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Transition metal dichalcogenides layered nano-crystals are emerging as promising 

candidates for next-generation optoelectronic and quantum devices. In such systems, the 

interaction between excitonic states and atomic vibrations is crucial for many fundamental 

properties, such as carrier mobilities, quantum coherence loss, and heat dissipation. In 

particular, to fully exploit their valley-selective excitations, one has to understand the 

many-body exciton physics of zone-edge states. So far, theoretical and experimental 

studies have mainly focused on the exciton-phonon dynamics in high-energy direct 

excitons involving zone-center phonons. Here, we use ultrafast electron diffraction and ab 

initio calculations to investigate the many-body structural dynamics following nearly-

resonant excitation of low-energy indirect excitons in MoS2. By exploiting the large 

momentum carried by scattered electrons, we identify the excitation of in-plane K- and Q-

phonon modes with 𝑬′ symmetry as key for the stabilization of indirect excitons generated 

via near-infrared light at 1.55 eV, and we shed light on the role of phonon anharmonicity 

and the ensuing structural evolution of the MoS2 crystal lattice. Our results highlight the 

strong selectivity of phononic excitations directly associated with the specific indirect-

exciton nature of the wavelength-dependent electronic transitions triggered in the system. 

 

In this paper, we report on the many-body structural dynamics of MoS2 following nearly-

resonant excitation of low-energy indirect excitons. By means of ultrafast electron 

diffraction and ab initio calculations, we demonstrate that in-plane K- and Q-phonon modes 

with E' symmetry are key for the stabilization of indirect excitons in MoS 2, and we elucidate 

the role played by the phonon anharmonicity in the ensuing structural evolution of the 

crystal lattice. 
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INTRODUCTION 

The understanding and active control of material properties are crucial for addressing the 

technological challenges of the 21st century, associated with the demands for data processing, 

storage, and transmission. In such a context, transition metal dichalcogenides (TMDs) are 

showing great promise to satisfy these demands due to their unique physical properties [1], 

resulting from a subtle balance between electronic, lattice, and valley degrees of freedom [2,3]. 

The ability to shift such balance would provide a promising way to manipulate their behavior, thus 

offering unprecedented opportunities for optoelectronics as well as quantum technologies. 

In equilibrium conditions, the system mainly explores thermodynamically stable states described 

within the Ehrenfest’s scheme. Instead, perturbing the free-energy landscape using 

femtoseconds (fs) electromagnetic fields can lead the system toward transient states that are not 

accessible under equilibrium ergodic conditions [4]. Controlling these states and dynamically 

engineering their appearance on a microscopic level would allow to manipulate the macroscopic 

functionality of the system. This is particularly relevant for many-body exciton physics that exploits 

the valley-selectivity typical of TMDs [5,6,7,8,9], with a profound technological impact on the 

design of next-generation gates, memories, photon emitters as well as thermoelectric devices. 

In the non-equilibrium regime, the Born-Oppenheimer approximation fails to describe the state of 

the system, and interactions between electronic and atomic degrees of freedom have a crucial 

role in determining their fundamental properties, such as electron mobility [ 10 ], quantum 

coherence loss and dephasing [11,12], heat generation and dissipation [13]. Thus, a complete 

understanding is only obtained when capturing such electronic-driven structural dynamics at the 

proper length (atomic) and temporal (femtosecond) scales. Here, we adopted ultrafast electron 

diffraction (UED) to investigate the exciton-phonon dynamics in molybdenum disulfide (MoS2), 

the prototypical TMD. Following nearly-resonant excitation of low-energy indirect excitons at the 

Q and K points of the Brillouin zone, we observed a structural evolution that is consistent with the 

phonon anharmonicity resulting from the excitation of in-plane Q- and K-phonon modes with 𝐸′ 

symmetry. Our observations expand previous studies of exciton-phonon dynamics in MoS2  

reporting on the strong coupling of direct excitons with out-of-plane 𝐴1𝑔 Γ-phonons [5,6]. The 

direct investigation of atomic displacements in real-time has become possible only recently thanks 

to the development of highly-sensitive ultrafast electron and X-ray diffraction techniques 

