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Non-monotonic size-dependent exciton
radiative lifetime in CsPbBr3 nanocrystals

Abdullah S. Abbas 1,8,10, Daniel Chabeda2,10, Daniel Weinberg2,3,
David T. Limmer 2,3,4, Eran Rabani 2,3,5 & A. Paul Alivisatos1,2,3,6,7,8,9

Lead halide perovskite nanocrystals have attracted intense interest due to
their desirable optical properties, diverse structural features, and size-tunable
excitonic structure. Here we show that, under ambient conditions, a non-
monotonic trend in radiative lifetime emerges from the interplay of size, lat-
tice symmetry and excitonic structure. Small nanocrystals exhibit long radia-
tive lifetimes due to weakly emissive excitons, but the oscillator strength
increases and shortens the lifetime for nanocrystals approaching intermediate
confinement. For larger nanocrystals with higher exciton density of states
(DOS), the radiative lifetime is lengthened due to depopulation of the bright
exciton manifold into thermally accessible dim states. A size-dependent
structural symmetry lowering transition from cubic to orthorhombic is
observed by XRD and MD simulations, and the non-monotonic radiative life-
time trend emerges only in lower symmetry structures with an increased dim
exciton DOS. These findings shed light on the impact of nanocrystal size and
structure on radiative lifetime andpave theway for tailoredopticalmaterials in
various optical applications.

Colloidal nanocrystals, also known as quantum dots (QDs), have
attracted considerable attention due to their straightforward and
inexpensive solution-phase synthesis and their wide-range spectral
tunability from the quantum confinement effect1,2. Lead halide per-
ovskite nanocrystals, in particular cesium lead bromide (CsPbBr3),
have emerged in the past few years as highly desirable and efficient
optical materials due to their facile synthesis, narrow emission
linewidth, and near-unity photoluminescence quantum yield (PLQY)
owing to their low trap density and tolerance for shallow surface
defects3–12. The photoluminescence quantum yield is in part dictated
by the radiative lifetime, or the time between generation and
radiative recombination of an exciton. Nanocrystals with near-unity
PLQY and short radiative lifetimes have possible applications in
coherent quantum light emitters13 and solid-state laser cooling14. For

example, to observe laser cooling in solid-state materials, two pro-
cesses must occur in rapid succession: exciton up-conversion fol-
lowed by radiative recombination, resulting in anti-Stokes
photoluminescence14. A shorter radiative lifetime enhances the
likelihood of avoiding non-radiative pathways that induce heating,
thereby maximizing the cooling probability. One way to tune the
radiative lifetime is through the nanocrystal size15,16. For nanocrys-
tals, three distinct quantum confinement regimes dictated by the
Bohr radius—weak, intermediate, and strong—are commonly
observed. Each regime exhibits a unique electronic structure and
optical properties, influencing factors such as the radiative lifetime.
Notably, CsPbBr3 nanocrystals have a relatively large Bohr diameter
(~7 nm), enabling experimental exploration across all three con-
finement regimes3.
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Previous work investigating size-dependent lifetimes in CsPbBr3
under low temperature conditions (~4-5 K) revealed an exponential
trend, with the radiative lifetime decreasing as the size increased13,15.
Under ambient conditions, however, the work of Krieg et al. shows the
reverse trend16. It was rationalized that higher lying states become
thermally accessible at ambient conditions and introduce adelay in the
radiative recombination of excitons16. Neither of these studies thor-
oughly explored the inflection point marking the transition from the
intermediate to the strong confinement regime. By exploring this
inflection, size-dependent non-monotonicity was observed with a
mechanism that relies onbehavior commonamong intensively studied
II-VI (CdSe)17–20 and perovskite semiconducting nanocrystals, signify-
ing potential design criteria for optimal recombination properties.

