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Electrical transport through micro-
fabricated charge-density-wave structures

H S J van der Zant, O C Mantel,
P W F Rutten, C Dekker

1. Introduction

Electrical conductors with a chain-like structure may exhibit
a phase transition to a collective ground state with charge-
density waves (CDWs) [1]. The appearance of a CDW state is
connected to the Peierls instability [2]: at low temperatures the
uniform distribution of conduction electrons of a one-
dimensional (1D) conductor is unstable due to their coupling
to phonon modes. The lattice of atoms is distorted and the
electrons condense into a ground state with a periodic
modulation of the charge density. This Peierls phase transi-
tion has been observed in a variety of CDWmaterials such as
NbSe3, TaS3 and the blue bronzes A0:30MoO3 with A = K,
Rb, Cs [3, 4].

In equilibrium, the CDW is pinned to impurities and
conduction is only possible by quasi-particles that are excited
above the energy gapD�T�. For the blue bronzes, all electrons
are condensed in the CDW state, so that at low temperatures
they act like semi-conductors. When a moderate electric field
is applied, however, the CDWs can slide collectively, resulting
in highly nonlinear current-voltage characteristics. Most
dynamic CDW properties can qualitatively be understood
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within the Fukuyama ±Lee ±Rice (FLR) model [5]. In this
model, the CDW is viewed as an elastic medium that interacts
with impurities. Within the FLR phase-coherence length the
elastic medium is undistorted by the impurities. To date, a
study of CDW dynamics on samples with all dimensions
smaller than the phase-coherence lengths has not been
performed.

New quantum phenomena are expected to occur in phase-
coherent CDW transport. A recent experiment [6] reports on
such a new effect. An oscillating magnetoresistance with
period h=2e was observed in irradiated NbSe3 crystals with
columnar defects with a diameter of 15 nm. These oscillations
are the response of ensemble averaging over about 106 rings.
Apossible explanation is that if a substantial partof the sample
is phase coherent the oscillations are Aharonov ±Bohm
oscillations. Rejaei and Visscher [7] have suggested an
alternative explanation for the observed resistance oscilla-
tions. They propose that the magnetic flux modulates the
threshold field and that the periodicity of F0=2 results from
ensembleaveragingoverrandomscatteringphasesof therings.

On a microscopic level, the CDW transition can be
interpreted as a Bose condensation of electron ± hole pairs,
analogous to the condensation of Cooper pairs into the
superconducting state. Collective CDW transport displays
many similarities with transport in superconductors, with the
role of current and voltage reversed. For example, a current ±
frequency relation exists for the collective CDW current,
analogous to the ac Josephson relation between voltage and
frequency in superconductors. The analogy with supercon-
ductors has led to speculations about the possible occurrence
ofAndreev-like reflection at a normalmetal ±CDW interface.
Current conservation requires that in the N±CDW case, the
electron is retro-reflected as an electron instead of a hole.
Recent tunneling experiments [8] at a Cu ±Rb0:30MoO3

interface have been interpreted in this way. A theoretical
study [9] on the other hand, showed that retro-reflection can
not occur since the electron ± hole pair in the condensate
carries a momentum of 2kF. Instead, electrons can be Bragg
reflected from the CDW. The precise mechanism for conver-
sion of electrons into the CDW condensate is still under
debate.

Experiments on CDWs so far have been performed on
bulk crystals. Recently, we have reported [10, 11] on thin-film
growth of the CDWoxide Rb0:30MoO3.We have developed a
process to fabricate (sub)micron CDW structures so that a
systematic study of phase-coherent CDW transport is
possible. Our thin-film technology not only permits the
study of phase-coherent structures, but also of completely
new artificial structures. Deposition of CDWmaterials can be
combined with deposition of either normal metals, super-
conductors or insulators to form multi-layers or to fabricate
CDW junctions. Such mesoscopic structures open up a new
line of research in the field of CDWs.

2. Thin-élm growth of Rb0.30MoO3

We use pulsed-laser deposition for the fabrication of thin
Rb0:30MoO3 films [10, 11]. The set-up consists of a laser and a
vacuum chamber. The laser hits a polycrystalline
Rb0:30MoO3 target in the vacuum chamber to which some
oxygen is applied. A substrate, mounted on a heater block, is
situated opposite to the target. Rb0:30MoO3 films can be
made at oxygen pressures ranging from 100 ± 175 mTorr and
substrate temperatures from 350 to 450 ± 500 oC. The upper

boundary for the temperature depends on the deposition rate
which can be changed by varying the laser power, the
repetition rate of the laser and the target ± substrate dis-
tance. Typical deposition rates and film thicknesses are
0.05 ± 1.5 nm sÿ1 and 100 ± 1000 nm, respectively.

