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Sliding charge-density-wave transport in micron-sized wires of Rp;gVIoO4
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We study sliding charge-density-wav€DW) transport in mesoscopic wires of RgMoO;. The wires,
with a width of 2 um and contact spacings down to Am, have been patterned into thin films by use of
optical and electron-beam lithographic techniques. CDW sliding is evident from the norl{Mjacharacter-
istics below the Peierls temperature. The threshold figjdfor depinning of the CDW is 2—3 orders of
magnitude higher than in bulk RgMoO; crystals, and increases exponentially with decreasing temperature
down to about 50 K. At lower temperatures, the shape of (g curves changes, and nonlinearity sets in at
lower voltages. The observed transport properties are discussed in terms of CDW sliding and, at low tempera-
tures, in terms of hopping of solitonlike excitations in the CDW latt[&0163-1829)16431-2

I. INTRODUCTION 182 K, the Fermi surface is completely gapped. Sliding
CDW transport can then occur along the chains of MoO
The sliding state of charge-density wav@DW’s) has  octahedra, i.e., parallel to the crystallograpbi@xis. The
been studied extensively in a variety of organic and inor-thin films are patterned by use of electron-beam lithographic
ganic materiald. CDW’s that are incommensurate with the and photolithographic techniquésin this way, wire struc-
underlying lattice can slide if a moderate field, needed fottures of micrometer dimensions can be defined.
depinning from impurities, is applied. CDW sliding gives ~ Here we present electrical transport measurements on
rise to several unusual phenomena such as narrow-bars4/ch I|thograph|pally fabricated wires. Afteradescnpnon of
noise, mode locking on applied ac frequencies, and hystetl® sample fabrication process and the experimental aspects
esis effects. (Secs. Il and II], we will present the results of electrical

Many bulk properties of CDW's can be qualitatively un- transport measurements in Sec. IV. The data show clear evi-

derstood within the Fukuyama-Lee-RiteLR) model? This dence of sliding of CDW's below 180 K. In the discussion
. g . Sec. Vj, we will focus on the pinning behavior and on the

model treats the CDW as an elastic medium that interact lectrical transport at low temperatures
with impurities by adjusting its phase. In most CDW conduc- '
tors, the CDW phase is weakly pinned, which means that the
phase is only partly adjusted at the impurities. In this case, Il. SAMPLE FABRICATION
the phase-coherence length can be of the order of microme-
ters along the chainsStudies of CDW transport have up till Wire structures are patterned into REV00O; films with
now mainly been performed on bulk samples, which consisa thickness of 0.3um. The films are grown on 5
of many phase-coherent domains. X 5-mn? Al,04(012) substrates by use of pulsed-laser

Recently, CDW transport on mesoscopic length scales hageposition at a typical temperature of 440¥hey consist
received considerable attention, both theoretically and exef micrometer-sized grains that have CDW-conducting
perimentally. For instance, Bogacheekal* predicted a pe- chains parallel to the substrate plane. Within this plane, how-
riodic Aharonov-Bohme-like oscillation of the electrical con- ever, the chains are randomly oriented. The patterning pro-
ductance as a function of magnetic flux. Such an oscillatiortess was discussed in detail in Ref. 11. Here we restrict
was indeed found for a Nb§erystal, in which 15-nm-wide ourselves to a short description with the relevant process
columnar defects were created by irradiation with 250-MeVparameters.
Xe ions® The precise mechanism behind this oscillation has Patterning of the blue bronze wires is carried out by op-
not yet been clarifie.The electrical transport through het- tical lithography. First a 200-nm-thick layer of Au is evapo-
erostructures of CDW material with normal metals and su+ated to protect the film from water-based solutions. Then a
perconductors is another aspect of mesoscopic CDW phyg-.1-um-thick layer of SR1813 photoresist is spun onto the
ics. Such systems have to date only been studiedample, and baked at 90 °C during 30 min. Exposure of the
theoretically’™ For instance, it has been predictedat dis-  resist is done through a glass mask by use of a Karl Susz
sipationless currents can flow through the normal metal realigner. The resist is developed in a water-based developer
gion N in a CDW-N-CDW junction. for 1 min. Argon-ion milling of Au and Rp3gVioO; is then

