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ABSTRACT: Twisted bilayer graphene (tBLG) possesses intrigu-
ing physical properties including unconventional superconductiv-
ity, enhanced light−matter interaction due to the formation of van
Hove singularities (vHS), and a divergence of density of states in
the electronic band structures. The vHS energy band gap provides
optical resonant transition channels that can be tuned by the twist
angle and interlayer coupling. Raman spectroscopy provides rich
information on the vHS structure of tBLG. Here, we report the
discovery of an ultralow-frequency Raman mode at ∼49 cm−1 in
tBLG. This mode is assigned to the combination of ZA (an out-of-
plane acoustic phonon) and TA (a transverse acoustic phonon)
phonons, and the Raman scattering is proposed to occur at the so-
called mini-valley. This mode is found to be particularly sensitive
to the change in vHS in tBLG. Our findings may deepen the understanding of Raman scattering in tBLG and help to reveal vHS-
related electron−phonon interactions in tBLG.
KEYWORDS: twisted bilayer graphene (tBLG), van Hove singularity (vHS), resonance Raman scattering, anti-Stokes Raman scattering

Twist stacking provides an effective way to alter interlayer
coupling and electronic properties of 2D materials.1

Twisted bilayer graphene (tBLG) has been attracting wide
attention of scientists since it exhibits unconventional super-
conductivities for magic-angle graphene species,2,3 Moire ́
superlattice,4 excitons,5−7 chiral optical response,8 and so on.
Besides, anticrossed linear band structure generates van Hove
singularities (vHS),9,10 which supports tunable optical resonant
transition from the UV to mid-IR depending on the twist
angle, thus making tBLG a potential candidate for on-chip
optoelectronic devices.11 Therefore, developing fast and
comprehensive characterization of the crystal and energy
band structure of tBLG is of great significance.

Raman scattering provides a convenient and noninvasive
spectroscopic tool to reveal the crystal structure of tBLG
through characteristic vibrational modes,9,12 such as G mode
with a specific Raman shift ∼1580 cm−1 representing C−C
bond stretching, the layer breathing (LB) mode with ∼96 cm−1

in tBLG13−15 reflecting interlayer breathing vibration, as well
as R or R′ mode16,17 and a series of phonon modes activated
by the Moire ́ superlattice.18 In fact, mini-valley structure is
formed in tBLG and has been reported to support rich but
complicated Raman scattering by means of vHS resonance and
unique valley band structure.19 However, due to difficulty on
theory prediction of tBLG phonon dispersion,20 a full
understanding about Raman scattering of tBLG is still lacking.

Hence, the experimental exploration of new phonon modes for
tBLG is important, particularly for further revealing the
electron−phonon interaction due to interlayer coupling and
vHS resonance.

Herein, we report an ultralow-frequency Raman mode at
∼49 cm−1 of tBLG under vHS resonance excitation. Through
polarized dependence of Raman intensity and the analysis of
phonon dispersion of AB-stacked bilayer graphene, we
tentatively assign this mode to the combination of ZA and
TA phonons, therefore named as ZATA in this work, and find
out that it shows a narrower resonant profile than G and LB
modes. Our findings suggest that this Raman mode can be
used to detect the subtle change of vHS band structure and
contribute to deepening the understanding of electron−
phonon interaction at the vHS resonance of tBLG.

tBLG with arbitrary twist angle were grown using the
chemical vapor deposition (CVD) method.21 The CVD-grown
tBLG samples were then transferred onto patterned SiO2/Si
substrate with holes of 3−5 μm in diameter by the wet
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chemical method (see Supporting Information I for details), as
schematically shown in Figure 1a. The optical microscopy
(OM) image of a suspended tBLG is shown in Figure 1c. The

twist angle θ is estimated to be 14.5° from the edges of the
bottom and top graphene layers depicted by the white lines,
which is also confirmed by the peak position of the R mode

Figure 1. (a) Schematic of the Raman measurement on suspended tBLG. (b) Raman spectra of Si/SiO2-supported and suspended ∼14.5° tBLG
excited by a 2.54 eV laser. (c) Optical microscopy (OM) image of the 14.5° tBLG. The white lines depict the edges of the bottom and top layers of
tBLG, and θ denotes the twist angle. (d−f) Raman intensity mapping of the G mode, the layer breathing (LB) mode, and the new mode,
respectively.

