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ABSTRACT: We report a comprehensive study of the two-phonon
intervalley (2D) Raman mode in graphene monolayers, motivated by
recent reports of asymmetric 2D-mode line shapes in freestanding
graphene. For photon energies in the range 1.53−2.71 eV, the 2D-mode
Raman response of freestanding samples appears as bimodal, in stark
contrast with the Lorentzian approximation that is commonly used for
supported monolayers. The transition between the freestanding and
supported cases is mimicked by electrostatically doping freestanding
graphene at carrier densities above 2 × 1011 cm−2. This result
quantitatively demonstrates that low levels of charging can obscure
the intrinsically bimodal 2D-mode line shape of monolayer graphene. In pristine freestanding graphene, we observe a broadening
of the 2D-mode feature with decreasing photon energy that cannot be rationalized using a simple one-dimensional model based
on resonant inner and outer processes. This indicates that phonon wavevectors away from the high-symmetry lines of the
Brillouin zone must contribute to the 2D-mode, so that a full two-dimensional calculation is required to properly describe
multiphonon-resonant Raman processes.
KEYWORDS: Graphene, Raman spectroscopy, 2D-mode, multiphonon resonant Raman scattering, electrostatic doping,
freestanding graphene
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M) of the graphene Brillouin zone.3,5,8 This one-dimensional
picture gives rise to an inner and an outer loop, involving
phonon wavevectors q < KK′ (q > KK′), along the KΓ (KM)
direction (see Figure 1). Since both electron and phonon
dispersions are anisotropic and display trigonal warping, we
expect that the frequencies of the phonons selected by these
two diﬀerent channels to diﬀer slightly.8 Nevertheless, the 2Dmode feature of supported graphene monolayers is generally
viewed as a single, quasi-Lorentzian peak3−5 with a full width at
half-maximum (fwhm) Γ2D in the range 25−35 cm−1, that is, on
the same order of magnitude as that of the ﬁrst-order G-mode
(ΓG ∼ 14 cm−1). This line shape has been tentatively
interpreted as a dominant contribution from the outer loop.3,5,13
We have recently shown that freestanding graphene
monolayers can be prepared that are not perturbed by doping
or strain from the substrate. This conclusion was based on a
spatially resolved study of the Raman G-mode feature. Under
these conditions, we also observed that the 2D-mode feature

aman scattering has played a central role in the
advancement of graphene science.1−5 This reﬂects the
strong electron−phonon coupling at the center (Γ point) and
edges (K, K′ points) of graphene’s two-dimensional Brillouin
zone,6 as well as its simple low-energy band structure (Dirac
cones). Zone-center optical phonons (q = 0) predominantly
give rise to ﬁrst-order modes (e.g., the G-mode). Due to
momentum conservation, ﬁnite momentum phonons do not
participate in ﬁrst-order processes. Such phonons are, however,
responsible for second-order resonant processes,7 such as the
defect-related D mode and its symmetry-allowed two-phonon
overtone (2D-mode, also known as G′ or D*), which involve
near zone-edge optical phonons.3−5,8−11 Since these processes
interweave the electron and phonon dispersions, they lead to
dispersion in the Raman spectra with respect to the excitation
photon energy7 and provide information on the electron and
phonon bands.12 In particular, the dependence of the 2D-mode
on electronic structure, which endows it with sensitivity to the
thickness and stacking order of few-layer graphene, is widely
used for sample characterization.3−5
The 2D-mode is commonly described as a process that
occurs chieﬂy along the high-symmetry lines (K−M−Γ−K′−
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Figure 1. (a) Brillouin zone of monolayer graphene (solid line), showing the high-symmetry lines. (b, c) One-dimensional, fully resonant,
representation of the inner (b) and outer (c) loops in the momentum-energy space, along Γ−K−M−K′−Γ. In this picture,10 an electron−hole pair
is excited across the nearly linear graphene bands by an incoming photon of energy EL (green vertical arrow). The electron and hole are resonantly
scattered to a neighboring Dirac cone by a pair of optical phonons with energy ℏωD and opposite momenta. Finally, the electron−hole pair
recombines radiatively and emits a photon of energy EL − 2ℏωD (red arrow). (d) Schematic representation of the 2D-mode process in the twodimensional Brillouin zone of graphene. The trigonal warping of the electronic dispersioncomputed using a tight binding model19is clearly
visible. The green (red) lines represent the iso-energy contours at the incoming and outgoing photon energies. The solid (dashed) arrow
corresponds to the inner (outer) loop. The dotted arrows illustrate contributions from optical phonons away from the high symmetry lines. (e)
Theoretical dispersion of the TO phonon branch (black solid line, extracted from Venezuela et al.11) in the vicinity of the K point along the Γ−K−M
line. The dashed blue line represents an isotropic phonon dispersion with vTO = 7.5 × 103 m/s. The solid (dashed) horizontal arrow represents the
inner (outer) phonon momentum (relative to the K point) calculated for EL = 1.5 eV using the fully resonant one-dimensional models in a (in b).

