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ELECl'RoNIC SPIN DIFFUSION I N  THE YETALLIC STATE OF 
FLuoRFu\pI;HENyL F m I C A L  CATION SALTS (FA)*X: 
1% KNIGHT SHIFT AND FIEUX'RADIENT ESR ~ S U F ~ ~ S  

M. W.IIG, G. F"ARESCH AND J. SPFNLER 
Physikal .  I n s t .  2 U n i v e r s i t y  o f  S t u t t g a r t  
D-7000 S t u t t g a r t ,  W .  Germany 

A b s t r a c t  W e  have observed 13C Knight- and an t i -Knight  s h i f t s  
i n  t h e  m e t a l l i c  s ta te  o f  (FA)zSbF6. The observed s h i f t s  range  
around 5 0  ppm. The corresponding s p i n  l a t t i ce  r e l a x a t i o n  times 
TI are on t h e  o r d e r  o f  100 m s  and obey a modif ied Korr inga l a w .  
We a l s o  measured t h e  l o n g i t u d i n a l  e l e c t r o n  s p i n  d i f f u s i o n  con- 
s t a n t  D,, = 1.5  cm2/s d i r e c t l y  by apply ing  a maqnet ic  f i e l d  
g r a d i e n t .  

INTFODUCI'ICN 

I n  t h i s  communication w e  want t o  p r e s e n t  t w o  d i f f e r e n t  techniques ,  

namely 13C NMR Knight s h i f t  measurements and e l e c t r o n  s p i n  echo 

f i e l d  g r a d i e n t  experiments ,  which allow one t o  determine t h e  s p i n  

d i s t r i b u t i o n  o f  t h e  conduct ion band molecular  o r b i t a l  and t h e  a n i -  

s o t r o p i c  d i f f u s i o n  c o n s t a n t  o f  conduct ion e l e c t r o n s  i n  o r q a n i c  con- 

d u c t o r s .  We w i l l  be concerned w i t h  an i n t e r e s t i n g  sub-class o f  orqa-  

n i c  conductors ,  namely ( f l u o r a n t h e n y l )  SbF6 a b b r e v i a t e d  i n  t h e  f o l -  

lowing by (FA) SbF6, a r a d i c a l  c a t i o n  sal t ,  c o n s i s t i n g  o f  a pure  hy- 

drocarbon a s  o r g a n i c  c o n s t i t u e n t .  ' I 2  We have a l s o  i n v e s t i g a t e d  o t h e r  

systems like (FA) X where X = AsF6 and PF 

s u l t s .  Above T = 1EO K t h e s e  s o l i d s  show a high a n i s o t r o p i c  conduc- 

t i v i t y ,  whereaz below T semiconductinq behavior  i s  observed.  The 

c r y s t a l  s t r u c t u r e  has  been ana lyzed  above and below T by Enkelmann 

e t  a l .  Figure l a  shows a schematic  drawinq o f  t h e  f l u o r a n t h e n e  mo- 

l e c u l e .  The molecules  are ar ranged  t o  form a col lumnar  c r y s t a l  s t r u c -  

t u r e  wi th  t h e  average i n t e r m o l e c u l a r  d i s t a n c e  a long  t h e  s t a c k  a x i s  

205 

2 

2 

which show s imi l a r  re- 
2 6 
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206 

being 3.3 8.  The l a r g e  d c  c o n d u c t i v i t y  i s  b e l i e v e d  t o  occur  a long  

t h e  molecular  s t a c k s .  One of  t h e  m o s t  i n t e r e s t i n g  aspects o f  t h e s e  

c r y s t a l s  are t h e i r  unique ESR p r o p e r t i e s .  Among t h e s e  t h e  e x t r e -  

mely narrow l inewidth  and correspondinq lonq  r e l a x a t i o n  t i m e s  are 

c h a r a c t e r i s t i c  f e a t u r e s  which are q u i t e  unusual  even f o r  an o r g a n i c  

"metal". 

