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I .  INTRODUCTION

T h is  w o rk  p resen ts  data fo r th e  H a ll e ffe c t in  a m e ta l a llo y  s y s ­

tem  c o n ta in in g  d ilu te  am ounts o f a m a g n e tic  im p u r ity ,  and exam ines th is  

da ta  in  l ig h t  o f  e x is t in g  th e o rie s  and id e a s .

S u s c e p t ib i l ity  m easurem ents o f ve ry  d ilu te  a llo y s  o f th ird - ro w  

tra n s it io n  m e ta ls  in  o th e r m eta ls  o fte n  in d ic a te  th e  p resence  o f a lo c a liz e d  

m a g n e tic  moment a t each tra n s it io n  m eta l " im p u r ity "  a tom . As th e  te m ­

p e ra tu re  is  lo w e re d , the lo c a liz e d  m om ents g ra d u a lly  d isap pea r around a 

c h a ra c te r is t ic  tem pera tu re  T^ w h ic h  depends on b o th  the  im p u rity  and 

th e  h o s t.  They can be res to red  by ra is in g  the  tem pera tu re  a g a in  or ap ­

p ly in g  a m agne tic  f ie ld  la rg e  enough th a t gu H > kT, . Anom alous te m -
B k

p e ra tu re  dependences in  the  r e s is t iv i t ie s  and s p e c if ic  heats  o f these  

a llo y s  around T^ are o the r in d ic a tio n s  o f th e  change in  the s ta te  o f each 

im p u r ity .  T h e o re tic a l c a lc u la tio n s  show th a t m a n y-b o d y  e ffe c ts  lead  to  

a co m pensa tion  o f the  im p u r ity  moments b y  o p p o s ite ly -p o la r iz e d  h o s t co n ­

d u c tio n  e le c tro n s  a t lo w  te m pe ra tu res , and g iv e  e s tim a te s  fo r  th e  ch a r­

a c te r is t ic  tem pera tu re  T ^ . The o v e ra ll co rre c tn e ss  o f the  th e o re t ic a l 

p ic tu re  fo r the  s u s c e p t ib i l i ty ,  r e s is t iv i t y ,  and s p e c if ic  hea t has been 

fa i r ly  w e l l  e s ta b lis h e d . Further c a lc u la t io n s  show  th a t th is  tra n s it io n  

le a d s  to  an anom alous c o n tr ib u tio n  to  the  H a ll c o e ff ic ie n t as a fu n c tio n  

o f  tem pera tu re  and f ie ld .  The purpose o f our exp e rim e n t is  to  observe  

th is  anom alous b e h a v io r.

The system  chosen  fo r s tudy w as C u-A u  (Fe) w h ic h  has seve ra l



a d va n ta g e s , perhaps the  m ost im p o rta n t o f w h ic h  is  th e  fa c t th a t as Au 

is  added to  C u , decreases c o n tin u o u s ly  from  ro u g h ly  3 0 ° K to  0 .3 ° K .  

T h is  a llo w s  us to  s tu d y  th e  e ffe c t o f v a ry in g  T ^ . H a ll c o e ff ic ie n t data 

was ta ke n  on th e  Cu Au (Fe) system  from x  = 0 to  x  = 1 . The
J. X  X

m easurem ents w ere made a t 1 .5 °  K and 4 .2 °  K in  f ie ld s  from  0 to  60 k G . 

The observed  v a r ia t io n s  o f  the H a ll c o e f f ic ie n t  as a fu n c tio n  o f tem per­

a tu re  and f ie ld  are d is c u s s e d  in  term s o f a g ra du a l t ra n s it io n  from  the  

sp in -co m p e n sa te d  s ta te  to  the m a gne tic  s ta te .

- 8 -



I I .  BACKGROUND INFORMATION

W e b e g in  by su m m a riz in g , in  a b r ie f  re v ie w , some o f  the  p e rtin e n t 

background  in fo rm a tio n . W e w i l l  s ta r t w ith  d is c u s s io n s  o f the H a ll 

E ffe c t (Section A) and the  m a g ne tic  im p u r ity  problem  (S ection  B) sepa ­

ra te ly ,  and c lo se  th is  s e c tio n  w ith  a d is c u s s io n  o f the  H a ll E ffe c t in  

m agne tic  im p u r ity  sys tem s (Section  C ) .

A . The H a ll E ffec t

In  1879 E .H . H a l l 1 observed  th a t a v o lta g e  w as deve loped  tra n s ­

verse  to  an e le c tr ic  cu rre n t p a ss in g  th ro u g h  a p lane  o rie n te d  p e rpen d i­

c u la r to  a m agne tic  f ie ld  (See F ig . 1 ) . T h is  e f fe c t ,  know n as the H a ll 

E ffe c t, has been used  a long  w ith  m a g n e to re s is ta n ce  m easurem ents , to  

de te rm ine  m o b il it ie s  and c a r r ie r  c o n c e n tra tio n s  in  se m ico n d u c to rs . In 

m e ta ls , th is  e ffe c t has g iv e n  q u a li ta t iv e  in fo rm a tio n  abou t the  departu re  

from free  e le c tro n  b e h a v io r . Band th e o ry  has been q u ite  s u c c e s s fu l in  

d e s c r ib in g  much o f th e  H a ll e ffe c t d a ta , and we w i l l  need to  draw  on the  

concep ts  o f th is  th e o ry  to  d is c u s s  our re s u lts .

(1) D e f in it io n  o f th e  H a ll C o e ff ic ie n t

The H a ll  c o e ff ic ie n t is  d e fin e d  as R = , w here V is  the H a ll
JLH

v o lta g e , t  is  the sam ple th ic k n e s s , I  the  c u rre n t, and H is  the  m agne tic

v o lt-c m  ^
f ie ld .  P ra c tic a l u n its  m ost o fte n  used are  . C onve rs ion  toam p-gauss

o the r u n its  is  d iscu sse d  in  A ppend ix  F . R esu lts  on H a ll e ffe c t m easure­

m ents are o fte n  p resen ted  in  te rm s o f a H a ll r e s is t iv i t y ,  de fined  b y  the  

e xp ress io n  p-^ = ~J~ • A lth ough  th is  has th e  d im e ns ions  o f r e s is t iv i t y ,

- 9 -



i t  d if fe rs  from  o rd in a ry  r e s is t iv i t y  in  th a t V , t  and I a re a l l  m u tu a lly  pe r­

p e n d ic u la r . A no ther q u a n tity  o fte n  quoted  is  the  H a ll ang le  tan  = E/E
L<

th e  ra t io  o f  th e  H a ll e le c t r ic  f ie ld  to the  lo n g itu d in a l e le c t r ic  f ie ld ;  then 

ta n  = p^CT'W here a is  the  e le c t r ic a l c o n d u c t iv ity .

(2) Free E le c tro n  M ode l

In th is  c a s e , a s im p le  d e r iv a tio n  o f  the  H a ll e f fe c t  is  p o s s ib le ,

and a s im p le  p h y s ic a l p ic tu re  o f th e  m echanism  em erges. I f  we co n s id e r 

th e  geom etry  show n in  F ig . 1, the  e le c tro n s  w i l l  be d e fle c te d  in  the  po ­

s i t iv e  y  d ire c t io n  b y  a m agne tic  f ie ld  in  the  z d ire c t io n .  The e le c tro n s  

w i l l  tend to  accu m u la te  on the  p o s it iv e  y  s u rfa c e . Th is  w i l l  re s u lt  in  an 

e le c t r ic  f ie ld  fo rce  a c tin g  on the e le c tro n s  in  the  n e g a tiv e  y  d ir e c t io n . 

E q u ilib r iu m  w i l l  be  reached when th e  m agne tic  and e le c t r ic  f ie ld  fo rces  

on the  e le c tro n s  are equa l in  m agn itude . The e le c tro n s  w i l l  then f lo w

s tra ig h t th ro u g h  w ith  zero  ne t tra n sve rse  fo rce  a c tin g  on th e m . Thus we

0
o b ta in  the  c o n d it io n  (F ) = (F ) ,  o r -  v H  = e E . N o tin g  th a t J = nev =

m e c
I I  V— = ------  . and E = -----  fo r the  above charge d is t r ib u t io n ,  w e have
A W t W

e , I  > __ _ / V .
c * neW t * e  ̂W  ^

re s u lt in g  in  R = -7 7 7 - = ——  (cgs) w here n is  the  num ber o f c a rr ie rs  in  a 
IH  nec

u n it  vo lu m e , and e is  the  charge o f  the c a rr ie r  (nega tive  fo r e le c tro n s ) .

In  th is  s im p le  case  R is  independen t o f f ie ld  and tem pera tu re ; th is  is  no t 

tru e  in  re a l m a te r ia ls  w here a more r e a l is t ic  m odel m u s t be co n s id e re d .

W e can a ls o  c a lc u la te  the  H a ll ang le  fo r  th is  s im p le  m o d e l. Tan d



1 116 TH    = dj r  w here m is  the  c y c lo tro n  fre q u e n cy ,
m e  c

2
ne

RH a nec

m is  the  e le c tro n  m ass and r  is  the  e le c tro n ic  l i fe t im e .

(3) H a ll E ffec t in  N ob le  M e ta ls

Tab le  1 shows observed  v a lu e s  o f R fo r th e  nob le  m e ta ls , and

va lu e s  o f  R c a lc u la te d  u s in g  the free  e le c tro n  m o d e l. I t  is  c le a r  th a t

the  free  e le c tro n  m odel does n o t a d eq u a te ly  d e s c r ib e  the  n o b le  m e ta ls .

The f i r s t  o rd e r ly  and d e ta ile d  e xp la n a tio n  o f th e se  d is c re p a n c ie s  w as

2

undertaken  b y  Ziman . A t th a t tim e  the  q u a lita t iv e  shape o f th e  Ferm i

3
su rfa ce  had been e s ta b lis h e d  fo r th e  nob le  m e ta ls  . A rough ske tch  ap­

pears in  F ig s . 2 and 3 . There is  a m arked d is to r t io n  from  the  free  e le c ­

tro n  sph e re , e s p e c ia lly  a lon g  th e  1 1 1  d ire c t io n  w here  i t  a c tu a lly

2
to uches  the  B r i l lo u in  zone b o u n d a ry . Z im an co n s tru c te d  an e ig h t-c o n e  

m odel as a crude a p p ro x im a tio n  o f the  nob le  m e ta l Ferm i s u rfa c e . In  

th is  a p p ro x im a tio n , assum ing  l i fe t im e  to  be a v a lid  co n c e p t, he c a lc u ­

la te d  R to  be

from  the  necks  (See F ig .2) to  M  is  n e g a tive  and th is  reduces th ez z

H a ll c o e f f ic ie n t  from  the  fre e  e le c tro n  v a lu e . H ow eve r, i f  one m akes 

the  s im p lify in g  a ssum p tio n  th a t is  is o t ro p ic ,  then  th is  ove rcom pen-

3 T * c t .

w here th e  in te g ra ls  are o ve r the  Ferm i su rfa ce , i s the  re la x a tio n

tim e , and M e tc .  are the  in ve rse  m ass te n s o rs . The c o n tr ib u tio n

s a te s , and to  ge t a c o rre c t va lu e  o f R Zim an a llo w s  fo r  v a r ia t io n  in

- 1 1 -



over th e  Ferm i s u rfa c e . In p a r t ic u la r ,  he assum es j  on the  neck is

le s s  than  j j ,  on th e  b e l l ie s .  Th is  w i l l  reduce  the n e g a tiv e  c o n tr ib u tio n

4
and ra is e  R back  to  the  p roper v a lu e . A re ce n t re v ie w  b y  S pring fo rd  

d is c u s s e s  th is  to p ic  fu r th e r . I t  has been shown by  more d ire c t m easure­

m ents^ th a t r  neck < r  b e lly  a t lo w  te m p e ra tu re s . H ow eve r, fo r room

, 6
tem pera tu re  i t  appears th a t is  is o tro p ic  .

The e le c tro n -p h o n o n  s c a tte r in g  in  pure m e ta ls  is  re la t iv e ly  w e ll  

u n d e rs to o d . H ow eve r, the  c o n tr ib u tio n  to  th e  H a ll c o e f f ic ie n t  from the 

s c a tte r in g  o f  e le c tro n s  b y  im p u r it ie s  p re sen ts  y e t u n so lve d  problem s in  

n o b le  m e ta ls .

(4) N ob le  M e ta l-N o b le  M e ta l A llo y s

W e w i l l  l im i t  our d is c u s s io n  to  the  C u-A u and A g-A u system s be ­

cause  data  e x is t  fo r  the  e n tire  c o m p o s itio n  range o f th ese  a l lo y s .  The

r e s is t iv i t ie s  o f d iso rd e re d  CU7 AU and Ag-Au a llo y s  behave  in  the  c la s s i-

7
c a l m anner as a fu n c tio n  o f c o m p o s itio n  . They fo l lo w  the  Nordheim  ru le

w h ic h  s ta te s  p a c ( l - c )  w here c is  the  s o lu te  c o n c e n tra t io n .

The H a ll data fo r  th e  tw o  system s are n o t s im ila r .  The Ag-Au

8  9
data  have been a n a lyze d  in  some d e ta il b y  Hurd and H e ine  . They 

found th a t the  H a ll c o e ff ic ie n t co u ld  be s p l i t  in to  tw o  c o n tr ib u t io n s .

One c o n tr ib u tio n  is  s m a ll and l in e a r  in  co n c e n tra tio n  and is  the  re s u lt  o f 

a co n tinu o u s  change in  band s tru c tu re  upon a llo y in g  Au in to  A g . The 

o th e r c o n tr ib u tio n s  w as an im p u r ity  c o n tr ib u tio n  (Au in  Ag or Ag in  Au) 

and i ts  co n c e n tra tio n  dependence is  u lt im a te ly  based on the  Nordeim
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ru le  ( r a  — ) ^ .  U n fo r tu n a te ly , th e  H a ll da ta  fo r  C u -A u 1 1 1 (See

F ig . 10) canno t be a n a lyze d  in  such a s im p le  m anner. I t  does n o t sep ­

a ra te  in to  tw o  n ic e ly  an a lyze d  c o n tr ib u tio n s  as fo r A g -A u . B a rnard , 

e t a l .  used a tw o  b a n d 1 1  m o d e l, w here

f la ^ B  _  H h T . !

1 ~ m y ___________ rH u t _____

• e c  /  V ^ e .  f

V ">• m N )
Here B re fe rs  to  b e l ly  c o n tr ib u tio n s  and N re fe rs  to  neck  c o n tr ib u tio n s

(See F ig . 2 ) . They a sc rib e d  the  change in  R to  a v a r ia t io n  in  t ^ / tv,#
N B

w h ile  n .y h ^  and m .T/m _  rem ained c o n s ta n t. H ow eve r, w ith o u t an e x -  
N B N B

p la n a tio n  o f  the  v a r ia t io n  o f r  T/ tv, w ith  hos t c o m p o s itio n  ( th e o re t ic a lly
N B

or e x p e r im e n ta lly ) , th is  co n je c tu re  is  no t too  u s e fu l.  W e can s a fe ly  

say th a t l i t t l e  is  unders tood  about the  v a r ia t io n  o f R in  C u -A u . C e r ­

ta in ly ,  th e  d if fe re n c e  in  la t t ic e  co n s ta n ts  fo r Ag, Au and Cu m ust be 

ta ke n  in to  a c c o u n t. The la t t ic e  co n s ta n ts  fo r Ag (4 .0 8  A°) and Au (4 .0 7  

A°) a re  a lm o s t the  sam e, w h ile  Cu (3.61 A ° ) is  q u ite  d if fe re n t .

I t  is  in te re s t in g  to  no te  the  q u a lita t iv e  d if fe re n c e  be tw een  th e  re ­

s is t iv i t y  data  and the  H a ll d a ta . In the  m u lt i-b a n d  p ic tu re , the  r e s is t i ­

v i t y  depends upon th e  d ire c t sums o f l i f e t im e s . T h is  is  ju s t  an ave rage  

o ve r the  Ferm i su rfa ce  and can be e x p la in e d  b y  a re la t iv e ly  s im p le  th e ­

o ry . In c o n tra s t, the  H a ll e ffe c t is  v e ry  s e n s it iv e  to  c o n tr ib u tio n s  from  

d if fe re n t p a rts  o f  th e  Ferm i s u rfa c e , w h ic h  may have d if fe re n t s ig n s , 

and th e  re s u lt in g  d e s c r ip tio n  is  much more co m p le x . T h is  d if fe re n c e  is
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a gene ra l fe a tu re  o f r e s is t iv i t y  ve rsus  H a ll d a ta .

A lth o u g h  th e  u n de rs tand ing  o f the  H a ll da ta  is  vague and incom ­

p le te ,  and m any param eters im po rtan t to  the  da ta  are n o t kn o w n , i t  is  

c le a r  th a t th e  l i fe t im e  is  no t is o tro p ic  o ve r th e  Ferm i su rfa ce  a t lo w  

tem pera tu res  and i t  is  necessa ry  to  re s o rt to  (at le a s t)  tw o  bands to  de ­

s c r ib e  the  da ta  in  the  Ag-Au and C u-A u s y s te m s .

B . M a g n e tic  Im p u rity  Problem

M uch has been w r it te n  on th is  to p ic ,  and w e w i l l  d is c u s s  o n ly  

b r ie f ly  the  b a s ic  ideas w h ic h  have le d  to  some u n d e rs ta n d in g  o f th e  

problem  o f d ilu te  m ag ne tic  a l lo y s . D e ta ile d  re v ie w s  e x is t  b y  Van den 

B erg1^ ,  D a y b e ll and S te y e rt13 , H eege r14 , and Kondo1^ .  The re v ie w s  

by  Van den Berg and by  D a y b e ll and S teye rt are from an e xp e rim e n ta l 

p o in t o f v ie w ; K ondo 's  re v ie w  is  th e o re t ic a l in  n a tu re ; and H e e g e r's  re ­

v ie w  e xa m in e s , in  some d e ta i l ,  the  da ta  in  l ig h t  o f e x is t in g  th e o r ie s .

In th e  p re se n t c o n te x t, d ilu te  s h a ll be d e fin e d  as the  l im i t  in  w h ic h  

the  m agne tic  im p u r it ie s  do no t in te ra c t w ith  one a n o th e r. In th is  l im i t  

th e  re s u lts  fo r  n im p u r it ie s  can be o b ta in e d  from  the  re s u lts  fo r  a s in g le  

im p u r ity ,  b y  s u p e rp o s it io n . E x p e r im e n ta lly , one is  g u ided  b y  the  co n ­

c e n tra tio n  dependence o f v a r io u s  p h y s ic a l p ro p e rtie s  to  de te rm ine  

w he the r or no t th e  above c o n d itio n s  are m e t.

We c o n s id e r the  e f fe c t ,  th e n , o f p la c in g  an is o la te d  m a g ne tic  

im p u r ity  in  a n o n -m a g n e tic  h o s t. In th is  case  th e  im p o rta n t in te ra c t io n  

is  be tw een th e  im p u r ity  and the  c o n d u c tio n  e le c tro n s  o f the  h o s t.  The



problem  w as f i r s t  tre a te d  in  the  o n e -e le c tro n  a p p ro x im a tio n , w h ic h  

w o rks  w e ll  in  the  n o n -m a g n e tic  c a se . H ow ever, in  th e  m a g n e tic  case 

th is  a p p ro x im a tio n  b reaks  d o w n , and i t  is  n e cessa ry  to  c o n s id e r a m any- 

body p ro b le m .

We w i l l  s ta r t b y  c o n s id e r in g  some o f the e a r ly  ide a s  o f 

as a p p lie d  to  im p u r it ie s  in  g e n e ra l. In  an is o la te d  atom the  energy 

le v e ls  are sh a rp . H ow e ve r, i f  w e p u t th is  atom in to  a m e ta l as an im ­

p u r ity ,  and i f  one o f i ts  o u te r a to m ic  o rb ita ls  (d s ta te s  in  t ra n s it io n  

m e ta ls ) fa l ls  w ith in  the  c o n d u c tio n  b a nd , th is  o rb ita l w i l l  re so n a te  w ith  

th e  co n d u c tio n  e le c tro n s  o f  the same en e rg y . For tra n s it io n  m e ta ls  th is  

re s u lts  in  a s ta te  o ccu p y in g  a re g io n  in  e ne rgy , lo c a liz e d  on the  im ­

p u r ity ,  and o f  s trong  d c h a ra c te r . T h is  is  c a lle d  a v ir tu a l bound s ta te , 

fo r i t  is  n o t t ru ly  bound l ik e  the  core s ta te s , y e t i t  does have some lo ­

c a liz a t io n .

