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Abstract

Monolayer (1L) transition metal dichalcogenides (TMDs) provide a unique opportunity to control the valley degree of freedom of optically excited
charge carriers due to the spin-valley locking effect. However, a unified picture of competing intervalley coupling processes in 1L-TMDs is
lacking. Here, we apply broadband helicity-resolved transient absorption to explore exciton valley polarization dynamics in 1L-WSe,. By
combining experimental results with microscopic simulations, we dissect individual intervalley coupling mechanisms and reveal the crucial role of
phonon-assisted scattering in the fast decay of the A exciton circular dichroism and the formation of the dichroism of opposite polarity for the B
exciton. We further provide a consistent description of the valley depolarization driven by an intervalley-exchange-activating momentum-dark
Dexter process and indicate the presence of efficient single electron spin-flip mechanisms. Our study advances understanding of exciton dynamics
in TMDs.

Introduction

The presence of two energy degenerate valleys with opposite orbital magnetic moments and Berry curvatures in monolayer (1L) group VI transition
metal dichalcogenides (TMDs) has stimulated a wide interest in the study of the valley-contrasting physics in these materials[ 1,2,3,4,5 ]. The
particular interest for this class of compounds is explained by their outstanding optical properties. In addition to the presence of the two non-equivalent
valleys at K and . points of the Brillouin zone, the reduced dimensionality of 1L-TMDs, their direct gap, and a large spin-orbit interaction give rise to
tightly bound exciton states[ 6 ], which can be selectively addressed in K and . valleys with light of opposite helicity[ 7, 8, 9 ]. However, for a
successful use of the valley de69ereedegree of freedom in prospective devices[ 3,4 ], a way to generate and control a robust valley polarization, i.e.,
population difference of the two valleys, must be achieved. An understanding of the microscopic processes governing the intra- and intervalley

dynamics in 1L-TMDs after optical excitation becomes therefore a critical factor.- - - - -

Ultrafast optical spectroscopies provide powerful methods to study exciton dynamics in 1L-TMDs][ 10 ]. Transient Faraday or Kerr rotation
spectroscopy[ 11, 12 ] and helicity-resolved pump-probe (also referred to as transient circular dichroism (CD)) spectroscopy[ 13, 14, 15 ] are the two
widely used techniques that allow one to address the dynamics of valley degrees of freedom. These studies have revealed an ultrafast coupling of the
valleys in 1L-TMDs| 16 ], which has been attributed to different many-body correlations[ 13, 17, 18 ]. Intervalley electron-hole exchange interaction
based on Coulomb-interaction-induced energy transfer has been initially proposed to explain the fast loss of valley polarization[ 19, 20, 21 ]. However,
Moreover, a Dexter-like intervalley interaction based on Coulomb-interaction-induced charge transfer that mixes the A and B excitonic transitions
from opposite valleys might also contribute to the valley depolarization process[ 18,29 ], whereas a coupling of A and B excitons in the same valley
can be induced by intravalley exchange[ 30 ]. The spin-valley physics becomes particularly complicated for the case of spin-dark materials, such as
WSe, or WS,, where the role of different mechanisms is still debated[ 23,31,32, 33 ]. Although many of the above mentioned interaction mechanisms
have been studied before on their own, it is still unclear how their combined action affects the valley (de-)polarization dynamics in 1L-TMDs and

whether there is a predominant mechanism.

In this work, we apply broadband femtosecond transient CD spectroscopy to study the spin-valley relaxation dynamics in 1L-WSe,. By simultaneously
characterizing the A and B excitons, we are able to resolve complex dynamics of the two transitions, and unveil the presence of multiple inter- and
intravalley relaxation channels. We simulate the valley-resolved exciton dynamics by solving the microscopic Heisenberg equations of motion for
coherent transitions and incoherent occupations within a unit operator method[ 34, 35 ]. We find that initial decay of the A exciton CD signal and the
formation of the B exciton CD of the opposite sign are mainly due to a fast intervalley phonon-assisted scattering, while the valley depolarization on a
longer timescale is governed by an exchange-activating momentum-dark Dexter interaction, which has not yet been described in the literature. A
strong temperature dependence of the CD dynamics suggests an unequal equilibration of electrons and holes, due to an additional electron single spin-
flip mechanism. Thanks to the excellent agreement of numerical simulations and experimental results, our combined study is able to evaluate the role
of multiple excitonic interaction processes governing the spin-valley dynamics in 1L-TMDs.

