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Recently, twisted bilayer graphene (TBLG) has attracted enormous attention owing to its peculiar
electronic properties. In this work, the anisotropic thermal conductivity of TBLG is comprehensively
investigated. It is reported that interlayer twisting can be a practical approach for thermal transport
regulation with high accuracy. A strong non-monotonic correlation between anisotropic thermal
conductivity and twisting angles is revealed. Extensive phonon behavior analyses reveal the physical
mechanism. The anisotropic thermal transport in TBLG is explained by the calculated phonon density of
states (PDOS). Meanwhile, the phonon spectra and phonon relaxation times extracted from spectral
energy density (SED) profiles explain the decreasing trend of thermal conductivity with increasing
twisting angles. The increase in thermal conductivity is attributed to the combined effects of twist and

Received 25th April 2022,
Accepted 24th August 2022

DOI: 10.1039/d2cp01896a
anisotropy. The reported anisotropic thermal conductivity is important to the thermal modulation and
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1. Introduction

Since the discovery of graphene,' it has gained widespread atten-
tion due to its unique electrical,”> mechanical® and thermal
properties.” As a promising material, graphene possesses an
ultrahigh electron mobility® of approximately 20 000 cm* V- ' s™*
and a thermal conductivity® of 4000 W m™* K *. The number of
layers affecting the properties of graphene has also been exten-
sively studied.”"® Through measurements and calculations, it was
found that bilayer graphene possesses a tunable band gap,'* which
overcomes the drawback of lacking a band gap in single-layer
graphene.

Interlayer twisting has been proven to be an effective
approach for manipulating the electrical,”” optical®® and thermal
properties.*"® In particular, the observation of supercon-
ductivity'® in twisted bilayer graphene (TBLG) when the twisting
angle is near 1.1° has spurred the research interest in this peculiar
Moiré pattern structure.’”'® In addition, the band gap of TBLG is
tunable by inserting alkali metal atoms and controlling the rotation
angle.” For optical properties, Anh Le et al®® calculated the
electronic structure and optical properties of TBLG and found that
the optical conductivity of TBLG has a strong relationship with the
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our analyses provide a valuable complement to the phonon studies of TBLG.

twisting angle. And in the small angle region, as the angle gradually
tends to 0°, the W-shape density of states transforms into a U-shape.
Raman spectroscopy of TBLG which plays a crucial role in materials
optical and phonon analysis has been explored by Campos-Delgado
et al®* The phonon dispersion of TBLG was probed by Raman
scattering induced by twisting angle dependent wavevector. And the
ZO' phonons activated by the Moiré pattern were discovered.
Anisotropic thermal conductivity has been widely observed
in numerous materials, such as graphene,®* diamond films,**
single crystal B-gallium oxide,>* etc. For this peculiar physical
property, numerous experiments and theoretical calculations
were employed to explore the involved physical mechanism.
Renteria et al.>> measured the thermal conductivity of reduced
graphene oxide annealed at high temperatures. After high-
temperature annealing, the dramatic increase in the in-plane
thermal conductivity contrasts with the decrease in the out-of-
plane thermal conductivity, which shows the unexpectedly
strong anisotropy of the reduction of graphene oxide. The
increase in the in-plane thermal conductivity and the decrease
of out-of-plane thermal conductivity were attributed to the
reduced phonon scattering to oxygen atoms and other impu-
rities and the appearance of air pockets. Ye et al.>® performed
molecular dynamics (MD) simulation to calculate the
thermal conductivity of body-centered tetragonal C,. The
cross-plane and in-plane thermal conductivity can reach about
1209 W m ' K ' and 738 W m ' K~ ' which show the high
anisotropic thermal conductivity. Jang et al.>’” measured the
thermal conductivity of passivated black phosphorus by using
the time-domain thermo-reflectance method. The anisotropic
thermal conductivity was found as follows: the in-plane thermal
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conductivity was 86 W m~' K~ ' for the zigzag direction and
34 W m~* K for the armchair direction, which are much
higher than 4.0 W m™" K ' for the out-of-plane direction.
Although all these materials have been reported to possess
high thermal conductivity and various anisotropies, the pursuit
of accurate control of anisotropic thermal conductivity of
materials is important for phonon engineering and thermal
modulation.

