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CHAOTIC RESPONSE OF DRIVEN CHARGE DENSITY WAVE SYSTEMS 

A. ZETTL, R.P. HALL, and M. SHERWIN 
Department of Physics, University of California, Berkeley 
California 94720 U,S,A. 

Abstract We investigate the response parameters of the 
charge density wave condensates of (TaSe4) I and NbSe3 for 
ac, dc, or ac+dc combined electric drive delds. Chaotic 
conductivity obtains for well-defined ranges of temperature, 
driving field amplitude, and ac drive frequency. We discuss 
these results in terms of simple equations of motion for CDW 
transport. 

Many non-linear dynamical systems exhibit chaotic response, even 
when driven by purely sinusoidal forces. A classic example is the 
simple damped pendulum, which, when driven sufficiently hard, 
undergoes transitions to chaotic response characteristic of a 
strange attractor in phase spacelP2. The intrinsic dc nonlinearity 
and strong ac polarization associated with charge density wave (OW) 
condensates is in many ways analogous to response parameters of a 
damped rigid pendulum, and thus one might expect chaotic response 
for driven CDW systems , 

We have investigated the possibility of chaotic conductivity in 
the CDW materials (TaSe4)*I and NbSe3. Both systems exhibit chaotic 
response, but only under restricted conditions. 

1 

(TaSe?) 9 
In the CDW state, the Peierls semiconductor (TaSe4)ZI shows 

anomalous ac conduction associated with excitations of the CDW 
condensate about pinning centers. In terms of a harmonic 
oscillator-type behavior, the response is overdamped, with 
characteristic pinning frequency in the far infrared . Due to the 
strong damping, chaos is not expected, and is not observed, in the 
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50 A. ZETTL, R. P. HALL AND M. SHERWIN 

presence of applied ac dr ive fields. However, an inductor placed in 

series w i t h  t h e  c r y s t a l  e f f e c t i v e l y  introduces artificial CDW 
i n e r t i a .  As shown i n  F i g .  l a ,  t h e  response for such a hybrid 
circuit is underdamped; the high Q circuit resonates at  1.8 MHz, and 
is well desc r ibed  by a ha rmon ic  o s c i l l a t o r  solut ion ( so l id  and 
dashed l i n e s  in the figure). If driven near resonance, t he  circuit 
d i s p l a y s  c h a o t i c  c u r r e n t  response, observable as an increase i n  
broad-band n o i s e  as shown i n  Fig.  lb.  Chaos r e s u l t s  for 
s u f f i c i e n t l y  h i g h  d r i v e  f i e l d ,  and within a well-defined d r ive  
frequency range, as mapped out in Fig. lc. The chaotic conductivity 
is s t r i c t l y  associated with the pinned CCW, and the broad-band noise 
which r e s u l t s  i s  orders o f  magn i tude  larger than conventional 
broad-band CDW s l id ing  conduction noise, 

T h e  most s i m p l e  a n a l y s i s  of our experimental r e s u l t s  is to  
assume the model of Gruner, Zawadowski, and Chaikin f o r  the C D W  
response. Although t h i s  model has many ser ious drawbacks, it often 
gives good qua l i t a t ive ,  if not quant i ta t ive,  accounts of ove ra l l  CDW 
transport  features.  Within t h i s  model framework, we have f o r  the 
voltage across the (TaSe4) 9 hybrid c i r cu i t5  

4 

d2$ 
at a t  

V ( t )  = a 7  + 6 9  + shy$, a , B , y  Constants, $ QIW phase. (1) 

Eq.(l)  has been analyzed i n  de ta i l  by many authors. Indeed, chaotic 
current response is predicted at su f f i c i en t ly  high ac dr ive field, 
and again within a well-defined dr ive frequency range'. To a first 
approximation, !3qI ( 1 1 describes extremely well the chaotic response 
observed i n  (Ta!3e4121. A notable discrepancy is the possibl i ty  of 
p e r i o d - d o u b l i n g  r o u t e s  t o  c h a o s ,  which we h a v e  not observed 
experimentally. 

The chaot ic  r e s p o n s e  o b s e r v e d  i n  (TaSe4 >2 I is thus well 
d e s c r i b e d  by s i m p l e  d e t e r m i n i s i c  equations of motion, Here the 
c h a o s  r e s u l t s  from d r iv ing  the  always pinned condensate about an 
anharmonic potent ia l  well. 
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CHAOTIC RESPONSE OF DRIVEN CHARGE DENSITY WAVE SYSTEMS 51  

