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intensity expression are simultaneously resonant, explaining
why this second-order feature can be as intense as the first-
order E2g band. The fact that the 2TO(K) band can be even
more intense than the E2g band in monolayer graphene was
ascribed to a triple-resonance (TR) Raman process, where all
intermediate states of the Raman process, involving electrons
and holes, are resonant.11

Figure 3b shows the Raman spectrum of a sample of
disordered graphene. We can observe in this figure a strong
feature around 1350 cm−1, which is usually called the D-band,
where the letter D stands for disorder (or defect). This band
also comes from a DR process, but involving only one phonon
of the iTO branch, near the K point. In this case, an elastic
scattering process involving defects is needed for momentum
conservation, and the presence of this band is a signature of
defects or disorder in graphene systems. Since other Raman
bands are also related to disorder or defects in graphene
systems,1 it is interesting to give a more precise notation for the
D band, and we will call it here the TO(K) band. The origin of
the other weak features in the Raman spectra of graphene
systems is discussed in refs 1 and 2.
Let us now make a comparison between the Raman spectra

of graphene and TMDs, discussing the similarities, the
differences, and how the Raman spectra of TMDs provide
useful information for these systems. Figure 3d,g shows the
spectra of 1L MoS2 and WS2 recorded, respectively, with the
2.41 and 2.54 eV laser lines. The two prominent peaks in these
figures correspond to the first-order Raman active modes with
E′ and A1′ symmetries. The E′ mode is somewhat similar to the
E2g mode of graphene (G band), since it involves an in-plane
vibration of the sublattice formed by metal atoms against the
sublattices formed by the chalcogens. The A1′ mode of TMDs
has no correspondence with graphene, since it corresponds to
out-of-plane vibrations of the upper and lower sublattices of
chalcogen atoms against each other.
Figure 3e,h shows the spectra of 1L MoS2 and WS2 recorded

with different laser lines, with 2.05 and 2.33 eV energies,
respectively. Notice that the Raman spectrum of TMDs is
strongly dependent on laser energies, since the spectra in
Figure 3e,h are completely different from those shown in Figure

3d,g. We can see now a number of features that are associated
with second-order processes involving combinations (sums and
differences) of phonons within the interior of the Brillouin zone
(BZ). A detailed study of the second-order bands in MoS2 and
WS2 can be found in refs 26 and 28−31. Here we will only
focus on the most intense second-order feature, which involves
two phonons of the longitudinal acoustic (LA) branch with
opposite momenta, at the M point of the BZ. This band is,
therefore, called the 2LA(M) band.31 It is interesting to observe
that the second-order 2LA(M) band is more intense than the
first-order A1 and E′ bands in Figure 3e,h, and this result is
similar to the behavior of 1L graphene, where the 2TO(K)
band is more intense than the first-order E2g band (see Figure
3a).
The Raman spectra of bulk MoS2 and WS2 are shown,

respectively, in Figure 3f,i. The positions and attribution of the
Raman features are the same as 1L MoS2 and WS2, but now the
2LA(M) band is less intense than the first-order A1g band.
Notice that this behavior is similar to crystalline graphite, where
the 2TO(K) band is less intense than the E2g (see Figure 3c).
The fact that the 2LA(M) band can be stronger than the

first-order bands in 1L TMDs suggests that the second-order
spectra in TMDs also involve double- or triple-resonance
processes, as in the case of graphene. In a recent study, the
double-resonance process in TMDs was calculated using a
fourth-order Fermi golden rule, and it was demonstrated that
the intensity of the 2LA(M) band comes from a DR Raman
process involving phonons at the M point of the BZ.32 Many
other weak peaks also comes from a combination of phonons at
the M point.29

The essential check for the DR mechanism is a resonance
Raman experiment, where the Raman spectra is studied as a
function of the laser excitation energy. Figure 4a,b show the
spectra of 1L graphene and MoS2, respectively, recorded with
different laser lines. In the graphene spectra, we only show the
spectral region of the 2TO(K) band. Notice in Figure 4a that
the 2TO(K) band is dispersive, its position depending linearly
on the laser energy in the visible range. This behavior can be
explained by the DR process in graphene, which is illustrated in
Figure 4c.2,3 Due to the linear dispersion of electrons in

Figure 3. Raman spectra of (a) graphene, (b) disordered graphene, (c) graphite, (d, e) monolayer MoS2 excited with different laser lines, (f) bulk
MoS2, (g, h) monolayer WS2 excited with different laser lines, and (i) bulk WS2. The different excitation energies (in eV) are represented. For
graphene and graphite, the E2g, TO(K), LO(Γ), and 2TO(K) bands corresponds, respectively, to the so-called G, D, D′, and 2D (or G′) bands.
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phonons near the Dirac point with opposite momenta.1 Both
the D and 2D bands are enhanced by a special mechanism
where there are, simultaneously, two or three resonances
(double- or triple-resonance process).9−11 The presence of a
single atomic layer of graphene can be evidenced by the
intensity ratio between the 2D and G bands (I2D/IG > 1) and
the sharpness of the 2D band (fwhm around 25 cm−1).3,12 In
the case of few-layer graphene stacked in the Bernal, also called
the AB, configuration, the shape of the 2D band also provide
information about the number of atomic layers.12 Recently, it
was shown that Raman spectroscopy is also extremely sensitive
to the twisting angle in rotationally disordered bilayer
graphene.13,14

All information on Raman spectroscopy discussed in the
previous paragraph can be obtained using only one laser line.
However, further valuable information can be obtained by
changing the wavelength (or energy) of the laser. As we will
discuss in the following, resonant Raman spectroscopy, where
we analyze the intensity of the Raman peaks as a function of the
laser energy, provides important information about electrons
and their interaction with phonons.2,15

The transition metal dichalcogenides (TMDs) are layered
compounds in which each layer has the basic form XMX (or
MX2), where M is a metal atom from the IVB, VB, and VIB
columns in the periodic table and X is a chalcogen atom (S, Se,
or Te). The electronic structure of these compounds depends
on the transition metal species. The TMDs composed of a
metal from groups IVB and VIB are semiconductors or
insulators, and those composed of a metal from group VB
atoms are metallic.16 Although the bulk form of TMDs has
been extensively studied in the past,16 only recently monolayer
and few-layer TMDs were obtained. In the case of semi-
conducting TMDs, they show a transition from an indirect
band gap in the bulk to a direct gap for a monolayer.17 This fact
together with the rich physics of strong spin−orbit coupling in
these materials has opened up several opportunities in both
basic research and optoelectronic applications.18

In this Account, we will discuss the Raman spectra of
bidimensional (2D) and bulk TMDs and compare these spectra
with the graphene and graphite spectra. We will show the

similarities and differences, and many possible ways to obtain
physical information in these materials using Raman spectros-
copy. We will present results in MoS2 and WS2 samples
(monolayer and bulk) and discuss the origin and assignment of
the Raman bands. The dependence of the TMD Raman spectra
on the laser excitation energy will be discussed in terms of
resonances with excitons. We will also give perspectives of new
directions for Raman spectroscopy in TMDs that will be useful
and will give much different information for these systems just
as it also provides for graphene as a model system.

