Coherent exciton-exciton interactions and exciton dynamics in a MoSes/WSeq
heterostructure

Torben L. Purz,! Eric. W. Martin,»»? Pasqual Rivera,® William
G. Holtzmann,? Xiaodong Xu,®> and Steven T. Cundiff!: *
Y University of Michigan, Department of Physics, Ann Arbor, Michigan 48109, USA
2MONSTR Sense Technologies, LLC, Ann Arbor, Michigan 48104, USA

3 Department of Physics, University of Washington, Seattle, Washington 98195-1560, USA
(Dated: November 22, 2021)

Coherent coupling between excitons is at the heart of many-body interactions and quantum in-
formation with transition metal dichalcogenide (TMD) heterostructures as an emergent platform
for the investigation of these interactions. We employ multi-dimensional coherent spectroscopy on
monolayer MoSes/WSe, heterostructures and observe coherent coupling between excitons spatially
localized in monolayer MoSes and WSe;. Through many-body spectroscopy, we further observe the
absorption state arising from free interlayer electron-hole pairs. This observation yields a spectro-
scopic measurement of the interlayer exciton binding energy of about 250 meV.

Two-dimensional semiconducting transition metal
dichalcogenides (TMDs) have received considerable at-
tention in recent years for their efficient light-matter cou-
pling, which has been harnessed in various optoelectron-
ical applications [1-3]. Because of the high tunability of
electronic properties, moiré superlattice effects for en-
gineering interacting excitonic lattices [4, 5], and the
strong Coulomb interactions at the 2D limit [6], they
are an emergent platform for the investigation of many-
body excitonic interactions. The strong Coulomb inter-
actions yield strong coherent and incoherent interactions
between different exciton states. Coherent coupling be-
tween excitons is crucial for many-body effects with po-
tential applications such as electromagnetically induced
transparency [7, 8|, lasing without inversion [9-11] and
excitonic quantum degenerate gases [12]. Furthermore,
the interactions between excitons are important to un-
derstand for efficient opotoelectronic device design such
as photovoltaics [13] and photodiodes [14]. Coherent
coupling has already been observed in numerous con-
ventional semiconductors [15-18] and recently in MoSes
monolayers [6, 19].

The coherent coupling between these quasiparticles
also opens a new avenue for quantum information and
quantum electronics applications with the electronic
states of TMDs being easily accessible both optically
and electronically. Quantum control of exciton qubits
in quantum dots has been demonstrated in the past [20—
22] and TMDs have been proposed as novel candidates
for qubits via interlayer excitons [23], quantum dots [24]
and defects [25] in TMD monolayers.

While for TMD heterostructures incoherent processes,
including ultrafast charge transfer [26-32], the associated
interlayer exciton formation [28, 31, 33-35], and energy
transfer [27] have been extensively studied in the past,
coherent coupling has been elusive in these samples due
to the rapidness of the incoherent effects. Furthermore,
the high binding energy of interlayer excitons in TMD
heterostructures has raised interest in these excitons and
their associated dynamics for excitonic integrated cir-
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FIG. 1. (a) Schematic of a three-pulse MDCS exper-
iment (Fourth pulse used for heterodyne detection not
shown). (b) Microscope image of the heterostructure sam-
ple (¢) Photoluminescence spectrum of the sample, together
with the laser excitation spectrum. (d) Characteristic low-
temperature, low-power multidimensional coherent spectrum
of the MoSez/WSez heterostructure at a pump-probe delay
T =600fs. The occurence of two off-diagonal coupling peaks
suggest the existence of coherent, and/or incoherent coupling
channels between the two materials.

cuits and qubits [23, 33, 36]. In this letter, we em-
ploy multi-dimensional coherent spectroscopy (MDCS)
to study coherent coupling dynamics and many-body ef-
fects for intra- and interlayer excitons in a MoSes/WSes
heterostructure. A simple scheme of MDCS is shown in
Fig. 1(a).

