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We present a transient absorption setup combining broadband PUMP PROBE

detection over the visibleUV range with high temporal resolution 20 fs)

which is ideally suited to trigger and detect vibrational coherences ereint t A,

classes of materials. We generate and detect coherent phonons (CPs) in o
single-layer (1L)-Mos as a representative semiconducting 1L-transitiomingle-layer s
metal dichalcogenide (TMD), where the cared dynamical interaction MoS, ‘)}JJ
between excitons and phonons is unexplored. The coherent oscillatory
motion of the out-of-plane A phonons, triggered by the ultrashort laser- o
pulses, dynamically modulates the excitonic resonances on a time scale cg fe
tens of fs. We observe an enhancement by almost 2 orders of magnitude of th
CP amplitude when detected in resonance with the C exciton peak, combing
with a resonant enhancement of CP generationciency. Ab initio
calculations of the change in the 1L-Mo$and structure induced by the

A ; phonon displacement corm a strong coupling with the C exciton. The resonant behavior of the CP amplitude follc
the same spectral prte of the calculated Raman susceptibility tensor. These results explain the CP generation process
TMDs and demonstrate that CP excitation in 1L-M@&n be described as a Raman-like scattering process.

coherent phonons, transition metal dichalcogenides, transient absorption speghtostopynxaitton,
ab initio calculation
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oherent modulation of the optical properties of asingle-layer (1L)-MgSas a representative semiconducting 1

material, following impulsive photoexcitation of thetransition metal dichalcogenide (TMD). We focus on TMI

lattice, is fundamentally interesting and technologibecause they support strongly bound excitons with uni
cally relevant because it can be used for applications physical properties, enabling potential applications in o
sensoractuators, and transducdefsyhich can be operated electronics and photonfcé. However, in TMDs, the
at extremely high frequencies (up to severd) THorderto ~ dynamical interaction between excitons and phonons, v
exploit this eect, it is necessary to understand the mechanisgpPnstrained to 1L, is unexplored.
underlying the coherent phonon (CP) generation process andWhen TMDs are exfoliated down to 1L, they undergc
to identify the physical parameters (such as the pump pul@nsition from indirect to direct band gapcompanied by a
photon energy) that allow their@ent excitation. In view of ~Strong enhancement of the photoluminescence (PL) quan
possible device applications, it is of paramount importance Xi¢!d (.. the ratio between the number of emitted ar
detect the spectral dependence of the CP amplitude, in org@sorbed photons}.The thinness of 1L-TMDs leads to

to identify in which photon energy window the optical

response of the material can beiently modulated. January 12, 2020
Here, we report a transient absorption (TA) setup, April 1, 2020
combining broadband detection from 1.8 to 3.1 eV, with April 1, 2020

extremely high temporal resolutior2q fs). This is ideally
suited to trigger and detect vibrational coherence®ieri
classes of materials. We use it to generate and detect CPs in
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Figure 1. () 514 nm Raman spectrum of 1L-MoS representation of the atomic displacement along the eigenmodes is also shown. (b)
514 nm PL spectrum of 1L-MgS

strong reduction of Coulomb screening between electrongeneration and detection proce§séskef 34 reported the
hole (e h) pairs:* resulting in enhanced excitonieats-? observation of CP in 1L-WSeédowever, this study was
The lower-energy part of the visible (VIS) spectrum of all 1Lrestricted to a narrow energy range00Q meV) around the A
TMDs is dominated by two excitonic pégkmmmonly exciton, making it dcult to gain information on how CP
referred to as A and B, associated with interband opticekcitation aects the whole band structure.
transitions between the spimbit split valence band (VB) Here, we perform TA measurements on 1L-Ml$ 20
and the conduction band (CB) at K. At higher energyfs temporal resolution, on a broad photon energy range
interband transitions in the band-nested region between K andvering the main excitonic transitions in the WS

, where VB and CB have the same dispersion, give rise tokeiween 1.8 and 3.1 eV. W that the C exciton is strongly
additional broad peak: the C excittfihe A/B excitons wave modulated by the out-of-plang phonon, with an amplitude
functions share the same symmetry of the transition ynetal @lmost 2 orders of magnitude larger than previously reported
orbital in the lowest conduction band state i Rne ¢ for the A exciton of 1L-WSE Line shape analysis of the

exciton wave function has a mixed character, and it involves fRiton peak dynamics shows that the periodic modulation
contribution of the at ip, chalcogen orbiti® a ects the intensity and the energy of the exciton peak. TA

