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ABSTRACT
Over the past two decades, coherent multidimensional spectroscopies have been implemented across the terahertz, infrared, visible, and
ultraviolet regions of the electromagnetic spectrum. A combination of coherent excitation of several resonances with few-cycle pulses,
and spectral decongestion along multiple spectral dimensions, has enabled new insights into wide ranging molecular scale phenomena,
such as energy and charge delocalization in natural and artificial light-harvesting systems, hydrogen bonding dynamics in monolayers,
and strong light–matter couplings in Fabry–Pérot cavities. However, measurements on ensembles have implied signal averaging over
relevant details, such as morphological and energetic inhomogeneity, which are not rephased by the Fourier transform. Recent exten-
sion of these spectroscopies to provide diffraction-limited spatial resolution, while maintaining temporal and spectral information, has
been exciting and has paved a way to address several challenging questions by going beyond ensemble averaging. The aim of this Per-
spective is to discuss the technological developments that have eventually enabled spatially resolved multidimensional electronic spectro-
scopies and highlight some of the very recent findings already made possible by introducing spatial resolution in a powerful spectroscopic
tool.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052234

I. INTRODUCTION

Electronic and vibrational motions are known to drive quan-
tum relaxation processes on the fastest timescales.1,2 Fundamental
aspects of the above molecular scale physics, although occurring
on femtosecond to picosecond timescales, may impact macroscopic
phenomena, such as the nature of human vision,3 photocurrent
efficiency of photovoltaic devices,4 and natural photosynthesis.5
Typically, the above relaxation processes occur between several
overlapping vibrational–electronic (vibronic) bands in condensed
phase dissipative environments, rendering a purely experimen-
tal determination of the underlying relaxation mechanisms quite
challenging.

In analogy with multidimensional nuclear magnetic reso-
nance (NMR),6,7 the advent of optical multidimensional spectro-
scopic techniques has partly addressed the above issue by spectrally
decongesting relaxation processes in terms of a two-dimensional
(2D) contour map, which correlates the excitation and detection

frequencies of a system. Similar to spin echoes in NMR, Fourier
transform multidimensional spectroscopy8 can also rephase the
ensemble dephasing of a collection of oscillating dipoles to reveal
the homogenous dephasing timescale of an individual dipole in
the ensemble. The 2D contour maps evolve with the pump–probe
waiting time T and show the correlations between chromophores
both within and across the vibronic bands excited by femtosecond
pulses. However, multidimensional spectroscopies with single wait-
ing times9 do not rephase the energetic or morphological inhomo-
geneities in the sample along the pump–probe waiting time such
that the underlying relaxation mechanisms between overlapping
vibronic bands may still be obscured. These could be the timescales
of homogeneous dephasing of coherences between excited states
in an inhomogeneous distribution of energy gaps10 or morphol-
ogy dependence of singlet exciton fission11 and exciton diffusion12

rates.
The above limitations of multidimensional spectroscopy,

which arise due to ensemble averaging of dynamics along T, are
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connected to the fact that traditional experimental implementa-
tions13 have relied on non-collinear or partly collinear geome-
tries with the advantage of signal detection being completely
or partially background-free, respectively. However, non-collinear
phase-matching relies on having the volume of the amplitude
and phase grating14 imprinted by the pump pulses on the sam-
ple being much larger than the diffraction-limited volume imposed
by the wavelength of light, thereby limiting the available spa-
tial resolution. Sensitivity of detection of the radiated electric
field from macroscopic polarization further constrains the possi-
bility of sub-ensemble measurements. Recently, developments in
acousto-optic phase-modulation and pulse shaping techniques15,16

have paved the way for multidimensional electronic spectroscopy
(MES) at the diffraction limit. This Perspective discusses the
technological developments that have made this feasible and the
new science already made possible by spatially resolved MES
(srMES).

II. DEVELOPMENT OF COLLINEAR APPROACHES
TO MULTIDIMENSIONAL ELECTRONIC
SPECTROSCOPY

Several detailed reviews on the experimental and the-
oretical principles governing coherent multidimensional spec-
troscopy are available.1,8,13 In order to understand the devel-
opment of fully collinear approaches to MES and, therefore,
the development of spatially resolved techniques, it is essential
to discuss the experimental implementation aspects of typical

multidimensional spectroscopic techniques, which are briefly sum-
marized below.

A. Non-collinear geometry
A MES experiment is understood under the time-dependent

perturbation framework where the combined effect of light–matter
interactions initiated by incoming electric fields creates macroscopic
polarization in the sample that oscillates at optical frequencies.
Oscillating polarization radiates an electric field along directions
where the wavevectors of the incoming electric fields interfere con-
structively. As shown in Fig. 1(a), in a typical experiment, three
pulses are incident on the sample in a boxCARS geometry, with
wavevectors ⃗k1, ⃗k2, and ⃗k3 along three corners of a square. The
signal electric field E⃗s is then radiated along the fourth corner of
the square in a known, background-free, phase-matched direction.
Interaction of the system with three incident pulses dominantly
leads to a four-wave mixing process with the total three light–matter
interactions from the input pulses. However, note that the total
interaction of the system with three pulses also leads to more than
three light–matter interactions, where contributions higher than
third order may become significant. For instance, under high flu-
ences or sample concentrations, fifth-order perturbative contribu-
tions21 and third-order cascaded signals22 can contribute along the
same phase-matched direction. If not desirable, such contributions
can be minimized23 by controlling fluence, sample thickness, and
concentration. Overall, the electric field radiated along the phase-
matched direction is dominantly a frequency-domain product of

FIG. 1. Geometric considerations in multidimensional electronic spectroscopy (MES). (a) Traditionally, three unique wavevectors corresponding to electric fields E⃗1, E⃗2, and
E⃗3 are focused into the sample in a box-CARS geometry. The resulting signal E⃗s is radiated by macroscopic polarization in the sample along a background-free phase-
matched direction, which results from a spatially coherent average over all the dipole oscillators within the illuminated area of the sample. This signal field is heterodyned
with a known local oscillator (LO) field in order to fully reconstruct the phase and amplitude information in the signal field. (b) In a partly collinear pump–probe geometry,
the wavevectors for E⃗1 and E⃗2 are degenerate such that the probe E⃗3 acts as the local oscillator and E⃗s is not background-free. Additional signal filtering techniques are
required to remove the probe background. (c) In the fully collinear geometry, all the wavevectors are degenerate and there is no phase-matched direction for E⃗s. In order to
filter the signal field, both the pump and probe backgrounds need to be filtered, ideally before photodetection. In addition to probe filtering techniques in the partly collinear
geometry, pump filtering is typically achieved using spectral or polarization separation between the pump and probe beams. (d) An alternative approach to background
filtering is the use of acousto-optic radio-frequency tagging of optical pulses. The resulting signal is a specific linear combination of input radio-frequency tags and is filtered
using phase-sensitive lock-in detection.17,18 Thus, each phase-matching direction, marked in blue, is now replaced with a particular combination of radio-frequencies. (a)–(c)
are adapted with permission from C. R. Baiz, D. Schach, and A. Tokmakoff, Opt. Express 22, 18724–18735 (2014). Copyright 2014 OSA. (d) is adapted with permission from
Karki et al., Chem. Sci. 10, 7923–7928 (2019). Copyright 2019 the Royal Society of Chemistry.
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the third-order material susceptibility with the three electric fields
contributing to the light–matter interactions. This third-order sig-
nal is heterodyne-detected by interfering with a local oscillator (LO)
field of a known phase, which is propagated along the same phase-
matched direction as the signal field. Thus, a fully non-collinear
phase-matched geometry has the advantage of background-free
directional filtering of the signal. However, directional filtering is a
consequence of spatially coherent average over the sample region
that has been illuminated by the three input pulses and thus con-
strained by the extended sample volume over which a transient
pump grating is imprinted. Note that in the case of semiconduc-
tor systems,24 which are sensitive to excitation by the LO pulse
focused on the sample, an additional reference beam that het-
erodynes the signal without transmitting through the sample is
employed, at the cost of careful optical phase considerations between
LO and reference fields. Since non-collinear geometry has a phase-
matched direction along which a part of the probe pulse is diffracted
by the pump-induced grating, integration of this geometry into a
microscope objective is not only cumbersome geometrically but
also will lead to a poor diffraction efficiency14 from such a pump
grating.

