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58 Vibrational beatings conceal evidence of electronic coherence

In biological light harvesting, solar energy is captured by photo-
synthetic antennae for subsequent storage into chemical bonds.
The remarkable efficiency reached in transferring the energy
between the collection and storage events recently has been
attributed to long-lived electronic coherence present in such
antennae systems. In this chapter, we present numerical sim-
ulations indicating that the spectroscopic transients that sup-
ported this hypothesis are not induced by electronic coherence,
but instead are caused by vibrational (nuclear) motion in the
electronic ground state potential. Besides emphasizing the sig-
nificance of such nuclear modes, our findings stimulate a re-
consideration of the role of electronic coherence in promoting
energy transfer in natural photosynthesis. Furthermore, they
require us to rethink how energy transfer efficiency is reflected
in spectral signals.

4.1 Introduction

The Fenna-Matthews-Olson (FMO) complex,21 connecting antennae to reaction
centers in green sulfur bacteria, plays a central role in the research focusing on
photosynthesis.132 In 2005, Brixner et al.23 succeeded in mapping out elec-
tronic couplings between the bacteriochlorophyll (BChl) subunits inside the FMO
complex of Chlorobium tepidum by means of two-dimensional (2D) electronic
spectroscopy. Using this four-wave mixing technique, which has been thoroughly
described elsewhere,133–135 the molecular sample is consecutively “excited” and
“detected”, and the couplings are manifested as cross-peaks in the 2D excitation-
detection spectrum. However, coherences between excited states existing during
the waiting time t2 (in between the excitation and detection events) also give rise
to cross-peak transients in the form of beating signals. Indeed, such signals were
discovered by Engel et al. when revisiting the FMO measurements a few years
later.26 Persistent small-amplitude beatings were presented and attributed to co-
herences between electronic states lasting for a surprisingly long time,26 suggesting
that quantum coherence is directly relevant to biological functioning. Accordingly,
electronic energy traversing the FMO complex performs versatile wave-like motion
instead of slow diffusive hopping. A subsequent study confirmed the existence of
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cross-peak oscillations surviving for at least 1 ps at 77 K.136 Similar beatings were
discovered in a variety of other biological systems,27–30 indicating that wavelike
behavior is an omnipresent biological phenomenon. Furthermore, the discovery
of oscillating transients in conjugated polymers53 and synthetic dimer systems137

extended the paradigm of robust quantum coherence to chemically bonded chro-
mophores.

The long lifetime associated with the electronic coherences has left researchers
puzzled, since even at cryogenic temperatures the spectral bandwidth of FMO pre-
dicts an electronic dephasing on the order of 100 fs,33 owing to fluctuations in the
environment. A variety of physical processes were proposed in which the environ-
ment somehow takes up an active role in conserving coherences between electronic
states. Correlated protein dynamics could account for the observed coherence
time,28 however, no traces of such correlation were found in full atomistic simula-
tions.108, 138 Other studies examined the effect of bath spectral densities,98, 99, 139

and electronic coherence surviving for several hundreds of femtoseconds at higher
temperatures were found for certain cases,99 but no conclusive explanation for
the picosecond lifetimes at 77 K was addressed. Recent findings direct towards
the importance of underdamped vibrational modes. When explicitly included in
the quantum Hamiltonian these modes were shown to dramatically enhance the
coherence time of electronically excited states.140, 141 The origin of this enhance-
ment lies in the coupling of vibrations to electronic transitions, resulting in vibronic
excitons.

The aforementioned mechanisms account for the observed spectral beatings in
terms of coherences in the electronically excited state. However, it is also possible
that the environment itself is the main contributor. Underdamped vibrations give
rise to spectral modulations that reflect coherences occurring in the electronic
ground state.100, 142–144 In contrast to electronic coherence, such “nuclear motion”
does not have a trivial connection to energy transfer. The BChl subunits of FMO
feature a wealth of Raman-active vibrational modes in the same range as the
beat frequencies between electronic levels (0-350 cm−1).33, 145 These modes were
originally discarded in the experimental interpretation as they couple only weakly to
electronic transitions. Nevertheless, the combination of this vibronic coupling and
electronic interactions between the BChl subunits can significantly enhance the
intensity of vibrational beatings.144, 146 Hence, the question whether the observed
coherences are electronic or purely-vibrational in origin has remained an open one.

