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In this work, we present measurements of the temperature dependence of the resonance Raman spectra of
MoS2 in two-dimensional and bulk forms, performed to identify the processes related to different combinations
of two acoustic phonons involved in the intervalley scattering. The resonance Raman spectra of samples of
different thicknesses (single layer, bilayer, trilayer, and bulk) were measured near the resonance with the A
excitonic transition and at different temperatures. Measurements of the Raman spectra of bulk MoS2 were
performed using several laser energies across the resonances with the A and B excitonic transitions. Based
on the electronic and vibrational structures of the samples with different thicknesses and the evolution of the
bands as a function of the laser excitation energy and temperature, we propose correct assignments to the Raman
bands appearing at approximately 380, 395, and 405 cm−1. According to our measurements and data analysis, the
peaks at 380, 395, and 405 cm−1 correspond to the combinations of 2TA around the K point, LA and TA phonons
around the M point, and LA and out-of-plane acoustic (ZA) phonons around the M point, respectively. This work
sheds light on the double-resonance processes of MoS2 and how it is related to the electronic structure of this
material. The results presented here establish the assignment and the scattering mechanism for some two-phonon
and double-resonance Raman bands whose origins were still a matter of debate in the literature. It can also be
an important basis to explain the double-resonance processes in other transition-metal dichalcogenides since we
present the fundamental electron scattering mechanism near the resonance with the A and B excitonic transitions,
and how it is affected by thermal effects.
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I. INTRODUCTION

Molybdenum disulfide (MoS2) is one of the prototypes
of two-dimensional (2D) materials that were introduced
after the rise of graphene and hexagonal boron nitride [1].
Nowadays, there is a multitude of different 2D materials
with different types of properties, and Raman spectroscopy
has played a major role to characterize and understand some
of their fundamental physical properties [2–7]. Among the
different classes of 2D materials, semiconducting transition-
metal dichalcogenides (TMDs) have been largely studied by
Raman spectroscopy. The Raman spectra of TMDs present a
rich structure of features, especially when the laser excitation
energy is close to the resonance with an excitonic transition.
However, the origin of some features is not entirely under-
stood and different assignments of these features are proposed
in the literature. Studies on TMDs to conciliate the various
assignments and models for Raman features in literature are
still missing.

MoS2 has been studied using Raman spectroscopy by a
myriad of works and its spectrum shows the presence of
several Raman features when the laser excitation energy is
close to its excitonic transition energies [8–15]. Many works
have attempted to explain the origin of the different features
observed in the Raman spectra of these materials [8,9,11–
13,16]. However, there are still different assignments of the

Raman features in the literature. The assignments vary ac-
cording to the laser lines that are used [8,9,13,17–19], to the
number of layers presented in the sample [8,10,11,20], and to
the presence of defects and microcrystalline samples [21–23].

Recently some works have been able to distinguish the
contributions of the double-resonance bands in MoS2 due to
the combinations of acoustic and optical phonons in the vicin-
ity of the K and M points of the Brillouin zone [12,13,15].
Different procedures were employed to distinguish the diverse
combinations of phonons, where not only the laser energy
was changed to observe the behavior of the double-resonance
bands, but also measurements at low temperature allowed the
observation of other processes.

Livneh and Sterer [9] observed that the frequency of the
double-resonance feature commonly known in the literature
as the b mode, which is a combination of LA and TA phonons
[13,15] in the proximities of the K point of MoS2, changes
when the temperature is varied at a rate almost three times
larger than those of the first-order Raman bands. In this work,
it was also observed that the intensity of the first-order A1g

mode is strongly affected by thermal effects as well, due to
the thermal impact in the electronic structure of the material.
Therefore, the variation in the electronic transition energy was
responsible for the dispersive behavior of the band, which
we also observe for other laser energies and temperatures
in our recent work [24]. Livneh and Sterer [9] also reported
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in their work the temperature slopes in the other features at
approximately 380, 395, and 403 cm−1, named here as β, γ ,
and δ peaks, respectively. The β peak appears as a shoulder
near the E2g band, while the γ peak exhibits two separate
contributions at approximately 393 and 395 cm−1. The β peak
was attributed to the phonons in the bottom of the E2g branch,
but the γ peak was still unassigned. The δ peak appears as
a shoulder of the A1g peak and was assigned to the Raman
and IR inactive mode of B1u irreducible representation. By
changing the temperature, their frequencies exhibit rates of
change similar to those of the first-order A1g and E2g modes. In
a latter work [13], Livneh and Spanier also included possible
combinations of the acoustic and quasiacoustic bands in the
assignment of the β and γ bands, respectively. They proposed
that the β band could be associated with either the combi-
nation of two TA or TA′ phonons at the K point, while the
two components of the γ band could be associated with the
combinations of LA and TA or LA′ and TA′ phonons at the M
point.