■ ATOMIC STRUCTURE OF GRAPHENE AND MX2

Figure 1a shows the atomic structure for monolayer (1L)
graphene. The unit cell contains two carbon atoms, A and B,
each one forming a triangular 2D network but displaced from
each other by the carbon−carbon distance. The structure of
bulk crystalline graphite is also shown in Figure 1a and
corresponds to a stacking of individual graphene layers in the
direction perpendicular to the layer plane (c-axis) in an AB (or
Bernal) stacking arrangement, in which the vacant centers of
the hexagons in one layer have carbon atoms on hexagonal
corner sites on the two adjacent graphene layers.2

In the case of MX2, each layer corresponds to XMX triple
atomic planes, with one plane of metal M atoms organized in a
triangular lattice, and two planes of chalcogen atoms X, above
and below the M atoms plane, also organized in triangular
lattices. Depending on the arrangement of the X atoms,
monolayer MX2 appears in two distinct structures: the trigonal
prismatic 2H (AbA) and the distorted octahedral 1T (AbC)
arrangements. The 1T phase is metastable for MoS2-type
materials,19 and therefore, we will only discuss in this Account
the 2H TMD structure.
Figure 1b shows the atomic structure of a monolayer (1L)

2H-TMD, viewed perpendicularly and laterally to the basal
plane.16,20 Viewed from the top, the atomic structure looks
similar to the single layer graphene structure, where the metal
and chalcogen atoms would correspond, respectively, to the A
and B carbon atoms in graphene. The unit cell is in this case
composed of three atoms (one M and two X). The most
common polytype of bulk MX2 is the 2H-MX2 structure where

Figure 1. Atomic structure of (a) graphene/graphite and (b) monolayer TMD and bulk 2H-TMD. (c) Atomic displacements in two Raman active
modes of monolayer TMD and bulk 2H-TMD.
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Ma et al.148 was 1.80 eV, which is smaller than the value
calculated by Kuc et al.147

In the case of bilayer MoS2, WS2, MoSe2, and MoTe2, DFT
calculations showed that their fundamental indirect band gaps
(1.0 to 1.5 eV)149,150 can be continuously driven to zero by
applying external electric fields (2 to 3 V/nm) perpendicular to
the layers. The result is that the range of gap tunability is much
larger than in bilayer graphene (approximately 250 meV). As a
general trend for MoX2, the critical electric field for the
semiconductor to metal transition decreases in the order S to
Se to Te (Figure 7). This observation was attributed to the
increasingly diffuse nature of the valence pz orbitals in
transitioning from S to Te, which facilitates greater charge
transfer from the chalcogen to Mo under the same electric field
conditions. However, the effect of switching the transition
metal from Mo to W, while retaining the chalcogen (S),
appears not be significant.151

3.2. Strain Effect on the Electronic Properties of TMDs
The controlled introduction of strain into semiconductors
offers an important degree of flexibility in studies involving
basic materials as well as device engineering. Strain in a
crystalline solid modifies the lattice constants and reduces the
crystal symmetry, leading to significant shifts in the energy band
edges. This is often accompanied by a splitting of the
degenerate states, and to changes in the relevant effective
masses.152 The use of strain to modify the electronic, optical,
and structural properties of graphene and MoS2 is an emerging
field.153−155 This is particularly relevant due to the zero band
gap of pristine graphene.156 Yun et al. studied strain effects on
the electronic structures of monolayer 2H-MX2 sheets (M =
Mo, W; X = S, Se, Te).157 By using first-principles calculations,
they found that even a slightly different lattice value from the
bulk optimum value could induce the direct-to-indirect band
gap transition to changing the gap energy and the positions of
the valence band maximum (VBM) as well as the conduction
band minimum (CBM) of the single-layer sheets. For instance,
the direct band gap of monolayer MoS2 was maintained only
within the quite narrow range of −1.3% to 0.3% which had
deviated from the lattice parameter optimum value of a (= 3.16
Å). Any further increase in the value, more than approximately

Figure 5. (a) PL spectra for mechanically exfoliated monolayer and bilayer MoS2 samples in the photon energy range from 1.3 to 2.2 eV. Inset: PL
quantum yield of MoS2 samples with 1−6 monolayer MoS2. (b) Simplified band structure of bulk MoS2, showing the lowest conduction band c1 and
the highest split valence bands v1 and v2. A and B are the direct-gap transitions, and I is the indirect-gap transition. Eg′ is the indirect gap for the bulk,
and Eg is the direct gap for the monolayer. Reproduced with permission from ref 35. Copyright 2010 American Physical Society.

Figure 6. Band structures of (a) bulk MoS2, its monolayer, and bilayer;
(b) bulk WS2, its monolayer, and bilayer, calculated at the DFT/PBE
level. The horizontal dashed lines indicate the Fermi level. The arrows
indicate the fundamental band gap (direct or indirect) for a given
system. The top of valence band (blue/dark gray) and bottom of
conduction band (green/light gray) are highlighted. Reproduced with
permission from ref 147. Copyright 2011 American Physical Society.

Figure 7. Band gap Eg versus applied electric field E for MoS2, MoSe2,
MoTe2, and WS2. The lines are fits to the linear portion of the curve
indicated by solid symbols. Hollow symbols are within the region of
nonlinear response and are excluded from the fits. The GSE
coefficients (magnitudes of the slopes of the linear fits) are indicated;
interlayer spacings are in parentheses. Reproduced with permission
from ref 151. Copyright 2011 American Physical Society.
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achieve single-base resolution in electronic DNA sequencing
due to the atomic thickness of the graphene plane as well as its
ultrasensitivity to conductance change.12−14 This idea was
proposed in 2009 by Xu et al.,12 and later numerical simulations
revealed that graphene-based nanopores of approximately 1.0−
1.6 nm can rapidly read out sequences of individual DNA
molecules with 100% accuracy.118,119 Nanopore-based DNA
sequencing technologies may soon allow the entire DNA
sequence to be read in one go, rather than cut apart, deciphered
in brief fragments, and painstakingly reassembled.120 It has
been shown that the ionic current passing through the
graphene nanopores is sensitive to the nanopore diameter.121

Surely, it could be argued that the detection of ionic current
blockade based on the nanopores is much simpler than the
detection of the tunneling current of the bases in a DNA strand
using conducting probes.122,123 Taking into consideration the
π−π interaction of the DNA molecules with the graphene
plane124 and the edge effect,125 we are now exploring h-BN
nanopores for DNA sequencing based on an ionic current
blockade strategy by using a monolayer thickness of 0.34 nm,
and the inert, insulating, and flat properties of h-BN. In
principle, all layered 2D sheets could be exploited for DNA
sequencing if the thickness of the monolayer, bilayer, or few-
layer of the 2D layers matches the resolution as well as other
requirements.

3. LAYERED TRANSITION METAL DICHALCOGENIDES

3.1. Electronic and Magnetic Properties of Pristine TMDs

3D MX2 compounds constitute one of the most interesting
classes of materials. They display a wide range of important
properties such as semiconductivity, half-metallic magnetism,126

superconductivity,127 or charge density wave,128 as well as
having applications in various areas including lubrication,129

catalysis,130 photovoltaics,131 supercapacitors,132 and recharge-
able battery systems.133,134 Layered TMD crystals have two
hexagonal lattices of MX2 sandwiches which depend on the
coordination of the transition metal atom by the chalcogens.20

In 2H-MX2, the coordination (honeycombs) is trigonal
prismatic with a D3h point group symmetry and the
coordination in 1T-MX2 is octahedral (centered honeycombs)
with a C3v symmetry

135 (see Figure 3).
Depending on the coordination and oxidation state of the

metal atoms, layered TMDs can be semiconducting (e.g., M =
Mo, W) or metallic (e.g., M = Nb, Re). MoS2 is one such
prototypical TMD material. Unlike graphite and h-BN, the
layers of MoS2 are made up of hexagons with the Mo and S2
atoms located at alternating corners (Figure 4). MoS2 is

important for dry lubrication, as a hydrodesulfurization catalyst
used to remove sulfur compounds from oil,136 and for
hydrogen evolution.137,138 Because of its strong absorption in
the solar spectral region, bulk MoS2 has also attracted interest
for its use in photovoltaic139 and photocatalytic140 materials.
The quantum confinement effect on the electronic structures
and optical properties were previously observed in MoS2
nanoplates141 and nanotubes.142 The most striking feature of
MoS2 that is different from zero band gap graphene and
insulating h-BN is that bulk MoS2 is a semiconductor with an
indirect band gap of 1.29 eV.143

Several studies35,144,145 have confirmed a transition from an
indirect band gap (Eg = 1.29 eV) to a direct band gap (Eg =
1.90 eV) for the MoS2 material as the thickness of the MoS2
decreased to a monolayer (Table 1). This accounts for more
than a 104-fold enhancement of the photoluminescence (PL)
quantum yield observed in monolayer MoS2 (Figure 5a). The
unusual electronic structure of monolayer and few-layer MoS2
and the resulting unique optical properties originate from
characteristics of the d-electron orbitals that comprise the
conduction and valence bands of MoS2.