displayed a narrower and bimodal line shape,14 in stark contrast
to the Lorentzian approximation that is commonly used for
supported graphene monolayers. Similar line shapes have been
consistently observed in freestanding graphene,15,16 and the
two subfeatures have been tentatively assigned by researchers to
the inner and outer processes.15 Nevertheless, in spite of these
phenomenological observations,14,15 a rigorous explanation for
the peculiar 2D-mode line shape observed in pristine
freestanding graphene monolayers, as well as for the striking
diﬀerences between the line shapes observed for freestanding
versus supported samples, remains highly desirable.
In this Letter, the 2D-mode line shapes of both freestanding
and supported graphene monolayers are thoroughly examined
as a function of the photon energy, the polarization of the
incoming and scattered photons, and the Fermi level. In
freestanding samples, the 2D-mode appears, as previously
reported,14,15 as a bimodal feature, but with an unanticipated
energy-dependent line shape. We ﬁnd that electrostatic doping
of freestanding graphene at densities above 2 × 1011 cm−2 leads
to a 2D-mode feature that is broader than for the undoped case
and that appears to be nearly symmetric. The line shape
observed for the 2D-mode for graphene samples supported on
SiO2 is also noticeably more symmetric than for the case of
undoped freestanding graphene, but agrees well with the line
shape for the doped freestanding samples. This suggests that
unintentional doping in such supported samples obscures the
instrinic structure of the 2D-mode response. Although the
general shape of the 2D-mode feature measured in pristine
freestanding graphene can be rationalized in terms of inner- and
outer-loop processes, we demonstrate that the evolution of the
line shape with photon energy is incompatible with a model

based on a simple superposition of these channels. Our results
thus show that phonons with wavevectors away from the high
symmetry lines contribute to the 2D-mode. A full twodimensional model is accordingly needed to properly describe
the 2D-mode and, more generally, multiphonon resonant
processes, as has been predicted theoretically.11,17,18
Experimental Procedure and 2D-Mode Spectra.
Graphene monolayers were deposited by mechanical exfolation
on Si/SiO2 substrates prepatterned with 4 μm wide trenches, as
described in ref 14. This process results in regions of graphene
that were supported by the substrate, but also in freestanding
regions. In both cases, the graphene was not subject to any
processing steps and is thus in its pristine state. The lack of
doping of the freestanding portions of the graphene was
established in a spatially resolved Raman study (see Supporting
Information).14 Here, tunable Raman spectroscopy was
performed under ambient conditions over a range of laser
photon energies of EL = 1.53−2.71 eV, using various laser
sources (Ar-ion, HeNe, diode-pumped solid state, and Ti:Sa).
The optical radiation scattered by graphene was collected in a
backscattering geometry and dispersed onto a charged-coupled
device array by a single-pass optical spectrometer, with a
spectral resolution better than ∼2 cm−1. The linearly polarized
laser beam was focused to a ∼ 1 μm diameter spot. The laser
power was maintained below 1 mW to avoid laser-induced
heating of the freestanding ﬁlms and any associated spectral
shifts or line shape changes.
Figure 2 shows a set of 2D-mode spectra measured on the
supported and freestanding regions of a single graphene
monolayer. From study of the Raman G-mode, we estimate
that the supported region of this sample exhibits a fairly low
3518
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Figure 2. Raman 2D-mode spectra measured for laser photon energies in the range 1.53−2.71 eV on the freestanding (left panel) and supported
(right panel) areas of a same graphene monolayer. The thin colored lines are ﬁts based on eq 1. The thin gray lines represent the 2D± subfeatures.
The spectra measured on supported graphene were ﬁt using the I2D−/I2D+ integrated intensity ratio determined from the spectra measured on the
freestanding part at the corresponding photon energy.