17
F rie de l has fo rm u la te d  th e se  concep ts  on a more m a th e m a tica l 

b a s is  by tre a tin g  th e  e le c tro n s  as fre e  and in d e p e n d e n t, and assum ing  

the  p e rtu rb a tio n  o f the  im p u r ity  to  be s p h e r ic a l. He then  a n a lyze s  the  

p e rtu rb a tio n  in  te rm s o f s p h e r ic a l h a rm o n ics . T h is  re s u lts  in  the  v ir tu a l 

bound s ta te  b e ing  broadened in  energy (in a L o re n tz ia n  w ay) abou t th e  

re so n a n t e ne rgy .

In l ig h t  o f t h is ,  i t  is  in te re s t in g  to  c o n s id e r the  case o f tra n s it io n  

m e ta l im p u r it ie s  in  A l.  M easurem ents  o f the  exce ss  r e s is t iv i t y  due to  

v a r io u s  im p u r it ie s  ra n g in g  from  T i to  N i show  a m axim um  near C r. For

15



T i the  im p u r ity  d le v e l is  above th e  Ferm i energy o f the A1 h o s t, and fo r 

N i i t  l ie s  b e lo w . In  be tw een  (for Cr) th e  d le v e l l ie s  near th e  Fermi 

energy and thus  causes s tro n g e s t re s o n a n t s c a tte r in g , w h ich  is  e v i­

denced as a peak in  the  excess  r e s is t iv i t y .  I t  is  in te re s tin g  th a t the re  

is  o n ly  one p e a k , even though  fo r re a so n s  o u tlin e d  b e lo w , one w ou ld  

e xpec t th e  d s ta te  to  be s p l i t  in to  s e v e ra l le v e ls .  A p p a re n tly , the  

v ir tu a l bound le v e l is  so broadened and th e  in d iv id u a l s ta te s  s p l i t  so

l i t t l e  th a t th e y  are no t d is c e rn ib le .

17
F rie d e l d is c u s s e s  th ree  p o s s ib le  m echan ism s fo r s p li t t in g  the

d ^  le v e l .  The c ry s ta l l in e  f ie ld  in  a c u b ic  la t t ic e  s p li ts  the  d 1^ le v e l

2 2
in to  tw o  s ta te s  (x - y  l ik e  and x y  l ik e ) .  H ow eve r, th is  s p li t t in g  is

observed  to  be ve ry  sm a ll (a fra c t io n  o f  an e le c tro n  v o l t ) , and i t  is  not

expected  to  p la y  an a p p re c ia b le  ro le .  Coulom b co rre la tio n s  be tw een

the  d s ta te s  w ou ld  s p l i t  the  d 1 0  le v e l in to  ten s ta te s . F in a lly  exchange

c o rre la tio n s  s p l i t  the  d 1^ le v e l in to  tw o  d^ le v e ls  o f o p po s ite  s p in .

A s tr ik in g  fea tu re  o f th e  re s id u a l r e s is t iv i t y  data fo r  tra n s it io n

m e ta l im p u r it ie s  in  C u , A u , and Ag is  th e  e x is te n c e  o f  tw o  p e aks , one

a t V and th e  o th e r a t Fe. F rie d e l c o r re c t ly  a sc rib e d  th is  to  a s p li t t in g

o f the  v ir tu a l bound s ta te  in to  s p in -u p  and s p in -d o w n  s ta te s , w here

the  s p li t t in g  is  g re a te r than  the  w id th  o f  th e  v ir tu a l s ta te . Thus tw o

separate  resonances can be d is c e rn e d .

18Anderson b u i l t  on th e  ideas  o f  F r ie d e l and fo rm u la ted  the  p rob­

lem  by s ta r t in g  w ith  the  H a m ilto n ia n :

H = Hn , + H „ , + H + H , Of Od c o rr  sd
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The f i r s t  tw o  term s are the  unpertu rbed  energ ies  o f the  free e le c tro n  

system  and th e  d s ta te s  on the  im p u r ity ,  re s p e c t iv e ly .  Hcc 

the  C oulom b re p u ls iv e  energy be tw een  tw o  o p p o s ite  sp in  e le c tro n s  on 

the  same d o rb ita l .  T h is  term  is  re s p o n s ib le  fo r the s p li t t in g  o f  the  

sp in  s ta te s  w h ic h  g iv e s  r is e  to  m a g ne tism . H g^  is  a m ix in g  term  b e ­

tw e e n  th e  free  e le c tro n s  and d s ta te s , w h ic h  broadens the  im p u r ity  s ta te  

in to  a v ir tu a l le v e l .  A nderson so lve s  the  prob lem  s e lf - c o n s is te n t ly  in  

th e  H a rtre e -F o ck  a p p ro x im a tio n . He assum es a s p l i t  d s ta te  in  w h ich  

one le v e l (say sp in  down) is  b e lo w  the  Ferm i energy by  an am ount E, 

and th e  o th e r le v e l (sp in  up) is  s p l i t  b y  the  Coulom b re p u ls io n  U and is  

above the  Ferm i energy b y  U -  E. He the n  o b ta in s  c o n d it io n s  fo r  the  s ta ­

b i l i t y  o f th is  s ta te . For the  s im p le  case o f  a s in g le  non -de gen e ra te

le v e l,  Anderson o b ta in s  a b roaden ing  o f the  s ta te  to  w id th  A  th rough

19 U
the  s -d  m ix in g  te rm . The c o n d it io n  fo r m agnetism  is  — — > \ .  T h is ,

-rr A

h o w e ve r, is  a ls o  the  c o n d it io n  fo r  the  b reakdow n o f the  H a rtre e -F o ck

20
a p p ro x im a tio n . As S c h rie ffe r p o in ts  o u t, in  th is  l im i t  " th e  in te ra c t io n

tim e  r  = h / U  is  le s s  than the  tim e  r  . = t i  /A  re q u ire d  fo r e le c tro n s  
U A

to  hop on or o f f  th e  im p u r ity  in to  th e  b a n d ." H a rtre e -F o ck  th e o ry  b reaks 

down because  an e le c tro n  on the  im p u rity  in te ra c ts  w ith  the  e le c tro n s  

nearby  a t th a t in s ta n t and does no t see an average  p o te n tia l th rough  in ­

te ra c tio n  w ith  a l l  th e  e le c tro n s  as assum ed b y  H a rtre e -F o c k . I t  is  a 

tru e  m a n y-b o d y  prob lem  because  p re v io u s  e le c tro n - im p u r ity  encoun te rs  

w i l l  a ffe c t w ha t the  n e x t c o n d u c tio n  e le c tro n  s e e s . T h e re fo re , p ro ­

p e rtie s  o f  these  sys tem s can  o n ly  be c a lc u la te d  b y  H a rtre e -F o ck  th e o ry



in  th e  n o n -m a g n e tic  l im i t  U < &  . A m a n y -e le c tro n  th e o ry  m ust be used 

to  c a lc u la te  p ro p e rtie s  in  the  m a g n e tic  l im i t .  In s p ite  o f th e se  d i f f i ­

c u lt ie s  w ith  the  th e o ry , the  co n cep t o f a lo c a l m agne tic  m om ent a r is in g  from  the  

s p li t t in g  o f  the  sp in  up and sp in  down d le v e ls ,  w h ic h  are broadened in  

space and e n e rg y , is  q u ite  u s e fu l in  d e s c r ib in g  such  system s as Cu (Fe),

Cu (M n), e tc .

One o f the  m ost s tr ik in g  fea tu re s  o f lo c a l m a g ne tic  m om ent s y s ­

tem s is  the  e x is te n c e  o f  a r e s is t iv i t y  m in im um  as a fu n c tio n  o f tem pera ­

tu re . E x p e r im e n ta lly , th is  m inim um  w as f i r s t  connected  in t im a te ly  w ith

21 22
th e  e x is te n c e  o f  a lo c a l moment b y  w ork o f S a rach ik  e t .  a l .  ' on Fe

23
im p u r it ie s  in  N b -M o  and M o-R e a l lo y s .  Kondo gave an e x p la n a tio n  

o f the  m inim um  in  a th e o re t ic a l c a lc u la t io n  o f the  r e s is t iv i t y  o f lo c a l 

m agne tic  moment s y s te m s . Kondo assum es th a t a lo c a l m om ent does in ­

deed e x is t  on th e  im p u r ity ,  and c a lc u la te s  th e  r e s is t iv i t y  o f  such  a s y s ­

tem  u s in g  a JS*s H a m ilto n ia n , w here  S is  the  im p u r ity  s p in  and s is  

th e  c o n d u c tio n  e le c tro n  s p in . He c a lc u la te s  the  co n d u c tio n  e le c tro n -  

im p u r ity  s c a tte r in g  to  second Born a p p ro x im a tio n . To i l lu s t ra te  the  im ­

p o rta n t c o n tr ib u tio n s  to  the  c a lc u la t io n , we c o n s id e r the  s c a tte r in g  from  

th e  in i t ia l  s ta te  | k 'T, d 4 <- ) to  th e  f in a l  s ta te  I k ' T  ,d>V ) /  w here  k  re ­

fe rs  to  c o n d u c tio n  e le c tro n s  and d re fe rs  to  im p u r ity  e le c tro n s , and f 

and re fe r to  sp in  d ire c t io n .  For th is  in i t ia l  and f in a l  s ta te , the  

second o rder p rocesses are as fo llo w s :

(1 ) k j"  goes to  k ' f  v ia  k " f

(2) The exchange o f  (1)
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(3) k f  goes to  k ' f 1 v ia  k " ^  . Here th e  im p u r ity  sp in  is  f l i p ­

ped to  conserve  a n gu la r m om entum .

N ote  th a t the  exchange o f (3) is  no t a llo w e d  because  i t  canno t co n ­

serve  a n gu la r m om entum . Due to  th e  absence o f th is  exchange te rm , 

c a n c e lla t io n  o f the  s in g u la r  term s i n  the  sum ( 'k ' f  ,d ^  JH j k 1̂  d-^ > 

does n o t o ccu r as i t  does fo r p ro cesse s  (1) p lu s  (2). Th is  g iv e s  r is e  to  

the  Kondo e ffe c t ,  and th e  c o n tr ib u tio n  from  (3) is  o fte n  re fe rre d  to  as 

the  s p in - f l ip  te rm . Kondo 1 s re s u lt  fo r  the  to ta l  r e s is t iv i t y  ( in c lu d in g  

f i r s t  o rder te rm s) is

O = g.t%  cp„ * cpM [I * H IN X* ( k j )]

w here  the  f i r s t  term  is  the  s tandard  phonon te rm , the  second a r is e s  

from  p o te n tia l s c a tte r in g  from  the  im p u r ity ,  and the  la s t  is  the  m agne tic  

c o n tr ib u t io n . N ote th a t fo r n e g a tiv e  J (a n tife rro m a g n e tic  exchange) th e re  

w i l l  be a m inim um  in  the  r e s is t iv i t y .  I t  is  encourag ing  th a t A nderson 's  

m odel p re d ic ts  a n e g a tive  J fo r  the  m agne tic  s ta te , fu r th e r su ppo rtin g  

th is  p ic tu re .

The p e rtu rb a tio n  c a lc u la t io n  d ive rg e s  a t a c h a ra c te r is t ic  tem pera ­

tu re  T ^ , u s u a lly  re fe rre d  to  as the  Kondo te m p e ra tu re , such th a t kT^ =

D exp ~  . Here D is  the  co n d u c tio n  band w id th  and N is  the  d e n s ity
JN

o f s ta te s  w h ic h  is  assum ed c o n s ta n t. M uch w o rk  has been done on

th e o re t ic a l c a lc u la t io n s  o f the  lo w  tem pera tu re  s o lu t io n , and the  reade r

15 14
is  re fe rre d  to  the  re v ie w  a r t ic le s  b y  Kondo and H eeger fo r  d e ta ils .  

The fo llo w in g  p h y s ic a l p ic tu re  seems to  em erge. As th e  tem pera tu re
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is  lo w e re d  b e lo w  a h ig h ly  c o rre la te d  many body s ta te  is  form ed in  

w h ic h  the  lo c a l moment is  com pensated  b y  c o n d u c tio n  e le c tro n s  o f op ­

p o s ite  s p in . As T -♦ 0 the  im p u r ity  sp in  b e com es c o m p le te ly  com pen­

sa ted  in  the  sense th a t the  e ffe c t iv e  m a g n e tic  moment i n the  C u rie

la w  s u s c e p t ib i l i ty  fo rm u la  x(T) = e f f ^ ^ '  goes to  z e ro * The re s is ­

t i v i t y  d e v ia te s  from  the  In  T b e h a v io r g iv e n  b y  the  Kondo c a lc u la t io n ,  

and sa tu ra te s  as th e  tem pera tu re  is  lo w e re d . As th e rm a l and m a g ne tic  

f ie ld  ene rg ies  are in c re a s e d , the re  is  a t ra n s it io n  from  the  s p in -c o m ­

pensa ted  s ta te  to  a m ag ne tic  s ta te . T h is  t ra n s it io n  o ccu rs  a t ene rg ies  

o f the  o rder o f k T ^ . As the  s ta te  b reaks  u p , one w o u ld  e xp e c t th e  phase 

tra n s it io n  to  be g ra d u a l, because  the re  are o n ly  a sm a ll num ber o f  p a r­

t ic le s  in v o lv e d , and th e rm a l f lu c tu a t io n s  w ou ld  tend  to  b roaden th e  tra n ­

s it io n  in  te m p e ra tu re .

C . M a g n e tic  Im p u rit ie s  and the  H a l l  E ffe c t

In  th is  s e c tio n  we w i l l  re v ie w  those  c a lc u la t io n s  o f th e  m a g ne tic  

im p u r ity  p rob lem  w h ic h  s p e c if ic a l ly  g iv e  re s u lts  fo r  the  H a ll c o e f f ic ie n t .  

As p o in te d  o u t in  the  la s t  s e c tio n , th e y  w i l l  n e c e s s a r ily  be based on 

m a n y -e le c tro n  th e o ry . The c a lc u la t io n s  are q u ite  in v o lv e d  and we w i l l  

co n cen tra te  m a in ly  on a d e s c r ip tio n  o f the ty p e  o f th e o ry  in v o lv e d , the  

a ssu m p tions  m ade,and the  range o f v a l id i t y  o f th e  re s u lts .  A fte r th is  

in tro d u c tio n  w e w i l l  d is c u s s  p re v io u s  e xp e rim e n ta l re s u lts  in  th is  a re a .

(1) C a lc u la tio n s

The f i r s t  c a lc u la t io n  o f the  H a ll c o e ff ic ie n t in  a m a gne tic  im -

24
p u r ity  system  w as done by R ichard M ore  . M ore uses the  Suhl
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e q u a t io n s , w h ic h  are an a p p lic a t io n  o f T -m a tr ix  th e o ry  to  th e  s o lid  s ta te

prob lem  o f  m agne tic  im p u r it ie s .  T h is  is  a s c a tte r in g  th e o ry , and thu s

24
can g iv e  no in fo rm a tio n  abou t w ha t is  happen ing  c lo s e  to  the  im p u r ity .  

Th is  th e o ry  re s tr ic ts  i t s e l f  to  s -w a v e  s c a tte r in g  o n ly ,  and i t  is  no t c le a r  

how  im po rta n t such  a re s tr ic t io n  is  fo r  the  s itu a t io n  in  re a l m e ta ls . Be­

fo re  g o ing  fu r th e r , w e w i l l  l i s t  some m odel a ssu m p tio ns  o f th e  M ore 

th e o ry  (w h ich  are common to  a l l  th e  c a lc u la t io n s ) :

(a) Sm all c o n c e n tra tio n s  o f im p u r it ie s  are assum ed.

(b) The c a lc u la t io n  is  fo r  a sp in  1 /2  im p u r ity .

(c) The re s u lts  are e va lu a te d  fo r  a g fa c to r ,  g = 2 .

(d) The H a m ilto n ia n  used is :

+ '  PC S r r 1  ̂ ^ r<r')  Ckr C l»’ir ’

w here  s and S are the  s p in  ope ra to rs  fo r the  co n d u c tio n  e le c tro n s  and 

th e  im p u r ity  re s p e c t iv e ly ,  the  c 's  are c re a tio n  and a n n ih ila t io n  o pe ra ­

to rs ,  N is  th e  num ber o f  atom s and H is  the  e x te rn a l m a gne tic  f ie ld .

The f i r s t  term  is  th e  s in g le  p a r t ic le  energy o f  the  e le c tro n s  in  a m ag­

n e tic  f ie ld ,  the  second term  is  the  Zeeman energy  o f th e  im p u r ity ,  the  

la s t  term  is  the  p e rtu rb a tio n  w h ic h  in c lu d e s  norm a l p o te n tia l s c a tte r in g  

and s -d  exchange s c a tte r in g .

M o re 's  c a lc u la t io n  is  v a lid  a t a l l  tem pera tu res  and f ie ld s .
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H ow eve r, h is  e xp re ss io n s  have to  be e va lu a te d  on a co m p u te r, and 

th is  m akes i t  d i f f ic u l t  to  com pare h is  re s u lts  w ith  e x p e rim e n t. M ore  

co n s id e rs  tw o  groups o f  e le c tro n s , sp in  up and s p in  d ow n , and b y  in ­

c lu d in g  o rd in a ry  p o te n tia l s c a tte r in g  from  the  m a g ne tic  im p u r it ie s ,  he 

a llo w s  each  sp in  s ta te  to  have a d if fe re n t l i fe t im e  in  a f in i te  m agne tic  

f ie ld .  One can w r ite  an e xp re ss io n  fo r  the  H a ll c o e f f ic ie n t  a r is in g  from 

th e se  tw o  g roups:

R  =  _ *= _  t - t
hec (j,t

w here r f  and r^  a re the  s c a tte r in g  l i fe t im e s  fo r sp in  up and s p in  

down e le c tro n s  re s p e c t iv e ly .  T h is  is  s im p ly  a tw o  s ta te  m odel w here 

the  tw o  g ro u p s , b o th  b e in g  e le c tro n s  from the  same co n d u c tio n  b a nd ,

*k
have the  same param ete rs m and n w h ic h  ca n c e l ou t in  th e  e xp re ss io n  

fo r R. In  a s in g le  ca rrie r h o s t (one e le c tro n  energy band) the  H a ll co ­

e f f ic ie n t  (even in  the  p resence  o f  m agne tic  im p u r it ie s )  w i l l  have no

tem pera tu re  or f ie ld  dependence u n le ss  the  l i fe t im e s ,  r t  and ,

are d if fe re n t .  T h is  d if fe re n c e  a r is e s  from an e ffe c t iv e  d e n s ity  o f s ta te s

24
w h ic h  is  skew ed w ith  re s p e c t to  the  Ferm i le v e l . A cco rd in g  to  M ore

one o f the  sp in  o r ie n ta tio n s  has i ts  l ife t im e  lo n g e r th a n  the  o th e r; w h ic h

one depend ing  on the  s ig n  o f V . U s in g  the  above fo rm u la  fo r  R, M ore

o b ta in s  the T and H dependent R p lo tte d  in  F ig . 5.

U s in g  p e rtu rb a tio n  th e o ry , B e a l-M o n o d  and W e in e r ' c a lc u ­

la te d  the  f i r s t  and second Born te rm s , and showed th a t th e  e s s e n t ia l 

fe a tu re s  o f M o re 's  re s u lts  co u ld  be o b ta in e d  from  f i r s t  Born a p p ro x im a tio n .
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Since i t  is  a p e rtu rb a tio n  th e o ry  c a lc u la t io n ,  i t  is  no t v a lid  a t lo w  

tem pera tu res (T < T ^ ) . The c a lc u la t io n  is  ca rr ie d  ou t s p e c if ic a l ly  

fo r  the  case  J< < V < <  e p (where g p is  the  Ferm i e n e rg y ). They o b ta in  

re s u lts  fo r r f  and # and s u b s titu te  these  in to  the  same one band , 

tw o  sp in  s ta te  fo rm u la  quoted  a b o ve . For kT  gy . t h e y  o b ta in  e s ­

s e n t ia l ly  the square o f a B r i l lo u in  fu n c tio n  fo r  th e  dependence o f R on 

H and T . Th is lo o k s  q u a l i ta t iv e ly  l ik e  M o re 's  re s u lt ,  s in ce  th e  B r illo u in  

fu n c tio n  is  l in e a r  fo r  lo w  argum ents so th a t i ts  square is  an upw ard 

c u rv in g  p a ra b o la , and fo r h ig h e r argum ents i t  s a tu ra te s . T h is  b e h a v io r 

can be seen in  F ig . 7 (w h ich  is  a f i t  to  P. M o n od 's  data w h ic h  w i l l  be 

d iscu sse d  la te r ) . N ote  th a t th e re  is  l i t t l e  d if fe re n c e  be tw een  the  f i r s t  

and second Born a p p ro x im a tio n s . For h ig h e r f ie ld s  (g ^ i^ H  > kT ) when 

th e  B r illo u in  fu n c tio n  has s a tu ra te d , the  p redom inan t f ie ld  dependence 

is  a - In H  te rm .

