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Two Dimensional Electronic Spectroscopy of Molecular Complexes
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Two dimensional (2D) heterodyne-detected electronic photon echo spectroscopy is introduced and

described. We give an intuitive description of the origin and information content of 2D electronic spectra,

focusing on molecular complexes. We identify two important quantities—the transition dipole term, and

the transition frequency cross correlation function that controls the appearance of 2D electronic spectra.

We also show how the transition frequency cross correlation function controls the rate of exciton re-

laxation. These concepts are illustrated with experimental data on the seven bacteriochlorophyll FMO

complex of a green sulfur bacterium, showing how the pathways and mechanisms of energy flow can be

elucidated by combining 2D spectra with theoretical modeling.
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INTRODUCTION

The optical spectroscopic study of molecular systems

is turning to increasingly complex systems, both from the

natural world and from synthetic systems such as quantum

dots or nanotubes. In such systems, it is often the case that

conventional methods such as time-resolved absorption

spectroscopy or spontaneous fluorescence spectroscopy

contain information that is too highly averaged or is insen-

sitive to the crucial intermolecular interactions (couplings)

that determine the dynamical behavior of the system such

that the underlying microscopic mechanism by which the

system functions is very difficult or impossible to ascer-

tain. Attention then necessarily turns to the development of

new techniques with much higher information content and

consequently more efficient data collection than the sim-

plest methods, which might be crudely described as “whack

it and watch” techniques. Such a path was followed earlier

by nuclear magnetic resonance spectroscopy (NMR) and

led to the development of the NOESY (or 2D exchange

spectroscopy) and COSY (correlation spectroscopy) meth-

ods among many others, which have revolutionized the ap-

plication of NMR to both structural and dynamical prob-

lems.1

The advantages of extending such techniques to the

optical domain are reasonably evident. First and foremost

is the dramatic gain in time resolution possible, with a few

tens of femtosecond resolution becoming routine in elec-

tronic spectroscopy, and 100 fs. resolution being readily ac-

cessible in the infrared. Second, the ability to directly ob-

serve and quantify the couplings between states that gener-

ate molecular dynamical processes promises a huge in-

crease in our insights into complex multi-component sys-

tems. Indeed, by recording 2D spectra as functions of the

“waiting” or “population” time, the pathways by which a

complex dynamical system evolves may be observed di-

rectly. Finally, because the 2D method is a form of photon

echo spectroscopy,2 the inhomogeneous broadening is re-

moved in the anti-diagonal direction (see below) leading to

resolution enhancement in congested spectra.

Such developments have been relatively slow to come

to optical spectroscopy. There are a number of reasons for

this tardiness. First, with the considerable benefit of hind-

sight, the use of concepts directly borrowed from NMR to

interpret optical (electronic) spectroscopic signals delayed

the development of microscopically accurate descriptions
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of optical signals. Simply put, the timescale separations

that exist in NMR do not exist in electronic spectra in con-

densed phases—these systems are fundamentally non-

Markovian—and characterizing an electronic absorption

band by a dephasing time, T2, according to the expression

(1)

where T1 is the population relaxation time and T2* the pure

dephasing time, is not useful (2,3). Optical spectroscopy

had to develop its own conceptual framework, and perhaps,

unfortunately, its own vocabulary in order to grow up as an

independent and valuable field. In large measure, this was

accomplished by Mukamel, whose text3 provides the lin-

gua franca for nonlinear optical spectroscopy. Yet having

“grown up”, to some extent, optical spectroscopy now has

an extraordinary amount to gain from the developments in

NMR that have made it such a powerful method of enquiry.