With MDCS, we measure the phase-resolved evolution
of an induced nonlinear response. This response is in-
duced by three pulses (A,B,C) impinging on the sam-
ple while a fourth pulse (not shown) is used for hetero-
dyne detection. The four pulses are separated by time
delays 7, T, and t. Recording the phase-resolved re-
sponse along 7 and ¢, and Fourier transforming yields
(one-quantum) spectra correlating absorption and emis-
sion energies [37, 38], which is useful for measuring homo-
geneous and inhomogeneous linewidths, as well as many-
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FIG. 2. (a) Illustration of coherently coupled MoSe> and WSes excitons and the dephasing of coherent coupling (CC) via
incoherent charge transfer (CT), yielding interlayer excitons (ILE) in the heterostructure. (b) Characteristic coupling peak
amplitude dynamics and associated level-systems for incoherent vs. coherent coupling. (¢) Characteristic low-temperature, low-
power multidimensional coherent spectra of the MoSea /W Ses heterostructure at time-delays T=25fs, T=501s, and T=75fs. All
spectra are plotted on the same color scale, shown for the spectrum taken at T'=600fs in Fig.1(d). (d) Integrated four-wave

mixing of the four peaks in the MDCS spectrum. Integration areas are marked by the dashed boxes in (c).

Also shown are

exponential fits to the rise behavior of the two coupling peaks from 100 fs on (solid lines).

body effects. Scanning the delay between the second and
third pulse, T, reveals the temporal dynamics of the sam-
ple, similar to pump-probe, and distinguishes between
coherent and incoherent coupling between different ex-
citations [39]. For most of the results in this work we
use these one-quantum spectra. For zero-quantum spec-
tra we set 7 = Ops and move the T stage and perform
a subsequent Fourier transform to obtain the mixing en-
ergy axis. Because the resonances in these heterostruc-
ture samples are very broad, even at the cryogenic tem-
peratures and low powers used for the measurements in
this work, we add up two different measurements: A
one-quantum rephasing measurement, in which the first
pump interaction is conjugate, and a one-quantum non-
rephasing measurement where the second pump inter-
action is conjugate, generating absorptive spectra [39].
Adding these two measurements together allows us to
further discern different effects within this heterostruc-
ture.

We cool the sample to a temperature of 5K and use
100 fs pulses at an energy of 0.2 pJ/beam and a spot di-
ameter of 1 um to generate the third order response. Fur-
ther technical details about the experiment can be found
in the Supplemental Material [40].

A brightfield microscope image of the sample used in
this work is provided in Fig.1(b). The sample consists
of mechanically exfoliated MoSe; and WSes monolayers
stacked on top of each other with a near-zero twist angle.
The heterostructure is encapsulated in hexagonal boron

nitride (hBN). A photoluminescence (PL) spectrum for
this heterostructure is shown in Fig.1 (c). We also indi-
cate the laser spectrum used in our experiment, which
covers both the MoSes- and WSes-A exciton resonances.
The MDCS spectrum in Fig.1(d), taken at T = 600 fs
shows four peaks. The two peaks on the diagonal (dashed
line) correspond to the resonance of the respective mono-
layers, while the two cross (or coupling) peaks with dif-
ferent absorption and emission energies are indicative of
coupling between the two resonances. The spectral shift
between features in PL. and MDCS can be traced back
to a combination of Stokes shift, spatial inhomogeneity,
and limited bandwidth of the laser. From the roughly
round shape of the on-diagonal peaks, we can deduce
that the linewidths in this heterostructure sample are
limited by the homogeneous linewidth. To confirm this
conclusion, we fit cross-diagonal and on-diagonal slices
[41] (Supplementary Information). From these fits we
are able to extract the homogeneous linewidths for the
two resonances, Ymose,=8.5meV and ywse,=16.9meV,
which are an order of magnitude larger than for mono-
layer samples [42, 43]. It is reasonable to assume that this
increase is due to additional population decay channels,
such as charge transfer, in the heterostructure.

