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ABSTRACT: The valley pseudospin at the K/K’ high symmetry points in monolayer transition-metal 

dichalcogenides (TMDs) has potential as an optically addressable degree of freedom in next-

generation optoelectronics. However, intervalley scattering and relaxation of charge carriers leads to 

valley depolarization and limits practical applications. In addition, enhanced Coulomb interactions 

lead to pronounced excitonic effects that dominate the optical response and initial valley 

depolarization dynamics, but complicate the interpretation of ultrafast spectroscopic experiments at 

short time delays. Employing broadband helicity-resolved two-dimensional electronic spectroscopy 
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(2DES), we observe ultrafast (~10 fs) intervalley coupling between all A and B valley exciton states 

that results in a complete breakdown of the valley index in large-area monolayer MoS2 films. These 

couplings and subsequent dynamics exhibit minimal excitation fluence or temperature dependence 

and are robust to changes in sample grain size and inherent strain. Our observations strongly suggest 

that this direct intervalley coupling on the timescale of optical excitation is an inherent property of 

large-area MoS2 distinct from dynamic carrier or exciton scattering, phonon-driven processes, and 

multiexciton effects. This ultrafast intervalley coupling poses a fundamental challenge for exciton-

based valleytronics in monolayer TMDs and must be overcome to fully realize large-area valleytronic 

devices. 

KEYWORDS: valleytronics, transition-metal dichalcogenides, 2D materials, two-dimensional 

spectroscopy, ultrafast spectroscopy, exciton dynamics 
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Figure 1. Monolayer MoS2 linear absorption and 2DES experimental geometry. (a) Linear absorption spectrum of 
MOCVD-grown monolayer MoS2 resolves two prominent exciton peaks (A and B) with opposite circularly 
polarized optical transitions 𝜎 /𝜎  at the K/K’ points (inset). (b) Three broadband femtosecond pulses (1-3) incident 
on a sample in the ‘BOXCARS’ geometry generate a third-order nonlinear signal in the phase-matched direction 
collinear to a fourth attenuated pulse, the local oscillator (LO), used in heterodyne detection. The LO precedes the 
excitation beams and generated signal by tLO ~1300 fs. The heterodyned signal is spectrally dispersed onto an array 
detector to resolve the detection energy (note the interferogram). The excitation energy is resolved by Fourier 
transformation of the first scanned time delay, 𝜏. Population dynamics are probed by scanning the second time 
delay, T. 

 

TMD monolayers (MX2 : M = Mo, W ; X = S, Se) and stacked heterostructures have gained considerable 

interest as atomically thin and flexible components in next-generation photonic and optoelectronic 

applications,1-3 owing in large part to the distinct electronic and optical properties that emerge in the 

monolayer limit. These properties include a transition to a direct band gap,4, 5 strong excitonic effects,6-8 

and nonequivalent band extrema, or valleys, in reciprocal space.9, 10 Quantum confinement and reduced 

dielectric screening lead to Coulombically bound electron-hole pairs, or excitons, with binding energies 

on the order of ~500 meV as well as robust multi-exciton complexes even at room-temperature.11-13 

Broken inversion symmetry and large spin-orbit coupling give rise to spin-valley coupled optical 

selection rules: two exciton transitions—A and B—with opposite spins at the K/K’ points couple 

selectively to light of opposite circular polarization, 𝜎  (Figure 1a).9, 14-19 This optically addressable valley 

degree of freedom is the foundation for TMD-based ‘valleytronics’ which aims to realize next-generation 

computation and information processing technologies.10, 20 
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Valleytronic applications rely on long (~nanoseconds or greater) valley lifetimes, where the 

carrier imbalance created by selectively pumping K or K’ lasts long enough for gate operations to be 

performed.10, 20 However, ultrafast sub- to few-picosecond valley depolarization21-25  has been shown to 

occur through numerous mechanisms,26, 27 including the intervalley electron-hole exchange interaction,28-

31 intervalley scattering by defects32 or phonons,33, 34 and coupling to optically dark excitons.35-37 On the 

other hand, the valley lifetime of resident charge carriers is on the order of tens of picoseconds to 

nanoseconds,38-45 and nanosecond and microsecond polarization lifetimes have been measured for defect-

bound excitons,46 optically dark excitons,47 and holes and interlayer excitons in stacked 

heterostructures.48-50 

In addition to these dynamic valley depolarization mechanisms, immediate Coulomb-induced 

intervalley exciton coupling51 poses an additional exciton valley coupling channel. Dexter-like intervalley 

coupling,52, 53 intervalley renormalization,54 and multi-exciton effects55-59 have been proposed to explain 

immediate intervalley coupling signatures observed in ultrafast transient absorption experiments. 