Exciton phonon coupling in 1L-TMDs has been theoret_experiments with frequency tunable excitation show that the

: : ; . : : Ise eciently excites Amodes when it is tuned
ically and experimentally investigatétisince it has a large PUMP PU . ; .
impact on their emission and absorption properties. Ligrﬂround the C exciton. This demonstrates that CP generation

emission in TMD-based optoelectronic devices is quenched Bjd detection are governed by the same Raman-like physical
exciton phonon _scattering, reducing the number of brigh echgmsmﬁ.\b initiocalculations are in g_ood_ agreement with
excitons within the radiative light conand leading to the experiments and show that CP generation in 1#de$he

formation of momentum forbidden dark excitdns same spectral dependence of the Raman tensor of the A

Continuous wave (CW) optical spectroscopies, like PL aanOde' Our results show that excitimonon coupling is

absorption, revealed signatures of exgbamon interaction  'csPonsible for the strong coherent modulation of the optical
in 1L-TMDs23 25 This gives rise to peculiar processes, such operties of TMDs and indicate that these materials are an

the appearance of phonon replicas if“Rixcitonic PL ideal platform to study the interaction between strongly bound

upconversion caused by the scattering from charged to neuff&Ftons and phonons in the time domain.

exciton$?” and oscillations of the neutral exciton PL intensity

with an energy period matei longitudinal acoustic

phonons>*® Scattering with phonons contributes to the We use large areiae{ mm sized) chemical vapor deposition

exciton dephasing process, leading to temperature-depend@wD) 1L-TMDs because the minimum spot size of the pump

broadening of the exciton homogeneous line width, as shownd probe pulses in our high-temporal-resolution setup is

by coherent nonlinear spectroséépsnd determines the 150 m (see theVlethodssection), larger than the typical

linear absorption spectral witth. size of mechanically exfoliated 1L-TMDs. The laser pulses are
Broadband TA spectroscopy probes exgitoonon in fact focused by a spherical mirror, instead of a thick lens or

scattering in the time domairOne or more CP modes can an objective, in order to preserve the high temporal resolution,

be launched by impulsive laser excitation (pump pulse), whibeit at the expense of the spatial resolution. 1Li¥gfwn

the periodical variation of the TA spectrum due to theon a c-plane sapphire substrate as f8E.réfis then placed

coherent displacement of the atoms is detected by a delay®da 200 m fused silica (FS) substrate using wet transfér.

broadband probe pulse covering the excitonic trafition.As-grown 1L-MgSn sapphire is spin-coated wittD0 nm

This gives direct access to the phase of the coherent lattjpely(methyl methacrylate) (PMMA). The sample is detached

displacement and to the phonon dephasing processes caugerh sapphire in a 30% potassium hydroxide solution, washed

by lattice anharmonicity. Another advantage of this in deionized water, and transferred onto the FS substrate. The

technique is the possibility to separately study the CPMMA is then dissolved in acetone. The small thickness of the
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Figure 2. (a) Experimental (gray circles) and calculated (blue line) static absorbance of 1LTWe®lack line is at with a sum of four
Lorentzians (colored areas). (b) Square modulus of the C exciton wave function in the hexagonal BZ. (c, d) Calculated quasiparticle band
structure of 1L-Mog The electronic states participating to the C exciton are in red.
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Figure 3. Sketch of the pumprobe setup. The pump beam is generated by twemint noncollinear optical parametric amgrs
(NOPAs), working in the VISUV spectral range. The white light probe is generated in g @aRlinear crystal (see thiglethodssection
for further details).

