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Phonon-assisted photoluminescence (PL) in molybdenum-based two-dimensional dichalcogenides is typically
weak due to the dormant phonon coupling with optically inactive momentum-dark (intervalley) excitons, unlike
in tungsten-based dichalcogenides where such processes are more prominent. Despite this inefficiency, we
revisit excitons in MoS; using rigorous finite-momentum Bethe-Salpeter equation calculations to identify ways
to enhance phonon-assisted recombination channels. Our ab initio results, complemented by group-theoretic
analyses, reveal that while unstrained MoS, exhibits no phonon-assisted PL emissions at cryogenic temperatures
due to forbidden A” phonon modes, biaxial strain opens a pathway to significantly intensify this emission by
activating hole-phonon A’-mediated scattering channels. By calculating allowed exciton-phonon matrix elements
and scattering rates, we demonstrate how strain redistributes oscillator strengths toward radiative recombination.
These findings provide a promising route to improve the PL emission efficiency in various metal dichalcogenide
monolayers through strain engineering and offer valuable insights for further exploration of exciton-phonon

dynamics, including time-resolved spectroscopic studies.

DOLI: 10.1103/PhysRevB.111.205131

I. INTRODUCTION

Light emission in pristine semiconductors arises from the
radiative recombination of bound electron-hole pairs, known
as excitons. The nature of this emission—whether direct or
indirect—is dictated by the excitonic dispersion, analogous
to electronic band dispersion, particularly in relation to the
valley center I' in the excitonic Brillouin zone (BZ) [1].
Intravalley excitons form at the zero of the excitonic center-
of-mass momentum (Q = 0), which corresponds to the optical
dipole limit. In this case, a direct optical gap occurs if the
lowest-energy exciton is located at I', allowing efficient ra-
diative recombination without additional momentum transfer,
leading to intense direct photoluminescence (PL) [2]. In con-
trast, an indirect optical gap arises when the lowest exciton
state lies at a finite momentum (Q # 0), forming intervalley
excitons, whose recombination necessitates phonon-mediated
momentum transfer. While indirect processes are generally
less efficient due to multiparticle interactions and selection
rules, which suppress PL emission [3], bulk honeycomb (h)-
boron nitride (BN) defies this limitation. Despite its indirect
optical gap, exceptionally strong exciton-phonon coupling en-
ables intense ultraviolet PL [4], with an efficiency surpassing
even that of diamond [5].

Beyond bulk materials, high-quality two-dimensional (2D)
transition-metal dichalcogenides (TMDs) provide an ideal
platform to study spin-momentum-coupled exciton-light in-
teractions. These noncentrosymmetric crystals, with time-
reversal symmetry, feature two inequivalent valleys (K and
K') in the electronic BZ, where spin-valley locking governs
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exciton formation [see Fig. 1(a)] [6,7]. Circularly polarized
light with left or right handedness can selectively excite ex-
citons in these valleys, leading to valley polarization [8—17].
The relative spin alignment of conduction and valence band
edges at K and K’ in W-based (WS,, WSe;) and Mo-based
(MoS,, MoSe,) TMDs further imposes the selection crite-
rion on exciton formation. Intravalley (K-K) excitons are
bright if spin allowed (parallel spin) and dark if spin for-
bidden (antiparallel spin). In contrast, both spin-allowed and
spin-forbidden intervalley (K-K’) excitons are momentum
forbidden and thus optically dark [15,16,18-24]. Only bright
intravalley excitons undergo radiative recombination, result-
ing in strong direct PL [16,18,21-24]. A key distinction
exists between the ground-state excitons in W- and Mo-based
TMDs. In W-based compounds, both intra- and intervalley
ground-state excitons are degenerate and dark due to spin- and
momentum-forbidden transitions [16,25], with dark-bright
splittings of 40-50 meV [26]. In contrast, ab initio calcu-
lations predict that Mo-based TMDs host bright degenerate
intra- and intervalley excitons [15], whereas experiments sug-
gest a dark ground-state exciton with dark-bright splittings
ranging from 14 to 100 meV [19,27].

