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ABSTRACT 

The metallic layer structure niobium selenide ( ~ b ~ e ~ )  was 

synthesized from its elements, and single crystals prepared 

by using iodine vapour transport. The use of lower temperature 

gradients and longer transport times than in previous work on 

NbSe2 resulted in the formation of larger crystals. New 

experiments are now possible with these larger samples. 

The resistivity of NbSe2 was measured across the layers 

( 1 1  c) by a four probe technique that could be used for other 

layer structures. The temperature dependent part of the 

resistivitypll c was found to be linear in T from 300'~ to 80'~ 

and had a ~3 dependence below 60•‹K. The ratio of the resist- 

ivitiespk/pk was constant at 31 : 1 from 3 0 0 ~ ~  to 80•‹K and 

then fell linearly with temperature. 

Single crystal nuclear magnetic resonance studies were 

made at 77'~ and 17O~ and indicate the presence of two conduction 

bands. A Hall coefficient sign reversal has been observed by 

other workers at 26O~. Some possible explanations of this are 

discussed in relation to the results of resistivity, Hall 

effect and nuclear magnetic resonance experiments. 
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Chapter 1 : In t roduc t ion  

1.1 T r a n s i t  ion  metal  dichalcogenides 

The t r a n s i t i o n  metals  of groups IV - V I I  of t h e  p e r i o d i c  

t a b l e  combine with t h e  chalcogens (S, Se, Te) t o  form layered  

dichalcogenides of t h e  form MX2 where M = metal  and X = chalcogen. 

Within t h e  X - M - X l a y e r  t h e  atoms a r e  he ld  t o g e t h e r  

s t r o n g l y  by covalent  bonds, but each l a y e r  i s  only  bound weakly 

t o  t h e  next  l a y e r .  The i n t e r l a y e r  binding f o r c e s  a r e  thought 

t o  be of t h e  van de r  Waals t y p e .  Figure 1.1 shows t h e  genera l  

form ( i n  s e c t i o n )  of t h e s e  Payer s t r u c t u r e s .  The co-ordinat ion 

u n i t  f o r  the  MX2 l a y e r  s t r u c t u r e s  may be e i t h e r  t r i g o n a l  

p r i smat i c  (molybdenite s t r u c t u r e )  o r  oc tahedra l  (cadmium 

iodide  s t r u c t u r e )  . Both a r e  shown i n  f i g u r e  1 .2 .  The u n i t  

c e l l  i s  formed from 2,3,4 o r  6 l a y e r s ,  depending on t h e  

p a r t i c u l a r  materSal and t h e  method of p r e p a r a t i o n .  H u l l i g e r  

(1968) and Wilson and Yoffe (1969) have publ ished f u l l  reviews 

and d e t a i l s  of t h e  c rys ta l lography  may be found t h e r e .  

S t r u c t u r a l l y  and chemically t h e  MX2 m a t e r i a l s  form a well-  

def ined family, but t h e i r  e l e c t r o n i c  p r o p e r t i e s  show wide 

v a r i a t i o n s .  For example, HfS i s  an i n s u l a t o r ,  MoS2 and WSe 
2 2 

a r e  semiconducting, while NbS2 and NbSe2 a r e  meta ls .  Op t i ca l  

s t u d i e s  ( ~ i l s o n  and Yoffe 1969) have l e d  t o  the  adopt ion of 

t e n t a t i v e  band models, but these  a r e  not ye t  s u f f i c i e n t l y  

d e t a i l e d  f o r  accura te  c a l c u l a t i o n s  t o  be made of e l e c t r i c  and 



van der Waa 
\ 

F i g .  1.1 Arrangement  of s u c c e s s i v e  s h e e t s  i n  t h e  MX2 l a y e r e d  
t r a n s i t i o n  metal d i c h a l c o g e n i d e s .  



Metal 

Metal 

F i g .  1 . 2  C o - o r d i n a t i o n  u n i t s  f o r  MX2 l a y e r  s t r u c t u r e s .  
~ r i g o n a l  p r i s m a t i c  ( m o l y b d e n i t e )  s t r u c t u r e  i s  shown 
a b o v e  a n d  cadmium i o d i d e  ( o c t a h e d r a l )  i s  shown b e l o w  . 



magnetic p r o p e r t i e s .  

The bas ic  atomic s t r u c t u r e  of l o o s e l y  connected l a y e r s  

makes such m a t e r i a l s  extremely a n i s o t r o p i c  i n  many of t h e i r  

phys ica l  p r o p e r t i e s .  I n  t h i s  respect  t h e r e  i s  a s i m i l a r i t y  

between t h e  MX2 l a y e r  s t r u c t u r e s  and g r a p h i t e .  

Measurement of the  a n i s o t  rop ies  i n  phys ica l  p r o p e r t i e s  

r e q u i r e s  the  use of  s i n g l e  c r y s t a l s ,  which, with the  except ion  

of molybdenite (MoSp), have t o  be prepared a r t i f i c i a l l y .  They 

a r e  f i r s t  prepared a s  f i n e  powders by s y n t h e s i s  from s to ich io -  

met r ic  propor t ions  of' t h e i r  elements, and t h e  s i n g l e  c r y s t a l s  

a r e  made by chemical vapour t r a n s p o r t ,  u s i n g  bromine o r  iodine  

as t h e  c a r r i e r .  ( ~ r i x n e r  1962, Schafer  1964) 

1 . 2  Previous work on NbSe2 

NbSe2 e x i s t s  i n  two forms, one wi th  two l a y e r s  t o  t h e  u n i t  

c e l l  ( ~ r i x n e r  1962) and one w i t h  four  (4evol insky 1965). The 

two l a y e r  ( 2 ~ )  modif ica t ion  i s  formed a t  8 5 0 ' ~  o r  lower i n  t h e  

r e a c t i o n  tube,  while  t h e  f o u r  l a y e r  modif ica t ion  (4~) i s  

formed a t  9 0 0 ~ ~  o r  h igher .  Iodine  t r a n s p o r t  a t  temperatures  

of 800 '~  o r  lower ensures  t h a t  only the  2H s i n g l e  c r y s t a l s  

form at the  cool  end of t h e  r e a c t i o n  tube .  The two s t ack ing  

polytypes a r e  both superconduct ing, the  2H having a  t r a n s i t i o n  
0 

temperature of 7 .O'K and t h e  &H having one of 6 .3  K ( ~ e v o l i n s k y  

1965) .  L i t t l e  work has been done on t h e  4~ s t ack ing  polytype, 



and this thesis will concern itself exclusively with the 2H 

modification. Structurally, the 2H - NbSe2 has the molybdenite 

structure as shown in figure 1.3. 

Lee (1969) has measured the resistivity and Hall coefficient 

for currents perpendicular to the c-axis of the single crystal. 

The resistivity shows no remarkable features, but the Hall 

coefficient (~ig. 1.4) shows an abrupt change of sign at 26O~, 

being p-type at T > - 2 6 O ~  and n-type at T < - 26'~. This change is 

reminiscent of a phase change and various explanations have 

been offered ( ~ e e  1970, Geballe 1971). Magnetic susceptibility 

measurements have been made (Selte 1965, Lee 1970), and from 

these it was concluded that NbSe2 was antiferromagnetic below 

about 50'~. However, the presence of iron impurities in the 

samples used makes this conclusion of doubtful validity (wold 

1971). No changes in the crystallographic parameters have 

been observed ( ~ e e  1970, Geballe 1971) but from his NMR 

observations on powders Geballe (1971) suggests that there may 

be an electronic rearrangement of orbitals below 26C~. 

Optical studies (~ilson and Yoffe 1969) show absorption 

band edges in the visible and near infra-red. Both Wilson 

and Yoffe (1969) and Goodenough (1968) have published band 

schemes for NbSe2. They are characterised by narrow d-bands 

with energy near the Fermi energy. The dZ2 band is half-full, 

giving NbSe2 its metallic character. Far infra-red spectra 

(clayman 1971) show that the superconducting energy gap 



F i g .  1 . 3  S t r u c t u r e  o f  2H- MoS2 ( a f t e r  P a u l i n g )  . NbSe2 h a s  
an  a l m o s t  i d e n t i c a l  s t r u c t u r e , w i t h  o n l y  a s l i g h t  d i f f e r e n c e  i n  
s t a c k i n g  o r d e r .  



Fig. 1 . 4  P l o t  of t h e  H a l l  c o e f f i c i e n t  of  NbSe 2 as a 

f u n c t i o n  of  t empera tu re  . ( a f t e r  Lee (1969) ) 



depends on temperature i n  the  way requi red  by the  B.C.S. 

theory  ( ~ a r d e e n  1957). 

1 .3  Contr ibut ions  of t h i s  t h e s i s  

There a r e  t h r e e  experimental  chap te r s  i n  t h i s  t h e s i s ,  

each dea l ing  with one aspect  of t h e  problem of  e l e c t r i c a l  

conduction i n  NbSe2. 

Chapter 2 desc r ibes  a method of growing l a r g e r  s i n g l e  

c r y s t a l s  so t h a t  previous ly  impossible experiments such a s  

s i n g l e  c r y s t a l  NMR o r  off-edge r e f l e c t i v i t y  a r e  now f e a s i b l e .  

Chapter 3 desc r ibes  a d i r e c t  method of determining the  

an i so t ropy  i n  the  e l e c t r i c a l  r e s i s t i v i t y  of NbSe 2 '  The method 

could, i n  p r i n c i p l e ,  be appl ied  t o  any of t h e  MX2 l a y e r  

s t r u c t u r e s .  

