  

th e  q u ench ing  a c t io n  was a c h ie v e d  by th e  w ire  e n te r in g  

th e  quench medium even though th e  a n n e a lin g  c u r r e n t  was

30s t i l l  o n . T h is  i s  a l s o  d is c u s s e d  by B a u e rle  and  K o eh le r . 

The m easured  v a lu e  o f  th e  quench r a t e  i n  a  d i s t i l l e d  i c e  

and  w a te r  m ix tu re  was 2 .5x10*  ° C /s e c .

I .  Q uenching M edia And P ro c e d u re s  Used

1 . W ater-T o-M ethanol Q uench: A f te r  th e  quench

i t  i s  v i t a l  t h a t  th e  specim en  be  lo w ered  in  te m p e ra tu re  

a s  r a p id ly  a s  p o s s i b l e .  I f  th e  quench r a t e  i s  l a r g e  

enough , th e n  th e  e q u i l ib r iu m  te m p e ra tu re  v acancy  d i s t r i ­

b u t io n  i s  r e t a in e d .  The f a s t e s t  quench  p ro c e d u re  in  

t h i s  e x p e rim e n t was o b ta in e d  in  th e  fo llo w in g  m anner.

F i r s t ,  th e  specim en was quenched  i n t o  a  medium 

o f  d i s t i l l e d  i c e  and d i s t i l l e d  w a te r .  A f te r  t h i s  f i r s t  

s ta g e  quench ( tim e  d u ra t io n  < 1 seco n d ) th e  specim en was 

t r a n s f e r r e d  from  th e  ic e  and w a te r  b a th  i n t o  a  second  

b a th  o f  d ry  i c e  and  m ethano l a t  a  te m p e ra tu re  o f  -8 0  °C .

The t r a n s f e r  was made as  r a p id ly  a s  p o s s i b l e ;  th e  t r a n s f e r  

tim e  from  th e  f i r s t  s ta g e  quench u n t i l  specim en  Im m ersion 

in  th e  c o ld  m e thano l was < 15 se c o n d s .

28In  h i s  work on quench ing  i n  alum inum , Bass found 

no s y s te m a t ic  d i f f e r e n c e s  betw een d a ta  ta k e n  on w ire s
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F ig u re  8 . Quench Tank W ith Q uenching Assem bly

1 .  P iv o t  A xis

2 .  C onnecting  Vacuum P la t e

3 . F iv e  G a llo n  Aquarium  Tank

4 .  E l e c t r i c a l  Feed-Through

5 . Q uenching Medium

6 . Cover

7. Specim en And H o ld e r (U ndam ped P o s i t io n )

8 . H eated  Specimen W ire

9 . S o le n o id

1 0 . R e le a se  Bar

1 1 . Quench L ever

1 2 . Q uenching Leads

13 . T erm inals
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quenched  to  0 °C , -4 0  °C o r  -5 0  °C , p ro v id e d  t h a t  th e  

w ire s  w ere q u ic k ly  (10 to  15 se c o n d s ) im mersed i n  l i q u i d  . 

n i t r o g e n .

A f te r  th e  second  s ta g e  quen ch , i . e .  specim en 

im m ersion in to  th e  m e th a n o l, th e  h o t  and  c o ld  ju n c t io n s  

and  th e  h e a t e r  u n i t  w ere clam ped in  th e  -8 0  °C l i q u i d .

The co p p er can w ith  th e  lo w e r 0 - r in g  in  p la c e  

was co m p le te ly  lo w ered  in t o  th e  m ethano l b a th  and  a llo w ed  

to  c o o l .  The specim en and  s a n g le  h o ld e r  w hich was con­

n e c te d  to  th e  quench l e v e r  ( s e e  F ig .  8) was I n s e r te d  in t o  

th e  copper can . T h is  o p e r a t io n  was p erfo rm ed  w ith  th e  

specim en  w ire  a t  a l l  tim es subm erged in  th e  c o ld  m e th an o l. 

The quench ing  le a d s  and quench l e v e r  w ere th en  rem oved.

The low er 0 - r in g  s e a l  was made, th e  l i q u i d  w i th in  

th e  co p p er can was d ra in e d  and  n i t r o g e n  gas was in tro d u c e d  

in t o  th e  can to  i n h i b i t  a tm o sp h e ric  co n d en sa tes  from  form­

in g  in s id e  th e  can and  c r e a t in g  tro u b leso m e o u tg a s s in g  

p roblem s l a t e r  on. At th e  same tim e th e  o u ts id e  o f  th e  

can  was p la c e d  in  c o n ta c t  w ith  a  l i q u i d  n i t r o g e n  b a th  up 

to  a p p ro x im a te ly  th e  f la n g e .  C oo ling  th e  specim en by gas 

and s o l i d  c o n d u c tio n  from  th e  m ethano l b a th  te m p e ra tu re  

( -8 0  °C) to  n e a r  l i q u i d  n i t r o g e n  te m p e ra tu re s  (77 °K) can 

be  c o n s id e re d  th e  t h i r d  s ta g e  o f  th e  quench . The upper 

in n e r  assem bly  was p o s i t io n e d  o v e r  t h i s  n i t r o g e n  b a th  and 

was co n n ec ted  to  a  pumping sy s te m . Upon rem oving th e
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n i t r o g e n  gas th e  u pper 0 - r tn g  s e a l  was made, and  th e  

co p p er can  was e v a c u a te d . E l e c t r i c a l  c o n n e c tio n s  w ere 

made a t  th e  c o n n e c tin g  vacuum p l a t e .  Then th e  in n e r  

assem bly  was co m p le te .

Ih e  in n e r  assem bly  was th e n  i n s e r t e d  in t o  th e  

c r y o s t a t  w hich has b een  c o o led  to  l i q u i d  n i t r o g e n  

te m p e ra tu re s  and e l e c t r i c a l  c o n n e c tio n s  w ere made to  

th e  m easu rin g  in s tru m e n ts .

T h is  p ro c e d u re  can be  d e s c r ib e d  a s  a  th r e e  s ta g e  

quench . R e fe r  to  th e  s c h e m a tic  in  F ig .  9 .

2 . M ethanol Quench: S e v e ra l ru n s  w ere made

u s in g  a  m ethano l and  d ry  ic e  m ix tu re  a s  th e  f i r s t  s ta g e  

quench medium. A f te r  th e  quench , th e  h o t  and  c o ld  ju n c ­

t i o n s  and  th e  h e a t e r  u n i t  w ere clam ped in  th e  medium a t  a  

te m p e ra tu re  o f  -8 0  °C . The specim en was th e n  i n s e r t e d  

in t o  th e  copper can w hich was a l re a d y  im m ersed in  th e  

quench medium. The p ro c e d u re  th e n  fo llo w e d  t h a t  o f  th e  

w a te r - to -m e th a n o l quench .

The m ethano l quench p ro c e d u re  h ad  th e  ad v an tag e  

t h a t  th e  specim en was quenched to  a  much lo w e r te m p e ra tu re ,  

nam ely -8 0  °C , b u t  i t  h ad  a  m a jo r d is a d v a n ta g e  in  t h a t  th e  

quench r a t e  was n o t  a s  f a s t  as  f o r  th e  w a te r - to -m e th a n o l 

quench . The sc h e m a tic  shown in  F ig .  9 g iv e s  a  te m p e ra tu re  

h i s t o r y  o f  th e  quench .

3 . S in g le  G ra d ie n t M easurem ent: T his te c h n iq u e

31was u sed  by H uebener i n  h i s  s i z e  e f f e c t  w ork on g o ld  .
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F ig u re  9 . T em peratu re  H is to ry  S chem atic

A. W ater-T o“M ethano l Quench

1 . I c e  And W ater Quench ( 1 s t  S ta g e )

2 . T r a n s f e r  Time

3. Dry Ic e  And M ethanol Quench (2nd S ta g e )

4 . Assem bly Time

5 . L iq u id  N itro g e n  Quench (3 rd  S tag e )

B. M ethanol Quench

6 . M ethanol Quench

7 . Assem bly Time

8 . L iq u id  N itro g e n  Quench
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The m easurem ent I s  p e rfo rm ed  w ith  th e  lo w er ju n c t io n  in  

a  l i q u i d  n i t r o g e n  b a th  and th e  u p p e r ju n c t io n  a t  room 

te m p e ra tu re .  No clam ping  was r e q u i r e d .

