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Peak shape analysis of diagonal and off-diagonal
features in the two-dimensional electronic
spectra of the Fenna–Matthews–Olson complex
BY DUGAN HAYES AND GREGORY S. ENGEL*
Department of Chemistry and The James Franck Institute,
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We have recorded a series of two-dimensional electronic spectra of the Fenna–
Matthews–Olson (FMO) complex from Prosthecochloris aestuarii, with several crosspeaks
sufﬁciently resolved to permit a quantitative analysis of both the amplitude and the
two-dimensional peak shape. The exponential growth and/or decay of peaks on and off
the main diagonal provides information on population transfer rates between pairs of
excitons. Quantum beats observed in the amplitudes and shapes of these peaks persist
throughout the relaxation process, indicating that energy transfer in FMO involves both
incoherent and coherent dynamics. By comparing the oscillations in the amplitude and
shape of crosspeaks, we conﬁrm theoretical predictions regarding their correlation and
identify previously indistinguishable combinations of nonlinear response pathways that
contribute to the signal at particular positions in the spectra. Such analysis is crucial
to understanding the enormous amount of information contained in two-dimensional
electronic spectra and offers a new route to uncovering a complete description of the
energy transfer kinetics in photosynthetic antennae.
Keywords: nonlinear spectroscopy; photosynthesis; ultrafast; response pathways

1. Introduction
Photosynthesis comprises a multitude of intricate processes occurring in many
different protein complexes, but the process starts with light harvesting in an
antenna complex. The antenna consists of an array of chromophores embedded
in a protein matrix; the antenna absorbs photons and transfers the resulting
excitation energy towards the reaction centre, where charge separation occurs
[1]. Recent work has shown that the energy transfer process in photosynthetic
antennae involves both incoherent and coherent dynamics, the synergy of
which enhances the transport efﬁciency beyond that predicted by classical
theory [2,3]. This intermediate regime complicates our models of these systems
but simultaneously offers the promise of inspiring highly efﬁcient biomimetic
*Author for correspondence (gsengel@uchicago.edu).
Electronic supplementary material is available at http://dx.doi.org/10.1098/rsta.2011.0201 or via
http://rsta.royalsocietypublishing.org.
One contribution of 14 to a Theo Murphy Meeting Issue ‘Quantum-coherent energy transfer:
implications for biology and new energy technologies’.

