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Abstract 

The dynamics of the charge density wave (CDW) in the external dc-ac electric 
field is analysed within the Gor'kov model. The interference effects, manifested as finite 
steps in voltage vs de field, are present at all rational ratios of the external ac frequency 
and the intrinsic frequency of the coherent oscillations, in agreement with the experi­
mental. results. It is also shown that the beats in the voltage are to be· expected in the vici­
nity of resonances. 

The coherent voltage osci l lations in highly anisotropic materials like tri- and 
tetra-halcogenids, blue bronzes and some organic compounds, are nowadays considered 
as a general property of the col lective transport by the charge density wave (CDW). Fre­
quency spectra of these osci l lations, refered often as a narrow band noise (NBN), have a 
multiharmonic content with a sing le or few fundamental frequencies wint proportional
to the CDW current / 1 /. 

The sample response to simultanuous ac and de external fields (i.e. currents) 
shows the interference effects between these oscillations and the ac fie ld. The interferen­
ces are manifested as finite steps in de current-voltage curves V(I), resulting from the pha­
se locking of the CDW current onto the ac drive. Such steps, named the Shapiro steps by 
analogy to simi lar effects in ac-dc driven Josephson junction, are found /1,2/ at al l the 
harmonic ratios of wint and the external frequency wext• n wint = m wext• where n and
m are integers. 

In spite of numerous studies of the NBN and Shapiro steps, the mechanism 
responsible for both the phenomena is sti l l  a matter of controversies /3/. The main ques­
tion is whether they are bulk or local effects. Some indications / 4/ are in favor of the 
idea that they are generated in the regions where the CDW velocity undergoes sharp dis­
continuities. An example of such regions are ohmic contacts imposed on the sample. Due 
either to mechanical strains or to a local decrease of the electric fie ld, the contacts can 
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strongly deform the CDW or even stop its translation, enforcing the CDW current to con­
vert into the ohmic one. One possible way of  performing this conversion are the fast loca­
lized collapses of the CDW amplitude near the contacts, during which the CDW phase
slips for ± 2 1r. These time dependent local deformations of the CDW induce beats in the 
sample voltage that may account for the NBN. In this article we show that the correspon­
ding effects in the ac external electric field lead to the interference (Shapiro) steps. 

We start from a microscopic model  developed by Gor'kov /5/, in which the 
CDW dynamics is described by the equation of motion 

while the associated voltage is given by 

Vps = A f d X ( ;b. !2 E - € lb.;2 otcf,].

( 1 )  

(2) 

Here b. = lf1 1 exp (icp) is a dimensionless order parameter which determines the
local lattice distorsion (i.e. the corresponding electronic charge density) in terms of its 
thermodynamic value in the Peierls state, IAx,12 = (6/5) 1r2 o 2 with 82 = T P

2 (1 -
T2 IT P. 2 ) .  T p is the Peierls transition temperature, strongly suppressed with respect to the
critical temperature of clean samples (T < T P

0 ) due to high concentrations of weak
impurities in the bulk of the specimen. fhe electric field E, time t and the longitudinal 
coordinate x in the equations ( 1) and (2) are dimensionless and are measured in terms of 
1r2 82/6 V. e, . w0 - 1 = (161T')'82/27Tp

0 2 ) -
1 and the longitudinal correlational length

t112 '\Jvx 
2 � 2 , respectively. vx is the mean longitudinal electronic velocity, and 'Y is the

Euler constant. In the equation (2) e = : v//v/ 'v 1 and ">...'VJ 2 IT P
O 2 << 1. The tran­

sverse correlations will not be considered here. 
A simple trans lational solution of the equation (1), b. =  exp (- iEt} corres­

ponds to the rigid CDW which slides under the influence of an external electric field. 
However, when boundary conditions of fixed amplitude b. and phase cp at the contacts 
(b. (xcont• t) = 0) are superimposed, the equation (1) leads to the appearence of the
phase-slippages at distances xps (xps >> � ,,) from the contacts positions /5,7 I. For de
driving fields the PS's are shown numerically /6/ to repeat periodically in time with the 
frequency proportional to the uniform CDW current in the sample interior. A contribu-
tion to the sample voltage (2) coming from the PS region then consists of sharp (nonsi ­
nusoidal) pulses with the fundamental frequency wint equal to the rate of the PS's .