27
F in a lly ,  B lo o m fie ld , H ech t and S ieve rt d id  a G re e n 's  fu n c tio n

2 8
c a lc u la t io n  w h ic h  g e n e ra liz e d  N ag aoka 's  tru n c a tio n  p rocedure  to  

f in i te  m agne tic  f ie ld s .  A s ide  from  the  d iffe re n c e  in  c a lc u la t io n a l ap ­

p ro a ch , the re  is  an o u ts ta n d in g  m odel d if fe re n c e . They assum e no po­

te n t ia l  s c a tte r in g  (V=0) and a sym m etric  d e n s ity  o f  s ta te s . Thus, 

th e y  f in d  r f  = r J '  anc* f r ° m the  above fo rm u la , R = c o n s ta n t. These 

au tho rs  p o in t ou t th a t th e  s p in - f l ip  p rocess fo r  bo th  sp in  d ire c t io n s  is  

b e in g  frozen  ou t b y  a d e po p u la tio n  o f le v e ls  as the  m a gne tic  f ie ld  in ­

c re a s e s . As H in c re a se s  the re  is  a decrease in  the  p o p u la tio n s  fo r 

bo th  th e  im p u r ity  sp ins and the  c o n d u c tio n  e le c tro n  sp in s  p a ra lle l to
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th e  m a g ne tic  f ie ld  s in c e  th is  is  th e  s ta te  o f h ig h e r en e rg y . A t lo w

tem pera tu res a m a gne tic  f ie ld  co u p le s  to  the  in d iv id u a l sp in s  and hence

p reven ts  th e  s p in - f l ip  s c a tte r in g  from  ta k in g  p la ce ; hence bo th  r f 1 and

in c re a se  w ith  H . W ith  no asym m etry in  the  e ffe c t iv e  d e n s ity  o f

27
s ta te s  r ' f  and in c re a se  p re c is e ly  the  same w ay  . H ow ever, 

w ith  V in c lu d e d  the  re la x a t io n  tim e  o f one o f the  sp in  s ta te s  in c re a se s  

more ra p id ly  w ith  H .

N ote  th a t in  th e se  th ree  c a lc u la t io n s  a l l  s c a tte r in g  a r is e s  from 

the  m agne tic  im p u r ity  so th a t  a l l  r ' s  are in v e rs e ly  p ro p o rtio n a l to  the  

c o n c e n tra tio n . Thus R has no c o n c e n tra tio n  dependence .

One o f the  m a in  o b se rva tio n s  in  o u r m easurem ents is  the  s trong  

l in e a r  c o n c e n tra tio n  dependence o f R. S ince  th e  C u-A u h o s ts  co n ta in e d  

many d e fe c ts , w e f i r s t  tr ie d  to  e x p la in  ou r R b e h a v io r by  in c lu d in g  non­

m agne tic  background  s c a tte r in g . In A ppend ix  B w e c a lc u la te  R fo r a tw o -

sp in  s in g le  e le c tro n ic  b and . W e fin d  th a t R equa ls  a c o n s ta n t p lu s  term s 

2
o f o rder c and h ig h e r (see a ls o  s e c tio n  V B (2) ) .  B lo o m fie ld  has done 

a fu r th e r c a lc u la t io n  w h ic h  in c lu d e s  band s tru c tu re  e f fe c ts .  T h is  c a l­

c u la t io n  has n o t y e t been p u b lis h e d , and i t  is  o u tlin e d  in  A ppend ix  C .

The re s u lts  show  th a t ,  a s id e  from  the  h o s t c o n tr ib u tio n  (w h ich  is  in d e ­

pendent o f f ie ld  and te m p e ra tu re ), th e  n e x t la rg e s t term  w h ic h  re s u lts  

from the  p resence  o f  the  Fe is  l in e a r  in  im p u r ity  c o n c e n tra tio n  , depends 

upon the  band s tru c tu re  o f the  h o s t, can be o f o p p o s ite  s ig n  to  the  h o s t 

H a ll c o e ff ic ie n t (th is  fa c t is  a d ire c t re s u lt  o f  h a v in g  bo th  e le c tro n  and 

h o le - l ik e  c a rr ie rs ) ,  and behaves l ik e  th e  m a g n e to re s is ta n ce , p .  B lo o m fie ld ,
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H e ch t and S ie ve rt have done a com puter c a lc u la t io n  o f the  m agne to -

re s is ta n c e  (;n w h ic h  r t  = ) fo r = 16° K , shown in  F ig . 6 . Th is

24
c a lc u la t io n  as w e l l  as th a t o f M ore  shows th a t th e  m agn itude  o f p  

decreases w ith  H . Thus B lo o m fie ld  w o u ld  p re d ic t a decrease  in  AR as H 

in c re a s e s  w hen depends l in e a r ly  on c .

These re s u lts  o f  B lo o m fie ld  appear to  be q u a l i ta t iv e ly  in  d is a g re e -

f
m ent w ith  th o se  o f M ore  and o f B e a l-M o n o d  and W e in e r. H ow eve r, the  

d if fe re n c e  be tw een  r t  an<̂  is  in f lu e n t ia l  in  h ig h e r o rder te rm s o f 

B lo o m fie ld 's  fo rm u la tio n  (Appendix C ) . C e r ta in ly ,  B lo o m fie ld 's  new  c a l­

c u la t io n  is  more r e a l is t ic  because  i t  in c lu d e s  the  e ffe c t o f  th e  band 

s tru c tu re  o f th e  h o s t (w h ich  is  know n to  be q u ite  im p o r ta n t) , w h ile  the  

o th e r c a lc u la t io n s  igno re  t h i s .

(2) P rev ious E xperim en ta l R esu lts

The f i r s t  experim en ts  th a t w e w i l l  d e s c r ib e  w ere  done b y  P. M onod 

on 150 ppm M n in  Cu a t 1 .2 °  K in  f ie ld s  from  0 to  15 kG  (see R ef. 2 5 ). 

These da ta  f a l l  w ith in  the  range o f v a l id i t y  fo r th e  B e a l-M o n o d  and 

W e in e r c a lc u la t io n ,  s in ce  T^ ~ 0 01 °  K 0 A com parison  be tw een e x p e r i­

m ent and th e o ry  appears in  F ig . 7 . The agreem ent is  q u ite  good a t lo w  

f ie ld s .  The d o w n -tu rn  in  th e  data  a t h ig h e r f ie ld s  is  a ttr ib u te d  to  a 

lo w  f ie ld -h ig h  f ie ld  t ra n s it io n ; th is  w i l l  be d is c u s s e d  b e lo w . I t  is  un ­

fo rtu n a te  th a t no data  w ere o b ta in e d  fo r d if fe re n t c o n c e n tra t io n s . This 

w o u ld  have been  m ost in te re s t in g , s in ce  th e  s in g le  band m echan ism , 

w h ic h  in c lu d e s  background  s c a tte r in g  from  the  h o s t, is  q u a d ra tic  in  

c o n c e n tra tio n  (see A ppend ix  B ), and th e  le a d in g  in f lu e n c e  in  the
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B lo o m fie ld  m echanism  is  l in e a r  in  c o n c e n tra tio n  (see A ppend ix  C ) .

Band e ffe c ts  sho u ld  be im p o rta n t in  th is  c a s e , and i t  seems reason a b le  

th a t B lo o m fie ld 's  c a lc u la t io n  w o u ld  be more a p p ro p r ia te , and the  con ­

ce n tra tion  dependence w o u ld  be l in e a r .  H ow e ve r, the  f ie ld  dependence 

is  a separa te  m a tte r, and re fe re nce  to  F ig . 6 shows th a t fo r  tem pera tu res 

w e l l  above the  Kondo tem p e ra tu re , as is  the  case he re , the  dependence

on f ie ld  due to  the  l in e a r  B lo o m fie ld  m echan ism  has f la tte n e d  o u t.  T hus,

2

i t  is  v e ry  l ik e ly  th a t the  observed f ie ld  dependence a r is e s  from  the  c 

c o n tr ib u t io n . Th is is  p ro b a b ly  re la te d  to  th e  m echanism  o f  unequa l l i f e ­

tim e s  , w h ic h  can e n te r in to  the  s in g le  band c a lc u la t io n  (Appendix B) o r 

in to  th e  m u ltib a n d  c a lc u la t io n  (Appendix C ) .

R esu lts  fo r  Cu (Fe), Au (Fe) and Cu (Mn) fo r v a r io u s  im p u r ity  co n ­

c e n tra tio n s  a t T = 4 .2 °  K in  f ie ld s  from  0 to  16 kG  w ere  o b ta in e d  by

29
A lde rson  and Hurd (see F ig s . 8 and 9 ) . N ote  th a t th e y  p lo t  the  H a ll

r e s is t iv i t y  ra th e r th an  the  H a ll c o e f f ic ie n t .  The da ta  are obscured  b y

tw o  e ffe c ts  w h ic h  make i t  im p o s s ib le  to  observe  the  s y s te m a tic  b e h a v io r

( f ie ld  dependence or im p u r ity  c o n c e n tra tio n  dependence) p re d ic te d  b y  the

above c a lc u la t io n s .

The f i r s t  e ffe c t is  a lo w  f ie ld -h ig h  f ie ld  t ra n s it io n .  At lo w  f ie ld s

u) t < <  1 th e  H a ll c o e ff ic ie n t is  a ffe c te d  p r im a r ily  by  s c a tte r in g  m echa- 
c

n is m s . Th is  is  the  reg im e we are in te re s te d  in .  As th e  f ie ld  is  ra is e d ,

au t  becom es com parab le  to  1, and the  e le c tro n s  can tra v e l a f u l l  c y c lo -  
o

tro n  o rb it  be tw een s c a tte r in g  e v e n ts . Thus, a t f ie ld s  above th is  (m j  >  1 ),o

the  to p o lo g y  o f the  Ferm i su rface  becom es o f p rim a ry  im p o rta n ce . There
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is  a g ra d u a l tra n s it io n  be tw een  the  tw o  re g im e s , and i t  is  im p o rta n t th a t 

th is  n o t be con fused  w ith  the  e ffe c ts  we are lo o k in g  fo r .  U nder the  

p roper c o n d it io n s  ( i . e .  pure m e ta l h o s ts  w ith  sm a ll am ounts o f im p u r ity  

so th a t t  is  lon g ) th is  t ra n s it io n  can o ccu r in  th e  f ie ld  re g io n  o f in te re s t 

and th u s  obscu re  the  d a ta . T h is  is  p re c is e ly  w h a t happens in  the 

A ld e r son and Hurd data (see F ig s . 8 and 9 ).

The second fa c to r  o b scu rin g  th e  da ta  is  w h a t A lde rson  and H urd 

re fe r  to  as a sp in  com ponen t. They a ttr ib u te  th is  com ponent to  su p e r- 

pa ram agne tic  c lu s te r in g . In suppo rt o f th is ,  th e y  use an a n a lo g y  to  

th e  w e l l  know n fa c t  th a t in  th e  fe rro m a g n e tic  case  th e  anom alous H a ll 

r e s is t iv i t y  v a r ie s  d ire c t ly  as th e  m a g n e tiz a tio n , and th e y  f i t  th e ir  

da ta  to  a L a n g e v in  fu n c tio n  (see F ig . 8 ) . They argue a g a in s t e x p la in in g  

th e  sp in  com ponent b y  a Kondo s c a tte r in g  m echanism  l ik e  th a t o f M ore 

o r B lo o m fie ld . T h is  is  based on the  fa c t th a t the re  is  no c o rre la tio n  

w ith  a n e g a tive  m a g n e to re s is ta n ce , and th a t the  b e h a v io r v a r ie s  l i t t l e  

be tw een  Cu (Fe) and Cu (Mn) (see F ig . 8) fo r w h ic h  th e  T ^ 's  d if fe r  by  

a p p ro x im a te ly  tw o  d e c a d e s .

For th e se  reasons the  above sys tem s are no t good c h o ic e s  fo r  in ­

v e s t ig a t in g  the  Kondo e ffe c t  in  the  H a ll c o e f f ic ie n t .  H ow e ve r, the  p o s ­

s ib i l i t y  o f th e  above d i f f ic u l t ie s  c e r ta in ly  m ust be co n s id e re d  w hen ana­

ly z in g  any H a ll e f fe c t  d a ta .
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I I I .  OBJECT OF THESIS

The aim  o f the p re sen t re se a rch  w as to  in v e s t ig a te  th e  anom alous 

b e h a v io r in  the  H a ll c o e ff ic ie n t due to  a d ilu te  m agne tic  im p u r ity  in  a 

m e ta ll ic  h o s t.

(2) C h o ice  o f  A llo y  System : C u-A u

W e began b y  in v e s t ig a t in g  Cu (Fe), Cu (C r), and Cu (M n ) .  Because 

o f  the  h ig h  Kondo tem pera tu re  o f Cu (Fe), th e  f ie ld s  n e ce ssa ry  to  b reak 

up the  s p in  com pensated  s ta te  are q u ite  la rg e  (~ 200  k G ) , so th is  s y s ­

tem  w as abandoned . W e d id  p re lim in a ry  m easurem ents on Cu (Mn) and 

Cu (C r), bu t d id  n o t co n tin u e  w ith  th e se  system s because  th e y  have lo w  

Kondo te m p e ra tu re s . T^ ~ 0 .1 °  K fo r Cu (Mn) and T^ ~ 1° K fo r  Cu (C r), 

and fo r th e se  a llo y s  ou r lo w e s t a tta in a b le  tem pera tu re  w as g re a te r than  

T, , so th a t th e rm a l e ne rg ies  a lone  have b roken  up the  sp in -co m p e n sa te d
JC

s ta te . In c re a s in g  the  energy b y  a p p ly in g  a m agne tic  f ie ld  w o u ld  have 

l i t t l e  fu rth e r e f fe c t .

30
The system  f in a l ly  chosen  w as C u-A u w ith  Fe im p u r it ie s .  Loram , 

31
W h a ll,  and Ford made r e s is t iv i t y  m easurem ents on Cu r ic h  a llo y s  o f

Cu and Au. They found th a t th e se  a llo y s  behave as Kondo sys te m s , and

th a t T, decreases as more Au is  added . T h e ir re s u lts  in d ic a te  th a t T, 
k k

v a r ie s  c o n tin u o u s ly  from  ~ 2 4 °  K fo r pure Cu to  - 0 . 3 °  K fo r  pure A u .

Even tho ugh  th e  e xa c t num bers fo r  T^ are in  d o u b t, i t  is  c le a r  th a t some­

w here  be tw een  Cu and Au the re  is  an a llo y  th a t shou ld  p roduce a m a x i­

mum e ffe c t fo r  our a v a ila b le  range o f tem pera tu res (1 .5 °  K and 4 .2 °  K)
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and f ie ld s  (0 to  60 k G ) . A ls o , v a ry in g  th e  h o s t co m p o s itio n  enab les us

to  tra c k  the  anom alous c o n tr ib u tio n s  to  the  c o e f f ic ie n t  as T, is  v a r ie d .
k

A no the r advan tage  o f u s in g  the  C u-A u a llo y  is  th a t the  sh o rt e le c ­

tro n ic  l i fe t im e  in  such a b in a ry  h o s t in su re s  th a t th e  a llo y  sys tem s w i l l

a lw a ys  be in  the  lo w  f ie ld  c o n d it io n  («> x < <  1 ), so th a t a lo w  f ie ld  to
c

h ig h  f ie ld  tra n s it io n  w i l l  n o t o ccu r in  th e  a v a ila b le  range o f m agne tic  

f ie ld s .  Furtherm ore, in te ra c tio n s  w ith  im p u r it ie s  w o u ld  ten d  to  be re ­

duced in  a system  w ith  sho rt l i fe t im e s .  Thus i f  c lu s te r in g  does e x is t ,  

i t s  e f fe c t  is  l ik e ly  to  be le s s  p ronounced .

O ur e xp e rim e n ta l data sh ow , h o w e ve r, th a t th e  C u-Au system  s u f­

fe rs  from  a d if fe re n t ,  and perhaps e q u a lly  se ve re , d is a d v a n ta g e . Name­

ly ,  ou r H a ll c o e ff ic ie n t re s u lts  are v e ry  s e n s it iv e  to  band s tru c tu re  e f­

fe c ts ,  and as w e have seen , the  band s tru c tu re  o f C u-A u  is  q u ite  com ­

p lic a te d .  T hus, the  re s u lts  are n o t as c le a r -c u t  and c o n c lu s iv e  as we 

had hoped . A lthough  the  da ta  are found  to  be c o n s is te n t w ith  the  th e o ry  

o f B lo o m fie ld  in  a q u a lita t iv e  m anner, th e  band s tru c tu re  s u f f ic ie n t ly  

c o m p lic a te s  m a tte rs  so th a t i t  is  no t p o s s ib le  to  e x tra c t n u m erica l va lu e s  

o f im p o rta n t pa ram e te rs , such as T ^ , V , and J. Furtherm ore , i t  is  d i f ­

f i c u l t  to  deduce from  the  data  any c le a r -c u t  s y s te m a tic  q u a n tita t iv e  b e ­

h a v io r  as a fu n c tio n  o f some know n v a r ia t io n  o f  th e se  pa ram e te rs .

The rem a inder o f th is  th e s is  (e x c lu s iv e  o f  append ices) w i l l  d is ­

cu ss  th e  e xp e rim e n ta l procedure  and the  r e s u lts .
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IV . EXPERIMENTAL PROCEDURE

The a llo y s  w ere  prepared from  pure (99.999% ) s ta r t in g  m a te r ia ls  

b y  m e lt in g  th e  c o n s titu e n t e lem en ts  in  an argon a rc  fu rna ce  and quench ­

in g .  Some o f th e  in g o ts  w ere  c o ld  w o rk e d . Samples w ere  th en  c u t to  

the  shape show n in  F ig . 35 . Those sam ples cu t from c o ld  w orked  in g o ts  

w ere  annea led  fo r  10 days under vacuum  a t 83 0° C , and quenched in  a 

b r in e  s o lu t io n .

H a ll m easurem ents w ere  e ffe c te d  as a fu n c tio n  o f m a gne tic  f ie ld  

to  60 kG  a t 4 .2 °  K and ro u g h ly  1 .5 °  K . The m a g ne tic  f ie ld  w as s u p p lie d  

b y  a su p e rco n d u c tin g  m agne t. A c o n s ta n t cu rre n t o f 1 .9  amps w as u se d , 

and th e  re s u lt in g  H a ll v o lta g e  was m easured w ith  a K e ith le y  147 na no ­

v o lt  n u ll  d e te c to r . The e rro r in  H a ll m easurem ents is  e s tim a te d  to  be 

3 .5 % , stem m ing m a in ly  from  errors in  sam ple  d im e n s io n s , m agne tic  f ie ld  

v a lu e s  and random th e rm a l f lu c tu a t io n s  in  th e  H a ll v o lta g e . Sample 

co m p o s itio n s  and hom ogene ity  are a ls o  a m a jo r fa c to r .  The m a jo r p o r­

t io n  o f th is  e rro r w as s y s te m a tic , ho w e ve r, and w ith in  a g iv e n  ru n , 

changes in  H a ll v o lta g e  co u ld  be observed  to  b e tte r th a n  1%. A d e ta ile d  

d e s c r ip t io n  o f  sam ple p re p a ra tio n , a p p a ra tu s , and m easuring  p rocedure  

is  co n ta in e d  in  A ppend ix  A .



V . RESULTS AND DISCUSSION

In th is  p a rt w e w i l l  p re sen t th e  re s u lts  and d is c u s s  them  in  l ig h t  

o f e x is t in g  th e o r ie s  and id e a s . W e w i l l  s ta r t by  p re sen tin g  the  data  fo r

the  C u-Au a llo y s  (Section A ). These re s u lts  are d is c u s s e d  f i r s t  b e ­

cause th e y  have a s trong  in f lu e n c e  on th e  C u -A u  (Fe) re s u lts  (S ection  B) 

w h ic h  co m p rise  th e  h eart o f th e  th e s is .

