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Abstract:
The nuclear magnetic resonance spectrum of deuterons in LiN2D5SO4 has been studied in detail
between 78 and 458°K. The spectrum at 78° is related to the deuterons of a static N2D5^+ i o n . The
electric quadrupole coupling constants, the asymmetry parameters, and the orientations of electric field
gradient (efg) tensors relative to the crystal axes were obtained at 78, 193, 298, 338, 368 and
438%deg;K. Above 110°K the lines due to the deuterons of the ND3 group broaden and merge to a
single pair of lines which is still evident at 195°C. The lines corresponding to the deuterons of the ND2
group merge to a single pair between O° and 50°C. These line mergers are related to the motion of the
ND3 and ND2 groups and estimates of the activation energy and jump times of these motions are
made. Because of the symmetry of the crystal the absence of line doubling indicates that ferroelectric
domain reversal may be due to reflection of the structure through the ab plane.

Measurements of the electrical conductivity and the ac dielectric constant were made on both
deuterated and undeuterated samples. The c axis ac dielectric constant was found to be quite large.
Estimates of the activation energy and correlation time for the dielectric relaxation were made.

The spin-lattice relaxation times for the merged ND3 and ND2 lines were measured over the
temperature range from 155°K to 422°K. The results are found to be in good agreement with the
assumption that the relaxation is due to fluctuations in the electric quadrupole coupling energy due to
ND3 and ND2 hindered rotations. In addition, evidence is found to indicate that jumping between ND2
and ND3 groups becomes important at temperatures above 75°C. None of the measurements discussed
indicate that the crystal undergoes a ferroelectric transition below 200°C. 
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ABSTRACT

T h e . n u c l e a r  magne t i c  resonance spect rum o f  deu te rons  
i n  LiNgDgSO^ has been s t u d i e d  i n  d e t a i l  between 78 and 
4 5 8 ° K. The spec t rum a t  78° i s  r e l a t e d  t o  t he  deu te rons  o f  
a s t a t i c  NgDg + i o n . The. e l e c t r i c  quad rupo le  c o u p l i n g  
c o n s t a n t s ,  the "asymmet r y  p a ra m e t e r s ,  and the o r i e n t a t i o n s  
o f  e l e c t r i c  f i e l d  g r a d i e n t  ( e f g ) t e n s o rs  r e l a t i v e  t o  the  
c r y s t a l  axes were o b t a i n e d  a t  78,  193,  298,  338,  368 and 
438°K.  Above I l O 0 K the  l i n e s  due t o  the  deu te rons  o f  the 
NDg group broaden and merge t o  a s i n g l e  p a i r  o f  l i n e s  which 
i s  s t i l l  e v i d e n t  a t  I 95°C. The l i n e s  c o r r e s p o n d i n g  t o  the  
deu te ron s  o f  t he  NDg group merge t o  a s i n g l e  p a i r  between 
O0 and SO0C. These l i n e  mergers are r e l a t e d  to  t he  mot i on  
o f  t he  NDg and NDg groups and e s t i m a t e s  o f  the  a c t i v a t i o n  
energy and jump t imes  o f  t hese mot ions  are made. Because 
o f  t he  symmetry o f  t he  c r y s t a l  the  absence o f  l i n e  d o u b l i n g  
i n d i c a t e s  t h a t  f e r r o e l e c t r i c  domain r e v e r s a l  may be due to  
r e f l e c t i o n  o f  the  s t r u c t u r e  t h ro ug h  the ab p l an e .

Measurements o f  the  e l e c t r i c a l  c o n d u c t i v i t y  and the 
ac d i e l e c t r i c  c o n s t a n t  were made on both d e u t e r a t e d  and 
u n d e u te r a te d  samples.  The c a x i s  ac d i e l e c t r i c  c o n s ta n t  
was found t o  be q u i t e  l a r g e .  Es t ima t es  o f  t he  a c t i v a t i o n  
energy  and c o r r e l a t i o n  t ime f o r  the  d i e l e c t r i c  r e l a x a t i o n  
were made.

The s p i n - l a t t i c e  r e l a x a t i o n  t imes  f o r  the  merged NDg 
and NDo l i n e s  were measured ov e r  the  t e m pe ra tu re  range f rom 
I 55°K t o  422°K.  The r e s u l t s  are found t o  be i n  good a g r e e ­
ment w i t h  t he  assumpt i on  t h a t  the  r e l a x a t i o n  i s  due t o  
f l u c t u a t i o n s  i n  t he  e l e c t r i c  quad rupo le  c o u p l i n g  energy  due 
t o  NDg and NDg h i n d e r e d  r o t a t i o n s .  In a d d i t i o n ,  ev i dence 
i s  found t o  i n d i c a t e  t h a t  j ump ing  between NDg and NDg groups 
becomes i m p o r t a n t  a t  t e m pe r a t u re s  above 75°C.  Nane o f  the  
measurements d i s c u ss ed  i n d i c a t e  t h a t  the  c r y s t a l  undergoes 
a f e r r o e l e c t r i c  t r a n s i t i o n  below 200° C .



CHAPTER I INTRODUCTION

An e x p l a n a t i o n  o f  the  f e r r o e l e c t r i c  b e h a v i o r  o f  

c e r t a i n  hydrogen bonded c r y s t a l s *  d e r i v e s  f rom un d e r s ta n d i n g  

the en v i r on me n t  and mot i on  w i t h i n  the c r y s t a l  o f  the  p r o to n s  

f o r m i n g  the  hydrogen bonds.  X - r a y  and neu t ron  d i f f r a c t i o n  

s t u d i e s  are commonly used t o  l o c a t e  the p o s i t i o n s  o f  atoms 

i n  the  u n i t  c e l l  o f  t he  c r y s t a l ,  and may be used t o  o b t a i n  

i n f o r m a t i o n  on the mo t i on  o f  the  atoms.  C o n d u c t i v i t y  and 

d i e l e c t r i c  c o n s t a n t  measurements a l s o  y i e l d  i n f o r m a t i o n  

about  the  mo t i on  o f  the  c o n s t i t u e n t s  o f  the c r y s t a l .

However , the u s e fu l n e s s  o f  neu t ron  s t u d i e s  t o  o b t a i n  

i n f o r m a t i o n  on mo t i on  i s  l i m i t e d  i n  the  f o l l o w i n g  r e s p e c t .  

S ince exchange between s i t e s ,  such as h i n de r ed  r o t a t i o n  o f  

a g r o u p , p r o b a b l y  t akes  p l ace  i n  such a f a s h i o n  t h a t  the 

t ime spe n t  " j u m p i n g "  between s i t e s  i s  a ve ry  sma l l  p a r t  o f  

the  t o t a l  t i m e ,  the  ne u t r on  d i f f r a c t i o n  r e s u l t s  w i l l  r e f l e c t  

t he  s t a t i o n a r y  l o c a t i o n  o f  the  group .  Because o f  t h i s ,  . 

n e u t ro n  d i f f r a c t i o n  s t u d i e s  g i v e  good i n d i c a t i o n  o f  

v i b r a t i o n a l  o r  t o r s i o n a l , m o t i o n s , f o r  wh i ch t ime  spent  o u t  

o f  the  e q u i l i b r i u m  s i t e  i s  l a r g e ,  but  l i t t l e  i n f o r m a t i o n

* D i s o u s s i on o f  .hydrogen bonded f e r r o e l e c t r i c s  may be 
found i n  r e f e r e n c e  I .  For a d e t a i l e d  d i s c u s s i o n  o f  KHgPO^,
a r e p r e s e n t a t i v e  o f  t h i s  c l a s s  whi ch has been s t u d i e d  i n  
d e t a i l ,  see r e f e r e n c e s  2, 3,  4,  5,  6 , and 7.
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about  mot i ons  such as are o f  p r im a r y  i n t e r e s t  i n  t h i s  w o r k .

C o n d u c t i v i t y  s t u d i e s  o f  hydrogen bonded c r y s t a l s  are 

d i f f i c u l t .  The c o n d u c t i v i t i e s  commonly encoun te red  are 

s m a l l ,  ~ 1 cm o r  l e s s ,  and i m p u r i t i e s  and c r y s t a l  

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

measurements o f  c o n d u c t i v i t y  and d i e l e c t r i c  c o n s t a n t  deal  

w i t h  bu l k  p r o p e r t i e s  o f  the  c r y s t a l ,  making i t  d i f f i c u l t  

t o  d i s t i n g u i s h  the  v a r i o u s  a tomic  e f f e c t s  unambiguous l y .

An ex p e r i m e n t  which has proven p a r t i c u l a r l y  us e fu l  i n  

o b t a i n i n g  i n f o r m a t i o n  about  t he  env i r onmen t  and mot i on o f  

n u c l e i  i s  the  o b s e r v a t i o n  o f  the  n u c l e a r  magnet i c  

resonance (NMR) s p e c t r u m . *

The nuc leus  o f  p r im a ry  i n t e r e s t  i s  the  p r o t o n .  The 

NMR spec t rum o f  the  p r o t on  i n  s o l i d s  i s  g e n e r a l l y  a s i n g l e  

wide l i n e ,  and p r o t on  w i d e - l i n e  NMR s t u d i e s  are l i m i t e d  t o  

-measurement o f  l i n e  w i d t h  and o f  the  s p i n - l a t t i c e  r e l a x a ­

t i o n  t i m e .  From such s t u d i e s  much can be i n f e r r e d  about  

mot i on  o f  the  p r o to n s  and t h e i r  r e l a t i v e  l o c a t i o n  i n  the  

c r y s t a l .  However , no measure o f  the  l o c a l  e l e c t r i c a l  

env i r o nm en t  i s  p o s s i b l e  w i t h  the  p r o t on  s i n c e  i t  has no 

e l e c t r i c  moments. Because o f  t h e i r  app rox ima te  chemical  

e q u i v a l e n c e  i t  i s  p o s s i b l e  t o  s u b s t i t u t e  deu te rons  f o r

* D i s c u s s i on o f  t h i s  t ype  o f  exp e r im e n t  i s  i n c l u d e d  i n  
r e f e r e n c e s  8 and 9.
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p r o t o n s . Th i s  can be done by c r y s t a l  I i z i n g  f rom a heavy 

w a te r  s o l u t i o n  i n  the  case o f  most  w a t e r  s o l u b l e  compounds. 

The deu te ron  has an e l e c t r i c  quadrupo l  e moment and i n t e r a c t s :  

w i t h  the  e l e c t r i c  f i e l d  g r a d i e n t  ( e f g )  a t  i t s  l o c a t i o n .

Th i s  i n t e r a c t i o n  m o d i f i e s  i t s  NMR spec t rum i n  such a f a s h i o n  

t h a t  the  d e t e r m i n a t i o n  o f  t he  e fg  t e n s o r  a t  the  deu te ron  

s i t e  i s  made p o s s i b l e .

L i t h i u m  h y d r a z i n i urn s u l f a t e  (L iHzS)  i s  a f e r r o e l e c t r i c  

c r y s t a l ,  ( 10 ) and ne u t r on  d i f f r a c t i o n  s t u d i e s  ( I  I ) o f  the 

s t r u c t u r e  have e s t a b l i s h e d  t h a t  the p r o t on s  o f  t he  hy d ra z i n e  

group are a l l  i n v o l v e d  i n  hydrogen bonds . Nu c l ea r  magnet i c  

resonance s t u d i e s  o f  the  p r o to n s  and Li  ^ n u c l e i  i n  Li  HzS 

have been c a r r i e d  o u t . ( 1 2 ,1 3 )  Based on these  s t u d i e s ,  

j ump ing  o f  the  p r o to n s  between bond s i t e s  and o t h e r  mot i ons  

have been h y p o t h e s i z e d .

A l t h o u g h . t h e  s t u d i e s  ment i oned above answer many 

q u e s t i o n s  about  t he  s t r u c t u r e  and i n d i c a t e  t h a t  the  p r o t o n s ,  

undergo c e r t a i n  m o t i o n s ,  s ev e ra l  i m p o r t a n t  q u e s t i o n s  remain 

unanswered . S p e c i f i c a l l y ,  what  are the mot ions  o f  the 

p r o t o n s ? Is  t h e r e  a f e r r o e l e c t r i c  t r a n s i t i o n  below the 

d e c o m p o s i t i o n  t e m pe r a tu re  o f  the  c r y s t a l ?  What,  i f  a n y , 

s t r u c t u r a l  changes occu r  i n  the  c r y s t a l  as i t  i s  heated?

Is t h e r e  any change i n  the o r d e r i n g  o f  the  p r o to n s  when 

t he  c r y s t a l  changes p o l a r i z a t i o n ?  Th is  work dea l s  w i t h  the  

a t t e m p t  t o  answer t hese  q u e s t i o n s  by a s tudy  o f  the  n u c l e a r
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magne t i c  resonance spec t rum o f  deu te rons  i n  the d e u te r a te d  

c r y s t a l ,  L i  NgDgSO^, and by measurements o f  the e l e c t r i c a l  

c o n d u c t i v i t y  and ac d i e l e c t r i c  c o n s ta n t  o f  t he  normal  and 

d e u t e r a t e d  c r y s t a l s .

The spec t rum o f  t he  deu te rons  was s t u d i e d  below the

te m p e r a tu re  a t  which j ump ing  among s i t e s  becomes i m p o r t a n t *

and the r e s u l t s  are d i sc us sed  i n  Chapter  I I .  The NMR

spec t rum a t  h i g h e r  t e m pe r a tu re  r e f l e c t s  i n t e r - s i t e  exchange

and the  t h i r d  c h a p t e r  i s  devoted t o  the measurements which

re ve a l  t h i s  m o t i on .  A complete  s tud y  o f  the  NMR spect rum

o f  t he  deu te rons  was c a r r i e d  ou t  t o  above I BO0C. In

a d d i t i o n ,  the  deu te ron  l i n e  w i d t h  was measured as a f u n c t i o n

o f  t e m p e r a tu re  t h roug h  the c r i t i c a l  t e m pe r a tu re  re g i o n s .

On t he  ba s i s  o f  t hese  measurements a c a l c u l a t i o n  o f  the

exchange p r o b a b i l i t y  f o r  t he  mot i on  caus ing  t he  l i n e  w i d t h

change was done . I t  was hoped t h a t  the e l e c t r i c  f i e l d

g r a d i e n t  measured a t  e l e v a t e d  t em pe ra tu re s  wou ld  r e f l e c t

the s t r u c t u r a l  change sugges ted  by C u th b e r t  and P e t c h ^  ^ )
7

as a r e s u l t  o f  t h e i r  o b s e r v a t i o n  o f  a change i n  the  Li  NMR 

spec t rum w i t h  t e m p e r a tu r e .

The d i e l e c t r i c  b e h a v i o r  was s t u d i e d  because the n a tu re  

o f  the  d i e l e c t r i c  anomaly a t  a phase t r a n s i t i o n  i n d i c a t e s  

what  t ype  o f  f e r r o e l e c t r i c  t r a n s i t i o n  o c c u rs .

F i n a l l y  the  s p i n - l a t t i c e  r e l a x a t i o n  t ime  was measured
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f o r  de u te rons  o f  t he  groups which undergo m o t i on .  Using 

the  e fg  da ta  d i sc us sed  i n  Chapter  I I I ,  the r e l a x a t i o n  

mechanism was r e l a t e d  t o  the  f l u c t u a t i o n s  i n  the  e fg  due 

t o  exchange between s i t e s .  The a c t i v a t i o n  e n e rg i e s  f o r  

the  mot i ons  o b t a i n e d  by the d i f f e r e n t  measurements were 

compared.

R e l a t i v e l y  few s t u d i e s  have been c a r r i e d  ou t  t o  d e t e r ­

mine the va lues  o f  the  e fg  t e n s o r s  a t  the  s i t e s  o f  deu te rons  

i n  N - D . . . N  o r  N - D . . . 0  bonds.  Because o f  the  numerous 

a n a l o g i e s  t o  these  bonds found i n  compounds o f  b i o l o g i c a l  

s i g n i f i c a n c e ,  i t  would seem t h a t  s imp l y  t he  ac c u m u la t i o n  o f  

i n f o r m a t i o n  abou t  t he  e fg  t e n s o r s  and t he  a c t i v a t i o n  

e n e rg i e s  f o r  mo t i on  between bonds o f  t h i s  t ype  i s  wor th  

w h i l e .  Summarized i n  a t a b l e  i n  Chapter  11 i s  p e r t i n e n t  

i n f o r m a t i o n  on some o f  the  n i t r o g e n  compounds which have 

been s t u d i e d .



CHAPTER I I

DEUTERON ELECTRIC FIELD GRADIENT TENSORS AT 77°K 

STRUCTURE. •

The s t r u c t u r e  o f  l i t h i u m  h y d r a z i nium s u l f a t e  

( L i N2H5SO4 ) has been s t u d i e d  by means o f  x - r a y  M 4 , 1 5 , 1 6 )  

and n e u t r o n ( l l )  d i f f r a c t i o n .  Tab le  I compares the 

c o o r d i n a t e s  o f  the  c o n s t i t u e n t s  o f  LiHzS found by t hese 

e x p e r i m e n t s .

LiHzS i s  o r t h o r h o m b i c  o f  space group Pbn2-| , 0 5 )  ^ i t h

f o u r  m o l e c u l a r  u n i t s  pe r  u n i t  c e l l .  Padmanabhan and

B a l a s u b r a m a n ia n ( I T )  ( h e r e a f t e r  denoted by PB) r e p o r t  c e l l

d imens ions  a = 9 .9 3 ,  b = 8 .969 , and c = 5 .178 A. Brown( T'^) has

found f o r  the  c e l l  d imens ions  a=8 . 99,  b=9.94 ,  and 
0 *

c = 5 . 1 8 A.

The l i t h i u m  and s u l f u r  atoms are l o c a t e d  a t  the  

c e n t e r s  o f  t e t r a h e d r a  o f  oxygen atoms.  As i s  i n d i c a t e d  

i n  F i g .  I ,  t hese  t e t r a h e d r a  have common ap i ces  and form 

a l a t t i c e - w o r k  w i t h  channe l s  r u n n i n g  p a r a l l e l  t o  the  c 

a x i s .  These channe l s  c o n t a i n  the  h y d r a z i nium i ons  which 

are hydrogen bonded t o  atoms i n  the  s u r r o u n d i n g  l a t t i c e  

and t o  n i t r o g e n  atoms a d j a c e n t  i n  the  c d i r e c t i o n .  The

*The exchange i n  the  ass ignment  o f  the a and b c r y s t a l  
axes by PB w i l l  no t  be f o l l o w e d  i n  t h i s  t h e s i s ,  r a t h e r  the 
ass ignment  made by Brown w i l l  be o b s e r v e d .
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TABLE I

A tomic  Parameters  Obta ined by X - ray  and Neut ron S t ud ies  
S tandard  D e v i a t i o n  Is  That  Quoted by P & B f o r  T h e i r  Data

Van den U 6)
, r \  Hende & Padmanabhan & H  U Standard ( "11) 

Brown M bI B o u t i n  Ba lasubraman ian  D e v i a t i o n

S X 0.1286 0.1290 0.126 0.001
y 0.1579 0.1589 0.159 0.001
Z 0.250 0.250 0.250 0.002

0 ( 1 ) X 0.106 0.1068 0.106 0.002
y 0.191 0.1870 0.193 0.001
Z 0.519 0.5434 0.533 0.002

0 ( 2 ) X 0 .154 0.1511 0.153 0.002
y 0.010 0.0132 0.012 0.001
Z 0.220 0.2296 0.229 0.001

0 ( 3 ) X 0.259 0.2558 0.259 0.001
y 0 .230 0.2335 0.230 0.001
Z 0.149 0.1626 0.151 0.002

0 ( 4 ) X 0.497 0.4904 0.498 0.001
y 0.302 0.3048 0.304 0.001
Z ,0.596 0.6016 0. 600 0.002

N (1 ) X 0.418 0.4193 0.414 0.001
y 0.002 0.0285 0. 024 ■ 0.001
Z 0.746  . 0.7405 0.743 0.002

N ( 2 ) X 0.217 0.2137 0.213 0.001
y 0.440 0.4460 0.440 0.001
Z 0.742 0.7346 0. 739 0.002

Li X 0.437 0.433 0.422 0.003
y 0.332 0.339 0. 336 0.003
Z 0.253 0.271 0.256 0.003

H ( I ) X 0. 381 0.004
y 0.118 0.003
Z 0.796 0.003
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TABLE I ( c o n t i n u e d )

Van den (TG)
Hende & Padmanabhan & 1 ) S t a n d a r d ( T l )  

Brown(I  5 ) B o u t i n  Ba lasubramanian D e v i a t i o n

H (2 ) x 0.467 0.004
V 0.036 0.004
Z 0.571 0.004

H ( 3) x 0.189 0.003
Y 0.345 0.003
Z 0.677 0.003

H(4)  x 0.247 0.005
Y 0.428 0.004
Z 0.924 0.004

H (5 )  x 0.292 0.004
Y 0.469 0.002
Z 0.601 0.003



F i g .  I A View o f  Li  HzS P r o j e c t e d  Down the  c A x i s .  
( A f t e r  Brown
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F ig .  2 Two A l t e r n a t e  Arrangements  P o s s i b l e  f o r  
N-H. . .  N-H. . .  Chain i f  the  Hydrogen Bonds Are Ordered 
( A f t e r  Brown O ^ ) )
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group group

F i g .  3. Sketch Showing the General  Ar rangement  o f  the  
NDg and NDg Groups and the Bonding Between Hydraz ine  Groups.



p r o to n  i n  a hydrogen bond i s  found a t  a p o s i t i o n  between 

t he  two atoms w i t h  which i t  forms the bond. In  genera l  

t he  p r o to n  i s  n e a re r  t o  one o f  the  bonded atoms than the 

o t h e r .  The bonded atom which i s  c l o s e s t  t o  the  p r o t on  i s  

denoted the do no r ,  and the f u r t h e r  bonded atom i s  c a l l e d  

t he  a c c e p t o r .  In  Li  HzS, the  donor  t o  p r o to n  d i s t a n c e s  are
O

about  I A,  and t he  a c c e p t o r  t o  p r o to n  d i s t a n c e s  are
O

r o u g h l y  2 A. The n i t r o g e n  i s  the  donor  i n  each N - H ...0 
bond. The n i t r o g e n  a t  the  N H g  end o f  the  N g H g  group takes  

p a r t  i n  t h r e e  N - H . . .0 bonds . The n i t r o g e n  a t  t he  NHg end 

i s  bonded t o  one oxygen and two o t h e r  n i t r o g e n s .  These 

l a t t e r  bonds fo rm N - H . . . N - H . . .  cha ins  a l ong  t he  c d i r e c t i o n  

o f  the  c r y s t a l .  F o l l o w i n g  the  n o t a t i o n  o f  PB, t he  p ro to n  

s i t e s  i n  t hese  bonds are r e f e r r e d  t o  as s i t e  2 whereas the  

o t h e r  p r o to n  s i t e  a t  the  N H 2 end o f  the  N 2 Hg group i s  i n  a 

N - H . . .0 bond and i s  denoted as s i t e  I .  The l a b e l i n g  o f  

s i t e s  3,  4 and 5 i s  i n d i c a t e d  i n  F i g .  I .  From t h e i r  

ne u t r o n  d i f f r a c t i o n  s t u d y , PB have conc luded t h a t  most o r  

a l l  o f  t he  s i t e  2 p r o to n s  are o rd e r ed  i n  the  a r rangement  

p i c t u r e d  i n  F i g .  2a as opposed t o  the  a r rangement  i n  F i g .  2b. 