. Here we present the numerical analysis of the equation ( 1) with the electric 
field E(t) = E + E 1 cos (wext t + cp ) and show that the multiharmonic content of the
intrinsic PS pulses leads to the unus�I interference effects. These interferences appear to 
be a consequence of nonlinear mixing of the two frequencies, wi t and wext· Their inter­
play is directly evident in the frequency spectrum of the indu� PS voltage, depicted in 
Fig. 1 for the external frequency that is close to the intrinsic PS frequency. The latter is 
equal to the de field E in our dimensionless notation. Positions of discrete peaks are iden­
tified as the modulation frequencies wnm = lnwint - mwextl, where m, n = 0, ± 1 ,  ± 2 .. .

We emphasize particularly the low frequency peaks at w1 1  = lwint - wextl
and its higher harmonics wnn• n > 1 .  They correspond to the multiharmonic modulation
of the PS voltage in a time interval of the common periodicity of the ac field and the 
PS's. Fig. 2 shows this modulation on the direct time scale, for two symmetric values of 
de fields close to a resonant value, wint = wext ± 15 wl. Its multiharmonicity comes from
the tendency of the phase-slippages to lock their rate onto the external ac periodicity. 

1 36 



30 
v,.. ( w )

-
2.0 i 

� 
to j 

I ! 
I ?  

Fig. 1 .  The Fourier spectrum of the PS voltage near the fundamental resonance 
(wint = 0.500, wext = 0.525,  E 1 = 0.30)

Fig. 2. The sample voltage averaged over each successive PS period, <V>ps vs time, for
E1 = 0.30, wext = 0.500 and wint equal to 0.525(•) and to 0.475(0)

Yet, a total CDW phase accumulated at the contacts throughout the period of the modu­
lation is defined by the uniform current in a sample interior, i.e. by the de field. Compen­
sation due to the continuity requirement, is performed in short time intervals in which 
the time between two successive PS's is significantly shortened (for wint > wext) or pro­
longed (for Wint < wext) with respect to 2 rr/wext ( Fig. 3) . The breaking of the phase
coherence between the PS's and the ac field results in the beats in the sample voltage, 
that vanish only in the resonance. As shown in figure 2. these beats are qualitatively dif­
ferent when the system is reaching or surpassing the ac periodicity, i .e. for different signs 
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Fig. 3. Time intervals between the successive PS's before and after the resonance. 
Parameters are the same as in Fig. 2. 
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of (wext - Wint). This dependence leads to finite step in dependence of the sample vol­
tage (averaged over the period of modulation) on the de field. As is evident from Fig. 4. , 
by increasing the ratio E 1 /E this effect becomes more and more prominent. 
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Fig. 4. Time averaged PS voltage vs external de field for E1 = 0.30 and wext = 0.5 (•) and
0.25 (o). The resonant steps correspond to the harmonic ratios of wint and wext·

Passing through the other harmonic ratios of wint and wext' winl w xt =
= m/n =fa 1 similar effects are also found and lead to higher order resonant steps. �owe­
ver, as m and/or n increase, the amplitudes of the voltage modulations, and in particular 
differences between two sides of the resonances, become less significant. The correspon­
ding harmonic and subharmonic Shapiro steps become soon too weak to be distinguished 
numerically, as well as experimentally /1-3/. The additional dependence of the steps 
heights on E 1 and E are under current investigations.

In conclusion, the numerical solutions of the equation (1) for time dependent 
electric field show, in agreement with an earlier analytical study /7/, that the Gor'kov 
model accounts for the interference effects observed experimentally in the CDW compo-

- unds like NbSe3 and TaS3/3/. In addition to finite harmonic and subharmonic steps,
we have also found highly nonsinusoidal low frequency modulations of the voltage by
approaching the resonant values of winl wext · The experimental investigations in the
vicinity of resonances, that would detect this effect, are highly desirable. 
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