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Supplementary Figure 1. Large-area overview transmission electron microscopy (TEM) image of the

pristine FAPbBr; PNCs.
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Supplementary Figure 2. Transient differential absorption (AA) spectra of the FAPbBr; PNCs as
measured (before data processing) depicted in a) a contour diagram (showing significant chirp) and b) at
different time delay (0.2 ps to 10 ps), excited with a ~100 fs laser pulse. The corresponding steady-state

absorption spectrum (inverted) is plotted for comparison in the maroon dot-dashed line.
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Supplementary Figure 3. The FFT power spectra of the FAPbBr; PNCs at different probe wavelengths
(blue to red region), computed over the first 10 ps time delay. In a), all the spectra are plotted in the same
intensity scale (for comparison) and in b) all the spectra are normalized to maximum and finally, each

spectrum is vertically shifted for clarity.
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Supplementary Figure 4. Steady-state optical absorption and PL spectra of the a) FAPbBrs«lx and b)

FAPbI; PNCs, prepared by ion-exchanged method.
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Supplementary Figure 5. Transient differential absorption (AA) spectra at different time delay (0.2 ps to
10 ps) of a) FAPbBrs«Ix and b) FAPbl; PNCs, excited with a ~100 fs laser pulse. The steady-state absorption

spectrum (inverted) of each PNCs, are plotted for comparison in the maroon dot-dashed line.
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Supplementary Figure 6. Time trace obtained a) at 590 nm for FAPbBrslx and b) at 690 nm for FAPbI;

PNCs. The residual time trace, obtained after subtraction of the exponential fit, is also shown as a maroon

and red line respectively, for both the PNCs.
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Supplementary Figure 7. The FFT power spectrum of the FAPbBrz.xIx PNCs at 590 nm, computed over

the first 10 ps time delay. The peaks indicated by dark-yellow arrow are due to FA-librational modes.
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Supplementary Figure 8. The FFT power spectra of the a, b) FAPbBrs«lx and ¢, d) FAPbl; PNCs at
different probe wavelengths, computed over the first 10 ps time delay. In a) and c), all the spectra are plotted
in the same intensity scale (for comparison) and in b) and d) all the spectra are normalized to maximum and

finally, each spectrum is vertically shifted for clarity.
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Supplementary Figure 9. The energy variation as a function of unit cell volume in FAPbBr; a) without

SOC and b) including SOC.
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Supplementary Figure 10. 2x2x2 supercell structure of pristine FAPbBrs; showing the different

equilibrium orientations of FA moieties in different cages.
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Supplementary Figure 11. Calculated minimum-energy path for the rotation of FA moiety between two
stable symmetrically equivalent configurations. The results are shown for FAPbI; (purple square),

constrained FAPbI; (blue triangle) and FAPbBr; (maroon circle).
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Supplementary Figure 12. a) Transient differential absorption (AA) spectra at different time delay (0.2 ps
to 10 ps) of MAPbBr; PNCs, excited with a ~100 fs laser pulse. The steady-state absorption spectrum
(inverted) is also plotted for comparison in the maroon dot-dashed line. b) Time trace obtained at 500 nm
for MAPbBr; PNCs. The residual time trace, obtained after subtraction of the exponential fit, is also shown

as a maroon line the PNCs.
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Supplementary Figure 13. The FFT power spectrum of the MAPbBr; PNCs at 500 nm, computed over

the first 10 ps time delay. The peaks indicated by dark-yellow arrows are due to MA-librational modes.
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Supplementary Figure 14. Calculated minimum-energy path for the rotation of MA and FA moiety

between two stable symmetrically equivalent configurations in MAPDbBr; (red triangle) and FAPDbBr3

(maroon circle).
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Supplementary Figure 15. Phonon density of states at the 7 point for 2x2x2 supercell of FAPbBTr3, and

FAPDIs.
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Supplementary Figure 16. Gaussian fitting of A and 2A modes of the FFT power spectrum of FAPbBrs3,

FAPDbBrs«Ix and FAPbl; PNCs (top to bottom).
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Supplementary Figure 17. a) The 800 nm laser and 400 nm pump spectrum. b) The continuum white light

probe spectrum.
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Supplementary Figure 18. The energy stability of a) the 400 nm pump and b) the continuum white light
probe pulse (at 600 nm), measured for 1 h duration. c) The average energy (in nJ) of the attenuated
continuum white light probe pulse between 450 nm to 750 nm, measured for 60 sec each, in the span of
total ~1 h duration and d) the corresponding wavelength dependent standard deviation (in pJ) of the probe

pulse.



