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Thermal rectification in graphene/polyethylene junction: A molecular dynamics study
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ABSTRACT

We use nonequilibrium molecular dynamics (NEMD) simulations to investigate
thermal rectification in the graphene/polyethylene junction. An ultra-narrow zigzag
graphene is connected to a polyethylene chain with a different number of monomers.
We study the dependence of thermal rectification on the sample length (L) and mean
temperature (T). Moreover, we calculate the Kapitza thermal resistance at the junction
and show that it depends on the temperature gradient bias. The results show that thermal
rectification weakly depends on the sample length. On the other hand, mean
temperature suppresses thermal rectification and decreases with increasing
temperature. Finally, to explore further, we calculate the phonon density of states
(DOS) and study their scattering from the junction.

Molecular dynamics.

1 Introduction

Graphene [1,2] is a two-dimensional (2D) and nano-
sized monolayer with a honeycomb form which has
attracted many researchers in the past two decades due
to uniquely high mechanical properties [3], excellent
electronic or optical properties, and also thermal
properties. Besides the remarkable properties of
graphene, scientists also study the hybrid of graphene
with other 2D or 3D materials to create new properties.
An example of 3D, Razzaghi et al. used graphene as a
nanofiller in polyethylene polymer (matrix) to enhance
the thermal conductivity of the polymer [4]. The results
indicate that the effective thermal conductivity of
graphene-polyethylene nanocomposite (with a volume
fraction of 1% graphene) increases to 0.74 W/mK,
while that pure polyethylene has 0.36 W/mK.

Thermal rectification is an exotic thermal transport
phenomenon which allows heat to transfer in one
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direction but blocks the other [5-9]. Thermal rectifiers
can be made from a hybrid of two different materials
[10-12], from mass graded [13—15], or asymmetry in
the geometry of structure [16-20]. The hybrid of 2D
materials can be an appropriate candidate for thermal
rectifiers. In our previous work, we obtained thermal
rectification of hybrid graphene/C3B [12]. In that study,
the thermal rectification depends on the temperature
difference between baths and increases by growing AT.
The maximum thermal rectification that we got was
equal to 48% for AT > 40 K but zero rectification for
AT <40 K.

In another work, Farzadian et al. studied the hybrid of
graphene/C;N to explore the thermal properties [10].
Thermal resistance and thermal rectification were
important quantities that they investigated. In that
system they obtained the thermal rectification factor
about 50% around AT =100 K. Moreover, Rajabpour et
al. showed that the hybrid of graphene and graphane
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[21,22] is a promising thermal rectifier with 20%
rectification for AT = 35 K for samples with a length of
< 100 nm [23]. Moreover, recently accurate potentials
are developed with machine learning algorithms to
study the same system, which can be useful for
molecular dynamics simulations [24,25].

In the current work, we study the thermal properties of

the hybrid of an ultra-narrow graphene with a
polyethylene chain that includes a different number of
monomers. We intend to calculate the thermal
rectification in this class of hybrid systems. We also
obtain thermal resistance and phonons density of states
to explain the rectification mechanism.

2 Computational methods

The contribution of the phonon heat carriers in the
semiconductors and nonconductors is greater than the
electrons. Therefore, all the calculations in this study
are based on the phonons. Consequently, we can ignore
the electrons and use the NEMD simulations to obtain
the thermal properties of the system. In this work, the
simulations are implemented using the LAMMPS
package as a classical molecular dynamics simulation
code [26]. The simulated system is composed of ultra-
narrow graphene attached to a polymer chain with 20
monomers, as shown in the schematic view in Fig. 1.
The width of the graphene is 7.4 A. The
graphene/polyethylene length can be changed in
different simulations.

The free boundary condition was applied to the three
directions. To model the interaction between carbon and
hydrogen atoms in the system, we chose the second-
generation reactive empirical bond order (REBO) [27],
which is a three-body potential.