However, it is difficult to experimentally probe and differentiate the microscopic coupling mechanisms 

responsible for the initial ultrafast exciton valley depolarization or intervalley coupling with sub-100 fs 

resolution. Furthermore, the associated many-body interactions and resulting overlapping spectral 

signatures complicate the interpretation of ultrafast experiments at short time delays. Because optically 

bright excitons in TMD monolayers dominate the sub-picosecond optical response and the first stages of 

valley depolarization, they provide a key insight into the fundamental many-body interactions and 

microscopic couplings that limit the practical realization of valleytronics.60 

Here, we employ broadband helicity-resolved two-dimensional electronic spectroscopy (2DES) to 

map the ultrafast valley dynamics of A and B excitons in large-area monolayer MoS2 films61 with ~10 fs 

temporal resolution (Figure 1b). We leverage the combined excitation-frequency and femtosecond 

resolution afforded by 2DES to determine whether resonant intervalley coupling (between A-A’ or B-B’ 

exciton states) and non-resonant intervalley coupling (between A-B’ or B-A’ exciton states) occurs 

together or on distinct timescales. We show strong experimental evidence for excitation fluence- and 
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temperature-independent intervalley coupling between all A and B valley exciton states on the sub-10 fs 

timescale. This coupling points to a single-particle mechanism separate from carrier-scattering or phonon-

driven processes. These features persist in samples of differing grain size and inherent strain from the 

growth process, indicating ultrafast intervalley coupling on the timescale of excitation may be an intrinsic 

property of large-area TMD films. Our observations are not completely described by current theoretical 

frameworks, including multi-exciton effects or other Coulomb-induced coupling mechanisms. Elucidating 

the fundamental excitonic interactions that dominate the optical response and drive the initial valley 

dynamics in TMDs is critical to advancing valleytronic technologies. 

 

RESULTS AND DISCUSSION 

Monolayer MoS2 films were prepared using a MOCVD growth procedure described previously,61 yielding 

wafer-scale continuous samples with ~ 𝜇m grain sizes. Room-temperature linear absorption (Figure 1a) 

shows two peaks corresponding to the A and B excitons. To disentangle the ultrafast valley dynamics and 

couplings of the A and B excitons, we employ broadband helicity-resolved 2DES. Two-dimensional 

spectroscopy is an ultrafast four-wave mixing technique that correlates the excitation and detection 

frequencies of a system as a function of its ultrafast time evolution during the waiting time, T. By 

controlling the relative circular polarizations of the excitation and probe pulses in the 2DES experiments, 

we selectively probe intra- or intervalley dynamics and couplings with ~10 fs temporal resolution while 

maintaining knowledge of the excitation frequency. Importantly, 2DES allows us to measure correlations 

both between energetically resonant (A-A(‘), B-B(‘)) and non-resonant (A-B(‘), B-A(‘)) exciton states with 

valley resolution on the femtosecond timescale. 
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Figure 2. 2DES absorptive maps for cross- (a-c) and co- (d-f) circularly polarized pulse sequences at 294K for 
waiting times T = 0, 20, and 120 fs. Cross-polarized spectra report on intervalley couplings while co-polarized 
spectra report on intravalley couplings. Main features of interest are annotated in the T = 120 fs frames, showing 
coupling between all A and B exciton states. Panels are normalized to the global maximum of the dataset, which is 
an average of n = 8 and n = 3 datasets for cross- and co-circularly polarized experiments, respectively. Spectra 
shown were acquired with an estimated carrier density of 1.4 × 1012 carriers/cm2. 

