PHYSICAL REVIEW B 108, L.220305 (2023)

Ultrafast exciton decomposition in transition metal dichalcogenide heterostructures
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Heterostructures of layered transition metal dichalcogenides (TMDs) host long-lived, tunable excitons, mak-
ing them intriguing candidates for material-based quantum information applications. Light absorption in these
systems induces a plethora of optically excited states that hybridize both interlayer and intralayer characteristics,
providing a distinctive starting point for their relaxation processes, in which the interplay between generated
electron-hole pairs and their scattering with phonons play a key role. We present a first-principles theoretical
approach to compute phonon-induced exciton decomposition due to rapid occupation of electron-hole pairs
with finite momentum and opposite spin. Using the MoSe, /WSe, heterostructure as a case study, we observe a
reduction in the optical activity of bright states upon phonon scattering already in the first few femtoseconds after
a photoexcitation, driving exciton interlayer delocalization and subsequent variations in the exciton spin. Our
results reveal an unexpected and previously unexplored starting point for exciton relaxation dynamics, suggesting
increased availability for coherent interactions and nonradiative processes through ultrafast changes in exciton
momentum, spatial, and spin properties upon light excitation.
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Exciton relaxation processes underlying excited-state dy-
namics in heterostructures of transition metal dichalcogenides
(TMDs) are a topic of broad interest [1-3]. The combina-
tion of optically active intralayer excitons, Coulomb-bound
electron-hole pairs residing mainly within the individual lay-
ers, and low-lying interlayer excitons spread between the
layers [4-8], induces relaxation mechanisms which are chal-
lenging to capture within simple frameworks. These involve
a complex interplay between excitations with varying levels
of layer and valley decomposition [9,10], determining spa-
tial and spin properties that are directly coupled to system
structure through the atomistic details of the participating
layers and their relative alignment [11-13]. Gaining a com-
prehensive understanding of the involved excitonic processes
and their structural dependencies is intriguing. In particu-
lar, considering variations in the excitonic nature along its
time evolution subsequent to photoexcitation can guide de-
sign principles for effective generation of long-lived and
ideally coherent exciton phases in TMD heterostructures
[14-22].

A common approach to accurately describe structure-
specific exciton properties is by constructing a solution in
an excitonic basis set through the many-body Bethe-Salpeter
equation within the so-called GW-BSE approach [23,24].
Within this first-principles framework, Coulomb and ex-
change interactions between multiple electron and hole wave
functions are computed by numerically accounting for a large
number of participating bands, with varying crystal momen-
tum and spin properties, computed explicitly. This allows for
an accurate consideration of dielectric effects, spin-orbit cou-
pling, and exciton dispersion [25-28]. Further methodological
advances enable computations of GW-based nonequilibrium
effects on particle propagation by accounting for temporal
evolution of the dielectric function and its consequences
in time-resolved photoexcitation processes [29-34]. Still,
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taking the wealth of participating particles into account in
the relaxation processes is an extremely challenging task. Re-
cent computational advances and theory developments allow
predictive calculations of exciton scattering through phonons
[35-38]. However, scattering with phonons can alter the in-
ternal exciton nature already at the single-exciton level [39].
Such effects can induce rapid changes in the exciton band
composition and are thus expected to play a crucial role in the
relaxation processes, in particular by modifying the optical
selection rules that determine the cross play between exci-
ton radiative recombination and nonradiative exciton-exciton
scattering.

In this Letter, we present an ab initio computational scheme
to compute ultrafast exciton decomposition following light
excitation. We calculate the exciton time evolution upon
coupling to phonons within a first-principles-based density
matrix formalism, in which the electron-hole pairs composing
the excitons scatter simultaneously, leading to time-resolved
changes in the pair population. Demonstrated for the case of
a MoSe,/WSe; heterostructure, we show that such phonon-
induced modifications in the electron-hole pair composition
occur already within a few femtoseconds after excitation.
These allow the occupation of momentum- and spin-indirect
electron-hole pairs almost immediately, leading to instanta-
neous changes in the exciton oscillator strengths due to the
induced layer delocalization and population of opposite-spin
transitions. Our results demonstrate the delicate effects of
ultrafast scattering events on the exciton properties, suggest-
ing a new understanding of the starting point for exciton
relaxation dynamics and shedding light on coherent coupling
mechanisms between optically active intralayer excitons and
long-lived interlayer excitons in TMD heterostructures.

