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ABSTRACT 

T h e n n o e f e c t r i c  power measurements have been made 

over t h e  t empera tu re  range  1.2K t o  7K i n  a p p l i e d  magnet ic  

f i e l d s  up  t o  50 K O e  on d i l u t e  a l l o y s  of Fe i n  Au, Cu and 

Rh and of Ce i n  Au, A l l o y  c o n c e n t r a t i o n s  were i n  t h e  

range .06 t o  250 p,p.m. a tomic.  

It has been shown t h a t  t h e  observed r e s u l t s  on 

a l l o y s  of  Fe  i n  Au can be expla ined  q u a l i t a t i v e l y  a s  

a r i s i n g  from Fe-Fe i n t e r a c t i o n s ,  and  t h e  i n t e r n a l  f i e l d s  

p r e d i c t e d  by a s imp le  p a i r  i n t e r a c t i o n  a r e  seen  t o  be  o f  

t h e  same o r d e r  o f  magnitude a s  found from ~ 6 s s b a u e r  e x p e r i -  

ments. The magnetothermopower r e s u l t s  show t h a t  t h e  i n t e r -  

a c t i o n s  ex tend  t o  tens  of l a t t i c e  spac ings ,  

A t h e o r e t i c a l  model f o r  t h e  d i s t r i b u t i o n  f u n c t i o n  

d e s c r i b i n g  t h e  i n t e r n a l  f i e l d s  proposed by K l e i n ,  based on 

a Ruderman-Xittel-Yosida i n t e r a c t i o n ,  i s  shown n o t  t o  f i t  

t h e  ~Gssbauer r e s u l t s  of Window, nor exp la in  t h e  observed 

magnetothermopower r e s u l t s  i n  Au Fe.  

It i s  shown t h a t  a t  extreme d i l u t i o n  of  less than  

1 p.p.m. and i n  high f i e l d s ,  t h e  & F e  a l l o y  r e s u l t s  a g r e e  

w i t h  p r e d i c t i o n s  of t h e o r y  proposed by Weiner and ~ g a 1 - ~ o n o d .  
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A c o r r e l a t i o n  i s  noted between t h e  ex i s t ence  of 

s t r o n g  i n t e r n a l  f i e l d s  a s  repor ted  by Window and T/T~; 

this is  f u r t h e r  i l l u s t r a t e d .  'by t h e  magnetothermopower 

r e s u l t s  i n  Au Fe and - Cu Fe a l l o y s  which show t h e  ex i s t ence  

of Fe-Fe i n t e r a c t i o n s  i n  Au, b u t  n o t  i n  Cu .  Since t h e  long- 

range i n t e r a c t i o n  e x i s t s  v i a  t h e  intermediary a c t i o n  of t h e  

conduction e l e c t r o n s  it i s  e a s i l y  broken up by l a t t i c e  

v i b r a t i o n s  above temperatures  of t h e  o rde r  of 10  t o  30K; 

it is a l s o  p rogress ive ly  screened ou t  as t h e  tempe- l a t u r e  

i s  lowered below t h e  Kondo temperature TK by formition of 

the  Nagaoka bound s t a t e  between t h e  conduction e l e c t r o n s  

and t h e  d e l e c t r o n s  of t h e  l o c a l i s e d  moments. I n  Au Fe 

a l l o y s  wi th  T K z l K ,  t h i s  l eaves  a  temperature range from 

about 3 0 K  t o  below 1 K  f o r  s t r o n g  i n t e r a c t i o n  t o  e x i s t ,  bu t  

f o r  - Cu Fe a l l o y s  wi th  TK518K, t h e  i n t e r a c t i o n  begins t o  be 

screened o u t  a s  t h e  temperature i s  lowered, before  t h e  de- 

c r e a s e  i n  l a t t i c e  v i b r a t i o n s '  has  allowed it t o  form. 

A method f o r  producing very high p u r i t y  Au con- 

t a i n i n g  l e s s  than  0  .1 p.p .m. atomic Fe was developed a s  a  

means f o r  producing t h e  d i l u t e  a l l o y s  required f o r  t h i s  

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



Anomalies i n  t h e  - Au F e  and - Cu F e  a l l o y  d a t a  have 

been i n t e r p r e t e d  as due t o  superconduct ing t r a n s i t i o n s  

o c c u r r i n g  i n  Pb i m p u r i t i e s  p r e s e n t  t o  the e x t e n t  of o n l y  

a few p a r t s  p e r  m i l l i o n  and b e l i e v e d  t o  b e  s epa ra t ed  i n  sub- 

microscopic  o c c l u s i o n s  throughout  t h e  a l l o y .  

The measurements made on - Rh Fe and g C e  a l l o y s  

are r e p o r t e d  w i t h o u t  comment because they  appear  t o  r ep re -  

s e n t  q u i t e  d i f f e r e n t  systems from Fe and F e ,  t h u s  

r e q u i r i n g  q u i t e  d i f f e r e n t  t h e o r e t i c a l  i n t e r p r e t a t i o n ,  and 

because t h e  work done h e r e  h a s  shown t h e  need f o r  e x t e n s i v e  

f u r t h e r  work on a l l o y  p r e p a r a t i o n  i n  o r d e r  t o  produce 

meaningful  r e s u l t s .  



ACKNOWLEDGEMENTS 

I should l i k e  t o  exp res s  my thanks  t o :  

D r .  R .  Haer ing,  f o r  ex tending  t o  m e  t h e  f a c i l i t i e s  

of t h e  Phys i c s  Department a t  Simon F r a s e r  U n i v e r s i t y .  

D r .  D .J. Hunt ley ,  my t u t o r ,  f o r  a c c e p t i n g  me, 

a l b e i t  "wi th  t r e p i d a t i o n " ,  and f o r  b e a r i n g  w i t h  me w i t h  much 

p a t i e n c e .  H i s  guidance w a s  a  g r e a t  h e l p  and comfort .  

D r .  D.S. R u s s e l l  and D r .  T. Ty-mchuk of  t h e  Nat iona l  

Research C o u n c i l  i n  Ottawa, who performed a n a l y s e s  o f  t h e  Au 

w i r e  specimen, and t h e  s t a f f  of t h e  Mineral  Sc i ences  D i v i s i o n ,  

Department of Energy,  Mines and Resources i n  Ottawa who 

analyzed t h e  Rh w i r e  specimens. 

D r .  J. Kopp, f o r  performing t h e  r e s i s t i v i t y  measure- 

ments v s .  t empera ture  on t h e  Rh w i r e  specimens t o  determine 

t h e i r  Fe  c o n c e n t r a t i o n s ,  and f o r  s t i m u l a t i n g  and h e l p f u l  d i s -  

c u s s i o n s .  

M r .  J. Merc i e r ,  who performed t h e  e l e c t r o n  beam 

vacuum evapora t ions  f o r  me, and a l l  t h e  members of  t h e  Phys ics  

Department s t a f f ,  who a s s i s t e d  me i n  s o  many ways. 

The r e s e a r c h  was l a r g e l y  supported by g r a n t s  from 

t h e  Na t iona l  Research Counci l ,  Ottawa. 



CONTENTS 

Page 

ABSTRACT iii 

ACKNOWLEDGEMENTS 

CHAPTER 1 INTRODUCTION 

CHAPTER 2 

CHAPTER 3 

CHAPTER 4 

L o c a l i s e d  M o m e n t s  
T h e r m o e l e c t r i c  P o w e r s  
R e v i e w  of F i e l d  E f f e c t s  
T h e  P r e s e n t  E x p e r i m e n t s  

APPARATUS AND EXPERIMENTAL 
METHODS 

T h e  C r y o s t a t  
Superconduct ing M a g n e t  and 

M a g n e t  P o w e r  Supply 
T h e r m o m e t r y  
V o l t a g e  M e a s u r i n g  C i r c u i t  
M e a s u r e m e n t  P r o c e d u r e  

PREPARATION OF GOLD-IRON 
SPECIMENS 

M e a s u r e m e n t  of Iron 
C o n c e n t r a t i o n  

Procedure and R e s u l t s  
D i f f u s i o n  R a t e  of I ron  i n  

G o l d  

EXPERIMENTAL RESULTS ON ALLOYS 
OF Fe I N  A u  

T h e r m o e l e c t r i c  p o w e r  v s  
T e m p e r a t u r e  

E f f e c t s  of M a g n e t i c  F i e l d  
on T h e r m o e l e c t r i c  P o w e r  

v i i  



CONTENTS (con t  ' d) 

CHAPTER 5 . THEORY 

0 
Weiner and Beal-Monod 

Theory and Comparison 
w i t h  Experiment 

Kondo Theory w i t h  P a i r  I n t e r -  
a c t i o n  Model and Theor i e s  
of  Marsha l l  and Kle in  

Exper imental  Evidence and 
C r i t i q u e  of Theor i e s  

CHAPTER 6 EXPERIMENTS ON Cu Fe ALLOYS 

P r e p a r a t i o n  of  Samples 
Exper imental  R e s u l t s  and 

Di scuss ion  

a )  R e s i s t i v i t i e s  and 
Fe  Concent ra t ions  

b) Thermoelec t r ic  Power 
v s  Temperature 

c) E f f e c t  of Magnetic 
F i e l d  on SF, 

d) Magnetores is tance 
Cor rec t ion  

e)  E f f e c t  of Magnetic 
F i e l d  on Specimen from 
which Fe Separated and 
on Cu Con t ro l  

Summary 

CHAPTER 7 EXPERIMENTS ON =e and S C e  
ALLOYS 

CONCLUSIOS 

v i i i  



CONTENTS ( c o n t  ' d )  

APPENDICES 

A . 1  D e s i g n  of Q u a r t z  R o d  H e a t e r  
C o i l s  hl and h2 

A . 2  H e a t  L e a k s  t o  Q u a r t z  R o d  and 
T h e r m o c o u p l e  C o n t a c t s  

LIST OF 
REFERENCES 

A . 3  T h e r m a l  R e s i s t a n c e  of &-Fe 
S p e c i m e n s  and T h e r m a l  D i f  f u -  
s i o n  T i m e s  

A . 4  S o l d e r s  i n  H i g h  M a g n e t i c  F i e l d s  

A . 5  L i q u i d  H e l i u m  L e v e l  G a u g e  

A . 6  M e a s u r e m e n t  of R e s i d u a l  R e s i s -  
tance R a t i o s  and C a l c u l a t i o n  
of B u l k  R e s i s t a n c e  R a t i o  

A .7  R e s i d u a l  R e s i s t a n c e  R a t i o  due 
t o  O t h e r  I m p u r i t i e s  i n  - A u  F e  
A l l o y s .  

P a g e  

1 7 3  



LIST OF TABLES 

Res idua l  r e s i s t a n c e  r a t i o s ,  thermo- 
e l e c t r i c  powers and Fe c o n c e n t r a t i o n s  
of  Au F e  a l l o y s  

Spec t rog raph ic  a n a l y s i s ,  by c a r r i e r  
d i s t i l l a t i o n ,  of  samples of gold w i r e  
b e f o r e  and a f t e r  t r ea tmen t  w i th  
c h l o r i n e  g a s  

Res idua l  r e s i s t a n c e  r a t i o s ,  thermo- 
e l e c t r i c  powers and Fe c o n c e n t r a t i o n s  
of  &I Fe  a l l o y s  

Res idua l  r e s i s t a n c e  r a t i o s ,  thenno- 
e l e c t r i c  powers and Fe c o n c e n t r a t i o n s  
o f  Rh F e  a l l o y s  

Res idua l  r e s i s t a n c e  r a t i o s  and thermo- 
e l e c t r i c  powers of - A u  Ce a l l o y s  

Page 

52 

57 

132 

153 

162 



LIST OF FIGURES 

The Cryos ta t  

Power supply f o r  Magnion super- 
conducting magnet 

Helium blow-off s a f e t y  p o r t s  

C a l i b r a t i o n  curve of - Au Fe secondary 
re fe rence  

Thermoelectr ic  vol tage  measuring 
c i r c u i t  

Por t ion  of thermoelec t r ic  vol tage  
measuring c i r c u i t  showing e f f e c t  of 
leakage r e s i s t a n c e s  

Ba t t e ry  supply and c o n t r o l  u n i t  

Change of i r o n  concent ra t ion  with 
c h l o r i n e  t rea tment  time a t  8 5 0 ~ ~  f o r  
Au wi res  0.08 mrn. diameter o r i g i n a l l y  
con ta in ing  250 p.p.m. atomic Fe 

C h a r a c t e r i s t i c  thermoelec t r ic  power vs  
temperature f o r  our 230, 83 and 0.54 
p.p.m. atomic Fe a l l o y s  i n  Au with 
measured S repor ted  by Kopp (1969),  
MacDonald e t  a 1  (1962) , Pearson and 
Templeton (1961) 

Page 

15  

C h a r a c t e r i s t i c  thermoelec t r ic  power of 
Fe i n  Au p l o t t e d  a g a i n s t  temperature and 
showing concent ra t ion  dependence 66 

Change i n  the rmoe lec t r i c  power with 
appl ied  f i e l d .  230 p.p.m. atomic Fe i n  Au 7 5  



LIST OF FIGURES (con t  Id) 

Paqe 

Change i n  t h e r m o e l e c t r i c  power w i t h  
a p p l i e d  f i e l d .  43 p.p.m. atomic Fe i n  . 
Au 76 

Change i n  t h e r m o e l e c t r i c  power w i t h  
a p p l i e d  f i e l d .  0.54 p.p.m. atomic Fe  
i n  Au 77 

Change i n  t h e r m o e l e c t r i c  power w i t h  
a p p l i e d  f i e l d .  <0.16 p.p.m. atomic 
F e  i n  Au 78 

Change i n  t h e r m o e l e c t r i c  power w i t h  
a p p l i e d  f i e l d .  Four a l l o y s  a t  4.35K 80 

Change i n  t h e r m o e l e c t r i c  power w i t h  
a p p l i e d  f i e l d .  Four a l l o y s  a t  3.37K 8 1  

Change i n  t h e r m o e l e c t r i c  power w i th  
a p p l i e d  f i e l d .  Four a l l o y s  a t  2.45K 82 

Change i n  t h e r m o e l e c t r i c  power w i t h  
a p p l i e d  f i e l d .  Four a l l o y s  a t  1.56K 83 

Change i n  t h e r m o e l e c t r i c  power w i th  
a p p l i e d  f i e l d .  Expanded p l o t  a t  low 
f i e l d s :  230 p.p.m. atomic Fe i n  Au 86 

Magnetic f i e l d  Hc a t  middle of s t e p  
anomaly v s  t empera ture  T i n  Au Fe 
a l l o y  c o n t a i n i n g  230 p.p.m. a tomic F e  89  

Magnetothermopower of 0.54 p.p.m. atomic 
F e  i n  Au a l l o y  a t  1.46K showing l i n e a r  
1 /H behaviour  i n  f i e l d s  above 35 K O e  106 

Spin  energy s t a t e s  i n  an  i n t e r n a l  f i e l d  
H i  w i t h  added e x t e r n a l  f i e l d  H - I s i n g  
model 109 

x i i  



LIST OF FIGURES (cont'd) 

Magnetothermopower on Kondo theory 
for a simple pair interaction giving 
field Hi at each interacting atom 

Schematic field probabilities at low T 
(from Marshall, 1960) 

Photog.raph of typical Cu sample en- 
larged 2 - 6 times showing flat A T 
coil and straight To specimen 

Characteristic thermoelectric power 
of Cu Fe alloys 

Change in thermoelectric power with 
applied field in - Cu Fe alloys contain- 
ing 47 p.p.m. and 5.6 p. p.m. atomic Fe 

Change in thermoelectric power with 
applied field in Cu specimen from which 
approx. 75 p.p.m. atomic Fe was separa- 
ted out by cooling slowly from 8 5 0 ~ ~  

Change in thermoelectric power with 
applied field in Cu control cooled 
slowly from 850•‹C 

Thermoelectric power vs temperature in 
Rh Fe alloys - 
Change in thermoelectric power with 
applied field in Rh Fe alloy containing 
0.25 at .% Fe, El =loy 18507 as 
received 

Change in thermoelectric power with 
applied field in Rh Fe alloy containing 
0.25 at .% Fe, El =loy 18507 annealed 
725Oc 

xiii 



LIST OF FIGURES (cont 'd) 

Change in thermoelectric power with 
applied field in &I Fe alloy con- 
taining 0.12 at.% Fe, El alloy 18499 
annealed 725O~ 

Change in thermoelectric power with 
applied field in - Rh Fe alloy con- 
taining 0-01 at .% Fe, Engelhard (pure) 
Rh annealed 725O~ 

Thermoelectric power vs temperature in 
Au Ce alloys - 
Change in thermoelectric power with 
applied field in sample Ace 

Change in thermoelectric power with 
applied field in sample BCe 

Diagram of radiation shield for calcu- 
lation of heat leak by radiation to 
quartz rod 

Diagram of thermal anchors for calcu- 
lation of heat leaks along thermo- 
couple leads 

Diagram of quartz rod - copper rod 
junction for calculation of thermal 
resistance 

Specimen holder for measurement of 
residual resistance ratio 

Measured vs bulk residual resistance 
ratios of Au wires .004 cm. and 
-005 cm. diameter 

Page 



THERMOELECTRIC POWER OF DILUTE ALLOYS OF 

TRANSITION METAL ATOMS I N  NOBLE METALS AND THE 

EFFECTS ON THEM OF MAGNETIC FIELDS 

CHAPTER 1 

INTRODUCTION 

Al loys  c o n s i s t i n g  of very small  amounts of t r a n s i t i o n  

elements as i m p u r i t i e s  i n  noble metals have shown anomalous 

behaviour a t  low temperatures ,  a l l  t h e  e l e c t r o n i c  p roper t i e s  

of t h e  meta ls  be ing  s t rong ly  a f f e c t e d .  The experimental  and 

t h e o r e t i c a l  evidence h a s  pointed t o  these  e f f e c t s  having a 

magnetic o r i g i n  and being concerned with t h e  s c a t t e r i n g  of 

t h e  conduction e l e c t r o n s  i n  t h e  metal  a t  i s o l a t e d  magnetic 

impuri ty  s i t e s .  It t h e r e f o r e  appeared t h a t  u s e f u l  i n f o r -  

mation could be obtained about t h e s e  s c a t t e r i n g  c e n t e r s  by 

s tudying  t h e  e f f e c t  of s t rong  ex te rna l  magnetic f i e l d s ,  

p a r t i c u l a r l y  on t h e  anomalous thermoelec t r ic  powers which 

theory  i n d i c a t e s  a r e  propor t ional  not  t o  t h e  s c a t t e r i n g  c r o s s  

s e c t i o n s  bu t  t o  t h e  r a t e  of change of t h e  s c a t t e r i n g  c r o s s  

s e c t i o n s  wi th  e l e c t r o n  energy i n  t h e  neighbourhood of t h e  

Fermi s u r f a c e .  Thus t h e  information so  obtained should be 

s i g n i f i c a n t l y  d i f f e r e n t  from t h a t  obtained from r e s i s t i v i t y  

o r  s p e c i f i c  h e a t  measurements, and could be expected t o  throw 

new l i g h t  on t h e  s u b j e c t .  



Prev ious  measurements on gold- i ron a l l o y s  had shown 

marked f i e l d  dependence w i t h  t h e  t h e r m o e l e c t r i c  power i n -  

c r e a s i n g  when a n  e x t e r n a l  f i e l d  was app l i ed .  It was accord-  

i n g l y  dec ided  t o  s t u d y  t h i s  - Au-Fe system f u r t h e r ,  bo th  by 

app ly ing  l a r g e r  e x t e r n a l  f i e l d s  and by p repa r ing  more d i l u t e  

a l l o y s ,  f o r  r ea sons  which a r e  d i scus sed  i n  more d e t a i l  below. 

S e v e r a l  o t h e r  a l l o y s  were s t u d i e d  by t h e  same t e c h n i q u e s ,  

chosen i n  each c a s e  because t h e y  had a l r e a d y  been shpwn t o  

e x h i b i t  g i a n t  t h e r m o e l e c t r i c  power i n  t h e  l i q u i d  hel ium 

tempera ture  range .  I n  a d d i t i o n ,  something w a s  e i t h e r  known 

a l r e a d y  about  the f i e l d  dependence a s  i n  t h e  c a s e s  o f  g - F e  

and s - F e ,  o r  t h e y  r ep re sen ted  a  s i g n i f i c a n t l y  d i f f e r e n t  

system a s  i n  t h e  c a s e  of  %-Fen i n  which t h e  R h  a s  w e l l  a s  

t h e  F e  h a s  an  u n f i l l e d  d e l e c t r o n  s h e l l  and a s  i n  t h e  c a s e  

of  &-Ce, i n  which Ce i s  a  r a r e  e a r t h  w i t h  u n f i l l e d  f e l e c t r o n  

shell. 

Loca l i s ed  Moments 

The problem o f  l o c a l i s e d  moments i s  w e l l  documented i n  

t h e  l i t e r a t u r e  w i t h  a  r e c e n t  review a r t i c l e  by Daybel l  and 

S t e y e r t  (1968) cove r ing  most of  t h e  r e c e n t  exper imenta l  work 

done up t o  t h a t  t i m e  and inc lud ing  t h e  t h e o r e t i c a l  work done 

on t h e  s u b j e c t .  I n  b r i e f  o u t l i n e  t h e  exper imental  work had 

shown d e p a r t u r e s  from a Cur i e  l a w  f o r  t h e  s u s c e p t i b i l i t y  



below some c r i t i c a l  temperature,  a minimum i n  t h e  e l e c t r i c a l  

r e s i s t i v i t y ,  a maximum i n  t h e  s p e c i f i c  h e a t  and a g i a n t  nega- 

t i v e  the rmoe lec t r i c  power wi th  a maximum a t  some c r i t i c a l  

temperature Tc.  The f i r s t  major t h e o r e t i c a l  success  was 

achieved by Kondo (1964) i n  expla in ing  t h e  r e s i s t a n c e  mini- 

mum. A c r i t i c a l  Kondo temperature Tk was defined i n  r e l a t i o n  

t o  t h e  r e s i s t i v i t y  phenomenon a s  a parameter of each noble 

metal  and it appears on both t h e o r e t i c a l  and experimental  

grounds t h a t  t h e  maximum of t h e  c h a r a c t e r i s t i c  thermoelec t r ic  

power occurs  a t  T = 4  Tk. Subsequent t h e o r e t i c a l  work, however, 

has  produced d i v e r s  d e f i n i t i o n s  of Tk and t h e  ma t t e r  i s  the re -  

f o r e  somewhat imprecise.  

Subsequent t o  Kondofs i n i t i a l  work, a number of workers 

(Nagaoka 1965, Suhl 1965, Abrikosov 1965) pointed ou t  t h a t  

h i s  pe r tu rba t ion  t reatment  breaks down below Tk due t o  t h e  

formation of what h a s  been termed a quasi-bound s t a t e  i n  which 

t h e  t r a n s i t i o n  metal  sp ins  a r e  compensated o r  screened ou t  by 

a cloud of conduction e l e c t r o n s .  Th i s  produces depar tu res  

from a Curie  law i n  t h e  magnetic s u s c e p t i b i l i t y  and t h i s  i n  

t u r n  should be r e f l e c t e d  i n  t h e  e f f e c t  of e x t e r n a l  magnetic 

f i e l d s  on t h e  thermopower. More w i l l  be s a i d  on t h i s  below 

i n  connection w i t h  t h e  i n t e r p r e t a t i o n  of our  experimental  

r e s u l t s ,  



Severa l  a t t empts  have been made t o  provide a  theory  

covering t h e  whole range above and below Tk and more 

r e c e n t l y  t h i s  h a s  been achieved by Riv ie r  and Zuckermann 

(1968) i n  terms of l o c a l i s e d  sp in  f l u c t u a t i o n s  which in- 

volve a  continuous formation and breakdown of  t h e  quas i -  

bound s t a t e  fol lowing a more o r  l e s s  random p a t t e r n  wi th  

a r e s u l t i n g  s t a t i s t i c a l l y  probable l i f e  t ime f o r  t h e  bound 

s t a t e .  

S p e c i f i c  a t tempts  t o  d e a l  t h e o r e t i c a l l y  wi th  t h e  g i a n t  

the rmoe lec t r i c  powers have been made by Kondo (1965) ,  by 

Suhl and Wong (1967) , by F i scher  (1968) and by Maki (1969) ; 

t h e s e  w i l l  be d iscussed  f u r t h e r  below. 

A u s e f u l  review of t h e  whole f i e l d  wi th  emphasis on t h e  

e f f e c t s  of magnetic f i e l d s  and on thermoelec t r ic  power da ta  

i s  given by Kopp (1969) . 
Thermoelectr ic  Powers 

The the rmoe lec t r i c  power S of a  m a t e r i a l  i s  defined a s  

t h e  vo l t age  g r a d i e n t  produced i n  t h e  m a t e r i a l  by a  tempera- 

t u r e  g rad ien t  under condi t ions  of zero c u r r e n t  flow 



Calcu la t ion  of t h e  t r a n s p o r t  p r o p e r t i e s  f o r  t h e  

e l e c t r o n s  i n  a  metal  leads  t o  an expression (Ziman, 1964, 

chap te r  7) 

where a' (E) i s  t h e  e l e c t r i c a l  conduct iv i ty  due t o  e l e c t r o n s  

of energy E which i s  propor t ional  t o  t h e i r  mean s c a t t e r i n g  

l i f e  t ime.  Since t h e  d e r i v a t i v e  is  evaluated a t  t h e  Fermi 

energy E F ,  t h i s  expression shows t h a t  t h e  the rmoe lec t r i c  

power i s  a  func t ion  of t h e  energy dependence of t h e  e l e c t r o n  

s c a t t e r i n g  i n  t h e  neighbourhood of t h e  Fermi su r face .  

It o f t e n  happens t h a t  more than one s c a t t e r i n g  process  

i s  involved,  a f f e c t i n g  t h e  conduct iv i ty  6', but  i n  genera l  

each process  w i l l  have a  d i f f e r e n t  energy dependence a t  t h e  

Fermi su r face  and so  t h e i r  con t r ibu t ions  t o  t h e  t o t a l  thermo- 

e l e c t r i c  power w i l l  be very d i f f e r e n t  and may even be of 

oppos i te  s i g n .  I f  Si i s  t h e  thermoelec t r ic  power which 

s c a t t e r i n g  process  i would produce i f  it ac ted  a lone  o r  was 

s t r o n g  enough t o  completely dominate t h e  e l e c t r o n  s c a t t e r i n g ,  

and i f  f i  i s  t h e  con t r ibu t ion  t h a t  t h i s  s c a t t e r i n g  process  

makes t o  t h e  e l e c t r i c a l  r e s i s t i v i t y  of t h e  meta l ,  then t h e  

Nordheim-Gorter r u l e ,  which can be der ived  from ( 1 . 2 ) ,  shows 



t h a t  f o r  n d i f f e r e n t  s c a t t e r i n g  processes  

T h i s  r e l a t i o n  is  important when w e  wish t o  analyse  t h e  

thermoelec t r ic  power due t o  one p a r t i c u l a r  s c a t t e r i n g  

process .  I n  our  case  it can be g r e a t l y  s i m p l i f i e d ,  

because t h e  magnitude of t h e  thermopower produced by t h e  

l o c a l i s e d  moments i s  so l a r g e  t h a t  a l l  t h e  o t h e r  S i c a n  

be neg lec ted ,  in. comparison. 

Kondo (1965),  us ing  a  pe r tu rba t ion  c a l c u l a t i o n ,  

fol lowing e s s e n t i a l l y  t h e  same p r i n c i p l e s  which he had 

used s u c c e s s f u l l y  t o  c a l c u l a t e  t h e  r e s i s t i v i t y  anomaly, 

der ived  a  formula f o r  t h e  thermoelec t r ic  power of t h e  

l o c a l i s e d  magnetic moments, 

i n  which H i s  t h e  r e s u l t a n t  magnetic f i e l d  a t  t h e  s i t e  of a  

t r a n s i t i o n  impuri ty  atom and p ( 2 h H )  i s  i t s  d i s t r i b u t i o n  

func t ion  f o r  which a  form must be found o r  assumed. 

Qs (~/uBH/KT) i s  a  func t ion  of t h e  impurity sp in  a s  w e l l  

as H and h a s  an e x p l i c i t  form given by Kondo. Th i s  equation 

i s  d iscussed  i n  a  publ ished paper by Huntley and Walker (1969) 

where it i s  shown t o  provide a  reasonable explanat ion  of a t  



l e a s t  some of t h e  r e s u l t s  which we have obtained.  

Since Kondols pe r tu rba t ion  t reatment  i s  thought t o  

break down below t h e  Kondo temperature TK, o t h e r  theo- 

r e t i c a l  a t tempts  have been made t o  avoid t h i s .  Suhl and 

Wong (1966) produce curves which a r e  smooth through TK 

bu t  t h e i r  r e s u l t s  a r e  n o t  given i n  a n a l y t i c  form and they  

do not  inc lude  t h e  f i e l d  H. F ischer  (1968) and Maki (1969) 

o b t a i n  a n a l y t i c a l  expressions f o r  t h e  thermopower bu.t 

again they  conta in  no f i e l d  dependence, 

The f i r s t  discovery of t h e  "g iant"  the rmoe lec t r i c  

power of d i l u t e  a l l o y s  a t  low temperatures were made by 

Bore l ius  e t  a l .  (1930, 1932) . They s tud ied  d i l u t e  a l l o y s  

of i ron  i n  Au and Cu and found l a r g e  negat ive  thermopowers 

of t h e  o rde r  of -10 /LIV/K. Since then ,  s i m i l a r  " g i a n t "  

thermopowers have been observed i n  a number of o t h e r  d i l u t e  

a l l o y s  of t r a n s i t i o n  elements i n  noble metals  ( a s  given i n  

review a r t i c l e s  by van den Berg (1964) and by Daybell  and 

S t e y e r t  (1968) . I n  a d d i t i o n ,  Coles (1964) has  repor ted  

a l a r g e  thermopower f o r  a d i l u t e  a l l o y  of Fe i n  Rh and 

Gainon e t  a l .  (1966) ,  who s tud ied  a l l  t h e  r a r e  e a r t h s  

except Pm, r e p o r t  "g ian t "  va lues  f o r  d i l u t e  a l l o y s  of Ce 

and Eu i n  both Au and A g .  



Review of F i e l d  E f f e c t s  

The f i rs t  observat ion  of t h e  e f f e c t s  of an e x t e r n a l l y  

appl ied  magnetic f i e l d  on one of t h e  "g ian t "  thermoelec t r ic  

powers was made by MacDonald and Pearson (1957),who found 

t h a t  f o r  a l l o y s  of Fe i n  Cu ranging from 23 t o  600 p.p.m. 

atomic,  t h e r e  was a reduct ion  i n  t h e  the rmoe lec t r i c  power 

when a f i e l d  of  up t o  11.8 KOe was app l i ed .  They showed, 

however, t h a t  t h i s  reduct ion  could be wholly accounted f o r  

by t h e  e f f e c t  o fmagne to res i s t ance  of t h e  a l l o y  so t h a t ,  a t  

l e a s t  up t o  11.8 KOe, t h e  f i e l d  appeared t o  have no e f f e c t  

on t h e  c h a r a c t e r i s t i c  thermopower of Fe i n  Cu. 

Templeton and MacDonald (1961) who s t u d i e d  t h e  e f f e c t  

of a magnetic f i e l d  on an a l l o y  c o n s i s t i n g  of 0.2 a t .  % Mn 

i n  Au found a s u b s t a n t i a l  inc rease  i n  the rmoe lec t r i c  power 

with f i e l d s  of 2 .4 ,  5 and 8 KOe which could not  be ascr ibed  

t o  magnetoresis tance.  On t h e  o t h e r  hand. F o i l e s  (1968) found 

no e f f e c t  due t o  a magnetic f i e l d  of up t o  11 KOe on G - N i  

and s - C o  a l l o y s  over t h e  temperature range 4.2 t o  20 K. 

Berman and Huntley (1963) and Berman, Brock and 

Huntley (1964) s t u d i e d  a l l o y s  of Fe i n  Au. p r i n c i p a l l y  between 

200 and 300 p.p.m. atomic Fe ,  wi th  f i e l d s  up t o  15  KOe and 

over t h e  t e n p e r a t u r e  range 1.3 t o  15  K. They observed an 

inc rease  i n  t h e  magnitude of t h e  thermoelec t r ic  power wi th  



app l i ed  f i e l d  a t  a l l  temperatures below about 10K and 

amounting t o  a s  much a s  20%. This  could not  be accounted 

f o r  by magnetoresistance.  They a l s o  measured specimens 

of supposedly pure f i n e  g ra in  gold (99.97% pur i ty )  which 

Huntley (1963) has  es t imated ,  from measurements of r e s i d u a l  

r e s i s t a n c e  r a t i o ,  contained about 50 p.p.m. atomic Fe.  This  

showed about a 10% decrease i n  t h e  magnitude of t h e  thermo- 

e l e c t r i c  power i n  a  f i e l d  of 15  KOe and s o  indicated,  a  

s t r o n g  concent ra t ion  dependence. 

The only t h e o r e t i c a l  t reatment  advanced t o  account f o r  

t h e  " g i a n t "  the rmoe lec t r i c  power which contained any d e f i n i t e  

f i e l d  dependence was t h a t  proposed by Kondo (1965) but  h i s  

formula contained no s p e c i f i c  concent ra t ion  dependence and 

t h e  ve ry  ex i s t ence  of an inc rease  i n  t h e  magnitude of t h e  

the rmoe lec t r i c  power with app l i ed  magnetic f i e l d  i n  a l l o y s  

a s  d i l u t e  a s  200 p.p.m. atomic seemed t o  be a t  va r i ance  with 

h i s  theory because t h e  b a s i c  f i e l d  dependence appeared i n  

t h e  func t ion  Qs ( 2 , ~ ~  H / F C )  which decreases  with inc reas ing  H. 



The Presen t  Experiments - 
It was thought t h a t  t h e  increase  i n  t h e  magnitude of 

t h e  the rmoe lec t r i c  power found i n  @-Fe a l l o y s  must i n  some 

way a r i s e  from an i n t e r a c t i o n  between Fe atoms and s o  ind i -  

c a t e  t h a t ,  a t  200 p.p.m. atomic,  t h e  a l l o y  was no t  i n  t h e  

d i l u t i o n  l i m i t  f o r  which Kondo's theory  had been developed. 

It accordingly seemed d e s i r a b l e  t o  make f i e l d  measurements 

a t  lower concent ra t ions .  We have t h e r e f o r e  prepared and 

s tudied  a  range of a l l o y s  whose concent ra t ions  have been 

determined and which a r e  s i g n i f i c a n t l y  more d i l u t e  than  

have previous ly  been a v a i l a b l e .  It a l s o  seemed d e s i r a b l e  

t o  cover a  wider range of appl ied  f i e l d s  because it  was 

expected t h a t  a l l  a l l o y s  must u l t ima te ly  show a decrease  

i n  I SI  a t  s u f f i c i e n t l y  high f i e l d s .  The apparatus  h a s  

t h e r e f o r e  been designed around a  50 K Gauss superconducting 

magnet. F i n a l l y ,  it would be of i n t e r e s t  t o  extend t h e  

measurements t o  temperatures  we l l  below TK t o  see  ~vhat  

changes, i f  any,  r e s u l t  from t h e  supposed formation of a  

bound s t a t e .  For  Au a l l o y s ,  TK is  bel ieved t o  be about 1K 

which i s  about a t  t h e  lower l i m i t  of temperature a t t a i n a b l e  

by pumping on normal He, so  t h a t  t o  reach an apprec iably  

lower temperature would r e q u i r e  a  f u r t h e r  cool ing  system. 



~t was dec ided  i n s t e a d  t o  cover  this aspect by i n c l u d i n g  

measurements on - Cu-Fe a l l o y s ,  s i n c e  the Kondo tempera ture  

T~ f o r  Cu is  above 4 K .  



CHAPTER 2 

APPARATUS AND EXPERIMENTAL METHODS 

The appara tus  was cons t ruc ted  i n  t h e  f i r s t  p l ace  with 

the i n t e n t i o n  of s tudying t h e  e f f e c t s  of s t r o n g  magnetic 

f i e l d s  on t h e  thermal c o n d u c t i v i t i e s  of c e r t a i n  para- 

magnetic s a l t s  i n  t h e  l i q u i d  helium temperature range. This  

work was intended t o  fo l low,  and f u r t h e r  develop work repor ted  

by Berman e t  a l .  (1963) and by Brock and Huntley (1968) and 

both t h e  c r y o s t a t  and associa ted  appara tus  were accordingly 

cons t ruc ted  a long s i m i l a r  l i n e s  t o  those  descr ibed  by Berman 

and Huntley (1963) , by Huntley (1963) and by Brock (1965) . 
Apparatus designed f o r  such measurements i s  we l l  s u i t e d  t o  

t h e  s tudy of the rmoe lec t r i c  e f f e c t s  i n  a magnetic f i e l d  because 

t h e  h e a t  f low a long t h e  c r y s t a l  produces a convenient temper- 

a t u r e  d i f f e r e n c e  i n  a small space: t h e  whole e l e c t r i c a l  con- 

ductor  which i s  being s tudied  and i n  which t h e  thermoelec t r ic  

vo l t age  i s  produced, can thus  be loca ted  wi th in  a small  volume 

over which a reasonably uniform magnetic f i e l d  can be maintained. 

To adapt  t h e  appara tus  f o r  work on thermoelec t r ic  powers 

it was necessary only t o  r ep lace  t h e  paramagnetic s a l t  c r y s t a l  

wi th  a rod of high p u r i t y  quar t z  ( " s p e c t r o s i l "  made by Thermal 

Syndicate ,  Northumberland). Berman e t  a l .  (1964) have shown 



t h a t  t h e  thermal conduct iv i ty  of t h i s  m a t e r i a l  is  un- 

a f f e c t e d  by a  magnetic f i e l d ,  a t  l e a s t  up t o  20.6 KOe 

and over  the temperature range 1 . 2  t o  4.3 K. They com- 

pared t h e  change i n  t h e  the rmoe lec t r i c  vo l t age  due t o  t h e  

f i e l d  f o r  a p a r t i c u l a r  & Fe specimen mounted f i r s t  on a  

t t s p e c t r o s i l "  rod and then  on a  "Teflon" rod. T h e o r e t i c a l l y ,  

n e i t h e r  rod should show any f i e l d  e f f e c t .  The p rec i s ion  of 

t h e i r  experiments was such t h a t  a  d i f f e r e n c e  a s  smal.1 a s  

0.5% would have peen c l e a r l y  shown. We have extended t h e  

range of f i e l d  s t r e n g t h  t o  48.1 KOe, us ing  t h e  same tech-  

nique,with a  - Rh-Fe specimen and found a  small  d i f f e r e n c e ,  

amounting t o  2% a t  4.6K f a l l i n g  t o  1% a t  2 K ,  w i th  t h e  

temperature d i f f e r e n c e  over t h e  "Teflon" apparent ly  in- 

creased r e l a t i v e  t o  t h a t  over t h e  "Spec t ros i l " .  Our 

experiment showed a d i f f e r e n c e  of approximately 0.3% a t  

24.0 KOe. 

The des ign  of t h e  equipment, whether f o r  thermal con- 

d u c t i v i t y  o r  f o r  the rmoe lec t r i c  power measurements, inc ludes  

t h r e e  main p a r t s :  

1) a c r y o s t a t ,  ope ra t ing  between 1 and 5K wi th  

a s s o c i a t e d  vacuum pumps and p ip ing;  

2) a  superconducting magnet; 

3) a d , c .  vo l t age  measuring system, with 1 nV 

r e s o l u t i o n .  



The p lan  of t h i s  chapter  i s  f irst  t o  desc r ibe  t h e s e  

p a r t s  under equiva lent  sec t ion  headings,  wi th  a s e p a r a t e  

s e c t i o n  on thermometry, and then t o  b r ing  t h e  whole to-  

ge the r  i n  a f i n a l  s e c t i o n  d e t a i l i n g  t h e  measurement pro- 

cedure.  There i s  no separa te  s e c t i o n  devoted t o  e r r o r s ,  a s  

t h e  va r ious  sources of e r r o r  a r e  d iscussed  i n  t h e i r  appropri-  

a t e  s e c t i o n s .  D e t a i l s  of some p ieces  of t h e  equipment and 

one a n c i l l a r y  p iece  a r e  descr ibed i n  appendices A1 t o  A 6 .  

The Cryos ta t  

The c r y o s t a t  i s  shown i n  f i g . 2 . 1  and cons i s t ed  of a 

b r a s s  vacuum can C w i t h i n  which t h e  whole of t h e  measuring 

appara tus  was suspended by t h r e e  s t a i n l e s s  s t e e l  tubes .  One 

of t h e s e  was .050 inch diameter and connected t o  a copper gas 

thermometer bulb  G. A second was 1/8 inch diameter  and 

connected t o  t h e  copper bulb VPb of a vapour p ressu re  

thermometer. The t h i r d  tube ,  which provided t h e  main 

suppor t ,  was 3/8 inch diameter ,  l oca ted  c e n t r a l l y  and was 

connected t o  a copper pot  P i n t o  which helium could be con- 

densed. Th i s  pot  could be pumped through the 3/8 inch tube 

t o  c o n t r o l  t h e  temperature of t h e  whole measuring apparatus  

a t  any d e s i r e d  temperature To w i t h i n  t h e  range 1 . 2  t o  4.2 K. 

Th i s  pumping tube  had a c o n s t r i c t i o n ,  c o n s i s t i n g  of a 
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diaphragm wi th  a small  h o l e  a t  0 t o  l i m i t  flow up t h e  

tube  of s u p e r f l u i d  helium when t h e  temperature was below 

t h e  p o i n t .  

The t h r e e  copper pots  were mounted on a 1/8 inch  

t h i c k  copper platform A beneath which a 1 / 2  inch diameter 

copper rod R extended downwards about 6 inches t o  support  

t h e  q u a r t z  rod Q a t  t h e  c e n t r e  of t h e  superconducting 

magnet. A copper r a d i a t i o n  s h i e l d  S was a l s o  suspended 

below t h e  platfo.rm s o  t h a t  t h e  rod Q and i t s  thermocouple 

con tac t s  w e r e  supported from, and enclosed wi th in  copper,  

a l l  a t  temperature To. 