The tim e  from  quench to  i n s e r t i o n  o f  b o th  h o t  

and  c o ld  ju n c t io n s  i n t o  a  l i q u i d  m itro g en  b a th  was < 15 

s e c o n d s . Hence vacancy  l o s s  r e s u l t i n g  from  v a c a n c ie s  

a n n e a lin g  o u t  to  s in k s  was m in im al. A f te r  th e  specim en 

had  re a c h e d  th e rm al e q u i l ib r iu m  and a f t e r  assem bly  th e  

specim en was i n s e r t e d  i n t o  th e  c r y o s t a t .  The r e s i s t a n c e  

o f  b o th  th e  specim en and th e  w e ll -a n n e a le d  w ire  w ere th e n  

m easured  a t  4 .2  °K. T h is  m easurem ent was need ed  f o r  o b ta in ­

in g  th e  q u en ch e d -in  r e s i s t i v i t y .  Then th e  specim en was 

r e i n s e r t e d  i n t o  a l i q u i d  n i t r o g e n  b a th  w ith  b o th  th e  u p p e r 

and lo w er ju n c t io n s  im m ersed.

In  o rd e r  to  p e rfo rm  th e  m easurem ent i t s e l f  th e  

specim en was r a i s e d  so t h a t  th e  u p p er ju n c t io n  was in  a i r  

and  th e  lo w er ju n c t io n  was i n  l i q u i d  n i t r o g e n .  As th e  

u p p er ju n c t io n  warmed to  room te m p e ra tu re  th e  v o lta g e  

s ig n a l  on th e  X-Y r e c o rd e r  in c r e a s e d  u n t i l  a maximum was 

re a c h e d . Then due to  vacancy  lo s s  in  th e  u pper p a r t  o f  

th e  specim en th e  v o l ta g e  s ig n a l  began  to  d e c re a se . The 

v a lu e  o f  AS used  was th e  maximum s ig n a l  e x t r a p o la te d  back  

to  ze ro  tim e , i . e .  th e  tim e  when th e  u p p er ju n c t io n  was 

removed from  th e  l i q u i d  n i t r o g e n  b a th .
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I h l s  m easurem ent h as  th e  ad v an tag e  t h a t  i t  I s  

p o s s i b l e  t o  r a p id ly  co o l th e  specim en im m ed ia te ly  a f t e r  

q uench . The d is a d v a n ta g e  i s  t h a t  one h as  no c o n t ro l  

o v e r  th e  te m p e ra tu re  g r a d ie n t  and  o n ly  one v a lu e  o f  

te n q te ra tu re  d i f f e r e n c e  i s  o b ta in a b le .

J .  D e te rm in a tio n  Of Vacancy C o n c e n tra tio n

The r e s i s t a n c e  o f  th e  specim en  and w e ll -a n n e a le d  

w ire  w ere  m easured  a t  4 .2  °K. These m easurem ents w ere 

i d e n t i c a l  to  th e  room te m p e ra tu re  r e s i s t a n c e  m easurem ent 

d e s c r ib e d  i n  S e c t io n  H P a rag rap h  2 . F i r s t  th e  r e s i s ­

ta n c e  r a t i o  o f  th e  specim en and  w e ll -a n n e a le d  w ire  w ere 

o b ta in e d ;  th e n  th e  r e s i s t i v i t i e s  o f  b o th  o f  th e s e  w ire s  

w ere  com puted a t  4 .2  °K u s in g  th e  v a lu e  o f  r e s i s t i v i t y  

o f  aluminum a t  room te m p e ra tu re  from  Simmons and B a l lu f f i^ ^ .  

The q u e n c h e d -in  r e s i s t i v i t y  due to  v a c a n c ie s  was c a lc u ­

l a t e d  by s u b t r a c t in g  th e  r e s i s t i v i t y  o f  th e  w e ll -a n n e a le d  

w ir e  from  th e  specim en r e s i s t i v i t y .  F in a l ly  th e  vacancy  

c o n c e n t r a t io n  was d e te rm in e d  u s in g  th e  Simmons and B a l l u f f i  

v a lu e ^ ^  f o r  th e  i n t r i n s i c  r e s i s t i v i t y  o f  a  vacancy  in  

alum inum  a s  3x10 ^ ohm -cm s/at. % .

K. T em p era tu re  M easurement

TWo th e rm ocoup les ( s e e  F ig . 10) w ere u sed : one

t o  m easure th e  te m p e ra tu re  o f  th e  h o t  ju n c t io n  and one to
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F ig u re  1 0 . Hot J u n c t io n

U iem o in e te r A rrangem ent
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m easu re  th e  te n ç e r a tu z e  o f  th e  h e a t  s in k  ju n c t io n .

The th e rm o co u p le  w ir e  u sed  was o b ta in e d  from

th e  Sigmund-Cohn C o rp o ra tio n . One w ire  m a te r i a l  was

0 .0 0 3  i n .  i n  d ia m e te r  t e f l o n  c o a te d  g o ld  +  0 .0 7  a t  %

i r o n .  % e  o th e r  was 0 .0 0 3  i n .  i n  d ia m e te r  t e f l o n  c o a te d

c h ro m e l. The two .0 0 3  in  w ire s  w ere sp o t-w e ld e d  to g e th e r

an d  to  a  0 .0 0 0 5  in  co p p er f o i l ,  0 .5  cms by 1 cm. The

ju n c t io n  and f o i l  w ere  th e rm a lly  in s u l a t e d  from  th e  sam ple

h o ld e r  by a  p h e n o l ic  w a fe r .  Good th e rm a l c o n ta c t  w ith  th e

alum inum  w ire  ju n c t io n  was a id e d  by a  c o a t in g  o f  A piezon N

o r  Dow-Com ing h ig h  vacuum g r e a s e .  These therm ocoup le

m a te r i a l s  h av e  been  c a l i b r a t e d  by th e  N a tio n a l  B ureau  o f

32S ta n d a rd s  o f  B o u ld e r , C olorado  and t h e i r  p u b lis h e d  c a l i ­

b r a t i o n s  w ere  u sed .

I t  was n e c e s s a ry  to  u se  th e  sm a ll d ia m e te r  

th e rm o co u p le  w ire s  and  th e  t h i n  f o i l s  to  e n s u re  t h a t  th e  

th e rm o co u p le  mass was sm a ll com pared to  th e  mass o f  th e  

sp ec im en  w ire  w ith  w hich  i t  was in  c o n ta c t .  Hence v e ry  

l i t t l e  h e a t  was d i s s i p a t e d  from  th e  specim en  w ire  by th e

th e rm o co u p le  so t h a t  th e  te m p e ra tu re  g r a d ie n t  a lo n g  th e

33specim en  w ire  was n o t  s i g n i f i c a n t l y  d i s tu r b e d  .

The d r i f t  o f  th e  s in k  te m p e ra tu re  was 1 °K a t  a  

g r a d i e n t  o f  80 °K.

