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Raman spectroscopy as a versatile tool for studying the properties of graphene
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Raman spectroscopy is an integral part of graphene research. It is used to determine the number
and orientation of layers, the quality and types of edge, and the effects of perturbations, such as
electric and magnetic fields, strain, doping, disorder and functional groups. This, in turn, provides
insight into all sp?-bonded carbon allotropes, because graphene is their fundamental building block.
Here we review the state of the art, future directions and open questions in Raman spectroscopy
of graphene. We describe essential physical processes whose importance has only recently been
recognized, such as the various types of resonance at play, and the role of quantum interference.
We update all basic concepts and notations, and propose a terminology that is able to describe any
result in literature. We finally highlight the potential of Raman spectroscopy for layered materials

other than graphene.

Graphene is the two-dimensional (2d) building block
for sp? carbon allotropes of every other dimensionality. It
can be stacked into 3d graphite, rolled into 1d nanotubes,
or wrapped into 0d fullerenes. It is at the centre of an
ever expanding research areal 2. Near-ballistic transport
and high mobility make it an ideal material for nano-
electronics, especially for high frequency applications®.
Furthermore, its optical and mechanical properties are
ideal for micro and nanomechanical systems, thin-film
transistors, transparent and conductive composites and
electrodes, flexible and printable (opto)electronics, and
photonics? 478,

An ideal characterization tool would be fast and non-
destructive, offer high resolution, give structural and elec-
tronic information, and be applicable to both laboratory
and mass-production scales. Raman spectroscopy21? ful-
fills all these requirements. The Raman spectrum of
graphite was first recorded more than 40 years ago!! and,
by the time the Raman spectrum of graphene was mea-
sured for the first time in 20062, Raman spectroscopy
had become one of the most popular techniques for
the characterization of disordered and amorphous car-
bons, fullerenes, nanotubes, diamonds, carbon chains,
and poly-conjugated molecules!2. Raman techniques are
particularly useful for graphenel? since the absence of
a band gap makes all incident wavelengths resonant, so
that the Raman spectrum contains information about
both atomic structure and electronic properties. Reso-
nance can also be reached by UV excitationt®18, either
with the M-point Van Hove singularity, or in the case of
band gap opening, such as in fluorinated-graphene.

The number of graphene layers in a sample can
be determined by elastic light scattering/Rayleigh
spectroscopyl”18, but this approach only works for exfo-
liated samples on optimized substrates and does not pro-
vide other structural or electronic information. Raman
spectroscopy, on the other hand, works for all graphene
samplest214 Moreover, it is able to identify unwanted
by-products, structural damage, functional groups and
chemical modifications introduced during the prepara-
tion, processing or placement of graphene®. As a result,
a Raman spectrum is invaluable for quality control, and

for comparing samples used by different research groups.

The toll for the simplicity of Raman measurements is
paid when it comes to spectral interpretation. The spec-
tra of all carbon-based materials show only a few promi-
nent features, regardless of the final structurel?. How-
ever, the shapes, intensities and positions of these peaks
give a considerable amount of information, often com-
parable to that obtained by competing techniques that
are more complicated and more destructive!2. For ex-
ample, Raman spectroscopy can distinguish between a
hard amorphous carbon, a metallic nanotube or a doped
graphene samplel?.

In the past 6 years, there has been a significant step
forward in the understanding of Raman spectroscopy in
graphene, fuelled by new experimental and theoretical
results on doping!? 27, edges?® 32, strain and stress3* 40,
disordert4:33:41-43 " oridation??; hydrogenation®2, chemi-
cal functionalisation®, electrical mobility4748, thermal
conductivity42:39, electron-phonon4t22 57 and electron-
electron®!:23:24:36 interactions; magnetic field®® S7; inter-
layer coupling®® 72, As a result, the understanding of the
basic Raman processes has changed. Raman scattering
on phonons is to a large extent determined by electrons:
how they move, interfere, and scatter. Thus, any varia-
tion of electronic properties due to defects or edges, dop-
ing, magnetic fields, affects positions, widths, and intensi-
ties of the Raman peaks, enabling one to probe electrons
via phonons. Quantum interference effects22:22:72 play a
key role, and they can also be probed by this technique.

Here we review these new developments, and in-
corporate them into a general framework for Raman
spectroscopy in graphene based on a unified and self-
consistent terminology. We introduce the basic physics
of Raman scattering in graphene, and discuss the ef-
fects of edges, number of layers, defects and disorder,
and perturbations. We outline the history of the field,
interference™® and surface-enhanced™ Raman scatter-
ing in the Appendix (S4, S2 and S3, respectively), along
with the effects of polarization (S5), electric fields and
doping (S6), magnetic field (S7), uniaxial and biaxial
strain (S8), temperature (S9), isotopes (S10) and other
examples (S11).
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The key difference between our framework and those
published previously™” ™ is that we start from the gen-
eral picture of the Raman process, and show how the
numerous observed effects naturally arise from it. This
approach creates a unified view of Raman scattering,
thereby enabling one to better understand the observed

effects and, hopefully, anticipate new ones.

I. THE RAMAN SPECTRUM OF GRAPHENE

To understand the state of the art of Raman spec-
troscopy in graphene it is important to know the his-
torical development of the main ideas, nomenclature
and peaks assignment starting from graphite. We thus
give a detailed overview in Appendix S4, where we
also introduce some background concepts, such as Kohn
anomalies®®. Here we summarize the nomenclature and
current understanding of the main peaks.

Throughout this paper we will use the following no-
tation: I for a peak height, A for its area, Pos for its
position, FWHM for the full width at half maximum,
Disp for its dispersion (i.e. shift in peak position with
changing excitation energy). So, e.g., I(G) is the G peak
height, A(G) its area, FWHM(G) the full width, Pos(G)
its position, Disp(G) its dispersion.

The phonon dispersion of single-layer graphene (SLG)
comprises three acoustic (A) and three optical (O)
branches. The modes with out-of-plane (Z) motion are
considerably softer than the in-plane longitudinal (L) and
transverse (T) ones. Fig.1a plots the Electronic Brillouin
Zone (BZ) of graphene, the first phonon BZ, and the
schematic electronic dispersion (Dirac cones). Graphene
has 2 atoms per unit cell, thus six normal modes at the
BZ center T (Refs@ and @) Agy + Bay + E1y + Eay
(Fig. 1b). There is one degenerate in-plane optical mode,
Esy, and one out-of-plane optical mode Ba, (Ref@).
The FE,, phonons are Raman active, while By, is nei-
ther Raman nor Infra Red (IR) active8!. Graphite has 4
atoms per unit cell. Only half the carbons have fourth
neighbors that lie directly above or below in adjacent lay-
ers. Therefore, the two atoms of the unit cell in each
layer are now inequivalent. This doubles the number
of optical modes, and is responsible for the IR activity
of graphite®!. All the optical modes become Davydov-
doublets: The Es, generates a IR active Ey, and a Ra-
man active Esy, the B, goes into an IR-active Ay,
and an inactive Ba,. The antisymmetric combinations
of the acoustic modes are the optically inactive By, and
the Raman active Fa,;. The symmetric combinations
of the acoustic modes remain As, and Ej,. Thus, for
graphiteﬂ’gﬁ I' = 2(A2u + BQQ + Fq, + Egg)(Flglb)
There are now two Raman active Ey, modes, each dou-
bly degenerate.

The Raman spectrum of SLG consists of distinct
bands!2 (Fig.le). Fig.1d plots the optical phonon dis-
persions of SLG, relevant for the interpretation of the

Raman spectra+80:84 . The G peak corresponds to the

high frequency Es, phonon at I'. The D peak is due to
the breathing modes of six-atom rings (Fig.1c) and re-
quires a defect for its activationi1282 Tt comes from
TO phonons around the BZ edge K (Refs[11 and [17),
is active by double resonance®>88, and is strongly dis-
persive with excitation energy®” (Fig.1g), due to a Kohn
anomaly at K (Refl80). Double resonance can also hap-
pen as intra-valley process, i.e. connecting two points
belonging to the same cone around K (or K’). This gives
the so-called D’ peak. The 2D peak is the D peak over-
tone. The 2D’ peak is the D’ overtone. Since 2D and 2D’
originate from a process where momentum conservation
is satisfied by two phonons with opposite wavevectors,
no defects are required for their activation, and are thus
always presenti2:88,

The band at ~ 2450 cm~! in Fig. le was first reported
in graphite by Nemanich and Solin®?. Its interpreta-
tion was subject to debate, as discussed in Appendix
S4. It is assigned to a combination of D phonon and a
phonon belonging to the LA branch, seen at ~ 1100cm ™"
for visible excitation in defected samples, and called D"
peak22:20-93 Tt is indicated as D + D" in Fig. le.

The Raman spectrum of graphite and multi-layer
graphene consists of two fundamentally different sets of
peaks. Those, such as D, G, 2D and so on, present also
in SLG, and due to in-plane vibrations!t 4 and others,
such as the shear (C) modes®® and the layer breathing
modes (LBMs)® L due to relative motions of the planes
themselves, either perpendicular or parallel to their nor-
mal. The low-frequency F», mode in graphite was first
measured by Nemanich et al. in 197524 at ~ 42cm~'. We
called this mode C, since it is sensitive to the interlayer
coupling® (Fig. 1f). The absence of the C peak would
in principle be the most direct evidence of SLG. How-
ever, it is not warranted to use the absence of a peak as
a characterization tool, since one can never be sure why
something is absent. On the other hand, this mode scales
with the number of layers (N), going to ~ 31cm™? for bi-
layer graphene® (BLG) (Fig. 1f). The C peak frequency
is below the notch and edge filter cut of many spectrome-
ters, particularly those used for production-line monitor-
ing. This problem was overcome recently by combining a
BragGrate filter with a single monochromator® and, for
the first time, Pos(C) was measured for an arbitrary N
(Ref.[68). This method allows detection of similar modes
in any other layered material®®22, For Bernal stacked
samples, Pos(C) varies with N as®®:

Pos(C)y = \/%,/1 + cos (%) (1)

where o = 12.8 x 10'8 N/m3 is the interlayer coupling

and p = 7.6 x 10727 kg/A2 is the graphene mass per
unit area’®. LBMs can also be observed in the Ra-
man spectra of FLGs, via their resonant overtones in
the range 80 — 300 cm ™! (Refs. [69-72). Note that, albeit
being an in-plane mode, the 2D peak is sensitive to N
since the resonant Raman mechanism that gives rise to
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Figure 1. Electrons, phonons, and Raman spectrum of graphene. a, Electronic BZs of graphene (black hexagons),
the first phonon BZ (red rhombus), and schematic electronic dispersion (Dirac cones). The phonon wave vectors connecting
electronic states in different valleys are labeled by red Greek letters. b, I'-point phonon displacement pattern for graphene and
graphite. Empty and shaded circles represent inequivalent carbon atoms. Red arrows show atom displacements. Grey arrows
show how each phonon mode in graphene gives rise to two phonon modes of graphite. Their labeling shows Raman-active (R),
infrared-active (IR) and inactive (unlabeled) modes. ¢, Atom displacements (red arrows) for the A1y, mode at K. d, The black
curves represent the dispersion of in-plane phonon modes in graphene in the energy and frequency range relevant for Raman
scattering. The red lines represent Kohn Anomalies®?. The symbols are data taken from Refs[54 and [84. e, Raman spectra of
pristine (top) and defected (bottom) graphene. The main peaks are labeled. f1, C peak as a function of number of layers.f2
Fitted C and G peak positions as a function of inverse number of layers. The line passing through the C peak data is taken
from Eq.1. Flakes with N layers are indicated by NLG. Thus, e.g., 2LG is BLG, and 8LG is a 8-layer graphene.g, D peak
dispersion with excitation energy, data from Refl87.

it is closely linked to the details of the electronic band  peaks in the Raman spectrum8? 62.98.99,

structuret?14, the latter changing with N, and the layers
relative orientation?8. On the other hand, the C and LB
modes are a direct probe of N (Refs. @—Iﬁ), as the vibra- II. RAMAN PROCESSES IN GRAPHENE
tions themselves are out of plane, thus directly sensitive
to V. Because the fundamental LBM in bulk graphite is
a silent By, mode at ~ 128 cm™?, the observation of the
first-order LBM is a challenge.

