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Abstract

We present a transient absorption setup combining broadband detection over the

visible-UV range with high temporal resolution (∼20fs) which is ideally suited to trig-

ger and detect vibrational coherences in different classes of materials. We generate

and detect coherent phonons (CPs) in single layer (1L) MoS2, as a representative semi-

conducting 1L-Transition Metal Dichalcogenide (TMD), where the confined dynamical

interaction between excitons and phonons is unexplored. The coherent oscillatory mo-

tion of the out-of-plane A′1 phonons, triggered by the ultrashort laser pulses, dynami-

cally modulates the excitonic resonances on a timescale of few tens fs. We observe an

enhancement by almost two orders of magnitude of the CP amplitude when detected

in resonance with the C exciton peak, combined with a resonant enhancement of CP

generation efficiency. Ab Initio calculations of the change in 1L-MoS2 band structure

induced by the A′1 phonon displacement confirm a strong coupling with the C exciton.

The resonant behavior of the CP amplitude follows the same spectral profile of the cal-

culated Raman susceptibility tensor. These results explain the CP generation process

in 1L-TMDs and demonstrates that CP excitation in 1L-MoS2 can be described as a

Raman-like scattering process.

Keywords

coherent phonons; transition metal dichalcogenides; transient absorption spectroscopy; exciton-

phonon interaction; ab-initio calculation.

Coherent modulation of the optical properties of a material, following impulsive photo-

excitation of the lattice, is fundamentally interesting and technologically relevant because it

can be used for applications in sensors,1 actuators and transducers,2–4 that can be operated at

extremely high frequencies (up to several THz5). In order to exploit this effect, it is necessary

to understand the mechanism underlying the coherent phonon (CP) generation process and
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to identify the physical parameters (such as the pump pulse photon energy) that allow their

efficient excitation. In view of possible device applications, it is of paramount importance

to detect the spectral dependence of the CP amplitude, in order to identify in which photon

energy window the optical response of the material can be efficiently modulated.

We develop a transient absorption (TA) setup, combining broadband detection from 1.8

to 3eV, with extremely high temporal resolution (∼20fs). This is ideally suited to trigger

and detect vibrational coherences in different classes of materials. We use it to generate and

detect CPs in 1L-MoS2, as a representative semiconducting 1L-TMD. We focus on TMDs

because they support strongly bound excitons with unique physical properties, enabling

novel applications in optoelectronics and photonics.6–8 However, in TMDs, the dynamical

interaction between excitons and phonons, when constrained to 1L, is unexplored.

When TMDs are exfoliated down to 1L, they undergo a transition from indirect to direct

band gap,9 accompanied by a strong enhancement of the photoluminescence (PL) quantum

yield (i.e. the ratio between the number of emitted and absorbed photons).10 The thinness

of 1L-TMDs leads to a strong reduction of Coulomb screening between electron-hole (e-h)

pairs,11 resulting in enhanced excitonic effects.12 The lower energy part of the visible (VIS)

spectrum of all 1L-TMDs is dominated by two excitonic peaks,10 commonly referred as A

and B, associated to interband optical transitions between the spin-orbit split valence band

(VB) and the conduction band (CB) at K. At higher energy, interband transitions in the

band-nested region between K and Γ, where VB and CB have the same dispersion, give rise

to an additional broad peak: the C exciton.13 The A/B excitons wavefunctions share the

same symmetry of the transition metal dz2 orbital in the lowest conduction band state in

K.14 The C exciton wavefunction has a mixed character and it involves the contribution of

the px ± ipy chalcogen orbital.14,15

Exciton-phonon coupling in 1L-TMDs has been theoretically and experimentally inves-

tigated16–21 since it has a large impact on their emission and absorption properties. Light

emission in TMD-based optoelectronic devices is quenched by exciton-phonon scattering,
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reducing the number of bright excitons within the radiative light cone,22 and leading to the

formation of momentum forbidden dark excitons.19

Continuous wave (CW) optical spectroscopies, like PL and absorption, revealed signa-

tures of exciton-phonon interaction in 1L-TMDs.23–26 This gives rise to peculiar processes,