A . C u-A u A llo y s

(1) H a ll C o e ff ic ie n t D a ta

The H a ll c o e ff ic ie n t a t  4 .2 °  K is  p lo tte d  as a fu n c tio n  o f a to m ic

pe rcen t Au in  Cu in  F ig . 10. In c lu d e d  on the  above p lo t  are t  he data

32 10o f D u g d a le  a n d  F irth  and Barnard e t .  a l .  on d iso rd e re d  C u-A u  a l ­

lo y s .  The agreem ent is  v e ry  g o o d  q u a l i ta t iv e ly ,  and a t  th e  Cu r ic h  

end th e  q u a n t ita t iv e  agreem ent is  e x c e lle n t .  As w as m entioned  e a r lie r  

( II-A ) , these  re s u lts  can be e xp la in e d  in  te rm s o f  a v a r ia t io n  o f Tg/ t  ̂  

as Au is  a llo y e d  in to  C u . H ow eve r, an e xp la n a tio n  o f  the  re q u ire d  v a r i­

a tio n  o f  t d/ t at i s la c k in g ,  and va lu e s  o f t d/ ttvT deduced from o the r 
B N  B N

typ e s  o f e xp e rim e n ts  do n o t agree w ith  those  found from  H a ll c o e f f ic ie n t  

d a ta . A t the  p re sen t tim e  a more b a s ic  and s o lid  u n de rs tand ing  o f th e  

C u-Au system  does no t e x is t ,  and in te re s t in g  as i t  m a y  b e , th is  w as 

no t o u r th e s is .  T hus , we d id  no fu r th e r  w ork  and can o f fe r  no a d d it io n ­

a l i l lu m in a t io n .  The im portance  o f th is  da ta  is  i t s  use  in  in te rp re tin g  

the  C u-A u  (Fe) d a ta ,  and the  fa c t th a t i t  agrees w ith  p re v io u s  m easure­

m ents in d ic a te s  th a t o u r  sam ples are re lia b le .

M ore e x te n s iv e  da ta  w as take n  fo r  "p u re " Cu and "p u re " Au
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because  a la rg e r body o f da ta  e x is t  fo r the se  sy s te m s . Thus q u a n ti­

ta t iv e  agreem ent w ith  p re v io u s  w o rk  on Cu and Au w o u ld  be th e  b e s t 

check  on the  v a l id i t y  o f  our e xp e rim e n ta l d a ta . A more d e ta ile d  de­

s c r ip t io n  appears in  A ppend ix  D . G e n e ra lly , the  Cu data  are re p ro -

10 39 4 2 -4 4
d u c ib le  and in  good q u a n t ita t iv e  agreem ent w ith  p re v io u s  r e s u lt s . ' '

The Au da ta  are n o t re p ro d u c ib le , and thu s  a re lia b le  com parison  can ­

no t be a tte m p te d .

(2) E ffe c t o f  M e ta llu rg ic a l Treatm ent and S tru c tu ra l O rde ring  

M o s t o f th e  m easurem ents o f th is  th e s is  w ere  done on sam ples 

d ire c t ly  from  the  a rc  fu rn a c e . H ow e ve r, a few  sam ples w ere  c o ld -  

w orked  and annea led  as d e sc rib e d  in  A ppend ix  A . The "p u re "  C u ,

"p u re "  Au, and Cu r ic h  a llo y s  seem l i t t l e  a ffe c te d  b y  th is  tre a tm e n t, 

w h ile  the re  seems to  be a la rg e  e ffe c t fo r  the  Au r ic h  sa m p le s . Th is is  

p o s s ib ly  due to  th e  am ount o f  s tru c tu ra l o rde rin g  in  the  sam ples w h ic h  

w i l l  be d is c u s s e d  b e lo w .

As a crude check  on o rd e rin g  in  the  C u-A u a l lo y s ,  w e ran  abso­

lu te  r e s is t iv i t y  m easurem ents as a fu n c tio n  o f  a tom ic  pe rcen t Au, and 

th e se  appear in  F ig . 11. There is  reason  to  su sp e c t a sm a ll am ount o f 

o rd e rin g  in  th e  Au r ic h  sa m p le s , as ev idenced  b y  th e  departu re  b e lo w  

th e  expected  p a ra b o lic  b e h a v io r w ith  c o n c e n tra t io n . R e s is t iv ity  data 

in d ic a te d  th a t se ve ra l sam ples w ere  h ig h ly  o rde red , and the  data  fo r 

th e se  w ere  th e re fo re  d is re g a rd e d . As w as p o in te d  ou t b y  Barnard e t .  

a l . 1^ ,  in c re a s in g  d iso rd e r le a d s  to  an in c re a se  in  the  m agn itude  o f
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the  H a ll c o e f f ic ie n t  R. I t  is  q u ite  p o s s ib le  th a t th e  in c re a se  in  the  

m agnitude  o f R upon c o ld -w o rk in g  and a n n e a lin g  is  re la te d  to  an in ­

crease  in  the  d is o rd e r. T he re fo re , th e  Au r ic h  a llo y s  w h ic h  are more 

ordered to  s ta r t  w ith  e x h ib it  a g re a te r e ffe c t w hen c o ld -w o rk e d  and 

a n n e a le d „

(3) F ie ld  and Tem perature Dependence

The f ie ld  dependence fo r a l l  the  h o s t da ta  in d ic a te s  th a t w e are

a lw a ys  in  th e  lo w  f ie ld  c o n d it io n  -  i . e .  w ith in  e xp e rim e n ta l e rro r the

h o s t da ta  are indepe nd en t o f  f ie ld .  The h o s t data appear in  F ig s . 14

th rough  17, to g e th e r w ith  data  fo r C u-A u  (Fe). To fu rth e r suppo rt th is

c la im , w e can c a lc u la te  the  tangen t o f th e  H a ll ang le  (tan $  - Rq-H)

w h ic h  is  equa l to  to t  in  free  e le c tro n  th e o ry . Even though  w e have
c

shown th a t th is  th e o ry  does n o t a p p ly , we can s t i l l  ge t an o rde r o f

m agn itude  e s tim a te  fo r w T ; a t m ost i t  is  0 .0 3 , and ty p ic a l ly  i t  isc

0 .0 0 5 . C e r ta in ly ,  we rem ain  in  th e  lo w  f ie ld  c o n d it io n  th ro u gh o u t 

th e  e n tire  e xp e rim e n t.

The H a ll c o e ff ic ie n t o f  th e  C u-A u h o s ts  w as observed  to  be in ­

dependent o f  tem pera tu re  be tw een 1 .5 °  K and 4 .2 °  K . T he re fo re , 

m ost o f  the  h o s t sam ples w ere  m easured a t 4 .2 °  K o n ly ,  and the se  

re s u lts  are used in  th e  a n a ly s is  o f th e  C u-A u a llo y s  c o n ta in in g  Fe, 

a t bo th  1 .5  and 4 .2 °  K.

(4) Summary o f C u-Au A llo y  D ata
J

In sum m ary, we can co nc lud e  th a t th e  sam ple  p re p a ra tio n  and 

e xp e rim e n ta l te ch n iq u e  are r e lia b le ,  based on good agreem ent w ith



p re v io u s  re s u lts .  A ls o , we shou ld  be aw are o f th e  fo llo w in g  fa c to rs  

in  a n a ly z in g  th e  C u-A u (Fe) da ta :

(1) The h o s t H a ll c o e f f ic ie n t  is  a s trong  fu n c tio n  o f c o m p o s it io n . 

T h is  m ust be ta ke n  in to  a cco u n t by  n o rm a liz in g  the  da ta  to  th e  hos t 

v a lu e .

(2) S tru c tu ra l o rd e rin g  in  th e  sam ples can a ffe c t R c o n s id e ra b ly .

(3) The sam ples rem a in  in  the  lo w - f ie ld  c o n d it io n  th ro u gh o u t th e  e x ­

p e rim e n t.

B . C u-A u  (Fe) A llo y s

Before p re se n tin g  and d is c u s s in g  th e  C u-A u  (Fe) d a ta , a fe w  p re ­

lim in a ry  m easurem ents im p o rta n t to  th e  e v a lu a tio n  o f  the  da ta  w i l l  be 

d is c u s s e d  b e lo w .

(1) Prel im in a r ie  s

(a) Sample A n a ly s is  

The n o m in a l Fe c o n c e n tra tio n  in  the  C u-A u (Fe) a llo y s  w as c a lc u ­

la te d  from  th e  w e ig h ts  o f th e  s ta r t in g  m a te r ia ls . As a check  on th is ,  

the  a llo y s  w ere  a n a lyze d  c o m m e rc ia lly  fo r  Fe c o n te n t by  ch e m ica l and 

s p e c tro s c o p ic  te c h n iq u e s . The re s u lts ,  w h ich  appear in  Tab le  2 , are 

n o t a lw a ys  in  good agreem ent w ith  th e  nom ina l c o n c e n tra t io n s . H ow ­

e v e r, the  a n a ly s is  does co n firm  the  e x is te n c e  o f  Fe in  c o n c e n tra tio n s  

com parab le  to  th o se  c a lc u la te d . The no m ina l co n ce n tra tio n s  a lw a ys  

gave  more c o n s is te n t and re a son a b le  re s u lts  th an  d id  the  co n c e n tra tio n s  

as de te rm ined  by ch e m ica l a n a ly s is .  We th e re fo re  used nom ina l va lu e s  

o f  c o n c e n tra tio n  th ro u gh o u t th is  w o rk .
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(b) R e s is t iv ity  D ata

31
As p re v io u s ly  m e n tio n e d , Lo ram , W h a ll and Ford observed 

Kondo b e h a v io r in  the  r e s is t iv i t y  o f C u-A u (Fe) a l lo y s . For co m p le te ­

n e s s , we m easured th e  r e s is t iv i t ie s  as a fu n c t io n  o f  tem pera tu re  fo r  a 

few  o f our C u-A u (Fe) sam ples. The re s u lts  appear in  F ig . 12 on a sem i­

lo g  p lo t .  A lth oug h  the  e rro r in  a b so lu te  r e s is t iv i t y  is  la rg e  i t  is  m o s tly  

s y s te m a tic , and the  c h a ra c te r is t ic  Kondo c o n tr ib u t io n , p ro p o rtio n a l to  

In T , is  re a d ily  d is c e rn ib le  in  a l l  th e  d a ta . W here  data e x is t  fo r more 

than  one Fe c o n c e n tra tio n , th e  im p u r ity  r e s is t iv i t y  is  seen to  be l in e a r  

in  co n c e n tra tio n  a t lo w  tem pera tu res  w ith in  e xp e rim e n ta l e rro r , and the  

p o s it io n  o f th e  m inim um  s h if ts  to  h ig h e r tem pera tu res  fo r  h ig h e r co n cen ­

tra t io n s  .

(c) E ffe c t o f Ru as an Im p u rity

In o rder to  in v e s t ig a te  th e  e f fe c t  o f  an e q u iv a le n t b u t non ­

m agne tic  im p u r ity ,  Ru w as s u b s titu te d  fo r Fe in  the  C u-A u  (Fe) a l lo y s .  

A lthough  i ts  m ass is  d if fe re n t ,  Ru is  n o n -m a g n e tic  and im m e d ia te ly  b e ­

lo w  Fe in  the  p e r io d ic  ta b le ,  and shou ld  th u s  g iv e  us a rough  idea  as to  

w ha t p o rtio n  o f  the  da ta  is  m agne tic  in  o r ig in .  M easurem ents fo r  the  

same c o n ce n tra tio n s  o f Fe and Ru in  the  same C u-A u h o s t appear in  F ig . 

13. N ote  th a t the  c o n tr ib u tio n  due to  Ru is  s m a ll and f ie ld  ind e p e n d e n t. 

By c o n tra s t, th e  Fe im p u r ity  g iv e s  r is e  to  a la rg e  c o n tr ib u tio n  w h ic h  is  

s tro n g ly  f ie ld  d ependen t. These e ffe c ts  due to  th e  Fe are a p p a re n tly  

m agne tic  in  o r ig in .
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(d) E ffe c t o f M e ta llu rg ic a l T reatm ent and S tru c tu ra l O rd e ring

A c e r ta in  num ber o f C u-A u  (Fe) sam ples w ere c o ld -w o rk e d  and 

annealed to  ob se rve  the  e ffe c t o f  th is  tre a tm e n t on th e  c o n tr ib u tio n  due 

to  th e  Fe. The d e ta ils  are p resen ted  in  A ppend ix  Eo The f i r s t  c y c le  o f 

m e ta llu rg ic a l tre a tm e n t m e re ly  s h ifte d  each da ta  p o in t w ith in  a p a r t ic u la r  

C u-A u  (Fe) a llo y  se rie s  ( i . e .  same Au co m p o s itio n ) by  the  same am oun t, 

and d id  n o t q u a l i ta t iv e ly  change the  r e s u lts .  Fu rthe r c o ld -w o rk in g  and 

a n n e a lin g  p roduced  l i t t l e  a d d it io n a l e f fe c t .  For th is  re a so n , th e  da ta  

p resen ted  is  fo r  sam ples d ire c t from the  a rc  fu rnace  w ith o u t fu rth e r t re a t­

m e n t.

R es idua l re s is ta n c e  ra t io s  (RRR) w ere  m easured fo r a l l  th e  C u-A u 

(Fe) sa m p le s . The RRR g iv e  a m easure o f the  am ount o f  s tru c tu ra l o rd e r­

in g , b e ing  la rg e r fo r  more ordered sa m p le s . W hen exam in ing  H a ll e ffe c t 

data  fo r a C u-A u  (Fe) s e r ie s  o f a p a r t ic u la r  Au c o m p o s itio n , o n ly  sam ples 

w h ic h  have a s im ila r  degree o f o rder shou ld  be in c lu d e d , fo r  o n ly  the n  

w i l l  we be lo o k in g  s o le ly  a t the  e ffe c ts  o f  the  Fe. From the  RRR's in  

Tab le  3 i t  appears th a t fo r  each o f th e  s e r ie s , e xce p t C u -A u^ q and

C u-A uo r i, th e  am ount o f o rd e rin g  w ith in  th e  se rie s  is  in  fa c t  com parab le .
80

Th is  is  e v id e n ce d  b y  th e  m o no ton ic  decrease  in  the  RRR as Fe is  added . 

S ince the  RRR data  are n o t ve ry  s e n s it iv e  to  o rd e r in g , i t  is  p o s s ib le  th a t 

the re  are sm a ll d if fe re n c e s  among th e  sa m p le s . H ow e ve r, i t  does appear 

th a t th e  m a jo r c o n tr ib u tio n  to  H a ll e ffe c t changes w ith in  a s e rie s  is  due 

to  Fe.

D ata on th e  80 a t .  % Au system  is  p resen ted  to  p ro v id e  a c le a r -
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cu t case  o f th e  e ffe c ts  o f  s tru c tu ra l o rd e r in g . N o tic e  (F ig . 17) th a t 

th is  is  the  o n ly  case  w here  the  H a ll c o e f f ic ie n t  o f  th e  h o s t a llo y  is  le s s  

th a n  th a t o f th e  same a llo y  c o n ta in in g  Fe. Th is  change in  s ig n  co u ld  

in d ic a te  a d ra m a tic  change in  band s tru c tu re . H ow e ve r, th e  RRR va lu e  

fo r  the  h o s t is  a n o m a lo u s ly  la rg e , and th is  in d ic a te s  s tru c tu ra l o rd e r in g . 

As p o in te d  o u t in  se c tio n  V A2 on C u-Au a l lo y s , ordered sam ples have 

lo w e r H a ll c o e f f ic ie n ts .  Th is  e x p la in s  th e  lo w  va lu e  o f the  h o s t, and 

we need no t re s o rt to  m a jo r changes in  band s tru c tu re  to  e x p la in  th is  

anom alous re s u lt .

(e) E ffe c t o f C o m p o s itio n  and Tem perature D iffe re n c e s  

I t  shou ld  be no ted  th a t fo r  th e  1 .5 °  K data  th e  m easuring  tem ­

p e ra tu res  d if fe r  b y  a b ou t 0 .0 1 °  K fo r  d if fe re n t sa m p le s . T h is  is  n o t a

p ro b le m , because th e  re s u lt in g  change in  H a ll c o e f f ic ie n t  is  a p p ro x i-

” 13 V—cm
m a te ly  0 .001  x  10  . A ls o , when e xam in ing  the  Fe c o n -

am p-gauss

c e n tra tio n  da ta  fo r  a g iv e n  h o s t, v a r ia t io n s  o f  0 .1  a t .  % Au are n o t s e r i­

ous because  th e y  produce  changes in  R o f o n ly  0 .0 2  x  10 13  V_cm_^
amp gauss

(2) D ata fo r  C u-Au A llo y s  w ith  Fe

M o s t o f the  m easurem ents w ere  made on Cu r ic h  a llo y s  fo r  w h ic h  

th e  T, 's  are m o d e ra te ly  h ig h , so th a t the  a v a ila b le  tem pera tu re  and f ie ld
K

energ ies  are com parab le  to  the  energy  o f th e  Kondo s ta te . A ls o , sam ple 

p re p a ra tio n  fo r  the  Cu r ic h  a llo y s  is  more r e l ia b le .

The H a ll c o e f f ic ie n t  (at 1 .5 °  K and 4 .2 °  K) as a fu n c t io n  o f m ag­

n e t ic  f ie ld  from  0 to  60 kG  appears in  F ig s . 14 th rough  17 fo r  a l l  the  

m easured a l lo y s .  Each g raph p resen ts  da ta  fo r d if fe re n t co n c e n tra tio n s
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o f Fe in  a p a r t ic u la r  h o s t.  N ote  th a t th e  v e r t ic a l s c a le  is  th e  same fo r

a l l  g ra p h s . Before go ing  in to  a d e ta ile d  a n a ly s is  o f  the  d a ta , some

g e n e ra l fe a tu re s  are im m e d ia te ly  a p p a ra n t. Upon a llo y in g  Fe in to  C u -

A u , th e re  is  a s trong  re d u c tio n  in  m agn itude  o f th e  H a ll c o e f f ic ie n t  fo r

s m a ll am ounts o f Fe (of the  o rder o f 100 ppm ), and th is  re d u c tio n  is

s tro n g ly  f ie ld  and tem pera tu re  depen den t. To f i r s t  o rd e r, th is  re d u c tio n

is  l in e a r  in  Fe co n c e n tra tio n  c ,  w ith  the  p o s s ib le  a d m ix tu re  o f  a sm a ll 

2
c te rm . G e n e ra lly , the  dependence on tem pera tu re  and f ie ld  is  m uch

g re a te r fo r  th e  Cu r ic h  a llo y s  th a n  fo r th e  Au r ic h  a l lo y s . T h is  can be

unde rs tood  in  te rm s o f  the  Kondo s ta te  as fo l lo w s . T, is  o f th e  o rder o fk

degrees fo r  Cu r ic h  a l lo y s , w h ile  i t  is  a fra c t io n  o f a degree fo r  Au r ic h  

a l lo y s .  T hus, fo r  the  tem pera tu re  and f ie ld s  a v a ila b le ,  w e span the  

Kondo s ta te  in  energy fo r  Cu r ic h  a llo y s  and see a la rg e  e f fe c t .  For Au 

r ic h  a llo y s  th e re  is  l i t t l e  dependence on tem pera tu re  and f ie ld .  T h is  is  

e v id e n ce  o f  th e  fa c t th a t w e are w e ll  above th e  Kondo s ta te  in  e n e rg y , so 

th a t in c re a s in g  tem pera tu res  and f ie ld s  have l i t t l e  e ffe c t on th e  sp in -com ­

pensa ted  s ta te . These ideas  w i l l  be pu t on a more q u a n t ita t iv e  b a s is  la te r ,

(a) D ependence on Fe C on ce n tra tio n  

One o f  th e  m ost s tr ik in g  fe a tu re s  o f the  da ta  is  th e  c o n c e n tra tio n  

dependence , w h ic h  is  p re d o m in a n tly  l in e a r .  The m ost e x te n s iv e  da ta  

fo r  a s in g le  h o s t ( i . e .  la rg e s t num ber o f  d if fe re n t Fe co n ce n tra tio n s ) 

w as o b ta in e d  fo r  the  a llo y  C u-A u  . T h is  data  can be n ic e ly  f i t  to  R=
1  T  o J

R ^ -a O ^ T )  c ,  w here  R is  the  H a ll c o e f f ic ie n t  o f the  h o s t a llo y  w ith o u t 
H  H

Fe, and a (H ,T ) is  a pheno m eno log ica l pa ram ete r d e rive d  from  the  data
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w h ic h  depends on f ie ld  and te m p e ra tu re , b u t n o t on c o n c e n tra t io n . The 

da ta  are p resen ted  in  th is  m anner in  F ig . 18.

