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Abstract

We investigate the thermal conductivity of graphene Moiré superlattices formed by twisting
bilayer graphene (TBG) at small angles, employing approach-to-equilibrium molecular
dynamics and lattice dynamics calculations based on the Boltzmann Transport Equation.
Our simulations reveal a non-monotonic dependence of the thermal conductivity on the
twisting angle, with a local minimum near the first magic angle (θ ∼ 1.1°). This behavior
is attributed to the evolution of local stacking configurations—AA, AB, and saddle-point
(SP)—across the Moiré superlattice, which strongly affect phonon transport. A detailed
analysis of phonon mean free paths (MFP) and mode-resolved thermal conductivity shows
that AA stacking suppresses thermal transport, while AB and SP stackings exhibit enhanced
conductivity owing to more efficient low-frequency phonon transport. Furthermore, we
establish a direct correlation between the thermal conductivity of twisted structures and the
relative abundance of stacking domains within the Moiré supercell. Our results demonstrate
that even very small changes in twisting angle (<2°) can lead to thermal conductivity
variations of over 30%, emphasizing the high tunability of thermal transport in TBG.

Keywords: graphene; Moiré; molecular dynamics; approach-to-equilibrium molecular
dynamics; lattice dynamics; Boltzmann Transport Equation; phonon mean free path

1. Introduction
Thermal management is a fundamental challenge in the electronics industry, especially

in the design of next-generation integrated circuits. Efficient heat dissipation is crucial for
the performance and reliability of ultra-large-scale integrated circuits, where excess heat
can degrade functionality and lifespan [1]. Graphene, with its extraordinarily high intrinsic
thermal conductivity, offers a promising solution for thermal management applications,
ranging from heat spreaders to thermoelectric energy conversion and advanced cooling
systems [2,3].

Despite its high thermal conductivity, several factors influence heat transport in
graphene, including defects, grain boundaries, isotopic composition, strain, and substrate
interactions [1–9]. In particular, nanostructuration techniques, such as nanopatterning
and chemical functionalization (e.g., hydrogenation, fluorination), have been explored
to modulate graphene phonon transport properties [10–14]. These methods introduce
phonon scattering sites that can either suppress or enhance heat conduction depending
on the specific engineering approach. A recent and highly effective method for tuning
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graphene thermal conductivity is the creation of Moiré superlattices: these are formed
when two graphene layers are stacked with a twisting angle, creating periodic interference
patterns that significantly alter electronic and phononic properties [15]. In 2011, theoretical
studies identified that specific twisting angles, known as “magic angles”, result in flat
electronic bands in twisted bilayer graphene (TBG), with the first magic angle commonly
reported around 1.1◦ [16]. This discovery led to the observation of exotic phenomena such
as correlated insulating states, unconventional superconductivity, and magnetic ordering
in TBG and other 2D material heterostructures [17,18].

Beyond electronic properties, recent studies have shown that Moiré superlattices also
impact phonon transport and thermal conductivity in TBG. Similarly to other nanostruc-
tures, where thermal conductivity can be tweaked by imposing a superperiodicity [19,20],
the realization of a Moiré pattern can enhance or suppress thermal transport properties.
Molecular dynamics simulations indicate that the thermal conductivity of TBG varies
non-monotonically with twisting angle [21]. Specifically, the conductivity decreases as the
twisting angle increases, reaching a local minimum at approximately 1.08◦, followed by an
increase up to ∼3◦, after which it stabilizes. This non-trivial dependence is attributed to the
emergence of Moiré phonons—phonon modes induced by interlayer twisting—that modify
phonon dispersion and introduce additional scattering mechanisms [22]. Theoretical stud-
ies on phonons in twisted bilayer graphene reveal that the stacking order plays a critical
role in phonon transport. Phonon dispersion in AA-stacked, AB-stacked, and twisted
bilayer graphene with various rotation angles shows that the stacking configuration pre-
dominantly affects the out-of-plane acoustic phonon modes [23]. The introduction of Moiré
superlattices leads to new phonon branches—entangled phonons—that originate from the
mixing of phonon modes from different high-symmetry directions in the Brillouin zone.
The frequencies of these entangled phonons depend strongly on the twisting angle and
can serve as a mean for non-contact identification of twisting angles in graphene samples.
Furthermore, the emergence of these Moiré phonons significantly influences the thermal
conductivity of twisted bilayer graphene, modifying phonon scattering mechanisms and
transport properties [23]. Additionally, twisted multilayer SnSe2 Moiré superlattices have
been experimentally synthesized and demonstrate a substantial reduction in thermal con-
ductivity compared to their untwisted counterparts [15]. This is primarily due to enhanced
phonon scattering, increased lattice mismatch, and the emergence of localized phonon
modes. These findings highlight the potential of superperiodic structures and Moiré
engineering for precise control over heat transport in 2D materials.