Chapter 4 descr ibes  t h e  s i n g l e  c r y s t a l  NMR measurements 

t h a t  were made t o  explore  t h e  na tu re  of t h e  changes t h a t  

r e s u l t e d  i n  the  H a l l  c o e f f i c i e n t  changing s i g n .  

The d i scuss ion  i n  chap te r  5 examines the  var ious  hypotheses 

put  forward t o  exp la in  t h e  r e s i s t i v i t y  of NbSee i n  the  l i g h t  

of t h e  experimental  evidence.  



Chapter 2 : Prepara t ion  of s i n g l e  c r y s t a l s  of niobium se len ide  

2 . 1  Mate r i a l s  used 

The niobium se len ide  used f o r  a l l  t h e  experiments was 

prepared by syn thes i s  from t h e  elements .  S i n g l e  c r y s t a l s  were 

made by the  use of chemical vapour t r a n s p o r t ,  u s ing  iodine  as 

t h e  c a r r i e r .  The 99.93% niobium and t h e  99.999% selenium were 

obtained from United Mineral  and Chemical Corp., New York and 

t h e  a n a l y s i s  r epor t  showed t h a t  t h e  major i m p u r i t i e s  were i ron ,  

* 
s i l i c o n  and tantalum . Tantalum i s  so s i m i l a r  chemical ly  t o  

niobium t h a t  it would not  be expected t o  a f f e c t  t h e  p r o p e r t i e s  

of niobium se len ide  too  much, but s m a l l  concen t ra t ions  of i r o n  

i n  metals r e s u l t  i n  d r a s t i c  changes i n  t h e i r  e l e c t r i c  and 

magnetic p r o p e r t i e s  a t  low temperatures  ( ~ o r e l i u s  1932, Kopp 

1969) . 

2.2 Prepara t ion  of t h e  s i n g l e  c r y s t a l s  

The genera l  method fol lows t h a t  used by Kershaw e t  a1 

( ~ e r s h a w  1965) . Stoichiomet r i c  proport  ions  of niobium and 

*Impurity l e v e l s  i n  t h e  niobium ( p a r t s  p e r  m i l l i o n  by weight) 
I r o n  200 S i l i c o n  200 Tantalum 100 Sodium 5 Manganese 1 

These a r e  taken from spect rographic  a n a l y s i s  performed by 
s u p p l i e r .  Impurity l e v e l s  i n  the selenium a r e  n e g l i g i b l e  by 
comparison. 



selenium were placed i n  a c lean  quar tz  r e a c t i o n  tube,  which 

was then  evacuated t o  a pressure  of 10-5 - t o r r .  The 

tube was then  sea led  and placed i n  a  Lindberg single-zone 

furnace at 6 5 0 ' ~  f o r  100 hours .  A f i n e  powder of niobium 

se len ide  was formed a s  a r e s u l t .  

To prepare  t h e  s i n g l e  c r y s t a l s  about 5grn of t h e  NbSe2 

powder was placed i n  a quar tz  t r a n s p o r t  tube about 35cm long 

-6 and t h e  tube was pumped t o  10 t o r r .  Iodine was weighed out 

so  as t o  g ive  a concent ra t ion  of 5 rng/cm3 i n  the  t r a n s p o r t  

tube .  It was then  p laced  i n  a g l a s s  ampoule and pumped t o  
0 

10-I  t o r r  at  0 C .  Th i s  ensured t h a t  a l l  t h e  water  vapour was 

pumped away, while t h e  iodine  remained s o l i d .  The sea led  

ampoule was then  placed i n  t h e  vacuum system, broken, and t h e  

iodine sublimed i n t o  t h e  t r a n s p o r t  tube .  Figure 2 . 1  shows t h e  

experimental  arrangement used f o r  t h e  iodine  subl imat ion .  

The t r a n s p o r t  tube  was cooled t o  7 7 ' ~  t o  make t h e  process  more 

e f f i c i e n t .  

The t r a n s p o r t  tube was then sea led  and placed i n  a  Lindberg 

three-zone furnace f o r  iodine  t r a n s p o r t .  The furnace w a s  s e t  

at 850•‹c f o r  50 hours with one end plug out  i n  o r d e r  t o  c l ean  

t h e  tube by back t r a n s p o r t .  The main t r a n s p o r t  r e a c t i o n  

took p lace  a t  7 5 0 ' ~  (charge zone) and 725O~ (growth zone) f o r  

200 hours with both end plugs in ,  with a f u r t h e r  50 hours at 
0 0 

700 C (charge)  and 675 C (growth) t o  ensure maximum t r a n s p o r t .  
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A temperature p r o f i l e  of the  three-zone furnace,  measured 

with a s tandard  chromel-alumel thermocouple i s  shown i n  f i g u r e  

2.2.  

The r e s u l t i n g  c r y s t a l s  were of t h e  form of t h i n  p l a t e l e t s  

of a l l  s i z e s  up t o  2cm x 2cm x 0.lcm. They had sh iny  su r faces  

and appeared f r e e  from major de fec t s ,  a l though some of t h e  

l a r g e r  ones had c l e a r  growth s p i r a l s  on the  f a c e s  perpendicular  

t o  t h e  c -ax i s .  The c r y s t a l s  were washed i n  acetone t o  wash 

o f f  su rp lus  iodine  and s t o r e d  i n  a d e s s i c a t o r  t o  keep them 

dry and f r e e  from d u s t .  

No d e t a i l e d  chemical a n a l y s i s  of t h e  c r y s t a l s  was 

undertaken, but t h e  superconduct ing  t r a n s i t  i on  temperature 

was measured t o  be 7 . 0 ' ~ .  This  showed t h a t  t h e r e  was none of 

t h e  four- l a y e r  modif ica t ion  of NbSe2 p resen t  ( t r a n s i t  ion  

temperature 6 .  ~ O K ,  Revolinsky 1965) and a l s o  t h a t  any depar tures  

from stoichiomet  r y  were s m a l l ,  s ince  t h e  t r a n s i t  ion  temperature 

i s  very s e n s i t i v e  t o  minor v a r i a t i o n s  i n  t h e  niobium concent- 

r a t i o n  ( ~ n t o n o v a  1969) . Other workers (Kershaw 1965) have 

shown t h a t  t h e  iodine  concent ra t ion  i n  t h e  c r y s t a l s  i s  l e s s  

5 than  1 p a r t  i n  10 . 

2.3 Chemistry of the  t r a n s p o r t  r e a c t i o n  

The genera l  theory  of vapour t r a n s p o r t  r e a c t i o n s  i s  

d e a l t  with by Schafer  (1964) and i t s  a p p l i c a t i o n  t o  t h e  
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F i g .  2 . 2  Tempera tu re  p r o f i l e  o f  t h e  t h r ee - zone  f u r n a c e  
used f o r  i o d i n e  vapour  t r a n s p o r t  of NbSe2 powder . 



niobium- se lenium system by Brixner (1962) . 
A t  t h e  hot  end of t h e  tube t h e  niobium se len ide  i s  

converted t o  iodide  i n  accordance with t h e  fol lowing reac t ion:  

The gaseous products proceed by d i f f u s i o n  and thermal 

convection t o  t h e  cool  end of t h e  tube where niobium se len ide  

i s  re-formed, t h i s  time as a s i n g l e  c r y s t a l .  

The iodine  d i f f u s e s  back t o  t r a n s p o r t  more niobium 

se len ide  . 
I n  t h e  e a r l i e r  work (Brixner  1962, Kershaw 1965) t h e  

temperature d i f f e rence  between t h e  ho t  and cold  ends of t h e  

tube was of t h e  o rde r  of 200 '~  and t h e  t r a n s p o r t  was cdmplete 

i n  10 - 15 hours .  The smal ler  temperature g r a d i e n t s  emplcyed 

i n  t h i s  work meant t h a t  the  r eac t ions  took longer  because of 

t h e  slower movements of t h e  gases  wi th in  t h e  tube (Schafer  

1964, pp . 31-32) . However, l a r g e r  c r y s t a l s  r e s u l t  from the  

slower p rocess .  This  i s  e x a c t l y  analagous t o  t h e  slow growth 

processes  of o t h e r  l a r g e  s i n g l e  c r y s t a l s  from s o l u t i o n s  and 

mel t s .  

Of t h e  t h r e e  major impur i t i e s  p resen t  i n  t h e  Nb used, 



s i l i c o n  i s  not  t r a n s p o r t e d  as t h e  s i l i c o n - i o d i n e  r e a c t i o n  i s  

not r e v e r s i b l e .  One of t h e  precondi t ions  f o r  vapour t r a n s p o r t  

i s  t h a t  a l l  t h e  r e a c t i o n s  should be r e v e r s i b l e  (Schafer  1964, 

pp 0 31-32) . 
Tantalum i s  t r a n s p o r t e d  a s  t h e  p repara t ion  of s i n g l e  

c r y s t a l s  of tantalum se len ide  i s  almost e x a c t l y  t h e  same as 

t h a t  f o r  niobium s e l e n i d e .  It was not  c l e a r  at  t h e  o u t s e t  

whether i r o n  would be t r anspor ted  so a run was made with pure 

i r o n  s e l e n i d e  under e x a c t l y  t h e  same cond i t ions  of temperature,  

time and vacuum as was a niobium s e l e n i d e  run.  It was found 

t h a t  i r o n  se len ide  formed f l a t  c r y s t a l s  a t  t h e  cool  end of t h e  

tube .  It can t h e r e f o r e  be presumed t h a t  t h e  major i m p u r i t i e s  

i n  t h e  niobium se len ide  s i n g l e  c r y s t a l s  a r e  i r o n  and tantalum, 

both with concent ra t ions  of t h e  o rde r  of 100 molecular p a r t s  

p e r  m i l l i o n  ( i  .e . 100 atoms of i r o n  o r  tan ta lum p e r  m i l l i o n  

molecules of niobium s e l e n i d e )  . X-ray d i f f r a c t i o n  s t u d i e s  

can determine the  form of  t h e  i r o n  impuri ty  i f  the  NbSe2 i s  

doped with 1% i r o n .  From cons ide ra t ion  of atomic s i z e s  t h e  

Fe atom (diam. 1 .48  2) can e i t h e r  rep lace  t h e  Nb atom (diam. 

