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ABSTRACT: Quasi-two-dimensional lead halide perovskites, MA, ,Pb,X;,,,, are
quantum confined materials with an ever-developing range of optoelectronic device
applications. Like other semiconductors, the correlated motion of electrons and holes
dominates the material’s response to optical excitation influencing its electrical and optical
properties such as charge formation and mobility. However, the effects of many-particle
correlation have been relatively unexplored in perovskite because of the difficultly of
probing these states directly. Here, we use double quantum coherence spectroscopy to
explore the formation and localization of multiexciton states in these materials. Between

the most confined domains, we demonstrate the presence of an interwell, two-exciton CB-@®- — ——
excited state. This demonstrates that the four-body Coulomb interaction electronically — o0 —o—
couples neighboring wells despite weak electron/hole hybridization in these materials.

Additionally, in contrast with inorganic semiconductor quantum wells, we demonstrate a  VB-©8-—— ~——-0&" ~0~—6~

rapid decrease in the dephasing time as wells become thicker, indicating that exciton
delocalization is not limited by structural inhomogeneity in low-dimensional perovskite.

5,16

uasi-two-dimensional (quasi-2D) lead halide perov-
skites, quantum confined materials consisting of few
lead halide monolayers separated by an organic barrier layer,
have seen remarkable growth in device applications’ in recent
years as more stable alternatives to three-dimensional perov-
skites with functional light emission” and photovoltaic
efficiency.” Despite similarities in device efficiency, the basic
photophysics of quasi-2D devices is greatly influenced by
confinement, which is not present in the bulk. Despite early
comparisons to quantum wells,* prior photophysical studies of
these devices have ignored, with few exceptions,s’6 the role of
many-body interactions (the correlated motion of more than
one exciton or carrier), which dominate the nonlinear response
of quantum wells. Here, using double quantum coherence
spectroscopy (DQCS), we directly resolve spatial and energetic
correlation between excitons in mixed quasi-2D perovskites.
Quasi-2D methylammonium lead iodide MA,_;Pb,I;,.,
perovskites consist of domains of varying number of lead
layers, n, separated by a bulky organic cation, such as
phenylethylammonium, which acts as a barrier between layered
domains (Figure 1a). Strong dielectric’ and quantum confine-
ment caused by this barrier results in increased exciton binding
energies,‘*’8 blue shifts the band edge,‘*’9 and increases the
stability”'>"" of quasi-2D perovskites over their bulk counter-
parts. In other highly excitonic materials such as semiconductor
nanostructures, ultrafast four-wave mixing spectroscopies, such
as transient absorption, DQCS, and two-dimensional electronic
spectroscopy, have been the standard for investigating coherent
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dynamics of excitons,”””"* including exciton localization"
and exciton—exciton scattering'® because of their capacity to
probe sensitively the nonlinear response of excitons.'”'*
However, when applied to quasi-2D perovskite systems,
previous experiments have lacked sufficient time resolution to
observe exciton scattering;'”'® yet such observations could
yield fundamental insight into interwell coupling mechanisms
and exciton localization.

DQCS, a variant of transient four-wave mixing spectroscopy,
reports on the third-order, nonlinear optical response of a
material subsequent to three light—matter interactions'””’
(Figure 1b and Experimental Methods). In the time domain,
DQCS probes the relative time scale over which correlations
between excitons in the material decay via the loss of coherent
oscillations with time. Initially, the laser field generates a
coherence (a superposition of the ground and photoexcited
states) in the material with a spatial extent corresponding to the
size of the induced polarization. Because the “pump” is two
degenerate interactions, the manifold of doubly excited states is
accessed, yielding superpositions of the ground and doubly
excited states, ie. double quantum coherences. We observe
these coherences as oscillations in time, £, with a defined
frequency and phase relative to the incident field. This phase
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Figure 1. Two-exciton states in quasi-2D perovskites. (a) Quasi-2D perovskite unit cell after ab initio molecular dynamics run and geometry
relaxation for n = 2 and n = 3 domains. (b) Pulse sequence for the DQCS experiments showing wave forms for the three laser pulses and the emitted
signal, k,. (¢, d) Electron/hole configurations for a biexciton within each domain and the interwell two-exciton state (e) in the electron/hole basis. (f)
Energy diagram showing an example path to an interwell two-exciton state with correlation energy A in the exciton basis.
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Figure 2. Time domain double quantum data. (a) Time domain double quantum coherence spectrum. Dotted lines indicate the maximum in the
linear absorption spectrum associated with the exciton each domain. (b—d) Integrated intensity at the n = 2—4 emission energies as a function of t,.
(b inset) Double quantum data from —10 to O fs at n = 2, showing the ~1 fs period of the double quantum oscillations.

