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The properties of small TaS, samples, with a cross-sectional area -0.1 pm2 and a minimum 
length of 5 pm, have been studied. The results reveal a region of a negative differential resistance 
at currents I slightly above a threshold I,. At I < I,, the differential resistance is a nonlinear 
function of the current. The threshold field was studied as a function of the length of the sample. 
The effects observed in small samples may reflect the circumstance that only one or a few of the 
domains into which the charge density wave is partitioned in TaS, can fit in the sample. The 
phenomena which occur near a current contact have been studied. The experimental results show 
that the flow of a current up to 501, on one side of the contact does not alter the properties of the 
quasi-one-dimensional conductor on the other side, at least at distances greater than 15 p m  from 
the contact. In other words, no nonlocal effects occur in this region on the other side of the 
contact. In the shortest of these samples (less than 50pm long) or in the case of narrow contacts 
( 10-20pm long), effects stemming from the nonuniform distribution of the electric field near the 
current contact become important. 

1. INTRODUCTION 

As the temperature of a quasi-one-dimensional (QlD)  
conductor is lowered below a critical value T,, a Peierls 
transition occurs, accompanied by the formation of a gap in 
the energy spectrum and by the condensation of electrons 
into a charge density wave. Several length scales are used in 
describing the ground state of a Q1D conductor for T <  T,, 
nonlinear excitations of the conductor, and kinetic effects. 
The most important of these length scales for an immobile 
charge density wave (E<E,, where E,  is the threshold 
field) are the (longitudinal) correlation length 6, the dis- 
tance over which phase coherence is preserved in Q1D crys- 
tals with impurities, i.e., the Fukuyama-Lee-Rice 
lFLR (this is usually also the length of the average longitudi- 
nal dimension of the domains into which the sample may 
break up1-,), and the length L, , which characterizes the size 
of the nonlinear excitations of the charge density wave- 
amplitude and phase  soliton^.^.^ After the charge density 
wave goes into motion, these lengths do not necessarily re- 
main constant. Furthermore, in real crystals it becomes nec- 
essary to introduce some new length scales for processes 
which occur, e.g., near the contacts. One is the length x,, 
which corresponds to that distance from the contact over 
which the phase slippage of the charge density wave  occur^,^ 
and another is the distance over which the current of the 
charge density is converted into the current of normal elec- 
trons near the contacts, Lo (Ref. 7). In the Q1D crystals of 
orthorhombic TaS, which we have studied, these lengths are 
predicted theoretically to be of the following order of magni- 
tude:l- 1 0 0 A , ~ ,  - 10~A,and(,,, - 10-100pm (Ref. 8) .  
The values of x, and Lo depend on the electric field: 
x o a  ( E  - E T )  -", 0.128<~<1 (Ref. 6) ,  and 
Lo a ( E  - E, ) - ' I 2  (Ref. 7). At fields somewhat removed 
from ET,  where the various transients associated with the 
onset ofmotion of the charge density wave have died out, the 
lenths x,  and Lo do not exceed 100pm in order of magnitude, 
and they decrease with increasing field. 

Until recently, experiments on Q1D conductors such as 
TaS, and NbSe, used samples with a length L Z 1 mm, which 
exhibited properties "averaged" over the volume of the sam- 
ple. Only recently have we seen studies of samples for which 
the distance between contacts goes down to about 100 p m  
(Refs. 9-1 1 ) The customary way to apply contacts to such 
samples is to use a conducting paste; this technique imposes 
a lower limit on the length of the samples. Nevertheless, even 
these experiments yielded results which demonstrate some 
specific features of charge density waves at small distances. 
One such feature is an increase in the threshold field in short 
TaS, ~ a r n p l e s , ~ ~ ~ "  and another is a blurring of the curves of 
the Peierls transition.'' Attempts have been undertaken to 
study the phenomena which occur near current contacts, at 
distances -500pm (Ref. 12) and 100pm (Ref. 9).  

There was accordingly interest in studying the behavior 
of charge density waves in short TaS, samples, with lengths 
L < 100pm, i.e., with L - tFLR,  x,, Lo. The first experiments 
in this directions were concerned with the processes respon- 
sible for the excitation of narrow-band noise in short TaS, 
samplesI3 (with lengths down to 20pm).  In the present pa- 
per we report the fabrication of stable ohmic contacts sepa- 
rated by distances down to 5pm by a technique of deposition 
on thin samples, with a cross-sectional area of 0.1 pm2. We 
have studied the nonlinear phenomena which occur in these 
samples and also the phenomena which occur near the con- 
tacts. 

