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CLASSICAL MODEL OF CHARGE DENSITY WAVE TRANSPORT 
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Received for p u b l i c a t i o n  August 31, 1981 

A c l a s s i c a l  model is app l i ed  t h a t  desc r ibes  charge 
t r a n s p o r t  by pinned and depinned charge d e n s i t y  waves 
(CDW). A t  low frequency,  charge i s  assumed t o  be d i s -  
placed i n  a p o t e n t i a l  t h a t  is  t h e  sum of s t r o n g  end 
and weak d i s t r i b u t e d  p o t e n t i a l s .  I n  t h i s  range t h e  
CDW may be t r e a t e d  as a damped harmonic o s c i l l a t o r .  
Above a c r i t i c a l  fo rce  t h e  CDW is  depinned and moves 
wi th  r e s i s t a n c e  from v i scous  damping and dry f r i c t i o n .  
By t ak ing  t h e  f o r c e s  of  s t and ing  and dry  s l i d i n g  
f r i c t i o n  t o  be equal  and assuming an exponent ia l  d i s -  
t r i b u t i o n  of  coherent  CDW reg ions  we o b t a i n  t h e  
repor ted  form of c u r r e n t  app l i ed  f i e l d .  By 
assuming t h e  CDW's t o  be overdamped we f i t  t h e  ob- 
served frequency-dependent conduc t iv i ty .  We c a l c u l a t e  
t h e  e f f e c t  of a dc f i e l d  on t h e  a c  conduc t iv i ty  and 
the  e f f e c t  on the  dc conduc t iv i ty  of l a r g e  ampli tude 
ac  f i e l d s .  We apply t h e  c l a s s i c a l  model t o  an 
a n a l y s i s  o f  CDW no i se  and sugges t  t h e  e x c i t a t i o n  of 
phase modes t o  be  t h e  o r i g i n  of t h e  observed narrow 
band no i se  components. 

INTRODUCTION 

The s t r i k i n g  charge dens i ty  wave (CDW) t r a n s p o r t  behavior  
observed i n  NbSe3', T a S 3 * ,  and poss ib ly  ZrTe,  and HfTeS3 
has  been analyzed i n  terms of two q u i t e  d i f f e r e n t  models. 
The f i r s t  model, proposed by Lee and Rice4, treats t h e  
e l e c t r i c  f i e l d  depinning of CDW's s t u c k  a t  impur i t i e s .  A s  
we  show, t h e i r  theory  l e a d s  wi th  c e r t a i n  assumptions t o  
the  dependence of cu r ren t  on e l e c t r i c  f i e l d  r epor t ed  by 
Fleming' 
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60/[ 77 81 A. M. PORTIS 

-E,/(E - ET) 
j = uaE f a,(E -I ET> e (1) 

where t h e  second t e r m  i n  (1) is ope ra t ive  only above t h e  
threshold  f i e l d  ET. A second model, advanced by Bardeen6, 
considers  CDW t r anspor t  t o  a r i s e  from Zener tunnel ing  
across  t h e  gap introduced by impuri ty  pinning.  This  model 
gives  a cu r ren t  of  t h e  form 

-E, /E  
j = UaE + Ob(E - ET> e ( 2 )  

f o r  ET < E o  where t h e  threshold  f i e l d  ET arises from the  
f i n i t e  c o r r e l a t i o n  d i s t ance  of t h e  CDW. The f i e l d  E, as 
discussed below fol lows from t h e  Zener theory.  Although 
(1) and (2)  d i f f e r  i n  t h e  form of t h e  exponent ia l ,  t h e  
behavior near  th reshold  is  dominated by t h e  p r e f a c t o r  and 
present  experiments have not  d i s t i ngu i shed  between t h e  two 
expressions.  

the  dc ,  ac, and coupled c o n d u c t i v i t i e s  under c e r t a i n  
s p e c i a l  assumptions. 
F ina l ly ,  w e  d i scuss  t h e  s t u d i e s  of CDW n o i s e  and t h e i r  i m -  
p l i c a t i o n s  f o r  modeling of CDW t r a n s p o r t .  Based on t h e  
Lee-Rice model we  propose a new explana t ion  of t he  observed 
narrow-band noise .  

I n  what fol lows we  f i r s t  apply t h e  Lee-Rice model t o  

Next we examine t h e  Bardeen model. 