relationship is subsequently destroyed by scattering processes
within the material, including exciton—phonon, exciton—
exciton, and exciton—carrier interactions. Because the scattering
probability decreases and coherent oscillations dephase more
slowly as the exciton becomes more localized,">*' the
dephasing time of the coherence yields information on the
degree of localization in a particular perovskite domain.

In the frequency domain, DQCS reveals correlations
between the doubly and singly excited states. The double
excitation axis in the frequency domain spectrum is formed by
Fourier transformation of the oscillations along ¢, in the time
domain. Because the DQCS signal corresponds exclusively to
those states for which ground-to-singly and singly-to-doubly
excited-state transitions are nondegenerate,zz’23 DQCS in the
electronic energy regime is a probe of correlation energy”” (in
the vibrational energy regime, it is sensitive to anharmonic-
ity”*). Many-body interactions are the mutual Coulomb
interaction of more than one exciton or carrier, i.e.
correlation;”> ™%’ therefore, DQCS is a means to investigate

3896

selectively features arising from four-body (two-electron, two-
hole) states (Figure lc—e). An example path to an interwell
four-body state showing the correlation energy, A, is shown in
Figure 1f. These four-body states include “unbound-but-
correlated” two-exciton states as well as bound biexcitons
within a single well (Figure lc,d) and correlated two-exciton
states coupling excitons in neighboring wells (Figure le).
Here we investigate the origin of excitonic delocalization in
quasi-2D perovskites, both via exciton scattering within a
domain and via the interwell excitonic coupling, using DQCS.
In the time domain, we observe rapidly decreasing dephasing
times for larger n domains (but still n < 4), indicating that
exciton—exciton scattering rates and exciton delocalization
increase with increasing n. Inhomogeneity in the exciton
transition frequency, as a result of disorder, contributes
minimally to the DQCS data, indicating that localization of
the exciton state is governed by the confining potential
imparted by the thickness of the well and not “radially” by
structural defects in the perovskite, such as in growth
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Figure 3. Frequency domain double quantum data. (a) Double quantum coherence spectrum. Dotted vertical lines indicate emission at each
maximum in the linear absorption spectrum, and horizontal lines indicate excitation at twice each maximum. (b—d) Slices along the double excitation
axis for emission at n = 2 to n = 4. In panels b and , vertical lines are shown at double the absorption maxima for n = 2, n = 3, and the sum of n =2
and n = 3. In panel d, vertical lines are shown at double the n = 2—4 maxima.

interrupted quantum wells. In the spectral domain, we observe
evidence for bound biexcitons in n = 2. Additionally, we
conclusively identify a delocalized, interwell two-exciton state
between the n = 2 and n = 3 domains (Figure le). This state
couples the excitons in n = 2 and n = 3, the most confined
domains, and modifies the transfer rate between these wells in
applications with high exciton density such as light-emitting
diodes.

The time domain data are shown in Figure 2, plotted with
time delays positive to negative from bottom to top. The
frequency of the oscillations in Figure 2 relates to the energy of
the two-quantum coherence excited by the pulse pair, and the
signal envelope as a function of time maps the decay of the
phase relationship between the driving field of the pulse pair
and the induced polarization in the material due to scattering
processes. As shown in Figure 2a, there are prominent features
in the data near the maxima in the linear absorption spectrum
associated with each exciton transition, indicated by dotted
lines. Most prominent are two large features at 2.18 eV, n =2
and 2.03 eV, n = 3, and a smaller feature at 1.92 eV, n = 4. In
each individual domain, the maximum amplitude of the
oscillation occurs at negative time, —13 fs in n = 2, —6 fs in
n=3and =3 fsinn=4.

