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A B S T R A C T

Although the AIREBO potential can well describe the mechanical and thermal transport of the carbon nano-
structures under normal conditions, previous studies have shown that it may overestimate the simulated me-
chanical properties of carbon nanostructures in extreme strains near fracture. It is still unknown whether such
overestimation would also appear in the thermal transport of nanostructrues. In this paper, the mechanical and
thermal transport of graphene nanoribbon under extreme deformation conditions are studied by MD simulations
using both the original and modified AIREBO potential. Results show that the cutoff function of the original
AIREBO potential produces an overestimation on thermal conductivity in extreme strains near fracture stage.
Spurious heat conduction behavior appears, e.g., the thermal conductivity of GNRs does not monotonically
decrease with increasing strain, and even shows a “V” shaped reversed and nonphysical trend. Phonon spectrum
analysis show that it also results in an artificial blue shift of G peak and phonon stiffening of the optical phonon
modes. The correlation between spurious heat conduction behavior and overestimation of mechanical properties
near the fracture stage caused by the original AIREBO potential are explored and revealed.
1. Introduction

Strain effects on thermal conductivity have attracted lots of attention
due to their applications from nanoscales to geophysical scales [1]. The
graphene nanoribbons (GNRs) have been investigated extensively in
their electrical, thermal, andmechanical properties in recent years [2–7].
By tuning the strain, the thermal conductivity of GNRs can be changed
dynamically, thus could be used in applications of thermal smart mate-
rials and thermal rectifiers [8]. Therefore it is of great importance to
understand the strain effects on thermal conductivity of GNRs. When
investigating the origin and physical insight of strain-induced modifica-
tion of thermal conductivity of carbon-based nanomaterials, interatomic
potentials play a vital role in atomistic simulations. When predicting the
nanomaterials properties, the reliability of the prediction by atomistic
simulations depends on whether and how accurately the employed
interatomic potentials can capture the essential physics and chemistry
[9]. Most existing carbon potentials were developed and validated only
focusing on the behavior of carbon nanomaterials under normal condi-
tions, e. g., normal ambient pressure, temperature, strain and stress;
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however, there is no guarantee that they perform well under extreme
conditions of high stress. Especially for highly distorted bonds and con-
figurations, the application of empirical interatomic potential becomes
an extrapolation and the results have to be treated with caution [10].

In the original AIREBO potential [11–13], a cutoff function is
employed for the covalent interaction (the REBO term of AIREBO) for
atom distance between 1.7 and 2.0 Å, which allows a user to simulate
covalent bond formation and bond breaking. Although the original
AIREBO potential, one of the most commonly used and accurate potential
for C–C bond in carbon based nanostructures [14–16], e.g. graphene and
carbon nanotubes, can describe the mechanical and thermal transport of
the carbon nanostructures under normal conditions well. However, past
works [17–19] have shown that it may produce an overestimation of
mechanical properties of nanostructures in extreme strains near fracture.
To the best of our knowledge, it is still unknown whether such an over-
estimation will appear and affect the thermal transport of carbon
nanostructrues.

To answer this question, in this work, the mechanical behavior and
thermal transport of GNRs are studied by MD simulations using both the
versity, Baoding 071003, China.
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original and modified AIREBO potential. Results show that the original
AIREBO potential produces thermal transport artifacts under extreme
deformation conditions, which results in seriously overestimated thermal
conductivity for graphene nanoribbons. More importantly, it will cause
some spurious phenomenon, e.g., spurious heat conduction behavior,
artificial blue shift of G peak and phonon stiffening of the optical
phonon modes.

2. Computational methods

MD simulations using the AIREBO potential are carried out using the
LAMMPS package [20]. The potential consists of three terms,
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where Rmin ¼ 1.7 Å and Rmax ¼ 2.0 Å in original AIREBO potential
[20,21]. However the authors of the Brenner potential and REBO po-
tential have mentioned that such a value of parameter Rmin in the cutoff
function will give unusually high bond forces without a physical basis as
C–C bonds are stretched beyond 1.7 Å. Thus they suggested the cutoff
distance Rmin should be extended far beyond the inflection point [18] by
setting Rmin to be 2.0 while including C–C interactions only for those
atom pairs that are less than 2.0 Å apart in the initial. Their suggestion
indicates that the nearest-neighbor character of interactions should be
preserved, and a bond list using the original cutoff distance (2 Å) is
constructed for the initial system that was left unchanged during the
simulations. By following their suggestions, the nonphysical failure
mechanisms can be avoided, and results can give reasonable results for
the fracture of carbon nanostructures; however, this modification is no
longer capable of handling bond forming [22,23] and cannot handle
some extreme cases, such as deriving carbon atomic chains from
ultra-narrow graphene nanoribbons, carbon nanotubes or nanobuds
[24–29]. Other researchers have attempted other cutoff distances Rmin