Gołasa et al. [12] measured the Raman spectrum of MoS2

at 4 K using a 1.96-eV laser and compared it with the spectrum
measured at room temperature. They reported the presence of
a strong peak in the room-temperature spectrum at approx-
imately 178 cm−1, named here as α, that vanished at low
temperature. This result indicated that the α feature could
be attributed to a Stokes/anti-Stokes process, in which one
optical phonon would be created while an acoustical phonon
would be annihilated. The feature was assigned to the dif-
ference between an A1g phonon and an LA phonon at the
M point. The intensity dependence of the α band on tem-
perature is of the form I ∝ (nA1g(M) + 1)nLA(M), where ni =
[exp(h̄ωi/KT ) − 1]−1 is the Bose-Einstein occupation factor
of a phonon with frequency ωi [12]. Based on the temperature
dependence of I , as T approaches 0, I goes to 0 as well, in
perfect agreement with the experimental results. The α peak
was also investigated by Chakraborty et al. [11], in one, two,
four, and seven layers and bulk MoS2. They observed that the
intensity of the α peak is weak for a monolayer sample, but
becomes strong for a bilayer, and still stronger for multilayer
samples and bulk. However, the difference in the intensity
observed between the samples of different thicknesses was not
explained.

Recently, Carvalho et al. have explored the resonance be-
havior of single, few-layer, and bulk MoS2, and measured the
intensity and frequency of the double-resonance 2LA and b
bands as a function of the excitation laser energy [15]. They
observed that the intensity of the double-resonance 2LA band
close to the M point is stronger for few layers and bulk when
compared to the single layer where the b and the 2LA bands
close to the K point are the dominant double-resonance fea-
tures. The enhancement of the 2LA band close to the M point
is a consequence of the appearance of the indirect band gap
in n layers and bulk crystals, which can act as an additional
scattering channel for the excited electron connecting the K
and Q valleys (KQ intervalley scattering). Therefore, we ex-
pect that the intensity of the combination processes of acoustic
and optical phonons near the M points becomes enhanced for
n layers and bulk. For a single layer, on the other hand, the
scattering of electrons occurs mainly from the K valley to the

K′ valley (KK′ intervalley scattering) and the features can be
attributed to combinations of phonons near the K point.

The objective of this work is to conciliate the proposed
assignments and models in the literature for the combination
bands of the resonance Raman spectrum of single-layer (1L),
bilayer (2L), trilayer (3L), and bulk MoS2. The measurements
were performed near the resonance with the A exciton (XA)
at room temperature and 80 K with a 1.92-eV laser. The
observed difference in the Raman spectra of the samples
was explained in terms of the influence of the KK′ and KQ
scattering channels in the double-resonance process. We also
measured the Raman spectrum of bulk MoS2 with several
laser excitation energies close to XA and XB and changing the
sample temperature to understand the α, β, γ , and δ Raman
features, and how they are affected by these two parameters.
We seek to enlighten the contributions of two-phonon pro-
cesses in the Raman spectra of MoS2 and other TMDs as well,
where similar physical processes are also present. We observe
a dispersive behavior of the β, γ , and δ peaks, which allows us
to make a correct assignment of the γ and δ peaks associated
with the KQ scattering. We also explain the low rate of change
of the γ and δ peaks as a function of temperature based on the
different thermal effects experienced by the K and Q valleys.
Finally, we see how the intensity of the α peak is affected
by both the laser excitation energy and temperature effects as
well, where the resonance with the excitonic levels becomes
as important as the temperature effects, as we show further.

II. EXPERIMENT METHODS

Monolayer (1L), bilayer (2L), trilayer (3L), and bulk sam-
ples of MoS2 were exfoliated from commercial MoS2 crystals
(SPI Supplies) and placed in a Si substrate with a 300-nm
oxide layer. The Raman spectroscopy measurements were
done in a Horiba T64000 spectrometer in a single-grating
configuration for the measurement of the 1.92 eV laser and
a triple-grating configuration for the other laser energies used.
In both cases, 1800 gr/mm gratings were used. Two lasers
are used for the measurements, a Coherent Innova C70 Ar-Kr
providing the 1.92 and 2.18 eV laser lines, and a Coherent
899 ring dye laser that could be tuned between 1.94 and
2.21 eV. The sample temperature was controlled by a Linkam
THMS600 cryostat in the range from 80 to 300 K. The inten-
sities of the collected spectra were normalized by the intensity
of the E2g peak since this mode is nonresonant for laser ener-
gies near the energies of XA and XB [25,26]. Even in the case
of single and few layer, we use the notation of the irreducible
representations of the bulk crystals for simplicity. Following
our previous work [24], the first-order Raman bands were fit-
ted with Lorentzian peaks, while the double-resonance peaks
were fitted with Gaussian peaks.