As shown in Figure 2a, the central emission energy of the
oscillating signal associated with each individual domain shifts
to lower energy for increasing negative delay, see for example n
2 in Figure 2a. Because all transitions within the laser
bandwidth are excited, the shift is an indication of frequency-
dependent dephasing. For n = 3, the center of the exciton
resonance in the linear absorption spectrum (marked with a
dotted line) has the longest dephasing time and the latest
delayed rise; however, for n = 2 the latest delayed rise is well
below the exciton resonance. Within a single domain,
frequencies higher than the exciton transition in n = 2 and 3
have the shortest dephasing times and the earliest onset rise.

In addition to revealing differences in dephasing times within
a domain, differences in dephasing times between domains are
evident in the double quantum data by taking slices through the
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intensity as a function of time at the n = 2, 3, and 4 exciton
resonances, as shown in Figure 2b—d. The inset in Figure 2b
shows data from —10 to 0 fs for n = 2, plotted as points, with 50
attosecond steps (see Experimental Methods). We observe
clear oscillations every ~1 fs (4 eV), roughly twice the
excitation energy. The traces are fit by a Gaussian convoluted
cosine function with exponential rise and decay terms. We find
best fits to the envelope when the rise and fall times are
equivalent, 22.4 + 0.3 fs, 9.1 + 0.3 fs, and <S5 fs for n = 2, 3, and
4, respectively. For n < 4, the rise and fall times for the
oscillating components increase as the number of Pb,l;,,,
layers decreases.

Finally, we stress that the time domain double quantum
measurements are a map of the induced field generated in the
material by the laser and not the evolution of an excited-state
population. In fact, direct excitation of an excited population is
not possible because of the “negative” time ordering of the
pulses, relative to a transient grating experiment, which is
required to specify the phase-matching condition. The field
dependence of the measurement is evidenced by the presence
of oscillations in the time domain data with a shorter period
than the pulse duration (Figure 2b, inset). Therefore, our time
resolution for the oscillating components is dictated by the
relative phase stability of the three beams (better than 10
attoseconds”®) and not the Gaussian width of the pulse
envelope (~10.5 fs). By contrast, the damping terms associated
with the oscillation, dictated by the envelope function of the
oscillations with time, are limited by the width of the pulse
envelope.

Frequency domain double quantum coherence spectra are
obtained by Fourier transformation along the delay axis, t,,
yielding the new axis, @,, the double quantum excitation
energy. In Figure 3a, the double quantum spectrum is shown.
The position of a feature in the vertical axis @, is the energy of
the double quantum coherence excited by the pulse pair, and in
the horizontal axis ®;, the single-quantum emission (detection)
energy. The diagonal line indicates the case where the emission
energy is exactly twice the excitation energy, @, = 2w;. Dotted
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lines are drawn at double the energy of the exciton resonances
in each domain in @, and at the exciton resonances in ;.
Because t; is fixed at zero and the t, axis was Fourier
transformed into the frequency domain, there is no time axis
for this measurement.

On the diagonal, there are prominent features at the exciton
resonances for n = 2, feature A, and n = 3, feature B. Feature A
is shifted along the diagonal to lower energy, while feature B is
extended on the diagonal both to lower and higher energy. At n
= 4, feature C is of low amplitude but largely on the resonance.
Oft the diagonal, we observe intensity above the diagonal,
feature D, which is mirrored more weakly below the diagonal
by feature E. Features D and E correspond to excitation at the
sum of n = 2 and n = 3 and emission at n = 3 and 2,
respectively. Finally, a second feature above the diagonal,
feature F, connects double excitation at n = 3 to emission at n =
4.

Spectral slices (Figure 3b—d) taken at each exciton emission
energy allow for evaluation of the double quantum data in
greater detail. As a guide, vertical lines are positioned at twice
the energy of each individual exciton resonance and at the sum
of the energies of n = 2 and n = 3. Figure 3b shows primarily
feature A at n = 2 with a skew of the Lorentzian to lower energy
due to feature E. The spectrum in Figure 3c is fit with three
Lorentzians first at n = 3, feature B; second below the sum of n
= 2 and 3, feature D; and third at a higher energy feature,
feature G. Finally, the spectrum in Figure 3d shows prominent
features at n = 3, feature C; n = 4, feature F; and a broad higher-
energy feature. The slices of the frequency domain data at each
emission frequency clearly show cross-peaks D, E, F, and G and
their respective positions on the double excitation axis.