doping level of n ∼ 5 × 1011 cm−2 (see Supporting
Information). For both regions of the sample, we immediately
see the expected the 2D-mode dispersion, that is, a Raman
downshift with decreasing laser photon energy EL (see Figure
3). We also observe prominent energy-dependent line shape
changes on the freestanding part. In the visible range, the 2Dmode feature is fairly narrow (fwhm ≈ 22−24 cm−1), negatively
skewed, and shows negligible dependence on EL. For EL < 1.96
eV, two subfeatures, denoted 2D±, appear more prominently,
and we observe a modest broadening. In comparison, on the
supported part, the 2D-mode lines are slightly broader, nearly
symmetric, and vary little with EL (see Figure 2). In Figure 3,
we plot the numerically extracted peak position of the 2Dmode feature for all spectra. Interestingly, the 2D-mode feature
appears consistently at lower frequency on the freestanding part
than on the supported part of the sample, and its dispersion is
slightly steeper on freestanding graphene (see Figure 3 and
Supporting Information). We also performed polarized Raman
measurements on more than 10 freestanding samples at visible
and near-infrared photon energies. We observed neither
signiﬁcant spectral shifts nor line shape changes while rotating
the sample and/or the analyzer with respect to the laser
polarization (see Supporting Information).
To investigate the inﬂuence of doping on the 2D-mode line
shape, we performed gate tunable measurements on the
samples described above. Electrostatic gating was achieved by
applying a bias between the Si substrate, used as a back gate,
and a Ti/Au electrode contacting the graphene monolayer, as
shown in Figure 4a. The Ti/Au electrode (1 nm/50 nm) was
deposited by electron beam evaporation using a shadow mask.