M. MEHRING, G. MARESCH AND 1. SPENGLER 

4-8 

I3C KNIGHT SHIFT AND I3C SPIN IATITCE REW(FTI0N 

I n  o r d i n a r y  metals it is w e l l  understood t h a t  t h e  e l e c t r o n s  near  t h e  

Fermi s u r f a c e  cause r a p i d  f i e l d  f l u c t u a t i o n s  a t  t h e  n u c l e a r  s i tes ,  

lead ing  to a n  average s h i f t  i n  resonance frequency (known as  Knight- 

s h i f t  ) and caus ing  s h o r t  s p i n  l a t t i ce  r e l a x a t i o n  times T 

s h i f t  (K) and r e l a x a t i o n  (T1) are caused by the same f l u c t u a t i n g  

f i e l d s  t h e y  should  b e  r e l a t e d  and can be  combined i n t o  t h e  s o - c a l l e d  

Korringa r e l a t i o n  

9 
lo Since  1' 

K 2 T T = - h (i.)'S, 
1 47lk yn 

where ye and yn are t h e  maqnetogyric r a t io  o f  t h e  e l e c t r o n s  and t h e  

n u c l e a r  s p i n s ,  r e s p e c t i v e l y  and t h e  o t h e r  symbols have t h e i r  u s u a l  

meaning. S is a s c a l i n g  parameter ,  which t a k e s  account  of t h e  de- 

v i a t i o n  from t h e  three-dimensional  f r e e  e l e c t r o n  gas ,  t o  be  d iscus-  

s e d  la te r .  In  o r d e r  t o  observe t h i s  t y p i c a l  m e t a l l i c  behavior  w e  

have performed 13C h igh  r e s o l u t i o n  NMR experiments" i n c l u d i n g  ma-  

g i c  angle  sp inning  (MAS, a t  d i f f e r e n t  sp inning  rates 1-3 kHz) a t  

45 MHz I3C Larmor frequency a t  room temperature .  D i f f e r e n t  t e c h n i -  

ques have t o  be a p p l i e d  t o  o b t a i n  i s o t r o p i c  a s  w e l l  as a n i s o t r o p i c  

s h i f t s  i n  t h e  s o l i d  state." Note, t h a t  13C i n  n a t u r a l  abundance 

(1 .1  % )  i s  observed l e a d i n g  t o  narrow l i n e s  under MAS and s p i n  de- 

coupl ing even i n  a sol id . ' '  F igure  lb shows d i f f e r e n t  examples. A t  

t h e  top t h e  i s o t r o p i c  13C chemical  s h i f t s  i n  l i q u i d  s o l u t i o n  o f  f l u -  

oranthene ( a r t i f i c i a l l y  broadened) compare f a i r l y  w e l l  w i t h  t h e  iso- 
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'T KNIGHT SHIFT AND FIELDGRADIENT ESR MEASUREMENTS 207 

t r o p i c  s h i f t s  i n  s o l i d  f luoranthene  (F ig .  l b  m i d d l e ) .  A l l  l i n e s  have 

been i d e n t i f i e d  and correspond to  d i f f e r e n t  p o s i t i o n s  i n  t h e  molecu- 

l e .  I n  t h e  r a d i c a l  c a t i o n  sal t ,  however, t h e  i s o t r o p i c  p a r t  o f  t h e  

spectrum i s  spread  over  a much wider range  ( F i g . 1 b b o t t o m ) .  

@ 3 5  4 14 

3 2  

Q 

FIGURE' 1 (a) Fluoranthene (FA) molecule  wi th  s p i n  d e n s i t i e s  

of  t h e  conduct ion band molecular  o r b i t a l s  as expla ined  i n  t h e  

t e x t .  ( b )  13C s p e c t r a  o f  FA i n  l i q u i d  ( t o p )  and s o l i d  s t a t e  

(middle)  . Bottom: (FA) 2SbF6. 

The p o s i t i o n  o f  t h e  Knight s h i f t e d  l i n e s  ( a , b , c , g )  t o g e t h e r  wi th  t h e  

corresponding r e l a x a t i o n  t i m e s  TI t o  be  d i s c u s s e d  below are summari- 

zed i n  Table  I. C l e a r l y  t h r e e  d i f f e r e n t  a r e a s  can be  d i s t i n g u i s h e d :  

(i) Three l i n e s  ( a , b , c )  are s h i f t e d  t o  t h e  l e f t  (paramaunet ic  s h i f t )  

(ii) a t  l e a s t  one l i n e  ( g  and maybe f) i s  s h i f t e d  t o  t h e  r i g h t  ( a n t i -  

paramagnet ic  s h i f t )  whereas (iii) l i n e s  d , e  are u n s h i f t e d  w i t h  re- 

s p e c t  to t h e  average  chemical s h i f t  o f  l i q u i d  and s o l i d  f l u o r a n t h e n e .  

The observed paramagnet ic  s h i f t s  (Knight s h i f t )  are on  t h e  o r d e r  o f  

40-60 ppm ( t y p i c a l  metal  v a l u e s  are': 249 ppm ( Li) ; 2320 ppm ( 6 3 C u ) ) .  