B. Collinear geometries
When a purely absorptive 2D electronic spectrum is desir-

able, different third-order non-linear responses need to be accu-
rately phased and combined to result in a purely absorptive 2D
line shape. However, phase and timing jitters in electronic spec-
troscopy can result in artificially twisted peak shapes due to jitter
related mixing of absorptive and dispersive components. Gallagher
Faeder and Jonas proposed25 an easier experimental implementa-
tion for obtaining purely absorptive 2D spectra using a partially
collinear pump–probe geometry compared to the boxCARS geome-
try. As shown in Fig. 1(b), in this geometry, the two pump pulses are
collinear, that is, the wavevectors of ⃗k1 and ⃗k2 are degenerate. Jonas
and co-workers termed this easier implementation as homotime
absorptive response detection, or HARD 2D, because now the probe
field itself acts as the LO and homodynes with the signal. In the non-
collinear geometry, the intensity of the LO field is tunable and allows
for maximum fringe visibility between the signal and LO fields. Even
though independent tunability of the probe is not possible in the
partially collinear geometry, polarization and interferometric con-
trols13 can still allow for a probe background reduction, resulting
in enhanced detection sensitivity.26 Subsequent experimental imple-
mentations13 in the partially collinear geometry have allowed26 for
a desirable separation of third-order non-linear response pathways
while retaining the benefits of easier experimental implementation
and phase stability of homodyne detection.

Implementation of MES in the partially collinear geometry
already makes the possibility of integration with a microscope objec-
tive somewhat feasible. The time-delayed collinear pump pulses
create an amplitude modulation25 at the focal spot in the sample,
which is then detected as a delay dependent amplitude modula-
tion of the non-collinear probe without relying on phase-matching.
For instance, counter-propagating pump and probe beams, a wide-
field approach, or a non-collinear probe approach, employed27–29 in
pump–probe microscopy, could, in principle, be implemented for
spatially resolved MES.

As shown in Fig. 1(c), a natural extension of the partially
collinear geometry is the fully collinear geometry where again the
pump pulse delay induced amplitude modulation of the probe can
be detected. However, in order to filter out the pump, probe, and
scatter backgrounds from the signal, a combination of phase cycling,
optical chopping, polarization, and spectral filtering approaches is
employed. These will be further discussed in Secs. II C and II D.
Assuming that the above signal filtering requirements could be met,
collinear geometries naturally pave the way for MES with spatial
resolution limited only by the diffraction limit of the microscope
objective.

A related approach to fully collinear multidimensional spec-
troscopy relies on dynamic pulse-to-pulse phase cycling achieved
through acousto-optic phase modulation17,18 (AOPM) and is shown
in Fig. 1(d). By uniquely tagging each optical pulse with a set radio-
frequency, the specific combinations of optical pulses that lead to
the nonlinear signal arise at known linear combinations of those
radio frequencies, which are then filtered using phase-sensitive lock-
in detection. Thus, directional filtering in a non-collinear geometry
is now replaced by frequency filtering in a fully collinear geometry, as
indicated in Fig. 1(d). The AOPM approach will be further discussed
in Sec. II C.

Note that in all the experimental geometries considered above,
interferometric phase and timing stability while scanning the
time delay between the two pump pulses are necessary, especially
for fast optical cycles and broadband pulses in electronic spec-
troscopy. Several approaches to phase-stabilized pulse-pair genera-
tion have been developed, ranging from interferometric time-delay
generation with active phase stabilization,30 passive phase stabi-
lization through the use of a diffractive optic31 and mechanical
delay scanning in the rotating frame,31,32 continuous stage scan-
ning,33 pulse shaping-based time-delay generation,16 spatial mul-
tiplexing,34 etc. Such approaches have been further discussed in
detail in an earlier review.13 Some of such approaches that com-
bine the benefits of phase stability, rapid pump time-delay scan-
ning, and facile signal filtering from the background have matured
into spatially resolved techniques and will be discussed in Secs. II C
and II D.

C. Pulse shaping approaches to collinear
multidimensional electronic spectroscopy

The development of pulse shaping and phase-modulation
approaches has been quite instrumental to the feasibility of fully
collinear MES and, by extension, for advancing spatially resolved
experiments. Such approaches carry a dual advantage—generation
of phase-stable pulse pairs and efficient signal filtering from the
collinear background. Out of these approaches, the pulse shaping
approaches are discussed below. The phase-modulation approaches
will be discussed in Sec. II D.

Figure 2(a) shows a typical 4f pulse shaper design for pulse
amplitude and phase shaping in the frequency domain. The
pulse shaping element typically relies on a spatial light modu-
lator (SLM) based on either a liquid crystal array (LCA) or an
acousto-optic modulator (AOM). The SLM is kept in the Fourier
plane such that individual dispersed spectral components can be
imparted an arbitrary spectral phase through a programmable mask.
Applications of programmable pulse shaping techniques15 to
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FIG. 2. Collinear multidimensional spectroscopic methods for pulse-pair phase stabilization and efficient signal filtering. (a) Acousto-optic pulse phase and amplitude
shaping16 in the frequency domain at high repetition rates35 of up to 100 kHz. Similar implementation based on an SLM36,37 is also possible. (b) Acousto-optic programmable
dispersive filter (AOPDF)38 based temporal phase and amplitude shaping. (c) Mach–Zehnder interferometer based pulse-pair generation. The pulse-pair is passively phase-
stabilized against mechanical fluctuations using acousto-optic phase modulation (AOPM)17 of the relative carrier–envelope phase of individual pulses in the pulse-pair. The
signal (SIG) is detected relative to an optically generated reference (REF) using phase-sensitive lock-in detection, which simultaneously allows for physical undersampling
of the signal. (d) Frequency combs with locked repetition rates of slightly different frequencies enable rapid time-delay scanning.39,40 Pulse-to-pulse carrier–envelope phase
cycling akin to AOPM enables frequency filtering of the heterodyne-detected signal. (a) is adapted with permission from Wagner et al., Opt. Express 13, 3697–3706 (2005).
Copyright 2005 OSA. (b) is adapted with permission from Mueller et al., Nat. Commun. 10, 4735 (2019). Copyright 2019 Springer Nature. (d) is adapted with permission
from B. Lomsadze, B. C. Smith, and S. T. Cundiff, Nat. Photonics 12, 676–680 (2018). Copyright 2018 Springer Nature.

multidimensional spectroscopy have been demonstrated using both
LCA- and AOM-based approaches.

