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CHARGE DENSITY WAVE CONDUCTION OF SHALL SAMPLES 

HARK 0. ROBBINS and R. A. KLEM 
Corporate Research Science Labora to r ies ,  Exxon Research and 
Eng ineer ing  Company, Annandale, NJ 08801 

A b s t r a c t  The charge d e n s i t y  wave dynamics o f  samples w i t h  
dimension near t h e  Lee-Rice coherence l e n g t h  were s tud ied.  I n  
t h e  h i g h  frequency and c u r r e n t  l i m i t s  t h e  c o n d u c t i v i t y  o f  such 
smal l  samples approaches t h a t  o f  i n f i n i t e  samples. F i n i t e  
s i z e  e f f e c t s  change t h e  response a t  low f requency and 
cu r ren t .  A " k i n k "  i s  i n t r o d u c e d  i n  dV/dI l i k e  t h a t  found 
e x p e r i m e n t a l l y  i n  some NbSe3 samples a t  l ow  temperatures. 

I n t e n s i v e  exper imenta l  i n v e s t i g a t i o n  o f  conduc t ing  charge d e n s i t y  

wave (CDW) systems has revea led  a wea l th  o f  i n t e r e s t i n g  

phenomena.' I n  t h i s  paper we r e p o r t  r e s u l t s  o f  d e t a i l e d  t h e o r e -  

t i c a l  s t u d i e s  o f  t h e  COW dynamics o f  smal l  samples. The c a l c u l a -  

t i o n  i s  based on t h e  c l a s s i c a l  model o f  an overdamped CDW p inned 

by weakly s c a t t e r i n g  

The equa t ion  o f  mo t ion  f o r  t h e  l o c a l  phase 4 o f  t h e  CDW is's3 

[;I a - 81 $ ( r , t )  = e*E + V U i ( f ) s i n C d * f  + $ ( f , t ) I  , (1) o a t  0 
where l eng ths  have been s c a l e d  t o  make t h e  equa t ion  i s o t r o p i c  and 

t h e  v e l o c i t y  o f  phase e x c i t a t i o n s  i s  s e t  t o  one. The terms on t h e  

l e f t  o f  (1) a r e  t h e  damping f o r c e  and t h e  e l a s t i c  f o r c e  which 

l i m i t s  d i s t o r t i o n s  o f  t h e  CDW. The terms on t h e  r i g h t  a r e  t h e  

c o u p l i n g  t o  t h e  component o f  t h e  e l e c t r i c  f i e l d  a long  t h e  CDW wave 

v e c t o r  6 and t h e  f o r c e  c o n t r i b u t e d  by i m p u r i t i e s  which have 

c o n c e n t r a t i o n  c and l o c a l  d e n s i t y  sn(i'). The e x p e r i m e n t a l l y  mea- 

sured CDW c u r r e n t  w i l l  be p r o p o r t i o n a l  t o  t h e  t i m e  d e r i v a t i v e  o f  

t h e  c o l l e c t i v e  c o o r d i n a t e  A d e f i n e d  as t h e  volume average o f  4. 
2 We cons ide r  t h e  case o f  weak p i n n i n g  where V < C - ~ / ~  and V < x  

t h e  coherence l e n g t h  f o r  t h e  CW amplitude. F o r  weak p i n n i n g  t h e  
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phase o f  t h e  CDW v a r i e s  on t h e  s c a l e  o f  t h e  Fukuyama-Lee-Rice2 

(FLR) coherence l e n g t h  E= l / (cV2).  Fo r  samples w i t h  dimension 
L<E, t h e  s p a t i a l  f l u c t u a t i o n  o f  t h e  phase 6@(r+,t)E@(r+,t)-A i s  a 

small  parameter. Equat ion (1) can t h e n  be so l ved  f o r  A p e r t u r b a -  
t i v e l y  o r  i t e r a t i v e l y  i n  terms o f  t h e  Greens f u n c t i o n  f o r  t h e  d i f -  

f e r e n t i a l  ope ra to r  on t h e  l e f t  o f  (1) and t h e  source t e r m  r e p r e -  
sented by t h e  exp ress ion  on t h e  r ight . ’  

