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The contributions of the two-dimensional phonon dispersion to the double-resonant Raman scattering process
in graphene is determined from the line shape of the two-phonon combination mode around 2450 cm−1 . This
mode is usually referred to as G∗ or D + D  . By combining Raman experiments with excitation energies up
to 2.8 eV and a full two-dimensional calculation of the double-resonant Raman process based on fourth-order
perturbation, we can describe in detail the composition of this two-phonon mode and explain the asymmetry on
the high-frequency side. The asymmetry directly reflects phonon contributions with wave vectors away from the
high-symmetry lines in the Brillouin zone. The main peak of this mode originates from the K high-symmetry
line highlighting and supporting two important findings: first, the existence of so-called inner processes and,
second, the dominant contribution along the high-symmetry line.
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The electrical and mechanical properties of graphene are
very sensitive to external perturbations. For example by introducing additional layers of graphene a tunable band gap in both
bilayer1 and trilayer graphene2–4 can be opened. Further, the
single- and double-resonant scattering paths can be influenced
by electrostatic doping.5 The changes of the electrical and
mechanical properties can be probed by Raman scattering:6,7
It can be applied to monitor strain and also derive the
crystallographic orientation of two-dimensional graphene;8–12
it probes structural defects,13–16 stacking order,17–19 edge
orientation,20 and functionalization;21 and in one-dimensional
carbon nanotubes diameter22 and many-body effects23 can be
accessed.
Especially double-resonant Raman scattering24 attracted
a great deal of attention. A recent fundamental question in
the literature concerns dominant scattering paths of electrons
and phonons within the two-dimensional Brillouin zone.
Here, recent discussions aimed at the understanding whether
either so-called inner or outer processes give rise to the 2D
(sometimes named G ) peak in the Raman spectrum.10,11,25–29
Besides the 2D mode, several other double-resonant Raman
modes appear in the spectrum of graphene. The origin of some
of them is still under discussion as in the case of an asymmetric
peak around 2450 cm−1 . In the literature this mode is usually
named the D + D 27,30,31 or G∗32 mode. D + D  refers to a
two-phonon process involving the contribution of a transverse
optical (TO) and longitudinal acoustic (LA) phonon, where
following Ref. 27 TO → D and LA → D  . This combination
was suggested in Refs. 30–32 as the origin of the ≈2450 cm−1
mode. Reference 33 reported a nondispersive behavior attributed to the overtone of the LO phonon at the K point.
However, these publications did not explain the asymmetric
line shape. Recently Ref. 34 suggested an interpretation of
the asymmetry. The asymmetric tail was explained as due to
a double-resonant process involving two phonons of the D
phonon branch from the K point. This contribution, however,
should cancel by destructive interference.35
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In this article we unravel the origin of the two-phonon
D + D  peak and its asymmetric line shape by combining
experimental data of single-layer graphene with a full twodimensional calculation of the double-resonant Raman process
based on fourth-order perturbation theory. We show that the
main peak originates from phonons along the K highsymmetry line and that the asymmetry is due to phonons
from the two-dimensional Brillouin zone. The analysis of the
asymmetric line shape in experiment provides a direct probe
of the two-dimensional phonon dispersion. We further show
how the D + D  peak evolves with the number of graphene
layers.
We investigated mechanically exfoliated single-layer
graphene, which was deposited on SiO2 . The layer thickness
was determined first by optical contrast and then confirmed
by measuring the 2D and N mode.25,36 Confocal μ-Raman
spectroscopy was performed in backscattering geometry under
ambient conditions. The setup provides a spectral resolution
around 1 cm−1 . The Raman spectra were simulated using the
method described in Ref. 27, with the same computational
details. In particular, the Raman cross section is obtained from
the fourth-order perturbative approach (the same approximation which is inherent to the double-resonance approach of
Ref. 24); we consider all possible transitions among the π /π ∗
electronic bands in the two-dimensional graphene Brillouin
zone, including the scattering with all possible phonons, in the
two-dimensional Brillouin zone.
Figure 1 shows the measured and calculated Raman spectra
of single-layer graphene for the D + D  peak at three different
excitation energies. We observe a main contribution and
an asymmetric tail towards higher frequencies. Both the
peak positions and the asymmetric line shape are correctly
reproduced by the calculation (see below). In order to quantify
the width of the high-frequency tail, measurements were fitted
with two Lorentzians and a linear background. The inset of
Fig. 1 reports the evolution of the two Lorentzian maxima as
a function of the excitation energy. In contrast to Ref. 34, we

075402-1

©2013 American Physical Society

PATRICK MAY et al.