3692

This journal is © 2012 The Royal Society

Downloaded from http://rsta.royalsocietypublishing.org/ on November 20, 2017

Two-dimensional electronic spectra

3693

technologies if we can understand and replicate the dynamics. The Fenna–
Matthews–Olson (FMO) complex from green sulphur bacteria has emerged as
a model system for the study of photosynthetic energy transfer due to its relative
spectroscopic simplicity [4–10]. This complex contains seven non-degenerate
excitonic states, a small number compared with those of most other antennae
[1]. Nevertheless, these states are incompletely resolved by both linear and
nonlinear absorption spectroscopies, necessitating the continued improvement of
multi-dimensional techniques and the development of new analysis strategies.
Two-dimensional Fourier transform electronic spectroscopy has provided a
wealth of information on the excitonic structure and dynamics of FMO and
other photosynthetic antenna complexes [11]. This four-wave mixing technique
probes the third-order polarization of the sample, resolving electronic couplings
as off-diagonal features (crosspeaks) and providing ultrafast temporal resolution
of the evolution of the electronically excited system [12–14]. Brixner et al. [4]
presented the ﬁrst two-dimensional electronic spectra of FMO and deduced
excitonic couplings and energy transfer pathways from the growth of crosspeaks
appearing below the main diagonal. Subsequent work by Engel et al. [7] identiﬁed
quantum beats in the amplitudes of these crosspeaks (as well as a diagonal peak)
arising from interference between the wave functions of different electronic states,
indicating that electronic coherences persist in FMO throughout the energy
transfer process at 77 K. Theoretical work motivated by this result demonstrated
that quantum coherence can interact synergistically with environmental noise
to improve the overall efﬁciency of energy transfer in these systems [8,9,15].
Recently, two-dimensional spectra of FMO have been used to measure electronic
dephasing rates at both cryogenic and physiological temperatures, demonstrating
that coherent dynamics play a role in photosynthetic energy transfer, even near
300 K [3,16]. The third-order technique has also been extended into a third Fourier
dimension to separate overlapping beating signals in FMO, giving the complete
set of excitonic transition energies [17].
The theoretical and experimental details of two-dimensional electronic
spectroscopy have been exhaustively documented elsewhere [18–21]. Brieﬂy,
three ultrashort non-collinear laser pulses interact in the perturbative limit with
the sample, inducing a third-order polarization. The signal emitted after a time
t (the rephasing time) in the k s = −k 1 + k 2 + k 3 phase-matching direction is
heterodyne detected and spectrally resolved for a series of evenly spaced time
delays t (referred to as the coherence time) between the ﬁrst and second pulses
at each ﬁxed time delay T (the waiting time) between the second and third pulses.
Fourier transformation of the coherence time dimension into frequency space
yields the two-dimensional frequency–frequency spectrum at the speciﬁed time
T , and this process is repeated for a series of waiting times to provide temporal
resolution along T . The absolute phase of the two-dimensional signal at each time
T is recovered by ﬁtting a projection of the real part of the two-dimensional signal
to the separately acquired transient absorption signal, permitting separation of
the signal into absorptive (real) and dispersive (imaginary) parts. The resolution
of a spectrum is greatly improved by eliminating the broad dispersive component
of the two-dimensional signal.
Although following the evolution of peak amplitudes in these spectra can
illuminate many of the dynamics present in the system [13,22,23], much more
information can be gleaned by following peak shapes as well. The information
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that can be obtained from peak shapes in two-dimensional vibrational spectra
has been well documented [24], but the limited resolution of two-dimensional
electronic spectra has restricted the application of such analyses in the optical
regime. As we will demonstrate, peak shape analysis can differentiate classes
of nonlinear response pathways that are otherwise indistinguishable and can
also provide information on energetic probability distributions of particular
excitons and the correlations between these distributions for pairs of excitons.
To quantitatively monitor the evolution of the shape of a particular peak, we
assign a single scalar to the two-dimensional shape of a peak deﬁned as the ratio
of the diagonal (inhomogeneous) to the antidiagonal (homogeneous) full width at
half maxima (FWHM) for each waiting time. For a diagonal peak (ut = ut ), this
aspect ratio provides information on the degree of static inhomogeneity within
the ensemble [12]. The distribution of absorption and emission frequencies for a
particular transition in an individual complex will be described by the same onedimensional homogeneous probability distribution function oriented along the
coherence and rephasing frequency axes, respectively, resulting in an isotropic
peak. The centre frequency of this two-dimensional function will vary between
complexes within the ensemble owing to small structural differences that result in
relative solvatochromic shifts, and the peak observed for the ensemble will be the
sum of the individual isotropic peaks distributed along the diagonal. The diagonal
ellipticity of a diagonal peak therefore provides a direct measure of the relative
magnitudes of the different broadening mechanisms present in the sample.
The only diagonal feature that is individually resolved in a two-dimensional
spectrum of FMO beyond the ﬁrst 100 fs of waiting time is the peak corresponding
to the lowest energy exciton [5,23,25]. The other six closely spaced transitions
overlap such that only a single diagonally elongated peak is observed after the
ﬁrst few hundred femtoseconds, thereby precluding the measurement of individual
linewidths. This problem could be addressed by measuring the linewidths of
crosspeaks, but despite being separated into a second dimension, the off-diagonal
features observed in the previously reported two-dimensional spectra of FMO
from Chlorobaculum tepidum are still not sufﬁciently resolved to permit such
measurements [16].
Here, we present a series of two-dimensional electronic spectra of FMO
isolated from Prosthecochloris aestuarii showing several crosspeaks suitably well
resolved to permit peak shape analysis. The diagonal and antidiagonal linewidths
of a crosspeak are not, however, directly related to the inhomogeneous and
homogeneous broadening of a particular transition, as is true for a diagonal
peak. Instead, the diagonal ellipticity of a crosspeak provides a measure of
the degree to which the transition energy distributions of the two excitons
that give rise to the peak are correlated [26–28]. Because the coherence
and rephasing frequencies of a crosspeak are non-degenerate, the frequency
distributions along the two axes will be described by different one-dimensional
distribution functions. If these distributions are uncorrelated, then we observe a
peak that is symmetric along both dimensions (the peak will not necessarily be
isotropic, however, as the linewidths of the two transitions are independent).
Elongation of a crosspeak along the diagonal, on the other hand, indicates
that the distributions are positively correlated, meaning that the same set of
microscopic conﬁgurations yields hypsochromic or bathochromic shifts in the
transition energies of both excitons.
Phil. Trans. R. Soc. A (2012)
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Such correlations are necessary for electronic coherences to survive in
a dynamic, disordered environment. Uncorrelated ﬂuctuations in individual
exciton transition energies subsequently introduce ﬂuctuations in the difference
frequencies of corresponding interexcitonic coherences, resulting in the dephasing
of these coherences as they evolve [16]. Previous studies have suggested that the
protein scaffold of photosynthetic antennae and reaction centres is the source of
these correlations, introducing global ﬂuctuations that promote energy transfer
without dephasing coherences [29]. Long-lived electronic coherence in antenna
complexes has also been implicated in the enhancement of transport efﬁciency
beyond the classical, incoherent limit [7]. We ﬁnd that three different crosspeaks in
the two-dimensional spectra of FMO remain diagonally elongated beyond the ﬁrst
picoseconds of waiting time, demonstrating that the transition energy ﬂuctuations
of the respective pairs of excitons are positively correlated. This ﬁnding is in
agreement with the long-lived quantum beating also observed in the amplitudes
and shapes of these peaks.

