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While valleys (energy extrema) are present in all band structures of solids, their preeminent role
in determining exciton resonances and dynamics in atomically thin transition metal dichalcogenides
(TMDC) is unique. Using two-dimensional coherent electronic spectroscopy, we find that exciton
decoherence occurs on a much faster time scale in MoSes bilayers than that in the monolayers. We
further identify two population relaxation channels in the bilayer, a coherent and an incoherent one.
Our microscopic model reveals that phonon-emission processes facilitate scattering events from the
K valley to other lower energy I" and A valleys in the bilayer. Our combined experimental and
theoretical studies unequivocally establish different microscopic mechanisms that determine exciton
quantum dynamics in TMDC monolayers and bilayers. Understanding exciton quantum dynamics
provides critical guidance to manipulation of spin/valley degrees of freedom in TMDC bilayers.

Much effort has been devoted to understanding the optical
properties of semiconducting transition metal dichalcogenides
(TMDCs) because of their unique layer-dependent band struc-
tures, strong light-matter interaction, and easy integration
with other photonic structures [1, 2]. In both TMDC mono-
layers (MLs) and bilayers (BLs), exciton resonances dominate
optical absorption spectra, exhibiting large oscillator strength
and binding energy. These bright excitons correspond to direct
transitions at the K points and follow unique optical selection
rules, often referred to as spin-valley locking [3-6]. The sig-
nificantly stronger photoluminescence (PL) intensity in MLs
compared to BLs indicates a transition from a direct to indi-
rect band-gap [7, 8]. Considering their similar absorption and
markedly different PL, a question naturally arises: Is there any
difference between the exciton quantum dynamics in TMDC
MLs and BLs?

Our study focuses on MoSe; MLs and BLs. The transition
from a direct gap in ML MoSe, to an indirect gap in the BL
coincides with the emergence of multiple low-energy valleys as
illustrated in Fig. 1a. Valley scattering processes may strongly
influence exciton quantum dynamics [9-12], which are charac-
terized by two critical parameters: the population relaxation
(T' = 1/Ty) and decoherence rates (v = 1/T3). These quantum
dissipative processes are related by v = 1/Ty = 1/2T71 + vy,
where 7,5, represents the pure dephasing. Exciton quantum
dynamics in TMDC monolayers have been investigated previ-
ously [13-19], and K — K exciton coherence was found to be
recombination-limited. In contrast, many questions related to
exciton dynamics remain unknown in bilayers because of their
more complex valley structure, layer pseudo-spins and indirect
gaps [20].

Here, we apply two-dimensional coherent electronic spec-
troscopy (2DCES) to investigate intrinsic exciton quantum dy-
namics in a MoSey BL in comparison to a ML. Our measure-
ments reveal ultrafast exciton decoherence time in MoSe; BLs
to be ~50 fs at low temperature, corresponding to a homo-

geneous linewidth of 2y ~ 27meV. This dephasing time is
a factor of 6 shorter than that in the ML. We further distin-
guish two distinct population relaxation channels, a coherent
population relaxation occurring on a time scale of ~55 fs, and
an incoherent population relaxation that occurs on ~800 fs.
Microscopic calculations yield excellent agreement with exper-
iments and suggest that the ultrafast exciton dephasing and
population relaxation in the BL originate from phonon-assisted
inter-valley scattering processes from the K wvalley to other,
lower energy valleys (i.e. A and I valleys). An enhanced ex-
citon decoherence arising from inter-valley scattering is likely
also present in other stacked and twisted TMDC BLs with
momentum-indirect states below the optically-bright excitons
[21, 22].

The MoSe; ML and BL are mechanically exfoliated from a
bulk crystal and transferred to a sapphire substrate for op-
tical measurements (more details in SI). All optical measure-
ments are performed at ~30K unless otherwise specified. We
observe two resonances in both the ML and BL in linear re-
flectivity measurements and attribute them to the A and B
excitons. The A exciton is red-shifted in the BL but the B
resonance energy is nearly constant. This observation is con-
sistent with earlier experiments and confirms the spectral uni-
formity of sample [23, 24]. We extract a full width half maxi-
mum (FWHM) of ~45 meV and ~80meV for the ML and BL,
respectively, by fitting with a Voigt function. The dominant
contribution to the exciton linewidth at low temperature in
linear spectroscopy is inhomogeneous broadening.

