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Supplementary discussions 1 - 11

Supplementary discussion 1. Crystal orientation of DJ n=2, DJ n=3, RP n=2 and RP n=4
crystals

The crystal orientation of each sample measured in UED was acquired by comparing the

diffraction patterns with the simulated diffractions viewing at different directions.

For the DJ systems, the experimental patterns in Fig. S2b (DJ n=2) and Fig. S13b (DJ n=3) show
great consistency with the simulated ones (Fig. S2a & Fig. S13a) viewed at stacking axis direction
([001] for DJ n=2, and [100] for DJ n=3), confirming the horizontal orientation of the DJ crystals,
where the perovskite crystal layers are parallel to the substrate. The azimuthally integrated plots
(Fig. S2c for DJ n=2, Fig. S13c for DJ n=3) also show good agreement in peak locations and
convoluted intensities. The measured in-plane Bragg peaks can be properly indexed accordingly,
including (hkO) for DJ n=2, and (Ohk) for DJ n=3. The labeled peaks are shown in 2D patterns and
azimuthally integrated plot.

For RP n=2 crystal, the simulated pattern along stacking axis [010] is shown in Fig. S20a, where
all the peak locations agree with the experimental ones in Fig. S20b, confirming the major
orientation of the RP n=2 crystal is horizontal, same as DJ crystals discussed above. Additionally,
concentric rings are observed between q=2 A and 3 A%, as observed in Fig. S20b, suggesting the
existence of poly-crystalline like crystal structure with mixed orientations. The azimuthally
integrated plots (Fig. S20c) show good agreement in peak locations and convoluted intensities,
with additional unassigned peaks at g=2.6 At and 3.7 AX. We’ve excluded the possibility of Pbl,
diffraction by comparing with the electron diffraction of Pbl. thin film.> We attribute them to the
possible perovskite diffraction from out-of-plane or mixed directions, or an unidentified phase of
2D perovskites, and have excluded them from the discussion of in-plane Bragg peaks responses of
RP n=2 crystals.

For the RP n=4 crystal, the simulated pattern along stacking axis [010] is shown in Fig. S21e, with
corresponding 1D azimuthally integrated plot in Fig. S21f. However, this pattern doesn’t match
with the experimental one (Fig. S21a) based on the following observations: 1) more peaks are
observed in static UED patterns, such as g=2.2A™* and 3.8 A as shown in Fig. S21f; 2) anisotropic
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intensity distribution along gx and gy directions, which is different with Fig. S21e with 4™ fold
symmetry. Therefore, we conclude the beam direction is not perfectly along the stacking axis as
observed in DJ and RP n=2 crystals. As shown in Fig. S21c & Fig. S21d, we find that the [011]
orientation gives the best match for RP n=4, with 7.8 degrees deviation from stacking axis [010],
as sketched in Fig. S21b. As a result, some out-of-plane Bragg peaks can be detected as well,
which may explain the anisotropic UED response between gx and gy directions, including the

intensity change shown in Fig. S15 and the time constants shown in Fig. S16.

Supplementary discussion 2. Sample Thickness and Carrier Density Estimation

Crystal thickness determination: The thickness of the crystal was determined by comparing the
absorbance spectrum with the estimated one calculated from absorption coefficient of 2D
perovskites. Here we have referenced the absorption coefficients obtained from ellipsometry by
Song et al.2 Applying Beer-Lambert’s law and neglecting light scattering, the relation of crystal
thickness d and crystal transmission (T) is given by:

I
T=—=1 -0D _ ,—-ad
- 10 ¢ (S2.1)

Where OD is the absorbance in optical density determined by transmission (1/1,), and « is
absorption coefficient. The comparison of experiment and simulated absorbance spectrum is
depicted in Fig. S1.

Carrier density: The light-injected carrier density in quantum well is estimated by:

_®/(hw) A
=T, (S2.2)
Where & stands for energy fluence of each pulse (mJ/cm?), hv stands for excitation phonon energy
(3.1 eV for UED), A stands for absorbance of the sample, d is the sample thickness, and [, is the
width of quantum-well in 2D perovskites.>* Here, we’ve neglected the sample reflection and
estimated the sample absorbance by transmission data in Fig. S1. As a result, the list of thickness

and corresponding carrier densities of each measurement is shown in Table S1.



81  Supplementary discussion 3. Time constants of Bragq peaks of DJ and RP crystals.

82 A. DJ perovskites

83 Time traces of the Bragg peak families of DJ n=2 are shown in Fig. S3, with rapid rise

84 (t~1ps) in {400}, as well as slower decay (scale of 5ps) of the other major group families.

85 List of fitted intensity change (A (%)) and time constant (t) of each Bragg peak (hkO) is

86 listed in Fig. S7. Both the intensity changes and time constants show a significant

87 anisotropy with respect to directions in the DJ n=2 crystals, which reflects the lack of a

88 tetragonal axis in the monoclinic centered structure (space group Cc n°9) of the crystals at

89 rest because of the geometry and structure of the 4AMP cation. We also note that the

90 intensity traces of some Bragg peaks such as {330} and {550} show a long recovery time

91 (t>30 ps, Fig. S3a), which could be related to other heat transfer mechanisms and phonon-

92 phonon interactions.’

93 The responses of time scales are similarly observed in DJ n=3, including a fast rise in {040}

94 (Fig. S13), and similar distribution of time constants for other Bragg peak families (Fig.

95 4d, corresponding scatter plot shown in Fig. S18).

