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In transition metal dichalcogenide semiconductor monolayers the spin dynamics of electrons is
controlled by the original spin-valley locking effect resulting from the interplay between spin-orbit
interaction and inversion asymmetry. As a consequence, for electrons occupying bottom conduction
bands, a carrier spin flip occurs only if there is a simultaneous change of valley. However, very
little is known about the intra-valley spin relaxation processes. In this work we have performed sta-
tionary and time-resolved photoluminescence measurements in high quality WSe2 monolayers. Our
experiments highlight an efficient relaxation from bright to dark excitons, due to a fast intra-valley
electron transfer from the top to the bottom conduction band with opposite spins. A combination
of experiments and theoretical analysis allows us to infer a spin relaxation time of about τs ∼ 10 ps,
driven by the interplay between Γ-valley chiral phonons and spin-orbit mixing.

I. INTRODUCTION

Two-dimensional semiconductors based on transition
metal dichalcogenides (TMD) are characterized by origi-
nal optical selection rules which have given rise to numer-
ous theoretical and experimental works, see Refs. [1–3]
and references therein. The inversion symmetry breaking
together with the spin-orbit interaction leads to a unique
coupling of the charge carrier spin and the k-space val-
ley physics. The circular polarization of the absorbed
or emitted photon (σ+ or σ− ) can be directly associ-
ated with selective carrier excitation in one of the two
non-equivalent K valleys (K+ or K−, respectively) [4–
10]. This spin-valley locking effect requires that a spin
relaxation of a carrier is simultaneously accompanied by
a valley change (i.e., an intervalley spin relaxation). As a
consequence very long electron or hole spin/valley relax-
ation times – in the microsecond range – were measured
in various TMD monolayers [11–14]. For the exciton (2-
particles electron-hole system), numerous works have also
shown that spin relaxation is governed by a very efficient
mechanism linked to the electron-hole exchange interac-
tion, leading to much shorter depolarization times, of the
order of a few ps [15–17]. On the other hand, intra-valley
spin relaxation mechanisms – well known in III-V, II-VI
and IV semiconductors [18–21] – are very poorly under-
stood in TMDs. The intra-valley spin relaxation was
mainly theoretically investigated in MoS2 monolayer for
in-plane carrier spin components [22, 23].

In this work we investigate the electron and exciton
spin properties of WSe2 monolayers. We demonstrate ex-
perimentally and theoretically that the intra-valley elec-
tron spin relaxation plays an important role in the ex-
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citon dynamics. Combining time-resolved photolumines-
cence (TRPL) and stationary photoluminescence exci-
tation (PLE) measurements, we show that a significant
(spin-forbidden) dark neutral exciton emission occurs as
a consequence of an efficient intra-valley electron spin
relaxation yielding bright to dark exciton transfer. In
a simplified single particle picture, the laser excitation
generates bright excitons X0 composed of electron-hole
pairs with the same spins from the top valence band
and the upper conduction band in a given valley (K+

or K−), see Fig. 1(a). The lower in energy dark exci-
ton XD involves electron from the bottom conduction
band and hole from the top valence bands with anti-
parallel spins [24–27]. Surprisingly, but in agreement
with previous works [28, 29] the PL spectra of undoped
WSe2 monolayers are dominated by dark exciton XD re-
combination, see Fig. 2(b). This means that there is
an efficient intra-valley electron spin relaxation process
(characterized by the time τs) which yields the transfer
of exciton from bright to dark states. This is the sub-
ject investigated in this paper with a two-fold purpose:
(i) to identify the spin relaxation mechanism and (ii) to
determine its characteristic time τs. Our experimental
and theoretical analysis highlights the key role played by
the chiral phonons Γ5 which induce this bright to dark
exciton relaxation. These phonons were identified theo-
retically in the pioneering work by Song and Dery [30].
From symmetry point of view, these phonon states trans-
form as in-plane components of magnetic field (Bx, By)
and, hence, were called chiral phonons [31, 32]. Despite
numerous studies of dark excitons, charged excitons or
interlayer excitons, [29, 33–39] the role of these chiral
phonons on intra-valley electron spin relaxation was not
demonstrated to the best of our knowledge.

