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Mode-Resolved Phonon Transport in Twisted Graphene
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The influence of rotation angle on interlayer thermal transport in twisted graphene was investigated through

mode-resolved atomistic Green’s function. Thermal conductance exhibits a strong dependence on rotation angle,

with the highest value at 0° and the lowest at 10°. Spectral transmission shows that twisted structures suppress
high-frequency phonons (6-16 THz), while the untwisted case maintains higher transmission in the low-frequency
range (06 THz). Mode-resolved results reveal that out-of-plane polarized phonons dominate interlayer heat con-

duction, whereas moiré-induced reconstruction hinders non-out-of-plane mode channels and enhances the relative

contribution of out-of-plane phonon modes. Furthermore, incidence-angle-dependent transmission demonstrates

that twisting particularly suppresses phonons with large incidence angles at high frequencies, and a distinct

envelope pattern emerges at 30°. These findings highlight that twist angle effectively regulates phonon trans-

mission pathways and interlayer thermal conductance, offering a practical approach for tuning heat transport in

two-dimensional layered materials.
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The continuous downscaling of electronic devices has
brought about severe local overheating, posing a funda-
mental limitation to both performance and reliability. Ad-
dressing this challenge requires the development of mate-
rials with intrinsically tunable thermal transport proper-
ties. Recently, two-dimensional (2D) materials have pro-
vided a versatile platform for property modulation, in
which twisting between adjacent layers generates moiré
patterns that profoundly reshape their electronic, opti-

cal, and thermal behaviors. (1-4]

Among them, twisted
bilayer graphene (TBG) has become a prototypical sys-
tem; at the so-called magic angle (~1.06°), flat electronic
bands emerge, °®! giving rise to exotic correlated phenom-
ena such as superconductivity, 9 the quantum anomalous
Hall effect, ') and orbital ferromagnetism. '] Beyond the
realm of quantum electronic phases, twist engineering has
demonstrated remarkable capability in tuning band struc-
tures and enabling over 500% modulation of electronic
conductivity. [9:12] While twist-angle-dependent electronic
and optical properties have been extensively studied, their
thermal transport counterparts remain far less understood,
despite their crucial relevance to thermal management in
2D materials-based devices. 1314

Recent studies reveal that twisting can strongly alter
phonon dispersion and phonon scattering, thereby mod-
ulating thermal conductivity of layered materials. [15-18]

For instance, minimizing intrinsic helical twists in
graphite yields a record through-plane conductivity of
134W-m™ 1K1 In bilayer WSy and MoSs, increas-

ing twist angle suppresses thermal conductance due to
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modified interlayer interactions and reduced overlap of vi-

brational density of states.*"]

Furthermore, both experi-
mental and simulation studies of TBG reported a phonon
polarizer effect, where thermal conductance can be modu-
lated by as much as 631% with moiré angles due to strong
tuning by the moiré pattern over the phonon transmission
of high-frequency phonons.?!! These findings collectively
establish twist engineering as a powerful route for con-
trolling phonon transmission. However, the microscopic
mode-resolved phonon transport analysis by twisting ma-
nipulation remains insufficiently elucidated, even though
it is central to understanding and optimizing the twist-
induced modulation of thermal conductivity.

The present work investigates mode-resolved phonon
transmission in 2D materials using twisted graphene as
a model system. Employing a mode-resolved atomistic
Green’s function (AGF) approach, [22-24] we calculate the
out-of-plane thermal conductance of TBG at twist angles
of 0°, 10°, 20°, and 30°. Our study constructs a coher-
ent physical picture for twist-enabled phonon engineering
and provides practical guidance for thermal management
in 2D materials-based electronic, photonic, and thermo-
electric devices.