The understanding of Raman spectroscopy in graphite
and related materials has challenged researchers for
decades. The reason is the richness of phenomena com-

Raman spectroscopy can also probe scattering of pho-  bined with the wealth of experimental information that
tons by electronic excitations. In pristine graphene, these must be consistently arranged to solve the jigsaw. An in-
have a continuous structureless spectrum?’, not leading troduction to Raman scattering is presented in Appendix
to any sharp feature. However, it was realized that in a S1, whereas surface-enhanced and interference-enhanced
strong magnetic field, B, when the electronic spectrum Raman spectroscopy in graphene are discussed in Ap-
consists of discrete Landau levels, the electronic inter- pendixes S2,53.

Landau-level excitations give rise to sharp B-dependent In graphene, graphite and nanotubes, Raman pro-
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Figure 2. Raman processes. Electron dispersion (solid black lines), occupied states (shaded areas), interband transitions
neglecting the photon momentum (vertical solid arrows), photon absorption (blue lines) and emission (red lines), intraband
transitions accompanied by phonon emission (dashed arrows), electron scattering on a defect (horizontal dotted arrows). a One-
phonon processes responsible for the G peak, which interfere destructively. Some processes can be eliminated by doping, such
as the one which is crossed out. b—g In the presence of defects, the phonon wave vector need not be zero, producing the D’
peak for intravalley scattering (b,c), and D peak for intervalley scattering (d—g). Besides the eh or he processes, where the
electron and the hole participate in one act of scattering each (b—e), there are contributions ee, hh, where only the electron (f)
or the hole (g) are scattered. For two-phonon scattering, momentum can be conserved by emitting two phonons with opposite
wavevectors, producing the 2D’ peak for intravalley scattering (h) and the 2D, D+D” peaks for intervalley scattering (i—k).
Jj,k show the ee and hh processes. 1 With defects, one intravalley and one intervalley phonon can be emitted, producing the

D+D’ peak. The processes f,g,j,k give a small contribution, as indicated by orange peak labels.

cesses involving up to six phonons can be easily
measured?? 92100101 - However, the vast majority of lit-
erature reports spectra up to ~ 3300cm~'. This restricts
our attention to one-and two-phonon peaks. We can also
distinguish between spectra measured on pristine sam-
ples (i.e., ideally defect-free, undoped, unstrained and
so on) and those measured on samples subject to exter-
nal perturbations (such as electric and magnetic fields,
strains and so on) or those with defects. We will cover
external perturbations below, as well as in Appendixes
S6-S9. Defect-activated peaks will be discussed now to-
gether with those not requiring defects for their activa-
tion.

In general, Raman scattering can be described by per-

turbation theory%2. An n-phonon process involves n + 1

intermediate states, and is described by an (n + 2)-order
matrix element, as given by Equation (S3) in Appendix.
Figure 2 plots the possible elementary steps of the Ra-
man processes contributing to each peak of graphene.
According to the number of factors in the denomina-
tor of Eq. (S3) that vanish, the processes can be classi-
fied as double resonant (Fig. 2b-g,j,k) or triple resonant
(Fig. 2h,i,]). Higher orders are also possible in multi-
phonon processes. Note that this classification is useful,
but approximate (valid when the electron-hole asymme-
try and the difference in energies of the two phonons are
neglected). The process in Fig.2a is not resonant.

One-phonon modes in defect-free samples can be Ra-
man active only if their symmetry is correct and their
wavevector is zero (i.e., they obey the fundamental Ra-



man selection rule, see Appendix S1). In graphene, only
the C and G peaks satisfy these requirements. The ener-
gies of the intermediate states are given by the difference
in energies of electrons in the empty 7* and filled = bands,
ef —e€f (with k the electronic wave vector), with or with-
out the phonon energy, h{2q—o at q = 0. The decay rate
of the intermediate states is given by the sum of the scat-
tering rates of the electron in the 7* band, 271’(7* /h, and
of the hole in the 7 band, 2+ /fi. The contribution from
the phonon decay is typically smaller.

Counterintuitively, the electronic wave vectors k
mostly contributing to the matrix element for the G
peak are not only those for which the excitation ener-
gies e’l:* — e lie within an interval ~ « from Aw;, or
hwr, — hfdq—o, where hwy, is the incident laser photon
energy. Instead, they are such that |ef — ef — fiwr| can
be of the order of Awy, itself, and there are strong can-
cellations in the sum over k (Refl52). These correspond
to destructive quantum interference. In fact, this inter-
ference can be controlled externally. Indeed, occupations
of electronic states can be changed by doping and, since
transitions from an empty state or to a filled state are
impossible due to Pauli blocking, doping can effectively
exclude some regions of k from contributing to the ma-
trix element (Fig. 2a). Due to suppression of destructive
interference, this leads to an increase of the G peak in-
tensity at high doping levels, as was predicted in Ref. 52
and observed in Refs. [19 and [20.

For two-phonon processes, the fundamental selection
rule can be obeyed by any pair of phonons with oppo-
site wave vectors, q, —q. The matrix element has four
contributions corresponding to processes when (i) both
phonons are emitted by the electron (ee), (ii) both
phonons are emitted by the hole (hh), and (iii) one
phonon is emitted by the electron, and the other by the
hole (eh and he). In principle, one could expect the two-
phonon Raman spectrum to be a broad band, as deter-
mined by the sum of phonon frequencies Qg + ° q from
branches «, 8 for all q, with possible features from van
Hove singularities in the joint phonon density of states.
However, resonance conditions favor phonon states with
q coupling electronic states k, k — q, either in the same
valley (i.e. with q near T'), or in different valleys (q near
K). But, it turns out that even amongst these q, very few
are selected by subtle effects of resonance and quantum
interference?t23. These effects are, of course, captured
by the direct integration over the electron momentum,
where they appear as cancelations in the sum over k,
but they are most easily understood by considering the
Raman process in real space.

Raman scattering in the real space was first considered
in 197419 and the spatial separation between electron
and hole in cascade multiphonon Raman scattering was
analyzed in 1983194, However, in the context of graphene
this approach was proposed only recently28:31:33  The
real-space picture is especially useful when translational
invariance is lacking due to defects or edges. It arises
because of separation of two energy scales: the electronic

energy € &~ hwr /2 (~ 1€V for visible Raman), and the
energy uncertainty de < e. For the triple-resonant pro-
cesses in Fig. [Zh,i,], de is of the order of the broadening
v (a few tens meV; Refsl41, 163, and ) For the double-
resonant processes in Fig. Pb-g,j.k, de is of the order
of the phonon energy A2, 0.17 or 0.20 eV for phonons
near I' or K, K’ (Ref. ) From the uncertainty princi-
ple, de determines the typical lifetime of the interme-
diate state, ~ h/de, be it real or virtual. This gives
the process duration, while ¢ = hAvg/de its spatial ex-
tent (vp ~ 10% cm/s ~ 7eV - Ah~! is the Fermi ve-
locity). For triple-resonant processes, v = 20 meV, we
have ¢ ~ hvp /v &~ 35 nm; for double-resonant processes,
¢~ vp/Q~ 3.5nm (for Q) = 0.2¢V). Since ¢ is much big-
ger than the electron wavelength, A, = hvp /e = 0.7 nm
for hwy = 2 €V, the electron and hole motion can be
viewed in quasi-classical manner, as shown in Fig[3] for
two-phonon processes. This is analogous to the geometri-
cal optics approximation for electromagnetic waves, with
electronic trajectories corresponding to light rays. The
quasi-classical picture arises when calculating the Raman
matrix elements in the coordinate representation?®. It
does not require real e, h populations, as it is a property
of wave functions.

From the real-space picture it is seen that two-phonon
processes are mostly contributed by those q which corre-
spond to e and h scattered backwards, otherwise e and
h will not meet in the same point. The backscattering
condition, corresponding to reversal of the direction of
the group velocity, agrees with the nesting condition of
Refl41l, and has been mentioned as early as in 1974192,
In particular, this eliminates the contribution from two
phonons with q = 0 which would correspond, e.g., to
the G peak overtone, explaining why the 2G peak is not
seen in the Raman spectrum (unfortunately many works
still mistakenly name the 2D’ peak as 2G). Also, the ee
and hh processes, where one of the carriers has to travel
longer than the other, are in conflict with the require-
ment that they travel for the same amount of time (this
would not be the case if e and h had strongly different
velocities). Strictly speaking, such processes, prohibited
in the classical picture (corresponding to de/e — 0), are
allowed in the full quantum picture, but they are weaker
than the dominant contribution. Note that the G peak
is also classically forbidden (e and h cannot meet at the
same point). Thus, one may wonder why it produces a
noticeable feature in the spectrum, while classically for-
bidden processes in two-phonon scattering are not seen.
One reason is that two-phonon processes contain a higher
power of the small electron-phonon coupling (EPC); an-
other is that the G peak is narrow (a few cm™1), while

the two-phonon bands spread over hundreds of cm ™.

In samples with defects the overall momentum conser-
vation can be satisfied by adding an electron-defect scat-
tering event to the process. We can thus have (i) one-
phonon defect-assisted processes, producing the D, D/,
D” and other smaller peaks, (ii) two-phonon defect-
assisted processes, such as those leading to the D + D’



Figure 3. Real-space Raman processes. The excitation photon promotes an electron with momentum p = Ak from 7 to
", thereby creating a hole in the 7 band with momentum —p, and energy —ej, as shown by the lightning. This process is
assumed to take place in a given point in space. e and h then move along classical trajectories, in directions determined by
their group velocities, vi = def /O(hK), v = def /O(hK), as shown by straight solid arrows. At some point, they emit phonons
(shown by wavy lines) or scatter on defects (shown by dots) or edges (hatched zones). To recombine radiatively and produce the
scattered photon (flash), e and h must meet with opposite momenta k', —k’ at the same point in space, after having traveled
for the same amount of time. (a), Trajectories for two-phonon processes. a; Trajectory for which radiative recombination is
impossible, even though momentum is conserved, because e and h cannot meet at the same point to recombine. az, trajectory
corresponding to an ee process, incompatible with the requirement that e and h travel for the same amount of time. as,
Trajectory corresponding to 2D, 2D’. Upon phonon emission, e and h must be back-scattered. a4, Trajectory corresponding
to D+ D’. (b), Scattering at edges. b1, Zigzag edge. bz, Armchair edge. bs, Equi-energy contours for electronic states
involved in the D peak. nz and n4 indicate directions normal to zigzag and armchair edges, respectively. ba, A trajectory not
contributing to the D peak, as e and h cannot meet after scattering.

peak. For one-phonon defect-assisted processes the ma-
trix element has the same form as two-phonon defect-free
processes, it is sufficient to replace the electron-phonon
Hamiltonian by the electron-defect Hamiltonian, and set
the frequency of the second phonon to zero. For the two-
phonon defect-assisted processes the situation is quite
different. The explicit formula for the matrix element
contains 48 terms, each having five matrix elements in
the numerator and a product of four factors in the de-
nominator. Fig[3h, shows that for the D + D’ peak there
is no backscattering restriction, so the phonon momenta
(counted from K and T') can be between 0 and wy,/(2vF).
Thus the D + D’ peak is much broader than 2D or 2D’,
since in the latter the magnitude of the phonon mo-
mentum is fixed by the backscattering condition, and
Pos(D + D’) # Pos(D) 4+ Pos(D’). Unfortunately, the
D + D’ peak is often labeled as D+G in literature, due
to lack of understanding of this activation mechanism.

These simple considerations can explain the peaks’ dis-

persions. E.g., in the 2D process (Fig. Bli), the photon
creates e and h with momenta p and —p, counted from
the Dirac points. These then emit phonons with mo-
menta hq = p—p’ and —hq (counted from the K point).
In the Dirac approximation for the electronic dispersion,
67{(*+p/h = _E;r(-l-p/ﬁ = vp|p|, and assuming isotropic
phonon dispersions around K, the magnitudes of p and
p’ before and after phonon emission are fixed by the res-
onance condition: 2vgpp = hwy, 2vpp’ = hwyp — 2ﬁQqTO.
The backscattering condition (Fig. Bh) fixes the relative
orientation of p,p’ (i.e., opposite directions), thus the
magnitude of q is:

o4y wp | wr— 200

= _— 4= 9 2
9 h 2’UF+ 2’UF ()

Neglecting Q:}FO, we estimate Disp(2D) as:

dPos(2D) 5 dQre dg 5 ﬁ )

dwr, dq dwrp, vR

Disp(2D) =



where v:;ro = quTO /dgq is the TO phonon group velocity.