2. EXPERIMENTAL PROCEDURE 

We studied filamentary single crystals of orthorhombic 
TaS,. Their cross-sectional areas were 0.1-0.5 pm2, i.e., two 
or three orders of magnitude smaller than those of the sam- 
ples which have customarily been studied. In order to pursue 
the goal of this study, to determine the properties of charge 
density waves in samples with small dimensions, it was nec- 
essary to develop a technique for applying ohmic contacts of 
length I- IOpm, separated by distances L - IOpm, to such 
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TABLE I. 
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samples. The existing methods for applying contacts to Q1D 
materials-the use of conducting pastes and cold indium sol- 
dering-can achieve lengths no shorter than - 50pm (Refs. 
9-12). The technique which we used made it possible to re- 
duce the minimum contact dimensions and the distances 
between contacts by yet another order of magnitude. The 
resulting ohmic contacts have sharp edges and low resis- 
tances. 

In the fabrication of the contacts, the samples are 
placed on a glass substrate. The sample is annealed in vacu- 
um at T = 150 "C for 30 min and then cooled slowly (over 
- 30 min) in order to clean the surface of the sample. Indi- 
um contact stripes are then deposited through special masks. 
This technique yields ohmic contacts ranging in width from 
10 to 30 pm, separated by distances ranging from 5 to 800 
pm. The blurring of the boundaries of the resulting contacts 
is less than 2 pm. The resistance R, of the contacts at room 
temperature is determined by the resistance of the indium 
contact stripes and lies in the range 1-10 R. Several contacts 
are applied to each of the samples, separated by sectors of 
various lengths. The basic parameters of the test samples and 
the lengths of the sectors on them are listed in Table I. Sam- 
ples 1-6 were obtained by splitting one single crystal with a 
large cross-sectional area, while sample 7 was obtained by 
splitting another crystal. 

Figure 1 shows the sector length L,, determined from 
the sector resistances R [using L, = (R - R, )US, , where 

sector length L,, pm ET,  V/cm Sectors with Symbol used 
( T = I I ~ K )  d 2 u / d z 2 > o  infigures 

FIG. 1. Comparison of the sector lengths L, determined by an optical 
method of the TaS, samples with the lengths L, calculated from the resis- 
tance of the sectors at room temperature (samples 4-6). The line rising at 
an angle of 45" corresponds to the relation L, = L. The inset shows the 
same behavior, for the samples of the smallest cross-sectional areas (sam- 
ples 1 and 2). 

a = 3.103 S/cm (Ref. 14), and the cross sectional area is 
determined from the resistance of the longest region, S = L / 
a ( R  - R, ) ]  versus the distance L between the edges of the 
contacts. This distance was measured with an optical micro- 
scope. We see that for the thinnest of these samples these 
lengths are essentially the same. In some cases, however, L, 
exceeds L by 5-10pm for short sectors. As we will show in 
Section 4 below, this discrepancy stems from the nonunifor- 
mity of the electric field near the contacts. In speaking of the 
"length of a sector" below we will mean the distance L 
between the edges of the contacts. 

We studied the voltage-current characteristics of sec- 
tors of various lengths and the behavior of the differential 
resistance of the sectors as a function of the current through 
them or through adjacent sectors. All the measurements 
were carried out at a given current. The low resistance of the 
contacts made it possible to measure the voltage-current 
characteristics of the sectors by a two-contact method. The 
output resistances of the dc and ac power supplies were at 
least 1 GQ and 0.2 GR, respectively; the modulation fre- 
quency was 22 Hz. The amplitude of the current modulation 
was?- 10W21, - A (I, is the threshold current). The 
high resistances of the test samples ( lo4-10' R at T = 120 
K )  and-in several cases-the low values of the measured 
voltages ( - lo-' V)  required careful shielding of the mea- 
surement apparatus against noise and stray pickup. The low- 
frequency noise level at the test samples, at currents below 
the threshold, was on the order of the Johnson noise. The 
temperature was regulated with 40 mK at T = 120 K ,  keep- 
ing the error in the resistance measurements at - 0.1 %. 