They f u r t h e r  conc lude  t h a t  no h i n de r ed  r o t a t i o n  o f  NHg o r  

N H 2 groups t akes  p l ace  a t  room t e m p e r a tu re .

N M R  S P E C T R U M .
The N M R  spec t rum o f  de u te rons  i n  L i HzS was s t u d i e d  a t

- 1 1 -
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t e m p e r a tu re s  f rom 78°K t o  4 6 3 ° K. .The spec t rum observed a t  

78°K does no t  r e f l e c t  any mo t i on  w i t h i n  the  hy d ra z in e  

group and w i l l  be d i sc u s s ed  i n  t h i s  c h a p t e r .  The spect rum 

a t  h i g h e r  t e m pe r a t u re s  r e f l e c t s  mo t i on  and w i l l  be 

d i sc u ss ed  i n  Chap te r  I I I  w i t h i n  t he  c o n t e x t  o f  o t h e r  

measurements which have t o  do w i t h  mot i on  o f  t he  deute rons  

i n  t he  c r y s t a l .

In f i r s t  o r d e r  the  i n t e r a c t i o n  between t he  n u c l e a r  

q u a d r u p o l e moment o f  t he  deu te ron  and the  e l e c t r i c  f i e l d  

g r a d i e n t  ( e f g )  a t  the  s i t e  o f  t he  deu te ron  s p l i t s  the  

d e u t e ro n  NMR l i n e  i n t o  two l i n e s  spaced e q u a l l y  above and
if

below the p o s i t i o n  o f  the  un p e r tu rb e d  l i n e .  S ince t h e r e  

are tw en ty  de u te rons  i n  a u n i t  c e l l , f o r  a r b i t r a r y  

o r i e n t a t i o n  o f  the  c r y s t a l  r e l a t i v e  t o  t he  a p p l i e d  dc 

magne t i c  f i e l d  H0 , t he  spec t rum c o n s i s t s  o f  f o r t y  l i n e s .  

However , t h e r e  are o n l y  f i v e  s i t e s  which are c h e m i c a l l y  

n o n - e q u i v a l e n t .  For  example,  t he  deu te ron  a t  s i t e  I o f  any 

one o f  t he  f o u r  h y d r a z i n e  groups o f  a u n i t  c e l l  i n t e r a c t s  

w i t h  an e fg  po ss ess ing  the same components as each o f  the  

t h r e e  o t h e r  s i t e  I deu te rons  o f  t he  c e l l .  The f o u r  s i t e  I *

*Ap pen d i x  A c o n t a i n s  a d i s c u s s i o n  o f  the  n u c l e a r  
q u a d r u p o l e i n t e r a c t i o n  and the t ec h n i qu e  o f  n u c l e a r  
magne t i c  resonance s p e c t r o s c o p y  employed i n  the  d e t e r m i n a ­
t i o n  o f  the  e fg  t e n s o r  c a r r i e d  ou t  i n  t h i s  s t u d y .
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de u te rons  d i f f e r  o n l y  i n  t he  d i r e c t i o n  o f  t he  axes o f  the  

c o o r d i n a t e  systems i n  which t h e i r  r e s p e c t i v e  e fg  t en so rs  

are d i a g o n a l .  A r e s u l t  o f  t h i s  chemica l  e q u i v a l e n c e  and o f  

t he  c r y s t a l  symmetry (see F ig .  I )  i s  t h a t  i f  t he  f i e l d  H0 

i s  made p e r p e n d i c u l a r  t o  one o f  the  c r y s t a l  a x e s , a t  most 

ten  p a i r s  o f  l i n e s  are ob se rved .  Wi th H0 p a r a l l e l  t o  a 

c r y s t a l  a x i s  o n l y  f i v e  p a i r s  o f  l i n e s  are obse rved .

Spec t ra  were o b t a i n e d  a t  2^°  i n t e r v a l s  about  the  t h r e e  

c r y s t a l  a x e s . F i g .  4 d i s p l a y s  t y p i c a l  s p e c t r a  o b ta i n e d  a t  

77°K,  The da ta  was ana l yzed  i n  t he  f o l l o w i n g  f a s h i o n .

F i r s t  the  p o s i t i o n  o f  the  s p e c t r a l  l i n e s  r e l a t i v e  t o  the 

c e n t e r  o f  the  spec t rum was measured d i r e c t l y  f r om the 

r e c o r d e r  c h a r t  and exp ressed i n  gauss s i n c e  the  exp e r i me n t  

was ,done a t  f i x e d  f r e q u e n c y . For  many c r y s t a l  o r i e n t a t i o n s  

t he  i n d i v i d u a l  s p e c t r a l  l i n e s  were no t  a l l  d i s t i n g u i s h a b l e .  

Th i s  i s  shown c l e a r l y  i n  F i g .  4b w he re , o f  the  ten  p a i r s  o f  

l i n e s  which shou ld  be d i s c e r n i b l e ,  f i v e  p a i r s  are merged 

w i t h  t he  o t h e r  f i v e .  The l i n e  p o s i t i o n s  were then p l o t t e d  

a g a i n s t  the  o r i e n t a t i o n  a n g l e ,  <j>, o f  the c r y s t a l  r e l a t i v e  

t o  H0 . These p l o t s  were rough f i t  by us i ng  a s e t  o f  s i ne  

curve  o v e r l a y s .  By us ing  t h i s  rough f i t  i t  was p o s s i b l e  to  

exc lude  da ta  p o i n t s  hav ing  l a r g e  e r r o r .  The rem a in i n g  

p o i n t s  were used i n  a l e a s t  squares computer  program to  

c a l c u l a t e  the cu rve



F i g .  4 - a . 77°K Spect rum,  C r y s t a l  O r i e n t e d  I O0 f rom
|j t o  Hq wi th  c I  t o  H0 .

F ig .  4 -b .  77°K Spect rum,  C r y s t a l  O r i e n t e d  27° f rom
Il to  H0 w i t h  c J_ t o  H0 .a



( 2 . 1 )2av = A-j + B-| cose + Ci . s i ne

which be s t  f i t  t he  da t a .  F i g s .  4,  5,  and 6 are p l o t s  o f  

the  quadru.pole s p l i t t i n g  curves  f o r  the  f i v e  deu te ron  s i t e s  

f o r  r o t a t i o n s  about  the  t h r e e  c r y s t a l  axes.

In the  case t h a t  the  e fg  t e n s o r  i s  c y l i n d r i c a l  I y  

s ym m et r i c ,  a r o t a t i o n  about  an a x i s  p e r p e n d i c u l a r  t o  the 

p r i n c i p a l  a x i s  o f  t he  e fg  t e n s o r  makes 2av p r o p o r t i o n a l  t o  

( I  + 3 cos 2e) where e measures the  ang le between the 

p r i n c i p a l  a x i s  and t he  magne t i c  f i e l d  Hq . 2Av then ranges 

between a maximum p o s i t i v e  v a lu e  f o r  8=0 , and a maximum 

n e g a t i v e  va lue  a t  0=90. The n e g a t i v e  va lue  i s  j u s t  h a l f  

t he  p o s i t i v e  v a lu e  i n  a b s o l u t e  magn i tude .  A r o t a t i o n  about  

an a r b i t r a r y  a x i s  i n c l u d e s  t he  o r i e n t a t i o n  H0 p e r p e n d i c u l a r  

t o  the  p r i n c i p a l  a x i s ,  a l t h o u g h  i t  does not  i n c l u d e  Hq 

p a r a l l e l  t o  the  p r i n c i p a l  a x i s .  By ex a m i n a t i o n  o f  the 

p l o t s  o f  2Av ( F i g s .  5,  6 , and 7) i t  can be seen t h a t  the  

n e g a t i v e  maximum va lues  are a p p r o x i m a t e l y  the  same 

i nde pe nde n t  o f  the  r o t a t i o n  a x i s .  Th is  i n d i c a t e s  the 

n e a r l y  c y l i n d r i c a l  symmetry o f  the  bonds s t u d i e d .  The 

va lues  o f  t he  components o f  t he  e fg  t e n s o r  r e l a t i v e  t o  the  

c r y s t a l  axes are o b t a i n e d  f rom the  A , B and C o f  Eg. 2 . 1 .  

The e fg  t e n s o r  was then d i a g o n a l i z e d  and va lu es  o f  the  

c o u p l i n g  c o n s t a n t ,  t he  asymmetry pa ram e te r ,  and the ang les
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r e l a t ' i n g  p r i n c i p a l  axes o f  the  e fg  t e n s o r  t o  the  c r y s t a l  s e t  

were o b t a i n e d .  T h i s  da ta  i s  g i ven  i n  Tab le  I I .

The e s t i m a t e d  e r r o r s  i n c l u d e d  i n  Tab le 11 are based on 

t h e  f o l l o w i n g  c o n s i d e r a t i o n s .  One source  o f  e r r o r  i s  

m i s a l i g n m e n t  o f  t he  c r y s t a l  i n  the  s p e c t r o m e t e r  head,  so t h a t  

t he  r o t a t i o n  a x i s  i s  no t  q u i t e  p a r a l l e l  t o  a c r y s t a l  a x i s .

The agreement  between t he  s p e c t r a  o b t a i n e d  d u r i n g  r o t a t i o n s  

about  d i f f e r e n t  axes bu t  w i t h  the  same c r y s t a l  a x i s  presumabl y 

p a r a l l e l  t o  Hq was used t o  check the  a l i g n m e n t .  Such checks 

i n d i c a t e d  t h a t  i n i t i a l  a l i g n m e n t  o f  the  c r y s t a l  was ac c u ra te  

t o  b e t t e r  t han  h 0 . The r o t a t i o n  ang le  was read d i r e c t l y  to  

I 0 and e s t i m a t e d  t o  0 . 1 ° .  E r r o r  i n  the  r o t a t i o n  ang le  i s  

b e l i e v e d  t o  be l e s s  than 0 . 1 ° . '  The da ta  p o i n t s  i n c l u d e d  i n  - 

F i g s .  5,  6 and 7 a re  those  f i n a l l y  used i n  the  l e a s t  squares 

c a l c u l a t i o n  o f  t he  c u r v e s .  To t e s t  t he  e f f e c t  o f  e r r o r s  on 

t he  va lu es  o f  t he  e fg  t e n s o r  components i n  t he  p r i n c i p a l  axis- 

system a s e t  o f  v a r i e d  da ta  was f ed  i n t o  the  d i a g o n a l i z a t i o n  

program and the e s t i m a t e s  o f  e r r o r  were based on the r e s u l t i n g  

v a r i a t i o n  i n  t he  o u t p u t .

DISCUSSION. .

The ' deu te ron  e fg  r e s u l t s  are r e l a t e d  t o  t he  LiHzS 

s t r u c t u r e .  (See Append ix  C)
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Cou p l i ng  Cons tan t  eqQ/h., Asymmetry Parameter  n , and 

t he  Angle Formed Between the P r i n c i p a l  Ax i s  o f  the  e fg

Tensor and the C r y s t a l A xes , f o r t he  Deuteron S i t e s

I n d i c a t e d  i n F ig .  I . A lso  L i s t e d Is  the Angle Formed

Between the P r i n c i p a l Ax is  o f  the F i e l d G r a d i e n t  and the

Ve c t o r Between the  N i t r o g e n  and Pro ton  I n v o l v e d in  the

Bond. ( A l l E s t i  mated E r r o r s  f o r Angles Given Are +1° ) .

Temp. eqQ/h *zz.
0K Bond kHz n 6 X Gy 6 Z

N-H
angl  e

deg.

I 208 + 1 0 . I 6± 0 .07 107 19 97 9

2 178+1 0 .1 2+0 .07 114 6 155 4
77

3 166 + 1 0 .0 5+0 .07 73 I 62 97 10

4 167 + 1 0 .10+0 .07 114 4 25 7

5 162 + 1 0 .05+0 .07 8 70 131 I

I 201 ±1 0 .15+0 .07 108 20. 98 7
193

2 178 + 1 0 .08+0 .07 114 5 155 4
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nex t  l a r g e s t  components o f  the  e fg  t e n s o r  w i l l  be denoted 

as f i r s t  p r i n c i p a l  and second p r i n c i p a l  axes r e s p e c t i v e l y .

As can be seen f rom Tab le  I I ,  t he  f i r s t  p r i n c i p a l  component 

l i e s  n e a r l y  a l ong  the N-H bond d i r e c t i o n  a t  each deute ron  

s i t e .  The ang le  so formed ranges f rom I 0 f o r  bond 5 to 

abou t  IO0 f o r  bonds I and. 3. (See Tab le  I I I  f o r  bond 

I e n g t h s . )

I f  the  ang les  formed between t he  e fg  p r i n c i p a l  ax i s  

d i r e c t i o n  and the c r y s t a l  axes f o r . o n e  o f  the  f i v e  s i t e s  o f  

t he  u n i t  c e l l  are  denoted ex , 6»,  and Qz , t hen  t he  t h r e e  

symmetry r e l a t e d  s i t e s  o f  the  c e l l  have the c o r re s p o n d i n g  

a n g l e s ,  6X, u-Qy,  6Z ; Tr-Qx , Gy, Qz ; Tr-Qx , i r -Qy,  Q2 « Th i s  

makes the  e fg  t e n s o r  p r i n c i p a l  a x i s  o f  s i t e  I o f  mo lecu le  

I and s i t e  3 o f  mo lecu le  4 a lm os t  p a r a l l e l  and s i t e - 2  o f  

mo lecu le  I and s i t e  4 o f  mo lecu le  4 n e a r l y  p a r a l l e l .  These 

s i m i l a r i t i e s  would make the  ass ignment  o f  e fg  t e n s o r s  t o  

bond s i t e s  ambiguous on the bas i s  o f  s t r u c t u r e  a l on e .  

F o r t u n a t e l y ,  the  ev idence  t h a t  t he  deute rons  o f  s i t e s  3,  4 

and 5 undergo h i n de r ed  r o t a t i o n  makes i t  p o s s i b l e  t o  ass ign  

t he  e fg  t e n s o r s  o f  s i t e s  I and 2 a t  193°K where the NMR 

s p e c t r a  o f  the s i t e s  3,  4 ,  and 5 are merged.

The second p r i n c i p a l  component i s  found t o  l i e  a p p r o x i ­

ma te l y  a l ong  the normal  t o  the  p l ane  d e f i n e d  by N-j -Ng-D.

The ang les  formed between the second p r i n c i p a l  component



and the  normal  t o  t he  p l ane  o f  N̂j -N2-D are 17 ° ,  16 ° ,  14° ,  

12° and 5° f o r  s i t e s  I t h ro ug h  5 r e s p e c t i v e l y .  The 

es t imated ,  e r r o r  i s '  ± 3 ° ,  somewhat I ar g.er  than f o r  t he  f i r s t  

p r i n c i p a l  component  because the efg.  t e n s o r s  are n e a r l y  

a x i a l l y  s y m m et r i c .  S i m i l a r  r e s u l t s  have been f ound by 

C h i b a f o r  t he  O - D . . .0 bond . The s l i g h t  change i n  the 

e fg  t e n s o r  o r i e n t a t i o n  o f  the  I and 2 s i t e  de u te rons  

between 77°K and 19 30 K i s  s m a l l e r  than  t he  e x p e r i m e n ta l  

e r r o r .

The spec t rum observed a t  an o r i e n t a t i o n  w i t h  c j_ Hq 

and near  b j J Hq showed some ev i dence  o f  a s p l i t t i n g  o f  the 

l i n e s  c o r r e s p o n d i n g  t o  s i t e  I .  Th i s  may i n d i c a t e  t h a t  the 

de u te ron  o f  s i t e  I can be found a t  e i t h e r  o f  two a lmos t  

i d e n t i c a l  p o s i t i o n s .  The o n l y  r e g i o n  o f  t he  r o t a t i o n  

spec t rum i n  wh i ch t h i s  s p l i t t i n g  was ev idenced  i s  t h a t  

c o r r e s p o n d i n g  t o  maximum s p l i t t i n g ,  f o r  wh i ch t he  f i e l d  H0 

i s  a lm o s t  a l ong  the  f i r s t  p r i n c i p a l  ax i s  o f  t he  f i e l d  

g r a d i e n t  t e n s o r .

I t  was assumed t h a t  such a s p l i t t i n g  m i g h t  be 

a s s o c i a t e d  w i t h  s t r u c t u r a l  d i f f e r e n c e s  c o r r e s p o n d i n g  -to 

f e r r o e l e c t r i c  domains i n  t he  c r y s t a l .  O r d i n a r i l y  the 

domains o f  o p p o s i t e  p o l a r i z a t i o n  o f  a f e r r o e l e c t r i c  are 

r e l a t e d  by r e f l e c t i o n . O b s e r v a t i o n  o f  such a s p l i t t i n g  as 

d e s c r i b e d  would i n d i c a t e  t h a t  i n  LiHzS domains are not
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r e l a t e d  by r e f l e c t i o n  and m igh t  be c o n s id e r e d  a new t ype  o f  

f e r r o e l e c t r i c .  An u n s u c c e s s f u l  a t t e m p t  was made to

observe-  t he  e f f e c t  o f  e l e c t r i  c f i e l d s , ,  o f  the ;  o r d e r  o f  

I v / m ,, on the spe c t rum.  Tfie' c r y s t a l ,  was p r epa red  by 

c u t t i n g  and p o l i s h i n g  f aces  p e r p e n d i c u l a r  t o  t he  c a x i s .  

S i l v e r  c o n t a c t s  were then p a i n t e d  on these  f aces  i n  the  

fo rm o f  E i n  o r d e r  t o  m in im i z e  r f  c u r r e n t s .  The s i g n a l  t o  

no i s e  r a t i o  was so degraded ,  by the  i n t r o d u c t i o n  i n t o  the  

sample reg ion ,  o f  t hese  p o l a r i z i n g  p l a t e s ,  t h a t  t he  l i n e  

s p l i t t i n g  was no l o n g e r  obse rved .  The low t e m p e r a tu re  

spec t rum showed no o t h e r  ev i dence  o f  domain e f f e c t s .

. A s t i f f l c f e n t l y  large.-..n.umbe , r h - y d - r oge-n  ̂ boTi-d'ed sysf.'ems 

o f  the  t ype  O-H. . .  0 have been s t u d i e d  t o  a l l o w  c o r r e l a t i o n  

o f  the  c o u p l i n g  c o n s t a n t  eqQ/h,  w i t h  0 . . . 0  bond l e n g t h s  and 

w i t h  the  O-H s t r e t c h i n g  f r e q u e n c i e s  ' . The number o f f

s i m i l a r  s t u d i e s  o f  M-H...-.X systems i s  s m a l l .  Tab le  IV l i s t s '  

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

s e v e ra l  such sys tems.
■ ' O O

0 . . . 0  bond- l e n g t h s  range f r om 2.40 A t o  abou t  3 A.
0.

The range (26)  0 f . j \ | . . . 0  bond l e n g t h s  i s  a p p r o x i m a t e l y  2.85 A.
O *  '

t o  .3.05 A._ A l t h o u g h  a p l o t  o f  eqQ/h a g a i n s t  b r i d g e  l e n g t h
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• x These- e s t i m a t e s  do no t  i n c l u d e  weak o r  b i f u r c a t e d  
bonds f o r  wh i ch t he  b r i d g e  l e n g t h  may be c o n s i d e r a b l y  
l o n g e r .  '
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' TABLE I I I  .

