
INFORMATION TO USERS

This m a te ria l w as produced from a microfilm copy of the original document. While 
the m o s t a d v a n c e d  technological mean* to photograph and reproduce this document 
have b een  u s e d , th e  quality is heavily dependent upon the quality of the original 
subm itted .

The fo llo w in g  explanation of techniques is provided to help you understand 
m arkings o r  p a tte rn s  which may appear on this reproduction.

1 . T h e  sign or “target" for pages apparently lacking from the document 
p h o to g ra p h e d  is "Missing Page(s)". If it was possible to  obtain the missing 
p a g e (s )  o r  section, they are spliced into the film along with adjacent pages. 
T h is  m ay  have necessitated cutting thru an image and duplicating adjacent 
p a g es  to  insure you complete continuity.

2 .  W h en  an  image on the film is obliterated with a large round black mark, it 
is  a n  indication that the photographer suspected that the copy may have 
m o v e d  during exposure and thus cause a blurred image. You will find a 
g o o d  im age o f the page in the adjacent frame.

3 .  W h en  a  m ap, drawing or chart, etc., was part of the material being 
p h o to g ra p h e d  the photographer followed a definite method in 
" s e c tio n in g "  the material. It is customary to begin photoing at the upper 
l e f t  h a n d  corner of a large sheet and to continue photoing from left to 
r ig h t  in  equal sections with a small overlap. If necessary, sectioning is 
c o n tin u e d  again — beginning below the first row and continuing on until 
c o m p le te .

4. T h e  m a jo rity  of users indicate that the textual content is of greatest value, 
h o w e v e r, a somewhat higher quality reproduction could be made from 
" p h o to g ra p h s"  if essential to the understanding of the dissertation. Silver 
p r in ts  o f  "photographs" may be ordered at additional charge by writing 
th e  O rd e r Department, giving the catalog number, title, author and 
s p e c if ic  pages you wish reproduced.

5 .  P L E A S E  NOTE: Some pages may have indistinct print. Filmed as 
re c e iv e d .

Xerox University Microfilms
300 North Zeeb Road
Ann Arbor, Michigan 48106



74-2303
HAN, Kwang Soo, 1931- 
NUCLEAR. MAGNETIC RESONANCE IN THE AMORPHOUS 
TRANSITION METAL VZr ALLOT.
The College of William and Mary in 
Virginia, Ph.D., 1973 
Physics, solid state

University Microfilms, A XEROX Company, Ann Arbor, Michigan



NUCLEAR MAGNETIC RESONANCE IN THE 

AMORPHOUS TRANSITION METAL VZr ALLOY

A T hesis 
P re se n te d  to  

The F a c u lty  o f  th e  Departm ent o f  P h ysics 
The C o llege  o f  W illiam  and Mary in  V irg in ia

In  P a r t i a l  F u lf i l lm e n t  
Of th e  Requirem ents f o r  th e  Degree o f  

D octor o f  Ph ilosophy

by

Kwang Soo Han 

A ugust 1973



APPROVAL SHEET

T his th e s i s  i s  sub m itted  i n  p a r t i a l  fu f i l lm e n t  o f  

th e  requ irem en ts  f o r  th e  degree o f  

D octor o f  Philosophy-

Approved, A ugust 1973

H arlan  E. Schone

ron F . S o est

/h ~ \  ( ^ A a ^ a -

Roy/L. Champion 7

W illiam  J .  Kossli

Melvyn BV  S c h ia v e l l iMelvyn 
D epartm ent o f  C hem istry



NUCLEAR MAGNETIC RESONANCE IN THE 

AMORPHOUS TRANSITION METAL VZr ALLOY



Table o f  C ontents

Page

A b s t r a c t ..................................................................................................  i i i

I .  In tro d u c t io n  .................................................................................................... 1
I I .  Theory and Background..................................................................................  U

A. T ra n s it io n  M e t a l .................................................................................  1*

B. K night S h i f t  ..........................................................................................  6

C. A lloys and L ocal E f fe c ts  ...............................................................  7

D. Quadrupole E f fe c ts  in  VZr A llo y .................................................... 16
E. B ehavior o f  Superconducting  T ra n s it io n  Tem perature (Tfi) 

o f  Amorphous and C r y s ta l l in e  M etal w ith  re s p e c t to  

E le c tro n  C o n cen tra tio n  .................................................................... 18

I I I .  E xperim en ta l P rocedure ..............................................................................  23

A. P re p a ra tio n  o f  S a m p le s ....................................................................... 23

B. T a rg e t and S u b s t r a t e ............................................................................25

C. S tru c tu re  and Com position A naly sis  o f  VZr Film  . . . .  25

D. NMR Equipm ent.................................................................   29

E . G en era l............................................................................................................32

IV. R e su lts  and D is c u s s io n ................................................................   37

A. K night S h i f t .............................................................................................. 37

B. L inew id th ......................................................... ^5

C. Q uadrupole E f f e c t s .................................................................................5^



Page

V. A cknow ledgem ents.....................................................  59

V I. R e f e r e n c e s .............................................................................................................60

V II . L i s t  o f  T a b l e s .................................................................................................... 63

V I I I .  L i s t  o f  F ig u r e s .................................................................................   . . . 6 k



A b s tra c t

The n u c le a r  m agnetic reso n an ce  o f  in  b o th  th e  amorphous 

and c r y s t a l l i n e  phase o f  VZr a l lo y  f i lm  has been  in v e s t ig a te d  in  an 

e f f o r t  t o  d e te rm in e  th e  p a ram ete rs  c o n t r o l l i n g  th e  e l e c t r o n i c  s t r u c tu r e  

o f  th e  amorphous phase r e l a t i v e  to  th e  c r y s t a l l i n e  p h a se . Changes in  

th e  K nigh t s h i f t ,  th e  l i n e  w id th , and th e  i n t e n s i t y  o f  th e  a b so rp tio n  

l i n e  o f  f o r  b o th  th e  amorphous phase  and  th e  c r y s t a l l i n e  phase have 

b een  m easured a t  77°K em ploying a  s t a t i c  m agnetic  f i e l d  ra n g in g  from  

8 to  17 k i lo g a u s s .

A l l  observed  changes i n  K nigh t s h i f t  o f  i n  th e  amorphous 

phase  o f  VZr a l lo y  f i lm  a re  s m a ll ,  and show a  s l i g h t  l i n e a r  f i e l d  

dependence as compared w ith  t h a t  i n  th e  co rre sp o n d in g  c r y s t a l l i n e  

p h ase . On th e  o th e r  hand th e  l i n e  w id th  o f  V ^  in  th e  amorphous phase  

i s  c o n s id e ra b ly  l a r g e r  th a n  t h a t  in  th e  c r y s t a l l i n e  p h ase , and h a s  a  

s t ro n g  l i n e a r  f i e l d  dependence. This b e h a v io r  may be  accoun ted  f o r  

i n  te rm s o f  F r ie d e l  o s c i l l a t i o n s  o r  th e  r i g i d  band  m odel. The s i g n i f i ­

c a n t d ec re a se  i n  th e  l i n e  i n t e n s i t y  o f  th e  am orphous' phase r e l a t i v e  

t o  t h a t  o f  th e  c r y s t a l l i n e  ap p ea rs  to  be  c o n s is te n t  w ith  an a l l  o r  

n o th in g  w ipeou t m odel. I t  i s  concluded  t h a t  th e  quadrupo le  i n t e r ­

a c t io n  o f  V^1 w ith  th e  la rg e  e l e c t r i c  f i e l d  g r a d ie n t ,  w hich i s

i i i



produced by th e  l a t t i c e  d i s t o r t i o n  and r e d i s t r i b u t i o n  o f  th e  occup ied  

e le c t r o n ic  s t a t e s ,  i s  p ro b ab ly  a s s o c ia te d  w ith  gas im p u r it ie s  tra p p e d  

in  th e  amorphous VZr f i lm .



I .  INTRODUCTION

T his t h e s i s  d e s c r ib e s  th e  r e s u l t s  o f  an in v e s t ig a t io n  o f  

th e  n u c le a r  m agnetic  resonance (NMR) o f  in  a  t r a n s i t i o n  m e ta l VZr 

a l lo y  which was p re p a re d  in  a  h ig h ly  d iso rd e re d  s t a t e  by  th e  RF 

s p u t te r in g  p r o c e s s .  The purpose  o f  t h i s  s tu d y  i s  t o  ach iev e  a  b e t t e r  

u n d e rs ta n d in g  o f  th e  changes i n  n u c le a r  and e l e c t r o n i c  p r o p e r t i e s  o f  

th e  t r a n s i t i o n  m e ta l a l lo y  in  th e  amorphous phase as com pared w ith  

th a t  i n  th e  c r y s t a l l i n e  one.

Vanadium was chosen  f o r  th e  s tu d y  b ecau se  i t  h a s  a  la rg e  

m agnetic  moment (5*139 n u c le a r  m agneton) and a  sm a ll quad rupo le  

moment, and i t  form s a  s o l i d  s o lu t io n  i n  th e  amorphous phase w ith  

zircon ium  a t  room te m p e ra tu re  i n  th e  RF s p u t te r in g  p ro c e s s .  V ^  has  

a  n u c le a r  s p in  I  = 7 /2  and a  n a t u r a l  abundance o f  9 9 -75%• S ince  

Zr^1 h as  a  sm a ll m agnetic  moment so  t h a t  th e  r e l a t i v e  s e n s i t i v i t y  

o f  Z r^1 m agnetic  reso n an ce  i s  v e ry  s m a ll ,  a  Zr^1 NMR s tu d y  was r u le d  

o u t .

N u c lea r m agnetic  reso n an ce  can p ro v id e  in fo rm a tio n  about 

th e  e l e c t r o n i c  s t r u c t u r e  o f  s o l id s  as a  r e s u l t  o f  th e  e f f e c t  on th e  

n u c le i  o f  v a r io u s  in t e r a c t io n s  w ith  e l e c t r o n s .  I n  m e ta ls  th e  m ost 

im p o rta n t o f  such  in te r a c t io n s  a re  th e  m agnetic  h y p e r f in e  i n t e r a c t io n  

betw een th e  co n d u c tio n  e le c t r o n s  and th e  n u c l e i ,  and th e  n u c le a r  

q u a d r ip o le  i n t e r a c t i o n  betw een n u c le i  w hich p o sse ss  i n t r i n s i c

1
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quadrupole moment and th e  e l e c t r i c  f i e l d  g ra d ie n t  g e n e ra te d  b y  th e

p e r tu r b a t io n  o f  th e  e l e c t r o n i c  charg e  d i s t r i b u t i o n .  The measurement

o f  K night s h i f t ,  th e  NMB a b s o rp tio n  l in e w id th ,  th e  a b so rp tio n  i n t e n s i t y ,

and t h e i r  v a r ia t io n  w ith  Zr91 c o n c e n tra t io n  o r  th e  a p p lie d  m agnetic

f i e l d  sh o u ld  p ro v id e  in fo rm a tio n  about th e  v a l i d i t y  o f  a  r i g i d  band

model'*', o r  th e  p re sen ce  o f  th e  lo n g  ran g e  o s c i l l a t i o n  in  th e  con-

2d u c tio n  e le c t r o n  d e n s ity  p re v io u s ly  n o te d  by F r ie d e l  e t  a l  i n  th e  

amorphous and  c r y s t a l l i n e  p hases  o f  t r a n s i t i o n  m e ta l a l lo y .

In  th e  fo llo w in g  s e c t io n  o f  t h i s  p a p e r , th e  th e o ry  and 

background o f  t h i s  p roblem  w i l l  be  c o n s id e re d . The e x p e rim e n ta l 

te c h n iq u e , in c lu d in g  a  d is c u s s io n  o f  th e  f a c to r s  w hich a f f e c t  th e  

accu racy  o f  th e  m easurem ent, i s  d e s c r ib e d  i n  S e c tio n  I I I .  S e c tio n  

IV p re s e n ts  th e  e x p e r im e n ta l r e s u l t s  and d is c u s s io n .

B efo re  p ro c e e d in g  to  th e  n e x t s e c t io n ,  i t  i s  a p p ro p r ia te  

to. g iv e  some id e a  o f  w hat i s  meant by th e  te rm  "amorphous m e ta l" . A 

v a r ie ty  o f  o th e r  term s have been  u sed  in  p la c e  o f  th e  te rm  am orphous, 

in c lu d in g : la c k  o f  lo n g  ran g e  o rd e r ,  th e  p re se n c e  o f  o n ly  s h o r t  range

o rd e r ,  a  co m ple te ly  random d i s t r i b u t i o n  o f  atoms w ith  a  s t a t i s t i c a l  

sp re a d  i n  in te ra to m ic  sp a c in g  and o r i e n t a t i o n ,  o r  a  c o l le c t io n  o f  

sm a ll o rd e re d  u n i t s  random ly o r ie n te d  w ith  r e s p e c t  t o  each  o th e r .  In  

many t h e o r e t i c a l  fo rm u la tio n s  o f  amorphous s t r u c tu r e s  th e  in te ra to m ic  

s e p a ra t io n  a n d /o r  th e  atom ic  p o t e n t i a l  a re  t r e a t e d  as random v a r ia b le s  

w ith in  .c e r ta in  l i m i t s .  However, f o r  th e  p r e s e n t  puxpose , th e  b e s t  

d e f in i t i o n  o f  amorphous i s  t h a t  due t o  th e  e x i s t in g  e x p e rim e n ta l 

l i m i t a t i o n s .  T h is  d e f in i t i o n  depends on th e  te c h n iq u e , w hich m ight
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be X -ray  o r  e le c t r o n  d i f f r a c t i o n ,  o r  e le c t r o n  m icroscopy . F ie ld  io n  

m icroscopy has n o t y e t  been  em ployed, as f a r  as th e  a u th o r  i s  aw are, 

a lth o u g h  i t  w ould seem t o  be an e x c e l le n t  t o o l  f o r  u n d e rs ta n d in g  th e  

amorphous s t r u c t u r e .  D if f r a c t io n  p a t te r n s  f o r  amorphous m a te r ia ls  

u s u a lly  e x h i b i t  two to  fo u r  b ro a d  h a lo s  and g iv e  in fo rm a tio n  co n ce rn in g  

th e  average number o f  n e a r e s t  n e ig h b o rs  abou t an atom, and t h e i r  average  

s e p a r a t io n .