Despite these advancements, research on the thermal properties of Moiré superlattices
remains in its early stages, with a limited number of studies focusing on small twisting
angles and their phonon interactions. In this work, we explore the twisting angle depen-
dence of thermal transport in TBG and how sub-2° twist-angle variations modulate thermal
conductivity via local stacking domains, with an emphasis on the first magic angle, 1.1◦.
Furthermore, we aim to establish a connection between the variations in thermal conduc-
tivity and the underlying phonon characteristics of Moiré superlattices: we infer that the
observed non-monotonic dependence of thermal conductivity on twist angle originates
from the changing proportions of AA, AB, and SP stacking domains, which in turn alter
low-frequency phonon MFPs. By investigating the role of Moiré phonons and their influ-
ence on heat transport, this study provides new insights into the fundamental mechanisms
governing thermal conductivity in twisted 2D materials

2. Methods
In this study, we employed classical molecular dynamics (MD) simulations to cal-

culate the thermal conductivity of TBG at various twisting angles using the approach-to-
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equilibrium molecular dynamics (AEMD) method [24–26]. TBG samples were prepared by
first initializing the atomic coordinates of monolayer graphene sheets with an interatomic
spacing of 0.142 nm [27,28]. The sheets were then duplicated and separated along the z-axis
by 0.335 nm [29] to form bilayers. We then rotated one layer by a precise twisting angle
θ around a common center, forming a Moiré superlattice. The lattice parameters of the
resulting structure were determined using the relation [30]:

amoire =

√
3a

2 sin(θ/2)
(1)

where a is the lattice constant of graphene (≈0.246 nm). The number of atoms per Moiré
unit cell was calculated as [31]:

Nmoire =
1

sin2(θ/2)
(2)

We considered nine twisting angles θ: 0.91°, 1.02°, 1.05°, 1.08°, 1.12°, 1.20°, 1.35°,
and 1.54°, corresponding to Moiré unit cells with longitudinal dimensions L ranging from
15.9 to 26.9 nm and lateral dimensions d from 9.2 to 15.5 nm. The number of atoms in
these unit cells varied between 11,096 and 30,248 (see Table 1). To construct the simulation
supercells, the Moiré unit cells were replicated along their longest edge, forming samples
with lengths L and widths d, containing between one and seven Moiré unit cells. To avoid
artificial strains or stresses, an energy minimization step (box relaxation through conjugate-
gradient method) was performed before each simulation.

Table 1. Moiré cells used in simulations, including twisting angle, number of atoms, length L,
and width d.

θ 0° 0.91° 1.02° 1.05° 1.08° 1.12° 1.20° 1.35° 1.54°

N 39,688 30,248 25,352 23,816 22,328 20,888 18,152 14,408 11,096
L (nm) 29.7 26.9 24.0 23.2 22.5 21.8 20.3 18.1 15.9
d (nm) 17.5 15.5 17.2 13.4 13.0 12.6 11.7 10.4 9.2

To implement the AEMD approach, we defined separate regions within our simulation
cell, as illustrated in Figure 1b. A step-like temperature profile is initially realized by
thermalizing the top and bottom halves at temperatures T1 = 350 K and T2 = 250 K,
respectively. The system is then evolved in the NVE ensemble while monitoring the
temperature difference ∆T(t) between the average temperatures of the two halves of the
supercell. The temperature difference follows an exponential decay, given by [24,26]

∆T(t) =
8(T1 − T2)

π2

∞

∑
m=0

1

(2m + 1)2 e−(2m+1)2t/τ (3)

where τ was used as a fitting parameter. The thermal conductivity κ is finally calculated
according to

κ =
3NkB

4π2τ

L
S

(4)

where N is the number of atoms in the system, and kB = 1.380 · 10−23 J K−1 is the Boltzmann
constant. The simulation cell section S is estimated as the width d of the sample multiplied
by the interlayer distance and the number of layers. The length, width, and interlayer
distance are obtained from a fully relaxed box.
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Figure 1. (a) Example of 1 × 2 structure of conventional Moiré unit cells (black dashed line),
the twisting angle is 7.34◦. (b) A schematic representation of the subregion used in the simulations.
The top half, red, is initially set at the temperature T1 = 350 K, while the bottom half, blue, at
T2 = 250 K. Throughout the simulation, atoms at the two non-highlighted edges are constrained to
avoid relative translations or rotations between the layers; their width is equal to 0.2 nm.