Figure 2. (a) Representative spectra of 3 tBLGs with twist angles 12.9°, 13.4°, and 15° excited by 2.54 and 2.33 eV. The red, green, and blue stars
denote the positions of the ZATA, LB, and ZOH′ modes. (b) Raman frequencies of ZOH′ , LB, and ZATA as a function of twist angle. (c) Illustration
of band structure of tBLG 15°, excited both by 2.33 and 2.54 eV, corresponding to weak or strong resonance. (d) Illustration of scattering pathway
of ZATA mode with small (light gray curve) and large (dark gray curve) twist angles. For increased twist angle θ, the frequency of the ZATA mode
increases, as indicated by variation from dashed pink and yellow lines to solid ones.
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shown in Figure 1b. The corresponding atomic force
microscopy (AFM) image is shown in Figure S1. The
Raman spectra of both suspended and supported tBLG with
θ ∼ 14.5° excited by 2.54 eV are shown in Figure 1b. The G
mode of suspended tBLG (1581.3 cm−1) exhibits a red-shift of
5.5 cm−1 compared to that on the SiO2/Si substrate (1586.8
cm−1), while the 2D band in suspended area (2713.4 cm−1)
also exhibits a red-shift of about 7.0 cm−1 compared with that
on SiO2/Si substrate (2720.4 cm−1). These spectral differences
could be attributed to the lack of doping and suspension-
induced tensile strain. In general, charge doping on graphene
would cause a blue-shift of the G mode,22 while tensile biaxial
strain would cause a G mode red-shift without splitting.23 The
correlation between ωG and ω2D of suspended and Si/SiO2
supported tBLG, together with the height profile measured by
atomic force microscopy (AFM), is plotted in Figure S1 of the
Supporting Information.24 The R mode appears at 1475 cm−1

in both spectra, indicating that the twist angle is 14.5°,17

consistent with optical image observation. In the low-frequency
region, the layer-breathing (LB) mode and the ZOH′ mode
show the same Raman shift at 95.5 and 185.8 cm−1 for the
suspended and supported regions. Interestingly, a new peak at
49 cm−1 appears for the suspended tBLG with the suppression
of a low-frequency signal. According to previous studies,13,25,26

this low-frequency signal could be assigned to electronic
Raman scattering (ERS) resulting from free carriers in doped
Si, which might overwhelm the signal of the new Raman
modes.26

The Raman intensity maps of the G, LB, and the new mode
are shown in Figure 1d−f, respectively. Because of the lack of
optical interference in the SiO2 layer,27 the intensities of the G
mode and 2D mode are lower in the suspended region than
that supported on the substrate. However, the Raman mode at
49 cm−1 apparently only shows up in the suspended region.

In order to analyze the symmetry of this phonon mode, we
performed polarized Raman measurement, as shown in Figure

S2. The polarization-angle-dependent Raman spectra and the
polar plots of both the LB and the new mode are shown in
Supporting Information III and Figure S3. It is seen that the
new mode shows a similar angle dependence with the LB
mode, that is, maximum intensity for β = 0° (polarization of
polarizer I is parallel to that of polarizer II) and minimum
intensity for β = 90° (polarization of polarizer I is
perpendicular to that of polarizer II). This result indicates
that the new mode can be reasonably assigned to A symmetry
and is an out-of-plane mode. It should be noted that there is
only one LB mode, and the shear mode does not exist in
tBLG.14,15 Due to the difficulty in the theoretical calculation of
phonon dispersion curve of tBLG, we take the phonon
dispersion of bilayer graphene in Figure S4 as reference, where
the ZA, LO′, TO′, LA, and TA modes can be found in the low-
frequency region below 50 cm−1. From the symmetry analysis
and the calculation of the probability of combinational modes
that show up at 49 cm−1, we tentatively assign this mode to the
combinational mode of TA and ZA phonons and name it as
ZATA in this work (see Supporting Information IV for
details).