In this work, we explore the effect of nanocrystal size on radiative
lifetime under ambient conditions. High-quality CsPbBr3 nanocrystals
were synthesized to ensure monoexponential decay behaviors,
enabling direct extraction of the radiative lifetime. Unexpectedly, we
observe a non-monotonic trend in the radiative lifetime. The smaller
nanocrystals within the strong confinement regime and larger nano-
crystals approaching weak confinement exhibited long radiative life-
times, while intermediately confined nanocrystals display the shortest
radiative lifetime. A microscopic mechanism was explored by solving
the Bethe-Salpeter equation (BSE) to obtain excitons in lead halide
perovskite nanocrystals, having obtained electron and hole states
from atomistic pseudopotential calculations. Strongly confined
nanocrystals exhibit long radiative lifetimes due to their small oscil-
lator strengths. For larger nanocrystals approaching the weak con-
finement regime, atomistic quasiparticle + BSE calculations predict a
dense manifold of non-emissive dim excitons that, at room tempera-
ture, thermally depopulate the low energy bright triplet excitons.
Distinctly, intermediately confined nanocrystals exhibit the shortest
radiative lifetime due to the balance of enhanced oscillator strength
compared to small nanocrystals and reduced thermal depopulation
compared to weakly confined nanocrystals. This observation finds

support from a previous work where the lengthening of radiative
lifetime is attributed to themixing of S statewith higher P state that are
symmetry forbidden16. Analysis of the present result in comparison to
Krieg et al. is presented in Figure S1.

Additionally, we observed a symmetry lowering transition from
the cubic to orthorhombic structures21–25 of CsPbBr3 nanocrystal sys-
tem by both X-ray diffraction (XRD) patterns and molecular dynamics
(MD) simulations.However, theonset of symmetry lowering (2 nm)did
not coincide with the nanocrystal sizes where non-monotonicity in the
lifetimes was observed (5–6 nm). Thus, we do not directly attribute the
non-monotonic lifetimes to this transition. Rather, the non-
monotonicity emerges from the size-dependent excitonic structure
and only parametrically depends on the nanocrystal structural sym-
metry. This study leverages high-quality synthesis and advanced
computational capabilities to provide a thorough and systematic
insight into the size-dependent radiative lifetime in CsPbBr3 nano-
crystals, paving the way to engineermaterials with tailored decay rates
to meet diverse optical application needs.

Results
We investigated the effect of nanocrystal size on optical properties,
focusing on the radiative lifetime. Over 30 high-quality nanocrystals
samples were synthesized following a modified version of previous
reports (details in the Method section) to minimize non-radiative
pathways and to directly extract the radiative lifetime. Figure 1a
shows absorption and photoluminescence spectra of CsPbBr3
nanocrystals in the strong, intermediate, and weak confinement
regime. Figure 1c–e show their corresponding Transmission Elec-
tron Microscopy (TEM) images (larger area shown in Figure S2)
along with calculated size distributions26, illustrating highly mono-
disperse ensemble. Photoluminescence Full-Width at Half Max-
imum (FWHM) and Stokes shift are extracted for different
nanocrystal sizes revealing a linear trend. Both the FWHM and
Stokes shift exhibit an increase as nanocrystal sizes decrease, which

Fig. 1 | Optical and structural characterizations of CsPbBr3 nanocrystals with
varying sizes. a steady-state absorption, and photoluminescence (PL) spectra of
selected nanocrystals in weak, intermediate, and strong quantum confinement
regime, with inset showing the crystal structure created with Vesta38. b Stokes shift
and full width at half max as a function of bandgap energy are plotted displaying a
linearly increasing trend as nanocrystal sizes decrease. c–e are transmission

electron microscope (TEM) images along with their corresponding size distribu-
tions fittedwith gaussian curve to extract the average nanocrystal size. TEM images
scale bars are as follow: (c) 10 nm, (d) 10 nm, and (e) 50 nmwith inset showing high
resolution TEM of a single nanocrystal with 5 nm scale bar and its corresponding
Fast Fourier Transform (FFT) with 2 nm−1 scale bar.
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has been observed previously27,28. This linear trend is correlated
between the size of the nanocrystals and the strength of coupling to
high-energy optical phonons (2–17 meV)28,29. Specifically, smaller
nanocrystals exhibit stronger coupling to these phonons due to
enhanced charge density and subsequent polaron formation30. This
coupling results in large fluctuations in the bandgap31, con-
sequentially causing broader emission linewidths and larger Stokes
shift as evident in Fig. 1a and b.