APPLICATION OF THE LEE-RICE MODEL 

Lee and Rice4 consider  t h e  pinning of CDW's by both  s t r o n g  
and weak impur i t i e s  wi th  q u i t e  d i f f e r e n t  pinning p rope r t i e s .  
We assume wi th  Fukuyama and Lee7 t h a t  t h e  s t rong  impur i t i e s  
a r e  randomly d i s t r i b u t e d  l ead ing  t o  a d i s t r i b u t i o n  of 
separa t ions  R :  

(3) 
-a/T P ( R >  = (I/%) e 

where 
We take  t h e  weak impur i t i e s  t o  be p re sen t  i n  h igher  con- 
cen t r a t ion ,  which we treat  on t h e  average. 
force  is expected t o  be  of t h e  form: 

is  t h e  mean sepa ra t ion  between s t rong  impur i t i e s .  

The depinning 

FR = Fo + (R/%)F1 ( 4 )  

where F, is t h e  depinning fo rce  f o r  s t r o n g  impur i t i e s ,  
which p in  t h e  CDW at  t h e  ends. 
i t ies  on t h e  CDW w i l l  be p ropor t iona l  t o  R wi th  F, t h e  
depinning fo rce  f o r  a CDW of mean l eng th  z. 

The number of weak impur- 

Wri t ing f o r  
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CLASSICAL MODEL OF CHARGE DENSITY WAVE TRANSPORT [779]/61 

the  depinning e l e c t r i c  f i e l d s :  

with q L / i  = a / %  w e  ob ta in  f o r  ( 4 ) :  

= ( E / R )  E, + E l  ER 

A l t e rna t ive ly ,  a t  a given electric f i e l d  E t h e r e  i s  a 
c r i t i ca l  CDW length  RE such t h a t  CDW’s longer  than  RE are 
depinned and CDW’s s h o r t e r  than RE remain pinned where from 
(6)  we have: 

RE = [Eo/(E - E l ) ]  (‘7 1 

D c  Conductivity 

Concerning the  ve loc i ty  of depinned CDW’s, w e  t a k e  the  sug- 
ges t ion  of Lee, Rice, and Andersone t h a t  t h e  behavior of a 
CDW moving i n  t h e  presence of impur i t i e s  may be t r e a t e d  by 
dry  (o r  s t i c k - s l i p )  f r i c t i o n a l  forces .  Assuming t h a t  t h e  
fo rces  of s ta t ic  and dry moving f r i c t i o n  are equal ,  we 
w r i t e  f o r  t h e  ve loc i ty  of t h e  moving CDW: 

vR = u(E - Ea) (8) 

Fina l ly ,  w e  ob ta in  f o r  the cu r ren t  i n  the  presence of an 
e l e c t r i c  f i e l d  E: 

where oa i s  the  conduct ivi ty  of t he  uncondensed carriers 
and ab = nep is a measure of  t he  CDW conduct iv i ty  where n 
i s  the  concentrat ion of condensed carriers. The i n t e g r a l  
i n  (9) is  r e a d i l y  performed t o  y i e l d  as a n t i c i p a t e d  by Lee 
and Rice: 

which is j u s t  t h e  form suggested by Fleming’ on empir ica l  
grounds. 
f i e l d  ET i n  (1) .  
f o r  t h e  conduct ivi ty  cont r ibu t ion  l o s t  from aa we conclude 
t h a t  t h e  mobi l i ty  p of t h e  CDW must approximately equal  
t h a t  of t he  precondensed carriers. 

the  Lee-Rice model by comparing t h e  observed va lues  of E, 
and ET with the  es t imates  of  Lee and Rice f o r  s t r o n g  and 

On t h i s  b a s i s  we t ake  E l  t o  be the  threshold  
Since Ob evident ly  j u s t  about makes up 

We conclude t h e  d iscuss ion  of dc conduct iv i ty  based on 
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62/[780] A. M. PORTIS 

weak pinning respectively. 
below the lower transition at T2 = 58 K range from 
100 mV/cm as observed by Ong and Monceau’ down to about 
10 mV/cm as reported by Fleming’ on evidently purer 
material. 
at strong impurities: 

Minimum values of E o  for NbSe, 

Lee and Rice4 estimate for the depinning field 

AE, = (A/e) b/z (11) 

where 2Ais the Peierls gap, A is the CDW wavelength, b is 
the lattice constant, and is the mean distance between 
impurities. 
studies” with b = 3.478 A and estimating A = ,009 eV we 
obtain EoE = 2.3 mV. 
values of E, we obtain for the mean separation between 
strong impurity centers E c. .02 to 0.2 cm. The measured 
threshold fields ET are typically one-half Eo although 
Fleming and Grimes5 initially reported values of the 
threshold field as small as one-quarter E,.  

