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ABSTRACT: Electronic coherence is central to numerous areas of
science, from quantum biology to quantum materials. In quantum
materials, lead-halide perovskite (LHP) quantum dots (QDs) have
been shown to support electronic coherence through observation
of coherent single-photon emission and superfluorescence arising
from spatial coherence at low temperatures. In contrast, direct
measurement of temporal coherence between exciton states has
been lacking. Here, we employ coherent multi-dimensional
spectroscopy to observe an electronic coherence between exciton states in CsPbBr3 QDs that is long-lived at room
temperature, surviving nearly three times longer than the electronic dephasing time. This observation of a long-lived
electronic coherence at room temperature points to nearly perfectly correlated lattice fluctuations for each excitonic state in
the superposition. These experiments reveal that the properties of LHP QDs extend to lattice dynamics that give rise to
correlated fluctuations in the basis exciton states, a process that may next be optimized by design.
KEYWORDS: lead-halide perovskite, quantum dot, nanocrystal, coherent multidimensional spectroscopy,
two-dimensional electronic spectroscopy, electronic coherence

INTRODUCTION
Coherence between quantum states is general feature of
quantum materials and their deployment in quantum enabled
technologies.1,2 The coherences observed historically are low
energy (millielectron-volts), arising from phonons,3−5 spins,6,7

or exciton fine structure8 as the basis states. For wide
deployment of quantum technologies, however, quantum
coherence that extends to higher energies and that operates
at room temperature are urgently needed. The former
requirement has been met in various quantum systems, but
implementing quantum technologies under ambient conditions
is typically prohibited by the fragility of quantum states and the
ubiquitous sources of decoherence that are most severe at
room temperatures.
A system that has attracted tremendous attention for their

quantum optoelectronic properties is the lead-halide perovskite
(LHP) quantum dots (QD).9,10 For example, demonstrations
of single-photon emission, superfluorescence, and coherent
spin manipulation all point to LHP QDs as a promising
material platform for a wide variety of quantum applications.
These LHP QDs further offer facile chemical synthesis,
offering both scalability and straightforward integration into
various quantum technologies. Yet most of their quantum

emitter phenomena are, as is common in quantum materials
more generally, observable only at cryogenic temperatures
since strong coupling between charge carriers and the
underlying perovskite lattice is both responsible for many of
their unique characteristics, and conversely the very source of
quantum decoherence at elevated temperatures.2,5,7,11−13

Here, we report on the first observation of long-lived
electronic coherence in CsPbBr3 LHP QDs. We employ
broadband Coherent Multi-Dimensional Spectroscopy
(CMDS) to measure coherent oscillations at the frequency
of an excitonic splitting, not overlapping with any phonon
coherences. Two-dimensional amplitude and phase correlation
maps unambiguously reveal the observed coherence to be
electronic. The electronic coherence is shown to be long-lived
even at room temperature, with a dephasing time of 119 fs that
is nearly three times longer than the pure electronic dephasing
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time of the basis excitonic states. This long-lived electronic
coherence survives due to correlated fluctuations in the LHP
lattice that persist despite the system being warm and wet.

RESULTS AND DISCUSSION
The system we study is CsPbBr3 QDs,14,15 which exhibits an
orthorhombic crystal structure at room temperature as shown
in Figure 1a. All figures and discussion are for QDs with edge

lengths of 18.4 nm (informed by the transmission electron
micrographs shown in Figure 1b), though we repeated our
experiments and analysis for smaller QD with 4.9 and 9.4 nm
edge lengths and observed the same quantum coherence at
room temperature (see Supporting Information Table S1).
The linear optical properties of our system are shown in

