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Twisted van der Waals materials featuring Moiré patterns present new

design possibilities and demonstrate unconventional behaviors in electrical,
optical, spintronic, and superconducting properties. However, experimental
exploration of thermal transport across Moiré patterns has not been

as extensive, despite its critical role in nanoelectronics, thermal management,
and energy technologies. Here, the first experimental study is conducted on
thermal transport across twisted graphene, demonstrating a phonon polarizer
concept from the rotational misalignment between stacked layers. The

direct thermal and acoustic measurements, structural characterizations, and
atomistic modeling, reveal a modulation up to 631% in thermal conductance
with various Moiré angles, while maintaining a high acoustic transmission.
By comparing experiments with density functional theory and molecular
dynamics simulations, mode-dependent phonon transmissions are quantified
based on the angle alignment of graphene band structures and attributed

to the coupling among flexural phonon modes. The agreement confirms

the dominant tuning mechanisms in adjusting phonon transmission from
high-frequency thermal modes while having negligible effects on low-frequency
acoustic modes near Brillouin zone center. This study offers crucial insights
into the fundamental thermal transport in Moiré structures, opening avenues
for the invention of quantum thermal devices and new design methodologies
based on manipulations of vibrational band structures and phonon spectra.

freedom to customize atomic interactions
and modify properties that do not occur
naturally.' ] A prototype example is twisted
graphene, which has been the subject of ex-
tensive study and groundbreaking discover-
ies, from superconductivity and ferromag-
netism to optical adjustments, photonic re-
sponses, and topological transitions.[®! To
date, most of the efforts have been driven by
electronic and optoelectronic features, such
as flat bands, strong correlations and in-
teractions, emergent states, and variations
in effective mass and density of states.
Despite many exciting progress, thermal
measurements in twisted graphene remain
largely unexplored. In contrast to electri-
cal and optical transport, thermal trans-
port is primarily governed by phonons,
i.e., the quantum-mechanical modes of lat-
tice vibrations and their coupling.'**] In-
vestigating Moiré pattern mediated ther-
mal transport in twisted graphene provides
fundamental insights and new opportu-
nities in controlling heat dissipation and
thermal management technologies, while

1. Introduction

Rapid developments have recently been observed in the Moiré
patterns of van der Waals structures, offering a new degree of

recent advances have been mainly con-
centrated on computational studies.!'>23]
Here, we seek to bridge the gap between
experiment and theory and to uncover the complex structure—
property relationships of Moiré pattern by detailing the spectral
contributions of phonon modes.
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Figure 1. The concept and sample characterizations of phonon polarizer based on twisted graphene. a) Conceptual illustration of twisted graphene
phonon polarizer. b) Optical microscope image (left) and Raman spectral mapping of the G (middle) and R (right) peaks of a typical sample. Scale bar,
15 um. c) Scanning tunneling microscopy (STM) measurement of twisted graphene, showing the Moiré pattern. Scale bar, 15 nm. Plots of the frequency
for d) R’ and e) R peaks as a function of twist angle, respectively. Inset is the schematic illustration for the physical processes that form the R’ (d) and
R peaks (e). f) Representative Raman peaks for monolayer graphene and twisted graphene samples with various twist angles. Inset, Moiré patterns of

twisted graphene evolving as a function of the twist angles. Scale bar, 2 nm.

In this study, we perform direct experimental measurements
on twisted graphene over a wide range of twist angles and observe
a marked phonon polarization effect associated with the Moiré
pattern. By analyzing experimental data with atomistic theory, we
validate the fundamental mechanisms behind the polarization of
mode-specific phonon transmission, which stem from the inter-
layer rotation associated with the Moiré pattern and the resultant
breaking of translational symmetry. We further develop quan-
titative analysis based on first-principles theory to evaluate the
phonon band structures and phonon coupling phase space that
mediates the interfacial phonon transmission between the two
atomic layers as a function of twist angles. Moreover, by conduct-
ing concurrent thermal and pico-acoustic measurements, we ver-
ify theoretical predictions regarding mode-specific phonon trans-
mission. Our findings indicate that high phonon transmission
is preserved for low-frequency acoustic modes, whereas polar-
ized transmission influences high-frequency thermal phonons
and the heat flux traversing the Moiré pattern.

