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Abstract
At low excitation density, the dynamics of excitons in semiconductor nanocrystals are largely
dictated by their interactions with the underlying atomic lattice. This exciton-phonon coupling
(EPC) is responsible, for example, for absorption and luminescence linewidths at elevated
temperatures, relaxation processes following optical excitation, and even degradation of quantum
coherent applications. Characterizing and understanding EPC is therefore central to guiding
rational design of colloidal nanocrystal materials and their device applications. In this review, we
compare different spectroscopic methods of measuring exciton-phonon interactions and the
complementary information that they provide. We emphasize the development of a new technique,
termed multidimensional coherent spectroscopy, that circumvents many of the limitations of
traditional methods.

1. Introduction

Semiconductor nanocrystals (SNCs) are often referred to as ‘artificial atoms’. This moniker refers to the fact
that, in nanocrystals of dimensions comparable to or smaller than the exciton Bohr diameter, quantum
confinement due to their small size gives rise to discrete atom-like energy levels. The resulting sharp and
size-tunable optical resonances have led SNCs to find applications in numerous areas ranging from
photovoltaics [1] to display technologies [2], and even biomedical applications [3].

Despite parallels between the optical properties of SNCs and those of atoms and molecules, important
differences arise (primarily) from the extended nuclear structure in SNCs. Perhaps the most obvious
difference is the introduction of lattice vibrations (phonons) in SNCs, which interact with electronic
excitations just as in bulk semiconductors [4]. This so-called exciton-phonon coupling (EPC) underlies
many of the salient optoelectronic properties of SNCs, and is therefore of primary importance to
experimentally characterize.

For measuring EPC, a specific set of spectroscopic techniques has been developed and standardized over
the past century. By far the most commonly used are absorption/photoluminescence spectroscopy and
spontaneous Raman spectroscopy, due to the simple requirement of a continuous-wave light source.
Stroboscopic techniques based on pulsed-laser light sources such as pump-probe and photon-echo
spectroscopy are also widespread due to their ability to measure coherent dynamics of electronic excitations.
In recent years however, a new technique has emerged that circumvents many limitations of the traditional
methods mentioned above, namely multidimensional coherent spectroscopy (MDCS) [5, 6]. The unique
capabilities of MDCS in regards to measuring EPC will be a primary focus of this review.

This review is organized as follows. We begin by reviewing the basic aspects of EPC in the usual Condon
approximation. We then outline one-dimensional characterization techniques, in which the experimental
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observable is resolved along one spectral axis. Finally, we introduce the technique of MDCS, and present a
selection of exemplary studies on nanocrystals that reveal information uniquely accessible via MDCS in both
the time- and frequency-domains.

2. Exciton-Phonon Coupling

In both molecular and condensed materials, the Hamiltonian to describe EPC is often partitioned into an
electronic system and a thermal reservoir. The reservoir is usually well-approximated by an ensemble of
harmonic oscillators which, to lowest-order, couple linearly to the electronic system. The resultant
Hamiltonian is the well-known ‘spin-boson’ Hamiltonian [7]:

H= |e⟩⟨e|h̄ωeg +
∑
{α}

h̄ωαa
†
αaα + |e⟩⟨e|

∑
{α}

√
sα(a

†
α + aα) (1)

where h̄ωeg is the electronic transition energy, aα(a†α) is the annihilation (creation) operator for phonon
mode α of resonance frequency h̄ωα, and sα is the Huang–Rhys factor [8] that quantifies the coupling
strength for mode α. In order, each term represents the energy of the electronic excitation, the energy of the
thermal reservoir, and the linear coupling strength respectively.

Is this physical picture valid for both molecular vibrations and phonons in solids? In molecular systems,
α simply indexes each vibration that couples to the electronic degrees of freedom. In solids however, α
indexes not only the individual phonon modes, but also their associated continuum of wavevectors. An
additional integral over phonon wavevector is therefore introduced in the Hamiltonian (1) for each
summation, and the coupling strength sα likewise becomes a momentum-dependent quantity. We may
therefore transition between the two cases of molecular vibrations and phonons in solids by considering
either a discrete ensemble of coupled harmonic oscillators or a continuum of modes with an energy
dispersion in momentum.

To aid intuition, we may revert the phonon modes into classical harmonic oscillators of coordinates qα.
Focusing on the effect of the coupling term in the electronic excited state |e⟩, such linear coupling does not
change the resonance frequency of the phonon modes but will shift its potential minimum coordinate. The
effective potentials resulting from a single phonon mode may be depicted by the ubiquitous ‘displaced
oscillator’ diagram shown in figure 1.

