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We report on resonance Raman spectroscopy measurements with excitation photon energy down to 1.16 eV
on graphene, to study how low-energy carriers interact with lattice vibrations. Thanks to the excitation energy
close to the Dirac point at K, we unveil a giant increase of the intensity ratio between the double-resonant 2D and
2D′ peaks with respect to that measured in graphite. Comparing with fully ab initio theoretical calculations, we
conclude that the observation is explained by an enhanced, momentum-dependent coupling between electrons
and Brillouin zone-boundary optical phonons. This finding applies to two dimensional Dirac systems and has
important consequences for the modeling of transport in graphene devices operating at room temperature.

The presence of Dirac fermion excitations in the low-
energy electronic structure is typical of graphene as well as
topological insulators [1]. They share universal behaviors
such as suppressed backscattering and similar transport prop-
erties and optical conductivity [2]. The competing interac-
tions in these systems, such as electron-phonon and electron-
electron correlations, can impact the low-energy states leading
to Fermi velocity renormalization [3] and the generation of
mass-gaps [4], as well as resulting in superconducting states
[5]. In graphene, the paradigmatic example of Dirac mate-
rials, the electron-phonon coupling (EPC) determines several
features of both the phonon and electron properties such as
(i) the room temperature (RT) resistivity, (ii) the behavior of
the Kohn anomalies around K and Γ [6–8] and (iii) the kink
found in ARPES experiments [9]. However, the strength of
the EPC for low-energy carriers close to the Dirac point is not
clear yet. It was shown theoretically, via simplified but general
low-energy models, that the Coulomb interaction induces, in
two dimensional materials, a strong enhancement of the EPC
in the neighborhood of the Dirac point [10]. An indirect evi-
dence of this mechanism may be found in the underestimation
of the resistivity of low-doping graphene typical of density
functional theory (DFT) first-principles calculations [11–15],
that underestimate the coupling with optical phonons because
they neglect the Coulomb vertex corrections[13]. The impor-
tance of dimensionality on such effects is remarked by the
case of graphite, where it has been shown that the theoretical
evaluation of the EPC close to the Dirac point is in agreement
with the experiments [16].

Experimentally, estimates of the EPC can be obtained via
the study of resonance Raman spectra [17]. The Raman spec-
trum of graphene is understood in terms of first-order non-
resonant scattering process with phonon momentum q = 0
(the G peak) and higher-order processes, interpreted within
the double resonance mechanism, that have momentum q 6= 0

and are activated either via scattering with a phonon and a
defect (D and D′) or with two phonons of opposite momenta
(2D and 2D′) [18, 19]. The double resonant Raman processes
involve electron and hole scattering within the Dirac cone or
between neighboring cones via the emission of, respectively,
zone-center (q ∼ Γ) or zone-boundary (q ∼ K) phonons. By
changing the excitation laser energy (h̄ωL), different regions
of the electron and phonon dispersions of graphene (εk and
ωq, where k and q are the electron and phonon momentum,
respectively) can be optically probed thanks to the peculiar ex-
istence in graphene of a resonance condition at any ωL [20].
Therefore, any variation of the probed electron and phonon
regions with h̄ωL is translated into a modification of the inten-
sity, width, and position of the Raman peaks [21], whose anal-
ysis, in turn, yields direct information on the EPC. By moving
h̄ωL in the infrared, one can thus assess the value of the EPC
for low-energy carriers and derive general scaling behaviours
valid for any two dimensional Dirac system.

Up to now, the EPC in graphene has been assumed constant
in the vicinity of both the K and Γ points and its experimental
estimates were obtained by comparison with graphite Kohn
anomalies [22], by modeling the resistivity [14], and by look-
ing at the intensity of the double resonant peaks [23]. The in-
tensity of the double-resonant Raman peaks 2D and 2D′ (i.e.
the integrated area underneath these vibrational peaks, A2D

and A2D′) is a very sensitive tool since it is directly propor-
tional to the fourth power of the EPC constant close to K and
Γ, respectively [21, 24]. The ratio A2D/A2D′ is expected to de-
pend non trivially on the phonon momentum, i.e. on the dis-
tance from the K point [10]; however, up to now, it has been
evaluated experimentally at few h̄ωL for visible excitation en-
ergies only [18], too far from the K point to characterize such
a behaviour.