This work is aimed at developing a high-fidelity and high-
accuracy anisotropic thermal transport regulation method in
bilayer graphene by interlayer-twisting. MD simulation revealed
a strong correlation of the twisting angle and anisotropic
thermal conductivity. The mechanisms underneath this corre-
lation were thoroughly analyzed by examining the phonon
behaviors. By calculating the phonon density of states and
spectral energy density, we have found that the PDOS values
are diverse along different heat flux directions which confirm
the anisotropy of TBLG. Furthermore, by using the Lorentz
fitting, the phonon relaxation time is calculated to support the
finding. Finally, the size effect is considered and the mean free
path is acquired by fitting the relationship between thermal
conductivity and length variation.

2. Methodology

The system configuration of TBLG is similar to the modeling
approach from a previous work.'* Suspended monolayer gra-
phene is set as the bottom layer and another identical mono-
layer is stacked on top. The later stacked monolayer graphene
will be rotated around the geometric center to the desired angle
to create different twisting angles. The structures of AA-stacked
bilayer graphene and 10°, 20° and 30° TBLG are illustrated in
Fig. 1. The Moiré pattern can be clearly seen after rotation. In
addition, it is worth noting from Fig. 1 that lattice parameters
are changed due to the rotation.”® For example, if the twisting
angle is equal to 21.78°, the lattice parameters® increase from
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Fig. 1 Moiré pattern of twisted bilayer graphene with different twisting
angles. Red and blue colors represent the atom of the top layer and
bottom layer, respectively.
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Fig. 2 (a) Schematic diagram of the NEMD method. (b) Temperature
distribution (black dot) and temperature fitting (red line) at thermal equili-
brium state. (c) Variation of heat source and heat sink energy with time.

2.46 to 6.51 A. To investigate the anisotropy, the TBLG nanor-
ibbons are cut off at the same length and width along the x and
y directions, respectively, based on a large area of TBLG, as
shown in Fig. 2(a). The length and width are chosen to be
20 nm and 10 nm, respectively, and the thickness is set twice
that of the monolayer thickness size.

All the simulations are performed in a Large-scale Atomic/
Molecular Massively Parallel Simulator®® (LAMMPS). The opti-
mized Tersoff potential®' is used to model the intralayer C-C
interactions which is expressed as:

=33, 1)

i i#E]

Vi = felrg)Lfw(ry) + by fa(ry)] (2)

where E is the total energy and Vj represents the potential
energy. fr and f, are competing attractive and repulsive pair-
wise terms while f, includes three-body terms and f is a cut-off
term. For interlayer van der Waals (vdW) interaction, it is
always modeled by the Lennard-Jones potentials®* expressed as:

[ I

where y is the coupling factor, ¢ is the energy in the equilibrium
position and ¢ is the distance where the force equals zero. The ¢
and ¢ parameters in this study are consistent with past research?
where ¢c_c = 4.56 meV and o = 3.431 A.

The non-equilibrium molecular dynamics (NEMD) method
is employed to calculate the thermal conductivity of TBLG. The
detailed setting of simulation and the specific implementation
process of the NEMD method are described below. As shown in
Fig. 2(a), the fixed boundary condition is applied in the length
direction. Meanwhile, the free boundary condition is used in
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width and out-of-plane directions, allowing the interlayer dis-
tance to change. The time step and cutoff distance are set as
0.5 fs and 12.5 A, respectively. Establishing a steady state
temperature gradient is the central idea of the NEMD method.
First, under a canonical ensemble (NVT), the Nose-Hoover
thermostat is employed to relax the whole system to the target
temperature of 300 K. After 500 ps relaxation, the microcano-
nical ensemble (NVE) is used to maintain the total energy of the
entire system and check whether the temperature is in equili-
brium. Once reaching the thermal equilibrium, the hot and
cold Langevin thermostats are added to the two ends of the
TBLG nanoribbon as shown in Fig. 2(a). The length of the heat
sink and the heat source is 1.5 nm. The Langevin thermostat is
applied for 1.5 ns before data collection to ensure a stable
temperature gradient. The temperature gradient along the heat
flux direction and the variation of heat flux with time are
obtained by outputting 200 ps of temperature and energy
change. The results are plotted in Fig. 2(b) and (c), and a stable
temperature gradient and the same heat flux can be found,
which indicates that a new equilibrium has been reached.
Therefore, the thermal conductivity can be calculated by Four-
ier’s law which is expressed as:
do  dT

O KA i (4)

where dQ/d¢ means the heat flux and d7/dx denotes the
temperature gradient. A represents the cross-sectional area of
TBLG. The calculation of T distribution is acquired from the
local kinetic energy average.