value, e.g. 1.9 [30], 1.92 [31,32], 1.95 [33,34] and 2.05 [35], and so on;
however, we can see from the following that these Rmin values are not
guaranteed to fully avoid nonphysical failures to occur. Although more
and more studies [14,36–39] have followed the suggestion in Ref. [18],
there are more studies using the original AIREBO potential and Rmin is
still be set as 1.7 Å even in the newest version of LAMMPS package.

The (nominal) strain and the engineering (nominal) stress in the x
direction are defined as

εx ¼ lx � l0x
l0x

; σx ¼ 1
V0

∂U
∂εx

(3)

where l0x is the initial lengths of the GNRs in x (i.e. longitudinal) direction
at zero strain, lx is the strained lengths of the GNRs,U is the strain energy,
V0 ¼ l0xS is the initial volume of the structure, and S is the effective cross-
sectional area of the GNRs on which the tensile force is applied. The
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Young's modulus Y in the x direction is defined via the equation

Y ¼ 1
V0

∂2U
∂ε2x
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(4)

The schematic of the simulation setup for calculating the mechanical
properties of the GNRs in the tensile process is shown in Fig. 1(a). MD
simulations are performed using the NVT ensemble at a temperature of
300 K. The blue part on the left of the system is fixed during the simu-
lation, and displacement step is applied on the right blue part which is
held rigid. All atoms except the end atoms are attached to the
Nos�e–Hoover thermostat during the loading process. Each displacement
step is followed by 1000 relaxation steps, and simulation time step is set
to be 0.5 fs. Such a simulation strategy has been recommended for MD
simulations of the tensile loading process of the CNTs by Mylvaganam
et al. [40]. The strain rates vary with length of GNRs in the range from
1.0 � 108 s�1 to 2 � 108 s�1 which is in agreement with the strain rates
selected in Ref. [41].

The NEMD method is an approach based on the direct application of
the Fourier law of heat conduction to predict the thermal conductivity.
By imposing a heat flux and measuring the resulting temperature
gradient, one can predict the thermal conductivity using the Fourier law:

q ¼ �k∇T (5)

where q is the heat flux vector, ∇T is the temperature gradient and k
denotes the thermal conductivity.

The schematic of the simulation setup for calculating the thermal
conductivity of the GNRs under different strains is shown in Fig. 1 (b), in
which the fixed slabs, buffer slabs, hot slabs, and cold slabs are labeled.
The atomistic coordinates of system at a specific strain can be succes-
sively extracted during a MD simulation of the tensile process. In the
NEMD simulations, the left blue parts (fixed slabs) of the system is fixed
rigidly, the applied heat flux method is used by adding/subtracting
constant amount of kinetic energy to/from the hot/cold slab at a regular
interval; the yellow parts (buffer slabs) between fixed and hot/cold slabs
are in an attempt to reduce reflection of heat from the edge, and the gray
part are free during simulation. In all the MD simulations, the initial
length and width of armchair GNRs without tensile loading are 21.6 nm
and 3.8 nm, and they are 20.6 nm and 4.06 nm for zigzag GNRs.

Here, free boundary condition was applied in in-plane direction in
order to explore the heat conduction behavior of the finite sized GNRs,
and periodic boundary condition is applied in the out-plane direction
with 2.0 nm vacuum space on each side of the GNR. Each simulation for
thermal conductivity calculation was run for 6,000,000 time steps, with
the temperature profile averaged over the last 1,000,000 time steps. For
these simulations, the time step was 0.5 fs, and the thickness of graphene
is chosen as 0.142 nm [42–44], which is the length of the carbon–carbon
bond length.

3. Simulation results and discussion

3.1. Tensile behavior of GNRs

The stress-strain curves of the armchair GNR and zigzag GNR are
calculated and compared by using both the original AIREBO potential
(Rmin ¼ 1.7 Å) and modified AIREBO potential (Rmin ¼ 1.92 Å and 2.0 Å)
which are shown in Fig. 2 (a) and (b), respectively.

