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ABSTRACT
Metal halide perovskite nanocrystals have been under intense investigation for their promise in optoelectronic devices due to their remarkable
physics, such as liquid/solid duality. This liquid/solid duality may give rise to their defect tolerance and other such useful properties. This
duality means that the electronic states are fluctuating in time, on a distribution of timescales from femtoseconds to picoseconds. Hence,
these lattice induced energy fluctuations that are connected to polaron formation are also connected to exciton formation and dynamics. We
observe these correlations and dynamics in metal halide perovskite nanocrystals of CsPbI3 and CsPbBr3 using two-dimensional electronic
(2DE) spectroscopy, with its unique ability to resolve dynamics in heterogeneously broadened systems. The 2DE spectra immediately reveal a
previously unobserved excitonic splitting in these 15 nm NCs that may have a coarse excitonic structure. 2D lineshape dynamics reveal a glassy
response on the 300 fs timescale due to polaron formation. The lighter Br system shows larger amplitude and faster timescale fluctuations that
give rise to dynamic line broadening. The 2DE signals enable 1D transient absorption analysis of exciton cooling dynamics. Exciton cooling
within this doublet is shown to take place on a slower timescale than within the excitonic continuum. The energy dissipation rates are the
same for the I and Br systems for incoherent exciton cooling but are very different for the coherent dynamics that give rise to line broadening.
Exciton cooling is shown to take place on the same timescale as polaron formation, revealing both as coupled many-body excitation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0173369

I. INTRODUCTION

Metal-halide perovskites (MHPs) have been under intense
investigation for their performance in photovoltaics initially, rapidly
surpassing the performance of other materials, including semicon-
ductor quantum dot (QD) based photovoltaics.1,2 In this application,
the key observation was high efficiency and good transport proper-
ties despite highly defective materials, in contrast to the search for
perfection that is the case in standard covalent semiconductors from
Si to CdSe. Following the initial work on MHPs, nanocrystal (NC)
versions have become available as MHP NCs.3 In the case of MHP
NCs, they have found tremendous promise in light emissive applica-
tions, such as lasers and light emitting diodes (LEDs), in addition to
light absorptive applications found for thin films.4,5 MHP NCs are
known for their high photoluminescence (PL) quantum yields,3 fast

radiative emission,6 and long coherence times for sources of single
and entangled photons7 and superfluorescence.8

A key feature of these perovskites is their defect tolerance.9
This defect tolerance is thought to arise from the details of
the lattice, which is ionic and characterized by strongly anhar-
monic bonds, lacking a well-resolved vibrational spectrum at room
temperature.10,11 It is particularly the vibrational spectra and the
dielectric dispersion spectra12–14 that give rise to a picture of LHPs in
which they are phonon glass/electron crystals (PGECs) by virtue of
their liquid–solid duality.15,16 The phonon space behaves as a glass,
whereas the electron space behaves as a crystal, with band-like trans-
port, as discussed by Zhu.17–22 Since the lattice structural dynamics
are glassy, as also revealed by ultrafast diffraction experiments,23,24

the important lattice modes are localized and diffusively moving
polarons rather than delocalized and coherently moving phonons.
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The polarons that characterize LHPs are central to their unique and
favorable optical properties.

In the case of NCs of LHPs and two-dimensional materials, e.g.,
Ruddelson–Popper type perovskites, the presence of excitons is also
important. In the case of QDs of LHPs, one sees excitonic transitions
consistent with strongly confined CdSe QDs.25,26 In the case of the
more common weakly confined (twice the Bohr length) NCs, there
are still fast radiative rate constants6 and fine structure splittings27–29

consistent with excitonic behavior. Moreover, larger QDs or NCs
may have hidden splittings within the heterogeneous broadening of
the sample. In the case of two-dimensional materials,11,30,31 these
effects are even stronger with larger 200 meV excitonic binding ener-
gies due to reduced screening. In covalent semiconductors, one has
exciton–phonon coupling to measure the degree of interaction. In
contrast, these ionic and anharmonic LHPs have exciton–polaron
coupling, which is to be assessed in terms of its importance to the
functioning of the material.

