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Unlike an independent variable in classical continuum mechanics, temperature at molecular dynamics
simulation is perceived as a spatiotemporal averaged quantity from the velocity field of atoms in system
of interest. Following this definition, an intriguing correlation between displacement and temperature in
graphene nanoribbon under impulsive loading has been captured at the early stage of simulation to dem-
onstrate that temperature variation along a specific direction behaves like a wave motion, while at the
end of simulation temperature field reaches to a steady state like a classical diffusion equation of temper-
ature. This riveting phenomenon offers insights into the thermal–mechanical coupling phenomena of
nanodevices.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Does the temperature variation along a specific direction
behave like a wave motion? From the viewpoint of classic heat
conduction theory, the answer is no since it lacks the foundation
to interpret the wave-like energy transport phenomenon, ‘second
sound’ [1]. However, this unprecedented phenomenon has been
observed in superfluid [2,3] and pure crystals [4] at cryogenic tem-
peratures. To capture the unconventional property and tackle the
challenge posted by the classical theory, Green and Naghdi [5] pro-
posed a promising non-classical theory followed and extended by
Jordan and Straughan [6], Bargmann and Steinmann [7], based on
the concept of artificially incorporating a scalar history variable,
thermal displacement, as the time interval over the empirical tem-
perature. The fundamental physical meaning of the thermal dis-
placement in the Green-Naghdi theory, however, remains elusive
and debatable. On the other hand, from the molecular dynamics
simulation perspective, temperature is a measure of the instanta-
neous kinetic energy in a system [8], which is perceived as a
dependent variable, a spatiotemporal averaged quantity from the
velocity field of atoms in system of interest unlike being an inde-
pendent variable governed by the conservation of energy in classi-
cal continuum mechanics. The definition of temperature at
nanoscale may offer a feasible way to reproduce the intriguing
wave-like behavior of temperature variation along a specific direc-
tion. Meanwhile, graphene nanoribbon has gained the appreciable
popularity in a variety of applications due to its outstanding archi-
tecture and properties [9–16]. Therefore, following the definition
of temperature at MD simulation, we investigate the temperature
variations of graphene nanoribbon under an impulsive mechanical
loading to see if there exists the wave behavior of temperature pro-
file along a specific direction at nanoscale.

2. Simulation method

Molecular dynamics simulations package developed by the
author and visualization program VMD are employed to perform
the simulations and analyses with Tersoff force field [17]. Tersoff
potential has been perceived as one of the well-accepted and pro-
ven 3-body potential to give a quantitatively accurate description
of the pairwise and many-body interactions in the graphene sheet.
To exclude the unphysical high bond force arising from improper
cutoff functions, we set the cutoff as 2.5 Å, and there is no periodic
boundary condition in the three directions. Meanwhile, to rule out
noise effects due to edge effects and make the correlations
between wave propagation and temperature variation more
pronounced, the system takes a long period of relaxation to dissi-
pate the deleterious side-effects. Nosé-Hoover thermostat [18]
has been employed to control the reference temperature of the sys-
tem before applying any kind of boundary conditions.

A pristine graphene nanoribbon with length 43.2 nm and width
2.1 nm is constructed in Figure 1. To better illustrate the tempera-
ture variation during the simulation process, Region 2 of the graph-
ene nanoribbon as depicted in Figure 1 is equally partitioned along
the z-axis into 20 subgroups with around 170 atoms for calculating
the local temperature while Region 1 is designed as boundary con-
dition for input signal and Region 3 is fixed. The input signal is a
half-sine impulsive loading with magnitude 2.0 nm and duration
1 ps along the z-axis direction. The NVT ensemble is used to con-
trol the reference temperature of the whole system before applying
any boundary conditions. NVT is applied to all atoms in the sys-
tems for initiating a reference temperature for 0 K and 300 K,
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Figure 1. Computational model of graphene nanoribbon.
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respectively. After the equilibrium state is achieved, NVE ensemble
simulations are carried out to control the Region II in the specimen.
The atoms in Region I and III are considered to NVT but with fixed
position after the impulsive loading. There is no periodic boundary
condition in MD simulation. The total simulation time is 28.83 ps
after relaxation and equilibration.

3. Results and discussion

Here, we adopt a popular definition of temperature in the MD
simulations [8], as a space-averaged variable of a group of atoms,

TðtÞ ¼
PN

i¼1
mi viðtÞ��v½ �2

3kBN ; where N is the number of the group of atoms;

mi the mass of atom i; vi the velocity of atom i; �v is the average
velocity of the group of atoms; kB the Boltzmann constant.

Figure 2 presents the snapshots of the deformed graphene
nanoribbon with the temperature profile as simulation time. The
blue and red color represents the minimum and maximum value
of temperature in the system, respectively. It is clearly observed
that the crest of mechanical wave engendered by the input impul-
sive loading propagates into the graphene nanoribbon along the
z-axis direction just like ocean wave. The magnitude of the crest
in mechanical wave is close to but less than that of input impulsive
loading at the early stage of simulation as depicted in Figure 3,
indicating that a fraction of the translational kinetic energy of
the system has been converted to the internal vibration of graph-
ene nanoribbon, notably in the temperature mode. It is apparently
noticed in Figure 2 that, with time proceeding, the region with
maximum value of temperature along z-axis direction propagates
along with the mechanical wave, thereby offering clues that tem-
perature variation along the z-axis behaves like a mechanical wave
at the early stage of simulation. Also the speed of temperature var-
iation explicitly calculated from the simulation results is around
3.72 km/s, which is far below the ideal sound wave speed of graph-
ene ribbon, 21.7 km/s [19], provided that the graphene ribbon are
assumed to be an ideal continuum solid.

