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Anomalies in G and 2D Raman modes of twisted bilayer graphene near the magic angle
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The role of twist angle (θt ) in tailoring the physical properties of heterostructures is emerging as a new
paradigm in two-dimensional materials. The influence of flat electronic bands near the magic angle (∼1.1◦)
on the phononic properties of twisted bilayer graphene (t-BLG) is not well understood. In this work, we
systematically investigate the G and 2D Raman modes of t-BLG samples with twist angles ranging from ∼0.3◦

to ∼3◦ using micro-Raman spectroscopy. A key finding of our work is the splitting of the G mode near the magic
angle due to moiré potential induced phonon hybridization. The linewidth of the low-frequency component of
the G mode (G−), as well as the main component of the 2D mode, exhibits enhanced broadening near the magic
angle due to increased electron-phonon coupling, driven by the emergence of flat electronic bands. Additionally,
temperature-dependent Raman measurements (6–300 K) of a magic-angle twisted bilayer graphene sample
(θt ∼ 1◦) reveal an almost tenfold increase in phonon anharmonicity induced temperature variation in both
components of the split G mode, as compared to a Bernal-stacked bilayer graphene sample, further emphasizing
the role of phonon hybridization in this system. These studies could be important for understanding the thermal
properties of the twisted bilayer graphene systems.

DOI: 10.1103/9xym-n83q

I. INTRODUCTION

A superlattice forms when two identical periodic structures
are superposed with a slightly mismatched rotation angle, a
phenomenon commonly observed in two-dimensional mate-
rials. This twist in the top layer relative to the bottom layer
creates a moiré superlattice, introducing an additional periodic
potential known as the moiré potential [1]. The moiré poten-
tial originating from atomic reconstruction could significantly
influence the properties of twisted bilayer graphene (t-BLG)
near the magic angle. Therefore, such controlled modifica-
tions in twisted bilayer graphene systems offer opportunities
to tailor their physical properties, leading to novel phenom-
ena [2–8]. Notably, at small twist angles (θt ), particularly
around the magic angle (θt ≈ 1.1◦), t-BLG exhibits a flat band
structure [2,3], resulting in exceptional properties such as su-
perconductivity [2,4–6], anomalous quantum Hall effects [7],
transport mediated by relativistic massless Dirac fermions,
and high electrical and thermal conductivities [2,4]. Addition-
ally, atomic reconstruction induced domain structures have
been observed in t-BLG at small twist angles [9–15], making
small-angle t-BLG a compelling system to study [16,17].

Despite extensive investigations into graphene and its
twisted bilayer counterparts, a comprehensive understanding
of its electronic, phononic, and optical properties near the
magic angle remains incomplete. These properties are crucial
for designing devices customized for various applications.
Therefore, in this work, we aimed to investigate the behavior
of the G and 2D Raman modes of t-BLG, as these modes offer
valuable insights into its electronic and phononic properties.
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To achieve this, we systematically fabricated multiple t-BLG
samples with twist angles (θt ) ranging from approximately
0.3◦ to 3◦. We employed micro-Raman spectroscopy to inves-
tigate different Raman-active modes of t-BLG over this range
of twist angles. Raman spectroscopy, a pivotal tool in the
structural characterization of graphitic materials [18,19], is
particularly useful for understanding the complex interactions
between electrons and phonons in graphene. In t-BLG, the
energy separation between nearly flat bands and the nearest
conduction and valence bands aligns closely with the photon
energy used in optical investigations. This alignment makes
t-BLG an interesting subject for optical studies, with its prop-
erties intricately linked to variations in the electronic band
structure and Van Hove singularities, which are strongly de-
pendent on the twist angle.