96

97 B. RP perovskites

98 As suggested in Fig. 4d, comparison of the histograms of the time constants t for DJ n=2,

99 DJ n=3, and RP n=4 shows a generally slower response (up to 15 ps) for RP perovskites as
100 compared to the DJ crystals. Besides, different dynamics are observed for (400) peaks in
101 RP (Fig. S13).
102 The slow response time in RP systems can arise from the differences in the lattice softness
103 between the BA and the DJ 2D perovskites. The BA molecules reduce the rigidity of the
104 2D lattice by comparison to the DJ case, leading to an enhancement of the lower-energy
105 part of the vibrational density of states.® It was indeed shown experimentally to enhance
106 the deformation potential mechanism in BA compounds, leading to carrier trapping.” This
107 results is also consistent with a recent study on high-resolution resonant impulsive
108 stimulated Raman spectroscopy,® showing that the vibrational relaxation in monolayered
109 bromide perovskites relatively fast with flexible alkyl-amines.
110



111

112
113
114
115
116

117
118
119
120
121
122
123
124
125
126
127
128

129

130
131

132
133
134

Supplementary discussion 4. Possible reasons of Bragg peak increase in DJ perovsKites.

In this section, we discuss several possible mechanisms that can cause an increase in the Bragg
peaks, such as phase transition,® and multiple scattering in monocrystalline samples.*° No signature
of phase transition is found in DJ n=2 perovskites, and we exclude possible effect of by the
estimation of extinction distance under MeV electron beams, which is much larger than the sample

thickness.

A. Phase transition from thermal lattice heating. One of the possible mechanisms that induces

the collective lattice ordering in DJ perovskites is the thermally induced phase transition
from local lattice heating. To investigate the thermal response of DJ n=2 crystals, we first
estimate the temperature jump induced by the laser pump, then using the differential
scanning calorimetry (DSC) and temperature dependent XRD results to exclude the
possible phase transition effect.

a. Estimation of temperature jump.

The local lattice temperature increase is estimated by total input pump energy and
samples’ specific heat. For DJ n=2 crystals, a carrier density of 2.5x10% cm™
corresponds to a bulk carrier concentration of n=1.4x10% cm, which induces total
energy into the lattice:

AE =n X (Epump — E5) = 1.4 X 102° x (3.1 — 2.2) eVem ™2

=20.16 J/cm?3
(S4.1)

The mole of the DJ n=2 crystal is calculated from crystal structure (4 molecules per
unit cell):
1

4
=—Xx-—=253x10"3 3
m XN, 53 0™°mol/cm (54.2)

The specific heat of DJ n=2 at T~300K is estimated from DSC measurement, as

shown in Fig. S9:

C,=054]K g~ =728] K 'mol™!
(54.3)
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And the corresponding estimated temperature jump is:
AE

AT = ~11K

) (S4.4)

Differential scanning calorimetry (DSC) results.

To investigate possible thermal phase transition induced by lattice heating,
differential scanning calorimetry (DSC) was performed from room temperature to
150°C, as suggested in Fig. S9. From the DSC curve, no significant phase transition
is observed. Based on over estimation of temperature increase induced by light (SI
discussion 6), the local temperature increase in the crystal lattice is below the 15K
and no possible phase transition is observed or reported in this range.!! Therefore,
we conclude the collective lattice ordering in light-induced in ultrafast scale,

instead of thermally induced caused by lattice heating.

Temperature dependent XRD.

Additionally, we performed temperature XRD from room temperature to 55°C, data
shown in Fig. S10. As we can see, most of the Bragg peak intensities go through a
slight decrease with increasing temperature due to the presence of Debye Waller
effect.

Here we focus on the in-plane Bragg peaks, primarily related to the edges and
diagonal of the perovskite octahedral, which is our main focus in-plane diffraction
patterns in DJ n=2. Fig. S10 (b)(c)(d) plot the peak profile variation with respect to
the sample at room temperature, zoomed at g- regions near (220) and (400)
respectively. As we can see, both (220) and (400) peaks exhibit slight intensity
decrease, which is contradictory with the UED response.

Besides the intensity variations from observed from temperature XRD, we also
observed a global peak shifting (upto 0.15%, Fig. S10 (f)). A global shifting of
Bragg peaks toward low-q values is generally expected from the thermal expansion.
However, this behavior of Bragg peaks shifting is not resolved in the UED. We
attribute the absence of thermal expansion signature in UED diffraction patterns to

the low q resolution of the UED measurements (=0.17A™).
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In fact, the transient increase in the collective ordering in the DJ n=2 lattice may be viewed
as an ‘incomplete transformation’ towards a completely ordered phase. Indeed, no evidence
of phase transition is found from differential calorimetry and XRD. Additionally, the
perfectly undistorted 2D perovskite reference phase has only been observed in the fully
inorganic Cs-based Cs2PbI2CI2 2D perovskite at room temperature,'? which emphasize
the importance of the anisotropy of the 4AMP organic cations in the structure for the lattice
distortion in hybrid 2D perovskites. On the contrary, undistorted phases are common for
hybrid 3D perovskite compounds at room temperature and therefore any ultrafast light-

induced ordering is lacking.™

. Multiple scattering effect. Another possible mechanism would be the possible multiple

scattering effect in single-crystalline samples, as reported by Vallejo et al using keV
electron beams.*°. In fact, as pointed out by Vallejo et al, the possibility of having multiple
scattering will rely on a characteristic length known as the extinction distance (&) of the
samples, which is strongly affected by the electron beam energy, crystal structure and

elements of material (Williams & Carter 2008'%) as described by the following formula,
$g = HV;:"SBB (S4.5)
g :

Where V' is the volume of the unit cell, 65 is Bragg angle, 4 is electron wavelength, and F,
is the structure factor at diffraction vector g.