In both Fig. 2 (a) and (b), for case of Rmin ¼ 2.0 Å, the stress first
increases linearly with the strain owing to the elastic response of the
bonds, and then non-linear elasticity begins and continues up to a critical
strain, which can be ascribed to the combined effect of bond elongation
and bond angle variation. Finally, brittle fracture takes place as a result of
bond rupture. However, for the cases of Rmin ¼ 1.7 Å or 1.92 Å, a non-
physical “Second Linearly Elastic Deformation (SLED)” [37] appears
and indicates an overestimated stress and spurious high bond forces in



Fig. 1. Schematic diagram of the calculated GNRs. (a) for calculating the mechanical properties of the GNRs in the tensile process. (b) for calculating the thermal conductivity of the GNRs
under different strains.
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extreme strains near fracture. That also means the modification of setting
Rmin ¼ 1.92Å cannot guarantee the full avoidance of nonphysical failures
and the overestimation of mechanical properties of nanostructures near
the fracture stage during the tensile process. It also can be observed that
finite-size GNRs under free boundary condition shows obvious fluctua-
tions when temperatures are non-zero even their end atoms are fixed, and
these fluctuations induced by temperature will result in initial stress in
the GNRs before the tensile process start.

The modified AIREBO potential (Rmin ¼ 2.0 Å) can give reasonable
results comparing with experimental results. Here the obtained Young's
modulus is 1.02 TPa and 0.95 TPa in zigzag and armchair directions,
which agrees well with the experimental result of 1.0 TPa [45]. The
critical stresses for both the zigzag and armchair oriented graphene ob-
tained from our simulations are 127.8 GPa and 85.6 GPa, respectively,
which are in good agreement with the results obtained by MD simula-
tions (121 GPa) [46] and by experiment (123.5 GPa) [45].

3.2. Thermal conductivity of GNRs under different strains

The thermal conductivity of the finite-size armchair GNRs and zigzag
GNRs are calculated and compared by using both original AIREBO po-
tential (Rmin ¼ 1.7 Å) and the modified AIREBO potential (Rmin ¼ 1.92 Å
and 2.0 Å), as shown in Fig. 3 (a) and (b). For the armchair GNR (with a
length of about 20 nm), the thermal conductivity obtained by our
computational model at ε ¼ 0 is 193 W/mK, respectively, which is close
to previous simulated values of ~180 W/mK [47] (half length of GNRs is
considered due to the RNEMD) and ~230 W/mK [48]. For the case of
Rmin ¼ 1.92Å, the obtained maximum strain is even large than that in the
case of Rmin ¼ 1.7 Å as shown in Fig. 2 (a) and (b); however, the struc-
tures under large strain are not stable and will break when simulating
heat conduction. As shown in Fig. 3(a) and (b), the results of thermal
conductivity and their corresponding strain range is almost the same for
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the cases of Rmin ¼ 2.0 Å and Rmin ¼ 1.92 Å, and the valid strain for
thermal conductivity of armchair GNRs and zigzag GNRs is 0.076 and
0.125 which are much less than the obtained maximum strain calculated
by Rmin ¼ 1.7 Å.

Previous studies [44,49] have reported that the thermal conductivity
of GNRs monotonically goes down with increasing strain. However,
spurious heat conduction behavior appears in our calculations by the
original AIREBO potential (Rmin ¼ 1.7 Å), and it can be observed from
Fig. 3(a) and (b) that the thermal conductivity of GNRs does not
monotonously decrease with increasing applied strain, and in the later
stage of the tensile strain, thermal conductivity of GNRs shows a steady
increase with applied strain. The obtained relation of the thermal con-
ductivity k and strain ε does not follow the approximation, k � T�1ε�γ ,
proposed by Bhowmick1. Therefore, it can be concluded that thermal
conductivity values of GNRs under tensile strain are significantly over-
estimated through the use of the original AIREBO potential in extreme
strains near fracture, and even shows a “V” shaped reversed trend, which
is nonphysical in nature.

