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ABSTRACT - Carbon nanostructures have attracted the attention from scientists of all
areas of knowledge because of their unique combination of mechanical, electronic, optical
and thermal properties. The understanding of structure-property relationships is
fundamental to the development of innovative practical applications of these materials.
One of these properties is the thermal expansion coefficient (TEC). Previous studies have
shown that the TEC of some carbon nanostructures is anomalous (negative in a certain
range of temperature). In this work, the TEC of carbon nanotubes and graphene are
calculated using classical molecular dynamics simulations. Different methodologies were
applied to compute this property, in order to investigate the most appropriate for this class
of materials. Our results showed good agreement with experimental and other theoretical
predictions.

1. INTRODUCTION

The last two decades were marked by the discovery of new carbon allotropes with characteristic
dimensions in the order of nanometers. Carbon nanotubes (lijima, 1991) and graphene sheets
(Novoselov et al., 2004; 2005) are the most important examples of carbon nanostructures. Their
unique set of physical and chemical properties has attracted the attention of the scientific community
in view of the enormous potential in technological applications.

Amongst the great number of potential applications of carbon nanostructures, ranging from
nanoelectronics to reinforced materials (Saito et al., 1998; Baughman et al., 2002; Geim and
Novoselov, 2007; Geim and Kim, 2008; Endo et al.; 2008; De Volder et al., 2013), we highlight the
recent development of artificial muscles made of carbon nanostructures (Aliev et al., 2009; Sellinger
et al., 2010; Huet al., 2010; Foroughi et al., 2011; Chen et al., 2011; Lima et al., 2012). This system
is based on the phenomenon of thermal actuation, which consists in thermal-induced strains capable
of performing work on an external system.
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Although these artificial muscles are macroscopic, the study of the thermal expansion of the
individual nanostructures that compose them is the key to understand the phenomenon of thermal
actuation. In particular, it is well known that single wall carbon nanotubes and graphene possess
negative thermal expansion in a wide range of temperatures (Kwon et al., 2004; Jiang et al., 2004;
Kahaly and Waghmare, 2007; Bao et al., 2009; Singh et al., 2010; Yoon et al., 2011; Alamusi et al.,
2012). In general, the accurate prediction of the thermal expansion coefficient of carbon
nanostructures is of fundamental importance to the description of the thermal behavior and the design
of new nanoelectromechanical systems (NEMS) made of these nanostructures.

In the present work, we applied classical molecular dynamics simulations to obtain the TEC of
carbon nanostructures, using different approaches. We discuss the suitability, advantages and
disadvantages of each methodology. The work is organized as follows. In Section 2, we describe the
carbon nanostructures considered in this study, and the different methods used to compute the TEC of
the nanostructures. In Section 3, we present the results and in Section 4, we summarize the main
conclusions.

2. NANOSTRUCTURES INVESTIGATED AND COMPUTATIONAL
METHODS

The carbon nanostructures considered in the present study are depicted in Figure 1. We used a
(10,10) single wall nanotube (SWCNT) with diameter of13.56 A and a length of 100 A. For graphene
sheets, five supercells with different sizes were considered (lengths of 46, 62, 67, 135, and 290 A).
The choice of the value of 100 A for the nanotube is about twice the one considered in Ref. (Alamusi
et al., 2012) and half of that considered in the study of Cao et al., 2005.

Figure 1 - (a) Upper and side views of a (10,10) single- walled carbon nanotube. (b) Upper view of a
graphene sheet.

The linear thermal expansion coefficient (o) of a solid material is given by:

a=——, Q)
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where L is a characteristic length of the system (nanotube length or graphene supercell length), and T
is the absolute temperature. In order to calculate o, we need the equilibrium characteristic length of
each nanostructure as a function of the temperature L(T). In this study, the function L(T) is obtained
by fitting a set of values of lengths LixT;, corresponding to the equilibrium characteristic lengths of
the structure at temperatures T; (in the range of 50K-1000K), to a 4™"-order polynomial function in T.