The lowest two conduction and valence bands calculated
from density functional theory (DFT) are displayed in Fig. 1a.
The A exciton corresponds to the K — K transition between the
first valence band and the lowest conduction band while the
energy splitting between the A and B excitons mostly results
from the strong spin-orbit interaction in TMDCs [25]. Crit-
ically, these and other [26] DFT calculations show the emer-
gence of lower-energy valleys in BLs, which leads to increased



(

Q
-~

Energy (eV)

1 " 1 " 1 " 1
1600 1700 1800 1900
Photon Energy (meV)

FIG. 1. (a) Single-particle band structures of MoSe; ML (red
dashed lines) and BL (blue solid lines) with spin-orbit coupling,
showing the two highest valence and the lowest conduction bands
adapted from Roldan et al. [25]. Details of the band evolution from
ML to BL at the K, A and I' points are shown in the blue, orange
and purple rectangles at right. (b) Reflectance spectra for MoSes
ML (red) and BL (blue) at 30K. (c) Schematic of the 2DCES ex-

periment in a box geometry.

intervalley scattering and dramatically alters exciton quantum
dynamics, as we show below. Although the energy of other
valleys relative to the K points is important to our theoreti-
cal model, the absolute transition energy in DFT calculations
cannot be directly compared to experimentally observed ex-
citon resonances because DFT routinely underestimates band
gaps [27] and exciton binding energies are not included.

The 2DCES experimental set-up has been described in de-
tail in previous studies [13, 14, 16, 28]. Briefly, three phase-
stabilized, co-circularly polarized excitation laser pulses are
derived from the same Ti:Sapphire laser with ~60 fs pulse du-
ration and 76 MHz repetition rate, with adjustable time delays
(t1 and t3) between them. We choose the co-circular polariza-
tion for all pulses to resonantly excite excitons in one K valley.
The three beams are arranged in the standard box-geometry
shown in Fig. 1c and focused to a single spot ~8 um in diame-
ter. The photon-echo or four-wave mixing signal is generated
along the fourth corner of the box, characterized by wavevec-
tor kg = —k1 + ko + k3. Both the amplitude and phase of the
nonlinear signal are measured via spectral interference with a
fourth reference pulse separated by a time delay ¢3 from the
third pulse.

We first investigate exciton decoherence by taking the one-
quantum rephasing spectrum. As shown in Fig. 2a, the one-
quantum rephasing spectrum is obtained by scanning ¢; and
t; while keeping to constant. The time-domain signal is con-
verted to the frequency domain via Fourier transform. For
the measurement presented here, to = Ofs is chosen. Elon-
gation along the diagonal of the 2D spectrum is due to inho-
mogeneous broadening from variations in strain and dielectric
environment, impurities, or defects [29]. In contrast, the cross-
diagonal broadening along hw;, = —hwy, reveals the intrinsic
homogeneous linewidth ~, which is inversely proportional to
the dephasing time 1/T» = Ay [30].

The monolayer spectrum Fig. 2b features two prominent di-
agonal peaks attributed to the neutral exciton X° (1652 meV)
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FIG. 2. One-quantum rephasing spectra from MoSe; ML and BL.
(a) Schematic showing the one-quantum rephasing pulse sequence.
(b, d) Amplitude spectra of a MoSe ML (BL) at 1 x 10'% cm ™2
excitation density and 30 K. The exciton and trion resonances are
indicated by X° and X7 in the ML. The cross-diagonal linewidth
(homogenous linewidth) is extracted at the X° peak indicated by
the dotted line. (c, €) The extracted homogeneous linewidths are
fitted with Lorentzian functions for ML and BL MoSe> respectively.
Here, wy = wi, + wes-

and trion X7 (1625meV) [15, 31] and coherent coupling be-
tween excitons and trions can be identified through the cross
peaks. The A exciton homogeneous broadening v3,; = 2.1 +
0.2meV (T35, = 313 4 33fs) is extracted from a Lorentzian
fit for the exciton peak, shown in Fig. 2c. All these features
are consistent with previous studies [15, 16, 32].