A second reason for the slow development is that ma-

nipulating optical pulse sequences and recording the field

(not the intensity of the signal) as a function of frequency

and/or time is very much more difficult at optical frequen-

cies. Two-dimensional optical spectroscopy requires inter-

ferometric stability, precise setting of optical phase, and

ultrahigh precision optical delay scanning. The develop-

ment of diffractive optics methods championed by Miller4

and of spectral interferometry to characterize the entire sig-

nal field by Joffre5 were crucial steps, as was the pioneering

work of Jonas and co-workers.6 Reliable and relatively

simple apparatuses to carry out 2D optical heterodyne pho-

ton echo spectroscopy have now been developed and ap-

plied to a range of systems.7-9

In parallel with these developments, a simpler tech-

nique, the two-color photon echo peak shift technique, was

developed.10-13 This method at first sight seems an almost

trivial extension of the photon echo peak shift method (3

PEPS) originally proposed for Markovian systems by

Yajima14 and Ippen and Weiner15 and developed by our-

selves16-19 and Wiersma and co-workers20 for non-Markovian

systems. However, this technique, 2C3PEPS, turns out to

be a complementary method to 2D photon echo spectros-

copy, providing information on the spatial overlap of elec-

tronic states, mixing coefficients, and remarkably, path-

way-dependent information on the spectral evolution of a

dynamical system.11,13

In this paper, we summarize the current state of multi-

dimensional optical spectroscopy and look forward to fu-

ture applications as optical spectroscopy truly begins to

“stand on the shoulders of giants”21 and moves into the era

of precision multidimensional optical spectroscopy. We

concentrate on multi-dimensional electronic spectroscopy

and refer the reader to several recent surveys of the remark-

able advances made in 2D infrared spectroscopy over the

past few years.22-25

2-DIMENSIONAL ELECTRONIC SPECTROSCOPY

Formal descriptions of the physical basis and meth-

ods of analyzing 2D optical heterodyne photon echo spec-

tra have been given elsewhere; 26,27 in this section we focus

on an intuitive description. The goal is to characterize the

system of interest—for example, a photosynthetic pig-

ment-protein complex containing a number of chromo-

phores—as completely as possible using third-order non-

linear spectroscopy, (Fig. 1) also called four-wave mixing

spectroscopy. The problem is to detect the signal field, Esig

(� i P� )(where P is the polarization), which is a function of

both time and frequency. The pulse sequence is shown

schematically in Fig. 2. There are clearly 3 time intervals of

interest—the time between the first and second pulses’ in-

teraction with the system, �, the time between the second

and third pulses’ interaction with the system, T, and the

time over which the signal field is generated following the

third pulse, t. The simplest experiment involves homodyne

detection in which the integrated (over time, t, and gener-

ally also over frequency, �, although this last condition is

easy to relax) signal intensity is measured at fixed values of

T, as � is scanned. All phase information is lost in this case,

and it is not possible to obtain a 2D spectrum in this kind of

experiment. Heterodyne detection methods enable the re-

covery of the signal field, and we have used the method of

spectral interferometry pioneered by Joffre5 in preference

to the time domain local oscillator approach. The spectral
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Fig. 1. A four-wave mixing experiment involves three

input fields interacting with a quantum system

to generate a signal field via the polarization, P,

of the system.
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interferometry method allows us to send the local oscillator

pulse through the sample before any of the echo-inducing

pulses, thereby avoiding any contributions from pump-

probe effects.

Fig. 3 provides a schematic picture of the experimen-

tal arrangement. The crucial components are: (1) the dif-

fractive optic, which produces the required 4 beams in two

phase-related pulses pairs. (Phase control is not required

for the population decay, T.) (2) The delay wedges which

allow the delays to be scanned with interferometric preci-

sion (~ 2 as) without displacement of the beams, and (3) the

spherical mirror which refocuses the 4 beams to a common

point in the sample.

Some important characteristics of the 2D-spectrum

S
( )3

(��, T, �t ) can be appreciated by realizing that the ex-

periment effectively compares the frequency of electronic

excitations (for a fixed value of T) in the two time periods

of � and t. Consider an effective two-level system with con-

siderable static inhomogeneous broadening. There will be

a wide distribution of transition frequencies, but each mol-

ecule will have the same frequency in both time periods.

This leads to elongation of the signal along the diagonal (��

= �t ) representing the inhomogeneous broadening and re-

veals the homogeneous line width, giving rise to highly

asymmetric peaks in this case, as is illustrated in Fig. 4.

Now, if there are dynamical processes that scramble the op-

tical frequencies of the individual molecules, there will be

(at large enough values of T) no correlation between the

frequencies in the first and third time periods, and the 2D
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Fig. 2. The pulse sequence for four-wave mixing along

with detection arrangements. In a homodyne

experiment, the absolute square of the signal

field (often integrated over both frequency and

time (t)) is detected. Heterodyne detection uses

a reference field (the local oscillator, ELO) to

beat with the signal field, Esig. If ELO is large

compared to Esig, the cross term dominates the

absolute square and the recorded signal is lin-

early proportional to Esig. Heterodyne detection

can be done in either the time domain or the fre-

quency domain. In the frequency domain, the

technique is called spectral interferometry (see

text) and the local oscillator pulse can arrive

much before the 3 input pulses, thereby avoid-

ing unwanted pump-probe signals from the

sample. The coherence time �, population (or

waiting) time, T, and the signal time, t are indi-

cated.