Two h e a t i n g  c o i l s  hl and h2 and t h r e e  thermocouple 

c o n t a c t s  el,  e 2 ,  e3 were mounted on t h e  quar t z  rod Q i n  

t h e  p o s i t i o n s  shown i n  f ig .2.1.  These a r e  descr ibed i n  

d e t a i l  i n  Appendices A 1  and A2. Current suppl ied  t o  t h e  

lower c o i l  hl  produced a h e a t  f low along t h e  quar t z  rod,  

producing i n  t u r n  a temperature d i f f e r e n z e  A T  between 

c o n t a c t s  el and e j .  The a l l o y  specimen being s t u d i e d  was 

connected between t h e s e  con tac t s .  Other connections were 

a l s o  made t o  t h e s e  con tac t s  s o  t h a t  t h e  specimen was one 

arm of a thermocouple sensing t h e  temperature d i f f e r e n c e  

A T. Since  t h e  thermal r e s i s t a n c e  of t h i s  a l l o y  specimen 

might change i n  t h e  presence of a magnetic f i e l d ,  it was 



d e s i r a b l e  t h a t  i t s  thermal r e s i s t a n c e  be l a r g e  compared 

t o  t h a t  of t h e  q u a r t z  rod between con tac t s  e and e3 so  1 

t h a t  any changes due t o  t h e  f i e l d  would no t  s i g n i f i c a n t l y  

a f f e c t  AT.  I n  a t tempt ing  t o  achieve t h i s ,  most of t h e  

specimens were i n  t h e  form of f i n e  diameter wi re  (,< 0.1 mm. 

diameter) and were made 50 cm. long. (See Appendix A 3  f o r  

e s t ima tes  of t h e  thermal r e s i s t a n c e s  of t h e  &-Fe specimens 

compared t o  t h a t  of t h e  q u a r t z  rod. The r e s i s t a n c e s  of t h e  

Cu, Rh and g - C e  specimens a r e  considered i n  t h e  l a t e r  

chapters  d e a l i n g  wi th  t h e s e  a l l o y s .  Calcula t ion  of t h e  

thermal d i f f u s i o n  t imes  i s  a l s o  included i n  t h i s  Appendix A . 3 .  

With such long samples it could be a s i g n i f i c a n t  f a c t o r  i n  

determining t h e  t ime requi red  f o r  equi l ibr ium t o  be e s t a -  

b l i shed .  I t  i s  shown no t  t o  be excessive i n  t h e  samples 

s tudied .  Each specimen was enclosed i n  small  diameter 

Teflon tub ing  and fo lded  i n t o  a compact bundle about 1.1/4 

inch long. This  was t i e d  t o  t h e  quar t z  rod so t h a t  most of 

t h e  specimen was p a r a l l e l  t o  t h e  rod and i n  a l o n g i t u d i n a l  

magnetic f i e l d  which was cons tant  over t h e  specimen, wi th in  

a few %. The Cu specimens were somewhat d i f f e r e n t ,  a s  

descr ibed  i n  Chapter 6 ,  but  were s i m i l a r l y  compact and most 

of t h e i r  l eng th  was l ' ikewise p a r a l l e l  t o  t h e  f i e l d .  The t h i r d  

c o n t a c t ,  e 2 ,  which was loca ted  mid-way between t h e  o t h e r  two 



w a s  used f o r  measuring t h e  mean temperature T wi th  a c a l i -  

b ra ted  thermocouple connected between it and t h e  helium 

bath.  

A f u r t h e r  thermocouple con tac t  poin t  was provided on a 

copper p o s t  L a t t a c h e d  t o  t h e  platform A and a second specimen 

of t h e  a l l o y  be ing  s t u d i e d  was mounted between t h i s  and t h e  

helium ba th  f o r  d i r e c t  measurement of i t s  thermopower over 

t h e  a v a i l a b l e  temperature range. This  could be extended 

above 4.2K by supplying h e a t  t o  one of t h e  h e a t e r  c o i l s  hl 

o r  h2 wi th  t h e  p o t  P evacuated. 

I n  a l l  cases  t h e  second conductors of t h e  thermocouple 

were made of superconducting m a t e r i a l  which cannot produce a 

thermoelec t r ic  v o l t a g e  so long a s  it remains superconducting. 

"Supercon" w i r e  type  A 2 5  (Norton I n t e r n a t i o n a l  I n c . ,  Nat ick,  

Mass .) was used which, according t o  i t s  s p e c i f i c a t i o n s  , would 

remain superconducting i n  t h e  h ighes t  f i e l d s  used i n  t h e  ex- 

periments.  I n  p r a c t i c e  no d iscrepancies  o r  jump d i scon t inu i -  

t i e s  such a s  could be a t t r i b u t a b l e  t o  a superconducting 

t r a n s i t i o n  i n  t h e s e  wi res  were observed i n  t h e  readings.  This  

wire  a l s o  had t h e  u s e f u l  f e a t u r e  t h a t  it had a 0.001 inch 

copper o u t e r  l a y e r  enabl ing it t o  be so ldered ,  but  t h i s  

copper l a y e r  a l s o  caused excessive h e a t  l e a k s  along t h e  

wires .  These l e a k s  were shown t o  e x i s t  i n  a "dry run" 



experiment made t o  tes t  t h e  whole appa ra tus  a f t e r  it was 

cons t ruc t ed ,  i n  which t h e  thermal  c o n d u c t i v i t y  of  t h e  

q u a r t z  rod ( S p e c t r o s i l )  was measured and compared w i t h  

r e s u l t s  g iven by Brock (1965) .  The v a l u e s  ob ta ined  were 

about  two t i m e s  t o o  h i g h .  The copper  c l a d d i n g  was then  

removed from abou t  1 . 5  c m .  of each  of t h e  t h r e e  "supercon" 

w i r e s  connected between c o n t a c t s  el and t h e  thermal  anchor s ,  

a f t e r  which a r e p e a t  measurement of  t h e  thermal  c o n d u c t i v i t y  

of t h e  "Spectres-il" gave r e s u l t s  w i t h i n  +2% o f  t h o s e  given 

by Brock. 

The a s s o c i a t e d  vacuum pumps and p i p i n g  c o n s i s t e d  of a  

more o r  l e s s  s t a n d a r d  arrangement w i t h  an o i l  d i f f u s i o n  

pump and l i q u i d  N2 t r a p  t o  p rov ide  good vacuum i n  t h e  

c r y o s t a t  can .  

Superconduct ing Maqnet and Magnet Power Supply 

Two d i f f e r e n t  superconduct ing magnets were used i n  t h e  

exper iments ,  t h e  e a r l y  work be ing  done w i t h  one made by 

Magnion Corpora t ion ,  which was in tended  t o  g i v e  57.2 KOe w i t h  

a  c u r r e n t  o f  21.4  amps. A power supply was des igned  f o r  t h i s  

magnet t o  work from a  2  v o l t  b a t t e r y  sou rce  and u s i n g  12  

switched r e s i s t o r s  w i th  4 a d j u s t a b l e  r h e o s t a t s  f o r  f i n e  

c o n t r o l .  The c i r c u i t  i s  shown i n  f i g .2 .2  and inc luded  an 

ammeter w i t h  7 i nch  m i r r o r  s c a l e  and 1% accuracy ,  and a  

r e v e r s i b l e  v o l t m e t e r  t o  moni tor  t h e  back e.m.f. from t h e  
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magnet wi th  t h r e e  ranges ,  50 mV, 0.5 v o l t  and 5.0 v o l t .  

The supply a l s o  contained a  c u r r e n t  source f o r  t h e  per- 

s i s t e n t  switch h e a t e r  which con t ro l l ed  t h e  magnet shor t ing  

switch.  A one ohm r e s i s t o r  was connected a c r o s s  t h e  magnet 

winding a s  shown, t o  provide a  load i n t o  which about h a l f  

t h e  magnet power would be dumped i n  t h e  event  of it going 

normal. 

Ca lcu la t ion  of t h e  magnet c o i l  inductance L ,  us ing  

formulae given by Montgomery (1963) gave L = 19.6 Henry 

which a t  21.4 amps g i v e s  a  f i e l d  energy 1 /2  L I ~  = 4500 

joules .  Assuming t h a t  about h a l f  of t h i s  i s  d i s s i p a t e d  

i n  t h e  one ohm s h o r t i n g  r e s i s t o r  when t h e  magnet goes 

normal, t h e  remainder w i l l  be d i s s i p a t e d  by evaporat ing 

about 2.25 l i t r e s  of l i q u i d  helium. To al low f o r  t h e  

p o s s i b i l i t y  of t h i s  boi l -of f  being r a p i d ,  f o u r  s a f e t y  

p o r t s  were provided a t  t h e  t o p  of t h e  helium dewar: t h e i r  

design i s  shown i n  f ig .2 .3  and they cons i s t ed  of a b r a s s  

d i s c  h e l d  i n  p l a c e  a g a i n s t  a  neoprene O-ring by a  sp r ing  

sp ide r .  Th i s  s p i d e r  was c u t  from 10 thou. t h i c k  phosphor 

bronze and t h e  width of t h e  6  s p l i n e s  was c a l c u l a t e d  so  

t h a t  t h e  p o r t s  would blow i f  t h e  excess gas pressure  i n s i d e  

t h e  dewar exceeded about h a l f  an atmosphere, leaving  about 

20 cm2 open f o r  helium gas escape. I n  p r a c t i c e  t h e s e  p o r t s  
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have never  blown when t h e  magnet h a s  gone normal and it 

appea r s  t h a t  most of  t h e  f i e l d  energy which i s  n o t  dumped 

i n  t h e  one ohm s h o r t i n g  r e s i s t o r  i s  d i s s i p a t e d  th rough  

eddy c u r r e n t  h e a t i n g  of t h e  copper i n  t h e  magnet and i n  

t h e  c r y o s t a t  and t h i s  h e a t  i s  t h e n  passed on comparat ively  

s lowly t o  t h e  l i q u i d  helium. 

W e  were never  a b l e  i n  p r a c t i c e  t o  o p e r a t e  t h e  Magnion 

magnet above 38.5 KOe. It went normal j u s t  below t h i s  

p o i n t  on the f i r s t  occas ion  t h a t  it was used and i n  

succeeding r u n s  t h i s  l i m i t i n g  f i e l d  became p r o g r e s s i v e l y  

less, e v e n t u a l l y  r each ing  32 KOe. A change was t h e n  made 

t o  a second magnet which was made by Oxford Ins t rument  Co. 

and gave a f i e l d  of  55 KOe w i th  a c u r r e n t  of 45.45 amps. 

Both magnets were c a l i b r a t e d  i n  a s e p a r a t e  EPR appa ra tus  

u s ing  DPPH,  w i t h  t h e  fo l lowing  r e s u l t :  

Magnion magnet 2 .57 2 KOe/Amp . 
Oxford magnet 1.211 KOe/Amp. 

C a l c u l a t i o n  of t h e  induc tance  of t h e  Oxford magnet u s ing  

Montgomery's formula gave L = 2.6 Henry and a maximum f i  

energy a t  55 KOe o f  2690 jou les .  

e l d  

The Oxford magnet could n o t  be  opera ted  from t h e  supply  

shown i n  f i g . 2 . 2  which was no t  capable  of d e l i v e r i n g  45 amps. 

A Hewlett-Packard model Har r i son  6387A was t h e r e f o r e  connected 



t o  t h e  o u t p u t  t e r m i n a l s  0-0 t o  supply t h e  magnet c u r r e n t .  

The f i e l d  was determined from t h e  c u r r e n t  r ead ings  g iven  

by t h e  ammeter i n  t h e  Hewlett-Packard supply which was 

t h e  meter  used i n  t h e  c a l i b r a t i o n .  I t  i s  t h e r e f o r e  t h e  

comparative accuracy  of th is  meter  r a t h e r  t han  i t s  abso- 

l u t e  accuracy  which i s  p e r t i n e n t  and t h e  f i e l d  v a l u e s  a r e  

+ 
t h e r e f o r e  e s t ima ted  t o  be  c o r r e c t  t o  -1% f l 0 0  Gauss o r  

b e t t e r .  

The one ohm shunt  r e s i s t o r  remained i n  c i r c u i t  d u r i n g  

t h e  exper iments  b u t  n o t  i n  t h e  c a l i b r a t i o n .  During t h e  

exper iments ,  t h e r e f o r e ,  t h e  c u r r e n t  read  by t h e  Hewlett-  

Packard meter  inc luded  any c u r r e n t  passed by t h i s  r e s i s t o r .  

The r e s i s t a n c e  of  t h e  l e a d s  between t h e  t e r m i n a l s  0-0 and 

t h e  magnet was e s t ima ted  t o  be 0.0067 ohm and t h e  c u r r e n t  

meter  r ead ings  were t h e r e f o r e  reduced by 0.67% when com- 

pu t ing  t h e  magnet f i e l d .  



The bas i c  o r  primary reference thermometers used in  

t he  experiments were a helium vapour pressure thermometer 

vpb, covering t h e  range 

1.2K ,< T 4 4.2K 

a helium gas thermometer f o r  

T >, 4.2K 

and a second helium vapour pressure thermometer bulb VPa, 

mounted outs ide  t h e  vacuum can C t o  read the  temperature 

of t he  helium bath .  

The vapour pressure thermometer bulb V P b  which was 

mounted on the  platform A a s  shown in  f ig .2 .1  was of con- 

ventional  design with a volume of 5 C.C.  Throughout i t s  

range of use,  t h i s  bulb was a t  a lower temperature than 

t h a t  of t h e  helium bath and the  1/8 inch tube connecting 

it t o  i t s  mercury manometer therefore  passed up through the  

helium bath without a surrounding vacuum jacket.  The other  

vapour pressure bulb VPa, however, was provided with a 

vacuum jacket around i t s  connecting tube, up t o  t he  top  of 

the helium dewar, t o  ensure t h a t  the  temperature which it 

read was t h a t  of t h e  bulb which was located on the  outs ide  

of t he  brass  can C ,  c lose  t o  t he  point where the  copper wires 

connected t o  t h e  - Au-Fe reference thermo junctions emerged i n t o ,  



and made thermal contact with the helium bath. The helium 

gas thermometer was of the type described by Huntley (1963) 

and had a 25 c.c. bulb G mounted on platform A as shown in 

fig.2.1. The dead volume correction was obtained from 

readings taken at room temperature and with the cryostat 

immersed in liquid nitrogen. Because of uncertainty as to 

the exact temperature of the liquid nitrogen (due to the 

possibility of dissolved oxygen) , its temperature was 

measured by condensing pure oxygen into the vapour pressure 

thermometer bulb VPb to act as an oxygen vapour pressure 

thermometer. 

The vapour pressure and gas thermometers were used only 

to calibrate the thermovoltage from a &-Fe alloy wire which 

then became a secondary reference. This was used in all later 

experiments because it was much more convenient to use than 

the vapour pressure and gas thermometers. Because of the 

universal use of superconductors for the second elements of 

all the thermocouples used in these experiments, the thermo- 

voltage developed in a single piece of wire was a practical 

measureable reality as well as being a valid physical concept 

and could be directly related to the temperature difference 

between the ends of the wire. The piece of Au + 230 p.p.m. 

atomic Fe wire used as the secondary reference was connected 



between t h e  c e n t r a l  c o n t a c t  e2 on t h e  q u a r t z  rod and t h e  

helium b a t h l a n d  s o  was a l s o  used t o  measure t h e  tempera ture  

a t  t h e  c e n t e r  of t h e  q u a r t z  rod.  I t s  c a l i b r a t i o n  curve  i s  

shown i n  f ig .2 .4 .  

A t  f i r s t  s i g h t  it might be  thought  t h a t  a  s i g n i f i c a n t  

temperature  d i f f e r e n c e  could e x i s t  d u r i n g  c a l i b r a t i o n  

between t h i s  t henno junc t ion  on e2 and t h e  p la t form A on 

which t h e  vapour p r e s s u r e  and gas  thermometers were mounted, 

due t o  t h e  q u i t e - h i g h  thermal  r e s i s t a n c e  of  t h e  q u a r t z  rod 

and perhaps  a l s o  t h e  c o n t a c t  r e s i s t a n c e s  between e 2  and t h e  

rod and between t h e  q u a r t z  rod Q and t h e  copper rod R .  The 

c a l i b r a t i o n ,  however, and a l l  t h e  subsequent measurements of 

t h e  thermopowers of  t h e  o t h e r  a l l o y s  were c a r r i e d  o u t  under 

equ i l i b r ium c o n d i t i o n s  and a  t empera ture  d i f f e r e n c e  could 

t h e r e f o r e  o n l y  e x i s t  between t h e  thermojunct ion a t  e 2  and 

p la t form A i f  t h e r e  was a  h e a t  source  o r  s i n k  a t  e2 o r  on 

t h e  q u a r t z  rod  due t o  h e a t  l e a k s .  Such h e a t  l e a k s  were 

minimized by 

(a )  m a i n t a i n i n g  a  good vacuum, ( t o r r  , 

i n s i d e  t h e  can C , 

(b) sur rounding  t h e  q u a r t z  rod w i t h  a  copper 

r a d i a t i o n  s h i e l d ,  e f f e c t i v e l y  a t  t h e  r e f e r e n c e  

t empera tu re  To, and 





The r e s i d u a l  

ence between 

A 2 ,  where it 

not  exceed 2 

thermal ly  anchoring a l l  thermocouples 

and h e a t e r  w i r e s  t o  t h e  platform A or  

t h e  gas  thermometer bulb G, 

h e a t  l e a k s  and r e s u l t i n g  temperature d i f f e r -  

e 2  and t h e  platform A a r e  analyzed i n  Appendix 

is  shown t h a t  t h e  temperature d i f f e r e n c e  should 

mK under t h e  worst  condi t ions  with t h e  0.2 cm. 

diameter q u a r t z  rod and 0.3 mK with  t h e  0.5 cm. diameter 

rod. Th i s  was confirmed experimental ly  by a r epea t  c a l i -  

b ra t ion  i n  which t h e  r e fe rence  - Au-Fe/superconductor thermo- 

junction was removed from con tac t  e2 and mounted on t h e  

copper pos t  L on platform A .  N o  e r r o r  due t o  h e a t  l e a k s  

could be d e t e c t e d .  

The he igh t  of  t h e  mercury columns of t h e  vapour 

pressure  and gas thermometers could be read ,  us ing  a 

Cathetometer, t o  0.05 mrn. corresponding t o :  

above 4.2K 25 mK by gas thermometer 

a t  4.2K 0.1 mK by vapour p ressu re  
thermometer 

a t  1.6K 2 mK by vapour pressure  
thermometer 

Below 1.6K t h e  vapour pressure  thermometer readings became 

inc reas ing ly  suspect  a s  t h e  temperature was lowered, a s  

they  were incompatible wi th  t h e  thermocouple readings 



~ h i c h  previous work wi th  t h e  same - Au-Fe a l l o y ,  conta in ing  

between 200 and 300 p.p.m. atomic Fe (Huntley 1963, 

MacDonald e t  a l ,  1962) had shown t o  be q u i t e  r egu la r  

through t h i s  temperature range. The vapour pressure  

thermometer readings below 1.6K were t h e r e f o r e  discarded 

and a  reasonable e x t r a p o l a t i o n ,  compatible with e a r l i e r  

work, was used a s  t h e  c a l i b r a t i o n  graph from 1.6K t o  1 . 2 K .  

I n  such a  r e l a t i v e l y  s h o r t  ex t rapo la t ion  and wi th  t h e  

reasonable assumption t h a t  S goes t o  zero a t  0 K, t h e r e  

is  l i t t l e  room f o r  major e r r o r  t o  develop, and it i s  

estimated t h a t  t h e  e r r o r  from t h i s  cause i s  l e s s  than 10  mK. 

The l a r g e s t  source of e r r o r  over  much of t h e  tempera- 

t u r e  range came from v a r i a t i o n  i n  t h e  helium gas p ressu re  

over t h e  main helium bath .  This  was connected t o  a  helium 

recovery system and t h e  pressure  var ied  i n  an uncontrol led 

manner over a  range of 0.4 cm Hg. A vapour pressure  thermo- 

meter was a v a i l a b l e  t o  read t h e  helium bath  temperature but  

because t h e  change i n  t h i s  temperature occurred i n  a  random 

and unpredic table  manner, and because it was phys ica l ly  i m -  

poss ib le  f o r  one man t o  read simultaneously two Hg columns 

of two vapour p ressu re  thermometers and balance and read a  

microvolt  potent iometer ,  t h e r e  was a  r e s u l t a n t  unce r t a in ty  

i n  t h e  helium ba th  temperature of 6  mK and a  corresponding 



u n c e r t a i n t y  i n  t h e  c a l i b r a t i o n  due t o  t h i s  cause .  

Voltaqe Measuring C i r c u i t  

The c i r c u i t  f o r  measuring t h e  t h e r m o e l e c t r i c  v o l t a g e  

is shown i n  f i g . 2 . 5  and c l o s e l y  fo l lows  t h a t  desc r ibed  by 

Huntley (1963) b u t  w i t h  t h e  p r i n c i p a l  d i f f e r e n c e  t h a t  a  

Ke i th l ey  nanovol tmeter  model No.148 was used i n  p l ace  of 

a galvanometer,  galvanometer a m p l i f i e r  and thermal  com- 

pensa tor .  E s s e n t i a l l y ,  t h e  T i n s l e y  po ten t iometer  model 

5590B, t o g e t h e r  w i t h  a 2 v o l t  b a t t e r y  was used a s  a d . c .  

v o l t a g e  source  w i t h  1 /AV r e s o l u t i o n .  The o u t p u t  from 

th i s ,wh ich  could be  read  from t h e  po ten t iometer  d i a l  

s e t t i n g s ,  was t h e n  d iv ided  by 1000 by a r e s i s t o r  network 

c o n s i s t i n g  of  p r e c i s i o n  r e s i s t o r s  R1 t o  R4 t o  g i v e  an 

ou tpu t  v o l t a g e  w i t h  1 nV r e s o l u t i o n .  T h i s  v o l t a g e  was 

then  used t o  coun te rba l ance  t h e  t h e r m o e l e c t r i c  v o l t a g e  

fed  through swi t ches  S1 and S2 and one of t h e  super-  

conduct ing swi t ches  S c l ,  Sc2 o r  Sc3. The Ke i th l ey  nano- 

vo l tme te r  was used s imply a s  a n u l l  d e t e c t o r  b u t  w i t h  t h e  

u s e f u l  f e a t u r e  t h a t  i ts  z e r o  ba lance  adjustment  provided 

e f f e c t i v e  means t o  ba lance  o u t  s t r a y  thermal  v o l t a g e s .  

These were of  t h e  o r d e r  of a microvol t  and a r o s e  i n  t h e  

l e a d s  i n s i d e  t h e  hel ium dewar between t h e  superconduct ing 

swi tches  and t h e  measuring c i r c u i t .  These thermal  v o l t a g e s  
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w e r e  unaf fec ted  by o p e r a t i o n  of t h e  superconduct ing swi tches  

whereas t h e  t h e r m o e l e c t r i c  v o l t a g e  from t h e  T and To thermo- 

couples  were switched ON/OFF by swi tches  S c l  and Sc2 

r e s p e c t i v e l y  and t h e  v o l t a g e  from t h e  AT thermocouple 

was reversed  by s w i t c h  Sc3. These superconduct ing swi tches  

w e r e  of t h e  t y p e  desc r ibed  by Hunt ley (1963) and w e r e  

l o c a t e d  on t h e  t o p  o f  t h e  vacuum can C w i t h  s h i e l d i n g  cans  

made of  superconduc t ing  Niobium s h e e t  t o  s h i e l d  them from 

t h e  f i e l d  of t h e  magnet. 

Switch S1  was used t o  s e l e c t  t h e  thermocouple and 

swi tch  S2 could be  used t o  r e v e r s e  t h e  s i g n  of t h e  thermo- 

v o l t a g e .  Switch S3 could be  used t o  s e l e c t  t h e  d i v i s i o n  

f a c t o r  provided by t h e  r e s i s t o r  network b u t  was, i n  f a c t ,  

k e p t  a t  t h e  p o s i t i o n  shown i n  f i g .2 .5  throughout  t h e  ex- 

per iments ,  g i v i n g  a f a c t o r  of  approximately  1000. When t h e  

thermocouple v o l t a g e  be ing  measured was e i t h e r  switched on- 

o f f  o r  r eve r sed  by t h e  a p p r o p r i a t e  superconduct ing swi tch  

it w a s  neces sa ry  t h a t  t h e  ba lanc ing  v o l t a g e  from t h e  T i n s l e y  

po ten t iometer  be  s i m i l a r l y  switched.  T h i s  was done by 

swi tch ing  i t s  b a t t e r y  i n p u t  and was accomplished i n  a  r e l a y  

ope ra t ed  c o n t r o l  u n i t ,  t o  be  desc r ibed  l a t e r ,  which a l s o  

c o n t r o l l e d  t h e  superconduc t ing  swi tches .  



I n  o p e r a t i o n ,  t h e  balancing vo l t age  was ad jus ted  wi th  

t h e  T i n s l e y  potent iometer  c o n t r o l s  u n t i l  no change occurred 

i n  t h e  nanovoltmeter reading when both t h e  vo l t ages  were 

switched. I n  p r a c t i c e ,  it was no t  necessary t o  balance ou t  

t h e  s t r a y  thermal vo l t ages  exac t ly  wi th  t h e  Kei thley zero 

balance c o n t r o l ,  bu t  necessary only t o  b r ing  t h e  balance 

poin t  wi th in  t h e  range of t h e  Kei thley output  meter.  

S t r a y  thermal vo l t ages  a r i s i n g  ou t s ide  t h e  helium 

dewar were k e p t  t o  a  minimum by using an a l l  copper c i r c u i t  

ou t s ide  t h e  helium b a t h ,  except f o r  t h e  d iv id ing  r e s i s t o r s  

R1 - R4 which were immersed i n  an o i l  ba th ,  and by complete 

thermal s h i e l d i n g  of t h e  e n t i r e  c i r c u i t .  The c i r c u i t  was 

a l s o  w e l l  sh ie lded  e l e c t r i c a l l y  t o  minimize induced e l e c t r i c a l  

noise .  A c o a x i a l  c a b l e  type NEF-11 made by Northern E l e c t r i c  

Company was used and found t o  be i d e a l  f o r  a l l  interconnec- 

t i o n s  i n  t h e  v o l t a g e  measurement c i r c u i t  between t h e  helium 

dewar and t h e  o i l  ba th  and between t h e  o i l  bath and t h e  nano- 

vol tmeter .  T h i s  c a b l e  has  a l l  copper conductors with a con- 

t inuous copper fo i l ,  s h i e l d , i n  add i t ion  t o  a  copper b r a i d  

s h i e l d ,  and h a s  foamed polystyrene i n s u l a t i o n  between t h e  

c e n t r a l  and s h i e l d  conductors ,  thus  providing good thermal 

as w e l l  a s  e l e c t r i c a l  i n s u l a t i o n  of t h e  c e n t r a l  conductor.  

The coax ia l  c o n s t r u c t i o n  ensures  t h a t  t h e  thermal s h i e l d i n g  



i s  uni form a l o n g  t h e  whole l e n g t h  o f  a l l  t h e  c o n d u c t o r s  

which i s  i m p o r t a n t  f o r  min imis ing  t h e r m a l  v o l t a g e s .  

The t h e r m a l  s h i e l d i n g  proved t o  b e  e n t i r e l y  s a t i s -  

f a c t o r y  and t h e  e l e c t r i c a l  s h i e l d i n g  proved t o  b e  

e f f e c t i v e  a g a i n s t  a l l  b u t  s t r o n g  s i g n a l s  f e d  d i r e c t l y  

i n t o  t h e  l a b o r a t o r y  ground l i n e .  I t  w a s ,  however,  found 

t o  b e  n e c e s s a r y  t o  s w i t c h  o f f  t h e  magnet power s u p p l y  and 

have  t h e  magnet o p e r a t i n g  i n  p e r s i s t e n t  mode w h i l e  any  

r e a d i n g s  o f  t h e r m o e l e c t r i c  v o l t a g e s  were  b e i n g  t a k e n :  

l a r g e  i n s t a b i l i t i e s  were  o t h e r w i s e  o b s e r v e d .  I t  d i d  n o t  

a p p e a r  t h a t  t h e  magnet s u p p l y  c o u l d  b e  a f f e c t i n g  t h e  

measur ing  c i r c u i t  e x t e r n a l  t o  t h e  h e l i u m  dewar t o  t h i s  

e x t e n t  and s u p p l y  f l u c t u a t i o n s  cou ld  n o t  a l t e r  t h e  mag- 

n e t i c  f i e l d  o f  t h e  s u p e r c o n d u c t i n g  magnet when i t s  c i r c u i t  

was c l o s e d  t h r o u g h  i ts  s u p e r c o n d u c t i n g  s h o r t i n g  s w i t c h .  I t  

was concluded t h a t ,  w i t h  t h e  magnet s u p p l y  s t i l l  o p e r a t i n g ,  

and s u p p l y  c u r r e n t  t h e r e f o r e  s t i l l  f l o w i n g  down t h e  magnet 

supp ly  l e a d s  i n s i d e  t h e  he l ium dewar,  s m a l l  f l u c t u a t i o n s  

i n  t h i s  c u r r e n t  c o u l d  d i r e c t l y  induce  d i s t u r b a n c e s  i n t o  

t h e  thermocouple  c i r c u i t s  i n  t h e  neighbourhood o f  t h e  super -  

c o n d u c t i n g  s w i t c h e s  S c l  - 3 ,  where t h e  l e a d s  were  u n s h i e l d e d  

f o r  s h o r t  d i s t a n c e s  between t h e  c r y o s t a t  can  and t h e  s w i t c h e s  

and between t h e  s w i t c h e s  and a  s t a i n l e s s  s teel  t u b e  which 



provided s h i e l d i n g  from t h e  neighbourhood of  t h e  s w i t c h e s  

t o  t h e  t o p  o f  t h e  dewar.  A l t e r n a t i v e l y ,  t h e  d i s t u r b a n c e s  

could b e  induced f i r s t  i n t o  t h e  h e a t e r  l e a d s  g o i n g  t o  t h e  

q u a r t z  rod  h e a t e r s  hl and h2  s i n c e  t h e s e  l e a d s  were  un- 

s h i e l d e d  and t h e n c e  b e  passed  t o  t h e  thermocouple  c i r c u i t s  

i n s i d e  t h e  c r y o s t a t  c a n  C ,  where none o f  t h e  l e a d s  were  

s e p a r a t e l y  s h i e l d e d  from e a c h  o t h e r .  The q u e s t i o n  was n o t  

pursued b e c a u s e  it was deemed n e c e s s a r y ,  i n  any e v e n t ,  t o  

o p e r a t e  t h e  magnet i n  p e r s i s t e n t  mode because  s m a l l  f l u c t u a -  

t i o n s  i n  t h e  magnet f i e l d  would o t h e r w i s e  o c c u r  which would 

d i r e c t l y  i n d u c e  v o l t a g e s  i n  t h e  thermocouple  c i r c u i t s .  

The p r i n c i p a l  weakness o f  t h e  v o l t a g e  measur ing  c i r c u i t  

was t h a t  t h e  n a n o v o l t m e t e r  looked a t  a n  i n p u t  c i r c u i t  r e -  

s i s t a n c e  o f  a b o u t  12  ohms ( a r i s i n g  p r i n c i p a l l y  from Rl i n  

t h e  v o l t a g e  d i v i d i n g  network) which caused i t s  r e s p o n s e  t o  

b e  s low on t h e  most  s e n s i t i v e  r a n g e s .  N e v e r t h e l e s s ,  t h e  

t h e r m o e l e c t r i c  v o l t a g e s  t o  b e  measured cou ld  u s u a l l y  b e  

ba lanced  w i t h  a s s u r a n c e  a g a i n s t  t h e  known v o l t a g e s  from t h e  

T i n s l e y  p o t e n t i o m e t e r  t o  w i t h i n  1 n a n o v o l t ,  u s i n g  t h e  100 

o r  300 nV s c a l e s  i n  t h e  K e i t h l e y  nanovo l tmete r .  These  

s c a l e s  were  found t o  p r o v i d e  t h e  b e s t  compromise between 

s e n s i t i v i t y ,  speed  o f  r e s p o n s e  and t h e  e a s e  o f  a s s e s s i n g  

t h e  mean o f  a  s i g n a l  c o n t a i n i n g  random n o i s e  f l u c t u a t i o n s .  



The 1 nV p r e c i s i o n  i n  t h e  vo l t age  measurement meant 

t h a t  i n  t h e  c a l i b r a t i o n  of t h e  - Au + Fe wi re  used a s  t h e  

secondary r e f e r e n c e , e r r o r s  i n  vo l t age  measurement were l e s s  

than 0.02%, which was an o rde r  of magnitude l e s s  than t h e  

o v e r a l l  e r r o r  i n  temperature measurement. I n  t h e  s t u d i e s  

of o t h e r  a l l o y s  t h e  the rmoe lec t r i c  vo l t ages  which they  

produced were g e n e r a l l y  smal ler ,  so t h a t  t h e  1 nV un- 

c e r t a i n t y  represented  a  correspondingly l a r g e r  percentage 

e r r o r  bu t  did no t  exceed 0.3%. 

I n  t h e  s tudy of t h e  v a r i a t i o n  of t h e  the rmoe lec t r i c  

power wi th  app l i ed  magnetic f i e l d ,  1 nV represented from 

0.02 t o  2.0% ~ n c e r t a i n t y ~ d e p e n d i n g  on magnitude of t h e  

the rmoe lec t r i c  v o l t a g e  which depended on t h e  a l l o y  specimen. 

It was h e r e  t h a t  t h e  p rec i s ion  i n  vo l t age  measurement had 

i t s  g r e a t e s t  importance.  The accuracy i n  t h e  measurement 

of t h e  t h e r m o e l e c t r i c  vo l t age  v ( A T , H )  due t o  a  temperature 

d i f f e r e n c e  A T  a t  f i e l d  H was a t  a l l  t imes l imi ted  by a  com- 

b ina t ion  of random f l u c t u a t i o n s  of t h e  s i g n a l  with a  slow 

d r i f t  of t h e  ba lance  p o i n t ,  apparent ly  due t o  a  slow d r i f t  

of t h e  spur ious  thermal  vo l t ages .  Both t h e s e  e f f e c t s  grew 

i n  magnitude w i t h  t h e  appl ied  f i e l d ;  t h u s ,  a t  low f i e l d s  

V ( A T , H )  could always be measured e a s i l y  and wi th  good 

assurance t o  w i t h i n  1 nV, but  a t  t h e  maximum f i e l d  t h e  



random f l u c t u a t i o n s  o f t e n  had peak v a l u e s  o f  t h e  o r d e r  o f  

30 nV and  it became more d i f f i c u l t  t o  a s s e s s  t h e  t r u e  mean 

b a l a n c e  p o i n t ,  p a r t i c u l a r l y  when t h i s  b a l a n c e  p o i n t  was 

s l o w l y  d r i f t i n g .  Rapid s w i t c h i n g  of  t h e  r e v e r s i n g  s w i t c h e s  

c o u l d  n o t  b e  used t o  c i r cumvent  t h i s  s low d r i f t  b e c a u s e  

o p e r a t i o n  o f  t h e  m a g n e t i c a l l y  a c t u a t e d  s u p e r c o n d u c t i n g  

s w i t c h e s  induced momentary v o l t a g e  swings a s  h i g h  a s  100 nV. 

I n  n e a r l y  a l l  c a s e s  it was n e v e r t h e l e s s  p o s s i b l e ,  w i t h  

p a t i e n c e ,  t o  d e t e r m i n e  t h e  t r u e  b a l a n c e  p o i n t  t o  w i t h i n  

o n e ,  o r  p o s s i b l y  two nV. Sometimes it was n e c e s s a r y  f i r s t  

t o  a s s e s s  t h e  d r i f t  r a t e  and t h e n ,  w i t h  t h e  s i g n a l  r e v e r s e d  

a t  r e g u l a r  t i m e  i n t e r v a l s ,  t o  t r a c k  t h e  p o s i t i o n  o f  t h e  mean 

w i t h  a  c l o c k ,  and s o  t o  a r r i v e  a t  t h e  c o r r e c t  s e t t i n g  of t h e  

T i n s l e y  p o t e n t i o m e t e r  t o  b a l a n c e  v ( A  T ,H) . 
I n  a  few o f  t h e  e a r l i e r  r u n s ,  v e r y  much l a r g e r  f l u c t u a -  

t i o n s  w i t h  o c c a s i o n a l  peak v a l u e s  of  t h e  o r d e r  of  100 t o  

300 nV were  e n c o u n t e r e d ,  m o s t l y  a t  f i e l d s  above 1 0  K O e .  I n  

t h e s e  r u n s  t h e  a c c u r a c y  o f  some o f  t h e  p o i n t s  was t h e r e b y  

r e d u c e d ,  b u t  t h e  mean b a l a n c e  p o i n t  cou ld  u s u a l l y  b e  

a s s e s s e d  t o  w i t h i n  5 nV. These  l a r g e r  f l u c t u a t i o n s  were  

l a t e r  t r a c e d  t o  movement of the whole c r y o s t a t  r e l a t i v e  t o  

the magnet ,  u n d e r  t h e  i n f l u e n c e  of  random t u r b u l e n c e  i n  t h e  

s l o w l y  b o i l i n g  l i q u i d  h e l i u m  b a t h ,  and were  s u b s e q u e n t l y  



cured by wedging t h e  c r y o s t a t .  

On t e s t i n g  t h e  measuring c i r c u i t ,  e i t h e r  w i t h  t h e  AT 

thermocoupie s h o r t  c i r c u i t e d  o r  w i t h  t h e  whole A T  c i r c u i t  

a t  room t empera tu re ,  s t r a y  v o l t a g e s  of t h e  o r d e r  of 10  t o  

50 nV were found a c r o s s  t h e  nanovoltmeter i n p u t  which r e -  

versed  s i g n  on throwing t h e  r e v e r s i n g  swi tch  and could no t  

t h e r e f o r e  be  a t t r i b u t e d  t o  thermals  and ,  fu r the rmore ,  would 

show up a s  e r r o r s  i n  t h e  thermocouple r ead ings .  These were 

9 
t r a c e d  t o  l eakage  r e s i s t a n c e s  of t h e  o r d e r  of 10  ohms from 

t h e  po ten t iome te r  and from t h e  nanovoltmeter i n p u t  t o  ground,  

a s  i l l u s t r a t e d  i n  f ig .2 -6 :  t h u s  1 v o l t  was d iv ided  a c r o s s  

R1 = 11.1 ohm and t h e  leakage  r e s i s t a n c e s ,  w i th  t h e  p o r t i o n  

appear ing  a c r o s s  R1 being  read by t h e  nanovol tmeter .  The 

f a u l t  cou ld  be  cured by p l a c i n g  a  ground connec t ion  any- 

where between p o i n t s  A and B and s i n c e  t h e  T and To thermo- 

coup le s  a r e  grounded a t  t h e  c r y o s t a t ,  an  e l e c t r i c a l  ground 

was added t o  one s i d e  of t h e  A T  couple  a t  one of t h e  

s a p p h i r e  t he rma l  anchors .  

The v o l t a g e  d i v i d i n g  network of  r e s i s t o r s  R 1 t o  R4 

was f i r s t  c o n s t r u c t e d  w i t h  s tandard  w i r e  wound power 

r e s i s t o r s  b u t  it was found t h a t  t h e s e  d i d  n o t  a l l  have t h e  

same t empera tu re  c o e f f i c i e n t s  and a p p r e c i a b l e  changes i n  

t h e i r  r a t i o s  occur red  w i t h i n  t h e  p r e v a i l i n g  ambient 
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0 
t e m p e r a t u r e  r a n g e  o f  ? 3 C .  IRC t y p e  AS2 r e s i s t o r s ,  h a v i n g  

t e m p e r a t u r e  c o e f f i c i e n t s  0.002% p e r  OC were  t h e r e f o r e  sub- 

s t i t u t e d .  The d i v i s i o n  f a c t o r s  which t h e y  produced were  

measured i n  c i r c u i t  s o  a s  t o  i n c l u d e  t h e  r e s i s t a n c e  o f  

t h e  w i r i n g  e x a c t l y  a s  t h e y  would b e  o p e r a t e d .  The f a c t o r s  

found f o r  t h e  f o u r  s w i t c h  p o s i t i o n s  were  1 .0000 ,  10 .001,  

100.205 and 1007.15. 

The f i r s t  c o n t r o l  u n i t  which was c o n s t r u c t e d  t o  f u l f i l  

t h e  v a r i o u s  measurement s w i t c h i n g  f u n c t i o n s  was a  s i m p l e  one 

u s i n g  s t a n d a r d  u n s e a l e d  r e l a y s  t o  s i m u l t a n e o u s l y  o p e r a t e  t h e  

s u p e r c o n d u c t i n g  s w i t c h e s  and t h e  b a t t e r y  i n p u t  t o  t h e  T i n s l e y  

p o t e n t i o m e t e r .  I t  t h u s  avo ided  t h e  need f o r  s i m u l t a n e o u s  

manual o p e r a t i o n  o f  two s e p a r a t e  s w i t c h e s  b u t  used  manual 

s w i t c h e s  i n  t h e  b a t t e r y  c i r c u i t s  f o r  a l l  o t h e r  f u n c t i o n s .  

I n i t i a l l y ,  when t h e  s w i t c h e s  and r e l a y  c o n t a c t s  w e r e  new and 

c l e a n ,  t h i s  u n i t  was s a t i s f a c t o r y  b u t  v a r i a t i o n  o f  t h e  c o n t a c t  

r e s i s t a n c e s  i n  t h e  b a t t e r y  c i r c u i t  t o  t h e  T i n s l e y  p o t e n t i o -  

m e t e r  became n o t i c e a b l e  and it was t h o u g h t  t h a t  e r r o r s  c o u l d  

r e s u l t  i f  t h e y  became worse .  A number o f  s w i t c h e s  and r e l a y s  

were  t e s t e d  a n d  a  t y p e  of h e r m e t i c a l l y  s e a l e d  r e l a y  was found 

which showed r e p r o d u c i b l e  r e s u l t s  w i t h  v e r y  low c o n t a c t  re- 

s i s t a n c e s .  The r e l a y  u n i t  was t h e n  r e c o n s t r u c t e d  a s  shown 

i n  f i g . 2 - 7 .  T h i s  new u n i t  was s i m p l e r  t o  o p e r a t e  and a l l  
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c r i t i c a l  c i r c u i t  changes were performed by t h e  s p e c i a l  

r e l a y s .  It  a l s o  included t h e  c i r c u i t  supplying t h e  

q u a r t z  rod h e a t e r s  hl and h2  which i s  descr ibed i n  

~ p p e n d i x  A1,and t h e  c i r c u i t  f o r  measurement of r e s i d u a l  

r e s i s t a n c e  r a t i o ,  which i s  descr ibed i n  Appendix A6. 

