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A B S T R A C T

A n  in v e s tig a tio n  of the m e ta l-n o n m e ta l tra n s it io n  in a rs e n ic -

doped g e rm a n iu m  (G e :A s ) has been p e r fo rm e d  using the techn ique  o f

73
n u c le a r  m a g n e tic  re s o n a n c e . T h e  h o st Ge reso n an ce  has been

o b s erv e d  in  tw e lv e , s in g le  c ry s ta l ,  uncom pensated  spec im en s w ith

ro o m -te m p e ra tu re  c a r r ie r  co n cen tra tio n s  fro m  7 .1 0 ^  -  1 .7 5 .1 0  ^cm

M e a s u re m e n ts  of the n u c le a r  s p in - la t t ic e  re la x a t io n  t im e  T ^ , K n ig h t

73
s h ift K  and the n u c le a r  lin e w id th  A B  fo r  Ge a re  re p o rte d . 

S p e c if ic a lly , T^ data  a re  g iven  at and be low  liq u id  h e liu m  te m p e ra tu re s  

fo r  an a p p lied  m a g n e tic  f ie ld  of 1. 4 4 T  and at 4 . 2 K  a lone at a f ie ld  of 

5 T .  T h e  K n ig h t sh ifts  have been m e a s u re d  at 4 .2  K  a t 5 T  and va lu es  

of A B  a re  g iven  fo r  both f ie ld s  a t 4 . 2 K . T h e  T^ m e a s u re m e n ts  

a t lo w  f ie ld  ( 1 .4 4 T )  and K n ig h t s h ift re s u lts  show donor d en s ity  

dependences of f r e e -e le c t r o n  ty p e . A  s trong  f ie ld  dependence of T   ̂

has h o w e ve r been o b s e rv e d  w h ich  is  in e x p lic a b le  by f r e e -e le c t r o n  

th e o ry . T h e  reso n an ce  lin e w id th s  a re  g re a te r  than the n u c le a r  d ip o la r  

v a lu e  , even fo r  n o n m e ta llic  s am p le s , and in c re a s e  w ith  doping d e n s ity  

and m a g n e tic  f ie ld . A t  th e  c r i t ic a l  c o n cen tra tio n  fo r  t ra n s it io n  to  

m e ta ll ic  b e h a v io u r K  shows an a b ru p t change fro m  z e ro  to  a f in ite  

v a lu e . T h e  lo w - f ie ld  T ^ 's  a re  in  c o n tra s t continuous acro s s  the  

t ra n s it io n  but the h ig h - f ie ld  T ^ 's  do show a sh arp  in c re a s e  b e lo w  th e  

c r i t ic a l  doping d e n s ity . A  c a lc u la tio n  shows spin d iffu s io n  to be 

u n im p o rta n t fo r  the sam p les  and o th e r m e ch a n is m s  w hich  can g e n e ra te  

a fie ld -d e p e n d e n t re la x a t io n  t im e  a re  discussed.' F i r s t ly ,  assum ing  

th a t the e le c tro n s  fo rm  a hom ogeneous sys tem  and a re  confined to  a 

n a r ro w  im p u r ity  band p a ra m e te r is e d  by an a p p ro p r ia te  B o h r ra d iu s
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leads  to a f ie ld  dependence of in o rd e r  of m ag n itu d e  a g re e m e n t

w ith  the data . A  second q u a lita t iv e  m o d e l in  lin e  w ith  re c e n t ideas  

on the  o r ig in  of n e g a tiv e  m a g n e to re s is ta n c e  in  doped sem ico n d u c to rs  

invokes the p re se n c e  o f n e a r ly - f r e e  m o m en ts  o r Kondo c en tres  in  

ad d itio n  to the it in e ra n t  e le c tro n  s y s te m . T h e  flu c tu a tio n  of the  

m o m en ts  can fu rn is h  a re la x a t io n  p ro cess  in  ad d itio n  to th a t due to 

F e r m i  contact be tw een  band e le c tro n s  and n u c le i. A n  in c re a s e  in  

m a g n e tic  f ie ld  in h ib its  the m o m e n t flu c tu a tio n  ra te  and thus T̂  ̂

in c re a s e s  w ith  f ie ld .  M o re o v e r  the p re se n c e  of m o m en ts  w i l l  le a d  

to reso n an ce  lin e  b ro ad en in g  as we have  o b s erv e d . F in a lly ,  the  

m a g n e tic  p ro p e r t ie s  o f an A n d e rs o n  tra n s it io n  a re  d iscussed  and the  

a b ru p t ap p earan ce  o f K  is  shown to  be co n s is ten t w ith  M o tt 's  

in te rp re ta t io n  of an A n d e rs o n  tra n s it io n . A n  im p o rta n t o v e ra ll re s u lt  

is  th a t the e le c tro n -e le c tro n  e ffec ts  o b s erv e d  in  S i:P  a r e  absent in the  

G e:A s s y s te m . S im p le  e s tim a te s  show th a t the in tra a to m ic  c o rre la t io n  

e n erg y  is  s m a lle r  in  n -G e  than  n -S i and i t  is  concluded th a t the m e ta l-  

n o n m e ta l t ra n s it io n  in  G e:A s is of A n d e rs o n -ty p e  and th a t c o rre la t io n  

p lays  no e s s e n tia l r o le .  T h is  p ro p o s a l is  shown to  be in  a g re e m e n t  

w ith  the re s u lts  o f o th e r e x p e rim e n ts  in  h e a v ily -d o p e d  G e,



4 .

A C K N O W L E D G E M E N T S  

T h e  au th o r w ish es  to exp re s s  h is  s in c e re  g ra titu d e  to  

D r .  D . P . T u n s ta ll fo r  h is  p a tien t guidance and en co u rag em en t 

th roughout th is  re s e a rc h  and fo r  h is  m an y  s tim u la tin g  d iscuss ions  

w h ich  g re a t ly  enhanced the a u th o r 's  u n d e rs tan d in g . He is  a lso  

g ra te fu l to T o m  M a r s h a ll  fo r  h is  g re a t co o p era tio n  in  supplying  

copious q u a n titie s  of liq u id  h e liu m  and liq u id  n itro g e n . T h e  author  

is  indebted  to the U n iv e rs ity  of St. A n d re w s  and the  P h y s ic s  T ru s t  

fo r  som e p e rs o n a l funding w h ich  a llo w e d  the re s e a rc h  w o rk  to be 

c o m p le te d . H e  a ls o  w ish es  to  th an k  D r .  D . M .  P  in lay s  on fo r  

c o n s id e ra b le  h e lp  in  the  p e rfo rm a n c e  of the lo w -te m p e ra tu re  

tra n s p o r t  p ro p e r ty  e x p e rim e n ts  and fo r  the loan  o f eq u ipm ent fo r  

such m e a s u re m e n ts . H e too is  th an k fu l to  B i l l  R a m ag e  fo r  the use  

of h is  F o u r ie r  T ra n s fo rm  co m p u te r p ro g ra m  w ith  w h ich  th e  K n ig h t 

sh ifts  w e re  c a lc u la te d . Than ks  a re  due a lso  to V a n ita  D eshm ukh  

fo r  h e r  ra p id  and a c c u ra te  typ in g  o f the  m a n u s c rip t.

■ 1

a



5.

C A R E E R

I e n te red  the  U n iv e rs ity  of B ra d fo rd  in  O c to b e r, 1968 and stud ied  

M a th e m a tic s , E le c tro n ic s  and P h y s ic s . I  g rad u ated  in  Ju ly , 1972 

w ith  upper second c lass  honours  in  A p p lie d  P h y s ic s . In  O c to b e r, 1972, 

fo llo w in g  the a w a rd  of an S .R .C .  R e s e a rc h  S tudentsh ip  a t the  

U n iv e rs ity  of St. A n d re w s , I  w as e n ro lle d  th e re  as a re s e a rc h  student 

re a d in g  fo r  the  d eg ree  of P h . D . u nder the  R e s o lu tio n  o f the  U n iv e rs ity  

C o u rt, 1967, N o . 1.



6.

D E C L A R A T IO N  g

I  h e re b y  c e r t ify  th a t th is  thes is  has been com posed by  m e , and  

is  a re c o rd  of w o rk  done by m e , and has not p re v io u s ly  been p re se n te d  Z;
-3-

fo r  a H ig h e r D e g re e .

>T h is  re s e a rc h  w as c a r r ie d  out in  the P h y s ic a l Sciences L a b o ra to ry  i

io f St. S a lv a to r 's  C o lle g e , in  the U n iv e rs ity  of St. A n d re w s , u n d er the 'p

s u p e rv is io n  of D r ,  D . P . T u n s ta ll.

f

I
'4

I

i



7.

C E R T IF IC A T E

I  c e r t ify  th a t V as  ant G opal Ia n  D eshm ukh, B .T e c h . ,  has spent 

nine  te rm s  at re s e a rc h  w o rk  in  the la b o ra to r ie s  o f the  School of 

P h y s ic a l S c ien ces , U n iv e rs ity  o f S t. A n d re w s , u n d er m y  d ire c tio n .

th a t he has fu lf i l le d  the conditions of the R e s o lu tio n  o f the U n iv e rs ity

C o u rt, 1967, N o . 1 and th a t he is  q u a lif ie d  to  su b m it the accom panying

th e s is  in  a p p lic a tio n  fo r  the  D e g re e  of D o c to r o f P h ilo so p h y .

R e s e a rc h  S u p e rv is o r



8.

C O N T E N T S

P age

C h ap te r 1 IN T R O D U C T IO N  11

C h a p te r 2 T H E O R Y  O F  N U C L E A R  M A G N E T IC  R E S O N A N C E  20
A N D  R E L A X A T IO N

2. 1 In tro d u c tio n  21

2 .2  B a s ic  T h e o ry  of N u c le a r  R esonance 21
and R e la x a tio n

2 .3  D ip o la r  In te ra c tio n  23

2 .4  Q u a d ru p o la r In te ra c tio n  25

2 .5  E le c tr o n -N u c le a r  M a g n e tic  In te ra c tio n  27

2. 6 S p in -L a tt ic e  R e la x a tio n  in  M e ta ls  and 30
S em ico n d u cto rs

2 .7  R e a l M a te r ia ls  * 32

2. 8 Spin D iffu s io n  39

2 .8 .1  D iffu s io n  L im ite d  R e la x a tio n  41

2 .8 . 2 .  R a p id  D iffu s io n  R e la x a tio n  41

2 .8 . 3  D iffu s io n  V a n is h in g  R e la x a tio n  42

2 .8 . 4  F ie ld  and T e m p e ra tu re  Dependence 42 
of the S p in -L a tt ic e  R e la x a tio n  T im e

2 .9  N M R  L in e w id th s  ' 43

I
-I
%

":4
■J
I

1

C h a p te r 3 T H E O R Y  O F  T H E  M E T A L - N O N M E T A L  T R A N S IT IO N  46

3, 1 In tro d u c tio n  47

3. 2 P h y s ic s  o f Doped S em ico n d u cto rs  47

3. 3 T h e  M o tt T r a n s it io n  49

3 .4  T h e  H u b b a rd  M o d e l and the H ig h ly  51
C o r re la te d  E le c tro n  Gas

3 .6  D is o rd e r ,  A n d e rs o n  L o c a lis a t io n  and th e  56
A n d e rs o n  T ra n s it io n

3 .6  A p p lic a tio n  o f the M o tt-H u b b a rd  and 66
A n d e rs o n  T h e o r ie s  to Doped S em ico n d u cto rs

I



9 .

C O N T E N T S  (Cont in ued)

C h a p te r 4 R E V IE W  O F  E X P E R IM E N T A L  D A T A  O N  T H E  
M E T A L - N O N M E T A L  T R A N S IT IO N

4 . 1 In tro d u c tio n

4 .2  R e s is t iv i ty  and H a ll  E ffe c t

4 .3  E le c tro n  Spin S u s c e p tib ility  and  
E le c tro n ic  S p e c ific  H ea t

4 .4  R a m a n  S p ectro sco p y

4 .5  M a g n e to r es is tan ce

4 .6  E le c tro n  Spin R esonance

4 . 7 D ie le c t r ic  P ro p e r t ie s

4 . 8  P h o to c o n d u c tiv ity

4 . 9  N u c le a r  M a g n etic  R e so n a n c e

4 . 10 M a g n e tic  F r e e z e -O u t  

4 .1 1  S u m m a ry

C h a p te r 5 R E S U L T S  A N D  D IS C U S S IO N

5. 1 In tro d u c tio n

5 .2  R e s u lts

5 .3  D is cu s s io n

5 .3 .1  T ^  and K  T ^ T  a t L o w  F ie ld

5 .3 .2  K n ig h t S h ift M e a s u re m e n ts

5 .3 .3  T ^  and K  T ^ T  a t H igh  F ie ld

5 .4  Spin D iffu s io n

5. 5 T h e  E ffe c ts  of a N a r ro w  Im p u r ity  B and

5. 6 Kondo C e n tre s , L o c a l M o m e n ts  and  
A n tife r ro m a g n e tic  M e ta ls

5 .7  M a g n e tic  P ro p e r t ie s  at an A n d erso n  
T r a n s it io n

5 .8  C o r re la t io n  and E xchange in  an  
E le c tro n  Gas

5 ^ ^ ^ B u m m a r y

P a g e

72

73 

73 

78

81

88

92

95

100

102

118

121

122

123

123

139

141

148

150

152

156

170

185

188

194

-0



10.

C O N T E N T S  (Cont in ued)
P ag e

C h a p te r 6 C O N C L U S IO N  195

6 . 1 C o m p a ris o n  of G e:A s and S i:P  and 196
G e n e ra l C onclus ions

6 . E S u m m a ry  204

A p p en d ix  1 A P P A R A T U S  A N D  E X P E R IM E N T A L  T E C H N IQ U E S  206

A l .  1 In tro d u c tio n  207

73
A 1 .2  O b s e rv a b il ity  o f the  Ge R esonance  207

A  1 .3  T h e  N M R  S p e c tro m e te r  211

A 1. 4 G ain  M o n ito r in g  C ir c u it  219

A l .  5 M e c h a n ic a l D es ig n  of the N M R  P ro b e s  222

A 1. 6 C ry o g e n ic s  223

A 1. 7 M a g n e tic  F ie ld  P ro d u c tio n  226

A l .  8 M e a s u re m e n t T ech n iq u es  229

A l .  8 . 1 S p in -L a tt ic e  R e la x a tio n  T im e  229
M e a s u re m e n ts

A l .  8 . 2 K n ig h t S h ift M e a s u re m e n ts  2 33

A l .  8 . 3 L in e w id th  M e a s u re m e n ts  2 34

A p p en d ix  2 S A M P L E S  236

R E F E R E N C E S  247



C h a p te r  1

IN T R O D U C T IO N



12.

M u ch  e ffo r t  has been  in v e s te d  by  the physics c o m m u n ity  in

a tte m p tin g  to u n d e rs tan d  the m e ta l-n o n m e ta l t r a n s i t io n \  T h e  la t te r

has been w e ll Icnown to be m a n ife s te d  as a change in , fo r  e xam p le ,

the  c o n d u c tiv ity  f r o m  in s u la tin g  o r sem ico n d u ctin g  to  m e ta ll ic

b e h a v io u r w hen som e agency such as im p u r ity  c o n ce n tra tio n , p re s s u re

o r m a g n e tic  f ie ld  is  v a r ie d . T h e  m e ta l-n o n m e ta l t ra n s it io n  has been

o b s erv e d  in  a w id e  v a r ie ty  of m a te r ia ls ,  c ry s ta llin e  and am orphous

and o n e -, tw o - and th re e -d im e n s io n a l.  T h is  re p o r t  is r e s t r ic te d  to

a study of sem ico n d u c to rs  and, in  p a r t ic u la r ,  c ry s ta l lin e  g e rm a n iu m

in  w hich  a t ra n s it io n  to  m e ta l l ic  b e h a v io u r is induced  by  doping the

m a te r ia l  h e a v ily  w ith  the group  V  im p u r ity  a rs e n ic . E v e r y  A s  im p u r ity

e n te rs  the Ge la t t ic e  s u b s titu tio n a lly  and form s a s h a llo w , h y d ro g en ic ,

16 3
donor s ta te  w ith  a la rg e  B o h r ra d iu s  a ^ .  F o r  lig h t doping (;$ 10 cm  ) 

the  m a te r ia l  is  an e x tr in s ic  s em ic o n d u c to r and the r e s is t iv i t y  is  s tro n g ly  

dependent on te m p e ra tu re . A s  the doping d en s ity  is  in c re a s e d , the  

donor w ave  fu n c tio n s  o v e r la p  and the donor le v e ls  b eco m e b ro ad en ed  

in to  an e n e rg y  co n tin u u m  te rm e d  an im p u r ity  band . S e v e ra l m ech an ism s  

o f ch arg e  tra n s p o r t  a re  p o s s ib le  in  an im p u r ity -b a n d e d  s em ico n d u c to r  

and w e d iscuss these  in  r e la t io n  to p lo ts  of r e s is t iv i ty  ag a in s t  

te m p e ra tu re  in  la t e r  c h a p te rs . A s  th e  doping d e n s ity  is  in c re a s e d ,  

a c r i t ic a l  c o n ce n tra tio n  is  a tta in e d  at w h ich  th e  e le c tro n s  behave  

as a d e g en era te  gas and the  s em ic o n d u c to r assum es a m e ta ll ic  

c h a ra c te r .  T h e  onset of m e ta l l ic  b e h a v io u r is  s ig n a lle d  b y  a 

te m p e ra tu re  independence of the r e s is t iv i t y  and H a l l  c o e ffic ie n t. A n  

im p o rta n t fe a tu re  o f the  m e ta l-n o n m e ta l t ra n s it io n  is  th a t the tra n s it io n  

o ccu rs  w ith in  an im p u r ity  band w h ich  is s e p a ra te  f r o m  the conduction
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band -  a doping d e n s ity  m u st be re a c h e d  b e fo re  the F e rm i le v e l

e n te rs  the conduction band. F o r  G e:A s ,

N  ~  3 .1 0 ^ ^  cm   ̂ and N  , 2 .1 0 ^ ^  cm
C cb

W h ils t  the concept o f an im p u r ity  band is  not new , th e  d e ta ils  of such  

a band re m a in  p o o r ly  u n d ers to o d . C h a ra c te r is t ic s  o f the  im p u r ity  

band both p re d ic te d  by th e o ry  and g leaned  fro m  e x p e r im e n t a r e  g iven  

in  fo llo w in g  c h a p te rs . T h ro u g h o u t th is  re p o r t ,  we do not r e s t r ic t  

o u rs e lv e s  e x c lu s iv e ly  to  G e:A s w ith  w h ich  our e x p e rim e n ts  w e re  

p e r fo rm e d  as we w ish  to  co m p are  and c o n tra s t o u r re s u lts  w ith  those  

in  the w e ll-s tu d ie d  phosp h o ru s-d o p ed  s ilic o n  (S i:P ) s y s te m .

H is to r ic a l ly ,  the p o s s ib ility  of the ex is ten ce  o f a m e ta l-n o n m e ta l  

t ra n s it io n  w as re c o g n is e d  to be a consequence of the C ou lom b re p u ls io n  

betw een  e le c tro n s . B y  c o n s id e ra tio n  of a s c re e n ed  C oulom b p o te n tia l, 

M o tt d e r iv e d  a re la t io n  be tw een  the c r i t ic a l  c o n cen tra tio n  and the  

h yd ro g en  ra d iu s  as

T h is  e xp re s s io n  is  w e ll  b o rn e  out b y  e x p e rim e n t though, as w e note  

la t e r ,  the  a g re e m e n t is  in  p a r t  fo r tu ito u s . A  q u a n tita tiv e  th e o ry  th a t 

p re d ic te d  a m e ta ll ic  t ra n s it io n  w as la t e r  developed  b y  H u b b a rd  

(c h a p te r 3) who tre a te d  c o r re la t io n  o n ly  b e tw een  e le c tro n s  s itu a ted  on 

the sam e a to m ic  s ite . T h e  tra n s it io n  occu rs  when the  in tra a to m ic  

c o r re la t io n  te r m  U is  o f the o rd e r  of the t ig h t-b in d in g  b andw id th . 

L a te r  w o rk  b y  B r in k m a n  and R ic e  (c h a p te r 3) has shown th a t the  

e le c tro n  gas is  h ig h ly  c o r re la te d  in  a m a te r ia l  ju s t on the m e ta ll ic  

side of the tra n s it io n  and th e re  is  a consequent enhancem ent o f the  

spin s u s c e p tib ility  and e le c tro n ic  s p e c ific  h e a t. Such b e h av io u r



] 4 .

has been o b s erv e d  in  S i:P  and has been  taken  by  som e w o rk e rs  

(though not a l l ,  as we d e s c rib e  in  c h ap te r 4) to be s tro n g  ev idence  

fo r  the  m e ta l-n o n m e ta l t ra n s it io n  in  S i:P  be ing  due to e le c tro n  

c o r re la t io n .

A n  im p o rta n t fe a tu re  o f doped sem ico n d u c to rs  is  th a t th ey  a re

e xa m p les  o f d is o rd e re d  m a te r ia ls .  T h e  d is o rd e r  a r is e s  both because

of the h a p h a za rd  s itin g  of the donor a to m s  and fro m  the  ra n d o m  c ry s ta l

p o te n tia l c re a te d  by the  p re s e n c e  of the  donors , a c c e p to rs  and c ry s ta l

im p e r fe c tio n s . T h e  id e a  th a t d is o rd e r  can a lso  le a d  to a m e ta l-n o n m e ta l

t ra n s it io n  fo llo w s  f ro m  th e  w o rk  o f A n d e rs o n  (c h a p te r  3 ). H is  m o d e l,

in  w h ich  the  e le c tro n s  a re  ta k e n  to be n o n -in te ra c tin g , is  to  add a

+ra n d o m  p o te n tia l f lu c tu a tin g  b e tw een  the l im its  ~ to  the p e r io d ic

la t t ic e  p o te n tia l and o b s erv e  the e ffe c t on the c o n d u c tiv ity  o f a llo w in g

V  to in c re a s e . A t  ab so lu te  z e ro , c a r r ie r  d iffu s io n  van ish es  w hen V  o o
e>

b ecom es of the o rd e r  of th e  b an d w id th . F o r  doped sem ico n d u c to rs  

the  r e la t iv e  im p o rta n c e  o f e le c tro n  in te ra c t io n  w ith  re s p e c t to d is o rd e r  

prov ides  one of the m o s t fa s c in a tin g , th o u g lias  y e t u n re s o lv e d , aspects  

of the m e ta l-n o n m e ta l t ra n s it io n .

T h e  e x p e r im e n ta l m ethods th a t have  been em p lo ye d  to in v e s tig a te  

th e  t ra n s it io n  a re  m a n ifo ld  and w e have used  th e  p o w e rfu l one of 

n u c le a r  m a g n e tic  re so n a n c e  (N M R ). In  th is  tech n iq u e , the a to m ic  

n u cleus  is used  as a s e n s itiv e  p ro b e  to gain  in fo rm a tio n  on the e le c tro n ic  

e n v iro n m e n t s u rro u n d in g  the  n u c leu s . I f  the substance s tud ied  is  

m e ta ll ic  in  c h a ra c te r  then  the  p a ra m a g n e tis m  of the e le c tro n s  induces  

a s h ift ih  the n u c le a r  re so n a n c e  f ie ld  f r o m  th a t o b s e rv e d  w hen the  

nucleus is em bedded in  an in s u la tin g  m e d iu m . T h is  w e ll-k n o w n
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phenom enon is  te rm e d  the K n ig h t s h ift a f te r  its  d is c o v e re r  and c le a r ly  -

p ro v id es  a d e lic a te  te s t o f w h e th e r a sem ico n d u cto r is  m e ta ll ic  o r n o t.

T h e  fa c t th a t the K n ig h t s h ift should be z e ro  fo r  the  sem iconducting  

sta te  and f in ite  fo r  the m e ta ll ic  state  im m e d ia te ly  poses the  question  S

as to the sharpness of the change of the  K n ig h t sh ift a t the m e ta l-

73Ge n u c le i re a c h  th e rm a l e q u ilib r iu m  w ith  th e ir  su rro u n d in g s , the

n o n m e ta l t ra n s it io n . W e have m e a s u re d  the K n ig h t s h ift K  o f the ÿ

7 3 . S'Ge n u c le i in  G e:A s  a t a m a g n e tic  f ie ld  of 5T  , and d e te rm in e d
■f

the  dependence of K  on the c a r r ie r  c o n ce n tra tio n  N ^ .

W e have a lso  m e a s u re d  th e  c h a ra c te r is t ic  t im e  in  w h ich  the
■1?

s o -c a lle d  s p in - la t t ic e  re la x a t io n  t im e  T ^ , T h e  v a r ia t io n s  o f T^ on

and te m p e ra tu re  T  y ie ld  fu r th e r  in fo rm a tio n  on the p ro p e r tie s  M

of the  e le c tro n s  in  a h e av ily -d o p ed  sem ic o n d u c to r. O u r data fo r  T^  

h ave  been ta k en  a t and b e low  h e liu m  te m p e ra tu re s  a t a f ie ld  o f 

1 .4 4  T  and at 4 . 2 K  o n ly  a t a m a g n e tic  f ie ld  of 5 T , F in a lly ,  

m e a s u re m e n ts  ta k en  o f the  c h a ra c te r is t ic  t im e  in  w h ich  th e  n u c le i 

th e r m a lly  s e lf -  e q u ilib r  ia t  e, the s o -c a lle d  s p in -s p in  re la x a t io n  t im e  

T ^  have been used to  deduce the  n u c le a r  reso n an ce  lin e w id th  A B .
red J urx

T h is  p ro v id es  a m e a s u re  of th e ^ o c a l m a g n etic  f ie ld  e x p e rie n c e d  by 

73
the  Ge n u c le i.

S im p le  e xp ress io n s  a re  a v a ila b le , based on a f r e e -e le c t r o n  

m o d e l, fo r  the dependence of T   ̂ and K  on and T .  D e v ia tio n s

1f ro m  such b e h av io u r o c cu r i f  e le c tro n -e le c tro n  in te ra c tio n s  a re

i
im p o rta n t o r i f  th e re  is  d is o rd e r  in  the  e le c tro n  s y s te m . F o r  e x a m p le , |

i f  the e le c tro n  gas in  a s tro n g ly -d o p ed  s em ic o n d u c to r is  c o r re la te d , J
I

then enhancem ent o f the  re la x a t io n  r a te  and K n ig h t s h ift a r e  expected . î
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D e ta ile d  m a g n e tic  reso n an ce  stud ies  of S i:P  have been m ad e  in  re c e n t  

t im e s  by  S asak i, Ik e h a ta  and K o b ayash i^   ̂ and by  B ro w n  and H o lco m b ^ . 

S asak i e t a l .  show th a t d ev ia tio n s  f ro m  f r e e -e le c t r o n  b e h av io u r o ccu r in  

S i:P  c lo se  to the tra n s it io n  and a s c r ib e  th ese  to e le c tro n -e le c tro n  

in te ra c tio n s , A  n o n -in te ra c tin g  th e o ry  is  a lso  inadequate  to  e xp la in  

th e  e x p e r im e n ta l data  on the e le c tro n  spin s u s c e p tib ility  m e a s u re d  

u s in g  e le c tro n  spin  reso n an ce  (E S R ) tech n iq u es . S ince the m e ta l-  

n o n m e ta l tra n s it io n  occu rs  a t an o rd e r  o f m agn itude  lo w e r  doping  

d e n s ity  in  n -G e  than  in  n -S i, a m e ta ll ic  sp ec im en  of n -G e  should  

c o n stitu te  an e xa m p le  o f a lo w -d e n s ity  e le c tro n  gas. T h e  d e n s ity  of 

the  gas is  im p o rta n t b ecau se , as w e s ta te  in  c h ap ter 5, the spin  

s u s c e p tib ility  m a y  be enhanced o v e r the f r e e -e le c t r o n  v a lu e  b y  an  

am ount w h ich  depends on the d e n s ity  o f the e le c tro n  s ys te m . In  

c h ap te r 5 a ls o , w e d e s c rib e  an ap p ro ach  fo r  n a rro w -b a n d  m a te r ia ls  

w h ich  y ie ld s  a s u s c e p tib ility  enhan cem en t fa c to r  co n ta in in g  an in t r a -  

a to m ic  C oulom b re p u ls io n , e s s e n tia lly  the  H u b b a rd  U . T h e  

c o m p a ris o n  be tw een  th e  N M R  re s u lts  fo r  G e:A s and S i:P  a ffo rd s  the 

o p p o rtu n ity  o f o b s erv in g  w h e th e r e le c tro n  exchange and c o rre la t io n  

a re  im p o rta n t fo r  both m a te r ia ls .  T h e  p re se n c e  o r absence o f 

e le c tro n -e le c tro n  in te ra c tio n s  p ro v id e s  d e ta ils  o f the fo rm  of the  

im p u r ity  band and a ls o  suggests w h e th e r c o r re la t io n  o r d is o rd e r  is  of 

g re a te r  im p o rta n c e  as re g a rd s  the o c c u rre n c e  of a m e ta l-n o n m e ta l  

t ra n s it io n .

T h e  p r im a r y  m o tiv a tio n  fo r  o u r study was to d e te rm in e  w h eth er  

the  e le c tro n  in te ra c t io n  e ffe c ts  o b s erv e d  in  S i:P  could  a ls o  be seen in  

G e:A s . S econdly , th e re  e x is ts  som e d is a g re e m e n t in  the l i te r a tu r e
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on the sharpness of the ap p ea ra n ce  o f the K n ig h t s h ift in  S i:P  a t the

2
m e ta l-n o n m e ta l t ra n s it io n . S as a k i et a l.  have  o b s erv e d  an ab ru p t

7change w h e re a s  e a r l ie r  re s u lts  o f Sundfors and H o lco m b  show the  

K n ig h t s h ift to  ap p ea r and then g ra d u a lly  in c re a s e  w itli doping  

d e n s ity . W e w ish ed  to in v e s tig a te  tlie  b e h a v io u r of G etA s in  the  

e q u iv a le n t doping re g im e  fo r  c o m p a ris o n  w ith  the c o n flic tin g  data  

in  S i:P . A  th ird  re as o n  fo r  our w o rk  w as to  e n q u ire  as to the c o r re c t  

w a y  of d e s c rib in g  the  e le c tro n  s ys te m  in  a m e ta ll ic  s e m ic o n d u c to r.

I t  is accep ted  t lia t  on the n o n m e ta llic  side o f the tra n s it io n  th a t the  

e le c tro n s  a re  lo c a lis e d  about the  donor a to m s . In  the  m e ta ll ic  re g im e  

som e w o rk e rs  ta k e  the e le c tro n  gas (p o s s ib ly  in te ra c tin g ) to  be a 

o n e -p h ase  s ys te m . T o  the c o n tra ry , o th er in v e s tig a to rs  im a g in e  the  

m e ta ll ic  re g io n  to  be a tw o -p h a s e  e le c tro n  s ys te m , i . e .  lo c a lis e d  

sta tes  c o e x is t w ith  extended  s ta te s . E x p e r im e n t has so f a r  p ro v id e d

2
b a lan c e d  ev id en ce  fo r  both d e s c r ip tio n s . F o r  e xa m p le , S a s a k i e t a l .  

a re  ab le  to e xp la in  th e ir  N M R  data  in  S i:P  us in g  a tw o -p h a s e  m o d el 

w h ils t  B ro w n  and H o lc o m b ^ , ob ta in in g  e s s e n tia lly  th e  sam e d a ta , 

ob ta in  a g re e m e n t w ith  th e o ry  w ith in  the  confines  o f a s in g le -p h a s e  

e le c tro n  s y s te m .

H a v in g  b r ie f ly  o u tlin e d  our m o tiv e s  fo r  a tte m p tin g  a study of 

G e:A s u s in g  N M R  w e now d e s c rib e  the la y o u t o f th is  re p o r t  o f o u r  

f in d in g s . In  c h ap te r 2, we g ive  the b a s ic  p r in c ip le s  of n u c le a r  

in te ra c tio n  and re la x a t io n  and d iscuss  d e v ia tio n s  f ro m  f r e e -e le c t r o n  

fo rm u la e  fo r  T   ̂ and K  due to e le c tr o n -e le c tr o n  in te ra c tio n  and  

d is o rd e r . C h ap te r 3 is  a d e s c r ip tio n  o f som e of*the p h y s ic a l ideas  

p e c u lia r  to the m e ta l-n o n m e ta l t ra n s it io n  in  w h ich  w e h ave  d ra w n
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h e a v ily  on the e x ten s ive  w r it in g s  of M o t t \  A  re v ie w  of e x p e r im e n ta l 

in v e s tig a tio n s  of the t ra n s it io n  is  g iven  in  c h ap ter 4 and th e re fro m  

som e in te re s tin g  in fe re n c e s  m a y  be d ra w n . F i r s t ly ,  f r o m  the  m an y  

e x p e rim e n ts  d e s c rib e d , i t  is  ap p aren t th a t no s ing le  e x p e r im e n t can 

p ro v id e  d e fin it iv e  ev id en ce  as to  the n a tu re  of the m e ta l-n o n m e ta l  

t ra n s it io n . Secondly, no e x is tin g  th e o ry  seem s capable  o f exp la in in g  

e v e ry  e x p e r im e n t th a t has been p e r fo rm e d , at le a s t w ith in  a p a r t ic u la r  

c lass  of m a te r ia ls .  B y  th is  we m ean  th a t the a p p lic a tio n  o f a th e o ry  to , 

fo r  e x a m p le , a ll  m e ta ll ic  s em ico n d u c to rs  m a y  not be m e a n in g fu l i f  

those s em ic o n d u c to rs  show d if fe re n t  b e h av io u r w hen su b jec ted  to  the  

sam e e x p e r im e n ta l co n d itio n s . I f  the la t te r  h o ld s , then  i t  w ould  

a p p ea r m o re  a p p ro p r ia te  to  co n s id e r each s tro n g ly -d o p e d  sem ico n d u c to r  

as an in d iv id u a l m a te r ia l  in  w h ich  e ith e r  c o r re la t io n  or d is o rd e r  m a y  

p la y  the m o re  im p o rta n t ro le  a t the m e ta l-n o n m e ta l t ra n s it io n . In  

c h ap te r 4, we s tre s s  th at n -G e  and n -S i  do not a lw ays  behave  

id e n t ic a lly  when exposed to  s im i la r  e x p e r im e n ta l in v e s tig a tio n . O u r  

own e x p e r im e n ta l data is s u m m a ris e d  in  ch ap ter 5 and c o lla te d  w ith  the  

th e o r ie s  d e s c rib e d  in  e a r l ie r  pages. W e give a synopsis of our 

conclus ions in  ch ap ter 6 and ju x tap o se  o u r re s u lts  w ith  those taken  

in  S i:F  fo r  c o m p aris o n  and c o n tra s t. T h e  d iffe re n c e s  b e tw een  the  

N M R  m e a s u re m e n ts  fo r  the  tw o s em ic o n d u c to rs  a re  shown to  fo llo w  

those noted in  ch ap ter 4 and a rg u m e n ts  a re  g iven  to suggest th a t 

c o r re la t io n  is  less  im p o rta n t fo r  G e:A s  than  S i:P .

F in a lly ,  w e have chosen to p la c e  d e ta ils  of the e x p e r im e n ta l  

m ethod  and the c h a ra c te r is t ic s  of the sam p les  in 'tw o  appendices  in  

o rd e r  not to in te r ru p t  the flo w  o f th e  a rg u m e n t of the p re c e d in g  c h a p te rs .
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T h e  second appen d ix  contains re s u lts  of H a ll  e ffe c t and r e s is t iv i ty  

m e a s u re m e n ts  on o u r s am p les  a t 4 . 2 and 300 K . A tte n tio n  is  d ra w n  

to the d if f ic u lty  o f d e te rm in in g  the  c a r r ie r  c o n ce n tra tio n  in  n -ty p e  

Ge and Si due both to p ra c t ic a l and th e o re t ic a l c o n s id e ra tio n s . T h e  

fo r m e r  red u ces  to a cho ice  o f m eth o d  w h ils t  the th e o re t ic a l p ro b le m  

co n cern s  the  v a r ia t io n  of the p ro p o r tio n a lity  constant be tw een  the  

c a r r ie r  d e n s ity  and the H a l l  constan t w ith  te m p e ra tu re  and doping  

d e n s ity . T h e  d iscu ss io n  a lso  a llo w s  a p ro p o s a l to  be m ad e  to re s o lv e  

the  d is c re p a n c y  e x is tin g  b e tw een  the  H a l l  e ffe c t re s u lts  in  S i:F  

(c f .  c h ap ter 4) and the th e o r ie s  of c h a p te r 3.

I t  fo llo w s  th a t the p o s itio n in g  o f the sam p le  d e ta ils  in  an  

appen d ix  should not be v ie w e d  as a re le g a tio n  of th e ir  im p o rta n c e .

T h e  fa c t th a t we had  co nfidence  in  the c h a ra c te r is a tio n  of our sam ples  

w as o f g re a t consequence to th is  w o rk .
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C h a p te r 2

T H E O R Y  O F  N U C L E A R  M A G N E T IC  R E S O N A N C E  
A N D  R E L A X A T IO N
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2. 1 In tro d u c tio n

T h is  c h ap te r is  devoted  to the  th e o ry  of n u c le a r  in te ra c tio n s

and re la x a tio n s  in  s o lid s . W e b eg in  b y  d e s c rib in g  b r ie f ly  the b asic

fe a tu re s  of n u c le a r  m a g n e tis m  and d e fin e  the s pin -  s pin and s p in -

la t t ic e  re la x a t io n  t im e s . A  s u rv e y  of n u c le a r -n u c le a r  in te ra c tio n s

is  g iven and the  e le c tro n -n u c le a r  in te ra c tio n  and a s s o c ia te d

re la x a t io n  m e ch a n is m s  a re  t re a te d  in  som e d e ta il.  T h e  d iscu ss io n

is  extended to the case of doped sem ico n d u c to rs  and d e v ia tio n s  f ro m

the f r e e -e le c t r o n  th e o ry  due to c o r re la t io n  and d is o rd e r  a r e  d e s c rib e d .

M u ch  of tliis  c h ap ter is  ta k e n  f r o m  fo u r co m p reh e n s ive  books on

8-11
n u c le a r  m a g n e tis m  but fo r  s im p lic ity  these w o rk s  a re  not 

in d iv id u a lly  re fe re n c e d  in  the fo llo w in g  te x t.

2 . 2 B a s ic  T h e o ry  o f N u c le a r  R eso n an ce  and R e la x a tio n

T h e  fin e  s tru c tu re  of a to m ic  s p e c tra l lin e s  led  s p ec tro s c o p is ts  

to the conclus ion  th a t a nuc leus  possesses an a n g u la r m o m en tu m  _J 

( in  u n its  o f h  ) and a m a g n e tic  m o m e n t ^ . T h e  v e c to rs  a re  

c o llin e a r  and

^  = Y 2  = y t i i  ( 2 . 1)

w h e re  is  the m a g n e to g y ric  r a t io  o f the nucleus and _I is  a

d im e n s io n le s s  a n g u la r m o m e n tu m  o p e ra to r  known as th e  n u c le a r  sp in . 

I f  a nucleus is  p la c e d  in  a m a g n e tic  f ie ld  JB , the in te ra c tio n  en erg y  

is  d e s c rib a b le  b y  the H a m ilto n ia n

0 {  = -  _B_ ( 2 . 2 )

T a k in g  B^ to l ie  along the z a x is  '

= -  Y % B ^  ( 2 .3 )
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T h e  e ig enva lues  of I  a re  m  w h e re  m  m ay  have the (21 + 1) values
Z ■’■1

betw een  -  I ,  so the a llo w e d  e n erg ie s  (Z e e m a n  e n e rg ie s ) a re

E  = -  Y hi B m  m  = I ,  I  - 1 ,  ~I ( 2 .4 )
m  o

T h is  equation m a y  be w r it te n  e q u iv a le n tly  as

w h e re  g and ^ a re  the n u c le a r  g fa c to r  and n u c le a r  m agneton

r e s p e c t iv e ly . T ra n s it io n s  b e tw een  these  e n erg y  le v e ls  m a y  be induced

b y  an o s c illa t in g  m a g n e tic  f ie ld  of a n g u la r fre q u e n c y  w ^ (the JLarm or

fre q u e n c y ) a p p lie d  p e rp e n d ic u la r ly  to B ^  i f  the  re so n an ce  co n d itio n

h  w = Y h B (2 .6 )
o o

is  m e t.

In  a r e a l  s o lid , the n u c le a r  H a m ilto n ia n  w ould  co n ta in  te rm s  

d e s c r ip t iv e  of the in te ra c tio n s  o f a nucleus w ith  its  n e ig h b o u rs , e le c tro n s  

and its  e n v iro n m e n t. W e w i l l  d iscuss  these  in te ra c tio n s  in  la te r  

sections  but fo r  the m o m en t s im p ly  c o n s id e r an is o la te d  a s s e m b ly  o f 

spins in  a f ie ld  B ^ . P ro v id in g  som e n u c le a r -n u c le a r  in te ra c tio n  e x is ts  

then  the spins w i l l  be in th e r m a l e q u ilib r iu m  and w i l l  d is tr ib u te  

th e m s e lv e s  o v e r the a v a ila b le  e n e rg y  le v e ls  in  a B o ltz m a n n  d is tr ib u tio n .  

T h e  d is tr ib u tio n  is  c h a ra c te r is e d  b y  a spin te m p e ra tu re  T  so th a t,s
a t e q u ilib r iu m , the populations of two a d jac e n t e n erg y  le v e ls  a re  in  

th e  ra t io

----------------- = exp I   I ( 2 .7 )

I f  the e q u ilib r iu m  is  d is tu rb e d  then  n u c le a r -n u c le a r  in te ra c tio n s  w i l l  

re s to re  the sys te m  to a com m on spin te m p e ra tu re  w ith  a c h a ra c te r is t ic  

re la x a t io n  t im e  T ^  c a lle d  the s p in -s p in  re la x a t io n  t im e .
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W e now d ro p  the re q u ire m e n t o f is o la tio n  of o u r spin sys te m

and co n s id e r the e ffe c t of em bedding  our spin a s s e m b ly  in  a la t t ic e

a t te m p e ra tu re  T  : a t e q u ilib r iu m  T  = T  . I f  w e d is tu rb  the  
ju S -Lj

e q u ilib r iu m  such th a t is no lo n g e r equal to then  in te ra c tio n s

betw een  the spins and the la t t ic e  w i l l  tend  to re s to re  the e q u ilib r iu m  

co n d itio n  w ith  a c h a ra c te r is t ic  t im e  constan t T   ̂ c a lle d  the s p in - la t t ic e  

re la x a t io n  t im e . F o r  s o lid s , ~  JUS and T   ̂ m a y  be as long as

s e v e ra l h o u rs . Th u s  the spin en sem b le  m a in ta in s  a u n ifo rm  spin  

te m p e ra tu re  th ro u g h o u t the  spin la t t ic e  re la x a t io n  p ro c e s s .

2 . 3 D ip o la r  In te ra c t io n

a
W e h ave  a lre a d y  im p lie d  the  ex is ten ce  of n u c le a r  in te ra c tio n s  

and we d e s c rib e  h e re  the d ip o la r  in te ra c t io n  th a t n u c le i m a y  e x p e rie n c e .

I f  a sam p le  is  p laced  in  a m a g n e tic  f ie ld  then  the n u c le i w i l l  be  

s u b jec t both to  the s ta tic  f ie ld  and a v a ry in g  lo c a l f ie ld  produced  by  

th e ir  n e ighbours  th ro u g h  the d ip o la r  in te ra c t io n  w h ich  lea d s  to a 

b ro a d en in g  of the re so n a n c e  l in e .  F o r  a sys tem  o f N  sp ins, the  

d ip o la r  H a m ilto n ia n  m a y  be  w r it te n

dd -  —  Z u  — T -  '   5------------------  '  ’
I t  is  co nven ien t to r e w r i te  th is  H a m ilto n ia n  in  s p h e r ic a l p o la r

co o rd in a tes  r ,  t? , <jî> and use th e  ra is in g  and lo w e r in g  o p e ra to rs  

+I  and I  . R e c a llin g  = b' h I ,  the tra n s fo rm e d  H a m ilto n ia n  re ad s

jUo ^ 1 ^ 2 ^
OY dd " ------  2 - f  ---------3------ (A  + B + C + D  h E  + F )  ( 2 .9 )

4 tt j < k  r ..



24 .

w h e re

^kz - 3=°:^ '’ jU

-  i C j X  +

^ = - " i  (I^Ikz + ^ jz4 ) 4jk=°: ^'jk==P(-i *jk)

°  = - T" <4^kz + ^jz^k) *jkC°s jk®^P("^jk)

^ = - T  4^k ®“ ^ '’ jk® ^P('^" ‘̂ jk^

F = - T  V k

T e r m s  A  and B co m m u te  w ith  th e  Z e e m a n  H a m ilto n ia n
N

- y î ^b ^ S  I.^ ' (2.10)
i  = l

and cannot exchange e n e rg y  w ith  i t .  T e r m  A  re p re s e n ts  th e  c la s s ic a l

in te ra c tio n  be tw een  two d ip o les  and JÛ  w h ils t  t e r m  B connects

s ta tes  |m .,m , > to  s ta tes  /  m . 4- 1, m , - I I  o r  / m .  -  1, m^ +11 
' j  J k  ' ^  j  k

and can thus induce m u tu a l sp in  f lip s  b e tw een  jh  and , T h is

te r m , f a m i l ia r ly  known as the  f l ip - f lo p  te r m , is  an e ff ic ie n t m ethod

b y  w h ich  n u c le a r  spin e n e rg y  can d iffu s e  th rough  a sp in  sys te m . T h e

C and D  terms f l ip  one sp in  o n ly  such th a t (m^ + m^^) = ^ 1  and the

E  and F  te rm s  f l ip  two spins in  the sam e d ire c tio n  such th a t

A (m . + m , ) = + 2 . T h e  e ffe c t of the  C , D , E , F  te rm s  is  to  
J k

pro d u ce  ab so rp tio n  lin e s  a t fre q u e n c ie s  ^ cô  w h e re  as b e fo re

w is  the n u c le a r  L a r m o r  fre q u e n c y . T h e se  lin e s  a re  u s u a lly  so 

w ea k  as to be n e g lig ib le  and the d ip o la r  H a m ilto n ia n  is  then  tru n c a te d  

so as to co n ta in  on ly  th e  A  and B te r m s .
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12
2 .4  Q u a d ru p o la r In te ra c t io n

T h e  in te ra c tio n  e n e rg y  of a n u c le a r  ch arg e  d e n s ity  d is tr ib u tio n  

P  (T.) w ith  an e x te rn a l e le c tr ic  p o te n tia l V  is

E  = J* P (t ) V (£ ) d r (2 .1 1 )

V ( r )  m a y  be expanded about the n u c le a r  c e n tre  of m a ss  as o r ig in  in  

a T a y lo r  s e r ie s  to  g ive  an e x p re s s io n  fo r  E  as 

E  = V ^ J 'p  dr + (o) Jo<p dr

+ (o) d r +   ( 2 . 12)

w h e re  a, = x , y , z ,  V ^ (o )  = H  = ■ ^ ^ ) r = 0

In  th is  e x p re s s io n  fo r  E , the f i r s t  t e r m  re p re s e n ts  the e le c tro s ta t ic

e n e rg y  of a po in t nucleus and b e in g  thus independent of n u c le a r  s iz e , shape

o r o r ie n ta t io n  is u n im p o rta n t fo r  our d is cu s s io n . T h e  second te r m

in v o lv e s  th e  e le c tr ic  d ip o le  m o m e n t o f the nucleus and th is  te r m

van ish es  s ince  the  n u c le a r  c e n tre  of m ass  and c e n tre  o f c h a rg e  c o in c id e .

T h e  th ird  te r m  is  the  q u ad ru p o le  te r m  and is  the la r g e s t  c o rre c tio n  to

th e  p o in t ch arg e  in te ra c t io n . A  'p r in c ip a l a x is ' c o o rd in a te  s y s te m  m a y

be chosen such th a t = 0 , c< 9^ [S le a v in g  the o n ly  n o n -z e ro

com ponents as V  , V  and V  . M o re o v e r  L a p la c e 's  equation
XX y y  z z

g ives

0 (2 .1 3 )
o<

Thus fo r  any nucleus in  a cubic e n v iro n m e n t such th a t V  = V  = V  ,
X X  y y  z z

the q u a d ru p o la r in te ra c t io n  v a n is h e s . A  spin ^ (o r  spin z e ro )  

n u cleus  has no o r ie n ta t io n  dependence of its  ch arg e  d is tr ib u tio n  so 

ag a in  the  q u ad ru p o le  in te ra c t io n  is  z e ro . W e o n ly  exp ect, th e re fo re ,  

to o b serve  q u adrupo le  e ffe c ts  fo r  n u c le i of spin I  >  % and w hen th e y
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a re  s itu a ted  in n o n -c u b ic  e n v iro n m e n ts . T h e  q u a d ru p o la r H a m ilto n ia n  

in  the p r in c ip a l axis  s y s te m  m a y  be w r it te n

e q Q  r  ? 7 4-2 _2 -i
^     | 3 I  + + I  )1 ( 2 . 1 4 )

4 1 (2 1  -  1 ) '- ^ J

w h e re  Q is  the q u adrupo le  m o m e n t of the n u c leu s , r] is  an a s y m m e try

p a ra m e te r  and eq is  the f ie ld  g ra d ie n t: the q u a n titie s  a re  defined  as

J P -  r^ )d
1 r  7 7 V  - V

Q = — I p ( r ) (3 z  -  r  )dT 1 ^ ^  eq = V  =
® ■' zz

F o r  a x ia l s y m m e try  o f the f ie ld  g ra d ie n t, = V  and t} is ze ro .

W e note th a t an e x te rn a l ch arg e  can induce d is to rtio n  in  c lo sed  s h e ll 

e le c tro n s  s u rro u n d in g  the n u c leu s . T h is  s o -c a lle d  S te rn lie im e r  

a n ti-s h ie ld in g  can change f r o m  the b a re  nuc leus  v a lu e  b y  up to

tw o o rd e rs  of m ag n itu d e .

I f  Q  is s m a ll c o m p are d  to the  Z e e m a n  H a m ilto n ia n , the  

e ffe c t of the  q u ad ru p o le  in te ra c t io n  on a n u c le a r  e n erg y  le v e l m a y  be

d e te rm in e d  b y  p e r tu rb a tio n  th e o ry  as

e^qQ
= -  Y 81(21 -  f )  l ) ) (3 c o s “0 -  1) (2 . 15)

2
e qQ

E  , ~
m .

J

w h e re  6 is  the angle  b e tw een  and th e  p r in c ip a l z a x is . In  f i r s t  

o r d e r ,  the  -  y le v e ls  a r e  both  s h ifte d  b y  the sam e am ount and so 

th e ir  re so n an ce  lin e  is  un s h ifte d . T h e  re m a in in g  e n e rg y  le v e ls  a re  

h o w e ve r no lo n g e r eq u isp aced  and the re s u lt  is  a s e r ie s  o f 2 1 - 1  

s a te l l i te  lin e s  s y m m e tr ic a lly  p la c e d  about the to  -  ^ l in e .  T h e

s a te llite s  m a y  be d is p la c e d  fa r  f ro m  the  c e n tra l lin e  so th a t the  

q u ad ru p o le  e ffe c t is  m a n ife s te d  o n ly  th ro u g h  a re d u c tio n  in  in te n s ity  

of the c e n tra l l in e . F in a lly ,  i f  e^qQ ~2>'hB^ then the -  ^ tra n s it io n  

m a y  a lso  be s h ifte d  and a second o rd e r  b ro a d en in g  o b ta in s .
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2. 5 E le c tro n -N u c le a r  M a g n e tic  In te ra c tio n

In  the  absence o f a m a g n e tic  f ie ld , the H a m ilto n ia n  d e s c rib in g  

th e  in te ra c tio n  b e tw een  a nucleus of m a g n e tic  m o m e n t  ̂ and an  

e le c tro n  w ith  o rb ita l m o m e n t jj ^  and spin m o m en t |J g m a y  be

w r i t t  en

Ho 

‘  4n

^̂ i' Ml j Ms* Mi
3 “ j  3 ” 5

r  ' r  r

3 M l '  ^
(2 . 16)

T h e  f i r s t  te r m  re p re s e n ts  the  o rb ita l  h y p er fin e  coup ling  due to  the  

f ie ld  p ro d u ced  b y  the e le c tro n  o rb ita l  m o tio n . In  d ia m a g n e tic  

m a te r ia ls ,  the nucleus is  su rro u n d e d  by  f i l le d  e le c tro n  sh e lls  h av in g  

z e ro  o rb ita l (and spin) a n g u la r m o m e n tu m  and hence tliis  te r m  

v a n is h e s . In  p a ra m a g n e tic  m a te r ia ls ,  th e  o rb ita l  a n g u la r m o m e n tu m  

o f the u n b a lan ced  spin is  o ften  quenched by  the c ry s ta llin e  e le c tr ic  

f ie ld  and so th is  te r m  is  ag a in  n e g lig ib le . T h e  a p p lic a tio n  of a 

m a g n e tic  f ie ld  can le a d  to  a s lig h t un quenching and th en  the jU 

in te ra c tio n  leads  to a s m a ll s h ift in  the  n u c le a r  re so n a n c e  fre q u e n c y  

know n as a c h e m ic a l s h ift.

T h e  te r m  in  b ra c e s  in  is  the  d ip o la r  in te ra c t io n  betw een

an e le c tro n  spin and a n u c le a r  sp in . In  d ia m a g n e tic  substances, the  

la c k  of a re s u lta n t e le c tro n  spin a n g u la r  m o m e n tu m  lead s  to  the  

v an is h in g  o f th is  te r m .  In  p a ra m a g n e tic  m a te r ia ls ,  the f ie ld  at a 

nucleus produced  b y  a s ta tic  e le c tro n  spin m o m e n t is  m uch g re a te r  

than  n o rm a lly  a tta in a b le  la b o ra to ry  f ie ld s . H o w e v e r, the e le c tro n  

spin is  r a r e ly  s ta tic  s in ce  the  p re s e n c e  of exchange coupling  b etw een
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n e ig h b o u rin g  e le c tro n s  o r fa s t re la x a t io n  to the la t t ic e  re s u lts  in  an 

e le c tro n  spin f lip p in g  ra p id ly  ( 10 s e c ) b e tw een  the  tw o ^ 2

s ta te s . A  n u c leu s , then, sees the  t im e -a v e ra g e d  d ip o la r  f ie ld  due to  

a flu c tu a tin g  e le c tro n . T h is  a ve ra g e  f ie ld  is  n o n -z e ro  s in ce  the  

popu lations o f the s ta tes  w ith  = -  ^ a-re d if fe re n t  bu t th e  f ie ld  w i l l  

be v e ry  m uch les s  than th a t c re a te d  by  a s ta tio n a ry  spin  m o m e n t and  

so the  p a ra m a g n e tic  n u c le a r  reso n an ce  s h ift is  c o rre s p o n d in g ly  s m a ll.

T w o  fu r th e r  p ro p e r t ie s  o f the d ip o la r  te r m  a re  th a t, f i r s t ly ,  i t  van ish es  

i f  the  nucleus is  in  a s ite  of cubic  s y m m e try  and secondly  th a t the  

d ip o la r  a p p ro x im a tio n  is  on ly  v a lid  fo r  d is tan ces  r  g re a te r  than the  

n u c le a r  ra d iu s . T h e  la t te r  re q u ire s  us to w r ite  a s o -c a lle d  contact 

in te ra c tio n  v a lid  fo r  s m a ll r  in  the h y p e rf in e  H a m ilto n ia n  w hich  is 

shown as te r m  th re e  in  T h is  te r m  assum es im p o rta n c e  when

th e  d ip o la r  a p p ro x im a tio n  becom es in v a lid , the d e lta  fu n c tio n  en su rin g  

th a t on ly  those e le c tro n s  w ith  f in i te  a m p litu d e  at the nuc leus  (s -  e le c tro n s )  

can c o n tr ib u te .

In  m e ta ls , the con tact in te ra c t io n  leads  to a p a ra m a g n e tic  sh ift 

of tlie  n u c le a r  re so n an ce  of o rd e r  1%. T h e  ra t io  o f th e  s h ift to  the  

a p p lie d  f ie ld  is  know n as the K n ig h t s h ift  K ^ E x p e r i m e n t a l l y ,  

i t  is  found th a t K  is n e a r ly  a lw a y s  p o s itiv e , te m p e ra tu re  -in d ep en d en t 

and the s h ift is  p ro p o rtio n a l to  f ie ld .  A n  e x p re s s io n  fo r  K  m a y  be  

w r it te n

8 tt V M
K  = i;?; • 1 ---------- j j —  < \ 'p { ° ) \  > E  (2 .1 7 )

md F

w h e re  M  is  the  a to m ic  m a s s , X  th e  e le c tro n 's p in  (P a u li)
S

2
s u s c e p tib ility  p e r u n it m ass  and <(i'/'(o)j )> is  th e  s -e le c t r o n

F
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d e n s ity  eva lu a ted  a t the n u c leu s , a v e ra g e d  o ver the  F e r m i  su rface

and n o rm a lis e d  in  an a to m ic  v o lu m e . W r it in g  X r. in. the f r e e -
o

e le c tro n  a p p ro x im a tio n  y ie ld s

K  oc < |\( '(o )  1^> n'^ (2 .1 8 )
F

w h e re  n is the e le c tro n  d e n s ity .

In  n o n -c u b ic  m e ta ls  o r w h e re  e le c tro n s  a re  of n o n -s  type, then  

the  p re s e n c e  of a n o n -z e ro  d ip o la r  te r m  leads  to an a n is o tro p y  in  the  

K n ig h t s h ift and re so n an ce  l in e  b ro a d en in g . T h e  o rb ita l te r m  in  

can a lso  c o n trib u te  but o n ly  in  second o rd e r  and on ly  fo r  those m e ta ls  

w ith  n o n -s  bands such as tra n s it io n  m e ta ls . A  m o re  s ig n if ic a n t e ffe c t  

fo r  tra n s it io n  m e ta ls  is  th a t of c o re  p o la r is a tio n  w h ich  m a y  fu rn is h  a 

s h ift of e ith e r  s ign . T h e  m e c h a n is m  is , b r ie f ly ,  t lia t th e  d v a len ce  

e le c tro n s  in te ra c t  v ia  exchange w ith  s -ty p e  c o re  e le c tro n s . T h ese  

c o re  states d is to r t  and p roduce  a K n ig h t s h ift due to  th e ir  d ire c t  

contact w ith  the  n u c leu s .

O u r f in a l c o n s id e ra tio n  in  th is  sec tio n  of the e le c tro n -n u c le a r  

in te ra c t io n  is  of the second o rd e r  coup ling  be tw een  e le c tro n  spins and  

n u c le i. In  d ia m a g n e tic  m a te r ia ls  we h ave  noted  above th a t th e  f i r s t  

o rd e r  coup ling  v a n is h e s . In  second o rd e r  a coup ling  does e x is t and is  

re v e a le d  by  an in d ir e c t  coup ling  b e tw ee n  the n u c le i w h ich  can le a d  to  

s p litt in g s  of th e  n a r ro w  re so n a n c e  lin e s  o b s erv e d  in  liq u id s . T h e  

e ffe c t of the coqp ling  in  th e  s o lid  s ta te  has been c o n s id e re d  by  

B lo e m b e rg e n  and R o w lan d ^^  and by  R u d e rm a n  and K it te l^ ^ .  The  

o r ig in  o f the  coupling  is  th a t a n u c leus  o f m o m e n t, say  sp in -u p , 

is  a fa v o u ra b le  s ite  fo r  an a to m ic  e le c tro n  of p a r a l le l  m o m e n t. A
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n e ig h b o u rin g  e le c tro n  w i l l  p r e fe r  to  be sp in -d o w n  and thus its  j
i < n<i  ̂0

a s s o c ia te d  nucleus w ill,{be sp in -d o w n . T h e  a rg u m e n t shows th a t i f  

e ith e r  nuc leus  re o r ie n ts  its  spin m o m e n t the n e ig h b o u rin g  nucleus  

w i l l  a lso  re o r ie n ta te  to  m a in ta in  the  a n t ip a ra l le l  sp in  c o n fig u ra tio n .

