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ABSTRACT: The idea that the electronic transition dipole moment does not depend upon nuclear excursions is the Condon
approximation and is central to most spectroscopy, especially in the solid state. We show a strong breakdown of the Condon
approximation in the time-resolved photoluminescence from CsPbBr3 metal halide perovskite semiconductor nanocrystals.
Experiments reveal that the electronic transition dipole moment increases on the 30 ps time scale due to structural dynamics in the
lattice. Ab initio molecular dynamics calculations quantitatively reproduce experiments by considering excitation-induced structural
dynamics.

The idea that the electronic transition moment is
independent of nuclear excursions is central to most of

spectroscopy, especially in condensed matter systems, and is
termed the Condon approximation.1 While there are glimpses
of the breakdown of the Condon approximation in the
dynamics of small molecules, this approximation is especially
central to analysis of spectroscopy of the condensed matter2−4

due to weaker coupling to phonons, i.e., electronic structural
dynamics. Yet the extent to which the transition moment
depends upon nuclear motion is central to how one analyzes
their spectroscopy and dynamics. This breakdown reflects
strong electron−nuclear interactions from which structural
dynamics can be understood.
In small molecular systems there have been experiments that

focus on the breakdown of the Condon approximation via
indirect spectroscopic means such as Raman spectroscopy5−7

or other frequency domain methods8,9 under the guise of
nonadiabatic dynamics which arises from the breakdown of the
Born−Oppenheimer approximation10,11 which is related to the
Condon approximation by the nuclear coordinate derivatives.
With the advent of femtosecond lasers, it was possible to
directly observe non-Condon effects in the time domain via
amplitude modulations of time-resolved photoluminescence (t-
PL) spectra or transient absorption (TA) spectra.12−14 Even in
small molecules, these observations of amplitude modulation
due to non-Condon dynamics are rare compared to frequency
modulation by Franck−Condon-based wavepacket dynam-

ics.15−17 In condensed matter systems such as graphene and
carbon nanotubes, there has surprisingly been identification of
the breakdown of the Condon approximation via indirect
observation by interpretation of Raman spectra,3,4 like in
molecular systems. What is missing is a direct, time-domain
measurement of the breaking down of the Condon
approximation in a condensed matter system.
Semiconductor metal halide perovskites, and especially their

nanocrystal (MHP NC) form, provide a platform to investigate
electronic structural dynamics such as non-Condon effects due
to their rich structural dynamics and strong electron−lattice
interactions and novel properties that have given rise to their
remarkable performance in devices.18−23 Due to their unique
lattice that is ionic rather than covalent, perovskites can exhibit
liquid−solid duality in terms of their being a phonon glass/
electron crystal.24−27 Being a phonon glass, their structural
dynamics takes place on a distribution of time scales from 300
fs for polaron formation28 to 30 ps for other lattice
dynamics25,29−33 in the cascade of processes that parallels
solvation dynamics in liquids and glasses.34,35
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Here, we show a strong breakdown of the Condon
approximation in the t-PL spectroscopy of a model perovskite
system of 15 nm CsPbBr3 nanocrystals, the model system that
has been most studied to date. The Condon approximation of
the independence of the electronic transition dipole moment
to lattice structural dynamics is one of the central
approximations in condensed matter physics. This breaking
of the Condon approximation is revealed by the time-
dependent excited-state survival probabilities being highly
nonexponential at sufficiently low excitation densities as
reflected in the t-PL signals. Rather than reveal a prompt
decay as anticipated from most systems, the t-PL shows a
surprising buildup time of 30 ps in which the t-PL increases in
amplitude by 20%. This buildup of the t-PL area is not due to
hot-carrier emission. It is proposed to arise from the glassy
structural dynamics unique to perovskites. Comparison to
covalent CdSe nanocrystals and a molecular laser dye show no
such delayed-buildup effects, consistent with their following
the Condon approximation. Theory performed at the ab initio
molecular dynamics level quantitatively reproduces experiment
and rationalizes these results in terms of excitation-induced
structural dynamics.
Figure 1 presents an overview of the system and the

spectroscopy. Figure 1a shows the CsPbBr3 metal halide
perovskite forms with APbX3 stoichiometry, in which the
lattice consists of covalent PbX3

