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The n u c l e a r  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 i  of 93Nb i n  
NbSe3 has  been o b s e r v e d a s  a f u n c t i o n o f  f r equency  V N  i n  
t h e  r ange  6-4OMHz a t  4 .2K and of t empera tu re  T i n  t h e  
r ange  1 . 3 - 7 7  K a t  10 MHz. [ T I T ] - '  i s  found t o  b e  propor- 
t i o n a l  t o  1 1 6  cor re spond ing  t o  c h a r a c t e r i s t i c  d ive rgen-  
ce of s p i n  c o r r e l a t i o n  f u n c t i o n  i n  1-D system. Below 
%lOMHz, a b r e a k  d o w n o f t h e  d ive rgence  i s  observed.  The 
impor t an t  f e a t u r e s  of t h e  T dependence observed a r e  a 
s h a r p  minimum a t  % 4 5 K  and an a s y m p t o t i c a l  approach t o  
t h e  m e t a l l i c  r e l a t i o n ,  T i T = c o n s t .  w i t h  d e c r e a s i n g  T 
down t o  hel ium t empera tu re .  Th i s  [ T l T ] - l  minimum i s  ex- 
p l a i n e d  by t h e  d e s t r u c t i o n  of t h e  Fermi s u r f a c e  due t o  
t h e  CDW gap formation.  The r e - i n c r e a s e  of [ T I Z ' ] - ~  below 
t h e  CDW t r a n s i t i o n  may s u g g e s t  a p a r t i a l  r ecove ry  of 
t h e  d e s t r u c t e d  Fermi s u r f a c e .  

INTRODUCTION 

Niobium t r i s e l e n i d e  i s  a h i g h l y  a n i s o t r o p i c  metal which h a s  
been t h e  s u b j e c t  of c o n s i d e r a b l e  a t t e n t i o n .  The c r y s t a l  s t r u c -  
t u r e i s  madeup of i n f i n i e  c h a i n s  of t r i g o n a l  p r i sms  ex tend ing  
p a r a l l e l  t o  t h e  monoc l in i c  c r y s t a l  a x i s .  The e l ec t r i ca l  
r e s i s t i v i t y  a long  t h e  c h a i n s  shows a metall ic b e h a v i o r  from 
room tempera tu re  down t o  l i q u i d  he l ium r a n g e  and h a s  two anom- 

2 a l i e s  a t  145 and 59K. These anomalies  h a v e b e e n  i n t e r p r e t e d  
i n  terms of two d i f f e r e n t  c h a r g e  d e n s i t y  wave(CDW) fo rma t ions .  

[817]/99 
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100/[8181 

Below these  t r a n s i t i o n s ,  NbSe3 shows the  s t r i k i n g  non- Ohmic 
behavior.  The measurements w i th  a p res su re  of 7 kbar4 have 
shown an inc rease  i n  t h e  superconduct ing t r a n s i t i o n  tempera- 
t u r e  from T % O  t o  T o =  2.5 K. The p res su re  a l s o  suppressed 
the  CDW’ an% it has  been suggested t h a t  theCDW formation and 
the  superconduct iv i ty  are a n t a g o n i s t i c , 6  both  competing f o r  
t he  e l e c t r o n i c  states near  t he  Fermi s u r f a c e ( F S ) .  These prop- 
er t ies  a r e  a l s o  observed commonly on the  most of low dimen- 
s i o n a l  metals. Herein presented  are experimental  r e s u l t s  on a 
nuc lear  magnetic resonance i n v e s t i g a t i o n  t o  s e e  what e x t e n t  
t he  e l e c t r o n i c  s t r u c t u r e  of NbSe3 is one dimensional  (1-D), 
and what happens on the  e l e c t r o n i c  s ta tes  near  t he  FS a t  and 
below t h e  CDW t r a n s i t i o n .  The nuclear spin-lattice r e l a x a t i o n  
i s  r e l a t e d  t o  the  FS parameters  and can y i e l d s  informat ion  
about t he  dynamic p r o p e r t i e s  of t he  conduct ion e l e c t r o n s .  

