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96 Laser-limited signatures of quantum coherence

Quantum coherence is proclaimed to promote efficient energy
collection by light harvesting complexes and prototype organic
photovoltaics, but supporting spectroscopic studies are plagued
by the long-standing problem of distinguishing between excited
state and ground state spectral transients. In this chapter, we
show that coherence amplitude maps, currently the prevalent
tool for making this distinction, are prone to result in an er-
roneous spectral identification. Through two-dimensional spec-
troscopy on a tractable dimer, we find severe distortions in the
coherence amplitude maps resulting from the finite laser band-
width used in the experiment. Under standard experimental
conditions, we expect these distortions to occur for practically
all organic photovoltaics, as well as photosynthetic complexes
that absorb over a broad spectral range. By means of accompa-
nying calculations accounting for the pulse shape, we unambigu-
ously determine the excited state origin of prominent quantum
beatings observed in measured spectral dynamics, and we pro-
pose this procedure as a reliable alternative for assigning such
coherent oscillations.

6.1 Introduction

Organic molecular aggregates feature prominently in the discussions surrounding
solar energy as attractive substitutes for silicon-based photovoltaic cells. Certain
proposed implementations are inspired by natural photosynthesis, where photon
energy absorbed by the involved pigments is found to traverse through coupled
chromophore systems with remarkable efficiency. To date, it remains elusive how
electronic excitation energy can propagate efficiently through such soft and dis-
ordered materials, hindering the application of the responsible mechanisms to
large-scale industrial applications. A recently proposed optimization mechanism is
based on quantum coherence; quantum beats observed in ultrafast spectroscopy
of natural light-harvesting complexes have been attributed to robust coherences
between electronic states, implying that the excitation mobility relies on wavelike
motion in order to minimize losses.26, 29 Similar signs of coherent energy trans-
fer were recorded in conjugated polymers,53 indicating that quantum effects can
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potentially be employed as a design principle in synthetic molecules. In fact, var-
ious recent experimental studies suggested that coherence helps to overcome the
electron-hole binding at heterojunctions in organic photovoltaics.54, 87

Two-dimensional (2D) electronic spectroscopy84 is currently considered to be
the preeminent tool for studying quantum effects at ultrashort timescales. In these
experiments, a molecular sample interacts with three femtosecond laser pulses af-
ter which the molecular response is detected using a fourth “local oscillator” pulse.
The emitted signal is conventionally represented as a 2D excitation-detection spec-
trum for a selected “waiting time”, the time interval between the second and third
pulse during which the nonequilibrium superposition of excited states evolves. Os-
cillations of 2D spectral peaks recorded for varying waiting times are indicative of
coherence between these states, and practically all reports of electronic coherence
are based on such experimentally measured transients.26, 29, 53 However, superpo-
sition states can exist both in the electronically excited and ground state manifolds,
and purely vibrational wavepackets (in the electronic ground state potential) have
been shown to give rise to very similar quantum beats.142, 144, 165, 170, 177 While
coherence between electronically excited states likely impacts energy transfer,178

such vibrational coherence does not.

The recent years have seen a tremendous effort aimed at distinguishing elec-
tronic excited state beatings from ground state beatings in 2D spectroscopy, in
order to address the claims surrounding robust electronic coherence. Some of the
proposed distinction methods rely on the use of laser polarization sequences and
two-colour excitation pulses,28, 56 however, such approaches call for energetically
well-separated excited states and impose experimental complications. Perhaps
for that reason, most studies have instead focussed on protocols for isolating
electronic coherences within the patterns of peak oscillations measured in con-
ventional 2D spectra, where all pulses are identical and share a common polariza-
tion.55, 165, 179–184 Notably, Butkus et al. proposed a scheme based on coherence
amplitude maps,181, 183 which recently was successfully applied to identify excited
state coherences in the Photosystem II reaction centre measured at 77 K.184

In this chapter, we present room-temperature experimental coherence ampli-
tude maps of a synthetic dimer which can not be reconciled with any of the
distinctive maps proposed in the literature.181, 183, 184 Through accompanying cal-
culations, we demonstrate that the anomalous beating patterns can be understood
based on the limited laser bandwidth used in the experiment, which distorts the
coherence amplitude maps through a dramatic redistribution of oscillation inten-
sities and a shift of spectral peaks. We expect such distortions to be particularly
detrimental for light-harvesting proteins tuned to absorb over a broad spectral
range,29, 185 and in general for the wide variety of synthetic molecules that make up
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todays prototype photovoltaic and functional optoelectronic materials.53, 87 Since
the experimentally recorded beating maps can no longer guide towards the origin
of the measured coherence based on the aforementioned distinction criteria,181, 183

we have successfully reproduced the 2D measurements through simulations includ-
ing the pulse shape, in order to determine the excited state nature of the observed
oscillations based on the numerical data. We propose this procedure as being the
most reliable method for the assignment of spectral beatings.