We have developed techniques to enable transport megerformed in a Kaufmann source. The typical etch rate for
surements of CDW'’s in the mesoscopic regime. Earlier, weblue bronze is 350 nm/h. After etching, the remains of Au
reported the growth of thin films of the blue bronze are removed by dipping the sample for a few seconds in a
Rby 3gV1005.1° The blue bronzef\, ;gMoO; (A=K, Rb, Tl)  water-based KI4 solution. Remnants of resist are dissolved
are among the most extensively studied inorganic CDW conin boiling acetone.
ductors. Their strongly anisotropic crystal structure consists Definition of gold contacts is done by both optical and
of slabs of weakly linked chains of Mgbctahedra that are electron-beam lithographic techniques. In the case of optical
separated by the alkali ions. Below a Peierls temperature dithography, a sandwich of 15-nm Cu and 200-nm Au is
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Au voltage Rb, ,;M0O, Au current resulting voltage across two voltage probes. The measure-

probe wire probe ments reported in Sec. IV are all four-terminal measure-

ments. In the normal configuration, current is injected at the

large current pads at the ends of the wire, and voltage is

measured with small probes near the middle. We have also
used transposed four-terminal measurements. In this case,
the current and voltage probes are interchanged, i.e., current
is injected at the small probes and voltage is measured at the
ends of the wire.

The contact resistance of a pair of voltage probes is ob-
tained from subtracting its two- and four-terminal resis-
tances. Independent measurements of single contacts are also
obtained from three-terminal measurements. In this case, we
use three adjacent contaétsB, andC. The resistance of the
middle contacB is determined by applying current between
A andB, and measuring the resulting voltage betw8eand
C. For small bias current&ypically 1 wA), contact resis-

thin film of Rby 30M00O3. Gold current pads and 400-nm-wide volt- tances of the voltaged ?rObeforanfgog?E gbthoAm &
age probes have been defined on top of the wire-bgam lithog- room temperature, and from 10 to t - ASSUM-

raphy. Distances between middles of the voltage probes, from top 819 that thg contact resistance scales with thg overlap area
bottom, are 1.5, 1.25, 1.0, 0.75, and Qu&n. between wire and metal pad, the contact resistance of the
current pads is two orders of magnitude lower. The contact
evaporated. The Cu interface layer serves to improve theesistances of the voltage probes are high enough to exclude
adhesion between wire and contact. Then a resist pattern {Re possibility of significant current shunting in the normal
defined in a process similar to that used for the definition Ot:onfiguration_
the wires. Ar-ion milling of the Cu/Au sandwich typically  several authors have used the difference between normal
takes 10 min. By using this process, contact spacings dowgng transposed measurements to determine the phase-slip
to 2 um have been realized. voltage needed for current conversion near the contacts.

Smaller contact spacings are obtained by electron-beamg, o, 3 phase-slip analysis is not possible for our wires, be-

lithography. In this case, a lift-off process is used. A double : :
o . cause the resistance of the small contacts near the middle of
layer of PMMA/MMA electron-beam resist is spin coated

on top of the RpsMoO, wires. To avoid charging of the the wire is strongly current dependent. If a typical current of

. . : 10 uA at 70 K is applied, the contact resistance decreases
insulating ALO3 substrate during electron-beam exposure, %y a factor of 10 as compared to its low-bias value. This

20-nm coating of Au is then sputtered. Exposure is per--> = : .
formed by use of an electron-beam pattern generateica nonlinear contact resistance claguse_s a difference between
HR5, 100 kV}, and the exposed resist is developed in a mix-fransposed and normg(V) curve;” which exceeds expected

ture of methyl-isobutyl ketone and 2-propanol. Prior to phasg—slip voItage_s. For this reason, we have refraine(_j from
evaporation of the metal contacts, the remains of the Atudying phase-slip phenomena for our blue bronze wires.
coating are removed by 30 s of Ar-ion milling. In order to Experimentally, the small wire structures are more diffi-
obtain sufficient step coverage across the edge of the wir€ult to handle than bulk crystals. In particular the smallest
different evaporation angles are used. Typical thicknesses am®ltage contacts, fabricated t®beam lithography, can be
10 nm of Ti(which serves as an adhesion layand 60 nm  easily damaged if they are used for current injeciivans-
of Au. Lift-off is achieved by dissolving the resist in boiling posed configuration The blue bronze wires themselves can
acetone. also be quite fragile; grains can be removed for high applied
Figure 1 shows a top-view scanning electron microscopeurrents. Heating effects have been observed for high cur-
(SEM) image of a wire structure. Contacts have been definegents in the transposed configuration, when considerable
by electron-beam lithography. The wire has a width ofpower is dissipated at the small contacts. We only present