2. Third-order response pathways
This section serves as an explanation and summary of the different nonlinear
response pathways that contribute to the full third-order polarization of the
sample in a two-dimensional experiment. These pathways arise from the density
matrix formalism, which provides a statistical description of the time dependence
of the ensemble interacting with the radiation ﬁeld. The time evolution of the
density operator r is given by the Liouville–von Neumann equation,
i
(2.1)
ṙ(t) = − [H (t), r(t)].
h̄
Separating H into a system Hamiltonian H0 and a perturbative interaction Hint
and performing an expansion on r gives
i
ṙ(n) (t) = − ([H0 (t), r(n) (t)] + [Hint (t), r(n−1) (t)]),
h̄

(2.2)

which can be iteratively integrated from r(0) to give an expression for r(3) with a
total of 48 terms called Liouville (or response) pathways [12]. Finally, the thirdorder polarization can be calculated from the third-order density operator and
the dipole operator V according to
P (3) = Tr[V r(3) ].

(2.3)

The number of response pathways detected in a two-dimensional experiment is
reduced from 48 to 16 by experimentally controlling the order of interactions
and requiring the third interaction to be with k 3 . We further reduce the number
of pathways to six by detecting only in the k s = −k 1 + k 2 + k 3 phase-matching
direction. These remaining pathways are represented graphically using doublesided Feynman diagrams in ﬁgure 1a–f . In these diagrams, an interaction with
the ket of the density operator is depicted by a curved arrow pointed towards
(absorption) or away from (stimulated emission, SE) the left vertical line, whereas
the same interactions with the bra are depicted by an arrow acting on the right
vertical line. The ground state of the system is given by |g, one-exciton states
Phil. Trans. R. Soc. A (2012)
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Figure 1. Double-sided Feynman diagrams representing the types of nonlinear response pathways
contributing to the signal in a standard two-dimensional experiment. An interaction with the
ket of the density operator is depicted by a curved arrow pointed towards (absorption) or away
from (stimulated emission, SE) the left vertical line, while the same interactions with the bra are
depicted by an arrow acting on the right vertical line. The ground state of the system is given by
|g, one-exciton states are given by |ej , and a two-exciton state is given by |f . Time progresses
upwards, and the delays t, T and t are indicated to the left. Diagrams (a) and (b) correspond
to SE, diagrams (c) and (d) to excited state absorption (ESA), and diagrams (e) and (f ) to
ground state bleaching (GSB). Diagram (g) illustrates population transfer during the waiting time
for a stimulated emission pathway. The pathways shown in diagrams (a), (c) and (e) result in a
rephasing (photon echo) signal, while those in diagrams (b), (d) and (f ) result in a non-rephasing
free induction decay. (Online version in colour.)

are given by |ej  and a two-exciton state is given by |f . Time progresses upwards,
and the delays t, T and t are indicated to the left. Diagram (g) illustrates
population transfer during the waiting time for one of the six response pathways.
The sign of the signal corresponding to a particular diagram is given by (−1)m ,
where m is the number of interactions on the right. Diagrams (a) and (b), which
correspond to SE pathways, and diagrams (e) and (f ), which correspond to
ground state bleach (GSB) pathways, produce a positive signal. Diagrams (c)
and (d), which correspond to excited state absorption (ESA) pathways, produce
a negative signal.
After the ﬁrst interaction, the system is in a single-quantum coherence
and evolves phase at the optical frequency uag (ﬁgure 1a,c,e) or uga = −uag
(ﬁgure 1b,d,f ) during the coherence time. The second interaction puts the system
in a stationary population state or a zero-quantum coherence that evolves phase
at the difference frequency uab or uba during the waiting time. Finally, the third
interaction returns the system to a single-quantum coherence that evolves phase
during the coherence time in either the opposite (ﬁgure 1a,c,e) or the same
(ﬁgure 1b,d,f ) direction as it did during the coherence time before emitting the
signal pulse. Because the system evolves phase in opposite directions during t and
Phil. Trans. R. Soc. A (2012)
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t in the top diagrams, it is said to rephase. Any inhomogeneous dephasing that
occurs during t is eliminated as the ensemble rephases during t, resulting in a
macroscopic repolarization and emission of a photon echo [12]. On the other hand,
the bottom diagrams correspond to non-rephasing pathways, which continue to
dephase during t and emit a weaker free induction decay signal.
The non-collinear beam geometry in our optical setup permits separation of
the signals from rephasing and non-rephasing pathways simply by controlling the
order of the ﬁrst two interactions. In the experimental phase-matching direction,
rephasing pathways correspond to interaction with k 1 before k 2 , whereas the
order is reversed for non-rephasing pathways. The signals can be analysed
separately (to give rephasing and non-rephasing spectra) or together (to give
a combined (or total) spectrum). The combined, rephasing and non-rephasing
spectra of FMO at T = 500 fs are shown in the electronic supplementary material,
ﬁgure S1, illustrating the different peak shapes associated with each type of
spectrum. The elimination of inhomogeneous dephasing in rephasing pathways
results in peaks that are elongated along the main diagonal, while non-rephasing
peaks are inhomogeneously broadened in the direction perpendicular to the
main diagonal.