6.2 Results and discussion

The proteins involved in biological light harvesting are complex multichromophoric
systems, and the large number of degrees of freedom contributing to their opti-
cal response complicates the interpretation of spectral measurements (see also
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Figure 6.1: Excited states contributing to linear absorption of the cyanine dimer. a,
Experimental (solid curve) and calculated (dashed curve) absorption spectrum, shown
together with the laser spectrum used for the two-dimensional spectral measurements
(light blue). Also shown is a stick spectrum indicating the transitions contributing to
the absorption band. For each stick, the red (blue) color represents the contribution of
symmetric (anti-symmetric) electronic wavefunctions to the corresponding excited state.
The two strongest absorbing excitons with predominant symmetric character are labelled
as +0 and +1. b, Molecular structure of the dimer, with N and S atoms depicted as blue
and yellow, respectively.
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Figure 6.2: Monomer linear absorption. Experimental (solid curve) and calculated
(dashed curve) linear absorption spectrum of the monomer compound. A pronounced
vibronic progression is observable, with the two most prominent transitions located at
roughly 18 500 and 19 750 cm−1, which is due to coupling of the electronic transition to
stretching modes in the polymethine structure; a characteristic feature of cyanines.168, 187

chapter 4). The same holds for synthetic polymers where in particular a signif-
icant uncertainty arises due to the different morphologies that are possible for
such materials. In that regard, there is a demand for studies complementing the
aforementioned reports of quantum coherence with analyses of simple, tractable
molecular compounds. We consider a dimer as the simplest possible molecule that
can host electronic coherence among coupled chromophores, thereby following an
approach that has recently proven to be rather fruitful.137, 170, 186 The dimer under
investigation consists of two identical cyanine dyes fused together via a common
benzene ring, see Fig. 6.1b. Such an arrangement provides a rigid conformation
of the two molecular dipoles which acts to maintain a fixed coupling between
monomeric subunits and avoids the potential attribution of electronic dephasing
to effects linked to sample heterogeneity.

The linear absorption spectrum of the monomer dye, shown in Fig. 6.2, fea-
tures a distinct vibronic progression due to coupling of the electronic transition to
an intramolecular vibrational mode with a frequency corresponding to 1250 cm−1.
In dimerized form, positive excitonic coupling in combination with an obtuse an-
gle between the transition dipoles gives rise to a J-type absorption band with the
bulk of the oscillator strength concentrated in the lowest-energy peak, as shown
in Fig. 6.1a. Earlier studies used a Frenkel exciton model to describe the steady-
state photophysics of this compound,188–190 and that model forms the basis of
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our spectral simulations. Vibronic coupling is included explicitly in the quantum
Hamiltonian (see Sec. 6.4 for details). Apart from a small correction to the elec-
tronic transition energy, all parameters are taken to be equal for the monomer and
dimer, and chosen such that the linear absorption spectra of both compounds are
accurately reproduced simultaneously. Accordingly, the 1250 cm−1 mode is found
to couple to the electronic transition through a Huang-Rhys factor of 0.47. For the
dimer, best agreement is found for an excitonic coupling strength of 1160 cm−1,
while the inter-chromophore twist angle was set to 129 degrees (in good agreement
with the value found using ab initio calculations190). Also depicted in Fig. 6.1a is
the calculated dimeric stick spectrum, representing the excited states that com-
prise the absorption profile. For each stick, the red (blue) color indicates the
relative contribution of symmetric (antisymmetric) electronic wavefunctions (with
respect to interchange of site excitations). From the stick spectrum it follows that
the two strongest absorbing excitons are the symmetric wavefunctions in the zero-
and one-phonon band. For future reference these states are labelled +0 and +1,
respectively.

