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ABSTRACT: Transient absorption and coherent two-dimensional spectroscopy are widely
established methods for the investigation of ultrafast dynamics in quantum systems.
Conventionally, they are interpreted in the framework of perturbation theory at the third
order of interaction. Here, we discuss the potential of higher-(than-third-)order pump—probe
and multidimensional spectroscopy to provide insight into excited multiparticle states and their
dynamics. We focus on recent developments from our group. In particular, we demonstrate
how phase cycling can be used in fluorescence-detected two-dimensional spectroscopy to
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isolate higher-order spectra that provide information about highly excited states such as the

correlation of multiexciton states. We discuss coherently detected fifth-order 2D spectroscopy
and its power to track exciton diffusion. Finally, we show how to extract higher-order signals
even from ordinary pump—probe experiments, providing annihilation-free signals at high

excitation densities and insight into multiexciton interactions.

Itrafast spectroscopy is employed to investigate phenom-

ena on the time scale of femtoseconds, unraveling
various physical properties. The most common technique is
pump—probe (PP) spectroscopy, usually carried out in
transient absorption geometry: A first pulse, often called the
pump pulse, excites the system, while a second pulse (the
probe pulse) detects the frequency-resolved transient change
(in absorption) after a time delay T. In terms of perturbation
theory, a conventional PP experiment probes the third-order
polarization. An extension of PP is coherent two-dimensional
(2D) spectroscopy, where third-order polarization is charac-
terized as well but as a function of both excitation and
detection frequency.”” 2D spectra can be acquired, for
example, by replacing the single excitation pulse from PP
spectroscopy with two pump pulses with variable time delay 7.
Fourier transformation over 7 provides the excitation
frequency axis while the detection frequency axis can be
obtained directly by a spectrometer via measuring the spectral
interference of the signal with a “local oscillator” (LO) pulse
that may be either a separate reference pulse that does not
interact with the sample or the probe pulse itself.”> Another
option for obtaining detection frequency resolution is to
replace the spectrometer with a single-channel detector and to
vary systematically the time delay between the signal and the
LO, performing a numerical Fourier transformation.’”® We
refer to PP and 2D spectroscopy in the described detection
schemes as “coherently detected techniques” because interfer-
ence between the signal field and another pulse is utilized.” It is
also possible to detect an incoherent observable,'“~** such as
fluorescence or photocurrent, which we refer to as “action-
detected spectroscopy”. Resonant excitations of the system
appear as diagonal peaks on a 2D map. Cross peaks indicate
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coupling or energy transfer in coherently detected 2D
spectroscopy”>>® and energy transfer as well as exciton—
exciton annihilation (EEA)*””?® in “action-detected” 2D
spectroscopy.'’~>* The evolution of the 2D spectrum as a
function of delay T provides information about, for example,
energy transfer,”” wave packet dynamics,30 and coherences,*
while the analysis of the 2D line shapes can be used to
determine the interaction of the system with its environ-
ment.”"*> Nowadays, both techniques, PP and 2D spectros-
copy, are well-established and frequently used to investigate
artificial® or natural light-harvesting complexes,” supra-
molecular systems,34 chemical reactions,® 2D materials,36
semiconductor nanostructures,37 and many more. Recent
developments include the use of incoherent observables,
such as fluorescence,'’”'* photoelectrons,">~"” photo-
ions,"* ™% or internal photocurrents,ZI_24 to measure ultrafast
dynamics.

Ultrafast spectroscopy usually relies on a perturbative
description of light—matter interaction. In general, all of the
higher-order terms of the perturbation series are present in any
given experiment. The common practice to suppress unwanted
higher orders is to choose the excitation intensities in such a
way that higher-order signals do not contribute significantly,
ideally, so they are below the noise floor of the measurement.
For example, in a 2D experiment, the intensity of the pulses as
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well as the phase-matching condition can be set in such a way
that the detected 2D signal is dominated by the third-order
signal, and higher-order signals do not contribute significantly.
For higher excitation intensities, the higher-order terms
contribute more and more. This is well-known for excitonic
systems for which at high excitation intensities, exciton—
exciton annihilation mixes into the 2D and PP signals.***’
Especially in light-harvesting complexes, the uncontrolled
mixing of EEA with the single-exciton dynamics has challenged
researchers for years.*”*' Annihilation can only be reduced by
low-power measurements that in turn may lead to a low signal-
to-noise ratio (SNR).*" Alternatively, EEA has to be included
in the data analysis to avoid misinterpretation, which
complicates matters and requires an a priori model.”” If a
suitable model is available, however, EEA can be utilized in
power-dependent PP studies to investigate exciton migration
in extended systems such as light-harvesting complexes or
molecular aggregates.**™* In such experiments, the third- and
fifth-order signals (and even higher orders) are mixed together,
making it difficult to disentangle the data. As we outline in the
present Perspective, this problem can be solved using higher-
order spectroscopy, which allows us to obtain separated
higher-order signals. We will employ the term “higher order”
for such signals that are at least of fifth order in the electric
field in a perturbation-theory description, while the third and
fourth orders are the “conventional lower-order” time-resolved
methods using either coherent or incoherent detection,
respectively.

Besides EEA, higher-order spectroscopy unveils system
properties and dynamics that cannot be directly observed by
lower-order techniques. Examples include coherences between
highly excited electronic states in quantum wells,** multistep
energy transfer in light-harvesting complexes,47 and highly
excited vibrational states.”® Following the principle of 2D
spectroscopy, higher-order signals can be obtained by adding
additional interactions, each of them with its own associated
pulse.”” Scanning all time delays and performing Fourier
transformations distribute the higher-order signal over multiple
dimensions (four or more). Instead of using one pulse per
interaction, other approaches rely on multiple interactions
from the same pulse, inherently reducing the dimensionality of
the obtained spectra.”**°~>* The dimensionality can also be
reduced by setting specific time delays to zero while retaining
separate laser beams. For example, multiple population-period
transient spectroscopy (MUPPETS) uses two pulses from
different directions that interact with the system at the same
time.>®> In general, the main challenge in higher-order
spectroscopy is to separate the individual nonlinear orders
and, at the same time, keep the experiment feasible as it is
technically demanding to isolate weak higher-order signals in a
multipulse experiment that requires scanning of multiple
delays.

The Perspective is structured as follows: First, we analyze
the technical approaches to isolate higher-order signals. Then,
we demonstrate how various higher-order signals can be
isolated from one single experiment in fluorescence-detected
2D spectroscopy using phase cycling. Next, we discuss
coherently detected fifth-order 2D spectroscopy as a tool to
investigate exciton diffusion in extended systems such as
polymers. We further discuss the simulation of higher-order
signals. Finally, we show how higher-order signals can be
isolated in a simple PP experiment by systematically varying
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the excitation intensity. This new technique is straightforward
to implement and isolates clean nonlinear orders.

Isolation of Higher-Order Signals in 2D Spectrosco-
pYy. In 2D spectroscopy, the different signal contributions can
be labeled by their specific coherences that occur during
various time delays. We distinguish, on the one hand, the so-
called one- or multiquantum signals in multidimensional
spectroscopy, which are the signals that appear at one or
several times the laser frequency, respectively, and on the other
hand the nonlinear-order signals, which are the contributions
arising from the various terms of the perturbative expansion of
the nonlinear response in powers of the electric field. While at
first glance one might think that these two definitions are
equivalent, they are in fact not, and the clarification of their
relation is a main topic of the present Perspective.

We label the multiquantum signals in multidimensional
spectroscopy as XQYQZQ_where X, Y, and Z correspond to
the quanta of coherences [one-quantum (1Q), two-quantum
(2Q), etc.] with respect to the laser central frequency @, that
evolve as a function of the time delays 7, T, and t, respectively.
The (first) coherence time 7 is defined as the delay between
the two pump pulses, while the population time T is defined as
the delay between pump and probe. The time ¢ (the “second”
coherence time, also called “signal time”) is defined as the
delay between the probe and the emission of the signal. The
coherences during 7 and t determine the position of the signal
on the excitation and detection axis, respectively. It is also
possible to isolate zero-quantum (0Q) coherences, which are
superpositions between states within a particular manifold such
as between two vibrational sublevels of a single-exciton state.
We will use the label 0Q during the population time T to
indicate that a population in a single manifold is present, which
allows one to observe vibrational coherences as stated above,
coherences between electronic states of the same manifold, as
well as population dynamics. For example, in a typical “photon-
echo-type” 2D experiment, one isolates the 1Q0Q1Q signal,
which correlates one-quantum coherence during 7 with one-
quantum coherence during ¢, with the possibility of tracking
population dynamics as well as coherences during time delay
T. Sometimes the YQ label is omitted even if the population
time is scanned to keep the notation simple.”* We also discuss
population-detected signals generated by three pulses. For such
signals, only two delays are scanned (the coherence times 7
and t), and accordingly we will label the multiquantum signals
from three-pulse experiments as XQZQ signals.>®

