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Chaotic ac Conductivity in the Charge-Density-Wave State of (TaSe,),I
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We report the observation of chaotic ac response in the charge-density-wave state of
(TaSeq) I, when coupled to an external inductance and driven by an rf electric field. The
chaotic state is achieved, within a well-defined driving frequency window, by increasing rf
amplitude. We analyze our results in terms of a simple nonlinear classical equation of

motion for the charge-density-wave condensate.

PACS numbers: 72.15.Nj, 03.20.+1i, 47.20.+m

Many nonlinear dynamical systems are well
described by simple deterministic equations of
motion. Of great current interest is the study of
solutions to these equations which appear to fluctu-
ate randomly and characterize a chaotic state.!
Chaos has been observed in a variety of systems,
including the simple damped pendulum? with only a
single degree of freedom, and fluid flow® with near-
ly an infinite number of degrees of freedom.

We have studied the onset of chaos in a new
solid-state system, the charge-density-wave (CDW)
condenstate of (TaSe4),I coupled to an external in-
ductance. When the coupled system is driven by an
external radio-frequency (rf) electric field, we find
complex system ac current response which depends
sensitively on the amplitude and frequency of the rf
driving field.

The linear-chain compound (TaSey4),l is semime-
tallic at room temperature, and undergoes a Peierls
transition to a semiconducting CDW state at 7Tp
=265 K.*° The resulting CDW is incommensurate
with the underlying lattice along the chain (c¢) axis
of the crystal.® Below Tp, nonlinear dc conduction
is observed*’ for applied dc electric fields E
exceeding a highly temperature-dependent thresh-
old field Er. The minimum value of Ey is approxi-
mately 1.5 V/cm at 250 K. Again below Tp, the
low-field ac conductivity o (w) is strongly frequen-
cy dependent with anomalous response observed in
the megahertz to gigahertz region.>’ The excess dc
and ac responses have been interpreted as due to
collective motion of the CDW condensate. For low
applied dc fields the CDW is assumed to be pinned
to the underlying lattice by impurities, and only
when the field energy exceeds the pinning potential
does the CDW become mobile and contribute to
the dc conductivity by the Frolich® mechanism.
Displacing the CDW by one wavelength A results in
the same energy configuration; hence the pinning
potential may be considered a spatially periodic
function. In the pinned state, the CDW is unable

to contribute to the dc conductivity. However, as
was first suggested by Lee, Rice, and Anderson,’ in
the pinned regime the oscillator strength is moved
to finite frequency and thus anomalous ac conduc-
tion results even for very-low-amplitude ac driving
fields. The predicted response is that of a damped
harmonic oscillator. Huberman and Crutchfield!®
were the first to suggest that turbulent regimes
might be realized in a CDW system by exciting the
condensate about its pinning center, with a
driving-field amplitude sufficiently large to feel the
anharmonicity of the pinning potential. This possi-
bility has also been considered more recently by
MacDonald and Plischke.!!

We have grown crystals of (TaSe,),I by direct
reaction of the elements in a gradient furnace at
500°C, with typical crystal dimensions 1x1x10
mm?. Actual samples used in this study were signi-
ficantly smaller, having been easily cleaved from a
large single crystal. Electrical contact to the sample
was made by evaporated gold pads covered by con-
ductive silver paint. Careful checks indicated negli-
gible contact impedance.

Our experimental system consists of a single
(TaSey4),I crystal mounted in series with a minia-
ture inductor L (of negligible resistance) and a
resistor R, as shown in the inset of Fig. 1. The
combination system (i.e., inductor + sample +
resistor) was driven by a sine wave oscillator cou-
pled to a high-speed follower circuit constructed in
our laboratory, with an output impedance of ap-
proximately 1 . The voltage across the system
was thus of the form V =V, cos(27 ft).

The purpose of the inductor was to scale down
the (TaSe4),I response frequency from the mi-
crowave’ to the rf, and to improve the overall quali-
ty factor of the resonant L-sample-R circuit. Figure
1 shows both the real and the imaginary parts of the
low-field ac conductivity of the system for typical
component parameters L =10 mH, R =10 Q, and
a sample temperature 7 =77 K. The conductivity

1387



VOLUME 53, NUMBER 14

PHYSICAL REVIEW LETTERS

1 OCTOBER 1984

L = |
100l s ;{uw 1,(TaSe422L’
|-t |
80 e |
® . .
i ®  emo -

i\‘ Olmao i
40 o A
I ) |
20 o _

olw)/Re o(wm)
. Q
Q
Q.
e
@
F‘\ O
e
N N

B S —

2
w/21r (MHz)

FIG. 1. Low-field ac conductivity of circuit displayed
in inset. Solid and dashed lines are the predictions of Eq.