35,144 The valence
maximum at the Γ point shifts downward to the K point of the
Brillouin zone as the number of layers decreases to a monolayer
(Figure 5b). However, structural changes in the chemically
exfoliated MoS2 thin films (<5 nm) induced by Li intercalation
during chemical exfoliation caused the PL to disappear.
However, the PL was restored after the thin films were
thermally annealed.146a The observed thermal effect is beyond
the scope of classic temperature-dependent PL behavior of
semiconductors.
In general, the intensity of PL of semiconductors decreases as

the PL peak broadens with increase in temperature. This
phenomenon is typically attributed to the exponential enhance-
ment of nonradiative electron−hole recombination. This model
applies well to monolayer MoS2 and MoSe2 (Eg = 1.55 eV) but
fails to the bilayer and few-layer MoSe2 that have indirect
bandgaps but with almost degenerate direct and indirect
bandgap values.146b It was observed that the intensity of PL of
mechanically exfoliated bilayer and few-layer MoSe2 was
enhanced with temperature from −195 to 178 °C.146b And
the enhancement is due to thermally decoupling adjacent layers
via interlayer thermal expansion of the layers, in which bandgap
crossover easily goes from indirect to direct gaps. This leads to
bandgap degeneracy in bilayer and few-layer MoSe2. On the
contrary, bandgap degeneracy cannot be thermally driven in
bilayer MoS2 since the indirect and direct gaps are well
separated. The unusual PL behavior in bilayer and few-layer
MoSe2, strikingly different from monolayer MoSe2 and MoS2 as
well as bilayer and few-layer MoS2, highlights the uniqueness of
semiconducting TMDs.
Kuc et al.147 performed an extended study of the influence of

quantum confinement on the electronic structures of
monolayer and few-layer MS2 (M = W, Nb, Re) using first-
principles calculations. They found that WS2, which is similar to
MoS2, exhibits an indirect (bulk, Eg = 1.3 eV) to direct
(monolayer, Eg = 2.1 eV) band gap transition (Figure 6). In
contrast, independent of the number of layers, NbS2 and ReS2
remain metallic. Quantum confinement-induced indirect to
direct band gap crossover is also exhibited in MoSe2 and
MoTe2 monolayer sheets (Table 1) with a direct band gap of
1.44 and 1.07 eV, respectively.148 These values were calculated
by using spin-polarized DFT calculations. It is worth noting
that the direct band gap of the monolayer WS2, estimated by

Figure 4. (a) The atomic structure of layered MoS2. Different sheets
of MoS2 are composed of three atomic layers S−Mo−S, where Mo and
S are covalently bonded. Reproduced with permission from ref 36.
Copyright 2011 Nature Publishing Group. (b) A top view of the
honeycomb lattice, emphasizing the inversion symmetry breaking.
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graphene, the Raman process is always resonant, because the
energy of the incident photon will always correspond to the
separation between the conduction and valence band in a
specific point in the BZ near the Dirac (or K) point (see Figure
4c). The 2TO(K) band is associated with an intervalley
process, involving resonances with valleys around the K and K′
points. We can see in Figure 4c that the wavevector of the
phonon conecting points around K and K′ is, in fact, close to
the K point (compare the orange and blue horizontal arrows in
the figure). Therefore, when the double- and triple-resonance
processes that originate the 2TO(K) band are probed with
different laser lines, phonons with different wavevectors around
K are involved, and consequently the position of the 2TO(K)
band changes and provides information about the dispersion of
electrons and phonons in graphene systems.2

Figure 4b shows the Raman spectra of 1L MoS2 recorded
with different laser lines. Now we can observe that the 2LA(M)
band is not dispersive, and only its intensity changes with
varying laser energy. In particular, the 2LA(M) band is more
intense for laser energies around 2 eV, which corresponds to
the B exciton energy in 1L MoS2,

25 suggesting that it is really
associated with a double-resonance process. Resonance Raman
scattering can provide useful information about the electronic
states of these materials. For this reason, in the literature we can
find a number of papers combining Raman characterization
with other optical spectroscopies, such as photoluminescence.33

Figure 4d illustrates the proposed DR mechanism for
TMDs.32 It now involves resonances at valleys at the K and I
points (the I point is the intermediate point between Γ and K).
It is shown in this figure that the phonon that connects these
two valleys has a wavevector at the M point (compare the
orange and blue arrows in the BZ). The optical spectrum of
TMD systems of the MoS2 family is dominated by excitonic
transitions involving electronic states at the K point.25 A

resonant process with excitonic states is illustrated in Figure 4d.
Notice that the double-resonance mechanism will enhance the
intensity of 2(LA) bands only in a small range of energies that
are in close resonance with the exciton states at the K point and
the intermediate state at the I point. Therefore, the process
involving resonances with excitonic transitions in TMDs
explains our observed results shown in Figure 4b, where the
intensity of the 2LA(M) band, and not its frequency, depends
on the laser energy.
Let us now discuss the possibility of using Raman

spectroscopy to characterize disorder and defects in TMDs.
In the case of graphene, a number of features in the spectrum
are activated by disorder, and the stronger one (the D band) is
related to phonons belonging to the iTO branch near the K
point. Therefore, this band might be called the TO(K) band.
It was reported many years ago that disorder-induced Raman

bands also appear in the spectrum of MoS2 and WS2 films,
around 223 and 176 cm−1, respectively,34 and their frequencies
correspond to the frequencies of the phonon of the LA branch
at the M point in MoS2 and WS2. Therefore, we call this
disorder-induced feature the LA(M) band. This band might be
also associated with a DR process illustrated in Figure 4d,
involving one phonon and a defect for momentum con-
servation, in contrast to the 2LA(M) band that involves two
phonons. So, the behavior of the LA(M) and 2LA(M) bands in
TMDs seems to be analogous to the TO(K) (or D) and
2TO(K) (or 2D) bands in graphene. The observation of other
weak peaks induced by disorder were also reported for MoS2
and WS2.

35 These bands involve phonons of other branches
within the interior of the BZ in TMDs that are activated by
disorder, showing that Raman spectroscopy is also very useful
to characterize disorder and defects in these systems.
Raman spectroscopy is also a very useful tool to distinguish

between monolayer or few-layer graphene and bulk graphite,
both from the shape and intensity of the 2TO(K) band2,12 and
from the appearance of new bands associated with interlayer
breathing and shear vibrations.36 Few-layer TMDs can also be
characterized by Raman spectroscopy. For example in MoS2, it
has been shown that the splitting between the A1′ and E′ band
frequencies is related to the number of layers.37 It was shown
recently that extra first-order Raman modes that are absent in
both 1L and bulk are activated in the spectra of few-layer
TMDs.22 These new modes belong the totally symmetric
irreducible representation and involve out-of-plane vibrations of
the M and X atoms.
The presence of external charges and doping in graphene can

also be characterized from the position and line width of the
first-order E2g band.

6,38 Moderate doping of graphene systems,
with both electrons and holes, stiffens and narrows the E2g
band, due to the suppression of the electron−phonon
mechanism that gives rise to the Kohn anomaly. This effect
reveals the nonadiabatic behavior of electron−phonon
interaction in graphene.2,3 In a recent study of a monolayer
MoS2 transistor,

39 it was shown that the A1′ mode softens and
broadens with electron doping, whereas the E′ Raman mode
remains essentially inert. This observation shows that TMD
devices exhibit an opposite behavior compared with graphene,
and this behavior is ascribed to the fact that they are
semiconductors and phonon renormalization occurs within
the adiabatic approximation.39 Raman spectroscopy may also be
useful to identify doping of TMD systems with other type of
atoms, such as MoS2 doped with Se.40

Figure 4. Dependence of the double-resonance bands of (a) graphene
and (b) MoS2 on the laser energies. Diagrams showing the directions
of phonons involved with DR process and transitions with different
energy photons in (c) graphene and (d) MoS2-type TMDs.
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separation between the conduction and valence band in a
specific point in the BZ near the Dirac (or K) point (see Figure
4c). The 2TO(K) band is associated with an intervalley
process, involving resonances with valleys around the K and K′
points. We can see in Figure 4c that the wavevector of the
phonon conecting points around K and K′ is, in fact, close to
the K point (compare the orange and blue horizontal arrows in
the figure). Therefore, when the double- and triple-resonance
processes that originate the 2TO(K) band are probed with
different laser lines, phonons with different wavevectors around
K are involved, and consequently the position of the 2TO(K)
band changes and provides information about the dispersion of
electrons and phonons in graphene systems.2

Figure 4b shows the Raman spectra of 1L MoS2 recorded
with different laser lines. Now we can observe that the 2LA(M)
band is not dispersive, and only its intensity changes with
varying laser energy. In particular, the 2LA(M) band is more
intense for laser energies around 2 eV, which corresponds to
the B exciton energy in 1L MoS2,