T h e re in  l ie s  a m e c h a n is m  o f in d ire c t  coupling  betw een  n u c le i w hich  

is  re p re s e n te d  by  the  H a m ilto n ia n

ss -  E  A  (r  (2 .1 9 )
J

p ro v id in g  the e le c tro n s  a re  o f s -ty p e  and thus in te ra c t  th ro u g h  contact

■ w ith  the n u c le i. T h e  fo r m  o f ( 7 /  has suggested th e  te r m  o f

pseudoexchange co u p lin g . T h is  can be re s p o n s ib le  fo r  e ith e r  a

n a rro w in g  o r a b ro a d en in g  o f a reso n an ce  lin e  su b jec t to  w h e th e r the

in d ir e c t  coupling  is  am ongst l ik e  o r  u n lik e  n u c le i re s p e c t iv e ly .

C o n s id e ra tio n  of the  in d ir e c t  n u c le a r  in te ra c t io n  is  n e c e s s a ry  to

account fo r  the n u c le a r  lin e w id th s  in  h eavy  m e ta ls  and in  undoped

17I I I - V  s e m ic o n d u c to rs ,

2. 6 Spin L a tt ic e  R e la x a tio n  in  M e ta ls  and S em ico n d u cto rs

In  th is  sec tio n  w e s h a ll c o n s id e r th e  m ethods b y  w h ich  n u c le i 

m a y  r e la x  to the la t t ic e  in  s o lid  m e ta ls  and doped s e m ic o n d u c to rs .

D e v ia tio n s  f r o m  s im p le  th e o ry  re la t in g  the K n ig h t s h ift and s p in -  

la t t ic e  re la x a t io n  t im e  a re  d iscu ssed  in  the fo llo w in g  s e c tio n .

F o r  m e ta ls , the dom inant re la x a t io n  m e c h a n is m  is  o ften  the  

contact te r m  th a t w e d e s c rib e d  in  connection  w ith  the K n ig h t s h ift.

W e m a y  r e w r i te  the contact t e r m  o f in  sec tio n  2 , 5 as
en

'^ c =  -  f  + I - S + ) ' (2 . 20 )
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w h e re  the l(S)^^  ̂ a re  the n u c le a r  (e le c tro n ) ra is in g  (lo w e rin g )

o p e ra to rs . T h e  p a r t  o f in v o lv in g  I^S ^.w as used  in  the  f i r s t

o rd e r  c a lc u la tio n  of the K n ig h t s h ift. T h e  re m a in in g  te rm s  re q u ire

s im u ltan eo u s  n u c le a r  and e le c tro n  spin f lip s  analagous to  the n u c le a r

f l ip - f lo p  te r m  in  the d ip o la r  H a m ilto n ia n . T h ese  spin  f l ip  te rm s

im p ly  th a t on ly  those e le c tro n s  w ith in  k T  of can ta k e  p a rt in  the

re la x a t io n  p ro c e s s . F u r th e r m o r e  the t im e  spent by  an e le c tro n

at an a to m ic  s ite  is  by th e  H e is e n b e rg  u n c e r ta in ty  p r in c ip le  o f o rd e r

h /E ^  ~  10 sec: thus a nuc leus  e x p e rie n c e s  a flu c tu a tin g  lo c a l

f ie ld  w ith  a v e r y  sh o rt c o r re la t io n  t im e  r  . T h e  n u c le a r  t ra n s it io n
c

2
*7^ r  and the spin

 ̂ c av  c
p ro b a b ility  is  then  p ro p o rtio n a l to 

la t t ic e  re la x a t io n  t im e  is then  g iven  b y  th e  a p p ro x im a te  fo rm u la

T

A  d e ta ile d  c a lc u la tio n  g ives

1 . 2  2 _ 3  u 2 .  ,
T j  ( f e )  —  Y ^ h \ p ( o ) l ^ > j ^ ^ N + ( E ^ ) N - ( E p k T  (2 .22 )

w h e re  ^ (E ^ ) a re  the d e n s itie s  of s ta tes  fo r  up  (down) spins a t E ^ .

F o r  a d e g en era te  f r e e -e le c t r o n  gas

- I  -1T ^  oC n  ̂ T  (2 .2 3 )

W e thus a n tic ip a te  th ese  dependences of T^ in  s im p le  m e ta ls  and 

h e a v ily  doped s em ic o n d u c to rs  a t lo w  te m p e ra tu re s . I f  we com bine  

th e  e x p re s s io n s  fo r  K  and T  ̂ w e  o b ta in  the K o r r in g a  re la t io n

Ù  (%)
w h ich  is  d is cu s s ed  in  m o re  d e ta il b e lo w .
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I f  the e le c tro n  s y s te m  is  non d eg en era te  as in , say , a doped  

sem ico n d u c to r a t h igh  te m p e ra tu re s , then  M a x w e ll-B o ltz m a n n  

s ta tis t ic s  ra th e r  than those of F e r m i - D i r a c  app ly  and T^  has been  

shown to sca le  as

T j  n " '  t "^ ( 2 . 2 5 )

T h e s e  te m p e ra tu re  dependences of T   ̂ in  m a te r ia ls  w ith  d eg en era te  

and n o n d eg en era te  e le c tro n  gases a re  in  c o n tra d is tin c tio n  w ith  those  

in  substances w h e re  no conduction  e le c tro n s  e x is t: the la t te r  u s u a lly  

have re la x a t io n  ra te s  (T ^ ^ ) th a t d e c re a s e  m uch fa s te r  than the  f i r s t  

p o w er o f te m p e ra tu re . A n o th e r fe a tu re  of re la x a t io n  b y  F e r m i  

contact is  the independence of T^ on f ie ld  (fre q u e n c y ).

2 . 7 R e a l M a te r ia ls

O u r conspectus of n u c le a r  re la x a t io n  and the  K n ig h t s h ift in  

m e ta ll ic  m a te r ia ls  has assu m ed  the  a p p lic a b ility  of the f r e e -e le c t r o n  

th e o ry  and e le c tro n -n u c le a r  in te ra c t io n  s o le ly  th ro u g h  the contact 

t e r m .  In  r e a l  m a te r ia ls ,  e le c tro n -e le c tro n  in te ra c tio n s  m a y  m o d ify  

the  n dependence of T   ̂ and K  and in v a lid a te  the  K o r r in g a  re la t io n .  

T h e  K o rr in g a  p ro d u ct d e fin ed  as

/ V
Sk = K^TjT ^  ( l ^ )  (2 . 26)

m a y  change fro m  its  f r e e -e le c t r o n  v a lu e  of u n ity  i f  o th e r c o n trib u tio n s  

to re la x a t io n  e x is t a p a r t  f r o m  th e  a ssu m ed  s -s ta te  h y p e rf in e  coup ling . 

W e focus on these  re la x a t io n  e ffe c ts  f i r s t ,  ag a in  n e g le c tin g  e le c tro n -  

e le c tro n  in te ra c tio n s .
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T h e  n o n -c o n ta c t p a r t  o f the e le c tro n -n u c le a r  H a m ilto n ia n  has

been  s ta ted  to g ive no c o n tr ib u tio n  to the K n ig h t s h ift in  cubic m e ta ls .

In  c o n tra s t, i t  is  the  sq u ares  of tlie  o ff-d ia g o n a l e le m e n ts  of the

H a m ilto n ia n  connecting  a d ja c e n t e n e rg y  le v e ls  th a t e n te r  a c a lc u la tio n

of the n u c le a r  tra n s it io n  p ro b a b ilit ie s  and thus d e te rm in e  the re la x a t io n

t im e . T h e  in fe re n c e  is  th a t the o rb ita l and d ip o la r  p a r ts  of m a y

re d u ce  T^ f ro m  the v a lu e  com puted  us ing  the contact in te ra c tio n

a lo n e . O f c o u rs e , in  m e ta ls  w ith  s -ty p e  e le c tro n s , the contact t e r m

is  a lw ays  d o m in an t but in  those m a te r ia ls  w ith  e le c tro n s  of su b s tan tia l

n o n -s  c h a ra c te r ,  the n o n -c o n ta c t in te ra c t io n  is  not n e g lig ib le . A s  an

19e x a m p le  w e quote the  t ig h t-b in d in g  c a lc u la tio n  of Ob a ta  fo r  p - and

d -b a n d  m a te r ia ls .  T h e  o rb ita l  in te ra c t io n  is  found to be m a n y  tim e s

m o re  e ffe c tiv e  than the  d ip o la r  in te ra c t io n  as fa r  as re la x a t io n  is

c o n cern ed . F o r  tra n s it io n  m e ta ls , th e  contact and n o n -c o n ta c t

c o n trib u tio n s  to re la x a t io n  a r e  o f c o m p a ra b le  m a g n itu d e . T h e  contact

te r m  is  la rg e  because  the s -e le c tro n  d e n s ity  a t th e  n u c leus  is  la rg e

w h ils t  th e  n o n -c o n ta c t te r m  is  o f s im i la r  m ag n itu d e  b ecau se  the

d e n s ity  of states o f the d -e le c tro n s  is  g re a t and O b a ta 's  a n a ly s is  

-1shows T   ̂ to be p ro p o rtio n a l to  the  d e n s ity  of s ta te s , A  fu r th e r

c o n tr ib u tio n  to  re la x a t io n  im p o r ta n t  in  m a te r ia ls  w ith  p a r t ia l ly - f i l l e d

d-b an d s  is  th a t due to  c o re  p o la r is a t io n . S ince th is  re s u lts  f r o m  an

s -  d e le c tro n  in te ra c t io n  and we h ave  not as y e t c o n s id e re d  e le c tro n -

e le c tro n  e ffe c ts , we s h a ll not d iscuss  th is  te r m  fu r th e r .  W e m e r e ly

195 9
po in t out th a t, fo r  e x a m p le , P t  (5d  6s) has th e o r e t ic a l ly  a lm o s t

equal c o n trib u tio n s  f r o m  co n tac t, c o re  p o la r is a tio n  and o rb ita l  in te ra c tio n s

w h ich  y ie ld  a c o m p o s ite  v a lu e  o f T  ^T in  good a g re e m e n t w ith  e x p e r im e n t.
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T h e  f in a l e ffe c t w e co n s id e r h e re , e x p e rie n c e d  on ly  by those

n u c le i w ith  I  >  ^ , is  a q u adrupo le  in te ra c tio n  b e tw een  the n u c le i and

the f ie ld  g ra d ie n ts  c re a te d  b y  conduction  e le c tro n s . (T h e  re la x a t io n

r a te  due to the in te ra c tio n  o f n u c le i w ith  's ta tic *  f ie ld  g ra d ie n ts

re s u lt in g  f ro m  c ry s ta l d is to r t io n  is  n e g lig ib ly  s m a ll in  m e ta ls .)

20
M itc h e ll  has e s tim a te d  th is  e ffe c t u s in g  the s -  and p - p a rts  of

expanded B lo ch  functions  and shows th a t the q u ad ru p o le  in te ra c tio n

is  of the o rd e r  of th e  noncontact p a r t  of the h y p e rf in e  in te ra c tio n .

2 1
K e s s e l , us ing  a s im i la r  a p p ro x im a tio n  to M itc h e l l ,  has g iven a

m o re  g e n e ra l fo rm u la  fo r  the q u a d ru p o la r  re la x a t io n  r a te  and a lso

has shown th a t an in d ir e c t  q u a d ru p o la r in te ra c tio n  b e tw een  n u c le i

can e x is t s im i la r  to the R u d e rm a n  -  K it te l  in d ire c t  exchange te r m

2 2th a t we have d e s c rib e d  above. F in a lly ,  H ag a  and M a e d a  have

c o n s id e re d  the q u a d ru p o la r  coup ling  in  m e ta ls  e x p lic it ly  ta k in g  the

a n tis h ie ld in g  in to  acco u n t. In  m e ta ls , f ie ld  g ra d ie n ts  a re  produced

both by c ry s ta l f ie ld s  and by  conduction  e le c tro n s . T h e  induced

f ie ld  g ra d ien ts  a t the  n u c le a r  s ites  a re , as b e fo re , m o d ifie d  b y

a n tis h ie ld in g  fa c to rs  bu t th a t a s s o c ia te d  w ith  th e  conduction e le c tro n

com ponent is  a s m a ll c o r re c t io n . A lth o u g h  the c ry s ta l  f ie ld  a n t i-

sh ie ld in g  c o rre c tio n  m a y  be la r g e , th e  fa c t th a t T^^T is  a constant

a rg u es  a g a in s t the  im p o rta n c e  o f antishielding e ffe c ts  in  m e ta ls .

23
O b a ta  has extended  h is  own tig h tb in d in g  ca lcu la tio n  bu t fin d s  the  

0

q u a d ru p o la r in te ra c t io n  to be r a th e r  in e ffe c t iv e  in  t ra n s it io n  m e ta ls .  

E x p e r im e n ta lly , the q u a d ru p o la r  coup ling  is  im p o rta n t fo r  tliose  

n u c le i w h ich  have a la rg e  ra t io  of q u a d ru p o la r to 'm a g n e tic  m o m e n ts , 

e . g .  T a  ̂ w h e re  the q u a d ru p o la r  re la x a t io n  ra te  is  an o rd e r  o f 

m ag n itu d e  g re a te r  th a t the d ip o la r  c o n tr ib u tio n .
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I t  is im p o rta n t to  note th a t the  re la x a t io n  ra te s  c o rres p o n d in g  

to contact, noncontact and q u ad ru p o le  in te ra c tio n s  a r e  a ll  l in e a r  in 

te m p e ra tu re . T h e  on ly  s im p le  m eth o d  of d is tin g u is h in g  be tw een  the 

v a r io u s  m e ch a n is m s  is  fo r  m a te r ia ls  w h ich  possess m o re  than one 

m a g n e tic  iso to p e  w ith  one o r m o re  h av in g  a qu ad ru p o le  m o m e n t. F o r  

tw o  iso topes  i ,  j  the r a t io  of the  m a g n e tic  re la x a t io n  ra te s  is

T - ' 2

J

1 m ag H
(2 .2 7 )

2
m ag  R

I f  the e q u a lity  is  not s a t is f ie d  th en  a q u a d ru p o la r c o n tr ib u tio n  m u st

be p re s e n t and the  e q u a lity  

-1
^ 1 . ^

J

quad Q?
= (2 .2 8 )

, Q.quad J

a llo w s  the s e p a ra te  d e te rm in a tio n  of T .  and T .  , .  The1 m ag  1 quad

te c h n iq u e  has b een  a p p lie d  to  M o  m e ta l by N a ra th  and A lderm an^"^

en ab lin g  th e m  to m ake  the f i r s t  q u a n tita tiv e  e s tim a te  o f the q u ad ru p o le

m o m en ts  o f M o ^^  and M o ^ ^ .

W e tu rn  now to th e  e ffe c ts  o f e le c tro n -e le c tro n  in te ra c t io n  in  

2 25
T   ̂ , K  and K  T  ^ T . P in e s  , in  an e a r ly  tre a tm e n t , no ted  th a t  

re la x a t io n  tim e s  c a lc u la te d  f r o m  the  K o r r in g a  re la t io n  us ing  the  

m e a s u re d  K n ig h t s h ift va lu es  w e re  s h o rte r  than  those m e a s u re d  

e x p e r im e n ta lly . S ince the  d is c re p a n c y  cou ld  o n ly  be in c re a s e d  b y  

ap p ea lin g  to o th e r re la x a t io n  p ro c e s s e s . P in es  re w ro te  the  K o r r in g a  

re la t io n  to ta k e  account o f the  en h an cem en t due to e le c tro n -e le c tro n  

in te ra c t io n  of the e le c tro n  s u s c e p tib ility  (to w h ich  the K n ig h t s h ift is
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p ro p o rt io n a l) . R e la x a tio n  t im e s  deduced fro m  tliis  'in te ra c t in g

K o r r in g a ' re la t io n s h ip  w e re  then  lo n g e r than m e a s u re d  va lu es  and

26 27 28thus m o re  a cc e p ta b le . L a te r  s tud ies  by M o r iy a  and N a ra th  *

showed th a t the  re la x a t io n  r a te  is  enhanced as w e ll  as the K n ig h t

s h ift . T h e  re f in e d  K o r r in g a  re la t io n  is  then

2

K  T ^ T  =
h

4 tt k
n

[ K ( o< )]
-1

(2 .2 9 )

- 1w h e re  K(<x) is  a m e a s u re  of the enhancem ents  of T   ̂ and K  and is

27 -1
ta b u la te d  by  N a ra th  . R esu lts  show th a t the  enhan cem en t of T  ^

2
is  ro u g h ly  f iv e  t im e s  les s  than  th a t o f K  so the o v e r a l l  e ffe c t, i f  

e le c tro n -e le c tro n  e ffe c ts  a re  im p o r ta n t, is fo r  the v a lu e  o f the  

K o r r in g a  p ro d u c t to  r is e  above u n ity .

W e now a tten d  to  som e of the fe a tu re s  of T^ and K  in  h e a v ily  

doped sem ic o n d u c to rs  fo llo w in g  the a n a ly s is  o f H o lc o m b  and c o w o rk e rs  

c lo s e ly . F o r  our p u rp o se  w e f i r s t  re c a s t the e x p re s s io n  fo r  K  in  the  

e q u iv a le n t fo rm s

6 ,7

K  =
Mo 8 TT

4 n

A
4 tt

8 tt

3
s Mb <®z>

(2 .3 0 )

w h e re  the  te r m  in  sq u are  b ra c k e ts  is  X o *  P ' is  <| ^{o) \ y
E

F
n o rm a lis e d  in  a u n it v o lu m e  and P.^ is  <( | \^(o) | ^  n o rm a lis e d

in  the im p u r ity  a to m ic  v o lu m e T h e  n u m b e r o f e le c tro n s  p er

u n it v o lu m e  is  N ^  and g is  th e  e le c tro n ic  g -v a lu e .  T h e  a v e ra g e

v a lu e  of an e le c tro n  spin  S a t an a to m ic  s ite  is .w r it te n  <( S b
z z^
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, H o lco m b  and h is  co lleag u es  have  c a lle d  a tten tio n  to the p o ss ib le  lo c a l

v a r ia t io n s  in  N  , , <^S ^  and P  and thus K  th a t m a y  occur
o z P

in  a doped sem ic o n d u c to r e.g. S i:P . In  a f i r s t  a n a ly s is , Sundfors and

7
H o lc o m b  showed th a t the lo c a l v a r ia t io n s  in  K  could  a l l  be co n ta in ed

in  tlie  v a r ia t io n s  of the e le c tro n  d e n s ity . T h e y  re a s o n e d  th a t P ^

31b e in g  s tro n g ly  p eaked  a t P  s ites  (c f .  ch ap te r 4 ), w ou ld  not depend

s tro n g ly  on lo c a l d e n s ity  f lu c tu a tio n s . A  constant v a lu e  o f <( w as

a ls o  taken  s ince  the e le c tro n  s p in - la t t ic e  re la x a t io n  t im e  (10  ^sec)

w as m uch g re a te r  than  the t r a v e ll in g  t im e  fo r  a c a r r ie r  b e tw een  n u c le a r

s ites  (10 ^^sec). T h e  d is tr ib u tio n  of K  va lu es  w as th en  re d u ce d  to a

c o n s id e ra tio n  of the flu c tu a tio n  in  w h ich  w as taken  to  be re p re s e n te d

b y  a P o iss o n  d is tr ib u tio n . T h e ir  m o d e l was ab le  to account s a t is fa c to r i ly

31
fo r  the  s tro n g ly  a s y m m e tr ic  P  lin es h a p es  (c h a p te r  4 ) .

F u r th e r  d iscu ss io n  has b een  m ade by  B ro w n  and H o lc o m b ^ .

T h e y  point out th a t a lthough  N  = 1 fo r  s im p le  m e ta ls  w ith  a l l  

n u c le a r  s ites  e q u iv a le n t and one e le c tro n  p e r a to m , the e q u a lity  is

31
u n lik e ly  to h o ld  fo r  the  P  'a to m s ' in  doped Si s in ce  the vo lu m e  

u sed  fo r  o b ta in in g  a v e ra g e  v a lu e s  o f N  and m a y  no t be the  sam e.

V a r ia t io n s  in  P ^  f r o m  n u c le a r  s ite  to n u c le a r  s ite  a re  a ls o  p ro b a b le . 

W h ils t  aclcnow ledging the c o m p le x ity  o f in te rp re ta t io n  o f K , B ro w n  

and H o lc o m b  a re  ab le  to show th a t i f  th e ir  K n ig h t s h ift d is tr ib u tio n  

m o d e l is  sound then two consequences e m e rg e . F i r s t l y ,  the lin e  w id th  

should be independent o f f ie ld ,  te m p e ra tu re  and o n ly  s lig h t ly  dependent 

on donor d e n s ity . F u r th e r  th e  lin e w id th  should s c a le  l in e a r ly  w iü i the  

K n ig h t s h ift . T h e  second po in t is  th a t any te m p e ra tu re  dependence of 

K  re s id e s  in  X g *  Good a g re e m e n t w ith  e x p e r im e n t is  found on both
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counts excep t fo r  a s m a ll u nexp ected  te m p e ra tu re  dependence of tlie  

lin e w id th  in  any g iven  sam p le  (c f . c h ap te r 4 ).

F in a l ly ,  w e c o n s id e r how  T   ̂ m a y  be m o d ifie d  in a doped  

s em ic o n d u c to r ju s t on the m e ta ll ic  s ide of the m e ta l-n o n m e ta l tra n s it io n  

w h e re  th e  e le c tro n  m e a n  f r e e  path is of the o rd e r  of the in te ra to m ic  

d is ta n c e . (W e d iscuss th is  s tro n g  s c a tte r in g  o r d iffu s iv e  re g im e  of

29
conduction  in  c h ap te r 3 . )  W a r re n  , in  h is  w o rk  on the s o -c a lle d  

l iq u id  s e m ic o n d u c to rs , g ives  an a p p ro x im a te  d e r iv a tio n  of a K o r r in g a -  

type  re la t io n  in  th is  conduction re g im e  as

' ' n ' e

w h e re  r  is  th e  m e a n  f r e e  t im e  of an e le c tro n  and m a y  be id e n tif ie d  
e

as the  d w e ll t im e  of a c a r r ie r  a t an a to m ic  s ite . In  the w eak  

s c a tte r in g  l im i t  w h e re  tlie  m e an  f r e e  path  is  g re a te r  th an  the in t e r 

a to m ic  spacing then the n e a r ly  f r e e  e le c tro n  th e o ry  g ives

~  R N ( E p  (2 .3 2 )

E x p re s s io n  2 .3 1  then  re d u ce s  to the K o r r in g a  r e la t io n  w ith in  a fa c to r  

of o rd e r  u n ity . In  the d iffu s iv e  re g im e  and e s p e c ia lly  i f  lo c a lis a tio n  

has ju s t set in  then  m a y  r is e  above the  v a lu e  h N ( E ^ ) .  T h e

re la x a t io n  ra te  w i l l  then  be enhanced in  lin e  w ith  the g e n e ra l fa c t th a t 

a lo c a lis e d  e le c tro n  (p a ra m a g n e tic  c e n tre ) is  m o re  e ff ic ie n t  a t 

re la x a t io n  than  an i t in e r a n t  e le c tro n . T h e  K orringa p ro d u c t w i l l  then  

be le s s  than  u n ity  w h ich  is  in  d ir e c t  c o n tra s t to the  b e h a v io u r of 

w hen e le c tro n -e le c tro n  e ffe c ts  a re  p re s e n t. T o  i l lu s t r a te  tliis  e ffe c t  

we quote W a r r e n 's  re s u lts ^ ^  fo r  liq u id  G a ^ T e ^ . ' T h e  enhan cem en t
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of the m a g n e tic  re la x a t io n  ra te  o v e r th a t deduced fro m  the K o r r in g a  

re la t io n  is

t : '
,  = - J _ ^ g  (2 .3 3 )

T  ■ ^1 K b rr

F o r  G a^ T e^  a t 1400 K , th e  re la x a t io n  ra te s  fo r  a l l  the n u c le a r  

in g re d ie n ts  g ive  77 ~  2 and «-v 10 ^^sec. C lo se  to  the

m e lt in g  po int of 1065 K , 77 r is e s  ra p id ly  to 150 and r ^ ~ 2 .1 0  sec.

S im ila r  va lues  o b ta in  a ls o  fo r  l iq u id  In ^ T e ^  but not fo r  liq u id  

S b^Te^ w h e re  77 ~  1 fo r  a ll  te m p e ra tu re s  above the m e lt in g  po in t.

T h is  m a y  be u n d ers to o d  w hen n o tic e  is  taken  of the m u ch  h ig h e r  

c o n d u c tiv ity  of liq u id  S b^Te^ o v e r l iq u id  In ^ T e ^  and G a ^ T e ^ . T h e  

in fe re n c e  is  th a t S b^Te^ has a m o re  m e ta ll ic  c h a ra c te r  than  In ^ T e ^  

and G a^ T e ^  and as W a r r e n  show s, S b^Te^ l ie s  on the  b o u n d ary  of 

c o n d u c tiv ity  b e h a v io u r b etw een  those liq u id s  d e s c r ib a b le  b y  a n e a r ly  

f r e e  e le c tro n  m o d e l ( 77 = 1) and those m a te r ia ls  in  w h ich  conduction  

is  d iffu s iv e  in  n a tu re .

2 . 8 Spin D iffu s io n

T h e  concept o f spin  d iffu s io n  was f i r s t  p ro p o sed  b y  B lo e m b erg e n ^ ^  

as a m eans o f re c o n c ilin g  the en o rm o u s d is c re p a n c y  e x is tin g  betw een  

m e a s u re d  and e a r ly  th e o re t ic a l T   ̂ va lu es  in  a v a r ie ty  o f m a te r ia ls .

H e  showed th a t the  p re se n c e  of a fe w  p a ra m a g n e tic  c e n tre s  in  a s o lid  

o r liq u id  could  d r a s t ic a l ly  s h o rte n  the host n u c le a r  re la x a t io n  t im e .  

R e fin e m e n ts  to B lo e m b e rg e n 's  id eas  have  been  m ad e  b y , fo r  e xa m p le , 

K h u ts is h v ili^ ^  and B lu m b e rg ^ ^ , b u t w e do not d iscuss  these  in  d e ta il  

h e re .
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T h e  b a s is  of the im p u r ity -n u c le u s  in te ra c tio n  is  th a t of d ip o la r  

coupling : the s c a la r  coup ling  is  in e ffe c t iv e  since the e le c tro n  does 

not p e n e tra te  the host n u c le i. T h e  im p u r ity  is  s tro n g ly  coupled to  its  

im m e d ia te  n e ighbour n u c le i s in ce  th e ir  spin e n e rg y  m a y  d iffu se  

to w a rd s  the p a ra m a g n e tic  c e n tre  v ia  som e spin d iffu s io n  m e c h a n is m . 

T h e  ra p id  f lip p in g  of th e  e le c tro n  at the  p a ra m a g n e tic  s ite  ensures  a 

s w ift t r a n s fe r  of e n e rg y  to  the la t t ic e .  The  n u c le i c lo se s t to the  

im p u r ity  and w ith in  a sp h ere  of ra d iu s  b a re  re la x e d  fa s te s t but 

because th e y  a ls o  e x p e rie n c e  a la rg e  m a g n e tic  f ie ld  due to the  

p a ra m a g n e tic  ion , th e ir  reso n an ce  fre q u e n c ie s  a re  s h ifte d  c o n s id e ra b ly  

and th e y  then a re  is o la te d  f ro m  tlie  b u lk  n u c le i. F o r  th is  reaso n  b is  

• known as the spin d iffu s io n  b a r r ie r  ra d iu s , i .  e . o n ly  those n u c le i 

outs ide  b can c o m m u n ica te  v ia  spin d iffu s io n . T h e  d iffu s io n  equation  

fo r  the  m a g n e tis a tio n  M  m a y  be fo r m a lly  w r it te n

- | y  = D  V ^ M  (2 .3 4 )

w h e re  D is  a d iffu s io n  c o e ffic ie n t g iven , fo r  a fa c e -c e n tre d  cubic

la t t ic e  o f la t t ic e  constant a , by  
a 2  °

(^ .3 5 )
2

In  o rd e r  to d iscuss the v a r io u s  cases of spin d iffu s io n  w e m u s t f i r s t  

d e fin e  the  s o -c a lle d  p seu d o p o ten tia l ra d iu s  f> w h ich  is  th a t d is tance  

f ro m  an im p u r ity  w h e re  a nucleus has equal p ro b a b ility  o f being  re la x e d  

d ir e c t ly  by the im p u r ity  o r  spin  flip p in g  w ith  its  n e ig h b o u r. The d ir e c t  

n u c le a r  re la x a t io n  ra te  is

T ' d l  = -6  '
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w h e re

and T is  the c o r re la t io n  t im e  o f the z -c o m p o n e n t o f the  spin S. 

K h u ts is h v ili  g ives

0  (2 .3 7 )

T h e  re m a in in g  c h a ra c te r is t ic  d im en s io n  th a t we w i l l  r e fe r  to is the

d is tan ce  R be tw een  the  p a ra m a g n e tic  im p u r it ie s  of d en s ity

g iven  b y  the  u s u a l fo rm u la

•4- TT N  = 1  (2 .3 8 )
3 p '

I f  b,^ p <  R then n u c le a r  spin  e n e rg y  is  donated to the la t t ic e

fa s te r  than spin d iffu s io n  can tra n s p o r t  i t  to the p a ra m a g n e tic  ion .

In  th is  case

- 1  4  A
T^ -  N  (2 .3 9 )

and s ince  the re la x a t io n  ra te  is l im ite d  b y  the spin d iffu s io n  r a te ,  the

te r m  d iffu s io n  l im ite d  re la x a t io n  fo llo w s . Im m e d ia te ly  a fte r  s a tu ra tio n ,

the m a g n e tis a tio n  does not v a r y  e x p o n e n tia lly  w ith  t im e , as shown by  

32
B lu m b e rg  , but e v e n tu a lly  the re c o v e ry  does show exp o n en tia l 

dependence. W e r e fe r  to such b e h a v io u r as 's h o r t  t im e  n o n - 

e x p o n e n tia lity  '.

I f  p b <  R , the d ir e c t  re la x a t io n  ra te  is  m uch le s s  than the  

d iffu s io n  r a te .  T h e  n u c le a r  re la x a t io n  is  then independent of D bu t 

p ro p o rtio n a l to the  ra te  o f d ir e c t  re la x a t io n  of the n u c le i to  the la t t ic e
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by the flu c tu a tin g  im p u r ity  m a g n e tic  f ie ld .  Then

T -  N p  C b "^  (2 .4 0 )

A s  the  d ire c t  re la x a t io n  is  s lo w , the  n u c le i m ay  m a in ta in  a com m on  

spin  te m p e ra tu re  and the re c o v e ry  of tlie  m a g n e tis a tio n  is  e xp o n en tia l,

Â  *_Ai 2

I f  R p >  b , the  d ire c t  re la x a t io n  ra te  is d o m in an t fo r a l l  t im e s

33
a fte r  the s a tu ra tio n  of the n u c le a r  spin s ys te m . T h e n  T se Euid L o w e  

give

T " ^  -  t (2 .4 1 )
1 P

and the m a g n e tis a tio n  re c o v e rs  e x p o n e n tia lly  w ith  t im e . I f  p is a lso

34
s m a ll,  then T s e  and H a rtm a n n  show th a t the n u c le a r  m a g n e tis a tio n  is  

n o n -e x p o n e n tia l fo r  a ll  t im e s  a fte r  s a tu ra tio n  of the  n u c le a r  sp ins.

R e la x a tio n  T im e

T h e  e xp ress io n s  fo r  ra p id  d iffu s io n  and d iffu s io n  l im ite d

re la x a t io n  conta in  th e  fa c to r  C w h ich  w i l l  show a f ie ld  dependence

when w^T becom es o f the o rd e r  o f u n ity . We  can expect an in c re a s e

in  T   ̂ w ith  f ie ld  but the  a c tu a l fu n c tio n a l dependence is  d if f ic u lt  to

d e te rm in e  s ince b  and t  a re  a lso  f ie ld  dependent. T h e  te m p e ra tu re

d e p e n d e n c e  o f T   ̂ e n te rs  th ro u g h  t  w h ic h  g e n e r a l ly  d e c re a s e s  w ith

in c re a s in g  te m p e ra tu re . Th en  T ^ T  p lots u s u a lly  show a m in im u m  a t

35~  1 as seen by, fo r  e x a m p le , R o g e r son and T u n s ta ll in  G a P :T e .

A n  exten s io n  of the id eas  of spin d iffu s io n  has been  m ade by  

J e ro m e  et a l.^^ in  th e ir  study of S i:P . T h e y  im a g in e  th e  im p u r ity  

banded re g im e  to be a n e tw o rk  o f m e ta ll ic  tunnels  em bedded  in  an  

in s u la tin g  m a t r ix .  T h e  n u c le i in  m e ta ll ic  re g io n s  a r e  s tro n g ly  re la x e d
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b y  the conduction e le c tro n s  w h ils t  those outs ide  can co m m u n ica te

th rough  a spin d iffu s io n  p ro c e s s . A  b a r r ie r  ra d iu s  analogous to th a t

d e s c rib e d  above e m erg e s  f ro m  the th e o ry  w h e re , in  th is  case , those

n u c le i in  m e ta ll ic  re g io n s  have th e ir  reso n an ce  fre q u e n c ie s  sh ifted

b y  the  m a g n e tic  p o la r is a tio n  of the e le c tro n s , i . e .  the  K n ig h t s h ift.

I f  n e ig h b o u rin g  n u c le i have K n ig h t sh ifts  la r g e r  than the d ip o le

in te ra c tio n  tlien  the spin f l ip  p ro cess  is  su p p ressed . S ince b w i l l

depend on the p o la r is a tio n  o f the band e le c tro n s  and sca les  as

— 3
and is  p ro p o rtio n a l to  b , a d ire c t  p ro p o r t io n a lity  o f on

B w i l l  re s u lt ,  
o

2. 9 N M R  L in e w id th s

T h e  f i r s t  c o n tr ib u tio n  to  a reso n an ce  lin e w id th  th a t w e co n s id e r  

is  th a t due to the n u c le a r  d ip o le -d ip o le  coup ling . A b ra g a m ^  has  

t re a te d  the c a lc u la tio n  of lin e w id th s  b y  the  m ethod  o f m o m en ts  in  

som e d e ta il so w e m e r e ly  quote the re le v a n t fo rm u la e  h e re

_ IdAz (2 .4 2 )
d ip  Y

w h e re  is  the second m o m e n t o f the  reso n an ce  c u rv e  and is  

d efin ed  as

= j*  ( w -  f(w ) dw  (2 .4 3 )

w h e re  f(w ) is  a n o rm a lis e d  shape fu n c tio n  w h ich  w e take  to be of 

gauss ian  fo rm  and is  th e  L a r m o r  fre q u e n c y . F o r  a m o n o c ry s ta llin e

s o lid  conta in ing  one n u c le a r  m a g n e tic  species of 100% abundance, 

A b ra g a m  gives
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m \ ^  / I ?  (1 -  3cos^^

^ 2 =  l i ^ )  T  ^ K : ( I  + 1)  6---^  (2 .4 4 )

w h e re  r i s  the in te rn u c le a r  d is tan ce  and 6 .. is  the angle betw een  
jk  jk

and r^^ .̂ F o r  a p o ly c ry s ta llin e  s a m p le , the a n g u la r te r m  m a y  be

a v e ra g e d  and the  la t t ic e  sum e x p re s s e d  in  te rm s  o f the  la t t ic e  constant

a so th a t M „  becom es  o 2

= ( 4^ )  *"1 ^ V l ( l  + 1 )(116  a^^) (2 .4 5 )

— 6
w h e re  the  c o e ffic ie n t o f a^ is  th a t a p p ro p r ia te  to the  fa c e -c e n tre d  

cubic  la t t ic e  assu m ed  b y  the atom s in  Si and G e. I f  the sys te m  under 

c o n s id e ra tio n  is  m a g n e tic a lly  d ilu te , i .  e. on ly  a f ra c t io n  f  o f 

la t t ic e  s ites  is  o ccu p ied  b y  m a g n e tic  n u c le i, th en  the  second m o m e n t 

a p p ro x im a te s  to

M ^ f f  <  i%

f  >  10%

_ _ M -fa  1 <  f  <  10%

F o r  S i and Ge, the  com puted va lu es  o f 20 jL.iT. Such a

w id th  w as  o b s erv e d  fo r  p o w d ered  sam p les  of l ig h t ly  doped S i:P  by

7 2
Sundfors and H o lco m b  and S asak i e t a l.  . In  a s in g le  c ry s ta l, such

as o u r G e:A s s p ec im en s , the lin e w id th  w i l l  depend on th e  c ry s ta llo g ra p h ic

o r ie n ta t io n  of the c ry s ta l w ith  re s p e c t to  the e x te rn a l f ie ld .  W e m ade no

a tte m p t to o r ie n ta te  our s am p les  in  o rd e r  to in v e s tig a te  th is  e ffe c t

s in ce  the a v a ila b le  s ig n a l- to -n o is e  ra t io  did not m e r i t  such a study.

W e -m e re ly  note th a t o u r m e a s u re d  lin e w id th s  in  l ig h t ly  doped Ge a re

la r g e r  than those com puted  f r o m  n u c le a r  d ip o la r  ooupling a lo n e.

(T h e  c o n tr ib u tio n  to A B  f r o m  inhom ogeneous ap p lie d  s ta tic  f ie ld s

is c o n s id e re d  in  A p p e n d ix  1 .)
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I f  the n u c le a r  spin I  >  ^ then  q u a d ru p o la r b ro a d e n in g  m a y

a ls o  be p re s e n t, p ro v id e d  th a t the n u c le i a re  in  n o n -c u b ic

e n v iro n m e n ts . A  s in g le  c ry s ta l  should not e x h ib it a la rg e

q u ad ru p o le  b ro ad en in g  i f  c r y s ta l l in e  im p e rfe c tio n s  a re  k e p t to  a

m in im u m  and no m a c ro s c o p ic  s tra in  e x is ts  in  the p re p a re d  s p ec im en .

W e can a ls o  suppose th a t i f  the  e le c tro n  d is tr ib u tio n  about a nucleus

is  not s y m m e tr ic  then  th a t n u c leus  w i l l  be su b ject to an e n v iro n m e n t

o f lo w e r  than cubic s y m m e try . S ince S te rn h e im e r  a n tis h ie ld in g

e ffe c ts  of th is  kind, a re  s m a ll in  m e ta ls , we gauge such an e ffe c t to be

n e g lig ib le . I t  is  d if f ic u lt  to  q u a n tify  the  e ffe c ts  o f q u ad ru p o le

b ro a d en in g  but spin echo e x p e r im e n ts  such as th a t d e s c r ib e d  by  

37
S olom on do g ive  the v a lu e s  o f the q u ad ru p o le  in te ra c t io n . W e  

r e f e r  to such tech n iq u es  in  c h a p te r 5 .
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C h a p te r  3

T H E O R Y  O F  T H E  M E T A L - N O N M E T A L  T R A N S IT IO N
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3 .  1 I n t r o d u c t io n

T h e  concept o f a s o lid  u n d erg o in g  a tra n s it io n  f ro m  an in s u la tin g

38
to a m e ta ll ic  s ta te  is  due to  the e a r ly  w o rk  of M o tt  . H is  s e m in a l 

id e a s .h a v e  been expanded and e m b e llis h e d  by  m an y  la t e r  w o rk e rs  and 

fo r  a re v ie w  of e x p e r im e n ta l data and c u rre n t thought, the re a d e r  is  

r e fe r r e d  to M o tt 's  re c e n t book^.

O f the m an y  substances th a t e x h ib it a m e ta ll ic  t ra n s it io n  we  

s h a ll p e r fo rc e  c o n s id e r o n ly  doped sem ico n d u c to rs  in  th is  c h ap te r.

W e f i r s t  o u tlin e  the physics  o f doped m a te r ia l  and d e s c r ib e  how an 

in c re a s e  in  im p u r ity  content lead s  to the phenom enon o f im p u r ity  

band conduction and e v e n tu a lly  to fu l ly  m e ta ll ic  b e h a v io u r. T h e  

M o tt t ra n s it io n  and the H u b b a rd  m o d e l a r e  then d iscu ssed  and an 

e x p re s s io n  fo r  the c r i t ic a l  donor c o n ce n tra tio n  d e fin in g  a

m e ta l-n o n m e ta l t ra n s it io n  is  d e r iv e d .

T h e  p ro b le m  of d is o rd e r  is  then tre a te d  lea d in g  to  th e  concepts  

of A n d e rs o n  lo c a lis a t io n  and the A n d e rs o n  tra n s it io n . F in a l ly  the  

id eas  o f M o tt, H u b b a rd  and A n d e rs o n  a re  com b in ed  in  an a tte m p t to  

d e s c r ib e  the t ra n s it io n  in  e x tr in s ic  s e m ic o n d u c to rs ,

3 . 2 P h ys ic s  o f Doped S em ico n d u c to rs

In  the e le m e n ta l, g ro u p  IV  s em ic o n d u c to rs , Ge and S i, the 

atom s each have  fo u r v a le n c e  e le c tro n s  w h ich  bond c o v a le n tly  to  

n e a re s t ne ighbour a to m s  fo rm in g  a 'd iam o n d  la t t ic e ' a r ra n g e m e n t.

T h e  su b s titu tio n a l in c o rp o ra t io n  o f a group V  im p u r ity  such as A s  

in  th is  la t t ic e  leads to a s u r fe it  of one e le c tro n  w h ich  fo rm s  a 

s h a llo w , h y d ro  g en - l ik e  donor s ta te  ju s t b e low  the conduction band.
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( In  the fo llo w in g , we c o n s id e r on ly  n -ty p e  m a te r ia l ,  ) T h is  e x tra

e le c tro n  is  bound to the im p u r ity  in  an o rb it  th a t can extend  o v er

hundreds  o f la t t ic e  s ite s , the 'B o h r ra d iu s  ' a^  ̂ b e in g  g iven  by

. 2
4 TT e X h

  (3 .1 )
m  e

w h e re  h  is  the b a ckg ro u n d  d ie le c tr ic  constant ( 16 in  p u re

*  39
g e rm a n iu m ) and m  is  an e ffe c tiv e  m ass  . B y  w ay  o f e x a m p le ,

fo r  n -G e , a ^  ~  4 n m  and fo r  n -S i,  a ^  2 nm  , th e re  being

a s lig h t dependence of on a p a r t ic u la r  donor.

A n  in c re a s e  in  doping d e n s ity  lead s  to o v e r la p  of the donor

w ave  functions and a c o n co m itan t b ro a d en in g  of the im p u r ity  le v e l

in to  an im p u r ity  band. T h e  h a p h a z a rd  s itin g  of the im p u r it ie s  and

ra n d o m  C o u lo m b ic  fie ld s  of io n is e d  im p u r ity  c e n tre s  a ls o  in c re a s e

40
the  im p u r ity  le v e l w id th  and in  tu rn  re d u ce  the donor io n is a tio n

41e n e rg y . W ith in  the im p u r ity  band e le c tro n  tra n s p o r t  is  p o ssib le  

s in ce  c a r r ie r s  m a y  tu n n e l f r o m  fu ll to  e m p ty  donor s ites  w ith  an  

a c tiv a tio n  e n e rg y  e  ̂ and indeed  th is  p ro cess  d o m in ates  

t ra n s p o r t  p ro p e r ty  m e a s u re m e n ts  a t lo w  te m p e ra tu re s . T h e  

p re s e n c e  o f e m p ty  donor s ite s  is  caused  by the in e v ita b le  

, co m p en satio n  of a s em ic o n d u c to r b y  m in o r ity  c e n tre s  i . e .  

a c c e p to rs  in  our n -ty p e  m a te r ia l .  T h e se  c en tres  can accep t 

e le c tro n s  f ro m  a c e r ta in  p ro p o rtio n  of donors le a v in g  th e m  as 

e m p ty  s ite s . A t h ig h e r te m p e ra tu re s , e le c tro n s  a re  e x c ite d  into  

the  conduction band, th e  e n e rg y  of a c tiv a tio n  b e in g  te rm e d  c 

w h ich  is  id e n tic a l to the  donor io n is a tio n  en erg y . T h e  e le c tro n s  

have  h igh  m o b ility  in  th e  conduction  band so th a t, a t h ig h e r
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te m p e ra tu re s , the e  ̂ p ro cess  p re d o m in a te s  o ver the  

hopping conduction m e c h a n is m . H opping  conduction can a lso  

o ccu r in  u n com pensated  m a te r ia l  as we point out in  c h a p te r 4 .

I f  the im p u r ity  c o n c e n tra tio n  is  fu r th e r  in c re a s e d , a c r it ic a l  

c o n c e n tra tio n  is  re a c h e d  beyond w h ich  the e le c tro n s  behave as

a d e g en era te  e le c tro n  gas and th e  s em ico n d u c to r e xh ib its  a m e ta ll ic  

c h a ra c te r . T h e  m e ta ll ic  re g im e  is  d is tin g u ish e d  by the te m p e ra tu re  

independence of the H a l l  constant'^^* and the r e s is t iv i t y  and fo r  

G e iA s , N  ~  3 . 10^^ cm  ^ and fo r  S i:P , N  ~  3 . 10^^ cm  

T h e  h ig h e r v a lu e  of fo r  Si as c o m p are d  to Ge is  to be

exp ected  s in ce  the  B o h r ra d iu s  fo r  Si is s u b s ta n tia lly  s m a lle r .

3. 3 T h e  M o tt T ra n s it io n

O ne p a r t ic u la r  fo rm  of t ra n s it io n  to  the  m e ta ll ic  s ta te  is

c a lle d  the  M o tt  t ra n s it io n  and has the fo llo w in g  b a s is . W e consider

a u n ifo rm  a r r a y  of h yd ro g en  a tom s w ith  the in te ra to m ic  d is tan ce

a p> a ^ .  C le a r ly  the m a te r ia l  is  an in s u la to r  at n o rm a l

te m p e ra tu re s  w ith  the ground s ta te  le v e ls  e x a c tly  f i l le d  and the

f i r s t  e xc ite d  s ta te , about 13 eV  above the ground s ta te , c o m p le te ly

e m p ty . A s  the  la t t ic e  constant a is  d e cre a se d , the two e n erg y

le v e ls  w i l l  b ro ad en  in to  bands thus re d u c in g  the e n e rg y  of

fo rm a tio n  o f e x c ite d  c a r r ie r s  and e x c ito n s . F u r th e r  th e  in c re a s in g

p ro d u c tio n  of exc itons leads  to  a s c re e n in g  of the C oulom b fie ld  so th a t

the exc ito n  b in d in g  e n erg y  E  is  lo w e re d  u n til E  ~  k T  and f r e e
ex ex

c a r r ie r s  a re  c re a te d .
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M o tt has fu r th e r  a rg u ed  th a t tlie  n u m b er of c a r r ie r s  c re a te d

is  v e ry  la rg e  and thus the t ra n s it io n  is  sh arp , in  the sense th a t, at

ab so lu te  z e ro , the c o n d u c tiv ity  of an in s u la to r  is z e ro  and th at o f a

m e ta l is  f in i te .  T h e  a rg u m e n t is  b ased  on the fa c t th a t an e le c tro n

and h o le  a t t ra c t  each o th e r w ith  a long ran g e  C ou lom b fo rc e  and

th a t a p o te n tia l e n e rg y  V ( r )  of the fo rm

2
V ( r )  ^  (3 .2 )

a lw a y s  leads  to the fo rm a tio n  of bound sta tes  (e x c ito n s ). H ence a

s m a ll n u m b e r of f r e e  c a r r ie r s  is  im p o s s ib le : th e ir  n u m b e r m u s t

be g re a t enough fo r  the C o u lo m b  p o te n tia l to becom e s cre e n ed  as

2
V ( r )  oC -  exp  ( -  7  r )  (3 .3 )

w ith  7 , the s c re e n in g  len g th , la rg e  enough to in h ib it  the fo rm a tio n

of bound s ta te s . In  p a r t ic u la r

7 -  1 .2  (3 .4 )

fo r  c a r r ie r  d e lo c a lis a tio n  and, w r it in g  7  in  the  T h o m a s -F e r m i  

a p p ro x im a tio n , an e x p re s s io n  fo r  can be d e r iv e d  as

~  ( 3 .5 )

44
T h is  re la t io n s h ip  is  w e ll b o rn e  out by e x p e rim e n t though, as 

45M a r t in o  et a l.  have  po in ted  out, the good a g re e m e n t is  in  p a r t  

fo rtu ito u s  s in ce  the constant in  equation  (3 . 5) is  s e n s itiv e  to  the  

cho ice  of w ave fu n c tio n , the type  o f s c re e n in g  c o n s id e re d  and the 

n u m b e r of conduction  band m in im a . C a lc u la tio n s  of the constant

in  equation (3 . 5) have b een  m ad e  b y  M a r t in o  e t a l .^ ^ ,  B e rg g re n ^ ^ ’

48 49
S in lia  and P u r i  and K r e ig e r  and N ig h tin g a le
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T h e  q uestion  on the sharpness  of the  tra n s it io n  is  s t i l l  in  doubt.

N o d is c o n tin u ity  in  N  the n u m b e r of c a r r ie r s  is o b s erv e d  in doped

s em ico n d u c to rs  due p re s u m a b ly  to the ran d o m  s p a tia l p o s itio n in g

o f the d o nors , bu t a d is c o n tin u ity  is  o b s erv e d  in  o th e r n o n -

50
c ry s ta llin e  system s such as C u -A r  f i lm s .  Kohn has suggested

th a t the e le c tro n  gas m ig h t e x p e rie n c e  an in f in ite  s e r ie s  o f second

51o rd e r  tra n s it io n s  lea d in g  to  the t ra n s it io n  p o in t. M o tt and D av is  

show til a t th is  can le a d  to a ten d en cy  o f k to in f in ity  (c f . ch ap te r 4) 

a t the tra n s it io n  and th e re b y  a s m a ll n u m b er o f f r e e  c a r r ie r s  is 

a llo w e d  thus re m o v in g  the re q u ire m e n t o f a d is c o n tin u ity  in  N .

3. 4 T h e  H u b b a rd  M o d e l and the H ig h ly  C o r re la te d  E le c tro n  Gas

A  th e o ry  le a d in g  to a m e ta l-n o n m e ta l tra n s it io n  w as developed  

52
by  H u b b a rd  in  the m id -s ix t ie s .  W h ils t  the  d iscontinuous M o tt  

t ra n s it io n  w as b ased  on long ran g e  fo rc e s , the H u b b ard  m o d e l 

tre a ts  e le c tro n -e le c tro n  in te ra c tio n s  o n ly  i f  the  c a r r ie r s  a re  both  

on the sam e a to m . In  c o n s id e rin g  o n ly  in tra a to m ic  in te ra c tio n s ,  

the  H u b b a rd  m o d e l is  ju s t an exten s io n  o f the t ig h t-b in d in g  

ap p r o x im a tio n .

T h e  e n erg y  of a p a ir  of e le c tro n s  on the sam e s ite  is  

given  by

2
U = 1  (3-'^) I  I ' / ' ( r^ )  I ^  d^x^d^x^ ■ (3 .6 )4 TT £ K  r , ^  

o 12

and the o v e r la p  e n erg y  in te g ra l b e tw en  tw o s ites  i, j  d is tan ce  

R a p a r t  is

I  = j  i  d^x ( 3 .7 )
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w h e re  is the to ta l H a r t r e e  -  F o c k  H a m ilto n ia n , O v e r la p

causes the ground s ta te  of an is o la te d  a to m  to be b ro ad en ed  into

a band o f w id th  B w h e rew

B = 2 z  I  ( 3 .8 )w  ' '

and z is  the c o o rd in a tio n  n u m b e r of each a to m .

T h e  e n e rg y  re q u ire d  to  ta k e  an e le c tro n  f ro m  one c e n tre  and

dep o sit i t  on a n o th er s ite  is ,  fo r  in f in ite  R , equal to U . F o r

f in ite  va lu es  of R  , both e le c tro n  and ho le  m a y  m ove in  bands of

w id th  B , and B I f  w e now  change R  by, fo r  e x a m p le ,
w l w2

changing the  donor c o n c e n tra tio n  in  a s em ic o n d u c to r, th e n  the  

bandw idths a ls o  change b u t U re m a in s  constant. A t  som e  

c r i t ic a l  va lu e  of R  such th a t

^ ( 3 .9 )

53a m e ta l -n o n m e ta l tra n s it io n  o c c u rs . In  q u a lita t iv e  lan guage  , 

we can say th a t, at la rg e  R  , th e  C ou lom b re p u ls io n  (p ro p o rt io n a l  

to U ) keeps the e le c tro n s  lo c a lis e d  and p re ve n ts  i t in e ra jfc y  w ith in  

a band. I f  the e le c tro n s  cou ld  fo r m  a band, th e y  could re d u ce  th e ir  

e n e rg y  b y  an am ount p ro p o rtio n a l to  the b an d w id th . H e n c e , as R  

is  d e cre a se d , a po in t is  re a c h e d  w h e re  the m e ta ll ic  s ta te  is  

e n e rg e t ic a lly  fa v o u re d  to the lo c a lis e d  s ta te .

P ic to r ia l ly ,  w e can c o n s id e r the tra n s it io n  as shown in f ig u re  (3 . 1) 

T h is  p s e u d o p a rtic le  d e n s ity  of s tates d ia g ra m  shows tw o  H u b b a rd  

bands and th re e  d e fin ed  re g io n s  of b e h a v io u r. W e can co n s id e r the  

sy s te m  of s in g ly -o c c u p ie d  donors  to fo rm  the  lo w e r  H u b b ard  band  

and th a t of the d o u b ly -o c c u p ie d  s ites  as fo rm in g  the u p p er H u b b ard
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FIG. 3.1
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Variation in energy of the Hubbard bands with 

distance between centres. The transition 

occurs at Rq and the moments disappear 

at R|v|.(After Mott^).
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band o r , as i t  is s o m etim e s  Icnown, the  D band. F o r  la rg e  R  ,

54
M o tt has shown th a t the m a te r ia l  is  an a n tife r ro m a g n e tic

in s u la to r  (A F I) .  A s  R d e c re a s e s , the bands o v e r la p  and m e ta ll ic

conduction sets in  though the m a te r ia l  re m a in s  a n tife r ro m a g n e tic  (A F M ),

54 55
T h e  A F M  re g io n  is  o ften  u n o b s e rva b le  and M o tt c o n jec tu re s

th a t th is  m a y  be due to an u n s tab le  re g io n  in  a p lo t o f f r e e  en erg y  

v e rs u s  /  U o r to a d is c o n tin u ity  in  N  though th ese  a rg u m en ts

m a y  not be v a lid  fo r  a doped s e m ic o n d u c to r. F in a l ly ,  a fu r th e r

in c re a s e  in  B ^  /  U causes the  m o m en ts  to d is ap p e a r and the e le c tro n s

56
fo r m  a h ig h ly  c o r re la te d  gas . T h e  gas is  h ig h ly  c o r re la te d  in  the

sense th a t o n ly  a s m a ll p ro p o rtio n  of s ites  a re  d o u b ly -o c cu p ie d  o r

e m p ty . T h ese  c u r re n t  c a r r ie r s ,  e le c tr o n - l ik e  and h o le - l ik e

re s p e c tiv e ly , can m ove  and couple w ith  the m o m en ts  on th e  ( l  -  2  ̂ )

s in g ly -o c c u p ie d  s ites  causing  th e m  to re so n a te  betw een  the tw o  

55
p o s s ib le  p o s itio n s  . N ow  s in ce  th e  n u m b e r o f c u r r e n t -c a r r ie r s

is  s m a ll (  ̂ ~  0. 1), the a p p lic a tio n  of a f ie ld  should le a d  to a s m a ll

57c u r re n t  flo w . N o w  L u tt in g e r  has shown th a t, p ro v id in g  long

ra n g e  a n tife r ro m a g n e tic  o rd e r  is  ab sen t, the  shape o r  vo lu m e in

k  -  space of the  F e r m i  s u rfa c e  cannot be a lte re d  by e le c tro n

c o r re la t io n  e ffe c ts  as con ta ined  in  the H u b b a rd  U t e r m .  C o m p a tib ility

b e tw een  the fe a tu re s  of a F e r m i  s u rfa c e  enclos ing  one e le c tro n  p e r

a to m  and a s m a ll n u m b e r of c u r re n t  c a r r ie r s  w ith  a consequent

s m a ll c u r re n t  flo w  can be a ch ie v ed  b y  show ing th a t the c a r r ie r  m ass

m   ̂ is  enhanced o v e r the band m ass  m , M o tt  shows th a tenh band

^ e n h  ^ _ i _

^^^band  ̂ ^
( 3 . 1 0 )
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T h is  enhanced m ass  lead s  to au g m en ta tio n  in  the P a u li  s u s c e p tib ility

and the e le c tro n  s p e c ific  h e a t w h ils t  the th e rm o  pow er should change

58
sign as the n u m b er of c a r r ie r s  is  changed

59W e should note h e re  th a t M o tt  has d iscu ssed  the h ig h ly

c o r re la te d  e le c tro n  gas and the m e ta ll ic  tra n s it io n  b y  c o n s id e rin g  the

c a r r ie r s  to be spin p o la ro n s . S ince the changes in  the a rg u m e n t

a re  o ris m o lo g ic  ra th e r  than p h y s ic a l we d w e ll no lo n g e r on th is  m odel.

F in a l ly ,  we g ive  a s im p le  d e r iv a tio n  of u s in g  the  H u b b ard

c r ite r io n .  In  equation  ( 3 , 9 )  we take  and B ^ ^  to  be the sam e

as the u n c o rre la te d  tig h t-b in d in g  bandw id th  B ^ .  T h en  the tra n s it io n

o c cu rs  when  

B
w ( 3 , 1 1 )
U 

55M o tt points out th a t the r ig h t  hand s ide o f th is  equation  deduced  

f ro m  v a rio u s  tre a tm e n ts  does not v a r y  f ro m  u n ity  b y  m o re  than  a 

fa c to r  o f tw o . A s s u m in g  a c o o rd in a tio n  n u m b e r o f 6, then  the  

co n d itio n  (3 , 11) m a y  be w r it te n

121 = U ( 3 , 1 2 )

A s s u m in g  h yd ro  genic w ave  fu n c tio n s

\p = const. e x p ( - R )  . ( 3 , 1 3 )

U rriay be e va lu a ted  as

u  = T
O

In  the la rg e  R  l im i t  (<xR 4)
2

e c<
4 TT €

2
I  ^  10 e x p ( - c K R )  ( 3 , 1 5 )

o
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s o  in v o k i n g  (3.  12) g i v e s

c x R  ~  5 (3 .1 6 )

3o r ,  w r it in g  N R  = 1 and a ^  = 1 , w e obtain

N(J ~  0 .2  (3 .1 7 )

T h is  is c lose  to  the M o tt c r ite r io n  and as J o h a n s s o n h a s  o b served , 

the  d if fe re n t  n u m e r ic a l e s tim a te s  of the  c r i t e r ia  a re  a consequence  

of the d iffe re n t ran g es  o f p o te n tia ls  assu m ed  in  the tw o fo rm u la tio n s .