Supplementary Table 1. Experimental vibrational frequencies and their assignments of the colloidal

FAPDBrs, FAPbBI«l3x, and FAPbIs PNCs.

Frequency (cm™) Assignment
FAPDbBr3; FAPDbBIrylsx FAPDI3
Aabs~510 Nm Aaps ~590NmM Aabs ~690NmM
Expt. Expt. Expt.
1 15 12 11 Pb-X bending (A)
2 29 24 21 2A
3 38 36 31 Pb-X bending (B)
4 62 56 53 Pb-X stretching (C)
5 77 60 Pb-X stretching (D)
6 98 81 B+C
7 89 A+D
8 91 B+D
9 110 2C
10 120 2D
11 140 129, 144 111, 130, 147 FA-librational




Supplementary Note 1: Preparation of FAPbBrs«lx and FAPbI; perovskite nanocrystals (PNCs)

FAPDbBrs«Ix and FAPbl; PNCs were prepared by ion-exchange method from the parent FAPbBr; PNCs.!
For this, Pbl solution was prepared by dissolving 0.1 mmol Pbl, powder in a mixture of 100 pl of oleic
acid, 100 pl oleylamine, and 10 mL toluene (concentration: ~0.01 mol/L) at 80 °C under continuous stirring
for overnight. By adding different amounts of Pbl, solution, different ratio of Br and | in FAPbBrzxIxPNCs
can be obtained. To obtain the desired absorption of FAPbBrsxIx PNC, 10 ul of Pbl; solution was added
into the FAPbBr; PNC solution for few times and left it for 10-15 min to reach the equilibrium until the
desired absorption was obtained. Thus prepared ion-exchanged FAPbBrs.lx and FAPbl; PNCs were used
for further experiments. It should be mentioned, when further addition of the Pbl, solution to the parent
FAPbBr; PNCs didn’t cause a shift in the absorption and the photoluminescence (PL) position, it was

considered as FAPDbI; PNCs.
Supplementary Note 2: Preparation of MAPbBr; PNCs

To prepare the MAPbBr3z PNCs, MABr (0.32 mmol), PbBr, (0.4 mmol) along with 0.1 mL oleylamine and
1 mL oleic acid were co-dissolved in 10 mL DMF.2 0.5 mL of the prepared precursor solution was quickly
injected into 5 mL toluene at 60 °C under vigorous stirring. Strong PL observed immediate after injection

due to the formation of MAPbBr; PNCs. The product was centrifuged to discard the unreacted species.

Supplementary Note 3: Reason and method of anharmonicity calculation along the strongest Pb-X

bending coordinate

We considered only the strongest Pb-X bending coordinate for the anharmonicity calculation. This is
because the ground-to-excited state displacement of the potential minima is maximized along the Pb-X
bending, which are 14.7 cm™ and 10.9 cm™ for FAPbBr; and FAPbIs, respectively. Therefore, these are
predominately responsible for the excited state deformation. Please note that, all the frequency values are
approximated to near integer values in the manuscript. The relative ground-to-excited state potential

minima displacement can be determined for each Raman peak using the relation, oz « A%?w?.% Here oy, A



and w are the Raman scattering cross-section, the ground-to-excited potential minima displacement and the
vibrational frequency, respectively. Here, the relative displacement ratio is found to be £10.4, +1.7 and £1.0

for A, B and C modes, respectively for FAPbBTrs.