The aim of this work is to address optically the electron-
phonon coupling in graphene by means of resonance Raman
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FIG. 1. (a) FT-Raman spectra of graphite (HOPG), hBN-
encapsulated graphene (hBN/graphene/hBN), and suspended
graphene. The G, 2D and 2D′ peaks are indentified for all the three
samples. (b) 2D and (c) 2D′ resonance Raman peaks collected at
five different h̄ωL (indicated in figure). Data have been normalized
to 2D peak intensity and different multiplying factors have been
used to enhance the visibility of 2D′ peak. (d) Dispersion of the
2D peak as a function of laser energy h̄ωL; (e) difference between
the 2D peak center frequency measured on graphene and graphite
(∆ω2D = ω2D

graphene −ω2D
graphite), for both suspended and encap-

sulated samples. For clarity the data for suspended graphene were
rigidly shifted upwards of 15 cm−1. ∆ω2D is fairly constant for
visible laser energies, and it steepens towards 1.16 eV. The values
reported in the manuscript are derived from the analysis of single
spectra, acquired as the average of many repeated spectra with long
integration time. Further details on the measurement and fitting
procedure, and on the error bars can be found in Section 4 of SM.

spectroscopy measurements with excitation energies from
3.06 eV to 1.16 eV, thus exploring a resonant region of the
electron and phonon dispersions close to the K point (|k−

K| ∼ 0.07Å
−1

and |q−K| ∼ 0.16Å
−1

, respectively). There,
we find a huge enhancement of the A2D/A2D′ ratio in graphene
that we interpret in terms of a strong dependence of the EPC
upon the vicinity of q to the K point; by comparing measure-
ments on graphene and graphite, we confirm that the enhance-
ment of the EPC close to the K point is strongly dependent
on the dimensionality of the system. We further compare the
experimental results to ab initio calculations to quantitatively
address the enhancement and to seamlessly reproduce the ex-
perimental trend of the 2D peak linewidth.

We have measured graphene flakes either exfoliated and en-

capsulated with PDMS stamps in hBN, or grown by CVD and
transferred on a hole array on a Si3N4 membrane on Si [25?

, 26]. Highly oriented pyrolytic graphite (HOPG, from HQ
graphene) was exfoliated to have a freshly cleaved surface to
measure. Raman spectra have been collected with either dis-
persive setups at h̄ωL = 1.96, 2.33, 2.54 and 3.06 eV or with
a Fourier-Transform one for h̄ωL = 1.16 eV (see SM for the
experimental details).

(a)

(b)

FIG. 2. (a) Ratio A2D/A2D′ as a function of the laser energy and
of the position of the phonon resonance along the Γ−K line. The
experimental data points are compared to theoretical calculations
rescaled with the square of rvc(ωL) ≡ 〈D2

K〉/2〈D2
Γ
〉, where rvc = 1

(dashed black line), rvc = 1.4 (dotted black line), or rvc = rvc(ωL),
defined below in Eq. (2) (solid black line). The large experimental
increase of the ratio value in the infrared indicates a strong increase
of the EPC at the K point with respect to that at the Γ point. (b) Value
of 〈D2

K〉 in the vicinity of K deduced from rvc(ωL) as explained in
the text. Sketch: leading contribution to the vertex corrections in the
EPC in graphene [10].