Programmable pulse shaping based on LCAs and its applica-
tions in femtosecond pulse phase shaping has been pioneered by
Weiner et al. 42 Imparting a specific computer programmable volt-
age mask on the LCA located at the Fourier plane of a dispersed
femtosecond pulse allows for arbitrarily shaping the pulse phase
with applications in coherent control43 and femtosecond adap-
tive pulse compression44 of ultra-broadband femtosecond pulses.45

Extensions to pulse phase and amplitude shaping46 in the Fourier
domain have allowed for extensions of LCA-based femtosecond
pulse shaping in MES, first demonstrated36 by Vaughan et al. in
a boxCARS geometry. Using a two-dimensional LCA array, arbi-
trary control over individual pulse phases and relative delays was
demonstrated. Feasibility of artifact suppression through cycling the
relative carrier–envelope phase between individual pulses was also
demonstrated. By detecting the signal in a background-free geom-
etry, additional background suppression was not required. Later,
Grumstrup et al. demonstrated37 MES using LCA pulse shaping
in a partially collinear pump–probe geometry. Pulse-pair phase

stability comparable to that achievable through active or passive
phase stabilization was measured over several hours. Note that a
given pump pulse time delay is achieved by applying a sawtooth
linear voltage ramp on the LCA. However, the delay scan rate is
dependent on the update rate of this voltage mask, which, in turn,
depends on the several milliseconds of the response time of the liq-
uid crystals in the LCA. Thus, the experimental throughput is ulti-
mately limited by the response time of the LCA. This can impose
demanding constraints on laser and sample stability over the dura-
tion of data collection, which typically lasts several hours to com-
plete all the phase-cycling steps for signal filtering. Further extend-
ing the LCA pulse-shaping approach to a fully collinear geometry
with a 27-step phase cycling,47 Goetz et al. demonstrated48 the first
spatially resolved MES experiment. These results will be discussed
in Sec. III.

The AOM pulse shaping approach to multidimensional spec-
troscopy was pioneered16,49 by Warren and co-workers as the
true phase-cycling optical analogs of multidimensional NMR. As
shown in Fig. 2(a), an AOM is placed in the Fourier plane of a
4f pulse shaper, and the pulse shaping is done by propagating a
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programmable radio-frequency acoustic mask into the AOM crys-
tal. The experimental throughput and bandwidth are now limited
by the update rates of the acoustic mask, which, in turn, depend
on the acoustic velocity of the AOM crystal. Using this approach
a number of years ago, Warren and co-workers were the first to
demonstrate35,50 all-collinear collection of 2D spectra with shot-
to-shot pulse shaping at repetition rates of 20 kHz only limited
by the signal detection electronics. In principle, their approach
is feasible for repetition rates as high as 100 kHz, where follow-
ing a 16-step phase cycling47 for signal filtering, the 2D spectrum
of Rubidium (Rb) in a gas cell could be collected in as fast as
0.6 s. Their approach paved a direct path for rapid AOM pulse-
shaping enabled spatially resolved multidimensional spectroscopy.
Later, extending a similar AOM pulse-shaping approach to the mid-
IR, Shim et al. demonstrated51 phase-cycled 2D spectroscopy in the
mid-IR region (2DIR) in the partially collinear geometry at 1 kHz
repetition rates. Baiz et al. further extended19 mid-IR AOM pulse
shaping to a fully collinear geometry and demonstrated spatially
resolved 2DIR. Since the probe beam was not phase-cycled, a com-
bination of polarization filtering, pump phase cycling, probe chop-
ping, and Fourier filtering was necessary to efficiently filter the signal
from the background. Vibrational lifetime imaging was also demon-
strated as a knob to enhance imaging contrast. Further extending
this approach, Ostrander et al.52 demonstrated a widefield 2DIR
microscope implementation for spatially resolved 2DIR. Collinear
pump and probe beams shaped using a dual AOM pulse shaper
were used for widefield sample illumination, followed by imaging
the illumination spot on a focal plane array detector. This allowed
for the collection of parallel 2DIR spectra over a large sample area,
significantly reducing the imaging time compared to point-scanning
methods.

Recently, Luther53 and Kearns54 and co-workers also demon-
strated multidimensional spectroscopy using 100 kHz shot-to-shot
AOM pulse shaping in the mid-IR and visible regions, respectively.
In the visible to NIR region spanned by white-light continuum gen-
erated pump and probe pulses, a 200-fold reduction in shot-to-
shot data collection time and a reduced 1/f noise due to 100 kHz
data collection from correlated laser shots were demonstrated. Jones
et al. recently demonstrated11,55 a white-light continuum 2D elec-
tronic spectrometer, which extends the 100 kHz shot-to-shot pump
pulse shaping approach to spatially resolved multidimensional spec-
troscopy. The new science enabled by this approach will be discussed
in Sec. III.

Figure 2(b) shows a related approach to shot-to-shot AOM
temporal pulse shaping using an acousto-optic programmable dis-
persive filter38 (AOPDF). Using the temporal pulse amplitude and
phase shaping approach for the pump, Myers et al. demonstrated26

two-color MES in a partially collinear pump–probe geometry and
later extended56 it to white-light continuum probing. Pump pulse
phase cycling also enabled separation of different nonlinear response
functions, such as rephasing and non-rephasing pathways, which are
otherwise not separable in the partially collinear geometry. AOPDF-
based MES with a continuum probe has also been extended to
the UV region,57 as well as employed to probe photoisomerization
reaction channels.58

Phase-cycling theory47 for the pump–probe geometry59

described by Zhang et al. has been instrumental in the AOPDF
pulse shaping approach to multidimensional spectroscopy. Some

applications include fifth-order three-dimensional electronic
spectroscopy23,60 with four collinear phase-stable pump pulses
generated by the AOPDF and separation of fifth-order mul-
tiple quantum61 non-linear response pathways for observing
multi-exciton correlations. Notably, Draeger et al. employed62

an all-collinear single-beam 1 kHz shot-to-shot AOPDF pulse
shaping to demonstrate multi-quantum multidimensional action
spectroscopies. Overall, the development of AOM 4f pulse shaping
and AOPDF approaches has enabled rapid time-delay scanning
with phase-stable pulses and efficient signal filtering from the
background. Together, these features have spurred the development
of all-collinear higher-order and action-based multidimensional
spectroscopies (Sec. II E). The high-throughput and sensitivity of
100 kHz shot-to-shot AOM pulse shaping54 have also been quite
instrumental in the development of spatially resolved MES. These
techniques, and the new science enabled by it, will be discussed in
Secs. II E and III.

D. Phase modulation approaches to collinear
multidimensional electronic spectroscopy

The pulse shaping based all-collinear approaches discussed
in Sec. II C rely on both amplitude shaping to scan the
time delays between phase-stable pulses and cycling the relative
carrier–envelope phase of individual pulses from 0 to 2π in order
to filter the signal against the background. In contrast, generat-
ing phase-locked collinear pulses using traditional interferomet-
ric techniques requires active phase stabilization24,63 using phase-
locked loops. As a result, time-delay scanning becomes much
slower and therefore susceptible to long-term laser noise. Fur-
thermore, reliably filtering the signal against the background also
becomes challenging. Thus, rapid shot-to-shot pulse shaping tech-
niques, even though ultimately limited by the update rate of the
AOM acoustic mask, are highly desirable over traditional interfer-
ometric generation of phase-locked pulse pairs for collinear MES.
Rapid shot-to-shot phase cycling is especially desirable for spatially
resolved measurements where sample photostability constraints are
demanding.

To this end, an effective substitute to pulse shaping tech-
niques is the phase-modulation approaches to multidimensional
spectroscopy. Here, the relative carrier–envelope phase is dynami-
cally cycled either using AOM-based radio-frequency phase mod-
ulation17,18 [AOPM approach in Fig. 2(c)] or through the use of
carrier–envelope phase-stabilized frequency combs39,40,64 [Fig. 2(d)].
These techniques are therefore not limited by the update rates of
the AOM pulse shaping mask and at the same time capable of rapid
time-delay scanning65 of phase-stabilized pulse pairs.