In order to assess the convergence of our results, we adopted the approach proposed
by in Ref. [24]:

• the converged thermal conductivity κconv is estimated for an infinitely long NVE
simulation, according to

κ(trun) = κconv

(
1 − βe−trun/γ

)
(5)

• the thermal conductivity κ∞ for an infinitely long sample is obtained by a finite-size
extrapolation, a commonly used approach in non-equilibrium simulations [32]

1
κconv

=
1

κ∞

(
1 +

λ1

L
+

λ2

L2 + . . .
)

(6)

MD simulations were performed using LAMMPS [33], integrating the equations of
motion via the velocity Verlet algorithm with periodic boundary conditions and a time step
of 1 fs. We employed the AIREBO potential [34]. The cutoff radius for the Lennard-Jones
term was set to 1.02 nm (the cutoff radius in LAMMPS AIREBO pair style is defined as a
fixed sigma value σ = 0.34 nm multiplied by a scale factor set to 3). The AIREBO potential
was selected for its proven capability in accurately modeling anharmonic phonon-phonon
interactions in sp2 carbon systems, with a reasonable computational cost. While AIREBO
includes a Lennard–Jones component that captures basic interlayer interactions, it does
not fully account for the registry-dependent nature of van der Waals forces between layers.
More advanced models, such as the Kolmogorov–Crespi [35] or DRIP [36] potentials,
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provide improved accuracy in describing interlayer coupling but are computationally
expensive for the large supercells required at small twist angles. Our choice of potential
thus reflects a balance between accuracy and feasibility, allowing for statistically robust
sampling over several twist configurations.

NVE runs lasted between 25 to 35 ps, depending on the simulation cell size. To
showcase the adopted protocol in detail, we consider here the smallest sample of AA-
stacked bilayer graphene as a case study. We remark that the same procedure was applied
to all the samples investigated in this work. First, ∆T(t) was fitted using Equation (3) for
different fitting times, t f it, ranging from 1 ps (the first 1000 time-steps of the NVE run) to
25 ps, effectively covering the entire NVE run.

The obtained values of τ along with their corresponding uncertainties, δτ, are used
to obtain κ and an associated error using Equation (4), as shown in Figure 2a. We found
our simulation results to be converged using a number Nexp = 5 of terms in the sum of
Equation (3), although even a lower Nexp yielded nearly identical: for example, the results
for Nexp = 5 and Nexp = 50 differ by less than 0.1%, within the uncertainty margin. This is
in line with the results of Melis and Colombo [37], who also observed rapid convergence
with increasing Nexp. The calculated κ for each sample was determined by performing
a weighted average on 4 statistically independent runs with different initial velocities.
The averaged values were reported as a function of L on a 1/κ vs. 1/L plot: Figure 2b
shows the case of the AA-stacked graphene sample. A final extrapolation via Equation (6)
up to the second order of the Taylor expansion was then used to produce the final value
of κ for that specific configuration. In what follows, we will refer to the extrapolated
thermal conductivity κ∞ and its uncertainty simply as κ and δκ. Although the finite-size
extrapolation applied through Equation (6) is standard in AEMD studies, it has limitations
in capturing contributions from MFP phonons, which are essential for graphene transport
properties. As previously discussed by Melis et al. [37] and others, these phonons may not
be fully excited in simulations of finite size, potentially leading to an underestimation of
thermal conductivity. While equilibrium molecular dynamics (EMD) simulations based
on the Green–Kubo formalism can more naturally include all phonon modes and are
less sensitive to system size, they often suffer from high statistical noise, especially in 2D
systems. Although frequently employed, non-equilibrium molecular dynamics (NEMD)
is also limited by finite-size effects and incurs higher computational cost due to the need
for steady-state analysis. Phonon spectral energy density (SED) methods provide detailed
mode-resolved information but require extensive computational resources. Despite these
limitations, we believe that the qualitative trends reported here—driven by Moiré-induced
modulation of stacking domains—remain valid and robust across methodologies.