3. 5 D is o rd e r ,  A n d e rs o n  L o c a lis a t io n  and the A n d e rs o n  T ra n s it io n

So fa r ,  we have  e xa m in ed  the n a tu re  o f a m e ta l-n o n m e ta l

tra n s it io n  o c c u rr in g  in  a re g u la r  a r r a y  of a to m s . A  sem ico n d u c to r

is  h o w e v e r, an e xa m p le  o f a d is o rd e re d  m a te r ia l .  T h e  d is o rd e r

is  both ' l a t e r a l ' , in  the sense th a t donor a tom s a r e  s p a t ia lly

d is tr ib u te d  a t ra n d o m  and hence o v e r la p  in te g ra ls  v a r y ,  and

'v e r t ic a l ' in  th a t e le c tro n s  e x p e rie n c e  a ra n d o m  p o te n tia l f ie ld

caused b y  the p re se n c e  of io n is e d  c e n tre s , a c c e p to rs  and o th e r

im p e rfe c tio n s  in  the m a te r ia l  causing  o n -s ite  p o te n tia ls  to  v a ry ,

A n d e r s o n ^ \  in  h is  d if f ic u lt  p ap er of 1958, w as th e  f i r s t  to

show th a t, u nder c e r ta in  c o n d itio n s , the  so lutions o f the o n e -e le c tro n

S ch ro d in g e r equation  show th e  e le c tro n s  to be lo c a lis e d  about a

p a r t ic u la r  s ite . C o n s id e r the  c r y s ta l l in e ,  th re e -d im e n s io n a l a r r a y

of p o te n tia l w e lls  ( f ig u re  (3 ,2 a ) )  in  each of w h ich  re s id e s  one e le c tro n

in  an s -s ta te .  O v e r la p  b e tw een  n e ig h b o u rin g  w e lls  causes the

e le c tro n  le v e ls  to be b ro ad en ed  in to  a band of w id th  B = 2 z I ,
w

T o  e v e ry  w e ll ,  a ra n d o m  p o te n tia l V  flu c tu a tin g  be tw een  the
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FiG. 3.3a

Distance

<
crit

Wave Function for L~a. Extended states.
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l im its  t  V  is  added (f ig u re  (3 .2 b ) ) .  T h en  the A n d e rs o n  th e o re m  
o

sta tes  th a t, a t ab so lu te  z e ro , th e  chance th a t an e le c tro n  w i l l  d iffu se

62
aw ay  f ro m  a p a r t ic u la r  w e ll w i l l  tend  to z e ro  i f

(3 .1 8 )

T h e  c r i t ic a l  v a lu e  o f th is  r a t io  is  d if f ic u lt  to  c a lc u la te  but is  of the

o rd e r  o f tw o . W ave  fu n ctio n s  fo r  two va lu es  o f V  /B  a re  shown
o w

in  f ig u re s  (3 , 3a, b ). T h e  ra n d o m  phase change f ro m  w e ll to w e ll  is

expected  when the  m ean  f r e e  path is  o f the  o rd e r of the  w e ll  s e p a ra tio n

6 3
as in  the case of im p u r ity  conduction . A n d e rs o n  has o b served  th a t,

a t s u ff ic ie n t ly  low  te m p e ra tu re s  o r  e x c ita tio n  e n e rg ie s , e le c tro n s

in  a m e ta l m a y  be c o n s id e re d  as independent e n titie s  m o vin g  in  an

a v e ra g e  fie ld : a s o -c a lle d  F e r m i  liq u id . H e  s tates th a t a n o n in te ra c tin g

th e o ry  is  a lso  t ru e  in  the lo c a lis e d  case and has c h ris te n e d  the

lo c a lis e d  e le c tro n  sys te m  a F e r m i  g la ss .

A  consequence o f A n d e rs o n  lo c a lis a tio n  is  th a t, a t abso lu te

z e ro , th e  d. c. c o n d u c tiv ity  <r is  z e ro . M o tt^  has a lso  po in ted  out

th a t a lthough V  /  B m a y  l ie  b e lo w  the c r it ic a l  v a lu e  in  the m id d le  
o w

o f a band, th is  w i l l  not be t ru e  a t the  e x tre m it ie s  and thus the p re s e n c e

of lo c a lis e d  s ta tes  is  to  be expected ^^^ . I t  fo llo w s  th a t an en erg y

m u s t s e p a ra te  th e  e n e rg ie s  o f lo c a lis e d  fro m  extended  sta tes  and

th is  e n erg y  is  te rm e d  the m o b ility  edge^^ (f ig u re  ( 3 ,4 ) ) .  M o tt^ ^

expects lo c a lis e d  ta i ls  in  an A n d e rs o n  band w h e th er the d is o rd e r

in  the sys te m  is of v e r t ic a l  o r la t e r a l  typ e . F u r th e r ,  i f  the F e r m i

e n e rg y  a t z e ro  te m p e ra tu re  E ^  can be  m ade to  c ro s s  E^ then a
o

m e ta l-n o n m e ta l t ra n s it io n  (A n d e rs o n  tra n s it io n )  re s u lts  and the
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FIG. 3.4.

' n (E)

Density of states in an Anderson band with 

mobility edges and E^. Localised states 

are shaded.
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c o n d u c tiv ity  cr (E ) changes f r o m  z e ro  (E  <  E  ) to  a f in ite
■c o c

v a lu e  cr . ( E  >  E  ) . T h e  s u b s c rip t 'm in ' is  ap p lie d  m in  F q c ' ^

because M o tt has shown th a t, a t z e ro  K e lv in , the c o n d u c tiv ity

cannot have a n o n -z e ro  v a lu e  le s s  than^^*

-2

^ m in
const.

^  /  c r i t

(3 .1 9 )

w h e re  the constant has a v a lu e  dependent on a n u m b e r o f p h y s ic a l

a ss u m p tio n s , n o ta b ly  the c o o rd in a tio n  n u m b er z .

O n the  m e ta ll ic  s ide of the t ra n s it io n , i t  is in te re s t in g  to see

how  cr v a r ie s  w ith  V  / B  ( f ig u re  ( 3 . 5 ) ) .  F o r  s m a ll V  /B  ,o w  ' o w

th e  m e an  f r e e  path E  is g re a te r  than the d is tan ce  b e tw een  a to m s a

and a B o ltz m a n n  fo rm u la tio n  m a y  be used  to c a lc u la te  cr ,

A s s u m in g  a s p h e r ic a l F e r m i  s u rfa c e  w ith  s u rfa c e  a re a  

2 4 ^
S = 4 n k  w h e re  k  is  the  F e r m i  w ave  v e c to r ,r  i? „ r

w e have
S ^ e  E  e E

(3 .2 0 )
121T^'h 3hra^

W e now co n s id er the e ffe c ts  of le t t in g  E  tend  to a . T h is  is

re p re s e n ta tiv e  o f a s tro n g  s c a tte r in g  re g im e  and the B o ltzm a n n

ap p ro ach  is  no lo n g e r v a l id .  F o r  L  a ,

2 2 
^ const. — (3 .2 1 )

f ro m  w hich  

V

3dTa i i  a

58

0 . 6  ( 3 . 2 2 )
B

w  /  E ~ a
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T h e  re g io n  d efin ed  by  

V

w / c r i t

( 3 . 2 3 )

is  Icnown as the  d iffu s iv e  re g im e  and should e x liib it in te re s tin g

fe a tu re s  in  m a g n e tic  reso n an ce  exp erim en ts  as d iscu ssed  b y  T u n s ta ll

F o r  doped s e m ic o n d u c to rs , the d iffu s iv e  re g im e  is  a p p ro x im a te ly

b ra c k e te d  by  the c o n d u c tiv ity  v a lu e s  cr ^  a 700 0  ^cm

and <r . ~  50  ̂cm   ̂ .m in

R e tu rn in g  now to the A n d e rs o n  lo c a lis e d  s ta te s , fo r  te m p e ra tu re s  

g re a te r  than z e ro  and a F e r m i  e n e rg y  <  E^ then  conduction m a y

o c cu r v ia  the m e ch a n is m s  of e le c tro n  hopping a t E ^  a n d /o r  

e x c ita tio n  of c a r r ie r s  to  sta tes  above E ^  . W ith  re g a r d  to e le c tro n  

hopping , th e  p ro b a b ility  w i l l  be p ro p o rtio n a l to^^*

e x p ( - 2 c < R -  1 ^ )  (3 .2 4 )

w h e re  A E  is  the e n erg y  d iffe re n c e  b e tw een  in i t ia l  and f in a l hop

s ta te s , R  is  the  in te r  s ite  d is tan ce  and cx is  the  r a te  of decay o f tlie

w ave, fu n ctio n  on a s in g le  s ite , A t  the h ig h e r te m p e ra tu re s  hopping

to n e a re s t n e ig h b o u rs  o ccu rs  bu t as th e  te m p e ra tu re  is  red u ced  the

phenom enon o f v a r ia b le  ra n g e  hopping w i l l  com m ence: i .  e . an

e le c tro n  w i l l  p re fe r  to hop a la rg e  d is tan ce  i f  i t  can keep  A E  as

s m a ll as p o s s ib le . B y  m in im is in g  <r w ith  re s p e c t to  R  , the

te m p e ra tu re  dependence of o' is  ob ta ined  as

1
. . Q '

= A  exp ( -  ( — ( 3 . 2 5 )
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w h e re  the p re -e x p o n e n tia l fa c to r  depends on the e le c tro n -p h o n o n

3
co u p lin g , Q is  a p p ro x im a te ly  the re c ip ro c a l of <x N (E ^ )  and

n is  the d im e n s io n a lity  of the s ys te m .

A n o th e r type of A n d e rs o n  tra n s it io n  occu rs  when a conduction

band and v a le n c e  band, both w ith  lo c a lis e d  s tates in  the ta i ls ,  o v e r la p

and fo rm  a s e m im e ta l, the  o v e rla p p in g  bands fo rm in g  a 'pseudogap '

in  the d e n s ity  of states (f ig u re  (3 . 6 )). T h e  s tates a t E ^  w i l l  be

lo c a lis e d  i f  the  band o v e r la p  is  s m a ll o r extended i f  the o v e rla p  is

la r g e .  W hen extended states o b ta in , we have L  ~  a and thus,

to com pute the c o n d u c tiv ity , we m u st have  re c o u rs e  to a fo rm u la tio n

51w h ich  is  v a lid  in  th is  re g im e . M o tt  and D a v is  c a lc u la te  a us ing

the K u b o -G re e n w o o d  fo rm u la .  M o tt  fu r th e r  po ints  out th a t i f  the

d e n s ity  of s tates a t the F e r m i  le v e l  N (E ^ )  is  less  than the  f r e e -

e le c tro n  v a lu e  N (E ^ )^ ^ ^ ^ , as in  a pseudogap, then an e x p lic it

2
dependence o f a on N  (E ^ )  ap p ears  in  c o n tra s t to the co n d u c tiv ity  

fo rm u la e  c ited  above. M o tt^  w r ite s
q 2 2
S e a g

1 2 tt hi

o r ,  w ith  = 4TÎ'^/a^

^2.^2

w h e re  g
N (E ^ )

(3 .2 6 )

3 h a
(3 .2 7 )

C o m p a rin g  th is  v a lu e  w ith  a . g ives  the v a lu e  o f g a t w h ich  th em in  ^

t ra n s it io n  o c c u rs . In  p a r t ic u la r

g ~  0 .2 5  to  0 .3 3  ' (3 .2 8 )

T h is  pseudogap m o d e l has been  a p p lie d  to  expanded liq u id  m e rc u ry  

and liq u id  te l lu r iu m  a llo y s .
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FIG. 3.5
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Overlapping bands forming a pseudogap.
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3. 6 A p p lic a tio n  of the M o tt-H u b b a rd  and A n d e rs o n  T h e o r ie s  to  

Doped S em ico n d u cto rs

A  s u m m a ry  of b e h a v io u r expected  fo r  e x tr in s ic  sem ico n d u c to rs  

is  perhaps b es t s e rv e d  by c o n s id e rin g , as we s ta r te d  th is  ch ap ter, 

a d e s c rip tio n  of the p o ss ib le  conduction p ro c e s s e s . T o  th is  e ffec t 

w e e xa m in e  the  d e n s ity  o f s ta tes  fu n c tio n  and its  expected  v a r ia t io n  

w ith  doping d e n s ity .

A t  lo w  d e n s it ie s , conduction  is  by  th e rm a l a c tiv a tio n  o f c a r r ie r s  

f ro m  s in g le  donor le v e ls  in to  th e  conduction band w ith  an a c tiv a tio n  

e n e rg y  e I f  the m a te r ia l  is  com pensated , then a t  lo w  te m p e ra tu re s  

(k T  ~  E som e of the  donor e le c tro n s  w i l l  f a l l  in to  a cc e p to r le v e ls  

and conduction is  by  hopping of e le c tro n s  fro m  fu ll to  e m p ty  donors  

w ith  an a c tiv a tio n  e n erg y  e A n  in c re a s e  in  im p u r ity  c o n cen tra tio n  

lead s  to the fo rm a tio n  of an im p u r ity  band w hich  m a y  be c o n s id e re d  to  

be c o m p ris e d  of two H u b b a rd  bands s p lit  by the H u b b a rd  U . A n d e rs o n  

lo c a lis a tio n  w i l l  ob ta in  fo r  th e  lo w e r  H u b b a rd  band re p re s e n tin g  the  

h o le  e n e rg y  s p e c tru m  and fo r  som e sta tes  in  the  u p p er H u b b a rd  band  

re p re s e n ta t iv e  of the  e n e rg ie s  o f an e x tra  e le c tro n  on donor s ite s .

T h e  u p p er band w i l l  be b ro a d e r  th an  the  lo w e r one s in ce  tw o  e le c tro n s  

w ill  be les s  t ig h t ly  bound to a donor s ite  than a s in g le  c a r r ie r  and  

th e re  w i l l  be a consequent in c re a s e  in  the  o v e r la p  and hence the  

ban d w id th . C o n d u c tiv ity  w ith  an a c tiv a tio n  e n e rg y  E ^ -  E ^

w i l l  o ccu r at h ig h e r te m p e ra tu re s  but a t lo w e r  te m p e ra tu re s ,  

co n d u c tiv ity  m a y  be p o ssib le  w ith  E ^ = E ^  -  E ^  and thence  

hopping am ongst lo c a lis e d  s ta tes  a t E ^  (f ig u re  ( 3 .7 ) ) .  F u r th e r  

in c re a s e  in  dopant c o n c e n tra tio n  w i l l  le a d  to o v e r la p  of the H u b b a rd  

bands but, even though N ( E ^ )  is  f in ite ,  s ta tes  in  th e  H u b b a rd  gap
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FIG.3.7

N(E)
Hubbard bands

Conduction

E
EE,

Model density of states for a doped semi

conductor. Localised states are shaded.



68 .

a re  s t i l l  lo c a lis e d  (f ig u re  ( 3 ,8 ) ) .  A t  s u ffic ie n t ly  low  te m p e ra tu re s ,

T '’' hopping should be o b s erv e d ; a t h ig h e r  te m p e ra tu re s  e  ̂

conduction is fo re m o s t. T h e  c lo s in g  o f the H u b b ard  gap s ig n if ie s  

the  onset o f m e ta ll ic  b e h av io u r and e ^ goes to z e ro  (f ig u re  (3 .9 ) ) .  

T h e  e ffe c t of co m p en satio n  w i l l  be to b ro ad en  the band, c re a te  m o re  

lo c a lis e d  s ta tes  and lo w e r  in  e n e rg y , p o s s ib ly  ag a in  in to  the

re g io n  of lo c a lis e d  s tates (f ig u re  (3 . 10)).

In  the absence of co m p en satio n , the d is o rd e r  is  o f la te r a l  

ty p e . M o tt^ ^ * has a n a lysed  the s itu a tio n  b y  tre a t in g  the

donors  in  p a irs , each donor and its  n e a re s t n e ig h b o u r, d is tan ce  r ,

a p a r t ,  fo rm in g  a 'm o le c u le '.  T h e  e le c tro n  e n erg y  in  th e  ground

sta te  of the m o le c u le  w i l l  be I  e x p (-o < r^ ) and s ince r^  v a r ie s  

f ro m  p a ir  to p a ir ,  M o tt  w r ite s

= I  exp ( -  (X r ^) (3 .2 9 )

I f  the d is tan ce  be tw een  m o le c u le s  is  r „  then the bandw id th  B is
2 w

= 2 z I  exp ( - o<r^) (3 .3 0 )

So, a t (V  /  B ) _ , w ritin g  cK  ̂= a__ and r  ^, r_  in  te rm s  o f N ,o w 'c r i t  ® H  1 2

w e o b ta in  

1
a ~  0 .4  (3 .3 1 )

C

70, 71
M o tt ’ has v e r y  re c e n tly  a rg u e d  th a t lo c a lis a tio n  sets in  e a s ily  in  

an im p u r ity  band and th a t th is  im p lie s  th a t the onset of in s u la tin g  

b e h a v io u r is  d e te rm in e d  b y  A n d e rs o n  lo c a lis a tio n  r a th e r  than the  

H u b b a rd  U p ro duc ing  a gap in  the d e n s ity  o f s ta te s . In  th is  case, 

c o r re la t io n  should not p la y  a m a jo r  ro le  a t the tra n s it io n . W e take  

th e  v ie w  th a t the tra n s it io n  in  doped s e m ic o n d u c to rs , w h e th e r
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co m p en sated  o r  n o t, is  o f A n d e rs o n  ty p e . T h e  im p o rta n c e  of 

c o r re la t io n  v is - a - v is  d is o rd e r  m u s t be  d e te rm in e d  b y  e x p e r im e n t.  

In  ch ap ter 4, we d iscu ss  in  som e d e ta il the e x p e r im e n ta l  

evid en ce  of the  m e ta l-n o n m e ta l tra n s it io n  and how the re s u lts  

r e la te  to the id eas  e x p re s s e d  in  th is  c h a p te r . P e rh a p s  the m o s t 

im p o rta n t po in t to note h e re  is  th a t th e o ry  is  in  a f lu id  s itu a tio n  

and even the s im p le s t m a te r ia ls  e x liib it  p ro p e r t ie s  th a t a re  not 

fu l ly  u n d ers to o d .
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C h a p te r  4

R E V IE W  O F  E X P E R IM E N T A L  D A T A  
O N  T H E  M E T A L - N O N M E T A L  T R A N S IT IO N
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4 .  1 I n t r o d u c t i o n

In  th is  c h ap te r w e s u rv e y  the re s u lts  of e x p e rim e n ts  p e rta in in g  

to the m e ta l-n o n m e ta l t ra n s it io n . W e b eg in  w ith  a re s u m e  of 

c o n d u c tio n  p ro c es s es  i l lu s tr a t in g  the e  ̂ ( i  = 1 -  3) m e ch a n is m s  

o u tlin e d  in  ch ap te r 3 and re v ie w  the ev id en ce  fo r  the ex is te n ce  o f a 

m in im u m  m e ta ll ic  c o n d u c tiv ity . B r in k m a n -R ic e  en h an cem en t e ffec ts  

a re  e xa m in ed  us ing  the m e a s u re m e n ts  of e le c tro n  spin s u s c e p tib ility  

and e le c tro n ic  s p e c ific  h e a t. O th e r  e x p e rim e n ts  p e rtin e n t to the 

m e ta ll ic  t ra n s it io n  a re  a lso  ca ta lo g u ed . A  d e ta ile d  account o f 

n u c le a r  m a g n e tic  reso n an ce  e x p e rim e n ts  in  Si :P  fo llo w s . F in a l ly ,  

c o n s id e ra tio n  is m ade of the p o s s ib il ity  of c re a tin g  a m e ta l-n o n m e ta l  

t ra n s it io n  th ro u g h  the  use of a la r g e  m a g n e tic  f ie ld  and we discuss  

th e  a s s o c ia te d  phenom enon o f 'm a g n e tic  f re e z e  o u t '.

4 .2  R e s is t iv ity  and H a ll  E ffe c t

T h e  th re e  a c tiv a tio n  e n e rg ie s  e ^ ( i =  1 - 3 )  a r e  re a d i ly  v is ib le

72
in  the  w o rk  o f M o tt and D a v is  on co m p en sated  Ge:Sb as shown in

f ig u re  (4. l). A s  expected , in  lo w  d e n s ity  sam p les  c o n d u c tiv ity  is  v ia

e x c ita tio n  to the conduction band w ith  e n erg y  e  ̂ a t h ig h e r

te m p e ra tu re s  w h ils t  a t lo w  te m p e ra tu re s  hopping w ith  e n erg y  e ^

ta k es  o v e r . A t  s u ff ic ie n t ly  lo w  te m p e ra tu re s  v a r ia b le  ran g e  hopping

73
o c c u rs  as o b s erv e d  by A lle n  and A d k in s  and A lle n , W a ll is  and 

74
A d k in s  . In  the in te rm e d ia te  re g io n  of c o n c e n tra tio n , e ^

conduction  is  a p p are n t and f in a l ly ,  a m e ta l- l ik e  te m p e ra tu re

17 -3independent r e s is t iv i t y  is  o b ta in ed  fo r  N  >  ( '^ 1 0  cm  in  G etSb).

A  p lo t b y  M o tt  and D a v is  of th e  v a r ia t io n  of e ^ w ith  in te r  donor
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d is tan ce  shows a d e v ia tio n  f r o m  l in e a r i ty  c lo se  to the  tra n s it io n .

55
T h is  is  in te rp re te d  by M o tt  as b e in g  due to hopping w ith  an

a c tiv a tio n  e n erg y  e'^. T h e  e n e rg y  c is  s im i la r  to  but

i t  is  envisaged  th a t c is  re q u ire d  fo r  e le c tro n  hopping b etw een

A n d e rs o n  lo c a lis e d  s ta tes  in  th e  c e n tre  of two o v e rla p p in g  H u b b a rd

ban d s . T h e  e p ro cess  can thus o c cu r in  the  absence o f

i.
co m p en satio n  and, a t v e r y  lo w  te m p e ra tu re s , T"*" b e h a v io u r is

75exp ected  and has been o b s erv e d  by W a llis  in  u ncom pensated  G e.

V a lu e s  o f a . e x tra c te d  f r o m  the data a re  in  a p p ro x im a te  m in  ^

a g re e m e n t w ith  the M o tt  fo rm u la  but s tro n g  a d d itio n a l ev id en ce  is  

o b ta in a b le  f r o m  e x p e rim e n ts  in  conduction  in  two d im e n s io n a l sys tem s  

w h e re  hopping goes as T^  , In  the la t te r  case , a is

independent o f the hop d is tan ce  and m a y  be c a lc u la te d  and m e a s u re d  

a c c u ra te ly .

T h e  c o n c e n tra tio n  dependence of the  H a l l  co n stan t is  m o re  d if f ic u lt

to e x p la in . F ig u re  (4 , 2) shows the re s u lts  of Y am a n o u c h i e t al.'^^

77in  S i:P . (R e s u lts  fo r  n -G e  a re  quoted by  H o lco m b  and R e h r  , )  I f  we  

ta k e  the t ra n s it io n  to be o f A n d e rs o n  typ e  as w e h ave  d e s c r ib e d  in  

c h a p te r 3, then  in  the  lo w  m e ta ll ic  re g io n  the  d e n s ity  o f s ta tes  is

78le s s  than  the f r e e  e le c tro n  v a lu e  and  w e h ave  H  ~  a . F r ie d m a n  

has c a lc u la te d  the  H a l l  c o e ffic ie n t in  th is  d iffu s iv e  re g im e  and  

obta ins

= 1 % ) - %  ■ (4-1)
2

N o w  we have seen th a t a g so a lo g a r ith m ic  p lo t o f

R ^ ( f r e e ) /R ^ ( d i f f )  ag a in s t a should  h ave  a slope o f 0 . 5.
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79
A c r iv o s  has v e r i f ie d  th is  b e h a v io u r in  N a -N H ^  so lu tions and

a lso  s ta tes  th a t a s im i la r  a g re e m e n t e x is ts  fo r  S i:P  w hen  the

Y am a n o u c h i e t a l.  data  is  e x tra p o la te d  to z e ro  K e lv in  and

18 ~3
lie s  in  the ra n g e  2, 3 -  3 .1 .1 0  cm  , w h ich  w e w ould  take  to be

70
an a c tiv a te d  conduction  ra n g e . M o tt  has o b s erv e d  th a t the

18 -3F r ie d m a n  fo rm u la  does a p p ly  in  S i:P  a t 3 -  4 . 10 cm  w ith

g 0. 7. (T h e  v e r t ic a l  lin e  in  f ig u re  (4 . 2) was d ra w n  b y

18 -3
Y am a n o u c h i e t a l.  a t = 4 . 10 cm  w h ils t th e ir  o th e r re s u lts

18 -  3
and those o f o th e r w o rk e rs  in d ic a te  = 3 . 10 cm  . )  I t  should

be noted  th a t F r ie d m a n  a ss u m e d  a s in g le  va lu e  of the o v e r la p  

in te g ra l w h e re a s  th e re  m u s t be a ra n g e  o f I  v a lu e s  ju s t on the  

m e ta ll ic  s ide S i the t ra n s it io n . M o tt has re c e n t ly  sp ec u la te d  th a t 

the  v a lu e  o f g m a y  po in t to the  fa c t th a t the d e n s ity  of s ta tes  is  

not g re a t ly  re d u ce d  in  going f ro m  a m e ta l l ic  to  in s u la tin g  s ta te .

T h e  im p lic a t io n  is  th a t the  H u b b a rd  U is  not s p lit t in g  the  im p u r ity  

band and th a t i t  is  d is o rd e r  r a th e r  than  c o r re la t io n  th a t is  the  

d r iv in g  m e c h a n is m  fo r  the  tra n s it io n  in  doped s e m ic o n d u c to rs . W e  

d iscu ss  th is  id ea  in  som e d e ta il in  la t e r  ch ap ters  but m e r e ly  point 

out h e re  th a t the F r ie d m a n  fo rm u la  is  p erh ap s  o n ly  a p p lic a b le  i f  

th e re  is  a r e a l  d e n s ity  of s ta tes  re d u c tio n , i . e .  as in  a r e a l  pseudogap  

m a te r ia l  such as m e r c u r y ,  but is  p o s s ib ly  in a p p lic a b le  to a H u b b a rd  

pseudogap. E v e n  th en , N M R  w o rk  by E l-H a n a n y  and W a rre n ^ ^  on 

expanded m e r c u r y  cas ts  doubt on the g e n e ra l s u ita b il ity  o f the  

F r ie d m a n  fo rm  o f R  . W e d iscu ss  som e fu r th e r  im p o r ta n t fe a tu re s  

o f d ie  H a l l  e ffe c t in  doped s em ic o n d u c to rs  in  A p p e n d ix  2 o f th is  

r e p o r t .
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4 . 3 E le c tro n  Spin S u s c e p tib ility  and E le c tro n ic  S p e c ific  H e a t

T h e  e le c tro n  spin s u s c e p tib ility  % of S i:P  has been

8 1 8 2  83
m e a s u re d  by Q u ir t  and M a rk o  ' and Ue and M a e k a w a  w h ils t

re s u lts  of the e le c tro n ic  s p e c ific  h e a t in  S i:P  have been obtained

84 \ /
b y  M a rk o , H a r r is o n  and Q u ir t  . W e f i r s t  co n s id e r X g *

I t  is  w e ll  known th a t th e  e le c tro n s  in  a m e ta l e x h ib it a P a u li

s u s c e p tib ility  X p  w h ich  is  independent of tem pe r a tu re  and m a y  be

w r it te n  as

X p  = const. m̂ " ( 4 .2 )

C o n v e rs e ly  the  s u s c e p tib ility  o f a s ys tem  o f lo c a lis e d  m o m en ts  has  

a C u r ie  “W e iss  c h a ra c te r  and

N  Mg 
'^cw~ 3k(T “ e )

cw

w h e re  N  is  the n u m b er of a tom s p e r u n it v o lu m e . C le a r ly  the

te m p e ra tu re  dependence o f X g  sh o u ld 'b e  qu ite  d if fe re n t  in  the

cases o f l ig h t and h e av y  doping of a s e m ic o n d u c to r. F o r  h e av U y

doped S i:P , X g  can be id e n tif ie d  w ith  P a u li  p a ra m a g n e tis m  s in ce

th e re  is  both te m p e ra tu re  independence and dependence of the

s u s c e p tib ility . F o r  m e ta ll ic  sam ples  c lose to the tra n s it io n , th e re

is  an enhan cem en t in  X g  the  te m p e ra tu re  dependence is  th a t

expected  fo r  a h ig h ly  c o r re la te d  e le c tro n  gas^^. Som e w o rk e rs ^   ̂ ^

h ave  sought to e x p la in  the X  g “ 1* v a r ia t io n  in  ju s t -m e ta l l ic  S i:P

by  a p p lic a tio n  of an 'in h o m o g e n e ity  m o d e l':  i . e .  the assu m p tio n  is

m ade th a t th e re  is  a c o ex is ten ce  of a c e r ta in  d e n s ity  N  o f
cw

lo c a lis e d  e le c tro n s  w ith  C u r ie -W e is s  b e h a v io u r and a d e n s ity  N
P

of d e lo c a lis e d  e le c tro n s  of P a u li  c h a ra c te r .  A n  a lte rn a t iv e  ap p ro ach
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is  til a t of Chao'^and B erggr.en^^* who have extended  the  B r in k m a n -

R ic e , z e ro  te m p e ra tu re  c a lc u la t io n  and have o b ta in ed  good q u a lita tiv e

a g re e m e n t w ith  the  X g  -  T  c u rve s  of Q u ir t  and M a r k o .  F u r th e r

ev id en ce  ag a in s t the in h o m o g e n e ity  m o d e l is  ga ined  fro m  the

87
conduction  e le c tro n  spin re so n an ce  data  of P i fe r  w hose lin e w id th

re s u lts  in d ic a te  th a t lo c a l m o m en ts  do no t p e rs is t  above N ^ .

Q u ir t  and M a rk o  a re  a ls o  ab le  to e x tra c t the e le c tro n  d ia m a g n e tic

s u s c e p tib ility  f r o m  th e ir  data  b y  s u b tra c tin g  X g  fro m  the

s ta tic  s u s c e p tib ility  m e a s u re m e n ts  (c o r re c te d  by  s u b tra c tio n  of the

c o re  s u s c e p tib ility  o f the S i h ost) X  p e r fo rm e d  b y  S asaki

88
and K in o s h ita  . T h e  d e v ia tio n s  X ^  f r o m  the

L a n d a u -P e ie r Is  d ia m a g n e tic  te r m  X  j_,p e x p la in e d  on the

89
b a s is  o f the K je ld a a s  and K ohn c a lc p la t io n  on B lo c h  e le c tro n

d ia m a g n e tis m  w h ich  shows in  essen ce  th a t
*

X r f  = X l p  (1 + const.
m
m  

L o j
N ^) (4 .4 )

w h e re  m  is  the f r e e -e le c t r o n  m a s s , o
90

In  c o n tra s t, m e a s u re m e n ts  o f th e  c a r r ie r  s u s c e p tib ility

( X  c + X  n -G e , e x tra c te d  f ro m  X  + a fu n c tio n a l

dependence on N  th a t is  w e ll  re p re s e n te d  b y  id e n tify in g  X g  w ith

17X  p and w ith  X g p  th ro u g h o u t the doping ra n g e  3 .1 0  to

19 -3
3. 10 cm  . M o re o v e r  A X g p  independent o f im p u r ity

17
c o n c e n tra tio n . F o r  donor d e n s itie s  le s s  than 3 .1 0  c m " , the

s u s c e p tib ility  takes  a fo rm  suggesting  the  d ia m a g n e tis m  is  due to

91e le c tro n s  in  a to m ic  s ta te s . A  c a lc u la t io n  b y  S aito h  e t a l .  fo r  

im p u r ity  band e le c tro n s  and ass u m in g  e le c tro n  c o r re la t io n  to be
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n e g lig ib le  y ie ld s  a c o n c e n tra tio n  independent I t  w ould

c le a r ly  be of in te re s t  i f  a d ire c t  m e a s u re m e n t o f the spin  s u s c e p tib ility

in  n -G e  could be m ade as has been p e r fo rm e d  in  n -S i .

W e tu rn  now to th e  e le c tro n ic  s p e c ific  h ea t C . R e s u lts  fo re

S i:P  show s m a lle r  enhancem ents  c lo se  to the t ra n s it io n  tlia n  p re d ic te d

b y  the B r in k m a n -R ic e  a n a ly s is . A g a in  th e re  have been  a tte m p ts  to

f i t  the  data assu m in g  the  s im u ltan eo u s  ex is te n ce  o f lo c a lis e d  and

84
d e lo c a lis e d  c a r r ie r s  c lo se  to  th e  m e ta l l ic  s ide of the tra n s it io n

T h e  c a r r ie r  d iv is io n  is  le s s  easy  to  v is u a liz e  than in  the  case of the

s u s c e p tib ility  but i t  is  re a s o n a b le  to assu m e th a t e le c tro n s  in

extended s ta tes  c o n tr ib u te  th e  f a m i l ia r  e le c tro n ic  te r m  lin e a r  in

te m p e ra tu re  w h ils t  lo c a lis e d  c a r r ie r s  should c o n tr ib u te  a Schottky  

92
te r m  to . I f  th e s e  lo c a lis e d  e le c tro n s  e x is t, then  the a p p lic a tio n

o f a m a g n e tic  f ie ld  should show a la r g e  e ffe c t on G . T h is

93e x p e r im e n t has been  p e r fo rm e d  by H edgcock  et a l.  -  th e y  found

no d iffe re n c e  in  C a t 1. 5 to  4 . 2 K  fo r  ze ro  f ie ld  and one o f 2 . 85 T .
e

84
M a rk o  e t a l .  h ave  c r it ic is e d  the H edgcock et a l .  e x p e r im e n t,

c la im in g  th a t f ie ld s  in  excess of 10 T  and te m p e ra tu re s  b e lo w  1, 5 K

w e re  needed fo r  the e ffe c t o f a m a g n e tic  f ie ld  on to be o b s e rv a b le .

(T h e  f ie ld  o f 2 .8 5  T  w as chosen by H ed g co ck  et a l ,  to  m a x im is e  the

e ffe c t o f the  m a g n e tic  f ie ld ,  ) A c c o rd in g ly , H a r r is o n  and M a rk o

have  p e r fo rm e d  m a g n e tic  s p e c ific  h e a t m e a s u re m e n ts  a t  0 . 1 to I K  
«

in  an ap p lie d  f ie ld  o f 2 . 2 T ,  T h e y , l ik e  H edgcock et a l.  , foünd no 

f ie ld  dependence of and th e re fo re  conclude th a t the in h o m o g en e ity

m o d e l is  u n ten ab le .
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R e g a rd in g  n -G e , no such d e ta ile d  studies have been m ade as

fo r  S i:P . H o w e v e r, we should note h e re  th a t the e a r ly  re s u lts  of

95
B ry a n t and K e e s o m  do not d e m o n s tra te  any enhan cem en t of 

as expected  fo r  the B r in k m a n -R ic e  h ig h ly  c o rre la te d  e le c tro n  gas.

4 . 4 R a m a n  S p ectro sco p y

T h e  R a m a n  s p e c tra  of G e:A s and S i:P  have la te ly  been m e a s u re d

96 97as a fu n c tio n  o f donor c o n c e n tra tio n  b y  D o e h le r  and J a in  et a l.

re s p e c t iv e ly . V e r y  b r ie f ly ,  the  o r ig in  o f the s p e c tra  is  th a t, in

in d ire c t  gap m a te r ia ls  such as Ge and S i, w ith  n e q u iva len t

conduction  band m in im a , the n - fo ld  d eg en era te  ground  s ta te  is  s p lit

by  a v a l le y -o r b it  in te ra c t io n . The R a m a n  lin e  o r ig in a te s  f r o m  a

tra n s it io n  w ith in  the v a l le y - o r b i t - s p l i t  ground s ta te .

T h e  s p e c tra  o f G e:A s  and S i:P  both show a v a l le y -o r b it  lin e

w h ich  b ro ad en s  a s y m m e tr ic a l ly  as the im p u r ity  c o n ce n tra tio n

ap proaches  N ^ . S im u lta n e o u s ly  a continuous, s in g le -p a r t ic le ,

b ackg ro u n d  ap p ears  and e v e n tu a lly  d o m inates  the s p e c tra  (f ig u re s

( 4 . 3 ), (4 . 4 ) ) ,  D o e h le r  c la im s  th a t the s h ift of the v a l le y - o r b i t

l in e  in  G e;A s to lo w e r  e n e rg ie s  in  the m e ta ll ic  re g im e  is  in d ic a tiv e

of the p re s e n c e  of lo c a lis e d  s ta tes  on the m e ta ll ic  s ide of the

tra n s it io n . T h is  fo llo w s  f r o m  th e  fa c t th a t i f  on ly  f r e e  e le c tro n s

w e re  re s p o n s ib le  fo r  the  s p e c tru m  then th e o ry  s ta tes  th a t the sh ifts
a

should be to  h ig h e r e n e rg ie s  s ince the s h ift is  p ro p o rtio n a l to  the  

e le c tro n  F e r m i v e lo c ity  v h ic h  is  in  tu rn  p ro p o rtio n a l to  the c a r r ie r  

c o n c e n tra tio n . A g a in s t th is  hypo th es is  we note f i r s t ly  th a t i f  the 

te m p e ra tu re  independence o f the H a l l  e ffe c t and r e s is t iv i t y  a t low
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te m p e ra tu re s  is taken  as the c r ite r io n  fo r  the onset of m e ta ll ic

b e h a v io u r, then  D o e h le r  on ly  has one (o r p o s s ib ly  tw o) sam ples

in  the m e ta ll ic  re g im e  w h ich  shows a 'k n e e ' r a th e r  than a peak  in

the  s p e c tru m . S econdly , the d e ta ile d  a n a lys is  of the con tinuum  lin e

shape in  S i:P  by J a in  e t a l .  shows th a t a im ee in  the s p e c tru m  w hich

th ey  o b serve  fo r  ju s t g re a te r  than , is  e x p lic a b le  in te rm s

o f the shape of the continuous s p e c tru m  a lo n e. T h e s e  au th o rs  show

th a t a m a x im u m  in  the continuum  s p e c tru m  is expected  on quite

g e n e ra l th e o re t ic a l grounds (th e  f lu c tu a tio n -d is s ip a tio n  th e o re m )

and m a y  be g e n e ra te d  by a m o d e l in  w h ich  the continuum  is  ta k en

to a r is e  fro m  tra n s it io n s  w ith in  a p a r t ia l ly - f i l le d  band. Thus i t

m a y  not be n e c e s s a ry  to assu m e th a t the Icnee o b s erv e d  by D o e h le r

is  due to  v a l le y - o r b it  tra n s it io n s  on is o la te d  donors e x is tin g  above

96
the m e ta l-n o n m e ta l t ra n s it io n . D o e h le r p lo ts  an in te re s tin g  g raph  

re p ro d u c e d  as f ig u re  ( 4 .5 ) ,  show ing the in c re a s e  of the R a m a n

42
lin e w id th  and the d e c re a s e  in  r e s is t iv i t y  taken  f r o m  F r i t z c h e 's

data  on pass ing  f ro m  sem ico n d u c tin g  to m e ta ll ic  b e h a v io u r in  G e :A s .

D o e h le r  does not g ive  d e ta ils  o f how  he has chosen th e  r e s is t iv i t y

v a lu e s  th a t he has p lo tte d  but in s p ec tio n  of the F r i tz c h e  re s u lts

in d ic a te  th a t D o e h le r  has e x tra p o la te d  F r i t z c h e 's  g ra p h ic a l data

to 1 K  to o b ta in  the r e s is t iv i t ie s .  N ow  the R a m a n  m e a s u re m e n ts

X 6 3
w e re  taken  at 8 K  and fo r  sam p les  doped fro m  9 . 10 cm  to  

17 -  3
2. 8. 10 cm  , the change in  r e s is t iv i t y  f ro m  1 K  to  8 K  is  f ro m  

e leven  to  tw o decades re s p e c t iv e ly . W e show the change in  

r e s is t iv i t y  w ith  doping d e n s ity  a t 8 K  as the dotted lin e  in  

f ig u re  ( 4 . 5 ) :  th is  does no t, o f c o u rs e , change D o e h le r 's  conclusion
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th a t lo c a lis e d  s ta tes  a r e  p re s e n t in  ju s t -m e ta l l ic  G e :A s , A

97
s im i la r  p lo t fo r  S i:P  (f ig u re  (4 . 6)) is  g iven by J a in  et a l.  us in g

7 6
r e s is t iv i ty  and e ^ data  f r o m  th e  w o rk  of Y am an o u ch i e t a l.

In  c o n tra s t to the G e:A s  re s u lts ,  th e  S i:P  data show the  v a l le y - o r b it

lin e  to b ro ad en  beyond re c o g n itio n  b e fo re  the m e ta l-n o n m e ta l

t ra n s it io n  is  re a c h e d .

A  d ire c t  band gap m a te r ia l  m a y  be stud ied  b y  the sp in  f l ip

R a m a n  s c a tte r in g  tech n iq u e  (S FR S ) w h e re in  the ground s ta te  is  s p lit

98
by a m a g n e tic  f ie ld . R o m e s ta in , G eschw ind  and D e v lin  have

re c e n t ly  p e r fo rm e d  S FR S  e x p e rim e n ts  on CdSi w h ich  has a c r i t ic a l

17 -3
donor c o n c e n tra tio n  of 2 . 4 .  10 cm  , and a lso  sp in  F a ra d a y  ro ta tio n  

e x p e r im e n ts  w h ich  y ie ld  the  spin  s u s c e p tib ility  . In  in s u la tin g

m a te r ia l ,  the  R a m a n  lin e w id th  is  the  sam e as th a t d e te rm in e d  by  

e le c tro n  p a ra m a g n e tic  re s o n a n c e . In  m e ta ll ic  s a m p le s , th e  m o tio n  

o f the e le c tro n s  causes a D o p p le r  s h ift o f the  R a m a n  lin e  w h ils t the  

e le c tro n  s c a tte r in g  causes th e  l in e  to be c o llis io n a lly  n a rro w e d .

17 -3
T h is  d iffu s io n a l c h a ra c te r  is  a p p a re n t in  sam p les  w ith  2 .4 .  10 cm  .

T h e  F a ra d a y  ro ta t io n  re s u lts  show X g  C u r ie -W e is s - l ik e  b e lo w  the

tra n s it io n  and of P a u li- ty p e  in  h ig h ly  doped c ry s ta ls . F o r  m a te r ia l

w ith  , h o w e v e r, th e re  is  an enhan cem en t in  X g  lo w

98
te m p e ra tu re s  w h ich  R o m e s ta in  et a l.  in te r p r e t  as evidence fo r  

th e  e x is te n ce  of the h ig h ly  c o r r e la te d  e le c tro n  gas o f B r in k m a n  and R ic e .  

A  fu r th e r  re s u lt  w h ich  is  c ru c ia l is  th a t fo r  sam p les  w ith  

^  , o n ly  a d iffu s io n a l l in e  is  o b s e rv e d . I f  lo c a lis e d  e le c tro n s

c o e x is te d  w ith  m o b ile  c a r r ie r s  above th en  th e y  should c o n trib u te  

a s u p erp o s itio n  of a n a r ro w , un s h ifte d  lin e  and a d iffu s io n a l l in e .
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re s p e c t iv e ly , T h e  o b s erv e d  absence of a n a r ro w  lin e  fo r  sam p les  

w itli is s tro n g  ev id en ce  fo r  c o n s id e rin g  the e le c tro n s

as a s in g le -p h a s e  s y s te m .

4 . 5 M a g n e to re  s i s tance

A s  w e h ave  b een  d is cu s s in g  the p o s s ib il ity  o f e x is te n c e  of

lo c a lis e d  e le c tro n s  above the m e ta l l ic  t ra n s it io n , i t  is  ap p o s ite  h e re

to  d e s c rib e  the  re s u lts  of m a g n e to resis ta n c e  e x p e rim e n ts  in  e x tr in s ic

s em ic o n d u c to rs  in  the  m e ta ll ic  re g io n ,

99 100T h e  g e n e ra l fe a tu re s  * a re  th a t a t lo w  f ie ld s , the  m a g n e to -

re s is ta n c e  is  n e g a tiv e  and, as the f ie ld  is  in c re a s e d , the  m a g n e to -

re s is ta n c e  passes th ro u g h  a m in im u m  and then b eco m es  p o s itiv e  

2
(as B ) fo r  h ig h  f ie ld s . U s u a lly , th e  lo w e r  the  c a r r ie r  c o n c e n tra tio n  

o r te m p e ra tu re  the lo w e r  the f ie ld  a t w h ich  the m a g n e to re  sis tance  

changes s ign . E x p la n a tio n s  h a ve  b een  m ad e  in  te r m s  of a lo c a l 

m o m e n t m o d e l and a tw o  band m o d e l w h ich  we now o u tlin e  and 

c o m p a re  w ith  e x p e r im e n t.

T h e  lo c a l m o m e n t m o d e l s tem s fro m  the o b s e rv a tio n  of 

n e g a tiv e  m a g n e to re  sis tan ce  in  Cu doped w ith  M n . T h e  a rg u m e n t  

h e re  is  th a t the s -  d exchange in te ra c t io n  b e tw een  conduction  and 

lo c a lis e d  spins lead s  to  a spin  dependent s c a tte r in g  o f the  c a r r ie r .  

S im p lis t ic a l ly ,  the e ffe c t o f a m a g n e tic  f ie ld  is  to  a lig n  the lo c a l  

m o m e n ts  and re d u ce  th e  s c a tte r in g  and thence the r e s is t iv i t y .

In  s tro n g ly  doped s e m ic o n d u c to rs , T o yo zaw a^^^  p o s tu la ted  

th a t lo c a l m o m en ts  m ig h t e x is t i f ,  due to  s ta t is t ic a l f lu c tu a tio n s  in  

donor d e n s ity , an im p u r ity  found i t s e l f  r e la t iv e ly  is o la te d  fro m
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o th e r c e n tre s . T h e  w o rd  ’r e la t iv e ly ' is  used in  the sense th a t a 

lo c a lis e d  spin m u s t h ave  s u ffic ie n t in te ra c tio n  w ith  n e ig h b o u rin g  

m o b ile  e le c tro n s  to c re a te  a lo c a l spin p o la r is a tio n . T h is  is a 

n e c e s s a ry  cond ition  to account fo r  the  huge s ize  o f the  lo c a l m o m en t 

as deduced f r o m  the m a g n e to r es is  tan ce  d a ta . W h ils t  th e  T o y o za w a  

m o d e l exp la in s  th e  data  q u a lita t iv e ly , tw o sh o rtco m in g s  a r e  a p p a re n t. 

F i r s t ly ,  the n e g a tiv e  m a g n e to re s is t iv e  com ponent w o u ld  be exp ected  

to  van ish  fo r  h igh  donor c o n c e n tra tio n s  w h ich  does not o c c u r, and  

seco n d ly  the  p re d ic te d  f ie ld  dependence of the n e g ative  com ponent 

is  q u a d ra tic  w h ils t a l in e a r  re la t io n s h ip  is  o b s erv e d  in  p ra c t ic e .

K h o s la  and F i s c h e r c o g n i z a n t  th a t re s is ta n c e  a n o m a lie s  

(Kondo e ffe c t) had been  d e s c r ib a b le  th e o re t ic a l ly  by th ir d  o rd e r  

p e r tu rb a tio n  th e o ry , have c o n s id e re d  these h ig h e r o rd e r  te rm s  in  

th e ir  a n a ly s is  of spin  dependent s c a tte r in g . T h e y  w r i te  a s e m i-  

e m p ir ic a l  fo rm u la  fo r  the m a g n e to re  sis tance

- A i  .  . . ( . . c ' a ' ) .  ( 1 .5 )

4

T h e  f i r s t  te r m  conta ins  th e  n e g a tiv e  com ponent and the p a ra m e te rs  

C^ a re  re la te d  to the exchange in te ra c t io n . T h e  second te r m

is  a band' te rm :  i t  re p re s e n ts  th e  fa c t th a t a t h ig h  m a g n e tic  f ie ld ,  

c a r r ie r s  can be fro z e n  out o f the  conduction  band in to  a band of 

lo w e r  m o b il ity .  T h e  m a g n e tic  f ie ld  can change the  p o pu la tions  of 

the  tw o bands and th e re b y  fu rn is h  a fie ld -d e p e n d e n t te r m  in  the  

m a g n e to re  s is ta n c e .
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W e now b r ie f ly  s u rv e y  the band mode*! o f H ed g co ck  and

1 0 2 ,1 0 3   ̂  ̂ 104 .
c o w o rk e rs  and L a s s  . T h e y  envisage a m o b il ity  edge

s e p a ra tin g  im p u r ity  band sta tes  w ith  z e ro  m o b ility  f ro m  conduction

band sta tes  w i&  h igh  m o b il ity .  N e g a tiv e  m a g n e to re  s is ta n c e ,

l in e a r  in  f ie ld ,  re s u lts  f r o m  a m a g n e tic  f ie ld  s h iftin g  th e  popu la tion

r a t io  above and b e lo w  the m o b ility  edge and lo c a lis e d  m o m en ts  need

not be in vo ked .

99 log
C o m p a ris o n  of the  tw o app ro ach es  w ith  data  in  S i;P  is

shown in  f ig u re  (4 . 7 ). W h ils t  the  K lio s la -F is c h e r  f i t  is  c le a r ly

b e tte r ,  i t  is  a rg u a b le  th a t an e x p re s s io n  in v o lv in g  fo u r a d ju s ta b le

p a ra m e te rs  w i l l  a lw a y s  g ive  a good f i t  to  e x p e r im e n ta l da ta .

M o tt   ̂ co n s id e rs  the m a g n e to r es is tance  phenom enon to  be

e x p lic a b le  as fo llo w s : o rb it  s h rin k in g  due to a la rg e  m a g n e tic  f ie ld

2
lea d s  to the B b e h a v io u r a t h igh  f ie ld s . A t  lo w  f ie ld s , the  

n e g a tiv e  m a g n e to re  s is ta n c e  re s u lts  f r o m  Kondo m o m e n ts  w ith  a lo w  

Kondo te m p e ra tu re  T ^ .  T h e s e  m o m en ts  a re  thought to a r is e  f ro m  

r e la t iv e ly  is o la te d  donors o r f r o m  donor c lu s te rs . A  u n ifo rm  

d is tr ib u tio n  of T ^  va lu es  can then  le a d  to a n e g a tive  m a g n e to - 

re s is ta n c e  l in e a r ly  p ro p o rtio n a l to  f ie ld .

F in a l ly ,  w e note th a t i f  la r g e  lo c a l m o m en ts  e x is t as in  the 

T o y o za w a  sch em e, then th e y  should h ave  s ig n if ic a n t e ffe c ts  on the  

N M R  lin e w id th . T h e  w o rk  o f B ro w n  and H o lco m b ^  shows no sign  

o f the e x is te n ce  of lo c a lis e d  m o m en ts  though cannot d e f in ite ly  ru le  

th e m  out.



91 .

0.6

0.4 J.3-19

in R
Balkanski a Geismar0.2

< ] - 0.2

-0 .4

- 0.6

- 0.8
20

H ( k G )
25 30 35 40

FIG.47 Magnetoresistance in Si:R

After Khosla and F i s c h e r . ^ ^



92.
4 . 6 E le c tro n  Spin R eso n an ce

T h e  e le c tro n  spin  reso n an ce  (E S R ) of bound e le c tro n s  in  S i:P

w as f i r s t  o b s e rv e d  b y  F le tc h e r  et a l.  as two s h a rp , w e ll-s e p a ra te d  

107
lin e s . In  g e n e ra l the  h y p er fin e  in te ra c tio n  be tw een  a donor

nuc leus  of spin I  and the donor e le c tro n  y ie ld s  a s p e c tru m  co n s is tin g

of 2 i  + 1 l in e s . T h e  f ie ld  s e p a ra tio n  of the  lin e s  is  p ro p o rt io n a l to

the  sq u are  o f the e le c tro n ic  w ave  fu n c tio n  a t the donor n u c le i and

K ohn has shown th a t good a g re e m e n t e x is ts  b e tw een  e x p e r im e n ta l

1 2and the e ffe c tiv e  m ass  a p p ro x im a tio n  va lu es  of | ^ (o) j . T h e  

w id th s  of th e  re so n a n c e  lin e s  a re  due to the h yp er fin e  in te ra c t io n  

b e tw een  the donor e le c tro n  and a ho st n u c leu s . S ince the  lin e s  a re  

w e ll re s o lv e d , the  donor n u c le u s -d o n o r e le c tro n  h y p e rf in e  in te ra c tio n  

is  c le a r ly  s tro n g e r than  th a t b e tw een  host nucleus and donor e le c tro n  

f r o m  w h ich  i t  fo llo w s  th a t the e le c tro n ic  w ave fu n c tio n  is  s tro n g ly  

p eaked  at the donor s ite .

108
R e g a rd in g  S i:P , the ESR s p e c tru m  shows a m a rk e d  change

as the phosphorus c o n c e n tra tio n  is  in c re a s e d  ( f ig u re  (4 , 8 )). A t

17 -3
m e d iu m  d e n s itie s  (2 . 5. 10 c m  ) s e v e ra l s a te l l i te  lin e s  s u p erim p o s e d

on a b ro a d  a s y m m e tr ic  b ackg ro u n d  a p p e a r b e tw een  the h y p e r f in e -s p lit

109phosphorus d o u b le t. F o llo w in g  the  w o rk  of S lic h te r  , th e  s a te ll i te  

l in e s  a re  know n to a r is e  f r o m  c lu s te rs  o f m a in ly  tw o o r  th re e  P  

ato m s  in  the S i m a t r ix .  In  such a c lu s te r , a n tife r ro m a g n e tic  

exchange s tro n g ly  couples the  e le c tro n  spins so th a t th e y  resp o n d  

as a s in g le  e n tity  to an a v e ra g e  m a g n e tic  f ie ld  p roduced  b y  th e  

h y p e rf in e  coup ling  w ith  the  n u c le i in v o lv e d . T h e  a s y m m e tr ic
a»

b ackg ro u n d  has a m a x im u m  w hose p o s itio n  is  dependent on
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te m p e ra tu re , m a g n e tic  f ie ld  and im p u r ity  c o n c e n tra tio n . T h is  

l in e  d o m in ates  the  ESR s p e c tru m  in  the  c o n ce n tra tio n  ra n g e  ju s t  

le s s  than  and has re c e n tly  re c e iv e d  the a tte n tio n  of R osso

R osso  fin d s  th a t fo r  va lu es  o f the exchange coupling  constant 

J v e ry  m uch  g re a te r  o r v e ry  m uch le s s  than the  h y p e rf in e  coupling  

constan t A  th a t the c a lc u la te d  s p e c tru m  is  s y m m e tr ic . T h e  case  

J <  A  c o rresp o n d s  to the is o la te d  donor s itu a tio n  w h ils t  the  

in e q u a lity  J ^ A  is  exp ec ted  to  h o ld  w ith in  a s tro n g ly  coupled donor 

c lu s te r .  T h e  w id e  ra n g in g  v a lu e s  of J fo llo w  fro m  its  s trong  

dependence on in te r  donor d is tan ce  w hich  in  tu rn  has a la rg e  sp read  

due to  the  ra n d o m  p o s itio n in g  o f the  d o n o rs . R osso  shows th at 

a s y m m e try  in  the s p e c tru m  m a y  be g e n e ra te d  i f  J A .  T h is  

co n d itio n  co rresp o n d s  to those exchange in te ra c tio n s  e x is tin g  

b etw een  c lu s te rs  or be tw een  a c lu s te r  and an is o la te d  d o n o r. Good

a g re e m e n t betw een  th e o ry  and e x p e r im e n t is  o b ta in ed  fo r  the

, 111 s p e c tru m  shape

A  fu r th e r  m e ta m o rp h o s is  in  the ESR s p e c tru m  o ccu rs  when

N d  : the s p e c tru m  co lla p s es  to a s in g le , n a r ro w  l in e .  T h is

9
bro ad en s  w ith  a fu r th e r  in c re a s e  in  due to l i fe t im e  b ro a d en in g  .

E x p e r im e n ta lly , ESR in  n -G e  has p ro ved  m o re  d if f ic u lt  than  

112
fo r  n -S i though W ils o n  has o b s e rv e d  the re so n an ce  in  l ig h t ly

doped m a te r ia l .  T h e  ESR lin e w id th  and e le c tro n  s p in - la t t ic e

113re la x a t io n  t im e  a re  d iscu ssed  b y  Ç h a z a lv ie l and re fe re n c e s  

th e re in .

F in a l ly ,  we note h e re  th a t e x p e r im e n ts  have been m ade to 

m e a s u re  the c o n d u c tiv ity  o f an e x tr in s ic  sem ic o n d u c to r in  the
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p re s e n c e  of m ic ro w a v e  ra d ia t io n . ' ESR enhanced c o n d u c tiv ity  '

has been o b s erv e d  in  doped Si^ and G e^^^. F ig u r e  ( 4 .9 )  shows

115th e  r e s is t iv i ty  d e c re a s e  in  G e;A s  a t 1. 3 K . M o r ig a k i  and O nda

h ave  e xp la in ed  th ese  re s u lts  in  te rm s  of a m o d el in v o lv in g  two

e le c tro n  s p e c ie s . T h e y  im a g in e  the  m ic ro w a v e  e n e rg y  to be

ab so rb e d  b y  lo c a lis e d  e le c tro n s  and then  t r a n s fe r r e d  v ia  an

exchange m e c h a n is m  to  m o b ile  e le c tro n s  p ro m o tin g  the la t te r 's

55
k in e t ic  e n e rg y  and m o b ility .  M o tt  , h o w e v e r, has g iven  the

in te rp re ta t io n  th a t lo c a lis e d  spins ab so rb  the m ic ro w a v e  e n erg y

and then  t r a n s fe r  i t  to lo c a lis e d  s ta tes  n e a r  E ^  so th a t th e y  m a y

hop in  the v a r ia b le  ran g e  m a n n e r , w ith o u t th e rm a l a c t iv a tio n . A

t im e ly  p u b lic a tio n  b y  K a m im u ra  and M o tt^ ^ ^  has re -e x a m in e d  the

s itu a tio n  and a f f irm e d  the M o tt p ro p o s a l w ith  the e n e rg y  t r a n s fe r

m e c h a n is m  b e in g  th e  co m b in ed  e ffe c ts  of exchange and s p in -o rb it

in te ra c t io n . A n  im p o r ta n t fe a tu re  o f the K a m im u r a -M o tt  m o d e l

is  th e ir  assu m p tio n  of a hom ogeneous e le c tro n  sys tem : th e  id ea

115advanced  b y  M o r ig a k i and O nda th a t lo c a lis e d  and m o b ile  

e le c tro n s  c o e x is t is  thus d is p en s a b le .

4 . 7 D ie le c t r ic  P ro p e r t ie s

W e noted  in  c h ap te r 3 th a t a t the m e ta l-n o n m e ta l t ra n s it io n ,

i f  the  d ie le c tr ic  constant k w en t to in f in ity , then a s m a ll n u m b e r

o f f re e  c a r r ie r s  was a llo w e d  and co n seq u en tly  th e re  w ould  be no

d is c o n tin u ity  in  N ^ .  A  s e r ie s  of e x p e rim e n ts  by C a s tn e r and  

117 -9
c o w o rk e rs  have shown th a t k can take  la rg e  va lu es  w hen

N ^ . F ig u re  (4 . 10) shows th e ir  re s u lts  fo r  A s , P  and Sb
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donors in  S i. T h e  donor dependence is  due to the d if fe re n t  io n is a tio n  

e n e rg ie s  and p o la r iz a b i l it ie s  of A s , P  and Sb. F ig u r e  (4 . 11) shows 

th e  C la u s iu s -M o s o tt i  fa c to r  p lo tte d  ag a in s t . D o n o r p o la r iz a b il it ie s  

ob ta in ed  f ro m  the l in e a r  p a r ts  o f th e  cu rve s  a re  in  re a s o n a b le  

a g re e m e n t w ith  va lu es  c a lc u la te d  w ith in  the e ffe c tiv e  m a ss  a p p ro x im a tio n .  

T h e  d e v ia tio n s  a p p a re n t fo r  N  ~  a re  taken  to be due to the

in c re a s e d  p o la r iz a b il it ie s  re s u lt in g  f r o m  w eaken in g  b in d in g  e n e rg ie s  

of e le c tro n s  to  d o n o rs ,

120
A s  re g a rd s  G e, D 'A lt r o y  and F a n  showed th a t u in c re a s e d

w ith  in c re a s in g  donor c o n c e n tra tio n  bu t the s itu a tio n  fo r  Ge is  c louded

121 122b y  the  r e f le c t iv i ty  e x p e rim e n ts  of Y o s h ih iro  e t a l,  * who fin d

a c o n c e n tra tio n -in d e p e n d e n t k . I t  is  a p p ro p r ia te  h e re  to r e fe r

a g a in  to the in v e s tig a tio n  of v a r ia b le  ran g e  hopping in  n -G e  u n d e rta k e n

73
b y  A l le n  and Adl<ins . T h e y  p o in t out th a t 7c should in c re a s e  as 

tends to due to  th e  in c re a s e  in  p o la r iz a b i l i ty  th a t we have

d iscu ssed  above. In  v a r ia b le  ra n g e  hopping , an e le c tro n  hops f r o m  

one s ite  to a fa r  s ite , p e rh ap s  w ith  occup ied  s ites  in  b e tw een . T h ese  

f i l le d  s ites  en su re  th a t the hopping e le c tro n  sees a m e d iu m  of 

d if fe re n t  p e r m it t iv i ty  than  in  th e  p u re  c ry s ta l o r in  the n e a re s t  

n e ig h b o u r hopping re g im e , A l le n  and A d k in s  e s t im a te  v a lu e s  of « 

f r o m  th e ir  data  and show th a t h ig h  va lu es  ( 90) m a y  be re a c h e d

fo r  rv N ^ . T h e y  p o in t out th a t in  d e te rm in in g  th ese  v a lu e s  o f % 

th e y  have in c lu d e d  the to ta l c o n tr ib u tio n  to  the p o la r iz a b i l i t y  f r o m  the  

(N ^  -  N ^ )  occup ied  s ite s . S in ce  th is  w i l l  be a poor a p p ro x im a tio n  

fo r  s h o rt hops w h e re  th e re  m a y  be no or o n ly  a fe w  in te rv e n in g  s ite s , 

th e ir  c a lc u la te d  va lu es  of h should re p re s e n t an u p p er l im i t .
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T h e  m ag n itu d es  of the o b s erv e d  c o n d u c tiv itie s  in the v a r ia b le  range  

hopping re g io n  a re  then  re a s o n a b ly  in  a c c o rd  w ith  the th e o re t ic a l  

p re d ic tio n s  of M i l l e r  and A b ra h a m s ^ ^  i f  the d ie le c tr ic  constant is 

taken  to l ie  s o m ew h e re  in  the ra n g e  16 — >• 90 . A lle n  and Adlcins

note th a t th e ir  data  is  a ls o  in  a c c o rd  w ith  a p e rc o la tio n  th e o ry  o f 

conduction but in  th is  case m u ch  h ig h e r  va lu es  of k a r e  o b ta in ed  ('^ 5 0 0 ).