L . T em p era tu re  C o n tro l And H eat T ra n s f e r  C o n s id e ra tio n s

1 . T em pera tu re  C o n t r o l le r ;  The c i r c u i t ,  shown in  

F ig .  1 1 , was u sed  to  v e ry  s lo w ly  change th e  c u r r e n t
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F ig u re  11 , T em perature  C o n tr o l le r
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to  th e  h e a t e r  e le m e n t. The change o f  c u r r e n t  was re a s o n a b ly  

l i n e a r  w ith  t im e . T h is  was a c h ie v e d  by p ic k in g  o f f  th e  

v o l t a g e  from  a  m otor d r iv e n  p o te n t io m e te r .  The r e q u i r e ­

m ents f o r  th e  e x p e rim e n t w ere  t h a t  th e  h e a t in g  c u r r e n t  be  

su ch  t h a t  a  w ide te m p e ra tu re  ra n g e  was spanned  w i th in  a  

few  h o u rs  s in c e  th e  l i q u i d  h e liu m  b o i l - o f f  r a t e  l i m i t s  

th e  tim e  a v a i l a b l e  f o r  m easurem ent. The c o n t r o l l e r  p ro ­

duced  a  te m p e ra tu re  change from  4 .2  °K to  77 °K o v e r  a 

p e r io d  o f  5h h o u r s .

2 . H ea t T ra n s f e r  C o n s id e ra t io n s :  I n  t h i s

e x p e rim e n t i t  was im p o r ta n t to  c o n t r o l  th e  h e a t  flo w  a t  th e  

h o t  ju n c t io n  so  t h a t  a  w ide ra n g e  o f  te m p e ra tu re  co u ld  be 

sp an n ed  w h ile  a t  th e  same tim e  m a in ta in in g  th e  c o ld  ju n c t io n  

te m p e ra tu re  a t  th e  te m p e ra tu re  o f  th e  c ry o g e n ic  l i q u i d .  T his 

h ad  to  b e  done e f f i c i e n t l y  so t h a t  a  minimum o f  l i q u i d  h e liu m  

was b o i l e d  o f f .

The m echanism s o f  h e a t  t r a n s f e r  d e te rm in e d  how 

e f f i c i e n t l y  th e  above g o a l c o u ld  b e  a c h ie v e d . H eat i s  

t r a n s f e r r e d  by (1 ) gas c o n d u c tio n , (2 ) s o l i d  co n d u c tio n  and 

(3 ) r a d i a t i o n .

F o r th e  p r e s s u r e s  a c h ie v e d  w ith  th e  a p p a ra tu s  

(< 1 m i l l i t o r r )  and th e  c ry o g e n ic  te m p e ra tu re s  in v o lv e d , 

th e  dom inan t h e a t  t r a n s f e r  m echanism  was s o l i d  c o n d u c tio n . 

C a lc u la t io n s  i n d i c a t e  t h a t  th e  dom inant p a th  f o r  h e a t  

t r a n s f e r  was th ro u g h  th e  aluminum w ire s  s in c e  p u re  aluminum
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h as  a  v e ry  h ig h  th e rm a l c o n d u c t iv i ty .  Thus th e  w ire  

d ia m e te r  and  th e  w ire  sp an  became v e ry  in q io r ta n t .  F o r 

exaaqple, .0 1 8  i n .  d ia m e te r  w ire s  c o u ld  n o t  b e  u sed  due 

to  th e  e x c e s s iv e  l i q u i d  h e liu m  b o i l - o f f .

The s t r u c t u r a l  m a te r ia l s  u sed  in  th e  sanq>le 

h o ld e r  w ere to  a  l a r g e  e x t e n t  d e te rm in e d  by h e a t  t r a n s f e r  

c o n s id e r a t io n s .  I t  was d e s i r e d  to  have l i t t l e  h e a t  t r a n s ­

f e r  th ro u g h  th e  s t r u c t u r a l  s u p p o r t  tu b e s ;  hen ce  th i n - w a l l  

s t a i n l e s s  s t e e l  tu b in g  was u se d . P h e n o lic  was u sed  w here 

h ig h  th e rm a l r e s i s t a n c e  and  e l e c t r i c a l  i n s u l a t i o n  was 

r e q u i r e d .  C opper was u sed  f o r  low th e rm a l r e s i s t a n c e .  

Emerson and Cuming 2850-GT S ty c a s t  gave c o a t in g s  w hich  

h ad  a  low th e rm a l r e s i s t a n c e  b u t  a  h ig h  e l e c t r i c a l  

r e s i s t a n c e  and  w ere  u n a f f e c te d  by m e th an o l.



IV . RESULTS AND ANALYSIS

A .  T h e rm o e le c tr ic  V o ltag e  Curves

The th e rm o e le c t r ic  v o l ta g e  betw een  th e  w e ll -a n n e a le d  

v i r e  an d  th e  specim en  w ire  c o n ta in in g  v a c a n c ie s  was m easured  

as a  f u n c t io n  o f  h o t  ju n c t io n  te m p e ra tu re .  The c o ld  ju n c t io n  

w as h e ld  a t  a  c o n s ta n t  te m p e ra tu re  by th e  h e a t  s in k  p l a t e  

id i ic h  w as th e rm a lly  co n n ec ted  to  th e  b a th .  F o r h o t  ju n c t io n  

te m p e ra tu re s  betw een  4 .2  °K and  77 °K th e  b a th  i n  w hich th e  

c o p p e r  can  was im m ersed was l i q u i d  h e liu m . F o r te m p e ra tu re s  

b e tw ee n  77 °K and 150 °K th e  b a th  was l i q u i d  n i t r o g e n .  The 

a b s o lu t e  v a lu e  o f  v o l ta g e  i s  n o t  s i g n i f i c a n t  s in c e  i t  i s  

m e asu re d  r e l a t i v e  to  th e  te m p e ra tu re  o f  th e  c o ld  ju n c t io n .

F o r  c l a r i t y  a  c o n s ta n t  v o l ta g e  h as  been  added  to  th e  l i q u i d  

n i t r o g e n  b a th  d a ta  m a tch in g  i t  w ith  th e  l i q u i d  h e liu m  b a th  

d a t a .  The m easured  th e rm o e le c t r ic  v o l ta g e  cuirves f o r  th e  

w a te r - to -m e th a n o l  quench a r e  shown in  F ig s .  1 2 -1 7 .

B . Thermopower Curves F o r W ater-T o-M ethano l Quench

The d i f f e r e n c e  in  therm opow er betw een  th e  

w e l l - a n n e a le d  w ire  and  th e  specim en w ire  c o n ta in in g  v a c a n c ie s  

w as th e n  found  by ta k in g  th e  te m p e ra tu re  d e r iv a t iv e  o f  th e  

th e r m o e le c t r i c  v o l ta g e  c u rv e s . See F ig s .  1 8 -2 3 , s o l i d  l i n e s .  

The m ain c h a r a c t e r i s t i c  o f  th e s e  cu rv es  i s  th e  p ronounced  

n e g a t iv e  minimum w hich o c c u rs  a t  a p p ro x im a te ly  30 °K. A

67
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s e c o n d  f e a t u r e  I s  th e  sm a ll b ro a d  p o s i t i v e  maximum w hich 

o c c u r s  a t  a p p ro x im a te ly  90 Thus th e  therm opow er

c u rv e s  e x h i b i t  a  double-hum ped sh a p e . T h is shape I s  v e ry  

s i m i l a r  to  th e  d i l u t e  a l l o y  c u rv e s  In  aluminum o b ta in e d  

b y  H u eb en er^ , e x c e p t t h a t  th e  n e g a t iv e  p eak  I s  much 

e n h a n c e d  r e l a t i v e  to  th e  p o s i t i v e  peak  In  th e  vacancy  d a ta .

The d ashed  c u rv e s  r e p r e s e n t  th e  t h e o r e t i c a l  e le c t r o n -  

d i f f u s l o n  therm opow er a s  com puted from  th e  N ie ls e n -T a y lo r  

th e o r y .  T h is c a l c u l a t i o n  was d is c u s s e d  In  C h ap te r I I  

S e c t io n  C. N ote th e  good ag reem en t o f  th e  n e g a t iv e  peak  

m a g n itu d e s  and  th e  lo c a t io n  In  te m p e ra tu re ,  e s p e c i a l l y  f o r  

t h e  h l ^  c o n c e n t r a t io n s .

F or th e  sam ples th e  r e s i s t a n c e  p u r i t y  r a t i o  

RgggO^/F^ 2°K* m easured  to  be  from  1900 to  2400.