Figure 1c, which exhibit an absorption peak at 2.43 eV and
Stokes-shifted photoluminescence at 2.39 eV consistent with
previous studies of comparable samples.15−23 These one-
dimensional spectra resolve only one single low-energy
excitonic state, denoted here as |X1⟩. Higher-energy excitonic
states remain unresolved in the absorption spectrum due to the
combination of (i) small energetic separations between
subsequent transitions in such large and weakly confined
QDs, and (ii) significant peak broadening, arising from both
the pronounced exciton−phonon coupling in CsPbBr3 QDs at
room temperature and an inhomogeneous peak broadening
contribution from a finite QD size and shape distribution of
the probed QD ensemble.15 Higher-energy excitonic states are
also not observed in the photoluminescence spectrum due to
exciton relaxation to |X1⟩ proceeding orders of magnitude
faster than radiative decay,24 typically occurring on a
subpicosecond (see SI) and nanosecond time scale in CsPbBr3
QDs at room temperature, respectively. Consequently, any

potentially present interexcitonic coherence between excited
states at room temperature remain concealed in ensemble
measurements usings such one-dimensional absorption and
photoluminescence spectroscopy.
Here, we leverage the unique capabilities of CMDS toward

circumventing the above limitations of linear and one-
dimensional techniques. CMDS has proven powerful in
disentangling complex dynamics in varied condensed, chem-
ical, and biological systems,25,26 and has also been applied to
LHP QDs more recently.27,28 However, previous applications
of CMDS to LHP QDs have largely applied limited excitation
spectral bandwidth,28 sufficient only to study the band-edge
exciton dynamics. Here, we implement broadband CMDS with
excitation pulses generated from a hollow-core fiber (as
previously described). As the resulting excitation bandwidths
of 300 meV exceeds intraband level spacings in CsPbBr3 QDs,
we can capture both the band-edge exciton and higher-lying
excitons simultaneously.
A schematic of our CMDS experiment is shown in Figure

2a, in which three excitation pulses with variable interpulse

Figure 1. Linear optical properties of CsPbBr3 quantum dots. (a)
Crystal structure of CsPbBr3 in an orthorhombic crystal phase at
room temperature. (b) Transmission electron micrograph of
CsPbBr3 QDs, informing an average side length of 18 nm. (c)
Absorption and photoluminescence spectra of the 18 nm CsPbBr3
QDs, exhibiting a single absorption peak by the band-edge exciton
state |X1⟩ and a single Stokes-shifted emission peak from the same
transition.

Figure 2. Nonlinear four-wave mixing spectroscopy reveals
dephasing and relaxation times. (a) Experimental schematic of
coherent multidimensional spectroscopy, involving initial excita-
tion of the CsPbBr3 QD ensemble by two collinear pulses
separated by a time delay t1, followed by a third pulse after an
intermediate time delay t2. The three excitation pulses generate a
four-wave mixing signal that emits along the real laboratory time
t3. (b) Optical exciton coherence evolves along the time delays t1
and t3, while population relaxation and interexciton coherence
between two excited states evolve along the intermediate time
delay t2.
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time delays t1 and t2 generate a nonlinear four-wave mixing
(FWM) signal that emits along the real laboratory time t3. The
evolution of the FWM signal as a function of each time delay
then provides unique information concerning the dynamics of
the system density matrix as shown in Figure 2b. In the top
panel, dynamics of interband coherences between the
electronic ground state |g⟩ and an exciton state |Xi⟩ evolve
across the time delays t1 and t3, which decay with a dephasing
time T2

Xi. Across the remaining intermediate time delay t2, two
distinct processes contribute. In the middle panel, decay of
excited-state populations occurs with a relaxation time T1

Xi,
which can occur due to radiative relaxation into the ground
state (which we neglect here due to the nanosecond time
scale) and also between exciton states (femto- to picosecond
time scale). In the bottom panel, interexcitonic quantum
coherences between distinct exciton states |Xi⟩ and |Xj⟩ (with
an energy separation within the excitation bandwidth) decay
with a dephasing time T2

exc.
Guided by the correspondence between each time delay and

the dynamics of quantum coherences and populations, we are
now in a position to design a CMDS experiment to completely
characterize the quantum dynamics of our CsPbBr3 QDs. To
perform CMDS, we measure the FWM signal along the time
delays {t1,t3}S and Fourier transform along both time axes to
correlate their corresponding excitation and emission dynam-
ics. A resultant absorptive two-dimensional spectrum is shown
in Figure 3a for an intermediate time delay t2 = 20 fs, which
exhibits a rich structure absent in one-dimensional absorption
and photoluminescence spectra. We may immediately examine
its line shape along the ‘diagonal’ (E1 = E3) line, which is
plotted in Figure 3b and exhibits two distinct peaks. Given that
this line shape reflects optical excitation and stimulated
emission at identical photon energy E1 = E3, we may loosely
interpret the spectrum in Figure 3b as a ‘nonlinear’ electronic