Nonlinear signals are often discussed in the framework of
double-sided Feynman diagrams.”*® In these diagrams, the
density matrix is shown between two vertical lines and
interaction with the electric field is shown as arrows pointing
toward or away from the density matrix. Each diagram
represents a pathway of the density matrix in time-dependent
perturbation theory; the sum of all the diagrams’ contributions
gives the signal.””>® Time flows from the bottom to the top.
Let us first focus on the diagrams of coherently detected
experiments (Figure 1a). An arrow pointing to the left is
connected to —k, while an arrow pointing to the right
represents an interaction with +k. We depict the emission of
the signal in coherently detected experiments by a dotted
arrow, which formally arises from a dipole transition of the
density matrix after it has evolved under the influence of the
optical pulses. In action-detected experiments, we use a double
wavy arrow to indicate signals arising from the population. In
Figure la we present two examples of double-sided Feynman
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Figure 1. Description of nonlinear signals using double-sided
Feynman diagrams. The different coherences are marked with the
colors (0Q_in purple, 1Q in blue, 2Q in red, and 3Q in yellow). (a)
Examples of diagrams that contribute to coherently detected third-
order 1Q0Q1Q (left) and fifth-order 2Q0Q1Q (right) signals. (b)
Examples of diagrams that contribute to the action-detected fourth-

order 1Q1Q signal (left) and the sixth-order 3Q1Q _signal (right).

diagrams for a coherently detected experiment: on the left a
third-order pathway contributing to a 1Q0Q1Q signal and on
the right a pathway of a fifth-order signal corresponding to the
2Q0Q1Q signal. We mark each coherence with a specific
color: 0Q in purple, 1Q in blue, and 2Q in red. In Figure 1b we
show two diagrams connected to action-detected spectroscopy
(where the 3Q coherence is marked in yellow). Instead of
phase matching, in this example the signal is isolated via phase
cycling, which is discussed below. In the diagrams, the
wavevectors are replaced by the relative phases connected to
the electric fields. An arrow pointing to the left is connected
with —¢ while an arrow pointing to the right is connected with
+¢. Figure 1b shows diagrams contributing to a fourth-order
1Q1Q signal and a sixth-order 3Q1Q signal. Both signals can
be isolated in an action-detected three-pulse experiment as we
will discuss later. The order of a process can be read out from
the Feynman diagram by counting the number of interactions
with the electric fields.

Let us now discriminate, from such multiquantum signals,
the nonlinear orders that correspond to the different terms of
the perturbative expansion. One might naively think that, for
example, the coherently detected 1Q0Q1Q signal should
correspond to a third-order signal. However, higher (than the
third) nonlinear orders generally contribute as well. The
influence of the higher-order signals on a specific signal can be
controlled by the intensities of the pulses. For example, they
are usually chosen in such a way that the 1Q0QIQ signal is
dominated by the third-order response, while higher-order
terms do not contribute “significantly,” where the level of
tolerated contributions is often not specified or characterized
quantitatively. If the intensity of the two pump pulses is
increased, the 1Q0Q1Q signal will be substantially “contami-
nated” by higher-order signals, i.e., fifth- and higher-order
signals. Higher-order signals can be characterized independ-
ently by isolating appropriate multiquantum signals. In other
words, each multiquantum signal has a lowest-order con-
tribution with lower-order signals not present. For example, in
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coherently detected 2D spectroscopy in the pump—probe
geometry, the 2Q0Q1Q signal illustrated in Figure 1a is at least
a fifth-order signal. Note that, in our convention, a coherently
detected XQYQZQ_ signal dominated by the (2n+1)th
nonlinear order corresponds to the population-detected
XQYQZAQ signal dominated by the (2n+2)th nonlinear order
(n 1, 2, 3,), and they are both based on the same
underlying generalized response function.”* There is no
general mapping from the X, Y, Z to the leading order
response of a signal, as for example, it is also possible to
acquire signals involving 2Q_coherences that are lower than
fifth order. For example, in so-called double-quantum spec-
troscopy, one measures a coherently detected third-order
1Q2Q1Q_ signal containing a 2Q_coherence during the
population time by choosing the phase-matching condition
+k, + k, — k;,° and one can similarly apply phase cycling to
extract a fourth-order 1Q2Q1Q signal in fluorescence-detected
2D spectroscopy.””

While certain multiquantum signals such as the mentioned
2Q0Q1Q signal might have no contribution of lower-order
signals, i.e., the leading order is a higher-order term, in general,
terms of even higher order are also present. The total
contribution of contaminating higher-order terms can be kept
low again by choosing an adequate intensity regime, i.e., using
the intensity dependence of the different nonlinear order
terms. The contamination by higher-order signals should be
kept in mind and will be addressed explicitly in the section
dealing with higher-order pump—probe spectroscopy. To
simplify the discussion until then, we will mention only the
leading order for each multiquantum signal, implying that the
intensity regime was chosen such that the lowest nonlinear
order of a certain multiquantum signal is the dominant term.

Let us now focus on the experimental approaches for
obtaining higher-order signals. In this Perspective, we focus on
two approaches, namely, selection by excitation frequency in
coherently detected spectroscopy (Figure 2a) and selection via
phase cycling in fluorescence-detected spectroscopy (Figure
2b). Other approaches such as phase-matching in fully
noncollinear setups®® as well as action-detected spectroscopy

a) Selection by excitation frequency  b) Selection by phase cycling
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Figure 2. Overview of two experimental approaches discussed in this
Perspective to isolate multiquantum signals predominantly corre-
sponding to higher nonlinear orders in multidimensional spectrosco-
py. (a) In PP geometry, the first two (pump) pulses have the same
wavevector. The higher-order signals are separated along the
excitation frequency axis in the 2D spectrum because they oscillate
at higher frequencies during time delay z. (b) In action-based
spectroscopy (here with fluorescence detection), the signal is
measured using four pulses with variable time delays. The isolation
of the signals is carried out by phase cycling. For phase cycling, the
relative pulse phases are systematically varied by incrementing the
absolute phases @, (i = 1, 2, 3, 4) of the second, third, and fourth
pulses with respect to the first for each set of time delays.
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applying phase modulation'"*"*'~%* can also be used to isolate

different signal contributions including higher-order signals.

In the PP geometry (Figure 2a) the two pump pulses, i.e.,
pulses 1 and 2, excite the system from the same direction, and
the signal is emitted in the direction of the probe pulse, which
also acts as the LO. Therefore, the purely absorptive spectrum,
i.e., the sum of the rephasing and nonrephasing parts, can be
measured directly. However, some fifth-order contributions,
such as —2k; + 2k, + k; and +2k; — 2k, + k;, are also emitted
in the same direction as the third-order signals, because k; = k,
in the PP geometry.”** While these signals overlap spatially,
we can separate them in the frequency domain along the
excitation axis in the 2D spectrum.64 The 2Q0Q1Q_signal
appears at around twice the central frequency (2w,) of the
excitation pulses and can be spectrally separated from the
1Q0Q1Q signal at @,. This can be directly inferred from the
examples of double-sided Feynman diagrams for the two
signals in Figure la. In the diagram contributing to the
1Q0QI1Q signal, a 1Q coherence is present during the
coherence time 7 (Figure la, left), while in the diagram for
the 2Q0Q1Q_signal, a 2Q_coherence is present (Figure la,
right). In order to discriminate such higher-order signals, the
coherence time step size has to be chosen small enough
according to the Nyquist theorem.® The first two pulses, i.e.,
the two pump pulses, can be created, for example, by a Mach—
Zehnder interferometer or conveniently from one beam path
by a pulse shaper or a common-path interferometer.”®
Polarization control in the PP geometry can be achieved
with vector-field pulse shaping.°*®” Another approach utilizes
differently oriented polarizers for the probe pulse before and
after the sample to suppress certain signal contributions.”® In
the PP geometry, rephasing and nonrephasing signal
contributions are emitted in the same direction and can
therefore not be separated spatially but can be separated via
phase cyling® as described below in the context of action-
based spectroscopy.

