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Abstract

Intervalley scattering mechanisms strongly affect the dynamics of excitonic complexes in transition
metal dichalcogenide monolayers. Here, we investigate the excitation energy dependence of the
valley polarization of excitons in a WSe, monolayer. We observe that the valley polarization
drastically decreases when the excitation is resonant with the By resonance. This behavior can be
explained by a Dexter-like coupling in the momentum space between exciton states residing in
opposite valleys but with the same spin configuration. This induces a net transfer of the exciton
population from the optically driven valley towards the opposite, undriven valley. We observe the
long-term fingerprints of this population transfer as a vanishing valley polarization for the neutral
exciton, and a negative valley polarization for biexcitonic complexes, in qualitative agreement with
theoretical predictions based on a fully microscopic many-particle approach. This, together with a
decrease of the PL energy when the excitation is resonant with the By, state, points to the prominent

role of the Dexter-like coupling in the exciton dynamics of atomically thin semiconductors.

The spin-valley locking, characteristic of transition
metal dichalcogenide (TMD) monolayers, [1-6]
endows them with a binary degree of freedom,
referred to as valley pseudospin. This can be ini-
tialized and read out using circularly polarized light,
which addresses separately the Kt and K~ valleys,
thus creating an imbalance in the exciton popula-
tions, known as valley polarization [1-5]. Due to the
large separation of the valleys in momentum space,
it was thought that the polarization, once created,
would prove to be very robust (long lived) in these
materials. However, the polarization properties turn
out to be more subtle than initially predicted. Several
depolarization mechanisms have been invoked to
explain the decay of the valley polarization. They can
be classified based on whether they involve free car-
riers or excitonic complexes. In the former case, the

© 2024 The Author(s). Published by IOP Publishing Ltd

intervalley scattering entails a spin-flip and has to be
mediated by interactions with localized impurities,
short-wavelength phonons or by the spin precession
due to spin—orbit coupling following these scattering
events [7-13]. In the latter case, the electron—hole
exchange-mediated intervalley scattering acting on
excitons with non-zero center of mass momentum
[14] is considered to be the main source of valley
depolarization [2, 15-24]. The presence of a low-
lying dark exciton state, acting as an exciton reservoir,
has been identified as key mechanism [25, 26] for the
partial preservation of the valley polarization [15, 16,
20, 27], even for excitation far from the A exciton
resonance.

Additionally, a Dexter-like mechanism, which
couples the same-spin states of the A and B excitons
(separated due to the large spin—orbit coupling in the
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valence band of TMDs [6]) between the valleys (i.e.
AT < B~ and B* <> A7), as schematically presen-
ted in figure 1(a), has been investigated by both the-
oretical calculations and pump-probe measurements
on WS, monolayers [28]. This mechanism has been
shown to facilitate an efficient intervalley transfer
of coherent excitons and has been used to explain
the observed PL upconversion [29]. This intervalley
transfer results in an inversion of the optically excited
valley polarization on a subpicosecond timescale.

Here, we further explore the intricacies of the val-
ley polarization mechanisms via circular-polarization
resolved optical spectroscopy of monolayer WSe,
combined with microscopic calculations. By invest-
igating the excitation energy dependence of the val-
ley polarization of different excitonic complexes, we
reveal the prominent role played by Dexter-like coup-
ling in determining the exciton valley polarization.
We show that this mechanism enables us to con-
trol the valley polarization of different excitonic com-
plexes using resonant optical excitation of the B
exciton states. For the neutral exciton, the Dexter-like
coupling results in a vanishingly small valley polariz-
ation of the neutral exciton, while for other excitonic
complexes we achieve a negative valley polarization.
Our results demonstrate that tuning the excitation
energy represents an additional handle to control the
valley polarization in monolayer WSe;, even allow-
ing a reversal of the optically induced polarization.
Moreover, the observed effect of band gap renormal-
ization, which occurs for excitation resonant with By
state, can also be explained in the framework of the
Dexter-like coupling between the optically driven B
exciton and the A exciton in the opposite valley.