The organization of the paper is as follows. The sample
fabrication and the stationary and time-resolved optical
spectroscopy set-ups are described in Sec. II. The exper-
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Figure 1. (a) Single particle band structure of a WSe2 monolayer, showing the two inequivalent valleys K+ and K− and the
intra-valley electron spin relaxation from top to bottom conduction band, characterized by the time τs; (b) Photoluminescence
spectrum following a He-Ne laser excitation (1.96 eV); the splitting between the bright X0 and the dark XD exciton is ∆ =
40 meV, the inset corresponds to a blow-up of the spectrum in log scale, showing the weak emission components corresponding
to the zero-phonon emission of the indirect exciton I0 and its K3 phonon replica I0 −K3, together with the Γ5 phonon replica
of the dark exciton XD − Γ5; (c) Differential reflectivity spectrum evidencing the strong resonance of the bright exciton X0

and the corresponding fit with the radiative and non-radiative broadening, Γrad and Γnr respectively (see text).

imental results are presented in Sec. III, and Sec. IV de-
tails the theoretical interpretation and the modelling of
the excitation of photoluminescence spectra. Conclusion
is given in Sec. V.

II. SAMPLE FABRICATION AND OPTICAL
SPECTROSCOPY SET-UPS

We have fabricated a high quality van der Waals
heterostructure made of an exfoliated WSe2 monolayer
embedded in hBN crystals using a dry stamping tech-
nique [40, 41]. First the WSe2 ML flake is prepared
by micro-mechanical cleavage of a bulk crystal (from
2D Semiconductors) and deposited on a bottom layer of
hexagonal boron nitride on SiO2/Si substrates. Subse-
quently, hBN was deposited on top of the WSe2 ML.
Continuous-wave (cw) micro-photoluminescence and ex-
citation of photoluminescence experiments are performed
with a narrow-line single frequency tunable Ti:Sapphire
ring laser (Matisse, Spectra Physics), linearly polarized,
focused on a spot diameter of ∼ 1 µm. The PL signal is
dispersed by a spectrometer and detected by a charged-
coupled device camera. The white light source for reflec-
tivity measurements is a halogen lamp with a stabilized
power supply. Time-resolved PL measurements were per-
formed using a mode-locked Ti:sapphire oscillator deliv-
ering ∼ 1.5 ps pulses with a repetition rate of 80 MHz
and a Hamamatsu synchro-scan streak camera with an
overall instrument response time resolution of ∼ 5 ps
(which includes both the streak camera resolution and
the dispersion induced by the diffraction grating). All
the experiments are performed in a closed cycle cryostat
at T = 4 K.

III. EXPERIMENTAL RESULTS

Figure 1(b) presents the photoluminescence (PL) spec-
trum of the WSe2 monolayer following cw He-Ne laser
excitation (1.96 eV). In addition to the recombination of
the bright exciton X0, we observe a strong signal asso-
ciated to the emission of the dark exciton XD, with a
bright-dark splitting of ∆ ≈ 40 meV in agreement with
previous reports [28, 29, 42]. Its radiative recombination
for in-plane polarized light is forbidden. However, it is
allowed for z-polarized light [28, 43, 44]; the z-axis is per-
pendicular to the monolayer plane. The clear observation
of XD in the PL spectrum, as shown in Fig. 1(b), is the
consequence of using high numerical aperture objective
(NA= 0.82) which allows us to detect the z-polarized
luminescence component. This strong XD emission, ob-
served in many works, means that there is an efficient
relaxation process from bright to dark exciton, which
implies a valley conserving electron spin relaxation. We
note that the spectrum of Fig. 1(b) is dominated by both
bright and dark neutral excitons with negligible emission
of trions. This shows that the sample is characterized by
low doping densities and as a consequence the possible
bright- dark relaxation processes induced by free carriers
are very unlikely [45]. Figure 1(c) presents the measured
differential reflectivity spectrum, together with a fit us-
ing the transfer matrix method [46]. The data are well
described with Γrad = 1.5 meV and Γnr = 0.8 meV corre-
sponding to the radiative and non-radiative broadening
of the neutral exciton X0, respectively. In the calcula-
tion we used the following values of the refractive index
nhBN = 2.2, nSiO2

= 1.46, nSi = 3.5 and the different
layer thicknesses of the top hBN = 15 nm, bottom hBN
= 113 nm (measured by atomic force microscopy) and
SiO2 = 83 nm [47, 48].