2.6 um and a length between current pads of AB.  those data for which heating effects are absent.
Within the wire, the granular structure of the blue bronze

film is visible. At the ends of the wire, current can be in-
jected. To reduce the contact resistance of the current pads, a
large overlap area has been chosen. Six Au strips with spac-
ings down to 100 nm connect to the wire as voltage probes. The room-temperature resistivity is measured to select
Tilted-SEM images at hlgher magnifications confirm thatthose wires for which the grains have their CDNVaxis
step coverage of these voltage probes is obtained at the edggfgyned with the wire. For such grains, a resistivity of about
of the wire. The_structure is eIectrizcaIIy connected by ultra-1 ‘0 cm is expected’ For grains with the CDW axis per-
sonic wire bonding to 158 150-um” Au contact pads out-  pendicular to the wirdbut still in plane, the resistivity is a
side the image of Fig. 1. factor 20—80 higher. Measured resistivities of our wires vary
from 0.7-500 nf) cm, in reasonable agreement with these
values. The values above 100(ntm indicate that grain
Current-voltage characteristics have been measured in lzoundaries can also be important. Here we present only the
helium-flow cryostat by current biasing and determining themeasurements on wires with resistivities of 5Qrom and

O, substrate 3 um

FIG. 1. SEM image of a wire structure patterned into a Qr8-

IV. ELECTRICAL TRANSPORT MEASUREMENTS

Ill. EXPERIMENTAL ASPECTS
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TABLE 1. Contact spacing, room-temperature resistivity 200 100 60
p(295 K), and threshold fieldE; at 70 K for eight R ;dVioO; i '
wires. All wires are 2 um wide and 0.3 um thick. T* denotes the
temperature for which the resistivity is a factor 2 lower than ex- 10°F
pected from the BCS fisee texk :

Wire no. Spacing p (295 K) Er (70 K) T*(K)

(pum) (mQ cm) (Vicm) -
1 10 3.2 160
2 5 1.4 120
3 5 1.2 120 48 <
4 3 1.3 130 T
5 15 2.8 7 10°F
6 1.25 3.6 22 46 -
7 1.25 0.7 27 48
8 1 3.5 290 43

10°F

lower. Only a few percent of the fabricated wires meet this
criterion. |
Low-resistivity wires display transport properties differ- 0.00 0.01
ent from wires with higher resistivities, viz., a larger Peierls
gap, and more pronounced nonlingdl) characteristics
with lower CDW depinning fields. In Table |, electrical  fig, 2. Resistance vs inverse temperature for wire 5. In the
transport properties are listed for eight such wires. We firstemperature interval 70-160 K, the data have been fitted Rith
describe the properties of the wires at small curréBBc.  «e2(M/ksT (dashed ling whereA(T) has the BCS temperature de-
IVA). In Sec. IVB we concentrate on the nonlindgV) pendence with fit parametar(0)/kg=510 K. The inset shows the
characteristics. resistivity on a linear scale. A linear fit fof >250 K vyields a
positive temperature coefficient of 120 cm/K.

1T (K"

A. Low-bias transport ) .
temperature. Taking the temperature for which

The low-bias _resistivity is measgred as a function of tem-y In(p)/d(1/T) has its maximum as the definition of the tran-
peratureT by using standard Iock—m methods. Below aboutSition temperature, we findp=175 K. An even stronger
30 K, sample resistances are too high for the use of such alfroadening of the Peierls transition is observed for most

techniques. Here, the resistivity is_ determined fro(v) other wires. For example, the dashed line, denoting the re-
curves that are recorded by sweeping the current at 1 mHz;qyiviry for the wire of Fig. 2, shows no pronounced maxi-
Figure 2 shows the resistance of wire 5 versusit/the mum ind In(p)/d(L/T).