1. AOPM based
Tekavec and co-workers pioneered17,18 the AOM phase-

modulation (AOPM) approach to multidimensional spectroscopy.
Below, we discuss that the AOPM approach offers several unique
advantages over both traditional interferometric techniques and
pulse-shaping approaches discussed in Sec. II C.

As shown in Fig. 2(c), the time-delay generation in the AOPM
approach is based on Mach–Zehnder (MZ) interferometers with no
active phase stabilization. However, each arm of the MZ interferom-
eter is tagged with a slightly different AOM radio-frequency. The
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relative carrier–envelope phase in each arm of the interferometer
is then phase-modulated at the respective AOM radio-frequency.
Because of the relative difference in the phase modulation in each
arm, the output pulse-pair is amplitude modulated at the difference
of the radio-frequencies of each arm. This amplitude modulation is
ultimately carried over to the signal detection, which can be either
heterodyned65,66 or action-based.18 The differences in signal detec-
tion will be discussed in Sec. II E. Crucially, the second MZ port or an
additional reference laser traveling through the same optical path is
used to generate an optical reference, and the signal is then detected
with respect to this optically generated reference frequency using
phase-sensitive lock-in detection. As shown in Fig. 1(d), the specific
directionally filtered four-wave mixing signals in the non-collinear
approach are now replaced by four-wave mixing signals modu-
lating at specific linear combinations of the unique AOM radio-
frequencies, which are then filtered using phase-sensitive lock-in
detection.

Overall, a combination of phase modulation, signal detection
relative to an optical reference frequency, and phase-sensitive lock-
in detection provides the following advantages: (1) Physical under-
sampling of the signal made possible by signal detection in the
rotating frame of the reference frequency. This is similar to rotating
frame phase cycling,47 which allows for undersampling of the optical
frequency and therefore faster data collection. (2) Rotating frame
detection also leads to passive phase stabilization because mechan-
ical fluctuations in delay lines now result in significantly smaller
phase fluctuations. Additionally, the optical reference tracks the
relative phase fluctuations in the signal due to mechanical jit-
ter and phase-sensitive lock-in detection relative to the reference
cancels such fluctuations in the signal. Thus, the radio-frequency
imparted carrier–envelope phase on each pulse is effectively decou-
pled from mechanical fluctuations in the unstabilized interferom-
eter. (3) Dynamic phase-cycling and lock-in frequency filtering do
not depend on acoustic velocity dependent mask update rates.

Tekavec et al. first demonstrated the feasibility of the above
AOPM approach for quantum wavepacket reconstruction17 and
multidimensional spectroscopy.18 Lavoie et al. recently applied the
AOPM approach in the context of entangled two-photon inter-
ference.67 In addition to the above described advantages of this
approach, Autry et al. recently demonstrated65 a rapid time-delay
scanning AOPM approach, making it comparable to AOM pulse-
shaping approaches in terms of experimental data collection time.
The AOPM approach to collinear MES thus carries unique advan-
tages in terms of experimental throughput, acoustic mask update
rate independent dynamic phase cycling, and phase-sensitive lock-
in detection, making it an attractive route toward srMES. The
new science enabled by the AOPM approach will be discussed in
Secs. II E and III.

2. Optical frequency comb-based
Recent application39,40,64 of carrier–envelope phase-stabilized

frequency combs68 to multidimensional spectroscopy has been a
promising development. Using two frequency combs with locked
repetition rates of slightly different frequencies, Lomsadze39,40 and
Kim64 and co-workers demonstrated that locking the slightly dif-
ferent repetition rates of two frequency combs can serve as a way
for rapid time-delay scanning between the two combs, where the

time-delay scan rate is proportional to the frequency difference
between the combs. Because the carrier–envelope phase is incre-
mentally swept between successive comb lines, this technique is, in
principle, similar to the AOPM approach, allowing for repetition
rate independent pulse-to-pulse phase cycling.

Since the delay scan only depends on the repetition rate dif-
ference between the combs, no mechanically moving parts are nec-
essary to scan the delay. As shown in Fig. 2(d), Lomsadze et al.
demonstrated40 ultra-high resolution frequency comb multidimen-
sional spectroscopy with no mechanically moving parts in an all-
collinear geometry. The time delays between the first two pulses
and the signal and the local oscillator could be scanned for as long
as nanoseconds. The scan range is essentially set by the repetition
rate of the frequency comb, and the scan rate is set by the slight
difference in repetition rates. With no mechanically moving com-
ponents, each 2D spectrum could be obtained in as short as ∼0.3 s.
The background filtering of the signal can be done in the frequency
domain because the signal appears at specific linear combinations
of the three input comb lines and the local oscillator comb line.
The new science enabled by these measurements will be discussed in
Sec. II E.

E. Action-based multidimensional electronic
spectroscopy

Warren and Zewail first demonstrated69 the feasibility of
manipulating the phase of optical pulses through the use of eas-
ily controllable radio-frequency phases, similar to what is known in
NMR. Using this technique, the phase of the last pulse in a photon-
echo experiment could be manipulated to convert a third-order
oscillating nonlinear polarization into an incoherent “action” 70 sig-
nal, which is proportional to the excited state population and carries
the time-delay dependent amplitude and phase information of the
third-order polarization. Tian et al. demonstrated50 fluorescence-
detected MES using AOM phase cycling discussed in Sec. II C. The
AOM phase-cycling technique was later demonstrated35 by Wagner
et al. to be feasible for simultaneously collecting both coherent and
action-based 2D signals from the Rb gas cell, with shot-to-shot phase
cycling at repetition rates as high as 100 kHz.

As discussed in Sec. II D, Marcus and co-workers demonstrated
an alternate approach to fully collinear MES based on AOPM. Using
the AOPM approach, Tekavec et al. demonstrated17 quantum elec-
tronic wavepacket reconstruction on Rb, where complex suscepti-
bility can be easily recovered compared to earlier wavepacket inter-
ferometry experiments71 using actively phase-locked pulse pairs.
The same approach was further extended18 to fluorescence-detected
MES of Rb vapor.