Each synthesized distinct nanocrystal sample underwent char-
acterization to determine photoluminescence quantum yield (PLQY)
and time-resolved photoluminescence (TRPL) to quantify the radiative
lifetime (τr), which is inversely related to the radiative rate (κr), using
the following relation:

PLQY =
1
τr

1
τr
+ 1

τnr

=
1
τr
1
τh i

ð1Þ

τr =
τh i

PLQY
ð2Þ

κr =
1
τr

ð3Þ

where τh i is total lifetime extracted by deconvoluting with the instru-
ment response function (IRF) and subsequentiallyfitting the initial two

decades of TRPL decays, as shown in Fig. 2, using a monoexponential
function as follow:

I tð Þ=
Z t

1
IRF t0ð Þ*A e�

t�t0
τ dt0 ð4Þ

The tabulated data in Fig. 2 show the near-unity PLQY CsPbBr3
nanocrystals across the three confinement regimes. Notably, the
strongly and weakly confined nanocrystals exhibit longer radiative
lifetime (or slower radiative rate) compared to the intermediately
confined nanocrystals.

We conducted further measurements of PLQY and TRPL across
different nanocrystal sizes within each of the three confinement
regimes under ambient conditions (Supplementary Figs. S3, and S4).
Surprisingly, our findings reveal a non-monotonic trend in both
radiative lifetime and radiative rate, as shown in Fig. 3a and b. We find,
in confirmation of earlier reports16, that the weakly confined nano-
crystals exhibit longer radiative lifetimes. Unexpectedly, our mea-
surements on strongly confined nanocrystals display similar long
radiative lifetimes. Interestingly, we observe the shortest radiative
lifetimes within the intermediate confinement regime. Thus, there
exists some optimal nanocrystal size for applications where fast
radiative recombination is desirable.

Fig. 2 | Time-resolved photoluminescence (TRPL) characterization. Three
selected nanocrystals sizes in strong, intermediate, and strong quantum confine-
ment regimes are assessed using TRPL. Decays are deconvoluted with instrument
response function (IRF) and the initial two decades are fitted to amonoexponential
function to extract the total lifetime (inset). Absolute photoluminescence quantum
yield (PLQY) was measured to calculate the radiative rates for each nanocrystals.
The resulting data, including bandgap (Eg), PLQY, total lifetime, and radiative rate,
are tabulated, revealing a non-monotonic trend that emerges in lifetimes and
radiative rates.

Fig. 3 | Size-dependent exciton radiative lifetimes and rates of CsPbBr3 nano-
crystals. aMeasured total lifetime under ambient conditions along with calculated
radiative lifetimes via the absolute photoluminescence quantum yield (PLQY) as a
function of nanocrystal size exhibit an unexpected non-monotonic trend. Larger
nanocrystals in weak confinement regime show lengthened radiative lifetimes that
decrease as the nanocrystal size transition into the intermediate confinement
regime. Surprisingly, the trend reverses with decreasing nanocrystals size reaching
the strong confinement regime. b radiative rates, the inverse of radiative lifetimes,
showcasing an optimal size associated with maximum radiative rate.
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To understand the underlying factors that may contribute to the
lengthened radiative lifetime, we delved into a comprehensive exam-
ination of the crystal structure. In Fig. 4a, the powder X-ray diffraction
(XRD) patterns of the nanocrystals with sizes spanning the three con-
finement regimes are illustrated. The nanocrystals in the strong con-
finement regime exhibit a cubic phase. As the size of the nanocrystals
increases, a transition into an orthorhombic phase is observed21–25. This
phase transition, as discussed below, is further corroborated by mole-
cular dynamics simulations at 300K, as shown in Fig. 4b.