280, 106, 45, 30 1 

3. EXPERIMENTAL RESULTS 

0.09 

Over the range 240-100 K, the temperature depen- 
dence a( T )  of our TaS, samples with small cross-sectional 
areas has the shape typical of pure samples.I5 At T- T p ,  
however, the shape of the a( T) curve depends on the length 
of the sectors under study." For regions less than 30 p m  
long we observe a broadening of the d In a( T) /d  ( 1/T) curve 
near Tp . This broadening is particularly noticeable for a very 
short region, with L = 5 pm. We also see a slight shift of the 
minimum of this curve, corresponding to the point T = Tp , 
toward higher temperatures. For sample 1, for example, this 
minimum shifts from 217 K (L = 280 p m )  to 220 K 
(L = 30 pm) .  In a study of samples with a cross-sectional 
area lo2-lo3 times those in the present experiments, Mihaly 
et al." obseved a similar broadening of the a( T) curve near 
T, for samples with a length as great as 300pm. The activa- 
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FIG. 2. Voltage-current characteristic and current dependence - 50 of the differential resistance for a sector L = 785 pm long of 
sample 7 ( T = 137 K). The curves were recorded as the current 
was reduced. The dashed line shows the functional dependence 
R, (I) calculated in accordance with Ref. 20. 

2 
1, pA 

tion region of the o (T)  dependence at T< 200 K does not 
charge with decreasing L, within the experimental errors. 

The shape of the voltage-current characteristics of our 
TaS, samples of small cross-sectional area also depends on 
the length of the sector. We found that the characteristics for 
sectors more than 100pm long have a nonstandard shape. In 
Fig. 2, which shows a voltage-current characteristic at 
T = 137 K, we see, above the threshold current, an abrupt 
change in slope and a region of a negative differential resis- 
tance, followed by an approximately linear region of U(I) 
(for I < 31, ) . Also shown in Fig. 2 is the current dependence 
of the differential resistance R, = dU/dI  of the same sam- 
ple. Near I = I,, R, decreases sharply, going negative, and 
then goes onto a plateau; here we see the low-frequency noise 
generation, which sets in at I > I,. The voltage-current char- 
acteristics and the R, (I) dependence retain this shape, re- 
gardless of whether the current is raised or lowered and re- 
gardless of the polarity of the current. This shape of the 
voltage-current characteristic, consisting in a sense of two 
linear regions [ I  < (3-5)IT 1, is retained over the entire tem- 
perature range studied, 100-160 K. As the temperature is 
lowered below 120 K, on the other hand, the region with a 
negative differential resistance becomes progressively more 
difficult to make out and disappears, while the characteristic 
retains a transition region: a region with a positive curva- 
ture, d *U/dI > 0, which persists down to T = 100 K. A 
similar blurring of the region of a negative differential resis- 
tance is found at T >  150 K. The region of negative differen- 
tial resistance turns out to be sensitive to thermal cycling. 
After a few cycles of cooling to 100 K and heating to 300 K, 
the negative differential resistance usually disappears, but 
the voltage-current characteristic retains the shape de- 
scribed above. 

As the length of the sector of the sample decreases to 
L < 100pm, the general shape of the voltage-current charac- 

transition at Id, and also a decreease in the ratio of the 
slopes of the regions at I < I, and I >  I,. In other words,the 
nonlinearity of the voltage-current chracteristics becomes 
less pronounced. In the samples (1-3) with the smallest 
cross-sectional area, the slow change at Id,  on the charac- 
teristic is retained even for the sectors of lengths L - 20-30 
pm (see the inset in Fig. 3). 