Amorphous m a te r ia ls  a re  p re p a re d  u n d er c o n d itio n s  t h a t  seek  

to  k i n e t i c a l l y  p re v e n t th e  fo rm atio n  o f  th e  therm odynam ically  s ta b le  

c r y s ta l l in e  s t r u c t u r e .  A ll  p r e p a ra t io n  te c h n iq u e s  accom plish  t h i s  by 

r e s t r i c t i n g  th e  a b i l i t y  o f  th e  atom  to  d i f f u s e ;  th e  m ost common o f  

th e se  b e in g  some form  o f  r a p id  te m p e ra tu re  quenching from  a  s t a t e  o f  

h ig h e r  e n tro p y  i . e . ,  a  l i q u i d  o r  gas p h a se . A nother te c h n iq u e , w hich 

o f te n  o ccu rs  in a d v e r te n t ly ,  i s  th e  in t r o d u c t io n  o f  im p u r i t i e s ,  

e s p e c ia l ly  g a s e s .  Ifce p re se n c e  o f  th e  o th e r  m e ta ls  can a ls o  s i g n i f i ­

c a n t ly  h in d e r  d i f f u s io n  and i s  in d ic a te d  by a  h ig h e r  te m p era tu re  r e q u ir e d  

t o  produce th e  amorphous t o  c r y s t a l l i n e  tr a n s fo rm a tio n .  I n  t h i s  s tu d y  

th e  amorphous s t r u c tu r e s  w ere p re p a re d  by  s p u t te r in g  vanadium and 

z ircon ium  s im u lta n e o u s ly  o n to  a  w a te r -c o o le d  s u b s t r a te  under an argon 

p lasm a.



I I .  Theory and Background

A. T ra n s i t io n  M etal

T ra n s i t io n  m e ta ls  a re  c h a ra c te r iz e d  by p a r t i a l l y  f i l l e d  

d-bands v h ic h  a re  u s u a l ly  q u i te  narrow  and th e re f o r e  have a  h ig h  

d e n s i ty  o f  s ta te s  a t  th e  Fermi l e v e l .  The d-bands u s u a l ly  o v e rla p  w ith  

a  much w id e r s -b an d  and th e  d - e le c t r o n s  a re  more lo c a l iz e d  th a n  th e  

f r e e  e l e c t r o n s . The s im p le s t  model o f  t r a n s i t i o n  m e ta ls  assume t h a t  

th e  s -  and d-bands axe d is t in g u is h a b le  a t  th e  Fermi l e v e l .  The 

v a r i a t io n  w ith  en erg y  o f  th e  d e n s ity  o f  s t a t e s  o f  an s -b an d  i s  much 

s lo w er th a n  t h a t  o f  a  narrow  d-band , and i t  has  been common p r a c t i c e

to  assume t h a t  th e  number o f  e le c t r o n s  i n  th e  s -b an d  i s  i n  th e  range
3

o f  0 .2 -1  p e r  atom .

The c o n t r ib u t io n  o f  th e  s -b an d  t o  th e  t o t a l  h y p e rf in e  i n t e r ­

a c t io n  can be  e s t im a te d  by means o f  th e  f r e e  e l e c t r o n  energy  d e n s ity  

o f  s t a t e s  now. In  m ost c a s e s ,  how ever, t h i s  i s  a  dangerous a p p ro x i­

m ation  b ecau se  th e  c r y s t a l  p o t e n t i a l  may o v e r la p . S in ce  th e  s - d  

m ix ing  i s  s i g n i f i c a n t ,  i t  i s  u s e f u l  t o  c h a r a c te r iz e  th e  s t a t e  a t  th e  

Ferm i l e v e l  by  th e  average f r a c t i o n a l  s  a n d 'd  c h a r a c te r .  C on seq u en tly , 

one may d e f in e  a  f r a c t i o n a l  s  and d  d e n s ity  o f  s t a t e s  such t h a t

(1 )

U
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The r a t i o  Ns (Ef ) /  N ^E ^ ) w i l l  depend, in  g e n e ra l ,  on th e  d e t a i l s  o f  

• th e  hand  s t r u c t u r e .  I f  s p in - o r h i t  in t e r a c t io n s  a re  n o t  to o  im p o r ta n t ,  

th e n  th e  t o t a l  m agnetic s u s c e p t i b i l i t y  o f  a  t r a n s i t i o n  m e ta l can be 

p a r t i t i o n e d  in t o  s p in  and o r b i t a l  c o n tr ib u tio n s :

X  ’  X ,  * -X, + X y ,  - t  X L+  (2)

The f i r s t  two te rm s in  Eq. (2 ) a re  s  and d s p in  s u s c e p t i b i l i t i e s ,  

r e s p e c t iv e ly ,  w hich can be  r e l a t e d  b y ,

X  = % X K =  i < y < V 'N ( £ f i ) .  o )

*}CVV i s  a  f i e l d  induced  o r b i t a l  p a ram ag n e tic  s u s c e p t i b i l i t y  which 

a r i s e s  from  th e  o r b i t a l  degeneracy  o f  th e  atom ic d s t a t e s .  OCyy i s  

analogous to  th e  tem p era tu re  indep en d en t Van Y leck s u s c e p t i b i l i t y  in  th e  

m agnetic  i n s u l a t o r s .

*ws IO 'k I U ***.>! (M
*  * t f  e ^ - E r «c

X u  =  - z CJe ^ N,(EF ^ /inV 3 ^ ) ,  (5 )

(Landau d iam agnetic  s u s c e p t i b i l i t y ) ,  and

X w - - & - ? < * * >  (6 )

due to  th e  io n  c o re .

Because o f  th e  h ig h  d e n s ity  o f  d s t a t e s  a t  th e  Fermi l e v e l ,  th e  p a ra ­

m agnetic  c o n t r ib u t io n s  t o  %  i n  t r a n s i t i o n  m e ta ls  a re  much l a r g e r  th a n  

T his i s  i n  c o n t r a s t  to  th e  s i t u a t io n  in  sim p le  m e ta ls  where
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th e  d iam agnetic  te rm  u s u a lly  dom inates. In  p r a c t ic e ,  th e  in d iv id u a l  

c o n tr ib u tio n s  to  X  cannot be c a lc u la te d  from f i r s t  p r in c ip le s  because 

o f  i n s u f f i c i e n t  knowledge about th e  conduction  e le c tro n  s t a t e s .  One o f  

th e  im p o rtan t a p p l ic a t io n s  o f  NMR in  th e  t r a n s i t i o n  m e ta ls  in v o lv es  

th e  s e p a ra t io n  o f  X  in to  i t s  v a rio u s  p a r t s  on th e  b a s is  o f  th e  

measured resonance s h i f t  and r e la x a t io n  tim e .

B. K night S h i f t

When th e  NMR frequency  in  a  m e ta l l ic  sample i s  observ ed , i t

i s  found th a t  t h i s  frequency  d i f f e r s  from th a t  d e te c te d  from th e  same

n u c le a r  sp e c ie s  in  a d iam agnetic  compound, b o th  measurements hav ing

been perform ed in  th e  same s t a t i c  m agnetic f i e l d .  This d isp lacem en t

o f  NMR frequency  i n  m e ta ls  i s  c a l le d  th e  K night s h i f t ,  a f t e r  i t s
k

d is c o v e re r , W. D. K night . S ince t h i s  s h i f t  i s  g e n e ra lly  an o rd e r  o f  

m agnitude o r  more g r e a te r  th an  chem ica l s h i f t s ,  i t  was r e a l iz e d  t h a t  

such a  s h i f t  i s  a s s o c ia te d  w ith  th e  conduction  e le c tro n s  o f  th e  m e ta l.

The Knigiht s h i f t  has been s u c c e s s fu lly  e x p la in e d  in  term s o f  

th e  h y p e rf in e  in t e r a c t io n  betw een th e  nucleus and th e  n o n - lo c a liz e d  

co nduction  e le c t r o n s .  The im p o rtan t c o n tr ib u tio n s  t o  th e  t o t a l  K night 

s h i f t  i n  th e  t r a n s i t i o n  m e ta l are  a s s o c ia te d  w ith  th e  th re e  param agnetic  

c o n tr ib u tio n s  to  th e  m agnetic s u s c e p t i b i l i t y . The h y p e rfin e  H am iltonian  

may be w r i t t e n  as

h (7)

where 0  o p e ra te s  on th e  o n e -e le c tro n  sp in  (S) and o r b i t a l  an g u la r 

momentum ( |  ) c o o rd in a te s .  Using an obvious n o ta tio n ,
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0 * e, + ed -»• §
where a  .  C

_  i .  LiVi)

( 8 )
" b ,

and

,»rfc

The K night s h i f t  th e re fo re  becomes

K = Kg + K j + K + h ig h e r  term ,

«*' , L1Wl -1/ . _  Moi-b= v ^ j .  % *  i -  - x  W  3  + h ig h e r  o rd e r  te rm ,

o r

= asXs +  Od^A +  <W Kw, (9)

where and a re  th e  e f f e c t iv e  s c o n ta c t and d -sp in  (co re

p o la r iz a t io n )  h y p e rf in e  f i e l d  p e r  e le c t ro n  r e s p e c t iv e ly ,  and j;s

th e  o r b i t a l  h y p e rf in e  f i e l d  p e r  u n i t  o r b i t a l  a n g u la r  momentum. S ince 

i s  n e g a tiv e  w h ile  and a re  p o s i t i v e ,  th e  t o t a l  s h i f t  in

t r a n s i t i o n  metals may be  o f  e i th e r  s ig n . For in s ta n c e ,  th e  o r b i t a l  te rm

5 6 T 8dom inates in  V , VCr a l le y  , W , and Kb . A ccording to  B u tte rw o rth  and
g

D rain  , about 2% o f  th e  t o t a l  param agnetism  o f  p u re  vanadium i s  due t o  

US s p in  param agnetism . About 50% i s  o r b i t a l  param agnetism  and th e  r e ­

m ainder i s  due to  3d sp in  param agnetism . This i s  n o t s u r p r is in g  s in c e  

th e se  m e ta ls  have rough ly  h a l f - f i l l e d  d -bands, encourag ing  o r b i t a l  

e f f e c t s ,  w hereas P t ,  Pd and Hh have alm ost f i l l e d  d-bands so t h a t  d -co re  

p o la r i z a t io n  e f f e c t s  w i l l  dom inate.

C. A lloys  and L ocal E f fe c ts

The in t ro d u c t io n  o f  a  fo re ig n  atom in  a  p u re  m e ta l has two 

main e f f e c t s :  ( l )  th e  NMR l in e  b ro ad en s , (2 ) th e re  i s  u s u a lly  a  s h i f t
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in  th e  resonance frequency  f o r  a  g iven  e x te r n a l  m agnetic f i e l d .  The 

change in  K night s h i f t ,  A K, r e s u l t s  from o s c i l l a to r y  v a r ia t io n s  in  th e  

conduction  e le c t ro n  charge d e n s ity  about th e  s o lu te  io n s .  T hat i s  to  

sa y , any im p u rity  in  a  m e ta l w i l l  produce a  charge d is tu rb a n c e . Atomic 

s iz e  and e l e c t r o n e g a t iv i ty  e f f e c t s  cause t h i s  to  be t r u e ,  to  a  l im i te d  

e x te n t  even in  th e  case when th e  v a lence  o f  th e  h o s t and th a t  o f  th e  

s o lu te  a re  in d e n t i c a l .  The co nduction  e le c tro n s  a c t  t o  sc re e n  th e

P P  Pert~ unpert

Perturbation of Conduction 
Electron charge Density

I

Figure 1 . Schematic I l lu s t r a t io n  o f  conduction e le c tr o n  charge  
screen in g  induced in  a m etal h o st by a s in g le  Im purity a t  r - 0 .
The h a lf -p e r io d  o f  the F r ied e l o s c i l l a t io n s ,  which i s  p rop ortion al 
to  1/Kp i s  in d ic a te d .
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charge d if f e re n c e  a s s o c ia te d  w ith  th e  im p u rity . There w i l l  be a  b u i ld  

up o r d ecrease  i n  th e  t o t a l  conduction  e le c tro n  charge in  th e  v ic in i t y  

o f  th e  im p u rity  depending on th e  s ig n  o f  th e  sum o f charge te rm s . The 

p e r tu rb a t io n  o f  conduction  e le c t r o n  charge d e n s ity  i s  i l l u s t r a t e d  in  

F igure  1 . There i s  a  h ig h ly  lo c a l  "main peak" w ith  th e  f a m i l ia r  F r ie d e l  

o s c i l l a t io n s  to  th e  o u ts id e . These a r i s e  from  th e  p re sen ce  o f  a  con­

d u c tio n  e le c t r o n  Fermi su rfa c e  and have a  p e r io d  which i s  in v e rs e ly

p ro p o r tio n a l  to  2 k_ , i . e . ,  th e  ex trem al c a l ip e r  o f  th e  Fermi su rfa c er
in  th e  d i r e c t io n  in  q u e s tio n .

The l i n e  b roaden ing  i s  a  consequence o f  th e  same charge 

r e d i s t r i b u t io n  phenomenon. S ince  th e  im p u rity  io n s  axe randomly d i s t r i ­

b u ted , so lv e n t n u c le i  a t  d i f f e r e n t  d is ta n c e s  from th e  im p u rity  w i l l  

s u f f e r  d i f f e r e n t  s h i f t s  in  t h e i r  resonance f re q u e n c ie s . When summed 

over a l l  th e  s o lv e n t n u c le i ,  t h i s  produces l in e  b ro ad en in g . This 

phenomenon i s  s im i la r  in  some r e s p e c t  to  th e  b ro ad en in g  caused  by th e  

a n is o tro p ic  K night s h i f t .  I t  sh o u ld  be n o te d  t h a t  th e  l i n e  b ro ad en in g  

due to  a l lo y in g  w i l l  be f i e l d  dependent. A nother p o s s ib le  source  o f  

l i n e  b road en in g  in  t h i s  s tu d y  o f  th e  VZr a l lo y  in  b o th  th e  amorphous 

and c r y s ta l l in e  s t a t e  w i l l  be  th e  a n is o tro p ic  K night s h i f t  b roaden ing
V,

and second o rd e r  quadrupole b ro ad en in g . W ith th e  e x p l i c i t  assum ptions

t h a t  only  inhomogeneous K night s h i f t  b road en in g  i s  p r e s e n t ,  B land in
2

and D an ie l d e r iv e d  th e  ru le  t h a t  th e  l i n e  w id th  sh o u ld  in c re a s e  

p ro p o r t io n a l ly  t o  th e  square  ro o t  o f  th e  c o n c e n tra tio n  in  th e  i n f i n i t e l y  

d i l u t e  a l l e y .  T h e re fo re , i t  i s  n o t expec ted  th a t  such a  c o n c e n tra tio n  

dependence w i l l  be  observed  in  th e  h ig h ly  d is o rd e re d  VZr a l lo y  s tu d ie d  

h e r e . Indeed  th e  d a ta  on th e  a l lo y s  o f  s i l v e r  and copper analyzed  by 

B land in  and D an ie l show only  a  fe e b le  agreem ent w ith  t h i s  square  ro o t  r u le .