3. Experimental methods
The FMO sample was isolated from P. aestuarii as described previously
[30] and solubilized in 800 mM tris/HCl buffer (pH 8.0) with 0.1 per cent
lauryldimethylamine oxide detergent. This solution was mixed with glycerol
35 : 65 (v/v) and loaded into a quartz cell with a path length of 200 mm (Starna).
The cell was cooled in a cryostat (Oxford Instruments) to 77 K. The optical
density of the sample at 809 nm was measured to be 0.30.
In our spectroscopic setup, the output of a self-mode-locking Ti : sapphire
oscillator (Coherent Micra) was used to seed a regenerative ampliﬁer (Coherent
Legend Elite) to produce a 5.0 kHz pulse train of 38 fs pulses centred at 809 nm
with a spectral bandwidth of 34 nm (FWHM). The 10 Hz stability of the laser was
measured to be 0.15 per cent (s.d./mean) over the course of the experiment. The
beam was split with a 50 : 50 beam splitter (CVI Melles Griot), and a time delay
(the waiting time T ) and vertical offset were introduced between the beams using
a retroreﬂector mounted on a motorized translation stage (Aerotech). The beams
were focused onto a diffractive optic (HoloEye), giving two pairs of phase-locked
beams arranged in a box geometry. Another time delay (the coherence time t)
was introduced between one pair of beams by sending each through a pair of
1◦ fused silica wedges (Almaz Optics) mounted on motorized translation stages
(Aerotech). The local oscillator (LO) beam was attenuated using absorptive
neutral density ﬁlters with a total optical density of 3.1 at 809 nm. All beams were
focused to a spot size approximately 70 mm in diameter in the sample, where the
total incident power was 3.3 nJ (1.1 nJ per pulse). The LO was aligned into a 0.3 m
spectrometer (Andor Shamrock) and focused on a 1600 × 5 pixel region centred
on a back-illuminated charge-coupled device (Andor Newton) thermoelectrically
cooled to −50◦ C. Calibration of the delay stages was performed as reported
previously using spectral interferometry [20,31].
Phil. Trans. R. Soc. A (2012)
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Spectra were acquired by stepping the coherence time from −300 to 600 fs in
steps of 4 fs for each ﬁxed waiting time. The waiting time was scanned from 0
to 1200 fs in steps of 20 fs, and multiple spectra at T = 0 were taken throughout
the data acquisition to monitor sample integrity. No indication of photodamage
was observed. Spectra were also acquired at T = 2, 5, 10, 20 and 50 ps. Scatter
subtraction, Fourier windowing and transformation to frequency–frequency space
were performed as reported elsewhere [20]. The pump-probe signal was also
acquired at each waiting time to recover the absolute phase of the two-dimensional
spectra and separate the third-order signal into absorptive (real) and dispersive
(imaginary) parts. For each time T , the transient absorption signal was recorded
100 times over 140 s, and the average signal was ﬁt to the projection of the real
part of the two-dimensional signal along the coherence dimension, as reported
elsewhere [20].
Amplitude traces were taken from the series of two-dimensional spectra by
integrating over a circle with a radius of 10 cm−1 centred at the coordinates of
the peak under consideration. Because these traces exhibit exponential growth
and/or decay owing to population relaxation (see ﬁgure 1g), each was ﬁtted to
the sum of two exponential terms. The ﬁts were subtracted from the traces
to facilitate comparison with the peak shape traces, which are unaffected by
incoherent dynamics. The diagonal linewidth of a peak at (ut = ua , ut = ub ) at
a given waiting time was determined by cutting through that point along the
line parallel to the main diagonal according to ut = ut + (ub − ua ) and ﬁtting
the vector of points within 50 cm−1 of the peak to a single Gaussian function.
The antidiagonal linewidth was similarly determined by cutting along the line
orthogonal to the main diagonal according to ut = −ut + (ua + ub ). The peak
shape was reported as the quotient of these two linewidths.

4. Results and discussion
A series of two-dimensional spectra of FMO taken at increasing values of T
is shown in ﬁgure 2, where we present the real (absorptive) part of the signal
from both rephasing and non-rephasing response pathways. Each two-dimensional
spectrum has been normalized to its respective maximum. The time evolution
of the spectrum agrees well with the experimental and theoretical results of
Read et al. [23]. Within the ﬁrst hundred femtoseconds, the diagonal peaks
corresponding to excitons 1, 2 and 4 are resolved at 12 120, 12 285 and 12 440 cm−1 ,
respectively. The only clear off-diagonal features observed at this time are a
broad ESA band above the diagonal and a positive band below the diagonal
corresponding to emission at the exciton 2 frequency. Owing to the proximity
of this latter feature to the stronger main diagonal peak, it is unclear whether
this band contains contributions from both the 3–2 (ut = 12 400 cm−1 , ut =
12 285 cm−1 ) and 4–2 (ut = 12 440 cm−1 , ut = 12, 285 cm−1 ) crosspeaks or is
simply the incompletely resolved 4–2 crosspeak. According to the calculations
of Read et al., excitons 2 and 4 bear the greatest transition dipole magnitudes,
while the dipoles of excitons 3 and 4 are most closely parallel to that of exciton
2. The 3–2 crosspeak and especially the 4–2 crosspeak are therefore expected
to dominate at early waiting times. Other minor distortions are evident near
the 1–2 and 2–1 crosspeak coordinates (ut = 12 120, ut = 12 285 and ut = 12 285,
Phil. Trans. R. Soc. A (2012)
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Figure 2. A series of two-dimensional spectra of FMO taken at increasing values of T . These spectra
contain the real (absorptive) part of the signal from both rephasing and non-rephasing response
pathways. The colour and contours lines are scaled linearly. Black contour lines correspond to
positive features and white contour lines to negative features. (Online version in colour.)