Shown in Fig. 6.3 are representative 2D spectra resulting from measurements
and calculations of the dimer, in both rephasing and nonrephasing detection
schemes. Here, impulsive simulations have been performed by simply taking a
2D Fourier transform of the third-order molecular response function with respect
to the excitation and detection time.76 The resulting spectra feature a domi-
nant emission peak at the diagonal, matching the absorption energy of exciton
+0. The above-diagonal cross-peak appearing in the nonrephasing spectrum is
associated with the +1 state, likewise matching the expected energy based on
the stick spectrum. However, the features in the experimental equivalents appear
at spectral locations that are significantly shifted with respect to the impulsively
predicted ones. These spectral differences are in line with the anticipated effect
of the laser pulse,79, 191 used to record the experimental spectra. Since a signif-
icant laser overlap with the +0 transition was found to result in a predominant
contribution of this exciton to 2D spectra (due to the laser selectivity and the fact
that peaks in linear absorption roughly come out squared in 2D spectroscopy76),
the applied pulse was tuned so as to mitigate this transition, and enhance the
relative contribution of the other excited states. The pulse (shown in Fig. 6.1a) is
incorporated numerically by performing a three-fold convolution of the response
function with the optical excitation field76, 79 (see Sec. 6.4 for details). Through
this procedure, the 2D measurements are accurately reproduced, indicating that
the observed peak shifts are indeed owing to the laser spectrum.

Note that by construct, the pulse sequence used in 2D spectroscopy affects
the excitation energy more than the detection energy. The reason for this is that
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Figure 6.3: Two-dimensional spectroscopy of the cyanine dimer. Shown are nonrephasing
(top row) and rephasing (bottom row) two-dimensional spectra at 70 fs waiting time.
Impulsive calculations (left column) result in well-resolved peaks with locations matching
those of the exciton bands observed in linear absorption. Inclusion of realistic laser pulse
effects (middle column) leads to a shift of the peaks to match the locations as observed
in the experiment (right column). In the calculated spectra, the vertical dashes denote
the detection window set by the local oscillator.

the excitation event involves two interactions with the pulse, while detection re-
sults from only a single interaction. (Heterodyne detection commonly used to
extract 2D spectra allows to divide out the local oscillator field applied to record
the signal.) This explains why in the nonimpulsive simulations, features appear at
detection frequencies just outside the pulse spectrum. However, in the experiment
the detection energy range is strictly limited by the local oscillator, for which the
spectrum is identical to that of the excitation pulses. In the calculations, this win-
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Figure 6.4: Impact of the experimental laser pulse on the spectral dynamics. (Continued
on the following page.)
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Figure 6.4: (Continuation.) Rephasing (left column) and nonrephasing (right column)
coherence amplitude maps at 1250 cm−1. Shown as a reference are disorder-free impulsive
calculations (top row), which feature well-resolved peak patterns signifying the origin of
the observed coherences. Incorporation of dynamic disorder (second row) broadens the
peaks, but leaves the patterns intact. Nonimpulsively calculated maps (third row) show a
dramatic distortion of the peak patterns. This distortion is in concord with the coherent
dynamics as observed in the experiment (bottom row). Markers X1 and X2 indicate the
spectral locations from which the traces shown in Fig. 6.5 are extracted.

dowing effect could be mimicked by truncating the 2D spectra beyond the range
depicted by the dashes in Fig. 6.3. Furthermore, a reproduction of the conspicuous
absorption features appearing in the rephasing and nonrephasing measurements
requires a shift of the two-exciton band by 750 cm−1 in the calculations. A similar
shift was found in Ref. 192 for Frenkel excitations in a lutetium phthalocyanine
dimer, which was attributed to electron correlation effects despite the absence of
charge transfer states.

