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ABSTRACT: The electron density of state near saddle points in
an electronic band structure is greatly enhanced, forming the well-
known Van Hove singularity (VHS), which leads to strengthened
electron−photon coupling. However, the VHS-related electron−
phonon interaction is rarely studied. Here we report the first
observation of intra-mini valley phonon scattering pathways near
the saddle points in twisted bilayer graphene (tBLG) through
helicity-resolved Raman spectroscopy. Two new second-order
Raman modes near the G peak are observed and assigned to
combination modes of in-plane optical (TO, LO) and out-of-plane
acoustic (ZA) mode, at ∼1580 cm−1 (TOZA) and ∼1595 cm−1

(LOZA), respectively. The twist-angle-dependence of their
intensities and frequencies can be explained by double resonance
Raman processes considering the fine electronic band structure of
saddle points. Our findings provide a deeper understanding of the
electronic band structure at saddle points of tBLG and enrich the
VHS-related physics from an electron−phonon interaction point of
view.

■ INTRODUCTION
The Van Hove singularity (VHS) is a divergence in the density
of state (DOS), which can be generated at saddle points in
electronic band structures.1 Because of a large DOS at the
VHS, electron−photon coupling will be greatly enhanced if the
states are located at the VHS, which is the so-called VHS
resonance effect.2−6 Twisted bilayer graphene (tBLG), the
stacking of two monolayer graphene with a twist angle θ, is an
ideal platform to study VHS-related physics.7,8 At a large twist
angle (θ > 10°), the linear dispersion is maintained near Dirac
points of tBLG, but new low-energy saddle points (different
from high-energy saddle points in single layer graphene9−11)
are generated at the crossing points of Dirac cones coming
from two adjacent layers. By tuning twist angles, the energy
separation between two low-energy VHS can be modulated to
fit the photon energy, which leads to the observation of optical
absorption peak2,3 and Raman intensity enhancement.4−6

Except for the widely studied low-energy saddle points, a
mini band gap and two corresponding mini valleys are
simultaneously created at the crossing point of overlapped
Dirac cones from two graphene layers.12,13 Theoretically, these
mini valleys can also mediate electron−phonon scattering, in
which the phonon wavevector q is much smaller than normal
inter- or intravalley scattering in Dirac cones.14 As these mini
valley scatterings depend on the band structure near the VHS,
studies of the related Raman process can provide detailed

information about the fine band structure around the low-
energy saddle points and deepen the understanding of VHS-
related phenomena. However, these intra-mini valley scatter-
ing-related phonon modes have not been observed yet.
In this work, we report the first observation of Raman modes

directly coming from intra-mini valley phonon scattering near
the low-energy saddle points of tBLG. These two Raman active
modes are overlapped with the G band in a nonpolarized
configuration but can be revealed by helicity-resolved Raman
spectroscopy (HRRS). The Raman mode at ∼1580 cm−1,
referred to as TOZA mode in this paper, is assigned to the
combination mode of in-plane transverse optical (TO) and
out-of-plane acoustic (ZA) modes. And the other at ∼1595
cm−1, referred to herein as the LOZA mode, is assigned to the
combination mode of in-plane longitudinal optical (LO) and
ZA mode. The two modes can only be observed under the
σ+σ+ configuration of HRRS, that is, by selecting the same
helicity (σ+) of Raman scattered light as that of the excitation
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laser (σ+), under which the intensity of the G mode is greatly
suppressed due to Raman helicity selection rules. These two
modes present the same VHS resonance behavior as that of the
G mode, indicating that they share a similar resonance
enhancement mechanism. Besides, the measured LOZA
frequency is found to shift with the twist angle and excitation
wavelength, while the frequency of TOZA remains almost
unchanged. Together with our theoretical analysis, we verified
that the phonon scattering pathways of LOZA and TOZA are
near saddle points in the folded Brillouin zone, which indicates
that these two phonon modes indeed arise from intra-mini
valley scattering. Our results provide a wealth of information
on the electronic band structure near low-energy saddle points
in twisted bilayer graphene and enrich the VHS-related physics
from the aspect of electron−phonon interaction.

