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’ INTRODUCTION

Great strides in femtosecond laser technology have opened up
real-time observation of dynamical processes in complex chemical
and biological systems. Recently, techniques of two-dimensional
electronic spectroscopy1 have been applied to explore photosyn-
thetic light harvesting complexes and revealed the existence of
long-lived quantum coherence among the electronic excited states
of the multiple pigments in pigment�protein complexes
(PPCs).2 Although the coherence in the PPCs was originally
observed outside the physiological range of temperatures,2�4

recent experiments detected the presence of quantum coherence
lasting up to∼300 fs even at physiological temperatures,5,6 which
is consistent with a previous theoretical prediction.7 These
observations have led to the suggestion that quantum coherence
might be vital in achieving the remarkable efficiency of photo-
synthetic light harvesting. As wewill describe inmore detail below,
the purpose of this paper is to understand more fully the origin of
the experimentally observed decay of quantum coherence.

One of the viable approaches to explore photosynthetic
excitation energy transfer (EET) is a quantum master equation.8

In this approach, one focuses attention only on the electronic
excitation, which is termed the system, and treats the other
degrees of freedom (DOFs) as the environment. The key
quantity of interest is the reduced density matrix (RDM), i.e.,
the partial average of the total density matrix Ftot(t) over the

environmental DOFs: F(t) = Trenv[Ftot(t)]. This matrix can be
naturally introduced via the expectation value of a system’s
operator O sys as Trtot[O sysFtot(t)] = Trsys[O sysF(t)]. In the
literature of photosynthetic EET, the initial condition of the
environmental DOFs is assumed to be the thermal equilibrium
state Fenveq , which is a mixed state, because of the lack of
information on the environmental DOFs. Thus, the total density
matrix is expressed as

FtotðtÞ ¼ e�iHtott=p½Fsysð0Þ X Feqenv�eiHtott=p ð1Þ

with Htot being the total Hamiltonian. This mixed-state density
matrix formalism is often employed to describe a true physical
ensemble, i.e., a collection of multiple identical physical systems.
Consequently, approaches of this type have a considerable
domain of applicability, for instance in analyses of condensed
phase spectroscopic signals.9 Experimentally, photosynthetic
EET dynamics are investigated by synchronizing initial electronic
excitation in the entire ensemble by means of ultrashort laser
pulses. In natural light harvesting, however, the initial event is the
absorption of one sunlight photon by a single PPC, followed by
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ABSTRACT: The observation of long-lived electronic quantum coherence in a
photosynthetic light harvesting system [Engel et al. Nature 2007, 446, 782] has led to
much effort being devoted to elucidation of the quantum mechanisms of the photo-
synthetic excitation energy transfer. In this paper we examine the question of whether the
decay of the coherent beating signal is due to quantum mechanical decoherence or
ensemble dephasing (also called “fake decoherence”). We compare results based on the
quantum master equation description of the time-evolution of the reduced density
matrix with a mixed quantum/classical approach where the ensemble average is
calculated after the dynamics. The two methods show good agreement with results
from the quantum master equation in terms of the decay of quantum coherent
oscillations when ensemble average is considered for the mixed quantum/classical
approach. However, the results also demonstrate it remains possible that the quantum
coherent motion is robust under individual realizations of the environment-induced
fluctuations contrary to intuition obtained from the reduced density matrices, indicating
that the decay of the observed quantum coherence should be understood as ensemble
dephasing. Our calculations imply that coherence is a property of the pigment�protein
system, not simply the preparation method of the electronic excitation.
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EET in the PPC independently of the ensemble averaged
behavior or our measurements.