III. EXPERIMENT RESULTS

A. Raman measurements of single-layer, bilayer, trilayer,
and bulk MoS2 excited near XA

Figures 1(a) and 1(b) present the Raman spectra of 1L, 2L,
3L, and bulk MoS2 collected with 1.92 eV laser excitation
energy at 300 and 80 K, respectively. At 300 K, the Raman
spectra of all samples are dominated by the A1g mode as well
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FIG. 1. Raman spectra of 1L, 2L, 3L, and bulk MoS2 collected
with a 1.92-eV laser at the temperatures of (a) 300 and (b) 80 K. The
peaks identified by α, β, and γ are discussed in the text. We high-
lighted the presence of the first-order E2g and A1g modes and the α,
β, γ , b, and 2LA bands. The diagram in (b) illustrates (exaggerated)
the intervalley scattering of the electron from the vicinity of the K
point to the vicinity of the K′ point (KK′) and from the vicinity of
the K point to the vicinity of the Q point.

as the double-resonance b and 2LA bands. At 80 K, the Raman
spectra are still dominated by the A1g mode, but the spectra
of 2L and 3L show a splitting of the A1g band for 2L and
3L due to the additional vibrations that are expected with the
increasing number of layers [20,27]. The intensity of the 2LA
band for 2L and 3L becomes weaker when compared with
the spectra taken at 300 K. For the bulk spectrum, there is a
large enhancement of the A1g and 2LA bands at 80 K, where
they become ∼50 and ∼14 times more intense than the E2g

band, respectively. We also observe in Fig. 1(b) the α, β, and
γ features at 178, 380, and 395 cm−1, respectively.

The α band is present in the Raman spectrum of all samples
at room temperature, even though it is slightly weaker for 1L
than for the other samples. At 80 K, it vanishes for 1L, per the
results of Refs. [12,22], but it remains intense for 2L, 3L, and
bulk. The β band is pronounced in the Raman spectra of 1L
both at room temperature and 80 K. As the number of layers
increases to 2L and 3L, the intensity of β decreases, and it
becomes just a shoulder of the E2g peak in the bulk spectrum.
The γ band is not observed in the spectrum of 1L either at
room temperature or at 80 K. Both the spectra of 2L and 3L
present a weak γ band at 80 K, which becomes stronger at
300 K. In the bulk spectrum, however, the γ band is strong
at room temperature, where its intensity is comparable to the
intensity of the E2g band and becomes even stronger at 80 K,
where its intensity is almost three times the intensity of the
E2g band.

As we will discuss further, the two-phonon processes con-
taining phonons near the K point are related to the KK′
electron scattering, which is strong for 1L and 2L. The two-
phonon processes involving phonons in the vicinity of M are
associated with the KQ electron scattering, and these are more
pronounced for 2L and even thicker samples, as we could see

FIG. 2. (a) Raman spectra of bulk MoS2 collected with laser
excitation energies in the range of 1.92 to 2.18 eV at 80 K. The
intensity is normalized by the intensity of the E2g mode. The spec-
trum corresponding to the 1.98-eV laser energy shows the fitting with
a sum of Lorentzian and Gaussian peaks, where the γ band was
fitted with two Gaussian components. (b) Frequency of the Raman
spectral features between 375 and 430 cm−1 as a function of the laser
excitation energy.

from Fig. 1. To further understand the KQ electron scattering,
we needed to make measurements with different laser excita-
tion energies in the energy interval covering the XA range. In
the next section, we present the Raman spectra of bulk MoS2

obtained with different laser excitation energies and also at
different temperatures.

B. Raman measurements of bulk MoS2 as a function of the laser
energy and temperature

Figure 2(a) shows the Raman spectra of bulk MoS2 mea-
sured with laser energies in the range of 1.92 to 2.18 eV at
80 K. The intensity of the A1g band is highly intensified when
the laser energy is close to XA and XB. The same behavior
occurs with the intensity of the b band, where a maximum is
reached for laser energies close to XA and XB. The plot of the
intensity of the A1g band normalized by the intensity of the E2g

band as a function of the laser energy can be used to extract
the value of XA and XB [9,24,25]. This result is used to extract
the change of the XB value as a function of temperature (see
Supplemental Material, Fig. S1 [28]).