Discerning any other coupling between the excitons
from the dominant charge transfer contribution is im-
portant. The key to this is the temporal evolution for
the off-diagonal coupling peaks in the MDCS spectrum
shown in Fig.1(d). There are two likely sources for the



occurence of these peaks:

1) After excitation by a laser, electrons and holes bind
together to form excitons in the MoSes and WSe, respec-
tively, as shown in Fig.2 (a). These excitons can coher-
ently interact (coherent coupling), which can be caused
by static dipole-dipole, exchange interactions, or transi-
tion dipole (Forster) coupling [44] among other things.
This coupling manifests itself through an oscillating am-
plitude along T" whose frequency matches the energy dif-
ference between the resonances as illustrated in Fig. 2(b).
Decay of the oscillations stems from dephasing processes.
This coupling can be thought of as a Raman-like nonra-
diative coherent superposition of the MoSe; and WSes
states during 7', where the two states are coupled via a
common ground state. In an ideal chirp free case, both
coupling peaks oscillate in-phase. 2) Incoherent coupling
channels, such as energy or charge transfer can also lead
to an appearance of the coupling peaks. Charge transfer
via electron and hole transfer as illustrated in Fig. 2(a),
with subsequent formation of the interlayer exciton (ILE)
is common in these TMD heterostructures. For this cou-
pling, separate level systems do not need to share a com-
mon ground state in contrast to the coherent coupling,
as illustrated in Fig.2(b). Here, the coupling manifests
iteself via a rise of the peak amplitude having a time
scale characteristic of the transfer for these processes.
An in-depth discussion of the different level systems can
be found in the Supplemental Material [40].

To better resolve the dynamics of the heterostructure
and determine the coupling mechanisms, we take several
MDCS spectra with varying T" delay. We show exemplary
spectra taken at T =25fs, 50fs, and 75 fs in Fig. 2 (c).
The most notable changes between these spectra are a
visible decay for the two on-diagonal peaks and varying
amplitude for the coupling peaks. Overall, the coupling
peak amplitude increases in time (compare Fig. 1 (d)). To
better visualize these dynamics we integrate over each of
the four peaks (integration area indicated by the dashed
rectangles in Fig. 2 (¢)), and plot the resulting integrated
amplitudes in Fig.2(d). The decay of the on-diagonal
peaks (squares) as well as the rise of the coupling peaks
(circles) is clearly visible. Moreover, the amplitude of
the two cross-peaks shows features suggestive of oscilla-
tions, a strong indication of coherent coupling. Coherent
coupling also explains the significant non-zero amplitude
of the two peaks at early times. The decay for both
on-diagonal peaks occurs rapidly and noticeably faster
than the rise of the coupling peaks. This decay can be
explained by the multitude of processes, including rapid
decay into dark or localized states as reported for both
materials in the literature [43, 45] and population decay
into the ground state, all of which affect the on-diagonal
peaks. The rise of the coupling peaks, however, occurs
only due to processes that incoherently couple the two
materials together, such as energy and charge transfer.
Based on the extensive literature on these heterostruc-
tures [26, 27, 29, 46] and the similar time-scale of the
rise for the two coupling peaks, we deduce charge trans-
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FIG. 3. (a) High temporal resolution measurement of the

two-coupling peaks from Fig.2(b). Curves have been offset
to increase readability. The MoSez/WSe2 curve was recorded
with positive intentional GDD, the WSes/MoSe2 curve was
recorded with negative intentional GDD. (b) Zero-quantum
spectrum, similar to Fourier-transforming with respect to the
delay of a spectrally-resolved pump-probe experiment. Here,
we added measurements taken with positive and negative in-
tentional GDD. Complete data sets can be found in the Sup-
plemental Material [40].

fer to be the dominant incoherent coupling mechanism in
this sample.

We fit an inverse exponential for T >100fs to the rise
of the coupling peaks (solid lines) which yields an esti-
mated rise time 7y < 149+28 fs for the MoSes /W Ses
peak and T < 9119 fs for the WSes/MoSes peak,
limited by the temporal resolution of 92fs in our exper-
iment (Supplementary Information). These values are
in good agreement with the charge transfer times in the
literature for similar samples [26, 27, 29, 46].

A separate data set with smaller T steps (range indi-
cated by the gray area in Fig.2 (d)), shown in Fig. 3 (a),
resolves early time dynamics better. Both coupling
peaks show clear oscillations with a frequency around
hw =74meV, corresponding to the energy difference be-
tween the MoSes and WSey excitons. These oscillations
are emphasized by plotting a decaying cosine together
with an exponential rise (dashed lines) as a guide to
the eye. Since we see signatures of both coherent cou-
pling and incoherent charge transfer, the resulting plots
in Fig. 2(d) and Fig. 3(a) are the sum of a decaying oscil-
lation and an exponential rise, as expected from Fig. 2(b).