[14,15,16,17,18]. By exploiting the large momentum carried by diffracted electrons, UED allows 

to explore short-range and long-range atomic-scale motions of the lattice 

[19,20,21,22,23,24,25,26,27,28], as well as zone-edge atomic vibrations that are not detectable 

with the traditional optically-based techniques, which are instead only sensitive to zone-center 

phonons because of the small momentum of light. 

 

RESULTS AND DISCUSSION 
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Nanoflakes of single-crystals MoS2 were obtained via mechanical exfoliation from a natural MoS2 

bulk crystal, and then transferred onto a TEM Cu grid. The schematic of the UED experiment is 

shown in Fig. 1a: ultrashort electron pulses are focused in normal incidence on the MoS2. The 

dynamics is initiated by ultrashort laser pulses with a variable wavelength (either 800 nm or 400 

nm), temporal duration of 120 fs, repetition rate of 2 kHz, and with a fluence of 11.8 mJ/cm2 or 

5.9 mJ/cm2 for the two wavelengths, respectively. The diffracted electrons are then recorded on 

a CCD detector in the stroboscopic mode at different delay times between the excitation laser 

and the probing electron pulse. Further details on the sample preparation and experimental setup 

are given in the Supporting Information. It is worth noting that at the adopted excitation intensity 

the effect of two-photon absorption (TPA) for illumination with light at 800 nm can be considered 

negligible since its contribution is about one order of magnitude smaller than the one-photon 

absorption [29,30]. 

MoS2 is probably the most studied compound of the transition metal dichalcogenide family. It is 

characterized by S-Mo-S single layers bonded together by weak van der Waals interactions. Each 

layer consists of two hexagonal planes of S atoms intercalated by one hexagonal plane of Mo 

atoms. In the 2H polytype, Molybdenum is bound with Sulfur via a trigonal prismatic arrangement 

(space group is P3m1 and point group is D6h). Fig. 1b shows a representative diffraction pattern 

measured before laser excitation, showing the in-plane hexagonal pattern typical of a D6h crystal 

where we can identify three high-symmetry lattice plane families: {11̅00}, {011̅0}, and {101̅0}. 

Bulk 2H-MoS2  is an indirect semiconductor with a bandgap of 1.29 eV at the Q point along the Γ-

K direction of the Brillouin zone (see Fig. 1c). The direct gaps in Γ and in K are, instead, above 2 

eV. This means that optical excitation at 400 nm (3.1 eV) can induce strong vertical interband 

electronic transitions across almost the entire Brillouin zone (see blue arrows in Fig. 1c) with no 

momentum change required for the electron. Instead, in the case of optical excitation at 800 nm 

(1.55 eV), the only allowed transitions would be non-vertical interband electronic transitions 

mediated by the presence of a phonon necessary to fulfill the momentum conservation (see red 

arrows in Fig. 1c). Such wavelength-dependent physics thus gives us an unprecedented 

opportunity to dynamically investigate the coupling between electronic and phononic degrees of 

freedom in a 2D material. 

A direct consequence of such an effect is the formation of indirect excitons following the 800 nm 

optical excitation. In multi-layers MoS2, photoluminescence (PL) spectroscopy has evidenced the 

presence of a well-defined feature in the range 1.4 – 1.6 eV [31], which was associated with 

indirect radiative recombination processes. In the bulk 2H-MoS2, momentum-resolved electron 

energy-loss spectroscopy measurements have observed a strong excitation dispersing from 1.46 

eV to 1.57 eV along the Γ-K direction [32] for a momentum value of the order of qK = 1.33 Å-1, 

which corresponds to the momentum-space difference between the Γ and the K points of the 

Brillouin zone. The authors thus attributed such feature to an indirect ΓV-KC exciton (where the 

subfix V and C stand for valence and conduction, respectively). Moreover, ab initio calculations 

predicted the existence of indirect ΓV-KC excitons in the range 1.33 eV – 1.59 eV and indirect ΓV-

QC excitons in the range 1.23 eV – 1.44 eV [33,34]. 

