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DYNAMICAL PROPERTIES OF THE CDWs I N  NbSe3 
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Centre de  Recherches s u r  l e s  T r G s  Basses Temp&ratures, 
C.N.R.S., BP 166 X ,  38042 Grenoble-Cedex, France 

Received for  pub l i ca t ion  September 23 ,  1981 

Above t h e  e l e c t r i c  c r i t i c a l  f i e l d  Ec where t h e  CDWs 
i n  NbSe3 a r e  depinned, no i se  i s  generated i n  the  
sample. This  no i se  c o n s i s t s  of broad band n o i s e  and 
quas i  pe r iod ic  no i se .  For many samples we have mea- 
sured the  fundamental frequency v i n  t h e  n o i s e  a s  a 
func t ion  of E f o r  t he  two CDWs. These f r equenc ie s  
can be synchronised by an ex te rna l  r f  f i e l d  as seen 
by peaks i n  the  dVfdI c h a r a c t e r i s t i c .  These peaks 
correspond t o  an inc rease  i n  the  d i f f e r e n t i a l  r e s i s -  
tance.  Wc show t h a t  t h e  cu r ren t  JCDW c a r r i e d  by t h e  
CDW i s  t h e  superpos i t ion  of a cont inuous one and a 
modulation due t o  the  pinning with the  fundamental 
frequency v t h a t  w e  c a l c u l a t e  as a func t ion  of t h e  
e l e c t r i c  f i e l d  E.  When v i s  c a l c u l a t e d  as a func t ion  
of JCDW we ob ta in  a l i n e a r  v a r i a t i o n  where t h e  s lope  
i s  propor t iona l  t o  the  number of e l e c t r o n s  a f f e c t e d  
i n  the  band by the  CDW gap. We v e r i f y  t h e  l i n e a r  
v a r i a t i o n  between JCDW and v and w e  f i n d  the  same 
s lope  f o r  t h e  two CDWs. We deduce t h a t  t h e  number of 
e l e c t r o n s  a f f e c t e d  by t h e  gap i s  around 1.0 2021 cm-3 
f o r  each CDW. We ob ta in  a coherent  d e s c r i p t i o n  of 
t he  e l e c t r o n i c  Concentrat ion i n  NbSe3 between t h e  
room temperature  va lue  given by band c a l c u l a t i o n s ,  
t he  number of e l e c t r o n s  condensed by each CDW and 
the  e l e c t r o n i c  concent ra t ion  a t  low temperature  ob- 
t a ined  from the  measurement of t h e  l i n e a r  y term i n  
s p e c i f i c  h e a t .  

INTRODUCTION 

One of t he  p r i n c i p a l  aims of research  on onedimens iona l  

[767]/49 
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50/[768] 

compounds during the las t  decade has been the observation 
of superconductivity by the motion of charge density 
waves (CDWs) a s  predicted by Frijhlichl in  1954. For a 
l i n e a r  chain, below a c r i t i c a l  temperature, a permanent 
periodic d i s to r s ion  occurs with the opening of a gap a t  
the Fermi l eve l  which i s  the one-dimensional P e i e r l s  
metal-insulator t r ans i t i on .  However f o r  a system which i s  
t o t a l l y  invariant by t r ans l a t ion ,  the phase of the CDW i s  
a r b i t r a r y  and Frijhlich has  demonstrated that the CDW can 
move without a t tenuat ion with a constant speed and the 
ground s t a t e  would be a superconducting s t a t e .  P rac t i ca l ly  
t h i s  t r ans l a t ion  invariance i s  broken by several  mechanism 
a s  impurit ies,  commensurability with the host  l a t t i c e  or  
Coulomb in t e rac t ions  between chains2. The CDW i s  pinned 
and the  ground s t a t e  i s  an insulat ing s t a t e .  

NbSe3 ', TaS3 's5 undergo s t ruc tu ra l  t r a n s i t i o n  and i n  
these systems the CDW can be e a s i l y  de inned with e l e c t r i c  
f i e l d s  as low a s  0.1 V/cm t o  1 V/cm 6 , 9 .  The Frijhlich 
superconductivity has not been observed but i t  i s  shown 
that  the CDW moves and can carry a current .  