2 .OO 8) s u b s t i t u t i o n a l l y  o r  occupy a p o s i t i o n  between t h e  

l a y e r s  (width of gap 3 -59 a, Brown 1965) . The i r o n  impuri ty  

concent ra t ion  of 100 ppm i s  too low f o r  t h e  X-ray measurements 

t o  be conclusive with t h e  as-grown c r y s t a l s .  



C h a ~ t e r  3  : R e s i s t i v i t y  measurements on NbSep 

3 . 1  E l e c t r i c a l  conduc t iv i ty  i n  a n i s o t r o p i c  media 

I n  a homogenous, i s o t r o p i c  conductor  t h e  e l e c t r i c  

cu r ren t  d e n s i t y  J i s  r e l a t e d  t o  t h e  e l e c t r i c  f i e l d  i n t e n s i t y  

where (r i s  t h e  conduc t iv i ty .  I n  t h i s  case and a re  i n  

t h e  same d i r e c t i o n  and (r i s  a s c a l a r .  

When E q .  (3-1) i s  genera l i sed  f o r  t h e  case  of a n i s o t r o p i c  

media 2 and a r e  not  n e c e s s a r i l y  i n  t h e  same d i r e c t i o n  and 

now a i s  a second rank t e n s o r .  - 

The conduct iv i ty  t e n s o r  - (r - w i l l  have nine components but  

not  a l l  w i l l  be independent of one ano the r .  The t e n s o r  must 

have t h e  same symmetry t r ans fo rmat ions  as the  c r y s t a l   ye 
1957, ch .  1) and t h i s  reduces the  number of independent 

components. Referred t o  i t s  p r i n c i p a l  a x i s :  



One of these  p r i n c i p a l  axes i s  t h e  c -ax i s  i n  t h e  case 

of niobium se lenide ,  and t h e r e  i s  a 6- fo ld  r o t a t i o n a l  symmetry 

about t h i s  a x i s  ( ~ r o w n  1965) .  No s p e c i a l  a x i s  i s  def ined i n  

the  plane perpendicular  t o  c, so by symmetry Oil - OZ2 . 
Thus t h e  n ine  components have been reduced t o  two: 1 t he  

conduct iv i ty  perpendicular  t o  c and O 3  , the  conduct iv i ty  

The q u a n t i t y  t o  be measured r e s i s t i v i t y  P , i s  t h e  
b: 

inverse  of the  conduc t iv i ty  . Thus, 

The same symmetry cons ide ra t ions  t h a t  app l i ed  t o  the  

conduct iv i ty  a l s o  apply t o  the  r e s i s t i v i t y ,  so t h e  r e s i s t i v i t y  

t ensor  i s  of e x a c t l y  the  same form, having j u s t  two independent 

components. They a r e  def ined a s  P i l c  , t h e  r e s i s t i v i t y  p a r a l l e l  

t o  c  and pLc t he  r e s i s t i v i t y  perpendicular  t o  c  . s u b s t i t u t i n g  

i n t o  Eq. (3-4) : 

P l c  0 0 aTl  0 0 I 0 0  (., p1.0 ) . (o ql 0 )=(o 1 ;) 
O PIIC O O 3 3  0 0 



(3-4) does not  have such a simple form of s o l u t i o n  

i f  r e s i s t i v i t i e s  i n  any o t h e r  d i r e c t i o n s  a r e  r equ i red .  

Because of t h e i r  h igh ly  a n i s o t r o p i c  c r y s t a l  s t r u c t u r e ,  

it i s  t o  be expected t h a t  Pllc and PLc w i l l  be r a d i c a l l y  

d i f f e r e n t  i n  t h e  case of the  l a y e r  s t r u c t u r e s .  

3.2 Experimental 

The as-grown c r y s t a l s  were of t h e  o rde r  of O.lrnm t h i c k  

and so it was not  p o s s i b l e  t o  use t h e  convent ional  geometry 

t o  measure Pllc. Normal four-probe techniques would have 

required t h e  longes t  dimension of the  specimen t o  be p a r a l l e l  

t o  c, c l e a r l y  impossible i n  t h i s  case .  The f i r s t  a t tempts  t o  

solve t h i s  problem a r e  i l l u s t r a t e d  i n  f i g u r e s  5.1 ( a )  and 3.1 ( b ) .  

Reproducible r e s u l t s  were not obtained with t h e  arrangement 

of f i g u r e  3 . l ( a )  because it was impossible t o  l a y  t h e  vol tage  

contac t  wire e x a c t l y  i n  t h e  face  of t h e  c r y s t a l .  The r e s u l t i n g  

contac t  r e s i s t a n c e  o f t e n  dominated t h e  r e s i s t a n c e  of t h e  sample, 

e s p e c i a l l y  a t  low tempera tures .  

The r a t i o  of vol tage  t o  cu r ren t  was e n t i r e l y  reproducible  

with the  geometry of f i g u r e  3 . 1  ( b )  bu t  it depended s t rong ly  on 

t h e  d i s t ance  between the  cu r ren t  and vol tage  con tac t s  on each 

of t h e  f a c e s  of the  c r y s t a l .  Rela t ing  the  r a t i o  vol tage/current  

t o  the  components of t h e  r e s i s t i v i t y  t e n s o r  i s  very i n d i r e c t  

and i s  der ived from t h e  s o l u t i o n  of Maxwell's equat ions  with 



contacts 

Silver dag contacts 

Fig. 3.1 (a) and (b) . Two contact geometries that proved 
unsuccessful for the measurement of the resistivity of 

NbSe2 perpendicular to the layers. 



t h e  appropr ia t e  boundary cond i t ions .  The c a l c u l a t i o n  has  been 

done f o r  t h e  case of c y l i n d r i c a l  symmetry ( ~ r i m a k  1954) and 

f o r  the  case of f o u r  poin t  con tac t s  on the  top  face of a  

r ec tangu la r  sample by Soonpaa (1962) . The as-grown c r y s t a l s  

were not  c y l i n d r i c a l l y  symmetric and i t  was f e l t  t h a t  they  were 

t o o  b r i t t l e  t o  be lapped i n t o  t h e  r i g h t  shape. There would be 

too  many s t r a i n s  introduced, as w e l l  a s  damage t o  the  c r y s t a l  

edges.  A more d i r e c t  method was t h e r e f o r e  used, based on t h e  

s p e c i a l  p r o p e r t i e s  of t h e  l a y e r  s t r u c t u r e s .  

A l l  t h e  layered  t r a n s i t i o n  metal  dichalcogenides have a  

d e f i n i t e  ,cleavage plane perpendicular  t o  t h e  c-axis  . A s c a l p e l ,  

r azor  blade,  p i n  o r  even scotch  t ape  can be used t o  cleave t h e  

c r y s t a l s .  Complete c l eav ing  has been used t o  prepare c r y s t a l s  

of  th ickness  a s  low as a few u n i t  c e l l  l a y e r s  ( ~ r i n d t  1966). 

A p a r t i a l  c leaving  of a  t h i n  s e c t i o n  of t h e  niobium se len ide  

makes it p o s s i b l e  t o  prepare probes t h a t  give a  d i r e c t  

measurement of the  vol tage  drop ac ross  t h e  c r y s t a l .  Figure 3.2 

shows t h e  arrangement used.  The th ickness  of t h e  vol tage  

probe i n  r e l a t i o n  t o  t h e  sample th ickness  i s  exaggerated f o r  

c l a r i t y ,  s ince  i n  p r a c t i c e  t h e  vol tage  probe i s  only a few 

microns t h i c k  while t h e  sample i s  of t h e  o rde r  of O . l m m  t h i c k .  

A c r y s t a l  (#1 i n  f i g u r e  3.3) was taken and i t s  r e s i s t a n c e  

measured at room temperature,  f i r s t  with a  smal l  contac t  area,' 
Z ' 

and then  with a l a r g e  contac t  a r e a .  It was found t h a t  a cons i s t -  t 

e n t  value f o r  r e s i s t i v i t y  followed only i f  the  con tac t  a r e a  A:, \ 
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and not  t h e  sample a r e a  A ' ,  was used i n  t h e  elementary formula 

p= !p . Measurements then  followed a t  room temperature on 

a s e r i e s  of c r y s t a l s  of varying th ickness ,  inc luding  some t h a t  

were successive c leavings  o f f  one t h i c k  c r y s t a l .  Measured 

r e s i s t i v i t y  was p l o t t e d  aga ins t  th i ckness  t and i s  shown 
t 

i n  f i g u r e  3.3. For t h e  t h i c k e r  c r y s t a l s  t h e  q u a n t i t y  measured 

w a s  a combination of f l l c  and f l c  s i n c e  t h e  cu r ren t  flow i s  not 

p e r f e c t l y  p a r a l l e l  t o  c .  Figure 3.4a shows t h e  spreading of 

the  cu r ren t  i n  t h i s  c a s e .  For t h i n n e r  c r y s t a l s  (below about 

0.2mm t h i c k )  t h i s  spreading e f f e c t  i s  n e g l i g i b l e  a s  can be 

seen i n  f i g u r e  3.4b. Thus i n  t h e s e  cases  file i s  t h e  q u a n t i t y  

being measured. 