The calculation of I/, A, and 65 is straightforward. For high energy electrons 6 is fairly
close to 0, since the electron wavelength 4 is much smaller than lattice spacing (65=0.5
deg for Si (220) at 100keV) and therefore cos 85=1. The F; is estimated by the summation

of all the atomic scattering factors with different atomic locations within the unit cell
(Williams & Carter 2008 4, Page 223):

n
F:g — Fhkl — Z f‘l(e) e—Zm'(hxl- +kyi+1z;) (846)
i=1

The atomic scattering factor is a function of scattering vector s (s =sinf /A). and a

common approximation is fitted with the following formula®®:
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(e) - , —b;s?
() Za] exp(—b;s*) (S4.7)

The coefficients of a;, b; for each atoms are listed in Table 1 in Peng et al*>. For ionized
atoms (such as Pb2+ and I-), additional term is included?®.

Based on the information above, we have estimated the extinction distance for Si under
100keV and DJ n=2 perovskites under 3.7MeV, which are given by:

: _mVcosBy  mx 163.6A3x1 92
Si20 = T E T T 3706 — 2K« 15064

; _mVcosBy  mx2627A3x1 1062 (S4.8)
PRIGZ) 3R, 297e —3Ax 261734 m

The calculation of Si is close to the value reported in the literature (75.7 nm)*, giving a
fair estimation. Compared to the sample thickness of d~270nm of DJ n=2 crystal, the
extinction distance is ~4 times larger, therefore we believe the multiple scattering effects
are not likely to happen in DJ n=2 perovskites.

Furthermore, in order to give a clear demonstration of the absence of multiple scattering,
we have simulated the diffraction pattern of DJ n=2 based on kinematic scattering theory
following the assumptions of weak-phase object approximation, which is acommonly used
to model the crystal diffraction from electron microscopy.'”® The calculated pattern for 4
by 4 supercell is shown in Fig. S22. The simulated diffraction in Fig. S22(b) gives a
reasonable match to the experimental diffraction of the crystal at rest Fig. S22(a), and are
also in consistency with the calculations in Fig. S2(a), which is directly evaluated from the
structural factor: I, o |Fpy;|?. Furthermore, the absence of Kikuchi lines in the scattering
pattern also suggests lack of multiple scattering (FIG. S22(c)).*® A quantitive comparison
of the linecut of the patterns is also displayed in FIG. S22(d), which gives a reasonable
agreement for the intensity distribution of the Bragg peaks, especially at (400), (310) and
(220) which shows the most contrast in the differential response (Fig. 2d) and are the most
relevant peaks in the discussion of lattice ordering. This consistency indicates the
kinematical scattering will be sufficient to describe the diffraction patterns, and the

multiple scatterings are negligible.



213  Supplementary discussion 5. Estimation of antiferro-distortion in 2D perovskites

214 A. Simplified model involving rigid octahedral rotations.

215 Fig. S5 shows the simulated diffractions with intrinsic (Fig. S5a) and reduced antiferro-
216 distortion (Fig. S5b), as well as the corresponding crystal structures with different
217 disordering parameter viewed along stacking axis. The top (in-plane) view of 2D
218 perovskite caused by intrinsic in-plane cell doubling is shown in the schematics in Fig. S5c.
219 The tilted angle between adjacent octahedra (26 = 24°) is associated with antiferro-
220 distortion, forming an initially doubled unit cell of 8.8 A (indicated in red squares), as
221 opposed to the undistorted structure (6 = 0°) where unit cell is of 6.2 A (labeled by green
222 squares). To estimate the influence on crystal structure with reduced antiferro-distortion,
223 we’ve constructed a hypothetic structural phase (Fig. S5d), where interlayer octahedra are
224 more aligned and simulated an electron diffraction pattern correspondingly (Fig. S5b). For
225 a direct comparison between the symmetrized and the intrinsic antiferro-distorsive phase,
226 a subtracted diffraction pattern is displayed in Fig. 2c. As we can see, the intensity
227 variations are expected in specific Bragg planes, including {400} and {220} (bright red)
228 increasing and {310} and {530} (blue).

229 To estimate the light-induced rotation angle A8 =6" — 6, we calculated the percentage of
230 Bragg peak intensity variation as a function of tilting angle (Fig. S5e), and compare them
231 with the experiment data at early time (t = 2ps). From the responses of {310}{400}, we
232 estimated the optimal order parameter to be 6 =11.75°, as shown in the shadow region in
233 Fig. Sbe, corresponding to an octahedral tilt of A6 = 0.25°.

234

235 B. Phonon mode simulations on DJ n=2 crystals.

236 Besides the simplified model involving pure rigid tilting of octahedra, we believe a more
237 complex model should involve a shift of crystal structure along the eigenvectors of specific
238 normal modes. Therefore, we perform DFT computations on DJ n=2 (Phonon Simulation
239 methods) and suggest several possible vibrational modes candidates, as well as the related
240 diffraction plots, which are listed in Fig. S6. These normal modes are indeed related to the
241 antiferro-distortions (Fig. S6a, ¢, &e), and shifting the crystal structure along these
242 eigenvectors result in a positive change along {220} and {400} directions, consistent with
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the prediction in section A. Therefore, these calculations further confirmed our hypothesis

on lattice ordering (Fig. 2).

Supplementary discussion 6. Transient absorption spectroscopy of DJ n=2 crystal and carrier

temperature extraction.

