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Evidence for wavelike energy transfer through
quantum coherence in photosynthetic systems
Gregory S. Engel1,2, Tessa R. Calhoun1,2, Elizabeth L. Read1,2, Tae-Kyu Ahn1,2, Tomáš Mančal1,2{,
Yuan-Chung Cheng1,2, Robert E. Blankenship3,4 & Graham R. Fleming1,2

Photosynthetic complexes are exquisitely tuned to capture solar
light efficiently, and then transmit the excitation energy to reac-
tion centres, where long term energy storage is initiated. The
energy transfer mechanism is often described by semiclassical
models that invoke ‘hopping’ of excited-state populations along
discrete energy levels1,2. Two-dimensional Fourier transform elec-
tronic spectroscopy3–5 has mapped6 these energy levels and their
coupling in the Fenna–Matthews–Olson (FMO) bacteriochloro-
phyll complex, which is found in green sulphur bacteria and acts
as an energy ‘wire’ connecting a large peripheral light-harvesting
antenna, the chlorosome, to the reaction centre7–9. The spectro-
scopic data clearly document the dependence of the dominant
energy transport pathways on the spatial properties of the
excited-state wavefunctions of the whole bacteriochlorophyll
complex6,10. But the intricate dynamics of quantum coherence,
which has no classical analogue, was largely neglected in the ana-
lyses—even though electronic energy transfer involving oscillat-
ory populations of donors and acceptors was first discussed more
than 70 years ago11, and electronic quantum beats arising from
quantum coherence in photosynthetic complexes have been pre-
dicted12,13 and indirectly observed14. Here we extend previous two-
dimensional electronic spectroscopy investigations of the FMO
bacteriochlorophyll complex, and obtain direct evidence for
remarkably long-lived electronic quantum coherence playing an
important part in energy transfer processes within this system.
The quantum coherence manifests itself in characteristic, directly
observable quantum beating signals among the excitons within the
Chlorobium tepidum FMO complex at 77 K. This wavelike char-
acteristic of the energy transfer within the photosynthetic complex
can explain its extreme efficiency, in that it allows the complexes to
sample vast areas of phase space to find the most efficient path.

In two-dimensional Fourier transform electronic spectroscopy,
three pulses and a strongly attenuated local oscillator are incident
on the sample. (For a detailed description of the method and the
apparatus used in this study, see refs 3, 5, 15.) In the simplest time
domain representation, the first pulse creates a coherence that
evolves for time t, then the second pulse creates an excited-state
population that evolves for time T, and the third pulse creates a
coherence that accumulates phase in the opposite direction for time
t before rephasing occurs and a signal pulse is emitted in the unique
phase-matched direction. The full electric field of the signal pulse is
measured through heterodyne detection using spectral interfero-
metry. In a frequency domain representation, two-dimensional
Fourier transform electronic spectroscopy probes electronic cou-
plings and energy transfer in molecules by mapping how excitations
before the population time T affect emission after the population

time. The coherence wavelength represents the initial excitation,
while the rephasing wavelength can be thought of as the subsequent
emission. Without coupling, contributions from excited-state absorp-
tion and emission cancel each other, yielding no off-diagonal peaks in
the spectrum that signal such coupling. But in the presence of cou-
pling, the cancellation is no longer complete and a so-called cross-
peak emerges16. Two-dimensional spectroscopy thus provides an
excellent probe of the coupling between energy levels.

In the present experiment, we use two-dimensional electronic
spectroscopy to observe oscillations caused by electronic coherence
evolving during the population time in FMO. Such quantum coher-
ence, a coherent superposition of electronic states analogous to a
nuclear wavepacket in the vibrational regime, is formed when the
system is initially excited by a short light pulse with a spectrum that
spans multiple exciton transitions. Theoretical predictions indicate
that both the amplitudes and shapes of peaks will contain beating
signals with frequencies corresponding to the differences in energy
between component exciton states17.