 

Room-temperature (294K) absorptive 2D spectra of MOCVD-grown monolayer MoS2 at T = 0, 

20, and 120 fs are shown in Figure 2. In cross-circularly polarized experiments (Figure 2a-c), the 

detection event is in the opposite valley as excitation, whereas in co-polarized experiments (Figure 2d-f), 

the detection event is in the same valley as excitation. Therefore, cross- and co-polarized experiments 

probe inter- and intravalley dynamics and couplings, respectively. The spectra in Figure 2 were acquired 

with pulse energies of 3.5 nJ/pulse, corresponding to an estimated carrier density of 1.4 × 1012 

carriers/cm2 (See Supporting Information). Positive features correspond to ground state bleach and 

stimulated emission signals. Negative features correspond to photo-induced absorption (PIA) signals. 



  7

Two main peaks are prominent on the diagonal, in which the excitation and detection energies are equal, 

corresponding to the A and B excitons. Off-diagonal cross-peaks, where excitation and detection energies 

differ, correspond to coupling or energy transfer between the exciton states. For example, the lower cross-

peak B-A’ in the cross-polarized spectra corresponds to intervalley coupling through the excitation of B 

in one valley and detection of A’ in the other valley. These main features are annotated in the T = 120 fs 

frames in Figure 2c and 2f. Additional 2D spectra are displayed in the Supporting Information. 

The presence of significant signal strength in the cross-polarized spectra at short waiting time 

delays (Figure 2a-c), including T = 0 fs, is indicative of intervalley coupling processes on the timescale of 

pulsed optical excitation with sub-10 fs pulses (See Supporting Information for an estimation of the 

instrument response function). Importantly, bleaching, for example, of the K’ transition after excitation at 

K, or vice versa, is not expected if the transitions are uncoupled (See Supporting Information). The cross-

polarized spectra reveal strong intervalley coupling between non-resonant A and B excitons of the same 

spin (A-B’, B-A’) that appears as off-diagonal cross-peaks, and also between resonant excitons of 

opposite spin (A-A’, B-B’) that appears as diagonal features. Both resonant and non-resonant couplings 

appear with similar strength and timescale. In contrast, the co-polarized spectra are dominated primarily 

by a strong diagonal peak corresponding to the A exciton which quickly decays within tens of 

femtoseconds (Figure 2d-f). This concurrent ultrafast intravalley decay and intervalley signal appearance 

is consistent with a rapid intervalley population transfer.  

We present normalized 2D spectra in Figure 2 to compare relative amplitudes of the spectral 

features within each experiment, highlighting that the intervalley coupling signatures appear with near-

maximum amplitude on the timescale of optical excitation and are accompanied by fast decay of the 

intravalley features. Spectra normalized at late delay times (Figure S14) show that after the rapid initial 

intravalley decay, the relative intensities of the cross-peaks in both polarization sequences are 

comparable. Waiting time traces to ~1 ps (Figures S15, S16) show that differences in the intra- versus 

intervalley dynamics disappear nearly completely after ~100 fs; after this time, no further intervalley 

signal growth dynamics are observed, suggesting the valley coupling observed here occurs largely on the 
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timescale of excitation. Control experiments on the laser dye Nile Blue and a glass substrate show no 

appreciable difference between the polarization sequences (Figure S7, S8). Additionally, the spectral 

pattern of diagonal and off-diagonal cross-peaks persists to late delay times after T = 0 fs and has been 

reported previously in MoS2.62 These observations indicate that the observed differences in MoS2 

originate from the valley-dependent material response and not, for example, polarization-dependent non-

resonant or coherent artifacts.  

Photo-induced absorption features redshifted in detection energy below the A exciton and 

between the A and B excitons are observed in both polarization sequences. The growth of the PIA feature 

below the diagonal A exciton peak in co-circularly polarized experiments is consistent with dynamic 

intravalley bandgap renormalization.63-66 The cross-peaks in the co-circularly polarized experiments arise 

from coupling between A and B excitons within the same valley. Guo et al.62 attribute these couplings  to 

the intravalley exchange interaction using 2DES, while Wang et al.67 describe intravalley spin-flip 

relaxation dynamics between the A and B excitons using two-color pump-probe measurements. Both of 

these studies report dynamic intravalley couplings on the sub- to few-hundred femtosecond timescale. 