PHYSICAL REVIEW B 87, 075402 (2013)

FIG. 1. (Color online) Raman spectra of single-layer graphene on
SiO2 for three different excitation energies (open circles) fitted each
with two Lorentzian profiles (dashed lines). The solid red line is the fit
of the two Lorentzian profiles. The solid thick line (green) is obtained
from calculations. The inset depicts the shift of the Lorentzians versus
the excitation energy from the fitted experimental data.

observe a clear dispersive behavior of the two contributions.
This may be attributed to the extended range of excitation
energies in our experiment: The D + D  peak exhibits only
very small shift rates around ≈2 eV (i.e., in the excitation
energy range in Ref. 34), as can be seen in the inset of Fig. 1.
In order to understand the behavior of the D + D  peak,
we first remember that two-phonon Raman scattering can
be schematized as the result of four “virtual” transitions:
absorption of a quantum of light (and creation of an electronhole pair), scattering of an electronic state with a phonon with
wave vector q, scattering of an electronic state with a phonon
with wave vector −q, and electron-hole recombination and
emission of a quantum of light. The relevant electronic states
in the process are the π and π ∗ bands with energy kπ , kπ∗ (k
is the wave vector). The wave vectors k of the electronic states
that are excited by a laser with energy L (and those that are
involved in the emission of a quantum of light L − ph ) form
a triangularly distorted closed line, as the isoenergy contour
surrounding the high-symmetry K (and K ) point in Fig. 2(a).
Following the double-resonance (DR) idea,24 the electronic
states of these isoenergy contours provide the most important
contribution to the Raman scattering process. The phonons
which dominate the scattering have a wave vector qn such that
by translating the first isoenergy contour by qn , it becomes

tangent to the second one [Fig. 2(a)]. Indeed, these processes
are associated with high density of resonant transitions and
are enhanced by interference effects.27 The ensemble of the
nesting vectors qn represents the momenta of the dominant
phonon contributions and determines the two closed lines
surrounding K and K in Fig. 2(b). The angle θ is defined as
that θ = 0◦ corresponds to the K high-symmetry line (inner
process phonons) and θ = ±60◦ corresponds to the KM one
(outer process phonons).
Figure 2(c) depicts the energies of the three highest phonon
branches of graphene (labeled 4, 5, and 6) calculated along the
DR profile [the nesting vector qn line of Fig. 2(b)]. These three
phonon branches are responsible for the D, 2D, and D  Raman
peaks. The D  peak is known as a weak defect-induced onephonon process and should be observed at ∼1100 cm−1 .27 The
phonons responsible for the D peak have an almost constant
frequency of ∼1350 cm−1 at a fixed excitation energy and
correspond to the 5th phonon branch along the K (|θ | 
30◦ ) high-symmetry line and to the 6th phonon branch along
the KM direction (60◦  |θ |  30◦ ). The 4th phonon branch
shows a strong angular dispersion along the DR profile, going
from ∼1100 cm−1 along the K direction to 1240 cm−1 along
the KM direction. Notice that, in the literature, the branch
associated with the D peak is usually labeled as TO (it is
actually TO only in the neighborhood of ) and it is affected
by a Kohn anomaly near K.37 The TO branch [which is the 6th
branch in the vicinity of K but it is the 5th one sufficiently far
from K; see Fig. 2(d)] appears as a continuous line only along
the KM directions [Fig. 2(d)]. In other points of the Brillouin
zone the 5th and 6th branches form an avoided crossing38
[Fig. 2(c)].
Having the two-dimensional phonon contributions in mind,
we can now analyze the theoretical results. The calculated
intensity of a Raman peak can be decomposed into the different
contributions Iq associated with phonons with different wave
vectors q, following the procedure described in Ref. 27.
Figure 3(d) shows the Iq decomposition associated to the
D + D  peak and depicts only the intensity associated with
the phonon transitions involving the “4 + 5” and “4 + 6”
branches. According to calculations, other contributions (e.g.,
that from the “6 + 6” branches) are negligible at 2450 cm−1 .
The decomposition of the intensity Iq is significantly different
from zero in a region forming two relatively narrow lines
surrounding K and K (as expected from DR). Figure 3
also reports the phonon branches contributing to the D + D 
mode as function of the angle θ [as defined in Fig. 2(a)].
Figures 3(a)–3(c) can be read both vertically and horizontally.
Figures 3(a) and 3(b) connect the frequency horizontally,
while Figs. 3(a) and 3(c) connect the angle θ vertically. Both
the frequency and the angle θ are related to the intensity.
Figure 3(a) shows (as dots) the frequency associated with the
maxima of the Iq of Fig. 3(d). Figure 3(d) is a two-dimensional
contour plot of the contributing phonons. Figure 3(a) also
reports the frequency of the branches “4 + 5” and “4 + 6”
calculated along the DR profile of Fig. 2(b). The theoretical
Raman shift for a given angle θ [dots in Fig. 3(a)] nicely
coincides with the “4 + 6” line for |θ |  30◦ and with the
“4 + 5” line for |θ | < 30◦ . This result can be interpreted by
looking at Fig. 2(c): The DR Raman frequency coincides with
the sum of the frequency of the 4th branch and that of the
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FIG. 2. (Color online) (a) The rhombus is the graphene Brillouin zone. The triangularly distorted contour around K is obtained from
∗
kπ − kπ = 2.33 eV and represents the electronic states near K that are excited by a laser with energy L = 2.33 eV. The contour around
∗
K = 2K is obtained from kπ − kπ = 2.03 eV and represents the electronic states near K that are deexcited by the emission of a quantum of
light with energy L − h̄ωph , with ωph = 2450 cm−1 (the energy of the D + D  line for L = 2.33 eV). qn is one of the vectors such that the
contour near K translated by qn is tangent to the contour near K . (b) The contours around K and K are the ensemble of the qn vectors. These
are the wave vectors of the phonons mostly involved in the double resonance. (c) Frequency of the three highest phonon branches (labeled 4,
5, and 6) calculated along the contours shown in panel (b) and plotted as a function of the angle θ defined in panel (b). θ = 0◦ corresponds
to the K high-symmetry line and θ = ±60◦ corresponds to the KM one. (d) Dispersion of the three highest phonon branches along the
high-symmetry line KM. The vertical dotted lines identify the phonons selected by the DR condition of panel (b). The crosses represent the
phonons mostly responsible for the D and D  Raman peaks at L = 2.33 eV.
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FIG. 3. (Color online) (a) Lines are the sum of the phonon
frequencies of the branch couples “4 + 5” and “4 + 6” calculated
along the qn line of Fig. 2(b). The frequencies are plotted as a
function of the angle θ, as in Figs. 2(b) and 2(c). Dots show
the theoretical Raman shift of the D + D  peak as a function of
the angle θ. (b) Measured (exp.) and calculated (Total) Raman
intensity of the D + D  peak at L = 2.33 eV. Calculations are
decomposed into “4 + 5” and “4 + 6” phonon branch contributions.
(c) Theoretical Raman intensity of the D + D  peak as a function of
the θ and decomposed into the “4 + 5” and “4 + 6” contributions.
(d) Theoretical Raman intensity Iq of the D + D  mode (see the
text); the rhombus has the same meaning as in Fig. 2.