Results

Experiment

Experiments are performed on a large-area 1L-WSe, on Si0, substrate, fabricated with gold-assisted mechanical exfoliation technique (see Methods
section for details). We use femtosecond differential transmission (DT) spectroscopy with circularly polarized pulses to access intra- and intervalley
dynamics. We resonantly excite the A exciton 1s state with either right (¢") or left (¢7) circularly polarized pulses to selectively generate A excitons
in either K or . valley. The ~ 25 meV energy width of the pump pulses limits the temporal resolution of our experiments to ~ 100 fs, as confirmed
by measuring the instrumental response function (IRF). A broadband o -polarized supercontinuum probe tracks the dynamics of the A and B excitons

in the K valley. Figure 1 illustrates the principle and implementation of the experiment. The CD is calculated as the difference of the two DT signals

following excitation with opposite helicities:

Here, AT/T = (Tp

indices in Equation ( 1) specify the pump (first) and the probe (second) polarizations.

umpon T pump o)/ T, pump off> where T pump on and T pump off aT€ transmission signals with and without pump, respectively. The double
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Transient circular dichroism.




a Valence and conduction band spin splitting in K and . points of the Brillouin zone of 1L-WSe,, giving rise to A and B excitons. Color coding shows
bands with the same spin orientation, indicated with solid arrows for electrons and double arrows for holes. Right (¢*) and left (¢7) circularly polarized
pulses couple to two nonequivalent valleys of a IL-TMD. Broadband ¢" probe covers both A and B excitons at the K point. b Diagram of a transient CD
experiment.

N N

Probe o”

Pumpo®(o”) [

T~

Transient circular dichroism

Figure 2 a reports transient CD data at 77 K, as a function of probe photon energy £ and pump-probe delay Az. The CD signal is calculated from the

two DT maps measured for opposite pump helicities, as defined in Eq. ( 1). In this measurement, the sample is excited in resonance with the A

exciton with 8 uJ cm ™2 fluence, which corresponds to ~ 8 x 10'! cm™2 photocarrier density. The map reveals the presence of complex transient
signals around A and B exciton resonances, i.e., 1.7 eV and 2.1 eV, respectively. The A exciton CD signal shows a dispersive line shape, changing its
sign from positive to negative, as the probe photon energy increases. The B exciton signal, instead, is dominated by a negative component. The origin

of the CD signal is illustrated in Fig. 2b and c . Panel (b) depicts DT spectra at 0.30 ps time delay for two pump helicities (a+/a_) resonant with the A
exciton and broadband ¢* probe. Both A and B exciton resonances have different line shapes and signal strengths, giving rise to distinct CD signals.
Transient CD spectra in Fig. 2 c, obtained from the map (a) at two time delays, show that the rapid decrease of the A exciton CD signal within first

0.30 ps upon photoexcitation is accompanied by a delayed formation of a B exciton CD signal.
Fig. 2
Valley-resolved dynamics.

a Pseudo-color energy-time CD pump-probe map, as defined in Eq. (1), 8 uJ em pump fluence. b Transient spectra at 0.3 ps for two pump circular
polarizations. ¢ Transient spectra of the CD map (a) at select time delays. d Spectrally averaged temporal CD traces of A and B excitons. Vertical line
shows the time delay of maximum A exciton CD magnitude. Dots correspond to experimental points, solid lines show the fit. e—j Fluence dependence. e,
f Fluence dependence of the two lifetime components for A exciton. g, h Same for B exciton. i, j Fluence dependence of magnitudes of A and B CD
signals, respectively. Solid lines in (e—j) are guides to eye. All measurements are performed at 77 K.
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The transient CD signal thus has a complex shape, originating from valley population imbalance and many-body effects[ 17,36,37 ]. To isolate the
temporal evolution of the degree of valley polarization we perform a spectral integration of the CD signal over 300 meV energy ranges around the
exciton peaks. Spectrally averaged A and B exciton transient CD traces are shown in Fig. 2d , which isolates the Pauli-blocking-induced bleaching
dynamics. The graph reveals opposite signs of the A and B excitons’ CD signals, as previously observed in 1L-WS,[ 15, 18 ]. Furthermore, whereas
the signal of A exciton is formed within the pump pulse duration, the B exciton CD has a finite formation time, as shown with a vertical line, marking

the time delay at which the trace of the A exciton reaches its maximum value. The traces are fitted with a biexponential function, convoluted with a
single Gaussian profile ., which represents the IRF of the system:

