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Trapping-induced quantum beats in a
van-der-Waals heterostructure microcavity
observed by two-dimensional
micro-spectroscopy
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Abstract: Spatial confinement has been frequently engineered to control the flow and relaxation
dynamics of exciton polaritons. While widely investigated in GaAs microcavities, exciton-
polariton coupling between discretized polariton modes arising from spatially confined 2D
crystals been has been less exhaustively studied. Here, we use coherent 2D photoluminescence-
detected micro-spectroscopy to detect oscillating 2D peaks exclusively from a spatial trap in a
microcavity with an embedded van-der-Waals heterostructure at room temperature. We observe a
wide variation of oscillatory phases as a function of spectral position within the 2D spectrum,
which suggests the existence of a coupling between the discretized polariton modes. The latter is
accompanied by the generation of coherent phonons.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Exciton polaritons are bosonic quasiparticles resulting from strong coupling between excitons
and photons in a microcavity [1]. Because of the relatively low effective mass inherited from
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the cavity photons, which is approximately five orders of magnitude smaller than that of a free
electron, exciton polaritons can condensate at elevated temperatures even when they are out of
equilibrium with the environment [2,3]. Another consequence of the low mass of polaritons is
their ultrafast photon-like velocity, which makes it easy for exciton polaritons to escape from the
excitation area, hence reducing the scattering rates. In order to control and direct the flow of
exciton polaritons, spatial confinements have been introduced by a variety of techniques [4-7]. It
was suggested that the polariton relaxation mechanism can be enhanced in the presence of spatial
confinement, promoting the thermalization and the condensation processes [8,9]. In addition,
confinement is often accompanied by the appearance of polariton band discretization, which
substantially changes the dynamical mechanism of energy transfer between discretized polariton
modes as well as their interactions with phonons [10].

In GaAs microcavities, polariton trapping and engineering has been established and is widely
investigated [11]. The role played by phonons on the dynamical control of the trapped polaritons
in the confined microcavity systems has attracted extensive attention [5,12—17]. Population
transfer between discretized polariton modes can be enhanced via an incoherent interaction
with an acoustic phonon bath [12,13] or via a coherent interaction with longitudinal optical
phonons [15]. Coherent interaction between microcavity polaritons and acoustic phonons can
even form tunable polariton superlattices to confine the polaritons and modulates their dynamics
[5,14]. Recent work demonstrated that a interaction between a longitudinal phonon mode and
spatially confined polariton modes can not only modulate the polariton dynamics but also give
rise to efficient polariton-to-phonon conversion, paving the way for new hybrid designs for
polariton-driven phonon lasers [18].

Recently, transition metal dichalcogenide (TMD) monolayers and their van-der-Waals het-
erostructures have emerged as ideal materials for room temperature polaritonics [19-21], owing
to their highly interesting excitonic properties, e.g., enormous binding energies and giant oscil-
lator strength. Utilizing spatial confinement to influence the polariton condensation in TMD
microcavities at room temperature has been reported in a monolayer WSe, microcavity [22],
where a clear onset of spatial coherence has been observed in a trap. However, the investigation
of microscopic coupling mechanisms between discretized polariton modes and phonons in TMD
microcavities has not been reported to the best of our knowledge.

Coherent two-dimensional (2D) electronic spectroscopy is a powerful tool for investigating
vibrational/vibronic coupling and many-body interactions via quantum beating signals [23-27].
Examples are photosynthetic complexes [28—-31], artificial light-harvesting systems [32,33],
single-walled carbon nanotubes [34], or atomically thin semiconductors [35,36]. When studying
quantum beats, the time-domain signal can provide additional information via the oscillation
period, dephasing time, and phase. In particular, phase information is not available in linear
frequency-domain signals. Therefore, it is of interest to identify, in time domain, the coherences
after excitation of discretized polariton modes in 2D semiconductor microcavities. The challenges
for such an observation are how to achieve sufficiently high temporal and spatial resolution at the
same time.