In this chapter, we provide strong indications that nuclear cross-peak beatings
dominate over electronic coherent oscillations in FMO. This is demonstrated by
comparing their respective contributions to simulated spectra, in which both the
relevant electronic and nuclear degrees of freedom are treated nonperturbatively.
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An overview of the applied numerical methods is provided in the next section.
The subsequent section presents and discusses simulated 2D spectra of the FMO
complex, and in the penultimate section our conclusions are summarized.

4.2 Model

Calculations have been performed in the vibronic exciton model using the parame-
ters of FMO from Chlorobium tepidum.23, 25 The Fenna-Matthews-Olson (FMO)
protein forms a trimer of identical complexes. Neglecting the minor interaction
between these monomer units,108 seven bacteriochlorophyll (BChl) subunits23 are
treated as two-level electronic systems for each complex. Furthermore, coupling
of the electronic transition to an intramolecular mode ω0 is treated quantum-
mechanically for each BChl subunit. This is formulated by the Holstein Hamil-
tonian,73 which can be expressed as the sum of a diagonal and an offdiagonal
operator,

H(t) = Hdiag(t) + Hoffdiag. (4.1)

The diagonal operator is formulated in second quantization as

Hdiag(t) =
∑
n

(
εn + ∆n(t)

)
c†ncn + ω0

∑
n

b†nbn + ω0

∑
n

(
λ(b†n + bn) + λ2

)
c†ncn.

(4.2)

Here, the first summation describes the electronic transition energies of the BChl
units, with the electronic (Pauli) creation and annihilation operators given by c†n
and cn, respectively. The transition energies are subdivided in a static (average)
contribution εn and a fluctuating contribution ∆n(t). The applied average energies
are identical to those reported earlier,23 and are summarized as diagonal elements
in Tab. 4.1. The fluctuating contributions represent the total of low-frequency
modes other than ω0. Their trajectories are subject to Gaussian noise and obey
the correlation function

〈∆n(t)∆m(0)〉 = δn,mσ
2e−t/tc . (4.3)

In our calculations, the width of the fluctuations is taken to be σ = 75 cm−1,
which is a typical value for the FMO complex at a temperature of 77 K.23, 140 The
correlation time was set to tc = 140 fs, a value that is concordant with atomistic
modeling.108 The fluctuating contributions to the transition energies form the
primary source of electronic dephasing.

The second term in Eq. 4.2 accounts for the vibrational energy due to the
mode ω0, with the associated ladder operators b†n and bn, while the final term
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BChl 1 2 3 4 5 6 7
1 12 420 -106 8 -5 6 -8 -4
2 -106 12 560 28 6 2 13 1
3 8 28 12 140 -62 -1 -9 17
4 -5 6 -62 12 315 -70 -19 -57
5 6 2 -1 -70 12 460 40 -2
6 -8 13 -9 -19 40 12 500 32
7 -4 1 17 -57 -2 32 12 400

Table 4.1: BChl site energies and interactions applied in our calculations. All values are
given in units of cm−1, and are identical to those reported in Ref. 23.

accounts for vibronic coupling quantified by the Huang-Rhys (coupling) factor λ2.
Fluorescence line narrowing experiments on FMO have revealed the two strongest
coupling modes at frequencies of 117 and 185 cm−1, each of them having a
coupling factor roughly given by λ2 = 0.05.33, 145 Using this coupling constant,
both modes have been considered separately in our simulations, while a comparison
is drawn to the purely electronic case where λ2 is set to zero. As in Refs. 140, 144,
and 146, no damping of the vibrational mode is taken into account. The actual
dephasing time of the intra-molecular vibrations of the BChl subunits is in the order
of a few picoseconds,33 leading to a coherence decay of the nuclear wavepackets
on this timescale. Consequently, also electronic coherences are expected to decay
somewhat faster than in our calculations (see also chapter 5).

The offdiagonal contribution to the Holstein Hamiltonian includes the excitonic
interactions between the BChl units,

Hoffdiag =
∑

n,m 6=n

Jn,mc†ncm. (4.4)

Values taken for the couplings Jn,m are summarized in Tab. 4.1, and are equal to
the interaction strengths reported in Ref. 23.