The Knight s h i f t s  have t o  b e  determined wi th  respect t o  some r e f e -  

r e n c e  as g iven  by t h e  l i n e s  c( - E. Therefore  a n  assignment  o f  t h e  

l i n e s  i s  needed. Although a unique assignment  can o n l y  be achieved  

by s e p a r a t e  i s o t - o p i c  13C l a b e l l i n g ,  we have made a t e n t a t i v e  

7 .  
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208 M. MEHRING, G. MARESCH AND 1. SPENGLER 

assignment ,  based on g a t e d  decoupl ing experiments .  l 2  T h i s  a l lows  us 

t o  determine which carbon i s  connected t o  a p r o t o n  and which i s  n o t .  

Based on t h e s e  arguments w e  have t e n t a t i v e l y  a s s i g n e d  t h e  l i n e s  and 

t h e  corresponding Knight s h i f t s  t o  s p e c i f i c  s i tes  o f  t h e  molecule. 

TABLE I I3C Knight s h i f t  K ( i n  ppm) and s p i n  l a t t i ce  r e l a x a -  

t i o n  times T1 f o r  t h e  l i n e s  a ,  b ,  c and g. 

Line K/ppm Tl/m5 K 2 T1T/10-6 sK P o s i t i o n  

a 61 75 0.084 (3 ,4)  

b 42 100 0.053 (1 ,9) ;  (11,12)  

C 34 115 0.040 (2 10 1 

9 - 45 580 0.350 (5 ,301  

7 L i  249 150 2 , 8  

63Cu 2320 3 4,8 

A s  w a s  e v i d e n t  a l r e a d y  from Table  I t h e  r e l a x a t i o n  t i m e s  T1 f o r  t h e  

Knight s h i f t e d  l i n e s  a , b , c  g e t  s h o r t e r  w i t h  i n c r e a s i n g  Knight s h i f t  

i n  accord with t h e  Korringa r e l a t i o n  E q . ( l ) .  In o r d e r  t o  compare t h e  

13C d a t a  i n  t h e  o r g a n i c  metal (FA)  X w i t h  "real" metals w e  have 2 
l i s t e d  a lso t h e  express ion  K T I T .  Note, t h a t  t h i s  q u a n t i t y  i s  s m a l l e r  

by a f a c t o r  o f  about  100 than i n  o r d i n a r y  metals. T h i s  s c a l i n g  o f  t h e  

Korringa r e l a t i o n  i s  t y p i c a l  f o r  one-dimensional metals and w i l l  be  

d iscussed  below. The i s o t r o p i c  paramagnet ic  s h i f t  K .  of  t h e  NMR l i n e  

o f  nucleus j i n  t h e  f luoranthene  molecule may be  expressed  as 

2 

3 

2 2  
K = xp p .  w i t h  X = neh ye /4kT 

j Ye', J P 

where x i s  t h e  P a u l i  s u s c e p t i b i l i t y  per molecule ,  a i s  t h e  i s o t r o p i c  

p a r t  o f  t h e  hyper f ine  t e n s o r  and p is t h e  s p i n  d e n s i t y  a t  carbon 

p o s i t i o n  j normalized t o  u n i t y  over  the molecule .  The P a u l i  suscep- 

P 

j 
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"C KNIGHT SHIFT AND FIELDGRADIENT ESR MEASUREMENTS 209 

t i b i l i t y  may be  expressed by t h e  e f f e c t i v e  e l e c t r o n  d e n s i t y  ne p e r  

molecule .  V a l u e s  o f  n 

NMR and ESR i n v e ~ t i g a E i o n s . ~ ' ~  We use n = 3 - 1 0  

va lue  f o r  our  c r y s t a l .  A s  a t y p i c a l  v a l z e  f o r  a i n  s p 2  r a d i c a l s  w e  

t a k e  72 MHz. 

