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Abstract
Polariton condensation relies on the massive occupation of the lowest-energy polariton state be-
yond a required critical density. The mechanisms driving both the occupation and depopulation
of the lowest-energy polariton state all rely on multi-particle scattering, and its dynamics deter-
mine the extent to which condensates can form spontaneously. To pinpoint many-body processes
hindering polariton condensation in two-dimensional metal-halide semiconductors, we examine the
exciton-polariton dynamics in a Fabry-Pérot microcavity over timescales involving the dynamics
of multi-particle polariton (< 1ps) and exciton scattering processes (> 1ps). We find evidence of
enhanced nonlinear exciton-exciton scattering in the microcavity compared to that in the semicon-
ductor, and that the exciton reservoir mediates polariton scattering. We posit that the complex
scattering landscape between the exciton reservoir and polaritons limits the formation of polariton
condensates in two-dimensional metal-halide semiconductors, and we discuss the generality of our

conclusions for materials systems in which the lattice mediates strong multi-particle correlations.
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Exciton-polaritons are hybrid light-matter quasiparticles present in systems with non-
dissipative, coherent energy exchange — i.e., strong light-matter coupling — between exci-
tons in a semiconductor and a confined electromagnetic field. Due to their nonlinear optical
response [Il, 2] and their capacity to spontaneously form quantum phases with macroscopic
coherence, known as polariton condensates [3H5], these quasiparticles are at the forefront for
the realization of low-threshold lasers [6, [7] and light-emitters [8, @], optical circuitry and
logic gates [10, [I1], as well as quantum information technologies [12].

Upon nonresonant excitation, strong coupling between N excitons and an optical-mode
radiation leads to polariton states and a residual excitonic background, known as the exciton
reservoir (Fig. [). The reservoir has been mostly regarded as an intermediate pathway to
populate polaritons via incoherent processes like radiative pumping [I3HI5] or the emission of
a phonon or vibron [T6HI8]. Radiative pumping has been reported as the main mechanism for
polariton population organic [I3] and in two-dimensional metal-halide microcavities [14] [15].
Nevertheless, recent work suggests that the exciton reservoir might play a more active role;
for instance, Payta et al. [I9] proposed that the delocalization of the reservoir influences the
propagation dynamics of exciton-polaritons in organic microcavities.

The ensemble of uncorrelated polaritons, populated through the exciton reservoir, must
massively feed the lowest-energy EH = 0 state and achieve a critical population density,
at which the wavefunction of polaritons overlaps to form a condensate. For the latter,
one needs: (i) efficient population of the polariton EH = 0 state, (ii) amplification of this
population rate (i.e., bosonic enhancement), and (iii) for the relaxation towards the lower
polariton EII = 0 state to be more efficient than depopulation mechanisms, which include
the emission rate of the condensate, thermal depletion, and quantum depletion [20, 21]. The
latter competition also plays a key role in the lifetime of polariton condensates.

In our previous work, we characterized multi-exciton correlations in two-dimensional
metal-halide semiconductors, which manifest as excitation-induced dephasing and biexciton
signatures in the nonlinear coherent optical response [22H25]. Here, we characterize the non-
linear many-body interactions within a (PEA),Pbl, (PEA: phenylethylammonium) Fabry-
Pérot microcavity exhibiting multiple (upper, middle, and lower) polariton states due to
various excitonic species of the semiconductor [26-28] coupling with the microcavity optical
mode. We probe many-body interactions at the timescale of both the exciton and polariton

lifetimes. The nonlinear photoluminescence evidences an increased exciton-exciton anni-
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FIG. 1. Competing mechanisms to populate the lower polariton EII = 0 state, under a non-resonant

excitation, in two-dimensional metal-halide semiconductors.

hilation in the exciton reservoir. Additionally, via two-dimensional coherent spectroscopy,
we observe both an ultrafast population transfer from the exciton reservoir and the middle
polariton to the lower polariton state and a depletion of the lower polariton from Ig” =0to
higher energy, larger in-plane momentum states over a ~ 100 fs timescales. Finally, we iden-
tify the exciton reservoir as a scattering bath for the lower polaritons through two quantum
coherent spectroscopy. These results reveal strong correlations between the exciton reser-
voir and exciton-polaritons in two-dimensional metal halides, which dictate the population,

depletion, and scattering of polaritons in both femtosecond and picosecond timescales.