Molecular dynamics simulations as implemented in LAMMPS
were performed on CsPbBr3 nanocubes with edge lengths of 2 – 6 nm
using a previously parametrized force field32,33. The average structural
symmetry at 300K was computed over nanosecond simulation
lengths to resolve the size-dependent phase behavior. To produce a
quantitative metric of the structural symmetry, we define a local order
parameter, ξ , that distinguishes the common cubic and orthorhombic
phases of CsPbBr3 nanocrystals. The order parameter is defined on the
probability distribution of nearest neighbor halide-halide-halide (X-X-
X) angles of the nanocrystal configuration,

ξ i θð Þ= ½Pi θð Þ � P�
cubic θð Þ�2

½P�
ortho θð Þ � P�

cubic θð Þ�2 ð5Þ

where PiðθÞ is the probability of finding an X-X-X angle of θ in the i-th
trajectory step, and P�ðθÞ is the probability of observing angle θ in the
perfectly symmetric structure. If the configuration along the trajectory
possesses cubic symmetry, then the order parameter becomes zero. If
the configuration is orthorhombic, the ratio of terms is unity, and the
order parameter is one. The averaged order parameter for a certain
size, hξ θð Þi, is estimated over the simulation trajectory, and we
compare it against perfectly cubic and orthorhombic nanocubes of
the same size.

Theprobability distribution of X-X-X angles distinguishes strongly
between cubic and orthorhombicCsPbBr3 at two angles, 60° and 160°.
For perfectly cubic perovskites, 1/6 of the angles are 60° while zero
angles are 60° for perfectly orthorhombic structures. This is reversed
at 160°, where perfectly cubic structures have no probability and
orthorhombic structures have a 1/6 probability. Supplementary Fig-
ure S5 shows histograms illustrating the probabilities, allowing for a
clear distinction of certain angles that specifically emerge in one phase
but are absent in the other. We develop a composite measure of the
size-dependent phase behavior of perovskite nanocrystals in our
simulations by averaging ξð60�Þ and ξ 160�ð Þ over a narrow angular bin:

ξ =
ξ 60�ð Þ+ ξð160�Þ

2
: ð6Þ

As evident in Fig. 4b, the smaller nanocrystals, characterized by
strong quantum confinement, display a cubic structure. As the nano-
crystals size increases, a transition occurs, with the average nano-
crystal structure progressively shifting towards orthorhombic
symmetry–results that closely align with the experimental XRD pat-
terns shown in Fig. 4a. Simulations were also performed on analogous
CsPbI3 perovskite nanocrystals and a similar phase behavior was
observed. Comparative analysis of the size-dependent anisotropy for
CsPbBr3 and CsPbI3 nanocrystals is presented in Supplemen-
tary Fig. S6.

Further theoretical understanding of the interplay between per-
ovskite structural and optical properties was gained by performing
atomistic electronic structure calculations on the relaxed structures
for varying nanocrystal sizes. Accurate electron and hole quasiparticle
states including spin-orbit coupling effects were computed within the
semi-empirical pseudopotential framework as described in previous
reports (Supplementary Fig. S7)34. We obtain a validated pseudopo-
tential from Weinberg et al. describing local, nonlocal and spin-orbit
coupling effects for CsPbI3

34. Electron-hole correlationwas includedby
solving the Bethe-Salpether equation (BSE) within the static screening
approximation, which describes excitons in the basis of electron-hole
product states35. The electronicproperties of CsPbI3 andCsPbBr3 show
analogous trends36; thus, we compute radiative lifetimes using the
validated CsPbI3 model as a proxy to understand the measured
CsPbBr3 radiative lifetimes. Massively parallel software implementa-
tions were developed to enable investigation of nanocrystals spanning
the strong to intermediately confined regimes, with edge lengths
ranging from 2–7 nm. In addition to systems with cubic and orthor-
hombic symmetry, we relax nanocrystal structures at 0K using the
previously parametrized force field to obtain static input geometries32.
It was verified that the 0K structures show the same size dependent
phase behavior as the 300K simulations (Supplementary Fig. S6). This
gives us three structures to compare for each size: cubic, orthor-
hombic, and relaxed.