■ METHODS

tBLG Sample Preparation. High-quality tBLG samples
were grown via a chemical vapor deposition (CVD) method
and transferred onto a SiO2/Si substrate with the assistance of
poly(methyl methacrylate) (PMMA). During the CVD
process, a gas-flow perturbation and a heterosite nucleation
strategy was employed to increase the fraction of tBLGs in
bilayer graphene domains.15 A piece of Cu foil (50 μm thick,
Kunshan Luzhifa Electron Technology Co., Ltd.) was placed in
a homemade CVD system that is equipped with a 3 in. quartz
tube and sequentially heated to 800 °C (400 sccm Ar, 30 min),
annealed (400 sccm Ar, 10 min), heated to 1020 °C (400 sccm
H2, 10 min), and annealed (400 sccm H2, 30 min).
Subsequently, graphene growth proceeded by introducing
CH4, and the tBLG domain was initiated by increasing the flow
rates of H2 (from 400 to 1000 sccm) and CH4 (from 0.4 to 1
sccm). After 20 min of growth, the Cu foil was cooled by
removing the sample away from the hot zone of the furnace.

Raman Spectroscopy Measurement. Micro-Raman
spectra were obtained using a JY Horiba HR800 Raman
spectrometer in the backscattering geometry. The wavelengths
of excitation light are 532 nm (2.33 eV) and 633 nm (1.96 eV)
in this work. The laser is focused on the tBLG through a 100×
objective lens (numerical aperature (NA) = 0.9). And the laser
power is kept below 0.5 mW to avoid damage to samples.

Density Functional Theory Calculation. The twisted
bilayer graphene with twist angle of 13.2° was modeled to
simulate the electronic and optical properties theoretically. The
structural optimization is performed using the Quantum
Espresso code,16,17 with the LDA Troullier-Martins pseudo-
potential employed to describe electron−ion interactions and
an origin-centered 6 × 6 × 1 k-point mesh distributed
homogeneously in the first Brillouin zone. A vacuum layer of
20 Å along the z-direction is constructed to separate the
system from its fictitious periodic images. Good convergence
of residual stress and forces less than 1 × 10−2 kbar and 1 ×
10−5 Ry/au, respectively, are obtained with a plane-wave
energy cutoff of 120 Ry. The DOS is calculated non-
consistently with a sufficiently denser 30 × 30 × 1 k-mesh
on the base of ground-state charge density. Matrix elements of
the momentum operator between valence and conduction
bands have been achieved with the same k-point sampling as
for DOS calculation to get the k-resolved electron−photon
coupling strength under the dipole approximation. To calculate
the phonon dispersion of AB-stacking double-layer graphene,
the same pseudopotential and value of energy cutoff as for
tBLG were used. The ground-state electron configuration is
achieved sampled on a 24 × 24 × 1 k-point mesh centered on
the origin, followed by the phonon dispersion calculation with
12 × 12 × 1 q-point mesh based on the density functional
perturbation theory (DFPT).

Figure 1. (a) Optical microscopy images of tBLG with a twist angle of ∼0° (Bernal-stacked BLG), 11°, 13°, and 15°. Scale bar, 5 μm. (b) Optical
contrast spectra of tBLG in (a). (c) Schematic diagram for experimental setup of HRRS. (d) HRRS of tBLG in (a) under (σ+σ−) and (σ+σ+)
configurations with 532 nm excitation. The critical angle is ∼13°.
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■ RESULTS AND DISCUSSION

Our tBLG were grown by CVD on Cu foil using a heterosite
nucleation strategy and then transferred onto a SiO2/Si
substrate for all subsequent measurements.15 Figure 1a shows
optical images of CVD-grown Bernal-stacked BLG and tBLG
with twist angles of ∼11°, 13°, and 15°, respectively. The sharp
edges of the hexagonal tBLG domains can be used to roughly
determine the twist angle, and the color in the bilayer region
can assist the characterization of the twist angle (only for a
twist angle between 10 and 15° in this work).18 For example,
the tBLG with a twist angle of ∼11°, 13°, and 15° present
green, purple, and yellow colors were observed with optical
microscopy. Furthermore, optical contrast spectra are used to
characterize the twist angle precisely. Figure 1b shows the
optical contrast spectra of 11°, 13°, and 15° tBLG in Figure 1a,
which presents absorption peaks at ∼620, 550, and 450 nm,
respectively, corresponding to the energies of optical transition
band gaps between two VHS.3,5