In Figure 4, the trace of the double quantum spectrum taken
along the diagonal is shown plotted as a function of the double
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Figure 4. Double quantum diagonal. The diagonal of the double
quantum coherence spectrum plotted on the double quantum axis.
Vertical lines are shown at double the absorption maxima for n = 2—4.

quantum axis. The spectrum shows three features near each of
the exciton resonances, features A, B, and C in Figure 3.
Feature A is peaked below the n = 2 exciton transition. By
fitting the spectrum in Figure 4 to three Lorentzians, we find
feature A is shifted 15 meV to lower energy. Though feature B
peaks above the n = 3 exciton resonance, feature B is largely
broadened with less spectral intensity below the resonance than
feature A.

In the time domain, four-wave mixing data are a map of the
evolving field generated in the material; therefore, the signal
can be observed as long as a phase relationship exists between
the driving field and the responding field. As seen in Figure 2, a
delayed rise in the time domain signal is observed for all
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perovskite domain sizes in the negative delay direction.
Rephasing of the polarization coherence masked by inhomo-
geneity in the transition frequency is the prototypical cause of
such delayed rises in four-wave mixing experiments, which are
called photon-echoes by analogy to spin-echoes in nuclear
magnetic resonance. In a photon-echo, inhomogeneity in the
response results in loss of observable polarization coherence,
though individual transitions may yet retain a fixed phase
relative to the driving field. In order to form a photon-echo,
polarization coherence is “rephased” by a subsequent
interaction creating a recurrence in the signal.

In addition to traditional spectral inhomogeneity, semi-
conductors may exhibit an additional contribution to the
polarization coherence decay time due to many-body scattering.
GaAs quantum wells are a classical example of this effect. These
quantum wells can be prepared with atomically precise well
thickness, so inhomogeneity in the transition frequency due to
variations in the confining potential can be effectively
minimized. In a series of seminal experiments, homogeneously
broadened samples were shown to exhibit pronounced delayed
rise times despite a lack of spectral inhomogeneity,” " which
could be assigned only to variations in the transition frequency
caused by scattering with another exciton.'* This additional
contribution to the inhomogeneous line width caused by many-
body scattering is called excitation-induced dephasing, while the
renormalization of the transition frequency due to many-body
interaction is called excitation-induced shift.'”” In a double
quantum experiment, both effects allow for loss of observable
polarization coherence and an echo in a similar manner to an
inhomogeneous environment.

However, inhomogeneous dephasing and excitation-induced
effects should have different trends in the lifetime of the
coherence as a function of confinement. In the limit of
dominant many-body scattering, decreasing confinement
increases the Bohr radius, and the excited species becomes
more delocalized. As the exciton delocalizes, the scattering
probability increases and the dephasing time becomes shorter.
However, in the inhomogeneous case, inhomogeneity becomes
increasingly likely as the well becomes thicker because of well
width variations, point defects, etc. that will tend to localize the
exciton wave function and thus lengthen the recurrence time.
Increasing inhomogeneous broadening thus results in the
opposite trend from many-body scattering: longer dephasing
times for decreasing confinement. Therefore, to determine the
relative importance of each route to localization in perovskite
wells, we can compare the dephasing time for varying degree of
confinement, n.

The dephasing time associated with the rise and fall time of
the oscillations gets shorter with decreasing confinement, by
domain 22.4 + 0.3 fs, 9.1 +£ 0.3 fs, and <5 fs for n = 2, 3, and 4,
respectively; therefore, this suggests that the dominant factor in
the polarization coherence decay is the many-body scattering
rate, which slows as excitons localize in more confined domains.
The same argument can be extended to explain the variation of
the dephasing times within a domain. Within a single domain,
the correlation energy is highest near the band edge at
transitions with the strongest biexciton binding energy (redder
absorbing). The longer dephasing times for the reddest
emitting two-exciton coherences arise from the net binding
exciton—exciton interaction near the band edge, which
increases the correlation time within a domain and results in
the apparent red shift of each individual domain in the time
domain data in Figure 2a.
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In related two-dimensional electronic spectroscopy measure-
ments, excitation-induced dephasing results in excitation
frequency-dependent broadening in the rephasing spectra.’”
This has been used to distinguish excitation-induced dephasing
from spectral inhomogeneity in GaAs.'”*** In the Supporting
Information, we show the rephasing and nonrephasing two-
dimensional electronic spectra. We observe strong line
broadening of the single exciton transitions in the rephasing
spectra of striking similarity to GaAs. These line shapes are in
strong support of the dominant role of excitation-induced
dephasing in polarization coherence decay times in quasi-2D
perovskite.

