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ABSTRACT It was recently reported that a magic angle, i.e. 1.1°, exists in twisted bilayer
graphene which could lead to intrinsic unconventional superconductivity. Variations of the
twisting angle between different graphene layers could lead to altered electronic band structures,
which gives the peculiar superconductivity phenomenon. Effects of twisting angles on different
properties of bilayer graphene need to be comprehensively investigated in order to fully
understand its mechanism. In this work, classical molecular dynamics simulations are
performed to calculate the interfacial thermal resistance (R) at twisting angles from 0° to 359°.
Due to the symmetric structures of the honeycomb lattice, only angles from 0° to 60° is needed
but the full spectrum is explored to generate the complete picture of R with 6. It was reported
the interfacial thermal resistance changes periodically with twisting angle, with the smallest R
values at every 60° starting from 0° and the largest values at every 60° starting from 30°. Phonon
density of states and radial distribution functions are calculated to explain the predicted results.
Effects of temperature and single-direction, bi-direction tensile strains on the calculated
interfacial thermal resistance are also studied. Results in this work contribute to the
fundamental understanding of the thermal properties in twisted bilayer graphene and provide

reasonable guidelines to its applications in thermal management devices.
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1. Introduction

Single layer graphene which consists of honeycomb structured carbon atoms has been
extensively investigated due to its unique properties'-!?. It exhibits an extraordinarily high
thermal conductivity of 2000 W-m/K and its charge carrier mobilities at room temperature can
reach 20000 cm?/V-s!''"13, As a promising material, graphene can be applied in numerous fields
such as field effect transistors (FET)!4, optoelectronic devices', biosensors'® and thermal
interface materials (TIMs)!7. At the same time, it derived various 2D materials!®2° and
composite structure?’> 22. Bohayra et al.?’> systematically study the thermal properties of
graphene laminates from microscopic level to macroscopic level and found the flake size
strongly effects the thermal conductivity. However, due to the lack of a bandgap, its
applications in electronic devices are restricted. To remedy this problem, graphene nanoribbons
(GNRs)?? and bilayer graphene®* are explored. By applying a vertical electric field, the bandgap
of bilayer graphene can be controlled which opens possibilities for more applications?.
Recently, superconductivity is observed in twisted bilayer graphene (T-BLG) at a magical angle
of 1.1 degree®®. By applying more pressure, the superconductivity in T-BLG is found in even
higher rotation angles®’-28, Those results inspire the fundamental studies in their electrical and
thermal properties and possible applications of T-BLG.

Both experimental and theoretical studies have been performed to explore the peculiar
properties of twisted bilayer graphene. By using the continuum model, Tarnopolsky et al.?®
reported the perfect flattening of entire band which can be a new feature of superconductivity
in T-BLG with certain angles. More magic angles were predicted by theoretical analyses and

remarkable asymptotic periodicity have been found. In addition, the peculiar Moiré pattern by



rotating the graphene not only affects the electrical properties but also the phonon
transportation. Wu et al.3? explored the conductivity in T-BLG by using the theory of phonon-
mediated paring and discussed the combination of the local repulsion and the phonon attraction.
Superconducting transition temperatures can be explained using the phonon attractions
between s-wave and d-wave channels. Also using continuum model, Cocemasov et al.’!
systematically analyzed the phonon modes in T-BLG. A more complicated phonon dispersion
was calculated due to the rotation of the bottom and top layer. Interestingly, different phonon
branches which called hybrid folded phonons were observed in phonon dispersion of T-BLG.
Wang et al.>? synthetically studied the dependence of folded phonon frequency on the rotation
angle of T-BLG and found the folded phonon frequency descend with the increase of the
twisting angles in Raman spectra. The phonon frequency is consistent with ab initio calculation.

The thermal properties of T-BLG have also been explored in previous literature. Li et
al.3? measured the thermal conductivity of T-BLG using optothermal Raman technique. It was
reported that the thermal conductivity of T-BLG decreases compared to monolayer graphene.
The reason ascribes to numerous folded phonon branches which enhance the phonon Umklapp
scattering. Nie et al.3* employed non-equilibrium molecular dynamics (NEMD) to investigate
the thermal conductivity of T-BLG. Different temperatures, angles and the number of layers
were considered. A downward tendency with the increasing temperature and the symmetric
results of different angles have found. Also using NEMD, Li et al® investigated the
dependence of lattice constant on thermal conductivity in misoriented bilayer graphene and
found the reducing of thermal conductivity due to the reduction of Brillouin zone which result

in the enhancement of Umklapp scattering. Despite the abovementioned results, full-spectrum



thermal analyses on the interfacial thermal resistance of T-BLG have not been reported. This
is an important topic to help understand the thermal properties of T-BLG and therefore is
urgently needed.