An effective way to visualize the pronounced oscillatory behaviour seen in the
dynamics is by means of coherence amplitude maps, which are obtained through a
Fourier transform of the 2D spectra over the waiting time, and which have found
numerous applications in experimental studies.55, 165, 179, 180, 182, 184 Furthermore,
such maps have recently been shown to help ascertain the origin of spectral beat-
ings. As mentioned earlier, beatings can arise due to vibrational coherences in
the electronic ground state, as well as, coherences in the electronic excited state.
For the latter case, a coherence can take up a predominant electronic character,
or a mixed electronic-vibrational (vibronic) character.146 In Ref. 183, distinction
criteria for these types of coherences were presented for vibronic homodimers with
varying coupling strengths following the conformation of Fourier amplitude peaks
in the rephasing signal, which was based on calculations under the condition of
impulsive excitation. Diagonally-symmetric peaks were found to be indicative of
electronic coherence while strong oscillations at the diagonal represent a predomi-
nant vibrational character.183 Furthermore, deviations from the spectral diagonal
and its parallels, offset by multiples of the vibrational quantum, represent vibronic
coherence.184

The coherence amplitude maps measured for the dimer are shown in Fig. 6.4
for a beating frequency of 1250 cm−1. These maps capture the most significant
dynamics, as this energy matches both the vibrational quantum and the splitting
between the most prominent excitons (recalling the stick spectrum in Fig. 6.1a).
Also shown are maps calculated under different simulation conditions. Impulsive
calculations without energy fluctuations due to the solvent environment (disorder-
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free) result in well-resolved Fourier patterns bearing strong similarity with those
found for a strongly coupled dimer in Ref. 183. Additional impulsive simulations
including disorder show only a broadening of the beating peaks, leaving the peak
conformation found in the disorder-free case intact. However, coherence amplitude
maps derived from the experimental 2D spectra are surprisingly different. In
contrast to the impulsively calculated maps, which are rich in features, they show
spectral dynamics concentrated in only a few distinct Fourier peaks. This indicates
that the pulse shape effect on such maps is far more dramatic than the peak shifts
observed for the 2D spectra. The influence of the limited spectral width of the
laser is further elucidated by comparative nonimpulsive calculations, showing a
significant relocation of the beating features in the excitation-detection spectrum,
and a drastic redistribution of oscillation intensities. The experimental Fourier
peaks can be well understood based on the trend observed in the calculations
upon inclusion of the pulse shape, especially when considering that peaks lying
outside the local oscillator range (indicated with dashes) are expected to be highly
suppressed in the measurements. In that respect, particularly the rephasing maps
show excellent agreement.

From our comparison between experiment and theory, it follows that the dra-
matic distortions observed in the measured coherence amplitude maps derives from
the limited spectral width of the laser. The laser pulse duration applied in our
study is typical for current 2D electronic spectroscopic experiments, hence, such
distortions expectedly are a general issue for studies involving molecular absorp-
tion bands similar to or exceeding the cyanine dimer considered here. As follows
from Fig. 6.1, the dimer absorption ranges over roughly 3900 cm−1 (measuring
the width of the band with at least 20% of the maximum intensity; this is con-
sistently applied for numbers quoted in the following). This width is typical for
polymers that form prototype candidates for organic optoelectronic devices. For
example, P3HT absorbs over a range of 4500 cm−1 (Ref. 193) while MEH-PPV
has a 6800 cm−1 bandwidth.53 Both these polymers displayed quantum beats
in ultrafast spectral measurements.53, 54, 87 Furthermore, a comparably broad ab-
sorption band is also found for certain light-harvesting complexes where coherence
is said to play a central role in mediating exciton dynamics. Notable examples are
the proteins PC645 and PE545, both found in certain species of marine algae, hav-
ing widths of 4000 cm−1 and 3250 cm−1, respectively.29 Besides, pulse-induced
distortions are generally anticipated when carotenoids are in play,185, 194, 195 which
typically absorb over 7000 cm−1. For complexes of coupled bacteriochlorophylls,
which are generally weakly coupled resulting in rather narrow spectral bands, ef-
fects due to short pulses are probably less pronounced. For these systems, it would
be interesting to record oscillatory dynamics through 2D spectroscopy while grad-
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Figure 6.5: Excited state coherences probed under realistic excitation conditions. Shown
are measured (markers) and calculated (black curves) spectral traces taken at location X1

(left) and X2 (right) in nonrephasing and rephasing spectra, respectively (see Fig. 6.4).
In both cases, the simulated periodicity matches the experimental measurements. Fur-
thermore, a dissection of the calculated traces into (electronic) excited state (ES - blue
curves) and ground state (GS - red curves) contributions reveals a predominant excited
state origin of the observed coherences.

ually narrowing the spectrum, for instance using a pulse shaper, to systematically
study the impact of the laser spectrum on the Fourier maps.