depinning: 

Taking X = 13.2 A from x-ray scattering 

On comparison with the measured 

Lee and Rice estimate for the field for weak 

AE1 = (A/e) (A/€:,> x lo4 ni (12) 

We take 2 kF = 2 IT/A and vF = fi kF/m = 2 . 8  X lo7 cm/sec 
using the free electron mass. The Fermi energy is then 
EF = fi2 k$/2m = 0.22 eV. In (12) ni is the fractional con- 
centration of weak impurities. Using the same values as in 
the evaluation of (11) we obtain E, Y 4 X l o 7  ni suggesting 
a weak impurity concentration of approximately one in lo’. 
Although these estimates are approximate, they suggest the 
range in which we are working with very long CDW’s and a 
somewhat higher concentration of weak than strong 
impurities. 

Ac Conductivity 

Continuing to apply the Lee-Rice model we now discuss the 
response of CDW’s to an alternating electric field. 
analyze the response of the CDW in terms of phase modes. 
The uniform mode (n = 0) is one in which the CDW phase is 
displaced more or less rigidly in the potential of weak 
and strong impurities. We have for the square of the 
resonance frequency of the uniform mode: 

We 

= k/M (13) 
where M is the CDW mass and k is the force constant. 
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CLASSICAL MODEL OF CHARGE DENSITY WAVE TRANSPORT [781]/63 

We r e l a t e  t h e  fo rce  cons tan t  k t o  t h e  e lec t r ic  f i e l d  f o r  
depinning by w r i t i n g  

q EIl = A k X/2 (14) 

The quan t i ty  A is  a numerical  parameter expected t o  be less 
than one t h a t  cha rac t e r i zes  t h e  so f t en ing  of t h e  p o t e n t i a l .  
For a s inuso ida l  p o t e n t i a l ,  f o r  example,” we have A = l / n .  
S u b s t i t u t i n g  i n t o  (13) w e  ob ta in :  

w2 0 = ( 2 1 ~ ~ )  (e lm*) E~ (15) 

where m* is  t h e  Frohl ich mass and i s  about lo3 t i m e s  t h e  
e l e c t r o n  mass. 

For h igher  modes we t ake  t h e  ends t o  be pinned wi th  
the  CDW an i n t e g r a l  number n h a l f  waves long. 
of t h e  mode frequency is 

The square  

u2 n = (nnv/R)’ + (2/&) (e/m*) E l  (16) 

where t h e  f i r s t  term rep resen t s  propagat ion of a phase 
mode along t h e  CDW and t h e  second t e r m  arises from 
displacement i n  t h e  p o t e n t i a l  of t h e  weak impur i t i e s .  The 
v e l o c i t y  v has  been ca l cu la t ed  by Fukuyama” and is given 

(17) *;f i by 
v = (m/m ) VF 

Using t y p i c a l  va lues  f o r  NbSe3 w e  ob ta in  wi th  A = l/n 

w i  = 1.8 x 10’’ (1 + 2 E l k )  (18) 
o r  v,, = 210 Mhz f o r  R >> z. 
estimate v = 8.7 x lo5 cm/sec t o  o b t a i n  

For t h e  h igher  modes we 

@n = 2.9 x 1015 (n Z/ I l )2  + 1.8 x 10’’ (19) 

where w e  have taken Z = .05 cm. 
w e  see t h a t  t h e  f requencies  are dominated by t h e  impuri ty  
p o t e n t i a l .  Because t h e  f i r s t  term i n  (19) is  s m a l l  w e  may 
l a r g e l y  neg lec t  i t  and regard t h e  CDW as d isp laced  i n  t h e  
p o t e n t i a l  of t h e  weak impur i t i e s  only wi th  t h e  ends pinned. 
The equat ion  of motion of t h e  pinned CDW is  then 
approximately 

Comparing (18) and (19) 

(20) 
* * * - i w t  m d2x/d t2  + (m /T) dx/d t  + m QJ; x = e E  e 
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64/[7821 A. M. PORTIS 

Integrating over the CDW distribution we obtain for the 
conductivity 

b U 
a(w) = ua + 

1 + i (T/W)(W: - w2) 