To better illustrate the intriguing point, Figure 4 provides a
quantitative analysis of energy transmission related to velocity
field by showing the temperature variation profile along the z-axis
direction at different simulation time. The temperature values in
Figure 2. Evolution of temperature variations at atomic arrangement as simulation time.
under reference temperature 0 K. (For interpretation of the references to color in this fi
Figure 4 represent the subgroup calculations not a finite
x-coordinate. It is clearly depicted that at the early stage of simu-
lation, for example, t = 0.24 ps, there is only one subdivision in
the specimen possessing high temperature while others keep tem-
perature around 0 K. As time goes on until t = 8.55 ps, the peak of
temperature profile moves into the specimen with almost the
same magnitude while temperature of the rest part in the graph-
ene nanoribbon keep close to 0 K but not 0 K. This can be eluci-
dated by the fact that the nonlocality and nonlinearity of the
interatomic forces trigger the vibrations of atoms far from the reac-
tion field, which eventually produces the temperature variation of
the system. At t = 28.83 ps, the temperature variation of the whole
system excluding the peak effect reaches to a steady state with
temperature 550 K which captures the distinct feature of diffusion
equations of temperature in classical continuum mechanics. This
can be attributed to the fact that once the energy associated with
the mechanical wave is converted into internal energy it tends
more to spread out over the entire domain rather than convert
back again. In order to study the effect of reference temperature
of the system on the thermal impulse, Figure 5 presents the snap-
shots of the deformed graphene nanoribbon with the temperature
profile as simulation time at the reference temperature 300 K, and
Figure 6 provides a similar quantitative analysis of energy trans-
mission related to velocity field at the reference temperature
300 K as we did in Figure 3. Differences between these two sets
of result can be attributed to the thermal noises from the varying
reference temperature. The key characteristics of thermal impulse
in two sets of simulations remains pronounced. To summarize, Fig-
ure 4 provides significant insight to offer a panorama of the pecu-
liar temperature variation behavior along the z-axis direction in
the molecular dynamics simulation, which will pave the way to
better understand the fundamental physical meaning and proper-
ties of temperature at nanoscale.

As depicted in the previous content, Figures 3(a–d) exhibit the
correlation between the displacement profile and temperature var-
iation profile of specific subgroups along the z-axis direction in the
systems as simulation time. By comparison, it is clearly observed
that the motion of the temperature peak along the z-axis direction
unanimously coincides the wave crest front at the early stage of
simulation while after a long period of time the temperature of
Dark red color represents the maximum value of temperature region in the snapshot
gure legend, the reader is referred to the web version of this article.)



Figure 3. Correlation between displacement profile and temperature profile of selected subgroups as simulation time under reference temperature 0 K. Blue color represents
the displacement profile; red color means the temperature profile. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Figure 4. Temperature variation profile of graphene nanoribbon at varying time under reference temperature 0 K.
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Figure 5. Evolution of temperature variations at atomic arrangement as simulation time. Dark red color represents the maximum value of temperature region in the snapshot
under reference temperature 300 K. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Figure 6. Temperature variation profile of graphene nanoribbon at varying time under reference temperature 300 K.
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each specific subgroup goes toward a plateau. It is also noticed in
Figure 6 that when the mechanical wave reaches to the fixed
boundary, the mechanical wave propagates back along graphene
nanoribbon with opposite amplitude while the thermal impulse
becomes diluted but still follows the motion of mechanical wave
due to the dissipation of mechanical wave. These findings here
are intended to reflect qualitative behavior and should be per-
ceived as ‘proof of concept’ of the wave-diffusion behavior of tem-
perature variation along a specific direction. Actually, no matter
what kind of deformation motions we simulate in graphene nano-
ribbon, the similar effect of temperature variation accompanying
with mechanical wave can be reproduced once the deformation
of graphene nanoribbon can trigger the varying velocity field in
the nanoribbon.
4. Conclusions

In summary, our Letter unravel a contradictory but intriguing
physical phenomenon, wave and diffusion behavior of temperature
variation along a specific direction, in the molecular dynamics sim-
ulations, which implies temperature variation along a specific
direction can show both wave-motion behavior and diffusion
behavior at the same framework. These findings of temperature
variation offer a more fundamental insight into the question of
what the definition of temperature is in a single theoretical frame-
work despite continuum or discreet description of the system, and
serve as a vehicle to carry the promise of investigating the ther-
mal–mechanical coupling phenomena of nanodevices at various
temperature or mechanical environments from a fundamental per-
spective. However, experimental control and detection of
the dynamical process of temperature variations at nanoscale still
remains a formidable challenge and is noteworthy to be further
explored.
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