In Fig. 1(a) we report the Raman spectra for encapsulated
and suspended graphene samples at h̄ωL = 1.16 eV, compar-
ing it to that measured on graphite. The 2D′ peak is extremely
weak, however above the noise level (see Fig. 1(c)). We no-
tice that the 2D peak of the suspended graphene is slightly
blue-shifted due to tensile strain, as previously seen [27–29],
and broader mainly due to a higher number of defects, as sug-
gested by the presence of the D peak, that is instead negli-
gible for both graphite and hBN encapsulated graphene. In
Fig. 1(b) we show the Raman 2D peak obtained for different
h̄ωL from which the phonon dispersion shown in Fig. 1(d) is
deduced; here, we notice that the slope of the graphene dis-
persion appears to steepen with respect to the graphite one
between h̄ωL= 1.96 eV and 1.16 eV (better visible in Fig.
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1(e)). This result is in qualitative accordance with a stronger
enhancement of the EPC near the K point in graphene with
respect to graphite, because of the lower dimensionality [30].

The intensity of the double-resonant Raman peaks of given
phonons is the most sensitive marker to evaluate any modifi-
cation of the EPC between equal resonant electronic bands as
a function of q and k; more precisely, such coupling is propor-
tional to Dk+q,k [31], which is defined as the variation of the
band energy at k due to the atomic displacement induced by
the phonon with momentum q commensurate with the lattice
supercell [16]. For our aims it is convenient to consider the
quantity 〈D2

K/Γ〉, where 〈. . . 〉 is the average over all the elec-
tronic momenta k ∼ K and phonon momenta q ∼ K (q ∼ Γ)
that satisfy the resonance condition for the 2D (2D′) peak.
In this notation, the intensity of the peaks is proportional to
〈D2

K/Γ〉
2. On the other hand the widths and the spectral po-

sitions of the 2D and 2D’ peaks provide information on the
value of the EPC in a weaker fashion with respect to the in-
tensities, because they scale as the integral of the square of the
EPC even over non-resonant momenta. Therefore, we plot the
A2D/A2D′ ratio in Fig. 2(a) as a function of the laser excita-
tion energy and of the position of the phonon resonance along
the Γ−K line (corresponding to the inner processes of Ref.
[27]). We observe a huge (fivefold) enhancement of the ex-
perimental A2D/A2D′ ratio at 1.16 eV excitation energy for the
graphene samples with respect to graphite. The intensity of
the 2D and 2D′ peaks of graphene has been also benchmarked
against the intensity of the same resonant peaks for graphite
(see Supplemental Material (SM) [32]), showing that a differ-
ence between graphene and graphite is found at 1.16 eV for
the 2D peak only and not for the 2D’ peak. This qualitatively
indicates an increase of the EPC in graphene at the K point
with respect to graphite, while it remains comparable at the Γ
point. Notably, the increase of the A2D/A2D′ ratio is found in
graphene for both the encapsulated and free-standing samples,
indicating that the dielectric screening of the environment is
not playing a key role in this enhancement [33].

To provide a quantitative assessment of the modification of
the dependence of the EPC on the vicinity to K, we compare
the experimental results with theoretical calculations. The Ra-
man spectrum S(ω) is calculated with the methodology of
Refs. [21, 34], as discussed in the SM. Here we only note that
the energy-conserving Dirac-delta function is replaced with
a Lorentzian-function that takes into account the lifetime of
two phonons via γ ph = 5.3 cm−1 [35]. For the electron-hole
broadening γep we consider only the interaction of carriers
with phonons, and we use the expression deduced in Ref. [21]
for the conical model in the hypothesis of EPCs independent
of the phonon momentum (see SM) as

γep(ωL) = 82.7(h̄ωL/2− 0.166) meV, (1)

where h̄ωL is expressed in eV. The theoretical ratio A2D/A2D′

results to be numerically almost independent of the electron-
hole linewidth γep, in agreement with analytical calculations
on the conical model (within a ∼15% accuracy - see SM).
Therefore, even from accurate ab-initio calculations, it results
that A2D/A2D′ depends on the EPC only, at variance with the
ratio of each single intensity with the G peak [36, 37].

