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CHARGE DENSITY WAVE DYNAMICS I N  NbSej AND TaS, 
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Department of Physics  
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Los Angeles, Ca l i fo rn ia  90024 

Submitted f o r  publ ica t ion  August 31, 1981 

I summarize recent  experiments on the  l inear  chain com- 
pounds NbSe3 and TaS3.  I n  both materials, t h e  charge 
dens i ty  wave CCDW) state is charac te r ized  by a f i e l d  
(El and frequency (w) dependent response and noise .  
The w dependent response is t h a t  of a s t rong ly  damped 
o s c i l l a t o r ,  t h e  E dependence is i n  agreement wi th  models 
based on CDW tunnel ing.  Scal ing p rope r t i e s  and ac-dc 
coupling experiments are a l s o  summarized, and a s h o r t  
comparison i s  given wi th  the  p red ic t ions  of var ious  
models. 

1. INTRODUCTION 

Charge dens i ty  waves (CDW's) assoc ia ted  with the  development 
of the Peier l s -FrEl ich  s ta te  are w e l l  documented through 
s t r u c t u r a l  s t u d i e s  i n  var ious  low dimensional conductors. 
The most thoroughly s tudied  example is TTF-TCNQ and r e l a t e d  
organic  l l n e a r  cha in  compounds, and the  l i n e a r  chain compound 
KCP. The response of t h e  c o l l e c t i v e  mode, t he  CDW is dras- 
t i c a l l y  d i f f e r e n t  from t h a t  expected €or  a s i n g l e  p a r t i c l e  
semiconductor, and is charac te r ized  by s t rong ly  frequency 
(w) and f i e l d  CE) dependent t r anspor t .  These have been ob- 
served i n  TTF-TCNQ, but  a l t e r n a t i v e  explanat ions based on 
s i n g l e  p a r t i c l e  e f f e c t s  and d isorder  induced l o c a l i z a t i o n  
have a l s o  been advanced t o  account €or  t h e  experimental f ind-  
ings. 

I w i l l  d i s cuss  recent  experiments on two l i n e a r  cha in  
compounds, NbSey and TaS3 (orthorhombic form), where phase 
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1847361 G. GRUNER 

t rans i t ions  lead t o  a CDW ground s t a t e ,  and t o  strongly 
anomalous t ransport  properties.  
by s ingle  p a r t i c l e  e f f e c t s  and provide the f i r s t  d i r e c t  evi- 
dence f o r  a co l lec t ive  response of the  CDW and for  a s l i d i n g  
CDW conductivity . 

Both NbSe3 and TaSs form chain s t r u c t u r e  with the metal 
(chalcogen) building blocks. NbSeS shows two phase t ransi-  
t ions,  one a t  T, = 149 K, another a t  T2 = 59 K; these r e f l e c t  
the  independent development of two CDW’s, both incommensurate 
with the underlying l a t t i c e ,  although the resu l t ing  periods 
q1 =t 0.244b* and q 2  = 0.26b* a r e  c lose t o  a period 4b where 
b is t h e  lat t ice parameter along the chain axis.3 
t rans i t ion  occurs a t  T = 215 K i n  the orthorhombic form of 
TaS,, and the CDW has a period 4120 with cg the l a t t i c e  con- 
s t a n t  along the chain direct ion,  and is commensurate with 
the underlying la t t ice . ’  
s ional  than TaS3: only par t  of the Fermi surface i s  removed 
due t o  t h e  phase t ransi t ion’  i n  NbSe3, while TaSd becomes a 
semiconductor below T . Also, one-dimensional (lD) f luctua- 
t ions a r e  not observedPin NbSe3 i n  the metallic phase above 
T I ,  while d i f fuse  Ul st reaks are observed” i n  TaS3 w e l l  above 
the t rans i t ion  temperature. 

