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One-Dimensional Conduction in Charge-Density-Wave Nanowires
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We report a systematic study of the transport properties of coupled one-dimensional metallic chains
as a function of the number of parallel chains. When the number of parallel chains is less than 2000, the
transport properties show power-law behavior on temperature and voltage, characteristic for one-

dimensional systems.
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Electron-electron interactions in one-dimensional (1D)
metals exhibit dramatically different behavior from
three-dimensional metals, in which electrons form a
Fermi liquid. Depending on the details of the electron-
electron interaction, several phases are possible, such as a
Luttinger Liquid (LL) or a 1D Wigner crystal (WC). The
tunneling density-of-states of these phases exhibit power-
law behavior on the larger one of either eV or k3T [1-3],
with V the voltage and T the temperature.

Power-law behavior has been observed in various 1D
systems, such as ballistic single-wall [4] and diffusive
multiwall carbon nanotubes [5], degenerately doped
semiconductor nanowires [6], and fractional quantum
Hall edge states [7]. Each of these systems revealed new
behavior, but also raised questions. For example, in multi-
wall carbon nanotubes (MWCN), the different nanotube
shells interact with each other and the question arose how
this interaction affects the 1D properties. It is still under
debate whether the observed power-law behavior
in MWCNs should be described by LL or by
Environmental Coulomb Blockade Theory (ECBT) [5].

Theoretically, it has been shown that the LL state
survives for a few 1D chains coupled by Coulomb inter-
actions [8]. However, when interchain hopping is taken
into account, the LL state is destroyed for low tempera-
tures [9]. It is less clear what the situation is when many
(>10) chains are coupled together in the presence of
disorder. A single impurity in a 1D chain forms a tunnel
barrier [10]. Recent theoretical investigations show that a
LL state can be stabilized in the presence of impurities for
systems with more than two coupled chains [11].
Furthermore, formation of a WC is expected in the limit
of strong Coulomb interactions or low electron density
[2,12]. All these considerations lead to a large parameter
space, and at present, a full theory of 1D transport in
disordered, multichannel systems is still lacking.

In this Letter, we show that charge-density wave
(CDW) nanowires exhibit the characteristic behavior for
1D transport. We use the model CDW compound NbSe;
[13], which consists of metallic chains weakly coupled by
van der Waals forces. Nanowires consisting of more than
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thousands of chains are metallic down to the lowest
temperatures, in accordance with the bulk behavior of
NbSe; whiskers. In this limit, CDWs can be viewed as
the classical analogue of a LL state. However, we find that
at low temperatures, our nanowires with less than 2000
chains become insulating at low temperatures. Power-law
dependencies on both voltage and temperature are ob-
served, characteristic for 1D transport.

The monoclinic unit cell of NbSe; contains six metal-
lic chains along the b direction. Its lattice parameters are
a=100A, b=35A c=156A, and 9 =109.5°
[14]. The unit cell has a cross section of 1.5 nm?. NbSe;
is a metallic CDW material with a partially gapped Fermi
surface. Two Peierls transitions occur at 7p; = 145 K and
Tpy = 59 K. Below Tp,, nearly all of the electrons are
condensed into both CDWs. The remaining uncondensed
electrons have a very low electron density of n = 1.1 X
10'® ¢m ™3 [15], indicating that electron-electron interac-
tions can become important.

