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ABSTRACT: Few-layer graphene possesses low-energy carriers
that behave as massive Fermions, exhibiting intriguing properties in
both transport and light scattering experiments. Lowering the
excitation energy of resonance Raman spectroscopy down to
1.17 eV, we target these massive quasiparticles in the split bands
close to the K point. The low excitation energy weakens some of
the Raman processes that are resonant in the visible, and induces a
clearer frequency-separation of the substructures of the resonance
2D peak in bi- and trilayer samples. We follow the excitation-
energy dependence of the intensity of each substructure, and
comparing experimental measurements on bilayer graphene with
ab initio theoretical calculations, we trace back such modifications
on the joint effects of probing the electronic dispersion close to the
band splitting and enhancement of electron−phonon matrix elements.
KEYWORDS: graphene, Raman, electron−phonon, massive Dirac Fermions, transport

Raman scattering can be used as a powerful experimental
tool to explore the electron−phonon interaction in two-

dimensional (2D) materials.1 The strength of the electron−
phonon coupling (EPC), which is determined by the interplay
between atomic displacements and the electronic band structure
of the material, can be strongly modified in 2D materials where,
due to the reduced dimensions, long-range Coulomb
interactions are less efficiently screened.2−6 By resorting to
resonance Raman scattering, i.e., Raman processes involving an
electronic transition between two real states of the system under
exam, one can obtain high Raman signal also for several modes
with nonzero q wavevectors within the first Brillouin zone
(BZ).7 For example, the Raman spectrum of graphene is
composed by a first-order mode at q = 0 (the G peak) and
several double-resonance modes (called D, D+D″, 2D, 2D′),
which have a wavevector q ≠ 0.8,9 By changing the incoming
laser energy (ϵL = ℏωL = hc/λL), one probes different regions of
both the electron and the phonon dispersion, and any variation
in the electronic properties (due to number of layers, doping,
defects, or strain) is reflected into a modification of the position,
the width, and the intensity of the Raman peaks.10−13

In references 14 and 15, it was theoretically predicted that in
graphene the coupling between carriers in the vicinity of the
Dirac point and zone-boundary phonons gets strongly enhanced
by Coulomb interactions. Given this theoretical prediction, valid

in general for any 2D material displaying Dirac cones, it is of
great interest to perform resonance Raman experiments with
laser emission in the infrared, in order to excite electron−hole
pairs as close as possible to the Dirac point. Indeed, recently,16

experiments performed on monolayer graphene with laser
excitation energies down to ϵL = 1.17 eV have shown a large
enhancement of the ratio between the 2D and the 2D′ resonance
Raman peak intensities, which was explained in terms of a
momentum-dependent EPC that is enhanced for carriers
interacting with phonons at K with respect to those at Γ. In a
similar fashion, an enhanced EPC could occur also for the
massive Fermions of bilayer graphene, where the resonance
condition near the bottom of the split bands can be matched17

with infrared light.
In this work, we show how the line-shape of the 2D peak for

bilayer and trilayer graphene is modified with near-infrared
(NIR) excitation energy, compared to the line-shape for visible
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(VIS) excitation energy. We find that, for bilayer graphene, such
line-shape modification corresponds to a rearrangement of the
intensity among the different subpeaks that compose the
resonance peak. We compare the resonance Raman spectra on
hBN-encapsulated bilayer graphene to ab initio calculations and
prove that we can spectrally resolve and identify the different
resonant scattering pathways within the 2D peak, attempting to
understand the origin of the spectral weight shift within the
different scattering processes.
We have performed resonance Raman spectra measurements

on hBN-encapsulated few-layer graphene for a number of laser
excitation energies (wavelengths):

ϵL [eV] 1.17 1.58 1.96 2.33 2.54 3.06
λL [nm] 1064 785 633 532 488 405

For laser excitation energy ϵL ≥ 1.58 eV, we have relied on
dispersive Raman setups (Horiba LabRAM HR, and WiTec for
1.58 eV), while ϵL = 1.17 eV spectra have been collected with a
Michelson interferometer coupled via fibers to an optical
microscope (Bruker MultiRAM). The spectra have been
corrected for the CCD response function or for that of the
single-point germanium detector. The spectral calibration for
1.17 eV data is ensured by the interferometric detection scheme,
while the other data have been spectrally calibrated with Neon
light spectra.
In Figure 1 we report Raman measurements for ϵL = 1.96 and