Interestingly, the co-polarized spectra in Figure 2d-f show strong coupling cross-peaks at zero time delay, 

suggesting this intravalley coupling is enhanced in our measurements. 

Immediate A-B’ and B-A’ intervalley coupling (as seen in Figure 2a, T = 0 fs) has previously 

been attributed to Dexter-like intervalley coupling between non-resonant excitons of the same spin in 

opposite valleys,52, 53 and to intervalley renormalization via an intrinsic intervalley Coulombic coupling 

between A and B exciton states54 in WS2. Dexter-like intervalley coupling and intervalley renormalization 

mechanisms therefore provide a possible explanation for the observed A-B’, B-A’ coupling features in 

our cross-polarized experiments. Indeed, Dexter-like coupling efficiency may be enhanced in our 

experiments as the spin-orbit coupling of MoS2 (~150meV) compared to WS2 (~400meV) results in 

nearly three times greater Dexter-transfer efficiency.52 The fused silica substrate used in our experiments 

is predicted to further increase the Dexter transfer efficiency by ~15% compared to borosilicate used in 

previous studies.52, 53 The relative intensity of the PIA features in the cross-polarized 2DES spectra is 
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stronger compared to the co-polarized 2DES spectra (Figure 2). This pattern is consistent with the 

intervalley renormalization process coupling A-B’ and B’-A states,54 which gives rise to characteristic 

dispersive lineshapes with pronounced redshifted PIA features. However, the most prominent dispersive 

character in our measurements is that of the A-A’ diagonal feature, which is not coupled through the 

renormalization mechanism. 

The A-A’ and B-B’ diagonal features, corresponding to intervalley coupling between 

energetically resonant exciton states of opposite spin. These diagonal features cannot be explained by 

Dexter-like and renormalization mechanisms which couple non-resonant excitons of the same spin in 

opposite valleys (B-A’, A-B’). In contrast, the intervalley exchange interaction28 leads to resonant 

intervalley coupling (A-A’, B-B’) via a simultaneous virtual exciton creation-annihilation process in 

opposite valleys. The intervalley exchange requires a non-zero exciton center-of-mass momentum, which 

may be created by disorder- or phonon-scattering, and has been widely implicated in sub- to few-

picosecond valley depolarization. Both the Coulomb-induced intervalley renormalization and Dexter-like 

mechanism are predicted to dominate the 2nd-order impurity-driven intervalley exchange54 on these short 

timescales,52, 53, 60 but we observe clear evidence that intervalley coupling between both resonant and non-

resonant exciton states appear on similar ultrafast timescales during and after optical excitation (Figure 2). 

 To determine if the multiple intervalley coupling features seen in cross-polarized spectra may be 

driven by exciton-scattering or phonon-mediated mechanisms, we perform 2DES measurements at room-

temperature (294K) at multiple excitation densities and at cryogenic temperature (6K). Waiting time 

traces for both polarization sequences of the A-A(‘) diagonal features as well as the lower coupling B-A(’) 

cross-peaks are shown in Figure 3 at room-temperature for estimated carrier densities of 2.8 × 1012, 1.4 × 

1012, and 5.6 × 1011 carriers/cm2. The fluences used in these experiments are within the third-order 

regime62 and below the Mott density so that photo-excited electron-hole pairs primarily remain bound as 

excitons.68, 69 

The time traces probing the intervalley coupling (Figure 3a,b) are at a maximum at or shortly 

after T = 0 fs, similar to the estimated instrumental response function (Figures S5, S6). Interestingly, 
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while the below-diagonal B-A’ intervalley cross-peaks are at a near-maximum within ~10 fs, the A-B’ 

above-diagonal cross-peak features show growth dynamics on the ~20 fs timescale (Figure S19). We note 

that the data show a finite signal rise at negative delay times not captured by a transient grating 

experiment scanning T while 𝜏 0 fs or reproduced by convolving a fit to the data with the instrument 

response function (Figures S23, S24). In addition to the finite pulse widths, signal at T < 0 fs will result 

from pulse-misordering artifacts leading to additional third-order signal pathways when scanning 𝜏 at T < 

0 fs, or in the case of oscillations at T < 0 fs, dephasing.70 We stress that despite the non-instantaneous 

response, the near-maximum signal amplitude at or shortly after T = 0 fs and lack of subsequent signal 

growth dynamics (Figure S15, S16) is strong evidence for ultrafast intervalley coupling during optical 

excitation. 