This diagram emphasizes the Born–Oppenheimer approximation that was implicitly made in our
discussion, in which the electronic potential energies become parametric functions of a given vibrational
coordinate qα. Note that each displaced oscillator describes the energy dependence of only a single mode α,
and the full potential energy surface shares the dimensionality of all modes {α}. In the case of molecular
vibrations or a weakly-dispersive phonon mode with well-defined energy, the optical properties of the system
may therefore be described by transitions between two manifolds of energy levels with separate electronic
and vibrational contributions. The following discussions of this review will be framed in this perspective.

3. One-dimensional characterization techniques

The most common type of technique for characterizing EPC are so-called one-dimensional spectroscopies,
in which an experimental observableO is resolved along a single frequency axis. ThoughO may be general,
we limit the observables considered here to emitted ‘signal’ electric fields Esig. To compare these various
techniques and their interpretations in a unified fashion, it is useful to consider the specific scaling of Esig
with excitation field Eexc:

Esig ∝ χ(n)Enexc (2)

where χ(n) is the optical susceptibility that governs the strength of an optical response. In the language of
nonlinear optics, n is referred to as the order of an underlying light–matter interaction, and allows us to
interpret each experiment as n optical transitions within the displaced oscillator model shown in figure 1.

3.1. Absorption and photoluminescence spectroscopy
Perhaps the two most common and conceptually simplest techniques are absorption/photoluminescence
spectroscopy [9]. The observables for each technique are optical absorption and emission resolved as a
function of the frequencies of the incident and emitted light, respectively. As linear (n= 1) spectroscopies,
each process may be interpreted as a single optical transition within the displaced oscillator model, shown in
figure 2.
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Figure 1. Displaced oscillator model corresponding to the spin-boson Hamiltonian and one coupled coordinate qα, where α
indexes a specific vibrational mode (and wavevector in solids). Assuming a nanocrystal size comparable to the exciton Bohr
radius, the energy splitting between the ground |g⟩ and excited |e⟩ electronic states derives from the energy gap of the parent
crystal in addition to the confinement energy due to finite nanocrystal size (depicted inset to the left). Coupling to qα results in
parabolic potential energy surfaces for each electronic state, and corresponding manifolds of vibrational states separated by the
phonon resonance frequency ωα (depicted inset to the right for a diatomic lattice).

Figure 2. Transition diagrams of absorption and photoluminescence spectroscopies within the displaced oscillator model. (Left)
Photoluminescence spectroscopy as downward transitions in energy from the excited electronic state into the vibrational
manifold of the ground electronic state. (Right) Absorption spectroscopy as upward transitions in energy from the ground
electronic state into the vibrational manifold of the excited electronic state. (Middle) Transition frequencies in absorption and
photoluminescence spectra, separated by multiples of the coupled phonon frequency ωα. At zero temperature, the two spectra
form mirror images of each other around ω = ωeg.

In the absorption diagram on the right of figure 2, a (in principle infinite) series of upward transitions to
states within the vibrational manifold of |e⟩ are shown, with increasing transition frequencies separated by
multiples of the phonon frequency ωα. A corresponding photoluminescence diagram is shown on the left of
figure 2 with a series of downward transitions into the vibrational manifold of |g⟩. In contrast to optical
absorption, the photoluminescence transition frequencies decrease by multiples of ωα and forms a mirror
image of the absorption spectrum (shown in the middle of figure 2).
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Figure 3. Photoluminescence spectrum of a single CdSe nanocrystal at a temperature of 2 Kelvin plotted on a (top) linear and
(bottom) log scale. Indicated are the zero-phonon line (ZPL), fundamental longitudinal-optical phonon replica of CdSe (1LO),
and its second overtone (2LO). A weaker peak corresponding to coupling to the longitudinal-optical phonon of CdS is indicated
as well. Reproduced from [12] with permission from the Royal Society of Chemistry.

Two assumptions are made in the diagrams of figure 2, namely that (1) optical absorption occurs
primarily from the vibrational ground state of |g⟩ and that (2) luminescence following photoexcitation
occurs after relaxation to the vibrational ground state of |e⟩. These assumptions are usually satisfied when the
Boltzmann energy kBT is small compared to the phonon energy h̄ωα, and thus, at elevated temperatures
additional transitions from vibrational excited states must be considered.

In real systems, various factors may complicate the measurement of clean phonon replicas as depicted in
figure 2. For example, increasing temperature is always accompanied by thermal broadening of resonance
lineshapes. If the transition linewidth becomes comparable to a given phonon energy, observation of phonon
replicas is no longer possible. In SNCs, a more problematic issue is inhomogeneous broadening of the
exciton resonance [10]. Variations in nanocrystal shape and size of an ensemble translate into variations of
exciton resonance energy, resulting in static broadening of resonance linewidths. The primary way of
overcoming this limitation has been via single-nanocrystal spectroscopies [11], in which ensemble disorder is
circumvented completely at the expense of experimental difficulty, signal strength, and particle statistics. An
exemplary single-nanocrystal photoluminescence spectrum of CdSe nanocrystals reported by Fernée et al is
shown in figure 3, in which two phonon replicas from the longitudinal-optical phonon mode of CdSe are
observed [12].