such as the appearance of phonon replicas in PL,24 excitonic PL upconversion caused by the

scattering from charged to neutral excitons25 and oscillations of the neutral exciton PL in-

tensity with an energy period matching longitudinal acoustic phonons.23,26 Scattering with

phonons contributes to the exciton dephasing process, leading to temperature-dependent

broadening of the exciton homogeneous linewidth, as shown by coherent nonlinear spec-

troscopy,27 and determines the linear absorption spectral width.28

Broadband TA spectroscopy probes exciton-phonon scattering in the time domain.29

One or more CP modes can be launched by impulsive laser excitation (pump pulse), while

the periodical variation of the TA spectrum due to the coherent displacement of the atoms

is detected by a delayed broadband probe pulse covering the excitonic transition.30 This

gives direct access to the phase of the coherent lattice displacement and to the phonon

dephasing processes caused by lattice anharmonicity.31 Another advantage of this technique

is the possibility to separately study the CP generation and detection processes.32,33 Ref. 34

reported the observation of CP in 1L-WSe2. However, this study was restricted to a narrow

energy range (∼100meV) around the A exciton, making it difficult to gain information on

how CP excitation affects the whole band structure.

Here, we perform TA measurements on 1L-MoS2 with ∼20fs temporal resolution, on a

broad photon energy range covering the main excitonic transitions in the VIS-UV between

1.8 and 3eV. We find that the C exciton is strongly modulated by the out-of-plane A′1

phonon, with an amplitude almost two orders of magnitude larger than previously reported

for the A exciton of 1L-WSe2.
34 Line shape analysis of the exciton peak dynamics shows

that the periodic modulation affects the intensity and the energy of the exciton peak. TA

experiments with frequency tunable excitation show that the pump pulse efficiently excites
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A′1 modes when it is tuned around the C exciton. This demonstrates that CP generation and

detection are governed by the same Raman-like physical mechanism. Ab Initio calculations

are in good agreement with experiments, and show that CP generation in 1L-MoS2 has

the same spectral dependence of the Raman tensor of the A′1 mode. Our results show

that exciton-phonon coupling is responsible of the strong coherent modulation of the optical

properties of TMDs and indicate that these materials are an ideal platform to study the

interaction between strongly bound excitons and phonons in the time domain.

Results and Discussion

We use large area (i.e. mm sized) chemical vapor deposition (CVD) 1L-TMDs because the

minimum spot size of the pump and probe pulses in our high temporal resolution setup

is∼150µm (see Methods), larger than the typical size of mechanically exfoliated 1L-TMDs.

The laser pulses are in fact focused by a spherical mirror, instead of a thick lens or an

objective, in order to preserve the high temporal resolution, but at the expense of the spatial

resolution. 1L-MoS2 is grown on a c-plane sapphire substrate as for Ref. 35. It is then

placed on a 200µm fused silica (FS) substrate using wet transfer.35–37 As-grown 1L-MoS2

on sapphire is spin-coated with∼100nm poly(methylmethacrylate) (PMMA). The sample is

detached from sapphire in a 30% potassium hydroxide solution, washed in deionized water,

and transferred onto the FS substrate. The PMMA is then dissolved in acetone. The small

thickness of the FS substrate prevents possible coherent artifact signals38 at zero delay time

between pump and probe pulses.

After transfer, the sample is characterized by Raman and PL spectroscopy. For both Ra-

man and PL we use a Renishaw InVia spectrometer with 100x objective at 514nm excitation.

The laser power is kept below 100µW to avoid any possible damage. The Raman spectrum

of 1L-MoS2 on FS is reported in Fig.1a. The peak at∼386cm−1 corresponds to the in-plane

phonon mode (E ′),39,40 while that at∼405cm−1 is the out of plane A′1.
39,40 The difference
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between E ′ and A′1 can be used to monitor the number of layers.41,42 We obtain∼19cm−1,

consistent with 1L-MoS2.
41 The PL spectrum in Fig.1b has three peaks at∼1.65, 1.88 and

2.03eV. The position and energy difference between the two higher energy peaks match the

A and B peaks measured with static absorbance in Fig.2a.43,44 The lower energy PL peak is

attributed to emission from defects.45
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Figure 1: (a) 514nm Raman spectrum of 1L-MoS2. A representation of the atomic displace-
ment along the eigenmodes is also shown. (b) 514nm PL spectrum of 1L-MoS2.