- N-3 
In  the  lower CDW state, the  low-field ac conductivity of  NbSe3 

a g a i n  d i s p l a y s  a n  overdamped response. Hence simply dr iving the 
condensate about its pinning center w i l l  not lead to chaos, even f o r  
large ac dr ive amplitude. Unfortunately, the %rick" of using a 
series inductance t o  introduce i n e r t i a  i n t o  the CDW system does not 
work f o r  NbSe3, due  t o  t h e  l a r g e  conduct ivi ty  contribution of 
r e m a i n i n g  no rma l  e l e c t r o n s ,  We h a v e  f o l l o w e d  a related but 
d i f f e r e n t  a p p r o a c h  t o  invest igate  possible chaos i n  NbSe . Scme 
samples of NbSe3 display dramatic switching and hysteresis' at low 
temperatures, a phenomenon i n  itself suggestive of CDW " ine r t i a t f .  
Hence, such samples might be expected to exhibit chaotic response, 
Indeed t h i s  is the case , 

Fig, 2a shows the dc I -V characteristics f o r  a single Nb% 

sample a t  T=26K. Switching and hysteresis  are c l ea r ly  observed, and 
the application of an ac f i e l d  induces clear Shapiro s teps .  On each 

s t e p ,  t h e  CDW p h a s e  i s  l o c k e d  t o  a harmonic of the external  ac 
dr ive.  A simultaneous observation of the ac response of the sample, 
performed with a spectrum analyzer, i nd ica t e s  thatr on each Shapiro 
s t ep ,  a period doubling route to chaos occurs. This is shown i n  
Figs. 2b and 2c. Similar period doubling routes t o  chaos are found 
i f  dc b ia s  is fixed on a pa r t i cu la r  s t ep ,  and the  ac amplitude is 
smoothly increased. 

O b v i o u s l y ,  a c l ea r  u n d e r s t a n d i n g  o f  t h e  observed period 
d o u b l i n g  r o u t e  t o  chaos i n  NbSe3 r e q u i r e s  a flmdamental 
u n d e r s t a n d i n g  o f  s w i t c h i n g  and hysteresis  phenomena. Although 
several  models have recent ly  been proposed to  describe switching , 
we shal l  here in t e rp re t  our r e s u l t s  as representing an example of 
u n i v e r s a l  i n s t a b i l i t y  i n  p h a s e  locking for a driven non l i n e a r  
s y s t e m  c h a r a c t e r i z e d  by a n  i n t r i n s i c  l i m i t  cycle.  We assume a 
return map of t h e  form 

7 

8 

8 .  = 0 .  + r + csin 2voi, 1+1 1 

i.e. the map of the circle onto itself . l' represents the r a t i o  of 
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52 A. ZETTL, R. P. HALL AND M.  SHERWIN 

i n t r i n s i c  to external  frequency ( i n  t h i s  case the  narrow-band noise 
frequency to the external  ac d r ive  frequency), and C represents the 
s t rength of the  coupling between the external  perturbation and the 
s y s t e m .  I n  t h e  p a r a m e t e r  range C>1/2n, the circle map displays 
stable mode-locked solut ions,  which bifurcate  successively t o  chaos 
as r is smoothly increased. Since Q is a modulo 1 variable,  the 
p a t t e r n  o f  b i f u r c a t i o n s  t o  c h a o s  w i l l  repeat itself as r is 
i n c r e a s e d  m o n o t o n i c a l l y .  The observed behavior i n  NbSe3 is thus 
consistent with that predicted by the circle map, This map may be 
d i r e c t l y  related t o  t h e  e q u a t i o n  d e s c r i b i n g  a simple damped 

pendulum , I n  the context of such a description, our experimental 
r e s u l t s  suggest .c-l = 61 MHz f o r  the CDW relaxat ion time, and w o  /2 n 
= 15 MHz f o r  t h e  i n t r i n s i c  classical pinning frequency. These 
values are orders of magnitude smaller than those determined f o r  the 
same c rys t a l  outside the switching regime. I n  the switching regime, 
t h e  dep inned  CDW c o n d e n s a t e  i n  NbSe3 d i s p l a y s  an underdamped 
response. 

In conclusion, dynamic chaos has been observed i n  ITaSe, Iz I and 
Nbse3. The r e s p o n s e  is well described by simple determinis t ic  
equations of motion, although more detailed s tud ie s  are required to, 
f o r  example ,  c l e a r l y  e s t a b l i s h  the a t t r a c t o r  dimension, and the 
number o f  d e g r e e s  o f  freedom necessary to describe CDW dynamics. 
These studies  are currently underway. 

We acknowledge u s e f u l  i n t e r a c t i o n s  w i t h  J .  Bardeen, B. 
Hubeman, and P. Bak. This research was supported by a grant from 
the UCB campus Comnittee on Research. One of us ( A . Z . )  is an NSF 
President ia l  Young Invest igator ,  and recipient  of an Alfred P. Sloan 
Foundation Fellowship. 
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Fig.1 Chaos in (TaSe4f21 

Fig.2 Chaos in NbSe 3 D
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