It is also possible to use incoherent observables to measure
multidimensional spectra as shown in Figure 2b for the
example of phase cycling using fluorescence detection.'*>*”°
Measurements usin% other incoherent observables such as
photoelectrons,”~"" ions,"*™*° and internal photocur-
rents” ~** can be carried out as well. Note that these action-
based approaches acquire a signal that is dependent on the
excited-state population after the last light-pulse interaction,
which means that a nonlinear signal of even order is measured
(i.e., fourth order, sixth order, etc.). We analyzed the response
functions for coherently detected and action-detected 2D
spectroscopy, demonstrating their similarities and differences
and derived a generalized response function for both
techniques.”* The excited-state population that is connected
to the observable in fluorescence-detected 2D spectroscopy is
created at the end of the sequence of pulses and can be
influenced by dynamical processes such as EEA or internal
conversion. Both effects can reduce the quantum yield of
certain excitation pathways, resulting in their (partial)
cancellation. The fundamental and practical differences of
coherently and fluorescence-detected techniques were part of
several recent studies.””” Using fluorescence as an observable
has the advantage that the solvent does not contribute to the
signal because the solvent is usually not fluorescent, which
makes fluorescence-detected methods well suited to track
short-lived dynamics, with the potential to reach single-
molecule sensitivity.”'
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In the scheme of Figure 2b, phase cycling is used for signal
isolation. In phase cycling, the relative pulse phases are
incremented in discrete, equidistant steps, enabling discrim-
ination of desired signals from the undesired background.
Similar to phase matching, phase cycling exploits the unique
phase signatures of nonlinear signals for their discrimination.
The concept of phase cycling was originally introduced in the
context of 2D NMR spectroscopy to suppress unwanted
artifacts.”” Later, Tan developed a theory for phase cycling in
optical 2D spectroscopy,”” which was then adapted to 2D
spectroscopy in the pump—probe geometry.”” Depending on
the desired nonlinear signals, the phase-cycling scheme must
be chosen carefully, as we discuss further below. For
multiquantum signals dominated by higher-order responses,
phase-cycling schemes must employ smaller increments for the
relative phases, analogously to coherently detected spectros-
copy where smaller delay step sizes are needed to resolve
multiquantum  signals oscillating at higher frequencies.’”
Experimentally, phase cycling can be carried out using a
pulse shaper. Note that if the time delays are controlled by a
pulse shaper, the maximum available time delays are limited by
the properties of the pulse shaper such as the crystal length in
the case of an AOPDF, which results in a delay limit up to a
few picoseconds.””*””®> The advantage of a single-beam
geometry is that phase stability is inherently assured, which
eliminates the need for employing an additional procedure to
determine the absolute phase of the nonlinear signals. For each
set of delays, the relative phases of the pulses are varied. The
nonlinear signals therefore depend on the delays as well as on
the relative phases of the pulses, analogous to the signals in
noncollinear, coherently detected 2D spectroscopy that
depend on the delays and on the distinct wavevectors.

Various nonlinear signals in fluorescence-detected 2D
spectroscopy can then be constructed by weighting the
phase- and delay-dependent raw data with phase-specific
factors.”> In addition to dealing with potential artifacts
introduced by the pulse shaper, one has to prevent artifacts
from potential nonlinearities of the detector either by
calibration or by acquiring data only in the linear regime of
the detector.” Spectral interferometry can be used to
characterize all pulse sequences in 2D spectroscopy on the
fly during an actual experiment, ensuring that artifacts are small
and allowing the precise electric fields to be taken into account
in simulations.”®

Higher-Order Fluorescence-Detected 2D Spectrosco-
pYy. As a first application example, we now discuss how phase
cycling in fluorescence-detected 2D spectroscopy can be used
to separate nonlinear signals from each other. Let us consider a
three-pulse excitation sequence. The total phase of the signal,
Prop can be decomposed into

Gor = @, + P, + 70, (1)

with the phases @, (i = 1, 2, 3) of the three pulses
corresponding to the zeroth-order coefficients of a Taylor
expansion of spectral phase. Note that interactions with +¢; as
well as —¢; are possible, since these are associated with the
positive and negative frequencies that are both contained in the
real-valued electric field. The set of the three coefficients a, f3,
and y, each of which is an integer, corresponds to the
interaction pattern with pulses 1 to 3. Each coefficient
represents the number of electric-field interactions with +¢;
minus the number of interactions with —¢; that occur with the
corresponding pulse i. In the rotating-wave approximation, an

https://doi.org/10.1021/acs.jpclett.3c01694
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Figure 3. Multidimensional spectroscopy using fluorescence detection combined with phase cycling. (a, b) The isolation of two signal
contributions via phase cycling is illustrated by plotting the signal-specific weighting factors as vectors in the ¢,, space and ¢, space. We show the
vectors for the phase combinations of the 1Q1Q signal (top) and the 3Q1Q signal (bottom). For a 1 X 4 X 4 phase-cycling scheme (a), the vectors
corresponding to specific signals point in the same direction (i.e., the signals are aliased). For a 1 X 6 X 6 phase-cycling scheme (b), the vectors are
separated in ¢, space allowing one to isolate the 1Q1Q and the 3Q1Q spectrum without aliasing. (c) 1Q2Q spectrum (absolute magnitude,
normalized) of CdSe,_,S,/ZnS quantum dots in toluene. The absorption spectrum (black line) as well as the pump spectrum (red shaded area) are
shown on top of the 2D spectrum. The transitions of the three excitons that are predominately excited are shown as vertical dashed lines. The
resulting 2D spectrum displays the projection of several biexciton states (see energy-level scheme on the right) to the exciton states. (d) 1Q3Q
spectrum (absolute magnitude, normalized) of the same sample extracted from the same experiment. The observed peak tilt (white line) is a result
of correlated transition energy fluctuations (5) between ground (g), exciton (X), biexciton (BX), and triexciton (TX) states. Panels ¢ and d are
reprinted with permission from ref 78. Copyright 2021 American Chemical Society.

interaction with +¢; corresponds to an excitation of the ket 1 e
side or a de-excitation of the bra side, while an interaction with plz, t, p,y) = m Z Z p(z, t, ZA(PZI; mA%l)
—@; corresponds to an excitation of the bra side or a de- 1=0 m=0
excitation of the ket side of the density matrix. Since we are e 1Ay g —irmAg;, (4)
observing fluorescence, the final state after the interaction with
the last pulse must be a population in an excited state, ie., a with the total number of phase-cycling steps L in ¢,; space and
diagonal element of the density matrix. A population can only M in @3, space and associated phase increments Ag,; = 27/L
be generated by the last pulse when the condition and A@;, = 2/M. Note that the nonlinear signal contributions
do not depend on a because we used relative phases. We can
a+pf+y=0 (2) label a phase-cycling scheme by the number of experimental
steps L and M as a “1 X L X M” phase-cycling scheme where
is fulfilled.”” If the pulse intensities are chosen so that the the first number reflects the fact that the relative phases are
highest order of nonlinearity that needs to be considered is R, a referenced to pulse 1 and thus the phase of pulse 1 is not
limit on the absolute number of total interactions is provided cycled. Each signal contribution is characterized by its
interaction pattern, which is reflected by the values of
lal + 161 + Iyl < R (3) coefficients # and y. The different multiquantum signals can

thus be retrieved from one set of raw data with eq 4 by
inserting signal-specific values for f and .

Phase-cycling schemes must have an appropriate number of
steps to discriminate between various multiquantum signals.

While the coeflicients can be negative, the observed order of
nonlinearity depends only on the number of interactions. From
eq 2 it follows that the coefficients are not independent of each

other. We can hence reference the phases to the phase of the To illustrate this, let us discuss a three-pulse sequence with the
first pulse, resulting in ,; = ¢, — ¢, and @3, = @3 — ;. goal to separate a fourth-order multiquantum signal from
The raw data, p(7, t, ¢,), ¢3;), depend on the time delay 7 another sixth-order multiquantum signal. In order to visualize
between pulses 1 and 2, the delay t between pulses 2 and 3, the ability of a particular phase-cycling scheme to separate
and the relative phases of the pulses, ¢,, and @;;. The discrete different signal contributions, we can sketch the ¢,, and @3,
2D Fourier transformation of p(7, t, ¢,;, ¢5;) with respect to spaces in polar coordinates, as in Figure 3a. The number of
@, and @3 gives the various nonlinear signal contributions p phase-cycling steps L and M divides the unit circle into equally
as”” sized sections. We can then plot the signal-specific phase
7560 https://doi.org/10.1021/acs jpclett.3c01694
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vectors of e #A?1 and e77A% in the @,; and @5, space,
respectively. In Figure 3a, we show the values of # and y next
to the corresponding vectors. As an example, we show the
vectors for the fourth-order 1Q1Q _signal, which corresponds
to the correlation of 1Q coherences during 7 and t, and the
3Q1Q signal, which corresponds to a sixth-order signal with a
three-quantum (3Q) coherence during 7 and a 1Q coherence
during t. To distinguish the two signals via phase cycling, the
vectors must differ either in the ¢,; space or in the @5, space
(or in both). For a 1 X 4 X 4 phase-cycling scheme (Figure
3a), we can see that both vectors for f = —2 and § = +2 in the
@1 space as well as the vectors in the @3, space are the same
(y = —1) for the two different signals. The specific values of
and y can be determined by inspection of the double-sided
Feynman diagrams describing the signals (Figure 1b). The 1 X
4 X 4 phase-cycling scheme is thus not sufficient to distinguish
the 1Q1Q_signal from the 3Q1Q signal; both the fourth- and
sixth-order signals contribute to the same p in eq 4. This can
be easily seen in Figure 3a where the red and blue vectors in
the scheme point in the same direction. Hence, the two
multiquantum signals are mixed, and we say that these signals
are “aliased”. In the example, an attempt to extract the 1Q1Q
signal using eq 4 yields contributions from the 3Q1Q _signal.
For a higher phase-cycling scheme, ie., smaller phase
increment steps, the two vectors point in different directions
(Figure 3b, for 1 X 6 X 6), resolving the coefficient
ambiguity.”> Note that a 1 X § X S phase-cycling scheme
would be insufficient to discriminate all multiquantum signals
up to sixth order. In general, an appropriate phase-cycling
scheme ensures the separation of multiquantum signals from
each other up to a certain order, under the assumption that
higher orders do not contribute. The appearance of a
multiquantum signal that is predominantly of sixth order
implies that the pulse intensities are large enough that there
will also be sixth-order contaminations of the multiquantum
signals that are predominantly of fourth order. Note that
eighth-, tenth-, or even higher-order signals can additionally
contribute, and the intensity regime needs to be chosen
appropriately to keep the contaminations small, or one needs
to isolate these higher orders as we discuss in Higher-Order
Pump—Probe Spectroscopy.