Figure 4 shows results found on R, ( I )  for sectors of 
various lengths (sample 7) versus the current at T = 119 K. 
We see directly from these curves that the nonlinearity of the 
voltage-current characteristic decreases with decreasing 
length of the sector; this decrease in nonlinearity is seen as a 
decrease in the ratio ofR, (I = 0)  to R, (I > I, ), but there is 
still a tendency toward the appearance of a minimum in R, 
at I 2  I, (a  sector with L = 27 pm) .  In the long TaS, sam- 
ples which we studied, as can be seen from the example of 
sample 7 (Fig. 2, L = 785 pm) ,  R,  remains constant up to 
I = I,, while in the short samples, beginning at L - 100pm, 
we see slight changes (up to 10%) at R, at currents below 
the threshsold. These changes are reproducible when the 
measurements are repeated (I < I, ) . When the direction in 
which the curve is measured is reversed, and we go beyond 
I,, we frequently see hysteresis in these oscillations (see the 

teristic also begins to change. Figure 3 shows a series of nor- 
malized characteristics at T = 11 8 K for sectors of various FIG. 3. Series of normalized voltage-current characteristics of sectors of 

lengths on a common sample. While the shape of the charac- various lengths (sample 4).  The inset shows the voltage-current charac- 
teristic of a sector of a sample with a small cross-sectional area (Sample 

teristics changes only slightly with the length of the sector at 3 ) .  The curves are labeled with the length of the sector in microns 
L > 100 pm, at L < 50 pm we see a blurring of the sharp ( T =  118 K ) .  
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FIG. 4. The normalized differential resistance R, (I)/R, (0)  versus the 
current for sectors of various lengths (sample 7).  The curves are labeled 
with the length of the sector, in microns. The curves for the sectors 5 1 and 
27 pm long are displaced vertically by 0.15 and 0.30, respectively. The 
inset shows a fragment of the corresponding curve for sample 3 (for a 
sector 118 pm long), recorded as the current was increased (solid line) 
and decreased (dashed line) ( T = 1 18 K) .  

inset in Fig. 4). Noise generation is observed here only after 
the sharp decrease in Rd (Fig. 4).  

According to the results of Refs. 10 and 1 1, as the sector 
length is reduced to L < 100pm we could expect the thresh- 
old field ET to decrease substantially. Figure 5 shows some 
typical results on the threshold voltage U, as a function of 
the length of the sector for two of the samples. On the whole, 
UT decreases in proportion to the length of the sector. An 
extrapolation of UT ( L )  to L = 0, however, yields a nonzero 
value: UT(0)=0.5-1 mV. Accordingly, the field 
ET = UT/L increases 10-30% as L is reduced from 300- 
800 to 30 pm (see the inset in Fig. 5). This increase, how- 
ever, is not as pronounced as might be expected on the basis 
of the data of Refs. 10 and 11, where samples with lower 
values of El (El -0.5 V/cm at L - 700pm) and significant- 
ly larger cross-sectional areas (S = 50-70 pm2) were stud- 
ied. The temperature dependence of the threshold field for 
the sectors of various lengths is basically the same for our 
samples at 100< T< 180 K and similar to the results reported 
in Refs. 10 and 15. 

Since the results discussed above demonstrated changes 
in the behavior a ( T ) ,  U(I), and Rd ( I )  with decreasing sec- 
tor length, we took up a study of the processes occurring in 
the regions near the contacts, which might be important in 

A',, 

roo ZOOL, pm:eo 
roo .jo Joe' 770 ~ , ~ m  

FIG. 5. Threshold voltage versus the length (samples 1 and 7) .  The inset 
shows the dependence of the threshold field on the length for the same 
samples ( T =  118 K) .  

FIG. 6. The voltage U,, and the resistance R,, of sector 2-3 versus the 
current I,, (sample 5, T = 118 K) .  The length of sector 2-3 is 25 pm, and 
the length of contact 3 is 16pm. The arrangement of contacts is shown in 
the inset. The arrow shows the positive current direction ( I , ,  > 0) .  

determining the properties of short sectors. For this study 
we used a sample with several contacts, separated by various 
distances (see the inset of Fig. 6).  We measured the voltage 
U,, and the sector resistance R,, as functions of the current 
I,, in an adjacent sector (Refs. 9 and 12). In the case of wide 
contact stripes (I  2 30pm), in which the total contact resis- 
tance is determined primarily by the ohmic resistance of 
these conducting films (R, - 1-10 R) ,  the U,,(I,,) depen- 
dence is linear (the error here is 10%) up to I,, = 501, 
[ U,, (501,) < 100 pV] . In the case of narrower stripes, of 
width I- lOpm, structural features appear on the U,,I(I,,) 
curve (Fig. 6a). These are bends near currents I, and I,, 
whereI, is equal to the threshold current I, of sector 1-2. In 
the region /I,, 1 < I ,  the U,, (I,,) dependence is linear, while 
near I, we sometimes see jumps in the voltage and a hystere- 
sis. When the polarity of the current is switched, all these 
structural features are basically preserved, but the curve of 
U,,(I,,) at II,,I > I ,  is not perfectly symmetric in the cur- 
rent: U,,(I,,) > I U2,( - I,,) I. As the temperature is 
lowered, this asymmetry of the U,,(I,,) curve becomes 
more pronounced. The voltage U2, depends on the size of the 
contact, decreasing with increasing length of the contact. 
For contacts with approximately equal lengths, U2, depends 
on the cross-sectional area of the sample. For a given ratio 
I12/IT, the voltage U,, is higher for the samples of larger 
cross-sectional area. 