We start our characterization of the hBN-
encapsulated WSe, flake (micrograph of the sample
displayed in supplementary figure S1) by measuring
low-temperature photoluminescence (PL), PL excita-
tion (PLE) and differential reflectivity spectra, shown
in figures 1(b) and 2. Additional measurements and
analysis allowed us to assign spectral resonances to
different excitonic transitions (see supplementary
figures S2, S3 and supplementary table 1). We invest-
igate the valley properties of our sample by measuring
the PL spectrum resolved in the circular polarization
basis. As we show in the top panel of figure 1(b), the
PL spectrum is strongly co-polarized with respect to
the laser when the excitation is performed in reson-
ance with the A, state. However, when we tune the
excitation energy close to the resonance with the By,
the PL spectrum exhibits a zero or even slightly neg-
ative degree of circular polarization, as can be seen in
the bottom panel of figure 1(b).

To study more systematically the influence of
the pump energy on the valley polarization, we per-
formed circular polarization resolved PLE measure-
ments. We then calculated the degree of circular
polarization, defined as P. = (I, — L)/ (Ico + Iet),
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Figure 1. (a) Schematic of bright A and B exciton Rydberg
states (A,s and By, respectively). Arrows denote the
relevant interaction of Dexter-like intervalley coupling
upon excitation of the Kt valley resonantly with the By
state, which leads to a transfer of the bright exciton
population into the opposite K™ valley. (b) PL spectra with
detection of the light co-polarized (co) and cross-polarized
(cross) with the circularly polarized excitation. The
excitation laser was tuned in resonance with the Ay
transition (top panel) and at the energy corresponding to
the minimum of the degree of circular polarization P,
(bottom panel) near the By, resonance. The scales in the top
and bottom panels are the same for co and cross curves.

where I,/ denotes the intensity of the co-
polarized/cross-polarized emission, respectively. Due
to spin-valley locking, this quantity enables us to
directly quantify the valley polarization.

Focusing on the Aj, transition (see figure 2(a)),
when we excite far from resonance, the P. shows
a low, positive value, which tends to increase for
decreasing excitation energy. This dependence of
the valley polarization on the excess energy of the
excitation laser can be explained by noting that the
electron-hole exchange interaction behaves effect-
ively like an in-plane momentum-dependent mag-
netic field. The optically oriented valley pseudospin
precesses at a frequency which depends on the value
of this in-plane magnetic field, and thus depends on
the excess energy of the laser [18]. This precession
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Figure 2. Excitation energy dependence of the intensity of the co- and cross-polarized emission (blue and red points, respectively)
and the degree of circular polarization (P.) (black points) for (a) Ajs, (b) XX and (c) XX ™ excitonic transitions. Overlaid
differential reflectivity spectra (green curves) allow to pinpoint the excitonic resonances. Horizontal dashed lines indicate the P.

levels of 0% and 30%.

leads to a depolarization of the exciton population.
This process is less efficient for decreasing excita-
tion energy [25]. When the pump energy is in res-
onance with either the By or the By state, the gen-
erally positive P. decreases strongly. This decrease is
especially pronounced at the By resonance, where P,
vanishes, consistent with a strong Dexter-like coup-
ling. Finally, when we reduce even further the excit-
ation energy, the valley polarization exhibited by the
system tends again to increase with decreasing excit-
ation energy. This confirms that the main depol-
arization mechanism, which governs the intervalley
dynamics far from resonance with B exciton states, is
the intervalley scattering via electron—hole exchange
interaction [18, 25].

