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Abstract
Atomic-scale computations were carried out to investigate the properties of nanoscale thermal transport
in single-walled carbon nanotubes. The effects of crystal length, atom number, and temperature on the
thermal conductivity of single-walled carbon nanotubes were evaluated. The thermal conductivity of
single-walled carbon nanotubes was determined to understand the characteristics of thermal transport in
the nanostructured materials. The objective is to gain insight into the fundamental characteristics of
thermal transport in single-walled carbon nanotubes. Particular emphasis is placed on the dependence of
crystal length, atom number, and temperature on the thermal conductivity of single-walled carbon
nanotubes, with an attempt to improve the heat conduction properties for carbon-based nanostructured
materials. The results indicated that phonons are derived from the crystal lattice. The crystal length and
temperature are the primary factors affecting the thermal conductivity of single-walled carbon nanotubes.
The atom number has little effect on the thermal conductivity. The difference in thermal conductivity is
insigni�cant between single-walled zigzag and armchair carbon nanotubes. However, the thermal
conductivity of single-walled carbon nanotubes depends strongly upon the crystal length. There is a
signi�cant effect of crystal length on the thermal conductivity. Phonon-boundary scattering instead of
phonon-phonon Umklapp scattering is the dominant scattering mechanism. The thermal conductivity of
single-walled carbon nanotubes is approximately constant at high temperatures. At low temperatures well
below the Debye temperature, thermal conductivity of single-walled carbon nanotubes decreases, as does
the heat capacity.

1. Introduction
A carbon nanotube is a tube made of carbon with diameters typically measured in nanometers. Single-
walled carbon nanotubes are one of the allotropes of carbon, intermediate between fullerene cages and
�at graphene, with diameters in the range of one nanometer. Although not made this way, single-walled
carbon nanotubes can be idealized as cutouts from a two-dimensional hexagonal lattice of carbon atoms
rolled up along one of the Bravais lattice vectors of the hexagonal lattice to form a hollow cylinder. In this
construction, periodic boundary conditions are imposed over the length of this roll-up vector to yield a
helical lattice of seamlessly bonded carbon atoms on the cylinder surface [1]. Multi-walled carbon
nanotubes consisting of nested single-walled carbon nanotubes weakly bound together by van der Waals
interactions in a tree ring-like structure. If not identical, these nanotubes are very similar to Oberlin, Endo,
and Koyama's long straight and parallel carbon layers cylindrically arranged around a hollow nanotube
[2]. Multi-walled carbon nanotubes are also sometimes used to refer to double-walled and triple-walled
carbon nanotubes. Carbon nanotubes can exhibit remarkable electrical conductivity [3, 4], while others are
semiconductors [5, 6]. They also have exceptional thermal conductivity [7, 8] and tensile strength [9, 10]
because of their nanostructure and strength of the bonds between carbon atoms. In addition, they can be
chemically modi�ed [11, 12]. These properties are expected to be valuable in many areas of technology,
such as electronics, optics, composite materials, nanotechnology, and other applications of materials
science.
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Within the last twenty years, as the properties of carbon nanotubes have been better understood, interests
in carbon nanotubes have greatly increased within and outside of the research community [13, 14]. One
key to making use of these properties is the synthesis of carbon nanotubes in su�cient quantities for
them to be used industrially [15, 16]. For example, large quantities of carbon nanotubes may be needed if
they are to be used as high strength components of carbon nanotubes in macroscale three-dimensional
structures [17, 18]. Carbon nanotubes are known to have extraordinary tensile strength, including high
strain to failure and relatively high tensile modulus [19, 20]. Carbon nanotubes may also be highly
electrically and thermally conductive while being resistant to fatigue, radiation damage, and heat [21, 22].
For example, carbon nanotubes can be good thermal conductors along the nanotube, where each
individual carbon nanotube can have thermal conductivities potentially in excess of 2000 W/(m·K) [23,
24]. However, this thermal conductivity is anisotropic, exhibiting properties with different values when
measured in different directions and is dramatically reduced when a large ensemble of carbon nanotubes
is used in a sheet or mat [25, 26]. Accordingly, it would be desirable to provide a material that can take
advantage of the characteristics and properties of carbon nanotubes, so that e�cient and light-weight
devices, such as shielding and thermal insulators, can be manufactured in a cost-effective manner.