The transient absorption (TA) measurements are performed on nearly identical 2D perovskite

crystals (similar lateral size L~200um, thickness d~300nm and composition (DJ n=2) as used for
UED). We used an optical pump set at 3.1 eV (same as UED) with 0.1-0.75 mJ/cm? (1.1x10%2 crm

2. 8.4x10'? cm™, corresponding to an excitation regime similar than in the UED measurements),

followed by a white-light probe monitoring the transmission variations of the sample (see Method

Section on transient absorption spectroscopy). Therefore, for similar optical pump conditions, we

had access to an optical probe in TA, yielding complementary information with respect to the

structural ones provided by the UED experiment. The results are displayed below in Fig. S11.

From our TA data, several major observations are summarized:

10

A. Strong bleaching of exciton states. Fig. S11 (c) shows absorbance spectra at different

fluences. We observed a significant bleaching of the exciton peak at 2.18eV monotonically
increasing with excitation densities upto 0.75 mJ/cm?. From our TA studies extrapolated
to a fluence of 1-2 mJ/cm?, we will expect an almost complete bleaching of the exciton
resonance leading essentially to a hot electron-hole pair plasma just after the pump in the
UED experiment. Furthermore, Fig. S11(f) shows a long lifetime (t~10%ps) of exciton
dynamics, indicating a high density of carriers is still bleaching the exciton resonance over

long time, consistent with the observed long lifetime of lattice response in UED.

. Hot-carrier cooling dynamics. As indicated in Fig. S11 (b), at 0.75 mJ/cm?, we have

observed the cooling phenomenon starting at t~0.4 ps, which is consistent with the typical
values reported in halide perovskites.??! We estimated the evolution of the effective
carrier temperature after t~0.5ps by fitting the high-energy tail near the band edge with a
Maxwell-Boltzmann distribution (Fig. S11 (b)), which is a commonly used method to
approximate the carrier temperature in semiconductors.?? As estimated in Fig. 3(c), the first

cooling process of hot-carriers ranges from sub-ps to 1 ps. The initial carrier temperature
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is fitted to be Tc~3700K for 0.75 mJ/cm?. We extrapolate this value to be 3300K for a
fluence of 1 mJ/cm? in the UED experiment.

C. Long-lived coherent acoustic waves. As shown in Fig. S12, we observed a low-frequency
oscillations from TA data, which is related to coherent acoustic waves. Through Fourier
transform in frequency domain, (Fig. S12(b)), we identify one phonon mode at 0.022 THz
(0.09meV), related to temporal period of 45 ps, and are consistently observed for all the
measured fluences (0.1-0.75mJ/cm?). The activation of coherent acoustic modes with >100
ps lifetime suggest a long equilibration time of the phonon bath, on a time scale consistent

with the long lifetime of the lattice response in UED.

These TA results suggest that hot electron-hole plasma may be more dominant at this high
excitation densities, where many-body interactions and other non-linear processes could play a
crucial role, contradictory to the work of Thouin et al. where the excitonic regime is mainly
discussed.?® This conclusion is also confirmed by the quantitate analysis defining the excitation

regime and carrier saturation densities vs temperature which are shown below in discussion 7.

In addition to

Supplementary discussion 7. Estimation of saturation densities in DJ n=2 and RP n=2 crystals

We’ve estimated the carrier temperature in 2D perovskites to be Tc~3300K for 1mJ/cm?.
(Discussion 6). The next step consists in computing the saturation densities for the excitonic
resonances in the DJ n=2 compound. For that purpose, the binding energy and the Bohr radius of
the 1S exciton resonance are considered.?* It is usually considered that the binding energy is
reduced in DJ compounds by comparison to RP ones for the same n, but precise experimental data

are not available for DJ n=2. We started from the known values available for RP n=2:2°

E b,rr=245meV for the binding energy and asrp=1.60 nm for the effective Bohr radius related to
the diamagnetic shift. Next, the effect of the smaller interlayer spacing is estimated using the
effective dielectric model of Ishihara et al?® € et rp=4.9 vs € efr,ps=5.5, leading in turn to a reduction
of the binding energy E »,p;=204meV. The BSE model? was then used to compute the diamagnetic
shift and finally a s rp=1.56 nm. A summary of saturation densities at different carrier temperate

is plotted in Fig. 3e.

11
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Supplementary discussion 8. Generalizability of lattice response and order parameter on 3D

perovskites.

In this section, we compare the distinct ultrafast lattice dynamics of different perovskite systems,

and discuss the generalizability of other parameter in 3D perovskites. We believe the initial

antiferrodistorsive states are indeed important, not only for 2D perovskites but also for the 3D

perovskites. The antiferro-distorsive octahedral rotation angles of both 2D and 3D perovskites

systems are listed in table S2.

12

A. 3D iodine perovskites (MAPDI3)

Wau et al have performed the same UED measurements on the polycrystalline thin film of
MAPDIz.! The behavior of the Bragg peaks is Debye-Waller like, and no similar response
involving reduction of antiferro-distortion has been observed. Here, in order to examine
the generalizability of the order parameter in 3D perovskites, we have performed a similar
simulation with a hypothetic octahedral rotation model (similar as the one described in the
manuscript Fig.2), and compare the expected variations of diffraction intensities to the
experimental curve from Wu et al. The comparison is shown in Fig. S23.