FS substrate prevents possible coherent artifactSignals The lower-energy PL peak is attributed to emission from
zero delay time between pump and probe pulses. defect§®

After transfer, the sample is characterized by Raman and PThe static absorbance Fgure 2 identies several
spectroscopy. For both Raman and PL we use a Renishaxcitonic peaks. A (1.90 eV) and B (2.05 eV) are associated
InVia spectrometer with a ¥06bjective at 514 nm excitation. with vertical transitions at K, from VB top to CB botfom.
The laser power is kept below 190 to avoid any possible The 0.15 eV energy separation is due to the @pin
damage. The Raman spectrum of 1L,Mp%S is reported interaction of K VB statésAt higher energies, there is a
in Figure &. The peak 386 cm* corresponds to the in-plane broad contribution due to the C exciton at 2.87EV? The
phonon mode (B,***° while that 405 cm? is the out of  large (hundreds meV) broadening of the C peak originates
plane A.>**° The di erence between &nd A, can be used  from multiple eh optical transitions in the region of the
to monitor the number of lay&t$? We obtain 19 cm?, Brillouin zone (BZ) where VB and CB have the same
consistent with 1L-M@$" The PL spectrum ifiigure b has  dispersion?*® The asymmetry of the peak is due to an
three peaks1.65, 1.88, and 2.03 eV. The position and energgdditional contribution of the D excitonic peak centé3eld
di erence between the two higher-energy peaks match theeX;’ with a lower oscillator strength than the C exciton. This
and B peaks measured with static absorbafigeiia 2734 peak was assigned to Van Hove singufatitiesto
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Figure 4. (a) A( , ) map as a function of probe energy and purppobe delay time. The pump photon energy is set to 2.95 eV. (b) (red)
Temporal cut of A( , ) map at a probe energy of 2.95 eV, corresponding to the maximum of the C exciton PB signal. (black) Fit of
experimental data. The oscillating part (residuals) is obtained by subtracting ffem the data. (c) FT of the residual displaying the A
mode. (d) FT of the coherent part of the signal at éient probe energies. The #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.

impurities®*° The absorption iffigure 2 is well tted by a Figure & plots the A( , ) map at 300 K as a function of
sum of four Lorentz oscillators (one for each exciton peak)probe energy and gurqprobe delay (se€igure 3. As
The absorbance and band structure of 1L-Mo& previously reportéd;® A exhibits a series of negative peaks,
computed byb initiomany-body perturbation theory, solving centered around the energy of the three exciton peaks, ascribed
the Bethe Salpeter Equatithon top of a density functional to the photobleaching (PB) of the excitonic resonances. For
theory (DFT) calculation and including quasiparticle correceach negative peakA has the same number of positive
tions>® A full spinorial approach is used to take into accounteatures, referred to as photoinduced absorption, red-shifted
the strong spinorbit coupling® (see theMethodssection).  With respect to the PB peak3he derivative shape of( )
The energies and relative intensities of the calculated excitol§ighe result of many-bodyeets enhanced by strong Coulomb
peaks are in agreement with experiments, as shisrin ~ interaction, inducing an energy shift and a waitbn of the
23. ;hape of each excitonic peak. Photoexcitation of carriers
The C exciton is analyzedfiure b. It involves a broad iNcreases Coulomb screening and resdihe exchange-

spectrum of transitions in the band-nesting region betweenG@rrelation eects, leading to a renormalization of quasiparticle
and and in the region betweerand M*2 In Figure 2,d, band gap and exciton binding engtdyese two eects give

the modulus of the excitonic wave function in reciprocal spa@ée to opposite shifts of the excitonic peaks which partially

. - ! ompensate resulting in an overall red-shift of all excitons.
is plotted on the quasiparticle band structure and in the BZ. hage spacdling ca%sed by Pauli blocking of photoexcited
our calculation, the Fermi leflis set to midgap. Possible ’

. ) . excitons, also reduces the exciton oscillator strength, inducing
residualn-doping <18 cm 2, typical of CVD 1L-MgS$°® N ’
. . PB. A transient increase of the spectral broadeoithe
results in a shift & 10 20 meV above the edge of the ! ! P ity

%2 Thus, high | ) involved in th xcitonic peak also contributes to the transient optical
gap.® Thus, high-energy electronic states involved In the (sq,4ns8’ As shown irFigure 4, the optical response is

exciton are not acted by the position &. eriodically modulated, during thst few ps by fasité, with