Here, H is a Heaviside step function, C is a constant offset. We find that the fast relaxation component of the A exciton signal . fs and the formation
signal of the B exciton CD . fs are of the same order, suggesting that common processes govern their dynamics. The slower relaxation times of both
signals are found to be on a picosecond timescale with a faster decay of the B exciton signal. Figure 2e—j reports a pump fluence dependence of the
first ("short™) and the second ("long”) time constants for the CD signals of the two excitons, as well as the maximum values of the CD. The
magnitudes of the signals show a sub-linear scaling with pump fluence, which is related to the saturation of the DT signals for both pump

helicities[ 38,39 ]. As the pump fluence increases, the depolarization dynamics, characterized by the second time constants 7,, extracted for the CD
signals of both excitons becomes faster, as shown in Fig. 2f and h. Such behavior was previously observed in different IL-TMDs[ 40,41 ] and it was
explained by an enhanced exciton-exciton exchange interaction at increased carrier densities[ 41 ]. We comment on the possible origin of this effect
in the Discussion section. Importantly, for all investigated fluences the decay time of the B exciton CD signal is shorter than that of the A exciton. We
also find that as the pump fluence increases, the first time constant 7; becomes shorter for the A exciton, whereas for the B exciton it remains
unchanged within the precision of our measurements. The higher uncertainty in the definition of 7, is due to the fact that its value is on the same

order as the duration of the pump pulse. We note that even for the highest applied pump fluence the photocarrier density is approximately an order of
magnitude lower than the expected Mott transition threshold[ 42, 43 ].

To confirm the main observations reported above, we perform two-color time-resolved Faraday rotation measurements. In these experiments, the
dynamics of the valley population imbalance is measured by the photoinduced rotation of the linearly-polarized probe polarization, originating from
the different refractive indexes experienced by its " and ¢~ components[ 40, 44 ]. The performed measurements support our observations,
demonstrating the opposite sign of the valley polarization for A and B excitons, as well as the shorter depolarization time for the B exciton. The

outline of the experimental setup and the experimental results are presented in Supplementary Notes 2 and 14, respectively.

Temperature dependence
We further explore the temperature dependence of the CD signal, following resonant excitation of the A exciton with 8 pJ cm 2 pump fluence. Figure
3a compares CD traces of A and B excitons at 77 K. The temperature dependencies of the CD signals of A and B excitons are separately presented in

panels (b, ¢), respectively. While the fast depolarization component of the A exciton CD and the formation time of the B exciton CD are weakly
affected by temperature, the long decay time for both A and B excitons becomes progressively shorter as the temperature increases. The results of the

lifetime analysis of the CD signals approximated with the function in Equation (2 ) are summarized in Fig. 3d-h.
Fig. 3
Temperature dependence.

a Spectrally averaged CD signals of A and B excitons at 77 K. b, ¢ Temperature dependence of A and B exciton CD signals, respectively. In a—¢, dots are
experimental points, and solid lines show a biexponential fit. d—h Temperature dependence of the time constants 7, (d) and z, (e) for CD signal of A
exciton, 7, (f) and 7, (g) for CD signal of B exciton, and the ratio of the second lifetime components . for two excitons (h). Solid lines in e, g, h are
guides to eye.
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The increase of the depolarization rate for A exciton at higher temperatures shown in Fig. 3 e is in agreement with the previously reported studies for

transitions[ 23 ]. In our measurements, a similar effect is also observed for the B exciton CD (Fig. 3g). However, the temperature effect on the

depolarization dynamics of the B exciton is more prominent. Figure 3h shows how the ratio of the depolarization times for A and B excitons .

changes with temperature. Within the accuracy of the lifetime analysis, the ratio remains unchanged up to ca. 150 K. As the temperature increases
further, the depolarization rate of the B exciton CD accelerates faster than that of the A exciton, and at 300 K, its depolarization time is an order of
magnitude shorter. Such anomalous temperature dependence of the B exciton polarization suggests that, apart from the above mentioned processes,
an additional temperature dependent spin-flip mechanism must be considered to correctly describe this effect. Note that, while the lifetime of the B
exciton CD signal experiences such strong temperature dependence, the AT/T signal itself does not show a significant temperature dependence of the

relaxation time (see Supplementary Note 15).