ut = 12 120 cm−1 , respectively), but these features are still too weak to separate
from the main diagonal. The lack of strong crosspeaks at T = 80 fs indicates that
the mutual cancellation of the signals from the ESA, SE and GSB pathways at
most off-diagonal positions is nearly complete.
At later waiting times, the exciton 4 diagonal peak decays, while the 4–2
crosspeak intensiﬁes. As discussed by Read et al., this behaviour can be attributed
to relaxation from exciton 4 to 2, with the 4–2 crosspeak reaching a maximum
amplitude within 400 fs. Our spectra also clearly reveal relaxation from exciton
4 to 1, but the growth of the 4–1 crosspeak occurs at a signiﬁcantly slower rate,
not reaching a maximum until nearly 2 ps. This growth is accompanied by the
slow decay of the 4–2 crosspeak, indicating that relaxation occurs directly from
exciton 4 to 2, but only indirectly from exciton 4 to 1 via exciton 2. This result
is in accordance with the theoretical transfer pathways calculated by Read et al.
The direct relaxation from exciton 2 to 1 is evident from the appearance of the
2–1 crosspeak, which effectively plateaus within 700 fs.
The amplitudes of the 1–4 and 1–2 crosspeaks, on the other hand, remain
relatively static. Although these peaks (and the exciton 1 diagonal peak) appear
to grow slightly within the ﬁrst 300 fs in ﬁgure 2, this occurs only because
each spectrum is normalized to its respective maximum (the exciton 2 diagonal
peak), which decays on a similar time scale. Because population transfer is not
thermodynamically favourable from exciton 1 to either 2 or 4, these peaks are
not expected to—and indeed do not—exhibit exponential growth. Instead, these
Phil. Trans. R. Soc. A (2012)
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peaks gradually decay as the coherences between excitons 1 and 2 and excitons
1 and 4, which give rise to the rephasing SE signal at these coordinates (see
ﬁgure 1a), dephase. We conﬁrm our earlier-mentioned conclusions by comparing
the amplitudes of crosspeaks at conjugate positions at early waiting times. The
1–2 crosspeak is not well separated from the main diagonal, but a comparison of
the 1–4 and 4–1 crosspeaks shows that the amplitudes are nearly equal for the
ﬁrst 200 fs until population relaxation begins to dominate and the 4–1 crosspeak
begins to grow exponentially. The amplitude traces of the exciton 1 diagonal
peak and the 4–1, 2–1 and 2–6 crosspeaks, taken from the combined, rephasing
and non-rephasing spectra, are plotted in the electronic supplementary material,
ﬁgure S2. A thorough quantitative description of the kinetics of this system will
be the subject of a future publication.
Beyond the previously discussed population transfer dynamics, the improved
resolution of the off-diagonal features in these two-dimensional spectra also
permits a detailed analysis of coherent dynamics in FMO. The resolution
enhancement in these spectra compared with those published previously appears
primarily along the red edge in both spectral dimensions and is therefore
attributed to a difference in laser bandwidth. The FWHM of the laser pulse
used in the present work spans from 792 to 826 nm, extending 5.5 nm beyond
the red edge of the pulse used in the previous experiment and reaching the
transition of the lowest energy exciton (825 nm). For the ﬁrst time, we are able to
quantitatively follow the evolution of the shape of individual peaks, both on and
off the main diagonal and compare quantum beating signatures in these traces
to those in the corresponding peak amplitude traces. Figure 3a shows an overlay
of the amplitude (solid line) and shape (dashed line) of the exciton 1 diagonal
peak as a function of waiting time. The amplitude was ﬁt to the sum of two
exponential decays, and this ﬁt was subtracted to give the residual amplitude
plotted in ﬁgure 3 in order to facilitate comparison with the peak shape trace.
The complex beating signature in both traces arises primarily from the nonrephasing SE response pathways (ﬁgure 1b) in which the system is in a coherence
between exciton 1 and any of the higher energy states during the waiting time.
In agreement with theoretical predictions, the shape and amplitude beats of this
diagonal peak are clearly anticorrelated [28].
This behaviour was previously observed in the exciton 1 diagonal peak of FMO
isolated from C. tepidum [7]. While the FMO complexes from C. tepidum and
P. aestuarii bear a striking similarity in crystal structure, clear differences in the
excitonic structures are apparent, even in the linear absorption spectra. Indeed,
the beating pattern observed here is quite different from the pattern observed in
the C. tepidum spectra; as expected, only the anticorrelation between peak shape
and amplitude is shared by both complexes. The origin of this anticorrelation can
be understood through a consideration of the Feynman diagrams that contribute
to the signal on the diagonal in the experimental phase-matching condition [14].
For simplicity, we will not consider relaxation during waiting time, but only
the unitary evolution of the elements of the density matrix. The signal from
the rephasing response pathways represented by diagram (a) will appear on the
diagonal only when a = b. Consequently, the system will be in a population during
the waiting time for these pathways, and the signal will only exhibit incoherent
(exponential) evolution. On the other hand, the signal from the non-rephasing
pathways represented by diagram B will appear on the diagonal, irrespective of
Phil. Trans. R. Soc. A (2012)