A more quantitative measure of these oscillations can
be obtained by taking a zero-quantum MDCS spectrum
[47]. Tt is similar to spectrally-resolved pump-probe spec-
troscopy with an additional Fourier transform along the
pump-probe delay T, which yields the mixing energy axis.
Because we have used phase-resolved heterodyne detec-
tion, we can resolve the sign of the oscillation, which
is different for the two coupling features in the zero-
quantum spectrum shown in Fig.3(b). The two fea-
tures at zero mixing energy and MoSey or WSes emis-
sion energy correspond to the non-oscillating contribu-
tions of both on-diagonal and coupling peaks. Two fea-
tures around a mixing energy of +71meV and -74 meV
can be seen for the MoSes and WSey emission, respec-
tively. Within the sample inhomogeneity, this matches
the energy spacing between the MoSe, and WSes-A ex-



citons. This agreement supports the fact that excitons
in the two materials are indeed coherently coupled and
oscillate during T" with a frequency determined by the en-
ergy difference of the two resonances. The broadness of
the features stems from the fact that both coupling con-
tributions decay rapidly along T. The low energy (10-
20meV) signatures are due to truncation effects. The
nature of the coherent coupling is not immediately evi-
dent and needs further investigation. Common interac-
tions that lead to coherent coupling are biexcitonic of
nature, such as static dipole-dipole or exchange interac-
tions, or due to mixing of the single exciton states, such
as transition dipole (Forster) coupling [44, 48]. They
can, for example, be distinguished by careful analysis of
the real part of the MDCS spectrum, as demonstrated in
[44]. Future experiments using double-quantum coherent
spectroscopy can also provide insight into the nature of
the coherent coupling [15, 16]. In the current stage, the
rapid dephasing of coherent coupling due to the rapid de-
phasing of the excitons, which itself is caused by the rapid
charge transfer, limits applications of coherent coupling
in these samples, and further work is required to trans-
form this into viable applications. In Fig.3 (a) and (b),
we combine measurements with intentional small nega-
tive and positive group-delay dispersion (GDD) on the
three excitation pulses, which enhances the coherent os-
cillations that are otherwise obscured by residual third
order dispersion. The time resolution for incoherent and
coherent dynamics are essentially different: While the
incoherent dynamics are limited by the chirped pulse,
the measurement of the coherent processes, in theory, is
not affected by chirp and given by the transform limited
pulse. However, there are intricacies with regards to de-
phasing as discussed in the Supplementary Information
[40], that render efficient dispersion control a necessity
for the observation of coherent coupling.

We furthermore acquired MDCS spectra with varying
T delay over an intermediate (500 fs-5ps) to longterm
(150 ps-600 ps) time range, whose integrated peak am-
plitudes are shown in Fig.4 (a), starting at 500 fs, after
the initial coupling peak rise and on-diagonal peak de-
cay. The full dataset can be found in the Supplementary
Information.

Within the first 5 ps, three of the four peaks (except the
MoSes peak) decay, followed by another decay for all four
peaks for T' >100 ps. This behavior is consistent with the
literature, which reports bi-exponential time-scales in the
intermediate and long term dynamics of these samples
[28, 29, 31]. In contrast to previous experiments how-
ever, which look at the coupling dynamics in an isolated
setting, the MDCS approach reveals distinctly different
decay constants for the four peaks, hinting at superpo-
sition of dynamics that cannot be obtained in the selec-
tive experiments in the literature. In the intermediate
time frame, the MoSey /WSes peak (7=1.22+0.12ps), as
well as the WSey peak (7=1.51£0.12ps) decay quicker
and with a larger amplitude than the WSes/MoSes peak
(7=1.6940.16 ps) and MoSes peak (no fit). Here, 7 de-
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FIG. 4. (a) Integrated four-wave mixing of the four peaks in
the MDCS spectrum for intermediate and long times (500 fs-
600 ps). (b) Characteristic low-temperature, low-power mul-
tidimensional coherent spectrum of the MoSe2/WSez het-
erostructure at a pump-probe time-delay of T=5.5ps. (c)
Slices of fixed emission energy taken along the absorbtion en-
ergy axis. The dashed line indicates the absorption energy
for the interlayer exciton feature.

