
When da becomes larger than the QPC opening angle F
for higher Vi, one can clearly observe the expected dip in
forward direction (Vi > 3:0 mV, Fig. 4a). The amplitude of
the dip is much larger thanwould be the case for a 3D electron
system.

As discussed above, the local approximation of Eqn (5) is
not valid at small scattering angles a < F. For these angles,
g�a� is more precisely given by the integral equation:

dV s
d ' 2Cn

�
djri�j�

�
dj0rd�j0�

� ~g j0 ÿ j� L

rc
;Vi

� �
k j0 ÿ j� L

rc

� �
; �9�

where k�x� � 1=jxj for x > F and k�x� � 1=F for x < F.
Here again we use ~g�a� as defined in Eqn (6);

L � L
2j0 � L=rc

2�j0 ÿ j� L=rc�

is the distance between injector and the crossing point (O) of
electron trajectories injected at angle j and detected at
angle j0; the integration in Eqn (9) has to be evaluated for
all L such that 0 < L < L, while lee � lee�Vi�.

In conclusion, electron-beam experiments in the 2DEG of
GaAs/(Ga,Al)As heterostructures demonstrate unambigu-
ously the occurrence of small-angle ee-scattering characteriz-
ing the dimensionality effect on the momentum relaxation in
2D systems. The characteristic scattering distribution func-
tion is obtained directly frommagnetic-field-dependent beam
deflection experiments. The scattering distribution function
broadens with increasing electron energy, da / ��������������

eVi=eF
p

, in
contrast to 3D systems where the width is energy-indepen-
dent. Furthermore, a pronounced dip occurs at small angles.
These observations represent conclusive evidence for the
manifestation of 2D density-of-states effects in the ee-
scattering process.
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Submicron charge-density-wave devices

H S J van der Zant, N Markovi�c, E Slot

Abstract. We review our fabrication methods to produce
submicron charge-density-wave (CDW) structures and present
measurements of CDW dynamics on a microscopic scale. Our
data show that mesoscopic CDW dynamics is different from
bulk behavior. We have studied current-conversion and found a
size-effect that can not be accounted for by existing models. An
explanation might be that the removal and addition of wave
fronts becomes correlated in time when probe spacing is reduced
below a few mm. On small segments we occasionally observe
negative differential resistance in the I�V� characteristics and
sometimes the resistance may even become negative.We believe
that the interplay between CDW deformations (strain) and
quasi-particles may yield non-equilibrium effects that play a
crucial role in this new phenomenon. No detailed theoretical
calculations are available. Our measurements clearly show the
need of a microscopic model for CDW dynamics.

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. As a result, the lattice of atoms is distorted
and the electrons condense into a ground state with a periodic
modulation of the charge density. Collective transport occurs
when these CDWs move along the chains. This sliding CDW
motion shows similarities with transport in superconductors,
with the role of current and voltage reversed. To date, CDW
transport has been studied in bulk crystals and has shown
many remarkable phenomena. Examples are ac current
oscillations induced by a dc electric field and strongly
nonlinear electrical properties.

In metallic and superconducting devices, reduction of
sizes has revealed a variety of new mesoscopic phenomena.
For charge-density-wave (CDW) conductors, the mesoscopic
regime has not been studied in detail, largely because samples
of (sub)micron sizes could not be fabricated in a controlled
way. In this paper, we review our efforts to fabricate small-
scale CDW devices of the CDW conductors NbSe3 and o-
TaS3 (Section 2). We discuss two examples of microscopic
CDWdynamics in somemore detail: a size effect of phase-slip
processes in NbSe3 wires (Section 3) and negative resistances
in (sub)micron segments of o-TaS3 (Section 4).

2. Fabrication of mesoscopic CDW structures

We have developed three different techniques for the
fabrication of submicron CDW devices. First, we combine
an old technique Ð gluing thin CDW crystals on top of an
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array of gold wires Ð with e-beam lithography to produce
voltage probes that are spaced a few hundred nanometer
apart. Second, patterning of NbSe3 crystals has been
performed to obtain 500 nm wide wires with voltage probes
placed at distances as small as 500 nmaswell. Third, the use of
a focussed-ion beam (FIB) enables patterning of CDW
crystals in almost any desired geometry. Figure 1 shows
typical examples of all these three approaches which we will
now discuss in more detail.