We calculated the thermally averaged radiative lifetime in the
time-dependent perturbation theory framework as:

hτri=
1

hκri
=

1
Z

X
n

e�βEn
ωn

3 μn

�� ��2
3πεoℏc3

" #�1

ð8Þ

where εo,ℏ, c are the vacuum permittivity, reduced Planck’s constant,
and speed of light, respectively. The parametersωn and μn correspond
to the transition frequency and the transition dipole strength of exci-
ton n. Reported radiative lifetimes are the Boltzmann thermal average
over excitons. An exciton basis consisting of a few thousand electron

Fig. 4 | X-ray diffraction (XRD) and molecular dynamics (MD) of varying
CsPbBr3 nanocrystal sizes. aXRDpatterns illustrating the transition from cubic to
orthorhombic symmetry. b a composite order parameter that assesses the degree
of crystal phase computed from MD simulation trajectories under ambient con-
ditions in reference to a perfect cubic and orthorhombic symmetry, where 0

indicates a cubic and 1 means an orthorhombic symmetry. Error bars denote the
variance of the order parameter due to fluctuations in 100 sampled geometries
over the simulation. The order parameter results align with XRD patterns, con-
firming the size-dependent phase transition from being cubic in small nanocrystals
to orthorhombic in larger nanocrystals.

Article https://doi.org/10.1038/s41467-025-60848-5

Nature Communications |         (2025) 16:6401 4

www.nature.com/naturecommunications


and hole product states converges the exciton radiative rates from the
BSE, yielding radiative lifetimes that agree well with experiments. A
non-monotonic trend in the radiative lifetime is observed as the
nanocrystal size increases from the strongly to the intermediately
confined regime (Fig. 5a). Uniquely, our atomistic calculations capture
this behavior across the size range, showing excellent agreement with
experiment for both small and larger perovskite nanocrystals. The
lifetimedecreases between 2—5 nm, andwe rationalize this decrease in
radiative lifetime by analyzing the size-dependent oscillator strength
of bright states. We find an increase in the oscillator strength of the
lowest bright state as the nanocrystals size increases, independently of
crystal symmetry (Fig. 5c). However, this does not cause the large
nanocrystals approaching weak confinement to exhibit a reduced
radiative lifetime. Instead, due to the increasing density of states (DOS)
in larger nanocrystals, high-lying states exhibiting weak oscillator
strength (i.e., dim states) become thermally accessible and lead to a
decreased Boltzmann population of the bright triplet manifold of
states (Fig. 5b). We underscore that the non-monotonic behavior
depends sensitively on the exciton level details and ambient
temperature conditions. We find that at lower temperatures, our
model predicts a monotonically decreasing size-dependence of the
radiative lifetimes (Supplementary Fig. S8) because the high-lying dim
states become thermally inaccessible, in alignment with previously
reported experimental findings13,15.

The nanocrystal crystal structure influences the exciton level
details. The cubic geometries host degenerate excitons and large
bright-dim gaps, while symmetry lowering to the relaxed and orthor-
hombic structures lifts degeneracies, spreads the excitonic spectrum,
and closes the bright-dim gap. In fact, we find that the competition
between oscillator strength and thermal depopulation only produces
non-monotonicity for the low symmetry structures where the bright-
dim gap is sufficiently small to compete with the size-dependent
oscillator strength increase. We underscore this analysis by con-
structing a model fit of the size dependent optoelectronic properties.
Size-dependent energies and oscillator strengths of excitons in cubic,
relaxed, and orthorhombic nanocrystals with 2.5–5.7 nm edge lengths
were fitted, and these fitted properties were used to compute the
radiative lifetimes (Supplementary Figs. S9–S11). For emphasis, the
radiative lifetimes were not fitted. Excitonic states in the BSE frame-
work were calculated for two additional nanocrystals sizes of 6.3 and
6.9 nm (up to 7400 atoms), representing a substantial software
development and computational effort due to our inclusion of full
spinors, spin-orbit coupling, and open boundary conditions. We cap-
ture the non-monotonic turnaround in these test points for both
relaxed and orthorhombic geometries, demonstrating that our model
is consistent to extrapolate to larger sizes (Fig. 5a). Convergence of the
final orthorhombic point proved numerically challenging but is inclu-
ded for completeness. Taking thesedata together, the interplayof size,