I

10

In  o rd e r  to  a s se s s  th e  adequacy o f  th e  B land in  and D an ie l 

th e o ry  fo r  th e  VZr a l lq y  in v e s t ig a te d  h e re ,  i t  w i l l  be u s e fu l  t o  d isc u ss  

t h e i r  th e o ry  and th e  assum ptions e n te r in g  i n t o  i t .  They c o n s id e r only  

th e  case o f  h e te ro v a le n t  a l lo y s .  E l e c t r i c a l  n e u t r a l i t y  re q u ire s  a  

r e d i s t r i b u t io n  o f  th e  conduction  e le c tro n s  so  as  t o  produce a  sc re e n in g  

o f  th e  p e r tu rb in g  p o te n t i a l  which i s  s p h e r ic a l ly  sym m etric and l im i te d  

i n  range to  th e  atom ic sphere  o f  th e  im p u rity  io n .  E x p l ic i t ly  assuming 

a  f r e e  e le c t r o n  model and Bloch fu n c tio n s ,  th e y  use  s ta n d a rd  s c a t t e r in g  

th e o ry  in  o rd e r  to  c a lc u la te  an e x p re ss io n  f o r  A f l Y ) t th e  change in  

th e  e l e c t r i c a l  charge d e n s ity  in tro d u c e d  by th e  s h ie ld e d  im p u rity  

p o t e n t i a l ,  in  term s o f  phase s h i f t s  i n  th e  f r e e  e le c tro n  w a v e fu n c tio n s . 

Assuming th e  p r o p o r t io n a l i ty  o f  th e  K night s h i f t  t o  th e  e l e c t r i c  charge 

d e n s ity  a t  th e  n u c le u s , th e y  o b ta in  th e  sim ple e x p re ss io n

c K )
K f*

where K . i s  th e  change o f  K night s h i f t  ex p e rien ced  by th e  nu c leu s  a t
V

R . To r e p re s e n t  th e  im p u rity  p o te n t i a l  th ey  choose a  s p h e r ic a l  w e l l  
J

w ith  th e  same ra d iu s  as th e  s o lu te  io n  and a  depth  s u f f i c i e n t  t o  a t t r a c t

th e  e l e c t r o n ic  charge re q u ire d  fo r  th e  sc re e n in g . They invoke th e

F r ie d e l  sum ru le  co n n ec tin g  th e  phase s h i f t s  w ith  th e  im p u rity  charge

9and use B l a t t ' s  phase s h i f t  , which accomodates any s iz e  e f f e c t s  by 

means o f  an e f f e c t iv e  ch a rg e , t o  c a lc u la te  a  spectrum  o f  K night s h i f t s  

f o r  s i l v e r  in  a l lo y s  o f  AgCd, Agin and AgSn. F in a l ly  to  o b ta in  an 

e x p re ss io n  fo r  th e  average K night s h i f t  o f  th e  so lv e n t n u c le i i n  low 

c o n c e n tra tio n  h e te ro v a le n t  a l lo y s ,  th e y  f u r th e r  assume a  random sub­

s t i t u t i o n a l  a l lo y ,  t h a t  e le c tro n s  on th e  Fermi su r fa c e  undergo no
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m u ltip le  s c a t t e r in g  from  th e  d is s o lv e d  im p u r i t ie s ,  and th a t  th e  n e t  

excess e le c t ro n  d e n s ity  i s  due to  th e  i s o la te d  im p u r it ie s  whence

^ * 0 1 ^  s;*? t,'-*  f y s  , ( 1 0 )

where C i s  th e  c o n c e n tra t io n , ^  a re  phase s h i f t s .  The o(f and f t

a re  g iven  by th e  fo llo w in g  com binations o f  s p h e r ic a l  B e sse l and Neumann

fu n c tio n s :

<4 =  I c ,

and

f t  a - u n - o z  .

The only o th e r  assum ption e n te r in g  in to  t h e i r  p r e d ic t io n  fo r  l in e  

b ro ad en in g  i s  t h a t  th e  c o n tr ib u tio n  due to  th e  im p u rity  i s  much g r e a te r  

th a n  th e  l i n e  w id th  c h a r a c t e r i s t i c  o f  th e  pu re  s o lv e n t .

The fo llo w in g  o b se rv a tio n s  a re  o f fe re d  concern ing  th e
2

a p p l i c a b i l i t y  o f  th e  th e o ry  o f  B land in  and D an ie l o u t l in e d  above tp  

th e  d a ta  o b ta in e d  i n  th e  s tu d y  o f  th e  amorphous VZr a l l o y . I f  we 

c o n s id e r  th e  amorphous phase  t o  be l i q u i d - l i k e ,  th e n  th e  sm all decrease  

o f  K night s h i f t  observed  in  th e  amorphous phase VZr a l lo y  would seem 

to  im ply t h a t  i t  i s  f r e e  e le c t ro n  l i k e ,  s im i la r  to  most m e ta ls .

7.1 man^  argued  th a t  sm all change observed  in  K night s h i f t  f o r  most 

m eta ls  in d ic a te s  t h a t  a  f r e e  e le c tr o n  p ic tu r e  o f  m e ta ls  i s  more n e a r ly  

c o r r e c t  th a n  was p re v io u s ly  re c o g n iz e d . Futherm ore th e  phase s h i f t  

d e s c r ip t io n  o f  B land in  and D a n ie l’ s th e o ry  used by Odle and F lynn‘S  

u s in g  th e  newly d eriv e d  phase s h i f t s  have been  p a r t i a l l y  s u c c e s s fu l  

in  d e sc r ib in g  K night s h i f t  v e rsu s  c o n c e n tra tio n  b e h a v io r  in  l iq u id
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a l lo y s .  Thus i t  m ight be exp ec ted  t h a t  th e  B lan d in -D an ie l th e o ry  w i l l  

be p e r t in e n t  f o r  amorphous VZr a l lo y s ,  a s  i t  i s  f o r  s i l v e r  o r  copper 

a l le y s ,  to  which i t  was o r ig in a l ly  a p p lie d .

The assum ptions in  t h e i r  th e o ry  o f  a  s p h e r ic a l  Fermi su rfa c e  

(p u re ly  s - c h a r a c te r  f o r  the  e l e c t r o n ic  wave fu n c tio n s )  and e f f e c t iv e  

mass id e n t i c a l  t o  th e  norm al e le c tro n  mass, would however appear to  be

su sp e c t i n  view o f  th e  band s t r u c tu r e  c a lc u la t io n s  and Ferm i su rfa c e

.. 12 ,13o f  vanadium
2

The B lan d in -D an ie l th e o ry  in c lu d e s  only changes in  th e  

e le c tro n  d e n s ity .  No c o n s id e ra tio n  i s  g iven  to  p o s s ib le  changes in  

th e  m agnetic s u s c e p t i b i l i t y  produced  by a l lo y in g .  This i s  c e r t a in ly  

q u e s tio n a b le , s in c e  th e  K night s h i f t  i s  known to  depend on th e  

e l e c t r o n ic  s u s c e p t i b i l i t y . A lthough changes in  s u s c e p t i b i l i t y  co u ld  

be in c o rp o ra te d  in t o  a  r e f in e d  v e rs io n  o f  th e  s c a t t e r in g  th e o ry  th rough  

changes in d u ced  in  th e  d e n s ity  o f  s t a t e s  a t  th e  Fermi s u rfa c e  by phase 

s h i f t s ,  such a  re fin e m en t has n o t y e t  been a ttem p ted , p ro b ab ly  because  

com parisons betw een th e o ry  and experim ent have so  f a r  been on ly  sem i- 

q u a n t i ta t iv e  a t  b e s t .

A co n ce p tu a l scheme which i s  f re q u e n tly  employed in  

c o n s id e r in g  th e  p ro p e r t ie s  o f  a l lo y s  i s  th e  s o - c a l le d  r i g i d  band model^ 

d isc u sse d  in  th e  e a r l i e r  s e c t io n .  F o r a  p u re  m e ta l th e  e le c t r o n ic  

s t r u c tu r e  may be f a i r l y  w e ll  accounted  f o r  on th e  b a s is  o f  th e  p re s e n t  

th e o ry . Employing s in g le  p a r t i c l e  Bloch fu n c tio n s ,  th e  energy  s t r u c tu r e  

o f  th e  p u re  m e ta l i s  ad eq u a te ly  d e sc r ib e d  in  term s o f  B r i l lo u in  zones,
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energy  gaps, energy  ban d s, a  Fermi s u r fa c e , d e n s ity  o f  s ta te s ^ - e t c .

The s im p le s t form  o f  th e  r i g i d  band model o f  a l lo y s  assumes th a t  th e  

c o n s ta n t energy  su rfa c e s  and d e n s ity  o f  s t a t e s  c h a r a c te r i s t i c  o f  th e  

so lv e n t a re  n o t m od ified  by a l lo y in g .  The consequences o f  adding  th e  

s o lu te  a re  adding o r  s u b tr a c t in g  e le c tro n s  from th e  b an d , depending 

on th e  r e l a t i v e  v a len ce  o f  th e  s o lu te .  Thus th e  Fermi s u r fa c e  w i l l  be 

e i t h e r  d i l a te d  o r  c o n tra c te d  by adding th e  s o lu te .  For example i f  we 

c o n s id e r  3d t r a n s i t i o n  m e ta l a l lo y  o f  Ti-V and V-Cr system , th e re  i s  

a  g ra d u a l in c re a s e  in  K w ith  e le c tro n  to  atom r a t i o ,  w ith  a  peak a t  

about 5 .6  e le c t ro n  to  atom ( e / a ) .  Between e / a  = 5*6 to  6 , th e re  i s  a 

g ra d u a l decrease  in  K. These a re  shown in  F ig u re  2 .

The complex n a tu re  o f  K night s h i f t  sometimes causes  th e  

c o r r e la t io n  o f  K night s h i f t ,  s u s c e p t i b i l i t y ,  and s p e c i f i c  h e a t  to  be 

obscu red , and th e  f a c t  t h a t  K does n o t fo llow  th e  d e n s ity  o f  s ta te s  

curve i s  n o t n e c e s s a r i ly  an in d ic a t io n  o f  n o n - r ig id  band b e h a v io r . To 

g ive  a  f u r th e r  p ic tu r e  o f  th e  shape o f  th e  d e n s ity  o f  s ta te s  curve fo r  

3d and  Ud t r a n s i t i o n  m e ta l a l lo y  m entioned above, we show th e  t o t a l  

s u s c e p t i b i l i t y  and d e n s ity  o f  s t a t e s  d a ta  in  F ig u re  3 .  Both f o r  th e  

3d and Hd s e r i e s ,  th e re  i s  a  p o s s ib le  cusp a t  e / a  = 5 . Both s u s c e p t i­

b i l i t y  cu rves have q u i te  s im i la r  b e h a v io r . From t h i s  p ic tu r e  we 

g e t  a  d i f f e r e n t  im p ressio n  o f  th e  d e n s ity  o f  s t a t e s  curve th a n  from th e  

curve o b ta in e d  from s p e c i f i c  h e a t  ( y )  d a ta  as shown in  F igu re  3 . Thus 

th e re  i s  d isc rep an cy  betw een th e  y  curve on one h an d , and th e  %  curve on 

th e  o th e r .  Depending on w hich cu rves a re  u se d , th e  K night s h i f t  d a ta  

may be  in t e r p r e te d  in  a  q u ite  d i f f e r e n t  manner. In  e i t h e r  case th e re
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Figure 2 - V aria tion  o f  Knight s h i f t  w ith  e /a  r a t io  fo r  b .c . c .  
t r a n s it io n  m e ta ls -o f  the 3d and 4d rows. The data  
were taken from the fo llo w in g  sou rces: T1.-V (1 8 ) ,
V-Cr (1 8 , 1 9 ) , Zr-Nb, Nb-Mo (15)
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Figure 3*
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V aria tion  o f  (a) s u s c e p t ib i l i t y  and (b) d en s ity  o f  
s t a t e s  a s  measured by e le c tr o n ic  s p e c i f ic  h ea t, w ith  
e /a  r a t io  fo r  b .c .c .  t r a n s it io n  m eta ls o f 3d and 4d rows. 
The data were taken from the fo llo w in g  sources:
Ti-V (1 8 ) , V-Cr (1 8 , 1 9 ) , Zr-Nb (1 5 ), Nb-Mo (1 4 ) .
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i s  no d i r e c t  c o r r e la t io n  betw een K and th e  o th e r  d a ta  and th e re  must 

be an in te r p la y  o f  s e v e ra l  term s as a  fu n c tio n  o f  e / a .  A number o f  

a ttem p ts  have been made u s in g  y > X  > K as w e ll  as 3^ d a ta  and th e  

K orringa  r e l a t io n  t o  d e riv e  th e  v a rio u s  c o n tr ib u tio n s  to  K. For 

example th e  r e s u l t s  o f  F igu re  2 and 3 have been e x p la in e d  (R ef. 6 , 

lU, 15) by a  tw o-band model f o r  th e  P a u li  term  as in  Eq. 9 ,  w ith  

e s tim a te s  o f  th e  Van Vleck o r b i t a l  e f f e c t s .  A lthough th e se  do e x p la in  

th e  r e s u l t s ,  th e  d e s c r ip t io n  i s  n o t u n iq u e . An a l t e r n a t iv e  e x p la n a tio n  

in  te rm s o f  v a ry in g  s - d  m ix tu re  in  a  s in g le  band has been o f fe re d  

(R ef. 16, 17) to  e x p la in  th e  maximum in  K a t  e / a  ~ 5 *6. In  th e  reg io n  

above e / a  = 5 -6 , b o th  th e  s p e c i f ic  h e a t  y  and s u s c e p t i b i l i t y  “X are  

d e c re a s in g . W ithin  t h i s  m odel, th e  d ecrease  in  K a r i s e s  from a  P a u li  

c o n tr ib u t io n  which becomes le s s  n e g a t iv e , and in  f a c t ,  p o s i t iv e  w ith  

in c re a s in g  e / a .  Only 10 to  15 p e rc e n t s - c h a r a c te r  i n  th e  d-band i s  

r e q u ir e d  to  b a lan ce  o r o v e rtak e  th e  n e g a tiv e  d -co re  p o la r i z a t io n  te rm s . 