2. Concept of Phonon Polarizer and Sample
Fabrication

The concept of phonon polarizer, illustrated in Figure 1a, is
engineered using twisted graphene. Analogous to the case of
light transmission where the intensity of the light can be mod-
ulated via an optic polarizer by allowing specific vibrations to
pass through, here we define a tunable phonon polarizer ca-
pable of modulating the interfacial phonon flux, based on the
Moiré pattern formed between graphene layers. Microscopically,
in this device, when a temperature gradient is applied across the
twisted graphene, lattice vibrations are thermally excited to form
spectral distributions among all phonon modes while the mode-
specific dynamic coupling across the two layers varies subject to

Adv. Mater. 2024, 36, 2312176 2312176 (2 of 8)

the Moiré pattern. The device operates on the principle that as
twist angles (6) vary, the coupling of phonons across the atomic
interface induces polarization in the phonon transmission (z),
and thereby governing the energy integration across all phonon
modes—that is, the heat flux.

To create the samples, we employed a custom nano-alignment
setup (Experimental Section), which involved transferring a
monolayer of graphene onto a substrate of graphene to achieve
rotational stacking. The twist angle between the top adjacent
atomic layers, which determines the heat flux via the modulation
of lattice dynamics by the Moiré pattern, is ascertained through
Raman spectral characterization. As shown in Figure 1b, the dis-
tinct optical reflection contrast enables the identification of the
twisted structure with precision down to a single atomic layer
using optical imaging. We characterized the unique vibrational
modes of the top monolayer graphene and the substrate by their
respective G peaks in the Raman spectra (middle, Figure 1b). No-
tably, the G peak at ~1580 cm™" is indicative of the in-plane bond
stretching of sp?-bonded carbon atoms.** The intensity of this
peak, spatially mapped, is utilized to confirm and differentiate
the top monolayer from the substrate layer (as seen in the mid-
dle of Figure 1b), corroborating the optical contrast observed in
the imaging. In addition, to verify the high quality of the sam-
ples, we performed scanning tunneling microscopy that directly
measured the Moiré patterns of the twisted graphene, as shown
in Figure 1c.

The twist angle is determined through the interlayer double-
resonance Raman process, which involves the R’ and R peaks
corresponding to intravalley longitudinal optical and interval-
ley transverse optical Raman scattering,2>-?’] respectively. These
peaks have a determined relationship!?®! with their characteristic
vibrational frequencies (wy and wyg) that depend on 6, as shown
in Figure 1d,e. Due to the different energy requirements for the
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Figure 2. Experimental measurement of thermal transport in Moiré graphene as a function of twist angles. a) Schematic of ultrafast pump—probe optics
setups for thermal conductance measurements. b) Representative experimental data: TDTR phase signal versus time for twisted graphene under 5.1°
(black circles), 11.3° (red circles), and 20.7° (blue circles), fitted by thermal transport model (solid lines). Dashed lines are calculated curves using
thermal conductivity change by +10% to illustrate measurement accuracy. c) The measured thermal conductance G as a function of twist angle.

R’ and R peaks, the R’ peak is typically observable at smaller an-
gles (less than 9°), while the R peak is discernible at larger angles.
Together, the R’ and R peaks provide a comprehensive fingerprint
for determining twist angles across the entire spectrum from 0
to 30°. For instance, the R’ peak shifts from 1609 cm™! at § = 3.2°
to 1631 cm™! at 8.8°, while the R peak moves from 1543 cm™ at
8.8° t0 1400 cm ! at 27.2° (Figure 1f). As highlighted in the insets
of Figure 1f, the Moiré patterns that emerge and evolve with 8 are
a consequence of the changing twisted lattice structures that in
turn progressively alter the phonon band structures, which will
be analyzed later in the manuscript.