The static absorbance in Fig.2a identifies several excitonic peaks. A (1.90eV) and B

(2.05eV) are associated to vertical transitions at K, from VB top to CB bottom.10 The

0.15eV energy separation is due to the spin-orbit interaction of K VB states.10 At higher

energies, there is a broad contribution due to the C exciton at 2.87eV.13,14,35 The large

(hundreds meV) broadening of the C peak originates from multiple e-h optical transitions in

the region of the Brillouin zone (BZ) where VB and CB have the same dispersion.14,46 The

asymmetry of the peak is due to an additional contribution of the D excitonic peak centered

at 3.1eV,47 with a lower oscillator strength than the C exciton. This peak was assigned to

Van Hove singularities35 or to impurities.48,49 The absorption in Fig.2a is well fitted by a

sum of four Lorentz oscillators (one for each exciton peak).
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Figure 2: (a) Experimental (grey circles) and calculated (blue line) static absorbance of
1L-MoS2. The black line is a fit with a sum of four Lorentzians (colored areas). (b) Square
modulus of the C exciton wavefunction in the hexagonal BZ. (c,d) Calculated quasi-particle
band structure of 1L-MoS2. The electronic states participating to the C exciton are in red.

Absorbance and band structure of 1L-MoS2 are computed by Ab Initio many-body per-

turbation theory, solving the Bethe-Salpeter Equation50 on top of a density functional the-

ory (DFT) calculation and including quasi-particle corrections.50 A full spinorial approach

is used to take into account the strong spin-orbit coupling51 (see Methods). The energies

and relative intensities of the calculated excitonic peaks are in agreement with experiments,

as shown in Fig.2a.

The C exciton is analyzed in Fig.2b. It involves a broad spectrum of transitions in the

band-nesting region between K and Γ and in the region between Γ and M.12,14 In Figs.2c-d

the modulus of the excitonic wavefunction in reciprocal space is plotted on the quasi-particle

band structure and in the BZ. In our calculation the Fermi level EF is set to mid-gap.

Possible residual n-doping < 1013cm−2, typical of CVD 1L-MoS2,
35 results in a shift of

EF ∼10-20meV above the edge of the gap.52 Thus, high-energy electronic states involved in

the C exciton are not affected by the position of EF .

We then photo-excite the sample with frequency-tunable ultrashort pulses<20fs, shorter
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Figure 3: Sketch of the pump-probe setup. The pump beam is generated by two different
noncollinear optical parametric amplifiers (NOPAs), working in the VIS-UV spectral range.
The white light probe is generated in a CaF2 nonlinear crystal (see Methods for further
details).

than the inverse of the frequency of the A′1 and E ′ optical phonon modes of 1L-MoS2.
53

The differential transmission (∆T/T ) is measured by a white-light supercontinuum probe

pulse whose spectral content covers all excitonic resonances. The fluence is such that the

maximum amplitude of ∆T/T is<1%. Since the transmission in 1L-TMDs dominates over

the reflectivity close to the excitonic resonances,47 the ∆T/T and TA spectra ∆A are related

according to: ∆A = −ln(1 + ∆T/T ) ∼ −∆T/T .54

Fig.4a plots the ∆A(ω, τ) map at 300K as a function of probe energy and pump-probe

delay. As previously reported,55,56 ∆A exhibits a series of negative peaks, centered around

the energy of the three exciton peaks, ascribed to the photobleaching (PB) of the excitonic

resonances. For each negative peak, ∆A has the same number of positive features, referred to

as photo-induced absorption, redshifted with respect to the PB peaks.55 The derivative shape

of ∆A(ω) is the result of many-body effects enhanced by strong Coulomb interaction, induc-

ing an energy shift and a modification of the shape of each excitonic peak. Photo-excitation