The power of fluorescence-detected higher-order 2D
spectroscopy using phase cycling is that many 2D spectra
can be extracted from the same data set.”””” Each extracted 2D
spectrum shows correlations among various coherences. The
phase-cycling protocol can be directly extended to specific
multiquantum signals by choosing a higher-order phase-cycling
scheme. Furthermore, instead of a three-pulse sequence,
multipulse sequences with an increasing number of pulses
(and thus higher dimensions) could be applied, which would
allow us to systematically investigate correlations between
more than three coherences.

We illustrate the capabilities of phase cycling on the example
of quantum dots measured with a 1 X 6 X 6 (36-fold) phase-
cycling scheme in the experimental configuration of Figure
2b.”® We have shown that for a 36-fold phase-cycling scheme,
six predominantly sixth-order multiquantum signals, and three
signals that are dominated by fourth order, can be isolated.”
In Figure 3¢, we show the absolute magnitude of the 1Q2Q_
spectrum (predominantly a fourth-order signal) of CdSe,_,S,/
ZnS alloyed core/shell quantum dots. The first three excitons
were excited with a broadband pulse (Figure 3c, top). The
1Q2Q spectrum correlates the transition from the ground state
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to the single-exciton manifold with the transitions from the
ground state to the biexciton manifold. Due to the broadband
excitation, six biexciton states were excited (Figure 3¢, right).
Especially the biexciton states that are energetically higher than
the lowest biexciton state cannot be directly probed with other
methods such as time-resolved photoluminescence. With the
help of simulations, the binding energies of all the six involved
biexciton states as well as their transition dipole moments
(shown as vertical arrows in Figure 3c, where the dashed
arrows correspond to somewhat lower transition dipole
moments) could be determined.

While the 1Q2Q signal is dominantly of fourth order, the
utilized phase-cycling scheme provided the opportunity to
extract several other multiquantum signals as higher-order
contributions. One of these contributions is the 1Q3Q
spectrum (Figure 3d), which is dominated by the sixth
order. For the quantum dot sample, this spectrum provides
information about the transition energy fluctuations. We find
strong anticorrelation between the ground-state to single-
exciton transition energy fluctuation with bandwidth 6y, and
the single-exciton to biexciton transition energy fluctuation
with bandwidth dpxx as well as anticorrelations between the
ground-state to single-exciton transition energy fluctuation and
the biexciton to triexciton transition energy fluctuation with
bandwidth &rxpx. In other words, the amplitude of the
transition energy fluctuation of the single-exciton state
determines whether the biexciton and triexciton states undergo
stabilization, ie., a shift to higher binding energies, or
destabilization, i.e., a shift to lower binding energies.

Moving from three-pulse to four-pulse sequences allows one
to measure dynamics over the additional delay T. We used a
four-pulse sequence to investigate the electronic structure of a
dianion with interesting photophysical properties such as high
fluorescence quantum yield.”” We combined shot-to-shot pulse
shaping with a 1 kHz amplified laser system. This measure-
ment procedure allowed us to stream the full 1 X S X § X 5
phase-cycling scheme with all time delays, ie., a total of
421875 sequences, in just 8 min (without averaging). The
employed higher phase-cycling schemes isolated 15 different
spectra, 3 dominantly of fourth order and 12 dominantly of
sixth order, allowing us to map the energetic landscape up to
triply excited states and decipher their energies, dynamics, and
vibrational displacement.’” Another example demonstrated the
use of a so-called cogwheel phase-cycling scheme, which may
reduce the number of total phase steps in some cases. This
scheme was used to measure the 2Q2Q signal (the 2Q_photon
echo) of a dimer and a squaraine polymer, in predominantly
eighth order of nonlinearity, with which one can access their
respective biexciton lineshapes.””

Coherently Detected Higher-Order 2D Spectroscopy.
Coherently detected higher-order 2D spectroscopy in the PP
geometry (Figure 2a) allows one to isolate a 2Q0Q1Q signal
with a parametric dependence on T. We now discuss how this
2Q0Q1Q signal can be used to track exciton diftusion. The
2Q0Q1Q signal is dominated by two-fifth-order signals with
phase-matching conditions of —2k; + 2k, + k; and +2k; — 2k,
+ k;. In excitonic systems, the dynamics of the biexciton
population can be measured by tracking the 2Q0Q1Q_signal
over the time delay T between the two pump pulses and the
probe pulse. What can we learn from biexciton dynamics? In
extended systems, i.e, large excitonic systems consisting of
many coupled subunits (molecular aggregates, polymers,
photosynthetic membranes, etc.), the spectral signature of
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Figure 4. Coherently detected 2Q0Q1Q signals using 2D spectroscopy in PP geometry. (a) The 2D spectrum of a perylene bisimide-based J-
aggregate exhibits two distinct features: a predominantly negative signal at @, and a positive signal at 2@;. (b) The population time evolution of the
integrated 2Q0Q1Q signal of extended systems is dominated by EEA. We show two examples of such systems: a supramolecular J-aggregate (red)
and a squaraine polymer (green). The 2Q0Q1Q signals show a rise due to diffusion-limited annihilation (blue-shaded region), followed by a decay
according to the exciton lifetime (orange-shaded region). Both transients are normahzed to their individual maxima. The data of the squaraine
polymer were measured under similar conditions as in our previous publication®” but with more population time steps. Panel a is adapted with

permission from ref 64.

excitons is not affected by propagation if their local
environment is the same everywhere on average. However,
we can exploit additional processes that occur when two
excitons come spatially close together. This can lead to the
annihilation of one of the two excitons, i.e, EEA. In an
extended system, where the two excitons are on average not
close to each other directly after excitation, a period of exciton
transport must occur before the annihilation takes place. The
coherently detected 2Q0QI1Q signal in extended excitonic
systems is dominated by EEA, and thus the dynamics of
exciton transport are reflected by a rise of the 2Q0Q1Q _signal
with time.°* In other words, the annihilation acts as a “probe”
for exciton transport in extended systems, which is well-known
from intensity-dependent transient absorption studies where
third- and fifth-order contributions are mixed together, i.e.,
biexciton dynamics including EEA mixes into the sm%le-
exciton dynamics as outlined in the introduction.*’~*
However, if we obtain a 2Q0QI1Q_signal instead, we can
obtain direct access to the annihilation dynamics.” While for
extended systems such as polymers it was shown theoretically
that the frequency-integrated 2Q0Q1Q signal i is dommated by
the dynamics of the biexciton states, i.e., EEA,*>*® in general
also single-exciton dynamics as well as ground-state dynamics
can contribute to the 2Q0Q1Q. signal.y"g‘"85 As shown
recently in the example of quantum dots,®® this fact can be
used to get additional information about the transition dipole
moments.