NbSe; nanowires were made from bulk NbSe; crystals
by ultrasonically cleaving the crystals in a pyridine so-
lution. Because of its low-dimensional structure, NbSe; is
cleaved easily in such conditions into rectangular shaped
wires with uniform width. After several hours of cleav-
ing, a suspension of NbSe; nanowires with widths rang-
ing from 30 nm to 300 nm and lengths from 2 to 20 um
emerges. A drop of the suspension is deposited onto a
degenerately doped Si substrate with predefined markers.
The Si can serve as a back gate, but is connected to
ground in the measurements shown here. Nanowires are
selected and located with an optical microscope with
respect to the predefined markers. Subsequently a contact
pattern is defined with e-beam lithography. The contact
area is exposed for three seconds to ammonium buffered
hydrofluoric acid and within minutes, Au and a Ti stick-
ing layer are deposited. The contacts are made much
longer than typical length scales for geometrical effects
at the contacts to provide the same conductive pathways
for all chains in the cross section. Both two-probe and
four-probe (4P) samples were made, see Fig. 1. In total, 21
nanowires have been measured. One wire, initially not
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FIG. 1. Scanning electron microscope images of NbSe; nano-
wires. Left: a four-probe device. Right: a two-probe device.
Right inset: a zoom-in on the contact of the two-probe device.

exposed to air (4P sample in Fig. 2), has been monitored
while exposed to air. We found that the room-temperature
resistance of this nanowire monotonically increased with
exposure time (a factor 2 of resistance increase after 1100
hours). Most likely, the surface slowly oxidizes, thereby
reducing the number of chains that participate in
conduction.

Figure 2 shows the zero-bias resistance R per unit
length L as a function of T for several nanowires plotted
on a log-log scale. All samples show metallic behavior at
room temperature. The samples with the largest cross
sectional areas are at the bottom of the graph and show
the two Peierls transitions clearly. These samples remain
metallic down to 7 = 4.2 K, similar to bulk crystals. The
samples with the smallest cross sectional areas are at the
top of the graph. When the room-temperature unit-length
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FIG. 2. Resistance per unit length R/L as a function of T on a
log-log scale. Small nanowires (high Rjpk/L value) show
metallic behavior at room temperature, but show nonmetallic
behavior at low temperature. All curves are two-probe mea-
surements except for the one indicated by 4P. The open circles
are data points taken manually from IV curves. The number of
chains, deduced from Shapiro-step measurements, is indicated
in the figure for two samples. The number of chains deduced
from room-temperature resistance measurements are from bot-
tom to top: 25640, 9490, 4170, 2430, 1400, 1030, 220. Inset:
Peierls transition temperature as a function of Rsngk /L and the
corresponding number of parallel chains.
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resistance Rsgok/L increases, the Peierls transitions be-
come less visible while the transition temperatures show a
small monotonic decrease of up to 20% for the smallest
sample, see inset of Fig. 2.

The most remarkable behavior is the change from
metallic to nonmetallic behavior at low temperatures
when the number of parallel chains decreases. This tran-
sition occurs around R3px /L = p/A = 4 kQ/um corre-
sponding to a cross section A =500 nm? and a total
number of 2000 chains (bulk NbSe; resistivity
p =2 Qum).

To characterize the sample quality, we have performed
Shapiro-steps measurements at 7 = 120 K on two
samples that show the Peierls transitions. We were able
to mode-lock the CDW completely to an external radio-
frequency signal on both samples. Complete mode-
locking indicates that the wires are homogeneous and
uniform. A linear fit to the distance between mode-
locking steps as a function of applied frequency gives
the number of parallel chains, indicated by the numbers
in Fig. 2, to within 2%. The number of chains agrees with
the value obtained from two-probe room-temperature
resistance measurements.

Of the seven curves presented in Fig. 2, one has been
obtained from a four-probe measurement, indicated by
4P. For this sample, the 4P resistance is equal to the two-
probe resistance to within 10% over the entire tempera-
ture range 4.2 K to 300 K. The interface of the contact and
the nanowire is transparent and therefore, the nonmetallic
behavior at low temperature seen for this sample is not an
effect of the interface.

At low temperature for all samples with Rypgx/L >
4 kQ/pum, power-law behavior R o T~¢ is observed, as
illustrated in Fig. 2 and in Fig. 3. In the inset of Fig. 3 we
have plotted all « values as a function of Rk /L o« 1/A.