In this work, classical molecular dynamics (MD) simulation is performed to investigate
the interfacial thermal transport across T-BLG interface. Impacts of rotation angle, system
temperature and tensile strength are considered. Instead of using the traditional NEMD
approach, a transient pump-probe method is employed, which mimics the thermal reflectance
method and can directly compare to experimental results’®#?, Radius distribution function
(RDF), phonon density of state (PDOS) and overlap factor are used to help understand the
calculated results. This article is oriented as below. Section two describes the configurations of
the T-BLG system and the MD simulation setup. The trainset pump-probe approach and the
analyses methods are explained in detail. Section three reports the calculated interfacial thermal
resistance under different impact factors and discusses the mechanism leading to the reported

results. The last section summarizes the findings of this work.

2. Methodology

The atomic systems of T-BLG were created using two parallel monolayer graphene
stacked in AA pattern and are labeled as top and bottom, respectively. The periodic lattice
structure and unit cell size are changed to obtain different twisting angles. For example, a unit
cell with twisting angles of 21.8° contains 28 carbon atoms, and for 13.2°, it contains 76
atoms®!. Therefore, during the model creation, the size of bottom layer is larger than that of the

top layer. The bottom layer was rotated with desired angles. After rotation, the bottom layer



was tailored to match the size of the top layer. Top views of T-BLG at different twisting angles
of 0°, 15°, 30° and 60°are shown in Fig. 1. The cross-sectional area of the pristine T-BLG
without twisting angles is 100.01x99.17 (xxy) A2. The initial distance between top and bottom
layers is set as 3.35 A. A fixed boundary condition is used in both x and y directions and free
boundary condition is used in the out-of-plane z direction.

All MD simulations in this work are performed by the open source Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)*. The optimized Tersoff
empirical potential*? is used to describe the in-plane C-C interactions in this study, which is

expressed as:

E =%ZZV” (1)

i Q%]
Vi = o (5] fa(r) +by fa(15) | 2)
where Vj; is the potential energy and fr represents the two-body term. f1 includes three-body
interactions. Meanwhile, the interaction between the top layer and the bottom layer is modeled

as van der Waals (vdW) interaction using the Lennard-Jones potential which is described as:
o o
V(r)= 4)(8[(?)6 - (?)12] 3)

where y represents the coupling factor and ¢ and o are the energy parameter and distance
parameter separately. In this study, value of ¢and o are extracted from the Universal force field
(UFF) table*® where ec.c = 4.56 meV, oc-c = 3.431 A. The cutoff distance is set as 12.5 A and
each time step is 0.5 fs.

The interfacial thermal resistance is calculated by a transient pump-probe method. Its

mechanism is described as following. The hybrid system is initially placed in a Nosé—Hoover



thermostat at 300 K for relaxation. Then the microcanonical ensemble is used to maintain the
conservation of the total energy for 50 ps. Once the system reaches thermal equilibrium, a
pulsed energy of 50 fs was applied to the top layer. Immediately after the thermal pulse,
temperature of the top layer reaches ~546 K while the bottom layer remains at 300 K. Once the

temperature difference is established, thermal resistance can be calculated by the equation**:

dEtop_A(T T,.)/R 4
?_ “\bot — 'top ()

where Ewp is the total energy of the top graphene, 4 is area and Tip and Tror are the temperatures
of the top graphene and the bottom graphene separately. R is the value of the thermal resistance.
For example, temperature and energy profiles with time are shown in Fig. 2(a) and Fig. 2(b)
respectively. The black line represents the temperature of the top layer and the red line
represents the temperature of the bottom layer in Fig. 2(a). Temperature difference decreases
with time and converges after 90 ps. The integral form of Eq (4) is described as:

E = E, +(A/R) [ (T ~T,, )t (5)
where E:is the top graphene energy which varies with time and Ep s the initial energy. Energy
relaxation with time is fitted and the result is shown in the yellow line in Fig. 2(b). The fitting
profile soundly matches the energy outputs from MD simulation, which validates this approach
for R extractions. It is worth noting that the value of Eo in the fitting curve is different from the
value in the blue line. In addition, R value at each angle is averaged from 5 independent
simulations.

Phonon density of states is an important metric in understanding the calculated R results
and it can be calculated by performing fast Fourier transform (FFT) on the velocity

autocorrelation functions (VACF):
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where <V(O) -V(t)> represent ensemble average of velocity and F'is the phonon numbers with

F(o) = (6)

certain frequency. A larger value of F' means more numerous phonons occupied at given w.