The temperature va r i a t ion  of t he  r e s i s t i v i t y  of NbSe3 
show two strong anomalies a t  T i  = 145 K and T2 = 59 K 
which were ascribed t o  the  CDWs formation. The wave vec- 
t o r s  of the dis tors ions a r e  incomciisurate with the  l a t -  
t i c e  and respectively q1 (0, 0.243+0.003, 0) a t  Ti and q2 
(1/2, 0.259+0.003, 1/21 5,8,9 a t  T2. Below T2 gaps conse- 
cut ive t o  the l a t t i c e  d i s to r s ion  do not a f f e c t  the whole 
Fermi surface and NbSe3 remains metal l ic  a t  low tempera- 
tu re .  

P. MONCEAU, J. RICHARD and M. RENARD 

S m e  of l ' n e a r  t r a n s i t i o n  metal tr ichalcogenides a s  

NON-LINEAR CONDUCTIVITY 

The amplitudes of the resistive anomalies of NbSe3 are 
strongly reduced with weak e l e c t r i c  f i e l d s  and are 
frequency dependentloil l .  This extra  conductivity i s  
associated with the motion of the CDW when the  energy 
gained by the e l e c t r i c  f i e l d  overcomes the pinning ener y.  

and observed by Fleming and G r i m e s 1 3 .  The va r i a t ion  of 
the conductivity with the e l e c t r i c  f i e l d  w a s  obtained by 
Bardeen14 ( t h i s  conference). 

This depinning f i e l d  Ec was calculated by Lee and Rice 13 

FOURIER ANALYSIS OF THE NOISE ABOVE THE THRESHOLD FIELD Ec 

Above the  threshold f i e l d  E, where non-linearity starts, 
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DYNAMICAL PROPERTIES OF THE CDWs IN NbSe3 [769]/51 

Fleming and Grimes13 have shown t h a t  n o i s e  i s  genera ted  
i n  t h e  sample between the  vo l t age  l eads .  This n o i s e  con- 
s is ts  of t he  superpos i t ion  of a broad n o i s e  and pe r iod ic  
s t r u c t u r e s .  We have made a Four i e r  a n a l y s i s  of t h e  ac  
n o i s e  vo l t age  wi th  a spectrum analyzer .  F ig .  1 shows t h e  
Four i e r  spectrum f o r  d i f f e r e n t  e l e c t r i c  f i e l d s  a t  T=35.9K 
f o r  a sample wi th  Ec = 80.4 mV/cm.Just above Ec a funda- 

noise voltage 

? (kHz  
I 1 I 

200 400 600 000 

I Sample 817 
T= 35.9 K 

spectrum analyser 

E dc 
(mV/cm 

FIGURE 1 Four i e r  spectrum obtained by d i r e c t  n o i s e  ana- 
l y s i s  with a spectrum analyzer .  The c r i t i c a l  f i e l d  i s  
Ec = 80.4 mV/cm. Fundamental frequency F, appears  f i r s t  
then F1 and F2. 

mental frequency F, appears  with i t s  harmonics. When E i s  
increased f u r t h e r ,  a second fundamental F1 and a l s o  a 
t h i r d  one F2 are de tec ted .  The whole frequency spectrum 
can be  descr ibed  with t h r e e  fundamental f r equenc ie s  and 
then harmonics. 

t i o n  of t h e  c u r r e n t  c a r r i e d  by the  CDW i n  t h e  anharmonic 
p o t e n t i a l  c r ea t ed  by the  impur i t i e s l5 .  The CDW can  be 
thought of as a p a r t i c l e  wi th  mass, charge  and f r i c t i o n .  
The c u r r e n t  c a r r i e d  by the  CDW i n  motion i s  : 

We have i n t e r p r e t e d  these  f requencies  a s  t h e  modula- 
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52/[770] P. MONCEAU, J. RICHARD and M. RENARD 

where Vdrift  is t h e  d r i f t  v e l o c i t y  of t h e  wave and ne  t h e  
number of e l e c t r o n s  condensed below each CDW gap. The 
equat ion of motion of t he  CDW ( f o r  more d e t a i l s  see r e f .  
16 and the  s i m i l a r  model of Griiner and a,”) con ta ins  a l s o  
pinning fo rces  which we reasonably assume t o  b e  pe r iod ic  
with t h e  phase of t he  CDW a t  t h e  pinning c e n t e r s .  So the  
motion due t o  an e x t e r n a l  f i e l d  i s  t h e  supe rpos i t i on  of a 
continuous d r i f t  and a modulation due t o  pinning a t  a 
fundamental frequency 