To observe the quantum beats, two-dimensional spectra were
taken at 33 population times T, ranging from 0 to 660 fs. Representa-
tive spectra are shown in Fig. 1 and a video of the spectral evolution is
included in the Supplementary Information. In these spectra, the
lowest-energy exciton gives rise to a diagonal peak near 825 nm that
clearly oscillates: its amplitude grows, fades, and subsequently grows
again. The peak’s shape evolves with these oscillations, becoming
more elongated when weaker and rounder when the signal amplitude
intensifies. The associated cross-peak amplitude also appears to oscil-
late. Surprisingly, the quantum beating lasts for 660 fs. This obser-
vation contrasts with the general assumption that the coherences
responsible for such oscillations are destroyed very rapidly, and that
population relaxation proceeds with complete destruction of coher-
ence2 (so that the transfer of electronic coherence between excitons
during relaxation is usually ignored2,18,19).

We note that this issue has been discussed theoretically, and that
some theoretical models include coherence among both donors and
acceptors20; however, coherence must be treated between all chro-
mophores to ensure that the model will accurately reproduce the
dynamics of the system21. In the case of FMO, theoretical models
indicate that electronic coherence should dephase on the timescale
of the initial population transfer, established by experiment to be less
than 250 fs for all but excitons 1 and 3 (refs 2, 22). The strong
quantum beating that we observe to last for at least 660 fs clearly
exceeds the model predictions. We believe that to account for this
long-lived coherence and provide an accurate description of the sys-
tem, the protein must have a more active role in a realistic bath
model; that is, it must be allowed to interact with both donors and
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Figure 1 | Two-dimensional
electronic spectra of FMO. Selected
two-dimensional electronic spectra
of FMO are shown at population
times from T 5 0 to 600 fs
demonstrating the emergence of the
exciton 1–3 cross-peak (white
arrows), amplitude oscillation of
the exciton 1 diagonal peak (black
arrows), the change in lowest-
energy exciton peak shape and the
oscillation of the 1–3 cross-peak
amplitude. The data are shown with
an arcsinh coloration to highlight
smaller features: amplitude
increases from blue to white (for a
three-dimensional representation
of the coloration see Fig. 3a).
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Figure 2 | Electronic coherence
beating. a, A representative two-
dimensional electronic spectrum
with a line across the main diagonal
peak. The amplitude along this
diagonal line is plotted against
population time in b with a black
line covering the exciton 1 peak
amplitude; the data are scaled by a
smooth function effectively
normalizing the data without
affecting oscillations. A spline
interpolation is used to connect the
spectra; the times at which spectra
were taken are denoted by tick
marks along the time axis. c, The
amplitude of the peak
corresponding to exciton 1 shown
with a dotted Fourier interpolation.
d, The power spectrum of the
Fourier interpolation in c is plotted
with the theoretical spectrum
showing beats between exciton 1
and excitons 2–7.
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acceptors, to enable coherence transfer and possibly the generation of
new coherences.

Our further investigation of these spectral oscillations focuses on
the best-resolved spectral features in the two-dimensional electronic
spectra, that is, the lowest exciton diagonal peak and associated cross-
peak. In Fig. 2, we show the amplitude oscillations with time along
the main diagonal of the spectrum. Because of the non-uniform
spacing of the data points, converting the data to a unique power
spectrum is not possible; instead, we map the data onto a Fourier
subspace using a non-uniform fast Fourier transform algorithm23.
The sampled amplitude variations of the lowest-energy exciton
are shown with a Fourier interpolation from the subspace that
was selected to be maximally consistent with the excitonic model.
The theoretical excitonic coherence line spectrum was calculated
using the exciton energies from the hamiltonian in ref. 6, and
the relative amplitudes were calculated using orientationally aver-
aged response magnitudes for the associated cross-peak path-
ways16,24,25.

The agreement between the data, the Fourier interpolation and the
theoretical exciton spectrum demonstrates that the quantum beating
observed is fully consistent with electronic coherence (analyses of
beating in more peaks are shown in the Supplementary Informa-
tion), and we present comparisons to an independent theoretical
lineshape prediction to confirm this conclusion. Further, because
the predicted orientational factor is identical for a diagonal exciton
beating and for a cross-peak, that the amplitude of the beat is of the
order of the amplitude of the cross-peak even at long times (.500 fs)
indicates that the electronic coherence can play a significant role in
determining the overall relaxation dynamics within the protein com-
plex. This observation suggests that coherence relaxation pathways,
including coherence transfer, should no longer be disregarded in
theoretical models of photosynthetic protein complexes.