Changes i n  s - c h a r a c te r  o f  on ly  a  few p e rc e n t can produce th e  observed  

v a ra t io n  in  K. I f  th e  h y b r id iz a t io n  model i s  proven v a l id ,  th e  K night 

s h i f t  can p ro v id e  a  u s e fu l  probe o f  th e  v a r ia t io n  o f  th e  d e n s ity  o f  s 

s t a t e s  i n  "d" b a n d s .

D. Q uadrupole E f fe c ts  i n  VZr A lloy

I t  was observed  t h a t  th e  im p u r i t ie s  were n e c e ssa ry  t o  s t a b i l i z e  

an "amorphous" s t r u c tu r e  in  th e  s p u t te r e d  VZr a l lo y  f i lm s .  Thus oxygen 

and o th e r  r e s id u a l  gas m olecules tra p p e d  in  VZr a l lo y  f i lm  may p la y  an 

im p o rta n t r o le  in  th e  i n t e n s i t y  and w id th  o f  NMR lin e s  in  th e  amorphous 

VZr f i lm s .  F or in s ta n c e  th e  i n t e n s i t y  o f  NMR l i n e ,  which i s  d e f in e d  to
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"be th e  p ro d u c t o f  th e  peak to  peak h e ig h t  and v id th ,  i s  about f iv e

T herefo re  i t  i s  w orthw hile d is c u s s in g  quadrupole e f f e c t s  due to  th e  

fo rm ation  o f  th e  amorphous s t a t e .

th e  in t e n s i t y  o f  th e  n u c le a r  resonance s ig n a l  i n  m e ta l l ic  copper

d ecreases  r a p id ly  when th e  copper i s  c o ld  worked o r sm a ll q u a n t i t i e s  o f

th e  o th e r  e lem ents a re  a llo y e d  w ith  i t .  These r e s u l t s  re q u ire  th a t

each s o lu te  atom produces a  s u b s t a n t i a l  f i e l d  g ra d ie n t  which a c ts  on

th e  copper n u c le a r  quadrupole moments o f  as many as 85 n e ig h b o rin g

19n u c le i .  Kohn and Vosko showed t h a t  f i e l d  g r a d ie n ts ,  o f  ap p ro x i­

m ately  th e  re q u ire d  m agnitude, a r i s e  from th e  r e d i s t r i b u t i o n  o f  th e  

conduction  e le c t ro n  charge n e a r  th e  s o lu te  atom s. A t la rg e  d is ta n c e s  

from a  s o lu te  atom th e  e le c t r o n  d e n s ity  behaves as cos(2kQr  + <P ) /  r  , 

where k Q i s  th e  Fermi wave number and f  i s  a  phase a n g le . Such an 

o s c i l l a t o r y  b e h a v io r  i s  a  consequence o f  a  d isco n tin u o u s  drop a t  th e  

Fermi s u rfa c e  o f  n ( k ) ,  th e  o ccu p a tio n  p r o b a b i l i ty  o f  th e  conduction  

band s t a t e  w ith  wave v e c to r  k .  A ccording to  Kohn and Vosko’ s 

c a lc u la t io n ,  th e  e l e c t r i c  f i e l d  g ra d ie n t  q a t  th e  n ^ 1 s i t e  i s  g iven  by

where of i s  an enhancement f a c to r  w hich measure th e  in c re a s e  o f  q 

over i t s  v a lu e  i n  a  p la n e  wave th e o ry  w ith o u t a n t i  s h ie ld in g .  A and <f 

a re  de term ined  by th e  phase s h i f t s  in  th e  fo llo w in g  e x p re s s io n s :

tim es s m a lle r  th a n  th e  in t e n s i t y  o f  th e  NMR l in e  a f t e r  an n ea lin g  to  900°C.

i  o
The experim en ts o f  Bloembergen and Rowland have shown t h a t

Q - H * *  Aco&<3-fcfc.-KfJ 
*  3 r *  ’
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“ 4 t *  W  .
^  Sin lj|

20Rowland has used t h e i r  q va lu e  f o r  v a rio u s  d i f f e r e n t  s o lu te s  and 

o b ta in e d  th e  number o f  a f f e c te d  copper n u c le i  n and th e  co rrespond ing  

va lue  o f  qQ in  th e  fo llo w in g  c o n c e n tra tio n  dependence o f  th e  i n t e n s i t y .

I  = i o ( i  -  c )n ,

where C i s  th e  atom ic c o n c e n tra tio n  o f  s o lu te  and n i s  th e  number o f  

copper n u c le i  a f f e c te d .  Thus Kohn and V osko's th e o ry  i s  in  agreem ent 

w ith  Row land's r e s u l t .
21 51R ece n tly  M eerw all and Rowland in v e s t ig a te d  V quadrupole

e f f e c t s  i n  vanadium t r a n s i t i o n  m e ta l a l lo y s .  T h e ir  r e s u l t s  show th e se

e f f e c t s  to  be s e v e ra l  tim es sm a lle r  f o r  t r a n s i t i o n  m e ta l ( s u b s t i tu t io n a l )

s o lu te s  th an  fo r  i n t e r s t i t i a l  oxygen and n it ro g e n  in  vanadium. The

s o lu te  dependence su g g es ts  t h a t  f i e l d  g ra d ie n ts  around s u b s t i tu t io n a l

atoms a r i s e  m ainly  i n  response  to  lo c a l  l a t t i c e  d i s to r t io n  r a th e r  than

th e  s h ie ld in g  o f  th e  excess charge o f  th e  s o lu te .  They e s tim a te d  th a t

21th e  a l l - o r - n o th in g  w ipeout model , when a p p l ie d  t o  th e  i n t e r s t i t i a l  

a l lo y s ,  y ie ld s  w ipeout numbers n^ = 126 +_ 7 f o r  n i t ro g e n  in  V and n =

1 9 h +. 12 f o r  oxygen in  V. This model assumes th a t  th e  c o n tr ib u tio n  to  

th e  MMR l in e  i s  l o s t  f o r  n u c le i  in s id e  a  sphere  c e n te re d  on th e  d e f e c t .

E . B ehavior o f  S uperconducting  T ra n s it io n  Tem perature (Tq ) o f

Amorphous and C ry s ta l l in e  M etal w ith  R espect t o  E le c tro n  C o n cen tra tio n

I t  i s  w orthw hile h e re  t o  m ention th e  v a r ia t io n  o f  T o fc

amorphous and c x y s ta l l in e  m e ta ls  w ith  r e s p e c t  t o  e le c t ro n  c o n c e n tra tio n

22m easured by C o llv e r  and Hammond , because  i t  may be c o r r e la te d  t o  th e  

v a r ia t io n  o f  K night s h i f t  o f  th e  amorphous t r a n s i t i o n  b ie ta l  a l lo y s
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w ith  r e s p e c t  t o  e le c t ro n  c o n c e n tra tio n . They showed t h a t  Tfi o f  th e  

amorphous f i lm  o f  th e  ltd and 5d t r a n s i t i o n  m e ta l a l lo y s  in c re a s e s  as a  

fu n c tio n  o f  th e  number o f  e le c tro n s  p e r  atom in  a  smooth n e a r ly  l i n e a r  

fa s h io n  to  a  d e f in i te  t r i a n g u la r  peak n e a r  th e  m iddle o f  th e  d s e r i e s .  

The peak occurs fo r  th e  ltd s e r i e s  a t  e /a ~6.U in  c o n tra s t  t o  th e  c r y s ta l ­

l in e  maximum a t  6 . J .  The Tc d ec re a se s  a t  n e a r ly  th e  same s lo p e , 

fo llo w ed  by a  more ra p id  decrease  a t  e / a - 7 .0 .  T his i s  shown in  F igu re  It. 

The smooth b e h a v io r in  Tc ac ro ss  two phase re g io n s  o f  th e  a l lo y  system

dem onstrates t h a t  e / a  determ ines Tq in  th e  "amorphous" s t a t e ,  indepen -

23d en t o f  th e  norm al c r y s t a l  s t r u c t u r e .  A ccording to  B. C. S. th e o ry  ,

Tq i s  r e l a t e d  to  many norm al s t a t e  p ro p e r t ie s  in c lu d in g  e le c t r o n ic  

d e n s ity  o f  s ta te s  and phonon spectrum  as fo llo w s:

where ui i s  th e  mean phonon freq u en cy , N(E„) i s  th e  d e n s ity  o f  s ta t e s  c r

a t  th e  Fermi s u r f a c e ,  and V . .  i s  th e  average a t t r a c t i v e  in t e r a c t io n
CL vX

betw een e le c t r o n  p a i r s .  In  th e  c i y s t a l l i n e  s t a t e  N(E„) e x h ib i ts  ar
2s t i l l  u n ex p la in ed  c o r r e la t io n  w ith  1/  6^ (and  th e re fo re  l /<  <d > ),an d

i t  i s  b e l ie v e d  to  be th e  f a c to r  c o n t ro l l in g  th e  e le c t ro n  phonon i n t e r -
2^ 25

a c t io n  p a ram ete r and Tq * . In  th e  amorphous s t a t e  th e  N(Ep) i s

26 27assumed to  be  smoothed ou t v e rsu s  e / a  by th e  d is o rd e r ,  * a llo w in g  

th e  v a r ia t ip n  w ith  e / a  o f  th e  amorphous Tc t o  be determ ined  by .the 

i n t e r a c t io n  p aram eter o r  o th e r  atom ic l i k e  p a ra m e te rs . In  a  h ig h ly  

d iso rd e re d  s t a t e  a l l  s t r u c tu r e  in  N(Ep) i s  sm eared o u t,  red u c in g



Y Zr Nb Mo (Tc) Ru
3 4 5 6 7 *

' / ‘ — »
Figure 4 .  Superconducting tr a n s it io n  tem perature o f  the a s -d e ­

p o s ite d  vapor quenched 4d tr a n s it io n  m etal f ilm s  versus  
th e  number o f  e lec tro n s per atom. The dashed l in e  i s  fo r  
c r y s t a l l in e  s t a t e  and th e s o l id  l in e  fo r  th e amorphous 
s t a t e .
T his i s  taken from referen ce  22.
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N(E_) where i t  e x h ib i ts  maxima (n e a r  Nb and Ta) and in c re a s in g  N(E_)r
28where i t  e x h ib i ts  minima (n e a r  Mo and W). C o llv e r  a ls o  in d ic a te d  th a t

o th e r  "types o f  sm earing o r a l t e r a t i o n s  a re  p o s s ib le  which would s tro n g ly

a l t e r  N(E ) .  These in c lu d e  a  sm earing due to  a  v a r ia t io n  in  th e  number r

o f  n e a re s t  n e ighbors  s and a l t e r a t i o n  o f  th e  e f f e c t s  o f  s - d  and d -d

h y b r id iz a t io n  due to  th e  lo s s  o f  symmetry and change o f  s h o r t  range

o rd e r .  The form o f  s h o r t  range o rd e r , i . e . ,  th e  number o f  n e a r e s t

neighbors and t h e i r  in te ra to m ic  sp ac in g , w i l l  in tro d u c e  a  "band s t ru c tu re "

a l l  i t s  own. This s h o r t  range o rd e r  w i l l  te n d  to  be c lo se  packed, i . e . ,

22an h . c .p .  o r  f . c . c .  s t r u c tu r e  ( in c lu d in g  V, Nb, Mo e t c . )
29Snow and Waber made th e  band s t r u c tu r e  c a lc u la t io n  f o r  3d

t r a n s i t i o n  m e ta l s e r i e s  assum ing th a t  th e y  ta k e  up f . c . c .  s t r u c tu r e

and o b ta in e d  a  N(E_) f o r  f . c . c .  w ith  l e s s  la rg e  s c a le  v a r ia t io n  than  r
f o r  th e  b . c . c .  s t r u c t u r e .  Furtherm ore th e  e n t i r e  band shape i . e . ,  N(E)

v ersu s  E ta k e s  on a  b ro ad  s in g le  peak b e h a v io r  to  a  f i r s t  approx im ation ,

e s p e c ia l ly  i f  one fa v o rs  th e  s^d11-^ over sdn c o n f ig u ra tio n  in  th e  s o l id .
2 n -1A ccording to  Snow and Waber th e  s d ~ i s  t o  be  p r e f e r r e d  s in c e  th e  

Fermi le v e l  and energy  s t a t e s  l i e  a t  th e  la r g e r  energy  in  sdn c o n fig ­

u r a t io n .  T his i s  a  r e f l e c t i o n  o f  th e  e l e c t r o s t a t i c  re p u ls io n  betw een 

d e le c t r o n s .

From th e se  t h e o r e t i c a l  c o n s id e ra t io n s ,  we w i l l  see  th e  

fo llo w in g  p o in ts  p e r t in e n t  t o  th e  NMR stu d y  o f  b o th  th e  amorphous and 

th e  c r y s t a l l i n e  VZr a l lo y :  F i r s t l y ,  F r ie d e l  o s c i l l a t io n s  accoun t f o r

th e  lin e w id th  and th e  change o f  K night s h i f t  even though d e ta i le d  

a p p l ic a t io n  o f  th e o ry  i s  in p o s s ib le  f o r  th e se  c o n c e n tra te d  a l lo y s .
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Secondly a  band th e o ry  cannot be ru le d  o u t. Only a  sm a ll p o r t io n  (~2%) 

o f  s u s c e p t i b i l i t y  X  i s  h ig h ly  s e n s i t iv e  t o  band changes and th e  la c k  

o f  a p p re c ia b le  changes in  K night s h i f t  does n o t r u le  ou t changes such 

as C o llv e r d is c u s s e s .



I I I .  E xperim en ta l P rocedure

In  t h i s  s e c t io n  d e t a i l s  o f  th e  p re p a ra t io n  o f  th e  amorphous 

t r a n s i t i o n  m e ta l a l lo y  VZr f i lm  w i l l  be d isc u sse d . This i s  fo llow ed  

by a  b r i e f  d isc u ss io n  o f  th e  e x p e rim en ta l ap p ara tu s  u sed  in  th e  

d e te c tio n  o f  th e  NMR s ig n a l s .

A. P re p a ra t io n  o f  Samples

The VZr f ilm s  were p re p a re d  by th e  RF s p u t te r in g  p ro c e s s .