C. Thermopower Curves F o r M ethanol Quench

See F ig s .  2 4 -2 8 . In  th e  te m p e ra tu re  re g io n  4 .2  °K 

to  77 °K , th e s e  c u rv e s  a r e  g e n e r a l ly  th e  same as  In  th e  

w a te r - to -m e th a n o l  quench . A gain th e  n e g a t iv e  minimum o c c u rs  

a t  a p p ro x im a te ly  30 °K . The maximum c o n c e n tr a t io n  ac h ie v e d  

i s  much lo w e r ,  and th e  m agn itude o f  th e  n e g a t iv e  minimum i s  

c o r re s p o n d in g ly  lo w er th a n  In  th e  m e th a n o l- to -w a te r  quench .

In  th e  te m p e ra tu re  r e g io n ,  77 °K to  150 °K , th e  

c u rv e s  show a  s i m i l a r  b e h a v io u r  f o r  th e  two lo w e s t quench 

te m p e ra tu re s  b u t  a  h ig h ly  anom alous b e h a v io u r  f o r  th e  h ig h e r  

q u en ch  te m p e ra tu re s ,  e s p e c i a l l y  f o r  T^ = 462 °C.
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F ig u re  1 2 . T h e rm o e le c tr ic  V o ltag e  Curve 

F o r V acancies In  Aluminum 

Tq = 330 °C

W ater-To-M e th an o 1 Quench

-3C o n c e n tra tio n , c = 0 .033x10 a t .  %
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F ig u re  1 3 . T h e rm o e le c tr ic  V o lta g e  Curve 

F o r V acan c ies  In  Aluminum 

Tq -  416 °C

W ater-To-M e th a n o 1 Quench 

C o n c e n tra t io n ,  c  = 0 .852x10  ^ a t .  %
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F ig u re  1 4 . T h e rm o e le c tr ic  V o lta g e  Curve 

F o r V acancies In  Aluminum 

Tq -  476 °C

W ater-T o-M ethanol Quench 

C o n c e n tra tio n , c "  1 .94x10  ^ a t .  %
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F ig u re  15 . T h e rm o e le c tr ic  V o lta g e  Curve 

F or V acancies  In  Aluminum 

Tq = 538 °C

W ater-T o-M ethanol Quench

-3C o n c e n tra tio n , c = 2 .36x10  a t .  %



76

Ulo

so
>

o
£
I—o
Ul
_l
Ul
o
so:
Ul
X
I -

20 8 0  100 120 140 160 160
TEMPERATURE ( *K)

40 60



77

F ig u re  1 6 . T h e rm o e le c tr ic  V o lta g e  Curve 

F o r V acan c ies  In  Aluminum 

Tq -  585 °C

W ater-T o-M ethanol Quench 

C o n c e n tra tio n , c = 3 .05x10 ^ a t .  %
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F ig u re  17 . T h e rm o e le c tr ic  V o lta g e  Curve 

F o r V acancies In  Aluminum 

Tq = 555 °C

W ater-T o-M ethanol Quench

- 3C o n c e n tra tio n , c = 3,48x10 a t .  %
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F ig u re  1 8 , Thermopower Curve For 

V acan c ies  In  Aluminum 

Tq = 330 °C

W ater-T o-M ethanol Quench

C o n c e n tra t io n , c = 0 .033x10 ^ a t .  %
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F ig u re  1 9 , Thermopower Curve F or 

V acan c ies  In  Aluminum 

Tq =» 416 °C

W ater-T o-M ethanol Quench

C o n c e n tra tio n , c = 0 .852x10  ^ a t ,  %
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F ig u re  20 . Thermopower Curve F or 

V acan c ies  I n  Aluminum 

Tq -  476 °C

W ater-T o-M ethano l Quench

C o n c e n tra tio n , c = 1 .94x10  a t ,  %
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F ig u re  21 . Thermopower Curve F o r 

V acan c ies  In  Aluminum 

Tq = 538 °C

W ater-T o-M ethanol Quench
-3

C o n c e n tra t io n , c = 2 .36x10  a t .  %
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F ig u re  22 . Ihennopow er Curve For 

V acancies In  Aluminum 

Tq -  585 °C

W ater-T o-M ethanol Quench 

C o n c e n tra tio n , c = 3.05x10 ^ a t .
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F ig u re  23 , Thennopower Curve F or 

V acan c ies  In  Aluminum 

Tq -  555 °C

W ater-T o-M ethanol Quench

C o n c e n tra t io n , c = 3 .48x10 ^ a t .  %
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F ig u re  24 . Thermopower Curve F or 

V acan c ies  In  Aluminum

-  365 °CQ
M ethanol Quench

C o n c e n tra t io n ,  c = 0 .2 3 x 1 0  ^ a t .  %
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F ig u re  25 . Thermopower Curve For 

V acan c ies  In  Aluminum 

Tq -  421 °C

M ethanol Quench

C o n c e n tra tio n , c  = 0 ,38x10  ^ a t ,  %
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F ig u re  26 . Thennopower Curve For 

V acan c ies  In  Aluminum 

Tq = 462 °C

M ethanol Quench

C o n c e n tra t io n , c = 0 ,87x10  a t .  %.-3
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F ig u re  27» Thennopower Curve For 

V acancies I n  Aluminum 

Tq = 508 °C

M ethanol Quench

C o n c e n tra tio n , c = 0 .85x10  ^ a t .  %
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F ig u re  2 8 . Thennopower Curve For 

V acancies In  Aluminum 

Tq » 577 °C 

M ethanol Quench
■»3

C o n c e n tra t io n , c  = 0 .88x10  a t .
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The r e s i s t a n c e  p u r i t y  r a t i o ,  was

m easured  to  b e  from  1900 to  3100.

D. S e p a ra t io n  Of The Thermopower Com ponents, M ethod I

The change in  e l e c t r o n - d i f f u s i o n  thennopow er,

A S^, d e te rm in e d  by Method I  i s  shown i n  F ig ,  29 f o r

a p p r o p r ia te  v acan cy  c o n c e n t r a t io n s .  (See C h ap te r I I

S e c t io n  B f o r  t h e o r e t i c a l  d ev e lo p m en t) . N ote t h a t

th e s e  c u rv e s  a re  p o s i t i v e  a t  a l l  te m p e ra tu re s  and peak

a t  a p p ro x im a te ly  30 °K. The v a lu e  u sed  f o r  S ° /T  was

34ta k e n  from  G rip sh o v e r , V anZ ytveld  and  B ass as

S ° /T  = -3 .0 x 1 0 “ ^ yV /(°K )^  . (49)

The v a lu e  o f  H (d e f in e d  in  Eq. 12) was e v a lu a te d  

from  th e  d a ta  a t  T = 150 °K. The v a lu e s  o f  AS a t  150 °K 

and  Ap w hich w ere u sed  to  c a l c u l a t e  each  cu rve  in  F ig . 29 

a r e  l i s t e d  i n  T ab le  I .  These d a ta  c o rre sp o n d  to  t h a t  

o b ta in e d  i n  th e  w a te r - to -m e th a n o l quench f o r  each  p a r t i c ­

u l a r  quench te m p e ra tu re .