A predicted17 signature of quantum beating in a dimer system is
out-of-phase modulation of the diagonal and antidiagonal widths of
a peak relative to its amplitude, with the peak predicted to become
rounder as it gets stronger. Figure 3 documents precisely this beha-
viour in the lowest exciton state. We note that if this oscillation were
due to vibrational wavepacket motion, the exciton peak would be
expected instead to oscillate in frequency but maintain constant
volume. The peak shape oscillations we see have not previously been
observed in two-dimensional spectra, in which the peak width along
the antidiagonal direction is generally an indicator of the extent of
homogeneous broadening, whereas the peak width along the diag-
onal provides a measure of inhomogeneous broadening. In this
context, the width modulation we observe would be akin to losing
memory of the initial state, and subsequently regaining that memory.
Clearly, this interpretation is not applicable while coherence persists.
The unusual nature of the width modulation evident in our data and
its agreement with the predicted17 characteristics of quantum beating
further strengthens our conclusion that the beating we measure is due
to excitonic quantum coherence.

Figure 4 shows that a Fourier interpolation of the beating spectrum
apparent in the cross-peak between excitons 1 and 3 can again be
explained by the expected exciton beating spectrum. The beating
signal shows frequency components from all excitons coupled to
either excitons 1 or 3, and a very strong component from the beat
frequency between the two coupled excitons (1 and 3) that give rise to
the cross peak. However, the cross-peak amplitude and associated
beating do not appear strongly at time T 5 0; this provides strong
evidence for the existence of electronic coherence transfer in this
system, with one superposition, for example between excitons 3 and
5, transferred into a superposition between excitons 3 and 1.

The observations illustrated in Figs 2–4 clearly demonstrate that
any full description of FMO dynamics needs to account for coherence
between donors and acceptors, and for coherence transfer on a
similar timescale to population relaxation. While our spectra are
recorded at 77 K and the coherence among members of the ensemble

will dephase faster at higher temperatures, quantum coherence will
also be important at higher temperatures. This is because the under-
lying hamiltonian, dynamics and relaxation pathways associated
with superposition states of individual complexes do not depend
on dephasing of the ensemble properties observed in a measurement.
In an ensemble sense, the presence of quantum coherence means that
the mean square displacement of the initial excitation from a
quantum walk increases quadratically with time rather than linearly
as in diffusive hopping of excitation26.

But a more microscopic picture of the implications of such
quantum coherence for energy transfer can be found by considering
an individual complex: superposition states formed during a fast
excitation event allow the excitation to reversibly sample relaxation
rates from all component exciton states, thereby efficiently directing
the energy transfer to find the most effective sink for the excitation
energy (which, in the isolated FMO complex, is the lowest energy
state). When viewed in this way, the system is essentially performing
a single quantum computation, sensing many states simultaneously
and selecting the correct answer, as indicated by the efficiency of the
energy transfer. In the presence of quantum coherence transfer, such
an operation is analogous to Grover’s algorithm, with the hamilto-
nian describing both relaxation to the lowest energy state and coher-
ence transfer (refilling the coherence lost from the transfer to the
lowest-energy state)27; such a scheme can provide efficiency beyond
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Figure 3 | Characteristic anticorrelation between peak amplitude and
width. The anticorrelation shown in b between the amplitude of the
diagonal exciton peak (black line in a) and the ratio of the diagonal to
anti-diagonal widths of the peak (red lines in a) is a characteristic predicted
from theory for exciton quantum beating17. This pattern would not arise
from phonon coupling and highlights the change in integrated line
strength associated with quantum beating.
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that of a classical search algorithm. This mechanism contrasts with a
semiclassical ‘hopping’ mechanism through which the excitation
moves stepwise from exciton state to exciton state, dissipating energy
at each step, which would be similar to a classical search where only
one state can be occupied at any one time. Such a mechanism also
raises the possibility of non-local events, although more detailed
analysis is needed before we can determine whether such effects are
present in FMO.

