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The interplay of the nonequivalent corners in the Brillouin zone of transition metal dichalcogenides
(TMDCs) has been investigated extensively. While experimental and theoretical works contributed to a
detailed understanding of the relaxation of selective optical excitations and the related relaxation rates, only
limited microscopic descriptions of stationary experiments are available so far. Here we present
microscopic calculations for the nonequilibrium steady state properties of excitons during continuous
wave pumping exemplary for monolayer MoSe2. We find sharp features in photoluminescence excitation
spectra and degree of polarization which result from phonon assisted excitonic transitions dominating over
exciton recombination and intervalley exchange coupling.
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Introduction.—Tightly bound excitons and strong exciton
interactions in transition metal dichalcogenides have stimu-
lated research over the past years [1–4]. Optically address-
able excitons are located at the nonequivalent K=K0 valleys
in the hexagonal Brillouin zone, which can be excited with
light of opposite circular polarization. The valley lifetime of
selectively excited valley excitons is typically measured via
pump probe experiments [1,5–9], time resolved lumines-
cence experiments [10], or stationary luminescence [10–17].
Intervalley exchange coupling has been shown to
mediate the relaxation between the valleys after optical
excitation [18–20]. However, in the presence of energeti-
cally low lying momentum-indirect exciton states [21,22],
the intervalley exchange coupling is suppressed [23],
such that other spin relaxation mechanisms as Dyakonov-
Perel [24,25] or Elliott-Yafet [9,25,26] gain importance.
Such energetically low lying momentum-indirect states,
such as ðK;ΛÞ excitons in WSe2 [22,27,28], are present
in many TMDCmaterials. In contrast, MoSe2 is considered
as a candidatewhere momentum-indirect states are of minor
importance and intervalley relaxation is governed through
exchange coupling.While the ultrafast temporal behavior of
optical excitations including the calculation of the different
scatterings is well understood in MoSe2 and also other
materials, so far no theoretical studies have focused on the
understanding of stationary experiments. As one candidate,
stationary photoluminescence excitation (PLE) experiments
are carried out to study the relaxation pathways of optical
excitations. Here, several studies reported on the emergence
of phonon replica which appear at excitation energies above
the A exciton transition [29–31].

In this Letter we present a microscopic investigation of
the interplay of exchange coupling and exciton-phonon
interaction in monolayer MoSe2 in stationary experiments
under circular polarized continuous wave (cw) laser exci-
tation. We take the detuning Δ of the laser frequency
located above the A exciton transition into account and
explicitly evaluate its influence on the PLE and the degree
of polarization (DoP) of the emitted light. Both the PLE and
the DoP as a function of the detuning exhibit distinct
features which can be traced back to phonon assisted
excitonic transitions. Depending on the range of the
detuning Δ, we identify different microscopic processes
which lead to the formation of specific spectral PLE
features. (i) For increasing, but small detuning of few
meV, the DoP decreases due to increasing off resonance. At
larger detunings above 30 meV, phonon assisted transitions
lead to an enhanced DoP, namely due to (ii) intravalley
optical phonon emission processes, (iii) two Λ=M phonon
emission processes, being assisted via virtual transitions at
high energy excitonic valleys, and (iv) the stepwise
relaxation due to two intravalley optical phonon emission
processes. The calculated peaks in the PLE agree with
recently reported measurements [29].
All in all, as the microscopic origin for these observa-

tions we identify the complex interplay of hot exciton
formation via nonresonant cw excitation, intervalley
exchange coupling, exciton-phonon scattering, and decay
of excitons which contribute to the formation of a non-
equilibrium steady state (NESS). The interplay of the
individual contributions determining the PLE is illustrated
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in detail in Fig. 1. First, cf. Fig. 1(a), the excitonic coherence
P is excited with a σþ polarized cw light pulse with a certain
detuning Δ from the A exciton transition in the ðK↑; K↑Þ
valley. The excitonic coherence decays via radiative decay
[27,32], but more importantly through exciton-phonon
interaction [27,33], cf. Fig. 1(b). The latter accounts for
the formation of a hot incoherent exciton occupation in
direct, as well as momentum-indirect ðK↑; K0↑Þ exciton
states. In the course of the formation of photoluminescence,
two competing processes occur: the direct relaxation of
excitons due to exciton-phonon scattering into the light cone
of the pumped valley where σþ polarized photons are
emitted, cf. Fig. 1(c), or the subsequent exchange coupling
and phonon mediated relaxation to the light cone of the
unpumped valleywhere σ− photons are emitted, cf. Fig. 1(d).
The different efficiencies of the latter relaxation mechanisms
determines the ratio of the intensity of σþ and σ− polarized
light and thus the DoP. While all processes appear simulta-
neously, the resulting exciton distribution is in a NESS,
which in general depends on the phonon temperature, the
detuningof the exciting light fieldΔ, aswell as on thegeneral
lifetime of the excitons.
Theory.—To study the nonequilibrium steady states of

excitons we start with the parametrization of the excitonic
Hamiltonian [34] building on density-functional theory
(DFT) calculations [35–37]. The Hamiltonian as well as
all input parameters are summarized in Ref. [23] in
Tables IV–IX. The next step is to calculate the equations
of motion for the excitonic coherence PξhξeðtÞ and inco-
herent exciton occupation Nξhξe