Our time domain results in quasi-2D perovskites show
marked differences from their bulk counterparts in that many-
body effects are clearly evident. The driving force for
delocalization in bulk perovskites has been discussed recently
based on comparative analysis of transient four-wave mixing
spectra of cold perovskite and GaAs.” These data show that
dephasing in bulk perovskite is three times slower than bulk
GaAs because of weak many-body interaction (carrier—carrier
scattering). Additionally, based on analysis of optical Kerr effect
spectroscopy of bulk perovskite, it has been suggested that
weak many-body scattering in the bulk is due to increased
screening of charge carriers by reorientation of the methyl-
ammonium cation and/or shallow local potential defects in the
perovskite lattice.”* In contrast with bulk perovskite where
many-body interactions may be effectively screened, we
demonstrate that many-body scattering dominates the non-
linear response of the most confined perovskite wells.

In the frequency domain, the DQCS spectrum is a
frequency—frequency map correlating doubly excited, two-
exciton states with single exciton states. Features on the
diagonal correspond to interaction between excitons at the
same frequency, such as features A, B, and C in Figure 3a. As
shown from prior experimental”® and theoretical work,*
biexcitons within a single domain (Figure lc,d) appear in
DQCS data as features excited at twice the single exciton
transition energy less the biexciton binding energy and emitting
at the single exciton transition energy less the binding energy
(w; — A, 2w; — A). This results in a feature on the diagonal
shifted below the exciton resonance by A.

The three features observed on the diagonal in Figure 3a
have increasing contributions from bound two-exciton states
with increasing confinement, evidenced by the increasing
intensity below the exciton resonance in Figure 4. A single
Lorentzian fit to feature A yields a shift of 15 meV below the
exciton resonance; however, because of limitations in both the
spectral bandwidth and the width of feature A, 15 meV is an
upper bound on the n = 2 biexciton binding energy, much
smaller than the exciton binding energy in n = 2 of 260 meV."
The reported biexciton binding energy agrees reasonably with
prior reports of the biexcition binding energy of cold n = 1
perovskite of ~40 meV.>° Also on the diagonal, we observe
strong elongation above and weaker elongation below the
diagonal of feature B, associated with n = 3, as shown in Figure
4. These results suggest an even smaller, if not negligible,
biexciton binding energy in n = 3. Increasing biexciton binding
energies for increasing confinement, as shown here, is typical in
other highly confined sgstems, including single-domain perov-
skite quantum wells,***’ semiconducting quantum dots,” and
transition-metal dichacolgenides.”

Off-diagonal features, cross-peaks, correspond to interaction
between excitons at differing frequencies, such as features D, E,
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F, and G in Figure 3. A cross-peak at the double excitation
energy of one domain and at the emission energy of another
(wy, 20y), such as features F and G, indicates coupling between
single exciton states in different domains.’® These second
harmonic oscillations corresponding to a neighboring exciton
resonance occur when excitons in neighboring wells are
electronically coupled, for example, by hybridization of the
electron, hole, or exciton states between wells. Though typically
characterized by the longer w; — wy oscillations, 0 coupling
between single excitons neighboring wells is observable even
when the dephasing time is much shorter than the w; — wy
period, due to the higher frequency of the second harmonic
oscillations. An example path to a feature at (@, 2wy;) and its
relationship to coupling in the singly excited manifold is shown
in the Supporting Information.* In order to form features F
and G, a doubly excited state is not required to couple the two
wells because electronic coupling already exists in the single
exciton manifold.

Conversely, a cross-peak at the sum of excitation energies of
two different domains and emitting at the single exciton
energies (@, @; + @y) can occur only if an exciton in each well
is excited in sequence (Figure 1f). A cross-peak at this position
implies that a doubly excited state coupling both domains exists
(Figure 1le). Conceptually, this means that two excitons in
differently confined wells scatter, resulting in an additional
contribution to the four-body Coulomb interaction. Features D
and E are indicative of this second case and are identified as an
interwell, two-exciton state connecting n = 2 and n = 3. We
observe little shift of features D and E from the sum of the n =
2 and n = 3 exciton energies, so we conclude that this is a more
weakly bound two-exciton interaction than observed within a
single domain.