We then photoexcite the sample with frequency-tunablg,, 100 fs period) oscillations, particularly pronounced at 2.87
ultrashort pulses <20 fs, shc_ther than the inverse of thg, (.e, the maximum of the C exciton PB signal), and strongly
frequency of the Aand E optical phonon modes of 1L-  gecreasing in amplitude when approaching the lower-energy
MoS,” The di erential transmission T/ T) is measured by peaks.
a white-light supercontinuum probe pulse whose spectralwe now focus on the oscillatory component of the optical
content covers all excitonic resonances. Uétece is such  response of 1L-Me®B an energy range close to the C exciton.
that the maximum amplitude off/T is <1%. Since the For each probe photon energy, tthe A( ) dynamics with
transmission in 1L-TMDs dominates over thectiwity close  a convolution of the instrumental response function and a
to the excitonic resonanééthe T/T and TA spectra A product of an exponential build up and an exponential decay
are related accordingtéA = In(1 + T/T) /T dynamics. In this way, the oscillatory component of the signal
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Figure 5. (a) TA spectra at derent delay times. The traces are verticallset. The black lines are the dirential ts obtained by

modi cation of the tting parameters of the static absorptionfingure 1 (b d) Temporal evolution of the tting parameters of the C

exciton peak normalized to the equilibrium values. The insets show that both oscillator sttgmgith energyE, of the C peak are
coherently modulated with a period matching thg phonon. The dashed lines arts to the data. Both variations ofting parameterslI(

andE,) exhibit nearly the same transient dynamics, witmae build up time ( 200 and 400 fs, 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 (100 fs and 5 ps). Di erent time scales are the result of an interplay of several processes, which take place after
photoexcitation and temporally overlap over few ips, phase lling, photoinduced renormalization of electronic bands, and exciton

exciton interactiort? °’

is isolated by subtracting the slowly varying background fromy,,) cos( + ) whereA, , and are, respectively,

the experimental datdigure #). The frequency of the amplitude, frequency, and phase of modtﬁéticygph is
residual oscillations is determined by performing a Fouriatmost 3 times smaller than that measured at the same
transform (FT) analysis. The FT spectrufignire 4 reveals  temperature for CP in exfoliated 1L-WW&&his can be

a sharp peak 406 cm?, corresponding to an oscillation explained in terms of the eient defect concentration in
period 82 fs, with a full width at half maximum (fwhr6) exfoliated and CVD-grown 1L-TMDs. In the former case, the
cm . The frequency of this peak matches the higher-ener@P dephasing process is mainly determined by anharmonic
Raman mode iffigure &. Therefore, we assign it to the decay, due to phonophonon interactiori§, while in the
Raman active A Although the Raman,Aand E peaks have latter, an additional dephasing due to scattering between
similar intensities iRigure & (their ratio is 1.5), the FT phonons and defects is active.

spectrum does not show sigant contribution from EThis The maximum CP oscillation amplitude3sx 10 * (i.e,

is consistent with re34, which showed that the optical 2% of the peak value of the PB signal). This is almost 2
response around the A exciton is modulated only by;the Aorders of magnitude higher than the amplitude of optical
phonon in 1L-W$eThe phonon dephasing timg,, 1.7+ phonon oscillations reported previously in 1L-TiDO®.

0.2 ps is estimated biting the temporal oscillations with a gain insight into the CP detection mechanism, we exploit the
single exponentially decaying harmonic oscAlpexp( / broad bandwidth of the probe pulse, and we study the probe
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Figure 6. Changes in (a, b) band structure and in (c) the imaginary part of the dielectric functiof Ifh[due to the atomic displacement
along the out-of-plane direction induced by the Ahonon mode, for the two opposite directions; A(orange) and A (blue). The
changes are enhanced by a factor 5. In the inset of part c, the change ¢f )inompared to the equilibrium position (dashed line), is
shown without enhancement.

energy dependence of the oscillatory component of the TAIn order to understand the origin of the coherent oscillations
signalFigure 4 plots the FT of the residual as a function of and their enhancement around the C exciton, we quantify,
probe energy. The amplitude of the oscillations stronglysingab initiocalculations, the impact of atomic displacement
depends on the probe energy, with a maximum around thedD band structure and absorption of 1L-MB8llowing ref
exciton. Across the A and B excitons, no appreciable oscillatéfy A( , ) can be factorized into two contributions. The
signal is detected, probably because the amplitude of sudst is electronic, Alf,( )]J( ), with temporal evolution
oscillations lies below the sensitivity of our appardtds)( nonoscillatory and dependent on the nonequilibrium elec-
On the other hand, the phase of the coherent oscillations do&enic populations,( ) created by the pump pulse. The
not vary across the C excitonic transifinyure € reportsthe ~ second, A[R( )]( ), describes the ect of the collective
residuals of the for probe energies on the red and blue edge&tomic motion initiated by the ultrashort pump pulse and has
of the C exciton. Both traces show almost in-phase oscillatio@. oscillatory behavidy ) describes the time evolution of

