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The electron-hole exchange interaction is a fundamental mechanism that drives valley depolarization via
intervalley exciton hopping in semiconductor multivalley systems. Here, we report polarization-resolved pho-
toluminescence spectroscopy of neutral excitons and negatively charged trions in monolayer MoSe, and WSe,
under biaxial strain. We observe a marked enhancement (reduction) on the WSe; triplet trion valley polarization
with compressive (tensile) strain while the trion in MoSe, is unaffected. The origin of this effect is shown to be a
strain-dependent tuning of the electron-hole exchange interaction. A combined analysis of the strain-dependent
polarization degree using ab initio calculations and rate equations shows that strain affects intervalley scattering
beyond what is expected from strain-dependent band-gap modulations. The results evidence how strain can be
used to tune valley physics in energetically degenerate multivalley systems.
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Semiconducting transition metal dichalcogenides (TMDs)
are layered materials with strong light-matter interactions. In
the monolayer (ML) limit, they are direct band-gap materials
[1,2] at the K/K' points of their hexagonal Brillouin zone
[3], where interband optical transitions form tightly bound ex-
citons [4-8]. Furthermore, strong spin-orbit coupling (SOC)
and the inherently broken inversion symmetry couples spin-
and valley degrees of freedom causing chiral optical selection
rules with marked valley dichroism [9-16]. Based on initial
first-principles calculations that predicted long valley coher-
ence times [17,18] and the possibility to coherently control
this pseudospin [14,15,19-23], the concept of valleytronics
was envisioned as a promising route to process and store
information. However, short exciton lifetimes, fast decoher-
ence, and fast valley depolarization limit practical applications
of two-dimensional (2D) TMDs for valleytronics [12,18,24—
26]. While different approaches have been pursued to inves-
tigate valley depolarization in TMDs, significant variations
in the valley depolarization times from a few picoseconds
(ps) [18,27-29] to several tens of ps [18,30-32] have been
observed, highlighting the continued need for a deeper un-
derstanding of the underlying valley physics. Of particular
interest are the various electron-electron and electron-hole
interaction channels in optically bright and dark ML TMDs
[33-35].

At cryogenic temperatures, valley depolarization in semi-
conductor multivalley systems is mainly driven by electron-
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hole exchange interaction (EHEI) [19,22,26,30,36-38]. This
mechanism, depicted schematically by its Feynman diagram
for TMDs in Fig. 1(a), describes the Coulomb interaction
between an electron in the conduction band (CB) at K, with
an electron in the valence band (VB) at K’. As a result, the
electron in the CB at K is scattered to the VB at K while the
electron in the VB of K’ is scattered to the CB at K’ [26].
Effectively, the EHEI results in the annihilation of a bright
exciton at K and the creation of a bright exciton at K’. The
effect of the EHEI markedly depends on the TMD band struc-
ture and exciton configurations [20,33]. For instance, in ML
molybdenum-diselenide (MoSe,), adding an electron to the
neutral exciton limits the EHEI and protects trions from inter-
valley scattering, reducing trion valley depolarization [12,39].
In contrast, negatively charged trions in tungsten diselenide
(WSe,) are split into the intervalley triplet trion (7;) and the
intravalley singlet trion (T;) configurations [40,41], allowing
electron-hole pair hopping from K to K’ through triplet-to-
singlet conversion [42].

In this Letter, we use piezoelectric devices to apply biaxial
strain (s) to ML WSe, and MoSe; at cryogenic temperatures
[43-46] and investigate the valley depolarization of excitons
and negatively charged trions. Although strain engineering
was broadly used in 2D materials to study modulations of
the band gap and vibrational modes [43-57], the effect of
strain on the valley depolarization was studied theoretically
[58,59] and only a few experimental realizations were per-
formed trough uniaxial strain at room temperature [60] or via
nontunable devices [61]. By performing circularly polarized
photoluminescence (PL) spectroscopy as a function of s, we
observe that while negative trions in MoSe, are not affected,
triplet trions in WSe, strongly valley depolarize. Ab initio
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FIG. 1. (a) Feynman diagram of the bright exciton transition
between K and K’ due to EHEI. A spin-up electron in the CB at K
and a spin-down electron in the VB at K’ are scattered to their final
states in the VB at K and the CB at K’, respectively. (b) Schematic of
the sample stack: piezoelectric substrate, its electric connections, and
the hBN-encapsulated ML TMD. Microphotoluminescence (uPL)
spectra at 10 K of the (c) ML MoSe, and (d) WSe,. The MoSe,
spectra show the X and 7 emission. In WSe,, the spectra display
the X, the triplet (7;), and the singlet (7;) trion. Emissions at lower
energy (gray shade) are outside the scope of this Letter. (e) WSe,
PL for s ranging from —0.073% to 0.032%. Energy scale is relative
to X and spectra are normalized to the 7; emission intensity. Inset:
Differential PL. (APL) showing the variation of the PL with respect
to the emission at s = 0.