25 suggesting that it is really
associated with a double-resonance process. Resonance Raman
scattering can provide useful information about the electronic
states of these materials. For this reason, in the literature we can
find a number of papers combining Raman characterization
with other optical spectroscopies, such as photoluminescence.33

Figure 4d illustrates the proposed DR mechanism for
TMDs.32 It now involves resonances at valleys at the K and I
points (the I point is the intermediate point between Γ and K).
It is shown in this figure that the phonon that connects these
two valleys has a wavevector at the M point (compare the
orange and blue arrows in the BZ). The optical spectrum of
TMD systems of the MoS2 family is dominated by excitonic
transitions involving electronic states at the K point.25 A

resonant process with excitonic states is illustrated in Figure 4d.
Notice that the double-resonance mechanism will enhance the
intensity of 2(LA) bands only in a small range of energies that
are in close resonance with the exciton states at the K point and
the intermediate state at the I point. Therefore, the process
involving resonances with excitonic transitions in TMDs
explains our observed results shown in Figure 4b, where the
intensity of the 2LA(M) band, and not its frequency, depends
on the laser energy.
Let us now discuss the possibility of using Raman

spectroscopy to characterize disorder and defects in TMDs.
In the case of graphene, a number of features in the spectrum
are activated by disorder, and the stronger one (the D band) is
related to phonons belonging to the iTO branch near the K
point. Therefore, this band might be called the TO(K) band.
It was reported many years ago that disorder-induced Raman

bands also appear in the spectrum of MoS2 and WS2 films,
around 223 and 176 cm−1, respectively,34 and their frequencies
correspond to the frequencies of the phonon of the LA branch
at the M point in MoS2 and WS2. Therefore, we call this
disorder-induced feature the LA(M) band. This band might be
also associated with a DR process illustrated in Figure 4d,
involving one phonon and a defect for momentum con-
servation, in contrast to the 2LA(M) band that involves two
phonons. So, the behavior of the LA(M) and 2LA(M) bands in
TMDs seems to be analogous to the TO(K) (or D) and
2TO(K) (or 2D) bands in graphene. The observation of other
weak peaks induced by disorder were also reported for MoS2
and WS2.

35 These bands involve phonons of other branches
within the interior of the BZ in TMDs that are activated by
disorder, showing that Raman spectroscopy is also very useful
to characterize disorder and defects in these systems.
Raman spectroscopy is also a very useful tool to distinguish

between monolayer or few-layer graphene and bulk graphite,
both from the shape and intensity of the 2TO(K) band2,12 and
from the appearance of new bands associated with interlayer
breathing and shear vibrations.36 Few-layer TMDs can also be
characterized by Raman spectroscopy. For example in MoS2, it
has been shown that the splitting between the A1′ and E′ band
frequencies is related to the number of layers.37 It was shown
recently that extra first-order Raman modes that are absent in
both 1L and bulk are activated in the spectra of few-layer
TMDs.22 These new modes belong the totally symmetric
irreducible representation and involve out-of-plane vibrations of
the M and X atoms.
The presence of external charges and doping in graphene can

also be characterized from the position and line width of the
first-order E2g band.

6,38 Moderate doping of graphene systems,
with both electrons and holes, stiffens and narrows the E2g
band, due to the suppression of the electron−phonon
mechanism that gives rise to the Kohn anomaly. This effect
reveals the nonadiabatic behavior of electron−phonon
interaction in graphene.2,3 In a recent study of a monolayer
MoS2 transistor,

39 it was shown that the A1′ mode softens and
broadens with electron doping, whereas the E′ Raman mode
remains essentially inert. This observation shows that TMD
devices exhibit an opposite behavior compared with graphene,
and this behavior is ascribed to the fact that they are
semiconductors and phonon renormalization occurs within
the adiabatic approximation.39 Raman spectroscopy may also be
useful to identify doping of TMD systems with other type of
atoms, such as MoS2 doped with Se.40
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and (b) MoS2 on the laser energies. Diagrams showing the directions
of phonons involved with DR process and transitions with different
energy photons in (c) graphene and (d) MoS2-type TMDs.
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progressive ablation of the material caused by the ions bombarding the MoS2 flakes. The latter is 

observed in Figure 1 from the increase in the intensity of the Si peak, observed at ~300 cm-1 and 

labelled with an asterisk, with decreasing LD (note that the spectra in Figure 1 are normalized to the 

A'1-peak). On the basis of these observations, we show that I(LA)/I(E') and I(LA)/I(A'1) are inversely 

proportional to LD
2, or, equivalently, directly proportional to the total number of ions impinging on the 

surface (1/LD
2). Fitting the data in Figure 3(b) using  

ூሺ୐୅ሻ
ூሺଡ଼ሻ ൌ

େሺଡ଼ሻ
௅ీమ

 ,      (2) 

where X = E' or A'1, reveals that C(E') = 1.11േ0.08 nm2 and C(A'1) = 0.59േ0.03 nm2. These values 

are expected to be dependent on the laser excitation energy used for the Raman measurements. A 

similar relationship is found when using the frequency-integrated peak intensities (see Supplemental 

Material[41]). Interestingly, these intensity ratios behave analogously to the intensity ratio of the D- 

and the G-peak, I(D)/I(G), in graphene, which is largely used to assess the level of disorder within the 

lattice.[14,15,16] 

Besides the prominent mode at ̱227 cm-1, we can resolve other peaks in the region 150-260 cm-1, 

whose intensities increase with disorder. Similarly to the ̱227 cm-1 peak, from Figure 3(a), these 

bands appear to be linked to acoustic zone-edge phonons: we assign the peaks located at ̱154 cm-1, 

̱180 cm-1 and ̱187 cm-1 to the TA(M), ZA(M) and TA(K) modes respectively. 

It is interesting to observe that, except for the peak at 187 cm-1, all disorder-induced peaks in Table 1 

match well with M-point phonons. The explanation for this preferential phonon activation within the 

Brillouin zone might be similar to the one suggested for the origin of the 2LA(M) band. Indeed, it has 

been recently shown that this band becomes more intense than the first-order A'1- and E'-peaks when 

the Raman experiment is performed with laser energies around 2 eV, which corresponds to the 

B-exciton energy in 1L-MoS2.[42] The mechanism proposed to account for this behavior is a double 

resonance (DR) process which involves two LA(M) phonons with opposite momentum. According to 

this model, originally used to explain the 2LA(M) band in tungsten disulfide (WS2),[43] the Raman 

 

11 

 

progressive ablation of the material caused by the ions bombarding the MoS2 flakes. The latter is 

observed in Figure 1 from the increase in the intensity of the Si peak, observed at ~300 cm-1 and 

labelled with an asterisk, with decreasing LD (note that the spectra in Figure 1 are normalized to the 

A'1-peak). On the basis of these observations, we show that I(LA)/I(E') and I(LA)/I(A'1) are inversely 

proportional to LD
2, or, equivalently, directly proportional to the total number of ions impinging on the 

surface (1/LD
2). Fitting the data in Figure 3(b) using  

ூሺ୐୅ሻ
ூሺଡ଼ሻ ൌ

େሺଡ଼ሻ
௅ీమ

 ,      (2) 

where X = E' or A'1, reveals that C(E') = 1.11േ0.08 nm2 and C(A'1) = 0.59േ0.03 nm2. These values 

are expected to be dependent on the laser excitation energy used for the Raman measurements. A 

similar relationship is found when using the frequency-integrated peak intensities (see Supplemental 

Material[41]). Interestingly, these intensity ratios behave analogously to the intensity ratio of the D- 

and the G-peak, I(D)/I(G), in graphene, which is largely used to assess the level of disorder within the 

lattice.[14,15,16] 

Besides the prominent mode at ̱227 cm-1, we can resolve other peaks in the region 150-260 cm-1, 

whose intensities increase with disorder. Similarly to the ̱227 cm-1 peak, from Figure 3(a), these 

bands appear to be linked to acoustic zone-edge phonons: we assign the peaks located at ̱154 cm-1, 

̱180 cm-1 and ̱187 cm-1 to the TA(M), ZA(M) and TA(K) modes respectively. 