Lattice dynamics calculations were performed for three notable stacking configurations
in bilayer graphene—AA, AB, and SP (saddle-point) stacking by solving the Boltzmann
Transport Equation (BTE) using the κALDo code [38,39]. κALDo computes phonon trans-
port properties using the finite displacement method, which estimates interatomic force
constants (IFCs) by considering harmonic and anharmonic lattice vibrations, to diagonalize
the dynamical matrix and solve the BTE. For each ideal AA, AB, and SP stacking, we con-
structed a 5 × 5 × 1 supercell and sampled the Brillouin zone with a 10 × 10 × 1 q−point
mesh to extract harmonic and anharmonic force constants; these were then fed into the
κALDo package to obtain the phonon dispersion relations and to solve the BTE using the
direct inversion method, yielding the mode-resolved thermal conductivity.



C 2025, 11, 46 6 of 13

0 5 10 15 20 25
tfit (ps)

0

25

50

75

100

125

150

175

 (W
/m

K)

(a)

conv = (175.9 ± 0.2) W/mK
Data

0.00 0.01 0.02 0.03 0.04
1/L (nm 1)

0.002

0.004

0.006

0.008

1/
 (W

/m
K)

(b)
= (1040 ± 100) W/mK

Data

Figure 2. (a) Estimation of κ as a function of the fitting time t f it for the smallest sample of AA-stacked
bilayer graphene. Here, Nexp = 5 (see text). Convergence was studied by fitting the points with
Equation (5). (b) The inverse of the thermal conductivity κ as a function of the inverse of the length L
for AA-stacked bilayer graphene. The fit was performed using the second-order approximation of
the Taylor series of Equation (6).

3. Results and Discussion
Using this procedure, we initially estimated the thermal conductivities of the graphene

monolayer and bilayers in both the AA and AB stacking configurations, as reported in
Table 2:

Table 2. Thermal conductivity expressed in W/mK for monolayer, AA-stacked and AB-stacked
bilayers of graphene simulated with the AIREBO potential.

Monolayer AA Stack AB Stack

1240 ± 30 1040 ± 100 1400 ± 40

As stated in the introduction, the thermal conductivity of monolayer graphene remains an
area of active research, with reported values ranging from 600 to 5000 W·m−1·K−1 [6,28,40–42].
However, our prediction of κ = (1240± 30) W/mK can be limited by size effects, as phonon
MFPs (MFP) in monolayer graphene can extend up to 10 µm [43]. However, the study of
these size effects is beyond the scope of the present work. Our result is in good agreement
with Han and Ruan [44], in which the thermal conductivity at room temperatures converges
to 1300 W/mK for macroscopic sizes. Interestingly, the stacking of the layers appears to
significantly influence the thermal conductivity of bilayer graphene: in Figure 2 we compare
our data with those in Han and Ruan [44]. Although there is no general consensus about
thermal conductivity in AA and AB stack [45,46], we remark that the values reported
here are influenced by the adopted interatomic potential. According to the AIREBO
potential, the AA stacking configuration results in an energy of EAA = −7.8489 eV per
atom, while for the AB stacking, EAB = −7.84936 eV per atom, confirming the AB-stacked
bilayer as the most stable configuration, as also reported by other studies [47]. However,
the energy difference is less than 0.4 meV per atom—well below the thermal energy at
ambient temperature (approximately 25 meV at 300 K). Given this small difference, we
exclude the large variation in κ to depend exclusively on the relative stability of the two
configurations (equivalent calculations performed on ab initio system using PBE exchange-
correlation functional confirmed AB as the most stable structure with an energy difference
of ∼1.5 meV). Furthermore, the interlayer distances between the two configuration differ
by only ∼0.03 Å (dAB = 3.39 Å and dAA = 3.42 Å). Therefore, we cannot attribute the
observed differences in thermal conductivity solely to variations in interlayer distance. We
conclude that the significant difference in thermal conductivity is primarily driven by the
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stacking of the layers, rather than indirect factors such as equilibrium energy, interlayer
distance, or size. The different stacking configurations likely modulate phonon transport
through the bilayer, potentially suppressing or promoting it.