I. RESULTS
A. Exciton-polaritons in (PEA),Pbl,

A schematic of the microcavity studied in this work and the structure of (PEA);Pbly
are included in Fig. (a). The energy dispersion of the microcavity shows four bands with
reflectance local minima corresponding to an upper, two middle, and a lower polariton branch
(dark blue features in the right panel of Fig. 2b)). The multiple polariton states arise from
the coupling of the microcavity optical mode (Fopt.) with the various excitonic features of
(PEA),Pbl, [26H28]. The low-temperature absorption spectrum of the bare semiconductor
(top black solid line in the left panel of Fig. b)) evidences three excitonic features labeled
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FIG. 2. Two-dimensional lead-iodide Fabry-Pérot microcavity. (a) The microcavity comprises
a bottom 520nm quarter-wave distributed Bragg reflector (made of 10.5 bilayers of TiO2/SiO4
represented in dark and light gray, respectively), a 60 nm (PEA)oPbly film, a 125 nm poly(methyl
methacrylate) spacer layer, and a 40nm Ag film serving as a semitransparent top mirror. (b)
The energy dispersion relation measured at 5 K with Fourier microscopy (right panel) shows an
upper, two middle, and a lower polariton branch, distinct from the microcavity mode Egpt. and
the excitons X4, Xp, and X¢c. The polariton branches observed agree with the eigenstates of
the Hamiltonian described in equations and (solid white lines). The left panel includes
the absorption (top) and photoluminescence (bottom) spectra of a 60nm (PEA);Pbly film in a

logarithmic scale showing the three excitonic features.

Xa, Xg, and X¢. In our previous work, we interpreted the spectral structure as a family of
exciton-polarons with distinct exciton-phonon coupling, although we note other researchers
interpret it as a vibronic progression [26H28]. The energy dispersion of the microcavity
agrees with the eigenstates of a Hamiltonian (white solid lines in Fig. [2](b)) which includes

the three excitons coupling independently to a unique optical mode, detailed in equations

and .
H(E”) = thbJL}bA + ﬁwBbEbB + thvbTCbc + hwp(EH)CLLCLP -+ VCoup. (1)
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Vooup. = galabba + apbl) + gp(abbs + apbly) + golabbe + apbl) (2)

Here, hw; corresponds to the energy of the excitons (i = A, B, C') and h(.dp(];;”) is the
energy of the cavity photons as a function of in-plane wavevector EH. b; is the excitonic
annihilation operator, ap is the cavity photon annihilation operator, and g; is the coupling
constant between the i-th exciton and the photon mode. Notably, to reproduce the energy
dispersion of the polariton branches observed experimentally, at least three distinct excitonic
states are required. The Supplementary Material contains the numerical details of the
Hamiltonian employed [29].

The energy of the microcavity optical mode was designed such that the lower polariton
branch has a good energetic overlap with the maximum emission of (PEA),Pbl, at small in-
plane wavevectors. This design should facilitate the population of the lower polariton EII =0
state via radiative pumping [I4], I5] and the observation of polariton-polariton correlations.
The theoretical Q-factor of the microcavity is () =~ 66, according to a transfer matrix
simulation included in the Supplementary Material [29]. This corresponds to an optical
mode lifetime 7op, = @ /wOpt.(EH = 6) ~ 114 fs. Since the lifetime of exciton-polaritons is
predominantly limited by that of the microcavity optical mode, the polariton lifetime in this

system should be at the shortest equal to Tops..

B. Modified exciton reservoir dynamics due to strong light-matter coupling

Under a non-resonant excitation (2.638 eV, 200fs), we observe that the PL arises pre-
dominantly from the lowest energy states (|kj| < 10 um™") of the lower polariton branch,
as targeted by our microcavity design, see Fig. (a—c). When the excitation fluence in-
creases, the PL grows more prominently at in-plane wavevectors |kj| < 5pm™". This is
particularly clear when we plot the maximum photoluminescence intensity (/prmax.) as a
function of excitation fluence at different EII (Fig. (d)) Notice that Ipp, max. grows the most
at IZ” — 0 (pink diamonds in Fig. (d)) and that it follows a sublinear trend at large in-plane
wavevectors (black squares in Fig. [B[(d)). The redistribution of the photoluminescence en-
ergy dispersion indicates an accumulation of the polariton population at states with small
in-plane wavevectors. Nevertheless, exciton-polariton condensation is not attained in the
system. It is important to highlight that the photoluminescence of (PEA),Pbly shows a sec-
ondary feature at 2.31eV that grows with increasing fluence (Fig. S3 [29]). This emission
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FIG. 3. Nonlinearities in the photoluminescence (PL) of the (PEA)9Pbly microcavity at 5 K under
non-resonant excitation (2.638 eV, 220 ps). (a-c) Normalized photoluminescence energy disper-
sion at incident fluences of 89, 157, and 356 pJem~=2. (d) The PL accumulates at small in-plane
wavevectors with increasing excitation fluence. The maximum PL intensity (Ipr,max.) grows at
small in-plane wavevectors (k” =0 pum~! and 5 pum™!), and it follows a sublinear trend at k=
10 um~!. (e-f) Fraction of nonlinear PL (Alpr,/IpL), measured via excitation correlation photo-
luminescence spectroscopy (ECPL), in a bare (PEA)2Pbly film and the microcavity. The ECPL
and the PL energy dispersion experiments share the same excitation and collection conditions,
however, the nonlinear dynamics obtained via ECPL are not resolved along the energy or in-plane

wavevector axes since we measure with a photoreceiver.