It is undeniable that the RDM approach based on eq 1 has
provided useful insight into condensed phase spectra and
photosynthetic EET.8,9 However, considering the difference
between electronic excitation dynamics in individual PPCs and
their ensemble average naturally raises the question as whether
such an approach might limit understanding of the EET
because the reduction procedure involves an ensemble average
which may wash out the microscopic details. In particular, this
issue becomes prominent when quantum coherence and
its destruction are discussed. In the literature, descriptions of
several different processes are sometimes referred to as
“decoherence.”10,11 Most of these associations are based on the
observation that different processes may all lead to the disap-
pearance of off-diagonal elements in the density matrix of the
system. Reference 11 describes decoherence and “fake decoher-
ence”. According to ref 11 decoherence should be understood as
a distinctly quantum mechanical effect with no classical analog,
independently of an ensemble average. When both the system
and its environment are described quantum mechanically,
the interaction between them leads to a quantum entangled
state for the system�environment combination, |ψtot(t)æ =
∑ncn(t)|jn

sysæ|θnenv(t)æ, where |jn
sysæ is a system’s state in some

basis and |θn
env(t)æ describes time-evolution of the environmental

state associated with |jn
sysæ. This entanglement implies that the

system and its environment share information on the system.
However, measurements are usually performed only on the
system, whereas the environment is typically either inaccessible
or simply of no interest. Thus, the shared information is also
inaccessible, and it means that a portion of the information on the
system is lost as long as observers only are able to measure
observables that pertain to the system. This process corresponds
to decoherence. Tracing over the inaccessible environmental
states yields an RDM of the entangled subsystem as

FredðtÞ ¼ ∑
mn

cmðtÞc�nðtÞjjsys
m æ Æjsys

n jÆθenvm ðtÞjθenvn ðtÞæ ð2Þ

After a sufficiently long time, an environmental state |θm
env(t)æ

diverges maximally, and thus overlaps between the environ-
mental states associated with the different |jm

sysæ become
small. Thus, the {|θn

env(t)æ} become mutually orthogonal,

Æθenvm ðtÞjθenvn ðtÞæ ftf¥
δmn, resulting in the disappearance of the

off-diagonal elements in eq 2. Following these lines of thought,
the appearance of a classical world in quantum theory has
been explored.11�14 On the other hand, an example of “fake
decoherence”11,14 is to interpret the result of an ensemble
average over different noisy realizations of a system as the
description of a decoherence process. As was mentioned above,
the density matrix formalism is often used to describe a true
physical ensemble, i.e., a collection of multiple physical systems
in which each individual system is described by a pure state,
|ψ(n)(t)æ.11 In this situation, each system may start out in the
same state but may be subject to slightly different Hamiltonians.
For example, the Hamiltonian of each system may contain
random fluctuations due to the presence of classical noise. If
we take the average over the ensemble {ψ(n)(t)} of the pure
states of allN systems, the ensemble density matrix is obtained as

FensembleðtÞ ¼ 1
N ∑

N

n¼ 1
jψðnÞðtÞæ ÆψðnÞðtÞj ð3Þ

In the limit of large N, the off-diagonal elements of the ensemble
density matrix would disappear. This is evidently ensemble
dephasing, not decoherence.

We can now sharpen the statement made above on the purpose
of the paper. In principle, both the electronic excitations and the
rest of the entire universe should be described quantum mechani-
cally, as described in eq 2. In practice, however, the protein
environments embedding pigments are usually assumed to be
classical objects and to induce classical noise in the electronic
energies of the pigments. The statement that biological systems are
“warm,wet, and noisy environments” is essentially a classical aspect
of proteins, membranes, and so on. Furthermore, the protein
environment are also surrounded by their environments, and thus
they would be decohered in the sense of eq 2. Clearly this
discussion can be continued ad infinitum. A decision on whether
the protein environments should be treated quantummechanically
is intimately related to the specific experimental observable and
appears to us to have no universal answer. Therefore, it is not
obvious to what extent quantum features of the protein environ-
ment play a role in decoherence of electronic excitations. Conse-
quently, it is not obvious whether the decay of quantum coherent
beats observed in two-dimensional electronic spectra of photo-
synthetic PPCs is describing decoherence or ensemble dephasing.
In this paper we try to answer this question by means of mixed
quantum/classical simulations.15�18 In addition, despite the very
good agreement between the ensemble experiments and the
ensemble averaged theory, it is still tempting to ask questions such
as (1)How does EET proceed in a single PPC? (2)Does the initial
coherence just decay irreversibly or can it recur? (3) Can coher-
ence appear in a PPC excited not by light, but by EET from another
PPC? (4) How relevant are the laser-based results to photosynth-
esis in natural sunlight? Answers to these questions have been
discussed or assumed in numerous recent publications.19�38