 

Figure 3. Room-temperature waiting time traces for cross- (a,b) and co- (c,d) circularly polarized pulse sequences at 
varying excitation fluences for the A-A(‘) diagonal and B-A(‘) lower cross-peak features. The data show minimal 
fluence-dependent dynamics within the error of the experiment. Each waiting time trace is normalized to the trace 
maximum. Shaded error bars represent the standard error of the mean averaging n = 4, n = 8, and n = 6 cross-
polarized datasets and n = 6, n = 3, and n = 5 co-polarized datasets for fluences of 2.8 × 1012, 1.4 × 1012, and 5.6 × 
1011 carriers/cm2, respectively. 
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The data show no large fluence-dependent dynamics for these or other features in the spectra 

(Figure 3, S19, S22), ruling out exciton-exciton or carrier scattering as the dominant mechanism behind 

the ultrafast intervalley coupling on the sub-100 fs timescale. We also do not observe an appreciable 

fluence-dependence in the PIA features (See Supporting Information). In contrast, Schmidt et al.54 

observe a significant weakening of the intervalley PIA feature at excitation densities close to those in our 

measurements, and attribute this to the disorder-induced intervalley exchange interaction. We note that 

Mahmood et al.71 invoke an exciton-exciton two-particle exchange interaction to explain fluence-

dependent valley depolarization dynamics on the few picosecond timescale in monolayer MoSe2 and 

exciton-exciton annihilation has been shown at similar fluences on the tens of picosecond timescale in 

monolayer MoS2.72 The sub-100 fs fluence-independent intervalley coupling in our work is therefore 

likely distinct from this exchange-mediated or other exciton scattering mechanisms. Kuhn et al.73 observe 

fluence-independent ~170 fs intervalley depolarization (equal to the autocorrelation width of their 120 fs 

pulse) in monolayer MoSe2 attributed to Rashba-induced mixing of dark and bright exciton states.74 

However, this coupling is predicted to be negligible in MoS2
74 and is therefore likely not responsible for 

the observed coupling features in our experiments. 

Cryogenic (6K) absolute value 2DES spectra (Figure 4) appear qualitatively similar to the room-

temperature spectra (Figure S13). We observe a pattern of diagonal peaks and off-diagonal cross-peak 

features, and an increase in the relative strength of the spectral features in the cross-polarized spectra 

compared to the co-polarized spectra. While these absolute-value amplitude spectra cannot separate PIA 

from ground state bleach and stimulated emission signals, peaks in cross-polarized spectra remain 

indicative of intervalley coupling and transfer processes, and clear intervalley coupling features are 

observed at T = 0 fs at cryogenic temperature. The T = 0 fs spectrum (Figure 4a) appears to show two 

below-diagonal spectral features, while the later delay times show a single more intense lower cross-peak 

feature. While we cannot definitively assign an origin that explains this spectral pattern, we note that 

these absolute-value spectra contain purely dispersive contributions as well, including non-resonant 

response during the temporal pulse overlap at T = 0 fs. This effect, or an enhanced PIA feature, may 
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therefore be partially responsible for a change in peak shape or intensity in the short-time (T = 0 fs) 2D 

spectra. A comparison between cryogenic and room-temperature absolute-value spectra (Figure S13) 

show similar below diagonal B-A’ spectral regions with a single prominent cross-peak at increased delay 

times. 

 

Figure 4. 2DES absolute-value amplitude maps for cross- (a-c) and co- (d-f) circularly polarized pulse sequences 
acquired at 6K and an estimated carrier density of 2.8 × 1012 carriers/cm2. Similar to the room-temperature 
experiments in Figure 2, strong signal is observed in the opposite valley to excitation in the cross-polarized spectra 
accompanied by a fast decay of the co-polarized signal. Panels are normalized to the global maximum of the dataset, 
which is an average of n = 6, n = 4 datasets for the cross- and co-circularly polarized experiments, respectively. 
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Figure 5. Waiting time traces for the A-A(‘) diagonal and B-A(‘) cross-peak features for both cross-and co-polarized 
pulse sequences at 6K and room-temperature and at a carrier density of 2.8 × 1012 carriers/cm2. The cross-polarized 
intervalley dynamics show minimal temperature dependence whereas the co-polarized intravalley dynamics show a 
slower decay of the A exciton feature as well as a growth of the B to A cross-peak feature at cryogenic temperature. 
Each waiting time trace is normalized to the trace maximum. Shaded error bars represent the standard error of the 
mean averaging n = 4, n = 6 cross-polarized datasets and n = 6, n = 4 co-polarized datasets at room- and cryogenic 
temperature, respectively. Absolute-value data are shown. 