temperature interval 60—295 K. Upon decreasing tempera-
ture, the resistance first decreases. Below about 180 K, the : : : :
resistance sharply increases, consistent with the opening of
an energy gap at the Peierls transition temperalgreAt 60 3000 i
K, the resistance has increased by three orders of magnitude P
as compared to the room-temperature value. In the inset of
Fig. 2, the resistivity of the same wire is plotted versus tem-
perature. At room temperaturp=2.8 m()l cm. Above 225
K, the resistivity is proportional to the temperature, which is
similar to the behavior of conventional metals in this tem-
perature range. From a linear fit to the data, we find a tem-
perature coefficient of 1Qu{) cm/K. For bulk blue bronze
crystals, positive temperature coefficients of (8) cm/K 1000
(Ref. 18 and 2.5 uQ) cm/K (Ref. 19 along b have been
reported. Three other wires show a similar positive tempera-
ture coefficient forT>225 K, albeit with a smaller slope.
For wires 1, 4, and 8, a slight increase of the resistivity with 0
decreasing temperature is observed. 140
A broadening of the Peierls transition is observed for all
wires. In Fig. 3, we plod In(p)/d(1/T) versus temperature  F|G. 3. din(p)/d(1/T) vs temperature, demonstrating the
for two wire structures, as well as for a bulk §ggMoO;  peierls transition for wire 3solid line), wire 5 (dashed ling and
crystal that serves as a refereridetted ling. The solid line  for a 0.2-mm thick RsgMoO; crystal with voltage probes 1 mm
denotes the resistivity for wire 3. Instead of a sharp peak aipart(dotted ling. For the wires, a broadening of the transition is
182 K, a more gradual transition occurs at a somewhat lowesbserved at a somewhat lower temperature.

bulk E

2000 i
wires i crystal

din(pyd(1/T) (K}
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FIG. 4. Low-bias resistivity vs inverse temperature at tempera- v ,
tures below 120 K. The solid squares denote resistivities for wire 6; T //
the solid curve is a guide to the eye. In the temperature range l e
70-120 K, the data have been fitted with a BCS temperature-
dependent gapdashed curve similar to the method demonstrated 20 10
in Fig. 2. Below 50 K, such a fit does not hold, i.e., the measured 3
resistivities are lower than expected if thermally excited quasiparti- 4 _
cles would be solely responsible for transpdrt. denotes the tem- g -V, g
perature for which the difference in resistivity between data and fit e g
is a factor 2. - 504 ©
In the temperature region 70—-160 K, the resistivity can be 5 5
fited with an exponential temperature dependeriRe E (V/cm)

«eA(M/keT (cf. the dashed line in Fig.)2whereA(T) is the

energy gap with a temperature dependence calculated from FIG. 5. I1(V) characteristics at 110 K for wire @) and wire 6
BCS theory. For the wire of Fig. 2, we find(0)/kg (b). Near the threshold voltagé;, thel(V) curves become non-

—510 K. Other low-resistivity wires yield similar values, linear, consistent with the onset of sliding CDW transport. The

ranging from 460 to 510 K. The observed gap values agregwsets show the corresponding differential resistances, and the pro-

well with the typical values of 350-500 K for bulk blue Ccoure for determining.
bronze that are reported in the literatdte®! sample. SimultaneouslylV/d! is obtained from a small ac
At very low temperaturesR(T) does not a follow the signal added to the dc sweep. The amplitude of this ac signal
BCS-like e*(M’ksT dependence any longer, as illustrated inis 2.5 % of the full dc sweep amplitude. Below 30 K, high
Fig. 4. The dashed line is the BCS dependence fitted to theample resistances prevent the use of ac techniques, and
data in the interval 70-160 K. The data deviate from thisdV/dl is derived numerically from (V).
dependence below 50 K. We defii@¢ as the temperature Typical I (V) curves for two wires are shown in Fig. 5.
for which the resistivity is a factor 2 lower than the value For low-bias voltages, thé(V) curves are lineafdashed
from the BCS fit. For the wire of Fig. 4, this yield&* line). A transition to a nonlinear region sets in near a thresh-
=47 K. A similar flattening of thep(1/T) dependence is old voltageV+, consistent with the onset of CDW sliding.
found for the other wires, wit™* values in the small range The value ofV; is determined from the corresponding
of 43—-48 K(Table ). The data suggest that below this tem- dV/dI characteristic§see insets For several wiresdV/d|
perature a mechanism different from thermal excitation ofis constant at low bias, and then sharply decreasés;at
quasiparticles is responsible for the low-bias charge transsuch a behavior is demonstrated in the inset of Hig. 3 he
port. threshold fieldE; for depinning is 70 V/cm for this wire.
Other wires show a more gradual nonlineafifig. 5b)].
. For such wires, we definé; by plotting the two tangents to
B. Sliding CDW transport the steepest part of thidv/d1, and determining the intersec-
Sliding of charge-density waves is evident below 180 Ktion points with the horizontal line throughv/d1(0) [cf. the
from the nonlinear current-voltage characteristics. We havelashed lines in the inset of Fig(l8]. For the data of Fig.
measured (V) curves by slowly(typically at 1 mHz sweep-  5(b), we find V;=2.7 mV, corresponding to a threshold
ing the current and recording the resulting voltage over thdield of 22 V/cm.