contributes to the radiative pumping of exciton-polaritons and the observed accumulation
of polariton population. This secondary emission has been assigned to a dark exciton, a
biexciton state, and the overlap between both [B, 15, B0]. Addressing the nature of the

secondary emission feature is out of the scope of this work. However, we highlight that the
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only report of polariton condensation in two-dimensional metal halide semiconductors was
attained via radiative pumping of polariton states through this secondary emission [5].

We identify the incoherent nonlinear dynamics of the exciton reservoir, inherited by
exciton-polaritons, through excitation correlation photoluminescence (ECPL) spectroscopy [31-
33]. Using this technique, we isolate the fraction of nonlinear photoluminescence Alpy,/Ipy,,
where Alpy, = Ipr,(2lpump) — 20pL(Lpump), Of the lower polariton within the timescale of the
excitons’ lifetime (picoseconds) and compare it with that of excitons in a bare (PEA),Pbly
film for reference. In the (PEA),Pbl, film, we observe a small negative nonlinearity for all
population times and exciton fluences, |Alpy,/Ip| < 0.5% in Fig. 3fe). Contrary, in the
microcavity, we observe a negative nonlinearity one order of magnitude greater than that
measured in the film, |Alpy,/Ipr| < 4% in Fig. B|(f). The magnitude of the negative nonlin-
ear PL signal is indicative of the extent of exciton-exciton annihilation in each system (see
the kinetic model in the Supporting Material [29]). The more negative nonlinearity observed
in the microcavity is attributed to increased exciton-exciton annihilation, evidencing the
modification of the exciton reservoir dynamics in strongly coupled two-dimensional metal
halides.

We rationalize the exciton-exciton annihilation increase in the microcavity as a conse-
quence of the spatial delocalization of the exciton reservoir via population exchange with
exciton-polaritons. This hypothesis goes in line with recent work in organic semiconductor
microcavities reporting a rapid exchange between polaritons and the reservoir that drives
exciton-polariton transport at timescales beyond the polariton lifetime [19] [34) 35]. In the
context of strongly coupled two-dimensional metal halides, excitations propagating beyond
the exciton-polaritons lifetime, faster and for longer distances than excitons in the semi-
conductor has also been reported [35] B6]. This suggests an efficient exchange between the
exciton reservoir and polariton states, manifesting in our results as an increased exciton-

exciton annihilation in the reservoir due to its larger propagation extent.
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FIG. 4. Two-dimensional 1Q rephasing spectra of the (PEA)oPbly microcavity measured at 10 K.
The subfigures (a-b) correspond to the absolute and real components, respectively, at population
times (tpop) of 20fs and (d-e) 140fs. All the spectra were collected by pumping with the same
laser spectrum and an incident fluence of 0.7 uJem™2 per pulse. Panels (c) and (f) show the laser
spectrum used and the reflectance of the microcavity at k=0. (g) Double-sided Feynman diagrams
exemplifying excitation pathways leading to the 1Q rephasing spectra. (h) In the experimental
setup, the pulses are arranged in a BozCAR geometry (left) and time ordered to measure the 1Q
rephasing spectra (right). The pulses excite the sample at an angle of 2.3°, which corresponds
to ‘EII‘ = 0.92 pm~'. The sequence of three pulses generates a third-order polarization and the
emission from the nonlinear polarization, at a defined wavevector EFWM, is then interfered with a

co-propagating attenuated fourth pulse, acting as a local oscillator (LO) that amplifies the signal.



C. Exciton and polariton ultrafast correlations

To resolve many-body processes involving polariton states, one needs a spectroscopic
experiment with a pulse duration shorter than the polariton lifetime [37] (estimated to
be at the shortest 7op. ~ 114fs in the (PEA),Pbl, microcavity). For this purpose, we
used multidimensional spectroscopy with ~ 20fs pulses (Fig. S6 [29]) resonant with the
lower and first middle polariton (LP and MP1), as well as with the X4 exciton reservoir
(Figs.[4[d) and (h)). Consequently, we observe the correlations between these states, but not
those involving the upper polariton (UP), the other middle polaritons (MP2 and MP3), and
exciton reservoirs Xp and X¢c. We show, in Figs. [d and [5] the one-quantum (1Q) rephasing
response of the microcavity collected in transmission. In 1Q experiments, we scan the time
evolution of coherent states with a single-step excitation (t1q in Fig. [f{h)). The result is a
two-dimensional map correlating the absorption and emission energies of single-excitation

transitions.