4 . 8 P h o to c o n d u c tiv ity

W e h ave  d is cu s s ed  H u b b a rd  bands in  som e d e ta il above and

p ro v id e d  ev id en ce  o f th e m  and th e ir  c h a ra c te r is t ic s  us ing  the

re s u lts  o f tra n s p o r t  p ro p e r ty  e x p e r im e n ts , A  m o re  d ire c t

o b s e rv a tio n  o f the  u p p e r H u b b a rd  band in  S i ; P ,A s  has been

123
p ro v id e d  o f la te  by N o rto n  . H is  m eth o d  is to m o n ito r  the  

change in  s p e c tra l resp o n se  of a photo conductive s ig n a l p ro d u ced  

b y  e le c tro n s  p h o to ex c ited  f r o m  the  u p p er H u b b a rd  to th e  conduction  

band,

14 — 3A t  lo w  doping d e n s itie s  ( ~  10 P  o r A s cm  ) the s p e c tra l

resp o n se  is  v e r y  s im i la r  to the p h o to detachm ent s p e c tru m  of H

ions (w hen sca led  b y  the a p p ro p r ia te  e ffe c tiv e  m ass  a p p ro x im a tio n

q u a n titie s  m  and k ) .  A t  a p a r t ic u la r  v a lu e  o f N ^ ,  th e  s p e c tra l

resp o n se  s h ifts  to h ig h e r e n e rg ie s  in d ic a tin g  the fo rm a tio n  of a

band . N o w  as we m en tio n e d  in  c h ap te r 3, the b in d in g  e n e rg y  of two

e le c tro n s  on a s in g le  s ite  is  le s s  than  a s in g le  e le c tro n  at a s in g le

s ite . H en ce  w e exp ec t o v e r la p  o f doubly  occup ied  s ite s  to occur at

a lo w e r  doping d e n s ity  th an  fo r  s in g ly -o c c u p ie d  s ite s , N o rto n  fin d s

N p  (u p p er H u b b ard ) rs, 3, 10^^ donors cm  ^
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w h ils t  f ro m  hopping e x p e rim e n ts

17 "* 3
(lo w e r  H u b b ard ) 10 donors cm

in  a g re e m e n t w ith  o u r e x p e c ta tio n .

W e should note th a t d u rin g  the  fo rm a tio n  of the u p p e r H u b b ard

, band, an e x tra  e le c tro n  m o v in g  o v e r groups o f donors has its  b ind ing

124
e n e rg y  in c re a s e d  . Thus the photo conductive  resp o n se  should go

to h ig h e r e n e rg ie s  as in c re a s e s , as N o rto n  o b s e rv e s .

P r o o f  o f the  e x is te n c e  of a band of the H u b b ard  typ e  w ith

A n d e rs o n  lo c a lis e d  s ta tes  in  the t a i l  is  p ro v id e d  b y  N o r to n 's  a n a ly s is

of the  te m p e ra tu re  dependence o f the  s p e c tra l re s p o n s e . F o r  a

s am p le  of 8. 5. 10^^ P  cm  th e  lo w  e n erg y  re sp o n s e  fa l ls  m a rk e d ly

fo r  te m p e ra tu re s  just g re a te r  than  2 K  ow ing to w e a M y  bound s ta tes

b e ing  th e r m a lly  s tr ip p e d . A t  h ig h e r  te m p e ra tu re s  (to  6 . 5 K) the

s p e c tru m  a c q u ire s  a s ta b le  shape w ith  on ly  a d e c re a s in g  in te n s ity

v a r ia t io n  w ith  te m p e ra tu re . T h is  b e h a v io u r is  co n s is te n t w ith  a

band of lo c a lis e d  s ta tes  e x is tin g  in  tlie  u p p er H u b b a rd  band . N o rto n

shows th e m  to be 8 m e V  b e lo w  th e  b o tto m  of the  conduction band,

125
T a n ig u c h i and N a r i ta  h ave  a ls o  s tud ied  the D  s ta te  in  

S i:P  and o b ta in  a v a lu e  of

N ^  (u p p er H u b b ard ) ~  4 .1 0 ^ ^  donors c m ”^

T h e y  a ls o  show th a t s tre s s in g  a sam p le  to  fo rc e  a l l  the e le c tro n s  

in to  two v a lle y s  m akes  the D  s ta te  u n s ta b le . T an i'guch i and  

c o w o rk e rs  h ave  p e r fo rm e d  s im i la r  m e a s u re m e n ts  in  n -G e .

T h e y  fin d
1 /  Q

N ^  (u p p er H u b b ard ) ^  1 .1  -  3 .7 .  10 c m ”

in  a g re e m e n t w ith  th e  e s t im a te  of 3. 10^^ cm  ^of Y o s h ih iro  e t a l.
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4 .9  N u c le a r  M a g n e tic  R eso n an ce

In  th is  s ec tio n , w e d iscu ss  re s u lts  obta ined  f r o m  N M R

e x p e r im e n ts  conducted in  the S i;P  sys te m  of w h ich  the  e a r l ie s t

128study w as  by  S hu lm an  and W y lu d a  . (O th e r m a te r ia ls  stud ied

a re  S iC :N  b y  A le x a n d e r  n -C d O  b y  B e n e d ic t and L o o k^^^  and

1 31
C d S :C l by  A d am s et a l . )  T h e  m e a s u re d  q u a n titie s  o f in te re s t

a re  the  s p in - la t t ic e  re la x a t io n  t im e  T ^ , the s p in -s p in  re la x a t io n

t im e  T ^ , the reso n an ce  lin e w id th  A B  and the K n ig h t s h ift K ,

T h e  m e ta l-n o n m e ta l t ra n s it io n  in  S i:P  w as f i r s t  s tu d ied  by  

7
Sundfors and H o lco m b  and has subsequently  been the  su b jec t of

a n u m b e r o f p a p ers  by S asak i et a l .  ^  ̂ and B ro w n  and H o lc o m b ^ ,

S undfors and H o lco m b  found, fo r  N ^  >  3. 10^^cm   ̂ th a t T ^  (S i^^)

w as p ro p o rtio n a l to the in v e rs e  of te m p e ra tu re  ( f ig u re  (4 , 12))

im p ly in g  th a t re la x a t io n  o f the  n u c le i is  v ia  the F e r m i  con tact

19 -3
in te ra c tio n  w ith  m o b ile  e le c tro n s . A b o ve  N ^  = 3. 10 cm  , the

29 -  —
c o n c e n tra tio n  dependence of T^ (S i ) a t 1 .6  K  sca les  as N ^ ^

a g a in  in d ic a tiv e  o f re la x a t io n  b y  a d e g en era te  e le c tro n  sys te m

29 “
(f ig u re  (4 . 13 )). K  (Si ) shows an N ^  dependence a t h ig h  v a lu e s

o f N ^  but fa lls  aw ay  fo r  N ^  <  5. lO^'^cm  ̂ ( f ig u re  (4 . 14) : th is

is  a c o rre c te d  p lo t o f the S u n d fo rs -H o lc o m b  data g iven  by

A le x a n d e r  and H o lc o m b  ) .  T h e  K o r r in g a  re la t io n  ho lds  fo r

N ^  >  S .lO ^ ^ c m  L iin ew id th  data  in d ic a te s  A B (S i^ ^ )~ 2 0  jJT

is  a s c r ib a b le  to  n u c le a r  d ip o le -d ip o le  in te ra c tio n  in  the sem ico n d u ctin g

29
ra n g e  w h ile  the in c re a s e  in  A B  (S i ) to  100 jfT  in  the t ra n s it io n  and  

m e ta ll ic  re g im e s  is  e x p la in e d  on the  b a s is  o f the K n ig h t s h ift  

d is tr ib u tio n  m o d e l d e s c r ib e d  in  c h a p te r 2 .
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Doping densities 
in cm"3100
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FI6.4..12 Tj(Sp) in Si:P.

After Sundfors and Holcomb/
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31
S undfors and H o lco m b  a ls o  o b s e rv e d  the P  re so n an ce  in 

S i:P  fo r  ^  9 . 10^'^cm T h e  P^^ reso n an ce  l in e  is  a s y m m e tr ic ,  

of w id th  100 t im e s  the  d ip o la r  w id th  and shows a m uch  la r g e r  

K n ig h t s h ift than  S i^^ . T h e  s iz e  o f K (P ^ ^ )  is  expected  since the

p ro b a b ility  a m p litu d e  o f the  e le c tro n  w ave  fu n ctio n  is  m uch  g re a te r

31 29 31
a t P  s ites  than  at Si a to m s . A  d e ta ile d  e x a m in a tio n  o f the  P

re so n an ce  in  S i:P  has been  p e r fo rm e d  b y  B ro w n  and H o lco m b ^

132
fo llo w in g  the e a r l ie r  w o rk  o f C a r v e r ,  H o lco m b  and K a e c k

B ro w n  and H o lco m b  fin d  th a t the te m p e ra tu re  dependences of AB

and K  fo llo w  th a t o f the  sp in  s u s c e p tib ility  w h ich  w e h ave

c o n s id e re d  above. T h e y  do not h o w e ve r fa v o u r the  ’in h o m o g en e ity

133m o d e l' o f Q u ir t  and M a rk o : th e ir  re a s o n in g  is  tw o fo ld  . F i r s t ly ,  

th e y  fin d  th a t th e ir  re s u lts  a r e  re a s o n a b ly  w e ll e x p la in e d  on the basis  

of the K n ig h t s h ift d is tr ib u tio n  m o d e l in  w h ich  a ll  donor e le c tro n s  

a re  ta k e n  to be d e lo c a lis e d . S econdly , i f  a tw o -p h a s e  e le c tro n  

s y s te m  w e re  to e x is t, then  lo c a l m o m e n ts  m u s t be p re s e n t in  the  

m e ta ll ic  s a m p le s . N o w  i t  is  w e ll  known th a t an e le c tro n  gas is  

exchange coupled  v ia  th e  R K K Y  in te ra c tio n  to a lo c a l m o m e n t, 

le a d in g  to spin d e n s ity  o s c illa t io n s  of the fo rm  

cos 2 k  r

 3 ^  (4 . 6)
r

w h e re  k ^  is  the F e r m i  w ave  v e c to r  and w e have taken  the o r ig in  

to  be at the m a g n e tic  im p u r ity  s ite . S in ce  the conduction  e le c tro n s  

couple  to th e  n u c le i v ia  th e  h y p e rf in e  in te ra c t io n  we exp ec t the  

lo c a l f ie ld  at n u c le a r  s ite s  to v a r y  in  a s im i la r  m a n n e r to  

equation  ( 4 .6 ) .  T h e  n e tt r e s u lt  in  a m a g n e tic  re so n a n c e  e x p e r im e n t
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should be a b ro ad en in g  of tlie  h o st reso n an ce  lin e  and th is  has been

6 3
o b s erv e d  in  d ilu te  C u :M n  a llo y s  w h e re  the Cu l in e  broaden s

s u b s ta n tia lly  fo r  the ad d itio n  of le s s  than  0. 1 a to m ic  p e r  cent of

m a n g an ese . M o re o v e r ,  s in ce  the e le c tro n ic  s p in - la t t ic e  re la x a t io n

t im e , i .  e. T   ̂^ (M n) is  m u ch  le s s  than  the n u c le a r  s p in -s p in

re la x a t io n  t im e  (T ^  (C u )) tlie  Cu^^ n u c le i e x p e rie n c e  a t im e -a v e ra g e d

m a g n e tic  m o m e n t o f the p a ra m a g n e tic  c en tres  <( jU (M n ) )> w h ich

w i l l  thus be a lig n e d  w ith  the e x te rn a l m a g n e tic  f ie ld  B , N ow

134B lo e m b e rg e n ’ s a n a ly s is  g ives

< | j ( M n ) > ,^  ( 4 .7 )

63
so A B (C u  ) should be p ro p o rtio n a l to f ie ld  and th e  in v e rs e  o f

te m p e ra tu re  w h ich  is  p re c is e ly  the o b s e rv e d  b e h a v io u r.

W ith  re g a rd  to  the  S i:P  s y s te m , w e should id e n tify  lo c a l

m o m en ts  as is o la te d  P  donors w hich  coup le , th ro u g h  the R K K Y

31in te ra c t io n  and then  the h y p e rf in e  in te ra c t io n  to P  n u c le i a t

31 31
io n is e d  donor s ite s . T h e  in e q u a lity  T ^ ^ (P  ) <  T ^ (P  ) h o ld s .

31
Thus A B (P  ) should be p ro p o rt io n a l to B / T  and th is  is  indeed  

w h at B ro w n  and H o lco m b  f in d . T h e re  a re  two fa c ts , h o w e v e r , w h ich  

s tro n g ly  c o n flic t w ith  the id e a  o f lo c a l m o m en ts  e x is tin g  in  m e ta ll ic  

S i:P .

F i r s t ly ,  both  th e o ry  and  e x p e r i m e n t ^ s h o w  th a t the ho s t 

K n ig h t s h ift is  a ffe c te d  n e g lig ib ly  b y  the R K K Y  in te ra c tio n  w hich  is  

c le a r ly  a t v a r ia n c e  w ith  th e  B ro w n -H o lc o m b  d a ta . S econdly , both  

e x p e r im e n t and th e o ry ^  ^ show the  L o re n tz ia n  fo rm  o f the n u c le a r

3
lin e  shape w h ils t  B ro w n  and H o lc o m b  and a lso  Ik e h a ta  e t a l .  o b serve
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31
s tro n g  asy n n m e try  in  the  P  l in e  shape. I t  is  im p o r ta n t to note

th a t none o f the a rg u m e n ts  on the  lo c a l m o m e n t q uestion  p re s e n te d

31
above a re  a lte re d  b y  the  a p e r io d ic ity  of the P  a to m ic  a rra n g e m e n t. 

139
H e e g e r et a l.  have shown th a t the  p re s e n c e  of n o n -s c a tte r in g  

c e n tre s  lead s  to a d am ping  o f th e  R K K Y  o s c illa t io n s  so th a t the  

spin d e n s ity  o s c illa t io n s  have  a fo rm

(4 .8 )
r

w ith  X a m e an  f r e e  path  o f the d am p in g . F o r  C u , A1 :M n  ,
1 -x  X

139
H e e g e r  et a l,  f in d  X ~  40  la t t ic e  spacings w ith  x  = 0 . 01.

1 3 7 -9A g a in  th e o ry  and e x p e r im e n t a re  in  good a g re e m e n t on the

H o re n tz ia n  shape o f the re s o n a n c e .

W ith  re s p e c t to e le c tro n  c o r r e la t io n  e ffe c ts . B ro w n  and

H o lc o m b  fin d  a K o r r in g a  p ro d u c t w h ich  in c re a s e s  above u n ity  as

ap p ro ach es  f r o m  th e  m e ta l l ic  s ide of the t ra n s it io n . T h e ir

31
co n clu s io n  is  th a t K  (P  ) m a y  b e  enhanced b y  e le c tro n  c o r re la t io n

in  the m a n n e r we h ave  o u tlin e d  in  c h ap te r 2 . T h e  u n c e r ta in ty  in

31th is  co n clu s io n  is  g e n e ra te d  by the d if f ic u lty  in  m e a s u r in g  T ^ (P  )

fo r  a s m a ll n u m b e r of im p u r ity  spins to the re q u ire d  d e g re e  o f

29
p re c is io n . T o  the  c o n tra ry , the c h ie f d if f ic u lty  fo r  S i is  an

a c c u ra te  m e a s u re m e n t of the  s m a ll K n ig h t s h ift. B ro w n  and

H o lc o m b  h yp o th es ise  th a t the d e c re a s e  in  the  K o r r in g a  p ro d u c t 

,29
fo r  S i in  the t ra n s it io n  re g io n  m a y  be due to in c ip ie n t lo c a lis a tio n  

lea d in g  to  a W a r r e n - ty p e  in c re a s e  in  re la x a t io n  ra te  such as we  

h ave  d e s c rib e d  in  c h a p te r 2.
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W e now exam in e  the Japanese  data on the S i:P  sys te m  and 

note the q u a lita t iv e  and q u a n tita tiv e  d iffe re n c e s  b e tw een  these  re s u lts  N

and those of the H o lco m b  gro u p . F ig u re s  (4 . 15), (4 . l6 )  d e p ic t the  

K  (Si^*^) and T  (S i^^) v a r ia t io n  w ith  N  . T h e  re la x a t io n  t im e
1 D ■ i.

- 1 1 8 —3
v a r ie s  as (T N ^ )  fo r  >  7 . 10 cm  w h ils t  K  holds to

i
th e  dependence u n til a t w h ich  th e re  is  a b ru p t fa l l

o f K  to z e ro . T h e  a b so rp tio n  lin e  shows th re e  re g io n s  of

b e h a v io u r . F o r  l ig h t  doping (N ^  <  lO ^^cm  ^), A B is  o f the

29
o rd e r  o f th e  d ip o la r  lin e w id th  fo r  Si n u c le i and is  te m p e ra tu re  

independent f ro m  4 . 2 to  0 .4  K . In  the in te rm e d ia te  re g io n  

(10^^  cm   ̂ < 4 .1 0 ^ ^ c m  ^), the  lin e  is s y m m e tr ic  and

o f the o rd e r  o f the d ip o la r  w id th  a t 4. 2 K  but A B  in c re a s e s  and  

the lin e  becom es a s y m m e tr ic  w ith  a low  f ie ld  ta i l  as the te m p e ra tu re  

is  re d u ce d  b e lo w  1 K . In  th e  m e ta l l ic  re g io n , the lin e  is

the  fo llo w in g . C o n s id e rin g  f i r s t  the  donor dependence, at low

c o n ce n tra tio n s  the  lin e  w id th  is  in  a c c o rd  w ith  the d ip o le  in te ra c tio n  

,29
be tw een  Si n u c le i as S undfors  and H o lco m b  a ls o  concluded . A t  

high  c o n c e n tra tio n s , the a s y m m e try  o f th e  a b so rp tio n  lin e  is a 

consequence of the inhom ogeneous contact f ie ld  b e tw een  e le c tro n s

a s y m m e tr ic  a t 4 . 2 K  and A B  in c re a s e s  w ith  N ^ .  F o r

1 8 —3 1 9 - 3
4 . 10 cm  < N  < 2. 5. 10 cm  , A B  in c re a s e s  w ith

d e c re a s in g  te m p e ra tu re  bu t th is  dependence w eakens as • ■/.

19 -3in c re a s e s  and van ish es  w hen exceeds 5. 3. 10 cm

29 2 
T h e  e xp la n a tio n  of AB  (S i ) due to S as a k i e t a l.  is

,29
and S i n u c le i. T h e  co n tact f ie ld  is  p ro p o rtio n a l to th e  p ro b a b ility  A

a m p litu d e  < | \ t '(o )  | .Z> ^  of e le c tro n s  a t the  F e r m i  s u rfa c e  and



no.

r

o
X

k -
UAf*

Eco

<> <>

4
4

o center of gravity aî 0.4 K 
" center of gravity at 4.2 K 
o peak p o r t io n  at 4.2 K

J L _ L

10" 20
10 10 

DONOR CONCENTRATION (cm-q

29'FI6.415 K(Si^^) in Si:P

After Sasaki, Ikehata and Kobayashi.:2



111.

c
"_E
L&j
g
h -

o

5
X
<r
__I
UUJ
a z
LXJ

J—
K—
<C

C l .
CO

4.2 K

10

10

1 0 ”  1 0 “  

DONOR CONCENTRATION (c m - ' )
FIG.A.16 Tj(Sî )̂ in Si:R 
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assu m in g  a h y d ro  genic fo rm  fo r  \J/ e x p ( " r /a ^ )  it  fo llo w s  th a t the 

29
n u m b e r of Si n u c le i e x p e rie n c in g  a g iven contact f ie ld  w i l l  have

som e in v e rs e  dependence on tlie m ag n itu d e  of )'A (o)| ^ .
F

H en ce  the a b so rp tio n  lin e  should show a lo w -f ie ld  ta i l  and a ra the i*  

s h a rp  c u t-o f f  at h igh  f ie ld s  p re c is e ly  as S asak i e t a l.  f in d .

29
T o  e xp la in  the te m p e ra tu re  dependence of A B (S i ) , we f i r s t

V

a d u m b ra te  the m e ta l-n o n m e ta l t r a n s it io n  as then v ie w e d  by  Sa said  

et a l . .  T h e y  im a g in e  the tra n s it io n  to o ccu r lo c a lly  ra th e r  than  o v er  

the e n t ire  c ry s ta l and a ls o  th a t lo w  d e n s ity  sam ples  N  <  N  

c o n s is t of m e ta ll ic  is la n d s  s e p a ra te d  b y  in s u la tin g  re g io n s . T h e  

m e ta ll ic  c lu s te rs  can co n ta in  e ith e r  an even o r  an odd n u m b e r o f 

e le c tro n s . C lu s te rs  co n ta in in g  an even n u m b e r o f c a r r ie r s  lo se  

th e ir  m a g n e tic  s u s c e p tib ility  and y ie ld  a sh arp  lin e  a t th e  z e ro  

K n ig h t s h ift p o s itio n  but o d d -n u m b e r c lu s te rs  have  a C u r ie  

s u s c e p tib ility  and c o n tr ib u te  a b ro a d  lin e  w ith  a te m p e ra tu re  

dependent w id th  and p o s itio n . F o r  S as a k i e t a l .

c la im  th a t m e ta ll ic  channels e x is t a c ro s s  th e  sam p le  g iv in g  

c o n d u c tiv ity  o f a m e ta ll ic  n a tu re  as w e ll  as is o la te d  pockets  o f  

m e ta ll ic  co ndensate . T h e  e le c tro n s  in  m e ta ll ic  channels  a re  

thought to  p ro v id e  a K n ig h t-s h if te d  lin e  w ith  m e ta ll ic  is lan d s  

c o n tr ib u tin g  an a s y m m e try  as b e fo re . F u r th e r m o r e ,  th e  sudden  

a p p ea ra n ce  o f the K n ig h t s h ift is  ta k e n  to be the re s u lt  o f p e rc o la tio n  

o f the m e ta ll ic  condensate  r a t l ie r  than the  re s u lt  o f an A n d e rs o n  

t ra n s it io n . W hen the K  (S i^^) v a lu e s  a re  com bined  w ith  T ^ (S i^ ^ ) 

da ta , the  K o r r in g a  p ro d u c t is  found to  be g re a te r  than  u n ity . T h is
iS)

is  taken  to be a sign of K n ig h t s h ift enhan cem en t re s u lt in g  f ro m  

e le c tro n  c o r re la t io n  e ffe c ts .
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C ô m p a riftg  tlie  S u n d fo rs -H o lc o m b  and S asak i e t a l.  a r t ic le s

we note th re e  m a in  d iffe re n c e s . F i r s t ly ,  Sundfors and H o lco m b

(and a lso  B ro w n -H o lc o m b ) ad vocate  a o n e -p h ase  e le c tro n  s y s te m .

S econd ly , the m ag n itu d es  and c o n ce n tra tio n  dependence of th e ir

K n ig h t sh ifts  a re  qu ite  d if fe re n t  f ro m  tliose  of S asak i e t a l ,  .

T h ir d ly ,  the d e c re a s e  in  K o r r in g a  p ro d u ct ru le s  out the c o r re la t io n

e ffe c ts  w hich  a re  n e c e s s a r ily  a d h e re d  to by S asak i and c o w o rk e rs .

T h e  la t te r  w o rk e rs  h ave  suggested th a t the d is c re p a n c ie s  th a t e x is t

29
in  the  tw o sets o f K  (S i ) da ta  a re  due p r im a r i ly  to the  d if fe re n t

m ethods used to d e te rm in e  in  the d if fe re n t  la b o r a to r ie s .  W e

d iscu ss  sam p le  c h a ra c te r is a t io n  i^  som e depth in  A p p e n d ix  2 .

B e fo re  g iv in g  d e ta ils  o f a d d itio n a l e x p e r im e n ta l data  re c e n tly

c o m p ile d  by  S as a k i et a l .  we w ish  to  p o in t out th a t a lte rn a t iv e

exp lan a tio n s  e x is t fo r  the o b s e rv e d  l in e  shape and donor d en s ity

dependence o f the K n ig h t s h ift w h ich  do not assu m e a tw o -p h a s e

e le c tro n  s y s te m  n o r the  a p p lic a tio n  of a p e rc o la tio n  m o d e l. F i r s t l y  

140
K a m im u ra  has o b ta in e d  a th e o re t ic a l,  a s y m m e tr ic a l l in e  shape

w hose w id th  is  d e te rm in e d  b y  th e  s p a tia l in h o m o g e n e ity  of the

29tig h t b in d in g  w ave  fu n c tio n  o v e r the  S i n u c le i. T h e  d iffe re n t

donor dependences o f the  p eak  and c e n t r e -o f -g r a v i ty  K n ig h t s h ift

a r e  b ro u g h t out, in  a g re e m e n t w ith  the  re s u lts  o f S a s a k i e t a l .  .

T h e  dependence com es p a r t ia l ly  f r o m  th a t of X g w h ich  w as

c a lc u la te d  p re v io u s ly  a ss u m in g  c o r re la te d  e le c tro n s  and the

a p p lic a b ility  of the  H u b b a rd  a p p ro x im a tio n . Good f i ts  to the

e x p e r im e n ta l data  a re  o b ta in ed  ta k in g  a ^  = 2 .3  n m  w h ich

142
c o m p a re s  to the is o la te d  donor B o h r ra d iu s  of 1 .7  n m  ,
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and i V'(o) j ^ = 3 w h ich  is  m uch  le s s  than  o th e r e s tim a te s

though these  th e m s e lv e s  d if fe r  w id e ly .

On th e  su b jec t o f the sudden ap p earan ce  of the K n ig h t s h ift,

144M o tt  has suggested th a t th is  is  co n s is ten t w ith  an A n d e rs o n

fo r m  of m e ta l-n o n m e ta l t ra n s it io n . F o r  extended s ta te s , a p p lic a tio n

tV IT X
o f a m a g n e tic  f ie ld  w ith  sp in  f l ip  e le c tro n s  w hose n u m b e r is

p ro p o rtio n a l to | J ^ N ( E ^ ) .  T h e se  extend  th ro u g h o u t the c ry s ta l

lea d in g  to a K n ig h t s h ift. I f  s ta tes  a re  lo c a lis e d  w ith in  a sp h ere  of

cK e x p ( - t x r ) )  then  a m a g n e tic  f ie ld  re m o v e s  a fe w  s p in -

down e le c tro n s  f ro m  s ta tes  ju s t b e lo w  to a fe w  s p in -u p  states

ju s t above and tiie  m a jo r i ty  o f h o s t n u c le i do not e x p e rie n c e  an

e x tra  f ie ld  th a t can p ro d u ce  a K n ig h t s h ift o f th e ir  re s o n a n c e . I t  is

im p o r ta n t to  note  h e re  th a t s in ce  th e  K n ig h t s h ift is  p ro p o rtio n a l to

) ( g w e h ave  ta c it ly  assu m ed  th a t X g does not change

dis co n tin u o u s ly  a t th e  t ra n s it io n . T h a t  th is  is  t ru e  re s u lts  f ro m

the re c o g n it io n  th a t X ^ is  p ro p o rt io n a l to th e  d e n s ity  of states

a t the F e r m i  le v e l N (E ^ )  and N (E ^ )  does not change a t th e

tra n s it io n . W e th e re fo re  exp ect X ^ to  be continuous th ro u g h

the  t ra n s it io n  and th is  is  o b s e rv e d  by, fo r  e x a m p le , Ue and 

83
M a e k a w a  in  S i:P , .M o tt 's  m o d e l a ls o  im p lie s  th a t the N M R  lin e

should e x h ib it s tru c tu re , i . e .  th a t re so n a n c e  lin e s  c o rre s p o n d in g

to s p in -u p  o r down, s in g ly  o ccu p ied  s ite s  and u n s h ifte d , doub ly

o ccu p ied  s ite s . Such s tru c tu re  m ig h t be u n re s o lv e d  but w o u ld  then

le a d  to som e o v e ra ll  b ro a d e n in g ,

31
T h e  P  re so n an ce  in  S i;P  has been  s tud ied  by Ik e h a ta , S asak i 

_3
and K o b ayash i . T h e ir  re s u lts  a re  in  a c c o rd  w ith  those o f B ro w n
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and H o lco m b ^ ; v iz  an ab ru p t a p p ea ra n ce  o f a K n ig h t s h ift at

,29
N = w ith  a m agn itude  m uch g re a te r  than the S i s h ift and

D

th e re a f te r  d e c re a s in g  w ith  in c re a s in g  and an a s y m m e tr ic  lin e

29ag a in  g re a te r  than A B (S i ) w h ich  b ro ad en s  as N  d e c re a se s

and shows a s lig h t te m p e ra tu re  dependence fo r  va lu e s  less

than  . B ro w n  and H o lco m b  use the  K n ig h t s h ift d is tr ib u tio n

m o d e l to e xp la in  th e ir  re s u lts  and obta in  re as o n a b le  a g re e m e n t w ith

e x p e r im e n t a lthough th e y  a re  u n ab le  to exp la in  the te m p e ra tu re

31
dependence of A B (P  ) on th is  m o d e l. Ik e h a ta  et a l. d iscuss

th e ir  data  in  te rm s  of the tw o -p h a s e  e le c tro n  sys te m  w e have

d e s c r ib e d  above.

B oth  sets o f w o rk e rs  fin d  th e  K o r r in g a  p ro d u c t to  be g re a te r

than u n ity  c lo se  to the tra n s it io n  and Ik e h a ta  e t a l .  a ttr ib u te  th is

31to a d e fin ite  enhan cem en t of K ( P  ) th ro u g h  e le c tro n  c o r re la t io n

e ffe c ts  w ith  enhan cem en t fa c to rs  id e n tic a l to those d e te rm in e d

fo r  ,S i  ̂ at e q u iva len t v a lu e s . A n  a d d itio n a l p ro p e r ty  o f

31
T   ̂ (P  ) is  o b s e rv e d  by  Ik e h a ta  e t a l .  a t low  te m p e ra tu re s  w ith

in  the m e ta ll ic  ra n g e  (f ig u re  (4 . 17)). The te m p e ra tu re

1 “  
dependence of (T  ^T ) is  as (T  -  T ^ )   ̂ w h ich  is  the  dependence

p re d ic te d  by  M o r iy a  and Ueda^"^^' in  th e ir  th e o ry  o f the

re la x a t io n  ra te  in  a n t ife r ro m a g n e tic  m e ta ls . T h e  deduced N e e l

te m p e ra tu re  T ^  is  0. 1 K . A  s im i la r  b e h a v io u r of (T ^ T )  ^

.29 4
fo r  S i is  o b s erv e d  b y  Ik e h a ta  et a l .  at lo w  te m p e ra tu re s  and

at N ^  v a lu e s  c lo se  to the tra n s it io n  (f ig u re  (4 . l8 ) ) .  In  a d d itio n

.29
T   ̂ (S i ) in c re a s e s  w ith  f ie ld  fo r  m e ta ll ic  spec im en s a t 0. 6 K  

though th is  dependence is  quenched in  s tro n g ly  m e ta ll ic  s a m p le s .
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S as a k i takes  the v ie w  th a t the donor e le c tro n s  have a n tife r ro m a g n e tic  

o rd e r  b e lo w  bu t fo r  s lig h t ly  h ig h e r te m p e ra tu re s , T   ̂ is

sh o rten ed  by  spin flu c tu a tio n s . T h e  in c re a s e  of T^ w ith  f ie ld  is  

then due to su p p ress io n  of the  sp in  flu c tu a tio n s  by  th e  f ie ld .

4 . 10 M a g n e tic  F r e e z e -O u t

T h e  e ffe c t of a s tro n g  m a g n e tic  f ie ld  on a lo c a lis e d  e le c tro n

is  to s h rin k  the e le c tro n  o rb it  to w a rd s  the o r ig in  of the lo c a lis in g

147p o te n tia l. Y a fe t , K eyes  and A d a m s  f i r s t  c o n s id e re d  the  p ro b le m  

b y c a lc u la tin g  the e ffe c t o f a m a g n e tic  f ie ld  on the io n is a tio n  e n erg y  

of the h yd ro g en  a to m  and found th a t the  e n erg y  w ould  in c re a s e  w hen  

h w
y  =    ?  1 ( 4 . 9 )

2 R y

w h e re  w ^ is  the  c y c lo tro n  fre q u e n c y  and R y  the  R y d b e rg  constant.

T h e  f ie ld  v a lu e  fo r  y  = 1 w as th e  enorm ous one of 0 .2  M T . I f ,

h o w e v e r, we w r i te  out the e xp re s s io n s  fo r  w ^ and R y

*  4
*  ™ G

m *  ( 4 n  £
O

(w h e re  we h ave  added a s te r is k s  to in d ic a te  th a t w e a r e  us in g  

e ffe c tiv e  m asses  in  the d e fin itio n s ) th en  the f ie ld  B (7  = 1) m a y  be 

w r it te n

« 2
B ( y  = 1) = co n st. (4 .1 0 )

T h u s , fo r  h yd ro  gen ic  c e n tre s  in  a sem ico n d u c to r w ith  lo w  e ffe c tiv e  

m ass  and high d ie le c t r ic  constant the v a lu e  of '£>{ y  -  1) may be
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148
re d u ce d  to a tta in a b le  v a lu e s . T h e  b es t exam p le  is InSb w hich

I

¥
has m  = 0 .0 1  m  , K  = l6  and B ( V  = 1) = 0 .1 5  T .  G e rm a n iu m

has an a n is o tro p ic  e ffe c tiv e  m ass  but tak in g  the tra n s v e rs e  v a lu e  '/%

m  = 0, 08 m  and "w = 1 6  y ie ld s  B ( T  = 1) = 6 T .  N o w  we have  t o

a lre a d y  seen th a t a la rg e  n u m b e r of e le c tro n s  can s c re e n  a 

p o s itiv e  ion p o te n tia l such th a t no bound states fo r  e le c tro n s  e x is t. -p

' I
I f  a m a g n e tic  f ie ld  is  a p p lie d  to a d e g en era te  sem ic o n d u c to r a t

-Iz e ro  K e lv in  the sh rin ka g e  of the w ave  functions can le a d  to the -i

fo rm a tio n  of bd'und sta tes  at a c e r ta in  f ie ld  v a lu e . A s  bound states

fo r m , the  e le c tro n  s c re e n in g  is  red u ced  hence a llo w in g  m o re

e le c tro n s  to b eco m e lo c a lis e d  a t im p u r ity  ion  s ite s . T h is

re g e n e ra t iv e  p ro cess  m eans th a t a d iscontinuous change in  the

n u m b e r of c u rre n t  c a r r ie r s  occu rs  a t absolute  ze ro  and w e have

149a m a g n e t ic -f ie ld - in d u c e d  M o tt  tra n s it io n  . A t  h ig h e r te m p e ra tu re s

th e re  w i l l  be no d is c o n tin u ity  in  but the c a r r ie r  d e n s ity  w i l l

change v e r y  ra p id ly .

Bound sta tes  w i l l  fo rm  when the vo lu m e  of a bound s ta te  is

le s s  than the  a v e ra g e  vo lu m e  o f an im p u r ity . T h e  bound state

vo lu m e  is  a c ig a r-s h a p e d  re g io n  of len g th  a ^  and ra d iu s  

1
X = ( h /  e B )  ̂ and the  a v e ra g e  im p u r ity  v o lu m e  is  N  so th at

2
the c r ite r io n  fo r  the fo rm a tio n  of lo c a lis e d  s tates is  N tt X a < 1 .

H

E x p e r im e n ta lly , the e ffe c t has been o b s erv e d  b y  K eyes  and  

150
S lad ek  in  InSb but the  a c tiv a tio n  e n erg y  and its  v a r ia t io n  w ith

147
f ie ld  w e re  less  than th a t c a lc u la te d  by  the Y a fe t et a l .  th e o ry .

149T o  account fo r  the  d is a c c o rd , F e n to n  and H a e rin g  have



120.

c o n s id e re d  the in flu e n c e  o f e le c tro n -e le c tro n  e ffec ts  w h ils t

151D yakonov, E fro s  and M itc h e l l  have  e x p lic it ly  ta k en  the d is o rd e r

of the sys tem  in to  c o n s id e ra tio n . R e c e n tly , S e r re , G h a z a li and  

152
L e ro u x  Hu g on have shown th a t both c o r re la t io n  and d is o rd e r  m u st

be in c lu d ed  in  a c a lc u la tio n  of the c r i t ic a l  f ie ld  and im p u r ity  

c o n ce n tra tio n  fo r  the onset of an a c tiv a te d  conduction re g im e .

G a lvan o m ag n etic  in v es tig a tio n s  have  been m ade in  S i:A s  by

153 154
S trau b  et a l.  , G e:A s  b y  M a tv e e v  e t a l .  and Ge:Sb b y

155 156
S ad as iv  and Y am an o u ch i . T h e  S i:A s  re s u lts  show changes

w ith  f ie ld  in  the  H a l l  c o e ffic ie n t and m a g n e to re s is ta n c e  of hundreds

of p e rce n t fo r  va lu es  c lo se  to d e c re a s in g  to a few  p e rc e n t

fo r  m o re  h e a v ily  doped s a m p le s . T h e  e ffec ts  a re  a lso  h ig h ly

te m p e ra tu re  dependent being g re a te s t at the lo w e s t te m p e ra tu re

153 157
stud ied  of 1. 3 K . S trau b  et a l.  and F r ie d m a n  and M o tt have

in te rp re te d  the data  as in d ic a tiv e  of a m o d ific a tio n  of th e  d en s ity  of

s ta tes  b y  the  m a g n e tic  f ie ld , i .  e , the pseudogap is  lo w e re d  and the

F r ie d m a n  fo rm u la  fo r  R a p p lie s  to the ( s t i l l  m e ta ll ic )  s am p les .H  /

M o tt^  has subsequently  a rg u e d  th a t s in ce  a H a ll  a n o m a ly  is  o b served  

and the F r ie d m a n  fo rm u la  seem s u n a p p lic a b le  to m e ta ll ic  s e m i

conductors  then the e ffe c t of the m a g n e tic  f ie ld  m u s t be to tra n s fo rm  

the  sp ec im en s to sem ico n d u ctin g  b e h a v io u r.
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4 .  11 S u m m a r y

W e  have re v ie w e d  a v a r ie ty  o f e x p e r im e n ta l s tudies of the

m e ta l -n o n m e ta l t ra n s it io n  in  th is  c h a p te r, m an y  of th e m  p e rfo rm e d

v e r y  re c e n tly . A lth o u g h  i t  w ould  be g ra tify in g  to be ab le  to d e s c rib e

som e d e fin ite  o rg a n is in g  p r in c ip le  fo r  the data , th is  is too am b itio u s

a ta s k  h e re . W e have seen th a t re s u lts  m a y  be e x p la in e d  b y  d iffe re n t,

o fte n  a n tith e tic a l m o d e ls . T w o  fa c ts  e m erg e  fro m  th is  s u rve y ,

h o w e v e r. F i r s t ly ,  th e re  is  a du^l betw een  the re la t iv e  im p o rta n c e

of c o rre la t io n  and d is o rd e r  in  d e te rm in in g  the d r iv in g  m e c h a n is m

fo r  a m e ta l-n o n m e ta l t ra n s it io n . S econdly , w h ils t  i t  m ig h t have

been  expected  th a t the e x p e r im e n ta l b e h av io u r of Ge and S i w ould

have been  s im i la r ,  (a p a r t  f ro m  the s ca lin g  of such q u a n titie s  as  

*
m  and ), th is  is  not tru e  in  p ra c t ic e .
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C h a p te r 5 

R E S U L T S  A N D  D IS C U S S IO N
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5.  1 In t r o d u c t io n

T h e  purpose of th is  ch ap ter is  to l is t  the re s u lts  o f our N M R  

e x p e rim e n ts  on the G e;A s sys te m  and to a ttem p t to in te r p r e t  the  

data in  te rm s  of the c u rre n t ideas advanced on the m e ta l-n o n m e ta l  

t ra n s it io n  th a t w e have o u tlin ed  in  ch ap te r 3. W e a lso  d iscuss the  

v a lid ity  of our in te rp re ta t io n  w ith  re s p e c t to o th e r e x p e r im e n ta l  

re s u lts  such as w e have re v ie w e d  in  ch ap ter 4 ,

5. 2 R e s u lts

In i t ia l ly ,  m e a s u re m e n ts  o f the  n u c lea r s p in - la t t ic e  re la x a t io n  

73
t im e  T   ̂ of the Ge nuc leus  in  tw e lv e  sam p les  of G e:A s  w e re  

p e r fo rm e d  at 2. 14 M H z , c o rres p o n d in g  to a reso n an ce  f ie ld  of 

1 .4 4 T ,  at te m p e ra tu re s  a t and b e lo w  4 .2 K .  T h e  p u rch ase  of a 

super conducting m ag n et sys te m  a llo w e d  m e a s u re m e n ts  o f T^ and the  

K n ig h t s h ift K  to be m ad e  a t the h ig h e r fre q u e n cy  of 7 . 4 M H z  (5 T )  

a t 4 . 2 K .  H in e w id th  data  at both f ie ld s  a re  a lso  a v a ila b le . D e ta ils  

o f the e x p e r im e n ta l techn iques  and som e of the d if f ic u lt ie s  

en co u n te red  a re  g iven  in  A p p en d ix  1,

F ig u re  (5 . 1) shows the v a r ia t io n  a t 4 , 2 K  o f th e  s p in - la t t ic e  

re la x a t io n  t im e  at 2 . 14 M H z , w h ich  w e h e re a fte r  w r i te  T ^(2), w ith  

doping d en s ity  In  th is  and la te r  d ia g ra m s , is  the ro o m

te m p e ra tu re  c a r r ie r  c o n ce n tra tio n  as d e te rm in e d  fro m  H a l l  e ffe c t 

and r e s is t iv i t y  m e a s u re m e n ts . O u r re aso n s  fo r  choosing a high  

te m p e ra tu re  v a lu e  a r e  tw o fo ld . F i r s t ly ,  those re s e a rc h e rs

who have stud ied  the S i:P  sys tem  p lo t th e ir  data  w ith  re s p e c t to a 

ro o m  te m p e ra tu re  c a r r ie r  c o n c e n tra tio n  and so our adoption of a
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evid en ced  by  a H a ll  e ffe c t w h ich  has but a s lig h t te m p e ra tu re

th e  m a jo r i ty  o f our s a m p le s , (300  K ) = N ^ ( 4 . 2 K ) .  A  fu ll

T  ~  45 K  a t N  = 10 c m '

~  9 K a t  N  = 10^ '^cm '^

T h u s , fo r  our ran g e  o f a rs e n ic  c o n c e n tra tio n  w e m u s t o p e ra te  a t a 

te m p e ra tu re  lo w e r  th an  ~  9 K .

%
125 .  . Æ

s im i la r  p ra c tic e  p e rm its  re a d y  c o m p aris o n  betw een  the tw o m a te r ia ls .  4

S econdly , m e ta ll ic  b e h a v io u r is ,  as we have noted  in  ch ap ters  3 and 4, vg

.1
dependence f ro m  liq u id  h e liu m  to ro o m  te m p e ra tu re s . H en ce , fo r

d e s c r ip tio n  of the c h a ra c te r is a tio n  of our sam p les  f r o m  tra n s p o r t

p ro p e r ty  m e a s u re m e n ts  is g iven  in  A p p en d ix  2.

T h e  dotted l in e  in  f ig u re  (5 . 1) has a slope o f - f  and the s o lid  

b a r  on the ab sg issa  in d ic a te s  the  p o s itio n  of the m e ta l-n o n m e ta l  

t ra n s it io n  as d e te rm in e d  b y  the a fo re m e n tio n e d  d. c. e le c tr ic a l  

te c h n iq u e s .

F ig u r e  ( 5 . 2 ,  a to  j)  show the dependence of T  ^(2) on ‘

te m p e ra tu re  fo r  v a r io u s  s a m p le s . T h e  r e s t r ic t io n  to  

te m p e ra tu re s  < 4 . 2 K  is  a consequence o f p ra c t ic a l and p h ys ica l 

re q u ire m e n ts . E x p e r im e n ta lly , the g re a te s t s ig n a l-to -n o is e  ra t io  

is  ach ieved  a t low  te m p e ra tu re s  w h ils t  p h y s ic a lly  we w ish e d  to study  

the  b e h av io u r of a d e g en era te  e le c tro n  gas v ia  n u c le a r  re so n a n c e .

A  f r e e -e le c t r o n  e x p re s s io n  fo r  the d eg en eracy  or F e r m i  te m p e ra tu re  

of an e le c tro n  gas is

^  2 — —
= i f  = 2Fk('" (̂ -1)

f ro m  w hich

T _  /V/ 2 0 0 K  a t N  = lO ^ ^cm  ^
F  D  ÿ
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T h e  (peak) K n ig h t s h ift m e a s u re m e n ts , taken  a t 7 .4  M H z  

a re  d is p la y ed  as a fu n c tio n  o f in  f ig u re  (5 . 3); the s o lid  b a r  

on th e  h o r iz o n ta l ax is  ag a in  re p re s e n ts  the co n ce n tra tio n  a t

w hich  the  m e ta l-n o n m e ta l tra n s it io n  o c c u rs . The  absence of data  

poin ts  fo r  in d ic a te s  th a t K  is  z e r o  in  the co n ce n tra tio n

ra n g e . A s we have  m en tio n ed  above, the K n ig h t s h ift and s p in - la t t ic e  

re la x a t io n  t im e  a re  r e la te d  though the K o r r in g a  r e la t io n

-  i r r .  { - — )  f.2)

fo r  sys tem s in  w h ich  con tact b e tw een  the  n u c le i and e le c tro n s  is

the d o m in an t in te ra c tio n  and the e le c tro n s  a re  n o n -in te ra c t in g .

2
F ig u r e  ( 5 . 4 )  is  a p lo t o f K  T  ^(2) T  v e rs u s  w h e re  the dashed

h o r iz o n ta l lin e  is  the v a lu e  a p p ro p r ia te  to Ge of the  constant a p p earin g

on the  r ig h t  hand s ide o f the K o r r in g a  re la t io n . W e e m p h as ize  th a t in

th is  d ia g ra m  the o rd in a te  is  a h y b r id  of h igh f ie ld  K  and low  fie ld

T   ̂ m e a s u re m e n ts .

F r o m  an e x p e r im e n ta l v ie w p o in t, the fa c t th a t our T  ^

m e a s u re m e n ts  a r e  g re a te r  than  those in  S i:P  by  a fa c to r  o f ro u g h ly

fo u r to f iv e  m ig h t in d ic a te  th a t the v a lu e  of K  (G e) c a lc u la te d  fro m

the  K o r r in g a  re la t io n  w ou ld  be m u ch  l ess  than K (S i)  and p o s s ib ly

Ye
u n o b s e rv a b le . F o r tu n a te ly , the ra t io  of ------  is  la r g e r  fo r  Ge

n
than fo r  Si so we have

K ^ (G e) /  Y g \  ^ /  Y (S i) \  ^ T ^ (S i)

K ^ (S i) \ Y ( G e ) /  \  Y^ /  T ^ (G e )
( 5 . 3 )
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ta b u la te d  in  ta b le  ( 5 . 2 ) .  T h e  lin e w id th s  fo r  a re  g re a te r

than  the d ip o la r  w id th  com puted in  ch ap te r 2 and th is  is  in  c o n tra s t  

to the b e h av io u r in  S i :P in  the analogous doping re g im e  w h e re  

A B (S i) ^

T h e  m a in  fe a tu re s  of o u r re s u lts  w h ich  m u s t be e xp la in ed

w ith  due re g a rd  to the physics  o f th e  m e ta l -n o n m e ta l t ra n s it io n  a re

17 —3
co n ve n ie n tly  s u m m a ris e d  as fo llo w s  (N  is  taken  as 3. 1. 10 cm  ):c

’ . .J:

U s in g  the va lues  Y ^ = 1 . 7 6 . 1 0   ̂ T  ^s  ̂ and Y (G e ), Y (S i)

f ro m  ta b le  (5 . 3), then k ( ^ ^ ~  ̂ w h ich  is b o rn e  out by  our

?
re s u lts  and those o f S as a k i et a l .  . T h is  does not m ean  h o w ever th a t |

K (G e ) is  a m o re  e a s ily  m e a s u re d  q u a n tity  than K (S i) s ince the long

T   ̂ va lues  in  G e:A s p ro h ib it the use of s ig n al a v e ra g in g  techniques  

to im p ro v e  the s ig n a l- to -n o is e  ra t io  and a lso , the w id e r  reso n an ce  .g

lin e s  th a t we o b served  m ake  the s h ift m o re  d iff ic u lt  to  a s c e r ta in .

S p in - la t t ic e  re la x a t io n  tim e s  at 7 .4  M H z , d es ig n a ted  by  the  

sym bol T ^(7) w e r e  m e a s u re d  o n ly  a t 4 . 2 K  and these a re  shown in  

f ig u re  ( 5 . 5 )  as a fu n ctio n  of N ^ .  T h e  in o rd in a te  len g ths o f T^(7)  

p re c lu d e d  an in v e s tig a tio n  o f the te m p e ra tu re  dependence o f th is  

q u a n tity . T h e  v a r ia t io n  w ith  o f the K o rr in g a  re la t io n , w ith

K  and T  . (7 ) ta k en  a t th e  sam e m a g n e tic  f ie ld , is shown in  f ig u re  ( 5 . 6 ) .

F ig u re s  (5 . 5) and ( 5 . 6 )  in c lu d e  data  po ints  fo r  2. 14 M H z  to  d is p la y

I
the  f ie ld  dependences of th e  o rd in a te  v a r ia b le s . V a lu e s  o f T  ^(7) |:;

and T ^(2) at v a r io u s  te m p e ra tu re s  a re  lis te d  in  ta b le  (5 . 1).

F in a l ly  lin e w id th s  A B  at both lo w  and h igh  fie ld s  a re
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T A B L E  5. 1

-L a t t ic e  R e la x a tio n  T im e s  fo r  
i)  2 . 14 M H z

G e:A s

T e m p e ra tu re
K

S p in -L a tt ic e
S am p le R e la x a tio n  T im e  

(m in s )

7 - 1 6 4 . 2 178

2 . 1 - 1 7 4 .  2 106

2 . 1 - 1 7 2.  2 163

2 . 7 - 1 7 4 . 2 116

2 . 7 - 1 7 2 . 2 158

2 . 7 - 1 7 4.  2 104 1

2 . 7 - 1 7 2.  2 166

3 . 1 - 1 7 4 .  2 90

3 . 1 - 1 7 2.  2 146

3 . 5 - 1 7 4 . 2 91 T(:
3 . 5 - 1 7 3, 6 130

V.

3 . 5 - 1 7 3. 0 153

3 . 5 - 1 7 2 . 6 181

3 . 5 - 1 7 2 . 2 213

4 . 4 - 1 7 4 .  2 74

4 . 4 - 1 7 3. 6 78

4 . 4 - 1 7 3. 0 95 1
4 . 4 - 1 7 2.  6 135 1
5 . 0 - 1 7 4 . 2 64

5 . 0 - 1 7 3. 6 83

5 . 0 - 1 7 3. 0 95

5 . 0 - 1 7 2 . 2 108 1
15 . 3 - 1 7 4.  2 74

5 . 3 - 1 7 3. 6 85 J
5 . 3 - 1 7 3. 0 112

5 . 3 - 1 7 2.  6 100

5 . 3 - 1 7 2 . 2 140 ■J
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T A B L E  5. I 
(continued)

S p in -L a t t ic e  R e la x a tio n  T im e s  fo r G e:As
i) 2 . 14 M H z

S p in -L a tt ic e  
R e la x a tio n  T im e  

(m in s )

T e m p e ra tu re
S am p le

705 . 9 - 1 7

845 . 9 - 1 7

1145 . 9 - 1 7

5 . 9 - 1 7 119

459 - 1 7

509 - 1 7

9 - 1 7

749 - 1 7

4 . 21. 7 5 - 1 9

1 2 . 51 . 7 5 - 1 9

1 . 7 5 - 1 9 13

1 . 7 5 - 1 9

171 . 7 5 - 1 9

S am p le

2 . 1 - 17

2 . 7 - 1 7

2 . 7 - 1 7  

3 . 1 - 1 7  

3 . 5 - 1 7  

4 . 4 - 1 7  

5 . 0 - 1 7  

5 . 3 - 1 7  

5 . 9 - 1 7

9 - 1 7  

1 . 7 5 - 1 9

i i )  7 . 4  M H z  and 4. 2 K

S p in -L a tt ic e  
R e la x a tio n  T im e  

(m in s )

480

404

440

205

177

130

109

99

117

46

8

Î
:. j
I

I

i
i
I
S.

i
i?

■s

■I
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T A B L E  5 .2  

L in e w id th  D a ta  a t 2 . 14 and 7 ,4  M H z

S am p le
/MB(2)
(m T )

/^ B (7 )
(m T ) ST

A B ' ( 7 )
(m T )

7 - 1 6 0. 18 0 . 3 2 0 . 3 3

2.  1 -17 0 . 2 2 0 . 4 4 0 . 4 6

2 . 7 - 1 7 0 . 3 2 0 . 4 4 0 . 4 6

2 . 7 - 1 7 0 . 3 2 0 . 4 4 0 . 4 8

3. 1 - 17 0 . 3 4  0/^6 0 . 4 4 0 . 5 4

3 . 5 - 1 7 0 . 4 0 0 . 4 8 0 . 6 4

4 . 4 - 1 7 0 . 4 8 0 . 6 2 0 . 7 9

5 . 0 - 1 7 0 « 54  ̂\ \i- 0. 62 0 . 8 7

5 . 3 - 1 7 0 . 5 6 0. 62 0 . 8 7

5 . 9 - 1 7 0 . 6 2 0 . 7 2 0 . 9 0

9 - 1 7 0. 64 " "T 0 . 9 8 1. 12

1. 7 5 - 1 9 0 . 6 4  T 1 .42 1.40 1 .7

N o te  1) A B ( 2 )  is th e  lin e  w id th  a t 2 , 1 4  M H z  deduced f ro m  the e x p re s à o n

2
A b (2 ) =

Y T :

w h e re  T ^  is  ta k e n  f r o m  the  re c o rd e d  fre e - in d u c t io n  decay

2) A B ( 7 )  in  co lu m n  3 is  s im i la r ly  c a lc u la te d

3) A B * ( 7 )  is the v a lu e  m e a s u re d  fro m  the  F o u r ie r  T ra n s fo rm  

plots

4) T h e  lin e w id th s  a re  not c o rre c te d  fo r  m a g n e tic  f ie ld  

in h o m o g e n e itie s . T h e s e  c o rre c tio n s  a re  l ess  than the  

e r r o r  in A B w h ich  is  o f o rd e r  -  0. 1 m T



1 38 .

lo w  f ie ld  data) have been p u b lish ed  as an in te r im  re p o r t  by  us in  the  

l i t e r a t u r e ^ A  fu l le r  a n a ly s is  is  in  p re p a ra tio n .

4

1) T^ ( 2 )  is c lo s e ly  p ro p o rtio n a l to o ver m o re  than

two decades of im p u r ity  co n ce n tra tio n

2) T j ( 2 )  T " ^  for

T^{2)  oc T  ^ fo r  w ith  n < 1

3) T^ ( 2 )  is continuous th ro u g h  the tra n s it io n

4) K  .K. fo r  > N

=» 0 o th e rw is e

5) K  shows a s h arp  change fro m  z e r o  to a f in ite  v a lu e  a t

2
6) K  T  ^(2)T is c lose to  the K o r r in g a  va lu e  a t h igh doping

d e n s ity  bu t fa l ls  b e lo w  th is  va lu e  as N^, is  approached  

f ro m  above

2
7) K  T ^ ( 7 ) T  is  c lose to the K o r r in g a  va lu e  fo r

8) T ^ ( 7 )  = T ^ ( 2 )  f o r  >  9.  l O ^ ^ c m " ^

9) T ^ ( 7 )  oc w ith  m  - 1 . 2 5  fo r  Nç, < <  9. lO^^cm""^

10) AB in c re a s e s  w ith  f ro m  0 .2  -  0 .6  m T  at

2 . 14 M H z  and ~  0 . 3 -  1 .7  m T  at 7, 4 M H z  o ver the  

ran g e  7 . 1 0 ^ ^ —» 1 . 7 .  10 ^^cm  . AB( 7 )  >  AB(2)

b y  a fa c to r  o f 1. 5 -  2 o ver th is  ran g e  of doping d e n s ity .

T h e se  fe a tu re s  a re  n u m b e re d  ro u g h ly  in  the c h ro n o lo g ica l 

o rd e r  in  w h ich  the  e x p e rim e n ts  w e re  p e r fo rm e d . In  the ensuing  

d is cu s s io n , i t  w i l l  be co nven ien t to r e ta in  th is  o rd e r ,  a t le a s t in  the %

f i r s t  p a r t  o f our a n a ly s is . P o in ts  (1) to (6) above (e s s e n tia lly  the

if
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5 .  3 D i s c u s s i o n

B e f o r e  e xam in in g  our data  w e f i r s t  l is t  the p ro p e r t ie s  o f the  

73 29
Ge and Si n u c le i w h ich  a re  im p o rta n t fro m  a m a g n e tic  reso n an ce  

v ie w p o in t and then  b r ie f ly  d e s c rib e  an e a r ly  N M R  e x p e r im e n t in G e.

T A B L E  5. 3 

N M R  P a ra m e te rs  o f Ge and Si

Iso to p e
Y

(lO^T ”V ^ )

N a tu ra l
A bundance

(%)

M a g n e tic
M o m e n t Spin I

Quadrupole
M o m e n t

(1 0 -2 8 m 2 )

9. 331 7. 6 -  0 . 8 8 9 / 2 .  0 . 2

53. 16 4 . 7 -  0.  55 1 /2 0

159 73A n  a tte m p t by J e f fr ie s  to obser ve  the Ge reso n an ce  in  the

p u re  pow d ered  e le m e n t us ing  continuous w ave N M R  w as u n su ccessfu l

w h ich , as B l o e m b e r g e n n o t e d ,  was to be expected  s in ce  h is

a n a ly s is  in d ic a te d  th a t the T   ̂ should be v e r y  long. T h e  f i r s t

r e p o r t e d  N M R  e x p e r im e n t in  doped g e rm a n iu m  w as th a t o f W yluda^^^

who m e a s u re d  T   ̂ f ro m  20 to 300 K  fo r  fiv e  sam ples  of n -ty p e  Ge

(dopant u n sp ec ified ) w ith  e le c tro n  co n cen tra tio n s  in  the range

4 . 10^^ c m  ̂ to 4 .  10^^ cm   ̂ at a w o rk in g  fre q u e n c y  of 2 M H z .

H is  m a in  re s u lt  is  th a t re la x a t io n  in  p u re  Ge is  d o m in a ted  by the

in te ra c tio n  of the n u c le a r  quadrupo le  m o m en t w ith  e le c tr ic  f ie ld

g ra d ien ts  re s u lt in g  fro m  th e rm a l v ib ra tio n s  of the la t t ic e .

