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We experimentally demonstrate time-resolved exciton propagation in a monolayer semiconduc-
tor at cryogenic temperatures. Monitoring phonon-assisted recombination of dark states, we find
a highly unusual case of exciton diffusion. While at 5K the diffusivity is intrinsically limited by
acoustic phonon scattering, we observe a pronounced decrease of the diffusion coefficient with in-
creasing temperature, far below the activation threshold of higher-energy phonon modes. This
behavior corresponds neither to well-known regimes of semi-classical free-particle transport nor to
the thermally activated hopping in systems with strong localization. Its origin is discussed in the
framework of both microscopic numerical and semi-phenomenological analytical models illustrating
the observed characteristics of nonclassical propagation. Challenging the established description
of mobile excitons in monolayer semiconductors, these results open up avenues to study quantum
transport phenomena for excitonic quasiparticles in atomically-thin van der Waals materials and

their heterostructures.

Correlated motion of the Coulomb-bound electron-hole
pairs, commonly known as excitons |1, 2|, represents a
vibrant field of research. From their electronic con-
stituents excitons naturally inherit the ability to propa-
gate through the crystal[3, 4]. Moreover, optically ac-
tive excitons can directly visualize transport phenom-
ena and possess emerging properties associated with
interacting, composite bosons [5], including discussions
of superfluidity [6, 7], condensation [8], phonon wind [9],
and ring formation [10]. Particularly interesting in this
context are layered two-dimensional (2D) materials [11]
such as semiconducting transition-metal dichalcogenides
(TMDCs) [12-15]. As monolayers they host robust ex-
citon states with high binding energies[16, 17] and the
possibility to carry spin-valley information quanta [18—
20]. The excitons in TMDCs have been shown to be
mobile [21-28], guided by gradients [29-31], exhibit non-
linear diffusion [32-37], strain-dependence [38], as well as
intriguing propagation in heterostructures [39-42].

In general, systems hosting mobile excitons such as
TMDCs fall into two main categories, exhibiting ei-
ther semi-classical free-particle transport [43-45] or hop-
ping between localization sites[46, 47]. These mecha-
nisms are typical for Wannier-Mott excitons with spa-
tially extended wavefunctions in inorganic semiconduc-
tors and tightly bound Frenkel-like states in molecular
crystals, respectively. Excitons in TMDC monolayers,
however, present a particularly interesting, intermediate
case. They uniquely combine the characteristics of the
two descriptions, with wavefunctions being delocalized

across many unit cells but also exhibiting high binding
energies [17]. This duality is expected to manifest itself
prominently in the exciton transport behavior, includ-
ing potential emergence of quantum interference phenom-
ena [48-52|. Despite much progress, however, only little
is known regarding the appropriate picture for the exci-
ton propagation in monolayer semiconductors, currently
based on the assumption of a purely semi-classical frame-
work [22, 24, 28, 30, 32, 33, 36, 37, 53].

Here, we address the question of the fundamental de-
scription of mobile excitons in 2D TMDCs, demonstrat-
ing the unusual nature of the exciton diffusion in these
systems. In the experiments, we take advantage of dark
excitons in hBN-encapsulated WSes monolayers with
suppressed long-range disorder [26]. In contrast to bright
excitons with picosecond lifetimes [54], dark states live
up to 100’s of ps[55, 56] and allow us to study them un-
der thermal equilibrium conditions. Dark exciton emis-
sion is monitored through phonon-assisted recombina-
tion channels [57-63] via time- and spatially-resolved mi-
croscopy at cryogenic temperatures after weak, strictly
resonant excitation of the bright state. Importantly, the
characteristic spectral shape of the phonon sidebands
(PSBs) [4, 58, 61] allows for an independent evaluation
of the exciton temperature and scattering rates, making
it possible to extract key parameters governing exciton
propagation from experiments.

