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The measured multidimensional spectral response of different light harvesting complexes exhibits
oscillatory features which suggest an underlying coherent energy transfer. However, making this inference
rigorous is challenging due to the difficulty of isolating excited state coherences in highly congested
spectra. In this work, we provide a coherent control scheme that suppresses ground state coherences, thus
making rephasing spectra dominated by excited state coherences. We provide a benchmark for the scheme
using a model dimeric system and numerically exact methods to analyze the spectral response. We argue
that combining temporal and spectral control methods can facilitate a second generation of experiments that
are tailored to extract desired information and thus significantly advance our understanding of complex

open many-body structure and dynamics.
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The concept of excitation energy transfer between donor
and acceptor molecules is essential for the elucidation of
fundamental transport phenomena in interacting many-
body systems [1]. Depending on the nature and strength
of the system interaction, the effect of the surrounding
environment and the considered timescale, the energy
transfer can be well described as an incoherent process
resulting in hopping kinetics [2] or it may display coherent
features as a result of the formation of delocalized excitons
[3,4]. Multidimensional spectroscopy, which applies
sequential short laser pulses with controllable time sepa-
ration, is particularly well suited for the characterization of
energy transfer channels and the observation of coherent
features of transport dynamics [5,6]. Specifically, by
correlating excitation and detection frequencies as a func-
tion of the time delay, two-dimensional (2D) electronic
spectra are obtained, which can exhibit cross peaks where
the two frequencies differ, indicating electronic coupling
between subsystems and associated energy transfer.
Varying the time delay, it is possible to monitor energy
transfer paths, estimate the corresponding transfer rates,
and discriminate coherent from incoherent processes. The
application of these techniques to the study of photo-
synthetic membrane pigment-proteins complexes (PPCs)
[7] has shown that the spectral response contains multiple
oscillatory features [8—12] whose origin and implications
for the description of the system’s dynamics are the subject
of vigorous discussion (see [13—15] for recent reviews).
The fact that oscillating 2D signals may not only originate
from coherent motions in the excited state potential, but
could also be induced by vibrational motions in the ground
state has made the identification of coherent excited state
features a challenging task [11-25]. The most recent
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experiments [26,27] using the Fenna-Matthew-Olson
(FMO) complex seem to favor a mixed origin of the
observed coherences, resulting from coherent electronic-
vibrational (vibronic) motions. Previous experiments ana-
lyzing charge separation in the PSII reaction centers [11,12]
were also consistent with an underlying vibronic model.
However, there exist other experiments which advocate a
different origin for the observed coherence in FMO, being
it purely electronic [8,9,28] or even purely vibrational [29].
When considering other PPCs, such as harvesting units
present in cryptophyte algae, recent work supports non-
trivial vibronic dynamics [30], with experiments showing a
correlation between measured transfer rates and vibronic
coupling [31]. Discrepancies also extend to the theoretical
modeling, where some analyses argue for the compatibility
of current observations with a coherent transport of
excitations [32], while others advocate an incoherent
transport model [33]. It is therefore highly desirable to
design and perform new experimental tests that can shed
further light on the characteristics of the excited state
manifold. To suppress unwanted ground state coherences
from isotropic samples, a polarization-controlled 2D
scheme has been experimentally implemented [26,34],
although its performance is degraded when vibronic mixing
is present [35]. Broadband pump probe and transient
grating schemes, which have also been proposed in the
literature [41,45], do not provide excitation frequency
resolution in contrast to the 2D schemes [35]. In this work,
we provide a coherent control scheme where a multicolor
pulse sequence suppresses the generation of ground state
coherences in rephasing spectra, and therefore results in
oscillatory 2D signals that are dominated by excited state
coherences.
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FIG. 1. (a) In a single-color scheme, a sample is excited by

three pulses and then generates signal, with time intervals
denoted by coherence 7, waiting 7 and rephasing 7 times.
(b) A multicolor scheme for suppressing ground state coherences
where the second pulse is blueshifted by AQ > 0 from the first
pulse, while the third pulse is redshifted by AQ. (c) Electronic
eigenstates of a dimer. (d) Energy-level structure of a vibronic
model including ground |g,n) and excited |w;) states. The
generation of ground state coherences from (e) global ground
state |g,0) and (f) vibrationally excited ground state |g, 1), and
(2) excited state coherences |y,){(w;| and |y){(w,| between
vibronic eigenstates, induced by the first two pulses in 2D
measurements.