Measurement Procedure 

The same procedure was used i n  a l l  t h e  experimental  

runs and was e s s e n t i a l l y  a s  fol lows:  

The whole appara tus  was f i r s t  brought t o  equi l ibr ium 

a t  t h e  temperature of t h e  helium b a t h ,  about 4.2 K .  The 

lower h e a t e r  hl was then switched on t o  produce a  tempera- 

t u r e  g rad ien t  along t h e  quar t z  rod and i t s  c u r r e n t  ad jus ted  

t o  provide a  s u i t a b l e  thermoelec t r ic  vo l t age  between con- 

t a c t s  el and e3 .  The the rmoe lec t r i c  vo l t age  corresponding 

t o  A T  between el and eg and t o  T a t  e2 were read a t  i n t e r -  

v a l s  u n t i l  s t a b l e  condi t ions  had been reached. The magnetic 

f i e l d  was then r a i s e d  i n  s t e p s  t o  t h e  maximum value  obta in-  

a b l e  wi th  t h e  magnet i n  use.  A t  each s t e p  t h e  magnet was 

put  i n t o  p e r s i s t e n t  mode and t h e  magnet power supply switched 

o f f  before  t h e  A T  thermoelec t r ic  vo l t age  was read.  A f t e r  

t h e  magnetic f i e l d  had been re turned  t o  zero t h e  AT and T 

thermoelec t r ic  vo l t ages  were again read.  The h e a t e r  was 

then switched o f f  . 
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If any small  d r i f t  i n  AT had occurred over t h e  f i e l d  

run,  t h i s  could be allowed f o r ,  assuming t h a t  t h e  d r i f t  r a t e  

was cons tan t ,  by no t ing  t h e  t ime a t  which each reading was 

taken. 

Helium was then pumped from pot P t o  lower t h e  tempera- 

t u r e  of t h e  appara tus  i n  s t e p s ,  t h e  temperature being s t a -  

b i l i z e d  a t  each s t e p  by means of a manostat (Walker, 1959) .  

This  gave a s e r i e s  of temperatures  To a t  which t h e  thermo- 

e l e c t r i c  voltage-s were read from t h e  thermocouple connected 

between t h e  helium ba th  and t h e  copper pos t  on platform A 

and from t h e  re fe rence  thermocouple connected between t h e  

helium bath  and t h e  c e n t r a l  con tac t  e2  on t h e  quar t z  rod. 

I n  t h e  i n i t i a l  and f i n a l  c a l i b r a t i o n  runs with t h e  Au+230 

p.p.m. atomic Fe re fe rence  wires  i n  both p o s i t i o n s ,  t h e  

helium bath  temperature and t h e  temperature To were a l s o  read 

by t h e  helium vapour pressure  thermometers V P a  and V P b  re-  

s p e c t i v e l y ,  o r  by t h e  gas  thermometer. 

Addi t ional  magnetic f i e l d  runs l i k e  t h e  one descr ibed 

above a t  4,2K, wi th  t h e  lower h e a t e r  hl again switched on, 

were made a t  a s e r i e s  of po in t s  a s  t h e  temperature was 

lowered, u s u a l l y  a t  about 3.2K1 2 .2K and 1.5K. 



CHAPTER 3 

PREPARATION OF GOLD - IRON SPECIMENS 

The need f o r  specimens c o n s i s t i n g  of more d i l u t e  a l l o y s  

of i r o n  i n  gold than had h i t h e r t o  been a v a i l a b l e  has  a l ready 

been discussed i n  Chapter 1. I n  o rde r  t o  ob ta in  t h e s e  wi th  

accura te ly  known F e  concent ra t ions  it seemed d e s i r a b l e  t o  

f i n d  a  method of specimen prepara t ion  o t h e r  than  t h a t  of 

adding i r o n  t o  pure molten gold because of u n c e r t a i n t i e s  a s  

t o  t h e  amount of Fe impurity i n  t h e  supposedly pure Au and 

t h e  danger of Fe impurity being introduced during handl ing ,  

and p a r t i c u l a r l y  when drawing t h e  a l l o y s  i n t o  wi res .  Fur ther -  

more, t h i s  method could not  produce an a l l o y  conta in ing  l e s s  

Fe than  was i n  t h e  most pure gold a v a i l a b l e .  (La te r  a n a l y s i s  

showed t h a t  t h e  pures t  gold a v a i l a b l e  contained about 2 . 5  

p.p.m. atomic F e )  . I f  a  method could be found t o  progress- 

i v e l y  p u r i f y  a  more concentrated a l l o y ,  of say 300 p.p.m., 

t h i s  would seem t o  be i d e a l  and would be l e s s  c o s t l y ,  s ince  

Au + .03 a t  % F e  i s  commercially a v a i l a b l e .  Furthermore,  i f  

t h i s  could be done without  changing t h e  physical  form of t h e  

specimens so t h a t  subsequent handl ing of t h e  a l l o y  was mini- 

mised, it would seem t o  be even b e t t e r .  Such a  method was 

t h e r e f o r e  sought and success fu l ly  found (Walker, 1970) . 
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The method h a s  proved s u c c e s s f u l ,  bo th  i n  producing 

a l l o y s  of c o n t r o l l e d  composit ion and a s  a means of removing 

t r a c e  amounts of  Fe  t o  produce h igh  p u r i t y  gold .  T h i s  i n  

i t s e l f  i s  of v a l u e  because a  p r i n c i p a l  d i f f i c u l t y  i n  ob- 

t a i n i n g  a c c u r a t e  t h e r m o e l e c t r i c  power, r e s i s t i v i t y  and 

o t h e r  d a t a  on d i l u t e  a l l o y s  o f  gold w i t h  o t h e r  m e t a l s  a t  

t empera tures  below about  20K a r i s e s  from t h e  v e r y  l a r g e  

e f f e c t s  produced by t r a c e  amounts of  i r o n .  A s  l i t t l e  a s  

a few p.p.m. of  F e  can  make it imposs ib le  t o  de te rmine  t h e  

e f f e c t s  of  a n o t h e r  a l l o y i n g  element.  I t  i s  t r u e  t h a t  t h e  

l a r g e  e f f e c t s  of  i r o n  can be  e l imina t ed  by o x i d a t i o n  of t h e  

i r o n ,  a s  h a s  been shown by Worobey e t  a l .  (1965) b u t  

MacDonald e t  a l ,  (1962) , u s i n g  gold con ta in ing  ox id i sed  

i r o n  and i n  which t h e  i r o n  e f f e c t s  w e r e  g r e a t l y  reduced,  

found t h a t  when a n o t h e r  m e t a l  which t h e y  wanted t o  s tudy  

was added t o  t h e  g o l d ,  t h e  t y p i c a l  Fe  e f f e c t s  reappeared 

a t  n e a r l y  f u l l  s t r e n g t h ,  presumably because some of t h e  

oxygen was t aken  o v e r  by t h e  added meta1, leaving enough of 

the  i r o n  unoxid ised  t o  a g a i n  dominate t h e  e l e c t r o n  s c a t t e r i n g .  

Because go ld  i s  chemica l ly  a  h i g h l y  i n e r t  m e t a l ,  where- 

as  i r o n  i s  much more s t r o n g l y  r e a c t i v e ,  it seemed probable  

. t h a t  a chemical  means should be  a v a i l a b l e  which would 

conve r t  any i r o n  e x i s t i n g  a t  t h e  s u r f a c e  of a  gold specimen 



t o  a  v o l a t i l e  i r o n  compound, while  l eav ing  t h e  gold un- 

a t t acked .  With s u i t a b l y  e levated  temperature t h e  remain- 

ing i r o n  i n s i d e  would then d i f f u s e  t o  t h e  su r face  and, i n  

t u r n ,  be removed. 

Chlorine gas  i s  known t o  r e a c t  wi th  gold i n  t h e  

temperature range of 140 t o  3 0 0 ~ ~  t o  form e i t h e r  aurous 

o r  a u r i c  c h l o r i d e  but  above 3 0 0 ~ ~  both a r e  uns table  and 

decompose. It was thought ,  t h e r e f o r e ,  t h a t  i f  t h e  tempera- 

t u r e  of t h e  gold was f i r s t  r a i s e d  t o  we l l  above 3 0 0 ~ ~  i n  

a  good vacuum before  admit t ing  ch lo r ine  gas ,  no reac t ion  

should t ake  p lace  between t h e l c h l o r i n e  and t h e  gold.  On 

t h e  o t h e r  hand, f e r r o u s  and f e r r i c  ch lo r ide  a r e  known t o  

be s t a b l e  a t  t h e s e  temperatures and both a r e  v o l a t i l e ,  

s i n c e  f e r r i c  c h l o r i d e  b o i l s  a t  315Oc and f e r r o u s  ch lo r ide  

sublimes above t h i s  temperature.  

It  was expected t h a t  t h e  r a t e  of removal of t h e  i r o n  

from t h e  specimens would be l imi ted  by t h e  r a t e  of d i f f u -  

s i o n  of t h e  i r o n  t o  t h e  s u r f a c e ,  s i n c e  t h e  chemical r eac t ion  

0 
should be r e l a t i v e l y  q u i t e  r a p i d ,  and a  temperature of 850 C ,  

c l o s e  t o  t h e  mel t ing  po in t  of gold ,  was t h e r e f o r e  chosen. 

This  choice was, i n  f a c t ,  a  compromise determined by t h e  

r a t e  of d i f f u s i o n  of t h e  i r o n ,  l o s s  of gold through vaporiza- 

t i o n  and t h e  inc reas ing  s t r e n g t h  of unwanted welds which 



formed where two p a r t s  of t h e  wire  sample came i n  con tac t .  

Carbon monoxide was considered a s  an a l t e r n a t i v e  t o  

c h l o r i n e  gas because it does not  r e a c t  a t  a l l  w i th  go ld ,  

whereas i r o n  carbonyl i s  s t a b l e  and b o i l s  a t  1 0 0 ~ ~ .  Th i s  

was t r i e d  f i r s t  bu t  proved completely unsuccessfu l ,  perhaps 

because f e r r o u s  carbonyl i s  uns table  a t  high temperatures 

and t h e  formation of f e r r i c  carbonyl ,  Fe(CO)5 would requ i re  

t h e  simultaneous a r r i v a l  of f i v e  carbon monoxide molecules 

a t  an Fe atom s i t e ,  which i s  a  h ighly  improbable even t ,  

except perhaps a t  much h igher  pressures  than were t r i e d .  

This  was not  pursued any f u r t h e r  because e n t i r e l y  success- 

f u l  r e s u l t s  were then obtained with t h e  ch lo r ine  t rea tment .  

S ince  c h l o r i n e  r e a c t s  s i m i l a r l y  with Mn, N i ,  Co and many 

o t h e r  me ta l s ,  and t h e  r e s u l t i n g  ch lo r ides  have apprec iable  

vapour p ressu res  a t  850•‹c, we expected t h a t  t h e  t reatment  

would be e f f e c t i v e  a l s o  i n  removing a  number of o t h e r  

impur i t i e s  i n  t h e  gold. 

Measurement of I r o n  Concentration 

The e f f e c t i v e n e s s  of t h e  t reatment  i n  removing i ron  was 

determined i n  t h e  f i r s t  p lace  by measurement of t h e  r e s i d u a l  
R 

r e s i s t a n c e  r a t i o  4.2 
supplemented f o r  t h e  h igher  

R2 93 -R4. 2 

p u r i t i e s  wi th  measurement of thermoelec t r ic  power i n  t h e  

l i q u i d  helium temperature range. Confirmation t h a t  t h e  i r o n  



was indeed removed and not  merely oxidized by t h e  ch lo r ine  

was obtained by spec t rographic  a n a l y s i s .  

So long a s  t h e  i r o n  concent ra t ion  i s  l a r g e  enough t o  

dominate t h e  e l e c t r o n  s c a t t e r i n g  a t  l i q u i d  helium tempera- 

t u r e s ,  i t s  concen t ra t ion  can be determined by assuming t h a t  

it i s  p ropor t iona l  t o  t h e  bulk r e s i d u a l  r e s i s t a n c e  r a t i o .  

The bulk r a t i o s  can ,  i n  t u r n ,  be obtained from t h e  measured 

r e s i d u a l  r e s i s t a n c e  r a t i o s ,  which include t h e  e f f e c t  of 

boundary s c a t t e r i n g ,  us ing  

and t h e  experimental  value 

t h e  product of r e s i s t i v i t y  

gold. 

t h e  theory of Sondheimer (1952) 

obtained by Chambers (1952) f o r  

and e l e c t r o n  mean f r e e  pa th  i n  

A s  t h e  i r o n  concent ra t ion  i s  decreased below about 

2 0  p.p.m. atomic,  e l e c t r o n  s c a t t e r i n g  by c r y s t a l  l a t t i c e  

d e f e c t s  becomes inc reas ing ly  important a t  l i q u i d  helium 

temperatures and i n  two of our  samples it became t h e  

dominant f a c t o r ;  t h i s  was demonstrated by measuring t h e  

the rmoe lec t r i c  power S a t  4.2K, which was found t o  be about 

an order  of magnitude l e s s  i n  these  two samples than  i n  t h e  

gold wire  with 0.03 a t .  % Fe before  t rea tment ,  which had a  

value SF, of 13.5 ,w/K. 

The i r o n  con ten t  i n  t h e s e  h igh ly  p u r i f i e d  samples was 

est imated us ing  t h e  Nordheim-Gorter (1935) r e l a t i o n  and 



assuming t h a t  t h e  thermoelec t r ic  power of a l l  e l e c t r o n  

s c a t t e r i n g  processes  o t h e r  than  by t h e  i r o n  i s  z e r o ,  so  

t h a t  

S 
Fe concent ra t ion  f.. = f sFe 

where p i s  t h e  measured value of t h e  r e s i d u a l  r e s i s t i v i t y  

and f Fe i s  t h e  p a r t  which i s  due t o  i r o n .  Beside g iv ing  

es t ima tes  of t h e  i r o n  concent ra t ion  i n  t h e  two samples, 

t h e s e  the rmoe lec t r i c  power measurements a l s o  gave es t ima tes  

of t h e  r e s i d u a l  r e s i s t i v i t y  due t o  e l e c t r o n  s c a t t e r i n g  by 

t h e  c r y s t a l  l a t t i c e  d e f e c t s  PC 1 assuming a  simple 

a d d i t i o n  law (Mathiesen ' s r u l e )  

e - 
measured - r F e  ' r c j d  

Th i s  was then used t o  determine Fe and hence t h e  i ron  e 
con ten t  i n  samples of in termedia te  concent ra t ion  which had 

received t h e  same anneal ing t rea tment ,  bu t  i n  which n e i t h e r  

t h e  i r o n  nor t h e  l a t t i c e  d e f e c t s  completely dominated t h e  

e l e c t r o n  s c a t t e r i n g .  

A l l  t h e  experimental  d a t a  from which t h e  Fe concentra- 

t i o n s  were determined a r e  c o l l e c t e d  toge the r  i n  t a b l e  3.1,  

which a l s o  shows t h e  var ious  computations. 

There i s  some doubt whether t h e  Nordheim-Gorter r u l e  is 

s t r i c t l y  a p p l i c a b l e  t o  magnetic s c a t t e r e r s  l i k e  Fe  i n  - Au. 



T h i s  ques t ion  was examined by Gold e t  a l .  (1960) ,  who 

i n d i c a t e  t h a t  Kohle r ' s  r u l e  r e l a t i n g  t h e  thermoelec t r ic  

powers t o  t h e  thermal r e s i s t i v i t i e s ,  r a t h e r  than t h e  

e l e c t r i c a l  r e s i s t i v i t i e s ,  i s  t h e o r e t i c a l l y  more l i k e l y  

t o  be v a l i d  bu t  they  reach no d e f i n i t e  conclusion. 

Experimental ly ,  it seems t h a t  t h e  Wiedemann-Franz law 

connecting t h e  two r e s i s t i v i t i e s  i s  c o r r e c t  and a p p l i c a b l e  

t o  t h e  - A u  Fe a l l o y s  i n  t h e  l i q u i d  H e  temperature range,  a t  

l e a s t  t o  wi th in  about l o % ,  a s  i s  indica ted  i n  Appendix A3. 

Also,  t h e  Nordheim-Gorter r u l e  has been used by s e v e r a l  

experimenters i n  i n t e r p r e t i n g  t h e i r  measurements on d i l u t e  

magnetic a l l o y s  and appears t o  y ie ld  c o n s i s t e n t  r e s u l t s ,  a s  

i s  d iscussed  by Kopp (1969) . 

Procedure and Resu l t s  

The gold wi re  samples ( N  0.1 rnm diameter) were i n s e r t e d  

i n  a  long s i l i c a  tube  which was f i r s t  evacuated and then  

hydrogen gas admitted t o  a pressure  of about 1 mm Hg. The 

por t ion  of t h e  tube  con ta in ing  t h e  sample was then  i n s e r t e d  

i n  an oven and t h e  temperature r a i s e d  t o  850•‹c, a f t e r  which 

t h e  hydrogen was pumped ou t .  For  lower degrees of p u r i f i c a -  

t i o n  t h e  hydrogen t rea tment  was omit ted,  b u t  it was then  

found e s s e n t i a l  t o  evacuate  t h e  tube t o  mm H g  o r  l e s s  

t o  remove a l l  oxygen before  t h e  temperature was r a i s e d .  



TABLE 3.1 

I a s i d u a l  Resistance Ratios  (P,/P)A. T h e m -  I e  
I A I I P L L  I I -er a t  Concentration 

Heamred Bulk Crys ta l  r e  4 . 2  p.p.m. atomic 
L a t t i c e  
Def.ct. & 

measured 

o t h e r  

Johnson Matthey -03 a t  X 
Am-?e wire .08 rs l .diant ter  

N a f t e r  4% hrs.+34 h r s .  
(8  hrs.tota1) C12 a t  850•‹c 
L s l w  cool from 725% .001844 

I a s l s t a n c e  r a t i o  due t o  r e  ca lc .  
fr- S ,,,,,& by .guationI3.1) 
hence ra t10  due t o  c r y s t a l  l a t t i c e  
d e f e c t s  ( including o the r  s c a t t s r e r s )  
obtained by equation 13.2) 6 used 
f o r  o the r  samples cooled slowly: 
ma* a l s o  sanples  I1 b IX below 
a f t o r  long C12 treatment 

N untreated .I265 

XI11 untreated .I250 .I253 ,0015 .I060 
(m-1 (eat1 c.1.d 

.0178 
Sn. Pb 

I aft.= heat  6 cool a s  b e l w  .I244 
plus 62 h r s .  m L quick 
6 m l  Iran 850•‹c 

r e  eoncentcat ion obtained by 
ana lys i s  l a c e  Tablo 3 -2). 

-- 2 50 ?e concentrat ion of a l l  o the r  
samples ca lcu la ted  from t h i s  in  
t h e  proport ion of t h e i r  Pa 

- "i is tance r a t i o s .  For resrs-  
t ance  r a t i o  increment due t o  Sn, 
Pb, nee A o ~ e n d h  A-7. 

Samples XI11 and XY from spool 3 
r h i c h  appeared t o  contain no 
w i d i s e d  Fe. 

1 untr-ated .I143 Samp1.s I. 11 b N from spool 2. 

I a f t e r  quick c-l f r m  Sample I a f t e r  62 hr.treatment by 

850•‹C -1171 
Q) which is strong reducer had 
r e s i s t r n c e  r a t i o  increased t o  

I1 m t r e a t e d  .I176 .I160 .0015 .0%7 13.14 218 -1244: concluded tha t  wire from 
(mean) lest1 c.1.d onoxidised spool 2 contained 228 p .p .m .  le . . . .  

Moxidised.  250 p . p . m . ~ ~ e  t o t a l .  
N -treated .I152 .0178 

In. Wb -.., - -  
V I  a f t e r  3 hrs.C12 6 s l w  .0362 .0362 .00096 .03524 13.7 83.2 T c a l i b r a t i o n  6 zeasurernent sample 

cwl from 350•‹C 

N a  a f t e r  3 hrs.Cl2 b s l w  .0194 .0194 .00096 .Ole44 43.5 A T  mearurer;.ent sanple.This s m p l e  
-1 f m .  ssoOc t rea ted  wi th  sasp le  V1:d~fference 

ia r e s u l t a n t  Ps concentrat ion 1.1 
thought t o  be due t o  presence of 
oxidired Fe and t o  inadequate 
vacuum before Cl2 treac-ient. 

I a f t e r  CO t r e a L ~ n t  a s  -0176 .0176 .0015 -0161 38.0 
above plus 21 hr=.C12 6. (*st) 
quick cool  from 8 5 0 ~ ~ .  

XI r r t c r  24 hrs.Cl, 6 w i c k  .0127 .0127 .0015 .Or12 26.4 
cool  rr- aso"c- - l e s t )  

11 a f t e r  75 hra.plus 15 h r s .  .00210 .00145 .00145 ( .01 Expected Pe conc. from u t r a p o -  
(174 hra. total1 C12 b l a t i o n  o f  f iq .3.1 w?uld be .0004 
quick c m l  frc.. 850•‹C p.p.m. atomic. This  sanple pro- 

v ides  e s t i n a t e  of r e s i s t ance  
r a t i o  due t o  c r y s t a l  l a t t i c e  de- 
f a c t s  a f t e r  quick cool from 8S0•‹C. 

X I  as a b w e  reheated 6 
-led slowly f r a  8 5 0 ~ ~  .00161 .00093 .00093 4 -01 T h i s  sampla.with sample IX b e l w  

L sample XV above,provides e s t i -  
l a t e  of r e s i s t ance  r a t i o  due t o  
c r y s t a l  l a t t i c e  de fec t s  a f t e r  
slw -1 f r ~ m  850'~. 

Ut a f t e r  25 hrs.C12 6 r l w  ..00164 .000% .00096 4.00007 Spe 24.3 4 -16 L in i t inq  Fe concentrat ion b r e s i -  - 
cwl from 8 5 0 ~ ~  w i d i r e d  dua l  r e s i s t anec  r a t i o  calculated 

on t h e  assumption t h a t  Smealured 
is wholly due t o  Pa. which IS pr;r 
bably an o v c r e s t i n a t e ( s r e  chap.4). 

N a f t e r  Y hrs.C12 a t  85o0c .00497 .00440 .00096 .00344 0.12 
L s l w  cool from 72S•‹C 

Cminco 99.999= I'a.wire 
.1 5. dia.  

z- 
XI1 untreated -0098 .0098 .0088 .W10 2.'25 ?e o n c a n t r a t i o n  obtained by analy- 

si.(se. Table 3.2) .Resistance r a t i o  
due t o  ? e  c a l ~ l a t e d  f r o s  t h i s .  

III a f t e r  5 hr.H2 6 15  h r s .  
C12 6 quick c m l  from .00143 .00092 .00092 
8 5 . 0 ~ ~  

nI a s  above reheated 6 
cooled s l w l y  from 850•‹c .00114 .00060 .00060 

N I  a f t e r  1 hr.E2 6 69k h r s .  Spectrographic ana lys i s  detected 
C11 c very long cool: .000561 .000010 .0000lO 4 - 1 5  .me re. 
a f t e r  standing 2 days 
a t  23Oc .00139 .00087 .00087 

MI a f t e r  1 hr.E2 6 72 h r s .  .00135 .000825 .000825 -07 ? e  c o n c e n t r a t ~ o n  obtained by 
Elz 6 very SlW Cool ana lys i s  ( see  Table 3.21 ; 

probably o x i d i s c j .  

is c h a r a c t e r i s t i c  thermoelectrxc pover of Pa m Bu a t  4.2K. 



I r o n  oxide ,  l i k e  most o t h e r  metal  oxides ,  i s  not  v o l a t i l e  

below t h e  mel t ing  p o i n t  of gold and i t s  presence appears  t o  

i n h i b i t  t h e  d i f f u s i o n  of t h e  i r o n  t o  t h e  su r face .  

A f t e r  pumping ou t  t h e  hydrogen and wi th  t h e  gold 

specimens a t  850•‹c, c h l o r i n e  gas was admitted slowly t o  a  

p ressu re  between 0.1 and 0.3 mm Hg. 

A f t e r  t h e  requi red  t rea tment  t ime,  t h e  c h l o r i n e  gas was 

pumped ou t  t o  lo-* mm Hg o r  l e s s  and t h e  temperature then 

maintained f o r  a t  l e a s t  an hour t o  al low t h e  remaining i r o n  

t o  d i f f u s e  uniformly throughout t h e  sample. The temperature 

was then  reduced t o  725O~ f o r  h a l f  an hour before  switching 

o f f  t h e  oven and al lowing t h e  sample t o  cool  slowly t o  room 

temperature.  Th i s  procedure allowed some of t h e  c r y s t a l  

l a t t i c e  d e f e c t s  t o  anneal  out  and gave reproducible  r e s u l t s .  

The v a r i a t i o n  of i r o n  concent ra t ion  wi th  c h l o r i n e  

t rea tment  t ime i s  shown i n  f i g . 3 . 1  f o r  gold wire  0.08 mrn 

diameter i n i t i a l l y  con ta in ing  250 p.p.m. atomic Fe. It i s  

seen t h a t  a  10 hour t rea tment  reduces t h e  i r o n  concent ra t ion  

by t h r e e  o rde r s  of magnitude. The two po in t s  obta ined  with 

wires  t r e a t e d  i n  C 1 2  f o r  t h r e e  hours a r e  thought t o  be high 

because of an i n h i b i t i n g  e f f e c t  of i r o n  oxide. These spec i -  

mens were no t  f i r s t  t r e a t e d  wi th  e i t h e r  H2 o r  CO t o  reduce 

any oxide p resen t  and, a s  shown below and i n  t h e  notes  i n  



a t o m i c  Fe .  

F i g u r e  3-1 

Change o f  i r o n  c o n c e n t r a t i o n  w i t h  c h l o r i n e  

t r e a t m e n t  t i m e  a t  850•‹C f o r  g o l d  w i r e s  0 .08  

mrn d i a m e t e r  o r i g i n a l l y  c o n t a i n i n g  250 p.p.m. 



table 3.1, it seems almost c e r t a i n  t h a t  t h e  spool of w i r e  

from which t h e y  were c u t  contained about 20 p,p.m. oxid ised  

Fe. I t  should be noted t h a t  t h e  sample t r e a t e d  f o r  8 hours ,  

which reduced i t s  Fe concentrat ion t o  0.54 p.p.m. atomic Fe ,  

received i t s  t rea tment  i n  two s tages :  t h e  f i r s t  s t a g e  was a 

4% hour C 1 2  t rea tment  which reduced i t s  Fe content  t o  

8 p,p,m. atomic and was followed by a  h e a t  t reatment  i n  

vacuum, long  enough t o  d i s t r i b u t e  t h e  remaining Fe uniformly 

throughout t h e  sample. The second s t a g e ,  which included t h e  

remaining 3% hour C 1 2  t rea tment ,  thus  s t a r t e d  f r e s h  with a  

uniformly d i s t r i b u t e d  sample and s o  t h e  i n i t i a l  removal of 

Fe a t  t h e  s t a r t  of this second s t a g e  was f a s t e r  than  i f  the 

whole 8 hours  had been run continuously.  This  f a s t e r  i n i t i a l  

per iod  i s  allowed f o r  i n  t h e  d i f f u s i o n  equation (3.3) below 

by t h e  f a c t o r  0.692, and i n  f ig .3 .1  t h e  i n i t i a l  p o i n t  f o r  

zero  C 1 2  t rea tment  t ime i s  a t  a  concentrat ion of 0.692 x 250 

p,p.m. atomic Fe.  We have correspondingly allowed f o r  t h e  

two s t e p  t rea tment  of t h e  8 hour p o i n t  i n  f ig .3 .1  by r a i s i n g  

it t o  correspond t o  an Fe concent ra t ion  of 0.54/0.692 = 0.78 

p.p.m. 

A f u r t h e r  sample of t h i s  a l l o y  was t r e a t e d  wi th  ch lo r ine  

f o r  25 hours  but  wi thout  f i r s t  us ing  hydrogen t o  reduce any 

metal  oxide which may have been p resen t ,  The r e s u l t i n g  



w i r e  specimen had a small  thermoelec t r ic  power which could 

be explained us ing  t h e  Nordheim-Gorter r e l a t i o n  a s  due t o  

0.16 p.p.m. atomic F e ,  but  t h i s  had both temperature and 

magnetic f i e l d  dependence which d i d  no t  wholly conform t o  

our  d a t a  on o t h e r  gold-iron samples and it i s  thought t h a t  

t h e  small  the rmoe lec t r i c  power may have been due t o  some 

o t h e r  cause ,  o r  t o  some o t h e r  impurity.  Ext rapola t ion  of 

f i g . 1  t o  25 hours  would l eave  l e s s  than  p.p.m. a t .  Fe. 

The sample was analysed spec t rograph ica l ly  us ing  c a r r i e r  

d i s t i l l a t i o n ,  a s  descr ibed  by Tymchuk e t  a l .  (1965,671, 

wi th  t h e  r e s u l t s  given i n  t a b l e  3.2 and it i s  concluded 

t h a t  most,  i f  not  a l l  of t h e  0.67 p.p.m. atomic Fe found 

i n  it was i n  t h e  oxid ised  s t a t e .  F u r t h e r  evidence po in t ing  

t o  t h e  ex i s t ence  of apprec iable  amounts of i ron  oxide i n  

t h i s  wire  i n  i t s  un t rea ted  s t a t e  i s  t h a t  i t s  r e s i d u a l  re- 

0 
s i s t a n c e  r a t i o  was increased  by t rea tment  a t  850 C w i t h  

carbon monoxide gas from about .I14 t o  ,124, a s  shown i n  

t a b l e  3.1. S ince  t h e  e l e c t r o n  s c a t t e r i n g  i s  h e r e  dominated 

by t h e  unoxidised i r o n  p r e s e n t ,  t h i s  i n d i c a t e s  t h a t  about 

20 p.p.m. atomic Fe was o r i g i n a l l y  p r e s e n t  a s  oxide. 

Table 3 . 2  a l s o  inc ludes  t h e  r e s u l t  of a h a l f  hour 

hydrogen and 72 hour c h l o r i n e  t reatment  of a sample of Cominco 

99.9999% pure gold wi re  0.10 mrn. diameter.  



TABLE 3.2 

Spectroqrqphic Analysis 

By C a r r i e r  D i s t i l l a t i o n  O f  Samples O f  Gold Wire 

Before and A f t e r  Treatment wi th  Chlorine Gas 

Impurity 

: ron 

' i n  

,cad 

; il icon 

rluminum 

- -- 

Gold w i r e  0.08 mm d ia -  
meter spec. pure p lus  
0.03 a t . %  Fe. a  

Untreated 

p.p.m. 
atomic 

not  v i s i -  
b l e  

Treated C 1 .  
25 h r s .  a t  

850•‹c 

p.p.m. 
atomic 

0.67 

N2.5 

Gold wire  0.10 mrn d i a -  
meter 99.9999% pure.  b 

Untreatec 

p.p.m. 
atomic 

2.25 

1.7 

0.7 

Treated H2 
h a l f  h r .  
C 1 2  72 hours 
a t  8 5 0 ~ ~  

p.p.m. 
atomic 

a 
Johnson, Matthey Metals Ltd . ,  London, 
England, Spool 3  

Cominco American, Spokane, Washington , 
U.S.A. 



The s p e c t r o g r a p h i c  a n a l y s i s  of  bo th  samples conf i rms t h a t  

i r o n  w a s  indeed removed by t h e  t r e a t m e n t  and shows t h a t  it 

was a l s o  e f f e c t i v e  i n  removing t i n .  Another Cominco sample, 

sample X V I ,  a f t e r  t r e a t m e n t  w i t h  H2 f o r  3 hour  and C 1 2  f o r  

69a hour s  a t  8 5 0 " ~  was g iven  a l o n g ,  slow annea l  procedure  

0 
(725OC 3 h o u r ,  4 5 0 ~ ~  4% h o u r s ,  275 C 12 h o u r s ,  1 0 0 ~ ~  12 h o u r s ,  

0 
40 C 18  hours)  and was then  found t o  have a  bulk  r e s i d u a l  

r e s i s t a n c e  r a t i o  i n  exces s  of 10 ,000 ,  a s  i n d i c a t e d  i n  

t a b l e  3.1. A f t e r  t h e  slow c o o l ,  t h i s  sample was s l i d  o u t  

of t h e  annea l ing  t u b e  and i n t o  p l a c e  on t h e  h o l d e r  f o r  

measuring i t s  r e s i d u a l  r e s i s t a n c e  r a t i o ,  v i r t u a l l y  w i thou t  

hand l ing .  Two days  l a t e r ,  a f t e r  hand l ing  tw ice  b u t  w i thou t  

removal from t h e  h o l d e r ,  t h e  measured r e s i s t a n c e  r a t i o  had 

changed t o  a  v a l u e  of  .00139, comparable t o  t h a t  found f o r  

samples I11 and X V I I ,  and i n d i c a t i n g  a  bulk v a l u e  of  .00087. 

It i s  p o s s i b l e  t h a t  t h i s  change was a l l  due t o  a d d i t i o n a l  

l a t t i c e  d e f e c t s  produced by hand l ing ,  b u t  it must be  re- 

membered t h a t  t h e  C 1 2  t r ea tmen t  would l e a v e  t h e  w i r e  s u r f a c e  

e x c e p t i o n a l l y  c l e a n :  t h e  boundary s c a t t e r i n g  may t h e r e f o r e  

have been a p p r e c i a b l y  less than  normal when t h e  r e s i s t a n c e  

r a t i o  was f i r s t  measured, Even s o ,  t h e  measured r a t i o  of  

,00056 i s  a  low v a l u e .  It would be  of i n t e r e s t  t o  measure 

a sample a f t e r  C 1 2  t r e a t m e n t  and slow c o o l i n g ,  w i thou t  



removing it from t h e  anneal ing  tube and wi th  vacuum o r  a  

H e  atmosphere maintained around it. 

Dif fus ion  Rate of I r o n  i n  Gold 

A s  a  by-product, t h e  work h e r e  y ie lded  a  value f o r  t h e  

d i f f u s i o n  r a t e  of i r o n  i n  gold. This  i s  obtained from t h e  

s lope  of  t h e  graph i n  f ig .3.1.  According t o  J o s t  (1960) 

the change i n  t h e  average i r o n  concent ra t ion  a f t e r  t ime t 

due t o  outward r a d i a l  d i f f u s i o n  in  long c y l i n d r i c a l  .specimens 

f o r  which t h e  s u r f a c e  concent ra t ion  i s  maintained equal t o  

zero ,  i s  given by 

where ci  i s  t h e  i n i t i a l  concent ra t ion ,  except  f o r  a  shor t  

i n i t i a l  per iod ,  l e s s  than  about one time cons tan t  '7'. 

The d i f f u s i o n  c o e f f i c i e n t  D is  obtained from t h e  measured 

t ime cons tan t  a s  a  func t ion  of t h e  cy l inder  r ad ius  r.  

D = r 2 

5.78 7 (3.4) 

The va lue  of D which we ob ta in  f o r  t h e  d i f f u s i o n  of 

+ -10 -1 i ron  i n  gold a t  8 5 0 ~ ~  is  5.19 - 0.08 x 10 cm2 sec  . 
Kubaschewski and Eber t  (1944) have repor ted  va lues  f o r  a 

gold-iron a l l o y  conta in ing  15.6 a t .  % Fe over t h e  tempera- 

t u r e  range from 7 5 3 O ~  t o  1 0 0 3 ~ ~ .  I n t e r p o l a t i n g  from t h e i r  

graph of l o g  D ve r sus  t h e  r ec ip roca l  of t h e  temperature 



2 -1 
g i v e s  a b o u t  20 x  1 0  -lo c m  sec at 8 5 0 ~ ~ .  S i n c e  i t  

a p p e a r s  ( s e e  J o s t ,  1960) t h a t  D g e n e r a l l y  i n c r e a s e s  w i t h  

c o n c e n t r a t i o n ,  t h e i r  d a t a  i s  n o t  i n c o n s i s t e n t  w i t h  o u r s .  

~t 15.6 a t ,% F e  i n  Au t h e  i r o n  i s  d i f f u s i n g  t h r o u g h  a  

m i x t u r e  o f  t h e  two m e t a l s ,  r a t h e r  t h a n  t h r o u g h  g o l d .  

Our v a l u e ,  o b t a i n e d  a t  extreme d i l u t i o n ,  would seem t o  

r e p r e s e n t  t h e  t r u e  v a l u e  f o r  t h e  d i f f u s i o n  o f  i r o n  i n  

g o l d .  



CHAPTER 4 

EXPERIMENTAL RESULTS ON ALLOYS OF Fe I N  Au 

The t h e r m o e l e c t r i c  powers of f i v e  d i l u t e  g - F e  a l l o y s  

were s t u d i e d ,  v a r y i n g  i n  concen t r a t i on  from 230 p.p.m. t o  

< . I 6  p.p.m. atomic Fe and prepared a s  descr ibed  i n  t h e  

prev ious  c h a p t e r .  

The e f f e c t  on t h e s e  t h e r m o e l e c t r i c  powers of an ex- 

t e r n a l l y  a p p l i e d  magnet ic  f i e l d  was s tud ied  f o r  f o u r  of  

them c o n t a i n i n g  230, 43, 0 -54 and (-16 p.p.m. atomic Fe  

a t  a s e r i e s  of f i x e d  tempera tures  between 1 . 2 K  and 6.75K, 

and t h e  v a r i a t i o n  of  t h e  t h e r m o e l e c t r i c  powers w i th  tempera- 

t u r e  a t  ze ro  a p p l i e d  f i e l d  was ob ta ined  f o r  t h r e e  of  t h e  

same a l l o y s  c o n t a i n i n g  230, 0.54 and (-16 p.p.m. and f o r  

one c o n t a i n i n g  83 p.p.m. atomic Fe .  

Thermoelec t r ic  Power v s  . Temperature 

The exper iments  y i e l d e d  a s e r i e s  of measurements of t h e  

t h e r m o e l e c t r i c  v o l t a g e  developed a c r o s s  an a l l o y  sample con- 

nected between one p o i n t  a t  a f i x e d  tempera ture  (hel ium ba th)  

and a second p o i n t  a t  a v a r i a b l e  t empera ture .  They t h u s  pro- 

vided d i r e c t l y  a p l o t  of thermovoltage v s .  t empera ture  (of  t h e  

second po in t )  f o r  each of  t h e  a l l o y  samples s t u d i e d .  The 

t h e r m o e l e c t r i c  powers of  t h e  samples a r e  t hen  given by t h e  



s l o p e s  o f  t h e s e  c u r v e s  (see e q u a t i o n  (1.1) i n  c h a p t e r  1). 

T h e  s l o p e s  v a r y  w i t h  t e m p e r a t u r e  and we t h u s  o b t a i n  p l o t s  

'measured v s  T.  

The r e s u l t s  of  o u r  measurements h a v e  been p l o t t e d  i n  

f i g . 4 . 1  f o r  t h e  c h a r a c t e r i s t i c  t h e r m o e l e c t r i c  powers SF, 

due t o  t h e  F e ,  u s i n g  e q u a t i o n  (3.1)  i n  c h a p t e r  3  and t h e  

r e s i s t i v i t y  d a t a  f o r  t h e  a l l o y s  computed i n  t a b l e  3 .1 .  I n  

t h i s  t a b l e  t h e  p a r t  o f  t h e  r e s i d u a l  r e s i s t a n c e  r a t i o  which 

i s  due  t o  F e  i s  c a l c u l a t e d  by s u b t r a c t i n g  t h e  p o r t i o n s  due 

t o  c r y s t a l  l a t t i c e  d e f e c t s  and o t h e r  i m p u r i t i e s  from t h e  

measured t o t a l  r a t i o  o r  from i t s  computed b u l k  v a l u e ,  a s  

g i v e n  by Appendix A . 6 .  The p o r t i o n  due t o  c r y s t a l  l a t t i c e  

d e f e c t s  and i m p u r i t i e s  n o t  removed by t h e  C 1 2  t r e a t m e n t  was 

measured i n  samples  which had been g i v e n  l o n g  enough t r e a t -  

ment t o  remove v i r t u a l l y  a l l  t h e  F e  and o t h e r  removable i m -  

p u r i t i e s  and which had t h e n  been g i v e n  t h e  same a n n e a l i n g  

p r o c e d u r e  a s  t h e  sample b e i n g  computed. The p o r t i o n  o f  t h e  

r e s i d u a l  r e s i s t a n c e  r a t i o  due  t o  removable i m p u r i t i e s ,  shown 

by t h e  a n a l y s i s  t o  b e  Sn and ~ b ,  was computed a s  shown i n  

Appendix A.7. The r e s u l t i n g  computed v a l u e s  o f  t h e  resis- 

t a n c e  r a t i o  due  t o  F e ,  i n  a d d i t i o n  t o  b e i n g  used t o  c a l c u l a t e  

SFe f rom SmeaSured,was used t o  o b t a i n  t h e  a l l o y  c o n c e n t r a t i o n s  

by d i r e c t  p r o p o r t i o n  t o  t h e  o r i g i n a l  u n t r e a t e d  a l l o y  which 

was c h e m i c a l l y  a n a l y s e d .  





It can be seen i n  f i g . 4 . 1  t h a t  SF, i s  g r e a t e s t  over  t h e  

whole tempera ture  range f o r  t h e  a l l o y  con ta in ing  230 p.p.m. 