Junction CF

Figure 1. The schematic view of the simulated system.
The F, H, and C represent fixed atoms, hot, and cold
baths, respectively. hydrogen and carbon atoms are
colored by grey and green, respectively.
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The wvelocity Verlet algorithm was considered to
integrate the equation of motion with a time step of 0.25
fs. At first, to relax and reach thermodynamic
equilibrium, the whole of the system was coupled to the
Langevin thermostat [28] at a specified temperature for
1 ns of simulation time. After that, as seen in Fig. 1, two
narrow slabs, represented by F at two ends of the
system, were selected as fixed atoms. Those atoms
cannot move in all directions in the simulation time and
operate as clamps. We placed the hot (H) and cold (C)
baths near the fixed atoms.

At this step, we need a temperature gradient across the
system. To build a temperature gradient, we applied a
high temperature (T + AT/2) and a low temperature (T
- AT/2) to the hot and cold baths, respectively. The
temperature T is the mean temperature of the system,
and AT is the temperature difference between the two
heat sources (H and C). The Nose-Hoover thermostat
[29,30] was applied to keep the temperature of the hot
and cold baths constant. Also, the NVE ensemble was
considered for atoms between the heat sources. In this
condition, the temperature starts to fall along the
system, and a temperature gradient is established. The
system along the x direction was divided into few slabs
with width of 1 nm to obtain the temperature profile. At
those slabs, the temperature was calculated through the
equipartition theorem and average for 2 X 10° of the
last steps (equals 500 ps). The slope of the temperature
profile is the effective temperature gradient. After
building the temperature gradient, the heat current starts
to reach a steady state in which the heat current
magnitude is time-independent. Therefore, in this
condition, the amount of heat extracted from the hot
bath is equal to the added heat to the cold bath.

As we know, the applied thermostat continuously adds
kinetic energy to the hot bath and removes it from the
cold bath to keep those temperatures constant. The
above energy gradually increases over time which is
called We the
accumulative energy and save it to calculate the baths'
power or heat current. The heat current is used later for
To
rectification, we implement two simulations. The
system was imposed to a positive temperature gradient
and once again to a negative gradient. In both

accumulative  energy. obtain

thermal rectification. determine  thermal

simulations, we calculate the heat current along the
system. After that, thermal rectification was obtained
via the equation below [6],
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TR = Jmax—Jmin % 100’

Jmin

()

where Jpa and Jonin are the maximum and minimum
heat currents between two directions of temperature
gradients, respectively.

We finally calculate the phonon density of states (DOS)
through Fourier transformation of the velocity
autocorrelation. That is done by the equation below

[31],

DOS(w) = s

Jy e N B(0). B(D))sd, )

mS
kgT
where the summation is done on atom types s, and
integration run over the simulation time. The m, v, ® are
mass, velocity vector, and phonon angular frequency.
The symbol (...) the
autocorrelation.

demonstrates velocity

3 Results and discussion

All the NEMD simulations were carried out to explore

the thermal rectification of the graphene/polyethylene
junction. As demonstrated in Fig. 2, the temperature
profiles for two biases of temperature gradient were
plotted.
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Figure 2. The temperature profile for negative (blue) and positive
(red) temperature gradients. The interface is colored by light green.
The length of the system is 20 nm. Also, T =300 K and AT = 80 K.

We can see the temperature gap at the junction (colored

by light green) in which temperature drops suddenly in
a small region. The thermal resistance at the junction is
related to the temperature gap at the interface, which
will be explained later.
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Figure 3. The accumulative energy extracted from the hot bath and
added to the cold bath over the simulation time. The average of slope
magnitude is the heat current. The length is 20 nm. Also, 7= 300 K
and AT =80 K.

After that, we calculate the accumulative energy versus

simulation time to obtain the heat current (energy/time).
Two lines were fitted to the energy curves. The
magnitude of the slope of the fitted lines should be
approximately equal. That shows the system has
reached a steady state. Therefore, the amount of energy
that emerges from the hot bath equals with that entered
into the cold bath. In this condition, we calculate
thermal properties correctly.

Next, the thermal rectification was obtained through
Eq. (1). As seen in Fig. 4. the thermal rectification
weakly depends on the system length and fluctuates
around 20% rectification. The length of the system
varies up to 80 nm. The minimum and maximum
rectification factors are equal to 18% and 23%.
Therefore, we use it as a constant thermal. In the
previous literature, it was illustrated that thermal
rectification is independent of the length of the system
[23].

the
resistance at the junction, the so-called Kapitza
resistance [32]. The Kapitza resistance can be
calculated as follows:

Thermal rectification origins from thermal

3)

where AT; and J are the temperature gap at the junction

and heat flux along the system, respectively.
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Figure 4. Thermal rectification at room temperature versus system

length. 7=300 K and AT =40 K.