Since dPos(2D)/dwy, ~ 100 cm™!/eV (Refl106), we ob-
tain vqTO ~ 0.006 vp. A similar argument holds for the
D+D” peak, whose experimentally observed dispersiona
—20cm ™! /eV is determined as v]© /vp+vE? /vp (the LA
phonon has a negative slope as the wave vector moves
away from the K point)22:197,

An understanding of the main contributions to the
widths of the Raman peaks in graphene has been re-
cently achieved. Besides the anharmonic and EPC terms,
which dominate the width of the G peak22:26:39 other fac-
tors can contribute to the widths of higher-order peaks.
One is the e, h dispersion anisotropy, since phonons
emitted by e with different p directions have different
frequenciesit. Another is the uncertainty in momen-
tum due to the electronic scattering rate?53, When all
these mechanisms are taken into account (note that they
are not simply additive), the experimental width of the
peaks, such as D and 2D, is reproduced!.

The intensities of the two-phonon peaks are sup-
pressed by electronic scattering?!:®3. Anisotropy of the
latteri®®:109 together with the EPC anisotropy?!, makes
the electronic states close to the K — M line (the so-
called inner resonance) dominate the two-phonon Raman
process for visible excitation, which explains recent ex-
perimental observations243%110  Different contributions
come to play when moving towards UV excitation.

For the D and D’ peaks, the electron and hole momenta
can have different magnitudes, depending on which of the
intermediate states is virtualt!, as shown in Fig. Bld,e.
Arguments analogous to those presented above give two
possibilities for the emitted phonon momentum: ¢ =
wr/vr and ¢ = (wp — QF)/vp. This means that D
could in principle have two components!! separated by
(wI®/vp)Ql® ~ 8 ecm™! (this should not be confused
with the two D peak components seen in graphite3?,
which reflect the three-dimensional electron dispersion,
as discussed in Section [V'2, nor with the broadening
and splitting expected for UV excitation). Such split-
ting, if present, should be seen in the Raman spec-
trum. However even in SLG with very few defects,
FWHM(D) a 20 cm~?, thus larger than this splitting.
This also means that Pos(D) can be slightly higher than
(1/2)Pos(2D), as the latter is uniquely determined by
@p = (wp — Q) /vp. For D, (v /vp)QL© ~2cm™,
thus the difference between Pos(2D’) and 2Pos(D’) is
barely detectable.

The intensities of different peaks were reported to
depend differently on the excitation frequency wr
(Ref. [112): while A(D), A(D'), A(2D) show no wr-
dependence, A(G) was found to be oc w}. The inde-
pendence of A(2D) on wj, agrees with the theoretical
prediction®3 if one assumes that the electronic scatter-
ing rate is proportional to the energy. For the G peak,
Ref. [52 predicted A(G) o« w? at low wy,, and strong en-
hancement of A(G) as wr, approaches the van Hove sin-
gularity corresponding to the electronic excitation at the
M point, reported to be as low as 4.6 eV (Refs. [113 and

[114). Tt cannot be excluded that the w?-dependence,
established empirically from measurements in the range
hwr, = 1.6 —2.7eV, corresponds to the crossover between
w? and the enhancement at the van Hove singularity.
For the D peak, Ref. 28 gave A(D) o wy,. The reason for
the discrepancy with experiments remains unclear. Note,
however, that a fully quantitative theory for A(D) and its
excitation energy dependence is not trivial since, in gen-
eral, A(D) depends not only on the concentration of de-
fects, but on their type as well (e.g., only defects able to
scatter electrons between the two valleys can contribute).
Different defects can also produce different frequency and
polarization dependence of A(D). Thus a wealth of in-
formation still remains to be uncovered from the D peak.

So far, we only considered Stokes processes. For anti-
Stokes, the resonance conditions are modified. For the
2D peak, the momentum of the absorbed phonons is de-
termined by an equation similar to Eq. (), but with
a “+” sign in front of 2950. Thus, the phonon mo-
menta in the anti-Stokes process are greater than those
in the Stokes process by 2(2:{0 /vp. This explains the

Stokes/anti-Stokes process difference?!:92:111;
»TO
Pos(2D)as — Pos(2D)g ~ 4920 4 ~34cm ' (4)
vF

As discussed above, the D, D’ peaks could, in princi-
ple, have two components. In this case, one of them has
the same frequency in the Stokes and anti-Stokes scat-
tering, while the other corresponds to a lower frequency
in Stokes, and an higher one in anti-Stokes (Ref. [111).

It is important to consider the Stokes/anti-Stokes
difference when determining the temperature 7T from
the Stokes/anti-Stokes ratio, both in nanotubes and
graphene, as the phonons involved in Stokes and anti-
Stokes are not the same, unlike what generally happens
in other materials, and contrary to what is required for
determining 7" from this ratio. Accurate calibra tions are
thus needed. It should come as no surprise if a mismatch
between expected and measured T arises.

III. EDGES

Edges are preferred sites to attach functional
groupst2, and their electronic and magnetic properties
are different from the bulk!®. Figs. 3by,by show zigzag
and armchair edges schematically. There is evidence that
such ideal edges can be produced by chemicaltS or ther-
mal treatmentstl?. However, most exfoliated samples,
even if with macroscopically smooth edges oriented at
well-defined angles, are in fact not necessarily microscop-
ically ordered, with disordered edges, often consisting of
zigzag and armchair segmentst17-118

Edges can be viewed as extended defects, breaking the
translational symmetry, even though a perfect zigzag or
armchair edge still preserves the translation symmetry
along the edge. An immediate consequence of symmetry



breaking is the D,D’ peak activation. However, a closer
look at the Raman process shows that a perfect zigzag
edge cannot produce the D peak22:31:119  Due to trans-
lational invariance along the edge, a perfect zigzag edge
cannot scatter electrons between the K and K’ valleys,
Fig.3bs. This does not apply to D’. This peak, not in-
volving intervalley scattering, can be activated both by
armchair and zigzag edges, since both nz, ny are com-
patible with the required intravalley scattering. This is
not enough to determine whether one type of edge is more
efficient than the other for D’-peak activation.

In the real space, a perfect armchair edge requires the
electronic momentum to be perpendicular to it, in order
to contribute to D, otherwise e and h cannot meet and
recombine radiatively (Fig. 3bs). Thus, k needs to be
along the I'=K—M line, in order to contribute to D peak.
This, in combination with the [e x k| dependence for the
dipole transition matrix element (e being the polarization
vector), discussed in Appendix S5, results in a strong
polarization dependence: I(D) o cos? 6, if the excitation
is performed with linearly polarized light, oriented at an
angle 6 with respect to the edge, and all polarizations
are detected for the scattered light, or I(D) o cos? 6 if
an analyzer, parallel to the polarizer, is used. For D’
the real-space picture is analogous to that for D. For
regular edges this leads to the same I(D’) x cos?6 or
cos* f dependence, as observed in Refs. , and [119.

For a disordered edge, I(D) and I(D’) do not vanish
even for § = /2 (polarization e perpendicular to the
edge). Indeed, the polarization dependence for a disor-
dered edge, is determined by contributions from armchair
and zigzag segments with different orientations. The ra-
tio I(D)sin/I(D)max can be used as a measure of edge
imperfection?!.

The G peak, even though present in the bulk, can
be modified near an edge. The edge changes the elec-
tronic states, which affects (i) the EPC correction to the
phonon frequency, and (ii) electron-phonon and electron-
photon matrix elements, responsible for the Raman pro-
cess itself!2?. The correction to the phonon frequency
vanishes for displacements perpendicular to the zigzag or
armchair edge. The electron-phonon and electron-photon
matrix elements vanish when displacements or light po-
larization are parallel (perpendicular) to the zigzag (arm-
chair) edge. Thus, one of the two modes (depending on
edge type) does not show a Kohn anomaly, and does
not contribute to the Raman spectrum. This gives (i)
position-dependent Pos(G)*2%; (ii) strong polarization
dependence of I(G) near the edge: I(G) o cos?6 for
a perfect armchair and I(G) o sin? @ for a perfect zigzag
edge, allowing the edge type to be probed3? and even
controlled!2!,

IV. NUMBER AND RELATIVE ORIENTATION
OF LAYERS

There is a significant change in shape and intensity
of the 2D peak when moving from SLG to graphitel?
(Fig. 4a). The same holds for the D peak, as shown in
Fig. 4b, where the D peak at an SLG edge is compared
to that at a graphite edge. The 2D peak in graphite
has two components 2D; and 2D, (Refs. |89 and [106),
roughly 1/4 and 1/2 of I(G). Fig.4a plots the evolution
of the 2D peak as a function of N for 514.5 and 633nm
excitationst?. Fig.4c shows that BLG has a different 2D
peak compared to both SLG and graphite!2. It has four
components, 2D, 2D1a, 2Dsa, 2Dop, two of which,
2D1a and 2D5a, have higher intensities. For N > 5 the
spectrum is hardly distinguishable from graphite. We
note that Refl64 used the evolution of the G peak in a
strong magentic field to identify a four-layer sample.

The evolution of the electronic bands with N explains
the 2D peak change!?. In BLG, the interaction of the
graphene planes causes the 7 and 7* bands to divide in
four, with a different splitting for e and h (Fig. 4d). The
incident light couples only two pairs of the four bands,
(Fig. 4d). On the contrary, the two almost degenerate
TO phonons can couple all bands. The resulting four
processes involve phonons with momenta qig, qi1a, 924,
qqop (Fig. 4d). qi1a, 24 link bands of the same type and
are associated to processes more intense than qip, qaB,
since the portion of the phase space where triple reso-
nance is satisfied is larger. These correspond to differ-
ent frequencies, due to the phonon dispersion around K
(Fig. 1d) (Refl80). This gives four peaks in BLG12. Their
excitation-energy dependence is determined by both elec-
tron and phonon dispersions. Measuring it probes the
interlayer coupling for both97:122,

We now examine bulk graphite!?423, In this case the
electronic energy depends on the wave vector along the
(001) direction, k;. For a fixed k), the in-plane dis-
persion is similar to that of BLG, with the splitting be-
tween the branches depending on k). In principle, the
excited phonons can have any perpendicular wave vector
q. , however, the main contribution comes from the one-
dimensional van Hove singularity at ¢, = 0. The result-
ing in-plane phonon momenta qi15, qia, 424, g2 depend
on k, of the excited electron and hole. Summation over
all possible k| gives a distribution of allowed q’s, in turn
associated to a Raman frequency distribution. The lower
branch of the graphite electronic dispersion has weaker
dependence on k; than the upper one. Thus, also qop,
corresponding to the only process not involving the up-
per branch, has weaker dependence on k; than qip, qia,
qoa- As a result, 2Dop appears as a sharp peak, while
others merge into a low-frequency shoulder.