In our experimental configuration, we used near-infrared laser light at 800 nm (1.55 eV) to induce 

a nearly-resonant excitation of such indirect ΓV-KC and ΓV-QC excitons, while light at 400 nm (3.1 

eV) would mainly promote the formation of hot carriers around the Γ and K points without 

momentum transfer. As we will show below, the different nature of the transient electronic 
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excitation would directly influence the coupling to the phononic subsystem and lead to completely 

different scenarios in terms of structural dynamics. 

In Fig. 2 we show the changes in the measured diffraction intensity recorded as a function of the 

delay time between the optical pump and the electron probe for the three high-symmetry 

directions, evidenced in the diffraction pattern in Fig. 1b, when using light at 800 nm (Fig. 2a-c) 

and at 400 nm (Fig. 2d-f). The transient change of the Bragg reflections unveils the non-

equilibrium lattice dynamics. In the kinematic theory, the diffraction intensity of a given Bragg 

peak, 𝐼[ℎ𝑘𝑙] , is determined by the square modulus of the structure factor, 𝐹[ℎ𝑘𝑙]  (i.e., 𝐼[ℎ𝑘𝑙] ∝

|𝐹[ℎ𝑘𝑙]|
2
), which depends on the atomic displacement with respect to the equilibrium positions: 

𝐹[ℎ𝑘𝑙] = ∑ 𝜉𝑗exp [𝑖𝒔[𝒉𝒌𝒍] ⋅ (𝑹𝒋 + 𝒖𝒋(𝑡))]𝑗                                            (1) 

Here, 𝒖𝒋  defines the displacement of the j-th atom within the unit cell with respect to the 

equilibrium position 𝑹𝒋, and 𝜉𝑗 is the atomic scattering factor. Local atomic rearrangements, as 

well as atomic vibrations, would induce a net nonuniform displacement within the lattice, resulting 

in a modification of the structure factor, and thus a transient variation of the diffraction intensity. 

A positive or negative change of the structure factor for the given Bragg reflection would thus 

cause an increase or a decrease of the diffraction intensity corresponding to specific atomic 

displacement triggered by the excitation of specific vibrational modes. Moreover, it is worth noting 

that what dominates the structure factor is the projection of the atomic displacement, 𝒖𝒋(𝑡), on a 

particular crystallographic direction – defined by the scattering vector 𝒔[𝒉𝒌𝒍]  – via the scalar 

product 𝒔[𝒉𝒌𝒍] ⋅ 𝒖𝒋(𝑡). In this sense, modulation of the diffraction intensity also depends on the 

relative orientation of the atomic motion with respect to the scattering direction. 

In the case of optical excitation at 400 nm (3.1 eV), the observed transient intensity change 

exhibits a progressive drop for all measured diffraction peaks with a time constant on the order of 

a few tens of picoseconds. This behavior is characteristic of semiconducting systems following 

the above band-gap excitation, where a large population of hot carriers is produced. The hot 

carriers cool down via direct coupling to hot optical and acoustic phonons, which in turn decay 

toward long-wavelength acoustic phonons. The increased dynamic disorder induced by the large-

amplitude low-energy acoustic vibrations will consequently create a non-negligible loss of electron 

interference responsible for the usually oberseved decrease of diffraction intensity 

[19,20,22,24,25,35]. 