Fig. 3. Experimental arrangement for frequency do-

main heterodyne detected two-dimensional pho-

ton echo spectroscopy. Time delays are scanned

with sub-wavelength precision by moving the

glass wedges.7 This diffractive optics based

setup is inherently phase stabilized.

Fig. 4. A diagonal peak in a schematic two-dimension-

al (2D) electronic spectrum �� and �t are the

Fourier variables which conjugate to � and t re-

spectively. The 2D spectrum can be viewed as a

probability distribution S (��, T, �t).



spectrum should become symmetric—for example, a two-

dimensional Lorenzian produces a “star” shaped peak,

while a 2D Gaussian distribution produces a circular peak.

Thus, the transient behavior of a 2D line shape can provide

information on the time scale of the system-bath interac-

tion-induced decoherence process. In fact, the slope of the

diagonally elongated peak decreases from 1 at T = 0 to 0 at

T = � if there is no static inhomogeneity and was found to

be linearly proportional to the transition frequency-transi-

tion frequency correlation function.28

Fig. 5 shows the sequence of events for a two-level

system: the first pulse leaves the system in a quantum me-

chanical superposition between the ground and excited

states. Hence, � is often called the coherence time. The sec-

ond pulse converts the superposition into a population (di-

agonal) state—either the ground or excited state (the ex-

cited state is shown in Fig. 5) and thus T is called the popu-

lation time (also called the waiting time in NMR). Finally,

the third pulse converts the population into a superposition

of the first, leading to echo generation during the period t,

the signal time. The reader new to this field may be puzzled

as to how the effects of the 3 pulses can be differentiated in

this manner—this is done by the experimental geometry

which utilizes interference (or equivalently momentum

conservation) to enforce the sequence of events just de-

scribed in the signal detected in a specific direction, ks = �k1

+ k k2 3� where the various k s' are the wave vectors of the

signal (s) and pulses 1-3, respectively. This ability to sepa-

rate signals spatially is a unique advantage of nonlinear op-

tical spectroscopy over NMR.

The signal S
( )3

(�, T, t) can, in principle, be obtained

from experiment with double Fourier transformation in �
and t leading to S

( )3
(��, T, �t ). Since we use spectral inter-

ferometry5 to measure the signal field, only a single Fourier

transform along � is needed to give the 2D correlation spec-

trum S
( )3

(��, T, �t ).

CROSS PEAKS

Now consider off diagonal or cross-peaks such as

those shown in Fig. 6. These peaks arise only when the

electronic states of the individual molecules comprising the

complex interact (mix) such that optical transitions at a par-

ticular frequency involve more than one molecule. Their

existence gives much of the power to 2D spectroscopy. A

formal discussion of this phenomenon is given in ref 26 for

an excitonic system. Here we sketch an intuitive explana-

tion for an excitonically coupled dimer described by the

Frenkel Hamiltonian.13 Each monomer has a ground and
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Fig. 5. Sequence of events in a two-level system leading to photon echo generation. In the first time period, �, the system is in

a superposition state; in the population period, T, the system is in a population state—either the ground or excited

state. In the final period, the system is in a superposition �� = - �� because the superpositions are |g><e| and |e><g| re-

spectively). The 2D experiment correlates the �t frequency with the �� frequency.