Not all multilayers are Bernal stacked. In fact, it is
possible to observe more complex 2D shapes than those
described thus far, e.g., in samples grown by carbon seg-
regation or chemical vapor deposition, as well as some-
times in bulk or exfoliated samples®®124. In principle,



T T T T T ———— T g T T T
514nm a b edge L C 2D, D, 2D,, 2D, | BLG d f
raphite L 4
graphite L arep J BLG e ! J\‘
¥ Graphite
- —_ = —~ A
2 10 layers Bl & [51450m = ]
< R =~ = Metallic SWNT
> > = g o
= |5layers = n F 7]
7] ol S S T
; 3 2 c Semicond SWNT N
= i<
© [2layers £ L low sp’ amorphou; J
s
1 L
L . L i e —— 1 R R R R
2600 2700 2800 1300 1350 1400 2550 2600 2650 2700 2750 2800 | R A 1500 2000 2500 3000
i 1

Raman shift (cm™) Raman shift (cm™) Raman shift (cm™)

Raman Shift (cm™)

e

Overlap

Intensity (A.U.)
213
= | ©
o
(3
E'ID) I(G)] (eV*)

' D+ZO"

1500 1800 2100 2400 270013000 3300
Raman shift (cm™)

L, (nm)

ey L
1450 1500 1550 1600 1650 1700 1750 1800 1850

Raman shift (cm™)

Figure 4. Dependence of the Raman spectra on number of layers and disorder. (a) 2D peak as a function of N
for 514nm excitation. Flakes are labeled as in Fig.1f (b) D peak at the edge of graphite and SLG. (c) 2D peak of BLG
measured at 514.5 and 633nm. In b,c the red curves show multiple Lorentzian fits, and the green curves show the individual
Lorentzian components, labeled by D with corresponding subscripts. (d) Phonon wave vectors corresponding to the 2D peak
in BLG. (e) Raman spectra of two individual SLG juxtaposed to create a twisted BLG. The inset shows the sample. (f)
Raman spectra of graphite, metallic and semiconducting nanotubes, low and high sp® amorphous carbons.(g) Amorphisation
trajectory — E7[I(D)/I(G)] as a function of Lp for different excitation energies Ez*>#%. The dashed blue line is obtained from
the empirical model of Refl4d. The solid black and red lines are o LE,Q and o L% dependences, respectively. The shaded
area accounts for the upper and lower limits given by the 30% experimental error.(h) Combination modes close to the G peak
as a function of N. Flakes are labeled as in Fig.1f. The peaks~1500cm™" and between~1700 and 1840cm ™" are assigned as

anti-Stokes and Stokes combinations of the Eoy LO and the Bay, ZO’ (layer-breathing mode) phonons, respectively=*

any relative orientation and stacking of the graphene
layers could be possible, and this would be reflected in
a significant change of the band structure?®. Indeed,
some orientations and stackings do result in a Dirac-like
spectrum?®, thus giving a SLG-like 2D peak, even in few-
layer graphene (FLG). It was noted in early studies that
turbostratic graphite has a single 2D peaki2®, but with
FWHM(2D) almost double than SLG, and Pos(2D) up-
shifted by ~ 20 cm~!. Turbostratic graphite has often a
D peak!25, thus defect induced broadening. It is possible
to prepare multilayers with any relative orientation®2.
Fig.4e compares the spectra of two SLG and a BLG
formed by their juxtaposition. The SLG 2D peak shape
is preserved in the twisted BLG. Thus, a detailed study
of the 2D peak shape can bear important information
on the multilayer interactions, and the presence of Dirac
electrons in FLG®124 On the other hand, especially
when characterizing grown samples, care should be taken
in asserting that a single-Lorentzian 2D peak is proof
of SLG. This could also be consistent with turbostratic
or twisted FLG, especially if broader than in exfoliated
SLG. By carefully studying the shape and width of the
2D band, it is then possible to distinguish between dif-

69,72

ferent stackings2® and relative orientations!2?. Another

signature of twisted BLGs is the appearance of two one-
phonon peaks, one in the region~1350-1550cm !, and
the other around 1620cm~'. These peaks, non-dispersive
with wy, are due to phonons with wave-vectors deter-
mined by the period of the superlattice that is formed by
the superposition of the two SLGs and that relaxes the
fundamental selection rule q = 0 (Refs[124 and [129).

It is also interesting to note that single-wall nanotubes
show a sharp 2D peak, similar to SLG (ref. [130), while
double or multiple peaks can be observed in multi-wall
tubest3!. Their shape and position bears information on
the interaction and relative orientation of each tube, and
their diameters.

As discussed in Section [l another method to probe N
and stacking order in multilayer graphene is based on Ra-
man signatures of out-of-plane vibrations®® 2. In SLG,
the two out-of-plane modes Ay, and By (Fig.1b) are not
Raman-active. Fig.4h shows that close to the G peak
there are other features whose position changes with N.
Of interest is the peak between 1700 and 1750 cm ™! as-
signed as the combination of the F, LO phonon and the
Bs, ZO' phonon (LBM)&:72. This corresponds to a dou-



ble resonant process and its frequency depends on the
laser excitation energy Ep. Its anti-Stokes combination
can also be seen in Fig.4h below the G peak. Moreover,
in FLG this splits into several components, as the num-
ber of LBMs and their frequencies depend on N and on
the stacking order. The C peak also bears direct infor-
mation on interlayer coupling, scaling with N (Fig.1f)
(Ref@). Note that, even though the 2D peak shape
reflects the change in the band structure with N (and
this very change is what allows one to determine N), the
phonons involved are always in-plane, while the C and
LBM phonons involve the relative motion of the planes,
thus are a direct probe of layering.

V. DEFECTS AND DISORDER

Quantifying defects in graphene related systems, which
include a large family of sp? carbon structures, is cru-
cial both to gain insight in their fundamental proper-
ties, and for applications. In graphene, this is a key step
towards the understanding of the limits to its ultimate
mobility47:48:132

Ref[17 introduced a three stage classification of disor-
der, leading from graphite to amorphous carbons, that
allows to simply assess all the Raman spectra of carbons:
(1) Graphite to nanocrystalline graphite; (2) nanocrys-
talline graphite to low sp® amorphous carbon; (3) low sp?
amorphous carbon to high sp® amorphous carbon. In the
study of graphene, stages 1 and 2 are the most relevant
and are summarized here.

In stage 1 the spectrum evolves as follows!?: (a) a D
peak appears and I(D)/I(G) increases; (b) a D’ peak
appears; (c) all peaks broaden, so that D and 2D lose
their doublet structure in graphite; (d) the D + D’ peak
appears; (e) at the end of stage 1, G and D’ are so wide
that is sometimes more convenient to consider them as a
single, upshifted, wide G band at ~ 1600 cm™".

In their seminal work, Tuinstra and Koenig noted
that I(D)/I(G) wvaried inversely with the crystal
size, L,: I(D)/I(G) = C(\)/Lg,, where C(514 nm) ~
4.4nmALA33:134 (X — 7c/wp is the excitation wavelength).
Initially, this was understood in terms of phonon confine-
ment: the intensity of the forbidden process would be
ruled by the “amount of lifting” of the selection rulel!,
Agq < 1/Ax, where the coordinate uncertainty Az ~ L,.
Now, it is understood theoretically and established ex-
perimentally that the D peak is produced only in a small
region of the crystal (size ~ vp/QT9 ~ 3 — 4nm) near a
defect or an edge2®:31:42:135  For a nanocrystallite, I(G) is
proportional to the sample area, oc L2, while I(D) is pro-
portional to the overall length of the edge, which scales
as L,. Thus, I(D)/I(G) x 1/L,. For a sample with
rare defects, I(D) is proportional to the total number of
defects probed by the laser spot. Thus, for an average in-
terdefect distance Lp, and laser spot size L, there are on
average (L1, /Lp)? defects in the area probed by the laser,
thus I(D) o< (L1, /Lp)?. On the other hand, I(G) is pro-
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portional to the total area probed by the laser < L2, thus
I(D)/I(G) = C"(\)/L3%. For very small Lp, one must
have C”(\)/L%, = I(D)/I(G) = C(\)/L,. This condi-
tion gives an estimate of C”/(514 nm) ~ 90 nm. Refl42
measured I(D)/I(G) for irradiated SLG with known Lp,
derived from scanning tunneling microscopy, obtaining
I(D)/I(G) ~ 145/L% at 514nm, in excellent agreement
with this simple estimate (Fig.4g).

For an increasing number of defects, the Tuinstra-
Koenig relation, in either form, must eventually faill2.
The “molecular” picture outlined in Appendix S4 helps
understanding what happens!®. For high disorder, sp?
clusters become smaller and the rings fewer and more
distorted, until they open up. As the G peak is just
related to the relative motion of sp? carbons, we can
assume I(G) to be roughly constant as a function of dis-
order. Thus, with the loss of sp? rings, I(D) will now
decrease with respect to I(G) and Tuinstra-Koenig re-
lation will no longer hold. For very small L, or Lp,
the D peak strength is proportional to the number of
6-fold rings in the laser spott®. Thus, in amorphous car-
bons the development of a D peak indicates ordering, ex-
actly the opposite to graphene!®. The proportionality of
I(D)/I(G) to the number of rings leads to a new relation
for stage 2: I(D)/I(G) = C’(\)L%. Imposing continuity
with the Tuinstra-Koenig relation at L, = 3 nm gives
C'(514nm) ~ 0.55 (Refl15) (Fig.4g).

The spectrum in stage 2 evolves as followsid: (a)
Pos(G) decreases from~ 1600cm ™! towards~ 1510cm™—1;
(b) the Tuinstra-Koenig relation fails; I(D)/I(G) — 0;
(¢c) Pos(G) acquires a dispersion as a function of exci-
tation energy, the bigger the stronger the disorder; (d)
there are no more well defined second-order peaks, but a
small modulated bump between 2300-3200cm™~! (Fig.4f).

In disordered carbons Pos(G) increases as the excita-
tion wavelength decreases, from IR to UVC. Disp(G) in-
creases with disorder. This separates the materials into
two types. In those with only sp? rings, Disp(G) sat-
urates at~ 1600 cm~!, Pos(G) at the end of stage 1.
In contrast, for those containing sp? chains (such as in
amorphous and diamond-like carbons), Pos(G) continues
to rise past 1600cm ™! and can reach 1690cm™—" for 229nm

excitationd.

The D peak always disperses with excitation energy,
however, the higher the disorder, the lower Disp(D), op-
posite to G (Refll6). Finally, FWHM(G) always in-
creases with disordert3¢. Thus, combining I(D)/I(G)
and FWHM(G) allows one to discriminate between stages
1 or 2, since samples in stage 1 and 2 could have the
same I(D)/I(G), but not the same FWHM(G), being
this much bigger in stage 2 (Refs/43 and [136).

It is important to understand what the maximum in
Fig. 4¢ means. I(D) increases as long as the contributions
from different defects add up independently. However, if
two defects are closer than the average distance an e, h
pair travels before scattering with a phonon, then their
contributions will not sum anymore. Sec.3 estimated it
as vp/QT9 ~ 3.5nm. This agrees with the predictions



of Ref15 and the measurements in Refs[42 and [43.

The excitation energy dependence of the peaks areas
and intensities, discussed in Sec. [Il can be exploited to
generalize the amorphisation trajectory for any visible
excitation energy. Fig.4g plots Ef[I(D)/I(G)] as a func-
tion of Lp, as measured in Ref , where Ej, = hwy, is the
laser excitation energy in eV. The data with Lp > 10nm
obtained with different laser energies collapse in the same
curve. In this regime the I(D) is proportional to the num-
ber of point defects, giving rise to I(D)/I(G) 1/LD, as
discussed above. A fit to the experimental data gives*3:

4.3+1.3)x10% [I(D)] "
L2 2 — ( |: 5
b (nm) BVl LG (5)
In terms of defect density n%, = 1/(7L%), np(cm™2) =
10" /(rL3):
np(em™2) = (7.3 £ 2.2) x 10°E} (eV*) HD)

G (6)

For the high defect density regime (stage 2, with Lp <
3nm), I(D) decreases with respect to I( a as Lp de-
creases, leading to I(D)/I(G) o< L} Ref The red
line in Fig.4g is the fit to the data Wlth Lp <3nm giving:

L3 (nm?) = (5.4 x 1072) B} (eV*) %, (7)
ooy 5.9 x 10% [1(D)] "
ben™) = 22 [ ©

The proportionality factor in Eq[] at 2.41eV is~
(0.55)71, in excellent agreement with that proposed by
Ref

Note that these relations are of course limited to Ra-
man active defects, but one has to bear in mind that there
are also non-Raman active defects. E.g. perfect zigzag
edges31112  charged impurities?!22, intercalants®3, uni-
axial and biaxial strain®732 do not generate a D peak.
For these types of “silent” defects, other Raman signa-
tures can be used. A perfect zig-zag edge does change
the G peak shape3?120  while strain, intercalants, and
charged impurities have a strong influence on the G and
2D peaks?! 23:37, In this case, the combination of Raman
spectroscopy w1th other mdependent probes of the num-
ber of defects can provide a wealth of information on the
nature of such defects.