'R (korim)

300K

R/L (©/um)
S

T (K)

FIG. 3 (color online). R/L as a function of T on a log-log
scale. The lines are linear fits to the data from which the power-
law exponent « is deduced. The number of chains, deduced
from two-probe room-temperature resistance measurements, is
indicated for each nanowire. Inset: exponents for all samples
measured as a function of the room-temperature resistance per
unit length.
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The exponents seem to increase as the number of chains
becomes smaller, although on the other hand, the expo-
nents can also be divided into two groups around a = 1
and a = 2. The R(T) curves have also been fitted to the
thermal activation and Mott hopping law R
exp(T,/T)°, where 8 = 1 for thermal activation and &
depends on dimensionality for Mott hopping [16]. Both
models do not fit the data satisfactorily.

Figure 4 shows the differential resistance per unit
length (dV/dI)/L as a function of the average electric
field £ at T = 4.2 K for three samples. When the cross
section gets smaller, the threshold field for CDW sliding
Er increases as expected [17]. A peak in the differential
resistance develops for E << E7, which grows as the cross
section gets smaller. The top (dV/dI)/L curve follows a
power law I = VB at high bias, with 8 = 1.7. At zero bias
it follows R « T~ with @ = 2.2. Power-law behavior and
characteristic CDW features are thus observed simulta-
neously. In this respect our results are different from
earlier attempts to observe 1D transport in CDW conduc-
tors [18], where complete disappearance of both Peierls
transitions was reported.

Figure 5 shows the current-voltage (IV) curves for one
sample at several temperatures. At T = 50 K, the IV is
almost linear, but at 7T = 4.2 K, the IV is highly non-
linear. All IV curves collapse unto a single master curve
by plotting I/T'* < versus eV /kgT, where a = 2.15 is the
power-law exponent from the R(T) curve. The scaled IV
curves are nonlinear above eV = 80kzT, and for eV >
80kpT, the IV follows a power law with 8 = 4.2 for this
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FIG. 4 (color online). Differential resistance per unit length
(dV/dI)/L as a function of the unit-length voltage E of three
nanowires at 7 = 4.2 K. The threshold field for CDW sliding
E; increases when the cross sectional areas gets smaller,
indicated by the dashed arrows. Below E; where the CDW is
pinned, a peak in dV/dlI is observed. The dashed lines indicate
the shape of the dV/dI expected for bulk samples. The room-
temperature unit-length resistance is displayed for each curve.
The inset shows the (dV/dI)/L of the top curve as a function of
the voltage V; the maximum resistance is 190 kQ)/um and L =
6.2 pm.
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sample. It is important to note that sliding of the CDW
occurs at higher voltages [17] as is evident from the
measurement at 7 = 50 K. At this temperature, the
threshold field for sliding is the lowest and we still
observe linear behavior in the inset of Fig. 5.

The scaled master curve can be fitted to a general
equation to describe /Vs for bosonic excitations in 1D

[19]:

1 . eV B . eV
= cCsinh(y—]|T(1+2+
rFe O (%T)‘ ( 2 ”vrkﬂ)

2

» (D

where I is the complex gamma function, C is a propor-
tionality constant, and y determines the position of the
“knee” in the IV curve. The parameters « and 8 are the
two experimentally determined exponents for the tem-
perature and voltage dependence, respectively. The fit to
the data is depicted by the solid line in Fig. 5, with C =
2.3 X 107" and y = 777'. IVs have also been measured
for another sample with & = 2.16 and 8 = 4.7 and again,
a similar fit could be made. The fit parameters for this
sample are C = 1.1 X 107" and y = 1007

The power-law behavior in NbSe; nanowires results
from a reduction of cross section below about 2000 par-
allel chains. Power-law dependence is observed below
T = 50 K, suggesting that the low electron density below
Tp, is important. The measurements show that these
carriers dominate transport and govern the metallic to
nonmetallic transition. The CDW state still exists, be-
cause power-law behavior is observed simultaneously
with the threshold field for CDW sliding (Fig. 4).
Furthermore, Tp;, decrease only slightly with the num-
ber of chains (inset of Fig. 2). This is in agreement with
the expectation that already a small number of chains
(=10) stabilizes the CDW state [20]. In the remainder of
this Letter, we discuss the 1D transport mechanism and
compare our results with different models.