We study the time evolution of optically excited low-
energy interlayer and intralayer excitons in the MoSe, /WSe;
heterostructure with H layer alignment, schematically shown

©2023 American Physical Society
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FIG. 1. Phonon-driven electron-hole pair decomposition of interlayer and intralayer exciton states in the MoSe, /WSe, heterostructure.
(a) Schematic representation of the examined TMD heterostructure of commensurate MoSe,/WSe, in H stacking. (b) Electronic quasiparticle
band structure computed within the GW approximation. Band colors represent the relative MoSe, (red) and WSe, (blue) layer contribution
within the bands. Conduction (c¢) and valence (v) regions are shown with the notation of vy, ¢, for the highest valence and lowest conduction
bands, respectively, and so forth. (c)—(e) Time-resolved evolution of three representative exciton states: interlayer, intralayer MoSe,, and
intralayer WSe,. The initial occupation at time ¢ = 0 represents the GW-BSE solution. Evolution of the relative electron-hole pair population
in these excitons due to phonon scattering is shown in the center panels, for selected contributing pairs v;,c;, of holes and electrons at bands
i, j and k points m, n, respectively. The right panels show the weighted pair occupation, summed over all participating transitions. The initially
excited pairs are optically bright, with time-resolved population of momentum-indirect pairs, spin-dark pairs, and a combination of the two.
Black line represents the relative optical transition probability upon pair decomposition.

in Fig. 1(a). Our starting point includes an electronic-structure
evaluation of the electronic and excitonic states in this system,
computed within the GW [23] and GW-BSE [24] approxima-
tion built on top of density functional theory (DFT) [40]. In
this approach, exchange and screened Coulomb interactions
between electrons and holes are computed through a full eval-
uation of the dielectric function and accounting for explicit
wave-function coupling of both the spatial and spinor parts. At
heterostructures, this procedure results with multiple optically
excited states and absorption structure that strongly depends
on the underlying heterostructure composition and align-
ment [10,11,41]. Phonon modes are computed within density
functional perturbation theory (DFPT) [42], allowing a first-
principles assessment of the participating electron-phonon
and hole-phonon coupling (see Supplemental Material (SM)
[43] for full computational details).

Figure 1(b) shows the calculated GW quasiparticle band
structure, with band colors representing the relative wave-
function contribution from the MoSe, (red) and WSe; (blue)
layers. We first focus on the low-lying interlayer and intralayer
exciton states, photoexcited around the K/K’ valleys. The
electron-hole transitions dominating the interlayer excitation
are from the valence band (v;), primarily localized on the

WSe, layer, to the conduction bands (a spin split of ¢ ),
mainly localized on the MoSe, layer. Intralayer MoSe, tran-
sitions are primarily from the second valence band (v;) to the
conduction region, and intralayer WSe, transitions from v,
to the higher-energy spin-split conduction bands (c3 4). In the
following we analyze the change in the electron-hole pairs
composing these states and show that intralayer excitons in-
herent an interlayer nature already within a few femtoseconds
upon coupling to phonons.

We compute the time evolution of the occupation of the
electron-hole pairs composing the excitons in a Lindblad-type
density-matrix representation [44—46] within a Liouville-von
Neumann equation of motion, % = —%[ﬁ , p]. The systems
Hamiltonian, H = Hy, + H', is composed of a noninteract-
ing part, Hy = H,, —i—th, describing separately the pairs
of electrons and holes (eh) composing the GW-BSE solu-
tions and the phonon modes (ph) computed from DFPT.
The interaction part, A, is perturbative and evaluated
through electron (e)/hole (h)-phonon coupling, as we discuss
below.

We define an initial state of an optically bright exciton, as
computed from GW-BSE. This sets an initial density matrix
that can generally be composed of the various participating
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electron-hole pairs within the exciton basis set,

p(t =0) = [S)(S|
= > ASuolh K)le.k + Q). (1)

ehkQ

Here, |S) is an eigenstate solving the GW-BSE, with |Aeth|2
the probability amplitudes for each pair transition between
holes () with crystal momentum k and electrons (e¢) with
crystal momentum & 4 Q. The time propagation of the density
matrix elements is computed by allowing each electron-hole
pair (o) to interact independently with phonons, via
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P¢" are scattering superoperators, Peh chy.eli e, = s o,

P,i’l o, describing the electron-hole pair interactions
with phonons. These superoperators are derived from the
electron- and hole-phonon coupling terms, accounting for
the temperature-dependent phonon occupation function and
conserving the energy. For example, for the electron
channel, P, ., =3 ., Bl Bu s S dny, with Bl =

ejey,e)é) exe) ere]

2r(ngy)+5+5 v . ) .
\/7 . De1e1 , for n,, the Bose-Einstein occupation

function for phonons with momentum g and mode v, g is the
particle-phonon coupling, & signifies phonon absorption (+)
and emission (—), and D is an energy conservation function
(see Supplemental Material (SM) [43] for full details). To
reduce the computational effort we use a diagonal approxi-
mation in the propagation, although full matrix propagation
leads to similar results for reduced k grids (see Supplemental
Material (SM) [43]).