Because of a remarkable combination of their properties, carbon nanotubes are being considered as
prime candidate materials for nano-scale device applications [27, 28]. Consequently, considerable effort
has been invested in characterizing properties of carbon nanotubes, particularly their electronic and
mechanical properties [29, 30]. Surprisingly, despite the importance of thermal management in nano-
scale devices, there has been relatively little progress in characterizing thermal conductivity of carbon
nanotubes. This is partly due to challenges associated with nano-scale experimental measurements, but
it is also a result of technological di�culties of synthesizing high-quality, well-ordered carbon nanotubes
[31, 32]. Consequently, theoretical computations of thermal conductivity of carbon nanotubes are
presently very essential. Theoretical computations of thermal conductivity of materials can be classi�ed
as two main approaches: �rst principles based atomistic simulations and continuum computations
based on transport theories. The atomistic approach is particularly useful for nano-scale devices where
the experimental determination of the thermal conductivity is quite challenging [33, 34]. The main
advantage of the continuum approach is that it enables an analysis of relatively large systems [35, 36].
However, the approach entails the knowledge of certain parameters such as phonon relaxation time and
phonon density of states which must be determined using either experimental measurements or by
theoretical computations. An addition shortcoming of the continuum approach is that solving the
governing differential transport equation may be quite di�cult in some cases. Because of the
aforementioned limitations of the continuum approach, the �rst principles based atomistic simulations
are increasingly getting more attention as a means of predicting thermal properties [37, 38]. Besides not
requiring the prior knowledge of the model parameters, atomic-scale computations enable quanti�cation
of the effect of microstructure on thermal properties [39, 40]. Furthermore, atomistic simulations can be
used to determine the parameters for the continuum models discussed above and, therefore, help bridge
gap between atomistic-scale and continuum-level computations [41, 42]. While single-walled carbon
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nanotubes exhibit extremely high thermal conductivity, the effects of different factors on the heat
conduction properties of the carbon-based nanostructured material are poorly understood.

This study relates to the heat conduction properties of single-walled carbon nanotubes. The effects of
different factors on the heat conduction properties of single-walled carbon nanotubes were investigated
by using the nonequilibrium molecular dynamics method. Computational simulations were performed
using molecular dynamics to investigate the heat transport properties of single-walled carbon nanotubes.
The intrinsic thermal conductivity of carbon nanotubes was determined to understand the characteristics
of thermal transport in the nanostructured materials. The mechanism of phonon transport in carbon
nanotubes was discussed. The physical factors limiting heat conduction in carbon nanotubes were
provided. The objective is to gain insight into the fundamental characteristics of thermal transport in
carbon nanotubes. Particular emphasis is placed on the dependence of different physical factors on the
thermal conductivity of carbon nanotubes, with an attempt to improve the heat conduction properties for
the carbon-based nanostructured material.

2. Numerical Methods
The heat transport characteristics of single-walled carbon nanotubes are investigated using molecular
dynamics. The single-walled carbon nanotubes modeled in this study are depicted schematically in
Fig. 1. The structures of single-walled carbon nanotubes are de�ned by either the chiral angle and
diameter, or the chiral indices. The trajectories of atoms and molecules are determined by numerically
solving Newton's equations of motion for the carbon-based nanostructured system of interacting
particles, where forces between the particles and their potential energies are computed using interatomic
potentials. Molecular dynamics is a computer simulation method for analyzing the physical movements
of atoms and molecules.