were measured i n  (FA)2X c r y s t a l s  by p r o t o n  

as an e s t i m a t e d  
-2 

13 
Using ye/yn = 2618 f o r  I3C n u c l e i  and T = 300 K w e  

-4 o b t a i n  by combining Eqs. ( 2 )  and ( 3 )  K .  = 2.26.10 

Knight s h i f t s  ranging  around 40-60 ppm accord ing  t o  t a b l e  I w e  a r r i -  

ve a t  p .  = 0.177-0.265. Together  wi th  t h e  t e n t a t i v e  assignment  o f  

t h e  l i n e s  w e  d e r i v e  a s p i n  d e n s i t y  map o f  t h e  conduct ion band mole- 

c u l a r  o r b i t a l  i n  (FA)2X as  shown i n  F igure  la.  Note t h a t  t h e  numbers 

p r e s e n t e d  h e r e  depend on s e v e r a l  on ly  roughly known parameters  and 

can t h e r e f o r e  be  considered only  as guide l i n e s .  However, suppose 

t h e  e l e c t r o n i c  s p i n  d e n s i t y  would be e q u a l l y  d i s t r i b u t e d  among the 

s i x  carbon atoms l e a d i n g  t o  conduction. I n  t h i s  case p = 1/6 f o r  

j = 1, ... 6 and p = 0 f o r  t h e  r e s i d u a l  carbons.  Due t o  e l e c t r o n -  

e l e c t r o n  c o r r e l a t i o n  i t  i s  known t h a t  carbon atoms a t  nodes of t h e  

wavefunction a c q u i r e  nega t ive  s p i n  d e n s i t y ,  l e a d i n g  t o  h i g h e r  s p i n  

d e n s i t y  a t  t h e  o t h e r  p o s i t i o n s .  Moreover t h e  n e g a t i v e  s p i n  d e n s i t y  

l e a d s  t o  an t i -Knight  s h i f t  as is  observed h e r e  ( l i n e  g i n  F igure  l b )  

The same f l u c t u a t i n g  f i e l d  which l e a d s  t o  t h e  Knight s h i f t  causes  

r e l a x a t i o n  of t h e  n u c l e a r  s p i n s .  The r e l a x a t i o n  ra te  may be  expres-  

s e d  as 

p j .  With t h e  
I 

I 

j 

1 1 2  
4 oe 

-1 2 d2J(won) + (L a' + d ) J (w ) ( 3 )  

where J ( W o n )  is t h e  s p e c t r a l  d e n s i t y  o f  the f l u c t u a t i n g  f i e l d s  cau- 

s e d  Ly t h e  conduct ion e l e c t r o n s  a t  t h e  Larmor frequency W of t h e  

n u c l e i  and J ( W  ) i s  t h e  s p e c t r a l  d e n s i t y  a t  t h e  e l e c t r o n  s p i n  L a r -  

mor frequency w = ( Y , / Y , ) W ~ ~ .  The parameters  a and d are t h e  i s o -  

t r o p i c  ( a )  and a n i s o t r o p i c  ( d )  p a r t  o f  t h e  hyper f ine  t e n s o r ,  respec-  

t i v e l y .  The s p e c t r a l  d e n s i t y  J ( W )  i n  t h e  case of  i n t e r r u p t e d  one-di- 

mensional d i f f u s i o n  may be expressed  as 

on 

oe 

oe 

4 , 7  D
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210 M. MEHRING, G. MARESCH AND I. SPENGLER 

2 -1 where Aa = 3 . 3  A i s  t h e  l a t t i ce  spac ing ,  D,, = 1,3 c m  s 

d i f f u s i o n  c o n s t a n t  and T"= 1,6-10-11s i s  t h e  1D c u t  o f f  t i m e .  The 

parameters  which c o n t r i b u t e  t o  t h e  s p e c t r a l  d e n s i t y  Jfw) have been 

determined by pulsed  ESR For t h e  i s o t r o p i c  h y p e r f i n e  

i n t e r a c t i o n  c o n s t a n t  a w e  use t h e  same v a l u e  as above and assume f o r  

the a n i s o t r o p i c  par t  a 2d. I n  this c a s e  w e  a r r i v e  a t  a v a l u e  o f  

T I  = 166 m s  f o r  p 

e . g .  f o r  l i n e s  a-c. T h i s  demonstrates  t h a t  t h e  one-dimensional motion 

enhances t h e  r e l a x a t i o n  r a t e s  and 

r i n g a  r e l a t i o n  Eq.  (1) can be  expressed  as 

is t h e  1D 

= 0 . 2 5  i n  f a i r  agreement w i t h  t h e  v a l u e s  measured 
j 

t h e  s c a l i n g  f a c t o r  S1 i n  t h e  Kor- 

2 2  where E = d /a , S1 << 1 i n  h i g h l y  one-dimensional s o l i d s  and S .-. 1 1 
f o r  three-dimensional  s o l i d s .  I n  our  case w e  o b t a i n  from t h e  e x p e r i -  

mental  d a t a  S1 10 and by us ing  Eq.  (5) t o g e t h e r  w i t h  t h e  d i f f e r -  

e n t  parameters  as given i n  the t e x t  SI = 3-8-10 

-2  

-2 . 
A s i m i l a r  a n a l y s i s  has  t o  be  invoked i n  t h e  h y p e r f i n e  i n t e r -  

a c t i o n  w i t h  t h e  p r o t o n  s p i n s  i n  t h e  sample. Experiments a long  t h o s e  

l i n e s  have been reported r e c e n t l y .  l 5 t l 6  Note also poster s e s s i o n  1 

by Denninger e t  a l .  ( P 7 4 )  a t  t h i s  conference.  