In this work, we study a WSe; van-der-Waals heterostructure embedded in a microcavity. The
sample exhibits clear spectroscopic signatures of polariton trapping at room temperature. Using
coherent 2D micro-spectroscopy, we obtain time-dependent spectra with a submicron spatial
resolution as well as 20-fs temporal resolution and observe oscillating behavior of diagonal peaks.
Importantly, wide phase variations of peak oscillations were observed. These suggest a coupling
between the trapped polariton modes mediated by the coherent interaction with an inter-layer
phonon mode.
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2. Experimental methods

Coherent 2D micro-spectroscopy adds submicron spatial resolution to coherent 2D spectroscopy
by carrying out the experiment in an optical microscope [37-39]. It is worth noting that,
compared to coherently detected 2D spectroscopy that relies on the detection of emission from
the third-order polarization of the sample, 2D micro-spectroscopy employs a collinear four-pulse
geometry and detects the intensity of an incoherent photoluminescence (PL) signal. Then, 2D
Fourier transformation of the PL signal with respect to the inter-pulse “coherence” time delays
between the first and second pulse as well as between the third and fourth pulse can be used to
recover 2D spectra as a function of the “population” time delay between the second and the third

pulse.
DBR

APD
sample
—— LETF
N\ : ,‘ objective Ti:Sapphire oscillator
LEBA
SLM Pulse shaper

Fig. 1. Schematic illustration of the experimental setup. The orange inset at the top
shows the structure of the studied microcavity with an embedded WSe, van-der-Waals
heterostructure. Abbreviations: avalanche photodiode (APD), low-energy-blocking aperture
(LEBA), low-energy-transmission filter (LETF), spatial light modulator (SLM) based on
a one-dimensional double-layer liquid-crystal display (LCD), distributed Bragg reflector
(DBR), single-layer WSe, (SL-WSe»), hexagonal boron nitride (h-BN).

A schematic illustration of the experiment is shown in Fig. 1. Briefly, an ultrashort laser
pulse, generated by a Ti:sapphire oscillator, was split into four collinear pulses by a liquid-crystal-
display-(LCD-)based pulse shaper and coupled into a microscope objective with a numerical
aperture of NA = 1.4. The PL emerging from the sample was collected by the same objective.
Note that the reflected laser beam from the sample surface also entered the objective along with
the PL signal. In order to completely filter out the reflected laser beam before it was incident on
the avalanche photodiode (APD), we first used a low-energy-blocking aperture (LEBA in Fig. 1)
in the Fourier plane of the pulse shaper to block out excitation light below 1.615 eV, while a
low-energy-transmission filter (LETF) with a cut-off energy of 1.604 eV was placed in front of
the APD to filter out the reflected excitation light from the sample. A detailed description of the
setup can be found in previous work [37]. Apart from spatially resolved 2D spectra, the setup
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was also adapted to acquire spatial maps of the PL intensity from the sample simply by turning
off the pulse shaper and scanning the lateral sample position.

3. Results and discussion

The studied sample was a microcavity with an embedded WSe; van-der-Waals heterostructure.
The WSe,/h-BN/WSe; heterostructure was composed of two WSe, monolayers separated by ~5-
nm-thick h-BN and sandwiched between two distributed Bragg reflectors, as shown schematically
in Fig. 1 (inset). More details of the sample preparation can be found in previous work [22,40].

Figure 2(a) shows a spatial map of the PL intensity of the sample, which was measured using
the 2D micro-spectroscopy setup with the pulse shaper turned off. The inhomogeneity of the
PL intensity distribution can be explained by inherent spatial confinements originally existing
on the sample, which resulted in trapping of polaritons at particular positions and, thus, the
inhomogeneity of relaxation efficiency and PL intensity. We then conducted a further optical
modification of the sample by irradiating it with intense laser pulses (with a peak excitation
intensity of ~500 GW/cm?). During the optical modification, we monitored the PL microscopy
image of the sample in real time. The optical modification was short in time, much shorter than
the time to totally destroy the sample, but enough to lead to a change in optical behavior. After
the modification process, the polariton trapping effect was dramatically enhanced: Only two hot
spots could be observed across the sample area as shown in Fig. 2(b) (with the sample outline
indicated by the white dashed lines), indicating that deeper traps were formed by the irradiation
of high-power pulses at these two positions. This phenomenon can be explained by the thermal
effect: Photoexcitation causes localized heating, leading to further deepening of the existing
cracks and the formation of distinct potential energy traps in certain areas. The size of the hot
spots (~1 um) equals to the spatial resolution of the PL-imaging microscopy, thus defines the
upper bound for the lateral extension of the polariton traps.
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Fig. 2. Linear PL characterization of the sample. a,b, Spatial map of the PL intensity of
the sample before (a) and after (b) the optical modification with intense laser pulses, with
the white dashed pentagon indicating the area of the sample. The white arrow indicates the
spot used in 2D spectroscopy. ¢, Energy-momentum-resolved map of the PL intensity. The
white dashed lines are the fitting results of the maxima of the polariton dispersion curves,
indicating the discretization of polariton dispersion.