1.17 eV on monolayer, bilayer, and trilayer graphene. As
expected, the 2D peak line-shape of bi- and trilayer graphene is
built up by several different subpeaks, which we deconvolve with
the sum of four (bilayer) or six (trilayer) Baskovian20 functions
f B(ω) (see Supporting Information (SI) for definition). We
observe in particular that the 2D peak of the bilayer graphene is
dramatically modified by lowering the laser excitation energy, as
it displays two main features well separated in frequency for ϵL =
1.17 eV, which we fit via the sum of three Baskovian functions.
The overall 2D peak line-shape of trilayer graphene for ϵL = 1.17
eV is also modified with respect to the one for ϵL = 1.96 eV, with
a larger distance in energy between the center frequencies of its
subpeaks, allowing for a better deconvolution of its line-shape,
showing four dominant subpeaks instead of six. This spectral
evolution is explained in terms of the electronic bands dispersion
proper of the different types of few-layer graphene.21−24 In
Bernal-stacked bilayer graphene, the 2pz orbitals of the four
carbon atoms in the unit cell hybridize to give rise to two pairs of
valence (π1, π2) and conduction (π1*, π2*) bands25 (depicted in
each panel of Figure 2). In Bernal-stacked trilayer graphene, one
finds instead three pairs of valence (π1, π2, π3) and conduction
bands (π1*, π2*, π3*)26 (see SI). Although bilayer or trilayer
graphene may be viewed just as two or three coupled
monolayers and, indeed, in the intrinsic case they possess zero
band gap, the low-energy electronic dispersion bears striking
differences with respect to the monolayer: the π1 and π1* bands,
which are degenerate at the K and K′ points (where in the
undoped case the Fermi level lies), display a quadratic behavior
with massive quasiparticles, at variance with the massless
Fermions in the monolayer’s Dirac cones. Moreover, the second
pair of bands (π2, π2* in bilayer, π3, π3* in trilayer), which still
shows quadratic dispersion, is split at K by an energy difference
that is estimated to be about Δϵsplit = 0.7−0.8 eV in the
bilayer27,28 and 1.2 eV in the trilayer.19 In Bernal-stacked trilayer
graphene, the third pair of bands (π2, π2*) shows the same Dirac
cone dispersion of the monolayer.29 These tangled band
structure modifications are mapped into the subpeaks that

build up the 2D peak line-shape. The latter arise due to the
different resonant scattering pathways between neighboring
cones, as pointed out in refs 18 and 26, and are evident in the
case of both bilayer and trilayer graphene.
We now focus on the bilayer graphene case, where at ϵL = 1.17

eV the separation between subpeaks is more evident, and we
show that the three Baskovian subpeaks correspond mainly to
two resonant scattering pathways. In order to lighten the
notation, in the following we will refer to the four low-energy
electronic bands of bilayer graphene by enumerating them in
ascending order (with respect to the energy at the K point), as
labeled on the right side of Figure 2a. As is already understood in
refs 18 and 30, the incident laser light of frequency ωL couples
predominantly the two pairs of corresponding bands, i.e., 1 and 4
or 2 and 3, generating electron−hole pairs either in bands 1 and
4 or in bands 2 and 3, with wavevectors close to the K point.
Subsequently, both the electron and the hole are inelastically
scattered by two quasi-degenerate TO phonons18 (which have
opposite wavevectors q ∼ K to satisfy crystal momentum
conservation and have a total energyℏΩ2D ∼ 0.3 eV for ϵL = 1.17