Downloaded from http://rsta.royalsocietypublishing.org/ on November 20, 2017

3701

Two-dimensional electronic spectra

1.0

1.00

0.6

0.95

0.2

0.90

–0.2

0.85

–0.6

0.80

–1.0

0.75

0.75

1.8

0.50

1.6

0.25

1.4

0

1.2

–0.25

1.0

–0.50

0.8

residual amplitude

2.0

0

200

400

600

800

peak shape

(b) 1.00

peak shape

residual amplitude

(a)

1000

T (fs)
(c)
12 100

T = 1000 fs

w (cm–1)

t

12 350
12 600

12 100

12 350
wt (cm–1)

12 600

Figure 3. Characteristic anticorrelation and correlation of peak shapes and amplitudes on and off
the main diagonal. (a) The residual amplitude (solid line) and shape (dashed line) of the exciton
1 diagonal peak are overlain as a function of waiting time. The vectors were interpolated using a
cubic spline function, and the data points are shown as black circles. (b) The same traces (solid
and dashed lines, respectively) for the 4–1 crosspeak, and the locations of the two peaks in the
two-dimensional spectrum are indicated in (c). (Online version in colour.)
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the identity of state |eb . When a = b, the unitary evolution of the quantum
coherence during the waiting time results in the periodic modulation of the
non-rephasing signal amplitude at the difference frequency uab = (3a − 3b )/h̄. As
discussed earlier, the elimination of inhomogeneous dephasing in rephasing signals
(photon echoes) results in diagonally elongated peaks, while the inhomogeneous
dephasing in non-rephasing signals (free induction decays) results in round
peaks with signiﬁcantly broader antidiagonal linewidths. A diagonal feature will
therefore contain contributions from a diagonally broad, static peak and several
round peaks that exhibit amplitude oscillations. Consequently, the amplitude of
a diagonal peak will reach a local maximum when the peak is narrow along the
diagonal and broad along the antidiagonal, or in other words, the two-dimensional
peak shape is at a local minimum.
Figure 3b, however, illustrates the opposite behaviour in the 4–1 crosspeak:
the residual amplitude (solid line) and shape (dashed line) of this peak exhibit
correlated oscillations after the ﬁrst 140 fs (because the peak is not resolved in
the spectrum at early times, the peak shape measurements before 140 fs are
unreliable). This correlation is also theoretically expected, although quantitative
analysis of the shape of electronic crosspeaks has not been possible with previously
reported spectra owing to incomplete resolution of off-diagonal features. Here,
we experimentally verify the theoretical prediction, complementing the work on
diagonal peak shapes performed previously [7].
We again turn to the Feynman diagrams in ﬁgure 1 to understand this
phenomenon. The rephasing SE pathways (ﬁgure 1a) will contribute to a
crosspeak only when a = b, meaning the system will be in a quantum coherence
during the waiting time and beat at the difference frequency uab . The signal
from any rephasing ESA pathways (ﬁgure 1c) will appear off the main diagonal
(excluding accidental degeneracies between the one- and two-exciton manifolds),
but the signal from these pathways will only beat when a = b. Meanwhile, no
non-rephasing SE pathways (ﬁgure 1b) contribute to signal off the main diagonal
in the experimental phase-matching direction; as discussed earlier, the signal
from ﬁgure 1b will always appear on the diagonal. There are off-diagonal nonrephasing ESA pathways (ﬁgure 1d, a = b) and GSB pathways (ﬁgure 1f , a = b),
but the signal from these pathways does not beat during the waiting time.
Accordingly, the oscillatory evolution of the crosspeak arises exclusively from the
rephasing pathways [14]. Unlike the simpler diagonal case, the relation between
the amplitude and peak shape for a crosspeak will depend upon the type of
(rephasing) response pathway responsible for the quantum beats. For an SE
pathway, the amplitude and diagonal linewidth will beat together, while the
antidiagonal linewidth beats out of phase, resulting in correlation between the
amplitude and shape. The negative sign before the amplitude for an ESA pathway,
on the other hand, results in anticorrelation.
Although the rephasing SE and ESA pathways beat out of phase with each
other, the ESA signal is red-shifted along the rephasing frequency axis by the
binding energy of the biexciton state |f  and does not overlap perfectly with
the SE crosspeak [32]. The destructive interference between the two signals will
be incomplete, but such interference can still impede the accurate measurement
of the shape and amplitude of a crosspeak when the binding energy is not