In the 2D spectrum taken from the BL in Fig. 2d, only one
diagonal peak corresponding to the A exciton at 1625 meV is
observed over the spectral range covered by the excitation laser
pulse (1635 & 20meV). In contrast to the ML, the line shape
of the exciton resonance in the MoSes BL is nearly homoge-
neously broadened. Following a similar analysis, we extract a
homogeneous broadening in Fig. 2e of y5; = 13.6 £ 0.8 meV
(T5¥p1 = 49+ 2fs). The excitons in bilayer MoSey exhibit ~ 6
times faster dephasing than the ML A excitons. While differ-
ent substrates (e.g hBN) can alter exciton dephasing in ML by
suppressing charge fluctuations or modifying the photon den-
sity [33], we anticipate a reduced substrate influence on BLs
because of the rapid inter-valley scattering.

To reveal the origin of exciton decoherence, we apply a
microscopic theory that quantitatively evaluate the role of
exciton-phonon interaction and inter-valley scattering [10, 34].
We start with the different ML and BL electronic band struc-
tures (Fig. 1a) from first-principle calculations, supported by
ARPES experiments. [35, 36] We then include excitonic effects
by solving the Wannier equation, taking the modified Coulomb
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FIG. 3. Exciton dephasing as a function of temperature. (a, c) II-
lustration of valley scattering processes influencing exciton dephas-
ing in MoSez (a) MLs and (c) BLs. The horizontal axis Q stands
for center-of-mass momentum, and vertical axis represents exciton
energy. (b,d) Calculated dephasing channels for ML (b) and BL
(d), respectively. Linewidth broadening due to contributions from
radiative decoherence, exciton intravalley scattering (K — K) and
intervalley scattering to K —K', K—A, K—A and ' — K are accumu-
lated in each curve stacked vertically. Experimental homogeneous
linewidths (extrapolated to zero-excitation-density) are shown as
tangerine (ML) and blue (BL) points.

potential in ML and BL MoSe; into account [34, 37]. The low-
est lying exciton state v = 1s is described by

h*Q2

Ene _ Enée Ene ls
Eg* = B + By 4 o (1)

where the first term accounts for the energetic separation of
the different intra- and intervalley transitions in the electronic
picture, the second term accounts for the binding energy of
the respective transition and the third term accounts for the
kinetic energy of the exciton with an effective mass Méée =
m,ﬁh + mée.

The low-energy excitons consist of electrons and holes lo-
cated at several high-symmetry points £/, in the Brillouin
zone, namely K (K'), A(A’) points for electrons and K(K'), T’
points for holes, respectively. The three-fold rotational sym-
metry leads to energetically degenerate K’ and A’, points with
opposite spins. We summarize the relevant exciton states in
Fig. 3a (ML), 3¢ (BL) and Table. 1 in SI. In ML MoSes, the
lowest-energy exciton transition is a direct transition at the
K — K point. In contrast, the band structure of BL MoSe,
evolves from a direct to indirect band gap, with the valance
band maximum (VBM) shifting from the K (K’) point to the
I' point and the conduction band minimum (CBM) shifting
from the K(K') point to the A(A") point. The drastic band
structure evolution from monolayer to bilayer is attributed to
the fact that conduction band at the A(A’) point and valence
band at the I' point are primarily composed of out-of-plane
orbitals, while bands at the K point are mainly composed of
in-plane orbitals [26]. The valley indirect T' — K, K — A and
T'-A excitons are unobservable in the reflectivity and 2D spec-
tra because of their significantly reduced oscillator strength.
The key difference between the ML and BL is the emergence

of the low-energy valleys in BL.. Energetically favorable valley
scattering processes become the dominant channel of A exci-
ton decoherence in the BL even at low temperature and lead
to ~ 6 times faster dephasing than that found in MLs.