density of states and identify the lower-energy peak as the
familiar band-edge exciton |X1⟩ (at an energy EX1 = 2.43 eV)
and the higher energy peak as a new exciton state |X2⟩ (at an
energy EX2 = 2.51) hidden in both the linear optical spectra
shown in Figure 1c and previous transient absorption spectra.
This is the diagonal (D) spectrum of a CMDS data set.
Shown in Figure 3c-d are the spectra for 3.9 nm diameter

CdSe QD as a reference for QD with a spectrum of excitons
that may support electronic coherence, moreover one that is
long-lived. The CMDS data in Figure 3c shows that there are
also two exciton states that lie within the pump bandwidth.
These two states are the well-known 1S and 2S exciton states
in the multiband effective mass approximation.29,30 Although
recent empirical pseudopotential calculations reveal more
states present with slight differences in their excitonic
nature.31,32 Figure 3d shows the D spectra illustrating two
well-resolved excitonic states for which a coherence may be
formed.
The two-dimensional lineshapes of each peak then allow us

to characterize the intrinsic dephasing times of each exciton
transition. It is these phase and population relaxation times
that set the speed limits on electronic coherence and that it is
long-lived relative to some speed limit. Specifically, Figure 4a
displays the ‘antidiagonal’ (AD) lineshapes of the |X1⟩ and |X2⟩
transitions, whose cross-diagonal line widths return dephasing
times of T2 = 55 fs and T2 = 34 fs for the |X1⟩ and |X2⟩
transitions, respectively. We note that dephasing times were
extracted from spectra at short intermediate time delay t2 = 20
fs to avoid broadening effects due to spectral diffusion and/or
polaron formation.27,33

With knowledge of the two exciton transitions and their
intrinsic dynamics in hand, we can leverage the additional t2
degree of freedom to probe system dynamics ranging from
zero frequency (population relaxation) up to frequencies

Figure 3. Nonlinear multidimensional spectroscopy reveals two excitonic states to form a basis for electronic coherences. (a). Absorptive
CMDS spectrum acquired at a time-delay t2 = 20 fs exhibits a complex structure absent in one-dimensional spectra for 19 nm CsPbBr3 QD.
(b) Lineshape along the energy "diagonal" direction (E1 = E3) as indicated inset, which reveals two peaks corresponding to two states |X1⟩
and |X2⟩ separated by an energy splitting Δ21 = 80 meV. |X1⟩ is the familiar band-edge exciton manifold while |X2⟩ is a new excitonic state
revealed by CMDS. (c) CMDS spectrum of 3.9 nm diameter CdSe QD. (d) Diagonal projection of the CdSe spectrum.
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within the excitation bandwidth (interexciton coherence), as
shown in Figure 4b. To measure population relaxation, decay
of the 2-D spectrum amplitude at a coordinate (E1,E3) =
(EX2,EX1), corresponding to excitation at the higher-lying
exciton |X2⟩ and emission at the lower-lying exciton |X1⟩,
returns an |X2⟩ population relaxation time of T1 = 78 fs (SI).
Radiative relaxation of each exciton to the electronic ground
state |g⟩ occurs on far longer (nanosecond) time scales and is
thus neglected in the remaining analysis. We have recently

performed detailed energy resolved CMDS analysis of hot
exciton cooling dynamics,16 consistent with this measurement.
To measure coherence from a superposition of exciton

states, we consider positions in the CMD spectra correspond-
ing to excitation and emission involving different exciton
transitions. While this includes the same spectral coordinate
(E1,E3) = (EX2,EX1) from above, the simultaneous presence of
population relaxation complicates analysis of any underlying
coherent dynamics. We therefore consider the inverse position
(E1,E3) = (EX1,EX2), corresponding to excitation at the lower-
lying exciton |X1⟩ and emission at the higher-lying exciton |X2⟩,
which isolates possible signatures of interexcitonic coherence
along the time delay t2 as shown schematically in Figure 5a.
Whereas there have been searches for electronic coherence