2.

was determined by fixing V,. at a small but finite
value and measuring the magnitude and phase of
the current through the resistance R, for various
frequencies f. The conductivity observed is sugges-
tive of an underdamped-harmonic-oscillator
response. From the resonance frequency [
=1.830 MHz in Fig. 1, and from the relation
27 fres= (LC) Y2, we obtain an effective sample
capacitance C =0.75 pF. With the measured sam-
ple length /=0.7 mm and cross-sectional area
A =2.5x10"3 cm? this corresponds to a dielectric
constant € = 104, consistent with that obtained from
previous ac conductivity studies’ of (TaSe,),I at
low temperatures.

To test for chaotic ac response, L and R were
fixed, and V, and f were independently varied.
The detected quantity was the rf voltage across R,
observed in both the time and the frequency
domains. Figure 2 shows, for two values of V., the
frequency power spectrum for the current response
with a driving frequency near resonace and a sam-
ple temperature 7=77 K. L and R are again 10
mH and 10 €. Because of the nonlinear ac
response of the crystal, Fig. 2(a) shows strong har-
monics of f in the current response. However, no
other outstanding features are observed. As the ac
amplitude is increased across the circuit, a sudden
onset of chaotic response occurs, as evidenced by
the appearance of high-level broadband noise in the
response power spectrum. This is illustrated in Fig.
2(b). The noise spectrum in Fig. 2(b) is complicat-
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FIG. 2. (a) Response spectrum for (TaSes),l circuit
(see inset, Fig. 1), with f=1.8 MHz and V,.=5 V. (b)
Same as (a), except V, increased to 6 V. Detector gain
is 20 dB; bandwidth 10 kHz.

ed and we shall not attempt to analyze it in detail.
We note, however, that much of the noise power
lies on the flanks of the fundamental driving fre-
quency and its harmonics, and the distribution
about these narrow-band frequencies is asymmetric.
Using the relation (V?) =4RkgTAf, where Af is
the detection bandwidth, we find an effective noise
temperature range for the chaotic response of
104-10° K.

For a given large ac amplitude V,, chaotic re-
sponse is observed only within a well-defined driv-
ing frequency window. This is illustrated in Fig. 3,
where the chaotic state is defined within V,.-f
phase space. These data were generated by fixing
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FIG. 3. Periodic-chaotic response boundary for

(TaSeq) I circuit (see inset, Fig. 1).
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V.. and sweeping f into and out of the chaotic re-
gime. We note that the minimum ac amplitude
needed for chaos occurs at a frequency somewhat
below the resonance frequency of the driven sys-
tem.

In Fig. 3, the critical amplitude V, necessary for
chaotic response is approximately 5 V at 1.75 MHz.
We are not able to determine with certainty the ra-
tio V./Vr, where Vp is the threshold voltage for dc
CDW depinning. The threshold field in (TaSe,),l
increases rapidly with decreasing temperature below
220 K, and is approximately 10 V/cm at 120 K. In
our samples at 77 K slight non-Ohmicity was ob-
served even for applied dc voltages V4. — 0; hence
a sharp threshold voltage for the onset of dc CDW
conduction could not be clearly established.

It is, however, very important to realize that the
observed chaotic response in (TaSe,),I is funda-
mentally different from the usual conduction noise
associated with a sliding CDW state.* 2 In sliding
CDW materials [including (TaSe,),I (Ref. 5)], con-
duction noise appears spontaneously when a dc bias
exceeding the threshold field is applied. In the
(TaSe4),l system at 77 K, such conduction noise
was not observed for applied dc fields sufficiently
large to induce substantial CDW depinning, yield-
ing a sample current density nearly double the
Ohmic value. Hence the chaotic response described
here is strictly associated with the ac conductivity of
the CDW condensate.

We remark that the onset of chaotic conductivity
in our system is quite temperature dependent.
With increasing temperature above 77 K, it be-
comes increasingly difficult to achieve a chaotic
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state (i.e., the frequency window decreases and the
critical rf amplitude increases). Above approxi-
mately 90 K we were not able to observe chaotic
response for any available rf drive amplitude and
frequency.