3. Results and discussion
3.1 Effect of interlayer twisting on thermal conductivity

The thermal conductivity along different directions, including x
and y, is calculated to investigate the anisotropic TBLG. The
variation of twisting angle and anisotropic thermal conductivity
is demonstrated in Fig. 3. For bilayer graphene with the twisted
angle being equal to 0, the thermal conductivity along the y-
direction (zigzag) is slightly higher than that in the x-direction
(armchair) which is consistent with the previous article.** In
both x and y directions, the thermal conductivity tends to
decrease and then increases with increasing twisting angles.
For example, if the heat flux direction is along the x direction,
the thermal conductivity decreases from ~361 W m ' K ' to
~289 Wm™ ' K" and then increases to ~473 Wm ™" K. For
the y direction, the values are 627 Wm ' K ', 355 Wm ' K*
and 470 W m ™' K™, It is worth mentioning that the calculated
thermal conductivity of TBLG is greatly less than that of
monolayer graphene. The reasons are mostly included in two
aspects, the disruption of the initial lattice structure and layer
dependence. The former reason will be discussed in the follow-
ing section. For layer dependence, numerous research has
indicated that with the increase in the number of layers, the
thermal conductivity will decrease. Zhong et al.*>* have reported
that as the layer number increases from one to two, the thermal
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Fig. 3 (a) Thermal conductivity of twisted bilayer graphene with different

twisting angles from 0° to 30° along the x direction (black line) and y
direction (red line). (b) Anisotropic ratio (k,/k,) varies with twisting angles.

conductivity will decrease from ~2250 W m™' K ' to
700 Wm™ ' K.

In addition, the ratios (k,/ky) of the change in thermal
conductivity with twisting angles for different directions are
calculated to measure the anisotropy of the TBLG, which is
indicated in Fig. 3(b). The anisotropy and twisting angle of
TBLG show a strong correlation in numerical correspondence,
displaying a one-to-one correspondence. The anisotropy ratio
gradually decreases as the twisting angle increases, and finally
at 30°, the thermal conductivity values along the x-direction
and y-direction are approximately equal, which gives the pos-
sibility of precise regulation of the anisotropy of the material.
Meanwhile, the larger anisotropic ratio in bilayer graphene
compared to that of monolayer graphene can be ascribed to
three reasons. The first one is the plunged thermal conductivity
due to the increasing number of layers. Under the same
conditions, monolayer graphene’s thermal conductivity is
higher than bilayer graphene’s. In bilayer graphene, the inter-
layer coupling breaks the reflection symmetry and reduces the
contribution of out-of-plane acoustic (ZA) phonons to thermal
conductivity.>® In addition, the marginalized phonons and
boundary diffusion impair the thermal transport of the
phonons, resulting in higher thermal conductivity along the
y-direction than in the x-direction.’” The final reason comes
from how the anisotropic ratio is calculated, ie., the gap
between i, and «, and the value of «,. There will be a scenario
where the gap reduction is lower than that of k, causing the
ratio to increase.

3.2 Phonon analysis

Phonon actions are analyzed to reveal the thermal transport
mechanism in TBLG by calculating the PDOS and spectral
energy density®® (SED). The PDOS reflects the change in the
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Fig. 4 PDOS of (a) bilayer graphene and (b) twisted bilayer graphene in
x-direction (black line) and y-direction (red line). Small box diagrams
illustrate the PDOS near the peak position.

internal vibration pattern of the system which can be calculated
by performing the fast Fourier transform (FFT) of the velocity—
velocity auto correlation function (VACF) which can be obtained
from the MD trajectory of atoms.