in quantum materials and QD, these are low energy, requiring
cryogenic temperatures; there have been no observations of
electronic coherence from a basis of exciton states. In contrast,
in biophysical systems like photosynthetic light harvesting
complexes and their analogs, there has been a long search for
electronic coherences arising from exciton states via CMDS.
This search for electronic coherence focused on the idea of
long-lived coherences arising from correlated motions among
excitons.34−38 Following the initial reports to the positive,39−44

there have been other reports to the negative.37,45,46,38 The
search for electronic coherence in these systems was initially
reported in several examples, but these examples are suggested
to arise from other effects such as vibronic coherence. For an
inorganic system with perfect order, nanoplatelets have shown
excitonic electronic coherence.47 As we discuss further below
in comparing CsPbBr3 to CdSe QD, the presence of excitonic
peaks does not guarantee the observation of electronic
coherence let alone that it is long-lived. There are key issues
of disorder that must be addressed.
We now arrive at the primary result of this work, namely the

electronic coherence in a warm and wet (more precisely a

Figure 4. Measuring phase and population relaxation to identify
speed limits for possible electronic coherence. (a) Antidiagonal
(AD) spectrum for the |X1⟩ state, which only has phase relaxation.
Antidiagonal (AD) spectrum for the |X2⟩ state, which includes
population relaxation. (b) Measurement of population relaxation
from |X2⟩ to |X1⟩.

Figure 5. Correlated fluctuations preserve interexcitonic coherence at 300 K. (a) A coherent superposition of the two exciton states |X2⟩⟨X1|
evolves along t2 at the coordinate (E1,E3) = (EX1,EX2). (b) Experimental measurement of the interexciton coherence at room temperature in
18 nm CsPbBr3 QD from which a coherence time of T2

exc = 119 fs is fitted. (c) Its Fourier transform returns an oscillation frequency of 80
meV, matching the exciton energy splitting. Shown also is a Raman spectrum adapted from,56 which demonstrate that the electronic
coherence exists at an energy splitting for which there are no vibronic/phonon coherences. (d) Low frequency Raman spectra showing the
spectral density of the lattice bath. The Raman spectra are adapted with permission from ref 55. Copyright 2017 American Physical Society.
The AIMD spectra are adapted with permission from ref 57. Copyright 2024 arXiv.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c03051
ACS Nano 2025, 19, 19927−19937

19930

https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c03051/suppl_file/nn5c03051_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c03051?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c03051?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c03051?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c03051?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c03051?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c03051?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c03051?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c03051?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c03051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lattice with liquid-like structural dynamics27,33,48−55) material
is long-lived relative to the intrinsic time scale limited by pure
electronic dephasing. The experimental t2 dependence of the
CMD spectrum at (E1,E3) = (EX1,EX2) (following a Fourier
filtering procedure to remove a slowly varying background (as
detailed in the SI) is shown in Figure 5b, which exhibits clear
coherent oscillations indicative of quantum coherence. A fit of
the oscillation in the time-domain then returns a coherence
time of T2

exc = 119 fs. Its Fourier spectrum then reveals an
oscillation frequency matching the energy splitting Δ21 = 80
meV between |X1⟩ and |X2⟩, as expected from a superposition
between the two basis exciton states, Figure 5c. Also shown in
Figure 5c is a Raman spectrum adapted from56 which
demonstrates that the electronic coherence exists at an energy
splitting for which there are no vibronic/phonon coherences.
In the early examples of interexcitonic electronic coherence,
the coherence was later shown to be of vibronic origin. With
these data, we can clearly show that the putative electronic
coherence has no Raman vibronic coherences at the same
energies.
Figure 5d. shows the low frequency Raman spectra to show

the spectral density of the lattice bath. The Raman and AIMD
spectra are adapted from.55,57 The main idea from these
Raman spectra is that the response is a spectral density at 300
K, characteristic of overdamped phonon modes undergoing
anharmonic mixing to produce a lattice response that is similar
to a liquid or glass, unlike CdSe QD or other covalent
semiconductors. This phonon spectral density represents the
lattice motions to which the excitons couple. Rather than
undergoing periodic modulation, the excitons undergo
fluctuations by coupling to the fluctuating lattice
bath.13,15,27,33,49,54,55,58,59