3.3. Discussions

Why such an anomalous heat conduction behavior appears should be
investigated. From the view of mechanics, the applied tensile strain will
change the Young's modulus of GNRs, and consequently affect the ther-
mal conductivity. The speed of sound can be denoted as v ¼ ffiffiffiffiffiffiffiffi

E=ρ
p

, where
E and ρ is the Young modulus and the mass density of GNRs. The square
root of the nominal modulus derived through differentiation of the stress
with respect to strain in Fig. 2(a) and (b) are shown as the red lines in
Fig. 4(a) and (b), respectively. The green dots in Fig. 4 are corresponding
to the strain of the scattered points in Fig. 3. The variation trend of the
nominal modulus agree with that of the thermal conductivity well, thus
demonstrated that the non-monotonic decrease of the thermal



Fig. 2. Strain v.s. stress curves of GNRs using different Rmin. (a) armchair GNRs; (b) zigzag
GNRs. Fig. 3. Strain v.s. Thermal conductivity curves of GNRs using different Rmin. (a) armchair

GNRs; (b) zigzag GNRs.
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conductivity under tensile strain and its transition point are a result from
the overestimation of stress using the original AIREBO potential. The
stage that the thermal conductivity increases with the applied strain
corresponds to the second linearly elastic deformation part of the stress-
strain curves of GNRs.

To understand the role of phonons in this anomalous heat conduction
behavior, the phonon spectral density is calculated by Fourier transform
of the velocity autocorrelation functions of the simulated systems. The
phonon spectral density of the ith atom, Diðf Þ , is defined as:

Diðf Þ ¼ ∫ 〈við0Þ⋅viðtÞ〉e�2πiftdt (6)

where viðtÞ is the velocity vector of the ith atom at time t and 〈⋯〉 in-
dicates an ensemble average.

Fig. 5(a) and (b) show the total phonon spectrum of the armchair and
zigzag GNRs under different strain, respectively. It can be seen that the
higher-frequency optical phonon modes (the primary peak of the phonon
spectrum) are more sensitive to the axial strain than the lower-frequency
modes. As shown in Fig. 5(a), for low strain level, ε¼ 0–0.15, the tension
softens the G-bands remarkably in comparison with other part of the
spectrum, and red shift of G-bands frequencies appears obviously, and
thus lowers their group velocities and weakens the energy transfer. When
ε ¼ 0.175, the peak for G-band is blueshifted. In the phonon spectral
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density of zigzag GNRs shown in Fig. 5 (b), it can be seen that both
redshift and blueshift of the peak for G-band are more obvious. For
ε ¼ 0–0.2, the G-bands of zigzag GNRs are redshifted; when ε � 0.225,
the peak for G-band begins to blueshift, especially when ε � 0.275, the
overestimation of stress (or Young's modulus) by the original AIREBO
potential result in a flatter G-bands spectrum, and the frequency of the G-
band are shifted to about 71.87 THz.

It has been reported that the heat conduction of CNTs and GNRs is
dominated by the high-frequency modes, especially C–C characteristic
peak. The variation of frequencies of the G-band of armchair and zigzag
GNRs under different strains are shown in Fig. 6(a) and (b). Their vari-
ation trends and location of transition point have similar characteristics
as those of thermal conductivity and the square root of the nominal
modulus with respect to strain in Figs. 3 and 4. Besides, Fig. 7 shows the
frequency of the G-band as a function of the square root of the nominal
modulus of GNRs under different strains. It indicates that the frequency
of the G-band is linear with the square root of the nominal modulus
of GNRs.

We perform a two-dimensional Fourier transform of the atomic ve-
locities to obtain the phonon spectral energy density and visualize the
phonon dispersion relation. The power spectral maps for frequencies
between 0 and 100 THz are analyzed for GNRs under different strains



Fig. 4. The square root of the nominal modulus derived through differentiation of the
stress with respect to strain. (a) armchair GNRs; (b) zigzag GNRs.

Fig. 5. Phonon spectra of GNRs under different strain: (a) armchair GNRs; (b) zigzag
GNRs.

X. Yang et al. Physica E: Low-dimensional Systems and Nanostructures 96 (2018) 46–53
with ensemble averaged in 4096 sample windows. The phonon spectral
energy density is calculated by Ref. [50].
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Fig. 8(a), (b), (c) shows the phonon dispersion relations of zigzag
GNRs under different strain ε ¼ 0, 0.125, 0.3, respectively. Our result of
phonon dispersion curves of GNRs for the case of ε ¼ 0 using the AIREBO
potential is in good agreement with previous studies [50,51]. It can be
seen from Fig. 8 that the shift of lower-frequency phonon modes is small
while the higher-frequency optical phonon modes (the primary peak of
the phonon spectrum) are more sensitive to the axial strain than the
lower-frequency modes.