Excitons that are dark, either by being spin or momentum
forbidden, do not directly contribute to the PL, unless they are
intentionally activated. This has been shown for the energet-
ically lowest-lying dark intravalley spin-forbidden excitons.
These excitons were observed to undergo a dark to bright
transition in MoS, and MoSe, [27,28] by the spin-flipping
process in an external in-plane magnetic field, or due to ex-
change interaction [29] or by phonon assistance such as in
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FIG. 1. Top panel: (a) Spin-resolved GoW, corrected electron-energy dispersion in 1% biaxially tensile strained 2D h-MoS,. The
intravalley excitons (labeled as er) are at K and K’'. The intervalley excitons (ek, em, and €g) are, however, momentum forbidden. Only
the top valence band is considered for holes, signifying the ground-state exciton. The electron-phonon and hole-phonon scattering processes
responsible for PL. emissions are shown by fancy arrows. (b) Corresponding excitonic energy dispersion showing the lowest five excitons
along the BZ. The T point (Q = 0) corresponds to K or K’ in the electronic dispersion. The lowest five excitons at I in ascending order are
1 (labeled as er), 2, 3, 4, and 5 (the degenerate partner of the fifth exciton, i.e., the sixth exciton, is not shown here). The inset magnifies the
splitting of exciton energies at K. (c) Phonon dispersion exhibiting phonon energy modes along the BZ. The individual atomic contribution
is superimposed and shown by the color map. The dashed lines (ex and ey) in the shaded area represent the two different phonon-assisted
channels for exciton recombination in (a). Bottom panel (left to right): Excitonic probability distribution function and symmetry of the lowest
exciton [shown by red circles in (b)] at momenta M (em), I (er), Qr_k (eq), and K (ek).

WS, [30], leading to valley depolarization. The recombination
of momentum forbidden dark excitons at cryogenic tempera-
tures in MoSe, has been observed with varied outcomes. In
one instance, no phonon-assisted PL is reported, though there
is an asymmetry in the brightest direct PL signal toward higher
energies [31]. In other observations, strong exciton-phonon
(exc-ph) coupling appears, assisted by longitudinal acoustic
(LA) phonons at the M point (in the phonon BZ) [32] and A}
optical phonons at room temperature [33]. In contrast, WSe;
consistently shows valley depolarization effects due to intense
exc-ph scattering [31,34-39].

Although phonon-assisted PL emission has garnered sig-
nificant attention in 2D h-MoSe,, WS,, and WSe,, such a
detailed mechanism in 2D h-MoS, remains largely unex-
plored. Therefore, in this work, we revisit 2D h-MoS, for
a comprehensive understanding of phonon-assisted indirect
excitonic recombination. While MoS, direct emission around
room temperatures dominates at I' in the excitonic BZ due
to thermalization, we rather show using group-theoretic anal-
yses that the cryogenic emission due to the low-energy dark
excitons is forbidden by symmetry conditions. However, by
harnessing strain engineering, these dark excitons can be acti-
vated to couple with the intervalley phonon mode (A’) within

the M-K BZ route [see Fig. 1(c)], unlocking a pathway to en-
hanced indirect PL emission. We demonstrate these emissions
using biaxial strain in the range of —0.5% to +3%, achievable
under standard laboratory conditions [40]. We illustrate that
indirect PL emission at higher tensile strains in 2D MoS; is
dominated by hole-phonon processes [see Fig. 1(a)], where
the hole is scattered by a phonon from K to K/, resulting in a
recombination at K'. The PL intensity peaks sharply at +1%
strain, with a pronounced decline above and below this range
due to a reduction in exc-ph coupling across different modes.
These systematic findings can be useful as a textbook example
to reveal the symmetry-driven indirect PL in 2D TMDs. The
following discussions can also explain the nonmonotonic PL
response to biaxial strain recently observed in 2D WSe, [41].