In the 1Q) rephasing spectrum at early population times (t,,, = 20fs), we observe three
main features along the diagonal with energies of 2.342, 2.371, and 2.390eV (Figs. (a—
b)). We assign these features to the lower polariton (LP), X4 exciton reservoir, and the
first middle polariton (MP1), respectively, in correspondence with the reflectance of the
microcavity at EH =0, Fig(c), and the absorption of (PEA),Pbly (top black solid line in
the left panel of Fig (b)) Discerning such clear features corresponding to X 4 states can
be rationalized through exciton-polariton models that include disorder (i.e., inhomogeneous
broadening) in the exciton reservoir [38, [39], and have also been seen in two-dimensional

coherent spectroscopy measurements of a strongly-coupled organic microcavity [40].

The real component of the 1Q rephasing spectra uncovers the phase behavior of the
LP, X4, and MP1 signatures. At t,,, = 20fs (Fig b)), X4 and MP1 show unambigu-
ous dispersive lineshapes, with a 7-shift difference between them. On the other hand, the
phase of the lower polariton looks cluttered, possibly due to overlapping transitions [25] [41].
As population time advances to 140 fs, Fig. (f), the phase of the LP signature declutters,
and we observe a clear dispersive lineshape with the same phase as that of MP1. Based
on the literature, we interpret the dispersive lineshapes in the real part of the rephasing
as excitation-induced shifts in which high densities of polaritons and excitons renormalize

the energies of the system [42] [43]. Accordingly, the m-shift difference between the po-
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lariton and X4 lineshapes indicates that LP and MP1 are experiencing excitation-induced
blueshifts, while X4 undergoes a redshift. Blueshifts of polariton states can arise due to
Rabi contraction or polariton-polariton interactions. Rabi contraction refers to the blueshift
of the LP and redshift of the UP due to ground state bleaching of the exciton reservoir
induced by the excitation [44]. For systems with middle polaritons, like the one described
here, Rabi contraction should also lead to a blueshift of MP branches. Additionally, Fier-
amosca et al. [2] reported that polariton-polariton interactions in (PEA);Pbly, stemming
from Coulombic effects of polariton excitonic constituents, induce blueshifts in the LP and
MPs. The redshift of X4 can be related to exciton-exciton interactions or Coulomb mutual
screening [24], 25 45]. Identifying the exact mechanisms leading to these lineshapes is not
straightforward. It requires modeling the 1Q rephasing spectra including polariton and ex-
citon densities, as well as light-matter coupling and exciton-exciton interaction parameters,

and it is left for future work [46].

The absolute 1Q rephasing response of the microcavity at various population times
(Figs. p| and S7 [29]) informs about the excited state population dynamics, particularly
population transfer and periodic energy exchange (i.e., Rabi oscillations) amongst polariton
states. We evidence that ultrafast incoherent population transfer from X4 and MP1 to the
LP dominates the 1Q dynamics of the (PEA),Pbly microcavity. Population transfer results
in asymmetrical off-diagonal features like the ones marked with a square and a circle in Fig.
Mf(a), which indicate transfer pathways X4 — LP and MP1 — LP, respectively [47]. As
population time progresses, the amplitudes of the asymmetrical off-diagonal peaks increase
relative to the other features in the two-dimensional map (Figs. [f{e-g) and [5|(b)) supporting
a downhill transfer from X4 and MP1 to the LP occurring within a ~100 fs timescale. Sim-
ilar scenarios have been observed in organic semiconductor microcavities [40} [41]. Contrary,
Rabi oscillations between the lower and upper polariton govern the 1Q response of GaAs

quantum well microcavities [48].

The apparent blueshift of the on-diagonal LP feature with increasing ¢, (Fig. [4)), empha-
sized by tracking the LP feature’s contour (Fig[f[(d)), is an indication of the LP population
getting redistributed towards states with higher energy and larger EH' By comparing diago-
nal cuts of the lower polariton at different population times (Fig[5|(c)), normalized at 2.340
eV (the lower polariton energy at IZH = 0), we show that the population of higher-energy

larger—EH LP states grows in proportion to that of EH = 0 as t,0p Increases. We interpret
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FIG. 5. Summary of the main features evolving with population time in the 1Q rephasing two-
dimensional spectra. (a) The features tracked are marked in the early population time (¢, =~ 20 fs)
absolute spectrum, same as the one shown in Fig. a). The blue dashed line corresponds to a
cut along the emission energy axis at an energy of 2.342 eV, the red dashed line corresponds to a
cut along the diagonal, and the black square corresponds to the area where the contour cuts are

retrieved. Their evolution with population time is shown in (b), (c), and (d), respectively.

this population redistribution along the lower polariton branch towards states with higher
energy and larger %H as a depletion of the E” = 0 LPs within a =100 fs timescale, caused by
very efficient scattering. The growth of the population at higher in-plane wavevector states
can have a contribution from the shorter lifetime of the LPs atlgH = 0, due to their greater
photonic component (Fig. S1) [34]. Nevertheless, we don’t expect this contribution to cause
the depletion as the photonic component of the lower polariton at EII = 0 and slightly larger

k) are very similar.