Due to vibronic coupling, the vibrational basis undergoes a spatial shift upon
electronic excitation. In our calculations, vibrational quanta are always described
in their respective eigenbasis, that is, “unshifted” (denoted ν) in the electronic
ground state, and “shifted” (denoted ν̃) in the electronic excited state. The full
vibronic basis set is notorious for its impractical scaling with the total number of
BChl units and the size of the vibrational ladder. Similarly to Refs. 140 and 147,
we have applied the single-particle approximation64, 148 in order to keep the nu-
merical expenses manageable. Accordingly, the (electronic) ground state manifold
is spanned by the purely-vibrational excitations |νn〉, where the superscript n refers
to the BChl unit at which the vibration is localized. Note that the vacuum state
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|0〉 forms a special case in this respect, being independent of n: all BChl’s are
completely unexcited. The (electronic) singly-excited manifold is composed of the
states |ν̃n〉, in which site n is vibronically excited with a corresponding vibrational
state ν̃, whereas the bi-exciton manifold is described using the double excitations
|ν̃n, µ̃m〉. For each manifold, basis states are included involving a total of zero
and one vibrational quanta.

Following the Numerical Integration of the Schrödinger Equation method92, 93

the evolution of the quantum wavefunction is governed by

|Ψ(t + k∆t)〉 = U(t + k∆t, t)|Ψ(t)〉, (4.5)

with the propagator given by

U(t + k∆t, t) =
k−1∏
l=0

exp
(
− iH(t + l∆t)∆t

)
, (4.6)

where
∏

denotes the time-ordered operation from the left with increasing l . In our
simulations, an integration time-step of ∆t = 5 fs is used, while fast-oscillating
contributions due to high-energy diagonal entries of the Hamiltonian H(t) are
accounted for by subtracting a constant from these diagonal values, and applying
the corresponding phase shift afterwards to the wavefunction. Since the Hamil-
tonian is time-dependent, this integration scheme in its simplest form involves a
matrix diagonalization at every time step through calculation of the exponent in
the propagator. This is prohibitively expensive, especially in the bi-exciton mani-
fold. Nevertheless, the fact that all time-dependency is contained in the diagonal
contributions Hdiag(t) has allowed us to use an approximate scheme instead. In-
spired by a recently proposed approach,149 which relies on the Trotter formula,
the exponents inside the product of Eq. 4.6 are further subdivided according to

exp
(
− iH(t + l∆t)∆t

)
(4.7)

≈ exp
(
− iHoffdiag∆t

)
exp

(
− iHdiag(t + l∆t)∆t

)
.

Here, the first exponent on the right-hand side is static in time, and can be calcu-
lated a priori. The second exponent is calculated at every instant, but is computa-
tionally inexpensive since the corresponding Hamiltonian is in diagonal form. This
approach has been applied to all propagation schemes in the singly and doubly-
excited manifolds. Another approximation applied to keep the calculations feasible
is the neglect of a feedback force of the wavefunction on the environment in the
propagation scheme, leading to a thermalization towards evenly distributed quan-
tum populations. As shown in chapter 8, this is a good approximation in studying
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BChl (n) 1 2 3 4 5 6 7
µxn 0.74 0.86 0.20 0.80 0.74 0.14 0.50
µyn 0.56 -0.50 -0.96 0.53 -0.66 0.88 0.71
µzn 0.37 0.11 0.21 0.28 -0.16 -0.46 0.50

Table 4.2: Vector components of the applied transition dipole moments150 in the molec-
ular frame (given in arbitrary units), taken from the RCSB Protein Data Bank, file 3ENI.25

coherent cross-peak beatings. Effects due to improper population relaxation have
been corrected for by a fitting procedure reported below.

Spectra are obtained through a Monte Carlo averaging over uncorrelated dis-
order trajectories (∆n). Each member of the ensemble of FMO complexes is
assumed to initiate in the vacuum state |0〉. Interaction with an (impulsive) light-
pulse, whose polarization is indicated by α, is described by the Hamiltonian

Wα = −
∑
n

~µn · ~eα(c†n + cn), (4.8)

where the unit vector ~eα indicates the polarization direction. As the Condon
approximation is reasonable for FMO,108 the transition dipole moments ~µn are
assumed to be constant in time. Their vector components are taken from the
RCSB Protein Data Bank, file 3ENI,25 and are summarized in Tab. 4.2. Shown

Figure 4.1: Illustration of the FMO complex of Chlorobium tepidum with each bacteri-
ochlorophyll molecule represented by a different color.
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in Fig. 4.1 is the associated molecular structure, rendered using VMD24 (the
illustrations shown in Fig. 4.4 have also been rendered using this software).