The underlying assumption for such interaction is that
the optical exciton basis, generally composed of various
electron-hole transitions energetically resonating together, can
alter in the relaxation process. We thus explore the change
in pair composition while allowing the hole and electron
states to scatter into other bands through phonons. Room
temperature is assumed throughout. In practice, this sets
time-dependent changes in the occupation of the IAfth|2
coefficients. While all initially occupied electron-hole pairs
on the diagonal of p(r =0) are assumed to have mo-
mentum Q = 0 within the optical excitation, upon phonon
scattering, finite Q states become occupied, inducing layer
mixing and allowing subsequent population of opposite-spin
bands. This multistep propagation leads to rapid occupa-
tion of dark electron-hole transitions, effectively reducing
the exciton optical transition probability, as we demonstrate
below.

Figure 1(c), left panel shows the phonon-induced changes
in the occupation f,, of the main electron-hole (eh) pairs
composing the interlayer exciton in the first ten femtosec-
onds following a photoexcitation. The initial occupation of
the chosen state results from the v; to ¢, electron-hole tran-
sition at the K point, namely v;gcox. Notably, the computed
GW-BSE oscillator strength of this transition is only two or-
ders of magnitude smaller than the optically active intralayer

excitons. This supports recent observations of optically al-
lowed interlayer excitons in this systems [9,11,47]. The pair
occupation is modified already in the first few femtoseconds
due to arapid intervalley transition into the v gcx pair (black
dashed line). This transition is a result of electron-phonon
interactions between the two spinlike conduction states, cog
and cx, at the opposite valleys K, K’. We note the difference
between this phonon-induced ultrafast transition of exciton
partial occupation and previously explored exchange-driven
valley dephasing, expected to occur at longer timescales [48].
Following this transition, population of the pair vixcix (teal
dashed-dotted line) further occurs. This corresponds to an
intravalley transition in which electrons scatter between the
spin-split conduction bands c;x and c k. This transition is
somewhat unexpected, but easy to understand when consid-
ering the broken spinor symmetry in this structure, as we
demonstrated in previous work [10,11], observed when using
a periodic Bloch wave-function representation. This effect
was previously shown to vary the exciton magnetic behavior
[49-51]. Our calculations point to spin magnetic moment
of (§Z) = —0.996 and 0.980 for the c1x and cpx states, re-
spectively, slightly breaking the naively expected values of
£1.0. The right panel summarizes the overall change in the
electron-hole pair composition when summing over all partic-
ipating pairs in the density matrix evolution. The initial pair
occupation, momentum direct and spin bright by definition,
quickly induces fractional population of momentum indirect
and spin-dark contributions.

Figures 1(d), 1(e) show a similar analysis for two bright
intralayer excitons, both dominating the corresponding peak
regions in the computed absorption (see Supplemental Ma-
terial (SM) [43]). In these states, the initial excitation is
split between the two valleys (we note that this represen-
tation is invariant and can in general modify upon unitary
transformation of degenerate solutions of the GW-BSE). Im-
portantly, unlike the interlayer case, the immediate phonon
relaxation of these states now includes transitions outside of
the K/K' valleys. For example, for intralayer MoSe,, fast
occupation of electron-hole pairs with the hole residing on
the T" point and the electron on the K/K’ point are populated
almost instantaneously (dashed black line). As an immediate,
rather surprising result, this population follows with rapid
occupation of pairs with dark spin (dashed teal lines). The cor-
responding substantial changes in the time-resolved weighted
occupation of momentum-indirect and spin-dark states is
shown in the right panel. We note that this fast occupation
of optically dark states is a direct outcome of the participation
of hole states at I" in the density matrix scattering dynamics, a
point in which the electron-hole spin number is ill defined. In
the case of an initial intralayer WSe, exciton, rapid occupation
of pairs with electrons residing at the A point dictates a large
change in the momentum directness of the excited state, with
population of indirect, optically dark transitions exceeding
direct ones already within the first few femtoseconds. Again,
these transitions further induce population of spin-flip states.
These are slightly reduced compared to intralayer MoSe;
upon the relatively conserved spin at the A point. We empha-
size that these spin properties are highly sensitive to the band
character, which can be structurally modified, for example,
through interlayer twisting [10,12].
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FIG. 2. Time-resolved evolution of the bright exciton states in the examined heterostructure. Top panels show the optical transition
probability for each exciton in a logarithmic scale, computed through the optical transition probabilities of single electron-hole pairs and
their varying relative contributions. The computed GW-BSE absorption spectrum at ¢ = 0 is shown in the top left panel (gray line). Middle
panels show the change in layer mixing for each state, with O representing fully intralayer and 1 representing fully interlayer excitons. Bottom
panels show the corresponding out-of-plane spin expectation value for each state, where O stands for spinlike and 2 for spin-unlike exciton
transitions. Reduction in the optical transition probabilities of the intralayer states occurs due to an increase in layer mixing, with associated
population of spin-dark states, considerably modifying the starting point of the exciton relaxation dynamics.