We quantitatively evaluate several decoherence channels of
the bright K — K excitons. By solving Maxwell and Bloch
equations, and performing a correlation expansion for the
exciton-phonon interaction in the second-order Born-Markov
approximation [17], we first calculate the radiative decay pro-
cess described in a previous study [34]. Here, we focus on the
phonon-assisted decoherence rate in ML and BL [10, 34]:

_ — i 1 1 —io
k= X R (g )
Q.i,a, %
X L, (E;;2 B mg*m) . 2)

The summation ¢ incorporates all possible excitonic valleys. In
particular it incorporates intravalley scattering (i = K — K),
intervalley scattering via electron scattering (i = K — K', K —
A, K — A’) and intervalley scattering via hole scattering (i =
K’'—K). The =+ sum accounts for phonon emission and absorp-
tion processes, ngj‘ and BQSI account for the phonon occupa-
tion and the phonon dispersion at the & point in the Brillouin
zone and branch « [38]. In the calculation, we include the
LA, TA, LO, TO and A’ modes which provide the strongest
coupling strength in monolayer TMDCs [38]. In this study fo-
cusing on quantum decoherence effects in BLs, we assume that
the exciton-phonon coupling elements gg —K—ia appearing in
Eq. 2 can be approximated with the according values for the
ML material (see SI). The Lorentzian L£,(AFE) with broad-
ening -y accounts for the relaxed energy conservation during
an exciton-phonon scattering event, while the broadening = is
calculated by self-consistently solving equation (2) [33].

The results of the calculation are summarized in Fig. 3b
where each curve plots the accumulative contribution to the
linewidth. As an example, the red curve labeled + K — K is a
sum of the contribution from radiative decay and the intraval-
ley exciton scattering within the K valleys (see SI for more
details). In ML MoSes, the dephasing rate is mainly deter-
mined by the radiative decay and intravalley phonon scatter-
ing [39]. At low temperatures, the dephasing rate increases
linearly with temperature due to the absorption and emission
of long range acoustic phonons [40]. The contribution from
intra-valley phonon induced decoherence approaches zero as
temperature approaches zero. In contrast, both calculated
and measured homogeneous linewidths in BL MoSe; remain
broad ~ 14meV even in the low temperature limit, as shown
in Fig. 3d. The self-consistent solution of Eq. 2 reveals that
the dominant process is exciton scattering from K — K exci-
ton to I' — K states via emission of acoustic and optical K
phonons. Such a phonon emission process remains efficient
even at low temperatures. The coupling to optical phonons
here in MoSes is stronger than that in WSs, previously stud-
ied using linear spectroscopy methods [10]. After investigating
exciton-exciton interactions via excitation power dependent
measurements (details included in SI), we directly compare the
extrapolated and calculated homogeneous linewidth (Fig. 3b
and 3d) in the relevant temperature range, finding remark-
able agreement within ~20%. This agreement suggests that
the calculations have captured the most important quantum
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FIG. 4. Zero-quantum spectra from a MoSes BL used to ex-

tract population relaxation times. (a) Schematic showing the zero-
quantum pulse sequence. (b) Zero-quantum spectrum of a MoSes
BL at 1 x 10'? cm ™2 excitation density and 30 K. The vertical line
cut at the peak of the X° resonance captures population relax-
ation dynamics. (c) Fitting the zero-quantum line cut with two
Lorentzian functions reveals fast 54 2 fs and slow 810+ 10 fs decay
components. (d) Calculated relaxation dynamics with two domi-
nant components in the frequency domain in excellent agreement
with experiment. (e) Theoretical calculation of time-domain popu-
lation dynamics in the K valley after excitation of K — K excitons.
In (c-e), totals are offset from the components for clarity.

decoherence mechanisms in both the ML and BL.