sufﬁciently greater than the linewidths of the excitations. Nevertheless, ﬁgure 3
demonstrates that this is not always the case, and the complex behaviour of
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crosspeak beats highlights another potential application of off-diagonal peak
shape analysis. The amplitude beating in a negative crosspeak could arise from a
rephasing ESA pathway or from a rephasing SE pathway that appears at the same
position as a strong static rephasing (ﬁgure 1c, a = b) or a non-rephasing ESA
signal. Eliminating the third possibility (rephasing SE + non-rephasing ESA) is
as simple as removing the non-rephasing signal from the spectra by taking only
the data points for which t > 0 when transforming the coherence dimension from
time to frequency space (see the electronic supplementary material, ﬁgure S1).
The other two possibilities, however, involve only rephasing pathways and are
indistinguishable unless the peak shape and amplitude oscillations are compared.
The ﬁrst case (rephasing ESA, a = b) results in anticorrelation, while the second
case (rephasing SE + rephasing ESA, a = b) results in correlation. We observe
correlated beating in the shape and amplitude of the negative 2–6 crosspeak
(ut = 12 285, ut = 12 560 cm−1 , see the electronic supplementary material, ﬁgure
S3), and thus we conclude that this signal arises from the sum of rephasing SE
and ESA (a = b) pathways.
A close inspection of the behaviour of a different off-diagonal feature,
the 2–1 crosspeak, illustrates the different factors that give rise to the
correlated peak shape and amplitude beating. Figure 4a shows the section of
the total two-dimensional spectrum of FMO corresponding to the 2–1 crosspeak
(horizontal dimensions) as it evolves in waiting time (vertical dimension). The
three-dimensional spectrum is scaled linearly in both colour and opacity to
prevent obfuscation of the centre of the two-dimensional slices. As shown before in
ﬁgure 2, the 2–1 crosspeak appears within the ﬁrst 100 fs and continues to grow for
the next 600 fs. Periodic oscillations in the amplitude of the peak are clearly visible
by looking down the (T , ut ) plane along the ut -axis. This view also shows that
the diagonal linewidth (which, in this orientation, corresponds to the horizontal
cut through the (ut , ut )-plane) is maximized at the same times T as the peak
amplitude. Meanwhile, the view down the (T , ut )-plane along the ut -axis shows
that the antidiagonal linewidth (which corresponds to the vertical cut through
the (ut , ut )-plane) is maximized at the times T that fall between successive
amplitude maxima. The periodic diagonal elongation of the peak is highlighted
in ﬁgure 4d, where the waiting times presented correspond to successive peak
shape extrema.
The peak shape (dashed line) and residual amplitude (solid line) are plotted
in ﬁgure 4b,c, respectively, again showing correlation between the two beating
signals, as previously shown with the 4–1 crosspeak in ﬁgure 3. Despite the
additional analysis necessary to calculate the two-dimensional peak shape, this
property appears to be more robust to noise than the peak amplitude. It would be
advantageous, then, to use peak shape traces instead of amplitude traces when
performing Fourier analysis of oscillatory features in two-dimensional spectra,
although this approach is possible only when the peak of interest is well resolved.
Recent work by Christensson et al. [33] has shown that the anticorrelation
between diagonal peak shape and amplitude beats is a signature of any quantum
coherence and not exclusively electronic coherences, as previously assumed.
However, we have recently reported results from isotopic substitution experiments
that conﬁrm earlier claims that the beating signals found in the two-dimensional
electronic spectra of FMO arise from electronic, and not vibrational, coherences
[34]. The data from those experiments show that the random partial deuteration
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Figure 4. A detailed analysis of the evolution of the 2–1 crosspeak. (a) Section of the total twodimensional spectrum of FMO corresponding to this peak (horizontal dimensions) as it evolves in
waiting time (vertical dimension). The three-dimensional spectrum is scaled linearly in both colour
and opacity to prevent obfuscation of the centre of the two-dimensional slices. (b,c) The peak shape
(dashed line) and residual amplitude (solid line) are plotted, respectively, and (d) linearly scaled
contour plots of the peak. (Online version in colour.)