S p u tte r in g  i s  a  c o a tin g  p ro c e ss  which in v o lv e s  th e  t r a n s p o r t  o f  alm ost

any m a te r ia l  from a  so u rc e , c a l le d  a  t a r g e t ,  t o  a  s u b s t r a te  o f  alm ost

any m a te r ia l .  The e j e c t io n  o f  th e  sou rce  m a te r ia l  i s  accom plished by

th e  bombardment o f  th e  su rfa c e  o f  th e  t a r g e t  w ith  gas io n s  a c c e le ra te d

by h ig h  v o l ta g e .  P a r t i c l e s  o f  atom ic dim ensions from th e  t a r g e t  a re

e je c te d  a s  a  r e s u l t  o f  momentum t r a n s f e r  betw een in c id e n t  io n s  and th e

t a r g e t .  The t a r g e t - e j e c te d  p a r t i c l e s  t r a v e r s e  th e  vacuum chamber and

a re  su b se q u en tly  d e p o s ite d  on a  s u b s t r a te  as a  th in  f i lm . The main

fe a tu re  o f  th e  s p u t te r in g  module used  in  t h i s  re s e a rc h  i s  shown in

F igu re  5* The d e p o s it io n  took p la c e  i n  th e  s p u t te r in g  chamber w ith  th e

fo llo w in g  c o n d itio n ^ : ( i )  RF frequency  13.56 MHz, ( i i )  RF power 100

-•3w a tts ,  ( i i i )  Argon gas p re s su re  3 x 10 t o r r ,  and ( iv )  background 

p re s s u re  i s  1 x 10- ^ t o r r .

23
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B. T arg e t and S labstra te

To o b ta in  VZr a l lo y  f ilm s  w ith  v a rio u s  c o n c e n tra tio n s , •

f iv e  in ch  d iam ete r d is c s  o f  pure vanadium and zirconium  were used

w ith  th e  fo llo w in g  arrangem ents: In  o rd e r  to  o b ta in  a  s u i ta b le  Zr

s p u t te r in g  r a t e  and un ifo rm  VZr f ilm  on a  s u b s t r a te ,  6 l  h o le s  were

d r i l l e d  on to  a  5" d iam eter d isc  o f  th e  vanadium t a r g e t .  Then th e

vanadium t a r g e t  w ith  6 l  h o le s  was sandwiched w ith  th e  z irconium  ta r g e t

so  t h a t  t h i s  sandw iched t a r g e t  was exposed t o  th e  incoming argon ions

as shown in  F igu re  5• The amount o f  z irconium  c o n c e n tra tio n  in  VZr

a l lo y  f i lm  was dependent on th e  s iz e  o f  th e  h o le s  in  th e  vanadium

t a r g e t ,  because  th e  s iz e  o f  th e  h o le s  determ ined  th e  a re a  o f  zirconium

ta r g e t  a c c e s s ib le  to  th e  incom ing argon io n s .  For exam ple,

S ize  o f  h o le  in  Approximate
vanadium t a r g e t  Zr c o n c e n tra tio n

( in  d iam ete r) in  VZr a l lo y  f i lm

0.202" 10Jg

0 .282" 20%

0.251" 30%

0.U53" 1*0%

The film s  were d e p o s ite d  on a  5" d iam ete r copper o r  aluminum d isc

(1 /16"  t h i c k ) .  The s u b s t r a te  was th e n  mounted in  a  s u b s t r a te  h o ld e r

and clamped d i r e c t l y  a g a in s t  th e  w a te r-c o o le d  copper p la te  as shown in

F ig u re  5•

C. S tru c tu re  and C om position A n aly sis  o f  VZr F ilm

The s t r u c tu r e  o f  th e  s p u t te r e d  VZr f ilm  was determ ined  by
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X -ray d i f f r a c t i o n .  In  o rd e r  to  e l im in a te  X -ray d i f f r a c t io n  p a t te rn s

due to  copper o r  aluminum s u b s t r a te ,  X -ray  d i f f r a c t io n  o f  th e  s u b s t r a te

30was ta k e n . U sing th e  fo llo w in g  form ula (S c h e rre r  fo rm u la ),

t  = 0.9X/B cos 0

2 2 2where t  = g ra in  s i z e ,  X = w avelength  o f  X ray  u sed , B = B„ -  B0M b

(Bm = th e  measured h a l f  w id th  o f  X -ray in t e n s i t y  peak f o r  th e  sam ple,

Bg = th e  m easured h a l f  w id th  o f  th e  s ta n d a rd ) ,  one can o b ta in  th e

IT 2 28approxim ate g ra in  s iz e  o f  VZr a l le y  f i lm . The amorphous VZr , VZr
k6  U / 91and VZr ’ f ilm s  (where th e  s u p e r s c r ip t  deno tes th e  Zr c o n c e n tra tio n ,

in  atom ic p e rc e n t)  g ive  about 10 A° as upper l i m i t  f o r  th e  g ra in  s i z e .

O ther f ilm s  show th e  c r y s ta l l in e  p h ase , and t h e i r  g ra in  s iz e s  a re

la r g e r  th a n  a  few thou san d  angstrom s.

The com position  o f  b in a ry  a l le y  f ilm s  i s  determ ined  by b o th

31 32 R u th e rfo rd  back s c a t t e r in g  sp ec tro m etry  and n eu tro n  a c t iv a t io n  a n a ly s is
The R u th e rfo rd  back s c a t t e r in g  sp ec tro m etry  u ses th e  fo llo w in g  p r in c ip le .  

When a  c o llim a te d  beam o f  m onoenergetic helium  ions o r o f  a n o th e r  l i g h t  

e lem ent im pinges on a  t a r g e t ,  some o f  th e  helium  p a r t i c l e s  a re  r e f l e c te d  

by e l a s t i c  c o l l i s io n s  w ith  th e  atom o f  t a r g e t .  The s c a t t e r e d  p a r t i c l e  

lo s e s  energy  in  amount r e l a t e d  t o  th e  mass o f  th e  atom s t r u c k .  F u th e r , 

th e  number o f  p a r t i c l e s  so s c a t t e r e d  i s  a  fu n c tio n  o f  th e  numiber o f  

atoms p r e s e n t .  Hence by m easuring th e  numiber o f  th e  em erging p a r t i c l e s ,  

th e  i d e n t i t y  and number o f  atom sin  th e  f i lm  can be determ ined.. The 

r e la t io n s h ip  betw een th e  numiber o f  atoms N^/cm p re s e n t  in  a  t a r g e t  and 

th e  number o f  s c a t t e r e d  p a r t i c l e  n d e te c te d  w i l l  be g iven  by£L

nA =  ((MA -  m) /  (Mj + m ))2 Z2 NA ,
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where i s  th e  mass o f  type  A atom in  th e  t a r g e t ,  m th e  mass o f  

helium  atom and Z^ th e  atom ic number o f  ty p e  A atom. S im i la r i ly  fo r  

th e  type  B atom,

ng =(Mg -  m/Mg + m)2 Z^ Nfi.

Hence th e  r e l a t i v e  number o f  type  A and B atom p re s e n t  in  a  f i lm  w i l l  

be g iven  by

" a  = / mb - “ / mb +
M lM. -  m /  M. +B ‘ A A nB

The n^ / ng i s  e v a lu a te d  d i r e c t l y  from th e  observed  energy  spectrum .

The r e s u l t s  o f  th e se  measurements a re  shown in  Table I .

Table I .

th e  o r ig in a l  e s tim a te s  R u th e rfo rd  N eutron a c t iv a t io n
from  th e  a re a  o f  h o le  b a c k s c a t te r in g  a n a ly s is ,

s i z e .  method

V-Zr5 V-Zr6 * ̂  V-Zr8 *5

V-Zr10 V-Zr8 *11 V-Zr20*6

V-Zr20 V-Zr1 7 *2 V-Zr30

V-Zr30 V-Zr28 V-Zr1*9 *3

V-Zr5°  V-Zr1*6 * ** V-Zr75 *8

The s u p e r s c r ip t  deno tes th e  atom ic p e rc e n t o f  z ircon ium . The

e x p e rim en ta l e r r o r  in  R u th e rfo rd  b a c k s c a t te r in g  method w i l l  be l e s s

91th a n  0 .5 $ . N eutron a c t iv a t io n  a n a ly s is  f o r  th e  Zr c o n c e n tra tio n  in  

VZr f i lm  was perform ed  by th e  n u c le a r  e n g in e e r in g  departm ent a t  VPI and 

S ta te  U n iv e rs i ty .  They cla im ed  th e  accuracy  o f  th e  a n a ly s is  was low, 

because  th e  background a c t i v i t y  o f  th e  copper s u b s t r a te  was h ig h .
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D. NMR Equipment

32As NMR sp e c tro m e te r, th e  Robinson o s c i l l a t o r  was used  f o r  

o b ta in in g  th e  d a ta .  This i s  one o f  th e  s ta n d a rd  CW NMR d e te c tio n  

system s, and w i l l  be d iscu ssed  below .

A b lo ck  diagram  o f th e  NMR system  i s  shown in  F igu re  6 .

Robinson o s c i l l a t o r  c o n s is ts  e s s e n t i a l l y  o f  a  v a r ia b le  R. F. 

frequency  o s c i l l a t o r  o p e ra ted  under such c o n d itio n s  th a t  a  d ecrease  

in  Q, o c c u rr in g  as th e  frequency  o r  th e  f i e l d  i s  sw ept th rough  th e  

n u c le a r  m agnetic re so n an ce , causes a  d ecrease  o f  th e  le v e l  o f  

o s c i l l a t i o n .  The sample whose NMR i s  to  be observed  i s  p la c e d  d i r e c t ly  

in s id e  an r f  c o i l  which i s  a  p a r t  o f  th e  tan k  c i r c u i t  o f  th e  o s c i l l a t o r .  

When th e  sample absorbs r f  energy  a t  re so n an ce , t h i s  r e p re s e n ts  a  

d ecrease  in  Q in  th e  ta n k  c i r c u i t ,  and th e  change in  th e  le v e l  o f  

o s c i l l a t i o n  may be  observed  by m easuring th e  r f  v o lta g e  ac ro ss  t h i s  

sample b e a r in g  c o i l .  The advantages o f  b o th  Robinson and Pound- 

K n igh t-W atk in 's  (PKW) m arg in a l o s c i l l a t o r  a re  as fo llo w s: ( l )  s in c e

th ey  respond  to  changes in  r e s is ta n c e  o n ly , th e  resonance l i n e  i s  

due e n t i r e ly  t o  %  " ,  th e  a b so rp tiv e  p a r t  o f  th e  e f f e c t iv e  s u s c e p t i­

b i l i t y  (ex ce p t w ith  s in g le  c r y s ta l s  o r  la rg e  sample g r a in s ,  where eddy 

c u r re n t  m ixing o f  and “TCi1 o c c u rs ) ;  (2) th e y  a re  r e a d i ly  a d a p tib le  

to  p la c in g  th e  sample d i r e c t l y  in to  a  v a r ia b le  tem p era tu re  system  

— th e  sample c o i l  i s  m erely so ld e re d  to  a  c o a x ia l  c a b le  by which i t  

i s  suspended in s id e  th e  dewar v e s s e l .

The Robinson o s c i l l a t o r  c i r c u i t  t h a t  was used  in  t h i s
OO

stu d y  was m od ified  by P e tr in o v ic  and i s  shown i n  F ig u re  7 and. 8 .



• 
| |DM 

IV

30

MOO I

sA A /V ^

tc

Fi
gu

re
 

7*
 

R
ob

in
so

n 
O

sc
il

la
to

r 
an

d 
L

im
ite

r 
C

ir
cu

it



»St»N
I

e•>w
31

M
O

I

N/S/S/S/^

1

W Fi
gu

re
 

8
. 

D
et

ec
to

r 
an

d 
Au

di
o 

Se
ct

io
ns

 
fo

r 
R

ob
in

so
n 

C
ir

cu
it



3UA ccording to  H ow ling 's a n a ly s is  o f  th e  s ig n a l  and n o ise  c h a ra c te r ­

i s t i c s  o f  Rohinson c i r c u i t ,  th e  s ig n a l  response  in  th e  Robinson - 

c i r c u i t  r i s e s  w ith  an in c re a s e  in  r f  l e v e l  f o r  a l l  m odulation 

f re q u e n c ie s . In  th e  PKW u n i t  th e  response r i s e s  and f a l l s  in  a  manner

determ ined  by th e  m odulation  frequency  and th e  AVC feedback c o n s ta n t ,

35as d e sc r ib e d  by W atk in 's  th e o ry . Furtherm ore in  th e  Robinson 

c i r c u i t ,  th e  o s c i l l a t i o n  ga in  i s  c o n s ta n t and th e  e f f e c t iv e  feedback 

f a c to r  ( l im i t e r )  c o n tro ls  th e  r f  l e v e l .  O s c i l l a to r  m ixing i s ,  

th e r e f o r e ,  n o t in f lu e n c e d  by r f  l e v e l  in  th e  Robinson u n i t ,  b u t the  

mechanism o f  n o ise  g e n e ra tio n  by sh o t n o ise  m ixing i s  th e  same fo r  b o th  

th e  Robinson and PKW u n i t .  A nother v i r tu e  o f  th e  Robinson o s c i l l a t o r  

i s  th e  s t a b i l i t y  o f  o p e ra tio n  a t  low r f  l e v e l  o s c i l l a t i o n ,  because th e  

l im i t in g  i s  done a t  h ig h  le v e l  so t h a t  th e re  i s ,  in  p r in c ip le ,  no 

low er l i m i t  to  th e  le v e l  a t  th e  n u c le a r  resonance c o i l .  On th e  o th e r  

hand th e  d isad v an tag es  o f  PKW o s c i l l a t o r  a re  th r e e f o ld .  F i r s t l y ,  i t  

i s  more s e n s i t iv e  to  m icrophonics; seco n d ly , i t  i s  d i f f i c u l t  t o  a d ju s t  

a t  v e ry  low le v e l ;  and f i n a l l y  i t  cannot be u sed  w ith  a  c i r c u i t  o f  low 

L/C r a t i o .  A l l  th e  d isad v an tag es  o f  PKW stem  from th e  use o f  one tube  

to  p ro v id e  b o th  re g e n e ra tio n  and am plitude l im i t in g .  In  th e  Robinson 

c i r c u i t  th e se  fu n c tio n s  a re  s e p a ra te d .