We further explored the Raman spectra of a t-BLG sample
near the magic angle as a function of temperature (ranging
from 6 K to 300 K) to understand phonon anharmonicities.
Our analysis reveals the evolution of the G mode (also known
as the E2g mode) and the 2D mode with respect to the twist
angle, driven primarily by the lattice reconstruction induced
moiré potential [20]. Noteworthy trends include a maximum
in the full width at half maximum (FWHM) of the G mode at
θt ∼ 1◦. Additionally, we observed the splitting of the G mode
near the magic angle. Our findings provide crucial insights
into the behavior of phonons in t-BLG near the magic an-
gle, offering guidance for the design and fabrication of novel
devices.

II. EXPERIMENTAL METHODS

Graphene flakes were exfoliated onto a silicon substrate us-
ing the conventional mechanical exfoliation method [21–23],
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which facilitates the isolation of single graphene layers. After
exfoliation, an optical microscope was employed to examine
the graphene flakes and verify the presence of monolayer
graphene by evaluating their visual contrast. Once identified,
Raman spectroscopy was performed to confirm the number of
graphene layers.

Subsequently, twisted bilayer graphene samples were fab-
ricated using the standard tear-and-stack technique [24,25]
(details provided in the Supplemental Material [26]). To pre-
serve the pristine quality of the fabricated t-BLG samples,
they were encapsulated within hexagonal boron nitride (hBN)
flakes. This encapsulation acts as a protective barrier, prevent-
ing potential contamination and degradation [27]. The hBN
flakes, with their atomically flat surfaces and inert chemical
properties [28,29], provide an ideal environment for maintain-
ing and improving the electronic and structural characteristics
of the t-BLG samples [30–32].

Raman spectra of the fabricated t-BLG structures were
recorded using a Horiba LabRAM HR spectrometer, com-
bined with a Montana cryostat capable of maintaining an
ultralow base pressure ranging from 10−6 to 10−8 Torr. Ra-
man spectra were acquired at both room temperature and low
temperatures using a 532 nm excitation laser, and a grating
with 1800 lines/mm was used. The system has a resolution of
around 0.55 cm−1 and the laser power was kept below 1 mW
to avoid laser-induced heating. For low-temperature spectra
acquisition, a 50× lens with a numerical aperture (NA) of
0.50 was used, while room-temperature spectra were captured
using a 100× lens with an NA of 0.90.

III. OBSERVATIONS AND DISCUSSION

Moiré structures in twisted bilayer graphene (t-BLG) ex-
hibit diverse atomic stacking configurations depending on the
relative twist angles, which alters the interlayer van der Waals
forces. These forces play a significant role in determining the
atomic arrangements, contributing to the formation of distinct
high-symmetry stacking configurations such as AA, AB, and
SP (saddle point), where SP is the transition region between
AA and AB, representing the saddle points of the van der
Waals energy landscape [33]. These stacking regions vary
spatially across the graphene superlattice. When the system
undergoes atomic relaxation, where atoms move to minimize
the total energy, a reconstruction occurs at the atomic level.
During this process, the locally stacked regions evolve toward
their true minimum energy configurations, leading to more
stable and energetically favorable structures [16,17]. Ad-
ditionally, atomic reconstruction induced domain structures
have been observed in t-BLG at small twist angles, whereas
angles exceeding 2◦ do not show substantial reconstruction
[9,34]. These distinct stacking regions significantly modulate
the electronic and phononic properties of the graphene. Such
modulation can result in novel properties not present in the
individual graphene layers or Bernal (AB) bilayers. Conse-
quently, by precisely controlling the twist angle, it is possible
to fine-tune the properties of t-BLG. It is important to note that
the label E2g is strictly valid only for monolayer graphene,
where the system possesses higher symmetry. In twisted bi-
layer graphene, the introduction of a twist angle lowers the
crystal symmetry thus affecting the symmetry classification

of phonon modes [35]. The vibrational modes in twisted
bilayer graphene cannot be straightforwardly classified with
the symmetry labels used for monolayer graphene. Therefore,
we simply refer to the Raman-active mode in t-BLG around
1583 cm−1 as the G mode.