In the case of optical excitation at 800 nm (1.55 eV), the observed behavior is very different. Here, 

while the {11̅00} Bragg peak still exhibits an intensity drop, the peaks associated with the {011̅0} 

and {101̅0}  reflections show, instead, a sharp intensity increase on a time scale of a few 

picoseconds (4 – 5 ps) before recovering toward a negative change on a longer time scale of tens 

of picoseconds. Such early-time behavior indicates a positive increase of the structure factor. A 

similar increase of 𝐹[ℎ𝑘𝑙] has been observed in the case of displacive lattice distortions induced in 

the excited state via the stabilization of a subset of phonons excited within the lattice. This has 

been observed – for instance – in the case of infrared resonant excitation of selective vibrational 

modes in strongly-correlated electron material YBCO [36], and anharmonic lattice distortions of 

model thermoelectric material SnSe [37]. Such a picture would be also consistent with the nature 

of the electronic excitation at 1.55 eV in MoS2, where indirect ΓV-KC and ΓV-QC excitons could be 

stabilized via the excitation of a subset of phonons with a well-defined momentum. 
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To quantitatively elucidate the transient atomic behavior of the lattice following the electronic 

excitation, we have calculated via density functional theory (DFT) the atomic details of the 18 

normal vibrational modes allowed for a 2H-MoS2 bulk crystal (further details on the DFT 

calculations are given in the Methods section) and determined the electron-phonon coupling 

matrix element for each mode at different electron and phonon momentum states across the 

Brillouin zone. 

Fig. 3a-c report the electron-phonon matrix element calculated for each vibrational mode. For our 

analysis we have considered phonon modes at the Γ point (Fig. 3a), at the Q point (Fig. 3b), and 

at the K point (Fig. 3c) of the Brillouin zone. We have calculated the phonon excitation probability 

at each high-symmetry point (Γ, Q and K) associated with electronic transitions from the valence 

band states in Γ to the corresponding final states in the conduction band (at Γ, Q and K, 

respectively). In the calculations, momentum conservation for the indirect transitions is fulfilled by 

considering only phonons with the corresponding required momentum. 

From the calculations in Fig 3a we immediately notice that in the case of direct excitation with 

following coupling to Γ phonons, the dominant contribution is given by the out-of-plane 𝐴1𝑔 

phonon. This is in strong agreement with previous works that reported strong coupling of the A 

and B direct excitons at ~1.85 eV and ~2.1 eV, respectively, with 𝐴1𝑔(Γ) out-of-plane phonon 

modes [5,6]. 

Different is the situation in the case of indirect transitions accompanied by the excitation of phonon 

modes at the K and Q points, shown in Fig. 3b-c. Here, besides the excitation of the out-of-plane 

𝐴1
′  mode (equivalent to 𝐴1𝑔 in D6h symmetry), the main contribution to the lattice dynamics is given 

by in-plane (optical and acoustic) phonon modes with 𝐸′ symmetry (equivalent to 𝐸2𝑔 and 𝐸1𝑢 in 

D6h symmetry). This is also consistent with previous works [5,6] reporting that the favored coupling 

occurs with 𝐸2𝑔
1  modes when the exciton wave function has contributions from different parts of 

the momentum space (and not only Γ), such as in the case of high-energy C excitons at 2.7 eV. 

The 𝐸′ modes correspond to in-plane motions where the Mo layer moves in opposite direction 

with respect to the two S layers. At low excitation (i.e. excited carrier densities below 1x1013 cm-

2), the system remains in the harmonic approximation and the atoms oscillates around their initial 

equilibrium position. This only leads to a non-zero mean square displacement of the atoms, which 

results in a negative change of the structure factor (see Fig. 4a and Supplementary section S1 

for details). 

In our case, we estimate an excited current density of about 7 x 1013 cm-2 or above (see 

Supplementary section S2), and therefore we cannot neglect the effect of phonon anharmonicities 

of the excited 𝐸′ and 𝐴1
′  modes. As a result, the potential energy surface of the ground state 

becomes more flat and asymmetrical leading to a displaced equilibrium position following the 

photoexcitation (see Fig. 4b) [37, 38, 39]. Based on these considerations, we have then estimated 

for the different Bragg reflections the structure factor changes resulting from in-plane and out-of-

plane displacements of S and Mo atoms following the direction of motion consistent with 𝐴1
′  and 

𝐸′ modes (see Fig. 4c-e and Supplementary section S1).  