In the trenches, a residual SiO2 layer of 130 nm thickness was
left in place to avoid gate leaks. Note that the devices were
fabricated using a resist-f ree process and were not contaminated
by fabrication residues. In this study, the laser photon energy
was EL = 2.33 eV, and the power was kept below 200 μW. The
measurements were performed in vacuum (∼10−5 mbar) and at
low temperature (6 K) to avoid gate leaks and obtain a stable
electrostatic gating.
Figure 4b displays the low-temperature Raman 2D-mode
spectra from the freestanding part of a graphene sample as a
function of the gate bias. We estimate the charge density
induced by gating of the freestanding graphene sample using a
calculated value of 2.5 × 1010 cm−2·V−1 for the capacitance of
the composite vacuum/oxide gate dielectric. Assuming that
graphene is neutral at zero bias, we then infer that the
maximum voltage applied (VBG = 20 V) corresponds to a Fermi
energy of ∼80 meV relative to the Dirac point. As the Fermi
level is shifted, we observe a softening (by 3 cm−1) and
narrowing (by 4 cm−1) of G-mode phonons (see Supporting
Information). At the same time, we also observe clear changes
in the 2D-mode line shape (Figure 4b). At zero bias, the 2Dmode displays the asymmetric line shape that has been
observed on all our freestanding, undoped samples at room
temperature. At ﬁnite bias, the 2D-mode slightly softens by up
to ∼3 cm−1 and becomes more symmetric. Interestingly, the
line shape observed on doped freestanding graphene is very
similar to that of the neighboring supported part (Figure 4c).
Phenomenological Analysis. To rationalize the observation of bimodal line shapes on freestanding graphene, we ﬁrst
assume that the 2D-mode is composed of two independent
3519
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mode phonons8), with opposite momenta. In the energy range
investigated here, the wavevectors of the D-mode phonons are
signiﬁcantly away from the Kohn anomaly at the K point (see
Figure 1e).6 As a result, contributions to the 2D-mode line
width from the decay of optical phonons into resonant
electron−hole pairs, which are known to be important for the
G-mode phonon, can be neglected here for the D-mode
phonons.20,21 The matrix element of the Raman 2D-mode has
to be evaluated using fourth order perturbation theory, by
summing all of the scattering processes that satisfy energy and
momentum conservation over the entire two-dimensional
Brillouin zone of graphene.8−11 Thus, a broad range of
electronic states and phonon wavevectors may participate and
produce a broadened 2D-mode feature, which, a priori, is not
expected to exhibit single symmetric peak, let alone have
Lorentzian line shape. This phonon broadening, arising from
trigonal warping eﬀects, may add to other line broadening
mechanisms, including broadening induced by the ﬁnite
lifetime of the electrons and holes involved in the Raman
process and much smaller contributions, on the order of 2
cm −1, due to the anharmonic lifetime of the optical
phonons22−24 and our experimental spectral resolution.
Conversely, in the absence of any anisotropy in the electron
and phonon dispersions, the inner and outer loops give rise to
identical 2D± subfeatures, and the line width of the 2D-mode
feature is expected to be given by:10
v
Γ2D = 4 22/3 − 1 TO γeh
vF
(2)

Figure 3. Dispersion of the 2D-mode peak frequency measured on
supported (squares) and freestanding (circles) graphene. The peak
frequencies are extracted numerically. The solid lines are second-order
polynomial ﬁts.

subfeatures 2D± that arise from the inner and outer processes.
Each component is described by an independent scattering
intensity (I2D+ and I2D−) in ﬁtting the experimental data based
on the model proposed by Basko:10
⎤−3/2
dI2D±(ω) ⎡
Γ 22D
2
⎥
∝ ⎢(ω − ω2D±) +
dω
⎣
4(22/3 − 1) ⎦

where vTO (vF) is the phonon (Fermi) velocity, deﬁned as the
slope of the phononic (electronic) dispersion at the phonon
(electron) momentum corresponding to a given laser energy
EL, and γeh is the electronic broadening parameter.
Let us ﬁrst consider the diﬀerences between the spectra
measured on pristine freestanding graphene and those on
doped freestanding graphene (see Figure 4d). Starting from the
reference measured on pristine freestanding graphene, our ﬁts
imply a clear broadening, as well as a modest reduction (by ∼2
cm−1) of the frequency diﬀerence between the 2D± subfeatures
(see Figure 4e) as the doping level increases. The latter
observation presumably results from small modiﬁcations of the
electron and phonon dispersions upon doping.25 We attribute
the doping-induced broadening to an enhancement of γeh in the
presence of additional charge carriers.26 Importantly, the ﬁts of
the 2D-mode spectra of pristine supported graphene (see
Figure 2, right panel) reveal similar behavior for the peak
frequencies and, more importantly, for the width Γ2D (see
Supporting Information).
Our studies on gated freestanding and pristine supported
samples thus demonstrate quantitatively that minor levels of
doping (∼2 × 1011 cm−2) and charge inhomogenity suﬃce to
signiﬁcantly alter the intrinsic Raman features of graphene. As a
result, we are able to mimic the transition from a pristine
freestanding graphene molonayer to an unintentionally doped
supported one simply by tuning the charge carrier density. We
conclude that the 2D-mode of supported graphene can, to ﬁrst
approximation, be regarded as a broadened copy of the intrinsic
2D-mode feature observed on pristine freestanding graphene.
Having established that the peculiar 2D-mode line shapes
observed on freestanding graphene are an indication of a quasiundoped sample, we now analyze the intrinsic 2D-mode line
shape and consider the scaling of Γ2D with EL. The electron and
phonon dispersion of graphene show non-negligible deviations

