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Short samples of a quasi-one-dimensional conductor in the form of orthorhombic TaS, with 
submicron transverse dimensions exhibited a stepwise dependence of the electrical resistance on 
the electric field and temperature, with abrupt transitions between discrete metastable states. The 
current-voltage characteristics were highly nonlinear and exhibited a negative differential 
resistance region. The spectrum of narrow-band oscillations consisted of several narrow lines. 
These observations were attributed to a high degree of coherence of a charge density wave and to 
the appearance of stresses and strains in this wave underthe influence of external forces. These 
stresses and strains were partly relieved by the process of phase slip activated both by 
thermodynamic fluctuations and by the electric field. 

I. INTRODUCTION 

Quasi-one-dimensional Peierls conductors such as 
transition metal trichalcogenides TaS,, NbSe,, and others 
similar to them exhibit a number of specific effects due to the 
existence of charge density waves (CDWs). Some of these 
effects had been observed some time ago, but until now their 
physical mechanism has not been fully understood. The 
problems under active discussion include the nonlinear con- 
tribution of CDWs to the conduction process, the form of 
current-voltage characteristics with switching3 and some- 
times with a negative differential resistance r e g i ~ n , ~  meta- 
stable states and memory narrow-band oscilla- 
t i ~ n , ' . ~  etc. During the initial stage of the investigations of a 
number of features of these effects it had seemed that they 
could be explained by the concept of a rigid CDW moving as 
a whole. However, the subsequent more thorough investiga- 
tions have made increasingly clear the need to allow for the 
deformability of CDWs and for the possibility of the exis- 
tence of nonlinear excitations (solitons) in such a wave, and 
also of the interaction between CDWs and quasiparticle ex- 
citations (electrons and holes). 

In addition both the theory and qualitative explana- 
tions of the experiments have began to allow for the conse- 
quence of the existence in real crystals only of a short-range 
order in a CDW with finite amplitude 6 and phase 1 coher- 
ence  length^.^.' Estimates of these lengths2 show that they 
are much smaller than the dimensions of the samples of qua- 
si-one-dimensional conductors usually employed. For ex- 
ample, in the case of orthorhombic TaS, estimates give the 
following values: the longitudinal correlation length is 
6-30 A, the longitudinal phase coherence length is Z,-- 10 
pm, and the transverse coherence length 1, is one or two 
orders of magnitude less. '722438,9 Therefore, a phase coherence 
region of length I , ,  and diameter I, is much less than the 
dimensions of the usually investigated samples which are 
L - 1 mm long and have S -  10-100 pm2 cross sections. In 
other words, such large samples contain very large numbers 
( - lo6) of phase coherence regions; the effects due to uncor- 
related changes in the phase of individual phase coherence 
regions are then averaged out, so that the experiments reveal 
only the properties which are averaged over the volume of a 
sample. 

In view of this situation it seemed desirable to investi- 
gate the effects due to the spatial inhomogeneity of a coher- 
ent CDW in samples, of small cross section and short length 
containing either a single phase coherence region or a small 
number of such regions. We discovered that, in the case of 
small samples, special features were exhibited by the tem- 
perature dependence of the resistance, current-voltage char- 
acteristics, current dependence of the differential resistance, 
and narrow-band generation of oscillations, and we also 
studied changes in the nature of these dependences when the 
transverse and longitudinal dimensions of the samples were 
altered. An analysis of these data revealed more clearly the 
physical nature of the effects due to coherent motion of 
a CDW. 

II. EXPERIMENTS 

1. Samples and experimental method 

We investigated crystalline whisker samples of ortho- 
rhombic TaS, which were placed on insulating substrates 
(quartz, sapphire), with cross sections and lengths that var- 
ied over very wide ranges. Measurements were carried out 
on several dozen samples that could be divided arbitrarily 
into three groups: group 1 comprising samples with trans- 
verse dimensions 1-lOpm (of S = 1-100pm2 cross section) 
and with lengths of the investigated regions (sections) be- 
tween contacts within the range 300-1000,um; group 2 con- 
sisting of samples with transverse cross sections 0.1-1 pm2; 
group 3 r epben tkg  the thinnest samples with cross sec- 
tions 10 -1-10-3pm2. 

Contacts were formed by evaporation of several (up to 
six) narrow ( 2 10 p m )  metal strips separated by distances 
L = 5-1000 pm (Refs. 2, 10, 11). The dimensions of the 
samples were deduced from their room-temperature resis- 
tance, by optical methods, and also with the aid of an elec- 
tron microscope." Table I lists the dimensions of the investi- 
gated samples and their principal parameters. The initial 
thick samples ( 10-100pm2) were used to prepare thin sam- 
ples and they were quite pure with a threshold field E,. 
-0.25 V/cm ( T = 120 K )  and a three-dimensional order- 
ing temperature T, = 225 K. We determined the tempera- 
ture dependence of the resistance R ( T ) ,  the current-voltage 
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TABLE I. 

characteristics, the current dependence of the differential 
resistance R, ( I ) ,  and also spectra of narrow-band oscilla- 
tions. Measurements were carried out using a circuit with a 
high noise immunity, which made it possible to determine 
the resistance of thin high-resistance samples under con- 
stant-current conditions when the amplitude of modulation 
of the current was less than 1% of the threshold current I, 
(Ref. 10). 