To get more information on the relaxation dynamics,
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Figure 2. (a) Schematics of the exciton dispersion curves with a simplified sketch of the transfer from bright to dark exciton
branch where the excitation laser is strictly resonant with the bright exciton X0 energy; (b) PL spectra for different average
excitation laser power, showing the luminescence emission of 2s and 3s exciton excited state, with larger energy than the
excitation laser (Elaser = 1.71 eV), resonant with the bright exciton 1s ground state; (c) Dark exciton XD photoluminescence
dynamics following a ps laser excitation resonant with the 1s bright exciton X0 ground state, the full dashed blue line is a
bi-exponential fit with a decay time τdecay = 700 ps and a rise time τrise = 40 ps, laser power 1 µW; (d) Blow-up of the dark
exciton XD PL rise time [cf. Eq. (27)]

.

we have performed TRPL measurements with a laser ex-
citation energy strictly resonant with the bright exciton
X0 energy, see the schematics in Fig. 2(a). We took
special care to check that these experiments were per-
formed with low enough laser excitation densities in or-
der to avoid Auger type effects, which could affect the
relaxation dynamics [49]. Indeed, the resonant photo-
generation of a significant density of bright excitons
can yield an efficient exciton up-conversion effect due
to exciton-exciton annihilation. This process leads to
the generation of high energy exciton states (above the
X0 ground state), as attested by the detection of lumi-
nescence components with higher energy than the laser
excitation one [49–51]. Figure 2(b) illustrates this up-
conversion effect when the ps excitation laser is resonant
with the X0 ground state: for laser powers larger than

1 µW, significant PL intensities corresponding to the re-
combination of 2s and 3s excited states, above the X0 1s
ground state are clearly observed [52].

Hence, for all the experiments presented below, we
have tuned the laser excitation power so that the Auger
effects are negligible. Figure 2(c) displays the time evo-
lution of the dark exciton XD PL intensity in these con-
ditions after a ps excitation pulse. A bi-exponential fit
yields a rise time τrise = 40 ps and a decay time τdecay =
700 ps. The latter corresponds to the dark exciton life-
time, already measured by different groups [48, 53]. Re-
markably, this measured dark exciton dynamics implies
that the electron intra-valley spin relaxation from the
upper to lower conduction band is efficient. However the
calculated dark exciton dynamics detailed in Sec. IV D
shows that the rise time τrise does not correspond to
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the electron spin relaxation time τs; the PL rise time in-
cludes in addition the energy relaxation time within the
dark exciton branch τϵ that is on the order of 10’s ps [see
Fig. 2(a)] [54, 55].

To better understand the relaxation mechanism, we
have measured with great accuracy the dark exciton XD

PL as a function of the cw excitation laser energy. The
corresponding PLE spectrum is displayed in Fig. 3 (note
the dynamic range of four orders of magnitude). As
expected, the strongest signal corresponds to the laser
energy strictly resonant with the bright exciton X0 en-
ergy: The corresponding strong absorption is followed
by an efficient electron spin-flip and further energy re-
laxation down to the dark exciton, Fig. 2(a). Interest-
ingly we observe a very clear jump of the PLE signal for
Elaser−EXD = 22 meV. This energy corresponds exactly
to the energy of the chiral phonon Γ5 (ℏΩ5 = 22 meV),
demonstrating its key role on the intra-valley electron
spin relaxation inducing the bright to dark exciton trans-
fer [29, 30, 56]. Note that under the conditions

ℏΩ5 < Elaser − EXD < ∆ (1)

the bright state is a virtual state since the difference of
energy between the laser and the dark exciton is smaller
than the bright-dark splitting, but the final state in the
process XD is the real state. For Elaser−EXD < ℏΩ5, the
dark exciton luminescence is vanishingly small since there
is no efficient process which allows the electron relaxation
from the top to the bottom conduction band with oppo-
site spins. In addition, Fig. 3(a) shows a slight change
of the PLE slope for Elaser − EXD = 36 meV; remark-
ably this value corresponds to the energy of I0+K3 state,
where I0 is the indirect exciton energy and ℏΩ3 = 26 meV
the energy of the inter-valley K3 phonon. Note that the
energy I0 can be determined thanks to the detection of
the weak defect-induced (zero-phonon) assisted transi-
tion, see the inset in Fig. 1(b) [29, 57]. This suggests
that the scattering from direct bright, X0 to indirect, I0,
excitons is also important.