S. WADA, R. AOKI and 0. FUJITA 

EXPERIMENTAL 

Polycrys t a l l i n e s  of NbSeg were obtained by the  usua l  method 
of hea t ing  s to i ch iomet r i c  amounts of niobiumand selenium f o r  
s e v e r a l  weeks i n  an  evacuated qua r t z  tube. A s i n g l e  c r y s t a l -  
l i k e  sample was prepared by ar ranging  the  f i b r o u s  c r y s t a l s  
i n t o  a bundle wi th  p a r a l l e l  b-axis.  

on the  s i n g l e  
c r y s t a l  weremadewith b-axis p a r a l l e l  t o  t he  e x t e r n a l  magnet- 
i c  f i e l d  H, us ing  a s i g n a l  averager  t o  o b t a i n  a s u f f i c i e n t  
SIN r a t i o .  I n  t h i s  o r i e n t a t i o n  (b-axis // H o )  and f o r  t he  hex- 
agonal symmetry, t h e  spectrum of 93Nb (I = 912) w a s  composed 
of n ine  d i f f e r e n t  l i n e s  whose f requencies  a r e  given by 

The 93Nb resonance spectrum measurements 

= v o ( l + K  ) - v (m- 1 1 2 )  11 Q V m + m - 1  

where VQ = 3e2qQ/21f21-l), Q is the  nuc lea r  quadrupole moment, 
q t he  e lectr ic  f i e l d  g rad ien t  a long t h e  b-axis ,  and K l /  t h e  
p a r a l l e l  Knight s h i f t .  The observed f i r s t - o r d e r  quadrupole 
spectrum y i e l d s  an  assignment o f a q u a d r u p o l e  coupl ing const-  
a n t  h-1e2qQ=7.2?0.7 MHz and K / / =  0 . 1 0 + 0 . 0 5 % a t  1 . 3 - 4 . 2  K. 

I n  the  measurement of t he  nuc lear  s p i n - l a t t i c e  re laxa-  
t i o n  TI, we must cons ider  t h a t  w e  observe only t h e  F++ - 3 
c e n t r a l  t r a n s i t i o n .  The r e l a x a t i o n  behavior  of t h e  magneti- 
z a t i o n  M f t )  f o r  t h e  t r a n s i t i o n  is  given by7 

1 

where 2W= fTI)-l and ai’s are c o e f f i c i e n t s  depending on the  
i n i t i a l  popula t ion  of 21+1 l eve l s .  A t h e o r e t i c a l  c a l c u l a t i o n  
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NUCLEAR SPIN-LATTICE RELAXATION IN NbSe3 18 19]/ I01 

f o r  t h e  i n i t i a l  c o n d i t i o n s  where ( a )  p o p u l a t i o n s  of Irnl > 3 
1 l e v e l s  are i n  the rma l -equ i l ib r ium w i t h  t h e  Irnl = y  l e v e l s ,  and 

(b)  **- 
t i o n  of o t h e r  s p i n  l e v e l s  are n o t  e f f e c t e d ,  p r o v i d e s  as 

t r a n s i t i o n  is s a t u r a t e d  comple t e ly  b u t  t h e  popula-  

( a )  al=0.152 a =0.140 a =0.153 a4=0.192 a5=0.363, and 2 3 
(b) a =0.006 a2=0.034 a =0.092 a =0.215 a =0.653, 1 3 4 5 