The study of the temporal evolution of the excitonic linghe atoms displaced out of equilibrium after the action of the
shape can provide additional insights into the CP physics. TREMPp. In reb5 we showed thatA[f,( )]( ) is dominated
pump-induced change of the optical absorption is the result®y band gap renormalization and Pauli blocking of the
di erent contributions.e, the transient change of endegy ~ €Xcitonic peaks. Now we focus on the simulation of the
widthw, and intensityof each exciton. In order to disentangle 0scillatory part of the transient optical respoAB&( )]( ).
these contributions, we perform aedintial t of the A ~ We assume that the atoms oscillate accordrfg)to R, +
spectrum at each delay time. This reproduces the shape of ffls  Ro) €os( x ), whereRy is the atomic position when

A spectrum irFigure &. We focus on the transient optical they are displaced along thephonon eigenvectag ,, with
response around the C peak. The temporal evolution of the &, the nuclear coordinate before pump excitation.
exciton tting parameters is directly related to the temporal The band structure and optical absorption are computed at
dynamics of the C exciton bleachifigyre b d), which is the two extrema of these oscillations. We refer to the two
di erent with respect to the dynamics of the A/B excitonidisplaced positions Rg *. In our calculation, all the DFT

peaks? The parameters are normalized to the values obtaingghve functions and energies, quasiparticle corrections, and
by tting the static absorption, as showfigure A. After  excitonic peaks are computm the lattice displaced
photoexcitation, we observe a transient reduction of theon guratior?* The results are ifigure 6 The VB and CB
intensity of the excitonic transition, a red-shift, and an increagear K are almost uretted by atomic displacement. On the

of line-width. The temporal dynamics (build-up and relaxatiogther hand, the electronic states in the band nesting region
to equilibrium) of intensity and enerding parameters are between M and K, which contribute to the C exciton,
coherently modulated. A modulation of the exciton transitioare strongly iruenced by the Aphonon displacement. As a
energy around the equilibrium position would result in a consequence, the A and B excitonic peaks are weatdyg a
phase shift of the oscillations probed at the red and blue edggsthe lattice displacement, while the C exciton is strongly
of the C peak. Conversely, an intensity modulation of the peaénormalized. The mainegt is an energy shift of the C
results in an in-phase modulation through the scanned probgciton. The overall shift emerges from an interplay between
energy range. Since rip of the phase sign of the oscillations two e ects which partially cancel each other: changes in the
is detected over the probed spectral windégure 4), quasiparticle band structure and variation of exciton binding
intensity modulation dominates over energy modulation.  energy. The former prevails. Together with a shift of the C
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peak, a change in the intensity is also observed in the insetsohulations point toward an energy modulation scenario

Figure 6. resulting in a phase inversion of the oscillations across the C
AIR()I( ) can be reconstructed by computing the exciton (the node of the calculated cur¥égare s due to a

di erence between the absorption spectrum calculated forphase ip of the oscillations around the C peak). We

two displaced atom cajurations. As shown fingure 7 the attribute this to an overestimation of the C peak energy shift

caused by a not exact cancelation of the two opposite energy

40f — Theory ' ' ' e shifts discussed above.

We focus now on the generation of CP in 1L,Mb&o
mechanisms were proposed: impulsive stimulated Raman
scattering (ISR%) and displacive excitation of coherent
phonons (DECPj®®® ISRS was used to describe CP
excitation in the transparency redime. 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 madesA(;) can
be coherently excited, althougteint symmetry modese(

E) have comparable intensity in the CW Raman spectrum.

043 2.0 22 24 26 28 30 The absence of the lower-symmetmd&des in the transient

w (V) optical response and the atient initial phase of the
Figure 7. Probe photon energy dependence of the amplitudes ofoscillations was interpreted as evidence that DECP excitation
the A, coherent oscillations (black dots) compared with the cannot be reduced to a Raman scattering ptbdRets
square modulus of the variation in the absorbance due to atom 64 66 tried to unify the two mechanisms and proposed a
displacement. The amplitude of the CP shows a resonance arounddi erent approach treating the DECP model as a particular
the C exciton, and a node2.73 eV where the incoherent signal case of ISR Within this approach, referred to as transient
cha_nges sign. No coherent oscillatic_)ns arounq the A and B stimulated Raman scattering (TR@R@P generation is
Zicg?i'r‘serire resolved due to the signal-to-noise ratio of the ;,niglled by two derent tensors characterized by the same