From these initial demonstrations, the action-based MES
(aMES) approach has enabled several new insights. As shown in
Fig. 3(a), Lott et al. determined72 the average ground state confor-
mation of porphyrin dimers self-assembled in a membrane envi-
ronment. Constrained fitting of the linear absorption spectrum and
the 2D spectrum could determine the separation and angles between
transition dipoles. Through simulations of four-wave mixing path-
ways, they also showed that aMES shows qualitatively different sig-
natures compared to heterodyne-detected MES (hMES) due to addi-
tional excited state absorption (ESA) pathways in aMES, which can
destructively interfere to result in only the ground state bleach (GSB)
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FIG. 3. Some examples of all-collinear heterodye-detected (hMES) and action-based (aMES) variants of multidimensional electronic spectroscopy (MES). (a) Determination
of ground state conformation of porphyrin dimers self-assembled in a phospholipid bilayer membrane using fluorescence-detected aMES. Adapted with permission from Lott
et al., Proc. Natl. Acad. Sci. U. S. A. 108, 16521–16526 (2011). Copyright 2011 National Academy of Sciences. (b) Determination of the ultrafast rate and coherence maps in
a strongly coupled bacteriochlorin dyad at room temperature using fluorescence-detected aMES. Adapted with permission from Tiwari et al., Opt. Express 26, 22327–22341
(2018). Copyright 2018 OSA. (c) Determination of exciton correlations between the B800 and B850 bands of the LH2 antenna complex using fluorescence-detected
double-quantum coherence aMES. Adapted with permission from Karki et al., Chem. Sci. 10, 7923–7928 (2019). Copyright 2019 the Royal Society of Chemistry. (a)–(c)
employ the AOPM approach to collinear MES and rely on incoherent or action-based detection. (d) Multiexciton correlations, binding energies, and transition moments in
colloidal core–shell quantum dots were measured using multiple quantum aMES. The approach employs AOPDF-based shot-to-shot phase cycling at 1 kHz. Adapted with
permission from Mueller et al., ACS Nano 15, 4647 (2021). Copyright 2021 American Chemical Society.77 (e) Frequency comb-based hMES 2D spectra of Rb vapor. The
high frequency resolution provided by frequency combs resolves Rb85 and Rb87 isotopes, as well as inter-atom interactions between the same isotopes in the presence of
high-temperature Doppler broadening. Adapted with permission from B. Lomsadze and S. T. Cundiff, Science 357, 1389–1391 (2017). Copyright 2017 AAAS. (f) Rapid-scan
hMES variant of the AOPM approach characterizes all the multiple quantum four-wave mixing pathways in GaAs/AlGaAs quantum wells in a single scan. Adapted with
permission from Autry et al., Optica 6, 735–744 (2019). Copyright 2019 OSA.

and excited state emission (ESE) pathways. Ultrafast electronic pop-
ulation transfer73 and the interplay74 of energetically vs thermo-
dynamically favored conformations in self-assembled dimers were
also studied in later experiments. The capability of the fluorescence-
detected AOPM approach to determine dimer conformations has
also been extended75 in the UV region to study the conformations
of dinucleotide dimer models.

Nardin et al. extended the AOPM aMES approach to coher-
ent nonlinear photocurrent measurements78 on epitaxially grown

coupled quantum well systems. Karki et al. also applied79 the AOPM
approach to aMES on a semiconductor quantum dot based pho-
tocell to probe sub-picosecond multiple exciton generation.80 This
experiment exploits the two unique features of aMES as applicable
to multiple exciton generation—the cancellation between extra ESA
pathways in aMES is sensitive to the Auger recombination between
multiple electron–hole pairs, which can be altered in a photocell,
and both nonlinear fluorescence and photocurrent measurements
can be measured in action-based measurements. Yang et al. used the
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AOPM approach to compare linear photocurrent and two-photon
photoluminescence maps from thin-film perovskites to map trap-
state distributions.81 Using the AOPM approach, Vella et al. also
performed82 photocurrent aMES on organic photovoltaic systems.
Crucially, they highlighted83 an inherent complexity associated with
incoherent action-based detection in MES, which is that the non-
geminate recombination between excitons in uncoupled systems can
also lead to cross-peaks in the aMES 2D spectra. Similar and addi-
tional effects such as detector saturation have also been proposed84

to contribute at the desired signal frequency in an action-detected
four-wave mixing signal. This will be further showed in Fig. 4, which
highlights the fundamental differences between 2D spectra expected
from hMES vs aMES approaches. Further extending the AOPM
approach to aMES, Tiwari et al. measured76 long-lived room tem-
perature vibrational wavepackets in a strongly coupled bacteriochlo-
rin dyad in the form of 2D maps of coherent waiting time dynamics
[Fig. 3(c)]. These wavepackets survive the sub-picosecond electronic
relaxation in the dyad. Analysis of 2D maps reveals that the vibra-
tional wavepackets most likely arise from multiple vibrational levels
on the ground electronic state.

Recently, as shown in Fig. 3(c), Karki et al. reported 2D
cross-peaks in a double-quantum aMES experiment on the multi-
chromophoric purple bacterial light-harvesting complex (LH2). The
double-quantum 2D spectrum can reveal85 exciton–exciton correla-
tions, for example, between the two bacteriochlorophyll rings found
in the LH2 complex. Given the complexity86 of additional path-
ways contributing at the same signal frequency as the desired four-
wave mixing pathways, 2D cross-peaks in aMES are actively inves-
tigated.86–88 It becomes crucial to understand how exciton–exciton
interactions influence the four-wave mixing pathways contributing
to aMES.

Introducing multiple spectral dimensions through higher-
order light–matter interactions and investigating higher than one-
quantum coherences, similar to double-quantum coherence experi-
ments,20 are two possible approaches to disentangle exciton–exciton
interactions influencing action-detected 2D signals. In this context,
the AOPDF-based 1 kHz shot-to-shot pulse-shaping approach to
aMES, developed62 by Draeger et al., has been quite instrumental.
The flexibility of the single-beam AOPDF experiment to produce
programmable multiple pulse orderings and phase cycles on a 1 kHz
shot-to-shot basis has been exploited by Mueller et al.89 to perform
multiple quantum aMES, which can reveal85 exciton–exciton corre-
lations. A 16-step phase cycling separates the non-linear response
pathway, exclusive to aMES,47 to reveal the energy shifts between a
two-quantum excitation vs two one-quantum excitations. As shown
in Fig. 3(d), Mueller et al. recently applied a 36-step phase-cycling
technique to measure bi-exciton binding energies in alloyed semi-
conductor core–shell quantum dots. Comparisons with response
function simulations also determined relative transition dipole
strengths of excitons and bi-excitons, as well as anti-correlated
transition energy fluctuations between ground and single-exciton
states compared to transitions from single-exciton to multi-exciton
states.

Fifth-order hMES techniques that utilize AOPDF pulse shap-
ing in a partially collinear geometry to reveal exciton–exciton
many-body correlations were demonstrated90 by Dostál et al.
Extending aMES from fourth-order to a sixth-order technique,
Brixner and co-workers recently applied a 125-fold phase-cycling

variant of the above approach, which can filter the sixth-order non-
linear response pathways. These pathways arise from two simul-
taneous interactions from each of the two pump pulses such that
the resulting signals may reflect many-body interactions between
two populations in coupled multichromophoric systems. Further
details of the AOPDF approach to aMES can be found in another
review.91

In parallel to the developments in AOPDF pulse shaping
approaches toward all-collinear aMES, promising advancements in
the phase-modulation approaches to MES (Sec. II D) have also been
made. As discussed in Sec. II D, the development of frequency
comb-based all-collinear MES with a 2D data collection time of as
short as 0.3 s is a promising development that may also advance
into spatially resolved MES (Sec. III). However, the applicability of
comb-based spatially resolved measurements on condensed phase
systems using broadband few-cycle pulses typical in other 2DES
experiments presents its own set of challenges, which are discussed
briefly in Sec. IV. Figure 3(e) exemplifies the unprecedented fre-
quency resolution and high experimental throughput available in
comb-based MES. The frequency resolution was sufficient to dis-
tinguish two Rb isotopes, as well as reveal cross-peaks, indicating
many-body intra-isotope interactions in the presence of Doppler
broadening. With regard to the AOPM approach, recently demon-
strations of hMES variants66 of original action-based AOPM exper-
iments, as well as rapid-scan hMES variants65 [Fig. 3(f)], which can
collect all four-wave mixing pathways in a single scan, are promis-
ing developments in the context of srMES discussed in Sec. III.
Note that apart from the above approaches, a non-collinear LCA
phase-cycling approach toward fluorescence-detected MES, relying
on imaging a dynamic grating, has also been demonstrated92 on a
laser dye.