S in c e  now b o th  AS and AS^ a r e  known by a p p ly in g  

Eq. ( 2 ) ,  one o b ta in s  th e  c u rv e s  f o r  th e  phonon d rag  com­

p o n en t shown in  F ig .  30.
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F ig u re  2 9 . E le c tr o n - D if f u s io n  Component Of Itie  Change 

In  Thermopower For V acancies In  Aluminum 

W ater-T o-M ethanol Quench: Method I

3
Curve No, Tq C o n c e n tra tio n , c x 10

(°C) a t .  %

1 416 0 .8 5

2 476 1 .9 4

3 538 2 .3 6

4 585 3 .05

5 555 3 .4 8
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F ig u re  30. Phonon D rag Component Of The Change In  

Thennopower F o r V acan c ies  In  Aluminum 

W ater-T o-M ethanol Quench: M ethod I

3
Curve No. T_ C o n c e n tra tio n , c x 10

Q
(°C) a t .  %

1 416 0 .8 5

2 476 1 .9 4

3 538 2 .3 6

4 585 3 .0 5

5 555 3 .4 8
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TABLE I

Curve No. 
On F ig .  29

T o ta l  M easured 
Thennopow er, AS 

1 0 -9 v/ ok

Q uenched-In  
R e s i s t i v i t y ,  Ap 

1 0 -9 Ocms

1 3 .2 2 .5 6

2 6 .0 5 .8 3

3 8 .5 7 .0 7

4 9 .5 9 .1 5

: 5 ................. 1 0 .2 10 .4 5

E. E v a lu a tio n  Of The R a y le ig h  S c a t t e r in g  P a ram e te r

U t i l i z i n g  th e  e x p re s s io n  f o r  th e  l a t t i c e  th e rm a l 

c o n d u c t iv i ty ,  in  Eq, (33) and  th e  e x p re s s io n  f o r  th e  

in v e r s e  phonon s c a t t e r i n g  r e l a x a t i o n  tim e , in  Eq. (3 5 ) ,  

th e  c o n s ta n ts  b and 3 w ere e v a lu a te d .  The v a lu e  u sed  f o r

th e  v e l o c i ty  o f  sound v^ was 35

Vg = 6 .42x10  cm s/se c  . (50)

The Debye te m p e ra tu re ,  0 was ta k e n  to  be 428 K. The v a lu e  

f o r  th e  l a t t i c e  th e rm a l c o n d u c t iv i ty ,  K^,was ta k e n  from  

W h ite 's  t a b l e as .

= 1 9 /T  ± 50% e rg s  cm’ ^ se c " ^  . (51)
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The r e s u l t s  a r e

b  ■ 4 .0x10” ® s e c /d e g re e  and 0 ■ 62 °K . (52)

Next» th e  c o n s ta n t  A was d e te rm in e d  in  th e  e x p re s s io n

f o r  S° (Eq, 3 6 ) . The v a lu e  u sed  f o r  S° was ta k e n  from  th e  
8 8

3^ og rap h  o f  G rip sh o v e r , V anZ ytveld  and B ass a t  100 K a s  

- 2 .1 6  yV/°K; s e e  F ig .  2 . The v a lu e  o f  A d e te rm in e d  i s .

A -  - .4 0  yV/°K . (53)

A t t h i s  p o in t  i n  o r d e r  to  d e te rm in e  th e  s c a t t e r i n g

p a ra m e te r ,  a ,  from  Eq. (3 9 ) ,  an e x p e r im e n ta l v a lu e  o f

i s  n e e d e d . These v a lu e s  w ere o b ta in e d  u s in g  M ethods I  and

I I  a s  d e s c r ib e d  in  th e  th e o ry  a t  100 °K. These s c a t t e r i n g

p a ra m e te rs ,  a ,  o b ta in e d  a r e  l i s t e d  i n  T able I I .

I t  i s  w o rth w h ile  to  compare th e s e  e x p e rim e n ta l

v a lu e s  w ith  th e  v a lu e s  o b ta in e d  from  th e  th e o r ie s  o f  Klemens

and  C a r ru th e r s  ( s e e  C h ap te r I I  S e c t io n  D ). U sing th e  a to m ic

-2 4  3volum e o f  th e  c r y s t a l  f o r  aluminum a s  16.53x10 cms , th e n  

from  Eq. (40)

a / c  = 6 .0 x 1 0 ” *® L®sec® /at % . (54)

2
In  Klemen’ s  th e o ry  th e  e x p re s s io n  f o r  L i s  g iv en  

by Eq. (4 1 ) .  Klemens s t a t e s  t h a t  f o r  v a c a n c ie s  AM/M = - 1 ,  

A F/F = - 1  and  Q = 3 .2  From W hite y = 2 .3 5  .
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I t  i s  a l s o  n e c e s s a ry  to  o b ta in  th e  r e l a t i v e  change 

in  th e  n e a r e s t  n e ig h b o r  d i s t a n c e ,  AR/R. From B u tc h e r ,
g

H u tto  and R uoff , th e  a c t i v a t i o n  volum e o f  a  vacancy  i s  

AV •  2 2 x 1 cms^.  The r a d iu s  o f  a  vacancy  i s  th e n

(AV)1 / 3 . 2 .8 0x10  ^ cms. The a to m ic  volum e f o r  an a lu m i­

num io n ,  A V._ i s  ta k e n  from  K i t t e l ^ ^  a s  16 .95x10  so  th a t  A1

« 2 .57x10  ^ cms. U sing K lem ens' method one 
2

o b ta in s  AR/R = + .041  . L can now be c a l c u la te d ;  one 
2

o b ta in s  L = .5 2  . Then from  K lem ens' th e o ry  one o b ta in s  

a / c  = 3 .1 x l0 ” ^ ^ se c ^ /a t .%  . From C a r r u th e r s ' th e o ry ,  u s in g  

Eq. (42) one o b ta in s  a / c  = 4 .4 x 1 0  ^ ^ s e c ^ /a t  % .

The v a lu e s  c a l c u la te d  f o r  a. by eac h  o f  th e  two 

m ethods f o r  each  quench te m p e ra tu re  o f  th e  w a te r - to -m e th a n o l 

p ro c e d u re  a r e  shown in  T ab le  I I .

TABLE I I

Quench

T em perature

Tq -(°c)

a / c  X 10*^ 

s e c ^ /a t .%

Method I Method I I

416 0 .3 1 6 .4

476 2 .0 1 8 .7

538 3 .4 2 0 .3

585 2 .9 1 9 .9

555 1 .1 1 8 .3
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I t  s h o u ld  b e  n o te d  t h a t  I f  t h i s  p ro c e d u re  w ere 

a p p l ie d  to  th e  n e g a t iv e  minimum i n  th e  therm opow er d a t a ,  

i t  w ould  g iv e  a  n e g a t iv e  v a lu e  o f  th e  s c a t t e r i n g  p a ra m e te r  

w hich  i s  n o n -p h y s ic a l .  T h is  im p lie s  t h a t  th e  n e g a t iv e  

minimum can  n o t  b e  e x p la in e d  a s  b e in g  due to  phonon d rag  

by  any  s im p le  th e o ry .

The change in  phonon d rag  therm opow er as  d e te rm in e d  

from  e x p e rim e n t u s in g  M ethods I  and  I I  i s  shown i n  F ig s .  31 

and  32, r e s p e c t iv e l y .  The te m p e ra tu re  dependence o f  th e  

t h e o r e t i c a l  e x p re s s io n  f o r  AS^ o b ta in e d  from  Eq. (39) has 

been  e v a lu a te d  and a ls o  h as  been  p l o t t e d  on F ig s .  31 and 32 

(d ash ed  l i n e s )  f o r  com parison  p u rp o s e s .  These t h e o r e t i c a l  

v a lu e s  have  been  n o rm a liz e d  to  th e  e x p e r im e n ta l v a lu e s  a t  

100 °K.

F. I n t r i n s i c  Thermopower Of A Vacancy In  Aluminum

I f  i t  can be  shown to  be  t r u e  t h a t  a t  150 °K, AS 

i s  s o l e l y  due to  th e  e l e c t r o n - d i f f u s io n  component and i f  

o n ly  m onovacancies a re  p r e s e n t ,  th e n  from  th e  s lo p e  o f  

F ig . 33 th e  i n t r i n s i c  therm opower o f  a  l a t t i c e  vacancy  in  

alum inum  i s  c ) 3 ± .5yV/°K  a t .  %. Then f o r

1 a t.%  o f  v a c a n c ie s ,  S^ = 3 .3  ± .5yV /°K , and  from  Eq. ( 8 ) ,

r  3AnA p i  
^3&ne j can  be c a l c u la te d  to  be  1 0 .4  .