12



D. Scattering between polaritons and the exciton reservoir

Using two-quantum (2Q)) two-dimensional spectroscopy [49, [50], we elucidate two-particle
correlations between excitons and polaritons in the (PEA);Pbl, microcavity. These corre-
lations include both bound (e.g., biexcitons and bipolaritons) and unbound two-particle
states interacting via a Coulombic potential (i.e., at the mean-field level) [51], 52]. In the
2Q experiment, we utilize the pulse sequence shown in Fig. @(f), and we scan the time
evolution of coherent states toq accessed via a two-step excitation. Multi-particle corre-
lations have been extensively studied for excitons and polaritons in GaAs quantum wells
through this method [50, 52]. Takemura et al. [53] showed that exciton-exciton interactions
lead to both self- (LP-LP, UP-UP) and cross-correlations (LP-UP, UP-LP) of the polariton
branches. The self- and cross-correlations manifest in the 2Q two-dimensional map as di-
agonal (Egn = 2FEgy..) and off-diagonal features respectively. As discussed before, in our
experiment, we probe only the LP, X4, and MP1 states. Since LP and MP1 polaritons have
important contributions from X, (Fig. S1), we expect two-particle states between LP, X4,

and MP1 to be mediated by X 4-X 4 interactions.

In the absolute two-quantum spectra (Fig. [6[a)), we observe a feature in the diagonal
(Egm. = 2FEgy..) corresponding to LP-LP self-correlations. We include the real and imag-
inary components of the two-quantum map in Figs. @(b) and (c), correspondingly. The
dispersive-like lineshape of the LP-LP feature in the real component of the spectrum indi-
cates that exciton interactions at the mean-field level are the principal contributors to the
nonlinear signal measured, consistent with the prediction by Karaiskaj et al [51]. We see
an asymmetry stretching above the diagonal (Epm. = 2FEgy.) in the absolute (Fig[6|(a)) and
the real component of the spectra (Fig. @(b)) We interpret this asymmetry as two closely
spaced off-diagonal peaks, clearly resolved in a vertical cut at the emission energy of 2.335eV
(dashed line in Fig. [6a) and spectrum in Fig. [6fd)). The difference between the energies of
the off-diagonal and diagonal features (Esg — Egiqg) are 32 and 65 meV, which correspond to
the energy differences Exa — Erp and Eyipy — Erp, respectively. This suggests that the off-
diagonal features correspond to LP-X4 and LP-MP1 two-particle states, as indicated with
green and purple diamonds in Figs. @(d—e). Generally, at the emission energies Ex4 and
Erp, one expects self-interactions from X 4, and MP1 in the diagonal and asymmetries below

the diagonal, also corresponding to LP-X,4 and LP-MP1 cross-correlations. However, the
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feature observed along the 2Fpy. =FEgn. diagonal indicates LP-LP interactions. (d) A cut along
the emission energy axis reveals two cross-peaks with energies 40 meV (green diamond) and 70 meV
(purple diamond) greater than that of LP-LP interactions. (e) Illustration of a 2Q non-rephasing
spectra of a system with LP-XA and LP-MP interactions, which manifest in cross-peaks at the
energies Fp+ Fxa and Erp+ Enp, as indicated with green and purple diamonds respectively. Two
examples of pathways that involve LP-MP interactions and manifest as cross-peaks are included to

the right. (f) Diagram showing the pulse sequence employed to measure the 2Q rephasing spectra.
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nonlinear response obtained depends on the laser spectrum employed for the excitation [51],
which in our case has a higher intensity at the lower polariton energy (Fig. [ff(c)), exciting
the LP preferentially. All the expected signatures for self- and cross-interactions between
LP, X4, and MP1, as well as exemplary 2Q pathways involving LP-MP1 correlations that
give rise to cross-peaks in the double-quantum non-rephasing spectra, are summarized in
Figl6fe). Concisely, we demonstrate that both excitons (X4) and middle polaritons (MP1)
act as scattering reservoirs for the lower polariton states and play an integral part in the
polariton dynamics, leading to fairly complex scattering pathways in two-dimensional metal
halide microcavities. This observation further supports that the exciton reservoir plays a

more active role than solely being responsible for populating polariton states.