PRB 60 SLIDING CHARGE-DENSITY-WAVE TRANSPORT IN ... 5201

Measured values fdE; at 70 K are listed in Table I. They E, (Vicm)
vary strongly from wire to wire, and range from 5 to 300 -200 0 200
V/cm. These typicaEr values are 1-2 orders of magnitude T ; T y T
larger than values reported on thin crystals with comparable
thicknesses of 0.1-2um.?? The lowest threshold fields are sl
found for wires that show a gradual transition to the sliding
state, i.e., for wires 2, 5, 6, and 7. For the other wires, with a
sharp onset of sliding; is larger than 100 V/cnfwires 1,
3,4, and 8. -

Figure Ga) shows variouslV/d| characteristics measured

at temperatures in the range 50-200 K. For temperatures up 170K
to 170 K, a sharp onset of nonlinear conduction is observed. 3 150 K
The shape oflV/dI versusV remains qualitatively the same, % 2F 7
but E1 decreases when temperature is increased. At higher E 130 K
temperatures, a clear threshold field can no longer be de- &

fined. The nonlinearity disappears, in agreement with the S 10K
breakdown of the CDW state near 180 K. Figufb)Ghows z | ]
E; versus T. Between 60 and 180 K, the data can be fitted by

E;=E(0)e” "o, with T,=77 K. Similar fits could be per- 0K
formed for all wires that show a sharp threshold field for 70K

e 1k -
depinning. Values fofl; range from 70 to 200 K. Note that

the temperature dependenceksf for our wires is radically 50 K
different from earlier observations in bulk crystafs?® The
temperature dependence for blue bronze crystals has not yet [
fully been elucidated, and seems to depend on crystal qual- L . ' . L
ity. Between 50 and 100 K, however, all previous authors -100 0 100
have reported an increaseBf with increasing temperature, V (mV)

contrary to our wires.

Below 50 K, we observe a change of the nonlinear behav-
ior. Figure 7 shows the (V) characteristics for wire 3 at
several temperatures between 15 and 50 K. Instead of the (b) s
sharp threshold voltage observed in Figg)5a smooth onset ool
of nonlinearity is observed. Furthermore, the field at which
nonlinearity sets inncreaseswith increasing temperature.
We determineE; by numerically differentiating the curves
of Fig. 7, and then plotting three tangents to the resulting
dV/dl [as illustrated in Fig. @)]. In the inset of Fig. 7, the
corresponding values df; are plotted versus temperature.
The data can be fitted with a linear temperature dependence
E;+= T, which yields a slopey=2.7-0.2 V/cmK. A simi- 10
lar decrease oE with decreasing temperature is found for
other wires. T (K)

The sliding-CDW state is accompanied by high-amplitude
broadband nois€BBN). Figure 8 shows the root-mean- FIG. 6. Dependence of the threshold field on temperature for
square noise voltagé, s in the frequency window 0.1-100 wire 3. (a) dV/dl vs V for several temperatures, normalized to its
Hz, measured at several temperatures. The asterisks denegdue atV=0. Subsequent curves have been offset by @GThe
the sliding thresholdv;, as determined from theV/dl threshold fieldE+ for sliding, as determined from the curves(a).
characteristics. The noise curves generally show a maximurar increases with decreasing temperature down to 60 K. The solid
at a certain electric field, followed by a gradual decrease ofine shows a fit to the data oEr=Er(0)e™ "™, yielding To
V,ms at larger bias. At 35 K, the maximum of the noise level =77 K andE(0)=300 V/cm.
occurs at a bias voltage larger thep. At 50 and 70 K, the
maximum is found at a voltagemallerthanV;. Also at the ~ curve depends on the sweep direction of the cur(enti-
higher temperatures of 90 and 110 K, an increase of the noigeated by the arrows in Fig.)8Coming from high biasV s
level is observed below/;, but the effect is less pro- drops sharply to the noise floor of the setup néar For a
nounced, and the noise level remains more or less constant R@sitive sweep direction, however, a more gradual change of
higher bias. By analyzing the frequency spectrynot the noise is observed at a lower bias voltage.
shown, we find that for all temperatures the noise power
spectral density is proportional o ¢, with o varying be-
tween 0.8 and 1.6.