While it may not seem surprising that a basis of exciton
states supports electronic coherence, closer scrutiny reveals
divergence from this simple view. The behavior of the CsPbBr3
QD here is compared to the same search for coherences in
CdSe QD.60 CdSe QD are actually a more ideal system for
supporting electronic coherence, upon initial inspection. CdSe
QD have well-resolved excitonic states easily spanned in
CMDS experiments.31,32,61−65 Yet an electronic coherence was
not observed, while a vibronic coherence was observed.60 This
situation of observing one coherence but not the other, is
precisely inverted from the behavior of the LHP QD.
Figure 6 illustrates the CdSe response in which there are

vibronic coherences but not interexcitonic electronic coher-
ences. The data is adapted from.60 Figure 6a shows the idea of
observing interexcitonic coherences in CdSe QD. Unlike
CsPbBr3 QD, these conventional CdSe QD show two peaks
within the light source spectrum. These peaks arise from well
understood excitonic states that are nominally described via
multiband effective mass theories,66,67 but are better described
using atomistic theories.31,32,60,68−74 Here, the simple level
diagram in Figure 2 is extended to include coupling to
phonons since they are easily seen in experiment.75,76

Figure 6b shows the residual oscillations from the CMDS
data, with spectral selection of E1 to be resonant with the X1
state. There are clear oscillations in the data. Figure 6c shows
the Fourier transform of the residual oscillations to compare to
Raman and electronic spectra. These CMDS experiments
reveal a clear vibronic coherence, matching with the energies of
the optical and acoustic phonons in CdSe QD. The lines are
broader than obtained with transient absorption spectroscopy
only due to those experiments sampling the coherence for 10

ps, with a 5 ps decay time, whereas these CMDS experiments
only extend to 500 fs so cannot as well resolve the phonon
modes. The energy of a putative interexcitonic electronic
coherence is shown, but it does not appear in the experimental
data. Hence a QD system that initially appears better suited to
observing electronic coherence is actually far worse at
supporting this form of coherence. Clearly there is something
unique about the excitonic structure of these basis states in
LHP QD, and there is also unique character to their
dynamically disordered lattice which better protects the
electronic coherence from dephasing than the ordered covalent
lattice of CdSe QD.
The rationalization for this absence of electronic coherence

in CdSe QD emerged from ab initio molecular dynamics
simulations.60 The main idea is that the spectroscopic
observation of two resolved peaks does not guarantee the
basis states supporting a coherence. The reason is that there
are in reality many more basis states31,32,77,78 than implied by
the presence of two peaks. Moreover these basis states undergo
fluctuations which may induce dephasing as for CdSe QD or
may protect from dephasing to support coherences. Finally
such a coherence protection mechanism may enable an
electronic coherence to be long-lived relative to the internal
speed limits of phase and population relaxation times of the
basis exciton states.
In the search for electronic coherences in condensed phase

systems, especially in biological systems, a key issue is to
ensure that the putative electronic coherence does not overlap
with a Raman spectrum of the coupled vibrational modes. The
oscillations in the CMDS data reveal a coherence that is likely
to be interexcitonic in origin by virtue of the oscillation
frequency matching the peak splitting for the two excitons in
the basis. The lack of overlap between the putative
interexcitonic electronic coherence and the vibronic coher-
ences further support this assignment. The most detailed
characterization to distinguish electronic from vibronic
coherences 2D correlation maps of phase and ampli-
tude.60,79−82

These correlation maps are shown in Figure 7 the putative
electronic coherence in these perovskite QD and for a phonon
coherence in CdSe QD. The details of the modeling can be

Figure 6. CdSe QD show vibronic coherence but no interexcitonic
electronic coherence. (a) Low-energy linear absorption of 3.9 nm
diameter CdSe QD revealing two excitonic states. (b) Residual
oscillations from CMDS data. (c) Fourier transform of the residual
oscillations. The AIMD spectra are adapted with permission from
ref 60. Copyright 2021 National Academy of Sciences.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c03051
ACS Nano 2025, 19, 19927−19937