However, providing a precise answer to these questions requires
an approach that looks at the dynamics prior to the ensemble
average with respect to the mixed state or more specifically the
thermal distribution for environmental DOFs. In this paper we
begin the exploration of such an approach by employing a mixed
quantum/classical simulation under the assumption that the
protein environments induce classical noise in electronic energies
of the embedded pigments. In our approach, only the electronic
excitation is treated quantum mechanically, while the environ-
mental DOFs are described as classical variables. The combination
of two fundamentally different descriptions of nature provided by
quantum and classical mechanics might cause serious problems of
consistency. In order for such contradictions to beminimized to an
acceptable level, we assume that the quantummechanical action of
the system on the environment can be ignored. Thus, it is of no
consequence that completely classical environmentalDOFs violate
the uncertainty principle. The Hamiltonian for a pure quantum
state is time-dependent because it contains random fluctuations
due to the presence of classical noise. This assumption corresponds
to stochastic approaches such as the temperature-independent
Lindblad equation or the Haken-Strobl model,39 which are
extensively employed for examining quantum effects in photosyn-
thetic EET.30�37,40,41 For this reasonwe think this assumption is of
minor consequence for the present purpose.

’MODEL

In this paper, the electronic spectrum of the mth pigment
is restricted to the ground state |jmgæ and the first excited



6229 dx.doi.org/10.1021/jp112406h |J. Phys. Chem. B 2011, 115, 6227–6233

The Journal of Physical Chemistry B ARTICLE

state |jmeæ which corresponds to the Q y transition in a
(bacterio)chlorophyll molecule. These states are obtained by
the electronic Schr€odinger equationHm

el(X)|jmaæ = εma(X)|jmaæ,
where Hm

el(X) and εma(X) are the electronic Hamiltonian and
energy of the mth pigment in the absence of the interpigment
electronic coupling, and depend parametrically on the set of the
relevant nuclear coordinates including protein environmental
DOFs, X. Hence, the nuclear dynamics associated with an
electronic state |jmaæ are described by Hma(X) � εma(X) þ
(kinetic energy). The normal mode treatment is usually assumed
for the PPC nuclear dynamics, because anharmonic motion with
large amplitudes and long time scales produces inhomogeneous
broadening on time scales irrelevant to photosynthetic
EET.9,42,43 Further, it may be assumed that nuclear configura-
tions for the electronic excited states of pigments are not greatly
different from those for the ground states owing to the absence
of large permanent dipoles on the pigments. Thus, the nuclear
Hamiltonians associated with the electronic states |jmgæ and
|jmeæ can be modeled as a set of displaced harmonic oscillators:

HmgðXÞ ¼ εmgðX0
mgÞ þ ∑

ξ

pωmξ

2
ðp2mξ þ q2mξÞ ð4Þ

HmeðXÞ ¼ HmgðXÞ þ pΩm � ∑
ξ

pωmξdmξqmξ ð5Þ

where {qmξ} are the dimensionless normal mode coordinates
introduced around the equilibrium nuclear configuration asso-
ciated with the mth pigment Xmg

0 , and {ωmξ} and {pmξ} are the
accompanying frequencies andmomenta. The energy pΩm is the
Franck�Condon transition energy of the mth pigment, which is
termed the site energy in the literature. The dimensionless
quantity dmξ denotes the displacement of the equilibrium con-
figuration of the ξth environmental mode between the ground
and excited electronic states of themth pigment. In what follows,
we set εmg(Xmg