With the distortion of characteristic beating patterns in the experiment, the
aforementioned distinction criteria based on coherence amplitude maps become
inapplicable without comparative calculations in which the pulse shape is incor-
porated. However, once such calculations are at hand, the origin of the observed
beatings can be determined directly through an analysis of the different con-
tributing Liouville pathways. For the dimer under consideration, it is particularly
interesting to investigate whether the beatings observed in the experiment are of
electronically excited state origin, and whether the associated dephasing times can
be extracted from them. To address this, a Liouville pathway analysis has been
carried out in Fig. 6.5, for the spectral locations where oscillatory transients are
present in the measurements (labelled X1 and X2 in Fig. 6.4). A dissection of the
total time-dependent signal amplitude into excited state and ground state contri-
butions demonstrates that excited state coherences are predominantly responsible
for the observed beatings. Furthermore, the good agreement between calculated
and measured spectral traces, and the clean single-component oscillation (with
a frequency corresponding to 1250 cm−1) observed in both cases supports an
unambiguous measurement of the associated coherence time.
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The coherence time following from the calculated spectra is well beyond the
expected onset of electronic dephasing, confirming that coupling of electronic
transitions to intramolecular vibrational modes can prolong the associated co-
herences.140, 141, 170 Complementary calculations demonstrate that the observed
beatings are predominantly due to the strongest absorbing excitons +0 and +1

(see Fig. 6.6). These excitons are electronically similar (that is, symmetric), while
differing mainly in the number of involved vibrational quanta (in the electronically
excited potential). As a result, the associated exciton energies perform correlated
fluctuations under the influence of dynamic disorder in the environment such that
quantum phase is conserved for longer times.140, 170 However, the experimental
beatings are found to decay significantly faster, that is, on the typical time scale
for electronic dephasing.170 A possible explanation for such a short coherence is a
rapid dephasing mechanism being in effect for the vibrational modes in the exper-
iment, resulting in a loss of correlation between the fluctuating exciton energies.
A similar excited state coherence time was found in experiments on a different
cyanine dimer, as reported in chapter 5, suggesting this vibrational dephasing to
be common to cyanine-based aggregates. As expected from the numerical re-
sults, a suppression of this dephasing mechanism would significantly enhance the
robustness of excited state quantum effects.
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Figure 6.6: Coherent contributions. Total coherence amplitude maps (contours at 10 %
intervals), due to all exciton contributions, shown together with the relative coherence
amplitude maps (colors), resulting from excitons +0 and +1 (see Eq. 6.3 in Sec. 6.4).
Peaks in the the total maps indicate the spectral locations where oscillatory dynamics is
significant. For the spectral locations denoted as X1 and X2, the relative maps amount to
∼1, indicating that the exciton pair +0 - +1 provides a dominant coherent contribution.
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6.3 Conclusion

Studies on synthetic systems such as this chapter present an advantage, since
through small changes in molecular conformations or substitutions one can easily
tune the parameters describing the intra- and intermolecular interactions which
ultimately dictate the composition of excitonic states. Using a synthetic dimer,
prominent spectral oscillations are recorded at room temperature which are origi-
nating from coherences between excited states. In the calculations, the associated
coherence time is found to benefit from coupling of electronic transitions to a
high-frequency intramolecular vibrational mode. Nevertheless, the experimental
beatings are found to decay on the order of the electronic dephasing time, suggest-
ing the presence of a loss mechanism for vibrational phase. Having the potential
to suppress this dephasing process opens the possibility to deliberately enhance
the robustness of quantum coherence.

Exploiting quantum effects in synthetic molecular aggregates forms a fasci-
nating prospect as well as a great challenge, calling for studies to elucidate how
coherent superpositions of electronically excited states are manifested in ultra-
fast spectroscopy, and particularly how their transients can be distinguished from
ground state vibrational beatings. Through a combination of measurements and
simulations, we have shown that the currently accepted method for making this
distinction is extremely susceptible to the spectral composition of the laser pulses
used in the experiments. As such, for the prototypes of organic photovoltaics,
as well as for certain light-harvesting complexes, alternative ways for identifying
quantum beatings are called for. We propose spectral modeling with inclusion of
the experimental laser pulse as a dependable alternative for making this distinction.