of carriers increases Coulomb screening and modifies the exchange-correlation effects, lead-

ing to a renormalization of quasi-particle bandgap and exciton binding energy.55 These two

effects give rise to opposite shifts of the excitonic peaks which partially compensate55 re-

sulting in an overall redshift of all excitons. Phase space filling, caused by Pauli blocking of
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Figure 4: (a) ∆A(ω, τ) map as a function of probe energy and pump-probe delay time. The
pump photon energy is set to 2.95eV. (b) (red) Temporal cut of ∆A(ω, τ) map at a probe
energy of 2.95eV, corresponding to the maximum of the C exciton PB signal. (Black) Fit of
experimental data. The oscillating part (residuals) is obtained by subtracting the fit from
the data. (c) FT of the residual displaying the A′1 mode. (d) FT of the coherent part of the
signal at different probe energies. The A′1 peak has a maximum around the C exciton optical
transition. (e) Residuals at probe energies lower and higher than the C peak, as shown in
the inset.
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photoexcited excitons, also reduces the exciton oscillator strength, inducing PB. A transient

increase of the spectral broadening γ of the excitonic peak also contributes to the transient

optical response.57 As shown in Fig.4c, the optical response is periodically modulated, during

the first few ps by fast (i.e with sub-100-fs period) oscillations, particularly pronounced at

2.87eV (i.e. the maximum of the C exciton PB signal), and strongly decreasing in amplitude

when approaching the lower energy peaks.

We now focus on the oscillatory component of the optical response of 1L-MoS2 in an en-

ergy range close to the C exciton. For each probe photon energy, we fit the ∆A(τ) dynamics

with a convolution of the instrumental response function and a product of an exponential

build up and an exponential decay dynamics. In this way, the oscillatory component of the

signal is isolated by subtracting the slowly varying background from the experimental data,

Fig.4b. The frequency of the residual oscillations is determined by performing a Fourier

Transform (FT) analysis. The FT spectrum in Fig.4c reveals a sharp peak∼406cm−1, corre-

sponding to an oscillation period∼82fs, with a FWHM∼6cm−1. The frequency of this peak

matches the higher energy Raman mode in Fig.1a. Therefore we assign it to the Raman ac-

tive A′1. Although the Raman A′1 and E ′ peaks have similar intensities in Fig.1a (their ratio

is∼1.5), the FT spectrum does not show significant contribution from E ′. This is consistent

with Ref. 34, which showed that the optical response around the A exciton is modulated only

by the A′1 phonon in 1L-WSe2. The phonon dephasing time τdeph=1.7±0.2ps is estimated

by fitting the temporal oscillations with a single exponentially decaying harmonic oscillator

A0exp(-τ/τdeph)cos(Ωτ+ϕ) where A0, Ω and ϕ are, respectively, amplitude, frequency and

phase of modulation.34 τdeph is almost three times smaller than that measured at the same

temperature for CP in exfoliated 1L-WSe2.
34 This can be explained in terms of different

defect concentration in exfoliated and CVD-grown 1L-TMDs. In the former case, the CP

dephasing process is mainly determined by anharmonic decay, due to phonon-phonon inter-

actions,34 while in the latter, an additional dephasing due to scattering between phonons

and defects is active.58
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The maximum CP oscillation amplitude is∼ 3×10−4 (i.e.∼2% of the peak value of the PB

signal). This is almost two orders of magnitude higher than the amplitude of optical phonon

oscillations reported previously in 1L-TMDs.34 To get an insight into the CP detection

mechanism, we exploit the broad bandwidth of the probe pulse and we study the probe

energy dependence of the oscillatory component of the TA signal. Fig.4d plots the FT of the

residual as a function of probe energy. The amplitude of the oscillations strongly depends on

the probe energy, with a maximum around the C exciton. Across the A and B excitons, no

appreciable oscillatory signal is detected, probably because the amplitude of such oscillations

lies below the sensitivity of our apparatus (∼10−5). On the other hand, the phase of the

coherent oscillations does not vary across the C excitonic transition. Fig.4e reports the

residuals of the fit for probe energies on the red and blue edges of the C exciton. Both traces

shows almost in-phase oscillations.