II. COMPUTATIONAL DETAILS

We employ fully relativistic, norm-conserving pseudopo-
tentials [42] with core corrections for Mo (core: [Ca]; valence:
3d, 4p, 5s, and 4d) and S (core: [Ne]; valence: 3s and
3p). Ground-state and excited-state computations were per-
formed using the ab initio codes QUANTUM ESPRESSO [43] and
YAMBO [44], respectively. A total of 200 electronic states (26
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occupied, 174 unoccupied) was sufficient to converge quasi-
particle (QP) gaps, with a screening matrix cutoff of 20 Ry for
both QP energies and the Bethe-Salpeter (BS) equation. Con-
vergence tests (see Supplemental Material (SM) [45]) indicate
that an 18 x 18 x 1 grid with Coulomb cutoff techniques [46]
accurately reproduces excitonic energies within experimental
ranges. Electron-phonon matrix elements (including self-
energies [47] with Debye-Waller corrections [48]) and exc-ph
matrix elements were computed on a converged 120 x 120 x
1 transferred momenta fine grid. The implementation of
ab initio biaxial strain and subsequent discussion on the elec-
tronic, phonon, and exciton energies including a comparison
with reported experiments are summarized in Sec. I of the
SM [45]. In the following discussion, we focus on results at
4+1% biaxial strain and compare them to other strain condi-
tions as necessary.

III. RESULTS AND DISCUSSIONS

The indirect emission process is a two-step mechanism
governed by Fermi’s golden rule. An exciton transitions from
its initial state |@;) to a final state |¢;) via an intermediate state
|¢;). This involves a light coupling (&) and phonon coupling
(£q), which may occur in either order. The entire process
can then be described by (¢718}01¢:) = (¢r1851¢:) (@1 1&1@i).
The light-field polarization direction also imposes a condi-
tion on the coupling of phonon modes with excitons via the
symmetry of states that are excited, aligning with the se-
lection rules dictated by the crystal’s point-group symmetry.
Such cases are reported for bulk h-BN [49], where in-plane
and out-of-plane light-field polarization selectively allows LA
(longitudinal acoustic)/TA (transverse acoustic) and Z (out-
of-plane) phonon modes coupling with excitons [50,51] and
is found to be effective in overcoming limitations of indirect
emission in WS, [52,53] and WSe; [54] by strain engineering.

For a 2D MoS;, the D3, point-group symmetry includes
a fully symmetric (even) irreducible representation A}. The
in-plane (two-dimensional) components, x and y, transform as
the E’ representation, enabling mixing and transitions allowed
by symmetry. The out-of-plane z component transforms as
A7, allowing additional transitions. Consequently, the over-
all transformation of the dipole operator can be expressed
as E'[x,y]+AJ[z]. This implies that when an incoming
plane-polarized light field (commonly used in pump-probe
experiments), represented by E’[x, y], interacts with a ground
state of symmetry A, the resulting tensor product becomes
A} ® E' = E'. This corresponds to the symmetry of the ener-
getically lowest doubly degenerate dark excitons (er) at the T’
point.

To analyze the symmetry of the intervalley excitons, we
performed a rigorous finite-momentum Bethe-Salpeter equa-
tion calculation for the lowest five excitonic energies and
states across the entire Brillouin zone. Momentum conser-
vation indicates that the intervalley exciton ek in Fig. 1(a)
corresponds to the exciton at the K point in the exciton dis-
persion shown in Fig. 1(b). Similarly, excitons ey and eg are
located at the M and about %|I‘ — K] point, respectively. The
degeneracy at T is lifted due to spin-orbit coupling along the
I'-K direction. At the K point, the point-group symmetry re-
duces to Csp,. The two-dimensional irreducible representation

E’ transforms as the one-dimensional E’ in Csp,, which is even
with respect to the mirror symmetry oj and highlights that
the charge densities are predominantly localized at the hole
sites. This corresponds to the symmetry of the lowest two
excitons ek at K. Similarly, the point-group symmetry at the
M towards I' reduces to Cyy, resulting in the double-point-
group irreducible representation I'5, describing the degenerate
excitons ey at M. Additionally, the exciton €9 falls within the
C,, group and as the degeneracy is lifted at this point, the split
excitons have either A; @ B; symmetry. We emphasize that
biaxial strain in the 2D system does not alter the crystalline
point-group symmetry; thus, the symmetry representations
remain invariant under applied strain. These symmetries are
illustrated in the bottom panel of Fig. 1.
Similar to the electron-phonon matrix elements [55,56],

gmn,v (K, q) = (mK|AV,q|nk —q), ey

where g, (K, q) denotes the electronic scattering probability
amplitude for a transition from an initial Bloch state |[nk —
q) to a final state |mK) via phonon absorption or emission
and AV,q represents the Kohn-Sham potential perturbed by
phonons, the exc-ph matrix elements in the excitonic basis can
be written as [56-58]