The d i f f e r e n t i a l  ope ra to r  i n  (1) desc r ibes  d i f f u s i v e  t r a n s -  

po r t .  Thus tL= L2/ r ,  i s  t h e  t i m e  f o r  p ropaga t ion  ove r  t h e  sample 

dimension L. The response o f  a f i n i t e  sample approaches t h e  
i n f i n i t e  volume l i m i t  f o r  processes w i t h  t i m e  s c a l e  l e s s  t h a n  tL, 

i.e., f o r  a.c. f i e l d s  w i t h  u t L > l  o r  d.c. c u r r e n t s  where At, > 1. 
Therefore c a l c u l a t i o n s  f o r  smal l  samples revea l  t h e  l a r g e  sample 

response on s h o r t  t ime  scales as w e l l  as i n d i c a t i n g  how f i n i t e  
s i z e  e f f e c t s  may be evidenced e x p e r i m e n t a l l y  on l o n g e r  t i m e  

scales. Many samples a r e  b e l i e v e d  t o  have dimensions o f  o r d e r  5. 
Equations f o r  d were d e r i v e d  f rom (1) t o  second o r d e r  i n  pe r -  

t u r b a t i o n  theory.  The c a l c u l a t i o n  i s  s i m i l a r  t o  t h a t  o f  Klemm and 
S c h r i e f f e r  (KS) , 3  except t h a t  nonad iaba t i c  c o r r e c t i o n s  a r e  

i n c l u d e d  i n  t h e  r e s u l t s  r e p o r t e d  here. These c o r r e c t i o n s  
s i g n i f i c a n t l y  a f f e c t  t h e  CDW dynamics. I n  t h i s  paper t h e  f i e l d  
and frequency dependent c o n d u c t i v i t i e s  a r e  described. 

The d i f f e r e n t i a l  r e s i s t a n c e  dV/dI c a l c u l a t e d  a5 a f u n c t i o n  o f  

d.c. f i e l d  f o r  a sample w i t h  L=E/(Pn) i s  presented i n  F ig .  1. 
A lso  shown a r e  exper imenta l  r e s u l t s 4  f o r  a 2mmX103(10p sample o f  
NbSe3 a t  48K, and r e s u l t s  from t h e  Gr iner ,  Zawadowski and C h a i k i n  
(GZC) model5 o f  a r i g i d ,  overdamped CDW i n  a p e r i o d i c  p o t e n t i a l .  

F o r  comparison w i t h  exper iment  f i e l d s  a r e  normal ized t o  t h e  

t h r e s h o l d  f i e l d  ET and a p a r a l l e l  r e s i s t a n c e  due t o  normal 

e l e c t r o n s  i s  i n c l u d e d  i n  t h e  t h e o r e t i c a l  r e s u l t s .  Note t h e  

dramat ic  agreement between t h e  exper imenta l  da ta  and t h e  r e s u l t s  

o f  our c a l c u l a t i o n .  I n  c o n t r a s t ,  t h e  GZC model p r e d i c t s  a 
mono ton ica l l y  i n c r e a s i n g  dV/dI  which i s  never  observed 
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F i g u r e  1. D i f f e r e n t i a l  r e s i s t a n c e  vs. f i e l d ,  see t e x t .  

expe r imen ta l l y .  This d iscrepancy i s  due t o  t h e  s t r o n g  c u r r e n t  

dependence o f  t h e  damping by i n t e r n a l  e l a s t i c  modes (phasons) o f  

t h e  CDW which i s  n o t  i n c l u d e d  by GZC o r  KS. 
The e l a s t i c  damping produces a renormal ized e f f e c t i v e  damping 

r a t e  ~ - l ( 8 )  which i s  l a r g e r  t h a n  T~-' and c u r r e n t  dependent, I n  

t h e  moving frame o f  t h e  COW, i m p u r i t i e s  produce a p e r i o d i c  f o r c e  

w i t h  y,=i. Only phasons w i t h  I A P ~  can respond t o  t h i s  f o r c e  and 

c o n t r i b u t e  f u l l y  t o  t h e  damping. As t h e  c u r r e n t  increases,  fewer  

phasons respond and t h e  damping r a t e  decreases towards T -' 
f i r s t  d e r i v e d  by Sneddon, Cross and Fischer.6 I n  f i n i t e  samples 