All films are granular with most grains oriented such that
the CDW-axis (b-axis) is parallel to the substrate surface.
Grain size increases with increasing substrate temperature
and decreasing deposition rate. Surface corrugation increases
with increasing deposition temperature and is substantial (of
the order of the film thickness for films grown at temperatures
440 ± 500 oC).

On Al2O3(012) substrates, disk-like grains of submicron
sizes are formed at substrate temperatures of 375 ± 400 oC. At
higher deposition temperatures, the grains have a more
elongated shape. At 470 oC these grains are about 5 mm
long. Grains are randomly distributed on the substrate
surface. X-ray analysis demonstrates that the b-axis is also
randomly oriented within the surface plane.

On SrTiO3 substrates, we find hetero-epitaxial growth.
On SrTiO3(100), elongated grains are oriented in two
perpendicular directions along the principal axes of the
substrate surface lattice. The b-axis runs parallel to the long
axes of these grains. Depending on the deposition rate, films
grown at 375 oC have grains with sizes of 0.1 by 0.5 mm2 to 0.3
by 1 mm2. Films grown at 440 oC have larger grain sizes
ranging from 0.2 by 1 mm2 to 1 by 5 mm2. By using
SrTiO3(510) substrates, the majority of the grains can be
oriented in one direction, albeit only for growth at 375 oC.
The submicron grains have an elongated shape and their long
axis runs along the [001]-axis of the SrTiO3(510) substrate.

3. Photolithography on Rb0.30MoO3 thin élms

Standard photolithography is done with SR1813, a positive
resist sensitive to near-UV light. When spin coated at a speed
of 5000 rpm, this resist is 1.3 mm thick in the middle of the
samples. After applying the resist, the sample is baked at 90 oC
for 30 minutes. Exposures are made through a glass mask
with a Karl Susz aligner. The resist is then developed in a
water-based AZ-developer for 45 ± 75 s. Since our substrates
are small, typically 5 by 5 mm2, a substantial part near the
sample edges has a thicker resist layer. Before starting, this
thicker resist layer near the edges is removed in a separate
process step with a centered 4 by 4mm2 mask. Etching is done
bymeans of dry argon ionmilling in a home-made set-up with
a Kaufmann source. During etching, the sample is water
cooled. Blue bronze is typically etched at a rate of 300 ±
450 nm per hour. This rate is about a factor 5 ± 10 slower than
the etch rate of evaporated gold films.

Fabrication of a sample consists of two process steps: first
theRb0:30MoO3 lines are etched into the film (Fig. 1 a ± d) and
secondly the metal contacts are defined on top of the
Rb0:30MoO3 lines (Fig. 1 e ± g). We found that if the
Rb0:30MoO3 films are in direct contact to the developer for
more than 30 s, parts of the Rb0:30MoO3 film peel off from the
substrate. To avoid contact with the developer, Rb0:30MoO3

films have to be separated by a buffer layer from the resist
during the first process step. As a buffer layer we use 200 nm
Au on top of 15 nm Cu. Structures are then obtained by
etching first through the Cu/Au sandwich and subsequently
through the blue bronze film (see also Fig. 1). Etching is
stopped when the resist as well as the Cu/Au is removed on
those places where Rb0:30MoO3 remains. For a Rb0:30MoO3
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film of 450 nm thick, etching of the resist takes about as much
time as the etching of Rb0:30MoO3, so that a Rb0:30MoO3

structure on a cleaned substrate is obtained.
For the definition of the contact pads a lift-off mask can

not be used because in this case the Rb0:30MoO3 will be in
direct contact with the developer. Instead, we use an etch
mask consisting of resist on top of a Cu/Au sandwich (see
Fig. 1 e ± g). Contacts between the Rb0:30MoO3 wire and the
Cu/Au metal layer are now formed at those places where the
resist has not been developed. Since etching of the Cu/Au
layer only takes 5 ± 10 minutes, resist still remains on the Cu/
Au contact pads. This remaining resist is removed (the resist
strip) in warm acetone for 15 minutes. A photograph of a

completed sample is shown in Fig. 2. Finally, bond wires are
then connected to the Au layer.

A general problem during the processing is the bad
adhesion of Rb0:30MoO3 to the substrate. The adhesion of
the normal metal to the Rb0:30MoO3 film is generally also
poor. We have tried several ways and combinations of metals
to overcome this latter problem. Our best results were
obtained using a sandwich of 15 ± 30 nm Cu covered with
150 ± 300 nm Au. The contact resistance between Cu and the
Rb0:30MoO3 films varies from wire to wire. It can be much
smaller than or of the order of the Rb0:30MoO3 sheet
resistance at all temperatures.