K ðtÞ with the compound
valley spin of holes and electrons ξh=e ¼ ðih=e; sh=eÞ with
valley ih=e and spin sh=e of the carriers and Fourier
component of the center of mass motion K. We take into
consideration the exciton-light, exciton-phonon, and inter-
valley exchange coupling. From this we derive the Bloch
equation for coupled excitonic coherence and the
Boltzmann equation for the different incoherent exciton
occupations [20,22,38], cf. Supplemental Material Sec. I
[39]. While our microscopic evaluation reveals a radiative

lifetime of excitons in the order of hundreds of picoseconds
[22], we include an additional decay τ−1dark to our equations
of motion, which can be attributed to dark recombination
processes, e.g., exciton-exciton annihilation [54,55]. For
our investigation we excite the excitonic coherence with a
cw light field which is detuned from the excitonic energy
by the detuningΔ. We explicitly evaluate the steady state of
the exciton occupation and calculate the polarization-
resolved stationary photoluminescence with polarization
σ ¼ σþ; σ− [38,56], which reads

IσðΔÞ ∝ 2π

ℏ

X

K;Kz;ξ

jdξσK j2Nξξ
KðΔ; t → ∞ÞδðΔEξσ

K;Kz
Þ; ð1Þ

with the dipole moment dξσK . The appearing delta function
ensures the energy and momentum conservation during the
radiative recombination. The emission depends on the
amount of excitons Nξξ

K which are located in the radiative
window (determined via the delta function), ΔEξσ

K;Kz
¼

Eξξ
K − ℏΩσ

K;Kz
, with the exciton dispersion Eξξ

K and the
photon dispersion ℏΩσ

K;Kz
with the three-dimensional pho-

ton wave vector ðK; KzÞ. Note that the stationary lumines-
cence depends via the occupation Nξξ

K on the laser detuning
via the exciton formation process, Sec. I in the Supplemental
Material [39], and thus we write this dependence explicitly.
For the following, we numerically evaluate the exciton

dynamics and the polarization-resolved photoluminescence
for the material MoSe2 on a quartz substrate. However, we
have carefully checked that the described effects do not
change qualitatively if we use different dielectric constants
of the environment. If not stated differently, we use a lattice
temperature of 7 K and an exciton lifetime τdark of 5 ps. We
take exciton-phonon coupling with the optical TO and the
acoustic LA mode into account, cf. the detailed discussion
in the Supplemental Material, Sec. IV [39].
Photoluminescence excitation spectrum.—Before study-

ing the polarization resolved spectra, we start our

FIG. 1. Schematic illustration of the competing processes. (a) An excitonic coherence is nonresonantly pumped by the continuous
wave light. (b) Exciton-phonon scattering mediates the formation of an incoherent occupation of exciton states. Here, optical Γ phonon
scattering (pink arrow), acoustic Γ phonon scattering (brown arrow), and intervalley phonon scattering (red arrow) contribute.
(c) Exciton-phonon scattering mediates the thermalization and population of states within the radiative cone (blue shaded area), leading
to emission of σþ polarized light ðσþ Em.Þ. (d) For the population of the σ− radiative cone (red shaded area), a stepwise process is
required: (i) Intervalley exchange coupling (yellow arrow) has to generate ↓ excitons and (ii) subsequent exciton phonon scattering
populates the radiative cone, leading to emission of σ− polarized light ðσ− Em.Þ.
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investigation with the PLE spectrum in the nonequilibrium
steady state as a function of the laser detuning Δ:

PLEðΔÞ ¼ ½IσþðΔÞ þ Iσ−ðΔÞ�: ð2Þ

For long integration times in the experiment (more than
nanoseconds), this measure is equivalent to the time
integrated photoluminescence intensity.
The PLE measures how many radiatively active excita-

tions are generated after excitation with a particular laser
detuning Δ from the excitonic A transition. In Fig. 2(a) we
illustrate an exemplary PLE spectrum as a function of the
laser detuningΔ. First of all, we find a general decrease of the
PLE due to the detuned excitation of the excitonic transition,
cf. Supplemental Material Sec. I [39]. However, for detun-
ings larger than 36 meV, we find a sharp increase of the PLE
that can be traced back to efficient excitonic relaxation
pathways, which are assisted by the emission of optical
intravalley ΓTO at 36 meV [36] and a slight contribution of
acoustic intervalley KLA phonons at 40 meV. Similarly, at
energies above 72 meV, sharp features are observed due to
the stepwise relaxation of excitons under the emission of two
optical intravalley Γ phonons with exciton states in the
ðK↑; K↑Þ and ðK0↓; K0↓Þ valleys as intermediate states. The
intermediate spectral region is structureless.Here, incoherent
excitons are formed through emission of one optical intra-
valley Γ phonon and the subsequent exciton relaxation is
driven from acoustic intravalley ΓLA phonon scattering into
the radiative cone. Since zone-edge acoustic phonons have a
broad density of states, the corresponding feature in the PLE
does not show any significant structure.
Additionally, we find a slight impact of two-phonon

processes where two acoustic intervalley M phonons are

emitted with virtual exciton states at the ðK↑;Λ0↑Þ and
ðK0↓;Λ↓Þ as intermediate states. We find a rather broad
band of the two phonon processes via virtual states, since
different pathways contribute: We consider contributions
from the intervalley MLA mode (19.7 meV) and the MTO
mode (35.8meV). Each combination of the latter phonons is
involved in the α, α0 summation in Eq. (S28), Supplemental
Material Sec. II [39]. As a result, the two-phonon band
begins at the energy of two intervalley MLA phonons
(39.4 meV) and ends at the energy of two intervalley
MTO phonons (71.6 meV). We find the most prominent
contribution in the region of 50–60 meV, which originates
from the two-phonon scattering involving one acoustic and
one optical phonon. In this region, two-phonon processes
are enhanced in comparison to the two-acoustic phonon
region (32.8–39.4 meV) for combinatorial reasons.
Comparing our calculation with recent experimental

results from Ref. [29] we find a relatively good agreement.
The experiment exhibits a double peak at 36 and 40 meV
which is reproduced by a broad resonance observed in
theory. Our microscopic analysis reveals contributions from
TO phonons at 36 meV and two LA phonon emission
processes at 40 meV. The experiment further exhibits a
strong peak at 54 meV. Despite the fact that our theory also
predicts a resonance at 54 meV via combined TO-LA
intervalley two-phonon processes, it is obvious that the
experimentally observed magnitude is not reproduced. A
possible reason is that we disregard virtual three-phonon
transitions due to the computational complexity, which
could contribute in this spectral region. Lastly, the experi-
ment shows a resonance at 72 meV which is identified as
the stepwise relaxation of two intravalley ΓTO phonons
and is well captured by our calculation. See Sec. IV in the
Supplemental Material [39] for a more detailed discussion.
Figure 2(b) illustrates the PLE spectrum at an exciton

lifetime of τdark ¼ 5 ps at selected lattice temperatures of
T lattice ¼ 7–77 K. We find that for increasing lattice temper-
ature, two main effects can be observed. (i) The region at
small detunings as well as all peaks which originate from
phonon-induced excitonic transitions are significantly broad-
ened. This can be traced back to the enhanced exciton-
phonon scattering at elevated lattice temperatures, which
results in a broadening of the absorption [22,27,40] and thus
a broadening of the lines in the PLE. (ii) We find a general
decrease of the PLE as a function of the lattice temperature:
An increasing temperature results in hotter excitons.
Consequently, less excitons occupy the bright state relevant
for the photoluminescence, which reduces the PLE.
However, we find that the ratio between phonon-induced
peaks and PLE at Δ ¼ 0 meV increases as a function of
temperature due to more efficient exciton-optical phonon
scattering at larger temperatures.
Degree of polarization.—The DoP of the emitted light

defines the polarization contrast as a function of the laser
detuning Δ; it is defined as

FIG. 2. Photoluminescence excitation spectrum at 7K. (a) Com-
parison of the PLE for an exciton lifetime of 5 ps to the
experimental data from Ref. [29]. The inset shows a magnifica-
tion of the spectral region between 25 and 80 meV. (b) Spectra for
an exciton lifetime of 5 ps at different lattice temperatures of 7,
20, 40, and 77 K.
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DoPðΔÞ ¼ IσþðΔÞ − Iσ−ðΔÞ
IσþðΔÞ þ Iσ−ðΔÞ : ð3Þ