Fig. 4c shows that the structure factor change calculated for out-of-plane displacements is 

identically zero for the {101̅0}, {011̅0}, {11̅00} reflections. This directly derives from Eq. (1): the 

scalar product in the equation is zero since the scattering vectors of those reflections lie in the 

plane of the flake. Therefore, when 𝐴1
′  (and equivalently 𝐴1𝑔) is the dominant contribution to the 
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electron-phonon coupling, such as in the case of direct transitions involving Γ phonons (see Fig. 

3a), the only effect on the structure factor is a negative change resulting from the increased mean-

square displacement of the atoms associated with the phononic excitation (see Fig. 4a). This 

picture is consistent with the experimentally measured decrease of the diffraction intensity for 

illumination at 400 nm, which results in the vertical excitation of hot carriers with zero transferred 

momentum, and thus the electron-phonon coupling is dominated by phonons at the Γ point. The 

incoherent deexcitation of such Γ-phonons will eventually involve also long-wavelength phonons 

at lower energies, leading to an increased mean-square atomic displacement and larger 

dynamical disorder [19,20,22,24,25,35]. 

Different is the case for in-plane atomic displacements. In Fig. 4d and 4e we show the structure 

factor changes calculated for in-plane displacements of S and Mo atoms (as indicated in the 

insets) for the {101̅0}, {011̅0}, {11̅00} reflections. In the Supporting section S1 we also show the 

results obtained for a large range of possible S and Mo in-plane displacements along different 

directions of the unit cell (namely the two axis of the losanga forming the base of the unit cell). 

Such detailed analysis showed that when the deformation creates a distorted unit cell yielding a 

twisted ochtaedral coordination around the Mo atoms (as sustained by the excitation and 

anharmonicity of 𝐸′ modes), the structure factor change is positive for the {101̅0} and {011̅0} 

reflections, whereas it is negative for the {11̅00} reflection.  

By comparing the measured diffraction intensity changes for 800-nm illumination in Fig. 2 with the 

calculated relative structure factor changes for in-plane Mo and S displacements as shown in Fig. 

4d-e, we can conclude that the transient diffraction intensity increase observed for Bragg 

reflections {101̅0} and {011̅0} is caused by such in-plane unit cell distortion as driven by the 

excitation and anharmonic effects associated with 𝐸′ phonon modes.  

The combination of UED results, ab initio calculations, and structure factor calculations in the 

anharmonic regime allowed us to identify the microscopic nature and symmetry of the involved 

lattice vibrations coupling to the indirect excitons excited by infrared light at 1.55 eV. The nearly-

resonant excitation of indirect ΓV-KC and ΓV-QC excitons thus induces the excitation of 𝐸′ in-plane 

phonon modes with a well-defined momentum q = K, Q, necessary to conserve the momentum 

during a non-vertical (indirect) electron transition from the valence states to the conduction states. 

In this sense such phonon modes “stabilize” the formation of such indirect excitons. In other 

words, we have been able to directly determine that below-gap light absorption is possible via the 

excitation of K- and Q-phonon modes with 𝐸′ symmetry. 

Our picture is further confirmed by the calculated Eliashberg function in bilayer MoS2 [40], where 

the authors evidenced that, for the K point of the Brillouin zone, the phonon modes with the 

strongest electron-phonon coupling are both optical and acoustic with 𝐸2𝑔 symmetry. Our results 

are also consistent with recent investigations of electron-phonon interaction in MoS2 via ultrafast 

visible/IR spectroscopy, where the authors observed the appearance of a well-defined feature in 

the frequency range 380-390 cm-1 following excitation at 800 nm [41], which they attributed to the 

excitation of in-plane phonon modes with 𝐸1𝑢 symmetry. 