Cross- Section length, p m  

No. T p ,  K 

2. Temperature dependence of the resistance 

The temperature dependence of the resistance R ( T) re- 
corded in the range 300-77 K for group 1 samples were of the 
usual form with a steep rise of the resistance near T=: Tp and 
a smooth activated region (200-100 K )  with a slope corre- 
sponding to an energy A -- 800 K (Ref. 12). The R ( T) curve 
obtained during cooling was located below the curve record- 
ed during heating, i.e., hysteresis was observed in the range 
200-77 K (Ref. 13). The dependence R ( T) for group I1 
samples was similar to the corresponding dependence for 
thick group 1 samples, except that in the case of the thinnest 
samples there was a small reduction in Tp and some broad- 
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3 

FIG. 1. Temperature dependence of the logarithmic derivatives of the 
resistance of small samples. The numbers alongside the curves give the 
numbers of samples used in Table I. The inset shows the dependence of the 
three-dimensional ordering temperature T, on the cross section of a sam- 
ple. 
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ening of the abrupt transition at T=: Tp . These changes were 
manifested most strongly in the shortest ( L  =: 10 p m )  sam- 
p l e ~ . ~  Further reduction in the cross section of the samples 
(group 3) reduced T, more strongly. Figure 1 shows the 
temperature dependence of the logarithmic derivative of the 
curves R '( T) = d lg (R /R,,,)/d( 10"T) obtained for sev- 
eral samples of different cross sections S (the maxima of 
these curves occurred at T = T, ). Beginning at S z 0 . 1  ,um2 
the R ' (T)  curves shifted toward lower temperatures, be- 
came broader, and the maxima decreased. In the case of sam- 
ples with 10 - < S < 1 pm2 cross sections these results were 
obtained mainly for sections of L 2 25pm length. In the case 
of the shortest sections ( L  < 10 p m )  we observed a further 
broadening of the maxima of the R '( T) curves and a reduc- 
tion in Tp (samples 12a and 14a in Fig. 1 ). It is clear from 
the general dependence Tp ( S )  (inset in Fig. 1 ) that the re- 
duction in Tp reached - 30 K. 

The most important qualitatively new feature of the 
R ( T) dependence on reduction in the cross section was the 
appearance of a step structure." The relative amplitude of 
the steps of the R ( T )  curve increased as S was reduced 
(group 2).  In group 3 samples with the 1 0 - ' - 1 0 '  p m 2  
cross sections this step structure became dominant. 

Figure 2 shows the R ( T) dependence for sample 1 1 
when it was cooled from 120 to 90 K and heated again. This 
curve exhibits hysteresis and it consists of short, almost lin- 
ear, regions with a slope d( ln  R ) /d(  1/T) =; 200 K smaller 
than the activation energy A =: 800 K of conduction in thick 
samples. Within these regions the resistance R ( T) varied 
smoothly, but the transitions between them are discontin- 
ous. The steps occur in a time shorter than the time constant 
of the measuring circuit (0.3-1 s) .  The relative change in the 
resistance at a step was AR /R = 1-10%. The magnitude AR 
of the steps and the distance AT between them were func- 
tions of temperature and became smaller when the sample 
temperature was increased. In group 3 samples the steps of 
R ( T) were clearly distinguishable up to temperatures - 180 
K. The change in the resistance at a step was always directed 
inside the hysteresis loop. Repeated measurement of the de- 
pendence shown in Fig. 2 established that the temperatures 
at which the steps occurred fluctuated somewhat. The re- 
gions of smooth variation of R between the steps were readi- 
ly reproducible, stable, and hysteresis-free. We include in 
Fig. 2 (inset) a detailed sequence of variation of R, labeled 
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by numbers, in the course of cyclic variation of the tempera- 
ture of the sample in the range 88-92 K. Clearly, the resis- 
tance of the sample changed abruptly between discrete states 
which were separated by approximately the same values of 
R (AR /R ~ 4 % ) .  In some cases during the process of tem- 
perature cycling a sample frequently reached the state with 
the same value of R (states 6,  8, lo).  The change of R in any 
one of the states (after a step) was smooth and almost linear 
for both temperature increases and decreases within certain 
limits AT = 2-5 K. In these regions we observed no hystere- 
sis of the R ( T) curve, within the limits of the experimental 
error ( -0.3%). It should be mentioned that in the case of 
thick samples the dependence R ( T) during cycling within 
the same interval 5 K exhibited a strong hysteresis which 
was retained down to the smallest temperature intervals 
AT5 0.2 K. 

In the case of ultrathin samples with cross sections 
S <  1 0 Z , u m 2  we observed a reduction in the hysteresis and 
narrowing of the temperature range in which it occurred 
(hysteresis began at lower temperatures), the steps became 
less clear, and their amplitude decreased somewhat. This 

E ,  Vlcm 

FIG. 3. Conductivity, normalized to its value a,, when E < E,, versus the 
electric field applied to samples of different cross sections. The numbers 
alongside the curves identify the sample number. The inset gives the de- 
pendence of the threshold field E ,  on the cross section S of the samples 
( T =  120K).  

FIG. 2. Temperature dependence of the resistance R of 
a group 3 sample (sample 11 ). The inset is a fragnent 
of the dependence R ( T )  obtained in the course of tem- 
perature cycling in the range 88-92 K. The numbers in 
this inset identify the sequence of changes in R [the 
crosses correspond to the beginning (0)  and end ( 10) 
of the record]. 

tendency was manifested most clearly by the shortest sam- 
ples ( L  < 10,um). 