We now discuss these results. As described pre-
viously, (TaSe,),l in the CDW state is an intrinsic
nonlinear device. Numerous models, both classical
and quantum mechanical, have been proposed to
describe CDW dynamics in detail. A very simple
phenomenological model developed by Gruner,
Zawadowski, and Chaikin'? treats the CDW as a rig-
id object in a periodic potential, obeying classical
dynamics with only a single degree of freedom.
This model has been successful in describing many
overall features of electronic transport in the CDW
materials NbSe; and TaS;. The model also provides
excellent quantitative fits to experiments performed
in the presence of combined ac and dc fields, for
example, ac-induced dc conductivity!> and Sha-
piro-steps phenomena.!* The CDW equation of
motion in this classical model is

2 .
Lie s L dx L 90 Gnox = cE (1
da? Tt d Q m*
where x is the CDW position, 1/7=y/m* with y
the damping coefficient and m* the effective mass
of electrons in the CDW state, w3 = k/m* with k the
restoring force constant, and Q = 27/X\.

We model our system as the circuit shown in the
inset of Fig. 1, with the sample consisting of a
CDW condensate described by Eq. (1) in parallel
with a resistance Ry representing normal carriers
thermally excited across the Peierls gap. The total
voltage across the circuit then becomes

1 * dzx
—m |
e dr?
T Rimed| 4 4 [1 4 R | @t
need|=— Ry | 0e sinQx, )

where / is the length of the crystal and A its cross-sectional area, Ry =py//A with py the normal low-field
resistivity of the crystal, and n, is the concentration of carriers condensed in the CDW state. For py large, as
is appropriate for (TaSey4),l at low temperatures, Eq. (2) may be approximated by

Im*

V(1) =|LAn.e +7

2 *
d—f + |4 4 Rnged
dt e T

The easily derived low-field ac conductivity solu-
tion of Eq. (3) has been plotted in Fig. 1 with
chosen parameters w;/27=1.83 MHz and (w,/
wdr+R/wL) " '=18, where w}=wd/(1+LAn.e?/
m*1). We note that the effective system inertia is

dx
— +
dt

*

lwdm

Qe

sinQx. 3)

nonnegligible.

Equation (3) is formally equivalent to the
damped-pedulum problem or the Steward-
McCumber equation describing a resistively shunt-
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ed Josephson junction with capacitance.”? These
systems have been studied extensively, and chaotic
states are observed for a wide parameter range.
Digital and analog computer solutions? of Eq. (3)
with (w,/wjt+ R/w,L)~'=4 show an onset of
chaos near w/w;=0.7, in reasonable agreement
with the experimentally determined value
o/wy=0.95 for the onset of chaos in the (TaSey),l
system. The general form of the chaotic-periodic
response boundary in Fig. 3 is also in qualitative
agreement with that predicted by Eq. (3). We note,
however, that Eq. (3) suggests, under certain con-
ditions, a period-doubling route to chaos. We have
not observed a bifurcation cascade in our experi-
mental system, although we remark that this is ex-
pected to occur only over a limited V,.-f parameter
range. Indeed, calculations!® by Ben-Jacob et al.
and Kautz have demonstrated that bifurcative
processes are not necessary to achieve chaotic
response. Our experimental results are thus a new
example of such nonbifurcative routes to chaos.
The temperature dependence of the onset of chaos
in the (TaSeq),I system is a direct result of the rela-
tion between system parameters in Eq. (2). A criti-
cal parameter is Ry, the low-field (normal) resis-
tance of the CDW crystal. Because of the semicon-
ducting nature of (TaSe4),I, Ry decreases strongly
with increasing temperature, and for sufficiently
high temperatures the approximations made in
reducing Eq. (2) to Eq. (3) are no longer valid. For
the particular component values L =10 mH and
R=10 Q, we find the approximations to remain
valid as long as Ry >2x10® Q. The measured
low-field dc resistivity of the (TaSeq),I crystal indi-
cates that 7=289 K at Ry=2x10° Q, in excellent
agreement with the observed temperature for loss
of chaotic response of the coupled system, 7'=90
K. It should perhaps be emphasized that the tem-
perature at which chaotic response is lost is not in-
trinsic to (TaSey4),l itself, but is a function of all
system parameters.

The success of Eq. (3) in describing at least quali-
tatively our experimental findings indicates that,
under certain conditions, the CDW condensate
obeys simple deterministic equations of motion.
Whether our experimental observations are con-
sistent with other models of CDW conduction, for
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example, descriptions'® where the internal dynam-
ics of the CDW critically determine the response
characteristics, or models!” where the CDW under-
goes quantum tunneling through a pinning gap,
remains to be seen.
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