0 ) = 0 to simplify our expressions.
For characterizing the possible states of the whole complex of

excitable units, product states are introduced as Πm|jmamæ. The
overall ground state with zero excitation reads |0æ � Πm|jmgæ,
whereas the presence of a single excitation at the mth pigment is
described by |mæ�|jmeæΠk( 6¼m)|jkgæ. Since the intensity of
sunlight is weak, the single-excitation manifold comprising one
elementary excitation is of primary importance under physiolo-
gical conditions. Thus, only the single-excitation manifold is
considered, and the PPC Hamiltonian is given as

Hð1Þ
PPC ¼ ∑

m
HmðXÞjmæ Æmj þ ∑

mn
pJmnjmæ Ænj ð6Þ

with Hm(X) being defined as

HmðXÞ ¼ HmeðXÞ þ ∑
kð6¼mÞ

HkgðXÞ ð7Þ

We note the completeness relation in the single-excitation
manifold, ∑m|mæÆm| = 1. Although the electronic coupling pJmn
may be also modulated by nuclear motions,44 we assume that
nuclear dependence of pJmn is vanishingly small and employ the
Condon-like approximation as usual.

From the dynamical point of view, eqs 4, 5, and 6 demonstrate
that the electronic energies of the pigments experience modula-
tion by the protein motion. Due to the large number of protein
DOFs, such dynamical modulation can be modeled as random
fluctuations. In order to describe fluctuations in electronic states,

the collective energy gap coordinate is introduced as9

um � HmeðXÞ �HmgðXÞ � pΩm ð8Þ
Because {qmξ} in eqs 4 and 5 are normal mode coordinates or
phonon modes, the dynamics of um(t) � eiHmgt/pume

�iHmgt/p can
be described as a Gaussian process.45 Therefore, the environ-
mental effects can be characterized fully by two-point correlation
functions of um(t), e.g., the symmetrized correlation function:

SmðtÞ ¼ 1
2
ÆfumðtÞ, umð0Þgæmg

¼ p

π

Z ¥

0
dωJ mðωÞ coth

βpω

2
cos ωt ð9Þ

where Æ...æmg denotes averaging over Fmgeq = e�βHmg/Tr[e�βHmg]
with β being the inverse temperature. The spectral density
J m(ω) is given in terms of the displacement dmξ as J m(ω) =
(π/2)∑ξpωm ξ

2 dm ξ
2 δ(ω� ωmξ), and the reorganization energy

of the mth pigment is expressed as pλm =
R
0
¥dωJ m(ω)/(πω)

= ∑ξpωmξdmξ
2 /2. In the classical limit (p f 0), eq 9 yields the

classical correlation function, Sm(t) = Æum(t)um(0)æmg. For sim-
plicity, we assume that fluctuations in electronic energies of
different pigments are not correlated. Furthermore, we suppose
that the environmental state at the initial time t = 0 is in thermal
equilibrium, Fmgeq . This initial condition corresponds to an
electronic excited state generated in accordance to the vertical
Franck�Condon transition.

In this work, we assume the environmental DOFs are de-
scribed in terms of classical phase space positions and momenta.
Under this assumption, electronic excitation dynamics |ψ(t)æ is
described with the Schr€odinger equation involving a time-
dependent Hamiltonian:

ip
D
Dt
jψðtÞæ ¼ Hð1Þ

PPCjψðtÞæ ð10Þ

where the classical path of the environmental DOFs causes
fluctuations in electronic energies of pigments, as shown in
eqs 4�8. On the other hand, the time-evolution of the environ-
mental DOFs follow the Hamilton equations derived from the
Ehrenfest theorem15 as