Theoretical model

The experimentally observed opposite sign of the CD signals for A and B excitons suggests the presence of strong intervalley coupling mechanisms.
As mentioned before, coherent interactions related to the pump-induced excitonic polarization are expected to play an important role in the spin-
valley dynamics of 1L-TMDs. However, the fact that the B exciton CD signal shows a finite formation time implies the presence of efficient
incoherent mechanisms, which involve excitonic populations in the two valleys. For a comprehensive description of the spin-valley dynamics it is
crucial therefore to consider the combined action of different interaction mechanisms.

To obtain an in-depth explanation of the experimentally observed CD signatures and to disentangle the role of phonon-assisted intervalley scattering
and Coulomb intervalley coupling processes, we perform microscopic simulations for the exciton dynamics. The calculation scheme for the temporal

evolution of the coherent excitonic polarization P (see Egs. (4) and (2 ) in the Methods), and the incoherent exciton occupation N (see Egs. (8) and
(10) in the Methods), is based on a Heisenberg equations of motion approach in a correlation expansion of electron-hole pairs (see Supplementary

Note 3)[34,35,45 ].

Before delving into the theoretical model in detail, we first establish the optical observable to create a one-to-one correspondence to the measured
signals. Since the aim of this work is to examine the physical mechanisms which determine the dynamics of the excitonic bleaching (Pauli-blocking)

signal (see for instance Fig. 2 d) we disregard all coherent pump-induced spectral signatures due to Coulomb interaction such as excitation-induced

energy renormalization and broadening[ 37, 46,47, 48 ] or excitation-induced broadening due to exciton-phonon interaction[ 49 ]. Upon energy-
averaging the experimentally measured DT spectra around the respective excitonic resonances, the influence of these excitation-induced spectral
signatures on the probed signal vanishes and only Pauli-blocking due to pump-induced coherent and incoherent excitonic occupations remains.

Therefore, the energy-averaged DT signal AT\ (Ei, At) around excitonic energy E fori= A, B dependent on the pump-probe delay Az by using Eq. (6)

can be expressed as[ 50 ]:

In Eq. (3), i denotes the probed transition and . (A and B exciton) denotes the respective coherent () at Q = 0 or incoherent (.) excitonic occupation
with respect to the center-of-mass momentum Q contributing to the Pauli-blocking mediated by the bleaching form factors .. These factors are given
in Eq. (7) of the Methods and consistently take into account the fermionic substructure of the exciton via encoding Pauli-blocking by the individual

holes and electrons. Therefore, the DT signal depends on the oscillator strength of the probed excitonic transition 7, as well as on the occurrence of
electron and/or hole Pauli-blocking due to excitonic occupations in the state ., as soon as the electron and/or the hole of the pump-induced excitonic

occupation overlap with any electron and/or hole of the probed transition in the state i. This is illustrated exemplarily in Fig. 4a and b : After the

optical pump in Fig. 4a, bleaching of the B transition at. occurs. From Eq. (3 ), the simulated CD signal is obtained using Eq. ( 1). In the following,
we discuss the CD dynamics in terms of the bleaching-inducing momentum-integrated occupations N. However, in our simulations we always take

into account the full momentum-dependent overlap between the bleaching form factors Dg (defined in Eq. (7) in Methods) and the excitonic

occupations No-
Fig. 4

Select intervalley exciton occupation scattering processes in 1L-WSe,, in K and . valleys.
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We show the processes that follow o' excitation, creating A excitons in K valley, as shown in (a). Solid and double colored arrows indicate electron and
hole spin states, respectively. b Intervalley phonon-assisted electron scattering. ¢ Resonant intervalley exchange. Incoherent Dexter interaction on

intravalley (d) and intervalley (e) occupations. Dashed ellipses illustrate initial exciton states, filled ellipses show final exciton states.
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Having established the relation of the coherent exciton polarization P and occupations Ng to the measured spectra, we turn to the microscopic model.