The study of the temporal evolution of the excitonic line shape can provide additional

insights into the CP physics. The pump-induced change of the optical absorption is the result

of different contributions, i.e. the transient change of energy E, width w and intensity I of

each exciton. In order to disentangle these contributions, we perform a differential fit of the

∆A spectrum at each delay time. This reproduces the shape of the ∆A spectrum in Fig.5a.

We focus on the transient optical response around the C peak. The temporal evolution of

the C exciton fitting parameters is directly related to the temporal dynamics of the C exciton

bleaching (Fig.5b-d), which is drastically different with respect to the dynamics of the A/B

excitonic peaks.59 The parameters are normalized to the values obtained by fitting the static

absorption, as shown in Fig.2a. After photoexcitation, we observe a transient reduction

of the intensity of the excitonic transition, a redshift and an increase of line-width. The

temporal dynamics (build-up and relaxation to equilibrium) of intensity and energy fitting

parameters are coherently modulated. A modulation of the exciton transition energy around

the equilibrium position would result in a π phase shift of the oscillations probed at the red

and blue edges of the C peak. Conversely, an intensity modulation of the peak results in an
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Figure 5: (a) TA spectra at different delay times. The traces are vertically offset. The black
lines are the differential fits obtained by modification of the fitting parameters of the static
absorption in Fig.1. (b,c,d) Temporal evolution of the fitting parameters of the C exciton
peak normalized to the equilibrium values. The insets show that both oscillator strength
Ic and energy Ec of the C peak are coherently modulated with a period matching the A′1
phonon. The dashed lines are fits to the data. Both variation of fitting parameters (Ic and
Ec) exhibit nearly the same transient dynamics, with a finite build up time (∼200 and ∼400fs
respectively) and a long decay dynamics (∼50 ps). The temporal dynamics of the C exciton
peak width is characterized by an instantaneous increase followed by a decay dynamics with
two time constants (∼100fs and ∼5ps). Different timescales are the result of an interplay
of several processes, which take place after photoexcitation and temporally overlap over few
ps i.e. phase filling, photoinduced renormalization of electronic bands and exciton-exciton
interaction.55–57
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in-phase modulation through the scanned probe energy range. Since no flip of the phase sign

of the oscillations is detected over the probed spectral window (Fig.4e), intensity modulation

dominates over energy modulation.

In order to understand the origin of the coherent oscillations and their enhancement

around the C exciton, we quantify, using Ab Initio calculations, the impact of atomic dis-

placement on band structure and absorption of 1L-MoS2. Following Ref. 60, ∆A(ω, τ) can

be factorized into two contributions. The first is electronic, ∆A[fnk(τ)](ω), with temporal

evolution non oscillatory and dependent on the non-equilibrium electronic populations fnk(τ)

created by the pump pulse. The second, ∆A[R(τ)](ω), describes the effect of the collective

atomic motion initiated by the ultrashort pump pulse and has an oscillatory behavior. R(τ)

describes the time evolution of the atoms displaced out of equilibrium after the action of the

pump. In Ref. 55 we showed that ∆A[fnk(τ)](ω) is dominated by band gap renormalization

and Pauli blocking of the excitonic peaks. Now we focus on the simulation of the oscillatory

part of the transient optical response ∆A[R(τ)](ω). We assume that the atoms oscillate

according to R(τ) ∼ R0 + (RX − R0)cos(ωXτ), where RX is the atomic position when they

are displaced along the A′1 phonon eigenvector uA′
1
, with R0 the nuclear coordinate before

pump excitation.

The band structure and optical absorption are computed at the two extrema of these

oscillations. We refer to the two displaced positions as R±A′
1
. In our calculation, all the DFT

wave-functions and energies, quasi-particle corrections and excitonic peaks are computed in

the lattice displaced configuration.61 The results are in Fig.6. The VB and CB nearby K are

almost unaffected by atomic displacement. On the other hand, the electronic states in the

band nesting region between Γ-M and Γ-K, which contribute to the C exciton, are strongly

influenced by the A′1 phonon displacement. As a consequence, the A and B excitonic peaks

are weakly affected by the lattice displacement, while the C exciton is strongly renormalized.