The r e s i s t i v i t y  of t h i n  samples (below 0.2mm t h i c k )  was 

measured a s  a  func t ion  of temperature from 7OK t o  300'~.  

0 0 
Temperatures from 77 K t o  300 K were obta ined  by the  use of 

* 0 
s tandard organic  f r e e z i n g  mixtures , while below 77 K adequate 

temperature s t a b i l i t y  was obtained by p u t t i n g  a  d i p s t i c k  i n  a  

helium Dev;ar. A l l  temperatures were measured with a gold- 

.03% i r o n / s i l v e r  normal thermocouple ( ~ e r m a n  1964) . The 

r e s i s t i v i t y  measurements a r e  shown i n  f i g u r e  3.5.  

*The f r e e z i n g  mixtures used were a s  fol lows:  
Isopentane 112.50K Formaldehyde 252 .o•‹K 
Ethanol  156 .O'K Propane 229 .o% 
Acetone 178 .o% 1ce 273.2 K 
Dry i c e  195 .o% 



F i g .  3 . 3  "easured  v a l u e s  of t h e  r e s i s t i v i t y  of NbSe 2 f o r  

c r y s t a l s  of v a r y i n g  t h i c k n e s s e s .  Measurements t a k e n  a t  - .- 
room t e m p e r a t u r e  . 



/ Sample 

Fig. 3 . 4  C u r r e n t  s t r e a m l i n e s  i n  t h i n  a n d  t h i c k  s i n g l e  

c r y s t a l s  of NbSeZ . 



F i g .  3 .5  P l o t  o f  r e s i s t i v i t y  p a r a l l e l  t o  t h e  c - a x i s  o f  

MbSeZ as a f f i n c t i o n  o f  t e m p e r a t u r e  . 



Measurements of pLc were then  taken on t h e  same samples 

t h a t  had been used f o r  t h e  measurements of f l l c  . The more 

regu la r  ones were measured by the convent ional  four-probe 

technique, while the  i r r e g u l a r  ones were measured by the  van 

der  Pauw method (van d e r  Pauw 1961).  The r e s u l t s  f o r p L c  a r e  

i n  good agreement with those of Lee e t  a1 ( ~ e e  1969) .  Figure 

3.6 shows t h e  r e s u l t s  of t h i s  work and those of Lee e t  a l .  

Resis tance measurements we r e  made with an E l e c t r o n i c s  

Instruments  power supply, g iv ing  cons tant  dc c u r r e n t s  of 1 ma 

o r  l e s s .  Voltages and c u r r e n t s  were measured with Ke i th ley  

150B microvolt-ammeters, except t h a t  i n  l a t e r  experiments a 

T ins ley  55gOB potent iometer  was used f o r  t h e  vol tage  measurements. 

Ultimate s e n s i t i v i t y  was of t h e  o rde r  of  50 nV, being l i m i t e d  

by t h e  thermal no i se  i n  t h e  s i l v e r  dag c o n t a c t s .  

3.3 Analysis of r e s u l t s  

The high superconducting t r a n s i t i o n  temperature (7 .0 '~ )  

makes i t  very d i f f i c u l t  t o  e s t ima te  t h e  r e s i d u a l  r e s i s t a n c e  of 

t h e  c r y s t a l  i n  e i t h e r  d i r e c t i o n .  A s  a f i r s t  approximation t h e  
I 

i d e a l  r e s i s t i v i t y  p was taken t o  be: 

The i d e a l  r e s i s t i v i t y  given by eq .  (3-6) i s  t o o  low as 

f (7) i s  c l e a r l y  an overest imate of t h e  r e s i d u a l  r e s i s t i v i t y .  





The sys temat ic  e r r o r  introduced by t h i s  approximat ion  must 

be allowed f o r  i n  t h e  subsequent d i scuss ion .  

Figure 3 . 7  shows t h e  i d e a l  r e s i s t i v i t i e s  p l o t t e d  aga ins t  

temperature.  Below 2 0 ' ~  the  sys temat ic  e r r o r  introduced by t h e  

approximation (3-6) i s  so l a r g e  t h a t  l i t t l e  r e l i a n c e  can be 

placed on r e s u l t s  i n  t h i s  temperature range.  P a r a l l e l  t o  c, 

t h e  i d e a l  r e s i s t i v i t y  fol lows a T~ l a w  i n  t h e  range 2 0 ' ~  - 6 0 ' ~  

and i s  approximately l i n e a r  i n  t h e  range above 100%. 

2  Perpendicular  t o  c t h e  i d e a l  r e s i s t i v i t y  fol lows a  T l a w  i n  

t h e  range 2 0 ' ~  - 45OK, with an approximately l i n e a r  dependence 

above 10o•‹K. 

Figure 3 . 8  shows t h e  r a t i o  of i d e a l  r e s i s t i v i t i e s  p l o t t e d  

aga ins t  tempera ture .  The e r r o r  ba r s  i n  f i g u r e  3 . 8  mainly r e f l e c t  

t h e  e r r o r s  i n  t h e  e s t ima te  of the  r e s i d u a l  r e s i s t i v i t y  and i n  

t h e  measurement of t h e  contac t  a r e a  and t h e  c r y s t a l  th i ckness .  

A s  can be seen from f i g u r e  3 . 8  t h e  r a t i o  of i d e a l  r e s i s t i v i t i e s  

i s  cons tant  at 31  : 1 from 3 0 0 ' ~  t o  8 0 ' ~  and then  f a l l s  

l i n e a r l y  with temperature.  
0 

A t  room temperature (295 K )  t h e  r e s i s t i v i t i e s  a r e  

given by: 

-4 
P l  c 

= 1.60 f 0.07  x  10 ohm cm. 



Temperature T(Oi<) 

F i g .  3 . 7  Logar i thmic  p l o t  of t h e  i d e a l  r e s i s t i v i t i e s  of  NbSel 



Temperature T ( O  K ) 

1 

Fig. 3.8 Plot of the ratio of ideal resistivities,PdC 
as a function of temperature for NbSe2 . 



Chapter  4 : S i n g l e  c r y s t a l  n u c l e a r  magnetic resonance measurements 
on NbSe2 

- 

4 . 1  Mot iva t ion  

The observed change i n  t h e  s i g n  o f  t h e  H a l l  c o e f f i c i e n t  

i n  NbSe2 a t  2 6 ' ~  (Lee 1969) has  l e d  t o  v a r i o u s  e x p l a n a t i o n s  

being o f f e r e d .  Some of t h e  most l i k e l y  e x p l a n a t i o n s  a r e  

summarised below: 

a .  Cohen -. e t  a l  (1967) proposed a two band model f o r  

P- tungs ten  superconduc tors  t h a t  could g ive  p- t o -n  t r a n s i t  i o n s  

i f  t h e r e  were t o  be g r e a t l y  d i f f e r i n g  d e n s i t i e s  of s t a t e s  i n  

two bands n e a r  t h e  Fermi l e v e l .  A s  can be seen  from t h e  

Goodenough band scheme (1968) shown i n  f i g u r e  4.1, bo th  t h e  

bands n e a r  EF a r e  d-bands, and s o  it i s  u n l i k e l y  t h a t  t h e  d e n s i t y  

of  s t a t e s  would be r a d i c a l l y  d i f f e r e n t  i n  t h e  two bands .  

b .  Re la ted  t o  t h i s  i s  t h e  p o s s i b i l i t y  t h a t  t h e  m o b i l i t i e s  

o f  t h e  c a r r i e r s  i n  t h e  two bands may be very  d i f f e r e n t .  

Exper imenta l ly  t h e  d i r e c t  measurement o f  band m o b i l i t i e s  i n  

meta l s  i s  ve ry  d i f f i c u l t .  T h i s  model i s  d i scussed  f u r t h e r  i n  

c h a p t e r  5 below. 

c .  Lee (1970) proposed t h e  hypo thes i s  t h a t  NbSe2 was 

a n t i f e r r o m a g n e t i c  . The s u s c e p t i b i l i t y  measurements needed t o  

t e s t  t h i s  hypo thes i s  r e q u i r e d  c r y s t a l s  of  a much h i g h e r  p u r i t y  

t h a n  we re  a v a i l a b l e ,  e s p e c i a l l y  wi th  regard  t o  fe r romagnet ic  





impur i t i e s  . 
d .  X-ray d i f f r a c t i o n  s t u d i e s  ( ~ e b a l l e  1971) show a  very 

small  change i n  l a t t i c e  parameters of t h e  o rde r  of 0 .3%.  This  

may be i n d i c a t i v e  of a phase change i n  NbSe 2' and t h i s  could be 

de tec ted  i n  var ious  ways, an obvious p o s s i b i l i t y  being nuc lea r  

magne t i c  resonance . 
e  . The e l e c t r o n i c  s t r u c t u r e  of t h e  niobium atom may 

change from 77% t o  7 ' ~ .  This  would a l t e r  the  i n t e n s i t i e s  of 

the  X-ray d i f f r a c t i o n  p a t t e r n  ( ~ i t t e l  1966, pp . 66-68) through 

the  atomic s c a t t e r i n g  f a c t o r ,  but t h e r e  was not  r e a d i l y  a v a i l a b l e  

X-ray d i f f r a c t  ion appara tus  s u f f i c i e n t l y  s e n s i t i v e  t o  resolve 

minor changes i n  i n t e n s i t i e s .  However changes i n  t h e  charge 

d i s t r i b u t i o n  around the  niobium nucleus r e s u l t  i n  changes i n  the  

e l e c t r o s t a t i c  f i e l d  g rad ien t  a t  t h e  ~ b ~ ~  nucleus .  Thus the  use 

of nuc lea r  magnetic resonance methods can t e s t  f o r  any changes 

0 i n  e l e c t r o n i c  s t r u c t u r e  below 77 K .  