To study microscopic CDW dynamics, the old technique
of gluing crystals onmetal leads can still be used provided that
the probe width and spacing are made sufficiently small. In
previous studies the smallest probewidths were of the order of
2 mm and their smallest separation of the order of 10 mm. By
using standard e-beam lithographic techniques, we have
fabricated an array of gold wires that are 50 nm high and
100nmwide; the smallest probe separation is 300 nm (Fig. 1a).
On o-TaS3 crystals we have only obtained good electrical
contact after heating them up to 120 ± 130 �C for several
minutes to one hour. During this annealing step, sulfur that
has accumulated at the surface, oxidizes leaving behind a
clean interface. For NbSe3, we heat the samples so that the
thin crystals do not start floating in the glue solvent.When the
substrate is heated to 80 �C the solvent evaporates quickly,
giving the crystal no opportunity to float.

The patterning of NbSe3 crystals is discussed in detail in
Ref. [3]. A 0.35 mm thin crystal, with typical dimensions of
4 mm along the crystallographic b axis and 27 mm along the c
axis, is glued to a sapphire substrate. An aluminum etchmask
is then defined on top by use of electron-beam lithography.
Etching of the crystal occurs with a SF6 plasma. In a second

fabrication step, Au contacts are fabricated by near-UV
optical lithography. A typical NbSe3-wire structure is shown
in Fig. 1b. The narrow part of the wire has a width of 0.5 mm
and a length of 40 mm. Instead of directly contacting the wire
by gold probes, we have patterned 0.5 mmwide voltage probes
at the sides of the wire, within the NbSe3 crystal. An
advantage of this layout is the negligible shunting of current
through the voltage probes. At the ends of the wire,
27� 50 mm2 large current pads are defined (not shown in
Fig. 1b.

We found that the patterning process did not damage the
crystals. The room-temperature resistivity of the wires is
0.2 mO cm, which is comparable to values for unpatterned
crystals [4]. Measurements with various combinations of
voltage contacts show that the resistivity is constant through-
out the wire. Peierls transitions occur at TP2 � 58 K and
TP1 � 142 K. The resistance ratioR�295K�=R�5K� is 14 for a
0.5 mmwide wire, and 25 for a 1 mmwidewire. These ratios are
lower than those for thick NbSe3 crystals, but they compare
well with values for thin unpatterned NbSe3 crystals of
comparable thickness [5]. Moreover, when biasing the
sample with both a dc and ac signal, complete mode-locking
is easily obtained with any probe pair.

The focussed-ion beam (FIB) promises to become an
important tool for the definition of more complicated nano
CDW-structures (see Fig. 1c). Crystals can be etched in
almost any desired geometry with a resolution that is better
than 100 nm. In addition, the FIB can deposit metal (e.g., Pt)
structures with the same resolution so that contact can be
made to the etched CDW devices without breaking vacuum.
Obvious new directions are the study of finite size effects, the
Aharonov ±Bohm effect around single holes and the study of
heterostructures combining CDWs with normal metal or
superconductors. At present, we have only performed some
first tests. Therefore in the remainder of this paper we will
discuss results obtained from the other two fabrication
methods.

3. Microscopic aspects of current conversion

Sliding CDWs can be visualized as moving wave fronts that
are coupled by elastic forces. The motion of these wave fronts
causes a compression of the CDW near one contact and a
stretching near the other. Near contacts, phase slip events
remove this strain [4, 5] by forming a local amplitude defect.
The defect then grows across the whole cross-section, so that
one complete wave front is added or removed. The rate at
which wave fronts are added is determined by the strain
amplitude. The CDW strain profile has been studied by
several techniques, including electromodulated infrared
transmission [6] and synchrotron X-rays [7, 8].

The displacement of the condensed electrons in the
strained CDW causes an elastic force that is opposite to the
applied field. In transport measurements, this opposite force
must be overcome, leading to an additional voltage (VPS)
between the current contacts. Phase-slip has been extensively
studied for bulk crystals [9 ± 13]. Measurements on NbSe3
crystals have shown that VPS is length-independent for
spacings larger than 20 mm [12]. We have studied the length
dependence of VPS down to micrometer length scales using
the sample of Fig. 1b. We found a dramatic decrease of VPS

that is inconsistent with present theoretical models.
Figure 2a shows typical ICDW�V� characteristics in the

normal and transposed four-terminal configuration. (In the

a

b

c
Pt

Pt

Pt Pt

TaS3

1 mm

11 mmmm
200 mm

Figure 1. Several submicronCDWdevices: a thin TaS3 crystal glued on top

of an array of voltage probes to study CDW dynamics on submicron

length scales. The inset shows an enlargement of the main figure with 9

voltage probes that are 100 nm wide; the smallest distance between

adjacent probes is 300 nm (a). A wire structure etched in a NbSe3 crystal.