19931

https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c03051/suppl_file/nn5c03051_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c03051?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c03051?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c03051?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.5c03051?fig=fig6&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c03051?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


found in our previous work on the search for electronic
coherence in QD.60 Briefly, we used multimode Brownian
oscillator model which assumes the line shape functions can be
decomposed in a sum of contributions from multiple
uncorrelated bath modes.83 The model coherence map for
electronic coherence is obtained by considering a four-level
system consisting of a ground state |G>, two excitons states |
X1>, |X2> and a biexciton state, |XX>. The difference in energy
between these two exciton states sets the frequency of the
oscillation along e2.The model coherence map for vibrational
coupling is obtained by considering a three-level system
consisting of a ground state |G>, a single exciton state |X1>,
and a biexciton state |XX>. Coupling to vibrations is modeled
as an undamped classical vibrational bath mode (evib = 25.5
meV) using the Huang−Rhys line shape function with S = 0.2
at 300 K.
As discussed in our original work using these coherence

maps,60 a minimal spectroscopic model of QD requires
inclusion of excited state absorption from excitons to
biexcitons. Fortunately there is a basis of understanding the
spectroscopy of biexcitons in QD based upon time-resolved
photoluminescence spectroscopy,17,19,20,23,62,84 transient ab-
sorption spectroscopy,30,62,77,85−90 and coherent multidimen-
sional spectroscopy.62,64 While there is electronic structure to
biexcitons as there is to the basis excitons, for these
bandwidths and temperatures one only needs to consider
one absorbing biexciton state. Based upon this modeling, there
is excellent consistency between the experiment and
simulation. These results demonstrate that electronic and
vibronic coherences can be qualitatively distinguished based
upon two-dimensional coherence maps.
The size dependence of the coherence further supports its

origin as due to correlated excitons coupled to the lattice bath.
All QD show spectra of confined excitons.30,66,78 LHP QD are
no different, with a band edge exciton energy and an S−P
energy gap that follows an inverse power law functional
form.12,15 This |X2> state observed here, contributing to the |
X2>< X1|coherence, has not been observed in linear absorption
or transient absorption. CMDS has revealed this higher lying

state,16,33 with preliminary experiments revealing an anomalous
size dependence in the opposite direction of standard quantum
size effects.
Assuming this higher-lying exciton is an excitation-induced

state, it would not appear in the linear absorption spectrum.
Moreover this state may not be visible in transient absorption
spectroscopy due to it being a one-dimensional spectroscopy
that suffers from spectral congestion as discussed in the CMDS
literature.25,26,35,91−93 We have recent reports in which CMDS
revealed these two peaks in LHP QD and enabled character-
ization of their relaxation dynamics16,33 and nonlinear optical
signals,61 but they do not explain the physical origin. The
physical origin of this higher-lying state is currently being
investigated. For the present purposes, we can say that there
are two observed peaks in the frequency domain and one
coherence period in the time domain representation.
The size dependence is shown in Figure 7a. The peak

splitting in the frequency domain as well as the oscillation
frequency in the time domain have a clear linear relationship to
the QD edge length. This linear relationship is not just
quantitatively different than standard QD response, but is
qualitatively different; it is in the opposite direction. None-
theless, there is observation of electronic coherence in three
different lengths of CsPbBr3 QD, with a strong size
dependence (Figure 8). The oscillation amplitude also
maintains this strong, linear edge length dependence, Figure
7b.
This inverse size dependence to the splittings and coherence

amplitude suggests that these effects are not standard QD size
effects. Instead, these effects may arise from an excitation
induced process. One example of such a process arises from
exciton-polaron coupling. In lieu of exciton−phonon coupling
for CdSe QD, LHP QD have exciton-polaron coupling as the
appropriate electron−lattice interaction picture. We have
suggested via simpler time-resolved photoluminescence17,20

and transient absorption spectroscopy48 that strong exciton-
polaron coupling should give rise to polaron induced
localization of the exciton. Recent work by linear spectroscopy
and ab initio molecular dynamics simulations further