VI. EFFECT OF PERTURBATIONS

The Raman spectrum of graphene is quite sensitive to
changes in many external parameters, such as strain, gate
voltage, magnetic field and so on, making it a powerful
and useful characterization tool. These can modify (i) the
phonon properties (i.e., their energies and decay rates),
or (ii) the Raman process itself. Effects of the first type
can only change positions and widths, not frequency-
integrated intensities, because the total spectral weight
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of each phonon state is conserved under perturbations.
Thus, by studying peak areas and their dependence on
various parameters one can extract detailed information
on the Raman process, in particular on the electronic
excitations, which are intermediate states. This is espe-
cially true for triple-resonant processes, among which the
2D process is the most convenient to analyze. The 2D’
process will be analogous to the 2D process in most situ-
ations, but the 2D peak is more intense due to Coulomb-
induced EPC enhancement®!:56:88  Appendixes S6-S10
overview the effect of various types of perturbation on the
Raman spectra: electric field and doping (S6), magnetic
field (S7), uniaxial and biaxial strain (S8), temperature
(S9), isotopic composition (S10).

VII. BEYOND GRAPHENE

The quest to understand the Raman spectrum of
graphite started over 40 years agot!. This may be the
longest any Raman spectrum has been studied for, and
is bound to continue for years to come. The availability
of monolayer graphene widened even more, if at all pos-
sible, the appeal for this technique. The study of Raman
scattering in other layered materials has just begun. We
note that the seminal work of Novoselov et al437 not only
indicated how to produce graphene by micromechanical
cleavage, but also reported layers of other materials, such
as MoS;. The Raman spectra of the bulk counterparts
of these materials were studied many years ago, often
by the same authors interested in graphite, such as Ne-
manich et al. for boron nitride!2®. Now that individual
monolayers and multilayers are available, there is a resur-
gence of Raman studies on them. Many of these are po-
lar materials, thus will behave differently from graphene
as a function of N, as discussed in Refl139 for boron
nitiride. Also, some of them are wide-band gap and
greatly benefit from UV Raman measurements to reach
resonance!#?. The current interest in topological insula-
tors, especially based on materials like BiSe, BiTe, finds
in Raman spectroscopyt! an obvious means to probe
their phonons and electronic interactions down to their
individual units (e.g. a quintuplet in the case of BiSe).
Thus far, MoS; is one of the most studied by Raman
spectroscopy. The Raman spectrum of bulk MoSs con-
sists of two main peaks at~ 382cm™! and~ 407cm ™! a
signed to the E2q in-plane and A;4 out of plane modes
respectivelyl42. The former red shifts, while the latter
blue shifts with N Ref . Moreover, they have op-
posite trends when going from bulk MoSs to single-layer
MoSs, so that their difference can be used to monitor NV
(Refl143). However, the trends are not fully understood
and more work is needed to clarify the changes with N.
Raman spectroscopy of C and LB modes is also a useful
tool to probe these materials. These modes change with
N, with different scaling for odd and even N (Ref93).
The combinations of two-dimensional crystals in three-
dimensional stacks could offer huge opportunities in de-



signing the functionalities of such heterostructures®144

One could combine conductive, insulating, superconduct-
ing and magnetic 2d materials, tuning the performance
of the resulting material’44, the functionality being em-
bedded in the design of such heterostructurest44. Lay-
ered materials can be exploited for the realization of het-
erostructures. The interactions between different lay-
ers inside heterostructures and hybrids is expected to
be weak if van der Waals forces hold them together.
In this case, the vibrations of heterostructures and hy-
brids will consist of those from the individual building
blocks. Therefore, Raman spectroscopy will be a useful

tool to probe the stoichiometry of heterostructures and
hybrids.

APPENDIX
S1. RAMAN SCATTERING

Raman scattering?1? is the inelastic scattering of pho-
tons by phonons (or other excitations), Fig. S1. A photon
impinging on a sample creates a time-dependent pertur-
bation of the Hamiltonian. Due to the photon fast chang-
ing electric field, only electrons respond to the perturba-
tion. The electronic wave-functions of the perturbed sys-
tem can be written as a linear combination, with time-
dependent coefficients, of all the wave-functions of the
unperturbed system. The perturbation introduced by
a photon of energy hwjy increases the total energy to
FEgs + hwr, where Egg is the ground state energy. In
general, Fgs + hwr does not correspond to a station-
ary state, therefore the system is said to be in a virtual
level. In classical language, a virtual level corresponds to
a forced oscillation of the electrons with a frequency wry,.
Once the photon realizes that the system has no station-
ary state of energy Fggs + hwp, it leaves this unstable
situation. We can formally consider the photon as being
emitted by the perturbed system, which jumps back to
one of its stationary states.

Rayleigh scattering takes place when the system re-
turns to its initial state, and the frequency of the emit-
ted photon remains the same as the incident one. This
is also called elastic scattering, and all that can hap-
pen to the photon is a change in its propagation direc-
tion. Still, Rayleigh or elastic scattering can give useful
informationt?145 Graphene is indeed one of the most
successful examples'?, since elastic scattering is now com-
monly used to image the flakes and derive the number
of layerst?™8.  The presence of an appropriate spacer,
such as the typical 300 nm SiOy over Sit37, can en-
hance significantly the incident field amplitude within
graphene, thus its visibility2718. Had not been for this
effect, that enabled to see SLG flakes simply using an
optical microscope!3?, the whole graphene research field
may never have gained momentum.

Raman scattering happens when, with a much lower
probability than Rayleigh scattering, the photon can lose
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Figure S1. Raman Scattering. (a) Stokes. An incoming
photon wr, excites an electron-hole pair e-h. The pair decays
into a phonon 2 and another electron-hole pair e-h’. The lat-
ter recombines, emitting a photon wge. (b) Anti-Stokes. The
phonon is absorbed by the electron-hole pair. (c¢) Rayleigh
and Raman scattering in resonant and non resonant condi-
tions.

part of its energy in the interaction process, thus exiting
the sample with a lower energy fiwg.. This corresponds to
the Stokes (S) process. Since the sample has to return to
a stationary state, the energy loss must correspond to a
phonon energy, hwy, —hws. = hS). If the incoming photon
finds the sample in an excited vibrational state, and af-
ter the interaction the system returns to its ground level,
the photon can leave the crystal with an increased energy
hwse = hwyr, + A, This corresponds to the Anti-Stokes
(AS) process. Given that S is the most probablet®? the
vast majority of Raman spectra in literature are S mea-
surements plotting the intensity of the scattered light as
a function of the difference between incident and scat-
tered photon energy, the so called Raman shift. Even
though the Raman shift units should be those of energy,
it is historically plotted in cm~!. These can be converted
in meV using the relation 1 meV = 8.0655447 cm~!. The
S/AS ratio depends on the sample temperaturel®?, and
is a very popular method to monitor it. However, in
graphene and nanotubes, the nature of the resonant pro-
cess has to be carefully considered when comparing S/AS
intensities, since the resonance windows for incident and
scattered photons are different46:147. Not doing so gives
wrong temperature estimations.

Non-resonant Raman scattering is when Egg + hwr
does not correspond to a stationary state, as is indeed



the case for most materials. If the excitation is selected
to match a specific energy level!?2, then the process is
resonant, and the intensities are strongly enhanced, as a
result of the greater perturbation efficiency. In a quan-
tum mechanical description, this corresponds to a van-
ishing denominator in the perturbation theory expression
for the transition amplitude. Resonant Raman scatter-
ing has been intensely studied since the 1960-1970s for
semiconductors (see Ref[148 for a review).

For IR-UV light, the main scattering mechanism
involves electronic excitations as intermediate states,
rather than direct photon-phonon coupling, because the
laser energy is large compared to the phonon energy4?.
This is even more so for carbon allotropes, since they are
non-polar. Thus, the study of the Raman spectra can
shed light on the behavior of electrons®3#8, and comple-
ment transport measurements. The Raman intensities
calculations in solids date back to the 1960s, with free
electron-hole (e-h) pairst®® and excitons!®! as intermedi-
ate states. Graphene differs from usual semiconductors in
several aspects, with important consequences. First, the
linear gapless electronic dispersion implies resonances for
any excitation frequency. Second (related to the first),
there are no excitons in the sense of real bound states
of the electron and the hole. Third, in the IR-visible
range, the electronic spectrum has approximately sym-
metric conduction and valence bands, while for semicon-
ductors the difference between e and h effective masses
me, my, is usually of the order of m., m;, themselves, and
often my, > m L9, Still, Raman scattering for semicon-
ductors with equal masses was previously studied, both
theoretically and experimentally. In indium halides (such
as InBr,Inl) m. = my, and their Raman spectra were
found to exhibit peaks up to 20th order; even-order peaks
being more intense than odd-order ones22. This was as-

signed to full resonancel®®, which is of direct relevance
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for even-order peaks in graphene.

If k;, and wy, = cky, are the wave vector and frequency
of the incoming photon, kg, and wg. = ckg. those of the
scattered photon (¢ being the speed of light), and q and
g those of a phonon belonging to the branch v, then
energy and momentum conservation give:

wr, :wscﬂ:Qg, (Sl)
kL = ksc + q. (82)

In the S process a phonon is created (“+7), in AS one
is annihilated (“—”). Typical Raman experiments are
conducted in the 1064 — 229nm range, corresponding to
1.2—5.4eV1319:87  Gince the lattice parameter, a, is of the
order of a few A (1.42A in graphene?), kr, ks. < 7/a, the
magnitude of a zone boundary wavevector. Then, from
Egs.(S1,52), ¢ < ©/a, i.e. in first-order scattering only
phonons near I' (q &~ 0) are measured. This is sometimes
referred to as the fundamental Raman selection rule.

The emission of two phonons with opposite wavevec-
tors can always satisfy the fundamental selection rule:
q+ (—q) = 0. Since each individual q a priori can be
arbitrary, all phonons may contribute to a multi-phonon
process. Thus, in principle the multiphonon Raman spec-
trum will reproduce the main features of the phonon den-
sity of states (PDOS), and can be used to derive impor-
tant information on the phonon branches, as done, e.g.
in hexagonal boron nitride, h-BN*4?, Graphene is yet
again special: only very few intense features are seen,
not corresponding to the PDOS maxima!22%, due to the
peculiar nature of the resonant process and the electron-
phonon and electron-electron interactions!2:2%:88  h-BN,
albeit with an hexagonal lattice as graphene, is a wide
gap semiconductor and, unless Raman spectroscopy is
performed in the deep UV132:140 i not resonant.

In general, Raman scattering can be described by per-
turbation theoryt%2. For an n-phonon process we have
an (n + 2) order matrix element:

M= D (hwp — Ep +i00/2) .. (hwy, — By + i01/2)(hwy, — Eo + ilo/2)

$05-+,8n

with |¢) the initial state (incident photon with frequency
wr, polarized along a unit vector ey,), |f) the final
state (scattered photon with frequency wg. and polariza-
tion egut, and n phonons left in the crystal), while sy,
k = 0,...,n, label the intermediate states where no
photons are present, but an e — h pair is created and
k phonons emitted. Fj and I'y/h are the energies and
decay rates of these intermediate states. He™ and HPh
are the Hamiltonians describing the interaction of elec-
trons with the electromagnetic field and with phonons.
In practice, for n > 1, the enumeration of all possible in-
termediate states is cumbersome, so that a diagrammatic

(S3)

scattering formalism is useful for a systematic analysis of
all relevant terms. According to the number of vanishing
denominators in Eq. (S3), the process can be classified
as double-resonant or triple-resonant. Higher orders are
also possible in multiphonon processes.

Each term in the sum of Eq. (83) can be viewed as
the complex amplitude of the corresponding elementary
process with given intermediate states. These ampli-
tudes may add up in phase or out of phase, which would
correspond to constructive or destructive quantum in-
terference. For non-interacting electrons in a defect-free
crystal, the summation over the intermediate states in



Eq. (S3) is reduced to an integration over the electronic
momentum. In the presence of defects, the momentum
is not a good quantum number for electronic wave func-
tions. Still, if the density of defects is not very high,
their effect on the wave functions can be treated pertur-
batively. This corresponds to introducing more interme-
diate states, as well as matrix elements of electron-defect
scattering, (si+1|Hger|s:), in Eq. (S3), and again inte-
grating over the electronic momentum. This procedure
treats electron scattering on defects analogously to scat-
tering on phonons, so that a defect can be viewed as a
phonon with zero frequency.