3. Dependence of the resistance on the electric field 

We also investigated the dependence of the shape of the 
current-voltage characteristics near the threshold field on 
the cross section S o f a  sample when S was varied over four 
orders of magnitude (from lo- '  to 102,um2). In the case of 
long samples a reduction of the cross section from S >  10 
,urn2 (group 1 ) to S < 0.1 ,um2 altered qualitatively the initial 
parts of the current-voltage characteristics. Figure 3 shows a 
series of typical dependences of the conductivity a = I /Uon 
the electric field E  = U/L obtained for samples of different 
cross sections. It can be seen that in the case of group 1 
samples (samples 1 and 2) an increase in the field in the 
range E  > E ,  resulted in a smooth increase of the conductiv- 
ity, usually attributed to incoherent motion of a deformable 
CDW.I4 In group 2 samples (samples 5 and 9) an increase in 
the conductivity with the field E  became even steeper. As 
shown earlier,4 the thinnest group 2 samples exhibited a re- 
gion with a positivecurvatured 'U/d12 > 0, near the thresh- 
old field and in some cases at temperatures 120 < T <  140 K 
there was a negative differential resistance region. These ef- 
fects were evidence of an increase in the coherence of a CDW 
in group 2 samples and indicated that these samples were 
close to the characteristic phase coherence lengths. l 5  As the 
cross section of the samples decreased, the region with a 
positive curvature broadened, so that in the case of the thin- 
nest sample for which the shape of the current-voltage char- 
acteristics was investigated a fourfold increase in the con- 
ductivity was observed for a practically constant voltage 
across a sample (sample 13b in Fig. 3). It is clear from Fig. 3 
that the threshold field E ,  for the appearance of nonlinear 
conduction increased by more than one order of magnitude 
when the cross section of the samples was reduced from 10' 
to l o p 2  ,urn2, The dependence E ,  ( S )  is shown in Fig. 3 
(inset). In the range S <  1 ,um2 the field obeyed 
E ,  -- V,S - I 1 * ,  where V, ~ 0 . 1  mV. The scatter ofthe experi- 
mental data on the E ,  (S) plot was clearly due to the differ- 
ent shapes of the transverse cross sections of the investigated 
samples. 

We also found that the resistance of group 3 samples 
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changed discontinuously when the current was altered in the 
range I I I < I,. This effect was manifested most clearly in the 
dependence of the differential resistance R, on the current I 
in short samples (L  ~ 2 5  p m ) ,  as shown in Fig. 4. When the 
sample was initially in a metastable state, governed by the 
previous thermal history, the first increase of the current 
suppressed the metastable state abruptly (curve 1 in Fig. 4c) 
and not ~ m o o t h l y , ~  in contrast to a group 1 sample (curves 1 
and 2 in Fig. 4a). Repeated measurement of the dependence 
R, ( I )  showed that it exhibited reproducible hysteresis with 
small fluctuations in the switching times at IzI, (Figs. 4b 
and 4c). A specific feature of the small TaS, samples we 
investigated was the abrupt nature of the changes in the dif- 
ferential resistance when the current was varied. 

It had been shown earlier4 that a reduction of the length 
of group 2 samples (S=: 1 pm2)  to L < 100 p m  reduced the 
nonlinearity of the current-voltage characteristics and 
broadened the sharp inflection of the characteristics near 
I z I , .  This was attributed to an increase in the inhomogene- 
ity ofthe electric field near the current contacts, which could 
be described by a geometric factor X = (SA) 1'2/L (A is the 
conductivity anisotropy); when the length of these samples 
was L ~ 2 0 p m ,  it satisfied X- 1. In the case of the thinnest 
group 2 samples and in group 3 samples the geometric factor 
was almost an order of magnitude less, the region with an 
inhomogeneous electric field at the contacts was small, and 
it did not prevent a strong nonlinearity of the current-vol- 
tage characteristics near E k E, (Fig. 3 ) .  

In addition to an increase in E,, we found that group 2 
samples exhibited also a nontrivial increase in the threshold 
current as the length of the sample de~reased .~One  can show 
(as is done later in Sec. 111) that an investigation of the 
dependence I, (L  ) rather than the dependence E, (L), as in 
Ref. 4, demonstrated effects associated with conversion of a 
CDW current into a current of quasiparticles even when the 
electric field varied rapidly near the contacts. With this in 
mind we investigated the dependence I,(L) for several 
group 2 samples. Figure 5 displays the threshold current I, 
normalized to I, in the longest section as a function of the 
section length L. 

Clearly, a reduction of the distance between the con- 

tacts increased the threshold current I,: I,-,I, ( I  / L  + I ) ,  
where in the case of the samples with cross sections in the 
range 0.1-1 p m 2  we had - 10-20 p m  at  T = 120 K. 

The ratio of the threshold currents in long and short 
sections was found to depend strongly on temperature (inset 
in Fig. 5).  In the temperature range 150-1 80 K the differ- 
ence between the values of I, in short and long samples was 
less than the experimental error. When the temperature was 
lowered, the difference between the threshold currents in 
long and short sections increased. At the same time, the na- 
ture of the temperature dependences of the threshold field 
was different for long and short sections. When a sample was 
shortened, the minimum of the dependence E,( T )  became 
less pronounced2s16 and in the case of the shortest samples 
the minimum disappeared almost completely. 

FIG. 5 .  Dependence of the threshold current I, on the length of a section 
L in various samples. The value of I,. is normalized to the threshold cur- 
rent I, of the longest section in each sample. The dashed curve is the 
dependence I ,  ( L )  calculated on the basis of Eq. ( 8 ) for V,,, = 1 mV and 
E, = 1 V/cm. The inset shows the temperature dependences of I, /I, for 
sections a ( V ) and c (v) of sample 6. 
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FIG. 6 .  Profiles of narrow-band oscillations generated in samples of dif- 
ferent cross sections: a )  sample 2; b)  sample 8; c )  sample 10. 