We report the thermal conductivity values for the TBG as a function of the twisting
angle θ in Figure 3b. While the AB stacking configuration remains the most conductive,
the conductivity values show considerable variability with respect to the twisting angle.
When comparing our results with those of [21] for the same temperature of 300 K, we
observe a significant discrepancy, with their values being approximately twice as large as
ours. As already pointed out, differences can be attributed by the choice of different force
fields, which can have a substantial impact on the computed thermal transport properties
of graphene [48–50]. While a non-monotonic trend with respect to θ can be identified, we
also observe that a minimum in κ occurs at 1.35◦. Our results suggest a more irregular
trend in the thermal conductivity of TBG for small twisting angles than initially anticipated,
with very small angle variations resulting in large fluctuations in thermal conductivity. We
cannot rule out the possibility that a more detailed study might reveal additional maxima
and minima in this trend. Thermal conductivity of Moiré superlattices of graphene appears
to be a highly-tunable property: in particular, variations of ∼33% from the AB stack are
observed within less than 2◦.

Monolayer Bilayer
900

1000

1100

1200

1300

1400

1500

 (W
 K

1  m
1 )

(a)

Han and Ruan, 2023
Monolayer
This work
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 (degrees)

800
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1200

1300

1400
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/m
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(b)

AA stack
AB stack
Moiré superlattices

Figure 3. (a) Thermal conductivity for monolayer, AA-stacked and AB-stacked bilayer graphene
compared to the value reported by Han and Ruan [44] for the monolayer. Lines are just a guide for
the eye. (b) Thermal conductivity κ as a function of the twisting angle θ in TBG simulated with the
AIREBO potential. Lines are just a guide for the eye.

We attempt a qualitative explanation from our estimations for the thermal conductivity
of the AA and AB stacks. In fact, Moiré superlattices in graphene are characterized by the
presence of both the stacking types: the great difference in thermal conductivity manifested
by AA and AB stacks can then have a major role in such tunability. The observed varia-
tion in thermal conductivity in TBG can be understood by considering the local stacking
configurations that emerge within the Moiré superstructure. Due to the periodicity of the
Moiré pattern, different stacking regions coexist, each exhibiting distinct phonon transport
properties. We quantified the contribution of different configurations by estimating the ther-
mal conductivity for three notable stacking configurations in bilayer graphene—AA, AB,
and SP (saddle-point) stacking (shown in Figure 4a–c). The analysis of phonon dispersion
curves reported in Figure 4d,e, and g for the AA, AB, and SP configurations, respectively,
does not reveal any significant variation in the phonon frequencies across the different
stackings. However, more subtle features exhibit marked differences that critically impact
the thermal transport. In particular, the analysis of the MFP distribution (Figure 4g) and
the mode-resolved conductivity for the three stacking configurations (Figure 4h) results in
some dependence, especially in the low-frequency region. The MFP spectral distribution
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reveals that the AA stacking has lower values than those of AB and SP, mainly occurring at
low frequencies corresponding to acoustic phonon modes. While the phonon dispersion
curves show negligible changes in phonon dispersion and group velocities, the observed
differences in the acoustic regime are reflected in the mode-resolved conductivity: in agree-
ment with the MFP analysis, AB and SP κ distribution is highly peaked around 3–4 THz,
where low-frequency modes (known as quasi-acoustic, low-frequency modes often fun-
damental for the propagation of sound-like waves at long wavelengths [51]) contribute
with higher values of thermal conductivity compared to AA. This enhancement is due to
their larger MFP and more efficient phonon transport in the acoustic range. The cumulative
conductivity as a function of the MFP, shown in the right panel of Figure 4h, provides
an additional point of view of the phenomenon: while phonons in the whole MFP range
transport heat more effectively than the SP configuration, AA κ saturates at lower values
for phonons with a reduced extension.
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Figure 4. (a–c) Schematic representation of the AA, AB, and SP stacking configuration, respectively.
(d–f) Corresponding phonon dispersion relations. (g) MFP spectral distribution, (h) mode-resolved
conductivity, and (i) cumulative conductivity (right) for different stacking configurations.