These data  can no t be e x p la in e d  m e re ly  in  te rm s o f  M o re 's  m ech­

an ism  o f  unequa l l i fe t im e s .  I f  w e assum e , as M ore  and B e a l-M o n o d - 

W e in e r d id ,  th a t the  h o s t 's  l i fe t im e  is  in f in i te ,  then  x t  and x 4 / are 

p ro p o rtio n a l to  c ,  and th e  c o n c e n tra tio n  dependence , as m en tioned  in  

S e c tion  I I  C , w i l l  c a n ce l o u t in  th e  e x p re s s io n

R = Tt%n _

As a f i r s t  a ttem p t a t in c lu d in g  th e  e ffe c t o f th e  h o s t,  w e can make 

a reasonab le  a ssu m p tio n , such  as

" r u  =  ;
w here —— /  0 is  the  h o s t 's  c o n tr ib u tio n  and —j— is  the  im p u r ity  c o n tr i-

t q r n
b u tio n  w h ic h  is  l in e a r  in  c .  U s in g  th is  to  e va lu a te  R, w e o b ta in e d  an e x ­

p re ss io n  in  co n c e n tra tio n  in  w h ic h  th e  l in e a r  term  in  c is  m is s in g  (the 

a lgeb ra  appears in  A ppend ix  B ) . Thus w e m ust go to  a more r e a l is t ic  

c a lc u la t io n  to  ge t even q u a li ta t iv e  agreem ent w ith  our d a ta . B lo o m fie ld 's  

c a lc u la t io n  w h ic h  in c lu d e s  bo th  f in i te  h o s t l i fe t im e  and th e  band s tru c tu re  

o f th e  h o s t, does y ie ld  a l in e a r  te rm  in  c o n c e n tra t io n , as d is c u s s e d  in  

Part I I  and A ppend ix  C . Thus w e see th e  im po rtance  o f  the  band s tru c tu re  

o f th e  h o s t in  e x p la in in g  th e  observed  c o n c e n tra tio n  dependence o f  the  

d a ta .

2
B lo o m fie ld 's  c a lc u la t io n  a ls o  p re d ic ts  a s m a lle r c c o n tr ib u t io n .

As the da ta  fo r d if fe re n t co n c e n tra tio n s  w ere  n e c e s s a r ily  ta ke n  on d i f ­

fe re n t sa m p le s , th e  e rro r in  th e  th ic k n e s s  m easurem ent w as im p o rta n t
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in  com paring  th e se  r e s u lts .  U n fo rtu n a te ly  th is  e rro r w as ra th e r la rg e ,

2
and a s m a lle r c term  co u ld  n o t be r e l ia b ly  d is ce rn e d  d ir e c t ly .  H ow -

a T)e v e r, an in d ire c t m ethod w as p o s s ib le .  I f  th e  v a lu e s  o f    fo r
' H '

v a r io u s  co n ce n tra tio n s  are se t equa l a t a p a r t ic u la r  f ie ld  and tem pera tu re

q q (TT rp\
(60 kG  and 1 .5  K in  our c a s e ) , then  d e v ia tio n s  in  the  p lo ts  o f —~ ~

I H
(norm a lized  as d escribe d ) v s .  H fo r  d if fe re n t c o n c e n tra tio n s  w ou ld  in d i -

2

ca te  th e  p resence  o f  c  (and h ig he r) te rm s . The p resence  o f such  a term  

2
in  c is  c le a r ly  in d ic a te d , e s p e c ia lly  fo r  the  C u-A u  n d a ta , in  F ig s .o • u

19, 20 and 21 .

(b) Dependence on Tem perature and F ie ld

The q u a li ta t iv e  b e h a v io r o f the  H a ll c o e f f ic ie n t  as a fu n c tio n  o f

tem pera tu re  and f ie ld  can be com pared w ith  B lo o m fie ld 's  re s u lts .  Our

pheno m e no lo g ica l pa ram ete r a (H , T) is  the  c o e f f ic ie n t  o f  th e  l in e a r  c

term  in  B lo o m fie ld 's  e x p a n s io n . Thus a (H ,T ) shou ld  va ry  d ire c t ly  as th e

m a g n e to re s is ta n ce  (see A ppend ix  C) w h ic h  is  p resen ted  in  F ig . 6 from

27
th e  th e o ry  o f B lo o m fie ld , H ech t and S ie ve rt . In  o rder to  com pare our 

da ta  w ith  the  b e h a v io r p re d ic te d  b y  B lo o m fie ld  a t lo w  f ie ld s ,  a c a re fu l re ­

m easurem ent o f one sam ple  w as undertaken  in c lu d in g  a d d it io n a l lo w  f ie ld  

p o in ts . Th is  appears in F ig .  22 , and th e  re s u lts  fo r  a (H ,T ) as a fu n c tio n  

o f tem pera tu re  and f ie ld  are in  good agreem ent w ith  B lo o m fie ld 's  p re ­

d ic t io n  fo r  l in e a r  c -d e p e n d e n ce . N ote  th a t n o t o n ly  is  the  l in e a r  c -d e -  

pendence d if fe re n t from  th e  on e -b and  p re d ic t io n , b u t so is  th e  decrease  

in  th e  m agn itude  o f  w ith  H 0 I t  is  no t p o s s ib le  to  make a q u a n tita ­

t iv e  com parison  fo r m any re a s o n s . The band s tru c tu re  and Kondo
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param eters are n o t w e l l  enough kn o w n , and a f i t  w o u ld  be ra th e r m ean­

in g le s s  w ith  so m any unknow n p a ra m e te rs . A ls o , th e  com puter c a lc u la ­

t io n  is  to o  c o s t ly  to  w a rra n t th e  u n d e rta k in g  o f such a ta s k .

(c) D ependence on H o s t C o m p o s itio n  

W e now  exam ine  th e  b e h a v io r o f  th e  data as a fu n c tio n  o f h o s t

c o m p o s it io n . The q u a n tity  chosen  to  re p re se n t a m easure o f the  o v e ra ll

0 R20
f ie ld  e ffe c t is  — — j—  , w here  R/rt and R . are th e  va lu e s  o f  the  H a ll

| c 60 20
r i

c o e ff ic ie n t a t 60 and 20 k G . The lo w  v a lu e  w as no t chosen  a t 0 o r 10

kG , because  RQ can  be  deduced o n ly  b y  an u n re lia b le  e x tra p o la tio n , and

R. _ has a la rg e  e rro r . The d if fe re n c e  R. -R _n w as n o rm a lized  to  c o n - 
i U oU ZU

c e n tra tio n  and to  the  h o s t v a lu e  R , as w o u ld  be in d ic a te d  b y  B lo o m fie ld 's

R6 0 " R20
th e o ry . The v a r ia t io n  o f  —r-r—   (fo r T = 1 .5 °  K andT = 4 ,2 °  K) as a

H °
fu n c tio n  o f  a to m ic  p e rce n t Au appears in  F ig . 23 . The m o st p rom inen t 

fe a tu re  o f  th e se  da ta  is  the  m axim um  around 20 a t .  % Au fo r  th e  1 .5 °  K 

d a ta . T h is  fe a tu re  is  c o n s is te n t w ith  the  e x is te n c e  o f a lo w  tem pera tu re  

sp in -co m p e n sa te d  s ta te  th ro u gh  th e  fo llo w in g  a rg um e n ts . For h ig h  

Kondo tem pera tu re  a llo y s  to  th e  le f t  o f th e  m axim um , the  a v a ila b le  f ie ld s  

are n o t s u f f ic ie n t  in  energy to  p roduce  a la rg e  e ffe c t on the  s p in -c o m ­

pensated  s ta te . As more Au is  added and Tj, d e c rea se s , the  f ie ld  ene rg ies  

becom e more e f fe c t iv e  in  b re a k in g  up th e  lo w  tem perature  s ta te , th e  la r ­

g e s t e ffe c t o c c u r in g  a t 20 a t .  % A u . As more Au is  fu rth e r added (a llo y s  

to  the  r ig h t ) , T^ is  reduced  fu r th e r , so th a t th e  am b ien t tem pera tu re  o f 

1 .5 °  K becom es com parab le  w ith ,  and e v e n tu a lly  h ig h e r th a n , T ^ . For 

these  a l lo y s , the  th e rm a l energy is  s u f f ic ie n t  to  b reak up th e  s p in -
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com pensa ted  s ta te , and th e  e ffe c t o f f ie ld s  is  p ro g re s s iv e ly  re d u ce d .

The da ta  a t 4 .2 °  K f i t  w ith  th is  e x p la n a tio n , because  th e  peak s h if ts  to  

the  le f t  (or h ig h e r T^) fo r  our h ig h e r m easuring  te m p e ra tu re . M ore  quan­

t i t a t iv e ly ,  i f  w e assum e th a t fo r  the  peak v a lu e  ( i . e .  a t 20 a t .  % Au fo r 

the  1 .5 °  K data) is  cen te red  in  our range o f  f ie ld  e n e rg ie s , then  we 

can e s tim a te  fo r th is  h o s t. S ince w e are m ak ing  th e  m easurem ent a t 

1 .5 °  K , th is  tem pera tu re  w i l l  have to  be added to  ou r e s tim a te . The 

ce n te r o f ou r f ie ld  range is  40 k G , or 4 °  K (us ing  10 kG  as ro u g h ly  e q u i­

v a le n t to  1° K ). Thus our e s tim a te  fo r  T^ is  5 .5 °  K fo r  th e  C u -A u 2 q h o s t.  

Th is  agrees re a so n a b ly  w e l l  w ith  the  e s tim a te  o f  3 °  K b y  Lo ram , W h a ll 

and Ford fo r  Cu -A u 2q , c o n s id e rin g  th a t i t  is  o n ly  an  o rde r o f m agn itude  

c a lc u la t io n .

For da ta  fa r  to  the  r ig h t  in  th e  Au r ic h  re g io n , w e see in  F ig . 17

th a t the  s lop e  o f  the  H a ll da ta  as a fu n c tio n  o f f ie ld  changes s ig n , and

w e g e t n e g a tiv e  v a lu e s . A lthough  th e  Au r ic h  data are le s s  a c c u ra te ,

33due to  th e  n e c e s s a r ily  lo w e r c o n c e n tra t io n s , th e  m inus s ig n  does 

seem to  be re a l.  For the  Au r ic h  h o s ts  we are w e l l  above the  Kondo tem ­

pe ra tu re  , and a cco rd in g  to  th e o ry  the  c o n tr ib u tio n  to  th e  term  lin e a r  in

c has f la tte n e d  o u t (see F ig . 6 ) . A lthough  th e  d if fe re n c e  (R -R) w o u ld
r i

s t i l l  p r in c ip a l ly  be lin e a r  in  c o n c e n tra t io n , the  f ie ld  dependence w ou ld  

2
a r is e  from  the c te rm . B lo o m fie ld  has com puted th e  e xp re ss io n s  in -

2
v o lv e d  and th e y  in d ic a te  th a t the  c term  can be o p p o s ite  in  s ig n  to  

the  c term  and can in c re a se  w ith  H . The f ie ld  dependence o f th is  term  

a r is e s  from  th e  d iffe re n c e  be tw een  j  f  and j  ^  . T hus , b o th  the
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B e a l-M o n o d  and W e in e r c a lc u la t io n ,  w h ic h  shows a - I n H  term  in  th is  

re g io n  ( i . e .  T > and > k T ), and th e  B lo o m fie ld  c a lc u la t io n

are c o n s is te n t w ith  th e  observed  dependence . H ow eve r, fu r th e r c a re fu l 

m easurem ents w o u ld  have to  be made in  th is  re g io n  to  e s ta b lis h  w he the r 

th e se  th e o rie s  d e s c r ib e  th e  b e h a v io r c o r re c t ly .

(d) E q u iva le n ce  o f  Tem perature and F ie ld  Energies 

In  o rder to  show  the  e q u iv a le n c e  o f  th e rm a l e n e rg ie s  (k T) and
D

m agne tic  f ie ld  e ne rg ies  (g / i^ H )  in  b re a k in g  up th e  sp in -co m p e n sa te d  

s ta te , the  H a ll da ta  o b ta in e d  a t b o th  tem pera tu res  (1 .5  and 4 .2 °  K) 

w ere  p lo tte d  as a fu n c tio n  o f th e  sum o f  the  tw o  e n e rg ie s . Th is  p ro ce ­

dure is  expected  to  w o rk  b e lo w  T ^ , w h ile  above T^ w e e xp e c t R to  be ­

have as a B r i l lo u in  fu n c tio n  o f H /T .  Thus in  F ig . 24 th e  5 a t .  % Au data  

(for w h ic h  we are b e lo w  T^,) are p lo t te d : (1) as a fu n c tio n  o f  the  sum o f 

the  energ ies  tre a tin g  them  as s c a la rs ; (2) as a fu n c tio n  o f th e  square 

ro o t o f  the  sum o f  th e  sq u a re s , tre a tin g  them  as o rth o go n a l v e c to rs .  The 

second approach p roduces b e tte r  agreem ent be tw een th e  tw o  tem pera tu re  

runs (see F ig . 2 4 ). S t i l l  b e tte r  agreem ent can be o b ta in e d  b y  s c a lin g  

th e  energ ies  d if fe re n t ly .  W e assum e th a t k^T  = s g ^ ^ H ,  w here  s is  the  

s c a lin g  fa c to r .  The da ta  are p lo tte d  in  F ig s . 25 th ro ugh  30 fo r s e ve ra l 

C u-A u  (Fe) a llo y s  u s in g  such a s c a lin g  fa c to r .  The m a tch in g  o f the  tw o  

tem pera tu re  runs is  re m arka b ly  g o o d . T h is  s c a lin g  fa c to r  s appears in

Tab le  4 fo r the  v a r io u s  C u-Au h o s ts . I t  is  in te re s t in g  to  no te  th a t th e

34
va lu e  s = 0 .7 5  fo r  th e  5 a t .  % Au da ta  w as a ls o  deduced b y  Fenton 

from  h is  m a g ne to re s is ta n ce  m easurem en ts . A p o s s ib le  e x p la n a tio n  fo r
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v a lu e s  o f  s o th e r than  u n ity  is  th a t we are n o t fa r  enough b e lo w  T ^ .

Th is  c o n je c tu re  is  supported  b y  the  g ro w in g  asym m etry o f tem pera tu re

and m agne tic  f ie ld  energ ies  ( i . e .  s m a lle r s) as we go tow a rds  sys tem s

w ith  lo w e r T, . Table 4 shows th a t s decreases be tw een the  5 a t .  % and 
k

the  1 1 .6  a t .  % Au a l lo y s ,  co rresp o n d in g  to  a s iz a b le  decrease  in  T^ be ­

tw een  these  tw o  a llo y s ,  and then  rem a ins ro u g h ly  co n s ta n t w ith in  e x ­

p e rim e n ta l e rro r fo r  a llo y s  w ith  h ig h e r Au c o n te n t, fo r  w h ic h  T^ v a r ie s  

le s s  ra p id ly .

(e) The C ase o f Cu-Au,. (Fe)

The 5 a t .  % Au data deserve  s p e c ia l a t te n t io n . W e have m ea­

sured b o th  the  H a ll c o e ff ic ie n t and the  m a g ne to res is tance  fo r  th is  s y s -

3 (H  T j
te rn . The p a ram eter — . ' .------ from  th e  H a ll c o e ff ic ie n t d a ta , and

H
A p / p q from  from  the  m a g n e to re s is ta n ce  data are p lo tte d  as a fu n c tio n

o f  f ie ld  in  F ig . 31 . At f i r s t  g la n c e , the  m a gne to re s is ta n ce  data  have

th e  q u a lita t iv e  b e h a v io r p re d ic te d  b y  B lo o m fie ld  (see F ig . 6 ), w h ile  the

H a ll c o e ff ic ie n t data do n o t. A p o s s ib le  e x p la n a tio n  w ou ld  be the  e x -

2
is te n c e  o f  a la rg e  c te rm , so th a t d ire c t  s u b tra c tio n  o f the  h o s t and a l -

3 (H T)lo y  data w ou ld  n o t s im p ly  y ie ld  — . S ince da ta  w ere  taken  fo r
H

tw o  c o n c e n tra t io n s , th e  c o e ff ic ie n ts  o f the  l in e a r  and q u a d ra tic  te rm s

co u ld  be de te rm ined  b y  s o lv in g  tw o  eq ua tio n s  fo r tw o  u n kn o w n s . The

re s u lt in g  c o e ff ic ie n t o f th e  l in e a r  term  appears in  F ig . 32 as a fu n c tio n

o f f ie ld .  The c o e ff ic ie n t o f  th e  lin e a r  term  d e rive d  in  th is  m anner does

2
behave as e xp e c te d , so th a t th is  a n a ly s is  in d ic a te s  th a t a c term  m ay

2
indeed  e x is t .  The reason th a t the  c  c o n tr ib u tio n  is  so much more
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im p o rta n t in  the  5 a t .  % Au data is  th a t the  Fe co n c e n tra tio n  is  more

2
than  a fa c to r o f tw o  la rg e r th a n  fo r any o th e r h o s t, in c re a s in g  the  c 

c o n tr ib u tio n  ro u g h ly  b y  a fa c to r  o f  f iv e .  One w ou ld  e xp e c t the  m agneto ­

re s is ta n c e  and th e  l in e a r  term  in  th e  H a ll e ffe c t to  behave in  s im ila r  

w a y s . A c lo s e  lo o k  a t th e  m a g ne to re s is tan ce  re v e a ls , ho w eve r, th a t its  

cu rva tu re  has no t changed s ign  a t h ig h e r f ie ld s .  Th is  can a r is e  in  tw o

w a ys : (1) in  the  B lo o m fie ld  c a lc u la t io n  o f the  r e s is t iv i t y  in  im pure a llo y s ,

2
the re  is  a p o s it iv e  c c o n tr ib u tio n  (not re la te d  to  im p u r ity - im p u r ity  in ­

te ra c tio n  e ffe c ts ) ; (2) the  p resence  o f in te ra c t io n s  be tw een im p u r it ie s  a t 

th e se  h ig h  c o n c e n tra tio n s  w ou ld  a ls o  lea d  to  a h ig h e r r e s is t iv i t y .  T hus, 

th e  fa c t th a t th e  cu rva tu re  has n o t y e t changed s ign  may in d ic a te  th a t a 

fre e z in g  ou t o f  th e se  a d d it io n a l s c a tte r in g  m echanism s is  s t i l l  o c c u rr in g .
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V I. CONCLUSIO N

By s tu d y in g  the  te rn a ry  a llo y  sys tem  C u-A u (Fe), we 

w ere  ab le  to  see m a n ife s ta tio n s  o f the  Kondo e ffe c t  in  H a ll co ­

e f f ic ie n t  d a ta . T h is  has y ie ld e d  more in fo rm a tio n  than  p re v io u s  

expe rim en ts  on b in a ry .s y s te m s  such as Cu(Fe) and Au(Fe), w here  

superpa ram agne tic  e ffe c ts  and lo w - to -h ig h  f ie ld  tra n s it io n s  

to ta l ly  obscure  the  r e s u lts .  In  p a r t ic u la r ,  w e can  make the  fo l lo w ­

in g  o b se rva tio n s :

1. The tem pera tu re  and f ie ld  dependence as a fu n c tio n  

o f h o s t c o m p o s itio n  is  c o n s is te n t w ith  the  e x is te n c e  o f a lo w  tem per­

a tu re , sp in -co m p en sa te d  s ta te .

2 .  The c o n tr ib u tio n  to  the  H a ll c o e ff ic ie n t due to  the 

Fe im p u r ity  is  p re d o m in a n tly  l in e a r  in  im p u r ity  co n ce n tra tio n ,

and o p p o s ite  in  s ig n  to  the  H a ll c o e f f ic ie n t  o f the  h o s t. T h is  re s u lt  

can be d e rive d  from  the  th e o ry  o f m a g ne tic  im p u r it ie s  b y  in c lu d in g  

the  e ffe c t  o f the  band s tru c tu re  o f the  h o s t. C a lc u la t io n  shows 

th a t the  f ie ld  dependence a r is e s  from  the fa c t th a t s p in - f l ip  s c a tte r in g  

is  " fro z e n  o u t"  as the  m a g ne tic  f ie ld  is  in c re a s e d . Our observed  f ie ld  

dependence agrees w e l l  w ith  th e o ry .

3 . In  a d d it io n  to  the  p redom inan t l in e a r  c o n tr ib u tio n ,

2
a s m a lle r c term  is  observed  fo r  the  sam ples w ith  the  la rg e s t  Fe 

c o n c e n tra tio n s . I t  is  q u ite  l ik e ly  th a t the  f ie ld  dependence o f the
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2
c term  d e r iv e s  from  the  d iffe re n c e  be tw een  the  life t im e s 'C 'p  and 

as the  m agne tic  f ie ld  is  in c re a s e d .

4 .  W e w ere  ab le  to  re la te  the  e ffe c ts  o f th e rm a l and 

m a g ne tic  f ie ld  e n e rg ie s  in  b re ak in g  up the lo w  tem pera tu re  s p in -  

com pensated s ta te .  I t  appears th a t fo r  a l l  o f  our da ta , w e w ere  

no t fa r  enough b e lo w  T, , so th a t th e rm a l and m a gne tic  f ie ld
iC

en e rg ie s  w ere  n o t d ire c t ly  e q u iv a le n t in  th e ir  e f fe c t  on the  s p in -  

com pensated s ta te .