F e  and r eaches  a  v a l u e  exceeding 16.5  /uV. A t  somewhat lower 

concen t r a t i on  of Fe t h e  magnitude of t h e  c h a r a c t e r i s t i c  thermo- 

power SF, appears  t o  be  mainta ined a t  t h e  lowest  t empera tures  

b u t  does  n o t  r i s e  a s  h i g h  as S  f o r  t h e  230 p.p.m. a l l o y .  The Fe 

curve  f o r  t h e  0.54 p.p.m. a l l o y  shows t h a t  a t  much lower con- 

c e n t r a t i o n s  SF, f a l l s  s t e e p l y  below 4K and becomes a lmost  

p r o p o r t i o n a l  t o  T .  The e x a c t  p o s i t i o n  o f  t h i s  curve f o r  SF, 

f o r  t h e  0.54 p.p.m. a l l o y  i s  u n c e r t a i n  because t h e  r a t i o  of 

t h e  c h a r a c t e r i s t i c  thermopower SF, t o  t h e  measured thermo- 

power Smeasu,,d i s  no t  known w i t h  c e r t a i n t y ,  b u t  t h i s  r a t i o  

cannot d i f f e r  g r e a t l y  from 8.0  wi thout  g iv ing  a  va lue  f o r  t h e  

r e s i d u a l  r e s i s t a n c e  r a t i o  due t o  c r y s t a l  l a t t i c e  d e f e c t s  and 

o t h e r  s c a t t e r e r s ,  which i s  i n  disagreement wi th  v a l u e s  found 

f o r  o t h e r  samples w i t h  t h e  same annea l ing  t r ea tmen t .  

The t h e r m o e l e c t r i c  power of t h e  most h i g h l y  p u r i f i e d  

specimen c o n t a i n i n g  40.16 p.p.m. atomic Fe  i s  no t  s e p a r a t e l y  

shown i n  f i g . 4 . 1  because t h e  observed t h e r m o e l e c t r i c  v o l t a g e  

was everywhere p r o p o r t i o n a l  t o  t h a t  observed f o r  t h e  230 p.p.m. 

a l l o y ,  be ing  always s m a l l e r  by a  c o n s t a n t  f a c t o r  of 24.3 over  

t h e  whole tempera ture  range and s o  i t s  t h e r m o e l e c t r i c  power 

curve  would have t h e  same shape a s  t h e  more concent ra ted  a l l o y .  



It does  n o t  t h e r e f o r e  e x h i b i t  t h e  more r a p i d  f a l l  o f f  below 

4K which i s  c h a r a c t e r i s t i c  of t h e  0.54 p.p.m. a l l o y .  A s  

suggested i n  Chapte r  3 ,  t h e  observed smal l  t h e r m o e l e c t r i c  

v o l t a g e  may have been due t o  some o t h e r  cause ,  no t  Fe ;  t h e  

r educ t ion  f a c t o r  of 24.3 f o r  t h e  observed t h e r m o e l e c t r i c  

power, combined w i t h  t h e  observed r e s i d u a l  r e s i s t a n c e  r a t i o  

f o r  t h i s  a l l o y  of 0.00164, s e t s  an upper l i m i t  of 0.16 p.p.m. 

atomic f o r  t h e  unoxidised i r o n  c o n t e n t .  

Included f o r  comparison i n  f i g . 4 . 1  a r e  r e s u l t s  r epo r t ed  

by Pearson and Templeton (1961) , by MacDonald e t  a 1  (1962) 

and by Kopp (1969) .  These a r e  reproduced a s  r epo r t ed  by t h e  

a u t h o r s  and a r e  n o t  a d j u s t e d  t o  t h e  c h a r a c t e r i s t i c  thermo- 

powers SF,, w i t h  t h e  r e s u l t  t h a t  t r e n d s  a r e  no t  e a s i l y  d i s -  

ce rned .  I n s u f f i c i e n t  a c c u r a t e  d a t a  a r e  given by t h e  a u t h o r s  

t o  make t h e  ad jus tments  w i t h  c e r t a i n t y ;  n e v e r t h e l e s s ,  w i th  

some reasonable  assumptions it i s  p o s s i b l e  t o  deduce probable  

SFe curves  and t h e s e  a r e  given w i t h  ou r  curves  i n  f i g . 4 . 2 ,  

w i t h  encouraging r e s u l t s .  The c a l c u l a t i o n s  a r e  a s  fo l lows:  





~ o p p ' s  a l l o y  nominally -03 a t  % Fe gave measured thermo- 

e l e c t r i c  powers c l o s e  t o  those  found f o r  our  230 p.p.m. 

a l l o y ,  which a l s o  was nominally -03 a t  % Fe with t h e  same 

p u r i t y  s p e c i f i c a t i o n  and was obtained from t h e  same supp- 

l i e r  a t  about t h e  same t ime.  Our measured r e s i d u a l  r e s i s -  

t ance  r a t i o  was ,1160 f o r  spool 2 and -1253 f o r  spool 3 ,  

i n  genera l  agreement wi th  Kopp's measurements which gave 

t h e  r e s i s t i v i t y  a t  4.2K a s  264 n-cm, corresponding t o  a 

r e s i d u a l  r e s i s t a n c e  r a t i o  of .120. I t  i s  reasonable,  the re -  

f o r e ,  t o  assume t h a t  both wi res  contained t h e  same impur i t i e s  

and, a s  rece ived ,  had t h e  same number of l a t t i c e  d e f e c t s .  

The same f a c t o r  1.20 should t h e r e f o r e  be used i n  t r a n s l a t i n g  

h i s  measured d a t a  t o  c h a r a c t e r i s t i c  thermopower SF,. T h i s ,  

of course ,  b r ings  h i s  curve i n t o  s u b s t a n t i a l  agreement wi th  

our  230 p.p.m. curve ,  a s  shown i n  f ig .4 .2 .  I t  a l s o  y i e l d s  

a va lue  f o r  t h e  magnitude of SF, a t  i t s  maximum, a t  a tempera- 

t u r e  of about 10K of 18.4 ,aV/K. 

One important po in t  of disagreement between our d a t a  and 

Kopp's concerns t h e  concent ra t ions  of t h e  a l l o y s .  The a n a l y s i s  

of such d i l u t e  a l l o y s  i s  ve ry  d i f f i c u l t ,  and i n  each case  has  

t o  be based on some re fe rence  sample. Kopp had h i s  samples 

analysed f o r  him i n  London, whereas our  concent ra t ions  a r e  a l l  

based on an a n a l y s i s  performed f o r  u s  i n  Ottawa. For t h e  



nominally -03 a t . %  Fe i n  Au w i r e  ob ta ined  by bo th  of  u s  from 

Johnson Matthey,  Kopp's a n a l y s i s  showed 300 p.p.m. i n  agree-  

ment w i t h  t h e  nominal s p e c i f i c a t i o n ,  whereas o u r s  showed 

250 p.p.m. Fe.  Our a n a l y s i s  g i v e s  t h e  incrementa l  r e s i d u a l  

r e s i s t a n c e  r a t i o  due t o  Fe i n  Au a s  4.24 ' -10 x 1 0 - ~ / ~ . ~ . m .  

a tomic F e ,  i n  e x c e l l e n t  agreement w i t h  a  p l o t  of r e s i d u a l  

r e s i s t a n c e  r a t i o  a g a i n s t  Fe  c o n c e n t r a t i o n  given by Macdonald 

et a1 (1962) which h a s  a  s l o p e  of 4.25 x 1 0 - ~ / ~ . ~ . m  . atomic 

Fe.  Kopp, on t h e  o t h e r  hand,  quo te s  - 8 2  n/~cm/p.p.m. atomic 

F e ,  corresponding t o  r e s i d u a l  r e s i s t a n c e  r a t i o  increment of 

3.73 x 1 0 - ~ / ~ . ~ . m .  a tomic Fe .  A method f o r  a c c u r a t e l y  

de te rmin ing  t h e  c o n c e n t r a t i o n s  of  t h e s e  d i l u t e  a l l o y s  h a s  

r e c e n t l y  been developed by Loram e t  a 1  (1970) and we can 

t h e r e f o r e  expec t  t h a t  t h i s  m a t t e r  of concen t r a t i on  w i l l  event-  

u a l l y  be  r e so lved .  I n  t h e  meantime, and t o  main ta in  a  common 

b a s i s  f o r  comparison,  we have used t h e  Ottawa a n a l y s i s  and i n  

comparing Kopp's r e s u l t s  have a d j u s t e d  h i s  concen t r a t i ons  

accord ing ly .  Thus,  f o r  t h e  .03 a t . %  a l l o y  t h e  r e s i d u a l  r e s i s -  

t a n c e  r a t i o  of  . I20 ob ta ined  above from Kopp's  d a t a  g i v e s  . l o 1  

f o r  t h e  p o r t i o n  due t o  Fe  ( a f t e r  a l lowing  f o r  o t h e r  i m p u r i t i e s  

and l a t t i c e  d e f e c t s )  and g i v e s  240 p.p.m. atomic Fe f o r  t h e  

concen t r a t i on  of h i s  a l l o y .  The curve i n  f i g .4 .2  i s  l a b e l l e d  

acco rd ing ly .  



It should b e  noted t h a t  i f  t h e  Ottawa a n a l y s i s  i s  shown 

e v e n t u a l l y  t o  be  wrong, it i s  o n l y  t h e  c o n c e n t r a t i o n s  a s  

l a b e l l e d  on t h e  cu rves  which have t o  be  changed. The r e s i d u a l  

r e s i s t a n c e  r a t i o s  are n o t  a f f e c t e d ,  nor  are t h e  f a c t o r s  used 

t o  conve r t  Smeasured t o  SFe. 

Kopp's a l l o y  nominal ly  . O 1  a t  .% Fe was shown by h i s  London 

a n a l y s i s  t o  c o n t a i n  100 p.p.m. atomic F e  and s o ,  by t h e  Ottawa 

a n a l y s i s ,  t h e  c o n c e n t r a t i o n  would be expected t o  be  83 p.p.m. 

atomic Fe .  T h i s  means a  r e s i d u a l  r e s i s t a n c e  r a t i o  due t o  t h e  

Fe c o n t e n t  of -0353. Kopp g i v e s  t h e  t o t a l  r e s i s t i v i t y  of t h i s  

sample a s  100 n ~ c m ,  cor responding  t o  a  t o t a l  r e s i d u a l  resis- 

t a n c e  r a t i o  of .0455. These v a l u e s  g ive  a f a c t o r  of 1.29 f o r  

sFe/SmeasUred- Using t h i s  b r i n g s  h i s  curve i n t o  c l o s e  agree-  

ment w i t h  o u r  c u r v e  f o r  t h e  same concen t r a t i on  up t o  2 . 5 K ;  

above t h i s  t empera ture  h i s  curve  shows a  cont inued i n c r e a s e  i n  

t h e  magnitude of t h e  t h e r m o e l e c t r i c  power, whereas o u r  curve  

becomes e s s e n t i a l l y  f l a t .  

The r e s i s t a n c e  r a t i o s  c a l c u l a t e d  above f o r  Kopp's sample 

g i v e  a  r e s i s t a n c e  r a t i o  increment of .0102 due t o  l a t t i c e  

d e f e c t s  and o t h e r  i m p u r i t i e s ,  corresponding t o  a  r e s i d u a l  

r e s i s t i v i t y  of  22.5 n-cm, r a t h e r  than t h e  v a l u e  of 1 8  n-crn 

assumed by Kopp. These  v a l u e s  a r e  an o r d e r  of  magnitude g r e a t e r  

t h a n  t h o s e  of o u r  annealed and p u r i f i e d  a l l o y s  and it i s  perhaps  



worth not ing  t h a t  because our 83 p.p.m. sample was both w e l l  

annealed and p u r i f i e d  of o the r  s c a t t e r e r s  it had a measured 

thermoelec t r ic  power a s  high a s  any reported so  f a r  f o r  a 

Au-Fe a l l o y  below 4K, d e s p i t e  t h e  f l a t t e n i n g  of i t s  response - 
curve above 2.5K. 

MacDonald's a l l o y  nominally ,002 a t . %  Fe has  a the rmoe lec t r i c  - 
power curve which i s  s i m i l a r l y  f l a t  above about 1.5K. To ad- 

j u s t  t h e  measured curve t o  t h e  c h a r a c t e r i s t i c  thermoelec t r ic  

power SF, it i s  necessary t o  know t h e  r e s i d u a l  r e s i s t a n c e  r a t i o  

of t h e  a l l o y ,  which i s  given by MacDonald e t  a 1  a s  .0151, and 

t h e  por t ion  which i s  due t o  Fe which must be est imated.  Since 

we do not  know t h e  Fe concent ra t ion  accura te ly ,  t h i s  r e s i d u a l  

r e s i s t a n c e  r a t i o  due t o  Fe must be est imated by o t h e r  means. 

The a l l o y  was made by adding approximately 20  p.p.m. a t .Fe  

t o  proof p l a t e  gold and MacDonald e t  a 1  g ive  a graph of r e s i d u a l  

r e s i s t a n c e  r a t i o  vs .  Fe concentrat ion f o r  a range of a l l o y s  pre- 

pared i n  t h i s  way: e x t r a p o l a t i n g  t h i s  graph t o  zero  added Fe 

i n d i c a t e s  t h a t  t h e  r e s i d u a l  r a t i o  of t h e  proof p l a t e  gold was 

.004. The the rmoe lec t r i c  power of t h e  proof p l a t e  gold was a l s o  

measured and showed t h a t  it a l ready  contained some magnetic 

s c a t t e r i n g  impurity.  A f a c t o r  of 1.6 would b r i n g  Smeasured f o r  

t h i s  proof p l a t e  gold t o  e q u a l i t y  with SF, of o t h e r  - Au-Fe a l l o y s  

below 1 K .  Assuming, t h e r e f o r e ,  t h a t  t h e  magnetic s c a t t e r i n g  



i 
r e s i d u a l  r e s i s t a n c e  r a t i o  due t o  Fe was .004/1.6 = .0025 ; t h i s  

g i v e s  i t s  Fe  c o n c e n t r a t i o n  t o  be 6  p.p.m. a tomic and t h e  p o r t i o n  

of t h e  r e s i d u a l  r e s i s t a n c e  r a t i o  due t o  c r y s t a l  l a t t i c e  d e f e c t s  

and o t h e r  i m p u r i t i e s  t o  be .0015; ( t h i s  i s  t h e  same a s  t h e  va lue  

de r ived  i n  t a b l e  3 . 1  f o r  c r y s t a l  l a t t i c e  d e f e c t s  and s c a t t e r e r s  

o t h e r  t h a n  Sn and Pb i n  our  o r i g i n a l  - Au-Fe a l l o y )  . The r a t i o  

due t o  Fe  i n  t h e  -002 a t . %  a l l o y  i s  t h e r e f o r e  e s t ima ted  t o  have 

been .0151-.0015 = .0136 g i v i n g  SFe/Smeasured = 1.11 and t h e  

a l l o y  c o n c e n t r a t i o n  t o  have been 32 p.p.m. a tomic Fe.  The curve  

f o r  MacDonald e t  a 1  i n  f i g . 4 . 2  i s  drawn and l a b e l l e d  acco rd ing ly .  

Pearson and Templeton 's  a l l o y ,  nominally .02 a t  .% Fe can be 

brought  i n t o  g e n e r a l  agreement w i th  t h e  o t h e r  a l l o y s  u s i n g  a  

f a c t o r  f o r  SFe/Smeasured = 1.16.  They g ive  t h e  r e s i d u a l  r e s i s -  

t a n c e  r a t i o  f o r  t h e  a l l o y  a s  .075 and,  wi th  t h e  above f a c t o r ,  t h i s  

. g i v e s  t h e  r e s i d u a l  r e s i s t a n c e  r a t i o  due t o  Fe  a s  -065 and hence 

t h e  a l l o y  c o n c e n t r a t i o n  of unoxidised Fe a s  153 p.p.m. a tomic.  

T h i s  b e a r s  t h e  same r a t i o  t o  t h e  nominal c o n c e n t r a t i o n  a s  does 

o u r  230 p.p.m. a l l o y .  

The r e s u l t i n g  cu rves  i n  f i g . 4 . 2  a l l  f o l l ow t h e  same g e n e r a l  

t r e n d ,  excep t  f o r  t h e  one f o r  o u r  ve ry  d i l u t e  a l l o y  c o n t a i n i n g  

0.54 p.p.m. atomic F e ,  whose concen t r a t i on  i s  about  2  o r d e r s  of 

magnitude s m a l l e r  t h a n  t h e  o t h e r s .  From 240 p.p.m. t o  32 p.p.m. 



t h e  c h a r a c t e r i s t i c  t h e r m o e l e c t r i c  power SFe d e c r e a s e s  w i t h  

concen t r a t i on  above some minimum tempera ture ,  t h e  dec rease  

ex tending  p r o g r e s s i v e l y  f u r t h e r  toward ze ro  K a s  t h e  concen- 

t r a t i o n  dec reases .  The SF, curve f o r  0.54 p.p.m. atomic Fe  

i n d i c a t e s  t h a t  t h i s  t r e n d  does n o t  con t inue  i n d e f i n i t e l y  

and it would be  of i n t e r e s t  t o  o b t a i n  a d d i t i o n a l  cu rves  

between 30 p.p.m. and 0.5 p.p.m. atomic Fe,  The fo l lowing  

in format ion  i s  a v a i l a b l e  i n  t h i s  reg ion  b u t  c o n t a i n s  some 

u n c e r t a i n t i e s .  The d a t a  of MacDonald e t  a 1  (1962) f o r  proof 

p l a t e  gold  which has  been e s t ima ted  above t o  have conta ined  

6 p.p.m. a tomic F e ,  fo l lows  t h e  t r end  of  t h e  h ighe r  concen- 

t r a t i o n s .  We have a l s o  es t imated  t h e  thermoe . lec t r ic  power of 

t h e  A T  sample supposedly c o n t a i n i n g  0.54 p.p.m. a tomic Fe  

which was connected between c o n t a c t s  el and e3 on t h e  q u a r t z  

rod Q t o  s tudy  t h e  e f f e c t s  of app l i ed  magnetic f i e l d s .  T h i s  

sample was c u t  from t h e  same spool  of  w i r e  and was t r e a t e d  i n  

C 1 2  a t  t h e  same t ime  a s  t h e  0.54 p.p.m. sample used t o  o b t a i n  

t h e  p l o t  i n  f i g s . 4 . 1  and 4 . 2 ,  and s o  was presumed t o  be  t h e  

same a l l o y .  The t h e r m o e l e c t r i c  power i n  t h i s  c a s e  is d e t e r -  

mined by measuring t h e  h e a t  i npu t  t o  t h e  c r y s t a l  h e a t e r  and s o  

c a l c u l a t i n g  t h e  tempera ture  d i f f e r e n c e  between c o n t a c t s  el and 

e3 u s i n g  t h e  measured thermal  conduc t iv i ty  of t h e  q u a r t z  rod .  

The measured t h e r m o e l e c t r i c  v o l t a g e  between el and e3 thence  



"directly y i e l d s  t h e  thermoelec t r ic  power of t h e  a l l o y .  For 

t h e  more concentrated a l l o y s ,  t h e  r e s u l t s  obtained i n  t h i s  

way agree c l o s e l y  wi th  t h e  values obtained a s  descr ibed above 

from t h e  the rmoe lec t r i c  vol tage  vs  temperature p l o t s  from which 

t h e  curves i n  f igs .4 .1  and 4.2 a r e  obta ined ,  bu t  f o r  t h e  sup- 

posedly 0.54 p.p.m. sample these  A T  measurements g ive  r e s u l t s  

d i f f e r i n g  markedly from t h e  r e s u l t s  of t h e  thermoelec t r ic  v o l t -  

age v s  temperature p l o t .  The accuracy with which t h e  thermo- 

e l e c t r i c  power c a n . b e  determined from t h e  A T  measurements on 

t h i s  sample is no t  good, because t h e  h e a t  inpu t s  t o  t h e  quar t z  

rod i n  t h i s  case  were only noted approximately, bu t  they  ind i -  

c a t e  an almost cons tan t  thermoelec t r ic  power over t h e  whole 

temperature range measured from 4.4K down t o  1.4K, i n  agreement 

with t h e  t r e n d s  noted above f o r  t h e  more concentrated a l l o y s .  

The explanat ion  may be t h a t  t h e  AT sample contained a  s l i g h t l y  

h igher  Fe concen t ra t ion ,  and t h e r e  i s  some evidence t h a t  i t s  

concent ra t ion  was i n  f a c t  s l i g h t l y  g r e a t e r  than 1 p.p.m. atomic 

Fe ,  and it may be t h a t  t h e  very d i f f e r e n t  behaviour shown i n  

f igs .4 .1  and 4.2 f o r  t h e  0.54 p.p.m. a l l o y  only  appears below 

1 p.p.m., o r  it may be t h a t  t h e  curve f o r  t h e  0.54 p.p.m. a l l o y  

i n  f i g s . 4 . 1  and 4.2 i s  i n c o r r e c t  and is  t h e  r e s u l t  of some appa- 

r a t u s  e f f e c t  . 
It i s  worth no t ing  t h a t  t h e  general  t rend ,seen  i n  f i g . 4 . 2 ,  
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of  i n c r e a s i n g  c h a r a c t e r i s t i c  t h e r m o e l e c t r i c  power w i t h  i n -  

c r e a s i n g  c o n c e n t r a t i o n ,  i s  t h e  o p p o s i t e  of  t h e  t r e n d  seen  

a t  h i g h e r  c o n c e n t r a t i o n s ,  above .03 a t . %  Fe i n  Au, i n  t h e  

r e s u l t s  r epo r t ed  by MacDonald e t  a 1  (1962) . T h i s  perhaps  

i n d i c a t e s  a  maximum i n  t h e  c h a r a c t e r i s t i c  t h e r m o e l e c t r i c  

power i n  t h e  reg ion  of  .03 a t .%.  I t  is  p o s s i b l e ,  however, 

t h a t  t h e  apparen t  i n c r e a s e  w i t h  concen t r a t i on  seen i n  f i g .  

4 .2  i s  t h e  r e s u l t  of a  breakdown i n  t h e  Nordheim-Gorter 

r u l e  a s  app l i ed  t o  t h e s e  a l l o y s .  

E f f e c t s  of Maqnetic F i e l d  on Thermoelec t r ic  Power 

The change i n  t h e  t h e r m o e l e c t r i c  power r e s u l t i n g  from 

t h e  a p p l i c a t i o n  of an e x t e r n a l  magnetic f i e l d  was s t u d i e d  

i n  t h e  - Au-Fe a l l o y s  c o n t a i n i n g  230 p.p.m., 43 p.p.m., 0.54 

p.p.m. and <0.16 p.p.m. atomic Fe.  The r e s u l t s  a r e  p l o t t e d  

f o r  each a l l o y  s e p a r a t e l y  i n  f i g s . 4 . 3  t o  4.6 a s  t h e  f r a c t i o n a l  

change AS (H) /S (0) v s  f i e l d  H f o r  a  range of f i x e d  tempera- 

t u r e s  T. A s  can be  s een ,  t h e  e f f e c t  of t h e  f i e l d  i n  gene ra l  

i s  t o  dec rease  t h e  t h e r m o e l e c t r i c  power, excep t  fo r  t h e  most 

concen t r a t ed  a l l o y  c o n t a i n i n g  230 p.p.m, atomic F e  i n  which it 

produces an i n c r e a s e  a t  moderate f i e l d  s t r e n g t h s ,  fo l lowed by 

a dec rease  a t  h i g h e r  f i e l d s .  The i n c r e a s e  i n  moderate f i e l d s  

was found by Berman e t  a 1  (1964) and t h e  l a t e r  dec rease  h a s  

been confirmed by Berman e t  a 1  (1968) .  Our measured r e s u l t s  











d i f f e r  from t h e i r s i n  some s i g n i f i c a n t  d e t a i l s  which a r e  

discussed below; perhaps t h e  most pecu l i a r  behaviour i s  i n  

the 43 p.p.m. a l l o y  f o r  which a decrease i s  followed by an 

i n c r e a s e ,  followed by a decrease.  

Berman e t  a 1  (1964) give t h e i r  r e s u l t s  p l o t t e d  a g a i n s t  

- t h e r e  i s  some t h e o r e t i c a l  jus t i f i ca . t ion  f o r  t h i s ,  b u t  HI," 

t h e  theory is u n s a t i s f a c t o r y  and t h e  HI p l o t  does no t  b r ing  
T 

t h e  experimental  r e s u l t s  a t  d i f f e r e n t  temperatures i n t o  exact  

agreement and, i n  f a c t ,  succeeds only i n  producing a somewhat 

confused p i c t u r e .  We have f e l t  it d e s i r a b l e  f i r s t  t o  p resen t  

t h e  measured r e s u l t s  a s  c l e a r l y  a s  poss ib le .  E r r o r  b a r s  have 

been added t o  f i g s . 4 . 4 ,  4.5 and 4 .6 ,  showing t h e  est imated 

e r r o r  a t  high f i e l d s  f o r  each curve.  No b a r s  a r e  shown i n  

f i g .  4.3 f o r  t h e  230 p.p.m. atomic Fe a l l o y  because t h e  e s t i -  

mated e r r o r s  a r e  about t h e  same a s  t h e  l i n e  widths.  

I n  f i g s .  4.7 t o  4.10 t h e  curves have been redrawn so  a s  

t o  d i r e c t l y  compare t h e  four  a l l o y s  a t  a s e r i e s  of f ixed  tem- 

pe ra tu res  4.35K, 3 .37K, 2.45K and 1.56K. When making t h e  

measurements we attempted t o  r epea t  t h e  same s e t  of tempera- 

t u r e s  f o r  each a l l o y  but  d i d  not  succeed i n  doing s o  e x a c t l y ,  

wi th  t h e  r e s u l t  t h a t  small  temperature d i f f e r e n c e s  e x i s t .  

Except f o r  t h e  0.54 p.p.m. a l l o y  below 2K, t h e  d i f f e r e n c e s  

from one of t h e  chosen temperatures  does no t  exceed 3% a t  most 











and t h e  approximate H/ dependence h a s  acco rd ing ly  been used 
T 

t o  a d j u s t  t h e  measured cu rves  t o  t h e  chosen tempera tures  by 

a d j u s t i n g  t h e  f i e l d  va lue  H by an amount {H = H ,(T/T where 

JT i s  t h e  d i f f e r e n c e  between t h e  tempera ture  T of  t h e  measure- 

ment and one of  t h e  chosen tempera tures .  It can be shown by 

comparing two exper imenta l  curves  a t  d i f f e r e n t  t empera tures  

t h a t  t h e  XH adjus tment  computed i n  t h i s  way i s  c o r r e c t  t o  

w i t h i n  15%. s o  t h a t  w i t h  JT l e s s  than  3%. t h e  o v e r a l l  , e r r o r  

r e s u l t i n g  from t h e - a d j u s t m e n t  i s  l e s s  t han  0.5%. F o r  t h e  0.54 

p.p.m. a tomic Fe a l l o y  below 2K, measurements w e r e  n o t  made a t ,  

o r  c l o s e  t o  one of  t h e  chosen tempera tures  b u t  a t  1.725K and 

1.46K, about  e q u a l l y  spaced above and below t h e  chosen teinpera- 

t u r e  of  1.56K. Adjustments t o  1.56K have acco rd ing ly  been com- 

puted s e p a r a t e l y  from each of t h e  two measured tempera tures  u s ing  

t h e  d~ approximation and a  mean curve h a s  been drawn between 

them. T h i s  mean curve  d i f f e r s  from each of t h e  two computed 

+ cu rves  by on ly  - 1 .2%.  

I n  drawing t h e  curves  of f i g s  .4.7 t o  4.10,  o t h e r  ad jus tments  

have a l s o  been made t o  e l i m i n a t e  what i s  be l i eved  t o  be  an anoma- 

l o u s  e f f e c t  due t o  t h e  presence  of Pb i n  ou r  a l l o y s ;  t h e  chemical  

a n a l y s i s  r e p o r t e d  i n  t a b l e  3 .2  showed between 1 0  and 2 0  p.p,m. 

a tomic P b  i n  t h e  o r i g i n a l  a l l o y .  Reference h a s  a l r e a d y  been made 

t o  t h e  p e c u l i a r  form of  o u r  curves  f o r  t h e  43 p.p.m. atomic Fe 



a l l o y  a s  shown i n  f ig .4 .4 ,  bu t  t h e  e f z e c t  i s  seen most 

s t r i k i n g l y  i n  our  curves f o r  t h e  230 p.p.m. a l l o y ,  although 

i t s  magnitude h e r e  i s  much sma'ller. A t  6.85K. 4.30K and 

3.36K i n  t h e  230 p.p.m. a l l o y  it appears a s  a  small i n i t i a l  

negat ive  excursion of AS (H) / S  (0) a t  very low f i e l d s  ; t h i s  

i s  shown more c l e a r l y  i n  t h e  expanded p l o t s  of f ig .4.11.  

The e f f e c t  is  s t i l l  d i s c e r n i b l e  a t  lower temperztures a s  

seen a t  (d) and ( e )  i n  f ig .4 .11 ,  but  appears a s  an i n f l e c t i o n  

i n  t h e  curve; r a t h e r  than  a  negat ive minimum. It is  poss ib le  

t h a t  t h i s  anov-aly i s  merely an apparatus  e f f e c t ,  but  i f  s o ,  

it should appear unchanged i n  a l l  our curves,  both f o r  t h e  

o t h e r  &-Fe a l l o y s  and f o r  t h e  Cu-Fe, t h e  m-Fe  and t h e  - Au-Ce 

a l l o y s ;  it was looked f o r  i n  t h e s e  but  could not  be seen. I f ,  

on t h e  o the r  hand, it was a  genuine e f f e c t  due t o  t h e  Fe i n  

t h e  Au it should have been not iced by o t h e r  workers i n  t h e  

f i e l d ,  notably  a t  Oxford where it was looked f o r  bu t  not  seen 

(Kopp - p r i v a t e  communication). We a r e  l e d ,  t h e r e f o r e ,  t o  

suspect  an impuri ty  present  only i n  our a l l o y s ,  although we 

must recognise t h a t  t h e  e f f e c t ,  a s  seen i n  t h e  230 p.p.m. 

atomic Fe a l l o y  has  a  maximum magnitude of only  0.26%, where- 

a s  most of t h e  Oxford measurements only had a  p rec i s ion  of 1% 

and t h e i r  l i m i t  of d e t e c t i o n  was reported t o  be ?A. The e f f e c t  

i s  c l e a r l y  seen i n  our  d a t a  f o r  t h i s  a l l o y  because we had a  
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prec i s ion  of 0.1% and a  l i m i t  of d e t e c t a b i l i t y  of 0.02%. ~n 

t h e  more d i l u t e  a l l o y ,  however, conta in ing  43 p.p.m. atomic 
E 

Fe ,  t h e  anomaly has  a  magnitude of about 10% and t h i s  could 

not  have been missed a t  Oxford. Furthermore,  we would no t  

expect an e f f e c t  due t o  Fe t o  inc rease  i n  s i z e  by nea r ly  

two o rde r s  of magnitude when t h e  Fe concent ra t ion  was de- 

creased.  

I n  o rde r  t o  analyze t h e  anomaly, we note  t h a t  t h e  f i e l d  

dependence of t h e  the rmoe lec t r i c  power can be represented by 

a genera l  formula of t h e  form 

where & , p , Y , 6 e t c .  a r e  cons tants  a t  any one temperature.  

Odd powers of H a r e  excluded because t h e  thermoelec t r ic  power 

i s  independent of f i e l d  d i r e c t i o n .  A t  s u f f i c i e n t l y  low f i e l d s  

t h e  f i r s t  two terms must dominate and, i n  f a c t ,  we f i n d  f o r  a l l  

. t h e  curves i n  f i g . 4 . 3 . ,  except t h e  one a t  6.85Kl t h a t  t h e i r  

e a r l y  p a r t s ,  up t o  f i e l d s  of about 5 KOe, c l o s e l y  f i t  a  simple 

quadra t i c  i f  we exclude t h e  region a t  very low f i e l d s  where t h e  

anomalous negat ive  d i p  occurs .  The ex t rapo la t ions  of t h e s e  simple 

quadra t i c  forms t o  H = o have been added a s  dashed curves t o  

fig.4.11. The curve a t  6.85K was obtained wi th  a  r a t h e r  l a r g e  

hea t  input  t o  h e a t e r  h l ,  which produced a  3.1K temperature drop 

along t h e  l eng th  of t h e  specimen and t h i s  d i s t o r t e d  t h e  simple 



quadra t i c  form. From f ig.4.11 it can be seen t h a t  t h e  small  

anomalous d i p  h a s  t h e  cha rac te r  of a small  s t e p  change wi th  a 

magnitude of 0.33%, except  again f o r  t h e  curve a t  6.85K, where 

it appears  t o  be about h a l f  a s  b i g .  The s t e p s  occur near  a 

c r i t i c a l  f i e l d  H, which i s  a funct ion of temperature.  The 

s t e p s  a r e  no t  sha rp  but  extend over a range of f i e l d  s t r e n g t h  

about Hc ,  which h a s  been chosen a t  the  po in t  where t h e  s t e p  

is h a l f  complete. A sharp  change with f i e l d  would no t  be ex- 

pected because t h e  f i e l d  of t h e  superconducting magnet used i n  

t h e s e  experiments was only  cons tant  wi th in  0.1% over a 1 cm. 

cube and s o  va r i ed  somewhat over t h e  length  of t h e  a l l o y  speci-  

men which was n e a r l y  4 cm. long. Also, t h e r e  was a temperature 

drop of about 0.2K along t h e  length  of t h e  specimen i n  a l l  except 

t h e  run a t  6 . 8 5 K ,  a s  noted above. These e f f e c t s ,  however, could 

not  wholly account f o r  t h e  spread. I n  fig.4.12 we have p l o t t e d  

Hc d i r e c t l y  a g a i n s t  T and from t h i s  it appears  t h a t  Hc w i l l  tend 

t o  zero a l i t t l e  above 7K. The e f f e c t  w i l l  t h e r e f o r e  disappear  

above t h i s  temperature.  The e f f e c t  thus h a s  t h e  unmistakable 

c h a r a c t e r  of a superconducting t r a n s i t i o n  i n  P b  which, according 

t o  Franck and Martin (1961) occurs  i n  zero  f i e l d  a t  7 . l%K. The 

only ques t ions  a r e  whether pb present  i n  an a l l o y  t o  t h e  ex ten t  

of only  a few p a r t s  pe r  m i l l i o n  can e x h i b i t  superconducting 

behaviour and,  i f  s o ,  what do our r e s u l t s  mean i n  terms of i t s  





e f f e c t  on t h e  e l e c t r o n  s c a t t e r i n g .  P a r t  of t h e  answer i s  

provided by Hansen (1958),  who s t a t e s  t h a t  Pb i s  completely 

inso lub le  i n  Au below 5 0 0 ~ ~ ~  so t h a t  even i f  t h e  a l l o y  was 

quenched from above t h i s  temperature some of t h e  Pb would 

l i k e l y  be p resen t  as separated occlusions i n  t h e  Au,and i n  

our  43  p.p.m, atomic Fe a l l o y  which was cooled slowly from 

850•‹c, v i r t u a l l y  a l l  t h e  Pb would undoubtedly separa te .  Thus, 

we can be reasonably c e r t a i n  t h a t  our samples contained sepa- 

r a t e d  Pb metal .  Below 7.19K i n  zero f i e l d ,  t h i s  separated Pb 

would be superconducting and when t h e  f i e l d  Hc was a p p l i e d ,  o r  

t h e  temperature was r a i s e d  above 7.19K, t h e  Pb would go normal. 

I f  t h e  q u a n t i t y  of separa ted  Pb p resen t  had been s u f f i c i -  

e n t  t o  produce macroscopic superconduct ivi ty  i t s  e f f e c t  would 

have been t o  s h o r t  out  a l l ,  o r  p a r t  of t h e  thermoelec t r ic  

v o l t a g e ,  so t h a t  on going normal t h e  observed thermoelec t r ic  

. vo l t age  would inc rease .  C lea r ly  t h i s  was n o t  t h e  case ,  and 

would s c a r e c l y  be expected wi th  a s  l i t t l e  a s  10 t o  20 p.p.m. 

atomic Pb d i s t r i b u t e d  throughout t h e  Au. I t  i s  conceivable 

t h a t  t h e  presence of  superconducting Pb could a f f e c t  t h e  

e l e c t r o n  s c a t t e r i n g  i n  such a way a s  t o  change d i r e c t l y  t h e  

thermoelec t r ic  power of t h e  - Au Fe a l l o y ,  but  it seems more 

l i k e l y  t h a t  t h e  e f f e c t  on t h e  measured the rmoe lec t r i c  power 

was due t o  a  r e s i s t i v i t y  change. The d i r e c t i o n  of t h e  observed 



change means t h a t  i n  t h e  superconduct ing s t a t e  t h e  Pb c o n t r i -  

b u t e s  l e s s  t o  t h e  r e s i s t i v i t y  of  t h e  a l l o y  than  when it goes 

normal. 

To unders tand  t h i s  we need t o  know how t h e  s epa ra t ed  ~b  

w i l l  c o n t r i b u t e  t o  t h e  e l e c t r o n  s c a t t e r i n g  i n  t h e  Au. When 

normal,  i t s  e f f e c t  must be  e s s e n t i a l l y  t h a t  of boundary 

s c a t t e r i n g  a t  each i n t e r f a c e  between Au and Pb and s o  may 

w e l l  depend on how t h e  Pb i s  d i s t r i b u t e d .  Thus, a  smal l  

number of  l a r g e  o c c l u s i o n s  should have l e s s  e f f e c t  t h a n  a  

l a r g e  number of smal l  ones f o r  t h e  same t o t a l  concen t r a t i on  

of  Pb. When t h e  pb i s  superconduct ing,  t h e  same boundar ies  

e x i s t  s e p a r a t i n g  normal and superconduct ing m a t e r i a l  and t h e y  

w i l l  s t i l l  s c a t t e r  t h e  conduction e l e c t r o n s :  t h e  d i f f e r e n c e ,  

accord ing  t o  t heo ry  communicated t o  u s  by Bardeen, i s  t h a t  

t h o s e  e l e c t r o n s  which a r e  s c a t t e r e d  a t  t h e  boundar ies  a r e  

t o t a l l y  r e f l e c t e d  a s  h o l e s  and s o  make no r e s u l t a n t  c o n t r i -  

b u t i o n  t o  t h e  e l e c t r i c a l  r e s i s t i v i t y .  

We can v e r i f y  t h a t  t h e  10  t o  2 0  p.p.m. atomic Pb known 

t o  be p r e s e n t  i n  t h e  a l l o y s  was s u f f i c i e n t  t o  produce changes 

of t h e  observed magnitude i f  we assume t h a t  i n  t h e  supercon- 

d u c t i n g  s t a t e  t h e  s e p a r a t e d  Pb makes no c o n t r i b u t i o n  t o  t h e  

r e s i s t i v i t y  of t h e  a l l o y  and t h a t  i n  t h e  normal s t a t e  it 

c o n t r i b u t e s  t o  t h e  e l e c t r o n  s c a t t e r i n g  t o  t h e  same e x t e n t  a s  



when d i s so lved  i n  Au. I n  t h e  230 p,p,m, a l l o y  t h e  t o t a l  

r e s i d u a l  r e s i s t a n c e  r a t i o  was -1160, so  t h a t  a  reduct ion of 

0.33% i n  SmeaSured would be produced by an added r e s i s t a n c e  

r a t i o  increment of - 0 0 0 3 8 :  t h i s  would be produced by only 

2.8 p.p.m. atomic separated P b  i f  it cont r ibuted  t o  t h e  

e l e c t r o n  s c a t t e r i n g  t o  t h e  same extent  a s  when dissolved 

i n  Au. Since t h e  a l l o y  contained over 10 p.p.m. atomic Pb 

it is  probable e i t h e r  t h a t  it was present  i n  a  small  number 

of l a r g e  occ lus ions ,  which would con t r ibu te  l e s s  t o  t h e  

e l e c t r o n  s c a t t e r i n g  than i f  it was d i s so lved ,  o r  t h a t  much 

of it was quenched i n  s o l u t i o n  and so d i d  no t  c o n t r i b u t e  t o  

t h e  anomaly. 

For  a  superconducting t r a n s i t i o n  i n  bulk m a t e r i a l  we 

might expect  Hc t o  be propor t ional  t o  T~ s ince  t h e  formula 

i s  approximately t r u e  i n  some c a s e s ,  where Ho i s  t h e  c r i t i c a l  

f i e l d  a t  T = OK and Tc i s  t h e  t r a n s i t i o n  temperature a t  zero 

f i e l d .  I n  our  a l l o y s ,  however, it seems c e r t a i n  t h a t  t h e  Pb 

occ lus ions  w i l l  be small  enough t h a t  t h e i r  dimensions a r e  l e s s  

than  t h e  London pene t ra t ion  depth A . The c r i t i c a l  f i e l d  w i l l  

t h e r e f o r e  be  a  func t ion  of t h e s e  dimensions and so w i l l  vary 

from one p a r t i c l e  t o  another .  Also, s ince  i s  a  funct ion  of 



temperature,  t h e  r e s u l t a n t  r e l a t i o n  t o  be expected between 

T and H, i s  uncer ta in .  The experimental po in t s  i n  f ig .4.12 

i n d i c a t e  t h a t  t h e  r e l a t i o n s h i p  i s  l i n e a r .  Ext rapola t ion  t o  

T = OK i n d i c a t e s  a  c r i t i c a l  f i e l d  Ho a t  zero  K of about 

2.3 KOe, which i s  cons iderably  l a r g e r  than t h e  value f o r  

bulk Pb of about 0.75 KOe. The London theory  i n d i c a t e s  t h a t  

t h e  enhancement of t h e  f i e l d  should be on t h e  o rde r  of A /R , 

where R i s  t h e  r ad ius  of t h e  superconducting f i l ament s  o r  

p a r t i c l e s ,  bu t  Tinkham (1958) h a s  shown t h a t  t h i s  should 

probably be 
A Y n i p  

5 / where f is  P i p a r d ' s  coherence 

l eng th .  Bean e t  a 1  (1962) s tudied t h i s  quest ion experi-  

mental ly  by f o r c i n g  H g  i n t o  pores of about 30 a r ad ius  i n  

Vycor g l a s s .  They found enhancements g r e a t l y  exceeding 

those  predic ted  by t h e  London theory and more l i k e l y  t o  

agree wi th  Tinkham ' s formula. 