The dispersion of the ZATA mode is explored by measuring
suspended tBLG of twist angles from ∼9° to ∼16° using 1.96,
2.33, and 2.54 eV. We should note that the change of vHS
band gap by tuning the twist angle for a fixed laser line is in
principle analogous to the scan of energy of laser lines. In
Figure 2a, we show the Raman spectra of tBLG samples with
twist angles 12.9°, 13.4°, and 15° for 2.54 and 2.33 eV
excitation. It is seen that for ∼12.9° and ∼13.4° tBLG, the
Raman scattering is more resonantly enhanced under 2.33 eV
excitation than 2.54 eV, while for ∼15° tBLG, the resonance
enhancement is stronger under 2.54 eV excitation. The ZATA
mode shows resonance dependence similar to that of the G
and LB modes and only appears under the most resonant
excitation.

Figure 3. (a) Raman spectra of 7 tBLG samples with a twist angle ranging from 12° to 16° excited by 2.54 eV. (b) Resonance profile of intensity of
G mode and LB and ZATA mode normalized by the Si Raman mode (∼520.7 cm−1) as a function of twist angles.
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Further, in order to find out whether ZATA is a first-order
or second-order Raman mode, several tBLG samples with
different angles were measured with 3 laser lines, and the twist
angle dependence of ZATA frequency was observed, strongly
implying that it is a double-resonance Raman mode. Figure 2b
shows the Raman frequencies of the ZOH′ , LB, and ZATA
modes as a function of twist angle. With increasing twist angle
from 9.8° to 16.9°, the Raman shift of the ZOH′ mode increases
from 127.2 to 217.7 cm−1, and the LB mode remains
unchanged at ∼96.1 cm−1, which is in accordance with the
literature.13,16 However, the Raman shift of ZATA mode ωZATA
depends on both the excitation energy and twist angle. ωZATA
increases slightly from 47.4 to 57.1 cm−1 with increasing twist
angle from 9.8° to 10.8° when excited by 1.96 eV, from 47.5 to
54.6 cm−1 with twist angle from 11.7° to 13.2° for 2.33 eV, and
from 48.6 to 52.7 cm−1 with twist angle from 14.0° to 15.9° for
2.54 eV. As the appearance of the ZATA mode requires strong
vHS resonance, for a fixed twist angle, we could observe the
ZATA mode for only one of the three excitation energies.
Nevertheless, this twist angle dependence of ωZATA for fixed
laser energy confirms that it is a double-resonance scattering
process. The scattering pathway is proposed in Figure 2c,
where the scattering of the ZA and TA phonons with tiny
momentum at the mini-valley19 is depicted. For a fixed laser
energy, the increase of twist angle, and thus the vHS band gap,
leads to the optical transition from a momentum shifted
further away from the Γ-point of the phonon Brillouin zone
and accordingly higher energy of ZA and TA phonons. The
line width of the ZATA mode is comparable to those of the LB
and G modes and decreases slightly with increasing twist angle,
which might be related to complicated double-resonance
Raman scattering in tBLG.28

The resonance dependence of the ZATA mode is analyzed
by extracting the peak intensity with twist angles from 12° to
16° excited by 2.54 eV. Typical Raman spectra are shown in
Figure 3a, and the normalized intensities of the G, LB, and

ZATA modes as a function of twist angles are plotted in Figure
3b. It is noted that the critical angle for the resonance
enhancement of the ZATA mode at 15.0° is larger than that of
the G band at 14.4°. This suggests that the optical transition
energy where the ZATA mode is activated is different from the
vHS band gap, where the resonance for the G band occurs.
Interestingly, the resonance window for the ZATA mode is
0.98°, which is much narrower than that for the G band, 2.10°,
indicating that the ZATA mode is more sensitive to the change
of resonance conditions.

The temperature-dependent Raman spectra of a 15.5° tBLG
excited by the 2.54 eV laser are measured and are shown in
Figure 4a. Generally, the intensity of resonant Raman
scattering could be tuned by temperature, mainly due to
modulation of temperature on the energy band that thus
influences the probability of resonant Raman scattering.29,30 In
accordance with refs 30−32, the change of temperature
modulates the energy band structure, and the decrease of
band gap was reported for Si, two-dimensional semiconductors
with increasing temperature.