The noise data of Fig. 8 show a strong hysteretic behav- The selected wires, with room-temperature resistivities of
ior. Especially at low temperatures, the shape of the noiséess than 5 M cm, show clear signatures of sliding-CDW

-

E, (V/icm)

180

o
[e2]
(=)
—_
o E
o

V. DISCUSSION
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transport. Several aspects of the properties of the wires, how-
ever, are different from those of bulk crystals. The threshold
field for sliding is 2—3 orders of magnitude larger, and shows
an exponentiatlecreasewith temperature instead of an in-
crease. The Peierls transition is broadened, and the transition
temperature is reduced. All these trends are consistent with
measurements on very thin crystals of 338? An increase

of E for thin crystals has as well been measured in NbSe
(Ref. 29 and RB 3gM005.2% The similarity of our data to
measurements on very thin crystals indicates that size effects
play a role in our wires.

Several pinning mechanisms may be responsible for the
high threshold fields observed for our wires. First surface
pinning must be considered. Our wires have typical cross
sections of only 1um?, and they have a large surface
roughness due to the granular nature of the films. Therefore,
we believe that the surface contributes to the CDW pinning.

) . ) . ) , ) In the bulk of the wires, the CDW may be pinned by grain
-200 -100 0 100 200 boundaries, or by impurities in the RRMoO; lattice. Since
V (mV) the typical grain size for our wires is of the order of Am,
one or a few grain boundaries can be present between the
FIG. 7. 1(V) curves at 15, 19, 24, and 50 K, for wire 3. The yoltage probes. Impurities may be dislocations, substitutional

current has been multiplied by the low-bias resistaRggeallowing defects, or other lattice defects within the JREM0O;
for a comparison between curves at different temperatures. Aro”narains ' i

V=0, all curves thus have slope 1 by definiti@ashed ling Upon
increasing voltage, nonlinearity sets in gradually. The inset showgC
the temperature dependence of the threshold field From a
weighted linear fit to the data we firgh=2.68T(V/cm).

500

I R, (MV)
o

-500

The interaction between CDW and bulk impurities is de-
ribed by the FLR modélThis model treats the CDW as an
elastic medium that interacts with impurities by locally ad-
justing its phase. Depending on the strength and concentra-
tion of the pinning centers, two regimes can be distinguished.
In the strong-pinning regime, the phase is fully adjusted at
1000 every pinning center. In the weak-pinning regime, however,
the elastic energy of the CDW dominates, and the phase is
] only partly adjusted near impurities. In one dimension, the
110K M ratio eg g of the pinning energy i, of an impurity and the
I average elastic enerdy, ,s: Of the CDW, needed for defor-
mation at the impurity, can be written as

90 K LN - . _ Upin 4V
FLR U

pin
- ’ (1)
elast 7TﬁVFnimp

where ve is the Fermi velocity, andy,, is the impurity
concentration. For strong pinningg g>1, whereas weak
pinning occurs forep g<1. In the latter case, the phase-
coherence length can be much larger than the impurity-
impurity distance.

We can use the temperature dependence of the threshold
field (Fig. 6) to determinesg, g, sincekgT, is @ measure for
the typical pinning energy i, ,*° andEr(0) yields a value
for the impurity concentration. At zero temperature, the
threshold field is the field for which the energy lasB;L,
due to motion in the electric field between two impurities
0 . . . 1 with spacingL o, equalsU,;,. Thus

500 |-

Vaus (W)

V (mV) __Ypin )

Lo eE(0)