The main effect is an energy shift of the C exciton. The overall shift emerges from an interplay

between two effects which partially cancel each other: changes in the quasi-particle band-
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Figure 6: Changes in (a,b) band-structure, and in (c) the imaginary part of the dielectric
function Im [ε(ω)], due to the atomic displacement along the out-of-plane direction induced
by the A′1 phonon mode, for the two opposite directions A′1+ (orange) and A′1− (blue). The
changes are enhanced by a factor 5. In the inset of (c), the change of Im [ε(ω)], compared
to the equilibrium position (dashed line) is shown without enhancement.
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structure and variation of exciton binding energy. The former prevails. Together with a shift

of the C peak, a change in the intensity is also observed in the inset of Fig.6c.

Figure 7: Probe photon energy dependence of the amplitudes of the A′1 coherent oscillations
(black dots) compared with the square modulus of the variation in the absorbance due to
atom displacement. The amplitude of the CP shows a resonance around the C exciton, and a
node at ∼2.73eV where the incoherent signal changes sign. No coherent oscillations around
A and B excitons are resolved due to the signal to noise ratio of the experiment.

∆A[R(τ)](ω) can be reconstructed by computing the difference between the absorption

spectrum calculated for two displaced atom configurations. As shown in Fig.7, the energy

profile of ∆A[R(τ)](ω) reproduces the spectral dependence of the CP amplitude (vertical cut

of Fig.4d at the A′1 frequency), confirming a strong enhancement of the oscillations around

the C exciton while for higher energies across the D exciton peak the coherent oscillations

fade away. The simulations do not fully reproduce the probe photon energy dependence of

the CP phase. While the fit of the C exciton lineshape indicates that intensity oscillation

is predominant with respect to energy modulation, the simulations point towards an energy

modulation scenario resulting in a phase inversion of the oscillations across the C exciton

(the node of the calculated curve in Fig.7 is due to a π phase flip of the oscillations around

the C peak). We attribute this to an overestimation of the C peak energy shift caused by a

not exact cancelation of the two opposite energy shifts discussed above.

We focus now on the generation of CP in 1L-MoS2. Two mechanisms were proposed:

Impulsive Stimulated Raman Scattering (ISRS)62 and Displacive Excitation of Coherent
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Phonons (DECP).60,63 ISRS was used to describe CP excitation in the transparency regime.62

In ISRS, all Raman active phonon modes are impulsively excited, provided that the spectral

bandwidth of the laser pulse exceeds the frequency of the phonon mode. DECP was used to

explain why, in the absorption regime, only fully symmetric modes (i.e.A′1) can be coherently

excited, although different symmetry modes (i.e. E ′) have comparable intensity in the CW

Raman spectrum. The absence of the lower symmetry E ′ modes in the transient optical

response and the different initial phase of the oscillations was interpreted as evidence that

DECP excitation cannot be reduced to a Raman scattering process.60 Refs. 64–66 tried to

unify the two mechanisms, and proposed a new approach treating the DECP model as a par-

ticular case of the ISRS.65,66 Within this approach, referred as transient stimulated Raman

scattering (TRSR),66 CP generation is controlled by two different tensors characterized by

the same real parts, but different imaginary parts. The first tensor describes the coupling

between phonons and virtual electronic transitions, and gives rise to an impulsive driving

force, while the second accounts for the coupling between phonons and real charge density

fluctuations, and results in a displacive driving force.66 Up to now, there is no clear evidence

of which is the correct formalism to describe CP excitation in the absorptive regime.67–69

The CP phase is not a good parameter to discriminate between DECP and TRSR, because

they both give the same prediction. In our case, the uncertainty in the determination of the

zero delay does not allow to precisely estimate the CP phase. A π
4

phase shift, the phase

difference between cosine and sine oscillations, corresponds to a temporal uncertainty∼20fs

(comparable to the temporal resolution of our experiment). Our approach is then to mea-

sure the dependence of the A′1 CP amplitude on pump energy and correlate it with the

corresponding Raman cross section.