4. Electrical transport of Rb0.30MoO3 wires

4.1 Quasi-particle transport
Four-terminal measurements have been performed on 9
different wires made of Rb0:30MoO3 films grown with
different substrates, temperatures and deposition rates.
Figure 3 shows the quasi-particle resistivity of one such wire
measured as a function of temperature. This wire was made in
a film deposited at a high temperature of 470 oC. The wire
resistance (R) is measured with standard lock-in techniques.
The data clearly show the expected increase of the resistance
below the Peierls temperature TP of 178 K. This value is close
to the bulk value of 182K. In the inset, we plot d�lnR�= dT as
a function of temperature which is a commonway to visualize
the Peierls phase transition. In bulk crystals a clear dip in
d�lnR�= dT is observed at TP. Our measurement also shows
this dip at TP although less pronounced than in crystals.

The dashed line in Fig. 3 is an exponential temperature
dependence with a gap according to the BCS model:
R / exp

�
D�T�=kBT

�
. The fit parameter D�0�=kB is 480 K

for this wire. The bulk value of D�0�=kB is 520 K {. We have
found a systematic decrease ofD�0� as a function of grain size.
For samples made of films grown at 375 oC, the zero-
temperature gap is found to be only 400 K. A reduction of
D�0� due to finite-size effects may be expected but at this
moment the precise mechanism is still unclear. However, to
explain our data, the mechanism should predict a gap
reduction at length scales of the order of a few hundred
nanometers i.e., about two orders of magnitude larger than
the CDW BCS-coherence length of 1 nm [1].

At room temperature, the resistivity of the wire in Fig. 3 is
2.4 mO cm. This is the lowest value we have obtained so far.
For other wires, the room-temperature resistivity ranges from
7 to 500 mO cm. The value of 2.4 mO cm is only a factor two
higher than the value for the bulk-crystal resistivity along the
CDWaxis [12, 13]. In the direction perpendicular to theCDW
axis (but still in-plane), the resistivity is about a factor 20 ± 80
higher [12, 13]. Thus, a grain oriented with its b-axis
perpendicular to the current direction would have a resistiv-
ity of 20 ± 80 mO cm. In wires with resistivities higher than
20 ± 80 mO cm grain boundaries must play a dominant role.
For wires with resistivities between 1 and 20 ± 80 mO cm, the
anisotropy of Rb0:30MoO3 may be dominant, but effects due
to grain boundaries can not be excluded.

Starting at room temperature the resistance of a bulk
Rb0:30MoO3 crystal initially decreases with decreasing tem-
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Figure 1. Fabrication process for photolithographic patterning of awire in

a Rb0.30MoO3 film (a ± d) and of contact pads on top of it (e ± g).

50 mm

Figure 2. Photograph of a 100 mm long, 2.5 mm wide and 0.3 mm high

Rb0.30MoO3 wire. The gold squares at both ends are used for current

injection. Voltage probes are spaced 5, 10 and 25 mm apart.

{ We have also measured the temperature dependence of the resistance

across a Rb0.30MoO3 crystal. An analysis similar to that presented in this

paper yielded a zero-temperature energy gap of 520 K.
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perature. In Figure 3 we observe a similar decrease of the
resistance in our Rb0:30MoO3 wire with a temperature
coefficient that is in agreement with reported values for bulk
crystals [14]. For most other wires we observe, however, a
slight increase of the resistance as the temperature is lowered.
An exponential dependence of the resistance on temperature
can be fitted to this insulating-like behavior. The correspond-
ing energy barrier in this thermally activated process ranges
from 250K for films grown at low temperatures to about 50 ±
100 K for films grown at higher temperatures. The thermally
activated behavior above the Peierls transition is likely due to
the granular nature of our films.

The low-bias transport properties of the wire of Fig. 3 are
clearly not dominated by grain boundaries. In fact, its low-
bias properties resemble those of bulk crystals. Values of the
energy gap, the Peierls temperature and the room-tempera-
ture resistivity all are close to reported values for bulk
crystals. In addition, at room temperature metallic-like
behavior is observed as expected for Rb0:30MoO3. The high-
bias properties of this wire will be discussed in the next
subsection.

4.2 Sliding CDWs
We have measured the current-voltage characteristics at
various temperatures. Simultaneously, we have recorded the
differential resistance ( dV= dI) with a lock-in technique. The
ac amplitude was 2.5% of the full dc current-scale. As
illustrated in Fig. 4, the current-voltage characteristic
measured at 70 K is clearly nonlinear. For low-bias voltages,
the I ±V curve is linear (dashed line). Near a threshold voltage
of 0.1 V a smooth transition to a nonlinear region sets in.