The HRRS is obtained by exciting the sample using
circularly polarized light and collecting the Raman scattered
light with the same (σ+σ+) or opposite (σ+σ−) helicity as the
incident light.19,20 The experimental setup of HRRS is shown
in Figure 1c. Left- or right-handed circularly polarized light is
produced by a linear polarizer and the quarter-wave plate for
incidence. And the scattered light with the same or opposite
helicity is selected by setting the analyzer perpendicular or
parallel to the incident polarizer. Figure 1d shows the HRRS of
Bernal-stacked BLG and tBLG with twist angle of ∼11°, 13°,
and 15° in Figure 1a, excited by a 532 nm laser. The G mode
intensity of tBLG with a twist angle of ∼13° is much higher
than that of a Bernal-stacked BLG due to the resonance
enhancement between the VHS, which is consistent with

previous reports.4−6 For the G mode of 0° tBLG (Bernal-
stacked tBLG), the helicity of Raman scattered light is opposite
to that of the excitation light (Figure 1d), which can be
understood by the Raman helicity selection rule or the
conservation law of pseudoangular momentum.21−23 For tBLG
with twist angles of 11°, 13°, and 15°, the G peak under
(σ+σ−) configuration can be perfectly fitted with a single
Lorentz peak, but the peak shape under (σ+σ+) configuration
is extremely unusual, especially for the 11° tBLG, which shows
obvious peak splitting. We also measure the HRRS of twisted
bilayer graphene with a twist angle of 16.5° (away from the
critical angle of ∼13°), which shows similar results of 0° tBLG
(Bernal-stacked tBLG, Figure S1). Besides, when the wave-
length of the excitation laser is changed to 633 nm, the similar
peak shape and splitting behavior near the critical angle
(∼10°) can also be observed under (σ+σ+) configuration
(Figure S2). The above results indicate that the abnormal peak
shape under (σ+σ+) configuration only appears near the
critical angle when the energy of the excitation light is close to
the optical transition band gap between the VHS.
Figure 2a shows the Raman spectra of tBLG near the critical

angle under (σ+σ+) configuration and 532 nm excitation with
peak fitting. Ec is defined as the corresponding energy of peak
position in the optical contrast spectra of tBLG, which is
directly related to the twist angle.3,18,24 It is worth noting that
the G mode intensity is theoretically zero under (σ+σ+)
configuration according to Raman helicity selection rules,25 but
in experiments the intensity can only be suppressed to a small
yet nonzero value due to instrumental error such as the
imperfect polarization configuration. This nonzero instrumen-
tal error is also observed in our HRRS experiment of silicon
T2g mode, which should have zero intensity under (σ+σ+)

Figure 2. (a) Raman spectra of tBLG near the critical angle under (σ+σ+) configuration and 532 nm excitation with peak fitting. Ec is the optical
transition band gap of each sample determined by optical contrast spectra. Dashed lines are guides to show frequency evolutions of two new Raman
modes (LOZA & TOZA) with twist angle. (b) Frequency evolutions of LOZA, G, TOZA, and R modes as a function of twist angle. (c, d)
Integrated intensity (A) evolutions of (c) LOZA and (d) TOZA modes as a function of twist angle. Thick curves in (b−d) are guides to show
frequency and integrated intensity evolutions.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c03372
J. Phys. Chem. C 2022, 126, 10487−10493

10489

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c03372/suppl_file/jp2c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.2c03372/suppl_file/jp2c03372_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03372?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03372?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03372?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03372?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c03372?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


configuration (Figure S3). Therefore, the nonzero G mode
intensity error will also contribute to the abnormal peak shape
under (σ+σ+) configuration and should be considered in the
peak fitting. In fact, the nonzero G mode provides a perfect
benchmark to fit the peak positions, since the G peak remains
at the same frequencies for both (σ+σ+) and (σ+σ−)
configurations. According to previous reports, the G band
will split under stain,26,27 but the splitting under (σ+σ+)
configuration must not result from strain because the G mode
shows a perfect single Lorentz peak under (σ+σ−)
configuration, and thus the nonzero instrumental error of G
mode should remain its single Lorentz peak feature with
frequency of ∼1585 cm−1. For 11° tBLG in Figure 2a, two
intensity maximums of the split peak shape locate below and
above the frequency of the G mode (Figure S4), meaning that
there must be another two peaks contributing to the splitting.
Considering all of the discussions above, the Raman spectra of
tBLG near the critical angle under (σ+σ+) configuration are
finally fitted with three single Lorentz peaks (Figure 2a): the G
mode at 1585 cm−1 and the other two modes at the lower and
higher frequencies than G mode, referred to as TOZA and
LOZA modes, respectively. The assignment of TOZA and
LOZA modes will be explained below.
To explore the peak frequency evolution with twist angle