The linear absorption spectrum follows from a Fourier transform of the linear
response function, given by

R linear(t) =
∑

α=x ,y ,z

〈0|WαU(t, 0)Wα|0〉. (4.9)

The Fourier transform is limited to 1 ps, a time span over which R linear(t) has
sufficiently decayed. The spectrum has been slightly smoothed by convolving the
response function with an exponential having a 1/e decay time of 5 ps. Linear
spectra, averaged over 50 000 disorder trajectories, are shown in Fig. 4.2a, together
with a stick spectrum depicting the transition dipole strengths of the purely-
electronic eigenstates as a function of the eigenenergies. In the latter case, vibronic
coupling has been omitted (λ = 0), and dynamic disorder has been disabled by
setting ∆n(t) = 0 for all n and t.

Two-dimensional (2D) spectroscopy is the result of four subsequent light-
matter interactions divided by the time intervals t1, t2, and t3. The corresponding
Liouville pathways, describing the evolution of the molecular density operator as
a result of these interactions, are summarized by six double-sided Feynman dia-
grams.76 Two of those diagrams, for rephasing and nonrephasing ground state
bleach, are depicted in Fig. 4.4b. For the rephasing variant, the associated non-
linear response function is given by

RR−GB(t1, t2, t3) =
∑
α,β,γ,δ

Aα,β,γ,δ (4.10)

〈0|WαU†(τ1, 0)WβU†(τ3, τ1)WδU(τ3, τ2)Wγ |0〉.

Here, the time label τ1,2,3 denotes the instant after time interval t1,2,3 has taken
place. Note that in Eq. 4.10, propagation of the (stationary) vacuum state is omit-
ted. In this expression, a summation is performed over the polarizations α, β, γ
and δ. Assuming an isotropic sample of FMO species and parallel polarized light-
pulses, this summation reduces to 21 different configurations with corresponding
weight constants Aα,β,γ,δ as is described in detail in Ref. 151. Expressions of the
response functions corresponding to the other diagrams are given by Eq. 11 of
Ref. 92. 2D spectra are obtained through a two-dimensional Fourier transform
of the response functions with respect to t1 and t3. Similarly to the linear spec-
trum, the Fourier transforms are truncated after 1 ps, and a smoothing has been
applied using an exponential with a 1/e decay of 5 ps over both times t1 and
t3. Spectra have been calculated at 5 fs intervals up to a maximum waiting time
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of 2 ps, while an average is taken over 10 000 disorder trajectories. Represen-
tative absorptive spectra (at t2 = 400 fs) are shown in Fig. 4.2b, using a linear
coloring for the purely-electronic representation (contours indicate 5% intervals)
and using an arcsinh coloring for both the purely-electronic case and the vibronic
models. For the arcsinh colorings, the 2D spectra are transformed according to
Iarcsinh(ω1,ω3) = arcsinh(1000∗ [I (ω1,ω3) + .02]) after which a linear coloring has
been applied following the depicted color scheme. Here, I (ω1,ω3) represents the
normalized 2D spectrum, with ω1 and ω3 as the excitation and detection frequen-
cies, respectively. The prefactor of 1000 and 2% shift of the baseline allow to
highlight the differences occurring at the exciton 1-3 cross-peak.

Spectral traces shown in Fig. 4.3a are taken from the total 2D spectra at an
excitation energy of 12 350 cm−1 and a detection energy of 12 113 cm−1, which
correspond to the average first and third lowest eigenenergies, respectively, of the
singly-excited purely-electronic Hamiltonian. Additionally, traces are shown taken
from 2D spectra of disorder-free FMO complexes, using ∆n(t) = 0. In this case,
spectra have been homogeneously broadened using a width of 13 cm−1, and the
traces are taken at slightly different energies of 12 364 cm−1 and 12 116 cm−1, cor-
responding to the disorder-free energy level diagram (shown as sticks in Fig. 4.2a).
Calculations of disordered 2D spectra at different waiting times are sampled from
distinct starting trajectories to avoid artificial beatings appearing in the traces due
to undersampling. A biexponential fit is subtracted from each trace individually
in order to correct for non-oscillatory contributions due to spectral diffusion and
population transfer.136 Additionally, a moving average smoothing has been per-
formed, where each trace point is replaced with the average of the neighboring
data points to a maximum distance of 10 fs. The power spectra shown in Fig. 4.3b
are obtained from (unsmoothed) traces by taking a fast Fourier transform over
the waiting time up to 2 ps. The results are freely shifted vertically for the ease
of demonstration. For the traces shown in Fig. 4.4, the same procedure is applied
as in Fig. 4.3a. Traces corresponding to the total nonrephasing signal and the
rephasing pathways associated with vibrational (ground state bleach) and elec-
tronic wavepackets (stimulated emission and excited state absorption) are taken
from calculations of the associated diagrams. (Resulting curves are freely shifted
vertically for the sake of clarity.)