The ratio A2D/A2D′ obtained via DFT calculations is de-
picted as a black dashed line in Fig. 2(a): it is evident that
calculations strongly underestimate the experimental results
for visible excitation energies and, most importantly, are not
able to catch the enhancement at low laser energies. The dis-
crepancy between the theoretical calculation and the experi-
mental data for phonons at zone boundary could be rooted in
the neglect of the Coulomb vertex corrections to the dress-
ing of the EPC [10] proper of DFT in the common approxi-
mations for the electronic exchange-correlation term, e.g. in
local density approximation [38, 39] or generalized gradient
approximations [40], as discussed in Ref. [16]. As already
mentioned, such corrections (of which the dominant contri-
bution is shown in the inset of Fig. 2(b)) could be large for
phonons near the zone-boundary K, while are negligible at
the Brillouin zone-center Γ [10, 41].

To model the increase of the EPC at zone-boundary with re-
spect to zone-center we introduce in the Kohn anomaly region
at K a scaling parameter rvc(ωL)≡ 〈D2

K〉/2〈D2
Γ
〉, which takes

into account the renormalization of the coupling due to the
Coulomb vertex correction. Notice that in DFT rvc reduces to
unity [30]. The ratio of the calculated peak intensities rescales
with rvc via A2D/A2D′ → r2

vcA2D/A2D′ . We first rescale the the-
oretical results obtained by a constant value, rvc = 1.4, which
is obtained from GW calculations for the vertex corrections
to the EPC in graphite, and therein experimentally confirmed
[16, 22]. With this rescaling we obtain the black dotted line
shown in Fig. 2, which is in qualitative agreement with the
experimental points for graphite for all laser energies, and for
graphene if h̄ωL > 2.33 eV. The agreement between theory
and experiment in graphite, even at 1.16eV, shows that in the
three-dimensional case the vertex corrections are weakly de-
pendent on the distance from K. On the other hand, the curve
clearly fails in reproducing the huge enhancement found ex-
perimentally for graphene for h̄ωL < 2.33 eV. In this case, rvc

can therefore not be taken as a constant independently of the
laser energy, i.e. independently of the distance from the K

point. By the comparison with the experimental data we find
rvc to be

rvc(ωL) =

{

1.4 h̄ωL > 2.33eV |q−K|> 0.39 Å
−1

4.8 h̄ωL = 1.16eV |q−K|= 0.16 Å
−1 ,

(2)
where we indicated also the corresponding position of the
phonon resonance along the Γ− K line. For intermediate
points or for laser energies lower than 1.16 eV we fit a second-
order polynomial law for rvc(ωL) to our experimental data (see
SM); the rescaled curve for A2D/A2D′ is presented in Fig. 2(a)
as a solid line. Finally, to quantify the effect of this rescaling
on the EPC, we plot in Fig. 2(b) the change of 〈D2

K〉 due to
the modification of the resonance condition as a function of
the distance of the resonant phonon momentum q from the K

point, as deduced from the expression of rvc(ωL) by taking
the value of 〈D2

Γ
〉 from GW calculations on graphite [16], and

supposing that 〈D2
Γ
〉 does not critically depend on the dimen-

sionality. At 1.16eV we find that 〈D2
K〉

graphene ∼ 560 (eV/ Å)2

as 〈D2
K〉

graphene/〈D2
K〉

graphite ∼ 3.4. Since the EPC is expected
to increase for |q−K| → 0, the value of 〈D2

K〉 at 0.16 Å−1
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can be thus used as the lower bound for the electron-phonon
interaction at K.