Given M, one should sum its square over the phonon
wavevectors, either with fixed total energy, to obtain the
frequency-resolved intensity I(w), or over all energies, to
get the frequency-integrated peak intensity A:

Hwse) o [ IMP8@G +.. 4+ 05 - ws) Ear ..,

(54)

A= / I(wSc) dwge / |M|2d2q1 .- -d2qn7 (85)
wgcEpeak

where qi,...,q, are the wave vectors of the emitted

phonons, v1, ..., vy their branch labels, and Qg , ..., Qg
are their frequencies. The frequency-integrated inten-
sity is more robust with respect to various perturba-
tions of the phonon states. Indeed, for dispersionless
undamped phonons, 27, the shape of the n-phonon peak
is x d(wse — nQ”) with zero width, infinite height, but
well-defined area. If the phonons are allowed to decay
(e.g, into other phonons due to anharmonicity®® or into
e-h pairs due to EPC%4), the é-peak is broadened into a
Lorentzian, but the area is preserved, as the total num-
ber of phonon states cannot be changed by such pertur-
bations. If phonons have a weak dispersion, then states
with different momenta contribute at slightly different
frequencies. This may result in an overall shift and a non-
trivial peak shape, but frequency integration across the
peak means counting all phonon states, as in the disper-
sionless case. Thus, the frequency-integrated intensity is
preserved as long as M is not changed significantly by
the perturbation. The latter holds when the perturbation
is smaller than the energy scale determining M. This is
usually dominated by electronic broadening, and often
larger. Converting energy into time by the uncertainty
principle, if the process is faster than phonon decay, the
total number of photons emitted within the given peak
(i. e., integrated over frequency across the peak), is not
affected by phonon decay, although their spectral distri-
bution can be.

Raman spectroscopy can also probe scattering of pho-
tons by electronic excitations. In pristine graphene
electronic excitations have a continuous structureless
spectrum?’, which does not lead to any sharp fea-
tures. However, in a strong magnetic field, B,
when the electronic spectrum consists of discrete Lan-
dau levels, the electronic inter-Landau-level excitations
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give rise to sharp B-dependent peaks in the Raman

spectrum89:61,98.99

S2. INTERFERENCE-ENHANCED RAMAN
SCATTERING

In general the Raman intensity depends on the square
of the incident field amplitude!®2. Thus it can also be
enhanced by a proper choice of substrate and spacer,
resulting in the so called Interference Enhanced Ra-
man Scattering (IERS). This is a common occurrence
in graphene”™ 7 and the reasons are analogous to those
enabling its visibility on a substrate™2. Due to inter-
ference, the enhancement varies as a function of both
excitation and emission wavelengths, being in principle
different for different Raman peaks. The transfer matrix
method can be used to evaluate the effect of substrate
interference and sample absorption”®. First, the incident
amplitude E(z) in the sample is evaluated, as a func-
tion of sample thickness . The Raman absorption at
depth z is proportional to |E(x)|?. Next the emissivity
Eg(z) from depth z at the corresponding Stokes-shifted
frequency is calculated”®. The Raman intensity is then
proportional to fzdzo |E(x)|?|Er(x)|[*dz. This shows that
changes with respect to an “intrinsic” I(2D)/I(G) are
small for a SLG on 300 nm SiOs measured at 514 nm.
Thus it is safe to compare this ratio amongst different
samples and assign its variation to doping or other ex-
ternal perturbations. However, different substrates or
wavelengths, may result in IERS changes of 1(2D)/I(G)
even for the same sample. On the other hand, an optimal
interference-enhancing substrate could be designed, with
uniform enhancement across different Raman bands (so
that their ratios do not change), at the same time ensur-
ing high optical visibility.

S3. SURFACE-ENHANCED RAMAN
SCATTERING

Surface enhanced Raman scattering (SERS) exploits
surface plasmons induced by the incident field in metallic
nanostructures, to increase the intensity1®®. In principle,
even a single metallic nanostructure, e.g., a nanotip, can
induce SERS, giving rise to the so-called tip-enhanced
Raman scattering (TERSIE%6. The key feature of TERS
is its capability of optical sensing with high spatial reso-
lution beyond the light diffraction limits*2C.

Graphene offers an ideal model system to study SERS.
Ref. [7 did SERS by depositing patterned particles of
different sizes and spacing on SLG. Taking into account
the surface plasmon resonance near-fields, the Raman
enhancement scales with particle cross section, fourth
power of Mie enhancement, and inversely with the tenth
power of the separation between particle centre and
graphene’®, pointing to thin nanodisks to achieve the

highest SERS for 2d systems like graphene’®.



S4. RAMAN SCATTERING IN GRAPHITE
AND GRAPHENE: HISTORY AND
NOMENCLATURE

Fig.le in the main text shows the Raman spectrum of
pristine and defected graphene, while Fig.4f of the main
text compares the Raman spectra of graphite, nanotubes
and amorphous carbons.

It is very instructive to summarize the main steps in
the historical development of the understanding of the
graphite Raman spectrum. This was first reported in
1970 in the seminal work of Tuinstra and Koenig (TK)LL.
They assigned the mode at ~ 1580 cm ™! to the high fre-
quency Fs, Raman allowed optical phonon. They also
measured in defected and nanocrystalline graphite a sec-
ond peak at ~1350 cm™!. They assigned it to an Ay,
breathing mode at K, activated by the relaxation of the
Raman fundamental selection rule!!. This was done fol-
lowing both the “molecular” and “solid state” routes.

The assignment is straightforward considering carbons
as big molecules!®?. Similar bands are detected in all
poly-aromatic hydrocarbonst®®. The higher frequency
band is due to bond stretching of sp? pairs in both rings
and chains, while the lower frequency one is due breath-
ing modes of sp? atoms in ringstt15:158 (Fig.1c of the
main text). Thus, in absence of rings, the latter would
be absent, while the former is present in any carbon ma-
terials, ranging from carbon chains, to hard amorphous
carbons*? (Fig.4f of the main text). Except for UV ex-
citation, the Raman spectra of carbons are dominated
by the sp? sites, because visible light resonates with the
m states, the cross section for graphite and graphene at
514 nm being~55 times higher than diamondi®?. Only
for diamond, or samples with a significant fraction of di-
amond phase, the diamond sp® peak at 1332 cm™! is
seenif?. In amorphous carbons, the C—C sp? vibrations
can be seen for UV excitation at ~1060cm~! (T peak,
from Tetrahedral 15

The “solid-state” interpretation has been debated for
the past 40 years.

Tuinstra and Koenig tried to combine the “molecular”
and “solid-state” approaches as follows. First they con-
sidered graphite nanocrystals as big aromtic molecules,
and noted that the only new Raman active modes would
have A, symmetry (Fig.1b of the main text). Then
they looked at the graphene lattice and noted that the
only BZ points with high enough symmetry to give an
Aqy mode were K and K’'. They were left with a prob-
lem: the fundamental Raman selection rule forbids g # 0
phonons. Since they observed the ~1350cm ™! band to
increase with decreasing crystal size, they assumed that
phonon confinement in ever smaller nanocrystals would
progressively lift the selection rule. From the uncertainty
principle AgAxz ~ h, thus Ag « 1/Axz, and the smaller
the crystal size Az, the larger Aq. However, this pic-
ture had a flaw. To activate BZ boundary A, phonons
requires Az ~ lattice spacing, in disagreement with the
observation of the ~1350 cm ™' band in crystals as large
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as ~100 nm*!. Also, confinement could not explain why
the A;4 mode is more intense than others closer to " (all
these modes could in principle be activated, as happens
in other nanomaterialst6).

Tuinstra and Koenig did not give any names to these
Raman peaks. The first nomenclature was proposed
by Vidano and Fishbach in 1977162,  Since they ob-
served strong lines at ~1580 and ~2700 cm ™' in pristine
graphite, while other bands at ~ 1350 and ~1620 cm™*
only appeared in defected graphite, they called the for-
mer G, G’ (from Graphite) and the latter D, D’ (from
Disorder). Nemanich and Solin detected a sharp band at
~3250 cm ™! in pristine graphitel®?, as well as a weaker
one at ~2450 cm~'82, They also noted a further peak
at~2950 cm ™! in defected samples®?, later named D by
Vidano et al1%. In 1979 Nemanich and Solin, by po-
larization dependent measurements, determined that all
peaks between 2300 and 3250 cm ™! in pristine graphite
are overtones. In particular, they indicated that the
~2450 cm~! peak was also an overtone. They also noted
that, with defects, combinations of phonons with differ-
ent wavevectors become allowed, since the requirement
to have opposite wavevector is progressively lifted. They
thus assigned the~2950 cm~! band as D+D’, rather than
D+ G, due to the phonon density of states (PDOS) max-
imum at~1620 cm~! for the LO branch (Fig. 1d of the
main text). In 1981 Vidano et al. studied the excitation
energy dependence, and confirmed G’ to be the D over-
tone, and the ~3250 cm~! peak the D’ overtone, since
these shifted at twice the rate of their fundamentalst®.
They stressed those bands behaved differently from G,
that did not move with excitation energy. They also
noted the energy dependence of the ~2950 cm~! peak
was consistent with D +D’, or D + G.

Thus, by 1981 it was clear that, while the Raman-
allowed first-order G peak did not shift with excitation
energy, the “defect-related” bands D, D’, their overtones
and combinations did. This ruled out their assignment to
PDOS maxima, activated by confinement, since a PDOS
maximum cannot change as a function of excitation en-
ergy, being an intrinsic material property. The symmetry
and phonon branches that originated D and D’ were also
known. The next step would have been to figure out the
reason for this shift.

However, subsequent works claimed D derived from
a PDOS maximum around M or K% even though
phonons at M do not have the required symmetry, PDOS
maxima are inconsistent with the D and G’ dispersion,
and the dimension of the crystals in Ref. [11 was too big
to activate zone boundary phonons by confinement only.
These issues and discrepancies remained unresolved, and
even ignored, for the following 16 years. A similar fate
happened for other main peaks. E.g., although it was
clear the~3250 cm~! band is not the G second order, a
large number of papers (to date) still call it 2G.

In 1998 Pocsik et al.87 repeated the experiments of Vi-
dano et al2% over a much larger excitation energy range,
as shown in Fig. 1g of the main text, and, not surpris-



ingly, found the same results. To try and explain the
excitation energy dependence they proposed a “new” res-
onant process, whereby a strong enhancement of the Ra-
man cross-section would happen for a phonon of wavevec-
tor q, when this equals the wavevector k of the electronic
transition excited by the incident photon (the so-called
k=q “quasi-selection rule”1®). However, the physical rea-
son for this “quasi-selection rule” was unclear (it does not
exist in Raman scattering) and did not yet explain why,
amongst all phonons satisfying it, only those on one par-
ticular branch would be seen. Given the experimental
Disp(D) ~ 50 cm~!/eV &7 only a phonon branch upshift-
ing from K would satisfy the “quasi-selection” rule, since
the linear electron dispersions select larger k with in-
creasing excitation energy, thus larger q. However, the
TO branch, corresponding to the A;, phonon at K, had
the opposite behavior in the most popular calculations at
the timel%%. Pocsik et al. thus identified the LO branch,
with E symmetry at K, as responsible for the D peak, in
contrast with TK. In 1999 Ref. [133 repeated the exper-
iments of Ref. @, and reached the same conclusionsi33.
Thus, 30 years after Ref. , we were back to square one.
A selection rule had to be “invented” to explain the D
peak, and it was assigned to a different branch and sym-
metry, in contrast with the “molecular” view2?. There
was also no convincing explanation why a zone boundary
phonon would be active.

In 2000, Thomsen and Reich suggested double reso-
nance as the activation mechanism®: i) the laser excites
an e-h pair with wavevector k defined by resonance with
the 7, 7* bands; ii) this is followed by electron-phonon
scattering with exchanged momentum g near K; iii) de-
fect back-scattering of the electron to the initial k; iv)
e-h recombination. This process allows for an exchange
of a large phonon momentum, while satisfying energy
conservation at any step, thus the fundamental Raman
selection rule. A defect is also needed, consistent with
the observations of TK. Notably, double resonance was
first proposed by Baranov et al. in 19878, who called
it “double coupled resonance”, but somehow went unno-
ticed, until Refl85 was out. We discussed in the main
text the important ramifications of this mechanism, and
the current understanding of the processes responsible
for the various Raman peaks, as well as outlining the
still open issues.