calculations show that s predominantly affects the EHEI and
therefore the intervalley scattering time via the modulation
of the band gap. Using these results, we model the strain-
dependent exciton/trion polarization with rate equations that
consider the interplay between the exciton/trion radiative life-
time and the intervalley scattering time. Although we find
qualitative agreement between experiments and theory, the
experimentally observed variation of the exciton/trion de-
polarization is notably stronger. Our observations, therefore,
suggest the use of s as an efficient way to control exciton and
trion valley dynamics while maintaining K/K’ degeneracy.
Results and discussion. The strain actuators are piezo-
electric crystals of lead magnesium niobate—lead titanate
(PMN-PT) [62] with electrical top/bottom gold contacts. Bi-
axial strain at cryogenic temperatures (10 K) is applied to
the ML TMDs stack by poling the PMN-PT crystal with a
constant voltage V across the piezoelectric element, as shown
in Fig. 1(b) [43—-46]. The ML TMDs were obtained from com-

mercial bulk crystals through mechanical exfoliation. The ML
TMDs were subsequently encapsulated between thin hexago-
nal boron nitride (hBN) by using dry transfer techniques based
on polycarbonate films, similar to Ref. [63]. The assembled
structure was stamped directly on top of the piezoelectric
substrates. Special care was taken to ground the top electrode
of the piezoelectric element to prevent unintentional charging
of the TMDs during the experiments. Details about the strain
devices are presented in Sec. I of the Supplemental Material
(SM) [64] (see also Refs. [43-45,62,65-67]).

Photoluminescence spectra were recorded at the center of
each ML TMD with an optical cw power P = 1 uW focused
to a diffraction limited spot [100x objective, numerical aper-
ture (NA) = 0.7]. The samples were excited at Ep = 1.96 eV
for WSe, and Ep = 1.68 eV for MoSe,. All data shown in this
Letter were found to be strain reversible and the experiments
in the WSe, case were repeated in a second sample (see
SM Secs. I and II [64]). Representative PL spectra for the
samples at zero applied strain are shown in Figs. 1(c) and
1(d). The emission feature at ~1.623 eV (~1.728 eV) for
MoSe, (WSe,) is associated with the neutral bright exciton
(X), consistent with previous studies for hBN-encapsulated
ML TMDs [68—71]. The MoSe, spectrum shows an additional
single peak ~30 meV red detuned from the X emission and
consistent with negative trions (7') of the intervalley singlet
type [20,70,72]. Conversely, WSe, shows the singlet (7) and
the triplet (7;) trion at ~1.686 and ~1.692 eV, respectively, in
agreement with previous reports [20,41,73-77]. In addition,
we observe the emission from localized states and phonon
replicas (gray shade) as described in Ref. [74]. We do not
discuss these features further in the remainder of this Letter,
since they are not central to the studied photophysics. From
the relative 7/X emission intensity and peak positions, we
estimate an electron density n.(MoSe;) = 2.5 x 109 cm™2
and n,(WSe,) = 3 x 10" cm~2 in our samples [70,75].

We continue by describing the effect of s on the emission
energy and intensity of excitons and trions. By varying the
voltage applied to the piezoelectric element, from —400 to
400 V, the neutral exciton emission of both materials contin-
uously blueshifts by ~10 meV, consistent with a total strain
variation of As ~ 0.1% across the voltage range [78]. Details
about the method used to calibrate s are shown in Sec. II of
the SM [64]. We performed first-principles calculations in the
range of the experimentally applied strain to confirm that the
band gap is mainly affected, whereas changes in the effective
masses, spin mixing, electron-electron interactions [79], and
interband dipole matrix elements are negligible. For the in-
terested reader, these calculated quantities are summarized in
Sec. IV of the SM [64] (see also Refs. [78,80-84]).

The effect of strain on the X/T emission intensity is pre-
sented in Fig. 1(e), where we plot the copolarized PL spectra
(ot excitation and collection) of the WSe, sample for various
strains. All spectra are normalized to the singlet trion intensity
and the energy axis relative to the X energy (Ex) [85]. Ty and X
emission intensities are approximately constant (see SM Sec. [
for details [64]), consistent with a picture where the exciton
generation rate and recombination time are not affected by the
small amount of s exerted by the piezoelectric device. How-
ever, the triplet trion shows a relative decrease of its intensity
by increasing s. The inset in Fig. 1(e) shows the differential PL
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FIG. 2. Polarization-resolved uPL spectra for (a) ML MoSe, and
(b) WSe; at s = 0. Red (blue) spectra are obtained for ot excitation
and o (07) detection. The energy scale is relative to the X and
spectra are normalized to the feature with the highest intensity in
the copolarized configuration. (c) nx (black) and nr (orange) for ML
MoSe, as a function of s. (d) Neutral exciton (black), singlet trion
(orange), and triplet trion (green) circular polarization degree as a
function of s for ML WSe,. Dashed lines in (c) and (d) are guides
to the eye. (e) Ratio of total decay rate (t) to the total intervalley
scattering rate (t") for excitons (black dots) and trions (orange dots)
in MoSe,. (f) Ratio of 7/t" as a function of s for excitons in WSe,.
Solid lines in (e) and (f) are linear fits to the data.