6.4 Appendix: Numerical methods

The methods used to calculate linear absorption and impulsive 2D spectra of a
vibronic dimer are described in detail in chapter 5. In short, the Holstein Hamil-
tonian73 is employed to evaluate the vibronic excitations. In second quantization,
this Hamiltonian reads

H(t) = ε1(t)c†1c1 + ε2(t)c†2c2 + J(c†1c2 + c†2c1) (6.1)

+ ω0b†1b1 + ω0b†2b2 + ω0

∑
n=1,2

c†ncn
[
λ(b†n + bn) + λ2

]
−∆c†1c†2c1c2,

with b
(†)
n and c

(†)
n as the annihilation (creation) operators for a vibrational and

electronic excitation, respectively, located at chromophore n = 1, 2. Here, the
first row describes the chromophoric transition energies, as well as the resonant
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Parameter Symbol Value
Twist angle φ 129◦

Av. electronic transition energy ε0 17 910 cm−1

Excitonic coupling J 1160 cm−1

Vibrational quantum ω0 1250 cm−1

Huang-Rhys factor λ2 0.47
Solvent standard deviation σ 555 cm−1

Solvent correlation time tc 40 fs

Table 6.1: Model parameters used for the dimer calculations. The relevant monomer
parameters are taken to be equal to the dimer values, with the exception of ε0 being
adjusted to 18 480 cm−1.

electronic interaction J between these subunits. The third and fourth term de-
scribe the vibrational energy due to the intra-chromophoric vibrational mode ω0,
whereas the fifth term accounts for coupling of this vibration to the electronic
transitions. The applied parameters are summarized in Tab. 6.1. The same val-
ues have been used for the monomer calculations, except for a slightly modified
transition energy ε0. When considering the two-exciton manifold for the dimer, a
lowering of the energy of ∆ = 750 cm−1 has been adopted, as described by the
final term in Eq. 6.1.

The solvent is accounted for through temporal fluctuations of the transition
energies εn(t) around a site-independent mean value ε0. The fluctuation tra-
jectories have been modeled as overdamped Brownian oscillators,76 assuming no
correlations between the two sites within the dimer, and using a deviation of σ =
555 cm−1, and a correlation time tc = 40 fs. These fluctuations form the primary
source of electronic dephasing. As in the majority of studies concerned with the
Holstein Hamiltonian,62, 140, 184 no damping of the vibrational mode ω0 is taken
into account, since the linear and nonlinear absorption spectra do not provide a
quantitative measure of this damping mechanism.

The quantum excitations are described using the complete vibronic basis set,
applying a cut-off value of 3 for the total number of vibrational quanta distributed
over both chromophores, which is sufficient to obtain converged spectral results.
The same vibrational cut-off is applied to the monomer compound. Vibrational
quanta are always described in their respective (electronically excited state or
ground state) eigenbasis. Direct diagonalization of Eq. 6.1 yields the stick spec-
trum shown in Fig. 6.1a. In doing so, an average is taken over 500 000 uncorrelated
snapshots of the solvent (disorder). Sticks are decomposed in symmetric and an-
tisymmetric contributions by taking for each snapshot the inner product of the
calculated excitons with the (anti)symmetric purely-electronic eigenvectors.
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The molecular response is evaluated through the Numerical Integration of the
Schrödinger Equation method,92, 93 using a time resolution of 2 fs. The absorption
bands shown in Figs. 6.1a and 6.2 follow from a Fourier transform of the linear
response, sampled over 100 000 trajectories, and multiplied with an exponentially
decaying lifetime function with a 1/e time constant of 1 ps for spectral smoothing.
2D spectra are calculated by taking a Fourier transform of the third-order response
function R(t3, t2, t1) over excitation time t1 and detection time t3, while applying
the same 1/e lifetime of 1 ps over these intervals. Note that by construction
t3 > 0, whereas integration using t1 > 0 and t1 < 0 yields the nonrephasing
and rephasing spectrum, respectively (consequentially, the excitation energies are
positive for nonrephasing spectra, while being negative for rephasing spectra). An
average is taken over 10 000 trajectories. For the disorder-free 2D spectra, a
lifetime broadening corresponding to 20 fs is applied. Experimental data has been
smoothed through a 3x3 moving average filter. All 2D spectra are shown using
10 % contour intervals.