II. DISCUSSION

In this work, we show there is an interplay between the exciton reservoir and polariton
state dynamics in two-dimensional metal-halide semiconductors. And, in the context of
exciton-polariton condensation, we identify mechanisms limiting the formation of polariton
condensates. The exciton reservoir displays an increased exciton-exciton annihilation com-
pared to the bare semiconductor. The latter quenches the exciton reservoir available for
radiative pumping and hinders the population of lower polariton states within picosecond
timescales. We propose that the increased exciton-exciton annihilation in the reservoir is a
result of a longer exciton interaction radius due to delocalization, induced by the ultrafast
population transfer between the exciton reservoir and exciton-polariton states. This goes in
line with previous work [19, [34] [35], [40] and with our observations at shorter timescales. In
the femtosecond timescale, we observe ultrafast population transfer from X, and MP1 to
the lower polariton as the mechanism dominating the one-quantum dynamics of the system,
and we estimate that this transfer occurs along ~ 100 fs. Most importantly, also within
a timescale of =~ 100 fs, we resolve a depletion of the lower polariton population from the
k = 0 state towards LP states with larger energy and in-plane wavevector. We suggest
that this population depletion is caused by very efficient scattering that promptly expulses
lower polaritons from the EII = 0 state. Last, we characterize two-particle correlations in
the system and identify X, and MP1 as Coulomb scattering baths coupled to the lower po-

lariton at a mean-field interaction level. We also observe strong LP-LP Coulomb scattering,
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inherited from the polaritons’ excitonic constituents, as the most prominent feature in the
2Q experiments. This could drive the dephasing of the lower polariton towards the exciton
reservoir, as proposed by Takemura et al in the case of GaAs microcavities [54] [55]. We
believe that the strong correlations between the exciton reservoir and exciton-polaritons in
strongly coupled two-dimensional metal halide semiconductors, as well as the mechanisms
limiting polariton condensation identified here, can be generalized to hybrid semiconductors

with ionic lattices and electron-phonon coupling.

III. METHODS
(PEA)2Pbl, microcavity preparation

The microcavity comprises a bottom quarter-wavelength distributed Bragg reflector
(DBR) with 10.5 pairs of TiO5/SiOy, a 60nm (PEA);Pbl, spin-coated film, a 125nm
poly(methyl methacrylate) (PMMA) spacer, and a top 40 nm silver mirror. The DBR has a
stopband centered at 520 nm and was purchased from SpectrumThinFilms. For the micro-
cavity preparation, first, we cleaned the DBR in sequential ultrasonic baths of acetone and
IPA for 15 min each. Then, we dried it with nitrogen and treated it with UV-ozone for 15
min. The perovskite precursor solutions were prepared by dissolving Pbl, (purity > 99.99%)
and phenethylammonium iodide (purity > 99.99 %) in N,N-Dimethylformamide (purity >
99.98%) at a 0.13M concentration. The perovskite films were deposited by dropping 80 uL

2 clean DBRs before spin coating them at 6000 rpm

of precursor solution on the 2.54 cm™
for 30s with an acceleration of 6000 rpm/s. Immediately after, the perovskite films were
annealed for 10min at 100°C. The PMMA solution was prepared by dissolving 30 mg of
PMMA (Mw ~15,000 g/mol) in 1 mL of toluene (purity > 99.98 %). The PMMA solution
was then deposited by spin coating. 80 uli of the solution were dropped on the perovskite
layer and spin-coated employing a 2-step process, with an initial spreading step at 100 rpm
accelerated at 1000 rpm/s for 10s, followed by a 6000 rpm step accelerated at 6000 rpm/s.
The stack was heated up for 5 minutes at 60°C to dry the PMMA film. Physical vapor
deposition (PVD) was used for the top silver mirror, silver pellets (purity > 99.999 %) were

thermally evaporated at a rate of 0.5 A /s to a final thickness of 42nm.
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Fourier Microscopy

We imaged the energy dispersion of the reflectance and photoluminescence using a Fourier
microscope. The microscope employs a Zeiss LD EC Epiplan Neofluar 100X infinity-
corrected objective (NA = 0.75), an Acton SpectraPro 300i spectrometer, and an Andor
Newton EM camera. For reflectance and photoluminescence measurements, we use a Thor-
Labs SLS201L broadband light source and the output of a commercial optical parametric
amplifier (ORPHEUS, Light Conversion) at 470nm (2.64 V), respectively.