 

The subsequent cross-polarized dynamics after T = 0 fs are relatively unchanged between room-

temperature and 6K cryogenic experiments at the same excitation density (2.8 × 1012 carriers/cm2), shown 

in Figure 5 and Figure S20. This lack of temperature dependence indicates that it is unlikely that a 

phonon-driven process requiring thermally populated phonons plays a primary role in the observed 

intervalley coupling on this timescale. Phonon-mediated processes have been implicated previously in 

sub-picosecond intervalley scattering,33 as well as exciton formation on the ~30 fs timescale75 and 

interlayer charge separation in TMD heterostructures.76 Nonadiabatic coupling of excitons to phonons has 

also been shown to couple exciton states, although this effect is suppressed in MoS2 due to the large spin-

orbit coupling compared to, for example, hexagonal boron nitride.77 Phonon emission remains possible at 

cryogenic temperature, for example in intervalley scattering via the emission of acoustic phonons.78 This 
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mechanism requires an excess above-bandgap excitation of twice the phonon energy.79 However, we 

observe intervalley coupling across the entire spectral feature in our work, including at excitation of the 

exciton transitions, and not only after a threshold excitation energy. Interestingly, there is a temperature 

dependence in the co-polarized experiments probing the intravalley dynamics (Figure 5, lower panels). 

The B-A lower cross-peak shows a slower ~20 fs build-up at cryogenic temperature compared to room-

temperature accompanied by a slightly slower decay of the A exciton diagonal feature, in line with 

previously described dynamic intravalley phonon-driven spin-flip or intravalley exchange mechanisms.62, 

67 In addition, oscillations observed in the dynamics of the above-diagonal A-B cross-peak at cryogenic 

temperature (Figure S20d) may be evidence of intravalley coherence between the A and B excitons. 

Intervalley PIA features in ultrafast transient absorption57-59, 80 and intervalley coupling cross-

peaks in two-dimensional spectroscopy55 experiments at short time delays have previously been attributed 

to intervalley multi-exciton effects. Indeed, exciton-exciton continua scattering and biexciton correlations 

are predicted to dominate the short time (T = 0 fs) transient absorption spectra of MoS2 compared to other 

intervalley coupling mechanisms, including Dexter-like coupling, intervalley renormalization, and the 

intervalley exchange interaction, at cryogenic temperature (4K).56 Katsch et al.56 show blue-shifted 

intravalley PIA features in co-polarized experiments for both the A-A and B-B spectral features when 

including multiple Coulomb contributions, and redshifted intravalley PIA features enhanced in relative 

strength compared to intervalley PIA features when only considering exciton-exciton scattering and 

biexciton contributions. Although our cryogenic absolute-value spectra (Figure 4) cannot distinguish 

negative PIA features from positive bleach or stimulated emission features, our room-temperature spectra 

reveal distinctly stronger relative PIA features, including PIA features redshifted below the A exciton, in 

the cross-polarized compared to the co-polarized spectra (Figure 2). Furthermore, we expect features 

arising from biexciton coupling to be more pronounced at cryogenic temperature and higher excitation 

density, but our room- and cryogenic-temperature spectra appear qualitatively similar (Figures 2, 4, S13) 

and exhibit minimal fluence-dependence at room-temperature (Figure 3, Figures S10-S12). Additionally, 

previous work employing linearly polarized excitation in 2DES experiments observed weaker redshifted 
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PIA features at zero time delay at cryogenic temperature compared to room-temperature that dynamically 

increased in magnitude on the sub-100 fs timescale, providing evidence that bandgap renormalization 

dominated over biexciton formation.63 Collectively, these observations suggest that direct optically 

induced biexciton formation is also likely not responsible for the intervalley coupling features observed in 

our measurements on large-area samples with increased disorder. 