The calculated values for total thermal conductivity from the BTE calculations are:

• AA: 1027.406 W·m−1·K−1

• AB: 1274.969 W·m−1·K−1

• SP: 1217.723 W·m−1·K−1

The results indicate that the SP configuration closely resembles the AB stacking in
terms of thermal transport properties, even when considering the offset between the two
atomic planes. These results confirm the findings obtained through the AEMD simula-
tions, both in terms of absolute thermal conductivity values and the overall trend. From
this comparison, it emerges that the SP configuration is closer to the AB than to the AA
stacking. AA stacking has the highest symmetry among the three, which could lead
to fewer restrictions on phonon-phonon scattering processes (like Umklapp scattering).
The lower symmetry of AB and SP configurations imposes stricter selection rules on which
phonon interactions are allowed, and this can suppress certain scattering channels that
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limit thermal conductivity, effectively increasing the phonon lifetime and thus κ compared
to AA [52]. This reflection symmetry is usually altered by interlayer interactions, which
allows more scattering processes. These data suggest that the overall thermal conductivity
for intermediate twisting angles is strongly influenced by the percentage of atoms that
are in an intermediate configuration between the two stacking limits. In fact, although
these stacking modes were previously considered as scattering sites that reduce thermal
conductivity in the non-uniform structure [21], we infer from our observations that the
thermal conductivity of TBG samples is intimately related to the composition in interme-
diate stacking configurations. The observed variation in thermal conductivity for very
small changes in twist angle can be directly linked to the nonlinear evolution of stacking
domains across the Moiré supercell. In particular, the relative abundance of AA, AB, and
SP stacking configurations varies rapidly as a function of θ, strongly affecting phonon
MFPs. This microscopic modulation of the phonon scattering landscape results in large,
angle-sensitive fluctuations in thermal conductivity, as also reported by Zhang et al. [53]
and Guo et al. [54] In fact, in realistic twisted bilayer graphene samples, local configuration
never falls into perfectly periodic AA, AB, or SP domains alone, but instead exhibits a
mosaic of intermediate and mixed-stacking regions due to slight strain, twist-angle in-
homogeneity, and domain-boundary formation. These non-ideal stacking motifs break
the long-range translational symmetry of the Moiré superlattice and introduce additional
phonon-scattering centers, particularly for mid- and high-frequency modes that couple
strongly to local registry fluctuations. As a result, the true thermal conductivity of TBG
will lie below the weighted average of ideal AA/AB/SP conductivities, with disorder
broadening phonon lifetimes and reducing MFPs. Incorporating a statistical distribution
of local shifts—e.g, via Monte Carlo sampling—would therefore be a valuable extension
to quantify the impact of stacking disorder on κ(θ). The primary hypothesis to explain
this behavior is based on an analogy with silicon/germanium alloys, where thermal con-
ductivity varies according to the stoichiometry of the mixture [37]. However, the direct
calculation via BTE cannot be performed, since these intermediate configurations are found
to be metastable with respect to AA, AB, and SP (which we remark to be almost degenerate
with respect to AB, as also found in [55]). Hence, to verify our hypothesis, we quantified
for each twisting angle configuration the percentage of atoms that are exactly in one of
the three notable stacking phases. This estimate was obtained by evaluating the x and y
distances of corresponding atoms in the two layers and adopting a tolerance of 0.05 Å.

Specifically, for each top-layer atom we computed the in-plane displacement vector
∆r to its bottom-layer counterpart in the basis of the graphene Bravais vectors a1 = (a, 0)
and a2 = (a/2,

√
3a/2), and then assigned the local stacking as AA, AB or SP by selecting

the ideal shift vector dAA = (0, 0), dAB = a1/3 + 2a2/3, or dSP = a1/2 whose Euclidean
distance |∆r − d| is within the tolerance. The result of this analysis (Figure 5) shows a
trend similar to that of thermal conductivity, with a minimum that closely reproduces the
minimum observed in the angular dependence of κ.