From (16) and the expression for the CDW conductivity 
u b = n eu = n(e2/m*>.r 

w : ~  = (2/A A)u El 

(23) 

we obtain 

(24) 

Taking 6.7 X lo3 (Q-cm)" for the CDW conductivity13 at 42K 
and Gruner -- et al's value13 
from the frequency dependence of the conductivity we obtain 
from (24) a mobility p = 230 cm2/V-sec and from (23) a den- 
sity of carriers condensed at T, of n = 1.8 X 102'/cm3 (ten 
times Ong's value14 and about one-fifth Wilson's e~timate'~). 
Assuming a Frohlich mass lo3 times the free mass we obtain 
from (23) for the CDW relaxation time T = 1.3 X lo-'' sec. 
With this value for the relaxation time and (19) we expect a 
CDW resonance with 0 = 0.18. 
the conductivity of NbSes has been studied by Gruner et all3 
and by LongcorI6 and has been fitted with an overdamped 
characteristic, consistent with this estimate. 

of w: = 2.5 X 10' as determined 

The frequency dependence of 

Reduced Ac Conductivity 

LongcorI6 and Gruner - _  et all7 have measured the ac conductiv- 
ity of NbSe3 as a function of frequency in the presence of 
dc fields up to E, in magnitude. 
field reduces the frequency-dependent component of the con- 
ductivity as expected since some of the CDW's are depinned 
and contribute to the frequency-independent conductivity. 
The dependence on frequency of the remaining pinned CDW's 
seems relatively little affected by the dc field. This 
observation supports our conclusion that the frequency of 
pinned CDW's depends very little on 2 as indicated by (19). 

The application of a dc 

Ac-Induced Dc Conductivity 

Gruner et all' have measured the dc conductivity of NbSe3 in 
the presence of an ac field of variable frequency and ampli- 
tude. They find that the dc conductivity increases with 
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CLASSICAL MODEL OF C H A R G E  DENSITY WAVE TRANSPORT [783]/65 

i nc reas ing  ac amplitude al though by a decreas ing  amount a t  
h igher  frequency. A t  low frequency t h e  threshold  depinning 
f i e l d  of a CDW i s  ET as given by ( 6 ) .  
displacement of t h e  CDW is l imi t ed  by i n e r t i a  and dampi-ng. 
The depinning condi t ion  i s  displacement through a d i s t ance  
X/2. Using (20) and neg lec t ing  the  p o t e n t i a l  w e  o b t a i n  f o r  
t he  high frequency depinning f i e l d :  

A t  h igh frequency the  

E~ = (~w/2)(m*/e)(w2 + l/T2)’ (25) 

Using (21) w e  may write (25) as: 

Ec = ( w / w t ) ( w 2  + 1/T2)’ ET/A (26) 

We connect t he  low and h igh  frequency behavior  w i th  t h e  
phenomenological expression:  

(27) 
Ec(o) = E T [ l  + (~/Aw:)~(w~ + l/T2)1 ‘ 

Gruner - e t  a l l e  have f i t t e d  the  threshold  of ac-induced dc 
conduct iv i ty  wi th  (27) and ob ta in  good agreement f o r  
AW:T Taking W:T = 2.5 X 10’ as determined 
from the  frequency dependence of t h e  conduct iv i ty’  t hese  
experiments i n d i c a t e  A = 0.18, a s u b s t a n t i a l  so f t en ing  of 
t h e  harmonic p o t e n t i a l .  

0.45 X lo-’. 

TUNNELING THEORY OF CDW DEPINNING 

Early experiments’g of nonl inear  t r a n s p o r t  i n  NbSe, i nd i -  
ca ted  a cu r ren t  of t he  form: 

j = aaE + abE e -E,/E 

Such a form i s  sugges t ive  of Zener tunnel ing  a c r o s s  a gap. 
Tunneling of i nd iv idua l  carriers ac ross  t h e  Peierls gap 2 8 ,  
however, y i e l d s  values  of t h e  f i e l d  E, f a r  l a r g e r  than  ob- 
served.  
a r i s e s  from the  tunnel ing of e n t i r e  CDW’s ac ross  an impuri ty  
gap. To adapt  t h e  Zener theory t o  CDW tunnel ing  i t  is 
use fu l  t o  r ep lace  t h e  e l e c t r o n  charge e by an e f f e c t i v e  
charge e* wi th  