A number of femtosecond laser spectroscopic experiments have
been performed on MHPs in order to identify the polaron and also to
identify hot carrier cooling dynamics toward the band edge exciton
at high excess energy.11,19–21,24,30,32–42 These studies have suggested
that the polarons form on the sub-ps timescale and couple to exci-
tons. Hot carrier relaxation is shown to take place on a distribution
of timescales, based upon the excess electronic energy within the
system. Recently, we have shown44 via two-dimensional electronic
(2DE) spectroscopy that the electronic lineshapes of CsPbI3 P NCs
follow diffusive lattice structural dynamics consistent with a glassy
or liquid state and inconsistent with covalent semiconductors, which
undergo ballistic structural dynamics via coherent phonons. Follow-
ing the direct observation of polaron formation in LHP NCs, we then
used one-dimensional transient absorption (TA) spectroscopy42 to
indirectly suggest the coupling of polarons to excitons. The TA data
on CsPbBr3 P NCs revealed that the formation of polarons resulted
in further quantum confinement effects upon the excitons, for the
weakly confined (15 nm) NCs probed. In short, there is a growing
body of evidence of exciton–polaron coupling in a manner similar
to electron solvation in solids rather than in liquids.16

What is needed is a direct measure of the impact of
exciton–polaron interactions in model systems of 15 nm LHP NCs
that are the model P NC system since their inception in 2015 by
Kovalenko et al.3 These model systems are the most studied in
terms of their single dot PL spectra of fine structure and their ultra-
fast spectroscopy of dynamics. Here, we perform 2DE spectroscopy
on the model system of weakly confined 15 nm MHP NCs of
CsPbI3 and CsPbBr3 P NCs to specifically unravel these interactions.
2DE spectroscopy is uniquely powerful as an ultrafast spectroscopic
method in that not only can new dynamics be obtained,45,46 but
they can also be obtained in the presence of heterogeneous broad-
ening.47 Moreover, 2DE has an unprecedented combination of time
and energy resolution that is not possible in 1D TA spectroscopy.
The 2DE spectra immediately reveal a previously unobserved elec-
tronic splitting that was not visible in 1D spectroscopies.41,42 The
peak splitting shows dynamics on the 10 fs timescale, illustrating
the extreme efficiency of excitonic cooling in this regime close to the
band edge exciton. The 2DE spectra enable observation of 2D line-
shape dynamics, which are shown to reveal liquid-like responses due
to polaron formation in both systems on the 300 fs timescale. The
impact of the polaron dynamics upon the TA spectra is a dynamic

broadening and blueshifting due to exciton–polaron interactions.
The excited states relax on the same 300 fs timescale as polaron
formation, illustrating that the coupling is dynamic.

II. EXPERIMENT
2DES experiments were conducted on a previously described

instrument44,46–52 using nonclassical optics of hollow core fibers and
acousto-optic modulators. The 2DES measurements of CsPbI3 were
conducted using the output of a Ti:sapphire amplifier (Coherent
Legend Elite Duo HE+, 800 nm, 1 kHz, 130 fs) spectrally broad-
ened in a hollow core fiber (two-cycle, length = 2.5 m, inner diameter
= 400 μm) filled with 3 atm of argon in a pressure gradient. The 2DES
measurements of CsPbBr3 were conducted using the output of a
commercial optical parametric amplifier (Light Conversion, Topas),
centered at 500 nm and spectrally broadened in a hollow core fiber
filled with 3 atm of argon. In both cases, the output of the hol-
low core fiber is temporally stretched in a grism pair before being
split between two acousto-optic pulse shapers (Fastlite, Dazzler).
The pulse shapers compress the pulses to 18–20 fs, as confirmed by
transient-grating frequency resolved optical gating (TG-FROG), as
shown in Fig. S1.