Even in inhomogeneously-broadened ensembles, EPC may be inferred indirectly from variations in
optical properties with temperature [13]. In particular, the existence of EPC shifts the exciton resonance
energy by an amount proportional to the phonon mode occupation, a temperature dependent quantity. This
shift is not necessarily linear, nor monotonic as shown in figure 4 by Liu et al for the case of CsPbI3
nanocrystals. A fit to the temperature dependence reveals both the resonance frequencies of the coupled
phonon modes as well as their relative coupling strengths [14]. Similar signatures may be observed in
renormalization of the photoluminescence center energy [15], though care should be taken in considering
the additional effect of temperature-dependent Stokes-shifts of origins other than EPC.

3.2. Raman spectroscopy
Another popular technique for characterization of EPC is spontaneous Raman spectroscopy [16], in which
light of frequencies ωin impinges on a material and subsequently scatters into optical modes of frequencies
ωout = ωin ±ωα, where ωα is the frequency of the scattered Raman mode [17].

In general, two types of scattering processes are possible, namely elastic (Rayleigh) scattering and
inelastic (Raman and Brillouin) scattering. At zero temperature, excited vibrational modes are unoccupied
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Figure 4. Center energies of the lowest exciton absorption resonance in CsPbI3 nanocrystals as a function of temperature are
plotted as blue dots. The non-monotonic temperature dependence requires coupling to at least three vibrational modes, and a fit
to the data by a three-oscillator model is plotted as the light-blue line. Representative absorption spectra at three temperatures are
plotted inset. Reprinted from [14], with the permission of AIP Publishing.

Figure 5. (a) Transition diagrams of spontaneous Raman scattering within the displaced oscillator model for Stokes Raman
scattering. The incident field at frequency ωin is inelastically scattered by the medium in a way that the scattering medium is
excited to a vibrational state with higher energy than the initial state. (b) Transition frequencies ωout in spontaneous Raman
spectra at zero-temperature, which are comprised of Rayleigh scattering at frequencies degenerate to ωin and Stokes scattering at
frequencies red-shifted by multiples of ωα. At elevated temperatures, anti-Stokes scattering at frequencies blue-shifted by
multiples of ωα become relevant as well.

and inelastic scattering may only occur through creation of vibrational excitations. This process in which the
scattered light is redshifted (ωin > ωout) is known as Stokes scattering, and is depicted in figure 5. The inverse
anti-Stokes scattering process (ωin < ωout) becomes relevant at elevated temperatures and is not shown here.
It should be noted that the incident photon energies h̄ωin are conventionally chosen to be lower than any
electronic resonances.

Two considerations make spontaneous Raman spectroscopy difficult to implement experimentally. First,
the Raman scattering probability is limited by occupation of the relevant vacuum photon mode, rendering
spontaneous Raman signals orders of magnitude weaker than incident fields. Depending on the application,
incident field strengths may also be limited due to confounding effects of interband background signals and
sample heating. Second, inferring EPC from spontaneous Raman spectra requires spectral separation of
(anti-)Stokes scattering fields from the incident fields. Care must therefore be taken in spectral filtering of the
incident field to avoid overlap of the incident spectrum and vibrational sidebands, a requirement that
becomes more stringent with decreasing vibrational energy. With these limitations in mind, we highlight
below three variations of Raman spectroscopy that have proven relevant for SNCs.
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Figure 6. Resonance Raman spectrum of ZnSe nanocrystals, in which phonon replicas of the longitudinal-optical phonon of ZnSe
are observed up to the third overtone. Reprinted with permission from [20]. Copyright (2016) American Chemical Society.

If incident photon energies are tuned into resonance with an electronic transition the Raman scattering
cross-sections of phonon modes are greatly increased. This situation is known as ‘resonance Raman
scattering’ [18], and a resonance Raman spectrum of ZnSe nanocrystals reported by Gong et al (where the
second and third overtones of the ZnSe longitudinal-optical phonon are visible) is shown in figure 6. This
technique enables the observation of higher-order Raman overtones, and from the intensity ratios between a
Raman scattering peak and its overtones, it is possible to extract a Huang–Rhys factor for the EPC [19].
Unfortunately, simple expressions exist only under strict assumptions concerning the coupled electronic
state(s), reducing the generality of such analyses.