Charged exciton, or trion, resonances may also contribute to the coupling features observed in the 

2DES spectra. Recent work has demonstrated sub-picosecond trion formation,81 coherent and incoherent 

exciton-trion coupling,82-84 and increased trion valley polarization lifetimes.22, 85 While the broad spectral 

features in our work preclude observing a possible distinct trion resonance,86 intervalley coupling 

signatures are observed largely across entire spectral features whereas trion-mediated coupling would 

appear dominantly at either red-shifted excitation and detection energies from the main exciton peak, such 

as the A-A(‘) feature. For these reasons, the intervalley coupling signatures observed in our work likely do 

not originate from exciton-trion or trion-trion valley coupling. 

Wafer-scale monolayer TMDs are attractive for technological applications; therefore, 

understanding the valley depolarization in these materials is of practical importance. Our experiments 

were performed on wafer (centimeter)-scale, MOCVD-grown monolayer films grown directly onto a 

fused silica substrate. These samples typically have a larger defect density compared to exfoliated 

samples, and the laser spot size used in our experiments (~290 𝜇m) illuminates many grains and grain 

boundaries (~1 𝜇m). Sample-to-sample as well as within-sample spatial variation of photoluminescence 

intensity or valley polarization values are well documented to be dependent on, for example, carrier 

doping,87-89 defect density90-92 and strain.93 However, these variations are often attributed to a dynamic 

competition between effective exciton lifetime and intervalley scattering time,14 whereas we observe 

coupling likely distinct from dynamic scattering mechanisms or non-radiative recombination.94 

To test whether the grain size or intrinsic strain from the growth process is responsible for the 

observed ultrafast intervalley coupling features, we performed helicity-resolved 2DES measurements at 

room-temperature on additional sample growths with different grain sizes (~2 𝜇m and ~0.2 𝜇m). These 
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samples were transferred from their original growth substrates to a clean fused silica substrate using a dry, 

vacuum-transfer process95 to relieve any strain present in the as-grown films (see Figures S1, S2 for 

absorption and photoluminescence data confirming the strain release through an increase in the bandgap 

of the transferred samples). The 2DES spectra of these samples show qualitatively similar spectral 

features at short time delay (Figures S25, S26), indicating the effects of grain size, intrinsic strain from 

the growth process, or sample variation are likely not directly responsible for the observed intervalley 

coupling. 

Defects, or other properties, of large-area samples may facilitate direct valley coupling shortly 

after excitation or change the relative strength, timescales, or interplay of the existing mechanisms that 

are currently inconsistent with our observations.27 For example, enhanced intravalley exchange mixing of 

A and B excitons within one valley may facilitate intervalley coupling among all A and B exciton states 

through the intervalley exchange, Dexter-like coupling, or renormalization on similar ultrafast timescales. 

The co-polarized 2DES spectra in this work (Figures 2, 4) show prominent intravalley coupling cross-

peaks at short delay, including T = 0 fs, suggesting the intravalley exchange may indeed be enhanced in 

these large-area samples. Interestingly, previous work suggests that defects may be used to enhance the 

robustness of the valley index46 and that some defect types such as sulfur vacancies in MoS2 may protect 

against intervalley scattering.96 Future experimental and theoretical investigation is therefore required to 

determine the degree to which the relative strength and timescale of the ultrafast intervalley coupling 

depends on these intrinsic or extrinsic sample factors such as dielectric environment, strain, grain 

boundaries, and defect density, and to separate fundamental changes in static electronic structure from 

those giving rise to dynamic scattering or coupling processes. 

 

CONCLUSIONS 

Employing broadband helicity-resolved 2DES, we have provided strong experimental evidence for 

intervalley exciton coupling between all A and B valley exciton states on the ~10 fs timescale in large-

area, MOCVD-grown monolayer MoS2. These couplings lead to a complete loss of the differences in 
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intra- versus intervalley dynamics within ~100 fs (Figure S15, S16). In particular, the simultaneous 

appearance of resonant (A-A’, B-B’) and non-resonant (A-B’, B-A’) intervalley coupling features and the 

lack of fluence- or temperature-dependent dynamics preclude attributing our observations to widely 

discussed intervalley coupling mechanisms, including the intervalley exchange interaction and 

multiexciton effects. The intervalley couplings observed in our work are robust to sample grain size and 

inherent strain from the growth process, and therefore may be a characteristic feature of large-area 

samples. This coupling therefore poses a fundamental challenge to exploiting optically bright single 

excitons in TMD-based valleytronic applications that require a robust valley index.  