3. Experimental Measurements of Thermal
Resistance as a Function of Twist Angles

We conducted experiments to characterize the heat flux in twisted
graphene samples by measuring the interfacial thermal conduc-
tance (G), given by the equation:

q//

G=—
AT

1)
where q" represents the areal heat current, and AT is the tem-
perature difference between the two atomic layers. We measured
G directly using ultrafast optical pump—probe spectroscopy via
the time-domain thermoreflectance (TDTR) technique. TDTR
is a standard method for measuring the interfacial thermal
conductance of various materials, including van der Waals
materials.['?831] In our TDTR setup, depicted in Figure 2a, a
series of femtosecond laser pulses is split into pump and probe
beams. The pump beam instantaneously heats the sample’s sur-
face, while the probe beam detects the temperature decay on the
surface with sub-picosecond time resolution. We determine the
thermal conductance by fitting the experimental data to the heat
conduction equation, as illustrated in Figure 2b. Further details
on the TDTR setup and measurements are available in our re-
cent publications.[''1332] As shown in Figure 2¢, the measured
G as a function of @ displays a remarkable dependency: G is
1.15 X 108 W m~2 K~! at @ = 3.2° and decreases with increasing
0, reaching 1.82 x 107 W m~2 K™! at @ = 27.2°. This significant
tuning ratio of interfacial thermal conductance, over sixfold, is
observed experimentally for the first time and confirms that the
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interfacial heat flux is strongly modulated in twisted graphene.
Compared to the estimated effective thermal conductance in pris-
tine graphite (i.e., converted by cross-plane thermal conductivity
over the interlayer distance), the tuning ratio exceeds 820 times
for 6 = 27.2°.

Fundamentally, G is a cumulative integration over all phonon
modes, with mode-specific phonon transmission, z(v) that de-
scribes the probability for the phonons with frequency v to trans-
port across the interface. Quantitively, G and z(v) can be related
with the Landauer formalism(1%]:

_ 7 e
G= { M (v) hvz (v) a—Tdv (2)

where v, fr, M(v) represent phonon frequency, Bose-Einstein
distribution function and the number of propagating modes,
respectively. h is the Planck’s constant. Therefore, we ascribe
the tuning of heat flux to the polarized mode-specific phonon
transmission 7 that controls the phonon transmission probability
across the interface of twisted structure. This is due to the Moiré-
pattern-induced alterations in phonon band structures, which we
further analyze using atomistic and first-principles theory analy-
sis.

We assessed the interfacial thermal transport in twisted
graphene by employing molecular dynamics (MD) simulations
under steady-state and transient conditions.

4. Modeling Interfacial Heat Flux with Steady-State
and Transient Molecular Dynamics

First, for the steady-state MD simulations, we establish a invari-
ant temperature gradient by applying a constant heat flux across
the graphene layers.[*"] Consequently, G is derived from heat flux
and geometric settings with Fourier’s law.[17183334 By analyzing
the correlation function of heat flux, we can identify the phonon
mode-specific contribution to G. Moreover, we performed tran-
sient MD simulations to exclude potential size-effects caused by
the ballistic phonon transport near thermal reservoirs. In the
transient MD simulations, we apply an ultrafast heat pulse ex-
citation to the top graphene layer, resulting in an instantaneous
temperature change, which simulates the dynamics of heat trans-
fer in twisted graphene. The comprehensive evaluations aim to
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Figure 3. Modeling interfacial heat flux and phonon mode-specific contributions of twisted graphene from molecular dynamics. a) Illustration temper-
ature profiles for steady-state MD (top) and transient MD (bottom) simulations, respectively. b) Normalized simulation results of thermal conductance
(G) as a function of twist angle (6). c) Spectral thermal conductance G(v) mediated by mode-specific phonon transmissions in twisted graphene at

various angles.

reveal the inherent transport characteristics of twisted interfaces
and identify the roles of heat carriers. The two simulation algo-
rithms are respectively through spatial and temporal temperature
profiles (Figure 3a). Further details about the simulations can
be found in the Experimental Section and Supporting Informa-
tion. The simulation results, displayed in Figure 3b, show consis-
tency between the two MD approaches. The G values experience
a pronounced reduction at small range of 8 (from 0° to 15°), and
then levels off. The observed trend agrees with recent literature
studies,[>233335] and indicates that the variations of atomic ar-
rangements in the Moiré unit cells become less sensitive to layer
rotation when 6 increases.