Sketches in Fig. 4 illustrate the possible exciton intervalley scattering processes after o' excitation of the A exciton at the K point (Fig. 4a), which

might occur in the following and primarily contribute to the dynamics of the CD signals of A and B excitons. In our calculations, we take into
account phonon-assisted incoherent exciton formation and thermalization, as well as intervalley scattering[ 28, 51 ] (panel (b)), Coulomb-mediated
intervalley exchange scattering (Forster coupling, double spin flips)[ 19,20, 52 ] (panel (¢)), and Coulomb-mediated direct intervalley scattering of
intra- and intervalley excitonic occupations (Dexter coupling)[ 18,29 ] (panels (d) and (e), respectively). We also examine the role of the coherent
Dexter-like intervalley exciton coupling, which instantaneously mixes A and B excitons in opposite valleys[ 18 ]. Details to all matrix elements and

equations of motion can be found in the Supplementary Notes 4-7 .

Figure 5 compares the measured and simulated CD signals at 77 K (a) and 250 K (b). For both the temperatures, a good agreement between the

experiment and the theory is obtained. The simulations accurately capture the initial fast decay of the A exciton signal and the delayed formation of
the B exciton CD, as well as the relative strengths of dichroism signals of A and B excitons. Moreover, the overall decay of the CD signal, which is
experimentally shown to be faster at higher temperatures, is correctly reproduced in the simulations. Our calculations, however, do not reproduce the
faster decay of the B exciton CD signal compared to that of the A exciton.

Fig. 5
Experimental and simulated results.

Comparison of normalized A and B exciton CD traces for 77 K (a) and 250 K (b).
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Figure 6 shows in detail the modeled CD dynamics along with individual contributions of selected coupling mechanisms. In the next section, we

present an in-depth discussion of the role of different physical processes and provide an explanation to the main experimental observables.
Fig. 6
Contribution of select processes to the CD signal at 77 K.

a Comparison of total simulated CD traces with the phonon-assisted intervalley scattering contribution to the CD. b Total simulated B exciton CD
compared to the effect of Dexter coupling (coherent and incoherent) alone. The Dexter coupling traces are magnified by a factor of 2 for clarity. In both
panels, the traces are normalized to the maximum A exciton CD value (for complete simulations). ¢ Contributions of phonon-assisted scattering, coherent
Dexter coupling, intervalley exchange, and incoherent intervalley Dexter coupling to the overall decay of the A exciton CD signal. d Summary of the
main processes. A cartoon schematically shows the CD dynamics of A and B excitons in 1L-WSe, and highlights the key processes, governing the

dynamics. See details in text.
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Discussion

Upon pumping the A exciton transition in the K valley shown in Fig. 4a and a subsequent phonon-assisted dephasing of coherent excitonic

polarizations into incoherent excitonic intravalley occupations, spin-preserving phonon-assisted intervalley scattering leads to the formation of
energetically lower intervalley occupations K ,-. occupations (in this notation, the first (second) index denotes the valley spin of the hole 7, 4

(electron 1, |) of the corresponding exciton), as shown in Fig. 4b. This process occurs mainly via the spontaneous emission of phonons, which
explains the relative insensitivity of the fast decay of the A exciton CD to temperature (see Fig. 3 b). In the simulations, we also include scattering to
intermediate states at the A/. valleys (not shown in Fig. 4 ), which causes an overall speed-up of the phonon-assisted intervalley scattering. Overall, the
CD signal of the probed A transition is positive, since intervalley . occupations cause a bleaching in the ¢'¢" pump-probe configuration at the K valley
due to the hole remaining there, whereas intervalley .-K \ occupations induce no bleaching in the 6~ ¢ pump-probe configuration, because the hole is
located at the . valley and the electron at the K valley has an opposite spin compared to the probed transition, see Equation ( 1 ). The probed B
transition, instead, experiences a bleaching in the ¢ ¢ configuration due to the electron part of the intervalley -K \ excitonic occupation, whereas the

bleaching of the probed B signal in the ¢ configuration is zero, since K ,-. occupations do not contribute to the Pauli-blocking in the probed B

transition at the K valley (see Fig. 4b). This explains the experimentally observed negative CD signal, see Eq. (1).