The quality and defect-free nature of the graphene layers
used in our samples were confirmed using Raman spec-
troscopy. Figure S1 of the Supplemental Material (SM) [26]
shows a representative Raman spectrum of a monolayer
graphene sample, showcasing the absence of the charac-
teristic D mode (disorder-induced mode) at approximately
1350 cm−1, indicative of pristine, defect-free monolayer
graphene.

In Fig. 1, we show the G and 2D modes of monolayer,
bilayer, and ∼1◦ t-BLG for comparison. As can be seen, the
spectrum is distinct for monolayer, bilayer, and ∼1◦ t-BLG
samples. Monolayer and bilayer samples have single G peak
in contrast to a split G peak for ∼1◦ t-BLG. Similarly, a sharp
single 2D peak is seen for single layer graphene (SLG) and
several peaks (four) for BLG, but for ∼1◦ t-BLG a broadened
2D peak is seen. In Fig. 2, we demonstrate the evolution of
the G mode of t-BLG for twist angles spanning from ∼0.3◦ to
∼3◦. The G mode, occurring at approximately 1583 cm−1,
corresponds to the E2g mode at the � point for monolayer
graphene. This mode is present in all sp2 carbon systems and
results from the stretching of the C-C bond in graphitic mate-
rials. Due to its high sensitivity to strain effects in sp2 systems,
the E2g mode is valuable for investigating modifications on the
flat surface of graphene. The spectra have been normalized for
direct comparison and analysis. The G mode of all samples,
except those with twist angles of ∼1◦ and ∼1.1◦, is fitted with
a single Lorentzian function to extract the peak position and
FWHM. Conversely, the samples with twist angles of approx-
imately 1◦ and 1.1◦ are fitted with two Lorentzian functions
to account for peak splitting. The blue and green dotted lines
represent the individual Lorentzian fittings for the split peaks,
while the red solid line represents the sum of these two. For
the remaining plots, the red solid line represents the single
Lorentzian fitting.

The splitting of the G mode into a doublet around the
magic angle could be driven by the hybridization of phonon
modes due to the moiré potential, similar to a recent study
on t-WSe2 [20]. Accordingly, we infer that the G mode can
split due to underlying moiré potential, resulting from the
reduced symmetry of the moiré unit cell. This splitting of the
G mode results in a high-frequency (G+) component and a
low-frequency (G−) component. The moiré potential strength-
ens as the twist angle approaches the magic angle, leading
to an increased splitting of the G mode as seen in a recent
theoretical study on t-BLG [36]. It is worth noting that the ob-
served splitting of the G mode may be partially influenced by
strain arising from atomic reconstruction, similar to what has
been reported for twisted WSe2 [20]. However, separating the
contributions from phonon hybridization and strain remains
challenging and requires further theoretical investigations.

We further rule out the possibility that the observed split-
ting originates from either an intralayer resonance process
[37,38] or asymmetric doping between the top and bottom
graphene layers [39,40]. Regarding the intralayer resonance,
the laser energy used in our measurements (2.33 eV, 532 nm)
far exceeds the predicted resonance energy (∼0.40 eV)
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FIG. 1. G and 2D Raman modes for three different samples: monolayer graphene, bilayer graphene, and t-BLG with a twist angle of
∼1◦. The upper panel illustrates the G mode, while the lower panel displays the 2D mode for each respective sample. Insets show schematic
representations of the vibrational modes corresponding to the G and 2D Raman bands.

FIG. 2. The figure shows the G mode of t-BLG at various angles ranging from ∼0.3◦ to ∼3◦. Experimental data are represented by black
dots, while the red lines show the Lorentzian fits to the data. The blue and green dotted lines in (c) and (d) show the individual Lorentzian fits.
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FIG. 3. Frequencies and linewidths of the G+ and G− modes as functions of twist angle. The gray bands in the figures serve as visual
guides.

required to activate the La mode from the LO phonon branch
in magic-angle twisted bilayer graphene (θt ∼ 1◦) [37,38],
thereby ruling out the intralayer resonance as the origin. In the
case of asymmetric doping, our samples are fully encapsulated
in hBN, which helps maintain their pristine condition, thereby
minimizing any doping imbalance. Furthermore, as shown in
the SM, the Raman spectra measured from the top and bottom
monolayer graphene regions adjacent to the twisted area are
nearly identical, further ruling out any significant asymmetric
doping.