The excitation of 𝐸′  phonons and their anharmonicity following photoexcitation initially drives the 

non-equilibrium distortion of the unit cells at early times. On the other hand, the long-term intensity 

decrease of the investigated Bragg reflections (see Fig. 2) – evolving on a time scale of tens of 

picoseconds – highlights the subsequent role of long-wavelength atomic motions in the 

thermalization process that causes the excitation of a large amount of low-energy acoustic modes. 
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Such a process induces a progressive increase of the mean-square displacements (see Fig. 4a), 

that leads to a negative change of the structure factor for all monitored Bragg reflections on a time 

scale of several tens of picoseconds, as observed experimentally (see Fig. 2) [35]. 

The 𝐸′ phonon excitation observed here in nano-flakes of MoS2 for illumination at 800 nm is 

directly associated with the specific indirect-exciton nature of the wavelength-dependent 

electronic transition triggered in the system. Therefore, given the indirect character of such 

electronic states, we expect that the coherent structural response of the lattice would persist over 

long time scales. The preservation of such structural coherence can be directly seen by 

monitoring the transient change of the interatomic distance, shown in Fig. 4 for the case of the 

[01̅10] direction (similar oscillatory behaviour of the scattering vector change is also present for 

the other Bragg reflections). We observed the presence of in-plane breathing oscillations with a 

frequency of 72.9 GHz – corresponding to a period of 13.7 ps. This is consistent with 

experimentally reported in-plane strain waves in multilayer MoS2 observed at a frequency of about 

50 GHz [42,43]. Moreover, considering that the longitudinal in-plane speed of sound in MoS2 is 𝑣 

= 7000 m/s [44] and the thickness of the investigated nanoflake is 𝑡 = 50 nm, this means a 

breathing oscillations period of 2𝑡 𝑣⁄  = 14.3 ps. This agrees well with the observed oscillatory 

period of 13.7 ps and confirms the in-plane breathing nature of the observed oscillations of the 

scattering vector for the monitored Bragg reflections. This coherent lattice oscillation can be seen 

as the result of an anharmonic coupling of the excited high-energy 𝐸′ in-plane Q- and K-phonon 

modes to low-energy acoustic vibrations [45] that will quickly relax into low-frequency in-plane 

strain waves. 

 

CONCLUSIONS 

In this paper we have tackled the key problem of the role played by the atomic degrees of freedom 
in the non-equilibrium dynamics of indirect excitons in MoS2, the prototypical transition metal 
dichalcogenide. Previous theoretical and experimental studies had mainly focused on the exciton-
phonon dynamics in high-energy direct excitons involving zone-center phonons. Here, we have 
investigated the many-body exciton physics of zone-edge states, which is crucial to fully exploit 
the valley-selective excitations in these materials, and unraveled their relevant ultrasmall and 
ultrafast spatiotemporal scales through a unique combination of ultrafast electron diffraction, ab 
initio calculations and structure factor calculations in the anharmonic regime. In particular, we 
have identified the excitation of in-plane Q- and K-phonon modes with 𝐸′  symmetry as an 
important contribution to nearly-resonant excitation of low-energy indirect excitons in MoS2. Our 
UED results can be explained by considering the effect of anharmonicity of such 𝐸′ phonons, 
inducing an in-plane Mo and S displacements compatible with a unit cell distortion yielding a 
twisted ochtaedral coordination around the Mo atoms. Because the observed mechanisms have 
significant impact on the optical and electronic properties of these materials in non-equilibrium 
conditions, likely setting an intrinsic limit to carrier mobility and coherence loss, our results thus 
not only provides the direct observation of the microscopic nature and symmetry of the involved 
lattice changes, but would also contribute to further improving the material performance. 
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METHODS 

 