N-H.;. .X Bond Ang les  and I n t r a - b o n d '  Lengths  C a l c u l a t e d  

f r o m  the  Room Tempera tu re  Data o f  Padmanabhan and 

Balasubramanian- .  ^  ^

N - H . . . X
O

H-bond D imens ions ,  A

(H-bond) -

Bond A n g l e ,  Deg. N-H H . . . X  N X

I 11.8.2 1:02

LOC
O

C
M 2.97

2 156.4 1.02 2.09 3.05

3 166.3 K O  2 1.84 2.84

4 146.1 I . 01 2.00 2.89

5 150.3 T . 05 2.03 2.99

f o r  0 . . . 0  bonds shows a s t r o n g  c o r r e l a t i o n ,  an a t t e m p t  t o  

c o r r e l a t e  b r i d g e  l e n g t h  w i t h  eqQ/h f o r  N-H. . . 0  bonds was 

no t  s u c c e s s f u l .  W i t h i n  the  NDg group o f  LiDzS the 

dependence o f  eqQ/h on ( l / r ^ „ [ ) ) ^  i s  c o n s i s t e n t .  The 

s l ope  o f  such a p l o t  can be used t o  e s t i m a t e  the  e f f e c t i v e -  

charge o f  the  n i t r o g e n  nuc leus  i n  t he  crude a p p r o x i m a t i o n  

t h a t  no o t h e r  n u c l e a r  s i t e  c o n t r i b u t e s  t o  the  e fg  a t  the



TABLE IV

Cou p l i ng  Cons tan t s  and Asymmetry Parameters f o r  Some N-D Bonds.

Compound Bond T emperatu re eqQ/H ( kHz) n Reference

N-D-i . . .0
N - D p . . .0

298°K 210 . 8+1 0 .139+0 .010
Urea d. 2 98° K 21 0.. 7 ± I 0 .146+0 .0104 N-Dg. . . 0 298°K 206 .3+1 .2 0 .138+0 .010 I 9
s i n g l e  c r y s t a l

G l y c i n e N - D . . .0 ISO0K 168 0.00
p o l y c r y s t a l  I i n e N - D . . .0 I 50°K 188 0.00
(bond t ypes  are ND3 average T>250°K 80 0.24
c o n j e c t u r e d ) ND3 average T >250°K 71.2 0.40 20

G l y c i n e P r i n c i p a l
s i n g l e  c r y s t a l component
(bond t ype  i s ND3 average 298°K 51.10 .22
c o n j e c t u r e d ) ND3 average 298°K 51 .46 .22 21

ND4D2PB4 
s i n g l e  c r y s t a l N - D . . .0 298°K I 30 0 .0 22 .

ND4Cl
N - D . . . Cl

OCO 180 .1+1 .0 0 . 00±0.01 O Qs i n g l e  c r y s t a l u O

ND3 N - D . . .N 75°K 156 ±7
. p o l y c r y s t a l  I i  ne NDg average 185° K 72 .5+ .9 24

(ND4 ) 2SO4
OQIZ

77°K 180 0 ,0 25

2
5

“
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A  N - W - N

1 0 0 -

F i g .  8 . C o u p l i n g  C ons tan t  P l o t t e d  A g a i n s t  the  Square 
o f  the  X--H S t r e t c h i n g  Frequency f o r  O-H Bonds o f  a Number 
o f  Compounds Except  f o r  the  N-H Bonds o f  LiHzS as I n d i c a t e d .
( A f t e r  B l i n c  & H a d z i ) U

d e u t e r o n . Such an e s t i m a t e  y i e l d s  a va lue  o f  0 . 45e f o r  

t he  e f f e c t i v e  n u c l e a r  charge o f  the  n i t r o g e n .

F i g .  8 shows a p l o t  o f  eqQ/h a g a i n s t  t he  square o f
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t he  O-H and N - H ( 2 7 , 2 8 )  s t r e t c h i n g  f r e q u e n c i e s .  Bonds

r e p r e s e n t e d  i n  the  upper  r i g h t  r e g i o n  o f  the  p l o t  are

O - H . . ,0 bonds o f  c r y s t a l  h y d r a t e s ,  w h i l e  the  O - H . . .0 bonds

found  i n  phosphates  end s e l e n i t e s  are re p r e s e n t e d  i n  t he  .

l ow e r  l e f t  r e g i o n . The s t r o n g e r  bonds o f  the  c r y s t a l
o

h y d ra te s  show a l a r g e r  dependence on v t han  t he  bonds 

o f  t he  phosphates  and s e l e n i t e s . -  The p o i n t s  c o r r e s p o n d i n g  

t o  t he  n i t r o g e n - h y d r o g e n  bonds o f  LiHzS f a l l  near  the  

t r a n s i t i o n  between t he  two genera l  O-H bonds re p r e s e n t e d  i n  

t h i s  p l o t .



CHAPTER I I I  DEUTERON MOTION

CONDUCTIVITY A-ND- DIELECTRIC CONSTANT.

An e l e c t r o l y s i s  ex p e r im e n t  c a r r i e d  ou t  by Vanderkooy

demons t ra tes  t h a t  t he  c a x i s  c o n d u c t i v i t y  i n  L i  HzS i s  due

to  p r o t o n s .  E l e c t r i c a l  c o n d u c t i v i t y  measurements by

Vand e rk oo y9 C u t h b e r t  and F e t c h e s )  ( h e r e a f t e r  r e f e r r e d  t o

as VCP) show t h a t  the  c a x i s  c o n d u c t i v i t y  i s  two t o  t h r e e

o r d e r s  o f  magni tude g r e a t e r  than c o n d u c t i v i t y  i n  the  a o r  b

d i r e c t i o n .  T h e i r  ex pe r im en ts  were c a r r i e d  ou t  on c r y s t a l

samples o f  a p p r o x i m a t e l y  8 mm t h i c k n e s s  w i t h  e l e c t r o d e s  o f
2

area about  0 .5  cm . A dc v o l t a g e  o f  290 v o l t s  was a p p l i e d  

t o  t he  sample and an e l e c t r o m e t e r  was used t o  measure the 

c u r r e n t .  A l t hou gh  care was taken  t o  avo id  measur ing 

p o l a r i z a t i o n  c u r r e n t s  by w a i t i n g  a t ime a f t e r  a p p l i c a t i o n  

o f  the  v o l t a g e  b e f o r e  measur ing  t he  c u r r e n t , no ment i on  i s  

made o f  t he  use o f  a guard r i n g  c i r c u i t  i n  t he  ex p e r i m e n t .  

Values f ound f o r  the  c o n d u c t i v i t y  i n  the a,  b and c a x i s  

d i r e c t i o n s  are g i v en  i n  Tab le  V. The c a x i s  c o n d u c t i v i t y  

as a f u n c t i o n  o f  t e m p e r a tu re  found by VCP i s  d i s p l a y e d  i n  

F i g .  9. I t  was found t h a t  t he  a and b a x i s  c o n d u c t i v i t i e s  

co u l d  no t  be r e p r e s e n te d  by a s i n g l e  a c t i v a t i o n  energy ove r  

t h i s  t e m p e r a tu r e  range.

The c o n d u c t i v i t i e s  o f  LiHzS and LiDzS r e p o r t e d  h e r e i n  

have been measured by a s l i g h t l y  d i f f e r e n t  t e c h n i q u e .  The
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TABLE V -

C o n d u c t i v i t i e s  and A c t i v a t i o n  Energ ies  f o r  Normal and 

D eu te ra te d  L i t h i u m  Hydraz in i um S u l f a t e

a(f t  cm)" E Ax is
Measured a t  A c t i v a t i o n  Compound Measured Reference
Room Temp (eV) A long

0 . 9 3 + 0 . 0 9 x 1 Q - n LiHzS a VCP

O CO O 1+ O O to X O I L iHzS b VCP

0 . 2 3 ± 0 . 0 9 x l 0 " 8 0.85 LiHzS C VCP

0 . 4 x l 0 “ 12 0.34 LiHzS
( I r r e g u l a r  Sample)

a

0 . I B x l O ' 12 0 .58 LiDzS a

0 . 4 x 1 0" 12 0.47 LiDzS b

0 . 1 2x 1 0 " 9 0.65 LiDzS C

0 . 10x 10-8 0.51 LiHzS C

e x p e r i m e n t  i s  d e s c r i b e d  i n  Chap te r  IV.  The room te m pe ra tu re  

c o n d u c t i v i t i e s  f o r  d e u t e r a t e d  and un de u te r a te d  c r y s t a l s  are 

g i ven  i n  Tab le  V. A c t i v a t i o n  en e rg ies  are a l s o  g i v e n .

These are somewhat l ow e r  f o r  LiHzS than t hose  found by VCP. 

In a d d i t i o n  the a and b a x i s  c o n d u c t i v i t i e s  o f  the
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d e u t e r a t e d  compound were measured . A l t ho u gh  t hey  cou ld  

no t  be d e s c r i b e d '  by a s i n g l e  a c t i v a t i o n  energy  ove r  the 

e n t i r e  t e m p e r a t u r e  range s t u d i e d ,  the  data between room 

te m p e r a tu r e  and abou t  I l O 0C appeared l i n e a r  and was bes t  

f i t  t o  ge t  an e s t i m a t e  o f  the  a c t i v a t i o n  energy, f o r  t h i s  

r e g i o n .  Two a a x i s  and one b a x i s  s t u d i e s  were used,  

g i v i n g  the  a c t i v a t i o n  e n e r g ie s  i n d i c a t e d  i n  Tab le  V. Above 

170°C a l l  t h r e e  o f  these  l o g  c o n d u c t i v i t i e s  vs I / T  curves  

i n d i c a t e  a c t i v a t i o n  e n e rg i e s  o f  more than 1 .5  eV. The c 

a x i s  l o g  c o n d u c t i v i t y  vs 1/T cu rve  has a c o n s t a n t  s l ope 

ove r  t he  e n t i r e  t empe ra tu re ,  range and the  be s t  f i t  t o  t h i s  

' i s  shown i n  F i g .  9.

The d i e l e c t r i c  c o n s t a n t  o f  LiDzS has been measured i n  

t h i s  l a b o r a t o r y .  The r e s u l t s  o f  these  measurements are 

d i s p l a y e d  i n  F i g s .  10,  11 and 12. Pep insky  e t  a l , ( " * ° )  who 

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

f ound no anomaly i n  t he  d i e l e c t r i c  c o n s t a n t  between -196°C 

and 140°C.  Our s t u d y  has shown no d i e l e c t r i c  peak up to  

205°C.
*  2 2 A c c o r d i n g  t o  t he  Debye e q u a t i o n s  e' ^ 1 / (1  + m T )

and e" = mT / ( I + M2T2 ) .  Log e ' and l og  e" p l o t t e d  as

*A d i s c u s s i o n  o f  the  d i e l e c t r i c  l os s  may be found i n  
Chap te r  11 ;  D i e l e c t r i c  B eha v i o r  and S t r u c t u r e  by Char l es  
Phelps Smyth,  McGraw H i l l  Book Co. ,  I n c . ,  New York ,  1955.
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LiDzS

F ig .  9. Best  F i t  Curves o f  the Log a r i t h m o f  C o n d u c t i v i t y  
f o r  LiHzS and LiDzS as a F u n c t i o n  o f  Tempe ra t u r e .  ( VCP 
I n d i c a t e s  R e s u l t s  f rom Reference 29. )
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F ig .  10. L o ga r i t hm  o f  the  Real and Im ag ina ry  Pa r t s  o f  
the  D i e l e c t r i c  Cons tan t  f o r  LiHzS and LiDzS Measured Along
the c Ax i s  vs Frequency a t  which the  Measurement Was Made.
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f  u r i c t i  dns. o f  w f o r  s e v e ra l  f i x e d  t e m pe r a t u re s  show n e g a t i v e  

s l op es  near  - 0 . 5 ,  as shown i n  F ig .  10. Th is  b e h a v i o r  i s  no t  

c o n s i s t e n t  w i t h  t he  Debye e q u a t i o n s ^  which r e s u l t  f rom the 

assump t i on  o f  a s i n g l e  r e l a x a t i o n  t ime  t . i t  agrees q u i t e  

w e l l  w i t h  the  assump t i on  o f  a d i s t r i b u t i o n  y ( t ) o f  r e l a x ­

a t i o n  t imes  i n  t he  r e l a t i o n s

eoo +

00
y (  t.) dr

1 + W2T2 
O

w r y ( t ) dr  
I + W2T 2

J O

i f  Y ( t ) = ( a - l  )Tma" l ' [ e ( 0 ) - e oo] T a" 1 f o r  0<T<Tm, and y ( t ) = O

f o r  T > T . For t h i s  y ( t ) ,  i f  corm>>l , t he  d i e l e c t r i c  c o n s t a n t  m m
becomes

.__  ̂ ___ ___ ’ .'' -• 3 ____

S in 7^ f ------  s i n i s i i i l

The Co l e - C o le  p l o t  o f  e" ve rsus  e 1 i n  F ig .  11 shows t h a t  

Li  DzS a lmo s t  obeys t h i s  e x p r e s s i o n  a t  25°C f o r  a = 0 .5 .

A more c o n c e n t r a t e d  d i s t r i b u t i o n  o f  r e l a x a t i o n  t imes  i s  

e x h i b i t e d  by the cu rve  f o r  Li  HzS a t  room t e m p e r a t u r e ,  f o r  

wh i ch the c o n t r i b u t i o n  a ^ / e o w  to  e " made by the  dc con­

d u c t i v i t y  mechanism has been s u b t r a c t e d  o u t .  A s i n g l e  r e l a x ­

a t i o n  t ime  would g i v e  a s e m i c i r c l e  cen te r ed  on the  e 1 a x i s .

A c t i v a t i o n  e n e r g i e s  f o r  t he  r e l a x a t i o n  mechanism are 

e s t i m a t e d  f rom F ig .  12. For t he  d e u t e r a t e d  compound two • 

c o n t r i b u t i o n s  are e v i d e n t ,  a low t e m p e r a tu re  c o n t r i b u t i o n  o f

0 .4  eV and a c o n t r i b u t i o n  o f  0 .7  eV i n  the  t e m p e r a tu re  

r e g i o n  above 100°C.

e. £ 1 - j e  • = £ +
TT ( a- I ) [ e ( 0 )-eco] 

2 ( “ Tm>2



A D eu te ra te d  (25 C) 

o Undeu te ra ted  (26 .2

EIlF i g .  11. vs e ' f o r  LiHzS and LiDzS.
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F i g .  12. L o ga r i t hm  o f  the  Real and Imag ina ry  Pa r t s  o f  the 
D i e l e c t r i c  Cons tan t  f o r  LiHzS and L ipzS Measured A long the 
c Ax i s  as a F u nc t i on  o f  Tempera tu re .



' PREVIOUS MMR STUDIES.

. Two p r e v i o u s  NMR s t u d i e s  have been c a r r i e d  ou t  on 

L iH zS . ( 1 2 , 1 3 )  j n the  f i r s t  o f  t h e s e ,  the second moment o f  

t he  p r o to n s  and t he  qu .ad rupo la r  s p l i t t i n g  o f  L i ^  were 

measured.  In  the  l a t e r  w o r k , t he  second moment measurements 

o f  the  f i r s t  work were ex tended  and the s p in  l a t t i c e  

r e l a x a t i o n  t ime o f  t he  p r o to n s  was measured.  The f i r s t  

s t u d y  o f  the  second moment was c a r r i e d  ou t  b e fo re  the 

n e u t ro n  s t r u c t u r e  s tu d y  was done . On t he  ba s i s  o f  the 

second moments measured a t  v a r i o u s  t e m p e r a tu re s  i n  powder 

samples and i n  s i n g l e  c r y s t a l s  a t  v a r i o u s  o r i e n t a t i o n s ,  

t he  a r rangemen t  o f  the  p r o to n s  was deduced and the  NHg and 

NHg mo t i ons  were h y p o t h e s i z e d .  F i g .  13 shows the  p ro to n  

second moment as a f u n c t i o n  o f  t e m pe r a tu re  a l o ng  the  L V  

s a t e l l i t e  s e p a r a t i o n .  Because o f  the  change i n  the  

s a t e l l i t e  s e p a r a t i o n ,  C u t h b e r t  and P e t c h ^ ^ ^sugges t  t h a t  t he  

c r y s t a l  undergoes a g radua l  s t r u c t u r a l  change which i s  

comp le te  a t  abou t  I 65 °C .

The r e d u c t i o n  i n  the  second moment between l i q u i d  a i r  

t e m p e r a tu r e  and SO0C was a t t r i b u t e d  t o  the  on s e t  o f  h i n de r ed  

r o t a t i o n  o f  the  NH3 g r o u p . The f u r t h e r  r e d u c t i o n  between 

20° and I SO0C was t h o u g h t  due t o  wha tever  mechanism p r o v i d e d

exchange between s i t e s  I and 2. The f i n a l  drop i n  second
>

moment t o  the  ve ry  low va lue  o f  about  0 .5  gauss a t  20Q°C

- 3 6 -
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T E M P E R A T U R E ,*C '

F ig .  13. The Open C i r c l e s  Give the V a r i a t i o n  w i t h  
Tempera tu re  o f  t he  Frequency S e p a ra t i o n  Between the Two 
Li  7 S a t e l l i t e s  Which Occur  on t he  Same Side o f  the C en t ra l  
L i ne  and C o i n c i d e  i n  the High Temperature Polymorph o f  
L i t h i u m  Hyd r az in i um  S u l f a t e .  The S o l i d  C i r c l e s  Give the 
V a r i a t i o n  w i t h  Tempera tu re  o f  the  Second Moment o f  the 
Pro ton  Resonance i n  Powdered LiHzS.  ( A f t e r  Reference 12 )
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was t h o u g h t  t o  be due to. e i t h e r  r a p i d  d i f f u s i o n  o f  t he  

p r o to n s  t h ro ug h  t he  c r y s t a l  o r  t o  t u m b l i n g  o f  t he  e n t i r e

group .  These au th o rs  sugges t  t h a t  the  f e r r o e l e c t r i c  

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

N - H . . . N - H . . . c h a i n s ( F i g .  2 ) .  I t  was then p o i n t e d  ou t  t h a t  

on t he  ba s i s  o f  t h i s  m o de l , exchange between s i t e s  I and 2 

wou ld  l ead  t o  a l o s s  o f  o r d e r  o f  t hese  N-H d i p o l e s  and 

hence a f e r r o e l e c t r i c  t r a n s i t i o n .

The second moment measurements p r ese n t ed  i n  the  l a t e r  

s t u d y  are  i n  genera l  agreement  w i t h  t hose o f  t he  e a r l i e r ,  

a l t h o u g h  t he  knee i n  the  curve  a t  about  8 .8  gauss2 was no t  

r e pe a te d  ( F i g .  14 ) .  The s p i n  l a t t i c e  r e l a x a t i o n  t ime  o f  

the  p r o t o n s  was measured.  F i g .  15 shows a p l o t  o f  T] vs 

I / T . Below a t e m p e r a tu r e  o f  about  I 90°K the r e l a x a t i o n  i s  

a t t r i b u t e d  t o  m o l e c u l a r  r e o r i e n t a t i o n  o f  the  NHg group w i t h  

a c t i v a t i o n  energy  0.182 ± 0 .013 eV. I t  i s  assumed t h a t  

above about  GO0C the  NH^ r e o r i e n t a t i o n  mechanism i s  

r e s p o n s i b l e  f o r  t he  decrease i n  T-j and the a c t i v a t i o n  

energy  i s  found t o  be 0 .43  ± 0 .09  eV.

In summary, t he  second moment s t u d i e s  o f  t he  p r o t o n s  

sugges t  t h a t  t he  p r o to n s  o f  s i t e s  3,  4 and 5 undergo a 

h i n d e r e d  r o t a t i o n , and t h a t  t h i s  mot i on  becomes i m p o r t a n t  

i n  the  t e m p e r a tu re  range between 100 and 15O0 K. The 

p r o to n s  o f  s i t e s  I and 2 beg in  t o  undergo some s o r t  o f
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T  C C  )

F ig .  14. Tempera tu re  Dependence o f  the  Second Moment 
o f  the  Pro ton  A b s o r p t i o n  S igna l  f rom Powdered Li  HzS. 
( A f t e r  Reference 13)

exchange between s i t e s  i n  the  r e g i o n  near  O0C. Above I SO0C 

e i t h e r  a ve ry  r a p i d  d i f f u s i o n  o f  p r o t on s  between NgHg

groups s t a r t s  t o  occu r  o r  e l s e  the  groups themse l ves  beg in 

t o  tumble and t r a n s l a t e  t h roug h  the  c r y s t a l .  The T^ 

measurements y i e l d  a c t i v a t i o n  e n e r g i e s  f o r  the  r o t a t i o n s .

Li  ^ q u a d r u p o l a r  s p l i t t i n g  s t u d i e d  as a f u n c t i o n  o f
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F ig .  15. Tempera tu re  Dependence o f  the P ro ton  Spin 
L a t t i c e  R e l a x a t i o n  Time T-j i n  L i t h i u m  Hyd raz in i um S u l f a t e .  
( A f t e r  Reference 13)

t e m p e r a tu re  i m p l i e s  a s t r u c t u r a l  change t o  a h i g h e r  symmetry 

fo rm whi ch i s  comple te  near  I 65 °C .
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HIGH TEMPERATURE SPECTRUM.