To elucidate the role of phonon mode-dependent transmission
in influencing interfacial heat flux, we quantify the frequency-
dependent spectral thermal conductance, G(v), that is dictated by
the phonon transmission z(v) based on Equation (2). The thermal
conductance is the cumulative effect of all phonon eigenmodes
across a broad spectrum of frequencies, shown as an integration:

G=/G(V)dv (3)

We determined G(v) by applying a Fourier transform to the
velocity—force correlations at the interface based on the data
from the steady-state MD.*l The results of G(v) are plotted in
Figure 3¢, allowing us to look at how 6 affects the phonon spectral
distributions. From the perfect alignment in pristine graphene
(6 = 0°), to a slight misalignment at § = 2°, we observed a strong
decline in G(v) across a broad range of phonon frequencies. This
suggests that upon the formation of a Moiré pattern at a small
twist angle, significant disruption in phonon transmission is in-
troduced by the minor deviation from the perfect alignment and
thus the spatially non-uniform interlayer coupling impede the
heat propagation over broad phonon spectra. As the twist angle
further progresses from 2° to 25°, the resulting Moiré period (i.e.,
the size of the Moiré unit cell, as detailed in the Supporting Infor-
mation) continues to change but at a more gradual slope, render-
ing the reductions in G and G(v) less impactful across the phonon
spectrum. This is in line with our phonon polarizer design con-
cept, which selectively blocks phonon propagation until it reaches
a saturation point at the symmetry angle (6 = 30°), where extreme
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misalignment occurs. Also, a gap in G(v) is observed at around
15 THz, which we attributed to the phonon band gap between
the flexural acoustic and optical branches, as discussed with the
phonon band structure analysis in Figure 4.

5. First-Principles Theory for Polarized Phonon
Transmission in Moiré Patterns

To dissect the phonon polarization mechanisms influenced by
the Moiré angle, we developed first-principles analysis*’=] to
understand the interfacial phonon transmission. Based on den-
sity functional theory, we hypothesize that thermal transport in
the twisted structure is mediated through coherent waves estab-
lished between phonon spectra from one atomic layer and the
other. In this scenario, phonons in the two layers can interfere
constructively and transmit through the interface, allowing for
energy transport via quantum tunneling,!***?! provided that en-
ergy and momentum conservation are satisfied. The magnitude
of the coupling phase spacel?’3%*3l—representing the number of
viable transport channels and transition probabilities—is pivotal,
forming the tuning principle for our phonon polarizer concept.
Consequently, based on the phonon transmission picture, we cal-
culated the angle-dependent phonon band structures that reveal
the matching of spectral energy and momentum of the phonons.

Figure 4a displays the phonon band structure for the top
monolayer graphene along the reciprocal lattice vector path I'-
K, in reference to the bottom monolayer’s lattice coordinate (de-
tails in the Experimental Section). In this coordinate, the band
structure of the bottom graphene is fixed (i.e., always remains
as the curve of 0° in Figure 4a), while that of the top graphene
changes with various twist angles. When the two atomic layers
are precisely aligned (6 = 0°), their phonon band structures co-
incide perfectly (black curve). As 0 increases, discrepancies be-
tween the layers’ phonon dispersions emerge, notably within the
transverse and longitudinal acoustic branches. For instance, at
the K point, the phonon frequency of transverse acoustic modes
in top layer graphene is %30 THz when layers at 6 = 0°, and it re-
duces to ~20 THz at 6 = 30°. Such angle-dependent phonon band
structures dictate the phonon spectral matching between top and
bottom graphene layers, and thereby modifying the phonon
transmission between the two monolayers.