Turning now t o  t h e  43 p.p.m, F e  a l l o y ,  examination of 

f i g . 4 . 4  c l e a r l y  shows t h e  ex i s t ence  of t h e  same anomalous 

f e a t u r e s  a s  t h e  230 p.p.m. a l l o y  with i n i t i a l  negat ive  d i p s  

followed by a  r i s e  t o  a  maximum, but t h e  i n i t i a l  drops a r e  

much l a r g e r  and extend t o  h igher  f i e l d s ;  t h e  curves a l s o  have 

t h e  same b a s i c  c h a r a c t e r  t h a t  t h e  s t eepes t  drops occur a t  pro- 

g r e s s i v e l y  h igher  f i e l d  s t r e n g t h s  a s  t h e  temperature i s  lowered. 

Analysis  a long t h e  l i n e s  used above f o r  t h e  230 p.p.m. a l l o y  



i s  n o t  p o s s i b l e  and e x a c t  i n t e r p r e t a t i o n  of t h e  curves  must 

awai t  t h e  development of an e x a c t  t h e o r y  f o r  t h e  t r u e  form 

of  t h e  SFe v s  H dependence. I n  t h e  meantime, it i s  e v i d e n t  

from t h e  4.39K curve  i n  f i g .4 .4  t h a t  t h e  e x t r a p o l a t i o n  t o  

z e r o  f i e l d  i n  t h e  absence of t h e  anomaly must be  t o  < -9.5% 

on t h e  v e r t i c a l  a x i s  because t h e  measured curve h a s  a mini-  

mum a t  t h i s  va lue .  A t  t h e  same t i m e ,  t h e  subsequent maximum 

i n  t h e  measured curve  i s  q u i t e  sha l low,  so  t h a t  t h e  ze ro  f i e l d  

i n t e r c e p t  cannot  be  much less t h a n  -9.5%. We have added dashed 

l i n e  e x t r a p o l a t i o n s  which seem i n t u i t i v e l y  reasonable  t o  f i g .  

4.4 and t h e s e  i n t e r c e p t  t h e  v e r t i c a l  a x i s  a t  -10.2%. These 

cu rves ,w i th  t h e  anomalous d i p s  removed, a r e  p l o t t e d  i n  f i g s .  

4.7 t o  4.10. S ince  t h e  r e s i d u a l  r e s i s t a n c e  r a t i o  of  t h i s  a l l o y  

was .0194, an anomalous dec rease  i n  Smeasured of 10.2% would 

r e q u i r e  a n  added r e s i s t a n c e  r a t i o  increment of .00220, which 

would be  produced by 16.2  p.p.m. atomic sepa ra t ed  P b  i f  i t s  

c o n t r i b u t i o n  t o  t h e  e l e c t r o n  s c a t t e r i n g  was t h e  same a s  f o r  

d i s s o l v e d  Pb .  T h i s  i s  l a r g e r  t han  was found f o r  t h e  o r i g i n a l  

a l l o y ,  b u t  a f t e r  t h e  C 1 2  t r ea tmen t  a t  8 5 0 ~ ~  when t h e  ~b would 

d i s s o l v e ,  t h e  a l l o y  was cooled q u i t e  s lowly t o  room tempera- 

t u r e  and d u r i n g  t h i s  t ime  a l l  t h e  P b  n o t  removed by t h e  t r e a t -  

ment would s e p a r a t e  o u t .  S ince  i t s  d i f f u s i o n  r a t e  would be  

g r e a t l y  reduced a s  t h e  tempera ture  dropped, t h e  Pb would remain 



f i n e l y  d iv ided  i n  a  l a r g e  number of smal l  occ lus ions .  

Ana lys i s  of  t h e  c r i t i c a l  f i e l d s  Hc a long  t h e  same l i n e s  

a s  used f o r  t h e  230 p.p.m. a l l o y  g i v e s  Ho 2 9 K O e  w i t h  

a spread  of t h e  t r a n s i t i o n  t o  a t  l e a s t  15 KOe,in agree-  

ment w i t h  t h e  above conc lus ion  t h a t  t h e  Pb was p r e s e n t  

i n  s m a l l e r  o c c l u s i o n s .  

The cu rves  of  f i g . 4 . 5  f o r  t h e  0.54 p.p.m. Fe a l l o y  

have t h e  same i n i t i a l  s t e e p  n e g a t i v e  s lope  which de- 

c r e a s e s  a t  h i g h e r  f i e l d s  and aga in  t h e  po in t  a t  which 

t h e  s l o p e  i s  s t e e p e s t  moves t o  h i g h e r  f i e l d s  a s  t h e  temp- 

e r a t u r e  i s  lowered.  The anomaly, t h e r e f o r e ,  s t i l l  appears  

t o  be  p r e s e n t  b u t  it i s  l e s s  s u r e  and t h e  curves  a r e  even 

less r e a d i l y  analysed a s  t h e r e  a r e  no longe r  any maxima. 

Again,  t h e  curve  a t  4.37K i s  u s e f u l  i n  s e t t i n g  an  upper 

bound because between 1 5  KOe and 40 KOe t h e  exper imenta l  

p o i n t s  l i e  on a  s t r a i g h t  l i n e  and it i s  p l a u s i b l e  t h a t  t h e  

anomaly produces t h e  s t e e p e r  s l o p e  below 15  KOe.  Continua- 

t i o n  of  t h e  s t r a i g h t  l i n e  p o r t i o n  t o  ze ro  f i e l d  g i v e s  an 

i n t e r c e p t  w i t h  t h e  v e r t i c a l  a x i s  a t  -14% and t h e  t r u e  i n t e r -  

c e p t  must be  below t h i s ,  u n l e s s  o u r  i n t e r p r e t a t i o n  i s  in -  

c o r r e c t .  Dashed e x t r a p o l a t i o n s  have been made t o  have a  

h o r i z o n t a l  t a n g e n t  a t  z e r o  f i e l d  and t o  be smooth e x t e n s i o n s  

from t h e  s t r a i g h t  l i n e  p o r t i o n s  of t h e  exper imenta l  cu rves .  



They a r e  a l s o  i n  agreement w i t h  t h e  t heo ry  of Weiner and 

Beal-Monod (1970) ,  a s  d i s c u s s e d  i n  t h e  nex t  c h a p t e r .  The 

r e s u l t i n g  i n t e r c e p t  w i t h  t h e  v e r t i c a l  a x i s  i s  a t  -17% and 

t h e  anomalous change i n  Smeasured due t o  t h e  Pb i s  t h e r e -  

f o r e  assumed t o  be  17% i n  t h i s  a l l o y .  The r e s i d u a l  r e s i s -  

t a n c e  r a t i o  i n  t h i s  a l l o y  was .001844, s o  t h a t  t h e  assumed 

17% dec rease  i n  SmeaSured would be produced by an added 

r e s i s t a n c e  r a t i o  increment of  .00038, g i v i n g  a s epa ra t ed  

Pb c o n t e n t  of 2.8 p.p.m. a tomic ,  on t h e  same b a s i s  a s  

assumed f o r  t h e  o t h e r  a l l o y s .  S ince  t h i s  a l l o y  was t r e a t e d  

w i t h  C 1 2  f o r  8 hour s  a t  8 5 0 ~ ~ .  it i s  t o  be  expected t h a t  i t s  

Pb c o n t e n t  would be reduced s i n c e  PbC12 b o i l s  a t  9 5 0 ~ ~  and 

s o  would be expected t o  have an app rec i ab l e  vapour p r e s s u r e  

a t  8 5 0 ~ ~ .  Again,  i n  p l o t t i n g  f i g s .  4.7 t o  4.10,  t h e  dashed 

e x t r a p o l a t i o n s  have been used t o  remove t h e  anomalous d i p s .  

The dec rease  i n  t h e  P b  c o n c e n t r a t i o n  from t h a t  of t h e  43 

p.p.m. a tomic Fe a l l o y  w i t h  t h e  e x t r a  5 hour s  C 1 2  t r ea tmen t  

-10 2 
y i e l d s  a v a l u e  of 2 x 10  a n  / sec .  f o r  t h e  d i f f u s i o n  co- 

e f f i c i e n t  of Pb i n  Au, which i s  n o t  unreasonable .  I f  t h e  

i n i t i a l  s t e e p  drops  found f o r  t h e  0.54 p.p.m. a l l o y  a r e  n o t  

due t o  Pb anomaly, t h i s  d i f f u s i o n  c o e f f i c i e n t  would have t o  

be  much l a r g e r  and w o u l d ' i n d i c a t e  t o o  h igh  a Pb c o n c e n t r a t i o n  

i n  t h e  o r i g i n a l  230 p.p.m. a tomic Fe a l l o y ,  Neve r the l e s s ,  



t h e  e x i s t e n c e  of t h e  low f i e l d  anomaly i n  t h i s  ve ry  d i l u t e  

a l l o y  i s  i n  doub t ,  s i n c e  t h e  a d j u s t e d  curves  f o r  t h i s  a l l o y  

i n  f i g s .  4.7 t o  4.10 a r e  n o t  e n t i r e l y  compat ible  w i t h  t h e  

o t h e r s ,  b u t  t h e  ev idence  i s  inconc lus ive .  Add i t i ona l  i n f o r -  

mation which i s  p e r t i n e n t  t o  t h i s  q u e s t i o n  comes from o u r  

a t t e m p t s  t o  make Au Ce a l l o y s ,  a s  r epo r t ed  i n  Chapter  7 ,  

b u t  t h i s  i s  a l s o  i nconc lus ive .  These a l l o y s  were made by 

adding Ce t o  gold  w i r e  ob ta ined  from a d i f f e r e n t  source  - 

99.9999% pure  go ld - f rom Cominco - which d i d  n o t  c o n t a i n  Pb; 

. n e v e r t h e l e s s ,  t h e  magnetic f i e l d  cu rves  ob ta ined  f o r  them 

a r e  e s s e n t i a l l y  i d e n t i c a l  t o  t h e  measured curves  f o r  t h e  

0.54 p.p.m. Fe a l l o y  b e f o r e  ad jus tment ,  a s  shown i n  f i g .4 .5 .  

The Cominco Au w i r e  was a l s o  f r e e  of Fe  and it h a s  t h e r e f o r e  

t o  be assumed t h a t  up t o  about  2 p.p.m. a tomic F e  was i n t r o -  

duced v i a  t h e  Ce; it i s  e n t i r e l y  p o s s i b l e  t h a t  some Pb was 

a l s o  in t roduced  by t h e  same mechanism. 

I t  s e e m s  reasonably  c e r t a i n  t h a t  t h e  anomalous d i p s  

observed a t  low f i e l d s  i n  t h e  230 p.p.m. and 43 p.p.m. atomic 

F e  a l l o y s ,  and seen i n  f i g s .  4 .3 ,  4.4 and 4.11, were due t o  

superconduct ing t r a n s i t i o n s  o c c u r r i n g  i n  a  few p a r t s  p e r  

m i l l i o n  of Pb p r e s e n t  a s  s e p a r a t e d  occ lus ions  i n  t h e  Au a l l o y .  

It i s  remarkable t h a t  superconduct ing behaviour  can be  ex- 

h i b i t e d  i n  such f i n e l y  d iv ided  Pb ,  p r e s e n t  i n  c o n c e n t r a t i o n s  



of o n l y  a few   arts p e r  m i l l i o n .  T h i s  b e h a v i o u r  was n o t ,  

of c o u r s e ,  obse rved  m a c r o s c o p i c a l l y  a s  s u p e r c o n d u c t i v i t y  

and was o b s e r v a b l e  o n l y  th rough  secondary  e f f e c t s  o f  t h e  

e l e c t r o n  s c a t t e r i n g .  It might  b e  termed m i c r o s c o p i c  s u p e r -  - 

c o n d u c t i v i t y .  

While some d o u b t  may be  f e l t  t o  e x i s t  a s  t o  t h e  c o r r e c t  

i n t e r p r e t a t i o n  o f  t h e  anomaly, t h e r e  is  l i t t l e  doub t  t h a t  a n  

anomaly d o e s  e x i s t  and w e  can  have  r e a s o n a b l e  c o n f i d e n c e  i n  

t h e  c o r r e c t n e s s  and a c c u r a c y  of  t h e  a d j u s t e d  c u r v e s  a s  g i v e n  

i n  f i g s .  4 .7 t o  4 .10 .  T h u s ,  i n  t h e  230 p.p.m. a l l o y ,  t h e  

anomaly h a s  a peak magnitude of o n l y  0.26% and s i n c e  it h a s  

been a n a l y s e d  a s  shown i n  f i g .  4 .11 t o  w i t h i n  b e t t e r  t h a n  l o % ,  

any r e s i d u a l  e r r o r  i n  o u r  c u r v e s  f o r  s ( H ) / s ( o )  i s  e n t i r e l y  

n e g l i g i b l e .  I n  t h e  43 p.p.m. a l l o y  t h e  magnitude of  t h e  

anomaly i s  b e l i e v e d  t o  b e  10.2% w i t h  o u t s i d e  l i m i t s  or, t h i s  

o f  20.7%; it t h u s  c o n t r i b u t e s  a  p o s s i b l e  e r r o r  of  less t h a n  

1% t o  t h e  c u r v e s  f o r  t h i s  a l l o y  i n  f i g s .  4.7 t o  4.10.  Only 

f o r  t h e  c u r v e s  of  t h e  0.54 p.p.m. a l l o y  i s  t h e r e  any a p p r e c i -  

a b l e  doub t  and t h e s e  c u r v e s  should  be  r e p e a t e d  w i t h  a n  a l l o y  

o f  h i g h e r  p u r i t y  and p r e f e r a b l y  w i t h  a p p a r a t u s  des igned  t o  

g i v e  h i g h e r  s e n s i t i v i t y .  Allowance must a l s o  b e  made i n  t h e s e  

v e r y  d i l u t e  a l l o y s  f o r  the e f f e c t  of t h e  n e g a t i v e  magneto- 

r e s i s t a n c e  component due  t o  F e  i n  Au; t h i s  n e g a t i v e  component 



was measured by Berman e t  a 1  (1964) and becomes a n  a p p r e c i -  

= b l e  f a c t o r  (o f  t h e  o r d e r  of 10%) a t  t h i s  d i l u t i o n ,  a t  which 

t h e  F e  no l o n g e r  domina tes  t h e  s c a t t e r i n g .  The a c c u r a t e  

d e t e r m i n a t i o n  o f  t h e  n e g a t i v e  m a g n e t o r e s i s t a n c e  component 

as it e x i s t s  i n  v e r y  d i l u t e  a l l o y s  i s  n o t  e n t i r e l y  s t r a i g h t -  

f o r w a r d ,  a s  Rohre r  (1969) h a s  p o i n t e d  o u t ,  because  of  t h e  

e f f e c t  o f  i n t e r n a l  f i e l d s  which change w i t h  t h e  c o n c e n t r a t i o n .  

The g e n e r a l  c h a r a c t e r  of  t h e  c u r v e s  i n  f i g s .  4.7 t o  4.10 

conforms w e l l  t o  t h e  t h e o r e t i c a l  p r e d i c t i o n s  of t h e  i m p u r i t y  

p a i r  model o f  Hunt ley  and Walker (1969) and t o  some of t h e  

p r e d i c t i o n s  of t h e  t h e o r y  o f  Weiner and  gal-~onod (1970) ; 

t h i s  w i l l  b e  examined more c l o s e l y  i n  t h e  n e x t  c h a p t e r .  The 

c u r v e s  a l s o  a p p e a r  t o  a g r e e  r e a s o n a b l y  w e l l  w i t h  r e s u l t s  r e -  

p o r t e d  by Kopp ( 1 9 6 9 ) ,  a l t h o u g h  t h e r e  a r e  d i f f e r e n c e s .  Two 

of Kopp 's  c u r v e s  f o r  each  of two of  h i s  a l l o y s  c o n t a i n i n g  

nomina l ly  . O 1  a t . %  F e  and .003 a t . %  F e  a r e  i n c l u d e d  i n  f i g s .  

4.7 and 4.9.  F o r  comparison w i t h  o u r  c u r v e s  based on o u r  

Ottawa a n a l y s i s ,  t h e s e  a r e  l a b e l l e d  8 3  p.p.m. and 25 p.p.m. 

a tomic  F e  r e s p e c t i v e l y .  A s  t h e  f i e l d  i s  i n c r e a s e d ,  Kopp ' s 

c u r v e s  d r o p  o f f  f a s t e r  t h a n  would be  expec ted  a c c o r d i n g  t o  

o u r  d a t a ,  b u t  i n  comparing h i s  c u r v e s  w i t h  o u r  230 p.p.m. 

and 43 p.p.m. c u r v e s ,  t h i s  t r e n d  can  be  accounted  fo r  by t h e  

p r o b a b l e  e r r o r s  o f  measurement ,  t o g e t h e r  w i t h  t h e  l a r g e r  com- 



t h e  e f f e c t  of magnetores i s tance  and cause them t o  drop  f a s t e r  

at h i g h e r  f i e l d s .  

The r e l a t i v e  p o s i t i o n s  i n  f i g s .  4.7 and 4.9 of Kopp's 

cu rves  f o r  25  p.p,rn, a tomic Fe  and ou r s  f o r  0.54 p.p.m. 

a tomic  Fe a r e  c e r t a i n l y  n o t  a s  would be  expected and t h e  

d i s c r e p a n c i e s  can  n o t  be accounted f o r  by magnetores i s tance  

and exper imenta l  e r r o r .  I f  t h e  d a t a  f o r  o u r  0.54 p.p.m. 

a l l o y  i s  p l o t t e d  i n  f i g s .  4.7 t o  4.10 a s  measured, i n s t e a d  

of accord ing  t o  t h e  i n t e r p r e t a t i o n  given above,  t h e i r  pos i -  

t i o n s  r e l a t i v e  t o  Kopp's  curves  a r e  more s a t i s f a c t o r y  b u t  

t h e i r  shapes a r e  n o t .  A p o s s i b l e  explana t ion  i s  t h a t  i n  

t h e s e  ve ry  d i l u t e  a l l o y s  t h e  magnitude and number of Fe-Fe 

i n t e r a c t i o n s  a r e  dependent on t h e  annea l ing  t r ea tmen t  which 

t h e  a l l o y  h a s  undergone,  s o  t h a t  t h e i r  f i e l d  response i s  a 

f u n c t i o n  of  t h e i r  thermal  h i s t o r y .  Thus,  t h e  long slow cool  

from 8 5 0 ~ ~  t o  room tempera ture  which our  0.54 p.p.m. a l l o y  

rece ived  may have favoured t h e  formation o f  impur i ty  p a i r s .  

An a l t e r n a t i v e  e x p l a n a t i o n  i s  t h a t  most of t h e  Fe i n  Kopp's  

25 p.p.m. a l l o y  w a s  o x i d i z e d ;  t h e  ana lyses  which were per- 

formed f o r  him would no t  d i f f e r e n t i a t e  between ox id ized  and 



unoxidized Fe and,  u n f o r t u n a t e l y ,  h e  does  n o t  r e p o r t  any 

o t h e r  measurements which could add f u r t h e r  in format ion .  

The curves  ob ta ined  on t h e  a l l o y  c o n t a i n i n g  (0.16 

p.p.m. atomic Fe  fo l low t h e  main t r e n d  i n  f a l l i n g  o f f  

r a p i d l y  w i t h  a p p l i e d  f i e l d ,  b u t  show no d e f i n i t e  s i g n s  of 

a low f i e l d  anomaly. The apparen t  o s c i l l a t i o n s  i n  t h e s e  

cu rves  a r e  p e c u l i a r ,  b u t  f a l l  w i t h i n  t h e  range of p robable  

e r r o r  f o r  t h e s e  cu rves  s o  t h a t  t h e i r  e x i s t e n c e  i s  no t  , 

c e r t a i n ,  except  f o r  t h e  r i s e  which appea r s  a t  t h e  maximum 

. f i e l d  i n  a l l  b u t  t h e  curve  ob ta ined  a t  1.50K. The cu rve  

a t  1.50K i s  d i s t i n c t l y  d i f f e r e n t  from a l l  t h e  o t h e r s ,  w i t h  

no known cause:  it was ob ta ined  f i r s t  w i t h  s t e a d i l y  i n -  

c r e a s i n g  f i e l d  and r e p e a t e d ,  s t a r t i n g  a t  maximum f i e l d .  

The d e t a i l e d  behaviour  of t h i s  a l l o y  i s  n o t  unders tood and 

may be  due t o  ve ry  smal l  q u a n t i t i e s  of  s e v e r a l  i m p u r i t i e s .  

F u r t h e r  i n v e s t i g a t i o n  could on ly  be  f r u i t f u l  i f  accompanied 

by c a r e f u l  a n a l y s i s .  
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CHAPTER 5 

Kondo (1965) was t h e  f i r s t  t o  provide a  t h e o r y  f o r  t h e  

g i a n t  t h e r m o e l e c t r i c  power i n  d i l u t e  magnetic a l l o y s  u s ing  

second Born approximation f o r  t h e  s c a t t e r i n g  ampli tude.  H e  

d i d  n o t  e x p l i c i t l y  a l l ow f o r  an  e x t e r n a l l y  a p p l i e d  magnet ic  

f i e l d ,  b u t  h i s  r e s u l t  i s  given a s  a  f u n c t i o n  of  t h e  f i e l d  H 

a t  t h e  impur i ty  atom s i t e s .  Huntley and Walker (1969) showed 

t h a t  t h i s  could accoun t ,  a t  l e a s t  q u a l i t a t i v e l y ,  f o r  t h e  ex- 

per imenta l  r e s u l t s  by assuming t h a t  t h e  f i e l d  H was t h e  

r e s u l t a n t  of t h e  e x t e r n a l l y  app l i ed  f i e l d  and an i n t e r n a l  

f i e l d  a r i s i n g  from s imple  Fe-Fe p a i r  i n t e r a c t i o n s ,  and t h e r e  

appeared reason t o  expec t  t h a t  q u a n t i t a t i v e  agreement might 

be  achieved i f  t h e  proper  form f o r  t h e  i n t e r a c t i o n  could be  

d i scove red .  I n  t h i s  d i r e c t i o n ,  t h e  t h e o r e t i c a l  work o f  

Marsha l l  (1960) and of  K le in  (1964) appeared t o  o f f e r  some 

hope of succes s .  T h i s  i s  desc r ibed  i n  more d e t a i l  below. 

More r e c e n t l y ,  Weiner and  gal-~onod (1970) have g iven  

a  t h e o r e t i c a l  d e r i v a t i o n  e x p l i c i t l y  f o r  an a p p l i e d  magnetic 

f i e l d  and a g a i n  u s i n g  t h e  second Born approximat ion,  b u t  

assuming no i n t e r n a l  f i e l d s  due t o  i n t e r a c t i o n  between t h e  

magnetic impur i ty  atoms. T h e i r  t heo ry  i s  t h e r e f o r e  on ly  



a p p l i c a b l e  t o  a l l o y s  i n  t h e  l i m i t  of extreme d i l u t i o n ,  o r  

when t h e  app l i ed  magnetic f i e l d  i s  s t rong  enough t o  swamp 

t h e  e f f e c t  of any i n t e r n a l  f i e l d .  

Weiner and  gal-~onod Theory and Comparison wi th  
Experiment 

Only our  Au a l l o y  conta in ing  0.54 p.p.m. atomic Fe i s  

s u f f i c i e n t l y  d i l u t e  f o r  t h e  theory of Weiner and ~ e ' a l - ~ o n o d  

t o  be app l i cab le  t o  our  r e s u l t s .  The formula which they  

o b t a i n  f o r  t h e  f i e l d  dependent thermoelec t r ic  power is: 

where kd) -f%/=/ 
u 

0 

v+4 yr;</i2" a 6 - $at' %) 

and where 3( = a j l r g  7 n(&) i s  t h e  conduction e l e c t r o n  
1 

d e n s i t y  of s t a t e s  a t  EF and $(H) i s  t h e  f i e l d  depend- 
l 

e n t  r e s i s t i v i t y :  they  have assumed t h a t  t h e  exchange i n t e g r a l  J 

f o r  t h e  s c a t t e r i n g  of conduction e l e c t r o n s  i s  small  compared 

t o  t h e  p o t e n t i a l  s c a t t e r i n g  i n t e g r a l  V which, according t o  

Kopp (1969)., appears  t o  be v a l i d  f o r  t h e  d i l u t e  - Au-Fe a l l o y s ;  

h e  experimental ly  o b t a i n s  t h e  values:  J= -1.OeV and V=2.4eV. 



I n  t h e  low f i e l d  l i m i t ,  &<<I t h i s  formula p r e d i c t s  

where M i s  t h e  magne t i s a t i on ,  which a t  s u f f i c i e n t l y  low 

f i e l d s  must be  p r o p o r t i o n a l  t o  H and i n  t h e  h igh  f i e l d  

l i m i t ,  &)>I 

Weiner and ~ e / a l - ~ o n o d  i n d i c a t e  t h a t  t hey  expec t  t h e  low 

2 f i e l d  p r o p o r t i o n a t e l y  t o  -M t o  be v a l i d  up t o  g f iH/KT < 1 

and t h e  h i g h  f i e l d  c o n d i t i o n  t o  be  good f o r  g/lBH/KT > 2 .  

A l l  o u r  cu rves  f o r  t h e  a l l o y  c o n t a i n i n g  0.54 p.p.m. 

a tomic Fe a s  g iven  i n  f i g .  4 .5  a r e  swamped i n  t h e  low f i e l d  

r e g i o n  by t h e  low f i e l d  anomaly and w e  a r e  no t  a b l e  t o  remove 

it p r e c i s e l y  by independent means, s o  t h a t  comparison w i t h  

t h e o r y  i n  t h i s  r e g i o n  i s  no t  p o s s i b l e .  I n s t e a d ,  w e  have 

assumed t h e  Weiner and ~e/al-Monod theo ry  t o  be c o r r e c t  and 

have drawn t h e  dashed ex t ens ions  i n  f i g .  4.5 t o  be  i n  con- 

f o r m i t y  w i t h  an E12 law. T h i s  s e t s  t h e  ze ro  f i e l d  i n t e r c e p t  

a t  100 AS(H) /S (o )  = -17.0 5 1.0%. 

I n  t h e  h i g h  f i e l d  r eg ion  o u r  curve  f o r  t h e  0.54 p.p.m. 

a l l o y  ob ta ined  a t  1.46K provides  t h e  b e s t  comparison w i t h  

t h e  t h e o r y  and h e r e  t h e  e f f e c t  of t h e  low f i e l d  anomaly i s  



less impor tan t .  T h i s  curve  h a s  been r e p l o t t e d  i n  f i g .  5 .1  

a g a i n s t  1 w i t h  t h e  low f i e l d  anomaly removed by adding 
/H 

17 .O% t o  t h e  exper imenta l  v a l u e s  of 100 d s (H) /S (0)  . Our 

exper imenta l  p o i n t s  have been included i n  t h i s  f i g u r e ,  which 

c l e a r l y  shows t h e  l i n e a r  11 dependence a s  p red i c t ed  by 
H 

Weiner and ~ e / a l - ~ o n o d  above a  f i e l d  of about  35KOe (which 

corresponds t o &  2 3 ) .  Note t h a t  t h e  e x t r a p o l a t i o n  of  t h e  

s t r a i g h t  l i n e  p o r t i o n  of  our  curve  passes  through t h e  o r i g i n  

i n d i c a t i n g  z e r o  S a t  i n f i n i t e  app l i ed  f i e l d  . 
Our d a t a  on t h e  230 and 43 p.p.m. atomic Fe a l l o y s  a l l  

show e f f e c t s  which a r e  thought  t o  be due t o  Fe-Fe i n t e r -  

a c t i o n s  and t o  f a i r l y  s t r o n g  f i e l d s  of  i n t e r n a l  o r i g i n .  S ince  

o u r  a p p l i e d  f i e l d s  were no t  h i g h  enough t o  swamp t h e s e ,  we can 

n o t  compare o u r  r e s u l t s  on t h e s e  a l l o y s  w i t h  t h e  t heo ry  of 

/ 
Weiner and Beal-Monod. 





Kondo Theory w i t h  P a i r  I n t e r a c t i o n  Model and 
Theor i e s  of  Marsha l l  and Kle in  

Kondo's (1965) p e r t u r b a t i o n  c a l c u l a t i o n  y i e lded  a  

formula f o r  t h e  t h e r m o e l e c t r i c  power of  d i l u t e  a l l o y s  

c o n t a i n i n g  l o c a l i s e d  magnetic i m p u r i t i e s  which i s  a  

f u n c t i o n  of t h e  magnet ic  f i e l d  H a t  t h e  impur i ty  atom 

sites: 
-00 

and t h e  c o n s t a n t  A h e  gave a s  

where f? i s  t h e  r e s i s t i v i t y  component due t o  s c a t t e r i n g  
hL9 

by t h e  exchange i n t e r a c t i o n  a l o n e  and I? i s  t h e  t o t a l  r e -  

. s i s t i v i t y ,  s o  t h a t  i n  t h e  absence of o t h e r  s c a t t e r i n g  c e n t r e s  



Kondo says  no th ing  about  t h e  f i e l d  d i s t r i b u t i o n  f u n c t i o n  

.p (2,UBH) and a  s u i t a b l e  form f o r  t h i s  has  been t h e  source  of 

some s p e c u l a t i o n .  Berman e t  a 1  (1968) assumed a  t h r e e  dimension- 

a l  random d i s t r i b u t i o n  of  t h e  impur i ty  s p i n s  w i th  a  r e f l e c t e d  

Gaussian d i s t r i b u t i o n  f o r  /P(H) , 

H, and w i t h  a  wid th  mHo so. t h a t :  

c e n t r e d  a t  an average f i e l d  

b u t  no v a l u e s  of m and Ho could be  found which would y i e l d  

a f i t  t o  t h e  observed d a t a  of S  v s  T w i t h  ze ro  app l i ed  f i e l d  

and no va lue  of a p p l i e d  f i e l d  would produce an i n c r e a s e  i n  S ,  

a s  observed a t  a l l  t empera tures  f o r  t h e  a l l o y s  c o n t a i n i n g  more 

than  100 p.p.m. a tomic Fe .  

Huntley and Walker (1969) considered t h e  e f f e c t  of 

impur i ty  Fe atoms i n t e r a c t i n g  i n  p a i r s ,  producing an i n t e r n a l  

f i e l d  Hi a t  each atom which was e i t h e r  p a r a l l e l  o r  a n t i -  

p a r a l l e l  t o  an a p p l i e d  f i e l d  H (an  I s i n g  model) . There  a r e  

f o u r  p o s s i b l e  s t a t e s  f o r  such a  system w i t h  e n e r g i e s  a s  shown 

i n  f i g .  5 .2 .  The r e s u l t a n t  f i e l d  a t  one of  t h e  Fe  atom s i t e s  

i s  H + Hi w i th  p r o b a b i l i t y  P+ and i s  H-Hi w i t h  p r o b a b i l i t y  P-. 

Using t h e  canon ica l  d i s t r i b u t i o n  f o r  t h e  s t a t e s ,  t h e s e  proba- 

b i l i t i e s  a r e  given by: 





where . ) i ; - 2 L l  1' 8 f l / k ~ a n d  p o s i t i v e  va lues  of 

JC; apply t o  ant i fe r romagnet ic  coupling. 

Kondo's theory  f o r  t h e  thermoelec t r ic  power then g ives  

i n  which we choose t h e  value of Q, f o r  S = $, a s  indica ted  

by Du Chatenier  and Miedema (1966) t o  be appropr ia te  f o r  F e  

i n  Au. For S = $ equat ion (5.4) s i m p l i f i e s  t o  

Th i s  simple model gave t h e  s e t  of curves shown i n  

f i g .  5.3 f o r  d i f f e r e n t  va lues  of Hi which q u a l i t a t i v e l y  

have t h e  e s s e n t i a l  f e a t u r e s  of our  experimental curves ,  a s  

shown i n  f i g s .  4.7 t o  4.10. They conform wi th  t h e  expecta- 

t i o n  t h a t  t h e  i n t e r n a l  f i e l d  a t  an impurity atom should 

inc rease  wi th  concent ra t ion .  

It i s  c l e a r  t h a t  t h e  assumption of a s i n g l e  value f o r  

Hi i n  a  given specimen is  an over-s impl i f ica t ion  and t h a t  

we must i n  f a c t  assume some f i e l d  d i s t r i b u t i o n .  Marshall  

(1960) ,  who d i scusses  t h i s  problem i n  r e l a t i o n  t o  s p e c i f i c  





h e a t  i n  d i l u t e  a l l o y s ,  s t a r t s  w i t h  a s i n g l e  f i e l d  v a l u e  a s  

o b t a i n e d  i n  a  r e g u l a r  l a t t i c e  by t h e  W e i s s  m o l e c u l a r  f i e l d  

method,  and shows a  c o r r e s p o n d i n g  6 - f u n c t  i o n  d i s t r i b u t i o n ,  

" a n  i n  f i g .  5.4, which i s  reproduced from h i s  p a p e r .  H e  

t h e n  m o d i f i e s  t h i s  t o  a l l o w  f o r  f l u c t u a t i o n s  i n  H by  u s i n g  

t h e  B e t h e - P e i e r l s  method which c o n s i d e r s  a  c e n t r a l  s p i n  

surrounded by r n e a r e s t  ne ighbours  whose s p i n s  may b e  

p a r a l l e l  o r  a n t i p a r a l l e l  t o  t h e  c e n t r a l  s p i n  ( I s i n g  model) 

and s o  c o n t r i b u t e  a  t o t a l  of  2 r  + 1 p o s s i b l e  v a l u e s  f o r  H 

a t  t h e  c e n t r a l  s p i n :  t h e i r  p r o b a b i l i t i e s  a r e  g i v e n  by 

s t a n d a r d  B e t h e - P e i e r l s  t h e o r y .  T h i s  d i s t r i b u t i o n  f o r  H i s  

shown a s  " b "  i n  f i g .  5 .4 ,  b u t  he  n o t e s  t h a t  t h i s  i s  o n l y  

r e a l l y  a p p l i c a b l e  t o  a  r e g u l a r  l a t t i c e  and t h a t  i n  a  d i l u t e  

randomly d i s t r i b u t e d  a l l o y  t h e r e  w i l l  i n  g e n e r a l  be  o n l y  one  

n e a r e s t  ne ighbour .  M a r s h a l l  a c c o r d i n g l y  c o n s i d e r s  f i n a l l y  

a  m o d i f i c a t i o n  of  t h e  B e t h e - P e i e r l s  method needed t o  a c c o u n t  

f o r  t h e  non-uniform d i s t a n c e  o f  n e a r  n e i g h b o u r s  w h i c h , h e  

s a y s ,  r e d u c e s  t h e  t endency  f o r  t h e i r  s p i n  o r i e n t a t i o n s  t o  

be  a l l  a l i k e  because  o f  t h e i r  non-uniform i n t e r a c t i o n s  w i t h  

one  a n o t h e r  and w i t h  t h e  c e n t r a l  s p i n .  The r e s u l t  i s  a  

b roaden ing  of  t h e  two peaks and a  s h i f t  of  t h e i r  maxima 

toward lower  14, which i s  shown s c h e m a t i c a l l y  by h i s  c u r v e  

" c "  i n  f i g .  5 . 4 .  The shape  of  t h i s  c u r v e  i s  n o t  i n t e n d e d  





t o  b e  a  p r e c i s e  p r e d i c t i o n  b u t  h e  d o e s  e n v i s a g e  a  sub- 

s t a n t i a l  v a l u e  f o r  p(H) a t  H = 0.  

K l e i n  (1964) makes a  more p r e c i s e  c a l c u l a t i o n  o f  a  

d i s t r i b u t i o n  c u r v e  l i k e  " c "  of f i g .  5 .4 i n  which h e  assumes 

a  Ruderman-Kit tel  (1954) - Yosida (1957) f l u c t u a t i n g  p o t e n t i a l  

as t h e  i n t e r a c t i o n  mechanism between t h e  m a g n e t i c  i m p u r i t y  

atoms i n  a n  I s i n g  model. Fo l lowing  a  s t a t i s t i c a l  t h e o r y  

developed by K l e i n  and Brou t  (1963) f o r  d i l u t e  f e r r o m a g n e t s  

which assumes t h a t  no  long-range  o r d e r  e x i s t s  i n  t h e  s o l i d ,  

h e  d i v i d e s  t h e  s p a c e  around t h e  c e n t r a l  s p i n  i n t o  an  i n n e r  

and a n  o u t e r  p a r t  which  c o n t r i b u t e  components HI and H2 re- 

s p e c t i v e l y  t o  t h e  f i e l d  a t  t h e  c e n t r a l  s p i n .  Any i m p u r i t y  

atom i n  t h e  a l l o y  c a n ,  of  c o u r s e ,  b e  t h i s  " c e n t r a l "  one  and 

none a r e  p e c u l i a r .  The i n n e r  p a r t  encompasses t h e  magne t i c  

i m p u r i t y  atoms whose s p i n s  a r e  c o r r e l a t e d  w i t h  t h e  c e n t r a l  

s p i n  and h a s  a  r a d i u s  Rc g i v e n  f o r  T = 0 by: 

T h i s  i s  o b t a i n e d  from a  s e l f  c o n s i s t e n t  c a l c u l a t i o n  o f  the 

s p i n  c o r r e l a t i o n  f u n c t i o n  f o r  s p i n s  a t  l a r g e  d i s t a n c e s  from 

t h e  o r i g i n  and Rc i s  t h e  r a d i u s  a t  which t h e  c o r r e l a t i o n  

f a l l s  t o  z e r o ;  d  i s  t h e  l a t t i c e  c o n s t a n t  and c i s  t h e  mag- 

n e t i c  i m p u r i t y  c o n c e n t r a t i o n .  Most of  t h e  f i e l d  a t  t h e  



c e n t r a l  s p i n  comes from t h e  magne t i c  i m p u r i t y  atoms which 

are l o c a t e d  w i t h i n  t h e  i n n e r  p a r t  and whose s p i n s  a r e  

c l o s e l y  c o r r e l a t e d  w i t h  t h e  c e n t r a l  s p i n .  K l e i n  c o n c l u d e s  

t h a t  t h e r e  a r e ,  on t h e  a v e r a g e ,  a b o u t  2.3 o f  t h e s e  o t h e r  

i m p u r i t y  atoms i n  t h e  i n n e r  volume. I t  can  b e  s e e n  from 

e q u a t i o n  (5.11) t h a t  t h i s  volume i n c r e a s e s  a s  t h e  a l l o y  

c o n c e n t r a t i o n  d e c r e a s e s  so a s  t o  k e e p  t h i s  a v e r a g e  number 

of  c l o s e l y  c o r r e l a t e d  s p i n s  c o n s t a n t .  K l e i n  assumes t h a t  

t h e  i m p u r i t y  atoms a r e  a l l  l o c a t e d  on regul -ar  l a t t i c e  s i t es  

of  t h e  h o s t  m e t a l  and hence  t h a t  t h e  f i e l d  component H1 a t  

t h e  c e n t r a l  s p i n  h a s  a  l i m i t e d  number of  d i s c r e t e  v a l u e s ,  

g i v i n g  a  d i s c r e t e  p r o b a b i l i t y  d i s t r i b u t i o n  p(H1) f o r  H I ,  

The s p i n s  i n  t h e  o u t e r  r e g i o n  make o n l y  a  s m a l l  con- 

t r i b u t i o n  t o  t h e  f i e l d  a t  t h e  c e n t r a l  s p i n  because  t h e i r  

e f f e c t  i s  l a r g e l y  s c r e e n e d  o u t  by t h e  f l u c t u a t i n g  p o t e n t i a l .  

F u r t h e r m o r e ,  t h e y  a r e  u n c o r r e l a t e d  w i t h  t h e  c e n t r a l  s p i n  

and a r e  randomly o r i e n t e d  w i t h  r e s p e c t  t o  it. A s t a t i s t i c a l  

model due  t o  Margenau and Watson (1936) is. t h e r e f o r e  used  t o  

o b t a i n  a  c o n t i n u o u s  d i s t r i b u t i o n  p(H2) f o r  H2.  

The two f i e l d  components HI and H2 a r e  t a k e n  t o  be 

a p p r o x i m a t e l y  independen t  random v a r i a b l e s  and the p r o b a b i l i t y  

d i s t r i b u t i o n  p ( ~ )  o f  t h e  t o t a l  f i e l d  i s  t h e r e f o r e  o b t a i n e d  by 

t h e  c o n v o l u t i o n  o f  t h e  two p r o b a b i l i t y  d i s t r i b u t i o n s  p(H1) 



and p (H2) .  S i n c e  t h e  s p i n s  l o c a t e d  i n  t h e  i n n e r  volume 

c o n t r i b u t e  a  l a r g e  s p r e a d  i n  e f f e c t i v e  f i e l d s ,  whereas  

t h e  o u t e r  volume c o n t r i b u t e s  c o m p a r a t i v e l y  l i t t l e ,  t h e  

c h a r a c t e r  of t h e  t o t a l  p r o b a b i l i t y  d i s t r i b u t i o n  p(H) i s  

p r i m a r i l y  de te rmined  by t h e  i n n e r  r e g i o n  and t h e  o u t e r  

r e g i o n  s e r v e s  o n l y  t o  make t h e  d i s t r i b u t i o n  c o n t i n u o u s  

by  f i l l i n g  i n  t h e  gaps  between t h e  d i s c r e t e  v a l u e s  o f  HI .  

L i k e  M a r s h a l l ,  K l e i n  o b t a i n s  a  s u b s t a n t i a l  v a l u e  f o r  p(H) 

a t  H = 0, w i t h  even s m a l l e r  humps on e i t h e r  s i d e  t h a n  

shown i n  f i g .  5 .4.  

A t  t h i s  p o i n t  it is  i m p o r t a n t  t o  c o n s i d e r  t h e  e x p e r i -  

men ta l  e v i d e n c e .  