I f  the  qu .ad rupo la r  i n t e r a c t i o n  i s  a p e r t u r b a t i o n  on 

t he  Zeeman i n t e r a c t i o n  as i n  t hese  e x p e r i m e n t s ,  when a 

d e u t e ro n  changes s i t e s  i t s  energy  l e v e l  scheme i s  changed 

i f  t h e r e  i s  a change i n  the  e l e c t r i c  f i e l d  g r a d i e n t  

component  p a r a l l e l  t o  H0 . When t he  r a t e  o f  s i t e  change 

becomes l a r g e  enough , the  s p e c t r a l  l i n e s  c o r r e s p o n d i n g  t o  

i n d i v i d u a l  s i t e s  are broadened and d i s a p p e a r .  I f  t he  

exchange f r e q u e n c y  becomes h i g h e r  s t i l l ,  a new p a i r  o f  

s p e c t r a l  l i n e s  may appea r ,  c o r r e s p o n d i n g  t o  an e fg  which i s  

t he  average ove r  t he  s i t e s  between which the  j ump ing  o c c u r s .

Ev idence d i s c u s s e d  i n  t he  p r e v i o u s  s e c t i o n  i n d i c a t e s  

t h a t  p r o t o n s  i n  the  NHg and NHg s i t e s  undergo h i n de red  

r o t a t i o n .  By s t u d y i n g  the  NNR s p e c t r a  o f  de u te rons  i n  LiDzS 

i t  has been p o s s i b l e  t o  ‘d e te rm in e  unambiguous l y  t he  t ype  o f .  

mo t i on  t a k i n g  p l a c e ,  a l ong  w i t h  e s t i m a t e s  o f  t he  f r e qu e nc y  

o f  the  m o t i o n ,  and t he  a c t i v a t i o n  e n e r g ie s  i n v o l v e d .

When t he  d e u t e ro n  NMR spec t rum ( F i g .  16) o f  L i DzS i s  

s t u d i e d  as a f u n c t i o n  o f  t e m p e r a tu re  i t  i s  f ound t h a t  the  

l i n e s  i n  a spec t rum c o r r e s p o n d i n g  t o  s i t e s  3,  4 ,  and 5 

broaden and v a n i s h  near  I l O 0 K. As the t e m p e r a tu re  i s  

f u r t h e r  i n c r e a s e d  a new p a i r  o f  l i n e s  appear  near  I 40°K.  

These l i n e s  are v e r y  s t r o n g  and are s t i l l  i n  ev i dence a t  

465°K.  The s p l i t t i n g  o f  t hese  l i n e s  as a f u n c t i o n  o f  the



143 K

F ig .  16. NMR Spec t ra  Taken w i t h  b l l  Hq a t  Temperatures I n d i c a t e d .
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Fig.  17 Quadrupole S p l i t t i n g  Pat terns of  the Two Sets
of  Averaged Lines f o r  Rotat ion about the a
C r y s ta l l o g r a p h ic  Axis at  95°C. Dashed Lines
In d ic a te  Regions in which the Spectra l  Lines
Could not be Observed.
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Fig.  18 Quadrupole S p l i t t i n g  Pat terns of  the Two Sets
of  Averaged Lines f o r  Rotat ion about the b
C r y s ta l l o g r a p h ic  Axis at  95°C. Dashed Lines
I n d ic a t e  Regions in which the Spectral  Lines
Could not be Observed.
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Fig.  19 Quadrupole S p l i t t i n g  Pat terns o f  the Two Sets
of  Averaged Lines fo r  Rotat ion about the c C r y s t a l l o ­
graphic Axis at  95°C. Dashed Lines In d ic a te  Regions in
which the Spectral  Lines Could not be Observed.
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ang le  between c r y s t a l  a x i s  and magne t i c  f i e l d  i s  shown i n  

F i g s .  17,  .18, and 19. Near 2850K, the l i n e s  i n  the 

spec t rum c o r r e s p o n d i n g  t o  s i t e s  I and 2 , broaden and 

d i s a p p e a r .  A new p a i r  o f  l i n e s ,  due t o  t he  average o f  s i t e s  

I and 2,  appears a t  about  330°K.  These l i n e s ,  however ,  are  

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

H0 . F i g s .  17,  18 and 19 show the  s p l i t t i n g  f o r  t hese l i n e s ,  

i n d i c a t i n g  as w e l l  t he  a n g u l a r  r e g i o n  i n  wh i ch the l i n e s  are 

no t  o b s e r v e d .

The comp le te  r o t a t i o n  spec t rum o f  the  deu te rons  was 

s t u d i e d  a t  193° ,  298° ,  338° ,  368° ,  and 438°K.  Because the 

spec t rum i s  no t  s e n s i t i v e l y  dependent  on t he  t e m p e r a t u r e ,  

a v a r i a t i o n  o f  ±5°C was a l l o w e d .  Th i s  produced v a r i a t i o n s  

i n  the  spec t rum w e l l  w i t h i n  e x p e r i m e n t a l  e r r o r .  The r e s u l t s  

o f  t hese  Measurements are t a b u l a t e d  i n  Tab le  V I .

The va lu es  o f  eqQ/h f o r  t he  averages ove r  s i t e s  3, 4 ,  

and 5 show a c o n s i s t e n t  decrease o f  about  10% f rom -80°C to  

I 65 °C. I f  a l l  t he  c o n t e n t s  o f  the  u n i t  c e l l  were t o  expand 

a t  t he  same r a t e ,  the  e fg  wou ld va ry  as ( l a t t i c e  

pa ra m e t e r ) " " 3 . Us ing the  average o f  the  a n i s o t r o p i c  t he rma l  

expans ion  c o e f f i c i e n t s , ^ 3 0  ̂ t h i s  t e m pe ra tu re  y i e l d s  an e fg  

decrease o f  abou t  2.5% f rom -S t i 0C to  165 °C. Two p o s s i b l e  

o r i g i n s  f o r  t he  re ma inde r  o f  t he  decrease are t he  i n c r e a s e  

w i t h  t e m p e r a tu re  i n  the  a m p l i t u d e  o f  the  t o r s i o n a l



TABLE VI

C ou p l i ng  Cons tan t  eq Q /h , Asymmetry Parameter  n , and the  Angles Between t he  F i r s t  
P r i n c i p a l  Axes and the  C r y s t a l l o g r a p h i c  Axes f o r  t he  e fgs R e s u l t i n g  f rom 
M o t i o n a l  A v e ra g in g  ove r  S i t e s  I and 2 and ove r  S i t e s  3,  4 and 5. C a l c u l a t e d  
Averages Based on e fgs  Measured a t  78°K f o r  I n d i v i d u a l  S i t e s  Are Given f o r  
Compari  s o n .

Temperatu re eqQ/h 9 kHz n
6 X e y 6 Z

( e r r o r , a l l  ang les  ± 0
I CO O
O

O 48.9 ± 0.5 0 .29 ± 0.05 37.1 127.4 89 .0

Measured f o r  25°C 48.6 ± 0.5 0.22 ± 0 .05 38.0 127.5 89.9
average due t o
s i t e s  3,  4 and 5 65°C 47.5 ± 0 .5 0 .18 ±  ■0.05 38.4 128.3 88 .4

95°C 46.3 ± 0.5 0.16 ± 0.05 39.1 129.0 87.6

I 65°C 44.0 ± 0.5 0 .20 ± 0 .05 40.1 130.0 87 .5

C a l c u l a t e d  average 
f o r  s i t e s  3,  4 and 
5

51.0 0.46 36.9 126.7 88.5

Measured f o r ( e r r o r 9 a l l  ang les  ± 2
average due to
s i t e s  I and 2 95°C 91.0 ± 3 0.90 ± 0.15 64.0 52.0 131.0

I 65°C 89.4 ± 3 0.75 ± - 0.15 64.1 61 .3 139.5

C a l c u l a t e d  average 
ove r  s i t e s  I and 2 97 .8 0 .98 64.2 45.8 124.8

-4
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o s c i l l a t i o n s  o f  the  ND3 g r o u p s , and the  s t r u c t u r e  change 

i n d i c a t e d  by the: decrease i n  the  d i f f e r e n c e  between the 

q u a d r u p o l a r  s p l i t t i n g s  o f  the  two L i ^  s i t e s .  The 

d i r e c t i o n  o f  the  f i r s t  p r i n c i p a l  a x i s  o f  the  ND3 group 

average forms an ang le  o f  3 . 6 °  a t  room t e m p e r a t u r e , 2 .6 °  

a t  95°C and about  I 0 a t  16 50 C w i t h  the  N-j -Ng d i r e c t i o n  as 

c a l c u l a t e d  f rom the  ne u t r on  d i f f r a c t i o n  da ta  o b ta i n e d  a t  

room t e m p e r a t u r e .

A somewhat s i m i l a r  ND3 group has been s t u d i e d  i n  

g l y c i n e  (Tab le  I V ) .  Th i s  group i s  o f  the  form C-NDg as 

opposed t o  the  N-NDg found i n  L iDzS. '  The c o u p l i n g  c o n s t a n t  

f o r  t he  g l y c i n e  NDg average i s  between 70 and 80 kHz as 

compared t o  48 .6  kHz i n  LiDzS a t  25°C. The asymmetry 

pa rame te r  f o r  t he  group i n  g l y c i n e  i s  0 .22  as compared t o  

0 .22 ± 0 .05  i n  Li  DzS. Th i s  would sugges t  t h a t  e i t h e r  the  

e f f e c t i v e  charge o f  t he  n i t r o g e n  i n  a N-N bond i s  l e ss  than 

t h a t  i n  an N-C bond o r  t h a t  the  N-D d i s t a n c e s  are g r e a t e r  

i n  L i  DzS than  i n  g l y c i n e ,  o r  a co m b in a t i o n  o f  t hese two.

The e fg  r e s u l t i n g  f rom mo t i on a l  a v e r a g i n g  ove r  bonds 

I and 2 d i d  no t  change measurab l y  between 65 and 95°C. The 

e fg  a t  I 65°C showed a change and i t s  c o u p l i n g  c o n s t a n t ,  

asymmetry p a ra m e te r ,  and ang les  are g i ven  i n  Tab le  VI .  

Because o f  the  l i m i t e d  a n g u l a r  range ove r  wh i ch  these l i n e s  

cou ld  be ob s e rv ed ,  the  e s t i m a t e d  e r r o r  i s  l a r g e r  than f o r



t he  D3-D4-D 5 ave rage . '  At  95°C the  f i r s t  p r i n c i p a l  a x i s  o f  

t he  D-]-Dg average l i e s  w i t h i n :  2° o f  t he  p l ane  d e f i n e d  by 

* " * ! V *"*2 anc  ̂ w i t h i n  4° o f  t he  l i n e  b i s e c t i n g  the. -N^ -Hg 

a n g l e .

Values  o f  t he  c o u p l i n g  c o n s t a n t ,  asymmetry pa ram e te r ,  

and t he  ang les  between the  f i r s t  p r i n c i p a l  a x i s  and the 

c r y s t a l  axes are g i ve n  i n  Tab le  VI f o r  a c a l c u l a t e d  average 

ov e r  s i t e s  1-2 and ov e r  s i t e s  3 - 4 - 5 .  Th is  c a l c u l a t e d  

average i s  o b t a i n e d  f r om an e fg  whose components i n  the 

c r y s t a l  f rame are t he  sums o f  t he  components o f  the e fg  

t e n s o r s  f o r  t he  i n d i v i d u a l  s i t e s  i n  the  c r y s t a l  f rame, 

d i v i d e d  by the number o f  s i t e s .  The agreement  between the  

c a l c u l a t e d  averages  and the va l u es  o b t a i n e d  a t  l o w e s t  

t e m p e r a tu r e  measured i s  good . The t ype  o f  mo t i on  which 

g i v e s  r i s e  t o  t hese  averages can be unde rs tood  f rom the 

measurements d i s c u s s e d  above.  The ND3 exchange t akes  p l ace  

s y m m e t r i c a l l y  about  the  N-N a x i s  by means o f  h i n de r ed  

r o t a t i o n  t h ro ug h  120°  s teps  as was sugges ted by C u th b e r t  

and P e t c h ( T Z ) .  The D1 , Dg a v e r a g i n g  takes  p l a c e  by 

i n t e r c h a n g e  between s i t e s  I and 2 bonded t o  t he  same 

n i t r o g e n .  Th i s  does no t  i n d i c a t e  a r o t a t i o n  about  the  N-N 

bond d i r e c t i o n  as had p r e v i o u s l y  been sugges ted  as a 

p o s s i b l e  m o t i o n . ( T 3)
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EXCHANGE 'PROBABILITY..

Abragamf 8 ) d i scu ss es  a genera l  method f o r  c a l c u l a t i n g  

t he  exchange p r o b a b i l i t y  per  u n i t  t i m e ,  n , f o r  n u c l e a r  

exchange between s i t e s  f rom a knowledge o f  the  l i n e  w i d t h .  

S ince i n  p r i n c i p l e  the  t e c h n i q u e  i s  a p p l i c a b l e  t o  the  case 

o f  j ump ing  between any number o f  n u c l e a r  s i t e s ,  i t  i s  

p o s s i b l e  t o  e s t i m a t e  the  exchange p r o b a b i l i t y  as a f u n c t i o n  

o f  t e m p e r a tu re  and a l s o  the a c t i v a t i o n  energy  f o r  the  

exchange o f  de u te rons  o f  both NDg and NDg s i t e s .  C h i ba (31)  

has a p p l i e d  a s i m i l a r  method t o  the  case o f  DgO i n  

Ba(ClO3 ) 2 -D2O.

The c a l c u l a t i o n  o f  the  r e l a t i o n  between i n t e r s i t e  

exchange p r o b a b i l i t y  and l i n e  w i d t h  i s  based on the 

f o l l o w i n g  assu mp t i on s .  The p r o b a b i l i t y  t h a t  the  Larmor 

f r e q u e n c y  o f  t he  n u c l e u s , w, has a va lue  w2 a t  the  t ime 

t 1 = t  + At  when i t  i s  known t h a t  i t  had a v a lu e  w-| a t  

t ime t  i s :

1. i nd ep e nd e n t  o f  the  va lu es  o f  w p r i o r  t o  t
2 . dependent  on the  t imes  t  and t 1 o n l y  t h ro ug h  the 
d i f f e r e n c e  t '  - t  = At  and can a c c o r d i n g l y  be w r i t t e n  as
W((l)l [o iggAt ) .

The a b s o r p t i o n

CO

I (to) = re. f  G ( t ) e - i w t d t  (3 .1 )
O

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

G ( t  ) = < e x p { i / ( o ( t ' ) d t ' }> .
O

I t  i s  f ound t h a t

G ( t ) = W " ' e x p { ( i w + F ) t } ° T ,

which makes

I ( w ) = r e { W 'A ~ ^ • I } .

( 3 . 2 )

( 3 . 3 )

( 3 . 4 )

W i s  a v e c t o r  whose components , , are the p r o b a b i l i t i e s  

t h a t  a t  any t i m e  t  t he  f r e q u e n c y  o f  t he  system i s  w . A-  ̂

i s  the  i n v e r s e  o f  the  m a t r i x

A= i  ( u- ojI )+ir ( 3 . 5 )

where w i s  a d i a go n a l  m a t r i x  w i t h  components (w) „= oj 6 s3 aB a aB

( irVae=ir^a)a sWB̂  t he  p r o b a b i l i t y  o f  t r a n s i t i o n  between l e v e l s  

ma and Wg9 T a  u n i t  m a t r i x ,  and w a c o n s t a n t .  A i s  o f  rank 

n where n i s  t he  number o f  deu te r on  s i t e s  among which j ump­

i ng  o c c u rs .  The m a t r i c e s

and

TT

Q -Qj
( 3 . 5 )

o)+ 6 o 

o w- 6
( 3 . 7 )

where 26 i s  the  l i n e  s e p a r a t i o n  (see F ig .  20) g i ve  f o r  the



Merged

Unmerged

Id ea l  Spect rum
Merged

Unmerged Unmerged

Unmerged

ND2
<----------- 46 .5  kHz

Merged

—  28.5 kHz_^

Merged

Unmerged 

ND3 I-----------

< 66
39

>
<- 106 kHz >

F i g .  20. I d ea l  and Observed D3 and D2 NMR S p e c t r a .



- 5 3 -

ND2 case

i (w+S+iA)-f i

fi i (o)-6 + i a )-$2

where A is  the unbroadened l i n e  width .

The r e s u l t i n g  a b s o r p t i o n  f o r  the  ND2 case i s

y -

C j f  (-a)+6 - j  a ) - ((0+ 6 + i A )1 - 
I ( w ) = r e i  ( 6 2+A2-(u2 ) - 2 Af i + 2 i o j ( ^ - A )  J

( 3 . 8 )

( 3 . 9 )

For the  ND^ case the m a t r i c e s

n / 2

0 /2

-O j
( 3 . 1 0 )

and

/  (i) + 6

\ 0 j -  6 I
( 3 . 1 1 )

y i e l d

I i (co+6 + i a ) - o Y

i (uD+i a ) - o

Y

Y

Y

( 3 . 1 2 )

i ( (D - 6 + i  a ) - o J .
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A i s  the  unbroadened l i n e  w i d t h  and y = o /2 .  The a b s o r p t i o n  

i s  t hen  c a l c u l a t e d  t o  be ( 3 . ] 3 )

3 i M( f i+2A) - 3fiA- ( 3 f i / 2 ) ^ - 6 ^  + 3oj^-3A^

I.(.u)).= re

2 . .3  ,2,i j T - u ^  +  3 ( t i A ^  +  o ) 6 ^  +  ( i9 /  4 ) ^ ^ u )  +  6 f i o3A^  +  j j B  o) ^ A  -  A 0  - S ^ f i  +  3 ^ 0 ) '

-3f iA2 - (9 /4. ) f i2A I V .

The low te m p e r a tu r e  spec t rum observed f o r  t he  ND^ group con­

s i s t s  o f  two l i n e s  s p l i t  by 75 kHz ( F i g .  20 )•  For the  ND^ 

group t h r e e  l i n e s  are i n v o l v e d  and the l i n e  s e p a r a t i o n  i s  

i n d i c a t e d  i n  F i g .  20 •  H to) i s  approx ima ted  f o r  two l i m i t i n g  

cases ,  f i<<6 ( low t e m p e r a t u r e )  and n>>6 (h i gh  t e m p e r a t u r e )  

and f rom the  r e s u l t i n g  r e l a t i o n s  the l i n e  w i d t h  i s  i d e n t i ­

f i e d .

The NDg l i n e  w i d th s  a re :

^ L T - = + A Low Tempera tu re

Wht =■ ( 6 2/ 2 0 )  + A High Tempera tu re

The NDq l i n e  w i d t h s  a r e :

WfT = fl. + A 

wHT

• Low Tempera tu re

4 /9  62/ f i  + A High Tempera tu re



These e x p r e s s i o n s  are then so l ve d  f o r  ft. The l i n e  w i d th  

v a l u e , W, i s  o b t a i n e d  by measur ing  the s i g n a l  t o  no i se  r a t i o  

(S/.N,) as; a. f u n c t i o n  o f  t e m p e r a t u r e . The l i n e  w i d t h  i s  assumed 

t o  be the  r e c i p r o c a l  o f  the  q u a n t i t y  C( T / T 0 ) ( S / N )  where T / T 0 

compensates f o r  t he  decrease i n  p o p u l a t i o n  d i f f e r e n c e  and 

hence S/N w i t h  i n c r e a s i n g  t e m p e r a t u r e  T . For t he  NDg group 

the  c o n s t a n t  C i s  o b t a i n e d  f rom the  va lue  ( 2 . 3 x 1 O ^ / s e c " ^ ) o f  

t he  l i n e  w i d t h  a t  a t e m p e r a t u r e  low enough t o  i n s u r e  no l i n e  

b r oad en i ng  due t o  t he  mo t i on  o f  i n t e r e s t .  The w i d t h  o f  the . 

merged l i n e  i s  a p p r o x i m a t e l y  t he  same so the  same va lue  o f " C 

i s  used f o r  bo th  the  h igh  and low te m p e r a tu re  c a s e s . The 

l i n e  w i d t h  f o r  the  NDg group merged l i n e s  i s  l a r g e r  

(3 .9x1  OzV s e c - I ) t han  t h a t  f o r  the  unmerged l i n e s  so a 

d i f f e r e n t  v a lu e  o f  C was used f o r  t he  h i gh  t e m p e r a tu re  than 

f o r  t he  low t e m p e r a t u r e .  The va l ue  o f  S used i n  t he  

c a l c u l a t i o n  f o r  ND3 group was o b t a i n e d  by t a k i n g  t he  average 

o f  the  s e p a r a t i o n  o f  t he  t h r e e  unmerged l i n e s  g i v i n g  

6 = H O kHz. The v a lu e  o f  S used i n  the  c a l c u l a t i o n  f o r  the 

NDg group was taken  t o  be h a l f  the  s p l i t t i n g  o f  the  two 

unmerged l i n e s  (see F ig .  20 ) .  The r e s u l t i n g  va l u es  o f  ft are 

p l o t t e d  a g a i n s t  I / T  i n  F i g s .  21,  22. The NDg da ta  f o r  the  

unmerged and merged re g i o n s  i s  f i t t e d  to  the l i n e  shown 

y i e l d i n g  an a c t i v a t i o n  energy  f o r  t he  ND3 mot ion  Ea =

- 55 - .
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F i g .  21.  Tempera tu re  Dependence o f  t he  Exchange 
P r o b a b i l i t y  O f o r  Exchange Between Deuteron S i t e s  I and 2.
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F ig .  22.  Tempera tu re  Dependence o f  t he  Exchange 
P r o b a b i l i t y  fi f o r  Exchange Between Deuteron S i t e s  I ,  2 and 3.
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The NDg da ta  f o r  t he  merged l i n e s  shows a much s t e e p e r  

s l ope,  than f o r  t he  unmerged r e g i o n .  The s t r a i g h t  l i n e  

shown i n  F i g .  22 co r responds  t o  an a c t i v a t i o n  energy  o f  

. 19 e V., and ap p r o x i ma te s  a be s t  f i t  t o  t he  da ta  shewn.