Vdr i f  t 
Q v = x  

where Q i s  t h e  l a t t i c e  d i s t o r s i o n  vec to r .  
Since t h e  pinning is s t r o n g l y  anharmonic we expect  

many harmonics i n  t h e  Four i e r  expansion of t h e  v e l o c i t y  
with the  fundamental frequency given above. So t h e  c u r r e n t  
i s  modulated a t  v and i t s  harmonics and g ives  r ise t o  
quas i  pe r iod ic  noise .  

SYNCHRONISATION OF THE MOTION OF THE CDW BY AN EXTERNAL 
r f  FIELD 

In  F ig .  2 we show t h e  e f f e c t  of t he  supe rpos i t i on  of a r f  

FIGURE 2 D i f f e r e n t i a l  r e s i s t a n c e  dV/dI ( a t  33 Hz) as a 
func t ion  of t he  dc c u r r e n t  swept i n  t h e  sample on which a 
r f  f i e l d  a t  8.334 MHz i s  superposed. Peaks i n d i c a t e  syn- 
ch ron iza t ion  of t h e  n o i s e  f requencies  with t h e  ex te rna l  
frequency . 
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DYNAMICAL PROPERTIES OF THE CDWs IN NbSe, [771]/53 

c u r r e n t  on a dc one i n  t h e  dV/dI c h a r a c t e r i s t i c .  We have 
app l i ed  t o  the  sample a r f  cu r ren t  wi th  a cons t an t  ampli- 
tude and a f i x e d  frequency and w e  !lave swept t he  dc cur -  
r e n t .  The d i f f e r e n t i a l  r e s i s t a n c e  ( a t  3 3  Hz) shows t h e  
same f e a t u r e s  than without  r f  c u r r e n t  ( s ee  Richard,  
Monceau and Renard, t h i s  conference) .  dV/dI i s  cons t an t  up 
t o  t h e  c r i t i c a l  e l e c t r i c  f i e l d  when non l i n e a r i t y  appears .  
But t he  e f f e c t  of t he  r f  f i e l d  i s  cha rac t e r i zed  by t h e  
presence of s eve ra l  peaks. I n  the  depinned regime t h e  cur-  
r e n t  c a r r i e d  by t h e  CDW has  an  a c  component which i s  a 
func t ion  of t h e  e l e c t r i c  f i e l d  i n  t h e  sample. When t h e  
frequency of t h i s  modulated cu r ren t  i s  equal  t o  t h e  ex te r -  
n a l  r f  frequency t h e r e  i s  i n t e r f e r e n c e  a s  seen by an 
inc rease  i n  dV/dI. I n  p r a c t i c e  we keep cons t an t  t he  dc 
cu r ren t  (higher  than t h e  c r i t i c a l  one) and t h e  ampli tude 
of t h e  r f  c u r r e n t  and we sweep t h e  frequency of t h i s  r f  
c u r r e n t .  Typical  dV/dI c h a r a c t e r i s t i c s  ( a t  33 Hz) as a 
func t ion  of t he  frequency f o r  t he  two CDWs a r e  shown i n  
Fig.  3 .  

1 1 )  I I ,  1 

0 L 8 12 16 20 1 3 5 7 9  

FIGURE 3 D i f f e r e n t i a l  r e s i s t a n c e  dV/dI ( a t  33 Hz) as  a 
func t ion  of t h e  ex te rna l  frequency app l i ed  t o  t h e  sample 
with a cons tan t  ampli tude f o r  d i f f e r e n t  dc c u r r e n t s  h ighe r  
than t h e  c r i t i c a l  one. A t  112.4 K (upper CDW) the  c r i t i c a l  
c u r r e n t  i s  600 PA and a t  44.7 K (lower CDW) t h e  c r i t i c a l  
c u r r e n t  i s  73 PA. 
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54/[772] P. MONCEAU. J. RICHARD and M. RENARD 

The fundamental frequency F, i s  def ined  as t h e  f i r s t  
frequency which appears  when the r f  ampli tude is increased. 
Many subharmonics a r e  a l s o  de t ec t ed .  The fundamental f r e -  
quencies obtained by d i r e c t  n o i s e  a n a l y s i s  o r  by t h e  syn- 
ch ron iza t ion  experiment a r e  t h e  same except near  Ec where 
the  coupl ing between the  ac  and dc f i e l d s  changes Ec. In  
Fig.  4 we have p l o t  t he  v a r i a t i o n  of t he  fundamental fre- 
quency f o r  t he  two CDWs. 