gﬁ}\,\)(Qﬂ q)
= Y AVG gk — Q@b Ay
v,v',c,c’ k
Y ATGMISh (k4 @B AL S (2)
v,v,c,c’ Kk

where Gg;. ,(Q, q) now denotes the probability amplitude
for scattering of an exciton A into exciton B, mediated by
absorption or emission of a phonon characterized by state
[vq). The coupling strength is defined as |Gg;., . (Q, q)|>. The
exc-ph interaction in Eq. (2) can be interpreted as a quan-
tum superposition of electron and hole scattering events with
phonons, with each event weighted by the exciton wave
function represented in the transition basis [59]. After incor-
porating the long- and short-range Coulomb Hartree potential
(with reciprocal lattice vectors G=0) in the finite-BS equa-
tion calculation and obtaining the phonon energies from
density functional perturbation theory (DFPT), we computed
the exc-ph coupling strength for the lowest exciton.

We highlight here the prominent phonon modes that
strongly interact with the lowest indirect exciton. By analyz-
ing the transferred momentum between the larger and reduced
point-group symmetries [Fig. 1(c)], we identify intervalley
modes between M and K with Cy(m) symmetry as key con-
tributors. These modes belong to branches characterized by
A’ (even under o,) or A” (odd under o), which drive both
indirect and direct scattering processes. Using the compatibil-
ity table [3], we find that the E’ exciton at K reduces to A’
in Cy(m), allowing symmetric coupling (see Table I). In con-
trast, when reducing to A”, the antisymmetric representation
results in forbidden interactions. Consequently, modes 1, 4, 5,
and 9, which are A”, do not contribute to indirect emission
at any strain. This contrasts with excitons at I', where all
modes are symmetry allowed to couple. Figure 2 illustrates
these interactions under various strain levels. The quantity
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FIG. 2. (a)-(d) Phonon mode A’ resolved gauge-invariant exc-ph coupling |G, (Q, q)|? across the exciton BZ at various strains. All
values are normalized to 10~* eV2. Only the most prominent mode interaction contributing to the indirect and direct PL emission (see Fig. 6)
is shown. The x and y axes are in transferred exciton momenta. The intensity of the color map shows the coupling strength.

shown represents the average coupling strength for transi-
tions involving the low-energy excitonic states, specifically,
B, 2)=(1,1),(1,2), (1, 3), (1,4), and (1,5). This averaging
procedure ensures that the presented coupling strength char-
acterizes the phonon-mediated interactions primarily among
these lowest-energy exciton states. For instance, Fig. 2(a)
shows the unstrained case, where the only significant allowed
modes are 3 and 7 that would exhibit a noticeable interaction
with the lowest exciton between I'-M and around T, respec-
tively. While other modes are less significant, the subplot
demonstrates that coupling between the I' and M points is pri-
marily driven by mode 3. However, mode 7 exhibits stronger
coupling, predominantly interacting with excitons localized
near I'. Figure 2(b) shows the exc-ph coupling strength at
+0.75% strain for the lowest exciton interacting with phonon
modes 3 and 8, with mode 3 having similar strength compared
to the previous case.

At higher strain levels (+1% and +3%), as shown in
Figs. 2(c) and 2(d), the coupling strength increases signifi-
cantly compared to the respective modes (see Figs. S17-S23
in the SM [45] for plots of intermediate strain values).
At +1%, modes 3 and 8 strongly interact with the lowest
exciton near M and around T, respectively. This observa-
tion aligns with the exciton dispersion in Fig. 1(b), which
suggests phonon-assisted exciton scattering in these states.
Additionally, mode 8 shows substantial interaction with the
exciton near the K and K’ points, indicating strong scatter-

TABLE 1. Allowed exciton (lowest) and phonon-mode interac-
tions in various point groups. Section II of the SM [45] contains a
detailed discussion of our group-theoretic results.