As an example, we show in Figure 4a the coherently detected
2D spectrum of a perylene bisimide-based J-aggregate,
acquired in PP geometry.”* The signal at around @, on the
excitation axis is dominated by a negative contribution (blue-
violet) that decays over the population time with a single-
exciton lifetime. Note that in our convention, third-order
ground-state bleach and stimulated emission are plotted as
negative signals in accordance with the convention of transient
absorption where ground-state bleach corresponds to reduced
absorption. In contrast to the signal at w,, the 2Q0Q1Q signal
that is predominantly of fifth order at 2w, on the exc1tat10n
axis has a positive sign and rises with the population time.’ The
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integrated 2Q0QI1Q_signal of extended systems probes the
biexciton dynamics, which are dominated by EEA as shown in
Figure 4b (red curve). After excitation, the two excitons must
be close to each other in order to annihilate. The kinetics of
the transport process is responsible for the slow rise of the
2Q0Q1Q signal at early times (Figure 4b, blue-shaded region).
After reaching a plateau, the remaining excitons decay
according to the exciton lifetime (Figure 4b, orange-shaded
region). In Figure 4b we also show, for comparison, the
integrated 2Q0Q1Q signal of a squaraine copolymer made on
average from 18 dimer units (green curve). This polymer,
which is also an extended system made from repeating
subunits, differs, however, in its electronic structure from the
molecular J-aggregate due to the covalently bound subunits.
While the decay of the 2Q0Q1Q signal is similar in both
systems because of their comparable exciton lifetimes, the rise
of the 2Q0Q1Q signals differs significantly, reflecting the faster
annihilation in the polymers compared with the J-aggregates.
The diffusion coeflicient as well as the exciton delocalization
length can be obtained by modeling the fifth-order signal
dynamics.®*

Furthermore, the 2Q0Q1Q signal can be used to study the
“character” of exciton diffusion. We used the 2Q0Q1Q_signal
to model exciton diffusion in a series of squaraine copolymers
that differ in their average length.*” Interestingly, we found that
the often-applied assumption of normal diffusion®*” does not
hold in these polymers and that exciton motion can be better
described by subdiffusive behavior. A reason for such
anomalous diffusion could be the energetically disordered
structure of the polymers. We also used coherently detected
2Q0Q1Q spectroscopy to investigate the exciton dynamics in
double-walled tubular aggregates.88 There, we measured the
interplay between exciton transport and diffusion within each
of the tubes. Additional information about the geometrical and
energetic disorder of a system can be obtained by analysis of
the anisotropy of the 2Q0Q1Q signal.** Furthermore, analysis
of the peak shape reveals information about the correlation of
fluctuations between states”” similar to the case of
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Table 1. Example Multiquantum Signals with Their Leading Nonlinear Order as Well as Detection Scheme and Application

Leading
order XQYQZQ/XQZQ. Detection scheme Application Reference
S 2Q0Q1Q T2k, + 2k, + k; (PP geometry) Exciton—exciton annihilation, exciton diffusion 64, 82, 88,
90
7 3Q0Q1Q F3k, + 3k, + k; (PP geometry) Multiexciton annihilation 58
6 3Q1Q, 1Q3Q 36-fold (1 X 6 X 6) phase cycling Multiexciton binding energies, multiexciton correlation, triply excited 91, 78
molecular states
6 2Q0Q1Q, 125-fold (1 X S X S X S) phase Exciton—exciton annihilation 90
1Q0Q2Q. cycling
6 2Q0Q1Q 125-fold (1 X S X S X S) phase Properties of doubly excited states 59
cycling
8 2Q2Q 33-fold cogwheel phase cycling Biexciton homogeneous line width 79

Measurement at
N intensities
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Extraction of N
multiquantum signals

r—I—‘ <

Isolation of N clean
nonlinear order signals

I 4
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T (A D

] —
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-

Figure S. Higher-order PP spectroscopy. A set of N PP spectra is measured in which the excitation intensity is systematically varied (left). A linear
combination of the intensity-dependent measurements, weighted with w" s used to extract N multiquantum signals (middle). Correction of the
contaminations from various overlapping nonlinear orders using the matrix (A_I)I,Q leads to N clean nonlinear-order signals (right). The so-
obtained third-order signal (blue curve on the right panel) agrees with the low-power measurement used as a reference (black data points),
demonstrating that the obtained third-order signal is free of higher-order contributions. Adapted with permission from ref 85. Copyright 2023.

ﬂuc;gescence—detected higher-order spectroscopy in Figure
3d.

The examples provided above demonstrate that fifth-order
2D spectroscopy is well-suited to tracking exciton diffusion in
extended systems. Compared to low-order techniques, the
fifth-order signal is measured directly without third-order
signals contributing to the signal, resulting in direct access to
EEA in the case of extended excitonic systems. The separate
measurement of the biexciton dynamics, including EEA,
simplifies the analysis. This separation is an advantage
compared to previous studies utilizing variations of the
excitation intensity where third- and fifth-order signals are
mixed together.”*~*

Let us now briefly compare fluorescence-detected and
coherently detected 2D spectroscopy. In coherently detected
2D spectroscopy, the 2Q0Q1Q signal can be very well used to
track EEA.°“°**? The 2Q0Q1 Q signal can be isolated easily by
its specific excitation frequency without the need for phase
cycling. In fluorescence-detected 2DES, EEA is reflected in the
cross-peak amplitude already in the fourth-order signal.”” The
higher-order signals, isolated by phase cycling or phase
modulation, include single-exciton dynamics as well, and
additional steps have to be taken to isolate EEA.>** On the
other hand, an advantage of fluorescence-detected spectrosco-
py and other action-detected variants is that they are
background-free, which allows one to avoid strong coherent
artifacts. This is especially suitable for signals close to T = 0.
Because a single excitation beam can be used, fluorescence-
detected 2D spectroscopy is highly suited to be combined with
spatially resolved methods, which will be discussed at the end
of this Perspective. We summarize several of the experiments
discussed in this Perspective with the (dominating) nonlinear
order, multiquantum signal, detection scheme, and application
in Table 1. There are many more examples of high-order
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spectroscopies, several of which are mentioned throughout this
Perspective #6~ 560628489

Higher-Order Pump—Probe Spectroscopy. So far, we
discussed multidimensional methods to probe multiquantum
signals. The technique of PP (transient absorption) spectros-
copy is closely related to multidimensional spectroscopy, as
outlined in the introduction. Using the close relation between
the two techniques, we developed a technique to isolate
nonlinear signals of a particular order in a PP experiment. In
contrast to the previously discussed multiquantum signals,
which have been dominated by a particular nonlinear order
(but are contaminated with higher orders in general), we can
obtain signals representing “clean” nonlinear orders, i.e., free of
contamination by higher nonlinear orders, using the PP
approach. The complete procedure is discussed in detail below,
and Figure S illustrates an example with squaraine polymers.
The key idea is to use PP measurements at specific excitation
intensities (Figure S, left). From these, several multiquantum
signals can be extracted via linear combinations determined
with a set of weight factors w{"® (Figure S, middle). These
multiquantum signals still contain overlapping contributions of
nonlinear signals from various nonlinear orders. In a next step,
the multiquantum signals are used to construct PP signals of
clean nonlinear order using the matrix (Afl);Q (Figure S,
right).

Let us now discuss the procedure shown in Figure S in more
detail. We begin by comparing a PP experiment to coherently
detected 2D experiments in PP geometry. The full 2D
experiment has much more information, but the EEA kinetics,
as in Figure 4b, are determined by keeping only the excitation
frequency 2w, and integrating the 2Q0Q1Q_signal over the
detection and excitation frequencyj; i.e., information such as the
line shapes along the excitation and detection axes is not
evaluated. This integration gives a signal equivalent to the
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Figure 6. Higher-order PP spectroscopy. Measurements are depicted in red, data analysis is in blue, and validation is in black. The different
nonlinear orders are isolated by using linear combinations of measurements at different excitation intensities I, Comparing the extracted third-
order signal with a low- -power measurement reveals if the chosen intensity I, with the particular numbers of intensities N is enough to extract all the

present nonlinear orders.®

frequency-integrated PP signal. The 2Q0QI1Q signal with
phase-matching condition +2k; F 2k, + k; is emitted in the
same direction as the probe pulse itself (because k; = k,) but
occurs at 2w, along the excitation frequency axis in the 2D
spectrum. The excitation axis of the 2D spectrum is only
needed to separate the different multiquantum contributions
that are emitted in the same spatial direction. Integrating a 2D
spectrum over all excitation frequencies corresponds to simply
measuring at 7 = 0, i.e,, a PP signal. For integration over the
whole excitation frequency axis, the result would be the normal
PP spectrum according to the projection-slice theorem,””>
with all the multiquantum signals added up, and the unique
2Q0Q1Q signature would be lost.