Figure 1. G (a, c) and 2D (b, d) Raman peaks measured with visible
(VIS) ϵL = 1.96 eV (a, b) and near-infrared (NIR) ϵL = 1.17 eV (c, d) for
monolayer, bilayer, and trilayer graphene. Each curve has been
normalized to the respective height of the 2D peak, and the intensity
of the G peak of the monolayer has been multiplied by five for visual
clarity. The star near the trilayer’s G peak at 1.17 eV indicates a spurious
Raman peak due to oxygen molecules. Notice how the shape of the G
peak does not vary across the different numbers of layers and excitation
energies, while the 2D peak is strongly modified and develops, as the
number of layers is increased, features at both higher and lower Stokes
shift. These features are fitted via the sum of 4 (bilayer)18 or 6
(trilayer)19 Baskovian functions (see Supporting Information). Low-
ering the excitation energy to ϵL = 1.17 eV, these features become better
separated in frequency, and some of them are strongly suppressed, in
particular in the case of bilayer graphene, where just three Baskovian
functions are used.
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eV, which depends on the excitation energy via the phonon
dispersion, see Figure 3c) to the neighborhood of the K′ point,
either on the same conduction/valence band that they started in
(symmetric processes, which are labeled a and d in Figure 2a), or
in the other one (antisymmetric processes, labeled c and b in
Figure 2b). Finally, the electron and the hole recombine, and a
photon with frequency ωL − Ω2D is emitted. The notable aspect
of double-resonance Raman processes is that all the
intermediate states of the process are real states of the system,
hence, the electron−hole pair generation (recombination) must
match the energy of the incoming (scattered) photon. This is
indeed the case for the four processes that mainly contribute to
the 2D peak in the case of visible excitation energies (as depicted
in Figure 2a,b). On the other hand, by lowering the excitation
energy more to the infrared, the electron−hole pair upon
scattering on the TO phonon pair can match the frequencyωL −
Ω2D of the scattered photon only if it belongs to the pair of K-
degenerate bands 2 and 3 or if it has an energy greater than
Δϵsplit. Thus, while processes c and d are resonantly allowed, a
and b are sensitive to the value of Δϵsplit (see SI) and display a
strong suppression compared to the case of visible excitation
energy (Figure 2c,d). With this understanding, we use 1.17 eV
excitation energy with the aim of suppressing the contribution of
a and b processes to the 2D peak and then clearly separate in
frequency the contributions from c and d (see Figure 1d for
bilayer and the discussion below). We point out that while it is
customary to resolve the experimental peaks by fitting themwith
the sum of more than one f B (as done in Figure 1), these peaks
do not immediately refer to the a−d processes described above.
Indeed, not only the resonance condition selects phonons with
some energy dispersion (determined by the mutual interplay of
the electronic and phononic dispersion details18,31), but also
different processes involving the same phonon can interfere, so
that the total intensity will be different from the mere sum of
their squared amplitudes. For each of the a−d processes, a
simplified treatment32 addresses the first issue by further

distinguishing between inner and outer processes (see Figure
3b). Inner (outer) refers to the process in which the exchanged
phonon wavevector q lies along the Γ−K−M direction and it is
smaller (greater) than K. This definition is extended to q
belonging to the whole BZ in ref 18 (see SI). In the following we
only address the experimental subfeatures as the complex sum of
the a−d processes, irrespective of the inner and outer
distinction, and we compare to the full ab initio calculations.18,31

It is interesting to investigate experimentally and theoretically
the relative intensity of the c and d Raman processes as a
function of the laser energy since, for the c process, ϵL = 1.17 eV
generates electron−hole pairs in the split bands 1 and 4 close to
theK point and therefore could give us optical access to the EPC
near the zone-boundary. In Figure 3a we display the
experimental bilayer graphene 2D peak line-shape for several
excitation energies between 3.06 and 1.17 eV. Below 2500 cm−1

one can also identify the double-resonance D+D″ peak, which
involves different phonons with respect to the ones of the 2D
peak33 and blue-shifts with increasing ϵL. Lowering the
excitation energy, along with the overall red-shift of the 2D
peak as a whole, which stems from the TO phonon dispersion,
the most notable change is a shift of spectral weight within the
peak. At ϵL = 3.06 eV the most prominent subpeak is the one at
higher Stokes shift, associated with process d, while at 1.17 eV
the most relevant contribution comes from the subpeak
associated with processes b+c. For ϵL = 1.96 and 1.58 eV the
subpeak ascribed to the b+c processes becomes progressively
more intense with respect to that ascribed to the d process, while
the intensity related to the a process appears to remain fairly
constant. At ϵL = 1.17 eV the b + c subpeak is more intense and
well separated from the d subpeak, and it is very hard to identify
the presence of a clear feature related to the a process alone, as it
overlaps spectrally with the D+D″ peak. Remarkably, we find
that for ϵL = 1.17 eV the relative intensity of the b+c and d
subpeaks is dependent on the application of the back-gate
voltage or changing the substrate (see Figure S3 in the SI),
suggesting that doping and modifications of Δϵsplit impact the
2D line-shape. One may suppose the intensity of the a and b
processes to scale in a similar fashion when ωL − Ω2D becomes
close to or smaller than Δϵsplit. This in turn would suggest that
the shift of the spectral weight between the b+c and the d
subpeaks is driven by an enhancement of the c subpeak. One
possibility is that the enhancement of the c process could arise
because the electron−hole pair is excited close to the band edge
due to the increased density of states. A small modification of the
band structure could thus impact the intensity of the c process
much more than what happens for the d process.
To gain information whether the modification of relative