Figure 2(b) shows the frequency of the bands in the spec-
tral range between 360 and 430 cm−1 as a function of the
laser energy used. The b band presents a linear slope of
−76 cm−1/eV, which is in good agreement with the observed
values in the literature for measurements for bulk crystals
[17], and 1L of MoS2 [15,16,24]. The A1g band comes from
a zone center out-of-plane phonon and presents no disper-
sion with the laser excitation energy. The δ band, which
appears around 405 cm−1, has slopes of 64 and 14 cm−1/eV
in the energy intervals 1.92 to 1.98 eV and 2.09 to 2.21 eV,
respectively. We associate it with the combination of LA
and TA phonons in the vicinity of the M point, as will be
discussed further in this text. The γ band presents two com-
ponents that are nearly degenerate at 1.92 eV and split for
higher energies, where a separation of approximately 5 cm−1

becomes apparent for the 1.94 eV laser. The higher-energy
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FIG. 3. Raman spectra of bulk MoS2 in the spectral range of 165
to 430 cm−1 at three different temperatures collected with the laser
energies of (a) 1.92, (b) 2.03, and (c) 2.09 eV.

component γ ′ presents a rate of change of 55 cm−1/eV, while
the lower-energy component γ ′′ presents a rate of change
of 40 cm−1/eV. Both components of the γ band will be as-
sociated with the combination of LA and the out-of plane
acoustic (ZA) phonons in the vicinity of the M point, as we
discuss in details in the next section. The E2g band comes from
the degenerate in-plane LO and TO phonons at the � point.
Recent theoretical work [29] has shown that in 2D MoS2, and
any 2D polar material, the LO and TO modes are degenerated
at the � point, and are split for any finite phonon wave vector
q. In the neighborhood of the � point, the split depends on the
magnitude of q. In MoS2, the theoretical results [29] predict
a split on the order 1 cm−1, in very good agreement with
the E2g split we obtain in Fig. 2(b). The last set of data in
Fig. 2(b) corresponds to the β peak, which presents a slope
of −13 cm−1/eV. The β band will be associated with the
combination of two TA phonons in the vicinity of the K point,
as will be explained in the next section. The α band is not
included in Fig. 2(b) because it does not present a significative
change in frequency, similar to the first-order A1g and E2g

modes.
The next step to understand the behavior of the observed

peaks is to change the temperature to observe the shifts of the
bands as a function of both temperature and laser excitation
energy. Figures 3(a)–3(c) show the Raman spectra of bulk
MoS2 in the spectral range of 165 to 430 cm−1 collected with
the laser energies of 1.92, 2.03, and 2.09 eV, respectively, at
the temperatures of 93, 193, and 298 K. Figures 4(a)–4(c)
show the frequency of the Raman features of bulk MoS2 in the
spectral range of 165 to 410 cm−1 collected with the laser en-
ergies of 1.92, 2.03, and 2.09 eV, respectively, at temperatures
ranging from 80 to 300 K. Figure 3 shows that the frequency
of the α band at 178 cm−1 is almost constant throughout all
the laser energies and temperatures, but its intensity presents
significant changes across the same energy and temperature
ranges. As a function of the laser energy, the β band presents
a slow decrease in its frequency, and its intensity is almost
always small. The γ band presents a split as a function of

FIG. 4. Frequency of the analyzed bands as a function of tem-
perature of bulk MoS2 for the (a) 1.92-, (b) 2.03-, and (c) 2.09-eV
laser excitation energies. The slopes of the fitting lines are presented
in Table I.

the laser energy (see Fig. 2), but it also presents a split as
a function of the temperature for the 1.92 eV laser energy
(see Fig. 4(a)), which is closest to the XA transition. The δ

band presents an increase of its frequency as a function of
the laser energy, as it was presented in Fig. 2, but it behaves
almost like a first-order mode as a function of temperature (see
Figs. 4(a)–4(c)).

A detailed discussion of the experimental data to get the
correct assignment of α, β, γ , and δ bands is presented in the
next section.