These cannot be explained 

The phase 

NbSes appears t o  be more two dimen- 

2. FREQUENCY DEPENDENT CONDUCTIVITY 

In both NbSe3 and TaS, the conductivity is strongly frequen- 
cy dependent i n  the  CDW states,’” and a l s o  shows a la rge  
out of phase component. I n  Fig. 1 and Fig. 2, ReU(w) and 
Ima(w) a r e  displayed,’ f o r  NbSe, below T, and f o r  TaS3 
below TMI. I n  both cases ReU(w) increases smoothly from the 
dc l i m i t  t o  a high frequency saturat ion,  and ImU(w) shows 
a pronounced peak a t  frequencies, where ReU(w) has a strong 
frequency dependence. Unlike i n  KCP o r  TTF-TCNQ there i s  no 
evidence for a sharp peak i n  RW(w)  and f o r  an accompanying 
zero crossing i n  Im~(w). The resu l t ing  d i e l e c t r i c  constant 
E = Imu(w)/w is huge, and f o r  w + 0 it is approximately 10 
a t  T = 42 K i n  NbSe3 and lo7 i n  TaSS below the  t rans i t ion .  

Both the  strong frequency dependence and the huge low 
frequency d i e l e c t r i c  constants a r e  i n  c l e a r  conf l ic t  with 
any in te rpre ta t ion  i n  terms of s ingle  p a r t i c l e  transport  pro- 
cesses. 
w dependent lead t o  energies hu of t h e  order of 
kT orders of magnitude smaller than the thermal energy. 
Alternatively,  the d i e l e c t r i c  constant E, i f  interpreted 
i n  terms of a s ingle  p a r t i c l e  contribution E = 1 + (SaP2/A’) 
where Sa A 

4: The charac te r i s t ic  frequencies where (T is strong1 - 10- 

is the plasma frequency, would lead t o  a gap 
P 
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CHARGE DENSITY WAVE DYNAMICS IN NbSe, A N D  TaS3 [737]/19 

conduct iv i ty  i n  NbSe3 

d u c t i v i t y  measured a t  t h e  

a t  T = 
18- 42 K. Both Rea(w) and IrnO(w> 

are normalized t o  t h e  dc con- 

same temperature.  

3 
14- 

I 

. *  . .  
NbSe, 

- . 
0. : T = 4 2 K  

-i 
c 

40:' I '  " 1 '  1 

F 

aga in  n e g l i g i b l e  compared t o  kT. The o v e r a l l  frequency de- 
pendence sugges ts  a s t rong ly  damped response t o  the e x t e r n a l  
ac  e x c i t a t i o n  both  i n  NbSe3 and i n  TaS3, i f  t h e  response 
r ep resen t s  t h e  con t r ibu t ion  of t h e  pinneu ;.lode. A descr ip-  
t i o n  i n  terms of a c l a s s i c a l  o s c i l l a t o r  

(1) 
i w t  & + rx + kx = eEe 

conduct iv i ty  i n  TaS, a t  T = 

a r e  normalized t o  t h e  room 
temperature dc conduct iv i ty .  

170 K. Both Rea(w) and Imu(w) 

0.1, 

t ! ;  
1 
3 -  
b -  
- 

0.01 

would suggest  that t h e  i n e r t i a  term can be neglec ted  and a 
system is  s t rong ly  overdamped. An a l t e r n a t i v e  explana t ion  
f o r  U(W) based on t h e  tunnel ing modelJ4 w i l l  be d iscussed  
later. 

~ o , ~ - ~ ~ - ~ ~ ~ - ~ . , - , ~ -  
. '  

/@ 

I ToS, 
T = 170K .* 

*.** . ..* . . 
R c u l w l  - Irn u l w )  ---=-% +#' 

E 

0 . 0 0 i . L u L ~ ~ L ~ u ~  
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20/[738] G. GRONER 