r e s p e c t i v e l y .  Thus, i n  o r d e r  t o  g e t  t h e  2W term, t h e  f a s t  re- 
l a x a t i o n  terms shou ld  be suppres sed  by t h e  i n i t i a l  c o n d i t i o n  
imposed on t h e  s p i n  system. I n t h e  l i q u i d  he l ium t e m p e r a t u r e ,  
w e  u t i l i z e d  a s a t u r a t i n g  comb composed of a few hundred rf 
p u l s e s  and o b t a i n e d  t h e  2W component d i r e c t l y .  Above 4.2 K ,  
however, t h e  comb method w a s  n o t  a p p l i c a b l e  s i n c e  e v e n a  comb 
composed of a few rf p u l s e s  i n c r e a s e d  t h e  sample t e m p e r a t u r e  
by J o u l e  h e a t i n g .  Then w e  r eco rded  f u l l  r ecove ry  b e h a v i o r s  
M f t i  a f t e r  s i n g l e  ~ / 2  p u l s e  and TI w a s  a s s i g n e d  by g e t t i n g  t h e  
b e s t  f i t  of o u r  d a t a  w i t h  t h e  t h e o r e t i c a l  r e c o v e r y  c u r v e  f o r  
t h e  i n i t i a l  c o n d i t i o n  ( b ) .  The agreement  of TI v a l u e s  o b t a i n -  
ed a t  4.2 K by t h i s  p rocedure  w i t h  t h a t  by t h e  comb method 
w a s  good enough. 

The TI of 93Nb i n  t h e  NbSe3 p o l y c r y s t a l l i n e  was measured 
as a f u n c t i o n o f  t h e  n u c l e a r  r e sonance  f r equency  VN from 6 t o  
38 MHz a t  4.2K. Data of [TIT]-1 v s .  v are shown i n  F i g .  1 i n  
which t h e  s l o p e  of a s t r a i g h t  l i n e  i s  112. We f i n d  h e r e  rea- 
s o n a b l e  agreement of t h e  d a t a  w i t h  t h i s  l i n e .  On t h e  o t h e r  
hand, a l e v e l - o f f  from t h e  1/& l i n e  t a k e s  p l a c e  below % 10 MHz. 

A few measurements of t h e T I  on t h e  s i n g l e  c r y s t a l w e r e p e r -  
formed a s a f u n c t i o n  of t h e  a n g l e  t3 between t h e  b-axis and H o .  
R e s u l t s  a t  4 . 2 K a r e  s h o w n i n F i g .  2which  r e p r e s e n t  a d e c r e a s e  
by a b o u t  44 % i n  [TITI-' as t h e  0 i n c r e a s e s  from 0 t o  r/Z. 

Fig.  3 shows t h e  t e m p e r a t u r e  dependence of [!Z'IT]-~ and 
t h e  r e s i s t i v e  t r a n s i t i o n 3  i n  t h e  i n s e r t .  The p r i n c i p a l  f e a t u r e  
i s  a s h a r p  minimum a t  % 45 K and a f o l l o w i n g  a s y m p t o t i c a l  ap -  
proach t o  a c o n s t a n t  w i t h  d e c r e a s i n g  T down t o  he l ium range .  

DISCUSSION 

A n a l y s i s  of t h e  Frequency Dependent R e l a x a t i o n  

The n u c l e a r  r e l a x a t i o n  rate induced by t h e  e l e c t r o n - n u c l e a r  
i n t e r a c t i o n s  can b e  expres sed  as8 

where R,(a= z ,+>  are t h e  g e o m e t r i c a l  f a c t o r s  which depend on 
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1024 8201 S. WADA, R. AOKI and 0. FUJITA 

I I I  1 I I I I I I I  I 

10 20 50 100 
ve (GHz)  

FIGURE 1 
t a l l i n e  as a func t ion  of t he  nuc lear  (and e l e c t r o n )  Zeeman 
f requencies  a t  4 . 2  K .  

Va r i a t ion  of 93Nb r e l a x a t i o n  ra te  i n  NbSe3 polycrys-  
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FIGURE 2 
t a l  on the  ang leebe tweenb-ax i s  andHo at10.5MHz and 4 . 2 K .  