IV. THEORY AND MODELLING

This section presents the theory and outlines the model
of the PLE spectrum in Fig. 3. We start with an anal-
ysis of the selection rules for the intra-valley spin flip
process (Sec. IV A), continue with the model of the PLE
(Sec. IV B), describe the specifics of the spectra in van
der Waals heterostructures related to the multiple reflec-
tions of light from the interfaces and fit the experimental
data in Sec. IV C. We briefly discuss the kinetics of the
dark exciton emission in Sec. IVD.
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Figure 3. Photoluminescence excitation spectrum with a de-
tection energy corresponding to the dark exciton XD emission
(1.67 eV); the bottom and top axis corresponds to the laser
energy and the energy difference between the laser and the
dark exciton energy (Elaser−EXD ) respectively.The full blue
line is the result of the fit and the model presented in Sec. IV.
The parameters are given in Tab. I

.

A. Electron spin-flip process and bright-dark
exciton relaxation

Let us first analyze from the symmetry standpoint the
microscopic mechanism of the intra-valley electron spin
relaxation which leads to the bright-dark exciton relax-
ation and present its qualitative picture. In the simple
single particle band structure displayed in Fig. 1(a), it is
usually assumed that the top (bottom) conduction band
is described by pure spin ↑ (↓) state, respectively, for the
K+ valley. This is an oversimplified picture: It was shown
that the spin-orbit induced coupling with higher energy
bands yields a spin mixing. Within a simple model ac-
counting for the lowest orbital conduction band (even at
the monolayer plane reflection) and first excited conduc-
tion band (odd at the mirror reflection), the eigenstate
for the bottom CB writes [44, 47]:

|CB ↓⟩ = β
(X + iY)√

2
↓ + αZ ↑, (2a)

where (X + iY)/
√
2 is the orbital Bloch function of the

bottom conduction band at the K+ valley, Z is the or-
bital Bloch function of the excited conduction band in
the same valley, ↑ and ↓ describe the basic spinors, and
α and β are coefficients with |α|2+ |β|2 = 1. At the same
time, for the top conduction band the eigenfunction reads

|CB ↑⟩ = (X + iY)√
2

↑, (2b)

with no admixture of the Z ↓ state. Such an asymmetry
follows from the fact that the states |CB ↓⟩ and |CB ↑⟩
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are not related by the time-reversal symmetry: Their
Kramers-conjugate (time-reversal-related) counterparts
belong to the opposite valley K−.

Density functional theory (DFT) calculations per-
formed at the GW level show that |α|2 ≈ 0.02 and β ≈ 1,
with a weak dependence as a function of the wavevector
within the relevant exciton dispersion range [44]. This
value is consistent with estimates based on the tight-
binding model presented in Ref. [58]. Thanks to the
non-zero α value, electrons in the top conduction band
with majority spin ↑ could relax to the bottom CB with
majority spin ↓ following a spin-conserving phonon scat-
tering. The corresponding spin-flip process is close to
the well-known Elliott-Yafet mechanism [18]. However,
note that in contrast to other semiconductors such as
GaAs, there is no Van Vleck cancellation here, since the
admixture for the top and bottom CB is different [59],
compare the wavefunctions in Eqs. (2). This is because
the top and bottom conduction band in a given valley
are not related by the time reversal symmetry, as men-
tionned above the latter symmetry operation involves the
change of the valley. It makes intra-valley spin relaxation
in TMD semiconductors very unique.

Now we discuss the phonon that allows the transition
between the state (2a) and (2b). From symmetry con-
siderations, it turns out that this scattering is allowed
for the chiral Γ5 phonon [30]: Indeed, the initial and fi-
nal states differ in angular momentum component by 1,
hence, the phonon should transform as in-plane compo-
nents of a magnetic field. Assuming that electron-phonon
interaction conserves spin (we disregard the spin-orbit
contributions in the electron-phonon interaction matrix
elements), the Γ5 assisted phonon scattering time from
the top to the bottom CB takes the form:

1

τs
=

2π

ℏ
∑
k′

|MΓ5 |2δ[ϵK↓(k)−ϵK↑(k
′)−ℏΩ5] =

α2

τΓ5

. (3)

Here ϵK↑,↓(k) are the corresponding electron dispersions
with k being the electron wavevector in the initial state
and the summation is carried out over all possible mo-
menta of the final state, τΓ5

the characteristic time of
phonon emission:

1

τΓ5

=
m

2πℏ2
|DΓ5

|2 (4)

where m is the electron effective mass and DΓ5
the cor-

responding electron-phonon coupling constant: MΓ5
=

αDΓ5
. According to the estimates of the matrix elements

presented in Sec. IV C τs ∼ 10 ps.