intensity of the subpeaks could be linked also to the strength of
the EPC as a function of the exchanged momentum between the
electron/hole and the phonon (fixed at each excitation energy
by the resonance condition, see Figure 3b) or only to the
resonance condition met at the bottom of the split bands, we
resort to a comparison with theoretical calculations. It is worth
pointing out that the simple double-resonance Raman picture
which neglects the dependence of the matrix elements on the
electron and phononmomenta34 is not enough to reproduce the
relative intensities of the subpeaks. Indeed we have performed
ab initio calculations using the fourth-order Fermi golden rule
following ref 10. In Figure 4 we compare the experimental 2D
peak with the result of ab initio calculations, performed following
the methodology of refs 18 and 31 and using the EPIq
software,35 at ϵL = 2.33, 1.96, 1.58, and 1.17 eV. We consider

Figure 2. (a−d) Diagrams of the most significant scattering processes
that build up the 2D peak in bilayer graphene for visible (a, b) and near-
infrared (c, d) excitation energy, involving the electronic bands along
the high-symmetry Γ−K−M direction. The labeling 1−4 of the bands
follows their energy ordering at the K point, while the labeling of the
processes separates them in symmetric (processes a and d), where the
electron/hole is scattered within the same band, and antisymmetric
(processes c and b), where instead the electron/hole changes band
upon scattering with the TOphonon. For illustrative purposes, we show
only the outer contribution, except for the D process where we further
distinguish between inner and outer contributions.
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only these excitation energies since for higher ϵL the
contribution of processes other than the a, b, c, d discussed
above becomes more relevant, giving rise to an increased
spectral weight at larger Stokes shift (as evident for the curve
measured with ϵL = 3.06 eV), which also hinders the
interpretation of the experimental subfeatures. The calculations
contain DFT only ingredients, apart from the rescaling of the
electronic dispersion10 and the correction to the phonon
bands18 to match GW-corrected results. The inverse lifetime of
the intermediate states is evaluated as in ref 18.
For each laser energy, we have calculated the Raman spectra at

several different Δϵsplit, which are tuned in ab initio calculations
by the appropriate modification of the carbon interlayer distance
(see Figures S5 and S6 in the SI). The total 2D peak and its
single contributions a, b, c, and d are shown in Figure 4 for the
value Δϵsplit = 0.75 eV. From this comparison one can see that
these four double-resonance processes are indeed the dominant
ones. Moreover, the good agreement in shape between the
theoretical curves and the experimental ones for ϵL = 2.33, 1.96,
and 1.58 eV supports the straightforward identification18 of the
experimental peak subfeatures in terms of the processes depicted
in Figure 2a,b. Most notably, for these three spectra, the relative
spectral weight of the different subfeatures compares reasonably

well between the experimental and theoretical curves. By
comparing the evolution of the theoretical spectral weight at
severalΔϵsplit with that extracted by fitting the experimental data
(see Figure S6 in the SI, and Figure 4i for Δϵsplit = 0.75 eV), we
find that theory overestimates the spectral weight of the b+c
process for ϵL = 2.33, 1.96, 1.58 eV but always underestimates it
at 1.17 eV. At ϵL = 1.17 eV (Figure 4d,h) the theoretical line-
shape fails in reproducing correctly the spectral weights of the
two main features, i.e. the experimental peak is broader and
more intense than the theoretical one. The extent of the
underestimation of the b+c peak depends on the chosen Δϵsplit.
However, since the c process involves phonons having
wavevectors closer to K with respect to the d ones (see Figure
3b), one might wonder whether there is an underestimation of
peak intensity that arises from a wrong evaluation of the EPC for
wavevectors closer to the K point within the DFT framework, in
analogy to what found formonolayer graphene in ref 16. Therein
it was argued that such an underestimation could be due to the
neglect, proper of DFT, of the dressing of the EPC by Coulomb
interaction, but further theoretical investigation is needed to
support the hypothesis in the present case, as it would also imply
that the massiveness of the Dirac Fermions involved in the