It is still possible to separate the (integrated) multiquantum
signals from multidimensional spectroscopy, however, even
when measuring a PP spectrum with 7 = 0. For this purpose,
we take inspiration from phase cycling. While we had
introduced phase cycling for action-based detection (Figure
2b) as illustrated in the fluorescence-detected 2D experiments
on quantum dots (Figure 3), it is also possible to implement
phase-cycling protocols for coherently detected 2D spectros-
copy such as in PP geometry. Viewing the single pump pulse in
PP spectroscopy as two pulses with zero time delay in 2D
spectroscopy, phase cycling reduces to a mere variation of
intensity, because the two coincident pulses interfere
constructively or destructively, depending on their relative
phase. To illustrate this, consider the equation for a collinear
double pulse with the delay 7 in phase cycling

e kel Eg(1) + Bt + 1) | 4

pulse 1

Epump(t) =

pulse 2
(6)

where c.c. is the complex conjugate of the previous term, E,(t)
is the complex envelope of the electric field (including chirp),
@, denotes the central frequency, k., is the common
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wavevector of both pulses, r is the position (which is integrated
out when taking into account phase matching during
propagation through the sample), and ¢, is the relative phase
between both pulses.”® Evaluated at 7 = 0 and inserting phase-
cycling steps for ¢, eq 6 leads to a mere intensity variation

(s— Dz

I = 41, cos®
s 0 ( N

), s=1,.., N
(7)

with the “base” intensity I, and N “intensity-cycling” steps with
index s. The maximum intensity of 4I; in an experiment is
obtained by setting s = 1. For other values of s, the excitation
intensity is effectively reduced. For example, for N = 3,
intensities of 41, 3I,, and I, emerge from eq 7. Just as phase
cycling allows extracting the multiquantum signals in a 2D
experiment, applying intensity cycling to PP spectroscopy
produces multiquantum signals without requiring 2D data.
Here, we focus on intensity variation of the excitation pulses
only, while the probe pulse is considered weak. Therefore, each
multiquantum signal has the form nQ0Q1Q, and for shorthand
notation we will drop the 0Q and 1Q and simply define
multiquantum signals as nQ_signals. Note that we define the
multiquantum  signals in PP spectroscopy as nQ_ signals
although multiple-quantum coherences are actually not
probed. We keep the notation in order to stress the close
connection between PP and 2D spectroscopy, i.e., the PP
signals correspond to the multiquantum signals probed via 2D
spectroscopy for 7 = 0.

As an example, we start by measuring the PP signal for the N
excitation intensities given by eq 7, as shown in Figure 6 (left,
red box). The different nQ signals, PP, are then isolated by
suitable linear combinations of the raw data, adding the
measurements PP(I,) at different excitation intensities I, with
different weights (Figure 6, blue box in the lower left corner)
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N
PP*Y(1,) = ) w"VPP(1)
s=1 (8)

where the weights

1 2-9 - 1)2
ws("Q)= — 5L cos n(s )27 , s=1.,N
2N1+ 6,y 2N

)

are given by the phase-cycling rules,”’ but now adapted to the
PP case.”®®

For weak excitation intensities, PPUQ is dominated by a
third-order nonlinear signal. For higher excitation intensities, a
fifth-order signal also contributes. The fifth-order signal is
present at two positions: first, as a 2Q_signal and second, as a
fifth-order contamination to the 1Q_signal. If the excitation
intensity is increased even further, seventh-order contributions
can no longer be neglected, and they appear at the 3Q_signal
and as contaminations of both the 2Q and 1Q signals.

The uncontrolled mixing of nonlinear orders is a general
problem in femtosecond spectroscopy, independent of the type
of measured system. At low excitation intensity, one can
suppress contamination from higher-order signals but must
accept a correspondingly low SNR, whereas at high excitation
intensity, one can achieve an improved SNR but must deal
with contamination from hi%her orders. We offer a solution to
this long-standing problem””* by utilizing the multiquantum
signals PP to obtain the clean nonlinear order contribu-
tions, ie., by separating the different parts of perturbative
expansion. In order to extract clean nonlinear orders from PP
experiments, we must know quantitatively how much each
particular nonlinear order contributes to each nQ_signal. We
here concentrate on the odd orders seen in coherent detection
such as in PP spectroscopy. The coeflicients for the
contaminations by various nonlinear orders of an nQ_signal
can be found in two ways. We can either perform an analysis of
the double-sided Feynman diagrams® or work directly with
the phase-cycling structure.”® In general, the (2n + 1)th-order
nonlinear PP signal scales with the excitation intensity to the
power n, e.g, linear in intensity for a third-order signal. This
scaling is the reason why researchers trying to avoid
contaminations from higher orders often state that their
experiments were carried out in the “linear regime,” despite the
fact that a third-order response was measured.””

We now show how to remove artifacts, even when outside of
the linear regime. This correction is possible using a matrix
(A_I)ZQ that contains suitable correction factors connecting
the clean nonlinear signals PPV with the experimentally
extracted (contaminated) multiquantum signals PP

pp@r, pp(Y(1,)
PP 1 -4 9 —-16 25 =36 pPOA(1 )
0 1 -6 20 -50 105
PO 1o 0 1 —s 35 —112 .|| PPOY)
00 0 1 -12
ppU3 o o0 o o 1 PPY(1)
pp3r¢ PPY(1)
(10)

The complete procedure is illustrated in Figure 6. At first, the
experimenter has to decide on the highest nonlinear order that
needs to be isolated (Figure 6, black box, top left), leading to a
certain number of PP measurements at intensities given by eq
7 (Figure 6, red box). In a typical PP experiment, the spectral
intensity of the probe beam I, peq(I;) with the pump beam
present and I ,umped Without the pump beam present are
detected via a spectrometer, resulting in the PP signal as a
change of absorption for different pump intensities I.. From
these measurements, the nQ_signals and further the clean
nonlinear orders are constructed (Figure 6, blue boxes).
Comparing the extracted third-order signal dynamics and
amplitude to a scaled reference signal (as described below) is
one way to ensure that the base intensity I, was chosen
correctly, ie., that the number of intensity-cycling steps is
sufficient to extract all nonlinear orders that contribute (Figure
6, black box, right middle). Another option, not shown in
Figure 6, is to directly assess the convergence of the recovered
perturbation expansion, where each perturbation term is given
by PP®*V in eq 11, by ensuring that the highest extracted
order vanishes in the noise. If the reference signal and the
extracted third-order signal disagree or the highest-order signal
is not vanishing, then the intensity-cycling protocol has to be
repeated with a lower value of I or with larger N to take into
account even higher orders.

We can also formally combine all of the steps, starting with
the measurements atN excitation intensities, separation of the
multiquantum signals, and finally obtaining clean nonlinear
signals, into one equation

N [N-1

PP(2r+1)16 — Z Z (_l)aMa

n=r | a=0 (r,n)

-4, (n(s - 1)271]
cos

+ 8,5 2N

-1 )]
T
(11)

where the inverse matrix (A_l);Q from eq 10 is expressed using
the matrix M with matrix elements defined as

2j
b
Mgy =qU 1
0,j<i (12)

M=
|H
=N

where i = 1, ..., N is the index of the rows and j = 1, .., N the
index of the columns. The matrix element M;;) quantifies the
contribution of (2j+1)-th order response to the iQ signal,
without the diagonal unity elements: M = A — [ where [ is the
identity matrix. While eq 11 may look complicated at first
sight, it is actually straightforward to implement and does not
require any specialized software nor is the data acquisition
complicated, making the procedure easy to carry out in any
ultrafast spectroscopy laboratory.

After this general explanation, we now illustrate higher-order
PP spectroscopy in the case of N = 3. Using the three different
intensities of 4I,, 31, and I, the third-, fifth-, and seventh-
order signals can be isolated. We select I; such that no signal
higher than seventh order contributes significantly, which can
be ensured as outlined above.
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In a first step of evaluation, we extract the 1Q signal,
following eqs 8 and 9 and setting = 1, as a linear combination
from the measured PP data at the three excitation intensities

1 _ 1
PP = —[PP(4],) + PP(3I,) — PP(I,
LIPP(41,) + PP(3L) — PR(L) )
Similarly, we can obtain the 2Q and 3Q_contributions by
applying suitable intensity-cycling coefficients

ppCQ _ é[pp(4lo) — PP(31,) — PP(I,)]

(14)

ppiQ — %[Pp(4[0) — 2PP(31,) + 2PP(1,)]

(18)
In the case of very weak excitation, i.e., if PP(I) scaled linearly
with the excitation intensity in the region from I to 4I; no
higher-order signal would be present. In that case, only pp®
would contribute to PPU'Y; that is, the PP('Q signal would be
contamination-free, equaling PP(3), and PPQ ~ ppBQ x .
In the case of contamination with the PP signal, we can
remove the higher-order contributions using eq 10. For
example, fifth- and seventh-order contaminations can be
corrected using the 2Q and 3Q signals by calculating

pP¥1, = PPUQ(L,) — 4PPPY(1y) + 9PPEYV(1)  (16)

Analogously, the contamination of seventh order at the 2Q
position may be removed to obtain PP

Our method of higher-order PP spectroscopy thus offers a
simple solution of correcting for contaminations by higher-
order signals. If one is only interested in the clean third-order
signal, the steps of isolation and correction for contamination
can also be directly combined, ie., essentially using eq 11,
which for the present case of third order and N = 3 intensity-
cycling steps reads

Gy _ 2 1
PP"“1, = 2PP(I,) 3PP(3IO) + 4PP(4IO) a17)
This method provides a remarkably simple solution to the
annihilation problem of ultrafast spectroscopy: Using eq 11 (or
eq 16 or 17 for a useful special case), one instead employs a
combination of excitation intensities to avoid the compromise,
quantify the influence of higher orders, correct for them, and
obtain clean third-order signals at high SNR. At the same time,
one obtains “for free” the fifth- and seventh-order signals that
provide additional information such as the dynamics of EEA in
the system.