The above o b se rva tio n s  are q u a li ta t iv e  in  n a tu re . I t  

w as  no t p o s s ib le  to  o b ta in  more q u a n t ita t iv e  re s u lts  (e q . Kondo 

tem pera tu res) p r im a r ily  because  o f th e  s trong  in flu e n c e  o f band 

s tru c tu re . A lthough  the  p re se n t e xp e rim e n t shows th a t H a ll 

c o e ff ic ie n t da ta  fo r  a system  w ith  d ilu te  m a g n e tic  im p u r it ie s  can 

be understood  in  te rm s o f e x is t in g  th e o ry , i t  appears th a t the H a ll 

c o e ff ic ie n t w i l l  no t be a u s e fu l to o l in  s tu d y in g  m agne tic  im p u r it ie s  

u n t i l  more d e ta ils  are know n abou t th e  e ffe c ts  o f band s tru c tu re  

o f the  h o s t.
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APPENDIX A: EXPERIMENTAL PROCEDURE

A . Sample P repara tion

(1) M a te r ia ls

The s ta r t in g  m a te r ia ls  w ere  as fo llo w s :  99 .999%  p u r ity  

copper and g o ld  purchased  from  the Am erican S m e lting  and R e fin ing  

Com pany; 99 .999%  p u r ity  iro n  and 99.999%  p u r ity  ru the n ium  sponge 

pu rchased  from  the  U n ite d  M in e ra l and C hem ica l C o rp o ra tio n .

(2) C le a n in g

The s ta r tin g  m a te r ia ls  and copper hea rth  w ere  c leaned  

in  the  fo llo w in g  m anner: The copper w as e tched  in  n i t r ic  a c id  

d ilu te d  w ith  w a te r  (1 :1 ), r in s e d  in  w a te r, and r in s e d  in  a c e to n e . The 

g o ld  w as  in  the  form  o f c le a n  sp a tte rs  and w as used w ith o u t e tc h in g  

o r c le a n in g ; the  iro n  w as  e tched  in  h y d ro c h lo r ic  a c id , r in s e d  in  

w a te r, and r in s e d  in  ace ton e ; a m aste r o f g o ld - iro n  (see S ec tion  C 

on m e ltin g ) w a s  e tched  in  aqua re g ia , r in s e d  in  w a te r  and r in s e d  in  

acetor>e;the ru th e n iu m  sponge w as  m e lted  in to  s m a ll p e lle ts  and 

used as such ; the  hea rth  w as  e tched  in  a s o lu t io n  o f one p a rt H N O ^, 

tw o  p a rts  H ?SO , tw o  p a rts  w a te r, then  r in s e d  in  w a te r, r in s e d  in
C* rt

a lc o h o l, and a ir  d r ie d  w ith  a heat gun .

(3) M e lt in g

The s ta r t in g  m a te r ia ls  fo r  the CuAu a llo y s  w ere  

c leaned  as d e sc rib e d  above and w e ig h e d  ou t in  a p p ro p ria te  p ro p o rtio n s . 

The d ilu te  iro n  a llo y s  w ere  made in  tw o  s te p s . F irs t,  a m as te r a llo y
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o f abou t 1% iro n  in  g o ld  w as p re p a re d . T h is  a llo y  w as th e n  d ilu te d  

w ith  ap p ro p ria te  am ounts o f coppe r and g o ld  to  o b ta in  the  d e s ire d  

C u-Au(Fe) a l lo y .  A ll sam ples w ere  m e lte d  in  an a rc  fu rnace  

(p ic tu re d  in  F ig .  33) under one a tm osphere  o f a rg o n . The a rc  

fu rnace  w as flu s h e d  b y  pum ping o u t and b le e d in g  in  argon se ve ra l 

tim e s  be fo re  p ro cee d ing  w ith  the  m e lt .  T y p ic a l cu rren ts  used w ere  

around 125 am peres . A fte r the  f i r s t  m e lt the  sam ples w ere  tu rned  

ove r and re m e lte d  fo u r a d d it io n a l t im e s  to  in su re  h o m o g e n e ity .

The hearth  w as co o le d  d u rin g  the  m e lt in g  b y  c irc u la t in g  c o ld  w a te r, 

and under these  c o n d itio n s  the  sam ple  coo led  in  a m a tte r o f seconds 

a fte r  the  a rc  w as tu rn e d  o f f .  The sam ple w e ig h ts  ranged from  

7-12 grams and the  to ta l am ount o f m a te r ia l lo s t  w as g e n e ra lly  le s s  

tha n  0 .0 3 % . The a to m ic  w e ig h ts  used in  a l l  d e te rm in a tio n s  o f a to m ic  

pe rcen t are as fo llo w s :  A u -196 .9 67 , C u-63 .5 4 , F e -55  .847 , R u -1 0 1 .0 7 .

(4) C o ld  W o rk in g

C o ld  w o rk in g  w as  a cco m p lish e d  b y  com press ing  the 

sam ple m a te ria l be tw een  the  p la te n s  o f a 10 to n  p re s s . T h is  w as 

done in  tw o  m u tu a lly  p e rp e n d ic u la r d ire c t io n s  (o r th ree  w heneve r 

p o s s ib le ) .  The sam ples w ere  com pressed u n t i l  the  fo rce  re a ch e d  

8 o r 9 ton s  w ith  n e g lig ib le  c re e p . U nder these  c o n d itio n s  the  sam ples 

w ere  com pressed ty p ic a l ly  to  3 /4  to  1 /2  o f  the  o r ig in a l d im e n s ion  

a long  the  a x is  o f  a p p lie d  fo rc e .
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(5) C u ttin g

The sam ples w ere  cu t on a su rfa ce  g r in d e r w ith  th in  

a lu m in a  b la d e s . The in g o ts  g e n e ra lly  w ere  lo a f  shaped, a p p ro x im a te ly  

1 /4  in c h  to  1 /2  in c h  th ic k .  F irs t,  p a ra lle l s la b s  w ere  cu t (e ith e r 

from  m a te r ia l d ire c t ly  from  the a rc  fu rnace  o r  c o ld  w orked  p ie ce s) 

in  the  range 15 to  20 m ils  th ic k .  The s lab s  w ere  hand lapped  on 

sand paper to  the  d e s ire d  th ic k n e s s . Samples o f  the shape shown 

in  F ig .  3 5 w ere  cu t from  the  s labs  u s in g  a c o m b in a tio n  o f j ig s .  

R e s is t iv ity  rods w ere  a ls o  cu t from  th e  same m a te r ia l.  The th ic k ­

ness w as  m easured u s in g  a m ic rom e te r w ith  the  s m a lle s t d iv is io n  

on  the  v e rn ie r  b e in g  0 .1  m ils .  Readings w ere  ta k e n  a t se ve ra l 

p o in ts  be tw een  the  H a ll p robes and an average va lu e  w as  o b ta in e d .

The e s tim a te d  e rro r is  + 0 .2  m ils .

( 6 ) A nnea ling

S evera l sam ples w ere  annea led , m o s tly  those  cut

from  the c o ld -w o rk e d  m a te r ia l.  The a n n e a lin g  appa ra tus  is  p ic tu re d

in  F ig .  3 4 . A nnea ling  w a s  done a t 83 0 ° C in  a vacuum  o f 10 ^ mm.

At the  end o f  a n n e a lin g , H e 4  gas from  a f lu s h e d -o u t sys tem  w as b le d

in  s lo w ly  th rough  a co ld  tra p  u n t i l  the  a n n e a lin g  system  w a s  a t

a tm o sp h e ric  p re s s u re . The sam ples w ere  quenched as q u ic k ly  as

p o s s ib le  b y  dum ping them in to  a co ld  b rin e  s o lu t io n .

B . Sample G eom etry

The m easured va lu e  o f  the  H a ll v o lta g e  can be reduced

c o n s id e ra b ly  b y  sho rt c ir c u it in g  th rough  the  cu rre n t co n ta c ts  i f  th e y

3 5are o f  h ig h  c o n d u c t iv ity  m a te r ia l.  Ise nbe rg , R usse l, and Green
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have shown th a t th is  e f fe c t  is  n e g lig ib le  i f  the  le n g th  to  w id th  ra t io  

o f  the  sam ple is  4 o r g re a te r. A lso , th is  s h o rtin g  e f fe c t  can be 

reduced  b y  m aking  the cu rre n t co n ta c ts  s m a ll.  H ow eve r, th is  

changes the cu rren t d is t r ib u t io n s , and Ise nbe rg , e t .  a l .  te s te d  to  

see i f  the  H a ll vo lta g e  w as  indepe nde n t o f  the  cu rre n t d is t r ib u t io n .  

They found th a t a sym m e tric  p lacem en t o f the  p o in t c o n ta c t cu rren t 

le a d s , and even  c u tt in g  o f f  the  corner o f a sam ple , produced

changes o f  o n ly  1 to  2 %.

3 6
The f in a l sam ple geom etry  used in  th is  e xp e rim e n t is  

p ic tu re d  in  F ig .  35 .A ll  d im e n s io n s  e x c e p t AB w ere  the  same fo r  a l l  

sa m p le s . P la tinum  v o lta g e  and cu rren t lea d s  w ere  spo t w e ld e d  to  

the  sa m p le . Care w as ta ke n  to  spo t w e ld  the  cu rre n t le a d s  sym m et­

r ic a l ly  and in  ro u g h ly  the  same p o s it io n  on a l l  sa m p le s . S ince 

p o in t co n ta c ts  w ere  used, the  cu rren t d is t r ib u t io n  near the  ends 

v a r ie d  from  sam ple to  s a m p le . H ow ever, u s in g  a le n g th  to  w id th  

ra t io  o f a p p ro x im a te ly  4, fo llo w in g  Isen be rg , e t .  a l .  in su re d  th a t 

the  cu rren t d is t r ib u t io n  w as un ifo rm  near the  c e n te r. I t  shou ld  be 

n o ted  th a t w ith  th is  arrangem ent, o n ly  1 to  2 % v a r ia t io n s  w ere  

obse rved  w hen  the  cu rren t d is t r ib u t io n s  w ere  g re a t ly  p e rtu rb e d .

I t  can be n o tice d  from  F ig .  3 5 th a t the  v o lta g e  leads  

w ere  spo t w e ld e d  to  p ro je c tin g  "e a rs "  near the  ce n te r o f the  sam p le . 

I t  w as  fe l t  th a t th is  p lacem ent w o u ld  be le s s  l ik e ly  to  pe rtu rb  the 

m easurem ents as the cu rren t d e n s ity  in  the "e a rs "  g e ts  sm a ll
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ra th e r ra p id ly  tow ard  the edges o f the e a rs . (For a q u a n tita t iv e

3 7
exam ple  o f th is  see C .M .  H u rd . )

C . E xp e rim e n ta l A ppara tus and M e a su rin g  Procedure

(1) C ryo g e n ics

The appara tus  is  p ic tu re d  s c h e m a tic a lly  in  F ig .  3 7 . 

Volum es "A ", "B " and "C "  are separated by vacuum  ja c k e ts .  The 

s e c tio n  la b e le d  "A " is  the  o u te r n itro g e n  sp a ce . A fte r p re -c o o lin g , 

the  vo lum e "B " w h ic h  co n ta in s  the sup e rco n d uc tin g  m agnet " D " ,  w as 

f i l le d  w ith  l iq u id  H e4> The inne rm ost vo lum e " C  c o n ta in s  the  

sam ple h o ld e r "F " ;  th is  vo lum e w as p re -c o o le d  and f i l le d  w ith  

l iq u id  H e ^ . The vo lum e "C "  w as pumped on u n t i l  an e q u ilib r iu m  

w as  reached a t the  lo w e s t a tta in a b le  p re s s u re . D u rin g  da ta  ta k in g , 

the  tem pera tu re  dropped a t m ost 0 .0 5 °K , and g e n e ra lly  much le s s .

The p ressure  in  vo lum e "C "  w as  m easured by a W a lla c e  and T ie rnan  

p ressure  gauge c a lib ra te d  in  0 .5  mm s te p s . The tem perature  deduced 

from  th is  p ressure  re a d in g  w as  compared to  a p re v io u s ly  c a lib ra te d  

germ anium  the rm om ete r. The tw o  d if fe re d  a t m ost b y  0 . 0 1°K (see 

Table 5 ) .

The sam ple h o ld e r is  p ic tu re d  in  F ig . 3 8 . The sam ple is  

c lam ped be tw een  copper b lo c k s  "A " and "B " in  a p lane  p e rp e n d ic u la r 

to  the  m a g n e tic  f ie ld .  "C "  and "D "  are in s u la te d  g u ides  fo r  the  le a d s . 

The Ge therm om eter is  m ounted in  copper b lo c k  "A " w hen  in  u se .
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(2) E le c tro n ic s

A sam ple cu rren t o f  1 .9  am peres (See F ig .  3 9) w as

p ro v id e d  b y  a N orth  H i l ls  co n s ta n t c u rre n t/v o lta g e  re fe rence

source  (M o d e l TC6Q2CR). The cu rren t re g u la tio n  w as b e tte r  than  

5
one p a rt in  10 . The v o lta g e  w as  m easured by  a K e ith le y  nano v o lt  

n u ll  d e te c to r (M o d e l 147). The v o lta g e  lea d s  from  the  sam ple w ere  

# 3 0  h ig h  p u r ity  copper w ire  and w ere  co n tinu ous  from  a p o in t 

one in c h  above the  sa m p le . C o n ta c t w as  made b y  spo t w e ld in g  

p la tin u m  w ire s  to  the  "e a rs "  o f  the  sam p le ; th is  w as then  so lde red  

to  the  co n tinuou s  C u le a d . The le a d s  w ere  b roug h t o u ts id e  the  

pum ping  space though  epoxy  bonds ( th is  w as found to  be su p e rio r 

to  s o ld e r in g  to  g la s s - to -m e ta l fe e d -th ro u g h s  w h ic h  caused the rm a l 

n o ise  o f a p p ro x im a te ly  l p v ) . The a m p lif ie d  s ig n a l from  the  K e ith le y  

n a n o vo It n u ll  d e te c to r w as  observe d  on a M o s e le y  X -Y  re co rd e r 

(M o d e l 2 D -2 ) .  The re s o lu tio n  o f the v o lta g e  m easurem ent w as a 

few  n a n o v o lts . Both the  N o rth  H i l ls  cu rren t su p p ly  and the  K e ith le y  

n u ll  d e te c to r w ere  c a lib ra te d  a g a in s t a Leeds and N orth rup  6 - d ia l  

p o te n tio m e te r (M o d e l 7 5 5 6 -1 ). For cu rre n t c a lib ra tio n , the  v o lta g e  

w as m easured across  a s tandard  I D  re s is to r .

(3) M a g n e tic  F ie ld

The m a g n e tic  f ie ld  w as p rov ide d  by  a W e s tin g ho u se  

60 k ilo g a u s s  su p e rco n d uc tin g  m agne t. The m agnet w as  e ne rg ize d  

b y  a M agn ion  CFC100 pow er s u p p ly . The cu rren t o u tp u t fo r  a
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p a r t ic u la r  d ia l  s e tt in g  on  the  pow er s u p p ly  w o u ld  no t repea t, 

and th e re fo re  the cu rre n t th rough  the  m agnet w as m easured a t e ve ry  

da ta  p o in t (See F ig .  40 fo r  c ir c u i t r y ) .  W e s tin g h o u se  re p o rts  a c o il  

co n s ta n t o f  1 .4 2 8  k ilo g a u s s /a m p e re  w ith  an a ccu ra cy  o f 1%. The 

c o i l  co n s ta n t and l in e a r ity  o f  the  m agnet w ere  checked  u s in g  a 

sna tch  c o i l  m e th o d . Two c o ils  o f d if fe re n t s e n s it iv i ty  w ere  con­

s tru c te d . One w as  used to  in v e s t ig a te  lo w e r f ie ld s ,  the  o th e r w as  

used a t h ig h e r f ie ld s .  From the  re s u lts  show n in  F ig .  41, one can 

see th a t w ith in  the e rro r, the  f ie ld  is  l in e a r  in  c u rre n t. A lso  a c o il  

c o n s ta n t o f  1 .41  + 0 .03  is  a good average fo r  the  tw o  c o i ls .  Th is  

is  n o t in c o n s is te n t w ith  the  W e s tin g h o u se  v a lu e , so 1 .42  8  k i lo -  

g a uss /am pe re  w as  used th ro u gh o u t to  com pute f ie ld  v a lu e s .

(4) R e s is t iv it ie s

R e s is t iv it ie s  as a fu n c tio n  o f tem pera tu re , a b so lu te  

r e s is t iv i t ie s ,  and re s id u a l r e s is t iv i t y  ra t io s  w ere  m easured on the 

appara tus  o f  M .P .  S a ra ch ik . The te ch n iq u e  and appara tus are d e sc rib e d  

e lse w h e re  . 3  ^

D . D a ta  T ak ing  Procedure

D ata  w as g e n e ra lly  ta ke n  u s in g  the  fo llo w in g  p ro c e d u re . 

A fte r the  l iq u id  H e^ w as  tra n s fe rre d , as p re v io u s ly  d e sc rib e d , the 

sam ple  cu rren t w as  a p p lie d  and the  zero  o f fs e t  on  the  K e ith le y  147 

w as  a d ju s te d  to  buck  o u t the  v o lta g e  re s u lt in g  from  m isa lig h m e n t o f 

the  v o lta g e  p ro b e s . T h is  v o lta g e  ranged from  O.Olp. v o lts  fo r  pure



m e ta ls  up to  3 Op v o lts  fo r  a l lo y s .  The system  w as  a llo w e d  to  come 

to  e q u ilib r iu m  -  ty p ic a l ly  one hour -  a fte r  tra n s fe rr in g  o r pum ping 

so th a t the  th e rm a l d r i f t  ra te  w as lo w . The th e rm a l d r i f ts ,  b e ing  

som ewhat e r ra t ic ,  w ere  the  m a jo r source o f  e rro r in  the  vo lta g e  

m easurem en t. At m ost, the  d r if ts  w ere  a few  p e rce n t o f  the  to ta l 

s ig n a l from  zero to  6 0  k ilo g a u s s  and u s u a lly  th e y  w ere  b e lo w  1 % .

For each  sam ple (e x c e p tin g  m ost o f the  h os ts  w here  the  b e h a v io r 

w as fa i r ly  cons tan t) da ta  w as  taken  fo r  each  o f the fo u r p o s s ib le  

pe rm u ta tio n s  o f  f ie ld  and cu rre n t d ire c t io n s .  T h is  w o u ld  c o rre c t fo r  

any change o f  m is a lig n m e n t v o lta g e  because  o f a m agnetore s i s tance  

e f fe c t .  (M agneto re  s i s tance  is  an even fu n c tio n  o f  m a g n e tic  f ie ld  

and the  H a ll v o lta g e  is  o d d . F o r a g iv e n  cu rren t d ire c t io n  the 

d iffe re n c e  in  m easured v o lta g e  fo r the  tw o  d if fe re n t f ie ld  d ire c t io n s  

w o u ld  g ive  tw ic e  the  H a ll v o lta g e , and the  m a g ne to re s is tance  

c o n tr ib u tio n  w o u ld  ca n ce l o u t .) H ow ever, the  m a g ne to re s is ta n ce  

o f these  a llo y s  is  so sm a ll th a t the re  w as l i t t l e  d if fe re n c e  (a few

p e rcen t a t m ost) be tw een  the  fo u r se ts  o f d a ta . (That is ,  once the

3 6
p e c u lia r  low  f ie ld  b e h a v io r m en tioned  e a r lie r  w as  e lim in a te d .)

For each  se t o f m easurem ents, da ta  p o in ts  w ere  taken  in  ro u g h ly  

10 kG  s teps in  the  sequence 0 , 1 0 , 2 0 , 30, 40, 50, 6 0 , 1 0 , 0  k G . 

From th is  da ta  an o v e ra ll d r i f t  c o rre c tio n  cou ld  be madei  e x c e p t fo r  

random f lu c tu a t io n s  w h ic h  tended  to  be sm oothed o u t w hen  the  

fo u r se ts  o f da ta  w ere  added to g e th e r. As p re v io u s ly  s ta te d , the
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cu rren t th rough  the  m agnet fo r  a p a r t ic u la r  d ia l  s e tt in g  d id  no t 

re p ea t, so an average f ie ld  p o in t w as  o b ta in e d  from  the  fo u r se ts  

o f d a ta . The v a r ia t io n  w as  o n ly  a few  p e rce n t and the  da ta  cou ld  

be assum ed l in e a r  in  th a t re g io n . An a d d it io n a l source o f  co m p lica ­

t io n  w as th a t the zero k ilo g a u s s  re a d in g  w as  no t r e a lly  zero because 

o f a leakage  cu rren t in  the  m agnet pow er s u p p ly  w h ic h  e x is te d  w hen 

th e  d ia l w as se t a t z e ro . The f ie ld  due to  th is  cu rren t w as about 

3 00 g a u s s . (The rem anent f ie ld  w as no t m easured c a re fu lly ,  bu t 

i t  w as  a t le a s t an o rd e r o f  m agnitude  s m a lle r  and th e re fo re  i t  w as  

n e g le c te d .)  Thus, the  m easured q u a n tity  w as the  change in  H a ll 

v o lta g e  from  0 .3  to  10 kG . To o b ta in  the change in  H a ll  v o lta g e  

from  0 to  10 kG , the  H a ll co n s ta n t w as  assum ed to  be the  same 

th roughou t th is  re g io n  (an a ssu m p tio n  th a t w o u ld  be in c o rre c t b y

5% a t m ost), and the  m easured va lue  w as m u lt ip l ie d  by  the  fa c to r  

10 3
— —  . Th is  is  a c o rre c tio n  o f  3% . I f  i t  is  o f f  by  5%, the re s u lt in g  

e rro r in  the  H a ll  co n s ta n t a t 10 kG  w o u ld  be 0 .15%  Th is  is  c o n s id e ra b ly  

le s s  tha n  o th e r e rro rs  in  the  e x p e rim e n t.