A trilayer graphene structure was constructed, where
a rotated graphene layer was sandwiched between two
aligned graphene layers to generate different twist angles,
as shown in Fig. 1. The rotation angles 6 of 0°, 10°, 20°,
and 30° are explored. The mode-resolved AGF has been
performed for the computational analysis of phonon trans-
port in twisted graphene systems. Due to the significant
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(a) Mode-resolved atomic Green’s Function (AGF) configuration for

twisted graphene
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(a) Mode-resolved atomistic Green’s function configuration for twisted graphene and inset pictures are the

atomic structures of twisted graphene with rotation angles of § = 0°, § = 10°, § = 20°, and 6 = 30°. (b) The calculated
interfacial thermal conductance of twisted graphene at different rotation angles. (c) Spectral phonon transmission as a
function of frequency for various rotation angles. (d) Cumulative thermal conductance versus frequency.

computational resources needed to compute the force-
constant matrix, we opted to conduct mode-resolved AGF
calculations on a smaller heterostructure with a reduced
cross-sectional area. The unit cell parameters for twisted
graphene systems are set to 4.310 A x 2.491 A. The con-
figurations corresponding to these four angles result in
unit cells of dimensions 12 x 18, 12 x 14, 16 x 8, and
12 x 18, respectively. The corresponding supercell areas
are 51.76 A x 44.82 A, 51.99 A x 34.71 A, 68.95 A x 19.90 A,
and 51.76 A x44.82 A, respectively. The left and right leads
consisted of an infinite array of double-layer graphene or
graphite, whereas the center region consisted of trilayer
twisted graphene. Then, the flux-normalized transmis-
sion matrix for phonon transmission from the left to the
right lead can be calculated according to the mode-resolved

. . . 25
AGF formalism in our previous work: [2272%

2iw ret1— re advii—
trL = \/aLTRvé/?[URt] IG t[ULd 1‘] 1VL1/2- (1)
Here, G™' = ¢XH"P G 'Hprg®, and ar(ar) is the

length of the left (right) sublayer of lead. Vi, (VR) is the
projection of the mode group velocity in the left (right)
leads along the temperature gradient direction and are zero
for evanescent phonons. UE*(UfY) is a matrix with its
column vectors corresponding to the extended or decaying
evanescent modes of right(left) lead. The modal transmis-
sion coefficient of the nth incoming phonon channel in the
left lead is 51, (w) = EJ{{LERL]HH, and the spectral phonon

transmission can be expressed as

Ny (+)
Z ELn (w) ’ (2)
n=1
where N1, (4) represents the number of right-going phonon
channels from the lead to the left side. The thermal con-
ductance can be obtained through the Landauer forma-
lism: [26:27]

o (T) = %LA/mexﬁwg—;(w,T)E(w) dw, 3)

where A is the cross-sectional area, n (w,T") is the Bose—
Einstein distribution, and T is temperature.

The interfacial thermal conductance of twisted
graphene with rotation angles of 0°, 10°, 20°, and 30° is
shown in Fig. 1(b). The highest thermal conductance was
observed at 0°, which decreased notably at 10°, slightly
increased at 20°, and then increased again at 30°. The
lowest interfacial thermal conductance is observed to be
56.65 MW-m 2K~ ! at the rotation angle of 10°, result-
ing from the interplay between pronounced stress local-
ization and enhanced interlayer coupling in enlarged AA
regions governed by the increased moiré length, 17 as
shown in Fig.S1 in Supplementary Materials. Moreover,
the effects of temperature on the thermal conductance of
twisted graphene with rotation angles of 0°, 10°, 20°, and
30° have been investigated; the thermal conductance of
the four structures exhibits an upward trend. This be-
havior stems from the increased vibrational intensity of
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atoms within the lattice as temperature rises; details can
be found in Fig.S2. To further analyze phonon spectral
information, we calculated the spectral phonon transmis-
sions for twisted graphene with varied rotation angles in
Fig. 1(c). It is evident that the spectral phonon transmis-
sion exhibits a strong dependence on rotation angle. The
transmissions of all the twisted graphene systems show
high peaks in the low-frequency range of 0-10 THz and
fluctuate at frequencies above 10 THz. Notably, the trans-
mission at the rotation angle of 0° (black squares) tends
to be higher compared to the other angles, particularly in
the 0-6 THz range. To quantitatively analyze the suppres-
sion of phonon transport under twisting, the cumulative
thermal conductance is presented in Fig.1(d). The con-
tributions from phonons in the range of 0—6 THz account
for only 65.28%, 91.34%, 91.84%, and 72.33% of the to-
tal thermal conductance at rotation angles of 0°, 10°, 20°,
and 30°, respectively. In other words, compared with 0°
and 30°,
suppressed in the high-frequency range (6-16 THz).