3. FIELD DEPENDENT CONDUCTIVITY 

One of t he  e a r l y  evidences f o r  CDW t r anspor t  i n  NbSe3 w a s  
t h e  observat ion of s t rong ly  inc reas ing  Udc w i th  inc reas ing  
e lectr ic  f i e l d ,  observed f o r  moderate f i e l d  s t r eng ths .  l 1  
It has  later been shown’* t h a t  i n  NbSe3 nonlinear  conductivi- 
t y  occurs only i f  t he  electric f i e l d  E exceeds a threshold  E 
and beyond ET, the  experimental da t a  can be f i t t e d  w e l l  wi th  T’ 

U(E) = 1 1  - CET/E)I E X ~ [ - E ~ / ( E - E ~ ) I  , (2) 

a formula sugges t ive  f o r  a tunnel ing phenomenon. 
t h e  order  of lo-‘ Vfcm, depending s t rong ly  on t h e  sample 
qua l i t y ,  sugges t ive  f o r  pinning by impur i t ies .  Eo is approxi- 
mately 2ET, and is again  sample dependent. 
d u c t i v i t y  is a l s o  seen i n  TaS3, U(E) is  displayed” i n  F ig .  3. 
A sharp threshold e x i s t s  from TiI down t o  about 150 K; below 
t h i s  temperature t h e  threshold f i e l d  i s  smeared. This  be- 
havior  is more c l e a r l y  seen  i n  t h e  d i f f e r e n t i a l  r e s i s t a n c e  
measurements. Deta i led  experiments show’ that between TMI 
and 150 K, t h e  conduct iv i ty  can be descr ibed by 

ET is of 

Nonlinear con- 

where t h e  f i r s t  term i n  t h e  r i g h t  hand s i d e  is t h e  ohmic 
cont r ibu t ion ,  t h e  second r ep resen t s  t h e  f i e l d  dependent con- 
t r i bu t ion .  A good f i t  t o  U(E) is  provided by tunnel ing 
formula’ proposed by Bardeen 

U(E)  = [ 1  - (ET/E)I ap(-Eo/ET) ( 4 )  

with Eo = 6 . 5  V/cm and ET = 1.3 V/cm. Equation (4) is shown 
by t h e  f u l l  l i n e  i n  Fig.  4, where u(T,E) -U(T), evaluated a t  
var ious  temperatures is  displayed.  It is  clear from Fig .  4 
t h a t  Eq. (4) provides  an appropr ia te  desc r ip t ion  of the  w- 
perimental da t a .  
ments lead  a l s o  a good agreement with Eq. (41, a t  electric 
f i e l d s  somewhat above the threshold  f i e l d  ET. 

t h e  nonl inear  conduct iv i ty  s t rong ly  support  a c o l l e c t i v e  
t r anspor t  mechanism, 
the  dc f i e l d  over a d i s t ance  Q must be l a r g e r  than kT, l eads  
t o  t h e  condi t ion  e%Q > kT. With kT Q, eV and wi th  ET 
’L V/cm f o r  NbSe3 below Tz, and 1 V below T i  and % Q 

1 V / c m  f o r  TaS3, one arrives a t  a c h a r a c t e r i s t i c  l eng th  II, 
orde r s  of magnitude l a r g e r  than  t h e  l a t t i ce  constants .  

Deta i led  d i f f e r e n t i a l  conductance measure- 

The small electric f i e l d  s t r e n g t h s  requi red  f o r  

Assuming t h a t  t h e  energy provided by 
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CHARGE DENSITY WAVE DYNAMICS IN NbSel AND TaSJ [739]/21 

FIGURE 4 Nonlinear conduc- 
t i v i t y ,  u(E) -u(O) a t  va r ious  
temperatures. The f u l l  l i n e  
is  Eq. ( 4 )  with  parameters 
given on the  Figure. Ref. 13. 