The wire is 500 nm wide and 40 mm long. Several voltage probes are

attached to the wire (b). A ring structure fabricated in a TaS3 crystal using

a focussed-ion beam. Platinum wires have been deposited in the same

fabrication run (c).
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normal configuration, current is injected through the large
probes connected at the ends of the wire while the voltage is
measured with the small voltage probes; for the transposed
configuration the current and voltage probes are exchanged.)
An increase of ICDW is observed beyond a well-defined
threshold voltage. For the normal measurement, the onset of
sliding-CDW transport occurs atVT � 0:24 mV, correspond-
ing to a threshold field ET � 1:2 V cmÿ1. For the transposed
configuration, nonzero ICDW is observed only for voltages
larger than 1 mV. The difference between the curves is con-
sistent with an additional phase-slip voltage required in the
transposed configuration. By subtracting the measured vol-
tages in transposed and normalmeasurements at, for example
ICDW � 20 mA, we find VPS � 0:9 mV.

We have determined VPS at several distances for both a
0.5 mm wire and a 1 mm wide wire. In Figure 2b the result is
shown for two temperatures. The VPS values for the 5 and
7 mm spacings are in good agreement with values found for
unpatterned bulk crystals [14]. Between 3 mm and 0.5 mm,
however, VPS decreases by a factor of 2 to 3. Note that the
data are taken at the sameCDWcurrent, i.e., the rate at which
wave fronts are added (removed) is the same. Incomplete
conversion cannot therefore be the reason for this dramatic
decrease. To obtain the same ICDW, incomplete conversion

requires more strain so that a higher VPS would then be
measured. Existing models based on strain-induced nuclea-
tion of dislocation loops predictVPS to increase as the contact
spacing decreases. In the model by Ramakrishna et al. [15],
strain falls off more rapidly when the contact spacing is
reduced. For fixed VPS, the region in which phase-slip
processes occur is smaller and as a result, the CDW current
decreases. More strain and, correspondingly, a higher VPS is
therefore required to produce the same CDW current.

We suggest that the reduction of VPS is a mesoscopic
effect [16] associated with the small dimensions of our sample.
For bulk crystals, the number of wave fronts between the
current contacts is large. Therefore, adding a singlewave front
will not significantly change themacroscopic strain profile. At
micrometer length scales, however, the situation is different.
For a NbSe3 wire with a length of 1 mm, there are about 700
wave fronts between the current contacts. In the sliding state
the CDW is compressed near one contact and stretched near
the other with a typical change of the CDW wavelength of
about 0.1% [7, 8]. This means that less than one additional
wave front is accommodated in the compressed CDW and,
similarly, less than one wave front is missing in the stretched
CDW. If, in this situation, a single wave front is removed or
added, the strain profile will be dramatically changed.

The reduction of VPS for small contact spacings may be
explained from such a collapse of the strain profile. After a
phase-slip event, the strain at the contacts is strongly reduced
or can even change sign. The sliding-CDW motion then
restores the strain, until a new phase slip occurs. Therefore,
there will be on average less strain in a mesoscopic wire. Since
our measurements of VPS are time-averaged values, a lower
value ofVPS is expected. A quantitative description, however,
has yet to be developed to describe current conversion at the
micrometer scale and to explain the observed functional
dependence of VPS on L.

Another interesting phenomenon is present in the I�V�
curves measured on a small scale (L < 5 mm): they show step-
like features resembling Shapiro steps as illustrated in Fig. 3.
Note that we only observe these steps in the transposed
configuration and that there is no ac drive applied. The step
size is largely L- and T-independent, and corresponds to a
frequency of the order of 100 MHz. A possible explanation
may be the existence of self-induced Shapiro steps excited by
standing phonon modes. A phonon velocity of 1000 ± 3000
m sÿ1, then yields a typical distance of the order of 20 ± 60 mm.
In Fig. 1b, the small wire is 40 mm long. More research
(measurements on samples with different lengths) is needed
and also theoretical modeling of this new effect would be
helpful for a better understanding.

4. Local CDW dynamics in TaS3

The characteristic length for CDW conductors lies in the
micron range for phase correlation lengths and on the
nanometer scale for the amplitude correlation length. Up to
now, experiments have been concentrated on samples with
dimensions well above 1 mm in the direction along metallic
chains, and about 100 nm in the perpendicular directions.
With probe spacings below the phase coherent lengths, one
may expect new effects if pinning is no longer averaged over
the sample volume. In this section, we report first measure-
ments that reveal unexpected behavior on submicron scales
including negative (differential) resistances in the current-
voltage characteristics.
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We have systematically studied the I�V� characteristics of
small segments of thin o-TaS3 crystals placed on top of an
array of small gold probes (see Fig. 1a). Figure 4 shows typical
examples. The current is injected far away and various probe
pairs measure the voltage between them (i.e., the normal
configuration is used). When the probe spacing L is larger
than about 10 mm, we always observe the expected behavior
for CDWs as is illustrated in Fig. 4a.