Bardeen has proposed6 t h a t  t h e  observed c u r r e n t  

e*/e = m/m* = (29) 

The f i e l d  E, i s  then given by 

E, = c 2 / 4 h  e* vF 
g 

where E is  t h e  impurity gap. 
g 
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66/[784] A. M. PORTIS 

The Zener theory assumes t h a t  t h e  tunnel ing  d i s t a n c e  
i s  s h o r t  compared wi th  t h e  e l e c t r o n  mean f r e e  path.  
f i n i t e  c o r r e l a t i o n  l eng th  L f o r  CDW's we may expect  tun- 
ne l ing  only f o r  e 

E~ = E /e* L 
g 

With a 

* E L > c g  l ead ing  t o  a threshold  f i e l d  

(31) 

A s  Bardeen argues,  tunnel ing  can occur only f o r  E > ET and 
then only over  a f r a c t i o n  (1 - ET/E) of L.  So long  as the 
CDW c o r r e l a t i o n  l eng th  L i s  long  compared wi th  t h e  CDW 
coherence d i s t ance  

5, = 2 h VF/lTE (32) 

w e  expect a cu r ren t  of the form 

j = U ~ E  + U ~ ( E  - ET) (33) 

a l ready  given as (2).  
must be modified t o  

E , = E / ~  L = E  

For L s h o r t  compared wi th  5, (30) 

(34) 
* 

T g 
and t h e  cu r ren t  is cha rac t e r i zed  by a s i n g l e  parameter:  

- E ~ / E  
j = UaE + Ob(E - ET) e 

E,/ET = L/2 5, (36) 

(35) 

Taking t h e  r a t i o  of (30) and (31) and us ing  (32) we o b t a i n  

With E, t y p i c a l l y  twice ET f o r  NbSe, t h e  CDW c o r r e l a t i o n  
l eng th  should be about fou r  t i m e s  t h e  coherence d i s t a n c e  
and (33) should apply.  

Taking 50 mV/cm f o r  E, we estimate from (30) an im-  
p u r i t y  gap E = 1.9 x e V .  This  va lue  i s  less than one 
percent  of t i e  b inding  energy t o  s t r o n g  impur i t i e s  calcu- 
l a t e d  by Lee and Rice.4 From t h e  observed th re sho ld  f i e l d  
we ob ta in  from (31) a c o r r e l a t i o n  l eng th  L = .02 em,  which 
is about ha l f  t h e  va lue  of 1 ca lcu la t ed  from t h e  Lee-Rice 
theory us ing  obtained va lues  of E,.  
t he  same va lue  of E~ Lee and Rice o b t a i n  va lues  of Eo sub- 
s t a n t i a l l y  lower than expected from tunnel ing .  

On t h e  o t h e r  hand, f o r  

CHARGE DENSITY WAVE NOISE 

One of t h e  most remarkable r e s u l t s  of t h e  s tudy  of CDW 
t r anspor t  has  been the  observa t ion  of narrow components i n  
t h e  n o i s e  spectrum. Such components w e r e  discovered by 
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Fleming and Grimes5, who showed that they appeared above 
the threshold field ET as a fundamental frequency and har- 
monics. The Q of these components is about forty. By in- 
creasing the current all components move to higher frequency 
at first slowly and then approximately linearly with 
current. Fleming and Grimes observed that even in the 
linear range the frequencies were surprisingly low. 
Associating the observed frequencies with the motion of 
CDW’s across impurities we expect from (8) 

V = P vgJX = (P iJ/A)(E - EL) (37) 
where p is an integer. Below the T2 transition in NbSe, we 
expect from (37)  dv/dE 1.7 x lo-’ Hz/V-cm-’. The ob- 
served sweep rate is lower by a factor of fifteen. Weger 
- _  et alZ0 have extended the measurements of Fleming and 
Grimes to higher frequency and to various temperatures with 
qualitatively similar results. 

Monceau et a12’ have measured the differential resist- 
ance while the sample carried a large ac current of vari- 
able frequency plus a dc current just above threshold. They 
found peaks in the differential resistance at frequencies 
corresponding to the narrow components in the noise. Ong 
and GouldZ2 have studied the upper transition in NbSe, at 
T1 = 144  K. They observe as at the TZ transition that the 
sweep rate dv/dE is substantially lower than expected if 
the CDW wavelength is the characteristic distance. 