Figure 3. (a) Experimental evolution of the 2D peak line-shape in bilayer graphene for different laser excitation energies. The D+D″ resonance peak is
also shown at a lower Stokes shift, and its dispersion can be followed with the guide-to-the-eye dashed line. Notice in particular the dispersion of the 2D
peak as a whole (moving in the opposite direction with respect to the D+D″ peak) and the change in spectral weight between its components. Each
spectrum has been normalized to its maximum, and the 2D subfeatures have been fitted via the sum of four f B functions. For ϵL < 3.0 eV, the processes
referring to the experimental subfeatures are labeled: notice that the b and c processes constructively interfere since they involve the same phonons, and
for the d process one can distinguish between the contributions of the inner and outer phonons (which swap places for ϵL > 2.4 eV), as discussed in the
main text. For higher excitation energies (i.e., 3.06 eV) it becomes harder to attribute a label to each f B since processes other than the a, b, c, d described
in Figure 2 become relevant, and constructively interfere with each other to build up the contribution at higher Stokes shift. Finally, at ϵL = 1.17 eV the a
subpeak of the 2D peak and the D+D″ peak share similar Stokes shift, and are difficultly separated experimentally. (b) Resonant phonon wavevector q
along Γ−K−M as a function of ϵL for the different a, b, c, and d processes and inner/outer contributions, as obtained via ab initio calculations. Notice
that for ϵL < 1.05 eV the processes a and b become virtual, since the scattered electron−hole pair cannot recombine resonantly on the split 1−4 bands.
Moreover, below the band gap Δϵsplit = 0.75 eV also process c is suppressed. Notice also that inner and outer q process wavevectors become almost
symmetric with respect to K as ϵL is reduced since the dispersions approach an isotropic shape. (c) Total frequencyΩ2D of the scattered phonon pair
with wavevector q specified in panel b, as obtained via ab initio calculations for both inner and outer processes (dashed and solid line, respectively) and
offset in order to match the experimental data. The square markers represent the central frequencies of the f B functions with which the experimental
data of panel a have been fit. The star markers represent instead the frequency of the D+D″ peak. Notice that for ϵL < 2.0 eV process d has the inner and
outer contributions considerably split in frequency, and that the agreement with the theoretical curves becomes less accurate as ϵL is increased, since
the simplified inner/outer separation along Γ−K−M is not sufficient to describe the shape of the peak.
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resonant scattering processes is not a decisive limiting factor for
the EPC enhancement.
We can examine other possible causes of the theoretical

underestimation of process c with respect to d. Although the
magnitude of the contribution of processes a and b is dependent
on Δϵsplit, we can rule out the possibility that interference with
process b can alone explain the enhanced intensity of the b+c
subpeak since at this energy also process a, which scales similarly
to b, is extremely weak and indistinguishable from the D+D″
peak. Finally, calculations performed by assuming a lower
inverse lifetime of the intermediate states give the same results
discussed above.
We have shown that by means of resonance Raman

spectroscopy with excitation in the infrared, it is possible to
suppress the contribution to the Raman spectrum of two of the
most relevant scattering pathways building up the double-
resonance 2D peak of bilayer graphene in the case of visible
excitation. By comparing our experimental results to ab initio
calculations, we identified the two most important processes
contributing to the resonance 2D peak. We found that the
relative intensity of the different scattering processes depends on
how close to the band edge the electron−hole pair is excited.
However, while experimentally the intensity of the b+c peak
monotonically increases with respect to the d peak, DFT
calculations always predict a decrease in the intensity of the b+c
peak at ϵL = 1.17 eV. We suggest that such theoretical
underestimation of the b+c intensity could stem from an
enhancement of the electron−phonon coupling for the
processes occurring closer to the K point. As a result, we believe
that these findings demonstrate how infrared resonance Raman
spectroscopy can provide more than a handful of insights into
the physics of low-dimensional systems, and we remark that
further experimental and theoretical studies are needed to
elucidate the dependency of the EPC on the phonon wavevector
and the role of Coulomb interactions. This would be of great
relevance in order to model the impact of the electron−phonon

coupling on the transport and optical properties of low-
dimensional systems.36
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