Beating maps shown in Fig. 4.5 are created by taking for each 2D spectral
position a fast Fourier transform with respect to the waiting time up to 2 ps.
Before doing so, a biexponential fit is subtracted from each spectral point as a
function t2 to correct for non-oscillatory contributions. The maps represent the
Fourier transform amplitudes (in arbitrary units) corresponding to the reported
frequencies.
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4.3 Results and discussion

The vibrational modes in FMO couple only weakly to electronic transitions, and
as such, their effect on the optical properties can be expected to be weak. Shown
in Fig. 4.2a are calculated linear absorption spectra, including vibronic coupling
as well as in the purely-electronic representation, together with the experimental
outcome.23 Apart from the good agreement between theory and measurements,
this figure underscores the small effect of the weakly-coupled vibrational modes on
linear spectroscopy. Seemingly, the typical Huang-Rhys factors in FMO also do not
substantially affect the 2D spectra. Nevertheless, nonlinear colorations commonly
used to visualize the small-amplitude beatings in the experiments on FMO26, 136
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Figure 4.2: a, Experimental linear absorption23 (dash), together with spectra calculated
in the purely electronic representation (solid black), and in the vibronic exciton model
involving a 117 cm−1 (yellow) or a 185 cm−1 (red) vibrational mode. The stick spectrum
represents the electronic states underlying the absorption band. b, Calculated absorptive
two-dimensional spectra at 77 K for a waiting time of 400 fs. Due to the small vibronic
coupling constant, the linearly-spaced contour plots for the purely electronic and vibronic
models are practically identical (electronic outcome shown in the left panel). However, an
arcsinh coloration26, 136 reveals differences at the cross-peak locations (shown in remaining
panels). Markers indicate the exciton 1-3 cross-peak from which the quantum beat signals
were extracted in experiments.26, 136
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Figure 4.3: a, Traces of the 1-3 cross-peak for different numerical models. Coupling
to the 185 cm−1 mode leads to intense periodic beatings at the cross-peak location (red
trace). For the 117 cm−1 mode, similar modulations are apparent, although weaker in
amplitude (yellow). For purely-electronic spectra, oscillations dephase within a single
period (black). This is reflected in the power spectra shown in b which are compared
with the relevant electronic (gray dashes) and vibrational transitions (red and yellow dash).
Whereas the electronic power spectrum is completely featureless, the vibronic spectra have
dominant contributions at exactly the vibrational frequencies. For comparison, the power
spectrum of a disorder-free complex (purely-electronic) is also shown, which nicely reflects
the predicted electronic transitions (solid gray).

still expose several differences. Shown in Fig. 4.2b are representative 2D spectra
at 400 fs waiting time for the vibronic models including 117 and 185 cm−1 vibra-
tions and for the purely-electronic representation. An arcsinh coloration26, 136 is
applied, demonstrating differences particularly at the marked area. The markers
indicate the cross-peak from which the experimentally observed beatings were first
extracted.26, 136 From the electronic stick spectrum shown in Fig. 4.2a (calculated
using average values for the electronic transition energies) this spectral location
is expected to indicate the correlation between excitons 1 and 3.