DIFFUSION IN MAGNETIC FIELD GRADIETJTS 

We have performed e l e c t r o n  s p i n  echo experiments  i n  (FA12X a t  9.6 

G H z  by apply ing  t w o  microwave p u l s e s  w i t h  s e p a r a t i o n  T which l e a d  

t o  a s p i n  echo a t  time 2T.  When a magnet ic  f i e l d  g r a d i e n t  G is  

a p p l i e d  p a r a l l e l  t o  t h e  homogeneous e x t e r n a l  magnet ic  f i e l d  Be, t h e  
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2 
s p i n  echo decays accord ing  t o  t h e  sp in-sp in  r e l a x a t i o n  t i m e  T 

1 2 2  3 
M ( t E )  = M 0 exp (- t E / T 2 )  exp[-  12 yeG D t E ]  

2 2 
where D = D cos B + D+ s i n  6 and tE = 2 T ,  w i t h  8 b e i n g  t h e  a n g l e  be- 

tween t h e  f i e l d  g r a d i e n t  and t h e  main a x i s  o f  t h e  d i f f u s i o n  t enso r  

(D#; D+). I f  t h e  d i f f u s i o n  paral le l  (D,,) t o  t h e  unique a x i s ,  which 

is t h e  s t a c k i n g  d i r e c t i o n  i n  (FA ) X ,  i s  much l a r g e r  t h a n  i n  t h e  per- 2 
p e n d i c u l a r  d i r e c t i o n  (DL), a s t r o n g  o r i e n t a t i o n  dependence of t h e  

echo decay i s  expected.  F ig .  2a demonst ra tes  t h i s  behaviour  f o r  a 

g r a d i e n t  G = 190 mT m . The one-dimensional c h a r a c t e r  o f  t h e  d i f f u -  

ll 

-1  

s i o n  p r o c e s s  i s  c l e a r l y  v i s i b l e .  W e  o b t a i n  D,, = 1.5 c m L  and 

D < 0.1 c m 2  s- ' .  I n  p r i n c i p l e  i t  is  possible t o  de termine  t h e  aniso- 

t r o p y  o f  e l e c t r o n  t r a n s p o r t  t h i s  way. However, t h e  v a l u e  f o r  D A i s  

f a i r l y  u n r e l i a b l e  s i n c e  non- l inear  grad ien ts ,  sample shape etc. can 

obscure t h e  de te rmina t ion  o f  DI e s p e c i a l l y  when D,,>>DA. W e  do know, 

however, t h e  t r a n s v e r s e  hopping ra te  T+ (TL 

e l e c t r o n  s p i n  l a t t i c e  r e l a x a t i o n  measurements. Using t h e  d e f i n i t i o n  

D,, = v 'T l e a d s  t o  a phonon s c a t t e r i n g  t i m e  T = 1.7*10-15s,  

when EF = 0 . 2 2  eV and a mean f r e e  p a t h  l e n g t h  = v T o f  A = 4.8 
which corresponds t o  about  a l a t t i ce  spac ing  ha. The t r a n s v e r s e  

t u n n e l i n g  i n t e g r a l  tl may b e  e s t i m a t e d  from tL = h(TsT,.) 

l e a d s  t o  tL = 4meV. 

A 

-1 
1 0 - l l s )  from earlier 

F S  

F S  

-1/2 
which 

m '  c ': b lo-' j ; : ; k 1 j  
.- b 
C 0.5 
c p = 00 p = 00 - 

75 100 
b Orientation 8 / degrees 

I 1o-'b 2.5 5.0 7 3  10.0 
0 27 / p 

2.5 
I 

2.01 1 EkIlj - m 0.5 

p = 00 
0 

b Orientation 8 / degrees 

0 FIGURE 2 ( a )  E l e c t r o n  s p i n  echo decay curves  f o r  8=0 and 8=90 . 
( b )  O r i e n t a t i o n  dependence of D.  
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