It is interesting to observe that, except for the peak at 187 cm-1, all disorder-induced peaks in Table 1 

match well with M-point phonons. The explanation for this preferential phonon activation within the 

Brillouin zone might be similar to the one suggested for the origin of the 2LA(M) band. Indeed, it has 

been recently shown that this band becomes more intense than the first-order A'1- and E'-peaks when 

the Raman experiment is performed with laser energies around 2 eV, which corresponds to the 

B-exciton energy in 1L-MoS2.[42] The mechanism proposed to account for this behavior is a double 

resonance (DR) process which involves two LA(M) phonons with opposite momentum. According to 

this model, originally used to explain the 2LA(M) band in tungsten disulfide (WS2),[43] the Raman 

S.	
  Mignuzzi	
  et	
  al.	
  	
  
Phys	
  Rev.	
  B	
  (2015),	
  Vol.	
  91,	
  195411	
  



Symmetry dependence of exciton-phonon coupling in mono- and few-layers MoS2

observed by resonance Raman scattering

Bruno R. Carvalho, Leandro Malard, Cristiano Fantini, and Marcos A. Pimenta1

1Departamento de F́ısica, Universidade Federal de Minas Gerais, 30123-970, Belo Horizonte, MG, Brazil
(Dated: September 8, 2014)

The mono- and few-layered MoS
2

samples studied
here were produced by mechanical exfoliation of MoS

2

crystals onto Si substrates with 300 nm thick SiO
2

coating. Micro-Raman measurements were carried
out on both a DILOR XY and a Horiba T64000
triple-monochromator spectrometers equipped with
N

2

-cooled charge-couple device (CCD) detectors and
with 1800 g/mm di↵raction gratings given spectral
resolution better than 1 cm�1. The samples were
excited by an Ar/Kr ion laser, a tunable dye laser
(with DCM Special and Rhodamine 6G dyes) and
a He-Cd laser, covering a wide excitation energies
from 1.85 to 2.81 eV. All the measurements were
conducted in backscattering geometries, and at room
temperature. The samples were focused by a 100x
objective giving a spot size of ⇠1 µm and the laser
power at the sample surface was kept  1.0 mW in
order to avoid the sample heating.

FIG. 1. Resonant Raman spectra of MoS
2

samples with
di↵erent number of layers recorded with di↵erent laser
excitation energies from 1.92 to 2.81 eV. Panels from left
to right correspond, respectively, to 1, 2 and 3 layers and
bulk samples.

Figure 1 presents Raman spectra obtained with
many di↵erent excitation energies from 1.92 to 2.81
eV, of MoS

2

samples with di↵erent number of layers.
The spectra are shown in the spectral range from 300
to 500 cm�1 where the two first-order E1

2g

and A
1g

vibrational modes are observed at around 387 (386.2)
and 405 (411.4) cm�1 for monolayer (Bulk) MoS

2

,
respectively. The E1

2g

mode is related to the in-plane

displacement between Mo and S atoms, while the
A

1g

mode refers to the out-of-plane displacement of S
atoms. Since both modes exhibit strong dependence
on the sample thickness, the number of layers can
be identified as previously reported by Lee et al.
[1]. The blueshift of the E1

2g

mode is related to
a dielectric screening of the long-range Coulomb
interactions between Mo atoms which reduces by
increasing number of layer due to the enhancement
in the dieletric tensor resulting in a softening of this
phonon mode. In contrast, the redshift of the A

1g

mode is explained by the interlayer interaction of S
atoms in the neighboring plane and it is not influenced
by the screening [1, 2]. In the data showed in Fig.
1 we verified this trend of the thickness dependence
and also notice that the frequency of the E1

2g

and
A

1g

modes does not change with the excitation energy
since they are phonons in the center of the Brillouin
zone.

In contrast, it is clear from Fig. 1 that the
intensities of both modes in all the samples are
strongly dependent on the excitation energy. The
intensity of E1

2g

mode increases whereas the A
1g

mode
decreases with increasing excitation energy. There is
a clear inversion in the intensity of both peaks at 2.62
eV in all the samples. The A

1g

mode is stronger in
low energy side, whereas the E

2g

intensity is enhanced
the blue region of the spectrum. Such resonance
behavior of MoS

2

phonon modes, not described so far
in the literature for mono- and few-layers MoS

2

, is
consequence of a strong exciton-phonon coupling as
discussed below.

In order to understand this e↵ect in more details,
figure 2 shows the A

1g

and E1

2g

phonon mode
intensities as a function of E

laser

depicting the
resonance Raman profiles for (a) monolayer, (b) bi-
layer, (c) tri-layers and (d) bulk MoS

2

samples.
The intensities were normalized according to the
intensity of the silicon considering its excitation
energy dependence as reported by Renucci et al. [3].

The Raman excitation profiles (REP), for all the
samples, show that there is a strong enhancement of
the E1

2g

vibrational mode at 2.7 eV, while for the A
1g

phonon does not have such strong resonance behavior
in this energy range. However, an analysis of the
REP for the A

1g

phonon mode reveals a resonance
behavior in the low energy range from 1.85 to 2.16
eV as shown by the inset in Fig. 2, whereas the
E1

2g

mode is not enhanced in this energy range. Two
important e↵ects can be extracted from Fig. 2, the
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FIG. 2. Raman excitation profiles of E1

2g (open squares)
and A

1g (solid triangles) Raman peaks (a) monolayer, (b)
bilayer, (c) trilayer and (d) bulk MoS

2

samples. The red
curves represent the fitting of the E1

2g obtained through
Eq. (1).

phonon resonance behavior around 1.85, 2.16 and 2.7
eV; and the di↵erent resonance behavior for the two
di↵erent phonon modes.

By considering third-order time dependent
perturbation description of the Raman intensity, we
have fitted the REP for the E1

2g

and A
1g

modes of all
the samples as a function of the laser energy (E

laser

)
given by,

I(E
laser

) = A⇥
⇥
(E

laser

� E
ex

)2 + �2/4
⇤�1

⇥
⇥
(E

laser

� E
ex

+ E
ph

)2 + �2/4
⇤�1

,
(1)

where E
ex

and � are the exciton energy and the
damping term which is associated with the exciton-
phonon interaction lifetime of the intermediate states,
respectively, and E

ph

is the corresponding phonon
energy. The parameter A is an intensity normalization
constant. The fitted parameters for the di↵erent
number of layers can be found in Table I. The two first
resonances can be attributed to the A and B excitons
states found in MoS

2

and are located at the K and
K0 points. The A and B exciton energy extracted
from the fitting above as a function of layer number
is shown in Figure 3, and shows that there is no
significant energy shift as function of layer number
within our experimental uncertanitly. Also show in
Fig. 3 are the A and B exciton energies from previous
experiments [5, 6], shown good accordance with our
present results. It is also interest to investigate the
exciton energy di↵erence because it comes from an
interlayer interaction and the spin-orbit splitting. The

splitting values observed in our measurements are
0.23, 0.18, 0.21, and 0.20 eV for 1L, 2L, 3L and bulk
MoS

2

, respectively. The value for the bulk is in good
agreement with that reported in Ref. 7.

FIG. 3. Transition energies of the resonance Raman
profiles over A, B and C excitons for the samples with
di↵erent number of layers (blue circles). Red triangles
represent optical absorption values from Ref. 5 for bulk
and Ref. 6 for mono-, bi- and trilayer. Green squares
represent Raman resonance profile from Ref. 11.

Analysing now the high energy resonance, it can
be seen that there is a strong enhancement of the E1

2g

vibrational mode at 2.7 eV. This resonance behavior is
also present for the A

1g

phonon, however the intensity
enhancement is smaller compared to the E1

2g

mode.
A careful analysis of the MoS

2

electronic structure
shows a high density of states in this energy range,
mainly coming from states near the � point. In fact,
it has theoretically predicted [4] that excitons can be
also formed in these bands, leading to the so-called C
exciton state. It was proposed that the C exciton is
originated from six degenerate excitonic state formed
from transitions near � point of the Brillouin zone and
it is associated with the highest valence band and the
first three lowest conduction bands [4]. Enhancement
of the Raman signal in this energy range of the C
exciton for bulk MoS

2

was first observed by Sekine
et al. [10]. The optical transition associated with
the C exciton was also observed for bulk sample by
transmission spectra at 5K [9]. In both cases the
origin of this resonance was suggested to be a band-
to-band transition. From our results we propose that
this resonance is in fact associated with a coupling
of E1

2g

phonon with the C exciton. The extracted
C exciton energy from Eq. 1 as a function of layer
number is shown in fig. 3. Also, no significant energy
shift can be seen as a function of layer number. In the
calculation done by Qiu et al. [4] the C exciton have
an energy of 2.5 eV at 0 K. However due to acoustic
phonon interactions there is a broadening leading to
an assymetric exciton band with maximum around 2.7
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excitation energy. We plot these results jointly for all the samples studied in order to 

properly analyze how the resonant excitation profile changes when adding layers to the 

sample.  
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Figure 4. Evolution of the combined Raman excitation profiles with the number of 

layers for (a) the normal modes (A+E) and (b) the double resonant modes (2LA+X). (c) 

Comparison between the position of the Raman signal enhancement obtained in this 

work and the absorption and photoluminescence data derived from reference 

[nanoscale]. 