To further characterize the sample, an energy-momentum-resolved map of the PL intensity
(Fig. 2(c)) was measured by conducting a standard back-Fourier-plane imaging experiment. In the
setup, a first lens (NA = 0.6) on top of the sample maps the momentum-dependent information at
its back-focal plane, and a second and a third lens project this information into the focal plane
(slit) of a spectrometer. In the energy-momentum-resolved PL map, three polariton branches can
be identified via their main peaks for k|| =0, located at ~1.605 eV, ~1.630¢eV, and ~1.643 eV. We
have demonstrated in previous work that the multiple polariton branches result from a three-fold
hybridization between excitons, cavity photon, and optical phonons [41,42]. In addition, we find
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step-like dispersion (indicated by the dashed white curves in Fig. 2(c)) on each of the polariton
branches at k|| # 0, which is a signature of discretization. The white curves are the fitting results
of the maxima of the polariton dispersions (for the detailed procedure see Supplement 1).

The energy discretization of polariton branches can be explained by a theoretical model of
trapped polaritons developed by Savona and coworkers [10] what we briefly summarize here for
convenience. In their work, Maxwell equations are solved in cylindrical coordinates, assuming a
circular “mesa” with a certain diameter. A discontinuous energy spectrum appears, reflecting
discretized modes of the cavity photon. Then, they introduce the Schrodinger equation in which
the exciton center-of-mass wave function is expressed in terms of the modes of a free particle;
the coupling between exciton and photon modes is expressed in terms of the Rabi splitting of the
planar cavity. Solving the Schrodinger equation then yields step-like discretized polariton energy
levels. Similar results can also be found for etched micropillar cavities, where the parabolic
cavity resonance splits into a set of discrete photonic modes due to the spatially confined circular
waveguide geometry [43—45]. In that case, the discretization of the photonic modes is transferred
to the polariton modes through exciton—photon coupling. Likewise, in our sample, we can
attribute the observed discretized modes (Fig. 2(c)) to the action of the lateral confinement of the
TMD polaritons, which is evidenced by the appearance of the “hot spots” in Fig. 2(b).

Despite the clear signatures of polariton trapping given by the spatial map of the PL intensity
(Fig. 2(b)) and the induced dispersion discretization of each individual polariton mode observed
in the energy-momentum-resolved PL map (Fig. 2(c)), direct evidence of coupling between
the discretized polariton modes is missing. Thus, we carried out 2D micro-spectroscopy and
obtained data with spatial resolution exclusively from one of the trapping areas (as indicated by
the white arrow in Fig. 2(b)). We acquired spatially resolved 2D spectra at various waiting times
T. Exemplarily, the rephasing and non-rephasing spectra at 7 =50 fs are shown in Figs. 3(a) and
3(e), respectively. Both types of signals oscillate as the coherence times 7 and ¢ are scanned. In
rephasing pathways, the signs of the oscillation frequencies are opposite to each other for the
coherent state (|e)(g|) created by the third pulse compared to the coherent state (|g)(e|) created
by the first pulse. By contrast, in non-rephasing pathways the coherent states created by the first
and the third pulses have the same frequency sign. The sum of the two types of signals will
result in “absorptive” spectra which can be related to the transient absorption spectra measured
from pump-probe experiments by integrating the 2D spectra along the w, axis. When quantum
beating signals are of interest, separate analysis of the rephasing and non-rephasing 2D spectra
becomes necessary, as done here, because the oscillating pathways that contribute to the beating
signals are different in the two types of spectra, as discussed in Supplement 1.

By fitting the peak positions of diagonal peaks in the measured 2D spectra, we could reveal the
energy structure of the single-excitation manifold [41]. In both types of spectra, three diagonal
components are identified, corresponding to three polariton branches, as marked by the orange,
purple, and green colored boxes in Fig. 3. We note that the lowest polariton branch (located
at ~1.605eV) found in the energy-momentum-resolved PL map was not detected by the 2D
spectra because of the very low laser intensity at 1.605 eV, whereas an additional high-energy
polariton branch located at ~1.678 €V not visible in the linear PL data could be revealed by the
2D measurements.