In Fig. 4.3, we present a power-spectrum analysis of the exciton 1-3 cross-peak.
Bearing in mind the spectral overlap of adjacent cross-peaks between other exci-
ton pairs, beatings measured here are expected to contain multiple components.
This is substantiated by simulations of a disorder-free FMO complex: clearly re-
solvable features are present in the corresponding power-spectrum at transition
frequencies between excitons 1-2 (170 cm−1), 1-3 (240 cm−1), 1-4 (330 cm−1),
and 2-3 (90 cm−1). In all other calculations presented in this chapter, site energy
fluctuations are incorporated through the over-damped Brownian oscillator model
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Figure 4.4: a, Rephasing and nonrephasing contributions (black traces) to the 1-3 exci-
ton cross-peak for the 185 cm−1 vibronic exciton model. In differentiating the rephasing
trace into contributions from electronic (purple) and vibrational (blue) wavepackets, it be-
comes evident that beatings manifested in that signal are entirely induced by vibrations,
contributing through ground state bleach (GB) signals. b, Feynman diagrams correspond-
ing to GB pathways associated with exciton 3 (e3). This excited state is largely localized
on a single BChl subunit (denoted n), and couples to the ν = 1 vibrational state confined
to the same site. As such, vibrational coherence appears at rephasing cross-peaks (at
excitation and detection energies of −E3 and E3 − ω0, respectively, where E3 represents
the energy associated with e3), whereas it contributes to diagonal beatings (at E3, E3)
for nonrephasing spectra. As a reference, the excitation time t1, waiting time t2, and
detection time t3 are shown on the right. (Continued on the following page.)
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Figure 4.4: (Continuation.) c, Electronic contribution differentiated into stimulated
emission (SE) and excited state absorption (EA) signals. A single-component beating
due to inter-exciton coherence is manifested in stimulated emission, lasting for several
hundreds of femtoseconds. This oscillation is partly cancelled by out-of-phase motion
present in excited state absorption. The latter contains additional beating components
due to a variety of exciton pairs. Overall, the beat amplitudes are not competitive with
those of purely-vibrational coherences (see panel a).

to account for modes in the environment other than the 117 cm−1 or 185 cm−1

vibrations. In doing so, no correlations between fluctuating sites are taken into
account.152 For the purely-electronic representation, these fluctuations lead to a
fast dephasing of exciton coherence. No clear signs of inter-exciton beatings are
to be found in the power spectrum, and the corresponding trace does not exhibit
a pronounced oscillatory behavior. This is quite different for the exciton 1-3 cross-
peak dynamics found for the vibronic models with ω0 = 117 cm−1 and 185 cm−1.
In both cases, clear single-component beatings are manifested that continue to
last well beyond 1 ps. According to the power spectra, the corresponding peri-
odicities match exactly the associated vibrational frequencies ω0, which strongly
suggests nuclear motion as the origin of the observed cross-peak beatings.

In contrast to 2D spectroscopy experiments, the great advantage of spectral
modeling is that it allows to dissect a beating signal into electronic coherences
(contributing through stimulated emission and excited state absorption) and co-
herences due to vibrations in the electronic ground state (manifested as ground
state bleach signals). Such has been carried out for the 185 cm−1 vibronic model
in Fig. 4.4a. From this figure, it is evident that ground state bleach beatings
due to nuclear wavepackets are entirely responsible for the modulations in the
total signal. Weak oscillations become apparent in the stimulated emission signal
upon a close examination of the electronic spectral beatings in Fig. 4.4c, last-
ing for several hundreds of femtoseconds, in concord with earlier reports,153, 154

but these transients are partly cancelled by anti-phased oscillations appearing in
excited state absorption. A number of studies have shown a dependency of the
electronic coherence time on the chosen model for the environment fluctuations
other than ω0 (Refs. 139, 99, and 98). Another recent study showed a possi-
ble significance of two-particle states to simulated spectra of FMO-inspired dimer
systems, although the effect is probably weak as the substantial diagonal disorder
in combination with the weak vibronic and electronic couplings experienced by
the BChl’s in FMO results in a negligible vibrational distortion field (or polaron
radius).72 Overall, considering the great difference in intensity between the elec-
tronic and vibrational beatings, already at very early waiting times, we expect the



70 Vibrational beatings conceal evidence of electronic coherence

predominance of vibrations to be maintained even upon reasonable variations in
the electronic coherence time and amplitude.

Fig. 4.4a additionally verifies an important experimental observation, namely
that beatings are present exclusively in the signal where the molecular sam-
ple rephases between the excitation and detection interactions.136 Although it
was originally argued that this demonstrates the involvement of electronic co-
herences,136 a simple analysis based on Feynman diagrams shown in Fig. 4.4b
demonstrates that this behavior is also to be expected for ground state nuclear
wavepackets for a weakly coupled system such as FMO. It should be noted that
the lack of purely vibrational beatings in the nonrephasing spectra was also found
for a cyanine dimer (see chapter 5), despite the much stronger couplings found
for this system.