It is worth noting that, although there is a clear correlation between the percentage
of atoms in defined stacking configurations and thermal conductivity, the two curves
do not perfectly overlap. This discrepancy can be attributed to several factors: limited
statistics, as the error bars in the simulations remain relatively large and may require
more samples to improve precision; non-linear phonon effects, since the phononic states in
intermediate configurations may not follow a simple interpolating trend between the two
extreme stackings; complex atomic dynamics, as the assumption of stacking configuration
stability, particularly for the AA phase at finite temperature, may not be entirely valid.
Furthermore, as already mentioned, a treatment based on the BTE would be impractical
for the intermediate stacking configurations and even less feasible for the TBG, due to
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the very large number of IFCs required to solve the equations. As already mentioned,
real TBG samples never consist of perfectly periodic AA, AB, or SP regions alone, but
exhibit a mosaic of mixed-motif domains and domain boundaries that can act as additional
phonon-scattering centers. Indeed, Raman thermoreflectance measurements on CVD-
grown bilayer graphene report κ values ∼20% below the ideal AB bilayer limit—an effect
attributed to stacking inhomogeneity and interface defects [3]. Likewise, anharmonic lattice-
dynamics calculations by Cocemasov et al. [23] demonstrate that mid-frequency phonons
are strongly scattered by local bilayer fluctuations, reducing κ relative to perfect stacking
models. Our mapping of overall κ versus the AA/AB/SP fractions therefore represents
an upper bound: in real devices, the unavoidable presence of mixed stackings will further
suppress heat transport, in quantitative agreement with these experimental and theoretical
benchmarks. The non-monotonic twist-angle dependence of κ observed here is not unique
to graphene: recent studies on twisted MoS2 [20] and SnSe2 [15] likewise report pronounced
variations in thermal transport with stacking registry. This suggests that our combined
AEMD–BTE framework can be directly extended to other two-dimensional materials and
heterostructures, offering a general strategy to predict and engineer phonon–stacking
interactions. Applying this workflow across a broader class of van der Waals bilayers can
unlock designer thermal conductivities tailored for next-generation nanoelectronic and
thermoelectric devices.
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Figure 5. Direct comparison between the thermal conductivity of TBG as a function of the twisting
angle θ (right y-axis, blue dots) and the relative number of perfect AA, AB, and SP stacking configu-
ration in each TBG sample (left y-axis, red dots) calculated as (NAA + NAB + NSP)/N, where N is
the total number of atoms in each sample.

4. Conclusions
In this work, we investigated the thermal conductivity of twisted bilayer graphene

(TBG) as a function of the twisting angle using both classical molecular dynamics sim-
ulations and lattice dynamics calculations via the Boltzmann Transport Equation. Our
results confirm that the thermal transport properties of TBG are highly sensitive to the
twisting angle, with variations up to 30% observed over a range of less than 2°. The thermal
conductivity reaches a minimum near the first magic angle and displays a non-monotonic
dependence that correlates with the evolution of local stacking configurations.

By analyzing ideal AA, AB, and SP stacking arrangements, we showed that the re-
duced conductivity of AA stacking is primarily due to reduced MFPs for low-frequency
acoustic modes. In contrast, both AB and SP stackings are characterized by extended
vibrational modes, particularly in the acoustic regime, which enhances their ability to
conduct heat. These observations were corroborated by mode-resolved and cumulative
thermal conductivity analyses. In addition, we showed that the thermal conductivity of
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TBG can be qualitatively explained by the different distribution of stacking configurations
within the Moiré supercell. In particular, we found that the local proportion of AA, AB,
and SP stacking regions plays a critical role in determining the effective thermal transport.
Regions with higher AA, AB, and SP content contribute more efficiently to heat conduction,
while areas characterized by intermediate stacking arrangements can act as bottlenecks
due to suppressed acoustic phonon transport. The correlation between the relative abun-
dance of these stacking configurations and the total thermal conductivity underscores
the highly tunable nature of heat transport in TBG, strongly affected by the microscopic
structural composition of the Moiré pattern. Recent studies reinforce the interpretation of
our results. For instance, Guo et al. [54] demonstrated that thermal conductivity in TBG
can vary by over 70% across different twist angles under enhanced interlayer coupling
conditions, while Bernardi et al. [56] found that even large-angle configurations exhibit
twist-dependent resistivity due to interlayer phonon interactions. Our findings, focused on
the low-angle regime, are thus part of a broader, emerging consensus that phonon transport
in TBG is highly tunable and governed by subtle structural and stacking-related effects. The
pronounced sensitivity of κ to sub-2◦ twist angles opens new possibilities for engineering
heat dissipation in graphene-based thermal interface materials and on-chip heat dissi-
pation devices, where precise control of local stacking fractions enables tunable phonon
transport. Extending this twist-angle paradigm to multilayer heterostructures—such as
graphene/MoS2 or graphene/hBN assemblies—could yield designer thermal conductivi-
ties for next-generation nanoelectronic and energy-harvesting devices. Future work will
incorporate electron–phonon coupling and temperature dependence to explore κ(θ, T) be-
yond room temperature, alongside targeted time-domain thermoreflectance measurements
for experimental validation.
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