B. Calculation of the PLE spectra

We consider the photoluminescence excitation effect
where the emission of the dark exciton XD is detected
following laser excitation with energy E > EXD . We
consider the following formation path of the dark exciton:

virtual creation of the bright exciton X0 (with zero in-
plane wavevector) subsequent emission of the Γ5 phonon
with energy ℏΩ5 (its dispersion is neglected) followed by
relaxation of XD towards its ground state where it emits
a photon. Theoretically, the complexity of the problem
is related to the fact that in the relevant energy range
the bright exciton is in the virtual state and the kinetic
equation is not directly applicable.

In the time-integrated PLE, the observed signal is pro-
portional to the rate of the dark exciton generation rate
WD. Namely,

IPLE = PWD, (5)

where the factor P accounts for the interplay of the ra-
diative and non-radiative recombination channels as well
as the energy relaxation. The rate WD can be written
as [60]

WD =
2π

ℏ
∑
k

|M (2)|2δ(E − EXD
k
− ℏΩ5), (6)

where E ≡ Elaser is the laser energy k is the dark exci-
ton in-plane wavevector, EXD

k
is the dark exciton disper-

sion, and M (2) is the corresponding matrix element that
should be calculated taking into account both exciton-
photon and exciton-phonon interaction.

For EX0 − E ≫ Γ, where EX0 is the bright exciton
energy, E ≡ ℏω is the incident photon energy, and Γ is
the broadening of the X0 state, M (2) can be evaluated
with the second-order perturbation theory yielding,

M (2) =
MΓ5

Mopt
X0

E − EX0

. (7)

Here Mopt
X0 is the matrix element of the transition with

formation of the bright exciton, MΓ5 is the matrix el-
ement of the phonon-assisted conversion X0 → XD.
Strictly speaking, MΓ5

for excitons in Eq. (7) differs from
that for electrons, Eq. (3) by a form-factor depending on
the shape of exciton envelope functions. For relevant
wavevectors the form-factor is close to unity and omitted
hereafter. Since the phonon-induced transition is allowed
at k = 0 we can neglect the wavevector dependence of
the matrix element for simplicity. The summation over
k gives the dark exciton density of states which is a con-
stant function of energy in the parabolic approximation
for the exciton dispersion. As a result, the PLE intensity
is given by

IPLE = PWD =
2P

ℏ
|Mopt

X0 |2

(E − EX0)2
γ(E), (8)

where

γ(E) = γ5θ(E − EXD
− ℏΩ5), (9)

γ5 = πDD|MΓ5
|2,
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is the scattering rate related to the Γ5 phonon emission.
Here θ(x) = 1 for x > 0 and 0 for x < 0 is the Heaviside
θ-function, mXD is the translational mass of the dark
exciton, hence, EXD,k = EXD+ℏ2k2/(2mXD ), and DD =
mXD/(2πℏ2) is the density of states of the dark exciton.
The dependence given by Eq. (8) corresponds to the onset
of the absorption tail of the X0 state.

Equation (8) describes the simplest possible process
with a single phonon scattering. Naturally, it is valid for
large detunings only. Following Refs. [60–62] we extend
this expression to allow for arbitrary detunings taking
into account other scattering contributions in addition
to Γ5 phonons. First, we consider the ML alone; the
multiple layers corresponding to the real sample will be
considered in Sec. IVC. The self-energy of the bright ex-
citon outside the light-cone can be written in the form

Σ(E) = −i [γ(E) + δγ(E)] , (10)

where δγ(E) takes into account all remaining relaxation
channels, see below. In Eq. (10) we consider only the
imaginary part of the self-energy, its real part is included
in the exciton transition energy. The δγ(E) can be ex-
pressed as a sum of two contributions