[APL = PL(s) — PL(s = 0)], further highlighting the effect
of s on the 7; emission. This experiment shows that the relative
intensities between trions is not only sensitive to the electron
background density in the sample [74,75,86] but also to the
local strain.

To further investigate the strain response of 7;, we perform
polarization-resolved PL as a function of strain on both mate-
rials. The spectra at s = 0 are shown in Figs. 2(a) and 2(b)
for MoSe, and WSe,, respectively. Red (blue) correspond
to o7 excitation and o (o7) collection. In both cases, the
energy scale is relative to Ex and the spectra are normalized
to the o PL intensity of T for MoSe, or the peak labeled
as X~ for WSe, [74]. The significant cross-polarized PL
intensity suggests a strong valley depolarization mechanism,
particularly for MoSe,. We characterize this effect by means
of the circular polarization degree (1) calculated for each
feature, n, = (I — I7)/(I7 + 1), where x labels the fea-
ture (exciton or trion) and Ij (I7) are co- (cross-)polarized
intensities obtained by Lorentzian fits to the data. We provide
additional information about this procedure in Sec. II of the
SM [64].

Figure 2(c) shows ny and nr as a function of s for MoSe,
and Fig. 2(d) nx, nr,, and n7, for WSe,. The difference be-
tween these two materials as well as the different behavior of
excitons and trions are the main experimental observations of
this Letter. For MoSe;, nxy shows a small but clear variation of
~2% while nr is constant within our experimental error. For
WSe,, nx and ng, vary similarly by ~5% while ng, shows a
much stronger response, changing by ~15% over the whole
range of strain investigated. Though these values depend on
the excitation power, the general trends are independent of the
laser intensity (see SM Sec. II [64]). The error bars given in
Figs. 2(c) and 2(d) take the mathematical error of the fitting
routine and the polarization accuracy of our setup (~98%)
into account.

To understand the strain-dependent , we model the system
by rate equations, considering the strain-dependent recombi-
nation times (tx and 77 for X and T, respectively) and valley
scattering times (ty for X and 7} for T). In the linear regime,
nx is given by (see Ref. [15] and SM Sec. 11 [64])

nxo

—_ X0 1
1+ 2ty /7y M

Ub'e
where 7y is the spin polarization at the instance of genera-
tion. Although the absolute value of nyo (and therefore nyx)
depends on the excess energy AE = (Ep — Ex)/2 [58,87,88],
it is a proportionality factor and does not affect the general
trend we attempt to describe. Therefore, we assume nyxo = 1
in the following discussion. By combining Eq. (1) with the
nx data [Figs. 2(c) and 2(d)], we calculate the ratio 7y / r)‘(/ ,
shown in black squares in Figs. 2(e) and 2(f) for MoSe, and
WSe,, respectively. Solid lines are linear fits that yield the
strain dependence of tx/ty as (10 £2)/% for MoSe, and
4+1)/% for WSe,, i.e., similar relative variation in both
cases.

We continue by describing the strain-dependent valley de-
polarization of trions. For trions in MoSe,, we use the same
assumptions as for excitons, which results in (see Ref. [15]
and SM Sec. III [64])

nx

=" 2
1+ 27 /1) )

nr
Note that as trions require the existence of an exciton, the trion
polarization at the instance of generation is nx. Once again, by
combining Eq. (2) with the n(s) data in Fig. 2(c), we obtain
the ratio t7/ r}/ shown as orange circles in Fig. 2(e). The ra-
tio 77 /7y < 1 denotes a comparatively shorter recombination
time and a minor influence of the intervalley scattering in the
trion dynamics.