Preparation of MoS2 nano-flakes  

MoS2 nano-flakes used here are mechanically exfoliated from a 100% natural MoS2 crystal 

provided by SPI Supplies/Structure Probe, Inc.. In detail, we use scotch tape to exfoliate thin 

flakes off the bulk MoS2 after numerous repetitions, and then immerse the tape with MoS2 flakes 

in acetone. After 3 - 4 minutes, we shake the tape in the acetone to detach MoS2 flakes and then 

fish them by using 200-mesh Cu TEM grids. Here, we visually pick up half-transparent or nearly 

transparent MoS2 flakes as the sample. To remove the acetone, we rinse the TEM grid with MoS2 

many times by using deionized water. Finally, the grids are dried in the air for UED measurements. 

Electron energy loss spectroscopy (EELS) has been used to estimate the thickness of the 

produced nanoflakes, yielding a value on the order of 50 nm. 

 

Ultrafast electron diffraction (UED) 

The UED measurements have been performed at Caltech in the laboratory of the late Prof. Ahmed 

H. Zewail. The output of a Ti:Sapphire regenerative amplifier (λ = 800 nm, 100 fs, 2 kHz) was 

separated in two portions: one represents the optical pump beam that is responsible for exciting 

the sample, which was used either as fundamental at 800 nm or to generate the second-harmonic 

(λ = 400 nm) via a BBO crystal; the other was used to generate ultraviolet pulses by third-harmonic 

generation (λ = 266 nm), which irradiate a LaB6 photocathode to produce ultrafast electron pulses. 

The diffraction patterns generated by electron scattering from the samples were recorded in far-

field on a gated CCD detector and monitored as a function of the delay time between pump and 

probe. For the investigation of MoS2 nanoflakes, we adopted a normal incidence geometry 

(transmission scheme), tracking the transient behavior of the in-plane reflections. For both light 

beams (800-nm and 400-nm) we used a linear polarization. Both beams were p-polarized (i.e. the 

polarization direction is parallel to the scattering plane), and they both arrived on the sample 

surface at a 45 degrees angle with respect to the normal to the sample surface.  

To minimize space charge effects, an electron pulse was designed to contain less than 300 

electrons, giving a sub-ps pulse duration. Particular care was taken for the calibration of the zero-

delay time, i.e. the time at which the electron and laser pulses simultaneously arrived on the 

sample. We used multiphoton ionization from a metallic surface, which created a transient and 

localized plasma synchronous with the laser excitation able to modify the electron pulse’s position 

and spatial profile (“plasma lensing effect”). Finally, we note that within the adopted fluence range 

transient electric field effects on the measured diffraction pattern were negligible and did not affect 

the measured dynamics [46].
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DFT calculations of phonon modes and electron-phonon coupling matrix elements 

Band structure calculations are carried out with the Vienna Ab-initio Simulation Package (VASP) 

[47] based on the Density Functional Theory with projector-augmented-wave (PAW) [48,49] 

pseudopotentials. The generalized gradient approximation (GGA) with the Perdew-Burke-

Ernzerhof (PBE) parametrization is used for the exchange and correlation functional [50]. The 

computations are based on a unit cell consisting of 6 atoms with an 8×8×8 k-point mesh within 

Monkhorst-Pack scheme and cutoff energy of 500 eV. The convergence criteria for total energies 

and forces are 10-8 eV and 10-6 eV/Å, respectively. The bulk geometry used to simulate MoS2 has 

a relaxed lattice parameter of a = 3.18 Å, b = 3.18 Å, c = 13.13 Å, α = 90°, β = 90°, γ = 120°. 

The phonon dispersion is calculated using the direct force-constant method implemented in the 

PHONOPY code [51]. In this method, a specific atom is displaced to calculate the induced 

Hellmann Feynman forces on itself and its surrounding atoms. By collecting the Hellmann 

Feynman forces one can construct the dynamical matrices that lead to the phonon properties and 

thermodynamic functions within the framework of lattice dynamics and harmonic approximation. 