In 2D electronic spectroscopy, a molecular sample
interacts with three laser pulses in sequence, and the
resultant third-order molecular polarization generates non-
linear signals [5,6], as schematically shown in Fig. 1(a). In
noncollinear 2D measurements, where the laser pulses
propagate along_different directions, described by wave
vectors ki, ky, k3, the signals are emitted along several
phase-matched directions k = j:k] + k2 + k3 Rephasing
spectra, measured at k = —kl + k2 + k3, are obtained by
Fourier transforming the optical response with respect to
the time intervals between pulses and signal, denoted by
and ¢ in Fig. 1(a), enabling one to resolve excitation @, and

detection w, frequencies, respectively. This leads to two-
dimensional data sets in the (w,, ®,) domain for each time
delay T between excitation and detection processes,
revealing multiple cross peaks centered at w, # w,, as well
as diagonal peaks excited and detected at the same
frequency o, ~ w,. The transient of a peak during waiting
times 7 typically exhibits damped oscillations reflecting the
dynamics of quantum coherences.

Single-color 2D experiments consider three identical
pulses with the same spectral features. In two-color experi-
ments, however, the first two pulses, used to resolve
excitation frequencies, can be tuned to be different from
the third pulse, enabling one to consider different ranges of
excitation and detection frequencies and therefore study the
interaction between excitons that are widely separated in
energy [46]. In other multicolor experiments, narrow band
pulses have been considered to selectively induce specific
transitions resonant with each pulse [42,47-55]. This
enables the generation of target coherences, even though
ground state coherences can be induced by pulse sequences
directly or mediated by finite pulse effects [35]. Here, we
consider a multicolor scheme based on broadband pulses
[see Fig. 1(b)], where the blueshift of the second pulse with
respect to the first pulse suppresses the generation of the
ground state coherence at all the diagonal and cross peaks
within the excitation and detection windows.

To explain the principle of the proposed scheme, we
consider a two-site system where site k is described by its
electronic ground |g;) and excited |e;) states

H, = Elo;[al + E26§62 + le(ai{'dz + 6;61), (1)

where o-k lex){gr| denotes the raising operator of an
electronic excitation at site k. Electronic coupling Ji,
between sites makes excitons |e;), namely the eigenstates
of H, in the single excitation subspace, H|e;) = €|€ey), to
be delocalized over two sites. The global ground state |g) =
|91, g») and doubly excited state |f) = |e;, e,) are also the
eigenstates of system Hamiltonian H [see Fig. 1(c)].
Motivated by actual PPCs and synthetic organic molecules
[56-59], the detuning between sites AE = E, — E| can be
present with the magnitude up to ~1000 cm™!, which is
comparable to the electronic coupling strength Ji,. In this
work, we consider AE = 700 cm™" and J;, = 200 cm™',
as model parameters, and assume that the transition
dipole moments of two sites are parallel for the simplicity
of 2D simulations. We employ the Franck-Condon approxi-
mation and do not involve nonadiabatic processes like
internal conversion between different electronic excitation
manifolds [60].

In many PPCs, electronic couplings are comparable in
magnitude to coupling to the environment, which invalid-
ates the perturbative description of any of these couplings.
In this work, we employ hierarchical equations of motion
[18,35,43,44], which enables one to compute electronic-
vibrational dynamics in a numerically exact manner
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without any perturbative treatments. We consider local
phonon environments at room temperature 7 = 300 K
where phonon spectral densities are modeled by a sum
of a sharp Lorentzian peak and a broad Ohmic peak,
modeling underdamped intrapigment modes and noise-
inducing protein or solvent motions, respectively. In the
simulations, typical values of PPCs are considered [61,62].
Namely, the Lorentzian peak is modeled by a Huang-Rhys
factor of 0.05, quantifying vibronic coupling strength, with
the mode damping time of 1 ps, and vibrational frequency
v resonant with the exciton splitting, Ae,; =€, — €~
800 cm™!, which is higher than thermal energy kT ~
200 cm™! at room temperature. The Ohmic part of the
spectrum is modeled by the reorganization energy of
50 cm™! and bath relaxation time of 100 fs.

The energy-level structure of a vibronic model, deter-
mining the frequencies of optical transitions and oscillatory
2D signals, can be well described by the eigenstates of a
vibronic Hamiltonian where underdamped vibrational
modes are included as a part of the system Hamiltonian.
As schematically shown in Fig. 1(d), the electronic ground
state manifold consists of ground states |g,n) with n
vibrational excitations, while the excited state manifold
is composed of vibronic eigenstates |y ) which involve a
coherent mixing of different excitons mediated by vibronic
resonance [16-25]. For instance, the resonance between
ley, 1) and |e,, 0) and vibronic coupling between them
make their superpositions to be vibronic eigenstates
lyi—23) [see Fig. 1(d)].