For larger strain ε ¼ 0.125, as shown in Fig. 8(b), the higher-
frequency optical phonon modes are obviously depressed, and their
phonon bands red-shift and the group velocity vg ¼ ∂ω/∂k decreases as
the strain increases, where ω and k is the corresponding frequency and
50
wavevector. However, for very large strain ε ¼ 0.3 where the tensile
strain almost approaches the failure limit, the effect is reverse; that is,
higher-frequency optical phonon modes are dramatically blue-shifted,
the optical phonon branches with higher frequency are obviously stiff-
ened and the group velocity vg ¼ ∂ω/∂k increases significantly while the
scattering of the optical phonon modes are much more pronounced. The
scattering of the optical phonon modes corresponds to the flatter G-bands
spectrum as shown in Fig. 5(b). The peak-and-valley profiles along the
entire frequency axis at a specific wave vector can be subtracted from the
3D map of the phonon spectral energy density. The peaks corresponding



Fig. 6. Frequency of the G-band of GNRs under different strain: (a) armchair GNRs; (b)
zigzag GNRs. Fig. 7. Frequency of the G-band as a function of the square root of the nominal modulus of

GNRs under different strain: (a) armchair GNRs; (b) zigzag GNRs.
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to the scattered optical phonon branches with higher frequency have
larger half-width at half-maximum and less phonon lifetime, thus can
explain why the increase of the thermal conductivity of GRNs under
extreme uniaxial strain are not so significant as that of the frequency of
the G-band shown in Fig. 6 (b).

The thermal conductivity can be predicted by the classical lattice
thermal transport theory, k ¼ P

m
Cvml, where C, vm, l are the specific heat,

group velocity and mean free path of phonon mode m. From the dis-
cussion above, the original AIREBO potential can provide good descrip-
tion of the thermal conductivity under normal conditions; however, for
extreme deformation conditions, the original AIREBO potential gives an
overestimation of the nominal modulus. This overestimation results in
spurious phonon band structure, blue shift of G peak and phonon stiff-
ening of the optical phonon modes, which artificially increase the group
velocities in extreme strains near fracture. These results explain why the
original AIREBO potential cause the spurious heat conduction behavior
under extreme uniaxial strain that the thermal conductivity of GNRs does
not monotonically decrease with increasing strain, and even shows a “V”
shaped reverse, nonphysical trend.
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4. Conclusions

In summary, the mechanical behavior and thermal transport of gra-
phene nanoribbons (GNRs) are studied by MD simulations using both
original and modified AIREBO potential. The key finding is that using the
original AIREBO potential will result in artificial thermal phenomena and
behavior at large strains on graphene nanoribbons. The important out-
comes of our work are summarized below:

1) The original AIREBO potential result in an overestimated tunable
range of strain in which thermal conductivity can be calculated.

2) The thermal conductivity of GNRs under tensile strain are signifi-
cantly overestimated by the original AIREBO potential near the
fracture stage during the tensile process, and even shows a “V” shaped
reversed, nonphysical trend.

3) The cutoff function of the original AIREBO (REBO, Brenner) potential
leads to serious overestimation for the thermal conductivity of GNRs
when approaching fracture, and thus it should be modified when
dealing with the cases of carbon nanostructures at large deformation.



Fig. 8. Phonon band structure of zigzag GNRs calculated by the original AIREBO potential under different strain. (a) ε ¼ 0; (b) ε ¼ 0.125; (c) ε ¼ 0.3.
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For the modified AIREBO potentials, the modification of setting
Rmin ¼ 1.92 Å cannot guarantee the full avoidance of nonphysical
failures and the overestimation of mechanical properties of nano-
structures near the fracture stage during the tensile process; the
modified AIREBO with Rmin ¼ 2.0 Å is a more reasonable choice.

4) The origin of overestimation for thermal transport characterization of
GNRs near the fracture stage during the tensile process is investi-
gated. It shows that the camelback problem of the original AIREBO
potential will lead to an artificial increase of Young's modulus, the
blue shift of G peak and phonon stiffening of the optical phonon
modes, resulting in an increase of group velocity of the phonons.
Because the camelback problem also exists in Brener potential and
REBO potential, such an overestimation problem by these potentials
requires adequate attention.

5) The correlation between spurious heat conduction behavior and
overestimation of mechanical properties in extreme strains near
fracture caused by the original AIREBO potential are explored and
revealed. The spurious heat conduction behaviors can be considered
to be a result of the overestimation of the Young's modulus of GNRs
using the original AIREBO potential. It indicates that the frequencies
of the G-band are linear with the square root of the nominal modulus
of GNRs.
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