 

METHODS 

The monolayer MoS2 films were grown using metal-organic chemical vapor deposition in a home-built 

hot-walled, horizontal tube furnace according to the procedures described by Kang et al.61 Substrates for 

the growth were either fused SiO2 wafers or Si wafers with 300 nm thermal SiO2. The films grown on Si 

wafers were transferred to fused SiO2 after the growth using a dry, vacuum transfer process according to 

the process outlined in Kang et al. 95 SEM measurements were performed on a Zeiss Merlin Field-

Emission Scanning Electron Microscope using secondary-electron imaging at accelerating voltages 

between 1-3 kV. Raman and PL spectra were acquired using a Horiba LabRamHR Evolution confocal 

Raman microscope with a 532 nm excitation. 

Two-dimensional spectroscopic experiments were performed using a setup described 

previously.97 Briefly, a Ti:Sapphire modelocked oscillator (Coherent, Inc.) operating at an 80 MHz 

repetition rate seeds a Ti:Sapphire regenerative amplifier (Coherent, Inc.) to produce a 5 kHz pulse train 

of ~38 fs pulse width centered around 800 nm. Subsequent filamentation in a 2 m tube of Argon held at 

~16 psig broadens the spectrum to cover ~400 to 900 nm. An angle-tunable dichroic filter spectrally 

truncates the output, rejecting light red of 730 nm. The resulting white-light pulses are compressed via a 

chirped mirror pair and a pulse shaper (MIIPS, Biophotonics, Inc.) to ~8 fs. The spectrum is also shaped 
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with an amplitude mask by the MIIPS pulse shaper, producing an excitation spectrum without strong 

wavelength dependence.  

The all-reflective two-dimensional interferometer produces interpulse delays in the coherence 

time, 𝜏, with a resolution of ~20 as using angle mechanical stepper motor stages (Aerotech Inc.) without 

introducing additional dispersion. Four pulses aligned to the four corners of a box are focused to a spot of 

~290 𝜇m on the sample by a 750 mm spherical mirror. Interaction of pulses 1, 2, and 3 generate a third-

order nonlinear signal, while a fourth pulse attenuated by a factor of ~105 is used as a local oscillator in 

heterodyne detection. The resulting heterodyned signal is spectrally dispersed via a spectrometer 

(Shamrock) onto a CCD array camera (Andor Newton EM).  

Broadband half-waveplates (Union Optic) in the path of each beam control the relative linear 

polarization to be either all co-linear or cross-linear pulse polarization such that beams 3 and 4 have 

orthogonal linear polarization to beams 1 and 2. A single broadband quarter-waveplate directly before the 

sample position produces co- or cross-circularly polarized sequences depending on the initial linear 

polarization. Circular polarization purity of ~90 % is achieved for all beams in the described experiments 

as measured by the combination of a Glan-Thompson polarizer and power meter (see Supporting 

Information).  

Two-dimensional spectra were acquired by stepping 𝜏 from -90 fs to 90 fs in 1.5 fs steps for a 

given waiting time, T. Hann, 75% Tukey, and Nuttal windows are used in apodization during data 

processing in the rephasing time (t), coherence time (𝜏), and waiting time frequency (𝜔 ) domains, 

respectively, in combination with static scatter subtraction using mechanical shutters to remove beam 

scatter and other unwanted signals.98 Fully absorptive, real-valued spectra were obtained by phasing 

according to the projection-slice theorem99, 100 after acquiring separate pump-probe measurements with 

matched excitation fluences. Changing experimental setups and avoiding a warm-up of the sample 

precluded acquiring cryogenic pump-probe measurements of the same sample, and absolute-value 2DES 

data are shown for cryogenic experiments. These spectra therefore contain both purely absorptive and 

dispersive contributions. 
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