The atomic structures of single-walled zigzag and armchair carbon nanotubes are illustrated
schematically in Fig. 2. Because the molecular system consists of a vast number of particles, it is
impossible to determine the properties of such a complex system analytically. Molecular dynamics
simulation circumvents this problem by using numerical methods. However, long molecular dynamics
simulations generate cumulative errors in numerical integration that can be minimized with proper
selection of algorithms and parameters, but not eliminated entirely. Ab initio quantum mechanical and
chemical methods are used to compute the potential energy of a system on the �y, as needed for
conformations in a trajectory. This computation is usually made in the close neighborhood of the
reaction coordinate. Although various approximations are used, these are based on theoretical
considerations, not on empirical �tting.

The atomic structure of an individual single-walled carbon nanotube is divided into speci�c regions by
de�ning hot and cold slabs. Heat is continually being transferred from the hot slab to the cold slabs so as
to equalize the temperature. The temperature gradient can be determined in the direction of heat �ow,
since the total energy is conserved in the heat conduction process. Accordingly, the thermal conductivity
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can be determined from the temperature gradient obtained and the heat �ux imposed. The law of heat
conduction, also known as Fourier's law, states that the rate of heat transfer through a material is
proportional to the negative gradient in the temperature and to the area, at right angles to that gradient,
through which the heat �ows. The local heat �ux density is equal to the product of thermal conductivity
and the negative local temperature gradient. The heat �ux density is the amount of energy that �ows
through a unit area per unit time. The ratio of heat �ux to the slope of the temperature pro�le is
proportional to the thermal conductivity of the single-walled carbon nanotube.

Atomistic simulations are performed using a classical molecular dynamic code LAMMPS [43]. Since the
carbon-based nanostructured system doesn't satisfy equilibrium conditions, reverse non-equilibrium
molecular dynamics are used. The Müller-Plathe algorithm [44] is used to exchange kinetic energy
between two atoms in different regions of the single-walled carbon nanotube. This induces a temperature
gradient in the system, thereby enabling the thermal conductivity of the single-walled carbon nanotube to
be computed. The atomistic interactions in the single-walled carbon nanotube are treated with the
AIREBO potential in its second-generation form [45]. This potential function can be used to describe the
intermolecular interactions in condensed-phase hydrocarbon systems [46]. In the microcanonical
ensemble, the carbon-based nanostructured system is isolated from changes in moles, volume, and
energy. It corresponds to an adiabatic process with no heat exchange.

Molecular dynamics simulations are carried out in a microcanonical ensemble on the relaxed structure,
with the velocity-Verlet integrator and a time step of 0.5 fs. After the system reaches a steady state �nally,
it will continue to carry out molecular dynamics simulations up to 2 ns to ensure reliable statistics for the
heat transfer process. Parallel algorithms allow the load to be distributed among central processing units.
The spatial and force decomposition algorithms are used. All pair-wise electrostatic and van der Waals
interactions are accounted for explicitly.

3. Results And Discussion

3.1. Temperature pro�les
Steady-state temperature pro�les obtained for single-walled carbon nanotubes are presented in Fig. 3.
The length of single-walled carbon nanotubes is assumed to be 80 nm. Energy �ow due to thermal
conduction is classi�ed as heat. According to the second law of thermodynamics, heat �ows from high to
low temperature. Therefore, it is reasonable to postulate that energy �ow due to thermal conduction is
proportional to the gradient of the temperature �eld. The constant of proportionality is the thermal
conductivity. This is called Fourier's law of heat conduction. The constant thermal conductivity itself
usually depends on the temperature �eld and thereby implicitly on space and time. The temperature has a
nonlinear dependence on the distance from the given reference point in the direction of heat �ow. More
speci�cally, in the vicinity of the hot and cold regions, there exists a nonlinear dependence of the
temperature with respect to the distance. This nonlinear dependence is caused by the �nite-size effect
arising from single-walled carbon nanotubes, given the fact that the characteristic length scale of single-
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walled carbon nanotubes is much smaller than the mean free path of phonons. In the regions between
the hot slab and the cold slabs, the temperature has a more or less linear dependence on the distance,
and therefore the thermal conductivity of single-walled carbon nanotubes can be determined by the
temperature gradient.