branch associated with the D peak (which is the 6th branch
for |θ |  30◦ and the 5th for |θ | < 30◦ ).
Figure 3(b) compares the measured Raman D + D  intensity with the calculated one for L = 2.33 eV. Figure 3(c)
reports the intensity of the branches “4 + 5” and “4 + 6”
and the total as a function of the angle θ . It further shows
that the dominant contribution comes from θ ≈ 0◦ , which
is along the KM high-symmetry direction. In the literature,
these are usually called inner phonon processes. Unlike for
the 2D mode as shown in Ref. 27, the D + D  mode has no
contribution from outer processes due to zero electron-phonon
coupling elements.
The emerging picture can be resumed as follows. The
D + D  peak is the combination of a phonon associated with
the branch responsible for the D (5th or 6th phonon branch
depending on the direction in the Brillouin zone) peak and a
second phonon associated with the 4th phonon branch. The
momenta of the relevant phonons are selected by the DR
conditions and identify a closed line surrounding the high
symmetry K point [Fig. 2(b)]. Along this line the frequency of
the D phonons is almost constant, while that of the 4th branch
undergoes a strong dispersion. The most intense processes
take place along the K direction (inner processes), where the
frequency of the 4th branch has a minimum. Other processes
along different directions, where the 4th branch has a higher
frequency, are possible but are less intense and provide the
observed high-frequency tail and its decreasing intensity due to
less dominant electron-phonon and electron-photon coupling
entering in the Raman cross section. It is important to notice
that the dots of Fig. 3(a) are obtained from our best calculations
(which are done without making any assumption concerning
the validity of the DR). On the contrary, the lines of Fig. 3(a)
are obtained from the simplified scheme of Fig. 2 (which is
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FIG. 4. (Color online) Sum of the 4th and 5th and the 4th and
6th phonon branch along the KM high-symmetry direction as a
function of the phonon wave vector. Points are measured frequencies
of single-layer graphene and assigned to the corresponding phonon
wave vector of both inner and outer processes. 2π/a corresponds
to the distance (KM), where a is the in-plane lattice constant of
graphene. Note that the sum of the 4th and 6th phonon branch along
the high-symmetry line does not contribute to the Raman intensity;
see Fig. 3(c) at  = 0.