Kapitza resistance depends on the temperature
gradient. Therefore, thermal rectification occurs. To
illustrate that, we compare Kapitza for a system with a
length of 20 nm. When AT = 40K, the temperature gap
for two biases of the temperature gradient is equal
(AT =~ AT;"® = 4.5 K), and also, the heat fluxes
are Jpos = 3.4e10 W/m? and Jpo, = 3.29e10 W/
m2. Therefore RE™ = 1.32x 107%m?K/W and
Ry%? = 1.37 x 1071%m?K /W. Upon this calculation,
Kapitza for the positive direction (graphene to polymer
chain) is less than for the negative one. Therefore, the
heat current prefers to flow in positive direction than
negative direction. It leads to thermal rectification.
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Figure 5. Thermal rectification vs mean temperature of the system.

Another quantity that can affect thermal rectification is
the mean temperature of the sample. The mean
temperature can be different in some environments.
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Therefore, it is important to explore the effect of
temperature on thermal rectification. The temperature
can affect the scattering phonons from the lattice and
leads to a decrease in the heat current. Therefore, we
expect the temperature to influence thermal
rectification. As indicated in Fig. 5, the thermal
rectification decreases with increasing temperature. The
maximum and minimum thermal rectification are 23%
and 14%, respectively. At low temperatures, the thermal
rectification in the system can arise due to factors such
as differences in phonon transport, asymmetric phonon
scattering, or interface effects. These factors can lead to
an asymmetry in how phonons propagate between
materials or across interfaces, resulting in a preferential
heat flow in one direction. This can give rise to a higher
thermal conductance from the left side to the right side
the opposite causing
rectification. As the temperature increases, several

compared to direction,
mechanisms can contribute to decreasing thermal
One possibility is that at higher
temperatures, phonon-phonon interactions become
more prevalent, and these interactions tend to equalize
the heat flow between different materials or regions. As

rectification.

a result, the differences in phonon transport properties
that caused rectification at lower temperatures become
less pronounced.
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Figure 6. Phonon density of states of two groups of atoms near the
junction in graphene (blue line) and polyethylene chain (green line)
for heat flux in (+) and (-) directions.

To explore fundamentally and understand the observed

thermal rectification, we obtained the phonon density of
states (DOS) on both sides of the junction (Fig. 6). To
do that, we selected two groups of atoms near the
junction with a width of 20 A. We obtained the velocity
autocorrelation during the simulation time and then
used Eq. (2) to calculate DOS. The mismatching
between two DOS curves indicates that few modes of
phonons exist on one side but not on the other. That
means there is phonon scattering at the junction.



Kiani et al./ Journal of Interfaces, Thin films, and Low dimensional systems 6 (2) Winter & Spring (2023) 613-619

Now, we can calculate the overlapping factor between
the two density of states on both sides of the junction
using the following equation [6,33],

_ fooo Dy (w)Dy(w)dw
[ Dy (w)dw [, Dy(w)dw’

This quantity can be evaluated for positive and negative
gradients. The overlapping factors are ¥, = 1.2635 X
1072 and W_ = 1.2098 x 102, respectively.

4 Conclusions

We performed a series of NEMD simulations in the
present investigation to calculate thermal rectification
in the hybrid graphene/polyethylene chain. It was found
that thermal rectification depends weakly on the system
length. The magnitude of the thermal rectification is
around 20%. To explain the underlying mechanism of
thermal rectification, we calculated Kapitza resistance
and phonon density of states on both sides of the
junction. We showed that Kapitza resistance depends on
the temperature gradient bias. Therefore, heat current
prefers one direction (graphene to polyethylene chain)
than the opposite direction. Moreover, the DOS was
obtained to show some phonon modes scattering at the
junction. The phonon scattering depends on the
temperature gradient and leads
resistance.

to the Kapitza
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