Exper imenta l  Evidence  and C r i t i q u e  of T h e o r i e s  

I n  p r i n c i p l e ,  t h e  i n t e r n a l  magne t i c  f i e l d  i n  a n  a l l o y  

c a n  b e  de te rmined  i n  a  ~ S s s b a u e r  exper iment ,  a s  p o i n t e d  o u t  

by  M a r s h a l l  e t  a 1  ( 1 9 6 4 ) ,  a l t h o u g h  t h e  i n t e r p r e t a t i o n  i s  n o t  

e n t i r e l y  s t r a i g h t f o r w a r d .  ~ g s s b a u e r  exper iments  on d i l u t e  

a l l o y s  o f  t r a n s i t i o n  e l e m e n t s  i n  nob le  m e t a l s  have  been 

r e p o r t e d  by  a  number o f  w o r k e r s ,  i n c l u d i n g  M a r s h a l l  e t  a 1  

(1964) , Borg e t  a 1  (1963) , Henry (1963) , Gonser e t  a 1  (1965) , 

Window (1967 , b ,  1969) , Window and Johnson (1969) , b u t  a l l  o f  

t h e s e  have  been a t  c o n c e n t r a t i o n s  of  t h e  t r a n s i t i o n  e lement  

between 0 .5  and 5  a t . % ,  which i s  s e v e r a l  o r d e r s  o f  magni tude  



h i g h e r  t h a n  i n  t h e  e x p e r i m e n t s  r e p o r t e d  h e r e .  F u r t h e r m o r e ,  

it h a s  become a p p a r e n t  t h a t  i n  t h e  p r e s e n t  s t a t e  o f  t h e o -  

r e t i c a l  development ,  t h e  r e s u l t s  o b t a i n e d  on one  sys tem,  f o r  

example Cu Mn, c a n  n o t  b e  used t o  p r e d i c t  e x p e c t a t i o n s  f o r  

a n o t h e r  sys tem such  a s  - Cu F e .  N e v e r t h e l e s s ,  some i m p o r t a n t  

f a c t s  emerge. 

Window (1967a,b)  performed ~ g s s b a u e r  e x p e r i m e n t s  on a  

number of a l l o y s ,  i n c l u d i n g  - Au Mn, - Au C r ,  - Au F e ,  - Au Co, & V ,  

Ag Mn and - Cu Mn, i n  t h e  c o n c e n t r a t i o n  r a n g e  3.5 t o  6 a t . %  and 

found i n t e r n a l  f i e l d s  of  t h e  o r d e r  of  100 K O e  i n  a l l  e x c e p t  

t h e  - Au Co and - Au V:  i n  t h e s e  t w o , t h e  e x p e r i m e n t s  i n d i c a t e d  no 

i n t e r n a l  f i e l d s  b u t  t h e  p r e c i s i o n  was such t h a t  f i e l d s  ( 8  K O e  

c o u l d  have  been p r e s e n t .  He g i v e s  more comple te  d e t a i l s  o f  

h i s  r e s u l t s  on - Au Mn c o n t a i n i n g  5 a t . %  Mn ( s e e  Window, 1 9 6 7 a ) .  

F o r  th is  h e  used ' l9sn a t  less t h a n  1 a t . %  t o  d e t e r m i n e  t h e  

f i e l d  d i s t r i b u t i o n l a n d  t h e  b e s t  f i t  t o  h i s  e x p e r i m e n t a l  p o i n t s  

showed a  z e r o  p r o b a b i l i t y  f o r  f i e l d  s t r e n g t h s  below 17 KOe, i n  

marked c o n t r a s t  t o  t h e  d i s t r i b u t i o n s  proposed by M a r s h a l l  and 

by K l e i n .  Window comments t h a t  h i s  e x p e r i m e n t a l  r e s u l t s  a p p e a r  

t o  c e r t a i n l y  i n d i c a t e  e i t h e r  f e r r o m a g n e t i c  o r d e r  e x t e n d i n g  o v e r  

g r e a t e r  d i s t a n c e s  t h a n  i s  expected  on Ruderman-Kittel-Yosida 

t h e o r y ,  o r  a  l o n g  wave leng th  s p i r a l  a l ignment  o f  s p i n s .  It  

i s  u n f o r t u n a t e  t h a t  t h e  measurement o f  t h e  i n t e r n a l  f i e l d s  h a s  



n o t  been c a r r i e d  t o  lower c o n ~ e n t r a t i o n s ~ b u t  t h e  d i f f i c u l t i e s  

are c o n s i d e r a b l e .  The observed t r e n d s  which have been r epo r t ed  

i n d i c a t e  t h a t  t h e  magnitude of t h e  f i e l d s  a t  t h e  impur i ty  s i t e  

f a l l s  w i t h  c o n c e n t r a t i o n ,  a s  we would i n t u i t i v e l y  e x p e c t ,  o r  

perhaps  it i s  more a c c u r a t e  t o  s ay  t h a t  t h e  p r o b a b i l i t y  of  an 

impur i ty  atom be ing  loca t ed  i n  a h i g h  f i e l d  dec reases  a s  t h e  

c o n c e n t r a t i o n  d e c r e a s e s .  Neve r the l e s s ,  t h e  exper iments  on t h e  

magnetothermopower of d i l u t e  - Au Fe a l l o y s  r epo r t ed  i n  chap te r  4 ,  

a s  w e l l  a s  t h o s e  of Berman e t  a 1  (1964) ,  Berman e t  a 1  (1968) and 

Kopp (1969) a l l  show e f f e c t s  which, i f  t hey  a r e  t o  be expla ined  

a long  t h e  l i n e s  proposed by Huntley and Walker (1369) r e q u i r e  

i n t e r n a l  f i e l d s  a t  t h e  magnetic impur i ty  s i t e s  w i t h  maxima i n  

t h e i r  p r o b a b i l i t y  ' d i s t r i b u t i o n s  i n  t h e  reg ion  of 10  t o  100 KOe. 

I t  i s  noteworthy t n a t  a t  a  concen t r a t i on  a s  low a s  4 3  p.p.m. 

a tomic Fe  f o r  which t h e  average Fe-Fe spac ing  i s  about 20 

l a t t i c e  c o n s t a n t s ,  t h e  curves  i n  f i g s .  4.7 t o  4.10 show maxima 

i n  t h e  t h e r m o e l e c t r i c  power a t  f i e l d s  between 1 5  and 30 KOe 

(depending on temperature)  , r e q u i r i n g  maxima i n  t h e  i n t e r n a l  

f i e l d  d i s t r i b u t i o n s  a t  about t h e s e  same f i e l d  v a l u e s .  T h i s  

means e i t h e r  t h a t  f i e l d s  of t h e  o r d e r  of 15  t o  30 KOe extend 

I,, . ' 

'1, ,#3 ' , l ,  i 

o u t  t o  20 l a t t i c e  c o n s t a n t s ,  o r  t h a t  a  s u b s t a n t i a l  f r a c t i o n  

of t h e  Fe  atoms a r e  spaced much c l o s e r  t han  t h e  average o f  

20 l a t t i c e  c o n s t a n t s .  



Marshall  (1960) avoids any q u a n t i t a t i v e  p red ic t ions  

f o r  h i s  f i e l d  d i s t r i b u t i o n ,  but  t h e  form of h i s  curve "c" 

a s  drawn, i s  not adequate t o  expla in  t h e  observed r e s u l t s  

and, i n  f a c t ,  t h e  d i s t r i b u t i o n  which he g ives  a t  "bH 

( s e e  f i g .  5.4) appears more i n  conformity wi th  t h e  ex- 

perimental  r e s u l t s  on t h e  thermoelec t r ic  power of - A u  Fe 

a l l o y s  and with t h e  f i e l d  d i s t r i b u t i o n s  reported by Window. 

Such a  6 -funct ion d i s t r i b u t i o n  which i s  obtained from 

Bethe-Peierls-Weiss theory appl ied t o  a  ferromagnet has  

t o  be modified i f  it i s  t o  be appl ied t o  a  random d i l u t e  

a l l o y ,  but  it seems t h a t  t h i s  modif icat ion has  t o  be l e s s  

d r a s t i c  than t h a t  proposed by Klein.  K l e i n ' s  theory pre- 

d i c t s  double peaked d i s t r i b u t i o n s  but t h e  he igh t s  of t h e  

peaks above t h e  p r o b a b i l i t y  a t  H = 0 a r e  a t  l e a s t  an order  

of magnitude too  low. I t  i s  s i g n i f i c a n t  t h a t  any one of 

t h e  experimental  curves f o r  t h e  thermo-electr ic  power of 

d i l u t e  - Au Fe a l l o y s  can be f i t t e d  t o  wi th in  about 10% by 

a  curve of t h e  simple p a i r  i n t e r a c t i o n  model of Huntley and 

Walker (1969) . For t h e s e ,  t h e  &-function peaks occur a t  

f i e l d s  of t h e  o rde r  of 10 t o  100 K O e ,  w i th  zero  p r o b a b i l i t y  

of an i n t e r n a l  f i e l d  l e s s  than t h i s .  I t  i s ,  of course ,  

equal ly  t r u e  t h a t  they  can be f i t t e d  by a  combination of 

s e v e r a l  such curves and by a  continuous d i s t r i b u t i o n  of such 



c u r v e s ,  a s  po in ted  o u t  by Huntley and Walker (1969) , b u t  

it i s  e q u a l l y  e v i d e n t  t h a t  t h e  r e s u l t a n t  p r o b a b i l i t y  d i s -  

t r i b u t i o n  f o r  t h e  f i e l d  must be  s t r o n g l y  peaked i n  t h e  

a p p r o p r i a t e  r eg ion  between 10 and 100 K O e ,  w i t h  t h e  proba- 

b i l i t y  of  an Fe atom be ing  loca t ed  i n  a  ze ro  f i e l d  be ing  

a t  l e a s t  an  o r d e r  of magnitude l e s s  t han  t h e  p r o b a b i l i t y  

a t  t h e  maxima of  t h e  d i s t r i b u t i o n .  

Both Marsha l l  and Kle in  have claimed succes s  f o r  t h e i r  

t h e o r i e s  i n  e x p l a i n i n g  t h e  r e s u l t s  of s p e c i f i c  h e a t  and 

magne t i s a t i on  s t u d i e s  ( s p e c i f i c a l l y  on - Cu Mn), b u t  it seems 

t h a t  t h e s e  p r o p e r t i e s  a r e  l e s s  s e n s i t i v e  t o  t h e  h e i g h t  and 

l o c a t i o n  of t h e  maxima of t h e  f i e l d  d i s t r i b u t i o n  than  a r e  

t h e  magnetothermopowers. 

An a l t e r n a t i v e  exp lana t ion  advanced by Overhauser 

(1959, 1960,  1963) f o r  t h e  i n t e r n a l  f i e l d s ,  i s  t h a t  t h e y  

a r i s e  from long-range an t i f e r romagne t i c  coupl ing  by l i n e a r  

s p i n  d e n s i t y  waves. T h i s  t heo ry  i s  e q u a l l y  s u c c e s s f u l  i n  

p rov id ing  an exp lana t ion  f o r  t h e  s p e c i f i c  h e a t  r e s u l t s  on 

Cu Mn and it appears  t h a t  it may be a b l e  t o  account  f o r  t h e  - 
long-range f i e l d s  needed t o  exp la in  ou r  magnetothermopower 

measurements i n  - Au F e ,  b u t  Marshal l  e t  a1 (1964) were unable  

t o  o b t a i n  good f i t s  t o  t h e i r  ~ g s s b a u e r  r e s u l t s  i n  Cu Fe 

a l l o y s  u s i n g  t h e  Overhauser t h e o r y ,  and Marshal l  (1960) h a s  



poin ted  o u t  t h a t  t h e  fundamental o b j e c t i o n  r a i s e d  by Yosida 

(.1957) t o  Z e n e r ' s  t h e o r y  of ferromagnetism a p p l i e s  a l s o  t o  

t h e  Overauser t h e o r y ,  namely, t h a t  t h e  i n t e r a c t i o n  between 

t h e  l o c a l i s e d  s p i n s  and t h e  conduction e l e c t r o n s  i s  t r e a t e d  

o n l y  i n  f i r s t  o r d e r  p e r t u r b a t i o n  t h e o r y ,  whereas t h e  t o t a l  

energy change appears  f i n a l l y  a s  a  second o r d e r  q u a n t i t y  i n  

t h e  i n t e r a c t i o n .  Yosida emphasises t h a t  it i s  necessary  t o  

work c o n s i s t e n t l y  t o  second o r d e r .  

It does  no t  seem t h a t  a  complete unders tanding  of  t h e  

o r i g i n  of  t h e  i n t e r n a l  f i e l d s  i s  p o s s i b l e . a t  t h i s  t i m e ,  b u t  

measurements of t h e  magnetothermopower of d i l u t e  a l l o y s  

c l e a r l y  prov ide  a  s e n s i t i v e  , i n d i c a t o r  and ,  i n  conjunc t ion  

w i t h  t h e  r e s u l t s  of ~ G s s b a u e r  exper iments ,  p o i n t  t o  t h e  need 

f o r  a theo ry  g i v i n g  s t r o n g l y  peaked f i e l d  d i s t r i b u t i o n s .  I t  

i s  p o s s i b l e  t h a t  t h i s  may r e q u i r e  only  a  mod i f i ca t ion  of 

e x i s t i n g  t h e o r y  w i t h i n  t h e  framework of t h e  Ruderman-Kittel- 

Yosida i n t e r a c t i o n  mechanism. I t  i s  worth n o t i n g ,  however, 

t h a t  t h e  I s i n g  model which was used by Hunt ley and Walker,  a s  

w e l l  a s  by Kle in  and by Marsha l l ,  is thought  t o  be  i n c o r r e c t .  

A Heisenberg model, which a l l ows  f o r  more g e n e r a l  s p i n  o r i e n t -  

a t i o n s ,  s e e  Ziman (1964,  chap te r  10) i s  cons idered  t o  be  

a p p r o p r i a t e  f o r  d e a l i n g  w i t h  s p i n  i n t e r a c t i o n s  of  t h e  Ruderman- 

K i t t e l -Yos ida  type .  When app l i ed  t o  ou r  s imple  p a i r  i n t e r a c t i o n  
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model f o r  s p i n  1/2 p a r t i c l e s ,  t h e  Heisenberg model would g i v e  

a t o t a l  of  f o u r  energy l e v e l s  i n s t e a d  of t h r e e ,  one f o r  a n t i -  
s 

fe r romagnet ic  and t h r e e  f o r  fe r romagnet ic  s p i n  a l ignment .  

The exper imenta l  r e s u l t s ,  bo th  on i n t e r n a l  f i e l d s  and on 

magnetothermopower, show a  d e f i n i t e  c o r r e l a t i o n  w i t h  t h e  

Kondo tempera ture  TK. Thus,  - Au Mn a l l o y s  which have t h e  

lowest  TK show t h e  l a r g e s t  i n t e r n a l  f i e l d s  i n  Window's 

~ g s s b a u e r  exper iments  performed a t  4.2K, which f o r  - Au Mn 

a l l o y s  i s  w e l l  above TK. The i n t e r n a l  f i e l d s  were a l s o  

found t o  be  l a r g e  a t  4.2K i n  - Au Fe and & C r  a l l o y s  whose 

TK is  a l s o  below 4 .2K, b u t  were <8 KOe i n  9 Co and - Au V ,  

f o r  which TK -100K. - A u  Mn a l l o y s  a l s o  show t h e  l a r g e s t  

i n c r e a s e  i n  t h e  magnitude of  t h e i r  t h e r m o e l e c t r i c  power w i t h  

a p p l i e d  f i e l d  a s  seen  by Templeton and MacDonald (1961) ,  who 

measured an a l l o y  c o n t a i n i n g  0 . 2  a t . %  Mn i n  Au and ove r  t h e  

tempera ture  range 1 .5  t o  4K found more than  100% i n c r e a s e  i n  

t h e  magnitude of t h e  t h e r m o e l e c t r i c  power i n  a n  a p p l i e d  f i e l d  

of on ly  8 KOe. T h i s  is  l a r g e r  by an o r d e r  of  magnitude than  

t h e  e f f e c t s  we have observed i n  - A u  Fe  a l l o y s .  I n  t h e  o t h e r  

d i r e c t i o n ,  Kopp's  measurements on & Fe  a l l o y s ,  which were 

c a r r i e d  t o  t empera tures  below TK show a  marked r educ t ion  bo th  

i n  t h e  h e i g h t  of t h e  maximum i n  t h e  t h e r m o e l e c t r i c  power and 

t h e  s t r e n g t h  of  t h e  app l i ed  f i e l d  a t  which it occu r s .  Thus,  



a t  0.4K, which i s  below TK i n  Au Fe a l l o y s ,  h i s  -03 a t . %  Fe 

a l l o y  shows on ly  about  a  12% i n c r e a s e  o c c u r r i n g  a t  11 KOe, 

whereas a t  1.19K which i s  a t ,  o r  j u s t  above TK, t h e  i n -  

c r e a s e  i s  20% o c c u r r i n g  a t  2 2  KOe. I n  s Fe a l l o y s  whose 

TK i s  w e l l  above 4K. ou r  experiments between 1 .5  and 4.5K 

a s  r e p o r t e d  i n  t h e  nex t  chap te r  show on ly  a  dec rease  i n  

t h e r m o e l e c t r i c  power w i t h  app l i ed  f i e l d .  T h i s  c o r r e l a t i o n  

w i t h  TK i s  i n  l i n e  w i t h  t h e  t heo ry  of R i v i e r  and Zuckerman 

(1968) and o t h e r s ,  which p r e d i c t s  t h e  p rog res s ive  format ion  

of a bound s t a t e  and t h e  s c reen ing  o u t  of t h e  magnetic i m -  

p u r i t y  i n t e r a c t i o n  below TK. On t h e  b a s i s  of t h i s  c o r r e l a t i o n  

we can expec t  an i n c r e a s e  i n  t h e  t h e r m o e l e c t r i c  power w i th  

a p p l i e d  f i e l d  i n  t h e  l i q u i d  helium tempera ture  range i n  9 Mn 

and Cu Mn a l l o y s ,  a s  w e l l  a s  i n  Au C r  a l l o y s ,  b u t  on ly  a  

dec rease  i n  Au Co and Au V a l l o y s .  
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CHAPTER 6 

EXPERIMENTS ON - Cu Fe ALLOYS 

thermoelectric power measurements on - Cu Fe 

alloys in a magnetic field had been made by MacDonald and 

Pearson (1957) at concentrations of 23, 52 and 610 p.p.m. 

atomic Fe and up to fields of 11.8 KOe. They claimed that 

the changes which they observed in S due to H over this 

range could be accounted for entirely by the effect of 

magnetoresistance. It seemed desirable to extend the 

measurements to higher fields with better precision, to 

check this and see if we could detect an additional direct 

effect of the field on the thermoelectric power such as was 

observed in - Au Fe alloys. If such a direct effect exists, 

and there seemed good reason to suppose that it should, we 

wished to see if it is the same as that observed in - Au Fe 

alloys, or if the field behaviour of these dilute magnetic 

alloys changes on going to temperatures well below the Kondo 

temperature TK, which in - Cu Fe alloys was known to be well 

above 4K. (Daybell et a1 (1969) have estimated that TK is 

518K for Fe in Cu) . 
Magnetoresistance affects the measured thermoelectric 

power Sm indirectly through the Nordheim-Gorter rule, 



equa t ion  ( 3  .I) s o  t h a t  

Sm (H) = SFe (H) Fe  . 
\ t o t a l  

I n  t h i s  e q u a t i o n ,  on ly  t h e  f i e l d  e f f e c t s  due t o  changes 

o f  i n t r i n s i c  s c a t t e r i n g  c r o s s  s e c t i o n  a r e  inc luded .  A s  

we  have po in ted  o u t ,  (Huntley and Walker, 1969) , it i s  

on ly  t h e  n e g a t i v e  magnetores i s tance  component due t o  t h e  

e f f e c t  of t h e  f i e l d  on t h e  e l e c t r o n  s c a t t e r i n g  a r i s i n g  

from t h e  s-d exchange i n t e r a c t i o n  which i s  involved.  

P r e p a r a t i o n  of  Samples 

A s  i n  t h e  c a s e  of Au, we wished t o  p repa re  samples 

of  d i l u t e  a l l o y s  of  a c c u r a t e l y  known composit ion and con- 

t a i n i n g  t h e  s m a l l e s t  p o s s i b l e  amount of o t h e r  i m p u r i t i e s .  

The c h l o r i n e  t r ea tmen t  method, developed f o r  Au a l l o y s  

and desc r ibed  i n  Chapter  3 ,  could no t  be used f o r  Cu because 

copper  c h l o r i d e s  a r e  s t a b l e  t o  h igh  tempera tures  and t h e  Cu 

would t h e r e f o r e  be  a t t a c k e d .  Never the less ,  it seemed d e s i r -  

a b l e  t o  f o l l o w  t h e  same p r i n c i p l e  a s  used f o r  Au a l l o y s ,  of 

minimizing t h e  hand l ing  of t h e  a l l o y  and s o ,  i f  p o s s i b l e ,  t o  

produce it i n  t h e  form of a  w i r e  by a  d i f f u s i o n  p roces s .  I t  

was acco rd ing ly  decided t o  s t a r t  w i t h  h igh  p u r i t y  Cu s h e e t ,  

which was a v a i l a b l e  i n  a  p u r i t y  of  99.999%. F e  could  b e  

depos i t ed  on t h e  s u r f a c e  of t h i s  s h e e t  by vacuum evapora t ion  



and t h e n  uniformly d i s t r i b u t e d  throughout t h e  s h e e t  

by d i f f u s i o n  a t  a  s u i t a b l e  t empera ture  i n  vacuum. F i n a l l y ,  

t h e  s h e e t  could be photo-etched i n t o  t h e  d e s i r e d  form of  a 

l o n g  conductor .  

Specimens of t h e  copper s h e e t  1 inch  by 1/2 i nch  were 

f i r s t  c l eaned ,  t o  remove s u r f a c e  contaminat ion,  by e l e c t r o -  

p o l i s h i n g .  T h i s  s e rved  a l s o  t o  reduce t h e  s h e e t  t h i c k n e s s  

from i t s  o r i g i n a l  v a l u e  of .0127 cm t o  about  . O 1  cm. Three  

such specimens 

evapora to r  and 

F e  on a n o t h e r ,  

were t h e n  placed i n  t h e  e l e c t r o n  beam vacuum 

0 0 
approximately  75 A Fe depos i t ed  on one ,  25 A 

and none on t h e  t h i r d ,  t o  a c t  as a c o n t r o l .  

The t h r e e  specimens were t hen  p laced  i n  a s i l i c a  t u b e  which 

was f i r s t  evacuated:  H2 gas  was then  admi t ted  t o  about  1 mm. 

p r e s s u r e  and t h e  tempera ture  r a i s e d  t o  8 5 0 ~ ~ .  A f t e r  1 5  

minutes  t h e  H2 gas  was pumped o u t  and t h e  vacuum main ta ined  

a t  2 x l 0 - ~  t o r r  w i t h  t h e  oven a t  8 5 0 ~ ~  f o r  about  3 6  hours .  

The specimens were t h e n  annea led  by g r a d u a l l y  lower ing  t h e  

tempera ture  over  a p e r i o d  o f  f i v e  and a h a l f  days  t o  room 

tempera ture .  

I t  was no ted  a t  t h i s  s t a g e  t h a t  t h e  c o n t r o l  specimen 

had on ly  about  f o u r  o r  f i v e  c r y s t a l  boundary l i n e s  c r o s s i n g  

it, whereas t h e  o t h e r  two specimens had many more, t h e  spec i -  

0 
men t o  which 25 A Fe  had been added showing macroscopic 



c r y s t a l s  of t h e  o rde r  of 0.5 c m  across  and t h e  specimen 

C 
wi th  75 A Fe showing c r y s t a l l i t e s  of t h e  o rde r  of 0.1 t o  

0.2 cm ac ross .  I n  both t h e  specimens conta in ing  Fe a  

number of black l i n e s  were apparent ,  co inc id ing  wi th  

c r y s t a l  boundaries.  

The f i n a l  s t a g e  i n  t h e  sample p repara t ion  was t o  

mount t h e  prepared copper f o i l s  on an i n s u l a t i n g  backing 

and photo-etch them, s o  a s  t o  produce a  f l a t  non-inductively 

wound c o i l  approximately 26 cm long and approximately 

2 x cm c r o s s  s e c t i o n ,  a s  shown i n  f i g .  6.1, which 

shows a  photograph of one of them. This  procedure was 

pure a r t  and many at tempts  were made before a  success fu l  

procedure was evolved, This  procedure was a s  follows: 

The specimen was f i r s t  cleaned by dipping i n  8% HC1 f o r  

30 seconds, then dipped i n  f u l l  s t r e n g t h  KOR etch-  

r e s i s t a n t  s o l u t i o n  (suppl ied by Eastman Kodak Company) 

and whir led f o r  30 minutes i n  t h e  dark u n t i l  dry.  A 

photographic negat ive  had been prepared with t h e  p a t t e r n  

a s  shown i n  f ig .6 .1  by photographic reduct ion from an 

o r i g i n a l  made wi th  1/8 inch black tape  and t h i s  negat ive  

was placed i n  con tac t  with one f a c e  of t h e  copper f o i l  and 

exposed f o r  20 minutes a t  25 inches from a tungsten lamp 

( E l e c t r o  Opt ics  Associates  type  L101) , The whole of  t h e  



Figure  6 . 1  

Photograph of t y p i c a l  Copper sample enlarged 2 . 6  t imes ,  
,. . 

showing f l a t  A T  c o i l  and s t r a i g h t  To specimen 



F 

o t h e r  f a c e ,  o r  back o f  t h e  specimen was t h e n  exposed 

t h e  same way w i t h  no  n e g a t i v e .  The specimen was t h e n  

g e n t l y  shaken i n  Xylene f o r  2 minu tes  and s p r a y  washed 

w i t h  d i s t i l l e d  w a t e r ,  u s i n g  a  power s p r a y ,  t o  remove a l l  

unexposed KOR. The specimen was t h e n  mounted on a  t h i n  

s t y c a s t  lo-K p l a t e l u s i n g  j u s t  enough Eastman 910 cement 

t o  h o l d  i t ,  e n s u r i n g  t h a t  no cement c o n t a c t e d  t h e  f r o n t  

f a c e  o f  t h e  specimen.  S t y c a s t  lo-K i s  a  compos i t e  

d i e l e c t r i c  m a t e r i a l  ( o b t a i n e d  from Emerson & Cuming I n c . ,  

Canton,  Mass.) w i t h  a  c o e f f i c i e n t  of  t h e r m a l  e x p a n s i o n  

which i s  n o t  t o o  d i f f e r e n t  from t h a t  of  copper .  F i n a l l y ,  

t h e  specimen was mounted i n  a s t i r r e d  e t c h  s o l u t i o n  con- 

s i s t i n g  of  ~ / 5  Ammonium P e r s u l p h a t e  w i t h  M ' 5  Sodium 

C h l o r i d e  h e a t e d  t o  a b o u t  70•‹c. T h i s  e t c h  s o l u t i o n  d i s s -  

o l v e d  t h e  Cu from a r e a s  which were  n o t  p r o t e c t e d  w i t h  

exposed KOR. The e t c h  proceeded f a s t e r  n e a r  t h e  e d g e s  

of t h e  specimen,  s o  t h a t  it had t o  b e  removed and p ro -  

g r e s s i v e l y  p r o t e c t e d  inwards  from t h e  edges  w i t h  a d d i t i o n a l  

exposed KOR t o  m a i n t a i n  a  uni form c r o s s - s e c t i o n  f o r  t h e  

co i l  c o n d u c t o r .  The e t c h  was comple te  i n  a b o u t  1% h o u r s .  

It  was n o t e d  t h a t  t h e  b l a c k  l i n e s  seen  a l o n g  t h e  

c r y s t a l  b o u n d a r i e s ,  and mentioned above,  were  i n  f a c t  more 

numerous t h a n  s e e n  on t h e  s u r f a c e  and w e r e  s low t o  e t c h :  



some which bridged adjacent  t u r n s  of t h e  copper c o i l s  had 

even tua l ly  t o  be c u t  away. I t  was s t rong ly  suspected t h a t  

they  were composed of separated Fe which had come out  of 

s o l u t i o n  dur ing  t h e  5% day slow cool  from 850•‹c, and t h e  

r e s u l t s  reported below on t h e i r  thermoelec t r ic  power and 

r e s i d u a l  r e s i s t a n c e  r a t i o s  con•’ i r m  t h i s .  Hansen (1958) 

i n d i c a t e s  t h a t  Fe s o l u b i l i t y  i n  Cu a t  room temperature i s  

very  low; a t  2 0 0 ~ ~  he g ives  1.3 x by weight a s  t h e  

probable s o l u b i l i t y .  

A f u r t h e r  t h r e e  specimens were accordingly prepared,  

fol lowing t h e  same procedure a s  above, but  with $ hour i n  

H2 a t  8 5 0 ~ ~  a f t e r  t h e  36 hours vacuum d i f f u s i o n  and f i n a l l y ,  

wi th  $ hour i n  vacuum a t  7 2 5 O ~ ,  a f t e r  which t h e  specimens 

were cooled qu ick ly  t o  room temperature by removing t h e  

s i l i c a  tube i n  which they  were contained from t h e  oven. 

These specimens d id  not  have t h e  black l i n e s  seen i n  t h e  

e a r l i e r  specimens and a l l  t h r e e  had e s s e n t i a l l y  t h e  same 

appearance,  wi th  only  a  few c r y s t a l  boundary marks. 



E x p e r i m e n t a l  R e s u l t s  and D i s c u s s i o n  

a) R e s i s t i v i t i e s  and F e  C o n c e n t r a t i o n s  

R e s i d u a l  r e s i s t a n c e  r a t i o  measurements f o r  t h e  s i x  

specimens a r e  r e p o r t e d  i n  T a b l e  6 . 1  and c l e a r l y  show t h a t  

e s s e n t i a l l y  a l l  t h e  F e  d e p o s i t e d  on t h e  f i r s t  s e t  o f  s p e c i -  

mens had come o u t  of s o l u t i o n :  t h i s  i s  s e e n  from t h e  f a c t  

t h a t  t h e  r e s i d u a l  r e s i s t a n c e  r a t i o  of t h e  pure  Cu c o n t r o l  

t o  which no F e  was added i s  h i g h e r  t h a n  t h e  o t h e r  two,  

showing t h a t  it i n  f a c t  c o n t a i n e d  mbre i m p u r i t i e s  i n  

s o l u t i o n .  T h i s ,  a t  f i r s t  s i g h t ,  appeared  s u r p r i s i n g  b u t  

b e c a u s e  some, a t  l e a s t ,  of  t h e  o t h e r  i m p u r i t i e s  p r e s e n t  i n  

t h e  copper  would b e  s o l u b l e  i n  F e  t h e y  would b e  p a r t i a l l y  

l e a c h e d  from t h e  Cu by t h e  F e  a s  it s e p a r a t e d  o u t .  It  i s  

s e e n  t h a t  t h e  specimen on which more F e  was d e p o s i t e d  shows 

a l a r g e r  d e c r e a s e  i n  t h e  r e s i d u a l  r e s i s t a n c e  r a t i o ,  r o u q h l y  

i n  p r o p o r t i o n  t o  t h e  amount o f  added F e .  

The r e s i s t a n c e  measurements ,on  t h e  second set o f  s p e c i -  

mens shows t h a t  w i t h  a  r e a s o n a b l y  q u i c k  . c o o l ,  a l l  t h e  F e  

d o e s  n o t  come o u t  of s o l u t i o n  i n  t h e  Cu, b u t  i n d i c a t e s  a l s o  

t h a t  it d i d  n o t  a l l  s t a y  i n  s o l u t i o n  i n  o u r  specimens .  T h i s  

i s  made more d e f i n i t e  w i t h  t h e  a i d  o f  o u r  t h e r m o e l e c t r i c  

power measurements  and we a r e  a b l e  t o  e s t i m a t e  t h e  r e s u l t i n g  

c o n c e n t r a t i o n  o f  d i s s o l v e d  F e ,  u s i n g  d a t a  g i v e n  by Kjekshus  
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and  P e a r s o n  (1962) and by D a y b e l l  and S t e y e r t  (1968b) . 
Kjekshus  and P e a r s o n  measured t h e  t h e r m o e l e c t r i c  powers 

of s e v e r a l  Cu a l l o y s ,  i n c l u d i n g  two c o n t a i n i n g  nomina l ly  

25 p.p.m. and 75 p.p.m. a tomic  F e ,  f o r  which t h e y  found 

'measured a t  4.186K t o  b e  9.25 p V / K  and 10.0 /N/K 

r e s p e c t i v e l y .  They g i v e  t h e  r e s i d u a l  r e s i s t i v i t i e s  o f  

t h e s e  a l l o y s  a s  .03193 p - k m  and .O8555 , l c ~ ~ c m  re- 

s p e c t i v e l y  and ,  making r e a s o n a b l e  a ssumpt ions ,  w e  can  

compute t h e  v a l u e  of t h e  c h a r a c t e r i s t i c  t h e r m o e l e c t r i c  

power of  F e  i n  Cu a t  4.186K t o  b e  10 .8  /{V/K. Using  

t h i s  v a l u e  i n  e q u a t i o n  (3.1)  g iven  i n  C h a p t e r  3 ,  i n  con- 

j u n c t i o n  w i t h  o u r  measured t h e r m o e l e c t r i c  powers and 

measured r e s i d u a l  r e s i s t a n c e  r a t i o s ,  g i v e s  t h e  r e s i s -  

t a n c e  r a t i o  component ( j?Fe/r) 20 due  t o  t h e  F e  i n  o u r  

Cu a l l o y s  a s  
0 

a l l o y  w i t h  75 A F e  added,  ( f  Fe/ (? ) 20 = .0389 
0 

I I  " 25 A F e  added ,  ( rFe/ (7 ) 20 = .00466 

To o b t a i n  t h e  d i s s o l v e d  F e  c o n c e n t r a t i o n s  f rom t h e s e ,  w e  

must  know t h e  i n c r e m e n t a l  r e s i s t i v i t y  due t o  F e  i n  Cu. 

An a c c u r a t e  v a l u e  f o r  t h i s  c a n n o t  b e  o b t a i n e d  from t h e  

d a t a  of  Kjekshus  and Pearson  because  t h e y  o n l y  g i v e  nominal  

c o n c e n t r a t i o n s  f o r  t h e i r  a l l o y s ,  b u t  D a y b e l l  and S t e y e r t  

(196833) measured t h e  r e s i d u a l  r e s i s t a n c e  o f  Cu a l l o y s  



c o n t a i n i n g  63 and 22  p.p.m. a tomic Fe prepared from h igh  

p u r i t y  Cu and a t  4.2K g i v e  90 nRcm and 32.6 n  c m  

r e s p e c t i v e l y  f o r  t h e i r  r e s i s t i v i t i e s .  From t h e s e ,  w i t h  

t h e  assumption t h a t  t h e  r e s i s t i v i t y  due t o  o t h e r  s c a t t e r -  

ers i s  t h e  same i n  bo th  a l l o y s ,  we o b t a i n  a  va lue  of  

1.40 n  &. ~ m / ~ . p . r n .  a tomic Fe f o r  t h e  incrementa l  r e -  

s i s t i v i t y  of Fe  i n  Cu. Taking t h e  r e s i s t i v i t y  of pure  

copper  a t  20•‹c t o  be  1.693 /1* dTcm w e  f i n d  t h e  d i s s o l v e d  

Fe c o n t e n t  of  o u r  a l l o y s  t o  be: 

C 
a l l o y  w i t h  75 A added Fe contained 47 p.p.m. a tomic Fe  

i n  s o l i d  s o l u t i o n  

C 
a l l o y  w i t h  25 A added Fe contained 5.6 p.p.m. a tomic Fe 

i n  s o l i d  s o l u t i o n  

0 

(we no t e  t h a t  2 5  A Fe added t o  a  Cu specimen . O 1  cm t h i c k  

would g i v e  a c o n c e n t r a t i o n  of  25 p.p.m. a tomic Fe) . 
It a l s o  appea r s  t h a t  t h e  t r u e  d i s so lved  Fe  c o n t e n t  of 

Kjekshus and P e a r s o n ' s  nominally 25 and 75 p.p.m. a l l o y s  

were 19.2 and 57.5 p.p.m. r e s p e c t i v e l y .  

We can u s e  a  s l i g h t  mod i f i ca t ion  of t h i s  same ca l cu -  

l a t i o n  procedure  t o  e s t i m a t e  t h e  smal l  r e s i d u a l  amount of  

Fe  which remained i n  s o l u t i o n  i n  t h e  f i r s t  set of specimens 

a f t e r  t h e  slow c o o l i n g  from € 3 5 0 ~ ~ .  T h i s  f i r s t  set  of spec i -  

mens, i n c l u d i n g  t h e  copper c o n t r o l ,  had magnetothermopower 



c h a r a c t e r i s t i c s ,  a s  descr ibed  below, which were markedly 

d i f f e r e n t  from t h o s e  observed i n  t h e  second s e t ,  due t o  

F e ,  and t h e  obvious  i n f e r e n c e  i s  t h a t  t h e  t h e r m o e l e c t r i c  

power observed i n  t h e  f i r s t  s e t ,  i nc lud ing  t h e  Cu c o n t r o l ,  

was a t  l e a s t  i n  p a r t  due t o  some impur i ty  o t h e r  t han  Fe .  

0 
A t  t h e  same t i m e ,  t h e  specimen on which 7 5  A Fe had been 

depos i t ed  had a  t h e r m o e l e c t r i c  power which was s l i g h t l y  

h i g h e r  t h a n  was measured i n  t h e  pure  Cu c o n t r o l ,  s o  it 

e v i d e n t l y  con ta ined  some Fe.  I f  we c a l l  t h e  o t h e r  impur i ty  

r e s p o n s i b l e  f o r  p a r t  of t h e  t h e r m o e l e c t r i c  power " impur i ty  x" 

( r e c o g n i z i n g ,  of c o u r s e ,  t h a t  it may be Fe) , we can w r i t e  

t h e  fo l lowing  equa t ion  r e l a t i n g  t h e  measured t h e r m o e l e c t r i c  

power and r e s i d u a l  r e s i s t a n c e  r a t i o s  t o  t h e  c h a r a c t e r i s t i c  

v a l u e s  f o r  Fe and impuri ty  x: 

where ( 0  ) i s  t h e  measured r e s i d u a l  r e s i s t a n c e  r a t i o  

of t h e  a l l o y  and r) Fe and Px a r e  t h e  r e s i d u a l  r e s i s t i -  
t 

v i t y  components due t o  Fe and impur i ty  x  r e s p e c t i v e l y .  

Applying t h i s  t o  t h e  Cu c o n t r o l  i n  which we assume t h e r e  

was on ly  impur i ty  x ,  g i v e s  ( P x/(3 ) Sx = .000545. (If 
i 

impur i ty  x i s  F e ,  t h i s  i n d i c a t e s  t h a t  t h e  Cu c o n t r o l  con- 

t a i n e d  .061 p.p.m. atomic F e ) .  T h i s  r e s u l t  can t h e n  be 



0 
a p p l i e d  t o  t h e  specimen on which 75 A Fe  had been depos i t ed  

and i n  which t h e  q u a n t i t y  of  impur i ty  x i s  assumed t o  be  

unchanged t o  g i v e  o F e / ~  = .0000225 and shows t h e  r e s i d -  

u a l  ( o r  a d d i t i o n a l )  Fe concen t r a t i on  s t i l l  i n  s o l u t i o n  

a f t e r  slow c o o l i n g  t o  be  ,027 p.p.m. atomic Fe.  

The r e s u l t s  of a l l  t h e s e  c a l c u l a t i o n s  a r e  inc luded  i n  

Tab le  6 .1  w i t h  t h e  Fe concen t r a t i ons  and r e s i s t a n c e  r a t i o s  

f o r  t h e  s lowly cooled specimens shown on t h e  assumption 

t h a t  impur i ty  x i s  F e ,  a s  i s  i n d i c a t e d  i n  t h e  d i s c u s s i o n  of 

t h e  magnetothermopower i n  t h e  penul t imate  s e c t i o n  of t h i s  

c h a p t e r .  

I n  t h e s e  c a l c u l a t i o n s  we have assumed t h a t  t h e  c h a r a c t e r -  

i s t i c  t h e r m o e l e c t r i c  power due t o  Fe i n  Cu a t  4.2K i s  n o t  a  

f u n c t i o n  of  c o n c e n t r a t i o n ,  a t  l e a s t  below 65 p.p.m. atomic 

Fe.  I n  - Au-Fe a l l o y s  t h e  r e s u l t s  d i s cus sed  i n  Chapter  4  

i n d i c a t e d  a  f a i r l y  smal l  b u t  d e f i n i t e  concen t r a t i on  depend- 

ence a t  4.2K over  t h i s  same concen t r a t i on  range ,  b u t  n o t  

below about  1 K .  I n  making comparisons t o  - Cu Fe  a l l o y s ,  it 

i s  probably b e t t e r  t o  u se  t h e  same va lue  of T/T~, r a t h e r  

t h a n  t h e  same T and we can t h e r e f o r e  conclude t h a t  f o r  - Cu Fe 

a t  4.2K, f o r  which T / T ~  (1 , t h e  c h a r a c t e r i s t i c  t h e r m o e l e c t r i c  

power SF, w i l l  be concen t r a t i on  independent i n  t h e  range of 

i n t e r e s t  i n  t h e  above c a l c u l a t i o n s .  



b) Thermoelectric Power v s  Temperature 

Our d a t a  f o r  SF, v s  T is, shown i n  f ig .6 .2  f o r  t h e  two 

specimens conta in ing  47 p.p.m. and 5.6 p.p.m. atomic F e ,  

and t h i s  is compared wi th  t h e  curve published by Kjekshus 

and Pearson (1962) f o r  t h e i r  nominally 75 p.p.m. a l l o y ,  

ad jus ted  t o  SF, using  t h e i r  published r e s i s t i v i t y  d a t a  

f o r  t h i s  a l l o y .  The r e s u l t s  show exact  agreement over 

t h e  range of temperature s tudied .  

c )  E f f e c t  of Magnetic F i e l d  on SF, 

The change i n  t h e  thermoelec t r ic  power due t o  t h e  

a p p l i c a t i o n  of e x t e r n a l  magnetic f i e l d s  of up t o  50 KOe 

t o  our  Cu specimens containing 47 p.p.m. and 5.6 p.p.m. 

atomic F e  a r e  shown i n  f ig .6 .3 .  I n  t h i s  f i g u r e ,  t h e  percent  

change 100 a s,(H) /Sm(o) is p lo t t ed  a g a i n s t  f i e l d  H f o r  a  

s e r i e s  of f ixed  temperatures .  The most s u r p r i s i n g  f e a t u r e  

of t h e  curves f o r  both a l l o y s  i s  t h e  small  d i f f e r e n c e  between 

curves f o r  d i f f e r e n t  temperatures over t h e  range from 4.5K 

t o  2.6K compared t o  t h e  d i f f e r e n c e s  from 2.6K t o  1.6K. 