In Fig. 6a, the formation of the A and B CD signals is depicted for the full simulations (solid lines) and when only phonon-assisted scattering

processes are taken into account (dashed lines). Since these traces are qualitatively similar for both A and B excitons, we conclude that phonon-
assisted spin-preserving intervalley scattering of electrons is the most relevant mechanism of the initial decay of the A exciton CD signal and the

delayed formation of the B exciton CD of opposite polarity (see also the results of calculations at 250 K in Supplementary Fig. 13).

Importantly, according to our calculations, coherent Dexter coupling[ 18 ] cannot explain the observed behavior: Although due to this mechanism the B
excitonic transition in the . valley is instantaneously excited when the A exciton at the K valley is resonantly optically pumped, this process is by more

than an order of magnitude too inefficient to generate the CD signal for the B exciton in Fig. 6b. Due to the large energetic mismatch of A and B
excitons, the off-resonantly Dexter-excited B excitonic polarization just follows the optically excited A exciton polarization adiabatically and almost
no dephasing of coherent B excitonic polarization into incoherent B excitonic population occurs. We also find that the incoherent Dexter coupling
(illustrated in Fig. 4d ), which involves excitonic populations instead of polarizations, causes a delayed build-up of the B signal, which is stronger than
that obtained by considering the coherent one only. However, the combination of coherent and incoherent Dexter coupling results in a CD signal which

is too small and with a too long rise time to explain the measured CD dynamics, as shown in Fig. 6b.

Now, we discuss the overall decay of the CD signals, i.e., the valley depolarization dynamics. In contrast to the initial fast decay of the A signal and

the delayed formation of the B signal, the overall decay of both CD signals cannot be explained by phonon-assisted scattering alone, and additional
spin flip processes need to be taken into account. Figure 6¢ depicts the impact of different exciton scattering processes on the valley depolarization

dynamics of the A CD signal. Since only double-spin-flip processes are included in our simulations (the total spin of electron and hole is conserved
during all the considered scattering mechanisms), the effect of the discussed processes on the B exciton CD decay, within our calculations, is identical.
We note that, due to the above mentioned large energetic mismatch between A and B excitons, the coherent Dexter interaction does not give any

sizable loss of the A exciton CD signal, as seen in Fig. 6c¢.
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Although the intervalley exchange is a double spin-flip process, as shown in Fig. 4c, it does not lead to a valley depolarization on its own due to its
suppression when momentum-dark intervalley occupations (shown in Fig. 4b) dominate[ 53 ], in contrast to the case of spin-bright materials, such as

1L-MoSe,[ 19 ]. It becomes therefore necessary to destabilize the energetically favorable intervalley occupation.

According to our calculations, the most significant impact on the valley depolarization is provided by the additional incoherent momentum-dark
Dexter interaction on intervalley occupations, shown in Fig. 4e, which is a different mechanism compared to the Dexter interaction between
intravalley polarizations and occupations| 18,29, 54 ]. Although it does not cause a valley depolarization on its own, since it conserves the spin,
momentum-dark intervalley Dexter coupling (Fig. 4e ) leads to an activation of double-spin-flip-inducing intervalley exchange (Fig. 4c) by breaking
the quasi-stable configuration of intervalley -excitons: A fraction of the .-excitons is constantly upconverted into I' , — KT—excitons in a first step,
which then feed into K, — KT-excitons via phonon-assisted hole scattering, where intervalley exchange subsequently acts upon. This complex interplay
then leads to an overall temperature-dependent decay of both CD signals, which excellently reproduces the measured decay of the A signal. A detailed
explanation of the depolarization mechanism can be found in the Supplementary Note 13 . To the best of our knowledge, the momentum-dark Dexter
interaction has not yet been explored in literature, despite its major importance. We also note that since the valley depolarization results from the
complex interplay of several processes, we expect that at higher fluences additional contributions, which are quadratic in the excitonic occupations o
N? or higher, will contribute to all processes considered, which would explain the observed acceleration of the depolarization dynamics, reported in
Fig. 2e and f. However, to the best of our knowledge, no density-dependent excitonic theory, which combines phonon-assisted scattering[ 49 ] and

Coulomb intra- and interband scattering, exists so far.