By performing a similar analysis on other
excitonic complexes, such as the biexciton (XX) and
charged biexciton (XX ™), we notice that their polar-
ization properties are more strongly influenced by the
Dexter-induced intervalley coupling than the neutral
Ay, as demonstrated by the excitation energy depend-
ence of the valley polarization plotted in figures 2(b)
and (c). At an excitation resonant with the By state,
the valley polarization of the Ay, state reaches its low-
est value of P, of near 0%, while XX and XX~ exhibit
even a negative P. of around —7%. This suggests
that the biexcitonic complexes are less prone than the
neutral A, exciton to subsequent intervalley scatter-
ing processes, which lead to equalization of popula-
tions between the valleys [30]. A possible mechanism
which leads to a larger negative polarization of the
biexciton population relies on the Dexter-mediated
transfer of the exciton population to the indirectly
driven valley. There, following the relaxation pro-
cesses, a population of dark excitons is established.
These, together with bright excitons, form biexcitonic

complexes [31, 32]. These quasiparticles undergo a
slower intervalley scattering, due to the larger num-
ber of component particles [33], which allows us to
observe the stronger negative valley polarization.

The drastic decrease of the valley polarization for
excitation energies resonant with B exciton states can
be explained by turning to the Dexter-like coupling of
the same spin states in opposite valleys in the recip-
rocal space [28]. This Coulomb-driven interaction
transfers a coherent population of excitons from the
directly driven valley into the opposite valley, where
they couple to photons with the opposite helicity.
When the excitation is performed resonantly with the
B, states, the Dexter-like coupling leads to a transfer
of exciton population to the A, states of the oppos-
ite valley, which have the same spin. Therefore, these
states will be preferentially populated and thus exhibit
a negative valley polarization at short delays with
respect to the excitation laser, as demonstrated by the
results of theoretical simulation shown in figure S4
in the supplementary information. The valley polar-
ization observed in time-integrated spectra depends
then on the efficiency of different processes, such
as intravalley relaxation preserving the induced val-
ley polarization, intervalley Dexter transfer invert-
ing the valley polarization as well as additional inter-
valley scattering and exchange processes, which try
to equalize the valley polarization. Similar datasets
consisting of excitation energy dependent degree of
circular polarization of the A;; exciton have already
been presented [27], although the origin of the com-
plex valley polarization dependence on the excitation
energy was not discussed.

We compare now the experimental data with
microscopic calculations, which model the excitation
energy dependent time evolution of the valley
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polarization of the Ajs exciton following a single
excitation pulse. In the simulation, a circularly polar-
ized laser pulse centered at 400 fs (full width at half
maximum, FWHM, of 400fs) is used to create a
coherent exciton population in one of the valleys.
The model tracks the time evolution of the PL from
the two valleys and accounts for both intervalley
Dexter-like coupling and scattering mediated via the
electron-hole exchange interaction, in addition to
other phonon-driven decay processes (see Methods
and supplementary section for more details). We
begin by showing in figure 3(a) the simulated excit-
ation energy dependence of the valley polarization,
calculated by monitoring the population of the Ay
state 40 fs after the onset of the laser pulse. For all
excitation energies non-resonant with B, exciton
states, the intensity of the PL emitted from the optic-
ally pumped valley is considerably larger than that
from the valley not addressed optically. For excita-
tion energies corresponding to resonances with By
states, conversely, the simulated valley polarization is
strongly negative. This is a consequence of the effi-
cient Dexter-like coupling between the states directly
driven by the excitation laser and the A states of the
opposite valley. The large negative valley polarization
results from a highly efficient Dexter-like coupling
due to the combination of an excitation resonant
with B, states and a high coherence of the exciton
population at very short delays with respect to the
excitation laser [34]. In figure 3(b), we show a sim-
ilar simulated excitation energy dependence of the
valley polarization captured at a 4 ps delay after the
onset of the excitation pulse. At this delay, the pulse
is mostly over and the exciton population has lost
its coherence, which greatly reduces the efficiency of
the Dexter-like coupling. This, together with inter-
valley exchange processes, reduces the value of the
negative polarization. This decrease of the negative
valley polarization is reflected in the time-integrated
simulated valley polarization, shown in figure 3(c),
whose minimum is strongly reduced with respect
to the corresponding value extracted from a coher-
ent exciton population. Finally, we compare these
results with our time-integrated experimental data,
shown in figure 3(d). The strong decrease of the valley
polarization when we excite resonantly with By state
can be considered a ‘long-term’ fingerprint of the
Dexter-like coupling, whereby the initial strong neg-
ative polarization is reduced by intervalley scattering
events to a near zero value.