Excitation correlation photoluminescence (ECPL)

The excitation correlation photoluminescence setup uses as a laser source a PHAROS
(Model PH1-20-0200-02-10, Light Conversion) which outputs 220fs pulses at a wavelength
of 1030 nm and with a repetition rate of 100 kHz. A portion of the laser beam is sent into a
commercial optical parametric amplifier (ORPHEUS, Light Conversion) which then outputs
470nm (2.64eV). The pulse trains are then split 50/50 by a beam splitter cube, and one
of the pulse trains is directed to a motorized linear stage (LTS300, Thorlabs), to impart a
time delay between the two pulses. Both pulses are amplitude-modulated with a chopper at
distinct frequencies (522 and 700 Hz). The pulses are then recombined and focused onto the
sample using the same setup described in the Fourier Microscopy section. A flip mirror allows
us to alternate between the camera to measure the photoluminescence energy dispersion
and an avalanche photodiode (APD440A, Thorlabs) for the ECPL experiment. The total
integrated response is demodulated, using a lock-in amplifier (HF2LI, Zurich Instruments),
at the fundamental and sum of the modulation frequencies to isolate the linear and nonlinear

components of the photoluminescence. detection (ECPL).

Two dimensional coherent spectroscopy

A detailed description of the setup implemented can be found in our previous work [22]
23]. Briefly, a portion of the 1030 nm, 220 fs output of the PHAROS at a 100-kHz repetition
rate is directed into a home-built third-harmonic-pumped non-collinear optical parametric
amplifier. Four pulses in BoxCAR geometry are generated using a diffractive optical ele-

ment. The four pulses are then sent to a home-built pulse shaper which compresses the
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pulses individually using a second harmonic generation chirp scan. Additionally, the pulse
shaper applies a delay between the pulses and performs the phase cycle during the mea-
surement. The resulting pulse duration was 20fs full-width at half-maximum, measured
by second-harmonic generation cross-frequency-resolved optical gating (SHG-XFROG). All
measurements were carried out in a vibration-free closed-cycle cryostat (Montana Instru-

ments). The spot size was 95+ 5 pm.
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S1. SIMULATIONS
a. Multiple exciton Hamiltonian

The multiple exciton Hamiltonian that describes the polariton branches observed in the
microcavity energy dispersion is based on a Jaynes-Cummings model extended to three ex-
citonic states and using the rotating wave approximation. The Hamiltonian is shown in the
main text in equations (1) and (2). We diagonalized the Hamiltonian using the numeri-
cal package, Qutip [I], and leveraged the dispersion bands to estimate coupling strengths
gac = 80, 80, 90meV. During this process, we fixed the energy of the excitonic tran-
sitions (2.370, 2.404, and 2.445eV) and the microcavity dispersion (calculated using the
transfer matrix model as described next) while changing the coupling strengths. We want
to emphasize that since we have three coupling strengths as variables, various combinations
of them reproduce the polariton branches observed with good accuracy, and hence these
coupling strengths shouldn’t be taken as definitive. However, we note that the couplings are
of the order of ~80-100meV and that at least three excitons are required to reproduce all
polariton band energies. The simulated polariton eigenstates are shown in Fig. 1 as solid
white lines overlaid to the experimental energy dispersion at 5 K.

Additionally in Fig. [S1} we show the Hopfield coefficients for the polariton states that
diagonalize the Hamiltonian. These coefficients provide information on the photonic and

excitonic components making up each state.
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FIG. S1. Hopfield coefficients of the polariton eigenstates.
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b. Transfer matrix model of the microcavity optical mode

We simulated the energy dispersion of the microcavity optical mode using a transfer
matrix model (TMM). We followed the TMM equations (4))-(9)) described below and used
the experimentally determined thicknesses and complex energy-dependent refractive indices
of every layer in the microcavity stack, except for the (PEA)oPbl. To simulate the dispersion
of the optical mode, instead of that of the polariton branches via TMM, we must consider the
refractive index of (PEA),Pbly to be static, real, and equal 2.61, which is the real refractive
index of the material at the target optical mode energy of 2.436 eV. The simulated dispersion
of the optical mode is shown in Fig. . We obtained equation describing the dispersion
as a function of in-plane wavevector by fitting a polynomial to the reflectance minimum (red

dashed line in Fig.
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2 o
2.40 — §
025 2
2.35 -
2.30 | | | | |

-10 -5 0 5 10
In-plane wavevector k;; (um~1)

FIG. S2. Transfer matrix model of the microcavity optical mode and quadratic polynomial (red

dashed line) describing the simulated dispersion.