4. NARROW BAND NOISE 

One of t he  most unusual phenomena i n  NbSes and TaS3 is  
the  observat ion of narrow band "noise" i n  t h e  nonl inear  con- 
d u c t i v i t y  region. l 2  A t y p i c a l  no i se  spectrum" observed i n  
NbSe3 is shown i n  Fig.  5. It is charac te r ized  by a s t rong  
fundamental, i nd ica t ed  by an  arrow and several harmonics a t  
frequencies  which are mul t ip l e  i n t e g e r s  of t h e  fundamental 
frequency f We be l i eve  that more complicated p a t t e r n s ,  
observed by o thers16 '17  and a l s o  by  US,^"^' r ep resen t  in- 
homogeneous cu r ren t  d i s t r i b u t i o n s .  Experiments performed 

n' 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
33

 2
1 

Fe
br

ua
ry

 2
01

3 



22/[740] G. GRONER 

I I I I 

FIGURE 5 Narrow band no i se  NbSe, 

spectrum i n  NbSe3 below T2. 1 T=42K 

R e f .  15. 

W O m V  

1 2 3 4 
I (MHz) 

FIGURE 6 The fundamental of 
t h e  no i se  frequency versus  
CDW cur ren t  i n  NbSes. 
Ref. 15. 

I I I , , I I ,  

0.4 - - 
T=42K 

03- 

8 
H 

- 

0 2 0 4 0 6 0 8 0  

a t  var ious  dc  cu r ren t  levels show t h a t  

(5) CDW f n  Q I 

where I 

t h e  moving CDW. 
Fig. 6 i n  TaS3l '  a similar r e l a t i o n  is observed. 

quency is  due t o  a c h a r a c t e r i s t i c  displacement X of t h e  CDW, 
then f 

The CDW cu r ren t  i s  then given by I 
t h e  number of e l ec t rons  i n  the  CDWCDWstate. 
ICDW/ne. 

= I(V) - I(V,ohmic) is  the  con t r ibu t ion  due t o  CDW 
This  r e l a t i o n  i s  shown f o r  NbSe3,16'15 i n  

A simple 
l eads  t o  Eq. ( 5 ) .  Assuming t h a t  t h e  no i se  f r e -  

- - llcDw/x where llcDw is t h e  d r i f t  v e l o c i t y  of t h e  CDW. 

= "ellCDW where n i s  

With n = 1021 cm-' both f o r  NbSe3 and TaS3, and 
Then fn  
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CHARGE DENSITY WAVE DYNAMICS IN NbSe3 AND TaS3j [7411/23 

assuming t h a t  a l l  e l ec t rons  are condensed i n  t h e  CDW state i n  
TaS3 and approximately 40% of the  e l e c t r o n s  are condensed i n  

NbSe3 one ob ta ins  h = 8 A” and 14 A’ ” l 9  i n  TaS3 and NbSe3. 
Both are i n  good agreement wi th  the  CDW per iods  observed by 
X-rays. ’‘ We conclude, t he re fo re ,  t h a t  t he  narrow band 
no i se  i s  assoc ia ted  wi th  the displacement of t h e  CDW by one 
per iod A .  

0 a 

5. AC-DC COUPLINGS 

With a conduct iv i ty  which is both nonl inear  and frequency 
dependent var ious  combinations of ac and dc d r iv ing  f i e l d  E = 
Edc + Eac cos  w t  can be appl ied  t o  s tudy  t h e  f i n e  d e t a i l s  

of t h e  pinning and subsequent no t ion  of t h e  CDW. 
We have searched f o r  photon a s s i s t e d  tunnel ing“ under 

circumstances when e V  + hw > eVT but  Vdc + Vac < V 

is  t h e  energy suppl ied by t h e  dc f i e l d .  No photon a s s i s t e d  
tunnel ing w a s  observed i n  NbSes o r  i n  TaS3 down to s i g n a l  
levels one o r  two orders  of magnitude smaller than t h a t  cal- 
cu la ted  €or  s i n g l e  p a r t i c l e  tunnel ing.  l‘ dc conduct iv i ty ,  
however, can be induced by an  ac f i e l d  of s u f f i c i e n t  ampli- 
tude.’”13 When w + 0, Vdc + Vac > VT l eads  t o  an  excess dc 

conduct ivi ty .  Due t o  t h e  s t rong ly  damped response of t h e  
CDW condensate, however, p rogress ive ly  l a r g e r  ac f i e l d s  are 
required f o r  inducing dc conduct iv i ty ,  simply because t h e  
response cannot fol low the  e x c i t a t i o n  f o r  s t rong ly  damped 
systems. Assuming t h a t  a dc conduct iv i ty  r e s u l t s  i f  a d is -  
placement of t h e  CDW due t o  an ac d r iv ing  f o r c e  exceeds a 

cr i t ical  va lue  Xcrit, one ob ta ins  Ecrit(w) = Ecrit(0) 