Contamination by higher-order signals occurs not only in PP
but also in 2D spectroscopy. For example, the 1Q0Q1Q signal
acquired in coherently detected 2D spectroscopy in PP
geometry corresponds, at low excitation intensities, predom-
inantly to a third-order signal. For higher excitation intensities,
the 2Q0Q1Q signal dominated by fifth-order contributions can
be isolated at 2w, but at the same time, the 1Q0QI1Q _signal
will be contaminated with fifth-order contributions. For even
higher excitation intensities, the 2Q0Q1Q signal will be
contaminated by seventh-order contributions and the
1Q0QIQ signal with fifth- and seventh-order contributions,
and a 3Q0Q1Q signal appears at 3w,. In a similar way as in PP
spectroscopy, the nQ_signals in 2D spectroscopy can each be
integrated along their own portion of the excitation frequency
axis and then can be used to correct the lower-quantum signals
and to isolate clean nonlinear orders.>®
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Simulating Higher-Order Spectra. While higher-order
spectra do not need to be challenging to probe experimentally,
they can be more challenging to study theoretically, especially
as the order of the desired response increases. Some features
can be read directly from the higher-order spectra, such as
multiexciton binding energies,46 but detailed prediction and
interpretation of spectra generally requires simulation.
Simulating nonlinear spectra requires (1) a model for the
system under study, either a Hamiltonian or an open-systems
formulation that includes interaction with a bath permitting
dephasing and dissipation; (2) the interaction of the system
with the semiclassical optical pulses, generally taken in the
electric dipole approximation; and (3) specification of the
experimental observable, whether it be coherently detected,
fluorescence, or any other signal. These ingredients, in
principle, allow simulation of any nonlinear optical spectros-
copy experiment. There are two main routes to simulating such
spectra. In nonperturbative simulations, the system evolves in
time due to both its native propagation and its interaction with
the optical pulses, where phase matching is simulated either
with a spatially distributed set of systems or by a phase-cycling
procedure.sl’%_98 Such simulations, as their name indicates,
inherently include higher-order effects of the optical pulses and
thus are not designed to extract the separate perturbative
orders of the response of a system. But such an extraction
could be performed using the same techniques described here
and in our earlier publication® by calculating either several
intensity-dependent PP simulations or windowed integration
of separated nQ_signals.>®

In contrast, in perturbative calculations, the orders of light—
matter interaction are separated perturbatively at the
beginning. Such calculations are 6generally organized using
double-sided Feynman diagrams.”*® The experimental observ-
ables determine a phase-discrimination condition, which limits
the number of diagrams that must be considered at each order
of perturbation theory.”” Such diagrams make it straightfor-
ward to separate out the various nQ_signals and orders of
response. The number of diagrams that contribute to a desired
signal can be small when the pulses do not overlap in time and
in the rotating-wave approximation (RWA), but the number of
diagrams grows rapidly with the order of the spectroscopy. In
the case of coherently detected 2D spectroscopy with pump
pulses that overlap in time (near 7 = 0) but with the third pulse
well separated in time, the third-order response with the phase-
matching condition —k; + k, + k; in the RWA has 6 diagrams,
corresponding to the stimulated emission, ground-state bleach,
and excited-state absorption pathways. Under these same
conditions, the fifth-order contribution to the 2Q0Q1Q signal
(—2k; + 2k, + k;) has 54 diagrams and the seventh-order
contribution to the 3Q0Q1Q signal (—3k, + 3k, + k;) has 570
diagrams.”® If the third pulse also overlaps with the pump
pulses, these diagram counts increase to 16, 240, and 3584 for
the leading-order 1Q0Q1Q, 2Q0QIQ, and 3Q0QIQ
responses, respectively. With particularly simple systems,
these higher-order responses can be calculated analyti-
cally,'"*”'"" but most systems of interest require numerical
evaluation, as does most consideration of the effects of finite
pulse durations.

Writing down such large numbers of diagrams by hand is
prone to error even before considering the calculations that
each diagram represents. We have developed an automated
Feynman diagram generator (DG) that produces double-sided
Feynman diagrams.”” The user inputs the phase-discrimination
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condition including the desired order of interaction with the
pulses and which pulses overlap in time. The DG outputs a list
of all of the diagrams that contribute, and it was used to
determine the diagram counts mentioned just above. The DG
is part of the freely available Ultrafast Software Suite (UFSS), a
collection of modules that allows constructing the Hamiltonian
or Liouvillian description of a system under study, the
diagrams corresponding to a measurement, and the calculation
of the signals produced from those diagrams, including the
effects of pulse shapes and pulse overlaps.””'**

Each diagram represents a calculation of the quantum
propagation of the system under study. Many time-domain
propagation methods have been applied to make such
calculations.'”™""* We instead perform the propagation
computationally efficiently using the Ultrafast Ultrafast (UF*)
frequency-domain algorithm, which is part of UFSS. By
diagonalizing the Hamiltonian or Liouvillian of the system
once, the propagation of the system in the absence of the
optical fields is computationally nearly costless, enabling rapid
computation. UF? currently treats closed systems as well as
open systems in the Redfield and Lindblad approximations.
For systems in which the number of relevant Hamiltonian
eigenstates is less than approximately 10000 (closed systems)
or 100 (open systems), UF” is faster than competing time-
domain direct-propagation methods, with speedups of over 2
orders of magnitude possible for many commonly considered
small systems.'*>'">

We anticipate that the perturbative method will be
particularly helpful for understanding spectra where the orders
of response are separated, as in our recent publication®* and as
described in this Perspective. The perturbative method allows
those responses to be calculated independently simply by
choosing the set of desired diagrams. Even when the diagram
counts become large, as in higher-order spectra with pulse
overlaps, the UFSS enables efficient and accurate enumeration
of the diagrams and calculation of the resulting signals.

Significance of Higher-Order Extraction. While we
discussed the general meaning of higher-order signals in the
beginning, let us conclude our discussion with some remarks
on the physical significance of higher-order signals beyond the
fifth order. Higher-order signals beyond fifth order can be
obtained by choosing the appropriate intensity regime. Do
they still provide useful additional information? For example,
we performed higher-order PP spectroscopy on a squaraine
polymer with measurements at six different intensities to
isolate signals up to 13th order in perturbation theory.” In
such polymers, the higher-order signals contain information
about multiexciton interaction. In our example, we were able to
determine the annihilation times for each specific number of
simultaneously excited excitons by fitting the transients of the
increasing orders of nonlinear signals, and thus, we obtained
annihilation times for the biexciton, triexciton, and quadexci-
ton from which we could in turn determine the probability of
annihilation when two excitons meet. We found for the
squaraine polymers that the annihilation rate increases with the
number of simultaneous excitations, which makes intuitive
sense because there are more possibilities for interactions when
there are more excitons present and thus such interactions
occur faster. However, we can go further and obtain
quantitative information from higher orders. In our example
of squaraine polymers, we could deduce that the excitons only
annihilate with a chance of less than 10% when they pass near
to each other. The conclusion of this result is that in the one-
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dimensional polymer chain, each exciton can in principle
interact with all the other excitons that are present in the
polymer, even if other excitons are initially “in between”.*> Our
procedure of extracting clean nonlinear signals is general and
can be extended to signals higher than 13th order by increasing
the number of measured intensities beyond N = 6.

In summary, we demonstrated how fluorescence-detected
and coherently detected higher-order multidimensional spec-
troscopy can be used to investigate phenomena inaccessible to
lower-order spectroscopy. We provided examples of exciton—
exciton annihilation (EEA) and highly excited states in
quantum dots. An exciting new prospect is the extraction of
higher orders directly from PP signals without having to resort
to 2D techniques. This extraction exploits the dependence of
the PP signal on the excitation intensity in a process that we
call “intensity cycling” because it is derived from phase cycling
for the case of a coincident pump pulse pair. Higher-order PP
spectroscopy allows one to obtain clean orders of nonlinearity
in transient absorption setups by simply changing the
excitation intensity without the need to scan an additional
time delay. This method solves the “annihilation problem” that
plagued ultrafast spectroscopy for decades and thus helps to
avoid errors in the assignment of time constants and the
interpretation of kinetics for cases in which the excitation
power cannot be chosen to be low enough to guarantee a clean
third-order signal. Intensity cycling can be realized easily in any
laboratory using a pair of rotatable polarizers or one polarizer
and a half-wave plate. This technique allows one to measure
annihilation-free transient absorption spectra under high
excitation intensities, i.e., with a high SNR. One also obtains
the higher-order responses “for free” along with the same data
set. These higher orders allow experimenters to quantify
exciton diffusion and the interaction probability when two
excitons meet, as we demonstrated in the case of squaraine
polymers, as well as giving spectral information about both
singly and multiply excited states. Intensity-dependent and
higher-order measurements have a long tradition in ultrafast
spectroscopy, with many successful examples and sophisticated
analysis. The new direction treated in this Perspective,
however, is that nonlinear order extraction can be performed
without requiring a priori models because the method is
general.