5
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F ig u re  31. Change In  Phonon Drag Thennopower T em peratu re  

D ependence C urves: Method I

S o l id  L in es  Are D eterm ined  From E x p erim en t 

By M ethod I

D ashed L in es  Are Computed From Eq. (39)
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F ig u re  32. Change In  Phonon Drag Thennopower T em perature 

Dependence C urves: Method I I

S o l id  L in e s  Are D eterm ined  From E xperim ent 

By M ethod I I

Dashed L in es  Are Computed From Eq. (39)
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F ig u re  33. Change In  Thennopower Of Aluminum At 

150 °K V ersus Q uenched-In  Vacancy 

C o n c e n tra tio n
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G. P lo t s  Of tnAS And AnAp V ersus 1 /T

From th e  Ap p l o t  ( s e e  F ig .  34) f o r  th e

w a te r - to -m e th a n o l  quench f o r  Tq > 475 °C a  s lo p e  o f

3 .7 x 1 0 ^  °C i s  o b ta in e d  and  f o r  Tq < 475 °C th e  s lo p e  i s

c o n s i s t e n t  w ith  t h a t  o b ta in e d  by B ass whose d a ta  i s

shown f o r  com parison  p u rp o s e s .  From h i s  d a ta  a  s lo p e

o f  6 .4 x 1 0 ^  i s  o b ta in e d  f o r  Tq > 475 °C and  a  s lo p e  o f

7 .7 x 1 0 ^  i s  found  f o r  Tq < 475 °C w hich r e s u l t s  in

Eg * 0 .6 6  eV. The AS p l o t  ( s e e  F ig . 35) h a s  th e  same

s lo p e s ,  how ever th e  b re a k  p o in t  o ccu rs  a t  415 °C.

The Ap c u rv e  ( s e e  F ig .  36) f o r  th e  m ethano l

quench i s  o n ly  l i n e a r  to  n e a r  450 °C and  th e n  re a c h e s

-9a  s a tu r a t i o n  v a lu e  f o r  Ap w hich i s  ab o u t 2 .6x10  Gems. 

N ote t h a t  th e  AS cu rv e  ( s e e  F ig . 37) f o r  th e  m ethano l 

quench i s  v e ry  u n u s u a l.  At Tq = 462 °C , one o b ta in s  

A S /c  = 61 yV/°K a t .  %, an  ano m alo u sly  h ig h  v a lu e .
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F ig u re  34. S em i-L o g arith m ic  P l o t  Of The Q uenched-In  

R e s i s t i v i t y ,  Ap V ersus The R e c ip ro c a l 

T em p era tu re , 1 /T  

W ater-T o -Ife th an o l Quench
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F ig u re  35. S em i-L o g arith m ic  P l o t  Of The Change In  

Thermopower Due To V a c a n c ie s , AS V ersus 

The R e c ip ro c a l T em p era tu re , 1 /T  

W ater-T o-M ethanol Quench
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F ig u re  36. S e m i-L o g a rith m ic  P lo t  Of The Q uenched-In  

R e s i s t i v i t y ,  Ap V ersus The R e c ip ro c a l 

T em p era tu re , 1 /T  

M ethanol Quench
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F ig u re  37 . S em i-L o g arith m ic  P l o t  Of The Change In

Therinopower Due to  V a c a n c ie s , AS, V ersus 

The R e c ip ro c a l T em p era tu re , 1 /T  

M ethanol Quench
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V. DISCUSSION AND CONCLUSION

A, D isc u ss io n  Of R e s u lts  B ased On Method I

Hie a n a ly s i s  o f  th e  d a ta  b a se d  on Method I  i s  in  

k e e p in g  w ith  th e  commonly a c c e p te d  th e o ry  o f  e l e c t r o n -  

d i f f u s io n  therm opow er. I t s  u se  c r e a te s  a  m a jo r d i f f i c u l t y  

i n  i n t e r p r e t a t i o n  o f  th e  d a ta  p r e s e n te d  h e re  b e c a u se  i t  

im p lie s  t h a t  v a c a n c ie s  enhance th e  phonon d ra g  therm opow er 

o f  alum inum . No th e o ry  o f  phonon d rag  fo rm u la te d  to  d a te  

w i l l  p r e d i c t  t h i s  enhancem ent, a l th o u g h  a  p o s s ib le  e x p la n ­

a t io n  h a s  been  s u g g e s te d  by H uebener to  e x p la in  th e  same 

p rob lem  in  a l lo y s  o f  alum inum . H is h y p o th e s is  i s  t h a t  

t h i s  enhancem ent c o u ld  b e  due to  a n is o tro p y  o f  th e  

e l e c t r o n  s c a t t e r i n g  as  d e s c r ib e d  in  C h ap te r I .  A quan­

t i t a t i v e  p r e d ic t io n  o f  enhancem en t, how ever, i s  n o t  y e t  

p o s s ib le  by t h i s  m echanism .

B. D isc u ss io n  Of R e s u lts  B ased On Method I I

The fo llo w in g  i n t e r p r e t a t i o n  o f  th e  double-hum ped 

cu rv e  o f  therm opower o f  v a c a n c ie s  i s  p ro p o se d . The n e g a t iv e  

minimum a t  30 °K i s  due to  th e  e l e c t r o n - d i f f u s io n  therm o­

pow er and  th e  p o s i t i v e  maximum n e a r  85 °K i s  due to  th e  

phonon d rag  therm opow er. T h is i s  shown s c h e m a t ic a l ly  in  

F ig .  38.

This w ork p ro v id e s  e v id e n c e  t h a t  th e  n e g a t iv e  

minimum in  th e  vacancy  therm opow er cu rv e  i s  due to  th e

127
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F ig u re  38. P ro p o sed  R e s o lu t io n  Of The T o ta l  Change

In  Thermopower I n to  The E le c t ro n -D if fu s io n  

And Phonon Drag Components

A. Shows S c h e m a tic a lly  The Double-Humped 

Form Of The AS Curve

B. Shows S c h e m a tic a lly  The P roposed  Curves 

Of The Thermopower Components, AS^ and 

AS
g
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e l e c t r o n - d i f f u s i o n  com ponent. I t  I s  a p p a re n t .  In  f a c t ,  

from  F ig s .  19-23  t h a t  th e  N ie ls e n -T a y lo r  th e o ry  p r e d ic t s  

a  n e g a t iv e  minimum o f  th e  same m agnitude and o c c u r r in g  a t  

th e  same te m p e ra tu re  a s  th e  e x p e r im e n ta l ly  o b ta in e d  c u rv e s . 

T h is  s u c c e s s f u l  p r e d ic t io n  o f  th e  peak  te m p e ra tu re  was 

a l s o  fo u n d  by D ud en h o effe r and B ourassa^  I n  th e  c a se  o f  

alum inum  a l l o y s .  The c o n c e n tr a t io n  spanned  by th e  

v acancy  d a ta  and  th e  a l lo y  d a ta  I s  from  0 .33x10  ^ a t  % 

to  0 .5  a t.%  .