Dependence of 3Nb r e l a x a t i o n  rate i n  NbSe3 s i n g l e  c rys-  
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NUCLEAR SPIN-LATTICE RELAXATION IN NbSe, [821]/103 

t h e  h y p e r f i n e  i n t e r a c t i o n s ,  Ga(w)  i s  t h e  F o u r i e r  t r a n s f o r m  of 
t h e  s p i n  c o r r e l a t i o n  f u n c t i o n ,  ra f t )=<sa f t ) sa* fO)>,  and f o r  
a n  i s o t r o p i c  Hamil tonian one h a s  2Gzfw) = dfd = G f w )  . 

Recent t h e o r e t i c a l  c a l c u l a t i o n 9  i n d i c a t e s  t h e  d i v e r g e n c e  
of t h e  c o r r e l a t i o n  f u n c t i o n ,  G(w) a l/h as w + O ,  p r o v i d i n g  
1 - D  t i g h t - b i n d i n g  Hamil tonian t a k i n g  i n t o  account  t h e  e l e c t r o n -  
e l e c t r o n  and electron-phonon i n t e r a c t i o n s .  Th i s  d ive rgence  
comes from t h e  v e r y  slow decay of r f t )  = l/& a s  t -+ m i n  l-D,IO 
and i t  co r re sponds  t o  a n  impor t an t  c o n t r i b u t i o n ,  i n  a n o t h e r  
word , from t h e  long  wave l e n g t h  p a r t  of t h e  momentum t r a n s -  
f e r  ( q 1 =  0) connec t ing  two p o i n t s  on t h e  FS i n  I.-D system.” 
This  i s  i n  c o n t r a s t  w i t h  3-D metals where t h e  d= 0 c o n t r i b u -  
t i o n  i s  much smaller because of low d e n s i t y  of s ta tes  n e a r  qL-0 .  

Consequent ly ,  t h e  (T11-l v a l u e  depends on t h e  exchange spec- 
trum a t  b o t h  f r e q u e n c i e s  WN and we and h a s  l/& d ive rgence .  

For t h e  93Nb r e l a x a t i o n  i n  NbSe3, t h e  d c o r e - p o l a r i z a t i o n  
and o r b i t a l  i n t e r a c t i o n s  a r e  dominant c o n t r i b u t i o n s  o v e r t h e  s 
c o n t a c t  i n t e r a c t i o n  s i n c e  t h e  Nb s-band l i e s  even h i g h e r  i n  
energy above t h e  Fermi energy EF due t o  s t r o n g  h y b r i d i z a t i o n  
w i t h  t h e  S e  o r b i t a l s . 1 2  A s  t h e  energy t r a n s f e r  by t h e  core-  
p o l a r i z a t i o n  b r i n g s  w i t h  s imul t aneous  e l e c t r o n -  n u c l e a r  s p i n  
f l i p - f l o p ,  t h e  (T i ) -1  depends on t h e  exchange spec t rum as ,  
G f w , ?  WN) = G f w e ) .  On t h e  o t h e r  hand, (T I ) - ’  depends on G~uN)  
f o r  t h e  o r b i t a l  i n t e r a c t i o n .  Thus, t h e  l/& dependence of G f w )  
and t h e  f a c t  t h a t  t h e  g e o m e t r i c a l  f a c t o r  R is t h e  same o r d e r  
i n  magnitude f o r  t h e  d c o r e - p o l a r i z a t i o n  and o r b i t a l i n t e r a c -  
t i o n s ,  s u g g e s t  s t r o n g l y  t h e  dominant o r b i t a l  c o n t r i b u t i o n  t o  
( T I ) - ’ ,  as wN<< we.  