© 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH

85UB017 SUOWIWIOD BA1E81D) 8|t idde ay) Aq pausnob ae sspile O '8sn J0 S9N 10) Aiq18UlIUO A1 UO (SUONIPUOD-PUR-SWLBY WD’ AB 1M ARG 1 UIIUO//:SANY) SUONIPUOD PUe SWIS | 8L 88S *[5202/T0/92] U0 AkeidiTauliuo 48| ‘S0 luio}ieD JO A1sieAlun Ag 9. TZTEZ02 eWpe/Z00T 0T/I0p/W0 A8 | i Ale.d 1 BulUO'pesUeADe//Sdny Wou) popeojumoq vz #7202 ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
a b c
10
50 09 Py
g - 1.0
E 08
[T
> 08
g L 07
§ 30 o op 0.6
§ 20 0.5 0.4
5 04 02
g . }
a1 x
03 0.0
0 0.2 . .
0 5 10 15 20 25 30
Twist angle 6 (°)
d 0.08 T ; e f 18 z
0° L(Pe 20 Z 110 § P fe )
a--%9-0, oy £ 16 g ¥
0.06 | fo%e % 8L~ s 2
~ 1 ' 2 100} © o4 g i
e G ) 4 & ¢ = ¥
¥ s Sy ST | 3 -
I’_E 0.04 Flexural modes Non-flexural modes E oot 212 B e o
© c
N E N | B0l @2 & &
2 s ® S 10y éi SR ué ]
0.02 g
& 0.8 @ Pico-acoustic measurement
~ 70 O MD simulation
0.00 ASH 0.6 -~ Acoustic mismatch model
“0 10 20 30 40 500 10 20 30 40 500 10 20 30 40 50 10 20 30 40 50 60 70 80 0 5 10 15 20 25 30

Phonon frequency (THz) Phonon frequency (THz) Phonon frequency (THz)

Delay time (ps) Twist angle ()

Figure 4. First-principles analysis of the band structure and phonon transmission and acoustic measurements in twisted graphene. a) Angle-dependent
phonon dispersion of twisted graphene. b) Normalized phase space P, as a function of twist angle. c) Reciprocal space-resolved phonon phase space
P, for twisted graphene under 2°, 5°, and 25°, respectively. d) Spectral weighted phonon phase space W(v) from all polarizations (left), flexural modes
(middle), and non-flexural modes (right) for twisted graphene under various angles. Inset, the schematic of corresponding vibrational modes through the
twisted interface. e) Pico-acoustic measurements of the transmission of acoustic phonon modes near the center of the Brillouin zone. Inset, schematic
of the picosecond acoustic pulse measurements. f) The measured low-frequency acoustic transmission (circles), plotted with the results from MD
simulations (squares), and acoustic mismatch model (dashed line), as a function of twist angles. Inset, measurement data after background extraction.

We further quantify the phonon transmission by looking at the
coupling phase space across the two monolayers. We define the
coupling phase space Py as the amount of scattering channels
available as determined by energy and momentum conservation
conditions and thus determines the phonon transmission prob-
ability across the two monolayers. Mathematically, we calculate
for a phonon mode with wavevector g and polarization s as:

Py =w 2 5 (ngtmm - a)?j) (4)
pr

bottom
S

tom and top graphene, respectively, and w = 1/§(w — 0) is a nor-
malization factor for non-dimensionalization. The momentum-
specific coupling phase space Py and the total coupling phase
space P, are defined as:

t . .
where @ and wq'f,’ are the frequencies of phonons in the bot-

1
Py =~ > P, (%)

1
Ptotzﬁ;Pq (6)

where m represents the number of phonon branches and N is
the total count of g-points within the first Brillouin zone mesh.
As shown in Figure 4b, P,,, shows a downward trend from 1.0 to
0.25 as the twist angle expands from 0° to 30°. This trend, re-
sembling the experimental measurements (Figure 2c), unveils
a microscopic view wherein a reduction in the available trans-
mission channels with increased 0 typifies the observed depen-
dency of thermal transport blockage on the angle. Additionally,
Figure 4c illustrates the momentum-resolved phase space P,
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within the first Brillouin zone for twist angles of 2°, 5°, and 25°,
underscoring a diminishing number of transport channels for
most phonon modes as misalignment escalates, with significant
transmission probabilities concentrated near 12 specific ridges
(Figure 4c) due to the intrinsic symmetry of monolayer graphene
along the I'"K and I'-M paths.

To contextualize the energy carried by each phonon into the
coupling phase space, we address the observed curvature of G(v)
in Figure 3c. Given that the energy varies across different trans-
port channels, we refined our model to include a weighted cou-
pling phase space Wy, defined as:

CosPas

W, o= — )
qs 1
N qu Cqs

Here, C, signifies the volumetric specific heat for phonon
mode gs. Figure 4d presents the spectral contributions to the
weighted coupling phase space W(v) across phonon frequencies
v for twist angles of 0°, 2°, 5°, and 25°. The profile of W(v) aligns
with the G(v) obtained through MD simulations, as shown in
Figure 3c, indicating that both the quantity of available trans-
port channels and the thermal occupation are well-represented
in the theoretical framework of phonon transmission physics for
twisted graphene.