In Figure 4b,c, the intensity of the G and LB modes,
depicted by the histogram, increases with temperature rising
from 83 to 383 K. Different from the LB mode, the intensity of
the G mode slightly increases with temperature rising, which
could be probably due to wide resonance window of G mode
in accordance with Figure 3b. Instead, the ZATA mode
appears at temperatures higher than 113 K, and the intensity
increases to the maximum at 293 K, then decreases at higher
temperature, and disappears at 353 K, exhibiting a much higher
sensitivity to temperature, as depicted by the intensity ratio of
ZATA/LB in Figure 4b as well as ZATA/G in Figure 4c, which
both increase first from 83 to 203 K and then begin to decline
from 293 K and down to 0 at 383 K. Cycling temperature-
dependent Raman spectra in Figure S6 suggests that
appearance and disappearance of ZATA are not due to
thermal degradation. Comparing with the monotonic increase

Figure 4. (a) In situ temperature-dependent Raman spectra of suspended tBLG (15.5°) from 83 to 383 K, excited by 2.54 eV. (b, c) Integrated
intensities of ZATA, LB modes (b) and ZATA, G modes (c) and the corresponding intensity ratio is depicted by half-filled diamond.
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of G and LB intensities, it is plausible to conclude that the
ZATA mode is more sensitive to the change of vHS resonance
than the G and LB modes. Besides, we also observe that the
Raman shift of LB red-shifts from ∼104.0 cm−1 at 83 K to
∼92.5 cm−1 at 383 K monotonically. However, it is hard to
distinguish whether temperature-induced phonon softening,
change of electron energy band, or both above contribute to
the red-shift of ZATA Raman frequency from ∼51.5 cm−1 at
143 K to ∼48.5 cm−1 at 323 K monotonically. Comparing with
the monotonic increase of G and LB intensities, it is plausible
to conclude that the ZATA mode is more sensitive to the
change of vHS resonance than the G and LB modes.

Further, we find out that the ZATA mode shows
anomalously high anti-Stokes/Stokes intensity ratio IaS/IS, as
illustrated in Figure 5a. The IaS/IS values of the LB mode are
shown in Figure 5b for comparison. For the LB mode, the IaS/
IS values increases with increasing temperature, which follows
the Bose−Einstein distribution of phonons given by

Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

I
I k T

expaS

S

aS
4

S
4

ph

B
=

where ωaS and ωS are frequencies of scattered light, ℏ is the
reduced Planck constant, kB is the Boltzmann constant, and
ωph is the frequency of phonons. The IaS/IS value of the ZATA
mode is significantly larger than that of the LB mode and even
exceeds 1 at temperatures higher than 233 K. Besides, twist-
angle-dependent Raman Stokes and anti-Stokes intensity, IaS/
IS, in tBLG are shown in Figure S5, where ZATA anti-Stokes
Raman scattering shows higher intensity than Stokes scattering

when θ ∼ 15° and θ ∼ 15.3°. Such an anomalous IaS/IS value
can be explained by the exciton resonance and strong
electron−phonon coupling and might be related to red-
detuned excitation of resonance, as reported in refs 30, 33, and
34 and schematically shown in Figure 5c.

In conclusion, this work studied an ultralow-frequency
Raman mode at ∼49 cm−1 in suspended tBLG and
systematically investigated its resonance dependence. We
discussed the symmetry of the new mode through polarized
Raman and assigned it to the combination of ZA and TA
phonons, which is scattered at the bottom of the mini-valley
around vHS. Temperature-dependent and twist-angle-depend-
ent Raman spectra suggested that ZATA shows a narrower
resonant profile than LB and G modes. Besides, ZATA showed
higher anti-Stokes intensity than Stokes intensity in tBLG with
twist angle ranging from 15° to 15.3° or at the range from 143
to 323 K for 15.5° tBLG under 2.54 eV resonance excitation.
We also performed power-dependent Raman measurement of
suspended tBLG as shown in Figure S7, which shows a linear
power dependence under laser powers up to 1.0 mW. Although
theoretical simulation is necessary to further understand the
physical origin of this mode, the findings in this work suggest
that this mode is more sensitive to the vHS resonance than the
G and LB modes and could be used to reveal subtle changes of
environment of suspended tBLG and may offer inspirations
and enlightenments of resonant Raman scattering on
characterizing energy band structure of other twist-stacked
2D materials.

Figure 5. (a) Stokes and anti-Stokes scattering intensity of ZATA mode with increasing temperature. (b) Intensity ratio of Stokes and anti-Stokes
scattering of ZATA and LB with increasing temperature. (c) Possible mechanism of vHS exciton-assisted ZATA anti-Stokes enhancement.
Reproduced with permission from ref 30.
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