of FMO from C. tepidum, which necessarily introduces further inhomogeneity
in the vibrational but not electronic modes of the chromophores, does not
affect the dephasing rate of individual beating signals. Furthermore, we have
separated the amplitude traces into rephasing and non-rephasing components
(see the electronic supplementary material, ﬁgure S2), and found that the beating
observed in the crosspeaks appears only in the rephasing signals, a signature of
electronic coherence [35]. Therefore, while we cannot use the peak shape analysis
to distinguish between electronic and vibrational coherences, we can use it to
characterize the dephasing of beating signals that have been otherwise identiﬁed
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as arising from electronic coherences. The determination of electronic dephasing
rates in FMO has been previously accomplished by ﬁtting damped oscillations
to the evolution of crosspeak amplitudes [16], but as shown in ﬁgure 4, ﬁtting to
the evolution of the peak shape would be preferable when possible, owing to the
robustness of this measurement to noise.
The beating signatures seen in both the peak shape and amplitude traces
indicate that the coherences that give rise to these beats persist well beyond
the ﬁrst picoseconds of waiting time. A consideration of the amplitudes of the
peak shape beats and the ﬁnal values to which the traces converge offers further
insights into the dynamics of the system and demonstrates the mechanism
by which these coherences survive. The peak shape traces of the 4–1, 2–1,
and 2–6 crosspeaks are shown in ﬁgure 5, demonstrating that this analysis is
possible for both positive and negative crosspeaks. Because these features are
not fully resolved within the ﬁrst 140 fs, the traces are not reliable at early
times, but the oscillations in the peak shapes after 140 fs demonstrate striking
similarities. Although the difference frequencies—and, consequently, the beating
frequencies—associated with the three crosspeaks are distinct, the ﬁrst local
maximum of each trace appears at a value of approximately 1.5, and each trace
eventually approaches a ﬁnal value of approximately 1.2. Even at T = 5 ps, the
2–1 crosspeak, for example, remains diagonally elongated, with a peak shape of
1.18. At much later times, however, this crosspeak becomes essentially symmetric
about both frequency dimensions, with a peak shape of 1.07 at T = 10 ps,
1.03 at T = 20 ps and 0.98 at T = 50 ps. The persistence of diagonal ellipticity
(peak shape > 1) beyond T = 1 ps in each of the crosspeaks demonstrates positive
correlation between the energy ﬂuctuations of the corresponding pairs of excitons,
as explained previously [26,27]. An environmental ﬂuctuation such as a local
protein motion that causes, for instance, a bathochromic (hypsochromic) shift in
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the transition frequency of exciton 4 also causes a bathochromic (hypsochromic)
shift in the transition frequencies of excitons 1 and 2, and accordingly, excitation
at the red (blue) edge of exciton 4 is correlated with emission at the red (blue)
edge of exciton 1 or 2. As a result, the difference frequencies of the 2–1 and 4–1
coherences are relatively constant within the ﬁrst few picoseconds, preventing
the zero-quantum coherences from dephasing on the same time scale as the
corresponding one-quantum coherences [29]. These correlations approach zero
within 10 ps, however, indicating that sources of ﬂuctuations on this time scale,
such as larger protein motions, eventually dephase the coherences.
Although the values of the maxima of each of the crosspeak shape traces
are comparable, the minima clearly are not. Each trace is plotted on the same
vertical scale, and consequently the beating of the 2–6 peak shape is more
difﬁcult to discern, as the differences between successive maxima and minima
are signiﬁcantly less than they are for the other two traces: while the shapes of
the 2–1 and 4–1 crosspeaks approach unity, the shape of the 2–6 crosspeak never
drops below 1.2 in the ﬁrst ps. The fact that the 2–6 crosspeak remains somewhat
diagonally elongated at all times T indicates that non-rephasing ESA pathways
do not contribute to this negative feature; otherwise, the peak shape would
approach unity at the times corresponding to the local minima of the rephasing
signal. This is easily conﬁrmed by an examination of the non-rephasing trace in
the electronic supplementary material, ﬁgure S2, which does not show a negative
feature at this position. As explained earlier, this feature corresponds to the
sum of rephasing SE and ESA (a = b) signals (see the electronic supplementary
material, ﬁgure S3).
Finally, we note that the beats observed in the peak shape traces do not
dephase signiﬁcantly within this 1 ps window. As illustrated by ﬁgures 2 and 4,
the majority of the signal at the crosspeaks below the main diagonal after the ﬁrst
200 fs can be ascribed to population relaxation from higher energy states, but the
peak shape (and amplitude) beats persist as relaxation progresses. Because the
incoherent relaxation process does not destroy the coherences within the system
as it redistributes the excitation energy, we conclude that the overall energy
transfer mechanism must also include environment-induced coherence transfer
processes in the spirit of previous studies of FMO from C. tepidum [7].

5. Conclusion
The improved resolution in the two-dimensional electronic spectra of FMO from
P. aestuarii over the spectra of FMO from C. tepidum has allowed us to explore
new analysis strategies that before were only possible in theory. We have measured
the amplitudes and shapes of four different fully resolved peaks both negative
and positive, both on and off the main diagonal. Not only do the results from
our measurements conﬁrm theoretical predictions of the behaviour of quantum
beats in these different features, but they also have enabled us to begin to
dissect the complex array of nonlinear response pathways that sum to give the
total two-dimensional spectrum. The persistence of the diagonal elongation of
crosspeaks at long waiting times (T > 1 ps) demonstrates correlation between
exciton transition energy distributions, providing insights into both the electronic
structure of the complex and the mechanism by which electronic coherences
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survive in a disordered environment. Similar analyses will be invaluable in
the continuing efforts towards understanding the complete dynamics of energy
transfer in biological systems.
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