For the normal modes A and E we observe two enhancements, with exception of the 

monolayer sample where the second enhancement is out of the energy range analyzed. 

When adding layers to the sample both enhancements move to lower energies indicating 

the closure of the band gap involved in each resonance. Other authors have studied 

these   transitions   (labelled   as   A’   and   B’)   with   absortion   and   photoluminiscence  

techniques leading to the same results, as shown in Figure 3c. For the double resonant 

modes the behavior is more complex; firstly, we observe an enhancement at around 2.45 

eV in the monolayer that moves to lower energies as the number of layers increase. This 

increase of the Raman intensity is originated by a resonance with the same energy gap 

than the one which originates the enhancement of the E and A modes (transition  A’). 

3 
 

395 cm-1, we will name A, B and C bands, respectively. The deconvolution of the 

registered spectra reveals that none of these peaks shifts with the excitation energy. 

Concerning the peaks intensities, some Raman enhancements have been described at 

633, 532 and 473 nm, according with the resonance of the WSe2 excitons.nanoscale 

However, as we show next, a more complex behavior is observed that depends 

simultaneously on the excitation energy, the number of layers and the Raman band 

considered in each case. 
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Figure 1. Selected Raman spectra of WSe2 samples with different number of layers 

registered with a wide range of excitation wavelengths.  

In Figure 2a-d we present the resonant excitation profile of the four main peaks of the 

spectrum. The intensities were normalized according to the intensity of the silicon peak, 
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excitation energy. We plot these results jointly for all the samples studied in order to 

properly analyze how the resonant excitation profile changes when adding layers to the 

sample.  
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Figure 4. Evolution of the combined Raman excitation profiles with the number of 

layers for (a) the normal modes (A+E) and (b) the double resonant modes (2LA+X). (c) 

Comparison between the position of the Raman signal enhancement obtained in this 

work and the absorption and photoluminescence data derived from reference 

[nanoscale]. 

For the normal modes A and E we observe two enhancements, with exception of the 

monolayer sample where the second enhancement is out of the energy range analyzed. 

When adding layers to the sample both enhancements move to lower energies indicating 

the closure of the band gap involved in each resonance. Other authors have studied 

these   transitions   (labelled   as   A’   and   B’)   with   absortion   and   photoluminiscence  

techniques leading to the same results, as shown in Figure 3c. For the double resonant 

modes the behavior is more complex; firstly, we observe an enhancement at around 2.45 

eV in the monolayer that moves to lower energies as the number of layers increase. This 

increase of the Raman intensity is originated by a resonance with the same energy gap 

than the one which originates the enhancement of the E and A modes (transition  A’). 
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corresponding to XB and XC, respectively (the XA exciton is out of the energy range considered). 

Surprisingly, only 2LA(M) band behaves as expected showing the mentioned enhancements; in 

contrast, the first-order Raman bands just exhibit a single intensity enhancement at around 2.42 eV, as 

seen in Figure 4. PRL 113 026803  

2.0 2.2 2.4 2.6 2.8 2.0 2.2 2.4 2.6 2.8

(d) LA(MK)(c) 2LA(M)

(b) E´

E (eV)

x6

N
or

m
al

iz
ed

 In
te

ns
ity

(a) A´
1

E (eV)

x6

 

Figure 4. REMOVE FITTINGS AND 2LA(MK) YES, ONLY EXP POINTS 

IN FIGURE D : 2LA(MK) instead of LA(MK) 

2,0 2,2 2,4 2,6 2,8 2,0 2,2 2,4 2,6 2,82,0 2,2 2,4 2,6 2,8

 E (eV)

(c) 2LA(M)(b) E´

E (eV)

N
or

m
al

iz
ed

 In
te

ns
ity

(a) A
1́

 E (eV)

 

Figure 3. REMOVE FITTINGS YES, ONLY EXP POINTS 

The analysis of the REP of WSe2 is slightly more complex than that of WS2. Within the excitation 

range studied in this work, the Raman spectrum should show enhancements at ca. 2.1 and 2,4 eV 

corresponding to XB and XC, respectively (the XA exciton is out of the energy range considered). 

Surprisingly, only 2LA(M) band behaves as expected showing the mentioned enhancements; in 

contrast, the first-order Raman bands just exhibit a single intensity enhancement at around 2.42 eV, as 

seen in Figure 4. PRL 113 026803  

2.0 2.2 2.4 2.6 2.8 2.0 2.2 2.4 2.6 2.8

(d) LA(MK)(c) 2LA(M)

(b) E´

E (eV)

x6

N
or

m
al

iz
ed

 In
te

ns
ity

(a) A´
1

E (eV)

x6

 

Figure 4. REMOVE FITTINGS AND 2LA(MK) YES, ONLY EXP POINTS 

IN FIGURE D : 2LA(MK) instead of LA(MK) 

2,0 2,2 2,4 2,6 2,8 2,0 2,2 2,4 2,6 2,82,0 2,2 2,4 2,6 2,8

 E (eV)

(c) 2LA(M)(b) E´

E (eV)

N
or

m
al

iz
ed

 In
te

ns
ity

(a) A
1́

 E (eV)

 

Figure 3. REMOVE FITTINGS YES, ONLY EXP POINTS 

The analysis of the REP of WSe2 is slightly more complex than that of WS2. Within the excitation 

range studied in this work, the Raman spectrum should show enhancements at ca. 2.1 and 2,4 eV 

corresponding to XB and XC, respectively (the XA exciton is out of the energy range considered). 

Surprisingly, only 2LA(M) band behaves as expected showing the mentioned enhancements; in 

contrast, the first-order Raman bands just exhibit a single intensity enhancement at around 2.42 eV, as 

seen in Figure 4. PRL 113 026803  

2.0 2.2 2.4 2.6 2.8 2.0 2.2 2.4 2.6 2.8

(d) LA(MK)(c) 2LA(M)

(b) E´

E (eV)

x6

N
or

m
al

iz
ed

 In
te

ns
ity

(a) A´
1

E (eV)

x6

 

Figure 4. REMOVE FITTINGS AND 2LA(MK) YES, ONLY EXP POINTS 

IN FIGURE D : 2LA(MK) instead of LA(MK) 

2,0 2,2 2,4 2,6 2,8 2,0 2,2 2,4 2,6 2,82,0 2,2 2,4 2,6 2,8

 E (eV)

(c) 2LA(M)(b) E´

E (eV)

N
or

m
al

iz
ed

 In
te

ns
ity

(a) A
1́

 E (eV)

Resonance Raman studies in single layer WS2 and WSe2 

E.	
  Del	
  Corro,	
  A.	
  Botello	
  et	
  al,	
  (2015)	
  
	
  

WS2	
  

WS2	
  

WSe2	
  

WSe2	
  



in-plane A2
g when compared with the out-of-plane A1

g. The laser energy dependence of the

absolute values and phase differences of the Raman tensor elements are presented and our

results are discussed in terms of the anisotropy and of the linear dichroism of BP.

Since the Raman response is directly related to the electron-phonon coupling, our results

put strigent constraints on the way electrons and ions interact in BP. This is of particular

interest given that under pressure BP modifies from direct band gap semiconductor to indi-

rect band gap semicondutor and eventually to a metal.9 In the metallic phase BP undergoes

a superconducting transition with critical temperatures up to 11 K which is still unexplained

but could be the result of the electron-phonon coupling.10,11

The bulk structure of BP has an orthorhombic symmetry belonging to the point (space)

group D18
2h (Cmca),12 with 4 atoms per unit cell [see Fig. S1 in Supporting Information].