The values of Lj(T;) are computed using classical MD simulations, according to the second
generation of the Reactive Empirical Bond Order (REBO) potential (Brenner, 2002). This interatomic
potential has been widely used to describe the structure and estimate the physical properties of carbon
allotropes. In all simulations, the Newton’s equations of motion were integrated with the velocity-
Verlet method with a time step of 0.5 fs. Simulations were carried out within the NVT (constant
number of atoms, volume and temperature) or NPT (constant number of atoms, pressure and
temperature) ensembles. The LAMMPS package (Plimpton, 1995) was used in all simulations.

The use of classical MD simulations allows the study of larger systems, when compared to ab
initio methods; however, the accuracy of the results are strongly dependent on the quality of the
interatomic potential employed. We have tested three different methods to extract the necessary data
from MD simulations to obtain the function L(T) for each structure; they are described in the next
subsections.

2.1. Free edges method (FE)

In this method, the system is simulated without periodic boundary conditions (system is
considered finite) and the MD simulations are performed within the NVT ensemble. The extremities
of the structure are passivated with hydrogen atoms, and allowed to move without any constraint. The
system has to be long enough to make the effect of edges passivation negligible. Basically, this
method consists in performing a series of MD simulations, one for each value of temperature T;; after
reaching the equilibrium, the characteristic length L; of the structure is taken.

2.2.Zero pressure method (ZP)

In this approach, the system is simulated using periodic boundary conditions along all relevant
directions (infinite system), and the MD simulations are performed within the NPT ensemble, with
pressure set to zero (hydrostatic pressure). The Nose-Hoover thermostat/barostat was employed in
these calculations. In this case, the simulation box is allowed to relax simultaneously with the
structure. Because of the periodic boundary conditions, the characteristic lengths L; of the system are
the supercell lengths. In this method, for each value of T;, the MD simulation must be carried out long
enough to ensure full equilibration of the structure, and the average of L;is computed.

2.3. Lowestenergy method (LE)
In this method, the system is simulated using periodic boundary conditions and the MD

simulations are performed within the NVT ensemble. The supercell sizes are fixed and the energy of
each simulation is computed after equilibration. For every temperature T;, a series of MD simulations
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for different simulation box sizes of the structure is performed; a curve of the computed energies as a
function of the box sizes is obtained. Then, we find the length corresponding to the minimum of the
energy, that is taken as Li(T;). This method is well-suited for one-dimensional systems (such as
nanotubes), but quite time-consuming for two- and three-dimensional systems.

3. RESULTS AND DISCUSSION
3.1. TEC of the (10,10) SWCNT

The TEC of the (10,10) SWCNT was calculated from two methods, FE and LE. Figure 2 shows
the curves for the SWCNT length versus temperature obtained from both methods.
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Figure 2 - SWCNT length versus temperature obtained from FE method (a) and LE method (b).
Squares are results from MD simulations and the red line is the polynomial fitting of the points. The
difference in the absolute values of the SWNT length between panels (a) and (b) comes from the form
of calculation of L. In FE method, the length is obtained by the difference between the coordinates of
the carbon atoms close to the SWNT ends. In SE method, the length is obtained as the equilibrium
value of the box size, along tube axis.

It is clear from Figure 2 that each approach leads to a different behavior for the thermal
expansion of the (10,10) SWCNT, despite using the same method (molecular dynamics) and same
interatomic potential (REBO). Several studies have reported that the TEC of SWNTs is negative
(Kwon et al., 2004; Jiang et al., 2004; Kahaly and Waghmare, 2007; Alamusi et al., 2012);
consequently, results from the FE method should be rejected. One explanation for this discrepancy is
given in the study of Cao et al. (2005). According to them, the thermal behavior of SWCNTSs comes
from three factors: carbon-carbon bond elongation, bending effect of lateral vibration modes and
random thermal lattice vibrations. While the carbon-carbon bond distances always increases, because
the extremities of the SWCNT are free to move, some bending modes could not be thermally
activated. Therefore, the random thermal vibrations are not enough to compensate the expansion of
the carbon-carbon bond distances and the length of the SWCNT increases with temperature.
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The linear TEC of the (10,10) SWCNT at 300 K calculated through the LE method is

o =-8,63x107 K™ and agrees very well with the results for similar nanotubes studied by Jiang et al.
(2004) and Kahaly and Waghmare (2007).