The intensity of the FT spectrum of the oscillating part of the PB signal at 2.87eV is

reported as a function of pump energy in Fig.8. The pump pulse photon energy is tuned

across a broad range between 2 and 4.3eV, while the incident fluence is adjusted to maintain

the same maximum variation of the non-oscillatory signal. For all pump excitations, the
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temporal duration is <20fs and the bandwidth range between 100 and 200meV. As explained

in Methods, we use different broadband nonlinear frequency conversion processes, coupled

to dispersion compensation, to generate frequency-tunable sub-20fs pump pulses in the VIS-

UV range. As for the detection process, the data reveal a resonant behavior and show that

the amplitude of the A′1 oscillations has a maximum at the C exciton, decreasing at higher

energy. The continuous line in Fig.8b is the calculated amplitude of the Raman tensor α(ω)

for the A′1 mode as a function of energy. α(ω) is the change of the dielectric susceptibility χ

with respect to the nuclear coordinates (α = ∂χ/∂R) and it is computed in the framework

of finite-differences of the dielectric function,70 also including excitonic effects.61 Similar to

the CP amplitude, α has a resonant profile peaked around the C exciton. The lower energy

part of α(ω), around the B exciton, deviates from the experimental data. This is due to the

fact that the calculation of α based on the finite difference method tends to overestimate

the Raman response around the A and B excitons.71 The spectral dependence of α(ω) is

confirmed by resonant Raman spectroscopy measurements showing a strong enhancement of

both optical phonon modes when the excitation laser is on resonance with the C exciton.72–75

The comparison between the spectral dependence of the CP amplitude and the spontaneous

Raman tensor, sheds new light on the nature of CP generation in 1L-TMDs.

Thus, CP generation in 1L-TMDs shares typical features of both DECP and TRSR

mechanisms. On one hand, the absence of the lower symmetry mode E ′ in the FT spectrum

is in contrast with the ratio between the intensities of A′1 and E ′ peaks in Raman spectroscopy

and can be explained within DECP. On the other hand, the CP amplitude and calculated

Raman tensor display the same resonant profile on excitation energy around the C exciton.

The same resonant behavior is reported also for the detection of A′1 CP, meaning that both

detection and excitation of A′1 CP are governed by the same Raman-like mechanism.
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Conclusions

We studied CP generation and detection in 1L-MoS2 by high time resolution broadband

pump-probe spectroscopy. We demonstrated that A′1 optical phonon modes strongly couple

with the C exciton, giving rise to a temporal modulation of the TA response over a broad

energy range around this excitonic peak. The excitation profile of such coherent oscillations

follows the energy dependence of the Raman tensor. This proves that the lattice coherence

in 1L-MoS2 can be described as a Raman-like excitation mechanism. Ab Initio calculations

of the band structure for displaced atoms configuration confirm the strong coupling between

C exciton and A′1 phonons. Our results offer new perspective for the coherent control of

optical phonons in layered materials on a sub picosecond time scale and they enable the

study of exciton-phonon interaction on the atomic scale.

Methods

Ultrafast Pump-Probe Spectroscopy

The laser source for the pump-probe experiments is an amplified Ti:Sapphire (Coherent Libra

II), which emits 100fs pulses at 1.55eV. The repetition rate is 2kHz and the average output

power is 4W. A fraction of the total power (300mW) is used for the experiment. Tunable

pump pulses with photon energy ranging from 2 to 4.3eV are generated by a Non-collinear

Optical Parametric Amplifier (NOPA).76 The pump pulses are temporally compressed by

2 chirped mirrors in the visible and by a MgF2 prism compressor in the UV.77 The pulse

characterization is performed by frequency-resolved optical gating in the visible, and by a

two-dimensional spectral-shearing interferometry method (2DSI) in the UV.78 For all pump

photon energies, the temporal duration is<20fs. This sets the temporal resolution of the

pump-probe setup.79 The pump fluence is kept∼10µJ/cm2, leading to a photogenerated

carrier density∼6-9×1011cm−2, depending on pump photon energy. The pump beam is
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modulated at 1kHz by a mechanical chopper. The overall detection sensitivity is∼10−5, with

a 2s integration time. The broadband white light probe, characterized by a spectral content

ranging between 1.8 and 3.0eV, is generated by focusing 1.55eV pulses on a 3mm CaF2 plate.