E . Errors

(1) H a ll C o n s ta n t

V  V
The H a ll  co n s ta n t R IH  I  K I 

m m
Here K is  the  c o il  co n s ta n t o f the  m agnet, I 

m m

the cu rren t in  the  m agne t. I  is  the cu rre n t th ro u gh  the  sam ple , t  is



th e  th ic k n e s s  and V „  is  the  H a ll v o lta g e . V and I w ere  c a lib ra te d
H r i

to  one pa rt in  1000 a g a in s t the  same Leeds and N orth ru p  s ix - d ia l

p o te n tio m e te r, so th a t c a lib ra t io n  e rro rs  in  those  q u a n t it ie s  w o u ld

ca n ce l o u t .  The shun t used to  m easure I w as  a ls o  c a lib ra te d
m

to  one p a rt in  1 0 0 0  a g a in s t the  same p o te n tio m e te r, so the  e rro r

from  I w o u ld  be n e g lig ib le  com pared w ith  o th e rs  in  the  e xp re ss io n  
m

fo r  R. The m ain  sources o f e rro r are t ,  K and random  th e rm a l
m

flu c tu a t io n s  in  V . The m easurem ent e rro r in  t  w as ty p ic a l ly  + 1 .5 % . 
r i

I t  w as  s y s te m a tic  w ith in  a g ive n  f ie ld  run b u t random w hen  com paring

s a m p le s . The e rro r in  K w as  a lre a d y  quoted  a t + 1% and is  s y s te m a tic
m ~

th ro u gh o u t the  d a ta . The e rro r from  random  the rm a l f lu c tu a t io n s

in  V w as ty p ic a l ly  1 % o f the  v o lta g e  change fo r  1 0  k ilo g a u s s  change 
H

in  f ie ld  -  th is  w as random th ro u gh o u t the  d a ta . N ote th a t a t h ig h e r

f ie ld s  the  pe rcen tage  e rro r w as  reduced  because  i t  is  the  sum o f

s e v e ra l such 10 k ilo g a u s s  in te rv a ls .  For exam ple , the  percen tage

e rro r a t 60 k ilo g a u s s  w o u ld  be reduced  to  0 .4 % . F ig u re s  42 and 43

show  re runs  o f  da ta  on  the  same s a m p le . As can be seen, th e y  agree

w ith in  ou r e rro r e s tim a te s  fo r  th e rm a l f lu c tu a t io n s  in  V . To sum m arize,
r i

w hen  lo o k in g  a t the  da ta  o f a p a r t ic u la r  sam ple , the re  is  a random 

e rro r from  p o in t to  p o in t o f  a t m ost 1 %, and w hen  com paring  tw o sam ples 

the re  can be a random e rro r be tw een  them  o f  abou t 2 .5 % ; f in a l ly ,  any 

one da ta  p o in t can be o f f  as much as 3 .5% in  a b so lu te  v a lu e .
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One o th e r la rge  source o f e rro r no t ye t m entioned  is  the 

p re p a ra tio n  o f  sa m p le s . Sample p re pa ra tio n  is  ve ry  d i f f ic u l t  to  do con ­

s is te n t ly ,  and the  re s u lt in g  e rro r is  hard to  m easure . The m e ta llu rg y  

o f the  th ree  com ponent sys tem s under s tu d y  here is  co m p lica te d  and 

no t w e l l  u n d e rs to o d . G iven  th is  s itu a tio n , i t  w o u ld  no t be w o rth w h ile  

to  im prove  the  m easuring  e rro r w ith o u t im p ro v in g  the  sam ple p re pa ra ­

t io n  -  b o th  o f  w h ic h  w o u ld  ta ke  cons id e ra b le  e f fo r t .  A ttem pts  to  

produce id e n t ic a l sam ples re s u lte d  in  m easured d if fe re n c e s  in  the 

H a ll  c o e ff ic ie n t o f 2% in  one case and 6 % in  a n o th e r. The poor re ­

p ro d u c ib il i ty  o f th e  la t te r  is  re la te d  to  s tru c tu ra l o rd e r in g .

In  some cases, i f  the p lane o f the sam ple and m a g n e tic  

f ie ld  are n o t p e r fe c t ly  p e rp e n d icu la r, the m easured H a ll v o lta g e  

can be a lte re d  d ra m a t ic a lly .  The appara tus w as a lig n e d  c a re fu lly ,  

b u t no a llo w a n c e  w a s  made fo r  sm a ll ( le ss  than  one degree) a d ju s tm e n ts . 

To check how s e n s it iv e  the m easurem ent w as to  ang le , the  sam ple 

h o ld e r w as  ro ta te d  9 0 °  and 180° w h ic h  w o u ld  change the  a ng le  s l ig h t ly  

because  o f  s l ig h t  m isa lig n m e n ts  in  the  a p p a ra tu s . No change w as 

obse rved  in  H a ll v o lta g e  -  so e rro rs  from  th is  e f fe c t  can be ig n o re d .

A lso , th e rm a l g a lva n o m a g n e tic  e ffe c ts  cou ld  be su p e r- 

im prosed  on  the  H a ll  v o lta g e . H ow ever, a l l  m easurem ents to o k  p lace  

in  l iq u id  H e 4  w h ic h  is  an e x c e lle n t the rm a l conductor, and the  sam ple 

w a s  th e rm a lly  anchored to  a la rge  Cu b lo c k .  T h is  w o u ld  make the 

th e rm a l g a lva n o m a g n e tic  e ffe c ts  n e g lig ib le .
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(2) R e s is t iv it ie s

RRR's w ere  l im ite d  in  a ccu ra cy  b y  th e rm a l f lu c tu a t io n s  

in  v o lta g e . T h is  p roduced e rro rs  in  RRR's o f  about + 0 .5 % . A bso lu te  

r e s is t iv i t ie s  in v o lv e  th ree  g e o m e trica l m easurem ents, and the e rro r 

is  h ig h  fo r  e a c h . The e rro r is  ty p ic a l ly  + 5%. I f  g rea t care w as  take n  

to  make sam ples o f  un ifo rm  c ro s s -s e c t io n , and ca re fu l m easurem ents 

w e re  ta ke n  o f  the  c ro s s -s e c t io n , and m any sam ples w ere  run , the  

e rro r aould be reduced  to  one o r tw o  p e rc e n t. The random re la t iv e  

e rro r w ith in  a g ive n  r e s is t iv i t y  tem pera tu re  run w as m uch s m a lle r .
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APPENDIX B: CONCENTRATION DEPENDENCE OF R W ITHO UT BAND EFFECTS

In  th is  a p p e n d ix  w e p re sen t the  d e ta ils  o f the  a lgeb ra  

w h ic h  show th a t w ith o u t co n s id e rin g  band e ffe c ts  ( i . e .  e le c tro n  -  l ik e  

and ho le  -  l ik e  c o n tr ib u tio n s ) , i t  is  no t p o s s ib le  to  o b ta in  a l in e a r  

c term  in  the  e xp a n s io n  o f R in  c o n c e n tra tio n .

A reasonab le  assu m p tio n  fo r  the  e ffe c t o f the  h o s t on

the  re la x a tio n  tim e , r ,  is  to  take  —1— •= —  -+* ~ ~ ~  w here  - L  i
%  T ° ■ %  %o

w here  -L- is  
T 0

the  h o s t c o n tr ib u tio n  and —r1— is  the im p u r ity  c o n tr ib u tio n , w h ic h
■ c V

w i l l  be l in e a r  in  c  in  the  d ilu te  l im i t .  Thus w e can say

j l j  q  ) w here A and B are inde penden t o f  c o n c e n tra t io n .

P u ttin g  th is  in to  the s in g le  band tw o  s p in  fo rm u la , w h ic h  assum es

(DcT  I

R = -2=_ ~Ct~ +
n>eC (tt+ t.4,)1-

y ie ld s

S im p lify in g ,

R  =  . ( f i t  E H c )  *  (  f l
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o r

f t  =  ( i3 t %  3 ^ )  c ?

( i r  + ( Q t + B + ) t r

For o u r a llo y s  A > > B c  so th a t, exp an d ing  the  denom ina to r, w e o b ta in :

, ( I -2. M lB i c + + 0(c3) )  ,
\  ^  H F  '

2
and to  o rd e r c

R  =  _ A _  _ L _  (  1f t  ( 6 t *  B4-) C - 2 . f i  ( f i t t  EM,) e  1
n 'G . c  H R

c 0(c3)J

Thus w e see th a t the  te rm  l in e a r  in  c d rops o u t, and w e  are le f t  w ith

2
a c o n s ta n t p lu s  te rm s o f  o rd e r c and h ig h e r. N ote th a t the  c o e ff ic ie n t 

2

o f c depends on the  square o f  the  d iffe re n c e  be tw een  the  sp in  up and 

sp in  dow n s c a tte r in g  fre q u e n c ie s .
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APPENDIX C : BLO O M FIELD 'S CALCULATION OF R, IN C LU D IN G  BAND 
EFFECTS

B lo o m fie ld  has c a lc u la te d  the  H a ll  c o e f f ic ie n t  fo r  a 

m a g n e tic  im p u r ity  in  a h o s t w ith  an a rb itra ry  num ber o f b a n d s . We 

can g e n e ra liz e  th e  tw o  band m odel to  o b ta in

R  - - i ( 1)

* c  (  S J  ^
\  L , r  m t

w here  i  re fe rs  to  the  d if fe re n t bands, a re fe rs  to  the tw o  s p in  

d ire c t io n s , and the  + and -  re fe r  to  e le c t ro n - l ik e  and h o le - l ik e  bands 

re s p e c t iv e ly .  B lo o m fie ld  app rox im a tes  each band b y  a sphere so th a t 

w e  can use the  re la t io n  m . - J u  ( 3 «  t . A  more r e a l is t ic
S £ f V TT /

a ssu m p tio n  w o u ld  g ive  d if fe re n t g e o m e tric  fa c to rs  fo r  th e  d if fe re n t 

b a n d s . H ow ever, th is  w o u ld  n o t change the re s u lts  q u a l i ta t iv e ly  

so the  s im p lify in g  assu m p tio n  is  re ta in e d . S u b s titu tin g  fo r  m. in

( 1 ) w e o b ta in :

R  -  ^  y' ~ l  ( m Y 3
x ( ± )  E -

Bloomfield now supposes that — =. - p - y ^ = - w h e r e
^  > ‘->o K 0

is  the  h o s t c o n tr ib u tio n  and —L — is  the  im p u r ity  c o n tr ib u tio n  w h ic h
■cJT

is  l in e a r  in  c o n c e n tra t io n . A ssum ing  a common mean free  pa th  fo r
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a l l  c a rr ie rs  — Up T>̂ » w e have

(3)

I ^  j '7'W e a ls o  assum e — C- O ,̂.. . W e now expand  £,•y t r  V\ t
k <r

te rm s o f the  s m a lle r c o n tr ib u tio n  C»

Tijr- X0l [l -C^CC +(co£t,‘) V . .

in

and

Before s u b s t itu t in g  these  e xp a n s io n s  in to  the  e x p re s s io n  (2) fo r  R, 

w e make the  fo llo w in g  d e f in it io n s :

r
^  <  =  f t

= B

X=z; {±) (n¥

■«, -  S ( t ) ( n . f
C

^  = ?  (±) nL

(4)

? , - ? W
. %
i j

^  ^  (5)
w

t . - S T M * ’
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W ith  these  d e f in it io n s  B lo o m fie ld  o b ta in s  the  fo l lo w in g  re s u lt  fo r  R

(to  te rm s o f  o rde r c  ):

R= -L ie.
ec n* i + C 2 l

( <

For the  case o f  one e le c t ro n - l ik e  band ( i  = 1) and

one h o le - l ik e  band ( i = 2 ), w e can show th a t is  n e g a tiv e .

D e fin in g we have 

3

and

I jl ■ ■ X i  -- y~ i ■+* •

Thus

X . X a -  -  
X . f  + X i '

< 0 .

N ote th a t fo r  tw o  e le c t ro n - l ik e  bands, Ik -  o .n. x,
B lo o m fie ld 's  c a lc u la t io n  show s th a t the  p redom inan t 

c o n tr ib u tio n  to  the  H a ll  c o e ff ic ie n t due to  the  im p u r ity  is  l in e a r  in  

im p u r ity  c o n c e n tra tio n , w ith  h ig h e r o rde r te rm s in  co n c e n tra tio n  b e ing  

p ro g re s s iv e ly  le s s  im p o rta n t. For one e le c t ro n - l ik e  band and one h o le ­

l ik e  band, the  lin e a r  c o n tr ib u tio n  has a s ig n  o p p o s ite  to  th a t o f  the  H a ll
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c o e ff ic ie n t o f the  h o s t.  The m a g ne tic  f ie ld  and tem pera tu re  dependence

o f  the  l in e a r  term  d e riv e s  from  the  sum A, w h ic h  a lso  appears in  the

27
m a g n e to re s is ta n c e . B lo o m fie ld , H ech t and S ie ve rt have c a lc u la te d

the  m agne to re s is ta n ce  fo r  th e  m a gne tic  im p u r ity  p rob lem  and the

re s u lt  appears in  F ig .  6 . N ote  th a t th is  re s u lt  m ust be m u lt ip l ie d

b y  a m inus s ign  w hen  com pared w ith  the  H a ll  c o e ff ic ie n t d a ta .

The m echan ism  fo r  the  lin e a r  te rm  is  s im p ly  the  fre e z in g

o u t o f the  s p in - f l ip  s c a tte r in g . As the m a g ne tic  f ie ld  is  in c re a se d , bo th

one o f  the  im p u r ity  sp in  le v e ls  and one o f  the  co n d u c tio n  e le c tro n  sp in

le v e ls  in v o lv e d  in  the  s p in - f l ip  s c a tte r in g  p rocess  becom e d epopu la ted

27
and the  sp in  f l ip  s c a tte r in g  w i l l  d e c re a se . Thus, the  l in e a r  con­

tr ib u t io n  does no t depend upon T T  and T' l  b e in g  d if fe re n t .  H ow ever,

th is  d iffe re n c e  is  im p o rta n t in  the  m agne tic  f ie ld  dependence o f  the

2 2 
c te rm . (B lo o m fie ld  has d is c u s s e d  the  H -dependence  o f  the  c

term  in  a p r iv a te  c o m m u n ic a tio n .)
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APPENDIX D : "PURE" Cu AND "PURE" Au DATA

The H a ll c o e ff ic ie n t o f  Cu a t 4 .2 °  K as a fu n c tio n  o f

f ie ld  appears in  F ig .  44 fo r  th ree  d if fe re n t sa m p le s . F ie ld  dependences

39 40 41
have been observed  * ' fo r  Cu sam ples prepared in  v a r io u s

w a ys , and as the re  are m any v a r ia b le s  to  c o n s id e r ( i . e .  im p u r it ie s ,

d e fe c ts , lo w - f ie ld  to  h ig h - f ie ld  t ra n s it io n , e tc . )  i t  is  no t p o s s ib le

to  g ive  a c le a r -c u t  e x p la n a tio n  o f  o u r f ie ld  d ependence . H ow ever, i t

is  encou rag ing  th a t the  v a lu e s  seem to  converge a t h ig h e r f ie ld s ,

and w e can make a reason a b le  e s tim a te  fo r  R in  Cu o f - 6 .5 5 ±  .20 x  10

 y- ^ m- ■ a t T = 4 .2 °  K. T h is  num ber agrees w e l l  w ith  the  re s u lts
am p-gauss

shown in  Table 6 .

The Au da ta  appear in  F ig .  4 5 . U n fo rtu n a te ly , the 

re p ro d u c ib il ity  is  v e ry  poor, and th is  co u ld  be connected  w ith  the lo w  

RRR's. U s in g  sp e c tro g ra p h ic  te c h n iq u e s , sam ple N o . 118 w as  found 

to  co n ta in  7 a t .ppm  o f  F e . T h is  a lone  does no t e x p la in  the  lo w  

RRR's. As fu r th e r  e x p e rim e n ta l w o rk  w o u ld  .have to  be done to  o b ta in  

re lia b le  va lu e s  fo r  Au, w e canno t o b ta in  a com parison  w ith  o th e r e x ­

pe rim en ts  .
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APPENDIX E: EFFECT OF C O LD -W O R KIN G  AND ANNEALING ON C u-A u  (Fe) 
ALLOYS

The e ffe c t  o f  c o ld -w o rk in g  and a n n e a lin g  (h e re a fte r 

re fe rre d  to  as CWA) w as  obse rved  fo r  va r io u s  C u-A u  (Fe) a l lo y s .

P lo ts  o f R vs  H fo r  v a r io u s  Fe c o n ce n tra tio n s  in  CuAu appear ini  7 i J

F ig .  46, w he re  da ta  is  p resen ted  fo r  bo th  u n trea ted  sam ples and CWA 

sam ples fo r  co m p a riso n . In  a d d it io n  the  re s u lts  fo r  a s e rie s  o f 

un trea ted  and CWA C u-A u h o s ts  co n ta in in g  Fe appear in  F ig .  4 7 .

The CWA tre a tm e n t m e re ly  s h if ts  each  da ta  p o in t b y  the  same am ount 

and the  q u a lita t iv e  b e h a v io r o f  the  data  is  u n a ffe c te d . N ote th a t fo r 

the  one sam ple w h ic h  w as  annea led  w ith o u t c o ld -w o rk in g , the  e ffe c t 

o f  the  tre a tm e n t w as  no t as la rg e  as fo r  those  th a t had been c o ld -  

w o rked  a ls o .

S uccess ive  CWA tre a tm e n ts  w ere  ca rr ie d  o u t on  tw o  

p ie ce s  o f C u-A u  (Fe) a llo y  o b ta in e d  from  the same s ta r t in g  m a te r ia l.  

Samples A and D w ere  cu t from  m a te r ia l th a t had undergone CWA once,

B and E from  m a te r ia l th a t had undergone tw o  s u c c e s s iv e  CWA tre a t­

m ents, and C and F from  m a te r ia l tre a te d  b y  CWA th ree  t im e s . H a ll 

c o e ff ic ie n t da ta  fo r  the  sam ples d e sc rib e d  above appear in  F igs . 48 and 

4 9 . Beyond the  f i r s t  tre a tm e n t, s u c c e s s iv e  CWA tre a tm e n ts  have no 

s y s te m a tic  e f fe c t  on the H a ll  c o e ff ic ie n t ,  and th e  random ness in  the 

da ta  is  w ith in  e xp e rim e n ta l e rro r .

In  a d d it io n  to  the  above d e sc rib e d  sam ples, tw o o th e r 

sam ples C ' and D 1 w ere  su b je c te d  to  a lon g  annea l a fte r  b e in g  cu t 

from  th e ir  re s p e c t iv e ly  tre a te d  m a te r ia ls , C and D . For bo th  o f these

- 6 7 -



sam ples (see F ig s .  48 and 49) the re  is  a s m a ll decrease  in  H a ll

c o e ff ic ie n t (w h ich  is  g re a te r than  e x p e rim e n ta l e rro r in  one c a s e ) .

Thus, re s u lts  appea ring  in  the  f i r s t  pa ragraph  o f  th is  a p p e n d ix  are

fo r  sam ples th a t had been annea led  a fte r  c u t t in g .

A long  w ith  the  H a ll da ta  fo r  sam ples A, B, and C , we

o b ta in e d  re s is ta n c e  da ta  as a fu n c tio n  o f  te m p e ra tu re . From these

da ta  w e o b ta in e d  the  tem pera tu re  o f  the  re s is ta n c e  m in im um , T . ,
m in

and a measure o f  the  s tre n g th  o f the  Fe im p u r ity  c o n tr ib u tio n ,
R (2°)-R (Tm )

 —7= r------------- . These q u a n t it ie s  appear in  Tab le  7 and, a ga in ,
R(T . ) 

m m
there  is  l i t t l e  s y s te m a tic  e f fe c t  due to  the  s u c c e s s iv e  CWA tre a tm e n ts .