T a b le  ( 5 . 4 )  g ives h is  re s u lts  fo r  the  tw o m o st h e a v ily  doped

sp ec im en s .
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T A B L E  5 . 4

T   ̂ D a ta  o f W yluda^^^ fo r  G e:A s

S am ple N p  (c m "^ )
T^ (m in s ) T^ (m in s )

a t 77 K a t 20 K

G E Z L  1123 AR 5 -  7 x  10^^ 4 166

G E F P  164 M 3 .5  - 4 .  3x 10^^ 3 21

A lth o u g h  N  > N .  fo r  the  second sam p le  in  ta b le  (5 . 3), the  

constancy  of the p ro d u c t T ^ T ,  w h ich  is  expected  when n u c le a r  

re la x a t io n  is  b y  m eans of a d eg en era te  e le c tro n  gas, cannot be 

t es t ed  s ince  th e  T^ m e a s u re m e n ts  w e r e  taken  a t te m p e ra tu re s  

g re a te r  than the F e r m i  te m p e ra tu re  a p p ro p r ia te  to N ^ .  H o w e ve r  

t hese T   ̂ re s u lts  w e r e  o f im p o rta n c e  to us in th a t w e could  obtain  

o rd e r  o f m ag n itu d e  e s tim a te s  fo r  T^ a t our w o rk in g  te m p e ra tu re  

and c o n ce n tra tio n  ranges .  In  p a r t ic u la r ,  i f  we assu m e T ^ T  is

- Iconstant fro m  20 to 4 . 2 K  and fu r th e r  th a t T^ œ fo r

> N ^ , then us ing  T ^(4 -  17, 20 K ) = 2 1 m in s ,

T  (4 -  17, 4 . 2 K )  ~  100 m in s  

T ^ ( l  -  19, 4 . 2 K )  ~  11 m in s  

T h e s e  e s tim a te s  w e r e  of a s s is ta n c e  in  o u r in i t ia l  s e a rc h  fo r  the Ge 

re s o n a n c e . B y  w ay  of c o m p a ris o n  we found  

T  ( 4 . 4 -  17 , 4 . 2 K )  ~  74 m in s

73

T (1.75 -  19 , 4 . 2 K )  ^  9 .  5 m im i n s

"I
:

. '4

I

Î

j

I

a

a



141.

W e have  a lre a d y  a llu d e d  to p o ss ib le  re la x a t io n  m echanism s  

in  our sam p les  so i t  is  u s e fu l to  l is t  the expected  p a ra m e tr ic

dependences o f T ^ , K  and

- N d ^ t - ' D e g e n e ra te  e le c tro n  gas, > N ^ , «%

T  < T ^ ,  f ie ld  independent

T i
-1  - i

N  T  ^ N o n  d e g en era te  e le c tro n  gas,  f ie ld

1
independent

K F r  e e -e le c tro n  b e h av io u r

1 F r  e e -e le c tro n  b e h av io u r

" k  >
1 E le c tr o n -e le c t ro n  in te ra c tio n

-1
enhancing K  and T  ^

Sr  < 1 A d d itio n a l re la x a t io n  paths fo r  n u c le i

o r  enhancem ent of s in g le  re la x a t io n  r a te

5 . 3 . 1  T and K ^ T  T a t L o w  F ie ld

T h e  data o f f ig u re (5 . 1) a r e  c le a r ly  not in c o n s is te n t w ith  the
«

exp ected  dependence of
73

T   ̂ on N ^  when the re la x a t io n  of the Ge

n u c le i is  th ro u g h  the contact in te ra c tio n  be tw een  the nuclei^and a

d e g en era te  e le c tro n  gas. T h is  b e h av io u r is  fu r th e r  b o rn e  out by

the  te m p e ra tu re  dependence of T^ shown in  f ig u re s  ( 5 . 2 ,  a -  j ) .

T h e  c o n tra s t be tw een  th ese  re s u lts  and those in  the  S i:P  s y s t e m

w h ich  show a m a rk e d  re d u c tio n  in  T ,  in  the t ra n s it io n  re g io n  is
1

n o te w o rth y . O u r re s u lts  show th a t e le c tro n  c o r re la t io n , w h ich  is #

-1 Ic ite d  to be of im p o rta n c e  in  enhancing T  , K  and S in  the S i:P  -*|

sys te m , seems  not to p la y  such an e s s e n tia l ro le  in  G e. Indeed  the

2 -v a lu e s  of K  T  ^T com puted  us in g  K  e va lu a ted  a t h ig h  f ie ld , fa l l

X i !
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&
p ro d u c t, the use of K  and T^ m e a s u re d  in  d if fe re n t  m ag n etic  

f ie ld s  is  a ccep tab le  p ro v id in g  th a t n e ith e r  q u a n tity  is  f ie ld  dependent

by the contact e le c tro n -n u c le a r  in te ra c tio n  and w ould  not thus be

D ip + O ib

( ^ )  ( 5 . 4 )

2 2
1 12TT , e Q \  3(21 + 3)  ̂ 2i z ' i  / e w \  t o ;  c

5 h ' \ 4 n c  I  )  1 0 ( 2 1 - 1 )  ^

- 3  ^
H e re  <( r  is  th e  sq u are  o f the a v e ra g e  v a lu e  o f the r a d ia l

p a r t  of the p -w a v e  fu n c tio n  and we have  w r it te n  the  d e n s ity  o f states 

2fa c to r  as N  (E ^ )  in  p la ce  o f the  p ro d u c t o f the  d e n s itie s  o f states

b e lo w  the K o rr in g a  constant ( f ig u re  ( 5 . 4 ) )  as approaches

w hich  is  at d is tin c t v a r ia n c e  w ith  the re s u lts  of S i;P  w h e re  

r i s e s  above u n ity . W e  note th a t in  the c a lc u la tio n  of the K o r r in g a

I

as w e expect fro m  the th e o ry  o f re la x a t io n  and the K n ig h t s h ift ow ing ■ -;4

2
to the in te ra c tio n  of n u c le i and f r e e  e le c tro n s . T h e  p lo t o f K  T  T

3
in  f ig u re  ( 5 . 4 )  is s tro n g ly  suggestive  of the p resen ce  o f re la x a t io n  à

paths fo r  th e  n u c le i in  ad d itio n  to  th a t due to F e r m i  co n tact. O u r  

d is c o u rs e  in  c h ap ter 2 s ta ted  that, e le c tro n s  m a y  in te ra c t  w ith  n u c le i 5

ith ro u g h  not on ly  a contact t e r m  but a lso  a n o n -c o n ta c t (d ip o la r  and  

o rb ita l)  and, fo r  I  ^  a d y n am ic  q u ad ru p o la r te r m .  M o re o v e r

these  a d d itio n a l c o n trib u tio n s  to the  re la x a t io n  r a t e  have  a s im ila r  

te m p e ra tu re  dependence (T  ^) and the  f ie ld  independence d isp layed  |

d is tin g u is h a b le  in  a T  -  T  p lo t. N o w  O bata^^ ' has c a lc u la te d
1 '■'e

the re la x a t io n  ra t e s  due to the n o n -c o n ta c t and q u a d ru p o la r ^
' j

in te ra c tio n s  fo r  a t ig h t-b in d in g  p -  band as

 ̂ /  Mo \  ^ 2 3 ?.. . ^

.X
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5
6

fo r  up and down spins N  (E ^ )  N  (E ^ ) .  V a lu e s  of <( r  )> m a y  

be com puted using  re s u lts  o f o p tic a l h y p e rfin e  s p littin g  e x p e rim e n ts

and s tan d ard  fo rm u la e  quoted by K o p f e r m a n n ^ T h e  value of .f

3 163 31 3
r  y  m e a s u re d  by C h ild s  and Goodm an is 4 . 5. 10 m  . :i

T h e  d e n s ity  of s ta tes  m a y  be c a lc u la te d  f ro m  the f r e e  e le c tro n

y  = i  (5 .6 )

■Q
in e v ita b ly  to conclude th a t such re la x a t io n  p ro c es s es  a r e  n e g lig ib le

e xp re s s io n  fo r  the  s p e c ific  h e a t and the  a p p ro p ria te  m e a s u re m e n ts

95
of B ry a n t and K eesorn  , v iz .

I
.1

- 1 - 2  1 8 - 3
and T  = 0. 0215 m j  m o le  de g fo r  Ge doped w ith  4 .7 .  10 A s cm  . ■ ■

si

Thus we o b ta in  N (E ^ )  ~  ( 1 - 3 ) . 1 0 ^ ^  J  ̂ a to m   ̂ fo r  G e:A s in  the

tra n s it io n  re g io n  of im p u r ity  c o n c e n tra tio n . I f  these  v a lu e s  o f N (E ^ )  1

3
and <C r  ^ a re  in s e r te d  in  equations (5 .4 )  and (5 . 5) the c a lc u la te d

I
v a lu e s  o f T  and T  a re  m uch lo n g e r (T  200 h rs ,

lD % )+O fb

T  _ 400 h r  s) than  o u r o b s erv e d  T . ' s  as too a r e  the e s tim a te s
iQ  1

o f T  us ing  the M itc h e l l  and K e s s e l fo rm u la tio n . W e have
■ 1 o  ii Î

I

in  our s am p le s . H o w e v e r, o th e r re la x a t io n  m e c h a n is m s  m a y b e  

p re s e n t w h ich  a re  not d e s c r ib a b le  by  the th e o rie s  we have  given as 

b eing  a p p lic a b le  to r e a l  m e ta ls . T h e s e  a d d itio n a l paths of n u c le a r  

re la x a t io n  m a y  be due to  the d yn am ics  of the e le c tro n  sys tem  in  a 

h e a v ily  doped sem ico n d u c to r but w e d e fe r  sp ecu la tio n  on the  n a tu re  

of such e le c tro n  d yn am ics  u n t il  our d e s c r ip tio n  of th e  re la x a t io n  data  

a t 5 T .  .'g

R e fe r r in g  again  to  f ig u re  (5 . 4) i t  is  c le a r  th a t fo r  the m o st 

h e a v ily  doped Ge sp ec im en , the  K o r r in g a  re la t io n  ho lds  w e ll .  N ow

1

5

Ij #
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w e have seen t«liat in  ch ap te r 2 th a t, fo r  re la x a t io n  b y  d e g en era te  

e le c tro n s ,

< | K o ) | S E  = P /  ( 5 .7 )

and thus our re la x a t io n  t im e  m e a s u re m e n t can g ive us a v a lu e  of 

P p  w hich  we m a y  then c o m p a re  to the e le c tro n  p ro b a b ility  d en sity

in  a f re e  Ge a to m = P  A  A
W e e s tim a te d  P ^  in  the

162
fo llo w in g  w ay , K o p fe rm a n  w r ite s  the  h y p e rfin e  s p littin g  fa c to r  

fo r  an s v a le n c y  e le c tro n  as a c o rre c te d  fo rm  o f G o u d s m it's  

fo rm u la

a = s n

and

a
1 - It ) (5 . 8)

A TT a
HO

n a

(5 .9 )

In  these  equations, is  the  R y d b e rg  constant, o< the fin e

I
s tru c tu re  constant, a ^ ^  the f i r s t  B o h r ra d iu s  and g  ̂ the  e ffe c tiv e  

g  ̂ v a lu e  d e fin ed  as

% =
l i (5 .1 0 )

w h e re  |J  ̂ is  the n u c le a r  m o m e n t in  n u c le a r  m ag n eto n s . T h e  sym bols

Z . , Z  re p re s e n t e ffe c tiv e  in n e r and o u te r a to m ic  n u m b ers  
1 a

re s p e c tiv e ly :  i . e .  a llo w a n ce  is  m ade fo r  the d iffe re n t fo rc e s

e x p e rie n c e d  by  an e le c tro n  w hen in s id e  the a to m ic  c o re  (e Z .)  and  

outs ide  (e Z ^ ) . E m p ir ic a l ly ,  i t  is  found th a t Z^ = Z (the  a to m ic  

n u m b e r) fo r  s e le c tro n s  and Z  -  4 fo r  p e le c tro n s . T h e s e  values

.1
J

Î
' I 

s
I

. Ï

I
f

f
t

Î
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of Z . a re  c o n firm e d  b y  a g ra p h ic a l m ethod  due to  B a rn e s  and 

S m i t h T h e  e ffe c tiv e  o u te r a to m ic  n u m b er Z ^  is  u n ity  fo r  

s in g ly -io n is e d  a to m s , two fo r  d o u b ly -io n is e d  a to m s , e tc . . T h e  

e ffe c tiv e  quantum  n u m b er n is  g iven  by

n = n - a  (5 .1 1 )
a

w h e re  n is  the tru e  p r in c ip a l quantum  n u m b er and cr the R y d b e rg

c o rre c tio n  (a fu n c tio n  of n ). ( j ,  Z ^ , w h e re  j is  the  to ta l a n g u la r

m o m e n tu m  quantum  n u m b e r, is  a r e la t iv is t ic  c o rre c tio n  fa c to r

X 6 2ta b u la te d  by K o p fe rm a n  . T h e  te rm s  (1 - 6 ) ,  (1 -  e ) a re ,

re s p e c tiv e ly , c o rre c tio n s  to a llo w  fo r  the  fa c t th a t the n u c le a r

ch arg e  and n u c le a r  m o m en t a re  not po in t e n titie s  but d is tr ib u te d

o v e r a f in ite  n u c le a r  s u rfa ce  a re a  and v o lu m e . A l l  the te rm s  in

b ra c e s  a re  of o rd e r  u n ity  and w h ils t  we in c lu d ed  th e m  in  our

c a lc u la tio n  th ey  w i l l  no t be d iscu ssed  fu r th e r  h e re .  T o  obta in  n , ̂ a

w e use the fo rm u la  

2
- T —

V

w h e re  T  is  the ab so lu te  te r m  va lu e  fo r  the s ta te  u n d e r c o n s id e ra tio n
V

2 13
(5s S i ) .  W e fo llo w  K n ig h t and assu m e Ge a to m s to  be t r ip ly  

'2

io n ise d  in  the s o lid  s ta te  (h e re a f te r  des ig n a ted  G e lV ) and then

Z = 3 .  W e can obta in  T  f ro m  the c o m p ila tio n  of t e r m  values fo r  
a V

165
G e lV  of B a cher and G o u d s m it . S ince the quoted va lu es  a re  not

ab so lu te  we w o rk  b a ck  f ro m  the io n is a tio n  e n erg y  fo r  G e lV  o f 4 5 .5  eV

2
to obta in  an ab so lu te  v a lu e  fo r  T  (5s S i ) .

v ' y
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In s e r t io n  of the  a p p ro p r ia te  n u m b ers  in  equations (5 , 8) and  

( 5 .9 )  gives

P  3 .4 .  lO ^^m   ̂ a = 2. 5 m  ^
A  s

13T h e  v a lu e  of a^ co m p are s  w e ll  to th a t quoted by K n ig h t o f

2 .6  m  \  H is  c a lc u la tio n  d iffe rs  f ro m  ours in  th a t he d e te rm in e s  

a^ fo r  n e u tra l g e rm a n iu m  and then  sca les  h is  re s u lts  by  an  

e m p ir ic a l  fa c to r  to obta in  a^ fo r  G e lV . W e m a y  a ls o , w ith in  the  

sam e a p p ro x im a tio n , d e te rm in e  the  v a lu e  o f <( r  )> f r o m  the
4 ,

fo rm u la

< r " ^ >  = —  z .  H  ( 1 ,Z . )  (5 .1 3 )2 1 r
 ̂ Ms (4 + i)

2 .
w h e re  6w is  the doublet s p litt in g  b e tw een  the 5p P ^y^  and :|

25p P  . _ le v e ls  and H  ( l , Z . )  is  a n o th er r e la t iv is t ic  c o rre c tio n  #
r  1

ta b u la te d  b y  K o p fe rm a n . W e o b ta in  . / X '

<(_r = 2 .5 .1 0 ^ ^ m  (5 .1 4 )

w h ich  is  in  a g re e m e n t w ith  the  e x p e r im e n ta lly  d e te rm in e d  va lu e  of W

31 ••34 . 5, 10 m  by C h ild s  and G oodm an and the c a lc u la tio n s  o f 

B e s s is  et a l}  of 3 .2 .  10^^ m   ̂ us ing  H a r t r e e - F o c k  w ave  fu n c tio n s .

T h e  v a lu e  of P ^  ob ta in ed  fro m  T   ̂ fo r  sam p le  1 .75  -  19 is  

P p  -  3. 10^1 m "^  (5 .1 5 )

and so
P p

(  = = 0 .9  (5 .1 6 )
A

w h ich  is in  the ran g e  ty p ic a l fo r  m a n y  m e ta ls . T h a t $ <  1 in d ica te s  

th a t the w ave fu n c tio n  in  the s o lid  is  expanded in  c o m p aris o n  to  the ■
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w ave function  in  the f re e  a to m . T h is  expansion is  due to the  

c lo seness  b etw een  the p o s itiv e  ions in  a s o lid  m a te r ia l .  O u r value  

o f  ̂ co m p ares  w ith  those d e te rm in e d  fo r  o th e r h e a v ily  doped  

s em ic o n d u c to rs , i .  e.

c (S i:P )  0 .8  ( ( C d O )  0 .9

B e n e d ic t and L-ook^^^ have  a rg u ed  th a t the c loseness o f  ̂ to

u n ity  im p lie s  th a t the  e le c tro n s  a re  not lo c a lis e d  a ro u n d  im p u r ity

c en tres  but extended  so as th ey  m a y  in te ra c t  w ith  a l l  the  b u lk  n u c le i.

T h u s , in  the  v ie w  o f B e n e d ic t and L o o k  the e le c tro n s  a r e  c h a ra c te r is t ic

o f the host conduction band and the F e r m i  le v e l m u s t be in  the

conduction band. I t  is not h o w e v e r obvious th a t |  should fa l l  w e ll

b e lo w  u n ity  fo r  an im p u r ity  banded sem ico n d u cto r so th a t, by i ts e lf ,

the  v a lu e  o f  ̂ does no t seem  to us to show w h e th e r the e le c tro n s

a re  in  a s ep a ra te  im p u r ity  band or in the conduction band.

44
A le x a n d e r  and H o lc o m b  have re v ie w e d  e x p e r im e n ta l evidence

w h ich  suggests th a t the  F e r m i  le v e l e n te rs  the conduction band in

18 “3
G e:A s at a c o n c e n tra tio n  o f donors N  . 10 cm  . F o rcb

18 — 3
<  10 cm  the lo w  te m p e ra tu re  b u lk  s u s c e p tib ility  data

"  1 8 —3
f a l l  b e low  a f r e e -e le c t r o n  dependence and fo r  ^  10 cm  ,

-1
the  H a ll  m o b ility  shows the  s im p le  dependence exp ected  of

conduction band e le c tro n s . T h e  c a lc u la tio n  of M a ts u b a ra  and

167 18 -3
T o y o za w a  gives ~  2. 10 cm  us in g  a B o h r ra d iu s  of

-10
o rd e r  30. 10 m . Thus sam p le  1 .7 5 - 1 9  is  w e ll  in to  the  h e a v ily  

m e ta ll ic  re g io n  and our v a lu e  o f  ̂ is  a t le a s t co n s is ten t w ith  

th is .

' I

i

I
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J
5 .3 .2  Knia;ht S?hift M e a s u re m e n ts  .%

F ig u re  (5 .3 )  shows the v a r ia t io n  of K  w ith  fo r our 4;

sam p les  a t 7 .4  M H z  and 4. 2 K .  W e r e c a l l  th a t a f r e e -e le c t r o n  

p ic tu re  g ives K  and th is  dependence is  shown as the dotted

lin e  in  the d ia g ra m . T h e  data  show th a t K  fa lls  a b ru p tly  to z e ro  

at the m e ta l-n o n m e ta l t ra n s it io n  ( in d ic a te d  by the so lid  b lo c k  on the i

a b s c is s a  of f ig u re  (5 . 3 )), and th ro u g h o u t the h igh d e n s ity  re g io n  is , 

w ith in  e x p e r im e n ta l e r r o r ,  w e ll re p re s e n te d  by  a dependence, ^

N o  dependence of K  on c ry s ta l o r ie n ta t io n  w ith  re s p e c t to the  

e x te rn a l f ie ld  w as o b s e rv a b le  w ith in  our e x p e r im e n ta l l im it s .  T h e se  

a r e  im p o rta n t re s u lts  in  the context o f c o m p aris o n  w ith  the b eh av io u r  

w itn e ss e d  b y  o th e r w o rk e rs  in  a lte rn a t iv e  sem ic o n d u c to r s ys te m s .

T h e s e  m a y  be lis te d  as:

29
S i;P  G ra d u a l r is e  in  K (S i ) w ith  N  fo r  N  >  N

D D c
1 9 - 3  T ,

u n til > 2 .1 0  cm  when K  (Sundfors

7 44,
and H o lco m b  , A le x a n d e r  and H o lco m b  ) .

29
S i:P  A b ru p t r is e  in  K (S i ) f ro m  z e ro  to f in ite  v a lu e  a t

N _  = N  . K  fo r  N _  > N ^ . Som e
D C  D D C

enhancem ent o f K  fo r  N  ju s t g re a te r  than  N  -I
D C .A'

2 ' 
(S a s a k i, Ik e h a ta  and K o b ayash i ) . A b ru p t

31 “ T 'I
ap p ea ra n ce  of K (P  ) a t = N ^ . K  cc fo r  1||

3
(Ik e h a ta , S asak i and K o b a y as h i ).

31
S im ila r  b e h a v io u r fo r  K (P  ) o b served  b y  B ro w n

H o lc o m b ^ .

13 “
S iC :N  K (C  ) c< in  m e ta ll ic  re g io n . No data a v a ila b le

129
fo r  N ^  ~  N ^  (A le x a n d e r  ).
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113
n -C d O  G ra d u a l r is e  in  K (C d  ) w ith  fo r

1 9 - 3  ”
u n til  > 2. 10 cm  when K

130
(B e n e d ic t and L o o k  ).

113
CdS:Gl G ra d u a l r is e  in  K (C d  ) w ith  N  fo r  N  >  N

u n til >  2. lO ^^cm   ̂ when K  <<

131
(A d a m s , L o o k , B ro w n  and L o c k e r  ) .

O u r data , then, can be seen to  be c lo ses t in  type  to the m ost

2
re c e n t w o rk  in  S i:P  and does p ro v id e  support fo r  the S asak i e t a l .

re s u lts  o v er the e a r l ie r  in v e s tig a tio n  of S i:P  p e r fo rm e d  b y  Sundfors  

7
and H o lco m b  . H o w e v e r, i t  is  n o te w o rth y  th a t th e  enhan cem en t of 

K  o b s erv e d  b y  S asak i et a l.  in  S i:P  is  absent in  our m a te r ia l .  T h is  

fe a tu re , com bined  w ith  the  la c k  of enhancem ent in  T ^ (2 )  ̂ to  w h ich  

w e have r e fe r r e d  above is  s tro n g  ev id en ce  fo r  the u n im p o rta n c e  of 

e le c tro n -e le c tro n  c o r re la t io n  in  th e  doped g e rm a n iu m  s y s te m .

T h e  sudden ap p ea ra n ce  of the K n ig h t sh ift a t is in  a cc o rd

w ith  M o tt 's  th e o re t ic a l p re d ic tio n  co n cern in g  the b e h a v io u r of K  

w hen the m e ta l-n o n m e ta l t ra n s it io n  is  o f A n d e rs o n  type  (c f. ch ap ter 3 ). 

I t  is  in te re s tin g  to n o tice  th a t th e  p re c ip ito u s  change in  K  a t 

is  not m ir r o r e d  in  the T ^ (2 ) m e a s u re m e n ts  w h ich  a p p ea r to be 

continuous th rough  the t ra n s it io n .

W e can a tte m p t to o b ta in  an a p p ro x im a te  va lu e  fo r  th e  spin  

s u s c e p tib ility  fro m  our K  and P ^  d a ta . W e f i r s t  w r ite

Mo X g M

K  = I F  —  — j T -  « 0  (5 -1 7 )
' o

H e re  Q is  the a to m ic  v o lu m e , M  the a to m ic  m ass  and X  _ is  
o o

e xp re s s e d  in  m ks m ass  u n its . F o r  sam p le  1. 75 -  19, we obta in
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'M
X g  ~  2 .7 .1 0   ̂  ̂ m ks kg . N ow  B o w e rs  has m e a s u re d  the

the  e ffe c tiv e  m ass  in  Ge is  s m a ll (m  ~  0, 08 m  ) so we can expectt o

the  o rb ita l c o n tr ib u tio n  to a s ta tic  s u s c e p tib ility  m e a s u re m e n t to 

p re d o m in a te  o v e r th e  spin p a ra m a g n e tic  p a r t .

5 . 3 . 3  T  and K ^ T ^ T  at H ig h  F ie ld

■If
s ta tic  e le c tro n  s u s c e p tib ility  w h ich  consis ts  o f an o rb ita l  and a spin  

com ponent, X and X ^ re s p e c t iv e ly  and obtains

X ~  10 ^ m ks kg \  Thus the ra t io  of spin to  o rb ita l co n trib u tio n s  "
J

to the e le c tro n  s u s c e p tib ility  is

Xs
-  2 .5 %  (5 .1 8 )

B o w e rs  quotes a va lu e  of 6% fo r  th is  ra t io  so the a g re e m e n t is |

p assab le  co n s id e rin g  the l im its  of a c c u ra c y  of the d a ta . T h e  reaso n

th a t the d ia m a g n e tic  p a r t  of the s u s c e p tib ility  d o m in a tes  can be

deduced f ro m  in s p ec tio n  o f th e  u su a l e xp ress io n s  fo r  X ^  and X g

*  V “ 1 *  I 'X g  m

F o r  a f r e e -e le c t r o n  gas, m  —* m  ^ and X ^  = “ T H o w e v e r,

I

T h e  m e a s u re m e n ts  of T ^ (7 ) o f 4 . 2 K  fo r  o u r G e:A s spec im en s  

a re  shown in  f ig u re  (5 . 5 ). T ^ (2 ) re s u lts  a re  a lso  shown fo r c o m p a ris o n .

O u r a n a ly s is  so fa r  has been  co n s is ten t w ith  the no tion  th a t 4

re la x a t io n  in  our samples is  p r im a r i ly  th a t due to con tact be tw een  the  

n u c le i and a d e g en era te  e le c tro n  gas. M o re o v e r  the donor 

c o n ce n tra tio n  dependences of T ^ ^ )  and K  suggest th a t the e le c tro n s

I
behave in  a f r  e e -e le c tro n  m a n n e r . I t  is , h o w e v e r, a fe a tu re  of

41
n u c le a r  re la x a t io n  v ia  F e r m i  co n tact th a t the m e a s u re d  re la x a t io n

i
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1
t im e s  a re  independent of the ap p lie d  m a g n etic  f ie ld . W h ils t  th is  

fa c t holds fo r  our tw o m o s t h e a v ily  doped s a m p le s , th e re  is  a c le a r  

in c o n s is te n cy  betw een  th is  assu m p tio n  and our data fo r  sam ples  in  

the  t ra n s it io n  re g io n  w h e re  a re m a rk a b le  f ie ld  dependence of T   ̂

is  a p p a re n t. W o rth y  of note a lso  is  the  ra th e r  sudden in c re a s e  in  

T ^ (7 ) fo r  doping d e n s itie s  ju s t b e lo w  the tra n s it io n : c le a r ly  the '4

continuous n a tu re  o f T ^(2) th rough  the tra n s it io n  is  not p re s e rv e d  É

a t h igh  f ie ld .
'■:4

2 .

T h e  va lu es  of K  T ^ T  obta ined  us ing  T  ^(7) a re  shown in ||

f ig u re  (5 . 6 ). T h e y  l ie  c lose  to the va lu e  com puted f ro m  the  K o rr in g a  

re la t io n , w h ich  we r e c a l l  as be ing  a p p lic a b le  to an a s s e m b ly  of n o n - 

in te ra c tin g  e le c tro n s , th ro u g h o u t the im p u r ity  c o n c e n tra tio n  range  

>  N ^ . A n  e q u iva len t s ta te m e n t is  th a t the K o r r in g a  p ro d u ct at 

5 T  is u n ity  fo r  in d ic a tin g  th a t n e ith e r  e le c tro n

c o r re la t io n  n o r an en lian cem en t of the re la x a t io n  ra te  due to , fo r  

e x a m p le , the W a r re n  m e c h a n is m , a re  of s ig n ific a n c e  fo r  our s am p le s .

I t  m u st be s ta ted , h o w e v e r, th a t an y  conclusions d raw n  thus fa r  f ro m  

o u r data m u s t be v ie w e d  w ith  a c e r ta in  d eg ree  of cau tio n . W e have  

seen th a t e ith e r  the lo w  f ie ld  T^ data o r the h igh f ie ld  K  and T   ̂

data a re  re a d ily  e x p la in a b le  by s im p le  th e o ry  based  on a n o n 

in te ra c tin g  e le c tro n  s ys te m  w h ich  we have  o u tlin e d  in  c h ap ter 2 .

T h e re  is ,  though, a d is c re p a n c y  b e tw een  such a n a iv e  p ic tu re  and  

o u r re s u lts  w hen the la t te r  a re  taken  in  to to . T h is  is  p erh ap s  not 

s u rp r is in g  w hen i t  is  re m e m b e re d  th a t the im p u r ity  band is  

e s s e n tia lly  a p o o rly  u n d ers to o d  phenom enon as w e have a tte m p te d  

to d e m o n s tra te  in  our re v ie w  in  ch ap ter 4 . W e po in ted  out th e re
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a lso  th a t S i and Gc s o m etim e s  e x liib it  d iffe re n t b e h a v io u r when

I
su b jec ted  to s im i la r  e x p e r im e n ta l p ro b in g . I t  is thus in te re s tin g

to note th a t v e ry  re c e n tly  pub lished  data fo r  the S i:P  sys tem  b y

3 29 31
S as a k i et a l .  show th a t both T ^ (S i ) and ) a re  f ie ld

dependent in  the phosphorus doping ran g e  analogous to  our a rs e n ic  Q

im p u r ity  ra n g e . T h e  p e rce n ta g e  in c re a s e  in  the  h o st T   ̂ w ith  %
I
f* 'V 4'

m a g n e tic  f ie ld  fo r  'e q u iv a le n t' doping d e n s itie s  in  both sys tem s is  %

ro u g h ly  the sam e and the f ie ld  independent T^ th a t we o b served  in  

h ig h ly  doped Ge is  a lso  a p p a re n t in  h e a v ily  phosphorus doped s ilic o n .

T h e  Japanese w o rk e rs  have  p e r fo rm e d  th e ir  e x p e rim e n ts  a t m uch  

lo w e r  te m p e ra tu re s  than  o u rs  (0 . 6 K  c o m p a re d  to 4 .2 K )  and a lso  

a t les s  in ten se  a p p lie d  fie ld s  (0  to 0. 9 T  c o m p ared  to  1 ,4 4  T  and 5 T ) ,

T h e  succeeding p a ra g ra p h s  of th is  ch ap ter a re  devoted to 

a tte m p ts  to e x p la in  our N M R  m e a s u re m e n ts  v ia  v a r io u s  p h y s ic a l 

m o d e ls . W e a re  m in d fu l th a t such m odels  m u s t be c o m p a tib le  w ith  

o th e r e x p e rim e n ts  such as we have  l is te d  in  c h a p te r 4 .

5 .4  Spin D iffu s io n

W e have re c o u n te d  in  c h ap te r 2 the phenom enon o f spin  

d iffu s io n  and s ta ted  th a t i f  n u c le a r  re la x a t io n  is  d o m in a ted  by th is  

m e c h a n is m  of spin e n erg y  tra n s p o r t  then th e o ry  shows th a t a f ie ld  

dependent T^ m a y  r e s u lt .  T o  d e te rm in e  w h e th e r spin  d iffu s io n  is  

im p o rta n t we m u st co n s id er the lo c a l m a g n e tic  f ie ld s  e x p e rie n c e d  by  

the  n u c le i in  our s a m p le s . T h e  host n u c le i in  a l ig h t ly  doped sam p le  

m a y  be co n s id e re d  to be in  two c a te g o rie s : those in  the body of the
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I
sam p le  in  w h ich  the lo c a l f ie ld  is  c re a te d  by  the n u c le a r  d ip o le - |

d ip o le  in te ra c tio n  and those th a t a re  n e a re r  to an im p u r ity  s ite  

w hose lo c a l f ie ld s  a re  g e n era te d  by the  flu c tu a tin g  e le c tro n  m o m en t 

on the fo re ig n  a to m . In  th is  case, n u c le a r  re la x a t io n  is  u s u a lly

Î
g o vern ed  b y  the d iffu s io n  ra te  o f spin e n erg y  th rough  the  n u c le a r  M

I
spin a s s e m b ly  to the p a ra m a g n e tic  im p u r it ie s  w hich  can ra p id ly  |

g iv e 'u p  e n erg y  to the la t t ic e .  T h e  p ro b le m  then is  to  c a lc u la te  a t 

w hat doping d e n s ity  th e re  is  a s m a ll fra c t io n  of the  c ry s ta l vo lu m e  

in  w h ich  the lo c a l m a g n e tic  f ie ld s  due to an im p u r ity  a re  la r g e r  than #

the  d ip o la r  fie ld s  -  th is  is  the co n d itio n  w h e re  spin d iffu s io n  m ay  be J;

I
expected  to be im p o rta n t.

In  our s am p le s , the lo c a l f ie ld  a t the nucleus due to an im p u r ity  

is  a consequence of the F e r m i  contact in te ra c tio n  w h ich  is  w r it te n

® con = < S ^ >  K ° )  '  ( 5 .1 9 )

W e  take  B as re p re s e n tin g  the lo c a l f ie ld  s ince our lin e w id th  
con

m e a s u re m e n ts  in d ic a te  th a t the n u c le i e x p e rie n c e  lo c a l fie ld s  th a t

a re  g re a te r  than those expected  fo r  n u c le a r  d ipo le  in te ra c t io n .

E s t im a tio n  of the m ag n itu d e  of th is  f ie ld  in vo lves  a know ledge of

J LjJ (o) )  ̂ w h ich  is a v a ila b le  f ro m  the e ffe c tiv e  m ass  th e o ry  of

143
B u ttin g  e r  and Kohn

In  the s im p le s t a p p ro x im a tio n , the w ave fu n ctio n  ^ is  

w r it te n  as the p ro d u ct of a h y d ro g e n ic  envelope fu n c tio n  F ( r )  and a i|

B lo c h  fu n c tio n  ^ (k , _r)

4̂ = F (2 ) (k  ,_r) (5 .2 0 )

w h e re  the F ( r )  s a tis fy  th e  s o -c a lle d  e ffe c tiv e  m ass  eq u atio n .

fl
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Since th e re  a re  N  e q u iva len t m in im a  in  the conduction bands of 

Ge and Si (N  = 4 or 6 re s p e c t iv e ly ) ,  the n o rm a lis e d  ground sta te  

w ave function  is

N
1

4' = N “  ̂ ^  (b ) 4' (k  , r  ) (5 .2 1 )
i=  1

Thus

ij) (o) I  ̂ = N  ' F '(o  ) I ^ I ijj (k ',  o)|  ̂ (5 .2 2 )

to the e ffe c tiv e  mass fo rm ula tion  can b r in g  good a g re e m e n t w ith

e x p e r im e n t b u t ,  fo r  b r e v ity ,  w e ig n o re  th is  d iscu ss io n  h e re  and

f 2
m e r e ly  in s e r t  a fa c to r  10 in  o u r la te r  e x p re s s io n  fo r  j 4* (o) | 

N o w  the envelope fu n c tio n  is  a n is o tro p ic  and w r it te n  by Kohn and 

B u ttin g e r  as

/_ 2 ,
F

H o w e v e r , we n e g lec t the  a n is o tro p y  and w r ite  

1

F '  = —- A  exp I -  I  (5 .2 4 )

-1 -1
w h e re  we have taken  a = b = a__. T h is  should not be too bad anH

39
a p p ro x im a tio n  s in ce  Kohn has p o in ted  out th a t the w ave  fu n ctio n  is  

not fa r  fro m  s p h e r ic a l even w ith  an e ffe c tiv e  m ass  a n is o tro p y  of 20 

such as tlie  case in  G e. Th u s  w e o b ta in

I

v’l

. 2 , Î
In  th is  f i r s t  a p p ro x im a tio n , va lues  of j  ̂ (o) / com puted f ro m  |?

equation  (5 .2 2 )  a re  an o rd e r  of m ag n itu d e  s m a lle r  than  those

d e te rm in e d  b y , fo r  e x a m p le , the  h y p e rfin e  s p littin g  of donor e le c tro n

143 I
spin reso n an ce  l in e s . Kohn and B u ttin g e r  show how c o rre c tio n s

%
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1 + (o) 4  = ^ -^ -4  1 t  ( k ' ,  o)| ^ I ■ ( {5 -2 5 )
-Ü %H ' H)

T o  be s p e c ific , w e take  the case of S i:P  f i r s t .  H e re  N  = 6,

~  15. lO "^^ m  and f ro m  th e  p a p er b y  Kohn and B u ttin g e r ,

 ̂ (k ',  o)  ̂ ~  300 -  50 m ~^ (n o rm a lis e d  in  an a to m ic  v o lu m e ).

T h e  re m a in in g  unknow n q u a n tity  is  our e x p re s s io n  fo r  the  

IS
contact f ie ld  in" < S  > w h ich  we m a y  w r ite

( r^B®'i  j 1 -  exp - L  k T
|4b B

j v
4 k T

(5 .2 6 )

1 + exp -  L Y Î - J

a t a f ie ld  B o f 1 T ,  w e c a lc u la te  B ^^^  as

B ~  0 .1  exp —  t (5 .2 7 )
I i

N ow  the n u c le a r  d ip o le  f ie ld  is  20 jjT  and so, b y  equating  th is

v a lu e  w ith  B -we o b ta in  a v a lu e  fo r  r  and thus a c r i t ic a l  doping 
con

d e n s ity  N _  f ro m  “  tt (2 r )^  N  = 1. F o r  S i;P , we fin d
D  ̂ -"-^spin

N  ^ 5 .  lO ^^cm "^  . Th u s  fo r  doping d e n s itie s  le s s  than  N
^ s  pin spin

w e expect spin d iffu s io n  to  p la y  a s ig n if ic a n t ro le  in  n u c le a r  re la x a t io n .

T h is  v a lu e  of N  is  id e n tic a l to th a t quoted by Sundfors and
k'sp in

H o lco m b  though th e y  supply no d e ta ils  w h a te v e r of th e ir  c a lc u la tio n  

of th a t q u a n tity .

A  s im ila r  co m p u ta tio n  fo r  Ge a t 5 T  y ie ld s

10^^ cm   ̂ fo r  a = 30. 10  ̂ m  
spin  H

N  ~  4 . 1 0 ^^cm   ̂ fo r  a = 20 . 10 ^^m
D Hspin

( 5 . 2 8 )
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T h e  q u an tity  a ^  is  often  taken  in the l i te r a tu r e  to be

30, 10 but we in c lu d e  the  second e s tim a te  of N _  fo r
-Us pin

-10nf ZÜ- K)
H

an of 20 . 10 m  because  the m a g n e tic  f r e e z e -o u t  e x p e rim e n ts

g re a te r  than our e s tim a te s  o f N  . W e m u s t th e re fo re  seek
-"^spin

a lte rn a t iv e  m ethods of e xp lan a tio n  of the f ie ld  dependence of our 

re la x a t io n  t im e  m e a s u re m e n ts .

5. 5 T h e  E ffe c ts  of a N a r r o w  Im p u r ity  Band

W e have  s ta ted  in  c h ap te r 2 th a t the  re la x a t io n  ra te  fo r  n u c le i 

in  a m e ta ll ic  e n v iro n m e n t has th e  p ro p o rt io n a lity

N'^(Ep) N '(E ^ )

w h e re  the  r ig h t  hand side is  the p ro d u ct of the d e n s itie s  of states

2
fo r  up and down spins and is  u s u a lly  a p p ro x im a te d  N  ( E ^ ) .  T h is  

a p p ro x im a tio n  is  v a lid  fo r  those m a te r ia ls  w ith  w id e  d e n s itie s  of 

sta tes  but m a y  not be a p p lic a b le  in  a n a r ro w  im p u r ity  band , w h e re

'1
Î

th a t we d e s c rib e d  in  ch ap ter 4 in d ic a te d  th a t a p p re c ia b le  sh rin kag e  / |

of tlie  w ave fu n ctio n  can o ccu r in  h igh  e x te rn a l f ie ld s .

T h e  o v e ra ll  conclus ion  fro m  th is  s im p le  c a lc u la tio n  is  th a t

spin d iffu s io n  should no t p la y  a d o m in an t p a rt in  the n u c le a r  re la x a t io n

p ro cess  in  our sam p les  s in ce  th e  doping d en s ity  ra n g e  of in te re s t  is

'fl:

1
I

/ I
■M

a
-j-

N  is  not n e c e s s a r ily  the sam e as N  . F u r th e r m o r e  the a p p lic a tio n  |

o f a m a g n e tic  f ie ld  w i l l  r e s u lt  in  th e  p ro d u c t N  N  h av in g  a d if fe re n t  

v a lu e  fro m  th a t in  z e ro  f ie ld .  In  an a tte m p t to q u a n tify  the s itu a tio n , #

■I
w e im a g in e  the  d e n s ity  of s ta tes  to have the p a ra b o lic  fo rm  shown  

in  f ig u re  (5 .7 a ) .

A
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(a)

N(E)

(b)
B>0

(c)

FIG. 5.7
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"F —
N  N

W e ta k e  the bandw idth  B = 2 E i  and re c a ll in g  th a t in  the tig h t
w  2

b in d in g  a p p ro x im a tio n

B = 2 z l  (5 .3 4 )
w

w h e re  I  is  the  o v e r la p  e n e rg y  in te g ra l and z the  c o o rd in a tio n  

n u m b e r w hich  we assu m e is  s ix , then the p ro d u c t N  N  m a y b e

w r it te n

2

+ ------- (5 .3 5 )n ‘̂ n “ = N (0 )^  -
36

N (0 ) = 1 .3 3 . 10^^ J ^atom   ̂ (5 .3 6

T h is  is , in c id e n ta lly , id e n tic a l to  the va lu e  ob ta in ab le  f ro m  the

84
s p e c ific  h eat data  of M a rk o , H a r r is o n  and Q u ir t  fo r  the S i:P  sys tem

18 -  3
fo r  the  sam p le  o f analogous phosphorus doping (3 . 10 c m  ) a t 4 .2 K .

A p p lic a tio n  of a f ie ld  w i l l  sh ift the d en s ities  of s ta tes  fo r  the  

up and down spins as d ep ic ted  in  f ig u re  (5 . 7b). F r o m  the d ia g ra m

B > 0  <  '^ ^ ^ '1 b  = 0 ' (5 -Z 9 )  I
%

and hence we m a y  expect an in c re a s e  in  w ith  the e x te rn a l m a g n etic  

f ie ld .

W e w r i t e ,  w ith  C as a constant 

N (E  ) = N (E  , B = 0) -  C E ^  (5 .3 0 )  /

I
o r  N (E ^ )  = N (0 ) -  C (|4 g B ) (5 .3 1 )  J

N o w
N ( E J  = ^  (5 .3 2 )  i

5
w h e re  the e n erg ie s  Ei_ a re  shown in  f ig u re  (5 .7 c ) .  H ence

o  .  ‘  (5 .3 3 )
2 E

2 i

I

I
N (0 ) m ay  be d e te rm in e d  as b e fo re  f ro m  s p ec ific  h e a t data: w e take

s

0
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I
T h e  o v e r la p  e n erg y  I  m a y  be eva lu a ted  u s in g , fo r  e xa m p le ,

168

4 n e  7 t h
o

aH *  2
m  e

4 0 .10  m  fo r  G e:A s (5 .3 8 )

is  c e r ta in ly  an o v e re s t im a te . W e m ig h t expect th a t a v a lu e  o f a ^  

ta k e n  f ro m  a M o tt - ty p e  e x p re s s io n  fo r  th e  m e ta l-n o n m e ta l tra n s it io n

a = constant (5 .3 9 )

w ou ld  be the m o s t a p p ro p r ia te  but h e re  the constant on the r ig h t  

hand s ide of th e  M o tt  fo rm u la  tu rn s  out to  be a s e n s itiv e  fu n c tio n  

o f the type of s c re e n in g  p o te n tia l assu m ed  in  the  d e r iv a tio n  of the

the  fo rm u la  c ited  by  B e rg g re n

■■ I -  ̂ " K ÿ ) h  (-î„;
1  ) I

-  I 1 + i exp ^ I (5 .3 7 )
1 ) \  /  ( I

)
E ach  im p u r ity  m a y  be thought o f as having  a 's p h e re  of in flu e n c e '

of ra d iu s  R . T h e  im p u r it ie s  a re  a t a d is tan ce  R  ' a p a rt w h e re

~  TT R '^  N  = 1 and then  R = 2R ' . N o w , ow ing to the  expon entia l 4
3 D ■

te r m , the  v a lu e  o f X is  e x tre m e ly  s e n s itiv e  to the q u o tien t (R /a j_ j) 

and w e m u s t th e re fo re  choose a ^  w ith  c a re . I t  t ra n s p ire s  that the '■%

cho ice  o f a ^  is  not a t r i v ia l  p ro b le m . T h e  s im p le  h yd ro g e n ic

i
e x p r ess ion  :h

2

fo rm u la . A n  a lte rn a t iv e  p ro c e d u re  is  to c a lc u la te  a ^  f r o m  the

%
donor io n is a tio n  e n erg ie s  com puted u s in g  the  e ffe c tiv e  m ass  II

Ia p p ro x im a tio n  o r d e te rm in e d  f ro m  o p tic a l e x p e r im e n ts . T h e  

acco m p an yin g  ta b le  (5 . 5) g ives va lu es  fo r  a fo r  G e:A s and S i:P

I
.1
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T A B L E  5 . 5

B o h r R a d ii  fo r  G e:A s and S i:P

1. M o tt
1

2 , B e rg g re n
46

3. K r e ig e r  and  
N ig h tin g a le

49 C H

4 . M a r t in o  et
a l. 45

5. S inha and  
P u r i^ ^

6. A le x a n d e r  
and H o lco m b

0 . 2 
0 .4

0 . 2

0 . 1 

0. 05

0 .2 3

0 .3 0 5

(T h o m a s  - F  e rm i)
(H u lth en )

(a de fined  in  te rm s  
o i the io n is a tio n  
e n erg y )

(4 -v a lle y ,  T h o m a s -  
F  e rm i)

(6 -v a lle y ,  T h o m a s -  
F  e rm i)

(L indliard)

44 G ^ H

Sham )
0 ,2 9 5  ( 6 -v a lle y ,  H u b b a rd -  

Sham )

0 .3 6  (s c re e n e d  C oulom b) 2 .1  
0 .422  (H u lth en )
0 .4 7 7  (e x p e r im e n ta l using 2 .7  

Ur  d e fin ed  in  (10 ))

0. 23 (e x p e r im e n ta l)

2
7. U n c o rre c te d  

e ffe c tiv e  
m ass th e o ry

8 . U n c o rre c te d  
e ffe c tiv e  
m ass th e o ry

H
39

em a
2 k  ( 4 tî e )E  

o o

us in g  E ^ ,e x p t39
E

9 . C o rre c te d  
e ffe c tiv e H

= a

m ass  th e o ry

10. S in h a -P u r i  
d e fin itio n  of 
a n  48

39
c o r r

E
a

H 2x (4 tit £ )

N otes

G e:A s S i:P

2 .9 6
5 .9

1 .4
2 .8

3 .5 1 .3 5

1 .5 —

- 5 .5

3 .4 1 .6

4 .2 -

2 .1

2 .1  
2 . 5 
2 .7

0 .7 5
0 .9
1 .0

3 .4 1 .4 5

4 .9 2 .1

3 .2 1 .3

3 .9 1 .6 5

2 .2 0 .9 6

1) T h e  type of s c re e n in g  assu m ed  is  g iven  in  p a ren th es e s

2) T h e  a ss u m p tio n  is  m ad e  th a t
N p  (G e:A s) = 3. lO ^'^cm "^  

K (G e) = 16
3) N  is  th e  n u m b e r o f v a lle y s
4) E  d e fin ed  in  f ig u re  (5 . 8)

Ô

N  (S i:P ) = 3 . lO^^cm""^ 
(S i) = 12

J
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ob ta ined  us ing  the re s u lts  of s e v e ra l w o rk e rs ; the  w id e  v a r ia t io n

c o rre c tio n  was b r ie f ly  a llu d e d  to in  the  p reced in g  s ec tio n  in  our

be tw een  th e o ry  and e x p e r im e n t w as o b ta ined  fo r  Ge o v e r S i. T h e

112
ESR data o f W ils o n  , h o w e v e r, showed th a t the  w ave function

in  Ur  is  e v id e n t. -t

W e fe e l th a t th e  m o s t s a t is fa c to ry  m ethod  of c a lc u la tin g  a .'S
H  I

is  f ro m  the io n is a tio n  e n erg y  in  keep ing  w ith  the  m o s t re c e n t  

d e r iv a tio n  of the M o tt fo rm u la  by Sinha and Puri"^^, T h e s e  w o rk e rs  

h ave  a tte m p te d  to take  in to  c o n s id e ra tio n  the  d e v ia tio n  betw een  the 

e ffe c tiv e  m ass  t h e o r /  and e x p e rim e n t in  th e ir  d e fin itio n  of Ur . F o r  |

in s tan ce , i t  is  known th a t the im p u r ity  w ave fu n ctio n  has a pronounced M

bunching a t the im p u r ity  s ite  w h ich  lead s  to the in c lu s io n  of a so - 

c a lle d  c e n t r a l -c e l l  c o r re c tio n  in  the  e ffe c tiv e  m ass  th e o ry . T h is

!39 Wc a lc u la tio n  of the w ave fu n ctio n  p ro b a b ility  d e n s ity . Kohn has I

1po in ted  out th a t the la r g e r  B o h r o rb its  p re s e n t in  doped g e rm a n iu m  Ig

should le a d  to  a le s s  in tru s iv e  e ffe c t o f the c e n tra l c e ll than  in  

doped s ilic o n  and, a t th e  t im e  o f K o h n ' s re v ie w , b e tte r  a g re e m e n t

p ile -u p  was an o rd e r  o f m ag n itu d e  g re a te r  a t im p u r it ie s  in  Ge

than  in  S i so th a t it  w ou ld  be expected  th a t the c e n tra l c e ll  c o rre c tio n

169 ^
w ou ld  be as im p o rta n t in  Ge as in  S i, L a te r  o p tic a l d e te rm in a tio n s  f

o f ground s ta te  e n e rg ie s  have shown th a t the v a lu e s  b y  e a r l ie r  

e x p e r im e n te rs  and quoted by Kohn to be sufficiently in  e r r o r  th a t we 

m u s t accep t th a t the c e n tra l c e ll c o r re c tio n  is  as im p o rta n t in  Ge

Ias fo r  S i. . I

In  the e ffe c tiv e  m ass  a p p ro x im a tio n  an N -v a l le y  sem ico n d u c to r  

has an N - fo ld  d eg en era te  ground s ta te  a t -E ^  ( f ig u re  5 .8 ) ) ,  The

-----
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I
(excited s ta tes)

effective mass theory correction to effective mass
theo ry

•o

FIG. 5.8

A
A-A
_ J ___ ■1S(3)

■e.g. ~ E q

1S(1] -Eg

Energy level scheme for a group Y  

impurity in germanium.

For arsenic,
I Q

-Eo= 9-2 meV. (Kohn )
169-Eg=14-2 meV. (Reuszer and Fisher 

- Ec=10 meV. and Faulkener. '̂^®)

1
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c ry s ta l f ie ld  s p lits  the ground s ta te  in to  a s in g le t Is  le v e l and a 

t r ip ly  d eg en era te  Is  le v e l and a lso  sh ifts  the c e n tre  o f g ra v ity  ( e .g . )  

of d ie  o r ig in a l le v e l.  T h e  c o rre c tio n s , la b e lle d  in  the  accepted  

n o ta tio n , a re  shown in  f ig u re  (5 .8 )  w hich  a lso  defines  the  en erg ies

E  and E  a p p ea rin g  in  the S in h a -P u r i  d e fin itio n  of the h yd ro g en  ;•
e g  .'K

ra d iu s . In  p ra c t ic e , th e  d e p re s s io n  of th e  ground s ta te  e n erg y  in  the  

c o rre c te d , as opposed to the un c o rre c te d , e ffe c tiv e  m ass  a p p ro x im a tio n  

is  g re a te s t in  g e rm a n iu m  w hen doped w ith  a rs e n ic .

W e now  w ish  to co n s id e r the  e ffe c t of a m a g n e tic  f ie ld . O u r  

d e s c r ip tio n  of m a g n e tic  f re e z e -o u t  in  ch ap ter 4 lead s  im m e d ia te ly

170
to the id ea  of w ave fu n c tio n  s h rin ka g e  in  a m a g n etic  f ie ld .  C za v in s k y

6 8
and M i l l e r  and A b ra h a m s  c o n s id e re d  the e ffe c t of a m a g n e tic  f ie ld

on a l ig h t ly  doped sem ic o n d u c to r and found th a t the d e c re a s e  in  a^.

155 ' %
w as o n ly  a few  p e r  cen t. S ad as iv  , in  h is  m a g n é to ré s is ta n c e  è

i
m e a s u re m e n ts  in  G e:A s found th a t the M i l l e r  e x p re s s io n  s e r io u s ly

u n d e re s tim a te d  the e ffe c t of the f ie ld  on a^. . T h is  is p erh ap s  not

s u rp r is in g  s ince the M i l l e r  fo rm u la  ap p lies  in  the  d ilu te  donor

case w h ils t S a d a s iv 's  sam p les  had  re a s o n a b ly  h igh  doping le v e ls .

A c c e p tin g  th a t w ave  fu n ctio n  sh rin kag e  o ccu rs  in  a m a g n e tic

f ie ld  i t  m ig h t be im a g in e d  th a t the c e n tra l c e ll c o r re c t io n  w i l l

th e re b y  n e c e s s a r ily  in c re a s e . H o w e v e r the b in d in g  e n e rg y  c a lc u la te d

in  the e ffe c tiv e  m ass  a p p ro x im a tio n  a lso  in c re a s e s  w ith  f ie ld  so th a t

i t  is  not obvious how  th e  c e n tra l c e ll c o rre c tio n  v a r ie s  w ith  f ie ld ,

i f  at a l l .  E x p e r im e n ta lly , i t  ap p ears  th a t the  c e n tra l c e ll c o rre c tio n

171
in c re a s e s  as a fu n c tio n  of f ie ld : L a rs e n  finds the  fu n c tio n a l 

3 A2dependence as B . T h e  q u a n titie s  A and A  a re  a lso  l ik e ly



164.

to be f ie ld  dependent. T h e  e ffe c t o f an in c re a s e  of A w ith  f ie ld

of the re la x a t io n  t im e s  in  a f ie ld  o f 5 T  to th a t in  lo w  f ie ld ,

is  to lo w e r a ll  the ground state  e n erg ie s  and an in c re a s e  in  A

172
in c re a s e s  the s e p a ra tio n  o f the Is  s ta tes  . T h e s e  e ffec ts  a re

l ik e ly  to be o f im p o rta n c e  in  h igh  f ie ld s  fo r  A s donors in  Ge w h ere  |
'k

the  A , A c o rre c tio n s  a re  la r g e , A  co m p reh e n s ive  re v ie w  of
I

e le c tro n ic  im p u r ity  le v e ls  in  sem ico n d u cto rs  conta in ing  d iscu ss io n  §

17 3 . %
o f som e of these e ffec ts  is  th a t o f B a s s a n i, la d o n is i and P r e z io s i  . 3

T h e  o v e ra ll  co nclus ion  is  th a t the  im p u r ity  w ave fu n c tio n  

v a ry in g  as exp ( -  r /a R .)  has a g re a te r  decay constant (a^. J

in  a la rg e  m ag n etic  f ie ld  than  in  the  f ie ld - f r e e  case . T h e  o v e rla p  

e n e rg y  is , in  consequence, re d u ce d  w h ich  im p lie s  th a t the im p u r ity  

band m a y  be qu ite  n a r ro w . W e have  c a lc u la te d  I ,  B ^  and the ra t io  ./s

I
-10 Ï!

T  ^ (B ) /T  ^(0) ta k in g  the  v a lu e  o f a^. to be 20 . 10 m . T h e

e x p e r im e n ta l va lu es  of T   ̂enhan cem en t in  h igh  f ie ld , T ^ (B ) /T ^ (0 )  yg

a r e  taken  fro m  sm ooth cu rves  th ro u g h  the  data po in ts  ra th e r  than us ing  

in d iv id u a l data v a lu e s . T h e  re s u lts  a re  shown in  ta b le  (5 . 6). I t  is

c le a r  th a t e x p e r im e n t shows T ^ (B ) /T ^ (0 )  to be g re a te r  than  u n ity

in  the tra n s it io n  re g io n  w h ils t  our s im p le  c a lc u la tio n  g ives  

Tj^(B) ^  T  ^(0) in  th is  re g io n  o f im p u r ity  c o n c e n tra tio n . H o w e v e r, 

the  g e n e ra tio n  of re la x a t io n  t im e  enhancem ents of the  r ig h t  o rd e r  

of m ag n itu d e  fo r  sam ples  c lose to N  is  en co u rag in g  g iven  the  

s im p lic ity  of the m o d e l and our ig n o ra n ce  of the  tru e  shape of the  

im p u r ity  band. O u r ap p ro ach  a ls o  im p lie s  th a t a t a p a r t ic u la r  f ie ld ,  

one spin sub-band  w ou ld  be c o m p le te ly  fu ll  and the o th e r to ta lly  

e m p ty . A t th is  stage, the s u s c e p tib ility  w ould s a tu ra te  and show

•J
àXi
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T A B L E  5. 6

B andw id th  s and F ie ld -D e p e n d e n t R e la x a tio n  T im e s  fo r  G e:A s

S am p le 3.1-17 3.5-17 44-17 5-17 5.3-17 5.9-17 9-17 1.75-19

m
I  (M e V ) 0.061 0.094 0. 15 0 . 22 0 .2 3 0 .3  0 .8 1 2 .4

I ( K ) 0. 7 1. 1 1 .8 2 . 5 2. 7 3 .5  9 m

^ w ( ^ )
8 .4 13.2 21. 5 30 32. 5 42 108 1728

T,(B)AT^(o)^^ 2. 6 1 .4 1. 1 1. 1 1. 1 1 .0  1 .0 1 .0

T^(B)AT^(o)^^ 2 1 .8 1. 7 1. 5 1 .4 1 .3  1 .0 1 .0

I 
I

:
I
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no fu r th e r  in c re a s e  w ith  f ie ld  bu t even fo r  our n a rro w e s t band the  

f ie ld  re q u ire d  fo r  such b e h av io u r is  ra th e r  la rg e r  than n o rm a lly  

a tta in a b le  la b o ra to ry  f ie ld s  ( ~  1 4 T ) .  W e note a ls o  th a t an  

exchange m e c h a n is m  e x is tin g  b e tw een  up and down spins w ou ld  

augm ent the band s h iftin g  in  a m a g n e tic  f ie ld  and p o ss ib ly  produce  

b e tte r  a g re e m e n t w ith  e x p e rim e n t but our m o d el is  too crude to 

w a rra n t  c o n s id e ra tio n  of th is  in  any q u a n tita tiv e  fo rm .