a b

c

Lowest exciton

Bright
triplets

Dim states

Fig. 5 | Size-dependent radiative lifetimes calculation. a Calculated size-
dependent radiative lifetimes for cubic (teal squares), relaxed (purple triangles)
and orthorhombic (gold circles) CsPbI3 nanocrystal structures with corresponding
radiative lifetime extrapolations from fits of the exciton energies and oscillator
strengths (lines). Only the energies and oscillator strengths of the first six sizes are
fitted, and the test points (red ringed points) demonstrate non-monotonicity in the
radiative lifetimes and fair agreement with the extrapolated trend. b Size-
dependent Boltzmann probabilities of the dark ground state (black), bright triplet

states (gold), and high-lying dim states (gray) show depopulation of the emissive
triplets in large nanocrystals. c Calculated excitonic states as a function of nano-
crystal size plotted for cubic, orthorhombic, and relaxed structures. Here, states
within 3κBT above the lowest exciton levels are visualized. The color of each state
encodes indicates the exciton transition dipole square magnitude (proportional to
oscillator strength) in atomic units [a.u.], which increases for the bright excitons
with increasing nanocrystal size.
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symmetry, and excitonic structure manifests a dramatic non-
monotonicity in lead halide perovskite nanocrystal radiative life-
times, revealing that CsPbX3 nanocrystals nearing intermediate con-
finement show optimal features for applications where rapid photon
emission is desirable.

In conclusion, the investigation of the effect of CsPbBr3 nano-
crystal size on radiative lifetime at ambient temperature reveals an
unexpected non-monotonic trend. Larger and smaller nanocrystals in
the weak and strong quantum confinement regimes displayed longer
radiative lifetimes, leaving the intermediately confined nanocrystals to
exhibit the shortest radiative lifetimes. Interestingly, we observed a
structural symmetry-lowering transition from cubic to orthorhombic
symmetry thatwas supported byX-ray diffraction andMD simulations.
The structural transition onset occurs for very small cubic nanocrystals
with edge lengths around 2 nm and progresses to the lower symmetry
orthorhombic phase as nanocrystal size increases. Simulations of
excitons with an atomistic pseudopotential + BSE model revealed that
large nanocrystals approaching the weak confinement regime showed
extended radiative lifetime due to the thermal population at room
temperature of high-lying states with weak oscillator strengths. In
contrast, the unexpected lengthening of radiative lifetime in smaller
nanocrystals within the strong confined regime was attributed to a
significant reduction in oscillator strength, leaving the intermediately
confined nanocrystals to exhibit the shortest radiative lifetimes. The
observed non-monotonic radiative behavior emerges in orthorhombic
and relaxed nanocrystals of lowered structural symmetry due to
exciton level splitting that reduces the energy gap from the bright to
dim states (bright-dim gap) and increases the density of the lower
energy dim states; cubic nanocrystals are not predicted to show non-
monotonic radiative lifetimes. This optoelectronic behavior lends
additional support to the XRD measurements and MD simulations, all
suggesting that larger perovskite nanocrystals adopt lower symmetry
structures. This study emphasizes the intricate and unique interplay
between theCsPbBr3 nanocrystal size and radiative lifetime, paving the
way to improve and engineer opticalmaterials with desirable radiative
lifetimes for diverse optical applications.

Methods
Chemicals
Lead (II) acetate trihydrate (PbOAc2•3H2O, 99.999%), oleylamine
(OAm, 70%), 1-octadecene (ODE, 90%), and benzoyl bromide (BzBr,
97%) were purchased from Sigma-Aldrich. Cesium carbonate (Cs2CO3,
99.9%, Metal basis) and oleic acid (OA, 90%) were purchased from
Thermo Scientific Chemicals. Other chemicals used include anhydrous
toluene (99.8%) and hexane.