One sam ple , A  ̂ gave re s u lts  w h ic h  w ere  q u ite  d if fe re n t .  Th is  
o u te r

sam ple w as  cu t from  the  su rface  and w as  v e ry  p ro b a b ly  s tro n g ly  o x id iz e d .  

N ote  th a t w e co rrec te d  fo r  th is  p rob lem  in  the  p re p a ra tio n  o f  su cce ed ing  

s a m p le s .
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APPENDIX F: CONVERSION FACTORS

P ra c tic a l u n its  are com m only used, b u t th e y  are a

co n g lo m e ra tio n  o f  o th e r system s . The co n ve rs io n  fa c to rs , from

p ra c t ic a l u n its (  —  ) to  o th e r sys tem s are l is te d  b e lo w ,
a - o

To O b ta in  M u lt ip ly  P ra c tic a l U n its  by

m3  2
MKS U n its  ( r -  ) X 10

co u l

G auss ian  U n its  X  —
9  x  1 0 U

9
cgsm X 10

emu X 10^
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FIGURE CAPTIONS

F ig . 1

F ig . 2 

F ig . 3

F ig . 4 

F ig . 5

F ig . 6  

F ig . 7

F ig . 8

F ig . 9 

F ig . 1

. G eom etry and c o n d it io n s  fo r o b se rv in g  the  H a ll e ffe c t : An 
e le c tro n  cu rre n t I is  passed  a lo n g  the  le n g th  L o f a th in  s lab  
o f th ic k n e s s  t  in  a m ag ne tic  f ie ld  H w h ic h  is  p e rp e n d icu la r 
to  th e  s la b . U nder th e se  c o n d it io n s  a v o lta g e  V , re fe rre d  
to  as the  H a ll v o lta g e , is  de ve loped  a c ross  the  w id th  W  o f 
the  sam p le .

. A rough  ske tch  o f the  Ferm i su rfa ce  o f nob le  m e ta ls . The neck 
(N) and b e lly  (B) o rb its  are show n.

. I l lu s t ra t io n  o f the  re la t iv e  d is to r t io n s  o f th e  Ferm i su rfaces  
(s o lid  l in e s )  o f : (a) C u , (b) Ag and (c) Au from  th e  free  e le c ­
tro n  m odel (dashed l in e s ) .

. D egenerate  d e n s ity  o f s ta te s  d iagram  fo r s p in -u p  and s p in -  
down e le c tro n s .

. The H a ll c o e ff ic ie n t (in u n its  such th a t e = n = 1) as a fu n c tio n  
o f m agne tic  f ie ld  and tem pera tu re  (in  u n its  n o rm a lized  to  the  
Ferm i e n e rg y , i . e .  g u g H /e p  and k T /e p )  from  a c a lc u la t io n  
by  R. M ore  (see R ef. 2 4 ). These curves are fo r  th e  case J = 
0 .0 2 5  and V = 0 .1 0 .  For co m p a riso n , J = 0 .4  in  Cu (Fe) (see 
Ref. 31).

R e s is t iv i ty  as a fu n c tio n  o f  e x te rn a l m agne tic  f ie ld  fo r  a num­
be r o f  te m p e ra tu re s . The c a lc u la t io n  is  s p e c if ic a l ly  fo r  T, =
16° Ko (see Ref. 2 7 ).

• AR/R(0) v s  guBH /k T  w here  £  R = R(H) -  R (H=0). The sym bols
0 re p re se n t th e  data o f P. M onod (see R ef. 25) fo r  150 PPM
Fe in  M n a t T = 1 .2 °  K 0 The s o lid  cu rves re p re se n t B e a l-  
M onod and W e in e r 's  second Born f i t  (a) and f i r s t  born f i t  
(b) to  the  d a ta .

o F ie ld  dependence a t 4 .2 °  K o f  * PH = PH (a llo y ) - P j j ( h o s t )  fo r
p o ly c ry s ta ll in e  Au (Fe) sa m p le s . Tne d a s h -d o t l in e s  are 
Langev in  fu n c tio n s  o b ta in e d  fo r the  argum ents in d ic a te d .

. F ie ld  dependence a t 4 .2 °  K o f A P |i = P p j (a llo y ) -  p H (host) fo r
p o ly c ry s ta ll in e  Cu (Fe) and Cu (M n ).

0 . The H a ll c o e f f ic ie n t  R as a fu n c tio n  o f h o s t c o m p o s it io n . The 
s o lid  l in e  is  o n ly  fo r  purposes o f  d e lin e a tin g  our d a ta . The 
tre a te d  sam ples w ere  prepared  as fo llo w s :
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The m a te r ia l w as c o ld -w o rk e d . A H a ll sam ple  w as c u t and 
th en  annea led  fo r  ten  days (see A ppend ix  A fo r  d e ta i ls ) . For 
co m p a riso n , da ta  o f  Barnard , e t .  a l . 1 1  and D ugda le  and F irth3^ 
appear on the  p lo t .

F ig . 11 . R e s is t iv ity  p as a fu n c tio n  o f h o s t co m p o s itio n  a t T = 4 .2 °  K 
and T = 300° k . The s o lid  l in e s  are o n ly  fo r  pu rposes o f  de ­
l in e a t in g  the  d a ta . The dashed l in e s  are a sym m e tric  c o n tin u ­
a tio n  o f the  data  on the  Cu r ic h  s id e . T y p ic a l e rro r bars are 
in c lu d e d  fo r  a sa m p ling  o f p o in ts .

F ig . 12. R e s is t iv i ty  p v s .  T fo r  a s e le c t io n  o f C u-A u  (Fe) a l lo y s .

F ig . 13 . R v s .  H . T y p ic a l e rro r bars are shown on the  h o s t d a ta . N ote
th a t w e have in c lu d e d  o n ly  random  e rro r; the  s y s te m a tic  e rro r 
is  la rg e r (see A pp end ix  A ) .

F ig s . R as a fu n c tio n  o f  f ie ld  a t 1 .5 °  K and 4 .2 °  K (grouped b y  C u -
1 4 -1 7 . Au h o s t co m p o s itio n ) fo r C u-A u  (Fe) a llo y s  and th e ir  co rresp o n ­

d in g  h o s ts .

F ig . 18. R as a fu n c tio n  o f  Fe co n c e n tra tio n  a t T = 1 .5 °  fo r  the  Cu Auj^ j

(Fe) a llo y  s e r ie s . The d if fe re n t p lo ts  are fo r v a r io u s  m agne tic
f ie ld s .  For d e ta ils  o f h o s t co m p o s itio n  and m easuring  tem ­
pe ra tu re  re fe r to  F ig  . 1 5 .

F ig . 19 . a '(H ,T )R H v s .  H fo rC u A u 5 #g (Fe) a l lo y s .  The va lu e s  o f
a (H ,T ) /R H are se t equa l a t H = 60 kG  and T = 1 .5 0 °  K fo r  a l l  
c o n c e n tra t io n s . The re s u lt in g  n o rm a lized  v a lu e s  o f  a (H ,T ) /R ^  
are re fe rre d  to  as a ' (H ,T ) /R h .

F ig . 2 0 . a '( H ,T ) /R j j  v s .  H fo r CuAu J 4  3  (Fe) a l lo y s .

F ig . 2 1 . a '(H ,T ) /R H v s .  H fo r CuAu 1 7  5  (Fe) a l lo y s .

F ig . 2 2 . a (H ,T ) v s .  H fo r  252 PPM in  C uA u 1 4  2 * The ty p ic a l e rro r 
bars do no t in c lu d e  s y s te m a tic  e rro r because  a l l  the  da ta  is  
fo r  the  same s a m p le .
R -R

F ig . 2 3 . — - — — v s .  a llo y  c o m p o s itio n  a t 4 .2 °  and 1 .5 °  K . 
c RH

gUBH T
F ig . 2 4 . R v s .  -r— +T and R v s .

B

’  2  g U R H  2

T + h r - >
B

l
s

fo r  801 PPM

Fe in  CuAu^ q . N o tic e  energ ies  appear in  u n its  o f tem p e ra tu re . 
For th is  a n d 'su cce e d in g  p lo ts  w e ta ke  g = 2 .
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F ig s .
2 5 -3 0 .

F ig . 31 o

F ig . 32 .

F ig . 33 . 

F ig . 34 . 

F ig . 35 . 

F ig . 36 .

F ig . 37. 

F ig . 38 . 

F ig . 39 . 

F ig . 4 0 . 

F ig . 4 1 .

F ig s .
4 2 -4 3 .

F ig .  4 4 .

J 2  gURH 2 ~1 ^
R v s . I t  + (s — £----------) J  fo r  the  a llo y s  la b e le d  on the

f ig u re . N o tic e  en erg ies  appear in  u n its  o f te m p e ra tu re . A lso  
the  va lu e  o f  s used to  o b ta in  the  b e s t m a tch ing  o f th e  tw o  
te m pera tu re  runs appears on th e  f ig u re .

a (H ,T )d ir  and vs> H fQr 801 PPM Fe in  CuAu5>Q a t
H . . '

1 0 5 °  K . ' ■——  w as o b ta in e d  b y  d ire c t s u b tra c tio n  w ith -
r H

2

o u t c o rre c tin g  fo r  a c te rm .

a (H ,T )c o rr  ^  R fo r  8 Q 1  ppM  pe in  CuA a t i o5 °  K.
Rjt 3 - u

a / t j  tA Qorr 2
—■—— --------- w as  o b ta in e d  a fte r  c o rre c tin g  fo r  a c te rm .

RH
S chem atic  o f the  a rc  fu rn a c e .

S chem atic  o f th e  a n n e a lin g  a p p a ra tu s .

Sample geom etry  and d im e n s io n s .

v s .  H fo r  373 PPM Fe in  CuAu14>3. The v o lta g e  A v h  
w as m easured w ith  p ressu re  c o n ta c ts . A ^ h  *s t l̂e  c^ an 9 e 
in  H a ll v o lta g e  and fo r  co n ven ie nce  th e  change is  m easured 
from  th e  4 .3 4  kG  va lu e  fo r  a l l  c u rv e s . The fo u r d if fe re n t cu rves  
are fo r  the  fo u r p e rm u ta tion s  o f  f ie ld  and cu rre n t d ir e c t io n s .

S chem atic  o f the  c ry o g e n ic  a p p a ra tu s .

S chem atic  o f  the  sam ple h o ld e r .

S chem atic  o f the  m easuring  c i r c u i t .

S chem atic  o f  the  m a gne tic  f ie ld  c ir c u i t  „

M ag ne t c o i l  c o n s ta n t (H /l)  as a fu n c tio n  o f m a g ne tic  f ie ld .
The e rro r ba rs  in c lu d e  s y s te m a tic  e rro r. The random  e rro r is  
o b v io u s ly  m uch le s s .

R v s .  H  fo r  tw o  runs on the  same sam ple (see th e  f ig u re s  fo r 
d e ta i ls . )  The e rro r bars shown are fo r  the  random  the rm a l 
f lu c tu a t io n s  o n ly .

R vs  „ H fo r se v e ra l Cu sam ples „ The sam ple  la b e lle d  CWA 
w as cu t from  c o ld -w o rk e d  m a te r ia l and the n  annea led  fo r  1 0  

d a y s . The ty p ic a l e rro r b a r in c lu d e s  s y s te m a tic  e rro r .

- 7 6 -



F ig . 4 5 . R v s .  H fo r  s e v e ra l Au sa m p le s . The sam ple  la b e lle d  CWA 
w as c u t from c o ld -w o rk e d  m a te r ia l and th en  annea led  fo r  1 0  

d a y s . N ote  fo r one in g o t th e  s ta r t in g  m a te r ia l w as e tc h e d .
T h is  w as no t the  u s u a l p rocedure  fo r  Au (see A ppend ix  A ) .
The e rro r bars in c lu d e  s y s te m a tic  e rro r .

F ig . 4 6 . R v s .  H fo r  C u A u ^  3  (Fe) a l lo y s .  The s o lid  cu rves  are fo r
un tre a te d  sa m p le s . * The dashed cu rves  are fo r sam ples w h ic h  
w ere  c u t from  c o ld -w o rk e d  m a te r ia l and th e n  annea led  fo r 1 0  

d a y s . The d o t-d a s h  cu rve  is  fo r  a sam ple w h ic h  w as annea led  
fo r 1 0  days w ith o u t p re v io u s  c o ld  w o rk in g .

F ig . 4 7 . R v s .  H fo r  Fe in  v a rio u s  C u-A u a l lo y s .  The s o lid  cu rves are 
fo r u n trea te d  sa m p le s . The dashed cu rves  are fo r  sam ples 
w h ic h  w ere  c u t from  c o ld -w o rk e d  m a te r ia l and th e n  annea led  
fo r  1 0  d a y s .

F ig . 4 8 . R v s .  H fo r  sam ple  m a te r ia l (from th e  f i r s t  h a lf  o f an ing o t) 
w h ic h  underw ent s u c c e s s iv e  tre a tm e n ts . Sample A w as c u t 
from  m a te r ia l w h ic h  w as c o ld -w o rk e d  and annea led  fo r  2  

h o u rs . Sample B w as from  the  same m a te r ia l a fte r  re w o rk in g  
and re a n n e a lin g  10 h o u rs . Sample C w as from  th e  rew orked  
m a te r ia l o f  B a fte r  a g a in  re w o rk in g  and re a n n e a lin g  fo r  7 h o u rs . 
F in a lly  sam ple C ' , in  a d d it io n  to  th e  tre a tm e n t o f  sam ple  C , 
w as reannea led  ( 1 0  days) a fte r  c u t t in g .

F ig . 4 9 . R v s .  H fo r sam ple  m a te r ia l (from the  second h a lf  o f the  in g o t 
m en tioned  in  the  fig u re  c a p tio n  o f F ig . 48) w h ic h  underw ent 
su c c e s s iv e  tre a tm e n ts . Sample D w as cu t from m a te r ia l w h ic h  
w as c o ld -w o rk e d  and annea led  fo r 15 h o u rs . Sample D ' w as 
from  the  same m a te r ia l; h o w e ve r, i t  w as rea nnea led  ( 1 0  days) 
a fte r  i t  w as c u t .  Sample E came from  th e  m a te r ia l o f  D a fte r  re ­
w o rk in g  and re a n n e a lin g  fo r  12 h o u rs . F in a lly  sam ple  F w as 
from  the  rew o rked  m a te r ia l o f E w h ic h  w as a ga in  rew orked  and 
rea nnea led  fo r  18 h o u rs .

- 7 7 -



TABLE CAPTIONS

Tab le  1 

Tab le  2

Tab le  3

Tab le  4 

Tab le  5

Tab le  6  

T ab le  7

H a ll c o e ff ic ie n ts  fo r th e  nob le  m e ta ls  (from R eference 4) „

A n a ly s is  o f  sam ples fo r  Fe co n te n t 0 The n o m in a l Fe co n cen ­
tra t io n s  w ere o b ta ine d  from  the  w e ig h ts  o f th e  s ta r t in g  m a te r ia ls . 
The a n a ly s is  w as g e n e ra lly  c a rr ie d  o u t u s in g  ch e m ica l te c h ­
n iq u e s . An a s te r is k  appears b y  th o se  v a lu e s  o b ta ined  by 
sp e c tro g ra p h ic  te c h n iq u e s .

R es idua l re s is ta n c e  ra t io s  (R(300° K )A (4 .2 °  K) ) fo r C u-A u  (Fe) 
a l lo y s ,  C u-Au a l lo y s ,  C u , and A u .

Va lues o f  the  s c a lin g  param eter s fo r  v a r io u s  C u-Au (Fe) a l lo y s .

A com parison  o f tem pera tu res m easured b y  p ressure  rea d ing s  
ove r l iq u id  h e liu m  (Tpre s s u re ) and a germ anium  therm om eter
^ th e rm .) •

O bserved va lu e s  o f the  H a ll c o e f f ic ie n t  o f Cu and the  appro ­
p r ia te  re fe re nce  in  the  te x t .

R es is tance  da ta  fo r the sam ples tre a te d  as d e sc rib e d  in  fig u re  
ca p tio n  4 8 . The quoted  param eters are d is c u s s e d  in  A ppend ix  
E.
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Cu Ag Au

R i n 1 1  3 /, x  1 0  m / a * s
observed

-5 .1 2 -8 .8 1 -7 .1 6

R i n 1 1  3 /r . x  1 0  m / a ° s  
free e lec tron

-7 .4 5 -1 0 .6 5 -1 0 .6 0

TABLE 1
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Ingot
Number

a t .  % 
Au

Nominal 
a t .  PPM Fe

Analyzed 
a t .  PPM Fe

72 0 0 1 ± .5  *

113 5 .0 401 430*22
1 1 2 5 .0 801 830441

50 1 1 . 6 172 185410

41 14.3 1 0 0 8044
40 14 « 4 175 193410
38 14.2 252 313416
37 14.3 326 345417

53 17.5 174 184410
51 17.4 224 266413

54 2 0 .7 175 1 8 8 4 1 0

81 40 .0 1 0 0 84413

79 60 .0 1 0 0 111413
84 60 .0 2 0 1 211413

95 60.0 1 0 0 90413
96

o
o

o

2 0 0 185413

115 -v
j

o O o 51 45411 *

74 CD o o o 45 79413
77 80.0 1 0 0 79413

1 1 6 8 8 . 0 6 2 55413 *
117 8 8 . 0 36 32410 *

119 95.0 37 34410 *

118 1 0 0 . 0 0 744 *

TABLE 2
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Inqot Number a t . % Au a t .  PPM Fq RRR
72
75

0

0

0

0

460
420

114
113
1 1 2

5.0
5 .0
5 .0

0

401
801

1 . 8 3 i  
1.52 
1 . 6 2

63
50

1 1 . 6

1 1 . 6

0

172
1.39 
1 .37

49
41
40
38
37

14.4
14.3
14.4
14.2
14.3

0

1 0 0

175
252
326

1.32
1.31 *
1.31 
1 .30 
1.30

61
53
51

17.5
17.5 
17.4

0

174
224

1 .28 
1 .27
1 . 2 6 -g-

6 2

54
20 .7
20 .7

0

175
1 .25 
1 .24

80
81

40 .0
40 .0

0

1 0 0

1 . 2 0  

1 . 2 0

78
79 
84

60.0
60.0
60 .0

0

1 0 0

2 0 1

1 .32|r 
1 .27 
1 .34

109
95
96

60.0
60.0
60 .0

0

1 0 0

2 0 0

1 .28 
1.23 
1 .2 5 |

107
115

70.0
70.0

0

51
1.27  
1 . 2 6

73
74 
77

80 .0
80.0
80 .0

0

45
1 0 0

1 .38 
1 .35 
1 .3 4 |

1 1 1

1 1 6

117

8 8 . 0

8 8 . 0

8 8 . 0

0

6 2

36

1 .57
1.55
1.55

85
119

95 .0
95.0

0

37
2 . 2 6

2 . 2 1

83
1 1 0

118

1 0 0 . 0

1 0 0 . 0

1 0 0 . 0

0

0

0

108
8 6

8 6

TABLE 3
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a t . % Au a t .  PPM Fe s

5 .0 801 0 .75

1 1 . 6 172 0.56

14 04 175 0.52

14.2 252 0.55

17.5 174 0.51

17.5 224 0.55

20 .7 175 0.52

40 .0 1 0 0 0 .56

TABLE 4
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Pressure
(mm)

T Pressure 
( ° K )

T Therm. 
( ° K )

a tm os . 4 .2 2 4 .22

2 2 . 2 1.98 1 .99

1 0 . 0 1.74 1 .74

6 .4 1 .63 1 . 6 2

5 . 9 * 1 . 6 1 1 .6 0 *

5 .7 * 1.60 1.60

5 .2 1.58 1.58

5 .0 1 .57 1 .5 6 *

4 .4 1 .54 1 .5 3 *

4 .0 1 .52 1 .5 1 *

3 .6 * 1.50 1.50

3 .3 * 1 .49 1.49

3.1 1 .47 1 .4 7 *

TABLE 5

-1 2 4 -



REFERENCE R(10 1 3
a -  K j

1 0 r i

i o 0 H- •

39 - 6 . 2

42 - 6 . 8 8

43 -6 .9

44 -6 .5 ±  .04

TABLE 6

-1 2 5 -



Sample R (2° K) -  R(T min) 
R(T min)

T min

A
OUTER .00073 1 0 i°  K

A
INNER .00481 i—> o

B
OUTER ,00420 15g° K

B
INNER .00422 16° K

C
OUTER .00400 l 6 | r°  K

C
INNER .00439 16- |- 0  K

O'
INNER .00494 16° K

TABLE 7

-1 2 6 -
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