In the inset of Fig. 4 we have plotted the normalized
differential resistance vs voltage. At 200 K, i.e., above the
Peierls temperature of 178 K, the differential resistance only

decreases by a few percent for fields up to 300 V cmÿ1. (At
room temperature (not shown), the differential resistance
shows a slight (0.5%) increase with increasing field). Just
below the Peierls temperature, the differential resistance
behaves dramatically differently, consistent with the
expected dynamics associated with sliding CDWs. A sharp
decrease of dI= dV is visible which appears at 60 V cmÿ1. A
step-like structure is seen which we attribute to depinning of
the CDWs in two different grains between our voltage probes.
When decreasing the temperature to 120 K the threshold field
increases. Below 100 K, ET remains almost constant but the
threshold itself becomes less pronounced.

Our threshold fields are at least one order of magnitude
higher than the highest reported in the literature. Measure-
ments [15 ± 17] on crystals have shown a trend of increasing
ET as the cross-sections get smaller. For example, a bulk
Rb0:30MoO3 sample with a cross-section of 90 nm by 110 mm
has shown a threshold field of 4 V cmÿ1 [17]. At this moment
we do not have an explanation for the high threshold fields
observed in our wires. The other wires with higher resistivities
show threshold fields that are at most a factor 4 higher than
those shown in the inset of Fig. 4. We have not observed a
correlation between ET and the resistivity of the wires.

Additional evidence for sliding CDWs is obtained from
measuring the noise voltage as a function of the electric field.
In the sliding state, 1=f-like noise arises due to the fact that
there are several phase-coherent CDW regions that move
with different velocities [9]. This broad-band noise is
commonly observed in bulk CDWs. In Figure 5 we compare
the noise power spectral densities measured with an SRS
spectrum analyzer at 0 V and at 0.3 V across a Rb0:30MoO3

wire. At V � 0 V, the CDWs are pinned and the noise level is
limited by our measurement equipment. At voltages above
the threshold voltage, the noise at low frequencies has
increased by many orders of magnitude. The dashed line in
Fig. 5, represents a line with slopeÿ1 (1=f noise). In the inset,
we plot the rms noise voltage (SV�f� integrated over the full
bandwidth) versus the voltage across thewire. At low voltages
the rms noise voltage is almost zero, but near VT a dramatic
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increase in the noise voltage is observed as expected from
CDW dynamics.

5. Conclusions

We have presented four-probe measurements on CDW wire
structures with micron-size dimensions. Wires are made in
thin films consisting of single-phase Rb0:30MoO3 with a
granular structure. The quasi-particle resistance measured
as a function of temperature clearly reveals the expected
opening of an excitation gap at a Peierls temperature of
180 K. The value of the zero-temperature gap is suppressed
for films with the smallest grain sizes. We clearly observe
nonlinear current-voltage characteristics, indicative of the
sliding of CDWs. The threshold field is much higher than
reported on bulk crystals.

Finite-size effects may play a role, but the possibility of
CDW depinning from grain boundaries or contact interfaces
must also be considered.
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Flow diagram for impurity scattering
in Tomonaga ëLuttinger liquids

Y Oreg, A M Finkel'stein

1. Introduction
The electron liquids in quantumwires are usually described in
terms of the Tomonaga ±Luttinger (TL) model [1]. Edge
states in a two-dimensional electron gas, under conditions
of the fractional quantum Hall effect, were argued to be TL
liquids as well [2]. It is well known that in the TLmodel with a
repulsive electron ± electron (e ± e) interaction the effective
strength of backward scattering by an impurity defect
increases with decreasing temperature [3]. For this reason,
the description of a single defect in a TL liquids is based on
the assumption [4 ± 6] that at low temperatures the asympto-
tic behavior of the system may be described as tunneling
between two disconnected semi-infinite TL wires. The
effective amplitude of tunneling between the half-wires
scales to zero with decreasing temperature, because the
tunneling density of states at the ending point of a TL liquid
vanishes when the e ± e interaction is repulsive. This
description corresponds to a scenario in which the effective
strength of the impurity increases in the course of the
renormalization, so that at the final stage a weak impurity
transforms into a strong barrier, and disconnects the TLwire.
However, a direct calculation of the tunneling density of
states [7] obtained by a mapping of the weak impurity
problem onto a Coulomb gas theory, apparently contradicts
this intuitive picture. It has been found that at the location of
a weak impurity the tunneling density of states is enhanced,
rather than vanishing. The scenario in which a weak impurity
eventually disconnects a TL wire assumes that no other fixed
points intervene in the scaling from the repulsive fixed point
of a weakly scattering defect to the attractive fixed point
corresponding to a tunneling junction of two half-wires. The
contradiction by this scenario of calculations of single particle
properties, such as the tunneling density of states [7], and the
Fermi edge singularity [8], indicates that maybe this is not the
case.

In this work the problem of a single impurity in TL liquids
with a repulsive e ± e interaction is reinvestigated. We
concentrate on the limit when the Fermi wave length is
much larger than the defect size. This situation is typical for
semiconductors, where the filling of the conduction band is
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