− cubic-to-nearly cubic
framework filled with an A+ cation, where A+ corresponds to
Cs+, formamidinium, or methylammonium and X corresponds
to a halide anion. The main point from the structural analysis is
that these structures are both very polar with strong electron−
lattice couplings, and there is a broad distribution of glassy and
low-frequency phonon modes that characterize the system. At
300 K, one generally sees spectral densities rather than well-
resolved peaks, consistent with their glassy lattice.34 Figure 1b
shows a linear absorption and PL spectrum of the 15 nm MHP
NC. These NC are twice the 7 nm Bohr length and can be
considered weakly confined or bulk-like NC,22,23 rather than
strongly confined quantum dots (QD) as in the case of CdSe,
which is smaller than its Bohr length.
Figure 1c,d shows the t-PL data obtained using a streak

camera detector with a time resolution (instrument response
function, IRF) of 3 ps when in the ps mode. The IRF is 100 ps
in the ns mode. The step size in the ps mode is 330 fs.
Spectrally resolved and spectrally integrated measurements
were obtained at a range of pump fluences and temperatures,
using a liquid He cryostat (see the Supporting Information for
details). The t-PL on the nanosecond time scale shows no
spectral dynamics, and the population decay is observed to be
single exponential on the nanosecond time scale, consistent
with the literature.
The question of monitoring the breakdown of the Condon

approximation in real time is illustrated in Figure 1e−h. In
molecular systems, there are several indirect ways to observe
non-Condon effects, such as details of the Raman scattering
process. But these are indirect evidence of non-Condon effects
in contrast to real-time observations that are made possible in
time domain measurements, whether transient absorption
(TA) or t-PL. In the case of a molecular system with a high-
frequency quantum mode one will observe coherent wave-
packet dynamics that is oscillatory and underdamped due to
the nature of the dynamics (Figure 1e). In the case of a low-
frequency classical mode, one will see diffusive motion along
the excited-state potential energy surface in the vein of

molecular solvation dynamics (Figure 1f). A measurement of
the time-domain signal in the case of a quantum mode creating
strong non-Condon effects will arise as an amplitude
modulation of either the dynamic absorption spectrum in
TA or in the t-PL spectra, in contrast to the frequency
modulation that is more commonly observed due to
wavepacket motion (Figure 1g). In the case of the low-
frequency classical mode undergoing solvation or glassy
structural dynamics, there will be a time scale to the system
response that is not instantaneous due to the importance of
lattice geometry on the transition dipole moment in such a
system (Figure 1h).

Figure 1. Observing the breakdown of the Condon approximation in
limiting cases. (a) The CsPbBr3 perovskite nanocrystals have an ionic,
glassy crystal structure as schematically illustrated and have an edge
length of 15 nm. (b) The steady-state absorption spectra are
featureless, with a Stokes shifted photoluminescence (PL) band. The
inset shows a transmission electron microscopy image with a 20 nm
scale bar. The time-resolved PL (t-PL) spectrum is shown in (c), and
the spectrally integrated kinetic transient is shown in (d). The
breakdown of the Condon approximation can be observed in the
limits of coherent quantum and diffusive classical nuclear motions (e
and f, respectively). These non-Condon effects can be reflected in the
spectrally integrated transients as modulations to the t-PL intensity
that are either underdamped or overdamped (g and h, respectively).
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To obtain the highest signal-to-noise, we then focus on the
spectrally integrated t-PL measurements on the time scale of
100 ps, with a 3 ps IRF. Figure 2a shows the t-PL data of 15

nm CsPbBr3 MHP NC at various fluences that are low relative
to the single exciton level normally used in nanocrystal and
quantum dot spectroscopy, ⟨N⟩ < 1. In practice, that means
that one typically uses fluences in which ⟨N⟩ ∼ 0.3−0.5 to
observe linearity in the signals, especially in the TA signals.
Here, we show that one can go to a low enough fluence to
recover exponential kinetics of decay. But going to still lower
fluences reveals a rise time to the buildup of the t-PL on the 30
ps time scale with a 20% amplitude. See the Supporting
Information for details on the measurements of pulse energies,
exciton densities, and fluence dependence. The fact that one
must go to such extremely low exciton densities, ⟨N⟩ ∼ 0.03,
reveals the strong probability of biexciton formation which
creates fast signals that hide this t-PL buildup which is only
observable at the absolute lowest of exciton densities.
To test if these effects were observable in other systems that

are not glassy and ionic, we compared the t-PL to strongly
covalent model chromophores of CdSe QD of 5.1 nm diameter
and to rhodamine B laser dye in methanol (Figure 2c). Both of
these are well-known chromophores and light emitters. Neither
system shows any t-PL buildup, showing no evidence of non-
Condon effects on this time scale. Nor is there any hot PL on
this time scale for any system.
To test whether these effects are thermally assisted, the t-PL

transients were obtained at 300, 80, and 4 K (Figure 2d). It is
well-known that at low temperatures, perovskites show faster
PL decays due to a faster radiative rate constant at low

temperature.23 This increase in the rate constant at low
temperatures is not well understood, however. Regardless, the
fast decay at low temperature produces competition kinetics,
which mask any possible buildup of PL due to non-Condon
effects. At 80 K the data reveal a delayed decay rather than a
buildup, and at 4 K there is a prompt decay due to the fast
radiative decay.
In order to elucidate the origin of the non-Condon behavior

of the PL in the CsPbBr3 pervoskite, we perform ab initio
modeling which provides a rationalization of the experimen-
tally observed phenomenon. It has been established that metal
halide perovskites (MHPs) are soft materials that can undergo
significant structural changes when subjected to external
perturbations, such as light, current, or temperature.25,27,29,34,35