Figure 6b shows the typical behavior of the sector resis- 
tance R,,, measured at a low alternating current ~,,gI, ,  
flowing in the same sector, as a function of the current I,, in 
the adjacent sector. Here we typically see hysteresis at 
II,,I <I,, with the beginning of a transition from one branch 
to the other at I, and - I , ;  at II,,I >I ,  we see a slight de- 
crease in R2, ( - 10%) and an increase in the low-frequency 
noise. The direction along which the hysteresis loop is traced 
out is the same for all the samples studied. The hysteresis 
which we observe is apparently due to the presence of metas- 
table16." or bistable18 states in TaS, near the contact. 
Further research is required to determine the physical na- 
ture of this hysteresis and also the nature of the asymmetry 
of the U,,I(I,,) curves. 

The resistance (which may be nonlinear) of current 
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contact 2 contributes to some extent to the value of UZ3 (I,,) 
measured in a three-contact arrangement. For more reliable 
measurements of the effects beyond a current contact we 
carried out measurements with a four-contact arrangement 
(see the inset in Fig. 6 ) ,  separating the functions of the cur- 
rent contact (2)  and the potential contact (3).  We found 
that at distances L,, = 24 p m  between the current contact 
and the potential contact (sample 3; contacts of length 
I = 11 pm)  the value of U,, at I,, = 501, is less than the 
resolution of these measurements, - 1 pV, while at L,, = 15 
pm (sample 6; contacts of lengths I = 10 and 14pm we find 
U,,<2 pV. The change in the resistance of sector 3-4 is 
AR,,/R,,<O. 1 % at 1I,,/ <501T. Consequently, no "nonlo- 
cal" effects ("nonlocal" with respect to the region in which 
the current I,, flows) were observed in a region of the sample 
15 pm from the current-flow region. 

4. DISCUSSION OF RESULTS 

Most of the previous studies of the properties of Q1D 
materials such as TaS, and NbSe, have used samples whose 
volumes have contained 10,-lo4  domain^,^ i.e., regions 
along which the phase of the charge density wave may 
change by -27 as a result of interactions with impurities. 
This phase change occurs over a distance (along the axis of 
highest conductivity) equal to the Fukuyama-Lee-Rice 
length (,,,. In the present experiments we have studied 
TaS, samples with small transverse and longitudinal dimen- 
sions, with volumes three to five orders of magnitude smaller 
than those of the samples in the previous studies. We might 
therefore expect that in the present experiments we have at- 
tained or at least approached the characteristic length {.,, 
for phase coherence and, in the narrowest samples, situa- 
tions in which the volume of the sample contains only one or 
a few domains. 

The increase in Tp with decreasing sample volume 
which we observe in the a( T )  dependence may arise because 
three-dimensional ordering processes at T = Tp take place 
more easily in samples with only a few domains. The transi- 
tion is somewhat blurred; this blurring occurs in samples far 
shorter ( - lOpm) than in Ref. 10, where a study was made 
of samples with a large cross-sectional area. The apparent 
reason for this blurring is a manifestation at these sample 
lengths of field nonuniformities near the contacts (this ques- 
tion is discussed in more detail below). 