_. - 
HHI I 

FIGURE 4 Varia t ion  with the  e l e c t r i c  f i e l d  of t h e  funda- 
mental frequency i n  the  no i se  measured i n  t h e  synchroniza- 
t i o n  experiment f o r  d i f f e r e n t  temperatures  concerning t h e  
two CDWs. 

The frequency spectrum can a l s o  be analysed wi th  
t h r e e  fundamental f requencies  with t h e  two fundamental 
s a t e l l i t e s  v 1  and v2 which appear  from each s i d e  of t h e  
fundamental o .  

I n  Fig.  5 we have drawn t h e  v a r i a t i o n  of v o / v l  and 
v o / v 2  a s  a func t ion  of E/Ec.  For t he  two CDWs a t  re la t i -  
vely low E/Ec (E/Ec - 3) f o r  t h e  upper CDW and Q, 2 f o r  
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DYNAMICAL PROPERTIES OF THE C D W s  IN NbSe, [773]/55 

I requency Suinple 015 
i o l i o  3 4  

trcquency synctwonisulion 1 ( K )  0 -0 
$1 $2 

(I30 

FICUXE 5 V a r i a t i o n  with E / E c  of t h e  r a t i o  between t h e  
s a t e l l i t e  fundamental  f r e q u e n c i e s  v1 and v 2  w i t h  t h e  fun- 
damental  v o  o b t a i n e d  i n  t h e  s y n c h r o n i s a t i o n  expe r imen t .  
The upper  p a r t  i s  f o r  t h e  upper  CDW, t h e  lower p a r t  f o r  
t h e  lower CDW. A t  low E / E c ,  v 1  and v2 are  r e s p e c t i v e l y  
( 2 / 3 ) v o  and ( 3 / 2 ) v o .  

t h e  lower one) v o / v  = 1.5OkO.03 and v o / v 2  = 0.67kO.02. 
A t  h i g h e r  e l e c t r i c  !ield t h e  t h r e e  fundamental  f requen- 
c i e s  converge t o g e t h e r  bu t  however they  a r e  d i s t i n c t a b l e  
a t  l e a s t  up t o  100 MHz. 

ELECTRONIC CONCENTRATION CONDENSED UNDER THE CDW GAPS 

The phenomenological d e s c r i p t i o n  of t h e  motion of t h e  
CDW t h a t  w e  have d e s c r i b e d  above l e a d s  t o  a l i n e a r  r e l a -  
t i o n s h i p  between t h e  fundamental  f r equency  of t h e  modu- 
l a t e d  c u r r e n t  and t h e  ampl i tude  JCDW of t h e  c u r r e n t  

Q 1  
c a r r i e d  by t h e  CDW. 

2n ne v = - - JCDW 
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56/[774] P. MONCEAU, J. RICHARD and M. RENARD 

This cu r ren t  JCDW can be obtained experimental ly  from t h e  
non l i n e a r  V(1) c h a r a c t e r i s t i c s  i f  w e  assume t h a t  t he  
conduct iv i ty  of normal e l e c t r o n s  i s  no t  a f f e c t e d  by t h e  
motion of t h e  CDW. 

R Theref o r e  
JCDW = J ( l  - 

where J i s  t h e  app l i ed  c u r r e n t  d e n s i t y ,  R t h e  r e s i s t a n c e  
of t he  sample a t  J and R, t h e  r e s i s t a n c e  of t h e  sample 
i n  t h e  ohmic regime. I n  F ig .  6 we have p l o t t e d  t h e  same 
f requencies  than i n  Fig.  4 but  as a func t ion  of JCDW t h a t  
we have measured a t  each temperature.  

rm 5m 

FIGURE 6 
the  no i se  as  a func t ion  of t h e  c u r r e n t  JCDW c a r r i e d  by 
t h e  CDW f o r  t h e  two CDWs. In  t h e  upper p a r t  f o r  
JCDW < 100 A/cm2, i n  t h e  lower p a r t  f o r  JCDW up t o  
400 A/cm2. 