E . G eneral

NMR sp e c tro m e te r 's ,in  g e n e ra l,  use s ta n d a rd  narrow ­

band d e te c tio n  te ch n iq u es  em ploying th e  lo c k - in  a m p lif ie r .  The use o f  

such a  phase s e n s i t iv e  d e te c tio n  scheme i s  d ic ta te d  p r im a r i ly  by th e
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low s ig n a l  to  n o ise  r a t i o  o f  NMR s ig n a ls  in  s o l id s .  T his re q u ire s  

m agnetic f i e l d  m odu lation . The re fe re n c e  s ig n a l  from th e  lo c k - in  

a m p lif ie r ,  a f t e r  a m p lif ic a tio n  by an audio  frequency  a m p li f i e r ,  i s  fed  

to  a  p a i r  o f  H elm holtz c o i l s  a t ta c h e d  d i r e c t ly  t o  th e  p o le  p ie c e s  o f  

th e  m agnet. A frequency  on th e  o rd e r  o f  100 Hz i s  t y p i c a l .  I f  t h i s  

m odulation  am plitude i s  sm a ll compared to  th e  NMR a b so rp tio n  l in e  

w id th , one o b ta in s  a t  th e  o u tp u t o f  th e  lo c k - in  a  s ig n a l  p ro p o r t io n a l  

t o  th e  d e r iv a t iv e  o f  th e  a b so rp tio n  l i n e .  This i s  i l l u s t r a t e d  in  

F igu re  9•

Because NMR l in e s  from th e  sam ples used  h e re  have a  very  low 

s ig n a l  to  n o ise  r a t i o ,  a  s ig n a l  averag in g  com puter (N orthern  S c ie n t i f i c  

Model 560) was employed to  improve th e  NMR s ig n a l .  In  s ig n a l  averag in g  

m easurem ent, th e  s ig n a l  fu n c tio n , composed o f  b o th  th e  d e s ira b le  s ig n a l  

component and an u n d e s ira b le  component, u s u a lly  n o is e ,  i s  synchron ized  

t o  th e  sweep o f  a  s ig n a l  av e ra g e r by a  tim e -lo c k e d  t r i g g e r  command.

The am plitude o f  th e  s ig n a l  fu n c tio n  i s  sam pled p e r io d i c a l ly ,  d ig i t i z e d ,  

and added t o  th e  memory o f  th e  a v e ra g e r . As th e  number o f  r e p e t i t i v e  

f i e l d  sweeps in c re a s e s ,  th e  d e s ire d  component o f  th e  s ig n a l  fu n c tio n  

accum ula tes i n  a  l i n e a r  manner w h ile  th e  n o ise  component, w hich i s  random 

i n  n a tu re ,  c o n tr ib u te s  b o th  p o s i t iv e  and n e g a tiv e  component t o  th e  

accum ulated  r e s u l t s  in  random manner and th e re fo r e  a t  a  r a t e  e q u a l to  

th e  square  ro o t  o f  th e  number o f  sweeps perform ed . The d i r e c t  "square  

ro o t"  r e la t io n s h ip  i s  s t r i c t l y  v a l id  on ly  f o r  G aussian  d i s t r i b u te d  

n o is e .  However, even non random n o is e  w i l l  be a t te n u a te d  as long  as  i t  

i s  n o t tim e lo ck ed  to  th e  s ig n a l  component. The number o f  counts
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f i e l d  modulation
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Figure 9. I l lu s t r a t io n  o f  th e  manner In which th e d e r iv a tiv e  o f  th e  
NMR absorption  l i n e  i s  obtained  by the use o f  f i e l d  
m odulation sm all compared to  l i n e  w idth .
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accum ulated  in  each  ad d ress  o f  memory a f t e r  an a r b i t r a r y  number o f  

sweeps i s  e q u a l t o  th e  average v a lu es  o f  th e  sample s ig n a l  fu n c tio n  

m u l t ip l ie d  by th e  number o f  sweeps perform ed . In  o rd e r  t o  o b ta in  a  

reaso n ab le  NMR s ig n a l  l i n e  f o r  th e  amorphous VZR f i lm s , about 10 to  

1^ f i e l d  sweeps were re q u ire d .

The e lec tro m ag n e t used  w ith  th e  Robinson o s c i l l a t o r  system  

and  th e  s ig n a l  g e n e ra to r  was a  Magnion (model HSR 10200), capable o f  

p ro v id in g  f i e l d  from 0 to  30 KG. I t  has 15" p o le  p ie c e s  ta p e re d  to  

6 " , w ith  a  1 3 /V  gap, j u s t  la rg e  enough to  p e rm it th e  H elm holtz 

c o i l  t o  be p la c e d  d i r e c t ly  on th e  p o le  faces  and s t i l l  a llow  room fo r  

th e  t a i l  s e c t io n  o f  th e  low tem p era tu re  dewar v e s s e l .  The sample 

b e a r in g  c o i l  was p la c e d  d i r e c t ly  in  th e  cryogen ic  f l u i d  — e i th e r  

l i q u id  helium  o r  l i q u id  n itro g e n  — in s id e  th e  in n e r  dew ar. By 

w a it in g  u n t i l  th e rm a l e q u ilib r iu m  had  been o b ta in e d , as  cou ld  be 

determ ined  by  r f  frequency  s t a b i l i t y ,  i t  was p o s s ib le  to  be c e r ta in  

t h a t  th e  sample was a t  th e  same tem p era tu re  as th e  c o o la n t.  T y p ic a lly  

two o r th re e  hours were re q u ire d  to  ach ieve  th e rm al s t a b i l i t y  a t  

l i q u id  n itro g e n  te m p e ra tu re .

F ie ld  homogenity was determ ined  to  be b e t t e r  th a n  0 .1  gauss 

over th e  sample volume o f  approxim ate 2 cu b ic  c e n tim e te rs . In  o rd e r  to  

d e te c t  any f i e l d  v a r ia t io n  and f i e l d  sweep r a te  change d u ring  th e  

scan  o f  NMR l i n e ,  a  NaCN r e f e r e n c e ,  which was suspended j u s t  o u ts id e  

th e  dewar, was u t i l i z e d .  The sodium NMR l in e  was ru n  p r i o r  t o  re c o rd ­

in g  th e  amorphous NMR l in e  by  th e  r e p e t i t i v e  m agnetic f i e l d  sweep, and 

ag a in  im m ediately  a f te rw a rd s .
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To e l im in a te  tim e c o n s ta n t e f f e c t s  t h a t  te n d  to  d is p la c e  th e  

l i n e  from  i t s  t r u e  p o s i t io n ,  th re e  o r  more measurements o f  NMR li,nes 

were made. S ince ca re  was tak en  to  employ s u f f i c i e n t ly  low sweep r a t e s ,  

w e ll  w ith in  th e  requ irem en t o f  th e  10 second o u tp u t tim e c o n s ta n t o f  

th e  lo c k - in  a m p lif ie r ,  th e  averag in g  p ro ced u res  g ive  r e l i a b l e  r e s u l t s .  

M odulation e f f e c ts  on lin e w id th  and shape were m inim ized by u s in g  as 

low a  v a lu e  o f  f i e l d  m odulation as s ig n a l  t o  n o ise  r a t i o  p e rm its , 

ty p ic a l ly  about l / b  o f  th e  l in e  w id th . I t  i s  e s tim a te d  th a t  e r r o r  in  

th e  NMR l i n e  w id th  i s  le s s  th an  + 5% f o r  d a ta  o b ta in e d  a t  77°K.



IV . R esu lts  and D iscu ssio n

The d a ta  on th e  frequency  s h i f t  and l i n e  w id th  a t  77°K fo r  

VZr f ilm s  as s p u t te r e d  on th e  copper o r  th e  aluminum s u b s t r a te ,  and 

f o r  th e  annea led  VZr f ilm s  a re  p re s e n te d  in  Table I I .  Table I I I  

shows th e  r e l a t i v e  i n t e n s i t y  o f  NMR l in e  betw een th e  amorphous s t a t e  

o f  VZr f i lm  and th e  c r y s t a l l i n e  s t a t e  a f t e r  a n n e a lin g . The K night 

s h i f t  change, ^»K/K, r e l a t i v e  to  p u re  vanadium m e ta l, whose K night 

s h i f t  i s  0 .5 6 $ , i s  e x p re ssed  in  p e rc e n t a t  a  g iven  e x te r n a l  m agnetic 

f i e l d .  A ll  l i n e  w id th s a re  th e  e x p e rim en ta l peak t o  peak w id th  o f  

th e  observed  a b so rp tio n  d e r iv a t iv e .

A. K night S h i f t

F ig u re  10 shows th e  change in  K night s h i f t  ^AK/K^ v e rsu s  Zr 

c o n c e n tra tio n  fo r  a  s e r i e s  o f  VZr a l lo y  f i lm s . A lthough th e  

s o l u b i l i t y  l i m i t  o f  Zr in  V i s  abou t 2 atom ic p e rc e n t a t  room

6 8 hte m p e ra tu re , VZr and VZr * f ilm s  i n  t h i s  f ig u re  were b . c . c .
17 .2c r y s t a l l i n e  acco rd in g  to  X -ray d i f f r a c t i o n  a n a ly s i s . The VZr * ,

28 k6  3VZr , and VZr * sam ples w ere amorphous. (The s u p e r s c r ip t  deno tes 

th e  Zr c o n c e n tra tio n  in  V, i n  atom ic p e r c e n t . )  The e s tim a te d  

e r r o r s  i n  th e  observed  K night s h i f t  n ev e r exceeded +$% o f  th e  m easured 

v a lu e s . The e r r o r  b a rs  a re  o m itted  from th e  f ig u re  in  th e  i n t e r e s t  

o f  c l a r i t y .

A lthough a l l  th e  o bserved  changes o f  K night s h i f t  were q u ite  

sm a ll, we can make th e  fo llo w in g  o b s e rv a tio n s . The a d d itio n

37
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Table I I I

R e la tiv e  l in e  i n t e n s i t y  o f  VZr f i lm  between th e  amorphous s t a t e  and 

th e  c r y s ta l l in e  s t a t e  ( th e  annea led  one)

H = 11 KG H = 13 .5  KG H = IT KG

R e la tiv e  I n te n s i ty  R e la tiv e  I n te s n i ty  R e la tiv e  I n te s n s i ty  

J x ( A v 2 ) / J qx ( A v ^ )  J x ( A v 2 ) / J qx ( A v 2 o ) J x ( A v 2 ) / J qx ( A v 2 o )

VZr28 .18 .16 .21

VZr1*6 *1* .19 .22 .30

j  = am plitude o f  th e  a b so rp tio n  l i n e  f o r  th e  amorphous f i lm

J q = am p litude  o f  th e  a b so rp tio n  l i n e  f o r  th e  annea led  f i lm

Av = l i n e  w id th  o f  th e  amorphous f ilm

Av = l i n e  w id th  o f  th e  an nea led  f ilmo
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F ig u re  12 . AK/K^ v e rsu s  f i e l d  H, VZr a l lo y



o f  zirconium  to  vanadium d ec re ase s  th e  K night s h i f t  r e l a t i v e  to  th e  

pure vandium u n t i l  th e  VZr a l lo y  f ilm  becomes amorphous. Then th e  

decrease  o f  K night s h i f t  rem ains alm ost c o n s ta n t f o r  th e  amorphous 

phase o f  VZr f ilm s  whose Zr c o n c e n tra tio n s  a re  l a r g e r  th an  I T . 2%.

Since we d id  n o t an n ea l VZr a l lq y  f i lm  w ith  th e  low er Zr c o n c e n tra tio n ,

i t  i s  d i f f i c u l t  t o  p r e d ic t  w hether th e re  e x i s t s  any a d d i t io n a l  change 

in  K night s h i f t  hy a n n e a lin g . On th e  o th e r  hand an nea led  VZr film s  

from t h e i r  amorphous phase show only  a  n e g l ig ib le  d ecrease  o f  K night 

s h i f t  r e l a t i v e  t o  pure  vanadium. This in d ic a te s  t h a t  th e  K night

s h i f t  o f  th e  annea led  VZr f i lm s ,  which were tran sfo rm ed  to  th e  c r y s t a l ­

l i n e  phase from th e  amorphous one, i s  n o t s e n s i t iv e  to  Zr c o n c e n tra tio n  

F ig u re  11 and 12 show th e  change o f  K night s h i f t  v e rsu s  th e  

e x te rn a l  m agnetic f i e l d  H b e fo re  and a f t e r  a n n e a lin g  th e  amorphous VZr 

f i lm s . They show th a t  th e  K night s h i f t  o f  VZr f i lm  in  th e  amorphous 

phase has a  tendency  to  d ecrease  l i n e a r ly  as th e  f i e l d  H in c re a s e s .

The V Z r^*^  f i lm ,  w hich was an n ea led  to  U60°C because o f  th e  low 

m e ltin g  p o in t  o f  an aluminum s u b s t r a te ,  s t i l l  shows a  l i n e a r  d ecrease

o f K nigh t s h i f t  a s  th e  f i e l d  H in c re a s e s .  T his i s  because  th e  annea led

17 2 28VZr f ilm  i s  s t i l l  in  a  m e ta s ta b le  p h ase . However, th e  VZr and
U6 li oVZr * f ilm s  a f t e r  an n ea lin g  to  900 C show th a t  t h e i r  K night s h i f t s

rem ain c o n s ta n t independen t o f  H and AK~0 w ith in  th e  ex p e rim en ta l

e r r o r .  T his i s  a  marked c o n t r a s t  in  th e  b e h a v io r  o f  K night s h i f t

betw een th e  amorphous phase and th e  c r y s t a l l i n e  phase o f  VZr a l lo y  f ilm

The d ec re a se  o f  K night s h i f t  in  VZr f i lm  as a  fu n c tio n

o f  th e  f i e l d  H and Zr c o n c e n tra tio n  may be a t t r i b u t a b l e  to  th e  long
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range o s c i l l a t i o n s  o f  e l e c t r o n ic  charge d e n s ity  b e lie v e d  t o  e x i s t  

around th e  im p u r ity . We have n o t a ttem p ted  to  c a lc u la te  th e  e f f e c t  

o f  th e  o s c i l l a t io n s  o f  th e  charge d e n s i ty  f o r  VZr a l lo y  u s in g  B lan d in - 

D a n ie l 's  th e o ry , which p r e d ic ts  a  l i n e a r  r e l a t io n  o f  K night s h i f t  to  

th e  c o n c e n tra tio n  because th e  e x a c t phase s h i f t s  which d e sc r ib e  th e  

s c a t t e r in g  p ro c e ss  in  t h i s  th e o ry  a re  unknown. The s im p lify in g  

assum ptions in v o lv ed  become more q u e s tio n a b le  f o r  th e  t r a n s i t i o n  m etal..