Besides the activation mechanism, the phonons around
K are crucial for the correct D assignment, since
Disp(D) depends on the precise shape of these branches.
Graphene has three branches around K which could
in principle contribute (Fig. 1d of the main text).
Following the suggestion of Pocsik et al.®? most
authors®5:87:133,165.166 a5sioned D to the LO branch stem-
ming from the doubly degenerate ~1200 cm~! E mode
at K, until 2004, when Ref. finally demonstrated the
D phonons belonged to the TO branch starting from the
A1y mode at K. Indeed, this branch has the largest EPC
amongst K phonons2%154 and is linearly dispersive close
to K, (Fig. 1d of the main text). A Kohn anomaly at
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K20 is the physical origin of this dispersion, in quantita-
tive agreement with the measured Disp(D), as shown in
Fig. 1g of the main text.

In general, atomic vibrations are partially screened by
electronic states. In a metal this screening can change
rapidly for vibrations associated to certain BZ points, en-
tirely determined by the shape of the Fermi surface. The
consequent anomalous behavior of the phonon dispersion
is called Kohn anomaly (KA}S7. KA may occur only for
wavevectors q such that there are two electronic states
k; and ko = ki + q both on the Fermi surfacel®?. In
graphene, the gap between occupied and empty states is
zero at K, K’ (Fig. 1a of the main text). Since K' = 2K
(up to a reciprocal lattice vector), these are connected
by the vector K (Fig. la of the main text). Thus, KA
can occur for q =T or q = K&, Ref. demonstrated
that graphene has two significant KA’s for the I'-Es,
and K-A;, modes (Figs. la,d of the main text). It is
thus impossible to derive the precise shape of the phonon
branches at I' and K by approaches based on a finite
number of force constants, as often donel27:165.166,168-170
These results have also implications for nanotubes. Due
to their reduced dimensionality, metallic tubes display
much stronger KA than graphene, and folded graphene
does not reproduce their phonon dispersionst®417t The
presence of KA explains the difference in the Raman
spectra of semiconducting and metallic tubest34:171,

The EPCs and phonons calculations of Ref. were
confirmed close to I' by inelastic X-ray scattering®484,
and by the measurement of FWHM(G) in graphite,
graphene and nanotubes!2:22:154:171 " gnce anharmonic ef-
fects are taken into account?2:25:50, A further EPC reno-
malization and phonon softening happens at K due to
electron correlations®>#3:165 Note that the A;, mode
exactly at K has zero EPC for the Raman process, thus
only TO phonons away from K, even if close to it, con-
tribute to the D peak™8%. Note as well that h-BN, even
if with the same hexagonal lattice as SLG, does not have

KAs, being a wide band-gap semiconductor4C,

The band at ~2450 cm ™~ in Fig. le of the main text
was first reported by Ref. 189 in graphite, and suggested
to be an overtoned?. Ref. 89 remarked that, since the
product of any representation with itself always contains
the identity, overtones are expected to contain a contri-
bution with polarization characteristics stronger in con-
figurations which measure the diagonal components of
the Raman tensor. They then measured the cross polar-
ized spectrum of graphite and observed that all the high
energy modes, i.e. those at ~2450 cm~!, the 2D and
2D’, behaved in the same way, being much stronger than
the G peak compared to parallel polarization measure-
ments. Refs. @—l& showed that this peak red-shifts with
excitation energy, unlike the 2D and 2D’ blue-shift87:196,
Many alternative assignments have been put forward for
this band over the years. Ref. 14 suggested a contribu-
tion from the LA branch around the BZ edge. Refs?? 923
interpreted it as a combination of D and a phonon be-
longing to the LA branch, seen at ~1100 cm ™! for visible



excitation in defected samples, and called D” peak (not
to be confused with the old D” nomenclaturei®, which
referred to what is now know to be the D+D’ peak) .
Ref. [172 assigned it as the non-dispersive overtone of the
LO branch exactly at K, and Ref. [107 as a combination
of LA and LO phonons. On one hand combinations of
phonons with different energies do not correspond to a
fully resonant process®»28 and would be expected to be
more dominant in the presence of defects, but this band,
like 2D and 2D/, is present in defect-free samples (Fig. le
of the main text) while overtones exactly at K are non
dispersive, in contrast with experiments?? 22, On the
other hand, the phonons producing the D and D” peaks
have the same wave vector, and their energy difference
is of the order of the electron scattering rate. Thus both
2D” and D + D” phonons could in principle contribute
to this band, with D + D” closer to the experimental
datatl 52173 we thus assign it to D + D",

To summarize, the current understanding is that the
D peak is due to TO phonons around K12 is active
by double resonance®288 and is strongly dispersive with
excitation energy due to the KA at K8, Since the so-
called G’ band is in fact the D overtone, and has nothing
to do with G, neither in terms of symmetry, nor in terms
of phonon branch, nor in terms of Raman process, we
renamed it 2D2. Consequently the ~3250 cm ™! band is
2D/, and the ~2950 cm~! band is D+D’. Note that, due
to resonance, in graphene (and nanotubes), it is easy to
measure multiphonon peaks up to the 6th order2? 92.100,
Our nomenclature allows to simply assign all these bands:
4D, 6D, 4D’, etc. With the old names, the overtones and
combinations would be confusing. It was also proposed
to call D* the G’ band, and G* the 2D’, using “*” to
indicate second order2. However, besides the problem
of naming the multiphonon processes, G* is confusing
since it would imply, for consistency, it being the G peak
overtone, while it is in fact 2D’. G* is also often used
to indicate the 2450 cm ™' band!%?, however, again, this
has nothing to do with G, and this name conflicts with
the use of G* for 2D’. Perhaps G’ would be a more ap-
propriate name for D', since this arises from a resonant
process on the same branch giving rise to the G peak.
However, it is also true that D’ requires a defect and
that its resonant Raman process has much in common
with D, and nothing to do with G22. The only drawback
in calling 2D the ~2700 cm~' band is that 2D is often
used to mean “two-dimensional”. We believe this issue to
be minor, since it is hard to confuse 2D, used for “two-
dimensional”, with the ~2700 cm~! peak. Furthermore,
the nature of the 2D peak is so much related to the two
dimensionality of graphene, to be not so unwarranted
both share an acronym. Fig. le of the main text summa-
rizes our nomenclature, when applied to defect-free, or
defected graphene.
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S5. POLARIZATION DEPENDENCE

We now consider polarized excitation and detection,
i. e. when the polarization vectors of incident and/or
scattered light, e, e°', are fixed (Fig. S2).

The I(G) polarization dependence can be derived from
symmetry2>174 . Its matrix element, described by the
lattice displacement u [see Fig. S3d for the geometry], is
given by:

Mg x (eimnec‘;“t + e;negut)um + (elneout — e;neg'“)uy, (S6)
where the z direction is chosen to be perpendicular to
the C—C bond. As long as the phonon frequency does
not depend on the direction of u (i. e., the two optical
modes are degenerate), I(G) o< |[M¢|?, does not depend
on the directions of e, e®", as shown experimentally in
Fig. S2b.

The I(2D) and I(2D’) polarization depen-
dencetl:23172:176  can be derived from the real-space
Raman picture. The interband electron-photon matrix
element for photon absorption/emission is oc [e™/°" x k],
where k is the electron momentum counted from the
Dirac point. Since both e and A~ momenta are parallel to
the phonon momentum q (counted from K or T for 2D,
or 2D'), the matrix element for the Raman process with
emission of two phonons with momenta q and —q is
Mg o [e™ x q]. The intensity is given by the integration
of |[Mg|? over the directions of q:

I(QD, 2D/) x |ein|2|eout|2 + 2(ein . eout)2 (S?)

Thus, the intensity would depend on the relative ori-
entation of e and e°"!, being largest when parallel
and smallest (by a factor ~ 3) when perpendicular,
and not on their orientation with respect to the crys-
tal. Fig.S2b,c plot the polarization dependence of I(2D)
and [(2D)/I(G) for SLG, in agreement with Eq. (S1).
Note that Eq. (S7) is not sensitive to the weights with
which different q directions contribute. Since for each
q direction there are other two, oriented at +27/3, con-
tributing in the same way, as required by symmetry, this
is already sufficient to give Eq. (S1). The objective nu-
merical aperture should also be taken into account when
comparing with experiments.

For D and D’ peaks, the real-space picture is analogous
to 2D, 2D’. Thus one can expect the same 1/3 depolariza-
tion ratio. However, this should be taken with caution, as
different types of defects can scatter electrons differently,
which can significantly modify the picture. E. g., edges
are defects, but give a different behavior, as discussed in
Section 4 of the main text. For D+ D’ the backscattering
condition is absent, so the polarization memory should
be weaker.

Thus far we considered both polarizer and analyzer
present. The signal for unpolarized excitation is the sum
of two signals for two orthogonal polarizations. The same
for detection. Thus, when only one is present, there will
be no dependence on polarizer/analyzer orientation.
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S6. ELECTRIC FIELD AND DOPING

An important consequence of triple resonance is the
sensitivity of A(2D) to the electronic inelastic scatter-
ing rate 2v/h: A(2D) o 1/42, according to Refl53
(see also Reﬂﬂ). ~ has contributions from electron-
phonon and electron-electron scattering, the latter in-
creasing with carrier concentration (or Fermi energy,
EFR): ¥ = Ye—ph +Ye—e. For weak doping, |Er| < hwr,/2,
Yo—e = f|EF|, with the coeflicient f ~ 0.5—1 determined
by the dielectric environment®8. Thus, A(2D) decreases
as Fr moves away from the Dirac point?224. From the
measured dependence, the two contributions to v could
be separated, giving an estimate for vy, pn ~ 20 —30meV

Ar hPos(G)o

2EF — hPOS(G)O

at energies ~1 eV88. Here it is important that the 2D
peak is mostly contributed by electronic states near the
K — M direction, as discussed in the main text. Along
this direction, the interband contribution to v._. is sup-

pressed by trigonal warpingl0%199,

Several effects originate from the fact that phonon fre-
quencies and decay rates have a contribution due to in-
teraction with 7 electrons. This determines the phonon
slopes near T' and K, via KAs®. This also gives a
dependence of phonon frequencies and decay rates on
doping2227:177 and on applied magnetic fieldS¢-67. Dop-
ing results in Ep-dependent blue shift and narrowing of
the G peak22:24 26 according to22:57-177:

hAPos(G) g, = Py |Ep| + 1

n 2Er + hPos(G)o

|\ (59)

FWHM(G)EF = FWHM(G)Q {fF[_hPOS(G)Q/2 — EF] — fF[hPOS(G)O/Q — EF]}

where fr(F) is the Fermi-Dirac distribution at energy E,
Pos(G)g and FWHM(G)p = A\rPos(G)p/4 are the G peak
position and width for zero doping, Ar is the dimension-
less EPC for the LO phonons at I'. The logarithmic
singularity in SLG can be washed out by disorder. Nev-
ertheless it was observed in both SLG2® and, far more
clearly, in BLG2427. Note that FWHM(G)o and Pos(G)j
can give an accurate measure of A\p ~ 0.038988, Measure-
ment of Pos(G) combined with FWHM(G) can then be
used to estimate doping of an arbitrary sample, e. g., due
to charged impurities?!.