Here, we start with a qualitative explanation of the effect
of the multicolor pulses on 2D spectra before examining
simulated results in detail. The generation of ground state
coherences in 2D spectra is described in Fig. 1(e). In case
the thermal populations of underdamped modes in their
equilibrium states are negligible due to a sufficiently high
vibrational frequency v > kT, the initial state is well
described by the global ground state |g,0){(g, 0]. Ground
state coherences, for instance |g,0)(g, 1|, are generated
when the first pulse induces optical transition from (g, 0| to
(wy|, and then the second pulse induces the transition from
(wy| to a vibrationally excited ground state (g, 1|. This is
possible when the frequencies of both optical transitions are
within the laser spectrum, as shown in black in Fig. 1(e).
This implies that the generation of ground state coherences
can be suppressed by blueshifting the second pulse, such
that the second optical transition becomes nonresonant with
the laser spectrum, as shown in blue. This is contrary to the
case of a redshift, which can still induce optical transition to
vibrationally excited ground states, as shown in red.

On the other hand, when vibrational frequencies are
comparable to thermal energy, the equilibrium state is a
Boltzmann distribution of the global ground state |g, 0)(g, 0|
and vibrationally excited ground states |g,n)(g,n| with
n > 1. In this case, ground state coherences cannot be fully
suppressed by the blueshifted second pulse. For instance,

starting from |g, 1){g, 1|, the first two pulses can induce
optical transitions from (g, 1| to (y|, and then to (g, 0|, as
shown in Fig. 1(f). Here, the second transition frequency is
higher than the first one, contrary to Fig. 1(e), which is still
covered by the laser spectrum of the second pulse shown
in blue. Therefore the blueshift of the second pulse is not
effective to suppress such a ground state coherence
lg, 1){g, 0|, although the dominant component of ground
state coherences stemming from |g,0)(g,0| can be still
suppressed by the scheme. This implies that our scheme
cannot efficiently suppress ground state coherences for
systems with small excitonic gaps [35], such as the FMO
complex.

The effect on the excited state signals is, however, very
different and excited state coherences are not fully sup-
pressed by the blueshift of the second pulse. Starting from
the global ground state, a vibronic coherence |y, ) (y| can
be generated via a first transition from (g,0| to (y],
followed by a second transition from |g, 0) to |y,). In the
case that |y,) is higher in energy than |y ), such an excited
state coherence can be generated by the blueshifted second
pulse, as shown in Fig. 1(g). On the other hand, the
generation of |y ) (y,| can be suppressed by the blueshift,
as the second transition from |g,0) to |y;) becomes
nonresonant with the second pulse. This implies that the
blueshift can suppress only partially vibronic coherences,
while most of the ground state coherences originating from
high frequency modes are suppressed, thus ensuring that
the oscillatory 2D signals are dominated by excited state
coherences. This qualitative discussion to understand the
rationale behind our approach is supplemented in the
Supplemental Material with a full analysis of the theoretical
nonlinear response [35].

To demonstrate the performance of the multicolor
scheme, Fig. 2 shows hierarchical equations of motion
calculations of rephasing 2D spectra of the vibronic dimer
defined in Eq. (1). Figure 2(a) displays the 2D line shape at
T = 100 fs, obtained by the standard single-color scheme
where Gaussian pulses with the pulse duration of 10 fs are
considered, corresponding to a FWHM of ~1500 cm™!.
The central frequencies of all the pulses are taken to be
Qi—123~1.74 x 10* cm™!, which is the average of site
energies (E; + E,)/2, so that the laser spectrum can induce
optical transitions from |g, 0) to [y;—;,3). Because of the
relatively small energy gap between |w,) and |y3) com-
pared to noise-induced homogeneous broadening, multiple
peaks associated with |y;_,3) are merged to a seemingly
single diagonal peak, denoted by R22. For the four peaks
R11, R12, R21, R22 marked in Fig. 2(a), Fig. 2(b) displays
their transients during waiting times 7', where excited and
ground state signals are shown as solid and dashed lines,
respectively. Here, the ground state signals include the
ground state bleaching components of rephasing and non-
rephasing pathways, while the excited state signals include
the stimulated emission and excited state absorption
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FIG. 2. 2D spectral response of a model vibronic dimer. (a),(b)
Rephasing spectra obtained by single-color scheme: (a) 2D line
shape at T~ 100 fs and (b) the transients of peaks R11, R12,
R21, R22 marked in (a) and (c). Excited and ground state signals
are shown in blue solid and red dashed lines, respectively. (c),(d)
Rephasing spectra obtained by the multicolor scheme. Compared
to the single-color scheme, the amplitude of the ground state
oscillations is significantly reduced compared to that of the
excited state and the nonoscillatory component of the total signal
is strongly suppressed. Hence, while there is a 50-fold reduction
in overall signal intensity, the ratio of signal to noise for the
oscillatory excited state component is improved compared to the
single-color scheme and not contaminated by ground state
oscillations.