4. Generation of periodic oscillations 

Information on the coherence of the motion of a CDW 
can also be obtained by investigating narrow-band oscilla- 
tions. We found that as the thickness of the samples varied 
the profile and width of the narrow-band oscillation lines 
varied considerably. The lines in the oscillation spectrum of 
group 1 samples had an irregular profile and relatively large 
width Af- 1 MHz (Fig. 6a). When the cross section of the 
samples was reduced, the fundamental line seemed to split 
into several narrow lines. In the case of the thickest group 2 
samples there were several fundamental lines of width - 100 
kHz, each with its own harmonics. 

A further reduction in the size of the sample reduced 
the number of the fundamental lines and their width. In the 
case of the thinnest group 2 samples we observed a small 
number of the fundamental lines with width Af < 100 kHz 
(Fig. 6b). The spectrum of some of these samples consisted 
of a single fundamental line of width less than 10 kHz at 
T = 120 K (Fig. 6c). In this case the wide-band l/f noise 
was weak compared with the noise in thick samples and nar- 
row-band oscillations were observed beginning from low fre- 
quencies in the range f z 5 0  kHz, The current-voltage char- 
acteristics of these samples had a strong inflection at I z I , .  
In the case of group 2 samples an increase in temperature 
increased the width of the oscillation lines and at tempera- 
tures T >  150-170 K the narrow-band oscillation line disap- 
peared in the wide-band noise background. When the cross 
section of the samples was reduced to S- 10 - 2,um2 narrow- 
band oscillation lines began to smear out. In the thinnest 
samples ( S <  l o p 2  ,urn2) at currents in the range I >  I ,  only 
low-frequency noise with spectral density f " (a-  1) was 
observed and there were no narrow-band oscillation lines. 

Ill. DISCUSSION 

As pointed out in the Introduction, the properties of 
quasi-one-dimensional conductors are influenced strongly 
by the internal degrees of freedom of a coherent CDW and 
also by deformation of the wave and nonlinear excitations 
(including solitons) in the wave. Our investigation of rela- 
tively pure samples with small cross sections and short 
lengths made it possible to approach a situation when a 
CDW was coherent throughout the sample. This allowed us 
to observe directly the effects due to the above-mentioned 
features of CDWs. 

Our study and earlier  investigation^^^'^^'^ provided 
much experimental evidence in support of the existence of 
coherent CDWs in small TaS, samples. A reduction in the 
cross section and the length of the samples reduced consider- 
ably the smearing of the current-voltage characteristic near 
E2 E .  and made the inflection sharper (Fig. 3);  a negative 
differential resistance4 was observed, which was typical of 
coherent C D W S . ' ~ . ' ~  The temperature dependence of the re- 
sistance of small samples clearly revealed hysteresis-free re- 
gions and abrupt transitions between them (Fig. 2 ) ,  which 
were hard to observe in large samples because these features 
were averaged over the volume of the sample containing a 
large number of uncorrelated phase coherence regions. An 
increase in the degree of coherence of a CDW in our samples 
was manifested also by changes in the nature of the spectra of 
narrow-band oscillations: the number of the fundamental 
oscillation lines decreased right down to one and the lines 
became much narrower (Fig. 6 ) .  

However, it should be pointed out that electron diffrac- 
tion investigations showed9 that the longitudinal coherence 
length of a CDW in TaS, (obtained when a beam of elec- 
trons interacted with a sample) was less than 1 pm,  i.e., it 
was less than the length of our samples. The fact that we were 
able to observe effects due to a coherent CDW clearly indi- 
cated that when a small number of phase coherence regions 
were present in a sample the coherence effects were still re- 
tained throughout the sample or these regions could behave 
in a phase-matched (coherent) manner.2 

A further reduction in the length of TaS, samples (in 
our case to L < 10 p m )  did not improve the situation, be- 
cause even in the thinnest samples the effects of an inhomo- 
geneity of the electric field near the contacts became signifi- 
cant.4 A reduction of the cross sections to values less than 
10- 2,um2 also clearly did not improve the coherent behavior 
of a CDW, since in such samples the role of three-dimension- 
al effects became weaker and the influence of fluctuations, 
sample surfaces, and blocking effects of impurities became 
stronger. This was indicated by broadening of the depend- 
ence R ( T) we observed for these samples near the tempera- 
ture Tp, by a considerable reduction in Tp (Fig. I ) ,  and by 
weakening of the step structure and a strong rise of the 
threshold field (Fig. 3) .  Therefore, in our case (orthorhom- 
bic TaS,) the optimal cross sections and lengths for the ob- 
servation of coherent effects were near S = 10-'-10-2 p m 2  
and L = 10-100,um, respectively. An increase in the purity 
of the material and of its structural quality should make it 
possible to observe similar effects also in samples with larger 
dimensions. 