Incorporation of the laser pulse is realized following the procedure described in
Refs. 76 and 79. Accordingly, the non-impulsive response function R̃(t3, t2, t1) is
derived from the impulsive variant through a three-fold convolution with the laser
response E (t),

R̃(t3, t2, t1) =

∫ ∞
0

dτ3

∫ ∞
−∞

dτ2

∫ ∞
−∞

dτ1 R(τ3, τ2, τ1) (6.2)

E (t3 − τ3)E ∗(t3 + t2 − τ3 − τ2)E (t3 + t2 + t1 − τ3 − τ2 − τ1).

The response E (t) is obtained through a Fourier transform of the square root of
the laser intensity spectrum shown in Fig. 6.1a, assuming zero phase throughout
the band, and truncating this spectrum below 17 150 cm−1. The latter was found
to result in an improved agreement with the measurements, and can probably be
attributed to a slight narrowing of the pulse due to absorption by the solute in the
experiment. In Eq. 6.2, the maximum of E (t) is associated with t = 0, and hence
in the above equation, three identical pulses are considered separated in time by
intervals t1, t2, and t3. The convolution is limited to |t3−τ3|+ |t3 +t2−τ3−τ2|+
|t3+t2+t1−τ3−τ2−τ1| < tmax, thus neglecting light-matter interactions in the far
wings of the laser response functions. Furthermore, only Liouville pathways that
are resonant under the impulsive conditions are considered,79 and consequentially,
the minimum value of the waiting time t2 for which R̃(t3, t2, t1) can be evaluated
is limited to tmax. Following our calculations, a truncation of tmax = 20 fs is found
to still yield reasonably converged results, hence this value is used as a lower bound
for t2. For longer waiting times, tmax is kept equal to t2 to a maximum of 48 fs.

Our analysis of the coherent dynamics is based on real-valued 2D spectral
results (examples of which are shown in Fig. 6.3). Coherence amplitude maps
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are generated using such absorptive spectra for waiting times from 20 to 100 fs.
Time traces for each spectral point are fitted to a two-component exponential
function, and the residuals are Fourier transformed. Shown in Fig. 6.4 are the
resulting beating maps for the frequency component closest to 1250 cm−1. The
maps have been smoothed using a 3x3 moving average filter. X1 traces shown in
Fig. 6.5 have been obtained by taking the time-dependent signal at excitation and
detection energies of 18 250 and 17 100 cm−1, respectively. For X2, excitation
and detection energies of -17 100 and 18 800 cm−1 are used. Numerical traces
are freely shifted to match the experimental beating phase. The latter was found
to be critically affected by small changes in the pulse shape, making it extremely
difficult to reproduce. Calculated contributions due to excited state coherences
are obtained through stimulated emission and excited state absorption pathways,
whereas ground state contributions are taken from ground state bleach pathways.

The sum-over-states approach170, 196 is an alternative way to calculate two-
dimensional (2D) spectroscopy. This approach is disadvantageous in its inability
to rigorously take into account the laser pulse spectrum, and in its numerical
costs. Still, its ability to selectively include or exclude specific excitons offers
great potential to isolate different coherence contributions for the impulsive and
disorder-free case. This has been employed to quantify the contribution the +0 -
+1 exciton pair to the observed spectral beatings. First, calculations have been
performed using only the excitons +0 and +1 to yield the associated coherence
amplitude map FT+0,+1(ω1,ω3). Likewise, the beating map FTTotal(ω1,ω3) has
been obtained for which all excitons were included. Then, the relative +0 - +1

map was determined according to

FT′+0,+1(ω1,ω3) ≡
FT+0,+1(ω1,ω3)

FTTotal(ω1,ω3)
. (6.3)

This quantity is demonstrated in Fig. 6.6, together with the total beating map.
When FT′+0,+1(ω1,ω3) approaches unity, FT+0,+1(ω1,ω3) ≈ FTTotal(ω1,ω3),

meaning that the coherence between excitons +0 and +1 predominantly con-
tributes to the beatings observed at spectral location (ω1,ω3). In the sum-
over-states calculations, spectra have been broadened through 2D Lorentzian line
shapes using a width of 133 cm−1.

All spectra shown in this chapter have been normalized individually. The
illustration shown in Fig. 6.1b is rendered using VMD.24