FIG. 8. Root-mean-square noise voltagg, in the frequency i . .
window 0.1-100 Hz as a function of bias voltagere 3. Curves  FOr Wire 3 withE+(0)=300 V/cm andT,=77 K, we find
for subsequent temperatures are offset by 200 for clarity: the ~ Lo=220 nm. This distance is smaller than the typical grain
sweep direction is indicated by arrows. The asterisks denote th&iz€ of 1 um for the wires, suggesting that grain boundary
threshold voltage/ for sliding, as determined from tHgV) char- ~ pinning is not the dominant pinning mechanism. Given this
acteristics. A strong increase of the noise voltage is observed ne@verage impurity spacing, there are about 20 impurities along
Vo, a distance of 5um between the voltage probes. Using
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=2x10° m/s (Ref. 31 and kgTo=Upin, We find, with Eq. of hopping conduction in disordered systems. They found
(1), that ep g=14. A similar analysis can be performed for thatl(V) characteristics are nonlinear, with a decrease of the

other wires. We always findg g>1, indicating that the resistivity with increasing applied electric field. The typical
CDW'’s for our wires are strongly pinned. electric field for the onset of nonlinear conduction depends

A remarkable change of both the linear and the nonlinealinearly on temperature,
properties of our RfzgVioO3 wires occurs below 50 K. The 0%
low-bias resistivity at low temperatures is different from the Er=— BT, (4)
activated behavior that would be measured if excited quasi- el

particle_s were the responsible transport mechanism. At thgnerel is a length which can be interpreted as the typical
same time, the dependencetsf on temperature changes 10 gjstance between impurities. Using the fit of the inset of Fig.
a linear increase with increasing temperature. These trend;s, we findE;=268 T, resulting inl=64 nm. Note that this
are in qualitative agreement with measurements onsTaSmpurity spacing is of the same order of magnitude as the
crystals at low temperaturéThey indicate that at low tem-  jmpurity spacing found from the pinning analysis. Analysis
peratures a transport mechanism other than CDW sliding ofr other wires results in similar impurity spacings.
excitation of quasiparticles is dominant. A second threshold field, which marks the onset of sliding
The behavior of the low-bias resistivitfig. 4) below 50 conduction, may occur at higher applied electric fields in the
K may be explained by the existence of solitonlike excita-jo\-temperature regime. This suggestion is supported by the
tions in our wires’? In CDW materials, such solitons are syrong increase of the BBN voltage for high applied fields
charged phase deformations of the CDW, which can move ig|| above E; (cf. the curve for 35 K in Fig. B Such a
an electric field. The excitation energy for a soliton is eX-gacond threshold field has also been found inlha char-
pected to be smaller than the CDW gap, and to be of thgteristics of thin Tagcrystals®
order of kgTp .33 At low temperatures, the contribution of

thermally excited qugsiparticles to the Iow-pias conductivity_ VI. CONCLUSION
freezes out, and solitons become the dominant charge carri-
ers. The thin-film technology for R§s;dVoO; allows the fab-

The motion of charged solitons in CDW systems seems tdgication of micron-sized wires with a well-defined short
resemble the hopping conductivity mechanism in disorderetength. We have shown that sliding-CDW transport occurs in
conductors. Previous authd?s*have shown that below 100 such wires below the transition temperature of about 180 K.
K the temperature dependence of the resistivity ofsTegh  The threshold fieldEy for depinning is 1-2 orders of mag-
be fitted with Mott's equation for variable-range hopping nitude higher than for thin RfagMoO; crystals, and de-
(VRH),*® creases exponentially with increasing temperature. An analy-

sis in terms of the FLR model for CDW depinning shows
Y that the CDW'’s in our wires are strongly pinned. At low
) , €) temperatures, the electrical transport properties change. This
change is consistent with a transition to hopping of soliton-
like phase deformations as the dominant electrical transport
mechanism.

S

T
In((r)oc—(?

where T, is a characteristic temperature, ame: (1+d) ~*
depends on the dimensionalityof the system. In Tas$ the
best fits are obtained witd=1. Our low-temperature data
are consistent with E¢3). Due to the limited number of data
points at low temperature, however, the dimensionatity We wish to acknowledge Mark Visscher for useful dis-
cannot be unambiguously determined for our wires. cussions. This work was supported by the Netherlands Foun-
The gradual nonlinearity of th(V) curves for tempera- dation for Fundamental Research on Matt@FOM).

tures below 50 K can be explained with the VRH model.H.S.J.v.d.Z. was supported by the Dutch Royal Academy of
Apsley and Hughe® calculated the electric-field dependence Arts and Science6KNAW).
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