P ] real parts, but derent imaginary parts. Thst describes the

coupling between phonons and virtual electronic transitions

energy prde of A[R()]( ) reproduces the spectral and gives rise to an impulsive driving force, while the second
dependence of the CP amplitude (vertical céicpfre 4 accounts for the coupling between phonons and real charge
at the A, frequency), comming a strong enhancement of the density uctuations, and results in a displacive drivind'force.

oscillations around the C exciton, while for higher energié#p to now, there has been no clear evidence of which is the
across the D exciton peak the coherent oscillations fade awegrrect formalism to describe CP excitation in the absorptive
The simulations do not fully reproduce the probe photorregimé.” ®* The CP phase is not a good parameter to

energy dependence of the CP phase. Whilg tifethe C discriminate between DECP and TRSR, because they both
exciton line shape indicates that intensity oscillation igive the same prediction. In our case, the uncertainty in the
predominant with respect to energy modulation, theletermination of the zero delay does not allow the precise
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Figure 8. (a) FT spectrum of the temporal cut for 2.87 eV probe energy ateft pump energies. (b) Modulus of the Raman tengor)
for A ; phonon (blue), compared with the amplitude of the coherent oscillations a&redint pump photon energies (black dots).
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estimation of the CP phase.ZAphase shift, the phase phonons. Our results & perspectives for the coherent

di erence between cosine and sine oscillations, correspond&‘i’gtrOI of opucal phonons in layered materials on a S.Ub'
a temporal uncertainty20 fs (comparable to the temporal Picosecond time scale, and they enable the study of exciton
resolution of our experiment). Our approach is then td®NononN interaction on the atomic scale.

measure the dependence of theC® amplitude on pump

energy and correlate it with the corresponding Raman cross

section. _ o Ultrafast Pump Probe Spectroscopy.The laser source for the
The intensity of the FT spectrum of the oscillating part ohump probe experiments is an angali Ti:sapphire (Coherent
the PB signal at 2.87 eV is reported as a function of pumgbra 1), which emits 100 fs pulses at 1.55 eV. The repetition rate is 2
energy inFigure 8 The pump pulse photon energy is tuned kHz, and the average output power is 4 W. A fraction of the total
across a broad range between 2 and 4.3 eV, while the incideoiver (300 mW) is used for the experiment. Tunable pump pulses
uence is adjusted to maintain the same maximum variationvgith photon energy ranging from 2 to 4.3 eV are generated by a
the nonoscillatory signal. For all pump excitations, theoncollinear optical parametric anepli(NOPA)’® The pump
temporal duration is <20 fs and the bandwidth range betwe®H!ses are temporal_ly compressed by 2 chlrpeq mirrors in the visible
100 and 200 meV. As explained ilMbthodssection, we use  and by a Mgf_prlsn; Compresfsor in the U?"The P“'lse o
di erent broadband nonlinear frequency conversion processtc#?‘,r"’.‘c.t&r'za“%nb's pf\Lorg.‘ed by re?“enc¥'r?s?] ved op_tut:a fgatmgtm
coupled to dispersion compensation, to generate frequenﬁf VISIDIE, anc By & Wo-Canensional Specirarshearing nererometry
- ethod (2DSI) in the UV® For all pump photon energies, the
tunable SL_Ib—20 fs pump pulses in the UiSrange. As for_ temporal duration is <20 fs. This sets the temporal resolution of the
the detection process, the data reveal a resonant behavior an,qu probe setuf® The pump uence is kept10 J/cn?, leading
ShOW that the amplltude Of thq GSCI”atIOHS haS a maX'mum to a photogenerated carrier densﬁyg X 1011 cm 2, depending on
at the C exciton, decreasing at hlgher energy. The Continu%{ﬁnp photon energy. The pump beam is modulated at 1 kHz by a
line in Figure 8 is the calculated amplitude of the Ramanmechanical chopper. The overall detection sensitivify fswith a
tensor ( ) for the A; mode as a function of energy.) is 2 s integration time. The broadband white light probe, characterized
the change of the dielectric susceptibilitith respect to the by a spectral content ranging between 1.8 and 3.1 eV, is generated by
nuclear coordinates € / R), and it is computed in the focusing 1.55 eV pulses on a 3 mm, @ifte. The fundamental
framework ofnite-di erences of the dielectric functidalso  frequency of the laser igered by a colored glass short-plies
including excitonic ect$? Similar to the CP amplitude, The uctuations of the laser are <0.2%. In all experiments, pump and
has & resonant pl peaked sround he C excion. The aer 700 beas hve parslel ines plarzations The o plses
energy part of( ), around the B exciton, deviates from the Si ez of pﬁm% and probe bgams on the sample are resp%tﬁmely P
experimental data. This is due to the fact that the calculation éﬁd 100 m. The transmitted probe light is collected with a 75 mm
based on thenite di erence method tends to overestimate jgps. dispersed by a GaFism and detected by a Si spectrometer
the Raman response around the A and B exCitBhs. working at the full laser repetition rate. All the TA maps are corrected
spectral dependence ¢f ) is con rmed by resonant Raman for the chirp introduced by white light generation.