[l + ( w / ~ o ~ r ) ~ ] ~ ”  f o r  an overdamped o s c i l l a t o r .  

Eac 

i n  NbSe320 and i n  TaS3.’ 

po la r i za t ion  i s  measured i n  the  presence of dc f i e l d ,  con- 
f i rms  t h a t  even f o r  V > VT t h e  motion of t h e  CDW is not  com- 
p l e t e l y  f r e e .  For a f r e e  s l i d i n g ,  one expects  zero  d ie lec-  
t r i c  constant .  When the  conduct iv i ty  is  due t o  a sequence 
of s l i d i n g ,  pinning and s l i d i n g ,  etc., then a f i n i t e  po la r i -  
za t ion  can develop during t h e  per iod when t h e  O W  is pinned. 
This r e s u l t s  i n  a f i n i t e  d i e l e c t r i c  cons tan t  even i n  t h e  
nonl inear  conduct iv i ty  region. One expects  t h a t  t he  time 
period when t h e  CDW i s  pinned, smoothly decreases  wi th  in-  

where e V  

ac ac 

Thus, 

s t rongly  inc reases  wi th  increas ing  o as observed both 

Another type  of experiment, where t h e  low frequency ac 

c r i t  

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
33

 2
1 

Fe
br

ua
ry

 2
01

3 



24/[742] G. G R m E R  

creasing e l e c t r i c  f i e l d ;  t h i s  leads t o  an increasing conduc- 
t i v i t y  and decreasing low frequency d i e l e c t r i c  constant. 
U(V) and ECV) measured on the same TaS3 sample is shown i n  
Fig. 7 ,  similar  r e l a t i o n  between U(V) and E(V) w a s  found i n  
NbSe3. 
vious arguments about pinning and depinning of the CDW. 

The slowly decreasing E is i n  agreement with the pre- 

6. MODELS 

Various models were proposed t o  account f o r  the experimental 
observations summarized before. Most of these theories  con- 
s ider  only phase f luctuat ions,  the CDW moves as a r i g i d  en- 
t i t y ,  i n  accordance with X-ray observations i n  the presence 
of a d c  electric f i e l d .  These models w i l l  be discussed by 
Professor Bardeen a t  t h i s  conference, and therefore  I only 
b r i e f l y  summarize t h e i r  relevance t o  the  experiments reported 
here. 

Lee and Ricez1 consider impurity pinning of t he  CDW, 
which i s  t r ea t ed  phenomenologically. This treatment Leads 
t o  a sharp threshold f i e l d ,  i n  agreement with experiments, 
but no attempt is made t o  account f o r  the detai led form of 
the conductivity. 

the CDW motion incorporates the overdamped response of t h e  
CDW with respect t o  a low amplitude ac exci ta t ion.  
l i n e a r  dc conductivity r e s u l t s  from a motion of CDW i n  a 
periodic po ten t i a l  t i l t e d  by t h e  electric f i e l d .  
leads t o  a sharp  threshold f i e l d  ET and strongly nonlinear 
I-V cha rac t e r i s t i c s ,  and accounts f o r  the observation of 
narrow band noise. The descr ipt ion,  however, does not re- 
produce the f i n e  d e t a i l s  of the depinning and subsequent mo- 
t ion.  
t o  zero; t h i s  leads t o  a divergent d i e l e c t r i c  constant a t  ET. 
Also t h e  d i f f e r e n t i a l  conductance dI/dV diverges a t  ET. 
Neither of these have been observed, suggesting that depin- 
ning i s  more complicated than tha t  described, or  t h a t  t he  
treatment of the CDW as a c l a s s i c a l  object  i s  not appropri- 
a t e .  
t o  analyze t h e  experiments on NbSea and TaS3, strongly sug- 
ges t  a formalism in terms of a tunneling process, and the  
small e l e c t r i c  f i e l d s  suggest a tunneling process across  gaps 
much smaller than kT. 
small pinning gaps leads to14 