Comparing the ratio tx/ty in both materials, x /7y is
approximately 2.5x larger in MoSe; than in WSe,. This is
consistent with a relatively faster exciton intervalley scattering
in MoSe;, which is anticipated due to an additional depolar-
ization mechanisms, such as the Rashba-type mixing of bright
and dark excitons [35]. In Ref. [58], the authors calculated
nx by a two-band k - p method and found that AE > 0 pro-
vides a strain-dependent valley depolarization. Nevertheless,
the strain-induced depolarization we observe is two orders
of magnitude larger than their prediction, suggesting a differ-
ent cause. While ty/ r)‘(/ depends on strain in both materials,
r/ r}/ in MoSe; is constant across the strain range [Figs. 2(e)
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FIG. 3. Sketch of the intervalley scattering effects in monolayer
TMDs. (a) MoSe, trions are spin protected against EHEI. (b) In
WSe,, EHEI transforms triplet trions at K into singlet trions at K.
(c) Calculated nyx (black), n7, (orange) and ny, (green) as a function
of trion intervalley scattering time 7" in WSe,.

and 2(f)]. On the other hand, singlet and triplet trions in WSe,
depolarize in the same strain range [Fig. 2(d)]. We consider
that the only possible explanation for these different behav-
iors is that s is able to tune the EHEL Therefore, t7/7) in
MoSe, is independent of strain due to the lack of EHEI for
trions since they are spin protected [23,72] [see Fig. 3(a)]. In
WSe,, instead, the EHEI allows intervalley scattering through
a triplet-to-singlet conversion, as sketched in Fig. 3(b) [42].
Consequently, we interpret our strain-dependent trion data
through a triplet-to-singlet conversion mediated by a strain-
dependent EHEL

The addition of the triplet-to-singlet conversion scattering
channel in the rate equations model is characterized by in-
troducing the scattering time 7,”_, which renders the solution
nonanalytical (see SM Sec. III [64]). As the singlet-to-triplet
scattering term is proportional to the difference of the singlet
and triplet population, the resulting populations are interde-
pendent. For this reason the ratio between trion lifetime and
intervalley scattering is not the only variable that defines the
trion polarization degree in WSe, and cannot be extracted
from the equations as in MoSe,. We numerically solve the
rate equations and plot in Fig. 3(c) the values obtained for
nx, N1, and 1z, using a fixed set of realistic input parame-
ters (tx = 1 ps, t; =2 ps, 1, =4 ps, r)‘{ = 0.5 ps, and trion
formation time 7, = 0.1 ps) while sweeping 7" . By decreas-
ing 7", the singlet-to-triplet conversion starts to dominate
the intervalley dynamics and n7,, decrease with a markedly
different slope ultimately tending to zero. When 7" ~ 10 ps
our rate equations reproduce the experimentally observed 7(s)
very well [see Fig. 2(d)].

To test our assumption, we model the strain-dependent
exciton radiative decay rates and intervalley EHEI scatter-
ing times from first principles (see SM Sec. IV [64] and
Refs. [14,22,40,41,71,86,89-92]). Our calculations show that
the radiative decay time is barely strain dependent. Con-
versely, the EHEI strongly depends on the band gap, which
shrinks with tensile strain. Consequently, the EHEI scattering
time markedly decreases by increasing tensile strain. Both
observations are consistent with the general trends of our
experimentally determined polarization results, however, the
strain dependence we observe is an order of magnitude larger
than our calculations. As the small amount of strain applied in
the experiments affects the TMDs band gap but not their band
structure (see SM Sec. IV [64] and Refs. [78,80-84]), any
other channel for recombination and intervalley scattering is
treated as a constant background without affecting our results.

Finally, we note that in Ref. [75], the authors propose a
mechanism based on the spin-valley pumping of resident elec-
trons for tungsten composite TMDs that leads to a pump- and
doping-dependent n7,,. This effect results from an efficient
phonon-mediated scattering of electrons from the upper CB in
K to the lower CB in K’. For a single pump power, we note that
we can interpret our trion results based on this effect by intro-
ducing a strain-dependent electron intervalley scattering time
in our rate equations. However, our observations for excifons
in both materials can only be explained by a strain-dependent
EHEIL

In summary, we observe clear experimental evidence of
a strain-dependent EHEI, supported by first-principles calcu-
lations. We presented a detailed study of the biaxial strain
impact on the circular polarization degree of excitons and
trions in MoSe, and WSe;. The circular polarization de-
gree depends on the total exciton and trion lifetimes and
their depolarization rates [15]. While the radiative decay is
essentially independent of strain, the strain-dependent inter-
valley scattering is the only consistent way to explain our
observations on 1(s). This suggests that strain modulates the
EHETI to a surprisingly large degree beyond expectations from
first-principles calculations that only take a strain-dependent
band gap into account. Our observations may consolidate
the variations of optical polarization degrees and intervalley
scattering times reported in the literature and point towards
a scattering channel besides the occurrence of resident elec-
trons that facilitates valley depolarization, such as the mixing
of singlet and triplet trion states [93]. Our results highlight
the need for further understanding of the spin/valley photo-
physics in TMDs and point out a possible path to enhance
valley polarization towards the development of valleytronics
in multivalley materials.
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