The method d i sc u s se d  i n  t h i s  s e c t i o n  i s  no t  as 

dependab le a t e c h n i q u e  f o r  d e te rm in g  t he  a c t i v a t i o n  energy 

f o r  such mo t i on  as i s  the  measurement  o f  the  deu te r on  s p i n -  

l a t t i c e  r e l a x a t i o n  t i m e ,  T-]. The s l ope  o f  the  cu rve  ft ver sus  

I / T  i s  dependent  on bo th  the l i n e  s p l i t t i n g  6 and t he  l i n e  

w i d t h  A. The v a lu e  chosen f o r  6 i s  unambiguous o n l y  i s  the  

s p l i t t i n g  i s  such t h a t  the  ave raged l i n e  f a l l s  on the re a l  

average o f  t he  p o s i t i o n s  o f  the  unmerged l i n e s .  In the  

case o f  t he  ND3 mo t i on  the  i d e a l i z e d  spec t rum and the  rea l  

spec t rum d i f f e r  ma r ked l y  (see F i g .  20 ) .  The p r i m a r y  

advantage o f  t h i s  t ype  o f  measurement  i s  t h a t  i t  may p r o v i d e  

an e s t i m a t e  o f  t he  a c t i v a t i o n  energy  f o r  a p a r t i c u l a r  mot i on  

on the ba s i s  o f  a much l e s s  complex and ex p ens i v e  appa ra tus  

than i s  r e q u i r e d  f o r  T-j measurements .

DEUTERON SPIN-LATTICE RELAXATION.

The s p i n - l a t t i c e  r e l a x a t i o n  t ime T-j f o r  de u te rons  i n  

LiDzS was measured by a doub le  90° pu l se  t e c h n i q u e .  The



f i r s t  p u l s e  i s  a p p l i e d  t o  t he  system i n  e q u i l i b r i u m  and 

the  n u c l e a r  response a g i ven  t ime  a f t e r  the  end o f  the  

p u l s e  has a magni tude Sq . The second pu l se  i s  sepa ra ted  

f r om the  f i r s t  pu l s e  by a t ime  t .  The response S( t )  t o  

t he  second pu l se  was measured and f i t t e d  t o  t he  r e l a t i o n

S0 - S ( t )  = S0e - t / T ]  _ ( 3 . 1 4 )

*
I t  can be shown t h a t  f o r  the  t h r e e  l e v e l  de u te ron  system 

(m = - I ,  0,  + 1 ) ,  Eq. ( 3 . 1 4 )  ho lds  o n l y  f o r  the  exp e r i me n t  

c a r r i e d  ou t  w i t h  the  l i n e s  c o r r e s p o n d i n g  t o  t r a n s i t i o n s  

between m = ( 0*--*+!) and m = ( - 1^ 0 ) merged so t h a t  the 

p o p u l a t i o n  d i f f e r e n c e s  between t he  m = 0,  m = I and m = Os 

m = - I  l e v e l s  are s y m m e t r i c a l l y  reduced t o  z e r o .  The 

e q u i l i b r i u m  p o p u l a t i o n s  are then r e - e s t a b l i s h e d  w i t h  a 

s i n g l e  t ime  c o n s t a n t ,  T1 = (P1 + 2P2 ) " 1 , where P1 and P2 

are  t he  p r o b a b i l i t i e s  f o r  a Am = I and Am = 2 t r a n s i t i o n  . 

r e s p e c t i v e l y . *

F i g . 23 shows the va l u es  o f  ! / T 1 o b t a i n e d  by t h i s  

method p l o t t e d  a g a i n s t  1 /T .  Because o f  the  c o m p l e x i t y  o f  

t he  spec t rum i n  the  r e g i o n  be low O0C i t  was no t  p o s s i b l e  to  

c a r r y  ou t  the  e x p e r i m e n t  on t he  ND3 l i n e s  a t  a c r y s t a l

- 59-
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p e r t i n e n t  t o  t h i s  s e c t i o n .
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o r i e n t a t i o n  f o r  wh i ch the l i n e  s p l i t t i n g  was z e r o .  A t t e m p t s
I

t o  do so r e s u l t e d  i n  e r roneous  response ,  because the F o u r i e r  

spec t rum o f  the  90° p u l s e  c o n t a i n e d  components a t  the f r e ­

quency o f  n e i g h b o r i n g  l i n e s  and c o n s e q u e n t l y  the  response 

was modu la ted  a t  a f r e q u e n c y  de te rm ined  by the  s e p a r a t i o n  

between t hese l i n e s .  The same prob lem was encoun te red  when 

measurements o f  T-j f o r  the  NDg l i n e s  were a t t em p te d  a t  the  

zero  c r o s s i n g s .  Consequen t l y  t he  NDg and low te m pe r a tu re  

NDg ex p e r i m e n ts  were done w i t h  the  c r y s t a l  o r i e n t e d  w i t h

- 6 1 -

The e x p e r i m e n t a l  r e s u l t s  f o r  a j j  Hq and f o r  the

t r a n s i t i o n  m = - I  t o  m = 0 appear  t o  depend on o n l y  a

s i n g l e  r e l a x a t i o n  t ime  whi ch i s  t aken  t o  be the  e x p e r i m e n ta l

T -j . The va lu es  o f  T-j measured ( F i g .  2 3 )  f o r  t he  o r i e n t a t i o n

a [ j H0 were o b t a i n e d  by s a t u r a t i n g  the m = 0 t o  m = - I

t r a n s i t i o n  and a n a l y z i n g  t he  response t o  de te rm in e  t h i s
*

s i n g l e  r e l a x a t i o n  t ime  T- j . The t h e o r e t i c a l  response f o r  

t he  e x p e r i m e n t  i n  wh i ch o n l y  one o f  the  t r a n s i t i o n s  i s  

s a t u r a t e d  i s  ( 3 . 1 5 )

So " S( t )  = 1  S0 [3  e x p ( - 3 P 1 ) t  + exp - ( P 1 + 2 P g ) t ]  . *

*Ap pen d i x  B c on ta i ns . . a  deve lopment  o f  the  eq ua t i o ns  
p e r t i n e n t  t o  t h i s  s e c t i o n .



T A B L E  VII

Values o f  E l e c t r i c  F i e l d  G r a d i e n t  Tensor  Components i n  the  C r y s t a l  
•System M u l t i p l i e d  by K = 3eQ/2h , i n  kHz , f o r  t he  F i ve  Deuteron .S i tes  i n  
L i N 2D5SO4 .

Si te K^yy K*ZZ K*xY K*XZ Ktjjyz

I - 9 6 . 7 264.6 - 1 6 7 .9 I ro O
T

-

L
O -  28 .8 51 .9

2 -71 .2 - 1 1 5 . 8 187.0 0 .0 - 1 5 2 . 3

OOL
O

3 I V
O

V
O

C
O 221 .8 - 1 22 .5 90.3 15.1 62.2

4

OCOCOI - 1 2 8 . 0 186.0 0 .0 136.2 -1 7 .7

5 50.0

L
O

V
O

O
rI 46 .0 75.7 - 1 8 6 .3

COC
O1



TABLE VIII

Values o f  E l e c t r i c  F i e l d  G r a d i e n t  Tensor  Components i n  the  System
z ' l l  a Mul t i p i i e d  by K 
L i N 2H5SO4 .

= 3eQ/2h i n  kHz f o r  t he  F i ve Deuteron S i t e s  i n

S i t e K<f>x' x ‘ K<i>y 1 y 1 K^z 1 z ' Ki1X1 y 1 Ki1X ' z ' Ki’y 1 z 1

I . . 264.6 - 1 6 7 . 9 -  96 .7  51.9 - 1 2 6 .9 -  29 .8

2 - 1 1 5 . 8 187.0 - 7 1 . 2  -  50.0 0 .0 -15 2 . 3

3 221 .8 - 1 2 2 .5 -  99 .3  62.2 90.3 15.1

4 - 1 2 8 . 0 186.0 -  58 -  17.7 0 .0 136.2

5 - 96 .5 46 .0 50.5 -  84.3 75.7 -1 86 .3

.  _



TABLE IX

Values o f  t he  E l e c t r i c  F i e l d  G r a d i e n t  Tensor  Components i n  the  System 
z '  i n  t he  Plane o f  a ,b  and 18° f rom z 1 || a M u l t i p l i e d  by K = 3eQ/2h i n  kHz 
f o r  t he  Deuterons  o f  S i t e s  3,  4 ,  and 5 S e p a r a t e l y .  A l so  I n c l u d e d  Are the 
D3 Average e fg  Tensor  Values (Same O r i e n t a t i o n ) .

S i t e  K(J)x ' x • Kt j j y iy i K(J)z I z I • x 1 y 1 x 1 z 1 K(j)yiz i

3 - 1 2 2 .5 381.7 -25 9 . 2 -  54.5 33.6 -  94 .4

. 4 186 - 1 20 .9 - 65.1 -  58.9 124.3 20.6

5 • 46 .0 - 1 2 6 .8 80 .8 - 22.7 -203 .2 43 .2

ND3
(+72° )

36 .7 28.5 - 65 .2 - 16.3 7.0 10.7

ND3

( - 7 2 ° )

36 .7 -  36.5 - 0 . 2 : 9.1 - 15.2 -  10.7

-6
4



The va lues  o f  t he  components o f  the  f i e l d  g r a d i e n t  t e n s o r s ,  

<f>-jjs were o b t a i n e d  by. t r a n . s f o r m i ng f rom the  t e n s o r  expressed 

r e l a t i v e  t o  t h e  c r y s t a l  system by a r o t a t i o n  about  the 

a p p r o p r i a t e  c r y s t a l  a x i s  t h ro ug h  an ang le e t o  b r i n g  the 

z a x i s  p a r a l l e l  t o  the  f i e l d  Hq . Table  V I I  g i v e s  the 

components o f  the  e fg  t e n s o r  i n  t he  c r y s t a l  system f o r  t he

bonds used i n  the  a n a l y s i s .  The components o f  the  e fg

t e n s o r  r e l a t i v e  t o  a system i n  which z ' Jja are g i ven  i n  

Tab le  V I I I  and t he  components o f  the e fg  t e n s o r  r e l a t i v e  t o  

a system i n  wh i ch the  c r y s t a l  i s  r o t a t e d  about  the  c a x i s

t h r ou g h  the ang le  72° f rom z 1 |J b are g i ven i n  Tab le  IX.

The t r a n s i t i o n  p r o b a b i l i t i e s  were c a l c u l a t e d  on the 

assumpt ion  t h a t  t he  exchange cau s i ng  r e l a x a t i o n  i s  

a s s o c i a t e d  w i t h  r o t a t i o n  o f  the  NDg group o r  NDg g r o u p , as 

opposed t o  exchange between n e i g h b o r i n g  NgDg g r o u p s . Using 

the  va lu es  o f  P-] and Pg (see Tab le  X )  c a l c u l a t e d  f o r  the  

a || H0 d a t a ,  va lu es  o f  (S0 - S ( t ) )  can be p l o t t e d  on semi -  

l o g a r i t h m i c  paper  a g a i n s t  t . For  va lues  o f  Sq - S ( t ) > 0 .15 

these  p l o t s  are a lmo s t  l i n e a r  wh i ch e x p l a i n s  t he  f a c t  t h a t  

the  e x p e r i m e n t a l  response seems to  depend on a s i n g l e  

r e l a x a t i o n  t i m e .  By f i t t i n g  a s t r a i g h t  l i n e  t o  t hese p l o t s  

a s i n g l e  e f f e c t i v e  r e l a x a t i o n  t ime  i s  f ound .  Th i s  e f f e c t i v e  

r e l a x a t i o n  t ime  T ] e i s  c a l c u l a t e d  f o r  both t he  NDg and the  

NDg groups w i t h  a [I H0 . The r e l a x a t i o n  t ime f o r  the NDg

- 6 5 -



-66-

TABLE X

C a l c u l a t e d  Values o f  the  A m  = I and 
P r o b a b i l i t i e s  f o r  the  Cases' o f

Am = 2 T r a n s i t i on 
I n t e r e s t

PI P2

ND3 (H0 Il a)

a)Tc <<! 0.845X1 Tc / s e c ^

cot >>1 0.845x1 Ql I
C Oi^T s e c 2c

2 . 0 2 x l 0 11Tc/ s e c 2

0.505X1011
2 2 to T sec

NDg(720 f r om H0 b about  c a x i s )

toTc < < l  0.993x1 TcZsec2 I .48x1 TcZsec2

ND2 (H0 Il a)

0 .1 5 2 x 1 O ^ Z w 2Tc Sec'2 0 . 3 5 5 x 1 Ô  I Zw2Tc Sec2wTc » l



-67-

group w i t h  z 1 i n  the  ab p l ane  72° f rom the b a x i s  i s  

o b t a i n e d  d i r e c t l y  f r om = - (P-j + 2Pp) .  These c a l c u l a t e d  

r e l a x a t i o n  t imes  a l l  depend on Tc , the  c o r r e l a t i o n  t i m e .

The f r e q u e n c y  w = 2 tt x 14.020:  MHz was employed f o r  the  e n t i r e  . 

e x p e r i m e n t . The assumpt i on  i s  made t h a t  Tc = T0e x p ( Ea/ kT) 

so t h a t  t he  c a l c u l a t e d  r e l a x a t i o n  t imes  depend on the 

parameters .  Ea and T0 .

In  the  t e m p e r a tu re  r e g i o n  be low 250°K ( I / T  > 4 x 1 0  ^ / 0 K) 

a maximum in  the  I /T-j cur ve  i s  e v i d e n t .  The s l op es  o f  the  

cu rve  i n  the  r e g i o n s  above and below the  peak are equal  i n  

mag n i t u de ,  and depend t h roug h  Tc on the  pa ramete rs  Eg and T0 . 

For t e m p e r a t u r e  r e g i o n s  above and below the  peak T-j i s  

p r o p o r t i o n a l  t o  I / T c and M2Tc r e s p e c t i v e l y .  The assumpt i on  

i s  made t h a t  a t  the  peak the h i gh  t e m p e r a tu re  T-j must  equal  

t he  low t e m p e r a tu r e  T1 . Th i s  e q u a t i o n  c o n t a i n s  o n l y  the 

v a r i a b l e s  w and Tc . S ince m i s  known, the e q u a t i o n  i s  so l ve d  

f o r  Tc and i t  i s  f ound t h a t  Tc = 1 .02  x 10 ^ sec.  By 

compar ison  t he  v a l u e  o b t a i n e d  f r om the  l i n e  w i d t h  measure­

ments a t  t h i s  t e m p e r a tu r e  i s  Tc = 4 .3  x 10"^  sec .  The s o l i d  

cu r ve  ( F i g .  23) t h ro ug h  t h i s  r e g i o n  i s  o b t a i n e d  by

c a l c u l a t i n g  I / T 1 = ^ ^ I + Pz f o r  T i n  the r e g i o n  o f
2

1 .6  x I O-8  sec.  Th i s  e x p r e s s i o n  was o b t a i n e d  f r om the 

i n i t i a l  s l ope  o f  the  r e t u r n  t o  e q u i l i b r i u m  o f  t he  p o p u l a t i o n  

f o l l o w i n g  a 90° p u l s e .  The v a lu e  o f  T1 c a l c u l a t e d  f rom the
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va l ue  o f  Tc a t  the  i n t e r s e c t i o n  i s  T-j = 7 .6  x IO" 4 sec.  The 

b e s t  f i t  t o  the  da ta  g i ve s  an a c t i v a t i o n  energy  

Ea = 0 .20  ± O.OleV and T0 .= 1.6  x I O-4 4 sec .  The a c t i v a t i o n  

energy  found by the  l i n e  w i d t h  t e c h n i q u e  i s  Ea = 0 . I 9eV. By 

compar ison  Eg = 0 .182 ± 0 . OlSeV f o r  the  NHg h i n de r ed  r o t a t i o n  

i n  L i H z s ( I Z )  and T0 = S x  10 " ^ 4 sec f o r  de u te ro n  i n t r a b o n d  

mo t i on  i n  KDgPO4 . ^ )  A d i s p la c e m e n t  i n  the  bes t  f i t  l i n e  

occu rs  because o f  t he  d i f f e r e n c e  i n  the  va lues  o f  T ] 

depend ing  on t he  o r i e n t a t i o n  a t  wh i ch t he  measurement  was 

made.

As t he  t e m p e r a tu re  i n c r e a s e d ,  t he  va lue  o f  l /T - j  f o r  t he  

NDg group beg ins  t o  i n c r e a s e  near  I / T  = 2 .80 x 10- ^ / ° K .  Th is  

must  be e x p l a i n e d  by some d i f f e r e n t  mechanism. Three 

e x p l a n a t i o n s  are c o n s i d e r e d .  F i r s t ,  i t  i s  p o s s i b l e  t h a t  

t h e r e  i s  r e o r i e n t a t i o n  o f  the e n t i r e  NgDg g r o u p . McClement , 

P i n t a r  and Petch ( 1 3) suggest ,  t h a t  such a mo t i on  m igh t  cause 

t he  l a r g e  r e d u c t i o n  i n  second moment and the f r e q u e n c y  

dependent  r e l a x a t i o n  t imes  observed f o r  I /T x 10 ^ / T ( 0K) 

s m a l l e r  than 3. However ,  the  f a c t  t h a t  the  s p e c t r a l  l i n e s  

due t o  the  NDg average are s t i l l  observed a t  2 .2  and do no t  

appear  b roadened,  i m p l i e s  a Tc f o r  such a mo t i on  l a r g e r  than 

10"5 sec.  Th is  l a r g e  va lue  f o r  T l eads  t o  i m p o s s i b l y  l a r g e  

d i f f e r e n c e s  i n  f i e l d  g r a d i e n t  va lu es  ( o f  the  o r d e r  I o r  10 

l a r g e r  than  t ho se  measured)  i n  o r d e r  t o  ach ieve  the s h o r t
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r e l a x a t f o n  t imes  o b s e r v e d . Thus t u m b l i n g  o f  the h y d ra z i n e  ; 

groups i s  no t  t he  mechanism f o r  r e l a x a t i o n .

S e c o n d l y , d i f f u s i o n  may t ake  p l ac e  ,between ND^ groups .

I f  such a mo t i on  i s  assumed the  NDg- average f i e l d  g r a d i e n t  

va lu es  f o r  n e i g h b o r i n g  h y d r a z i n e  groups (Tab le  IX e fg  axes 

o r i e n t e d  a t  ±72° )  can be used to  de t e rm ine  Tc f rom the  T-j 

va l u es  measured i n  t h i s  t e m p e r a tu r e  r e g i o n .  Using 

T i = 100 m i l l i s e c o n d s  which i s  t he  va lue  observed a t  

1 /T - 2 /3  x I C T  3 / °  K  T c  i s  c a l c u l a t e d  t o  be 1 .6  x 10"^  sec.

Th is  va l ue  o f  Tc co r r esp ond s  t o  wTc << I .  However ,  the s l ope  

o f  the  I / T i  ve r sus  1/T cu rve  observed i n  t h i s  r e g i o n  

co r res po nd s  t o  wTc >> I which-makes d i f f u s i o n  between NDg 

groups an un a c c e p ta b le  e x p l a n a t i o n .

Th i s  l eaves  t he  p o s s i b i l i t y  o f  j ump ing  between NDg and 

NDg s i t e s .

The T-j measurements f o r  t he  ND2 group were c a r r i e d  ou t  

w i t h  t he  c r y s t a l  o r i e n t e d  a Jj H0 , making t he  r e l a x a t i o n  

b e h a v i o r  the  same as t h a t  f o r  t he  NDg group w i t h  a || Hq . P -j 

and P2 are  g i ven  i n  Tab le  X and b y . b e s t  f i t t i n g  Eq. ( 3 .1 5 )  f o r  

these  va lu es  o f  P-j and Pg, the dependence o f  T -J on Tc i s  

o b t a i n e d .  The T-j va l u es  f o r  t he  ND2 group are 10 t o  100 

t imes  s h o r t e r  than t hose  va lues  p r e d i c t e d  f o r  t he  ND3 

r e l a x a t i o n  t ime  on t he  bas i s  o f  j ump ing  between ND3 s i t e s .

I t  i s  r e as on ab le  t h a t  the j ump ing  between ND2 s i t e s  i s  the
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p r fm a r y  r e l a x a t i o n  mechanism f o r  t he  deu te rons  o f  these  s i t e s .