under (σ+σ+) configuration, we measure the HRRS of 30
tBLG samples with their twist angles ranging from 9° to 15°.
Figure 2b shows the frequencies of LOZA, G, TOZA, and R
modes as a function of Ec. The range of twist angles is labeled
on the top of the figure for reference (Figure 2b−d). While the
frequencies of TOZA and G modes stay constant with different
twist angles, the LOZA mode blueshifts when the twist angle
deviates from the critical angle. The frequency of the R mode
redshifts with increased twist angles, which is consistent with
previous reports and proves the accuracy of determining a twist
angle using optical contrast spectra.28 The integrated
intensities (A) of the two new Raman modes as a function

of twist angle are shown in Figure 2c,d. These two Raman
modes display a similar enhancement behavior as that of the G
mode (Figure S5), which can be explained by the mechanism
of the VHS resonance.4−6 HRRS for tBLG near the critical
angle under 633 nm excitation is also investigated (Figures
S6−S8), which shows the same trend of frequency and
intensity evolution regardless of a different critical angle.
To further understand the origin of these two new Raman

modes, we first analyze the electron−photon coupling of their
Raman scattering process. Figure 3a is the band structure and
DOS for tBLG with twist angle of 13.2° calculated by density
functional theory (DFT). Figure 3b−d indicates the strength
of electron−photon coupling at different locations in the
Brillouin zone with the excitation energy equals (1.9 eV, Figure
3b), smaller (1.6 eV, Figure 3c) or larger (2.2 eV, Figure 3d)
than the optical transition band gap between VHS. The
calculation results indicate that the electron−photon coupling
is mainly contributed from locations near the M point in the
Brillouin zone when the laser energy equals the transition gap
between VHS (θ = θc, Figure 3b), in the area along the M-K
direction when the laser energy is smaller than the gap (θ > θc,
Figure 3c) and in the area along M-Γ direction when the laser
energy is larger than the gap (θ < θc, Figure 3d). The three-
dimensional low-energy band structure of tBLG is presented in
Figure 3e. We define the α-plane (blue plane) as the plane
passing both axes of the Dirac cones, whereas the β-plane (red
plane) is the bisector plane of the two Dirac cones. Figure 3f
describes the electron transition near the M point when the
photon energy equals the optical transition band gap of VHS.
Noting that the optical transition band gap between VHS
refers to the energy between bands 1 and 3 (or bands 2 and 4),
because other electron transition from band 2 to band 3 (or
from band 1 to band 4) is forbidden at the M point.3,4,29 When
the photon energy is less than the optical transition band gap
between VHS (θ > θc, Figure 3g), the electron transition
mainly occurs in the α-plane according to the calculation of

Figure 3. (a) Calculated band structure and DOS of 13.2° tBLG. Red and green arrows indicate two optically allowed electron transition pathways.
(b−d) Electron−Photon coupling strength mapping in Brillouin zone with the excitation energy (b) equals (1.9 eV), (c) smaller (1.6 eV) or (d)
larger (2.2 eV) than the optical transition band gap between VHS. (e) Corresponding three-dimensional low-energy band structure of tBLG near
the M point. Red plane, α-plane; blue plane, β-plane. (f−h) Dominant electron−photon coupling pathways for situations when the photon energy
is (f) equal (θ = θc), (g) small (θ < θc), or (h) larger (θ > θc) than the optical transition band gap between VHS. Dashed horizontal line indicates
Fermi level at Dirac point.
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electron−photon coupling strength in the Brillouin zone
(Figure 3c). However, when the photon energy is larger than
the optical transition band gap between VHS (θ < θc, Figure
3h), the electron transition will mainly occur in the β-plane
according to the calculation results in Figure 3d.
Now, we discuss the electron−phonon interaction in the

Raman scattering process of the two newly observed modes. As
the frequency of the LOZA mode varies obviously with photon
energy and twist angle (Figure 2b and Figure S7a), it should be
a second-order Raman scattering mode with Raman scattering
pathway sensitive to the change of excitation energy and band
structures.30,31 Furthermore, we assume that the TOZA mode
also results from a second-order Raman scattering process,
because the twist angle dependence and resonance behaviors
of the two modes are very alike and can be well-explained by a
similar scattering model discussed below. Because the
frequencies of two newly observed modes are very close to
that of the the G mode, it is reasonable to assume that they are
closely related to the LO and TO phonons near the center of
the Brillouin zone. According to previous reports, new Raman
modes observed in tBLG such as R and R′ modes are assisted
by the inelastic scattering from a θ-dependent wavevector
provided by the Moire ́ superlattice.28,32 However, the new
Raman modes observed in this work have a different frequency
and twist angle dependence behavior from R and R′ modes, so
they must have different scattering pathways to satisfy the
requirement of the energy and momentum conservation.
Moreover, the LO or TO phonon involved in the scattering of
these two Raman modes must have a relatively small
momentum q because their frequencies are very close to the
G mode whose momentum is zero.30,31 Considering all of the
requirements above, we finally assigned the new phonon