Action-based MES in the gas phase has been exemplary with
regard to demonstrations of greater signal sensitivity achievable
through incoherent population detection. Recently, Roeding and
Brixner coupled93 a mass spectrometer to detect the photoionized
population generated from a NO2 molecular beam excited with four
collinear pulses shaped by using an AOPDF. The resulting photoion-
ized population is recorded as a function of inter-pulse time delays
to yield the aMES spectra of gas phase samples. This has not been
achievable through conventional hMES methods due to insufficient
detection sensitivity of the radiated electric field. Bruder et al. inte-
grated94 the AOPM approach to aMES to study weak interactions
between Rb atoms doped in a Helium (He) nanodroplet. The sig-
nal sensitivity was sufficient to measure weak interactions in Rb2
and Rb3 “molecules” within the He matrix, dynamic Stokes’ shift
induced by the He bath, and ultrafast population transfer and asso-
ciated coherent wavepackets within the Rb “molecules.” Recently,
fluorescence-encoded infrared (FEIR) measurements95 from the
work of Whaley-Mayda et al. have also suggested enhanced sen-
sitivity of action-based signal detection down to 1 nM concentra-
tions. In the context of enhanced sensitivity of action-based signals,
it would be interesting to compare aMES sensitivity to comb-based
MES,40 where a coherently detected signal can still be well resolved
on account of noise reduction and signal averaging provided by
ultra-rapid data collection. In the same context, it is worth noting
that hMES extensions65,66 of the AOPM approach rely on optical
amplification of the weak signal field through the use of an intense
LO, which does not pass through the sample. Since the resulting
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FIG. 4. New theoretical insights into aMES. (a) Exact cancellation between excited state absorption (ESA) pathways in aMES experiments is possible
through exciton–exciton annihilation (EEA), revealing a clean ESA-free 2D spectrum.72 For a dimer system, it is shown96 that gated fluorescence detection
before EEA can reveal the ESA cross-peaks canceled out in time-integrated fluorescence detection. Adapted with permission from P. Malý and T. Mančal,
J. Phys. Chem. Lett. 9, 5654–5659 (2018). Copyright 2018 American Chemical Society. (b) Theoretical simulations of action-2D spectra resulting from EEA
in larger aggregates, such as the LH2 photosynthetic antenna complex, also explain the experimentally observed apparently “homogeneous” line shapes.
The experimental 2D spectrum is shown in the lower panel, the fluorescence-detected spectrum is shown in the middle panel, and the heterodyne-detected
2D spectrum is shown in the upper panel. Adapted with permission from Kunsel et al., J. Phys. Chem. B 123, 394–406 (2019). Copyright 2019 American
Chemical Society.97 (c) Direct experimental comparisons86 of heterodyne 2D and action-2D spectra of squaraine heterodimers enabled by the AOPDF-
based temporal phase and amplitude shaping approach. Adapted from Malý et al., J. Chem. Phys. 153, 144204 (2020) with the permission of AIP
Publishing.
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detection is lock-in-based, fringe contrast between the LO and the
signal field interference is not a constraint, assuming that the pho-
todetector has a sufficient dynamic range. Optical amplification of
a weak signal field may thus potentially enhance the sensitivity of
heterodyne detection.

Owing to enhanced signal sensitivity, some of the above
approaches to fully collinear MES have enabled the development
of srMES, which will be discussed in Sec. III. However, before a
discussion of spatially resolved experiments, a brief highlight on
the recent understanding of the differences between hMES and
aMES 2D spectra is warranted. This has been enabled through a
close synergy between both, theoretical simulations of the non-
linear response functions contributing to MES and direct exper-
imental comparisons between the two approaches. As shown in
Fig. 3(a), Lott et al. pointed72 out the extra ESA wave mix-
ing (ESA II) pathways involving multi-exciton states, which are
available in aMES. The additional ESA pathways are oppositely
signed compared to hMES-type ESA (ESA I) pathways such that
exciton–exciton annihilation may lead to an exact cancellation of
ESA pathways in aMES experiments. Note that an exact cancella-
tion of ESA pathways relies on perfect efficiency of exciton–exciton
annihilation98 such that multi-exciton states have the same fluores-
cence quantum yield as the lowest exciton state. Such an assump-
tion may not hold true for dyads76,99 where, unlike a purely exci-
tonic dimer, singly excited electronic states can have different
symmetries.

Simulating a purely excitonic dimer, Mancal and co-workers
suggested an interesting possibility of time-resolving the inter-
pulse delay dependent incoherent fluorescence signal, for instance,
through a time-gated fluorescence detection. As shown in
Fig. 4(a), when the fluorescence is gated at half the timescale of
exciton–exciton annihilation, then 2D cross-peaks in the weakly
coupled case (top row) are reduced compared to when the flu-
orescence is time-integrated by using the detector. This suggests
that 2D cross-peaks in the time-integrated case reveal a clean
GSB+ESE signal100 because perfect annihilation allows for exact
cancellation between ESA I and ESA II signals. The same quali-
tative trend holds for the strong electronic coupling case as well.
Jansen and co-workers simulated the 2D spectrum of the multi-
chromophoric LH2 protein complex. As shown in Fig. 4(b), a good
agreement between the “homogeneous” line shapes obtained in
the fluorescence-detected experiments (bottom row) and the sim-
ulated spectrum (middle row) is obtained. Their findings suggest
that, in the case of perfect exciton–exciton annihilation, aMES
spectra do not reveal frequency–frequency correlations between
the excitation and detection frequencies. The hMES spectrum (top
row) shows quantitatively different features for the same reasons
as those suggested by others.70,72,96,100 Recently, Kalaee et al. sug-
gested87 that exciton–exciton annihilation pathways, such as ESA
II, can be distinguished based on their opposite sign, which can
be experimentally reconstructed from linear fluorescence signals.
Malý et al. directly compared86,88 the aMES and hMES spectra of
squaraine heterodimers shown in Fig. 4(c), revealing good agree-
ment of experiments with purely excitonic dimer models with
perfect exciton–exciton annihilation for the case of squaraine het-
erodimers. They also reported88 sixth-order aMES41 on these dimer
systems to extract the response function pathways specific to
bi-exciton annihilation.

Overall, a combination of the above theoretical and experimen-
tal findings has enriched the understanding of action-detected 2D
signals, as well as spurred the development of new MES approaches
in order to understand the exciton annihilation pathways contribut-
ing to aMES.

III. SPATIALLY RESOLVED MULTIDIMENSIONAL
ELECTRONIC SPECTROSCOPY

The technological progress that has enabled new method-
ologies for all-collinear MES has naturally paved the way for
introducing spatial resolution in multidimensional spectroscopy.
Below, we discuss some of the recent applications of srMES based
on the approaches discussed in Sec. II. We also highlight the
new science that has already been enabled through the introduc-
tion of spatial resolution in an already powerful spectroscopic
tool.

Figure 5(a) shows an earlier action-detected approach101 to
srMES where the enhancement of spatial resolution is not deter-
mined by the laser illumination spot, but rather by high spatial res-
olution imaging of photoelectron emission. A collinear pulse train
of 4 fs pulses is generated through LCA pulse shaping. The spatial
origin of photoelectron yield after sample illumination is mapped
with ∼50 nm resolution as a function of inter-pulse time delays
to obtain the Fourier transform 2D spectrum. The spatial resolu-
tion and sensitivity were sufficient to correlate sub-diffraction limit
variations on an Ag surface to differences in the corresponding 2D
line shapes. Spatial differences in coherences along the waiting time
T were reported to arise from different hotspots and attributed to
coupling between local surface plasmon modes. Recently, the above
approach has been integrated102 into a multifunctional photoelec-
tron microscope-based spectrometer.