A descr ipt ion i n  terms of a c l a s s i c a l  treatment" of 

The non- 

The model 

The depinning occurs when the r e s to r ing  fo rce  goes 

Equations (2) and (4), which have been used extensively 

A coherent tunneling of CDW's acros8 D
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FIGUR 7 U(V) and E(V) i n  TaS . The frequency u/-.r of t h e  
d i e l e c t r i c  cons tan t  measurements is shown i n  the  Figure. 

where e*/e = m/ 5 is t he  r a t i o  of t h e  band mass t o  t h e  
Fr'dlich mass, 5 0  = 2hVF/m is  t h e  coherence d is tance .  

Tunneling is  only poss ib l e  when the  p o t e n t i a l  drop along t h e  
c o r r e l a t i o n  length  L i s  l a r g e r  than 8 

The tunnel ing p r o b a b i l i t y  P(E) = ( 1  - ET/E) exp(-Eo/ET) l eads  

t o  the  expression c 4 ) .  The observed va lues  Eo and E can 
then be used t o  eva lua te  E and wi th  m/F$ Q one 
a r r i v e s  a t  E values  i n  g ' t h e  mi l l i deg ree  region.  The 

f i e l d  de  endent conduct iv i ty  can be r e l a t e d  t o  U(W), and one 
ob ta ins  

g 

and thus e*LET = E 
g'  g ' 

g 
11: 

a h )  = odc(hu/e*) ( 6 )  

and thus  the  u(E) and U(W) can be sca led  together  wi th  ap- 
p r o p r i a t e  normalized w and E values .  Indeed, U(W) and O(E) ,  
measured over a broad frequency and f i e l d  range, d i sp l ays  
the  same un ive r sa l  behavior i n  NbSes both below T1 and below 
T2 and i n  TaS3 below Trfl. F igure  8 shows U(w) and U(E) i n  
NbSe, wi th  t h e  w and E axes chosen t o  demonstrate t h e  
v a l i d i t y  of Eq. (6). S i m i l a r  s ca l ing  has  been observed a t  
the  higher  temperature DCW state of NbSes and i n  TaS3. It 
is  evident  from Fig. 8 t h a t  t he  s c a l i n g  r e l a t i o n  suggested 
by t h e  tunnel ing model is  confirmed by the  experiments, ex- 
cept  a t  f i e l d  and frequency values  near  ET (see t h e  i n s e r t  
of Fig.  8). There is a sharp threshold f o r  t he  onset of 
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26/[744] G. GRONER 

FIGURE 8 u(w) and u(E) i n  vdcIMHil 
NbSe3 a t  T p. ,42 K. Ref. 23. 10 20 30 4 0 %  

1 . .  . 

dc non l inea r i ty ,  bu t  t h e  frequency dependence starts a t  w + 
0. This  suggests  that t h e r e  is another  cont r ibu t ion  coming 
from t h e  response of t h e  pinned mode, as descr ibed by Lee, 
Rice, and Anderson. 2 2  A phenomenological desc r ip t ion  l eads  
t o  a d i e l e c t r i c  cons tan t  

