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1 Experimental Methods

1.1 Sample preparation

The samples were prepared by mixing the precursors phenylethylammonium iodide
(PEAI, Gratcell Solar Materials) and Snly (TCI) in 2:1 stoichiometric ratio to form
0.05 M solutions in dimethylformamide (DMF, Anhydrous, Sigma Aldrich). The pow-
ders were left to dissolve overnight, then the solution was heated up to 100°C for 1
hour before the deposition process. (PEA),ySnl polycrystalline thin films were spin-
coated from the hot solution at 5000 rpm on fused silica substrates. The film was then
annealed at 100°C for 15 minutes on a hotplate. The entire process was performed
under an inert atmosphere in a Ny filled glove box. The films were encapsulated using
a glass slide and a UV-cured resin. The resin was deposited only on the sample’s edges
to prevent direct contact with the central part of the sample where the measurements
were performed. The perovskite film was masked during the UV-curing process to
prevent its direct exposure to UV light.

1.2 Two-dimensional coherent electronic spectroscopy

In this work, we used our previously implemented scheme [1], 2], developed and de-
scribed in detail by Turner and coworkers [3], to measure the 2D coherent spectra.
The 1030-nm, 220-fs pulse train was generated in a commercial ultrafast laser system
(Light Conversion Pharos) at a 100-kHz repetition rate. A portion of the laser beam
was sent into a home-built third-harmonic-pumped non-collinear optical parametric
amplifier. The pulses were individually compressed using a home-built implemen-
tation of a pulse shaper using a chirp scan [4]. The resulting pulse duration was
21 fs full-width at half-maximum, as 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 Instruments).

1.3 Ultrafast Transient Absorption Spectroscopy

Using an ultrafast laser system (Pharos Model PH1-20-0200-02-10, Light Conversion)
emitting 1030 nm pulses at 100 kHz, with an output power of 20 W and pulse dura-
tion of 220fs. The measurements were carried out in a commercial set-up (Light
Conversion Hera). The pump wavelength 3.06eV was generated by feeding 10 W
from the laser output to a commercial optical parametric amplifier (Orpheus, Light
Conversion), while 2 W are focused onto a sapphire crystal to obtain a single-filament
white-light continuum covering the spectral range 490-1050 nm for the probe beam.
All measurements were carried out in a vibration-free closed-cycle cryostat (Montana
Instruments).

2 Ultrafast differential Transmission

2.1 Resonant Impulsive Raman Scattering

The electronic dynamics are subtracted from the differential transmission spectra
using a polynomial fit. The resulting modulated response is then fast Fourier trans-
formed at each probe-energy. The cumulative RIRS spectrum shown in the main text
is obtained by binning the beating maps. The maps are shown in figure S2.
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Figure S1: Time-resolved differential transmission spectra for (PEA)ySnl, at tem-
peratures (a) 7K, (b) 25K, (c) 50, (d) 75K and (e) 100 K.
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Figure S2: Resonant Impulsive Raman spectrum for (PEA)ZSHI4 at temperatures
(a) TK, (b) 25K, (c) 50, (d) 75K and (e) 100 K.
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Figure S3: Wavelet transformation (CWT) spectrum of the binned time-domain RIRS
data with a complex Morlet wavelet for (PEA)ySnl, at several temperatures.

2.2 Wavelet Analysis Spectrograms

The CWT was implemented using the open-source wavelet transform software for
Python under an MIT license. A complex Morlet wavelet was employed for the
analysis, equation S1, with parameters B and C equal to 50 and 1 respectively. The
wavelet transform is defined as equation S2, where W (7, s) are the wavelet coefficients.
The maps are shown in figure S3.

¥ (t) = exp (-%) exp (121 C't) (S1)
W(r,s) = |8|11/2 / Zf(t) g (tj) dt (S2)
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Figure S4: Total Correlation spectra (a) Absorptive and (b) dispersive components
of the 2D spectra measured at 15K at a population time of 20fs, and phased at
1.983eV.

3 Multidimensional spectroscopy

3.1 Total correlation two-dimensional spectrum

The total correlation spectra are recovered as:
Abs = R(Rep) + R(Nonrep), (S3)

Dis = (Rep) + S(Nonrep). (S4)
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Figure S5: (a) Temperature-dependent absorption spectra for (PEA)9Snl, films.
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Figure S6: Absolute component of the rephasing 2D spectra at three distinct tem-

peratures.

3.2 Temperature dependence 2D spectra
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Figure S7: Absolute rephasing spectra at populations times (a) 20 fs, (b) 60fs, and
(c) 80fs.

3.2.1 Population dependence 2D spectra

3.3 Linewidth analysis

Following the work by Siemens [5] and previous work [2]. We used the following
expressions for extracting the homogeneous and inhomogeneous linewidths from the
1Q rephasing experiments.

[y—i(wa—w;)]?
exp 2002 v —i(w — w,
SD(CUd) = Zaj ( ’y&,u ) [erfc (#)}
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3.4 Fitting procedure

As noted from both the temperature dependence and fluence dependence the relative
amplitude of X, makes the global fit unreliable as the inhomogeneous and homoge-
neous linewidth become correlated. We do global fit for measurements at two spots
in the sample and obtain similar results, the inhomogeneous broadening parameter
as well as the intensity changed in the new position. The global fit results are shown
in table S1

3.5 Pulse duration characterization

The beams are independently compressed using chirp-scan to a pulse duration of 21 fs
FWHM, measured using cross-correlated second harmonic frequency-resolved optical
gating (SH-XFROG) in a 10 um thick BBO crystal placed at the sample position. A
typical SH-XFROG trace is shown in Fig.S8.
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Table S1: Summary of fit parameters obtained for two distinct spot in the

Parameters Position 1 Position 2
ve1 (meV) 6.0 £0.3 6.4+0.3
dwgy (meV) 9.9 £0.4  10.24+0.3
Ye2 (meV) 6.0 £04  5.3+0.2
dwps (meV) 6.8 £0.4  11.240.3
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Figure S8: X-Frog characterization of the pulse duration fitted to a Gaussian function.
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4 Stochastic scattering model

A complete derivation of the stochastic theory is presented elsewhere [6]-[8]. Here,
we summarized the most significant components of the work presented in this letter.
The Hamiltonian in equation (S7) describe the scattering events modulated by 1, the
coupling with a background population, N(t), and V; is the exciton self-interaction
energy.

ita o VO atata At a
Hy, = woagao + ?Oagaaaoao + 71a$a0N(t). (S7)

The time evolution of the operators is described as

t
0

The two-dimensional spectra are simulated from response theory. For example,
the expressions for a single excitation pathway are,

3
i(wo +noVo) Y (£)S7;

j=1

< <eXp lm S (@) /0 K dsN(s)] > ,

Jj=1

R (11,7, T3) = i3u4(n0 + 1)2 exp

(59)

Tj 2
<exp {i% / J N(s)ds} > ~ Mo (=3 02(0), (S10)
0

The sign function (j:)g-a) takes “4” and “-” depending upon the sign of the photon
wavevector entering or leaving the system. N(¢) is assumed to be a stochastic variable
described by an Ornstein—Uhlenbeck process. The variance of the background pop-
ulation is given by ¢ and the background relaxation rate is . The first and second
cumulants are,

N,
g(t) = 70 (1—e), (S11)

o’ yt ot R —yt)2
gz(t)=2—73[27t+467—6 7—3]+72 (1—e")". (S12)
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