At the lowest studied temperature of 5K, we detect
linear diffusion with a coefficient of 2.4 + 0.5 cm? /s, es-
sentially limited by the exciton-phonon coupling. As the



temperature increases, we observe an unusually strong
decrease already in the low-temperature range of 4 to
30 K, far below activation threshold of high-energy
phonons. Under these conditions, the observations agree
neither with the semi-classical free-particle description
nor with thermally activated hopping. These conclusions
are further supported by quantitative analysis involv-
ing experimentally determined scattering rates as well
as many-body calculations of the spatio-temporal exci-
ton dynamics. In view of the recently predicted quan-
tum interference phenomena for TMDC monolayers [52],
it allows us to experimentally demonstrate an interesting
scenario that requires nonclassical contributions to the
exciton transport.

The studied hBN-encapsulated WSes monolayers were
obtained by mechanical exfoliation and stamping [64]
of bulk crystals (WSey from “HQgraphene”, hBN from
NIMS) onto SiO/Si substrates (see Supplemental Mate-
rial [65]). For the measurements the samples were placed
in a microscopy cryostat. We used a 80 MHz, 140 fs-
pulsed Ti:sapphire as excitation source, tuned into res-
onance with the bright exciton Xy at 1.726eV to mini-
mize excess energy and avoid contributions of unbound
electron-hole pairs. The incident light was focused to a
spot with about 1 um diameter. The emission was col-
lected from a lateral cross-section and guided through an
imaging spectrometer equipped with a mirror and a grat-
ing to provide spatial and spectral resolutions, respec-
tively. We employed a streak camera for time-resolved
detection and a CCD-sensor for time-integrated signals,
also see Refs. 28, 33].

The optical fingerprints used to monitor dark exci-
tons in WSey monolayer are schematically illustrated
in Fig.1(a). The short-lived, bright exciton transition
(K — K) is denoted by the respective valence and con-
duction band valleys of the empty and filled electron
states that form the exciton. The schematic and the no-
tation are chosen from the K valley perspective and ap-
ply equally for K’. After optical injection, bright excitons
rapidly redistribute toward lower-lying states [55, 62, 91].
These are commonly labeled as dark exzcitons [55] due
to strongly suppressed light-matter coupling from either
non-zero spin (intra-valley K —K triplets) or large center-
of-mass momentum (inter-valley K — K’ singlets).

While being essentially dark in absorption, these states
can be detected in photoluminescence (PL) at sufficiently
low temperatures [17]. Intra-valley triplets couple weakly
to light via out-of-plane-polarization [56, 92] and are ob-
served with large collection apertures. They give rise
to the prominent X2, = transition in the PL spectrum
at T = 5K, presented in Fig.1(b). In addition, they
couple to the in-plane polarization through a phonon-
assisted process [59, 60, 63] leading to the emergence of
the Pitra sideband, indicated in Figs. 1 (a) and (b). Sim-
ilarly, inter-valley K — K’ singlets recombine under emis-
sion of zone-edge phonons [61-63] and exhibit PL labeled
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FIG. 1. (a) Schematic illustration of the relevant phonon-

assisted emission of dark excitons in WSez. (b) Typical lu-
minescence spectrum of hBN-encapsulated WSe2 monolayer
at T = 5K, after resonant excitation of Xy. Colored areas
schematically indicate individual components. Correspond-
ing PL transients are presented in the inset. (c) Representa-
tive spatially-resolved profiles of the dark exciton PSBs at 0
and 400 ps after resonant excitation of Xo. (d) Mean squared
displacement of the individually measured PL signatures as
function of time. Data are vertically offset for clarity.

as Piter, while their direct recombination is forbidden
due to momentum conservation. Additional, weak sig-
natures stem largely from the higher order PSBs below
P.t1a, a feature attributed to the K —A sideband at about
—50meV [61, 62|, nearly negligible PL from negative tri-
ons (—31 and —38meV) as well as a peak at —35meV,
consistent with Refs. [59, 60, 63].