A charge density wave in a sample containing only a 
single domain is, in a sense, weakly coupled with the impuri- 
ties in it, and at I > I, the charge density wave can move as a 
"rigid" unit. In this case we can use the phenomenologi- 
ca1~9.20 and micro~copic~.~ theories for a rigid charge density 

wave. It follows, in particular, from these theories that the 
voltage-current characteristic of a single-domain sample 
should have a sharp bend near the threshold current I, and a 
region of positive curvature, with d 'U /d l  > 0. This is pre- 
cisely the shape of the voltage-current characteristic which 
we observe for many of the narrowest samples which we 
studied (see Table I and the inset in Fig. 3), while in the 
larger TaS, samples which have usually been studied the 
region of the bend in the voltage-current c?- .racteristic near 

IT is blurred. Furthermore, it follows from the phenomen- 
ological model of Ref. 20 that when the current is specified 
we should observe a region with a negative differential resis- 
tance on the voltage-current characteristic of a single-do- 
main sample. Shown for comparison in Fig. 2 is the theoreti- 
cal prediction of Ref. 20 (the dashed line). We see that there 
is a qualitative agreement with experiment. We could appar- 
ently expect better agreement by using the microscopic the- 
ory of Ref. 3, but the R, (I) dependence was not taken up in 
Ref. 3. 

Further evidence for the possibility that we are dealing 
with a situation with few domains in these samples comes 
from the oscillations which we found on the R, (I) curve at 
currents below the threshold (Fig. 4) .  These oscillations can 
be attributed to changes in the structure of individual re- 
gions of a charge density wave (or of individual domains), 
which occur at currents below the threshold, where the 
charge density wave as a whole is not yet moving.,' In princi- 
ple, the value of Rd , which at I < I, is determined by the free 
electrons which are carrying the current, could change 
slightly because the way these electrons scatters changes 
when the configuration of the pinned charge density wave 
changes, in particular, through the creation of static solitons 
by an electric field in this wave." These oscillations are visi- 
ble in the smaller samples; in the long and thick samples, 
they may be effectively averaged out because of a weak cor- 
relation in a large number of domains. However, further re- 
search is required to verify these suggestions. 

The voltage-current characteristics for sectors of a giv- 
en sample change only slightly as the sector length L is var- 
ied over the range 300-100 pm. As the sector length is re- 
duced further, we would expect to approach a clear 
single-domain pattern. The experiments show, however, 
that in most samples the nonlinearity of the voltage-current 
characteristic decreases with decreasing L (Fig. 3 ), and only 
in the samples with the smallest cross-sectional area (S-0.1 
pm2) does a voltage-current characteristic with a clearly de- 
fined slope change persist to L - 20-30pm. In those samples 
in which we observe a region of negative differential resis- 
tance, this region becomes blurred and disappears as the sec- 
tor length is reduced (L< 100 pm) .  The threshold field be- 
gins to increase at approximately the same lengths (Fig. 5).  
The most natural suggestion is that the contact regions are 
beginning to have an important effect on the properties of 
the short samples. Near the contacts, the current of the 
charge density wave changes into a current normal-carrier, 
and phase-slippage centers of the charge density wave ap- 
pear.6.7.23 In principle, the length scales for these processes 
may not be very small; if they are not, there could be changes 
in the shape of the voltage-current characteristics of short 
samples and an increase in the threshold field. Furthermore, 
the use of lateral contacts to a highly anisotropic sample in 
the overwhelming majority of the studies (including the 
present study) means that there is a region with a nonuni- 
form electric field near the contacts. We will show below 
that these regions play a very imporant role in short samples. 
We will thereby show that it is the properties of the contact 
which are responsible for many of the phenomena which are 
observed beyond a contact. 
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FIG. 7. The quantity AR,/pL I versus the dimensionless contact length Y 
(samples 3-6, T = 1 18 K) .  Dashed line-theoretical behavior of Are /pL I 
according to (2)  as the anisotropy (A ) of the conductivity is increased by 
a factor of four (see the text proper); inset-schematic diagram of the 
contact. 