Gruner et al” have used the CDW dc dielectric con- 
stant and the threshold field to obtain n A, the product of 
the condensed carrier concentration and the CDW wavelength. 
From ( 2 2 )  we have for the dc dielectric constant: 

E(O) = I + 4 ~ r  n e2/m* to: 

~ ( 0 )  = 1 + 2i’r n Ae A/ET 

(38) 

(39) 

Substituting from (21) for to: we obtain:. 

With A = l/r for a sinusoidal potential a charge density of 
2.0 x l o2 ’  is obtained, equal to our value. 
rate observed by Weger et alZ0 a concentration of 3 . 6  X 10 
is indicated, about twice our value. 

Gruner et alZ3 have observed narrow noise components 
associated with CDW transport in TaS,. 
rate dv/dI = 0.1 MHz/pA with 

From the swee 
29 

They obtain a sweep 

dv/dI = v/h I = l/n e X A  (40 )  

where A = 3.3 X 

stituting into ( 4 0 )  and takingz4 X = 4 a. = 13.3 A Gruner 
-- et a12, obtain n = 1 .4  X 1OZ1/cm3. 

cm2 is the sample cross-section. Sub- 

From galvanomagnetic 
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measurements Ong2 has determined the room temperature con- 
centration to be 1 X 1022/~m3. 
condense out at the CDW transition at 215 K we have general 
agreement between ( 4 0 )  and the observed sweep rate. 

pected on the basis of a model in which the CDW's are de- 
pinned and move independently and where the noise is gener- 
ated by all moving CDW's. Although the tunneling mode II 
appears more attractive in that all CDW's are expected to 
tunnel with the same probability and thus give the same 
mean current, even here there are problems. The current 
from a single CDW is not uniform in time and there must be 
strong coupling between CDW's if the current is to be 
smoothed. In the following section we suggest an alterna- 
tive mechanism for the origin of noise components that is 
compatible with independently depinned CDW's . 

Assuming that all carriers 

The observed narrow noise components would not be ex- 

Origin of Narrow Noise Components 

All investigators who have observed narrow noise components 
in CDW transport have associated them with the motion of 
CDW's past impurities. There are two problems with this 
explanation. First, the rate of frequency sweep with field 
is too low. The second problem is the sharpness of the 
observed components, which have a Q as high as forty. 
propose here a mechanism for the origin of narrow noise 
components that may avoid both these problems. 

We take a CDW sliding with velocity vR to generate 
noise components at frequencies: 

We 

as given by (37) with ER given by (6) in our model of non- 
linear dc transport. What is new is that we require for a 
frequency component to be detected that it be resonant 
with a phase mode of the sliding CDW with 

vn = n v/2 R (42) 

as given by (16) except that we assume that the weak im- 
purity potential is averaged out by sliding. 
and ( 4 2 )  we find for the length k of resonant CDW's: 

Equating (41) 

The resonant frequencies are given by 
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n P P (E - ET> v 

n A v + 2 p p ~ ,  Z 
v = n v / 2 R =  (44) 

If the first term in the denominator were dominant we would 
obtain v = pp(E - ET)/X which is the standard result (41). 
However, taking v = 9 x lo5 cm/sec from (17) and X = 14 A we 
obtain for the first term in the denominator .12 cm2/sec. 
For the second term in the denominatog we take for NbSe3 
p = 230 cm2/V-sec, E, = 50 mV/cm and il = .05 cm to obtain 
1.2 cm2/sec, a factor of ten larger than the first term. 
This gives a sweep rate one tenth what would be obtained if 
the first term in the denominator were dominant. In this 
limit we obtain for (44) 

v = (n v/2 1) (E  - E~)/zE, (45) 

independent of p and in improved agreement with the 
measured sweep rates. 
is that the resonant CDW's are always just above threshold. 
From (43) we write using (7): 

The reason for the reduced sweep rate 

R = (1 + n xv/2 p p ~ ,  Z) tE (46) 

which is ten percent above threshold with a velocity ten 
percent of pE as indicated by (8). 