One of the pulse shapers diffracts two pulses, separated by a
time delay t1 and phase difference φ, to be used as a pump beam.
The other pulse shaper diffracts a single pulse to act as the probe. The
pump beam crosses the sample at an angle and is stopped by a beam
block, while the probe is transmitted straight through the sample and
into a CCD spectrometer (Acton 2500i, PIXIS 100B Excelon). To
measure a single 2DES spectrum, the time delay between the pump
and probe pulses, t2, is kept constant, while the time delay between
the two pump pulses, t1, is varied. A 2 × 2 × 1 phase cycling scheme
is used where the phase of the first two pulses is set to φ = 0 and
φ = π for each value of t1. A rotating frame is applied to the second
pulse relative to the first pulse. The data are Fourier transformed
along t1 to generate a two-dimensional (E1, E3) map.

III. BACKGROUND ON PEROVSKITES
AND 2D SPECTROSCOPY

Figure 1 provides an overview of the idea of structural dynam-
ics in MHP NCs. Figure 1(a) shows the linear absorption and the
photoluminescence (PL) spectra along with the laser spectra for
the CsPbBr3 and CsPbI3 LHP NCs. The laser spectra are tuned to
probe near the band edge and the PL. Figure 1(b) shows a schematic
illustration of the perovskite lattice as a cubic NC, as are these. The
length of the NC is 15 nm, and shown is a 7 nm polaronic distortion
of the lattice. Also shown is an exciton confined to the polaronic
region of 7 nm length.

Figure 1(c) schematically illustrates the relevant processes
involved in the structural dynamics at the level of excitons and
the lattice. Due to strong electron–phonon interactions, a con-
figuration coordinate diagram must be considered rather than a
purely electronic level diagram. Due to the glassy and anharmonic
nature of the MHP lattice, the phonon coordinate is less important
than the polaron coordinate. This idea of low frequency contin-
uum modes is revealed in the Raman spectra and their temper-
ature dependence.10,11,16,53 One does not see discrete phonons at
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FIG. 1. Overview of the structure of lead halide perovskite nanocrystals (LHP NCs) and their spectroscopy in terms of exciton–polaron interaction. (a) Linear absorption
spectra, photoluminescence (PL) spectra, and laser spectra for the 15 nm NCs of CsPbI3 and CsPbBr3 LHPs. (b) Schematic illustration of a perovskite lattice underdoing
a polaronic distortion, giving rise to a potential well of 7 nm length. In the NCs are excitons with Bohr lengths of 7 nm, half the diameter. (c) Illustration of lattice structural
dynamics during polaron formation (left, red) and exciton cooling and polaron formation (right, blue). (d) The energy gaps in LHPs are stochastic due to their glassy nature
(red). Cooling proceeds on the same timescale as the correlation function describing the fluctuations.

room temperature; instead, there is a spectral density that repre-
sents the polaron spectrum. Upon excitation, polaron formation
will spontaneously proceed in a dissipative and diffusive manner,44

as reflected by the arrow. Since the band edge state is excitonic,
it is exciton–polaron coupling that is the key idea. If there is a
higher energy state, excitonic or continuum, relaxation will take
place. Illustrated is a higher energy excitonic state, from which
hot exciton cooling will take place. The cooling process may take
place on the same timescale as polaron formation, also reflecting
exciton–polaron coupling.

These processes of cooling vs fluctuations are schematically
illustrated in Fig. 1(d). Shown is the mean energy of a single particle’s
trajectory, either from an excited state or about equilibrium, such as
the cooled band edge exciton. The hot exciton will undergo energy
relaxation in a fluctuating manner. In addition, it may take place
on the same timescale as the correlation function that describes the
equilibrium fluctuations, as shown in the inset.