_pmξ ¼ �ωmξqmξ þ fmξðtÞ ð11Þ

_qmξ ¼ ωmξpmξ ð12Þ
where pfmξ(t) is the Ehrenfest mean-field force given as

fmξðtÞ ¼ PmðtÞωmξdmξ ð13Þ
with Pm(t) = Æm|ψ(t)æÆψ(t)|mæ being the probability for excita-
tion to be found on themth pigment. In the case of Pm(t) = 0, the
minimum of the harmonic potential for eq 11 and eq 12 is located
on qmξ = 0. In the case of Pm(t) = 1, on the other hand, the
minimum is shifted to qmξ = dmξ. Thus, the Ehrenfest force
causes the reorganization process of the environmental DOFs.22

However, we do not have a justification of the physical meaning
of the force for the case of 0 < Pm(t) < 1. Indeed, simulations with
eqs 10�13 do not produce the appropriate thermal equilibrium
of electronic excitation. One of the major accomplishments of
the surface-hopping models46 was to correct this unphysical
feature of the mean-field force. In principle, however, the above-
mentioned kind of difficulty cannot be removed completely
when the mixed quantum-classical approximation is adopted,
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because a logical contradiction of physics inevitably arises from
the contact of a quantum system with classical DOFs.

In order for such contradiction to be minimized enough to be
accepted, we assume the force in eq 11 vanishes,

fmξðtÞ = 0 ð14Þ
In this approximation, the classical trajectory of the environ-
mental DOFs induce only fluctuations in electronic energies of
the pigments; however, the environment does not cause dissipa-
tion of reorganization energies. Initial values of {pmξ,qmξ} are
chosen with Monte Carlo sampling in accordance with the
canonical distribution, P m({pmξ,qmξ}) � e�βHmg. If the number
of the environmental modes is large enough, fluctuations in the
electronic energies can be regarded Gaussian random modula-
tions. In this manner, temperature and classical stochasticity
enter into the dynamics described by eqs 10�14, as in the
derivation of the Langevin equation from the Hamilton
equation.47 Although the fluctuation�dissipation relation
(FDR) does not hold obviously, eq 14 corresponds to the
situation in stochastic theories such as the Kubo�Anderson
model48 and the Haken�Strobl model.39 The former model is a
convenient tool to investigate linebroadening and non-Marko-
vian features of optical signals,49 while the latter is useful and
extensively employed for examining quantum effects in photo-
synthetic EET.30�37,40,41 For this reason, we think the approx-
imation in eq 14 is of minor consequence for the purpose of the
present work.

’DISCUSSION

Numerical results are presented to discuss relations among the
RDM, quantum dynamics influenced by individual realizations of
fluctuations, and their ensemble average. For simplicity, the
Drude�Lorentz spectral density is assumed, J m(ω) =
2pλmτmω/(τm

2ω2 þ 1), although an arbitrary spectral density
can be employed for the present simulations. This density yields
the classical correlation function of the collective energy gap
coordinate as Sm(t) = Æum(t)um(0)æmg = (2pλm/β)e

�t/τm. For
numerical integration of eqs 10�14, the continuum spectral
density needs to be discretized. Following ref 50, we introduce
a density of frequencies gm(ω) and discretize the continuum
of frequencies as

R
0
ωξ dω gm(ω) = ξ for ξ = 1, 2, ..., Nm

mode.
The displacement dmξ for each ωmξ is then given by dmξ

2 =
2J m(ωmξ)/[πωmξ

2 gm(ωmξ)]. The precise functional form of
gm(ω) does not affect the final answer if enough environmental
modes are included. For efficient numerical calculations, how-
ever, ref 50 suggested the form of gm(ω) =Nm

mode/(2(ω 3ωm
max)1/2),

where the discrete frequencies are given as ωmξ = (ξ/
Nm
mode)2ωmax.

In what follows, the values of ωm
max = 20τm

�1 and Nm
mode = 1000

are employed, and the spectral density for the different sites are
assumed to be equivalent, i.e., λm = λ and τm = τ. Statistical
averages are taken for 50 000 realizations.