T here I s  a ls o  e v id e n c e  t h a t  th e  p o s i t i v e  maximum 

in  AS I s  th e  e x p e c te d  r e d u c t io n  o f  th e  phonon d rag  comr 

p o n e n t o f  therm opower due to  th e  v a c a n c ie s .  T h is  e v id e n c e  

a p p l ie s  b o th  to  M ethci I  and Method I I  and  comes from  th e  

c a l c u la t io n  o f  th e  R ay le ig h  s c a t t e r i n g  p a ra m e te r  a .  The 

e x p e r im e n ta l d e te rm in a tio n  o f  t h i s  p a ra m e te r  g iv e s  v a lu e s

c o n s i s te n t  w ith  th e  v a lu e s  c a lc u la te d  from  th e  t h e o r e t i c a l

21 22 e x p re s s io n s  o f  Klemens and C a rru th e rs  . In  a d d i t io n

th e  te m p e ra tu re  dependence o f  th e  change In  phonon d rag

therm opow er due to  v a c a n c ie s  in  aluminum h as  been  c a lc u la te d

12u s in g  th e  t h e o r e t i c a l  e x p re s s io n s  o f  H uebener . The a g re e ­

ment w ith  th e  e x p e r im e n ta l d a ta  i s  e x c e l l e n t .  T h e re fo re , 

t h i s  s u p p l ie s  more ev id en ce  t h a t  th e  phonon d rag  conçonent 

I s  s i g n i f i c a n t  In  t h i s  te m p e ra tu re  ra n g e . These c a lc u la t io n s  

w ere a l s o  made on two o f  th e  a l l o y  cu rv es  o f  H uebener^ and 

th e  r e s u l t s  a re  c o n s i s te n t  w ith  th e  p ro p o sed  e x p la n a t io n .
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C. D is c u s s io n  Of F orm ation  Energy R e s u lts

1 .  W ater-T o-M ethano l Quench: The monovacancy

fo rm a tio n  e n e rg y , E^, o b ta in e d  from  p l o t s  o f  AS and Ap 

a t e  c o n s i s t e n t  w i th  B a ss ' d a ta  below  Tq = 475 °C b u t th e  

s lo p e  i s  lo w e r  th a n  B a s s ' above = 475 °C . T his was 

e x p e c te d  b e c a u se  B ass u sed  a  b r in e  quench medium w hich g iv e s  

a  som ewhat h i ^ e r  quench r a t e  (6x10^ ° C /s e c ) .  The s l i g h t l y  

lo w e r  quench r a t e  in  t h i s  e x p e rim e n t (2 .5 x 1 0 ^  °C /se c )  

c a u s e s  a  h ig h e r  vacancy  lo s s  a t  h ig h  te m p e ra tu re s .  B rin e  

h a s  a  h ig h  e l e c t r i c a l  c o n d u c t iv i ty  and  was n o t  u sed  in  

t h i s  e x p e r im e n t.

2 . M ethanol Quench: The Ap p l o t  e x h i b i t s  th e  

e x p e c te d  b e h a v io r  o f  th e  s lo w e r quench ing  r a t e s  in  

alum inum , i . e .  th e  p l o t  i s  l i n e a r  a t  th e  low  quench tem­

p e r a t u r e s  b u t  re a c h e s  a  s a t u r a t i o n  v a lu e  and rem ains con-

28s t a n t  f o r  th e  h ig h e r  quench te m p e ra tu re s  . However, th e  

AS p l o t  i s  anom alous and a p p e a rs  to  have  a  maximum around  

Tq  = 460 °C . The fo rm a tio n  o f  vacancy  c l u s t e r s  d u rin g  

t h e  quench i s  p ro p o se d  as  a p o s s ib le  e x p la n a t io n  f o r  t h i s  

maximum. AS may b e  d i f f e r e n t  f o r  each  ty p e  o f  c l u s t e r .

T h is  p l o t  d e m o n s tra te s  th e  s e n s i t i v i t y  o f  AS to  th e  ty p e  

o f  s c a t t e r i n g  c e n te r  in  c o n t r a s t  w ith  Ap.

D. The I n t r i n s i c  Thermopower Of M onovacancies In  Aluminum 

In  C h a p te r  IV S e c tio n  G, a  v a lu e  f o r  AS/c fo r  

m o novacancies f o r  th e  w a te r - to -m e th a n o l quench i s  g iv e n .
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The v a lu e  o f  A S /c  (M ethod I )  ■ 3 .3  vV/°K a t ,  % . M ethod I  

w as u sed  to  c a l c u l a t e  AS^ w ith  th e  s t i p u l a t i o n  t h a t  two 

c o n d i t io n s  be m et. The f i r s t  c o n d i t io n  was t h a t  o n ly  mono­

v a c a n c ie s  w ere p r e s e n t .  T h is c o n d i t io n  may n o t  be  t r u e  

b e c a u se  o th e r  e x p e r i m e n t s ^ i n d i c a t e  a  la r g e  p e rc e n t­

age  o f  d iv a c a n c ie s  may be p r e s e n t  i n  e q u i l ib r iu m  a t  h ig h  

te m p e ra tu re s .  The e r r o r  in  th e  v a lu e  o f  A S/c due to  a 

d iv a c a n c y  c o n t r ib u t io n ,  how ever, i s  w i th in  th e  e x p e r im e n ta l 

e r r o r  o f  th e  d a ta .

The second  c o n d i t io n  was t h a t  a t  150 °K a l l  o f  

&S was due to  th e  e l e c t r o n - d i f f u s io n  com ponent, AS^.

U sing  M ethod I I  to  c a l c u la te  AS^ in d i c a te s  t h a t  th e r e  may 

b e  a  c o n s id e r a b le  amount o f  r e s id u a l  phonon d rag  component 

a t  150 °K. M ethod I I  g iv e s  a  v a lu e  f o r w h i c h  i s  

s l i g h t l y  n e g a t iv e  and i n  f a c t ,

A S^/c (Method I I )  = - 4 .1  yV/°K a t .  % .

I t  i s  c l e a r  t h a t  th e  i n t r i n s i c  therm opow er o f  a 

m onovacancy in  aluminum can n o t  b e  u n iq u e ly  s p e c i f i e d  

u n t i l  th e  amount o f  phonon d rag  p r e s e n t  i s  known.

E . S o u rces  Of E r ro r

T here was a  background  d r i f t  o f  up to  0 .1  pV o v er 

a  p e r io d  o f  a  few h o u rs  a t  77 °K and ab o v e . T his d r i f t  was 

a t t r i b u t e d  to  chang ing  e n v iro n m e n ta l c o n d i t io n s .  Long te rm  

te m p e ra tu re  d r i f t s  can  cause  te m p e ra tu re  g r a d ie n ts  w hich
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can  p ro d u ce  c o n s id e r a b le  s c a t t e r  i n  th e  d a ta .  The room 

te m p e ra tu re  v a r ie d  from  20 °C to  25 °C.

% e r e  was a  v a r i a t i o n  in  tenq> era tu re  a lo n g  th e  

specim en  le n g th  d u r in g  th e  a n n e a l .  The a c c u ra c y  o f  th e  

quench te m p e ra tu re  m easurem ent i s  e s t im a te d  to  be ±5 °C .

The maximum change o f  h o t  ju n c t io n  te m p e ra tu re  w ith  tim e 

was 1 °K p e r  m in u te . The e r r o r  i n  th e  h o t  ju n c t io n  tem­

p e r a tu r e  m easurem ent due to  t h i s  n o n -e q u il ib r iu m  s i t u a t i o n  

was found  to  be  n e g l i g i b l e .

A d i f f e r e n t  specim en  was made up f o r  each  ru n .

The e f f e c t  f o r  AS due to  v a r i a t i o n s  from  sam ple to  sam ple 

ta k e n  from  th e  same sp o o l a re  d i f f i c u l t  to  e s t im a te .  

V a r ia t io n s  i n  th e  quench from  ru n  to  run  due to  su ch  

f a c t o r s  a s  quench r a t e ,  v a r i a t i o n s  in  th e  room te m p e ra tu re  

a n n e a lin g  tim e , and  am ount o f  c o ld  w ork ing  o f  th e  s p e c i­

men, p ro b a b ly  c o n t r ib u te  to  a  l a r g e  p e rc e n ta g e  o f  th e  

s c a t t e r .  S y s te m a tic  e r r o r s  due to  in h e r e n t  i n s t a b i l i t y  in  

th e  a m p l i f i e r  sy stem s a r e  e s t im a te d  to  be 2% o f  th e  maximum 

change in  therm opow er.