A lte rn a t iv e ly  th e  dependence o f  K night s h i f t  o f  on th e

low er Zr c o n c e n tra tio n  may be d e sc r ib e d  i n  term s o f  th e  r i g i d  band model

m entioned in  th e  p rev io u s  s e c t io n .  In  t h i s  m odel, th e  a l lo y in g

elem ents which a re  neighbors i n  th e  p e r io d ic  ta b le  sim ply in c re a s e

o r decrease  th e  number o f  e le c tro n s  in  th e  band w ith o u t hav ing

a p p re c ia b le  e f f e c t  on th e  form o f  th e  band . Thus i f  one b e l ie v e s  th e

r i g i d  band model, th en  th e  d ecrease  in  th e  K night s h i f t  o f  in  VZr

f i lm  u n t i l  Zr c o n c e n tra tio n  reac h es  abou t 8.h% may be  a t t r ib u t a b le

to  th e  d ecrease  o f  s - e le c t ro n s  and th e  in c re a s e  in  th e  d e n s ity  o f

s t a t e s  in  th e  d -band . S ince th e  r i g i d  band model’*' assumes t h a t  an

a l lo y  has alm ost th e  same e le c t r o n ic  band s t r u c tu r e  as t h a t  o f  th e  pure

h o s t  m e ta l and th a t  each  im p u rity  w ith  s c re e n in g  c loud  o f  e le c tro n s

i s  f a r  from o th e r s ,  t h i s  model i s  n o t  a p p lic a b le  to  an amorphous VZr ' 

91a l lo y  where Zr c o n c e n tra tio n  i s  h ig h .

A p o s s ib le  e x p la n a tio n  f o r  b o th  th e  n e a r  constancy  o f  K night

s h i f t  and th e  l i n e a r  f i e l d  dependence o f  K night s h i f t  i n  th e  amorphous 

phase o f  VZr f i lm  i s  as fo llo w s : I n  th e  fo rm ation  o f  th e  amorphous



phase o f  VZr f i lm  as s p u t te r e d ,  th e  gas m olecules may he tra p p e d  in  

th e  i n t e r s t i t i a l  o r  s u b s t i tu t io n a l  s i t e s  f o r  th e  s t a b i l i z a t i o n  o f  th e
•3*7 oft

amorphous phase o f  VZr f i lm  * . C onsequen tly , p o s s ib le  changes i n

th e  shape o f  th e  d e n s ity  o f  s t a t e s  cu rv e , v a r ia t io n  in  th e  Fermi l e v e l

and la rg e  e l e c t r i c  f i e l d  g ra d ie n ts  w i l l  be p roduced . Because o f  th e

a d d i t io n a l  s t r u c t u r a l  d is o rd e r  in tro d u c e d  by th e  gas im p u r i t ie s ,  th e

long  range o s c i l l a t io n s  o f  th e  e le c t ro n ic  d e n s ity  around each  im p u rity

91atom may o v erlap  each o th e r  a t  th e  h ig h e r Zr c o n c e n tra tio n . There­

f o r e ,  th e  c e n te r  o f  g ra v i ty  o f  th e  r e l a t i v e  v a r ia t io n  o f  K night s h i f t  

may become in s e n s i t iv e  t o  Zr c o n c e n tra tio n . For a  th e o r e t i c a l  e s tim a te  

o f  th e  long  range o s c i l l a t i o n  e f f e c t  in  amorphous VZr a l lo y ,  th e se  

e f f e c t s  a ls o  shou ld  be tak en  in to  c o n s id e ra tio n  in  B la n d in -D a n ie l 's  

th e o ry  f o r  th e  c a lc u la t io n  o f  th e  average K night s h i f t  and th e  l i n e a r  

f i e l d  dependence o f  th e  K night s h i f t .

B. L inew idth

As shown in  F ig u re  13, th e  lin e w id th  b roadens r a p id ly  as

Zr i s  added to  V̂"*" * At H = .11 KG th e  lin e w id th  in c re a s e s  from  13 .2  KHz

17 2i n  p u re  vanadium to  about 20 KHz f o r  th e  amorphous VZr * a l lo y  f i lm . 

F or Zr c o n c e n tra tio n  la r g e r  th an  1 7 .2 ? , th e  l in e  w id th  i s  a lm ost con­

s t a n t  in  th e  amorphous p h ase .

As shown in  F ig u res  lH, 15 and 16 th e  lin e w id th  in  th e  

amorphous phase o f  VZr depends l i n e a r ly  on th e  e x te rn a l  f i e l d  H, b u t  

th e  lin e w id th  in  th e  c r y s t a l l i n e  phase  a f t e r  ann ea led  above 900°C i s  

alm ost indep en d en t o f  th e  e x te r n a l  f i e l d  H. The p o s s ib le  c o n s tr ib u t io n s
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t o  th e  lin e w id th  a re  th e  fo llo w in g : ( l )  th e  d ip o la r  lin e w id th ,

(2) th e  in d i r e c t  exchange "broadening and p seu d o d ip o la r  b ro ad en in g ,

(3) th e  l i f e  tim e b ro ad en in g , ( h )  m acroscopic f i e l d  inhom ogen ities  

p roduced by th e  b u lk  magnetism o f  th e  sam ple, (5) inhomogeneous 

K night s h i f t  b roaden ing , (6) a n is o tro p ic  K night s h i f t  b ro ad en in g , and 

(7) q u ad ru p o la r b ro ad en in g . Among th e se  p o s s i b l i i t i e s  ( l )  and (5) 

w i l l  g ive  m ajor c o n t r ib u t io n s .  The rem ain ing  ( 2 ) ,  ( 3 ) ,  ( h )  and (6) 

w i l l  g ive  alm ost n e g l ig ib le  c o n t r ib u t io n s .

The d ip o la r  lin e w id th  i s  th e  p o r t io n  o f  lin e w id th  due to  th e

m agnetic d ip o la r  in t e r a c t io n  betw een n u c le a r  m agnetic  moments. Using

39 1*0th e  Van V leck p ro c e d u re , Kambe and Ollom c a lc u la te d  th e  second

moment o f  th e  c e n t r a l  l i n e  o f  a  m agnetic resonance fo r  h a l f  i n t e g r a l

s p in ,  f o r  th e  case in  which quadrupole co u p lin g  i s  p r e s e n t .  They

c o n s id e re d  th e  in t e r a c t io n  betw een re so n a n t s p in s ,  th e  in t e r a c t io n  between

u n lik e  s p in s ,  and th e  i n t e r a c t io n  betw een se m ilik e  s p in s .  H ere,

re so n a n t sp in s  a re  th e  same sp e c ie s  o f  s p in  w ith  th e  same quadrupole

c o u p lin g . S em ilike sp in s  a re  th e  i d e n t i c a l  sp in s  lo c a te d  a t  th e

d i f f e r e n t  l a t t i c e  s i t e s  where th e  v a lu es  o f  th e  quadrupole coup ling

c o n s ta n ts  a re  d i f f e r e n t .  F or th e  purpose o f  com paring th e  lin e w id th  o f

vanadium in  VZr a l lo y  a t  zero  f i e l d  w ith  th e  th e o r e t i c a l  ro o t  mean

squ are  w id th , we c a lc u la te d  th e  second moment o f  p u re  vanadium in s te a d

o f  th e  c o n c e n tra te d  VZr a i lq y  whose l a t t i c e  sp ac in g  in  b . c . c .  s t r u c tu r e

i s  n o t a v a i la b le .  The c a lc u la te d  d ip o la r  w id th  w ith o u t exchange

e f f e c t  i s  10 .7  KHz under th e  in t e r a c t io n  betw een th e  re so n a n t sp in s  and
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9*2 KHz under th e  in t e r a c t io n  between se m ilik e  s p in . The m easured 

lin e w id th  a t  zero  f i e l d  i s  determ ined  by  e x t ra p o la t in g  th e  l in e w id th  

v e rsu s  th e  f i e l d  curve f o r  b o th  th e  amorphous and an n ea led  sam ples and 

a re  found to  be 8 .6  KHz, 12 KHz and 11 .2  KHz fo r  VZr1 7 ' 2 , VZr28 and

U6 UVZr " r e s p e c t iv e ly .  The zero  f i e l d  e x t ra p o la t io n  o f  th e  lin e w id th  may

have an a p p re c ia b le  e r r o r  because  th e  e s tim a te d  e r r o r  in  th e  m easured

lin e w id th  i s  +5% and th e re  i s  a la c k  o f  th e  m easured lin e w id th  d a ta  a t

28 US Ulow er f i e l d s .  N e v e r th le s s , th e  lin e w id th  o f  VZr and VZr ’ show a  

good agreem ent w ith  th e  ro o t  mean square  w id th  o f  th e  p u re  V b ased  on 

th e  in t e r a c t io n  betw een th e  re so n a n t s p in s .  T here fo re  th e  excess l i n e ­

w id th  above th e  zero  f i e l d  must be  a t t r i b u t e d  to  th e  f i e l d  dependent 

b roaden ing  and o th e r  m inor so u rc e s .

The in d i r e c t  exchange b road en in g  and p se u d o -d ip o la r  

b road en in g  a r i s e  from in d i r e c t  i n t e r a c t io n  betw een th e  n u c le a r  m agnetic 

moments, th e  fo rm er m ediated  v ia  th e  conduction  e le c tro n s  th rough  th e  

h y p e rf in e  c o n ta c t in t e r a c t io n ,  th e  l a t t e r  v ia  th e  conduction  e le c tro n s

th rough  th e  d ip o la r  te rm  in  th e  h y p e rf in e  in t e r a c t io n .  I n d i r e c t  e x -
Ulchange has been t r e a t e d  by Ruderman and K i t t e l  , and p se u d o -d ip o la r

U2in te r a c t io n s  w ere d isc u sse d  by Bloembergen and Rowland . S ince th e se  

e f f e c t s  a re  n o t p re s e n t  i n  th e  pure  V^1 , i t  i s  expec ted  th a t  th e se  

e f f e c t s  a re  in s ig n i f i c a n t  i n  th e  amorphous VZr a l le y  i f  th e y  e x i s t .

L ife  tim e b ro ad en in g , sometimes c a l l e d  s p in  l a t t i c e  

r e la x a t io n  b roaden ing , i s  a  consequence o f  th e  H eisenberg  u n c e r ta in ! ty  

r e l a t i o n  and i s  s ig n i f i c a n t  i n  th e  ev en t o f  v e ry  s h o r t  s p in  l a t t i c e



52

r e la x a t io n  tim e . Masuda m easured th e  sp in  l a t t i c e  r e la x a t io n  tim e 

o f  vanadium in  VTi system , and was abou t 8 x 10~^ se c  a t  77°K.

The co rresp o n d in g  lin e w id th  o f  i s  about l/l6K H z. Thus th e  T^ 

c o n tr ib u tio n  g iv es  a n e g l ig ib le  e r r o r  in  th e  lin e w id th  m easurem ent.

The m a g n e tiza tio n  o f  th e  p a r t i c l e  produces f i e l d  inhom ogeneties 

w ith in  th e  sample le a d in g  t o  an app aren t b roaden ing  o f  th e  m agnetic 

resonance l i n e .  The f i e l d  inhom ogeneities  w ith in  th e  sample depend on 

th e  geom etry and th e  o r ie n ta t io n  o f  th e  sample r e l a t i v e  t o  th e  e x te rn a l, 

m agnetic f i e l d .  I f  th e  e x te rn a l  m agnetic f i e l d  i s  r o ta t e d  from p a r a l l e l  

to  p e rp e n d ic u la r  t o  th e  face  o f  a  s ta c k  o f  0 .020" th ic k  th in  f l a t  

s u b s t r a te s  (A1 o r  C u), where VZr a l lo y  f ilm s  were s p u t te r e d ,  th e  

dem agnetizing  f i e l d  w i l l  be v a r ie d  from zero  to  maximum. C onsequently  

th e  K night s h i f t  and th e  lin e w id th  w i l l  be v a r ie d  w ith  th e  r e l a t i v e  

o r ie n ta t io n  o f  th e  sample t o  th e  m agnetic f i e l d .  We have n o t 

a ttem p ted  to  measure th e  a p p a re n t l i n e  b road en in g  and th e  K night s h i f t

UUchange due to  th e  f i e l d  in hom ogeneities  w ith in  th e  sam ple. S c h re ib e r

m easured th e  K night s h i f t  f o r  and i n  m e ta l l ic  VH^*^ due to  th e

g e o m e tr ic a l e f f e c t .  He found a  s iz a b le  v a r ia t io n  o f  th e  p ro to n  K night
U5s h i f t  (+0.012>? to  -0.030/?) due to  th e  g e o m e tric a l e f f e c t .  D rain

e s tim a te d  th e  lin e w id th  c o n tr ib u tio n  due to  th e  m acroscopic f i e l d

in h o m o g e n itie s . Assuming th e  lin e w id th  AH to  be tw ice  th e  roo t-m ean-

square  d e v ia tio n  o f  th e  i n t e r n a l  f i e l d ,  he o b ta in e d  AH = 3Xy H~1 gauss
51a t  H = 10 KG f o r  powdered sam ples o f  pu re  V where X y  “  volume m agnetic 

s u s c e p t i b i l i l y  and H i s  th e  e x te r n a l  f i e l d .  Thus, th e  average l i n e
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bro ad en in g  due to  m acroscopic f i e l d  inhom ogen ities  i s  sm a ll compared 

to  th e  lin ew i dtbs f  o r b o th  amorphous and c r y s ta l l in e  phases o f  VZr f i lm , 

which a re  on th e  o rd e r o f  20 gau ss .

The inhomogeneous K night s h i f t  b roaden ing  r e f e r s  to  th e  f i e l d  

dependent b ro ad en in g  produced by th e  F r ie d e l  o s c i l l a t i o n  in  th e  

e le c t r o n ic  charge d i s t r i b u t io n  about th e  im p u rity  in  th e  a l l e y s .  Thus 

n u c le i  a t  v a r io u s  d is ta n c e s  from th e  s o lu te  atom ex p erien ce  d i f f e r e n t  

e le c t r o n  d e n s i t ie s  and th e r e f o r e ,  d i f f e r e n t  K night s h i f t s .  As F igu res 

15 and 16 have shown, th e  l i n e a r  f i e l d  dependence o f  th e  lin e w id th  i s  

much more pronounced in  th e  amorphous VZr f i lm  th an  in  th e  co rrespond ing  

c r y s t a l l i n e  one. This in d ic a te s  t h a t  th e  inhomogeneous K night s h i f t  

b roaden ing  w i l l  be th e  m ajor sou rce  o f  l i n e  b roaden ing  in  th e  amorphous 

phase o f  VZr f i lm . On th e  o th e r  hand though inhomogeneous K night s h i f t  

b road en in g  may be a  source  o f  b road en in g  in  th e  c r y s ta l l in e  phase 

i t  would n o t be a  m ajor so u rc e , because  we observe on ly  a  s l i g h t  l i n e a r  

f i e l d  dependence in  th e  c r y s ta l l in e  p h ase . The Van Vleck term  p u ts  an 

upper l i m i t  on t h i s  te rm .