As shown in Fig. S23, the reduction of the antiferro-distorsion present in the tetragonal
phase of MAPbIs, should lead to positive intensity variations at q=2.0 and 2.8A-1, similar
to the ones observed for DJ n=2 (Fig. 2d) as a result of reduced in-plane octahedral rotation
towards higher symmetry phase. Indeed, the characteristic positions of the Bragg peaks
related to the perovskite backbone are similar in iodide-based 2D and 3D perovskites,
because these compounds share similar lengths for the Pb-1 bonds. However, by comparing
the simulated differential pattern with the UED results for MAPbIs from Wu et al, such
positive response is not observed in the experimental scattering intensity at different delay
times (t=5, 70ps), as indicated in Fig. S23(a). In fact, we note that MAPDbI3 exhibits a
similar behavior than RP phases (Fig. 4, also zoomed in at same q region in Fig. S23(b)),
especially in RP n=4 which is close to 3D perovskites. We believe that the consistency of
negative intensity response in both 2D RP perovskites and 3D perovskites provide clear
evidence of the distinct lattice dynamics in 2D DJ perovskites. The initial distortion
generated by the presence of di-cations in DJ perovskites instead of mono-cations for RP



331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355

356
357

358
359
360

perovskites is important, leading to different space groups, interlayer shifts and in-plane
octahedra tilts (Mao et al®). From that perspective, the perovskite backbone in RP phases
is less influenced by the flexible BA cations in the barrier and exhibit tilt patterns similar
to bulk MAPbDIs.

Oxide perovskites (SrTiOs & KTaOx3)

For oxide perovskite systems, pristine SrTiOz presents a cubic structure at room

temperature and goes through an antiferro-distorsive phase below Tc (105K). The phase
transition is antiferro-distorsive with an order parameter related to an octahedral rotation
(¢p~2° for T = 5K?7) and a Bragg superlattice reflection. Indeed, Porer et al observed an
ultrafast relaxation of antiferro-distorsive phase in Ca: SrTiOs, where alloying with Ca was
used to increase Tc (280K) and initial rotation angle. As observed by Porer et al, this
ultrafast lattice dynamics, characterized by superlattice diffraction, is consistently observed
in the tetragonal phase below the critical temperature, where a non-zero rotation angle is
present at equilibrium. This suggests that similar to our work, an initial octahedral tilt is
necessary to give rise to the ultrafast dynamics involving relaxation of antiferro-distortion
phase.

In general, in oxide perovskites, distortions can be grouped into two categories:2®2° either
antiferro-distortions (e.g. CaTiOs, SrTiOz) related to the octahedral tilt, or ferroelectric
distortions (e.g. BaTiOz), where the B-site atom is displaced within surrounding
octahedron. The observation of two types of distortions can be explained by the
Goldschmidt tolerance factor.?® In the case of KTaOs, the ferroelectric order parameter, is
connected to the off centering of B-site cation.3® Therefore, we believe that our results on
DJ 2D perovskites rather share some similarities with the reduction of antiferro-octahedral

rotation in SrTiOs with photodoping as reported by Porer et al.

Supplementary discussion 9. Comparison of electron-LO phonon coupling with RP and DJ

n=3.

To elucidate the strength and coefficients of the electron-LO phonon interactions, we performed

temperature-dependent PL on DJ n=3 perovskites, where we monitor the linewidth of PL

broadening as a function of temperature. The result is shown in Fig. S24.

13
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The PL of DJ perovskite shows an asymmetric shape with two profiles. Here we focus at the
dominant exciton emission at higher energy and plot the FWHM as function of temperature (Fig.

S24(b), blue). Such behavior is also compared with RP n=3 (displayed in orange).

Here, the linewidth of DJ perovskites shows an anomalous broadening below 80K, which is
similarly resolved in MAPDI;3 system3!, and is most likely also related to the influence of a phase
transition in this temperature range. However, far above 80K in a temperature range relevant for
the discussion of the present work, the broadening in DJ perovskites is consistent with the one in
RP perovskites. It suggests that the strengths of the electron-phonon coupling in DJ n=3 and RP
n=3 perovskites are not significantly different at high temperatures, and that the observed lattice
ordering in DJ perovskites is not due to a specific electron-LO phonon coupling, which would

otherwise cause similar lattice response between RP and DJ perovskites.

Supplementary discussion 10. Estimation of long-time Bragg peak response and light-induced

atom RMS displacements (u?)

Due to the deviation of Debye-Waller response (Fig. S25) of DJ n=2 crystal, the Bragg peaks
intensity responses show competing effects between the conventional Debye-Waller effect and
incipient anisotropic lattice ordering:

. - ~ —2A(u?) g2
lotal (@) = [Io(q) + AI(q, A8)] &3 (57.1)

Here 1,(q) stands for the diffraction intensities at rest. The total Bragg peak intensity response
have two contributions: i) an initial ordering process represented in AI(q, A8), where A@ is the
change of distortion angle (shown in Fig. 2b), which is estimated in Supplementary discussion 5.
AI(q, AB) is simulated based on reduction of andiferro-distortion and also shown in Fig. 2c. ii)

classical thermal energy transfer involving all the Bragg peaks, represented in Debye-Waller effect

1
as exponential term e 3 2"” 9° where (u?) stands for atomic mean squared (RMS) displacement.

The competing effect of the two mechanisms is also indicated in Fig. S8, where considering only
the first contribution (gray dashed line, Fig. S8(b)) will not give a good prediction at long delay
time (40-80 ps) especially at higher g, while the combining effect of the two (black solid line)
matches better with the experimental response. By comparing the simulated intensity change with
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the Bragg peak response at long time, the Debye-Waller factor is estimated to be 1.6x10° A,
corresponding to light-induced atom RMS displacement of /A(u?) ~ 0.07 A at carrier density of

2.5%10% cm.

Supplementary discussion 11. Time evolution of diffraction intensities through the UED run.