When a 9 0 ° . pu l s e  i s  a p p l i e d  t o  the ND3 sys tem,  t h &  ND2 system

s ta y s  a p p r o x i m a t e l y  i n  e q u i l i b r i u m  w i t h  the  l a t t i c e  s i n c e  i t :

has a much s h o r t e r  than t he  ND3 system.  Th i s  means t h a t

the  r e  I a.xat ton t ime measured f o r  t he  MD3 system i s  r e a l l y  a

measure o f  the  t ime f o r  m i x i n g  between ND^ and ND3 
*

p o p u l a t i o n s .  Le t  t h i s  t ime be denoted Tm and assume t h a t  

Tm = Tmoe Ea/ k T .  The bes t  f i t  f o r  the  ND3 r e l a x a t i o n  then 

g i v e s  Ea = - . 7 5  ± 0 . 0 5 eV and an u n u s u a l l y  l ong  i n f i n i t e  temp­

e r a t u r e  m i x i n g  t i m e ,  Tmo = 1 .3  x 10” ^  sec.

The e f f e c t  o f  t he  m i x i n g  on the r e l a x a t i o n  o f  the  ND2 

group canno t  be n e g l e c t e d .  When the ND.2 system i s  s u b j e c t e d  

t o  a 90° p u l s e ,  the  c o n t r i b u t i o n  due to m ix i n g  i s  3 /2  the 1/T-] 

f o r  the  ND3 s i t e  s i n c e  i t  can be assumed t h a t  the  ND3 system 

s ta y s  n e a r l y  i n  e q u i l i b r i u m  w i t h  the  l a t t i c e  d u r i n g  the s h o r t  

t ime  t h a t  the  ND2 sys tem r e l a x e s .  The f a c t o r  3 /2  i s  i n t r o ­

duced because the 1/T-| f o r  the  ND3 i s  p r o p o r t i o n a l  t o  the 

f r a c t i o n  o f  the  number o f  de u te ron s  occupy ing  ND3 s i t e s  

exchang ing  w i t h  de u te rons  o f  ND2 s i t e s .  There are o n l y  2/3 

as many ND2 s i t e s  as ND3 s i t e s  so the  j ump ing  i n v o l v e s  a 

f r a c t i o n  o f  the  NDg s i t e s  3 /2  l a r g e r  than the  f r a c t i o n  o f  ND3 

s i t e s .  The l /T- j  f o r  ND2 s i t e s ,  s i n c e  i t  i s  p r o p o r t i o n a l  to  *

*See Append i x  B f o r  d i s c u s s i o n  o f  eq u a t i o n s  go ve rn ing  
t h i s  exchange p r o c e ss .



t he  f r a c t i o n  o f  ND2 sui tes j u m p i n g ,  must be p r o p o r t i o n a l ,  t o  . 

3 /2.  the  1/T-] f o r  NDg s i t e s .  Whe-n t h i s  c o r r e c t i o n  i s  made, 

t he  r e s u l t  i s  the  dashed l i n e  i n  F i g .  23. The c o r r e l a t i o n  

t ime due t o  NDg h i n d e r e d  r o t a t i o n  has a c t i v a t i o n  energy  

0 .'50. ±' 0 . 02eV and T0 = 2 .2  x 10™ ^  sec .  By compar ison  the  ' 

a c t i v a t i o n  energy  o b t a i n e d  by means o f  the  l i n e  w i d t h  s tudy  

i s  0". 46eV. ■

DISCUSSION..

The measurements d e s c r i b e d  i n  t h i s  c h a p t e r  c l e a r l y  

i n d i c a t e  c e r t a i n  mo t i ons  o f  t he  de u te rons  i n  t he  c r y s t a l .

The de u t e ro n s  o f  the  NDg group u n d e r g o . a h i n d e r e d  r o t a t i o n . 

Th i s  r o t a t i o n  p r o v i d e s  the p r i n c i p a l  mechanism f o r  - t he  

r e l a x a t i o n  o f  t hese  de u te rons  up t o  about  65°C. The 

c o r r e l a t i o n  t ime  f o r  t h i s  mo t i on  as i n d i c a t e d  f r o m  the  l i n e  

w i d t h  s tu d y  i s  10“ ^ Stec a t  IOO0K.

The de u te rons  o f  t he  ND2 group exchange a t  a l ow e r  r a t e  

On the ba s i s  o f  the  l i n e  w i d t h  measurements ,  a c o r r e l a t i o n  

t ime o f  10~5 sec i s  p r e d i c t e d  f o r  t h i s  exchange near  room 

t e m p e r a t u r e .  The merged l i n e s  observed due t o  the  average 

ove r  t he  NDg s i t e s  appear  near  50°C and the  p r i m a r y  r e l a x a ­

t i o n  mechanism f o r  these  deu te ron s  i s  p r o v i d e d  by t h e . 

exchange between MDg s i t e s  ove r  t he  e n t i r e  range s t u d i e d ,  

namely f r om T = BO0C to  T - I l O 0C.

Measurement  o f  the  d i e l e c t r i c  c o n s t a n t  r e v e a l s " t w o

-71-
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c o n t r i b u t i o n s  t o  the  r e l a x a t i o n  mechanism. The low 

t e m p e r a t u r e  c o n t r i b u t i o n  has an a c t i v a t i o n  energy  ~0 . 40eV 

comparab le t o  t h a t  f o r  the  exchange,  w h i l e  the  h i gh 

t e m p e r a t u r e  c o n t r i b u t i o n  has an a c t i v a t i o n  energy  o f  about  

0.70'eV.

Jumping between the NDg and NDg s i t e s  e x p l a i n s . t h e  

r e l a x a t i o n  o f  NDg s i t e  de u te rons  f rom 65°C t o  the  upper  

l i m i t  o f  the  t e m p e r a t u r e  range a v a i l a b l e  w i t h  the  a p p a r a t u s . 

The a c t i v a t i o n  energy  f o r  t h i s  mechanism i s  0 .75  ± 0.05eV 

wh i ch  i s  s l i g h t l y  l a r g e r  than the  quoted c a x i s  dc 

c o n d u c t i v i t y  a c t i v a t i o n  energy  o f  0 .6 Se V. However , the 

a c t i v a t i o n  energy  f o r  t he  h i gh  t e m p e r a tu re  c o n t r i b u t i o n  t o  

t he  d i e l e c t r i c  r e l a x a t i o n  o f  0 . 7 OeV i s  i n  good agreement .

The agreement  between the a c t i v a t i o n  e n e r g i e s  f o r  the 

ve ry  l a r g e  c a x i s  d i e l e c t r i c  c o n s t a n t s  and t hose  f o r  the 

N D 2 exchange , and the  N D 2 t o  NDg j ump ing  i n d i c a t e s  t h a t  the  

N D 2 mot ion  may be a s s o c i a t e d  w i t h  t he  mechanism r e s p o n s i b l e  

f o r  t he  d i e l e c t r i c  r e l a x a t i o n .

As i s  i n d i c a t e d  i n  F i g .  I t h e r e  are n g l i d e s ,  b g l i d e s  

and t w o f o l d  r o t a t i o n  axes i n  t he  c r y s t a l  c e l l .  Because o f  

t h i s  symmetry o f  the  c r y s t a l ,  r e f l e c t i o n  t h r ou g h  the ab 

p l ane  o f  a u n i t  c e l l  give's r i s e  t o  a deu te ron  s p l i t t i n g  

spec t rum i d e n t i c a l  t o  the  spec t rum observed f o r  t he  

u n r e f l e c t e d  c e l l .  Th is  coup led  w i t h  the  absence o f  any
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p d s i t i v e  i n d i c a t i o n  i n  e i t h e r  t he  low t e m p e r a tu re  spec t rum 

o r  t he  h i gh  t e m p e r a t u r e  spec t rum o f  a d o u b l i n g  o f  s p e c t r a l  

l i n e  St, i s  c o n s i s t e n t  w i t h  the  i dea  t h a t  domain r e v e r s a l  t akes  

p l ace  by way o f  r e f l e c t i o n  t h r o u g h  the ab p l a ne .

. A l t h o u g h  the  deu te ron  spec t rum above -SB0C shows' change, 

which i s  p o s s i b l y  due t o  s t r u c t u r a l  change i n  the  c r y s t a l ,  no 

d e f i n i t e  c o n c l u s i o n s  can be made as to  the e x a c t  n a tu re  o f  

the  change . C e r t a i n l y  no i n d i c a t i o n  o f  a f e r r o e l e c t r i c  

t r a n s i t i o n  i s  o b t a i n e d  below 190°C. Th is  i s  i n  agreement
I

w i t h  t he  absence o f  an anomaly i n  the  d i e l e c t r i c  c o n s t a n t  . 

be low ZOO0C , wh i ch  s u b s t a n t i a t e s  e,arl  i  er- c l  aims H  0) t h a t . n o  

f e r r o e l e c t r i c  t r a n s i t i o n  t akes  p l a ce  below the  d e c om p os i t i o n  

t e m p e r a tu r e  o f  t he  c r y s t a l  . . .



CHAPTER IV EXPERIMENTAL

CRYSTAL PREPARATION.

S i n g l e  c r y s t a l s  o f  L i N2H5SO^ were p repa red  by 

d i s s o l v i n g  s t o i c h i o m e t r i c  amounts o f  L i 2CO3 ( r e a g e n t  g r a d e ) 

and (NH2 ) 2 * H2SO4 ( re age n t  g rade )  i n  w a t e r ,  and c r y s t a l l i z i n g  

by s low e v a p o r a t i o n .  Large (2 .95cm x 3.05cm x 5.6cm,  34g . )  

s i n g l e  c r y s t a l s  w i t h  w e l l  deve loped  ( 100) ,  ( 110 ) and ( 10 1 ) 

f aces  can be grown by t h i s  t e c h n i q u e .  In o r d e r  t o  o b t a i n  

d e u t e r a t e d  samples ,  the  c r y s t a l s  o f  LiNgH3SO^ o b ta i n e d  as 

d e s c r i b e d  above were d i s s o l v e d  i n  90% D2O and r e c r y s t a l  I i zed 

An e s t i m a t e  o f  t he  p e r c e n t  o f  d e u t e r a t i on o f  these  c r y s t a l s  

was made by compar ing  p r o to n  s i g n a l  s t r e n g t h s  f rom two 

samples o f  equal  s i z e .  The r e s u l t s  i n d i c a t e d  t h a t  the  

c r y s t a l  was about  50% d e u t e r a t e d .  A second r e c r y s t a l  I i z a -  

t i on f rom 99% D2O was t hen  c a r r i e d  o u t .  The c r y s t a l l i z i n g  

d i s h  was p l a c ed  i n  a d e s i c c a t o r  d u r i n g  t h i s  process  i n  

o r d e r  t o  m in im i z e  w a te r  vapor  exchange w i t h  the  a tmosphere .

NMR SPECTRA.

A R o b i n s o n ( 3 2 ) c i r c u i t  emp loy ing  f r e q u e n c y  m o du la t i on  

between 900 and 1500 Hz and o p e r a t i n g  a t  14 MHz was used t o  

o b t a i n  most  o f  t he  NMR s p e c t r a .  A s o l i d  s t a t e  m o d i f i c a t i o n  

o f  t h i s  c i r c u i t ( 3 3 ) was used t o  o b t a i n  the  room te m pe ra tu re  

da t a .

The permanent  magne t i c  f i e l d  f o r  the  ex p e r i m e n t  was
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p r o v i d e d  by a 15" Va r i an  e l e c t r o m a g n e t  w i t h  Model V-FR-2703 

F i e l d i a l  c o n t r o l .  The c r y s t a l  was o r i e n t e d  r e l a t i v e  t o  

t he  permanent  f i e l d  H0 by. v i s u a l l y  a l i g n i n g  i t  w i t h  a 

c r y s t a l  a x i s  p a r a l l e l  t o  t he  s p e c t r o m e t e r  t u b e .  The 

s p e c t r o m e t e r  t ube was f i x e d  p e r p e n d i c u l a r  t o  t he  c i r c u l a r  

s p e c t r o m e t e r  base p l a t e ,  wh i ch was c a l i b r a t e d  i n  degrees .

The s p e c t r o m e t e r  t hen  r e s t e d  on i t s  base i n  a c i r c u l a r  

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

i t s  h o l d e r  r o t a t e d  the  tube and hence the c r y s t a l  about  the  

c r y s t a l  a x i s  p e r p e n d i c u l a r  t o  the  f i e l d .  The r o t a t i o n  ang le  

was read f rom the  c i r c u l a r  base p l a t e .

The spec t rum c o r r e s p o n d i n g  t o  a p a r t i c u l a r  c r y s t a l  

o r i e n t a t i o n  was t y p i c a l l y  o b t a i n e d  i n  the  f o l l o w i n g  f a s h i o n .  

The f i e l d  d i a l  was s e t  so t h a t  the  sweep c e n t e r  c o i n c i d e d  

w i t h  the  c e n t e r  o f  t he  NMR spec t rum and then the magnet i c  

f i e l d  was swept  ove r  t he  range i n c l u d i n g  the spec t rum.  The 

sweep range v a r i e d  f rom 50 gauss t o  500 gauss depending on 

c r y s t a l  o r i e n t a t i o n  and t e m p e r a t u r e .  Sweep t imes  between I 

and 25 m inu tes  were used.

The room te m pe r a tu re  spec t rum and p a r t  o f  t he  77°K 

spec t rum were o b ta i n e d  us ing  a P r i n c e t o n  A p p l i e d  Research 

( P . A . R . )  Model JB-4 l o c k - i n  a m p l i f i e r  as the m o d u l a t i on  

source f o r  the  s p e c t r o m e t e r ,  and s i g n a l  d e t e c t o r  and 

a m p l i f i e r .  Al  I the  re m a i n i n g  da ta  was o b ta i n e d  us ing  a



-76-
P.A.R.  Model. HR- 8 l o c k - i n  a m p l i f i e r .  The o u t p u t  o f  t he  l o c k -  

i n  was o r d i n a r i l y  f ed  d i r e c t l y  t o  e i t h e r  a B r i s t o l  t ime  base ■ 

c h d r t  r e c o r d e r  ( F i g .  4 shows t y p i c a l  s p e c t r a )  o r  a Moseley 

7000 AR X-Y r e c o r d e r  ( F i g .  16 shows t y p i c a l  s p e c t r a ) .  The X 

d f i v e  f o r  the  X-Y p l o t t e r  was p r o v i d e d  by an o u t p u t  f rom the  

F i e l d i a l  magnet sweep c o n t r o l .  The o p e r a t i n g  f r e q u e n c y  o f  the  

s p e c t r o m e t e r  was m o n i t o r e d  by a H e w l e t t  Packard 5245L 

e l e c t r o n i c  c o u n t e r  w i t h  5261A p r e a m p l i f i e r .

Poor s i g n a l  t o  no i s e  r a t i o  made necessary  the  employment  

o f  a s i g n a l  a v e r a g i n g  t e c h n i q u e  i n  o r d e r  t o  o b t a i n  the  s p e c t r a  

f o r  c e r t a i n  o r i e n t a t i o n s .  The o u t p u t  o f  the  l o c k - i n  d e t e c t o r  

was f ed  t o  a V i d a r  Model 240 v o l t a g e - t o - : f r e q u e n c y  c o n v e r t e r  

and t he  o u t p u t  o f  the  c o n v e r t e r  was then s t o r e d  i n  a Te ch n i ca l  

Measurement  C o r p o r a t i o n  Model 401D 400 channel  a m p l i f i e r .  The 

magne t i c  f i e l d  sweep was c o o r d i n a t e d  w i t h  the  s to r a g e  r a t e  o f  

t he  m u l t i c h a n n e l  a n a l y z e r .  The accumula ted  s t o r a g e  o f  f rom 

3 t o  10 sweeps was then c a l l e d  ou t  o f  the  m u l t i - c h a n n e l  

a n a l y z e r  and re c o r d ed  i n  a fo rm s u i t a b l e  f o r  a n a l y s i s .  A 

b l o c k  d i agram o f  the  ex p e r i m e n t  i s  shown i n  F i g .  24.

Tempera tu res  f o r  t h i s  ex p e r i m e n t  were he ld  w i t h i n  ±50C 

f o r  o b t a i n i n g  s p e c t r a ,  and w i t h i n  ±10C f o r  t he  l i n e  w i d th  

s t u d y .  The 77°K spec t rum was o b t a i n e d  by submerg ing ,  i n  a .
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Dewar o f  Ti.qu id  a i r ,  the.  sample and sample c o i l  which were 

se a l ed  i n  a b rass  can.  . The t e m p e r a tu r e  a t  t h e  b o i l i n g  

p o i n t  o f  l i q u i d  a i r  a t  Bozeman i s  7.7 . 3' °K . .  The 193°K 

spec t rum was o b t a i n e d  by submerg ing the  sample sea led  i n  a 

b rass  can i n  a Dewar o f  m e tha no l .  The t e m p e r a tu r e  o f  the 

methanol  was c o n t r o l l e d  by the  a d d i t i o n  o f  l i q u i d  a i r .  A 

c h r o m e l - a l umel t he rmo coup le  was used t o  measure t he  

t e m p e r a t u r e  o f  t he  b a th .  Some o f  t he  measurements t aken a t  

65° and 95°C were o b t a i n e d  u s in g  as a bath s i  I i  cone,: o i l  

heated w i t h  a r e s i s t o r .  The l i n e  b roaden ing  o f  the  NDg 

group was s t u d i e d  i n  t h i s  same f a s h i o n .  The re ma inde r  o f  

the  measurements a t  e l e v a t e d  t e m p e r a tu r e  were made by.,means 

o f  an e l e c t r i c  h e a t e r . i n  good t he rma l  c o n t a c t  w i t h  a brass 

can s u r r o u n d i n g  the  s a m p l e . *  A s t a i n l e s s  s t e e l  i n s u l a t i n g  

tube was p l ac ed  around t he  h e a t i n g  c o i l ,  t he rm a l  c o n n e c t o r  

and sample t o  p r o v i d e  t he rma l  i s o l a t i o n  f o r  t he  system.

The t e m p e r a t u r e  c o n t r o l  employed t o  o b t a i n  ±1°  t o l e r a n c e  

f o r  the  l i n e  b ro ad en in g  da ta  a t  low t e m p e r a tu re  was 

e f f e c t e d  by means o f  a s p e c t r o m e t e r  tube b u i l t  as an 

i n t e g r a l  p a r t  o f  a l i q u i d  a i r  r e s e r v o i r . *  The neck 

s e p a r a t i n g  t he  sample c o i .,1 f r om the  r e s e r v o i r  was wound 

w i t h  a h e a t i n g  e l emen t  and c o n t r o l  i s  e x e r c i s e d  by means o f

. - 7 8 -

*The two t e m p e r a tu r e  c o n t r o l  dev i ces  are p i c t u r e d  i n  
d e t a i l  i n  r e f e r e n c e  34.
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the  c u r r e n t ,  passed t h ro ug h  the h e a t i n g  e l emen t .

CONDUCTIVITY.'AMD DIELECTRIC 'CONSTANT.

Samples s u i t a b l e  f o r  bo th  c o n d u c t i v i t y  and d i e l e c t r i c  

c o n s t a n t  measurements were o b t a i n e d  by c u t t i n g  sma l l  wafer-  

shaped s e c t i o n s  f rom l a r g e  s i n g l e  c r y s t a l s  w i t h  a s t r i n g  

saw. Care was taken  t o  gu a ran tee  t h a t  the  normals  t o  the 

l a r g e  s u r f a c e s  o r  f a ce s  o f  these  wafe rs  were p a r a l l e l  t o  a 

c r y s t a l  a x i s .  ■ These, f aces  were then p o l i s h e d  w i t h  a. damp 

paper  and c o n t a c t s  were p a i n t e d  on them. One c o n t a c t  was a 

round do t  w i t h  average area o f  4x10'^ ' cm^. a guard r i n g  was 

t hen  p a i n t e d  around t he  c i r c u l a r  c o n t a c t .  The average 

t h i c k n e s s  f o r  t he  samples was abou t  0 .15 cm.

A b l o c k  d i agram o f  the  c o n d u c t i v i t y  e x p e r i m e n t  i s  

shown i n  F ig .  25. The c o n d u c t i v i t y  i s

° = ? b S x V
where t  = c r y s t a l  t h i c k n e s s ,  A i s  the  area o f  t he  c i r c u l a r  

c o n t a c t , and Rq i s  t he  r e s i s t a n c e  o f  the c r y s t a l .  (The 

c r y s t a l  e q u i v a l e n t  c i r c u i t  i s  shown i n  F ig .  2 6 ) .  The 

c u r r e n t  t h ro ug h  t he  c r y s t a l  i s  t he  sum o f  t he  c u r r e n t  

t h r ou g h  Rc and Rs . Rg r e p r e s e n t s  t he  r e s i s t a n c e  t h rough 

the c r y s t a l  t o  the  guard r i n g ,  i n c l u d i n g  t he  s u r f a c e  

between the r i n g  and the c o n t a c t  on the  o p p o s i t e  c r y s t a l
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f a c e .  Rs i s  the r e s i s t a n c e  between guard r i n g  and the 

c e n t e r  c o n t a c t  on the same f a c e , and Rc i s  the  c r y s t a l  

r e s i  s t a n c e .