A ccording t o  B la n d in -D a n ie l 's  th e o ry  d isc u sse d  in  th e  e a r l i e r  

s e c t io n ,  th e  f i e l d  dependent p o r t io n  o f  th e  lin e w id th  jH  in  th e  a l lo y  

w ith o u t th e  o th e r  so u rces  o f  b ro ad en in g  w i l l  be g iven  by

- ta n * - [ i f?  -

where AH i s  th e  a b so lu te  K night s h i f t ,  which i s  p ro p o r t io n a l  t o  H, and

i s  th e  r e l a t i v e  v a r ia t io n  o f  th e  charge d e n s ity  around th e  im p u rity . 

S ince  th e  e x a c t phase s h i f t s  t h a t  d e sc r ib e  th e  s c a t t e r in g  p ro cess  in



t h i s  case  a re  unknown, a c c u ra te  q u a n t i ta t iv e  c a lc u la t io n  o f  th e  

inhomogeneous K night s h i f t  b roaden ing  i s  n o t p o s s ib le .  I f  B lan d in - 

D rn ie l th e o ry  can be ex tended  to  th e  c o n c e n tra te d  VZr a l lo y ,  th e  

p ro p o r t io n a l i ty  o f  th e  l i n e a r  f i e l d  dependence w i l l  be u sed  as a  

measure o f  th e  d e v ia tio n  AK, t o  a  c e r ta in  e x te n t .  In  ou r case  th e  

measured p r o p o r t io n a l i t i e s  f o r  th e  l i n e a r  dependence o f  th e  lin e w id th

a g a in s t  th e  f i e l d  a re  1 .03  KHz/KG, 0 .62  KHz/KG and 0 .66  KHz/KG fo r
17.2 _ri7 28 . 1»6.UVZr , VZr and VZr r e s p e c t iv e ly .

The a n is o tro p ic  K night s h i f t  b roaden ing  e x i s t s  only  i f  th e  

lo c a l  symmetry i s  low er th an  c u b ic . The p o s s i b i l i t y  o f  a n is o tro p ic  

K night s h i f t  b roaden ing  may n o t be ru le d  ou t in  b o th  th e  c r y s t a l l i n e  

phase and th e  co rresp o n d in g  amorphous phase o f  th e  VZr a l lo y  f i lm s ,  

because th e re  must e x i s t  some d e v ia tio n  from  th e  lo c a l  cu b ic  symmetry 

a t  V^^ s i t e s  produced by adding  Zr atoms and th e  tra p p e d  gas m olecu les. 

The c o n tr ib u tio n  o f  a n is o tro p ic  K night s h i f t  b roaden ing  in  VZr a l lo y  

f i lm  w i l l  be  v ery  sm a ll, because th e  change o f  K night s h i f t  i t s e l f  in  

b o th  c r y s t a l l i n e  and amorphous phases o f  VZr a l lo y  f ilm s  was v ery  sm a ll.

C. Quadrupole E f fe c ts

Table I I I  shows th e  r e l a t i v e  i n t e n s i t y  o f  th e  a b so rp tio n  l in e  

betw een th e  amorphous phase and th e  c r y s t a l l i n e  phase a f t e r  an n ea lin g  to  

fu n c tio n  i s  j * A  change in  th e  w id th  o f  n o t accompanied

by a  change in  th e  shape w i l l ,  o f  c o u rse , change th e  am plitude J  which
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we sh o u ld  l i k e  to  use as a  measure o f  i n t e n s i t y .  In  o rd e r  to  compensate

f o r  t h i s  when de te rm in in g  th e  in te g r a te d  in t e n s i t y ,  we n o te  t h a t  s in c e

g(V) i s  n o rm alized , i t s  maximum v a lu e  gC'V^mia) i s  p ro p o r t io n a l  t o  ( SV, ) ” "*‘.

The peak to  peak am plitude o f  th e  observed  d e r iv a t iv e  J ,  i s  th en  p ro -
“ 2p o rtio n a l t o  Ix(SW ) and consequently the t o t a l  in te n s ity  I i s

2 2 
p ro p o r t io n a l  to  Jx (a V 0  . Thus we used  I= Jx(S V ) as a  measure o f  th e

r e l a t i v e  i n t e n s i t y .

S ince i t  i s  d i f f i c u l t  to  m a in ta in  a l l  th e  ex p erim en ta l 

param eters  c o n s ta n t d u rin g  th e  measurements on b o th  th e  amorphous and 

th e  c r y s ta l l in e  phases o f  VZr f i lm , some method o f  c a l ib r a t in g  th e  

in t e n s i ty  s c a le  i s  always re q u ir e d .  U rns, each  com plete i n t e n s i t y  

measurement c o n s is t  o f  o b se rv in g  b o th  th e  resonance o f  th e  sample under 

o b se rv a tio n  and a  re fe re n c e  s ig n a l, p ro v id ed  in  th e  form o f  a  s ta n d a rd  

sample whose resonance i s  re c o rd e d . In  our c a s e ,  i t  was alm ost impos­

s ib le  to  o b ta in  a  s u i ta b le  s ta n d a rd  sam ple, which f o r  convenience shou ld  

have a  s tro n g  resonance  c lo se  to ,  b u t n o t o v e r la p p in g , th e  resonance 

o f  V**\ T h e re fo re , th e  m easured a b so rp tio n  l i n e  i n t e n s i t y  o f  V ^  in  _ . 

b o th  th e  amorphous and th e  c r y s t a l l i n e  phases o f  VZr f i lm  co u ld  n o t be 

c a l ib r a te d .  However, we d id  n o t d e te c t  any change in  th e  l in e  shape.

The sh a rp  d ecrease  in  th e  i n t e n s i t y  o f  th e  vanadium NMR l in e  

i n  th e  amorphous phase r e l a t i v e  to  th e  c r y s ta l l in e  phase may be

a t t r i b u t e d  to  th e  s t r u c t u r a l  d is o rd e r  on th e  atom ic s c a le  t h a t  in tro d u c e s

91a  la rg e  e l e c t r i c  f i e l d  g ra d ie n t  around th e  s o lu te  o f  Zr atom, and to

th e  gas im p u r it ie s  i n  th e  i n t e r s t i t i a l  s i t e s .  Ve assume th a t  th e  e l e c t r i c

91f i e l d  g ra d ie n t i s  v ery  la rg e  n e a r  a  s o lu te  atom (Zr o r  a  tra p p e d  gas
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m olecule) so  t h a t  th e  resonance o f  any so lv e n t V ^  c lo se  to  a  s o lu te

atom w i l l  he u n o b se rv a b le . The s o lv e n t V ^  atoms a t  g r e a te r  d is ta n c e

from th e  s o lu te  have t h e i r  c e n t r a l  t r a n s i t io n s  e f f e c t iv e ly  u n p ertu rb ed

and w i l l  c l e a r ly  c o n tr ib u te  t h e i r  f u l l  sh a re  to  th e  observed  in t e n s i t y .

A ll  V*^ atoms which a re  w ith in  a  c r i t i c a l  d is ta n c e  R o f  a  s o lu te  atom

do n o t c o n tr ib u te  to  th e  resonance s ig n a l .  I f  we denote th e  number o f

l a t t i c e  s i t e s  w ith in  th e  ra d iu s  R by n , th e n  th i s  le a d s  t o  th e  fo llo w in g

c o n c e n tra tio n  dependence o f  th e  i n t e n s i ty :  I  = I Qx ( l-C )n where C i s

th e  a tom ic c o n c e n tra tio n  o f  s o l u t e . M e e r w a l l  and Rowland^'*' r e c e n t ly

found th a t  quadrupole e f f e c t s  in  th e  V ^  b ased  a l le y  were s e v e ra l  tim es

sm a lle r  f o r  t r a n s i t i o n  m e ta l ( s u b s t i tu t io n a l )  s o lu te s  th a n  fo r  th e

s u b s t i t u t i o n a l  oxygen and n it ro g e n  im p u r it ie s  in  vanadium. They

o b ta in e d  w ipeout number n = 126 +_ 7 f o r  N in  and n = 19^ +. 12 fo r  

510 i n  V when a l l  o r  n o th in g  model was a p p lie d  t o  th e  i n t e r s t i t i a l  

a l lq y s .  They a ls o  su g g es ted  from th e  s o lu te  dependence th a t  th e  f i e l d  

g rad ie n ts  around th e  s u b s t i t u t i o n a l  atoms a r i s e  m ainly  i n  response  to  

lo c a l  l a t t i c e  d i s to r t io n  r a th e r  th an  to  th e  s h ie ld in g  o f  th e  excess 

charge o f  th e  s o lu te .  We have n o t c a lc u la te d  th e  w ipeou t number o f  

V ^  atoms due to  Zr atoms and gas im p u r i t ie s ,  because  we have no t 

m easured th e  c o n c e n tra tio n  dependence o f  s a t e l l i t e  i n t e n s i t y .  A lthough 

more a c c u ra te  measurements o f  th e  a b so rp tio n  in t e n s i t y  f o r  b o th  th e  

amorphous and c r y s ta l l in e  VZr a l lo y  f i lm  a re  r e q u ire d  to  make a  com pari­

son betw een ex p e rim en ta l r e s u l t s  and th e o ry ,  th e  re d u c tio n  o f  th e  

in t e n s i t y  i n  th e  amorphous VZr a l lo y  r e l a t i v e  to  th e  c r y s t a l l i n e  phase
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appears to  f i t  i n to  th e  a l l  o r  n o th in g  model.

In  c o n c lu s io n , no s ig n i f i c a n t  changes in  th e  b e h a v io r  o f  

K night s h i f t  o f  V*^ have appeared  as th e  r e s u l t  o f  th e  phase t r a n s i t i o n  

from th e  c r y s ta l l in e  s t a t e  t o  th e  amorphous s t a t e ,  w h ile  th e  lin e w id th  

o f  in  th e  amorphous phase g r e a t ly  in c re a s e s  r e l a t i v e  to  th e

c r y s ta l l in e  p h ase . F u rtherm ore , th e  in t e n s i t y  o f  th e  ab so rp tio n  l in e  

o f  fo r  th e  c r y s ta l l in e  VZr a l lo y ,  a f t e r  b e in g  annea led  above 900°C,

co n s id e ra b ly  in c re a s e s  r e l a t i v e  t o  th e  amorphous ph ase .

The g e n e ra lly  sm a ll va lue  o f  th e  change in  K night s h i f t  o f  

upon th e  a d d it io n  o f  sm a ll Z r ^  c o n c e n tra tio n  ( le s s  th an  11%) 

appears t o  be c o n s is te n t  w ith  th e  p r e d ic t io n  o f  e i t h e r  th e  F r ie d e l  

o s c i l l a t i o n  th e o ry  o f  B lan d in -D an ie l o r  r i g i d  band p ic tu r e  proposed  by

U6W atson, B ennett and Freeman. The sm a ll l i n e a r  f i e l d  dependence o f  

K night s h i f t  o f  V ^  in  th e  amorphous phase o f  VZr a l lo y  in d ic a te s  th e  

p o s s ib le  e x is te n c e  o f  charge o s c i l l a t io n s  around th e  i n p u r i t y . 

Futherm ore, th e  l i n e a r  f i e l d  dependence o f  th e  lin e w id th  o f  V ^  in  th e  

amorphous phase i s  a t t r i b u t a b l e  p r im a r ily  to  th e  inhomogeneous K night 

s h i f t  b ro ad en in g . C onsequently  t h i s  b e h a v io r  o f  th e  l in e  b roaden ing  

appears t o  confirm  a  long  range o s c i l l a t o r y  b e h a v io r  o f  e le c t ro n  

d e n s i ty  i n  th e  amorphous phase o f  VZr a l lo y  f i lm .

The s ig n i f i c a n t  d ec rease  in  th e  l i n e  i n t e n s i t y  o f  th e  

amorphous phase r e l a t i v e  to  t h a t  o f  th e  c r y s ta l l in e  phase appears to  be 

c o n s is te n t  w ith  Kohn-Vosko th e o ry . I t  i s  su g g es ted  t h a t  q u ad rip o le  

i n t e r a c t io n  o f  V ^  w ith  a  la rg e  e l e c t r i c  f i e l d  g ra d ie n t  produced by th e
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l a t t i c e  d i s to r t io n  and r e d i s t r i b u t io n  o f  th e  occupied  e le c t r o n ic  s t a t e s  

i s  p ro b ab ly  due to  th e  gas im p u r itie s  tra p p e d  in  VZr a l le y  f i l m . . In  

o rd e r  to  make a  d e f in i t e  co n c lu sio n  about th e  long  range charge d e n s ity  

o s c i l l a t io n s  p r e d ic te d  by F r ie d e l  around th e  im purity* and quadrupole 

in t e r a c t io n  w ith  th e  e l e c t r i c  f i e l d  g ra d ie n t i n  th e  amorphous t r a n s i t i o n  

m e ta l a l lo y ,  NMR experim en ts w ith  a  s e r ie s  o f  th e  amorphous t r a n s i t i o n  

m e ta l a l lo y s  t h a t  a re  f r e e  from gas im p u r it ie s  shou ld  be re p e a te d . 

Amorphous m e ta l f ilm s  t h a t  a re  f r e e  from gas im p u r it ie s  can be 

p re p a re d  by e le c t r o n  beam ev a p o ra tio n  o f  an a l lo y  s lu g . Amorphous 

VTi and VCr system s would be s u i ta b le  cho ices f o r  NMR, m agnetic 

s u s c e p t i b i l i t y ,  and s p e c i f i c  h e a t  experim ents in  o rd e r to  o b ta in  th e  

v a r ia t io n  o f 'd '  and  o r b i t a l  c o n tr ib u tio n s  i n  th e se  system s, and to  

s tu d y  th e  long  range o s c i l l a t io n s  and th e  quadrupole e f f e c t s . NMR d a ta  

fo r  th e  VTi and VCr system s in  th e  c r y s ta l l in e  phase a lre a d y  e x i s t  

fo r  th e  pu rpose  o f  com parison, and th e  NMR s ig n a l  o f V ^  i s  s tro n g  

compared w ith  t h a t  o f  o th e r  t r a n s i t i o n  m e ta l e lem en ts .
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V II. L i s t  o f  Tables

Table I  C om position A n a ly s is  D ata o f  VZr f i lm s .

Table I I  K night S h i f t s  and  L inew id th s o f  VZr f i l m s .

Table I I I  R e la tiv e  L ine I n t e n s i t y  o f  VZr f i lm  b e tw e e n  the

Amorphous S ta t e  and th e  C r y s ta l l in e  S t a t e  (A nnealed  One).
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6 . Block Diagram o f  NMR System .
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8 . D e te c to r  and Audio S e c tio n s  f o r  Robinson O s c i l l a to r  C i r c u i t .
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Sm all Compared to  L inew id th .
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12. AK/Kv V ersus F ie ld  H, VZr A lloy  (C ry s ta l l in e  p h a se ) .
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