4.2 Theory of e l e c t r i c  quadrupole i n t e r a c t i o n s  

The t reatment  fol lows c l o s e l y  t h a t  of S l i c h t e r  (1963) . 
C l a s s i c a l l y  t h e  i n t e r a c t i o n  energy between a  charge 

d i s t r i b u t i o n  P(r) - and an e x t e r n a l  p o t e n t i a l  V ( r )  i s  



Expanding V(l)  a s  a  Taylor  s e r i e s  about the  o r i g i n  and 

s u b s t i t u t i n g  i n t o  equat ion 4 .1  r e s u l t s  i n  

bv 
WHERE vi = - 1 

t "ij = 
b2v I 

bXi 0 bxibxj 0 

For t h e  case of a nucleus s i t u a t e d  a t  t h e  o r i g i n ,  the 

f i r s t  term cons iders  the  nucleus a s  a  po in t  charge.  The second 

term i s  the  e l e c t r i c  dipole  term, and t h i s  i s  zero f o r  a nucleus 

i n  equi l ibr ium.  The t h i r d  term i s  the  e l e c t r i c  quadrupole 

term and i t  may be s i m p l i f i e d  by r e f e r r i n g  t o  the  p r i n c i p a l  

axes of the  nucleus .  

and 

Equation 4.4 holds as V s a t i s f i e s  Laplace ' s  equat ion  i n  the  

absence of e x t e r n a l  charges .  

Equations 4.3 and 4  -11 reduce t h e  number of independent 

elements of the  quadrupole term from nine  t o  two. 



Define t h e  quadrupole t e n s o r  Qij 

Qij = 1 13xi Xi- 8..r2] IJ pdr 

quadrupole energy E 
2 

- - 

v i r t u e  of  equa t ion  4.4,  t h e  second term vanishes  

To g e t  a quantum-mechanical e x p r e s s i o n  f o r  t h e  quadmpole  

Hamiltonian,  P and Qij must be r ep l aced  by the  cor responding  

o p e r a t o r s .  

p = i e 1 1  8 (1-~r-) 
protons 

t 

as t h e  charges  a r e  l o c a t e d  on t h e  p ro tons  o f  t h e  nuc l eus .  Each 

p ro ton  i s  cons idered  as a p o i n t  charge a t  r 
t '  



Thus the  quadrupole Hamiltonian i s  

with Q-. given by equat ion 4 .8 .  
IJ 

The Wigner-Eckart theorem makes i t  poss ib le  t o  expand 

any funct ion  of o p e r a t o r s  i n  terms of a sum of t h e  i r r e d u c i b l e  

r ep resen ta t ions  of t h e  symmetry group of the  system under 

cons ide ra t ion .  Thus f o r  a  nucleus of t o t a l  s p i n  I, the  

quadrupole term i n  equat ion  4.8 can be put  i n  terms of t h e  

matrix elements of the  t o t a l  sp in  I' and t h e  s p i n  along one of 

the  axes of the  nucleus .  

It i s  shown ( S l i c h t e r  1963, p .  170) t h a t < ~ ~ l Q ~ ~  1 ~ m ' >  9 

t h e  matr ix  element l i n k i n g  a s t a t e  with s p i n  m)l along an a x i s  

t o  a  s t a t e  w i t h  sp in  m ' h  a long the  same a x i s  i s  r e l a t e d  t o  the  

1 ' s  by 

The proof of equat ion  4.10 i s  omitted a s  only the  r e s u l t  

i s  needed. The cons tant  C can be evaluated by t ak ing  the 



s p e c i a l  ca se  of i = j=z ,  m=ml= I . Then d e f i n i n g  the  

quadrupole moment Q of t he  nuc leus  by 

Combination of  e q u a t i o n s  4.10 and 4.11 f o r  t h e  s p e c i a l  

case  y i e l d s  
2 I:+I;] - I ~ ( I I >  eQ = C<II~ [ 

and 

Equat ion 4 .13  r e s u l t s  from t h e  combination of equa t ions  

( 4 . 6 ) ,  (4.8), (4 .10 )  and ( 4 . 1 2 ) .  

Referred t o  t h e  p r i n c i p a l  axes  of t he  nuc leus  (4 .14)  s i m p l i f i e s  

f u r t h e r  t o  ( u s i n g  L a p l a c e s  equa t ion  Z . . V . . = ~  ) II I1 



Define t h e  f i e l d  g rad ien t  eq = Vzz 

v -v 
t h e  asymmetry parameter '77 = 

I n  terms of eq  and 7 , equat ion 4.15 becomes 

NbSe2 has a  symmetry a x i s  along the  z-axis  and so  t h e  

case of 7 = O  a p p l i e s  here  

Consider a magnetic f i e l d  H o  app l i ed  t o  a nucleus of 

sp in  I .  The f i e l d  i s  along t h e  d i r e c t i o n  of t h e  symmetry a x i s  

of the  nucleus .  (The case of the  magnetic f i e l d  and the  

nuclear  symmetry a x i s  i n  d i f f e r e n t  d i r e c t i o n s  i s  t r e a t e d  i n  

appendix A ) .  Then t h e  Zeeman p a r t  of the  t o t a l  Hamiltonian fl 

commutes wi th  t h e  quadrupolar p a r t  and an exact  s o l u t i o n  of 

t h e  Schrodinger equat ion  i s  p o s s i b l e .  



- zero 

- ., 

F i g .  4 . 2  Frequencies of the allowed transitions of a nucleus 
of spin 9/2 and quaclrupole moment Q iq a magnetic field. T h e  
s e p a r a t i o n  of each pair of lines is e qQ/24 . 



where )' " i s  t h e  gyromagnetic r a t i o  o f  t h e  n u c l e u s .  

For  a nuc leus  such as ~ b 9 3 ,  w i th  a s p i n  o f  9 t h e  energy  l e v e l  
2 

3 1 scheme i s  as shown i n  f i g u r e  4 . 2 .  The s e p a r a t i o n  of  the,, , 
3 3 

and-!.!,, ,I l i n e s  g i v e s  a 
2 2 

coupl ing  c o n s t a n t  eZq&. 

n 4.3 Exper imental  

The block diagram 

f i g u r e  4 .3 .  The sample 

L L 

d i r e c t  measurement o f  t h e  quadrupole 

of t h e  spec t rome te r  used i s  shown i n  

was p l aced  i n  a c o i l ,  and t h e  c o i l  

l i n k e d  t o  t h e  marginal  o s c i l l a t o r  by a 3/8" s t a i n l e s s  s t e e l  

c o a x i a l  c a b l e .  The marg ina l  o s c i l l a t o r  was a modif ied Pound- 

Knight box (pound 1950, Sharma 1967) and t h e  resonance w a s  

* Thi s  work was c a r r i e d  o u t  i n  t h e  Department o f  Phys i c s ,  
U n i v e r s i t y  of B r i t i s h  Columbia, u s i n g  t h e  f a c i l i t i e s  of  
D r .  D .  W i l l i a m s  and t h e  a s s i s t a n c e  of D r .  J .  Trodahl  and M r .  
J .  S c h r a t t e r .  





observed by moni tor ing t h e  changes i n  ou tpu t  l e v e l  of t h e  

o s c i l l a t o r  a s  t h e  magnetic f i e l d  was swept.  The ou tpu t  from 

t h e  o s c i l l a t o r  was fed  i n t o  a narrow band a m p l i f i e r  and t h e n  

a phase - sens i t i ve  d e t e c t o r  (P.A.R. type  HR-8) tuned a t  38 Hz. 

The output  o f  t he  phase s e n s i t i v e  d e t e c t o r  was f ed  i n t o  a 

r eco rde r  ( ~ e w l e t t  Packard model 7 1 0 1 ~ ) .  The 12" Var ian  magnet 

provided a s t a t i c  magnetic f i e l d  of between 5 and 11 k i logauss ,  

4 wi th  f i e l d  s t a b i l i t y  of 1 p a r t  i n  10 ove r  a p e r i o d  of  1 hour 

and a f i e l d  homogeneity of b e t t e r  t h a n  0 . 1  gauss/cm n e a r  t h e  

c e n t r e  of t h e  po le  f a c e s .  The magnetic f i e l d  was modulated at 

38 Hz by p u t t i n g  t h e  ampl i f i ed  re fe rence  s i g n a l  of t h e  lock - in  

a m p l i f i e r  on t o  two Helmholtz c o i l s  a t t a c h e d  t o  t h e  po le  f a c e s  

of t h e  magnet. The amplitude of t h e  modulation was 8 gauss  

peak-to-peak.  The sweep of t h e  f i e l d  was ob ta ined  by us ing  a  

motor-driven h e l i p o t  between t h e  main magnet power supply and 

t h e  main magnet c o i l s .  