While the excitation energy dependence of the
simulated and experimental valley polarization show
a good qualitative agreement, the simulated val-
ley polarization features appear over a wider spec-
tral range than in the experimentally determined
curves. This might be related either to the discrepancy
between the real and simulated parameters of the
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Figure 3. Calculated circular polarization resolved PLE
intensity and degree of circular polarization (P.) at time
delay (a) t = 40 fs and (b) t = 4 ps after the onset of the
excitation pulse, respectively. (c) PLE and P, of the
simulation time-integrated within the range of the

simulation time interval (0—20 ps). (d) Experimental,
time-integrated PLE intensity and P..

structure, which could not have been experimentally
obtained e.g. the rates of the coherent/incoherent
exciton transfer or other effects beyond the scope of
this work.

Next, we show in figure 4(a) direct comparison of
the excitation energy dependence of the valley polar-
ization of the neutral exciton, biexciton and of the
charged biexciton with the calculated valley polariz-
ation of the neutral exciton. In addition to the obser-
vation of more negative polarization preserved by the
biexcitonic complexes (as compared to the neutral
exciton) which we discussed above, the minimum val-
ley polarization for all three complexes we find in
our measurements is red shifted by approximately 20
meV with respect to the PLE resonance of the By
exciton, which is consistent with prior reports [27].
Both in the simulated and experimental curve the
valley polarization begins to decrease at an energy
considerably lower than the simulated B, resonance,
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Figure 4. Comparison of simulated (for the A; exciton)
and experimental (for A5, XX and XX~ excitons) P. curves
as a function of excitation energy (top) and corresponding
normalized PLE intensity (bottom). The energy scale of
theoretical curves is shifted by 18 meV to match the energy
position of the By, exciton resonance between the
experiment and simulation.

which is a consequence of the broadening of its
resonance following its Dexter-mediated coupling to
the A, state of the optically undriven valley.

The simulated valley polarization remains flat
across the broadenings of the B, states. This leads to
an overlap of the Dexter-like coupling effect between
the Bys and By states, where the simulated valley
polarization reaches its minimum value. Conversely,
the experimentally determined valley polarization
increases rapidly between the B;s and By states. This
effect gradually counters the effect of the Dexter-like
coupling, thereby increasing the valley polarization
observed experimentally. The combination of the low
energy onset of the negative polarization related to the
broadening and the increase of the valley polarization
due to the exciton population with a finite in-plane
momentum leads to a ~20 meV shift between the
minimum of the valley polarization and the exciton
resonance.

Finally, theory predicts that another manifest-
ation of the Dexter induced coupling between two
states in different valleys is an increase of their
energy separation and a broadening of the excitonic
resonances [35]. To investigate the former effect, we
compare the differential reflectivity spectrum shown
in figure 5(a) with the dependence on the excita-
tion energy of the PL peak energy of the Aj; exciton,
shown in figure 5(b), and of the neutral and charged
biexciton, summarized in figures 5(c) and (d). For
all the three complexes, we observe a clear red shift
of the emission when the excitation laser is resonant
with the By transition. Regarding the latter effect,
we have analyzed the energy dependent broadening
(FWHM) of all three complexes (see supplementary
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Figure 5. (a) Differential reflectivity with marked Ay, Bis
and By, resonances (green curve). (b)—(d) Excitation energy
dependence of the shift of the emission energy AE for the
co- and cross-polarized emission (blue and red points,
respectively), for (b) Ay, () XX and (d) XX ™. Here AE
corresponds to the shift in peak energy of a given excitonic

complex with respect to its average peak energy of co and
cross polarized emission at the highest excitation energy.

figure S6). There, similarly to the aforementioned
energy redshift, we observed the increase in broad-
ening of the emission for all three complexes
(approximately ~3 meV) for excitation energy res-
onant with the By transition. This effect is greater
than previously reported in WS, [35], where the
broadening of the A, state remained approximately
unchanged.