single excited state. When the electronic coupling is turned

on new states are formed—the two one-exciton states e1

and e2 , and the two-exciton state f (Fig. 7). There is a com-

mon ground state g. Four-wave mixing involves four field

matter interactions, and the balance between two types of

contribution determines the amplitude of the two cross

peaks labeled S 12and S 21 in Fig. 7. The first term involves

the sequence shown on the left of Fig. 7 as either a dou-

ble-sided Feynman diagram or a ladder diagram. (Of

course if all 4 interactions involved g and e1 or g and e2 ,

only diagonal peaks would be generated). The left side of

Fig. 7 depicts an echo (rephasing) sequence in which two

interactions occur with e1 and two with e2 in such a way that

the superposition e2g is the complex conjugate of ge1, the

requirement for an echo signal.16 The amplitude of such a

sequence will depend on four transition dipole factors lead-

ing to a pre-factor of � 	
 
e e1

2

2

2 for the S 12cross peak, where


 e1 is the transition dipole for the g e� 1 transition and the

angle brackets imply orientational averaging. The exis-

tence of the two-exciton state, f, requires that a second se-

quence be considered as shown on the right of Fig. 7. This

can be viewed as excited state absorption and therefore, in-

tuitively should appear with the opposite sign to the first

(ground state bleaching/stimulated emission) process. This

is also clear from the Feynman diagram where the unequal

number of bra and ket interactions require the minus sign to

appear with this term in the formal expressions. Thus the

dipole factor associated with this term is ��
 e1
 e f1

2 
 e1	 with


 e f1

2 the transition dipole for the e f1 � transition. Thus for a

dimer the amplitude of the S 12 cross peak, which is pro-

duced by the destructive interference between these two

different quantum transition pathways generating the

third-order polarizations, is

(2)
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Fig. 6. Schematic representation of a two-dimensional spectrum (at a fixed value of T) showing cross-peaks. In general, both

bleaching and stimulated emission (positive) and excited state absorption (negative) features appear. Negative fea-

tures can partially or even wholly cancel positive features. Partial cancellation leads to distortions in the lineshapes as

seen in the highest frequency diagonal peak. Note that the 2D spectrum is not symmetric around the diagonal. Cross-

(off-diagonal) peaks appear (for T = 0) only when coupling between chromophores is present. Cross peaks can also be

generated by energy transfer for larger values of the population time T. Note that the orientation of the cross-peaks is

controlled by whether the fluctuations of two different exciton frequencies are positively or negatively correlated

with each other.
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In the simplest Frenkel Hamiltonian � �ge e f1 2� and

�ge2 = �e f1 ; therefore, the amplitude of S 12 will critically de-

pend on these transition moments, since if the two terms are

identical the cross peak will vanish. Before exploring this a

little further, note that different transitions are involved in

S 21 which are likely to have quite different dipole strengths

in real systems so that the excitonic systems—in contrast to

coupled vibrational systems�will in general show no sym-

metry around the diagonal.

Consider what happens when the electronic coupling

between the monomers goes to zero. Recalling that �ge1 =

�e f2 the sequence on the right of Fig. 7 simply amounts to

two transitions (ge1 twice and ge2 twice) on the two mole-

cules because now
 e f1 and
 e f2 become zero because they

imply transitions between two independent molecules.

Thus the second term in equ (2) becomes identical with the

first except for the sign and the cross peak amplitude be-

come zero. Cross peaks do not exist for systems of uncou-

pled chromophores. S 12can be expressed in terms of the ori-

entations and coupling, J12 , between the halves of the

dimer:

(3)

where  = cos�sin� and tan� =
2 12

1 2

J

E E�
where � is the angle

between the two transition moments of the monomers and

the E1 and E2are the monomer excitation energies. Note

that if J = 0, S 12 = 0, but even if � = 90� if J � 0 then S 12 � 0.

Thus from knowledge of the molecular structure the

dipole factors associated with the cross peaks can be calcu-

lated from linear combinations of the monomer transition

moments weighted by the eigenvector elements of the

Hamiltonian matrix for the system. For example, in the

Fenna-Mathews-Olson (FMO) complex29,30 of the seven

bacteriochlorophyll molecules, the amplitudes of the domi-

nant cross peaks follow predictions of the dipole factors

based on the molecular structure of the complex.26,29,31 In-

deed when ground state bleaching dominates the signal, the

cross peak intensity is simply proportional to � 	
 
ei ej

2 2

where i and j label exciton levels and this seems to be the

case in FMO.26

In summary the dipole factors are a critical compo-

nent of the two spectra: they arise because the system is ob-

served by a specific four-wave mixing experiment and the

amplitudes of signals are recorded. There is, however, a

second factor that determines cross peak amplitudes and is

a microscopic property of the system independent of any

specific experiment: the transition frequency cross correla-

tion function� �� �� �i j /C0 , where C0 is the mean square

fluctuation amplitude of single chromophore transition fre-

quency. In addition to (in concert with the dipole factor)

controlling the cross peak intensities at T = 0, this factor

also controls the rate of electronic relaxation energy trans-

fer.