2 where 0 

damping constant .  
ac  conduct iv i ty  is given by 

= 4nne /M, hu+ is t he  pinning energy, and r the  
P 

upb)  - [ w  Im s(w)]/4n, and t h e  r e s u l t i n g  

wi th  utun(w) given by Eqs. (4) and (61. Equation ( 8 )  g ives  

an exce l l en t  desc r ip t ion  of o h )  i n  the whole measured f r e -  
quency range2’ both  i n  NbSeg and TaS3, wi th  gap va lues  

the  gaps obtained from u(E) alone. Also, t he  low frequency 
d i e l e c t r i c  cons tan t  given by C(W -* 0) = 52 ‘/4p2 i n  t h i s  model 

and accounts w e l l  f o r  the measured va lues  both i n  NbSe3 and 
TaSs . 

of t h e  order  of lo-’’ - ergs ,  i n  agreement wi th  g 

P 
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CHARGE DENSITY WAVE DYNAMICS IN NbSe, AND TaS3 17451127 

A d e t a i l e d  account of t he  experiments i n  terms of t h e  
model, toge ther  wi th  t h e  r e s u l t i n g  value f o r  E coherence 
l eng th  and c o r r e l a t i o n  d i s t ance  L, w i l l  be  repor ted  
e l ~ e w h e r e . ' ~  
l y  damped o s c i l l a t o r  response, U (w) ,  and the re fo re  t h e  model 
a l s o  accounts f o r  t h e  increasing' ac amplitude requi red  
t o  lead  t o  a dc conduct iv i ty ,  wi th  increas ing  frequency, i n  
agreement wi th  t h e  experiments descr ibed before .  

I a l s o  note  t h a t  t he  a n a l y s i s  l eads  t o  a s t rong-  

7. CONCLUSIONS 

NbSe3 and TaS3 represent  probably the  most w e l l  documented 
examples f o r  c o l l e c t i v e  response of charge dens i ty  waves t o  
ex te rna l  dc and ac dr iv ing  f i e l d s .  
t y  s t rong ly  suggests  a tunnel ing process ,  t h e  pinned mode is  
charac te r ized  by weak pinning and s t rong  damping. 
a s a t i s f a c t o r y  desc r ip t ion  i s  a v a i l a b l e  t o  account f o r  t h e  
broad v a r i e t y  of phenomena i n  t h e  presence of dc andfor  a c  
f i e l d s ,  t he  underlying microscopic desc r ip t ion  is st i l l  lack- 
ing. Unresolved quest ions inc lude  t h e  na tu re  of t h e  damping 
fo rces  and t h e  microscopic eva lua t ion  of t h e  magnitude of 
t he  s l i d i n g  CDW conduct ivi ty  (which appears  t o  have a magni- 
tude c lose  t o  t h a t  of t h e  normal e l ec t rons ) ,  and t h e  d e t a i l s  
of t h e  dynamics a t  in te rmedia te  e l e c t r i c  f i e l d  s t r eng th .  

acterist ic,  and y e t  unexplained, temperature dependence 
i n  NbSe3, while  i n  TaS3 t h e  sharp threshold  d isappears  a t  
lower temperatures. The la t ter  may be due t o  t h e  increased 
r o l e  of impur i t i e s  (which are not  screened by the  conduc- 
t i o n  e l ec t rons  because of t h e  small number of carriers avail- 
ab le)  a t  low temperatures; t h i s  can lead t o  a charge dens i ty  
wave g l a s s  state. Also, whi le  I have focused only on phe- 
nomena occurr ing i n  the  Pe ie r l s -F ro l i ch  state, s t r o n g  pre- 
cursor  e f f e c t s ,  r e f l e c t i n g  one dimensional resistive f luc tu -  
a t i o n s  occur i n  TaS3.* 

We a l s o  expect t h a t  NbSe3 and TaS3 a r e  not  t h e  only 
compounds where c o l l e c t i v e  t r anspor t ,  c a r r i e d  by t h e  charge 
dens i ty  wave, can be observed, and similar compounds may 
provide f u r t h e r  examples f o r  t he  unusual phenomena repor ted  
here. 

The nonl inear  conductivi- 

Although 

Also, a l l  parameters, l i k e  ET, Eo, etc., d i sp l ay  a char- 
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