F(a)) _ 1 J+OO <V(O) ) V(t)>eiwtdt

N BT ORO) ®

where (v(0)v(t)) is the VACF and F represents the phonon
number with frequency between (w, Aw). Fig. 4 indicates the
calculated PDOS of (a) bilayer graphene and (b) TBLG with a
twisting angle of 30°, and the different directions are distin-
guished by the red and black lines, respectively. It can be seen
that the PDOS lines are all similar in shape which have
approximately the same peak positions and maximum fre-
quency values, while the main difference appears at the peak
region. For bilayer graphene, the PDOS values in the y direction
are much higher than in the x direction. Larger PDOS values
mean that more phonons are involved in thermal transport,
which leads to higher thermal conductivity and explains the
higher thermal conductivity along the y-direction. For 30°
TBLG, the PDOS values are equivalent which is consistent with
the trends in the calculation of thermal conductivity. In addi-
tion, frequency-dependent thermal conductivity is calculated to
provide a vivid comparison and the results are illustrated in
Fig. 5. The details of the calculation process of frequency-
dependent thermal conductivity are given in the ESIL. As shown
in Fig. 5, for the twisting angle of 0°, the spectral decomposi-
tion thermal conductivity along the y direction is essentially
greater than that along the x direction, although the phonon
contributions at different frequencies are different. However,
for the twisting angle of 30°, the spectral decomposition
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Fig. 5 Frequency dependent thermal conductivity of twisted bilayer gra-
phene with different twisting angles (a) 0° and (b) 30°.

thermal conductivity in different directions is approximately
the same.

The SED of bilayer graphene and TBLG is subsequently
calculated to provide more detailed phonon information, which
can predict the phonon dispersion and related phonon relaxa-
tion times. The SED calculation requires lattice parameters but
not all twisting angles have the corresponding crystalline cell,
which must conform to the following equation.®**°

(3n12 + 3mn + n2/2)
(3m? + 3mn + n?)

cosO(m,n) = (6)
where m and n are positive integers. We selected the TBLG with
both m and n equal to 1, corresponding to the twisting angle of
21.78° to calculate its SED. Meanwhile, structures of other
twisting angles are shown in the ESL{ The same unrotated
bottom layers are chosen to quantify the effect of comparison
rotation. Spectral energy density*® can be calculated based on
the equation:

where k and o are the wave vector and frequency, respectively.
7o is the total time and Ny is the total number of unit cells. v
represents the velocity of atoms and m is the mass. r is the
equilibrium position of each unit cell. The specific calculation
setup parameters are as follows: the total number of unit cells
is 28 and the resolution of frequency and wave vector are set as
0.005 THz and 1/14 (m/a), respectively, where a is the lattice
constant that is equal to 2.46 A here. And the frequency ranges
0-60 THz are calculated, which is enough to show all phonon
branches. The velocities of atoms are acquired from the
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Fig. 6 SED of twisted bilayer graphene with 0°. Six branches familiar with
graphene are found, including ZA, TA, LA, ZO, TO and LO. The existence of
the ZO' branch is due to the weak Vdw interaction.

microcanonical ensemble at the temperature of 300 K. The final
results are plotted in Fig. 6. For 0° TBLG, the calculated SED is
consistent with the phonon dispersion of bilayer graphene calcu-
lated with opt-Tersoff potentials,*' which include six lines denot-
ing different branches, respectively. Small splitting due to weak
interlayer interactions was also found near the I" point, splitting
from the ZA branch into the ZA and ZO’ branches."*** The SED of
TBLG with a twisting angle of 21.78° is similar to that of 0° TBLG.
And the details of branch shift are discussed below.

Moreover, as shown in Fig. 7, the shape of this frequency
distribution for each mode is the Lorentz function and the
phonon relaxation time can be acquired by using the Lorentz
fitting. The Lorentz function is expressed as:

1

o(k,w) = ————— (8)
1+ (0 — o) /7]
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Fig. 7 Detailed SED near the I'-point of twisted bilayer graphene of (a) 0°
and (b) 21.78°and four branches, including the ZA, TA, LA and ZO', are fitted
by Lorentz function, which are denoted in red color lines.
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where I is the peak magnitude, w. is the peak frequency and y
represents the half-width at half-maximum. And then, the
phonon relaxation time is defined as: t = 1/2y. Fig. 7 shows
an example of detailed SED near the I' point, where Fig. 7(a)
shows the result of 0° TBLG and Fig. 7(b) shows the SED of
21.78° TBLG. In both Fig. 7(a) and (b), four peaks which denote
different phonon branches, including ZA, TA, LA and ZO’
branches, can be clearly found. However, due to the influence
of rotation, the location of the peak position is shifted. The
intensity of the spikes decreases while the width increases.
Meanwhile, the fitting profiles are denoted in red color which
demonstrate the good fitting in SED. The total fitting phonon
relaxation times under 15 THz are shown in Fig. 8. Different
color dots represent the phonon relaxation times of different
branches and the hollow points denote the calculation results
of 21.78° TBLG. It can be clearly observed that the phonon
relaxation time at 0° is greater than that at 21.78°. The calcu-
lated average phonon relaxation time of 0° TBLG is 8.23 ps and
for TBLG with twisting angles of 21.78°, the value is 6.90 ps. The
max relaxation time of 0° TBLG can reach about 12 ps but for
21.78° TBLG, the phonon time floats around 6 ps.

Based on the above analysis, the interlayer twisting enlarges
the lattice parameters and the atom population in the cell.
Meanwhile, it also strongly influences the lattice vibrations
which causes the decrease of phonon relaxation time. All of
these indicate the reduction of thermal conductivity with rota-
tion. For the positive correlation between thermal conductivity
and twisting angle above 20° degrees, we believe this is due
to the combination of the inherent anisotropy of graphene and
the twisting. Therefore, the in-plane anisotropy disappears for
the quasi-lattice structure with a twisting angle of 30°.

3.3 Length effect and mean free path

The size effect is one of the most important effects for low-
dimensional materials.***> The variation of thermal conductiv-
ity with the length for different twisting angles, and the phonon
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Fig. 8 Relaxation time fitted by Lorentz function of different branches of
twisted bilayer graphene while solid points denote bilayer graphene and
hollow points represent twisted bilayer graphene with a twisting angle of
21.78°.
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mean free path (MFP) are obtained according to the fitting
formula of this relation:*°

1 1 A
e () ©

where L is the length of the structure and 4 is the phonon mean
free path. The relationship between the length and thermal
conductivity is first illustrated in Fig. 9(a). It can be found that
whether the bilayer graphene is twisted or not, the thermal
conductivity increases with increasing length and gradually
converges. In addition, with the increase in length, the thermal
conductivity of TBLG is always less than those of bilayer
graphene. We also illustrated the relationship diagram of 1/x
and 1/L in Fig. 9(b).

At the same time, the specific equation for the variation of
the inverse of the thermal conductivity with the inverse of the
length is obtained by linear fitting, y = 0.047x + 0.00144 for
bilayer graphene, and y = 0.059x + 0.00249 for TBLG with a
twisting angle of 21.78°, where x and y represent 1/L and 1/x,
respectively. Therefore, k., and A can be obtained from this
fitting equation, 694.44 W m~' K™', 401.61 W m ' K ' and
32.64 nm, 23.69 nm, respectively. The thermal conductivity and
mean free path of bilayer graphene are higher than those of
TBLG. These effectively complement and justify the preceding
phonon analysis.

4. Conclusions

In summary, a high-fidelity and high-accuracy thermal regula-
tion method is proposed in this work by interlayer twisting in
bilayer graphene. The anisotropic thermal conductivity of TBLG
with different twisting angles is calculated using the NEMD
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methods. The thermal conductivity shows a parabolic correla-
tion with the twisting angle. The anisotropic thermal transport
is significant in different directions with non-monotonic rela-
tionships with the twisting angles, which may be an effective
way to regulate the anisotropy of materials. Furthermore, we
perform phonon analysis to explain the above phenomenon.
The calculated PDOS are distinct along different directions for
bilayer graphene but are similar for TBLG with twisting angles
of 30°, which support the strong anisotropy of bilayer graphene
and convergence at 30°. By calculating the SED, phonon dis-
persion, and relaxation time are acquired to further reveal the
mechanism between the twisting angle and thermal conductiv-
ity. The relaxation times of TBLG are lower than those of bilayer
graphene, demonstrating the lower thermal conductivity of
TBLG. The final mean free path fitted by the length and
thermal conductivity relationship confirms the above results.
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