Figure 3 illustrates the DoP in MoSe2 as a function of
laser detuning at a temperature of 7 K and an exciton
lifetime of τdark ¼ 5 ps. We find several features which
originate from the complex interplay of exciton-phonon
scattering, intervalley exchange coupling, and radiative
recombination. (i) For increasing, but small detuning, we
find that the DoP decreases, which originates from the
simultaneously increasing exchange coupling element, and
thus polarization mixing as a function of the center of mass
momentum (and kinetic energy) occurs. (ii) At energies
above 30 meV, we find sharp features in the DoP which can
be traced back to phonon-induced transitions, which
favor the relaxation into the light cone in the pumped
valley, cf. Fig. 1(c), over the stepwise relaxation into
the unpumped valley via exchange and subsequent
phonon emission, cf. Fig. 1(d). We identify the same
phonon transitions as for the discussion of the PLE,
cf. Fig. 2(a).
In Fig. 3(a) we show the steady state DoP in MoSe2 at

T lattice ¼ 7 K for different exciton lifetimes τdark. We find
that with decreasing lifetime, the DoP increases over the
whole spectral range. This can be understood from the fact
that the continuous pumping of excitons results in the
formation of a NESS where the overall decay of the
excitons significantly influences the steady state distribu-
tion. The inclusion of a short exciton lifetime in comparison
to the intervalley exchange coupling prevents the excitons
from coupling to the other valley relevant for σ− emission
resulting in a significant DoP. The observed order
of magnitude ranges from less than 0.01 for only

incorporating the radiative decay to approximately 0.12
for an exciton lifetime of 5 ps.
Figure 3(b) illustrates the DoP as a function of

laser detuning from the A exciton at an exciton lifetime
of 5 ps but for varying lattice temperaturesT lattice ¼ 7–77 K.
At all temperatures, we find a similar qualitative behavior of
the DoP, including a decrease of the DoP at small
detunings, and an increased DoP at certain energies which
can be related to optical Γ phonon-induced transitions.
Additionally, we find a broadening of all involved lines
with increasing temperature, due to more intense exciton-
phonon interaction.
Effective excitonic temperatures.—To determine the

effective exciton temperatures of the NESS during cw
pumping, we perform a Boltzmann fitting of the excitonic
steady state distributions for different exciton lifetimes τdark
and laser detuning Δ. The steady state distributions are
discussed in the Supplemental Material, Sec. VI [39].
In Fig. 4 we show the effective temperature of the

excitons at a lattice temperature of T lattice ¼ 7 K for differ-
ent exciton lifetimes τdark. To obtain more insight, we also
show the effective exciton temperature for pulsed excita-
tion. The temperature is determined in the time window
when the exciton occupation was already in quasiequili-
brium due to exciton-phonon scattering but yet not decayed
due to radiative and nonradiative recombination. First we
find a general increase of the effective temperature as the
lifetime decreases: excitons with short lifetimes do not have
enough time to thermalize before they recombine (dark),
and therefore the exciton distribution stays “hot.” If only
radiative recombination is taken into account, we find that
the effective temperature is only slightly larger compared to
the pulsed excitation. We further find an overall increasing
effective temperature as a function of detuning, due to more
excess energy in the system. However, this increasing trend
is interrupted at 30 and 36 meV and in the region above
60 meV, since for this excitation energy, the generated
excitons can swiftly relax via the emission of optical
phonons, leading to a cooling of the excitons effectively.
The overall observation of a larger exciton temperature

FIG. 3. Steady state degree of polarization in MoSe2 as a
function of detuning Δ (a) at a lattice temperature T lattice ¼ 7 K
for different exciton lifetimes and (b) for a fixed exciton lifetime
τdark ¼ 5 ps at different lattice temperatures.

FIG. 4. Effective temperatures. Extracted effective exciton
temperature at a lattice temperature of T lattice ¼ 7 K in the steady
state as a function of the laser detuning for different exciton
lifetimes.
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above the lattice temperature in cw experiments is con-
sistent with a recent study of phonon sidebands in photo-
luminescence, where also an exciton temperature above the
lattice temperature had to be assumed to match experi-
mental and theoretical results [57].
Conclusion.—We presented microscopic calculations for

the nonequilibrium steady state in monolayer MoSe2
during continuous wave laser excitation. In agreement with
available experimental data, we revealed that phonon
mediated relaxation via emission of one optical Γ phonon
or two optical and acoustic zone-edge phonons causes the
appearance of pronounced phonon bands in the PLE.
Furthermore, the DoP as a function of the laser detuning
exhibits similar sidebands due to the domination of phonon
assisted relaxation over intervalley exchange coupling. Our
results further indicate that during cw pumping significant
heating of excitons up to 40 K can be achieved.
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