Reduction to Mode A’ [C,(m)] Mode A” [Cy(m)]

Exciton: E’ at K (C3;,) A’ 0
Exciton: I's at M (Cy,) A A’ A A’

ing in these regions. At +3%, the interaction distribution for
mode 3 becomes more widespread across all high-symmetry
points. However for mode 8, the interaction strength signif-
icantly drops out but becomes increasingly localized around
the T, K, and K’ points, reflecting a shift in the coupling
dynamics.

In Fig. 3, we compute the scattering rate for the first five
excitons at Q = O (excitons 1 and 2 are degenerate dark,
exciton 3 is bright, degenerate with the dark exciton 4, and
exciton 5 is again dark) by evaluating the imaginary part of
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FIG. 3. (a) Relaxation time at +1% strain for the lowest five
excitons: 1-5 [see Fig. 1(b)] at Q = 0 (I") as a function of excitonic

temperature (7). Phonon-mode-resolved normalized scattering
rates of excitons 1 and 5 at (b) 10 K and (c) 300 K.
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where Qg7 is the BZ volume and Ti goes into the Boltzmann
factor [50]. In Eq. (3), we neglect the temperature-dependent
excitonic occupation factors, as they are negligibly small
compared to phononic occupations. Additionally, we consider
only the diagonal part of the self-energy. Under unstrained
conditions, both our methodology and computed linewidth
values align well with recent findings by Chan et al. [60]. To
verify this, we directly compare our calculated linewidths with
their results in Fig. 2(b) of the SM [45]. Our values closely
match their linewidths, which are evaluated from the diago-
nal elements of the imaginary part of the exc-ph self-energy.
Notable deviations appear only at higher temperatures, though
these remain relatively small (of the order of a few meV).
The relaxation time is then given as the inverse of the
scattering rate, which is plotted in Figs. 3(a)-3(c). From these
plots, we see the general trend of increment of the scatter-
ing rate with temperature for all excitons [39], albeit with
varying slopes. This indicates that higher temperatures lead
to stronger exc-ph interactions across the spectrum. To gain
further insight, we analyzed the contributions of individual
phonon modes to the scattering rate at cryogenic (10 K) and
room temperature (300 K) for the two excitons: exciton 1 and
exciton 5 at I'. We note that the fifth exciton has a degenerate
dark partner (sixth excitonic state), which is excluded from
our calculations as convergence tests (see Fig. 30(b) in the
SM [45]) show that five states suffice. The contributions are
normalized to the total scattering rate at their respective tem-
peratures. The impact of modes 3 and 8 on the scattering of the
exciton 1 is evident and is attributed to the exc-ph interaction
at both 10 and 300 K. In contrast, for the exciton 5, modes 3
and 7 are the primary contributors at these temperatures.
Figure 4 illustrates the linewidth (A) as a function of tem-
perature for excitons 1 and 5 at I'. For exciton 1, the A is

interpreted to fall under the strong-coupling regime following
Toyozawa’s equation [61,62],

A= /A + A}, “)

where A% = SAEAcoth(zfﬁ) represents the broadening due
to acoustic phonons, and A% = SoEo[exp(Zf%) — 177" ac-
counts for the broadening caused by optical phonons. Here,
Sa and Sp are the fitted exc-ph coupling strengths for acoustic
and optical phonons, respectively, and E5 and Eo are their
mean phonon energies. For exciton 1 under +1% strain,
we fit the data using the parameters Sy, = 2.27 meV, Sp =
0.1 meV, Ex = 25 meV, and Eg = 48.1 meV. In contrast,
exciton 5 exhibits weak coupling at lower temperatures, which
is modeled using

T +b o) ] 5
y =y +al + [@m(kBT) ] , ®
where a (= 2 meV/K) and b (= 35 meV) represent the
contributions from acoustic and optical phonon coupling, re-
spectively, and y, (= 35.1 meV) is a temperature-independent
offset. For exciton 5, weak coupling dominates up to ap-
proximately 225 K. Beyond this temperature, the broadening
transitions to being governed by strong coupling. However,
it is noted that the linewidth roll-off rates remain relatively
modest. We resolved that modes 3 and 8 for exciton 1, while
3 and 7 (A’ for exciton 5), are responsible to account for such
coupling in A.