In conclusion, we have demonstrated the long-
term effects of the excitation-driven Dexter-like coup-
ling mechanism on the valley polarization proper-
ties of a monolayer WSe,. We have shown that, due
to this mechanism, a valley-selective excitation res-
onant with the B exciton states strongly decreases
the valley polarization to a near zero value for the
neutral exciton (Ajs) or inverts the valley polariz-
ation (~ —7%) of other excitonic complexes such
as XX and XX~. This, together with the decrease
of the PL peak energy of these excitonic com-
plexes when the excitation energy is tuned in res-
onance with the B, exciton, is in qualitative agree-
ment with theoretical simulations of the exciton
dynamics which account for the Dexter coupling.
This property could prove to be a useful tool in
valleytronic devices, e.g. for optical polarization
switching.
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1. Methods

The sample was fabricated using flakes mechanically
exfoliated on PDMS and then assembled on the sil-
icon substrate flake by flake via dry transfer method
[36]. All the experimental results have been obtained
at cryogenic temperatures of ~4 K, by cooling down
the sample mounted on the cold finger of a He flow
cryostat. A pulsed Ti-sapphire laser (80 MHz repeti-
tion rate, 150 fs pulse width) was used to pump an
optical parametric oscillator (generated pulse width
~300—-400 fs), which was used as the excitation source
in PLE measurements, in order to achieve wavelength
tuning in a wide range. For excitation power depend-
ent PL measurements, a 405 nm laser was used in
either CW or pulsed mode. A 50 x microscope object-
ive with numerical aperture 0.55 was used to focus the
excitation laser on the sample and collect the signal
with a spatial resolution of ~1 gm. The measurement
spot of the experiments was always chosen on the flat
area of the sample to avoid the impact of the strained
areas such as bubbles and wrinkles that tend to form
on mechanically exfoliated structures. The signal was
directed to a spectrometer equipped with a liquid-
nitrogen-cooled CCD camera. For reflectivity meas-
urements, a white light source was used instead of the
laser.

In order to microscopically determine the
excitonic landscape in WSe,, we use the Wannier
equation [34] to derive the excitonic energy levels,
ei,, and wavefunctions, ¢}, for both the A and B
excitons

B2 K> ‘ . S
(M’ +Eoy |0+ ) Vs e =l ()
r kl

where 1, is the reduced mass of the exciton, k is the
relative momentum and Eic.ap is the electronic band
gap. Here, i denotes the compound index determin-
ing both the valley (K , K’) and spin (11,{/) of the
exciton. The Coulomb interaction is described by the
generalized 2D Keldysh potential, Vgl', which takes
into account the reduced screening in 2D systems
[28]. The parameterization of this Hamiltonian
and other quantities are outlined in previous
studies [22, 28, 34, 35, 37].

The evolution of the valley polarization in a
TMD system can be captured within the dens-
ity matrix formalism. Using Heisenberg’s equation
of motion i8,(0) = [0,H], we derive a series of
semiconductor Bloch equations [38], to track the
evolution of the excitonic states. In particular, we
capture the evolution of both coherent, P?, and
incoherent NZ exciton densities [37]. More details
can be found in the supplementary information.
Solving this series of differential equations allows us
to track the time-evolution of the excitonic states and
hence determine the time-resolved PLE spectra. In
particular, the PLE spectra are determined by the

6
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Elliot-formula [28, 39] at fixed resonance, Awprobe
with varying excitation energy, w, leading to the
form

I ™ (6w) = D [ (1w, oD + (N (1,0, 0))]

&,in

x g<|90”’i(f:0) WIS ~éof|2>

5171 - hwprobe + iry

where o (¢/) describes the polarization of the exciting
(measured) light. The magnitude of each excitonic
signature depends on the optical matrix element and
the polarization vector of the emitted light e,/, as
well as |¢™(r= 0)|, which describes the probability
of finding the electron and hole at the same posi-
tion, for a given excitonic state. The broadening of
the PLE is determined by 7, which we calculate
microscopically [34].
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