MHP regions containing defects, such as point defects and
grain boundaries, are particularly prone to such a re-
sponse.36−40

Building on our recent work on MHPs perovskite grain
boundaries that can undergo both fast and slow structural
changes,38,39 we consider the response of such a system to
photoexcitation (Figure 3). MHP samples contain surfaces,

boundaries, and edges that govern excited-state dynamics.41−43

Such structures tend to create shallow states inside the
fundamental bandgap, assisting exciton dissociation. The
nanocrystals studied in this work contain a grain boundary
and surfaces, while at the same time, the nanocrystal size is
relatively small, and charges localized near such shallow defects
interact due to quantum confinement effects.
We build the model of a typical grain boundary, equilibrate

it at 80 and 300 K, as in the experiments, and consider the
response to the photoexcitation (Figure 3). The simulation
details and further data are shown in the Supporting
Information. We do not consider 4 K because it is impossible

Figure 2. t-PL kinetic transients at early time reveal non-Condon
effects in CsPbBr3 perovskite nanocrystals. (a) The transients at very
low exciton density, ⟨N⟩ ≪ 1. (b) The reciprocal saturation curve,
showing the low exciton densities required to see the t-PL rise. The
A/B ratio refers to the signal at time zero relative to the signal at 200
ps. (c) The t-PL transients in two reference systems with that are
strongly covalent, thereby having quantum modes, including CdSe
quantum dots and the molecular laser dye, rhodamine 6G. (d) There
is a strong temperature dependence to the t-PL buildup in these MHP
NC.

Figure 3. Results of ab initio and machine learning molecular
dynamics simulations. (a) Evolution of luminescence in the CsPbBr3
perovskite NC following photoexcitation at 300 K. The inset on the
left shows the corresponding result at 80 K. The inset on the right
demonstrated delocalization of the electron charge density at 300 K
due to photoinduced defect heeling. Projected densities of states of
the CsPbBr3 perovskite NC at (b) 0, (c) 20, and (d) 40 ps after
photoexcitation at 300 K. Green and orange denote contributions
from Br and Pb atoms, respectively. Cs has little contribution in the
shown energy range. The shallow trap states are healed, and the
charge densities become more delocalized and shown in the insets,
leading to an increase in the PL intensity.
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to define the simulation temperature to such fine accuracy due
to finite size effects. In equilibrium at both 80 and 300 K, the
system exhibits shallow trap states below the conduction band
minimum (CBM) that localize electrons (Figure 3b). Similar,
even more shallow, localized states appear at the valence band
maximum (VBM) (Figure S1) such that the electron and hole
overlap little, and the corresponding transition dipole moment
is small (Figure S2).
Photoexcitation at 300 K facilitates healing of the shallow

trap states, leading to charge delocalization, enhanced
electron−hole overlap, increased transition dipole moment,
and stronger PL. This effect is not observed at 80 K because at
this temperature the system is more frozen and trapped in a
local minimum structure. The structure changes little upon
photoexcitation (Figure S4), the transition dipole moment
remains the same (Figure S5), and the PL does not grow
(Figure 3a inset). The simulations indicate that the PL decay
observed experimentally at 4 and 80 K occurs as a result of
excited-state depopulation. The rise in the PL signal observed
at 300 K is due to structural dynamics in the excited state, on a
time scale consistent with both the ultrafast diffraction
experiments25,29 and the dielectric dispersion experiments in
the THz regime.34,35,44 Such evolution facilitates healing of
shallow traps present in MHPs, delocalizes electrons and holes,
improves their overlap, and increases the PL transition dipole
moment. At a long time, the PL decays both because of
excited-state depopulation and relaxation of the MHP NC
structure back to the local minima with shallow, localized
charge trap states.
In summary, we find that metal halide perovskite nanocryst-

als display an anomalous photoluminescence time response,
which shows an initial buildup rather than a prompt decay, as
expected. This initial buildup of PL takes place on the time
scale of 30 ps and is only visible near room temperatures at
extremely low excitation levels and hence has never before
been observed. This buildup of PL is assigned to a breakdown
of the Condon approximation of a constant transition dipole
moment, which is central to much spectroscopy, especially in
the solid state. Theory at the ab initio molecular dynamics level
is able to quantitatively reproduce the experimental observa-
tion in terms of excitation-induced structural dynamics.
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