Importantly, all dark states are long-lived with pop-
ulation lifetimes 7x of 500 and 800ps for P and
Pintra (XE,..), respectively, as illustrated in the inset
of Fig.1(b) (also see Supplemental Material [65]). Fol-
lowing resonant excitation of the bright state, relax-
ation and cooling of dark excitons occur on much shorter
timescales, during the first 10’s of ps[62]. During their
lifetimes of many 100’s of ps, these excitons should be
thus thermally equilibrated within their respective intra-
and inter-valley subsets.

Representative profiles of the spatially-resolved dark
state emission are presented in Fig. 1 (¢) for 0 and 400 ps
after the excitation at 7" = 5 K. They illustrate broad-
ening of the spatial exciton distribution over time. The



employed excitation density of 50 nJ cm ™2 corresponds to

the linear regime with the estimated electron-hole pair
density of several 10'°cm™2 per pulse. For the quan-
titative analysis we fit the PL profiles with a Gauss
function, oc exp[—x?/202(t)], where z is the coordi-
nate along the detected cross-section. From this pro-
cedure we extract time-dependent change of the variance
Ao?(t) = o%(t) — 02(0), commonly labeled as the mean
squared displacement. Corresponding values, obtained
from the individual, spectrally filtered emission features
of the dark states, are presented in Fig. 1 (d). All of them
exhibit very similar behavior with the linear increase of
Ac? over time being a clear hallmark of diffusive prop-
agation [11]. From Aoc?(t) = 2Dt we extract an average
diffusion coefficient D = 2.4 4+ 0.5cm? /s, corresponding
to diffusion lengths v/2D7x on the order of 0.5 pm.

According to the semi-classical description [44], the dif-
fusion coefficient is determined by the total mass Mx
(that is about 0.75 of the free electron mass mg for dark
excitons in WSes [93]), temperature T', and the scattering
rate 7, L

k)BTTS
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where kp denotes the Boltzmann constant. Ideally, the
primary mechanism limiting the diffusion at low temper-
atures is the quasielastic exciton scattering with long-
wavelength acoustic phonons. The corresponding rate
scales linearly with the temperature and is expected to
yield a temperature-independent, constant diffusivity for
the purely semi-classical behavior [52]. To elucidate the
nature of the exciton transport it is thus necessary to
gain independent access to both diffusion coefficient and
scattering rate 7, ! as functions of the exciton tempera-
ture. As we demonstrate in the following, the rates and
the temperatures are directly obtained from spectrally-
resolved, characteristic PSB profiles. They also allow us
to confirm the equilibrated state of the photoexcited ex-
citon system.

PL spectra in the temperature range between 5 and
50K are presented in Figs.2(a) and (b) for the PSBs
and the X2, peak, respectively. In order to fulfill both
momentum and energy conservation, the direct radia-
tive transition is only allowed for vanishing momenta and
near-zero kinetic energies. It results in a fully symmet-
ric X2, . peak that motivates the use of a Voigt profile
with a temperature-dependent linewidth I' for analysis.
In contrast to that, recombination via phonon-assisted
emission can involve excitons with arbitrary large center-
of-mass momenta. This yields the typically asymmetric
shape of the sidebands, directly reflecting the exciton dis-
tribution in momentum space [4, 94, 95], as illustrated in
Fig.1(a). To fit the observed PSBs we thus convolute
a Lorentzian peak with an exponential high-energy flank

x exp[—E/kpTx] (see Supplemental Material [65]). The
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FIG. 2. (a) PL spectra of dark exciton PSBs after resonant,
pulsed excitation. (b) PL spectra of the intra-valley dark ex-
citon zero-phonon line. (¢) Extracted symmetric peak broad-
ening component (full-width-at-half-maximum) representing
temperature-dependent scattering rate. (d) High-energy ex-
ponent representing the exciton temperature.

symmetric broadening then accounts for the scattering
rate 7,1 and the asymmetric flank represents the exci-
ton distribution in kinetic energy, corresponding to an
effective temperature T'x.