Figure 3 shows the frequency and FWHM of the G mode as
a function of the twist angle for all the samples. No discernible
trend or correlation is observed between the twist angle and
the frequency of the G mode, indicating that the twist angle
has no significant influence on this characteristic. However,
the FWHM of the G− mode shows a clear dependence on
the twist angle: It increases with increasing twist angle, peaks
near 1◦, and then decreases as the twist angle increases further.

A similar dependence of the FWHM of the G mode [33,41]
was observed in a study by Barbosa et al. [41] on t-BLG,
where they attributed the broadening to enhanced electron-
phonon coupling at the magic angle caused by an increased
electronic density of states. However, they did not observe
any splitting of the G mode. In contrast, our data show that
instead of a simple broadening, the G mode splits into two
distinct components: G− (lower frequency) and G+ (higher
frequency). This splitting is evident in Fig. 3(b), where the
G− mode exhibits a larger FWHM compared to the G+ mode.

The 2D mode observed around ∼2700 cm−1 (Fig. S1 in
SM) arises from a second-order two-phonon process. Figure 4
illustrates how the shape of the 2D mode evolves with system-
atic variations in twist angle. At the smallest twist angle of
∼0.3◦, the 2D mode resembles the profile of Bernal-stacked
bilayer graphene. However, as the twist angle approaches
the magic angle, the characteristic shoulder peak [marked P1

in Fig. 4(a)] of Bernal-stacked bilayer graphene appears to

diminish, resulting in a broadened single-peak shape of the
2D mode. The apparent disappearance of the P1 peak could
be caused by an increase in the linewidths of the P1, P2, and
P3 peaks. This linewidth increase may result from stronger
electron-phonon coupling associated with the flat electronic
bands near the magic angle. Due to this broadening, the three
peaks merge into a single broadened peak shape for the 2D
mode, creating the impression that the P1 peak has disap-
peared and also blurring the separation between the individual
components. Although Fig. 5(a) shows no systematic change
in the frequencies of the P1, P2, and P3 peaks as a function
of twist angle, Fig. 5(b) reveals a significant increase in the
FWHM, particularly for the P2 peak. This may be due to the
complexity of fitting the 2D peak, where the majority of the
broadening is likely absorbed by the P2 component during
fitting. This could explain the relatively unchanged FWHMs
of the P1 and P3 peaks.

Interestingly, at twist angles exceeding 2◦, the shoulder
peak P1 reappears, and the 2D band shape is similar to that of
Bernal-stacked bilayer graphene. This resurgence may occur
because the flat bands are not present beyond the magic an-
gle, reducing the linewidths. This finding contrasts Ref. [41]
showing a single Lorentzian-shaped 2D band around 3◦ twist
angles, attributed to the predominance of SP/AA regions
in the resulting moiré pattern, with negligible contribution
from AB/BA regions. It may be noted, however, that high-
symmetry regions such as AB/BA, SP, and AA are generally
assumed to be absent beyond 2◦ in t-BLG [9,34].

In order to explore how twist-angle-dependent phonon hy-
bridization influences anharmonicity near the magic angle,
we conducted temperature-dependent Raman experiments on
∼1◦ t-BLG and Bernal-stacked bilayer graphene samples over
a temperature range of 6 K to 300 K. Figure 6 compares the
spectra of ∼1◦ t-BLG and Bernal-stacked bilayer graphene at
both low and room temperatures. The G+ as well as G− modes
in ∼1◦ t-BLG exhibit a more pronounced redshift compared to
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FIG. 4. The 2D mode of twisted bilayer graphene is shown for various twist angles ranging from ∼0.3◦ to ∼3◦. Experimental data are
represented by black dots. The dotted lines indicate the individual Lorentzian fits, and the solid violet line shows the overall fit.