Bearing these points in mind, we shall discuss a model 
of a CDW and its deformation in small samples assuming, 
for the sake of simplicity, that this wave is coherent through- 
out the sample. It is known that in many quasi-one-dimen- 
sional materials, including orthorhombic TaS,, a CDW is 
incommensurate with the original lattice and this is true in a 
wide range of temperatures T <  T, (Refs. 2 and 19). In view 
of its rigidity, the original crystal lattice and its wave vector 
are practically unaffected by externally electric fields and 
temperatures. Since a CDW is much "softer," its wave vec- 
tor q responds much more sensitively to external influences 
and exhibits greater changes. In particular, this is true of an 
incommensurate CDW in which deformations and nonlin- 
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ear excitations are obviously most likely. Experimental stud- 
ies have established that, for example, in the case of ortho- 
rhombic TaS, at temperatures 100-200 K the transverse and 
longitudinal components of q vary during cooling by about 
2% approaching the commensurate situation, so that below 
100 K the value of q corresponds to a fourfold commensura- 
bility.19 Direct measurements on a quasi-one-dimensional 
conductor KO,, MOO, have also revealed a change in q (by a 
few percent) under the action of an electric field.20 

In describing the electronic properties of a small sample 
we shall find it sufficient to consider such a sample as a sys- 
tem consisting of two interacting subsystems: a CDW and 
quasiparticles. It is important to note that if the CDW de- 
parts at all from thermodynamic equilibrium because of the 
condition of electrical ne~ t ra l i ty ,~ '  the properties of the qua- 
si-one-dimensional sample governed by the quasiparticles, 
for example, the electrical conductivity of the sample in the 
range of fields E>E,, are altered. It is convenient to describe 
these changes in terms of a shift of the chemical potential 
level of quasiparticles 6 (Refs. 10, 22, and 23), which is a 
consequence of the appearance of elastic "stresses" and 
strains in a CDW and of the associated excess charge. For 
example, a shift of the chemical potential 66 in the case of 
inhomogeneous deformation of a CDW is proportional to 
the gradient of the CDW phase d p  /dx - Sq <q. The change 
in the Peierls gap then depends quadratically on d p  /dx and 
is negligible for 6 4 A  (Ref. 23). These stresses and strains 
are reversible only if Sq is small. If large deformations exceed 
a certain threshold value, a stepwise local change in the 
phase of a CDW by an amount which is a multiple of 2.rr and 
relieves the accumulated strain if favored.23324 

The main features of these effects can be described by 
fairly simple phenomenological relations in the simplest 
one-dimensional model of a Peierls conductor with a coher- 
ent CDW. An additional charge due to the deviation of a 
CDW and its wave vector q from the value q, governed by 
the total number of electrons per unit length of one chain, 
n,, = q,/.rr, is balanced by the corresponding change in the 
densities ofquasiparticles, both electrons (n )  and holes (p):  

In the case of weakly interacting chains this relationship ap- 
plies also to the corresponding volume densities, obtained by 
multiplying the linear densities by the number of filaments 
per unit cross section. The densities n andp can be expressed 
in terms of the effective densities of states N, and N,, which 
for the sake of simplicity will be assumed to be the same (N, 
= N, = N):  

n=N exp 1-(A-c)/T], p=N esp [-(A+ t)/T]. 

where 6 is the chemical potential level measured from the 
middle of the Peierls gap. Then, Eq. ( 1 ) yields 

This equation determines the relationship between 6 and q. 
The conductivity of a quasi-one-dimensional conductor in a 
weak field below the threshold value, E < E,, is governed by 
quasiparticles: 

where y ,  and ,up are the mobilities of electrons and holes, 

respectively. If, for the sake of simplicity we assume that p,, 
- - p, = p, we find that 

We shall now analyze the stepwise temperature depend- 
ence of the resistance of small samples R ( T )  (Fig. 2) using 
Eqs. (2) and (3) .  In a given temperature interval AT- 1 K 
between jumps a CDW is in a metastable states with a certain 
constant value of q, which differs from q, because the ther- 
modynamic equilibrium value of q ,  depends on T (Ref. 19). 
In a sample with the CDW phase pinned at the contacts 
these states correspond to a set of discrete values of the wave 
vector q z q ,  = 2n-m/L of a CDW. Since variation of tem- 
perature within this interval does not alter the value of q, the 
dependence R ( T )  remains hysteresis-free. It is clear from 
Eq. (2)  that if q - go = const the chemical potential level 6 
depends strongly on T. This dependence of J reflects the 
appearance of an internal homogeneous reversible stress in a 
CDW and a corresponding change in the free energy of the 
electron subsystem. A further change in temperature beyond 
the interval AT results in a transition to a new metastable 
state because of an abrupt change by 2n- in the difference 
between the phases of CDW at the ends of a sample, i.e, 
because of the appearance or elimination of a new CDW 
period. 

It is clear from Fig. 2 that hysteresis-free regions 
between the steps are characterized by an activation energy 
E* smaller than A, which corresponds to the average depen- 
dence a (  T) without allowance for the steps. The activation 
energy of the conduction process E = d lna/d( 1/T) is given 
by the following expression which is derived from Eq. (3)  
for a constant value of A: 

(we are ignoring the weak temperature dependence o fp  and 
N).  It follows from Eq. (4)  that the activation energy of 
conduction E depends on the position of the chemical poten- 
tial level and on its rate of change with temperature. In its 
turn the chemical potential level is related to the wave vector 
of a CDW in accordance with Eq. (2) .  In the region between 
the steps when q - q, = const, we have 

and the activation energy of conduction becomes in this re- 
gion 

This relationship allows us to estimate the shift of the chemi- 
cal potential level. Using the experimental value E* = 200 K 
(Fig. 2) and assuming that A = 800 K, we obtain - 6 / 
T z  1.3 [the sign of l < O  follows from Eq. (2)  when 
q - q s> 0, which corresponds to orthorhombic TaS, (Ref. 
19) 1. Therefore, the chemical potential level of orthorhom- 
bic TaS, at T- 100 K is shifted downward by 2 k T  relative 
to the middle of the gap. This result is in good agreement 
with the experimental investigations of the thermoelectric 
po~er22 ,25  and of the Hall effe~t,~%nd with the distribution 
of the equilibrium values of the resistance within a tempera- 
ture hysteresis loop5927 [see Eq. ( 2 )  ]. 