To better understand the nature of the 2DE spectra and how
they reveal unique information,54–58 see Fig. 2, which schemati-
cally identifies the signals and processes via model simulations.

Figure 1(a) shows the standard problem of NC spectroscopy of het-
erogeneous broadening. Of course, single particle spectroscopy is a
useful method to bypass this form of broadening. However, it only
yields PL spectra and the slowest of kinetic processes. Hence, one
needs absorptive spectroscopies done at the ensemble level to probe
the earliest processes that take place on the fs and ps timescales.
Shown is a Gaussian distribution of single NC spectra that are
Lorentzian, giving rise to a Voight lineshape for absorption, or PL.
In 1D spectroscopies, such as TA, there remains heterogeneous
broadening in the signals. In contrast, 2DE enables overcoming
heterogeneous broadening.

Figure 2(b) schematically illustrates a 2DE spectrum and the
information contained within it. We define E1 as the excitation axis
and E3 as the detection axis. See the supplementary material for
a fuller discussion of the theory and methods of 2DE. Enabled by
Fourier methods, one has a 2D spectrum. The main idea is to look
for peaks along the energy diagonal and the energy off-diagonal.
Provided one measures 2DE spectra as a function of time, t2, or pop-
ulation time, one now has a series of time dependent 2DE spectra
with which to assess lineshape dynamics. The first peak along the
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FIG. 2. Overview of how two-dimensional electronic (2DE) spectroscopy reveals
information even in the presence of heterogeneous broadening. (a) A single NC
will have a Lorentzian spectrum with a Gaussian spectral distribution, giving rise to
a Voigt spectrum for the heterogeneously broadened ensemble spectrum in 1D. (b)
Schematic illustration of the information contained in 2DES. There are diagonals
and off-diagonals, with positions and 2D linewidths, which are discussed in the text.
(c) Schematic illustration of spectral diffusion following a Kubo lineshape. The key
observable is the anti-diagonal linewidth. (d) Schematic illustration of hot exciton
relaxation on a 100 fs timescale. (e) Schematic illustration of the presence of both
spectral diffusion and energy relaxation.

diagonal corresponds to the lowest energy state, or the band edge
exciton. Any higher lying peaks would be seen at higher energy along
the diagonal. Along the off-diagonal, one might see signals that arise
due to coupling between excitonic states. These couplings are usually
independent. In contrast, there will be dynamics in the upper diag-
onal peak as it relaxes toward equilibrium. For the peaks along the
diagonal, one can further analyze their 2D lineshapes, which reflect
homogeneous and inhomogeneous broadening.

Figures 2(c)–2(e) illustrate by simulation the basic processes in
lineshape dynamics, cooling dynamics, and the presence of both as a
coupled process. Shown are the 2DE spectra at population times, t2,
of 0, 30, and 1000 fs. The lineshape dynamics in Fig. 2(c) are assumed
to follow a Kubo functional form. The cooling dynamics in Fig. 2(d)
are assumed to follow an exponential functional form. In addition,
the mixture of the coupled system is shown in Fig. 2(e).

IV. RESULTS AND DISCUSSION
Experimental 2DE data for both MHP NCs are shown in Fig. 3.

Shown are the 2DE spectra at a population time of t2 = 0, 100, and
1000 fs. Also shown for comparison are the linear absorption spec-
tra. The immediate observation from the 2DE spectra, in contrast
to the linear spectra and 1D TA spectra,41,42 is the presence of a
doublet of peaks. The peak splitting is 120 and 70 for CsPbI3 and
CsPbBr3, respectively, as measured at t2 = 1000 fs. Table I presents
a summary of the values for all the time constants and amplitudes
of the energetic processes. These two peaks are inhomogeneously
broadened by 50 meV compared to the linear absorption spectra.
The absorption spectra are featureless and do not resolve this hid-
den peak. This doublet could arise from quantum size effects, which
yield a spectrum of states as shown in NCs smaller than 10 nm.25 In
these smaller NCs, the 1S–1P splitting can be 100–200 meV. How-
ever, these are 15 nm NCs, which are twice the Bohr length; hence,
they are weakly confined or bulk-like. As such, the linear absorption
spectra show no doublet for this size. However, the linear absorp-
tion spectra are inhomogeneously broadened, which is bypassed by
the resolving ability of the 2DE spectra. In addition, all other exper-
iments, whether linear absorption or transient absorption, on these
model system 15 nm NCs are consistent in that there is no doublet
observed.15 These 2DE experiments, with their unique spectroscopic
capacity, are the first to reveal this previously unobserved excitonic
structure. Future size dependent experiments are underway to better
understand the nature of this peak splitting into a doublet.