The f requency of t h e  marginal  o s c i l l a t o r  w a s  monitored 

c o n t i n u a l l y  and t h e  ou tpu t  of t h e  f requency coun te r  was recorded 

on t h e  p r i n t e r .  The o s c i l l a t o r  f requency was cons t an t  t o  1 p a r t  

4 i n  10 a t  cons t an t  temperature ,  but was ve ry  s e n s i t i v e  t o  

temperature  d r i f t .  The s t a t i c  magnetic f i e l d  was measured by 

u s i n g  a  g l y c e r o l  p robe .  A g l a s s  tube was f i l l e d  wi th  g l y c e r o l  

and then  s e a l e d .  A few t u r n s  of copper wi re  were wound round 

i t  and t h e  c o i l  connected t o  an o s c i l l a t o r  by means of  a c o a x i ~ l  

c a b l e .  The o s c i l l a t o r  could be tuned t o  a range of  f r equenc ie s  



and the  f i n e  tuning  c o n t r o l  gave a s e n s i t i v i t y  of 1 p a r t  i n  105 

' o r  the reabou t s .  The proton resonance of t h e  g l y c e r o l  was 

observed and t h e  frequency measured on a counter .  The counter  

output  was then  p r i n t e d  out and recorded by a c t u a t i n g  an event 

marker on the  recorder: A s  t h e  gyromagnetic r a t i o  of the  

proton i s  known t o  a high degree of accuracy, a measurement 

of t h e  proton resonance frequency served a s  an accura te  

determinat ion of t h e  s t a t i c  magnetic f i e l d .  A s  a  precaut ion  

t h e  g l y c e r o l  probe was put i n  t h e  same p o s i t i o n  i n  t h e  f i e l d  

f o r  a l l  experiments so  t h a t  t h e  e r r o r  due t o  f i e l d  inhomogeneities 

was constant  from run t o  run.  

I n  t h i s  way t h e  ~b~~ frequency and s t a t i c  magnetic f i e l d  

at resonance could be measured. This  gave t h e  gyromagnetic 

r a t i o  f o r  the  ~b~~ nucleus i n  NbSeg. This  was done f o r  t h e  

93 3 1 Nbg31 - -L and the  Nb - - - l i n e s .  
2 2 2 2 

The experiments were c a r r i e d  out with t h e  magnetic f i e l d  

p a r a l l e l  t o  the  c-axis  of the  NbSe2 s i n g l e  c r y s t a l .  I n i t i a l  

o r i e n t  a t  ion  was done o p t i c a l l y ,  us ing  r e f l e c t  ion  from the  mir ror  

f aces  perpendicular  t o  t h e  c - a x i s .  The sample was then  

enclosed i n  a  sea led  o u t e r  s h i e l d  and t h e  angle of the  magnet 

3 I ad jus ted  u n t i l  the  frequency of t h e  Nbg3 resonance - - - 
2 2 

* An a l t e r n a t i v e  t o  t h e  recorder  i s  t o  use an X-Y recorder ,  with 
t h e  proton frequency on t h e  X-axis and t h e  marginal o s c i l l a t o r  
output  on t h e  Y-axis.  I n  t h i s  way i n t e r p o l a t i o n  between event 
marker s i g n a l s  i s  avoided. 



was a minimum. This  ensured t h a t  the  magnetic f i e l d  was 

a l igned  p a r a l l e l  t o  t h e  c-axis  of t h e  sample. (See appendix 

A f o r  a proof of t h i s ) .  

The temperature c o n t r o l  f o r  the  experiments was a s  i n  

f i g u r e  4 . 4 ,  The carbon r e s i s t o r  ac ted  as a sensor  and the  

e r r o r  s i g n a l  from an Oxford Instruments  r e s i s t a n c e  br idge fed 

cur ren t  t o  th.e h e a t e r .  Thus the  h e a t e r  served t o  keep t h e  

carbon r e s i s t o r  at  a constant  r e s i s t ance ,  and s o  kept the  

temperature c o n s t a n t .  With  t h i s  system the  temperature 

c o n t r o l  was b e t t e r  a t  lower temperatures  as t h e  r e s i s t a n c e  of 

t h e  carbon r e s i s t o r  used changed more r a p i d l y  a t  low temperature 

than  at high temperature.  I n  a l l  cases  the  temperature was 

held constant  t o  wi th in  0.5% over t h e  one hour pe r iod  needed 

t o  sweep through the  resonance. Exchange gas was used t o  

o b t a i n  temperatures  i n  the  range from 7% t o  18%. Above 1 8 ' ~  

t h e  sample was 4n vacuum, so t h a t  the  h e a t e r  c u r r e n t s  needed 

t o  maintain r e l a t i v e l y  high temperatures  were reduced, with 

consequently smal ler  helium b o i l  o f f  . Temperatures were 

measured us ing  a  g o l b  i r o n / s i l v e r  normal thermocouple ( ~ e r m a n  

1964) with the  reference  a t  l i q u i d  helium temperature ( 4 . 2 ' ~ ) .  

The th.ermocouple vol tage  was measured d i r e c t l y  with a Ke i th ley  

model 148 nanovoltmeter.  

4 .4  Data t rea tment  and r e s u l t s  

The rad io  frequency magnetic f i e l d  from t h e  marginal 





o s c i l l a t o r  e x c i t e s  t h e  resonance, but it a l s o  s e t s  up eddy 

' c u r r e n t s  i n  t h e  m e t a l l i c  NbSe2. The lock- in  a m p l i f i e r  output  

records t h e  f i r s t  d e r i v a t i v e  of the  power absorbed by the  

sample. The power absorbed has been c a l c u l a t e d  (chapman 1957) 

i n  closed form f o r  a f l a t  p l a t e  of th ickness  2 t  and s k i n  

depth 8 . For 2 t  >> 8 t he  output  of t h e  lock- in  i s  given by 

where XI,  xUare  t h e  r e a l  and imaginary p a r t s  of the  s u s c e p t i b i l i t y ,  

n i s  t h e  displacement from cen t re  of t h e  Gaussian l i n e  of 

u n i t  l inewidth  1 2  Y * exP[?n ] a n d D  i,s a n o r m a l i s i n g  

f a c t o r .  

For a sample t h i c k  compared t o  t h e  s k i n  depth, and 

whose resonance has a  Gaussian l i n e  shape t h e  lock- in  output  

i s  a s  shown i n  f i g u r e  4.5. The resonance f i e l d  HR and t h e  

l inewidth  A H L  a r e  given by 

H = H +0.79 [ H -H ] 
R MAX MAX MI N 

AH, = 0.68 ( HMAx - HMIN 

For a metal  t h e  s k i n  depth i s  given by 
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where = angular  frequency and = conduc t iv i ty .  

Rewritten i n  more p r a c t i c a l  u n i t s  (chapman 1957) 

I I 

Now f o r  NbSe2 a t  7 7 ' ~  P = 50 rnicrohm.cm and V = 8 MHz, 

g iv ing  8 = 0.12 mm. For t h e  c r y s t a l  used t = 0 . 4  rnm, so 

Equation (4.27) shows t h a t  the  use of f i g u r e  4.5 t o  l o c a t e  the  

exact  c e n t r e s  of resonance l i n e s  f o r  NbSe2 i s  j u s t i f i a b l e .  

The r e s u l t s  obtained a t  7 7 ' ~  and a f i e l d  of 8.294 KG 

p a r a l l e l  t o  the  c -ax i s  of NbSe a r e  shown i n  Table 4.1. 2  
S i m i l a r  r e s u l t s  were obtained a t  20.6 K G .  

Table 4  .I 

~b~~ resonance 1/2 - -1/2 

Gyromagnetic r a t i o  f o r  ~b~~ i n  NbSe2 

Gyrornagnetic r a t i o  f o r  lJbg3 i n  Nb 0 
2 5 

Knight s h i f t  

Linew i d t h  

Signal - to-noise  r a t i o  

~ b 9 3  resonance 3/2 - 1/2 

Q,uadrupole 
coupling constant  

Linewidth 

S igna l - to  noise  r a t i o  

10.407 M H Z / ~ O K G  
( S h e r r i f f  1951) 

8 gauss 

8 : 1  

26 gauss 

2 : l  



Measurements made at 17  . ~ O K  gave t h e  fol lowing r e s u l t s :  

(i) The main l i n e  ( ~ b ' ~  1/2 - -1/2) was broadened 

t o  a l inewidth  of the  o rde r  of 20 gauss .  

(ii) It was not  poss ib le  t o  see any s a t e l l i t e  

l i n e s  because of t h e  broadening of a l l  l i n e s  at t h e  lower 

temperature . 



C h a ~ t e r  5 : Discussion 

The . r e s i s t i v i t y  measurements descr ibed i n  chap te r  3 and 

t h e  measurement of t h e  H a l l  e f f e c t  ( ~ e e  1969, Huntley 1971) 

provide the b a s i s  f o r  a  c a l c u l a t i o n  of band m o b i l i t i e s  us ing  

the  model of two conduction bands, one c o n s i s t i n g  of e l e c t r o n s  

and one of h o l e s .  The nuc lea r  magnetic resonance experiments 

showed the  ex i s t ence  of changes i n  the  conduction band e l e c t r o n s  

as t h e  temperature was lowered. 

5 .1  R e s i s t i v i t y  of NbSe, 

The a n i s o t r o p i c  na tu re  of NbSe2 shows i t s e l f  i n  t h e  r a t i o  

Pllc/Plcbeing cons iderably  g r e a t e r  than one, and a l s o  i n  t h e  

r a t i o  being a func t ion  of temperature . Above 1 0 0 ' ~  ( ~ i g  . 3 -7 )  
I I 

both pllc and PLc a r e  l i n e a r  i n  T .  This  behaviour i s  t y p i c a l  

of most metals a t  high temperatures  ( ~ e a d e n  1965).  For NbSep 

t h e  Debye temperature i s  2 1 0 ' ~  (van Maaren 1969) . The low 

temperature r e s u l t s  a r e  reminiscent of those obtained f o r  

t r a n s i t i o n  metals,  a s  the  s t r o n g e s t  temperature v a r i a t i o n  ob- 

served i s  only P - T ~ ,  un l ike  t h e  T~ observed i n  t h e  a l k a l i  
Ilc 

metals ( ~ i l s o n  1953, p  279) .  A f u l l  explanat ion  of t h e  low 

temperature r e s u l t s  r equ i res  a knowledge of both the  Fermi 

su r face  and the phonon spectrum of NbSe2. 