Fig. S19 shows the time evolution over ~2 hours during the UED run of DJ n=2 crystal. As shown
in Fig. S19a, the total diffraction intensity doesn’t show a significant drop over ~2 hours,
suggesting the crystal structure remains stable throughout the experiment. Fig. S19b shows the
comparison of the electron diffractions between Omin and 120mins, where all the Bragg peaks
remain existing, with a slight decrease of overall intensities. Additionally, no rings or new peaks
were formed through the experiments (Fig. S19c¢ and Fig. S19d), confirming that no evidence of

possible sample degradation or damage is found.
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404  Fig. S1 | Optical absorbance spectra of DJ n=2 crystal. The measured absorbance is shown in
405  blue line, with calculated absorbance (orange line) with crystal thickness of 270nm, estimated
406  from the absorption coefficient as reported by Song et al.®
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Fig. S2 | Simulated Diffraction Pattern & Indexing of DJ n=2 crystal. (a) Simulated Diffraction
of DJ n=2 crystal, viewing from [001] direction. (b) Static Diffraction of DJ n=2, showing same
g-range as the simulated one in Fig. S2a. All the Bragg peaks are well-identified. (c) Angular-

integrated diffraction of DJ n=2, showing both experimental (blue solid line) and simulated

(orange dashed line) plots, as well as Indexing of Bragg peaks (hkO).
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Fig. S3 | Time traces of selected Bragg peak families in DJ n=2 crystal. (a) Time traces of
Bragg peaks intensities of {220}{400} {310} {330} {1020} {550} {530} {800} and {750} for DJ
n=2 crystal. Errors of time constants are defined as one standard deviation errors estimated from
the variance of the fitting parameters from least-squares fitting. The statistics of {220} is not good
enough be fitted with a reasonable time constant. We estimate the time scale to be <Ips limited by

temporal step size. (b) Dynamic plots of the total integrated diffuse scattering intensities between
Bragg peaks.
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Fig. S4 | Fluence dependence for selected Bragg peaks in DJ n=2 crystal.

Time traces of Bragg peaks intensities of {220}{310} {400} {330} {530} {800} {550} {750} and
{1020} for DJ n=2 crystal under 2 laser fluences: 1mJ/cm? (orange) and 2md/cm? (blue),

corresponding to injected carrier density of 1.3x10¥cm 2 and 2.5x10%cm?, respectively.
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Fig. S5 | Simulated Diffraction Patterns with tuned antiferro-distortion. (a) Simulated
Diffraction of DJ n=2 at rest with intrinsic antiferro-distortion (6=12°). (b) Simulated Diffraction
of DJ n=2 with reduced antiferro-distortion (6=5°). (c)(d) Corresponding schematics of distorted
(6=12°) and less distorted phase (6<12°), respectively. (e) Simulated logarithmic intensity change
(-log(1/10)) for selected Bragg peaks as a function of disorder parameter 6, shown for {220} {310}

and {400} peaks (orange, green, and red solid lines), respectively. Compared with experimental
data (DJ n=2, 2.6x10™® cm) at t=2ps (scattered points at right), the optimal change of disorder

parameter is estimated to be A6 ~ 0.25° (regime indicated in gray shadow).
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Fig. S6 | Examples of calculated antiferro-distortive phonon modes candidates in DJ n=2
crystal. (a)(c)(e) Schematic illumination of calculated normal modes (I, II and III respectively)
acquired from phonon simulation (cations are neglected for visualization). The calculated
wavenumbers are 35, 13, 139cm™!, respectively. The directions of the atomic displacements are
indicated with red arrows, suggesting a modulation of antiferro-distortions. (d)(e)(f) Simulated
changes of electron diffraction plots for normal mode I, IT and III respectively, estimated under
room temperature (RT, blue solid line) and high temperature (HT, orange solid line) regimes. These
simulated plots are compared with differential diffraction plot from UED experiment (1-3 ps, gray

solid line), showing consistent peak increase at (220) and (400).
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Fig. S7 | Scatter plots of fitted intensity change and time constants of DJ n=2 crystal. (a)
Scatter plots of fitted intensity change (A (%)) of the Bragg peaks (hk0). Each Bragg peak (hk0)
is averaged with (-h-k0) based on point symmetry. (b) Scatter plots of fitted time constant of the
Bragg peaks, represented in both color scale and circle size (small and orange circles for short time,
and large and pink circles for long time). ‘x’ markers stand for the Bragg peaks that cannot be well

fit.
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Fig. S8 | Simulation of total UED response of DJ n=2 crystal. (a) Simulated crystal structure
(top view) for different simulation methods: lattice ordering by reducing distortion angle (top),
and additional disorder involving all atoms (bottom). (b) Angular integrated differential diffraction
plot, averaged between 40-80 ps (gray solid line and shadow), compared with the simulated
response with only considering lattice ordering (gray dashed) and both ordering and Debye-Waller
effect (black solid line). The experimental intensity around the (110) peak is partially blocked.
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463  Fig. S9 | Differential scanning calorimetry (DSC) of DJ n=2 crystal. (a) DSC curve of DJ n=2

464  single crystals from room temperature to 150°C. (b) Calculated specific heat capacity (Cp) from
465 DSC.
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Fig. S10 | Temperature dependent XRD of DJ n=2 crystal. (a) Temperature dependent XRD
from 30°C to 55°C. Simulated Bragg peak locations for DJ n=2 are indicated in vertical gray solid
lines. (b)(c)(d) Zoomed-in XRD plots at in-plane peaks (220) (310) and (400) respectively,
showing global shifting of peak locations (thermal expansion) and slight intensity decreases over
temperature. (e) Analysis of relative intensity variation (I/1o) and (f) relative peaks shift (q/qo) for
(220), (310) and (400) Bragg peaks. Error bars show the one standard deviation errors computed