(b)(a)

(c)

0

FIG. 3. (a) Raman spectra at different gate voltage values from which
the FWHM of the 2D peak is extracted. We note that indeed the
FWHM is minimum for gate voltages close to 0 V, indicating that
our unbiased sample is undoped. (b) FWHM measured at 1.16 eV as
a function of back gate voltage. (c) FWHM as a function of laser ex-
citation energy (full markers), extracted numerically from the fitted
data, compared to data from Ref. [27] (empty markers). The experi-
mental data are compared to the result of the theoretical calculation
(dotted curve) with EPC constant assumed independent of the excita-
tion laser energy. The solid curve is obtained instead using Eq. 4, i.e.
by rescaling the EPC at K with rvc(ωL). We have also rigidly shifted
the latter curve by 2 cm−1 to better highlight how it compares to the
experimental data (thinner solid line).

To corroborate our analysis with other experimental evi-
dences, we study how rvc(ωL) impacts the shape of the Full
Width at Half Maximum (FWHM) of the 2D peak. Indeed,
discrepancies between the experimental data and the theoret-
ical FWHM were already seen in Ref. [27]. Therein, by de-
creasing ωL from the visible towards the infrared, the FWHM
does not decrease by following the expected trend, that is
given by [21, 24]:

FWHM2D(ωL) = 2
√

22/3 − 1
vph

vF

γep(ωL)+ γ ph, (3)

where vph/vF is the phonon/Fermi velocity at a given laser
energy ωL and γep(ωL) is given by Eq. (1).

In order to extract the FWHM of the 2D peak in the con-
dition of zero doping, i.e. minimum linewidth [42], we have
measured the Raman spectra as a function of gate voltage VG

(Fig.3 (a)), verifying that for VG= 0 we are close to zero dop-
ing (Fig.3 (b)). Furthermore, we have measured a Raman
map to perform the measurements in a homogeneous region
of the graphene flake in such a way to minimize the inho-
mogenous broadening of the 2D peak (see section S6 of the
SM). In Fig. 3(c) we display the experimental FWHM of the
2D peak (data points) extracted by fitting the data with the
sum of two Baskovian functions (see SM) and by numerically
taking the FWHM from the best-fit function. We notice that
the FWHM of the 2D peak does not decrease with decreasing
h̄ωL, as opposed to the result of ab initio calculations (dotted
black curve) that decreases with h̄ωL similarly to the analyti-
cal calculation on the conical model given by Eq. 3 (see SM).
To show that this discrepancy is due to the increase of rvc at
lower laser frequencies, we modify the excitation energy de-
pendency of γep in Eq. 3 by supposing that the value of 〈D2

Γ
〉

for graphene does not depend on the vicinity to Γ, while the
value of 〈D2

K〉 has to be enhanced via the use of rvc(ωL). We
eventually obtain (see SM):

γep =

[

h̄ωL

2
(34.3rvc(ωL)+ 26.4)− 5.2

(

rvc(ωL)+ 1
)

]

meV.

(4)

Eq. (4) yields an almost constant behaviour of the FWHM
as a function of the laser excitation energy (solid curve in
Fig. 3(c)), resembling the trend of the experimental data, only
with a slight offset.

In conclusion, we report a comprehensive resonance Ra-
man spectroscopy experiment on graphene with laser excita-
tion energy down to the infrared (h̄ωL= 1.16 eV). We find a
huge enhancement of the intensity ratio of the resonant 2D
and 2D′ peaks A2D/A2D′ that we explain with an enhance-
ment of the electron-phonon coupling while approaching K,
excluding a crucial role of the dielectric environment on the
phenomena observed. This finding applies to all 2D mate-
rials where Coulomb interaction could induce a strong en-
hancement of the EPC in the neighborhood of the Dirac point
and could moreover have a significant impact on the mod-
eling of transport in graphene devices at RT where optical
phonons contribute to the resistivity comparably to the acous-
tic modes [14]. By developing a resonance Raman setup with
even smaller excitation energy, i.e. probing the linear elec-
tronic dispersion as close as possible to the Dirac point, one
will be able to directly address electron-phonon and electron-
electron interactions in all sorts of graphene devices and in
those systems where the linear electronic dispersion occurs
only in small energy ranges.
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