T h e  concept o f a n a r ro w  im p u r ity  band has been advocated  by 

J e ro m e  et a l.  fo r  the  case of S i:P . F r o m  the e le m e n ta ry  

p ro p e rt ie s  of F e r m i  in te g ra ls  th e y  w r ite  the te m p e ra tu re  dependence  

o f the e le c tro n  spin s u s c e p tib ility  as

2n -  2 ^  \
X g ( T )  = X g (o ) ' N {E _ ) (5 .4 0

F r o m  th e ir  lo w  te m p e ra tu re  s u s c e p tib ility  m e a s u re m e n ts  th ey  ob ta in  

a bandw idth  fo r  a S i:P . s am p le  doped w ith  2, 5. 10^^ c a r r ie r s  cm  ̂ of 

^  19 K , w h ich  is  c o m p a ra b le  to our bandw idth  fo r  sam p le  3. 1 - 17 of 

9 K .

73
A lle n  and A d k in s  , in  th e ir  study of hopping conduction in

com p en sated  Ge:Sb, quote an e s tim a te  of the bandw idth  a t

17 — 34 .7 .  10 c a r r ie r s  cm  of 60 K . S ince the m e ta l-n o n m e ta l

t ra n s it io n  occurs  a t a lo w e r  im p u r ity  d e n s ity  in  Ge:Sb than  G e:A s ,

i t  is re a s o n a b le  th a t the  bandw id th  fo r  A s  donors is  le s s  than th a t

fo r  Sb donors in  g e rm a n iu m  at the sam e doping le v e ls . T h e s e

n u m e r ic a l c o m p aris o n s  a re  im p o rta n t s ince  va lu es  of and I

g re a te r  than we g ive in  ta b le  (5 . 5) le a d  to the fa c t th a t tlie  f ie ld

w i l l  have a n e g lig ib le  e ffe c t on T^ and our proposed  m o d e l w ould

:

f a l l  to the  ground.
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In te re s t in g ly , equation (5 .4 0 )  im p lie s  th a t the s u s c e p tib ility  _ .

can be red u ced  in  a n a r ro w  band s itu a tio n  o r , m o re  p re c is e ly , i f  

th e re  is  s trong  n eg ative  c u rv a tu re  at the F e r m i  le v e l such th a t the 3

second te r m  in  equation  (5 .4 0 )  takes  a la rg e  n e g a tive  v a lu e . It  -S

i
fo llo w s  th a t the K n ig h t sh ift w i l l  be c o rre s p o n d in g ly  re d u ce d  and %

2 . J
a lso  th a t a h y b r id  K o r r in g a  p ro d u c t K  T ^ T  , w h e re  K  is  taken  H

a t h igh  f ie ld  and T  a t lo w  f ie ld , w i l l  fa l l  b e lo w  the n o rm a l |i

K o r r in g a  va lu e  w ith  the d is c re p a n c y  in c re a s in g  as approaches

N  fro m  the m e ta ll ic  s id e . T h is  is  p re c is e ly  the b e h av io u r
C . u

2
re p re s e n te d  b y  the p lo t o f K  T  ^ (2 )T  a g a in s t N  in  f ig u re  (5 .4 )

although w ith in  our ra th e r  w ide  e x p e r im e n ta l l im it s ,  th e re  does not

the d e n s itie s  o f s tates fo r  up and down spins a re  u n lik e  and v e ry  

d if fe re n t  fro m  th e ir  fo r m  in  the f ie ld - f r e e  case . T h e  bands a re  then  

not n e c e s s a r ily  n a r ro w ; the a p p lic a tio n  of a f ie ld  d e fo rm s  the bands

a p p e a r to be any d e v ia tio n  of K  f ro m  b e h av io u r shown in

f ig u re  (5 . 3 ).

T h e o re t ic a l c a lc u la tio n s  o f the d en s ity  of s ta tes  in  S i:P  have

re c e n tly  been m ade by A o k i and K a m im u ra  , us ing  the H u b b a rd

174 175 . . .  #m o d e l, w ith o u t and w ith  the added c o m p lic a tio n  of d is o rd e r . A#

1In  th e ir  f i r s t  p a p e r, th e y  show th a t fo r  unequal n u m b e rs  of up and g-

down sp ins, c o rres p o n d in g  to  the  a p p lic a tio n  of a m a g n e tic  f ie ld  

to a s em ic o n d u c to r, th e re  is  an exchange s p litt in g  of the sp in -u p  

and sp in -d o w n  bands. In  the H a r t r e e - F o c k  a p p ro x im a tio n , the  

sub-bands a re  r ig id  and u n dergo  a r ig id  s p litt in g  in  the m a g n e tic  

f ie ld ,  bu t in  the H u b b a rd  m o d e l the bands s p lit  and a lso  d is to r t  

u n d e r the actio n  of the f ie ld . T h e  in c lu s io n  of d is o rd e r  shows th at

$
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such th a t the peaks of the d e n s ity  of s ta tes  a re  sh ifted  aw ay  fro m

+ -, I
the  z e ro  f ie ld  po s itio n  a t E ^ .  T h e  p ro d u ct N N  g  q can then u

-j- - 1 s
be m uch less  than N  N | in d ic a tin g  th a t T  m a y b e  expected  A

B = 0  . U
to in c re a s e  w ith  f ie ld .

B y  u t i l is in g  the H u b b a rd  m o d e l, A o k i and K a m im u ra  a re

assu m in g  th a t the H u b b a rd  U ,  i . e .  c o r re la t io n , is  p lay in g  a p ro m in e n t

p a r t  in  the d ynam ics  of the e le c tro n s . T h is  is in  a c c o rd  w ith  the AI

2
conclusions re a c h e d  b y  fo r  e xa m p le , S asak i et a l.  , f ro m  the N M R  

data w h ich  shows c o r re la t io n  to be the p rep o ten t e ffe c t in  S i:P . A s

Iwe have s ta ted  e a r l ie r  in  th is  c h a p te r, the sam e e le c tro n -e le c tro n

in te ra c tio n  is  not re g is te re d  in  our data fo r  G e:A s . W e m u st

th e re fo re  take  our im p u r ity  band to be not o f the u p p er H u b b ard  type .

44A le x a n d e r  and H o lco m b  l is t  a v a r ie ty  of e x p e r im e n ta l re s u lts

w h ich  support the id ea  th a t the  im p u r ity  band is  s e p a ra te  f ro m  the

conduction band in  our c o n ce n tra tio n  re g io n . A  v e r y  c le a r  in d ic a to r

o f th is  is  p ro v id e d  b y  a p lo t o f the H a ll  c o e ffic ie n t v e rs u s  in v e rs e  li

te m p e ra tu re . A t  a c e r ta in  te m p e ra tu re , conduction is  both b y  h igh

m o b ility  e le c tro n s  th e r m a lly  e x c ite d  in to  the conduction band and by

lo w e r  m o b ility  e le c tro n s  m o vin g  w ith in  the im p u r ity  band. T h e

c r i t ic a l  te m p e ra tu re  is  ev id en ced  b y  a hum p in  the H a l l  c o e ffic ie n t

43
and has been w id e ly  seen. T h e  H a ll  e ffe c t data of L e  H i r  in  G e:A s  

sam p les  w hich  w e b e lie v e  a re  c lo s e ly  a k in  to our spec im en s  

(c f . A p p en d ix  2) show no c h a ra c te r is t ic  m a x im a  in  the H a l l  c o e ffic ie n t.

S ince L e  H i r 's  and our sam ples  w e re  uncom pensated , the shape of the  

H a ll  c u rve  is  taken  to be com posed of c  ̂ conduction a t h igh  

te m p e ra tu re  w ith  a g ra d u a l change to c conduction as the te m p e ra tu re

> J
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82
u n d e rta ke n  by Q u ir t  and M a rk o  . A  n a r ro w  band ap p ro ach  p re d ic ts  

the  slope of th e  X ^  ̂ v e rs u s  T  c u rv e  to be an in c re a s in g  function  

of te m p e ra tu re  a t lo w  te m p e ra tu re s . T h is  is  opposite  to  the o b served  

dependence w h ich  shows the slope of X g  ̂ v e rs u s  T  to be a
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d e c re a s e s . The  m e ta l-n o n m e ta l tra n s it io n  s t i l l ,  of c o u rs e , occurs  

w h o lly  in  an im p u r ity  band s e p a ra te  f ro m  the conduction band.

T h e  c a lc u la tio n  of U in  the sam e a p p ro x im a tio n  as we have  

used  fo r the d e te rm in a tio n  of I  and p ro v id es  an in te re s tin g

re s u lt .  j,
.  2 _ I

U = % -j  --------- 10 B fo r  a = 20. 10 m  (5 .4 1 )  M
8 4 TT c % a^, w  H

o H  - ' A
'  I

Such a la rg e  v a lu e  of U is  u n ten ab le  and in d ic a te s  th a t som e |

s c re e n in g  m u s t be ta k in g  p lace  so th a t Ü , M o tt^  has

po in ted  out th a t an e le c tro n  in  a n a r ro w  band can lo w e r its  en erg y  b y  ig

d is to r tin g  its  su rro u n d in g s  and o th e r w o rk e rs  have  developed  the  

concept of an e le c tro n ic  p o la ro n . W e m a y  then im a g in e  i t  to be

I
re d u ce d  to a v a lu e  U B . vAs c r w

A  fin a l p ie ce  of e x p e r im e n ta l ev idence  th a t we w ish  to  v ie w  is  |

I

d e c re a s in g  function  of te m p e ra tu re .

■I
T o  s u m m a ris e  th is  sec tio n  we m a y  say th a t o u r s im p lis t ic  A-

m o d e l of a n a rro w  im p u r ity  band can y ie ld  in c re a s e  of T^ w ith  

m a g n e tic  f ie ld .  On the d e b it s id e, rough a g re e m e n t of the T   ̂ data -

is  on ly  ach ieved  by assu m in g  r a th e r  s m a lle r  band w id ths  than we w ould  

n o r m a lly  en v isag e . I t  is  h o w e ve r tru e  th a t assu m in g  the. band is  

s itu a ted  14 m e V  b e low  the conduction band edge, w h ich  co rresp o n d s

'A
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o u r band w i l l  o v e r la p  the conduction band fo r  ju s t g re a te r  than

18 “ 3~  10 cm  . T h is  is in  a g re e m e n t w ith  the v a lu e  deduced by

■3
to the ground s ta te  e n erg y  of an A s donor at in f in ite  d ilu tio n , then  i|

I

A le x a n d e r  and Holcom b^'^ o f 2 , 1 0 As  cm  ^ . T h e  w o rk  of ç

A o k i and K a m i m u r a s h o w s  th a t the d is to rtio n  of the bands in  

a m a g n etic  f ie ld  m a y  be m o re  im p o rta n t than the r ig id  band sh iftin g  

th a t we have assu m ed . F in a l ly ,  w e have  noted th a t th e re  is  som e  

e x p e r im e n ta l data w h ich  a rg u es  ag a in s t the ex is ten ce  of a n a rro w  

im p u r ity  band in  S i:P . T h is  m a y  o r m a y  not be o f im p o r t  to  the  

case of g e rm a n iu m  since we h ave  seen th a t the tw o sem ico n d u cto rs  

can behave d if fe re n t ly  under the sam e e x p e r im e n ta l co n d itio n s.

In  the fo llo w in g  sec tio n s .w e  a tte m p t to d e s c rib e  our data in  

te rm s  of som e o f the  m o d e rn  id eas  on the m e ta l-n o n m e ta l tra n s it io n  :£

th a t have been  advanced , n o ta b ly  in  the book by  M o t t \  D e ta ile d

'1th e o r ie s  a re  a t p re s e n t u n a v a ila b le  as a re  e x p e rim e n ts  to c o n firm  3

I

I
such th in k in g . O u r d e s c rip tio n s  then  a re  n e c e s s a r ily  q u a lita t iv e  

and a lso  te n ta tiv e .

j
■I

Î
5 .6  Kondo C e n tre s , L o c a l M o m e n ts  and A n t ife r ro m a g n e tic  M e ta ls  ■]

■fill

O u r synopsis of the phenom enon of n eg ative  m a gnetore  sis tance  

in  e x tr in s ic  s em ico n d u c to rs  (c h a p te r 4) in tro d u c e d  the T o y a za w a
1

th e o ry  of the ex is ten ce  of lo c a lis e d  m o m en ts  in  such m a te r ia ls .  T h e  1

s p a tia l ran d o m n ess  of the dopant w as assum ed  to be a s u ffic ie n t .J

co n d itio n  fo r  such is o la te d  m o m e n ts  to  be ex tan t. M o tt  has a rg u ed  

th a t f re e  m o m en ts  cannot e x is t in  a m e ta l but th a t T o y a z a w a 's  id eas  -i

a r e  ten ab le  i f  the f r e e  m o m en ts  a re  re p la c e d  by  n e a r ly - f r e e  m o m e n ts ,
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i .  e. those w ith  a lo w  Kondo te m p e ra tu re  T^. . T h e  Kondo e ffec t

is  w e ll known to be m a n ife s te d  as a m in im u m  in  the r e s is t iv i t y -

1 7 7 ,1 7 8
te m p e ra tu re  p lots of d ilu te  a llo y s  when the solute is m a g n etic  

T h e  e x tra p o la tio n  of Kondo b e h av io u r to doped sem ico n d u c to rs  is  

q u a lita t iv e ly  fe a s ib le  but d if f ic u lt  to q u a n tify .

T h e  w o rk  of F r ie d e l  showed th a t tra n s it io n  m e ta l a tom s  

em bedded in  a m e ta ll ic  host can le a d  to the fo rm a tio n  o f a v ir tu a l

bound s ta te  o r reso n an ce  of w id th  A . T w o  e le c tro n s  m a y  occupy

th is  s ta te  so th a t it  fo llo w s  th a t the c r ite r io n  fo r  the o c c u rre n c e  of 

s in g ly  occup ied  c e n tre s  o r m o m en ts  is  ju s t

- Ü -  >  1 (5 .4 2 )
A

T h e  m o m ents  m a y  in te r a c t  w ith  each o th e r v ia  an exchange o r R K K Y  

m e c h a n is m  w h e re  the  la t te r  m a y  be dam ped i f  n o n -m a g n e tic  as w e ll  

as m a g n e tic  im p u r it ie s  a re  p re s e n t. I f  the m o m e n t-m o m e n t  

in te ra c tio n  is n e g lig ib le  th is  does not m ean  th a t the m o m en ts  a re  

fre e :  the m o m en ts  in te ra c t  w ith  conduction e le c tro n s  and can then

spin f l ip  a t the Kondo fre q u e n c y  ^  k * ^ ^  m a y  com pute T^.

and CO ^  f ro m  the fo rm u la

h  w A
" n r -  = T  t |

w h e re  J is  the  conduction e le c tro n -m o m e n t exchange e n e rg y . T h e  

v a lu e  of A is  e s tim a te d  fo r  the  G e:A s sys tem  b y  s ca lin g  the va lu e  

a p p ro p r ia te  to d ilu te  m e ta l a llo y s  ( 0, 5 eV) w ith  re s p e c t to the

e le c tro n  bandw idths fo r  the  doped s em ico n d u c to r and m e ta l sys tem s: 

w e take  A ~  0 .5  m e V . T h e  exchange constant, a v a ila b le  fro m
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179m a g n e to re s is ta n c e  data is  ~  1—>2 m e V . Thus T^, ~  4 K

c  m i l  - 1  and (O r <^^5 ,1 0  sec

due to  the  ran d o m n ess  of a doped s e m ic o n d u c to r. F o r  e xa m p le , the 

w o rk  of S a in t-P a u l e t a l.  shows th a t T^. is  re d u ce d  i f  im p u r ity

of T r  va lu es  e x is ts  to e xp la in  the n e g a tiv e  m a g n e to r e s is ta n ce

I

In  v ie w  of the a p p ro x im a tio n s  in v o lv e d  th is  va lue  of T^. should

be taken  on ly  as in d ic a tiv e  of its  p ro b a b le  o rd e r  of m a g n itu d e . A t

lo w  te m p e ra tu re s  w e expect a la rg e  n e g a tive  m a g n e to r es is tan ce  to

179
be o b s erv e d  and th is  is  b o rn e  out b y  S a s a k i's  e x p e rim e n ts  . T h e

n e g a tive  m a g n e to r e s is ta n ce  s a tu ra te s  at absolute  z e ro  a t a f ie ld

B  ̂ g iven  by  sat ^ ^

Mb ® sat =

A t  f in ite  te m p e ra tu re s , B i s  re d u ce d , be ing  ro u g h ly  p ro p o rtio n a l

_ I 'Ï
to T  . T h u s , a t h e liu m  te m p e ra tu re  w e expect the n e g a tive  ' "

com ponent of the r e s is t iv i t y  to  s a tu ra te  a t 1. 5 T .  T h is  is  in  

s u rp r is in g ly  good a g re e m e n t w ith  e x p e rim e n t (1 . 7 T )  and m ust be in  

p a r t  fo r tu ito u s . W e h ave  ta c it ly  assu m ed  th a t a s in g le  va lu e  of T^. 

e x is ts  fo r  our sys tem  but, in  r e a l i ty ,  a ran g e  of va lu es  m u st ex is t

I

1ato m s a re  c lu s te re d  r a th e r  than is o la te d . E v id en ce  fo r  im p u r ity

c lu s te r in g  in  doped Ge is  o b ta in ab le  f ro m  the  ESR lin e  shapes re p o rte d  J

181, 182 1 fh & t
by G ersh en zo n  et a l.  ' . M o tt  assum es^a u n ifo rm  d is tr ib u tio n

I

I
l in e a r  in  f ie ld . U

A s  re g a rd s  n u c le a r  re la x a t io n , we m a y  expect th a t the spin  

flu c tu a tio n s  o f the  Kondo c en tres  p ro v id e  a re la x a t io n  m e c h a n is m  in  

a d d itio n  to th a t due to conduction e le c tro n s . E v id e n c e  fo r  tliis  m ay
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I

be seen in , fo r  e xa m p le , the w o rk  of A llo u l and B e r n ie r  ’ .

T h e y  show th a t the  a d d itio n  o f as l i t t le  as 100 ppm  of M n  to Cu g ives :%

an a llo y  w hose re la x a t io n  t im e  is  ro u g h ly  h a lf  th a t of the p u re  noble X'

m e ta l h o s t. The  re la x a t io n  of the d ilu te  a llo y  at T  >  T ^  is

p ro p o rtio n a l to B /T  and the c o n ce n tra tio n  of im p u r it ie s  and is shown 

to be the re s u lt  of the  coup ling  of the n u c le i w ith  the tra n s v e rs e

Î

flu c tu a tio n s  o f the im p u r ity  m o m en ts  th ro u g h  the R K K Y  in te ra c tio n .

O th e r re la x a t io n  p ro cesses  due to the p resen ce  of m o m en ts  a re  ,55

p o ss ib le  but the  m e c h a n is m  c ite d  p re d o m in a te s  in  C u :M n  when account ' -f'

is  taken  of the m e ch an ics  of d iffu s io n  of the n u c le a r spin en erg y . ^

1
Good a g re e m e n t of the o b s erv e d  f ie ld  and te m p e ra tu re  dependences -.?#

of T  a re  obta ined  by app ly ing  the spin  d iffu s io n  th e o ry  th a t is %

n o r m a lly  used  fo r  d ia m a g n e tic  m a te r ia ls  doped w ith  p a ra m a g n e tic  f

c en tres  to w hich  we b r ie f ly  r e f e r r e d  in  ch ap ter 2 , M o re o v e r ,  th e  >.*;/

n u c le a r  m a g n e tis a tio n  re c o v e r ie s  show s h o r t - t im e  n o n -e x p o n e n tia lit ie s  

w hich  b ecom e m o re  pronounced as the M n  c o n ce n tra tio n  in c re a s e s .

A t ~  1500 ppm  M n , the n u c le a r  re c o v e ry  is  not exp o n en tia l even

at long tim e s  fo llo w in g  the s a tu ra tin g  p u ls e . T h e se  c h a ra c te r is t ic s
I

of the n u c le a r  m a g n e tis a tio n  a re  h a llm a rk s  of v a r io u s  spin  d iffu s io n  

re g im e s . W e do not b e lie v e  spin d iffu s io n  to be o f im p o rta n c e  in  i7;

G e:A s so th a t the o th e r re la x a t io n  m e ch a n is m s  due to  m o m en ts  w h ich  ,55

a re  d e s c rib e d  in  d e ta il in  the p u b lica tio n s  b y  A llo u l and B e r n ie r  |
ÿt:

m a y  be p ro m in e n t. T h e se  re la x a t io n  ra te s  a re  p ro p o rtio n a l to ;4

te m p e ra tu re  and to a fu n c tio n  of the im p u r ity  flu c tu a tio n  t im e  and 4

can thus be expected  to d e c re a s e  w ith  in c re a s in g  m a g n e tic  f ie ld . 1V

;
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Thus our h igh  f ie ld  re s u lts  a re  e x p lic a b le  on the  b a s is  that 

spin f l ip  of Kondo m o m en ts  is  a lm o s t to ta lly  in h ib ite d  ( jd^B k T ^ )  

and n u c le a r  re la x a t io n  and th e  K n ig h t sh ift a re  a consequence of the 

contact in te ra c tio n  b e tw een  the .n u c le i and conduction e le c tro n s  and 

a re  d e s c rib a b le  by  e xp re s s io n s  of the f r e e -e le c t r o n  typ e  The  

dependence o f T   ̂ (T ^  oc " fo r  3. 1. 10 < <  5 .9 .  10 cm  )

is  not th a t of a d e g en era te  f re e  e le c tro n  gas, but as we have  seen, the  

m a g n e tic  f ie ld  m a y  have  im p o rta n t e ffec ts  on the d ynam ics  of the  

e le c tro n  s y s te m . A t  lo w  f ie ld  va lu es  the to ta l re la x a t io n  ra te  is  

the sum  of conduction e le c tro n  and Kondo m o m en t c o n tr ib u tio n s . The  

f r  ee -  e le c tr o n - l ik e  dependence o f T   ̂ on m u st then be taken  as

fo r tu ito u s . (In  fa c t «=< w ith  n c lo s e r to 0. 6 than the  f r e e -

e le c tro n  v a lu e  of 2 /3  but the e r r o r  b a rs  do not a llo w  us to  d e te rm in e  

n to b e tte r  than -  0 .1 . )

I f  re la x a t io n  by  m o m ents  is  o f s u b s tan tia l im p o rta n c e  a t lo w  

f ie ld ,  then , the T^ data  w ould  not be expected  to e x h ib it any sharp  

changes at the m e ta l-n o n m e ta l t ra n s it io n . A t h igh  f ie ld ,  w h e re  

re la x a t io n  by the conduction e le c tro n  sys tem  is  d o m in an t, a sudden  

change in  re la x a t io n  a t is  fo re c a s t s ince  w e know  f r o m  the

K n ig h t s h ift data th a t th e re  is  an u n eq u ivo ca l a lte ra t io n  in  the  

b e h a v io u r o f the e le c tro n  s ys te m  a t . T h e s e  p re d ic tio n s  a re  in  

a g re e m e n t w ith  the o b served  data . T h e  ex is ten ce  o f m o m en ts  should  

a ls o  le a d  to b ro ad en in g  o f the N M R  lin e s  at the lo w e r  doping d en s ities  

w h e re  the lin e  w idth  should be d ip o la r  in  o r ig in . A t h ig h e r d e n s itie s , 

the d is tr ib u tio n  of K n ig h t sh ifts  is  an a lte rn a t iv e  c o n tr ib u to r  to  the  

reso n an ce  lin e w id th . O u r m e a s u re d  lin e  w idths a r e  b ro a d e r  than
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the d ip o la r  lin e w id th  and in c re a s e  w ith  f ie ld . T h is  is  in  c o n tra s t  

to S i:P  w h e re  the Si^^ lin e  w id ths  a re  c le a r ly  of n u c le a r  d ip o la r  type  

at the lo w e r  im p u r ity  c o n c e n tra tio n s . W e m a y  b r ie f ly  d ig re s s  h e re  

to co n sid er th e  lin e w id th  data in  m o re  d e ta il .

S ince Ge has a spin >  the p o s s ib ility  e x is ts  fo r  a p o ss ib le  

c o n tr ib u tio n  o f A B  of q u a d ru p o la r o r ig in . T h is  w o u ld  not be o p e ra tiv e  

in  the case of S i:P  w h e re  both n u c le i a re  of spin ^ • N ow  w e have noted  

in  ch ap ter 2 th a t the q u adrupo le  in te ra c tio n  van ishes i f  an a to m  is  

s itu a ted  in  a s ite  of cubic s y m m e try . In  a d o p e d ,p erfec t c ry s ta l  

sem ic o n d u c to r the on ly  n u c le i th a t w i l l  e x p e rie n c e  non van ish in g  fie ld  

g ra d ie n ts  a re  those in the im m e d ia te  v ic in ity  o f a p a r t ic u la r  a to m .

S ince the f ie ld  g ra d ie n t a t a d is tan ce  r  f ro m  a fo re ig n  a to m  fa l ls  off 

as r   ̂ (and the second o rd e r  fre q u e n c y  s h ift w i l l  then  v a ry  as r  

then  we m a y  im a g in e  th a t the q u ad ru p o le  e ffec t m a y  be ra th e r  

in e ffe c t iv e  in  b ro a d en in g  the reso n an ce  lin e s  i f  the c o n ce n tra tio n  of 

im p u r it ie s  is  s m a ll.  N o w  we have w o rk e d  w ith  s in g le  c ry s ta l sam ples  

o f G e:A s so th a t, p ro v id in g  the sp ec im en s  do not con ta in  a h igh  

c o n ce n tra tio n  of c ry s ta llin e  im p e rfe c tio n s  such as d is lo c a tio n s , e tc . ,  

and the sam ples  a re  not su b jec t to a p e rm a n e n t s tra in  due to the  

fa b r ic a tio n  p ro c e s s , then  we w ould  b e lie v e  the q u a d ru p o la r c o n tr ib u tio n  

to A B  to be s m a ll.  W e a re  w ith o u t e x p e r im e n ta l in fo rm a tio n  on

■I
the  d eg ree  of c ry s ta l lin e  p e rfe c tio n  in  o u r sam p les  though we see no

Ire a s o n  w hy our sam p les  should be s e v e r ly  s tra in e d 'o r  co n ta in in g  a

m u lt ip l ic i ty  of c ry s ta llin e  im p e r fe c tio n s . M o re o v e r  i f  q u adrupo le

e ffe c ts  a re  p re s e n t then w e should be ab le  to use the sp in -ech o

37tech n iq u e  to v ie w  such e ffec ts  as Solom on f i r s t  d id  fo r  K I .
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TT
T h e  m ethod  in v o lv e s  a pulse sequence - t -  tj> w h e re  t

TT
is  the t im e  b etw een  the —  and ^ pu lses  and ^ is  o p tim is e d .

T h e  echoes g e n era te d  a re  o f two typ es: 'a llo w e d  ech o es ', b e ll-s h a p e d  5

c u rve s  ob ta ined  because  the  m ag n itu d e  o f the ro ta tin g  com ponent o f <

the  ra d io fre q u e n c y  f ie ld  is  m uch g re a te r  than the quadrupo le  in te ra c tio n

and 'fo rb id d e n  e ch o e s ' , d e r i v a t i v e s  o f  b e ll-s h a p e d  echoes obta ined

because  the in e q u a lity  ju s t m en tio n e d  is  not s t r ic t ly  kep t. The  d e ta ils

o f the echo fo rm a tio n  a re  g iven  in  S o lom on 's  p ap er but we m e re ly

m e n tio n  th a t the n u m b e r o f echoes is la rg e  in  Ge since the spin is  so

g re a t and thus the  in te n s it ie s  o f the s ig n als  w ould be s m a ll.  We

s ea rc h ed  fo r  such echoes in  our sam p les  w ith o u t success though tlie

d ilig e n c e  w ith  w h ich  th is  was done was not as g re a t as we should have

lik e d . O u r la c k  o f s e d u lity  w as the re s u lt  of the e x c e s s iv e  n u c le a r

re la x a t io n  t im e s  in  G e :A s , N o w , c le a r ly  the  q u ad ru p o le  b ro ad en in g

in  our sp ec im en s cannot be z e ro  so th a t we conclude th a t the quadrupo le

b ro ad en in g  p re se n t is  e v id e n tly  not la r g e .  A d d itio n a l support fo r  th is

in fe re n c e  is  ga ined  w hen i t  is  r e c a lle d  th a t a f i r s t  o rd e r  quadrupo le

b ro ad en in g  is independent of the a p p lie d  m a g n e tic  f ie ld  and a second

o rd e r  b ro ad en in g  in v e rs e ly  dependent on f ie ld . O u r lin e w id th s  have

a p o s itiv e  f ie ld  dependence w h ich  s ig n if ie s  th a t the  m a in  c o n tr ib u to r

to A B  is  o f m a g n e tic  o r ig in . T h e  fa c t th a t fo r  N ^  <  N ^  , the

m e a s u re d  lin e w id th s  ~  0 .2  -  0 .4  m T  o r ro u g h ly  te n  t im e s  the

n u c le a r  d ip o la r  w id th  and our conclus ions above le a d  us to  te n ta tiv e ly

73
a s c r ib e  som e of the lin e w id th  to the  in te ra c tio n  b e tw een  Ge n u c le i 

and lo c a l m o m en ts  o r  Kondo c e n tre s .
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I
F o r  , the lin e w id th s  in c re a s e  and s ca le  a p p ro x im a te ly  |

l in e a r ly  w ith  the K n ig h t s h ift. Such b e h av io u r was a lso  o b served  by  

B ro w n  and H o lco m b  in S i:P  and the im p lic a tio n  is  th a t th e ir  m o d el o f 

the  ex is ten ce  of a K n ig h t s h ift d is tr ib u tio n  in  these  h e a v ily  doped 

sem ic o n d u c to rs  (c f . ch ap te rs  2 , 3, 4) seem s a p p ro p r ia te .

R e g a rd in g  lin e s h a p e s , a s y m m e try  is  a p p aren t in  the com puter  

plo ts  of the lin e s  obta ined  f ro m  the F o u r ie r  t ra n s fo rm  co m p u ter  

p ro g ra m . T h e  lo w - f ie ld  ta ilin g  is  p re s e n t in  a ll  sp ec im en s as shown  

in  f ig u re  (5 .9 )  fo r  th re e  s p e c im e n s . I t  should be noted  th a t the tra c e s  

in  f ig u re  (5 .9 )  a r e  exam p les  of the b e tte r  data obta ined  fro m  the
■f

co m p u te r p ro g ra m . O fte n , n o ise  m a sk e d  any low  f ie ld  ta ilin g  o f the  |

I ’
reso n an ce  lin e s , e s p e c ia lly  in  the lo w  doping d e n s ity  s a m p le s . T h e  

peak  of the l in e , of c o u rse , re m a in e d  as w e ll d e fin ed  as the  p ro g ra m  

a n d /o r  the reso n an ce  lin e w id th  a llo w e d  w hich  was o u r on ly  in te re s t  |

as fa r  as the d e te rm in a tio n  of the  K n ig h t sh ifts  w as co n cern ed . T im e

d id  not p e r m it  a m o re  thorough in v e s tig a tio n  of the lin es h a p es  and

w id th s  o f the reso n an ce  l in e s . ;«

T h e  lin e  shape a s y m m e try  o b s erv e d  is  s im i la r  to th a t seen in

the  S i:P  sys tem  and is e x p lic a b le  in  te rm s  of the m o d e ls  d e s c rib e d  in

c h ap te r 4 . I f  we take  an im p u r ity  w ave  fu n ctio n  fa llin g  o ff e x p o n e n tia lly

w ith  d is tan ce , then  the lo w  f ie ld  ta i l in g  th a t we o b s erv e d  is  co n sis ten t

73
w ith  the id ea  th a t the Ge n u c le i a re  in  contact w ith  the im p u r ity

73
e le c tro n s  v ia  the F e r m i  in te ra c t io n , i .  e. the n u m b e r o f Ge n u c le i 

w ith  a g iven contact f ie ld  w i l l  be s m a lle r  than th a t n u m b e r of n u c le i #

w ith  a s m a lle r  g iven  contact f ie ld .
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F in a lly ,  no sp ec ia l m e a s u re m e n t was taken  of the lin e

in te n s it ie s  save to note th a t the in te n s ity  fo r  sam p le  1 .7 5 -  19 was

ro u g h ly  a fa c to r  of two les s  than  th a t of sam ple  2 .7  -  17. T h is  m ig h t

be co n stru ed  as evidence fo r  the p re se n c e  of q u adrupo le  e ffec ts  s in ce , 

9
w ith  a spin n u c leu s , i t  is  p o ss ib le  to lose  as m uch as 85% o f the

Ï

a v a ila b le  reso n an ce  in te n s ity  in  s a te llite  l in e s . H o w e v e r an a lte rn a t iv e  

o r c o m p le m e n ta ry  exp lan a tio n  is  th a t a p p ro p r ia te  n u m b e rs  of n u c le i 

a r e  K n ig h t-s h if te d  so fa r  f r o m  reso n an ce  as to be u n o b s e rva b le  and 

thus the lin e  in te n s ity  w i l l  f a l l  as the doping d en s ity  in c re a s e s .

In  co n clu s io n , w h ils t  w e do not have d e ta ile d  in fo rm a tio n  on the  

lin e w id th s  and shapes fo r  our s a m p le s , the data w h ich  has been  

ob ta in ed  is in  a c c o rd  w ith  the assu m p tio n s  of lo c a l m o m e n ts /K o n d o  

c e n tre s  being  p re s e n t in  our s a m p le s .

T h e  id eas  th a t we have advanced in  th is  sec tio n  a r e  open to  

som e c r i t ic is m  and, in  o rd e r  to p re s e n t a b a lan c e d  a rg u m e n t, we t

m u s t co n s id er such d iff ic u lt ie s  as m ay  be p re s e n t. F i r s t ly ,  Kondo :f

I
sys tem s a re  a t p re s e n t p o o r ly  u n d ers to o d  in  sp ite  o f the vas t

e x p e r im e n ta l and th e o re t ic a l e f fo r t  th a t has been devoted  to  th e ir  ÿ

I
c o m p reh e n s io n . R e s u lts  of N M R  studies of c la s s ic  Kondo a llo y s  -r

I
such as C u :M n  a re  not r e a d ily  e x tra p o la te d  to doped sem ico n d u c to rs  vi:

when c o n s id e ra tio n  is  ta k en  of, fo r  e x a m p le , the n u m b e r o f im p u r ity  %

sp ins , the ra d iu s  o f the e le c tro n  o rb it  and the im p u rity -c o n d u c tio n  -

e le c tro n  in te ra c t io n . O u r e xp la n a tio n  of the la c k  of a d is c o n tin u ity  

in  our lo w  f ie ld  data w as based  on the assu m p tio n  th a t, i f  Kondo  

sta tes  a re  p re s e n t, then  th e ir  c h a ra c te r  is unchanged in  t ra v e rs in g

€
the m e ta l-n o n m e ta l t ra n s it io n . W h ile  th is  m a y  be p la u s ib le  we have ?



180 .

144
no m ethod  of ju s tify in g  such a c la im  p h y s ic a lly . M o tt  has s ta ted  

th a t i f  Kondo c en tres  e x is t in  the  m e ta ll ic  c o n ce n tra tio n  re g im e  then  

th ey  m u st n e c e s s a r ily  e x is t in  the re g io n  w h e re  N (E ^ )  is  f in ite  but 

the s ta tes  a t a re  A n d e rs o n  lo c a lis e d . I t  is  a ls o  in te re s tin g  to

r e c a l l  th a t the A l lo u l - B e r n ie r  e x p e rim e n ts  in  C u :M n  showed th a t spin  

d iffu s io n  th e o ry  w h ich  is  m o re  f a m i l ia r ly  a p p lied  to p a ra m a g n e tic a lly  

doped in s u la tin g  m a te r ia ls  can a ls o  be s u c c e s s fu lly  used  fo r  m e ta l 

s y s te m s . In  th is  sense, the m o m en ts  w ould  ap p ear to  behave in  a 

s im ila r  fash io n  w h e th e r em bedded in  in s u la tin g  o r m e ta l l ic  m a tr ix  

though the re s p e c tiv e  flu c tu a tio n  fre q u e n c ie s  m u s t be q u ite  d if fe re n t .

I t  is  w o rth  re p e a tin g  though th a t a n u m b e r o f e x p e rim e n ts  (c f , ch ap te r 4) 

h ave  been u n d ers to o d  as e v in c in g  the p resen ce  of lo c a l m om ents  on 

both sides of the tra n s it io n . H o w e v e r , as w e have  s ta te d  in  ch ap ter 4 , 

m o s t of the e x p e rim e n ts  a re  a lso  in te rp re ta b le  in  o th e r w ays .

T h e  id ea  of the  su p p res s io n  o f spin flu c tu a tio n s  in  a m ag n etic  

f ie ld  as an e xp lan a tio n  of a f ie ld  dependent T^ has a ls o  been  

ad vo cated  by  Ik e h a ta  e t a l,^ *  ^ fo r  the S i:P  s ys te m . T h e y  fin d  th a t the  

re la x a t io n  ra te s  fo r  both  the h o st and im p u r ity  n u c le i in c re a s e  at low  

te m p e ra tu re s  ( 0 . 6 K ) and a re  d e s c r ib a b le  by  the  equation

( T ^ T ) ” = + C^CT -  T j “  ̂ (5 .4 5 )

w h e re  T  is  a constan t and the c o e ffic ie n ts  C . , C a re  on ly  ad justed

w ith  re s p e c t to the  d iffe re n c e s  in  K n ig h t sh ift and m a g n e to g y ric  ra t io

29 31 31
fo r  the S i and P  n u c le i. A t  the  sam e low  te m p e ra tu re s , T ^ (P  )

29
and T ^ (S i ) show an in c re a s e  w ith  m a g n e tic  f ie ld . N ow  the  

t re a tm e n t o f M o r iy a  and U eda^^^* of re la x a t io n  in  w e a k ly
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a n tife r ro m a g n e tic  m e ta ls  gives

-1

and is , as d e te rm in e d  e x p e r im e n ta lly , of o rd e r  0 . I K .

r a t e  ( f i g u r e  (5 .  10) ) .

( T j T ) '  ^  (T - (5.46) I
%

3 ''''so Ik e h a ta  et a l.  have propounded th a t S i;P  is  an e xa m p le  o f l ik e

k in d . T h e  va lu e  of T ^  is  then  to be id e n tif ie d  w ith  a N e e l te m p e ra tu re

E q u a tio n  (5 .4 6 )  is  d e r iv e d  in  a s o -c a lle d  re n o rm a lis e d  s p in - 

flu c tu a tio n  th e o ry  (R S F ) w h ich  is  c la im e d  to be s lig h t ly  m o re  

so p h is tic a te d  than  the  ra n d o m  phase a p p ro x im a tio n  (R P A ) ,  In  the #

la t te r  case , M o r iy a -U  eda g ive

( T jT ) " ^  oc (5 .4 7 )

185 11 $R e c e n tly , B o rz a  and E e c a n d e r have  e xam in ed  the B re la x a t io n

t im e  in C rB ^ . T h is  m a te r ia l  is  m e ta ll ic  and undergoes an a n t i fe r r o -

11
m a g n e tic  o rd e r in g  a t 8 5 K . T h e  B re la x a t io n  ra te  in c re a s e s  and  

th e  s ig n al in te n s ity  re d u ces  a t a te m p e ra tu re  of th is  o rd e r  (see  

f ig u re  (5 . 10 )). The  data  can o n ly  be f i t te d  to equation  (5 .4 7 )  o ver  

the  w hole  te m p e ra tu re  ran g e  w ith  T ^  = 76 K . C lo se  to  T ^ ,  the  

m e a s u re m e n ts  m a y  a lso  be f it te d  to equation  (5 .4 6 )  with* T ^  = 7 8 K

-1  -

b u t the im p lie d  dependence o f T   ̂ on T   ̂ a t T  ^  T ^  fro m

equation  (5 ,4 6 )  is  not o b s erv e d  e x p e r im e n ta lly . A  fu r th e r  m a rk e d

d iffe re n c e  b e tw een  C rB ^  and S i:P  is  the la c k  of f ie ld  dependence

of T ^ (B ^ ^ ) in  c o n tra s t w ith  the s tro n g  enhan cem en t of T ^ (S i^ ^ )

31
and T . ( P  ) in  the la t te r  m a te r ia ls .  Such a c o m p aris o n  of U

:#
m a te r ia ls  m a y  no t be m e a n in g fu l i f  C rB .. is  e s s e n tia lly  in d iv id u a lis t ic ;

11
e. g. V B  shows a s im p le  K o r r in g a  b e h a v io u r o f the B re la x a t io n

a
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59 . .
M o tt has shown th a t in  a c ry s ta llin e  a n tife r ro m a g n e t thsct

the  im p u r ity  m o m e n t is  re d u c e d  fro m  the f re e  ion v a lu e  by  the  am ount S

1 -  (5 .4 8 )  :
U ;

F o r  a ra n d o m  a n t i fe r r  om agnet th is  re d u c tio n  fa c to r  is  in c re a s e d  by  

v ir tu e  o f the fa c t th a t n e ig h b o u rin g  m o m en ts  w i l l  tend  to couple to  

fo rm  an analogue o f a h yd ro g en  m o le c u le  hav ing  no re s u lta n t m o m e n t.

Thus the ran d o m  a n t i fe r r  om agnet should consist of s m a lle r ,  s tro n g ly

coupled m o m en ts  than in  the c ry s ta l w ith  a s m a ll n u m b e r o f fre e

m o m e n ts . M o tt a rg u es  th a t w hen the H u b b ard  bands o v e r la p , m o m en ts  =

m a y  p e rs is t  in to  the m e ta ll ic  re g io n  though of re d u c e d  m ag n itu d e  in  ;

c o m p a ris o n  to the c ry s ta llin e  case . T h e  m o m e n ts ' s iz e  should a lso

le a d  to enhancem ent o f the P a u li  p a ra m a g n e tis m  expected  fo r  a

h ig h ly  c o r re la te d  gas not be ing  fu l ly  r e a lis e d . T h e  ex is ten ce  of

m o m en ts  in  m e ta ll ic  S i:P  should, as we have noted above, be

m a n ife s te d  as a b ro a d en in g  o f N M R  lin e w id th  un less  the m o m en ts

a r e  v e r y  s m a ll.  N e ith e r  Sundfors and H o lco m b  n o r S asak i e t a l.

f in d  evidence fo r  such b ro a d e n in g . M o tt has co m m en ted  on the

absence of l in e  b ro a d en in g  in  sem ico n d u ctin g  S i:P  a t 1. 3 K  since a

59
c a lc u la te d  va lu e  of the N e e l te m p e ra tu re  (B e rg g re n ; quoted by  M o tt

as a p r iv a te  c o m m u n ica tio n ) is  T ^  ~  5 K . A  m uch lo w e r  va lu e  of

3
T ^  , as Ik e h a ta  et a l.  quote, w ou ld  re m o v e  th is  d is c re p a n c y .

T h e  re d u c tio n  of the P a u li  p a ra m a g n e tis m  due to the s p a tia l 

ran d o m n ess  of the donors has to  be taken  as less  of an e ffe c t than  

the B r in k m a n  “R ice enhan cem en t exp ec ted  of the  h ig h ly  c o r re la te d

1
gas. 1
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.'K
130 #

W e should m e n tio n  th a t B e n e d ic t and B ook have  arg u ed

th a t th e ir  N M R  w o rk  on C d O :C l shows th a t m o m ents  a re  p re s e n t in  >;

the m e ta ll ic  re g io n . T h is  deduction  is  based  on the fa c t th a t the |

re c o v e ry  o f the n u c le a r  m a g n e tis a tio n  fo llo w in g  s a tu ra tio n  of the |

113 . . .  5:C d reso n an ce  m a y  be  f it te d  to tw o exp o n en tia l functions  of t im e .

T h is  im p lie d  the ex is ten ce  o f tw o  re la x a t io n  t im e s  c h a ra c te r is t ic  o f

th e ir  sam ples  w h ich  th ey  ta k e  to be due to those n u c le i c lose  to an  ||

im p u r ity  w h ich  r e la x  q u ic k ly  th rough  the s trong  m o m e n t-n u c le u s

in te ra c tio n  and those n u c le i in  the  b u lk  w h ich  have a s lo w e r ap p ro ach

to th e rm a l e q u ilib r iu m . No such b e h av io u r of the  n u c le a r  m a g n e tis a tio n

w as o b served  in  S i:P  o r  in  o u r s a m p le s .

C o m p en satio n  m a y  p la y  a ro le  in  d e te rm in in g  the b e h av io u r o f 

an am orphous a n t i fe r r  o m ag n et. T h e  t im e  ra te  o f change of the spin  

of the m o m e n t w i l l  change in  the p re se n c e  o f hopping so th a t such a 

ra te  in c re a s e  w i l l  be g re a te s t in  those m a te r ia ls  w h ich  a re  com pensated .

In  conclus ion , we m a y  say  th a t the ex is ten ce  o f lo c a l m o m e n ts /

Kondo c e n tre s  o r the  e le c tro n  d yn am ics  in  an am orphous a n t i fe r r o -  

m a g n et m a y  be used  in  an a tte m p t to  e x p la in  the  N M R  d a ta . O u r  

la c k  of lo w  te m p e ra tu re  m e a s u re m e n ts  (w h ich  w ould  be e x tre m e ly  

d if f ic u lt  to p e r fo rm ) p re c lu d e s  us f r o m  judging th e  a p p lic a b ility  of 

th e  M o r iy a -U e d a  th e o ry  o f re la x a t io n  in  w e a ld y  a n tife r ro m a g n e tic  

m e ta ls  but, to e xp la in  the lin e w id th s , we w ould  c le a r ly  re q u ire  a 

h ig h e r T ^  than  has been found e x p e r im e n ta lly  b y  Ik e h a ta  et a l.  .

T h e  la t te r  w o rk e rs  have  not g iven  a q u a n tita tiv e  exp lan a tio n  of the  

f ie ld  dependence of the re la x a t io n  t im e s  at low  te m p e ra tu re s . A s  

w e have po in ted  out above, the  id eas  e xp re s se d  in  th is  section
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5. 7 M a g n e tic  P ro p e r t ie s  a t an A n d e rs o n  T ra n s it io n

O u r f i r s t  c o n s id e ra tio n  is  of the p ro p e rt ie s  of a m a te r ia l  

. on the  n o n m e ta llic  s ide b u t c lo se  to an A n d e rs o n  t ra n s it io n . I f  

m o m en ts  a re  to e x is t then we m u s t h ave  som e s in g ly  occup ied  s ites  

a t the F e r m i  le v e l and so our f i r s t  question  is to d e te rm in e  the  type  

o f occupancy of the A n d e rs o n  lo c a lis e d  s ta te s . T h is  p ro b le m  was 

f i r s t  d iscu ssed  b y  B a l l a n d  la t e r  re fin e m e n ts  added by M ott^  . 

B a ll  has a rg u ed  th a t e v e ry  lo c a lis e d  s ta te  m a y  co n ta in  tw o e le c tro n s  

o f opposite  spin. I f  lo c a lis a tio n  is  s tro n g , then the  in tra a to m ic  

c o r re la t io n  m a y  be la rg e  enough fo r  a second e le c tro n  to  p re fe r  to 

occupy a d if fe re n t  lo c a lis e d  s ta te  f ro m  th a t of the f i r s t  e le c tro n  

even though the e n e rg y  of the  second s ta te  m a y  be s lig h t ly  h ig h e r  

( A E ) than the  f i r s t  occup ied  s ta te . S ince the d e n s ity  o f states at 

the F e r m i  le v e l is  continuous, A E  can be in f in ite s im a l and the  

im p lic a tio n  is  th a t a l l  s ta tes  a t the F e r m i  le v e l w i l l  be s in g ly  

o ccu p ied . T h e  ra n g e  of e n e rg y  b e lo w  E^where s ta tes  conta in  a 

s in g le  c a r r ie r  is  dependent on the  d e g ree  of lo c a lis a tio n .

1
&

do not as ye t have a sound th e o re t ic a l basis  and i t  is  a p p are n t th a t 

e x is tin g  th e o rie s  o ften  conta in  p a ra m e te rs  w hich a re  u n a v a ila b le  

f ro m  e x p e rim e n t.

In  the fo llo w in g  sec tio n , w e d e s c rib e  the m a g n e tic  b eh av io u r  

exp ected  of a m a te r ia l  u ndergo ing  an A n d e rs o n  fo rm  of the m e ta l-  4i

n o n m e ta l tra n s it io n  and c o m p a re  th is  w ith  our d a ta . A g a in , the  

d if f ic u lty  of q u a n tita tiv e  c o m p a ris o n  is  ev id en t and w e a re  thus 5?

r e s t r ic te d  to g e n e ra l r e m a r k s ,  5
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M o tt's ^  conclusions a re  s im i la r  and he d raw s  the d en s ity  

of s tates as shown in  f ig u re  (5 . 11): the  b a r r ie r  b e tw een  s in g ly  and 

doubly  occup ied  s ites  a t e n erg y  is  not s h a rp ly  d e fin e d . C lose

to the t ra n s it io n , M o tt  g ives the  fra c t io n  of s in g ly  occup ied  to  the  

to ta l n u m b e r o f s ites  as

-  (acx.)^ (5 .4 9 )
D

-1w h e re  cx is  a p p ro x im a te ly  the ra d iu s  of the lo c a lis e d  state and

a the in te ra to m ic  d is ta n c e . T h e  d is tan ce  b etw een  th e  n . s ites  is
1

- 1of o rd e r  cX so th a t the s ta tes  o v e r la p  s tro n g ly  le a d in g  to  the  

m o m en ts  be ing  s tro n g ly  a n t ife r ro m a g n e t ic a lly  coupled. T h e  p resen ce  

o f m o m en ts  should le a d  to a b ro ad en in g  of the n u c le a r  reso n an ce  l in e .  

T h e  e ffe c t of a la rg e  m a g n e tic  f ie ld  on the n u c le a r  re la x a t io n  t im e  is  

d if f ic u lt  to a s c e r ta in . T h e  a p p lic a tio n  of a la rg e  f ie ld  to  an A n d e rs o n -

lo c a lis e d  sys tem  c le a r ly  leads, to an in c re a s e  in  the n u m b e r o f s in g ly -

~ 1 3
occup ied  s ites  s ince  cX. d e c re a s e s  w ith  f ie ld  and n^ ~  oc . I f

the  n u c le a r  re la x a t io n  is  d o m in a ted  by  flu c tu a tio n  of m o m e n ts , then  

the  in c re a s e d  n u m b e r o f m o m en ts  g e n era te d  by  the  a p p lie d  f ie ld  

m ig h t be thought to le a d  to  an in c re a s e  in  the  n u c le a r  re la x a t io n  ra te .  

H o w e v e r , even w ith  an in c re a s e  o f the n u m b er of s in g ly -o c c u p ie d  

s ta te s , the n u c le a r  re la x a t io n  t im e  w i l l  in c re a se  i f  the  fre q u e n cy  

com ponent of the m o m en t flu c tu a tio n  a t the B a rm o r  fre q u e n c y  is  

d e c re a s e d . Such an e ffe c t can re a d i ly  be en visaged  to occur i f  a 

la r g e  e x te rn a l f ie ld  is  a p p lie d  to  o u r sys tem  th e re b y  suppress ing  

the  spin f l ip  ra te  of the m o m e n ts . O u r re s u lts  fo r  G e:A s show T^  

to in c re a s e  s tro n g ly  fo r  suggesting  th a t the la t te r
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FIG. 5.11 Density of states for a 

Fermi glass.



in c re a s in g  te m p e ra tu re  above 1 .5 K  in d ic a tin g  th a t the N e e l

te m p e ra tu re  is  p ro b a b ly  o f th is  o rd e r . L o w e r  te m p e ra tu re

Vm e a s u re m e n ts  w ou ld  v a lu a b le  h e re  s in ce  K _ should d e c re a s e  

w ith  d e c re a s in g  te m p e ra tu re  b e lo w  ,

5. 8 C o r re la t io n  and E xchange  in  an E le c tro n  Gas

O u r d iscu ss io n  of e le c tro n  in te ra c tio n  is  d iv id e d  in to  tw o p a rts ; 

f i r s t ly  w ith  re s p e c t to the c o rre c tio n s  to the H a r t r e e - F o c k  a p p ro x im a tio n  

and secondly  in  c o n s id e ra tio n  of the  fe a tu re s  o f the B r in k m a n -R ic e  

h ig h ly  c o r re la te d  gas.

188 .  I

■1
m e c h a n is m  p re d o m in a te s . In d eed  the n u m b er of s in g ly  occup ied  

sta tes  m a y  be ra th e r  s m a ll in  our sam ples  since th e ir  n u m b er is  a 

fu n c tio n  of tlie  s ize  of the in tra a to m ic  c o rre la t io n  U w h ich  we have #

g iven  re a s o n  to b e lie v e  is  not o f m a jo r  im p o rta n c e  in  d e te rm in in g  

the  c h a ra c te r is t ic s  of our s am p le s .

T h e  re g io n  of c o n c e n tra tio n  w h e re  th e re  is o v e r la p  but states 4

a re  lo c a lis e d  is  q u ite  n a r ro w ; the m e a s u re m e n ts  of co n d u c tiv ity  o f

G e;A s in  the  p re se n c e  of m ic ro w a v e  ra d ia tio n  in d ic a te s  the ran g e  to

17 1 7 —3 1 7 —3 ÿ
be 10 -  3. 10 cm  . A bove  3 .1 0  cm  , the  e le c tro n s  becom e

extended  w hich  is  in  a g re e m e n t w ith  our o b s erv a tio n  of a n o n -z e ro

K n ig h t s h ift a t and above an im p u r ity  co n ce n tra tio n  of 3 .1 .  lO^Tcm

O th e r  p e rtin e n t e x p e r im e n ta l ev id en ce  fo r  the  ex is te n ce  o f the ^

am orphous a n tife r ro m a g n e tic  re g io n  is  th a t of the spin  s u s c e p tib ility

m e a s u re m e n ts  by  U e and M a e k a w a  on S i;P  and the ESR sp ec tru m

o b s e rv e d  b y  M o r ig a k i and M a e k a w a o n  S i;P  th a t w e h ave  d e s c rib e d

in  ch ap ter 2. The  re s u lts  o f X g  show a ra p id  d e c re a s e  w ith
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T h e  e a r ly  w o rk  o f H a r t r e e  w as the f i r s t  to in c lu d e  the C oulom b
■1

fo rc e  betw een  e le c tro n s  but o n ly  in  the sense th a t an e le c tro n  was ' A

taken  to e x p e rie n c e  an in te ra c tio n  w ith  an a v e ra g e  f ie ld  of the o th e r  

e le c tro n s  assu m ed  to be a u n ifo rm  s m e a re d -o u t ch arg e  d is tr ib u tio n .

T h e  to ta l w ave fu n c tio n  of the s y s te m  w as taken  to b e  a p ro d u ct o f 

o n e -e le c tro n  fu n c tio n s , A  re f in e m e n t b y  F o c k  (the H a r t r e e - F o c k  

th e o ry ) was to w r i te  th e  to ta l w ave function  as a d e te rm in a n t of o n e -

e le c tro n  functions  -  the w ave  fu n c tio n  then  be ing  a n t is y m m e tr ic  as 'K

s tip u la te d  by the P a u li  e xc lu s io n  p r in c ip le . Thus w h ils t  the  H a r t r e e -  #
I

F o c k  th e o ry  in c lu d ed  th e  c o r re la t io n  be tw een  e le c tro n s  of p a r a l le l  

sp in , v ia  the  P a u li  p r in c ip le , C ou lom b re p u ls io n  was no t e x p lic it ly  

in c lu d ed  and the c o r re la te d  m o tio n  of e le c tro n s  of a n t ip a ra l le l  spin  

c o m p le te ly  ig n o re d . T h e  H a r t r e e - F o c k  th e o ry  o v ere m p h a s is e s  the

e ffe c t o f exchange be tw een  e le c tro n s  and it  was the la t e r  w o rk  of

25 187
B ohm  and P in e s , s u m m a r is e d  b y  P in e s  and by R a im e s  th at

t re a te d  e le c tro n  exchange and c o r re la t io n  in  a m o re  r e a l is t ic  fash io n .

O u r  m a in  in te r e s t  is  in  the spin s u s c e p tib ility  X w h ich  P in es

shows to  be enhanced o v e r the  n o n -in te ra c tin g  P a u li  va lu e  X g

such th a t

= T  - ÿ  (S '50) 'i

w ith

= T  &  + #  ( S 'S l )

w h e re  the  exchange te r m  is  w r it te n

E „  = -  eV  (5 .5 2 )
X  r  's

I



e
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^ e f f  exchange te r m  w h ich  H e r r in g  w r ite s  as

'“ e ff  < % + . k - ) >  -  ■c;f(k+,k + ) >  (5 .5 6 )

T h e  r ig h t hand s ide  is  the d iffe re n c e  b e tw een  a ve ra g e d  in te ra c tio n
I

te rm s  w h ich  a re  d e fin ed  fo r  q u a s ip a r t ic le  s ta tes  _k, Jk spins +, - 

a t the F e r m i  s u rfa c e . S im i la r ly

I190.

and the Jong and short range  C oulom b c o rre la t io n  c o rre c tio n s  

betw een  e le c tro n s  o f p a r a l le l  spin  a re  re p re s e n te d  by  oc and  

(x;  ̂ r e s p e c tiv e ly . T h e  sym b o l r^  is  the  ra d iu s  of a sphere  

re p re s e n tin g  the m ean  vo lu m e  p e r a to m  and is  re la te d  to  the e le c tro n  

d e n s ity  n by  the e x p re s s io n

4 3 3  -1  /c
3 "  ^  ^HO " " e  ( 5 .5 3 )

-  1 1in  w h ich  a ^ ^  is  the  B o h r ra d iu s  (0 , 53. 10 m ) and thus r^  is

e x p re s s e d  in  a to m ic  u n its . F o r  m e ta ls , r  l ie s  betw een  3 and 6s

a to m ic  u n its  and the s u s c e p tib ility  enhancem ents a re  o f the o rd e r  o f

'I
s e v e ra l tens o f p e r  c en t. ^

A n  a lte rn a t iv e  th e o re t ic a l ap p ro ach  b ased  on the H u b b a rd  

a p p ro x im a tio n  and a p p lie d  to  n a r ro w  band m a te r ia ls  lead s  to an 

e x p re s s io n  fo r  the  s u s c e p tib ility  enhan cem en t

X f  ■ T T # ;n , ■ <'■«>

w h e re  U is  the H u b b ard  in tra a to m ic  in te ra c tio n  te r m

f  f  2
^  ^  j  j  > ( r 2 ) | ^ d 5 x j^ d 5 x 2  (5 .5 5 )

o 12

and the d e n o m in a to r o f (5 . 54) is  c a lle d  the  S toner fa c to r .  S tr ic t ly  

speaking  w e should re p la c e  U in  equation  (5 . 54) by w h e re

1
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U oo f(k  4 k “) ( 5 . 57 )

In  the I- Ia r t r e e -F o c k  schem e

f  (k  -f, k  + ) = 0 (5 . 58)

so th a t

^  (5 .5 9 )

W h ils t  re co g n is in g  th a t th is  e q u a lity  does not ho ld  in  a p re c is e  

th e o re t ic a l t re a tm e n t , we assum e equation  (5 . 54) to be tru e  to  s im p lify

the  ensuing d iscu ss io n  on the r e la t iv e  va lu es  of % (G e) and

X g ^ '^ s i) .

S ince the K n ig h t s h ift is  d ir e c t ly  p ro p o rtio n a l to  the spin

s u s c e p tib ility , we m a y  expect an enhan cem en t in  K  i f  e le c tro n -

e le c tro n  e ffe c ts  a re  p re s e n t in  the e le c tro n  s ys te m . Such e ffec ts  m ay

27
a lso  le a d  to  an aug m en ted  re la x a t io n  ra te  as d iscussed  by N a ra th

26 1
and M o r iy a  , though e x p e r im e n t shows T   ̂ enhancem ents in  shin p ie  

m e ta ls  to be s m a lle r  than g iven by th e o ry . I f  we now c o n s id e r doped  

s em ic o n d u c to rs , then  to  com pute  r^  we m a ke  th e  su b stitu tio n s  

n^  ̂ and if ,  in  p a r t ic u la r  we assu m e

then

r^ (S i, = 3. lO ^^cm  a ^  = 1. 5 nm ) = 2 .8

r  (G e , N  = 3. 10^'^cm a = 3 nm ) = 3 ,1  (5 .6 0 )
s G Jd

r  (G e , N  = 3 .1 0 ^ ^ c m  a = 2 nm ) = 4 .6
s C H

In s p e c tio n  of the re s u lts  fo r  the a lk a l i  m e ta ls  ta b u la te d  by P in es

shows th a t a lthough ex. d e c re a s e s  as r  in c re a s e s , the

p e rcen tag e  d iffe re n c e  of X  g^  ̂ and X g is  s m a lle r  a t the

h ig h e r r^  v a lu e s . Thus enhancem ents of X  g and K  could be

le s s  in  G e:A s than in  S i:P .