As already mentioned, the transition to the next meta- 
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stable state due to variation of temperature may occur when 
a fixed value of q deviates from the thermodynamic equilibri- 
um q, by an amount Sq = 2n-/L. Knowing the experimental 
dependence q, ( T )  averaged over a large sample,I9 we can 
estimate the temperature interval between the steps: 
AT = Sq(dq,/dT)-I. Substitution of the experimental data 
from Ref. 19 gives AT- 1 K, which is in good agreement 
with our value of AT (Fig. 2) .  This can be regarded as a 
confirmation of the assumption that stepwise changes in the 
resistance occur as a result of creation (or annihilation) of a 
new CDW period in a sample, i.e., due to a change in q by 
Sq = 2n-/L. According to Eqs. (2 )  and ( 3 ) ,  the conductivity 
of a sample can be described by 

For 1{/T I > 1, it follows from Eq. (6 )  that Sa /azSq/  
(q - q,,). In the case of a sample of length L = 20 p m  for 
q - q, = 2~ 103q, at T =  200 K (Ref. 19), we obtain 
Sa/a- 3%, which is in satisfactory agreement with the ex- 
perimental results (Fig. 2) .  Therefore, the appearance (or 
disappearance) of a new CDW period in a sample, corre- 
sponding to the appearance of a charge 2e on each chain, 
may be detected from a change in the resistance of a small 
sample by an easily measurable amount - lo%, whereas the 
corresponding change in the wave vector of a CDW is small: 
Sq/q,- The inset in Fig. 2 demonstrates also that at a 
given temperature (for example, near 90 K)  a real sample 
contains several metastable states and the transition takes 
place not only to the nearest but to one of the other adjacent 
states (regions 4 and 2). 

Similar stepwise transitions between metastable states 
partly or completely relieving the stresses or strains in a 
CDW occur also at a constant temperature when the current 
I is increased, including the range of currents smaller than 
the threshold value I, (Fig. 4c). In other words, an external 
electric field acts like a change in temperature on a CDW 
facilitating transitions between metastable states. 

What is the physical mechanism of the step itself? Such 
observations as the relationship between the steps and the 
deformation of a CDW, the considerable influence of tem- 
perature and of the electric field, and the change in the phase 
of a CDW by an amount which is a multiple of 277 suggest 
that the observed steps are most probably due to the forma- 
tion of a local phase slip center. 23,24327-29 Both theoreti- 
ca1z3.z4.27 and experimental2' studies of phase slip centers 

have been made mainly on the assumption that these centers 
are responsible for converting a current of quasiparticles 
into a CDW current and for the generation of narrow-band 
noise in a CDW near the contacts in a quasi-one-dimensional 
conductor. It is also assumed that the presence of a phase slip 
center should be manifested in the time-averaged current- 
voltage characteristics of a quasi-one-dimensional conduc- 
tor by an additional voltage V,, which is regarded as respon- 
sible for the rise of the threshold field E, when the length of 
the conductor is reduced.30331 However, since the majority of 
the earlier investigations have been carried out on fairly 
thick samples with transverse dimensions - 1-10 pm, the 
strong anisotropy A of the conductivity could result in the 
formation of regions with an inhomogeneous electric field 
near the contacts of size (SA) reaching 10-100pm. This 
makes it difficult to establish reliably the existence of V,,, 

although some confirmations of this fact are available par- 
ticularly in the case of NbSe, (Ref. 2). By using samples of 
transverse dimensions -0.1 p m  and of length - 10 p m  in 
our study reduced considerably the influence of the inhomo- 
geneity of the electric field and enabled us, as shown below, 
to confirm reliably the existence of V,, and, consequently, of 
phase slip centers in small TaS, samples and to determine 
their main characteristics. Similar results were recently re- 
ported for NbSe, (Ref. 29). 

The shape of the current-voltage characteristic of a qua- 
si-one-dimensional conductor is governed by two contribu- 
tions associated with the dissipation of energy in its interior 
due to the motion of quasiparticles and of a CDW as well as 
with the process of conversion of a CDW current into a cur- 
rent of quasiparticles. Such a conductor can be represented 
by an equivalent circuit shown in Fig. 7. According to this 
equivalent circuit, the current-voltage characteristic of such 
a conductor can be written in the form 

U=2riI+Vp, ( I , )  +E, ( I , )  L, (7  

where 

V P ,  ( I , )  +Ec ( I , )  =pLI ,  

(the notation is explained in the caption of Fig. 7).  If we 
define the threshold current I, as the current corresponding 
to some maximum CDW current found experimentally, I, 
<I,, we obtain the dependence of I,. on the length of the 
sample: 

It should be noted that the dependence I,(L) of Eq. (8)  
does not include, in contrast to E,(L),  the spreading resis- 
tance ri ; the rise ofI, as L decreases, which is then predicted, 
can be regarded as clear evidence of the existence of V,,. The 
dependence I,(L) of Eq. (8 )  corresponding to V,, = 1 mV 
and E, = 1 V/cm is represented by a dashed curve in Fig. 5. 
The good agreement between the calculated [Eq. (8)  1 and 
experimental dependences is one of the proofs of the exis- 
tence of the time-averaged voltage V,, z 1 mV ( T  = 120 K )  
due to the processes of phase slip at the contacts of a sample. 