Future Prospects. While so far we discussed mostly
excitonic systems, our methods are not limited to excitons in
molecular systems and can be applied to study other
quasiparticles such as polaritons''® or phonons.''” One can
use higher-order PP spectroscopy to observe multiparticle
processes and characterize their individual time scales,
interaction energies, and the involved states. Examples include,
but are not limited to, multiexciton generation in quantum
dots''® or Auger recombination.''” It was theoretically
proposed to study a quantum system by systematically
increasing the nonlinear order of excitation, i.e., by measuring
increasing orders of the perturbative expansion.'”’ Our
developed techniques of higher-order PP and 2D spectroscopy
can be viewed as the experimental realization of this theoretical
concept, allowing us to systematically excite higher and higher
states of a quantum system.

Before we discuss additional prospects for higher-order
spectroscopic experiments, we want to address the general
connection between higher-order nonlinear signals and
spectral dimensionality. Since we have successfully analyzed
higher-order signals in one and two spectral dimensions, we
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may ask: Do we additionally need higher spectral dimension-
ality to fully interpret higher-order signals? In the standard
implementation of third-order 2D spectroscopy, each laser
pulse interacts once with the system (and analogously for
fourth-order fluorescence-detected 2D spectroscopy with four
pulses). With pulses shorter than the electronic (and
vibrational) dynamics, nonlinear spectroscopy experiments
take place in a mostly “impulsive” limit, i.e., the pulses act as
effective delta functions in time, and the nonlinear response of
the sample is directly probed in the time domain. The light—
matter interactions are ordered in time, and the language of
response pathways, depicted by double-sided Feynman
diagrams, is typically used. In four-wave-mixing 2D spectros-
copy, the experimenter thus has full control over all time delays
of the response function. To extend this control into higher
orders of nonlinearity, one additional pulse would have to be
used for each additional interaction in the perturbative
description (i.e., five pulses in fifth-order coherent spectrosco-
py, six pulses in sixth-order action-detected spectroscopy, etc.).
This approach has been realized in collinear geometry using
phase cycling*”'*" and in noncollinear geometry usin% phase
matching for a fifth-order (six-wave mixing) signal.1 > The
resulting spectra are highly multidimensional (four dimen-
sional in the case of fifth-order response), which requires
scanning of all interpulse delays, making the experiment
conceptually and practically challenging. While the data
contain a wealth of information, the multidimensionality
typically makes it necessary to resort to spectral- and time-
domain cuts or spectral projections to facilitate interpretation.
Because of the Fourier-transform relationship between the
time and frequency domains, spectral projections can be
realized directly by measuring at zero time delay with multiple
interactions with a single pulse (projection-slice theorem). The
best-known example is a PP spectrum that emerges as a
projection of a third-order 2D spectrum as we discussed in the
context of higher-order PP spectroscopy.” One then benefits
from a significant dimensionality reduction when carrying out
higher-order PP spectroscopy using just one pair of pulses
rather than having to scan many individual delay times. This
choice leads to a simplification of the experiment, reduction of
measurement time, and, to an extent, a simplification of the
interpretation as well."'*’

Measuring at reduced dimensionality has the disadvantage
that the spectral information becomes more congested. As
demonstrated recently, polarization control can still be used to
isolate specific contributions,” or intensity cycling as explained
in the present work allows isolating orders of nonlinearity
despite “too low” dimensionality.®’ Despite the great
advantages due to the simplicity, some information content
is not resolved, e.g., the excitation line shape in the case of PP.
In the context of these opposing motivations, we see two
directions for future higher-order experiments. First, the
acquisition of higher-order multidimensional spectra could be
combined with fully automated measurement and possibly
automated data processing that precedes interpretation. This
preanalysis would help to find the relevant projections and
correlations. Data processing and interpretation can be
combined with machine learning. Early examples demonstrated
the power of neural networks to predict the system response
for phase-shaped femtosecond pulses,'**'*> while recent
examples utilized machine learning to study multidimensional
spectra.'”® Recent technical improvements such as high-
repetition-rate setups and fast data acquisition should make
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it possible to measure signals of high dimensionality in a
reasonable amount of time. One particular example is shot-to-
shot ;)ulse shaping using laser systems with 100 kHz repetition
rates’" that can be combined with many-step phase cycling to
obtain large-scale data sets in a reasonable amount of time. As
a second approach to dealing with the large amount of data in
higher-order experiments, one can resort to measuring
projections on relevant subspaces of the multidimensional
spectral response. While we have investigated projections that
correspond to overlapping pulse pairs, one might envision
other scenarios employing more complex pulse shapes for
exploring the nonlinear response function, a topic that was
explored in the field of quantum control.'*”"** Such scenarios
still hold significant potential in combination with multidimen-
sional spectroscopy, in particular, in the context of separating
nonlinear orders systematically even with excitation-frequency
resolution.

An obvious extension of higher-order spectroscopy beyond
bulk measurements is its combination with spatial resolution.
Multidimensional spectroscopy has already been combined
with fluorescence microscopy.””'** Another variant combines
action-detected phase-cycling 2D spectroscopy with photo-
emission electron microscopy (PEEM), providing spatial
resolution down to ~3 nm, which is why we named it “2D
nanoscopy”.'>'® 2D nanoscopy allowed us to detect a
plasmon-polariton quantum wave packet.'*" In this example,
we observed aliased 3Q coherences in an eighth-order
nonlinear process that could be assigned to multiple excitations
of the plasmon. This example demonstrates that higher-order
signals also play an important role in plasmonic systems. In the
future, 2D fluorescence microscopy or 2D nanoscopy could be
combined with higher phase-cycling schemes to isolate higher-
order signals. Such experiments would allow us to obtain
spatially varying local properties, such as the annihilation times
and properties and dynamics of highly excited states. Apart
from 2D spectroscopy, higher-order PP spectroscopy using
intensity cycling could be easily implemented with a
microscope. Such an approach could be used to characterize
the spatial variations of (multi)exciton dynamics within a
sample. Understanding the local excitonic properties is
important for the development of optoelectronic devices
based on organic molecules. For any device, the processing
into thin films or bulk materials can result in different phases
that contain varying local structures and thus modified
interactions between the constituents (i.e, molecules). Such
processing typically leads to a change of properties from
solution to bulk material contained in an actual device."*""**
Spatially resolved higher-order spectroscopy could characterize
the local properties and determine the influence of local
structure, such as in domains, at interfaces, or around local
defects. For example, one might envision using fifth-order
spectroscopy to resolve the local spatial variations in exciton
diffusion within a thin film.

Another future development could be two-color experiments
such as in (third-order) 2D electronic—vibrational
(2DEV)"**"** or 2D vibrational—electronic (2DVE) spectros-
copy.'”” In current 2DEV experiments, the system is excited
with a double pulse in the visible regime followed by a mid-
infrared probe pulse, allowing one to follow the evolution of
the excited states by their vibrational signature. Increasing the
excitation intensity of the pump pulses would generate a 2Q_
coherence or higher coherence with the first pulse and hence
grant access to highly excited states. Probing with an infrared
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pulse could then be used to study the vibrations of highly
excited states and to investigate the localization of the state by
its specific vibrational signature.

We live in a strongly entangled universe: we often separate
our object of investigation into a “system” and an “environ-
ment” whose interaction leads to aspects of entanglement,
decoherence, and the emergence of a classical world from
quantum mechanics."*® In order to deal with the complexity of
the real world, we often resort to the use of single-particle
pictures. For example, we treat multielectron atoms by
assuming a single-particle picture that leads to the establish-
ment of (useful) atomic orbitals, or we assume a single-particle
picture to arrive at the band structure of semiconductors. This
concept is certainly very powerful but ignores an important
part of physics. Correlation phenomena abound in many areas
of science, from describing molecular properties to super-
conductivity."*’~"*” These correlations reflect the fact that the
fundamental quantum wave function of a multiparticle system
depends on the coordinates of all constituents and can, in
general, not be written as a product of single-particle wave
functions, except for special cases and approximations. Thus, in
order to understand multiparticle wave functions, we need
tools to investigate the interactions between their constituents.
We argue that higher-order multidimensional and pump—
probe spectroscopies, as outlined in this Perspective, provide
such tools because they offer a comprehensive approach to
decipher particle and quasiparticle correlations in systemati-
cally increasing orders of interaction and on ultrafast time
scales.
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