Above the diagonal, there are positive photoinduced state
absorption (PIA) signals that may arise from either biexciton
formation47,59 or from excitation induced activation of forbidden
transitions.60 They will not be further discussed, as more emphasis
will be placed on the negative signals below the diagonal. The total
signal is comprised of contributions from ground state bleaching
(GSB), stimulated emission (SE), and excited state absorption (ESA)
components, as commonly discussed in nonlinear spectroscopy.
These three terms result in PIA or negative signals. The diagonal cor-
responds to the same excitation and detection energies. In contrast,
given some initial excitation energy (E1) and some lower detection
energy (E3), one can monitor energy relaxation from the upper to
the lower state. This process will be discussed in further detail below.
Along the diagonal, especially for the lower energy band edge exci-
ton, one sees lineshape dynamics that will be discussed in detail
below.

To focus on energy relaxation dynamics, close to the band
edge, Fig. 4 presents the trajectories of the 2DE signals along the
four main integration areas. Shown are the 2DE spectra of both
NCs, along with areas of integration corresponding to diagonals and
off-diagonals as discussed above. The four transients each reflect
complex dynamics due to signals arising from different processes
of coupling, bleaching, and relaxation. The two transients of most
importance to probing hot exciton relaxation dynamics are shown
in the figure in yellow (E1 = E3) and red (E1 > E3). The transients in
yellow show an instrument response function (IRF) limited rise in
the bleach, followed by a slight decay. In contrast, the transients in
the red show a slow buildup. As we have discussed in detail for exci-
ton cooling dynamics in CdSe QDs, these signals can be subtracted
to produce a ΔΔOD signal, which directly monitors the population
dynamics.61–65 This double differential signal is shown here for both
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FIG. 3. 2DE spectra and linear absorption spectra of CsPbI3 [(a)–(d)] and CsPbBr3 LHP NCs [(e)–(h)]. 2DE spectra are shown at population times (t2) of 0, 100, and
1000 fs. The linear absorption spectra show the doublet broadened heterogeneously. The 2DE spectra reveal two distinct features, with peak splittings of 120 and 70 meV,
respectively, for CsPbI3 and CsPbBr3, measured at t2 = 1000 fs.

samples and is shown to decay with time constants of 215 and 194 fs,
respectively. These time constants correspond to relaxation rates of
0.65 and 0.62 eV/ps, respectively, showing a similar timescale for
hot carrier cooling in both samples. The ΔΔOD can be alternatively

defined to more closely match our 1D state-resolved pump/probe
(SRPP) experiments41,42,61,62,64,65 by subtraction of the red from the
blue integration areas. Doing so yields slightly different relaxation
rates but with values that remain similar across materials, as noted

TABLE I. Parameters from the 2DE spectra.