Recently, Goetz et al. extended48 the above LCA pulse shaping
approach to integrate it with a confocal microscope, which combines
aMES with 12 fs time resolution and ∼260 nm diffraction-limited
spatial resolution. The LCA phase-cycling approach demonstrated
robust phase stability over several hours required to complete the
27 phase cycles to collect a 2D spectrum of individual aggregated
structure in an organic thin film. As shown in Fig. 5(b), Li et al.
reported103 variations in nanoscale coherence length and correlated
it with the topology within these individual structures or “molecular
islands,” offering an interesting perspective on engineering local
topology to achieve enhanced coherence lengths. Their approach
relies on the simultaneous measurement of the linear fluorescence
excitation spectrum map of these structures along with the 2D spec-
tra. Very recently, Li et al. also reported106 coherent phonons with
waiting time measurements on single-layer MoS2. Simulating these
observations allows for the estimation of the room temperature
exciton–phonon coupling strengths.

As shown in Fig. 3(c), Ogilvie and co-workers extended the
AOPM dynamic phase-cycling approach to aMES by combining it
with a point-scanning confocal microscope. The 2D spectrum at
specific points of this confocal map can be collected within a few
seconds. Purple bacterial cells grown under high and low-light con-
ditions show107 subtle variations in their linear absorption spectrum,
which reflect perturbations to the excitonic structure caused by
low-light growth. The sensitivity of non-linear fluorescence-detected
signals was sufficient to distinguish these changes across different
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FIG. 5. New directions enabled by srMES. (a) Coherent 2D nanoscopy.101,102 Combining photoelectron emission microscopic (PEEM) imaging with LCA pulse shaping
based aMES enables sub-diffraction limit imaging of nanostructures. Adapted with permission from Aeschlimann et al., Science 333, 1723–1726 (2011). Copyright 2011
AAAS. (b) LCA pulse shaping based aMES and fluorescence excitation spectrum measurements resolve spatially varying coherence length inside molecular aggregates
in an organic thin film. Adapted with permission from Li et al., Nano Lett. 20, 6452–6458 (2020). Copyright 2020 American Chemical Society. (C) AOPM-based srMES
approach demonstrated that differences in the excitonic structure of spatially heterogeneous samples, such as a mixture of high vs low-light grown purple photosynthetic
bacteria, can be spatially resolved on a 2D map with high sensitivity of fluorescence detection. Adapted with permission from Tiwari et al., Nat. Commun. 9, 4219 (2018).
Copyright 2018 Springer Nature. (d) 100 kHz shot-to-shot pulse shaping enabled srMES correlated with AFM topographic imaging of sample morphology identifies non-
equilibrium molecular packings, which favor singlet exciton fission through increased charge-transfer couplings. Adapted with permission from Jones et al., Nat. Chem. 12,
40–47 (2020). Copyright 2020 Springer Nature; Jones et al., J. Phys. Chem. A 123, 10824–10836 (2019). Copyright 2019 American Chemical Society; and Armstrong et al.,
J. Phys. Chem. C 124, 15123–15131 (2020). Copyright 2020 American Chemical Society 2020.

points of a sample of mixed low-light and high-light grown purple
bacteria.

Following the frequency-domain AOM pulse shaping approach
[Fig. 1(a)], Jones et al. demonstrated55 a fully collinear pump–probe
approach to hMES with 100 kHz shot-to-shot pulse shaping.54 As
shown in Fig. 5(d), a retractable AFM tip correlates the srMES mea-
surements with the corresponding nanomorphology. Jones et al.
recently applied11 their approach to demonstrate that edges of pen-
tacene microcrystals exhibit linear and 2D spectra consistent with a
red-shifted singlet state. Spectral modeling reveals that this is consis-
tent with non-equilibrium slip-stacked packing at the edges, which

is controllable through thermal annealing,105 and promotes mixing
of singlet-states with charge-transfer states, leading to the observed
red-shifted shoulder. They reported enhanced singlet exciton fission
rates resulting from these mixed states at the microcrystal edges,
offering a direct connection between morphology and favorable
energetics.

IV. FUTURE PROSPECTS
Although the demonstrations of srMES using a diffraction-

limited laser spot have recently been fair, the promise of this
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approach is evident from the exciting scientific possibilities already
demonstrated by combining spectral, temporal, and spatial reso-
lutions. The invention of Fourier transform MES108 and its sub-
sequent developments13 have almost paralleled the developments
of super-resolution microscopy techniques109 although in very dif-
ferent contexts. Significant advancements have also been made in
the fields of plasmon-enhanced Raman spectroscopies.110 From the
above discussion, it is clear that the path forward for srMES hinges
not on one key development or a particular approach, but rather on
continued developments in experimental throughput, signal detec-
tion sensitivity, and spatial resolution. In the context of current
challenges, below, we discuss some of the prospective approaches
motivated from the parallel developments in other spectroscopies,
along with certain outstanding scientific questions, which ultimately
propel further improvements in srMES.

A. Toward higher signal sensitivity
Continued developments in surface-enhanced Raman scatter-

ing experiments have shown several orders of magnitude Raman
scattering enhancement from metallic substrates.110 Substrates
have ranged from roughened silver or gold surfaces to nanopar-
ticles and metallic tips. Detection sensitivities at the level of
single-molecule detection111 are comparable to single-molecule fluo-
rescence detection. Furthermore, measurements112 of Raman vibra-
tional wavepackets from a single-molecule placed near a gold
nanodumbell demonstrate sensitivities ranging beyond typical
single-molecule fluorescence detection.

The idea of using a metallic nanoparticle substrate to achieve
the near-field enhancement of incident electric fields and the
enhancement of far-field scattered radiation has already been car-
ried over in the 2DIR community with exciting recent developments.
These include the 3–4 orders of magnitude signal enhancements
from few nanometer thick organic monolayers on continuous113,114

and gold nanoantenna patterned substrates.115 In the mid-IR, a
reduced near-field enhancement115,116 is expected at plasmon res-
onance. In contrast, implementing such schemes in hMES, in the
visible electromagnetic region, lends promise in terms of signifi-
cantly higher near-field signal enhancements comparable to those
observed in surface-enhanced coherent anti-Stokes Raman scatter-
ing,110 scaling with fourth power of the near-field enhancement ∣E∣4.
Furthermore, the issue of narrowband mid-IR plasmon resonances
leading to distorted Fano line shapes,115,116 which also depend sen-
sitively on the spectral position relative to the plasmon resonance,
may be reduced for broadband plasmon resonances in the visible
frequency region.

The near-field enhancement caused by surface plasmon reso-
nances can be especially relevant for aMES-based approaches. As
opposed to metal-induced fluorescence quenching at very short
distances, by tuning metal–fluorophore distance through the use
of dielectric spacers,117,118 up to two orders of magnitude average
enhancement of fluorescence quantum yields from organic mono-
layers have been demonstrated. Such an approach when integrated
with aMES promises a key additional benefit of significant enhance-
ments of fluorescence quantum yields of non-fluorescent monolay-
ers, which proportionally scale the overall signal in addition117 to
the ∣E∣4 average near-field enhancement. It is also known that plas-
monic fluorescence enhancement occurs through faster radiative

decay rates, outcompeting non-radiative decay channels. For exam-
ple, 5.5× higher fluorescence quantum yield correlated with an ∼50
times faster radiative decay rate119 for an isolated photosynthetic
protein close to a nanoantenna. In addition to the signal enhance-
ment, the altered excited state dynamics120 caused by surface plas-
mon resonances could also be leveraged to possibly prevent aMES
signal cancellations caused by exciton–exciton annihilation in multi-
chromophoric systems (Sec. II E), effectively similar to theoretically
proposed gated fluorescence detection (Fig. 4). Thus, while plas-
monic signal enhancement offers promising benefits for hMES, it
offers additional unexplored avenues for pushing the detection sen-
sitivity of fluorescence-based aMES approaches beyond the current
state of the art.