3.2. TEC of graphene

The FE method is not suitable to calculate the TEC of graphene because of the same problem
with bending modes mentioned for SWNTs. The LE method can be in principle applied, but it is
prohibited by the number of simulations required to obtain the values of the supercell sizes
corresponding to lowest energies at each temperature. Differently from the SWNT which is a one-
dimensional structure, graphene is a planar 2D-structure; equilibrium supercell sizes should be
computed in two directions. For the SWCNT we needed N simulations, at each temperature, to
compute the equilibrium size. For graphene it would be necessary to perform at least N x N
simulations. Therefore, we used the ZP method for the calculation of the TEC of graphene, because
one (long) simulation is enough for the equilibration of the structure and supercell sizes.

In order to ensure full relaxation of both structure and supercell lengths, each MD simulation in
NPT ensemble was run for 1.95 ns (3.9 x 10° time steps) per temperature. The values of zigzag and
armchair lengths of the graphene sheet (Lx and Ly, respectively), are reported every 100 fs of
simulation for calculation of the equilibrium length average. Five supercell sizes were considered in
this study: 46, 62, 67, 135, and 290 A. The results for the largest supercell are shown in Figure 3.
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Figure 3 — Graphene supercell lengths along zigzag (a) and armchair (b) versus temperature obtained
from ZP method. Circles are results from MD simulations and blue line is the polynomial fitting of
the points.

Figure 3 shows the variation of the equilibrium lengths (Lx and Lv) of the graphene structure as
a function of the temperature. For the smaller supercells, we have obtained qualitatively similar
results. Figure 4(a) shows the average TEC, o(T) = 0.5(ax(T) + ay(T)), of the largest supercell
sample calculated using the fitted polynomial functions for Lx(T) and Ly(T) and Equation 1.

Figure 4(b) shows the values of the TEC of graphene at 300 K obtained for the different
supercells. The dependence of the TEC with the supercell size can be clearly seen. For the largest
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supercell investigated, the TEC at 300K is of -2.65x10° K™ as predicted by the REBO potential, in
reasonable agreement with results from the literature (Mounet and Marzari, 2005; Bao et al., 2009;
Singh et al., 2010; Yoon et al., 2011; Sevik, 2014). Although theory of thermal expansion of plates
predicts independence of the TEC with size (Schelling and Keblinski, 2003), in case of graphene, it
has been shown that low frequency acoustic phonons play an important role in the determination of
the negative values of the TEC (Mounet and Marzari, 2005). Supercells have to be made as large as
necessary to avoid constraining these low frequency modes. This explains why the TEC of the largest
graphene considered here is in reasonable agreement with both ab initio DFT-based theoretical
predictions (Mounet and Marzari, 2005; Sevik, 2014) and with experimental results (Bao et al., 2009;
Singh et al., 2010; Yoon et al., 2011). Despite the good agreement, calculations for larger supercells
are being carried out to verify whether the present results are converged with respect to supercell size.
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Figure 4 — (a) Average TEC of the largest graphene sample as function of T. (b) Computed average
TEC of graphene at 300 K for different supercell sizes. Dotted lines show the values reported in the
given references.

4. CONCLUSIONS

We have calculated the TEC of a (10,10) SWCNT and graphene using different MD-based
methods to obtain the equilibrium values of their characteristic lengths as function of the temperature.
We have shown that ZP and LE methods give results in good agreement with the literature. Although
the FE method is simpler and less time consuming than the others, the freedom of the edges to move
impedes some flexural modes that contribute to the negative value of the TEC of these carbon
nanostructures. The results obtained are encouraging, and this methodology is being applied at this
moment in the study of thermal expansion of more complex carbon-based nanostructures. Results will
be presented in future publications.
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