To compute the PL intensity, we employ the van
Roosbroeck-Shockley (RS) relation [56],

|TA|2 1- Ry _ B —Emin
I (w) = Im 0’1 (W) ————— & R
(@) ;nw @)

+ D 0@ F 20401 @) Df 4,
nba

1 1
3£ 5 +ngu

@ = (Eq,p F 0qu) + 10

_Eq.ﬂ_Emin
ot } ©)

where |T;|?> are the excitonic dipoles, n,(w) is the refrac-
tive index, R; is the renormalization factor that measures
the amount of spectral weight transferred to the satellites,
E, are the excitonic energies, Ey, is the minimum of the
exciton dispersion, |D,ﬁat;\, v |2 are the phonon-assisted coupling
strengths, and Eq g are the finite-momentum exciton energies.
In our calculations, we incorporate a finite excitonic temper-
ature which is used in all the temperature-dependent plots.
We understand that this is an approximation for our case
and the actual result will depend on the careful experiment
between the bosonic and exciton temperatures, as shown in
Cassabois et al. [4,56]. Unfortunately, we could not find such
experimental data for MoS, to our best knowledge. Despite
this, our PL and linewidth results for unstrained MoS, seem
to be in strong agreement with experiments [see Fig. 2(b) in
the SM and the inset in Fig. 5]. Additionally, a damping factor
of 2 meV is applied to account for the exc-ph self-energy, and
five virtual exciton states are included in the exc-ph scattering
process.

205131-5



SARASWAT, VERMA, AND BHATTACHARYA

PHYSICAL REVIEW B 111, 205131 (2025)

)
c
3
g
&
2
G
c
% E — Ebprignt (MeV)
= X X X
1 1 1 1 1 1 1
-0.5% 0% +0.5%  +0.75% +1% +2% +3%
Strain (%)

FIG. 5. Lowest-energy phonon replicas at 10 K for various
strains. The x symbol denotes a forbidden indirect PL due to symme-
try. The intensity scale is absolute. The inset shows the experimental
cryogenic direct PL (symbols) from [27] for unstrained 2D MoS,.
The solid line is our ab initio result.

We note here that due to the presence of two distinct
frequency components in the exciton-phonon Hamiltonian—
originating from electron-electron and electron-phonon
interactions—phonon-assisted PL cannot be directly obtained
by solving this Hamiltonian. Instead, the PL spectrum is
derived using the Green’s function formalism, specifically
through a first-order expansion of the finite-momentum exci-
ton propagator with the dynamical exciton-phonon kernel in a
Dyson-like equation. To achieve this, one should first compute
the exciton propagator by solving the static finite-momentum
BS equation in the absence of lattice vibrations. Next, using
DFPT, the electron-phonon matrix elements are evaluated at
the same k and q grids, ensuring mandatory convergence
tests. These elements are then used to construct the exciton-
phonon matrix elements and the corresponding self-energies
within the framework of many-body perturbation theory [63],
maintaining consistency in the transferred Q and q grids with
additional convergence checks. The excitonic response is sub-
sequently obtained by expanding the Dyson-like equation up
to first order. Therefore, the electronic band renormalization
induced by phonons does not enter the finite-momentum ex-
citonic BS Hamiltonian. To ensure our analyses are on right
track, we confirmed our excitonic dispersion to be in excellent
agreement with Wu ef al. [64] at the unstrained condition.
Figure 5 illustrates the lowest-energy PL intensity peaks under
various strain conditions. Our ab initio results for direct PL
from an unstrained MoS, monolayer show excellent agree-
ment with the experimental findings (inset in Fig. 5) [27].
We observe the emergence of a doublet structure, reaching
its maximum at +1% strain driven by intense exc-ph inter-
actions. This is in contrast to +0.75%, where the PL is only
due to the dominant mode 8. To highlight this nonmonotonic
behavior, we present the exciton thermalization process in
Figs. 6(a)-6(d). Similar to Malic et al. [31], we demonstrate
our PL emission energies with respect to the first bright ex-
citon energy Epgne at T’ in the excitonic BZ. Consequently,
all emissions to the left of the zero-energy line correspond to
indirect processes. Our results can provide an insight to the
recently reported PL emission by Lépez et al. [41] for WSe,.
While Lépez et al. attribute their similar nonmonotonic PL
variation (see Fig. 3 in their work) to the energetic resonance
of indirect excitons with defect-related states, we believe that
contributions from intense symmetry-allowed exc-ph interac-
tions, such as highlighted in this work, cannot be overlooked.
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FIG. 6. (a)—(d) PL intensities with increasing Tex. at +1% strain
demonstrating phonon replicas for modes 3 and 8. The energies are
measured as a shift from the first bright exciton at I'. The inset in
(b) and (c) shows the atomic vibrations for modes 3 and 8. The dotted
symbols in (d) represent the hole-phonon process in the PL intensity.