3.2. Thermal conductivity
The thermal properties of single-walled carbon nanotubes with different lengths are investigated to
determine the structure factors limiting the heat transfer process. The thermal conductivity of single-
walled carbon nanotubes can conveniently be determined by the temperature gradient in the direction of
heat �ow. The effect of crystal length on the thermal conductivity of single-walled carbon nanotubes is
illustrated in Fig. 4. The thermal conductivity of single-walled carbon nanotubes depends strongly upon
the crystal length. More speci�cally, the thermal conductivity of single-walled carbon nanotubes increases
with increasing crystal length due to the reduced probability of phonon scattering from grain boundaries.
Phonons can scatter through several mechanisms as they travel through the material. These scattering
mechanisms are: Umklapp phonon-phonon scattering, phonon-impurity scattering, phonon-electron
scattering, and phonon-boundary scattering. Each scattering mechanism can be characterized by a
relaxation rate, which is the inverse of the corresponding relaxation time. All scattering processes can be
taken into account using Matthiessen's rule. Thermal transport in single-walled carbon nanotubes is
usually considered to be governed by the three-phonon scattering process, and the role of four-phonon
and higher-order scattering processes is believed to be negligible. Therefore, the less signi�cant the
scattering, the higher is the thermal conductivity. This is because the mean free path of phonons in
single-walled carbon nanotubes is very large compared to the dimensions of the crystal. As a result, the
length of single-walled carbon nanotubes is vital in determining the thermal conductivity. Consequently,
the crystal length is an important factor affecting the thermal properties, and must be taken into account
so as to provide more accurate predictions about the thermal conductivity of single-walled carbon
nanotubes. On the other hand, the atomic structure has little effect on the thermal properties of single-
walled carbon nanotubes. The thermal conductivity of single-walled zigzag carbon nanotubes is
comparable to that of single-walled armchair carbon nanotubes under the conditions studied here.

3.3. Effect of atom number
The thermal properties of single-walled carbon nanotubes with different numbers of atoms are
investigated to determine the critical factors limiting the heat transfer process. The effect of the number
of atoms on the thermal conductivity of single-walled carbon nanotubes is illustrated in Fig. 5. The
thermal conductivity of single-walled carbon nanotubes depends strongly slightly the number of atoms.
More speci�cally, the thermal conductivity of single-walled carbon nanotubes increases with increasing
the number of atoms due to the reduced probability of phonon scattering from grain boundaries.
Computations are performed for single-walled carbon nanotubes with varying numbers of atoms to
determine the optimum number of atoms that would give the desired accuracy and minimize
computation time. As the number of atoms increases, there is a convergence of the solution. The
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minimum number, consisting of 280 atoms in total, fails to accurately capture the thermal conductivity of
single-walled carbon nanotubes. Solutions obtained with single-walled carbon nanotubes consisting of a
few thousand atoms are reasonably accurate. Larger dimensions of single-walled carbon nanotubes, up
to 8000 atoms, yield no obvious advantage.