F i g .  26. C r y s t a l  E q u i v a l e n t  C i r c u i t

I f  R i s  made sma l l  compared t o  Rq and Rg , then the c u r r e n t  

t h ro ug h  R$ i s  n e g l i g i b l e  compared t o  t h a t  t h roug h  Rc , so 

the c u r r e n t  t h ro ug h  the e l e c t r o m e t e r  r e s i s t a n c e  R i s  

a p p r o x i m a t e l y  t he  c u r r e n t  t h r ou g h  Rc and s i n c e  IR<<IRC the  

v o l t a g e  V0 i s  dropped a lmos t  e n t i r e l y  ac ross  Rc . Thus 

Re = t o  a good a p p r o x i m a t i o n ,  where V0 i s  the  a p p l i e d  

v o l t a g e  and I i s  the  c u r r e n t  measured t h roug h  t he  

e l e c t r o m e t e r .  For v o l t a g e s  between 10 and 300 v o l t s  a 

Dressen Barnes 5 - 3 0 0 F r e g u l a t e d  power sup p l y  was used to  

sup p l y  V0 . The v o l t a g e  was measured w i t h  a J . Fluke Model
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88T d i f f e r e n t i a l  • vo l t m e . t e r .  - ,Below 10 v o l t s  t he  d i f f e r e n t i a l  

v o l t m e t e r  was used as the source  o f  Vn . T y p i c a l  va l ues  f o r  

t he  c r y s t a l  r e s i s t a n c e  range between IO7 and I O15 ohm's f o r  

the  as s o r t m e n t  o f  samples and t e m p e r a tu re s  s t u d i e d .  

E l e c t r o m e t e r  r e s i s t a n c e  was he ld  a t  l e a s t  100 t imes  s m a l l e r  

t han  Rc . In  o r d e r  t o  acco mp l i sh  t h i s ,  a General  Radio Model 

1 230A e l e c t r o m e t e r ,  was used as a K e i t h l e y  Model 148 

n a n o v o l t m e t e r .

E l ev a t e d  t e m pe r a t u re s  were o b t a i n e d  by p l a c i n g  the 

sample probe w i t h i n  a l e a k - p r o o f  c o n t a i n e r  and submerging 

the assembly i n  a ba th  o f  m i n e ra l  o i l .  The ba th  t e m pe ra tu re  

was c o n t r o l l e d  by c o n t r o l l i n g  t he  c u r r e n t  t h ro ug h  a r e s i s t o r  

i n  t he  b a th .  Lower t e m p e r a tu re s  were Obta ined by us ing  

methanol  as a ba th  and add ing  l i q u i d  a i r  i n  sma l l  amounts.  

The t e m p e r a tu re  was measured w i t h  a ch rome ! -a l u me l  

t h e r m o c o u p l e , wh i ch  was used t o  p r o v i d e  the  x a x i s  d r i v e  

v o l t a g e  f o r  the  Moseley 7000 AR X-Y p l o t t e r .  The o u t p u t  o f  

t he  e l e c t r o m e t e r  was fed  i n t o  the  y a x i s  i n p u t  o f  the  

p l o t t e r .  Th i s  a l l o w e d  a c o n t i n u o u s  measurement o f  the 

c r y s t a l  c u r r e n t  vs t e m p e r a t u r e .  The v o l t a g e  a p p l i e d  to  the  

sample was re v e rs e d  p e r i o d i c a l l y  i n  o r d e r  t o  m in im i z e  b u i l d ­

up o f  h i gh  r e s i s t a n c e  l a y e r s  a d j a c e n t  t o  the  e l e c t r o d e s  

( e l e c t r o d e  " p o l a r i z a t i o n " ) .  Upon r e v e r s i n g  t he  v o l t a g e .
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l a r g e  t r a n s i e n t  c u r r e n t  was o b s e r v e d . The average c u r r e n t  

i n d i c a t e d  a f t e r  t he  decay o f  the  t r a n s i e n t  was taken t o  be 

r e p r e s e n t a t i v e  o f  t he  c r y s t a l  c o n d u c t i v i t y .

The ac d i e l e c t r i c  c o n s t a n t  was measured w i t h  a b r i d g e  

c i r c u i t . . A d i agram o f  the  c i r c u i t  i s  shown i n  F i g .  27*

The c r y s t a l  h o l d e r  i s  p i c t u r e d  i n  F i g .  28. A T e k t r o n i x  

541A o s c i l l o s c o p e  w i t h  a Type I A2 dual  preamp i n  the 

s u b t r a c t  mode, wh i ch p r o v i d e s  f o r  s u p e r p o s i t i o n  o f  the 

s i g n a l s  i n  thd  two channe l s  o f  t he  preamp, was used t o  

d e t e c t  t he  ba lanced  b r i d e  c o n d i t i o n .  For measurements 

o f  the  a a x i s  d i e l e c t r i c  c o n s t a n t  t he  P. A . R.' Model HR8 

l o c k - i n  d e t e c t o r  w i t h  the  p r e a m p l i f i e r  i n  the  d i f f e r e n c e  

mode was use d . Wi th t he  b r i d g e  ba lanced t he  c a p a c i t a n c e  

and r e s i s t a n c e  o f  t he  sample are i n  the  same r a t i o s  t o  Cy 

and Rv as C-j and R-j are  to  and Rg. The f o l l o w i n g  

e q u a t i o n s  are then used t o  c a l c u l a t e  the  r e a l  and im a g i n a r y  

p a r t s  o f  the  d i e l e c t r i c  c o n s t a n t  E = E 1 - i s "  :

= ■ = Ec S- = - T 1-EqA E0OjARc

Here Cc ,' Rc , and t  are the sample c a p a c i t a n c e ,  r e s i s t a n c e  

and t h i c k n e s s  r e s p e c t i v e l y ,  A i s  the area o f  c o n t a c t ,  and

■ *The c r y s t a l  h o l d e r  was des igned  and c o n s t r u c t e d  by 
P r o f .  V. H. Schmid t .
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co t he  a n g u l a r  f r e q u e n c y  o f  the  ac v o l t a g e  a t  which the 

measurement  i s  made.

The t e m pe r a tu re  o f  the  c r y s t a l  was c o n t r o l l e d  by 

p l a c i n g  t he  sample h o l d e r  i n  i t s  p r o t e c t i v e  brass  c o n t a i n e r  

i n  a ba th  o f  f i n e  s an d . Tempera tu res  above room te m pe ra tu re  

were o b t a i n e d  by pass ing  a c u r r e n t  t h rough  a r e s i s t o r  b u r i e d  

i n  t he  sand b a th .  To l ow e r  the  t e m p e r a t u r e ,  the  bath was 

co o l ed  by add ing  sma l l  q u a n t i t i e s  o f  l i q u i d  a i r .  The 

t e m p e r a tu re  was measured w i t h  a ch r ome ! -a l ume l  t he rmo cou p le .

RELAXATION TIME.

The s p i n - l a t t i c e  r e l a x a t i o n  t ime measurements were made 

w i t h  a doub le  90° p u l s e  sequence.  The i n i t i a l  t r i g g e r  was 

s u p p l i e d  by a p u l s e  g e n e r a t o r  s u p p l y i n g  s i n g l e  pu l ses  a t  1 .3  

sec t o  5 min i n t e r v a l s .  The t r i g g e r  was f ed  t o  a T e k t r o n i x  

Type 162 waveform g e n e r a t o r ,  wh i ch  produces a sawtoo th  o f  

v a r i a b l e  l e n g t h  as w e l l  as a p u l s e .  . The p u l s e  and sawtoo th  

were fed  s e p a r a t e l y  t o  two T e k t r o n i x  Model 163 pu l se  

g e n e r a t o r s  t o  a l l o w  the 163 t r i g g e r e d  by the sawtoo th  to  

f i r e  a t  a t ime a f t e r  the  163 t r i g g e r e d  f rom the  pu l s e .

This t ime was c o n t r o l l e d  by changing the po in t  along the

sawtooth a t  which the vo l tage had r i sen  to a value

s u f f i c i e n t  to t r i g g e r  the pulse generator .  Pulse lengths

and separa t ion  were measured wi th a Hewlet t  Packard 5245-L



e l e c t r o n i c  c o u n t e r  w i t h  5262A t ime i n t e r v a l  u n i t  and an 

.H-. P'.. 5321A t ime i n t e r v a l  u n i t .  The o u t p u t s  f rom the 

pul  se g e n e r a t o r s  were f ed  t o  'a pu l se  a m p l i f i e r  and then to  

an r f  g a t i n g . c i r c u i t  which'  d e r i v e s  r f  i n p u t  f rom a c r y s t a l ' 

c o n t r o l  led . 14.0-20 MHz o s c i l l a t o r .  The o u t p u t  o f  the  r f  

ga te  d r i v e s  an r f  pu l se  t r a n s m i t t e r . *  The o u t p u t  o f  the 

p u l s e  t r a n s m i t t e r  i s  fed  t o  a c rossed  c o i l  pu l s e  head . (34)  

The n u c l e a r  decay s i g n a l  i s  p i c k e d  up i n  the  sample h o l d e r  

and f ed  t o  a p r e a m p l i f i e r  and then t o  a pu l se  r e c e i v e r .

The s i g n a l  o u t p u t  o f  the  r e c e i v e r  was measured w i t h  a 

boxca r  i n t e g r a t o r ,  t he  o u t p u t  o f  wh i ch i s  measured by a 

M i n n e a p o l i s  Honeywel l  p o t e n t i o m e t e r .  Model 2730.  A b l oc k  

d i agram o f  the  ap pa ra tu s  i s  p i c t u r e d  i n  F i g .  29.

A t y p i c a l  measurement  i s  o b t a i n e d  by s u b j e c t i n g  the 

sample t o  two 90° pu l ses  sep a r a te d  by a t ime  t . The 

n u c l e a r  s i g n a l  i s  measured d u r i n g  the  t a i l  f o l l o w i n g  the 

second pu l se  by f e e d i n g  the o u t p u t  o f  the  p u l s e  r e c e i v e r  

d u r i n g  a b r i e f  p e r i o d  o f  the  t a i l  i n t o  the  boxcar  

i n t e g r a t o r .  By r e p e a t i n g  t h i s  p rocedu re  f o r  many pu l se  

se qu en ces , no i se  i s  averaged and the  o u t p u t  o f  t he  boxcar  

i s  measured w i t h  the  p o t e n t i o m e t e r .  The t ime  t  s e p a r a t i n g
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*  The pul  s-e app a r a tu s  was c o n s t r u c t e d  by Rober t  
P a r k e r  and Fred J . BI ankenbur .g. The ba s i c  des ign  i s  a f t e r  
C l a r k  e t  a I . (  35,36)
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t he ’ two pu l ses  i s  changed and the  e n t i r e  p r ocedu re  i s  . 

r e p e a t e d . The s l o p e  o f  a s em i l og  p l o t  o f  s i g n a l ,  v o l t a g e

. v e r s Us t  makes p o s s i b l e  the c a l c u l a t i o n  of. t he  s p i n - l a t t i c e  • 

r e l a x a t i o n  t ime  T-,.

Tempera tu re  c o n t r o l  i s  ' ach ieved by pa ss ing  ho t  o r  co.l.d,, 

a i r  i n t o / t h e  pu l s e  head i n  such a f a s h i o n  t h a t  the  a i r  i s  

d i r e c t e d  u n i f o r m l y  ove r  t he  c r y s t a l .  Cold a i r  i s  p r o v i d e d -  

by b o i l - o f f  f rom a c o n t a i n e r  o f  l i q u i d  a i r .  Heated a i r  i s  

o b t a i n e d  by p a s s i n g  a i r  f rom the  Phys ics  B u i l d i n g -  compressed: 

a i r  system th r o u g h  a r e g u l a t o r ,  then t h roug h  a tube 

c o n t a i n i n g  an e l e c t r i c  h e a t i n g  e l emen t  and f i n a l l y  i n t o  a 

p u l se he ad . The t e m p e r a t u r e  was measured w i t h  a c h r om e l - 

a lumel  t he rmo coup le  a t t a c h e d  t o  t he  c r y s t a l .  Temperatu re  

v a r i a t i o n  f o r  the  measurements above room te m pe r a tu re  was 

±10C and be low room te m p e r a tu re  ± 1 . 5 °C .



APPENDIX A

N u c l e i  o f  s p i n  I I may possess an e l e c t r i c  q u a d r u p o l e 

moment' .*  I f  such a nuc leus  i s  p laced  a t  a s i t e  o f  non­

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

between the  n u c l e a r  q u a d r u p o l e moment and the  e fg  may be 

obse rved .  The H a m i l t o n i a n  o f  such an i n t e r a c t i o n ,  Hg, i s  

g i ven  by the t e n s o r  p r o d u c t  o f  the  n u c l e a r  quadrupo l  e moment 

t e n s o r  w i t h  the  e fg  t e n s o r .  T r a n s i t i o n s  between the energy  

s t a t e s  o f  the  system can be i nduced  by c o u p l i n g  the magnet i c  

component  o f  a r e s o n a n t  r a d i o  f r e q u e n cy  f i e l d  ( E = h v ) w i t h  

t he  magne t i c  moment o f  the  n u c l e u s .  In t h i s  f a s h i o n  i t  i s  

p o s s i b l e  t o  measure the  i n t e r a c t i o n  energy c h a r a c t e r i z e d  by 

Hg.

Three i m p o r t a n t  cases are d i s t i n g u i s h e d  w i t h  r ega rd  t o  

t h i s  p rob lem.  The f i r s t  case ,  t h a t  termed pure n u c l e a r  

q u a d r u p o l e resonance ,  i s  o u t l i n e d  above.  The second c a s e , 

c a l l e d  t he  weak f i e l d  o r  Zeeman case ,  c o n s i s t s  o f  s u b j e c t i n g  

t he  system o f  n u c l e i  a t  s i t e s  o f  nonzero e f g ,  t o  a weak 

permanent  magne t i c  f i e l d  H0 (" ' IO gau ss ) .  The H a m i l t o n i a n  

f o r  the  system i s  then Ht o t  = Hg + Hmag, where t he  magne t i c  

i n t e r a c t i o n  i s  t r e a t e d  as a p e r t u r b a t i o n  on the  q u a d r u p o l a r  

i n t e r a c t i o n  energy .  The t h i r d  case c o n s i s t s  o f  s u b j e c t i n g

*Gene ra l  d i s c u s s i o n  o f  the  t o p i c  o f  t h i s  append i x  i s  
found i n  r e f e r e n c e s  37 and 38.
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a system o f  n u c l e i  whe re in  t he  q u a d r u p o l a r  i n t e r a c t i o n  i s

r e l a t i v e l y  s m a l l ,  t o  a s t r o n g  magne t i c  f i e l d .  ( " I O ^  gau ss ) .

The. Hami l t o n i an i s  then Ht o t - .= Hmgg + Hq w i t h  Hg the 
*

p e r t u . r b a t i  o n . .

- In t he  p r e s e n t  work the problem:  was t he  d e t e r m i n a t i o n  

o f  the  e fg  t e n s o r  a t  the  hydrogen s i t e s .  In o r d e r  t o  do 

t h i s ,  de u te rons  ( Q = 2.77 x 10“ ^  cm^) .were s u b s t i t u t e d  f o r  

p r o to n s  (Q = O ) . The ex p e r im e n t  f a l l s  i n  the  c a t e g o r y  o f  case-

3. The c a l c u l a t i o n  o f  the  e n e r g i e s  proceeds by choos ing  a
p

r e p r e s e n t a t i o n  i n  which I and I z are s i m u l t a n e o u s l y  

d i a g o n a l .  The ba s i s  s t a t e s  are de no ted ,  | I , m , n ) ,  where 

I 2 I I , m , n )  = 1(1 + I ) I I , m, n )• - •

I z I I ,m,n)  = m] I , m , n ) .

The energy  t o  z e r o t h  o r d e r  i s  the  magne t i c  i n t e r a c t i o n  

energy  ■ - • '

E0 = ( I»m|  -  YH0 I z I I ,m) ( A . I )

yH0m

where H0 i s  the  permanent  magne t i c  f i e l d  d i r e c t e d  a l ong the  

z a x i s ,  Y i s  the  gy ro ma gne t i c  r a t i o ,  I z i s  the  z component 

o f  t he  n u c l e a r  a n g u l a r  momentum o p e r a t o r , and m i s  the  

magne t i c  quantum number . The p e r t u r b a t i o n  i s

• * T h i s  case i s  c o n s i d e r e d  by V o l k o f f ( ^ S )  and the 
e x p e r i m e n t  i s  d e s c r i b e d  i n  d e t a i l  i n  the  work o f  V o l k o f f ,  
Fetch and Smel l i e .  H O )
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(A .2 )

■Q -  r n m r  ]  ( 3 I z 2 -  + *
Hn = - / e g  •

+ ^ 1Z1- + 1 U ( V E )  + ' 4 I I  Z(VE) „  + ' 4 1  i  2(vE)2,1  ' " '  + I , 2 ‘ + ' 2

e i s  t he  e l e c t r o n  c h a r g e , Q t he  n u c l e a r  quad rupo le  moment

and I i s  t he  n u c l e a r  a n g u l a r  momentum. The r a i s i n g  and

l o w e r i n g  o p e r a t o r s  are d e f i n e d  I + = ( I ± i I ) and the— X y

components o f  the  e fg  t e n s o r  ( w i t h  the  z a x i s  e s t a b l i s h e d

by the  magne t i c  f i e l d  H0) a re  g i ven  by

vEo = - J -  t z z  ■ ( A . 3)

( vE) ±1 = ± —L- (<j,zx ± i <j>yZ ) ( A . 4)
/ 6“

( v E ) ± 2 -  ^ ^ ( tJ5XX ” ^yy ~ ^ ^ tJ5x y ) • ( A . 5 )

The f i r s t  o r d e r  c o r r e c t i o n  i s

El = 2 I ( i ?  _ - " I  + ' ) ]  ( « > 0  • ■ ( A . 6)

The second o r d e r  c o r r e c t i o n  i s

O
'

'CU11CU
. 2  (m [ 4 1 ( 1  +  I ) -  I

6  V I  ( 2 1  -  I  ) / Q B H 0

3  ( m  [ 2 1 ( 1  +  I )
Q B H 0  ' L

-  2 m Z  - CM+1

LU
' 

l>

r—
1

8m { ]  ) ] ( V E ) ± 1 I 2 

(A . 7)
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In gene ra l  |v.Ey| (y = ±1.,2). can be expressed i n  u n i t s  o f

eq = :<PZ ' z r e l a t i v e  t o  z |j H0 w i t h  x ,  y a r b i t r a r y .  . Then

( A . 8 )

and s e t t i n g  -ê tI5. = ! ( ( c o u p l i n g  c o n s t a n t ) and ggH0 = hv.

I  V E y  I  . =  e ^ q ^  I  V E y  J ^

( V[_s the  Larmor  f r e q u e n c y  o f  the  n u c l e u s ) 

hK j^3m2
E1 '  T T i i I  -  I )  L3"2 " 1(1 + 1U <’ E )o

and E.
21(21 -  I ) 2 v L 

3(m ^ 2 1 ( 1  + I ) - 2m2 -  l ]  ) |  (vE)

3 ( m [  41(1 + 1 ) - 1  - 8m2 

, 2

( A . 9)

)l(vi ) ±1

' ( A . 10)

I t  can be seen t h a t  K / v^  measures the magn i tude  o f  Eg

r e l a t i v e  t o  E-j . The maximum va l ue  f o r  t he  c o u p l i n g  c o n s t a n t

i s  about  200 kHz. The Larmor  f r e q u e n c y  i s  14 MHz. Th i s

makes - J i -  = - 2 ^x - ■?■■■, and Ep down some two o r d e r s  o f  
v L T .4  x 10 7 ^

magn i tude  f rom f i r s t  o r d e r  e f f e c t s .  The s h i f t  i n  the  c e n t e r  

o f  t he  p a t t e r n  r e s u l t i n g  f rom the  second o r d e r  e f f e c t  would 

t hen be o f  the  same magni tude as the l i n e  w i d th s  obse rved .  

Th i s  i s  about  the  same s i z e  as the  e s t i m a te d  e r r o r  i n  the  

e x p e r i m e n t ,  hence the second o r d e r  e f f e c t  i s  no t  s t u d i e d .

I t  can be seen t h a t  t he  f i r s t  o r d e r  c o r r e c t i o n  depends on *

* z "  denotes  the  a x i s  o f  t he  l a r g e s t  component  o f  the  
e fg  t e n s o r  expressed  i n  d i a go n a l  f o rm.



t he  n u c l e a r  s p i n  I 5 t he  n u c l e a r  quad rupo le  moment Q5 and 

the q u a n t i t y  (VE) q = I f zz .where f zz i s  the. second d e r i v a t i v e  

o f  the  e l e c t r o s t a t i c  p o t e n t i a l  a t  the  n u c l e a r  s i t e ,  w i t h  z 

p a r a l l e l  t o  Hq .