components of rephasing and nonrephasing pathways, as
well as double-quantum pathways, contributing to rephas-
ing 2D spectra mediated by finite pulse effects [6,35]. The
damping of the oscillation amplitude of ground state
signals is hardly visible, as the damping time of under-
damped modes is taken to be 1 ps, while the oscillatory

features in excited state signals disappear more rapidly due
to the dephasing induced by excitonic characters. It is worth
noting that in 2D experiments, only the sum of the ground
and excited state signals can be measured, implying that
coherent features in the excited state cannot be directly
measured when 2D spectra are contaminated by ground-
state coherences.

In the multicolor case, the central frequency of the first
pulse is fixed to be Q; ~ 1.74 x 10* cm™!, while those of
the second and third pulses are taken to be , = Q; + AQ
and Q3 = Q; — AQ, respectively, where the third pulse is
redshifted in order to make the detection window coincide
with the excitation window [35]. As AQ increases, the
oscillation amplitude of the ground state signals is reduced
relative to the excited state signals at all the peak locations,
and that the oscillatory features in rephasing spectra start to
be dominated by excited state coherences as AQ becomes
of the order of vibrational frequency v. As AQ increases
further, the overall intensity of 2D spectra is reduced with
the ground state coherences further suppressed. While the
overall signal intensity is reduced with increasing AQ, we
would like to stress that the signal to noise ratio for
detection of the excited state oscillatory signal is improved
relative to the single-color scheme as both the ground state
oscillations are suppressed and the nonoscillatory back-
ground is strongly reduced compared to the single-color
scheme. In Fig. 2(c), 2D line shape at 7 = 100 fs is
displayed for AQ = 2000 cm~!, where a below-diagonal
cross peak R21 becomes more visible than the single-color
case. The transients of the four peaks in Fig. 2(d)
demonstrate that the oscillatory features in ground state
signals can be efficiently suppressed by the multicolor
scheme, enabling the direct observation of excited state
coherences from raw 2D spectra. Short-lived oscillations
of ground state signals up to 7 = 30 fs are induced by the
overlap between pulses with different colors, and such
features also appear in the excited state signals. We note
that the vibronic coupling to underdamped modes is
essential to observe long-lived 2D oscillations in Fig. 2,
implying that the coherent features are induced by intrinsic
vibronic dynamics, rather than being an artifact caused by
the coherent laser fields themselves [35].

So far we have demonstrated that the multicolor scheme
can suppress ground state coherences for a dimer system
when underdamped modes are resonant with exciton
splitting. In PPCs, however, electronic parameters are
not well defined due to static disorder, and multiple
underdamped modes can be present with different vibra-
tional frequencies. In the Supplemental Material [35], we
show that our scheme can efficiently suppress the ground
state coherences for dimer models including static disorder
and multiple modes with different vibrational frequencies
that are quasiresonant with exciton splitting. In addition, we
demonstrate the performance of our scheme for a photo-
synthetic complex model consisting of eight pigments,
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based on the parameters of the phycocyanin 645 from
marine algae [10,33], to highlight the feasibility of our
scheme for realistic multichromophore systems.

In summary, we proposed a multicolor scheme for
suppressing ground state coherences in 2D electronic
spectroscopy. We stress that our scheme enables raw 2D
data to be dominated by coherent excited state dynamics,
but a detailed analysis is still required to interpret the origin
of the isolated 2D oscillations, as is the case of the standard
2D experiments. We note that broadband pulses are
essential to suppress ground state coherences, as spectrally
narrow long pulses can lead to finite pulse-duration effects,
which can induce ground state coherences even for a
blueshifted second pulse [35]. It is notable that with the
development of pulse shapers, it is possible to modulate
various properties of laser pulses, such as amplitude, phase,
and polarization, for a sub-10 fs light source [63—65]. This
suggests the possibility to further improve our scheme by
controlling other properties of pulses, such as chirping.
Such developments may be helpful for the actual exper-
imental implementation and eventually for the unambigu-
ous identification of coherent excited state dynamics in
PPCs and organic photovoltaics [25,66].
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