Another powerful method to enhance weak Raman scattering signals is via plasmon-enhanced Raman
spectroscopy [21], otherwise known by its more specific variants termed surface-enhanced Raman
spectroscopy (SERS) [22] and tip-enhanced Raman spectroscopy (TERS) [23]. In general, SERS involves the
excitation of samples in proximity to a metallic object or environment, resulting in signal increase reaching
orders of magnitude. This enhancement has been attributed to both concomitant excitation of resonant
surface plasmon modes that generate significant enhancement of local fields [24] as well as chemical
interactions between the sample and surface [25]. Of course a concomitant increase in experimental
complexity is unavoidable, with SERS requiring more sophisticated sample and substrate preparation as well
as optical microscopy. Spatial resolution may be additionally achieved with TERS, in which a scanning probe
microscope is used to focus the plasmon-enhanced field with sub-nm resolution. We note that with the
advantages of TERS, experimental requirements also become more stringent with the requirement of an
ultra-high vacuum sample environment.

Lastly we discuss perhaps the most versatile method of Raman signal enhancement, termed coherent
Raman spectroscopy. In contrast to spontaneous Raman spectroscopy, in which the light scattering process is
induced by a vacuum photon mode, coherent Raman spectroscopy involves a stimulated scattering process
by an additional driving laser [26]. In addition to a scattering efficiency increase by orders of magnitude, the
scattered light is also rendered coherent by the additional external field. Of the variants of coherent Raman
spectroscopy, so-called coherent anti-Stokes Raman scattering (CARS) [27] is arguably the most commonly
used for SNCs. CARS exploits a nonlinear process in which the additional field interaction generates an
intermediate vibrational excitation in the electronic ground-state, leading to stimulated anti-Stokes
scattering. A primary reason for its widespread adoption is that the detected anti-Stokes scattering fields are
blue-shifted in frequency with respect to background fluorescence. Furthermore, in contrast to the other
Raman spectroscopy techniques described above, CARS is usually performed with pulsed laser sources with
sufficient bandwidth to stimulate anti-Stokes scattering. The use of short pulses of light to stimulate
vibrational excitations motivates a more general class of time-resolved nonlinear optical spectroscopies that
probe dynamic signatures of EPC in time, the focus of the following section.

3.3. Time-resolved four-wave mixing spectroscopies
We have so far discussed absorption/photoluminescence spectroscopy and Raman spectroscopy variations,
techniques that relate generally EPC to changes of optical properties in the frequency-domain. However, the
development of pulsed lasers enabled measurement of EPC dynamics in the time-domain on their intrinsic
time-scales as well. As conjugate variables, optical responses in time- and frequency- contain identical
information concerning exciton-phonon interactions. However, time-resolved spectroscopic methods offer
various advantages over their frequency-domain counterparts.
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Figure 7. (a) Experimental schematic of pump-probe spectroscopy, involving initial excitation of a sample by a ‘pump’ pulse EA,
followed by interaction with a ‘probe’ pulse EB after a time-delay T. (b) Transition diagram of pump-probe spectroscopy within
the displaced oscillator model, where a (dashed-)solid-outline arrow indicates an interaction with the (Bra)Ket of the system
density matrix [6, 32]. In addition to electronic populations (not shown), the two field interactions deriving from the first pulse
EA can generate vibrational coherences that evolve during the time-delay T, as illustrated by the blue oscillations. The two pulses
generate a nonlinear signal which scales with |EA|2EB and emits with a wave-vector kA − kA + kB in the same direction as EB.
Interference between EB and this third-order nonlinearity manifests as a pump-induced change in optical density of the sample.

For example, energy relaxation and dissipation become far more intuitive and easily quantified in the
time-domain as decay curves (compared to subtle deviation of spectral lineshapes from ideal Lorentzians in
the frequency-domain). Perhaps less obvious is the advantage gained from compressing the electromagnetic
energy of a light source into a short window in time. That is, one finds dramatically higher peak electric
fields for pulsed lasers over continuous-wave lasers with equivalent time-averaged power. Nonlinear optical
responses therefore become readily accessible with pulsed excitation, and in this section we focus on two
examples of time-resolved four-wave mixing (n= 3) spectroscopies [28], pump-probe and photon-echo
spectroscopy, towards studying EPC in SNCs.

3.3.1. Pump-probe spectroscopy
Perhaps the most well-known example of time-resolved spectroscopy is pump-probe spectroscopy, which
involves the excitation of a material with two pulses of light with a controllable time-delay. An initial ‘pump’
field EA excites the material into a non-equilibrium state, after which a second ‘probe’ field EB interrogates
any change in optical properties induced by the pump pulse. In the context of SNCs the optical property
measured by the probe pulse is usually optical density, measured by a change in transmission through a
sample. This variation of pump-probe spectroscopy is also known as transient absorption spectroscopy, and
is depicted schematically in figure 7(a).