While the above-chosen interlayer and intralayer states
illustrate the origins of exciton decomposition in our ap-
proach, the computed GW-BSE absorption spectrum includes
numerous bright excitations ranging between the interlayer
and intralayer excitons, with varying initial compositions of
electron-hole pairs (see Supplemental Material (SM) [43]).
To capture the collective effect of the above-discussed time-
resolved modifications, Fig. 2 shows the phonon-induced
changes along this energy range. We specifically examine
the time evolution of the exciton optical transition probabil-
ity (OTP), calculated through the single-pair OTPs and their
time-dependent populations; the level of layer mixing, where
0 stands for pure intralayer and 1 for pure interlayer states;
and the out-of-plane spin expectation value (S,|S.), where 0
describes spinlike and 2 spin-unlike transitions. We present
only initially bright states with computed oscillator strength
> 1 e’a}. The energy regions with the low-lying interlayer
and intralayer states explored above are marked with gray
shaded areas.

The immediate effect of the phonon-induced pair occupa-
tion is directly observed through the reduction in the OTP.
This change is particularly visible at both intralayer regions,
where the OTP of the brightest transitions is reduced by an
order of magnitude. In addition, we note the immediate OTP
reduction of states surrounding the main intralayer excitons,
effectively suggesting a decreased broadening of these peaks.
The associated changes in layer mixing and spin multiplicity
demonstrate that these reductions in the OTP occur due to
occupation of electron-hole pairs that enhance the interlayer
nature of these excitons, involving states outside of the K, K’
valleys.

The calculated pair decomposition and rapid layer mixing
suggest that the excitons computed as photoexcited states in
absorption can change within the relaxation. These obser-

vations supply a complementary view of recent findings by
Paleari et al. [39], in which changes in the exciton state were
computed upon simultaneous coupling of electrons, holes, and
phonons within a self-consistent extended-BSE kernel, com-
posing the so-called elemental excitons, as opposed to optical
ones. Using the first-principles density matrix approach we
presented here, and under the assumption of weak particle-
phonon coupling, our findings offer an alternative view into
the origins of these changes. We note that additional energy
relaxation of the exciton state is expected to occur due to
time-resolved modifications in the dielectric screening and
corresponding changes in the electron-hole coupling. Such
effects were recently studied in TMD monolayers for the
nonexcitonic case [34], suggesting that these only become
significant at longer timescales than the ones examined here.
We further note that our results are still within a single-exciton
framework; exciton-exciton interactions, not included here,
are required to evaluate exciton decay lifetimes and spec-
tral broadening comparable to experiment. Furthermore, such
changes in the optical excitation nature due to phonon scatter-
ing directly point to modifications in their transport properties
[38,52].

The presented approach for computing the exciton-phonon
interaction dynamics is closely related to the common
assumption that exciton-phonon scattering is primarily dom-
inated by the static Fan-Migdal interaction terms, in which
electron-phonon and hole-phonon coupling are weighted
within the coupled exciton-phonon terms through GW-BSE
state components [35]. While recent studies employed this
approach to compute exciton-phonon scattering rates [36-38],
our approach here is different: we keep the interactions within
a single-exciton picture, but allow a change in the electron-
hole pairs composing the excitons in the BSE basis set.
The rapid layer mixing occurring directly after excitation of
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intralayer states implies on effective coupling to long-lived
interlayer excitons, and in practice suggests that many-body
effects crucially contribute to the generation of ultrashort ex-
citon coherences. We further note that although our method is
fully from first principles, it treats phonons as a bath within a
Markovian approximation, a property that can be challenged
if one further accounts for changes in the phonon population
[53]. We leave the numerical exploration of these multiparticle
interactions to future work.

In conclusion, we presented a first-principles approach to
compute exciton ultrafast dynamics through phonon-induced
electron and hole pair occupation following an optical ex-
citation. Our analysis, based on an ab initio density matrix
formalism, points to a rapid reduction in the optical activity of
intralayer excitons due to layer mixing. Furthermore, it sug-
gests a new perspective of the starting point for the relaxation
between optically excited intralayer states and long-lived in-

terlayer states, with spatial overlap between these excitons
induced almost immediately after excitation, followed by oc-
cupation of spin-dark components. Our findings supply a
structure-specific and state-dependent measure of the exci-
ton decomposition following a photoexcitation, facilitating a
predictive understanding of exciton relaxation due to phonon
scattering from a band-structure perspective.
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