As a model of the contact we consider a metal electrode 
oflength I deposited on the upper face of a Q ID conductor of 
rectangular cross section a X b (see the inset in Fig. 7 ) .  We 
place the origin of coordinates under the middle of the con- 
tact, at the center of the sample. Thex axis is directed along 
the axis of the sample, and they axis is perpendicular to the 
plane of the figure. In an anisotropic Q1D conductor we 
would have a,, = Aa,,,, = Aa,, = 0; uU = 0 ( i # j ) .  We as- 
sume that the second contact is at x = + co (Ref. 24), we 
can solve the problem of the spatial distribution of the poten- 
tial in the volume of the conductor by conformal mapping. 
We find the following expression for the potential profile 
along the upper face of the sample: 

aA'"E 
V ( x ) = - -  

ch (nl/2aA1") - exp (nxlaA"") 
arcch 1 - 

n sh (nl/2aA") I 
where E = - lim,,, d U /dx is the electric field far from the 
contact. A quantity of importance for comparison with ex- 
periment is 

U ( x )  + (x-112) E 
rr = lim 

2- OD I 

where Y = TZ /4aA '" is the dimensionless length of the con- 
tact, and p, = (aab) -' is the resistance per unit length of 
the sample. The quantity ri is the increment in the resistance 
of the sample which results from the nonuniformity of the 
field distribution ahead of the contact; i.e., the total resis- 
tance of a sector of length L is written R = pL L + 2ri. The ri 
contribution is most important in short samples, with 
p, L -2ri, i.e., L -aA 'I2-- 5-10,um (Fig. 1 ). The presence 
of this contribution and its dependence on pL and A can 
obviously be explained in terms of a decrease in the nonlin- 

earity of the voltage-current characteristic as the samples 
become shorter (Figs. 3 and 4). The anomaly in the tem- 
perature dependence of the anisotropy of the conductivity 
near T, (Ref. 25) explains the difference between the behav- 
ior a( T) for short TaS, samples and the corresponding be- 
havior for long TaS, samples which was observed in Ref. 10 
and in the present study. 

We turn now to the behavior of UT (L)  (Fig. 5) .  What 
contribution is made to this quantity by effects stemming 
from the nonuniformity of the electric field ahead of the cur- 
rent contacts? At I = I, we have 

U,= (LpL+2ri) I ,  , 

and the correction, 2ri IT .-. EraA 'I2 = 0.5-1 mV is found to 
be comparable in magnitude to U, (0) .  Accordingly, a vol- 
tage drop across ri can make a significant contribution to the 
nonzero value of U, (0)  which is found experimentally (Fig. 
5).  This effect apparently could also have made an impor- 
tant contribution to the decrease in ET observed in Ref. 10 as 
the length of the samples was reduced to 100,um. Neverthe- 
less, we note that for the samples which we studied the 
threshold current for short sectors (L = 10-12 p m )  is 10- 
50% above that for long sectors (Fig. 4), possibly indicating 
a change in the properties of the region near the contact 
because of current conversion there and because 
the phase of the charge density wave slips.637323 The pro- 
nounced nonunifority of the electric field over the entire 
length and cross section of a short sample thus poses severe 
difficulties for measurements and analysis of the motion of a 
charge density wave, the shape of the voltage-current char- 
acteristic, and the magnitude of the threshold field. The ex- 
perimental way to overcome these difficulties is to to use 
materials with less anisotropy, samples with a small cross- 
sectional area, and ultimately, to put end contacts on the 
samples. 

We turn now to the processes which occur beyond the 
current contact. A quantity of importance to an understand- 
ing of these processes is 

re = lim - = ---. ' ( ' )  p" In cth Y .  
- I 4Y 

In the case of a narrow contact ( Y<l)r, = ri 
= - ( p, aA '12/n) In ( 1/Y) is a two-dimensional analog 

of the spreading resistance, which is familiar in the case of 
point contacts and which is manifested as a resistance of the 
contact. For an extended contact, however, there is no 
unique quantity which plays the role of a spreading resis- 
tance to which we can reduce the nonuniformity of the elec- 
tric field on both the left and right of the contact. Under the 
condition Y) 1, we find from ( 1 ) and (2)  

ri= (2  In 2/n)  pLaA'I2, re= (2 /n )  p,aA" exp (-nl/ZaA'"), 

i.e., ri )re. The quantity re is an exponential function of the 
anisotropy of the conductivity, A, which in turn changes at 
I >  IT. 

Let us use these results to analyze the behavior shown in 
Fig. 6 for sample 5. 