from the variance of the fitting parameters from least-squares fitting.
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Fig. S11 | Transient absorption spectroscopy for DJ n=2 crystal. (a) Pseudo color
representation of transient absorbance (A OD) as function of delay time, under 0.75mJ/cm?. (b)
Normalized TA spectra. The bleach amplitude at 2.18 eV is normalized to -1. High energy tails
are fitted by Boltzmann distribution (black solid lines) to extract carrier temperature (shown in Fig.
3d). (c) Absolute absorption at various fluences, showing almost complete bleaching of exciton
resonance. (d) Ultrafast bleaching (z < 0.18 ps) of exciton resonance at 2.18 eV, indicating fast
ground state exciton bleaching after above-band excitation. (e) Evolution of TA dynamics at
2.40eV. The rise time is fitted with single exponential curve convolved with IRF (purple solid line),
giving a rough estimation of carrier thermalization time. (f) Normalized exciton dynamics at
2.18eV, showing a long delay time (t3~102ps), suggesting a high density of electron-hole plasma
still bleaches the exciton resonance at long time over 100-200ps. Fitting errors are estimated by
the one standard deviation errors computed from the variance of the fitting parameters from least-
squares fitting.

26



488

489
490
491
492

0.025

Probe = 2.10eV

0.020 1

0.015 1

—_

oD

< 0.010
0.005 1

0.000 1

—— 0.10 mj/cm? (T=201 ps)

0.30 mj)/cm? (1=171 ps)

—— 0.50 mj/cm? (t=159 ps)
—— 0.75 mj/cm? (=148 ps)

"0 100
Delay (ps)

150

200

b Fourier-transform of oscillation
3.0 0.003
253 0.002
1 0.001 4

. 0022THz 5
<DE 2.0 = 0.0003M.
; -0.001 9]
E 1.5 1 -0.002
ﬁ -0.003 T T T T
£ 1.04° 50 100 150 200
< Delay (ps)

059

0.0 v ',..»:tl.:,',;:. 2.0 y g 3

0.05 0.10 0.15 0.20
Frequency (THz)

Fig. S12 | Observations of coherent acoustic phonon in DJ n=2 and frequency analysis. (a)

TA decay of probed at 2.10eV, showing oscillatory components with period T~45ps. (b)

Extraction of the oscillation (inset) and frequency domain analysis. Frequency below 0.0005THz

is discarded due to the limited window in temporal domain (< 200 ps).
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Fig. S13 | Simulated Diffraction Pattern & Indexing of DJ n=3 crystal.

(a) Simulated Diffraction of DJ n=3, viewing from [100] direction. (b) Static Diffraction of DJ
n=3, showing same g-range as the simulated one in Fig. S13a. All the Bragg peaks are well-
identified. (c) Angular-integrated diffraction of DJ n=3, showing both experimental (blue solid
line) and simulated (orange dashed line) plots, as well as Indexing of Bragg peaks (Ohk).
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Fig. S14 | Differential diffraction patterns of DJ n=3. (a) Differential diffraction pattern (20-
40ps) for DJ n=3, showing similar response as DJ n=2, including the positively-changing peaks
(040), (022) and (004). (b) Angular-integrated differential diffraction (20-40ps) for DJ n=3. (c)
Differential diffraction pattern at 5ps (left) and 50ps (right). The increasing red colors in between
the peaks correlate to the diffuse scattering intensities. (d) Time traces of the integrated diffuse
scattering intensities integrated with the two squares in (c). Fitting errors are estimated by the one
standard deviation errors computed from the variance of the fitting parameters from least-squares

fitting.
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Fig. S15 | Comparison of time traces of selected Bragg peaks in 2D perovskites. (a) Time
traces of DJ n=2 (400) (blue) and DJ n=3 (040) (orange) peak. Both peaks show a rapid increase
in intensity. The rise-time constant fitted to be 1~1.3 ps (DJ n=2, blue solid line) and t~0.9 ps (DJ
n=3, orange solid line) respectively. (b) Time traces of RP n=2 (400) (green) and RP n=4 (400)

(red) peak. Both peaks show a slower increase in intensity variations.
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Fig. S16 | Differential diffraction patterns of RP n=2. (a) Differential diffraction pattern (15-
40ps) for RP n=2, showing different response than DJ samples where no peaks increasing observed.
(b) Angular-integrated differential diffraction (15-40ps) for RP n=2. (c) Differential diffraction
pattern at 2ps (left) and 65ps (right). The increasing red colors in between the peaks correlate to
the diffuse scattering intensities. (d) Time traces of the integrated diffuse scattering intensities
integrated in-between the two squares in (c) (dashed line). Fitting errors are estimated by the one
standard deviation errors computed from the variance of the fitting parameters from least-squares

fitting.
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Fig. S17 | Differential diffraction patterns of RP n=4. (a) Differential diffraction pattern (20-
40ps) for RP n=4, showing different response than DJ samples where no peaks increasing observed.
(b) Angular-integrated differential diffraction (20-40ps) for RP n=4. (c) Differential diffraction
pattern at 5ps (left) and 65ps (right). The increasing red colors in between the peaks correlate to
the diffuse scattering intensities. (d) Time traces of the integrated diffuse scattering intensities
integrated with the two squares in (c). Fitting errors are estimated by the one standard deviation

errors computed from the variance of the fitting parameters from least-squares fitting.
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Fig. S18 | Time response comparison of different samples. Scatter plots of time constants (7)
of (a) DJ n=3 and (b) RP n=4 are shown. All the time constants are extracted from single

exponential time fitting of Bragg peaks (averaged within each pair (hkO) and (-h-k 0)).
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536  Fig. S19 | Time Evolution of diffraction intensity of DJ n=2 crystal. (a) Total electron
537  diffraction intensity during UED measurements over 150mins. (b) Azimuth integrated plot of
538 diffraction patterns taken at 0 min (blue) and 120mins (orange) after during the UED run. (c¢)(d)
539  Diffraction images of (c) first and (d) last scan.
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Fig. S20 | Simulated Diffraction Pattern & Indexing of RP n=2 crystal.