Next, we extract the exciton population relaxation dy-
namics by taking zero-quantum spectra. These spectra
S(t1, hws,, hwe,) are acquired by scanning and then applying
Fourier transforms with respect to the time delays to and t3,
while holding ¢; constant as illustrated in Fig. 4a. Choos-
ing t; = 0fs, the zero-quantum spectrum of the MoSe, BL
is presented in Fig. 4b. As a signature of population relax-
ation, we observe the main peak is distributed along the grey
dashed line with Aw;, ~ 0 meV. Examining a line cut through
the peak of the exciton resonance along the fiw, direction
(blue vertical dashed line), we can further extract the exciton
population relaxation rate. Intriguingly, the profile in Fig. 4c
could only be well-fitted with two Lorentzian functions with
linewidths of 12.2 meV and 0.81 meV, respectively. Translat-
ing them to decay times, we obtained fast (7745 = 54 &+ 21fs)
and slow (7g0, = 810 = 101s) components. These time scales
are much faster than many previous reports on exciton popu-
lation relaxation using pump/probe or time-resolved PL tech-
niques [41-43] because our experiments detect third-order co-
herent signals, enabling a quantitative comparison with mi-
croscopic calculations presented below. In contrast, incoher-

ent spectroscopy techniques are often influenced by exciton-
repopulation processes from defect-trapped states or conver-
sion from indirect/dark excitons.

Our microscopic calculation begins by determining the Pauli
blocking effect in each valley: the blocking is given by the tem-
poral evolution of the overall carrier occupation in the K valley
f = fe+ f", which the third pulse is sensitive to. Electron and
hole occupations are determined by the exciton states which
have an electron/hole in the K valley [44]: f¢ = [Py |2 +
> quin—rr NG and f1 = 1P P g eaa NG
We find contributions from the optically pumped coherent ex-
citons POK K as well as from incoherent excitons N formed
through exciton-phonon scattering of coherent excitons [45].
In our calculation of the temporal evolution of the coherent
and incoherent excitons, we include exciton-photon, exciton-
phonon and intervalley exchange interactions [9, 45, 46]. Our
analysis (shown in Fig. 4d, details in SI) predicts a fast decay
rate of 12.1 meV (55 fs) originating primarily from the decay of
coherent excitons, with additional contributions from the re-
laxation of K — K excitons to momentum-indirect K — A and
I' — K states after the optical pump, and the further decay
of K — A excitons. The subsequent slow decay of 0.85 meV
(7701s) is determined by the decay of the I' — K excitons to
the I' — A exciton states. We present the calculated relaxation
processes in the frequency and time domains as depicted in
Fig. 4d and 4e, respectively. There is excellent agreement be-
tween the experiments (Fig. 4c) and calculation (Fig. 4d). We
re-plotted the calculated dynamics in the time domain for ease
of visualization (Fig. 4e). In contrast, exciton population re-
laxation measured from a MoSe; ML (details included in ST)
reveals a single component decay with a 475 + 8 fs relaxation
time, an order of magnitude slower than the 54 fs BL compo-
nent, emphasizing the distinct microscopic decay channels in
the ML and BL.

Early steady-state photoluminescence experiments on TMD
bilayers identified additional exciton resonances attributed to
electron and holes residing in different valleys. [47] Our study
goes beyond previous works that suggested interlayer scatter-
ing processes should be considered in bilayers. We find that the
emergence of additional low-energy valleys in MoSey bilayers
leads to rapid phonon-assisted inter-valley scattering, resulting
in significantly faster intrinsic exciton dephasing and two com-
ponents in the population relaxation dynamics. Microscopic
calculations allow us to attribute them to specific inter-valley
scattering pathways involving A valley in the conduction band
and I" valley in the valence bands. Additional spectroscopy
studies such as those based on time-resolved angle-resolved
photoemission spectroscopy (Tr-APRES) measurements with
momentum space resolution are needed [48-50] to directly vi-
sualize these inter-valley scattering processes. Understanding
how low-energy valleys influence exciton quantum dynamics is
critical to extending valleytronics in vdW heterostructures be-
yond the simplest case of “spin-valley locking” found in TMDC
MLs.
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