At cryogenic temperatures, as shown in Fig. 6(d), the
emission lines exhibit two prominent phonon replicas. These
Gaussian-type replicas, located approximately 50 and 70 meV
below the bright line, are attributed to intervalley acoustic and
optical modes 3 and 8, respectively, along the M-K direction
[see the dashed line in Fig. 1(c) corresponding to the e, exci-
ton]. Mode 3 originates from in-plane vibrations of Mo atoms
(shear mode), while mode 8 corresponds to out-of-plane vi-
brations. The PL associated with the optical mode appears
at lower energy than that of the acoustic mode. To discern
whether the observed peaks arise from electron-phonon or
hole-phonon scattering processes [see Eq. (6)], we evaluated
the PL intensity separately for their contributions. Our analy-
sis reveals that the lower-energy PL peak is primarily driven
by hole-phonon scattering, where optical phonons facilitate
hole scattering from K to K’, leading to recombination at K’.
The strong exciton-phonon interaction responsible for this re-
combination is illustrated by the coupling matrix |G(Q, q)|? in
Fig. 2(c) and schematically depicted in Fig. 1(a). This behav-
ior remains consistent at higher strains, exemplifying exciton
scattering at K and K’ as a transition from a no-phonon to a
hole-phonon process.

The next higher-energy peak, around 50 meV, corresponds
to excitons near I' along the I'-M direction, which involve
small acoustic phonon energies for scattering. Excitons ey
and egq scatter within themselves using intervalley optical
phonon mode 8 (~42 meV), but lack an available recom-
bination path. Below 50 K, there is no significant exciton
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FIG. 7. Normalized PL intensities with varying temperatures at unstrained and +1% strain. The vertical dashed line in all cases shows the

direct bright recombination.

thermalization that would result in a I'-centered recombi-
nation channel. At 100 K, I'-centered recombination begins
to appear, predominantly driven by optical modes 7 and 9
(see Figs. 15-21 in the SM [45]). As the temperature in-
creases, the lower-energy curves do not significantly shift,
but broaden, with satellites emerging in the energy range 20—
40 meV above and below the bright line. The emergence of the
I'-centered emission with increasing temperature, as shown
in Figs. 6(a)-6(c), indicates the redistribution of oscillator
strength between indirect and direct excitons. The dashed line,
positioned 18 meV below the bright exciton, marks the energy
of the lowest-lying momentum-indirect (K-K’) dark exciton.
From this reference point, the threshold for longitudinal op-
tical (LO) phonon-assisted emission is located approximately
44.6 meV away. Peaks appearing at energies lower (to the left)
than this threshold arise predominantly from optical phonon-
assisted transitions, as exemplified by the observed left peak
corresponding to optical phonon mode 8. Conversely, peaks
occurring at energies higher (to the right) are primarily at-
tributed to acoustic phonon-assisted transitions, as illustrated
by the right peak arising from acoustic phonon mode 3.

We now compare our results with that in tungsten-based
TMDs reported by Malic et al. [31]. It is reported that
the bright exciton resonances dominate the PL at higher
temperatures (e.g., 150 and 300 K), leading to asymmet-
ric emission spectra due to phonon-assisted recombination.
In contrast, the recombination becomes more prominent at
lower temperatures. Specifically, they found no observable
phonon-assisted PL emission in unstrained Mo-based TMDs,
consistent with our findings for unstrained MoS,. However,
under applied strain, our calculations in Fig. 6 reveal promi-
nent phonon-assisted PL features at lower temperatures. At
higher temperatures (200 and 300 K), the bright exciton res-
onance dominates again but exhibits asymmetry, consistent
with observations in WSe, and WS,. Notably, in strained
MoS,, phonon-assisted PL. peaks appear approximately 50
and 70 meV below the bright exciton, aligning with reported
shifts of 60 and 75 meV in WSe, and 70 and 90 meV in WS,,
respectively. Malic et al. also noted a splitting of the phonon-
assisted peak in hBN-encapsulated WSe, samples [65-69],
revealing two distinct phonon-assisted emission features. A
similar trend is observed in our calculations on strained MoS,,
predicting two peaks from different phonon modes: the peak
closer to the bright exciton originates from the third phonon
mode, while the more distant peak stems from the eighth
mode.