IV. DISCUSSION

The intensity of a Raman process involving the combina-
tion of two phonons is given by the equation [30,31]

I =C

∣∣∣∣∣
∑
a, b,c

〈 f |HeR|c〉〈c|Hel |b〉〈b|Hel |a〉〈a|HeR|i〉
(h̄ω − Ea + i�)(h̄ω − Eb + i�)(h̄ω − Ec + i�)

∣∣∣∣∣
2

×
⎧⎨
⎩

(n1 + 1)(n2 + 1)

(n1 + 1)n2

, (1)

where i represents the initial state of the electron is in the
valence band, a, b, and c are intermediate excited states, and
f is the final state after the electron-hole recombination. The
HeR and Hel terms correspond to the electron-radiation and
electron-phonon interactions Hamiltonians, respectively. The
Ej terms in the denominator ( j = a, b, or c) correspond to
the energy of state j, and � is the broadening term that we
consider the same for all intermediate states. Given that the
electron-phonon interaction Hel is weak, the overall intensity
of a two-phonon process is weak compared to a first-order
Raman process, except when the laser energy matches one
or more Ei terms in the denominator of Eq. (1). The phonon
occupation factor products, (n1 + 1)(n2 + 1) and (n1 + 1)n2,
where ni = 1/[exp(h̄ωi/KBT ) − 1], are included for the sum
of two phonons and the Stokes/anti-Stokes process, respec-
tively [31]. For simplicity, we have not included the joint
density of states in Eq. (1) since the intensity profiles for
2D semiconducting materials with parabolic dispersion can
be well described without this contribution.
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When two terms in the denominator reach their minimum
values, a double-resonance process can be observed. The two
terms that become minima depend on the laser excitation
energy and whether it is sufficient to excite the electron to
the conduction band, create two phonons, and still have more
energy than the optical band gap of the material. The sum
over all the intermediate states a, b, and c must be considered
since the electron can suffer intervalley scattering by phonons
within the interior of the Brillouin zone. Therefore, all pro-
cesses where the electron in the conduction band (or hole in
the valence band) is scattered to another real electronic state
need to be considered a double-resonance Raman process. The
overall intensity of each process depends on factors other than
the electronic transition energy, like the electron-phonon in-
teraction term Hel . Additionally, the frequency of the phonons
that satisfies the double-resonance condition changes accord-
ing to the wave vector that is accessed by the excited electron
in the conduction band. Therefore, it is expected that a double-
resonance band may shift according to the laser energy used.
Based on Eq. (1), we now move to a deeper discussion of the
processes proposed for the α, β, γ , and δ bands.

The α band was previously assigned to the difference
between the A1g and LA branches at the M point [12,13].
Based on the double-resonance process we propose that it is
a process occurring in the vicinity of the M point. We base
our proposition on the fact that the difference between the
A1g and LA branches in the vicinity of the M point is flat,
confirmed by our theoretical calculations of the phonon struc-
ture of bulk MoS2 (check Supplemental Material, Fig. S2(b)
[28]). Therefore, the double-resonance process could present
a single frequency, independent of the laser excitation energy.

Due to the nature of thermal effects on the frequency
of the α band, we could expect the same result since it
corresponds to the difference between two different phonon
branches. The created phonon contributes to a negative rate
of change as a function of temperature, while the destroyed
phonon contributes to a positive rate of change as a function
of temperature, yielding a null net rate of change as a function
of temperature.

The vital remark we make is about the intensity of the α

band, which is incredibly high, even in the low-temperature
regime, for the laser energies corresponding to 1.92 and
2.09 eV (Figs. 1 and 3). Based entirely on the occupation
factor contained in Eq. (1), the intensity of the Stokes/anti-
Stokes process of the α band at 80 K should be only 3%
of the observed intensity at 300 K. However, there are still
other factors that we must account to properly explain the
observed intensity. As such, we use Eq. (1) to calculate the
intensity of the α band as a function of both the laser excitation
energy, and also as a function of temperature based on the
temperature dependence of the excitonic transition energies
(more details in the Supplemental Material, section S3). The
calculated intensity as a function of the temperature and the
laser excitation energy are displayed in Fig. 5(a) as a colored
map. We further present the results (multiplied by a constant
factor to fit the data) as a function of the laser energy along
with the intensities measured at 80 K in Fig. 5(b), where we
can observe a good agreement between the experimental data
and the calculated results. The same data were used to com-
pare the experimental data at constant laser excitation energies

FIG. 5. (a) Colored map showing the calculated intensity of the α

band (color scale) as a function of the laser excitation energy (x axis)
and the temperature of measurement (y axis). (b) The intensity of the
α band as a function of the laser excitation energy. (c), (d), and (e)
show the intensity of the α band as a function of temperature for the
laser excitation energies of 1.92, 2.03, and 2.09 eV, respectively. The
intensities of the experimental data are all normalized by the intensity
of the E2g band. The solid lines are a fit with a Gaussian function,
while the dashed lines represent the calculated results from (a), at the
respective laser excitation energies and temperatures, multiplied by
a constant factor to match the intensity observed.

of 1.92, 2.03, and 2.09 eV, as a function of temperature, in
Figs. 5(c)–5(e), respectively.