Var i a t ion  of t he  fundamental frequency v o  i n  D
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DYNAMICAL PROPERTIES OF THE CDWs IN NbSej [775]/57 

A l l  t h e  , , (E l  cu rves  g a t h e r  i n  a compact p a t t e r n .  v 
i s  l i n e a r  with JCDW up t o  around 100 A/cm2 and shows a 
s l i g h t  c u r \ - a t u r e  f o r  h i g h e r  JCDW. The c r o s s  s e c t i o n  of 
t h e  sample was c a l c u l a t e d  from i t s  r e s i s t a n c e  a t  room 
tempera tu re  and i t s  l eng th  assuming a room t empera tu re  
r e s i s t i v i t y  of 250 VRcm. 

The s l o p e  of v as  a f u n c t i o n  of JCDW i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  n e  : t h e  e l e c t r o n i c  c o n c e n t r a t i o n  con- 
densed below t h e  CDW gap. Our r e s u l t s  show t h a t  e l e c t r o n i c  
c o n c e n t r a t i o n  i s  t h e  same f o r  each CDW i n  NbSe3 and around 
1 . 0 ~ 1 0 2 1  ~ m - ~ .  Band c a l c u l a t i o n s 1 8  show t h a t  only f o u r  
c h a i n s  ( t h e  u n i t  c e l l  i s  formed by s i x  c h a i n s )  p a r t i c i p a t e  
t o  t h e  conduc t ion .  Prom e s t i m a t i o n  of t h e  i o n i c i t y  of t h e  
bondings between Se-Se atoms w e  have concluded t h a t  t h e r e  
a r e  two e l e c t r o n s  by u n i t  c e l l  t o  b e  sha red  between f o u r  
niobium atoms16 and t h e  t o t a l  number of e l e c t r o n s  a t  room 
t empera tu re  would be  3.9X1O2l ~ m - ~ .  From t h e  l i n e a r  spe-  
c i f i c  h e a t  measured between 0.15 K and 1 K ( y  = 24.5 e r g /  
gr.K2, we have deduced19 t h a t  t h e  number of e l e c t r o n s  
which remain below t h e  two CDWs i s  around 1021 cm-3 which 
with ou r  measurements of t h e  e l e c t r o n i c  condensa t ion  by 
t h e  CDW gaps g i v e  a c o h e r e n t  p i c t u r e  of t h e  e l e c t r o n i c  
c o n c e n t r a t i o n  i n  NbSe3. 

CONCLUSIONS 

We have s t u d i e d  t h e  n o i s e  gene ra t ed  i n  NbSe3 above t h e  
c r i t i c a l  e l e c t r i c  f i e l d  where t h e  n o n - l i n e a r i t y  s t a r t s .  
We have performed t h e  s y n c h r o n i z a t i o n  of  t h e  q u a s i  
per ior : ic  n o i s e  by an e x t e r n a l  r f  f i e l d .  We no ted  t h a t  
t h e  two CDWs i n  NbSe3 behave s i m i l a r l y .  It  a p p e a r s  w e l l  
e s t a b l i s h e d  t h a t  t h e  non-ohmicity of NbSe3 i s  due t o  t h e  
motion of t h e  CDWs. A s u f f i c i e n t  e lec t r ic  f i e l d  is neces-  
s a r y  t o  overcome t h e  p inn ing  energy.  Above t h i s  c r i t i c a l  
f i e l d  t h e  c u r r e n t  i s  formed by t h e  s u p e r p o s i t i o n  of a 
con t inuous  one and a modulat ion w i t h  a fundamental  f r e -  
quency and harmonics.  We have shown t h a t  t h i s  fundamental  
f requency i s  a l i n e a r  f u n c t i o n  of t h e  c u r r e n t  c a r r i e d  by 
t h e  CDW and we have deduced t h e  number of condensed 
e l e c t r o n s  under  each CDW gap which is i n  agreement wi th  
band c a l c u l a t i o n s .  
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