To understand the shift in emission energy and the evo-
lution of PL intensity with temperature, we present results
under unstrained and +1% strain conditions in Figs. 7(a)
and 7(b). A clear redshift of the bright emission is observed
with increasing strain. Under unstrained conditions, faint in-
direct emission is visible near 1.73 eV, while the direct bright
emission remains the strongest among all strain conditions. At
lower strains (see Fig. S25 in the SM [45]), the direct path in-
tensities become most prominent due to satellite weights that
thermalize at higher temperatures. The maximum intensity of
the indirect excitons at cryogenic temperatures is observed at
+1% strain. At higher strain levels, the indirect emissions
become more distributed, but their intensities drop due to
weaker exciton-phonon couplings. The appearance of doublet
peaks at higher strains (beyond +1%) reverses their intensity
magnitude, as shown in Fig. 5, due to the additive contribution
from other low-energy modes. Additional work remains to
identify the symmetries of the indirect spin-split excitons eg
with respect to C; rotation, which will be addressed in future
studies.

‘We now discuss the limitation of our work. The formalism
of exc-ph coupling in Eq. (2) must be invariant if an arbitrary
phase is added to the electronic wave functions entering the
electron-phonon coupling [Eq. (1)] and the exciton coeffi-
cients (A terms) in Eq. (2). To preserve this gauge invariance,
the same Kohn-Sham electronic wave function set |nk) should
be used, which is defined up to an arbitrary phase fixed by
the specific simulation, for both the DFPT and BS steps.
Otherwise, joining the g elements with the A coefficient as
complex numbers, like in Eq. (2), will lead to numerical
noise and unphysical effects. This is a typical phase mismatch
which generates error both in the intensity peak magnitude as
well as exciton lifetime. To the best of our knowledge, with
the recent codes of QUANTUM ESPRESSO and YAMBO, this is
impossible to do. For comparison, we highlight the works of
Zanfrognini et al. [49] and Bernardi et al. [59], where the
PERTURBO code [70], when combined with YAMBO, success-
fully reproduces the correct intensity levels corresponding to
experimental peaks for bulk h-BN. Due to the complexity of
interfacing these codes, our procedure does not utilize the
YAMBO-PERTURBO interface. Thus, in this case, there could
be a phase mismatch which can show an opposite trend in
the intensity levels, similar to Lechifflart et al. [56]. We have
compared our exciton-phonon coupling results for the lowest-
lying dark exciton with those of Chan et al. [60] (see Fig. 2(b)
in the SM [45]). We find that apart from the alternating pat-
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terns around the M point and the anomalous emergence of
high coupling strength near the I' point in our Fig. 2 (which
we attribute to phase mismatch), our results are in strong
agreement. A similar observation holds for the lowest-lying
bright exciton (A exciton).

IV. CONCLUSIONS

In summary, we investigate ab initio exciton-phonon cou-
plings in 2D MoS; using a quantum superposition approach
for electron and hole scattering events with phonons. Through
rigorous ab initio calculations and group-theoretic analyses,
we demonstrate that indirect emission in 2D MoS, under in-
plane light polarization is symmetry allowed for both acoustic
and optical phonon modes with A’ character. This systematic
study serves as a textbook example of how indirect exciton re-
combination, absent in the compressive and unstrained cases,
becomes dominated by hole-phonon scattering processes (K
to K’ transitions) under tensile strain. We find that this

transition maximizes the indirect emission around +1%
strain at cryogenic temperatures, driven by enhanced exciton-
phonon scatterings assisted by intervalley A" phonon modes
with reduced point group Cg(m). These results provide an
alternative explanation for the nonmonotonic PL variations
with strain reported in recent experiments [41].
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