192 . ■i 

$
I f  we co n s id e r th e  a lte rn a t iv e  ap p ro ach  in v o lv in g , f in a l ly ,  the . W

I
S toner fa c to r , then  re c a ll in g  th a t in  doped s e m ic o n d u c to rs , we |

"Si
j

Is u b stitu te

2 2
e e

^12  ^12

(5 .6 1 )

in  the fo rm u la  fo r  U then  i t  fo llo w s  th a t

U (G e) <  U (S i) (5 .6 2 )

s ince

I

(a ^ .-X  )(G e ) > ( a j^ , - x ) ( S i )  (5 .6 3 )  |

In  p a r t ic u la r ,  we exp ect

U (G e) r- 0. 1 U (S i) (5 .6 4 )

N o w  K a m im u ra  and K aneh isa^^^  have  d e te rm in e d  U (S i) = 12. 5 m e V
à

fo r  S i;P  a t the m e ta ll ic  t ra n s it io n . T h e  im p lie d  v a lu e  fo r  U (G e) 1 m e V  ÿ

m a y  be c o m p are d  to the  p re v io u s ly  c a lc u la te d  bandw id th  B ^ ~ 1 0 K ~ lm e V

fo r  G e:A s at the c r i t ic a l  c o n c e n tra tio n  N  , w h e re  w e expect B /UC w

to be of o rd e r  u n ity . S ince  s p e c ific  h e a t m e a s u re m e n ts  in  G e;A s ÿ

and S i:P  g ive

N (E  ) N (E  ) (5 .6 5 )
G e;A s a t N ^  S i:P  a t N ^

then  i t  fo llo w s  th a t the s u s c e p tib ility  enhan cem en t in  G e:A s is  les s  

than th a t in  S i:P .

56
W e r e fe r  now to the w o rk  of B r in k m a n  and R ic e  . T h e y  used

a v a r ia t io n a l m ethod  fo r  the H u b b ard  m o d e l and found a m e ta l-n o n m e ta l |

t ra n s it io n  to o ccu r w hen the in tra a to m ic  C oulom b te r m  reach ed  a

c r i t ic a l  va lu e  U . . B r in k m a n  and R ic e  g ive an e xp re s s io n  fo r  the
c r i t  a

spin s u s c e p tib ility  as
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1 _ /
2

2 U  _
1 .  N ( E  J U  ''T '  \ /  U

i  +
^ c r i t

( 5 .6 6 )

T T  \  2 m  _

U \ enh (5 .6 7 )

j

g  

I
I

T h e  te r m  in  sq u are  b ra c k e ts  is  a S to n e r-ty p e  fa c to r  but th e  im p o rta n t t
■ 5

te r m  w ith  re s p e c t to  an enhan cem en t in  X  c the p r e -p a r  e n th e tic a l 1?

i
in te ra c tio n  te r m , B r in k m a n  and R ic e  show tlia t 4

w h e re  m  , is  the enhanced m ass  due to c o r re la t io n . E n h an cem en ts  a
enh

ÿî
in  X  , d X ç /d T  and th e  s p e c ific  h ea t T  a re  p re d ic te d  to  

S S

a r is e  fro m  the enhanced e ffe c tiv e  m a s s . T h e  B r in k m a n -R ic e

tre a tm e n t , a p p lic a b le  to a n e a r ly -a n t ife r r o m a g n e t ic  e le c tro n  gas is

qu ite  d iffe re n t f ro m  the S to n er enhan cem en t in  n e a r ly - fe r r o m a g n e t ic

m e ta ls  w h e re  X  bu t not d X c ,/d T  n o r T  a re  enhanced. Web b

can now on ly  avo id  an in c re a s e  of X c  N  b y  assu m in g  th a tb C

U is  s m a ll and a lso  th a t U n e v e r re ac h e s  its  c r i t ic a l  va lu e ; i ,  e. 

the  m e ta l-n o n m e ta l t ra n s it io n  o ccu rs  due to som e m e c h a n is m  o th er  

than c o r re la t io n . T h e  p r im e  can d id a te  fo r  th is  a lte rn a t iv e  m e c h a n is m  

is  A n d e rs o n  lo c a lis a t io n . W e a re  then  le d  to m a ke  the b o ld  suggestion  

th a t the m e ta l-n o n m e ta l t ra n s it io n  in  n -G e  occu rs  b ecau se  of e le c tro n  

lo c a lis a tio n  in  the  A n d e rs o n  sense and th a t e le c tro n -e le c tro n  e ffec ts  

p la y  no e s s e n tia l r o le . T h is  s ta te m e n t is  in  a g re e m e n t w ith  our 

e x p e r im e n ta l re s u lts  w h ich  w e h ave  s ta ted  as showing it in e ra n t  

e le c tro n  in te ra c tio n  to be absent in  o u r s ys te m . T h e  o r ig in  o f the  

A n d e rs o n  p o te n tia l is  c o n s id e re d  in  c h ap ter 6,
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5 . 9  S u m m a r y

W e have seen th a t our data  does not len d  i ts e lf  to easy  

in te rp re ta t io n  but does show c h a ra c te r is t ic s  p re d ic te d  by m o d ern  

id eas  on the  m e ta l-n o n m e ta l t ra n s it io n . T h e  in c re a s e  o f T^ w ith  

m a g n e tic  f ie ld  is  a s ta r t lin g  re s u lt  w h ich  w e have  seen m a y  be  

e xp la in ed  on the assu m p tio n  of a n a r ro w  im p u r ity  band. O n the  

o th e r hand such a m o d e l cannot be extended to exp la in , fo r  e x a m p le , 

the  lin e w id th  m e a s u re m e n t. T h e  m o re  s o p h is tic a te d  ap p ro ach es  

in  te rm s  of the  s u p p ress io n  w ith  f ie ld  of spin flu c tu a tio n s  of, 

p e rh ap s , Kondo c en tres  o r  lo c a l m o m en ts  or the re la x a t io n  expected  

in  an a n tife r ro m a g n e tic  m e ta l have  been d e s c rib e d  though a 

q u a n tita tiv e  tre a tm e n t has no t p ro v e d  p o s s ib le . T h e  fa c t th a t, as 

we have po in ted  out, th ese  th e o r ie s  a r e  found to be s o m e tim e s  a t 

v a r ia n c e  w ith  e x p e r im e n ta l o b s erv a tio n s  in  o th er m a te r ia ls  a p a r t  

f ro m  Ge is  som e m e a s u re  o f the  gap extan t betw een  th e o ry  and  

e x p e r im e n t. A  m o re  fo rm a l a p p ra is a l o f our re s u lts  and th e ir  

im p lic a t io n  as w e ll  as a c o m p a ris o n  of the b e h av io u r o f S i and Ge 

is  g iven in  the fo llo w in g  c h a p te r .
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6. 1 C o m p a riso n  of Ge : As and S i:P  and G e n e ra l C onclus ions

W e s ta ted  in  c h ap te r 1 th a t the  purpose of th is  in v e s tig a tio n

w as th re e fo ld . F i r s t l y  w e w ish e d  to d e te rm in e  w h e th er the e le c tro n

gas in  a m e ta ll ic  sem ico n d u c to r is  d e s c rib a b le  as a s in g le -p h a s e

s ys te m  o r i f  the gas contains c o ex is tin g  e le c tro n s  of lo c a lis e d  and

m o b ile  ty p e . A  second a im  was to  a s c e r ta in  w h e th e r the  e le c tro n s

in  an im p u r ity -b a n d e d  s em ico n d u c to r w e re  of the n o n -in te ra c tin g

o r in te ra c tin g  k in d . F in a l ly  we w ish ed  to co m p are  our N M R  data

w ith  th a t taken  in  S i:F  and s p e c if ic a lly  to re s o lv e  the d is c re p a n c y

e x is tin g  in  the l i t e r a tu r e  on the sharpness  of the  ap p ea ra n ce  of the

K n ig h t s h ift in  S irP  at the m e ta l-n o n m e ta l t ra n s it io n .

W ith  re g a rd  to th e  K n ig h t s h ift, we have found th a t K (G e )

a p p ears  a b ru p tly  at the c r i t ic a l  c o n ce n tra tio n  N ^  in  a g re e m e n t

2
w ith  the re c e n t stud ies of S i:P  m ad e  b y  S asaki et a l.  and in

7
c o n flic t w ith  the e a r l ie r  m e a s u re m e n ts  of Sundfors and H o lco m b  , 

P r io r  to our w o rk , th e re  w as no obvious w ay  of s e le c tin g  w hich  

set of data  in S i:P  w as c o r re c t  though the fa c t th a t

T   ̂ (S i^^ , S asak i) >  (Si^^ , S u n d fo rs -H o lc o m b ) (6 . 1)

im p lie d  th a t the  S i:P  sam p les  used  by S asak i et a l .  w e re  p u re r  than  

those of the e a r l ie r  w o rk e rs . W h ils t  we again  cau tio n  th a t G e:A s and  

S i:P  m a y  behave d if fe re n t ly  under the sam e e x p e r im e n ta l co n d itio n s, 

our fin d in g s  a re  in  good a g re e m e n t w ith  the Japanese data in  S i:P

both in  te rm s  of the  m ag n itu d e  and ap p earan ce  of the K n ig h t s h ift.

113 1 3 0 1 3 1
W ith  re g a rd  to the gentle  in c re a s e  in K (C d  ) o b s erv e d  ’ in

n -C d O  and C dS :C l our a rg u m e n t h e re  is  th a t these Cd compounds
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a re  of som ew hat unknown p u r ity  and c h a ra c te r .  F o r  e x a m p le ,

130
the donors in n -C d O  a r e  thought to be e ith e r  Cd in te r s t it ia ls

o r oxygen vacan c ies  and co m p en satio n  is a c o m p le te ly  unknown

q u a n tity . S am ples  a re  c le a r ly  d if f ic u lt  to fa b r ic a te  and the

18 -3
m in im u m  doping d en s ity  th a t can be a ch ie v ed  is  3 .1 0  donors cm

131
A g a in , in  CdS : C l , i t  is  a d m itte d  th a t the p u r ity  is  r a th e r  d if f ic u lt  

to  c o n tro l. W e fe e l th a t d e ta ile d  c o m p a ris o n  be tw een  m a te r ia ls  

e x h ib itin g  a m e ta l-n o n m e ta l t ra n s it io n  is  only m e an in g fu l i f  the 

c h a ra c te rs  of such m a te r ia ls  a re  w e ll  know n. H e re , w o rk e rs  in  

Si and Ge have a c le a r  advantage s te m m in g  fro m  the la rg e  am ount 

of e x p e rie n c e  th a t has been ga ined  in  the g ro w th  o f h igh  p u r ity  

group  IV  s em ic o n d u c to rs .

D e s p ite  the e x te n s iv e  s tud ies  th a t have been m ad e  in  doped 

Ge and S i, th e re  ex is ts  th e  s u rp r is in g  an o m a ly  th a t the d e te rm in a tio n  

of the n u m b er of c a r r ie r s  in a doped sem ico n d u c to r f ro m  tra n s p o rt  

p ro p e r ty  m e a s u re m e n ts  is  n o t s tra ig h tfo rw a rd . W e d iscuss the  

m a tte r  in  som e d e ta il in  A p p en d ix  2 but i t  is  w o rth  em p h as is in g  

h e re  th a t we a re  con fiden t in  our ass ig n m e n ts , the c o n ce n tra tio n

g ra d ie n t in  e v e ry  sam p le  and th e  b ackg ro u n d  im p u r ity  content o f 

the sp ec im en s .

W e c o n s id e r now the second a im  o f o u r w o rk , n a m e ly  the  

in v e s tig a tio n  of e le c tro n -e le c tro n  in te ra c tio n  in  h e a v ily -d o p e d  G e iA s . 

Studies of S i:P  have re v e a le d  enhancem ents  of the h o st K n ig h t sh ift 

and n u c le a r  re la x a t io n  ra te  c lo se  to  the  m e ta ll ic  s ide o f the  

t ra n s it io n  and a co n co m itan t in c re a s e  of the K o r r in g a  p ro d u c t 

above u n ity . W e have not w itn e s s e d  any enhancem ents of ^
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and K  in  the G e:A s s y s te m  and have noted th a t T ^ ( 2 )  and K

show co n ce n tra tio n  dependences of f r e e -e le c t r o n  typ e . T h e  h y b r id

2K o rr in g a  p ro d u c t K  T ^ (2 )T  fa lls  b e low  the K o r r in g a  v a lu e  fo r  

18 -  3N  10 cm  w ith  the d is c re p a n c y  being  la rg e s t  at N  . T h is
D G

e ffe c t has been shown not to be due to  a d d itio n a l re la x a t io n  paths

fo r  the n u c le i due to d ip o la r , o rb ita l and dynam ic  q u a d ru p o la r

29e le c tro n -n u c le a r  in te ra c tio n s . T h e  W a r re n  d w e ll- t im e

h yp o th es is  is  a lso  u n tenab le  s ince  we h ave  o b served  h ig h e r T

v a lu es  a t h ig h e r m a g n e tic  f ie ld  w hich  is in  opposition  to  o u r

e xp ec ta tio n  i f  the W a r re n  m e c h a n is m  w e re  o p e ra tin g  in  our s ys te m .

T h e  la c k  of exchange enhancem ents  in  T   ̂  ̂ and K  have  been

c o n je c tu re d  to be the re s u lt  o f s m a lle r  in tra a to m ic  C o u lo m b  fo rc e s

b e in g  p re s e n t in  n -G e  than in  n -S i .  A  fu r th e r  in fe re n c e  f ro m  our

data  is  th a t the e le c tro n  gas in  G e:A s c lose to the m e ta l-n o n m e ta l

56
tra n s it io n  is  not h ig h ly  c o r re la te d  in  the B r in k m a n -R ic e  sense,

(W e  d id  not co n s id e r th e  added c o m p lic a tio n  o f f in ite  te m p e ra tu re s

in  our d e s c r ip tio n  of the h ig h ly  c o r re la te d  gas. Chao and B e rg g re n ^ ^

h ave  c a lc u la te d  the spin s u s c e p tib ility  of S i:P  under these  conditions

but s in ce  no d ire c t  e x p e r im e n ta l data  ex is ts  fo r  X g ( G e ) ,  fu r th e r

sp ecu la tio n  on the  e ffe c t o f te m p e ra tu re  seem s u n w a rra n te d . ) I f

the  B r in k m a n -R ic e  th e o ry  d id  a p p ly  then the e le c tro n ic  sp ec ific

h e a t and spin s u s c e p tib ility  w o u ld  be enhanced c lose  to the tra n s it io n

and a lso  the th e rm o p o w e r w ould  change sign a t N ^ .  T h e  s p e c ific

95
h e a t m e a s u re m e n ts  in  Ge;Sb of B ry a n t and K eeson  showed no

enhancem ent and A lle n 's  re s u lts  fo r  the therm opower in  com pensated

70G e:A s  (quoted by M o tt ) d id  not show a change in  sign at the
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I
A

c r i t ic a l  co n ce n tra tio n . C le a r ly  our N M R  data is co n s is ten t w ith  

th ese  o th e r e x p e rim e n ts  and we th e re fo re  conclude th a t the m e ta l-  

n o n m e ta l t ra n s it io n  in  n -G e  is  not d r iv e n  b y  c o r re la t io n . T h e

.'ig
tra n s it io n  m u s t then be due to d is o rd e r  and thus of A n d e rs o n  type , f

I t  is  w o rth  noting  th a t fo r  S i:P , both N M R  and ESR e x p e rim e n ts  '

show the spin s u s c e p tib ility  to be enhanced and the e le c tro n ic

s p e c ific  heat is  a lso  enhanced, though less  than th e o ry  p re d ic ts ,

84 #
as shown b y  M a r  ko et a l.  . |

■ T :j?
I f  the m e ta l-n o n m e ta l t ra n s it io n  in  doped Ge is  an A n d e rs o n  ÿj

tra n s it io n  then  we should e n q u ire  as to th e  o r ig in  of the A n d e rs o n  

p o te n tia l. In  com pensated  m a te r ia l ,  i t  is  ev id en t th a t v e r t ic a l  #
I

d is o rd e r  w i l l  ob ta in  due to the  ra n d o m  p o te n tia l flu c tu a tio n s  c re a te d  

b y  the m a jo r i ty  and m in o r ity  cen tres  and c ry s ta l im p e rfe c tio n s .

L a te r a l  d is o rd e r  w i l l  a ls o  be p re s e n t ow ing to the ra n d o m  s p a tia l 

s itin g  of the dopant a to m s . O u r e x p e rim e n ts  w e re  conducted w ith  

uncom pensated , s in g le  c ry s ta l sp ec im en s so th a t we m u st ta k e  the

la t e r a l  d is o rd e r  in  our sam ples  to be s u ffic ie n t to p ro v id e  a

i'h I s
lo c a lis in g  A n d e rs o n  p o te n tia l. I t  fo llo w s  th a t, fo r  a n -A n d e rs o n  

t ra n s it io n , v e r t ic a l  d is o rd e r  is le s s  im p o rta n t than la t e r a l  d is o rd e r  #

and hence the e ffe c t of co m p en satio n  on the c r it ic a l  dopant co n ce n tra tio n

should be s m a ll.  T h is  is in  a c c o rd  w ith  the e x p e r im e n ta l o b serva tio n s

210 . o f D av is  and C om pton  on s in g le  c ry s ta l Ge:Sb s p ec im en s . M o tt

72and D a v is  h ave  re p lo tte d  the D a v is -C o m p to n  data and show th a t 

is  l i t t le  changed b y  co m p en satio n  ra tio s  as h igh  as 80% .

In  ch ap ter 3, i t  was s ta ted  th a t the K n ig h t s h ift should appear  

a b ru p tly  a t an A n d e rs o n  tra n s it io n , in  a g re e m e n t w ith  our data in
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G e:A s and w ith  re s u lts  in S i;P  of S asak i et a l.  W e conclude th a t 

the  m e ta ll ic  tra n s it io n s  in  both m a te r ia ls  m a y  be taken  to be of 

A n d e rs o n  type bu t w ith  the  H u b b a rd  U p lay in g  a m o re  p ro m in e n t 

ro le  in  the b e h a v io u r o f the  e le c tro n  gas in  S i:P  c lo se  to  the  

t ra n s it io n  than in  G e :A s . T h is  id ea  is  in  a cc o rd  w ith  H a l l  

m e a s u re m e n ts  in  both m a te r ia ls  as w e d e s c rib e  in  A p p e n d ix  2 . I
■3

In  co n s id e ra tio n  of our h igh  f ie ld  re la x a t io n  data , we showed . f

f i r s t ly  th a t the assu m p tio n  o f a n a rro w  im p u r ity  band could  lea d

to a p o s itiv e  f ie ld  dependence o f T  ^ . A  rough c a lc u la tio n  gave

o rd e r  of m ag n itu d e  a g re e m e n t w ith  e x p e r im e n ta l T ^ (7 ) to T   ̂ (2 )

2ra t io s  and i t  was shown th a t K  T ^ (2 )T  could fa l l  b e lo w  the  

K o rr in g a  va lu e  as w e h ave  o b s e rv e d .

A  second m o d el to account fo r  the in e q u a lity  o f T ^ (7 ) and 

T ^ (2 ) was based on the assu m p tio n  o f Kondo c en tres  b e in g  p re s e n t 

in  a doped s e m ic o n d u c to r. T h e  o r ig in  o f the  lo c a l m o m en ts  is  

taken  to be the re s u lt  of s ta t is t ic a l flu c tu a tio n  in  the donor d en s ity  

lea d in g  to som e s ites  b e in g  r e la t iv e ly  is o la te d  ra th e r  than  a la rg e  

U fa v o u rin g  s in g ly -o c c u p ie d  s ite s . M o tt  has shown th a t a sp read  

of Kondo fre q u e n c ie s  can le a d  to  a n e g ative  m a g n e to re s is ta n c e  

l in e a r  in  f ie ld  in a g re e m e n t w ith  e x p e r im e n t. I f  Kondo m o m ents

" Ie x is t then th e y  should fu rn is h  a n u c le a r  re la x a t io n  m e c h a n is m  in  

a d d itio n  to th a t due to n u c le a r  con tact w ith  the band e le c tro n s  in

G e :A s . W e have  p o s tu la ted  th a t th is  could  e xp la in  the  fa l l  in  ,,,

2
K  T ^ (2 )T  b e lo w  the K o r r in g a  v a lu e  and the fa c t th a t T ^ (2 ) is

I

continuous acro s s  the m e ta l-n o n m e ta l t ra n s it io n . A t  h igh  f ie ld s ,  

the  lo c a l m o m en t flu c tu a tio n  is su p p ressed  and the n u c le a r  re la x a t io n
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ra te  d e c re a s e s . W e have o b s erv e d  th a t T ^ (7 ) >  T ^(2) in  the  

im p u r ity  band re g io n  in  a g re e m e n t w ith  the m o m en t flu c tu a tio n  

th e o ry . M o re o v e r  i f  the  h igh f ie ld  n u c le a r re la x a t io n  is  p re d o m in a n tly  

due to conduction e le c tro n  contact then w e w ould  expect a d ra m a tic  

change in  T  (7) a t N  w h e re  the  K n ig h t sh ift a lte rs  s h a rp ly . T h is  is 

again  in  a c c o rd  w ith  o u r o b s e rv a tio n s . F o r  v e ry  h e a v ily -d o p e d  

m a te r ia l ,  we expect n u c le a r  re la x a t io n  to be due s o le ly  to F e r m i  

contact w ith  conduction  band e le c tro n s  and thus T   ̂ should be

18 — 3
independent o f f ie ld .  O u r data  shows T ^ (2 ) = T ^ (7 ) fo r  Z  10 cm

in  good a g re e m e n t w ith  the  e s tim a te s  of the dopant c o n c e n tra tio n  a t

w h ich  the  F e r m i  le v e l e n te rs  the  conduction band . T h e  p re se n c e  of

lo c a l m o m en ts  leads  to b ro a d en in g  of N M R  reso n an ce  l in e s , as we

noted  in  ch ap ter 5, w ith  the  b ro a d en in g  be ing  p ro p o rtio n a l to f ie ld .

W e a lso  m en tio n ed  th a t the  som ew hat s im i la r  id ea  of a K n ig h t s h ift

d is tr ib u tio n  m o d e l could le a d  to b ro ad en ed  reso n an ces  w ith  a

s im i la r  f ie ld  dependence. I t  w as , m o re o v e r , a rg u ed  th a t a m a jo r

c o n tr ib u tio n  to the  lin e  w id th  w as no t o f q u a d ru p o la r o r ig in . T h e

lo c a l m o m en t m o d el c le a r ly  f its  o u r data  in  the q u a lita t iv e  sense

and is  a lso  in  a g re e m e n t w ith  n e g a tiv e  m agneto  re s is ta n c e

96
o b s erv a tio n s  and the R a m a n  study of G e:A s by D o e h le r . T h e

m o d e l h o w e ve r seem s not to be a p p lic a b le  to S i:P . S p e c if ic a lly ,

B ro w n  and H o lco m b ^ , w h ils t not ru lin g  out the e x is te n c e  o f lo c a l

m o m en ts  in  S i;P , found no ev id en ce  fo r  th e ir  p re se n c e  in  th e ir  N M R

97e x p e r im e n ts . F u r th e r ,  the  R a m a n  s p e c tra  of J a in  e t a l.  , the 

87
ESR data  o f P i f e r  and the  m a g n e tic  s p e c ific  h eat m e a s u re m e n ts

93 94of H edgcock et a l.  and M a rk o  and H a r r is o n  show no sign of

lo c a lis e d  s ta tes  e x is tin g  above N^_
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P a re n th e t ic a lly , i t  is in te re s tin g  to  specu la te  th a t, i f  as we

have a rg u ed  above, U (S i) > U (G e) then  we should expect the

p ro b a b ility  o f ex is te n ce  o f m o m en ts  to be g re a te r  in S i:P  than G e:A s ,

T h e  d is c re p a n c y  could be re m o v e d  by assu m in g  th a t in tra a to m ic

c o r re la t io n  is  not as im p o rta n t fo r S i:P  as we have b e lie v e d  and thus

the p re se n c e  of lo c a l m o m en ts  is  d e te rm in e d  p r im a r i ly  by flu c tu a tio n s

in  doping d e n s ity . (T h is  po in t o f v ie w  has re c e n tly  been advanced  b y

M o tt*^ ^ **^ \)  A lth o u g h  N  (S i) ~  IO N  (G e) i t  is not c le a r  w h e th e r

th e  p ro b a b ility  o f fin d in g  a c e n tre  w ith  lo w  Kondo te m p e ra tu re  is

g re a te r  fo r  n -G e  than n -S i s in ce  although th e re  m a y  be a g re a te r

chance o f fin d in g  is o la te d  s ites  in  n -G e  we have no ted  in  c h ap ter 3

th a t im p u r ity  c lu s te rs  can a lso  behave as lo w - T ^  s ite s . I f  the

h ig h ly  c o r re la te d  gas does no t e x is t in  S i:P  then a lte rn a t iv e

exp lan atio n s  of the  enli an c em en t o f X g ,  K , e tc . m u s t be sought.

93H ed g co ck  et a l .  po in ted  out th a t the m o m e n t- l i fe t im e  m ig h t be such  

as to m ake  th e ir  p re s e n c e  d e te c tab le  by ESR s ince fo r  a T ^

of a few  K e lv in , is  of the o rd e r  o f the e le c tro n  L a r m o r  fre q u e n c y .

In  an e q u ilib r iu m  p ro p e r ty , such as s p e c ific  h e a t, th e  m o m e n t

l i fe t im e  m ig h t be too s h o rt to  have a n o tic e a b le  e ffe c t. T h e  n u c le a r  

L a r m o r  fre q u e n cy  is  h o w e v e r m uch  les s  than th a t o f the e le c tro n s  

so th a t enhancem ents in  K  and T   ̂  ̂ re m a in  u n exp la in ed  on the  

H ed g co ck  p ro p o s a l. A n  a lte rn a t iv e  v ie w p o in t is  th a t the e le c tro n  

gas in  S i:P  should be c o n s id e re d  in  te rm s  o f an am orphous

a n tife rro m a g n e t as we now d is c u s s .

4
Ik e h a ta  et a l, have advocated  th a t the su p p ress io n  o f spin  

f lu c tu a tio n s  w itli in c re a s in g  m a g n e tic  f ie ld  can e x p la in  th e ir  f ie ld
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dependent data in S i;P . T h e y  obta in  good a g re e m e n t betw een

th e ir  o b served  T  ^T enhancem ents at low  te m p e ra tu re  and the th e o ry

of ueda and M oriya^"^^ ’ of n u c le a r  re la x a t io n  in  w e a k ly  a n t i fe r r o -
A

m a g n e tic  m e ta ls . A s  we have  not m ade any v e r y  lo w  te m p e ra tu re  

m e a s u re m e n ts  o f T   ̂ in  G e :A s , w e cannot co m m en t on the  

a p p lic a b ility  o f the  U e d a -M o r iy a  th e o ry  to our s ys te m . A  c r ite r io n  

fo r  d e te rm in in g  w h e th e r, say , S i:P  is  a n tife r ro m a g n e tic  is  the  

ra t io  of h a n d  the in te ra c tio n  b etw een  the m o m en ts  w h e th er of 

dam ped R K K Y  o r o th e r ty p e . F o r  w eak  in te ra c tio n , the  m om ents  

behave  as the Kondo s ites  d e s c rib e d  above but fo r s tro n g  m o m e n t-  

in te ra c tio n  the m a te r ia l  is  b e tte r  d e s c rib e d  as an am orphous  

a n tife r ro m a g n e t. S asak i et a l,  have deduced th a t the N e e l  

te m p e ra tu re  is  0 . 1 K  fo r  S i:P  so th a t no b ro ad en in g  of n u c le a r  

reso n an ce  lin e s  is  expected  a t the te m p e ra tu re s  a t w h ich  the  

e x p e rim e n ts  w e re  p e r fo rm e d  ( >  0 . 6 K ), i . e .  the m o m en ts  a re  not 

s ta tic  in  c o m p a ris o n  w ith  the n u c le a r  L a r m o r  fre q u e n c y . I t  is  

in te re s tin g  to note th a t fo r  an am orphous a n tife rro m a g n e t the jX

ag a in s t T  cu rve s  a re  s im i la r  in  fo r m  to  those due to  a h ig h ly  

c o r re la te d  gas. F in a lly ,  i t  should be m en tio n ed  th a t B e n e d ic t and

L ook^^^  have a rg u ed  th e  e x is te n ce  of m o m en ts  in  h e a v ily  doped GdO I

on th e  b as is  o f th e ir  o b s e rv a tio n  o f tw o -v a lu e d  n u c le a r  re la x a t io n  

t im e s . T h is  phenom enon has not h o w e ve r been o b s e rv e d  in  S i;P  

o r G e:A s ,

;
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6. 2 S u m m a r y  S

I
T h e  o v e ra ll  conclus ion  fro m  th is  w o rk  is  th a t the m e ta l-  .A

J
n o n m e ta l tra n s it io n  in G e:A s ap p ears  to be of A n d e rs o n  typ e . W e fv-

Î
b e lie v e  an A n d e rs o n  tra n s it io n  a ls o  occurs  in  S i:P  bu t the H u b b ard

1in tra a to m ic  c o r re la t io n  te r m  w o u ld  seem  to p la y  a m o re  im p o rta n t

ro le  in  d e te rm in in g  the b e h a v io u r o f the e le c tro n  s ys te m  in  S i:P

1
than in  G e :A s . W e have shown th a t the f ie ld  dependence of 5

73 IT  (G e ) m a y  be e xp la in ed  on the  b a s is  o f a s in g le -p h a s e  e le c tro n  . S

is y s te m  in  a n a r ro w  im p u r ity  band. A lte r n a t iv e ly ,  som e tw o -p h as e

c h a ra c te r  lead s  to a g re e m e n t w ith  our data and those o f o th e r

e x p e rim e n ts  but the la c k  of a q u a n tita tiv e  th e o ry  to te s t o u r re s u lts  |ï

is  a s e v e re , i f  as y e t n e c e s s a ry , o m is s io n . C o n v e rs e ly  a tw o -

phase e le c tro n  s y s te m  seem s s e r io u s ly  a t v a r ia n c e  w ith  the  S i:P

e x p e r im e n ta l da ta . W h e th e r th ese  m a te r ia ls  a re  d e s c rib a b le  as |

am orphous a n tife rro m a g n e ts  re m a in s  s p e c u la tiv e .

T h e  a ttitu d e  o f w o rk e rs  in  th is  f ie ld  of physics  is  perhaps b es t

in d ic a te d  by  no ting  th a t f i r s t ly  M o tt ,  who fo r  so long has c o n s id e re d

S i:P  to be the a rc h e ty p e  fo r  a t ra n s it io n  due to c o r re la t io n , now

advocates  an opposite  v ie w  and in tro d u c e s  e le m e n ts  of a tw o -p h as e  >1:

70 71s y s te m  in to  h is  new  ap p ro ach  * . T o  the c o n tra ry , M a rk o , who

in te rp re te d  h is  ESR and s p e c ific  h ea t da ta  in  S i:P  on the b a s is  of a

81 82 84
tw o -p h a s e  e le c tro n  gas * * h as , on the  ev id en ce  of m a g n e tic

s p e c ific  heat data and the c a lc u la tio n s  of X (T ) by Chao and  

8 6 .B e rg g re n  , r e je c te d  the tw o -p h a s e  m o d e l c o m p le te ly  fo r  a th e o ry

94
b ased  on c o r re la t io n

I
Î
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F r o m  a p ra c t ic a l s tandpoin t, G e:A s is  a fa r  le s s  a ttra c t iv e

m a te r ia l  than S i:P  w ith  w h ich  to p e r fo rm  N M R  (and E S R ) e x p e r im e n ts .

T h e  h igh  spin , lo w  m a g n e to g y ric  ra t io  and m o s t im p o r ta n t ly  the long

73re la x a t io n  tim e s  of Ge a ll  co n sp ire  to m ake  e x p e rim e n ta tio n  

d if f ic u lt .  M o re o v e r , the lo w e r  doping d en s ity  re q u ire d  to study the  

m e ta l-n o n m e ta l t ra n s it io n  in  n -G e  m eans th a t im p u r ity  N M R  is  b e lo w  

the  n o rm a l d e te c tio n  l im it s .  T o  its  c re d it ,  h o w e v e r, h igh  q u a lity  

Ge sam p les  o f known im p u r ity  c o n ce n tra tio n  a re  a v a ila b le  and we  

re g a r d  th is  fe a tu re  as a p re re q u is ite  fo r  any study o f the  m e ta l-  

n o n m e ta l t ra n s it io n .
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A l . l  I n t r o d u c t i o n

T h e  re q u ire m e n ts  of a pu lsed  N M R  s ys te m  have  been  l is te d  

189b y C la r k  and we m a y  s u m m a ris e  th e m  as fo llo w s . F i r s t l y  the

tr a n s m it te r  m u s t be capab le  of d e liv e r in g  in ten se  ra d io fre q u e n c y

p u lses  to the  sam p le  c o il w h ich  fo rm s  p a rt of a tuned  c ir c u it .  T h e

pu lses  m u s t be capab le  o f be ing  v a r ie d  in  phase, w id th  and re p e t it io n

r a te .  T h e  r e c e iv e r  m u st be s e n s itiv e  to both the phase and a m p litu d e

o f the  n u c le a r  s ig n a l and should be ab le  to  a m p lify  w ith o u t d is to rtio n

o f the s ig n a l. T h e  s ta b il ity  o f the gain  o f the r e c e iv e r  is  re q u ire d

to be good s ince m e a s u re m e n ts  of the a m p litu d e  of th e  s ig n al a re

u sed  in  d e te rm in in g  T   ̂ v a lu e s . A s  re g a rd  the  m a g n e tic  f ie ld  in

w h ich  the e x p e r im e n t is  p e r fo rm e d , good s ta b ility  is  re q u ire d

e s p e c ia lly  w hen s m a ll K n ig h t s h ift m e a s u re m e n ts  a re  a tte m p te d .

F u r th e r m o r e  the in h o m o g en e ity  of the s ta tic  f ie ld  o ver the sam p le

v o lu m e  should be lo w  to p e r m it  K n ig h t s h ift and lin e  w id th  data to be  

73ta k e n . T h e  Ge nucleus is  a s e v e re  te s t of som e o f th e  re q u ire m e n ts

noted  above and we d e s c rib e  our ap p ro ach  fo r  a tte m p tin g  to o b serve  

73the Ge reso n an ce  in  the fo llo w in g  s ec tio n . L a te r  p a ra g ra p h s  a re  

devoted  to d e s c rip tio n s  o f the N M R  s p e c tro m e te r , m ag n et s ys te m s , 

c ry o g e n ic  p ra c t ic e  and the m ethods  of m e a s u re m e n t em p lo yed .

73
A  1 .2  O b s e rv a b il ity  of the Ge R esonance

73
F o r  equal n u m b e rs  o f n u c le i at constant f ie ld , the Ge nucleus ' 

-  3
is  rx, 10 tim e s  the s e n s it iv ity  of the p ro to n  and < 20% o f the

29
s e n s it iv ity  of the Si n u c leu s . In  o rd e r  to d e te rm in e  the o p tim u m
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w h e re   ̂ i s the f i l l in g  fa c to r  of the c o il, i . e .  the r a t io  of the

190
A n  e xp re s s io n  fo r  the  s ig n a l-to -n o is e  r a t io  becom es

S V ^ )

^  (4 k T  A v .Q L  cj
( A l .  3)

2 0 8 .

73e x p e r im e n ta l cond itions fo r  o b s erv in g  the Ge n u c le a r  reso n an ce ,

a s im p le  e xp re s s io n  fo r  th e  s ig n a l-to -n o is e  ra t io  in  a pu lsed  N M R

8 'e x p e r im e n t is  d e r iv e d . F o llo w in g  A b ra g a m  , the p eak  a m p litu d e

of the induced  n u c le a r s ig n a l in  a c o il fo llo w in g  a t t / 2  pulse  is  A
"I

v ^ T j j U M c o Q A  ( A l . l )  $
' o o o n , ■£

sam p le  to c o il v o lu m es  V  / V  , M  is  the n u c le a r  m a g n e tis a tio nS C O
■sp e r u n it vo lu m e , Q is  the  q u a lity  fa c to r  of the c o il, A  is  the

c ro s s -s e c t io n a l a re a  and n the n u m b e r o f tu rn s  in  the  c o il.  F o r  %

'‘ i

a so leno id  of len g th  1, the inductance  L  is  g iven  b y  «

2
L  = |4  ̂ (A  1 .2 )  I

w h e re  Av is  the bandw id th  and T  the te m p e ra tu re  o f th e  tuned  4

c ir c u it .

T h e  fo rm u la  fo r  S /N  is  on ly  o f o rd e r  o f m ag n itu d e  s ig n ific a n ce

and i t  is  not p o s s ib le  to d e te rm in e  e x a c tly  how S /N  changes if  any

one q u a n tity  is  changed s in ce  th e  com ponents of the  fo rm u la  a re  not

independent o f each o th e r. T h e  in te ra c tio n  betw een  the v a rio u s  te rm s

19 1
has re c e n tly  been tre a te d  by  H o u lt and R ic h a rd s

H o w e v e r , fau te  de m ie u x , o u r e x p re s s io n  im p lie s  th a t we should  

w o rk  w ith  a la rg e  v o lu m e , h igh  Q  c o il a t h igh  fre q u e n c y  w ^ and 

u sing  the  s m a lle s t r e c e iv e r  bandw id th  p o s s ib le . T h e  m a g n e tis a tio n
I

m a y  be o p tim is e d  b y  u s in g  la rg e  s ta tic  m a g n e tic  fie ld s  and lo w  te m p e ra tu re s .
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T h e  e a s ie s t fa c to r  to  in c re a s e  is  the  w o rk in g  fre q u e n c y  co ^

but w e im m e d ia te ly  fa c e  the p ro b le m  of the low  m a g n e to g y ric  ra t io  

73Y of Ge . The  f i r s t  e le c tro m a g n e t th a t we used had a m a x im u m  

f ie ld  of 1. 6 T  but w e w e re  r e s t r ic te d  to a f ie ld  o f 1. 44 T  as the A
■H

h o m o g e n e ity  w as poor at the h ig h e r v a lu e . Since

w = Y B (A 1 .4 )  I
o o S

th e  im p lie d  w o rk in g  fre q u e n c y  is  2 . 14 M H z  w h ich  is  lo w  b y  n o rm a l

N M R  s tan d ard s . T h e  a r r iv a l  o f a superconducting  m ag n et sys tem

in  our la b o ra to ry  a llo w e d  la te r  m e a s u re m e n ts  to be p e r fo rm e d  a t .i|

5 T  and 7. 4 M H z .

3
T h e  sam p les  w e re  o f v o lu m e  2 cm  w h ich  w as co ex ten s ive  

w ith  the vo lu m e  o v e r w h ich  the f ie ld  in h o m o g en eity  and the  co n ce n tra tio n  

g ra d ie n t o f the dopant a long the  sam p le  w e re  a c c e p ta b le . L o w  

te m p e ra tu re s  w e re  used because  of the  physics  of o u r sam p les  and  

Av w as kep t to a few  k H z  but no t so lo w  as to d is to r t  th e  n u c le a r

f r e e  induction  decay ( f .  i .  d. ).

A s  re g a rd s  c o il des ig n , the  sam p le  vo lu m e  fix e d  A  and 1.

T h e  inductance L  and Q a r e  r e la te d  to th e  im p ed an ce  R  of the 

c ir c u it  by

R  = Q w L  ■ ( A l .  5) "o ' ’

and the tun ing  cap ac itan ce  in  tlie  sam p le  ta n k  c ir c u it  is g iven by the

u s u a l fo rm u la  |

C =-----  ^ ----------------------------------------------- ( A l .  6) i

-I
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I f  R is  chosen as 50 il , then  a h igh va lu e  of Q re q u ire s  

L  to be s m a ll and th is  m a y  m a k e  C in c o n ve n ien tly  la r g e . A  fu r th e r  

p ro b le m  o f h igh  Q co ils  is  th a t th e  n a tu ra l t im e  constant of the  

tuned c ir c u it  is  p ro p o rtio n a l to Q . F o llo w in g  a la rg e  r . f .  p u lse , 

the tan k  m u st r in g  down to a le v e l a t w h ich  i t  is ab le  to  accep t the  

s m a ll n u c le a r  s ig n a l. T h e  n a tu ra l t im e  constant o f the c ir c u it  t 

is  g iven  by

w T = 2Q  ( A l .  7)

and the r in g  down t im e  of the pu lse  is

T , rw 6 T (A  1. 8)
rd

F in a lly ,  in  a pu lsed  N M R  e x p e r im e n t, a la rg e  ro ta t in g  m a g n etic  

f ie ld  is  re q u ire d . I f  the e n e rg y  s to re d  in  a c o il w hen a c u rre n t

i  flow s is r

^ L i and i  = — (A  1 .9 )
Xj (a)

O

w h e re  V  is  the v o ltag e  d eve lo p ed  a c ro s s  the  c o il,  th en  

/ w _ L \  2 '

= ( î Â l j  \

A  lo w  in ductance  c o il can thus g e n era te  la rg e  va lu es  of B  ̂ and has

the  fu r th e r  advantage th a t b reakd o w n  p ro b le m s  a s s o c ia te d  w ith  high

im p ed an ce  co ils  a re  su p p ressed .

In  p ra c tic e  i t  is  im p o s s ib le  to en su re  s im u ltan eo u s  o p tim is a tio n  

o f a ll  aspects  of c o il d es ig n  and indeed  fu r th e r  p ro b le m s  a r is e  when  

the c o il fo rm s  p a r t  o f a s p e c tro m e te r  sys tem  ra th e r  th an  the is o la te d  

u n it th a t w e have c o n s id e red  h e re .  W e d e fe r  d iscu ss io n  of th ese  

e ffe c ts  u n t il  the  s p e c tro m e te r  has been  d e s c rib e d .
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A l .  3 T h e  N M R  S p e c tro m e te r
î

T h e  equ ipm ent is  of the w id e  band type based  on the design of B

192L o w e  and T a r r  . A  s ch e m a tic  is  shown in  f ig u re  ( A l ,  1) and a

photograph of the 7 .4  M H z  a p p ara tu s  is g iven in p la te  1. In  the A

L o w e - T a r r  design , a s in g le  c o il is  u sed  both to d e liv e r  a h igh  p o w er %

4
I
-A

pu lse  and p ic k u p  the  induced  n u c le a r  s ig n a l. T h e  s e r ie s -c ro s s e d  

diodes and the diode s h o rt enab le  the  c o il to sw itch  b e tw een  the  

t ra n s m it t in g  and re c e iv in g  m o d es . O n  pu lse , both sets of diodes  

conduct h e a v ily  so th a t a la rg e  v o ltag e  is  deve loped  a c ro s s  the c o il 

b u t the  re c e iv e r  is  p ro te c te d  f r o m  s e v e re  o v e rlo a d  b y  the h igh p o w er  

p u ls e . O ff  p u lse , the  s e r ie s -c ro s s e d  diodes stop conducting thus  

is o la tin g  the  t r a n s m it te r  f ro m  the  r e c e iv e r  and the d iode sh o rt goes 

open c irc u it  so th a t the r e c e iv e r  can accep t the n u c le a r  s ig n a l. In  

L o w e  and T a r r 's  o r ig in a l des ig n , h a lf-w a v e le n g th  cab les  w e re  used  

betw een  t r a n s m it te r - c o i l  and c o i l - r e c e iv e r  to obta in  m a x im u m  pow er 

t r a n s fe r  w h ils t a q u a r te r -w a v e le n g th  lin e  b etw een  the  tw o sets o f 

diodes en su red  th a t tie  d iode s h o rt d id  not shunt the tuned c irc u it .
4

T h e s e  au th o rs  a lso  u sed  180 0  cab le  to  m a tc h  the  ouput im p ed an ce  v*

o f the p o w er tubes in  the  output of the pow er a m p lif ie r  and thus the  

ta n k  c irc u it  w as re q u ire d  to have  an im p ed an ce  o f 180 12 a ls o . In  4

o u r case , the e le c t r ic a l  len g ths  of X /4  and X / 2  c o a x ia l lin e s  

w e re  e x c e ss ive  a t 2 , 14 M H z  and w ould  h ave  in tro d u c e d  la rg e  losses  

and p o s s ib ly  p re ve n te d  tun ing  o f th e  sam p le  c o il. In  the fo llo w in g  

w e d e s c rib e  our design  fo r  2 .1 4  M H z  and in d ic a te  la te r  the  

m o d ific a tio n s  m ade fo r  o p e ra tio n  a t 7 .4  M H z .

-I
I
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O u r p ro c e d u re  was to choose an im p ed an ce  of 50 Q fo r  the If

sam p le  tan k  and to then  m a tc h  the output im p ed an ce  of the f in a l stage %

of the a m p li f ie r  to 50 0  by w ind in g  a su itab le  output t r a n s fo r m e r  to  

re p la c e  the to r r o id a l  t r a n s fo r m e r  of L o w e  and T a r r .  T h e  sam ple  

c o il consis ted  of ten tu rn s  of copper s t r ip  about 1 m m  w ide and

%

À:
s e p a ra te d  by about 0. 5 m m  g lu ed  w ith  'A r a ld ite ' to  a th in  'M y la r  '

c y lin d e r  w h ich  was a snug f i t  to the G e;A s s a m p le s . T h e  inductance %

w as 1 jjH  and th e  Q ~  40 a t ro o m  te m p e ra tu re . T h e  Q w as t

im e a s u re d  on a M a rc o n i c ir c u it  m a g n ific a tio n  m e te r  and a lso  by **

in je c tin g  a ra d io fre q u e n c y  in p u t to the tuned c irc u it  in  p la ce  on the  

N M R  probe and no ting  the h a lf -p o w e r  points w ith  a H e w le t t -P a c k a r d  

5 2 4 6 L  fre q u e n c y  m e te r .  T h e  Q in c re a s e d  to ~  60 a t 4. 2 K ,  

p re s u m a b ly  due to  a change in  r e s is t iv i t y  of the copper w in d in g . T h e  

tu n in g  c a p a c ito rs  used w e re  of the d ipped s ilv e r  m ic a  typ e  (S angam o),

T h e s e  c a p a c ito rs  have  a tough, pheno lic  coating  en ab lin g  th e m  to

w ith s ta n d  m an y  th e rm a l cyc les  f ro m  ro o m  to h e liu m  te m p e ra tu re s  %
%

■ iw ith o u t d e g ra d a tio n . In  a d d itio n , th e y  have  a low  te m p e ra tu re  -ê

4c o e ffic ie n t of cap ac itan ce  so th a t th e  e n tire  p robe could be tuned at g

ro o m  te m p e ra tu re  w ith  th e  con fidence th a t i t  w o u ld  re m a in  tuned  

at 4 . 2 K . No o th er c a p a c ito rs  w e re  found to have such conven ien t 

p ro p e r t ie s  f ro m  an N M R  v ie w p o in t. T h e  s in g le  d isad van tag e  is th a t 

som e a re  f it te d  w ith  m a g n e tic  lead s  and m u st th e re fo re  be d is c a rd e d .

T h e  c a p a c ito rs  w e re  m ounted  as c lo se  to  the  c o il as p o ss ib le  and w ith  

v e ry  sh o rt leads to avo id  in tro d u c in g  any s tra y  in ductance  fro m  the  

le a d s . T h e  tun ing c ap a c itan ce  a t 2 . 14 M H z  is  ~  5000 p F  and the  

ro ta tin g  B  ̂ f ie ld s  fo r  tlie  c o il w e re  5 m T  fo r  a p u lse  o f 300 V  

p eak  a c ro s s  the c ir c u i t .  ^
4



’■i
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In i t ia l  a tte m p ts  to fin d  a n u c le a r  s ig n al a t lo w  te m p e ra tu re s

w e re  th w a rte d  by  an o s c illa t io n  or r in g in g  o f the c o il la s t in g  fo r

2 msec a fte r  the pulse had  te rm in a te d . T h e  o b s erv e d  rin g in g

19 3w as dependent on the m ag n itu d e  of and B  ̂ as Speight e t a l.

h ave  n o ticed . T h e s e  au th o rs  c u red  the rin g in g  by s u rro u n d in g  the  @

c o il by  a c lo s e ly  wound c o il of e n a m e lle d  copper w ir e .  T h e

in s u la tio n  was re m o v e d  at one po in t on each tu rn  and a th ic k  copper

grounding  s tr ip  s o ld e re d  in  p la c e . T h e ir  re as o n  fo r  us ing  a

'd is c re te ' sh ie ld  was on account o f th e ir  o b s erv a tio n  th a t the

r in g in g  was caused by eddy c u rre n ts  be in g  produced  in  a s o lid

s h ie ld  b y  the  r . f .  pu lse  and b e in g  re f le c te d  b ack  to the c o il by  the

s ta tic  f ie ld .  In  c o n tra s t w e found th a t the r in g in g  could be reduced

by su rro u n d in g  the c o il in  a b ra s s  can and r ig id ly  ty in g  the c o il down

w ith  an e a rth in g  s t r ip  to the s h ie ld . U ndoubted ly , the  p re v e n tio n  o f |

p h y s ic a l m o v em e n t of the c o il is  im p o rta n t in  pu lsed  N M R  w o rk .

27T h is  m o d ific a tio n  p e rm it te d  the e a s ily -s e e n  A l  reso n an ce  to be

o b s erv e d  but the r in g  down t im e  o f the tuned c ir c u it  w as r a th e r  long

( ~  lOOj^s) due to the  h igh  Q c o il.  In  n o rm a l c irc u m s ta n c e s , w ith

a nucleus of re a s o n a b le  s e n s it iv ity , th is  could be c irc u m v e n te d  by

lo w e r in g  the  Q by in s e r t in g  a s m a ll len g th  (r.,5 m m ) o f m an g an in

— 1
w ir e  of re s is ta n c e  20 0  m  in  s e r ie s  w ith  the c o il. F o r  

73
Ge , w h ich  had not to our know ledge been o b served  b e fo re  b y  pulse  

tech n iq u es , we w ish ed  to keep  Q h igh  to e ffe c t the  g re a te s t S /N  

r a t io .  A c c o rd in g ly , w e in s e r te d  a 200 0  re s is to r  be tw een  the  

r . f .  l in e  and ground on the  t r a n s m it te r  s ide of the s e r ie s  d io d es. t'

On p u lse , the t r a n s m it te r  sees a lo w  Q c irc u it  fo rm e d  b y  the



th e  fre q u e n c y  was a t w ^ to  b e tte r  th an  10 H z  e v e ry  t im e  we  

p e r fo rm e d  a m e a s u re m e n t and  no in co n ven ien ce  w as e x p e rie n c e d .

"   '
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200 Q re s is to r  in  p a r a l le l  w ith  the tuned c ir c u it .  T h e  tan k  r in g s  

down q u ic k ly  to the th re s h o ld  of the d iodes (0 . 5 V )  a t w h ich  po in t :V

the  200 Q quench r e s is to r  is  sw itch ed  out o f the  c ir c u it .  T h e  

sam p le  tan k  then r in g s  down w ith  its  n a tu ra l Q to  the  s u b -m il l iv o lt  

ra n g e  in  o rd e r  to a ccep t the n u c le a r  s ig n a l. T h e  advantage o f h av in g  

a h igh  Q c o il in  the re c e iv in g  m ode and a lo w  Q c ir c u it  in  the 

t ra n s m it t in g  m ode has to be b a lan ced  w ith  the in e v ita b le  lo ss  in  

due to the  shunting e ffe c t of the quench r e s is to r .  O b s e rv a tio n  o f a 

n u c le a r  reso n an ce  in d ic a te d  th a t the  r e c e iv e r  dead tim e  was  

re d u ce d  to 25 jLjsec a t 2 . 14 M H z  us ing  the q u en ch er.

T h e  eq u ip m en t used  fo r  the  t ra n s m it t in g  side o f the s p e c tro m e te r  

in  ad d itio n  to the gates and p o w e r a m p li f ie r  of L o w e and T a r r  w e re  

a ra d io fre q u e n c y  g e n e ra to r  and a set of pu lse u n its . T h e  r . f .  was  

s u p p lied  by  an A ir m e c  201 s ig n al g e n e ra to r  w ith  its  in te rn a l pow er  

supply  re p la c e d  b y  a F a r n e l l  6 , 5 A  s tab le  d. c . p o w er supply fo r  the  

tube h e a te rs  and a s ta b le , F a r n e l l  300 V , 70 m A  u n it fo r  the h igh  ,

te n s io n . T h is  w as n e c e s s a ry  to  re m o v e  50 and 100 H z  r ip p le  

o th e rw is e  p re s e n t on the  outpu t. T h e  lo w  le v e l output o f the  A ir m e c  

(1 v r m s )  was fed  tô the m ix e r  and the h igh  le v e l (4  v  rm s ) used in the  

re fe re n c e  lin e  to the r e c e iv e r .  S ince the s ig n a l g e n e ra to r  was not 

c ry s ta l c o n tro lle d , the output fre q u e n c y  w as co n tin u o u s ly  m o n ito re d  

by a H e w le t t -P a c k a rd  5 2 4 6 L  fre q u e n c y  co u n ter o r R a c a l SA 535 

c o u n te r - t im e r  w ith  a R a c a l SA 548 decade d iv id e r .  S ince  the  

t im e  sca le  of our e x p e rim e n ts  was so long, we m e r e ly  had to en su re
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T h e  d. c. pu lses fo r  the gates w e re  p ro v id e d  by  a bank o f T e k tro n ix  

2 6 0 0 -s e r ie s  pu lse u n its  a n d /o r  a set o f A IM  pulse u n its . T h ese  

p ro v id e d  sq u are  pulses in  w id ths  f ro m  les s  than 1 jUsec to 

100 sec, w ith  our u su a l w o rk in g  ra n g e  be ing  -^ 2 0  ^ sec fo r  a

9 0 °  p u lse .

W e co n s id e r now the r e c e iv e r  side of the s p e c tro m e te r . T h e  

p ro te c tio n  c irc u it  co nsis ts  o f a tuned L,C c irc u it  w h ich  p re s e n ts  a 

h ig h  im p ed an ce  to the  pu lse  and thus en su res  th a t the pu lse  is  

deve loped  acro s s  the  sam p le  tuned c ir c u it .  T h e  d iode s h o rt l im its  

the  r e c e iv e r  s a tu ra tio n  to 0. 5 V .

T h e  a m p lif ic a t io n  s y s te m  co n s is ted  o r ig in a lly  of an A re n b e rg  

W A -6 0 0 E  w ideband a m p li f ie r  and an A re n b e rg  P A -6 2 0 -B  p re a m p lif ie r ,  

T h e  W A -6 0 0 E  contains a m u lt i- tu b e  r . f .  a m p lif ic a t io n  stage, m ix e r ,  

d e te c to r  and v id eo  a m p li f ie r  a llo w in g  o b s e rv a tio n  of the n u c le a r  

s ig n a l d ir e c t ly  on the o s c illo s c o p e . T h e  pass band w as s ta ted  to  

be 2 - 6 0  M H z  and th is  was checked to en su re  the  gain  w as not 

fa l l in g  ra p id ly  a t our w o rk in g  fre q u e n c y . T h e  p r e a m p li f ie r  was a 

th re e -tu b e  u n it w ith  tuned inpu t and output stages and w as sta ted  to 

h ave  a pass band of 5 -  60 M H z . A lth o u g h  the cathode le g  and  

in te rs ta g e  cap ac itan ces  w e re  in c re a s e d  and new  tun ing  inductances  

wound fo r  both input and output, the  p e rfo rm a n c e  was v e r y  poor at 

2 . 14 M H z . W e th e re fo re  re p la c e d  the P A -6 2 0 -B  , w ith  a s o lid -s ta te  

P o la ro n  p r e a m p lif ie r  w h ich  had a fre q u e n c y  resp o n se  o f 4 -  60 M H z .  

S a tis fa c to ry  p e rfo rm a n c e  at 2 . 14 M H z  was ach ieved  by in c re a s in g  

the  cap ac itan ce  o f the  in p u t stage of the p r e a m p li f ie r .  A lth o u g h  a 

n u c le a r  s ig nal was now o b s e rv a b le , th e  s ig n al was d is to r te d  b y  th e
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v id eo  sectio n  of the W A -oO O E . To  a lle v ia te  th is  p ro b le m  we

of the s p e c tro m e te r  in  the e a r ly  w o rk  o f s ea rc h in g  fo r  the Ge

p ic k e d  o ff the s ig n al a t a p o in t a f te r  i t  had  been a m p lif ie d  and 

m ix e d  w ith  the re fe re n c e  and passed  the w hole to a h o m em ad e  1

h a lf -w a v e  d e te c to r . T h e  d e tected  w ave fo rm  was then a m p lif ie d

by a H e w le t t -P a c k a rd  H P  465 audio  a m p li f ie r  b e fo re  fin a l f i l te r in g  1

~y.
in  a lo w  pass f i l t e r  to  im p ro v e  the S /N .  The  un d is to rte d  n u c le a r ./SI
s ig n a l could then  be v ie w e d  on an o s c illo sc o p e  and passed  on to  the

. :1a v e ra g in g  s ys te m .

T h e  a v e ra g in g  s y s te m  co n s is ted  of a D a ta iabs D L 9 0 5  tra n s ie n t  /;

I
re c o rd e r  in te r fa c e d  to a D a ta la b s  D E  101 1 0 0 -p o in t s ig n a l a v e ra g e r

enab ling  sh o rt n u c le a r  f .  i .  d 's  to be re c o rd e d  o v er the  fu l l  100 4;

po in ts  of the  a v e ra g e r . T h e  output could  be o b s erv e d  on an

o s c illo s c o p e , p lo tted  on an X - Y  re c o rd e r  o r fed  to  a D ata  D yn am ics

1133 tape  punch to p roduce  output fo r  subsequent p ro c es s in g  by

c o m p u te r. T h e  o s c illo sc o p e s  u sed  w e re  of the  s to ra g e  type,

H e w le t t -P a c k a rd  m o d e ls  141A  o r 181A w ith  a p p ro p r ia te  p lu g -in

u n its . T h e se  in s tru m e n ts  c o n s id e ra b ly  fa c il i ta te d  the  's e tt in g -u p '

73

re so n a n c e .

T h e  re fe re n c e  s ig n a l su p p lied  b y  the  A ir m e c  s ig n a l g e n e ra to r  

w as f i r s t  fed  in to  an A d -Y u  d e lay  lin e  w h ich  w as 'ended ' to  keep  

the  VSW R lo w  and then passed  to a M a rc o n i T F  1 0 7 3 A /1  r . f .  'f

a tte n u a to r b e fo re  e n te r in g  the re fe re n c e  (m ix e r )  in p u t of the  

W A -6 0 0 E . A n  e a r th  loop p ro b le m  was so lved  by in s e r t in g  a 

c o a x ia lis e r  b etw een  the a tte n u a to r and the m a in  a m p li f ie r .
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■i
T h e  c o n vers io n  of th e  s p e c tro m e te r  to o p e ra te  at 7 .4  M H z  

re q u ire d  re p la c e m e n t sam p le  tan k  and p ro te c tio n  c irc u its  and the  

re m o v a l of the lo w  fre q u e n c y  m o d ific a t io n  of the  in p u t to the  

p r e a m p lif ie r .  A lth o u g h  o p e ra tio n  a t the h ig h e r fre q u e n c y  would  

h ave  a llo w e d  the use o f a v e r y  lo w  inductance  c o il p e rm it t in g  la rg e  

B  ̂ f ie ld s  to be g e n era te d , we d is c o v e re d  th a t our sam p les  s e v e re ly  

lo ad ed  such a c o il and we r e v e r te d  to the use of a c o il o f 0 . 8 H  

tun ing  at 7 .4  M H z  w ith  570 p F . T h e  p urchase  of a P o la ro n  re c e iv e r  

a llo w e d  us to d ispense w ith  our h y b r id  r e c e iv e r  co n s is tin g  of the  

A re n b e rg  W A -6 0 0 E , d e te c to r , audio  a m p lif ie r  and f i l t e r .  E a r th  

loop  p ro b le m s  o c c u rre d , h o w e v e r, th a t w e re  not then  c u ra b le  b y  the  

in s e r t io n  o f a c o a x ia lis e r  in the re fe re n c e  l in e . T h e  p ic k -u p  w as  

red u ced  to to le ra b le  le v e ls  in  tw o w ays . F i r s t ly ,  d o u b le -s c re e n e d

I
I
I
4?