CsPbI3 CsPbBr3 Ratio I/Br

Atomic mass (amu) 126.9 79.9 R = 1.59√
R = 1.26

R2 = 2.53
2DE peak splitting (meV) 120 70 1.71
2DE cooling time (fs) 215 194 1.11
2DE energy cooling rate (eV/ps) 0.65 0.62 1.05
Pseudo-TA peak shift amplitude (meV) for red excitation 7.5 10 0.75
Pseudo-TA peak shift timescale (fs) for red excitation 241 1092 0.22
Pseudo-TA peak shift rate (eV/ps) for red excitation 0.03 0.01 3.00
Pseudo-TA peak shift amplitude (meV) for blue excitation −25 −16 1.56
Pseudo-TA peak shift timescale (fs) for blue excitation 701 241 2.91
Pseudo-TA peak shift rate (eV/ps) for blue excitation 0.04 0.07 0.57
Spectral diffusion amplitude (meV) 41 60 0.68
Spectral diffusion timescale (fs) 375 300 1.25
Spectral diffusion rate (eV/ps) 0.11 0.20 0.55
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FIG. 4. Obtaining hot exciton cooling dynamics from 2DE spectra. (a) 2DE spec-
trum at t2 = 1000 fs, along with four areas of spectral integration to obtain
transients for CsPbI3 LHP NCs. (b) 2DE spectrum at t2 = 0 fs, along with four
areas of spectral integration to obtain transients for CsPbBr3 LHP NCs. (c) and
(d) The resulting spectral transients. (e) and (f) The ΔΔOD signal reflecting the
excited state population decay, subtracting the red from the yellow transients. (g)
and (h) The ΔΔOD signal reflecting the excited state population decay, subtracting
the red from the blue transients.

in Table I. As we have discussed in detail elsewhere,62–69 SRPP is
a variation of a TA experiment in which two resonant pump col-
ors are chosen and alternated in real time. This real time alternation
of pump colors enables careful comparison and subtraction of TA
spectral transients obtained under these two pumping conditions.

Having detected a previously unobserved excitonic splitting,
followed by ultrafast hot exciton relaxation, the question arises
of competing and coupled processes of line broadening due to
polaron formation and line shifting due to cooling. As shown in
Fig. 2 and in the supplementary material, the 2DE spectra can be
decomposed to reveal lineshape dynamics. Importantly, there are
different lineshapes that can be measured. One has the 2D line-
shape, in which there is a diagonal and an anti-diagonal width. These
widths are well discussed in the 2D literature44,50,54–57,70,71 and the
supplementary material. The diagonal represents the total linewidth,

FIG. 5. Spectral lineshape analysis in both 2DE and 1D TA forms. Anti-diagonal
2DE linewidth trajectories for CsPbI3 and CsPbBr3 LHP NCs, (a) and (b), respec-
tively. The 2DE spectra can produce TA spectra with band edge bleaching signals
that yield trajectories for linewidth (c) and peak shift (d) for CsPbI3. [(e) and (f)] ibid
for CsPbBr3 LHP NCs. See Table I for the numbers obtained from these data.

and the anti-diagonal represents the homogeneous linewidth, evolv-
ing in time. The 2DE spectra can also be projected into pseudo-TA
spectra (shown in the supplementary material), which reveal optical
bleaching linewidths that are distinct from the homogeneous and
inhomogeneous linewidths in the 2DE data.