3. Results and Discussion
3.1 Effect of twisting angles

The interfacial thermal resistance at different twisting angles is first explored and the
calculated results from 0° to 359° are shown in Fig. 3. The radial distribution of the computed
results has a maple leaf shape. A periodic range of 60° can be observed which is consistent with
the hexagonal honeycomb structure of graphene shown in Fig. 1. The R value increases from
2.74x10% K-m*W at 0° to 9.40x10"8 K-m?/W at 30°. After attaining the summit, the R value
decreases to 3.91x10°® K-m?*W at 60°. The difference of the R value at 0° and 60° ascribes to
the slight drift of atomic coordinates because of the rotation which can be observed in Fig. 1.
In addition, the increase and decrease of the R values are nonlinear with the change of twisting
angles. Especially near the 0° and 60°, sharper up and down trends can be noticed. Such
nonlinear tendency can be found in other structures, such as graphene/hexagonal boron nitride
van der Waals (vdW) heterostructure®. A statistical analysis is performed, and the results are
shown in Fig. 4. Frequency distribution histogram of thermal resistance reveals the
abovementioned characteristics. Most of the R values fall into the range of 6x10* K m?/W to
8x10% K m?/W and a small number of values distributes in other ranges. The long tails of the
normal distribution of R values certify the sudden changes near the 0° and 60°.

Phonon behaviors are analyzed to explain the thermal transport at the T-BLG interface.



Compared with the pristine bilayer graphene, lattice structures can change dramatically due to
the rotation which result in the increasing number of phonon branches3'. More complicated
phonon branches and flattened curves can be observed in phonon energy dispersion which lead
to slower group velocity. In addition, the frequency shift of the flexural phonons weakens the
phonon transportation across the interface, which results in the increase of thermal resistance.
Radius distribution function (RDF) is calculated to help explain the calculated interfacial
thermal resistance, and the results are shown in Fig. 5. In this study, RDF is calculated between
the top the bottom carbon atoms. A larger value of g(7) represents a denser surrounding on the
central atom which indicates more atoms contributing to the thermal transportation. In addition,
the nonzero value of g(7) at the first given radius shows the distance between the top layer and
bottom layer. It is observed that the difference of distance is slight, but the g(r) value is
consistent with the results of thermal resistance which the largest value at 0°, following by 15°
and 30°.

Moreover, to better understand the variations of thermal resistance at different twisting
angles, PDOS is calculated and the results are shown in Fig. 6. Only the cross-plane flexural
phonons which directly contribute to the interfacial thermal transport are considered in this
work*. A much softer PDOS can be observed with the twisting angles varying from 0° to 30°
which means lower phonon group velocities. The overlap of PDOS is an important factor to
help understand the interfacial thermal resistance. To quantitatively explain the result of

thermal resistance, an overlap factor (S) is calculated and expressed as:

- [TR@F@de
[TR(@do| R, (w)do
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where F'7 and F2are PDOS of different layer. A larger value of overlap factor represents stronger
phonon couplings between the bottom and top layers which can lead to reduced thermal
resistance. The overlap areas are shaded in Fig. 6 and overlap factor values of T-BLG with
twisting angles of 0°, 15° and 30° are 0.0319, 0.0295 and 0.0286 respectively. The decrease of
S indicates that the increasing twisting angle weakens the thermal transportation across the
interface which caused the increase of thermal resistance.
3.2 Effects of temperature on interfacial thermal resistance

Temperature is an important factor which should be considered in practical applications
of thermal interface materials. Effect of temperature on R is shown in Fig. 7. Different values
of temperature from 100 K to 500 K are evaluated and different twisting angles are also
considered which are plotted in different colors. A monotonic decreasing trend of R with
increasing temperature is observed for all twisting angles considered. The R values of T-BLG
with twisting angles of 0° decrease from 4.50x108 K m?/W at 100K to 1.93x10® K m?/W at
500 K. For 30°, the R values decrease from 1.61 x107 K m*W to 7.74x10® K m?/W, which
reveals the strong temperature effects on T-BLG?. In addition, for all temperature values, the
calculated thermal resistance is symmetric at 30°and a slight difference exists at 0° and 60°
which is consistent with the Fig. 3.