Apart from t h i s ,  t h e  thermoelec t r ic  power is  seen t o  f a l l  

off wi th  appl ied  f i e l d ,  a s  was expected. 

The curves do not  seem t o  have reached t h e  high f i e l d  

region where, according t o  t h e  theory of Weiner and ~ & l -  

Monod (1970) , S (H) CK T/H, bu t  t h e  form of t h e  curves does 







n o t  i n d i c a t e  t h e  presence  of magnetic impuri ty  i n t e r -  

a c t i o n s  and t h e  t heo ry  of  Weiner and Beal-Monod should 

t h e r e f o r e  be  a p p l i c a b l e  over  t h e  whole range of f i e l d  

s t r e n g t h s  measured. D e t a i l e d  comparison i s  beyond t h e  

scope o f  t h i s  c h a p t e r ,  b u t  t h e  p e c u l i a r  t empera ture  

dependence noted above would seem t o  be  a t  v a r i a n c e  

w i t h  t h e i r  p r e d i c t i o n s .  

The specimens,  whose phys i ca l  form i s  shown i n  

f i g . 6 . 1 ,  were mounted i n  ou r  appa ra tus  so  t h a t  t h e  mag- 

n e t i c  f i e l d  was app l i ed  p a r a l l e l  t o  t h e i r  l e n g t h  s o  t h a t  

82.4% exper ienced a  l o n g i t u d i n a l  f i e l d  and 17.6% a  t r a n s -  

v e r s e  f i e l d .  

d) Maqnetores is tance Cor rec t ion  

We must now t r y  t o  determine how much of t h e  change 

i n  Sm(H) was due t o  t h e  e f f e c t  of magnetores i s tance ,  

e ~ .  (H) i n  equa t ion  ( 6  .l) , i n  o r d e r  t o  de te rmine  t h e  t r u e  

e f f e c t  of t h e  a p p l i e d  f i e l d  on t h e  c h a r a c t e r i s t i c  thermo- 

e l e c t r i c  power SFe(H) . 
The magnetores i s tance  of d i l u t e  G F e  a l l o y s  h a s  been 

measured r e c e n t l y  by s e v e r a l  workers., Muto e t  a 1  (1964) , 

Monod (1967) and Rohrer (1969) . O f  t h e s e ,  Muto e t  a 1  were 

unable  t o  s e p a r a t e  t h e  nega t ive  s-d component from t h e  

normal p o s i t i v e  component and t h e i r  r e s u l t s  a r e ,  t h e r e f o r e ,  



of no use  t o  us .  Monod measured an a l l o y  s a i d  t o  conta in  

110 p.p.m. Fe and he  shows a graph of t h e  r e s i s t i v i t y  a s  

a funct ion  of temperature i n  zero  f i e l d  and i n  a  f i e l d  of 

20 KOe, from which he  has  sub t rac ted  t h e  normal p o s i t i v e  

magnetoresistance.  He showed a l s o  t h a t  t h e  negat ive  s-d 

component is independent of f i e l d  d i r e c t i o n .  Rohrer 

measured a  more concentrated a l l o y ,  sa id  t o  conta in  0.08 

a t  .% Fe ,  and he  shows graphs of t h e  negat ive magneto- 

r e s i s t a n c e  component A F F e ( ~ ) /  ? (0) f o r  a  s e r i e s  of 

temperatures from 2.17 K t o  3 5 K  wi th  appl ied f i e l d s  up 

t o  200 KOe. Rohrer s t a t e s  t h a t  h i s  r e s u l t s  show a nega- 

t i v e  magnetoresis tance component 4 t imes l a r g e r  than  

reported by Monod and t h e r e  i s  t h e r e f o r e  unce r t a in ty  a s  

t o  t h e  magnitude of t h e  c o r r e c t i o n s  t o  be appl ied  t o  our 

d a t a .  I n  o rde r  t o  e s t a b l i s h  t h a t  t h e r e  i s  a r e a l  change 

i n  SFe due t o  t h e  f i e l d ,  we have used Rohrer ' s  r e s u l t s  t o  

c a l c u l a t e  t h e  maximum magnetoresistance cor rec t ion  and we 

have done t h i s  a t  t h e  maximum f i e l d  of 48.4 KOe f o r  each 

of our a l l o y s  a t  4.45 K and a t  1.57 K .  

Rohrer shows 100 A 7- (H) / f total (0) = -4 -8% i n  a  

f i e l d  of 48.4 KOe a t  4.16 K ,  and -6.3% a t  2.17 K, W e  can 

use Monod's r e s u l t s ,  which cover a wider temperature range, 

t o  e s t ima te  t h e  amounts by which t h e s e  va lues  should be 



r . 

a d j u s t e d  f o r  4.45K and 1.57K and o b t a i n  -4.7% and -7.0% 

r e s p e c t i v e l y -  S ince  Rohrer ' s  Fe  concen t r a t i on  was l a r g e  

enough f o r  t h e  F e  t o  dominate t h e  s c a t t e r i n g .  we can 

assume (:  total(^) = F e ( ~ )  and w r i t e  

(H) / ? F e ( ~ )  = -0.047 a t  48.4 KOe and 4.45K \ F e  i 

I n  o r d e r  t o  s e e  t h e  e f f e c t  t h a t  t h i s  h a s  on o u r  

measured t h e r m o e l e c t r i c  powers and t o  d e r i v e  t h e  n e t  e f f e c t  

of t h e  app l i ed  f i e l d  on t h e  c h a r a c t e r i s t i c  t h e r m o e l e c t r i c  

powers A SFe (H) /SFe (0) . we t ransform equa t ion  (6.1) t o  

AS.  r t? of) - 
- 

n (6.3) 5, (9) I -r- 
Pjk (4 

which c o n t a i n s  measured q u a n t i t i e s .  Based on R o h r e r ' s  d a t a  

f o r  t h e  magnetores i s tance  of 2 Fe a l l o y s  we t h e r e f o r e  f i n d ,  

a t  48.4 KOe f o r  o u r  47 p.p.m. a l l o y  

f o r  ou r  5.6 p.p.m. a l l o y  



The e f f e c t  of magnetoresistance i s  t h e r e f o r e  seen t o  be 

q u i t e  smal l ,  even on t h e  b a s i s  of Rohrer ' s  d a t a ,  and 

would account f o r  l e s s  than 1% of t h e  change i n  t h e  

measured thermoelec t r ic  power on t h e  b a s i s  of Monod's 

d a t a .  

e) E f f e c t  of Magnetic F i e l d  on Specimen 
from which Fe Separated and on Cu Control  

The curves showing t h e  change of thermoelec t r ic  vol tage  

wi th  appl ied  f i e l d  f o r  t h e  f i r s t  s e t  of Cu Fe specimens, 

cooled slowly from 850•‹c, a r e  shown i n  f i g s .  6.4 and 6.5,  

0 
t h e  f i r s t  ( f ig .6 .4 )  being f o r  t h e  specimen on which 75 A Fe 

had been depos i ted  and the  second ( f ig .6 .5)  being f o r  the  

pure copper c o n t r o l .  The measurement p rec i s ion  i n  both 

t h e s e  f i g u r e s  was poor,  a s  indica ted  by t h e  e r r o r  b a r s ,  

because t h e  thermoelec t r ic  vo l t age  S ( 0 )  developed i n  t h e  

specimens was only about 50 nV i n  a l l  except t h e  one curve 

i n  f i g .  6.4 taken a t  a  mean temperature of 6.9 K f o r  which 

S(0) was 200 nV. Despite  t h e  r e s u l t i n g  u n c e r t a i n t y ,  both 

se ts  of curves c l e a r l y  have two main f e a t u r e s  i n  common 

which a r e  e n t i r e l y  absent  from t h e  Cu Fe curves of f ig .6 .3 .  

Both show i n i t i a l  sharp  drops i n  thermoelec t r ic  power a t  

low f i e l d s  of t h e  order  of a  few KOe and i n  bo th ,  t h i s  i s  

followed by an inc rease  t o  a  maximum. The curves t h u s  bear  







cons iderable  s i m i l a r i t y  t o  those  of our - Au Fe samples 

reported i n  Chapter 4 and if appears t h a t  t h e  i n i t i a l  

sharp drops a t  low f i e l d s  may be due t o  t h e  same cause ,  

namely, t o  a few p.p.m. Pb present  i n  t h e  Cu which was 

used t o  prepare our samples, and which separated out  

0 dur ing  t h e  slow cool ing  from 850 C. Although t h e  

exact  shape of t h e  curves a t  low f i e l d s  i s  u n c e r t a i n ,  

t h e  measurement p rec i s ion  was s u f f i c i e n t  t o  show t h a t  t h e  

sharp  drop occurs a t  progress ive ly  lower f i e l d  s t r e n g t h  

a s  t h e  temperature i s  r a i s e d ,  and i n  f i g .  6.4 can be seen 

t o  disappear  a l t o g e t h e r  a t  about 7 K .  Hansen (1958) g ives  

l i t t l e  information on the  s o l i d  s o l u b i l i t y  of Pb i n  Cu and 

s t a t e s  only t h a t  it is  l e s s  than 0.09 a t .% above 6 0 0 ~ ~ .  

We can es t imate  t h e  q u a n t i t y  of Pb impurity which 

would produce t h e  observed e f f e c t s  on t h e  assumption, a s  

i n  & F e ,  t h a t  f i n e l y  separated Pb on going normal con- 

t r i b u t e s  t o  t h e  e l e c t r o n  s c a t t e r i n g  t o  about t h e  same 

e x t e n t  a s  d isso lved  Pb. We see  i n  f i g .  6.5 t h a t  t h e  upper 

p a r t s  of t h e  curves f o r  t h e  Cu c a n t r o l  subtend t o  -20% a t  

zero f i e l d .  The r e s i d u a l  r e s i s t a n c e  r a t i o  found f o r  t h i s  

specimen was .00145, so  t h a t  t h e  increase  i n  r e s i s t i v i t y  

due t o  t h e  anomaly was 0.6 n fi cm. Norbury (1922) does 

no t  g ive  t h e  incremental  r e s i s t i v i t y  due t o  Pb i n  Cu, but  



f o r  Sn i n  Cu,  which would be t h e  same, according t o  

Norbury's r u l e ,  he  g ives  2 . 6 r ~ ? c m / a t . %  and we s e e  t h a t  

t h e  observed e f f e c t s  i n  t h e  Cu con t ro l  specimen could be  

due t o  about 2 p.p.m. atomic Pb. 

It i s  i n t e r e s t i n g  t h a t  t h e  magnitude of t h e  low f i e l d  

anomaly, observed i n  t h e  sample t o  which Fe had been added 

( f i g .  6.4) is much smal ler  than  i n  t h e  copper c o n t r o l .  The 

curves i n  f ig .6.4 appear t o  subtend t o  about -6% a t  zero  

f i e l d ,  i n d i c a t i n g  an increase  i n  r e s i s t i v i t y  due t o  Pb 

going normal, of only  0.12 n 2 cm which i s  1/5 of t h e  

value found f o r  t h e  Cu con t ro l .  This  has  t h e  obvious ex- 

p lana t ion  t h a t  t h e  presence of about 7 5  p.p,m, separa ted  

Fe provided a  cons iderable  a rea  of G - F e  i n t e r f a c e  onto 

which t h e  Pb could r e a d i l y  separa te .  On going norn~a l ,  

such Pb would make almost no a d d i t i o n a l  con t r ibu t ion  t o  

t h e  boundary s c a t t e r i n g  a l r eady  e x i s t i n g  between t h e  

separated - Cu-Fe. An a l t e r n a t i v e  explanat ion t h a t  some 

of t h e  P b  d isso lved  i n  t h e  separated Fe is  u n l i k e l y ,  s i n c e  

Hansen s t a t e s  t h a t  t h e  s o l i d  s o l u b i l i t y  of Pb  i n  Fe i s  

only N 2.7 x a t .% P b  a t  1 5 3 0 ~ ~ .  Fur the r  measurements 

on t h i s  specimen were made 8'months l a t e r ,  which showed t h a t  

t h e  magnitude of t h e  anomaly had by then decreased s t i l l  

f u r t h e r :  t h i s  is  r e a d i l y  expla inable  on t h e  b a s i s  of 
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u- - Fe bound a r i e s .  

The maxima i n  t h e  curves which were observed a t  

in termedia te  f i e l d  s t r e n g t h s ,  appear a t  f i r s t  s i g h t  t o  

resemble t h e  maxima observed i n  - Au Fe a l l o y s  and t o  be 

due t o  some o t h e r  magnetic impurity i n  t h e  Cu, We 

c a l l e d  it impuri ty  x above, but  t h e  specimens i n  t h i s  

f i r s t  s e t  had a  very low e l e c t r o n  s c a t t e r i n g ,  a s  shown 

by t h e i r  r e s i d u a l  r e s i s t a n c e  r a t i o s ,  and t h e r e f o r e  had 

low thermal r e s i s t a n c e  which was i n  p a r a l l e l  wi th  t h e  

thermal r e s i s t a n c e  of t h e  quar t z  rod on which t h e  spec i -  

men was mounted. I f  t h e  magnetic f i e l d  a f fec ted  t h e  

thermal r e s i s t a n c e  of t h e  specimen it would change t h e  

measured thermoelec t r ic  vol tage  independently of any 

change t h a t  it might make t o  t h e  thermoelec t r ic  power. 

Using t h e  same formula f o r  t h e  thermal conduct iv i ty  a s  

used i n  Appendix A3, we can es t ima te  t h e  thermal r e s i s -  

t ance  of t h e s e  slowly cooled specimens t o  be about 

4  10 /T, K/W, which is more than an order  of magnitude 

l e s s  than t h e  thermal r e s i s t a n c e  of t h e  quar t z  rod,  e s t i -  

mated t o  be about 2 x lo5./cr, K 'W ( a s  given i n  Appendix A.3). 

The s t y c a s t  lo-K on which each Cu specimen was mounted was 

a l s o  i n  p a r a l l e l  wi th  t h e  quar t z  rod,  but  being a  compo- 

s i t e  d i e l e c t r i c  m a t e r i a l  i t s  thermal r e s i s t a n c e  a t  l i q u i d  



H e  temperature was l a r g e  compared t o  t h a t  of t h e  copper 

specimen, Measurement of t h e  thermal r e s i s t a n c e  a c r o s s  

t h e  specimen a s  mounted i n  an experiment gave a  va lue  of 

approximately 1 0 4 / ~ ,  K/W, and so confirmed t h a t  t h e  

thermal r e s i s t a n c e  of t h e  specimen con t ro l l ed  t h e  temp- 

e r a t u r e  drop ac ross  it. 

Data given by Muto e t  a 1  (1964) shows t h a t  pure 

copper h a s  a  p o s i t i v e  magnetoresistance i n  both longi-  

t u d i n a l  and t r a n s v e r s e  f i e l d s  and s i n c e  t h e  thermal r e s i s -  

tance  i s  d i r e c t l y  propor t ional  t o  e l e c t r i c a l  r e s i s t a n c e  

a t  low temperatures  where impurity s c a t t e r i n g  dominates, 

. the thermal r e s i s t a n c e  w i l l  i nc rease  i n  a  magnetic f i e l d  

i n  t h e  same proport ion a s  t h e  e l e c t r i c a l  r e s i s t a n c e .  We 

can ,  t h e r e f o r e ,  apply s u i t a b l e  co r rec t ions  t o  our  experi-  

mental curves shown i n  f i g s .  6.4 and 6.5,  using t h e  da ta  

given by Muto e t  a l .  When t h i s  i s  done, and t h e  low f i e l d  

anomalies a r e  s u i t a b l y  removed, we ob ta in  correc ted  magneto- 

thermopower d a t a  f o r  both t h e  Cu c o n t r o l  and t h e  specimen 

0 
onto which 75A Fe had been depos i ted ,  showing a  monotonic 

decrease  wi th  app l i ed  f i e l d  i n  s u b s t a n t i a l  agreement wi th  

the t r e n d s  seen i n  f i g .  6.3. (The curves have no t  been re -  

. drawn a s  co r rec ted  because our  measurement p rec i s ion  on 

t h e s e  a l l o y s  was no t  s u f f i c i e n t  t o  make them of r e a l  v a l u e ) .  



It t h e r e f o r e  seems t h a t  " impur i ty  x" i n  t h e  copper 

c o n t r o l  r e s p o n s i b l e  f o r  i t s  t h e r m o e l e c t r i c  power was, 

i n  f a c t ,  Fe  p r e s e n t  t o  t h e  e x t e n t  of 0.06 p.p.m. a tomic.  

The Fe c o n t e n t  l e f t  i n  s o l i d  s o l u t i o n  i n  t h e  o t h e r  s p e c i -  

0 

men onto  which 75 A F e  had been depos i ted  and then  sepa-  

r a t e d  by slow c o o l i n g  from 8 5 0 ~ ~  was cor respondingly  

0.09 p.p.m. atomic F e ,  a s  shown i n  Tab le  6.1.  

SUMMARY -- 
Our measurements of t h e  t h e r m o e l e c t r i c  power of - Cu F e  

a l l o y s  i n  a p p l i e d  magnetic f i e l d s  up t o  50 KOe and between 

7 K  and 1.5K have n o t  shown any i n c r e a s e s  w i t h  a p p l i e d  f i e l d ,  

such a s  seen i n  - A u  Fe  a l l o y s  and a t t r i b u t e d  t o  Fe-Fe i n t e r -  

a c t i o n s .  T h i s  i s  i n  agreement wi th  t h e o r e t i c a l  e x p e c t a t i o n  

of  R i v i e r  and Zuckerman, and o t h e r s ,  a s  d i s cus sed  i n  Chapter  5 ,  

t h a t  such i n t e r a c t i o n s  should be  f rozen  o u t  o r  sc reened  o u t  

below TK by t h e  p r o g r e s s i v e  format ion o f  t h e  Nagaoka bound 

s t a t e  between t h e  conduct ion e l e c t r o n s  and t h e  t r a n s i t i o n  

me ta l  d e l e c t r o n s .  Our magnetothermopower d a t a  do ,  never-  

t h e l e s s ,  show some c o n c e n t r a t i o n  dependence which seems t o  

i n d i c a t e  t h a t  some i n t e r a c t i o n  e f f e c t  s t i l l  e x i s t s .  Our 

r e s u l t s  should show agreement w i th  t h e  t h e o r y  of  Weiner and 

. Beal-Monod (1970) ,  b u t  t h e  p red ic t ed  tempera ture  dependence 

does  n o t  appear  t o  ag ree  w i t h  o u r  r e s u l t s .  The e f f e c t  of 



magnetoresistance has  been shown t o  be smal l ,  even a t  t h e  

low concentrat ion of our a l l o y s ,  cont rary  t o  t h e  f i n d i n g  

of MacDonald and Pearson (1957) . 
At zero f i e l d  o u r  S vs  T d a t a  agrees  we l l  wi th  

r e s u l t s  reported by Kjekshus and Pearson (1961) . 



CHAPTER 7 

EXPERIMENTS ON Rh F e  and - Au C e  ALLOYS 

Rh F e  A l l o y s  - 

T h r e e  samples  o f  Rh w i r e  w e r e  o b t a i n e d  f rom Engelhard  

I n d u s t r i e s ,  one  s t a t e d  t o  b e  99.99% p u r e  Rh and two con- 

t a i n i n g  s m a l l  amounts o f  F e ,  and d e s i g n a t e d  E l  a l l o y  18499,  

n o m i n a l l y  .02 a t . %  F e ,  and E l  a l l o y  18507,  nomina l ly  .11 

a t . %  Fe .  I n  a d d i t i o n ,  samples  o f  99.99% p u r e  Rh w i r e  w e r e  

o b t a i n e d  from G a l l a r d - S c h l e s s i n g e r  Company and from Koch- 

L i g h t  L a b o r a t o r i e s .  

A l l  t h e  s a m p l e s ,  e x c e p t  t h e  one o b t a i n e d  from G a l l a r d -  

S c h l e s s i n g e r  Company, were  i n d e p e n d e n t l y  a n a l y s e d  by t h e  

M i n e r a l  S c i e n c e  D i v i s i o n ,  Department  of  Energy,  Mines and 

Resources  i n  O t t a w a ,  and a l l  were found t o  c o n t a i n  b o t h  F e  

and Cu, a s  shown i n  T a b l e  7 .1 .  The two a l l o y  samples from 

Engelhard  w e r e  a n a l y s e d  f o r  F e  by e l e c t r o n  microprobe  and 

the a t h e r s  by  s e m i q u a n t i t a t i v e  s p e c t r o c h e m i c a l  a n a l y s i s .  

The  e l e c t r o n  mic roprobe  a n a l y s i s  a l s o  showed t h e  F e  t o  b e  

un i fo rmly  d i s t r i b u t e d  i n  t h e  two E l  a l l o y s  w i t h i n  t h e  e r r o r  

l i m i t s  of t h e  equ ipment ,  which was .02 at,%. The F e  con- 

c e n t r a t i o n s  in the t h r e e  Engelhard  samples  were  also 
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d e t e r m i n e d  by t h e  measurement of t h e i r  r e s i s t i v i t i e s  a s  a  

f u n c t i o n  o f  t e m p e r a t u r e  o v e r  t h e  r a n g e  from a b o u t  4K t o  

1.5K. The F e  c o n c e n t r a t i o n s  a r e  g i v e n  by t h e  s l o p e s  of  

t h e  r e s i s t i v i t y  v s .  t e m p e r a t u r e  p l o t s  u s i n g  d a t a  g i v e n  by 

C o l e s  (1964) . These  d e t e r m i n a t i o n s  a r e  c o n s i d e r e d  t o  b e  

more a c c u r a t e  t h a n  t h e  o t h e r s  and a r e  a l s o  shown i n  T a b l e  

7 .l. 

T a b l e  7 . 1  a l s o  i n c l u d e s  t h e  r e s i d u a l  r e s i s t a n c e  r a t i o s  

of a l l  t h e  samples ;  t h e s e  were  measured b o t h  a s  r e c e i v e d  and 

a f t e r  a n n e a l i n g .  The p o r t i o n s  of t h e s e  r a t i o s  due t o  F e  a r e  

a l s o  g i v e n ,  computed from t h e  measured c o n c e n t r a t i o n s  u s i n g  

C o l e s  (1964) d a t a .  A l l  t h e  samples a s  r e c e i v e d  were  q u i t e  

s p r i n g y  and t h e  r e s i d u a l  r e s i s t a n c e  r a t i o  measurements i n d i -  

c a t e d  t h a t  t h e y  c o n t a i n e d  l a r g e  numbers of c r y s t a l  l a t t i c e  

d e f e c t s .  The samples  were  t h e r e f o r e  annea led  a n d ,  s i n c e  Rh 

m e t a l  was known t o  work h a r d e n  v e r y  r a p i d l y  a t  room tempera-  

t u r e ,  c a r e  was t a k e n  t o  h a n d l e  them a s  l i t t l e  a s  p o s s i b l e  

a f t e r w a r d s .  An a n n e a l i n g  t e m p e r a t u r e  o f  1 2 0 0 ~ ~  was used  

i n i t i a l l y  b e c a u s e  t h i s  was g iven  a s  t h e  a n n e a l i n g  tempera-  

t u r e  f o r  R h  by  S m i t h e l l s  (1967) . Accord ing ,  however,  t o  

van  Antwerpen ( 1 9 6 5 ) ,  d e f e c t s  a r e  q u i c k l y  and e f f e c t i v e l y  

a n n e a l e d  o u t  a t  725Oc and t h i s  t e m p e r a t u r e  was t h e r e f o r e  

used  l a t e r  f o r  t h e  t h r e e  Engelhard specimens whose thermo- 



r i c  pc ) w e r s  were s t  
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.udied.  I n  both c a s e s  t h e  specimens 

w e r e  cooled s lowly  a f t e r  anneal  by swi tch ing  o f f  t h e  oven 

and l e a v i n g  them t o  coo l  i n s i d e .  

The v a r i a t i o n  of  t h e  measured t h e r m o e l e c t r i c  power Sm 

w i t h  tempera ture  i s  shown i n  f i g .  7 .1  f o r  t h e  t h r e e  Engelhard 

specimens annealed a t  7 2 5 O ~  and f o r  one of them, E l  a l l o y  

18507 a s  r ece ived .  These curves  show a  maximum f o r  lSml 

i n  t h e  v i c i n i t y  of 3K, which c o n t r a s t s  w i t h  t h e  exper imental  

r e s u l t s  r epo r t ed  by Coles  (1964) and Nagasawa (1968) ,  n e i t h e r  

of whom observed a peak above 1 K .  The v a l u e s  of S, a t  4.2K 

a r e  l i s t e d  i n  Tab le  7.1 and it can be seen by comparing t h e s e  

f o r  E l  a l l o y  18507,  ob ta ined  be fo re  and a f t e r  annea l ,  w i t h  

t h e  cor responding  measured va lues  of t h e  r e s i d u a l  r e s i s t a n c e  

r a t i o ,  t h a t  t h e y  do  no t  conform t o  t h e  Nordheim-Gorter r u l e ,  

equa t ion  ( 3 . 1 ) .  T h i s  i s  on t h e  assumptions t h a t  only  t h e  Fe  

c o n t r i b u t e s  t o  Sm and t h a t  t h e  c h a r a c t e r i s t i c  t h e r m o e l e c t r i c  

power due t o  t h e  F e  i s  n o t  a  func t ion  of concen t r a t i on .  

The v a r i a t i o n  of  t h e  t h e r m o e l e c t r i c  powers w i th  app l i ed  

f i e l d  a r e  shown i n  f i g s .  7.2 t o  7;5; These show a  smal l  

change f o r  E l  a l l o y  18507 due t o  annea l ing  which could be 

a n  e f f e c t  o f  magnetores i s tance .  Apart  from t h i s ,  it i s  noted 

t h a t  t h e  tempera ture  dependence of As(H) /S (0) does  no t  s c a l e  

a s  H f l ,  and comparisons between t h e  t h r e e  a l l o y s  show on ly  a  

smal l  c o n c e n t r a t i o n  dependence. 













Specimens were prepared by f i r s t  t r e a t i n g  Cominco 

99.9999% pure  Au wire  . O 1  cm. diameter with C 1 2  g a s ,  a s  

descr ibed i n  Chapter 3 ,  f o r  long enough t o  ensure t h a t  

t h e i r  Fe  con ten t s  would be less than 0.1 p.p.m. atomic 

Fe. Cerium was then deposited on t h e  wire by vacuum 

evaporat ion a t  t o r r .  The in ten t ion  was then t o  

d i f f u s e  t h e  Ce i n t o  t h e  Au a t  a  temperature of about 

0 
850 C i n  vacuum, but  repeated attempts both i n  a  re-  

ducing atmosphere and i n  t o r r  appeared t o  be l a r g e l y  

unsuccessful .  Most of the  Ce appeared t o  remain on t h e  

s u r f a c e  of t h e  w i r e ,  where it could be seen a s  a  su r face  

d i s c o l o u r a t i o n ,  and t h e  r e s idua l  r e s i s t a n c e  r a t i o s  in-  

creased l i t t l e  from t h e  value f o r  t h e  pure Au, a s  shown 

i n  Table 7.2. Rider e t  a1  (1965) have shown t h a t  t h e  

s o l i d  s o l u b i l i t y  of Ce i n  Au i s  only about 0.2 a t .% a t  

i t s  maximum near  8 0 0 ~ ~ .  D e t a i l s  of t h e  sample prepara t ions  

a r e  given i n  Table 7 .2 .  

Both samples Ace and BCe were analysed spectrograph- 

i c a l l y  by P, Tymchuk of t h e  Analy t ica l  Sec t ion ,  Divis ion  

o f  Applied Chemistry, National Research Council i n  Ottawa, 

. w i t h  t h e  fo l lowing r e s u l t s :  



TABLE 7.2 

DATA ON AU Ce ALLOYS 
7 

Cominco Au t r e a t e d  3  hrs.H2 ,43 h r s . ~ l d  
a t  8 0 0 ~ ~  .094 a t  .% Ce depos i t ed  and 1 
d i f f u s e d  i n  oven - f o r  1/4 h r .  H 2 ,  18 h r s .  

, 

Residual  1 Measured 
Res i s tance  Thermoelec t r ic  

Sam l e  A Ce b- 

Sample R a t i o  

- 

Cominco Au t r e a t e d  24 h r s .  CO,  
214 h r s .  C 1 2  a t  8 0 0 ~ ~  .0235 a t .% Ce 
depos i t ed  and d i f f u s e d  i n  evapora tor  
f o r  1/2 h r .  a t  e s t .  7 5 0 ~ ~  and i n  oven 
f o r  20 h r s .  a t  7 5 0 ~ ~  a f t e r  H2 f l u s h  

Power S  a t  
4 . 2 ~ ~ 7 ~  

Cominco Au t r e a t e d  23 h r s .  H2, 23 h r s  

C 1 2  a t  7 5 0 ~ ~  10 min. i n  evapora tor  i n  
vacuum a t  es t .  7 5 0 ~ ~  

Cominco Au t r e a t e d  23 h r s .  H2, 23 h r s  

C 1 2  a t  7 5 0 ~ ~  10 min. i n  evapora tor  i n  
vacuum a t  e s t .  750•‹C . I05  a t .% Ce 
depos i t ed  and d i f f u s e d  i n  evapora tor  
f o r  6 h r s .  a t  e s t .  7 0 0 ~ ~  

Sam l e  B Ce k- 
Cominco Au t r e a t e d  23 h r s .  H 2 ,  23 h r s  
C 1 2  a t  7 5 0 ~ ~  10 min. i n  evapora tor  i r  
vacuum a t  est .  7 5 0 ~ ~  . I05  a t . %  Ce 
depos i t ed  and d i f f u s e d  i n  evapora tor  
f o r  6 h r s .  a t  e s t .  750 t o  8 0 0 ~ ~  



Impur i ty  Sample Ace Sample BCe 
p.p .m. atomic p.p.m. atomic 

None v i s i b l e ,  
< 3 5 ,  i f  any 

They were asked t o  d i s s o l v e  o f f  s u r f a c e  Ce be fo re  a n a l y s i s  

because sample Ace was known t o  have rece ived  about 2 3 5  

p.p.m. on t h e  s u r f a c e  and sample BCe about 1000 p.p.m. 

The amount of  Ce found i n  sample Ace i s  no t  compat ible  

w i t h  t h i s  and w i t h  o u r  r e s i s t i v i t y  and t h e r m o e l e c t r i c  power 

d a t a ,  and it i s  thought  t h a t  t h e  C e  on t h i s  sample may have 

acqu i r ed  an ox ide  c o a t i n g ,  perhaps  du r ing  t h e  oven t r ea tmen t  

a t  750•‹c, which would r e s i s t  d i s s o l u t i o n .  It i s  thought  t h a t  

t h e  F e  must have been p r e s e n t  a s  impuri ty  i n  t h e  Ce and been 

vacuum d e p o s i t e d  a long  w i t h  it. Unlike  t h e  Ce, t h i s  Fe would, 

of c o u r s e ,  r e a d i l y  d i f f u s e  i n t o  t h e  Au. 

The r e s u l t s  of  t h e r m o e l e c t r i c  power measurement v s  

t empera ture  are given i n  fig. 7.6 and show t h e r m o e l e c t r i c  

powers o f  about  t h e  same magnitude as r epo r t ed  by Gainon 

e t  a l  (1967) f o r  C e  i n  Au , b u t  t h e  Fe  impuri ty  c o n t e n t s  shown 

by t h e  a n a l y s i s  t o  be  0.81 p.p.m. atomic and 1 .9  p.p.m. atomic 
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i n  samples Ace and BCe r e s p e c t i v e l y  a r e  s u f f i c i e n t ,  wi th  

t h e  observed r e s i d u a l  r e s i s t a n c e  r a t i o s ,  t o  g i v e  thermo- 

electr ic powers of t h e  same magnitude. The shape of  t h e  

t c u r v e s ,  however, does  no t  ag ree  w i th  t hose  f o r  Fe i n  Au, 
i 

1 as bo th  samples Ace and BCe show pronounced maxima between 
i 
I 

! 2.5K and 3 K .  The cu rves  i n  f i g .  7.7 and 7 - 8  showing t h e  
I 

change i n  t h e  observed t h e r m o e l e c t r i c  v o l t a g e  due t o  an 

a p p l i e d  magnet ic  f i e l d  a r e  c u r i o u s l y  almost  i d e n t i c a l  wi th  

t h e  cu rves  of f i g .  4 . 5  f o r  t h e  0.54 p.p.m. atomic Fe i n  Au 

a l l o y  b e f o r e  making any ad jus tments  f o r  t h e  low f i e l d  

anomaly. I t  i s  p o s s i b l e  t h a t  one o r  two p.p.m. Pb may have 

been d e p o s i t e d  from t h e  Ce a long  w i t h  t h e  Fe and t h e  Sn,  

which were s een  i n  t h e  spec t rog raph ic  a n a l y s i s .  







CONCLUSIONS 

1, The increase  i n  t h e r m o e l e c t r i c  power due t o  an a p p l i e d  

magnet ic  f i e l d  which is found i n  d i l u t e  a l l o y s  of Fe i n  Au 

and i n  some o the r  a l l o y s  of t r a n s i t i o n  elements i n  noble  

m e t a l s ,  i s  evidence of long-range i n t e r a c t i o n  between i so -  

l a t e d  magnetic atoms which extends  t o  a t  l e a s t  30 o r  40 

l a t t i c e  spac ings ,  w i t h  l a r g e  i n t e r n a l  f i e l d s  e x i s t i n g  a t  

t h e  magnetic atom s i t e s .  T h i s  i n t e r a c t i o n  occurs  through 

t h e  in termediary a c t i o n  of t h e  conduction e l e c t r o n s  o f  

t h e  h o s t  noble me ta l ,  b u t  only  a t  a  low enough tempera- 

t u r e  t h a t  it i s  n o t  broken up by t h e  l a t t i c e  v i b r a t i o n a l  

energy .  We can look a t  it t h i s  way: t h e  i n t e r a c t i o n  i s  

dependent on a  conduction e l e c t r o n  being s c a t t e r e d  success-  

i v e l y  by two impuri ty  atoms, and t h i s  r e q u i r e s  t h a t  t h e  

e l e c t r o n s  a r e  n o t  t o o  s t r o n g l y  s c a t t e r e d  by phonons. I f  

we denote  t h e  energy of t h e  i n t e r a c t i o n  between impur i ty  

atoms by W ,  t h e  i n t e r a c t i o n  w i l l  t hen  on ly  be s i g n i f i c a n t  

when W / ~ T  i s  n o t  smal l .  Exper imental ly ,  it appears  t h a t  

this condi t ion  on ly  e x i s t s  below about 2 0 K .  

A t  t h e  same t i m e ,  t h e r e  is  a  second i n t e r a c t i o n ,  which 

is t h e  one considered by R iv i e r  and Zuckerman (1968) .  T h i s  

i s  between the  conduction e l e c t r o n s  and i n d i v i d u a l  impuri ty  



-169- 

s p i n s  and if we deno te  i t s  energy by U, a bound s t a t e ,  

o f t e n  r e f e r r e d  t o  a s  t h e  Nagaoka bound s t a t e ,  w i l l  e x i s t  

when U/kT i s  l a r g e ;  when U/kT N 1 t h e  c o n d i t i o n ,  desc r ibed  

by R i v i e r  and Zuckerman , of c o n t i n u a l  format ion and break- 

down o f  t h i s  s t a t e  w i l l  e x i s t .  Thus, U = kTK where TK i s  

the Kondo tempera ture .  T h i s  i n t e r a c t i o n  e f f e c t i v e l y  competes 

w i t h  t h e  impuri ty- impuri ty  i n t e r a c t i o n  W ,  so  t h a t  if U > W 

t h e  impuri ty- impuri ty  i n t e r a c t i o n  w i l l  n o t  occu r ,  o r  w i l l  

be weakened. On t h e  o t h e r  hand, because t h e  i n t e r a c t i o n  

U w i t h  i n d i v i d u a l  impur i ty  s p i n s  i s  r e l a t i v e l y  sho r t - r ange ,  

as compared t o  t h e  impuri ty- impuri ty  i n t e r a c t i o n  W ,  it 

would seem t h a t  t h e  U i n t e r a c t i o n  could occur ,  provided 

T ,< TK even when U ( W , and t h a t  i n  forming, it would a c t  

t o  s c reen  o u t  t h e  long-range impurity-impurity i n t e r a c t i o n .  

T h i s  would seem t o  mean t h a t  t h e  energy W of t h e  long- 

range  impur i ty - impur i ty  i n t e r a c t i o n  i s  decreased by t h i s  

s c r een ing .  

The r e s u l t  of t h e s e  two s e p a r a t e  i n t e r a c t i o n s ,  i n -  

v o l v i n g  t h e  conduc t ion  e l e c t r o n  s p i n s ,  i s  t h a t  t h e  impuri ty-  

impur i ty  i n t e r a c t i o n  w i l l  on ly  be  s t r o n g  enough t o  produce 

an i n c r e a s e  i n  t h e r m o e l e c t r i c  power wi th  app l i ed  f i e l d  

when bo th  W / ~ T >  w 1 and ~ / k ~ < . v l ,  except  t h a t  i f  W i s  

a p p r e c i a b l y  g r e a t e r  t h a n  U s o  t h a t  a  s t r o n g  impuri ty-  

impur i ty  i n t e r a c t i o n  e x i s t s  over  a  range of T > T X ,  it w i l l  



p e r s i s t  below TK f o r  uDT > 1 , b u t  be  p r o g r e s s i v e l y  screened 

o u t  a s  T i s  dec reased .  Thus,  t h e  i n c r e a s e  i n  t h e r m o e l e c t r i c  

power w i t h  a p p l i e d  f i e l d  i s  n o t  observed i n  d i l u t e  a l l o y s  

of  Fe  i n  Cu f o r  which T %18K, because t h e r e  i s  no tempera- 
K 

ture range w i t h h  which t h e  long-range i n t e r a c t i o n  is 

n e i t h e r  sc reened  o u t  by t h e  bound s t a t e ,  nor  broken up by 

l a t t i c e  energy.  I t  seems, i n  f a c t ,  t h a t  i n  - Cu Fe a l l o y s ,  

W and U a r e  aboutcqua l  so  t h a t  a weak long-range impuri ty-  

impur i ty  i n t e r a c t i o n  does  e x i s t ,  which i s  s u f f i c i e n t  t o  

g i v e  a  c o n c e n t r a t i o n  dependence t o  t h e  magnetothermopower. 

The i n c r e a s e  i n  t h e r m o e l e c t r i c  power w i t h  app l i ed  f i e l d  

h a s  been observed i n  & Fe and Au Mn and w i l l  probably be 

seen  i n  & C r ,  Ag Mn, - Cu Mn and 9 C r  a l l o y s ,  f o r  a l l  of 

which TK C2K and i n  which ~ B s s b a u e r  experiments have shown 

t h a t  l a r g e  i n t e r n a l  f i e l d s  e x i s t ,  

2 .  A s imple  i n t e r a c t i o n  between p a i r s  of Fe atoms w i t h  

a s i n g l e  va lued  i n t e r n a l  f i e l d  a t  t h e  Fe atom s i t e s  is 

i n t u i t i v e l y  t o o  s i m p l e ,  b u t  no s a t i s f a c t o r y  theo ry  f o r  a  

f i e l d  d i s t r i b u t i o n  h a s  y e t  been proposed. A p r o b a b i l i t y  

f i e l d  d i s t r i b u t i o n  proposed by Klein  i s  n o t  capable  of  

e x p l a i n i n g  t h e  exper imenta l  r e s u l t s  e i t h e r  of ~ s s s b a u e r  

exper iments  o r  of t h e  e f f e c t s  of app l i ed  magnetic f i e l d s  

on t h e  t h e r m o e l e c t r i c  powers of  d i l u t e  a l l o y s ;  i n  p a r t i -  

c u l a r ,  it y i e l d s  t o o  h i g h  p r o b a b i l i t i e s  f o r  low and ze ro  



i f i c  h e a t  

r e s u l t s  i s  p e r h a p s  because  t h e s e  a r e  less s e n s i t i v e  t o  

t h e  d e t a i l s  of the f i e l d  d i s t r i b u t i o n .  The f a c t  t h a t  a  

s i n g l e  v a l u e d  p a i r  model g i v e s  p r e d i c t i o n s  which a r e  

c l o s e  t o  agreement  w i t h  exper imenta l  r e s u l t s  may, hope- 

f u l l y ,  g i v e  some gu idance  i n  s e e k i n g  a  t h e o r e t i c a l  

s o l u t i o n  t o  t h i s  problem of f i n d i n g  t h e  p r o p e r  f i e l d  

d i s t r i b u t i o n  f u n c t i o n .  

3 .  A n a l y s i s  o f  t h e  exper imenta l  r e s u l t s  h a s  demons t ra ted  

t h e  need f o r  ex t reme  p u r i t y ,  p a r t i c u l a r l y  i n  t h e  most 

d i l u t e  a l l o y  spec imens ,  and f o r  hav ing  p r e c i s e  informa- 

t i o n  on a l l  r e s i d u a l  i m p u r i t i e s  i n  t h e  a l l o y s .  It h a s  

a l s o  demons t ra ted  t h e  need f o r  extreme c a r e  i n  specimen 

h a n d l i n g  and h e a t  t r e a t m e n t ,  i n  which each a l l o y  h a s  i t s  

own p e c u l i a r  m e t a l l u r g i c a l  r equ i rements .  Methods of  

p r e p a r i n g  and of  p u r i f y i n g  specimens i n  t h e  form o f  w i r e s ,  

r e q u i r i n g  the minimum o f  subsequent  h a n d l i n g ,  by what may 

be d e s c r i b e d  a s  d i f f u s i o n  chemis t ry ,  h a s  proved t o  b e  

s u c c e s s f u l .  

4. The  change i n  t h e  measured t h e r m o e l e c t r i c  power o f  

Au Fe and Cu F e  a l l o y s  due  t o  what i s  b e l i e v e d  t o  be a - - 
s u p e r c a n d u c t i n q  t r a n s i t i o n  i n  Pb p r e s e n t  t o  t h e  e x t e n t  o f  

a few p a r t s  p e r  m i l l i o n ,  appears  t o  s u p p o r t  t h e  t h e o r y  



t h a t  e l e c t r o n  s c a t t e r i n g  a t  normal/superconducting 

boundar ies  does  no t  add t o  t h e  e l e c t r i c a l  r e s i s t i v i t y  

of t h e  a l l o y .  T h i s  t heo ry  p r e d i c t s  t h a t  e l e c t r o n s  

a r e  r e f l e c t e d  a s  h o l e s  from such boundar ies .  F u r t h e r  

work i s  needed t o  v e r i f y  t h i s  conclusion.  Magneto- 

r e s i s t a n c e  measurements and examination of t h e  a l l o y  

specimens by e l e c t r o n  microscope a r e  obvious sugges t -  

i ons .  These could be followed by p repa ra t ion  and 

t e s t i n g  of &I Pb Fe a l l o y s  of va r ious  composit ion.  



