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Abstract. Owing to their atomic-level perfection, carbon nanotubes exhibit unusu
ally high electrical and thermal conductivity. Our electrical transport calculations,
performed using a scattering technique based on the Landauer-Biittiker formalism, sug
gest that the conductance of inhomogeneous multi-wall nanotubes may show an unusual
fractional quantization behavior, in agreement with recent experimental data. Our cal
culations also indicate that due to the combination of a large phonon mean free path,
speed of sound and specific heat, the thermal conductivity of an isolated (10,10) carbon
nanotube exceeds that of any known material, reaching the value A~6, 600 W /m·K at
room temperature.

Introduction

With the continually decreasing size of electronic and micromechanical devices,
there is an increasing interest in materials that conduct electricity and heat effi
ciently. Carbon nanotubes [1], consisting of graphite layers wrapped into seamless
cylinders, are now being produced routinely using carbon arc, laser vaporization of
graphite, catalytic decomposition of carbon monoxide at high pressures, and chemi
cal vapor deposition techniques [2]. These methods yield single-wall and multi-wall
nanotubes that are up to a fraction of a millimeter long, yet only nanometers
in diameter. Virtual absence of defects suggests that these molecular conductors
should be ideal candidates for use as nano-wires that conduct electricity and heat
efficiently.

The present study has been motivated by several open questions. The first re
lates to electron transport in nanotubes that is believed to be ballistic in nature,
implying the absence of inelastic scattering. Recent conductance measurements of
multi-wall carbon nanotubes [3] have raised a significant controversy due to the
observation of unexpected conductance values in apparent disagreement with the
oretical predictions. The second open question relates to the suitability of carbon
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nanotubes to conduct heat efficiently in view of their atomically perfect structure
and the stiffness of the interatomic bonds in self-supporting graphitic cylinders.

Electrical Conductance of Carbon N anotubes

To address the conductance of multi-wall carbon nanotubes [4], we combined a
linear combination of atomic orbitals (LCAO) Hamiltonian with a scattering tech
nique developed recently for magnetic multilayers [5,6}. The parameterization of
the LCAO matrix elements is based on ab initio results for simpler structures 1:7].
Our calculations can build on a number of published theoretical studies of the
electronic structure of single-wall [8-10] and multi-wall carbon nanotubes [11-13].
Calculations for single-wall nanotube ropes [14,15} have shown that inter-wall cou
pling may induce pseudo-gaps near the Fermi level in these systems, with serious
consequences for their conductance behavior.

Our scattering technique approach to determine the conductance of inhomoge
neous multi-wall nanotubes [4] is based on the quantum-mechanical scattering ma
trix S of a phase-coherent "defective" region that is connected to ('ideal" external
reservoirs [5]. At zero temperature, the energy-dependent electrical conductance is
given by the Landauer-Biittiker formula [16]

C(E) = 2~2T(E) , (1)

where T(E) is the total transmission coefficient, evaluated at the Fermi energy EF ·

For a homogeneous system, T(E) assumes integer values corresponding to the
total number of open conduction channels at the energy E. For individual (n, n)
"armchair" tubes, this integer is further predicted [17] to be an even multiple of
the conductance quantum Co = 2e2/h';:j(12.9 kn)-l, with a conductance C = 2Co
near the Fermi level. In the (10, 10)@(15, 15) double-wall nanotube [13] and the
(5, 5)@(10, 10)@(15, 15) triple-wall nanotube, the inter-wall interaction significantly
modifies the electronic states near the Fermi level and blocks some ofthe conduction
channels close to EF.

The experimental set-up of Ref. [3], shown schematically in Fig. l(a), consists of
a multi-wall nanotube that is attached to a gold tip of a Scanning Tunneling Micro
scope (STM) and used as an electrode. The STM allows the tube to be immersed at
calibrated depth intervals into liquid mercury, acting as a counter-electrode. This
arrangement allows precise conduction measurements to be performed on an iso
lated tube. The experimental data of Ref. [3] for the conductance C as a function
of the immersion depth z of the tube, reproduced in Fig. l(e), suggest that in a
finite-length multi-wall nanotube, the conductance may achieve values as small as
a.5Co or 1Co.

As nothing is known about the internal structure of the multi-wall nanotubes
used or the nature of the contact between the tube and the Au and Hg electrodes,
we have considered several scenarios and concluded that the experimental data can
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FIGURE 1. (a) Schematic geometry of a multi-wall nanotube that is being immersed into

mercury up to different depths labeled Hg(#l), Hg(#2), and Hg(#3). Only the outermost tube
is considered to be in contact with the gold STM tip on which it is suspended. The conductance
of this system is given in (b) for the immersion depth Hg(#l), in (c) for Hg(#2), and in (d) for

Hg(#3) as a function of the position of EF. The Fermi level may shift with changing immersion
depth within a narrow range indicated by the shaded region. (e) Conductance G of a multi-wall
nanotube as a function of immersion depth z in mercury, given in units of the conductance
quantum Go = 2e2/h~(12.9 kn)-l. Results predicted for the multi-wall nanotube, given by the

dashed line, are superimposed on the experimental data of Ref. [3]. The main figure and the inset
show data for two nanotube samples, which in our interpretation only differ in the length of the
terminating single-wall segment. From Ref. [4], @American Physical Society 2000.