3.4. Effect of temperature
The thermal properties of single-walled carbon nanotubes at different temperatures are investigated to
determine the critical factors limiting the heat transfer process. The effect of temperature on the thermal
conductivity of single-walled carbon nanotubes is illustrated in Fig. 6. The thermal conductivity of single-
walled carbon nanotubes depends heavily upon temperature. More speci�cally, the thermal conductivity
of single-walled carbon nanotubes �rst increases and then decreases with increasing temperature. At the
lowest temperature explored, the thermal conductivity of single-walled carbon nanotubes increases with
an increase in temperature. In the upper portion of the temperature range examined, however, the thermal
conductivity of single-walled carbon nanotubes decreases with an increase in temperature. This �nding
suggests that, at lower temperatures, the thermal conductivity of single-walled carbon nanotubes is
dominated by acoustic phonons. At higher temperatures, phonon-phonon Umklapp scattering causes the
thermal conductivity of single-walled carbon nanotubes to decrease with an increase in temperature. The
effect of temperature on thermal conductivity is identical for single-walled zigzag and armchair carbon
nanotubes. Heat conductivity in single-walled carbon nanotubes is mainly due to lattice vibrations or
phonons [47, 48]. Except for high-quality single-walled carbon nanotubes at low temperatures, the mean
free path of phonons is not reduced signi�cantly at higher temperatures. Therefore, the thermal
conductivity of single-walled carbon nanotubes is approximately constant at high temperatures. At low
temperatures well below the Debye temperature, thermal conductivity of single-walled carbon nanotubes
decreases, as does the heat capacity, due to carrier scattering from defects.

4. Conclusions
This study relates to the heat conduction properties of single-walled carbon nanotubes. Computational
simulations were performed using molecular dynamics to investigate the heat transport properties of
single-walled carbon nanotubes. The intrinsic thermal conductivity of single-walled carbon nanotubes
was determined to understand the characteristics of thermal transport in the nanostructured materials.
The effects of different factors on the heat conduction properties of single-walled carbon nanotubes were
investigated. The mechanism of phonon transport in single-walled carbon nanotubes was discussed. The
physical factors limiting heat conduction in single-walled carbon nanotubes were provided.

The results indicated that the thermal properties of single-walled carbon nanotubes are directly related to
its unique structure. The crystal length and temperature are the primary factors affecting the thermal
conductivity of single-walled carbon nanotubes. Single-walled carbon nanotubes generally have very high
thermal conductivity, but the presence of impurities reduces the degree of the mean free path of phonons,
thereby degrading the thermal performance. The number of atoms has little effect on the thermal
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conductivity, since there is little difference in the thermal conductivity of single-walled carbon nanotubes
with 280 and 8000 atoms. The difference in thermal conductivity is insigni�cant between single-walled
zigzag and armchair carbon nanotubes. However, the thermal conductivity of single-walled carbon
nanotubes depends strongly upon the crystal length. There is a signi�cant effect of crystal length on the
thermal conductivity. Phonon-boundary scattering instead of phonon-phonon Umklapp scattering is the
dominant scattering mechanism. Phonon scattering by grain boundaries reduces the e�ciency of
thermal transport in single-walled carbon nanotubes. The thermal conductivity of single-walled carbon
nanotubes is approximately constant at high temperatures. At low temperatures well below the Debye
temperature, thermal conductivity of single-walled carbon nanotubes decreases, as does the heat
capacity.
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Figure 1

Schematic illustration of the single-walled carbon nanotubes modeled in this study. Single-walled carbon
nanotubes can be classi�ed by their chiral indices, or diameter and chiral angle. The chiral indices de�ne
the chiral vector that connects two equivalent carbon atoms in a graphene plane. The chiral angle is
de�ned as the angle between the zigzag direction and circumference. Achiral carbon nanotubes are
called zigzag and armchair carbon nanotubes, respectively.
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Figure 2

Schematic illustration of the atomic structures of single-walled zigzag and armchair carbon nanotubes.
The atomic structures can be described in terms of the chirality or helicity.
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Figure 3

Steady-state temperature pro�les obtained for single-walled carbon nanotubes. The length of the single-
walled carbon nanotubes is 80 nm.
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Figure 4

Effect of crystal length on the thermal conductivity of single-walled carbon nanotubes. The thermal
conductivity of single-walled carbon nanotubes depends strongly upon the crystal length.
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Figure 5

Effect of atom number on the thermal conductivity of single-walled carbon nanotubes. The thermal
conductivity of single-walled carbon nanotubes depends slightly upon the number of atoms.
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Figure 6

Effect of temperature on the thermal conductivity of single-walled carbon nanotubes. The thermal
conductivity of single-walled carbon nanotubes depends heavily upon temperature.