Figure 5(d) shows the intensity of the α band when ex-
cited with a 2.03 eV laser as a function of the temperature.
The observed behavior is as it is predicted by the product
(nA1g(M) + 1)nLA(M), where the intensity at 80 K is approxi-
mately 5% of the intensity at 300 K. However, the intensity of
the α band measured with the laser excitation energies of 1.92
and 2.09 eV [Figs. 5(c) and 5(e), respectively] is completely
different, and the intensities are maximum near the lowest
temperature of 80 K. We resort to the simulation proposed
in Fig. 5(a) that presents a good qualitative agreement with
the experimental data, especially near the resonance with
the A exciton, as we can see from Figs. 5(b) and 5(c). The
resonance with the B exciton, however, is slightly shifted by
approximately 30 meV, which can be observed by comparing
the difference in intensity between maximum experimental
intensity at 2.09 eV and the maximum simulated intensity
at 2.12 eV from Fig. 5(b). This shift is also responsible for
the shifted value of the maximum experimental and calculated
intensities in Figs. 5(d) and 5(e), where an 80 K shift between
the experimental and simulated maxima can be observed. The
80 K shift can be translated to roughly a 30 meV shift in
energy according to the rate of change of the A exciton as a
function of temperature (approximately −400 μeV/K [32]).
Since the shift is apparently constant between our results, we
did not include a correction to the simulation because it is not
necessary given the simplicity of our model. The conclusion
from the comparison between experiment and calculation is
that the intensity is affected by temperature, which also affects
the excitonic transition energies of XA and XB. Therefore, the
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simple assumption of the occupation factor is not enough to
explain the intensity of the α band, and we also need to resort
to the resonance with the excitonic transitions as well.

A critical aspect of the α band is the difference in intensity
between 1L and the other samples, which we showed in Fig. 1.
To understand the reason why this band is so strong for 2L, 3L,
and bulk, we resort to the KQ scattering channel, which also
explains the high intensity of the 2LA band in 2L, 3L, and bulk
[15]. The Q valley in the conduction band is actually above
the alignment with the K (or K′) valley in the 1L sample.
Therefore, unless the excitation energy is high enough, it is
not possible to observe the associated process as a strong
band, since it is not doubly resonant. As the number of layers
increases, however, the Q valley in the conduction band shifts
to lower energy. Since the energy shift brings the two valleys
closer together, it is possible to attain a double-resonance
process in this case, since the phonons involved will be able
to connect the electronic states in these two valleys.

Another important point to consider is how the energy of
the Q valley is affected by temperature, given its importance
for the double-resonance processes in MoS2. Recently, the
photoluminescence (PL) emission of a bilayer MoS2 was
measured as a function of temperature [31], and two main
observations must be highlighted. The transition energy of the
excitons XA and XB and the A trion decreased as a function
of temperature, which is a known result for single-layer and
bulk MoS2 [24,33–36], but the indirect band gap, connecting
the � point in the valence band to the Q point in the con-
duction band, is increased as a function of temperature. This
observation means that the valley around the Q point is being
displaced to higher energies as the temperature increases. This
result was also observed in another TMD in the semiconduct-
ing 2H family, namely WS2 [37]. Recently, the PL spectra of
bulk MoS2 were measured as a function of temperature in the
range between 80 and 250 K [38], and those measurements
suggest a similar behavior as well. Therefore, thermal effects
act differently in the valleys around the K and Q points, where
the K (Q) valley energy decreases (increases) for increasing
temperature values.

In practice, if we measure the Raman spectrum near the
resonance with XA at a low temperature, 80 K, and high tem-
perature, 300 K, the resonance with the KQ scattering channel
will be affected according to the number of layers in the
sample. This means that while the intensity of the 2LA band
is close between 2L, 3L, and bulk at 300 K, at 80 K, it will be
out of resonance for 2L and 3L and still in resonance for bulk
(see Fig. 1). The α band, coming from a Stokes/anti-Stokes
process, will not be affected as much because the phonon be-
ing destroyed can connect the electron to the former electronic
state, which will remain a double-resonance process, except in
a 1L sample.

The β band is present in all samples in Fig. 1, and it is a
strong band for 1L and 2L but it becomes weaker in 3L while
it is weakest for bulk, independent of temperature as well. In
Fig. 2(b), we showed that the β band changes as a function
of the laser energy at a rate of −13 cm−1/eV. Compared with
the rate of change of the b band, this is a small rate of change.
The two possible assignments of the β band proposed by
Ref. [13] are the combination of two TA or TA′ phonons at
the K point. The dispersive behavior of the β band, however,

suggests that it is a process occurring in the vicinity of the
K point. Additionally, the fact that we can see this process
regardless of the thickness of the sample (1L, 2L, 3L, and
bulk) naturally allows the correct assignment of the β band
to the combination of two TA phonons around the K point.