On a micron scale, the shape of the I�V� characteristic
varies from segment to segment. Some small segments show
the same nonlinear behavior as observed in the large
segments. Other segments may yield an I�V� that is less
nonlinear (Fig. 4c) and sometimes we find I�V� curves with a
negative differential resistance (NDR). Occasionally the
resistance may even become negative (see Fig. 4b), indicating
that the moving CDW pumps charge carriers in the direction
opposite to the applied field. But when measuring on larger
length scales (even when including the segments that show

different behavior), the deviations average out and differ-
ences between the various I�V=L� curves are small. Thus, the
characteristic length scale for the observation of N(D)R is of
the order of a few micron. We have also studied the
temperature dependence and find that N(D)R becomes
visible at T < 160 K and more pronounced as the tempera-
ture is lowered. Note that we do not observe any unusual
properties in the linear resistance R0 nor the threshold field
for the segments that showN(D)R.R0 andVT both scale with
L within error margins for all probe distances.

An obvious candidate for the observation of NDR is the
presence of heating effects. Because of the local character of
the NDR and because the current probes are far away, we can
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rule out this possibility. In early reports on CDW dynamics,
NDR has also been observed in NbSe3 crystals at low
temperatures (45 K) accompanied by unusually large 1/f
noise [17]. At even lower temperatures, these samples show
switching events near threshold. The measurements [17] are
performed with voltage probes spaced at macroscopic dis-
tances (L4 100 mm). ForL > 5 mm,we have never seenNDR
nor switching events in our TaS3 crystals in the temperature
range studied (T > 90 K).

We believe that the N(D)R we observe, originates from
the response to local CDW deformations. Assuming that
there are a few strong pinning centers or line dislocations in
our crystal, strong deformations in the strain profile may be
present around these regions. Strain leads to a shift of the
chemical potential and this shift can be either up or down
depending on the direction of sliding. For a semiconducting
CDW with the Fermi level in the middle of the gap, a shift of
the chemical potential leads to an increase of quasi-particles
(either electrons or holes) and consequently to a decrease of
the quasi-particle resistance. Such a resistance decrease may
then produce regions with NDR as argued previously by
Latyshev et al. [18] to explain NDR in their data on partly
irradiated macroscopic samples. However, this reasoning
cannot be used to explain a negative resistance: the decrease
of the quasi-particle resistance cannot change the sign of the
resistance.Most likely, nonequilibrium processes between the
CDW and the quasi-particles must also play a role in this new
phenomenon as well. No theory is available as yet.
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Mesoscopic physics on graphs

G Montambaux

Abstract. This report is a summary of recent work on the
properties of phase coherent diffusive conductors, especially in
the geometry of networks Ð also called graphs Ð made of
quasi-1D diffusive wires. These properties are written as a
function of the spectral determinant of the diffusion equation
(the product of its eigenvalues). For a network with N nodes,
this spectral determinant is related to the determinant of an
N�N matrix which describes the connectivity of the network.
I also consider the transmission through networks made of 1D
ballistic wires and show how the transmission coefficient can be
written in terms of an N�N matrix very similar to the above
one. Finally I present a few considerations on the relation
between the magnetism of noninteracting systems and the
magnetism of interacting diffusive systems.

1. Return probability

Transport and thermodynamic properties of phase coherent
disordered conductors can be described in a simple unified
way: all can be related to the classical return probability P�t�
for a diffusive particle. I consider diffusive conductors, for
which the mean free path le is much larger than the distance
between electrons: kFle 4 1. The return probability has two
components, a purely classical one (diffuson) and an inter-
ference termwhich results from interferences between pairs of
time-reversed trajectories (Cooperon). The classical term is
solution of the differential equation

�ÿioÿDD�Pcl�r; r0;o� � d�rÿ r0� ; �1�

and the interference term is solution of the equation [1]:

gÿ ioÿD HH� 2ieA

�hc

� �2
" #

Pint�r; r0;o� � d�rÿ r0� ; �2�

whose solution has to be taken at r0 � r. D is the diffusion
coefficient. The scattering rate g � 1=tf � D=L2

f describes
the breaking of phase coherence. Lf is the phase coherence
length and tf is the phase coherence time. Finally, the space
integrated (dimensionless) return probability is defined as

P�t� �
�
P�r; r; t� dr :

The weak-localization correction to the conductance can be
written as [1]

Ds � ÿs e
2D

p�hO

�1
0

Pint�t� exp�ÿgt� ÿ exp
ÿt
te

� �� �
dt ; �3�

O is the volume and s is the spin degeneracy. The contribution
of the return probability is integrated between te, the smallest
time for diffusion, and the phase coherence time tf � 1=g.
Similarly, the variance of the conductance fluctuations at
T � 0 K is given by
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