1 t h e  minimum energy o f  phasons i s  o f  o r d e r  tL- . F o r  itL<' a l l  

phasons can respond and T-' s a t u r a t e s  a t  a cons tan t  value. 

A l though t h e  approach here i s  l i m i t e d  t o  L<c, t h e  r e s u l t s  

suggest how t h e  behavior  o f  dV/dI  sca les  as L+=. The behav io r  a t  

t h r e s h o l d  changes d r a m a t i c a l l y .  The sharp f a l l  and r i s e  o f  dV /d I  

a t  t h r e s h o l d  (F ig .  1) occurs i n  t h e  f i e l d  range where T-' i s  con- 

s t a n t .  As L increases,  t h i s  range decreases and t h e r e f o r e  t h e  

w i d t h  o f  t h e  " k i n k "  decreases. E x t r a p o l a t i n g  t o  t h e  i n f i n i t e  

volume l i m i t  we f i n d  i= (E -ET)3 /2  near th resho ld .  The same expo- 

nen t  i s  found by F i ~ h e r . ~  A monotonic decrease i n  dV/dI above 

t h r e s h o l d  i s  imp l i ed ,  which i s  observed i n  many samples. Our 

as This  g i ves  t h e  asympto t i c  I - V  r e l a t i o n  I=umV-CV 1% 
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98 M. 0. ROBBINS AND R. A. KLEMM 

r e s u l t s  suggest t h a t  the  "k ink" i n  dV/dI i s  a f i n i t e  s i ze  e f f e c t  

and exp la in  why i t  i s  seen i n  some samples and not i n  others. In-  
deed kinks i n  dV/dI tend t o  c o r r e l a t e  w i th  small  sample s i ze  and 

8 low temperature where c i s  large. 
The renormalized re laxa t i on  r a t e  f o r  a.c. conduc t i v i t y  i s  t he  

same as t h a t  f o r  d.c. conduct iv i t y :  T- '(u)=T-'(~). Both w and 
A represent the  r a t e  o f  change i n  A. This i s  t he  on ly  f a c t o r  

determining which phasons con t r i bu te  t o  the  damping. The ca lcu la -  

t e d  u(u) i s  much broader than the  s ing le  overdamped harmonic 

o s c i l l a t o r  (OHO) response pred ic ted  by GZC. For wtL>>l we f i n d  

Re(u(u))wm(l-Cw -"05 )+uN and Im(u(u) ) *u ,CI~-~*~ ,  where uN i s  t h e  

conduc t i v i t y  o f  the  normal electrons. A t  low frequencies our 

model gives a response l i k e  an OHO, but w i t h  a renormalized 
damping time. As i n  the  case o f  the  d.c. conduc t i v i t y  t h i s  i s  a 

f i n i t e  s i ze  e f fec t .  We suggest t h a t  i n  samples w i t h  kinked dV/dI  

charac te r i s t i cs  t h e  low frequency response will approach t h a t  o f  a 
r i g i d  CDW. If our r e s u l t s  are ex t rapo la ted  t o  L+-we f i n d  t h e  low 

frequency form o f  t h e  d i e l e c t r i c  constant i s  E ( w ) - E ( O ) = ( ~ W ) ~ * ~ .  
The non-adiabatic e f f e c t s  included i n  our c a l c u l a t i o n  a lso  

lead t o  hys teres is  and memory effects. '  The response t o  combined 

a.c. s igna ls  i s  changed from the  simple GZC result.' These top i cs  
are the  focus o f  ongoing research. 
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