Features D and E are best assigned to a two-exciton state
coupling n = 2 and n = 3 domains through the phenyl-
ethylammonium layer (Figure le). Coupling between domains
of varying width not separated by a barrier, for instance due to a
well width fluctuation, would result in a strong inhomogeneous
contribution to the polarization coherence dephasing time,
which we do not observe. In order to test the effect of increased
spatial inhomogeneity, we compare DQCS data from hot-cast
films versus films cast at room temperature, which should show
significantly decreased spatial irregularity based on GIWAXS
data>* DQCS data from hot cast films do not show a
significant difference from room-temperature films beyond an
increase in n = 2 in the hot cast films.* Additionally, DQCS
data on films synthesized from n = 2 nanoplatelets with
substantially less n = 3+ show reduced cross-peaks and longer
dephasing times in n = 2, consistent with reduction in interwell
scattering states.”' Finally, a precedent for such interactions
exists in GaAs quantum wells. Two-exciton interwell states
were identified in GaAs/InGaAs quantum wells and were
attributed to a 0.15 meV shift of the exciton resonance due to
many-body scattering.””

Stronger features at the interwell two-exciton state and
minimal crosspeaks at twice the single exciton energies in the
DQCS data demonstrate that coupling between the n =2 and n
= 3 domains does not arise solely from hybridization of the
electron/hole wave functions or dipole—dipole coupling;
instead, two-exciton states result from exciton—exciton
scattering between domains. Additionally, though the interwell
doubly excited states contribute the largest cross-peaks between
n =2 and n = 3, the cross-peaks between n = 3 and 4 are
primarily between single exciton states. On the basis of the
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emergence of these cross-peaks for higher n domains, we expect
that electronic coupling between single exciton states should
increase for larger n domains.

In summary, we have used DQCS to investigate the various
routes to excitonic delocalization in quasi-2D perovskite. We
have demonstrated that the coherent response in confined
perovskite is dominated by many-body scattering. Within an
individual domain, we have shown that localization is driven by
the confining potential imparted by the phenylethylammonium
layer, which increases the exciton binding energy. This is
evidenced by the decreasing dephasing time of the two-exciton
coherences in the time domain data as the number of
perovskite layers increases, which we attributed to decreased
exciton—exciton scattering. In conjunction with optical Kerr
effect data,®* we postulate that the driving force for localization
differs in confined perovskite, where excitations are localized as
excitons, from bulk perovskite, where excitation is localized as
free carriers. Additionally, we have shown that the spatial extent
of the exciton state within a well is resistant to the localizing
effect of inhomogeneity, allowing excitons to better navigate
disorder.

Furthermore, we have demonstrated both the presence of
bound biexcitons within a single perovskite domain and an
interwell two-exciton state. This interwell state provides a
source of excitonic coupling beyond that provided in the singles
manifold alone, such as dipole—dipole coupling or hybrid-
ization of the electron/hole states between domains. The
interwell state contributes the dominant features in the DQCS
data for the most confined domains. As a parallel to effects in
quantum cascade lasers* where many-body correlations were
shown to affect the tunneling rate between quantum wells,***
these results suggest that population transfer between domains
under high photon flux and in the most confined perovskite
domains can be affected by many-body correlations.

B EXPERIMENTAL METHODS

Materials studied here are 200 nm thick films of median n equal
to 3 with contributions from 2—4, similar to those
described previously,” and prepared by the procedure in the
supplement.”’ In a DQCS experiment, the nonlinear optical
response of a material is measured subsequent to excitation
using the pulse sequence shown in Figure 1b. The delay, ¢,
between pulse pair, k, and k, is fixed at zero, and the delay
between k. and the pulse pair, t,, is varied by moving k, and k,
together in time. Due to the geometry of the interacting pulses,
the radiated signal, k,, is the difference between the pulse pair,
k, + k, and the “probe”, k., obeying the phase matching
condition, k; = k, + k, — k. DQCS data are acquired using a
two-dimensional electronic spectroscopy setup described
previously”* in the BOXCARS geometry and using a
procedure also previously described.'”** All three pulses have
an identical spectrum centered at 2.1 eV, spanning 1.8—2.3 eV,
and compressed to a duration of ~10.5 fs."' Additionally, all
beams have parallel polarization; therefore, bound four-body
states and unbound four-body scattering states are both
detected.”™*’
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