Synthesis
CsPbBr3 nanocrystals were synthesized following a slightly modified
version of previously published procedures3,37. Briefly, ODE (10ml),
oleic acid (0.6ml), oleylamine (2ml), PbOAc2 (0.4mmol) and Cs2CO3

(0.06mmol)were loaded in a 50ml round-bottomflask, degassed, and
heated at 120 oC for 1 hr. Then, under nitrogen, the temperature was
raised to 140 oC for 15min followed by degassing at 120 oC for 10min.
The injection temperature was then set at 200 oC, under nitrogen, and
BzBr (1.7mmol) solution was injected swiftly. CsPbBr3 nanocrystals
formed almost instantly but were allowed to grow for 30–40 sec
before quenching in an ice-water bath. The nanocrystals were cleaned
in an inert environment via successive precipitation at 10 k rpm with-
out antisolvents and dissolution using toluene. Nanocrystals were
stored in 5ml toluene.

Optical spectroscopy
Absorption spectra were collected using a Shimadzu UV-3600 spec-
trophotometer. Photoluminescence spectrawere acquiredon aHoriba
Jobin Yvon Fluorolog-3 spectrophotometer equipped with a Synapse

OE-CCD detector. Time-resolved photoluminescencewas collected on
a Picoquant Fluotime 300 equippedwith PMA 175 and an LDH-P-C-405
diode laser with an excitation wavelength of 408 nm. Absolute quan-
tum yield measurements were collected using an integrating sphere
coupledwith anOceanOpticsQE Pro spectrometer and a 415-nm fiber-
coupled LED excitation source (M415F3, Thorlabs, 14.4mW).

XRD
X-ray diffraction patterns were obtained using a Rigaku benchtop
X-ray diffractometer that is equipped with HyPix-400 MF 2D hybrid
pixel array detector (HPAD) and a Cu Kα X-ray source (1.54059 Å)
operating at 40 kV and 15mA.

TEM
TEM and HRTEM images were acquired on an FEI Tecnai T20 S-TWIN
TEM operating at 200 kV with a LaB6 filament and equipped with a
Gatan Rio 16IS camera with 4 k resolution.

Computational methods
Molecular dynamics simulations as implemented in LAMMPS were
performed on CsPbBr3 and CsPbI3 nanocubes with edge lengths of
2–6 nm using a Lennard-Jones plus Coulomb force field obtained from
Bischak et al.32,33. Force field parameters are provided in the Supple-
mentary Information. Simulations were run in the NVT ensemble using
a Langevin thermostat with a damping constant of 100 fs. From an
initial temperature of 1 K, the systems were brought up to 300K by
increasing the thermostat temperature by 1 K every 100 fs. Dynamics
were evolved for 1 ns of equilibration and 1 ns of subsequent dynamics
at 300K with a 1 fs timestep. The structural symmetry at 300K was
obtained by sampling configurations every 1 ps and averaging the
anisotropy order parameter of each sampled configuration according
to Eqs. 5 and 6. Structural symmetries at 0 K were computed on
relaxed geometries by conjugate gradient minimization of the forces
(Supplementary fig. 6).

Electronic excited states were computed in an atomistic quasi-
particle plus Bethe-Salpeter equation (BSE) approach. Electron and
hole quasiparticle states were computed within the atomistic semi-
empirical pseudopotential framework34. Local, non-local, and spin-
orbit terms were included in the pseudopotential, which was fitted to
reproduce bandstructures of bulk CsPbI3 at the DFT +GW level. Qua-
siparticle states are two-component spinors represented on a real
space grid with 0.5 Bohr grid spacing in all dimensions. The filter
diagonalization technique was utilized to obtain up to 300 single-
particle eigenstates near the band edge. Correlated exciton stateswere
obtained by solving the BSE within the static screening approximation
for an electron hole basis of more than 4000 pair states. Massively
parallel implementations of filter diagonalization and real-space BSE
were developed to enable all-atomsimulationof excitons in perovskite
nanocrystals ranging from 2–7 nm, up to 7400+ atoms. The source
codewith example inputs is available onGitHub at https://github.com/
dchabeda/FilterBSE.

Data availability
All the data supporting the findings of this study are available within
this article and its Supplementary Information and Source Data file.
Any additional information can be requested from corresponding
authors. Source data are provided with this paper.
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