(a) Simulated Diffraction of DJ n=2, viewing from [010] direction. (b) Static Diffraction of RP
n=2, showing same g-range as the simulated one in Fig. S20a. (c) Angular-integrated diffraction
of RP n=2, showing both experimental (blue solid line) and simulated (orange dashed line) plots,

as well as indexing of Bragg peaks (0hk).
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547  Fig. S21 | Simulated Diffraction Pattern & Indexing of RP n=4 crystal. (a) Static Diffraction
548  patterns of RP n=4. (b) Schematics of RP n=4 and indication of [011] direction (red arrows). (c)
549  Simulated Diffraction of RP n=4 along [011] direction. (d) Angular-integrated diffraction of RP
550 n=4 viewing at [011], showing both experimental (blue solid line) and simulated (orange dashed
551 line) plots, as well as Indexing of Bragg peaks. (e) Simulated Diffraction of RP n=4 along [010]
552  direction, showing a mismatch with experimental patterns. (f) Angular-integrated diffraction of
553  RP n=4viewing at [010], showing both experimental (blue solid line) and simulated (green dashed
554  line) plots, as well as Indexing of Bragg peaks.
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Fig. S22 | Comparison of the diffraction pattern of DJ n=2 with kinematical theory. (a) Static
diffraction pattern of DJ n=2 crystal. (b) Simulated diffraction pattern with Kinematical scattering
along c direction, computed from 4x4 supercell. (c) Logarithmic scale of the DJ n=2 diffraction
pattern from (a), showing individual isolated Bragg peaks without Kikuchi lines. (d) Comparison
of the linecuts of diffraction pattern along (040)-(040) direction (indicted by white dashed line in
inset), showing consistent intensity distributions between experimental diffractions (blue) and the

ones from kinematic theory (orange).
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Fig. S23 | Comparison of the angular-integrated diffraction of MAPbI3, with 2D DJ and RP
perovskites. (a) The simulated differential diffraction pattern (black) is computed assuming a
complete reduction of the antiferro-distorsion present in the tetragonal phase of MAPbI3, leading
to a cubic lattice. The Bragg indices are assigned for the initial tetragonal structure. The simulation
is compared to the experimental differential diffraction curves of MAPbI3 for delay time t=5ps
(blue) and t=70ps (red) (Data extracted from Wu et al!). (b) Differential diffraction plots of 2D

perovskites reported in this work (Fig. 4c in manuscript).
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572  Fig. S24 | Temperature dependent PL on DJ and RP n=3 crystal. (a) Pseudo-colormap of PL
573 as a function of temperature. (b) Extracted PL linewidth broadening, fitted with electron-LO

574  phonon coupling model (dashed line).
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577  Fig. S25 | Semi-log plot of Bragg peaks intensity change as a function of ¢* for DJ n=2.
578  Logarithmic plot of Bragg peaks total relative intensity change (—log (I/1)) DJ n=2 under pump
579  fluence energy of 2mlJ/cm?. Errors are estimated by the standard deviations of the intensity

580  responses between 30 and 60ps (where quasi-equilibrium has been established for the Bragg peaks).
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Fig. S26 | Illustration of in-plane and out-of-plane octahedral tilts. (a)(b) Definitions of the in-
plane and out-of-plane octahedral tilts, respectively. A list of the octahedral tilts for measured
perovskites is displayed in Table S2. The stacking axis of the 2D-HaPs is represented along c axis.

The organics are not displayed in (a) for simplified visualization.
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586 Supplementary Tables S1 - S2
Sample Name DJ n=2 DJn=3 RP n=2 RP n=4
Excitation Energy (eV) 3.1 3.1 3.1 3.1
Fluence (mJ/cm?): 2 2.2 0.45 2.5
Crystal thickness (nm): 270 450 200 380
Optical density (at 3.1eV): | 2.2 2.5 2.5 2.5
Carrier density (cm™) 2.5x10'3 2.3x10'3 8.9x10'? 4,2x10'°
587
588  Table. S1| Lists of experimental conditions of the measured samples: crystal thickness,
589  excitation fluences and carrier densities. Sample thickness are estimated from the optical
590 absorbance data in Fig. S1 for DJ n=2.
591
(4AMP)Pb,l;  (A4AMP)Pbslyy  (BA):Pblol;  (BA)oPblsls
Sample Name (DJ n=2) (DI n=3) (RP n=2) (RP n=2) MAPDI; KTaOs
Crystal system Monoclinic Monoclinic ~ Orthorhombic Orthorhombic Tetragonal Cubic
Structural phase 2D -DJ 2D -DJ 2D - RP 2D - RP 3D 3D
Tilt (in-plane) (°) 11.78 11.2 0.02 0.03 / /
Tilt (out-of-plane) (°) 0.72 0.46 7.66 6.42 / /
Tilt (tetragonal axis) (°) / / / / 8.15 0
3 3 4 4 13 32
Reference
592
593 Table. S2 | List of interlayer octahedral tilts (order parameter 0) for halide and oxide
594  perovskites. The values are extracted from the corresponding crystal structures at room
595 temperature (except for T<1.5K for SrTiOz3). For 2D perovskites, the octahedral tilts with in-plane
596  (along stacking axis) vs out-of-plane (perpendicular to stacking axis) directions are distinguished
597  (see Fig. S26). For 3D perovskites, similar tilt is defined along tetragonal axis.
598
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