Bernal-stacked bilayer graphene as the temperature increases
from low to room temperature.

The temperature-dependent Raman shift of the G mode
is primarily attributed to cubic anharmonic interactions
involving three-phonon processes. The shift in phonon fre-

quency with temperature arises mainly from the self-energy
variation due to direct phonon-phonon coupling and the effect
of thermal expansion [42–44]. In this study, the contribution
of thermal expansion to the phonon frequency shift is neg-
ligible because the temperature range is limited from 6 K to

FIG. 5. Frequency (a) and FWHM (b) of the 2D subpeaks in twisted bilayer graphene are plotted as functions of twist angle. Data points
corresponding to 0◦ represent the values for Bernal-stacked bilayer graphene. The gray band in the figure serves as a visual guide.
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FIG. 6. Raman spectra of the G+ and G− modes in ∼1◦ twisted bilayer graphene (t-BLG) (a), and the G mode in Bernal-stacked bilayer
graphene (BLG) (b), measured at both low temperature (6 K / 8 K) and room temperature (294 K). The black dotted lines represent the
experimental data. The blue and green dashed lines show the individual Lorentzian components, and the solid red line corresponds to their sum
representing the overall fit.

room temperature (300 K). Anharmonic interactions allow the
optical phonon to decay into two phonons, a process known
as cubic anharmonic decay, where a phonon decays into two
phonons, conserving total energy and momentum [42,43,45].
To quantify the impact of anharmonicity on the temperature-
dependent phonon frequency in graphene samples, we use the
simplest Klemens model for three-phonon scattering, where
an optical phonon of frequency ω◦ decays into two phonons
of equal frequency ω◦/2:

ω(T ) = ω◦ − A

[
1 + 2

eh̄ω◦/2KT − 1

]
. (1)

Here, K is the Boltzmann constant, T is the temperature, and
A is the anharmonic coefficient (with positive sign) [43,46].

Figure 7 shows the temperature-dependent frequency shifts
of the G+ and G− modes in ∼1◦ t-BLG, as well as the G
mode in Bernal-stacked bilayer graphene sample. The an-
harmonic coefficient A, extracted using Eq. (1), of the split
G modes in the ∼1◦ t-BLG sample (279.9 cm−1 and 226.3
cm−1) is almost 10 times larger than that in the Bernal-stacked
bilayer graphene (24.8 cm−1). This remarkable enhancement
in phonon-phonon coupling shows that phonon-hybridization
plays a predominant role in determining the properties
of phonons in the twisted bilayer. This can have a pro-
found effect on the thermal conductivity of twisted bilayer
graphene.

IV. CONCLUSION

In this work, we explored the Raman spectra of twisted
bilayer graphene (t-BLG) across a range of twist an-
gles, particularly focusing on the behavior of the G and
2D modes near the magic angle. Our analysis reveals
the splitting of the G mode at twist angles close to 1◦,

likely caused by phonon hybridization induced by the
moiré potential. Additionally, we observed broadening of
the 2D mode near the magic angle, which correlates with
enhanced electron-phonon coupling arising from the flat
electronic band formation. Temperature-dependent Raman
measurements bring out strong anharmonicity in t-BLG, with
much larger anharmonic coefficients in the split G modes of
the t-BLG compared to the Bernal-stacked bilayer graphene.
These results highlight the impact of twist angle and moiré

FIG. 7. The temperature dependence of the G+ and G− mode fre-
quencies in ∼1◦ t-BLG and the G mode frequency in Bernal-stacked
BLG is shown. The data points represent experimental measure-
ments, while the solid lines correspond to fits using the anharmonic
model [Eq. (1)]. The extracted anharmonic coefficients are given next
to the respective datasets.
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potential on the phononic properties of t-BLG and sug-
gest further studies on their potential to modify thermal
transport.
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