(1)

where ω2D± and Γ2D denote the central frequency and fwhm of
the 2D± subfeatures, respectively. In this one-dimensional
description, we assume a common value for the fwhm Γ2D. The
total intensities of the 2D± subfeatures (denoted I±2D) are then
readily obtained from an integration of eq 1.
The 2D-mode spectra measured on supported samples and
on electrostatically doped freestanding samples were also ﬁt to
eq 1. Under these conditions, several sets of parameters may ﬁt
such nearly symmetrical line shapes. To limit the number of
adjustable parameters, we ﬁt these spectra using the values of
I2D−/I2D+ extracted from the ﬁts of the 2D-mode spectra
measured on pristine freestanting graphene (see Figures 5 and
4c) at the corresponding photon energy.
As shown in Figures 2 and 4, ﬁts based on eq 1 reproduce
our data very well. The form of equation 1 gives rise to steeper
spectral wings than a Lorentzian proﬁle, and better ﬁts of our
data, with the same number of adjustable parameters (see
Supporting Information). The resulting ﬁtting parameters
obtained on freestanding graphene are shown in Figure 5.
The 2D± subfeatures exhibit very similar dispersion to one
another with photon energy and match the dispersion obtained
from the numerically extracted peak frequency of the composite
2D-mode feature (see Figure 5a). The splitting ω2D+ − ω2D−
ranges from ∼14 cm−1 in the visible range down to ∼12 cm−1
at 1.53 eV (see Supporting Information). The width Γ2D
derived from the ﬁts for freestanding graphene grows from
17 cm−1 at 2.7 eV to 21 cm−1 at 1.53 eV (see Figure 5b).
Another salient feature is the signiﬁcant decrease of the I2D−/
I2D+ ratio from 3.5 in the visible range down to 1.5 at EL = 1.53
eV (see Figure 5c).
Discussion. As sketched in Figure 1, the 2D-mode involves
a pair of near zone-edge transverse optical (TO) phonons (D3520
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Figure 4. (a) Sketch of a back-gated freestanding graphene device. (b) 2D-mode spectra measured as a function of gate bias on freestanding
graphene. The spectra are vertically oﬀset for clarity. The thin lines are ﬁts based on eq 1 using a ﬁxed value of I2D−/I2D+ = 3.2. (c) Comparison
between the 2D-mode line shape of pristine freestanding graphene (black), electrostatically doped freestanding graphene (red), and supported
graphene (thin gray line). (d) Linewidth of the 2D± features and (e) spectral shift ω2D+ − ω2D− extracted from the ﬁts in b, as a function of gate bias.
All spectra were measured at EL = 2.33 eV at a temperature of 6 K.

from linearity over the broad energy range probed here.11
Hence, the measured dispersion of the 2D± subfeatures is not
linear and is better ﬁt to a second-order polynomial cuve, the
slope of which is twice the ratio of the TO phonon and Fermi
velocities,27 (vTO/vF), at the corresponding photon energy. The
observation of a bimodal line shape suggests that trigonal
warping eﬀects are not negligible. Therefore, one might a priori
consider diﬀerent values of Γ2D for the 2D± subfeatures.
However, as shown in Figure 5a, since the dispersion of the
2D± subfeatures have nearly equal slopes, the ratio (vTO/vF) can
be taken as identical for the inner and outer processes. In
addition, at a given energy, γeh can also be regarded as
independent of the electron wavevector.11 This justiﬁes our
initial assumption of an identical line width Γ2D for the 2D±
subfeatures. In a one-dimensional picture based on the inner
and outer loops, Γ2D should follow the scaling predicted by eq
2.
On freestanding graphene, the slope of the dispersion of the
2D± subfeatures increases from 90 cm−1/eV [(vTO/vF) = 5.5 ×
10−3] at EL = 2.71 eV up to 120 cm−1/eV [(vTO/vF) = 7.5 ×
10−3] at EL = 1.53 eV. Following eq 2, this implies an increase
of Γ2D by ∼30% as EL decreases, assuming that there is no
change in the electronic broadening parameter γeh. Thus, the
∼20% increase of Γ2D width decreasing EL agrees qualitatively
with the increase of (vTO/vF). However, this broadening is
expected to be largely overcome by the decrease with energy in
γeh. Indeed, in the low-energy range, where the graphene bands
are quasi-linear, the measured electronic line width scales