Separating contributions from flexural (out-of-plane vibra-
tions) and non-flexural (in-plane vibrations) modes, we find that
in pristine bilayer graphene (@ = 0°), flexural and non-flexural
modes both significantly influence cross-layer transport, with
only 58.5% of the phase space stemming from flexural phonons.
However, as twisting is introduced, flexural modes become in-
creasingly dominant, accounting for 73.4% of the phase space at
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a twist angle 6 of 2° and reaching up to 82.2% at 6 = 25°. This
finding indicates that the minimum in G(v) at 15 THz is mirrored
by a corresponding minimum in W(v) for flexural modes, a phe-
nomenon arising from the energy bandgap between the flexural
acoustic and optical modes, as shown in Figure 4a. Moreover, the
result further elucidates the implications and operation princi-
ples of the phonon polarizer: introducing Moiré pattern signif-
icantly hinders the transport pathways for non-flexural phonon
modes while preferentially allowing flexural modes to conduct
varying amounts of heat, with the efficiency of heat transport be-
ing influenced by the degree of stacking commensurability.

6. The Conservation of High Phonon Transmission
for Acoustic Propagations

Remarkably, while the modeling results presented in Figure 4c
suggest that the interfacial transmission in twisted graphene is
heavily influenced by the twist angle, an exception was observed
at the zone center: The low-frequency modes that are responsi-
ble for acoustic wave propagation, maintain high transmission
regardless of 0. This theory predicts that low-frequency acoustic
phonons consistently demonstrate high transmission across the
twist interface for any given twist angle. To experimentally val-
idate this model prediction, we conducted picosecond laser ul-
trasonic measurements!>*! aimed at directly examining acoustic
transmission across the twisted graphene interface, as shown in
Figure 4e. The working principle of picosecond laser ultrasonic
techniquel'?3!l is illustrated in the inset of Figure 4e: A pump
laser generated a picosecond acoustic wave that traversed the
sample at the speed of sound. Upon reaching the top graphene
interface, the wave was partly reflected, resulting in the creation
of primary and secondary sound echoes. These echoes were sub-
sequently detected by the probe laser upon their return to the
surface, which enabled the measurement of the echo intensity.
The intensity ratio of the second to the first echoes, I, /I;, follow-
ing background extraction, is employed to analyze low-frequency
phonon transmission. As compiled in Figure 4f, the pico-acoustic
experiments (circles) show consistently high acoustic transmis-
sion at the graphene interface across all twist angles, corrobo-
rating the findings from MD simulations (squares). This rev-
elation confirms that twisting does not significantly affect the
transmission of acoustic waves, thereby substantiating the con-
stancy of the I point phase space at unity for various angles. Un-
der the simplification for acoustic wave propagation, the observa-
tion also concurs with the classical acoustic mismatch model,*4!
which postulates that there should be no acoustic impedance for
two identical material layers when the sole variable is their rela-
tive orientation (dashed line). Contrastingly, the high-frequency
phonons, which dominate heat transfer, are strongly modulated
in moiré patterns due to the polarization of interfacial phonon
transmission that vary with the twist angles.

7. Summary

In summary, we have successfully demonstrated a phonon polar-
izer within Moiré systems with the first thermal measurements
across twisted graphene. Our ultrafast pump—probe spectroscopy
measurements disclosed that the thermal conductance could be
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modulated by up to 631% as twist angles varied from 3.2° t0 27.2°,
due to strong tuning by the Moiré pattern over the phonon trans-
mission of high-frequency thermal phonons. By contrast, our
modeling and pico-acoustic experiments reveal that the acous-
tic transmission remained consistently high for low-frequency
phonons near the Brillouin zone center. This remarkable ther-
mal regulation was ascribed to selective mode polarization of in-
terface transmission across a phonon spectrum spanning from
0 to 30 THz. In addition, we performed atomistic modeling
and first-principles calculations to provide quantitative analysis
on the mode-dependent phonon transport across twisted struc-
tures, revealing a decrease in phonon transmission and conse-
quently weaker phonon—phonon couplings with increased twist
angles, as quantified by the coupling phase space. Notably, flexu-
ral modes were identified as the major contributors to cross-layer
transport in the twisted architecture, accounting for 73% of the
weighted phase space at a twist angle of 2° and rising to dom-
inate over 82% at 25°. This study not only propels our quanti-
tative understanding of the microscopic mechanisms of energy
transport in twisted van der Waals heterojunction systems but
also offers crucial insights for the strategic design of innovative
materials.