From a more general perspective, transient absorption spectroscopy measures a third-order nonlinearity
which scales with |EA|2EB and emits with a wavevector kA − kA + kB. The two initial field interactions |EA|2
create either a population state or a vibrational coherence that evolves at the phonon eigenfrequency ωα. The
latter possibility is plotted in figure 7(b), which depicts the evolution of vibrational coherence in the excited
electronic state potential. After a time delay T, the incident probe pulse encounters a modulated optical
density proportional to the instantaneous vibrational coordinate. Experimental transient absorption
measurements reported by Sagar et al [29] are shown in figures 8(a) and (b), in which the pump spectrum
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Figure 8. (a) Absorption spectrum of CdSe nanocrystals (black line) compared to the pump pulse spectra (red and blue shaded
curves) and probe pulse spectrum (red line) of the pump-probe measurements performed. (b) Pump-induced changes in sample
optical density for a pump spectrum centered at the 1S (red) and 1P (blue) exciton resonances as shown in (a). (c) Residual curves
obtained by subtracting the incoherent envelopes from the curves in (b). Coherent oscillations are observed at two distinct
frequencies, as emphasized by fits to the data plotted in gray. (d) Frequency content of the coherent oscillations observed in (b),
obtained by Fourier transform. Frequencies of 18 cm−1 and 208 cm−1 are observed, which were assigned to a confined
longitudinal-acoustic mode and the longitudinal-optical mode of CdSe. Reprinted figure with permission from [29], Copyright
(2008) by the American Physical Society.

was tuned to two distinct exciton transitions in CdSe SNCs. In addition to incoherent relaxation dynamics,
coherent oscillations are observed as a function of the pump-probe time-delay T, which become apparent in
the residual time traces in figure 8(c) upon subtraction of the incoherent envelopes. Their Fourier spectra in
figure 8(d) identify two coupled phonon modes as a confined longitudinal-acoustic mode (ωα ≈ 18 cm−1)
and the longitudinal-optical mode of CdSe (ωα ≈ 208 cm−1), where EPC to the latter mode is suppressed for
the upper 1P exciton state.

We note that pump-probe measurements are also sensitive to vibrational modes beyond those of the host
lattice. Confined vibrational modes arising from the finite nanocrystal geometry may also result in coherent
modulation of the probe field, as reported by Lin et al in gold nanocrystals [30]. More sophisticated
‘pump-pump-probe’ experiments have also been reported, for example by Spann et al in CdTe1-xSex
nanocrystals [31], in which coherent control of the phonon modulation was achieved by splitting a single
pump pulse into a pair with variable inter-pulse time-delay. Such three-pulse experiments resemble the more
general technique of multidimensional spectroscopy, which comprise the focus of the last part of this review.

3.3.2. Photon-echo spectroscopy
Another powerful four-wave mixing technique is photon-echo spectroscopy [17, 28], which involves
detection of an optical analogue to spin-echoes [33] in nuclear magnetic resonance. Photon echoes may be
generated by the same excitation configuration shown in figure 7(a) with an emission wavevector
−kA + kB + kB, rendering photo-echo spectroscopy a background-free technique as shown in figure 9(a). As
indicated by the emission wavevector, the photon echo signal scales with E∗AE

2
B (where E

∗
A is the conjugate of

the complex field amplitude EA). The first excitation pulse creates an electronic coherence as shown in
figure 9(b), which evolves for a time delay τ until photon echo emission is produced by the second excitation
pulse via E2B.

The utility of photon-echo spectroscopy is apparent in ensembles with an inhomogeneous distribution of
resonance energies, as shown in figure 10(a). While the inhomogeneous linewidth Γinhom normally obscures
the homogeneous linewidth Γhom in other techniques, photon-echo spectroscopy separates the two
broadening mechanisms in the time-domain such that the photon-echo signal decays with a lifetime 1/Γhom

that is averaged over the ensemble [34]. The lifetime corresponding to the inhomogeneous linewidth
1/Γinhom then manifests in the temporal width of the photon-echo pulse that is emitted a time τ after the last
interaction with pulse EB [35].