BP has a puckered layered structure, with strong anisotropy in the basal plane, which is

reflected by its physical properties.2,5 Unlike other layered materials, BP is a direct band

gap semiconductor13 in both bulk and single and few layer forms, and the band gap energy

increases with decreasing number of layers. This characteristic may lead to important op-

toelectronic and photonic applications, and electronic and optical properties of bulk BP are

well reported in the literature.13–16

Figure 1: Crystalline structure of black phosphorus (BP), represented in a (a) perspective
view, (b) side view and, (c) top view, for three stacked layers.
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geometry. The incident light was polarized always along the horizontal direction, as shown

in Figure 2(a), and an analyzer, placed before the entrance of the spectrometer, allowed

for the analysis of the scattered light polarized parallel and perpendicular to the incident

light polarization (parallel- and cross-polarization configurations respectively). The angular

dependence of Raman response was obtained by rotating the sample in the xz plane, but

the system of cartesian coordinates adopted here remained parallel to the crystallographic

axes.

Figure 2: (a) Optical microscope image of the measured flake, showing the crystallographic
axes, the directions of the incident and analyzed scattered light, and indicating the angle θ
between the incident light and the z axis. (b) Raman spectrum for an arbitrary configuration
showing the A1

g, B2g and A2
g modes. Angular dependence of the Raman intensity spectra

measured in the (c) parallel- and (d) cross-polarization configurations.

According to the choice of crystallographic axes, the Raman active modes of BP22 are

given by:

2Ag +B1g +B2g + 2B3g. (1)

The atomic displacements for the Raman modes in BP are schematically shown in Fig.3 and

the Raman tensors for these modes are shown in Table 1. Since we have used a backscattering

geometry and the laser beam propagates along the y direction, we can only analyse the

polarized light in the xz plane. From the Raman tensor elements in Table 1, the spectra in
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this configuration will only show the Ag and B2g modes, since the B1g and B3g modes only

have xy and yz non-null components, respectively.

Table 1: Raman tensor forms for all active modes in BP

Mode Ag B1g B2g B3g

Tensor




a 0 0
0 b 0
0 0 c








0 d 0
d 0 0
0 0 0








0 0 f
0 0 0
f 0 0








0 0 0
0 0 g
0 g 0





Figure 2(b) shows a typical Raman spectrum of BP in the 300-550 cm−1 range. The

three peaks at 360 cm−1, 436 cm−1 and 463 cm−1 are associated, respectively, with the A1
g,

B2g and A2
g modes, and these values are in good agreement with previous Raman results.20

Figures 2(c) and (d) show the angular dependence of the Raman spectra in the parallel-

and cross-polarization configurations, respectively. The low intensity peak at 525cm−1 is a

Raman mode of the substrate. The intensities of the peaks are represented by the color scale

shown in the right-hand side of these figures. The intensities of all spectra in each graph

have been normalized by a single constant, so that the most intense peak has its intensity

equal to one. As we will discuss below, the absolute values of the obtained Raman tensor

components for each laser line are solely dependent on this choice of normalization.

Figure 3: Atomic displacements of the Raman-active modes in BP.

For a quantitative analysis of the angular dependence of the Raman intensities, let us

first introduce the unitary vectors êi and ês that give the polarization of the incident and
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Table 1: Raman tensor forms for all active modes in BP
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Figure 2(b) shows a typical Raman spectrum of BP in the 300-550 cm−1 range. The

three peaks at 360 cm−1, 436 cm−1 and 463 cm−1 are associated, respectively, with the A1
g,

B2g and A2
g modes, and these values are in good agreement with previous Raman results.20

Figures 2(c) and (d) show the angular dependence of the Raman spectra in the parallel-

and cross-polarization configurations, respectively. The low intensity peak at 525cm−1 is a

Raman mode of the substrate. The intensities of the peaks are represented by the color scale

shown in the right-hand side of these figures. The intensities of all spectra in each graph

have been normalized by a single constant, so that the most intense peak has its intensity

equal to one. As we will discuss below, the absolute values of the obtained Raman tensor

components for each laser line are solely dependent on this choice of normalization.

Figure 3: Atomic displacements of the Raman-active modes in BP.

For a quantitative analysis of the angular dependence of the Raman intensities, let us

first introduce the unitary vectors êi and ês that give the polarization of the incident and
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nm laser line are also well fitted by Eqs. 3 and 4 [Figs. 4(a) and (b)]. However, as shown

in Figs. 4(g) and (h), we cannot fit simultaneously the angular dependencies in the parallel-

and cross-polarization configurations for the A1
g mode and for the 633nm laser line. Also,

Figs. 4(e), (f), (k) and (l) show that the angular dependence of the A2
g is never well fitted

by Eqs. 3 and 4. Particularly for the parallel-polarization configuration, the experimental

data exhibit a secondary maximum at θ = 90◦ and θ = 270◦, which is never reproduced

by the fitting curves. We therefore conclude that the conventional Raman approach, which

considers the Raman tensor elements to be real, can nicely describe the angular dependence

for the B2g mode but clearly fails to explain the behaviour of the totally symmetric Ag

modes, in particular for the in-plane A2
g mode. As we will show below, this result is related

to the linear dichroism of BP.29

In order to explain our results, we need to consider the impact of light absorption on

the Raman tensor elements. In absorptive materials, each component εij of the dielectric

function tensor has real and imaginary parts, and can be written as εij= ε′ij + iε′′ij. The

element Rk
ij of the Raman tensor is given by the derivative of the dielectric function element

εij with respect to the normal coordinate qk:28,30

Rk
ij =

∂εij
∂qk

=
∂ε′ij
∂qk

+ i
∂ε′′ij
∂qk

(7)

As consequence, when there is absorption of light, the Raman tensor elements also present

complex values, with real and imaginary parts. The Raman tensor elements relevant to this

work (a, c and f as defined in Table I) can thus be written as

a = |a|eiφa , c = |c|eiφc , f = |f |eiφf , (8)
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scattered light with respect to the crystallographic axes, as shown in Fig.2(a). For the

incident beam êi =

(
sinθ 0 cosθ

)
, while for scattered light ês =

(
sinθ 0 cosθ

)
and

ês =

(
cosθ 0 −sinθ

)
for the parallel- and cross-polarization configurations, respectively.

The Raman cross-section, S, that gives the scattering intensity, is written as28

Sk ∝ |êi·
↔
Rk ·ês|2 (2)

where
↔
Rk is the Raman tensor for the different symmetry modes given in Table 1, which are

denoted by the index k .

We now analyze the data shown in Figs.2(c) and (d) using the conventional approach,

in which the elements of the Raman tensor assume real values only. Substituting in Eq. 2

the unitary vectors êi and ês defined above and the Raman tensors shown in Table 1, we

obtain the expressions for the angular dependences of the Ag and B2g intensities for both

polarization configurations:

S‖
Ag

= (asin2θ + ccos2θ)2 (3)

S⊥
Ag

= [(a− c)cosθsinθ]2 (4)

S‖
B2g

= (2fcosθsinθ)2 (5)

S⊥
B2g

= [fcos(2θ)]2 (6)

Figure 4 shows the Raman intensities as functions of the angle, θ, for the A1
g, B2g and A2

g

modes in the parallel- and cross-polarization configuration, obtained with the 532nm and 633

nm laser lines. The dots correspond to the experimental data and the solid curves represent

the best fits using equations 3-6. Notice that the angular dependences of the B2g mode, in

both polarization configurations and using the two different laser lines [Figs. 4 (c), (d), (i)

and (j)], are nicely fitted by Eqs. 5 and 6, and from these fits we can obtain the value of the

Raman tensor element f . The angular dependencies of the A1
g mode obtained with the 532
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scattered light with respect to the crystallographic axes, as shown in Fig.2(a). For the

incident beam êi =

(
sinθ 0 cosθ

)
, while for scattered light ês =

(
sinθ 0 cosθ

)
and

ês =

(
cosθ 0 −sinθ

)
for the parallel- and cross-polarization configurations, respectively.
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Sk ∝ |êi·
↔
Rk ·ês|2 (2)
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↔
Rk is the Raman tensor for the different symmetry modes given in Table 1, which are
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the unitary vectors êi and ês defined above and the Raman tensors shown in Table 1, we
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S‖
Ag

= (asin2θ + ccos2θ)2 (3)

S⊥
Ag

= [(a− c)cosθsinθ]2 (4)

S‖
B2g

= (2fcosθsinθ)2 (5)

S⊥
B2g

= [fcos(2θ)]2 (6)
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this configuration will only show the Ag and B2g modes, since the B1g and B3g modes only

have xy and yz non-null components, respectively.