We note that our model does not capture the experimentally observed faster decay of the B exciton CD signal compared to that of the A exciton. This
difference in the CD decay dynamics implies that spin-down (spin-up) electrons at the K (.) valley, which govern the B exciton CD signal, equilibrate
faster than the corresponding holes, which are monitored by the A exciton CD signal. This effect can possibly be due to the Rashba spin-orbit
interaction, which induces single spin flips, as soon as an out-of-plane electric field is present in a sample[ 55, 56 ]. Due to the much larger valence
band splitting compared to the conduction band splitting, spin hybridization of electrons is more likely compared to spin hybridization of holes. Thus,
phonon-assisted spin flips between electrons are expected to be much faster than phonon-assisted scattering between holes[ 15 ]. Although several
mechanisms that can potentially generate an out-of-plane electric field in 1L-TMDs have been proposed (including image charges at dielectric

system of interest is beyond the scope of the present work. Figure 6 d summarizes the discussion. A and B exciton signals show opposite valley
polarization. The fast dynamics (light blue area), i.e., the rapid decay of the A exciton CD, as well as the delayed formation of the B exciton CD, is
mainly defined by the efficient intervalley electron-phonon scattering (Fig. 4b ). The long (depolarization) dynamics (light green area) results from a
complex interplay of different processes. The overall loss of valley polarization is due to the Coulomb-mediated intervalley exchange, which is a

double spin flip process (Fig. 4c ). This process is enabled by the momentum-dark incoherent Dexter interaction acting on intervalley occupations

(Fig. 4e). We further rationalize that additional phonon-assisted spin flips between electrons contribute to the faster decay of the B exciton CD signal.

In our work, we have focused on spin-valley dynamics in 1L-WSe,. It is important to note, however, that the conclusions provided here are relevant
also to other 1L-TMDs, and the developed theoretical approach can be applied to other systems. We argue that it is necessary to consider the discussed
processes for a correct description of exciton dynamics in other spin-dark materials, such as 1L-WS,. For the case of 1L-MoS,, we expect the single
spin flip for electrons to be even more efficient than in the studied case, due to the crossing of the spin-split conduction bands close to the K and .
points of the Brillouin zone[ 64, 65 ]. Our results are also consistent with the current understanding of the valley dynamics in 1L-MoSe,, which is a
spin-bright material[ 66 ]: Since phonon-assisted intervalley electron scattering is energetically unfavorable, no intervalley exciton population is
created, and therefore a very fast valley depolarization is observed within ca. 1 ps[ 33, 67 ] due to the intervalley exchange[ 19 ], which remains fully
active through the course of time.

In conclusion, we have performed a combined experimental-theoretical study of intervalley coupling processes in 1L-WSe, and assessed their role in
the spin-valley relaxation processes. By applying broadband transient CD spectroscopy we have revealed notable dichroism signals for both A and B
excitons, implying the presence of strong intervalley coupling mechanisms. The opposite sign of the CD signals for A and B excitons, the initial fast
decay of the A exciton CD signal and the delayed formation of the B exciton CD signal can be explained by intervalley phonon-assisted electron
scattering. To correctly describe the decay of the CD signals, i.e., the overall valley depolarization dynamics, instead, one needs to consider additional
effects: While intervalley exchange alone is not sufficient to explain the measured valley depolarization dynamics, the complex interplay of the
exchange-activating momentum-dark Dexter interaction with phonon-assisted scattering provides a very good agreement of the simulations with the
experimentally observed results. Additionally, we have found experimentally that the B exciton CD signal shows a much faster decay, compared to the
A exciton one, indicating that the electron spin-valley imbalance gets equilibrated faster than that of holes. Prospective studies comprise a detailed
investigation of possible mechanisms for single-spin processes in 1L-TMDs.

Methods

Experimental set-up

Time-resolved measurements are performed in transmission geometry (see Supplementary Fig. 1). The same setup with different detection schemes

is used for the transient CD and for the TRFR measurements. The setup is seeded by a regeneratively amplified Ti-sapphire laser (Coherent, Libra),
which provides 100-fs pulses at 1.55 eV at a 2 kHz repetition rate. Narrowband pump pulses are generated in a home-built noncollinear optical
parametric amplifier (NOPA), tuned to the energy of the A exciton 1s state (1.70 eV), and modulated by a mechanical chopper at half repetition rate
of the amplifier (1 kHz). The broadband supercontinuum probe is generated by focusing 1.55 eV beam in a 2 mm-thick . plate. The spectral region
below 1.59 eV is eliminated by a short-pass filter. The polarization states of pump and probe beams are controlled separately by a combination of
linear polarizers and achromatic waveplates. The two beams are focused on a sample inside a cryostat (Oxford Instruments) at almost normal
incidence with a small angle ( ~ 5°) between them. The transmitted circularly polarized probe is detected by a spectrometer with a silicon CCD. The
time traces are acquired by scanning relative delays between pump and probe pulses by a motorized delay stage.