notes the decay constant from a simple exponential de-
cay. Competition between several dynamical processes
can explain this surprising behavior. We attribute the
initial decay of the coupling peaks to the phonon-assisted
relaxation of momentum-space "hot” interlayer excitons
[33] into a tightly bound interlayer exciton state. Either
the difference in many-body effects of the hot vs. tightly
bound interlayer excitons, or the fact that the hot inter-
layer excitons are more prone to electron-hole recombi-
nation than their tightly bound counterparts can explain
an initial decay of the coupling peaks, because both pro-
cesses would indirectly affect the intralayer excitons and
thus the coupling peak strength. The difference in de-
cay between the MoSes and WSey during the first 5 ps
warrants further study. The likely explanation is energy
transfer from WSey into the MoSe, that contributes on
these intermediate time-scales [27].

The long term decay, which is fitted separately due to
competing dynamics at early times, shows a roughly uni-
form timescale for all four peaks (607 £ 22 ps, 580+ 28 ps,
540 4+ 8 ps ,520 & 13 ps from left to right, top to bottom)
within the uncertainty of the measurement and noise.
We attribute this decay to interlayer exciton decay. The
literature has reported interlayer exciton lifetimes from
hundreds of picoseconds, to hundreds of nanoseconds, de-
pending on the twist angle and other sample parameters
[34, 49-52], with [53] reporting a decay time of 1.3 ns for
a 1° twist angle, increasing by more than an order of
magnitude for a 3.5° twist angle. Given the near zero-
twist angle of the sample studied in this report and com-
mon sample-to-sample variations, our values are in good
agreement with these findings.

We have reproduced all the dynamics in this sample,



including charge transfer, coherent coupling, and hot in-
terlayer exciton relaxation in a similar MoSe;/WSes het-
erostructure (Supplementary Information), showing that
the occurence of these dynamics is not sample specific.
After the relaxation of the hot interlayer excitons, an-
other signature of the interlayer exciton is obtained in
the MDCS spectra. An MDCS spectrum with a T de-
lay of 5.5ps is shown in Fig.4(b). The features that
show absorption at continuum energies around 1629 meV
and emission at the MoSes and WSes-A exciton reso-
nances (dashed circles), have no visible corresponding
on-diagonal peaks, and no emission at comparable en-
ergies. Therefore these spectral features cannot be due
to another material resonance. Instead, we believe that
this features occurs due to the continuum absorption
generating free interlayer electron/hole pairs, which sub-
sequently affect the emission of the MoSe; and WSes
excitons via many-body effects. The weak absorption
by the free interlayer electron-hole pairs is compensated
by their very strong Coulomb interaction with the exci-
tons. Similar effects have been observed in GaAs quan-
tum wells [48, 54]. Two slices, taken at fixed emission
energies of 1603 meV and 1678 meV along the absorp-
tion energy axis are displayed in Fig.4 (c). From this,
we determine the interlayer exciton absorption feature
to be at 1629 meV. From our PL measurement, the ILE
emission is known to be at 1.375eV (Supplementary In-
formation). From the difference between these energies

we deduce the binding energy of the interlayer excitons
in this sample to be around 254meV. This is in excel-
lent agreement with a recently performed first principle
calculation [35], which estimates the binding energy to
be around 250meV, and above other theoretically pre-
dicted values [55]. This binding energy is consistent with
previously measured binding energies in these samples at
110K using microARPES and PL [56], and two times
larger than measured binding energies in a WSes /WS,
heterostructure [33].

In summary, we demonstrated coherent exciton-
exciton coupling, rapid charge transfer, and tightly
bound interlayer excitons with binding energies above
200 meV on a mixed TMD heterostructure. These results
underscore the immense technological potential for these
materials. Studying the nature of the coherent coupling
as well as how to tune it will remain an exciting challenge
for future work.
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