We begin the exploration of lineshape dynamics by focusing on
the 1D pseudo-TA spectra that one can obtain by spectrally integrat-
ing along the excitation energy, E1, for some bandwidth. Figures 5(a)
and 5(b) shows the 2DE spectra with integration windows in the
red (to the red of the X1 peak), in the green (on the X1 peak), and
in the blue (on the X2 peak). The supplementary material shows
the raw data for the pseudo-TA spectra, or equivalently, the SRPP
spectra. These spectra are analyzed by fitting the featureless bleach
spectrum to a Gaussian of some width and peak energy. These data
then enable peak width and peak center trajectories to be shown in
Figs. 5(c)–5(f). By virtue of the unique energy/time resolution of
2DE that is not possible in 1D TA, the pseudo-TA spectra can be
obtained at selected excitation energies, E1. The spectral selection of
the three excitation energies is shown in the supplementary material.
These spectral selections are useful in different ways. The spectral
selection in red minimizes inhomogeneous broadening by selecting
the reddest NC in the ensemble. The spectral selection in the blue
reflects hot exciton cooling. The spectral selection in green is less
useful than the other two.
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The most striking behavior is the optical bleach blueshift-
ing and broadening on the 300 fs timescale for the red excitation.
We have previously observed this phenomenon in TA experiments
of CsPbBr3 LHP NCs and had assigned the spectral dynamics to
exciton–polaron coupling.42 We proposed that as the polaron forms,
a potential well is created, which dresses the exciton as it was origi-
nally formed in the 15 nm NCs. The exciton is now coupled to this
7 nm lattice distortion in the polaron. This confinement effect can
either lower (redshift) or raise (blueshift) the total transition energy
as per a number of interactions between excitons and the lattice,
which are only now being discussed. We hope that these results
stimulate theory to be able to precisely rationalize the observed phe-
nomena. We had discussed this idea of exciton–polaron coupling in
light of electron solvation in the solid state,16,42 as have Silva,11,30,31

Zhu,17–20,22 and Brus.10,72

Excitation into the upper exciton (blue) reveals linewidth and
energy trajectories that reflect hot exciton cooling and polaron for-
mation taking place in parallel. These numbers coincide with the
numbers obtained in the 2DE subtraction analysis and robustly
reflect hot exciton cooling, which is taking place in parallel with
polaron formation. Table I shows the values of the hot exciton cool-
ing rates in eV/ps for the different spectroscopic methods, each
revealing a similarity across samples for this incoherent process of
hot exciton cooling.

The energy dissipation rate is 0.6 eV/ps at this energy using the
simplest version of 2DE to go beyond 1D-TA experiments. In order
to more fully exploit the energy/time capabilities of 2DE, we perform
a more detailed analysis of energy relaxation in Fig. 6. Figures 6(a)
and 6(b) show the 2DE spectra of both NCs at a population time
t2 = 1000 fs. Shown on each spectrum are integration areas, along the
energy diagonal, corresponding to having linear excess energy, and
the energy horizontal, corresponding to zero excess energy. From
these integration areas the timescale and the energy dissipation rate
(eV/ps) can be obtained as a function of excess energy. Figures 6(c)
and 6(d) show the data for both NCs. There are several common
features. The relaxation rate is zero near zero excess energy. The
relaxation rate increases with energy over this initial regime to 0.6
eV/ps, with regions of differing slopes. The discontinuities in slope
are marked by a peak in the dissipation rate that coincides with the
excitonic peaks, X1 and X2.

These 2DE spectra illustrate the exciton cooling dynamics for
the lowest energy states of MHP NCs. How do these rates connect
to the energy dissipation rates for excitation into the continuum
at 3.1 eV? The overall value for excitation at 3.1 eV as evaluated
by generic 1D TA measurements is 3.0 eV/ps.73–80 When excited
into the continuum at 3.1 eV, the relaxation dynamics follow a cas-
cade of processes taking place on a longer timescale.41,42 We have
previously shown a breaking of the phonon bottleneck in MHP
NCs via Auger processes.41,42 These Auger processes, moreover, are
dynamic due to the competing polaron formation. This competition
results in a time dependent rate constant for hot exciton cooling.42

A time dependent rate constant illustrates a transition from popu-
lation kinetics, regardless of timescale, to quantum dynamics that
obey non-exponential time dependence.80 From our SRPP work, we
showed that this initial cooling rate of 3 eV/ps actually begins at a
higher value of 5 eV/ps and then slows down closer to the band edge
after 300 fs to a value of 0.6 eV/ps. Figure 6(e) shows the carrier
cooling rates as evaluated by SRPP and 2DE. In the case of SRPP,