the transmissions at 10° and 20° are strongly

To further clarify the impact of rotation angle on
mode-resolved phonon transmission, the modal contribu-
tions of graphene systems with 6 = 0°, 10°, 20°, and
30° are presented in Figs.2(a)-2(d). In graphite, the in-
terlayer interactions impose constraints that significantly
stiffen the out-of-plane phonons, altering the dispersion re-
lationship from quadratic (ZA in graphene) to linear (LA
in graphite).
phonons of LA and LO dominate interlayer thermal trans-

The analysis reveals that the out-of-plane

port across all twisted structures, while their contribution
in the untwisted system (6 = 0°) is relatively smaller,
indicating that twisting alters the distribution of avail-
able transmission channels. Quantitatively, out-of-plane
phonon modes account for about 99.7% of the spectral
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transmission in untwisted graphene, whereas their contri-
butions are 100% at 8 = 10°, 20°, and 30°. These results
are consistent with previous experimental and simulation
studies, ?"] where the dominance of out-of-plane modes is
explained by their reduced scattering phase space, arising
from the large energy gap between the out-of-plane LA and
LO modes. In other words, the emergence of Moiré pat-
terns in twisted graphene is found to significantly hinder
the transport pathways of non-out-of-plane modes while
preferentially allowing out-of-plane phonons to transmit
heat, with the thermal transport efficiency strongly influ-
enced by the degree of stacking commensurability.

To elucidate the effect of rotation angle on incidence-
angle-dependent phonon transmission, the results for
graphene systems with # = 0°, 10°, 20°, and 30° are shown
in Fig.3. The color gradient from brown to green reflects
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Fig. 2. The dependence of modal transmission contribu-

tion with four rotation angles:

(c) 6 =20°, (d) 6 = 30°.
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Fig. 3. The dependence of phonon modal transmission on angle of incidence and frequency with (a) 6 = 0°,
(b) 6 =10°, (c) 6 =20°, and (d) 0 = 30° rotation angles.
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the transmission intensity, where brown indicates strong
transmission and green denotes suppression of transmis-
sion. For the untwisted structure (§ = 0°) in Fig.3(a),
all phonon modes exhibit full transmission, as evidenced
by the uniform brown distribution. With increasing ro-
tation angle to 10° and 20°, phonons at large incidence
angles and high frequencies are markedly suppressed in
Figs.3(b) and 3(c), manifested as a progressive transi-
tion from brown to green in the transmission maps. At
6 = 30°, the distribution exhibits a distinctive feature in
Fig.3(d), where a green envelope surrounds a brown re-
gion, contrasting with the patterns at smaller twist an-
gles. This behavior reveals that twisting significantly hin-
ders high-frequency phonon transport at large incidence
angles, while still allowing partial transmission channels
to survive. Such modulation originates from the moiré-
induced structural reconstruction, which strongly depends
Overall,
these results highlight that twist angle provides an effec-

on the incidence angle and phonon frequency.

tive means to regulate incidence-angle-dependent phonon
transmission, thereby tuning interlayer heat conduction in
multilayer graphene.

In summary, the thermal conductance of twisted
graphene exhibits a clear dependence on rotation angle,
with the lowest value observed at 10°. Spectral trans-
mission analysis demonstrates that twisting strongly sup-
presses high-frequency phonons, while mode-resolved re-
sults confirm the dominant role of out-of-plane modes in
interlayer heat conduction. The emergence of moiré pat-
terns further blocks non-out-of-plane phonon transmission
channels and enhances the contribution of out-of-plane
modes. Incidence-angle-dependent transmission reveals
that twisting particularly hinders phonons with large in-
cidence angles at high frequencies, and a unique envelope
feature is observed at 30°. Overall, these findings reveal
that twist angle effectively modulates phonon transmis-
sion pathways and out-of-plane thermal conductance, pro-
viding new perspectives for tailoring heat conduction in
two-dimensional layered systems.
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