roughly linearly with EL.28,29 From eq 2, considering the partial
compensation of the decrease of γeh by the increase of (vTO/vF),
we should expect a narrowing of Γ2D from ∼17 cm−1 to ∼11
cm−1 as EL decreases from 2.71 to 1.53 eV.11 As a result, the
scaling of Γ2D derived from eq 2 is grossly inconsistent with our
experimental data (see Figure 5b). We conclude that the
observed broadening of the 2D-mode feature cannot be
rationalized if one considers only the inner and outer processes.
This suggests that a full two-dimensional description of the 2Dmode (see Figure 1c) is more appropriate.
Recent ab-initio calculations of multiphonon resonant
Raman modes in graphene using such two-dimensional models
have suggested that the contours of the phonon wavevectors
that contribute to the 2D-mode closely follow the iso-energy
contours of the phonon dispersion.11,17 In other words,
electron and phonon trigonal warping eﬀects are opposite30
and partially cancel out. In particular, over the energy range
investigated here, the calculated frequency shift between inner
and outer phonons is nearly constant and only on the order of a
few cm−1.11 An illustration is shown in Figure 1e. For EL = 1.5
eV, a diﬀerence of ∼1 cm−1 only is predicted for the frequencies
of the inner and outer D-mode phonons. As a consequence, a
symmetric feature, with a line width that essentially follows the
scaling proposed by Basko (see eq 2), is expected theoretically.
In our study, however, the observation of two 2D± subfeatures
separated by a nearly constant shift of ∼12−14 cm−1 suggests
that the compensation of trigonal warpings of the electronic
and phononic dispersion relations is imperfect. This leads to
3521
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Figure 5. (a) Dispersion of the 2D-mode peak frequency measured on freestanding (circles) graphene compared with that of the 2D± subfeatures
(open symbols) obtained from a ﬁt based on eq 1. The solid lines are second-order polynomial ﬁts. (b) Full width at half-maximum of the 2D± peaks
and (c) integrated intensity ratio of the 2D− and 2D+ peaks as a function of the photon energy EL. The solid line in b is a theoretical estimation of
Γ2D based on eq 2 considering the measured scaling of vTO/vF with EL and calculations of the energy dependence of γeh.11 For clarity, the calculation
has been normalized to match the value of Γ2D measured at 2.71 eV.