Sample preparation
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Macroscopic 1L-WSe, is exfoliated via the gold tape exfoliation method[ 68 ]. Bulk WSe,, grown via chemical vapor transport (CVT), have been
purchased from HQ Graphene. Gold tape is prepared by evaporating gold onto a polished silicon wafer before spin coating a protective layer of
polyvinylpyrrolidone (PVP). A 150 nm layer of gold is deposited onto the polished silicon wafer at a rate of 0.05 nm/s (Angstrom Engineering
EvoVac Multi-Process thin film deposition system). A solution of PVP (40,000mw Alpha Aesar), ethanol, and acetonitrile with a 2:9:9 mass ratio is
spun onto the gold surface of the wafer (1000 rpm, 1000 rpm/s acceleration, 2 min) before curing on a hot plate (150 °C, 5 min). Using thermal
release tape (Semiconductor Equipment Corp. Revalpha RA-95LS(N)), the gold tape is removed from the silicon wafer and is pressed onto the
surface of a bulk TMD crystal to exfoliate a large area monolayer. After placing the 1L-WSe, onto the final substrate, the sample assembly is heated
on a hot plate at 130 °C to remove the thermal release tape. The sample assembly is soaked in deionized water for 3 h and in acetone for 1 hour to
remove any remaining polymer residue. Then, the gold is then etched for 5 min in a KI/I, gold etchant solution (Iodine, 99.99%, Alfa Aesar;
potassium iodide, 99.0%, Sigma-Aldrich, and deionized water with a 4:1:40 mass ratio). The sample is soaked in deionized water for 2 h, rinsed in
isopropanol, and dried with N,,.

Theoretical calculations

The differential transmission signal is obtained by developing the excitonic Bloch equations for the excitonic transitions:

by taking into account the light-matter interaction within a correlation expansion in electron-hole pairs in the excitonic picture[ 35,45 ] up to the
third order in the optical field E. The excitonic transition operator is defined by:

where u is the excitonic quantum number, Q is the center-of-mass momentum, the index pairs . and . denote the valley and spin of the hole (first
index) and electron (second index) forming the corresponding exciton. We denote the spins of the hole as s = 7, J and the spins of the electron as ..
Moreover, q is the relative momentum, . is the excitonic wave function solving the Wannier equation, a, S are the effective-mass ratios of the
corresponding exciton and v’ (¢) is the valence band electron creation (conduction band electron annihilation) operator. The equations of motion for
the probe-induced excitonic transitions . read:

where . is the excitonic energy, . is the excitonic non-radiative dephasing, . is the total optical probe field with incoming field . (delta-shaped probe
pulse with pump-probe delay time Af) and macroscopic polarization PP" and d°»** is the interband transition dipole moment[ 69 ]. . are the bleaching
form factors, given by:

7
where the first contribution is related to Pauli-blocking by holes and the second is related to Pauli-blocking by electrons of the corresponding
coherently excited pump-induced exciton occupation. and pump-induced incoherent excitonic occupation .:

8
The equations of motion for the pump-induced excitonic transitions read:

9
and the equations of motion for the pump-induced excitonic occupations read:

10

The individual free “0” and optical “op” contributions are given in Supplementary Note 4, the exciton-phonon contributions “X-phon” are given in
Supplementary Note 5, the Coulomb exchange contributions “Coul,X” are given in Supplementary Note 6, and the Coulomb Dexter contributions

“Coul,Dex” are given in Supplementary Note 7. From the probe-induced transition in Eq. (6 ), the macroscopic probe-induced polarization . can be

established, which enables the calculation of the transmission by self-consistently solving Maxwell’s Equations[ 70, 71 ]. The differential
transmission AT is then obtained by subtracting the transmission of the probe pulse without the pump pulse from the transmission of the probe pulse

with the pump pulse, yielding Equation (3 ) in the main part of the manuscript.
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