8. Experimental Section

Fabrication of Twisted Graphene Samples: Monolayer graphene was
grown on copper substrate via chemical vapor deposition. Few-layer
graphene was mechanically exfoliated from Bernal-stacked highly oriented
pyrolytic graphite and served as the graphene substrate. The twisted
graphene samples were prepared by transferring one monolayer graphene
onto the graphene substrate. To form rotational stacking, a transfer
method was developed using a customized nano-alignment setup. The
monolayer graphene on copper substrate was attached to PDMS film,
which was prepared using the SYLGARD 184 silicone elastomer kits. Af-
ter gentle placement, conformal contact between the graphene and the
PDMS film was accomplished and PDMS was stamped onto a glass slide.
Copper was etched with a 0.4 M ammonium persulfate solution. After rins-
ing with DI water to remove the etchant residue, the PDMS/graphene was
pressed gently onto the multilayer graphene substrate. After the peel-off
process, twisted graphene samples can be observed clearly with optical
characterizations (Figure 1b).

Raman Spectroscopy: A high-resolution confocal micro-Raman system
(inVia, Renishaw) equipped with a motorized sample stage was used for
the measurement of Raman spectra and two-dimensional spatial map-
ping. To satisfy the energy requirements for the R’ and R peaks, two lasers
with different wavelength: A = 488 and 633 nm, and a 1200 mm~" grat-
ing were used for laser excitation. The laser has a backscattering geometry
with a Leica DM2500 optical system. A x 50/0.75 objective lens was used
to provide a lateral spatial resolution < 0.5 um.

Time-Domain Thermoreflectance Technique for Thermal Measurements:
The time-domain thermoreflectance (TDTR) technique is a non-contact
optical method widely used for thermal conductivity measurement. In the
setup, a mode-locked Ti:sapphire laser with 80 MHz repetition rate gen-
erates ultrafast laser pulses and splits into pump and probe beams. The
probe beam is fixed at 800 nm while the pump beam frequency is dou-
bled to 400 nm by a second harmonic generator. The pump pulse is ab-
sorbed by the sample and results in an instantaneous temperature rise.
The probe beam monitors the sample temperature with a controlled time
delay in reference to the pump beam using a mechanical delay stage. The
time-dependent temperature measurements are fitted with thermal model
and allow the extraction of thermal conductance. More details regarding

TDTR and thermal conductance measurement can be found in the recent
papers.[11-13.28-32.45.46]
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Picosecond Acoustic Pulse Technique for Acoustic Measurements:  In the
picosecond acoustic pulse setup, a femtosecond pump pulse beam was
used to generate a longitudinal acoustic wave propagating from the sur-
face into the sample at the speed of sound. When the acoustic wave
reached the sample interface, it was partially reflected and created sound
echoes when returning to the surface, which were then detected by a
femtosecond probe beam. A mechanical delay stage was used to allow
sub-picosecond time resolution for detecting the wave propagation and
time interval between the sound echoes, which determines the speed of
sound with precision. More details regarding the pico-acoustic experimen-
tal setup and measurement can be found in the recent papers.l'231]

Molecular Dynamics Simulations:  The molecular dynamics (MD) sim-
ulations in this work were performed using Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) package. AB-stacked graphene
systems with various twist angles were generated following the method re-
ported in the literature.['47=31] The initial intralayer carbon—carbon bond
length was set to 1.42 A whereas the interlayer distance was set to 3.35 A.
The strong in-plane covalent bonding was modeled using the reactive
empirical bond-order potential while the weak cross-plane van der Waals
bonding was modeled using the state-of-the-art interlayer potential, which
was tested to generate more accurate graphene phonon dispersion to ex-
perimental data than the typical Leonard—Jones potentials. Two types of
MD simulations, i.e., steady-state MD and transient MD, were employed.
The timestep of 0.5 fs was used in all the simulations.