It is possible to identify the contribution V,, and to de- 
termine its dependence on I, and temperature from the cur- 
rent-voltage characteristics U ,  ( I ,  ) and U,  (I, ) obtained for 
sections of different lengths L ,  and L, in the same sample: 

FIG. 7. Equivalent circuit of a sample of a quasi-one-dimensional conduc- 
tor with a coherent charge density wave. Here, L is the length of the 
sample,p is the resistance per unit length in the case when Z<Z,, r, is the 
"spreading" resistance4, E, ( I ,  ) is the electric field corresponding to the 
current I ,  and to the motion of a charged density wave in the field of 
pinning forces in the bulk of a sample, V ;  and V ;  are the voltage drops 
associated with the conversion of a charged density wave current I ,  into a 
quasiparticle current I,. 
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FIG. 8. Dependence of V,, on the charge density wave current I, plotted 
for different temperatures of sample 9. The continuous curves were calcu- 
lated from Eq. ( 10) on the assumption that I ,  = 3.5 A, F = 1500 K,  7 = 
60e. The dependences were recorded at the following temperatures ( K ) :  
1 )  100; 2 )  111; 3) 128; 4)  134; 5 )  151. 

where R ,  and R, are the resistances of the sections when 
I < I,, and a and f l  are small ( - 1 % ) corrections associated 
with the presence of r i :  

In Eq. (9 )  we shall use the voltages U, and U, correspond- 
ing to the same CDW current I, = (I - U / R ) / ( l  - y)  
where y = 2ri/R is a small correction. The error in the de- 
termination of V,, was reduced by determining the depen- 
dences V,, (Ic ) for thin samples with transverse dimensions 
-0.1 p m  and with current-voltage characteristics corre- 
sponding to a CDW coherent through the whole volume of 
the sample. Figure 8 shows a typical series of dependences 
V,, (I, ) obtained at different temperatures from the current- 
voltage characteristics of two sections of lengths L ,  = 30 
p m  and L, = 105 p m  in sample 9. It is clear from Fig. 8 that 
V,, rises slowly (approximately logarithmically) on in- 
crease in I,.  On the other hand, the value of V,, correspond- 
ing to a fixed I ,  depends quite strongly on temperature. In 
the investigated temperature range the dependence A ( T) is 
weak. The existence of a strong dependence of Vps on T is a 
demonstration of the important role played by thermal ef- 
fects in the phase slip mechanism. 

Phase slip centers have been investigated theoretically 
and experimentally for a fairly long time in narrow super- 
conducting channels at a temperature close to the supercon- 
ducting transition.'* Since in the case of a coherent CDW, as 
in the case of superconductivity, we are dealing with the 
"collectivized" motion of electrons and with a phase which 
depends on the coordinates and time, the analogy between 
these two systems is quite good. In both cases the appearance 
of a phase slip center, i.e., of a momentary departure from 
coherence, is due to the need to get rid of spatial and tempo- 
ral increases in the phase above permissible values. 

In the case of a Peierls conductor with a coherent CDW 
a homogeneous tension in the CDW (due to variation of 
temperature) or an inhomogeneous strain in the CDW (in 
an electric field) is retained until the relief of these strains 
becomes more favorable through the appearance (or disap- 
pearance) of a new CDW period. Then, the energy gap 
should vanish in a certain local region of a ~ a m ~ l e , ~ " h e  
phase coherence to the left and right of this region should be 
lost, and the phase should be rotated by an amount which is a 

multiple of 277, which restores a state with an undeformed 
CDW. The process may then be repeated cyclically. 

For a CDW to be destroyed and A to vanish in a local 
region in a sample requires a certain energy F,  which repre- 
sents the energetic barrier against the formation of a phase 
slip center and appearance of a new CDW period. The appli- 
cation of a voltage Vps to such a barrier reduces its effective 
height by - 7 V,, , where 7 is the charge flowing due to the 
slip of the phase by 27~. At  a sufficiently high temperature 
there is a finite probability of overcoming this barrier be- 
cause of thermodynamic Auctuations and due to the electric 
fieldZBzZ9: 

The continuous curves in Fig. 8 are the dependences calcu- 
lated using the above formula on the assumption that I, 
= 3.5 A, F = 2500 K,  7 = 60e, where e is the electron 

charge. We can see from Fig. 8 that the experimental results 
obtained for small TaS, samples are described fairly satis- 
factorily by Eq. ( 10) throughout the investigated tempera- 
ture range. 

The values of the parameter y/e deduced from five rela- 
tions V,, (I, ), representing sections of different length in 
three samples ( T = 120 K ) ,  lie within the range 30-80. The 
energy barrier per electron (on the order of the condensation 
energy per electron) is e F / y  and can be obtained by extrapo- 
lation of the dependence V,, (I, ) plotted for a certain fixed 
current I,, to T = 0. In the case of three samples investigated 
the value of e F / 7  lies within the range 4-6 meV ( -40-60 
K ) .  The ratio 7/e = 60 is the number of electrons which 
cross a region with a phase slip center when a new CDW 
period appears. Hence, we can estimate the volume of the 
sample where a phase slip center appears: up, = 7/en, where 
n is the carrier density. Substituting in TaS, the value 
n=:102' c m - 3  (Ref. 26), we obtain ups = 6~ 1 0 - 2 0 c m 3 ,  
which is of the order of g3. This means that the destruction of 
a CDW and the suppression of the gap occur in a volume 
-g3, as expected in the case of formation of a time-depen- 
dent amplitude ~o l i ton .~ '  

A phase slip center (up, /A occupies approximately 
of the area of the investigated samples and if a single 

phase slip center were present in the cross section it would be 
impossible to observe steps in the R ( T )  curve due to such a 
center. Hence, it follows that any phase slip process occurs 
either due to the presence of many slip centers in the cross 
section of a s a n ~ l e ~ ' , ~ ~  or the process of dephasing of a CDW, 
which begins in a small part of the cross section of a sample 
(as a seed), spreads over the whole cross section because of 
phase coherence. The latter hypothesis is clearly supported 
by the observation that the spectrum of narrow-band oscilla- 
tions in samples with small cross section consists of a single 
narrow line and its harmonics. 