As shown in Figs. 2 (a) and (b), this choice of the fit
functions describes the data very well, allowing for a
meaningful extraction of the parameters. Temperature-
dependent broadening is presented in Fig.2 (c) as both
total and deconvoluted linewidths. For the latter we as-
sume an additional, constant broadening of 0.9 meV to
account for residual, spatially-extended inhomogeneities.
The observed linear increase of the linewidth with a coef-
ficient of 53 eV /K is characteristic for quasielastic scat-
tering with phonons from the linear acoustic branch [96—
98] (see Supplemental Material [65] for additional discus-
sion). In this case, each phonon-scattering event ran-
domly changes the propagation direction of the exciton
wavepacket. The optical phase scattering rate determin-
ing the spectral broadening is then equal to that for
momentum scattering governing the diffusion in Eq. (1).
Moreover, the broadening obtained from the symmetric
component of the PSBs is nearly identical to that of the
Xigtm peak, supporting the consistency of the applied
model. Finally, the extracted exciton temperature pre-
sented in Fig. 2 (d) corresponds to that of the lattice with
only small deviations.
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FIG. 3. (a) Transient mean squared displacement of the spatial exciton distribution for temperatures between 5 and 50 K. Data
are vertically offset for clarity. (b) Measured diffusion coeflicients in comparison to the semi-classical expectation from Eq.(1)

based on the measured scattering rates, Fig.2 (c).

Shaded area and the solid line are guides-to-the-eye. (c) Illustration of

the semi-classical exciton propagation and scattering via thermally-activated phonon absorption. (d) Temperature-dependent
ratio of the mean free path corresponding to measured diffusion coefficients and the de Broglie wavelength of the excitons.
Absolute values for the latter are given in the inset. (e) Exciton diffusivity calculated using a microscopic multi-valley model
in a semi-classical framework and the influence of quantum-corrections.

To illustrate temperature-dependent diffusion, time-
dependent expansion of the spatially-resolved PL profiles
is presented in Fig. 3 (a) for a series of temperatures up to
50 K. Here, we detect the accumulated signal of all side-
bands taking advantage of enhanced signal-to-noise ra-
tio and spectrally-independent diffusion coefficients (c.f.
Fig.1). The extracted diffusivity is shown in Fig.3 (b)
as a function of temperature. At lowest temperatures
the measured values are close to the semi-classical ex-
pectation Dy, = 2.5cm? /s using the measured broaden-
ing coefficient of 53 ueV/K and Eq. (1). As the tempera-
ture increases, we do not observe any thermally activated
increase of diffusion that would otherwise point to hop-
ping [47] or defect-assisted scattering[99, 100]. Instead,
we find a pronounced decrease of the diffusivity already
during the first 10’s of K.

This peculiar observation strongly contrasts the expec-
tation of a constant diffusivity from the semi-classical
model, Eq.(1), using independently determined scatter-
ing rates, Fig.2 (c), shown for direct comparison. Im-
portantly, the general description via. Eq.(1) does not
depend on a specific origin of the scattering. We further
emphasize the absence of non-equilibrium effects due to
the long time-scales in our observations, far beyond the
initial relaxation during the first 10’s of ps[62]. Finally,
our findings are robust, confirmed using a sample in the
neutral-doping regime, and do not depend on the excita-

tion density (see Supplemental Material [65]). The latter
allows us to exclude non-linearities, such as bimolecular
processes [33, 101] or phonon-wind effects [35, 102].

The observed inadequacy of the semi-classical descrip-
tion can be rationalized in view of the formal appli-
cability limit, known as the Ioffe-Regel criterion [103].
In the semi-classical picture, schematically illustrated in
Fig. 3 (c), the exciton diffusion is dictated by temperature
and scattering rate 7,7!. The model is expected to break
down when the mean-free-path lng, = +2D7s of the
particle becomes similar or smaller than the wavepacket
size characterized by the de Broglie wavelength \gp =
V2rh(MxkgT)~'/2. From scattering rates in Fig.2 (c)
we indeed obtain /g, = Agp for all studied temperatures.
We also present the ratio between l.g,, extracted from
measured diffusion coefficients under the assumption of
Eq.(1), and A\gp in Fig. 3 (d). This ratio decreases far be-
low unity at elevated temperatures, further illustrating
the inconsistency of the semi-classical description. More-
over, due to the similarity of the key exciton parameters
and scattering rates, the above considerations should ap-
ply for other TMDC monolayers as well.