Accounting for the extreme narrowness of the observed 
spectral components must be somewhat speculative. We ex- 
pect for the phase modes a relaxation time T = 1.3 x lo-'' 
or shorter as estimated earlier. This translates to a line 
width Av = 1.2 GHz, orders of magnitude larger than what is 
observed. We believe that the explanation of the narrow 
observed spectral components lies in the observations of 
Monceau et a12', who showed that when a sample is driven at 
the frequency of one of the spectral components the dc dif- 
ferential resistivity is substantially increased. This ob- 
servation suggests a positive feedback mechanism in which 
the excitation of a phase mode increases energy transfer to 
the mode, thus narrowing the line. We treat the process 
phenomenologically by writing a differential equation26 for 
the excitation of a phase mode: 

(47) 
d2 $/at2 + ( l / - r )  d$/dt - v2 d2$/dx2 + u: sin $ 

= (ZT/A m*> F~ 
where $ is the phase, v is the phase mode velocity (17) and 

* 
- ( A  m V/~PT) d$/dx (48) -iwt F = e(E - EL) + f e 

R P 
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is  t h e  force  wi th  which phase i s  dr iven  along t h e  CDW by an 
appl ied electric f i e l d  E. The second term i n  ( 4 8 )  a r i s e s  
from d r iv ing  the  CDW over impur i t i e s  wi th  

w = (2 nplA)vg ( 4 9 )  

which i s  e s s e n t i a l l y  t h e  same as ( 3 7 ) .  The t h i r d  t e r m  is 
s t r i c t l y  phenomenological and has  been constructed i n  such 
a way as t o  produce t h e  requi red  coupl ing between the  elec- 
t r i c  f i e l d  E and t h e  phase mode. For cons tan t  F ( 4 7 )  R y i e l d s  f o r  t h e  depinned CDW 

($I = (2 T/A) v g t  (50) 
which gives  t h e  usua l  CDW con t r ibu t ion  t o  t h e  dc cu r ren t .  
Allowing f o r  e x c i t a t i o n  by t h e  second term i n  (48 )  and 
assuming a phase mode of t he  form 

i(wn X I V  - wt) 
($I(x,t) = ($I e (51) 

with 

which is  (42) w e  ob ta in  
wn = n ~ v l R  (52) 

* 
(2n-cIA.m f 

(w: - w2)-c - i (w - 
( $ I =  (53) 

wn' 

where f is t h e  appropr ia te  Four ie r  component of fp .  Note 
t h a t  t h e  resonance i n  41 has  a s i n g u l a r i t y  a t  w = %. 
a coupling of the  form of ( 4 8 )  can produce t h e  unusually 
narrow resonance l i n e s  t h a t  are observed. 

phenomenological way, how CDW motion may be blocked. We 
see t h a t  an advance of phase a lone  t h e  CDW produces a fo rce  
t h a t  reduces vg . Under resonance condi t ions  we may w r i t e  
from ( 4 8 ) :  

Pn Thus 

We may a l s o  see from t h e  form of ( 4 8 ) ,  a t  least i n  a 

VR = wn A12 TT p - (oXR/2 T? n)  d@/dx ( 5 4 )  

For v = 0 we r equ i r e  R 
d$/dx = (n/p) T l R  ( 5 5 )  

so t h a t  an add i t iona l  phase advance of (n/p)T along the  CDW 
is s u f f i c i e n t  t o  i n h i b i t  CDW d r i f t ,  l ead ing  to t h e  increase  
i n  d i f f e r e n t i a l  r e s i s t i v i t y  observed by Monceau e t  a1." 
Such an advance is suggest ive of t h e  e x c i t a t i o n  of s o l i t o n s  
on t h e  CDW. 
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CONCLUSIONS 

We have d iscussed  t h e  Lee-Rice model o f  electric f i e l d  de- 
p inning  and t h e  Bardeen a d a p t a t i o n  of t u n n e l i n g  t h e o r y  t o  
CDW t r a n s p o r t .  E i t h e r  theory  seems capable  of account ing  
f o r  t h e  observed c o n d u c t i v i t y .  

The observed narrow components i n  t h e  n o i s e  are sug- 
ges ted  t o  arise from CDW phase modes. The f a c t  t h a t  t h e  
observed f requencies  are a f a c t o r  of t e n  lower t h a n  expected 
from t h e  imposed f i e l d  does appear  t o  r e q u i r e  CDW's t h a t  a t  
a l l  f i e l d  v a l u e s  are t r a v e l i n g  s u b s t a n t i a l l y  s lower than  t h e  
CDW m o b i l i t y  would i n d i c a t e .  
mechanism of l ine-narrowing,  i t  is clear t h a t  f u r t h e r  inves-  
t i g a t i o n  i s  r e q u i r e d ,  p a r t i c u l a r l y  i n  t h e  n o n l i n e a r  regime. 

Although we have sugges ted  a 
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