The FFT spectral resolution is ~3.33 cm™ for the ~10 ps temporal window in this work. Here we are
interested in the frequency values <30 cm™ for estimation of the anharmonicity constant using the Morse
potential, however, our spectral resolution doesn’t allow us to quantify the exact frequency values required.
Therefore, we approximated the frequency values by modeling with Gaussian functions. Although the
FAPDbBrs: PNCs can nicely be modelled by two Gaussians for A and 2A modes, for the other two PNCs a
third Gaussian is required to get a nice fitting (see Supplementary Figure 16 above). It should be mentioned
that the third Gaussian in the FAPbI; at ~6.5 cm™ is only required for the fitting purpose and doesn’t have
any physical significance. On the contrary, the third Gaussian at ~28 cm™ in the mixed halide PNCs may
originate due to the FA molecule facing an anisotropic interaction with the inorganic cage as compared to

the case of pure halide PNCs, as discussed in the main text.

It is to be mentioned that a very low intense noisy excited-state absorption (ESA) signals are present away
from the bleach (e.g. >530 nm for FAPbBTr3) in our experiments which results low intense FFT finger print
in these region (Supplementary Fig. 3 and 9). Previously Mathies et. al. observed similar but clear periodic
oscillation in the excited state absorption feature in MAPbDI; perovskites (and therefore, the corresponding
FFT finger print) in a region away from the bleach (~200 meV redshift).2 The physical origin of such ESA
was ascribed to the formation of the excited state coherent phonons (mainly different Pb-X vibrational
modes).? In the present work, we have studied three different samples grown and characterize at similar
conditions and the conclusions are drawn based on the comparison of their different behavior under these
similar conditions (and supported by theoretical calculations). Therefore, we believe such low intense ESA

signals have minimal effect on our conclusions.



Supplementary Note 4: Details about the pump-probe data processing

The as collected raw data from the pump-probe experiments shows significant chirp along the probe
wavelength (see Supplementary Fig. 2) as well as noisy weak modulations far from the bleach region (e.g.
530-560 nm for FAPbBr3). Using Matlab, first a chirp-free data is generated, followed by the noisy
modulation is removed (compare at Fig. 2c). The noisy modulation is removed considering the experimental
data fluctuation which is strongly wavelength dependent (function of a polynomial of forth order). For
example, at 560 nm the experimental data fluctuation is ~80% for FAPbBr; and any data have fluctuation
>80% is removed. Similarly, at 530 nm the experimental data fluctuation is ~10% and the data having
fluctuation >10 % is removed. The obtained chirp and noise-free data is used to generate the spectrum and
time trace in the main manuscript (Fig. 2). The FFT is performed on the residual time trace, obtained after
exponential subtraction of a specific time trace, mainly for the raw data for all the samples using Origin.

The FFT spectrum remain unaltered upon performing on the processed chirp-free data.

Supplementary Note 5: The pump-probe stability

The pump and white light probe spectrum are shown in the Supplementary Fig. 17. To check the laser
stability, the energy stability of the 400 nm pump and the attenuated continuum white light probe pulse at
600 nm are measured for 1 h duration and shown in Supplementary Fig. 18a, b. The corresponding standard
deviation of the 400 nm pump intensity is 0.61 nJ (having average pump power 50.3 nJ, measured for 1 h
i.e. ~1.2% energy fluctuation) and that of probe is 0.22 nJ (with average probe power 20.4 nJ, i.e. ~1.1%
energy fluctuation). Furthermore, we have measured the white light probe pulse energy stability
(attenuated) at various wavelengths (between 450 to 750 nm) for 60 sec each, in the span of total ~1 h
duration, considered for extracting the FFT power spectra (Supplementary Fig. 18c). We have also reported
the corresponding standard deviation of measured energy stability of the probe pulse for various
wavelengths (Supplementary Fig. 18d). The standard deviation of measured energy stability of the probe
pulse for various wavelengths varies between 160 to 180 pJ for the average energy between 20 to 21 nJ

which is less than 1% probe energy fluctuation.
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