In addition to the above-mentioned three polariton branches (i.e., the diagonal components
located at 1.633, 1.653, and 1.678 €V), we have further identified two higher-energy polariton
branches (located at 1.702 and 1.730eV) by moving the center of the laser spectrum to higher
energy in previous work [41]. Therefore, 2D micro-spectroscopy, as opposed to linear PL
spectroscopy, allowed us to obtain a more complete polariton energy structure. On the other
hand, the trap-induced discretization of each branch (several meV splittings in energy as shown
in Fig. 2(c)) could not be resolved in the 2D spectra because our measurements had an energy
resolution (~20 meV) larger than the energy splittings between discretized polariton modes.
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Fig. 3. Coherent 2D micro-spectroscopy results. Rephasing (a) and non-rephasing (e) 2D
spectra at T =50 fs. Amplitude evolutions (squares) and their fitting results (solid curves) of
the rephasing (b—d) and the non-rephasing (f-h) spectra as a function of population time
T for the diagonal components located at 1.633 eV (b and f, marked by orange regions of
interest in a and e, respectively), 1.653 eV (c and g, marked by purple color), and 1.678 eV
(d and h, marked by green color).

In addition, the focusing in the microscope objective led to an averaging over the transverse
momentum coordinate from Fig. 2(c) because of the superposition of incident wave vectors in
the focus. Despite the low energy resolution, we were able to utilize the time dependence of
the 2D spectra as a function of population time, i.e., as a function of the time delay between the
second and the third pulse of the incident four-pulse sequence, to detect quantum beats resulting
from a superposition of polariton states. These results do not only reflect the existence of energy
discretization, but also allow us to analyze the coupling between discretized polariton modes that
is not visible in the conventional PL spectra, as we will discuss now.

In Fig. 3, we show the integrated amplitude for each diagonal polariton-branch component
of the rephasing (Fig. 3(b)-(d)) and the non-rephasing (Fig. 3(f)—(h)) 2D spectra as a function
of the waiting time 7. Oscillating signals can be observed in all cases. The oscillations were
fitted by cosine functions, with the fitting results shown as the solid curves in each panel of
Figs. 3(b)—(d) and 3(f)-h. Fitting parameters are listed in Table 1. The oscillation time periods
determined independently for all the curves have a mean value of 525 fs (corresponding to
an energy of ~7.9 meV), with a statistical standard deviation of ~34 fs. This energy value
agrees well with the energy splittings (~8 meV) determined by calculating the mean value of
the energy differences between the neighboring platforms indicated by the white lines in the
energy-momentum-resolved PL map (Fig. 2(c)), suggesting that the oscillations are likely to
result from the interactions between these laterally confined discrete polariton states. On the
other hand, the energy separations between the first and second parabolic polariton branches is
~0.0250 eV and between the second and third parabolic polariton branches ~0.0130 eV. These
differences do not agree with the energy determined from the oscillating signals and thus cannot
be the cause of the observed effect. Within the chosen detection window of the population time,
it was not possible to extract the decoherence times of the observed beating signals. The phase of
each oscillating curve, however, could be determined from the fits of the curves. The mean value
of the phase of the rephasing and the non-rephasing signals shifts from -0.54zx for the diagonal
component at 1.633 eV to +0.28m for the diagonal component at 1.653 eV and to +0.39mx for the
diagonal component at 1.678 eV. Note that the reference point of the cosine oscillation phase is
the value at T =0.
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Table 1. Fitting parameters of the oscillations of the three
diagonal polariton-branch components of the recorded 2D
spectra. The reference point of the cosine oscillation phase
is the value at T=0.

Parameters® 1.633eV | 1.653eV | 1.678eV
7, 500 fs 550 fs 540 fs
@ -0.46 nt 028 n 042 n
T 460 fs 550 fs 550 fs
@ -0.62n 028 n 036w
T 480 fs 550 fs 545 fs
@ -0.54 n 028 n 039

Rephasing signal

Non-rephasing signal

Mean value

; Cy = 27T i . .
“4Fit formula: y = a cos (TL,, + 90) + b, where y is the observed signal, a

an amplitude, T the population time, 7, the oscillation period, and ¢ the
phase of the oscillation.

The quantum beats may be caused by two possible mechanisms. In the first case, by exciting
the system with broadband laser pulses, a superposition between two electronically excited states
can be created from which oscillating signals can be observed. However, as we confirm via
2D spectral simulation in Supplement 1, such a superposition of polariton modes gives rise to
quantum beats with a phase of ~ 0 (or ;) when fitting with a cosine function. This obviously
does not agree with our experimental observation, where the phases vary with spectral position
and are far away from O (or m).