Some conjec tures  about the  Fermi su r face  have been made 

( ~ i l s o n  and Yoffe 1969) but a s  ye t  no experimental  



determinat ions have been carr i -ed o u t .  With regard t o  t h e  phonon 

spectrum, i t  has  been suggested by Krumhansl and Brooks (1953) 

f o r  g raph i t e ,  and f o r  l a y e r  s t r u c t u r e s  i n  genera l  by Newell 

(1955) t h a t  a t  the  lowest temperatures t h e  phonon spectrum 

resembles t h a t  of an a n i s o t r o p i c  t h r e e  dimensional Debye s o l i d ,  

while a t  h igher  temperatures  the  spectrum w i l l ,  t o  a good 

approximation, resemble t h a t  of a two-dimensional Debye s o l i d .  

Experimental confirmat ions  of the  Newell theory  have been 

provided by the low temperature s p e c i f i c  hea t  of  g raph i t e  

( ~ e  Sorbo 1953, 1958) .  I n  t h e  case of  g r a p h i t e ,  t h r e e  dimensional 

3 c h a r a c t e r  i s  only observed below 1 . ~ O K .  A T dependence has 

been observed f o r  t h e  l a t t i c e  s p e c i f i c  hea t  of NbSe2 and o t h e r  

r e l a t e d  l a y e r  s t r u c t u r e s  below l o 0 K  (van Maaren 1969) so t h a t  

NbSe2 may resemble a three-dimensional  Debye s o l i d  below 10% 

and a two-dimensional Debye s o l i d  i n  some temperature range 

above ~ D O K .  A t  2 0 ' ~  t h e  r e s i s t i v i t i e s  Ilc and LC have d i f f e r e n t  

temperature dependences, so t h a t  the changeover temperature 

may be between l O O K  and 2 0 ' ~ .  

5 . 2  Conduct ivi ty  and H a l l  c o e f f i c i e n t  us ing  a two band model 

A p-to-n t r a n s i t i o n  can occur  i f  the  c a r r i e r s  i n  t h e  two 

bands near  t h e  Fermi l e v e l  have widely d i f f e r e n t  temperature 

dependences f o r  t h e i r  m o b i l i t i e s ,  Given the  H a l l  c o e f f i c i e n t  

and the  conduct iv i ty ,  i t  i s  poss ib le ,  with some s impl i fy ing  



assumptions, t o  c a l c u l a t e  t h e  mobi l i ty  of t h e  c a r r i e r s  i n  each 

of t h e  two bands. I n  what follows i t  i s  assumed: 

(i) t h a t  t h e  numbers of c a r r i e r s  p e r  u n i t  volume i n  

each band a r e  equa l .  

(ii) t h a t  t h e  cu r ren t  i s  c a r r i e d  e n t i r e l y  by ho les  a t  

some high temperature T o .  

(iii) t h a t  t h e  number of c a r r i e r s  i n  each band does not  

vary with temperature.  

Following t h e  method of Wilson (1953, p .  213): 

0 = lei [nhfih + ne p e l  
R = lel [nhph2-nee$] 

c 2  
Solving f o r  & , , b i n  terms of the  o t h e r  v a r i a b l e s  

I I 
p e  = ? . c [ - - ~ ]  n lel 

Now n can be found by us ing  the  r e s u l t  of a H a l l  c o e f f i c i e n t  

determinat ion at the  high temperature T o .  

RU') = 
I 

n le l  



t h e r e f o r e  

~ u t t i n g c  ( T )  from t h i s  work and R(T) from an unpublished 

determinat ion by Huntley (1971) on c r y s t a l s  from t h e  same batch, 

t h e  m o b i l i t i e s  of t h e  e l e c t r o n  and hole  bands a r e  shown i n  

f i g u r e  5 .1 .  The r e s u l t s  of Lee were not  used f o r  R(T) as it 

was f e l t  t h a t  t h e  low-temperature values of CT , R were a f f e c t e d  

by t h e  p r e c i s e  l e v e l  of impuri ty  i n  the  sample used .  

These r e s u l t s ,  c h a r a c t e r i s e d  by the  drop i n  mobi l i ty  of 

t h e  ho les  a s  the  temperature f a l l s  below 3 0 ' ~  show t h a t  t h e r e  

a r e  e r r o r s  introduced i n  making t h e  assumptions.  A t  low 

temperatures  t h e  mobi l i ty  should be cons tant  a s  the  r e s i d u a l  

conduc t iv i ty  of a m a t e r i a l  i s  temperature independent.  ,For  a  

second approximation i t  i s  assumed: 

( i)  t h a t  t h e  number of e l e c t r o n s  p e r  u n i t  volume ne i s  

constant  a t  a l l  t empera tures .  

(ii) t h a t  t h e  number of ho les  i s  pne, where p i s  a  

c o n s t a n t .  

Then equat ions  ( 5  .l) and ( 5  -2) become: 



0 5 0  100 150 

Temperature ( ' K )  

F i g .  5 . 1  t l o b i l i t y - t e m p e r a t u r e  c u r v e  f o r  NbSeZ, 
c a l c u l a t e d  on t h e  b a s l s  o f  e q u a l  numbers- o f  e l e c t r o n s  
and h o l e s .  



Equations (5.8) and ( 5 . 9 )  may be combined t o  g ive  

2 n lel 
0- 

2 + l e  ( P - P ) + P ~  p h - , & 6 1 - ~  = 0 

- 
Pe - ne a lei -PPh 

Working i n  reduced u n i t s ,  cr(T) R(T 
cr'0-(2800) ' = R(280•‹) 

t h e  va lues  p = 3 .l, nele1=0.4 gave t h e  decreas ing  funct ions  

shown i n  f i g u r e  5 . 2  f o r  /L.h and Pe . Other  values of p i n  the  

range 0.05 5 p 5 1 and ne k 1 i n  the  range 0 . 2 5 n e  k 1 5 2 gave 

inadmissible  r e s u l t s  a s  p h  and pe were not  both p o s i t i v e ,  

s t r i c t l y  decreas ing  func t ions  of temperature.  The reduced 

u n i t s  a r e  converted t o  more p r a c t i c a l  u n i t s  by normalis ing 
. -4  

t o  (280') = 6.6  x l o 3  mho.cm-' and ~ ( 2 8 0 ' )  = 4.7 x 10 coul.cm -3 

( ~ e e  1969) . It w i l l  be seen t h a t  both p h  and pe a r e  

approximately p ropor t iona l  t o  1/T,  c h a r a c t e r i s t i c  of m e t a l l i c  

m o b i l i t i e s .  With t h i s  model ne = 5 . 3  x 1021/cm3 * and 

* With t h i s  model ne i s  a l i t t l e  high, bu t  t h e s e  values of p  
and ne e  do g ive  decreasing m o b i l i t i e s  wi th  r i s i n g  tern e r a t u r e  2 f o r  both bands, and a l s o  p r e d i c t s  a  very low (about  0 . 5 ~ )  
magnetoresistance a t  7'~. This i s  i n  good agreement with 
experiment. 



holes 

\ electrons 
.- - - --..- 

Temperature ( ' K )  

Fig. 5.2 Mobility-temperature curve for NbSe 
2 '  

calculated on the basis of ne = 10nh . 



21 3 and nh = 3.5  x 10 /cm .  h his compares with 1.5 x lo2' Nb 

' atoms/crn3) . The conduct iv i ty  i s  dominated by t h e  l a r g e  number 

of low mobi l i ty  e l e c t r o n s  at a l l  temperatures,  but at  high 

temperatures t h e  H a l l  e f f e c t  i s  dominated by the  high mobi l i ty  

holes ,  notwithstanding t h e i r  low d e n s i t y .  

The two-band model presented  here provides a reasonable 

explanat ion  f o r  the  observed r e v e r s a l  i n  t h e  H a l l  c o e f f i c i e n t .  

Other explanat ions  o f fe red  requ i re  phase changes t o  occur, and 

it i s  l i k e l y  t h a t  a  phase change would cause d i s c o n t i n u i t i e s  

i n  t h e  r e s i s t i v i t y  and H a l l  c o e f f i c i e n t ,  r a t h e r  than the  

continuous v a r i a t i o n s  observed i n  p r a c t i c e .  

5 .3  Nuclear magnetic resonance experiments 

The observed value of t h e  quadrupole coupl ing constant  

a t  7 7 ' ~  (61.68 + 0.05 MHz) agrees with the  r e s u l t  of Geballe 

e t  a1 (1971) on NbSe2 powder (61.4 f 0 .3  MHz) at t h e  same 

temperature.  A t  1 7 . 7 ' ~  the  l inewidth  of the  main 1/2 - -1/2 

t r a n s i t i o n  increased  such t h a t  t h e  s a t e l l i t e  l i n e s  were not 

v i s i b l e .  A s  a  r e s u l t  i t  was not  poss ib le  t o  t e s t  the  hypothesis  

of  Geballe e t  a1 (1971) t h a t  the  two Nb s i t e s  i n  t h e  u n i t  c e l l '  

had d i f f e r e n t  quadrupole coupl ing cons tan t s  a t  4 . 2 ' ~  and t h a t  

t h e  a x i a l  symmetry of t h e  ~b~~ nucleus observed a t  7 7 O ~  was 

not present  a t  4 . 2 ' ~ .  