δγ(E) = γ′(E) + γe(E), (11)

which include
1. The conversion of bright excitons into indirect in-

tervalley exciton I0

γ′(E) = γ3θ(E−EX′−ℏΩ3)+γ2θ(E−EX′−ℏΩ2), (12)

with the symmetry allowed (K3) and symmetry forbid-
den (K2) phonons [29, 30, 63] (EI0 is the indirect exciton
energy, ℏΩ2,3 are the corresponding phonon energies),
and

2. The elastic or quasielastic scattering of bright exci-
tons by static defects and acoustic phonons

γe(E) = γscθ(E − EX0). (13)

Hereafter we consider low temperatures where the
phonon absorption processes can be disregarded. For the
same reason, we consider only spontaneous phonon emis-
sion in Eqs. (3) and (7).

Typical scattering pathway includes arbitrary number
of elastic or quasi-elastic scatterings of the photoexcited
bright exciton and emission of the single Γ5 phonon that
transfers the bright exciton to a dark branch. The addi-
tional scattering between the indirect and dark excitons
is neglected here for simplicity. As a result,

WD =
2π

ℏ
∑
k

|MΓ5
Mopt

X0 |2

(E − EX0)2 + [γ(E) + δγ(E) + Γrad]
2

γ(E) + δγ(E)

γ(E) + δγ(E)− γe(E)
δ(E − EXD

k
− ℏΩ)

=
2

ℏ
|Mopt

X0 |2

(E − EX0)2 + [γ(E) + δγ(E) + Γrad]
2

γ(E) + δγ(E)

γ(E) + δγ(E)− γe(E)
γ(E). (14)

Here, as before, Γrad is the exciton radiative decay rate
and the factor

γ(E) + δγ(E)

γ(E) + δγ(E)− γe(E)
=

1

1− γe(E)
γ(E)+δγ(E)

(15)

accounts for multiple elastic (or quasielastic) scattering
processes (we assume that the probability of an interme-
diate state to be in the light cone is negligible). Finally,
the PLE intensity can be presented as:

IPLE =
2P

ℏ
γ(E)

γ(E) + γ′(E)

×
|Mopt

X0 |2[γ(E) + δγ(E)]

(E − EX0)2 + [γ(E) + δγ(E) + Γrad]
2 . (16)

Equation (16) can be transformed to another form that
highlights its physical meaning by introducing the ab-
sorption coefficient of the monolayer as

A(E) =
2Γrad[γ(E) + δγ(E)]

(E − EX0)2 + [Γrad + γ(E) + δγ(E)]2
. (17)

The PLE intensity can be written in the following simple
form:

IPLE =
I

E
× P ×A(E)

γ(E)

γ(E) + γ′(E)
. (18)

Here I is the incident laser intensity (I/E is the flux den-
sity of incident photons). In Eq. (18) the factor A(E)
gives the probability for the incident photon to be ab-
sorbed and the factor γ(E)/[γ(E) + γ′(E)] accounts for
the fact that only excitons scattered by the Γ5 phonons
arrive at the dark state and emit light.

C. PLE spectra of the van der Waals
heterostructure

In a van der Waals heterostructure the situation is
more involved owing to the presence of multiple reflec-
tions of light from the interfaces. As a result, absorption
spectra (and, correspondingly, the photoluminescence ex-
citation spectra) differ from simple Eq. (17). To take
these effects into account we, first, evaluate the exciton
self-energy due to the coupling with γ5 phonons and other
scattering mechanisms as Eqs. (10) – (13). We use it to
determine the monolayer reflectivity:

rML = − iΓrad

E − EX0 − Σ(E) + iΓrad

= − iΓrad

E − EX0 + i[Γrad + γ(E) + δγ(E)]
. (19)

This reflection coefficient together with the transmis-
sion coefficient tML = 1 + rML is used to construct
the monolayer transfer matrix which, in turn, is sub-
stituted to the transfer matrix of the van der Waals
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heterostructure: “top hBN/ML/bottom hBN/SiO2/Si”
following Refs. [46–48]. This transfer matrix allows
us to calculate the absorption AvdW(E) and reflection
spectra of the structure. In actual fit the θ-function
in Eq. (13) was slightly broadened replacing θ(x) by
1/2+arctan[x/(Γ0+Γnr)] to avoid unphysical spike in the
reflectivity. The photoluminescence excitation spectra is
given by analogy with Eq. (18)

IPLE,vdW =
I

E
× P ×AvdW(E)

γ(E)

γ(E) + γ′(E)
. (20)

Equation (20) is used to plot the blue curve in Fig. 3.
As many parameters are involved, we use the following

procedure to fit the PLE spectrum (see Tab. I for the
complete list of parameters):

1. The radiative and non-radiative broadening of
the bright exciton are extracted from the measured
reflectivity spectrum (see Fig. 1(c)): Γrad = 1.5 meV
and Γnr = 0.8 meV.