■coax w as used  fo r  the re fe re n c e  and s ig nal inputs to the re c e iv e r  

w ith  the o u ter screen s  grounded a t the r e c e iv e r  end on ly . Secondly
■ %

the m a in s  e a rth s  of the tube h e a te r  and h igh ten s io n  supplies  fo r

the s ig nal g e n e ra to r  w e re  re m o v e d .
-P

A  1 .4  G ain  M o n ito r in g  C ir c u it

S ince the re la x a t io n  tim e s  th a t we m e a s u re d  w e re  v e r y  long, 

we re q u ire d  to be co n fid en t th a t the gain  of o u r r e c e iv e r  s ys te m  

w as constant o v e r the  e x p e r im e n ta l p e r io d . In  o rd e r  to  check the  

gain , w e b u ilt  a s im p le  c ir c u it  to m o n ito r  th e  gain  o f the sys tem  |

co n tin u o u s ly  : a b lo ck  d ia g ra m  is shown in f ig u re  ( A l .  2 ). The  

r . f .  le v e ls  in  the t r a n s m it te r  and re fe re n c e  lin e s  w e re  m e a s u re d  

u s in g  A d van ce  v a lv e  v o ltm e te rs  or a L e v e ll ' r .  f . m e te r  fo r  o p e ra tio n
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at 7 .4  M H z . T h e  r . f .  output f ro m  the s ig n a l g e n e ra to r  was  

d isco n n ected  fro m  the gates and connected  in s tea d  to one p o rt  

o f a H a tf ie ld  d o u b le -b a la n c e d  o r  r in g  m o d u la to r. T h e  second input 

to the r in g  m o d u la to r w as a 1 k H z  s in uso id  p ro v id e d  b y  a s tab le  , 

F a r n e l l  L F M 2  s ig n al g e n e ra to r . T h e  output o f the  r in g  m o d u la to r  

w as then a m o d u la te d  r . f .  s ig n a l w ith  a m o d u la tio n  depth o f 100%.

T h is  s ig n al w as then a tte n u a te d  to b e lo w  the s a tu ra tio n  le v e l o f the  

p r e a m p li f ie r .  F in a l ly ,  the  s ig n a l was a p p lie d  to the p robe side of 

the p ro te c tio n  c irc u it ,  the p ro b e  b e in g  d isconnected  and sh ie ld ed  

to p re v e n t r . f .  leakag e  to the c o il and sam p le . T h e  rm s  v a lu e  of 

the  d e tec ted  w ave  could then  be re a d  d ir e c t ly  on an A d van ce  D M M z  

d ig ita l v o ltm e te r  and d is p la y ed  on an o s c illo sc o p e .

W e found th a t the ga in  o f the A re n b e rg  W A -6 0 0 E  v a r ie d  by as 

m uch as 20% o v e r a fu l l  d a y ’ s e x p e r im e n ta tio n  but th is  could e a s ily  

be a llo w e d  fo r  us in g  o u r gain  m o n ito r in g  c irc u it  and the fa c t th a t the  

gain  w as a l in e a r  fu n c tio n  of s ig n al a m p litu d e . (T h is  l in e a r i ty  was  

checked fo r  both the A re n b e rg  and P o la ro n  in  our re g io n  o f o p e ra t io n .)  

T h e  gain  o f the  P o la ro n  r e c e iv e r  w as v e r y  s tab le  w ith  t im e  even  

though, at 7 .4  M H z , the  s p e c tro m e te r  was o p e ra ted  continuous ly  fo r  

s e v e ra l w eeks.

T h e  m o n ito r in g  c ir c u it  a lso  had a second advantage  in  th a t the  

w hole  r e c e iv e r  in c lu d in g  the a v e ra g in g  sys tem  could be v e ry  e a s ily  

and q u ic k ly  checked  fo r  c o r re c t  o p e ra tio n .

T h e  t r a n s m it te r  w as checked  b e fo re  a tte m p tin g  a m e a s u re m e n t  

by connecting  a 50 Q , n o n -in d u c tiv e  lo ad  to the output of the pow er 

a m p li f ie r  and o b s erv in g  th e  pu lse  on the o s c illo s c o p e .
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A l .  5 M e c h a n ic a l D es ig n  of the P ro b e s  |

T h e  low  fre q u e n c y  p ro b e  co n sis ted  e s s e n tia lly  of a lo n g , |
I

th in -w a lle d , s ta in le s s  -  s tee l tube s leeved  in te r n a lly  w ith  P V C . The

r . f .  le a d  in  the c e n tre  of the tube w as a length  of 50 Q coax fro m  4
I

w h ich  the o u te r sh ie ld  had been  re m o v e d  to m in im is e  th e  h ea t le a k  Æ

I
to the liq u id  h e liu m  f ro m  the top of the  c ry o s ta t: the s ta in le s s -s te e l f

I
dow n -tu b e  fu rn is h e d  the e a r th  r e tu r n .  S m a ll lengths of copper b ra id  %

.1
w e re  so ld ere d  b e tw een  the ends of the coax cable and th e  top bnc %

i
co n n ecto r and the lo w e r  p ro b e  a s s e m b ly  c o m p ris in g  the sam p le  Æ

c o il r ig id ly  m ounted  in s id e  a b ra s s  s h ie ld in g  can. T h e s e  b ra id s
■I

a llo w e d  fo r  th e  c o n tra c tio n  o f th e  cab le  a t lo w  te m p e ra tu re s  w h ich  .

could  o th e rw is e  le a d  to ru p tu re d  s o ld e r jo in ts  at e ith e r  end o f th e  ■ |

c a b le . In  p ra c t ic e , m u lt i  s tra n d  coax p ro v ed  les s  su scep tib le  to le a d  

to b ro k e n  jo in ts  than  cab le  o f the  s in g le -c e n tra l-c o n d u c to r  ty p e .

T h e  h igh  fre q u e n c y  p robe co n s is ted  o f a len g th  of th in -w a lle d  |

s ta in le s s -s te e l tub ing  w ith  a c e n tra l, s ta in le s s -s te e l conductor 

in s id e . T h e  r a d i i  o f the  tubes w as chosen so th a t the e n t ire  p robe  ^

fo rm e d  a s o lid  c o a x ia l lin e  o f 50 0  im p ed an ce , assu m in g  a vacuum  

d ie le c t r ic ,  and s e p a ra tio n  o f-the  conductors  w as e ffe c te d  by T e flo n  

sp ac e rs  th a t w e re  p e r fo ra te d  lo n g itu d in a lly  to a llo w  the e n tire  p robe  

to be evacuated . T h e  lo w e r  p a r t  o f both conductors w e re  fa b r ic a te d  

in  b ra s s  as som e s ta in le s s -s te e ls  can e x h ib it m a g n e tis m  in  the  

s tro n g  fie ld s  th a t we w ish e d  to u s e . T h e  b o tto m  end o f the p robe was

s ea led  w ith  'S tycas t ' , an epoxy re s in  w hich  w ith s tan d s  low  i
■1

te m p e ra tu re s  and th e rm a l c y c lin g . T h e  h ead  of the p robe  was  

f it te d  w ith  a bnc connector, a m in ia tu re  v a lv e  th ro u g h  w h ich  the

I

 ̂ r-':
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p ro b e  could be pum ped and a p re s s u re  r e l ie f  v a lv e . The la t te r  

en su red  that an in te rn a l o v e rp re s s u re  w ould  not o c cu r i f  l iq u id
- I

h e liu m  did  e n te r tlie  p robe  and subsequently  v a p o u ris e  as the  

c ry o s ta t w a rm e d  up a fte r  e x p e rim e n ta tio n . T h e  sam p le  c o il was

-S
ag a in  sh ie ld ed  by  a b ra s s  can and an in te rn a l T e flo n  yoke a ffo rd e d  ||

m e c h a n ic a l r ig id ity  of the c o il.

i

I
A  1 .6  C ry o g e n ic s

A l l  the  lo w  fre q u e n c y  m e a s u re m e n ts  w e re  p e r fo rm e d  in  an I

O x fo rd  In s tru m e n ts  D e w a r w ith  a c a p a c ity  of about 3 l i t r e s  of liq u id  

h e liu m . T e m p e ra tu re s  b e lo w  4 . 2 K  w e re  obta ined  b y  pum ping on 

the liq u id . T h e  liq u id  le v e l w as m o n ito re d  by o b s erv in g  the  change 

in  re s is ta n c e  of a N b -S n  sup erco n d u ctin g  w ir e  w hich  w as s u p e r

conducting be low  the l iq u id  and n o rm a l above. The w ir e  was d riv e n  %

by a s im p le  constant c u r re n t  pow er supply  g iv ing  a v o ltag e  sw ing  

b etw een  fu ll  and em p ty  of 4 V .  T h is  le v e l in d ic a to r  was a g re a t  

im p ro v e m e n t on an e a r l ie r  m eth o d  by w hich  the  re s is ta n c e  changes ||

I
o f s tra te g ic a lly  p laced , A l le n -B r a d le y  carbon  re s is to rs  w e re  f

m o n ito re d  by A v o m e te r , s in ce  the re s is ta n c e s  in  co ld  h e liu m  gas

and liq u id  h e liu m  w e re  h a rd ly  d is tin g u is h a b le . T h e  T  m e a s u re m e n ts  -S-

w e re  g e n e ra lly  so long th a t th e y  w e re  u n m e a s u ra b le  w ith  one f i l l  of 

the  d e w a r. T o p -u p  tra n s fe rs  w e re  then n e c e s s a ry  and w h ils t  not 

in h e re n t ly  d if f ic u lt ,  g re a t c a re  had to be taken  when in s e r t in g  the  3

t r a n s fe r  tube to p re v e n t a sudden b o i l -o f f  o f the liq u id  w h ich  could  

le a v e  the sam p le  u n co vered : the  l iq u id  le v e l was co n stan tly  m o n ito re d  

to en su re  th is  d id  not o c c u r. A  fu r th e r  p re c a u tio n  m ad e  was to c re a te
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a s m a ll o v e rp re s s u re  in  the s to ra g e  d ew ar to p re v a il  o v e r the

p ro p e n s ity  of the liq u id  to 's e l f - t r a n s f e r ' f ro m  the c ry o s ta t to the

sto rag e  v e s s e l. A n im p o rta n t p ra c t ic a l point w as th a t the tra n s fe r

tube w ould in v a r ia b ly  b lo c k  d u rin g  a to p -u p  t ra n s fe r  u n le ss ,

fo llo w in g  the in i t ia l  t r a n s fe r ,  th e  siphon was th o ro u g h ly  b a k e d -o u t,

flu s h e d  w ith  d ry  n itro g e n  o r h e liu m  gas and had both ends sea led  o ff

to p re v e n t ab so rp tio n  o f w a te r  vap o u r onto the in n e r w a lls  of the tube.

T h e  h igh  fre q u e n c y  m e a s u re m e n ts  w e re  p e r fo rm e d  us in g  a

superconducting  m ag n et s ys te m  w hich  w as su p p lied  w ith  its  own

c ry o s ta t by T h o r  C ry o g e n ic s . T h e  c ry o s ta t of o v e ra ll  h e ig h t

1, 5 m  and ~  0 ,5  m  d ia m e te r  co n sis ted  o f a super in s u la te d

h e liu m  space of 25 1 c a p a c ity  s u rro u n d e d  by  a super in s u la te d

n itro g e n  ch am b e r o f 30 1 c a p a c ity  and f in a lly  a vacu u m  ja c k e t f itte d

w ith  a pum ping p o rt and a p re s s u re  r e l i e f  v a lv e . T h e  s u p e rin s u la tio n ,

co n s is tin g  of th in , m u lt i la y e r  w rap p in g s  of a lu m in iu m -c la d  m y la r ,

m ad e  the  f it t in g  of a n itro g e n  co ld  t r a p  and so leno id  b a ffle  va lves

m a n d a to ry  fo r  e x te rn a l pum ping  u n its . C o n tam in a tio n  o f the

sheeting  by  d iffu s io n  pum p o il w o u ld  have had an e x tre m e ly

d e le te r io u s  e ffe c t on its  in s u la tin g  p ro p e r t ie s . P re p a ra t io n  o f th e

c ry o s ta t fo r  an e x p e r im e n t w as p e r fo rm e d  as fo llo w s .

F i r s t ly ,  the  vacu u m  ja c k e t w as w e ll  pum ped, u s u a lly  fo u r  

-5days at 10 t o r r ,  as the super in s u la te d  h e liu m  space does not act 

as a p o w e rfu l c ryo p u m p  fo r  a i r .  P re c o o lin g  was a c h ie v e d  by  f i l l in g  

the  n itro g e n  and h e liu m  c h am b e rs  w ith  l iq u id  n itro g e n  and a llo w in g  

the  d ew ar to stand o v e rn ig h t. T h e  fo llo w in g  m o rn in g , the liq u id  

n itro g e n  in  the h e liu m  space w as b io v n  out th ro u g h  a s ta in le s s -



I
s te e l tube th a t re a c h e d  the b o tto m  of the c ry o s ta t us ing  d ry  n itro g e n  

gas of about 1 p. s. i .  g. p re s s u re . T h e  liq u id  n itro g e n  re m a in in g  

a fte r  th is  p ro cess  w as re m o v e d  by su ccess ive  pum ping and b a c k 

f i l l in g  w ith  h e liu m  gas. C a re  w as taken  not to pum p b e lo w  100 t o r r  

to  p re v e n t the p o s s ib ility  of the n itro g e n  solid ifying. T h e  b lo w -o u t, 

pum ping and b a c k - f i l l in g  p ro c e d u re  took about 2. 5 h o u rs  to  co m p le te .

L iq u id  h e liu m  could d ien  be t r a n s fe r r e d ;  the gas flo w  ra te  w as kep t 

at s e v e ra l cubic fe e t p e r  m in u te , as m e a s u re d  on a d o m e stic  gas 

m e te r ,  u n til  a l iq u id  le v e l w as o b ta in ed . A  fu l l  t r a n s fe r  u s u a lly  

to o k  3 to  4 h o u rs . S ince the p re c o o lin g  was so t im e  consum ing, 

w e kep t the c ry o s ta t co ld  fo r  as long  as p o ssib le ; e x p e r im e n ta l

p e rio d s  of th re e  w eeks d u ra tio n  w e re  u s u a lly  p e r fo rm e d . T h e

-1 ^
l iq u id  h e liu m  e va p o ra tio n  r a te  was found to be ~  0 .4  1 h r even

w ith  c a re fu l b a ff lin g  of the u p p e r p a r t  of the c ry o s ta t. T h is  is  tw ic e  

the  m a n u fa c tu re r 's  s ta ted  b o i l -o f f  ra te  but s t i l l  gave us u sefu l 

e x p e r im e n ta tio n  t im e . T h e  liq u id  le v e l was m o n ito re d  us ing  a 

super conducting w ir e  and p o w er supp ly  m a n u fa c tu re d  b y  T h o r  

C ry o g e n ic s . A t  the f in is h  o f an e x p e r im e n ta l ru n , th e  d ew ar was  

a llo w e d  to w a rm  up to ro o m  te m p e ra tu re  (one w eek) but w as kep t 

s ea led  fro m  the a tm o s p h e re  even a f te r  th e  h e liu m  h ad  c o m p le te ly  

e v a p o ra te d . T h is  w as to en su re  th a t no m o is tu re  condensed out onto 

the  co ld  c ry o s ta t s u rfa c e s . E ve n  w ith  th is  p re c a u tio n , the h e liu m  and  

n itro g e n  spaces w e re  w e ll  pum ped out p e r io d ic a lly  to re m o v e  w a te r  

v a p o u r. T h is  w as n e c e s s a ry  s in ce  s m a ll w a te r  d ro p le ts  could  

le a d  to lo c a l hotspots  on the super conducting so len o id  o r  even a 

d e w ar w a ll fa i lu r e .

I



226. ^

A l .  7 M a g n e t i c  F i e l d  P r o d u c t i o n

T h e  low  fre q u e n c y  m e a s u re m e n ts  w e re  p e r fo rm e d  in  a f ie ld

o f 1 .4 4 T .  T h is  f ie ld  was supp lied  by a M u lla r d  E E 1 0 3 5  e le c tro m a g n e t |
■i

d riv e n  b y  a M u lla r d  E E 4 0 3 8  100 A  pow er supply. T h e  m a x im u m  fie ld  .îv

a v a ila b le  w ith  ta p e re d  pole p ieces  f it te d  was 1. 7 T  b u t h e re  the  

in h o m o g en e ity  becom es g re a te r  than 0. 1 m T  so the lo w e r  f ie ld  of
I

À
1. 44 T  was chosen, in  o rd e r  to  in v e s tig a te  the h o m o g e n e ity  o f the  %

f ie ld ,  a N e w p o rt m a g n e to m e te r  type P , m a r k  I I ,  w as u sed . T h is

in s tru m e n t a llo w s  th e  p ro to n  or l i th iu m  n u c le a r  reso n an ce  to be

o b s erv e d  in  a sam p le  o f a s a tu ra te d  so lu tion  of l i th iu m  a ce ta te

doped w ith  c u p ric  n it r a te  us in g  a s o -c a lle d  m a rg in a l o s c illa to r

m ethod  of o b s e rv a tio n . In i t ia l ly  th e  o b served  p ro to n  s ig n a l was poor and  

7L i  s ig n a l u n o b s e rva b le  w h ich  im p lie d , a cc o rd in g  to the m a g n e to m e te r

m a m m a l th a t the f ie ld  in h o m o g e n e ity  o v e r th e  sam p le  v o lu m e  was

w o rs e  than 2 p a rts  in  10^ ( ~ 3 0 0  | iT ) .  V a r io u s  s h im  c o il a rra n g e m e n ts  |

h ave  been  d e s c rib e d  in  the l i t e r a tu r e  and we wound th re e  o rth o g o n al

sets co rresp o n d in g  to the a x ia l e tc , d ire c tio n s  of the m a in  f ie ld .

T w o  of the sets w e re  of th e  s a d d le -c o il c o n fig u ra tio n  and fo llo w e d

194the  g e o m e try  d e s c rib e d  b y , fo r  e x a m p le , A b e l et a l.  and the  

re m a in in g  set ' was c y l in d r ic a l ly  s y m m e tr ic . B y  s u itab le  

a d ju s tm e n t of tlie  m ag n itu d e  and d ire c t io n  of the sh im  c u rre n ts , tlie  

in h o m o g en e ity  w as re d u ce d  to 5 p T  o ver the sam p le  v o lu m e  of 

len g th  13 m m , d ia m e te r  5 m m . H o w e v e r , i t  was a lso  found th at 

a lte ra t io n  of the p a r a l le l is m  of the pole p ieces  could a lso  red u ce  

th e  in h o m o g e n e ity  so th a t e v e n tu a lly  the pole p ieces  w e re  o p tim a lly

I
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a d ju s ted  and tile  sh im  co ils  d is c a rd e d  re s u ltin g  in  a net in h o m o g en eity

o f 10 p T  o ver a c y lin d r ic a l vo lu m e  of 13 m m  by 10 m m  d ia m e te r . §

A lth o u g h  the sh im  c o ils  w e re  not f in a l ly  used th e y  w e re  in d isp en sab le

fo r  the  ease o f a d ju s tm e n t o f the pole p ie c e s . T h e  fig u re s  of f ie ld

in h o m o g en e ity  quoted h e re  a r e  va lu es  of the f ie ld  d iffe re n c e  betw een

7
the m a x im a  o f the d e r iv a t iv e  of tlie  L i  reso n an ce  as o b ta ined  d ir e c t ly

f ro m  a P A R  lo c k - in  d e te c to r . W hen the m e a s u re d  lin e w id th s  of the  

73
Ge reso n an ce  in  sem ico n d u ctin g  G e:A s tu rn e d  out to be ra th e r

la r g e r  than the  a n tic ip a te d  d ip o la r  w id th , som e doubt was cast on

the in h o m o g en e ity  fig u re s  quoted above. W e th e re fo re  checked  our

fig u re s  by  o b s erv in g  a p ro ton  reso n an ce  at 50 M H z  (1 . 2 T ) using a

189
C la r k - ty p e  s p e c tro m e te r  and found a g re e m e n t w ith  our p re v io u s ly

a s c e r ta in e d  v a lu e s . T h e  p ro to n  s ig n a l a lso  a ffo rd e d  a m e a s u re  of

the  s ta b il ity  o f the  e le c tro m a g n e t and it  was found th a t f ie ld  d r i f t  w as

n e g lig ib le  o v e r a ty p ic a l e x p e r im e n ta l p e r io d .

T h e  h ig h  fre q u e n c y  m e a s u re m e n ts  w e re  p e r fo rm e d  us ing  the

superconducting  so leno id  r e fe r r e d  to e a r l ie r  (p la te  2 ). T h is  had a

m a x im u m  f ie ld  o f 5 T  and w e o p e ra te d  a t n e a r m a x im u m  f ie ld

73
co rres p o n d in g  to a Ge re so n a n c e  fre q u e n c y  o f 7 .4  M H z . The  

m ag n et w as d r iv e n  b y  a th re e -p h a s e  supply m a n u fa c tu re d  b y  T h o r  

C ry o g e n ic s , A  f ie ld  of 5 T  c o rres p o n d e d  to a d r iv in g  c u rre n t  of 

3 7 .7 9  A  bu t the  a m m e te r  supp lied  was fa r  too crude  to a llo w  the 

settin g  of the f ie ld  to w ith in , say, a n u c le a r  lin e w id th . W e th e re fo re  

p ic ke d  o ff the v o ltag e  on the a m m e te r 's  c u r re n t  shunt and d isp layed  

th is  on a f iv e - f ig u r e  E x e l X L  2000 d ig ita l v o ltm e te r  enab ling  us to  

set the  f ie ld  to w ith in  5 m T .
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T h e  so leno id  was e n e rg is e d  in  the fo llo w in g  m a n n e r . T h e  

p o w er supply is  connected to the so leno id  by a super conducting sw itch . 

T h is  sw itch  m a y  be c lo sed  b y  ap p ly in g  a c u rre n t to a h e a te r  c o il 

su rro u n d in g  the sw itch  thus d r iv in g  i t  in to  the n o rm a l s ta te . W ith  

the sw itch  h e a te r  on, the supply w as p ro g ra m m e d  to ch arg e  up to the  

d e s ire d  c u rre n t o v e r a p e r io d  o f about 1. 5 h o u rs . (A  fa s te r  charg ing  

ra te  could cause the  m ag n et to quench. ) W hen the d e s ire d  f ie ld  was 

a tta in e d , the  super conducting sw itch  w as opened and the pow er supply  

tu rn e d  to z e ro . T h e  so len o id  w as then in  the p e rs is te n t m ode and had  

the  c o m p le te ly  n e g lig ib le  f ie ld  d ecay  ra te  of 1 in  10 p e r day. A l l  

K n ig h t s h ift m e a s u re m e n ts  w e re  p e r fo rm e d  w ith  the  so leno id  in  

p e rs is te n t m ode to be c e r ta in  th a t the a p p lie d  f ie ld  w as the sam e fo r  

a l l  s a m p le s .

T h e  h o m o g en e ity  of the f ie ld  o v er a c y lin d e r  10 m m  long and  

10 m m  d ia m e te r  was quoted by the m a k e rs  as b e tte r  than  50 jQT.

T h is  could have  been im p ro v e d  upon b y  us ing  the supp lied  set of sh im  

c o ils  but t im e  .did not p e r m it  a d e te rm in a tio n  o f the o p tim u m  sh im  

c u rre n ts  and we thus w o rk e d  w ith  the 'b a re ' h o m o g e n e ity  v a lu e .

L a te r  e x p e rim e n ta tio n  using a ro o m  te m p e ra tu re  in s e r t  in  the  

c ry o s ta t and an aqueous N a C l s am p le  c o n firm e d  th a t the  u n s h im m ed  

in h o m o g e n e ity  w as le s s  than  50 jU T .

A  1. 8 M e a s u re m e n t T ech n iq u es

W ith  a m u ltip u ls e  s p e c tro m e te r  such as o u rs , a conven ien t 

m eth o d  of m e a s u re m e n t o f T   ̂ is  the use o f the pu lse  t r a in  tech n iq u e .
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A  s e rie s  of ten  o r m o re  90 p u lses , s ep a ra te d  by about 5 

is  ap p lie d  to s a tu ra te  the n u c le a r  spin s ys te m , i .  e. the net n u c le a r  

m a g n e tis a tio n  is red u ced  to z e ro . A t  any t im e  t  a f te r  s a tu ra tio n , 

a s in g le  9 0 °  o b s erv a tio n  pulse is  a p p lie d  to sam p le  the s iz e  o f the 

n u c le a r  m a g n e tis a tio n  w h ich  has re g ro w n  along the s ta tic  f ie ld

d ire c tio n  in  t im e  t .  T h e n

M = M ^ ( 1 -  exp
t
T ,

(A l. 11)

and T^ m a y  be found. H e r e  is  the e q u ilib r iu m  v a lu e  of the

m a g n e tis a tio n  w h ich  is  u s u a lly  found by w a itin g  a t im e  t^  of a t le a s t  

5 T^ a fte r  s a tu ra tio n  w hen m o re  than  99%  of the m a g n e tis a tio n  has  

re g ro w n . In  our lo w  f ie ld  m e a s u re m e n ts , the len g th  o f the re la x a t io n  

t im e  fo r  lo w -d o p e d  sam p les  r e s t r ic te d  t^  to 3 T^ 5 h o u rs

so th a t we have an e r r o r  in  of o rd e r  5%. A t  h igh  f ie ld ,  the

sam p les  could  be c o n ve n ie n tly  le f t  to p o la r iz e  o v e rn ig h t in  the  

superconducting  so leno id  set in  p e rs is te n t m ode. H o w e v e r , the  

in c re a s e  in  T   ̂ w ith  f ie ld  m e a n t th a t the  sem ico n d u ctin g  sam p les  

h ad  to be p o la r is e d  fo r  m any hours b e fo re  M  could be d e te rm in e d .

W h ils t  the T^ m e a s u re m e n ts  w e re  not in h e re n t ly  d if f ic u lt  i t  m ust

be sa id  th a t the  in i t ia l  se ttin g  up  o f the  s p e c tro m e te r  to  fin d  the Ge

reso n an ce  was im m e n s e ly  te d io u s .

A s  the  e q u ilib r iu m  v a lu e  o f the m a g n e tis a tio n  p ro v e d  so

d if f ic u lt  to d e te rm in e  the pirospect suggested  i t s e l f  o f b e in g  ab le  to

19 5
d e te rm in e  T^ w ith o u t fin d in g  M ^ . M a n g e ls d o rf has pub lished  

a m eth o d  o f d e te rm in in g  ra te  constants  w hen a s y m p to tic  va lu es  

of a p a ra m e te r  a re  unknow n. I f  w e w r i te  the  m a g n e tis a tio n s  at

73
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t im e  t and t + t as

M (t ) (1 -  e xp
1 J

( A l .  12)

M ( t  + t ' )  = M ^ ( l  -  exp
t  + t '

then

M ( t  + t ')  = M ( t )  exp 1!
T

1 J

+ ( 1 -  exp
i J

( A l .  13)

) ( A l .  14)

I f  we p lo t su ccess ive  va lu es  of the m a g n e tis a tio n  ag a in s t each o th e r, 

i .  e. M ( t  + t ')  a g a in s t M ( t )  fo r  equal in te rv a ls  of t ' ,  we can obta in  

T  ^. In  p ra c t ic e  we found th a t such a p lo t m u s t be ta k en  to at le a s t  

t = , o th e rw is e  the a c c u ra c y  was v e r y  p o o r. In  fa c t w ith  our

S /N  ra t io ,  a M a n g e ls d o rf p lo t w as m o re  d if f ic u lt  to  in te r p r e t  than a 

In  v e rs u s  t p lo t and the e x p e r im e n ta l t im e s  w e re  a p p ro x im a te ly  

the  sam e fo r  both m e th o d s . W e th e re fo re  used a pulse t r a in  technique  

for fin d in g  T^ and on ly  d re w  a M a n g e ls d o rf p lo t as a check on our  

re s u lt .

A n  a lte rn a t iv e  m ethod  of m e a s u re m e n t o f long va lu es  is  t̂ o

196use the a r t i f ic e  d e s c rib e d  by B rid g e s  and C la r k  in  th e ir  study of

1X5 X2X 123
In  , Sb and Sb reso n an ces  in  InSb. B r ie f ly ,  th e ir  m ethod

w as to in c lu d e  a s h o r t-  T   ̂ c a l ib ra to r  sam p le  (N a ^ ^ C l:F e ^  "̂ ) w ith

the  InSb sp ec im en  in s id e  the N M R  c o il.  A t  te m p e ra tu re s  a t w h ich  the

In /S b  n u c le i had  s h o rt re la x a t io n  t im e s , the re la t iv e  a m p litu d es  of the

In , Sb and N a  n u c le a r  s ig nals  w e re  m e a s u re d . A t  lo w  te m p e ra tu re s

w h e re  th e  T ^ s  fo r  the In , Sb n u c le i w e re  long but th a t fo r  N a was

s t i l l  s h o rt. B r id g e s  and C la rk ^ ^ ^  in fe r r e d  M ^  (In ^ ^ ^ , Sb^^^or Sb^^^)

23
fro m  the m e a s u re d  va lu e  of M ^ (N a  ) and the  p re v io u s ly  d e te rm in e d

I

I

a
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c a lib ra t io n  r a t io s . The  va lu es  of T ^ (ln , Sb) w e re  then obta ined

T   ̂ v a lu e s  a t low  f ie ld . H e re  the  s m a ll liq u id  h e liu m  c a p a c ity  o f the

d e w ar p re v e n te d  m e a s u re m e n t f ro m  be in g  m ade fo r  the m a jo r i ty

o f the s a m p le s . O u r m eth o d  was to  m e a s u re  M  at 4 . 2 K  and theno

in fe r  the e q u ilib r iu m  m a g n e tis a tio n  a t lo w e r  te m p e ra tu re s  by using

C u r ie 's  L a w . W e cou ld  then  m e a s u re  M  fo r  v a r io u s  t im e s  a fte rz

s a tu ra tio n  at the a p p ro p r ia te  te m p e ra tu re . W h ils t  C u r ie 's  L a w  

fo r  n u c le a r  m a g n e tis a tio n  is p e r fe c t ly  g e n e ra l and a p p lic a b le  to our 

s ys te m , e q u ilib r iu m  m a g n e tis a tio n s  in fe r r e d  in  th is  w ay  could  not 

be exp ected  to be v e r y  a c c u ra te . F o r  those sam p les  fo r  w h ich  M

I
f ro m  M  (In , Sb) fo r  s h o rt t im e s  fo llo w in g  s a tu ra tio n  o f the  re s p e c tiv e  ê

n u c le a r  magnetisations. T h e  m eth o d  r e lie s  on the fa c t th a t a l l  n u c le i obey  

C u r ie 's  L a w  as fa r  as th e ir  m a g n e tis a tio n  is  co n cern ed  and a lso  th a t ^

a l l  n u c le i r e la x  w ith  a s in g le  exp o n en tia l in  t im e . W e could  not use !|

Isuch a schem e fo r  two re a s o n s . F i r s t ly ,  w o rk in g  a t constant 4

fre q u e n c y  we should h ave  had  to change the s ta tic  f ie ld  va lue  fro m

th a t c o rre s p o u s in g  to the G e^^ reso n an ce  to the c a lib ra to r  reso n an ce  «

d
and b a ck  a g a in . T h is  w ould  h ave  been  e x tre m e ly  d if f ic u lt  to do

73
s u c c e s s fu lly  as we have  no ted  above th a t the Ge reso n an ce  was

r a th e r  e lu s iv e . S econdly , S /N  co n s id e ra tio n s  did no t a llo w  us to

lo w e r  the  f i l l in g  fa c to r  of the c o il b y  in c lu d in g  a c a lib ra t io n  sam p le

o r by  c o n s tru c tin g  som e sam p le  changing d e v ic e . C le a r ly  B rid g e s

and C la r k  had the advantage th a t the n u c le i th a t th ey  s tud ied  w e re

73
30 to 250 t im e s  m o re  s e n s itiv e  than  the  Ge n u c leu s .

W e could h o w e v e r use a v a r ia t io n  on the B r id g e s -C la r k  idea  

w h ich  was u se fu l fo r  s u b -h e liu m  te m p e ra tu re  m e a s u re m e n ts  of long

I
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could be d ir e c t ly  m e a s u re d  a t lo w  te m p e ra tu re s , we obtained  

re a s o n a b le  a g re e m e n t betw een  the m e a s u re d  va lues  and th a t c a lc u la ted  

f ro m  M  (4 . 2 K ) ,  M o re o v e r  a M a n g e ls d o rf p lo t could  a lw ays  be m ade  

to  p ro v id e  an a d d itio n a l check  on our com puted v a lu e s  of T  ^. F in a lly ,  

a ll  lo w  f ie ld  T^ m e a s u re m e n ts  w e re  re p e a te d  to  d e te rm in e  the  

re p ro d u c ib il ity  of the  re s u lts  and th ey  w e re  found to be co n s is ten t to  

w ith in  ~  15%. T im e  d id  not p e r m it  the h igh  f ie ld  T   ̂ m e as u re m e n ts

to be re p e a te d .

V a lu e s  o f the K n ig h t s h ift w e re  m e a s u re d  us ing  th e  s u p e r

conducting so leno id  in  p e rs is te n t m ode, by s e q u e n tia lly  in s e r tin g  the  

s am p les  and o b s erv in g  the n u c le a r  re so n a n c e . A  check w as m ade to  

d e te rm in e  w h e th e r re p e a te d  in s e rtio n s  of the  p ro b e  m ig h t a b s tra c t  

e n e rg y  f ro m  the so leno id  and cause the f ie ld  to  change; no such 

e ffe c ts  w e re  o b s e rv a b le . T o  d e te rm in e  the K n ig h t s h ift, w e re c o rd e d  

su ccess ive  f. i .  d. 's of the sam ples  and s to re d  the re s u lts  on p ap er  

ta p e . S ince the  f . i .  d. is the F o u r ie r  t ra n s fo rm  o f the  lin e  shape, 

the  f . i .  d. ‘ s w e re  s u ita b ly  p ro c e s s e d  b y  c o m p u te r. T h e  d iffe re n c e s  

b etw een  the lin e  p eak  p o s itio n s  and the z e ro  re fe re n c e  y ie ld e d  the  

K n ig h t s h ift. T h e  z e ro  d atum  w as the (in s u la tin g ) g e rm a n iu m  sam p le  

co n ta in in g  7, 10^^ c a r r ie r s  cm   ̂ a t ro o m  te m p e ra tu re . T h e  advantage  

of using  re fe re n c e  and m e ta ll ic  sam p les  of the sam e m a te r ia l  is  th a t 

any c h e m ic a l s h ift should be the sam e fo r  both and hence  cance l in a 

d e te rm in a tio n  of tlie  K n ig h t s h ift .  T h e  m ag n itu d e  of the sh ifts  w e re

p o s itiv e  and o f tlie sam e o rd e r  as o b s erv e d  in , fo r  e x a m p le , S i;P

5be in g  a few  p a rts  in  10 and thus m uch  les s  tlian  those o b served  in
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I

n o rm a l m e ta ls . T h e  long T   ̂ va lues  p re c lu d e d  us f ro m  using  

s ig n a l a v e ra g in g  techn iques  to in c re a s e  the S /N  ra t io  and thus  

n a r ro w  the u n c e rta in ty  in  the d e te rm in a tio n  of the peak  p o s itions  o f 

the reso n an ce  lin e s . W e d id  h o w ever m e a s u re  the s h ifts  s e v e ra l 

t im e s  and o b ta ined  good re p ro d u c ib il i ty  betw een  re s u lts . E ach  quoted 4̂

re s u lt  is  the a r ith m e t ic  m ean  of a t le a s t s ix  and g e n e ra lly  m o re  

m e a s u re m e n ts .

T h e  F o u r ie r  t ra n s fo rm  p ro g ra m  th a t we used w as checked by 

23
o b s e rv in g  the N a  reso n an ce  f i r s t ly  in  an aqueous so lu tio n  of N a C l

doped w ith  p a ra m a g n e tic  ions to  re d u c e  the re la x a t io n  t im e  and then  

23
the  N a  s ig n a l in  sod ium  m e ta l.  T h e  la t te r  co n s is ted  of m e ta l  

p a r t ic le s ,  w ith  d im en sio n s  s m a lle r  than the skin  depth a t 7 .4  M H z ,  

d is p e rs e d  in  a lig h t o i l .  T h is  sam p le  was p roduced  by  s im u ltan eo u s  

gen tle  h e a tin g  and u ltra s o n ic  s t ir r in g  of a te s t tube conta in ing  a s m a ll  

am o u n t of N a m e ta l u nder a lig h t o il  to w h ich  a fe w  drops o f o le ic  a c id  

had been added to lo w e r  th e  s u rfa c e  te n s io n  of the  so d iu m . The  

m e a s u re d  s h ift w as 0 .7 2 (6 )  -  0 .0 1  m T  w h ich  co m p are s  fa v o u ra b ly  

w ith  the accepted  v a lu e  o f 0. 113% = 0 .7 2 9  m T  a t o u r w o rk in g  

reso n an ce  f ie ld  o f 0 . 645 T .  f

A_l_ 2  I

L in e w id th s  w e re  c a lc u la te d  by  assu m in g  ' ^

• ( A l .  15) Î
 ̂ 2

V a lu e s  o f T ^  w e re  taken  f r o m  the f . i  ,d . 's at both lo w  and h igh f ie ld .Z g

A t  h igh  f ie ld , the com puted  lin e w id th s  a g re e d  w e ll w ith  those m e a s u re d  

f ro m  the co m p u te r p lo ts  o f th e  lin e s h a p e s . A g a in , Ge is  not an id e a l
I
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m a te r ia l  f ro m  an N M R  point o f v ie w  in  th a t the f .  i . d . ' s w e re  

sh o rt ( few  h u n d red  ^ s e c ) and th is  m ade d if f ic u lt  to

d e te rm in e  a c c u ra te ly . T h e  fa c t th a t the lin ew id th s  w e re  b ro a d  

le d  to the  fu r th e r  d if f ic u lty  o f d e te rm in in g  the c e n tre  o f the  reso n an ce  

l in e  fo r  the K n ig h t s h ift r e s u lts .

I



236. 3%

A p p e n d ix  2 

S A M P L E S



237.

A n  im p o rta n t p a r t  o f our data  has been the d e te rm in a tio n  of 

the co n ce n tra tio n  dependence o f those q u an tities  th a t we have  

m e a s u re d . A  p re re q u is ite  is  a Icnowledge o f the doping d en s ities  

o f our sam p les  and we s h a ll co n s id er th is  and o ther aspects  in

O u r o r ig in a l re q u ire m e n t was fo r  a set of perh ap s  s ix  sam ples  

of G e:P  spanning the m e ta ll ic  t ra n s it io n  w ith  w h ich  to p e r fo r m  

e x p e rim e n ts  to c o m p are  w ith  those u n d e rta ke n  in  S i:P . S ince the  

m e ta l-n o n m e ta l t ra n s it io n  in  n -G e  o ccu rs  a t a doping d e n s ity  w h ich  

is  an o rd e r  o f m ag n itu d e  lo w e r  than  in  S i:P  we have le s s  c a r r ie r s  and  

thus a h ig h e r r e s is t iv i ty .  T h e  skin  depth ô w h ich  is  g iven by the  

co nven ien t fo rm u la
1

6 = 5 . 0 3 . 1 0 “^ (— )  ̂ m  (A 2 . 1)

w h e re  the r e s is t iv i t y  p is  in  jjQ m . and v the  re so n a n t fre q u e n c y

in  M H z , is  thus a le s s  in tru s iv e  e ffe c t in  n -G e  than in  n -S i .  W e  a re

thus ab le  to  use s in g le  c ry s ta l sam p les  w h e re a s  w o rk e rs  in  S i have

had  to use pow dered  s p e c im e n s . T h e  doping d e n s ity  re q u ire d  fo r

G e:P  was ~  10^^ -  10^^ cm   ̂ and the sam p les  w e re  to  be g row n

197
by the  R o y a l R a d a r  E s ta b lis h m e n t (R R E ) b y  doping Ge w ith

C a H P O ^ . A f te r  p ro tra c te d  t r ia ls ,  la rg e  s in g le  c ry s ta ls  o f h igh

17 -3doping d e n s ity  ( > 1 0  cm- ) p ro v e d  im p o s s ib le  to  p re p a re  even  

though the l i t e r a tu r e  showed th a t s m a ll sam p les  w ith  the  d e s ire d  

c h a ra c te r is t ic s  could  be m a d e . W e th e re fo re  changed our  

re q u ire m e n t to A s -d o p e d  Ge w hich  R R E  produced  us ing  the liq u id  

en cap su lated  C z o c h ra ls k i te c h n iq u e . T h e  sam p les  w e re  fa b r ic a te d

som e d e ta il b e lo w . f

I

i

Ï
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in  the fo rm  o f c y lin d e rs  1 3 m m  d ia m e te r  and 15 m m  long

and a re  lis te d  to g e th e r w ith  th e ir  e le c tr ic a l  p ro p e rtie s  in  ta b le  A 2 . 1.

W e  id e n tify  each sam p le  b y  the n o ta tio n  A -B  and this in d ic a te s  the

B “ 3
ro o m  te m p e ra tu re  c o n ce n tra tio n  A ,  10 cm  . T h e  g e n era tin g  axes  

of the sam p le  c y lin d e rs  w e re  p e rp e n d ic u la r  to the g ro w th  ax is  <(100^  

o f the bou le  except fo r  s am p le  1 .7 5 -1 9  w h ich  was cut p a r a l le l  to <.100y>.

T h e  two m o st h e a v ily  doped sam p les  w e re  cut in to  s lic e s  o f the o rd e r  

o f the skin  depth at 7 .4  M H z  and re a s s e m b le d  w ith  th in , in s u la tin g

I

I
M y la r  sheets in te r le a v in g  the Ge s lic e s . S am ples  5 .9 -1 7  and 

5. 3 -1 7  w e re  co m p o sites  fo rm e d  f ro m  th re e  s h o rt c y lin d e rs  ( ~  5 m m  

long) tre p a n n ed  out of the b o u le . T h e  com ponent p a rts  of the sam p le  

w e re  cr y s ta ilo  g rap h ic  a lly  m a rk e d  so th a t the m on o c ry s ta llin e  

n a tu re  o f the  to ta l sp ec im en s w as p re s e rv e d . F in a l ly  sam p le  |

4 .4 - 1 7  was an ir r e g u la r ly -s h a p e d  co m p o site  fo rm e d  f ro m  p ieces  ^

le f t  a f te r  m e c h a n ic a l ru p tu re  d u rin g  fa b r ic a tio n .
I

T h e  ro o m  te m p e ra tu re  c a r r ie r  co n ce n tra tio n s  w e re  o r ig in a lly  ;|f

d e te rm in e d  b y  R R E  using  fo u r -p o in t  p ro b e  r e s is t iv i t y  m e a s u re m e n ts

and a g rap h  of r e s is t iv i t y  P v e rs u s  c a r r ie r  d e n s ity

198s im ila r  to th a t o f Sze . A t  o u r in s is te n c e . H a l l  e ffe c t and

r e s is t iv i t y  m e a s u re m e n ts  w e re  a ls o  m ade on c lo v e r - le a f  van  d er P au w  

199
d iscs  to d e te rm in e  I t  w as found th a t

N o C ^ p t. p ro b e ) >  (v d P  )

w ith ' the d is c re p a n c y  b e in g  o f o rd e r  30% . S ince w e re q u ire d  to  

in v e s tig a te  the c o n ce n tra tio n  dependence of v a r io u s  N M R  m e a s u re m e n ts  

a p re c is e  v a lu e  o f N ^  w as n e c e s s a ry  and the dependence of N ^  on 

the  m ethod  of m e a s u re m e n t w as c le a r ly  u n a cc e p ta b le . A n  in v e s tig a tio n

..
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T A B L E  A 2 . 1 

S am ple  C a r r ie r  D e n s it ie s  and R e s is t iv it ie s

S am ple
D es ig n a tio n

C a r r ie r  
D e n s ity  
at 3 0 0 K

( l o ' W )

R e s is t iv ity  
at 300 K  

P3OO

(10  ̂ Q cm )

R e s is t iv ity  
a t 4 . 2 K

P4 . 2

( Q cm )

C a r r ie r  
D e n s ity  
a t 4 .2  K %

7 -1 6 0 .7  ± 0 . 1 4 .3 5

2 .1 - 1 7 2 .1  ± 0 . 2 1 .9 5 1, 1 0. 72

2 .7 - 1 7 2 .7  ± 0 .4 1. 62

2 .7 - 1 7 2 .7  ± 0 . 3 1. 62

3 .1 - 1 7 3 .1  ± 0 . 6 1 .4 8 0. 12 2 . 1

3 .5 - 1 7 3. 5 ± 0 . 5 1. 36 0 .0 1 5 3. 5
%

4 .4 - 1 7 4 .4  ± 0 . 7 1. 16

5 .0 - 1 7 5 .0  ± 0 .2 5 1 .0 6

5 .3 -1 7 5 .3  ± 0 . 3 1. 03

5 .9 -1 7 5 .9  ± 0 .4 0 . 9 6 %

9 -1 7 9 .0  ± 1 .5 0. 72

1 .7 5 -1 9 175 ± 55 0. 118 0 .0 0 1 1 8 175

K 1 0 6 2 B * 2. 0 1. 5 1 .2 0. 6

Z 1 8 4 3. 1 1 .0 0. 062 2. 0

43
F r o m  L e  H i r
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I
b y  R R E  showed th a t the fo u r -p o in t  r e s is t iv i ty  va lu es  w e re  d iff ic u lt  

to re p ro d u ce  and th is  was adjudged to be due to 'end e ffe c ts ' o f an 

unlcnown o r ig in  in  one o f the m e a s u re m e n t p o te n tio m e te rs . In  

fa irn e s s , our re q u ire d  sam p les  w e re  of m uch lo w e r r e s is t iv i t y  than  

those n o rm a lly  p ro d u ced  b y  R R E  so th a t a p o te n tio m e te r was being  

used at an e x tre m e  of its  w o rk in g  ra n g e . T h e  H a ll  m e a s u re m e n ts  

w e re , in  c o n tra s t, e n t ir e ly  re p ro d u c ib le . R R E  u sed  tw o  d iffe re n t .4

o p e ra to rs  u t i l is in g  two c o m p le te ly  d if fe re n t sets o f ap p ara tu s  and

o b ta in ed  id e n tic a l v a lu e s  of M o re o v e r  o u r own check

Sm e a s u re m e n ts  y ie ld e d  s im i la r  v a lu e s . The  van d er P au w  data  

w ere a lso  in  v e ry  good a c c o rd  w ith  the th e o re t ic a l ly  p re d ic te d  m ass  

f ra c t io n  of so lute  (A s ) d is s o lv e d  in  the boule as a fu n c tio n  of 

d is tan ce  fro m  seed to ta il^ ^ ^ . A g a in , the fo u r -p o in t  p ro b e  data  

d id  not a g re e  w ith  the  a n tic ip a te d  m ass  fra c t io n  d is s o lv e d  and R R E  

concluded  th a t the fo u r -p o in t  probe m ethod  was thus v e r y  u n s a tis fa c to ry .

T h e  van d er P au w  d iscs  w e re  cut f ro m  s lic e s  ad jacen t to  the  

e x tre m it ie s  o f e v e ry  sam p le  c y lin d e r and contacts w e re  m ade by  

a llo y in g  tin  dots in to  the s u rfa c e . In d iu m  dots w e re  a lso  t r ie d  but 

y ie ld e d  u n re lia b le  re s u lts  and lo w  v a lu es^^ ^ .

I t  is a lso  n o te w o rth y  th a t a l l  c ry s ta ls  w e re  p u lle d  w ith  the g ro w th  

ax is  a fe w  d eg rees  aw ay  f r o m  a n o rm a l c ry s ta l a x is  to avo id  a fa c e t  

e ffe c t. T h is  o ccu rs  in  the c ry s ta l p u llin g  p ro cess  i f  a c ry s ta l p lane  

fin d s  i ts e l f  p a r a l le l  to the m e lt  s u rfa c e . In  th is  case the  boundary  

b etw een  the grow n c ry s ta l and the m e lt  changes f ro m  its  n o rm a l  

convex dow nw ards shape to a f la t  fa c e t, i . e .  the  a fo re m e n tio n e d  

c ry s ta l p la n e . T h e  re s u lt  is  th a t the in c o rp o ra tio n  o f dopant a tom s
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in  the face ted  in te r fa c e  be tw een  so lid  and liq u id  in c re a s e s . The

e ffe c t v a r ie s  w ith  m a te r ia l  and c ry s ta l p lan e, be ing  p re d o m in an t

fo r  a | l l l f  p lan e . A s  re g a rd s  m a te r ia ls ,  fa c e tin g  is  m o s t

p re v a le n t in  In S b rT e  w h e re  the  ra t io  of doping d e n s itie s  on and

o ff the fa c e t is  seven to one. F o r  G e, the  ra t io  is  about 20% . R R E

w e re  ab le  to a s s u re  us th a t X - r a y  e x a m in a tio n  of the  c ry s ta ls  and

v an  d e r P auw  s lic e s  showed the fa c e t e ffe c t to be n e g lig ib le  fo r  our 

200spec im en s

W e tu rn  now to our own H a ll  data  w h ich  was p e r fo rm e d  at 300

201
and 4 . 2 K . W e found as has C u ttr is s  that our m e a s u re d

v a lu e s  a g re e d  w ith  those d e r iv e d  fro m  the  ^ .

2 02
c u rv e  i f  we assu m ed  A  (300  K ) is  u n ity  in  the e x p re s s io n

— w h e re  A
D

3K (K  + 2) 

(2K + 1)^
(A 2 . 2)

K  is  the ra t io  o f lo n g itu d in a l to tra n s v e rs e  m ass and fo r  conduction

band e le c tro n s  in  g e rm a n iu m  the  te r m  in  b ra c e s  is  0 .8 .  T h e  H a ll

203s c a tte r in g  fa c to r  r  has been shown b y  W a lto n  and M o s s  and

H a rtm a n n  and Klem an^^"^ to be g re a te r  than  u n ity  in  our doping

d e n s ity  re g io n  so th a t the assu m p tio n  of A (3 0 0 K )  = 1 should not

be g re a t ly  in  e r r o r .  D e ta ile d  H a l l  e ffe c t and r e s is t iv i t y  data  fo r

17 -  3
G e:A s  a t c a r r ie r  le v e ls  up to  3 .1 0  cm  o v e r a w id e  te m p e ra tu re

43ra n g e  have been g iven  by L e  H i r  . O u r H a l l  m e a s u re m e n ts  at

4 . 2 K  in d ic a te  th a t the c a r r ie r  c o n ce n tra tio n  is  s e n s ib ly  independent

17 — 3
o f te m p e ra tu re  fo r  ^  3. 5. 10 cm  in  a g re e m e n t w ith  the

re s u lts  of L e  Hir"^^, F r itz c h e ^ ^  and F is tu l^ ^ ^ . T h e  lo w  te m p e ra tu re  

c a r r ie r  le v e ls  w e re  d e te rm in e d  f ro m  H a ll  m e a s u re m e n ts  again



2 4 2 .

assu m in g  A  equal to u n ity . W e fe e l th a t the  co n ce n tra tio n

g ra d ie n ts  in  our s am p le s , w h ich  w e re  an in e v ita b le  consequence

of our re q u ire m e n t of s in g le  c ry s ta l sam p les  of the  s ta ted  d im en sio n s ,

a r e  la rg e  enough fo r  us to n e g le c t a s m a ll change in  A  w ith

te m p e ra tu re . O u r  need  fo r  la r g e  specim en s was go vern ed  b y  the

d ic ta tes  of s ig nal to no ise  in  an N M R  e x p e rim e n t as we have d e s c rib e d

in  A p p en d ix  1. I t  is  in te re s tin g  to note th a t we had  a lre a d y  begun

m e a s u re m e n ts  of the n u c le a r  spin la t t ic e  re la x a t io n  t im e  a t 2 . 14 M H z ,

T ^ (2 ) w hen R R E  c o m m u n ica te d  the re s u lts  of th e ir  in v e s tig a tio n  on

fo u r -p o in t  p robe and van  d e r P au w  d e te rm in a tio n s  of N ^ ,  W e had

found equal v a lu e s  o f T ^ (2 ) w ith in  e x p e r im e n ta l e r r o r  fo r  tw o

sam p les  o r ig in a l ly  quoted at 3, 5 and 4 , 1 O^^cm  ̂ and a lso  was

not d ir e c t ly  p ro p o rtio n a l to T  w h ich  we w ould exp ect fo r  sam ples

w ith  N  >  N ^  . T h e  re a s s e s s m e n t of doping le v e ls  b y  R R E  le d

to both sam p les  b e in g  c re d ite d  w ith  the  sam e n u m b e r o f donors ,

IT  — 3
2 .7 .  10 cm  and thus b e lo w  the m e ta ll ic  tra n s it io n . O u r N M R  

data c le a r ly  supported  the re v is e d  c a r r ie r  c o n c e n tra tio n s .

T h e  c h a ra c te r is a t io n  o f o u r sam p les  is  c le a r ly  no t a t r i v ia l  

p ro b le m  and the analogous a rg u m en ts  fo r  S i:P  on the v a lu e  o f A  

and the r e la t iv e  m e r its  o f H a ll  e ffe c t data  o r the  use of e x p e r im e n ta lly

d e te rm in e d  c u rve s  of  ̂p p  v e rs u s  N ^  (the s o -c a lle d  I r v in

206 82 
c u rv e  ) have  been  g iven  in  d e ta il by  Q u ir t  and M a rk o  . T h ese

au th o rs  show th a t A  is  o f o rd e r  1. 3 but th a t putting  A  = 1 in  the

H a ll  fo rm u la  y ie ld s  N ^  va lu es  lo w e r  than  those obta ined  by the

I r v in  c u rve  w h ils t  m e a s u re m e n ts  o f N ^  b y  the  n e u tro n  a c tiv a tio n

207
a n a ly s is  o f B acken sto ss  y ie ld  v a lu e s  g re a te r  than  I r v in  curve
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v a lu e s . Thus Q u ir t  and M a rk o  conclude th a t the I r v in  c u rve  %

2 29
S as a k i et a l .  have c la im e d  th a t the d iffe re n c e  betw een  th e ir  Si

7
K n ig h t sh ifts  and those re p o r te d  b y  S undfors and H o lco m b  is  due in

re p re s e n ts  a c o m p ro m is e  ap p ro ach  to the p ro b le m  o f d e te rm in in g

p a r t  to S a s a k i's  use of a H a l l  fo rm u la  w ith  A  = 1 and Sundfors and

ÎH o lc o m b 's  use of the  r e s is t iv i t y  plus I r v in  c h a rt to  d e te rm in e  

S as a k i et a l .  c r it ic iz e  Sundfors and H o lco m b  fo r  us in g  an 'in d ire c t '

6 I
m eth o d  of e s tim a tin g  N ^ .  B ro w n  and H o lco m b  , in  th e ir  study w hich

,1
postdates the p u b lica tio n s  by S asak i et a l .  and Q u ir t  and M a rk o , have f

continued  to use the I r v in  c u rv e  m ethod  on the s tre n g th  of the

I
a rg u m en ts  p re se n te d  b y  Q u ir t  and M a rk o . T h e  r e s u lt  is  th a t the  

A m e r ic a n  and Japanese w o rk e rs  d if fe r  b y  a fa c to r  o f ro u g h ly  two '

in  th e ir  a p p ra is a l of the  c r i t ic a l  donor c o n ce n tra tio n , e tc . o c c u rr in g  7

in  S i:P .

A  thorough a n a ly s is  o f S i;P  f ro m  10^^ to lO ^ ^ c a r r ie rs  cm  ^

has subsequently  been c a r r ie d  out us ing  n e u tro n  a c tiv a tio n  and H a ll

m e a s u re m e n ts  by  M  ou sty  et a l.  F o r  10^^ to 10^^ cm  the

H a ll  data a re  lo w e r  than  I r v in  va lu es  bu t th e re  is  good a g re e m e n t

be tw een  the la t te r  and n e u tro n  a c tiv a tio n  m e a s u re m e n ts . F r o m

10^^ to 10  ̂ cm  H a ll  and n e u tro n  data  a r e  in  good a c c o rd  but

the  I r v in  c u rv e  o v e re s tim a te s  the  v a lu e s  w ith  the  d is c re p a n c y

20 — 3
b eco m in g  30% at 10 c m  . T h ese  conclusions d if fe r  f ro m

207th e  e a r ly  study by  B acken sto ss  c ited  by Q u ir t  and M a rk o  as 

evidence  fo r  tak in g  the I r v in  cu rve  as a conven ient c o m p ro m is e  

to the p ro b le m  of d e te rm in in g  N ^ .  I t  is  w o rth  no tin g  th a t tlie  H a ll  

data  can be m ade to a g re e  w ith  the n eu tro n  a c tiv a tio n  m e a s u re m e n ts

JÎ

I

I
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17 -3
i f  A  is a llo w ed  to v a ry  s m o o th ly  fro m  u n ity  a t 10 cm  to 1 .3  

at lO ^^cm   ̂ and then  u n ity  again  a t 10^^cm  T h is  lea d s  to an 

in te re s tin g  sp ecu la tio n  on the H a l l  e ffe c t in  S i:P .

70
W e have seen in ch ap ter 4 th a t re c e n tly  M o tt , on the basis

of the Y am an o u ch i e t a l .  H a l l  data  and the re d e fin e d  of

18 “ 33. 10 cm  (see  f ig u re  A 2 . 1) has a rg u ed  th a t a F r ie d m a n  a n o m aly  

in  the H a ll  c o e ffic ie n t does o c cu r w ith  g = 0 .7 .  T h is  v a lu e  of g is  

co n s is ten t w ith  but a s m a ll d e c re a s e  in  the d en s ity  of s ta tes  at 

and M o tt  has a rg u ed  th a t th is  suggests th a t the H u b b ard  U is  no t o f 

im p o rta n c e  in  s p littin g  the H u b b a rd  bands. I f ,  h o w e v e r, w e re p lo t  

the  Y am an o u ch i e t a l.  data  us in g  the  d e te rm in a tio n  of the  co n ce n tra tio n  

dependence o f A  p lo tted  by M o u s ty  e t a l . , we obta in  the dotted lin e  

shown in  f ig u re  A 2 . 1. (Y a m an o u c h i e t a l.  used a va lu e  of u n ity  fo r  

A  fo r  a l l  data p o in ts , ) T h e n , a p p ly in g  a s im ila r  re a s o n in g  to th a t 

o f M o tt, we o b ta in  g 0 .3 ,  in  good a g re e m e n t w ith  the  e s tim a te d  

v a lu e  (c f .  ch ap ter 2) of g at w h ich  A n d e rs o n  lo c a lis a tio n  com m ences  

in  the pseudogap betw een  the H u b b ard  bands. A p p lic a tio n  of th is  

a n a ly s is  to G e:A s u s in g  o u r data  and those of o th e r w o rk e r  s^^* 

and assu m in g  A (G e ) = 1 fo r  a ll  te m p e ra tu re s  lead s  to a v a lu e  o f 

g ^  0 . 6 - 0 .  7. W h ils t  our id eas  a re  s p ec u la tive  th e y  a re  c le a r ly  |

not in  d is a g re e m e n t w ith  the conclusions re ac h e d  e a r l ie r  in  th is  

re p o r t  on the r e la t iv e  m ag n itu d es  o f the H u b b ard  Ü in G e:A s and  

S i:P .

R e tu rn in g  to our G e;A s sp ec im en s , no such d e ta ile d  analyses  4

of donor content s im i la r  to  M o u s ty  et ah's study have been p e r fo rm e d .

198 199W e a re  thus fo rc e d  to use the Sze c u rv e  and van d e r P auw

I

J
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nneasurem ents^but i t  is  w o rth  re -e m p h a s in g  th at the com bined

201
data  of s e v e ra l w o rk e rs  p lo tte d  by C u ttr is s  show good a g re e m e n t  

betw een  the tw o m ethods o f d e te rm in in g  N ^ .

F in a l ly ,  we co n s id e r the p u r ity  of our sp ec im en s . The  

m a n u f a c t u r e r ^ q u o t e s  b ackg ro u n d  im p u r ity  co n cen tra tio n s  of 

10^^ -  10^^ atom s cm   ̂ as deduced f ro m  e le c tr ic a l  m e a s u re m e n ts  

on n o m in a lly  undoped and lo w - le v e l  doped c ry s ta ls ,. H ence the  

co m p en satio n  ra t io  0 . 1%. M a s s  s p e c tro g ra p h ic  data  show s lig h t ly  

h ig h e r c o n ta m in a tio n  but c o m p a ris o n  is  d if f ic u lt  s in ce  n e a r ly  a ll  

e le m e n ts  s ea rc h ed  fo r  a re  su b jec t to in te r fe re n c e  f r o m  p e rm u ta tio n s  

of the f iv e  g e rm a n iu m  iso to p es , m u lt ip le  charges and s in g ly -c h a rg e d  

p o ly a to m ic  s p ec ie s . T h e  deduced co m pensation  ra t io  is  on ly  h o w ever.

~  1% and w e can s a fe ly  assu m e th a t co m pensation  p lays  no s ig n if ic a n t

ro le  in  our s a m p le s . i
Y
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