Figure 1 shows ensemble averaged behaviors of excitation
dynamics in a two-site system calculated from eqs 10�14 for
various magnitudes of the reorganization energy λ (solid lines).

Figure 1. Ensemble averaged time evolution of site 1 population calculated from eqs 10�14 for various magnitudes of reorganization energy λ (solid
line). The other parameters areΩ1�Ω2 = 100 cm

�1, J12 = 100 cm
�1, τ = 100 fs, andT = 300K. For comparison, the dynamics calculated from the RDM

are shown (dashed lines; data taken from ref 22).
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The other parameters are given in the figure caption, which are
typical for photosynthetic EET. The dashed lines present dy-
namics of the RDM calculated for the same parameter set with
the second-order cumulant time�nonlocal quantum master
equation,22 which reduces to the conventional Redfield and
F€orster theories in their respective limits of validity. All the
panels in Figure 1 demonstrate that the ensemble average and the
RDM show excellent agreement with respect to quantum
coherent wave-like behavior and its destruction. However, a
clear difference is observed in the longer time region: the RMD
results converge to the vicinity of the thermal equilibrium value,
whereas the ensemble average converges to 0.5. This difference is
explained by the breakdown of the FDR in the present simula-
tion. In the quantum master equation approach, the correlation
function Sm(t) satisfies the FDR with the environmental re-
sponse function χm(t), which describes the reorganization
process.22 In the classical limit, the FDR is expressed as
χm(t)=�β(d/dt)Sm(t), which guarantees that thermal equilib-
rium is reached at long times. However, we have assumed eq 14,
indicating that the reorganization process is vanishing, i.e.
χm(t) = 0. This situation mathematically corresponds to the
infinite temperature limit (β f 0) in the FDR. As a result, the
ensemble average converges to “the thermal equilibrium at the
infinite temperature.”Despite this reasonable artifact, the agreement
in terms of the quantum coherent motion implies that the behavior
of the RDM can be interpreted as the ensemble average of the
quantum dynamics in individual PPCs, i.e., the ensemble dephasing.

Figure 2 presents excitation dynamics in a four-site system
calculated from eqs 10�14. The excitation HamiltonianHex and
the excitation-environment coupling parameters are given in the
figure caption. Sites 1�2 and sites 3�4 make two strongly
coupled dimers, while the two dimers are weakly coupled. This
situation is not unusual in photosynthetic complexes. Figure 2A
presents the ensemble averaged behavior corresponding to the
RDM. In Figure 2A we observe quantum coherent wave-like
motion between sites 1 and 2 up to 500 fs. However, EET in the
3�4 dimer and between the dimers do not exhibit any coherent
motion; they are usually regarded as describable as incoherent
diffusion. On the other hand, Figure 2B shows time-evolution of
the electronic excitations influenced by a particular realization of
the environment-induced fluctuations without an ensemble
average. Although the ensemble averaged behavior exhibits

destruction of the wave-like motion, the individual system
excitation dynamics does not. Comparison between panels A
and B of Figure 2 clearly demonstrates the quantum coherent
effects are washed out in the average or dephasing mechanism.
Interestingly, after the “incoherent diffusion” from the 1�2
dimer to the 3�4 dimer, wave-like motion is intensified in the
3�4 dimer contrary to the intuition obtained from the RDM.
This implies that existence of electronic quantum coherence does

Figure 2. Time evolution of populations in a four-site system. We set
Ω1 =Ω2 = 200 cm�1,Ω3 =Ω4 = 100 cm�1, J12 = J34 = 100 cm�1, J23 =
20 cm�1; the other excitonic couplings vanish. The other parameters are
λ = 50 cm�1, τ = 100 fs, andT = 300 K. The upper panel (A) presents the
ensemble averaged behavior, whereas the lower panel (B) shows an
individual trajectory of the excitation dynamics without the ensemble
average.