Eop.(ky) = hwp(k)) = 2.436 + 9.679 x 1074 k7 eV (3)

Next, we summarize the main equations of the transfer matrix model. More details
can be found in Ref. [2]. The optical response of a thin film can be fully described by a
transfer matrix that summarizes the continuity conditions of the electric and magnetic field
components that are tangential to the film’s interfaces. The angle-dependent transfer matrix

of a single film is given by:
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COS(dﬁlm) ? Sin(éﬁlm)/ [nﬁlm Cos(eﬁlm)]

Thitm, s—pol = | iNfitm SiN(Og1m ) cOS(Ofim ) cos(0im) (4)
0 m  sin (6, m 0 m o
Thim, p—pol = | ' €05(Ofim) i 8in(0fim) cos(Ogim ) /151 )
it SN0 ) / €05 (Fsim) cos(Ogim)
2T N AIm ARlm
5ﬁlm - % COS(Oﬁlm) (6)

Where ngp, corresponds to the complex energy-dependent refractive index, gy, is the
angle of propagation of light as given by Snell’s law, and dg, the film thickness. This result
can be extended to an assembly of ¢ thin films, where the total transfer matrix is the product

of the individual matrices. The left-most matrix corresponds to the first film light traverses.

Tassembly - H?ﬂm Tﬁlm (7)

The reflectance (R) of a thin-film assembly can then be obtained from its transfer matrix

as follows:

Ein/Eout B 1
- - Tassembly (8)
Hin/Hout C Ng
o TL()B - C 7’LQB - C :
R_<noB+C) (noB+C> )

Where ng and n, correspond to the refractive indices of the incident and output media

(typically air and the substrate, correspondingly).

S2. PHOTOLUMINESCENCE
a. Linear measurements

We show the fluence-dependent photoluminescence (PL) spectra of the bare (PEA),Pbly
film as a function of fluence (Fig[S3). Additionally, we include the PL energy dispersion of
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FIG. S3. Photoluminescence spectra as a function of fluence of a 60 nm (PEA),Pbly film measured

under non-resonant excitation (470 nm, 220 fs).

the lower polariton and a spectral cut at EII =0 (Fig. , top panel) as a function of fluence.
These measurements were taken under non-resonant pumping (470 nm, 220 fs), using the
same laser pulse employed in the ECPL experiments, and detecting with an Andor Newton
EM camera. We also display the linewidth and the maximum peak energy of the lower

polariton emission as a function of fluence, extracted from Lorentzian fits to the spectra

(Fig. [S4] bottom panel).
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FIG. S4. Photoluminescence (PL) energy dispersion of the lower polariton, PL spectra at E” =0,

linewidth, and energy as a function of fluence measured under non-resonant excitation (470 nm,

220 fs).

b. Nonlinear measurements: Excitation correlation photoluminescence (ECPL)

spectroscopy

Briefly, ECPL is a technique that excites the sample with two pulses, one of which is
temporally delayed from the other. The pulses are amplitude-modulated at two distinct

frequencies (£2; and Q). Then, we detect the time-integrated photoluminescence and iso-
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late its nonlinear component by demodulating at the sum frequency (£2; + €23) via lock-in

detection. The time resolution arises from the delay between the two pulses.

1.  Exciton-exciton annihilation model

Here, we show a simple kinetic model for exciton dynamics which includes a monomolec-
ular recombination term with a ~ rate and an exciton-exciton annihilation term with a
parameter . The differential equation and its corresponding solution are:

noy/
no +v/B) exp(yt) —no.

dn

it Bn?, n(t) = (

(10)

From the solution for the exciton dynamics, we can obtain the total photoluminescence
after the interaction with two laser pulses, assumed to be delta functions and therefore

considered as initial conditions. The total photoluminescence detected is:

Itotar PL OC/ nl(t)dt—l—/ na(t — 7)dt. (11)
0 T

The first integral considers the time when only one pulse had arrived at the sample and the
second integral considers the time after the two pulses had arrived. The initial conditions
correspond to ny(0) = ng and for ny(0) = ny(7)+ng. ni(7) is the residual population due to
the sample’s interaction with the first pulse. Then we subtract the single pulse contributions,
I =2 [°n(t)dt = 2ng, to obtain the nonlinear contribution to the photoluminescence:

o2 exp(—yT)) A M.

(14 «)? ¥ (12)

Alpp(7) o In (1 —

Note that although both time-resolved photoluminescence and ECPL follow the same
population, their decay functions are different and we cannot compare their decay traces

directly.

S3. TWO-DIMENSIONAL COHERENT SPECTROSCOPY
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FIG. S5. X-Frog characterization of the pulse duration fitted to a Gaussian function.
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FIG. S6. Ultrafast energy transfer from the middle to the lower polaritons. We show the evolution
of the rephasing 2D coherent spectra as a function of population time (t2) for the (PEA);Pbly
measured at 10 K. The subfigures (a-d) correspond to the absolute components, (e-h) correspond

to the real component and (i-1) correspond to the imaginary component.
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