The fundamental frequency of the laser is filtered by a colored glass short-pass filter. The

fluctuations of the laser are<0.2%. In all experiments, pump and probe beams have parallel

linear polarizations. The two pulses are temporally synchronized by a motorized translation

stage. The spot sizes of pump and probe beams on the sample are respectively∼150µm

and∼100µm. The transmitted probe light is collected with a 75mm lens, dispersed by a

CaF2 prism and detected by a Si spectrometer working at the full laser repetition rate. All

the TA maps are corrected for the chirp introduced by white light generation.

Ab Initio Simulations

To compute the band structure, the optical properties and their variation we perform

first-principles DFT simulations within the local density approximation using Quantum

Espresso80 and Yambo.51,81 Ground state self-consistent (SCF) simulations are done with

pw.x80 to get the converged density of 1L-MoS2 and the equilibrium atomic positions. We

use pseudo-potentials with 6-active electrons for Mo and 6 from S, an energy cut-off of 80 Ry

and 16× 16× 1 k-points mesh. Then we compute the phonons energies and eigevectors with

ph.x80 at q=0 on the same grid. A subsequent non-self consistent (NSCF) calculation on

a 36 × 36 × 1 k-points grid is done to generate the wave-functions and the energies to be

used by yambo81 and another along a BZ path to plot the band-structure. Quasi-particle

energies are computed within the GW approximation for the self-energy.50 The plasmon-pole

approximation is used for the dynamically screened interaction. The absorption spectrum

is computed solving the Bethe-Salpeter equation,50 including local fields and excitonic ef-

fects, considering all transitions with energy≤5eV, and a cutoff of 2Ry for the local-fields,

and screened interaction accounting for the exciton binding energy. A Coulomb cut-off

technique51 is used in all calculation steps. To compute the variations induced by the co-
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herent oscillations the atoms are displaced from their equilibrium position by 0.01 Bohr

along the phonon eigenmode (i.e. RX − R0 = 0.01uA′
1

Bohr). This corresponds to a dis-

placement of S∼ 7 × 10−3 Bohr, guaranteeing that we are in a linear regime with respect

to the perturbation, but still large enough to avoid numerical noise. We also verify that

2|A[R+
A′

1
](ω) − A[R0](ω)| = 2|A[R−A′

1
](ω) − A[R0](ω)| = |[A[R+

A′
1
](ω) − A[R−A′

1
](ω)]|. All the

steps, SCF, NSCF calculations, quasi-particles corrections and BSE solution are repeated

with the same parameters used for the equilibrium geometry. The flow of simulations is

handled via the yambopy utility.51
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(15) Zhu, Z. Y.; Cheng, Y. C.; Schwingenschlögl, U. Giant Spin-Orbit-Induced Spin Split-

ting in Two-Dimensional Transition-Metal Dichalcogenide Semiconductors. Phys. Rev.

Lett., 2011, 84, 153402.

(16) Thilagam, A. Exciton Formation Assisted by Longitudinal Optical Phonons in Mono-

layer Transition Metal Dichalcogenides. J. Appl. Phys., 2016, 120, 124306.

(17) Slobodeniuk, A. O.; Basko, D. M. Exciton-Phonon Relaxation Bottleneck and Radia-

tive Decay of Thermal Exciton Reservoir in Two-Dimensional Materials. Phys. Rev.

B, 2016, 94, 205423.

(18) Selig, M.; Berghuser, G.; Raja, A.; Nagler, P.; Schller, C.; Heinz, T.; Korn, T.;

24



Chernikov, A.; Malic, E.; Knorr, A. Excitonic Linewidth and Coherence Lifetime in

Monolayer Transition Metal Dichalcogenides. Nat. Commun., 2016, 7, 13279.
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