Table 1: Raman tensor forms for all active modes in BP

Mode Ag B1g B2g B3g

Tensor




a 0 0
0 b 0
0 0 c








0 d 0
d 0 0
0 0 0








0 0 f
0 0 0
f 0 0








0 0 0
0 0 g
0 g 0





Figure 2(b) shows a typical Raman spectrum of BP in the 300-550 cm−1 range. The

three peaks at 360 cm−1, 436 cm−1 and 463 cm−1 are associated, respectively, with the A1
g,

B2g and A2
g modes, and these values are in good agreement with previous Raman results.20

Figures 2(c) and (d) show the angular dependence of the Raman spectra in the parallel-

and cross-polarization configurations, respectively. The low intensity peak at 525cm−1 is a

Raman mode of the substrate. The intensities of the peaks are represented by the color scale

shown in the right-hand side of these figures. The intensities of all spectra in each graph

have been normalized by a single constant, so that the most intense peak has its intensity

equal to one. As we will discuss below, the absolute values of the obtained Raman tensor

components for each laser line are solely dependent on this choice of normalization.

Figure 3: Atomic displacements of the Raman-active modes in BP.

For a quantitative analysis of the angular dependence of the Raman intensities, let us

first introduce the unitary vectors êi and ês that give the polarization of the incident and
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Figure 4: Angular dependence of the Raman intensities measured using the 532 nm laser
line (a)-(f) and the 633 nm laser line (g)-(l). The polarization configurations (parallel or
cross) and the different Raman modes are indicated in each panel. Dots are experimental
data and solid curves correspond to the best fits to the data using equations 3-6 for each
configuration and mode symmetry.
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Figure 5: Angular dependence of the Raman intensities measured with the (a)-(d) 633nm,
(e)-(f) 532nm and (g)-(h) 488nm laser lines. The polarization configurations (parallel or
cross) and the different Raman modes are indicated in each panel. Dots are experimental
data and solid curves correspond to the best fits to the data using equations 10-11 for each
configuration and Raman mode.

difference φca
∗.

Figure 6(a) shows the absolute values of the Raman tensor elements for the A1
g, B2g and

A2
g modes as functions of the laser energy. Those values are dependent solely on our choice of

normalization of the peak intensities, where we attributed the unity value for the most intense

peak for each laser line. We can observe in Fig. 6(a) that the absolute values of the Raman

∗We highlight, that our results, both experimental and theoretical, allow one to conclude that aligning
the incident polarization to the zig-zag crystallographic direction (θ = 0◦) leads to the observation of the
main peak of the A2

g mode in the parallel configuration, while a secondary peak is observed when the incident
polarization is parallel to the armchair direction (θ = 90◦). This conclusion is the exact opposite to that
presented in Ref. 26. We believe this discrepancy can be explained by an incorrection in the angular
dependence of the hole conductance used in Ref. 26. A detailed discussion on this subject will be published
elsewhere.
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nm laser line are also well fitted by Eqs. 3 and 4 [Figs. 4(a) and (b)]. However, as shown

in Figs. 4(g) and (h), we cannot fit simultaneously the angular dependencies in the parallel-

and cross-polarization configurations for the A1
g mode and for the 633nm laser line. Also,

Figs. 4(e), (f), (k) and (l) show that the angular dependence of the A2
g is never well fitted

by Eqs. 3 and 4. Particularly for the parallel-polarization configuration, the experimental

data exhibit a secondary maximum at θ = 90◦ and θ = 270◦, which is never reproduced

by the fitting curves. We therefore conclude that the conventional Raman approach, which

considers the Raman tensor elements to be real, can nicely describe the angular dependence

for the B2g mode but clearly fails to explain the behaviour of the totally symmetric Ag

modes, in particular for the in-plane A2
g mode. As we will show below, this result is related

to the linear dichroism of BP.29

In order to explain our results, we need to consider the impact of light absorption on

the Raman tensor elements. In absorptive materials, each component εij of the dielectric

function tensor has real and imaginary parts, and can be written as εij= ε′ij + iε′′ij. The

element Rk
ij of the Raman tensor is given by the derivative of the dielectric function element

εij with respect to the normal coordinate qk:28,30

Rk
ij =

∂εij
∂qk

=
∂ε′ij
∂qk

+ i
∂ε′′ij
∂qk

(7)

As consequence, when there is absorption of light, the Raman tensor elements also present

complex values, with real and imaginary parts. The Raman tensor elements relevant to this

work (a, c and f as defined in Table I) can thus be written as

a = |a|eiφa , c = |c|eiφc , f = |f |eiφf , (8)
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where the phases of the Raman tensor elements are given by:

φa = arctg

[ ∂ε′′xx
∂qAg

∂ε′xx
∂qAg

]
, φc = arctg

[ ∂ε′′zz
∂qAg

∂ε′zz
∂qAg

]
, φf = arctg




∂ε′′xz
∂qB2g

∂ε′xz
∂qB2g



 . (9)

Substituting in Eq. 2 the unitary vectors êi and ês and the complex values of the Ra-

man tensor elements defined in Eq. 8, the angular dependencies for the Ag and B2g mode

intensities, in the parallel- and cross-polarization configurations, are now given by:

S‖
Ag

= (|a|sin2θ + |c|cosφcacos
2θ)2 + |c|2sin2φcacos

4θ (10)

S⊥
Ag

= [(|a|−|c|cosφca)
2 + |c|2sin2φca]sin

2θcos2θ (11)

S‖
B2g

= (2|f |sinθcosθ)2 (12)

S⊥
B2g

= [|f |cos(2θ)]2 (13)

Note that the expressions for the B2g mode given by Eqs. 12 and 13 are identical to those

obtained considering only real values for the Raman tensor elements (Eqs. 5 and 6). This

is due to the fact that the phase φf is cancelled out when we take the square modulus of

the Raman efficiency expressions. However, this phase cancellation does not occur for the

totally symmetric Ag modes, and we have now, in Eqs. 10 and 11, a term φca, which is the

phase difference φc − φa.

Fig. 5 shows the experimental angular dependencies for the two Ag modes, together with

the best fits provided by eqs. 10-11. Figs. 5 (a) and (b) show the angular dependence

of the A1
g mode in the parallel- and cross-polarization configurations obtained with the red

laser line (633 nm). Figures 5(c-h) show the angular dependencies of the A2
g mode in both

parallel- and cross-polarization configurations, obtained with the three laser lines (633, 532,

and 488 nm). Notice that all angular dependencies are nicely fitted by introducing the phase
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tensor elements exhibit a laser energy dependence, which is, in fact, an expected result since

the modulus of the Raman tensor elements depends on both the real and imaginary parts of

the dielectric function, which are dispersive near electronic resonances. For the A1
g mode, the

|c| parameter is always larger than the |a| parameter, showing that the component zz of the

dielectric constant (zig-zag direction) is more modulated by this specific phonon mode than

the xx component. For the A2
g mode, |c| is larger than |a| for the red (633 nm) and green

(532 nm) laser lines, but there is an inversion at higher energies, and |c| becomes smaller

than |a| using the blue laser line (488 nm).

Figure 6: (a) Laser energy dependence of the absolute values of Raman tensor elements
(|a|,|c| or f). (b) Laser energy dependence of the phase diference φca = φc − φa for the A1

g

and A2
g modes.

Figure 6(b) shows the laser energy dependence of the phase differences φca for the A1
g

and A2
g modes. First notice that φca is larger for the A2

g mode than for the A1
g mode. In

fact, this phase difference is practically zero for the A1
g mode with the 532 and 488 nm lines

and about 64◦ when using the 633 nm line. On the other hand, φca is quite large for the A2
g

mode (around 90o) and this value slightly decreases with increasing laser energy.

Our results above show that the angular dependence of polarized Raman spectra of BP

is rather unusual, and can only be explained considering complex values for the Raman

tensor elements. These complex values are related to the fact that the material absorbs

the laser light. However, the phase of the complex values appears only in Raman spectra

for the totally symmetric phonons, and only for crystals with orthorhombic, monoclinic or
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