Because of the effects of image atoms due to the periodic boundary conditions, larger supercell 

is needed to make sure all calculated phonon frequencies are well converged. We employed a 

4×4×2 supercell with 192 atoms for phonon calculations which are well converged in this work. 

The electron-phonon matrix elements have been calculated by using the density-functional 

perturbation theory (DFPT) [52] as implemented in the QUANTUM ESPRESSO code [53]. The 

parameters and convergence criteria have been set as in the VASP calculations and PAW sets 

have been also used.   
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Figure 1. UED experiment on nanoflakes of MoS2. (a) Schematic representation of the UED 

experiment where ultrashort electron pulses are focused in normal incidence on the MoS2 flake 

and the dynamics is initiated by ultrafast laser pulses with a variable wavelength (either 800 nm 

or 400 nm). The diffracted electrons are then recorded in stroboscopic mode at different delay 

times between the excitation laser and the probing electron pulse. (b) Representative diffraction 

pattern measured before laser excitation, showing the in-plane hexagonal pattern typical of a D6h 

crystal where we can identify three high-symmetry lattice plane families: {11̅00}, {011̅0}, and 

{101̅0}. (c) Schematic representation of the electronic band structure for a 2H-MoS2 bulk crystal 

showing an indirect band gap of 1.29 eV at the Q point along the Γ-K direction of the Brillouin 

zone; the direct gaps in Γ and in K are, instead, above 2 eV. The blue and red arrows represent 

allowed transitions following optical excitations at 400 nm (3.1 eV) and 800 nm (1.55 eV), 

respectively. 
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Figure 2. Transient lattice evolution following the optical excitation. The measured 

diffraction intensity changes are recorded as a function of  the delay time between the optical 

pump and the electron probe for the three high-symmetry directions evidenced in the diffraction 

pattern in Figure 1b when using light at 800 nm and at 400 nm. (a) {101̅0} reflection at 800 nm; 

(b) {011̅0} reflection at 800 nm; (c) {11̅00} reflection at 800 nm; (d) {101̅0} reflection at 400 nm; 

(e) {011̅0} reflection at 400 nm; (f) {11̅00} reflection at 400 nm. 
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Figure 3. Calculations of electron-phonon coupling matrix elements. The electron-phonon 

coupling matrix elements are calculated via density-functional perturbation theory (DFPT) for each 

vibrational mode and specific momentum state across the Brillouin zone. We consider: direct 

electron transitions ΓV-ΓC with coupling to Γ phonons (panel a); indirect ΓV-QC electron transitions 

with coupling to Q phonons (panel b); indirect ΓV-KC electron transitions with coupling to K 

phonons (panel c).  
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Figure 4. Structure factor changes driven by harmonic and anharmonic lattice 

displacements. (a) Calculated change of the square modulus of the structure factor, |𝐹[ℎ𝑘𝑙]|
2
, for 

an increasing mean square displacement of the atoms around their initial equilibrium position 

(harmonic regime). (b) Schematic representation of the ground state and excited state potential 

energy surfaces as modified by phonon anharmonicities of the excited modes leading to a 

displaced equilibrium position following the photoexcitation. (c) Estimated change of the square 

modulus of the structure factor, |𝐹[ℎ𝑘𝑙]|
2

, for the {101̅0}  (green curve), {011̅0}  (black curve), 

{11̅00} (blue curve) Bragg reflections resulting from out-of-plane displacements of S atoms (panel 

c), in-plane displacements of S atoms (panel d) and in-plane displacements of Mo atoms (panel 

e) following the direction of motion consistent with 𝐴1
′  and 𝐸′ modes. 
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Figure 5. Long-term coherent lattice dynamics. Transient change of the interatomic distance 

measured for the case of the [01̅10] direction, showing in-plane breathing oscillations with a 

frequency of 72.9 GHz (period of 13.7 ps). This behavior is consistent with a coherent structural 

response of the lattice persisting over long time scales.  
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