spectroscopy, showing a strong enhancement of both opticahb Initio Simulations. To compute the band structure, the
phonon modes when the excitation laser is in resonance wiptical properties and their variation we perfestyprinciples DFT
the C excitod? ’® The comparison between the spectral simulations within the local density approximation using Quantum
dependence of the CP amplitude and the spontaneous Ranfapres$8 and Yambd:®* Ground state self-consistent (SCF)
tensor sheds light on the nature of CP generation in 1L-TMD§imulations are done with gi%to obtain the converged density of
Thus, CP generation in 1L-TMDs shares typical features gf-M0$ and the equilibrium atomic positions. We use pseudopo-
both DECP and TRSR mechanisms. On one hand. the absefddials with 6-active electrons for Mo and 6 from S, an energy cuto
of the lower-symmetry mode i& the FT spectrum is in O SORY and 16x 16 x 1 k-points me_spp. Then, we compute the
contrast with the ratio between the intensities;cdindl E phononSenergies and eigenvectors wittPphtg = 0 on the same

ks i d b lained wi rid. A subsequent non-self-consistent (NSCF) calculation &n a 36
peaks in Raman spectroscopy and can be explained withg, 4 k-points grid is done to generate the wave functions and the

DECP. On the other hand, the CP amplitude and calculateghergies to be used by Yaffland another along a BZ path to plot
Raman tensor display the same resonaré @i excitation  the band structure. Quasiparticle energies are computed within the
energy around the C exciton. The same resonant behaviorgg/ approximation for the self-enefgythe plasmon-pole
reported also for the detection of @P, meaning that both  approximation is used for the dynamically screened interaction. The
detection and excitation of, £P are governed by the same absorption spectrum is computed solving the Bedhgeter
Raman-like mechanism. equatior?’ including local elds and excitonic ects, considering

all transitions with energyp eV, and a cutoof 2 Ryfor the local-

elds, and screened interaction accounting for the exciton binding

energy. A Coulomb cuttechniqug'is used in all calculation steps.
We studied CP generation and detection in 1l-MoKigh- To compute the variations induced by the coherent oscillations, the
time-resolution broadband purppobe spectroscopy. We atoms are displaced from their equilibrium position by 0.01 Bohr
demonstrated that Loptical phonon modes strongly couple along the phonon eigenmode,(Rc Ry = 0.01j,, Bohr). This
with the C exciton, giving rise to a temporal modulation of theorresponds to a displacen@nt7 x 10 ® Bohr, guaranteeing that
TA response over a broad energy range around this excitowig are in a linear regime with respect to the perturbation, but still
peak. The excitation pte of such coherent oscillations large enough to avoid numerical noise. We also verify| that 2
follows the energy dependence of the Raman tensor. THIERA,I( ) AlRI( )| = 2AIR:, 10 ) ARI( )l = |
proves that the lattice coherence in 1L,Ma be described [A[Ry *I( ) A[Ra, I( )II- All the steps, SCF, NSCF calculations,
as a Raman-like excitation mechaAsrmitiocalculations of  quasiparticles corrections, and the BSE solution are repeated with the
the band structure for the displaced atom guoation  same parameters used for the equilibrium geometryoWhef
con rm the strong coupling between C exciton aRd A simulations is handleithe yambopy utility:
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