The FMO light-harvesting complex provides an opportunity to
apply more complete energy transfer theories that invoke non-
markovian dynamics and include coherence transfer. Such theories
need to include wavelike energy motion owing to long-lived coher-
ence terms, alongside the population transfer included in current
models. Further, the observed preservation of coherence in this
photosynthetic system requires us to redefine our description of the
role of electron–phonon interactions within photosynthetic proteins.
In particular, the protein may not only enforce the structure that gives
rise to the couplings, but also modulate those couplings with motions
of charged residues and changing local dielectric environments, which
will change exciton energies and promote coherence transfer.

METHODS
Sample preparation. The FMO sample was isolated from Chlorbium tepidum as

published previously9. The sample was dissolved in a buffer of 800 mM tris/HCl

pH 8.0, 50 mM NaCl with 0.1% lauryldimethylamine oxide as a detergent. The

sample was then mixed 65:35 v/v in glycerol, placed in a 200mm quartz cell

(Starna). The sample was cooled in a cryostat (Oxford Instruments) to 77 K.

The absorbance of the sample at 805 nm was then measured to be 0.16.

Data acquisition. A home-built oscillator was used to seed a home-built regen-

erative amplifier to produce a 3.4 kHz pulse train of 41 fs pulses centred about

808 nm with a spectral width of 31 nm full-width at half-maximum (FWHM)28.

The stability of the laser system through the data acquisition period was mea-

sured to be 0.28% to 0.44%. The laser pulse width was measured with both

autocorrelation (38 fs FWHM) and frequency resolved optical gating (FROG)

(41 fs FWHM).

A diffractive optic was used to create two pairs of phase-locked beams, and all

beams were incident on the same optics, aside from the one-degree fused silica

wedges (Almaz Optics) used for delay stages. The delay stages were calibrated

using spectral interferometry and have been shown to have attosecond stability

and reproducibility3,29. During data collection, the coherence time was stepped

in 4 fs steps from 2600 to 600 fs. Population times were sampled at 0, 10, 20, 30,

40, 50, 65, 80, 95, 110, 125, 140, 155, 170, 185, 200, 220, 240, 260, 280, 300, 330,

360, 390, 420, 450, 480, 510, 540, 570, 600, 630 and 660 fs. Additional points were

taken at 21,000 fs to ensure that the signal observed was not an artefact. The

sample was moved after every third data point, and some data points were

repeated to ensure that the sample was not degrading during measurements.

The local oscillator was attenuated with a neutral density filter combination of
absorbance 3.5 at 800 nm. The total power incident on the sample was 15 nJ (5 nJ

per pulse) focused to a spot size of less than 70mm. The resulting signal and

heterodyne beam were frequency-resolved with a spectrometer (Acton Research)

and captured on a 1,340 3 5 pixel region of our charge-coupled device (CCD)

array (Princeton Instruments). Scatter subtraction, Fourier windowing and

transformation to frequency–frequency space was done as reported prev-

iously3,15. Pump–probe data were taken for accurate phasing of the two dimen-

sional spectra.

Data modelling. To model the beat patterns in the data series, a non-uniform

fast Fourier transform algorithm was used to search for Fourier power series that

matched the data and were consistent with expected power spectrum. Because of

the unequal spacing, a unique answer does not exist. The non-uniform fast

Fourier transform power spectra were estimated using a modified 4th-Jackson

kernel, and the results were then transformed back using a standard fast Fourier

transform library (FFTW; www.fftw.org)23,30. To scale the data and eliminate
spectral components from population dynamics, a smooth function with an

exponential growth of the order of the pulse width and an exponential decay

matched to the population dynamics in the main peak was used.

Received 13 October 2006; accepted 14 February 2007.

1. Blankenship, R. E. Molecular Mechanisms of Photosynthesis (Blackwell Science,
Oxford/Malden, 2002).

2. van Amerongen, H., Valkunas, L. & van Grondelle, R. Photosynthetic Excitons
(World Scientific, Singapore/River Edge, 2000).
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