FIG. 6. High resolution hot exciton cooling dynamics. (a) CsPbI3 2DE spectrum. (b)
CsPbBr3 2DE spectrum. (c) CsPbI3 relaxation rate as a function of excess energy,
measured by fitting the off-diagonal transient from the on-diagonal transient for
every value of excess energy. (d) CsPbBr3 relaxation rate as a function of excess
energy, measured by fitting the off-diagonal transient from the on-diagonal tran-
sient for every value of excess energy. (e) CsPbBr3 relaxation rate as a function of
excess energy with values measured by state-resolved pump–probe (SRPP).

there are only two energy points, and it is assumed there is a lin-
ear interpolation between these two limits in the absence of any
other observation. Remarkably, the low energy long time value of
0.6 eV/ps from SRPP is identical to the value obtained by 2DE, at its
highest energy currently possible to probe. With increases in light
source bandwidth in the blue, we aim to be able to more fully resolve
these dynamics in future experiments.

Thus far, we have focused on the lineshape dynamics of
the equivalent 1D TA or SRPP spectra. In addition, the dynam-
ics that were observed were the incoherent dynamics of pop-
ulation relaxation through a manifold of excitonic states with
strong vibronic/polaronic dressing. As noted above, 2DE spec-
troscopy can also report unique 2D information, such as diago-
nal and anti-diagonal lineshape dynamics. Figures 7(a) and 7(b)
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FIG. 7. Monitoring spectral diffusion in the band edge state. The blue and red
lines show the diagonal and anti-diagonal slices through the 2DES spectra at
t2 = 1000 fs for (a) CsPbI3 and (b) CsPbBr3. The FWHM of the diagonal (blue)
narrows, while the anti-diagonal (red) broadens. Modeling the anti-diagonal (solid
red line) gives a spectral diffusion timescale of τ = 375 fs for CsPbI3 and τ = 300 fs
for CsPbBr3, giving a ratio of 1.25. The square root of the mass ratio for the anions
is 1.26.

show the linewidth dynamics for both MHP NCs. We have previ-
ously reported on the lineshape dynamics of CsPbI3 MHP NCs,44

and new data are shown for the more common and more sta-
ble CsPbBr3 system. The anti-diagonal linewidth broadens on 375
and 300 fs timescales for CsPbI3 and CsPbBr3 P NCs, respectively.
Table I shows the details of the timescales, amplitudes, and energy
dissipation rates.

We propose this spectral diffusion to arise from lattice fluc-
tuations propagating motion in an incoherent and diffusive man-
ner towards the polaronic minimum along this collective coor-
dinate. We model the frequency–frequency correlation function
(FFCF) for spectral diffusion phenomenologically with a Kubo
lineshape, assuming that the FFCF is purely dissipative and non-
oscillatory. Further details are given in our prior work44 and in the
supplementary material. The amplitude and timescale of the fluc-
tuations are strongly dependent upon the cation, as is especially
shown by the energy fluctuation rate (eV/ps) being twice as large
for the Br system. These 2DE lineshape measurements reveal com-
plex lineshape dynamics that have a surprising dependence on the
anion. Further experiments and theory will hopefully reveal more
insights into the origin and nature of the lineshape dynamics in these
MHC NCs by virtue of their glassy lattice response that is coupled to
confined excitons.

V. CONCLUSIONS
In summary, we have applied the unique energy/time reso-

lution of 2DE spectroscopy to model systems of MHP NCs. The
2DE signals reveal much rich dynamics, even within an inhomoge-
neously broadened ensemble, as promised by 2DE methods. Initially
revealed is a hidden excitonic doublet, not seen in 1D spectroscopies.
Relaxation from the upper to the lower excitonic state takes place

on the same 300 fs timescale as polaron formation. Polaron forma-
tion is directly observed in the homogeneous lineshape dynamics.
The exciton energy trajectories are shown to correlate with the
polaron formation dynamics, revealing the interaction of excitons
and polarons in lead halide perovskites.

SUPPLEMENTARY MATERIAL

Additional information on materials and methods and simula-
tions is provided in the supplementary material.
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