IV. CONCLUSIONS 

These experimental results demonstrate that a coherent 
CDW appears in small TaS, samples. They also make clear 
the major role played by stresses and strains in a CDW, 
which shift the chemical potential level, make it dependent 
on the spatial coordinates, and finally give rise to a phase slip 
center. 

These results and calculations, taken together with the 
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theoretical investigations23228 and the analogy with phase 
slip in superconducting channels,'' make it possible to sug- 
gest the following qualitative description of the effects which 
occur in small TaS, samples with a coherent CDW. At a 
given temperature a CDW is in some state governed by its 
previous electrical and thermal history, by the pinning ef- 
fects, and by the boundary conditions. This state is charac- 
terized by a specific distribution of the wave vector q(x)  of a 
CDW (in the case of small samples we can expect a set of 
discrete states q-q, = 27r/L) and by an associated, in ac- 
cordance with Eq. ( 2 ) ,  spatial distribution of the chemical 
potential c (x ) ,  which is a measure of the tension in a CDW. 

Relief of the excess tension in a CDW may result from 
transitions between such states stimulated by the thermally 
activated process of phase slip. The frequency of transitions 
between different states is proportional to exp( - F/T) ,  
where F is the energy barrier between these states which- 
according to our experimental results-is fairly large, satis- 
fying F >  lo3 K at T = 120 K. It is important to note that the 
stresses and strains in a CDW increase the energy stored by 
the electron system in a Peierls conductor and thus reduce 
the effective height of the energy barrier. 

At high temperatures, when T, - TgT, and the 
height of the barrier (related to the condensation energy A) 
can in principle be small because of reduction in A, transi- 
tions between different states are quite readily activated in 
both directions, the lifetime of metastable states is short, and 
the dependence R (T )  is practically free of hysteresis and 
discontinuities. Cooling reduces the probability of overcom- 
ing the barrier, the frequency of transitions accompanied by 
the formation of phase slip centers decreases strongly, and 
the lifetime of metastable states as well as their role increase. 
Temperature cycling gives rise to hysteresis in the depend- 
ence R ( T) . A barrier can be overcome at low temperatures 
by stronger strains and by deviation of a CDW from equilib- 
rium, the temperature interval between the steps becomes 
greater, and discrete states in small samples seem to become 
superimposed on one another (Fig. 2). 

The application of an external electric field lowers the 
barrier height and enhances the unidirectional nature of 
transitions across the barrier. This case corresponds to steps 
of the R, (I) curve, observed for our samples when the num- 
ber of phase slip centers is finite, when the residual thermal 
strains are relieved (curve 1 in Fig. 4c), and it also corre- 
sponds to steps observed during the cycling of the current 
(I < I,) (Figs. 4b and 4c). In the case of large samples with 
a very large number of phase slip centers these dependences 
are smooth and free of steps (Fig. 4a). When the current 
exceeds a certain threshold value, so that a CDW tends to 
propagate as a whole and the process of phase slip at the 
contacts ensures the motion of a CDW, the influence of the 
electric field becomes strong. The transition frequency be- 
gins to depend strongly also on the voltage, proportionally to 
sinh(7 V,, /2T). 

For I - I, gI,, an important role is played by sponta- 
neous irregular formation of phase slip centers, which corre- 
sponds to nonperiodic low-frequency noise oscillations of 
the voltage at the moment of formation of a phase slip cen- 
ter.32,33 A further increase in the voltage effectively reduces 
the barrier and the formation of phase slip centers begins to 
be governed largely by the applied electric field. Phase slip 

then becomes a regular periodic process which in the case of 
small samples corresponds to an oscillation spectrum con- 
sisting of separate narrow lines (Fig. 6c). In the case of large 
samples the number of phase slip centers can also be large 
and the oscillation spectrum has many lines with different 
structures and widths (Figs. 6a and 6b). 

Clearly, the above model can account also for a number 
of other phenomena. For example, the rise of the threshold 
field and the reduction in the contribution of a CDW to the 
conduction process in fields E >  E ,  during cooling,' ob- 
served for many quasi-one-dimensional materials, may be 
attributed to a considerable [proportional to exp( - F/T)  ] 
reduction in the probability and frequency of transitions 
across a barrier in the phase slip process. We cannot exclude 
the possibility that if TgF ,  we may encounter-in addition 
to the above-barrier transitions-also tunneling through a 
barrier, and the current-voltage characteristics can be of the 
form typical of such processes, with an electric-field-depen- 
dent activation energy of conduction in the range E > E ,  
(Ref. 1 2 ) .  Short-lived conversion of electrons condensed in 
a CDW to a normal state, which is necessary for phase slip 
and occurs in the specific case when V,, 2 E, L (Fig. 7) ,  may 
also be the reason for the observed scaling between the ohmic 
conductivity (E < E,) and the differential conductivity 
when E  > E ,  (Ref. 33). It should also be pointed out that the 
appearance of stresses and strains in this wave is less likely in 
a commensurate CWD and the effects discussed above and 
associated with the strains in CDW and with phase slip 
centers may not occur, as confirmed by the experimental 
results reported in Ref. 34. 
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