2. We use the calculated broadening γ3 induced by
the intervalley phonon K3:

γ3 = πDD|MK3
|2, (21)

where we assumed that the density of states of the inter-
valley exciton and of the dark exciton is the same. We
use the following expressions [63]

MK3
=

√
ℏ

2ρΩ3
D3, (22)

where D3 ≈ 108 eV/cm is the corresponding interaction
constant [cf. Ref. [56]], ρ = 6×10−7 gm/cm2 is the mass
density [60], ℏΩ3 = 26 meV is the K3 phonon energy,
and mD = 0.76m0 is the dark exciton effective mass.
This yields γ3 = 0.11 meV. Note that this estimate is
somewhat smaller than the one reported in Ref. [64].
However, the calculated phonon-induced broadening in

Table I. Parameters used in the modelling of Figs. 3 and 4.

Parameter Value
Bright exciton energy EX0 1.7100 eV
Dark exciton energy EXD 1.6700 eV

Indirect exciton energy EX′ 1.6800 eV
Γ2 phonon energy ℏΩ2 13 meV
Γ3 phonon energy ℏΩ3 26 meV
Γ5 phonon energy ℏΩ3 22 meV

Γ2 phonon scattering rate γ2 0 meV
Γ3 phonon scattering rate γ2 0.11 meV
Γ5 phonon scattering rate γ2 0.08 meV

Quasielastic scattering rate γsc 0.61 meV
Non-radiative decay rate Γnr 0.8 meV

Radiative decay rate Γrad 1.5 meV

Ref. [64] would yield a PL linewidth 3 times larger than
the experimental one measured in Fig. 1(c).

3. We neglected the broadening due to K2 symmetry-
forbidden phonons: γ2 = 0. Indeed the measurements
show that the K2 phonon replica of exciton complexes
are much weaker compared to the ones involving K3

phonons [29, 45].
4. Finally, we fit the dark exciton PLE spectrum to

find the optimal value of the Γ5 phonon scattering rate
using γsc in Eq. (13) such that the total non-radiative
broadening is fixed to be Γnr extracted from the experi-
ment:

Γnr = γsc + γ2 + γ3 + γ5.

We find γ5 = 0.08 meV and γsc = 0.61 meV, see the
full line in Fig. 3. This corresponds to a spin-relaxation
time due to the Γ5 chiral phonon of τs ∼ 8 ps. The
corresponding matrix element for the exciton Γ5 phonon
interaction can be then evaluated as

D5 = D3 ×
√

Ω5

Ω3
×
√

γ5
γ3

≈ 9.6× 107 eV/cm, (23)

giving a value close to the calculated D3 value. Taking
into account the fraction |α|2 = 2% of the Z ↑ state
admixture in the bottom conduction band, we can eval-
uate the spin conserving matrix element between the
Z ↑ and (X + Y) ↑ /

√
2 conduction band states as

Dzxy
5 ≈ 6.8 × 108 eV/cm which is in the range of cal-

culated values [56, 65]. Interestingly, the spin relaxation
time τs ∼ 8 ps we find here is perfectly consistent with the
measured decay time of the negative triplet trion ( also
governed by the intra-valley spin relaxation process) [45].

To demonstrate the respective contribution of the dif-
ferent parameters to the PLE spectra we show in Fig. 4
the calculated PLE for three cases: γ3 = γ5 = 0 [panel
(a)], γ3 = 0, γ5 = 0.08 meV [panel (b)], and γ3 =
0.11 meV, γ5 = 0.08 meV [panel (c)]. One can clearly
see that inclusion of both Γ3 and Γ5 phonon scattering
processes allows to reproduce the experimental data.