EXCITON RELAXATION AND EXCITON

SPATIAL OVERLAP

At T = 0 the cross peak amplitudes provide informa-

tion on the size of the electronic coupling in the system, al-

though as we have just noted the dipole sizes and directions

are required for quantitative extraction of this quantity. The

ability to record the 2D spectrum for progressively increas-

ing values of T enables the relaxation pathways of the sys-

tem to be followed in exquisite spatial detail.

Photon echo spectroscopies are sensitive to fluctua-

tions in the optical transition frequency—indeed the three-

pulse echo peak shift (3 PEPS) of a two level system is di-

rectly related to the transition frequency correlation func-

tion.16 Consider an excitonic system with several electronic

transitions in its spectrum. A particular molecule, say mol-

ecule 1, will make contributions to several transitions in
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Fig. 7. Origin of the transition dipole terms controlling

cross-peak amplitude for a dimer. Left: Feynman

diagram and level diagram for a sequence of in-

teractions producing bleaching or stimulated

emission. The dashed (solid) arrow represents

an interaction of electric field with a bra-(ket-)

state. Right: Feynman diagram and level dia-

gram for a sequence-producing excited state ab-

sorption. g is the ground state, e1 and e2 the two

one-exciton states and f is the 2-exciton state.

2 2 2 2

12 (2 3 cos 2 cos )S 
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general and therefore fluctuations of the environment of

molecule 1 will influence excitonic transitions in propor-

tion to its contribution to those transitions. Now consider

the cross correlation of the transitions of two exciton states,

j and k : � �� �j k . Fig. 8 shows a schematic representa-

tion of the seven 1-exciton states of the seven bacteriochlo-

rophyll molecules of the FMO complex.26,27 Excitons 7 and

3 are both formed from strong interactions between BChls

1 and 2. Thus any fluctuation in the transition frequency of

either of these molecules will lead to correlated fluctua-

tions in the transition frequency of excitons 3 and 7. In

other words, we expect �������	/C0 (where C0 = ��� j

2	� to

be large. A similar consideration applies to �������	. Con-

versely, we expect �������	/C0 to be very small. Numeri-

cally, we find �������	/C0 = 0.35, �������	/C0 = 0.38 and

�������	/C0 = 0. From this argument it can be appreciated

that ���j��k	 can be formally viewed26 as the spatial over-

lap of the probability density functions
�
p j and

�
pk of the j

and k exciton states.

(4)

where U mj is the eigenvector element for molecule m in

exciton j, and
�
p j = (U j1

2 , U j2

2 ,...) is the probability density

distribution in the site representation.

The exciton transition frequency correlation function

plays a crucial role in two aspects of the 2D spectrum: The

quantity ���j��k	/C0 appears directly in the expressions

for the amplitude of the peaks in the spectrum, and it ap-

pears directly in quantum theoretical expressions for the

rate of relaxation between excitons j and k, Kkj.
26

(5)

The conditional probability Gkj(t) is constructed from the

master equation:

(6)

and the amplitude of a cross peak Skj(t) becomes propor-

tional to

(7)

where as before 
gk is the transition dipole from the ground

to the k exciton state and 
kt from the k 1-exciton state to the

f two-exciton state. Thus by tracking the appearance and

disappearance of cross and diagonal peaks the flow of exci-

tation through the system can be followed in both spatial

and temporal senses. Note that at any given T value the

cross peak shows only where the system started and where

it ended at T, no matter what the pathways are. Thus a se-

quence of 2D spectra at appropriately spaced T values are

required to follow the pathways in detail.

A subtle but important point is the distinction be-

tween ���j��k	 and the squares of the transition moments

� 	
 
ej ek

2 2 . Both quantities become non zero when the chro-

mophores are electronically coupled, but they are not di-

rectly related to each other. As equ (4) shows, the exciton

transition frequency correlation function is related to

squares of eigenvector elements meaning that electronic

phase information is not present in this quantity. On the

other hand, the exciton transition dipoles are related to lin-

ear combinations of eigenvector elements and therefore the

signs matter for the transition dipole term. Simply put

���j��k	 is a property of the system while � 	
 
ej ek

2 2 is a fac-

tor that arises because the system is being measured by a

four wave mixing technique.