that in the low-energy limit, trigonal warping eﬀects vanish and
the 2D± subfeatures are thus expected to merge into one
symmetric feature. Experiments outside the range of photon
energies investigated here, as well as more detailed ab-initio
calculations of the 2D-mode line shape, should provide further
insights into the contributions of phonons away from the high
symmetry lines to multiphonon Raman processes.
Conclusion. For pristine freestanding graphene, we have
found that the 2D-mode feature exhibits a markedly
asymmetric line shape for measurements with laser excitation
energies between 1.53 and 2.71 eV. The experimental proﬁle
can be ﬁt accurately using the sum two features of a modiﬁed
Lorentzian proﬁle predicted theoretically for the electronically
resonant 2D-mode process with short-lived electronic excitations. The existence of two deﬁned spectral components is
particularly apparent at lower excitation photon energy. The
spectral shift between these two components is on the order of
12−14 cm−1 and exhibits a relatively weak dependence on laser
excitation energy. Our experiments show that the observed
asymmetry and bimodal character of the 2D-mode spectra
become very slight when relatively low levels of charge (∼2 ×
1011 cm−2) are injected into the freestanding graphene
monolayer. Within our phenomenological treatment of the
line shape, we can account for this change by enhanced
broadening of the two components, as would be expected for
an increased electronic relaxation rate. Similarly, for graphene
samples supported by the typical SiO2 substrate, we see only
very weak asymmetry in the 2D-mode proﬁle. This change in
line shape compared to the pristine freestanding graphene
sample can thus be naturally explained as a consequence of
unintentional charging eﬀects. The present studies reveal the
sensitivity of the 2D-mode to relatively small changes in the
environment. In addition, while the intrinsic 2D-mode linshape
is compatible with a simple scheme of dominant contributions
from phonons in high-symmetry regions of the inner and outer
loops, the scaling of the widths of the two components with
photon energy diverges signiﬁcantly from the expected
theoretical trends. We conclude, in keeping with recent
theoretical studies, that phonons away from these highsymmetry regions contribute signiﬁcantly to the Raman 2D
scattering process. Consequently, an accurate theory must be
formulated within a full two-dimensional picture of the
resonant Raman process to account the evolution of the 2Dmode feature with experimental conditions. More generally,

contributions from a broader range of phonon energies, so that
Γ2D is not simply proportional to γeh (see eq 2). We would like
to stress that our experimental results cannot be explained
without a partial compensation of the trigonal warping eﬀects.
Indeed, considering electronic trigonal warping alone,11 and
assuming an isotropic phononic dispersion relation, we
estimate, using our measured value of vTO/vF = 7.5 × 10−3 at
EL = 1.5 eV with vF ∼ 106 ms−1,19 that the splitting between the
2D± subfeatures would be as large as ∼26 cm−1 at EL = 1.5 eV
(see Figure 1e) and would grow with increasing EL. This is in
contradiction to the much smaller and nearly energyindependent values of 12−14 cm−1 measured here.
In principle, polarization-resolved measurements could help
unravel the contributions from 2D-mode phonons with varying
angles along and away from the high-symmetry lines of the
graphene Brillouin zone. Indeed, as demonstrated by Narula et
al., the calculated footprint of the dominant phonon wavevectors varies with the polarization conﬁguration.17 However,
due to the hexagonal symmetry of the graphene Brillouin zone,
and the partial compensation of electronic and phononic
trigonal warpings, the contributing phonons may produce a
virtually polarization-independent line shape in the near-IR and
visible range, as we observed experimentally (see Supporting
Information). In any event, calculations by Venezuela et al.
imply that, contrary to previous predictions based solely on the
phonon density of states,3,13,15 matrix-element eﬀects cause
phonons near the inner wavevector to provide most of the 2Dmode intensity.11 A similar conclusion was reached by several
groups who studied the behavior of the 2D-mode feature under
uniaxial strain31−33 and the dispersion of the 2D-mode feature
in supported graphene bilayers.34 Consequently, the prominent
2D− feature observed in the visible range is tentatively assigned
to phonon wavevectors in the vicinity of the K−Γ direction
(i.e., near the inner loop).
Finally, our observation of slightly broader 2D± subfeatures
with a ratio of I2D−/I2D+ decreasing from 3.5 in the visible range
down to 1.5 at EL = 1.53 eV (see Figure 5) is in qualitative
agreement with the calculated angular distribution of the 2Dmode intensity, which is expected to become more isotropic as
EL decreases (compare Figures 25 and 26 in ref 11). This
supports the claims that electron and phonon trigonal warpings
do not fully compensate one another and that phonon modes
away from the high-symmetry lines contribute signiﬁcantly to
the broadening of the 2D Raman feature. We note, however,
3522
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