As a recent example, Bohn et al have performed photon echo measurements on methylammonium lead
iodide nanoplatelets to measure the ensemble-averaged homogeneous linewidth as a function of
temperature, which exhibit thermal line-broadening due to EPC. By fitting the temperature dependence to a
one-mode model, coupling to a longitudinal-optical mode of energy ELO = 21± 3 meV was inferred. Similar
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Figure 9. (a) Experimental schematic of photon-echo spectroscopy, involving initial excitation of a sample by a pulse EA (blue),
followed by excitation by a pulse EB (red) after a time-delay τ . Note that in contrast to pump-probe spectroscopy, the field
strengths of EA and EB are more commonly balanced. The two pulses generate a nonlinear photon-echo signal (yellow) that scales
with E∗AE

2
B and emits with a wave-vector−kA + kB + kB. The emission wavevector is distinct from those of the excitation fields,

rendering photon-echo spectroscopy a background-free technique. (b) Transition diagram of photon-echo spectroscopy within
the displaced oscillator model, where a (dashed-)solid-outline arrow indicates an interaction with the (Bra)Ket of the system
density matrix [6, 32]. The single field interaction E∗A generates an electronic interband coherence that decays according to the
transition linewidth Γhom. The last two field interactions E2B stimulate the emission of a photon-echo signal that separates the
effects of inhomogeneous broadening [35].

measurements have also been performed on other nanocrystal systems, for example PbS [36], CdSe [34, 37],
and CsPbBr2Cl [38] SNCs.

4. MultiDimensional Coherent Spectroscopy

Despite their utility, most nonlinear spectroscopic techniques (including pump-probe spectroscopy and
photon-echo spectroscopy) measure either only a portion or a projection of the full complex,
multi-dimensional optical susceptibility χ(n) [39]. These piece-wise measurements of χ(n) discard salient
information about the underlying dynamics while also introducing ambiguities in interpretation. In recent
years, a technique capable of measuring the entire complex nonlinear optical response has been developed,
known as MDCS [5]. MDCS is an extension of sophisticated Fourier transform spectroscopies, originally
developed for nuclear magnetic resonance, to optical frequencies, and has emerged as the preeminent
method for disentangling complex dynamics in a wide range of materials ranging from molecules [40, 41] to
semiconductors [42, 43], and even biological systems [44, 45].

In its most general realization, MDCS involves excitation of a sample with three excitation pulses which
cooperatively stimulate the emission of a nonlinear optical signal. This signal may be isolated either [46] via
wavevector phase-matching [47] as considered here or other frequency-domain methods [48]. Usually a
photon-echo signal is chosen to be measured, which is emitted with a wavevector−kA + kB + kC as shown in
figure 11(a) with the time-ordering shown in figure 11(b). The distinguishing characteristic of MDCS is that
the temporal dynamics of the photon-echo signal during the three time delays {τ,T, t} are Fourier
transformed to correlate their frequency-domain responses in a multi-dimensional spectrum. The
time-delays τ and T must therefore be stable to within a small fraction of the oscillation period of interband
coherences, a technical challenge that requires active stabilization of path lengths [47], passively-stable pulse
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Figure 10. (a) Illustration of inhomogeneous broadening of an exciton resonance, where E1s and E2s refer to the energies of the 1s
and 2s excitonic transitions respectively, along with the onset of the conduction band continuum EG. The linewidth Γtotal

measured in ensembles by conventional spectroscopic techniques is comprised of the homogeneous linewidth Γhom and
inhomogeneous linewidth Γinhom, the latter of which usually dominates. (b) Ensemble-averaged homogeneous linewidths in
methylammonium lead iodide nanoplatelets measured by photon-echo spectroscopy, which exhibit an activation behavior
attributed to EPC. Reprinted with permission from [51]. Copyright (2018) American Chemical Society.

generation methods [49], or active monitoring of path-length fluctuations [50]. We will defer further
discussion of experimental implementations [49] and the microscopic dynamics underlying various
nonlinear optical signals to more detailed [17, 32, 39], and focus on exemplary MDCS studies that revealed
unique aspects of EPC in SNCs in the remainder of this review.

4.1. Spectral signatures of EPC in 2D spectra
Perhaps the most powerful capability of MDCS is to project homogeneous and inhomogeneous broadening
mechanisms into orthogonal directions in a ‘one-quantum spectrum’ [35], which correlates absorption and
emission dynamics of a material via Fourier transform along the two time axes {τ, t} in figure 11(b). In this
way, homogeneous lineshapes may be directly resolved in an inhomogeneously-broadened nanocrystal
ensemble without isolating single emitters [52].