D. Calculation of the dark exciton PL dynamics

To provide a physical picture of the TRPL dynamics
measured in Fig. 2(c), we analyze the exciton dynamics
within the kinetic equation framework and consider the
occupancies of the bright excitons with small in-plane
momenta NB (created by light), dark excitons with large
momenta (outside the light cone) N ′

D, and radiative dark
excitons ND. They obey a set of equations in the form

dNB

dt
+ 2(ΓB + γ)NB = G(t), (24a)

dN ′
D

dt
+

N ′
D

τϵ
= 2γNB , (24b)

dND

dt
+

ND

τD
=

N ′
D

τϵ
. (24c)
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Figure 4. Calculated photoluminescence excitation spec-
trum detected at the dark exciton XD for different values
of phonon scattering rates: (a) γ3 = γ5 = 0, (b) γ3 = 0 and
γ5 = 0.08 meV, (c) γ3 = 0.11 meV and γ5 = 0.08 meV. All
remaining parameters are fixed, see text and Tab. I. Points
show experimental data.

.

Here G(t) is the bright exciton generation rate, and the
remaining notations are as above: γ is the Γ5-phonon
assisted damping of the bright exciton (to the dark one)
corresponding to the chiral phonon spin relaxation time,
ΓB includes both the radiative decay and all other scat-
tering processes of the bright exciton, τϵ is the energy re-
laxation time of the dark exciton and τD is the (long) de-
cay time of dark exciton. We assume that τ−1

D ≪ τ−1
ϵ ≪

ΓB + γ ≪ τ−1
p where τp is the laser pulse duration.

The solutions of the set of Eqs. (24) can be recast as
[with N0 being the initial density of bright excitons N0 =

∫∞
−∞ G(t)dt]

NB(t) = N0e
−2(ΓB+γ)t, (25a)

N ′
D(t) = 2γ

∫ t

0

exp

(
t′ − t

τϵ

)
NB(t

′)dt′ (25b)

= N0
2γτϵ

2(ΓB + γ)τϵ − 1

[
e−t/τϵ − e−2(ΓB+γ)t

]
,

ND(t) =
1

τϵ

∫ t

0

exp

(
t′ − t

τD

)
N ′

D(t′)dt′. (25c)

As a result,

ND(t) ≈ N0
2γτϵ

2(ΓB + γ)τϵ − 1

[
e−t/τD − e−t/τϵ

]
+N0

γ/(ΓB + γ)

2(ΓB + γ)τϵ − 1
[e−2(ΓB+γ)t − e−t/τD ]. (26)

In Eq. (25a) we neglected the fast laser rise on the
timescale of τ−1

p . The population of dark excitons with
large wavevectors N ′

D rises on the timescale ∼ (ΓB+γ)−1.
The dynamics of dark exciton population ND is more in-
volved but generally it rises on the timescale ∼ τϵ and
decays on the timescale ∼ τD. Note that in our condi-
tions τϵ ≫ (ΓB+γ)−1 the second term in Eq. (26) is small
as compared to the first term and as a consequence,

ND(t) ≈ N0
γ

ΓB + γ

[
e−t/τD − e−t/τϵ

]
. (27)

so, the dynamics is mainly controlled by the energy re-
laxation time τϵ and the lifetime τD of the dark exciton.
This is exactly the behavior of the dark exciton emission
intensity presented in Fig. 2(c,d). This analysis confirms
that it is hardly possible to get a quantitative estimate of
the spin relaxation time induced by the chiral phonons
from the measurement of the PL dynamics as the one
presented in Fig. 2(c) because its rise is controlled by the
energy relaxation time.

V. CONCLUSION

By a combined experimental-theoretical study, we have
shown that the spin relaxation of an electron in a TMD
monolayer can occur efficiently without a change of val-
ley. One of the important consequences is the fast bright-
dark exciton transfer as a result of the relaxation from
top to bottom conduction band states with opposite
spins. We estimate the intra-valley electron spin relax-
ation time to be ∼ 10 ps in WSe2 monolayer. Despite
some similarities with the well known Elliot-Yafet spin
relaxation mechanism, we demonstrate that this intra-
valley spin flip process in TMD semiconductors is very
unique. These results, which go beyond the simple ap-
proach based on the spin-valley locking effect, show the
importance of the effects related to spin-orbit mixing and
to the relaxation induced by chiral phonons in atomically
thin crystals.
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