Figure 3. The left panel (A) shows trajectories for excitation dynamics in two-site systems, whereas the right panel (B) gives linear absorption spectra of
their ensembles. We consider two cases, (a) (Ω1,Ω2, J12) = (100, 0, 100) cm

�1 and (b) (Ω1,Ω2, J12) = (160,�60, 20) cm�1. These introduce the same
eigenenergies (161.8, �61.8) cm�1 shown by vertical lines in the panel (B). The other parameters are λ = 50 cm�1, τ = 100 fs, and T = 300 K. The
transition dipole strengths of the two sites are the same.
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not depend on the method of preparing electronic excitation, i.e.,
whether by laser pulse or natural sunlight photon, in contrast to
the concern raised by ref 28. We note that the coherence is an
intrinsic property of the system’s Hamiltonian.

Figure 3 gives trajectories of excitation dynamics in two-site
systems (A) and linear absorption lineshapes of the ensembles
(B) calculated from eqs 10�14 for a demonstration of the rela-
tion between excitation dynamics in individual PPCs and experi-
mental observables. For the calculations, two two-site systems
(a) and (b) are employed, as described in the figure caption. The
lineshapes are calculated with51�54

A½ω� ¼ Re
Z ¥

0
dteiωtÆ ∑

2

m¼ 1
ÆmjψðtÞæ ÆψðtÞj0ææensemble ð15Þ

for the initial condition Æm|ψ(0)æ Æψ(0)|0æ = 1 (m = 1, 2). The
transition dipole strengths of the two sites are assumed to be
the same. When excitation dynamics in individual PPCs shows
strong wave-likemotion, and the calculated absorption line shape
presents the shifted peak positions and amplitudes predicted by
diagonalization of the excitation Hamiltonian comprised of the
Franck�Condon energies, although eq 15 does not involve such
diagonalization. We note that the initial condition Æm|ψ(0)æ
Æψ(0)|0æ = 1 corresponds to the photoexcitation of the mth
pigment, not that of a diagonalized state. This implies that the
experimentally detected static delocalized states (generally called
excitons) in the ensemble averaged behavior indicate the ex-
istence of wave-like excitation dynamics in individual PPCs. In
general, optical spectroscopy provides us with the information
projected onto energy eigenstates of pigments. However, this
does not necessarily mean individual PPCs are always in their
electronic energy eigenstates.

’CONCLUDING REMARKS

We have examined a possible interpretation of the long-lived
electronic quantum coherence observed in photosynthetic EET
with the use of two-dimensional electronic spectroscopy. The
present results demonstrate it remains possible that excitation
dynamics in individual PPCs are substantially different from our
intuition obtained from the RDM approach. Even in the case that
the RDM does not exhibit any quantum coherent beat, dynamics
of electronic excitations in individual PPCs may show wave-like
motion robust against the environment-induced fluctuations.
However, our purpose is not, of course, to deny that decoherence
occurs. What we would like to emphasize here is that ensemble
dephasing is dominant in the decay of quantum coherent
oscillations observed in two-dimensional spectra and calculated
with the RDM approach based on eq 1. In order to fully elucidate
possible roles of quantum coherence in photosynthetic light
harvesting, it is important to overcome the intrinsic coarse-
grained nature of the previously observed electronic quantum
coherence due to the presence of an ensemble dephasing effect.
For this purpose, it is intriguing to explore dynamics of electronic
excitation wavepackets in a single photosynthetic PPC or a dilute
ensemble far from the thermodynamic limit. It is becoming
possible to merge ultrafast spectroscopy and single-molecule
detection.55�57 Recently, Brinks et al.57 reported the observation
of vibrational wavepackets in individual molecules at ambient
temperature by means of the phase-locked spontaneous light
emission technique.58,59 In such experiments a time average is
made to obtain the time resolution, but as ref 57 shows, single
molecules are not necessarily ergodic on the time scale of the

measurement. Applications of this technique to the detection of
electronic coherence in PPCs would provide further insights
into photosynthetic EET and are currently in progress in our
laboratory.
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