Counter-intuitively, the homogeneous linewidth of the zero-phonon line directly informs EPC in
nanocrystals. The zero-phonon linewidth γ, which reflects spectral broadening due to elastic
exciton-phonon scattering, scales with temperature Ts according to the expression:

γ(Ts) = γ0 +ATs +
B

eEph/kBTs − 1
(3)

where γ0 is the intrinsic linewidth limited by population relaxation, the second linear dependence on
temperature reflects broadening due to an acoustic phonon continuum, and the last term reflects broadening
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Figure 11. (a) Experimental schematic of multi-dimensional coherent spectroscopy, involving initial excitation of a sample by a
pulse EA (blue), followed by excitation by a pulse EB (red) after a time-delay τ and final excitation by a pulse EC (green) after a
time-delay T. Different emitted nonlinearities may be measured, but we consider here the case in which three pulses generate a
nonlinear photon-echo signal (yellow) which scales with E∗AEBEC and emits with a wave-vector−kA + kB + kC, which is most
relevant for studying EPC. The time-delays τ and T, as well as the signal emission time t, must be phase-stabilized to allow for
subsequent Fourier transform of the time-domain dynamics. (b) Transition diagram of multi-dimensional spectroscopy within
the displaced oscillator model, where a (dashed-)solid-outline arrow indicates an interaction with the (Bra)Ket of the system
density matrix [6, 32]. The single field interaction E∗A generates an electronic interband coherence that decays according to the
transition linewidth Γhom. The second field interaction EB generates either a vibrational coherence (shown) or an electronic
population (not shown), and the last field interaction EC stimulates the emission of a photon-echo signal that also decays
according to Γhom. Typically, the signal is Fourier transformed along either {τ, t} or {T, t} to obtain a ‘one-quantum’ or
‘zero-quantum’ spectrum respectively, as described in the text.

due to a phonons of discrete energy Eph. The EPC strengths A and B, as well as the relevant phonon energies
Eph, may therefore be characterized by measuring the temperature dependence of a zero-phonon
linewidth [53]. Two such experiments have been reported recently by Yu et al in CsPbBr3 nanocubes [54]
and Liu et al in CsPbI3 nanoplatelets [55], which both observed broadening due to the acoustic phonon
continuum primarily.

For low temperatures at which dephasing times in SNCs become comparable to characteristic frequencies
of the coupled thermal environment, the homogeneous lineshape contains information about the
frequency-dependent structure (spectral density) [56] of the system-bath coupling. However, the
non-Lorentzian lineshapes that reflect these physics have proven difficult to resolve using single-nanocrystal
spectroscopies due to signal strength limitations and variation between individual emitters of an
ensemble [57].

To overcome these limitations, Liu et al applied MDCS to CdSe SNCs and resolved their
ensemble-averaged homogeneous linewidths as a function of temperature [58]. As shown in figure 12(a),
non-Lorentzian lineshapes were observed in the one-quantum spectra that strongly depended on
temperature. By examining slices along the direction of homogeneous broadening in figure 12(b), a narrow
peak and broad pedestal were identified as the zero-phonon line and EPC to the acoustic phonon continuum
respectively. While the matched sound velocities between CdSe and the surrounding glass matrix sustained
delocalized acoustic vibrations, the finite nanocrystal size also introduced confined torsional vibrations of
discrete energies [4]. The lineshape was then reproduced by simulating simultaneous coupling to both
confined and delocalized vibrational modes, emphasizing the power of MDCS to characterize spectral
densities in complex quantum systems.
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Figure 12. (a) Absolute-value one-quantum spectra acquired for T= 1 ps and at temperatures of 5 and 16 K as indicated. The
solid black curves represent the spectra of the excitation pulses, which window the nonlinear optical response. A red dashed arrow
in the bottom panel indicates the location of the slices shown in (b). (b) Slices of experimental one-quantum spectra at increasing
temperatures (solid purple curves) compared to simulation (black lines). Reprinted with permission from [58]. Copyright (2019)
American Chemical Society.

4.2. Time-domain signatures of EPC in 2D spectra
In the previous section one-quantum spectra exhibiting strongly non-Lorentzian spectral lineshapes, arising
from EPC to low-energy acoustic modes, were presented as a window into the microscopic system-bath
interactions. Spectral lineshapes may be thought of as the frequency-domain counterpart to time-domain
dephasing of optical coherences, and non-Lorentzian lineshapes may therefore be related to deviations from
exponential dephasing. From a microscopic perspective, non-exponential dephasing indicates a finite
correlation time of the underlying energy-gap fluctuations [17], or in other words a violation of the usual
Markovian approximation. Coupling to optical phonon modes may also induce non-exponential dephasing
in principle, but such signatures are even more difficult to measure due to a more limited phonon density of
states and confounding influence of the acoustic phonon bath.

Frequency-domain techniques such as photoluminescence and Raman spectroscopies are capable of
measuring EPC strengths and associated vibrational resonance frequencies, though quantifying subtle
deviations from Lorentzian lineshapes of vibrational sidebands has proven impractical. On the other hand,
time-domain techniques such as pump-probe and photon-echo spectroscopies primarily measure either
vibrational dephasing dynamics or zero-phonon line dephasing [60] respectively. The limitations of such
one-dimensional techniques may be circumvented by MDCS in a mixed time- and frequency-domain
approach. Specifically, a ‘zero-quantum spectrum’ [61] correlates vibrational and emission dynamics via
Fourier transform along the time axes {T, t} in figure 11(b). The remaining time delay τ then provides access
to dephasing dynamics of the initial optical coherences.