modes as a second-order Raman scattering combination mode
of LO+ZA and TO+ZA with an intra-mini valley scattering
pathway near the low-energy saddle points.
Figure 4a,b shows the schematic diagrams of the new

phonon scattering pathways when the photon energy is smaller
(θ > θc, Figure 4a) or larger (θ < θc, Figure 4b) than the optical
transition band gap between VHS. The LOZA and TOZA
modes share the same electron−photon coupling process as
the G mode near the M point, which explains their similar
resonance enhancement behavior (Figure 2c,d and Figure
S7b,c). Although LOZA and TOZA modes are second-order
Raman scattering, the momentum of phonons associated in the
scattering process is very small. When the photon energy is
smaller than the optical transition band gap between VHS,
phonon scattering pathways of LOZA and TOZA modes in the
α-plane can be seen from Figure 4a. With decreased photon
energy, the electron will be excited further away from the M
point, which leads to increased phonon momentum in order to
satisfy momentum conservation in an electron−phonon
interaction. Figure 4b shows the scattering pathway in the β-
plane when the photon energy is larger than the optical
transition band gap between VHS. In this case, the increase of
photon energy will also result in the shift of excitation location
away from the M point with a larger phonon momentum. In
short, the momentum of the phonon is minimal at θ = θc and
increases when the laser energy deviates from the optical
transition band gap between VHS. Then we calculate the
phonon dispersion curve to investigate the frequency changes
of LOZA and TOZA modes with different phonon momentum
(Figure 4c,d). While the dispersion curves shown were
calculated for Bernal-stacked BLG, they are expected to be
similar for tBLG for the relevant modes studied here. The

Figure 4. (a, b) Dominant Raman scattering pathways for situations of (a) θ > θc and (b) θ < θc. Dashed horizontal line indicates Fermi level at
Dirac point. (c) Calculated phonon dispersion curve for Bernal-stacked bilayer graphene. (d) Calculated frequency evolution of LOZA and TOZA
modes as a function of phonon momentum near the Γ point. The “a” in the horizontal axis represents the lattice constant of graphene.
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frequency of the LOZA mode increases with the increase of
phonon momentum, while the frequency of the TOZA mode
almost remains unchanged as the momentum changes.
Therefore, the frequency of the LOZA mode will increase
when the twist angle deviates from the critical angle, and the
frequency of the TOZA mode should remained unchanged.
This result is in good agreement with our experimental
observation in Figure 2b and Figure S7a, which further verifies
the existence of the intra-mini valley scattering pathways. It is
worth noticing that, although the phonon momentum seems to
be zero when θ = θc according to our analysis in Figure 4a,b,
the real phonon momentum must be larger than zero in this
situation because the electron−photon coupling is not
perfectly at the M point even at the resonance condition as
shown in Figure 3a. Therefore, the frequencies of LOZA and
TOZA modes will not be equal to the G mode even at critical
twist angle. In a word, the analysis of the frequency and the
intensity confirm the assignment of the LO+ZA and TO+ZA
as well as an intra-mini valley scattering pathway near the low-
energy saddle points.

■ CONCLUSION

In summary, two Raman active modes near G modes are
observed in tBLG for the first time using HRRS, which
demonstrates the existence of the intra-mini valley phonon
scattering pathway near the low-energy saddle points. These
two new modes, which are assigned as TOZA and LOZA
combination modes, can only be revealed under σ+σ+
configuration of HRRS under which G mode intensity is
suppressed. The intensities of these two modes display a
concomitant resonance enhancement with G mode near the
critical angle, indicating that they also have a VHS resonance
mechanism. The measured LOZA frequency increases with
twist angle deviating from the critical angle, while the TOZA
frequency almost remains unchanged. Combining the above
experimental results with the band structure and electron−
photon coupling analysis, the new phonon scattering pathways
are confirmed as the intra-mini valley scattering process, and
the twist angle dependence behavior is explained by phonon
dispersion calculations. These results provide a deeper
understanding about the detailed band structure near the
saddle points and offer an insight into the VHS-related physics
from the view of electron−phonon interactions.
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