only be explained by assuming that the current injection from the gold electrode
occurs exclusively into the outermost tube wall, and that the chemical potential
equals that of mercury, shifted by a contact potential, only within the submerged
portion of the tube. In other words, the number of tube walls in contact with
mercury depends on the immersion depth. The main origin of the anomalous
conductance reduction from the theoretically expected integer multiple of 2Go is
the backscattering of carriers at the interface of two regions with different numbers
of walls due to a discontinuous change of the conduction current distribution across
the individual walls.

Thermal Conductivity of Carbon Nanotubes

To address the thermal conductivity of carbon nanotubes as a function of tem
perature [18], we made use of accurate carbon potentials [19] in equilibrium and
non-equilibrium molecular dynamics simulations. The thermal conductivity A of a
solid along a particular direction, taken here as the z axis, is related to the heat
flowing down a long rod with a temperature gradient dT / dz by



(2)

where dQ is the energy transmitted across the area A in the time interval dt.
In systems where the phonon contribution to the heat. conductance dominates, A
is proportional to Cvl l the product of the heat capacity per unit volume C, the
speed of sound v 1 and the phonon mean free path l. Due to a virtual absence of
atomic-scale defects, we expect l to be unusually large in carbon nanotubes. Also
the heat capacity and speed of sound are expected to equal or even exceed those
of diamond, which is known to have the highest measured thermal conductivity
when isotopically pure. Hence l we suspect that isolated carbon nanotubes may be
Nature's best heat conductors.

Precise measurements of thermal conductivity are very difficult, as witnessed by
the reported thermal conductivity data in the basal plane of graphite [20] which
show a scatter by nearly two orders of magnitude. Similar uncertainties have been
associated with thermal conductivity measurements in "mats" of nanotubes [21].

Theoretical prediction of the thermal conductivity have proven equally challeng
ing l albeit for different reasons. In a direct molecular dynamics simulation l con
struction of a periodic array of hot and cold regions along a nanotube introduces
extra scattering centers that limit the phonon mean free path to below the size
of the unit cell, thus significantly reducing the value of A. Equilibrium molecular
dynamics simulations based on the Green-Kubo formula, which relate A to the inte
gral over time t of the heat flux autocorrelation function, converge very slowly and
require extensive ensemble averaging. We found that the most suitable approach
to determine thermal conductivity in nanotubes combines the Green-Kubo formula
with nonequilibrium thermodynamics [22,23].
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FIGURE 2. Temperature dependence of the thermal conductivity A for a. (10,10) carbon nan

otube for tempera.tures below 400 K. From Ref. [18], ©American Physical Society 2000.

Results of nonequilibrium molecular dynamics simulations for the thermal con-



ductance of an isolated (10,10) nanotube aligned along the z axis are presented in
Fig. 2. We find that at low temperatures, when l is nearly constant, the temperature
dependence of ). follows that of the specific heat. At high temperatures, where the
specific heat is constant, ). decreases as the phonon mean free path becomes smaller
due to umklapp processes. Our calculations suggest that at T = 100 K, carbon nan
otubes show an unusually high thermal conductivity value of 37, 000 W/m·K. This
value lies very close to the highest value observed in any solid, ). = 41, 000 W /m·K,
that has been reported [24] for a 99.9% pure 12C crystal at 104 K. In spite of
the decrease of ). above 100 K, the room temperature value of 6,600 W /m·K is
still very high, twice the reported thermal conductivity value of 3,320 W/m·K for
nearly isotopically pure diamond [25]. We also found this value to lie close to that
of a hypothetical graphene monolayer. In graphite, we find that the inter-layer
interaction reduces). by one order of magnitude due to the reduced phonon mean
free path. Similarly, we expect the high thermal conductivity value predicted for
an isolated nanotube to decrease upon contact with a surrounding matrix, such as
a nanotube "rope".

Summary and Conclusions

The calculations discussed above indicate that carbon nanotubes show unusual
electrical and thermal conductance behavior. Results for the electrical transport
indicate that the inter-wall interaction in multi-wall nanotubes not only blocks cer
tain conduction channels, but also re-distributes the current non-uniformly across
the walls. The puzzling observation of fractional quantum conductance in multi
wall nanotubes can be explained by back-scattering at the interfaces of regions
with different numbers of walls. Sample-to-sample variations in the internal struc
ture of the tubes offer a natural explanation for the observed variations of the
conductance. Nonequilibrium molecular dynamics simulations suggest that carbon
nanotubes may conduct heat exceptionally well, owing to a combination of a large
phonon mean free path, high speed of sound and specific heat. The predicted ther
mal conductivity value )'~6, 600 W /m·K for an isolated (10,10) carbon nanotube
at room temperature is twice that of isotopically pure diamond, Nature's best heat
conductor.
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