The above results apply to relatively weak doping, |Ep|
small compared to hwr /2. In the past few years, much
higher doping levels have been achieved?2%:23 QOne of
the effects of high doping is on the G peak intensity, as
can be understood from Fig. 2a of the main text. Doping
changes occupations of electronic state and, since transi-

tions from an empty state or to a filled state are impossi-
ble, it can effectively exclude some regions of k from con-
tribution to the Raman matrix element. Due to suppres-
sion of destructive interference, this leads to an enhance-
ment of the G peak when |Ep| matches hwy, /2, as pre-
dicted theoretically®? and observed experimentally:29,

The most dramatic effect of high doping is on the 2D
peak, which is suppressed when the conduction band be-
comes filled at the energy probed by the laser!9:20:23,
Fig[S3(a) plots the Raman spectra measured at 488,
514, 561, 593 and 633nm for a highly doped graphene
sample23. A(2D)/A(G) and I(2D)/I(G) are plotted as a
function of excitation energy in Fig[S3(b). The trend of
these intensity ratios can be understood from Fig[S3|c).
The frequencies of the absorbed and emitted photons
wr,,wg differ by Pos(2D): wg. = wr, — Pos(2D). There
are three cases: (i) when wp,wg. > 2|Ep|/h, all pro-
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cesses are allowed and the 2D band is observed, (ii) when
wse < 2|Ep|/h < wr, the photon absorption is allowed
but the phonon emission is excluded by Pauli blocking;
(iii) when wr,wg. < 2|EFp|/h, both photon absorption
and phonon emission are blocked. Therefore, only when
2|Ep|/h < wr — Pos(2D), the 2D band is observable.
Thus, the absence of the 2D band in the Raman spectra
in Fig. [S3|(a) at 1.96eV (633nm) indicates that their Ep
should be larger than 0.81eV. From the sharp increase
in A(2D)/A(G) and I(2D)/I(G) when hwy, moves from
2.21eV (561nm) to 2.09¢V (593nm), one can deduce that

hwg corresponding to hwy=2.09 eV is close to 2Ep. A
similar effect is expected on other DR and TR Raman
peaks, such as D, D', 2D’, D-+D”, etc.

At sufficiently high doping, Fr > EL/2—thTO, an ad-
ditional decay channel opens for the finite-g TO phonon:
production of intraband electron-hole pairst”®, which re-
sults in an additional contribution to the width of the 2D

band, as observed in Ref. [2(.



S7. MAGNETIC FIELD

Several effects of the perpendicular magnetic field on
Raman spectra of graphene have been observed in recent
years. When a perpendicular magnetic field is applied,
the electronic trajectories are no longer straight, but cir-
cular. This modifies the backscattering condition, so the
emitted phonons have smaller momenta than those given
by Eq. (2) of the main text. This results in a red shift
and additional 2D peak broadening53.

The effect of coupling between 7 electrons and T°
phonons assumes a peculiar form when a sufficiently
strong (10 — 30 T) perpendicular magnetic field B is
applied®®67.  The correction to the phonon frequency
depends on the nature of the electronic states, and
in a magnetic field the latter are quantized into dis-

crete Landau levels with energies F,(B): E,(B) =
(signn)y/2njvkeB/c, n = ...,—1,0,1,2,.... The T’

phonons couple to electronic transitions n — n’ be-
tween Landau levels n, n’, which satisfy the selection rule
|n| — |n'| = +£1, thus having frequencies: h,,(B) =
E(B)+ Ep41(B) for the undoped graphene. At certain
B = B,, the resonance condition Q,,(B) = Qr is satisfied
and, due to electron-phonon interaction, the phonon be-
comes strongly coupled to the electronic transition86:67,
This coupling manifests in a series of avoided crossings
in Pos(G) as a function of B near B = B,,58:60°62.65
whose strength depends on the filling factor, as observed
in Ref. [62. Besides providing another EPC estimate,
magneto-Raman can also probe the electronic Landau
levels, from which vp can be extracted. An analogous
effect was predicted for BLGX™, and observed for four-
layer graphene®. Since the magneto-phonon resonance
is strongly sensitive to the electronic band structure, its
Raman spectrum is quite different for different numbers
of layers, and thus can be used for its determination.
Raman spectroscopy can also probe scattering of pho-
tons by electronic excitations. In pristine graphene
electronic excitations have a continuous structureless
spectrum?’, which does not lead to any sharp features.
However, in a strong magnetic field, when the electronic
spectrum consists of discrete Landau levels, the elec-
tronic inter-Landau-level excitations give rise to sharp
B-dependent peaks in the Raman spectrum (instead of
a phonon, an electron-hole pair is emitted)28:92:180  The
selection rule for the Raman-active electronic transitions
n — n' is |n/| = |n| when excitation and detection
have the same circular polarization, and |n/| = |n| + 2
for different circular polarizations. The Raman peaks
are observed at frequencies hS),, = 2F,, and hS),, =

E, + E,+9, respectively2? 61

S8. UNIAXIAL AND BIAXIAL STRAIN

Strain arises when a crystal is compressed or stretched
out of equilibrium. The stiffness tensor provides the con-
stitutive relation between applied stress and strain. Ten-
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sile strain usually gives phonon softening, and the op-
posite for compressive strain. The rate of these changes
is summarized in the Griineisen parameters, which also
determine the thermomechanical propertiest®. Refs. 137
andl4( subjected graphene to uniaxial strain. The doubly
degenerate Fs, optical mode was shown to split in two
components, one along the strain and the other perpen-
dicular (Fig.[S3k). This leads to G peak splitting into two
bands374°% named G and G~ by analogy with the effect
of curvature on the nanotube G peak!™. Both red-shift
with increasing strain, and their splitting increases3?.
The Griineisen parameter for the Eo, phonon, vg,,,

is defined as'®! yp, = —(1/QE29)(8A9529/8%) where
en = €y + €4 is the hydrostatic component of the ap-
plied uniaxial strain, [ is the longitudinal direction, par-
allel to the strain, and t is the direction transverse to

it; QF29 is Pos(G) at zero strain, and AQf2g is the shift
resulting from the hydrostatic component. The hydro-
static deformation preserves the symmetry of the crys-
tal, so it does not lead to splitting. The shear deforma-
tion potential Bg,, is defined analogously?’lvﬁzﬁfgzg =
(1/QF29)(0A0F2 /De,), where e = ) — €44 is the strain

shear component, and AQE25 is the splitting due to
shear. Under uniaxial strain the shifts of the G* peaks

are37:182,183,
Egg
APos(G*F) = AQ + AQ; =
eu—e¢
= —vp,, Q7% (ey + ey) £ BE,, O %
(S10)
Ref. 37 obtained OPos(GT)/de = —10.8 cm™'/%,
OPos(G™)/0e = —31.7 ecm™'/%, OPos(2D)/0e =

—64 cm™ /%, OPos(2D')/8e ~= =35 cm™ /%, g, =
1.99, BE,, = 0.99.

The phonon displacements corresponding to the G+
peaks are orthogonal2”182.183;  EZ s perpendicular to
the strain (thus experiencing smaller softening), and Ey,
parallel (Fig. [S3k). With both polarizer and analyzer,
the corresponding polarization vectors €;,, €.+ have def-
inite orientations: e}, .., = c08(Qin.out + Ps); €5y gur =
Sin(0in,out + ©s), where 0y, our is the (known) angle be-
tween €y, oyt and the strain axis, and ¢, is the (unknown)
angle between the strain axis and the crystallographic
axis. The matrix elements corresponding to emission of
longitudinal and transverse phonons are proportional to
—sin(Bin, + Oour + 3ps) and cos(0iy, + Oour + 3ps). The
intensities are given by their squares:

I(Gi) 0.8 Sin2(9in + eout + 3<PS)5

S11
I(GJr) .8 COS2 (ezn + eout + 3905) ( )

These allow to determine the sample orientation with
respect to strain (Fig. S3f).

It is important to consider that, while G probes the
same centre-zone phonon under strain, this is not neces-

sarily the case for 2D, 2D’ (Refl37). Any change in the



band structure during strain will vary the actual phonons
probed, as well as modifying the phonon frequencies.
Thus, the relationship between phonon Gruneisen pa-
rameters and 2D, 2D’ variation is in principle more com-
plex than for G. Indeed, while biaxial strain does not
move the relative positions of the Dirac cones, uniaxial
strain changes themi®. This can have a significant in-
fluence in double-resonant and triple-resonant processes.
While 2D’ is intra-valley, 2D requires scattering from one
cone to the other. Thus, its wave vector is determined
by the relative distance of the Dirac cones and by the
laser energy. For a fixed excitation energy, one measures
the combination of the 2D shift due to strain, and a pos-
sible additional shift due to the fact that the relative
movement of the Dirac cones changes phonon wavevec-
tor. For an asymmetric movement this can lead to peak
broadening®?, and splitting24:26. The 2D broadening and
splitting can give significant information on the nature
of the triple-resonant process and the phonons involved,
as well as on the band structure under strain, and the
orientation of the strain axis with respect to the C—C
bond34:36:37:40 " For 2D’ the relative cone movement has
no consequence. However, for 2D, 2D’ other effects could
be induced by Fermi and phonon group velocity renor-
malisation with strain.

Note that for biaxial strain at least the effects due
to relative movement of Dirac cones are absent. Then,
Raman experiments under biaxial strain are suited to
measure the D Gruneisen parameter. Ref. [39 performed
these, and found no G or 2D peak splitting, as well as
shifts and Gruneisen parameters in agreement with those
deduced from the uniaxial measurements in Ref. [37.

S9. TEMPERATURE

Due to anharmonic effects and phonon-phonon inter-
actions, peak positions and FWHM depend on temper-
ature T2, The investigation of the Raman peaks a
function of T can provide valuable information on the
anharmonic terms in potential energy and EPC22:59
In graphene FWHM(G) depends on 7T in a peculiar
way, slightly decreasing for low 7', then increasing for
T > 700 K. This can be written as2>2%; FWHM(G)r =
FWHM(G)EPC 4+ FWHM(G)%" where FWHM(G)4" is
the anharmonic contribution due to interaction with
other phonons, and FWHM(G)EFY the interaction with
e-h pairs, given in Eq. (S9), while FWHM(G)" was
derived numerically®®. Eq. (S9) shows that the Ey,
phonons damping due to decay in e-h pairs decreases
with T due to partial Pauli blocking?®.  Approxi-
mate expression for FWHM(G)*" can be derived as-
suming that phonons decay in 2 (3-phonon scatter-
ing) or 3 phonons (4-phonon scattering) with the same

energy:6. In this case, FWHM(G)%" = A {1 + ﬁ} +
B[1+ 5% + iz | where @=hPos(G)o/2kpT and
y = hPos(G)o/(3kpT), and A, B are constants.
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The temperature dependence of Pos(G) has a quasi-
harmonic term, from thermal expansion, and an an-
harmonic one accounting for phonon-phonon scattering.
Ref[186 proposed a simple model for the anharmonic
phonon-phonon coupling including 3-phonon (3-ph) and
4-phonon (4-ph) processes. Then Pos(G)r = Pos(G)o +

APos(G)r, where APos(G)r = C[l—l—ﬁ} +

D1+ % + (cﬂ%)z}, where C, D are constants, and
x,y are the same as above.

S10. ISOTOPIC COMPOSITION

13C can be used to label graphene as well as nanotubes
in order to measure fundamental properties or, for exam-
ple, to reveal growth processesi?. The peak position of
an isotope enriched sample is we,, = wey, © V/M12/Mas
where we,, and we,, are the frequencies for full 12C and
3C samples, mi2 and mq3 the atomic masses of 12C and
13C. The isotopic shift is thus:

8&) - 1 0 mio 0 - 0.0392 0
9C1s% 100 <w012 \ s _ow) ~ T T100 Yo
(S12)
Isotopic disorder also widens FWHM(G), with a maxi-
mum around 50% 13C.

S11. RAMAN AND GRAPHENE PROPERTIES
A. Raman and electrical transport

Raman spectroscopy is ideal to probe defects, electron-
phonon and e-e interactions. Thus it can link sam-

ple quality to mobility4”48, or EPC with current

saturationt47188

B. Raman and heat transport

The Pos(G) temperature coefficient enabled the deter-
mination of thermal conductivity in SLG and graphene
layers2:189,

C. Detection of heteroatoms

Functionalization and doping are an ever growing field.
Any covalent bond gives a D peak. This is an in-
direct signature of C-H, C-O, C-F, C-N, C-Si, etc.,
bonding244:45  when visible Raman is performed, since
the C-C sp? bonds always prevaill®>. On the other
hand UV Raman spectroscopy can directly probe the
heteroatomic vibrations®42¢ and as such could be ex-
tremely useful, especially for wide band gap compounds

derived from graphene, and to probe SiC grown samples.



Extreme care is needed with deep UV Raman since this
can easily damage the sample and break the very bonds
one wishes to study. UV Raman also allows to probe
C-C sp? vibrations, otherwise overshadowed for visible
excitationt?.
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