The γ band is one of the most interesting features in the Ra-
man spectrum of MoS2. At 80 K, it is inexistent for 1L and it
gradually becomes more intense from 2L to 3L to bulk, where
it is maximum. At room temperature, its intensity is close for
3L and bulk, while still weak for 2L and inexistent for 1L.
Also, at 80 K, it is present as a single peak in 2L, 3L, and bulk,
but it splits for these three samples at room temperature. The
proposed assignment of the two components of the γ band
according to Ref. [13] is the combination of an LA phonon
and a TA phonon near the M point (γ ′) and the combination
of an LA′ and a TA′ phonon near the M point (γ ′′). Although
the assignment is in qualitative agreement with the observed
frequencies of the γ band at laser energies above 1.92 eV in
Fig. 2(b), it cannot explain the crossing of the two compo-
nents of the peak at 1.92 eV, because the quasiacoustic bands
are well separated from the acoustic bands by approximately
3 cm−1 [check Supplemental Material, Fig. S2(a)]. However,
if we can allow the possibility of more than one scattering
channel to the vicinities of the Q valley, we may be able to
explain the existence of the two components. We illustrate
this process in the Supplemental Material (Fig. S4). Since the
frequency of the two components is increasing as a function
of the laser energy [see Fig. 2(b)], but at a lower rate than the
δ band, we propose the combination of an LA phonon and a
ZA phonon in the vicinity of the M point. Since the electron-
phonon interaction of the ZA phonons is small (lack of a
2ZA feature near the K or M points), the overall intensity of
this process is significantly diminished. We can compare the
intensity difference of this process to the intensity difference
of the 2D and 2D′ bands in graphene [39].

The last remaining peak is the δ band at approximately
403 cm−1, which is often assigned to the Raman and IR in-
active B1u phonon at the � point. The measurements of the
position of this peak as a function of the laser energy in
our work show that it presents a positive rate of change of
64 cm−1/eV in the energy interval between 1.92 and 1.98 eV
[Fig. 2(b)]. The presented rate of change is high, and also in-
consistent with the current assignment proposed for this band.

The δ band is weak present only in the bulk sample (Fig. 1).
The band could potentially be assigned to the KQ scattering
given that the electron-phonon interaction responsible for this
band is small. This is supported by the fact that we cannot see
this band in the 1L, 2L, or 3L spectra (see Fig. 1), and it is
only present in the bulk sample spectrum. According to the
frequency and the high positive rate of change of the δ band,
we can assign it to the combination of LA and TA phonons in
the vicinity of the M point. The low intensity of this band can
also be explained by the weak electron-phonon interaction of
the TA branch near the M point since the 2TA(∼M) band is
weak compared to the electron-phonon interaction of the LA
branch. Also, in few-layer samples (2L, 3L, 4L, and thicker
samples), there is the presence of the other A1g-like modes
[20,27], which are much more intense than the γ band, and
can hide the existence of other possible features in the same
spectral range.
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TABLE I. Raman frequencies and their respective slopes as a function of temperature of bulk MoS2.

ω(cm−1) Name ( ∂ω

∂T )E=1.92 eV(cm−1/K) ( ∂ω

∂T )E=2.03 eV(cm−1/K) ( ∂ω

∂T )E=2.09 eV(cm−1/K) Assignment

380 β −0.015(2) −0.012(1) −0.008(1) 2TA(∼K)
384 E2g −0.010(1) −0.011(1) −0.011(1)
395 γ −0.026(2) −0.016(1) −0.010(2) LA+ZA(∼M)
403 δ −0.006(2) −0.011(1) −0.013(2) LA+TA(∼M)
410 A1g −0.010(1) −0.010(1) −0.010(1)

Our discussion above provides satisfactory explanations to
the β, γ , and δ bands when we consider their frequency as a
function of the laser energy and keep the temperature fixed.
However, we still need to address the rate of change of their
position as a function of temperature, which is affected in
approximately the same way as the first-order A1g and E2g

bands (see Figs. 4(a)–4(c) and Table I), inconsistent with a
two-phonon assignment.