Such zero-quantum spectra of CdSe CNCs were reported by Liu et al [59] and shown in figure 13(a), in
which two peaks are observed that separate population relaxation (blue box) and vibrational (red box)
dynamics. By observing the evolution of each peak intensity as a function of delay τ , dephasing dynamics of
the exciton transition are resolved with respect to the involvement of a coupled optical vibration. The
evolution of the population relaxation peak plotted in the top of figure 13(a) is well-reproduced by the
conventional Kubo ansatz for the correlation function of the energy gap dynamics [32], which assumes
Gaussian fluctuations with a finite correlation time, while the evolution of the vibrational sideband plotted
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Figure 13. (a) Absolute-value zero-quantum spectra acquired at a temperature of 20 Kelvin and at increasing values of time-delay
τ as indicated. The dashed blue and red boxes outline the population relaxation peak and vibrational sideband respectively, and
indicate the areas of integration for the curves in (b). (b) Integrated peak intensities of the two peaks in (a) as a function of
time-delay τ . Corresponding peak intensities of spectra simulated for a displaced oscillator model are shown by dashed lines,
which fail to reproduce the non-Markovian dephasing dynamics observed in the vibrational sideband. Reprinted with permission
from [59]. Copyright (2019) American Chemical Society.

in the bottom of figure 13(b) deviates from simulation. Indeed, these vibrationally-induced non-Markovian
dephasing dynamics were revealed only after distilling vibrationally-coupled interband coherences by MDCS.

Another notable study concerning temporal signatures of EPC was reported by Seiler et al [62], in which
the homogeneous linewidth resolved in one-quantum spectra was further measured as a function of the
intermediate time-delay T. In this way, modulation of the homogeneous linewidth due to variation in
vibrational amplitude may be resolved directly in time. Exemplary CdSe and CsPbI3 SNCs were studied to
reveal contrasting behavior of the lineshape dynamics, namely reversible modulation due to coherent
phonon dynamics in covalently-bonded CdSe and diffusive dynamics due to polaron formation in
ionic-bonded CsPbI3. Further quantitative analysis allowed for extraction of the polaron formation time and
reorganization energy in CsPbI3 SNCs.

5. Summary and outlook

EPC plays an important role in the fundamental properties and many practical applications of SNCs. Yet
compared to our knowledge of electronic structure in SNCs, our understanding of EPC in these systems
remains limited. From our perspective, experimental measurements can inform design principles and
constrain theoretical models, and are essential to advancing our understanding in this area. We have
therefore reviewed common techniques for characterizing EPC in SNCs, and have also introduced
multi-dimensional spectroscopy as a powerful new method to circumvent many limitations of traditional
techniques [43]. These are summarized in table 1.

Many interesting aspects of EPC in SNCs remain open for investigation, in particular with MDCS, and
we give three examples of particular interest to us. First, characterizing the spectral density of EPC for more
complicated unit cells than the simple case of CdSe [58], for example in perovskite nanocrystals [43], would
be useful in relation to their unique optoelectronic properties. We have also observed the importance of
dimensionality in ‘freezing out’ coupling to various vibrational modes [14, 55, 63], and further investigation
of the dimensional cross-over would be useful for understanding the underlying mechanisms. Finally, we
mention the aspect of EPC in various colloidal heterostructures. By varying the band-alignment of
constituent interfaces, electrons and holes can be localized in either the same, or different spatial regions of
SNCs. Unique heterostructure geometries, such as so-called colloidal nanoshells [64], also offer the
possibility to engineer the exciton wavefunction in new ways. The effects of both band-alignment and
heterostructure geometry on EPC remain attractive frontiers to explore.
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Table 1. Summary of techniques for characterizing exciton-phonon coupling in semiconductor nanocrystals. Light source requirements
and experimental observables are listed.

Technique Light Sourcea Experimental Observables for EPC

Absorption BB Temperature dependence (exciton resonance energy)
Photoluminescence NB/BB Temperature dependence (exciton resonance energy)
Raman NB Phonon sideband to overtone intensity ratio
Pump-Probe BB,TR Amplitude/phase modulation of coherent oscillations
Photon-Echo BB,TR Temperature dependence (exciton homogeneous linewidth)
MDCS BB,TR Homogeneous spectral lineshape, time-domain dephasing
a NB= Narrowband, BB= Broadband, TR= Time-Resolved.
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