In transient MD simulations, the systems were composed of bilayer-
twisted graphene. The systems first experienced relaxation in the
isothermal-isobaric (NPT) ensemble at a temperature of 270 K and zero
pressure for 200 ps, followed by a 200 ps canonical ensemble (NVT) stage
and another 200 ps microcanonical ensemble (NVE) stage. Then, the tem-
perature of the top layer was rescaled to 330 K for 50 fs, simulating an
ultrafast heat pulse imposed on the top layer, simultaneously the bottom
layer remained unchanged. The temperature difference between the two
layers resulted in thermal energy exchange, which in the end, led to a
quasi-steady-state where both the two layers achieved the same tempera-
ture of 300 K. The temperature evolution of such a transient process was
recorded and further used to extract the interfacial thermal conductance
of this bilayer twist interface, based on the instantaneous energy conser-
vation equation.[5%33]

In steady-state MD simulations, the systems in this study were 8-layer
AB stacked, which were essentially 4-layer graphene on another 4-layer
graphene with a twisted interface occurring between the 4th and 5Sth lay-
ers. After equilibration in an NPT ensemble at a temperature of T= 300 K
and zero pressure for 250 ps, a 1.5 ns simulation with fixed boundary con-
ditions at two ends was carried out as a production run, where the steady-
state data of the last 500 ps was used to extract thermal conductance.
Specifically, in the simulation, a specified heat flux was added to and ex-
tracted from the layers next to the two ends of the system, and the resulting
steady-state temperature drop at the twisted interface was used to calcu-
late interfacial thermal conductance based on Fourier’s law.13%4] The heat
flux was chosen so that the entire temperature drop across the system is
less than 30 K to avoid nonlinear effects.

Phonon Mode Specific Decomposition of Thermal Conductance:
Frequency-domain spectral decomposition of thermal conductance
was obtained using Fourier's transforming velocity—force correlations on
steady-state MD data every 10 time steps for 1.5 ns, according to the
following equation!3631:

] de e (Fy (@) v, ) O

Gl) = 2=k Y
ie{Ul}ie{L}—®

AAT

where w is the angular frequency of vibration, A is cross-section area, AT
is the temperature drop at the twisted interface, Ul stands for upper inter-
face region within interlayer force cutoff radius to the twisted interface, LI
stands for lower interface region within interlayer force cutoff radius to the
twisted interface, 7 is the correlation time between forces and velocities,
F;j is the atomic force on atom i due to atom j, v is the velocity of atom i.
Since the classical statistics in MD can overestimate the phonon contribu-

Adv. Mater. 2024, 36, 2312176 2312176 (7 of 8)

www.advmat.de

tion spectrum, quantum correction was applied to every frequency, where
the heat capacity of each mode was rescaled to the one consistent with
the Bose—Einstein distribution. The obtained corrected spectral conduc-
tance was then re-integrated for extraction of total thermal conductance,
as reported in Figure 3b.

Acoustic Wave Transmission Simulation: Acoustic wave transmission
simulation was done at 0 K in two-end fixed multilayer systems. Similar
to the wave-packet method,[>®! by applying initial displacement to the top
layer and recording subsequent atomic velocities and positions of the sys-
tems, the transmission was determined by calculating the ratio of the wave
energy before and after crossing the twist interface.

First-Principles Calculations:  First-principles calculations in this work
were performed invoking Density Functional Theory (DFT) as imple-
mented in the Quantum Espresso package.7-%% The vdW-DF-0b86 pseu-
dopotential was used. The kinetic energy cutoff was 120 Ry. The lattice
constant of graphene was obtained by minimizing the total energy of the
system in the ground state using 24 X 24 x 1 Monkhorst—Pack mesh. The
second-order force constants were calculated by fitting atomic forces and
displacements based on a 24 x 24 x 1 supercell with 2 X 2 x 1 Monkhorst—
Pack mesh using the ALAMODE package.[%%] Then the obtained force con-
stants were used to calculate dispersion relations by diagonalizing dynam-
ical matrices. The coupling phase space was calculated following the re-
cent reports[37:38] and the procedure developed in this work.
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