Very similar trends are shown by the 117 cm−1 vibronic exciton model, namely
that marginal vibronic coupling results in predominant vibrational beatings appear-
ing in the rephasing signal. Nevertheless, the corresponding beat amplitudes are
significantly weaker than those associated with ω0 = 185 cm−1. There are two
main reasons for this discrepancy. First, the intensity enhancement of vibrational
transients depends on the value of ω0 relative to the exciton splitting.146 The
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Figure 4.5: Beating maps at frequencies of 117 cm−1 and 185 cm−1 for the vibronic
exciton models including ω0 = 117 cm−1 and 185 cm−1, respectively. In both cases, the
beating map reveals strong oscillatory behavior concentrated in a stripe region parallel to
the diagonal. Markers indicate the exciton 1-3 cross-peak.
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second reason lies in the beating maps presented in Fig. 4.5. As shown here, for
both the 117 and 185 cm−1 vibronic models, the strongest oscillations in the two-
dimensional spectra roughly are concentrated in diagonally elongated bands lying
a single vibrational quantum below the diagonal. As such, the 185 cm−1 band
happens to overlap stronger with the 1-3 cross-peak location. The latter could
also explain the differences in the 1-3 cross-peak transients presented in different
experimental reports on FMO.26, 136 From our calculations, multiple Raman-active
modes are expected to contribute to the cross-peak dynamics, yet the 185 cm−1

mode dominates in facilitating persistent oscillatory motion. Such appears to be
in concord with the earliest measurements on FMO, where a strong component
was revealed at this frequency.26 This leads us to propose that the experimentally
observed beatings reflect vibrational coherences present in the electronic ground
state potential.

A series of 2D spectroscopic experiments conducted on modified FMO com-
plexes were explained as a confirmation of the existence of long-lived electronic
coherence.155 For FMO complexes with inhomogeneously deuterated BChl’s, as
well as complexes with altered hydrocarbon tails, spectral beatings were found
that were identical to those of the native complex, and this correspondence sup-
posedly cannot be reconciled with vibrational modes associated with the hydrogen
atoms or the hydrocarbon tail. Nevertheless, a recent study assigned the 117 and
185 cm−1 modes to both the pyrrole rings and the central Mg atoms of the BChl
subunits,156 which could explain the insensitivity of the corresponding vibrational
beatings to such chemical modifications. A spectroscopic investigation of such
modification at the level of single BChl subunits could shed a revealing light on
this discussion.

4.4 Conclusion

When coherent oscillations were first discovered in 2D spectra of FMO, it was
argued that vibronic coupling provides the conditions for robust coherence among
electronic states.26 In this chapter, we presented vibronic exciton simulations of
entire FMO complexes, indicating that the vibrations themselves dominate the
dynamics in 2D spectroscopy. Hence, the observed beatings do not reflect coher-
ences occurring in the electronically excited manifold. This does not invalidate
the relevance of vibronic coupling to electronic processes. Recently, it has been
clearly shown that vibronic coupling profoundly impacts on transfer rates of elec-
tronic energy,147 and for FMO it was suggested that energy transfer has been
optimized through a tuning of the vibrational frequencies to match the gap en-
ergies between excitons.157 Nevertheless, the competition between electronic and
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vibrational transients inevitably occurs in 2D spectral measurements of vibronic
systems142, 143 (see also chapters 5 and 6). It is therefore interesting to experimen-
tally assess molecular complexes exhibiting long-lived beatings through techniques
that solely probe electronic coherence. An interesting candidate in this respect is
time-resolved fluorescence spectroscopy, as is shown in chapter 7.

The necessity of quantum coherence for transport efficiency is an open question
in its own right.158 However, rather than discarding the concept of coherent
energy transfer, our findings revoke a reconsideration of how optimized energy
flows are reflected in 2D spectroscopy. It is possible that the spectral enhancement
of these nuclear modulations actually goes hand-in-hand with efficient electronic
transport.144 In that case, coherent beatings do not reflect electronic dynamics per
se, but still come out as a consequence of efficient energy transfer through resonant
nonadiabatic coupling. Joint experimental and theoretical studies on both complex
biological systems and small tractable molecules (such as presented in chapters 5
and 6) pave the road towards applications of such transfer mechanisms in man-
made systems.