It is thus instructive to consider current theoretical un-
derstanding of the exciton transport in 2D TMDCs both
in a semi-classical framework with a more comprehensive
description of exciton bandstructure and from the per-
spective of quantum corrections. For this purpose, the re-



sults of the calculations for the exciton diffusivity in ther-
mal equilibrium are presented in Fig. 3 (e). In the multi-
valley approach we use a model Hamiltonian in the exci-
tonic basis, including carrier-light, carrier—phonon, and
carrier—carrier interactions to set up equations of motion
for the excitons [36, 38, 62]. The required input param-
eters for monolayer WSey are taken from first-principle
studies [93, 104]. The diffusion coefficient is extracted
from the spatio-temporal evolution of the excitons in the
semi-classical approximation neglecting exciton-exciton
mechanisms [36-38]. The model takes explicitly into
account both a realistic multi-valley bandstructure of
WSes and the exciton-phonon coupling beyond the long-
wavelength acoustic branches. In particular, we include
thermal activation of higher-energy phonon absorption
that leads to additional inter-valley scattering for exci-
tons, schematically illustrated in Fig. 3 (c). At low tem-
peratures we find an essentially constant value of the
diffusion coefficient, close to the experimental result at
5K and the semi-classical estimation via Eq.(1). Only
above about 30 K the model predicts a small decrease of
the diffusivity. This onset depends on the energy of the
phonons involved in the intervalley scattering and, most
importantly, is always accompanied by a non-linear in-
crease of the linewidth (cf. Supplemental Material [65]
and Ref. [98]).

First-order quantum corrections to a simplified semi-
classical picture of constant diffusivity are illustrated in
Fig.3 (e). Recently developed for 2D TMDCs [52], the
calculations are adapted for the WSes monolayer by us-
ing the exciton mass and the sound velocity of 0.75my
and 3.3 km/s, respectively. The model accounts pertur-
batively for quantum interference effects in the exciton
transport. Constructive interference can arise between
clock- and counterclockwise propagation of exciton wave
packets through closed loops, leading to an effective local-
ization of excitons (also see Supplementary Material [65]).
For quasielastic exciton-phonon interaction [52], the spe-
cific interplay between the loss of the relative phase in
the loop and momentum scattering results in an initial
decrease of the effective diffusivity with increasing tem-
perature. Interestingly, the functional form of the quan-
tum corrections and their temperature dependence in-
deed resemble experimental observations. However, the
magnitude of the measured effect is almost an order of
magnitude higher. It follows that while nonclassical con-
tributions to the exciton diffusion are clearly necessary,
further development of the theory beyond the commonly
studied first order in %/(kpT'7) quantum corrections is
required.

In conclusion, we have explored the nature of the ex-
citon transport in monolayer semiconductors via tran-
sient microscopy at cryogenic temperatures. The exci-
tons are found to exhibit neither the characteristic be-
havior of diffusive free particle propagation nor that of
thermally activated hopping between localized states.

Measured diffusion coefficients strongly deviate from the
semi-classical expectation of a temperature-independent
diffusivity based on independently obtained momentum
scattering rates. Instead, we find evidence for nonclassi-
cal contributions playing a key role, consistent with com-
parable scales for the free propagation and de Broglie
lengths. The obtained results should be relevant for op-
toelectronic devices based on mobile optical excitations
in 2D materials and provide a solid platform to under-
stand exciton propagation in more complex heterostruc-
tures that involve monolayers as building blocks. The
observed unusual behavior in the exciton diffusion high-
lights van der Waals monolayer semiconductors as a par-
ticularly promising platform to merge the rich field of
quantum transport phenomena with the physics of com-
posite excitonic quasiparticles.
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