For t h e  case of t h e  o r b i t a l  r e l a x a t i o n ,  f o l l o w i n g  t h e  
c a l c u l a t i o n  by Ehrenfreund e t  aZ. , w e  o b t a i n e d  as 

[TlT]- l  = 2TTMCB[yNN(EF)Hhf(orb)I2{§(q=0)+9(q=2kF) }p (3) 

where Hhf(orb)  i s  t h e  o r b i t a l  h y p e r f i n e  f i e l d  and p i s  a re- 
d u c t i o n  f a c t o r .  § ( q = 2 k ~ )  = 1 f o r  f r e e  e l e c t r o n s ,  and § ( q = o )  = 
(2wN-c)-1/2 f o r  t h e  p o s s i b  e case of f i n i t e  mean f r e e  p a t h . l l  

The expe r imen ta l  w - l j 2  dependence of   TIT]-^ i n d i c a t e s  
t h e  impor t an t  c o n t r i b u t i o n  of t h e  §(q=O) term a s  d i s c u s s e d  
above and p r o v i d e s  an ev idence  f o r  t h e  e x i s t e n c e  of 1 -D f l a t  
Fermi s u r f a c e  even a t  t h e  l i q u i d  he l ium t empera tu re .  

The r e d u c t i o n  f a c t o r  p c a n b e  c a l c u l a t e d  a s a  f u n c t i o n  of 
admixture  pa rame te r s  c i o f  t h e  dwave f u n c t i o n s a t E F  and found 
t o  be  dependent of t h e  a n g l e  0 between t h e  b-axis  and H o  as 

P = P  (1) + p(2)s;n2e ( 4 )  
w i t h  
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104/[822] S. WADA, R. AOKI and 0. FUJITA 

(1) 
p = c 2 ( 3 c  + 2c3) and p ( 2 )  = c22 - 3c c +4c - 2c 2 c 3’ 1 1 2  3 

where c1 8 d322-r2, c2 e d3CZ,yZ, c3 e d3cy,Ic2-y2, w i t h  a 

r e l a t i o n  A s o l i d  curve  i n  F ig .  2 was drawn 
fo l lowing  eq ,  ( 4 )  w i t h  (p(1)  + ~ ( ~ ) ) / p ( ~ )  = 0.56. The o r i e n t a -  
t i o n  dependence of [TlT]-I a l s o  shows t h e  dominant o r b i t a l  
i n t e r a c t i o n  s i n c e  t h e  c o r e - p o l a r i z a t i o n  r e l a x a t i o n  should b e  
independent of t h e  a n g l e  0 .  I n  o r d e r  t o  o b t a i n  t h e  r a t i o  as 
p ( 2 ) / p ( l )  2 - 0 . 4 4 ,  one should p u t  a l i m i t a t i o n  on t h e  admixture  
parameters  a t  EF as fo l lows;  

el+ 2cz i- Zc3= I .  

c ~ 0 . 2 - 0 . 5 ,  c 2 = 0 . 1 - 0 . 4  and c 3 < O . 1 5 .  

Experimental ly  t h e  [TlT]-I s a t u r a t e s  below Q 10 MHz as 
shown i n  Fig.  1. This  r e s u l t  i n d i c a t e s  t h a t  i n  NbSe3 t h e  d i v -  
ergence of G(w) breaks  down and can b e  i n t e r p r e t e d  by i n t r o -  
ducing a c u t o f f  process  i n  t h e  s p i n  The G(w) 
could be c a l c u l a t e d  by t a k i n g  F o u r i e r  t ransform of t h e  s e l f -  
c o r r e l a t i o n  f u n c t i o n  which was c o n s t r u c t e d  by9’  l 3  

1 

r ( t , T C )  = r ( t ) e q [ - t / r c 1  (5 1 

where a f u n c t i o n  exp[-t/-rc] is in t roduced  to  g e t  a f i t t i n g  
wi th  t h e  exper imenta l  [ T I T ] - 1  p l a t e a u .  From t h e  e q . ( 5 ) ,  G(w) 
can b e  obta ined  as 

~ ( w )  a ( T c / ~ u ) - 1 / 2  f o r  wTc >> 1, and 

~ ( w )  a (Tc)-1/2 f o r  w‘cc << 1. 