APPENDIX 1 

DESIGN OF QUARTZ ROD HEATER COILS h, AND h2 

Each of t h e  h e a t e r s  hl and h2 was formed using 1 

meter of .001 inch  diameter insula ted  manganin w i r e ,  

g iv ing  a  t o t a l  r e s i s t a n c e  of about 1000 ohms. Th i s  was 

double wound, s t a r t i n g  near t h e  f r e e  ends so t h a t  t h e  

two ha lves  twis t ed  toge the r  a s  they were wound on t o  

g ive  a  non-inductive c o i l .  The whole c o i l  was cemented 

toge the r  and i n  p l a c e ,  using Eastman 910, which proved 

t o  be a  good low temperature cement. This  cement i s  a 

low v i s c o s i t y  l i q u i d  whose speed of s e t t i n g  inc reases  a s  

t h e  th ickness  of i t s  l a y e r  decreases;  i n  bulk it may be 

s to red  f o r  months; i n  a  l aye r  of t h e  order  of a  micron 

t h i c k  it s e t s  i n  a  f r a c t i o n  of a second. Cap i l l a ry  

a c t i o n ,  combined wi th  i t s  low v i s c o s i t y ,  causes it t o  

spread ou t  r a p i d l y  between sur faces  t o  be joined. The 

good low temperature behaviour doubtless  r e s u l t s  from t h e  

extreme t h i n n e s s  of t h e  bonding l aye r .  

The supply c i r c u i t  f o r  t h e  h e a t e r s ,  which i s  shown 

included i n  f i g .  2-7,  was designed so t h a t  t h e  input  power 

2 P = IV = I R, where 1- i s  the  cu r ren t  through t h e  h e a t e r  of 

r e s i s t a n c e  R and V i s  t h e  vol tage  developed ac ross  i t ,  would 



be independent o f  sma l l  changes i n  R.  T h i s  was done by 

i n c l u d i n g  a  s e r i e s  r e s i s t a n c e  Ro which, w i t h  t h e  e f f e c t i v e  

source  impedance of t h e  po ten t iometer  r ,  would equa l  t h e  

r e s i s t a n c e  R of t h e  h e a t e r .  With t h e  v a l u e s  chosen,  t h e  

e r r o r  i n  P would n o t  exceed 0.1% f o r  a 6.5% change i n  R 

a t  any s e t t i n g  of t h e  potent iometer  r .  T h i s  made it un- 

neces sa ry  t o  measure P independently f o r  bo th  h e a t e r s  and 

gave reasonable  conf idence  t h a t  P would n o t  change,  and 

hence t h a t  AT would remain c o n s t a n t  w i t h i n  accep tab le  

l i m i t s ,  du r ing  exper iments  involv ing  t h e  a p p l i c a t i o n  of 

magnetic f i e l d s ,  when magnetores is tance e f f e c t s  i n  hl could 

be expected t o  occur .  F o r  manganin i n  a  f i e l d  of 50 KOe, 

A R / R  i s  on ly  about  4% (Kopp, p r i v a t e  communication). 



APPENDIX 2 

HEAT LEAKS TO QUARTZ ROD AND THERMOCOUPLE CONTACTS 

a.  Heat Leak by Radia t ion  s e e  f i g .  A2-l 

N e t  h e a t  dQ absorbed by element dx of r a d i a t i o n  s h i e l d  

a t  t empera ture  T from can C a t  l i q u i d  helium b a t h  tempera- 

t u r e  T1 i s  

4 4 4 
dQ = A . 2  z r ( T 1  - T )  dx 5A.2 - T o  ) d x  

t h e r e f o r e  h e a t  f low Q ( x )  a long t h e  can a t  x i s  given by 

If t h e  thermal  r e s i s t a n c e  of  u n i t  a r e a  of t h e  Wood's 

me ta l  j o i n t  i s  p cm2 K/W and S = 2 7 r lk  i s  t h e  a r e a  

so lde red  where r i s  t h e  r a d i u s  of t h e  can a t  t h e  so lde red  

1 
j o i n t  and i s  t h e  l e n g t h  i n  t h e  x  d i r e c t i o n  over  which 

t h e  so lde red  j o i n t  ex t ends ,  then  t h e  temperature  d rop  

a c r o s s  t h i s  j o i n t  due t o  t h e  h e a t  f low Q(o )  i s  

The h e a t  f low a l s o  produced a  temperature  g r a d i e n t  dT/dx 

a long  t h e  can  g iven  by 

where K i s  t h e  thermal  conduc t iv i ty  of copper.  The can a t  
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x i s  t h e r e f o r e  h o t t e r  than t h e  can a t  t h e  soldered j o i n t  

a t  x=o by LT(x)  where 

The r a d i a t i o n  s h i e l d  a t  x  i s  t h e r e f o r e  h o t t e r  than t h e  

platform A by an amount dT given by 

4 4 4 2 JT = JT (0) + JT (x) A (T1 -To ) x1 f A (TL4-To ) (xlx-?ix ) 

r f &  t~ 

T h i s  i s  a maximum a t  x = x giving 
1 -l 

I n s e r t i n g  va lues  t = .05 cm, K = 2 W/cmK ( f o r  e l e c t r o l y t i c  

f 
r = .953 cm, r = 2.70 cm, TI = 4.2K and assuming t h e  mini- 

mum value  f o r  To = 1 . 2 K  and t h e  maximum poss ib le  va lue  of A 

f o r  a p e r f e c t  black body, A = 5.68 x 10-12, we f i n d  

d 'max (20 micro K and c l e a r l y  any hea t  leak  from t h e  s h i e l d  

can not  cause a  temperature e r r o r  a t  e2  g r e a t e r  than t h i s .  

b. Heat Leak Along Thermocouple Wires. see  f i g  .A2-2 

Temperature of a  thermocouple wire  a t  i t s  thermal anchor 

i s  To + A T  where 

i n  which R1 i s  t h e  thermal r e s i s t a n c e  of t h e  anchor and R2 
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i s  t h e  thermal  r e s i s t a n c e  of t h e  thermocouple w i r e  between 

t h e  He batl-i a t  t empera ture  T and t h e  anchor .  
1 

The maximum va lue  of A T  w i l l  occur  a t  t h e  minimum T 
0 

which,  i n  o u r  exper iment ,  was 1 . 2 K .  

Fo r  - Au-Fe w i r e  Berman e t  a 1  (1964) g i v e  t h e  thermal  

c o n d u c t i v i t y  a t  4K a s  0.4w/cm K and a t  1 K  a s  O . l W / c m  K ,  

t h e  d iameter  of o u r  Au-Fe w i r e s  was .008 c m .  and t h e  l e n g t h  

between t h e  He b a t h  and t h e  anchor was approximately  10 cm. 

.-. R2 "7.4 x l o 5  K/W when To = 1.2K. 

F o r  Supercon w i r e s  w i t h  .001 inch  copper c l add ing  on 

,005 inch  d i ame te r  superconduct ing c o r e  and assuming a mean 

thermal  c o n d u c t i v i t y  f o r  t h e  copper of 2.7 ~ / c m  K 

4 
R2 Z 3 . 0 ~  10 K/W 

F o r  t h e  t he rma l  anchors  c o n s i s t i n g  of a 1/8 i nch  d i a -  

mete r  s a p p h i r e  rod h e l d  i n  copper  clamps, Brock (1965) 

gives t h e  t he rma l  r e s i s t a n c e  a t  1.2K a s  about  1200 ~ b .  

T h i s  i s  p r i n c i p a l l y  t h e  c o n t a c t  r e s i s t a n c e  between t h e  

s apph i r e  and the copper .  We improved t h e  c o n t a c t s  by 

rubbing Indium on t o  t h e  s u r f a c e  of t h e  s apph i r e .  Neeper 

and D i l l i n g e r  (1964) measured t h e  r e s i s t a n c e  of Indium- 

s a p p h i r e  j u n c t i o n s  between 1.1 K and 2.1 K and ,  exp res s ing  

t h e i r  r e s u l t s  as c o n d u c t i v i t y  pe r  square  cm. K, ,  t h e y  



f i t t e d  t h e  r e l a t i o n  

For  our  anchors t h i s  g ives  a  thermal contac t  r e s i s t a n c e  

of 35 K/W f o r  each copper clamp a t  1 . 2 K .  under t h e s e  

condi t ions  t h e  thermal r e s i s t a n c e  of t h e  sapphi re  becomes 

important and f o r  sapphi re ,  Brock (1965) g ives  a thermal 

conduc t iv i ty  a t  1.2K of 45 mW.crn K.  With 1/4 inch maxi- 

mum spacing between t h e  clamps, t h i s  g ives  a  thermal 

r e s i s t a n c e  of 180 K h  and t h e r e f o r e  a  t o t a l  r e s i s t a n c e  

Rl per  anchor of 250 K/W. This  i s  i n  reasonable agree- 

ment wi th  r e s u l t s  obtained by Brock on a n  Indium v i c e  

which he used t o  clamp a s i l i c o n  rod. 

The predic ted  va lues  of t h e  temperature d i f f e r e n c e  AT 

a c r o s s  t h e  anchors which w i l l  be a  maximum when To = 1 . 2 K  

a r e  : 

A T 4 2 5  mK f o r  t h e  supercon anchors 

( 1  mK f o r  t h e  Au-Fe anchors. 
\ 

The r e s u l t i n g  e r r o r  a t  t h e  quar t z  rod con tac t  e w i l l  2 

be l e s s  than  t h i s ,  depending on t h e  r e l a t i v e  thermal re -  

s i s t a n c e s  of t h e  wi res  l ead ing  down from t h e  anchors and 

t h e  r e s i s t a n c e  of t h e  q u a r t z  rod,  inc luding  i t s  c o n t a c t s .  

From t h e  thermal anchors t o  t h e  contac t  el t h e  wi re  

l eng ths  L were about 25 cm and each of t h e  supercon wires  



had t h e  copper  c l a d d i n g  removed over  a  l e n g t h  of more than  

one cm. Radhakrishna and Nielsen (1963) g i v e  t h e  thermal  

c o n d u c t i v i t y  a t  1.2K of Niobium c o n t a i n i n g  0.2 a t  .% 

Zirconium as 2.2 mW 'cm K and w i t h  2.0 a t . %  Z r  a s  1 .9  m ~ / c m  K .  

The c o r e  of t h e  super-  

con w i r e  was Niobium w i t h  25 a t . %  Z r  and it i s  t h e r e f o r e  

r ea sonab le  t o  assume t h a t  i t s  thermal  c o n d u c t i v i t y  i s  no t  

g r e a t e r  t h a n  2  mW/cm K .  The thermal  r e s i s t a n c e  of t h e  

supercon w i r e s  was t h e r e f o r e  ), 4 x l o 6  K m .  The thermal  

6  r e s i s t a n c e  of  25 cm. of  t h e  Au-Fe w i r e  was a l s o  c 4 x 1 0  K/W 

a t  1.2K. 

The c o n t a c t s  e i  w e r e  made a s  desc r ibed  by Huntley (1963) 

u s i n g  12  s t r a n d s  of  copper w i r e  wrapped around t h e  q u a r t z  

r o d ,  t w i s t e d  t o  t i g h t e n  and glued i n  p l ace .  Measurements 

made by Hunt ley i n d i c a t e  a  thermal  r e s i s t a n c e  between t h e s e  

c o n t a c t s  and t h e  q u a r t z  rod of approximately 1600 K & .  The 

thermal  c o n d u c t i v i t y  of t h e  q u a r t z  rod was measured and found 

t o  be t h e  same a s  r epo r t ed  by Brock (1965 ) ,  who g i v e s  a  va lue  

0.4 m ~ / c m  K a t  a  t empera ture  of 1.2K and i n c r e a s i n g  roughly 

i n  p r o p o r t i o n  t o  t h e  tempera ture .  The c r o s s  s e c t i o n a l  a r e a  

of t h e  q u a r t z  rod used i n  t h e  e a r l i e r  experiments was .035 cm" 

and t h e  l e n g t h  from e 2  t o  t h e  copper rbd R ( a t  x = o) was 

1 .925  cm. Thus i t s  thermal  r e s i s t a n c e  a t  1.2K between e 2  



5 
and t h e  copper rod was 1.4 x  10 K h .  The quar t z  rod used 

i n  t h e  l a t e r  experiments and i n  the  f i n a l  check c a l i b r a t i o n  

had a  c r o s s  s e c t i o n  a rea  .20 cm2 and length  from e2  t o  t h e  

copper rod of 1 - 7 9  cm; i t s  thermal r e s i s t a n c e  a t  1.2K was 

t h e r e f o r e  .224 x l o 5  K/W.  

The q u a r t z  rod was inse r t ed  i n t o  t h e  copper rod R t o  

a depth of 1 .5  inches ,  a s  shown i n  f i g .  A2-3. The gap 

between t h e  q u a r t z  and t h e  copper was nowhere g r e a t e r  than 

,003 inch and was f i l l e d  completely with A r a l d i t e ,  ca re  

being taken t o  ensure t h a t  a l l  a i r  was excluded so  t h a t  

t h e r e  were no empty gaps: t h i s  was done by f i r s t  f i l l i n g  

t h e  h o l e  i n  t h e  rod R with A r a l d i t e ,  then hea t ing  it t o  

reduce t h e  A r a l d i t e  v i s c o s i t y  before pushing i n  t h e  quar t z  

rod. The thermal r e s i s t a n c e  between t h e  quar t z  rod a t  

x = o and t h e  copper rod R c o n s i s t s  of contac t  r e s i s t a n c e  

between t h e  l a y e r s  and t h e  r e s i s t a n c e  of t h e  A r a l d i t e  l a y e r  

and of t h e  p a r t  of t h e  quar t z  rod inse r t ed  i n t o  t h e  copper. 

It may be computed a s  follows: 

Heat -dQ flowing out  from element of quar t z  rod dx a t  x is 

a func t ion  of t h e  con tac t  r e s i s t a n c e  f 1  between t h e  quar t z  

and t h e  A r a l d i t e ,  the  th ickness  t of t h e  A r a l d i t e  l a y e r  and 

i t s  thermal conduct iv i ty  Ka and t h e  con tac t  r e s i s t a n c e  y 2  
between t h e  A r a l d i t e  and t h e  copper; it i s  r e l a t e d  t o  t h e  



DIAGRAM OF QUARTZ ROD- 
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t empera tu re s  through t h e  l a y e r  by: 

I 
T - T  = 

where T i s  t h e  temperature  of t h e  q u a r t z  a t  x 

,-p I In  It I( " " A r a l d i t e  a t  x a d j a c e n t  

t o  t h e  q u a r t z  

la " " A r a l d i t e  a t  x a d j a c e n t  

t o  t h e  copper 

To i s  t h e  temperature  of t h e  copper. 

Heat  f low Q(x) along t h e  q u a r t z  rod a t  x having thermal  

c o n d u c t i v i t y  K i s  
4 

T h i s  can b e  solved t o  g i v e  

t h e r e f o r e  t h e  thermal  r e s i s t a n c e  between t h e  q u a r t s  rod 
I 



T h i s  c a l c u l a t i o n  h a s  been s i m p l i f i e d ,  u s i n g  one d imens iona l  

h e a t  f l ow  e q u a t i o n s  by assuming no r a d i a l  t empe ra tu r e  

g r a d i e n t  i n s i d e  t h e  q u a r t z .  I n  view of t h e  low the rmal  

c o n d u c t i v i t y  o f  q u a r t z ,  t h i s  i s  c l e a r l y  n o t  c o r r e c t  b u t  

t h e  r e s u l t i n g  e r r o r  i n  t h e  computed the rmal  r e s i s t a n c e  

shou ld  n o t  b e  t o o  g r e a t ,  provided t h e  l e n g t h  of t h e  q u a r t z  

rod i n s e r t e d  i n t o  t h e  copper  i s  l a r g e  compared t o  i t s  

r a d i u s .  

Hunt ley  (1963) g i v e s  exper imenta l  v a l u e s  ob t a ined  

w i t h  s a p p h i r e  and ruby rods  0.25 cm d iamete r :  h e  found 

t he rma l  r e s i s t a n c e s  of abou t  1000 K/W a t  1.2K. Applying 

2  t h i s  t o  t h e  above formula  w e  f i n d  pl + (y2 = 1760 c m  K/W 

s o  t h a t  f o r  any r e a s o n a b l e  v a l u e s  of  t and Ka t h e i r  r a t i o  

t / K a  c a n  b e  n e g l e c t e d  i n  comparison t o  t h e  c o n t a c t  resist- 

a n c e s  (7, + ?, and t h e  formula  s i m p l i f i e s  t o  

T 1 - T o  = 1 /f'1+?2 t = j unc t i on  r e s i s t a n c e .  

F o r  t h e  s m a l l e r  d iamete r  q u a r t z  rod r = .10 cm,Kq 

= ,0004 W / r n ~  a t  1 .2K, the  formula  g i v e s  a  j unc t i on  r e s i s t a n c e  

of 15 ,000  K ~ J .  F o r  the l a r g e r  d iamete r  rod, r = -25 c m  and 

t h e  j u n c t i o n  r e s i s t a n c e  i s  3800 K f i .  

The maximum e r r o r  i n  t h e  t empera tu re  a t  e2 which i s  due 

t o  h e a t  l e a k s  a l o n g  t h e  thermocouple w i r e s  connec t ing  t o  e l  



and e2  when To = 1 . 2 K  i s  thus  approximately 

f o r  t h e  small  diameter  q u a r t z  rod and approximately 

0 - 3  mK f o r  t h e  l a r g e r  rod. 

I n  an a t tempt  t o  d e t e c t  a d i f f e r e n c e  experimental ly ,  

t h e  &-Fe secondary re fe rence  wire  was re -ca l ib ra ted  when 

connected between t h e  copper pos t  L on t h e  platform A and 

t h e  He b a t h ,  and t h i s  was compared with t h e  previous c a l i -  

b r a t i o n  wi th  t h e  wire  connected between e2 and t h e  He ba th .  

No e r r o r  could be de tec ted  a t t r i b u t a b l e  t o  t h i s  cause.  

c .  Heat Leaks a long Manganin Heater Wires 

The wi res  l ead ing  t o  t h e  h e a t e r s  h and h2 were 
1 

40 a.w.g. manganin and each lead was t i g h t l y  wrapped twice 

around t h e  gas  thermometer bulb G and glued i n  p lace  wi th  

Eastman 910. Thermal r e s i s t a n c e  of 10 c m .  of 40 a.w.g. 

rnanganin wi re  between t h e  He bath and t h e  gas thermometer 

i s  approximately l o 7  K/W ,assuming a thermal conduct iv i ty  

f o r  manganin of -006 ~ / c m  K.  

Compared t o  t h i s ,  t h e  thermal r e s i s t a n c e  between t h e  

gas  thermometer bulb  and t h e  two t u r n s  of t h e  manganin wire  

wound around it i s  only about 100 K D :  t h i s  i s  computed f o r  

a gas  thermometer bulb  diameter of 2.54 cm, wi re  r ad ius  .005 c m .  



mean spac ing  between w i r e  and b u l b  .003 cm and thermal  

c o n d u c t i v i t y  o f  t h e  g l u e  of  - 4  mW/cm K .  

These r e s i s t a n c e s  i n d i c a t e  t h a t  t h e  h e a t e r  l e a d s  a r e  

on ly  a  few micro-K above t h e  tempera ture  of t h e  gas 

thermometer when no t  be ing  used t o  supply  h e a t  and could 

make no d e t e c t a b l e  c o n t r i b u t i o n  t o  any c a l i b r a t i o n  e r r o r .  



APPENDIX A3 

THERMAL RESISTANCES OF Au-Fe SPECIMENS 
AND THERMAL DIFFUSION TIMES . 

A t  low t e m p e r a t u r e s ,  where t h e  s c a t t e r i n g  of  e l e c t r o n s  

i n  m e t a l s  i s  dominated by impur i ty  s c a t t e r i n g ,  t h e  thermal  

c o n d u c t i v i t y  Ka i s  p r o p o r t i o n a l  t o  t h e  temperature  T and i s  

g iven  by 

where L i s  t h e  Loren tz  c o n s t a n t  = 2.45 x W ohm/K 
2 

and f r  i s  t h e  r e s i d u a l  e l e c t r i c a l  r e s i s t i v i t y .  

F o r  t h e  - Au-Fe a l l o y  con ta in ing  nominally .03 a t  .% Fe  

w i t h  r e s i d u a l  r e s i s t a n c e  r a t i o  ( = 0.125, a s  

g iven  i n  table 3.1, t h i s  g ives  K, = .089 T,  i n  reasonable  

agreement w i t h  t h e  exper imenta l  r e s u l t s  r epo r t ed  by Berman 

e t  al (1964).  Using t h i s  formula f o r  t h e  o t h e r  Au-Fe a l l o y s ,  

w i t h  t h e  r e s i s t a n c e  r a t i o s  given i n  t a b l e  3.1, we o b t a i n  

t h e  thermal  r e s i s t a n c e s  Ra f o r  t h e  o t h e r  a l l o y  specimens. 

These a r e  t a b u l a t e d  below. The thermal r e s i s t a n c e s  of t h e  

a p p r o p r i a t e  q u a r t z  rods  on which they  were mounted between 

c o n t a c t s  el and e3 are t a b u l a t e d  f o r  comparison, t o g e t h e r  

w i t h  t h e  specimen thermal  d i f f u s i o n  t imes  7 ,  c a l c u l a t e d  

u s i n g  t h e  formula  



where C i s  t h e  s p e c i f i c  h e a t  of t h e  a l l o y  and Ja t h e  

l e n g t h  of t h e  specimen. S i n c e  we do no t  need t o  know t h e  

the rma l  d i f f u s i o n  t imes  w i t h  g r e a t  accuracy,  t h e  l a t t i c e  

s p e c i f i c  h e a t  C, may be c a l c u l a t e d  us ing  t h e  Debye ex- 

p r e s s i o n  which,  f o r  T eb/20 can be w r i t t e n  

C v  
= 464.5 - calor ies /gram atom K 13' 

where @> i s  t h e  Debye c h a r a c t e r i s t i c  t empera ture ,  which 

f o r  go ld  i s  185 K. A t  4.2K, t h i s  g ives  C, =.0172 

ca lo r i e s /g ram atom K .  The e l e c t r o n i c  s p e c i f i c  h e a t  

Ce = T i s  smal l  compared t o  t h i s  be ing  given a s  

1 .8  x ( s e e  Daunt , 1955 , Chapter  X I )  . 
I n  t h e  t a b u l a t i o n  below, t h e  va lues  of  'i' a r e  g iven ,  

c a l c u l a t e d  f o r  4.2K. A t  lower temperatures  t h e  v a l u e s  of 

w i l l  be  s m a l l e r  because CG i s  p ropor t iona l  t o  T ~ ,  where- 

a s  Ka i s  p r o p o r t i o n a l  on ly  t o  T .  

Specimen 

Au+230 ppm a t . F e  

Au+ 43 ppm a t . F e  

Au+0.54 " a t  .Fe 

AU+ < l 6  " a t . F e  

Thermal Re- 
s i s t a n c e  of  
Quar tz  Rod, 

R s  
K m  

Thermal Re- Thermal Di f fu-  
s i s t a n c e  of s i o n  Time i n  
Al loy  spec i -  Specimen a t  
men R, 4.2K 

K / W  Seconds 



I t  can be seen t h a t ,  f o r  the  two most d i l u t e  a l l o y s ,  

t h e i r  thernial r e s i s t ance  i s  of the  same order a s  t h a t  of 

t h e  quar tz .  



APPENDIX A 4  

SOLDERS I N  HIGH MAGNETIC FIELDS 

It i s  important  t h a t  any m a t e r i a l s  used i n  t h e  

measuring c i r c u i t s  a t  l i q u i d  helium temperatures  which 

a r e  l o c a t e d  i n  t h e  v i c i n i t y  of  t h e  magnet should n o t  

p a s s  th rough  a  superconduct ing t r a n s i t i o n  a t  any com- 

b i n a t i o n  of f i e l d  and tempera ture  o c c u r r i n g  du r ing  t h e  

exper iments .  T h i s  p r i n c i p l e  a p p l i e s  t o  bo th  t h e  e l e c t r i -  

c a l  and thermal  c i r c u i t s  s i n c e  bo th  e l e c t r i c a l  and thermal  

r e s i s t a n c e s  change a b r u p t l y  on p a s s i n g  through t h e  t r a n s -  

.it ion .  

S p e c i a l  s o l d e r s  have t h e r e f o r e  t o  b e  used a t  a l l  t h e  

thermojunc t ions  and a t  a l l  p o i n t s  i n  t h e  d i r e c t  pa th  of 

t h e  h e a t  f low from t h e  c r y s t a l  t o  t h e  helium pot  P .  A t  

t h e  c r y s t a l  c o n t a c t s  e which a r e  l oca t ed  i n  t h e  maximum i 

f i e l d ,  a  s p e c i a l  s o l d e r  composed of B i  and Cd may be 

used ,  which does  n o t  become superconduct ing w i t h i n  t h e  

tempera ture  range covered by t h e s e  experiments.  (See 

Cochran e t  a l l  1956, a l s o  Fassnacht  e t  a 1  , 1967) . T h i s  

s o l d e r  i s  a e u t e c t i c  mix ture  w i t h  a mel t ing  p o i n t  of 

0 
140.5 C and c o n s i s t s  of 

Bismuth 61.4% by weight 

Cadmium 38.6% by weight .  



T h i s  s o l d e r  was a l s o  used a t  t h e  thermal  anchors l o c a t e d  

on t h e  p l a t fo rm A and a t  any j o i n t s  i n  t h e  copper rod R. 

I t  h a s  t h e  d i sadvan tage  t h a t  it has  t o  be  k e p t  w i t h i n  

a v e r y  narrow tempera ture  range du r ing  u s e ,  because i f  

t h e  t empera tu re  i s  r a i s e d  app rec i ab ly  above t h e  m e l t i n g  

p o i n t  of t h e  e u t e c t i c ,  one of t h e  c o n s t i t u e n t s  o x i d i s e s  

and t h e  s o l d e r  composi t ion changes;  t h i s  i s  observed a s  

a s u r f a c e  b l acken ing  and ,  of c o u r s e ,  a  p rog res s ive  r i s e  

i n  t h e  tempera ture  a t  which t h e  s o l d e r  m e l t s .  

A t  t h e  hel ium b a t h  t h e m o j u n c t i o n s ,  l oca t ed  a t  t h e  

t o p  of t h e  vacuum can  C,  which never  go below a  tempera- 

t u r e  of about  4K, pure  Indium metal  could be used a s  a 

s o l d e r  and was p r e f e r a b l e  t o  t h e  Bi-Cd s o l d e r  because it 

was e a s i e r  t o  u s e .  



APPENDIX A 5  

LIQUID HELIUM L E V E L  GAUGE 

A foamed p o l y s t y r e n e  dewar w i t h  a  copper  l i n e r  was 

u s e d  f o r  l i q u i d  n i t r o g e n ,  s u r r o u n d i n g  t h e  he l ium dewar ,  

and it was t h e r e f o r e  n o t  p o s s i b l e  t o  see t h e  l e v e l  o f  

t h e  l i q u i d  h e l i u m .  At tempts  w e r e  a c c o r d i n g l y  made t o  

c o n s t r u c t  a  s u p e r c o n d u c t i n g  l e v e l  gauge which would g i v e  

a  p a n e l  m e t e r  r e a d o u t  o f  t h e  l i q u i d  h e l i u m  l e v e l .  

The d e s i g n  f i r s t  t r i e d  was a  d o u b l e  open s p i r a l  o f  

N b - Z r  s u p e r c o n d u c t o r  wound down and back a l o n g  a  1/16 

i n c h  d i a m e t e r  s t a i n l e s s  s tee l  rod w i t h  i n s u l a t i n g  l a y e r s  

of  s h r i n k a b l e  t e f l o n  t u b i n g .  The t o t a l  r e s i s t a n c e  j u s t  

above t h e  s u p e r c o n d u c t i n g  t r a n s i t i o n  t e m p e r a t u r e  was 

a b o u t  50 ohms. T h i s  gauge was c a l i b r a t e d  by i n s e r t i n g  

it t o  known d e p t h s  i n  a  h e l i u m  s t o r a g e  dewar and appeared  

c a p a b l e  of r e a d i n g  t o  a n  a c c u r a c y  of  b e t t e r  t h a n  1 cm. 

This gauge was i n s t a l l e d  i n  t h e  h e l i u m  dewar and was 

found t o  o p e r a t e  q u i t e  s a t i s f a c t o r i l y  u n d e r  e q u i l i b r i u m  

c o n d i t i o n s ,  b u t  when t h e  dewar was b e i n g  f i l l e d  it was 

found t o  b e  c o m p l e t e l y  u s e l e s s  b e c a u s e  t h e  he l ium b o i l - o f f  

was t h e n  s u f f i c i e n t l y  r a p i d  t o  f i l l  t h e  whole  dewar above 

the l i q u i d  w i t h  g a s  a t ,  o r  o n l y  s l i g h t l y  above 4,2K, s o  



t h a t  t h e  whole Nb-Zr  w i r e  went  superconduc t ing .  

A secdnd d e s i g n  was t h e r e f o r e  t r i e d ,  u s i n g  Ta w i r e  

i n  p l a c e  of t h e  Nb-Zr, and was found t o  o p e r a t e  s a t i s -  

f a c t o r i l y  d u r i n g  t h e  f i l l i n g  o p e r a t i o n .  Under e q u i l i b -  

r ium c o n d i t i o n s ,  however,  t h e  r e s i s t a n c e  of t h e  Ta w i r e  

changed d r a s t i c a l l y  b e c a u s e ,  u n l i k e  t h e  N b - Z r ,  t h e  p u r e  

Ta m e t a l  had  a  l a r g e  t e m p e r a t u r e  c o e f f i c i e n t  o f  r e s i s t a n c e .  

T h i s  second d e s i g n  was r e t a i n e d  because  it was d u r i n g  

f i l l i n g  t h a t  t h e  l i q u i d  he l ium d e p t h  i n f o r m a t i o n  was most 

needed.  A s  t h e  he l ium s l o w l y  e v a p o r a t e d  d u r i n g  subsequen t  

o p e r a t i o n  o f  t h e  s y s t e m ,  t h e  d e p t h  c o u l d  b e  checked p e r i o d -  

i c a l l y  by d i p p i n g  w i t h  a  s t a i n l e s s  s t e e l  t u b e  i n  a con- 

v e n t i o n a l  manner. 

It would s e e m  t h a t  a  combinat ion  of  two g a u g e s ,  one 

of Ta and one  o f  Nb-Zr, cou ld  b e  q u i t e  c o n v e n i e n t  and  u s e f u l .  



A P P E N D I X  A 6  

MEA'SUREMENT O F  RESIDUAL R E S I S T A N C E  R A T I O S  AND 
CALCULATION O F  BULK R E S I S T A N C E  R A T I O  

The T i n s l e y  po ten t iometer  was used t o  measure t h e  

r e s i s t a n c e  a t  room tempera ture  and a t  l i q u i d  hel ium 

tempera ture  and hence t h e  r e s i s t a n c e  r a t i o  ( 0  ./n) 20 
! \ 

= r 4 . 2 / (  (1293 - c 4 . 2 )  o f  a l l  t h e  a l l o y s  which were 

i n v e s t i g a t e d .  T h i s  was done by comparison w i t h  a  s tandard  

1 ohm r e s i s t o r  and us ing  t h e  f o u r  w i r e  method, w i t h  t h e  

c u r r e n t  supply which is shown included i n  F i g .  2.6. 

F o r  some of t h e  gold specimens it was important  

n o t  t o  u se  s o l d e r ,  o r  t o  contaminate t h e  specimens i n  

any way, because w e  wished t o  g i v e  thern f u r t h e r  C12  o r  

h e a t  t r e a t m e n t  a f t e r  measurement. A s p e c i a l  h o l d e r  was 

t h e r e f o r e  c o n s t r u c t e d  t o  provide pure ly  mechanical  con- 

t a c t s ,  a s  i l l u s t r a t e d  i n  f i g .  A 6 . 1 .  A f t e r  assembly,  w i t h  

a specimen l a i d  a c r o s s  t h e  f o u r  gold c o n t a c t  w i r e s ,  t h i s  

u n i t  was f i r m l y  wrapped w i t h  Tef lon  t ape .  

One o r  more of t h e  f o u r  c o n t a c t s  sometimes f a i l e d  

on c o o l i n g ,  b u t  if they  h e l d  on p recoo l ing  i n  l i q u i d  N 2 ,  

t h e y  r a r e l y  opened UP on t r a n s f e r r i n g  i n t o  l i q u i d  helium. 
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Bulk Res i s t ance  R a t i o  

Because t h e  specimens measured were i n  t h e  form of 

smal l  d i ame te r  w i r e s ,  some of t h e  r e s i d u a l  r e s i s t i v i t i e s  

con ta ined  an a p p r e c i a b l e  c o n t r i b u t i o n  from boundary 

s c a t t e r i n g .  Sondheimer (1952) g i v e s  t h e  t h e o r e t i c a l  

r e l a t i o n s h i p  between t h e  measured and bulk r e s i s t i v i t i e s  

f o r  a  w i r e  of r a d i u s  "a" a s  

" J ,  
where ,M 

/ 

J I  

and K i s  t h e  r a t i o  of t h e  w i re  diameter  t o  t h e  e l e c t r o n  

mean f r e e  p a t h  1 i n  t h e  metal  r 

where qr i s  t h e  bu lk  r e s i d u a l  c o n d u c t i v i t y  of gold = j/? 
\ - "  

Chambers (1952) g i v e s  an exper imental  v a l u e  f o r  t h e  

r a t i o  o f  t h e  b u l k  c o n d u c t i v i t y  t o  t h e  e l e c t r o n  mean f r e e  

/V 

pa th  i n  gold  a s  = 8 . 4 +  0 . 4 ~  10 
2 

lo l / o h m c m .  
h 

~ o n d h e i m e r  eva lua t ed  h i s  i n t e g r a l s  f o r  a  wide range 

of  K v a l u e s  and g i v e s  a t a b u l a t i o n  of r e s i s t i v i t y  r a t i 0 \ ? 4 , ~  

From t h i s  w e  have p l o t t e d  v e r s u s  (rov/f)Lo 
i n  f i g u r e  A 6 . 2  for  bo th  a = .004 cm and f o r  a = .005 cm. 





was 

.' 1 

then 

-199- 

used to obta in  the bulk r a t i o s  g iven  



APPENDIX A-7 

RESIDUAL RESISTANCE RATIO DUE TO OTHER 
ITVIPURITIES I N  Au Fe  ALLOYS 

The - Au-Fe a l l o y  w i r e  used i n  t h e  exper iments  had t h e  

nominal  s p e c i f i c a t i o n ,  a s  s u p p l i e d  by Johnson-Matthey, of  

b e i n g  s p e c t r o s c o p i c a l l y  pure  Au, p l u s  .03 a t  .% Fe .  

A n a l y s i s  by P  . Tymchuk , A n a l y t i c a l  S e c t i o n ,  D i v i s i o n  

of Appl ied  Chemis t ry ,  N a t i o n a l  Research Counc i l ,  Ot tawa,  

showed t h a t  it c o n t a i n e d  ( s e e  t a b l e  3 . 2 ) :  

250 p.p.m. a tomic  Fe  

100 t o  130 p.p.m. a tomic  Sn 

10  t o  20 p.p.m, a tomic  P b  

7 p.p.m. a tomic  S i  

MacDonald e t  a 1  (1962) have shown t h a t  t h e  i nc r emen ta l  

r e s i d u a l  r e s i s t a n c e  r a t i o  p e r  a tomic  % Sn i n  Au i s  1 .365 ,  

g i v i n g  an  i nc r emen ta l  r e s i d u a l  r e s i s t i v i t y  of 3 .0  I L  l c m / a t  .% Sn. 
/" 

Norbury (1922) showed t h a t  t h e  inc rementa l  r e s i s t i v i -  

t i e s  due t o  Pb and Sn i n  Au a r e  about  e q u a l ,  i n  accord  w i t h  
I 

Norbury ' s  r u l e ,  s i n c e  Sn and Pb a r e  i n  t h e  same group i n  

the p e r i o d i c  t a b l e .  

Based on t h i s  d a t a ,  t h e  r e s i d u a l  r e s i s t a n c e  r a t i o  due 

t o  Sn and Pb i m p u r i t i e s  i n  o u r  w i r e  a s  r ece ived  from Johnson- 

Mat they would b e  .0178 ? .0022. T h i s  is used i n  t a b l e  3.1. 



Analys is  of a  wire  sample which had been t r e a t e d  with 

C 1 2  for 25 'hours a t  8 5 0 ~ ~  showed ( s e e  t a b l e  3 . 2 )  t h a t  t h e  

Sn and Pb impur i t i e s  had been removed, a s  w e l l  a s  t h e  F e ,  

and f o r  such samples no allowance h a s  t o  be made f o r  t h e s e  

i m p u r i t i e s  i n  t a b l e  3.1. Th i s  a n a l y s i s  showed a l s o  t h a t  

t h e  S i  impuri ty  content  was unchanged. Any con t r ibu t ion  

t o  t h e  r e s i d u a l  r e s i s t a n c e  r a t i o  due t o  S i  was t h e r e f o r e  

p r e s e n t  i n  a l l  t h e  samples and so  i s  included i n  t a b l e  3.1,  

w i t h  t h e  e f f e c t s  of c r y s t a l  l a t t i c e  d e f e c t s .  

It i s  i n t e r e s t i n g  t o  no te  t h a t ,  according t o  Norbury's 

r u l e ,  S i  should have t h e  same incremental  r e s i s t a n c e  r a t i o  

a s  Sn and Pb. According t o  t h i s ,  7 p,p.m. atomic S i  would 

have a  r a t i o  of .00095, equal t o  t h e  bulk value found f o r  

t h e  most h igh ly  p u r i f i e d  samples of t h e  Johnson-Matthey 

0 
w i r e  a f t e r  being cooled slowly from 850 C.  

The problem remains t o  e s t ima te  t h e  amount of Sn and 

P b  impur i t i e s  i n  t h e  o t h e r  t r e a t e d  samples, which w i l l  depend 

on t h e  r a t e  of removal of t h e  Sn and Pb by t h e  C12 t reatment .  

I t  i s  expected t h a t  t h i s  w i l l  be  d i f fus ion- l imi ted ,  f o r  t h e  

same reasons a s  f o r  Fe.  Both stannous and s t a n n i c  ch lo r ides  

b o i l  below 8 5 0 ~ ~ .  Lead ch lo r ide  b o i l s  a t  9 5 0 ~ ~  and must 

' have apprec iable  vapour pressure  a t  8 5 0 ~ ~ .  Unfortunately , 

t h e r e  i s  no d a t a  i n  t h e  l i t e r a t u r e  on t h e  d i f f u s i o n  r a t e s  of 



Sn and Pb i n  Au, b u t  J o s t  (1960) g i v e s  d a t a  f o r  Sn i n  cu 

and i n  Ag, which a r e  chemica l ly  s i m i l a r  me ta l s  t o  Au, and 

f o r  t h e s e  t h e  d i f f u s i o n  c o n s t a n t s  D a re : -  

5 -6 a t  .% Sn i n  Cu a t  8 5 0 ~ ~ .  D=3.9 x cm2/sec 

conc. 0 a t . %  Sn i n  Cu a t  8 5 0 ~ ~ .  D = l  x lo-' t o  2  x cm2/sec 

-9 2 
2 a t . %  Sn i n  Ag a t  8 5 0 ~ ~ .  D=4.9 x 10 crn / sec .  

If t h e s e  d i f f u s i o n  r a t e s  can be  t aken  a s  a  gu ide ,  t h e y  

i n d i c a t e  t h a t  t h e  d i f f u s i o n  of Sn i n  Au i s  a t  l e a s t  two t o  

f o u r  t i m e s  f a s t e r  t han  F e  i n  Au. Cor robora t ive  d a t a  a r e  

supp l i ed  by t h e  o n l y  non-magnetic i m p u r i t i e s  f o r  which 

d i f f u s i o n  d a t a  i n  bo th  Cu and Au a r e  a v a i l a b l e .  These a r e  

P t  and Pd,  f o r  which t h e  r a t e s  i n  Cu and Au a r e  equa l  w i t h i n  

10% and a r e  about  t h e  same a s  f o r  Sn. 

On t h e  b a s i s  of  t h i s  l i m i t e d  in format ion ,  t h e  C 1 2  

t r e a t e d  samples would a l l  c o n t a i n  l e s s  t h a n  1 p.p.rn. a tomic 

Sn and i t s  c o n t r i b u t i o n  t o  t h e i r  r e s i d u a l  r e s i s t a n c e  r a t i o s  

can  b e  neg lec t ed .  T h i s  h a s  been assumed i n  compil ing 

table 3 -1. perhaps t h e  b e s t  suppor t  f o r  t h i s  assumption 

l ies  i n  t h e  c o n s i s t e n t  i n t e r p r e t a t i o n  it y i e l d s  f o r  t h e  

t h e r m o e l e c t r i c  power d a t a .  

There  i s  no in format ion  a v a i l a b l e  i n  t h e  l i t e r a t u r e  

which could e n a b l e  u s  t o  e s t i m a t e  t h e  d i f f u s i o n  r a t e  of Pb 



i n  Au. Hansen (1958) ,  however, s t a t e s  t h a t  ~b has zero 

s o l u b i l i t y  ' i n  Au below 5 0 0 ~ ~ .  s o  t h a t  an a l l o y  cooled 

0 
s lowly  from 850 C would c o n t a i n  no P b  i n  s o l u t i o n .  

Again,  t h e r e f o r e ,  we have assumed i n  t a b l e  3.1 t h a t  P b  

w i l l  make no c o n t r i b u t i o n  t o  the r e s i d u a l  r e s i s t a n c e  

r a t i o s  of any of  t h e  samples which were cooled s lowly.  
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