For  de u te rons  t he  energy  i s  g i ven  by
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E = -Y H 0B1 + - | 9  ( 3nl2 „ 2) I z z ( A . 11)

The magne t i c  l e v e l s  o f  the  deu te ron  are s h i f t e d  by the 

qu ad r upo le  i n t e r a c t i o n ,  caus ing  t he  s i n g l e  a b s o r p t i o n  l i n e  

a t  y H0 t o  s p l i t  i n t o  two l i n e s  spaced e q u a l l y  on both s i de s  

o f  t he  u n p e r tu rb e d  l i n e ,  as p i c t u r e d  i n  F i g .  30. These 

l i n e s  are se p a r a te d  by a f r e q u e n c y  3 eQ /h ( VE0 ) .  

a b

m = - l

m=0

m-1

yHn

n
\

-  v  H „----------

a

h v 0 = yH0

y h o " |

YH0 + ^  <0;

_eQ 
2

■ y H 0  +

-Vl t z z

YH0+|eQ<i).

hv-> hv->

F ig .  30. a ) Zeeman Le ve l s  and T r a n s i t i o n  Frequency 
b ) Zeeman Leve l s  S h i f t e d  by 1 s t  Order  Quadrupo le  
P e r t u r b a t i o n  and Cor respond ing  T r a n s i t i o n  F re qu enc ies .
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Changing the  o r i e n t a t i o n  o f  t he  sample r e l a t i v e  t o  

t he  c o n s t a n t  f i e l d  Hqs- changes the  component o f  the e fg

t e n s o r  a.long. Hq . The r e s u l t  i s  t h a t  the s p l i t t i n g  observed 

between the  s p e c t r a l  l i n e s  changes.  Because, t he  e fg  t e n s o r  

i s  symmet r i c  ( vxE = 0) and t r a c e l e s s  ( v • E = 0) i t  has o n l y  

f i v e  i nde pe nde n t  components . The t e n s o r  can be pu t  i n t o  

the  form ,

I  - e q ( I - n ) / 2  0 0

<Hj = I 0 - e q ( l + n ) / 2  0

\  0 0 eq

( A . 12)

where eq i s  t he  l a r g e s t  and - e q ( I - n ) / 2  the  s m a l l e s t  

component , making I U x 1X1 -  4» y ' y ' )  ^ z l Z l I = 71 l i e  1* n the  

range  0 <, n <= I . The va lues  o f  n > eq 9 and t h r e e  i ndependen t  

d i r e c t i o n  c os in es  s p e c i f y i n g  t he  o r i e n t a t i o n  o f  the  d i a g o n a l  

t e n s o r  r e l a t i v e  t o  the  c r y s t a l  axes c o n s t i t u t e  f i v e  

i nd epe nde n t  q u a n t i t i e s .

A t r a n s f o r m a t i o n  can be c a r r i e d  ou t  between the c r y s t a l  

and l a b o r a t o r y  systems which r e l a t e s  the e fg  t e n s o r  t o  the 

system f i x e d  i n  t he  c r y s t a l ,  t h r ou g h  Eq. ( 2 . 1 ) .  The A, B 

and C o f  Eq. ( 2 . 1 )  a re  r e l a t e d  t o  t he  components o f  the e fg  

t e n s o r  i n  the  c r y s t a l  system as f o l l o w s :

Ai
'SeQ

2h ( JJ + kk)
-SeQ

2h m ( A . 13)
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( A. T 4)  

( A . 15}

As was d i s c u ss ed  i n  Chapter  I , t he  e x p e r i m e n t a l  cu r ves  o.f . 

s p l i t t i n g  f r e q u e n c y  ve rsus  ang le  f o r  r o t a t i o n  abou t  t he  t h r e e  

c r y s t a l  axes d e te rm in e  va lues  f o r  the  A 9 B and C f rom which 

are f ound t he  components o f  the  e fg  t e n s o r  i n  t he  c r y s t a l  

sys tem.  Th i s  t e n s o r  i s  then d i a g o n a l i z e d  and t he  va lues  o f  

the  c o u p l i n g  c o n s t a n t ,  asymmetry pa ramete r  and t he  o r i e n t a t i o n  

o f  the  e fg  t e n s o r  p r i n c i p a l  a x i s  system i n  the  c r y s t a l  are 

o b t a i n e d .  ,

Bt  *  (+.1.1 - +kk)

j i<;  i , j , k  = x , y , z

S



APPENDIX B

The. deu te r on  system i s  a t h r e e  l e v e l  system so t h a t  

r e l a x a t i o n  p rocesses  may t ake  p l ace  by way o f  Am =. T(P1 ) o r  

Am = 2 (P2 ) t r a n s i t i o n s . In  o r d e r  t o  c a l c u l a t e  the 

p r o b a b i l i t y  o f  a t r a n s i t i o n  between l e v e l s  o f  t he  s y s te m , 

i t  i s  assumed t h a t  t he  mechanism r e s p o n s i b l e  f o r  the 

t r a n s i t i o n  i s  the  f l u c t u a t i o n  i n  the  n u c l e a r  q u a d r u p o l e 

i n t e r a c t i o n  due t o  deu te ron  j ump ing  between s i t e s  o f  

d i f f e r e n t  e l e c t r i c  f i e l d  g r a d i e n t .  The c a l c u l a t i o n  

p r o c e e d s ( 9)  by t a k i n g  as the  p r o b a b i l i t y  pe r  u n i t  t ime o f  

a t r a n s i t i o n  between s t a t e s  k and m

the  bar  d e n o t i n g  an ensemble average ove r  a l l  va l ues  o f  

( m ] H q ( t ) I k ) . The va lue  o f  G m k ( T )  must be de te rm ined  f o r  

two cases ,  exchange between two s i t e s  (ND2 g roup )  and 

exchange among t h r e e  s i t e s  (NDg g r o u p ) .  Having de te rm ined  

the  va lues  f o r  G m k ( T )  f o r  t hese two cases ,  i t  i s  then 

p o s s i b l e  t o  c a l c u l a t e  Pmk f o r  t he  two c a s e s . The 

r e l a x a t i o n  t imes  are then c a l c u l a t e d  f rom a knowledge o f  

the  p o p u l a t i o n  d i s t r i b u t i o n s  im m e d ia te l y  f o l l o w i n g  a 90° 

p u l s e .  S u b s t i t u t i o n  o f  the  va lues  f o r  P1 and Pg c a l c u l a t e d

(B . I )

where the  c o r r e l a t i o n  f u n c t i o n  i s  d e f i n e d

G m k ( T )  =  ( m I  H g ( t ) ] k ) ( k I  H g ( t  +  t ) | m ) , ( B . 2 )
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above y i e l d  e x p re s s i o n s  f o r  t he  r e l a x a t i o n  t imes  depending 

o n l y  on t he  c o r r e l a t i o n  t ime  Tc , and the  Larmor f r e qu e nc y  

o f  t he  n u c l e u s .

Con s id e r  f i r s t  the  c a l c u l a t i o n  o f  f o r  the  case o f  

j ump ing  between two s i t e s .  Denote the s i t e s  as s i t e  I and 

s i t e  2 c o r r e s p o n d i n g  t o  the  deu te r on  p o s i t i o n s  i n d i c a t e d  i n  

Chapte r  I I .  Le t  -fim = Em and -frk = so t h a t

(m -  k ) = (£EL_^__Ek) = a). Assume t h a t  exchange t akes  p l ace  

as f o l l o w s .  Le t  t h e r e  be n n u c l e i  e q u a l l y  d i s t r i b u t e d  

between s i t e s  I and 2,  and c o n s i d e r  n u c l e i  t h a t  a t  T = O 

a) occupy s i t e  I o r  b) occupy s i t e  2. The e l ement  o f  t he  

ensemble average c o r r e s p o n d i n g  t o  a i s  then

I P1 ( T ) F 1 + P2 ( T ) F 2J  where F1 ( i  = 1 , 2 ) denotes  t h a t  

p a r t  o f  the  H a m i l t o n i a n  r e p r e s e n t a t i v e  o f  t he  env i r onmen t  

o f  s i t e  I which d i f f e r s  f rom s i t e  2 , so t h a t  as the n u c l e i  

exchange f r om s i t e  I t o  s i t e  2 t he  i n t e r a c t i o n  energy 

changes .  For t he  case under  c o n s i d e r a t i o n ,  F1 r e p r e s e n t s  

t he  f a c t o r  i n  t h e  m a t r i x  e l emen t  o f  Hg c o n t a i n i n g  the e fg  

components .  P1- ( T )  i s  the  p r o b a b i l i t y  t h a t  a t  t ime T , the  

nuc leus  w i l l  be found a t  s i t e  I .  The re m a in i n g  e lement  o f  

the  ensemble average i s

F2
2

P1 ( T ) F 1 + P2 ( T ) F 2
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c o r r e s p o n d i n g  t o  b. Then (B .3 )

To d e te rm in e  ( t  ) and P g ( T ) ,  choose an ensemble w i t h  n ]

n u c l e i  i n  s i t e  l and ng n u c l e i  i n  s i t e  2. Le t  n-j + ng = n

and denote the p r o b a b i l i t y  o f  r o t a t i o n  t h r o u g h  +180°

between s i t e s  I and 2,  Pr+ so t h a t  P_p+ = Pp_ = ^ r 5 Pyi be ing
2

p r o b a b i l i t y  o f  exchange due t o  + o r  -  180° r o t a t i o n .  The

e q u a t i o n s  d e s c r i b i n g  the p o p u l a t i o n s  a r e , d e n o t i n g  _Jl by « ,
a t

n I = " p r n I + Pr n2 = “ n2 ( B . 4 )

n2 = - P r Hg + Pr n-j

wh i ch  are s a t i s f i e d  by H1 = B . +  ^ e ~ 2Pr T and

+ ^2 I ( I - O - 2pV t )F 1 + I ( H e - 2V ) F 2

-e ( B. 5 )



The c o n s t a n t  te rm does no t  c o n t r i b u t e  t o  the  r e l a x a t i o n  and 

i s  d ropped .  . Th i s  l eaves

^ ( o ) Ir ( T ) =. Tf ( FI ~ ^ 2 ) Ty/Tc , where 2Pr  -  I /-Tc .

Then f o r  the  Am = I t r a n s i t i o n .

6 Al  ! 4 1 ( 2 1  -  I ) ( 2m *  ^ ) ( I  ± m) ( I ± m + I ) h ,Z

! ( F 1 -  F2 ) 2e " T / T c , ( B. 6 )

Here Fi = ^ U x x . - ^ y y i ) ±1 ^ x y i  3 ( 1 = 1 ’ 2 ) d e n o t i n g  s i t e s  

I o r  2. S p e c i a l i z i n g  t o  I = I makes

2n2
Gi l (T)  -  f i - 932 (F 1 " r 2 !’e 

2 » Q2n2and

Pl = h2 32

■T/T.
( B 0 7 )

/  -  F2* ,

, 2B2Q2
( A<f>x z ) + ( M y z ) !+Oi2Tc 2

(B .8 )

where AcfJi j - means (J)i j  ( s i t e  2 ) - (j>i j  ( s i t e  I ) .  For  t he  Am = 2 

t ran s i t i on

- ^ - ( F l  -  F2 ) ‘ b " 1 / fcG6 2 (T) = e £ £ ( F ,  -  F^J2B -t Zt C ( B- 9 )

which g i ve s  f o r  t he  t r a n s i t i o n  p r o b a b i l i t y
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The same arguments  are then a p p l i e d  t o  the  case o f  j ump ing  

among s i t e s  I ,  2 and 3. T r a n s i t i o n  p r o b a b i l i t i e s  o b ta i n e d  

f o r  exchange among t he  s i t e s  I , 2 and 3 are

where Aa^Cfr1- j  = ( < f r - j j ) a " - U i j l b s a and b denot ing s i t e  

numbers.

These e x p r e s s i o n s  f o r  t he  Am = 1 ,2  t r a n s i t i o n  

p r o b a b i l i t i e s  w i l l  now be used t o  c a l c u l a t e  t he  r e l a x a t i o n  

t imes  f o r  the  cases under  c o n s i d e r a t i o n .  The f i r s t  o f  these  

i s  s a t u r a t i o n  o f  the  two l i n e s  a t  a c r o s s i n g  p o i n t .  The 

t h r e e  l e v e l s  are p o p u l a t e d  a t  e q u i l i b r i u m  w i t h  N _ - | ,  N q  and

p I  =  ( 4 1 2 * x z > 2 + U 13Ox z ) 2 + U 33Ox z ) 2

+ U 12Ox y ) 2 + (A13Oyz ) 2 + (A23Oy z ) 2 ■ ■ T;  ' (B .1 2 )
J I +Oi^T£

+ ( B. I 3)



-103-

N+1 n u c l e i  i n  t he  m = - I 5 m = 0 and m = +1 l e v e l s  

r e s p e c t i v e l y .  Because t h e  l e v e l s  are a lmo s t  e q u a l l y  

spa ce d , one can t o  good a p p r o x i m a t i o n  l e t  Nq - N_-j = nQ 

and N+i - Nq = Le t  n-j 5 n2 and n^ denote v a r i a t i o n s

f rom e q u i l i b r i u m  o f  the  p o p u l a t i o n s  o f  l e v e l s  m = - I  ,0

and +1 r e s p e c t i v e l y .  These p o p u l a t i o n s  then may be p i c t u r e d
\

as i n  F i g .  30,  where n-j = - n g - n ^ .  The s i g n a l  observed a t  

t ime t  i s  p r o p o r t i o n a l  t o  Bng., where ng = n^-ng+nQ.

n 3  =  - n  3 P I - I1 3 P 2 + n 2 P l ~  ( n 3 + n 2 ^ P 2

= - n 2 (P1+2P2 ) + n2 (Pv P2 ) ( B. I 4)

bu t  n2 = 0 and n2 = 0 so t h a t  n3 + (P1+2P2 ) n 3 = O5 which 

has t he  s o l u t i o n  n3 = - n g e " ^p I +^ p2 s and by symmetry 

O1 = OqO"^pI +2P2 . Then ns = Oq-OqB- ( pl +2P2

= Oq U - e - t / T ] ) where I / T ] = P1+2P2 and thus  

S0- S ( t )  = S0e- t / T l where Sq i s  e q u i l i b r i u m  s i g n a l  h e i g h t .

Now f o r  t he  case whe re in  o n l y  one o f  the  l i n e s  i s  

S a t u r a t e d 5 t he  p o p u l a t i o n s  are d i s t u r b e d  as p i c t u r e d  i n  

F i g .  31.  The s i g n a l  a t  t ime t  i s  p r o p o r t i o n a l  t o  ns and

ns = n2- ( - n 0+n l )•

n1 = - n 1 (P1+2P2 ) + n 2 (P1- P 2 ) (B .1 5 )

and n3 = -BP1O2 + P1O1 -  P1 (.n2+n1 ) = -SP1 n2 . ( B. I 6 )



m= + l no+n3

F ig .  31. R e l a t i v e  P o p u l a t i o n s  o f  Nuc lea r  Leve l s  as a 
Fu n c t i o n  o f  Time f o r  Symmetr i c  S a t u r a t i o n .  At  t  = 0,  a 90° 
Pu l se S a t u r a t e s  the System.

m= + l____________np+n 3

F i g .  32. R e l a t i v e  P o p u l a t i o n s  o f  N u c le a r  Leve l s  as a 
Fu n c t i o n  o f  Time f o r  S a t u r a t i o n  o f  S i n g l e  L i n e .  At  t  = 0 
90° Pulse S a t u r a t e s  m = (0+-+-1 ) T r a n s i t i o n .



These e q u a t i o n s  are s a t i s f i e d  by n9 = -Upe- 3p I t  and
^ 2

" I  = ,  ^ ■ ( P l + 2P2 ) t  making

n0 ( l - | e - 3 P , t . i £ - ( P 1+2P2 ) t )
4

S0- S t t )  -  'Oe-3pI t + e-(P,«P2)t)s ;

and

( 3 . 1 5 )

F i n a l l y  the  mechanism proposed f o r  r e l a x i n g  the NDg 

de u te rons  by exchange t o  ND^ s i t e s  i s  c o n s i d e r e d .

The p o p u l a t i o n  o f  the  m = - I sO9+! l e v e l s  are denoted 

as p i c t u r e d  i n  F i g .  32. S ince t h e r e  are t h r e e  NDg s i t e s  t o  

eve ry  two NDg s i t e s  the p o p u l a t i o n s  are m u l t i p l i e d  by the  

a p p r o p r i a t e  numer i ca l  f a c t o r s .  The ex p e r im e n t  i s  c a r r i e d  

ou t  a t  a c r o s s i n g ,  g u a r a n te e i n g  symmet r i c  s a t u r a t i o n  o f  t he  

NDg sys tem.  Th i s  makes ngg = O f o r  a l l  t , n2g = - n 2 i » and 

n33 = - n g i . Then t he  r a t e  e q u a t i o n  go ve rn in g  ng-j i s  g i ven  

by .
n31 = -P(ng-j-n2-| ) ( B . l  7)

where p denotes  the  p r o b a b i l i t y  t h a t  a de u te ron  a t  an NDg 

s i t e  jumps t o  an ND2 s i t e .

The r a t e  e q u a t i o n  f o r  the  c o r r e s p o n d i n g  l e v e l  o f  

de u te ron s  o f  the  ND^ group i s

O2T = - ( P 1+2P2+ | p ) n 21+ | p n 31 . (B .18 )
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P1+2P2 i s  i d e n t i f i e d  as ! / T 1 go v e rn in g  r e l a x a t i o n  f o r  the 

case o f  symmet r i c  s a t u r a t i o n  o f  the  t h r e e  l e v e l  deu te ron  

system and w i l l  be denoted P.

By s u b s t i t u t i o n ,  the f o l l o w i n g  d i f f e r e n t i a l  eq ua t i o n  

f o r  Og1 i s  o b t a i n e d

n31+| P n31+Pn31+PPn31 = 0 • (B .19 )

No c o n f u s i o n  w i l l  be encoun te red  by d r opp ing  the  s u b s c r i p t  I 

s i n c e  the  NDg as w e l l  as the  NDg r a t e s  are symmet r i c  i n  

l e v e l s  I and 3.

3nD+3n33

3n32

3no+3n31

ZnQ+Zngg
t  = 0

2n22

^ 2n a ± 2n2j _____

F i g .  33. R e l a t i v e  P o p u l a t i o n s  o f  Nu c l ea r  Leve l s  as a 
Fu n c t i o n  o f  Time f o r  Symmetr i c  S a t u r a t i o n  o f  the NDg System,  
I n d i c a t i n g  Cou p l i ng  w i t h  NDg System.



Assuming the  s o l u t i o n  n3 = naec l t +nj:)ec 2' t , w i t h  na + nb = n0 ,

and t h a t  P>>p, *  a s o l u t i o n  n3 = nae - P t + n be - P t  -j s o b t a i n e d .

Now s i n c e  P>>p, I . e . , t he  j ump ing  between ND3 and NDg 

s i t e s  occu rs  much more s l o w l y  than the r e l a x a t i o n  o f  

de u te rons  o f  t he  ND3 g r oup ,  t he  r e l a x a t i o n  r a t e  i s  l i m i t e d  

by p , because na =0 and nb = nQ, w i t h  the  r e s u l t  t h a t

n3 " noe" p t -

I f  the  NDg system i s  s a t u r a t e d , the  r e l a x a t i o n  i s  due 

p r i m a r i l y  t o  j ump ing  between the  two ND2 s i t e s .  Since 

n-|3 = 0 i t  f o l l o w s  f rom Eq. ( B. 18) t h a t  the  t ime  c o n s t a n t  

f o r  t he  r e t u r n  t o  e q u i l i b r i u m  i s  ( P] + 2Pg ) +^-P• However,  the  

e x p e r i m e n t  f o r  t he  ND2 group i s  not  c a r r i e d  ou t  a t  a 

c r o s s i n g ,  so t he  I  -j due t o  ND2 h in de re d  r o t a t i o n  i s  

governed by Eq. ( 3 . 1 5 ) ,  r a t h e r  t han  (Py tZP2 ) ,  p l u s  the 

c o r r e c t i o n  3_p due t o  j ump ing  between ND2 and ND^ s i t e s .
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*The l a t t e r  assumpt i on  i s  j u s t i f i e d  s i n c e  the bas i s  o f  
t he  proposed mechanism i s  t he  ex p e r i m e n ta l  o b s e r v a t i o n  t h a t  
deu te rons  o f  t he  ND2 group r e l a x  v i a  P] and Pg much f a s t e r  
than t he  de u te rons  o f  t he  ND3 group r e l a x .



A P P E N-DIX. C

Tab le  XI and. F i g .  34 summ,a r i z e  the r e c e n t l y  a v a i l a b l e  

s t r u c t u r a l  i n f o r m a t i o n  (4%) 0n Li  N2-DgSO^. The N-D d i s t a n c e s  

i n d i c a t e d  i n  Tab le  XI are no t  i n  good agreement  w i t h  the 

N-H d i s t a n c e s  i n c l u d e d  i n  Tab le  I I I .  However , the  genera l  

f e a t u r e s  o f  t he  s t r u c t u r e  are much the  same.
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TABLE XI

Bonded D i s tances

Bond Di s t ance Bond D i s ta nc e

S - 0 ( 1 ) 1.484 N ( I ) - D ( I ) 1 .018

S - 0 ( 2 ) 1.487 N(1 ) - D (2 ) I .030

S - 0 ( 3 ) 1.467 N( 2) - D (3) 1.015

S - 0 ( 4 ) 1.476 N( 2) - D (4) 1.022

N(1 ) - N (2) 1.425 N( 2) - D (5 ) 1.024

Non-Bonded D is t an ces

L i - O ( I ) ' 1.942 D (2 ) - N ( I  ) ' 2 .042

L i  -  0 ( 2 ) " 1.993 D ( 3 ) - 0 ( l  ) 1 .907

L i - O ( S ) 1.949 D ( 4 ) - 0 ( 2 ) 1.932

L i  -  0 (4) 1.922 D( 5 ) - 0 ( 2 ) 2.064

and " = r e l a t e d  by symmetry o p e r a t i o n



F i g .  3 4 . S t e r e o s c o p i c  View o f  a U n i t  Ce l l  o f  L iN^DrSO*.  View Is  Down 
c Ax i s  w i t h  P o s i t i v e  a Ax i s  t o  R i g h t  o f  V iewe r .  ( A f t e r  Ross and Hami I t o n ( 4 0 ) )
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