The second possible mechanism of observing quantum beats is the creation of vibrational
coherence. It has been found that the observed oscillatory phase of the quantum beats in ultrafast
spectroscopy experiments can deviate from zero when electronic transitions are associated with
the excitation of coherent phonons [46—49]. The theoretical mechanism behind such a beating
phase modulation has been established by Garrett and coworkers [50]. The lattice motion induced
by electronic transitions has two different modes: one arises from impulsive excitation and the
other from displacive excitation, and there is a phase difference of m/2 between the beats resulting
from the two modes. In the general case, the phase of oscillations may be found in between the
two extremes, and thus can be arbitrary, just like we observe.

That is to say, the observed quantum beats show frequencies that agree with the difference
frequencies between discretized polariton modes. Although, it is not possible to infer from
the frequency alone whether phonons are involved in the coupling or not, the experimentally
observed phase changes cannot be explained without the interaction with phonon. Based on
the above reasons, we attribute the observed beating signals to the formation of phonons. To
explain the mechanism, we adopt a vibronic coupling model [28,51]. In this model, the energy
difference between the two discretized polariton modes is close to the overtone of an interlayer
shearing mode between the TMD monolayer and hBN layers (Fig. 4). An electronic coupling
between two polariton modes leads to a hybridization of the states |e')|1'¢) (where polariton
mode 1 is excited, |e¢!), and the phonon mode is also excited, |1'¢)) and |¢?)|0%¢) (where polariton
mode 2 is excited, |e?), while the phonon mode is not excited, |0%¢)). This results in new
states |2') = ale')|1'¢) + b|e?)|0%¢) and |3’) = cle!)|11€) + d|e?)|0%), with a> + ¢*> = 1 and
b* + d* = 1. The coefficients are given by a = —cos(}), b = sin(?9), ¢ = sin(8), d = cos($9), with
9 = %arctanﬁ, where J is the resonance coupling and AFE is the difference between energies
of the interacting states before hybridization. Even if the coupling J is small, mixing can still
be substantial at resonance, i.e., when AE is close to 0. In this case, & = 45°, both states |2’)
and |3’) are made up with equal contributions from the states |e')|1'¢) and |¢*)|0%¢) and thus
inherit the vibrational character from |e!)|1'¢) and the large dipole moment from |e?)|0%¢). The
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states |1”) and |4’) are the same states as |e!)|0'¢) (where polariton mode 1 is excited, |e'), and
the phonon mode is not excited, [0'¢)) and |e?)|1%¢) (where polariton mode 2 is excited, |e?),
and the phonon mode is also excited, |12¢)), respectively. Coherent states |1’2’| and |1’3’| can
be generated after two interactions with the light field, leading to an electronic population state
and to a coherence within that first-excited-state manifold. This gives rise to coherent phonon
emission and the quantum beats observed in our experiments. The phase of the oscillating signal
in the time-resolved experiment depends on whether an impulsive or a displacive excitation
dominates the coherent phonon generation.

[4) le?)]12¢)
|el)|1le) _'_\‘_|3f’; |32)|02e>
le?)|01) SRELEY)

coherences
lg*) lg) lg%)

Mode 1 Hybridization Mode 2

Fig. 4. Schematic illustration of vibronic coupling. The electronic coupling between two
polariton modes results in the hybridization of the states |e!)|11¢) and |¢2)|02¢), forming
new states |2”) and |3”). Coherences (dashed red circles) between the states [1”) and |2”),
and between |1”) and |3”), can be generated after double interaction with the light field,
leading to the observed quantum beats.

4. Conclusion

We explored the coupling between discretized exciton-polariton modes in a micro-sized spatial
trap inside a microcavity with an embedded van-der-Waals heterostructure at room temperature via
photoluminescence-(PL-) detected, two-dimensional (2D) micro-spectroscopy. The confinement
of the polariton was confirmed by a spatial map of the PL intensity, and the confinement-induced
energy discretization was observed in an energy-momentum-resolved PL map. While these
linear PL characterizations could not provide sufficient information to verify the coupling
between discretized polariton modes, 2D micro-spectroscopy enabled us to detect quantum
beats exclusively from a trap. Our results showed a wide phase variation of the 2D spectral
amplitude oscillations, implying the existence of a coupling between the discretized polariton
modes, which is accompanied by the generation of coherent phonon. The investigation of the
coherent characteristics of the coupling between discretized polariton modes of microcavities
can provide new insight for dynamical control of polariton relaxation and phonon generation
through spatial confinement in future applications.
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