APPLICATION TO THE FMO LIGHT

HARVESTING COMPLEX

We now illustrate the ideas presented above with a
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Fig. 8. Rough representation of the amplitudes con-

tributed by the 7 Bacteriochlorophyll mole-

cules of the FMO complex to the seven 1-exciton

states (labeled (1), (2)…etc.). Most exciton

states rise mainly from contributions from two

molecules. Phase (important for the dipole

term, but not for the transition frequency cross-

correlation function—see text) is indicated by

color.



brief discussion of experimental data and analysis for the

Fenna-Matthews-Olson bacterial light harvesting complex

which contains 7 bacteriochlorophyll molecules. Fig. 9

shows the T = 0 fs 2D spectrum. Prominent are the diagonal

peaks with the lowest exciton giving a strong peak labeled

(1,1) (the notation is � ��t ). Closer inspection reveals a

number of cross peaks almost entirely below the diagonal.

This asymmetry arises form the different transitions in-

volved in S ij vs.S ji . If bleaching dominates overexcited

state absorption, the cross peak intensity becomes propor-

tional to � 	
 
ei ej

2 2 . Using the known structure of FMO,29,31

we find the 3 largest values of the dipole term are �
 e2

2 
 e3

2 	 =

11.45, �
 e1

2 
 e5

2 	 = 6.69, and �
 e2

2 
 e5

2 	 = 6.60. Cross peaks

corresponding to (2,3), (1,5) and (2,5) are clearly evident as

for example is the absence of a strong cross peak at (1,2) for

which �
 e1

2 
 e2

2 	 = 2.89. By contrast, ���&��'	 = 0.17, which

is quite a large value as both BChl 3 and BChl 4 contribute

to excitons1 and 2. In other words, we expect rapid energy

transfer between excitons 1 and 2 despite the absence of a

strong T = 0 cross peak.

Fig. 10 collects and compares experimental and cal-

culated 2D spectra for FMO as a function of the population

time T. The exciton relaxation rates are calculated by

means of modified Redfield theory.32,33 The pattern of rates

follows the spatial overlaps discussed above. For example,

the relaxation rate from exciton 7 to exciton 3 is 1.60 ps-1

22 J. Chin. Chem. Soc., Vol. 53, No. 1, 2006 Cho et al.

Fig. 9. Experimental 2D spectrum for the FMO com-

plex9,27 at T = 0 fs. Note the presence of

cross-peaks, the diagonal elongation of the di-

agonal peaks, and the lack of symmetry around

the diagonal. The locations of the seven

1-exciton states are indicated by the intersec-

tion of the black lines and the linear absorption

spectrum is shown on the right.

Fig. 10. Experimental and calculated9,27 2D spectra for the FMO complex at T = 200 fs, T = 600 fs and T = 1000 fs. Note the

striking changes in the diagonal peaks and the progressive increase of the cross-peak at �� = E (Exciton 1) indicating

relaxation of population to the lowest exciton state. Calculated 2D spectra show the same general features and

timescales, but differ in detail from the experiment in some aspects.



whereas from exciton 7 to the energetically much closer

exciton 6, the rate is only 0.68 ps. Similarly, the exciton 6 to

exciton 5 rate is 5.73 ps-1 while to exciton 3, the rate is only

0.01 ps-1. The pattern of rates determined from this model-

ing of the spectrum is quite different than might have been

expected from naively looking at the energy level ordering.

This is shown schematically in Fig. 11 which shows that

the spatial arrangement of the excitons plays a major role

and that energy flow in the FMO complex is dominated by

the two major pathways shown in the figure. The exciton

states in the FMO complex are mostly contributed by two

BChl molecules, i.e. they are roughly dimeric. This spatial

overlap that determines the electronic structure enables the

energy flow to take much larger jumps (in energy space)

and thereby move through the complex in a smaller number

of steps than would be expected based on a simple energy

cascading model. In general, we expect that exciton effects

are used throughout photosynthesis to optimize the effi-

ciency of energy transfer and trapping.

CONCLUDING COMMENTS

Two-dimensional optical heterodyne photon echo

spectroscopy enables couplings, relaxation pathways and

rates, and the spatial relationships between exciton states to

be determined. The energy flow can be followed on a mo-

lecular length scale with femtosecond time resolution. In

addition, the microscopic mechanisms—wave function

overlaps and electronic couplings—can be deduced. Two-

dimensional electronic spectroscopy should provide in-

sights into all systems with electronic band structures. Re-

cent work in our laboratory has focused on the LH2 light

harvesting complex of purple bacteria and the bacterial re-

action center. These results will be described elsewhere.
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