Figure 7. Two-dimensional amplitude and phase correlation maps unambiguously assigns the nature of coherences as electronic or vibronic.
The simulated coherence maps are shown in the top row, (a−d) The experimental coherence maps are shown in the bottom row. (e−h)
Across each row are the simulated and experimental coherence maps for electronic coherence (amplitude), electronic coherence (phase),
vibronic coherence (amplitude), and vibronic coherence (phase). CdSe data adapted with permission from ref 60. Copyright 2021 National
Academy of Sciences.
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corroborates this picture.57 Very strong exciton-polaron
coupling may then give rise to an excitation induced spectrum
of states.
The simplest inspection of a quantum system suggests that a

coherent superposition of basis states will produce a coherence.
Coherences have been seen in many degrees of freedom. But
as we showed in comparing LHP QD to II−VI QD, the
presence of peaks in a linear absorption spectrum is not a
guarantee that an electronic coherence will exist. Moreover, if
an electronic coherence exists, it will diphase. But will this
dephasing time scale be long relative to the internal speed
limits set by T2 of each state? Figure 9 addresses this final
question of why this interexcitonic electronic coherence is
long-lived.
Assuming two exciton transitions that experience uncorre-

lated energetic fluctuations that induce dephasing, the
interexciton coherence time T2

exc is shorter than those of the

individual exciton transitions, related by T2
exc =
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Ç
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The drastic difference between the long interexciton coherence
time observed in our experiments and the far shorter
interexciton coherence time naively expected from uncorre-

lated transitions (21 fs with the exciton dephasing times given
above) may be reconciled, however, if their underlying
fluctuations are correlated. The above relation between the
interexciton coherence time and the intrinsic exciton
coherence times are now generalized in the following relation
(see47 for details and derivation):
The above relation between the interexciton coherence time

and the intrinsic exciton coherence times are now generalized
in the following relation:
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where C is a coefficient that reflects the degree of correlation
between the fluctuations of |X1⟩ and |X2⟩, ranging from −1
(perfectly anticorrelated) to 1 (perfectly correlated) and
becoming zero for uncorrelated fluctuations as illustrated in
Figure 9a.
To confirm that synchronized fluctuations are responsible

for the remarkably long-lived quantum coherence we observe
at room temperature, we perform a classical simulation of the
interexciton coherence dephasing (valid at the high temper-
ature considered here) by generating 10000 trajectories of each
exciton energy EX1(t) and EX2(t) in time for a given degree of
correlation to perform a subsequent ensemble average. The
results of these simulations are shown in Figure 9b which
indicate that for uncorrelated fluctuations (C = 0) the
interexciton coherence dephases immediately as expected
from the prior discussion while for the near-perfectly
correlated fluctuations inferred from our experimental
measurements (C = 0.96) the interexciton coherence persists
on a time scale compatible with the experimental measure-
ments. The Fourier spectrum shown in Figure 9c. These
simulations well reproduce the experiments by invoking near
perfect correlation between the fluctuations each state
experiences by coupling to the lattice bath.

CONCLUSIONS
To conclude, these CMDS measurements reveal that
electronic quantum coherence between exciton states in LHP
QDs can persist at room temperature, for time scales far
exceeding optical coherence times. This quantum coherence
involves two excitonic states revealed by coherent multidimen-

Figure 8. Generalizing the electronic coherence to other QD side
lengths. (a) Interexcitonic energy splitting vs side length. (b)
Interexcitonic oscillation amplitude relative to the baseline signal
vs edge length.

Figure 9. Correlated fluctuations give rise to long-lived electronic coherence. (a) Illustration of a two-state system undergoing fluctuations
with and without correlations. (b) Simulated electronic coherence. (c) Lineshape of the simulated electronic coherence.
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sional spectroscopy, whose energetic fluctuations are remark-
ably synchronized even at warm and wet conditions of an
anharmonic lattice at room temperature. These findings pave
the way to leverage this room temperature quantum coherence
toward extending the transformative quantum applications of
LHP QDs to higher temperatures enabled by higher energy
coherences.

METHODS
The methods, materials, and simulations are detailed in the SI. Briefly,
the CMDS experiments were performed in the pump/probe
geometry. The light source was an Ar filled hollow core fiber pumped
with an optical parametric amplifier. The coherent pulse trains were
generated by acousto-optic modulators. The CMDS experiment has
been detailed in our prior works on method development61,94−98 and
application of CMDS to QD.16,27,31−33,60,64,65 The LHP QD were
synthesized as described previously.15
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