based on the DR idea). The nice agreement between the two
approaches implies that the DR captures the relevant physics
of the problem.
Now, in order to show how the wave vectors of the
excited phonons change as a function of the excitation laser,
we consider a one-dimensional approach along the highsymmetry line (KM). Figure 4 shows along the KM
direction the sum of the 4th and the 5th and the sum of the
4th and the 6th phonon branch. The frequency of the main
contribution (blue dashed line in Fig. 1) is plotted versus the
calculated phonon wave vector.
The phonon wave vector is calculated from the doubleresonant processes that satisfy the double-resonant condition
in one dimension. We observe two important results. First,
the experimental data only match the phonons from a certain
direction in the Brillouin zone, namely the K direction. This
involves electronic excitations between the KM direction,
which in the literature is called an inner process. Second,
according to the evolution of the phonon dispersion in
Fig. 4, the dispersion around ≈0.53 to 0.60 (2π/a), which
corresponds to excitations around 2.4 to 1.9 eV, is small. This
might explain the almost constant Raman frequency found in
Ref. 34 for a small excitation energy range.
Finally, it has been argued in Ref. 34 that the origin of
the high-frequency tail of the D + D  peak is due to two
phonons, which are responsible for the D peak at the K
point. We therefore calculate the Raman intensity of the
2D peak. According to our calculations the Raman signal
associated with this phonon is negligible because of two
reasons: (i) quantum interference and (ii) electron-phonon
scattering selection rules. The role of quantum interference
is understood by considering that the Raman signal results
from the sum of scattering amplitudes associated with different
processes. These are complex numbers which can interfere in a
constructive or in a destructive way (see Ref. 35 and Sec. III E 1
of Ref. 27). The wave vectors of the phonons providing a
Raman signal belong to a narrow region surrounding the K

FIG. 5. (Color online) Iq decomposition of the intensity of the
Raman 2D peak for L = 2.33 eV. The rhombus has the same
meaning as in Fig. 2. The four panels result from calculations done
with different kinds of approximations. The upper left panel is our
best calculation [same calculation as in Fig. 3(d)]. The panels on
the right are obtained by neglecting interference effects and the
bottom panels are obtained by considering constant electron-phonon
scattering matrix elements.

point [Fig. 3(d)]. This region is so narrow not only because of
the DR scheme presently described in relation to Fig. 2, but also
because of the role played by the quantum interference.35 In
the absence of quantum interference, one could excite phonons
beyond this region and, possibly, excite also the phonons with
q = K (see Ref. 35 and Appendix D of Ref. 27). On the
other hand, as already pointed out in Ref. 24, the relevant
electron-phonon coupling matrix elements among the π/π ∗
electronic bands and the phonon with q = K are zero (see also
note 24 of Ref. 37) and the phonon is not Raman active.
To visualize these above mentioned concepts, in Fig. 5
we report the Iq decomposition of the 2D peak calculated
with different levels of approximations: (i) We do not consider
quantum interference effects (the Raman signal is obtained
by summing the modulus of the scattering amplitudes, as
in Sec. III E 1 of Ref. 27) and (ii) we fix to a constant
the electron-phonon scattering matrix elements (we neglect
the dependence on the electron and phonon wave vectors, k
and q, in the numerators of the scattering amplitudes, K in
Ref. 27). From Fig. 5, we see that in the absence of quantum
interference, the phonons providing a Raman signal belong to
broader region. However, the phonons with q = K are not yet
active (Iq ∼ 0 for q = K). On the other hand, when we also
consider the electron-phonon matrix elements as constants, the
q = K phonon becomes Raman active (Iq = 0 for q = K).
Therefore both the electron-phonon matrix elements and the
interference effects suppress phonons with q = K.
Finally, we will show how the D + D  peak evolves with
the number of layers. The electronic properties of graphene
depend on the number of layers and the interactions between
them. This introduces additional scattering processes in the
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FIG. 6. Experimental D + D  spectrum for single-layer, bilayer,
and trilayer graphene excited at 2.33 eV. Each spectrum is normalized
and vertically offset for better graphical representation.

double-resonant scattering. Similar to the 2D mode, the D +
D  peak exhibits additional contributions for increasing layer
number. This is shown in Fig. 6 for single-layer, bilayer, and
trilayer graphene at 2.33 eV excitation energy. For single-layer
graphene, the D + D  peak exhibits a main contribution and an
asymmetric line shape towards higher frequencies as discussed
above in detail. For bi- and trilayer graphene additional
contributions appear. This can be understood when considering
the main contribution which stems from the high-symmetry
line along the K direction (inner process). Due to two
and three valence and conduction bands for bi- and trilayer,
respectively, additional scattering processes occur leading
to slightly different phonon wave vectors and consequently
changes in the electronic structure are also captured in the
D + D  peak. Note that these changes in the line shape depend
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