A metal  such as Nb, at  77%, w i l l  have a l inewidth  of t h e  



order  of 4  gauss, and a t  ~ O K  t h e  l inewidth  w i l l  be about 2 gauss .  

Lowering the temperature t o  4 ' ~  approximately ha lves  the  l i n e -  

width.  However i n  the  case of NbSe t h e  l inewidth  inc reases  
2 

by a f a c t o r  of 3 on cool ing  from 77OK t o  17.7%. 

Now t h e  l inewidth  of an NMR s i g n a l  i n  a metal  i s  dependent 

on t h e  d e f e c t s  i n  t h e  sample, and a l s o  on the  hyperf ine  

coupling between nuc lea r  and conduction e l e c t r o n  s p i n s .  The 

defec t  l inewidth  i s  independent of temperature,  while t h a t  of 

t h e  sp in-sp in  coupling depends l i n e a r l y  on temperature,  as w i l l  

be shown below. 

The hyperf ine  coupl ing between t h e  nuc lea r  sp ins  and t h e  

conduction e l e c t r o n s  produces a  modif ica t ion  of  t h e  energy 

l e v e l s  of t h e  nuc lea r  s p i n  system. This  i s  observed as t h e  

Knight s h i f t  (Townes 1950). This  same hyperf ine  coupling 

se rves  a s  t h e  main mechanism f o r  s p i n - l a t t i c e  r e l a x a t i o n  i n  

meta ls .  The r e s u l t i n g  l inewidth  AHL i s  p r o p o r t i o n a l  t o  t h e  

r e c i p r o c a l  of t h e  s p i n - l a t t i c e  r e l a x a t i o n  time T1 

I An o r d e r  of magnitude es t ima te  of - i s  given by Abragam 
7 

(1961, p .  357).  The p r o b a b i l i t y  of a s p i n - f l i p  i s  t h e  product 

of t h r e e  terms: 

( i)  only a f r a c t i o n u  of t h e  c o n d u c t i o n e l e c t r o n s  can 
EF 

take  up the  small  energy a s s o c i a t e d  with a s p i n - f l i p .  



(ii) a  conduction e l e c t r o n  can only be l o c a l i s e d  on a 

ti p a r t i c u l a r  nucleus f o r  a time L- by u n c e r t a i n t y  p r i n c i p l e  

arguments . = EF 

(iii) t h e  hyperf ine i n t e r a c t i o n  H, = y%lern 6 (rI)I.g 

i s  respons ib le  f o r  the  s p i n - f l i p s .  

kT Then the  t r a n s i t i o n  p r o b a b i l i t y  f o r  a s p i n - f l i p  - 
EF 

where re , y n  a r e  gyromagnetic r a t i o s  of e l e c t r o n  and nucleus, and 

$ i s  t h e  e l e c t r o n i c  wavefuction f o r  a conduction e l e c t r o n .  

Thus t h e  l inewidth  i s  p ropor t iona l  t o  temperature and t o  t h e  

four th  power of t h e  e l e c t r o n i c  wavefunction fro) of t h e  conduction 

e l e c t r o n s  a t  the  ~ b 9 3  nucleus .  The r e s u l t s  obtained i n  t h i s  

work suggest t h a t  changes i n  the  band s t r u c t u r e  of NbSe2 occur 

below 7 7 ' ~ .  From h i s  r e s u l t s  Geballe (1971) suggests  t h a t  

t h e r e  i s  a r e d i s t r i b u t i o n  of t h e  e l e c t r o n s  wi th in  the  u n i t  c e l l ,  

and he suggests  t h a t  the  p-to-n t r a n s i t i o n  may be connected 

i n  some way with t h i s  r e d i s t r i b u t i o n .  Unfortunately t h i s  

work does not go f a r  enough t o  be ab le  t o  comment on t h i s  hypothesis .  

5 . 4  Suggestions f o r  work 

On t h e  experimental  s ide ,  t h e r e  a r e  t h r e e  poss ib le  l i n e s  



60 

of a t t a c k .  The f i r s t  would be t o  f i n d  some i r o n - f r e e  NbSe2, 
* 

e i t h e r  by t h e  purchase of i ron- f ree  niobium o r  by chemical 

sepa ra t ion  of t h e  i r o n  from t h e  niobium. Chlorine gas  has  

been used s u c c e s s f u l l y  (Walker 1970) t o  sepa ra te  i r o n  from gold, 

and the  use of a halogen may accomplish t h e  same with niobium. 

P u r e r  NbSe2 would make de-Haas - Van Alphen measurements 

p o s s i b l e .  So f a r  these  have f a i l e d  ( ~ i l s o n  and Yoffe 1969) 

but l a r g e r  p u r e r  c r y s t a l s  may make it p o s s i b l e  t o  determine the  

Fermi su r face  of NbSe2. 

O p t i c a l  t ransmiss ion  and r e f l e c t i o n  spec t ra ,  both o f f  

f a c e s  and of f  edges, can be c a r r i e d  out  a t  high (77%) and low 

(7%) t enpera tu res  and t h e  r e s u l t s  compared t o  see  i f  t h e r e  

a r e  any changes i n  t h e  band s t r u c t u r e  i n  t h e  in te rven ing  

temperature i n t e r v a l .  

A change i n  l a t t i c e  parameters can be de tec ted  by 

monitoring t h e  thermal expansion c o e f f i c i e n t  a s  a funct ion  of 

temperature.  It may be p o s s i b l e  t o  e s t ima te  the  sharpness of 

t h e  change i n  l a t t i c e  parameters p rev ious ly  r epor ted .  

Development of more s e n s i t i v e  broad-l ine NMR spectrometers  

w i l l  enable t h e  f i n e  s t r u c t u r e  of the  N b  nucleus t o  be explored.  

* A survey of t h e  major s u p p l i e r s  of niobium powder shows 
t h a t  the  minimum i r o n  content  i n  high grade niobium i s  of 
t h e  o rde r  of 50 p a r t s  p e r  m i l l i o n .  



Powder NMR r e s u l t s  a r e  d i f f i c u l t  t o  i n t e r p r e t ,  and  the  more 

d i r e c t  s i n g l e  c r y s t a l  methods can be used t o  g ive  c l e a r  

i n d i c a t i o n s  of any s t r u c t u r a l  o r  e l e c t r o n i c  phase changes t h a t  

0 may occur i n  NbSe2 i n  t h e  t enpera tu re  range from 7% t o  77 K .  

On t h e  t h e o r e t i c a l  s ide ,  models of t h e  Fermi sur face ,  

band s t r u c t u r e  and phonon spectrum a r e  needed, so  t h a t  predic-  

t i o n s  of such p r o p e r t i e s  a s  magnetoresistance,  e l e c t r i c a l  

conduct iv i ty ,  l a t t i c e  s p e c i f i c  hea t  e t c  . , can be made. Tes t ing  

a g a i n s t  e x i s t i n g  experimental  d a t a  would serve  t o  r e f i n e  t h e  

t h e o r e t i c a l  d e s c r i p t i o n s  of NbSe2 and o t h e r  r e l a t e d  l a y e r  

s t r u c t u r e s .  



Appendix A: NMR energy levels for the case of the magnetic 
field not parallel to the c-axis in NbSe2 

In section 4.2 an exact solution of the Schrodinger equation 

was possible as the Zeeman and quadrupolar parts of the 

Hamiltonian operated on the same set of wavefunctions. When 

the magnetic field is not aligned along the symmetry axis of 

the nucleus, this is no longer true, and a perturbation approach 

is used instead. (An exact solution is possible by simultan- 

eously diagonalising both parts of the Hamiltonian, but this 

requires a considerable labour in inverting the matrices.) 

Let the magnetic field be along the z 1  axis, and the weak 

quadrupolar interaction be along the z  axis, at an angle 9. with 

the z 1  axis. 

I=- 9 cos 0 + 1; sin 9 

I = IX, C O S ~  - 1,sin 0 
X z 

Putting the transformat ion (A, 2) into (A. 1) 

+3 sin0 cos 8 ( 4 Id+ $Ii) 



TO s impl i fy  ( A . 3 )  use f i r s t  order  terms only.  

Then 1 . i s  diagonal  
Z .. has no diagonal  elements 

Theref ore  1,. I; 1 m > = 0 

( A . 4 )  a f t e r  a l i t t l e  a lgebra  becomes 

( A . 5 )  g ives  t h e  energy l e v e l s  i n  t h i s  case.  

For t h e  3/2 - 1/2 t r a n s i t i o n  

The 3/2 - 1/2 t r a n s  it ion  frequency i s  a minimum when 3 cos% - I 
i s  a maximum, i. e . ,  when e = 0 0  o r  when t h e  magnetic f i e l d  

i s  a l igned  p a r a l l e l  t o  t h e  c-axis .  This j u s t i f i e s  t h e  f i n a l  



6 4 

o r i e n t a t i o n  procedure used i n  t h e  NMR experiments. 

Second o rde r  p e r t u r b a t i o n  theory shows t h a t  t h e  2 - -1/2 

t r a n s i t i o n  a l s o  has a  minimum t r a n s i t i o n  frequency when e = 0' , 
s o  o r i e n t a t i o n  i s  a l s o  poss ib le  using t h e  main ~ b 9 3  l i n e .  

The proof i s  n o n - t r i v i a l  and w i l l  be omitted.  
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