B. Beyond diffraction-limited spatial resolution
In this context, a plethora of tools from super-resolution

microscopy are available to ultrafast spectroscopists, such as shaped
beams121 as in stimulated-emission depletion microscopy (STED)
or apertured fiber based probes in near-field optical microscopy122

(NOM), with an available spatial resolution down to ∼100 nm.
However, issues related to photobleaching in STED and poor cou-
pling efficiencies (>0.01%) in fiber apertured probes do not offer a
straightforward implementation for broadband femtosecond pulses
with low pulse energies available in the 0.1–1 MHz range. Moreover,
the four-wave mixing point spread function in srMES is already
more confined104 than a typical point spread function of ∼200 nm
in linear confocal imaging, implying that approaches with spa-
tial resolution down to a few tens of nanometers may be more
relevant.

In this context, near-field enhancements near plasmonic
hotspots such as the nanoantenna tips110 carry a dual advantage.
Hotspot associated near-field enhancements are reported to be
larger compared to the average near-field enhancement near a metal-
lic surface. For example, organic molecules embedded in a dielec-
tric polymer layer coated on a lithographically fabricated bowtie
nanoantenna substrate have reported123

∼1340 times enhance-
ment of fluorescence on account of larger absorption rates and
faster radiative lifetimes. The additional advantage of nanoantenna
hotspots is the highly confined electric fields in the nanoantenna
tip–sample junction upon illumination of the junction by far-field
light. However, despite desirable spatial resolution down to a few
tens of nanometers, signal separation from large far-field back-
ground often requires a combination of interferometric and lock-in
detection as in pump–probe NOM124 and may not be amenable to
integration with typical srMES experiments.

Taking this concept of nanoantenna a step further, tapered
metallic tips have been demonstrated as mode-matching waveguides
for far-field/near-field coupling through the use of a grating125 or
slit126,127 structure on the tapered metallic tip, with theoretical cou-
pling efficiencies128 of ∼50%. Demonstrations of plasmonic nanofo-
cusing of femtosecond pulses and octave spanning white light126,127

down to ∼10 nm have been extremely promising because of the
possibility of near-field signal enhancements without any far-field
illumination background. In particular, nanofocusing femtosecond
pulses with coupling efficiency high enough to generate second-
harmonic129 or four-wave mixing130 non-linear signals from the
nanoantenna tip, along with phase and amplitude control129 over
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the resulting waveforms, underscore the impending applicability
of these approaches to srMES. Although current surface plasmon
polariton (SPP) based nanofocusing approaches have demonstrated
coupling efficiencies of only >10%, these efficiencies are already sig-
nificantly higher than fiber aperture based NOM. It is noteworthy
that recently,131 a combination of metallic nanowire and optical
fiber based nanofocusing has demonstrated the total excitation and
collection efficiency of ∼50%, measured for narrowband continu-
ous wave light sources in the visible region and substantially higher
than typical fiber aperture based or SPP based NOMs discussed
above.

C. Faster throughput
From the various approaches discussed in Sec. II, it is evident

that all-collinear frequency comb-based techniques, which may be
relevant for srMES, do not rely on any mechanically moving parts to
offer the highest throughout in terms of rapid delay scanning. How-
ever, in typical condensed phase systems, frequency resolution is
system limited and not the primary requirement. Reduced repetition
rates in order to minimize sample photodegradation, signals from
unrelaxed electronic states, and few-cycle pulses to cover multiple
electronic transitions are highly desirable. Sample exposure may be
reduced through acousto-optic shutters synchronized with digital
delay generators, but it remains to be seen whether the advantages
of high throughput could be carried over to 0.1–1 MHz repetition
rates, which may be more relevant132 for srMES, along with a broad
bandwidth.

Shot-to-shot pulse phase and amplitude shaping techniques
[Figs. 2(a) and 2(b)] rival those of frequency combs in terms of
the equivalent number of mechanically moving parts, with even
greater flexibility regarding amplitude shaping and the bandwidth.
In this regard, any extension of AOPDF-based shot-to-shot shaping
[Fig. 2(b)] to collect aMES spectra at higher repetition rates, some-
what akin to the 100 kHz shot-to-shot implementation of hMES
[Fig. 5(d)], offers a proportional throughput increase combined with
a robust approach capable of both hMES and aMES measurements
using a single-beam geometry. Although commercial AOPDFs that
operate at repetition rates higher than 1 kHz are available, this
may come at the cost of increased constraints regarding the shap-
ing bandwidth and delay scan range. Equivalently, extensions of the
100 kHz shot-to-shot shaping approach to aMES, possibly using
two SLM based pulse shapers, can offer benefits of higher detec-
tion sensitivity not limited by the line camera CCD. With improve-
ments in line readout rates, this approach is, in principle, scalable
to repetition rates higher than 100 kHz but again limited by con-
straints regarding line camera detection sensitivity and the acoustic
mask.

In this context, recent extensions of the AOPM approach
to srMES to demonstrate rapid delay scanning65 [Fig. 3(f)] are
quite relevant. As mentioned in Sec. II D, the AOPM approach
offers dynamic phase cycling, which is independent of the repe-
tition rate or acoustic mask update rate. Combining this feature
with rapid delay scanning offers the ability to collect dynamically
phase-cycled srMES 2D spectra within a few seconds. In the cases
where continuous delay scanning is not possible, sparse delay sam-
pling133,134 algorithms could be implemented to effectively recon-
struct the 2D signal with data compression exceeding more than

75%, therefore minimizing continuous sample exposure to the
laser.

Even though fully collinear aMES was already introduced in
2003 by Warren and co-workers, spatially resolved measurements
based on a diffraction-limited illumination spot have only been a
very recent development. Perhaps this suggests that the need for spa-
tial resolution is scientifically motivated by emerging questions. For
instance, in the community of organic photovoltaics, it is well known
that the device performance correlates with thin-film nanomorphol-
ogy.4 Often, high-boiling point solvent additives and annealing con-
ditions are tweaked to achieve optimal device photocurrent efficien-
cies. Similar effects are also known in the case of perovskite-based
photovoltaics where exciton diffusion rates were reported12 to be
morphology dependent and pump–probe microscopy signals were
reported to change sign135 at grain boundaries. There is a need for a
fundamental understanding of how nanomorphology affects ultra-
fast exciton delocalization and charge-transfer dynamics, which is
where srMES can be instrumental in providing a fresh perspec-
tive to the community. In a slightly different context of photo-
synthetic energy and charge transfer, it is now well known1 that
ensemble dephasing across several proteins obscures the dephasing
timescales of coherent vibrational–electronic wavepackets between
one-quantum electronic states. Knowing such timescales is of rele-
vance not only for a refined theoretical understanding but also for
possible applications of similar design principles in artificial light-
harvesting systems.136 In the future, sub-ensemble measurements
to identify the “ensemble dephasing-free” timescales of quantum
decoherence between excited electronic states can be made pos-
sible by combinations of higher detection sensitivity and beyond
diffraction-limited spatial resolution. Perhaps the sensitivity of
aMES to exciton–exciton annihilation could also be leveraged to per-
form spatially offset137 excitation and directly track exciton diffusion
within photosynthetic membranes.
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