V a r ia t io n s  from  1900 to  2400 o c c u r re d  in  th e  p u r i t y  

r a t i o ,  i . e .  th e  r e s i s t a n c e  r a t i o  o f  th e  w e ll -a n n e a le d  w ir e ,  

^ 9 5 °K ^ ^ 4  2°K’ T h is  r e p r e s e n te d  a  change o f  ± 12% in  th e  

c a l c u la te d  w e ll -a n n e a le d  r e s i s t i v i t y  a t  4 .2  °K. S in ce  th e  

q u e n c h e d -in  r e s i s t i v i t y  Ap i s  th e  d i f f e r e n c e  o f  th e  two 

r e s i s t i v i t i e s  o f  n e a r ly  th e  same v a lu e  e s p e c i a l l y  f o r  low
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c o n c e n t r a t io n s ,  th e  e r r o r  p ro d u ced  i n  4p from  v a r i a t i o n s  

i n  p u r i t y  r a t i o  i s  l a r g e .

From th e  s c a t t e r  o f  th e  d a ta  i n  th e  w a te r - t o -  

m ethano l quench , th e  th e rm o e le c t r ic  v o l ta g e  e r r o r  

e s t im a t io n  i s  ± 20% a t  30 and ± 6% a t  150 °K f o r  th e  

lo w e s t c o n c e n t r a t io n ,  and  i s  ± 1% a t  30 °K and  ± 2% a t  

150 °K f o r  th e  h ig h e s t  c o n c e n t r a t io n .  F o r th e  h ig h e s t  

c o n c e n t r a t io n ,  th e  therm opow er e r r o r  e s t im a t io n  i s  ± 5% 

a t  30 °K and  ± 10% a t  150 °K. From th e  s c a t t e r  o f  th e  

d a ta  in  th e  s e m i- lo g a r l th m lc  p l o t s ,  th e  e r r o r  in  AS and 

Ap i s  e s t im a te d  a s  ± 10% f o r  th e  h ig h e s t  quench 

te m p e ra tu re .

The s c a t t e r  in  th e  therm opow er c u rv e s  f o r  th e  

m ethanol quench i s  g r e a t e r  t h a n . i t  i s  in  th e  w a te r - t o -  

m ethano l quench p a r t i c u l a r l y  f o r  th e  l i q u i d  n i t r o g e n  b a th  

d a ta .  As t h i s  was an e a r l i e r  s e r i e s  o f  e x p e r im e n ts , th e  

in s t r u m e n ta t io n  was n o t  as good a s  in  th e  l a t e r  w a te r - t o -  

m ethano l quench s e r i e s .  H ence, th e  a c c u ra c y  i s  n o t  

e x p e c te d  to  be  a s  good.



LIST OF REFERENCES

1* H ueb en er, R. P . ,  P h y s, Rev. 1 7 1 , 634 (1 9 6 8 ).

2 .  N ie l s e n ,  P . E. and  T a y lo r , P . L . , A .E .C . T e c h n ic a l
R e p o rt No. 65 Coo623 IM pub llshed  (1 970 ).

3 .  N ie l s e n ,  P . E. and T a y lo r , P . L . , P h y s. Rev. L e t t .
371 (1 9 7 0 ).

4« N ie ls e n ,  P . E. and  T a y lo r , P . L . , P h y s. Rev. L e t t ,  
n ,  893 (1 9 6 8 ).

5 .  D u d en h o e ffe r , A. W. and B o u ra ssa , R. R ., P hys. Rev.
B5, 1651 (1 9 7 2 ).

6 .  B o u ra s sa , R. R . , L a z a ru s , D. and  B lack b u rn , D. A .,
P h y s . Rev. 1 6 5 , (1 9 6 8 ).

7 .  S e e g a r , A. and M ehrer, H ., V acancies And I n t e r s t i t i a l s
In  M e ta ls . (New Y ork: W iley 1 9 7 0 ).

8. B u tc h e r , B. M., H u tto , H. and R u o ff, A. L . , App. P hys.
L e t t .  2» 34 (1 9 6 5 ).

9 .  Doyama, M, and K o e h le r , J .  S . ,  P hys. R ev ., 134 , A522
(1 9 6 4 ).

1 0 . Simmons, R. 0 . and B a l l u f f l ,  R. W., P hys. R ev ., 1 7 ,
52 (1 9 6 0 ).

1 1 . Simmons, R. 0 . and B a l l u f f l ,  R. W., P hys. Rev. 17 ,
62 (1 9 6 0 ).

1 2 .  H u ebener, R. P . ,  P h y s . R e v ., 135 , A128 (1964 ).

1 3 . M a tth le s s e n ,  A ., Rep. B r i t .  A ss. 32, 144 (1 8 6 2 ).

1 4 . M acDonald, D. K. C ., T h e rm o e le c tr ic i ty :  An I n t r o d u c t io n
To The P r i n c i p l e s . (New Y ork: W iley 1 9 62).

1 5 . A nlm alu, A. 0 . E. and H e in e , V ., P h i l .  Mag. 12 , 1249
(1 9 6 5 ) .

135



136

16 . H a r r is o n , W. A .. P s e u d o p o te n t ia ls  In  The Theory Of
M e ta ls . (New Y ork; Benjam in 1 9 6 6 ).

17 . T h ew lis , J . ,  ed . E n cy c lo p aed ic  D ic t io n a ry  o f  P h y s ic s .
(Pergam on P re s s  1962) p .  203.

18 . R osenberg , H, M., Low T em peratu re  S o l id  S ta te  P h y s ic s ,
(O xford  1 963 ).

19. R a y le ig h , L o rd , Theory Of Sound, ^  (London 2nd Ed. 1896 ).

20 . Zimaii, J .  I I . ,  E le c tro n s  /m J rhor.ous (O xfo rd , 1960).
. , •

21. K lem ens, P . G ., P ro c . Phy. S o c . ,  A68, 1113 (London 1 9 5 5 ).

22 . C a r ru th e r s ,  P . ,  Rev. Mod. P h y s . ^  92 (1961).

23 . K i t t e l ,  C ., I n t r o d u c t io n  To S o l id  S ta te  P h y s ic s , 4 th  E d .,
(W iley , 1 971 ).

24 . W alker, C. T. and P o h l,  R. 0 . ,  P h y s. R e v ., 131 , 1433
(1 9 6 3 ).

25 . Simmons, R. 0 . and B a l l u f f l ,  R. W., P h y s. R ev ., 125 ,
862, (1 9 6 2 ).

26 . M e sh ii, M ., McComb, J .  A ., Chen, K. Y. and M ori, T. H .,
The N a tu re  Of Sm all D e fe c ts , Ed. M. J .  M akin,
(H. M. S ta t io n a r y  O ff ic e  1966) p .  84.

27. Doyama, M ., L a t t i c e  D e fec ts  In  Quenched M e ta ls , Ed.
R. M. J .  C o t t e r i l l ,  e t  a l .  (Academic P r e s s ,  New York 
1965) p .  163.

28 . B ass , J . ,  P h i l .  Mag. (GB), 3 ^ , 717 (1 9 6 5 ).

29 . A nderson , A. C ., Rev. o f  S c i .  I n s t . ,  39, 605 (1 9 6 8 ).

30. B a u e r le , J .  E. and K o e h le r , J .  S . ,  P h y s . R ev ., 1 0 7 , 1493,
(1 9 5 7 ).

31. H uebener, R. P . ,  P hys. R e v ., 1 3 0 , A1740 (1964).

32. S p a rk s , L. L . , P o w e ll, R. L. and  H a l l ,  W. J . , N. B. S.
R ep o rt 9712 (B o u ld e r, C o lo ra d o ).

33. W hite , G. K ., E x p erim en ta l T echniques In  Low-T em perature
P h y s ic s , 2nd Ed. (O xford  1 9 6 8 ).

34. G rip sh o v e r , R. J . , V anZ ytveld , J .  B . , and B ass , J . ,
P hys. Rev. 163, 598 (1 9 6 7 ).



137

35. Handbook Of C hem istry  Arid P h y s ic s . 4 8 th  Ed, (1 9 6 7 -6 8 ),
E -37 .

3 6 . W hite , G. K ., T h erm o co n d u c tiv ity  (P ro c e e d in g s  o f  th e
E i ^ t h  C onferen ce) p .  37