1.1,2 < I , .  In this region, the function U2,(I12) is linear 
and is determined by the sum of re and the resistance of the 
indium contact stripe, r, : U2, = (re + r, )Il2. 
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2. I, <I,, <I,. In this region, the function U2,(II2) be- 
comes nonlinear. However, the resistance of sector 2-3 re- 
mains the same if we are on the corresponding branch of the 
hysteresis loop (Fig. 6).  It follows that the properties of 
sector 2-3 remain the same, and the nonlinear increase in the 
quantity 

Uz3( I i z )  = [re ( I d  +rsl I I z  

stems from the nonlinear increase in re,  which in turn is 
caused by the change in the anisotropy of the conductivity in 
sector 1-2 near contact 2 [see (2)  1 .  

3. I,, > I,. The resistance of sector 2-3 decreases, and 
the low-frequency noise in it increases. This behavior may 
arise because the boundary between the moving and fixed 
parts of the charge density wave, under contact 2, ap- 
proaches sector 2-3. Since we have R,, = L 2 g L  + ri2 + r, 
(r,* and ri3 are the resistances ri of contacts 2 and 3 for the 
small alternating current j2, which is used to measure R2,), 
as this boundary approaches sector 2-3 there should be a 
change primarily in the contribution to R,, from R, because 
of the change in the conductivity and the anisotropy under 
contact 2 [see ( 1) 1 .  It follows from the experimental results 
(Fig. 6 )  that even at I,, = 501, the quantity AR,, is small: 
AR,,~O.lR,,. This result is equivalent to a shift of the 
boundary between the moving and the fixed parts of the 
charge density wave over a distance AL - 0. lL,, - 2-3 pm; 
here ALp, -ri2 . The current I,, thus changes the properties 
of only a small region near contact 2, no larger than the 
distance to which the static, nonuniform electic field from 
sector 1-2 penetrates beyond contact 2. The magnitude of 
this effect depends on the particular geometry of the contact, 
i.e., on Y-not exclusively on its length I, as might be expect- 
ed if nonlocal effects dominated.', For a thin sample with a 
shorter contact (sample 3, I = 11 pm) ,  for example, we 
would expect nonlocal effects to be very influential. What we 
find, in contrast, is that AR2, is nearly an order of magnitude 
smaller than in sample 5 (Fig. 6): AR2, = 0.01R2,, with 
AL-0.2pm (I,, = 501,). 

The absence of nonlocal effects over distances - 10pm 
is confirmed by the following result. From (2)  we find that 
the quantity 

re/pLl= ( 4 Y )  -' In cth Y 
depends on the dimensionless contact length Y. If we assume 
that at some I' > I T  the conductivity and anisotropy change 
identically over the entire sample, not exclusively in sector 
1-2, then we an also use expression (2)  for re.  The dashed 
line in Fig. 7 shows the normalized different 
(r: - re )/pL I = Are /pl, I as a function of Y, where r: corre- 
sponds to A ' = 4A andp; = p, /4. Also shown in this figure 
are values found experimentally for the quantity 

ARelpLl= [Re  (50 1,) -Re ( 0 )  ] /pL1, 

where Re = U,,/I,,, versus the dimensionless contact 
length Y. The values of Y for each of the contacts were deter- 
mined from (2) with the experimental values of I, p, , and 
r, ( I I,, 1 <I,  ) . We see that the experimental points found for 
the different contacts and for the different samples conform 
to one curve, common to all the samples (the solid line in 
Fig. 71, similar to the curve which follows from the simple 

model described above. Consequently, to predict the proper- 
ties of a contact at I,, > I, it is sufficient to know its dimen- 
sionless length at I,, < I T  (and not I).  We do not need to 
appeal to more complex effects', in order to explain behavior 
like that in Fig. 6. 

In summary, the results of these measurements of the 
functions U2, (I,, ) and R2, (I,,) can be explained both qual- 
itatively and quantitatively in terms of effects which stem 
from the nonuniformity of the electric field near a contact 
and from the change in this nonuniformity in fields above a 
threshold level. Important in this connection are the results 
of measurements by the four-contact method (see the inset 
in Fig. 6).  The absence of any significant voltage in sector 3- 
4 during the passage of a current in sector 1-2, 15 pm away, 
is direct experimental confirmation that no nonlocal effects 
of any sort occur at distances greater than 15 p m  from the 
contact. The nonlocal effects observed in TaS, in Ref. 12 
with a scale length - 50 p m  are not seen in the present ex- 
periments. 

We wish to thank A. F. Volkov for a discussion and Y. 
A. Savitskaya for furnishing the samples. 
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