Thus, from t h e  exper imenta l  [TIT]-’ behavior ,  w e  o b t a i n e d  a 
cu tof f  frequency as 2.3 x l o7  Hz which g i v e s  a decay r a t e  a t  
which t h e  s p i n  c o r r e l a t i o n  d e v i a t e s  from its 1-D behavior .  

Nuclear Spin  Relaxa t ion  and CDW Formation 

The g e n e r a l  c h a r a c t e r i s t i c  of 1-D metals is  i n  t h e i r  i n s t a b i l -  
i t y  towards t h e  format ion  of t h e  CDW which creates an energy 
gap a t  t h e  EF, This  should  r e s u l t  i n  a d e c r e a s e  of t h e  den- 
s i t y  o f  states N(EFI and,  t h e r e f o r e ,  a d e c r e a s e  of  [TITI-I 
j u s t  below t h e  CDW t r a n s i t i o n  tempera ture  Tc. For an  i d e a l  
1-D conductor ,  t h e  CDW format ion  t ransforms t h e m a t e r i a l  i n t o  
a semi-conductor because of t h e  topology of FS. The m e t a l l i c  
behavior  of t h e  NbSe3 below Tc h a s  been expla ined  by t h e  ex- 
i s t e n c e  of p l a u s i b l e  k n o t s  on t h e  f l a t  FS which does n o t  sa t -  
i s f y  t h e  n e s t i n g  c r i t e r i o n .  

As shown i n  Fig.3,  t h e  exper imenta l  v a l u e  of [TITI-’ 
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providesaminimum a t  ~ 4 5  K i n d i c a t i n g  t h e  r e d u c t i o n  of N ~ E F )  
by abou t  60 % a t  leas t  from t h e  v a l u e  a t  7 7  K. Th i s  r e s u l t  
g i v e s  a n  ev idence  f o r  t h e  d e s t r u c t i o n  of p o r t i o n s  of t h e  FS 
due t o t h e C D W f o r m a t i o n a s  t h e  second r e s i s t i v i t y  peak o c c u r s  
a l s o  a t  49 K . ~  

FIGURE 3 V a r i a t i o n  of [ T I T ] - ’  of 93Nb i n  NbSe3 p o l y c r y s t a l -  
l i n e  as a f u n c t i o n  of t h e  t empera tu re  T a t  10.5MHz. Thechar-  
a c t e r i s t i c  of t h e  r e s i s t i v i t y  i s  shown i n  t h e  i n s e r t . 3  

The most s t r i k i n g  r e s u l t  i s  t h e  i n c r e a s e  of t h e  [ T l T ] - l  
w i t h  lower ing  9 a f t e r  p r o v i d i n g  t h e  minimum a t  % 45 K. Then, 
i t  approaches t o  t h e  m e t a l l i c  r e l a t i o n ,  T I T = c o n s t .  This  in -  
c r e a s e  of [ T I T ] - 1  g i v e s  an estimate of NfEF) r ecove ry  t o  abou t  
7 0 % o f  t h e  v a l u e  a t  77K. This  r ecove ry  can n o t  b e  e x p l a i n e d  
by t h e  k n o t s  model s i n c e ,  i f  i t  i s  t h e  case, theNfEF) shou ld  
be  c o n s t a n t  a f t e r  t h e  s i g n i f i c a n t  r e d u c t i o n j u s t  below t h e  T c .  
Though t h e  o r i g i n  of t h i s  NfEF) r ecove ry  e f f e c t  i s  u n c l e a r  a t  
p r e s e n t ,  i t  might b e  worthwhile  t o  p o i n t  o u t  t h a t  t h i s  may 
relates t o  t h e  s t r o n g  r ecove ry  o f t h e  c o n d u c t i v i t y  below t h e  
second r e s i s t i v e  peak a t  49 K.  A t  t h i s  p o i n t ,  more expe r i -  
mental  and t h e o r e t i c a l  works a r e  n e c e s s a r y  t o  o b t a i n  a f u l l  
unde r s t and ing .  
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