We use the following equation to describe the change ob-
served in the frequency of a double-resonance band ωi as a
function of temperature:(

∂ωi

∂T

)
h̄ω

= −
(

∂ωi

∂ h̄ω

)
T

(
∂Eg

∂T

)
h̄ω

+
(

∂ωi

∂T

)
	E

, (2)

where h̄ω is the laser energy, 	E = h̄ω − Eg, and Eg cor-
responds to the excitonic transition energy XA. The details
for obtaining Eq. (2) are included in the Supplemental Ma-
terial, section S5. Equation (2) combines two effects that are
observed when the temperature is changed, the effect of res-
onance with the electronic level on the two-phonon process,
( ∂ωi
∂	E )T ( ∂Eg

∂T )h̄ω, and the change in the vibrational energies due
to anharmonic effects, ( ∂ωi

∂T )	E .
We can look into Eq. (2) to discuss the position of the β,

γ , and δ bands as a function of temperature. For the KK′
scattering, we need only consider the rate of change of the
excitonic transition XA, to see how the K valley is affected
by temperature. According to the results from bilayer MoS2

in Ref. [32], XA presents a rate of change of approximately
−400 μeV/K between 100 and 300 K, and we use this result
for our bulk sample. The rate of change of β as a function of
the laser energy is −13 cm−1/eV, and combining these two
results, we obtain ( ∂ωi

∂	E )T ( ∂Eg

∂T )h̄ω = 0.005 cm−1/K. From the
results obtained near the resonance with XA (Table I), we
see that ( ∂ωi

∂T )1.92 eV = −0.015 cm−1/K. Therefore, we obtain
( ∂ωi

∂T )	E = −0.010 cm−1/K. Since the β band is composed
of two TA phonons near the K point, we conclude that
( ∂ωTA(∼K )

∂T )	E = 0.005 cm−1/K. This result is half the value
observed for the first-order A1g mode (see Table I), and
also smaller than the value we previously observed for a 1L
sample [24]. The stiffening may be caused by the presence of
the other layers.

The KQ scattering takes the electron from the K valley to
the Q valley, and in this case, we need to consider the depen-
dence of both valleys′ energies with temperature. The K valley
changes at a rate of −400 μeV/K, but the Q valley changes
at a rate of 420 μeV/K [32]. Combining the two rates in the
term ( ∂Eg

∂T )h̄ω yields a net value of approximately 20 μeV/K,
which is negligible within the precision of the experiment.
Therefore, only the second term on the right-hand side of

Eq. (2) is important, and it directly relates the changes in the
measured frequency of the Raman bands with the change due
to thermal anharmonic effects.

Assuming that the change in frequency is equal be-
tween the acoustic phonons around the M point, and using
the result of ( ∂ωγ

∂T )2.03 eV ≈ ( ∂ωδ

∂T )2.03 eV ≈ −0.012 cm−1/K,

we obtain that ( ∂ωLA(∼M)

∂T )h̄ω = ( ∂ωTA(∼M)

∂T )h̄ω = ( ∂ωZA(∼M)

∂T )h̄ω =
−0.006 cm−1/K, which is 30% smaller than the rate of the
first-order optical modes. We use the laser energy of 2.03 eV
as a reference here since the γ band presents only a single
component after 1.98 eV.

V. CONCLUSION

In conclusion, we presented the Raman spectra of 1L, 2L,
3L, and bulk MoS2 collected with a 1.92 eV laser line, directly
in resonance with the XA excitonic transition, at two different
temperatures, as well as the Raman spectra of bulk MoS2

collected with different laser excitation energies and different
temperatures. Analyzing MoS2 samples with different thick-
nesses at varied excitation laser energies, and temperatures,
we observed how the Raman spectra of MoS2 were affected
by the different electronic structure configurations and explain
the scattering mechanism responsible for the bands named
here as α, β, γ and δ. From our experiments, we were able to
associate the β, γ , and δ bands with intervalley processes in-
volving acoustic phonons, where the β band can be associated
with the 2TA around K process, the γ band can be associated
with the LA+ZA around M process, and the δ band can be
associated with the LA+TA around M process. The KQ scat-
tering becomes stronger for thicker samples, but since the K
and Q valleys are affected differently by thermal effects, some
double-resonance processes can present a softening similar to
a first-order mode.

The results obtained from our analysis of the different
number of layers allowed the correct assignments of the
β, γ , and δ Raman bands in bulk (see Table I), which
were previously attributed to several possible processes or
Raman-inactive phonons and could be reduced to a single
possible process in all cases. Additionally, we showed that the
Stokes/anti-Stokes process of the α band in TMDs is strongly
affected by the resonance with the excitonic transitions and
also by the KQ scattering process, where the intensity of this
mode is weak for a monolayer and strong for any other sample
thickness for laser excitation energies close to XA.
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