Both experimental and simulated studies have revealed that the increasing temperature
can decrease the thermal resistance and the reasons have been discussed extensively** 4749,
Low-frequency phonons play an important role in interfacial thermal transport. With the

increase of temperature, more high-frequency phonons are activated which make the PDOS

spectrum broader. On the other hand, Umklapp scattering is enhanced which makes high-



frequency phonons may break down into larger numbers of low-frequency phonons. The
increasing number of low-frequency phonons directly facilitate the cross-plane thermal
transport. Meanwhile, the three phonon scatterings enhance the coupling of different phonon
branches which also result in the decrease of R.
3.3 Effects of single-direction and bi-direction tensile strains on R

Since graphene can be used as flexible material given its unique mechanical properties,
it is common that strain exist in bilayer graphene due to constraints induced during assembly.
Thus, it is important to investigate the effects of strain on thermal resistance of T-BLG. Effects
of tensile strains on interfacial thermal resistance are illustrated in Fig. 8(a)~(c) for tensile strain
in the (a) x direction, (b) y direction and (c) bi-direction (x&y). Different twisting angles of 0°,
15° and 30° are depicted in different colors. An obvious monotonic upward tendency can be
observed in Fig. 8(a)~(c). This tendency is consistent with the previous finding in strain effects
on the thermal properties of 2D-materials>®. The reason of the increase of R value with the
tensile strains attributes to the bond length elongation that leads to the weakened reaction of
the carbon atoms>® °!. PDOS is also calculated to understand this tendency. The PDOS of T-
BLG at 0° with strain ratios of 1 and 1.08 are illustrated in Fig. 9. The tensile strains are applied
in both the x and y directions. Compared with Fig. 9(a) and Fig. 9(b), a lower peak value and a
narrower phonon frequency range are observed at strain ratio of 1.08, which means slow
phonon group velocity and results in greater thermal resistance>?. Phonon softening can be

observed in 2D materials with stretch in the past studies>* >*

and the softened phonons will lead
to smaller phonon group velocities which are consistent with the PDOS calculated in this work.

Furthermore, the calculated overlap factors provide a quantitative explanation. The overlap
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factor values of T-BLG with twisting angle of 0° which stain ratio equal to 1 and 1.08 are 0.032
and 0.031 separately.

Compared to single-direction stretching, bi-direction tensile strains have stronger effects
on the predicted interfacial thermal resistance. For 0°, 15° and 30°, the R values increase from
2.82x10% to 4.66x10 K m?/W, 6.92x10% to 1.01x10”7 K m*W, and 9.36x10® to 1.45x107 K
m?/W, respectively, which corresponds to increasing ratios of 65.25%, 31.49% and 54.9%. On
the other hand, single-direction tensile strains only cause increase ratios of 19.1%, 18.6% and
19.65%, respectively. The differences can be accounted to the unit cell deformation due to the

varying tensile strengths and tensile directions.

4. Conclusion

A transient pump-probe method is used in this work to systematically investigate the
thermal transport at the T-BLG interface. The effects of twisting angle, system temperature,
and tensile strain on interfacial thermal resistance are comprehensively investigated.
Symmetrical R results with a periodic length of 60° are observed. The calculated R value
increases from 2.74x108 K m*/W at 0° to 9.40x10® K m*W at 30°. The PDOS and RDF are
calculated to help understand the results. It is found that the thermal transportation across the
interface was weakened from 0° to 30° due to slower phonon velocities and larger layer
distances due to rotations, which result in increased thermal resistance. Meanwhile, the R value
decrease monotonously with the temperature owing to larger phonon populations and stronger
phonon scatterings across the interface. On the other hand, in-plane tensile strains lead to

increased R values. Compared with single-direction tensile strains, bi-direction strains have a

11



stronger impact in cross-plane thermal transport. Our results shed some light on understanding

the interfacial thermal transport in T-BLG and provide helpful guidelines in its appliances.
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Figure 1. Atomic configurations of twisted bilayer at different in-plane twisting angles

ranging from 0° to 60°.
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Figure 2. Schematics of the transient heating method for interfacial thermal resistance
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Figure 4. Statistically analyses of the calculated interfacial thermal resistance results at all
angles. It can be observed that the majority of R values fall in the range of 7.0x1073 to

8.0x1078 W-m?/K.
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Figure 5. Radial distribution functions at different twisting angles. The largest g(r) is at 0°,
followed by 15°, and the smallest g(») value is at 30°, which is consistent with the results

shown in Fig. 3.
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Figure 6. Phonon density of states at different twisting angles. The overlap factor decreases
monotonically with increasing twisting angle, indicating weakened phonon couplings and

increased interfacial thermal resistance.
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Figure 7. Effects of temperature on interfacial thermal resistance at different twisting angles

from 0° to 60°.
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Figure 8. Effects of single direction and bi-direction tensile strains on interfacial thermal

resistance at different twisting angles.
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Figure 9. Phonon density of states at different strain ratios. The overlap factor decreases with

increasing strain values.
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