0.01 1 VAT 100
FIG. 5 (color online). Scaled IV curves on a log-log scale.
The IV collapse onto a universal curve from 7 = 4.2 Kto T =

50 K for @ = 2.15. The inset shows the unscaled IVs (L =
1.4 pwm).

176602-3



VOLUME 93, NUMBER 17

PHYSICAL REVIEW

week ending

LETTERS 22 OCTOBER 2004

When comparing NbSe; nanowires to other systems
with power-law behavior, we have to take into account
that NbSe; is a diffusive conductor with interacting
chains. Therefore, comparison to a single channel LL
without disorder, such as single-wall carbon nanotubes,
is inappropriate. A suitable system to compare NbSe;
nanowires to is MWCNSs, which are diffusive conductors
with interaction between the nanotube shells. MWCNs
have been modeled using ECBT [5,21]. The IV follows a
power law on energy, with an exponent 8 = i—i + 1 that

depends on the impedance Z of the environment [3]. Here,
Ry is the quantum resistance. Following Ref. [5], we
model the NbSe; nanowires as lossless transmission lines
with Z = \/l/_c The kinetic inductance per unit length
= %, where the mass of the charge carriers m* =
0.24m, [22], with m, the electron mass, e the elementary
charge. The capacitance per unit length ¢ = 7713(6+(§;W)’ for
a rectangular wire above a ground plane at distance d,
with e the permittivity (e, = 3.9 for Si-oxide), and w the
wire’s width. Taking A = 500 nm?, the kinetic inductance
[ =16 nH/pm is much larger than the wire’s geometri-
cal inductance (pH/um). Ford = 1 pmand w = 50 nm,
¢ =~ 10 aF/pum, sothat Z = /l/c = 1.6 Ry and 8 = 4.2,
in agreement with the exponent measured in the IV at
high bias. The assumption of a lossless transmission line
is valid when the inductive part w! is larger than the
resistive part R/L of the impedance, i.e., for high bias:
hw = eV >HhA(R/L)/l = 0.4 meV, for R/L =10kQ/
pm. This is consistent with the observed power law in
the IV.

ECBT may also explain the increase of « for smaller
wires, because Z depends on the cross section through /.
Since ¢ depends only weakly on the wire’s width, a =«
\/l/—A (dashed line in the inset of Fig. 3). Note that this
dependency is in agreement with the derived exponent as
a function of the number of modes in a quasi-1D wire [3].
Although ECBT explains most of our results, its applica-
bility is not straightforward. ECBT is derived for a single
tunnel barrier connected to the impedance of the environ-
ment, which may not be the case for NbSe; nanowires.
Also, ECBT does not explain the observation 8 # a + 1
and the knee at eV = 80kgT.

An alternative model is Wigner crystallization in a 1D
disordered conductor with low electron density. Wigner
crystallization occurs when the Coulomb energy E is
larger than the kinetic energy E of the electrons, or in
other words, when the coupling parameter I'c = E./Ep
is large. In NbSes, I'¢ is large below Tp,, because the
electron density and hence E is exceptionally small. A
WC can adjust its phase in the presence of disorder to
optimize the pinning energy gain, much like CDW sys-
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tems or vortex lattices. When the localization length is
larger than the distance between impurities, the tunneling
density-of-states follows a power law [2]. The power-law
exponent is determined by the localization length and
high values of 3—-6 are predicted, similar to values we
found.

A model to describe NbSe; nanowires is not available.
Ingredients for such a model should include interaction
between metallic chains, disorder, confinement, and the
low electron concentration.
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